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To meet the increasing global demand for energy we need to innovate new ways to harness and
convert renewable energy sources. Solar energy provides a huge potential to meet these demands,
but there is still a plethora of unanswered questions surrounding how photons interact with organic
molecules and materials, particularly in the field of photovoltaics and photochemistry. The low
dielectric constant of these organic materials causes them to behave differently than their inorganic
counterparts. Chapter 2 provides background for the variety of applications of organic
optoelectronic materials and common techniques used to study them.

In recent years, the aza-aromatic material carbon nitride, and its monomer unit, heptazine, has
seen a surge in popularity to mediate photochemical transformations, particularly hydrogen

evolution. Yet despite the thousands of publications in this field, there are few fundamental



photophysical studies, which are critical to enable new reaction pathways. This work describes a
series of photophysical explorations into a molecular heptazine derivative, 2,5,8-tris(4-
methoxyphenyl)-1,3,4,6,7,9,9b-heptaazaphenalene (TAHz). Chapter 3 provides an overview of
the photophysical and electrochemical properties of TAHz, including the unusual inversion of the
lowest singlet and triplet state. Chapter 4 provides the first experimental evidence for excited-state
proton-coupled electron transfer (ES-PCET) from water to a heptazine chromophore using time-
resolved photoluminescence and radical scavenging. This first step of water oxidation opens a new
range of possible photochemical reactions to harness solar energy. Chapter 5 proposes design rules
for increasing reaction efficiency of ES-PCET with heptazine chromophores by studying reaction
rates with a series of phenol derivatives. By adding electron-donating groups on phenol, increased
reactivity and support the corollary: adding electron-withdrawing groups to heptazine could
increase reaction efficiency with water. Chapter 6 considers another aspect of chromophore design
by studying hydrogen bonding and how the local excited-state landscape is modulated by
hydrogen-bond strength.  Together, this work presents a holistic picture of heptazine’s
photophysics with implications for tailoring organic chromophores to meet unique photochemical

demands.
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Chapter 1. Introduction

1.1  MOTIVATING CLEAN ENERGY RESEARCH

1.1.1 Increasing Global Energy Demand

Not only is the global demand for energy increasing, but the rate of the change in demand is also
increasing.! When talking about energy, there are seemingly infinite possible units used to express
energy: British thermal units, watt hours, tones of oil equivalents, etc. As a way to visualize energy
consumption, | will use 16-0z jars of peanut butter as an energy unit, as I frequently use it to fuel
activities such as backpacking or writing this thesis. In 2017, according to the US Energy
Information Administration, the US primary energy consumption per person per day was
equivalent to 77 jars of peanut butter on a caloric basis. This highlights how much of our energy
consumption is indirect; about 34 jars is used by the industrial sector (making our cars, houses,
appliances, etc.) and nearly 22 jars are used by the transportation sector which brings those items
as well as our food to us. But to really understand a big driving force behind the increasing energy
consumption, it is important to compare the US’s energy consumption to developing countries:
China uses about 18 jars/person/day and India only uses 6 jars/person/day. It is clear to see that
the energy consumption not evenly spread. As more of the global population demands energy-
intensive comforts such as building heating/cooling, the demand will continue growing for the
foreseeable future.

While we do not use peanut butter as our primary energy source, we do use carbon-based fuels
such as coal, oil, and gas which all share CO> as a byproduct. This poses a dilemma to the rapidly
increasing energy demand as excess CO> has been correlated to global warming.? According to a

recent IPCC report, human-induced warming has already reached rough 1°C since pre-industrial



times.® The central aim of the Paris Agreement is to keep the global temperature rise below 2°C
above pre-industrial levels while pursuing a smaller rise of only 1.5°C. This goal requires drastic
action seeing as the current rate of warming is roughly 0.2°C per decade.

Putting these pieces together, the rising demand for energy and rising global temperatures from
our current energy consumption, paint a dire picture. Fortunately, there are more energy sources
available to us besides coal, oil, gas, and peanut butter. It will require scientific and technology
advancements in order to harness and utilize enough solar, wind, geothermal, and tidal energy to

meet the growing demand.

1.1.2 Solar Energy Potential

A 2000 World Energy Assessment conducted by the United Nations Development Programme
concluded the amount of potentially usable solar energy intercepted by the Earth is roughly three
orders of magnitude higher than annual global energy use.* While the potential is huge, solar
photovoltaics (PV) and solar thermal only accounted for roughly 1% of global energy supply in
2017 according to IEA global data.® The percentage is roughly the same for US energy
consumption, meaning that of the 77 jars of peanut butter/person/day, less than one jar comes from
solar energy.® Fortunately, the solar energy is an actively growing sector; the percentage of US
electricity produced by solar PV increased by an order of magnitude from 2011 to 2017.” This
impressive jump was made possible by the dramatic cost reduction of utility-scale solar down to
$0.06/kWh, which is approaching the cost of coal-powered electricity at roughly $0.03/kWh.’
Further advancements to increase efficiency and decrease cost of solar panels are expected to allow
solar energy to capture a greater share of the electricity generation. For the first time, in 2019,
renewable sources eclipsed coal use for generating electricity.® This growth is encouraging but

will need to continue to meet the IPCC’s call for limiting global temperatures to less than 2°C.



Regarding mitigation strategies, the IPCC proposes growing the energy output from wind and solar
10x from 2020 to 2050.2

While this is promising for decreasing the CO2 emissions for the growing electricity sector, large
chunks of our emission come from energy uses outside of electricity. As an example, Julian
Allwood’s book Sustainable Materials with Both Eyes Open dives into the industry sector, which
accounts for roughly 35% of global CO2 emissions. The book highlights how increasing electricity
generation by solar and wind will not necessarily be enough to decarbonize this sector; steel
manufacturing makes up 25% of industrial emissions, and less than 40% of the energy used is from
electricity. Interestingly, coal is used directly as a reactant in the chemical reduction of iron oxide
releasing CO.. Tackling sectors like steel manufacturing will require more knowledge about how
drive chemical reactions either photo- or electrochemically to utilize the immense potential of solar

energy and will be discussed in the following sections.

1.1.3 Global Hydrogen Production

Often, hydrogen production is thought of in the context of clean energy for fuel cell cars or
energy storage applications. However, approximately 60 Mt of hydrogen is currently produced
globally each year.® It is used in the production of nitrogen-rich fertilizers and methanol, as well
as in hydro-treatment in petroleum refining. Roughly only 6% of hydrogen produced is used for
fuel cells, both stationary cells and in cars. If global hydrogen production were a country, it would
be the 6™ largest CO, emitter (Wood MacKenzie), highlighting the energy-intensive nature of
chemical production, and a reliance on fossil fuels not easily replaced directly by electricity from
solar power.

Currently, about 96% of the 60 Mt of H> is produced from sources such as methane, coal, and

liquid hydrocarbons.® All of these processes result in significant release of CO2. The other 4% is

3



made electrochemically from water, which could have zero carbon emissions if powered
exclusively by renewable energy sources such as solar panels. However, this is not currently
economically feasible as low utilization of expensive electrolyzers drive the cost significantly
above conventional fossil fuel methods, even including the cost of carbon capture.®

This has motivated massive research efforts into creating lower cost electrolyzers®!? and
exploring new methods, such as photocatalytic production, which is discussed in the next section.
Particularly in the context of chemical transformations, it is interesting to consider designing a
route to directly use solar energy to drive reactions, rather than first converting it to electricity and

transmitting it to an electrolyzer.

1.2 PHOTOCATALYTIC REACTIONS

While photovoltaic (PV) and electrolyzer technologies are currently commercialized and
generally better understood, the possibility of using an all-in-one photoelectrochemical system can
present some advantages. A technoeconomic analysis of water splitting systems by Nate Lewis
and coworkers suggest that the costs of earth-abundant photoelectrochemical systems could be
significantly lower than the combination of PV and electrolysis.** However, these systems are far
less well-studied particularly for the water oxidation reaction, which requires the motion of four
electrons and four protons to produce oxygen from water. Coordinating this complex reaction will

require a deep understanding of how to design the photoelectrode to direct the motion of these



protons and electrons. This section will provide an overview of the proton reduction reaction, and

the proton-coupled electron transfer, being the first step in water oxidation.

1.2.1 Hydrogen Evolution

Much of the literature on photocatalytic hydrogen production focuses on proton reduction half
reaction (2H" + 2e” — Hy); this is especially true for the carbon nitride literature discussed below.
In the simplest case, a chromophore absorbs a photon and transfers the photoexcited electron to a
proton in solution, then two hydrogen atoms come together to form Hz However, researchers will
often use co-catalysts, such as Pt nanoparticles, to accept the photoexcited electron and perform
the proton reduction and bond formation steps. Regardless of whether a co-catalyst is used, it is
important to recognize that this is only a half reaction and leave the chromophore in an oxidized
state. Frequently in the literature, a sacrificial electron donor (or hole acceptor) is used to
regenerate the chromophore to its neutral state. Common electron donors are triethanolamine,
methanol, and sodium sulfite.’® It is important to remember that this is not regenerated and results
in a waste product. Alternatively, if the other half reaction is water oxidation, this avoids the need
for an additional reagent and ideally the waste product from the oxidation is oxygen. However, it
is very challenging to mediate the four-electron oxidation from water to oxygen. To tackle this
half, coupling the motion of protons and electrons is critical to efficient catalysis, and is the subject

of the following section.®

1.2.2 Proton-Coupled Electron Transfer

Proton-coupled electron transfer (PCET) reactions are scientifically and technologically relevant
for characterizing and controlling energy conversion and storage processes.’’?® Figure 1-1 A

shows the classic square scheme used to illustrate the possible pathways for proton and electron



transfer. While this diagram shows the proton and electron moving to the same acceptor, that does
not have to be the case. Dempsey and co works have an excellent review regarding the different
PCET categories.’® Regardless of direction, the concerted movement of protons and electrons
avoid charged intermediates, unlike proton reduction discussed previously. This feature is
particularly important for facilitating multi-proton and multi-electron reactions as the highly
charged intermediates would pose energy barriers too high for efficient conversion. Due to this
efficiency, PCET reactions are ubiquitous in nature from respiration to evolving oxygen in
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Figure 1-1. PCET pathways and landscape
A) Traditional square scheme used to describe pathways for proton and electron transfer,

illustrating how coupled motion avoids charged intermediates. B) A cartoon of an excited-state
potential energy surface showing the existence of a charge transfer state that is highly dependent
on proton motion.

As we look for ways to convert solar energy into fuel, there is no better role model than plant’s
photosynthesis, refined by millions of years of evolution.? In fact, photosynthesis is responsible

for the energy in our coal, oil, and peanut butter. However, if we want different fuels (such as

hydrogen) we will have to manipulate the fundamental reactions. Since we do not have millennia



to solve our energy crisis, rationally designed catalysts, rather than trial-and-error, will be
necessary.

Currently, the majority of intermolecular PCET literature to date focuses on metal-containing
complexes,t’1% 24 with fewer examples of all organic materials,>’ this despite photophysical
properties of aza-aromatics being extensively studied over the past century.?: 282°  Exhibiting
increased intersystem crossing rates and photochemical reactivity, heteroaromatics are prevalent
in organic light emitting diodes®*? and photochemical redox applications.>33® Historically,
researchers have heavily debated the nature of the excited state responsible for the photochemical
reactivity of these compounds, both the orbitals involved and the spin of the excited state.? ¢
Recent computational studies suggest intermolecular excitations involving photon-initiated
electron transfer from H-bonded water to aza-aromatics facilitate H-atom abstraction to form
neutral radicals.?5 37-3 These studies open the discussion beyond strictly localized n—n" and n—n"
excited states and introduced the idea of a charge transfer state, shown in Figure 1-1 B. While the
charge transfer energy represents electron transfer, the energy of that state varies with the position
of the proton illustrating how to the motion of the two are connected. While in reality, the potential
energy surface with be more complicated with avoided crossings, this simplified diagram is still

useful for visualizing the landscape.

1.3 HISTORY OF CARBON NITRIDE AND HEPTAZINE

While carbon nitride first entered the spotlight in 2008 for photocatalyic hydrogen evolution,3®
it has a long history stretching back to 1834 when it was first made by Justus von Liebig.*
However, the molecular structure was not fully understood until the 1930’s when Edward C.

Franklin gave Linus Pauling carbon nitride-like crystals (at this time it was CeN7OsNaz-3H20) to



study with X-ray spectroscopy.** Pauling proposed the three fused ring structure (tri-s-triazine) we
know today as heptazine shown in Figure 1-2 A, but went unconfirmed until the 1982.% This
heptazine is the monomer unit of carbon nitride, which is commonly connected by nitrogen atoms,

shown in Figure 1-2 B.
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Figure 1-2. Heptazine (A) and carbon nitride (B) structures.

The report of visible light-driven photocatalytic hydrogen evolution using carbon nitride in 2008
kicked off a huge body of research studying the material.®® “** Two main advantages of carbon
nitride are 1) it is metal-free and 2) very easily synthesized from earth-abundant precursors via
pyrolysis.*>*® While the ease of this synthetic procedure is advantageous in many ways, the
resulting material will contain a variety of defects and overall structurally ambiguous.®® This
ambiguity has led to many debates in the literature. Despite thousands of publications concerning
carbon nitride photocatalysts, there are few fundamental photophysical studies. As a result, there
is still an active debate over whether the material should be thought of as a molecular material**
5253 or more akin to inorganic semiconductors.>*>® Work done by the Lotsch group has shown that
small oligomer and molecular heptazine units are capable of photocatalytically producing

hydrogen.®'2 While these studies helped give weight to the argument to think of carbon nitride as



a molecular material, the intricacies of hetpazine’s photophysics had yet to be explored in detail,

and will be a major focus of this work.
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Chapter 2. Background

This chapter will provide some background knowledge for understanding how we think about
photophysical events in organic materials, ways to measure and analyze these systems, and some

implications for organic solar energy conversion devices.

2.1 PHOTOPHYSICS OF ORGANIC MOLECULES

This section will provide a brief overview of fundamental principles governing how light
interacts with organic molecules. The following chapters will focus on how these fundamental
photophysical principles relate to photochemistry. Nicholas Turro’s Modern Molecular

Photochemistry is an excellent resource for a more detailed discussion.*

2.1.1 Absorption of Light

In general chemistry, we are introduced to the concept of molecular orbitals to describe how
atoms are connected by shared electron density. The most important molecular orbitals for
understanding photophysical processes are the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO), and the orbitals close to those in energy (i.e.
HOMO-1, LUMO+1, etc.). When a molecule interacts with a photon of sufficient energy, an
electron can be promoted from the HOMO to the LUMO, as shown in Figure 2-1A. Figure 2-1B
shows how these transitions are commonly represented in a state diagram where the energies of
transitions are all depicted relative to the ground state energy. The nature of the molecular orbitals
involved influence the likelihood of that transition. If the transition is perfectly symmetric, the
transition dipole is zero, which cannot interact with the oscillating electric field of the photon

making the transition symmetry-forbidden. An example of this is the nn” transition of benzene,
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Figure 1-1C and seen in heptazine discussed in later sections. Additionally, if there is no spatial
overlap between the molecular orbitals, the transition is also overlap-forbidden, transitions from

n- to 7 - orbitals, and spatially separated charge-transfer transitions.
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Figure 2-1. Relating molecular orbitals to light absorption
A) Energy levels of molecular orbital levels determine the energy of possible transitions within a

molecule. B) State diagrams are useful to illustrate the energies of transitions relative to the
ground state. C) Visual depiction of nn” and nz” transitions that are formally forbidden. D) Molar
extinction spectra showing the differing values for strongly allowed transitions and weakly
allowed transitions.

Of course, in the real world, molecular vibrations and interactions with the surrounding
environment can relax these constraints and therefore result in weakly-allowed transitions.
Experimentally, the “allowedness” of a transition is generally quantified using a molar extinction
coefficient (g) given by rearranging Beer’s law: e=A/lc, where A is the absorption in optical density
(OD) at a given wavelength, | is the path length, and c is the concentration.? It generally reported
in units of cm™*M, but it is important to remember this quantity is area/mole, because M is really

mole/volume. A fully allowed transition will have a peak absorption (emax) On the order of 10%-10°

cmM? while very weakly allowed transitions can have emax ON the order of 10 cm*M™. By
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looking at absorption spectra wherein the y-axis is €, it is possible to gain insight into the types of
transitions being observed.

As opposed to atoms, molecules within an electronic state have many molecular configurations
accessible through molecular vibrations. To pictorially depict this, we typically draw the electronic
state as a well with numerous horizontal lines depicting the vibrational energy levels for a certain
nuclear coordinate, Figure 2-2. When considering absorption of a photon, it is important to
remember that electrons move significantly faster than nuclei, so it is a fair assumption that an
electronic excitation will occur within the same nuclear configuration, a result of the Born-
Oppenheimer approximation. Pictorially, we represent this as vertical transition in energy along a
nuclear coordinate x-axis, as shown in Figure 2-2. For a more quantum mechanical discussion of

these process, see Chapter 4 of Modern Molecular Photochemistry by Nicholas Turro.

2.1.2 Photoluminescence

After absorbing a photon, the molecule is now in an excited state away from equilibrium. One
decay pathway is for the molecule to radiate energy back in the form of a photon, termed
photoluminescence. However, the altered electron density in the excited state can result in a
different nuclear configuration to be lowest in energy. The new molecular configuration is
illustrated by a shifted electronic potential well relative to the ground state as shown in Figure 2-2.
This means the vertical absorption transition can excite a higher-energy vibrational state within
the electronic well. The molecule can release energy in the form of heat as the molecule rearranges
to this lower energy configuration, illustrated with a curvy arrow in Figure 2-2. This process of
internal conversion is expected to be faster than the rate of fluorescence, so the steady-state
fluorescence observed will be from the lowest vibrational state of the excited electronic well, aside

from the temperature-dependent Boltzmann distribution of vibrational excited states. The overlap
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of the wavefunctions in the ground and excited state determines the probability of any transition.
This can result in transitions to multiple vibrational energy levels resulting in spectra showing a
distinct vibronic progression, commonly referred to as the Franck-Condon progression. Analyzing
this progression can give insight in which vibrational modes are most strongly coupled to the
electronic transitions and the extent to which the relaxed excited-state geometry is distorted

relative to the ground-state geometry.

A Excited state

Absorption| Emission

Energy
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v
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Figure 2-2. Potential energy landscape for organic molecules

Along some nuclear coordinate, the wells represent the energy of the electronic state with
quantized vibrational states shown as horizontal lines. Absorption is represented as a vertical
transition (purple arrow) from the lowest vibrational state in the ground state, vibrational cooling
is represented as a curvy arrow (red) down to the lowest vibrational state of the electronic excited
state, and emission is represented as a vertical transition (green) to the ground state. The
displacement of the excited state electronic well relative to the ground state well represented
nuclear distortion in the excited state, results in the emitted photon having lower energy than the
absorbed photon.

The same properties governing the probability of an absorption between two states occurring
effect the luminescence probability. Meaning that if the absorption probability was high, or the
rate of absorption was fast, then the probability and rate of emission will also be fast in the absence
of other non-radiative processes. The overall photoluminescence quantum yield (PLQY) is the
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ratio of photons emitted to photons absorbed. This quantity is ultimately determined by the rates
of all other competing non-radiative processes (to be discussed below) relative to the rate of

emission.

2.1.3 Non-radiative rates

In addition to radiative decay, an excited state can transition to lower energy electronic states
by converting electronic energy into kinetic energy through the motion of nuclei, as mentioned for
the vibrational cooling within an electronic excited state. If this process does not involve a change
in spin multiplicity (e.g. S3—Sp) it is termed internal conversion (IC). If the process does involve
a change in spin multiplicity (e.g. S1—T?1) it is termed intersystem crossing (1SC). The process of
intersystem crossing and the corresponding driving forces are discussed more thoroughly in
Chapter 3.4 of this dissertation and in Chapter 3 and 6 of Nicholas Turro’s Modern Molecular
Photochemistry.!

In some organic molecules, such as heptazine-based chromophores, the most strongly allowed
transition is not the lowest energy transition. In this case, the rate of internal conversion (kic) for
states close in energy is expected to be around 10'2-10'° s, This is often faster than the rate of
fluorescence, which typically on the order of 108-10'° s, Because of this difference in rates, the
majority of luminescence will occur from the lowest-lying excited state (Kasha’s Rule), with some
notable exceptions such as azulene, which Kasha himself addresses.® Additionally, chemical
reactions typically occur on even slower timescales indicating that most photochemistry will take
place from the lowest-lying excited state, particularly if diffusion is first required.

kg

——  where ks is the rate of
kf+kIC+kISC

The quantum yield of fluorescence (®r) is defined by @, =

fluorescence, kic is the rate of internal conversion to the ground state, and kisc is the rate of
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intersystem crossing to the triplet manifold. Additionally, the lifetime of fluorescence (z) is

R 1 .- . .
defined as 7, = —————. These quantities are in the absence of an external quenching source
kgt+kictkisc

(e.g. a reactant in a photochemical transformation). When an external quencher is present, Stern-
Volmer analysis can be used to determine the rate of collision-based quenching (ko), which is
another form of a non-radiative decay. Stern-Volmer analysis involved monitoring the

photoluminescence intensities or lifetimes as a function quencher concentration [Q]. By plotting

17" =1+ I;—Q [Q] or % = ks + kq[Q], the ko for an excited state reaction can be found from the slope
f

of the line.

2.2 METHODS FOR STUDYING OPTOELECTRONIC MATERIALS

In this section, a variety of measurement and analysis techniques used throughout this

dissertation will be discussed.

2.2.1 Lock-in Amplification

Measuring a small number of excited states with finite lifetime in a sea of ground-state
chromophores presents a challenge for studying energy storage processes in optoelectronic
materials. To overcome a low signal-to-noise ratio, we use amplitude-modulated excitation and
lock-in amplification. By modulating either a source of photoexcitation (e.g. LED or laser diode)
or an electrical input (e.g. voltage) we are able to selectively extract the resulting signals that show
the same modulated frequency. Two techniques used in our lab using lock-in detection are

photoluminescence (PL) and charge-modulation spectroscopy (CMS).
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Photoluminesence

In the simplest scenario, a sample is irradiated with a modulated LED excitation source. The
modulation is accomplished either by a chopper wheel or a function generator (Aligent 33120A
arbitrary waveform generator), the modulation frequency is typically 200 Hz. Spectra are resolved
using an Acton monochromator and a photodiode which can be changed depending on the
wavelength region of interest. The signal is amplified with a Stanford Research Systems SR570
low-noise current preamplifier and measured with a Stanford Research Systems SR830 lock-in
amplifier. The phase is typically set using reflected pump light such that the signal is positive in
X-channel (in-phase) with the Y-channel being as close to zero as possible. Photoluminescence
spectra should be corrected for detector response using a calibrated LS-1-CAL Ocean Optics light
source. The calibration filed used should match not only the detector of the measurement but also

the slit size of both the entrance and exit slit of the monochromator.

Charge Modulation Spectroscopy

To obtain absorption spectra for polarons in organic thin films, we can use charge-modulation
spectroscopy (CMS), where instead of modulating a light source, a voltage is modulated to inject
charges into a device. Traditionally CMS measurements have been performed on field-effect
transistors or charge-accumulation devices for the selective accumulation of either positive or
negative charges.*® However, in order to perform device-relevant transmission measurements with
measurable current densities, it is useful to fabricate current-carrying hole-only or electron-only
devices with semi-transparent Al electrodes (~30 nm).

Typically, an AC bias at 200Hz with a DC offset is applied to devices where the DC is set just
below the current onset. The setup for this measurement is shown in Figure 2-3A. Devices are

loaded into a home-built device chamber and kept under static vacuum during the measurement.
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A DC bias from a Keithly 2400 Sourcemeter with an AC perturbation from a function generator
is applied to the device’s electrical contacts using a summing amplifier. Light generated by a
halogen lamp is dispersed onto the grating of a monochromator and focused onto the sample at
each wavelength. The transmitted light through the sample is collected through another
monochromator and detected using a SilnGaAs detector or a UV-enhanced silicon photodiode.
The resulting current is converted to voltage using a pre-amplifier and recorded as the steady-state
transmission. Simultaneously, the amplified signal was demodulated using a lock-in amplifier
referenced to the AC frequency (200Hz). This allows for selectively detecting small changes in
absorption signal due to the applied bias.

In order to confirm the spectroscopy setup, | measured poly(3-hexylthiophene-2,5-diyl) (P3HT)
in a charge-accumulation device to replicate the CMS spectra of Brown and coworkers.* The
results in Figure 2-3B show that the polaron spectrum obtained from our CMS setup (black)
exhibits the same peak positions as in literature (blue). In these spectra, positive features
correspond to increased transmission of light, in this case representing the ground state bleach of
P3HT. Negative features indicate less transmission, in this case attributed to the absorption of
injected charge carriers. The difference in relative intensities between the two spectra is likely a

result from different polymer morphologies due to different processing conditions.” The
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discrepancy at 1.26 eV could also be a result of the diminishing silicon photodiode response around

1.24 eV (silicon’s band edge).

B)
2.21eV
0.201 2.36eV r2.0
0.151 2048V F1.5
My data (+/- JVAC) b
0.104 =m=Brown et. al CMS ~1.0
t 0.054 +0.5 e
; £ 0.0\ 00 &
Light L
Source -0.054 0.5
1.26eV
-0.104 20nAN :-‘I.O
0.154 UV-enhanced Si diede | , .
15 20 25
Energy (eV)

Figure 2-3. CMS setup and verification

A) Pictorial diagram of CMS setup. The sample is connected to a summing amplifier which sums
the DC and AC signal from the power supply and function generator respectively. Differential
absorbance spectra were recorded using lock-in techniques. B) The confirm the proper functioning
of the CMS setup, a spectrum taken in lab (blue) is compared to literature (black).*

2.2.2 Time-Resolved Photoluminescence

Time-resolved photoluminescence (TR-PL) is useful to characterize the rates of formation and
decay of luminescent excited states. For photochemistry, it is a useful probe on the disappearance
of reactant and calculate quenching rate constants as mentioned previously.

Discussed here are two measurement techniques for measuring the lifetime of
photoluminescence: time-correlated single photon counting (TCSPC) or detection with a streak
camera. TCSPC is a simpler method which does not provide spectral resolution. In this technique,
a pulsed laser diode is used to excite that sample at some repetition rate. Emission is collected
through a long-pass filter to remove scattered laser light. The excitation intensity must be such that
only a single photon of PL is detected after each pulse. By precisely counting time in between each
pulse and the arrival of a photon, a time-dependent concentration trace is constructed. The resulting

trace can be fit to an exponential decay, or sum of exponential decays, to determine the
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fluorescence lifetime (tr) Because there is no grating, there is no wavelength dependence to this
decay trace, aside from the long-pass filter. Additionally, the resolution of the PicoQuant FluoTime
100 system is about 300 ps.

Alternatively, time-resolved photoluminescence using a streak camera provides both spectral
and temporal resolution with instrument response down to tens of picoseconds. Our setup uses
roughly 50 fs pulses and collected with a Hammatsu streak camera (further details in Chapter 4.4).
Figure 2-4A shows a schematic of how the streak camera collects data. Briefly, the sample is
irradiated with a pulsed laser, and the orthogonal luminescence is focused through a lens and
dispersed onto a grating, providing spectral resolution. The dispersed light then hits a photocathode
which converts photons into electrons and enters the streak tube, where a voltage is triggered by
the laser pulse and swept as a function of time, effectively changing the path of the electrons as a
function of time. The electrons then strike a phosphor screen and are converted back into photons.
The resulting image is captured by a CCD camera wherein the vertical axis corresponds to time

and the horizontal axis corresponds to wavelength.
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Figure 2-4. Streak camera operation

A) A diagram of the set for using a streak camera to collect TR-PL. B) An example dataset of
luminescence intensity as a function of both time and wavelength.

Our lab has two different streak tubes: one operates on the nanosecond to millisecond time range

(slow sweep unit) and operates at a faster picosecond to nanosecond time range (synchroscan).
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The synchroscan camera continuously sweeps the voltage between pulses — forward to collect data
and backward while clearing the phosphor screen. If the radiative species is not entirely decayed
after half the time between pulses of the laser (6.25 ns in our system) the tail of the luminescence
will become convoluted with the data. This is obvious to notice by elevated counts prior to time
zero with the same spectral shape as the luminescence. This problem can be overcome with a pulse
picker (also known as a shift blanking unit) which allows laser pulses to be skipped and thus the

radiative species can fully relax before the next voltage sweep and data collection.

2.3 GLOBAL ANALYSIS

TR-PL is especially powerful when used in concert with global analysis to extract distinct
components from overlapping signals. For example, if there are two luminescing species which
partially overlap in the emission wavelength but decay at different rates, global analysis can pull
out the spectral component of related to each decay rate. This is not possible with either steady-
state photoluminescence measurements. While TCSPC can pull out different decay rates, it cannot
provide any spectral information which is useful for understanding the nature of the excited state.

Briefly, global analysis is able to model the time- and wavelength-dependent spectrum , yi(t, 1),
shown in Figure 2-4 B as a function of a time-dependent concentration of the associated species,
c;(t), and a wavelength-dependent spectrum, o;(1), for the it" species, such that yi(t,1) =
Y. c;(t)o;(1). When analyzing emission spectra, the resulting wavelength-dependent spectra are
termed decay-associated emission spectra (DAES) or species-associated emission spectra (SAES).
Our lab uses Glotaran,® a graphical user interface for the R-package TIMP, to perform global and
target analyses. For some datasets, it is important to either add physical constraints to the model

or allow for more complex interactions between states. For these cases, target analysis is used by
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constructing a K matrix. In Chapter 4, the K matrix is used to allow each spectral trace, g;(4), to
have multiple decay rates, c;(t), by using five components but forcing the spectra to be equal for
two of the components, and the other three must also share a spectral trace. Additionally, we were
able to force the o;(1) to zero at certain wavelengths, justified by prior knowledge. In general,
target analysis is a powerful tool as long as one has a physical model to test. The article published
on the software package, provides a helpful example of drawing a diagram to represent a

hypothesis and creating a K-matrix from the diagram to test that hypothesis.

2.4 EXCITED STATE ENERGIES DRIVE CHARGE TRANSFER IN ORGANIC

MATERIALS

Adapted with permission from “Excited State Energies Drive Charge Transfer in Organic
Semiconductors” by Emily J. Rabe, and Cody W. Schlenker, Franky So (editor), Copyright 2018,

World Scientific.

2.4.1 Introduction

Understanding and controlling the energy landscape of organic materials is paramount to driving
electricity generation or solar fuel production. This chapter will specifically focus on energy
landscapes for organic photovoltaic (OPV) devices; however, the same principles apply to organic
materials for any solar energy harvesting system. While it is tempting to apply the same formalisms
used to describe covalent crystalline inorganic materials and represent this landscape using band
models, organic materials act as weakly coupled molecular systems.® To signify this difference,
many researchers have replaced the terms valence band and conduction band with highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), respectively.

Intense experimental and theoretical research efforts have focused on tailoring molecular structure
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to tune these HOMO and LUMO levels for optimizing charge-transfer in OPV systems.'%*2 This
approach has been successful in achieving high efficiency devices in many cases and can provide
valuable insight into rational materials design. However, using ground-state energy levels does not
account for the role of excitons in charge-transfer and can lead to incorrect predictions regarding
the thermodynamic driving force for charge separation. It has become common in the literature to
use terms such as conduction band, LUMO, transport level, and optical LUMO interchangeably;
however, this is physically inaccurate and can be misleading for the synthetic chemist aiming to
design new classes of materials or the electrical engineer targeting next-generation device
architectures.* A number of studies correlating energy level alignment with charge-transfer and
device performance on small molecule/fullerene, polymer/fullerene and polymer/quantum dot
blends have highlighted the importance of accurate energy level diagrams. This chapter will
discuss how to represent the energetic driving force for charge-transfer in OPV systems in a
physically meaningful way, methods for determining these values, and how to apply this strategy

for designing advanced organic device architectures.

2.4.2 Depicting the Energy Landscape of OPV’s

Conventional inorganic semiconductors are covalent crystalline materials with very high
dielectric constants that support nearly instantaneous generation of charge carriers upon
photoexcitation since the exciton binding energies are on the order of the thermal energy available
at room temperature.>17 In this case, the free-electron approximation is appropriate, leading to the
band structure shown in Figure 2-5 for a typical inorganic p-n junction diode. From this diagram,
it is intuitive to visualize how photoexcitation leads to current generation: electrons from the
valence band (VB) are promoted into the conduction band (CB) and the conjugate charges are

swept apart by the electric field in the depletion region of the device that is established between
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the p and the n regions. This charge separation process allows the photovoltaic device to deliver
electrical power to an external load.

The picture for organic semiconductor systems is substantively different because organic
materials behave as weakly coupled molecular systems with low dielectric constants.® This results
in photoexcitations that are primarily excitonic in nature. Additionally, the equilibrium electric
field across the donor/acceptor interface is often vanishingly small. Due to strong covalent bonds
existing only within molecules and the solid-state structure being held together by significantly
weaker intermolecular interactions, it is common to replace the conduction and valence band labels
with the labels corresponding to the molecular orbital energy levels, HOMO and LUMO

respectively, as shown in Figure 2-5.18
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Figure 2-5. Energy diagram comparison for PV materials
A) Conventional energy band diagram representation of a p-n junction solar cell where the dashed

line represents photoexcitation. B) A common, but incomplete energy landscape diagram for OPVs
where CB and VB are replaced with HOMO and LUMO levels, respectively. While it would
appear this would lead to favorable electron-transfer to the acceptor and hole-transfer to the donor,
it does not take into account the exciton binding energy.

While this is conceptually attractive and generally a convenient convention, the ground-state
energy level offsets between the donor and acceptor (HOMOpR/HOMOa and LUMOp/LUMO,) do

not contain sufficient information to predict whether charge-transfer will be exothermic.

Photocurrent can be generated via electron-transfer between a donor exciton and ground-state
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acceptor, or hole-transfer between ground-state donor and an acceptor exciton. As mentioned
above, the low dielectric constant of these materials leads to exciton binding energies on the order
of 0.5-1.5 eV.2° Therefore, these quasi-particles no longer have the same energetic landscape as
the single-particle ground-state levels. To predict charge-transfer one must consider these excited-
state potentials for both the donor and the acceptor materials. Adding these levels to the
HOMO/LUMO diagram shown above is not simple, as this involves comparing single particle and
quasi-particle levels.

In order to construct a physically meaningful energy level diagram consisting of both exciton
and ground-state energy levels for weakly coupled molecular systems, it is useful to replace
HOMO and LUMO with ionization potential (IP) and electron affinity (EA) respectively. It should
be noted this is common practice in the photoelectrochemistry community, but is far less common
in the materials synthesis and device engineering literature for OPVs.2%?* The IP is defined as the
energy required to remove an electron from the material to create a cation (M — M* + ¢’). The
energy of this process is associated with the energy of the HOMO orbital in a molecular system.
Conversely, EA is associated with the energy released upon the capture of an electron by the
material to form an anion (M + e- — M), corresponding to the molecular LUMO. Typically, one
considers only the IP and EA values associated with the ground-state of the molecule. However,
it is particularly useful to also consider the IP and EA values associated with the molecular excited
states. Exciton ionization potentials and electron affinities can be denoted as IP* and EA*,
respectively. One can readily distinguish further between ionization potentials of excitons with
different values of the total spin quantum number (S) by indicating the spin multiplicity (2S + 1)
as Z*1P*, It follows that electron affinities of excitons with different spin character can be denoted

as 2*IEA*. These quantities can be estimated for ground-state and excited-state measurements
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using methods discussed in the next section. This formalism allows one to plot these energy levels

on the same axis for useful comparison as demonstrated in Figure 2-6.
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Figure 2-6. Excited-state IP and EA energy diagram
Relevant energy landscape for determining the driving force for charge-transfer using ionization

potentials (IP) and electron affinities (EA). For electron-transfer from an excited donor to a
ground-state acceptor molecule, the donor IP* must be above that of the acceptor EA. Conversely,
for hole-transfer from an excited acceptor molecule to ground-state donor, the acceptor EA* must
be lower in energy than the donor IP.

Electron-transfer events that are enthalpically driven for a donor exciton to a ground-state
acceptor (i.e. D* + A — D* + A") can be represented by the value of the donor IP* being higher in
energy (less negative with respect to vacuum level) than the value of the acceptor EA. While this
is often considered to be the primary mechanism for photocurrent generation, one must also ensure
that efficient hole-transfer can occur from acceptor excitons to ground-state donor molecules (D +

A* — D' + A). Acceptor excitons can be formed either through direct photoexcitation or via

Forster energy-transfer from a donor exciton.?® Favorable hole-transfer from an acceptor exciton
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is also shown in Figure 2-6, with the value of the acceptor EA* lower in energy than that of the
ground-state donor IP.

A key advantage of this diagram is the ability to plot IP and EA values for any excited-state on
the same axis, for example, triplet states (T»), singlet states (Sn), or charge-transfer states (CTn). A
process for constructing an energy level diagram encompassing these states has recently been
addressed by X.-Y. Zhu.'® The ability to visualize these excited-state energy levels is useful in
designing a variety of device architectures. For example, converting singlet excitons to triplets has
been identified as one strategy to increase the exciton diffusion length in organic materials.?® The
thickness of the donor layer in a bilayer device is ultimately limited by this diffusion length. So,
while thicker layers can absorb more light, increasing the thickness significantly beyond the
exciton diffusion length results in diminishing photocurrent response. By integrating a triplet
sensitizer into the donor layer, Roberts and coworkers were able to enhance the photocurrent
response upon increasing device thickness.?” Designing such a host-guest architecture requires
careful alignment of singlet and triplet energy levels to enable exciton migration and eventual
charge separation. Assigning triplet exciton ionization potentials is also required when designing
devices to harness singlet exciton fission to increase the possible number of electrons per photon.
Singlet fission, the process by which one singlet exciton can split into two triplet excitons, a form
of multi-exciton generation, opens the possibility of single-junction power conversion efficiencies
above the Shockley-Queisser limit.83* Quantum efficiencies of above 100% have already been

shown for acene-derivatives, although low Voc’s limit the overall power conversion efficiency.
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The convention introduced in Figure 2-6 is well-suited to depict device architectures in which one
must consider processes involving triplet and singlet excitons.

Additionally, this diagram allows one to integrate the ionization energy associated with charge-
transfer (CT) states, a set of chemical species about which there has been much debate in the
literature. Of particular interest is whether CT states ultimately limit the overall photocurrent
generation efficiency of organic solar cells. On the one hand, a number of reports based on steady-
state external quantum efficiency measurements suggest that CT states can contribute to
photocurrent generation with relatively high yield, in some cases approaching that of neutral
excitons.®*! However, time-resolved, pump-push photocurrent measurements suggest that the
overall photocurrent generation efficiency is governed by kinetic competition between CT
relaxation and CT dissociation.*>** In both cases, it can be advantageous to integrate this

information into the energy landscape for system design.

2.4.3 Methods for Determining Energy Levels

Ground-state

Determining the values associated with IP and EA is achieved most directly with ultraviolet
photoemission spectroscopy (UPS) and inverse photoemission spectroscopy (IPES), respectively.
Briefly, in UPS a sample is irradiated with a photon of sufficiently high energy to eject an electron
from the surface of the material. The difference between the energy of the incoming photon and
the measured Kinetic energy of the ejected electron is the energy required to remove the electron
from the material, thus providing the material’s IP.*>**6 Conversely, in IPES the sample is subjected
to an electron beam and the resulting optical emission energy is measured, the difference in energy
between the emitted light and the Kinetic energy of the electron is the EA.*> 4" While UPS and

IPES are, in principle, direct probes of the IP and EA, respectively, these methods also have several
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practical limitations. Films must be compatible with ultrahigh vacuum and stable under ultraviolet
radiation.*® Additionally, these techniques are both time-consuming and often prohibitively costly
for routine measurements. Moreover, the nearly-ubiquitous sample degradation that can occur
during IPES measurements makes data acquisition and analysis tractable for only a handful of the
most highly specialized and skilled research groups.

In many cases, a more readily accessible experimental alternative for estimating these energy
levels is to pair electrochemical measurements with optical absorption and emission spectroscopy.
4849 This approach uses the respective linear correlations between reduction and oxidation
potentials from cyclic voltammetry (CV) measurements with EA and IP values obtained from UPS
and IPES. The linear relationship between these energies is shown in Figure 2-7. CV
measurements can be taken of materials dissolved in solution or deposited on a conductive film to
more closely reflect the solid-state properties.?® In short, the electrochemical cell consists of
working, counter, and reference electrodes immersed in a solvent containing an electrolyte and
reference solute. The material of interest is either dissolved in solution or deposited on the working
electrode. The applied electrode potential is varied at the working electrode, relative to the
reference electrode, and the resulting current that flows between the working and counter
electrodes is measured. At a given potential, the compound of interest will be either oxidized or
reduced, typically resulting in an exponential increase in electrochemical current signal. In the case
when the analyte is dissolved in solutions, the current magnitude diminishes once all nearby-
molecules have been reduced or oxidized. At such potentials, the rate of the electron transfer
process becomes diffusion-limited, and the current signal exhibits a characteristic peak. If the
process is reversible, the thermodynamic half-wave anodic potential is the numerical average in

potentials of, for example, the oxidation peak and the corresponding reduction peak for the process
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of reducing the oxidized form of the analyte back to the neutral state. Equal and opposite current
values for the corresponding oxidation and reduction peaks are characteristic of a reversible
electrochemical process. In such cases the measured potential is representative of the
thermodynamic potential for the redox couple of interest. The potential corresponding to the +1
oxidation state and -1 reduction state can be correlated with the IP and EA, respectively. In the
event that one encounters a quasi-reversible or non-reversible redox couple exhibiting disparate
peak amplitudes, or no electrochemical return wave is observed, a significant overpotential must
often be applied to drive the electrochemical process. In this case the irreversible nature of the

redox couple obscures the thermodynamic potential and one must proceed with great caution.
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Figure 2-7 Estimating EA and IP energies
A) The linear relationship between reduction potential, corresponding to the IP, determined via
UPS and the electrochemical oxidation potential for several organic molecules and oligomers.
Adapted with permission from Reference 40. Copyright 2005 Elsevier B.V. B) Linear relationship
between LUMO energy, or EA, determined by IPES and the electrochemical reduction potential.
Adapted with permission from Reference 41. Copyright 2009 Elsevier B.V.

D’Andrade and coworkers constructed the plot shown in Figure 2-7 to show the relationship
between IP and the oxidation potential using several small-molecule and oligomeric organic
electronic materials.*® Similarly, the relationship between reduction potential and EA was

investigated by Djurovich and coworkers, leading to the linear relationship shown in Figure 2-7.4°

32



By linear regression, one obtains Equations 1 and 2 for the lines of best fit that correlate the

measured redox potentials to IP and EA values, respectively.
Ep=—(14+0.1) x (qVey,,) — (4.6 +0.08)eV (1)
Egs = —(1.19 £ 0.08) X (qV¢y, ) — (4.78 £ 0.17)eV (2)
In Equations 1 and 2, the terms Ep and Eea represent the IP and EA energies in eV as determined

by UPS and IPES respectively, Vcy, and Vey , are the oxidation and reduction potentials relative

to Fc/Fc* (+0.40 V vs SHE) respectively, and q is the charge of an electron. Using these equations
one can approximate the ground-state IP and EA using CV techniques.

Polarization energies should also be considered when discussing IP and EA levels. Polarization
energy is defined as the difference in IP or EA in the gas phase versus in the solid state and arises
from electronic and nuclear polarization of nearby molecules. Particularly, for conjugated organic
systems, these values can range from 0.1 to 2 eV. Extensive computational work has been carried
out by Brédas and coworkers to clarify the effects of morphological packing in the bulk and at
interfaces on polarization energies.>*>? These polarization effects are important when considering
the different techniques for determining these energy levels. One should be particularly cautious
when extrapolating solution-phase CV measurements to solid state applications. Even in thin-film
measurements, it is important to consider the effect of varying morphology and interfacing the
material with vacuum or solution.>: 2
Excited-state Energy Levels

As previously mentioned, it is necessary to use excited-state energy levels to accurately estimate
the driving force that is available for photoinduced charge-transfer. Similar to ground-state levels,
excited-state values can be determined using different techniques with unique advantages and

disadvantages. Time-resolved two-photon photoemission spectroscopy (TR-2PPE) most directly
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measures IP*.5355 In this technique, the sample is excited using an IR-Vis pump beam, the induced
photoexcited-states are then probed using a UV pulse at a controlled time delay to eject an electron
from the excited material. This provides complementary information to UPS, but now of the
excited-state. Additionally, it can be carried out in a time-resolved manner. While 2PPE is uniquely
capable of measuring the IP* value for various excited-states, it is a highly-specialized technique
which is presently accessible to only a handful of research groups in the world. It is also worth
noting that no corresponding technique exists at this time for measuring EA*.'8 Alternatively, one
can use the singlet exciton energy, E¢°, to approximate IP* and EA* from the ground-state IP and
EA using equations 3 and 4.5 The singlet exciton energy can be estimated from the spectral
intersection of the peak-area-normalized ground-state absorption and photoluminescence spectra,
as shown in Figure 2-8. The value of this intersection point is also referred to as the Eqo transition
energy.

EA* o=y = EAiom) — B (3)

IP* ey = 1Py + Eg¥ (4)
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Figure 2-8. Determining the excited-state energy

Thin-film ground-state absorption (black) and photoluminescence (red) spectra are used to
determine the exciton energy for thin films of organic semiconductors. The intersection of these
curves represents Eqo transition, or E¢°", which accounts for the excitonic binding energy.
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Chapter 3. Synthesis and Characterization of Heptazine Derivatives

This chapter will cover the synthesis procedures used for making a heptazine derivative studied
throughout this work and an overview of the photophysical characterization. These general
synthesis and characterization procedures are currently being used to in our lab to also make and
study other derivatives; this work remains ongoing. The end of the chapter will discuss the unusual

singlet-triplet inversion found in heptazine along with implications of this unique photophysical

property.

3.1 SYNTHESIS OF TRI-ANISOLE HEPTAZINE (TAHZ)

Synthesis of bulk carbon nitride: Urea (10 g) was heated in a porcelain crucible (20 mL) using a
potter’s kiln at 500 °C for 3 h, with a ramp rate of 30 °C per hour under ambient atmosphere. The
light yellow product was ground thoroughly with a mortar and pestle before use.

Synthesis of potassium cyamelurate: 4.5 g of bulk carbon nitride was refluxed in 150 mL of 3.0
M KOH for 6 h. The solution was filtered over a glass frit while still warm and then put in the
fridge to cool and recrystallize. The resulting white crystals were filtered over a glass frit and
washed with cold (-10 °C) ethanol. CNMR in D20 showed two sharp peaks at 168 and 158 ppm
respectively. Adapted from reference 1.

Synthesis of cyameluric chloride:

* Safety note: POCI; and PCls react with water exothermically to produce HCI gas and H3POsa.
Keep these reagents in a ventilated chemical fume hood at all times and quench carefully.

A volume of 35 mL of POCIs was added to a flame-dried 100 mL round-bottom flask with a stir

bar. 4.6 g of PCls was added and allowed to stir for ~5 minutes. 2.0 g of 2 was added and refluxed
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under N2 at 110°C for 6 hrs. Reaction was removed from heat and let cool. POClz was removed
under reduced pressure using a distillation set-up in the hood, and the 100 mL round bottom used
to catch the distilled POCIz was placed in an ice water bath. POCIs was moved to a large beaker
and quenched with sodium bicarbonate. Meanwhile, the remaining product and PCls was lowered
into an ice water bath, and 50 mL of ice cold water was added dropwise and stirred for 5 minutes.
This is to quench the remaining PCls, however in the presence of water and heat the product will
hydrolyze to an undesired side-product, so the flask was kept on ice. The product was filtered
using vacuum filtration onto a cold fine glass frit or PVDF filter and washed with cold water.
Resulting product was transferred to a flame-dried vial and dried in a vacuum oven at 100°C for a
few hours. FT-IR was used to qualitatively assess the extent of hydrolysis resulting in terminal
hydroxyls. If significant intensity was observed at 3,000 cm™ by FTIR, then the product was
reintroduced to the chlorination conditions. If the FTIR indicated negligible hydroxyl content, then
the product was stored in a desiccator in the freezer.

Synthesis of 2,5,8-tris(4-methoxyphenyl)-1,3,4,6,7,9,9b-heptaazaphenalene (TAHz): 10 mL of
anisole was purged in a flame-dried 50 mL round bottom flask. 4.0 g of AICIz; was added to the
flask and allowed to stir for a few minutes at 60°C. 1 g of cyameluric chloride was added slowly
over 30 minutes. The reaction mixture was stirred at 60°C under nitrogen and turned a deep red.
After 5 hours the flask was removed from heat, and 25 mL DI H>O was added. This was returned
to heat and allowed to stir until the color changed to yellow and the large chunks had dissolved.
The resulting bright yellow powder was filtered and washed with water. The product was purified
by recrystallizing in hot DMSO (~3 mg/mL). First, about 200 mg of product was added to an
Erlenmeyer flask and kept warm using a heat gun. The solution turned transparent after several

minutes of heating. Any undissolved material was filtered out using a fine glass frit (this is to
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remove oligomeric species). The resulting filtrate was reheated to completely dissolve the product

again and moved to an oil bath at 50°C. The temperature was turned down slowly over the course

of a day and the product was filtered the next day. Adapted from reference 1.

Scheme 3-1 TAHz synthesis
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Figure 3-1. TAHz HNMR

'HNMR for TAHz taken in d6-DMSO. Peaks at 3.3, 2.5, 2.1 and 0.0 ppm correspond to water,
DMSO (solvent), acetone, and TMS respectively. Singlet at 3.90 ppm corresponds to methyl
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hydrogens, doublets at 7.14 and 8.38 correspond to aromatic hydrogens, and gives relative
integration of 9:6:6, respectively. Inset shows the aromatic peaks with clear doublet splitting.
HNMR: TAHz is dissolved in deuterated DMSO (d6) via vigorous heating. Figure 3-1 shows
the three characteristic peaks of TAHz in the *HNMR: two doublets in the aromatic region and
one singlet at 3.90 ppm corresponding to the methyl groups. Note that crude TAHz shows small

peaks near these due to, presumably, singly or doubly substituted heptazines.

492 amu

el OO e W W

Figure 3-2. TAHz ESI
Electrospray ionization mass spectrum for TAHz dissolved in a 1:1 ratio of toluene:methanol. Peak

centered at 492.5 amu (TAHz + 1). Peaks near baseline were observed in initial blank run and
correspond to contaminants on the column.

Electrospray ionization mass spectrometry (ESI): Due to the limited solubility of TAHz,
solution-phase *CNMR is not possible. Instead, to confirm that the major product is indeed the
tri-substituted, we use ESI mass spectrometry. Because TAHz is not soluble in traditional ESI
solvents, TAHz is first dissolved in toluene then mixed 50:50 with methanol with a drop of acetic
acid. Figure 3-2 clearly shows the desired 492 amu (TAHz+ H™) peak as the tallest feature. While
this does not exclude other species from being present, in conjunction with HNMR, it is

reasonable to assume TAHz is present and is reasonably pure; ESI would likely show easily

ionizable molecules, such as unfunctionalized heptazine cores and *HNMR would show impurities
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with protons. Itis important to note TAHz appears to degrade in the presence of light and methanol,
resulting in a 600 amu peak. This peak corresponds to TAHz (491 amu) + anisole (108 amu) + H*
(1 amu). Oddly enough we see the same phenomenon when instead of anisole, we use Friedel
crafts to install a tolyl- or phenyl-group (expected mass + aromatic group + proton). I have not yet

figured out what is happening to cause this.

3.3 UNDERSTANDING THE EXCITED STATE LANDSCAPE OF TAHZ

Reprinted (adapted) with permission from J. Phys. Chem. Lett. 2018, 9, 21, 6257-6261
Supporting Information. Copyright 2018 American Chemical Society.

At first glance, or months of glances, the photophysics of TAHz seem incredibly strange: a large
shift between peak absorption and emission (800 meV), high photoluminescent quantum vyield
(>50%), and long luminescent lifetime (~300 ns) that is invariant to the presence of oxygen. This
section walks through how we made sense of these observations. The 800 meV shift between peak
absorption and emission of TAHz, Figure 3-3C, is attributed to internal conversion to a weakly
emitting state. The gaussian fits to the emission (Figure 3-4A) and low energy absorption (Figure
3-4B) are shown, and the intersection of the normalized spectra is taken to be the Eqo transition, or

singlet energy.
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Figure 3-3. TAHz absorption and emission

A) TAHz optical extinction spectrum (solid, Amax=365 nm) and PL spectrum (dotted, Amax=505
nm) for a 33 uM TAHz solution in toluene. B) Extinction spectrum of weakly-allowed features
at lower energy attributed to weakly allowed mixed nz'/nn” states.
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Figure 3-4. Determining the S; energy

A) Gaussian fits to TAHz PL in toluene showing the high energy vibronic features roughly 150
meV apart. B) Gaussian fits to TAHz in toluene showing the low energy features are split by
roughly 140 meV. C) Normalized absorption and emission spectra assuming the low energy
shoulder of the absorption is vibronic and not a separate transition.
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Figure 3-5. TAHz electrochemistry
A) Cathodic cyclic voltammogram of 475 uM TAHz in THF with 250 mM TABPFs as the

supporting electrolyte. The reversible reduction allows us to calculate the Ereq to be -1.22 V vs
SHE. This allows us to calculate the electron affinity (EA) and excited state electron affinity
(EA*) shown in B.

Given this S1 energy, we used electrochemistry to understand where these levels sit on an energy

scale relative to vacuum. Cyclic voltammograms of TAHz in THF taken inside an argon glovebox

are shown in Figure 3-5A. The 73 mV peak separation suggests this reduction is reversible. From
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this reduction CV we can estimate the electron affinity (EA), which corresponds to the LUMO, to
be -2.85 eV relative to vacuum.? Using the singlet energy, we can estimate the excited state
electron affinity (EA*) to be -5.99 eV relative to vacuum. This energy landscape is depicted in
Figure 3-5B. The EA* represented the driving force for one-electron water oxidation of the
photoexcited TAHz molecule.

To verify this assignment, we explored other plausible origins, including emission from an
aggregate or triplet state. Since TAHz is a planar aromatic molecule and has minimal solubility,
we first explored the possibility of aggregation. To determine if the low energy absorption peak
was due to aggregate absorption, UV-vis measurements were taken over a range of concentrations
shown in Figure 3-6A, and the linearity of the absorption with respect to concentration suggests
this is not due to aggregation. Additionally, as the concentration was decreased by an order of
magnitude, the PL spectral shape did not change, nor was a new emission peak at higher energies

observed, Figure 3-6B.
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Figure 3-6. Concentration dependent absorption and emission

A) Plot of absorbance at 445 nm versus concentration of TAHz in toluene showing a linear
relationship suggesting this absorption peak is not due to aggregation. B) Steady-state PL spectra
for TAHz in toluene in at 200 uM (black) and 33 uM (grey) concentrations showing no significant
spectral change.
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Furthermore, temperature-dependent UV-vis were taken from 25-80°C shown in Figure 3-7A,
and no significant change in intensity was observed for the low energy peak, except for a
broadening of the main absorption. If this were aggregate emission, we would expect the intensity
to drop dramatically upon increasing temperature. We do observe a decrease in PL intensity upon
heating to 80°C, but this is likely due to increased rate of non-radiative decay rather than a decrease

in aggregation, shown in Figure 3-7B.
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Figure 3-7. Temperature dependent absorption and emission

Temperature dependent absorption (A) and emission (B) of 33 uM TAHz in toluene. Aside from
a slight broadening and increase in absorption with increasing temperature, little change is
observed. We would expect a significant increase in absorption with increasing temperature if the
absorption was due to aggregation. PL intensities decreased significantly with increasing
temperature. This is expected as non-radiative decay rates increase with increasing thermal energy.
However, no new higher energy emission was observed.

Computational Studies: The ground-state equilibrium geometries of TAHz and the reference
molecule heptazine were determined with the second-order Mgller-Plesset (MP2) method. Vertical
electronic excitation energies and oscillator strengths were computed with the second-order
algebraic-diagrammatic-construction (ADC(2)) method, which is a computationally efficient

single-reference propagator method.® The correlation-consistent split-valence double-{ basis set
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with polarization functions on all atoms (cc-pVDZ)* was employed in these calculations. The MP2
and ADC(2) calculations were carried out with the TURBOMOLE program package,® making use
of the resolution-of-the-identity (RI) approximation® for the evaluation of the electron-electron
repulsion integrals.

The vertical excitation energies and oscillator strengths of the lowest four excited singlet states
of the isolated heptazine molecule are given in Table 3-1. The excitation spectrum in the energy
range of interest consists of a low-lying nn* excited state at 2.57 eV (*A1'), two 'nn* excited states
near 3.8 eV, one of which is degenerate (*A;", E"), and the second nn* excited state at 4.43 eV
which is degenerate (*E'). While the low-lying *nn* excited state (*A') is dark in absorption, the
second lnn* excited state (*E') carries a large oscillator strength (0.54). The nn* states are dark.
It is noteworthy that the lowest three excited electronic states of the heptazine chromophore are
dark. However, the nominally forbidden So-S1, So-S2, and So-Ss transitions can borrow intensity

from the strongly allowed So-S4 transition via vibronic coupling.

Table 3-1. Vertical transitions of Hz

State Energy f
AL (™) 2.57 0.000
A" (nm*) 3.76 0.000
B (nm*) 3.84 0.000
'E' (mrm*) 4.43 0.536

Symmetry labels refer to Dsn point group

Table 3-2. Vertical transitions of TAHz

State Energy f
A (nm*) 2.62 0.0
'E (nn*) 3.62 2.378
A (nm*) 3.66 0.0
'E (nm*) 3.79 0.0
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Figure 3-8. Hartree-Fock molecular orbitals of TAHz.

Hartree-Fock molecular orbitals involved in the excitation of the lowest excited electronic singlet
states of TAHz. The orbitals 104a’ — 106a’ (first row) are n-orbitals; the orbitals 19a" — 22a" are

o9

o<

occupied m-orbitals; the orbitals 23a", 24a" are unoccupied m-orbitals.

The calculated vertical excitation energies and oscillator strengths of the lowest four excited
singlet states of TAHz are given in Table 3-2. The highest occupied and lowest unoccupied
molecular orbitals involved in the excitation of these states are displayed in Figure 3-8. These

orbitals allow the correlation of the excitation spectrum of TAHz with the excitation spectrum of
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heptazine. Remarkably, the excitation energy of the lowest ‘nn* state of TAHz (2.62 eV) is nearly
identical with that of heptazine (2.57 eV). Indeed, the character of this state is a nearly pure 193"
— 23a" excitation, that is, a 1 — 7* excitation localized the heptazine core of TAHz, see Figure
3-8. The excitation energy of the second *nn* state of TAHz, on the other hand, is lower than the
excitation energy of the corresponding state of heptazine by about 0.8 eV (see Table 3-1 and Table
3-2). This excited state consists mainly of excitations from the substituent-centered n-orbitals 20a",
21a" to the w*-orbital of heptazine (23a"), see Figure 3-8. This state therefore has intramolecular
charge-transfer character (from the substituents towards the center). It also has excitonic character,
as shown by the drastically increased oscillator strength (f =2.38) compared to heptazine. The n*
states are excitations from the three n-orbitals of the heptazine core to the m* orbital of the
heptazine core. Their energies therefore are rather similar to those of heptazine. In TAHz, the nn*
states are nearly degenerate with the second nn* state. ADC(2) predicts the 'nn* states slightly
above the bright second excited singlet state (*E') (see Table 3-2), while the nn* states of TAHz
have been observed to be slightly below the bright nn* state in toluene (Figure 4-1B). This
deviation from experiment is within the expected accuracy of the excitation energies calculated
with the ADC(2) method, which is estimated as 0.3 eV.?

An unusual feature of the excitation spectrum of TAHz is the large (for a molecule of this size)
energy gap of about 1.0 eV between the S; state and the next higher excited singlet states. By the
so-called energy-gap law, this feature reduces the rate of internal conversion from the S, states to
the S state and thus favors fluorescence from the S, states (in violation of Kasha’s rule).

Unfortunately, we were not able to compute the vertical excitation energies of the hydrogen-
bonded complex of TAHz with one or several water molecules. The loss of symmetry and the need

of a more extended basis set render these computations unfeasible with the computational
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resources which are available to us. Therefore, the proton-coupled electron transfer via the water-
to-TAHz charge-transfer state has to be discussed by analogy to the available results for the

photochemistry of the triazine-H,O and heptazine-H.O complexes.’®
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Figure 3-9. Energy profiles of the Hz-water complex.

Energy profiles of the lowest lnn* state and the second 'mn* state (green) of the heptazine-water
complex along the linearly interpolated (L1) proton-transfer reaction path between the ground-state
equilibrium geometry of the complex (left, full black circle) and the optimized geometry of the
charge-transfer state at Ron = 1.2 A (right, full blue circle). The water-to-heptazine charge-transfer
state (blue) is stabilized by the transfer of the proton and crosses the energies of the two nr* states
(green). An upper bound of 0.4 eV is estimated for the barrier resulting from the crossing of the
charge-transfer state with the higher n* state. The degeneracy of the second nn* state is slightly
lifted by the hydrogen-bonded water molecule. For clarity, the nm* states located in between the
two lnn* states are not shown. Adapted from Reference 8.

A computational result for the heptazine-H>O complex which is of immediate interest for the
interpretation of the present results for TAHz in water is shown in Figure 3-9. An approximate
(not fully optimized) reaction path from the ground-state equilibrium geometry of the hydrogen-
bonded heptazine-H>0 complex to the relaxed geometry of the lowest charge-transfer state (from

HO to heptazine) of p,n* character, where p, denotes the p orbital of H.O perpendicular to the

molecular plane and n* is the LUMO of heptazine, was constructed by linear interpolation in
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Cartesian coordinates. Along this reaction path, the energy profiles of the dim lnn* state and the
bright nn* state (green) are crossed by the energy profile of the reactive charge-transfer state
(blue). The curve crossings in Figure 3-9are actually multi-dimensional conical intersections of
the adiabatic potential-energy surfaces. The crossing of the upper (bright) nn* state with the
charge-transfer state occurs approximately 0.4 eV above the vertical excitation energy of the
former. The energy of this crossing is an upper limit to the actual height of the reaction barrier for
excited-state proton transfer from water to heptazine. By this intermolecular reaction, the

fluorescence of the bright lnn* state is quenched.

3.4  SINGLET-TRIPLET INVERSION IN HEPTAZINE

Reprinted (adapted) in part with permission from J. Phys. Chem. A. 2019, 123, 8099-8108.
Copyright 2019 American Chemical Society.

It is textbook knowledge that the lowest triplet excited state (T1) is located below the lowest
singlet excited state (S1) in closed-shell organic molecules, an example of Hund’s multiplicity
rule.®° This rule is taken into account in the well-known Jablonski diagram which predicts that
the S: state can be depopulated by spin—orbit-induced intersystem crossing (ISC) to the lower-
lying triplet states. For excited states with the same orbital composition, the S1/T1 energy gap is
determined by the exchange integral, which in general is large in organic chromophores at their
ground-state equilibrium geometry and stabilizes the Ty state relative to the S; state. In extended
conjugated systems, the energy of the T state can be lower than the energy of the S; state by an
electron volt or more.** According to current knowledge, there exist few, if any, stable aromatic
molecules which violate Hund’s multiplicity rule for their S1 and T states. Koseki et al. found a
violation of Hund’s multiplicity rule for the nonalternant hydrocarbons propalene, pentalene, and
heptalene with Pariser—Parr—Pople (PPP) configuration interaction (CI) calculations when the
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structures were constrained to have high (Dzn) symmetry.!> However, the Si/T1 inversion
disappears at the relaxed (C2n) symmetry of these systems.

It has been noted that the exchange integral can become very small when the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) are spatially
nonoverlapping. In such cases, near degeneracy of the S; and T: states can be expected. This
applies, in particular, for charge-transfer (CT) excited states in extended systems®® and for
biradicals.”*® Nearly degenerate Si and T: states are favorable for organic optoelectronics,
because so-called thermally activated delayed fluorescence may lead to a significant enhancement
of the quantum efficiency of organic light-emitting diodes (OLEDs).**?° This discovery motivated
the synthesis of a large variety of supramolecular systems with low-lying CT states with
nonoverlapping HOMOs and LUMOs.?22

In collaboration with the Domcke and Sobolewski groups, we have both computational and
experimental evidence for the inversion of the S; and Ti states for a comparatively simple and
compact heptazine (1,3,4,6,7,9,9b-heptaazaphenalene or tri-s-triazine) molecule (CeN7Hz). In
heptazine (Hz), the Si/T1 near degeneracy arises from the peculiar and rigid nuclear geometry as
well as from a specific and unusual structure of the HOMO and the LUMO. The HOMO s
exclusively located on the six peripheral nitrogen atoms of Hz, whereas the LUMO is exclusively
located on the six carbon atoms and the central nitrogen atom. The HOMO-LUMO excitation
therefore is an “internal” CT excitation in this chromophore, which results in a near-zero exchange
integral. As discussed below, the stabilization of the S; state by spin polarization? 23 leads to S1/T1
inversion. The elimination of the ISC deactivation channel of the S; state of Hz by Si/T1 inversion
has obvious implications for two large and active research areas: organic optoelectronics!® 22 and

water-oxidation photocatalysis.?*?® While Hz-derived materials were occasionally tested for
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OLEDs and received vast attention as photocatalysts for hydrogen evolution by water splitting, the
potential of S1/T1 inversion in the Hz chromophore has not been recognized so far and therefore

has not been systematically exploited in either research area.

3.4.1 Computational Results

Method. The ground-state equilibrium geometries of Hz and several derivatives of Hz were
optimized with the second-order Mgller—Plesset (MP2) method. The structures are planar and
exhibit D3, symmetry. The vertical excitation energies of the singlet and triplet excited states were
computed with four wave-function-based electronic-structure methods and with time-dependent
density functional theory (TDDFT). We employed a single-reference propagator method (second-
order algebraic diagrammatic construction (ADC(2)),%® two single-reference coupled-cluster
methods (approximate second-order coupled cluster (CC2)? and equation-of-motion singles-and-
doubles coupled cluster (EOM-CCSD)?), and a multiconfiguration self-consistent field
multireference perturbation method (CASSCF/ CASPT2).2° The active space for the CASSCF
calculations for Hz consisted of 12 electrons in 12 orbitals, five occupied and five unoccupied n
orbitals as well as the highest occupied n orbital and the lowest unoccupied ¢ orbital. Because the
S: and T states are nearly pure HOMO (n) to LUMO (nn*) excitations, their energies are not
sensitive to the choice of the active space. The TDDFT calculations were performed with five
widely used exchange—correlation functionals, the three parameter Becke, Lee, Yang, Parr
functional (B3LYP),*3! the Perdew—Burke—Ernzerhof functional (PBE0),3? the Minnesota 06
functional (M06-2X),*® and two range-separated functionals, CAM-B3LYP3* and ®B97XD,*

which are specifically designed to describe CT states. The equilibrium geometries of the Sy and T
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excited states were optimized with the ADC(2) method, and adiabatic (minimum-to-minimum)
excitation energies were calculated.

To characterize the excited-state potential-energy (PE) surfaces in the vicinity of the
Franck—Condon (FC) region, linearly interpolated scans in Cartesian coordinates between the So,
Si, and T: minima were computed. Dunning’s correlation-consistent double-{ basis set
(ccpVDZ)% was used for all electronic-structure calculations. Calculations for Hz with the triple-
{ basis set (cc-pVTZ) and with the augmented double-( basis set (aug-cc-pVDZ) confirmed that
the S; and T excitation energies are insensitive to extensions of the double-{ basis set. The MP2,
ADC(2), and CC2 calculations were performed with the TURBOMOLE program package.® For
the EOM-CCSD calculations the QChem program®’ was used. The MOLPRO package32 was used
for the CASSCF/CASPT?2 calculations. The DFT and TDDFT calculations were performed with
either TURBOMOLE or QChem.

Results. The vertical singlet and triplet excitation energies of the two lowest nn* and the two
lowest nrt* states of Hz calculated with the ADC(2) method are given in Table 3-3. In the singlet
manifold, the Hz chromophore exhibits a low-lying (2.57 eV) nn* state of 1Az’ symmetry (S1),
followed by two nm* states of 1A1” and 'E” symmetry, respectively (Sz, Ss). The second mr* state
of E’ symmetry (Sa) is located at 4.43 eV excitation energy at the ADC(2) level. While the S1—So
transition is dipole-forbidden in Dan symmetry, the second nr* state carries significant oscillator
strength. In polymeric carbon nitride (melon), the S: state is weakly allowed due to vibronic
intensity borrowing from higher allowed states as well as slight out-of-plane distortions of the Hz
frame. The S1 absorption can be seen as a faint tail extending to longer wavelengths (=600 nm).
The Su(nm*) state gives rise to the pronounced absorption threshold of melon near 400 nm.15 In

the triplet manifold, the low-lying A, state at 2.85 eV (T4) is followed by the E’ state (T>) at 3.67
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eV, which is almost 0.8 eV lower in energy than the corresponding singlet state (1E’ (S4)). The
next two states are the nondegenerate A" state (T3) and the degenerate 3E” state (T4); see Table
3-3. No experimental data on the excitation energies of the triplet states of Hz are available.
Remarkably, the energy of the S; state is below the energy of the T; state in Hz. The S1/T1 vertical
energy gap is defined as Ast = Es1 — Et1. For Hz, Ast = —0.28 eV. For the two nzt* states (S2/T3
and S3/T»), the energies of the singlet and triplet states of the same spatial symmetry are almost
degenerate, with the singlet energies being slightly higher than the corresponding triplet energies;

see Table 3-3.

Table 3-3. Vertical excitation energies of the lowest four singlet and triplet states of Hz.

Symmetry  Singlet Triplet
A 2.569 2.851
Ar" 3.758 3.755
E" 3.845 3.819
E' 4.430 3.667

Calculated with ADC(2) method with the cc-pVDZ basis set. The geometry was optimized at
the MP2/cc-pVDZ level.

The inverted ordering of the S; and Ty states (Ast < 0) in Hz and in derivatives of Hz is the main
focus so we will concentrate on the lowest singlet and triplet states in what follows. Both states
are nearly pure HOMO-LUMO excitations (the weight of the HOMO— LUMO configuration is
96.4% for S1, 98.4% for T at the ADC(2) level). The highest occupied and the lowest unoccupied
Hartree—Fock orbitals of Hz are displayed in Figure 3-10. It can be seen that the HOMO is
exclusively localized on the peripheral nitrogen atoms, while the LUMO is exclusively localized

on the carbon atoms and on the central nitrogen atom. As a result of this pattern, the spatial overlap
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of HOMO and LUMO is essentially zero. The HOMO—-LUMO transition therefore can be
considered as an intramolecular CT transition: one electronic charge is transferred from the
peripheral nitrogen atoms to the carbon atoms and the central nitrogen atom. Due to D3, Symmetry,
the electric dipole moments of the ground state and the nondegenerate excited states are zero. A
similar effect of short-range charge transfer has also been reported for boron-centered
azatriangulene molecules, which exhibit a small but positive singlet—triplet gap and are promising
candidates for OLEDs.*® The lack of spatial overlap of HOMO and LUMO has two consequences:
(i) the S1—So transition dipole moment is unusually small, and (ii) the exchange integral, which is
primarily responsible for the singlet—triplet energy gap, is very small, resulting in a near
degeneracy of S and T, states. In this situation, spin polarization, which stabilizes the singlet state
relative to the triplet state,'® 23 becomes relevant and leads to the inversion of the S; and T; states;

see below.
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Figure 3-10. HOMO and LUMO orbitals of Hz and TAHz

Highest occupied (HOMO) and lowest unoccupied (LUMO) Hartree-Fock molecular orbitals of
Hz.
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To confirm the origin of the Si/T1 inversion in Hz predicted by ADC(2), we computed the
vertical S1 and T excitation energies with the CC2, EOM-CCSD, and CASSCF/CASPT2 methods.
The close agreement of the four ab initio wave function methods based on different approximation
schemes for electron correlation reveals that the Si/T1 inversion in Hz is not the result of intricate
electron correlation effects. This confirms the splitting results from the unusually small exchange
and spin polarization.? In the restricted orbital picture, spin polarization in the singlet state is
reflected by a slightly higher weight of doubly excited configurations (and correspondingly a lower
weight of the HOMO—-LUMO configuration) in the singlet wave function than in the triplet wave
function.'? This effect is robustly reproduced by all wavefunction-based methods. Interestingly,
TDDFT fails to recover these effects. With all five functionals, TDDFT predicts a positive Ast Of
about 0.20 eV. TDDFT therefore cannot be recommended as a computational method for large-
scale screening studies for OLED materials.®® However, the correct (negative) Ast of Hz can be
obtained by calculating the S1 and T excitation energies with unrestricted Kohn—Sham DFT,
taking advantage of the fact that the *A,’ and A, states are the lowest states of their respective
symmetries.*°

The equilibrium geometries of the Si and T: excited states of Hz were optimized with the
ADC(2) method. The adiabatic (minimum-to-minimum) excitation energies of the S; and T; states
are 2.488 and 2.777 eV, respectively. The vibrational stabilization energy therefore is 0.081 eV in
the S; state and 0.074 eV in the Ty state. These unusually small vibrational stabilization energies
reflect the rigidity of the fused ring structure of Hz. The exceptionally weak electron-vibration
coupling in the S; and T states is favorable for solar energy harvesting with the Hz chromophore.
Additionally, the computed linearly interpolated scans between the ground-state equilibrium

geometry and the S1 and T1 equilibrium geometries, show essentially parallel energy profiles of
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the S; and T states. These findings tentatively indicate that the rate of ISC from the T; state to the
S state of Hz is comparatively small.

With the ADC(2) method, we computed the vertical excitation energies of three derivatives of
Hz: trichloroheptazine (TCIHz), tricyanoheptazine (TCNHz), and TAHz. For all three derivatives,
the HOMO and the LUMO are exclusively localized on the Hz frame and the S; and T states are
nearly pure HOMO-LUMO transitions in all three derivatives. Correspondingly, the S1 and T
excitation energies of the three derivatives are close to those of Hz, despite the varying electron

withdrawing or donating character of the substituents.

3.4.2 Experimental Results

One could initially regard the unusually long decay time of the TAHz emission, with T on the
order of 300 ns,* as indicating that a long-lived triplet state contributes to the PL lifetime in some
manner, for example, by phosphorescence or reverse intersystem crossing and thermally activated
delayed fluorescence (TADF). Indeed, depending on the measurement conditions, the
phosphorescence lifetime of the ubiquitous triplet material, ruthenium(ll) tris-bipyridine
[Ru(bpy)s]?*, has been well documented to be on the order of 500—900 ns.*? We measured the
time-dependent PL decay of TAHz in toluene on the microsecond time scale to investigate whether
the presence of molecular oxygen, a known triplet quencher, has any influence on the TAHz
excited state decay dynamics. The resulting luminescence lifetime data shown in Figure 3-11A
demonstrate that we observe only monoexponential decay over two decades in intensity, with no
discernible influence on the lifetime from molecular oxygen and no perceptible biphasic character
that would imply a contribution from a delayed fluorescence component. The fact that we observe
negligible dependence of the emission lifetime on the presence of molecular oxygen, which would

quantitatively quench any molecular triplet state T1 with an energy of >1.0 eV on this time scale,
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renders the possibility unlikely that TADF plays any role in extending the PL decay time in TAHz.
Interestingly, as Figure 3-11A also demonstrates, the emission lifetime is virtually independent of
the presence of external heavy atom sources, such as ethyl iodide (Etl), that are commonly used to
sensitize intersystem crossing to populate the T state. The PL quantum yield (PLQY) also exhibits
no dependence on the presence of Etl. The fact that introducing an external heavy atom to enhance
the intersystem crossing rate constant does not quench the singlet PLQY or lifetime is consistent

with the absence of a lower-lying triplet state that would otherwise act as a nonradiative energy

sink.
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Figure 3-11. The absence of triplets in TAHz PL and TA.

A) Emission lifetimes of TAHz in toluene show very little dependence on the presence of oxygen
or a heavy atom. Comparing emissions with (blue) and without oxygen (black), we do not see any
evidence of thermally activated delayed florescence. B) The emission spectra of TAHz in toluene
with (solid) and without (dotted) a heavy atom present in a polystyrene matrix at 298 K (red) and
80 K (blue) do not show evidence of phosphorescence. C) Transient absorption data with (dotted)
and without (solid) a heavy atom present at early (black) and long (grey) timescales shows no
significant difference. Notably, we see no long-lived signal in the NIR region where a strong triplet
absorption transition is predicted by the calculations (dashed line). D) Decay kinetics of the
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photoluminescence (green circles) matches the decay of the prominent spectral feature at 900 nm
seen in transient absorption measurements (black triangles), suggesting that we only see the S
absorption feature in our TA measurements.

The kinetics data in Figure 3-11A do not provide any spectral information that could report on
the possible role of phosphorescence from the T; state. To discern whether phosphorescence
contributes to the overall TAHz PL signal, we present in Figure 3-11B time-averaged low-
temperature PL spectra for TAHz with and without diiodooctane (D10) as an external heavy atom
source. We have previously employed this method in our laboratory to detect extremely weak
phosphorescence signatures from organic chromophores that do not exhibit measurable steady-
state triplet emission in the absence of an external heavy atom.*® Nevertheless, in the case of TAHz,
the PL spectra that we collect with and without the presence of an external heavy atom are virtually
indistinguishable. We observe no evidence for phosphorescence from TAHz, even affixed in an
inert polystyrene matrix at low temperatures in the presence of a heavy atom. Therefore, the lack
of quenching with Etl in Figure 3-11A cannot be explained by increased phosphorescence.

While our PL measurements indicate that the emission properties of TAHz do not involve a low-
lying triplet state, the strong fluorescence signal may mask any contribution from a triplet-
associated emission component. Therefore, in order to more clearly reveal how the predicted S1/T
energy inversion manifests in the excited-state dynamics of TAHz, we turned to microsecond
transient absorption (TA) measurements. Figure 3-11C shows TA spectra of TAHz in toluene with
and without oxygen present at both early and late times. We computed the S; — Spand T1 — Th
excitation energies and oscillator strengths with the ADC(2) method to guide our spectroscopic
investigation. Looking in the region of the theoretically predicted T absorption, we do not see
any measurable induced absorption signal for either sample in Figure 3-11C, while the S;

absorption near 900 nm is clearly observed. Moreover, Figure 3-11D shows that the decay of the
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TA signal overlays with the fluorescence decay. The essentially identical kinetic data for the TA
feature and the fluorescence suggest that this feature is attributable solely to the singlet excited

state absorption.
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Figure 3-12. DPA and TAHz TA comparison.
Transient absorption spectral traces from 2-100 ns (black to red) for chromophores DPA (A) and

TAHz (B) in 1:1 toluene:Br-octane solutions. We observe a clear isosbestic behavior in the case
for DPA the singlet absorption at 550 nm is converted to the lower-lying triplet with a characteristic
absorption at 450 nm. However, in the case of TAHz, we only see the decrease across the spectral
region. The TAHz PL decay matches the decay of the large feature at 800 nm. This suggests that
there is no lower-lying triplet for the heavy atom-enhanced intersystem crossing to be formed from
the long-lived singlet excited state.

As a means of benchmarking the peculiar photophysical behavior that TAHz exhibits as a result
of its inverted S1/T1 energy landscape, we compare the excited-state dynamics of TAHz against an
archetypal organic fluorophore in the presence of an external heavy atom. We chose diphenyl
anthracene (DPA) as a model organic fluorophore due to its well-documented near-unity PLQY,
implying that very few triplets are readily formed in DPA under illumination. In the presence of
bromooctane, the evolution of the DPA TA signal in Figure 3-12A is markedly different from the
spectral evolution that TAHz exhibits in Figure 3-12B. Figure 3-12A shows the transient

absorption traces of DPA in a toluene:bromooctane solution ranging from 2 to 100 ns. We observe

a clear isosbestic point near 465 nm as the DPA S; state relaxes by ISC to the lower energy Ti
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state. The DPA S; induced absorption signature at 560 nm dominates the DPA TA spectrum at 2
ns in black, but undergoes complete decay by 100 ns, as shown in the red trace. The concomitant
rise of the T1—Tn absorption signal at 450 nm results from the DPA singlets being converted into
DPA triplets. Conversely, in Figure 3-12B, TAHz exhibits no clear signs of interconversion among
excited states. Instead, we observe only a decrease in the signal amplitude over this spectral range.
We do not observe growth of a new state which would accompany conversion to the triplet
manifold. The decay kinetics at 450 and 800 nm overlap with the PL decay, suggesting that these
features are attributable to the TAHz S: absorption. We do not see any long-lived signal intensity
near 800 or 1400 nm (see Figure 3-13), as predicted by theory, which would also suggest that we

do not see long-lived triplet formation.
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Figure 3-13. Temperature dependent TAHz TR-PL.

A) Kinetic traces of TAHz PL in polystyrene films as described in the main text. The PL lifetime
increases slightly as the sample is cooled, 293 K (red), 200K (green), and 85 K (blue), but there is
no kinetic difference between samples with (solid) or without diiodooctane (DIO) (dotted). The
temperature-dependent kinetics data are inconsistent with thermally activated delayed florescence,
since they distinctly exhibit monoexponential decay dynamics, with no indication of a second,
longer-lived, kinetic component that would reflect the lifetime of a lower energy triplet excited
state. We also observe slightly shorter lifetimes rather than longer lifetimes at warmer
temperatures, which is also inconsistent with TADF. B) We see no spectral difference between the
emission at early (solid black) or late times (dashed red) of TAHz in the presence of DIO at 85 K,
where we would most expect to see phosphorescence.
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Chapter 4. Proton-Coupled Electron Transfer from Water to a
Model Heptazine-Based Molecular Photocatalyst

Reprinted (adapted) with permission from J. Phys. Chem. Lett. 2018, 9, 21, 6257-6261.
Copyright 2018 American Chemical Society.

41 SUMMARY

To gain mechanistic understanding of heptazine-based photochemistry, we synthesized and
studied  2,5,8-tris(4-methoxyphenyl)-1,3,4,6,7,9,9b-heptaazaphenalene  (TAHz), a model
molecular photocatalyst chemically related to carbon nitride. Based on time-resolved
photoluminescence (TR-PL) spectroscopy, we kinetically reveal a new feature that emerges in
aqueous dispersions of TAHz. Using global target analysis, we spectrally and kinetically resolve
the new emission feature to be blueshifted from the steady state luminescence, and observe a fast
decay component exhibiting a kinetic isotope effect (KIE) of 2.9 in H,O versus D20, not observed
in the steady-state PL. From ab initio electronic-structure calculations, we attribute this new PL
peak to the fluorescence of an upper excited state of mixed nn'/nn” character. In water, the KIE
suggests the excited state is quenched by proton-coupled electron transfer, liberating hydroxyl
radicals that we detect using terephthalic acid. Our findings are consistent with recent theoretical
predictions that heptazine-based photocatalysts can participate in proton-coupled electron transfer

with H20.

4.2 INTRODUCTION

Proton-coupled electron transfer (PCET) reactions are scientifically and technologically relevant
for characterizing and controlling energy conversion and storage processes.!® The majority of

inter-molecular PCET literature to date focuses on metal-containing complexes, © with fewer
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examples of all-organic heterocyclic aromatics,”® despite their photophysical properties being
extensively studied over the past century.’®!* Historically, researchers have heavily debated the
nature of the excited state responsible for the photochemical reactivity of heteroaromatics.% 1510
Recent computational studies suggest inter-molecular excitations involving photon-initiated
electron transfer from H-bonded water to aza-aromatics facilitate H-atom abstraction to form
neutral radicals.® 2°-?! These studies highlight the importance of photochemical pathways beyond
strictly local excited nt and nn states. Since PCET from H,O to a chromophore could lead to
photocatalytic water splitting, it is compelling to spectroscopically reexamine the photochemistry
of aza-aromatics.

In the field of photocatalytic hydrogen evolution, the heptazine unit has received significant
attention due to immense interest in poly(heptazine imides), commonly termed carbon nitride or
g-C3N4.22%" Readily synthesized from cheap and earth-abundant precursors, these materials have
emerged as archetypal organic photocatalysts capable of evolving H, from water.?* Numerous
studies catalog gains in H production from g-CsN, by altering surface area,?®? adding defects,*-
31 and tuning aromatic groups.®> However, the fundamental mechanism of photocatalytic activity
remains largely enigmatic. The inherent structural ambiguity of g-CsNs introduces numerous
possible catalytic sites and reactive states. It is, therefore, attractive to examine model molecular
systems with well-defined structures to gain mechanistic understanding.?% 2% 30 33-35 While the
organic light emitting diode community has studied the energy landscape relevant to the emission
of aryl-substituted heptazine molecules,®®" far less is understood about the photophysics
preceding hydrogen evolution using heptazine-based molecules. A recent computational study by

Ehrmaier et al. suggests photoexcited hydrogen abstraction from water via a molecular PCET
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process can occur in hydrogen-bonded heptazine-water complexes.?’ However, to the best of our
knowledge, there has been no spectroscopic verification of those predictions prior to this report.

Inspired by recent reports of photocatalysis from heptazine-based small molecules,®* 3 we have
synthesized tri-anisole heptazine (TAHz) via a Friedel-Crafts reaction (Scheme 3-1 TAHz
synthesis) adapted from literature.®® We selected TAHz for its high photoluminescence quantum
yields (PLQY) (& = 0.69) in non-polar aromatic solvents and long PL lifetimes. These
characteristics allow us to perform time-resolved emission quenching studies not possible with
common g-CsN4 samples, where bulk luminescence is strongly quenched.?

Herein, we present luminescence spectra of a higher-lying excited state of TAHz which can serve
as reactive intermediate in the photoinduced hydrogen transfer from water to the heptazine core.
Our computational results show the electronic excitation spectrum of isolated TAHz consists of a
low-lying dipole-forbidden So—Si(nn*) transition, two dark So—S23(nn*) transitions and one
exceptionally bright So—Sa(nn*) transition (cf. Chapter 3.3). In toluene, the bright nn* state
relaxes nonradiatively via intermediate nm* states to the lowest mwn* state, from which all
luminescence occurs. However, in water, the nm* states are up-shifted and the nn* state (or quasi-
degenerate mixed nn*/nn* states) can fluoresce at early times. Scheme 4-1 summarizes the
photochemical reaction pathway of a photoexcited TAHz-H>O complex from this upper excited
state. Isotope-dependent luminescence quenching of TAHz in water and ‘OH detection are

consistent with PCET from water to TAHz.
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Scheme 4-1 Proposed Photochemical Mechanism
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Figure 4-1. TAHz absorption, emission, and hydrogen production.

A) TAHz optical extinction spectrum (solid, Amax=365 nm) and PL spectrum (dotted, Amax=505
nm) for a 33 uM toluene solution. B) Extinction spectrum of weakly-allowed features below the
absorption band of the bright e state. C) Time-correlated single photon counting PL traces of
TAHz in toluene (black) and water (blue) show dynamic PL quenching of TAHz in water. D)
Hydrogen evolution rate for 3 mg TAHz, 15 mL H20, 1.5 mL triethanolamine and 2 wt% Pt
under 5 mW/cm? 365 nm LED illumination. H; activity of bulk g-CsN4 under identical
conditions included for reference.

We characterized TAHz in toluene, a non-polar, aprotic solvent to determine the energy
landscape of the isolated chromophore. Figure 4-1A shows strong absorption at 365 nm and
emission centered at 510 nm. Additionally, we observe lower energy peaks with molar
absorptivities (¢) of a few hundred M™cm™. The nominally dark nr* states can borrow intensity
from the nearby bright e state through vibronic coupling. Assuming luminescence occurs from
the lowest weakly allowed (dim) singlet ™ state, we estimate the S1 — So singlet transition
energy (Eoo) to be 2.7 eV (Figure 3-4),% consistent with calculations (Table 3-2). The low oscillator
strength of this transition leads to a long monoexponential PL lifetime in toluene (#w1=287 ns),

shown in Figure 4-1C. From these measurements in toluene and ab initio electronic-structure
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calculations, we propose the energies of the locally excited states in Figure 4-2. While this long
lifetime could suggest triplet character, we find it unlikely based on negligible lifetime variation

with and without oxygen or at cryogenic temperatures (Figure 3-11).
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Figure 4-2 Jablonski diagram in toluene and water.
Jablonski diagram depicting bright high-lying absorption, fast internal conversion and
monoexponential S; PL lifetime (z5:1°°'=287 ns) in toluene. In H,O and D,0 (3.2 pg/mL), we
observe dynamic S PL quenching (zs1™P2°=16 ns) and an additional high-energy PL signal
attributed to mixed nn*/nn* states. The sub-ns Sy decay components determined by global target
analysis for TAHz in H20 (75=190 ps) and D20 (z°;s,=560 ps) exhibit a kinetic isotope effect
of KIE =2.9. S; decay dynamics show negligible isotopic dependence.

Jablonski diagram depicting bright high-lying absorption, fast internal conversion and

monoexponential S; PL lifetime (z51°'=287 ns) in toluene. In H,O and D20 (3.2 pg/mL), we
observe dynamic Si PL quenching (zs:tP?°=16 ns) and an additional high-energy PL signal
attributed to mixed nm*/mtr™ states. The sub-ns S, decay components determined by global target
analysis for TAHz in H20 (75=190 ps) and D20 (z°;s,=560 ps) exhibit a kinetic isotope effect
of KIE =2.9. S: decay dynamics show negligible isotopic dependence.

In Table 4-1, we tabulate radiative (kr) and nonradiative (knr) rate constants for TAHz in various
media. As expected for a photocatalyst, the PLQY (@ =kr/[krt+knr]) and lifetime (z: =1/[kr+knr])
of TAHz are strongly quenched in water, with knr roughly two orders of magnitude faster

compared to toluene. We present photophysical parameters in DMSO and at higher mass loadings
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in water as reference points for minor effects due to variations in relative permittivity (er) and
aggregation (cf. Chapter 3.3). Considering the catalytic activity (Figure 4-1D), we propose a

significant fraction of excited states are quenched via photochemical processes in water.

Table 4-1. Photophysical Parameters of TAHz

Solvent & @ ¢ (ns) kr(x10°%s) | kng (x 10% s

Toluene* 2.7 0.69 286.9+0.4 | 2.413+0.003 | 1.084 +0.002

DMSO* 48 0.25 70.9+0.9 342+0.1 10.3+04
Water 0.1 mg/mL 80 0.13 36.8 + 0.35¢ 3.5+0.3 2442
Water supernatant 80 0.065 9.63 +0.06% 29+1 100 £ 36

“33 uM concentrations *Average Lifetime

While steady state TAHz PL spectra in toluene and water are nearly indistinguishable (Figure
A-0-3), time-resolved PL (TR-PL) spectra in Figure 4-3 reveal a different story on picosecond (ps)
to nanosecond (ns) timescales. Figure 4-3A shows the spectral traces at early times for TAHz in
water vs. toluene. Though spectrally similar at low energies, TAHz emission in water exhibits a
new feature at 460 nm. The kinetic traces in Figure 4-3B for high and low energy emission are
distinct for TAHz in water, but not in toluene, suggesting an emissive higher-lying, presumably
singlet, state exists in water.

We apply global target analysis to kinetically resolve overlapping emission features. We model
total PL intensity &(t,4) at time t and wavelength 1 as a sum of concentration-weighted spectral
components such that, @ (z,4)=2ci(t)ci(4), where ci(t) and oi(4), respectively, correspond to the
time-dependent concentration and wavelength-dependent species-associated emission spectrum
(SAES) of the i emissive species.*’ Global target analysis yields two kinetically resolvable
emission features, one at higher energy attributed to a mixed Sy state and one to Si. The SAES for

Sn and S; are shown in Figure 4-3C. From this Sp SAES, we estimate its energy to be 2.9 eV
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(Figure A-0-8). The expected blueshift of the nm” transitions and the redshift of the nn” states in
water would move the nt* states closer to the bright state and farther from the low-lying S; state.
We see these expected shifts in absorption measurements of TAHz with phenol (Figure A-0-10).
This mixing can explain the lack of emission from the bright nn* state in toluene and the

appearance in water, as the wavefunctions strongly mix allowing the nmt* states to “light up.”
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Figure 4-3. TR-PL spectra of TAHz in water and toluene.

A) In water (blue), the TR-PL spectra averaged over the first 500 ps exhibit a new PL feature in
Region | compared to toluene (black). Solid lines represent global fits to the data (symbols). B)
Kinetic data traces are shown for water (circles) and toluene (triangles). Kinetics from Region |
and Il are shown in light and dark colors respectively. TAHz in toluene decays monoexponentially
with a constant rate across the emission spectrum. TAHz in water shows disparate decay rates in
Regions I and |1, suggesting two kinetically distinct emissive states exist. C) Species-associated
emission spectra (SAES) from global target analysis of the TAHz:H>O data in 3A show the fast Sy
emission (blue) and the slow S; emission (black). D) The prompt decay components of the S,
emission extracted from global target analysis for TAHz in D20 (red) and H2O (blue). The KIE =
2.9 is consistent with dynamic quenching of the S, emission due to PCET.

We apply a parallel decay model to analyze the emission from the S, and S; states in water. For
the Sy SAES, we recover a prompt and a delayed c(t) component. To confirm the assignment of
the S, emission and to understand the two decay components, we performed a Kinetic isotope study
comparing PL decay rates in H20 versus D2O. As shown in Scheme 4-1, one conceivable decay
pathway for the S, state includes a photochemical transformation wherein electron density is
transferred from a hydrogen-bonded water molecule to the heptazine core, and the proton of water

moves along the hydrogen bonding axis towards TAHz, forming a neutral “TAHz-H/HO" state with

biradical character (Scheme 4-1). A luminescent excited state quenched by PCET should exhibit
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an isotope-dependent emission lifetime, in H,O versus D20.% 4142 Consistent with this mechanism,
in Figure 4-3D we see a kinetic isotope effect (KIE) of 2.9 for the prompt c(t) decay component
of Sn SAES in H20 (7 Htsn=190 ps) and D20 (r Prsn=560 ps). The second c(t) component of S,
SAES shows minimal isotopic dependence (KIE=1.3), and its origin is still unclear. Possible
explanations could involve exciton-exciton annihilation, or back H-atom transfer to reform water
and photoexcited TAHz. The S; emission shows no significant KIE (Figure A-0-12), but exhibits
three c(t) components, which we attribute to heterogeneity introduced by aggregation in water (cf.
Figure A-0-2).

We propose the fluorescence quenching of the mixed nn* /an* state of TAHz in water is
analogous to the hydrogen-bonded heptazine-water complex, previously studied with
computational methods.?° Those results revealed that the potential-energy surfaces on the locally
excited states of heptazine cross that of the lowest charge-transfer state (from H.O to heptazine)
along the reaction path for proton transfer (Figure 3-9). While the precise energetic location of the
corresponding charge-transfer state in the TAHz-H20 complex is not known, the energy could be
drastically lowered by the proton transfer from water to TAHz, resulting in low-lying curve
crossings with the locally excited states, as illustrated in Figure 3-9.

To monitor ‘OH formation (Scheme 4-1), we also employed radical detection using terephthalic
acid (Figure A-0-13). Terephthalic acid is a well-known “OH scavenger which is hon-luminescent

until reacting with "OH to form 2-hydroxyterephthalic acid which exhibits characteristic
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luminescence at 430 nm.*** We observe a linear increase in 2-hydroxyterephthalate PL with

illumination time, indicating TAHz in H>O photochemically liberates ‘OH

4.3 CONCLUSIONS

Herein we present a heptazine-based small molecule photocatalyst with emission from a low-
lying dim S; state that is dramatically quenched in water. TR-PL spectra of TAHz in water reveal
a new high-energy luminescence feature with a significantly shorter lifetime and KIE = 2.9. We
attribute the isotope-dependent quenching to PCET from a hydrogen-bonded water molecule to
TAHz. This significant finding is consistent with predictions that molecular excitations lead to H»
production in aza-aromatic photocatalysts.® 22! Further mechanistic studies are underway in our
laboratory to determine if PCET occurs via a stepwise or a concerted pathway, to explore possible
photochemistry of the triplet manifold, and to understand the role of PCET in heptazine-based
photocatalysis. Interesting questions remain concerning the fate of the resulting heptazinyl and

"OH, which is of possible interest for full water splitting.

4.4  EXPERIMENTAL METHODS

Materials.
Reagents. Urea, potassium hydroxide, phosphorous oxychloride, phosphorous pentachloride,
phenol, and terephthalic acid were all purchased from Sigma Aldrich. Anisole (99%) was

purchased from Alfa Aesar. Aluminum chloride was purchased from Fischer Scientific. DO
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(99%) was purchased from Cambridge Isotopic Laboratories. All reagents were used without
further purification.

Characterization.

NMR. Solution-phase *HNMR was taken on a Bruker AV-300 instrument using a PABBI: X
[1H] probe. TAHz was dissolved in d6-DMSO at ~100 uM concentration.

Electrospray ionization. Mass spectra were obtained using a Bruker Esquire LC ion trap. TAHz
was dissolved in toluene at a 200 uM concentration, then 1 mL of TAHz toluene solution was
added to 1 mL methanol, shaken, and injected onto the inlet column.

Sample Preparation. The supernatant water sample for photophysical rate constants was
prepared by sonicating 0.1 mg/mL suspension of TAHz in water for half an hour followed by
centrifuging for 5 minutes at 6,000 rpm.

Samples made for aqueous TR-PL kinetic isotope dependence were made to minimize any
possible changes in lifetime due to different mass loadings. To achieve this, a 0.1 mg/mL
suspension in D2O was prepared, purged with nitrogen, and stirred in the dark (covered in
aluminum foil) for 48 h. 100 uL of this suspension was placed into 3.0 mL of either H>O or D20,
resulting in 3.2 pg/mL mass loading, was purged and stirred in the dark for another 48 h before
measuring. The H.O sample from this experiment was used in Figure 3 of the main text.

Samples in mixtures of DMSO and water were prepared using 100 pL of the aforementioned
TAHz suspension in D>O for consistency, but instead added to 3 mL of pre-mixed solutions of

1:14 and 1:5 DMSO:H20. The 1:14 solution was 2.8 mL H>0 and 200 uL. DMSO, and the 1:5
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solution was 2.5 mL H20 and 500 uL. DMSO. These solutions were not stirred in the dark for an
additional day, but instead measured within a few hours.

Steady-State Optical Characterization. Ground-state absorption spectra were collected with a
Cary5000 UV—vis—NIR spectrometer. Steady-state photoluminescence (PL) was acquired on a
home-built spectrometer using amplitude-modulated excitation and phase sensitive detection.
Samples were irradiated with a modulated (200 Hz) 365-nm LED (5.2 mW/cm?).

Time-Correlated Single-Photon Counting (TCSPC). Unless otherwise stated, TCSPC PL
lifetimes were measured using a PicoQuant FluoTime 100 with a 375 nm laser diode excitation.
Lifetimes measured out to 2 us were triggered using an external function generator at 500 kHz.

Photoluminescence Quantum Yields. PLQY’s were measured on a Hamamatsu external quantum
efficiency measurement system (C9920-12). All PLQY’s reported were excited with 365 nm light
and the PL was integrated from 440 to 800 nm.

Photocatalytic Activity. Hydrogen evolution was measured with an SRI GC (8610 C) equipped
with a thermal conductivity detector and a 6-ft MS-13X column, using argon as the carrier gas.
Samples were prepared with 3.0 mg TAHz or carbon nitride suspensions in DI water with 10%
(v/v) triethanolamine as a sacrificial hole acceptor and chloroplatinic acid (2% by weight photo-
deposited Pt loading). Samples were illuminated with four 365-nm LEDs (5 mW/cm?) for 24 h
while stirring at 1150 rpm. The hydrogen generation rate is normalized to the length of time the
sample was illuminated as well as the total mass of the catalyst in the system.

Time-Resolved Photoluminescence (TR-PL) Spectra. TR-PL spectra were collected using a
Hamamatsu streak camera (C10910) with a slow-sweep unit (M10913-01) in photon counting

mode. Samples were irradiated with 50 fs pulses at 365 nm and 1 kHz pump from a Coherent/Light
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Conversion OPerA solo optical parametric amplifier (OPA). Pump fluences were 2.7x10%2 photons
cm unless otherwise stated.

Laser Beam Characterization. The pump beam profile was characterized at the sample position
using the BC106N-VIS CCD Camera Beam Profiler purchased from Thorlabs. Spatial beam
images and spot size calculations were obtained from Thorlabs’ standard beam profiler software
package. Average power was measured using the Coherent FieldMate laser power meter equipped
with the OP-2 VIS high sensitivity sensor purchased from Edmond Optics.

Terephthalic Acid Radical Detection. A suspension of 25 pg/mL TAHz in a 3.0 mM NaOH
aqueous solution with 15 mM terephthalic acid was irradiated with a modulated (200 Hz) 365 nm
LED (5.2 mW/cm?). Steady-state photoluminescence (PL) measurements were acquired over time
on a home-built spectrometer using amplitude-modulated excitation and phase sensitive detection.
PL measurements were taken with and without terephthalic acid to subtract any baseline from

TAHz emission.
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Chapter 5. Barrierless Heptazine-Driven Excited-State Proton-
Coupled Electron Transfer: Implications for
Controlling Photochemistry of Carbon Nitrides
and Aza-Arenes

Reprinted (adapted) with permission from J. Phys. Chem. C.
DOI: 10.1021/acs.jpcc.9b08842 Copyright 2019 American Chemical Society.

5.1 INTRODUCTION

Concerted motion of protons and electrons is critical for a variety of chemical transformations
relevant for applications spanning energy storage! to municipal wastewater treatment.? Recently,
there has been mounting world-wide interest in deploying molecular and polymeric organic
constructs as photoredox catalysts to drive these transformations using photons.®* In order to
utilize solar energy in such processes, it is desirable to understand what molecular properties
control the efficiency of inter-molecular excited-state proton-coupled electron transfer (ES-PCET)
reactions. The majority of inter-molecular ES-PCET literature to date focuses on metal-containing
complexes,5® with fewer examples of all-organic chromophores,*%-1? despite their photophysical
properties being extensively studied over the past century.®* 315 Precious metal-containing
catalysts have become promising candidates, in part, due to their long-lived excited state lifetimes
ranging from hundreds of nanoseconds to microseconds.'® However, identifying earth-abundant
alternatives continues to be a compelling challenge to overcome. We have elected to examine all-
organic materials with long excited-state lifetimes and good photostability. Recently, the nitrogen-
rich heptazine (Hz) unit has garnered increased attention for applications in photocatalytic
hydrogen production.> *-*® The mechanism of molecular Hz driving ES-PCET has been studied
computationally,??2 and our group reported the first experimental evidence for this processes

resulting in neutral radical species.? This Hz-based chromophore exhibits a singlet lifetime of

81



roughly 300 ns, the same order of magnitude as [Ru(bpy)s]**, a compound which is ubiquitous in
the study of photochemical transformations.® 2* Interestingly, this 300 ns lifetime is significantly
longer than first row transition metal complexes? as well as traditional strongly-absorbing organic
chromophores, which typically have lifetimes of no more than tens of nanoseconds.?® Additionally,
we previously reported computational and experimental evidence that Hz derivatives can exhibit
an extremely unusual inversion of the energies of their lowest singlet and triplet excited states.?’
This peculiar violation of Hund’s multiplicity rule stands in contrast to virtually all other classes
of known organic compounds. With the lowest lying excited state being a singlet rather than a
triplet, the sensitization of singlet oxygen appears to become an inaccessible decay pathway for
Hz-based chromophores. Those results imply that Hz molecules should enjoy unique
photostability in the presence of oxygen. This is important because typical organic photocatalysts
achieve the long excited-state lifetimes necessary to outlast slow diffusive processes by accessing
the triplet manifold through efficient intersystem crossing. Unfortunately, relying on triplet
molecular photoexcitations relegates the use of such chromophores to anaerobic environments in
order to avoid destroying the photocatalyst by sensitizing highly reactive singlet oxygen.

Herein, we provide further mechanistic insights into inter-molecular ES-PCET using 2,5,8-
tris(4-methoxyphenyl)-1,3,4,6,7,9,9b-heptaazaphenalene (TAHz) with a series of phenol (PhOH)
derivatives as proton and electron donors, shown in Figure 5-1. By altering the functional group
on PhOH, we monitor the effect of redox potential and hydrogen-bonding on the mechanism of
the resulting photochemical reaction.?®3? In particular, we consider the energy of the
intermolecular charge transfer (CT) states that form in these complexes and the corresponding

excited state reaction barrier heights. For each PhOH, we determine a quenching rate constant (kg)
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of excited TAHz, an association constant (Ka), and a kinetic isotope effect (KIE) of excited-state

deactivation with R-PhOH versus R-PhOD.

A Lower CT state by
E increasing No <
Sn electron-donating @
strength of PhOH Q
Sy
\_/ CT NN o

Sy
R= OCHs, CH,, H, Br, CI, CN

> B
Reaction Coordinate (H-atom) Increasing electron-donating strength

Figure 5-1. A cartoon depicting the proposed excited-state landscape.

This is depicting the landscape along the H-atom transfer coordinate from phenol (PhOH) to
TAHz. As proposed previously, there exists a charge transfer (CT) state in which an electron has
moved from the oxygen atom of PhOH to the heptazine core and which can drive proton motion
after the CT has occurred. Previous studies with TAHz and water suggest that the CT state was
accessible from the S;, states. We believe the energy curve of the CT state can be lowered by adding
electron-donating groups on the H-atom donor. In this study we do this by using the series of R-
PhOH derivatives shown.

As the electron-donating strength of the para-substituent, R, on R-PhOH is increased, we observe
an increase in gquenching rate constant accompanied by a decrease in KIE. Using ab initio quantum
chemical calculations to examine the energy landscape for the interaction of the Hz core with the
same series of PhOHSs, we observe the same trend, wherein the transition state barrier for the
photoinduced reaction decreases until the photon-driven reaction becomes completely barrierless
for the most electron-donating PhOH. By using time-resolved photoluminescence measurements

and global analysis, we can separately monitor hydrogen-bonded and free TAHz emission.

Correspondingly, we observe no evidence for emission from hydrogen-bound complexes in the
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case of OCHs-PhOH, consistent with barrierless excited-state reactivity. This photochemical
reactivity information provides new insight that synthetic chemists and materials scientists can

deploy to outline new molecular design strategies targeting Hz-based photocatalysis.

5.2 RESULTS AND DISCUSSION

5.2.1 Association Constants for Hydrogen-Bonding

We observe evidence of hydrogen bonding in the ground-state absorption spectra of TAHz with
and without PhOH present, as shown in Figure 5-2A. Upon hydrogen-bonding, we see a redshift
in the bright n—n" transition, labeled “Peak 1.” At lower energies, we observe a blueshift of the
weakly allowed transitions with n—n" character, labeled “Peak 2.” Figure 5-2B shows the
magnitude of the peak shift as a function of the pKa of the PhOH derivative. PhOHs with electron-
donating substituents, such as CH3-PhOH and OCH3s-PhOH, show only small shifts whereas CN-
PhOH displays a significantly larger shift at 50 mM PhOH concentrations. This suggests that the
hydrogen bonding strength is not equal across the series of PhOH derivatives. The calculations
(see Section 5.2.4) indeed show that the length of the hydrogen bond between the OH group of
PhOH and the acceptor N-atom of Hz (Rnw) is 1.937 A in the Hz-PhOH complex. Rnn increases
to 1.943 A for the strongest electron donating substituent (OCH3) and decreases to 1.904 A for the
strongest electron withdrawing substituent (CN), see

Table 5-1. As is well known, the length of the hydrogen bond is a proxy for the strength (binding
energy) of the latter. In order to quantify these differences from the experimental side, we
determined the association constant between TAHz and each of the six PhOH derivatives. We
employed the method previously used by the Hammarstrém group to fit the saturation behavior of

the changing ground state absorption as a function of PhOH concentration.*** Figure 5-2C shows
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the change in absorption spectra for TAHz with increasing PhOH concentrations. Figure 5-2D
plots the change in optical density as a function of PhOH concentration, showing a clear saturation
behavior. Fitting this data to the following equation allows us to extract a Ka value for TAHz-

PhOH in the ground state.

AA [TAHz], + [PhOH], + Ki '\ (4)
N €380 > _

[TAHZ]o+[PhOH]g+K 71 2
\[( At PO A ) — [TAHz] [PROH], (1)

Here AA is the change in absorption at a given wavelength, | is the path length of the cuvette,
Agsgo IS the difference in molar absorptivity at 380 nm between the bound TAHz-PhOH complex
and free TAHz chromophore, [TAHz]o and [PhOH]o are the initial concentrations of TAHz and
PhOH, respectively.

We have estimated the Ka values for the six PhOH derivatives with TAHz in Table 5-1 (see
Appendix B for fits). As expected, we see an increased Ka for PhOHs with electron-withdrawing
substituents with the largest being for CN-PhOH. Notably, there is a very small difference between
the Ka values for PhOH, CH3-PhOH, and OCH3-PhOH despite there being a significant difference
between the oxidation potentials of these PhOHs. The computed ground-state hydrogen bond

lengths follow the same trend.
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Figure 5-2. Ground state absorption shifting as a function of phenol concentration.

A) The addition of phenol (PhOH) changes the ground state absorption of TAHz in toluene,
suggesting hydrogen-bonding. A distinct redshift of the main absorption can be seen from TAHz
in toluene without PhOH present (black dotted line) upon the addition of 100 mM PhOH (solid
red line). The weakly allowed transitions at lower energies, on the other hand, show a blueshift
upon addition of PhOH, shown in the inset. B) The peak shifts of TAHz absorption with 100 mM
of R-PhOH as a function of the PhOH’s pKa (in DMSO) shows a largely linear trend. This suggests
that different PhOHs have different hydrogen bonding strengths with TAHz. C) Absorption traces
at different PhOH concentrations shows a saturation behavior towards the absorption of the TAHz-
PhOH complex. D) Fit of AOD at 380 nm to determine Ka for TAHz and PhOH to be 8.7 M™%,

5.2.2 Quenching Constants for PhOH Derivatives

To monitor the quenching rate of the TAHz S; state with varying PhOH derivatives, we
performed Stern-Volmer quenching analysis using both PL intensity and lifetime quenching data,

shown in Figure 5-3A and Figure 5-3B, respectively. Table 5-1 shows all the kq values for the six
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different PhOHs (see Appendix B) and calculated KIE values for the Sy lifetime with R-PhOH/D.
As expected, increasingly anodic oxidation potentials of the R-PhOH lead to smaller kq values,
suggesting a kinetic barrier has been introduced along the photochemical reaction pathway. This
is confirmed by the increasing KIE values with decreasing ko, suggesting proton motion must
couple to electron motion for the reaction to proceed, most likely by a tunneling mechanism.

The calculated kg values from the two methods (intensity and lifetime) are close for PhOH, but
the intensity quenching shows a slightly greater rate constant. We attribute this to the fact that
intensity analysis can reflect both static and dynamic quenching, whereas lifetime analysis only
captures the rate of dynamic quenching. We note that for PhOH derivatives with low Ka values
and low oxidation potentials, we see a greater difference between the kg values we obtain from
lifetime measurements compared with intensity measurements. One explanation could be, in this
case, that complex formation is the rate determining step as opposed to ES-PCET. Whereas in the
case of CN-PhOH, Ka is large but the driving force for electron transfer is low, so the rate of ES-
PCET is rate determining. In this case, the intensity and lifetime quenching are the same as they
both report on the rate of ES-PCET.

It is worth noting that we observe a two-component PL lifetime in the presence of PhOH, in
contrast to the monoexponential decay of TAHz in neat toluene. We attribute the fast decay to the
emission of hydrogen-bound complexes, as has been observed for coumarin complexes

previously.?®
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Figure 5-3. TAHz photoluminescence quenching as a function of phenol concentration.
A) Photoluminescence (PL) intensity quenching of TAHz shows significant static quenching with
increasing concentrations of phenol (PhOH). B) PL lifetimes of TAHz with increasing
concentrations of PhOH show dynamic quenching. Stern-Volmer analysis shows a straight line for
both the (C) PL intensity quenching and (D) luminescence lifetime, fit after 5 ns.

Table 5-1. Comparison of key parameters determining hydrogen bonding and ES-PCET in
complexes of TAHz or Hz with phenol (PhOH) derivatives.

R Eo pKa Ko (x10° s7) | ko (x10° s%) | Ka S Rnu(A)* | AE?
(RPhOH*/ | PhOH® | TCSPC PLQY (MY | KIE (eV)*
RPhOH)'

CN 2.03 13.2 0.556 0.532 ~87.4 | 1.9 |1.904 0.369

Cl 1.88 16.75 | 2.78 2.80 172 |14 |1.924 0.169

Br 1.86 16.36 | 2.73 3.06 19.1 |14 [1.923 0.177

H 1.88 18.0 2.21 2.58 87 |15 ]1.937 0.167

CHs |1.79 18.9 4.21 5.14 89 |12 1.940 0.093

OCHs | 1.68 19.1 4.26 5.23 89 |11 ]1.943

"Versus SHE in ACN (0.1 V)33

§In DMS0O?%?

* All R-PhOH concentrations 50 mM

* From ab initio calculations, see Section 5.2.4
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5.2.3 Time-Resolved Photoluminescence

Using time-resolved photoluminescence spectra in tandem with global analysis, we analyzed the
nature of the fast PL decay component mentioned above. Figure 5-4A shows the PL spectral traces
of TAHz in a 100 mM PhOH solution at early (500 ps) and late (5 — 7 ns) times. Though the
spectral difference is small, the increased intensity near 475 nm at early times does not appear for
TAHz in neat toluene (Figure B-0-14). Figure 5-4B clearly shows different decay rates in the
spectral range 450 — 475 nm in contrast to 500 — 525 nm, indicating that at least two separate
luminescent species are present.

To kinetically resolve these overlapping emission features, we apply global target analysis. We
model total PL intensity ©(z/) at time t and wavelength 1 as a sum of concentration-weighted
spectral components such that &t,4)=2ci(t) ci(4), where ci(t) and oi(4), respectively, correspond to
the time-dependent concentration and wavelength-dependent species-associated emission
spectrum (SAES) of the i emissive species.®® Global target analysis yields two kinetically
resolvable emission features, shown in Figure 4c. The spectral trace at higher energies decays at a
significantly faster rate, on the order of hundreds of picoseconds. We attribute this emission
spectrum to that of a hydrogen-bonded TAHz-PhOH complex. The blueshift in emission
corresponds to the blueshift of the low-lying and weakly-allowed transitions that appear in the
absorption spectra in Figure 5-2A. Considering the nmt” character of these low energy transitions,
we would expect to see a blueshift for the emission of this state. It is also interesting to note that
the vibronic structure is more pronounced for the fast component than for the slow component,

although the peak spacings appear similar.
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Figure 5-4. Time-resolved photoluminescence (TR-PL) measurements of TAHz with phenol.

A) Spectral traces averaged over the first 500 ps (black) and 5 to 7 ns (gray) show a small spectral
change. B) The kinetic decay traces averaged from 450-475 nm (blue) and 500-525 nm (black)
suggest at least two Kinetically distinct luminescent species. C) and D) Global target analysis of
the TR-PL data shows two species associated emission spectra (SAES). Emission attributed to the
S: state, labeled €1 (black), is the emission shape seen in steady-state measurements and has a
lifetime of 3.23 ns. The second SAES, labeled €2 (blue), is seen at higher energies and decays
notably faster than e; with a lifetime of 0.36 ns. All experiments shown were done with 50 pM
TAHz with 100 mM phenol.

To probe whether this state is associated with hydrogen bonding between TAHz and PhOH, we
monitor the relative amplitude of the emission signal for this high energy species as a function of
PhOH concentration. While Figure 5-5B shows that the spectral shape does not change for either
species, Figure 5-5C reveals the relative intensity of the high energy features increases with
increasing concentrations of PhOH. This intensity/concentration correlation strongly suggests that

the high energy emission results from a hydrogen-bonded TAHz-PhOH complex. This distinction
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between hydrogen bonded and free TAHz emission allows us to monitor the two populations
separately for the different PhOH derivatives. We observe and kinetically resolve high energy
emission spectra for all PhOHs that we have examined, with the exception of OCH3z-PhOH, for
which this emission feature is absent on our experimental timescale (more discussion in Appendix
B). We attribute this absence to barrierless reactivity from the S state (vide infra). Such barrierless
reactivity for OCHs-PhOH would be consistent with this derivative possessing the lowest anodic
oxidation potential and exhibiting no significant KIE. In the photoexcited TAHz and OCH3z-PhOH
complex, the rate of reaction far outcompetes the rate of fluorescence. Therefore, the only emission
we observe is from unbonded TAHz chromophores. The quenching rate of this free TAHz then

becomes diffusion limited for the chromophore and OCH3-PhOH in the solution.

A) S B) C)

= . 14
= 1 Increasing ] 1
© Ll (9]
@ n ' a ‘
2 ‘ 3 T | Increasing
8 \ N N [PhOH] )

\ © =
S \ £ £
2 ‘ =
g || 2 2
8:) 0= 01 0

0 2 4 6 8 10 450 500 550 600 450 500 550 600
Time (ns) Wavelength (nm) Wavelength (nm)

Figure 5-5. Phenol concentration-dependent TR-PL suggesting that the high energy emission is
from a hydrogen-bonded complex.

A) Kinetic decay rates of bonded TAHz S; (solid) hydrogen-bonded TAHz-PhOH (dotted) with
different PhOH concentrations: 25 mM (red), 50 mM (orange), 75 mM (green), and 100 mM
(blue). B) Normalized SAES showing spectral shape isn’t changing significantly. C) High energy
emission grows in with [PhOH] relative to low-energy emission.

91



5.2.4 Computational Studies of Hz-PhOH Complexes and Their Potential Energy
Surfaces

The ground-state equilibrium geometries of the hydrogen-bonded complexes of Hz with PhOH
and derivatives thereof were determined with the second-order Mgller-Plesset (MP2) method.
Vertical electronic excitation energies and excited state potential energy surfaces were computed
with the second-order algebraic-diagrammatic-construction (ADC(2)) method.®” ADC(2) is a
wave-function based single-reference propagator method which provides, in contrast to time-
dependent density functional theory (TDDFT) with various functionals, an accurate and balanced
description of locally excited (LE) states and CT states, which is essential for the determination of
reliable ab initio potential energy surfaces for ES-PCET reactions. The complex of TAHz with
PhOH is too big for wave-function based excited state ab initio calculations. All ab initio
calculations were therefore performed for complexes of the Hz core of TAHz with PhOH and its
derivatives.

The most relevant nuclear coordinates for PCET processes are the H-atom transfer coordinate
(chosen here as the OH bond length Ron of the hydrogen-bonded PhOH molecule) and the distance
Ron between the oxygen atom of PhOH and the H-atom accepting nitrogen atom of Hz. For fixed
Ron and Ron, the energy of the lowest excited singlet state was minimized with respect to all other
nuclear coordinates of the complex. This procedure yields a two-dimensional (2D) relaxed
potential energy surface for the PCET reaction. The saddle point (transition state) on this 2D
relaxed surface was located and used as the starting guess for a full optimization of the transition
state with the ADC(2) method. Analysis of the eigenvalues of the Hessian confirmed that there

was only a single imaginary frequency, implying a first-order saddle point. The difference between
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the energy of the transition state and the energy minimum of the S; state in the Frank Condon (FC)

zone defines the reaction barrier AE*. The reaction barriers are listed in Table 5-1.

AE (eV)
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Figure 5-6. 2D potential energy surface of the S; excited state of the Hz-PhOH complex.

The reaction coordinates are the OH bond length of PhOH and the distance between the O-atom
of PhOH and N-atom of Hz, see (B). The circle designates the energy minimum of the locally
excited (LE) state in the Frank Condon (FC) region. The square indicates the equilibrium geometry
of the HzH---PhO biradical (BR) formed by H-atom transfer. A saddle point (marked by the
triangle) separates the two energy minima.

Figure 5-6A shows the two-dimensional relaxed S; potential energy surface of the Hz-PhOH
complex. For small OH distances, the H-atom is covalently bonded to the oxygen atom of PhOH
and forms a hydrogen bond with a peripheral nitrogen atom of Hz. For large OH distances, on the
other hand, the H-atom is covalently bonded to the nitrogen atom of Hz (forming the heptazinyl
(HzH) radical) and is hydrogen bonded with the phenoxy (PhO) radical. The 2D relaxed energy
surface clearly exhibits two minima. The minimum for small OH distances is the energy minimum
of the LE state in the FC region (indicated by the white circle in Figure 5-6A). The second
minimum at large OH distances (indicated by the white square in Figure 5-6A) represents the HzH-
PhO biradical. For the ES-PCET transfer to occur, the photoexcited complex must overcome the

barrier separating the two minima, which is indicated by the triangle in Figure 5-6A. At the saddle

point, the wave function of the S; state changes from a mn* state of LE character to a n* state of
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CT character. For the Hz-PhOH complex, the energy of the saddle point is 2.68 eV above the
energy minimum of the Sy state and the barrier height is 0.167 eV.

Figure 5-7 shows the 2D relaxed S; energy surfaces of the Hz-CN-PhOH (A) and Hz-OCHa-
PhOH (B) complexes. These are the systems with the highest (Hz-CN-PhOH) and lowest (Hz-
OCHz3-PhOH) barrier for the ES-PCET reaction. For CN-PhOH-Hz, the energy of the transition
state is 2.89 eV above the So energy minimum and the height of the barrier of the PCET reaction
is 0.369 eV. The comparatively high barrier is a consequence of the electron-withdrawing
character of the cyano (CN) group of the Hz-CN-PhOH complex, which leads to a blue shift of the
CT state compared to the Hz-PhOH complex (E2; = 3.86 eV, see Table B-0-1 in Appendix B). The
methoxy (OCHs) group of the OCH3z-PhOH complex (Figure 5-7B), on the other hand, is a
relatively strong electron-donating group which causes a substantial red shift of the CT state (E
= 2.80 eV, see Table B-0-1 in Appendix B). The vertical excitation energies of the CT states of
Hz-CN-PhOH and Hz-OCHz-PhOH differ by the amazing amount of more than 1.0 eV. For Hz-
OCH3-PhOH, the red shift of the CT state is large enough to eliminate the barrier on the S; potential
energy surface, see Figure 5-7B. The theoretically predicted barrierless ES-PCET reaction matches
the experimental observations for OCH3z-PhOH: no observable fast PL component attributable to
a hydrogen-bonded complex and no significant KIE.

Additional ab initio data (vertical excitation energies of the LE and CT states and vibrational
stabilization energies of the LE state) are collected in Table B-0-1 in Appendix B. The molecular
structures of the transition states of the six Hz-R-PhOH complexes are displayed in Figure B-0-22
in Appendix B. The lengths of the OH:~-N hydrogen bonds at the transition state are specified in
this figure. While the vertical excitation energies of the S; states, E;°, and the minimum-to-

minimum excitation energies of the LE states, E7", differ by merely 0.02 eV, the energies of the
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transition state, E;°, vary substantially for the substituents R on PhOH, resulting in a significant
variation of the barrier height AE*. The stronger the electron-donating character of the substituent,
the lower the barrier. Importantly, the barrier height AE* and the vertical excitation energy of the
CT state, ES;, are strongly correlated. While the latter decreases by about 1.0 eV from the CN
substituent to the OCHzs substituent, the barrier height changes by 0.37 eV. These findings imply
that the vertical excitation energy of the CT state can be used as a proxy for the relative barrier

height in future ab initio screening studies of carbon nitride photocatalysts.
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Figure 5-7. 2D potential energy surface of the S; excited state of the CN-PhOH-Hz complex.

(A) and the heptazine-methoxyphenol (B) complexes computed at the ADC(2) level. See caption
ofFigure 5-6 for the definition of the reaction coordinates. The heptazine-methoxyphenol complex
(B) exhibits a barrierless S1 potential energy surface.

5.2.5 Implications for Molecular Design

While the limited solubility of TAHz restricts our ability to reliably estimate pKa and AGpcet
values, we can readily infer that proton motion must play a significant role in the photochemical
reactivity of TAHz since the excited state reduction potential of the free chromophore is 1.48V vs
SHE. Comparing the potentials for the isolated half reactions, this reduction potential would be

insufficient to drive oxidation of any of the PhOHs in the series that we have studied here.
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Fortunately, we can glean critical insight by examining ab initio computational results for the
barrier height AE* of the ES-PCET reaction from PhOH to the Hz core. The computed AE* values
exhibit a reasonable correlation with the rate constants for excited state quenching plotted in Figure
5-8. We observe that the greater the degree of electron-donating character of the substituent on the
PhOH, the lower the value of AE?, and the faster the excited-state quenching. This trend suggests
that chemically inverting this effect by appending strongly electron-withdrawing moieties to the
heptazine core, could significantly increase the rate constant for the ES-PCET reaction of a
hydrogen-bonded Hz-water complex. However, it is interesting to note that for PhOH derivatives
with similar oxidation potentials, CI-PhOH, PhOH, and Br-PhOH, the effect of hydrogen bonding
is evident. The PhOHs with lower pKa’s have larger Ka values, stronger hydrogen bonds and
greater quenching rate constants. Achieving efficient intermolecular ES-PCET in hydrogen-
bonded aza-arene-water complexes could lay the groundwork to kick off a variety of future
applications with the potential to utilize compelling reactions with these photogenerated hydroxyl
and heptazinyl radical species, including hydrogen production, CO. reduction, and municipal

waste-water decontamination.
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Figure 5-8. Correlation between the calculated activation barrier and the excited-state quenching
rate constants.
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Quenching rate constants were determined by PLQY (red open circles) and TCSPC (blue
triangles). Overall, we see a significant increase in the excited-state quenching rate as the phenol
substituent becomes more electron-donating. We see a greater difference between the two methods
as the calculated activation barrier decreases, indicating that the rate of ES-PCET is limited by
diffusion and complex formation.

5.3 CONCLUSIONS

We hypothesized that the rate of ES-PCET of heptazine chromophores and hydroxylic
compounds could be controlled by tuning the excited state barrier height for H-atom abstraction.
We have proposed that this tunability could be achieved by adding electron-donating groups to the
hydroxylic compound (Figure 5-1). We present a combined experimental and theoretical study to
assess the validity of such a design strategy by adding electron-donating groups to PhOH, acting
as a model hydroxylic species. In support of our hypothesis, we observe increased quenching rate
constants for PhOH derivatives with more electron-donating substituents. The ES-PCET reactivity
is found to be governed by the barrier height AE* on the potential energy surface of the long-lived
S: state of the TAHz-PhOH complex, which in turn scales with the vertical excitation energy of
the Hz-to-PhOH CT state. In the case of the most electron-donating PhOH, OCH3-PhOH, we
computationally predict and experimentally verify that the excited state H-atom transfer reaction
becomes barrierless in the S; excited state of the hydrogen-bonded complex. This increased
reactivity does not come at a significant cost of hydrogen-bonding as the Ka for TAHz-OCHs-
PhOH and TAHz-PhOH are essentially the same.

It is common practice in photocatalytic hydrogen evolution experiments, for example with g-
CsN4 photocatalysts, to use sacrificial electron donors such as triethanolamine (TEOA),
triethylamine (TEA), or methanol.> While TEOA and TEA are the most widely employed

sacrificial electron donors in this context, a systematic investigation of the mechanistic role of
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different sacrificial electron donors apparently has not been performed. Herein, we presented a
systematic and theory-supported analysis of the ES-PCET reactivity for the TAHz photocatalyst
with substituted PhOHs as sacrificial electron donors. The oxidation potentials Eo of the electron
donors vary from 1.40 eV (CN-PhOH) to 1.05 eV (OCHz-PhOH) (Table 5-1). The ab initio
computed reaction barriers vary from 0.369 eV for CN-PhOH to zero (no barrier) for OCH3z-PhOH,
following closely the trend of the oxidation potentials. While it is comparatively easy to photo-
oxidize sacrificial electron donors with low oxidation potentials, the challenge consists in the
efficient photo-oxidation of water molecules with visible light. Rather than lowering the oxidation
potential of the solvent, the reduction potential of the photocatalyst should be increased such that
hydrogen-bonded water molecules can be oxidized in a barrierless and therefore efficient ES-
PCET reaction. We conjecture that this can be achieved with Hz-based photocatalysts by adding
strong electron withdrawing groups to the Hz core. Synthetic efforts guided by ab initio electronic
structure-calculations are currently underway in our laboratories to experimentally develop this
scenario. Interesting questions remain regarding the nature of the proton-transfer mechanism

(tunneling vs. barrier-crossing) and the fate of the radicals that are produced.

5.4  EXPERIMENTAL METHODS

Reagents. Urea, potassium hydroxide, phosphorous oxychloride, phosphorous pentachloride,
phenol, and deuterated methanol (MeOD) were all purchased from Sigma Aldrich. Anisole (99%)

was purchased from Alfa Aesar. Aluminum chloride was purchased from Fischer Scientific. 4-
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methoxyphenol, 4-bromophenol, p-cresol, 4-chlorophenol, and 4-hydroxybenzonitrile were all
purchased from TCI. All reagents were used without further purification.

Sample Preparation. TAHz was dissolved in toluene (100 pM) and stirred overnight before
measurements were preformed to ensure minimal aggregation effects and accurate concentrations
were prepared. Samples were kept in the dark until measurements were performed.

Ground State Absorption. Ground-state absorption spectra were collected with a Cary5000
UV—vis—NIR spectrometer. Within each R-PhOH series, the same TAHz stock solution was used
to ensure consistent TAHz concentration with the varying phenol concentrations.

Time-Correlated Single-Photon Counting (TCSPC). Unless otherwise stated, TCSPC PL
lifetimes were measured using a PicoQuant FluoTime 100 with a 375 nm laser diode excitation.
Lifetimes measured out to 2 us were triggered using an external function generator at 500 kHz.

Photoluminescence Quantum Yields. PLQY’s were measured on a Hamamatsu external
quantum efficiency measurement system (C9920-12). All PLQY’s reported were excited with 365
nm light and the PL was integrated from 440 to 800 nm.

Time-Resolved Photoluminescence (TR-PL) Spectra. TR-PL spectra were collected using a
Hamamatsu streak camera (C10910) with a slow-sweep unit (M10913-01) in photon counting
mode. Samples were irradiated with 50 fs pulses at 365 nm and 1 kHz pump from a Coherent/Light
Conversion OPerA solo optical parametric amplifier (OPA). Pump fluences were 2.7x10*3 photons
cm unless otherwise stated.

Synthesis.

Graphitic carbon nitride: Briefly, urea (10 g) was heated in a porcelain crucible (20 mL) using

a potter’s kiln at 500 °C for 3 h, with a ramp rate of 30 °C per hour under ambient atmosphere.
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The light-yellow product was ground thoroughly with a mortar and pestle prior to use in further
reactions.

Potassium cyamelurate: 4.5 g of graphitic carbon nitride was refluxed in KOH (3.0 M, 150 mL)
for 6 h. The solution was hot filtered over a glass frit and then cooled for recrystallization. The
resulting white crystals were filtered and washed with cold ethanol.

Cyameluric chloride: Phosphorous oxychloride (35 mL) was added to a flame-dried round-
bottom flask with a stir bar. Phosphorous pentachloride (4.6 g) was added and allowed to stir for
5 minutes. Potassium cyamelurate (2.0 g) was added and the suspension was refluxed under N at
110°C for 6 hrs. POCl3z was removed under reduced pressure using a distillation set-up in the fume
hood. The remaining solution was put on ice and ice water (50 mL) was added dropwise while
stirring. The product was vacuum filtered and washed with ice-cold water. The resulting product
was dried under vacuum for a few hours and stored in a desiccator. Safety note: POCIs and PCls
react with water exothermically to produce HCI gas and H3POs. Always keep these reagents in a
ventilated chemical fume hood and quench slowly with sodium bicarbonate.

2,5,8-tris(4-methoxyphenyl)-1,3,4,6,7,9,9b-heptaazaphenalene (TAHz): Anisole (10 mL) was
purged with nitrogen for at least 15 minutes. Aluminum chloride (4.0 g) was added to the flask
and allowed to stir for a few minutes at 60°C. Cyameluric chloride (1.0 g) was added slowly over
30 minutes. The reaction mixture was stirred at 60°C under nitrogen for 5 hours. Deionized water
(25 mL) was added and the solution was stirred until the color changed to yellow and the large

chunks dissolved. The resulting bright yellow powder was filtered and washed with ice cold water.
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The product was purified by slowly recrystallizing in hot DMSO. Characterization of TAHz is
shown in our previous manuscript.?

Deuterating phenols were done according to literature precedent.® Briefly, 0.5 g of each phenol
was dissolved in deuterated methanol (MeOD) in a dried round bottom flask and stirred for 1 hour.
Methanol was removed under vacuum and the procedure was repeated a second time to give the

deuterated phenol. The product was confirmed by *H-NMR to be >80% deuterated.
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Chapter 6. Intermolecular hydrogen bonding tunes vibronic
coupling in heptazine complexes

6.1 SUMMARY

To better understand how hydrogen-bonding influences the excited-state landscapes of aza-
aromatic materials, we studied hydrogen-bonded complexes of 2,5,8-tris(4-methoxyphenyl)-
1,3,4,6,7,9,9b-heptaazaphenalene (TAHz), a molecular photocatalyst related to graphitic carbon
nitride, with a variety of phenol derivatives (R-PhOH’s). By varying the electron-withdrawing
character of the para-substituent on the phenol, we can modulate the strength of the hydrogen bond.
Using time-resolved photoluminescence, we extract a spectral component associated with the R-
PhOH-TAHz hydrogen-bonded complex. Surprisingly, we noticed a striking change in the relative
amplitude of vibronic peaks in the TAHz-centered emission as a function of R-group on phenol.
To gain a physical understanding of these spectral changes, we employed a displaced-oscillator
model of molecular emission to fit these spectra. This fit assumes two vibrational modes are
dominantly coupled to the emissive electronic transition and extracts their frequencies and relative
nuclear displacements (related to Huang-Rhys factor). With the aid of quantum chemical
calculations, we found heptazine ring breathing and ring puckering modes are likely responsible
for the observed vibronic progression, and both modes indicate decreasing molecular distortion in
the excited-state with increasing hydrogen-bond strength. This finding offers new insight into
intermolecular excited-state hydrogen-bonding, which is a crucial step towards controlling

excited-state proton-coupled electron transfer and proton-transfer reactions.

6.2 INTRODUCTION

Excited-state proton transfer and proton-coupled electron transfer (ES-PCET) reactions are

ubiquitous in biological and chemical transformations such as photosynthesis and
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photopolymerization.'* For these reactions, understanding the interplay between electronic and
vibrational motions within a hydrogen-bonded complex is critical.>® Yet, studying hydrogen-
bonding, especially in the excited state, is complicated given the short lifetimes, dynamic
reorganizations, and numerous photochemical branching pathways of these complexes.”° This
has led to ambiguity in even simple quantities such as the excited-state hydrogen-bonding
association constants, as the calculation requires deconvoluting the rate of excited-state hydrogen-
bond formation and excited-state reactivity.!* The picture becomes further complicated by the
presence of multiple hydrogen-bonding sites for many heteroaromatic materials and the hydrogen-
bonding networks created by high concentrations of hydrogen-bond donors.!® 2 These
complications must be considered in order to understand and control the reactivity of
intermolecular complexes, and generally map how the excited-state landscape is influenced by
hydrogen-bond formation.

Past work considering intermolecular ES-PCET reactions has demonstrated that the hydrogen-
bond coordinate can largely predict excited state reactivity by calculating the energy of a charge
transfer state along that hydrogen-bond coordinate.3*° In this framework, we generally assume
changing the quencher (hydrogen-bond donor) alters only the energy and position of the charge
transfer state, which ultimately determines reaction rates. It is relatively rare to consider the
chromophore’s intrinsic molecular vibrations as a significant contributor to intermolecular PCET,
despite the need for coordination of nuclear and electronic motion across a hydrogen bond.®
However, there has been a great deal of work to understand the interconnectedness of molecular
vibrations and proton transfer in the context of intramolecular hydrogen-bonding, particularly with
the aid of ultrafast IR spectroscopy.*®t’ This work has shown how O-H stretching frequencies can

couple to lower frequency molecular vibrations of a chromophore, which is somewhat intuitive
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since all the atoms are covalently linked. It is currently an open question as to what extent this
insight extends to intermolecular chemical reactions and whether it is possible to manipulate
reaction dynamics or pathways by vibrational excitation.

If achievable, this kind of reaction control would be extremely useful in the context of
poly(heptazine imides), commonly termed carbon nitride, which has become a model organic
material for driving a host of intermolecular photochemical reactions'®?2 Yet fundamental
photophysical studies aimed at understanding the ground and excited-state hydrogen bonding of
these materials are currently rare, owing to the structural ambiguity in this nitrogen-rich material %
24 To gain insight into the heptazine hydrogen-bonding, integral to several carbon nitride catalyzed
reactions, we have chosen a model heptazine-based chromophore (TAHz), previously used to
study the heptazine-driven ES-PCET reaction.’™ 2526 In those previous studies, we found the
guenching rate constant of TAHz with different phenols generally followed the driving force for
electron transfer.®® However, when comparing H-PhOH and CI-PhOH, which have the same
oxidation potential, we observed a faster quenching rate constant for CI-PhOH. Barman and
coworkers observed a similar effect with coumarin and attributed this to hydrogen-bonding.® In
this study, we explore how hydrogen-bonding influences the excited-state energy landscape and
reactivity using time-resolved photoluminescence spectroscopy (TR-PL) together with a
displaced-oscillator model of molecular emission and quantum chemical calculations. We use TR-
PL to extract emission spectra from hydrogen-bonded complexes of heptazine using global
analysis.'® As we change the Hammett parameter of the phenol derivative, we notice a surprising
change in the vibronic progression of emission from the hydrogen-bonded complexes. Analysis of
the spectral lineshape provides insight beyond the strength of the hydrogen-bond and allows us to

understand how hydrogen bonding influences molecular distortions between the ground and
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excited states. Modeling the vibronic excitations as a pair of displaced harmonic oscillators
captures the spectral shape of emission from these hydrogen-bonded complexes and allows us to
extract both a high and low frequency mode that are significantly coupled to the S transition.?’
From this analysis, we quantify how the displacement along representative nuclear coordinates
change as a function of the R-group on the hydrogen-bonded phenol. Using quantum chemical
calculations, we further visualize representative vibrational modes to build a more holistic picture

of how molecular distortions can affect ES-PCET and ES-PT reactivity.

6.3 RESULTS AND DISCUSSION

6.3.1 Varying the Phenol to Increase Hydrogen Bond Strength

Substituted phenols are ubiquitous in systematic studies on PT and PCET reactions.? 28-29
Phenols are often considered to act as “functionalized water,” wherein we can change the oxidation
potential and pKa of the hydroxyl group by changing a functional group on the phenyl ring.
However, these two properties are often intertwined; adding an electron withdrawing group to the
phenol will likely increase its oxidation potential and decrease its pKa. Previously, we focused on
the quenching rate constant as a function of oxidation potential for heptazine-phenol systems.*® In
this study, we are interested in exploring the hydrogen-bonded complexes formed and
understanding how the energy landscape is perturbed by changing the electronic nature of the R-
group. To quantify the electron-withdrawing strength of the R-group, we will use the calculated
Hammett parameter for each substituent in the para-position, values shown in Table 6-1.3° These
well-accepted parameters allow us to quantitatively rank a wide range of phenols as we explore
their hydrogen-bonded complexes formed with TAHz, shown in Figure 6-1A.

To study the strength of ground-state hydrogen-bonded complexes, it is common to use ground

state absorption spectroscopy to monitor the free versus bound populations as a function of the
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concentration of the H-bond donor.*12 3! The absorption spectrum of TAHz, and other heptazine
derivatives, comprises a series of closely spaced electronic transitions with varying oscillator
strengths and is discussed in detail elsewhere.'® 2>-26:32 Briefly, the strong peak seen at 365 nm in
Figure 6-1B is attributed to a bright intramolecular charge transfer " transition and the lowest-
lying transition shown in the inset of Figure 6-1B is attributed to the symmetry-forbidden Si(nn")
state. To study how the strength of hydrogen-bonding affects these electronic transitions, we can
compare the absorption spectrum of TAHz in the presence of different R-PhOH’s. When the same
concentration of each phenol is present with TAHz in toluene, we observe variations in the
magnitude of peak shifts in Figure 6-1B. We observe that larger shifts correlate with larger
Hammett parameters. As expected, this suggests that higher association constants, indicating
stronger hydrogen bonds, are seen for more electron-withdrawing R groups on the phenol species.
This is supported by quantum chemical calculations of the H-bond length for each TAHz-R-PhOH

complex listed in Table 6-1 and previous Ka estimates.®.
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Figure 6-1. Phenol system and absorption profiles

A) Para-substituted phenols serve as a model system for understanding how changing
electronegativity, quantified by the Hammett parameter, changes the hydrogen-bond strength with
heptazine. B) The effect of increasing Hammett parameter can be seen in the ground state
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absorption of TAHz in toluene. The bright mn” transition redshifts with increasing Hammett
parameter. The lower-energy and weaker transitions (inset) appear to show the opposite effect:
they blueshift and begin to overlap with the tail of the bright transition. All phenol concentrations
were 50 mM.

Previously, we analyzed TAHz-R-PhOH complexes assuming only conversion from unbound
TAHz to TAHz-PhOH and estimated Ka’s accordingly.’® However, heptazine-based materials,
and TAHz specifically, are capable of forming multiple hydrogen bonds due to the numerous
heteroatoms. Multiple hydrogen bonds can complicate the analysis as different hydrogen-bonded
complexes can have different spectral features. This is evident in the absence of a clear isoshestic
point upon increasing the hydrogen-bond donor concentration. The spectral shape does not
converge to that of a hydrogen-bonded complex; therefore, it requires deconvolution to extract the
absorption spectra associated with different hydrogen-bonded complexes from concentration-
dependent absorption data. Using the framework laid out by Demeter and co-workers, we are able
to model the concentration-dependent absorption spectra assuming TAHz undergoes two distinct

hydrogen-bonding events with two association constants.'?> Under this assumption we can model

the total absorption at wavelength A as the sum of three component spectra A, = er,[T] +

erx, [TX] + eTXZA[TXZ], where €r,, €rx,, €rx,, are the molar extinction coefficients of TAHz

(T), a1:1 complex of TAHz-PhOH (TX), and a 1:2 complex of TAHz-(PhOH); (TXz). We can
express [TX] and [TXz] in terms of concentration of phenol and the two association constants (K1
and K3), described in detail in Appendix C. By performing a least squares fit to the absorption vs

[PhOH] curves iteratively for each wavelength, we are able to extract the parameters ery ,, €7y, 2

K1, and K2. While TAHz could form more than two hydrogen bonds, the data appears to be fit well
by accounting for only two distinct spectral shapes, see Figure C-0-1.
Figure 6-2B compares the molar absorptivity spectrum of TAHz compared to the extracted

spectra for TAHz-PhOH and TAHz-(PhOH).. However, despite being able to extract the
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absorption spectra for the TAHz-PhOH and TAHz-(PhOH). complexes shown in Figure 6-2B, the
red-shifting of the bright nn* state and the blue-shifting of the S; state obscures the vibronic
progression for these hydrogen-bonded complexes. So, while we would ideally compare vibronic
structure in both the absorption and emission spectra, we must instead rely on TR-PL
measurements where we can kinetically resolve individual emission components. Additionally,
using the two extracted Ka values, we can estimate the relative amounts of each complex at the

time of excitation for a given phenol concentration and chose our conditions accordingly.
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Figure 6-2. Two-component association model

A) Ground-state absorption spectra of TAHz in neat toluene (dotted back line) and upon increasing
PhOH concentrations ranging from 30-860 mM (blue to red). The lack of a clear isosbestic point
suggested there are more than two absorbing species, this could be due to the existence of a second
hydrogen-bonded complexation. The measurement was taken by sequential additions of a 3 M
PhOH stock solution and the resulting spectra were corrected for changing TAHz concentration.
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B) The data fit well to a double-complexation model and using an iterative least squares method,
we were able to extract the individual components. The extracted traces for unbound (black
dotted), singly bound (blue solid), and doubly-bound (dashed red) show a red-shift of the bright
transition and blue-shift of the weak transitions.

6.3.2 Time-Resolved Photoluminescence

In the absence of a hydrogen-bonding donor, the TAHz emission exhibits a monoexponential
decay (Figure C-0-2). When a hydrogen-bond donor, such as phenol, is present then we observe
two kinetically distinct components. Keeping in mind the possibility of a 1:2 complex, we chose
a low concentration of phenol (100 mM) in order to focus our study on the 1:1 complex. From the
Ka values extracted above, we can calculation the concentration, prior to laser excitation, of each
population, free TAHz, 1:1 complex, and 1:2 complex, to be 4.3 uM, 2.8 uM, and 0.4 uM
respectively. These results indicate that in our emission measurements we are primarily monitoring
emission from the free and 1:1 complex. Indeed, using time-resolved photoluminescence (TR-PL)
and global analysis, we extract only two distinct spectral components, described in detail
previously.™ Briefly, temporally- and spectrally-resolved photoluminescence data are collected
using a streak camera for solutions of TAHz in the presence of 100 mM phenol. These three-
dimensional datasets are analyzed using global analysis, which allows us to kinetically resolve
overlapping spectral features.®®* We model the time- and wavelength-dependent PL intensity ©(z,4)
at time t and wavelength A as a sum of concentration-weighted spectral components such that
O, )=Z;ci(t)ai(4), where ci(t) and ai(4), respectively, correspond to the time- dependent
concentration and wavelength-dependent species-associated emission spectrum (SAES) of the it"
emissive species.® Global analysis yields two kinetically resolvable emission features, shown in

Figure 6-3A, with kinetics shown in Figure 6-3B. The spectral feature at higher energies
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corresponds to the faster decay rate and is attributed to the TAHz-PhOH complex (see Appendix
C).

When we compare the fast component emission spectra, shown in Figure 6-3C, we notice
significant spectral changes across the phenol series, yet the slow component emission spectra,
Figure 6-3D, remain nearly identical. Initially, we considered whether this effect could be due to
an increase in the dielectric constant of the solution due to the increasingly polar phenol. However,
the emission spectra of TAHz in toluene (¢ ~ 2.4), appears identical to the spectral shape in half
benzonitrile (¢ ~25.9), shown in Figure C-0-4, despite an increase in solvent dielectric constant of
more than an order of magnitude. Upon further inspection, it appears that the spacing between
vibronic peaks remains more or less unchanged among all fast and slow component spectra, which
suggests the vibronic progression in all spectra are likely reporting on the TAHz-centered
vibrational modes with the same vibrational character. Rather, what is changing is the relative
intensity of the peaks, or the Franck Condon progression. This redistribution of oscillator strength
between the vibronic peaks suggests varying degrees of nuclear displacement in the excited state
along a representative vibrational coordinate; less displacement is observed in complexes with
higher Hammett parameters and more displacement is observed for lower Hammett parameters.
Initially it was quite surprising to observe that a pendant group on phenol could influence the
excited-state displacement of a local TAHz vibration. However, this somewhat unintuitive result
highlights how the hydrogen bond can alter the broader excited-state landscape. A deeper
understanding of this picture could provide opportunities for rationally designed hydrogen-

bonding environments or controlling reactions by specifically exciting molecular vibrations on the
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chromophore. In order to quantitatively analyze these spectral changes, in the next section we will

turn to a displaced-oscillator model of molecular emission.
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Figure 6-3. TR-PL spectral components of TAHz-PhOH emission

A) From the TR-PL data of TAHz in toluene with 100 mM PhOH, we are able extract, using global
analysis, two distinct species-associated emissions spectra (SAES). These species decay at
different rates, one with a faster rate (black dots) and with on a slower rate (grey solid). We
attribute species decaying more slowly to unbound excited-state TAHz chromophores, whereas
the fast component is attributed to an excited-state hydrogen-bound complex. C) We see a
significant change in the spectral shape of the fast component depending on the R-group of the
phenol: CN (blue), CF3 (green), Cl (yellow), H (orange), CHs (red). D) We do not observe
significant spectral differences in the low component.

6.3.3 Modelling the Emission Lineshape

The analysis of absorption and emission lineshapes has helped reveal the photophysics of organic

molecules for decades.®*® For example, the vibronic structure observed in benzophenone
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corresponds to the C=0 stretching (~1700 cm™), which allows for the mixing of an” character into
the otherwise forbidden nxz” transition. Today, there still exists a vast body of literature focused on
understanding the vibronic coupling in optoelectronic materials to guide materials design for
applications such as organic solar cells and light emitting dioides.® %6 It is common to quantify
molecular distortion in the excited state by the Huang-Rhys factor (HR), which is a unitless
measure of the electron-vibration coupling strength, and is also directly related to the relative
displacement of the nuclear coordinate in the Franck-Condon picture.®¢-3" 39 This is typically

achieved by fitting Gaussian curves to the spectra and using their areas or peak heights to assume
HR = 11‘—0/10 . where I, is the intensity of the transition from the 0" vibrational state in the

first electronic state to the 1% vibrational state in the ground electronic state and I,,._, is the intensity
of the transition from the 0™ vibrational state in the first electronic state to the 0" vibrational state
in the ground electronic state. A large HR factor is calculated for spectra with small oscillator
strength of the 0—0 and represents significant excited state displacement along a certain
vibrational coordinate.

However, when Gaussians were fit to the spectral traces shown in Figure 6-3, the individual
Gaussian curves were of varying widths and resulted in seemingly unphysical Huang-Rhys factors
of over 4 (see Appendix C). Evidently, in our case, this approach does not adequately capture all
relevant physics needed to describe the system. As such, we surmised that more than one
vibrational mode could be coupled to the electronic transition and contributing to the observed
spectra. Therefore, to best understand how changing the R-group on the phenol influences multiple
modes of molecular distortion in the excited state, we implemented a model of vibronic emission
to fit the spectra. Within the displaced-oscillator model, a chosen number of vibrational modes are

represented by harmonic oscillators whose equilibrium position becomes displaced upon
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excitation of the adiabatically-coupled electronic transition; for the interested reader, see Appendix
C for the publicly available code.?’ By least-squares fitting this model (with two vibrational modes)
to the data, we extract six physically meaningful parameters: the 0—0 transition energy (Eoo), the
frequency of each vibrational mode (01 and ®2), the displacement of each mode upon excitation
in terms of unitless Huang-Rhys factors (HR: and HR2), and a damping coefficient (y) which
broadens the individual vibronic peaks and is attributed to non-H-bond interactions with the
solvent. In this context, the Huang-Rhys factor is directly related to the equilibrium displacement

d; of the electronic potential along the nuclear vibration coordinate. For the i®vibrational mode,

2 - - - -
dzi T2, where the displacement squared is rendered dimensionless

the Huang-Rhys factor is HR; =

by the oscillator effective mass m;, the vibrational frequency w;, and the reduced Planck constant
h. While this factor was originally used in ionic crystals, it has since been applied more broadly
and allows us to quantitatively compare molecular displacement upon emission.°

Figure 6-4 shows the area-normalized model fit to the fast component extracted from the TAHz-
PhOH TR-PL dataset. With two vibrational modes, the model appears to fit the data well and does
not significantly improve upon the addition of a third mode (both R? values are 0.965). The area-
normalized contribution from each mode is shown in the top plot of Figure 6-4B. We extract two
modes: a high frequency mode at 1070 cm™ and a low frequency mode at 185 cm™. To gain
physical insight into what vibrational modes these transitions represent, we turn to quantum

chemical calculations in Section 6.3.4.
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Figure 6-4. Quantum-optical emission model and fit

A) Pictorial representation of the model parameters for one vibrational mode adiabatically coupled
to the emissive electronic transition. The harmonic wells represent the vibrational potential energy
surfaces in the ground and first excited electronic state separated by energy Eoo. Each well has a
series of vibrational states spaced by energy ®. The displacement of the excited state potential
equilibrium position relative to the ground state, d, represents the molecular distortion along that
specific vibrational coordinate. This displacement gives rise to varying overlap between the 0
vibrational state wave function in the electronic excited state and the vibrations in the electronic
ground state well, resulting in varying probability of emission, shown by the 0—0 and 0—1
emission lines. B) The extracted TAHz-PhOH emission (orange dots) is fit well by the model
(black line) assuming two vibrational modes are coupled to the electronic transition: one low
frequency mode around 200 cm™, and one high frequency mode around 1050 cm™. The bottom
plot shows the emission spectra from each of the two vibrational modes independently, with the
low frequency mode in light grey and the high frequency mode in dark grey. Since both modes are
coupled to the same electronic transition, the two-mode model fit (top panel) to the data is instead
a convolution of the two component curves in the bottom panel.

Fitting the extracted fast-component spectra with this model allows us to quantify the
displacement of each mode across the series of complexes for all R-groups of the phenols, Figure
6-3. The extracted frequencies and Huang-Rhys factors for each TAHz-R-PhOH complex are

displayed in Table 6-1. Most notably, we see a clear trend of decreasing Huang-Rhys factor
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(proportional to the displacement squared) with increasing electron-withdrawing effect for the
high-frequency mode. The nearly linear correlation between the Huang-Rhys factor and Hammett
parameter for the high frequency mode can be seen in Figure 6-5B. We also observe that the
distortion decreases for the low-frequency mode with increasing Hammett parameter, see
Appendix C. However, we acknowledge that thermal energy at room temperature is on the order
of 200 cm™. Additionally, the covariance matrices returned by the least squares fits indicate
moderate correlation between the damping coefficient and the low frequency mode parameters.
This result may be expected, considering that the low frequency vibronic progression effectively
broadens the more distinct high frequency peaks upon convolution of the independent mode
emission spectra in Figure 6-4B. So despite needing the low frequency mode to accurately describe
the spectra, we take some caution in interpreting the numerical quantities assigned to the low
frequency mode.

It is interesting to recall that the spectral shape associated with non-hydrogen bonded species,
both from the slow component and free TAHz emission spectrum, show a greater molecular
displacement in the excited state than any of the fast-component spectra. Therefore, it appears that
the hydrogen-bond serves to hinder molecular distortion of the heptazine chromophore in the
excited state. Interestingly, neither the slow component nor the free TAHz spectral shapes could
be fit well by the harmonic oscillator model, Figure C-0-12. By introducing anharmonicity to the
model in the form of a Morse potential, we can obtain spectra that appear closer to the experimental
data than possible with the harmonic assumption, but the parameter space quickly becomes

unwieldy and more work is needed to fit those spectra, see Appendix C.
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Figure 6-5. Comparing displacement across all TAHz-R-PhOH complexes

A) Data (dots) compared to model fit (solid lines) for all phenol derivatives. Fit for each spectrum
are shown individually in Figure C-0-7-Figure C-0-11. B) The Huang-Rhys parameter for the high
frequency mode as a function of Hammett parameter of the para substituent on phenol, values in
Table 6-1. We observe greater molecular distortion corresponding to weaker hydrogen-bonds
(lower Hammett parameters). From this data, we note that the stronger the hydrogen-bound the
less distorted the molecule becomes in the excited state.

Table 6-1. Extracted parameters from displaced oscillator model for each vibrational mode

Hammett Mode 1 Mode 2 Calculated
R | parameter | pponienc HR:" Frequenc H-bond
(0p)* (3m-1) Y ' (gm—l) Y HR: length (A)
CHs -0.17 1068.92+0.04 1.513 128.043+0.004 3.6x£0.9 1.940
H 0 1070.37£0.05 1.444 185.68+0.02 2.24+0.02 1.937

Cl 0.227 1061.96+0.04 1.372 159.12+0.01 2.36+0.02 1.924
CF3 0.54 1057.08+0.05 1.103 179.92+0.04 1.77+0.02 1.910

CN 0.66 1035.49+0.02 1.034 156.800+0.004 | 1.924+0.007 1.904
“Uncertainty < 1073
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6.3.4 Quantum Chemical Calculations

To help visualize the molecular vibrations, we used density functional theory (DFT) and time-
dependent density functional theory (TD-DFT), see Appendix C. Using the optimized ground state
geometry of TAHz, we calculated the normal modes and FTIR spectrum shown in Figure 6-6A.
The calculated spectrum shows surprisingly good agreement to the experimental FTIR of TAHz
powder. There exist a number of vibrational transitions in the 1000-1200 cm™ region that are
generally attributable to heptazine ring breathing modes and C-N stretching.** An example of such
a vibration is shown in Figure 6-6B, wherein the center nitrogen is displaced off axis within the
heptazine plane, with two of the peripheral nitrogens within the heptazine ring being displaced
outwardly in opposite directions. Figure C-0-15 shows other ring-breathing vibrations in the 1000-
1200 cm™ frequency range. It is conceivable that these ring-breathing modes could be strongly
coupled to the electronic transition; the symmetry-forbidden nn”™ S: transition must couple to
vibrations which break the symmetry of the heptazine ring. In light of these results, the vibrational
distortion of the chromophore in the excited state appears to be influenced by the hydrogen-
bonding interaction of the peripheral nitrogen to the phenol species. The modulation of the N-H
hydrogen-bond distance could possibly even serve as a handle for reactivity. Preliminary results
from DFT calculation of the TAHz - CI-PhOH complex showed the N-H hydrogen-bond distance
can be significantly modulated by heptazine ring-breathing vibrations (Figure 6-6C and Figure C-
0-16 and Figure C-0-17), both at ground state and symmetry-forbidden nn” excited state optimized

geometry.
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Figure 6-6 Calculated TAHz molecular vibrations

A) FTIR spectrum of TAHz powder (grey) compared to the calculated FTIR spectrum in vacuum
(back). The range of transitions in the 1000-1600 cm™ displayed in Table 1 range are generally
attributed to heptazine ring breathing and C-N stretching modes. B) An example molecular
vibration calculated to be at 1086 cm™ is shown by the displacement vectors, see the Supporting
Information for more images. The high frequency mode extracted from the PL spectral fit is
attributed to one of these modes which is modulated by the nearby PhOH. C) An example
heptazine ring-breathing vibration of TAHz — CI-PhOH complex that modulate N-H hydrogen
bonding distance significantly. D) A low frequency mode around 262 cm™* corresponds to the ring-
puckering, wherein the central nitrogen moves up out of plane, and the outer nitrogens move down,
see Supporting Information for more images.

While the low frequency mode is outside the experimental window in Figure 6-6A, quantum

chemical calculations for heptazine predict that the ring puckers out of plane in the excited state
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and the inversion of this umbrella motion occurs in the 200-300 cm™ range, shown in Figure 6-6
and Figure C-0-13. This puckering not only breaks the planarity of the heptazine chromophore,
but also imparts a double-well character on the potential energy surface of the excited-state. It
should be noted that the displaced-oscillator model of molecular emission does not allow for
specific mode assignment beyond matching the resonance frequency. It is therefore possible that
the vibrational modes predicted by the model more accurately represent a collection of modes
closely spaced in energy. In this case the predicted Huang-Rhys parameter would be approximately
the sum of those Huang-Rhys parameters from each contributing mode, and the predicted
frequency would be a weighted average of contributing modes.*> We expect that this, along with
the correlation in predicted parameters with the damping coefficient (discussed above), is the likely
cause of the numerical discrepancy between low-energy mode frequency predicted by the

displaced-oscillator emission model and the quantum-chemical calculations.

6.4 CONCLUSIONS

Using a series of phenol derivatives, we modulate the electron-withdrawing nature of the
hydrogen-bond donor and systematically study the hydrogen-bonding interactions with a heptazine
chromophore. We observe stronger hydrogen bonds for larger Hammett parameters, as expected.
By kinetically resolving and comparing individual PL spectral components for this series of
hydrogen-bonded complexes, we see a trend of decreasing displacement of the Si and So
equilibrium geometries with increasing intermolecular hydrogen bond strength. By implementing
a displaced-oscillator model to fit the PL spectral components, we extract the frequencies and
displacements of two vibrational modes that are most strongly coupled to the Si electronic
transition. We use this information to monitor how these coupling strengths are influenced by
varying hydrogen-bond strength. From quantum chemical calculations, we further visualize
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pertinent TAHz-centered molecular vibrations, which correspond to heptazine-ring breathing
modes around 1100 cm™ and umbrella-like modes involving an out-of-plane puckering of the
central nitrogen atom near 200 cm™.

Altering the extent of distortion along each of these modes has interesting implications for ES-
PCET and ES-PT reactions as they both modulate the position of the hydrogen-bonded nitrogen.
As we previously showed, the out-of-plane puckering in the excited state breaks the symmetry of
the heptazine core and increases the oscillator strength of transitions to higher-lying excited states,
thus enabling further optical control of the photochemical reactivity of these complexes using
ultrafast spectroscopy.?®

Additionally, this new insight may help inform molecular design parameters to enable future
advanced materials discovery for solar energy conversion and storage. Seeing how the stronger
hydrogen-bonded complexes undergo less distortion of the heptazine ring in the excited state, it is
interesting to return to the reactivity difference of H-PhOH and CI-PhOH. Given the same driving
force for electron transfer, it is possible that the excited state molecular distortion may have the
effect of hindering the ES-PCET reaction. While adding electron-withdrawing groups to heptazine
could increase the ES-PCET reactivity, we have found here that it is also important to consider
tailoring the hydrogen-bonding environment. In particular, if one aims to increase ES-PCET with
water, as in natural photosynthesis, our results suggest that tailored hydrogen bonding
environments may provide a critical molecular design parameter moving forward. Work is ongoing
in our lab to control both the oxidation potential and the hydrogen-bonding environment around
the heptazine core through chemical functionalization of the chromophore. Additionally, we are
working to implement an anharmonic extension to the displaced-oscillator model, which should

be capable of fitting the unbound TAHz emission. We anticipate that this work will provide a more
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comprehensive picture of the excited-state landscape and how it can be altered by hydrogen-

bonding and chromophore design.

6.5 MATERIALS AND METHODS

Reagents. Urea, potassium hydroxide, phosphorous oxychloride, phosphorous pentachloride,
phenol, and 4-(trifluoromethyl)phenol were all purchased from Sigma Aldrich. Anisole (99%) was
purchased from Alfa Aesar. Aluminum chloride was purchased from Fischer Scientific. P-cresol,
4-chlorophenol, and 4-hydroxybenzonitrile were all purchased from TCI. All reagents were used
without further purification.

Synthesis. The full synthetic and characterization procedure of TAHz was the same as described
in our previous publication in the Supporting Information.?®

Sample Preparation. TAHz was dissolved in toluene (20 uM) and stirred overnight before
measurements were preformed to ensure minimal aggregation effects and accurate concentrations
were prepared. Samples were kept in the dark until measurements were performed.

Ground State Absorption. Ground-state absorption spectra were collected using a Cary5000
UV-vis—NIR spectrometer. Within each R-PhOH series, the same TAHz stock solution was used
to ensure consistent TAHz concentration with the varying phenol derivatives. Each solution of the
spectra shown in Figure 1 of the main text was 7.5 uM TAHz and 50 mM R-PhOH.

For the data collected in Figure 2 of the main text, the initial TAHz concentration was 7.5 uM in
toluene. Using a 3 M PhOH stock solution in toluene, 10 uL. of PhOH solution were added, stirred,
and a spectrum was recorded. This process was repeated a total of 10 times. Then 20 uL aliquots
were added, stirred, and recorded a total of ten times. The resulting 21(one with no PhOH and 20
with sequential additions) spectra were baseline corrected by subtracting the average OD from
495-500 nm. Each spectra was then multiplied by the fraction TAHz was diluted by (new total
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volume/old volume). The PhOH concentration was calculated by accounting for the change in
volume upon each addition.

Time-Resolved Photoluminescence (TR-PL) Spectra. TR-PL spectra were collected using a
Hamamatsu streak camera (C10910) with a slow-sweep unit (M10913-01) in photon counting
mode. Samples were irradiated with 50 fs pulses at 365 nm and 1 kHz pump from a Coherent/Light
Conversion OPerA solo optical parametric amplifier (OPA). Pump fluences were approximately
2.7x10% photons cm. All samples for global analysis were prepared to be 50 uM TAHz and 100
mM R-PhOH with the exception of CN-PhOH which was 50 mM due to solubility restraints,
however the spectral shape of the fast component was not found to be dependent on concentration
of R-PhOH. For each R-PhOH, the solution was made and measured in duplicate. The resulting
extracted duplicate spectra from global analysis were averaged together prior to fitting. No
smoothing was performed on the data. Prior to fitting, the x-axis was converted to energy in eV.
The y-axis was adjusted accordingly (Intensity/eV = (Intensity/nm)*(1240 nm*eV)/eV/eV), where
Intensity/nm was the original y-axis value. The spectra were then area normalized.

Calculations. Density functional theory (DFT) and time-dependent DFT calculations were
carried out with Gaussian16 (rev. C.01).** The Becke 3-Parameter Lee-Yang-Parr (B3LYP)
functional and 6-31G(d,p) Pople basis set were used. We first optimized ground state geometry of
TAHz molecule and calculate normal modes and IR spectrum. The scaling factor of vibrational
wavenumber for comparison with experimental FTIR spectrum (Fig. 5) was 0.97. For excited state
optimized geometry, TD-DFT optimization was performed at lowest Singlet excited state of TAHz

(weakly allowed n-n* transition). DFT and TD-DFT calculation were facilitated through the use
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of advanced computational, storage, and networking infrastructure provided by the Hyak

supercomputer system and funded by the STF at the University of Washington.
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Appendix A: Supplementary Information for Chapter 4

Determining values for photophysical properties in Table 1

The time-correlated single-photon counting (TCSPC) data for TAHz in toluene and DMSO were
fit to single exponentials and the time constant was taken to be the lifetime in each solvent shown
in Figure A-0-1. The fitting error for the time constant was the error presented in Table 4-1.

For both samples of TAHz in water (supernatant and 0.1 mg/mL) the TSCPC traces were fit to

three exponentials (Figure A-0-2) and an average lifetime was calculated by Equation 1.

_ A1T1+A2T2+A3T3
(ry = Ay+Ag+Ay (1)

Where A is the coefficient and 7 is the lifetime of the i component. The error for these values

was determined through error propagation for all coefficients and lifetimes.
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Figure A-0-1 TAHz PL kinetics in Toluene and DMSO.

TCSPC kinetic traces for 33 uM solutions of TAHz in toluene (A) and DMSO (B). Both traces
were fit to single exponentials and errors for t1 given by the fit were used as the error in Table 4-1.
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Figure A-0-2 TCSPC of TAHz in water.
A) TCSPC data for a supernatant of TAHz in water. The biexponential fit, shown in red was used

to calculate average lifetime for Table 1. B) TCSPC data for 0.1 mg/mL mass loading suspension
of TAHz in water. This curve was also fit to a biexponential and used to calculate the average
lifetime. If the quenching was due to aggregation, the lifetime would not be longer in a higher
mass loading sample with larger aggregates.

The PLQY error was assumed to be £0.01 This is in part due to the inability of the instrument to
measure below ®=0.01 and accounting for the variation seen in PLQY values over several days,
as temperature affects the PLQY of TAHz. Because the error was assumed to be a constant value,
samples with lower PLQY had higher relative errors, resulting in the largest errors for kr and knr.

As expected, kr remains quite similar in all environments, whereas changes to knr are far more
significant. Non-radiative decay increases with increasing dielectric constant, in the case of
DMSO, however, the additional order of magnitude increase in water provides convincing

evidence for an additional quenching process. Additionally, increasing the mass loading of TAHz

in water decreases knr, indicating that aggregation is not responsible. In light of the catalytic
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activity, we propose that a meaningful fraction of excited states is quenched through reaction with
protons or hydrogen-bonded water molecules.
Understanding the TAHz TR-PL spectra in water

When considering how the energy landscape could be changing in water, it is interesting to note
that the time averaged (steady state) PL spectra of toluene and water are very similar in Figure A-
0-3. The following two assumptions can be made from this observation: 1) we do not observe long-
lived aggregate emission (since TAHz in water shows visible aggregates) and 2) the low-lying dim
St is likely still accessible in water. We also see little change in the steady-state PL spectra of
TAHz in solvents with a wide range of dielectric constants, Figure A-0-3. A small blueshift is
observed for DMSO (e=48), and some changes to the vibronic progression can be seen. However,

the lack of significant redshifting suggests this emitting state is not an intramolecular charge

transfer state.
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Figure A-0-3 TAHz PL in different solvents.

A) Steady-state PL spectra of TAHz in toluene (black) and water (blue) in 200 uM concentrations.
The measurement was taken on a home-built spectrometer using lock-in amplification. B) PL
spectra of TAHz in different solvents with a range of dielectric constants taken in the PLQY setup.
DMSO showed a small blue-shift, but largely the only changes are in the vibronic structure. TAHz
is reasonably soluble in these solvents.
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As previously mentioned, higher TAHz mass loadings in water show longer lifetimes in TCSPC
measurements. We attribute this to increased aggregate size with more chromophores unable to be
quenched by water before emitting. Along these same lines, as we increase mass loading, the
contribution from S; emission increases in the TR-PL spectra. Figure A-0-4 shows the TR-PL
spectra averaged over the first two nanoseconds normalized to the peak emission for three different
mass loadings. We can see a clear increase in the high energy emission with decreasing mass
loading. This suggests the high energy emission is enhanced in smaller aggregates with increased
interactions with water. We confirm this assumption by looking at the kinetic isotope effect at both
high and low energies shown in Figure A-0-5. There is a distinct difference at high energy, and
essentially no change at low energies. This provides strong evidence for the high energy emission

to be from an S, state in a hydrogen-bonded complex which can be quenched by PCET.
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Figure A-0-4 TR-PL in water of different TAHz mass loadings.

TR-PL spectra of TAHz in water over the first two nanoseconds at increasing mass loadings upon
365 nm pulsed excitation. At lower mass loadings (light grey), the relative intensity of the high-
energy emission feature is much larger than at higher mass loadings (black). This suggests that the
high-energy emission is not from aggregates, but rather that aggregation suppresses this high
energy emission. We attribute this suppression to a decrease in the number of sites for hydrogen
bonding with water and propose that the S; emission at low energies is dominant for chromophores
inside the aggregate.
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Figure A-0-5 Wavelength-dependent KIE.
A) Kinetic traces of higher energy emission in 3.2 ug/mL mass loadings of TAHz in H20 (blue)

and D20 (red). At high energies there is a clear difference in the decay rates, resulting in a moderate
kinetic isotope effect. B) Kinetics traces from the same datasets taken at low energy. At these
wavelengths, S1 emission dominates and we see essentially no isotopic dependence on the decay
rate. This is consistent with our proposed mechanism, wherein only the S, emission can be
quenched by the motion of the proton.

Since our samples are illuminated in water without a sacrificial hole acceptor for TR-PL
measurements, it is likely that photodegradation products are created. To investigate whether the
high energy emission could be resulting from a photodegradation product, we performed TR-PL
measurements of TAHz in water in the presence of a radical scavenger (DMSO0),? and as a
function of illumination time. If the high energy emission is from a photodegradation product
formed by reacting with hydroxyl radicals, then adding a radical scavenger should decrease the
intensity of the high energy emission. However, when we look at the high energy emission

averaged over the first 500 ps of 1:14 and 1:5 DMSO:H>O mixtures, we see that the high energy

feature does not decrease with increasing DMSO, Figure A-0-6. In fact, we see an increase in
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intensity which we attribute to DMSO further solubilizing TAHz and therefore breaking up the

aggregates.
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Figure A-0-6 Ruling out photochemical by-product emission.

A) Shows the TR-PL spectra of TAHz in water, averaged over the first 500 ps with 200 uL (yellow)
and 500 pL (red) of DMSO in 2.8 mL and 2.5 mL of water, respectively. The total TAHz mass
loading was 3.2 pg/mL. Adding increasing amounts of DMSO (a known radical scavenger) did
not decrease the high-energy (Sn) emission as would be expected if this luminescence was the
byproduct of a chemical reaction with photogenerated radicals. Instead, we see this peak increase
in intensity and attribute this to increased solubility of TAHz chromophores with DMSO.
Increasing the number of chromophores in contact with water increases the number of possible Sy
emission states. B) Shows the average intensity of the S, emission feature of TAHz in water (no
DMSO) over the duration of the TR-PL experiment. There is no significant buildup of intensity
over this time window, suggesting that the S, emission feature does not likely arise from a
photochemical byproduct created during the measurement. All samples were prepared in the dark.

Additionally, we looked at the TR-PL of TAHz in water over the duration of our measurement
time (roughly an hour). Since the samples were prepared in the dark, the most significant light
exposure should be during the PL measurement itself. Figure A-0-5shows the intensity in the high
energy region (440-460 nm) averaged over the first 500 ps at 7-minute intervals. The signal is very
weak and, thus, relatively noisy at each time slice, nevertheless, we saw no real increase in the
signal intensity over the course of the hour measurement. Figure A-0-7 shows the lack of power

dependence of the S, emission kinetics ranging from 7.0x10'2 photons/cm? to 1.7x10%
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photons/cm?. Figure A-0-7B shows a representative beam profile for the TR-PL measurements

used to calculate power densities.
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Figure A-0-7 TR-PL power dependence.
A) Kinetic traces of a 3.2 ug/mL mass loading of TAHz in water at increasing fluences highlighting

the fluence independence in this range. B) Representative beam profile with an effective radius of
~400 um. This was the beam radius used to calculate the fluences shown left.

To place the S energy level, Figure A-0-8 shows a Gaussian peak fit to the S, associated
spectrum extracted using global target analysis. To estimate the Eqo transition, we find 10% of the
peak max along the high energy side of emission, which in this case was extrapolated due to the

window of collection being limited by Raman scattering from water centered around 420 nm (2.95

eV), Figure A-0-9. Acknowledging large potential error bars in this process, we place the S, state
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to be at 2.9 eV. We observe no distinct absorption feature associated with this transition, primarily

due to optical scattering related to sample agglomeration.
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Figure A-0-8 Gaussian fit to Sn PL.

Species associated emission spectra (SAES) for the S, emission of TAHz-H>O extracted from
global target analysis was smoothed by 10-point adjacent averaging and a Gaussian peak was fit
to the data. From this Gaussian we can estimate the S, energy level to be at 10% of the peak max
on the high energy side.
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Figure A-0-9 Water Raman scattering.

A) Spectral shape of TR-PL measured for pure water after 365 nm illumination averaged over the
first 500 ps. We can see that the Raman scattering feature from water has essentially zero amplitude
at 435 nm and therefore, we use this as the cutoff for our analysis of the TR-PL spectra of TAHz
in water. B) The Kinetic trace averaged over 400-430 nm, showing the feature is indeed Raman
scattering as it lives only within the IRF
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Figure A-0-10 TAHz-PhOH absorption and emission.

A) Normalized absorption spectra of 40 uM TAHz in toluene without phenol (orange) and with
100 mM phenol (yellow). Inset shows absorption spectra of 100 uM TAHz in toluene without
phenol (orange) and with 100 mM phenol (yellow) at low energies. We see a blueshift of these
peaks with addition of phenol and one becomes convoluted with the redshifted main absorption.
This suggests these low-energy features are n—m" in character. B) A TR-PL measurement of 40
uM TAHz in toluene with 100 mM phenol shows two distinct emission features, analogous to
TAHz in water. The SAES of the S, assigned feature decays with a lifetime of 494 ps, and the S;
decays with a lifetime of 4.45 ns.

Additionally, we also studied TAHz with phenol (PhOH) as an electron and proton donor that is
soluble in toluene. The solubility of TAHz in toluene allows for transmission measurements, and
simpler analysis of decay kinetics. From the absorption measurements shown in Figure A-0-10,
we can see a redshift of the main absorption peak, characteristic of t—x" transitions. Looking at
the low energy transitions, we see a blueshift, consistent with n—n" transitions. We performed the
analogous TR-PL experiment with TAHz:PhOH as with TAHz:H,O. After 365 nm excitation,
there were two kinetically distinct emissive states, extracted using global analysis shown in Figure

A-0-10. This dataset was modelled with each component only having one exponential decay,

which we attribute to the lack of aggregation. No other constraints were applied to the model. Once
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again, blueshifted emission shows a fast decay with a lifetime of 494 ps, which we attribute to a

higher-lying mixed nx'/nn” state.
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Figure A-0-11 TR-PL with TEOA.
A) TR-PL traces averaged over the first 500 ps for TAHz in water (blue) and TAHz in water plus

10% triethanolamine (TEOA) (black). The lack of high energy emission upon the addition of
TEOA suggests that the high energy emission is outcompeted by addition of a strong electron
donor. B) Kinetic traces of the S1 decay shows a faster initial decay of PL with added
triethanolamine suggesting the electron transfer is significant quenching process. Remaining
emission is likely from chromophores within aggregates.

Interestingly, when a strong electron donor is added, such as triethanolamine as shown in Figure
A-0-11, the high energy emission is no longer present. This suggests that the high energy emission
is outcompeted by fast electron transfer. We attribute a significant portion of the remaining
emission to chromophores inside aggregates that cannot contact the triethanolamine and be
quenched. However, the remaining S: emission could be due to a kinetic barrier to electron
transfer.

Global target analysis and KIE discussion
We model the emission spectra of TAHz in water by global target analysis using the GloTarAn

software package.®> We take the total PL intensity ©(z,4) at time t and wavelength A as a sum of

concentration-weighted spectral components such that, @ (1,1) = Zci(t) 6i(4), where ci(t) and oi(4),
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respectively, correspond to time-dependent concentration and wavelength-dependent species-
associated emission spectrum (SAES) of the i" emissive species. Additionally, we use this fitting
routine to determine the instrument response function (IRF) by fitting the rising edge to a Gaussian
and deconvoluting it from the extracted ci(t) and oi(4).

From the TCSPC Kinetic traces, shown in Figure A-0-2, we found the spectrally-averaged decay
(primarily S emission) fit best to three exponentials. We attribute this to the aggregation,
mentioned in the previous section, causing inhomogeneity. Therefore, in our global target analysis
model, we let our S; emission decay with three exponentials by creating three components where
oi(2) was set to be equal (Equation 2). We did not constrain spectral shape in any way. Through
an iterative process, we found that the S, emission was best modelled with two decay components.
The only constraint applied to this component was that the spectral intensity goes to zero at 550
nm. We justify this constraint by noting that we see no kinetic difference at energies lower than
550 nm upon isotopic substitution (Figure A-0-5), or spectral different from increasing mass

loading (Figure A-0-4), or when comparing early-time and long-time slices (Figure A-0-12 A).

Yrotar (6, 4) = (CSn_l(t) + Csn 2 (t)) €sn(A) + (Cs1_1(t) + cs1 2(t) + €513 (t)) es1 (1) (2)

We performed this analysis on TR-PL datasets taken in H,O and D.O and observed nearly
identical SAES components shown in Figure A-0-12. This is expected, as one anticipates no
spectral difference due to isotopic substitution. However, from the extracted concentration profiles
shown in Figure A-0-12, we see that the prompt S, decay component is significantly different
between H20 and D.O. We attribute this decay pathway to be associated with quenching of the S,
through proton motion from water to TAHz. We would expect this to be dominant at early times

in a hydrogen-bonded complex. We note that some of the H.O S, quenching is likely occurring
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within the IRF, resulting in the prompt H20 Sy concentration being at a lower relative amplitude

compared to that of D-O.
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Figure A-0-12 TR-PL TAHz-water global target analysis.

A) TR-PL of TAHz in water at 6 ug/mL mass loading. When comparing the spectral shape over
the first nanosecond (black) to that at later times (grey), we see a clear evolution in the high energy
region. B) Species associated emission spectra (SAES) obtained through global analysis of the
data shown in A and the equivalent dataset in D20. The spectral shapes pulled out for each H20
(blue triangles) and D-O (red circles), S, emission spectra are very similar, as are the S; emission
spectra shown in black and grey for H20 and D20, respectively. However, there is a significant
difference in the kinetics between TAHz in D.O and H>O shown in C and D, respectively. The
prompt S, decay components (labeled “S, 17) are depicted in the solid red and blue lines for DO
and H-0O, respectively. There is a clear difference in kinetics in those rates that we do not observe
among any other components. We attribute this decay component to proton motion that quenches
the Sy state on the picosecond and nanosecond timescale.
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Radical Detection
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Figure A-0-13 Hydroxyl radical detection.

A) Raw PL spectra of terephthalic acid in a 3.0 mM aqueous solution of 25 pg/mL TAHz with
increasing illumination time (purple to red). B) Shows PL spectra for 25 pg/mL mass loading of
TAHz in a3 mM NaOH aqueous solution without terephthalic acid. The spectra change negligibly
over time with illumination. C) Plots the peak intensity averaged from 420-445 nm for just TAHz
(red circles) and TAHz terephthalic acid (black squares). From this plot we can see an increase in
hydroxyl radical with continued illumination. D) By subtracting an average PL spectrum from just
TAHz (no terephthalic acid), we observe a distinct PL peak grow in at 435 nm, as expected for 2-
hydroxyterephthalic acid.

To confirm that radicals are indeed forming as proposed in Scheme 1, we used terephthalic acid,
a well-known radical scavenger that becomes luminescent upon reacting with hydroxyl radicals.*
2-hydroxyterephthalic acid also absorbs weakly at 365 nm, but emits ~430 nm, so we monitored
the PL at 430 nm as a function of illumination time over 4 h, shown in Figure A-0-13. As TAHz

becomes photoexcited and generates heptazinyl and hydroxyl radicals, the hydroxyl radicals are
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scavenged by terephthalic acid to make 2-hydroxyterephthalic acid leading to increasing emission
at 435 nm over time. Performing the same measurement without terephthalic acid shows that there
is minimal background contribution from just TAHz emission as a function of illumination time.
The slight change at 450-460 nm could be due to aggregates breaking up with illumination and
stirring. We also looked for evidence of luminescence with only terephthalic acid ina 3 mM NaOH

aqueous solution under the same illumination conditions but saw no PL at all.
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Appendix B: Supplementary Information for Chapter S

Ka determination using ground state absorption

Ground state absorption was used to monitor the formation of TAHz-R-PhOH complexes prior
to photoexcitation. To account for any changes to the baseline, each spectrum was averaged from
495-500 nm (where there is no TAHz absorption) and subtracted from the spectrum. We chose to
plot the change in absorption at 380 nm because of the large change at that wavelength, resulting
in the cleanest fit. Additionally, this is far away from any tail absorption of the phenols. Using the
difference in absorption at 380 nm we calculated the association constant between TAHz and the
series of phenols. In this fit both the change in molar absorptivity (Aezso) between free TAHz and
the bound complex as well as the association constant (Ka) were parameters. In all cases the

derived Agzgo was around 50,000 Mtcm™.
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Figure B-0-1. Absorption of TAHz as a function of CN-PhOH concentration.
Concentrations ranging from 0-35 mM (left). Fitting the difference in absorption at 380 nm versus
the concentration of phenol gives a Ka= 58.4+2.8 M (right).
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Figure B-0-2. Absorption of TAHz as a function of CI-PhOH concentration.
Concentrations ranging from 0-400 mM (left). Fitting the difference in absorption at 380 nm versus
the concentration of phenol gives a Ka= 17.2+0.3 M (right).
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Figure B-0-3. Absorption of TAHz as a function of Br-PhOH concentration.
Concentrations ranging from 0-400 mM (left). Fitting the difference in absorption at 380 nm versus
the concentration of phenol gives a Ka= 19.1+0.7 M (right).
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Figure B-0-4. Absorption of TAHz as a function of H-PhOH concentration.
Concentrations ranging from 0-400 mM (left). Fitting the difference in absorption at 380 nm versus
the concentration of phenol gives a Ka= 8.9+0.1 M (right).
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Figure B-0-5. Absorption of TAHz as a function of CHs-PhOH concentration.
Concentrations ranging from 0-400 mM (left). Fitting the difference in absorption at 380 nm versus
the concentration of phenol gives a Ka= 8.9+0.2 M (right).
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Figure B-0-6. Absorption of TAHz as a function of OCH3-PhOH concentration.
Concentrations ranging from 0-400 mM (left). Fitting the difference in absorption at 380 nm versus
the concentration of phenol gives a Ka= 8.9+0.4 M (right).

Ko Determination via Lifetime Quenching

We took lifetime measurements of TAHz:R-PhOH systems in a range of concentrations using

the TCSPC system mentioned above. We plotted the data according to % =k + kolQ], where ©

is the florescence lifetime, ks is the radiative rate constant, kq is the quenching rate constant, and

[Q] is the concentration of phenol. In this case, the slope is quenching rate constant for each phenol
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derivative. For CN-PhOH the concentration range was 2-10 mM and for all other phenols, the
concentration range was 25- 125 mM. Due to residual pump light out to 5 ns, we fit all decay
curves after this time period. This effectively cut out the fast lifetime component attributed to the
hydrogen-bound complex. This only allows us to report on the quenching of free TAHz as a

function of phenol concentration.
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Figure B-0-7. Stern-Volmer quenching data for TAHz with CN-PhOH.

Gives an average kq=0.56 s*. The range of CN-PhOH concentrations was limited by the solubility
of CN-PhOH in toluene.
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Figure B-0-8. Stern-Volmer quenching data for TAHz with CI-PhOH.
Gives an average ko=2.78 s.
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Figure B-0-9. Stern-Volmer quenching data for TAHz with H-PhOH.
Gives an average ko=2.21 s,
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Figure B-0-10. Stern-Volmer quenching data for TAHz with Br-PhOH.
Gives an average ko=2.73 s.
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Figure B-0-11. Stern-Volmer quenching data for TAHz with CHs-PhOH.
Gives an average ko=4.21 s,

0.6, 0.6
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P
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Figure B-0-12. Stern-Volmer quenching data for TAHz with OCH3-PhOH.
Gives an average ko=4.26 s*.

Quenching Rate Constant Determination via Intensity Quenching
We took PLQY measurements of TAHz:R-PhOH systems in a range of concentrations (0-10
mM) to find the quenching constant and compare to the quenching constant found via lifetime

quenching seen above. By plotting the ratio of the PLQY in the absence and presence of quencher
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(1o/1), we can find the quenching rate constant (kg) by using -1+ k—Q[Q] and knowing the
I kf

fluorescence rate constant of TAHz in toluene without quencher, 3.486x10° s*.!
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Figure B-0-13. Stern-Volmer quenching plots for TAHz.

A) CN-PhOH, B) CL-PhOH, C) H-PhOH, D) Br-PhOH, E) CHs-PhOH, F) OCH3-PhOH in toluene
using PLQY values upon 365 nm excitation.

TR-PL of TAHz in Toluene

Without phenol present, the TAHz emission decays monoexponentially across the entire

spectrum (Figure B-0-14). Therefore, we attribute the fast component of the PL spectrum of TAHz
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and PhOH solutions to a hydrogen-bound TAHz-PhOH complex. We see this fast component with

all phenol derivatives except OCH3z-PhOH (Figure B-0-20).
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Figure B-0-14. The emission spectrum and decay of TAHz in toluene.
Without an abstractable hydrogen present the luminescence spectrum (left) shows a single
exponential decay rate (right).
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Figure B-0-15. Global target analysis of the TR-PL data of TAHz and 50 mM CN-PhOH.

It shows two species associated emission spectra (SAES) (A) and distinct kinetic decays (B).
Emission attributed to the S; state, labeled €1 (red), is the emission shape seen in steady-state
measurements. The second SAES, labeled e> (dotted black), is seen at higher energies and decays
notably faster than €.
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Figure B-0-16. Global target analysis of the TR-PL data of TAHz and 100 mM CI-PhOH.
It shows two species associated emission spectra (SAES) (A) and distinct Kinetic decays (B).
Emission attributed to the S; state, labeled €1 (red), is the emission shape seen in steady-state

measurements. The second SAES, labeled €2 (dotted black), is seen at higher energies and decays
notably faster than €;.
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Figure B-0-17. Global target analysis of the TR-PL data of TAHz and 100 mM H-PhOH.

It shows two species associated emission spectra (SAES) (A) and distinct kinetic decays (B).
Emission attributed to the S; state, labeled €1 (red), is the emission shape seen in steady-state
measurements. The second SAES, labeled e> (dotted black), is seen at higher energies and decays
notably faster than €.
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Figure B-0-18. Global target analysis of the TR-PL data of TAHz and 100 mM Br-PhOH.

It shows two species associated emission spectra (SAES) (A) and distinct kinetic decays (B).
Emission attributed to the S; state, labeled €1 (red), is the emission shape seen in steady-state
measurements. The second SAES, labeled €2 (dotted black), is seen at higher energies and decays
notably faster than €.
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Figure B-0-19. Global target analysis of the TR-PL data of TAHz and 100 mM CH3-PhOH.

It shows two species associated emission spectra (SAES) (A) and distinct kinetic decays (B).
Emission attributed to the S: state, labeled €1 (red), is the emission shape seen in steady-state
measurements. The second SAES, labeled €, (dotted black), is seen at higher energies and decays
notably faster than €.
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Figure B-0-20. The TR-PL of OCH3s-PhOH — a single component.

A) Normalized spectra of TAHz PL at 500 ps (black) and 2-4 ns (grey) show not spectral
difference. The global analysis of the data showed the best fit with only one component, the
spectrum of the species associated emission spectra (SAES) is shown in red. B) The kinetic decay

of the SAES has a lifetime of 1.37 ns.
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Figure B-0-21. Cyclic voltammogram of TAHz in THF.

A) Cathodic cyclic voltammogram of 475 uM TAHz in THF with 250 mM TABPFs as the
supporting electrolyte. The reversible reduction allows us to calculate the Ereq to be -1.22 V vs
SHE. This allows us to calculate the electron affinity (EA) and excited state electron affinity (EA*)
shown in B.

Cyclic voltammograms of TAHz in THF taken inside an argon glovebox are shown in Figure

B-0-21. The 73 mV peak separation suggests this reduction is reversible. From this reduction CV

we can estimate the electron affinity (EA), which corresponds to the LUMO, to be -2.85 eV relative
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to vacuum.? Using the singlet energy, we can estimate the excited state electron affinity (EA*) to
be -5.99 eV relative to vacuum. This energy landscape is depicted in Figure B-0-21 The EA*

represented the driving force for one-electron reduction of the photoexcited TAHz molecule.

Computational Methods

The geometries of the heptazine with PhOH, CN-PhOH, Br-PhOH, CI-PhOH, CH3-PhOH and
OCH3-PhOH complexes were obtained by minimizing the energy of the electronic ground-state
using second-order Mgller-Plesset perturbation theory (MP2).2 The equilibrium geometries of
them were optimized in Cs symmetry to speed up convergence. Vertical excitation energies were
evaluated at these geometries using the second-order algebraic diagrammatic construction scheme
(ADC(2)).* MP2 and ADC(2) have been benchmarked in previous studies and have turned out to
be reliable tools to describe H-atom transfer reactions from water to carbon-nitride
chromophores.>®

For the two-dimensional potential-energy surfaces, the OH- and ON-distances were kept fixed
and all other degrees of freedom were relaxed in order to minimize the energy of the lowest
excited-state of A" symmetry. The Cs symmetry constraint has been applied for all calculations
along the scans to be able to optimize the first excited state of A" symmetry.

Minimum energy geometries of the S; states of the systems were obtained by relaxation of all
degrees of freedom in order to minimize the energy of the S; state using the Cs symmetry
constraint.

The saddle point geometries of the lowest excited-state of A’ symmetry are approached through
structure optimization using the Trust Radius Image Minimization algorithm’, which maximizes

the energy along the only Hessian eigenvector with imaginary frequency while minimizing it along
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all the other directions. This particular vector should describe the H-atom transfer from phenol (or
its derivatives) to heptazine. The estimated geometry of the saddle point from the two-dimensional
potential energy surface served as initial guess for the saddle point optimization. After the
optimization a frequency calculation was performed to confirm that there is only one mode with
an imaginary frequency at the saddle point geometry.

For all calculations Dunning’s correlation-consistent double & basis set (cc-pVDZ)® has been
used and the resolution-of-identity® approximation was applied. Calculations were performed with

the Turbomole program package.*°

Computational Results

Table B-0-1. Experimental data (for TAHz) and computational data (for Hz) for the hydrogen
bonded complexes with the phenol derivatives, where R describes the substituent.

The energies of the first excited singlet state (S1) at the ground-state equilibrium geometry (S:%),
at the equilibrium geometry (S:™"), and at the geometry of the transition state of the ES-PCET
reaction (S1™) are given. Sct®® is the vertical excitation energy of the lowest charge-transfer state.
AE™" is the vibrational stabilization energy of the S; state. AE? is the barrier height for the ES-
PCET on the S; potential-energy surface calculated as the energy difference between the energy
of the transition state and the energy minimum of the locally excited S; state.

Experimental Data Computational Data (eV)
Eo Ko S . _
R (RPhOH*/  (x10° s?) KllE S S S AE™ | ST AE*
RPhOH) PLQY
CN 2.03 0.532 19 |261 3.86 2.52 0.085 |2.89 0.369
Cl 1.88 2.80 1.4 |260 3.45 2.52 0.083 |2.69 0.169
Br 1.86 3.06 1.4 |260 3.44 2.52 0.083 |2.70 0.177
H 1.88 2.58 15 |260 3.44 2.51 0.083 |2.68 0.167
CHs 1.79 5.14 1.2 |260 3.23 2.51 0.082 |2.61 0.093
OCHs 1.68 5.23 1.1 |259 2.80 2.51 0.081 |----

155



The geometries at the saddle point of heptazine with phenol and its derivatives are shown in
Figure B-0-22, except for heptazine with OCH3-PhOH, as there is no barrier and saddle point along

the ES-PCET. The structures are ordered according to their hydrogen bond length.

A) , B)

1.44 A

D)

/ 1.60A : /168 A

Figure B-0-22. Geometries of heptazine with A) CN-PhOH, B) CI-PhOH, C) Br-PhOH, D) PhOH,
E) CH3-PhOH complexes at their transition state.
The geometry of heptazine with F) OCH3-PhOH is an arbitrary structure between the FC point and

the biradical state.
As optimization of the saddle points is a subtle task, the cartesian coordinates of the transition

structures are given below for future benchmark calculations.

Heptazine with CN-PhOH:
C 2.2300760 -0.1260324  0.0000174

C 2.2186703  1.3014175  0.0000033
C 3.4540070  2.0159678  -0.0000115

156



ITITITIITIIIIZOOZ0Z0Z0Z2Z0Z20Z2ZZ00000
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4.6655797
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-3.4254300
-3.9273367
-3.0361251
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-5.6425871
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-1.3983079
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-1.6622256
-6.7249568
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1.2792904
0.1973327

1.3329382
-0.0867014
-0.8073914

2.0138420
-0.7975145
-1.3814581

0.9961279

2.0225264

1.9066063

0.6680358
-0.4593672
-0.2590085

0.4426489
-0.8441613
-1.9685558
-1.7812680
-1.3075722
-2.5315820
-2.8252754

3.0313155
-1.0115843
-3.3861185

3.1094777

1.8756033
-1.9015247
-0.6729761

1.4315844

Heptazine with CI-PhOH:

0OZ0Z2020200000000

3.9278357
2.5964686
1.5018287
1.7440056
3.0698595
4.1664360
2.4439508
3.3628130
0.0971589
-1.1620603
-2.2292070
-1.9605675
-0.6939074
0.2684217
-1.4066422
-2.7158536

1.5476083
1.0458386
1.9553608
3.3292918
3.8083290
2.9180511
-0.2729359
5.5142426
-1.3587242
-0.8971073
-1.8243487
-3.2142976
-3.6464823
-2.7132800
0.4180953
0.7815606

-0.0000153
-0.0000037
0.0000134
-0.0000021
-0.0000105
-0.0000165
0.0000169
0.0000165
0.0000076
-0.0000010
0.0000008
0.0000101
-0.0000108
-0.0000184
-0.0000172
-0.0000076
0.0000117
0.0000038
-0.0000057
0.0000244
-0.0000268
0.0000057
-0.0000194
-0.0000274
0.0000234
0.0000315
0.0000072

0.0190938
0.0263108
-0.0217232
-0.0773288
-0.0861919
-0.0379357
0.0793903
-0.1559581
0.0752622
0.1284839
0.2263624
-0.0146609
-0.0649814
0.0308302
0.1204695
0.1289987
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Heptazine with Br-PhOH:
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0.2626939
-1.4102110
-2.7204425
-3.8047288
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-5.0675845
-2.9165731
4.7564667
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0.9162146
0.4805017
1.4584071

1.5424482
1.0423146
1.9542440
3.3295168
3.8077553
2.9138963
-0.2772974
5.6683855
-1.3635378
-0.8977604
-1.8200351
-3.2269442
-3.6613174
-2.7217680
0.4179536
0.7780585
-0.0232706
-1.3454539
-4.0788839
-3.5340010
-2.2206972
-3.0694736
-4.2433627
1.8557550
0.8209133
3.3006218
4.0361045
1.5705426
-0.5547074

0.0441063
0.0435611
-0.1542816
-0.1386480
-0.0942671
0.0198841
-0.2208616
0.1591130
0.0578408
-0.0451525
-0.1135978
-0.0091020
0.0749836

0.0001437
0.0002294
0.0000572
-0.0002426
-0.0003477
-0.0001409
0.0004462
-0.0007671
0.0002546
0.0001589
-0.0003801
-0.0002541
-0.0001663
-0.0000086
0.0005525
0.0004888
0.0002572
-0.0000687
-0.0003037
-0.0003408
-0.0001538
-0.0000074
-0.0004563
0.0007372
0.0002955
-0.0002121
-0.0003939
0.0001739
0.0004490
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Heptazine with PhOH:
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Heptazine with CH3-PhOH:
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-0.2284492
-1.6394014
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-1.8986117
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0.3224606
-2.2450895
0.1055202
-0.8343502
0.4701705
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-0.1438337

-0.0002474
0.0000657
0.0002561
0.0000872

-0.0002769

-0.0004309
0.0000465
0.0002413
0.0005058
0.0007939
0.0001460

-0.0001537

-0.0000221
0.0002756
0.0002405
0.0004470
0.0004557

-0.0001741

-0.0003552

-0.0003140
0.0004575

-0.0007892

-0.0005202

-0.0003525

-0.0007216

-0.0004539
0.0002301
0.0005337
0.0000289

-0.0000060
-0.0000004
0.0000298
0.0000565
0.0000528
0.0000197
-0.0000150
0.0000862
-0.0001598
-0.0002626
-0.0005202
-0.0000297
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N -4.0825805 -1.4388206  0.0000650
C -2.7638868 -1.7223676 -0.0001143
N -1.0766353  1.4039970 -0.0001841
C -1.4989945  2.6957832  -0.0001688
N -2.7691177  3.1556942  -0.0000032
C -3.7412400  2.2321955 -0.0000680
N -5.7002411  0.2408159  0.0002661
C -5.9319839  1.5736850  0.0002719
N -5.0282938  2.5865154  0.0002249
H -2.4820433  -2.7805274  -0.0001157
H -6.9845343  1.8754426  0.0004359
H -0.7098641  3.4550088 -0.0001938
H 0.9900810  0.4154575  -0.0000299
H 3.2768836 1.4127387  0.0000164
H 5.0282994  -2.5487082  0.0000815
H 2.7305184  -3.5541369  0.0000325
H -0.2185091 -1.5697507 -0.0000541
H 6.2707608 -0.2195105 0.8891184
H 5.6653119 1.2057762  0.0000789
H 6.2708090 -0.2195210 -0.8889113
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Appendix C: Supplementary Information for Chapter 6

Two-Component Ka Model

The lack of isosbestic point seen in Figure 6-2 of the main text is a clear indication that the
system is more complicated that conversion between free TAHz and a singly-bound TAHz
chromophore. So while analyzing the data with the single-association model done previously!
allows for a qualitative comparison of Ka values across the different phenol derivatives, it does
not accurately represent the Ka values. Additionally, this means isolating an absorption spectrum
for a specific complex cannot be obtained by simply saturating the solution with phenol. To attempt
to extract a singly-bound absorption spectrum of the TAHz-PhOH complex, we used the method
laid out by Demeter and coworkers to model the OD at a given wavelength (A;) as a function of
PhOH concentration [X] given two association steps (K1 and Kz) .22

At each wavelength, we perform a least squares fitting procedure to Equation 1.

Ay = e,y [T] + erx, [TX] + 6TX2/1[TX2] 1)

Where the concentration of unbound TAHz (T), singly-bound TAHz-PhOH complex (TX) and

the doubly-bound TAHz-(PhOH)2 (TX>) are defined by Equations 2-4.

[T] = [T]o - ET]X[] ]— [TXZ] (2)
_ K1[TTo[X
[TX] = 1+K1 [X]+K1 K2 [X]? (3)
K1K>[T]o[X]?
[TX] = 14K, [X]+K1 K2 [X]? (4)

To implement the model and to iterate the fit routine through at all wavelengths, we wrote a
python script that is publicly available on GitHub

(https://github.com/theomnipanda/double_association_constant). This code can be applied to
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other systems, however, it is important to note that it does not currently account for the absorption
of the H-bond donor. In our case, only TAHz absorbed in the region of interest, so we did not
include any contribution from PhOH, although this could be easily be added.

While TAHz certainly has more than 2 hydrogen-bonding sites, it appears this model is sufficient
to capture the trends in the data. Figure C-0-1 shows four different representative fits at 365, 380,

400, and 450 nm. All data traces appear to be fit well by the model and do not appear to require a

3" association constant.
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Figure C-0-1. Two-component fit compared to data
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Measured optical densities (orange dots) compared to the model fit (blue lines) at A) 365 nm, B)
380 nm, C) 400 nm and D 450 nm. We observe a good fit to the data over a large range of
wavelengths. Note that the data at 450 nm is on the order of mOD, so while the signal is near the
detection limit, the model fits the trend well.

Time Resolved Photoluminescence
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In the absence of a hydrogen-bond donor, the photoluminescence of TAHz shows only one

component. Figure C-0-2 shows the spectral and kinetic traces from TR-PL of TAHz in toluene

suggest there is only one luminescing species which decays with a lifetime of roughly 300 ns.

-
o
L

0.8

0.6

0.4+

0.2+

Normalized PL Intensity

0.0 -
450

475

500 525 550
Wavelength (nm)

575

Figure C-0-2. TAHz in Toluene TR-PL
The emission of TAHz in toluene, without an abstractable hydrogen present, shows only one decay

rate (right) across the PL spectrum (left).
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When PhOH is present with TAHz in toluene, we observe a clear second component with a faster

decay rate, shown in Figure 6-3. We attribute this new fast component to the emission from a

hydrogen-bonded TAHz-PhOH complex. To support this assignment, Figure C-0-3 shows the

relative growth of the high-energy fast component relative to the slow component upon increasing

concentration of PhOH. Additionally, we cannot attribute this change in spectral shape to a change
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in local dielectric constant, since the spectral of shape of TAHz emission in toluene and a 50:50

mixture of toluene and benzonitrile look nearly identical, as shown in Figure C-0-4.
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Figure C-0-3. TR-PL with increasing [PhOH]

Phenol (PhOH) concentration-dependent TR-PL suggesting that the high energy emission is from
a hydrogen-bonded complex. A) Kinetic decay rates of bonded TAHz S; (solid) hydrogen-bonded
TAHz-PhOH (dotted) with different PhOH concentrations: 25 mM (red), 50 mM (orange), 75 mM
(green), and 100 mM (blue). B) High energy emission grows in with increasing [PhOH] relative
to low-energy emission.
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Figure C-0-4. Effect of dielectric constant of PL shape

The emission spectra of TAHz in toluene (black) and a 50:50 mixture of toluene and benzonitrile
(red) show no meaningful spectral difference. This suggests the dielectric constant of the solvent
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likely does not play a meaningful role in the change in spectral shape with varying phenol
derivatives.

Spectral Modeling

Given the striking difference in spectral shape of the fast component spectra with different
phenols, we wanted a way to quantify these changes. Initially, we fit Gaussian distributions to the
distinct peaks/shoulders and compared across all TAHz-R-PhOH emission lineshapes. This was
useful in picking out the spacing between vibronic peaks. We noticed that both the fast and slow
components have similar spacing, which suggests that both transitions are coupled to a local TAHz
molecular vibration (Figure C-0-5) but showed different relative intensities of those peaks. To
quantify the extent of excited-state displacement for each complex, we attempted to estimate the
Huang-Rhys factor by taking the ratio of the 0-0 and 0-1 individual Gaussian peaks. However, this
resulted in Huang-Rhys factors as high as 5 for CH3-PhOH-TAHz and 3 for PhOH-TAHz. This
seemingly unphysical value along with the non-Poisson distribution of the individual Gaussian
intensities, we turned to a quantum-optical model of the fluorescence lineshape to ensure we were
extracting physically-relevant information. Indeed, when we attempted to fit the same spectrum
with the model containing a single vibration (the assumption when fitting a series of Gaussians),

the lineshape was not captured (Figure C-0-6).
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Figure C-0-5. Gaussian fits to absorption and emission spectra

Using a series of Gaussians, we can estimate the peak splitting of the vibronic progression for the
free TAHz absorption (A) and emission (B) and the hydrogen-bonded TAHz-PhOH absorption
(C) and emission (D). By looking at the difference in peak positions, all spectra have roughly the
same spacing of ~0.15 eV. This suggests that all these transitions are coupled to a similar molecular

vibrational mode of the TAHz chromophore.
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Figure C-0-6. One-vibrational mode fit to data

Using the harmonic quantum optical model to fit the area-normalized extracted TAHz-PhOH data
(black dots), with only one vibrational mode, the fit (solid red line) does not capture the lineshape.
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The resulting model and fitting procedure is publicly available on GitHub and can be found here

(https://github.com/ejanerabel6/modeling TAHz emission).

For each dataset, the temperature parameter was set to 294 K, as that was the measured
temperature in the lab during each experiment, though small changes in temperature (290K-298K)
did not appear to dramatically change the resulting lineshape. In general, it is worth noting that the
fit result is sensitive to initial guesses as there appears to be many local minima caused by the
similar qualitative effect of increasing the intrinsic linewidth and the displacement of low mode.
For all the following fits (Figure C-0-7 through Figure C-0-11), a range of physically relevant
initial guesses were tried, and the ones returning the lowest R? value were used and listed in the
figure captions. The errors listed with the fit results were taken from the diagonal elements of the

covariance matrix of the fit parameters.
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Figure C-0-7. CN-PhOH-TAHz model fit

Fitting the extracted CN-PhOH-TAHz emission data (blue dots) with the two-component harmonic
model (black solid line on bottom plot). The initial guesses were: Eqo= 2.63, 01=0.13, d1=1.4, w2=
0.02, d2=1.3, y=0.01. The fit results were: Eqo= 2.63549+0.00005 eV, w:= 0.12839+0.000003 eV,
d1=1.4378+0.0003, ®2=0.019441+0.000005 eV, d»=1.961+0.003, y=0.01233+0.00002 V.
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Figure C-0-8. CF3-PhOH-TAHz model fit

Fitting the extracted CFs-PhOH-TAHz emission data (blue dots) with the two-component
harmonic model (black solid line on bottom plot). The initial guesses were: Eqo= 2.63, w1= 0.13,
di=1.4, w= 0.02, d»=1.5, y=0.015. The fit results were: Eqo= 2.64521+0.00002 eV, wi=
0.13106+0.000007 eV, di1=1.6567+0.0006, ®.=0.02231+0.000005 eV, d.=1.88+0.01,
v=0.01622+0.0001 eV.
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Figure C-0-9. CI-PhOH-TAHz model fit

Fitting the extracted CI-PhOH-TAHz emission data (blue dots) with the two-component harmonic
model (black solid line on bottom plot). The initial guesses were: Eqo= 2.63, 01=0.13, d1=1.4, w2=
0.02, d2=2, y=0.015. The fit results were: Ego= 2.63999+0.00002 eV, w1= 0.13167+0.000005 eV,
d:1=1.6567+0.0005, »>=0.01973+0.000002 eV, d»=2.17£0.009, y=0.01418+0.0003 eV.
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Figure C-0-10. PhOH-TAHz model fit

Fitting the extracted H-PhOH-TAHz emission data (blue dots) with the two-component harmonic
model (black solid line on bottom plot). The initial guesses were: Ego= 2.62, 01=0.13, d1=1.8, m>=
0.02, d2=2, y=0.015. The fit results were: Ego= 2.63683+0.00003 eV, w1= 0.13271+0.000007 eV,
d1=1.6994+0.0008, »>=0.02302+0.000003 eV, d»=2.11+0.01, y=0.01626+0.0003 eV.

170



TAHz-CH,-PhOH

Area Normalized Intensity

2.2 . 2?4 ‘ 2?6 . 28
Energy (eV)

Figure C-0-11. CH3-PhOH-TAHz model fit

Fitting the extracted CH3-PhOH-TAHz emission data (blue dots) with the two-component
harmonic model (black solid line on bottom plot). The initial guesses were: Eqo= 2.62, ®1= 0.13,
di=1.8, 2= 0.02, d»=2, y=0.015. The fit results with the corresponding errors from the fit routine
were: Eqo= 2.62307+0.00001 eV, m1= 0.132529+0.000005 eV, d1=1.7395+0.0007, w.= 0.0158754
+0.0000005 eV, d»=2.67+0.01, y=0.0113357+0.00001 eV.
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Figure C-0-12. Adding anharmonicity to slow component spectra

Fitting the extracted slow component of the TAHz-PhOH spectrum (blue line) is not well-
described by the harmonic model (black line). Adding anharmonicity (orange line) to the high
frequency mode improves the fit. However, the fit routine is complicated by frequently diverging
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and requiring a specific number of cumulant terms. This fitting routine is in progress but has not
yielded a satisfactory result yet.

Electronic Structure Calculations

In order to visualize what molecular vibrations are coupled to the electronic transition observed
by the luminescence spectra, we used DFT and TD-DFT. Figure C-0-13 shows the different
optimized geometries of TAHz in the ground and first excited state. We observe a clear distortion
to the planarity of the ring. This supports the assignment of the ~200 cm™ mode extracted from
the emission model to be due to ring puckering motions shown in Figure C-0-14. The high
frequency mode likely corresponds to a heptazine ring-breathing mode, of which there are many

transitions in the 1000-1200 cm™ range, shown in Figure C-0-15.
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Figure C-0-13. Optimized geometry of TAHz in ground and excited state

A) Optimized ground state geometry of TAHz is planar. B) The optimized geometry of the first
excited state. The most striking difference is the breaking of planarity by the umbrella motion of
the central nitrogen.
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Figure C-0-14. Ring-puckering modes
Three representative ring-puckering vibration modes of TAHz calculated at ground state optimized
geometry (wavenumbers are raw values from calculation).
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Figure C-0-15. Heptazine-ring breathing modes

Three representative ring-breathing vibration modes of TAHz calculated at ground state

optimized geometry (wavenumbers are raw values from calculation).
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(a) Mode #112 (Ground state optimized, 1083.87 cm™)
9

N---H 214798 (A) N--H 1.78542 (A)

(b) Mode #113 (Ground state optimized, 1088.35 cm™)

N--H 2.10268 (A) N---H 1.83360 (A)

Figure C-0-16 Ground state CI-PhOH-TAHz molecular vibrations

Two representative ring-breathing vibration modes of TAHz — CI-PhOH complex calculated at
ground state optimized geometry (wavenumbers are raw values from calculation).
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(a) Mode #114 (symmetry-forbidden n* state optimized, 1068.95 cm™)
? s
e 4 -a,%‘
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\ __J T
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(b) Mode #110 (symmetry-forbidden nn* state optimized, 1055.82 cm™)
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Figure C-0-17 Excited state CI-PhOH-TAHz molecular vibrations

Two representative ring-breathing vibration modes of TAHz — CI-PhOH complex calculated at
excited state (symmetry-forbidden nz*) optimized geometry (wavenumbers are raw values from
calculation).

Table C-0-1 Ground state optimized geometry of TAHz (Cartesian coordinates in Angstroms)
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Atom X Y Z

C 1.84637600 -1.89122200 -0.00010100
C -0.38030000 -1.35409700 -0.00011200
C 1.36255100 0.34769400 -0.00001200
C -0.98264700 1.00620400 0.00000400
C -2.56115800 -0.65358400 -0.00004800
C 0.71442600 2.54462200 0.00003700
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-0.60534900
1.70502000
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2.27910900
0.56144400
-1.67415100
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2.46737400
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2.85517500
3.21377000
0.51378700
-0.90779400
1.87569000
3.90937100
-0.22369400
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3.47184600
1.45477800
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4.52424800
4.83154800
3.16034900
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-3.98547900
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-5.72280500
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-6.70701600
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2.13870500
-7.99267100
5.85440500
3.49511500
4.02652100
3.46544100
4.02648600
5.54593600
4.97907400

2.28238200
1.63282200
-0.00006400
-0.61713000
-2.29323600
-1.66542700
0.66020900
3.95990100
4.32085300
4.97996400
5.65683500
3.53494100
6.31133900
4.70037900
6.66146600
5.90552400
7.10681500
-2.94285000
-4.29742300
-2.61038400
-5.30106300
-4.55110200
-3.60024100
-1.56379100
-4.95482500
-6.33843700
-3.35907100
-1.01717500
-0.02368000
-2.36945700
-0.35588900
1.01568500
-2.71083600
-3.13636400
-1.70650100
0.43268200
-3.74727000
7.99417900
-2.14512400
-5.84871900
8.42070200
8.07280400
9.51083500
8.07278200
-7.23675000
-7.52320100
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0.00004200
0.00002400
-0.00004700
-0.00001200
-0.00015600
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0.00002400
0.00000400
0.00002800
-0.00001000
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-0.00003400
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-0.00005700
-0.00007600
0.00000700
-0.00003300
-0.00012600
0.00005000
0.00001800
0.00003500
-0.00006200
0.00010000
-0.00003100
0.00004700
-0.00009200
0.00006800
0.00008900
-0.00007400
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0.00001000
0.00012500
-0.00012100
-0.00001300
0.00002300
0.00008000
0.00002000
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0.00003300
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-0.89397000



H 6.50499500 -7.75586200 0.00025200
H 4.97896300 -7.52307800 0.89425100
C -9.04022600 -1.18366900 0.00014400
H -9.00461300 -0.54946800 -0.89393100
H -9.96949300 -1.75439800 0.00016400
H -9.00450900 -0.54957900 0.89429300
Table C-0-2 Lowest singlet excited state optimized geometry of TAHz

Atom X Y Z

C 0.69415300 2.56954700 -0.14828500
C -0.98981300 0.99328300 -0.12806700
C 1.35509800 0.36000700 -0.12845700
C -0.36582600 -1.35424200 -0.12770600
C -2.57286400 -0.68386500 -0.14796300
C 1.87817800 -1.88647600 -0.14890000
N 0.57878800 -2.27730200 -0.22897100
N 2.27398900 -0.58885600 -0.23067400
N -0.00012900 -0.00030300 0.12422000
N 1.68215300 1.63961000 -0.22963800
N -0.62754600 2.26356300 -0.22998900
N -2.26149700 0.63675300 -0.22915900
N -1.64710200 -1.67558200 -0.22936900
C 2.90517200 -2.91749900 -0.07035200
C 4.26805900 -2.57452300 -0.02790400
C 2.55558500 -4.28504100 -0.02075500
C 5.25442800 -3.55113200 0.06147500
H 4.54533300 -1.52741300 -0.06897300
C 3.53034000 -5.26161300 0.06833300
H 1.50763000 -4.55940400 -0.05654700
C 4.88986100 -4.90486400 0.11025600
H 6.29532400 -3.25270000 0.09119400
H 3.27173600 -6.31449800 0.10623900
C 1.07388500 3.97435900 -0.06995100
C 0.09581000 4.98349500 -0.02591500
C 2.43321200 4.35490300 -0.02236900
C 0.44900900 6.32589900 0.06306900
H -0.94981600 4.70044100 -0.06546700
C 2.79218000 5.68720700 0.06618300
H 3.19448200 3.58428400 -0.05947900
C 1.80388500 6.68653800 0.10970600
H -0.32955300 7.07845700 0.09408600
H 3.83347200 5.98931900 0.10246900
C -3.97938400 -1.05732000 -0.06984500
C -4.36435400 -2.40887500 -0.02577800
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(847) 651-2303 e linkedin.com/in/emily-rabe/ @ rabee@uw.edu
SUMMARY

I am passionate about accelerating energy efficient and clean energy technologies towards societal impact. Through years of
energy-related research and technical consulting, | am practiced at learning new fields quickly and communicating efficiently
within collaborative teams. | am committed to apply my knowledge and skills to further clean energy research

EDUCATION
University of Washington Seattle 2015-August 2020
Ph.D. Candidate in Materials Chemistry GPA: 3.82
Fellowships and Awards:
o  Graduate Fellow of the Clean Energy Institute « PNNL Graduate Fellow
o Torrance Tech Due Diligence Fellow « Excellence in Chemistry Graduate Fellowship
o NSF Honorable Mention « ARPA-E Student Program Attendee (2017,
2019)
St. Olaf College, Northfield MN 2010-2014
B.A., magna cum laude, in Chemistry with Distinction Major GPA: 3.89
Fellowships and Awards:
o American Institute of Chemists Award o Departmental Service Award
o American Chemical Society Certification « Phi Lambda Upsilon
WORK EXPERIENCE
Graduate Research Assistant University of Washington 2015-present

« Investigate photophysical processes in solar harvesting technologies using spectroscopic and
electrochemical techniques

«  Synthesize organic molecules and design systematic mechanistic studies to probe their photochemistry

» Fabricate novel organic solar devices and characterize efficiencies

« Consolidate and present findings in peer-reviewed journal articles and at international conferences

Senior Venture Analyst Washington Research Foundation 2019-present
« Perform initial screenings of companies for investment regarding the technology, market, and
competitors
o Model the expected internal rate of return on potential investments
o  Compile information and questions into concise reports and presentations monthly

Technical Consultant E8 Angel Investing Group 2017-2018
« Investigated clean technology startups with an eye towards intellectual property, technology scalability,
and market size
o Wrote due diligence reports highlighting major strengths and concerns regarding each company

Chemist Argonne National Lab-Energy Systems 2014-2015

o Collaborated with interdisciplinary teams focused on scaling nanomaterial technologies for energy
applications

o  Wrote quarterly reports, designed slides for annual reviews, contributed to grant proposals

«  Optimized heterogeneous vapor-phase sol-gel polymerization procedures of silica nanoparticles for
biofuel adsorption

«  Performed electrospinning to produce magnetic nanotubes and fabricated water filtration membranes
(patented)
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Summer Intern Argonne National Lab-Energy Systems 2013
« Developed a polymerization method to encapsulate magnetically aligned nanotubes for energy-efficient
water filtration
« Prepared and characterized magnetic nanomaterials on the gram-scale for application in electric vehicles
o Assisted in optimization of hydrocyclone protocols for dewatering algae for biofuel applications

Research Assistant St. Olaf College 2012-2013
« Investigated human scent composition using gas chromatography-mass spectrometry experiments
« Created and managed large datasets to help assess the viability of human scent as evidence in forensic
cases

REU Student University of lllinois Champagne-Urbana 2012
« Devised functionalization routes to promote polymer drug encapsulation for targeted delivery
« Synthesized and characterized biocompatible hyperbranched polymers

PATENT

Chen. X.; Iganacio-de-Leon, P.; Rabe, E.; Urgun-Demirtas, M.; Brotzman, R. Magnetic Nanotube Composite
Membranes. US 10,022,676

PUBLICATIONS

Peer-Reviewed Articles
Rabe, E J..; Goldwyn, H. J.; Hwang, D.; Masiello, D. J.; Schlenker, C. W. Intermolecular Hydrogen Bonding Tunes
Vibronic Coupling in Heptazine Complexes. In Preparation.for real

Enright, M.; Dou, F.; Wu, S.; Rabe, E.; et. al. Seeded Growth of Nanoscale Semiconductor Tetrapods: Generality
and the Role of Cation Exchange. Chem. Mater. 2020. DOI: 10.1021/acs.chemmater.0c01407

Ehrmaier, E.; Huang, X.; Rabe, E J.; et. al. Molecular Design of Heptazine-based Photocatalysis: Effect of
Substituents on Photocatalytic Efficiency and Photostability. J. Phys. Chem. C. 2020, DOI:
10.1021/acs.jpca.0c00488

Corp K. L.; Rabe E. J.; Huang, X; et. al. Control of Excited-State Proton-Coupled Electron Transfer by Ultrafast
Pump-Push-Probe Spectroscopy in Heptazine-Phenol Complexes: Implications for Photochemical Water
Oxidation. J. Phys. Chem. C. 2020, DOI: 10.1021/acs.jpcc.0c00415 ACS Editor’s Choice

Rabe, E. J.; Corp, K. L.; Huang, X.; Ehrmaier, J.; Flores, R. G.; Estes, S. L.; et. al. Barrierless Heptazine-Driven
Excited State Proton-Coupled Electron Transfer: Implications for Controlling Photochemistry of Carbon Nitrides
and Aza-Arenes. J. Phys. Chem. C. 2019, 123 (49), 29580-29588.

Pristash, S. R.; Corp, K. L.; Rabe, E. R.; Schlenker, C. W. Heavy-Atom-Free Red-to-Yellow Upconversion in a
Thiosquaraine Composite. ACS Appl. Ener. Mater. 2019 DOI: 10.1021/acsaem.9b01808

Ehrmaier, J.; Rabe, E. J., et al. Singlet-Triplet Inversion in Heptazine and in Polymeric Carbon Nitrides. J. Phys.
Chem. A. 2019, 123 (38), 8099-8108.

Rabe, E. J.; Corp, K. L.; et. al. Proton-Coupled Electron Transfer from Water to a Model Heptazine-Based
Molecular Photocatalyst. J. Phys. Chem. Lett. 2018, 21 (9), 6257-6261.

Sulas, D. B.; Rabe, E. J.; Schlenker, C. W., Kinetic Competition between Charge Separation and Triplet Formation
in Small-Molecule Photovoltaic Blends. J. Phys. Chem. C. 2017, 121 (48), 26667-26676.

Ignacio-de Leon, P.A.; Chen, X.; Rabe, E.J.; et. al. Magnetically Aligned Nanotubes in Nanocomposite Membranes
for High-Performance Filtration Applications. TechConnect Briefs: Advanced Materials, 2016, Chapter 8, pp. 257
- 260.

Book Chapter

Rabe, E.; Schlenker, C. Excited State Energies Drive Charge Transfer in Organic Semiconductors. In World
Scientific Handbook of Organic Electronics; So, F.; Rand, B.; World Scientific Publishing.
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PRESENTATIONS

Oral Presentations
Exploring Excited-state Manifolds of Photocatalysts Using Pump-push-probe Spectroscopy. ACS Spring
Meeting, 2019, Orlando, FL.

Proton-Coupled Electron Transfer in a Model Heptazine-Based Photocatalyst. MRS Fall Meeting, 2018, Boston,
MA.

National Labs and Nanoscience. Invited Seminar, February 20", 2015, St. Olaf College; Northfield, MN.

Two Aspects of Green Energy: Biofuels and Water Filtration. SULI Student Program, 2013, Argonne National
Lab.

Invited Speech
My Grad School Puzzle: Making connections for clean energy and strong communities. Chemistry Awards
Dinner, 2019.

Poster Presentations
Exploring PCET Reactions with Molecular Heptazine. Gordon Research Conference, Easton, MA.

Proton-Coupled Electron Transfer from Water to a Model Heptazine-Based Photocatalyst. CEl Orcas
Conference, 2018, San Juan, WA. Runner-up for Best Poster

Controlling Exciton-Charge Annihilation via Spectral Polaron Cloaking. CEl Orcas Conference, 2016, San
Juan, WA

Synthesis of Functionalized and Clickable HPGs for the Creation of Amphiphilic Molecules, Undergraduate
Research Symposium, 2012, Washington University; St. Louis, MO

COMMUNITY INVOLVMENT AND LEADERSHIP

Chemistry Mentorship Network University of Washington 2016-present
Co-Founder
« Designed and implemented a voluntary peer mentorship program to foster communication and
community

o Over 80% of the incoming students are now involved in the program

Inclusion in Chemical Sciences University of Washington 2015-present
Co-President (2019), Vice President (2018), Treasurer (2017)
« Plan and facilitate programs to encourage and support women and minorities in science
« Collaborate with the Diversity in Clean Energy organization to provide annual career development
workshops
« Organize and manage budget for all events and prepare a budget proposal for the coming year

Undergraduate Mentor University of Washington 2016-present
« Guide undergraduate students in independent scientific projects focused on solar energy conversion (4
students in total)
« Engage in discussions regarding research, professional careers, and personal experiences as a woman in
STEM
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