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Unlocking Graphene Functionalization: Synthesis of Photo- and Redox-Active Pyrene
Derivatives for Advanced Energy Storage and Optoelectronic Applications

Cheng Peng
Department of Chemistry and Chemical Engineering

Chalmers University of Technology
Abstract

The unique properties of two-dimensional (2D) materials, particularly graphene, have garnered
significant research interest across various interdisciplinary fields and hold promise for
applications in areas such as field-effect transistors, biological systems, water purification, and
energy storage devices. Functionalizing graphene mitigates its tendency to reaggregate, while
introducing functional groups imparts new properties, effectively expanding the range of its
applications. It has proven to be a powerful strategy for enhancing graphene's versatility and
potential across diverse technological domains.

The extensive use of fossil fuels has led to significant environmental challenges and raised
concerns over the depletion of fossil energy resources, highlighting the urgent need for sustainable
alternative energy sources. Lithium-ion batteries (LIBs), widely used as primary energy storage
devices in daily life, offer the advantage of high energy density. However, their application in
large-scale energy storage is constrained by limitations in power density, safety concerns, and
reliance on finite resources. Aqueous supercapacitors incorporating 2D materials present a
promising solution to these challenges. In this thesis, we have developed aqueous supercapacitors
using pyrenetetraone derivative-functionalized graphene as cathode materials and thermal treated
Ti3C,Tx as the anode material. The as-assembled supercapacitor can deliver an excellent energy
density of 38.1 Wh kg'! at a power density of 950 W kg''. Moreover, various spectroscopic
analyses reveal distinct interaction behaviors among differently functionalized 2D materials,
offering valuable insights for the development of organic-based electrode materials.

In addition, donor-acceptor (D-A) systems based on pyrenetetraone derivatives have been
designed and synthesized for the noncovalent functionalization of graphene. The interaction
between the D-A molecules and graphene was studied using different characterization techniques.
The structure—property relationship in the nonlinear optical response of the hybrids will be further
explored.

Keywords: 2D materials, graphene, organic functionalization, aqueous energy storage,
optoelectronics, nonlinear optics
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Introduction and background of graphene and pyrene derivatives

1. Introduction and background of graphene and pyrene derivatives
1.1 Graphene:

Carbon is one of the 14 elements that was known before the scientific revolution. It is the 15" most
abundant element in the earth’s crust and the fourth most abundant element in the observable
universe. Carbon also serves as a common element of our life. It is the second most abundant
element by mass in the human body occupying an 18.5% mass ratio.l'! Carbon also serves as a
common element in our daily life. The diversity of carbon includes various organic compounds
and allotropes such as diamond, graphite, graphene, carbon nanotubes, and fullerenes. Among
them, as the first discovered 2D material, graphene is the thinnest and strongest material and
possesses excellent thermal and electrical conductivity.[?! In addition, the unique band structure
endows graphene with outstanding physical properties such as ballistic transport, quantum hall

effect, and high carrier mobility, which have drawn significant research interest.

Figure 1.1. Band structure of graphene. Adapted with permission from ref.[3] Copyright 2009, American Physical
Society.

Graphene consists of two sp? carbon atoms in each unit cell, resulting in two conical points K and
K’ in a Brillouin region (Figure 1.1). The conduction band and the valence band of graphene are

tangential at each cross point, which makes graphene a zero bandgap material.[*! This unique

1
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electronic structure limits the applicability of graphene in semiconductors. Chemical
functionalization of graphene via covalent or noncovalent approaches have been proven as a
feasible strategy to open a bandgap for graphene.l! Additionally, introducing functional groups on

the surface of graphene can impart diverse properties, broadening its range of applications.[5-*]
1.2 Pyrene chemistry

1.2.1 Electron structure of pyrene

Pyrene is a simple polycyclic aromatic hydrocarbon (PAH) that was first isolated from coal tar by
Laurent.’! It is believed to form via the combustion of organic compounds. About one hundred
and twenty years later, pyrene has become an abundant, inexpensive building block for dye

chemistry, due to the development of industrial chemistry.

Figure 1.2. The atom numbering of pyrene according to IUPAC.

Pyrene consists of 14 carbons in the same plane. The planarity allows the n-electrons to be fully
delocalized on both sides of the carbon backbone. According to the IUPAC recommendation in
1998, the carbon atoms in pyrene can be labeled as shown in Figure 1.2.1'% There is also a common
expression for the 4, 5, and 9, 10 positions as K-region to distinguish the reactivity from other non-

K-regions.

To understand the differences in reactivity at various positions, two different models of pyrene

have been introduced in this chapter: Clar’s rule!'!l and Frontier Molecular Orbital theory.[!?]
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Figure 1.3. Model of pyrene according to Clar’s rule.

Figure 1.3 describes the model of pyrene based on Clar’s rule. Pyrene can be considered as two
ethenyl groups attached at the 2,2’ and 6,6’ of a biphenyl group. Consequently, the carbon atoms

in the K-region exhibit alkene-like characteristics.

HOMO

Figure 1.4. Frontier orbitals of pyrene (HOMO left, LUMO right) calculated by DFT B3LYP (6-31GD).

A similar conclusion can be obtained according to the Frontier Molecular Orbital Theory (Figure
1.4). Based on the result from the DFT calculation, the frontier orbitals show a significant nodal
plane passing through the 2,7 positions of pyrene, indicating a low reactivity at these two positions.
In contrast, the 1, 3, 6, and 8 positions as well as the 4, 5, 9, and 10 positions are regions with large

orbital lobs, making functionalization at these positions much easier.

1.2.2 Functionalization at the 1,3,6,8 positions

Considering the distribution of pyrene’s HOMO, the reactivity of electrophilic aromatic
substitution at the 1,3,6,8 positions is the highest. Bromination is an important path to initiate the
functionalization of pyrene. The C-Br bond can be easily converted into the C-N or C-O bonds via
transition metal-catalyzed coupling reactions. By controlling the stoichiometric equivalent of

bromine, pyrene can be converted into 1-bromo- (I-2), 1,6-dibromo- (I-3) and 1,8-dibromo- (I-4),
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1,3,6-tribromo- (I-5), and 1,3,6,8-tetrabromopyrene (I-6), respectively.l'*! As a key precursor for
introducing functional groups onto pyrene, bromopyrenes have been deployed to construct

[14

different kinds of highly efficienct D-A luminescent materials via Suzuki coupling,['*) Sonogashira

coupling,['>) Heck coupling,!'®! as well as Buchwald-Hartwig amination.[!”]

—» sollvaloelios]

1-1 1-2 1-3 1-4 I-5 1-6
Figure 1.5. Bromination of pyrene.

Beyond the bromination of pyrene, functionalization at the 1-position with carbaldehyde (I-7) can
be synthesized via the Vollmann approach!?! or in the presence of a Lewis acid, with a good yield
(Figure 1.6).I'81 Subsequently, 1-methylpyrene (I-8) can be obtained using the Wolff-Kishner-
Huang reduction, with an 80% yield.

NH,NH,

OHC toluene Me
IO |O diethylene glycol
“ ClzCHOMe reflu;, ay O
— e )= (1]
TiCly KOH, 180°C

1-1 1-7 1-8
Figure 1.6. Formylation of pyrene via Lweis acid approach and Wolff-Kishner-Huang reduction.

It is worth mentioning that building blocks such as I-2 are widely used when pyrene is deployed
as the m-binding anchor for the functionalization of graphene/carbon nanotubes,!®-2!]
organometallic complexes,?>23] and conjugated polymers.?*! In contrast, owing to the symmetry,
I-6 is frequently used as the precursor for constructing the central building blocks for metal-

organic frameworks.[?3-26]

1.2.3 Functionalization at the 4,5,9,10 positions
As mentioned in the previous section (Figure 1.3), Clar’s sextet rule is meaningful to understand

the selectivity of the functionalization of the K-region (4,5,9,10 positions of pyrene). The alkene-
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like character of the K-region enables it to react with reagents such as palladium on charcoall?’!

and osmium tetraoxide.[?8]

The oxidization of pyrene in the K-region to afford diketones (I-9) and tetraketones (I-10) was
firstly reported using OsO4 and was later extended to RuQ4.1?°! In 2005, Harris’ group developed
a novel oxidation method with RuCl3/NalOs (Figure 1.7).°% The abundant ketone groups enable
diketones and tetraketones to play an important role in energy storage and further functionalization
into acenes and heteroacenes. Our work begins with 4,5,9,10-pyrene tetraone (I-10), which will

be discussed in detail in the later chapters.

RuCI3/NaIO4 60‘ o
DCM, MeCN, HZO O o)

Figure 1.7. Oxidation of pyrene to afford diketones and tetraketones.

1-10

Interestingly, the regioselectivity of functionalization can be controlled by introducing bulky
groups at the 2 and 7 positions, which effectively block the attack from the electrophiles at the 1,
3, 6, 8 positions. Yamato group selectively functionalized the 4,5,9,10 positions of pyrene with
bromine and iron (III) in the presence of bulky fert-butyl groups at the 2,7 positions.!! Thus, the
tetrabromo product I-12 can be converted into the 2,7-tert-butyl-4,5,9,10-pyrenetetraone I-15.

tert-BuCl NaOMe | (I) BBry o y Si0;
AICI ‘ F CI DCM alr
DCM Br DMF

Figure 1.8. Yamato’s 2, 7-bistertbutylpyrene-4,5,9, 1 0-tetraone synthesis.

1.2.4 Functionalization at the 2,7 positions
As mentioned in Chapter 2.1, functionalization at the 2.7 positions is challenging since the frontier

orbital nodal plane passes through these positions of pyrene. Different strategies have been devised
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to address the issue: a) introducing groups with high steric demand; b) the total synthesis of pyrene;

¢) eliminating the nodal plane of pyrene. The strategies will be discussed in the paragraphs below.

As shown in Chapter 2.3, the Friedel-Crafts alkylation using tert-butyl chloride and aluminum
chloride can afford 2,7-tert-butyl-pyrene I-11 in high yield and good regioselectivity as a
thermodynamic product.32! A series of isomers will be obtained in the same reaction if isopropyl

chloride is used as the electrophile.

Multi-step synthesis used to be the predominant strategy to obtain the 2,7-substituted pyrene for a
long time. According to Boldt and Bruhke’s method (Figure 1.9), the synthesis of 2,7-substituted
pyrene starts with the construction of thiocyclophane (I-17).533! Via a subsequent sulfur extrusion,
3a'-5a' bond formation, and a final oxidation, the 2,7-dihydroxylpyrene was obtained (I-21). The
attempt to form diketone (I-22) was failed.

&

1-16 1-17 1-18 1-19 1-20 1-21 1-22

Figure 1.9. Attempted pyrene-2,7-dione total synthesis. i: m-MeOPh(CH:Br), KOH. ii: hv, (CH30)sP. iii: BBrs. iv:
AgCO:s/celite. v: Pd/C. vi: Pb(OAc)s.

The concept of eliminating the nodal plane can be achieved by partial hydrogenation of pyrene
(Figure 1.10).3% The reduction product I-23 behaves like a 2,2°,6,6’-substituted 1,1’-biphenyl.
The former 2,7 positions have a high orbital density after the hydrogenation, enabling further
bromination. The rearomatization is carried out by bromine in carbon disulfide. The final 2,7-

dibromo pyrene has been proven an important precursor for synthesis and polymer chemistry.
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-1 1-23 1-24 1-25

Figure 1.10. 2,7-dibromopyrene (1-25) synthesis. i: Hz, Pd/C. ii: Br2/CHCIs. iii: Brz, CS:

Owing to the development of transition metal C-H activation, it is possible to introduce functional
groups at the 2,7 positions directly with an iridium/bipyridyl catalyst system.[*3] The 2,7-borylation
product I-26 enables the preparation of various small molecules and polymers via Suzuki-Miyaura

coupling reactions.

Sl

o, O
? Bpin
/B\

Q. & O
O‘ [Ir(u-OMe)(COD)], “
O t-BuBipyr O

Hex. 60 °C, 24 h

Bpin

I-1 1-26

Figure 1.11. Iridium catalyzed borylation of pyrene.

1.2.5 m-extension of diketones and tetraketones

As an important species of pyrene derivatives, pyrene-4,5,9.10-tetraone I-10 plays an important
role in the field of energy storage!*¢-3#! and catalysis*”! due to the abundant redox-active groups.
Besides, the ketone groups endow the possibility to construct polycyclic aromatic hydrocarbon

(PAH) especially acenes and hetero acenes via various paths based on ketone reactions.

The synthesis of acenes lacks the examples starting with pyrene-4,5,9,10-tetraone. However, via
classic reactions such as aldol condensation and Diels-Alder reactions, acene I-28 can be obtained

with a moderate yield (Figure 1.12).[4%]
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(o]
|g o Ph\)j\/Ph R,
—— (D
o] ethanol/KOH R,
Ph

1-9 1-27 1-28

Figure 1.12. Synthesis of acenes starting with diketone.

Compared to the synthesis of acenes, the synthesis of pyrazaacenes from pyrene tetraone is much
straight forward. Various o-diamines are used for condensation reactions in the ethanol/acetic acid

system to obtain different substituted pyrazaacenes.*!]

1.3 Aims

The aims of this thesis in the field of redox- or photo-active functional molecules were to:

I. Design and synthesize pyrene-4,5,9,10-tetraone-based redox- or photo-active functional organic

molecules.

II. Explore the structure-property relationship of graphene-based hybrid materials that are
functionalized with these novel organic species for applications in energy storage and

optoelectronics.
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2. Characterization and analytical methods

The structures of organic molecules are identified by proton/carbon nuclear magnetic resonance,
mass spectrometry, and infrared spectroscopy. The properties of functionalized graphene can be
determined with X-ray photoelectron spectroscopy, UV-Vis absorption spectroscopy, and
fluorescence spectroscopy. The electrochemical performance and the charge storage mechanism
of electrode materials can be measured with cyclic voltammetry (CV), EIS and Galvanostatic

charge-discharge (GCD) tests.
2.1 Nuclear magnetic resonance sspectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is a technique to determine the structure of an
organic molecule and quantify the components in a mixture. The principle of NMR spectroscopy
involves the absorption of electromagnetic radiation by atomic nuclei with non-zero spin when
exposed to an external magnetic field, resulting in higher energy-level transitions. Since each
specific nucleus only absorbs a specific frequency, NMR can generally detect one isotope at a time.
The most used NMR types are 'H NMR and '*C NMR. For each type of nuclei, the absorbed
frequency is not always constant. The frequency is usually lowered because of the nuclear
shielding generated by the surrounding electron(s). The difference in the electronic environment
allows NMR to be used to identify the structure of a chemical. The difference observed in the

surrounding magnetic field is defined as the chemical shift.

The compound to be measured is usually dissolved in a deuterated solvent and filled into an NMR
tube. The deuterated solvent is selected to prevent interference from solvent signals since the
chemical shift of deuterium nuclei is very different from that of protons in a 'H NMR experiment.
The Nobel Prize has been awarded five times in recognition of the development of technologies

related to NMR, honoring one of the most significant discoveries in the history of science.[**]

2.2 Mass spectrometry

Mass spectrometry is a technique to measure the mass-to-charge ratio (m/z) of ions. The
fundamental principle involves ionizing the components of a sample in an ion source to generate
charged ions with distinct mass-to-charge ratios. It is commonly used to accurately determine the

molecular weight of sample components.
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2.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy is a powerful tool to analyze the material surface both
quantitatively and qualitatively.[*! The inner shell electrons of different elements have different
binding energies. The value of the binding energy is also affected by the chemical surroundings of
the elements. With the irradiation of the X-ray beam, the inner shell electrons are released with
specific kinetic energies (Ex). The binding energy of the inner shell electrons (Eg) can be

determined by the following equation:
Ey = hv — Ej, (2.1)

Here, /v is the energy of the photon from the X-ray source. For a given monochromatic excitation
source and a specific atomic orbital, the energy of the emitted photoelectron is unique to that orbital.
Additionally, the binding energy of inner-shell electrons in atoms varies depending on their
chemical environment. This variation is observed in the spectrum as a shift in peak positions. Due
to the limited escape depth of photoelectrons, only photoelectrons emitted from a thin layer (< 10

nm) near the surface of the sample are able to escape.[**]

2.4 Electrochemical methods

The electrochemical performance of electrode materials is evaluated in three-electrode and two-
electrode systems with CV, GCD, and electrochemical impedance spectroscopy (EIS). Using these
testing methods, parameters such as capacity, operating voltage window, equivalent series
resistance, energy, and power density can be calculated. Each measurement targets specific

parameters.

10
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Electrolyte

Figure 2.1. Schematic diagram of a 3-electrode setup (left) and a 2-electrode setup (right). E4 is the potential applied

between reference and working electrodes. W, C, and R are the working, counter, and reference electrodes.

Figure 2.1 exhibits the structure of a three-clectrode setup and a two-electrode setup for
electrochemical tests. The three-electrode setup consists of a working electrode, a counter
electrode, and a reference electrode. The working electrode is the testing electrode where the
electrochemical process happens during the test. The reference electrode is an electrode with a
precisely known electrode potential, which measures and controls the potential of the working
electrode. To balance the current passing through the working electrode, a counter electrode is
employed to facilitate the corresponding opposite electrochemical reaction. The three-electrode
system focuses on investigating the electrochemical characterization of the working electrode,
which is why it is also referred to as a half-cell device. In contrast, the two-electrode system only
has the working electrode and the counter electrode. The voltage applied between the working

electrode and the counter electrode defines the operating voltage window of the full-cell device.

2.4.1 Cyclic voltammetry

During a CV measurement, the potential applied to the device changes at a fixed rate, which is
named as the scan rate. The potential applied between the cathode and anode or between the
working electrode and counter electrode is named as the potential window or operating window.
The current in the circuit is recorded as a response to the changing potential to analyze the

electrochemical process. The acquired data are plotted as current (A) v.s. potential (V).[43]

11
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2.4.2 Galvanostatic charge/discharge (GCD)

GCD is a technique used to charge and discharge a device at a constant current, also known as
chronopotentiometry or constant current charge/discharge. It records the potential (V) as a function
of time (s). The GCD test provides valuable information, including specific capacity (Cs), rate
performance, operating voltage window, and equivalent series resistance (ESR). Therefore, it is
considered one of the most straightforward and accurate methods for evaluating the

electrochemical performance of supercapacitors.

The capacity is defined as the amount of charge (Q) stored per unit of applied voltage (V):
Cr == (2.2)

The specific capacity refers to the charge stored per unit:

Q

Co = ——
STyv-n

(2.3)

Here, IT is the parameter that can convert an electrode material into the corresponding unit, such

as mass, volume, or area.

Furthermore, the total charge can be defined as the product of current and time. In a GCD
measurement, the total capacity can be determined by modifying Equation (2.4), given that the
current remains constant during the test:

_ 1At

R 24)

2.4.3 Electrochemical impedance spectroscopy (EIS)

The resistance to alternating current is referred to as impedance (Z). ESI, within the same testing
system, measures the impedance of the energy storage device using a low-amplitude alternating
voltage. The data is typically presented in a Nyquist plot, which represents impedance over a range
of frequencies.[*6-431 EIS can be used to characterize both charge and mass transport, providing

insights into the energy storage mechanism and electrochemical properties of the system.[4”]

12
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The Nyquist plot for a supercapacitor consists of spots on the curve corresponding to the
decreasing alternating current frequency from the left to the right (Figure 2.2). The electrode
resistance (Rs) can be read straightforwardly at point A, which includes the resistance of the
electrode material and the contact resistance between the electrode material and the current
collector.[3%-51 The diameter of the semicircle between points A and B corresponds to the charge
transfer resistance (Rcr), representing the resistance encountered by charge carriers as they move
across the electrode-electrolyte interface.>233) Additionally, line BC can be approximated by a
dashed straight line at intermediate frequencies. The slope of line BC represents the ion diffusion

resistance at the electrode-electrolyte interface.[34-°]

Z" (ohm)

Ra Re Z'(ohm)
Figure 2.2. Nyquist plot of a supercapactor.

2.4.4 Steady-state spectroscopy

When a molecule absorbs light, it can be excited from the ground state So to a higher-lying excited
state S; and S (Figure 2.3). Typically, this is followed by rapid relaxation (within 107'? s) to the
lowest vibrational level of Si, a process known as internal conversion. In fluorophores, the return
from S; to the ground state (So) is accompanied by photon emission, a phenomenon known as
fluorescence. Additionally, molecules can transition from S; to an excited triplet state (T1). The

emission that occurs when the molecule returns from Ti to Sy is referred to as phosphorescence.
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Figure 2.3. Jablonski diagram showing the mechanism of fluorescence and phosphorescence.

UV-Vis steady-state absorption spectroscopy is a technique that utilizes the continuous spectrum
of electromagnetic radiation in the ultraviolet and visible regions to irradiate a sample, allowing
for the analysis of the relative light absorption by the molecules within the substance. Additionally,
based on the Lambert-Beer law, the relationship between the concentration of a solution and the

absorbance can be elucidated, which allows quantitative analysis to be performed.*¢]

A
logio <%> =A) = e(A)cl (2.5)

The emission properties of a molecule can be analyzed using emission spectroscopy, with a proper
excitation wavelength selected from its UV/Vis absorption spectrum. The fluorescence quantum
yield can be determined from the absorption and emission spectra of the molecule, using an
appropriate reference compound. Additionally, interactions between 2D materials and organic

molecules or polymers can be evaluated by spectrophotometric titration.
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3. Aqueous supercapacitors based on organic molecule-
functionalized graphene

3.1 Background

During the past two hundred years, the development of human beings has been driven by energy
transitions. The utilization of energy has undergone three major changes: "fire and firewood", "coal
and steam engine", and "oil and internal combustion engine". With the energy transition, industry
replaced agriculture as the dominant sector of the global economy. As a non-renewable energy,
the supply of fossil fuels will decrease over time. Besides, the emission of carbon dioxide from the
combustion of fossil fuel caused a series of environmental problems, which threatened human
survival and development.37-38 To address this issue, renewable energy sources such as solar, tidal,
hydrogen, and wind are being explored as viable alternatives to fossil fuels. Electric energy plays
a vital role in converting the stored energy from renewable sources, making it available for
production and daily life activities. Additionally, most of the renewable energies are affected by
seasons, weather, and temperature. Using electrical energy storage (EES) devices can convert
renewable energy into a steady, reliable, and effective power supply.l*] Thus, the effective use of
renewable energy can be achieved by developing EES devices such as metal ion batteries, and

supercapacitors.[°0-61]

To evaluate the electrochemical performance of EES devices, the concepts of energy density and
power density are among the most commonly referenced metrics. The concept of energy density
describes the quantity of energy stored per unit. On the other hand, power density refers to how
fast an energy storage device can deliver energy. Figure 3.1 represents the relationship between
energy density and power density, known as the Ragone plot. During the past decades, LIBs have
been the major contributor to EES devices due to their high energy density, long cycle life, and
stable power output. However, due to the shortage of lithium resources, risk of explosion resulting
from a short circuit, and the hazardousness of the electrolyte, it is risky to use LIBs in large-scale
energy storage applications. Furthermore, limited by the radius, lithium ions shows a relatively
low diffusion rate inside electrode materials, limiting the power density of LIBs.[®?] In contrast,
electric double-layer capacitors (EDLCs) can store charges by adsorbing charge carriers at the

surface of electrode materials, enabling rapid charge/discharge process. Thus, EDLCs can achieve
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outstanding power density and ultra-long cycle life compared to other energy storage devices. Due
to the limited specific surface area, EDLCs cannot reach a high energy density, which constrains
their application scenarios. Developing safe energy storage devices with high energy and power
densities is essential to meet the demands of a rapidly developing society. Compared to LIBs and
EDLCs, supercapacitors exhibit considerable energy density, high power density, ultra-long cycle

life, and boarder working temperature.
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Energy Denstiy/Wh kg
- =
pul sl

o
-
|

Electric double layer capacitor
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Figure 3.1. Ragone plot of electrochemical energy storage devices.

Electrolyte plays a major role in conveying charge carriers between the cathode and anode inside
EES devices.[®] The electrolytes for supercapacitors can be classified into liquid electrolytes,
solid-state, and quasi-solid-state electrolytes.[®*+®5] Liquid electrolytes including organic
electrolytes, ion liquid electrolytes, and aqueous electrolytes are the most common electrolytes.
Among these, organic electrolytes can offer a wide operating window of up to 2.5-2.8 V, enabling
them to dominate the market share. However, organic electrolytes often use acetonitrile or

propylene carbonate as the solvent, which is less conductive and highly flammable. Considering
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the safety issue and the power density, aqueous electrolytes might be a more promising candidate

for large-scale energy storage.

3.2 Aqueous electrical energy storage

To date, aqueous EES devices are developing rapidly, owing to the high ionic conductivity,
enhanced safety, and easy preparation of aqueous electrolytes.l) The most common aqueous
electrolytes are H,SO4, KOH, NaOH, Na>SO4, K2SO4, and NaCl, etc.[”) However, limited by the
thermodynamic decomposition voltage of water (1.23 V), expanding the potential operating
window of aqueous supercapacitors is an important topic in device design. This part will be

explained in chapter 3.2.3.

3.2.1 Introduction of aqueous supercapacitors

The history of supercapacitors can be traced back to the 1700s. Ewald Georg von Kleist and Pieter
van Musschenbroek invented the first capacitor named the ‘Leyden jar’ (Figure 3.2). After 300
years of development, capacitors have evolved into various energy storage mechanisms. The
Leyden jar consists of two pieces of metal foil, water in a glass jar, and a metal chain. Based on
this fundamental structure of capacitors, static electricity can be stored at the interface between the
electrode material and the electrolyte. In 1853, von Helmbholtz first developed the electric double-
layer model during the study of a colloidal suspension, marking the beginning of supercapacitor
research.[®®! Then the model of EDLCs was further developed by Gouy,%”) Stern,’" and
Grahame,!”! which constitutes the modern theory of EDLCs. In 1954, Howard Becker, an engineer
from General Electric, submitted the first patent for electrochemical capacitors.[’?) Later, Robert
Rightmire from Standard Oil of Ohio, Inc. (SOHIO) developed a capacitor with a non-aqueous
electrolyte.[’3] With authorization from SOHIO, NEC Inc. commercialized electrochemical
capacitors in 1971, using them as the backup power supplier for computer memories with a new
name called ‘supercapacitors’. To date, supercapacitors with various novel electrode materials
have been developed and commercialized, making great contributions to the development of

human society, especially the electronics industry.
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Figure 3.2. Timeline for the development of supercapacitors. Adapted with permission from ref. 71 Copyright
2018, American Chemical Society.

3.2.2 Charge storage mechanism of supercapacitors and testing methods
According to the charge storage mechanisms, electrode materials can be classified into three

categories: EDLCs, pseudocapacitive, and Faradaic materials (Figure 3.3).174

® 0000 @ee

: P - . ‘\@ o
). 2 m@a ° é

Double-layer charge Battery-type charge
storage storage

Supercapacitors

< Faradaic process >

Diffusion-controlled kinetics

< Non-Faradaic process >

Surface-controlled kinetics

Figure 3.3. Charge storage mechanism of electrode materials: (a) EDLCs, (b) pseudocapacitive, (c) Faradaic
mechanism. Adapted with permission from ref. [**l Copyright 2019, John Wiley and Son.
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a) EDLCs

EDLC:s are the most studied and simplest capacitors that hold the highest market share. During the
charging process, the cations/anions will move to the surface of the cathode/anode. The charge
stored can be calculated according to the following formula:

o 5
" 4mkd

(3.1)

Here, s is the contact surface area between the electrode and the electrolyte, ¢ is the dielectric
constant of the electrolyte, and d is the distance between the parallel electrodes. The charge
accumulated at the surface of the EDLC material will go back to the electrolyte during the
discharge process. The charge-discharge process is purely physical, as it does not involve electron
transfer between the electrode and the electrolyte. This is the reason that EDLC type materials
possess high power density, long cycle life, and rapid charge-discharge rate. Carbon-based
materials such as activated charcoal, carbon nanotube, and graphene are usually considered EDLC
type materials. Since the charge adsorption only happens at the interface between the electrode
and electrolyte, the specific capacity of EDLC type materials highly relies on their surface area. In

aqueous electrolytes, the energy density of EDLCs is usually below 10 Wh kg™

b) Pseudocapacitive mechanism

The energy storage of a pseudocapacitor is achieved by reversible redox reactions that happen at
the surface or near-surface area of electrode materials.[””) Consequently, the response time of
pseudocapacitors (approximately 10-2-10 s) is significantly longer compared to that of EDLCs
(approximately 108 s).[7¢]

c) Faradaic mechanism (battery type)

Differs from the EDLC and pseudocapacitive materials, battery-type materials such as transition
metal oxides, sulfides, and phosphides depend on the reversible Faradaic redox reactions in the
bulk phase of the materials. Thus, they can reach a relatively higher theoretical specific capacity.
However, since the charge-discharge process will change the crystal structure of the electrode

material, battery-type electrode materials have poor electrochemical reversibility.

Comprehensively using CV, GCD and quantitative kinetic analysis of electrode materials can be

a powerful tool to precisely distinguish the charge storage mechanism of electrode materials.[’”7%]

19



Aqueous supercapacitors based on organic molecule-functionalized graphene

As shown in Figure 3.4, the CV curve of EDLC materials displays a constant current with an
approximately rectangular shape, indicating capacitance characteristics. Similarly, the potential in
the GCD curve changes linearly with time, reflecting typical capacitive behavior (Figure 3.4 a, c).
For pseudocapacitive materials, the CV curve typically shows a near-rectangular shape, while the
GCD curve is nearly linear profile. Unlike EDLC materials, pseudocapacitive materials display
inflection points rather than significant plateaus (Figure 3.4 b, d-f). In contrast, the CV curves of
battery-type materials shows significant redox peaks, while charge-discharge plateaus can be

found in the GCD curves (Figure 3.4 g-i).
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Figure 3.4. CV curves and corresponding GCD curves of (a-c) EDLC and surface pseudocapacitor-type materials,

(d-f) intercalation pseudocapacitor materials, and (g-i) battery-type materials. Adapted with permission from ref. [’/

Copyright 2018, American Chemical Society.

Additionally, based on the CV result, the contribution of charge storage (diffusion or surface
control kinetics) can be determined by the relationship between the current (ip) and the

corresponding scan rate (v) according to the following equation:[3"]
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iy=a)’ (3.2)

Here, the b value can be determined by calculating the slop of the curve plotted as a function of

log(ip) and log(v).

logi, = blogv + loga (3.3)

Ifb =1, the current i, changes linearly with the scan rate, which means the electrochemical process
is surface-controlled, suggesting a capacitive behaviour; if the b = 0.5, the redox reaction is
controlled by semi-infinite linear diffusion, suggesting a battery behavior.[®!l The contribution of

surface- and diffusion-controlled reactions can be further quantified according to the equation:[®?!
l(v) :k1V+k2Vl/2 (34)

Where i) is the total current density at a specific voltage, kiv and kov!’? are the current contributed
by capacitance control and the current controlled by diffusion, respectively. and the values of ki

and k> can be obtained from the slope of the (iy/v!""?) and v!”? curves.

3.2.3 Aqueous asymmetric supercapacitors

The definition of “asymmetric” and “hybrid” should be introduced when two pieces of electrodes
are assembled. A “hybrid capacitor” refers to a device with two electrodes that have different
charge storage mechanisms. The concept of an asymmetric supercapacitor (ASC) covers a wider
range. It refers to any capacitor consisting of two different electrodes. No doubt that hybrid devices

are a special category of ASCs.7!

As mentioned in Chapter 1, energy density is a vital parameter for energy storage devices. For
supercapacitors, the energy density (E) is determined by the specific capacity and the voltage

operating window of the full cell, according to the following equation:[®*]

1
E = 5CV? (3.5)

The power density (P) of a device can be further calculated by:

3600
At
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The energy density of the device is positively correlated with the square of the voltage operating
window of the full-cell device. Thus, broadening the voltage window of the full cell is one of the
straightforward ways to improve the energy density of the device. However, limited by the
thermodynamic breakdown voltage of water, the potential window of a single electrode is limited
to 1.23 V. Using two pieces of electrodes with different potential windows can expand the voltage
window of the full-cell devices beyond 1.23 V. Thus, developing new electrode materials to widen
the operating window presents a promising strategy for achieving higher energy in aqueous

supercapacitors.

3.2.4 Electrode materials in supercapacitors

Currently, the developed electrode materials include transition metal oxides, oxides/hydroxides,
sulfides, selenides, phosphides, carbon-based materials (activated charcoal, carbon nanotube, and
graphene), and redox-active organic systems (small molecules and conductive polymers).[84-83]
Among these, organic compounds offer advantages such as low cost and design flexibility,
rendering them promising candidates for electrode materials. Besides, organic compounds have
abundant proton storage sites, which is suitable in acidic electrolytes.[®") According to the charge
storage mechanism, organic electrode materials can be classified into n-type, p-type, and bipolar-
type (Figure 3.5).87] During the electrochemical reactions, n-type materials such as ketones,
pyrazines, accept electrons resulting in a negatively charged species. In contrast, p-type materials
usually donate electrons and become positively charged. Bipolar-type materials can donate and
accept electrons and can be both oxidized and reduced. Currently, redox-active organic molecules
with carbonyl groups, such as quinones, ketones, and carboxylates (n-type), exhibit numerous
oxidation/reduction active sites and rapid reaction kinetics, making them highly attractive for

aqueous energy storage devices.[®8]
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Figure 3.5. Energy storage mechanism of organic electrode materials. Adapted with permission from ref%”]

Copyright 2019, John Wiley and Son.

Organic compounds usually possess intrinsic low conductivity and inevitably dissolve into the
electrolyte. Attaching organic materials to the surface of carbon-based materials has been proven
an effective strategy to solve these issues.[®”] Graphene has an infinite sp? carbon structure, which
endows it with high electrical conductivity. Meanwhile, graphene has a large specific surface area
and shows modest capacity performance. It is a commonly used conductive substrate for organic
functional molecules in energy and electronics applications.’ In contrast to covalent
functionalization of graphene, noncovalent approaches via van der Waals, hydrophobic,
electrostatic interactions, or n-n stacking can retain the sp? carbon network, which guarantees a
high electrical conductivity of the hybrid electrode materials.’!! Gogotsi and co-workers® used
a composite material of phenothiazine molecules and rGO (phen@rGO) as the positive electrode,
Ti3C2Tx MXene as the negative electrode, and 3 M H>SO4 (aq.) as the electrolyte to assemble a
fully pseudocapacitive ASC. The composite electrode exhibits a specific capacity of 300 F g'! at a
scan rate of 5 mV s!. The full-cell device retains 80% capacity after 30000 charge-discharge cycles,

demonstrating excellent cycle performance.
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3.3 Aim
The aims of this thesis in the field of ASCs were to:

a) Design and synthesize pyrene-4,5,9,10-tetraone-based (PYT-based) derivatives as the
redox-active molecule for graphene-based hybrid cathodes in aqueous ASCs.

b) Investigate the structure-property relationship of the designed materials as the cathode
materials for supercapacitors.

c) Study and understand the charge storage mechanism of organic materials, and further
explore more novel organic materials with high capacity.

3.4 Result and discussion

3.4.1 Oxidation of pyrene
As mentioned in Chapter 1, the 4,5,9,10 positions of pyrene possess double bond characters
according to Clar’s rule. Thus, each double bond can be oxidized into diketone by a catalytic

amount of RuO4, which is in-situ generated in the reaction.

RuCly+xH,0, NalO,/KIO, O

>
DCM, MeCN, H,0 fo)

Figure 3.6. The oxidation of pyrene.
The optimized reaction conditions are shown in the following table:

Table 3.1. Optimized reaction conditions for the oxidation of pyrene.

Entry Oxidant T/°C Time/h Yield
1 NalOg4 25/35 16/3 e
2 NalO4 25/35 24/3 11%
3 NalO4 25/35/40 8/2/1 13%
4 KIO4 25/30/35/40/50 5.5/1/2/3/4 9%
5 KIO4 50 8h 21.3%
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6 NalOy4 0/35/40 6/2/1 = e
7 KI04/NalOg4 50 8h/3h 30%
8 KIO4 70 5h 15%

The oxidation mechanism is illustrated in Figure 3.7.1] In the first step, a ruthenium (IIT) salt is
converted into ruthenium tetraoxide (RuOa4), which subsequently turns into a Ru(VI) salt. This
intermediate brings out a syn dihydroxylation reaction to produce the dihydroxylated product. The
Ru(VI) species is then regenerated to Ru(VIII) through simple oxidation by a periodate salt,
enabling the reaction to proceed with only a catalytic amount of ruthenium salt. Subsequently, the
diol product reacts with the periodate salt to form a periodate ester. This ester can undergo two
distinct pathways. In one pathway, cleavage of the C-C sigma bond occurs, resulting in the
formation of a dialdehyde as a byproduct. In the other pathway, the reaction proceeds to form a

diketone as the final product.

Figure 3.7. Possible oxidation mechanism of pyrene towards pyrene dione (and tetraone)

The latter pathway can be favored by using potassium periodate as the other oxidant, which has

significantly lower solubility compared to the corresponding sodium salt.
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3.4.2 Characterization of pyrene-4,5,9,10-tetraone and the corresponding
nanocomposites
In this study, various types of commercially available rGO were selected as the conductive matrix

for electrode materials. Compared to the rGO from LayerOne (LO), the rGO from Graphenea (GN)

exhibited a higher oxygen content, as shown in Table. 3.2.

To study the interaction between the organic species and rGO, the individual component and
nanocomposites are investigated by Fourier-transform infrared spectroscopy (Figure 3.8).
Commercial graphene (GN and LO) exhibits no distinct absorption peaks, indicating the removal
of most oxygen-containing groups from the graphene surface. The peaks of the PYT molecule at
1674cm™ and 1273 cm’! can be assigned to the C=O stretching and C-H bending absorption.
Compared to pristine PYT, both of the strong absorption bands shifted to lower wavenumbers after
combining with rGO, indicating the possible interaction between PYT and rGO.°# In addition, the
absorption peak of PYT/LO 4-5 is weaker compared to that of PYT/GN 4-5. Notably, no
absorption peak is observed for the PYT/LO 2-7 composite, likely due to the confinement effect
of the PYT molecules within the LO matrix.
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Figure 3.8. FT-IR spectra of PYT, GN, LO, and the corresponding nanocomposites.'*’!
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Using X-ray photoelectron spectroscopy, the elemental content of the nanocomposites are
investigated. Figure 3.9 shows the survey scan of the pristine PYT, rGO, and the corresponding
nanocomposites. The survey scan spectra of all samples display a prominent Cls peak and a
distinct O1s peak. From Table 3.2, the PYT molecule contains 18.1% oxygen, attributed to its four
carbonyl groups. Upon incorporation with graphene, the oxygen content in the PYT/graphene
(PYT/GN) 4-5 sample reaches 15.2%. The PYT/LO 4-5 (6.4%) and PYT/LO 2-7 (5.5%)
composites exhibite increased oxygen content compared to LO (3.2 %), attributed to the

incorporation of carbonyl groups.
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Figure 3.9. Survey scan curves of PYT, GN, LO graphene, and the corresponding nanocomposites.'*!

Table 3.2. Elemental contents of PYT and the as-obtained nanocomposites.

Sample C (%) 0 (%)
PYT 81.9 18.1
GN 88.2 11.8
PYT/GN 4-5 84.8 15.2
LO 96.8 32
PYT/LO 4-5 93.6 6.4
PYT/LO 2-7 94.5 5.5
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3.4.3 Electrochemical performance of the pyrene-4,5,9,10-tetraone/graphene
cathode

The electrochemical test of the PYT/rGO composite electrode was performed ina 1 M H2SO4 (aq.)
electrolyte with Ag/AgCl as the reference electrode. The ratio between PYT and rGO is denoted
as PYT-rGO. For example, a ratio of 8:1 between PYT and graphene (GN) is represented as PYT-
GN 8-1. Figure 3.10 (a) shows the comparison of all CV curves at 10 mV s™'. GN presents a typical
nearly rectangular shape, indicating that the EDLC behavior dominates the charge storage process.
After adding the PYT molecules, all the CV curves of the PYT/GN electrodes show two pairs of
obvious reversible redox peaks at ~0.23/0.17 and ~0.37/0.30 V (vs. Ag/AgCl), which can be
attributed to the redox reaction of PYT.[!] Due to the limited conductivity of PYT, the CV curve
of PYT/GN 8-1 circles a tiny area suggesting a relatively low specific capacity. When the ratio is
adjusted to 4:5, the CV of the PYT/GN 4-5 electrode circles the biggest area, indicating the highest
capacity. The same trend can be observed in the GCD curves (Figure 3.10 b). All the GCD curves
of the PYT/GN composite electrodes show a symmetric bent triangle shape, indicating the
pseudocapacitive mechanism. The PYT/GN 4-5 electrode exhibits the longest discharge time and
the highest specific capacity among all the electrodes. This outstanding electrochemical
performance is attributed to its well-designed composite structure, which effectively leverages the
individual advantages and synergistic interactions between the PYT molecules and graphene

nanosheets.
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Figure 3.10. Electrochemical characterization of PYT with GN in a three-electrode system. (a) CV curves of the
PYT/GN nanocomposites with different ratios at a scan rate of 10 mV s'. (b) GCD curves of the PYT/GN
nanocomposites with different ratios at a current density of 1 A g”'. (c) CV curves of the PYT/GN 4-5 nanocomposite
at different scan rates. (d) GCD curves of the PYT/GN 4-5 nanocomposite at different current densities.

Figure 3.10 c and Figure 3.10 d exhibit the electrochemical performance of the PYT/GN 4-5
electrode at different scan rates and current densities. With the increase of the scan rates, the
oxidation and reduction peak positions shifted towards more positive and negative potentials,
respectively, due to internal resistance.®”) Notably, at a scan rate of 50 mV s’!, the CV curve of the
PYT/GN 4-5 electrode maintained its shape, indicating the high redox activity and excellent
electrochemical reversibility of the PYT molecules within the composite electrode. At current
densities ranging from 0.5 to 5 A g', the specific capacities of the PYT/GN 4-5 electrode are 733,
711, 695, 686, 679, and 673 F g', respectively, surpassing those of other electrode materials.[%-
102] Furthermore, even at a high current density of 5 A g', the electrode maintains specific capacity

retention of 91.5%, demonstrating its excellent rate performance.
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Figure 3.11. Electrochemical characterization of PYT with LO in a three-electrode system. (a) CV curves of the
PYT/LO nanocomposites with different ratios at a scan rate of 10 mV s'. (b) GCD curves of the PYT/LO
nanocomposites at different ratios at 1 A g”!. (c) CV curves of the PYT/LO 2-7 nanocomposite at different scan rates.
(d) GCD curves of the PYT/LO 2-7 nanocomposite at different current densities.

When the rGO with a higher reduction degree (LO) is used as the conductive substrate, the
electrochemical performance of the composite electrodes was evaluated using the same tests
(Figure 3.11). The integrated area of the CV curves and the discharge time of the GCD curves both
indicate the specific capacity of the electrode material (Figure 3.11a and b). The pure LO shows a
relatively low capacity, indicating its contribution to the composite electrode materials is
neglectable. As the mass ratio of PYT to LO decreases from 8:1 to 2:7, both the CV area and
discharge time of the composite electrode materials increase monotonically. This suggests an
improvement in the redox activity of the composite materials, leading to an improved energy
storage capacity. Figure 3.11 ¢ and d present the CV curves of the optimized electrode material

(PYT/LO 2-7) at various scan rates (2-50 mV s™') and the GCD curves at different current densities
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(0.5-5 A g™), respectively. Similar to the PYT/GN 4-5, the PYT/LO 2-7 composite electrode can
retain good shapes at various scan rates, indicating good reversibility and chemical stability. The

specific capacities of the PYT/LO 2-7 electrode at current densities ranging from 0.5 to 5 A g!

are 339, 331, 324, 320, 318, and 316 F g', respectively.
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Figure 3.12. (a) log(i) vs log(v) plots based on the CV curves of the PYT/GN 4-5 nanocomposite. (b) log(i) vs log(v)
plots based on the CV curves of the PYT/LO 2-7 nanocomposite.

The energy storage mechanism of the PYT/GN and PYT/LO composites are further evaluated
according to equation 3.2. The b values of the PYT/GN 4-5 electrode are 0.90, 0.95, 0.95, and 0.86,
respectively, which are close to 1 (Figure 3.12a). This indicates that surface-controlled
pseudocapacitive behavior predominantly governs the charge storage process in the PYT/GN 4-5
electrode. Additionally, as shown in Figure 3.12 b, the b-values of the redox peaks in the CV
curves for the PYT/LO 2-7 electrode material are 0.82, 0.92, 0.82, and 0.89, all of which are close
to 1.
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Figure 3.13. Nyquist plots of EIS for the GN, LO, PYT/GN 4-5 and PYT/LO 2-7.

Table 3.3 Impedance parameters simulated from the equivalent circuits.

Sample Rs Rer
GN 0.51 0.96

LO 0.53 1.99
PYT/GN 4-5 0.49 0.15
PYT/LO 2-7 0.66 0.28

To further elucidate the energy storage mechanism, the EIS of GN, LO, PYT/GN 4-5, PYT/GN 2-
7, PYT/LO 4-5, and PYT/LO 2-7 are presented in Nyquist plots in Figures 3.13. In the low-
frequency region, all electrodes display nearly vertical lines, indicating low ion (H") diffusion
impedance and excellent capacitive behavior. Additionally, the intercept on the X-axis in the high-
frequency region represents the ohmic resistance (Rs), which encompasses the contact resistance
between the active material and the current collector, the intrinsic resistance of the active material,
and the ionic resistance of the electrolyte. [°71 As shown in the fitting results (Figure 3.13), due to
the poor conductivity of the PYT molecules, the Rs values of the PYT-based composite materials

are larger than those of pure graphene (LO and GN). In addition, the diameter of the semicircle in
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the mid-frequency region corresponds to the charge transfer resistance (Rct), which reflects the
charge transfer kinetics at the interface between the electrolyte and the electrode. Compared to
pure GN (0.96 Q) and pure LO (1.99 Q) electrodes, the composite electrode materials exhibit a
lower charge transfer resistance (Rcr), indicating a faster ion transfer process. This improvement
may be attributed to the enhanced wettability at the interface between the electrolyte and the
electrode. The EIS results demonstrate that the PYT-functionalized graphene electrode materials
(PYT/GN and PYT/LO composites) exhibit excellent electron and ion transfer kinetics, which

significantly enhances the electrochemical performance of the composite electrodes.

3.4.4 Characterization of A-Tiz;C,Tx as the anode material
To obtain the anode material with a lower operating potential window, Ti3C,Tx was calcinated
under an inert gas atmosphere. After calcination, the A-Ti3C,Tx retained the layer-like structure

(Figure 3.14), facilitating efficient charge transfer kinetics.

Figure 3.14. SEM images of (a) Ti;C2Tx and (b) A-TizC2Tx.

XPS measurement was deployed to further disclose the changes in the element content of the
Ti3C2Tx anode after calcination (Figure 3.15). The broad survey reveals a decrease in fluorine (F)
content from 11.0% to 7.4%, with fluorine acting as an electrochemically inert group on the surface.

The removal of Ti—F bonds is expected to enhance the specific capacity of the MXene anode.
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Figure 3.15. Broad-survey XPS spectra of the Ti3C:Tx and the A-Ti3C>Tx.

Table 3.4 Elemental contents of the Ti;C:Tx and the A- Ti;C:Tx.

Sample C (%) 0O (%) F (%) Ti (%)
Ti3CTx 47.3 17.0 11.0 24.7
A-Ti;CoTx 51.1 21.0 7.4 20.5

3.4.5 Electrochemical performance of the A-Ti;C,Tx anode

With a three-electrode system, the electrochemical performance of the TisC,Tx and A-Ti3CoTx
anodes was evaluated in 1 M H,SOs (aq.). At a scan rate of 50 mV-!, the annealed A-TisC>T,
MXene electrode exhibits a larger CV integrated area compared to the pure Ti:C.Tx MXene
electrode (Figure 3.16a), indicating a significant improvement in specific capacity following the
annealing process. The CV curves retain the same shape at different scan rates, suggesting a good
redox reversibility (Figure 3.16b). Additionally, Figure 3.16¢ and d shows the capacity, which is
calculated based on the GCD curves at various current densities. At current densities of 2, 4, 6, 8,

and 10 A g', A-TizC.Tx exhibits specific capacities of 502, 445, 420, 411, and 384 F g,

respectively.
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Figure 3.16. (a) CV curves of the TisC2Tx and the A-Ti3C2Tx at 50 mV s7. (b) CV curves of the A- TizC2Tx at different
scan rates. (¢c) GCD curves of the A-Ti3C:Tx at the curvent density of 2-10 A g”!. (d) The specific capacity at various
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3.4.6 Electrochemical performance of the PYT/GN 4-5//A-TizC.Tx asymmetric
supercapacitor
The aqueous PYT/GN 4-5//A-Tiz:C2Tx ACS was assembled by using PYT/GN 4-5 as the cathode,

and A-Ti3C,Tx as the anode. The mass loading of the electrodes is determined by the equation
below:
m*t  C7V~

m-_ CtV+

(3.7)

Here, m* and m represent the mass loadings of the cathode and anode, respectively. C*and V*

denote the specific capacity and voltage operating window of the cathode, with analogous

parameters for the anode.

The electrochemical performance of the assembled ASC was investigated in 1 M H2SO4 (aq.). To

guarantee the safety of the full-cell device, the potential operating window is determined by
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checking the gas evolution potential on the CV curves at 50 mV s''. When the operating voltage
exceeds 1.4 V, the CV curves display a sharp peak, attributed to oxygen evolution (Figure
3.17a).'831 The CV curves of the PYT/GN 4-5//A-TisC.Tx ASC display distinct oxidation and
reduction peaks, attributed to proton and electron exchange occurring at the cathode and anode
(Figure 3.17b). In addition, the GCD curves at different current densities show almost symmetric
shapes, indicating good electrochemical stability (Figure 3.17¢). The specific capacities of the
PYT/GN 4-5//A-T1:C2Tx ASC at current densities of 1,2, 3,4, 5,and 10 A g" are 67.4, 63.6, 60.9,
58.6, 56.8, and 48.6 F g!, respectively. The assembled ASC demonstrated excellent cycling
stability, with capacity retention of 91.4% and a high Coulombic efficiency of over 99% after
5,000 cycles (Figure 3.17d). This indicates the device's robust long-term performance. As shown
in Figure 3.17, the PYT/GN 4-5//A-Ti:C.Tx ASC achieved an energy density of 18.4 Wh kg™ ata
power density of 700 W kg™'. Even at a maximum power density of 7,000 W kg™', the energy
density remains notably high at 13.2 Wh kg™
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Figure 3.17. Electrochemical performance of the as-assembled PYT/GN 4-5//4-TisC2Tx ASC. (a) CV curves recorded
at different potential windows. (b) CV curves at 5-100 mV s~ scan rates. (c) GCD curves at 1-10 A g ' current densities.
(d) Cycling lifeat 3 A g™,
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3.4.7 Synthesis of conductive polymers with pyrazine units

The practical application of small organic molecules in aqueous energy storage devices is still
limited by their low electrical conductivity and the inevitable dissolution into electrolytes during
charge and discharge processes.[®”- 194 Constructing polymers is one of the feasible and common
strategies to address this issue. For example, polyanthraquinone can be obtained via Yamamoto
coupling of 1,4-dichloro-9,10-anthraquinone. Compared to the monomer, the cycle life and rate
performance are significantly enhanced.['% In comparison, linear polymers such as

107191 and polyindole!''®! are suffering from irreversible redox

polypyrrole,[1%] polyanaline,!
reactions and the swelling of the electrodes during the charge/discharge process, which restrict the
cycle life of this electrode materials.l!!!"112] Fusing the redox sites into aromatic systems can

improve the chemical reversibility of the electrode materials.[!!3]

The pyrazine units are constructed by a simple condensation reaction between the PYT and
tetraamine species. By changing the structure of tetraamines, three types of the polymers are
designed and synthesized under the same reaction condition. The polymer named with PPYT is
set as the reference structure among the three (Figure 3.18), while the polymer with two additional
ketone groups is named as PPYTQ. To explore how the interaction between the polymer and
graphene is affected, a sigma bond is introduced as a rotational axis. Compared to the two planar

polymers, the twisted polymer, tPPYT, is expected to have weaker interactions with graphene.

H,N NH, . O N N O .-
~ ~
XX X
H,N NH, . O N N O .

PPYT

i DS D
HoN NH, Toluene, Acetic Acid ** NS N, -*
+ —_—— 1, 1 _
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(o] o

PPYTQ

tPPYT

Figure 3.18. Synthetic routes of the polymers PPYT, PPYTQ, and tPPYT.
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3.4.8 Characterization of PYT-based polymers and the corresponding
composites

The size of the polymers is investigated by gel permeation chromatography (GPC). The average
molecular weight (Mw) of PPYT is 39227 Daltons, while the Mw of PPYTQ is 43906 Daltons.
The GPC test of tPPYT is not able to be performed due to the poor solubility in common solvents.

The polymer/graphene composite is named after the ratio of the polymers/graphene. For example,

2/1 PPYT/GN is the composite of PPYT and GN in a 2/1 ratio.

FT-IR and UV-Vis absorption spectroscopy are deployed to investigate the interaction between
the redox active polymers and graphene. Figure 3.19 shows the FT-IR spectra of the polymers and
the corresponding nanocomposites. The absorption bands for the C=N stretching vibration of
PPYT, PPYTQ, and tPPYT can be found at 1678 cm!, 1670 cm™!, and 1681 c¢cm!, respectively.
After combining with graphene, the C=N absorption band of 2/1 PPYT/GN shifts from 1678 cm’!
to 1662 cm’!, which can be attributed to the potential n- 7 interaction between the two components.
A similar trend can be observed in the 2/1 PPYTQ/GN composite, suggesting the interaction
between the PPYTQ and GN. However, no significant absorption band in this region can be

observed in 2/1 tPPYT/GN.
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Figure 3.19. FT-IR spectra of PPYT, PPYTQ, tPPYT, and the corresponding composites.

The interaction between the three polymers and rGO is investigated by UV-Vis spectrophotometric
titration (Figure 3.20). The UV-Vis spectrum of rGO in ethanol is set as a reference. It shows an
absorption band at 271 nm which can be attributed to the n—r* transitions of rGO.!''*] The PPYT
polymer shows strong bands at 323 nm, 426 nm, and 490 nm. A 2 nm redshift from 323 nm to 324
nm can be observed after adding a rGO dispersion into a PPYT solution (Figure 3.20a). Besides,
a 5 nm redshift from 539 nm to 544 nm is found when rGO is added to a PPYTQ solution. In
contrast, the interaction between rGO and tPPYT is too weak to be detected, as no shift is observed
during the titration. This result may stem from the conformational differences among the three
polymers. tPPYT likely requires more energy for preorganization into a planar structure before

attaching to rGO.
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Figure 3.20. UV-Vis absorption spectra of a titration between 0.1 mg/ml of rGO and 0.01 mg/ml of (a) PPYT, (b)
PPYTQ, and (c) tPPYT in ethanol. The ratio shown in the legend is polymer/rGO.

The elemental content of the nanocomposites is measured by XPS (Figure 3.21). As shown in

Table 3.5, all the samples show Cls peaks and Ols peaks, while N1s peaks can only be observed

in the materials with pyrazine groups. All the elemental content is in line with the theoretical values.
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Figure 3.21. Survey scans for all the three polymers and the corresponding nanocomposites.
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Table 3.5 Elemental contents of all the polymers and nanocomposites.

Materials C (%) 0O (%) N (%)

rGO 88.2 11.8 0

PPYT 80.0 13.0 7.0

2/1 PPYT/rGO 84.3 8.9 6.8

PPYTQ 75.5 13.0 11.5

2/1 PPYTQ 78.0 13.6 8.4

tPPYT 80.5 11.7 7.8

2/1 tPPYT/rGO 77.8 15.7 6.5

Interestingly, the high-resolution N1s spectra can be fitted into two peaks at 399.6 eV and 400.7
eV after deconvolution, which can be attributed to the pyrazine nitrogen and protonated nitrogen
(Figure 3.22). The protonation ratio (14.5%) of the PPYTQ polymer is the lowest among the three
polymers. The possible explanation for this phenomenon is the adjacent carbonyl groups decrease

the electron density of the pyrazine unit, which may lead to a lower proton affinity.
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Figure 3.22. High-resolution Nls spectra of the PPYT, PPYTQ, and tPPYT polymers.

3.4.9 Electrochemical measurement of polymer/rGO cathodes

The electrochemical performance of the polymer/rGO nanocomposites is measured in a three-
electrode system with 1 M H2SOg4 (aq.) as the electrolyte. Compared to the PYT/rGO cathode, the
PPYT/GN and PPYTQ/GN composite electrodes show a border potential operating window. In
the operating window, the rGO electrode exhibits a rectangular-shaped CV curve, suggesting a
EDLC mechanism (Figure 3.23a). The redox-active sites of PPYT endow the composite electrodes
with a pair of redox peaks at = 0.38 V/0.18 V (vs Ag/AgCl). Owing to the better conductivity,
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when the redox polymer occupies a major part of the composite, the electrode can still convey a
good electrochemical performance. Among all the ratios of the PPYT/rGO composites, the CV
curve of 2/1 PPYT/rGO circles the largest area (Figure 3.23a). Meanwhile, the 2/1 PPYT/rGO
composite exhibits the longest discharge time, indicating the highest specific capacity (Figure
3.23b). In contrast, the 3/1 PPYT/rGO electrode shows a lower specific capacity, potentially due
to the limited conductivity. The CV curves of the 2/1 PPYT/rGO electrode maintain consistent
shapes across various scan rates, indicating excellent redox reversibility and chemical stability
(Figure 3.23c). In addition, based on the GCD curves (Figure 3.23d), the 2/1 PPYT/rGO electrode
exhibits the highest specific capacities of 591, 550, 533, 520, and 508 F g! at 1-5 A g,
respectively. Interestingly, due to the limited conductivity, the 3/1 PPYT/rGO electrode shows
poor capacity retention at higher current densities compared to the other ratios (Figure 3.23e).
Moreover, according to equation 3.3, the b value of the 2/1 PPYT/rGO electrode are 0.68 and 0.64,

suggesting the charge storage mechanism is predominantly diffusion-controlled (Figure 3.23f).
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Figure 3.23. Electrochemical performance of the PPYT/rGO electrodes at different ratios in a three-electrode system.
(a) CV curves of the rGO and PPYT/rGO electrodes at 20 mV s™. (b) GCD curves of the rGO and PPYT/rGO
electrodes at 1 Ag”. (c) CV curves of the 2/1 PPYT/rGO electrode at different scan rates. (d) GCD curves at various

current densities. (e) The specific capacity of the rGO and PPYT/rGO electrodes at different current densities. (f)
log(i) vs log(v) plots according to the CV curves.
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The electrochemical performance of the PPYTQ composite electrode is evaluated in the same
system. PPYTQ electrodes exhibit two distinct pairs of redox peaks at = 0.26/0.13 and 0.34/0.22 V
(vs Ag/AgCl), attributed to the presence of pyrazine and ketone groups, which serve as redox-
active sites. Similar to the PPYT polymer, the 2/1 PPYTQ/rGO electrode shows the best
electrochemical performance among all the electrode ratios based on the integration of the CV area
and the discharge time in the GCD test (Figure 3.24a and b). At a scan rate from 2 — 50 mV s,
the 2/1 PPYTQ/rGO electrode maintains a consistent shape in its CV curves, indicating
electrochemical reversibility (Figure 3.24c). At the current densities ranging from 1 to 5 A g, the
2/1 PPYTQ/rGO electrode demonstrates specific capacities of 603, 511, 470, 447, and 418 F g™*
(Figure 3.24d). However, the rate performance of the 2/1 PPYTQ/rGO is relatively lower than the
2/1 PPYT/rGO electrode. The specific capacity at a current density of 5 A g* is only 69% of the
value measured at 1 A g™', while the retention of 2/1 PPYT/rGO is 86%. As the PPYTQ polymer
content decreases, the nanocomposite electrodes demonstrate improved rate performance, likely
due to the increased electrical conductivity of the material (Figure 3.24¢). The b-values of the four
redox peaks are 0.79, 0.78, 0.78, and 0.84, indicating a mixed charge storage mechanism involving

both diffusion-controlled and surface-controlled reactions (Figure 3.24f).
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Figure 3.24. Electrochemical performance of the PPYTQ/rGO electrodes at different ratios in a three-electrode
system. (a) CV curves of the rGO and PPYTQ/rGO electrodes at 20 mV s. (b) GCD curves of the rGO and
PPYTQ/GO electrodes at 1 A g!. (c) CV curves of the 2/1 PPYTQ/rGO electrode at different scan rates. (d) GCD
curves at various current densities. (e) The specific capacity of the rGO and PPYTQ/rGO electrodes at different

current densities. (f) log(i) vs log(v) plots according to the CV curves.

Unlike composites with planar aromatic polymers, the composite material containing twisted
polymer tPPYT exhibits a much narrower potential window, and a higher occurrence of electrode

side reactions during charge and discharge processes (Figure 3.25).
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Figure 3.25. Electrochemical characterization of the 2/1 tPPYT/rGO electrode in a three-electrode system. CV curves
(left), GCD curves at 1-10 A g™ (right).
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The energy storage mechanism of the three polymer/rGO composites is further investigated by
EIS (Figure 3.26). The vertical line observed in the low-frequency region indicates low proton
diffusion impedance and capacitive behavior. Similar to the PYT/graphene nanocomposite
electrodes, the PPYT/rGO and PPYTQ/rGO nanocomposite electrodes exhibit a lower charge-
transfer resistance compared to the rGO electrode. This improvement is attributed to the enhanced

wettability provided by the heteroatoms present in the polymers.
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Figure 3.26. Nyquist plots of EIS for the rGO, 2/1 PPYT/rGO, 2/1 PPYTQ/rGO, and 2/1 tPPYT/rGO.

Table 3.6 Impedance parameters simulated from the equivalent circuits.

Sample Rs (ohm) Rct (ohm)
rGO 0.73 1.13
2/1 PPYT/rGO 0.82 0.32
2/1 PPYTQ/rGO 0.81 0.21
2/1 tPPYT/rGO 0.83 0.45

3.4.10 Electrochemical performance of the 2/1 PPYT(Q)/rGO//A-TizC2Tx
asymmetric supercapacitor

Using the same annealed Ti13C.Tx electrode as the anode, the electrochemical performance of the

assembled ASC is evaluated in 1 M sulfuric. Compared to the PYT/GN 4-5//A-Ti3C, Ty, the full-

cell devices assembled with 2/1 PPYT/rGO and 2/1 PPYTQ/rGO exhibit wider voltage window

and higher energy density. As shown in Figure 3.27a, the voltage operating window of the 2/1
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PPYT/tGO//A-Ti3C.Tx ASC can be expanded to 1.9 V in 1 M H2>SO4 (aq.). With the increased
scan rate of the CV test, the shape of the curves can still be retained even at a scan rate of 50 mV
s'!, indicating good stability of the device (Figure 3.27b). Based on the mass loading, the as-
assembled device exhibits specific capacities of 75.9, 73.1, 70.2, 68.9, 67.5, 61.4 F g'! at current
densities from 1 to 10 A g’!, respectively (Figure 3.27¢). The device exhibits ultralong cycle life
at a current density of 5 A g!. After 15000 cycles, the device can still deliver 91.3% retention with
100% coulombic efficiency (Figure 3.27d).
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Figure 3.27. Electrochemical performance of the 2/1 PPYT/rGO//A-TisC2T: ASC. (a) CV curves recorded at different

potential windows. (b) CV curves at different scan rates. (c) GCD curves at various current densities. (d) Cycling life
at5A4g".

Similar to the 2/1 PPYT/rGO//A-Ti3C,Tx device, the 2/1 PPYTQ/rGO//A-TizCoTx ASC also
exhibits a 1.9 V voltage window (Figure 3.28). According to the mass loading of the cathode and
anode, the full-cell device can deliver specific capacities of 64.1, 59.5, 56.1, 53.9, 52.2, and 46.3
F g'! at current densities of 1-10 A g'!. Moreover, after 15,000 charge/discharge cycles, the device

retains 95.1% capacity, demonstrating an ultralong cycle life.
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Figure 3.28. Electrochemical performance of the as-assembled 2/1 PPYTQ/rGO//A-TisC:T. ASC. (a) CV curves
recorded at different potential windows. (b) CV curves at different scan rates. (c) GCD curves at various current

densities. (d) Cycling life at a current density of 54 g™

48



Aqueous supercapacitors based on organic molecule-functionalized graphene

3.5 Summary and future directions

In paper I, we have developed hybrid cathodic electrode materials via the noncovalent
functionalization of two kinds of commercially available rGO. The interaction between PYT and
rGO was confirmed by FT-IR. The optimized hybrid electrode PYT/GN 4-5 exhibits an excellent
specific capacity of 711 F g! at a current density of 1 A g'!. The reduced content of fluorine
terminal groups in A-Ti:C.Tx improve its electrochemical performance, achieving a specific
capacity of 431 F g! at a current density of 3 A g™'. The assembled PYT/GN 4-5//A-Ti:C.Tx ASC
exhibits an energy density of 18.4 Wh kg™ at a power density of 700 W kg™', with a capacity
retention of 91.4% after 5,000 cycles at a current density of 3 A g', demonstrating excellent

cycling stability.

In paper II, three polymers with pyrazine units based on the condensation reaction of
pyrenetetraone have been developed. The spectrophotometric titration results illustrate the
different assembly behaviors between graphene and the polymers, offering insights into the design
of organic electrode materials. Additionally, the 2/1 PPYTQ/rGO electrode demonstrates the
highest specific capacity of 603 F g at a current density of 1 A g'!. Moreover, the assembled ASC
exhibits an excellent energy density of 38.1 Wh kg! at a power density of 950 W kg'!, with an

ultra-long cycle life.

Building on current research, we aim to design and synthesize organic materials with more refined
structures to enhance charge carrier transfer. At the same time, we will focus on developing organic
electrode materials for aqueous energy storage systems, broadening the range of charge carriers

beyond protons.
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4. Noncovalent functionalization of graphene with cutting-edge
donor-acceptor organic molecules for nonlinear optical
applications

4.1 Introduction and background

Nonlinear optics (NLO) is a branch of optics that studies the behavior of light in media that exhibit
a nonlinear response to the electric field of the light.''S! Although the response generally
necessitates high light intensity for observation (electric field > 10 V m'), NLO still holds
significant potential for applications in photonic devices.[''6!18 The usage scenarios of these
devices include but are not limited to biomedical,[!'*-12%] material processing such as ablation,!?!]
and large-scale fiber optic communication.['?>!23] Currently, the method of information
transmission that combines photons and electrons has become one of the most critical
communication technologies. Achieving this requires the integration of photonic and electronic
technologies to enable the mutual conversion of electrical and optical signals. Key devices
facilitating this integration include optical switches and electro-optic modulators, with NLO and

associated materials forming the foundation for these devices and technologies.[!24-125]

4.1.1 Fundamentals of nonlinear optics
As a light goes through a transparent media, the electric field of the light will cause induced dipole
moment (p) in the molecules of the medium. The relationship between electric field amplitude of

light (E) and the molecular dipole moment u follows the equation:!2°!

u(E) = uo + ak + BE* + yE3 + - (4.1)

Here, uorepresents the intrinsic dipole moment of the molecule, while a, B, vy, etc., correspond to
the molecule's first-order, second-order, and third-order polarizabilities, respectively. Additionally,

all the terms in the formula are vectors, i.e., they have a specific direction in space.

It is worth mentioning that under low light intensity, the terms behind a£ in equation 4.1 are
neglectable, which means the dipole moment of the molecules x4 has good linearity with the electric
field of the light. In contrast, when the light intensity is high enough, the as-mentioned terms
cannot be neglected, 1 and E exhibit a nonlinear relationship. To quantify the dipole moment of

the medium, the concept polarization of the medium (P) is defined as the dipole moment per unit
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volume. In the normal medium, the polarization of the medium P shows good linearity with the

intensity of the external photoelectric field £, which follows the equation:
P =g yWE (4.2)

The x(” is the linear susceptibility, &y is the permittivity of free space. With the higher intensity,

the higher-order terms should be counted, the equation is modified to:[1?7]

P=¢gy(yWE + yPE2 + y®E3 + ...) (4.3)

The value of linear susceptibility, y(”, is significantly larger than the nonlinear susceptibilities, y/
(n>2). Thus, the contribution of the nonlinear term in Equation (4.3) becomes non-negligible only
in the presence of strong photoelectric fields. Since the invention of the laser, the field of NLO has
advanced rapidly, with a particular focus on second-order and third-order NLO effects. Second-
order NLO processes include second harmonic generation (SHG), sum-frequency generation
(SFG), difference-frequency generation (DFG), and parametric oscillation.['?%12%] Third-order

NLO processes include third harmonic generation (THG), two-photon absorption (TPA), etc.[!3]

a. Second-order NLO

The second-order NLO properties of a molecule are closely related to its symmetry. Such
properties require the molecule to exhibit asymmetry or belong to a non-centrosymmetric space

131-132] The second harmonic generation is the NLO effect that is observed the earliest

group.|
(Figure 4.1a). In 1961, Franken et al. observed that when a ruby laser with a wavelength of A1 =
694.3 nm passed through a quartz crystal and was subsequently split by a prism, a frequency-
doubled light with a wavelength of A> = 347.15 nm can be generated.['*3] This phenomenon was
named as SHG or optical frequency doubling, resulting from the interaction between the incident
light and the NLO material (such as quartz crystal). In SHG, pairs of photons with the same
frequency combine to produce photons with double the frequency and energy. This effect is one
of the most widely used second-order NLO processes.!!**! The SHG effect is a valuable
spectroscopic technique for analyzing the surface chemical and physical properties of
centrosymmetric materials.l'*3 Since its development in 1981, SHG spectroscopy has been
effectively utilized to investigate surface and interface properties across a wide variety of

materials.!'3%] In biological imaging, for instance, SHG can be applied to fluorescence microscopy,

enabling detailed imaging of animal tissues and live organisms.!'?"]
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Figure 4.1. Representation of the second order NLO process (a)SHG, (b)SFG, (¢c)DFG, and the corresponding energy

level diagram.

Figure 4.1b shows a process that is related to SHG called SFG, where two photons with different
frequencies (w1 and ®2) combine to give a single photon with frequency of (o1 + 2). It is an
important phenomenon to obtain tunable lasers. As a reverse process of SFG, two protons with
different frequencies (1 and ®2) went through the medium, resulting into an output photon with

a frequency of @1 — w2 (Figure 4.1c). This process is called DFG.

b. Third-order NLO

Third-order and other odd-order NLO effects are not constrained by symmetry requirements.[!37]
Similar to the SHG, third harmonic generation is a process that three photons with frequency w
interact within a NLO material to generate a single photon with a frequency of 3w. Another third-

order nonlinear effect is called optical Kerr effect. It describes the change in a material’s refractive
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index in response to varying light intensity. The change in refractive index is according to the

following equation:

3)
An = ( 3% )z (4.4)

2
4cegn

Here, An represents the change in refractive index, n denotes the linear refractive index, / is the

light intensity.

When a molecule simultaneously absorbs two photons, it transitions from the ground state to an
excited state—a process known as two-photon absorption (2PA). It is usually accompanied with a
fluorescence emission which is known as two-photon excited fluorescence (TPF).!'38 The process
by which a molecule absorbs two photons to transition from the ground state to an excited state
can be described as follow: the molecule initially absorbs one photon, moving from the ground
state to a virtual energy state. Subsequently, it absorbs a second photon, enabling the transition
from this virtual state to the excited state. Notebly, NLO processes such as SHG, SFG, DHG, THG,
and optical Kerr effect are parametric processes, during which the quantum state of the materials
remain unchanged. In contrast, TPA is a non-parametric process, which involves the transfer of
energy between photons and the NLO material, exciting the material from the ground state to a

real excited state.

4.1.2 Nonlinear optical materials
All materials exhibit NLO responses under sufficiently intense laser irradiation. However, the
response of NLO materials is significantly stronger. NLO materials can be broadly categorized

into inorganic and organic types based on their compositions.

Inorganic NLO materials plays a vital role in the early-stage study of this field. Typical inorganic
NLO materials include perovskite crystals like lithium niobate (LiNbOs),[!3%-140] phosphate crystals
such as potassium dihydrogen phosphate (KH.PO.),l'*!] borate crystals like lithium triborate
(LiBs0Os),['*] and semiconductors such as cadmium sulfide (CdS).['*¥} The NLO response of
inorganic materials arises from lattice vibrations or electron-hole recombination, resulting in a
relatively slow response speed. Additionally, high-quality crystal growth for these materials is

144

challenging and costly to achieve.l'*] Furthermore, the low photoelectric coefficient of inorganic

materials limits their applicability in various optical and electronic applications.l!*) Beyond these
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materials, 2D materials are promising candidates for NLO applications. Graphene has been shown
to exhibit excellent saturable absorption characteristics and NLO properties since around 2009.[146-
1471 With the rapid advancement of 2D materials, the development of novel optical devices based

on these materials has also accelerated.[!48-14°]

Organic NLO materials have gained significant research interest due to their high NLO coefficients,
rapid response, and good structure tunability.['*"] Additionally, their molecular structures and
synthesis processes are relatively straightforward, making them well-suited for simple solution-
based processing methods.['>!] These characteristics position organic small molecules as highly
promising candidates for NLO applications. Via studies of the SHG phenomenon in
benzopyrenel!*?l and various coumarins!!>! with electron-donating and electron-withdrawing
groups, it has been proven that organic compounds containing m-electrons exhibit strong NLO
responses. With the introduction of electron donor, electron acceptor, and conjugated m-bridge
concepts, along with a series of exploratory experiments, the intramolecular charge transfer (ICT)
characteristics!!>15°] and transition dipole moment!!'*¢157) in the D-A or donor-m-acceptor
molecules have been proven to enhance NLO activity. The typical D-A molecules for NLO are
N,N-dimethyl-4-[2-(4-nitrophenyl)vinyl]aniline (DANS)!!38] and p-nitroaniline (PNA).['>°! Later
on, various structures including diphenylene and diphenylacetylene, Schiff base, azo compounds,

and diphenylketene, have been employed in organic NLO materials.

4.1.3 Structural design of NLO materials

For a certain molecular skeleton, the stronger electron-donating and withdrawing groups enhance
the second-order nonlinear optical response, which can be attributed to the prompt charge transfer
within the molecule under an external field.['>-16% In addition, The molecular conjugated structure,
including factors such as the area and planarity of the conjugation system, can significantly
influence the molecular NLO response. The increased area and planarity of the conjugation system
will enhance the delocalization of the & electrons, which will increase the dipole moment change,
thereby increasing the nonlinear polarizability. Thus, structural design of organic NLO molecules
should consider enhancing the electron donating or withdrawing groups, and proper design of the
conjugation system. The theory model of the D-A molecules for the third-order NLO effect is more
complicated.['®!] While all the factors mentioned above that can affect the third-order NLO

response, the structure-property relationship remains unclear.
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2D materials such as graphene, MXene, and black phosphorus exhibit remarkable optical
properties such as high electron mobility, board band optical response, and strong excitonic
effects.[192-165] Functionalization of graphene with m-conjugated molecules that increase the
electron/charge transfer capabilities can significantly enhance the NLO performance of the
graphene-based NLO materials.!%6-167] The charge separation/recombination occurs between
graphene and D-A moieties can largely enhance the delocalization of electrons, which can further

improve the NLO properties of graphene in the hybrid materials.

4.2 Aim
The aims of this thesis in the field of NLO materials were to:

e Design and synthesize a series of D-A molecules based on the functionalization of pyrene-
4,5,9,10-tetraone.

o Investigate the interaction between the organic D-A species and graphene.

e Study the relationship between the symmetry of the D-A molecules and the NLO effect of
the hybrid materials.
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4.3 Result and discussion

4.3.1 Synthesis of donor-acceptor molecules

a. Construction of D-A skeleton
|
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Figure 4.2. The synthetic route of 2-carbazole-pyrene-4,5,9,10-tetraone.

As mentioned in chapter 3.4.1, PYT was obtained via the K-region oxidation of pyrene, which can
be prepared on a gram scale. The 2-functionalization of pyrene-4,5,9,10-tetraone is achieved by
the direct iodination with N-iodosuccinimide (NIS) in sulfuric acid.['6%-1°] By adding insufficient
equivalents of NIS, the 2,7-bifunctionalized PYT is inevitably obtained from the reaction. In the
end, by adding 1.5 equivalents of NIS, product 2 can be obtained with a yield of 57%. Before the
coupling reaction, 2 is protected by acetalization reaction to avoid the interfere to the palladium-
catalyst in the coupling reaction. The acetalization is achieved by refluxing 2 with ethylene glycol
in toluene in the presence of p-toluenesulfonic acid (PTSA). Using Buchwald-Hartwig coupling,
3,6-di-tert-butylcarbazole is introduced as the donor component of the system. Employing
Pd>(dba)s as the catalyst precursor and tri(tert-butyl)phosphine as the ligand, compound 4 is
obtained with an 88% yield. Subsequent deprotection of compound 4 is carried out in a 9:1 mixture

of trifluoroacetic acid and water, yielding compound 5 with a high efficiency of 99%.
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b. The build of symmetirc acceptors
According to the work from Mateo-Alonso and his co-workers, the extension of the © system can
be achieved by a condensation reaction with 2,3-diaminomaleonitrile and various substituted o-

phenyldiamine in a mixture of acetic acid and other solvent.[*!- 170-171]

toluene/acetic acid 1:1

-
v

2,3-diaminomaleonitrile
Corresponding o-phenyldiamine

Figure 4.3. The construction of symmetric D-A molecules.

Notably, due to severe n-m stacking interactions, it is not possible to get 7a — 7d in solution, not
even for thin-layer chromatography. However, with the existence of cyano-groups, the solubility

of the compound is significantly increased.

c. The building of asymmetric acceptors

Since the cyano- group can significantly increase the solubility of the D-A molecule and impart -
accepting properties, 4,5-dicyano-1,2-phenyldiamine is an excellent choice for the synthesis of
asymmetric acceptor (Figure 4.4).['711 With the same reaction condition for the symmetric acceptor,
when the equivalent of the diamine decreases to one, the asymmetric acceptor can be obtained with
an approximate 45% yield, remaining the bare diketone groups for further functionalization.[!?]
Based on the reported reaction condition, the final reaction mixture contains compounds 5, 6 (7e),

and 8 (9). Among these compounds, the mixture of 5, 7e, and 9 is challenging to isolate using

57



Noncovalent functionalization of graphene with cutting-edge donor-acceptor organic molecules
for nonlinear optical applications

chromatography and recrystallization, owing to their similar polarity and solubility. Product 9 was

initially isolated through 2D preparative thin-layer chromatography (2D PTLC).
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Figure 4.4 The construction of asymmetric precursor.

Later on, owing to the limited solubility of 9 in ethyl acetate, ethyl acetate was used to precipitate
9 from the reaction solution. When the acetic acid content is decreased to 10%, the formation of

7e can be inhibited.

Following the established protocol, asymmetric structures shown in Figure 4.5 were synthesized

for photophysical testing and subsequent assembly with graphene.
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Figure 4.5. The construction of asymmetric D-A molecules.

4.3.2 Study on the interaction between donor-acceptor molecules and graphene
The interaction between the D-A moieties and graphene is investigated via UV-Vis absorption and
IR spectroscopy. UV-Vis spectrophotometric titration is deployed to study the interaction between
the obtained D-A species and graphene. The experiment was performed by adding a 2.5 uM D-A

molecule solution into a 0.01 mg/ml rGO dispersion using UV-Vis absorption spectroscopy.

Figure 4.6 (a-d) exhibit the titration results of the symmetric compound 7e and the asymmetric
moieties 11a, 11b, and 11d. Compound 7e is used as a good example to explain the process and
data analysis of spectrophotometric titration between the D-A molecules and graphene. The
titration was performed by adding compound 7e into a 0.01 mg/ml rGO dispersion as the
experimental group and to an equal volume of blank solution with same gradient as the control
group. For the experimental group, the absorption of rGO is subtracted as the background signal
from the curves. Compared to the control group, a 2 nm redshift from 322 nm to 344nm is observed,
corresponding to the m-n* transition of the acceptor, indicating a charge/electron/energy transfer
process between the compound 7e and rGO.['73] The assembly behaviour between compound 7e
and rGO is saturated when 1.0 uM 7e is added into a 0.01 mg/ml rGO dispersion. Similar redshifts
can also be observed between the asymmetric species 11a, 11b, 11d, and rGO. Among all the
asymmetric D-A compounds, compound 11a shows the highest redshift value from 327 nm to 330
nm. The stronger intensity of the interaction can be attributed to the existence of the two methoxy

groups. With the strong electron-donating groups, compound 11a exhibits the largest dipole
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moment among all the D-A moieties. The saturation concentration of 11a is 2.5 pM against 0.01
mg/ml rGO, the highest among the tested D-A systems. As for other moieties, smaller shifts on
the absorption are observed during the titrations, indicating a weaker interaction between those D-
A moieties and rGO. At 1.0 uM, compound 11b exhibits a redshift from 319 nm to 321 nm, while
compound 11d shows a similar redshift from 320 nm to 322 nm. The saturation concentration of
11d is 1.5 puM against 0.01 mg/ml rGO in chloroform. In contrast, no shift in the absorption bands
is observed during the titration of compound 11¢. One possible explanation is that steric hindrance

from the methyl groups cannot be alleviated through sigma bond rotation.

(a) (b) 025
——0.5uM 7e0750';$‘1 7rve|glml G0 o ;:‘5) :m :::
0.15 - ——1.0 uM 7e +0.01 mg/ml rGO = ;:g :m :::
1.0 uM 7e 0.20 ——1.5 M 11a + 0.01 mg/ml rGO
e 7e1‘5°';':; 7":)3/"" 180, ——2.0 uM 11a + 0.01 mg/ml rGO
v / oMt 001 momirG0
@0.10 H @0.15 4
g g
g £ 7\
00.10 H 2 A
§o 05 2 / \/— P
= < \/ '
0.05 : N
0.00 . -
0.00 —\/Wﬂr\“’/‘.ﬂ :
V’/\\.,-ﬂ‘(
T T T T T T T T 1
300 350 400 450 500 300 350 400 450 500
Wavelength/nm Wavelength/nm
0.4
(c) e 1C) —
1.0 pM 11b —_— 1.5 uM 11d
0.08 _— 1.25uM 11b — 2.0 uM 11d
1.5 uM 11b — 3.0 uM 11d
—— 0.5uM 11b + 0.01 mg/ml rGO ~——1.0 M 11d + 0.01 mg/ml rGO
—— 1.0 M 11b + 0.01 mg/ml rGO 0.3 ——1.5uM 11d + 0.01 mg/ml rGO
——1.25 pM 11b + 0.01 mg/ml rGO =2 ———2.0 uM 11d + 0.01 mg/ml rGO
——— 1.5 uM 11b + 0.01 mg/ml rGO ——3.0 uM 11d + 0.01 mg/ml rGO
0.06 -
[ []
o Q \
c < N /
© © \: /iy
o L2024 \ / i}
[ 8 \/ \
$0.04 - o
o] Ko
< <
0.1 —w
0.02 ‘v
M
0.0 §
T T T T T T T T T
300 350 400 450 500 250 300 350 400 450 500
Wavelength/nm Wavelength/nm

Figure 4.6. UV-Vis spectrophotometric titration spectra of (a) compound 7e, (b) 11a, (c) 11b, and (d)11d.

Another interesting phenomenon is the difference in the saturation concentration. Compound 7e,
11a, 11b, and 11d has the same -CN groups at one side of the acceptors which are strong electron

withdrawing groups. The low-lying LUMO of the acceptors may help the electron transfer from
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graphene surface to the acceptors. Using compound 11d (-H) as a reference, 11a (-OMe) has a

higher lying LUMO, resulting less electron transfer with the graphene surface. Consequently, the

electron density of the hybrid formed with 11a is higher than that of the corresponding hybrid with

11d. Therefore, graphene can potentially accommodate more 11a molecules than 11d molecules,

leading to a higher saturation concentration. The same principle applies to compound 7e and

compound 11b.
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Figure 4.7. IR spectra for compound (a) 7e, (b) 11a, (c) 11b, (d) 11d, and the corresponding composites.

The interaction between the D-A molecules and rGO is further investigated through IR

spectroscopy measurements. Figure 4.7 exhibits the IR spectra of the D-A molecules and the

corresponding nanocomposites with rGO. To increase the signal of the molecule in the composite,

the content of the D-A moieties is increased to 45 wt%. The shifts in the IR bands observed in the
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1650-1100 cm™ range across all composite samples correspond to the C=C double bond stretching
and C-H bending regions. For example, compound 7e exhibits absorption bands at 1296, 1261,
and 1231 cm’!, respectively. After mixed with rGO, the absorption bands shift to 1292, 1254, and
1211 cm’!. Similar shifts can also be observed in the other hybrid samples. This indicates that
graphene can potentially restrict the vibrational motions of the chemical bonds within the D-A

molecules.

4.4 Summary and future directions

We have finished the synthesis and characterization of novel PYT-based D-A molecules with
different symmetry. Their interactions were investigated by UV-Vis spectrophotometric titration
and IR spectroscopy. Further work will involve the measurement of NLO effects of the hybrid

materials.
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5. Conclusion and outlook

In this thesis, A series of small organic molecules and polymers has been synthesized, using
pyrene-4,5,9,10-tetraone (PYT) as the building block for electrode materials in aqueous energy
storage devices. In addition, novel PAH donor-acceptor systems have been designed and
synthesized. Furthermore, the resulting materials are evaluated from various perspectives to pursue
valuable insights into the design of organic materials for applications in energy storage and

optoelectronics.

In paper 1, two types of PYT/rGO hybrid materials have been developed as cathode materials for
aqueous ASC. The optimized electrode can reach a maximum capacity of 711 A g at a current
density of 1 A g!. The n-x interaction between the PYT molecules and rGO enhances the stability
and rate performance of the composite electrode. With thermally treated Ti:C2Tx as the anode, the
assembled PYT/GN 4-5//A-TisC.Tx ASC achieves an energy density of 18.4 Wh kg™ at a power
density of 700 W kg™', with capacity retention of 91.4% after 5,000 cycles at a current density of
3Ag.

In paper II, three types of conductive polymers with different conformational flexibility were
designed and synthesized via condensation reactions using PYT. UV-Vis spectrophotometric
titration reveals variations in the assembly behaviors of polymers and graphene, influenced by the
polymer conformational flexibility, and demonstrates how these differences impact the
electrochemical performance of the hybrid electrode. The composite electrode exhibits a high
specific capacity maximum to 603 F g™ at a current density of 1 A g™!. Moreover, the assembled
ASC exhibits a wide potential operating window up to 1.9 V, with an energy density of 38.1 Wh
kg! at a power density of 950 W kg'!. Additionally, the ASC can deliver maximum 95.1%
retention after 15,000 cycles.

In the part III, PAH D-A systems have been designed and synthesized, based on the
functionalization of PYT. The symmetry of acceptors can be controlled via stoichiometric
condensation reactions. UV-Vis spectrophotometric titration illustrates the potential interaction

between the D-A systems and graphene. NLO properties will be further investigated at a later stage.
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Experimental section

7. Experimental section

2-iodopyrene-4,5,9,10-tetraone (2)

15 mL of concentrated sulfuric acid (98%) was added to a 50 mL round bottom flask. Then, 262
mg (1.0 mmol) of pyrenetetrone and 270 mg of N-iodosuccinimide (1.5 mmol) were added to the
reaction. The reaction mixture was stirred at room temperature for 1 h, after which the temperature
was raised to 50 °C in an oil bath and allowed to react for an additional 2 hours. Subsequently, the
mixture was poured into 40 mL of ice water and neutralized with sodium bicarbonate. The crude
product was then dried under vacuum and purified using column chromatography, resulting in the
isolation of 221 mg of the target molecule with a yield of 57% (eluent: pure DCM-5% EA in DCM).
"H NMR (400 MHz, CDCI3): & 8.79 (s, 2H), 8.52 (d, 2H, J = 7.8 Hz), 7.75 (t, 1H, J = 7.8 Hz).
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2-iodo-5,6,12,13-tetrahydro-3b,7a:10b,14a-bis(epoxyethanooxy)pyreno[4,5-b:9,10-
b']bis(|1,4]dioxine) (3)

To a 25 mL round bottom flask, 68.2 mg (0.2 mmol) of 2-iodopyrene-4,5,9,10-tetraone, 6.8 ml of
toluene, 2.8 mL (0.05 mmol) of ethylene glycol and 34.2 mg (0.18 mmol) of p-toluenesulfonic
acid were added. The resulting reaction mixture was refluxed at 125 °C in a oil bath for 20 hours.
The reaction was cooled down to room temperature. Subsequently, toluene was removed by a
rotary evaporator. The crude was filtered and washed with water and methanol until the solid was
white (99.3 mg, 88%). '"H NMR (400 MHz, CDCl3): § 8.09 (s, 2H), 7.75 (d, 2H, J= 7.7 Hz), 7.52
(t, 1H, J="7.7 Hz), 4.20 (br, 8H), 3.67 (br, 8H).
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3,6-di-tert-butyl-9-(5,6,12,13-tetrahydro-3b,7a:10b,14a-bis(epoxyethanooxy)pyreno[4,5-
b:9,10-b'|bis([1,4]dioxine)-2-yl)-9H-carbazole (4)

To a 50 mL three-necked round bottom flask, 35 mg (0.067 mmol) of 2-bromo-4,5,9,10-
di(ethylene glycol)ketal-pyrene, 1.4 mg (0.0134 mmol) of Pd>(dba);-CH3Cl, 5.4 mg (0.0268 mmol)
of (t-Bu):P, 22.6 mg (0.201 mmol) of KO7Bu, and 21 mg (0.075 mmol) of 3,6-di-tert-
butylcarbazole were added. Then, the three-necked round bottom flask and the condenser were
purged with nitrogen. Subsequently, the reaction mixture was stirred at 115 °C for 18 hours. The
solvent was removed under reduced pressure. 42.2 mg of the product was obtained by flash
chromatography with a yield of 88%. '"H NMR (400 MHz, CDCl;): & 8.14 (m, 2H), 8.00 (s, 2H),
7.82 (d, 2H, J=7.8 Hz), 7.54 (t, 1H, J = 7.8 Hz), 7.50 (dd, J = 8.6, 1.9 Hz, 2H), 7.47 (d, J = 8.6
Hz, 2H), 4.21 (br, 8H), 3.72 (br, 8H), 1.47 (s, 18H). >*CNMR (151 MHz, CDCl3) 4 143.37, 139.25,
138.88, 135.12, 133.01, 129.66, 128.92, 127.61, 127.27, 124.93, 123.94, 123.78, 116.41, 109.63,
92.76, 92.60, 34.91, 32.15.
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2-(3,6-di-tert-butyl-9H-carbazol-9-yl)pyrene-4,5,9,10-tetraone (5)

32 mg (0.045 mmol) of 4 was added into a 25 mL round bottom flask. Then, a 5 mL of TFA/H>O
= 9/1 solution was slowly added to the flask. The reaction mixture was stirred at room temperature.
After 15 hours, the reaction solution was poured into crushed ice. Subsequently, the mixture was
extracted with 3 X 10 mL of DCM and dried with sodium sulfate. The solution was evaporated by
a rotavapor with a yield of 99%. 'H NMR (400 MHz, CDCls): & 8.74 (s, 2H), 8.55 (d, 2H, J= 7.8
Hz), 8.15 (d, 2H, J=1.7 Hz), 7.74 (t, 1H, J = 7.8 Hz), 7.54 (dd, 2H, J=4.3, 2.0 Hz), 7.44 (d, 2H,
J=8.7Hz), 1.48 (s, 18H).3*C NMR (151 MHz, CDCl3) 4 177.71, 177.60, 145.02, 141.75, 137.83,
137.24, 134.63, 132.89, 132.71, 131.27, 131.06, 130.76, 124.68, 124.59, 116.94, 109.23, 35.00,
32.04.
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Compound 8
23 mg (0.043 mmol) of § and 4.92 mg (0.0045 mmol) of diaminomaleonitrile were added to a

mixture of 5 ml toluene and 5 ml acetic acid in a 50 ml sealed tube, then the flask was evacuated
and refilled with N three times, followed by refluxing at 120 °C for 24 h. The reaction was cooled
down to room temperature. The solution was dried on a rotavapor. Subsequently, the resulting
crude was purified by column chromatography with a yield of 65% (eluent: DCM). 'H NMR (600
MHz, CDCl;) 6 9.68 (d, J =2.4 Hz, 1H), 9.52 (dd, J = 8.1, 1.4 Hz, 1H), 9.02 (d, ] = 2.4 Hz, 1H),
8.82(dd, J=17.5,1.4 Hz, 1H), 8.20 (d, J = 1.9 Hz, 2H), 8.08 (t, ] = 7.8 Hz, 1H), 7.56 (dd, J = 8.6,
1.9 Hz, 2H), 7.52 (d, J = 8.7 Hz, 2H), 1.50 (s, 18H). "*C NMR (151 MHz, CDCls) 5 178.50, 178.36,
145.02, 142.24, 141.51, 141.01, 138.18, 135.45, 134.15, 132.40, 131.94, 131.82, 131.51, 131.40,
130.39, 130.34, 129.78, 129.41, 128.77, 127.57, 124.63, 124.59, 117.02, 113.34, 113.30, 108.88,
35.05, 32.08.
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N
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Compound 9

216 mg (0.400 mmol) of 5, 68 mg (0.430 mmol) of 4,5-dicyano-1,2-diaminobenzene were added
into a 40 ml 10:1 EA/acetic acid mixture. The reaction mixture was stirred at room temperature
for 2 days, after which the crude was dried in vacuum and was further isolated on a column with
PE/EA 4/1 as the eluent. 'H NMR (600 MHz, CDCl3): 9.87 (d, J = 2.4 Hz, 1H), 9.68 (d, J = 8.0
Hz, 1H), 8.93 (d, /= 2.4 Hz, 1H), 8.9 (s, 1H), 8.87 (s. 1H), 8.75 (dd, J=17.5, 1.4 Hz, 1H), 8.21 (s,
2H), 8.04 (t, /= 7.8 Hz, 1H), 7.55 (s, 4H), 1.51 (s, 18H). 13C NMR (151 MHz, CDCI3) 6 178.89,
178.74, 144.75, 144.20, 142.56, 142.33, 140.66, 138.38, 137.82, 137.69, 134.80, 134.35, 132.52,
131.55, 131.25, 130.53, 130.16, 129.35, 129.00, 124.54, 124.46, 116.99, 114.99, 114.93, 114.75,
109.06, 35.04, 32.11.
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Compound 6

23 mg (0.043 mmol) of § and 10 mg (0.093 mmol) of diaminomaleonitrile were added to a mixture
of 5 ml toluene and 5 ml acetic acid in a 50 ml sealed tube, then the flask was evacuated and
refilled with N> three times, followed by refluxing at 120 °C for 24 h. The reaction was cooled
down to room temperature. The solution was dried on a rotavapor, and the resulting crude was
purified by column chromatography with a 99% yield (eluent: DCM). 'H NMR (600 MHz, CD,Cl,)
8 9.93 (s, 2H), 9.76 (d, J = 7.8 Hz, 2H), 8.47 (t, ] = 7.9 Hz, 1H), 8.27 (d, J = 1.9 Hz, 2H), 7.66 (d,
J = 8.6 Hz, 2H), 7.59 (dd, J = 8.6, 1.9 Hz, 2H), 1.51 (s, 18H). *C NMR (151 MHz, CDCls) §
144.96, 143.26, 142.47, 140.46, 138.66, 131.94, 131.49, 131.34, 129.81, 129.23, 128.98, 127.64,
127.00, 126.80, 124.64, 124.58, 117.10, 113.47, 113.42, 108.55, 35.08, 32.13.
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oy ‘O‘ S

NC SN O SN cN

Compound 7e

50 mg (0.093 mmol) of 5, 34 mg (0.215 mmol) of 4,5-dicyano-1,2-diaminobenzene was added
into a 10 ml 1:1 toluene/acetic acid mixture. The reaction mixture was stirred at room temperature
for 2 days, after which the crude was dried in vacuum and isolated on a column using
dichloromethane as the eluent, with a 99% yield. "TH NMR (600 MHz, CD>Cl») & 10.06 (s, 2H),

9.86 (d, J = 7.8 Hz, 2H), 8.94 (s, 2H), 8.88 (s, 2H), 8.36 (t, J = 7.8 Hz, 1H), 8.31 (d, J = 1.4 Hz,
2H), 7.71 (d, J = 8.6 Hz, 2H), 7.60 (dd, J = 8.7, 2.0 Hz, 2H), 1.53 (s, 18H).
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General procedure for compound 10

20 mg (0.033 mmol) of 8 and 1.2 equivalents of 1,2-phenyldiamine were added to a mixture of 5
ml toluene and 5 ml acetic acid in a 50 ml sealed tube, and then the flask was evacuated and refilled
with N three times, followed by refluxing at 120 °C for 24 h. The reaction was cooled down to
room temperature. The solution was dried on a rotavapor and the crude was purified by column

chromatography.

10a
Compound 10a was obtained with an isolated yield of 99%.

'H NMR (600 MHz, CD,Cly) § 10.13 (d, J = 2.3 Hz, 1H), 9.93 (dd, J = 7.8, 1.4 Hz, 1H), 9.74 (d,
J=2.3Hz, 1H),9.58 (dd, J= 7.9, 1.3 Hz, 1H), 8.44 (dd, J= 8.2, 0.9 Hz,1H), 8.40 — 8.33 (m, 2H),
8.29 (d, J= 1.2 Hz, 2H), 8.00 (td, J = 7.4, 1.2 Hz, 1H), 7.96 (td, J= 7.4, 1.2 Hz, 1H), 7.69 (d, J =
8.5 Hz, 2H), 7.59 (dd, J=8.7, 2.0 Hz, 2H), 1.26 (s, 18H).
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N
MeO N O _N__CN
L LXK
MeO N O N“CN

10c

Compound 10c¢ was obtained with an isolated yield of 99%.

'H NMR (600 MHz, CDCI3/TFA) & 10.12 (d, J = 2.3 Hz, 1H), 9.93 (d, J = 2.2 Hz, 1H), 9.83 (dd,
J=179, 1.1 Hz, 1H), 9.75 (d, J = 7.3 Hz, 1H), 8.52 (t, J = 8.0 Hz, 1H), 8.28 (d, J = 2.0 Hz, 2H),
7.96 (s, 1H), 7.85 (s, 1H), 7.65 (d, J = 8.6 Hz, 2H), 7.60 (dd, J = 8.6, 1.9 Hz, 2H), 4.29 (s, 3H),
4.25 (s, 3H), 1.53 (s, 18H). 3C NMR (151 MHz, CDCls) § 160.54, 157.37, 144.98, 143.16, 142.72,
142.14, 140.63, 139.43, 138.90, 132.13, 131.88, 131.83, 131.61, 131.13, 130.02, 129.53, 129.33,
129.05, 128.63, 127.67, 126.92, 126.80, 125.34, 124.67, 124.53, 122.13, 113.16, 108.71, 106.13,
98.97, 58.11, 57.69, 35.11, 32.10.
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N
XX OO‘ .
F SN O SN CN
10d
Compound 10d was obtained with an isolated yield of 99%.

'H NMR (600 MHz, CDCls) & 10.08 (d, J = 2.2 Hz, 1H), 9.87 (dd, J= 7.8, 1.3 Hz, 1H), 9.74 (d, J
= 2.3 Hz, 1H), 9.58 (dd, J=7.9, 1.3 Hz, 1H), 8.34 (t, J = 7.8 Hz, 1H), 8.26 (d, J = 1.9 Hz, 2H),
8.16 (dd, J=10.1, 8.0 Hz, 1H), 8.10 (dd, J= 10.1, 8.1 Hz, 1H), 7.63 (d, J= 8.6 Hz, 2H), 7.57 (dd,
J=8.6, 1.9 Hz, 2H), 1.53 (s, 16H).
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Experimental section

N
NC]@[’N ‘O‘ ’NICN
N N I
NC N O N7 CN
10e
Compound 10e was obtained with a isolated yield at 99%.

'H NMR (600 MHz, CDCl5) § 10.11 (d, J = 1.8 Hz, 1H), 9.92 (d, J= 7.8 Hz, 1H), 9.85 (d,J= 1.7
Hz, 1H), 9.70 (d, J = 7.9 Hz, 1H), 8.94 (s, 1H), 8.90 (s, 1H), 8.41 (t,J= 7.8 Hz, 1H), 8.26 (d, J =
1.2 Hz, 2H), 7.63 (d, J = 8.6 Hz, 2H), 7.58 (dd, J = 8.7, 1.4 Hz, 2H), 1.53 (s, 18H).

22600-EPES

>
[
SN ANUN®e —umAaCAanonS P <o
S =YY= AXonanaSITa P @R
=AU SA YTOAA==SSH00 8
SSAARRENTG SRIITIIITAN @ b
TL:&W ﬁjw —g—

I I // //

T H‘ I A UL_L

s ) L A J
- = 4 = a o N
=== 23] S o= %
T T = = =S T T T T T T T T T T T = T T T
11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 0.0

5.5
1 (ppm)

84



Experimental section

General procedure for compound 11

20 mg (0.030 mmol) of 9, 1.5 equivalents of 1,2-phenyldiamine were added into a 2 ml 1:1

toluene/acetic acid mixture. The reaction mixture was stirred at room temperature overnight.

Compound 11a was purified via column chromatography using 1%-2% methanol in DCM as the
eluent, with a yield of 68%. '"H NMR (600 MHz, CDCI3/TFA = 10/1) § 10.12 (d, J = 2.2 Hz, 1H),
10.06 (d, J =2.2 Hz, 1H), 9.99 (dd, J = 7.7, 0.8 Hz, 1H), 9.66 (dd, J = 8.1, 0.8 Hz, 1H), 9.01 (s,
1H), 8.96 (s, 1H), 8.48 (t,/=7.9 Hz, 1H), 8.30 (d, /= 1.6 Hz, 2H), 7.96 (s, 1H), 7.86 (s, 1H), 7.69
(d, J= 8.6 Hz, 2H), 7.60 (dd, J = 8.6, 1.9 Hz, 2H), 4.30 (s, 3H), 4.25 (s, 3H), 1.54 (s, 18H). 1*C
NMR (151 MHz, CDCI3/TFA = 10/1) 6 160.38, 157.21, 145.68, 145.32, 144.80, 142.88, 142.75,
141.99, 140.33, 139.63, 139.01, 138.29, 132.11, 131.86, 131.18, 131.05, 129.88, 129.41, 129.06,
128.97, 128.76, 127.44, 126.25, 125.39, 124.58, 124.43, 122.07, 117.26, 114.61, 114.56, 114.06,
113.97, 108.90, 106.18, 98.92, 58.07, 57.66, 35.10, 32.11.
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Experimental section

peeseren

Compound 11b was purified via column chromatography using chloroform as the eluent, with a
yield of 75%. 'H NMR (600 MHz, CDCI3) § 9.94 (d, J = 2.4 Hz, 1H), 9.86 (d, J = 2.3 Hz, 1H),
9.71 (dd,J=17.8, 1.3 Hz, 1H), 9.63 (dd, J=7.8, 1.4 Hz, 1H), 8.79 (s, 1H), 8.77 (s, 1H), 8.28 (d, J
= 1.6 Hz, 2H), 8.22 (t, /= 7.8 Hz, 1H), 8.12 — 8.01 (m, 2H), 7.69 (d, J = 8.6 Hz, 2H), 7.58 (dd, J
= 8.6, 2.0 Hz, 2H), 1.25 (s, 18H). >*C NMR (151 MHz, CDCls) § 155.82 (dd, J = 267.9, 16.4 Hz),
154.75 (dd, J=265.9, 16.4 Hz), 145.72, 145.34, 144.94, 142.96, 142.85, 142.73, 140.44, 140.37,
138.95, 138.44, 138.35, 138.27, 134.22-134.09 (m, 2C), 132.47, 131.01, 130.49, 129.75, 129.70,
129.33, 129.17, 127.86, 127.06, 126.02, 124.66, 124.51, 115.62, 115.50, 114.45, 114.40, 113.81,
113.69, 111.38, 111.25, 108.92, 35.12, 32.09.
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N O N CN
possesee
Compound 11¢ was purified via recrystallization in a TFA/ethanol mixture, with a yield of 45%.
"H NMR (600 MHz, CDCI3/TFA = 10/1) § 10.15 (s, 1H), 10.10 (s, 1H), 10.03 (dd, J=7.8, 1.1 Hz,
1H), 9.71 (dd, J = 8.0, 1.1 Hz, 1H), 9.02 (s, 1H), 8.98 (s, 1H), 8.53 — 8.40 (m, 3H), 8.30 (s, 2H),
7.69 (d, J = 9.3 Hz, 2H), 7.60 (d, J = 8.4 Hz, 2H), 2.78 (s, 3H), 2.74 (s, 3H), 1.54 (s, 18H). 1*C
NMR (151 MHz, CDCI3/TFA = 10/1) & 151.87, 147.46, 145.50, 145.20, 144.95, 142.92, 142.82,
142.32, 142.11, 140.68, 138.90, 138.38, 133.63, 133.34, 131.21, 130.91, 130.06, 130.02, 129.64,
129.60, 129.01, 128.33, 128.04, 126.79, 125.62, 124.66, 124.51, 121.80, 120.42, 117.17, 114.53,
114.48,114.11, 114.03, 108.87, 35.10, 32.09, 21.64, 21.07.
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Sederes

Compound 11¢ was purified via recrystallization in a chloroform/ethanol mixture, with a yield of
40%. '"H NMR (600 MHz, CDCI3/TFA = 10/1) § 10.21 (s, 1H), 10.16 (s, 1H), 10.10 (d, J= 7.8 Hz,
1H), 9.77 (d, J = 8.0 Hz, 1H), 9.08 (s, 1H), 9.03 (s, 1H), 8.75 (dd, J = 8.43, 0.9 Hz, 1H), 8.74 (dd,
J=28.43,0.9 Hz, 1H), 8.50 (t,/=7.9 Hz, 1H), 8.40 (ddd, /=8.5, 6.8, 1.4 Hz, 1H), 8.36 — 8.29 (m,
3H), 7.70 (d, J = 8.9 Hz, 2H), 7.62 (d, J = 8.0 Hz, 2H), 1.55 (s, 18H). '*C NMR (151 MHz,
CDCI3/TFA = 10/1) o 145.55, 145.31, 145.20, 143.73, 143.11, 143.04, 143.00, 141.10, 138.98,
138.74, 138.72, 137.80, 135.20, 134.74, 134.34, 131.54, 131.47, 130.70, 130.31, 130.25, 130.01,
129.89, 128.89, 128.77, 127.30, 125.92, 124.83, 124.65, 121.88, 121.51, 114.36, 114.34, 114.02,
113.96, 108.90, 35.16, 32.07.
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