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Abstrakt

Rozczepienie sigletowe (SF, z ang. singlet fission) jest uwazane za obiecujacy proces fotofizyczny
umozliwiajacy zwickszenie wydajnosci nowej generacji urzadzen fotowoltaicznych i
optoelektronicznych poprzez utworzenie dwoch ekscytonow trypletowych z pojedynczego
fotowzbudzonego stanu singletowego. Pomimo wielu szeroko zakrojonych badan, rzne czynniki
wplywajace na wydajnos¢ rozczepienia singletowego, w szczegdlnosci rola geometrii
miedzyczasteczkowej, odleglos¢ miedzy chromoforami oraz spr¢zenia elektronowego, pozostaja
nie w pelni zrozumiane. Niniejsza rozprawa doktorska koncentruje si¢ na pogtebieniu
mechanistycznego zrozumienia rozczepienia singletowego oraz opracowaniu strategii
projektowania chromoforéw opartych na acenach, w szczegdlnosci pochodnych pentacenu.

Rozdzial 1 wprowadza pojecie rozczepienia singletowego i omawia wymagania
energetycznie dla tego procesu. W tym rozdziale zostata rowniez omowiona reaktywno$¢ i
mozliwa funkcjonalizacja acenéw. Nastepnie przedstawiono przeglad badan nad rozczepieniem
singletowym w dimerach acenowych. Rozdzial 2 opisuje synteze dimeréw pentacenu
zawierajacych mostki para-fenylenowe, meta-fenylenowe oraz adamantylenowe, potaczonych za
pomocg tacznikow fenyloacetylenowych o roznej dlugosci. Nastepnie omoéwione sg fotofizyczne
wilasciwosci tych zwigzkow w stanie podstawowym. Przedstawione sg rowniez wyniki
ultraszybkiej spektroskopii absorpcji przejsciowej przeprowadzonej przez wspotpracownikow. Ta
metoda zostala wykorzystana do opisu dynamiki stanéw wzbudzonych kluczowych dla badania
mechanizmow rozczepienia singletowego.

Rozdziat 3  poswigcono  syntezie  kawitandow  rezorcyno[4]arenowowych
funkcjonalizowanych chromoforami pentacenowymi 1 tetracenowymi. Te przetaczalne uktady
zostaly zaprojektowane, aby umozliwi¢ odwracalng regulacje odlegtosci pomiedzy chromoforami.
To pozwolito na zbadanie wplywu zmian konformacyjnych na dynamike procesu rozczepienia
singletowego. W tym rozdziale zostato opisane zastosowanie spektroskopii UV-vis do badan nad
zmianami konformacyjnymi tych zwiazkéw wywotanych przez bodzce zewnetrzne.

W badaniach opisanych w Rozdziale 3 zaobserwowano ograniczong stabilnos¢ pochodnych
pentacenu w warunkach kwasowych. To stalo si¢ motywacja dla szczegdlowej analizy
reaktywnosci chemicznej 6,13-bis(triizopropylosilyloetynylo)pentacenu (TIPS-pentacen, z ang.
TIPS-pentacene) oraz pokrewnych pochodnych acenowych. W Rozdziale 4 opisano stabilno$¢ oraz
reaktywno$¢ chemiczng TIPS-pentacenu i pokrewnych pochodnych acenowych w warunkach
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kwasowych. W celu wyjasnienia mechanizmu reakcji oraz potwierdzenia udziatu kationorodnika
jako produktu przejsciowego zachodzacej przemiany, zastosowano miareczkowanie
spektrofotometryczne UV-vis, spektroskopie UV-vis-NIR oraz spektroskopi¢ elektronowego
rezonansu paramagnetycznego (EPR).

Rozdziat 5 podsumowuje najwazniejsze wyniki przedstawione w tej rozprawie doktorskiej
oraz nakresla mozliwe kierunki w przysztym projektowaniu zwiazkdéw opartych na acenach do
badan nad rozczepieniem singletowym.

Rozdziat 6 zawiera szczegdolowe procedury syntezy oraz dane charakteryzacji

spektroskopowej dla zwigzkéw opisanych w ninejszej rozprawie doktorskie;j.
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Abstract

Singlet fission (SF) is a promising photophysical process for enhancing the efficiency of next-
generation photovoltaic and optoelectronic devices by generating two triplet excitons from one
photoexcited singlet state. Despite extensive investigation, the molecular factors governing
efficient SF, particularly the role of intermolecular geometry, interchromophore distance, and
electronic coupling, remain incompletely understood. This dissertation advances the mechanistic
understanding of SF and provides molecular-design guidelines for acene-based chromophores,
with particular emphasis on pentacene derivatives.

Chapter 1 introduces singlet fission and its energy requirements, the stability and
functionalization of acenes, and the use of acene dimers as model systems for mechanistic studies.
Chapter 2 describes the synthesis of pentacene dimers containing para-phenylene, meta-phenylene,
and adamantyl spacers connected through phenylethynyl linkers of different lengths. Their steady-
state photophysical properties are discussed, and ultrafast transient absorption spectroscopy,
performed by collaborators, is used to elucidate excited-state dynamics and singlet-fission
pathways.

Chapter 3 focuses on the synthesis of resorcin[4]arene cavitands functionalized with
pentacene or tetracene chromophores. These switchable systems were designed to reversibly
modulate chromophore proximity, thereby enabling investigation of how conformational changes
influence SF dynamics. UV-vis spectroscopy was employed to probe the conformational switching
of these architectures upon addition of external stimuli.

The results described in Chapter 3 revealed the limited stability of pentacene derivatives
under acidic conditions, motivating a detailed investigation of the chemical reactivity of TIPS-
pentacene and related acene derivatives. Chapter 4 therefore examines the stability and reactivity
of these acenes under acidic conditions. UV-vis titration, UV-vis-NIR spectroscopy, and EPR
analysis support a radical-cation-mediated reaction pathway in the acid-mediated dimerization of
TIPS-pentacene.

Finally, Chapter 5 summarizes the major findings of this dissertation and provides an
outlook for the future design of acene-based systems for singlet fission studies

Chapter 6 contains detailed synthetic procedures and spectroscopic characterization data

for compounds discussed in this dissertation.
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Chapter | Introduction

Chapter 1

1 Introduction
1.1 Advanced Photophysical Processes for Next-Generation Solar Cells: The
Role of Singlet Fission and Triplet-Triplet Annihilation

The escalating global energy demand and the declining fossil-fuel resources necessitate a transition
to renewable energy technologies. Solar energy is widely used as a renewable and clean energy
source, and ways to improve the photovoltaic conversion efficiency of solar devices have been the
subject of extensive research.’* Solar radiation spans approximately 280-4000 nm, encompassing
the ultraviolet, visible, and near-infrared regions. At the Earth’s surface, nearly 99% of the incident
radiant power is distributed between 300 and 3000 nm. However, conventional single-junction
silicon solar cells are able to convert only a fraction of this incident energy into electricity due to
the intrinsic discrepancy between the solar spectrum and the silicon band gap. Photons with
energies below the silicon band gap (~1.1 eV) are not absorbed and pass through the material, while
photons with energies exceeding the band gap lose their excess energy as heat through rapid
thermalization of charge carriers (electrons and holes) to the band edges. These spectral mismatch
losses are known as transmission and thermalization losses, respectively, and account for
approximately 52% of the total energy loss in single junction solar cells. (Figure 1.1).>" In light of
these intrinsic limitations, Shockley and Queisser in the 1960s established that the theoretical
maximum efficiency of a single-junction solar cell is ~33%, commonly referred to as the Shockley-
Queisser (SQ) limit2° To boost efficiency of solar cells beyond the SQ limit, advanced
photophysical strategies have been explored. In particular, triplet-triplet annihilation upconversion
(TTA-UC) and singlet fission (SF, down-conversion) are predicted to enable more effective
utilization of the solar spectrum, potentially increasing solar energy conversion efficiencies beyond
the SQ limit. Both of these processes can be used in solar cells to reduce transmission °4 and

thermalization losses °>*8 respectively.
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Figure 1. 1. Spectral analysis illustrating the energy losses in a silicon solar cell (bandgap = 1.1
eV). These are the losses accounted for in the Shockley-Queisser limit and represent an upper limit
for solar cells.*®

1.1.1 Triplet-Triplet Annihilation-Upconversion

Triplet-triplet annihilation-upconversion (TTA-UC) is a photophysical process in which two triplet
excited states interact to generate one higher-energy singlet state, which can subsequently emit a
photon of higher energy than the absorbed lower energy photons.?®2 It can be used to harvest sub-
bandgap photons in silicon solar cells to mitigate transmission losses.'6202430 TTA was first
identified by Parker and Hatchard in 1962 through their studies of delayed fluorescence in
anthracene.® TTA-UC requires photosensitizers and annihilators. The sensitizer (S) absorbs low-
energy light and, via efficient intersystem crossing (ISC), populates its triplet excited state (35%*).
The annihilator (A) material is chosen such that its triplet (T1) energy lies slightly below that of the
sensitizer.

The mechanism begins with the selective excitation of the ground state photosensitizer (So)
to its singlet excited state (*S1*) upon absorption of light (Figure 1.2). The excited sensitizer 1S;*
then undergoes ISC to yield its triplet excited state (3S*), which can then transfer its triplet energy
to an annihilator in the ground state (A) via triplet energy transfer (TET), producing a triplet-excited
annihilator CA*). Subsequently, the annihilation of two annihilator triplets ((A*) generates a higher
energy singlet excited state annihilator (*A*), which can relax radiatively to emit an upconverted

photon 21-23,28
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Figure 1. 2. Jablonski diagram showing the mechanism of TTA-UC.
1.1.2 Singlet Fission

Singlet fission (SF) is a spin-allowed photophysical process in which a photoexcited singlet state
(Sy) is converted into two lower-energy triplet excitons (T1) via intermolecular or intramolecular
coupling between chromophores, thereby effectively doubling the number of excitons available for
charge generation.*?32-3* This process is also referred to as down-conversion, and is particularly
attractive for photovoltaic devices. Theoretically, it has the potential to increase the thermodynamic
efficiency limit of a single-junction solar cell to approximately 45% by reducing thermalization
losses.® By enabling the formation of two triplet excitons and potentially two charge carriers from
a single high-energy photon, singlet fission allows efficiencies that exceed the Shockley-Queisser
limit. 81214 Singlet fission is commonly described by a simplified two-step mechanism, as proposed
by Merrifield and Johnson % in 1970:

S +Sy ==\ (T, T )=<=T+ Ty

The basic mechanism of singlet fission describes it as a multistep process that involves: (1)
the formation of a spin-correlated triplet pair }(T1T1) from the initially excited singlet state (S1),
followed by (2) the separation of this triplet pair (T1T1) into two individual free triplets (T1+ T1).
While the initially formed spin-correlated triplet pair 1(T1T1) can evolve into two free triplets (T1

+ T1), the degree of complete pair separation varies significantly between systems.3¢-3

3
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_ —— 5

L 5o

Figure 1. 3. Schematic diagram of the singlet fission mechanism. (a) excitation to Si1. (b) formation
of correlated triplet pair. (c) dissociation into free triplets.

Recent progress in harnessing triplet excitons generated via singlet fission has led to
experimentally demonstrated efficiency enhancements in both inorganic and organic photovoltaic
systems.“>46 Beyond photovoltaics, singlet fission has emerged as a promising avenue for quantum
technologies and spin-based devices. The intrinsic generation of spin-correlated triplet pairs
provides a platform for producing spin-entangled states, which may be harnessed for quantum

information processing and spintronics.*"~9

1.1.3 Requirements for Efficient Singlet Fission
The rate of singlet fission is primarily governed by energetic alignment and electronic coupling

between chromophores. Therefore, efficient singlet fission requires a delicate balance of energetic

alignment, interchromophore coupling, and structural organization.*®505!

Thermodynamic requirements: The thermodynamic requirements for a suitable SF-material

were established by Michl and co-workers.®? Singlet fission requires energy of the singlet excited-

4
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state E(S1) to be equal to or higher than twice the triplet energy E(T1). Optimal performance is
achieved under near-thermoneutral or moderately exergonic conditions to avoid trapping in

intermediate states.®?
E(S1) > 2E(T1)

Kinetic requirements: The molecular system should facilitate the separation of the initially
formed correlated triplet pair 1(T1T1) into two independent triplet excited states (T1+T1). Triplet
pair recombination can result in loss pathways such as relaxation back to the ground state or
conversion into higher spin states, thereby reducing the yield of free triplet excitons and limiting

singlet fission efficiency.23252

Electronic coupling: The electronic coupling between chromophores must be sufficiently strong
to enable rapid conversion of the singlet excited state into the correlated triplet pair state 1(T1T1),
yet not so strong that it prevents the dissociation of the pair into two independent triplet excitons

(T1+T1), which can instead favor promoting triplet-triplet annihilation.5153-¢

1.1.4 History and Background of Singlet Fission
The origin of singlet fission discovery dates back to 1963, when it was first experimentally
observed in anthracene crystals by Singh and Stoicheff.>” In 1965, the same group proposed the
concept of singlet fission and used it to explain the delayed fluorescence and low fluorescence
quantum yield in anthracene crystals.%® Later, this phenomenon was also observed in crystalline
tetracene, where singlet fission leads to efficient triplet generation with reported yields of up to
38%.°%%0 QOver time, scientists observed the singlet fission phenomenon in acenes,® %
carotenoids,® and conjugated polymers.6”-¢° However, research interest in singlet fission gradually
declined, largely due to the lack of advanced spectroscopic techniques capable of probing its ultra-
fast excited-state dynamics. It was not until 2006 that Hanna and Nozik proposed singlet fission as
a promising strategy for improving the photovoltaic conversion efficiency of solar cells, which
subsequently rekindled research interest in this phenomenon.*

Although efficient singlet fission has been demonstrated in a variety of organic molecular
systems, its successful implementation in practical devices remains limited. Therefore, the rational
design of new singlet fission materials and device architectures for efficient energy or charge

extraction remains crucial for further advancement. To advance the development of practical

5
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singlet fission systems, numerous recent studies have focused on elucidating the underlying

mechanisms of the process as well as identifying the factors that hinder their application.

Intermolecular Singlet Fission

Singlet fission was first observed in herringbone-packed acene crystals, where it occurs as an
intermolecular process between neighboring chromophores.®>°%7%-"® The intermolecular singlet
fission mechanism relies heavily on the interaction between two discrete chromophores, typically
within solid-state or aggregated phases. The molecules must be closely packed to enable sufficient
electronic coupling and geometric arrangement.23280 |n acenes, optimal singlet fission occurs
when molecules adopt a “slipped-stacked” configuration, in which n—x stacked chromophores are
laterally displaced along their long molecular axis.*?8! This geometry allows for the right degree
of electronic coupling and orbital overlap, which is essential for the formation and separation of
the spin-correlated triplet pair. Intermolecular singlet fission has been widely studied in pentacene
and tetracene, as their crystalline arrangements naturally adopt geometries that facilitate this
process. 3727680 However, controlling such packing in practice is highly challenging and requires
crystal engineering. Even in well-packed films, the triplets produced via intermolecular singlet
fission must physically diffuse through the material, which introduces additional losses through
recombination, trapping, or annihilation. These challenges have prompted research into
intramolecular singlet fission systems, which allow better control over molecular geometry and

help to study the underlying singlet fission mechanism more clearly.

Intramolecular Singlet Fission

In intramolecular singlet fission (i-SF), two or more chromophores are covalently linked by a
molecular spacer, allowing precise control over their relative orientations, and electronic
coupling.32°%°2 This approach circumvents the need for precise crystal packing, eliminates
diffusion related triplet losses, and enables studies in solution, where excited state dynamics can
be more precisely probed. In contrast to intermolecular singlet fission, characterized by variable
and challenging to control chromophore packing, i-SF utilizes synthetic chemistry to meticulously
control the spatial and electronic interactions between the two chromophores. i-SF has been
explored across diverse covalently linked chromophore systems, including acene, pyrene,

naphthalene diimide derivatives and BODIPY-based chromophores.8>-%°
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1.1.5 Current Perspectives on the Mechanism of Singlet Fission
Despite significant progress, the precise mechanism underlying singlet fission remains the subject

of considerable debate and active investigation.8%%! Three principal pathways have been proposed
for the generation of the spin-correlated triplet pair state, }(T1T1) upon photoexcitation.8%%2-9" The
correlated triplet pair }(T1T1), can form either directly®>®® or via an intermediate charge-transfer
(CT) state with the dominant route determined by the strength of the interchromophore coupling
(Figure 1.4). The involvement of the CT state therefore strongly depends on its energetic position
relative to other states.®®1% In general, three limiting scenarios are considered. CT states may act
as virtual intermediates, mediating the coupling between S; and *(T1T1) through a super exchange
mechanism, particularly when it lies at higher energy. In contrast, when the CT state is energetically
accessible, it can become a real, populated intermediate, resulting in a two-step process involving
sequential charge-transfer events prior to triplet-pair formation. However, if the CT state is too low
in energy, it may act as a trap, thereby competing with and suppressing the efficiency of SF. A
third proposed pathway is the quantum-coherent mechanism, where coherent mixing between
1(S1So) and 1(T1T1) promotes efficient formation of the latter,106-108

Following formation of the correlated triplet pair, the second stage of singlet fission
involves loss of spin coherence and spatial separation into two triplet excitons (T1+T1). During this
process, moderately or weakly interacting systems may undergo singlet-quintet mixing, resulting
in population of the quintet-correlated triplet-pair state, °(T1T1). Further decoherence *° of this state

can ultimately produce two free triplet excitons.86:109110
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Figure 1. 4. Proposed mechanism showing relevant states and transitions. A: equilibrium between
multiexcitonic states }(T1T1) and °(T1T41). B: Electronic decoupling into the }(T1---T1) state. C: Spin
decoherence of }(T1---T1), yielding two independent T; states.

The mechanism of singlet fission is further shaped by several proposed intermediate
processes that may influence both correlated triplet-pair formation and free-triplet generation.
These include excimer formation,*! and exciton delocalization,106.112-114

Collectively, these processes highlight the mechanistic complexity of singlet fission and
the challenges in identifying dominant pathways for efficient free-triplet generation. In particular,
the role of interchromophore coupling in governing correlated triplet-pair evolution, as well as the
factors controlling their separation into free triplets.>?

1.1.6 Singlet Fission based Solar Cells
The primary long-term objective of singlet fission research has been its application in photovoltaic

devices, for enhancing the solar cell efficiency by surpassing the Shockley-Queisser limit. In recent
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years, experimental studies have begun to demonstrate the integration of singlet fission materials
to silicon solar cell devices to enhance solar cell efficiency across a range of device architectures.
In 2019, Einzinger et al. provided experimental evidence of triplet exciton transfer from tetracene
to crystalline silicon by depositing a crystalline tetracene layer on a silicon solar cell (Figure 1.5).1%°
The combined singlet transfer and triplet transfer yield to silicon was found to be 133% +13%,
demonstrating the potential of singlet exciton fission to enhance the efficiency of silicon solar cells.

High-energy
incident photon

4-~~
.
[y
1y
[y
[}
2 2
| ——
'
]
1
'
’
.
~-

‘ Contacts

-—
'_,.-.__~~
.~
@@ ‘

.

.
.
.~

Figure 1. 5. Schematic diagram of SF solar cell. 1) Formation of the photo excited chromophore
upon absorption of a photon in the SF material layer, 2) SF takes place by generating two triplets,
3) they diffuse through an interlayer to the silicon layer forming two pairs of charge carriers. 4)
The charges are finally harvested at the contacts.*®

However, the study revealed some limitations, particularly direct singlet exciton transfer from
tetracene to silicon that bypasses singlet fission, as well as inefficient charge collection at the
silicon surface and an unclear mechanism of triplet transfer at the interface. These findings
highlight both the promise of singlet fission-sensitized silicon solar cells and the need for a deeper

understanding of exciton dynamics to achieve higher practical efficiencies.
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1.2 Acenes: Benchmark Chromophores for Singlet Fission

Acenes are prototypical systems for studying singlet fission due to their favorable excited-state
energetics and with triplet exciton yield reaching 200% reflecting highly efficient multiexciton
generation.8%1%.116 Among them, tetracene and pentacene are the most widely explored and serve

as model systems for understanding singlet fission,343%3558,61,70.74,83,84,117

Anthracene (colorless solid) Tetracene (orange solid) Pentacene (blue solid)

'CC0 OOl OOCg

LUMQO = -1.97
-2.40

-2.70

AE = 3.57 eV AE =276 eV AE =220 eV

-4.90
-5.16

HOMQ = -5.54

Figure 1. 6. Schematic diagram of HOMO-LUMO energy gaps of acenes.

As the number of fused rings increases from anthracene (Figure 1.6a) through tetracene
(Figure 1.6b) to pentacene (Figure 1.6c), extension of the m-conjugated framework leads to
increased m-electron delocalization and a concomitant decrease in the HOMO-LUMO energy
gap.1812! The small HOMO-LUMO energy gaps in acenes are associated with narrow optical
gaps, low-lying triplet states, reduced ionization potentials (IPs), and high electron affinities.122-124
However, the extended conjugation in longer acenes is accompanied by enhanced diradical
character and higher reactivity, which renders them more prone to photooxidation and degradation
under ambient conditions.*?>1% Despite that, acenes remain key model systems for understanding

singlet fission mechanisms. 3126127

10
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1.2.1 Stability and Photophysical Properties of Acenes
Anthracene: Anthracene is a colorless solid and a lower member of the acene family, with a singlet

excited state energy of 3.12 eV, with triplet energy of 1.82 eV.*? Anthracene’s E(S1) is lower than
twice its triplet energy (2E(T1) = 3.64 eV) making singlet fission endoergic, thus energetically
unfavorable. Nevertheless, it can occur via thermally activated pathways in the solid state, while
fluorescence remains the dominant decay channel. Although more stable than higher acenes, it
undergoes photodimerization via [4 + 4] cycloaddition 1.1 under UV light 126131 and also reacts
with singlet oxygen via [4 + 2] cycloaddition to form endoperoxide 1.2,132 which limits its long-

term stability and use in devices (Scheme 1.1).
vl
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Scheme 1. 1. Degradation reactions of anthracene.

Tetracene: Tetracene is an orange solid with a singlet excited-state energy (E(S1)) of around 2.3
eV and a triplet energy (E(T1)) of around 1.25 eV.32 The close energetic alignment proximity of
the singlet excited state and twice the triplet state energy makes tetracene well suited for singlet
fission, despite the process being slightly endothermic. Consequently, the small energy gap
between the singlet excited state and the triplet-pair state makes singlet fission highly sensitive to
excitonic coupling and molecular packing. Tetracene also faces several challenges in terms of
stability as it undergoes dimerization*3® under light to form 1.3 or 1.4 adducts and photooxidation*3*

under oxygen exposure to form 1.5 (Scheme 1.2).

11
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Scheme 1. 2. Degradation reactions of tetracene.

Pentacene: Pentacene, a blue-green solid possesses a singlet excited state energy of 1.83 ¢V and a
triplet excited-state energy of 0.86 eV.32 Since E(S1) > 2E(T4), singlet fission in pentacene is
exothermic and thus energetically favorable, making it one of the most efficient and widely studied
material.”>'% However, pentacene’s high performance comes with serious drawbacks in stability.
It exhibits significant sensitivity to oxygen (particularly at the central ring of the acene backbone),
is susceptible to light, and has poor solubility in common organic solvents, which complicates
further research and device implementation. Pentacene undergoes thermal dimerization**® to 1.6 &

1.7 and photooxidation®’ to 1.8 in ambient conditions (Scheme 1.3).

0 —
—_—
120 °C

Scheme 1. 3. Photodegradation reactions of pentacene.
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1.2.2 Functionalized Acenes: Strategies for Enhanced Stability
While acenes are attractive singlet fission chromophores, their extended n-conjugation and strong

n-n stacking interactions often lead to aggregation, poor solubility, and increased susceptibility to
oxygen, photo-induced degradation and dimerization under certain conditions.5:13413 These
challenges hinder both fundamental photophysical studies and practical device integration. Hence,
functionalization of acene frameworks became a crucial strategy to improve their stability,
solubility, and compatibility with solution based processing in normal conditions.

11
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Figure 1. 7. Substitution sites in tetracene and pentacene.

To overcome this, over the past decades, researchers have shifted their focus towards
developing and investigating functionalized acenes. Acene functionalization, particularly through
(alkyl, aryl, trialkylsilyl) groups or heteroatom substitution in tetracene and pentacene, is employed
to tune their solubility, stability, and electronic properties (Figure 1.8).6213%-144 Bulky groups such
as alkynyltrialkylsilyl are introduced at specific positions of the acene backbone. They provide
steric protection against intermolecular reactions, improve solubility by disrupting n—= stacking,

and provide significant electronic stabilization to the acene core.%?

|
SSdSINeY ID X II e
I

Figure 1. 8. Functionalized acenes with trialkylsilyl and heteroatoms for improved stability.
Substitution in acenes is carried out at peri- (6,13 in pentacene and 5,12 in tetracene) and

pro-cata positions (2,3,9,10 in pentacene and 2,3,8,9 in tetracene, Figure 1.9). The peri-positions

are the most reactive sites, due to the higher electron density in the central region of the acene

13
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backbone and are therefore the preferred sites for chemical functionalization (highlighted in pink,
Figure 1.9).24 Trialkylsilylethynyl groups are commonly introduced at peri-positions to enhance
solubility and stability against photooxidation, while also inducing a slight perturbation of the
electronic and photophysical properties of the acene core. Functionalization of pro-cata (in blue)
positions is commonly achieved via halogenated intermediates, which serve as versatile handles
for further derivatization through palladium-catalyzed cross-coupling reactions (e.g., Suzuki-
Miyaura, Stille, or Sonogashira coupling), enabling the installation of a wide range of aryl or
alkynyl substituents (Scheme 1.4). Substitution at these sites introduces steric hindrance along the
molecular long axis, which can disrupt n—r stacking and thereby tune solid-state packing. Thus, a
meticulous selection of substitution pattern, pro-cata vs peri- provides an effective strategy to tailor

the electronic properties of acenes.

= Pro-cata

Figure 1. 9. Substitution pattern in tetracene and pentacene.

Peri-substitution directly perturbs the central ring of the acene backbone, where the highest
electron density resides, leading to a stronger modification of the frontier molecular orbitals. The
peri-positions of acenes can be decorated with different functional groups like aryl, alkyl,4
arylethynyl, trialkylsilylethynyl®®14” by nucleophilic addition into the corresponding quinone
precursor (Scheme 1.4). While the electronic effects are strongly influenced by the nature of the
substituent, the position of substitution plays a crucial role in determining molecular geometry and

packing, and both factors together govern the overall properties of acenes.

14
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Scheme 1. 4. General synthesis of peri-substituted (top) and pro-cata substituted acenes (bottom).

1.3 Singlet Fission in Acene Dimers

Acene dimers have emerged as model systems for investigating intramolecular singlet fission. In
these systems, systematic modification of the spacer connecting the chromophores allows control
over interchromophore distance and relative orientation.5>62148-151 Consequently, the strength of
electronic coupling can be systematically can be tuned through spacer design. The first observation
of i-SF in pentacene dimers was reported by the Tykwinski and Guldi groups for a series of meta-
, para-, and ortho-linked dimers substituted at the 6,6’-positions, which will be discussed in detail

in the following section.

1.3.1 Influence of Molecular Spacers on Electronic Coupling in Acene Dimers
Among covalently linked dimers, pentacene-based systems have been widely investigated. These
dimers incorporate a variety of spacers, ranging from conjugated to non-conjugated spacers, which
determine interchromophore distance and relative orientation. These spacers also regulate
electronic communication between chromophores via through-bond coupling, thereby influencing
singlet fission efficiency.

Tykwinski and coworkers synthesized regioisomeric pentacene dimers linked through =-
conjugated and non-conjugated spacers, providing a platform to modulate interchromophore
coupling by varying spatial orientation of the chromophores and conjugation between them (Figure
1.10). Tri-isobutylsilyl ethynyl-substituted pentacene (iBusSi-Pc) dimers incorporating
phenyldialkynyl spacers in the ortho- (1.11), meta- (1.12), and para- (1.13) substitutions, as well
as non-conjugated 1,3-diethynyladamantyl spacer (1.14), were investigated to probe the effect of

15
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conjugated, cross-conjugated, and non-conjugated spacers on interchromophore coupling .83

Studies revealed that the generation of the correlated triplet pair (T1Ti) and subsequent
decorrelation into free triplets (T1 +T1) was significantly impacted by nature of the spacers

incorporated in the dimers.

Figure 1. 10. Pentacene dimers containing ortho-, meta-, para-phenylene, and adamantyl spacers.

Among ortho-, meta-, and para-linked dimers, the meta-linked dimer, 1.12 exhibited the
highest singlet fission efficiency, as it provided an optimal balance between the formation and
decay of the correlated triplet pair state }(T1T1), with a singlet fission yield of approximately 156%,
meaning more than one triplet exciton is produced per absorbed singlet.2® In contrast, the ortho-
phenylene linked dimer, 1.11 exhibits the rapid formation of triplet excited state (tsr~0.5 ps),
consistent with stronger electronic coupling arising from both inductive and resonance effects. This
is followed by the para-linked dimer (2.7 ps), 1.13, while the meta-linked dimer, 1.12, shows a
significantly slower timescale (63 ps), where only inductive effects are operative. The same meta-
linked dimer, 1.12, exhibits a much slower decay (t17a = 2.2 ns), compared to ortho (trra =12 ps)
and para-linked dimers (trta =17 ps). Notably, both ortho- and para-linked dimers therefore
combine fast triplet formation with faster decay, likely due to stronger electronic coupling and
closer spatial proximity. These trends highlight the strong influence of spacer connectivity and
chromophore orientation on correlated triplet pair formation. Furthermore, rate constants and
quantum yields of SF in ortho- and meta-phenylene linked dimers increased with solvent polarity,

indicating that charge-transfer states mediate the process.
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Weakened electronic coupling was observed in dimers linked by a non-conjugated 1,3-
diethynyladamantyl spacer 1.14, which possesses a similar spatial geometry to the cross-
conjugated meta-phenylene spacer in 1.12, but contains single rather than double carbon-carbon
bonds in the spacer. Despite the weaker coupling, intramolecular singlet fission in 1.14 was still
observed. However, nanosecond transient absorption (ns-TAS) and time-resolved EPR
measurements revealed spin mixing of (T1T1) with 3(T1T1) followed by spin decoherence to form
independent triplets.2® In conclusion, these results demonstrated that the linkage and nature of the
spacer influences the rate of formation and lifetime of the triplet state (T1T1), reflecting the critical
role of through-bond and through-space coupling in singlet fission dynamics.

The 2’ position provides an additional accessible site for substitution on pentacene while
retaining the TIPS-acetylene groups. The influence of ortho- versus meta-phenylene linkages on
singlet fission dynamics was further demonstrated in phenylene-linked TIPS-pentacene dimers.
Sakai and co-workers found that the ortho 1.15 configuration results in significantly stronger
electronic coupling than the meta 1.16 dimer (Figure 1.11).21° With a SF rate in ortho (1.2 x 10%
s71), higher as compared to the meta-linked dimer (2.1 x 10° s~1). However, this strong coupling in
the ortho also leads to rapid recombination of the correlated triplet-pair state, with recombination
occurring 10 times faster than its dissociation into free triplets. In contrast, the meta-linked dimer
exhibits a slightly higher rate of triplet-pair dissociation than recombination, resulting in a greater
yield of long-lived independent triplets despite the slower formation of the initial 1(T1T1) state.
These results illustrate how the magnitude of interchromophore coupling governs both triplet-pair
formation and separation, emphasizing the need to balance coupling strength to achieve efficient

generation of free triplets.

TIPS
fl
fl

TIPS

1.15 1.16

Figure 1. 11. Phenylene-linked TIPS-pentacene dimers with 2’ substitution.
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Campos and co-workers investigated singlet fission dynamics in TIPS-pentacene dimers
linked at the 2’ position either through direct coupling or by phenylene spacers.%10%15-154 Unlike
other systems, these 2'-linked dimers showed little dependence of singlet fission rates on solvent
polarity, regardless of the spacer employed.

Jerome Lacour’s group investigated singlet fission in a dimer 1.17 (Figure 1.12) linked by
crown ether at 2’ position of TIPS-pentacene with tuneable interchromophore distances by using
solvent of different polarity and Ba?* binding.*®® The dimer can exist in two conformations, namely
H-dimer which is strongly coupled and M-dimer which is weakly coupled. In H-dimer, singlet
fission occurs ultrafast (<2 ps) and is unimpacted by solvent polarity or viscosity, indicating that it
is driven by intramolecular vibrational modes. In contrast, M-dimer undergoes slower singlet
fission (~500 ps) that is impacted by solvent viscosity and hence governed by structural
fluctuations. Two types of triplet pairs were observed, a strongly correlated }(T1T1) and weakly
interacting *(T1---T1), with former decayed by internal conversion and the latter contributed more
to free triplets generation (T1 + T1). This work provided valuable mechanistic insights into how
structural and dynamic factors can be used to tune singlet fission efficiency in flexible molecular

systems.

Figure 1. 12. Flexible crown ether linker based pentacene dimer.

In 2023, Guldi and Tykwinski groups investigated two covalently linked tetracene dimers,
bridged through cross-conjugated meta-phenylene 1.18 and non-conjugated 1,3-diethynyl-

adamantyl spacers 1.19 which are nearly identical in spatial configuration, designed to shed light
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on the interplay between intramolecular singlet fission and triplet-triplet annihilation up-

conversion. (Figure 1.13)Y

1.18 1.19

Figure 1. 13. Tetracene dimers with cross-conjugated and non-conjugated spacers

Consistent with trends observed in previously discussed pentacene dimers, weaker
electronic coupling between the chromophores in 1.19 facilitated the decorrelation of triplet pairs,
enabling efficient generation of free triplets (T: + T1). In contrast, stronger coupling in 1.18
stabilized the correlated triplet pair }(T1T1), suppressing triplet separation while favoring TTA-UC.

Among the two, 1.18 showed efficient TTA-UC, attributed to stronger interchromophore
coupling, which facilitates the fusion of triplet excitons to regenerate the singlet excited state.
Temperature-dependent studies further revealed that both i-SF and TTA-UC remain active in 1.18
even at 80 K, while 1.19 exhibited significantly slower singlet fission and no observable TTA.

Overall, this work highlighted that the nature of linker, thereby the degree of
interchromophore coupling is the decisive parameter governing the evolution of the correlated

triplet pair (T1T1), dictating whether a molecular system favors singlet fission or TTA.

1.4 Summary

Acenes, particularly pentacene and tetracene, serve as important model systems for investigating
singlet fission due to their favorable electronic properties. However, unsubstituted acenes generally
exhibit poor solubility and limited stability under ambient conditions, which limits their detailed

investigation and practical applications. As a result, recent research has focused on functionalized
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acenes incorporating stabilizing substituents, particularly trialkylsilylethynyl groups, which
improve solubility and enhance stability.

Previous studies on dimers with conjugated, cross-conjugated, and non-conjugated spacers
have demonstrated that spacer type, molecular geometry, and spatial arrangement strongly
influence interchromophore coupling and, consequently, the triplet-pair decorrelation process in
singlet fission. Despite considerable progress in singlet fission research, a detailed understanding
of how interchromophore electronic coupling governs triplet-pair formation and separation remains
elusive. In particular, systematic investigations that disentangle the effects of interchromophore
distance, relative orientation, and spacer connectivity on electronic coupling are limited. Since
singlet fission competes with several relaxation pathways, the strength of electronic coupling
between chromophores must be carefully balanced. It should be sufficiently strong to promote the
formation of the correlated triplet-pair state 1(T1T1), yet weak enough to allow separation into two
independent triplets (T1+T1). Therefore, well-defined molecular architectures in which
chromophores are connected through spacers that systematically vary the distance between
chromophores and their relative geometry are required to elucidate the relationship between
molecular structure, electronic coupling, and singlet fission dynamics.

Previous studies have shown that efficient intermolecular singlet fission is generally favored
at relatively short interchromophore separations, with many systems exhibiting efficient singlet
fission at nearest-neighbor distances below ~5.6 A, where electronic coupling remains sufficiently
strong.>® At shorter distances, excessive orbital overlap can promote excimer formation, whereas
larger separations often lead to weaker electronic coupling. However, a recent study by Zhao and
co-workers in terrylene-3,4:11,12-bis(dicarboximide) (TDI)-based carbon nano hoops
demonstrated that efficient singlet fission can occur even when chromophores are separated by
very large distances (~16 A), which challenges the previous belief that singlet fission requires very
close m— stacking.>® These results reveal that interchromophore distance alone does not determine
singlet fission efficiency, the nature of the electronic coupling is equally important. These
observations thus, emphasize the importance of designing molecular systems that allow precise
control of chromophore separation and electronic coupling to better understand the factors

governing excited-state dynamics in singlet fission.
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1.5 Aim and Outline of the Thesis

At a fundamental level, the principles of singlet fission are established, yet the complete
mechanistic picture including the interplay of correlated triplet-pair formation and its separation
remains incompletely understood. Therefore, elucidating the precise underlying process of singlet
fission and discovering systems/chromophores with high efficiencies are essential for translating
singlet fission from solution studies into practical solar cells. Insights from this research can
advance the mechanistic understanding of the singlet fission and drive the design of new materials
for efficient photovoltaics and emerging quantum and spintronic applications.

My thesis focuses on investigating singlet fission process with the aim of advancing both
mechanistic understanding and material design through acene chromophores particularly
pentacene. Research on singlet fission utilizing acene chromophores is scattered, with studies often
lacking a systematic framework that enables direct comparison across different systems. To address
this, the singlet fission dynamics has been investigated by systematically varying interchromophore
distance and thus electronic coupling between acene chromophores. In addition, the reactivity and
stability of TIPS-pentacene have been explored, as it serves as standard system for studying singlet
fission and assessing their potential for long-term application in optoelectronic devices.

In Chapter 2, to investigate the role of interchromophore distance and coupling in singlet
fission, a series of pentacene dimers was synthesized by employing para-phenylene (m-
conjugated), meta-phenylene (weakly conjugated), and adamantyl (non-conjugated )spacers with
increasing linker length. The spacers allows precise tuning of the distance and relative orientation
between chromophores. Adamantyl spacers provides a rigid, non-conjugated bridge that disrupts
conjugation through-bond between pentacene chromophores. The dimers design in this chapter
builds upon the initial series of dimers reported by Tykwinski and coworkers (Section 1.3.1).8386
In Chapter 3, focus shifts towards synthesizing and investigating singlet fission in
resorcin[4]arene-based switchable pentacene and tetracene dimers, where singlet fission can be
selectively turned “on” or “off” through conformational changes by external stimuli. Such dimer
systems would not only provide a means to probe the mechanistic dependence of singlet fission on
chromophore geometry and structure but would also offer a built-in negative control experiment
for singlet fission. The aim of Chapter 4 is to investigate the susceptibility of TIPS-pentacene and

related acene derivatives to acid-mediated degradation and reaction pathways, thereby providing
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insight into their chemical robustness and suitability for singlet fission and organic electronic

applications.
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Chapter 2
Probing the Effect of Varying Linker Length and Spacer Configurations on

Singlet Fission in Pentacene Dimers

2. Introduction

Chromophore dimers serve as an important tool for understanding singlet fission mechanism, as
they allow controlled tuning of electronic coupling and chromophore arrangement, which govern
triplet pair formation and separation.33849%157 |n the past decade, considerable effort has been made
toward the investigation of singlet fission in crystalline materials and dimers.34°18%91 Byt, the
detailed mechanism of singlet fission still remains an active area of investigation.®-% There
remains ongoing debate regarding the involvement of different excited states in triplet-pair
formation and separation, particularly concerning the role of interchromophore coupling in
governing these processes.?%92-% pentacene dimers linked either directly or through p-phenylene
oligomers show no evidence for CT-mediated singlet fission, suggesting that intramolecular singlet
fission in these systems occurs through a direct coupling mechanism without involvement of CT
states.% 158 However, investigation of conjugated and cross-conjugated pentacene dimers 88 have
shown that strong m-conjugation promotes rapid, CT-state mediated singlet fission.

The efficiency and kinetics of singlet fission are known to be strongly dependent on
molecular geometry and chromophore proximity, accordingly, pentacene dimers have been widely
employed as model systems to investigate these mechanistic effects by tuning inter-chromophore
coupling.3*15%-161 j_SF rates vary significantly with spatial chromophore arrangement, ranging from
2.5 x 10'2s71 in orthogonal pentacene dimers %62 to 1.8 x 10°s™ in bent V-shaped dimers.*63

In the first report of i-SF in pentacene dimers, Zirzlmeier et al. utilized ortho-, meta-, and
para-phenylene spacers to control molecular geometry and n-conjugation, facilitating a systematic
study of their photophysical behavior® (Figure 2.1). The ortho- and para-dimers exhibit fast
kinetics, resulting in rapid formation and decay of the triplet states, with short lifetimes of triplet
excited states hampering detailed studies. However, the meta-linked dimer, exhibits an optimal
degree of electronic coupling resulting in right balance between triplet formation (63 ps) and decay
(2.2 ns) with triplet formation quantum yield of 156 + 5%. The faster formation of the correlated

triplet pair (tsf) in the ortho (tse ~0.5 ps) and para (tsr ~2.7 ps) dimers, relative to the meta (tsr
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~63 ps) dimer, highlights the role of the spacer and spatial chromophore orientation in electronic

coupling in governing excited state dynamics.

Figure 2. 1. Conjugated and cross-conjugated ortho, meta, and para-phenylene pentacene
dimers.83

Building upon these results, Tykwinski and Guldi group subsequently explored pentacene
dimers linked through non-conjugated spacer that preserves a spatial arrangement similar to that of
the meta-dimer (Figure 2.2).2¢ A non-conjugated adamantyl spacer was employed to suppress
through-bond coupling between the chromophores, allowing the contribution of through-space
interactions to be examined. In the adamantyl-linked dimer, adm-Pc, the pentacene chromophores
were found to be coupled strongly enough to enable efficient singlet fission while avoiding
excessively strong interactions. The moderate coupling allows the initially formed triplet pair state
to undergo spin mixing to form the quintet state °(T1T1) on a timescale slow enough to observe
both its formation and subsequent decay into two independent triplet states (T1+T1).
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Figure 2. 2. Adamantly-linked pentacene dimer.8

Based on these results, we have designed and synthesized a series of TIPS-pentacene dimers
bridged through spacers ranging from conjugated to non-conjugated with increased linker length
incorporated using para-phenylethynyl linkers (Figure 2.3). In this chapter, we investigate singlet
fission in these systems using transient absorption spectroscopy (TAS), focusing on how variations
in linker length influence coupling between chromophores and the resulting singlet fission

dynamics.
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Figure 2.3. Target compounds with para-, meta-phenylene and adamantyl spacers.
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2.1. Synthesis of Pentacene Linkers

TIPS-pentacene dimers pPhPcn, mPhPcn and adPhPcn (n = 0, 1, 2) incorporated with
conjugated, cross-conjugated and non-conjugated spacers required the synthesis of pentacene
linkers of varying length with phenylethynyl units and then coupling with phenylene and adamanty!l
spacers. The synthesis began with the preparation of pentacenequinone 2.1, which was synthesized
following the reported procedure.'®* The key pentacene derivative PcO was obtained via stepwise
addition of lithiated TIPS- and TMS-acetylene to a suspension of 2.1 in THF, followed by in situ
methylation of hydroxide groups with methyl iodide to furnish 2.3.838 Subsequently, trimethylsilyl

group was selectively deprotected with K.COs to afford pentacene precursor PcO (Scheme 2.1).

TIPS
——TIPS, BulLi o
O‘OO OO0
64 °C,12h —78 °C, THF, 16 h
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80% o
2.1 2.2
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2 CHjl, 16h THF/CH3OH
OMe 25°C,2h OMe
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2.2 2.3 PcO
TMS H

Scheme 2. 1. Synthesis of pentacene precursor PcO.

To extend the phenylethynyl linker, PcO was cross-coupled with p-bromo-iodobenzene
using Sonogashira coupling at 40 °C to afford 2.4, which was further coupled with TMS-acetylene
at an elevated temperature to afford 2.5 (Scheme 2.2). Selective deprotection of the TMS group
with K>COz furnished pentacene linker Pcl. Extension of phenylethynyl linker was achieved
through repetition of similar reaction sequence of Sonogashira coupling and deprotection steps.
Thus, Pcl was selectively coupled with p-bromo-iodobenzene affording the extended derivative
2.6. Subsequent coupling with TMS-acetylene followed by deprotection with K2CO3 yielded the

elongated pentacene phenylethynyl linker Pc2. The pentacene linkers Pcl and Pc2 serve as key
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building blocks for coupling with conjugated, cross-conjugated spacers and derivatives 2.4 and 2.6

for coupling with adamanty| spacers, as described in the following section.
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Scheme 2. 2.Synthetic route of pentacene linkers.

2.2. Synthesis of Pentacene Dimers

Pentacene linkers PcO, Pcl and Pc2 were subjected to Sonogashira cross-coupling with 1,4-
diiodobenzene and 1,3-diiodobenzene to afford the corresponding para- and meta- linked dimers
u-pPh0-2 and u-mPh0-2 respectively (Scheme 2.3). Purification of meta-linked dimers u-mPh1l
and u-mPh2 required two rounds of column chromatography. First, column chromatography using
ethyl acetate/hexane was carried out to remove nonpolar impurities. A second column employing
THF/hexane as the eluent was required to separate homocoupled byproducts, which exhibited
overlapping Rt values with the desired product. Final purification was achieved by recrystallization
from CH2Cl>/MeQOH, affording analytically pure compounds. This contributed to the reduced
isolated yields of u-mPhl and u-mPh2 to 17% and 13% respectively. Subsequent reductive
aromatization of these dimers using P2ls, followed by neutralization with triethylamine yielded the

corresponding para and meta-linked aromatized pentacene dimers pPhPc0-2 and mPhPc0-2.
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Scheme 2.3. Synthesis of para- and meta-linked dimers.

The non-conjugated series of pentacene dimers were synthesized by coupling

1,3-diethynyladamantane Ac-Ad with bromo-aryl pentacene linkers (synthesis shown in scheme

2.1). Ac-Ad was synthesized from commercially available 1,3-dibromoadamantane on reaction

with freshly prepared vinyl

bromide in the presence of AICls, followed by double

dehydrohalogenation of the resulting intermediate, following the reported procedure.65:16

Sonogashira cross-coupling of 1,3-diethynyladamantane with pentacene linkers 2.4 and 2.6

furnished u-adPhl and u-adPh2 respectively. The dimers were aromatized with Pl then

neutralized with triethylamine to furnish adPhPcl and adPhPc2.
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Scheme 2. 4. Synthesis of non-conjugated dimers adPhPc1-2

The non-conjugated dimer adPhPcO was prepared via a nucleophilic addition of a lithiated
diyne; generated in situ from 1,3-diethynyladamantane using LIHMDS to ketone 2.2 to yield u-
adPh0, followed by reductive aromatization with P>la.
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Scheme 2.5. Synthetic route for the non-conjugated adamantly-linked pentacene dimer adPhPcO0.
2.3. Steady State Characterization

Ground state: UV-vis spectroscopy was employed to probe interchromophoric electronic
coupling in the ground state. The UV-vis spectra of pentacene dimers (pPhPc0-2, mPhPc0-2,
adPhPc0-2) were measured in CH2Cl> at 25 °C. Bis(triisopropylsilylethynyl)pentacene (TIPS-Pc)
served as a reference.

The absorption maxima of the dimers pPhPcl and pPhPc2, bearing elongated
phenylethynyl linkers, are observed at 662 nm and 661 nm, respectively, and are blue-shifted
relative to pPhPcO (681 nm) (Figure 2.4). However, they remain red-shifted compared to TIPS-
Pc, indicating the presence of extended m-conjugation. Notably, pPhPcO exhibits the most
pronounced red shift with respect to TIPS-Pc, suggesting stronger n-conjugation and enhanced
interchromophoric coupling. In contrast, the reduced red shifts in pPhPcl and pPhPc2 indicate
weaker through-bond and through-space coupling, which can be attributed to the increased linker
length. Correspondingly, molar extinction coefficient for pPhPcO (Amax = 681 nm, 74300 M
cm1) was lower than pPhPc1 (Amax = 662 nm, 86100 Mcm™?) and pPhPc2 (Amax = 661 nm, 76200

M-tcm™), reflecting differences in transition intensity.
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Figure 2. 4. UV-vis spectra of para-linked dimers pPhPc0-2 in CH2Clo.

In contrast to the para-linked systems, minimal spectral shifts were observed for the meta-
linked dimers (Figure 2.5). The absorption maxima of mPhPc1 and mPhPc2 are only slightly red-
shifted to 661 nm relative to mPhPcO0 (658 nm), consistent with the cross-conjugated nature of the
meta-phenylene linkage, which limits effective electronic communication between the
chromophores. However, all derivatives remain red-shifted compared to TIPS-Pc. Notably, the
molar extinction coefficient of mMPhPcO (Amax = 658 nm, 90300 M-tcm™) is significantly higher
than those of mPhPcl (Amax = 661 nm, 71300 M-tcm) and mPhPc2 (Amax = 661 nm, 79600 M~

Iem™).
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Figure 2. 5. UV-vis spectra of meta-linked dimers mPhPc0-2 in CH2Cl..

In the adamantly linked dimers, the absorption maximum for adPhPc1 and adPhPc2 are
red shifted to 658 nm and 661 nm respectively relative to adPhPcO (642 nm) (Figure 2.6).
However, as compared to TIPS-Pc, only adPhPcl and adPhPc2 exhibited red shifted absorption,
consistent with increasing phenylethynyl linker length. The molar extinction coefficient of
adPhPc0 (Amax = 642 nm, 52000 M~tcm™) is lower than adPhPc2 (Amax = 658 nm, 57700 M~tcm™
1 but higher than adPhPc1 (Amax = 661 nm, 47800 Mtcm™).
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Figure 2. 6. UV-vis spectra of adamantyl-linked dimers adPhPc0-2 in CHCl».

Excited state: Fluorescence spectra was recorded in toluene at 25 °C. The spectra display
fluorescence characteristics typical of pentacene derivatives, featuring an intense vibronically
coupled emission maximum around 671 nm. In polar solvent, benzonitrile, the fluorescence spectra
exhibit spectral broadening and a loss of vibronic fine structure (Figure 2.7).

Most compounds exhibited positive Stokes shift, which increases with solvent polarity from
toluene to benzonitrile, indicating enhanced excited-state stabilization in polar solvents. In contrast,
pPhPcO displays anomalous negative Stokes shifts of —10.9 meV in toluene and —37.3 meV in
benzonitrile. Furthermore, the fluorescence excitation spectrum of pPhPc0 was found to be blue-
shifted relative to its absorption spectrum. In the adamantyl series, the fluorescence excitation
spectra of adPhPcl and adPhPc2 are significantly red-shifted compared to adPhPc0. Analysis of
the fluorescence quantum yields (FQYs) showed that pPhPc0, pPhPcl, mPhPc0, and adPhPc0
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possess comparatively low FQYs. Notably, all dimers showed reduced FQYSs in benzonitrile,

indicating enhanced non-radiative deactivation pathways in polar solvents.
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Figure 2. 7. Fluorescence spectra of mPhPc0-2, pPhPc0-2 and adPhPc0-2 in toluene at 25 °C.

Table 2. 1. Steady-state photophysical properties of the pentacene dimers in toluene and
benzonitrile.

Stokes
N N
Solvent max, Abs max, Em Shift :PF
[nm] [nm] [eV] [%]
Toluene 643 650 0.020765 32
TIPS-Pc¢
Benzonitrile 648.5 661 0.036155 24
Toluene 659 667.5 0.02396 > 1
mPhPc0
Benzonitrile 666 682.5 0.04501 > 1
Toluene 661 670.5 0.02658 31
mPhPcl
Benzonitrile 667.5 682 0.03949 17
Toluene 661.5 671 0.02654 36
mPhPc2
Benzonitrile 668 682 0.03810 20
Toluene 678 674 -0.01085 > 1
pPhPc0
Benzonitrile 689.5 675.5 -0.03727 >1
Toluene 662.5 671.5 0.02508 12
pPhPcl
Benzonitrile 669 681 0.03266 5
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Toluene 662 671.5 0.02650 32
pPhPc2
Benzonitrile 669 682 0.03533 17
Toluene 641.5 651.5 0.0297 2
adPhPc0
Benzonitrile 647.5 681 0.0942 3
Toluene 658.5 668 0.0268 35
adPhPcl1
Benzonitrile 665 678 0.0358 19
Toluene 661 670.5 0.0266 35
adPhPc2
Benzonitrile 667 681 0.0382 20

2.4. Transient Absorption Spectroscopy
To characterize the nature of the excited-state species as well as their deactivation pathways,

transient absorption spectroscopy (TAS) measurements were carried out on both femtosecond (fs-
TA) and nanosecond (ns-TA) timescales. The pump-probe experiments were conducted with the
TIPS-Pc reference as well as mPhPc0-2 and pPhPc0-2 and adPhPc0-2 either in deoxygenated
toluene or benzonitrile following 610 nm photoexcitation. These TAS measurements were carried
out in collaboration with Prof. Dirk M. Guldi by Anna Sophie Wollny from Friedrich—Alexander

University Erlangen—Niirnberg, Germany.

2.4.1. Meta-linked dimers:

mPhPcO0: In the meta-linked series, Upon photoexcitation of mPhPcO0, transient absorption spectra
display excited-state absorption (ESA) bands centered at 450 nm, with a shoulder at 510 nm, along
with a ground-state bleach (GSB) at 660 nm (Figure 2.8), all characteristic of the singlet excited
state.®% With time, as the singlet population decays, distinct pentacene triplet features appear®8®,
with ESA at 505 nm and an enhanced GSB at 660 nm.
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Figure 2. 8. Femto- and nanosecond transient absorption spectra of mPhPcO recorded in
deoxygenated toluene following excitation at 610 nm. Figure (a) represents the chirp corrected
differential absorption spectra from femtosecond transient absorption measurements (0—7300 ps).
The evolution-associated spectra obtained from sequential global analysis reveal an initially
formed first singlet excited state 1(S1So) (red), which evolves into an intermediate state M (violet)
and the singlet correlated triplet pair *(T:1T1) (blue), together with their respective population
dynamics. Figure (b) presents the differential absorption spectra from nanosecond transient
absorption measurements (0—400 ps). Sequential global analysis yields the evolution-associated
spectra of the singlet correlated triplet pair (T:1T1) (blue) and the free triplet 3(T1So) (green),
together with their respective population dynamics.

The initially populated species upon sequential global analysis was identified as the singlet
excited state, 1(S1So), with a lifetime of 16.4 ps. Then an intermediate species “M” with a lifetime
of 63.0 ps appeared, which subsequently leads to the formation of the correlated triplet pair, }(T1T).
The }(T1T1) state exhibits a lifetime of 2.2 ns and a triplet quantum yield (TQY) of 155% in
benzonitrile. The formation of *(T1T1), together with a TQY exceeding 100%, confirmed the
occurrence of i-SF.8 On ns-TA timescale, (T1T1) decorrelation into (T1+T1) was not observed,

suggesting deactivation of correlated triplet through triplet-triplet annihilation.

mPhPcl: In mPhPc1, spectral features corresponding to the singlet excited state are observed at
455 nm and 510 nm with a GSB at 665 nm (Figure 2.9). However, no spectral signatures associated
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with triplet states were observed. Target analysis revealed that upon photoexcitation, a hot singlet
excited state, *(S1So) is formed, which relaxes within 5.9 ps to yield a vibronically relaxed singlet
excited state 1(S1So) which exhibits a lifetime of 9.4 ns. To capture the complete deactivation
dynamics, ns-TA measurements were performed (Figure 2.9). The decay of 1(S1So) is accompanied
by the appearance of ESA features at 506 nm which closely resemble the 1(T1T1) features observed
for mPhPcO. This species was assigned as weakly correlated triplet pair, M(T1T1). Subsequently, a
decorrelated triplets species (T1 + T1) with a lifetime of 21.7 ps are observed.

Triplet quantum vyields (TQYs) were determined using a triplet sensitizer
N-methylfulleropyrrolidine (N-MFP) using the sensitization method. A pronounced solvent
dependence was observed, with TQYs of M(T1T1) increasing from 24% in toluene to 48% in
benzonitrile, and those for (T1+T1) rising from 12% to 24%. This enhancement with solvent
polarity suggests the involvement of a virtual CT state, whose stabilization in polar environments

facilitates triplet formation.
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Figure 2.9: Femto-and nanosecond transient absorption spectra of mPhPcl in deoxygenated
toluene following photoexcitation at 610 nm. Figure (a) presents the chirp-corrected differential
absorption spectra from femtosecond transient absorption measurements (0—7300 ps). The
evolution-associated spectra obtained from target analysis reveal an initially formed hot singlet
excited state (S1So)* (black) and the vibrationally relaxed first singlet excited state (S1So) (red)
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together with their respective population dynamics. Figure (b) presents the differential absorption
spectra from nanosecond transient absorption measurements (0-300 us). Target analysis yields the
species-associated spectra of the first singlet excited state 1(S1So) (red), the correlated triplet pair
M(T1T1) (blue), and the decorrelated triplet (T1+T1) (green) together with their respective
population dynamics.

mPhPc2: The excited-state dynamics of mPhPc2 closely resemble those of the TIPS-Pc reference
(Figure 2.10). fs-TA reveals that photoexcitation initially populates *(S1So) state, which decays
within 11 ps to form vibronically relaxed state, *(S1So). This singlet state persists for 9.6 ns before
undergoing intersystem crossing (ISC) to form the triplet state *(T1So). The resulting triplet state
exhibits a lifetime of 19.1 ps, which is in good agreement with the reported value for TIPS-Pc (25
us). These observations suggest that the weakened electronic coupling in mPhPc2 prevents triplet-

pair formation.
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Figure 2. 10. Femto- and nanosecond transient absorption spectra of mPhPc2 in deoxygenated
toluene following photoexcitation at 610 nm. Figure (a) presents the chirp-corrected differential
absorption spectra from femtosecond transient absorption measurements (0-7300 ps). The
evolution-associated spectra obtained from sequential global analysis reveal an initially formed hot
singlet excited state (S1So)* (black), which evolves into a solvent-stabilized and vibrationally
relaxed first singlet excited state *(S1So) (red), together with their respective population dynamics.
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Figure (b) presents the differential absorption spectra from nanosecond transient absorption
measurements (0—100 us). Sequential global analysis yields the evolution-associated spectra of the
first singlet excited state 1(S1So) and the free triplet 3(T1So) (green), together with their respective
population dynamics.

2.4.2. Para-linked dimers:

pPhPcO: In the para-linked dimers, upon photoexcitation of pPhPc0, a short-lived 1(S1So) state
with 3.7 ps is formed, which evolves into a correlated triplet pair, 1(T1T1) and decays within 17.2
ps (Figure 2.11). The absence of decorrelated triplets (T1+T1) suggests that the strong electronic
coupling prevents the decorrelation of correlated pair, 1(T1T1) into free triplets and instead favours
ground-state recovery via TTA. Despite the ultrafast dynamics, a 1(T:1T1) TQY of 130% was

measured.

AOD [a.u]
0.07 0.06

10004 0.05 0.04 1 RUAD)
0.8
0.021
] 0.03 ;
0.008

0.00 1

3 -0.02 1
-0.01

14 ' -0.04 0.24

time [ps]
= S
o o
AOD [a.u.]
population

L —0.04 -0.06 L ———— o — 0.0 -
450 500 550 650 700 750 450 500 550 650 700 750 01 1 10 100 1000
wavelength [nm] wavelength [nm] time [ps]

Figure 2. 11. Femto-second transient absorption spectra of pPhPcO in deoxygenated toluene
following photoexcitation at 610 nm. Figure 2.11 presents the chirp-corrected differential
absorption spectra from femtosecond transient absorption measurements (0—7300 ps). The
evolution-associated spectra obtained from sequential global analysis reveal an initially formed
first singlet excited state 1(S1So) (red), which evolves into the singlet correlated triplet pair }(T1T1)
(blue), together with their respective population dynamics.

pPhPcl: In contrast to pPhPc0, which exhibits ultrafast deactivation kinetics, pPhPcl shows
significantly longer-lived excited states that extend beyond the fs-TA time scale into the
nanosecond timescale. Immediately following photoexcitation, the spectra are dominated by
features characteristic of the pentacene singlet excited state. Additional spectral features emerge
with time, which include ESA maxima at 474 and 507 nm, along with a weaker shoulder around
536 nm. Although these signals do not perfectly match with the established triplet excited-state

spectrum of pentacenes, they are assigned as correlated triplet pair, *(T1T1), of pPhPcl.
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Sequential global analysis of the fs-TA data reveals the participation of three distinct
species. Immediately after photoexcitation, a vibrationally hot *(S1So) state is generated as the
initial species. This state relaxes within 6.9 ps into a vibrationally relaxed second species, 1(S1So).
The relaxed state 1(S1So) persists for 2.9 ns before converting into the third species, identified as
the correlated triplet pair X(T1Ty).

ns-TA measurements provided insights into the deactivation kinetics of pPhPcl.Three
distinct transient species exhibiting triplet-state characteristics were identified. The correlated
triplet pair, 1(T1T1), exhibits a lifetime of 11.6 ns, and subsequently evolves into the quintet-
correlated triplet pair, 3(T1T1), which persists for 49.1 ns. This state ultimately leads to the
formation of long-lived free triplets, (T1+T1), with a lifetime of 20.4 us.

TQY's were determined via the sensitization method using N-MFP as the sensitizer. Upon
changing the solvent from toluene to benzonitrile, the TQY of }(T1T1) increases from 96% to 131%,
suggesting a solvent-dependent enhancement that may arise from the involvement of a CT state.
In conclusion, pPhPcl undergoes i-SF, accompanied by partial spin decorrelation leading to the

formation of free triplets.
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Figure 2. 12. Femto-and nanosecond transient absorption spectra of pPhPcl in deoxygenated
toluene following photoexcitation at 610 nm. Figure (a) presents the chirp-corrected differential
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absorption spectra from femtosecond transient absorption measurements (0—7300 ps). The
evolution-associated spectra obtained from sequential global analysis reveal an initially formed hot
singlet excited state (S1So0)* (black), and the vibrationally relaxed first singlet excited state *(S1So)
(red), which evolves into the singlet correlated triplet pair Y(T1T1) (blue), together with their
respective population dynamics. Figure (b) presents the differential absorption spectra from
nanosecond transient absorption measurements (0—300 us). Sequential global analysis yields the
evolution-associated spectra of the first singlet excited state 1(S1So), the singlet correlated triplet
pair 1(T1T1) (blue), the quintet correlated triplet pair °(T1T1) (yellow), and the decorrelated triplet
(T1+T1) (green) together with their respective population dynamics.

pPhPc2: Spectral signatures of pPhPc2 closely resemble those observed for TIPS-Pc and
mPhPc2, showing features of hot state “(S1So) and vibrationally relaxed state (S1So). Notably, no
signatures of the correlated triplet pair, (T1T1) were detected within the fs-TA time scale (Figure
2.13). On the nanosecond timescale, singlet excited state, 1(S1So), with a lifetime of 9.5 ns, decays
to 3(T1So). The triplet species, 3(T1So), albeit weak in intensity, exhibits a lifetime of 19.5 ps.

Overall, these results indicate that ISC dominates over i-SF in systems with longer linkers.
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Figure 2. 13. Femto-and nanosecond transient absorption spectra of pPhPc2 in deoxygenated
toluene following photoexcitation at 610 nm. Figure (a) presents the chirp-corrected differential
absorption spectra from femtosecond transient absorption measurements (0-7300 ps). The
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evolution-associated spectra obtained from sequential global analysis reveal an initially formed hot
singlet excited state (S1So)* (black), which evolves into a solvent-stabilized and vibrationally
relaxed first singlet excited state 1(S1So) (red), together with their respective population dynamics.
Figure (b) presents the differential absorption spectra from nanosecond transient absorption
measurements (0-300 ps). Sequential global analysis yields the evolution-associated spectra of the
first singlet excited state 1(S1So) and the free triplet 3(T1So) (green), together with their respective
population dynamics.

2.4.3. Adamantyl-linked dimers:

adPhPc0: In adPhPc0, photoexcitation gives rise to the characteristic singlet excited-state features
of pentacene derivatives at 452 nm. As the singlet excited-state population decays, spectral features
corresponding to the correlated triplet-pair state }(T1T1) emerge at 469 and 505 nm (Figure 2.14).
ns-TA measurements revealed the presence of transient species characteristic of triplet states.
Decay of the 1(S1So) state leads to the formation of 1(T1T1), which subsequently evolves into the
spin-correlated quintet state °(T1T1), followed by separation into free triplets, (T1+T1). These results
confirm that singlet fission remains active in adPhPcO despite the presence of a non-conjugated

spacer between the chromophores.

AOD [a.u]

» 0.1250
0.154 —(5,5,) ' ‘
1
@ (nn) 41000 1000+ o
0.10 i 0.08375
= +4 100 100 4 - 006313
8 005_ g 0.04250
10 £ 4
< = W0 - 002188
0.004 i L - 0.001250
i1 14
-001838
-0.05 r T T T T T —— — Y 0.1 01 3 -0.04000
450 500 550 650 700 750 1.2 1.0 0.8 08 04 0.2 00 . 560 760

wavelength [nm] population wavelength [nm]

AOD [a.u]

(b) = 01200
(8:5y) 100 100 4
—_—TTy
0.104 (T Ty) 410 104 o
(T,+T,)
e 41 = 11 005600
&, 0.054 %
8 \ 701 E 014
9 © = ! | 002400
0.00 | 0.01 01.] ‘
Al -0.008000
4 0.001 0.001 4
-0.051— : . . ‘ . | 1E-4 e B ekl o 004000
450 500 550 650 700 750 1.2 1.0 08 06 04 0.2 0.0 450 500 550 650 700 750

wavelength [nm] population wavelength [nm]

41



Chapter 11 Pentacene Dimers

Figure 2. 14. Femto-and nanosecond transient absorption spectra of adPhPcO in deoxygenated
toluene following photoexcitation at 610 nm. Figure (a) presents chirp-corrected differential
absorption spectra from femtosecond transient absorption measurements (0—7300 ps). The
evolution-associated spectra obtained from sequential global analysis reveal an initially formed
first singlet excited state 1(S1So) (red), which evolves into the singlet correlated triplet pair 1(T1T1)
(blue), together with their respective population dynamics. Figure (b) presents the differential
absorption spectra from nanosecond transient absorption measurements (0—300 ps). Sequential
global analysis yields the evolution-associated spectra of the first singlet excited state 1(S1So),(red)
the singlet correlated triplet pair }(T1T1) (blue), the quintet correlated triplet pair 3(T1T1) (yellow),
and the decorrelated triplet (T1+T1) (green) together with their respective population dynamics.

adPhPcl: The spectral profile of adPhPcl closely resembles with that of TIPS-Pc, mPhPc2 and
pPhPc2. (Figure 2.15). On the nanosecond timescale, the spectral evolution is dominated by the
decay of the singlet excited state, 1(S1So), which deactivates with a lifetime of 11 ns to form (SoTa).
Most importantly, no observation of (T1T:1) signatures were observed, indicating that singlet

fission is inactive in this system.
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Figure 2. 15. Femto-and nanosecond transient absorption spectra of adPhPcl in deoxygenated
toluene following photoexcitation at 610 nm. Figure (a) presents the chirp-corrected differential
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absorption spectra from femtosecond transient absorption measurements (0—7300 ps). The
evolution-associated spectra obtained from sequential global analysis reveal an initially formed hot
singlet excited state (S1So)* (black), which evolves into a solvent-stabilized and vibrationally
relaxed first singlet excited state 1(S1So) (red), together with their respective population dynamics.
Figure (b) presents the differential absorption spectra from nanosecond transient absorption
measurements (0-300 pus). Sequential global analysis yields the evolution-associated spectra of the
first singlet excited state *(S:So) and the (T1So) state (green), together with their respective
population dynamics.

adPhPc2: Finally, the fs-TA and ns-TA spectra of adPhPc2 is identical to those of adPhPc1l,
mPhPc2, pPhPc2 and TIPS-Pc. In this case as well, no spectral signatures corresponding to the
correlated triplet-pair state, 1(T1T1), were observed (Figure 2.16). On the nanosecond timescale,
the spectra are dominated by the decay of singlet excited state, 1(S1So), with decay lasting for 9.4

ns. This is accompanied by a weak transient signal assigned to the triplet state (SoT1), which persists
for 8.9 us.
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Figure 2. 16. Femto-and nanosecond transient absorption spectra of adPhPc2 in deoxygenated
toluene following photoexcitation at 610 nm. Figure (a) presents the chirp-corrected differential
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absorption spectra from femtosecond transient absorption measurements (0—7300 ps). The
evolution-associated spectra obtained from sequential global analysis reveal an initially formed hot
singlet excited state (S1So)* (black), which evolves into a solvent-stabilized and vibrationally
relaxed first singlet excited state 1(S1So) (red), together with their respective population dynamics.
Figure (b) presents the differential absorption spectra from nanosecond transient absorption
measurements (0-300 pus). Sequential global analysis yields the evolution-associated spectra of the
first singlet excited state (S1So) and the (T:So) state (green), together with their respective
population dynamics.

2.5. Conclusion
In this chapter, the effect of conjugated linker extension on the i-SF process was investigated using

a series of meta and para-phenylene, and adamantyl-linked pentacene dimers. The dimers,
incorporating para-phenylethynyl linkers, were compared with previously reported dimers without
linkers. The photophysical properties of these systems were examined using steady-state and
transient absorption spectroscopic techniques.

In the weak electronic coupling regime, represented by the meta-linked pentacene dimers,
the evolution of a strongly correlated triplet pair in mPhPcO to a weakly correlated (T1T1) pair in
mPhPc1, and ultimately to predominant 3(T1Sg) formation in mPhPc2, clearly demonstrates the
role of interchromophore coupling in singlet fission dynamics. Overall, increasing linker length
gradually reduces electronic coupling as the system moves from mPhPc0 to mPhPc2. The longest-
linked dimer in this series, mPhPc2, exhibits a three-step deactivation pathway without any
evidence for the formation of the correlated triplet pair, }(T1T1). These observations suggest that
increasing linker length weakens the electronic coupling below the threshold necessary for efficient
i-SF, resulting in triplets predominantly through ISC.

In the para-linked series, The excited-state dynamics transitions from coherent i-SF in
pPhPcO, to superexchange-mediated SF in pPhPcl, and to dominant ISC in pPhPc2. These
pathways reflect competing outcomes of the initially formed (T1T1) state, which can undergo
triplet—triplet annihilation, decohere into free triplets (T1+T1), or form localized triplet state (T1So)
via ISC.

The para-connected analogue pPhPcl follows a excited-state deactivation pathway
involving three distinct triplet species, *(T1T1), ®(T:T1), and (T1+T1). Notably, among all
investigated systems, pPhPcl exhibited the highest correlated triplet-pair quantum yield of 131%

together with a free-triplet yield of 40% in benzonitrile.
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In the adamantyl-linked series, adPhPc0 exhibits signatures of correlated and decorrelated
triplet formation, indicating that singlet fission remains operative despite the presence of a non-
conjugated spacer. However, increasing the linker length in adPhPcl and adPhPc2 suppresses
correlated triplet-pair formation, leading predominantly to localized triplet formation via ISC.
These observations suggest that the combined effect of increased interchromophore separation and
the non-conjugated adamantyl spacer weakens electronic coupling below the threshold required for
i-SF.

Overall, these findings highlight the critical role of interchromophore distance, through-
bond conjugation, spacer nature, and linker length in controlling electronic coupling and,
consequently, intramolecular singlet fission dynamics. Among the investigated systems, the
pPhPcl framework emerges as particularly effective in facilitating triplet-pair separation while
maintaining high triplet yields. These findings provide important design guidelines for developing
next-generation singlet-fission materials.
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Chapter 3

Resorcin[4]arene-based Switchable Dimers for Singlet Fission

3. Introduction
Molecular devices capable of undergoing reversible mechanical motions are of significant

interest.’8"-1%% Among these, resorcin[4]arene cavitands represent a unique and versatile class of
molecular frameworks, characterized by their sensitivity to environmental stimuli, their ability to
undergo conformational switching, and their capacity to selectively encapsulate guest molecules
through noncovalent interactions. Resorcin[4]arene cavitands consisting of four resorcinol units
connected by methylene groups were introduced by Cram and co-workers,'® who constructed a
fundamental resorcin[4]arene structure bridged by quinoxaline units,”* capable of interconverting

between a closed “vase” and an open “kite” conformation.1’2

8 A

124

A

Upper rim

—
Walls ——> NN N \\N_'( 9A
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hgal
Bowl — '

Resorcin[4]arene

Figure 3.1. Resorcin[4]arene (left) 12 and quinoxaline-bridged resorcin[4]arene cavitand reported
by Cram and co-workers showing appropriate dimensions and nomenclature (right).1

A closed vase form (with Csy symmetry) of cavitand possesses a hydrophobic cavity
approximately 7.5 A wide and 5.6 A deep, and an open kite form (with C,y symmetry) presents a

flat, extended surface measuring ca. 12.5 A x 18 A (Figure 3.2).1"3 The vase to kite conformational
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switching in resorcin[4]arene cavitands can be triggered by various external stimuli: including

temperature, %" pH 175176 and metal ions such as Zn?*.1"’

VASE KITE

Figure 3.2. Vase (3.0) and kite (3.1) conformations of quinoxaline-bridged resorcin[4]arene
cavitand.

One more notable feature of resorcin[4]arene cavitands is the ease of monitoring the
conformational change. The most convenient way to monitor the conformational prevalence of the
resorcin[4]arene cavitands is by *H NMR spectroscopy. The methine protons (denoted by * in
Figure 3.2), located beneath the quinoxaline walls, are very sensitive to the position of the walls.
In the vase form, the chemical shift of the methine protons is approx. 5.6 ppm and in the kite form,
the methine protons are positioned below the shielding plane of the quinoxaline walls, which shifts
these signals upfield to around 3.7 ppm. Although, the vase—kite conformational switching can be
triggered by various external stimuli, the following discussion focuses only on temperature and

pH-dependent transitions.

Temperature-dependent _conformational switching: Temperature-regulated switching in

quinoxaline-bridged resorcin[4]arene cavitands was first demonstrated by Cram and co-workers.*’?
They observed that at temperatures above 303 K, the cavitand predominantly adopts the vase
conformation, whereas below 220 K, the open kite form is favored. The conformational
interconversion was revealed by *H NMR spectroscopy, inferred by an upfield shift of the methine

proton as the cavitand transitions from vase to kite.
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This temperature-dependent equilibrium originates from solvation effects. At lower
temperatures, the kite conformation exposes a larger surface area to the solvent, resulting in
enhanced solvation and a gain in enthalpy. Conversely, at higher temperatures, the compact vase
conformation becomes thermodynamically favored due to the entropy gain associated with release
of solvent molecules, as the solvation (TASsov) Of the kite form having larger surface area becomes

entropically unfavorable.

pH-dependent switching: In pH-induced switching, protonation of the quinoxaline-bridged
175

resorcin[4]arene cavitand promotes the transition from the vase to the kite conformation.
Protonation of the mildly basic quinoxaline nitrogen atoms introduces positive charges on flaps,
leading to electrostatic repulsion between the cationic walls and thereby favoring the kite form.
Reportedly, at a trifluoracetic acid (TFA) concentration of 0.4 M, the cavitand undergoes complete
conversion to the kite conformation, while subsequent neutralization with a base such as NEts or
K.COs restores the vase form.!’*1® The conformational change is confirmed by 'H NMR
spectroscopy, which shows characteristic shifts of the methine protons.

Notably, nature of the solvent also plays a crucial role in the switching process and thus
influence the vase—kite equilibrium.’®1® Apolar, non-aromatic solvents facilitate the vase-to-kite
transition, whereas aromatic solvents such as toluene and benzene stabilize the vase form through
n—7 interactions with the cavitand walls, thus hinder the conformational change. Mesitylene
represents an exception, despite being aromatic, its size prevents inclusion within the cavity,
allowing switching behavior similar to that in apolar non-aromatic solvents. In contrast, highly
polar solvents effectively hinder the vase-to-kite transition, by stabilizing the vase conformation.

In summary, literature studies show that the vase—kite equilibrium of resorcin[4]arene
cavitands is highly sensitive to the combined effects of cavity size, hydrogen-bonding, and
solvation. Solvents that complement the cavity dimensions tend to stabilize the vase form, whereas
halogenated solvents (e.g., CD2Cl,, CDClIs, and (CDCly)2) or sterically demanding solvents favor
the kite conformation.

Following these developments, Diederich’s group developed and diversified these systems,
designing cavitands responsive to redox, pH, temperature, and photochemical stimuli, and
demonstrating their potential as molecular switches, receptors, and nanoscale actuators.'8-182 The

combination of structural rigidity and conformational flexibility makes these quinoxaline-bridged
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resorcin[4]arene cavitands excellent and versatile platforms for creating a controllable environment
to probe distance-dependent photophysical and electronic interactions.

One such system where they leveraged the properties of resorcin[4]arene cavitands is 3.2
(Figure 3.3). They investigated the conformational dynamics of quinoxaline-bridged
resorcin[4]arene cavitands functionalized with FRET donor—acceptor boron-dipyrromethene
(BODIPY) dyes through fluorescence resonance energy transfer (FRET) studies.'’®183 A series of
cavitands functionalized with BODIPY dyes incorporated with oligo(phenylene-ethynylene)
spacers of varying lengths was examined to evaluate the effect of donor—acceptor distance on
energy transfer. Because FRET efficiency depends strongly on chromophore separation,
conformational changes in the cavitand directly influence energy transfer. In this work, the
switching capability of the cavitand was therefore used to modulate FRET by controlling the spatial
distance between the donor and acceptor dyes. They found that FRET efficiencies in the vase form
decrease with increasing phenyl-ethynyl spacer length. Upon switching to the “kite” conformation,
the donor fluorescence increases while the acceptor emission reduces, thus a corresponding
reduction in FRET efficiency, consistent with an increased separation between the chromophores.

In conclusion, these studies provide valuable insights into the vase-kite conformations of
the resorcin[4]arene cavitands beyond their application in FRET measurements. These results
demonstrate that the cavitand framework still preserves its switching behavior even after the
chromophores are covalently attached, thereby maintaining the vase-kite conformational

equilibrium.

49



Chapter 111 Resorcin[4]arene based acene dimers

FRET Acceptor

FRET Donor

Figure 3.3. BODIPY—functionalized resorcin[4]arene cavitands 3.2, featuring a FRET donor—
acceptor pair.

Building upon these results and the versatility of the cavitand system, we designed related
molecular switching systems by attaching acene chromophores at the terminal positions to gain
mechanistic insight into singlet fission through controlled variation of the intermolecular distance

between the chromophores.

3.1. Present Work
Chromophore dimers have played a pivotal role in advancing the understanding of the singlet

fission mechanism.®8 In particular, the intermolecular distance between chromophores plays a
crucial role in governing singlet fission dynamics, however, achieving precise control over
interchromophore distance remains a significant challenge. Therefore, dimers connected through
rigid covalent linkers limit the ability to systematically vary the distance between chromophores,

which in turn hinders direct investigation of how intermolecular separation influences singlet
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fission dynamics. To address this, we designed acene-functionalized resorcin[4]arene cavitands
that provide a tunable platform for positioning chromophores at varying distances, enabling studies

of how proximity influences interchromophore coupling and thus singlet fission.

Figure 3. 4. Schematic representation of the ON/OFF switching of acene dimers.

3.2. Synthesis of Resorcin[4]arene Cavitand based Dimers
The synthesis of the dimers was accomplished through a convergent strategy involving the
preparation of a resorcin[4]arene cavitand and acene linkers of varying lengths. The synthesis of

these building blocks is described in the following sections.

3.2.1. Synthesis of Resorcin[4]arene Cavitand (I-Rc)

The synthesis of diiodocavitand I-Rc required the preparation of iodoimide walls 3.8 and tetrol
3.11 which were then assembled to afford the desired cavitand (Scheme 3.1 & 3.2).178 For making
walls, synthesis started with the preparation of quinoxaline-2,3-dione 3.3 by the condensation of
an o-phenylene diamine with diethyl oxalate which was then converted to 2,3-dichloroquinoxaline
3.4 using SOCI,. 2,3-dichloroquinoxaline 3.4 was then oxidized using KMnOs to yield
dicarboxylic acid 3.5, which was subsequently converted to anhydride 3.6 in the presence of
SOCl,. Sidewise, 4-iodoxylidine 3.7 was synthesized by iodinating xylidine under basic
conditions. Anhydride 3.6 was subjected to nucleophilic acyl substitution with iodoaniline 3.7
upon activation by oxalyl chloride in the presence of pyridine as a base, resulting in the formation

of iodoimide 3.8.
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Scheme 3. 1. Synthetic route for the synthesis of iodoimide 3.8.

Tetrol 3.11 was synthesized through a multistep sequence starting with the acid-catalyzed
fourfold condensation of resorcinol with heptanal to afford octol 3.9. Following this,
dichloroquinoxaline flaps 3.4 were attached to octol 3.9 via a base-mediated nucleophilic aromatic
substitution, affording the bowl-shaped cavitand 3.10. Selective removal of two quinoxaline flaps
of 3.10 was then achieved by treatment with catechol in the presence of K>COg, yielding tetrol
3.11.
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Scheme 3.2. Synthesis of cavitand I-Rc.

Once the building blocks were synthesized, the resorcin[4]arene cavitand framework was
assembled by coupling tetrol 3.11 with iodoimide 3.8 via a base-mediated O-alkylation (Scheme
3.2). In the presence of K>COs, deprotonation of the phenolic groups of tetrol 3.11 generates the
corresponding phenoxides, which undergo nucleophilic substitution with iodoimide 3.8 to form
the ether-linked cavitand building block 1-Rc.!8*

3.2.2. Synthesis of Pentacene Linkers

A series of pentacene linkers bearing terminal alkyne groups (3.14, 3.20, and 3.21) was
synthesized. 6,13-pentacenequinone 3.12 was synthesized following the reported procedure.®*
Pentacene derivative 3.13 was synthesized through the stepwise nucleophilic addition of lithiated
(triisopropylsilyl)acetylene (TIPS-acetylene) and (trimethylsilyl)acetylene (TMS-acetylene) to
pentacenequinone 3.12, followed by in situ methylation of the resulting alkoxide intermediate with
methyl iodide (Scheme 3.3). The product was purified by column chromatography to afford 3.13.
Subsequent selective deprotection of the TMS group using K2COs furnished pentacene derivative
with terminal alkyne 3.14 in 87% yield.
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Scheme 3.3. Synthesis of pentacene derivative 3.14.

To access pentacene linkers bearing extended phenylethynyl units, pentacene derivative
3.14 was further functionalized with 1-bromo-4-iodobenzene, 3.15 (Scheme 3.4). Exploiting the
higher reactivity of the carbon-iodine bond in 1-bromo-4-iodobenzene, 3.14 underwent selective
Sonogashira cross-coupling with 1-bromo-4-iodobenzene at 25 °C to afford bromo-aryl pentacene
derivative 3.16 in 89% yield. Subsequent Sonogashira cross-coupling with TMS-acetylene at
elevated temperature (80 °C) furnished 3.17 in 90% yield. Removal of the TMS protecting group
with K>COs yielded pentacene linker 3.18. Further extension of the pentacene linker 3.18 with
phenylethynyl units to afford the longer pentacene linker 3.21 was achieved through iterative
sequence involving Sonogashira cross-coupling with 1-bromo-4-iodobenzene, followed by
coupling with TMS-acetylene and subsequent K.COz-mediated deprotection.
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Scheme 3. 4. Synthetic route for pentacene linkers 3.18 and 3.21.
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3.3. Synthesis of Resorcin[4]arene-based Pentacene Dimers
Resorcin[4]arene-based pentacene dimers were targeted using standard Sonogashira cross-

coupling conditions.!® Initial attempts employing a palladium catalyst (mentioned in Table 3.1)
and an amine base (Table 3.1), proved unsuccessful and therefore required systematic optimization.

Table 3.1. Screening of conventional Sonogashira conditions.

Entry Pentacene Reaction conditions Result
substrate
1 3.14 Pd(PPhs)a, Cul, NEts, THF, 35 °C Hco formed
2 3.14 Pd(PPhs)s, Cul, DIPEA, THF, 35 °C Hco
3 3.14 Pd(PPhs).Cl,, Cul, NEts, THF, 35 °C Hco
4 3.14 Pd(PPhz)2Cl, Cul, NEt3 Toluene, 60 °C Hco
5 3.18,3.21 Pd(PPh3)2Cl, Cul, NEts, Toluene, 60 °C Hca/ Hea

Despite variations in the amine base, palladium catalyst, and reaction temperature (entries 1-5,
Table 3.1), the reaction consistently yielded the corresponding homocoupled byproducts Hcn, with
no detectable formation of the desired cavitand-based products. These observations prompted a
comprehensive investigation of the reaction parameters to establish conditions suitable for selective

cross-coupling of cavitand 1-Rc with pentacene linkers 3.18 and 3.21 (Tables 3.1-3.3).
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Figure 3. 5. Homo-coupled product observed during Sonogashira cross-coupling of cavitand
I-Rc with pentacene linkers.

e
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Table 3. 2. Screening of cavitand I-Rc toward amine bases.

Entry Base/Solvent Result
1 DIPEA, THF Decomp.
2 DIPEA, Toluene Decomp.
3 DIPEA, DMF Decomp.
4 NEts, THF Decomp.
5 NEts Toluene Decomp.
6 NEts, DMF Decomp.

The consistent formation of homocoupled products prompted me to subject the cavitand to
various bases and solvent conditions to investigate its reactivity. Screening of amine bases (entries
1-6, Table 3.2) revealed that the cavitand was highly unstable under these conditions. Upon
addition of amine bases such as triethylamine to the cavitand solution, the reaction mixture
immediately turned yellow, TLC analysis indicated decomposition of the cavitand scaffold, likely
arising from the conformationally constrained nine-membered oxygen-containing ring system.
These observations suggest that the cavitand may be sensitive to nucleophilic reaction
environments. As a result, amine bases were excluded from further screening, and attention was

directed toward milder inorganic bases, particularly cesium carbonate.

Table 3. 3. Optimization of Sonogashira cross-coupling reaction conditions.

Entry Pentacene Conditions Result
substrate
1 3.14 Pd(PPhs)s, Cul, Cs,COg, Toluene, 35 °C I-Rc and 3.14
observed
2 3.14 Pd(PPhz)s, Cul, Cs2CQOg, Toluene, 60 °C I-Rc and 3.14
observed
3 3.18,3.21 Pd(PPhs)s, Cul, Cs2CQOgs, Toluene, 35 °C Successful

In the presence of Cs>CO3 as the base (entry 1, Table 3.3), the Sonogashira cross-coupling
between shortest pentacene linker 3.14 and I-Rc did not proceed, with both the cavitand and

pentacene linker remaining unreacted after 12 h, as indicated by TLC. Heating the reaction mixture
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to 60 °C also failed to promote conversion (Entry 2, Table 3.3). In contrast, applying the same
conditions to couple I-Rc with extended pentacene linkers 3.18 and 3.21 led to successful reactions,

affording the corresponding architectures uArPcl and uArPc2 in 26% and 19% isolated yields
respectively (Scheme 3.5).
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n =2, uArPc2 19%

Scheme 3.5. Sonogashira cross-coupling of 1-Rc with pentacene linkers 3.18 or 3.21 to yield
uArPcl and uArPc2.

As attempts to couple cavitand 1-Rc with shortest pentacene linker 3.14 were unsuccessful,
possibly due to steric hindrance arising from the methoxy substituent on the terminal acetylene
(entry 1, Table 3.3). To evaluate whether steric hindrance was responsible, I-Rc was reacted with
an extended ethynyl pentacene derivative Ex-Pc, synthesized from pentacene linker 3.14 using
Glaser-Hay coupling with TMS-acetylene (Scheme 3.6). However, this reaction was still

unsuccessful, yielded only the starting materials.
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Scheme 3.6. Attempted Sonogashira cross-coupling of cavitand 1-Rc with the extended ethynyl-

pentacene derivative Ex-Pc.

3.4. Aromatization of Resorcin[4]arene based Pentacene Dimers

The aromatization of uArPcl and uArPc2 to afford ArPcl and ArPc2 required careful
optimization as both the cavitand scaffold and pentacene derivatives exhibited sensitivity under
acidic and basic conditions. Initial attempts using previously reported aromatization conditions for
pentacene derivatives®®® such as using SnCl. in the presence of acid were unsuccessful and resulted
in decomposition of the substrates (Entries 1-3, Table 3.4). Aromatization using P2l4 with THF as
a solvent followed by recrystallization with methanol resulted in products that exhibited broad
signals in the 'H NMR spectrum. In contrast, clean aromatization was achieved using SnCl; in
toluene with stirring for 20 min. The reaction mixture was subsequently passed through a short

silica plug and recrystallized from methanol to afford the target compounds ArPcl and ArPc2.

58



Chapter 111 Resorcin[4]arene based acene dimers

Table 3. 4. Optimization of aromatization conditions on UArPcn, (n=1, 2).

Entry Conditions Results
1 SnCl2.2H20, 10% H2SO4, THF decomp
2 SnCl2.2H,0, 1M HCI, THF decomp.
3 SnCl,.2H>0, sat. NH4Cl, THF decomp.
4 Pala, NEt3, THF Broad NMR
5 P2ls, NEts, Toluene No conversion
6 SnCl2.2H20, Toluene Successful

[IPS TIPS TIPS TIPS

It
OMe

|

|
)
|_'n

8'
) y
O

Z ~ || SnCl; 2H,0, Toluene Z | ~
N N —— X
25°C, 20 min
= = P =
oo \2 0. \O oMo \2 0/ O
N N N N
N \§ N N N\ N
Yo/, o000 00Z 0 _a—200
SN2, N2,
= 'r = =~ 'r =
R R R R R R R R
n =1, uArPc1 n =1, ArPc1 64%
n =2, uArPc2 n =2, ArPc2 67%

Scheme 3.7. SnCl>-mediated aromatization of uArPcl and uArPc2 to afford the corresponding

aromatized architectures ArPcl and ArPc2.
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3.5. Vase—Kite Switching Experiments

To examine whether ArPcl and ArPc2 could undergo acid-induced vase-kite conformational
switching, their behavior was investigated by 'H NMR spectroscopy under acidic conditions
reported in literature for switching cavitand systems. 8" For this experiment, neat TFA (20.8 pL,
0.280 mmol) was added to a 0.5 mL solution of ArPcl (2 mg, 0.76 umol) or ArPc2 (2 mg, 0.71
pmol) in CDCls, and the *H NMR spectrum was recorded. However, the spectra showed only
solvent signals and did not provide any information about the switching. A distinct observation
was the color change of the solution from bluish-green to brown upon addition of TFA, which
reverted to green upon subsequent addition of triethylamine. Given the previously observed
sensitivity of the cavitand toward amine bases, K2COs was also evaluated as a milder neutralizing
agent instead of triethylamine. The same color change was still observed, indicating that the
response is not dependent on the choice of base. The observed color change to brown was
concerning, as it suggested protonation at the pentacene chromophores rather than at the
quinoxaline nitrogen atoms, leading to undesired interaction of TFA with the acene moieties and
disruption of the intended vase—kite switching behavior.

Since *H NMR spectroscopy proved inconclusive, UV-vis measurements were performed
for ArPc2 in CH2Cl at 25 °C, to gain insights into its reactivity with acid. The spectrum of ArPc2
in CH2Cl> showed an initial absorption maximum at Amax = 524 nm, which significantly red-shifted
to 584 nm after addition of TFA (Figure 3.6). The absorption band around 291 nm disappeared and
new absorption bands emerged at 262 nm and in the 353-398 nm region. After neutralization with
an equimolar amount of NEts, the original spectrum of ArPc2 was not restored, instead, an
anthracene-like absorption pattern was observed in the 300-387 nm region. TLC analysis
supported these spectral changes, showing disappearance of the original substrate spot and
formation of a new spot at lower Ry, indicating formation of a new species. This result led to a more

detailed investigation of acene reactivity under acidic conditions, which is discussed in chapter 4.
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Figure 3. 6. UV-vis spectra of ArPc2 recorded before and after treatment with TFA, followed by
neutralization with TEA; TEA = NEts.

3.6. Resorcin[4]arene based Tetracene dimers

During our investigation of acene reactivity under acidic conditions (discussed in detail in Chapter
4), TIPS-tetracene demonstrated significantly higher stability towards TFA. This enhanced acid
tolerance highlights the robustness of the tetracene core and suggests a lower tendency to undergo
acid-induced degradation, which limited the use of pentacene chromophores. As a result, tetracene
was identified as a chromophore capable of withstanding the acidic conditions required for

switching, and was incorporated into resorcin[4]arene-based cavitand architectures.

3.6.1. Synthesis of Tetracene Linkers

A similar synthetic strategy was employed for the preparation of tetracene linkers as used for
synthesizing the pentacene linkers (vide supra). The synthesis began with the preparation of
tetracene-5,12-dione 3.23 via aldol condensation between 1,4-dihydroxynapthlene and
o-phthalaldehyde, following a reported procedure with minor modifications, in which methanol
was used as a solvent instead of reported trifluoroethanol.’® Subsequent stepwise addition of
lithiated TIPS-acetylene and TMS-acetylene to 5,12-tetracenequinone 3.23, generated the
corresponding alkoxide intermediates, which were methylated in situ with methyl iodide to afford
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compound 3.24. Finally, selective removal of the TMS protecting group using K.COs yielded

tetracene derivative 3.25.
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Scheme 3.8. Synthetic route for the synthesis of tetracene linkers.

Tetracene derivative 3.25 was extended by introducing phenylethynyl units through a
sequence of iterative Sonogashira cross-coupling reactions. Initial coupling of 3.25 with 1-bromo-
4-iodobenzene afforded bromo-aryl tetracene derivative 3.26 in 93% vyield. 3.26 was subsequently
subjected to Sonogashira cross-coupling with TMS-acetylene to yield 3.27 in 85% yield. The TMS
protecting group was then selectively removed using K.COs to afford tetracene linker 3.28.
Repetition of these three steps Sonogashira coupling-deprotection sequence on 3.28 through 3.29

and 3.30, furnishes the longest tetracene linker 3.31
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3.6.2. Synthesis of Resorcin[4]arene based Tetracene Dimers
The optimized conditions established for the Sonogashira cross-coupling of pentacene linkers with
resorcin[4]arene cavitands, as well as for the aromatization of resorcin[4]arene-based pentacene
dimers (UArPc1-2), were applied to the coupling of tetracene linkers with cavitand I-Rc. Under
these conditions, Sonogashira cross-coupling of cavitand I-Rc with conjugated tetracene linkers
3.28 and 3.31, using Cs2CO3 as the base, afforded the corresponding methoxy-protected tetracene
precursor-based cavitand architectures uArTcl and uArTc2. The crude products were purified by
column chromatography on SiO> with hexanes/ethylacetate, followed by dissolution of the solid
obtained in dichloromethane and precipitation with methanol, yielding the target compounds in
24% and 17% yield, respectively. Aromatization of the intermediates using SnClz in toluene was
complete within 20 min, after which the reaction mixture was filtered through a short SiO> plug to
furnish the fully conjugated target systems ArTcl and ArTc2 in 95% and 55% yield, respectively.
Characterization of the compounds ArTcl and ArTc2 by *H NMR spectroscopy was
hampered by significant peak broadening in the aromatic region. This broadening could arise from
dynamic molecular processes in solution or n—n interactions between the tetracene chromophores,
both of which can average the NMR signals. Variable-temperature NMR (VT-NMR) experiments
provided no additional resolution, suggesting that these conformational dynamics persist across the
temperature range studied (-40-50 °C). As a result, characterization through *H NMR spectroscopy
was hampered. However, MALDI-MS analysis provided clear evidence for the formation of both
compounds. It showed molecular ion peaks at m/z 2635.293 for ArTcl (calcd 2635.160) and m/z
2835.407 for ArTc2 (caled 2835.223), confirming the successful formation of the target
architectures.

63



Chapter 111 Resorcin[4]arene based acene dimers

TIPS TIPS TIPS TIPS TIPS
f It It f f
MeO. OMe OMe
N N
CCL0 0 CC CCC CC
MeO OMe OMe
f It It f f
2x — - 0 0 —
E | Pd(PPhs)4 Cul Z | z || SnCl;2H,0 Toluene ﬁ | ~ |
X CsCOj, Toluene X X~ 259, 20 min N N
35°C,16 h
| | s A
n

N N N N N
N NN N N N, N\ N N N, N N N
gt )\—o/(_< Y Nl )\_\/(* W N )\_\/<_< Y
o O o] O (0]
Ec\$774 Ec\$774 Ec\S774
¥ S
R R R R R R R R R R R
R=CgHiz n=1,2 n =1, uArTcl 24% n =1, ArTc1 95%
I-Rc n =2, uArTc2 17% n =2, ArTc2 55%

Scheme 3.9. Synthesis of target compounds ArTcl and ArTc2 by Sonogashira cross-coupling

followed by SnCl,-mediated aromatization.

3.7. UV-vis Spectroscopy

The UV-vis spectra of the resorcin[4]arene-based tetracene dimers ArTcl and ArTc2 were
recorded in CHxCl; at 25 °C (Figure 3.7). A red-orange solution of ArTcl and ArTc2 in CH.Cl»
exhibited absorption maximum at Amax = 524 nm and Amax = 555 nm respectively. Both derivatives
ArTcl and ArTc2 exhibit intense high energy transitions characteristic of the tetracene in the 280—
300 nm region. In comparison to ArTcl, ArTc2 shows a clear bathochromic shift of the lowest-
energy absorption band, indicative of a reduced HOMO-LUMO energy gap. This red shift is
consistent with enhanced m-electron delocalization arising from the extended conjugation
introduced by the additional phenylethynyl linker in ArTc2. The broad absorption band observed
in the 315-420 nm region is likely due to overlapping transitions of the tetracene core and
phenylethynyl units. The molar extinction coefficients of ArTcl (291 (227230), 461 (10020), 490
(20180), 524 nm (30630) Mt cm™) and ArTc2 (290 (244220), 330 (155050), 489 (20240), 521
(31960), 555 nm (26080) Mt cm™ ) indicate that ArTc2 exhibits stronger absorption features.
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Figure 3.7. UV-vis absorption spectra of ArTcl and ArTc2 in CH2Clzat 25 °C
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Figure 3. 8. UV-vis absorption spectra of ArTcl and tetracene linker 3.28 in CH2Cl at 25 °C.

3.7.1. Vase-Kite Switching Experiments

UV-vis spectroscopy: To investigate the vase—kite switching, architectures ArTcl and ArTc2

were titrated with TFA and conformational switching was monitored by UV-vis spectroscopy (vide
infra). Gradual addition of 5.0 M TFA to a 3 mL CHCl, solution of ArTcl and ArTc2 (c = 107
M) at 25 °C resulted in progressive spectral changes, indicative of a conformational transformation.
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Addition of TFA to ArTcl led to decrease in absorption intensity around 291 nm, accompanied by
emergence of broad shoulder in the 313-370 nm region (Figure 3.9). Concomitantly, the structured
vibronic bands in the visible region (450-540 nm), gradually decreased in intensity and became
less resolved. Upon further addition of TFA, the UV-vis absorption spectrum remained unchanged,
indicating that saturation had been reached at approximately 0.4 M TFA. The observed spectral
behavior is consistent with an equilibrium shift toward the kite conformation upon acid addition,
in agreement with previously reported studies.’® Importantly, these spectral changes were
reversible upon addition of triethylamine, confirming the reversibility of the switching process.
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Figure 3.9. UV-vis titration of ArTcl with 5 M TFA in CH2Cl; at 25 °C, [ArTcl] = 10° M,
TEA=NEt3

In contrast, ArTc2 exhibits more complex spectral behavior upon TFA addition (Figure
3.10). While a gradual decrease in absorption intensity is observed across both the UV and visible
regions upon TFA addition, the absorption bands in the 310-410 nm region become broader,
whereas the vibronic features in the 470-570 nm region exhibit a noticeable blue shift relative to
ArTc2. Rather than displaying a well-defined two-conformation interconversion, the spectra show
partial band broadening and redistribution of absorption intensity. These features suggest that
ArTc2 exists in a dynamically averaged conformational state prior to acidification, likely due to
longer tetracene linkers having extended aryl-ethynyl conjugation, which enhance electronic

delocalization and reduce the spectroscopic distinction between the vase and kite conformations.
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Figure 3. 10. UV-vis titration of ArTc2 with 5 M TFA in CH.Cl; at 25 °C, [ArTc2] = 10° M
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Fluorescence spectroscopy: To investigate the switching behavior, fluorescence titration studies
were carried out on ArTcl using TFA and then neutralized with NEtz (Figure 3.11). Addition of
TFA to ArTcl leads to a decrease in emission intensity, consistent with protonation-induced

conformational changes in the cavitand framework observed in literature.® Upon subsequent

addition of base, deprotonation partially restores the original conformation, resulting in an increase

in fluorescence intensity. However, the incomplete recovery of emission suggests that the initial

geometry is not fully re-established, giving rise to only partial switching behavior.
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Figure 3. 11. Fluorescence emission spectra of ArTcl at 25 °C in CH2Cl> on titration with TFA,
followed by neutralization with TEA.

3.8 Conclusion

In conclusion, resorcin[4]arene-based acene dimers incorporating pentacene and tetracene
chromophores were designed and synthesized as model systems to investigate the mechanism of
singlet fission. The synthesis of pentacene dimers ArPcl and ArPc2 required extensive
optimization due to the sensitivity of both the cavitand and pentacene frameworks to nucleophiles
and acids, respectively. Subsequent switching experiments revealed that the pentacene
chromophores were unstable under acidic conditions, leading to decomposition upon treatment
with TFA. These challenges motivated the transition toward tetracene-based cavitands, which were
anticipated to offer greater chemical stability relative to pentacene.

The tetracene dimers, ArTcl and ArTc2, were successfully synthesized and characterized
by MALDI mass spectrometry. UV-vis titration studies demonstrated that ArTcl appears to
undergo reversible, pH-induced vase—kite conformational switching, confirming the acid-base
responsiveness of the cavitand architecture. In contrast, ArTc2 appears to exist in a more dynamic
equilibrium, making switching between two forms kite and vase difficult to distinguish.
Importantly, the tetracene chromophore appears to be stable toward TFA as indicated by UV-vis

spectroscopy, in contrast to its pentacene analogues.
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With structural and conformational stability established, these tetracene based cavitand
dimers are promising candidates for future transient absorption studies to probe interchromophore
coupling and singlet fission dynamics. Due to time constraints, *H NMR characterization and
further photophysical studies were not completed, nevertheless, they represent important future

directions for a more complete elucidation of the photophysical behavior of these systems
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Chapter 4

Acid-Mediated Dimerization of Pentacene

This chapter is taken from our work published in J. Org. Chem. 2026, 91, 1842-1847. All images

included are reproduced with permission from the publisher.

4. Introduction
Electronic devices based on organic materials have been an area of intense research for the past

few decades.'® Among electronic materials, acenes hold a great importance, as they offer a unique
combination of structural tunability and electronic properties, compatible with sustainable device
manufacturing.521261% Their rigid, planar m-conjugated frameworks facilitate efficient charge
transport and strong intermolecular n—m interactions, makes them attractive candidates for
applications in organic electronics.'® Within the acene family, the extent of m-conjugation strongly
influences both the electronic properties and chemical stability of the molecules.?**°? Among the
lower acenes relevant to singlet fission, anthracene represents the shortest n-conjugated system,
exhibiting a relatively wide bandgap (~3.0 eV). Its limited n-conjugation is associated with reduced
chemical reactivity, enhanced oxidative and thermal stability compared to higher acene
homologues.!®? In contrast, tetracene features an extended n-conjugated framework, which narrows
its bandgap and increases its chemical reactivity relative to anthracene. However, this enhanced
conjugation also renders tetracene more susceptible to degradation under ambient conditions.®® In
comparison, pentacene exhibits relatively better environmental stability among higher acenes,
while also possessing high intrinsic hole mobility, favorable band dispersion, and small
reorganization energies.'*® These properties make pentacene one of the most widely explored
organic semiconductors.®® However, unsubstituted pentacene remains challenging for device
applications due to its poor solubility in common organic solvents, susceptibility to oxidative and
photochemical degradation (e.g., endoperoxide formation). In addition, its herringbone crystal
packing motif, limits cofacial 7—n overlap and reduces intermolecular charge-transfer integrals.
These factors collectively compromise film continuity, stability, and device to device

reproducibility in thin-film transistors and related architectures.'93-1%
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Figure 4. 1. TIPS-ethynyl-substituted acenes.

Functionalization of pentacene has proven effective in addressing these limitations,
markedly improving solution processability, environmental stability, and device performance.%?
Among pentacene derivatives, 6,13-bis(triisopropylsilylethynyl)pentacene (TIPS-Pc) has emerged
as a benchmark material in organic electronics. Functionalization at 6,13-positions of pentacene
with TIPS-ethynyl substituents increases solubility, sterically shields the pentacene core, and
favors crystallization in a slipped cofacial “brickwork” motif that enhances n—m overlap and
promotes quasi-two-dimensional charge transport. 4’

Although the bulky TIPS-ethynyl substituents provide significant steric protection, they do
not completely suppress degradation pathways, or render the acene framework fully resistant to
chemical or photochemical degradation. Several studies have documented Diels-Alder reactivity
and dimerization of acenes, particularly in TIPS-Pc under certain conditions. In 2005, Coppo and
Yeates reported an intermolecular [4+4] photocycloaddition of TIPS-Pc at the 5,14-positions of
the acene core, induced by UV light (300 nm) irradiation in the solid state and in non-aromatic
solvents, yielding two distinct isomers 4.0 and 4.1 (Scheme 4.1).1% Such intermolecular [4+4]
photocycloaddition reactions are well documented for acene derivatives.*®®1% In addition to [4+4]
dimerization, [4+2] Diels-Alder cycloaddition has also been reported, where the acene core

undergoes cycloaddition with the ethynyl substituent of the second molecule.1%7:199-201
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Scheme 4. 1. TIPS-Pc and its dimers.

In 2010, Anthony and co-workers reported 4.3 as the [4+2] Diels-Alder dimerization
product of TIBS-hexacene (6,13-bis[(triisobutylsilyl)ethynyl]lhexacene), formed as a byproduct
during its synthesis.?®* Compound 4.3 (Figure 4.2) was initially isolated as a deep green solid,
which turned yellow-orange upon column chromatography on SiO,. X-ray crystallographic
analysis revealed that the green species corresponded to a [4+2] dimerization product, which

subsequently underwent oxidation to an endoperoxide during purification.

Figure 4. 2. Dimerization product of TIBS-hexacene.
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In 2013, Bunz et al reported the formation of Diels-Alder dimerization product 4.5 (Scheme
4.2) in azaacenes, which was observed during crystal growth of diazahexacene 4.4 from a
dichloromethane/hexane solution. The ring adjacent to pyrazine of diazahexacene core undergoes
[4+2] cycloaddition with the TIPS-ethynyl group of a second molecule. Additionally, [4+4]
product 4.5a was observed during the attempted synthesis of diazaheptacene 4.5, but instead of

desired diazaheptacene, dimerized product was obtained.*®” (Scheme 4.3)
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Scheme 4. 2. Dimerization reaction of diazahexacene 4.4.
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Scheme 4. 3. Dimerization reaction of diazaheptacene 4.5.

In addition to the well-known, classical head-to-tail and head-to-head dimers of anthracene,
the Diels-Alder reactivity of 9,10-bis[(triisopropylsilyl)ethynyl]anthracene has been extensively
investigated, with adducts forming at the 9,10-positions of the anthracene core.?°2-204 Recently,
Mitzel et al in 2019 described a non-classical [4+2] photodimer 4.6a derived from 1,8,10-
tris(trimethylsilylethynyl)anthracene, in which one of the alkynyl substituents participated in the

dimerization upon UV irradiation under inert conditions (Scheme 4.4).1%
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Scheme 4. 4. Photodimerization of the 1,8,10-substituted anthracenes.

Lately, Speiser and co-workers observed Diels-Alder cycloaddition of TIPS-Pc upon
electrochemical one-electron oxidation (Scheme 4.5).2%° The reaction proceeds through a [4+2]
cycloaddition between the pentacene core and the ethynyl substituent, a process reminiscent of the
spontaneous diazahexacene dimerization reported by Bunz.!®" More recently, Tykwinski and co-
workers identified the similar [4+2] dimer as a side product during mechanochemical synthesis of

i-BusSi-Pc via SnCl,-mediated reductive aromatization of its precursors.?%®
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Scheme 4. 5. [4+2] dimerization of TIPS-Pc.

In a recent study, Bunz and co-workers systematically examined the Diels-Alder reactivity
of TIPS-Pc toward a series of dienophiles with different steric profiles.?® The study revealed
distinct regioselectivity patterns, with cycloaddition occurring preferentially at rings 2 and 3 of the
acene backbone (Scheme 4.6). According to Schleyer and co-workers, Diels—Alder reactivity in
linear acenes is governed by aromaticity redistribution along the reaction coordinate, leading to

preferential addition at positions where the balance of aromatic stabilization loss and recovery is
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most favorable. For TIPS-Pc, NICS(1) and HOMA analyses indicate that rings 2 and 3 exhibit
similar aromaticity, with ring 2 being slightly more aromatic, consistent with the observed major
product formation. However, the formation of minor ring 3 adducts suggests that steric effects also
contribute to the regioselectivity.!®* These findings, together with previous reports, highlight that
dimerization and Diels-Alder cycloaddition reactions constitute important degradation pathways

for TIPS-Pc and related acenes.
TIPS

(D ™

140 °C,1 h -7 days

TIPS

Scheme 4. 6. Diels-Alder reactivity of TIPS-Pc shown by Bunz et al.?%

4.1. Present Work

In the course of my studies, | observed that a CH2Cl: solution of TIPS-Pc undergoes a distinct
color change from deep blue to brown upon addition of TFA, similar to changes reported for
electrochemical oxidation of TIPS-Pc (Scheme 4.7).1% Neutralization with triethylamine restored
the blue color, suggesting a reversible process at first glance. However, TLC analysis revealed that
the blue species was no longer TIPS-Pc but a different compound. Subsequent NMR
characterization revealed that this new species exhibited spectra identical to those of dimer D-Pc,
indicating that TFA treatment triggers an irreversible dimerization, despite the apparent visual

reversibility of the color, similar to the electrochemical dimerization reported by Speiser.°
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Scheme 4. 7. TIPS-Pc [4+2] dimerization via (top) electrochemical and (bottom) TFA-induced
reactions.

4.2. Synthesis of Starting Materials
A series of substrates ranging from lower to higher acene homologues were synthesized to explore

their reactivity with acids (Scheme 4.8). The starting materials were prepared following the
reported procedures for acene synthesis with minor modifications.4%2% Nucleophilic addition of
lithium acetylides (R-Li) to quinones 4.10, followed by reductive aromatization using SnCl,,
furnished the desired acene derivatives, TIPS-tetracene (TIPS-Tc) and TIPS-Pc in 24% and 43%
yields, respectively (Scheme 4.8). A similar protocol was employed for the synthesis of TIPS-
anthracene (TIPS-Ac), although aromatization required longer reaction times (16 h) and elevated
temperature (60 °C) to reach completion.

In contrast, isolation of some of the initially planned pentacene derivatives proved more
challenging, as their limited chemical stability complicated purification and handling. Attempts to
synthesize unsymmetrical pentacene derivative with TIPS- and TMS-acetylene substituents were
unsuccessful due to decomposition during purification on SiO,. Similarly, synthesis of TMS-
pentacene (TMS-Pc) also proved challenging, as it was found to be unstable during workup,
however, it was isolated in 18% yield upon omitting NH4Cl from the quenching step.

Further challenges were encountered during the synthesis of phenylethynyl substituted
pentacene (Ph-Pc), as decomposition occurred during quenching with aqueous NH4CI. Although
this quenching was subsequently omitted, the compound still decomposed during column
chromatography on SiO». Ultimately, successful isolation was achieved in 14% yield using a
modified purification strategy involving sequential passage of reaction mixture through a plug of
basic alumina, silica, and celite, followed by dissolving the residue in dichloromethane and

precipitation upon addition of methanol.
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O“]‘] 1.BuLi, -78 °C, THF, 16 h OO‘;‘;
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Scheme 4. 8. Synthesis of TIPS-Tc, TIPS-Ac and pentacene derivatives as substrates.

4.3. Optimization of Reaction Conditions

A preliminary dimerization reaction optimization study of TIPS-Pc was carried out in CH2Cl>
using 50 equivalents of TFA, affording dimer D-Pc in 65% vyield (Table 4.1, Entry 1). Building
upon this initial result, reaction parameters were systematically varied to investigate the reactivity
of TIPS-Pc toward acids of differing strength across various solvents (Table 4.1). The NMR vyield

was quantified using 1-fluorododecane as the internal reference standard.
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Table 4. 1. Reaction optimization conditions.

TIPS
TIPS l l
It
A Acid (n eq.), Solvent
20 °C, 5 min. NEt;
It
TIPS
TIPS-Pc
Entry Substrate Acid Solvent NMR vyield
(%)
1 TIPS-Pc TFA (50 eq) CHCl; 65
2 TIPS-Pc Acetic Acid (50 CH:ClI No conversion
eq.)
3 TIPS-Pc Conc. HClaq (50 CHCl; 12
eq.)
4 TIPS-Pc H2SO04 (50 eq) CHCl; 31
5 TIPS-Pc TFA (2 eq.) Toluene No conversion
6 TIPS-Pc TFA (15 eq) Toluene 94 (90)2
7 TIPS-Pc TFA (20 eq) Toluene 86
8 TIPS-Pc TFA (50 eq) Toluene 80
9 TIPS-Pc TFA (50 eq) THF No conversion
10 TIPS-Pc TFA (50 eq) Benzonitrile No conversion
11 TIPS-Pc CH3SOsH (15 eq) Toluene 85
12 TIPS-Pc CF3SO3H (15 eq) Toluene Decomposition

2 Isolated yield; NMR reference standard: 1-fluorododecane.

During the optimization of reaction conditions, | found that dimerization proceeds

efficiently in the presence of TFA when conducted in chlorinated aliphatic or aromatic solvents

(Table 4.1). In contrast, more polar solvents such as THF or benzonitrile gave no detectable

conversion of TIPS-Pc. Among the effective solvents, the reaction proceeded more rapidly in
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CHCI (within few seconds), but the overall yield was higher in toluene where reaction takes
approx. 5 min., likely due to competing side reactions in CH2Cl>. No conversion was observed
when less than 2 equivalents of TFA (relative to TIPS-Pc) were used (Table 4.1, Entry 5).
Significant product formation was obtained only at higher acid loadings, with the best yield
achieved in toluene using 15 equivalents of TFA (Table 4.1, Entry 6). At higher acid loadings, the
yield decreased and insoluble decomposition products formed.

To examine the effect of different acids, a series of acids were screened. Acetic acid (pKa
~ 4.76 in H20) did not induce any reaction; as a weak Bronsted acid it is likely unable to activate
the m-system of TIPS-Pc, leaving the starting material unchanged (Entry 2, Table 4.1). In contrast,
treatment with stronger Brensted acids such as HCI (pKa =~ —8, in H20) (Entry 3), H2SO4
(pKa1 = =3, in H20) (Entry 4, Table 4.1), and methanesulfonic acid (pKa =~ —2.6, in H20) (Entry
11) were capable of promoting the transformation, affording dimer D-Pc in variable yields (Table
4.1).29” On the other hand, triflic acid (pKa = —14, in H,0) acid proved strong, leading to insoluble
decomposition products. Although these acids differ significantly in their acidic strength and
intrinsic oxidizing abilities. These results indicate that Brensted acids must be sufficiently strong
to generate reactive intermediates for this transformation to proceed, but not so strong as to induce

uncontrolled degradation.

4.4. Substrate Scope

After optimizing the reaction conditions, | explored the substrate scope (Table 4.2), which began
with smaller acene homologues such as TIPS-Tc and TIPS-Ac (Figure 4.3). While TIPS-Ac
(Entry 2, Table 4.2) remained unreactive even under high TFA loading, TIPS-Tc showed trace
formation of a purple product as indicated by TLC, however, all attempts to isolate this product
were unsuccessful. Further, mass spectrometric analysis of crude reaction mixture provided no
evidence for the formation of corresponding dimer of TIPS-Tc. These results suggested that
smaller acenes seem to be resistant to acid-induced dimerization. The focus then turned towards
testing several functionalized pentacene derivatives. Starting with Ph-Pc, the compound exhibited
poor solubility in common organic solvents (toluene, benzene, THF, and CH2Cl,) and did not
undergo reaction under the given conditions. TMS-Pc exhibited instability under the reaction
conditions, leading to decomposition. In contrast, the more soluble derivatives tBu-Pc and tBu2Ph-

Pc reacted readily with TFA, affording the corresponding dimers as evidenced by mass
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spectrometry. However, attempts to isolate products were unsuccessful as they decomposed during
purification by column chromatography on SiOz. Thus, while the transformation appears applicable

to other pentacene derivatives, the steric shielding imparted by the TIPS groups seems crucial for

stabilizing the resulting dimer.

TIPS

| |
SO CCO
| |

TIPS

R TIPS TIPS
TIPS-Tc TIPS-Ac
K Y Q
Mo ! M "
TIPS-Pc  tBu-Pc tBu,Ph-Pc Ph-Pc
Figure 4. 3. Substrate scope of TFA-induced dimerization.
Table 4. 2. Substrate scope of acid-mediated acene dimerization
Entry  Substrate Conditions Solvent Result
1 TIPS-Tc TFA (50 eq) Toluene/CH2Cl2  No conversion
2 TIPS-Ac TFA (50 eq) Toluene/CH2Cl2  No conversion
3 Ph-Pc TFA(50 eq) Toluene/CH2Cly/  Poor solubility
benzene
4 TMS-Pc TFA (15/50 eq) Toluene/CH2Cl,  Decomposition
5 tBuzPh-Pc TFA (15/50 eq) Toluene/CH2Cl2  MS Detected
6 tBu-Pc TFA (15/50 eq) Toluene/CH.Cl;  MS Detected

4.5.

Computational Calculations

To gain insights into the preferred site of protonation of the pentacene core, density functional

theory (DFT) calculations were performed by Dr. Emran Masoumi feshani, past member of our
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group. For computational efficiency, TMS-acetylene substituted pentacene (TMS-Pc) was
employed as a model system in place of TIPS-Pc. The geometries of the protonated species were
optimized, and their electronic energies were calculated using the CAM-B3LYP functional and the
def2-TZVP basis set.}”2% To account for solvent effects, geometry optimizations were carried out
within the self-consistent reaction field (SCRF) framework using the SMD solvation model with
dichloromethane as the implicit solvent. All calculations were performed using the Gaussian 16
program.?%

The calculated energy of pentacene, protonated at the 5-position is —49434.30 eV, which is
lower than that of the protonation at the 6-position (—49434.13 eV). This indicates that protonation
product at the 5-position of acetylene-substituted pentacene is more favorable, with an energy
difference of approximately 3.92 kcal/mol. These results suggest that protonation, if it occurs, is
likely to take place at the 5-position.

Figure 4. 4. Optimized structure of TMS-Pc protonated at 5-position.
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Figure 4. 5. Optimized structure of TMS-Pc protonated at 6-position.

4.6. Mechanistic Investigation

TFA (pKa = —0.25) has previously been reported to act as an oxidant,?1%2' which could account
for the redox type reactivity described by Speiser and co-workers.'*® In addition, several studies
have demonstrated chemical oxidation of Pentacene to its radical cation in the presence of
methanesulfonic acid (MSA)?2, SO2/BF3s?13, or H,S04%4. These reports suggest that certain acids
may initiate a radical-cation pathway, and that the TIPS-Pc dimerization product could arise via a
radical-cationic intermediate. Additionally, Tykwinski and co-workers reported a dimer analogous
to D-Pc as a side product in the mechanochemical SnCl>-assisted synthesis of iBusSi-Pc from
propargylic alkoxy or hydroxy precursors.2% In this case, the authors proposed that either a cationic
intermediate or the tin salt facilitates the cycloaddition, leading to dimer formation.

To probe the reaction mechanism, | repeated the reaction using deuterated trifluoroacetic
acid (TFA-d). If protonation had occurred at the C—H positions of the pentacene core (6-position),
the resulting product would be expected to display altered NMR spectra due to a kinetic isotope
effect favoring proton over deuteron elimination in the final neutralization step. However, the NMR
spectrum of the product obtained with TFA-d was identical to that of dimer D-Pc. The absence of
detectable deuterium incorporation suggests that protonation at the 5-position is not directly
involved in the product-forming pathway, or that any such protonation is reversible and does not
result in deuterium retention in the final dimer. As predicted by DFT calculations that protonation
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at the 5-position is more favorable than protonation at the 6-position by 3.92 kcal/mol. However,
despite this preference, the lack of deuterium incorporation indicates that protonation at the 5-
position does not directly lead to the observed dimerization product. These findings instead suggest
that dimerization proceeds through an alternative reactive intermediate, potentially involving a
radical-cation pathway.

Further, to examine the involvement of molecular oxygen (O2) and light, the reaction was
also carried in the dark and O free conditions. The reaction proceeded under these conditions,

indicating that neither oxygen nor light is required.

4.7. Titration Experiments
Further insight into the reaction mechanism was obtained upon titration of TIPS-Pc with TFA

monitored by UV-vis spectroscopy (Figure 4.6). In this experiment, portions of 2.0 M TFA solution
in CH2Cl, were added to 3.5 mL of a TIPS-Pc solution (c=10° M) in CH2Cl.. Upon incremental
addition of TFA, the vibronic band at 643 nm, characteristic of the pentacene core, gradually
decreased in intensity to ~50% of its initial value at 0.15 M concentration of TFA. Beyond this
point, further acid addition led to decomposition to the complex mixture of products.
Simultaneously, a new strong absorption band at 440 nm grew in intensity throughout the titration.
The presence of distinct isosbestic points at 540 and 355 nm suggests an apparent clean conversion
of TIPS-Pc into a brown intermediate. Notably, although the pentacene band at 643 nm remained
at approximately 50% of its original intensity, TLC analysis showed no residual starting material.
This observation suggests that the intermediate is a dimer comprising one intact pentacene
chromophore per two reacted TIPS-Pc molecules. At the same time, vibronically coupled
anthracene-like features in the 370-430 nm region emerged, though they overlapped strongly with
the intermediate’s absorption at 440 nm. Finally, upon addition of triethylamine, the intermediate
was quenched, yielding a blue solution of dimer D-Pc. The UV-vis spectrum at this stage displayed
the characteristic pentacene band at 643 nm of the intensity decreased slightly over 50%, compared
to initial intensity of TIPS-Pc, and the anthracene band at 419 nm, with only a minor residual
signal at 440 nm, the spectrum matching that of dimer D-Pc.1%
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Figure 4. 6. (a) UV-vis titration of TIPS-Pc on treatment with TFA and subsequent neutralization
with NEts in CH2Cl; at 25 °C. [TIPS-Pc] = 10° M; TEA = NEts. (b) expanded view of 350-700
nm region.
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4.8. Spectroscopic Evidence for Radical Cation Intermediates

UV-vis titration provided preliminary evidence for the involvement of a radical cation
intermediate, indicated by the appearance of a new absorption band around 448 nm (Figure 4.7).
Therefore, the potential involvement of a radical cation intermediate in the dimerization process
was supported by recording the UV-vis-NIR spectrum of the 3 mL reaction mixture obtained upon
treatment of TIPS-Pc (¢ = 10~> M) with TFA (100 pL, 2 M) in CH,Cl, with the aim of identifying
absorption bands in the NIR region characteristic for pentacene radical cation formation. The
observed absorption features at 444, 838, and 949 nm were found to be in good agreement with the
signals reported for the TIPS-Pc radical cation (TIPS-Pc™), thereby supporting its involvement in

the reaction (Figure 4.7).199.215216
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Figure 4. 7. UV-vis-NIR absorption spectrum of TIPS-Pc (¢ = 10~> M) treated with TFA (100 pL,
2 M) at 25 °C revealing the formation of radical-cation species through the appearance of

characteristic visible and near-infrared absorption bands.

4.9. EPR Spectroscopy
Following UV-vis-NIR spectroscopic evidence for the involvement of a TIPS-Pc radical cation in

the dimerization process, the species generated upon treatment of TIPS-Pc with TFA was further
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investigated by electron paramagnetic resonance (EPR) spectroscopy jointly with Dr. Paulina

Bartos from University of 1.6dz.
To record EPR spectra of TIPS-Pc'* a sample of TIPS-Pc (~1 mg, 1.56 umol) was
dissolved in 0.4 mL of deaerated CH2Cl. under argon atmosphere and TFA (6 uL, 78.2 umol) was

added. The mixture was quickly shaken, transferred into a quartz tube and sealed under argon.

TIPS-Pc™* \
\ simulated
|/
\\ measured

V

\ \ \ \ \
3400 3420 3440 3460 3480
Field /G

Figure 4. 8. Experimental (black), simulated (blue) spectra for TIPS-Pce"" recorded in CH,Cl; at
20 °C.

Simulations of the spectra were performed with the EasySpin (Matlab) and DFT optimized
geometry as the starting point for simulations. The chemically equivalent hydrogen nuclei were
treated as a group of four identical nuclei. The Si nuclei of the TIPS substituents do not usually
give strong EPR signals therefore asi was not determined from the experimental spectra. The
resulting hyperfine coupling constants (hfcc) values were perturbed several times until a global
minimum for the fit was achieved. Experimental and simulated spectra are shown in Figure 4.8 and
resulting hfcc are listed in Table 4.3. The hfcc values were assigned to the hydrogen nuclei on the
basis of DFT results reported in literature.*> Computer simulation yields the following hyperfine
coupling constants: 3.00 G for the four protons in the 5,7,12,14-positions, 0.83 G for the four
protons in the 1,4,8,11-positions, and 0.61 G for the four protons in the 2,3,9,10-positions.

The EPR coupling constants of the TFA generated TIPS-P¢"™" closely match those reported

in literature for the methanesulfonic acid-generated radical cation and show excellent agreement

with simulated spectra (Table 4.3).2!% Therefore, the observed EPR signal confirms the formation

of the paramagnetic TIPS-Pc'™ intermediate, providing additional evidence for a radical cation
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mediated dimerization pathway (Figure 4.8). The spectrum displays an isotropic resonance at
g = 2.001. This g-value slightly deviates from those reported previously for chemically or
electrochemically generated TIPS-Pc'* species (2.0026).2° Given that the g-factor is highly
sensitive to the local electronic environment; including the coordination sphere, ligand field, and
spin-orbit coupling; the observed discrepancy may arise from solvent/counterion effects,

concentration, line-shape fitting, or spectrometer calibration differences.

Table 4. 3. EPR parameters for TIPS-Pc™* generated with different methods.

I , TIPS-Pc™*
seeee;
s VTVII:tR with MSA ¢
an1 [G] 0.83 0.85
anz [G] 0.61 0.62
ans [G] 3.00 3.07
g factor 2.0010 2.0026
linewidth [G] 0.142 0.103
@ Chemical oxidation in CH2Cl, upon addition of methane
sulfonic acid. 21

Hence, our mechanistic analysis indicates that the reaction proceeds via initial formation of
the TIPS-Pc'™, which becomes sufficiently electron-deficient to engage the alkyne moiety of a
second TIPS-Pc molecule in a cycloaddition step (Scheme 4.9). The regioselectivity of
cycloaddition on the second TIPS-Pc molecule is predominantly controlled by steric effects, as
comprehensively analyzed in recent studies by Bunz and co-workers.?® The resulting brown-
colored dimeric radical cationic intermediate is subsequently reduced and neutralized by

triethylamine, affording the final stable dimer D-Pc.
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Scheme 4. 9. Plausible intermediates involved in formation of D-Pc.

4.10. X-Ray Analysis

X-ray crystallographic analysis has been successful in confirming the structure of dimer D-Pc
(Figure 4.9). Purple crystals of D-Pc were obtained by dissolving the compound in
dichloromethane and allowing methanol to slowly diffuse into the solution. Crystals of D-Pc
revealed a polymorph distinct from the one reported previously.!® The primary n— interactions
occurs between the anthracene moieties of neighboring dimers. The distance between the stacked
anthracene planes is approx. 3.45 A, indicating strong n—7 interaction. The unreacted pentacene
units are mainly surrounded by TIPS groups and engage mainly in C—H---n contacts. The
compound crystallizes in the P1 space group. Extension of the unit cell along the c-axis generates

linear supramolecular chains featuring alternating n—x stacking and C—H---= interactions (Figure
4.9b).
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Figure 4. 9 a) ORTEP plot for the single crystal structure of D-Pc in two perspectives. Atomic
displacement parameters at 296 K are drawn at the 50% probability level. Atom colors: gray, C;
yellow, Si. b) Unit cell extension along the c-axis. H atoms have been omitted for the sake of
clarity.

tBu2Ph-Pc: tBu2Ph-Pc derivative was synthesized to probe the influence of steric effects on the
acid-induced reactivity of pentacene derivatives. Given that intermolecular packing and m—n
interactions can strongly influence the reactivity of acene systems, particularly in dimerization
process, its solid-state structure was investigated for comparison with TIPS-Pc. Violet plate-
shaped crystals of tBuz2Ph-Pc were obtained by dissolving the compound in dichloromethane and
allowing hexane to slowly diffuse into the solution. It crystallizes in two distinct domains in which
the pentacene cores are tilted by approximately 47° relative to one another (Figure 4.10). Within
each domain, the pentacene backbones adopt a slipped-stack arrangement, with the dominant
interactions occurring between the 1,2-tBu2Ph substituents and the pentacene cores of neighboring

molecules. Contacts between the two domains are mediated primarily by dispersion interactions
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among the bulky tert-butyl groups. This packing motif contrasts sharply with the brickwork-type

arrangement observed in TIPS-Pc, where the TIPS- substituents enforce cofacial n—n overlap.

a)

Figure 4. 10. a) ORTEP plot for the single crystal structure of tBu2Ph-Pc. Atomic displacement
parameters at 100 K are drawn at the 50% probability level. Atom colors: gray, C b) Packing, with
two tilted domains colored in green and purple. H atoms have been omitted for the sake of clarity.
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Figure 4. 11. a) Crystal packing of tBu2Ph-Pc represented as a tube model illustrating stacking
arrangement from top (left) and side (right) perspective. b) Crystal packing of tBu2Ph-Pc
represented as a tube (left) and space fill model (right). c) Crystal packing view of tBu2Ph-Pc from

two different perspectives.

91



Chapter 1V Dimerization of TIPS-Pc

4.11. Conclusion

In this chapter, it has been demonstrated that TIPS-Pc, despite the steric protection provided by its
bulky TIPS substituents, undergoes acid-induced dimerization upon treatment with strong Brensted
acids such as TFA. Optimization studies revealed that the reaction requires sufficiently active acids
and proceeds most effectively in toluene with moderate to high acid loadings, whereas weaker
acids or polar solvents gave no conversion. Substrate scope investigations revealed that the process
is largely limited to pentacene derivatives, smaller acenes (anthracene, tetracene) proved
unreactive, while alternative pentacene derivatives (tBu-Pc, tBu2Ph-Pc) formed the corresponding
dimers but these species were too unstable to isolate and characterize. These findings highlight that
the steric shielding and subtle electronic contributions of the TIPS-ethynyl substituents are crucial
for stabilizing the dimeric product. Mechanistic experiments, including reaction with deuterated
acid, UV-vis-NIR measurements, EPR and computational modeling, supported a pathway
involving formation of TIPS-Pc radical cation in the dimerization reaction.

Furthermore, these results reveal that TIPS-Pc can undergo unintended acid-promoted
dimerization during synthetic transformations, particularly under the conditions used for
aromatization of the dihydroxy acene intermediate, identifying this process as an additional
degradation pathway that has not been widely recognized.

These results underline the important role of both steric shielding and electronic structure
in dictating the reactivity of acene derivatives. The observed sensitivity toward acids highlights the
necessity for controlled synthetic procedures and careful handling to avoid unintended
transformations. More broadly, these findings offer useful guidelines for the design of structurally
robust acene systems, particularly for applications in organic electronics where material stability is
critical. A deeper understanding of such degradation mechanisms will be essential for improving

the durability and long-term performance of acene-based devices.
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Chapter 5

Summary

5.1. Probing the Effect of Linker length and Spacer configuration on Singlet

Fission in Pentacene Dimers
The primary objective of this dissertation was to investigate singlet fission in covalently linked

acene dimers and to elucidate how varying distance, spacer and conformational control influence
electronic coupling and triplet-pair generation. Singlet fission was investigated in a series of
pentacene dimers containing conjugated, cross-conjugated, and non-conjugated spacers connected
through p-phenylethynyl linkers. Building on previously reported pentacene dimers developed by
Rik Tykwinski and co-workers, 23 this study expands the molecular design through the
incorporation of p-phenylethynyl linkers of increasing length. The dimers were designed to
establish how spacer configuration and linker length govern electronic coupling and influence
triplet pair generation. Using these compounds as model systems, together with our collaborators
(Prof. Dirk M. Guldi, Friedrich—Alexander University Erlangen—Niirnberg, Germany) we

investigated the excited states involved in singlet fission by utilizing spectroscopic techniques such
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as transient absorption spectroscopy.
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Figure 5. 1. Target dimers with conjugated, cross-conjugated and non-conjugated spacers.

TAS studies revealed a strong dependence of triplet pair generation on spacer configuration

and linker length. In the weakly coupled meta-linked series, increasing linker length progressively
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reduced electronic coupling, leading to a transition from correlated triplet-pair formation in
mPhPcO0 to predominant triplet generation via ISC in mPhPc2. These observations suggest that
increasing linker length weakens the electronic coupling below the threshold necessary for efficient
I-SF, resulting in triplets predominantly through ISC.

In the para-linked dimers, the excited-state dynamics evolved from coherent i-SF in
pPhPcO to super exchange-mediated singlet fission in pPhPcl and ultimately to dominant ISC in
pPhPc2. Notably, pPhPcl exhibited the highest correlated triplet-pair quantum yield together with
significant free-triplet formation, highlighting the importance of balanced electronic coupling for
efficient triplet generation.

In the adamantyl-linked series, singlet fission remained operative despite the non-
conjugated spacer in adPhPc0, however, increasing linker length suppressed correlated triplet-pair
formation and favored localized triplet generation via ISC.

Broadly, the results deepen the mechanistic understanding of intramolecular singlet fission,
highlighting how variation in spacer type, connectivity and linker length critically influence
efficiency. These insights establish design principles for tuning interchromophore electronic
communication in future molecular assemblies and may contribute to the development of organic
materials for solar-energy conversion. In addition, the observation of quintet-state formation
highlights the broader relevance of singlet fission beyond photovoltaics, as the correlated multispin
states generated through this process are attracting increasing interest as molecular platforms for

quantum information and spin-based technologies.*’

5.2. Resorcin[4]arene-based Switchable Acene Dimers for Singlet Fission
Resorcin[4]arene-based acene dimers were synthesized with the aim to investigate singlet fission

in conformationally switchable pentacene dimers, where modulation of chromophore distance was
anticipated to enable control over singlet fission. For synthesizing the dimers, a convergent
synthetic strategy was employed, involving parallel preparation of the cavitand scaffold and acene
linkers, followed by Sonogashira cross-coupling to construct chromophore assemblies capable of
conformational switching.

The ability to reversibly control chromophore arrangement through conformational
switching represents a promising approach for investigating how interchromophore distance

influences singlet fission. Unlike conventional molecular systems with fixed architectures,
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switchable assemblies enable modulation of electronic interactions within a single molecular
framework, allowing systematic probing of the role of chromophore orientation and separation in

governing singlet fission dynamics.

Figure 5. 2. Resorcin[4]arene-based Switchable acene dimers.

However, pentacene chromophores were found to be reactive under acidic conditions
required for switching, posing significant stability challenges. As an alternative, tetracene linkers
were successfully synthesized and incorporated into the cavitand framework. UV-vis spectroscopic
studies demonstrated reversible conformational switching upon addition of external chemical
stimuli (TFA). Broad NMR signals precluded detailed structural characterization.

Although comprehensive photophysical studies could not be completed, the results establish
a foundation for conformationally responsive architectures with tetracene chromophores as a
platform enabling reversible tuning of interchromophore distance and electronic coupling. The
findings also indicate that successful implementation will require chromophores with sufficient

stability under the acidic conditions used to induce switching.
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5.3. Acid-mediated Dimerization of Pentacene
During the investigation of the resorcin[4]arene-based pentacene dimers, pentacene chromophores

were found to be unstable under acidic conditions, which prompted a detailed investigation into
the stability and reactivity of TIPS-Pc. These investigations revealed that TIPS-Pc undergoes
dimerization in the presence of strong Brensted acids despite steric protection by bulky TIPS
substituents. Reaction conditions were optimized on TIPS-Pc. The reaction was found to depend
strongly on acid’s oxidizing ability and solvent environment, with efficient conversion observed
primarily in TFA with toluene as a solvent. Mechanistic investigations supported the involvement
of a TIPS-Pc radical cation intermediate in the dimerization, indicating that the transformation
proceeds through an oxidative pathway rather than a simple proton-catalyzed process. Studies
involving TIPS-Tc and TIPS-Ac further revealed that this reactivity is unique to pentacene

derivatives and strongly influenced by steric effects of the substituents.

TIPS
TIPS | |
If
Z NEts
If
TIPS

Figure 5. 3. Dimerization of TIPS-Pc under acidic conditions

These results reveal a previously overlooked oxidative pathway in TIPS-Pc under acidic
conditions, arising from radical cation formation. The reactivity of pentacene derivatives is strongly
influenced by the oxidative nature of acids. In conclusion, the dimerization of TIPS-Pc, highlights
the importance of considering redox processes alongside conventional acid-base chemistry during

the synthesis, processing, and application of pentacene-based materials.
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Chapter 6

Experimental Section

6.1. General Information

Reagents (Acros, Aldrich, ABCR, Ambeed, DLB, Fluorochem, and TCI) were purchased as
reagent grade and used without further purification.

Solvents for extraction or column chromatography were used analytical grade.

Dry solvents (THF, CH2Cly, diethyl ether, and toluene) for reactions were purified by a solvent
drying system from MBraun under nitrogen atmosphere (H20 content < 10 ppm as determined by

Karl-Fischer titration). All other solvents were purchased in p.a. quality.

Reactions in the absence of air and moisture were performed in oven-dried glassware under Ar

atmosphere.

Flash column chromatography (FC) was performed using Biotage® Selekt apparatus at 25 °C
with a head pressure of 0.0-30 bar and Flow Rate (50-250 mL/min). SiO2 (60 A, 230-400 mesh,
particle size 0.040-0.063 mm). The used solvent compositions are reported in synthetic procedures.

Analytical thin layer chromatography (TLC) was performed on aluminum sheets coated with
silica gel 60 F254 (Merck, Macherey-Nagel). Visualization was achieved using UV light (254 or
365 nm).

Evaporation in vacuo was performed at 25-60 °C and 80010 mbar.

Reported yields refer to spectroscopically and chromatographically pure compounds that were

dried under high vacuum (0.5-0.1 mbar) before analytical characterization.

'H and 3C nuclear magnetic resonance (NMR) spectra were recorded on Bruker 400 (Avance
[11 HD), Bruker DRX 500, Varian-Agilent 500 and Varian-Agilent 600 spectrometers at 400 MHz,
500 MHz or 600 MHz (*H) and 75 MHz, 126 MHz or 150 MHz (*3C), respectively. Chemical shifts
o are reported in ppm downfield from tetramethylsilane using the residual deuterated solvent

signals as an internal reference (CDCls: 8H = 7.26 ppm, 8C = 77.0 ppm). For *H NMR, coupling
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constants J are given in Hz and the resonance multiplicity is described as s (singlet), d (doublet), t

(triplet), g (quartet), m (multiplet). All spectra were recorded at 298 K.

High-resolution mass spectrometry (HR-MS) was performed by the Laboratory for Analysis of
Bioactive Compounds at the Institute of Organic Chemistry PAS on a AutoSpec Premier
spectrometer (EI), on a 4000 Q-TRAP spectrometer (ESI) and (APCI), or at the Department of
Chemistry and Polymer Technology, Faculty of Chemistry, Warsaw University of Technology at
Bruker UltrafleXtreme spectrometer (MALDI). For MALDI measurements, the matrix was trans-
2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) with addition of
potassium trifluoroacetate.

Melting Points All melting points for crystalline products were measured with automated melting
point apparatus EZ-MELT and were given without correction.

6.2. Synthetic Protocols
6-Triisopropylsilylethynyl-13-ethynyl-6,13-dimethoxypentacene (Pc0) and 1,3-

diethynyladamantane (Ac-Ad) were synthesized according to literature procedures.816°

((13-((4-Bromophenyl)ethynyl)-6,13-dimethoxy-6,13-dihydropentacen-6-
yl)ethynyl)triisopropylsilane (2.4)

TIPS TIPS
I | I
OCH; >4 OCHj,
solloE—"Nsoose
+ =
Toluene, Et3N 4
OCHj 35°C,12h 5 6 OCH,4
I o I
H
7 AN
8 I =
Br

A solution of 1-bromo-4-iodobenzene (2.50 g, 8.83 mmol) and alkyne PcO0 (4.86 g, 8.91 mmol) in
triethylamine (15 mL) and dry toluene (15 mL) was deoxygenated by purging argon for 10 min.
Then, Cul (84 mg, 0.44 mmol) and Pd(PPhz)2Cl. (310 mg, 0.44 mmol) were added to the mixture

and deoxygenation was continued for another 5 min. The reaction vessel was then sealed and the
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mixture was stirred under argon at 35 °C for 12 h. Then, the mixture was passed through a plug of
SiO2 and eluted with hexanes/EtOAc mixture (1:1 v/v), then concentrated under vacuum and
purified by flash chromatography (95:5, hexanes/EtOAc) to give 2.4 as an off-white solid (89%,
5.50 g, 7.83 mmol).

Rf: 0.48 (hexanes/EtOAc 9:1)
mp: 110-112 °C

IH NMR (500 MHz, CDCls, 25 °C) 6 = 8.76 (s, 2H; H-C(1)), 8.46 (s, 2H; H-C(6)), 8.02 — 7.97
(M, 2H; H-C(2 or 5)), 7.96 — 7.92(m, 2H; H-C(2 or 5)), 7.59 — 7.54 (m, 4H; H-C(3, 4)), 7.32 (d,
J=8.7 Hz, 2H; H-C(8)), 7.18 (d, J = 8.7 Hz, 2H; H-C(7)), 3.12 (s, 3H; OMe), 3.08 (s, 3H; OMe),
1.30 — 1.26 ppm (M, 21H; TIPS)

13C NMR (126 MHz, CDCls, 25 °C) 6 = 134.13, 133.74, 133.24, 133.22, 132.90, 131.39, 128.52,
128.44,128.27,127.09, 126.98, 126.91, 122.53, 121.93, 105.02, 93.05, 92.60, 84.78, 76.51, 73.62,
52.33, 52.09, 18.97, 11.59 ppm. (24 out of 24 expected)

HR-ESI-MS: m/z (%): 721.2113 ([M+Na]" calcd for C43Hss02Na’BrSi: 721.2106)
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((6,13-dimethoxy-13-((4-((trimethylsilyl)ethynyl)phenyl)ethynyl)-6,13-dihydropentacen-6-
yDethynyDtriisopropylsilane (2.5)

TIPS TIPS
I I
OCH3 TMS 2 1 OCH3
O O OO I Pd(PPh3),Cl, Cul 3
+ >
“ii“ | | Toluene, Et3N 4 OO OO
OCHj, 60°C, 12 h 5 6 OCHj,
I I
> >
= N
Br
I
TMS

A solution of 2.4 (5.50 g, 7.83 mmol), TMS-acetylene (2.7 mL,19.59 mmol) in triethylamine (15
mL) and dry toluene (15 mL) was deoxygenated by purging argon for 10 min. Then, Cul (75 mg,
0.39 mmol) and Pd(PPhs)2Cl> (275 mg, 0.39 mmol) were added to the mixture and deoxygenation
was continued for another 5 min. The reaction vessel was then sealed and the mixture was stirred
under argon at 60 °C for 12 h. Then, the mixture was passed through a plug of SiO> and eluted with
hexanes/EtOAc (1:1 v/v), then concentrated under vacuum and purified by flash chromatography
(95:5, hexanes/EtOAC) to give 2.5 as an off-white solid (90%, 5.0 g, 6.97 mmol).

Rf: 0.47 (hexanes/EtOAc 9:1)
mp: 175-176 °C

IH NMR (600 MHz, CDCls, 25 °C) d = 8.75 (s, 2H; H-C(1)), 8.46 (s, 2H; H-C(6)), 8.00 — 7.97
(m, 2H; H-C(2 or 5)), 7.95 — 7.91 (m, 2H; H-C(2 or 5)), 7.65 — 7.46 (m, 4H: (3, 4)), 7.29 — 7.26
(m, 2H; H-C(8)), 7.25 — 7.23 (m, 2H; H-C(7)), 3.12 (s, 3H: (OMe)), 3.08 (s, 3H; (OMe)), 1.30 —
1.25 (m, 21H: (TIPS)), 0.21 ppm (s, 9H: (TMS)).
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13C NMR (151 MHz, CDCls. 25 °C) d = 134.20, 133.74, 133.25, 132.91, 131.68, 131.57, 128.51,
128.44, 128.29, 127.07, 126.99, 126.88, 123.06, 122.91, 105.09, 104.77, 96.08, 93.73, 92.52,
85.51, 76.48, 73.65, 52.35, 52.10, 18.98, 11.59, 0.02 ppm

HR-ESI-MS: m/z (%): 739.3417 ([M+Na]" calcd for CsHs,02NaSi: 739.3404)

((13-((4-ethynylphenyl)ethynyl)-6,13-dimethoxy-6,13-dihydropentacen-6-
yl)ethynyl)triisopropylsilane (Pcl)

TIPS TIPS
I I
OCHj,4 2 1 OCHj4
() e (LI
r
THF/CH3OH, 25°C,2h  *
OCH, 5 6 OCH,
fl fl
> e
$ i
I N
T™S H

A mixture of 2.5 (5.0 g, 6.97 mmol) and K.CO3 (2.8 g, 21 mmol) in THF (20 mL) and methanol
(20 mL) was stirred at 35 °C for 2 h. Then, the reaction mixture was filtered through a plug of SiO»,
washed with CHCl, and concentrated to afford Pc1 as an off-white solid (91%, 4.09 g, 6.3 mmol).

Rf: 0.40 (hexanes/EtOAC 9:1)

mp: 115-117 °C
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'H NMR (600 MHz, CDCls, 25 °C) § = 8.74 (s, 2H; H-C(1)), 8.45 (s, 2H; H-C(6)), 8.01 — 7.98
(m, 2H; H-C(2 or 5)), 7.95 — 7.92 (m, 2H; H-C(2 or 5)), 7.58-7.53 (m, 4H; H-C(3, 4)), 7.29 (d, J
= 8.5 Hz, 2H; H-C(8)), 7.25 (d, J = 8.5 Hz 2H; H-C(7)), 3.11 (s, 3H; (OMe)), 3.08 (s, 1H; H-
C(9)), 3.07 (s, 3H; (OMe)), 1.32 — 1.23 ppm (m, 21H; (TIPS))

13C NMR (151 MHz, CDCls.25 °C) 6 = 133.98, 133.57, 133.09, 132.75, 131.69, 131.48, 128.35,
128.27,128.12, 126.91, 126.84, 126.74, 123.32, 121.72, 104.91, 93.69, 92.37, 85.16, 83.22, 78.62,
76.31, 73.48, 52.18, 51.93, 18.81, 11.42 ppm

HR-ESI-MS: m/z (%): 667.3029 ((M+Na]* calcd for C4sH4s0,NaSi: 667.3006)

((13-((4-((4-bromophenyl)ethynyl)phenyl)ethynyl)-6,13-dimethoxy-6,13-dihydropentacen-6-
yl)ethynyl)triisopropylsilane (2.6)

TIPS TIPS
I I
OCHS > OCHs
d(PPhg),Cl, Cul OO OO
’
Toluene, Et3N 4
” OCH3 35°C, 12 h 5 6 OCHj,
I

|\ 7|\
Z 8N\

9/|
10@

Br

A solution of 1-bromo-4-iodobenzene (320 mg, 1.13 mmol) and alkyne Pc1 (800 mg, 1.24 mmol)
in triethylamine (8 mL) and dry toluene (8 mL) was deoxygenated by purging argon for 10 min.
Then, Cul (11 mg, 0.056 mmol) and Pd(PPh3).Cl. (40 mg, 0.056 mmol) were added to the mixture

and deoxygenation was continued for another 5 min. The reaction vessel was then sealed and the
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mixture was stirred under argon at 35 °C for 12 h. Then, the mixture was passed through a plug of
SiO> eluted with hexanes/EtOAc mixture (1:1 v/v), then concentrated under vacuum and purified
by flash chromatography (95:5 hexanes/EtOAC) to give 2.6 as a white solid (64%, 580 mg, 0.72

mmol).
Rf: 0.34 (hexanes/EtOAc 9:1)
mp: 169-171 °C

IH NMR (500 MHz, CDCls, 25 °C) § = 8.76 (s, 2H; H-C(1)), 8.47 (s, 2H; H-C(6)), 8.02 — 7.97
(m, 2H; H-C (2 or 5)), 7.96 — 7.91 (m, 2H; H-C(2 or 5)), 7.61 — 7.52 (m, 4H; H-C(3, 4)), 7.45 (d,
J = 8.5 Hz, 2H; H-C(10)), 7.36 — 7.28 (m, 6H; H-C(7, 8, 9)), 3.12 (s, 3H; (OMe)), 3.09 (s, 3H;
(OMe)), 1.32 — 1.24 ppm (m, 21H; (TIPS))

13C NMR (126 MHz, CDCls, 25 °C) § = 134.22, 133.76, 133.29, 133.12, 132.94, 131.78, 131.76,
131.32, 128.53, 128.45, 128.30, 127.08, 127.01, 126.90, 123.15, 122.78, 122.74, 122.18, 105.15,
93.92, 92.53, 90.35, 90.03, 85.54, 76.50, 73.69, 52.36, 52.11, 18.98, 11.61 ppm (30 out of 30)

HR-ESI-MS: m/z (%): 821.2427 ([M+Na]* calcd for Cs1H470,NaSi"*Br: 821.2426)

103



Chapter VI Experimental Section

((6,13-dimethoxy-13-((4-((4-((trimethylsilyl)ethynyl)phenyl)ethynyl)phenyl)ethynyl)-6,13-
dihydropentacen-6-yl)ethynyl)triisopropylsilane (2.7)

TIPS TIPS
| | OCH l | oC
H
e COOCC
||| Toluene, Et3N 4
|| OCH3 60 °C, 12 h 5 6 ” OCHj

/

C I®

J

TMS
A solution of 2.6 (580 mg, 0.72 mmol) and TMS-acetylene (0.25 mL, 1.80 mmol) in triethylamine

VB

Br

(7 mL) and dry toluene (7 mL) was deoxygenated by purging argon for
10 min. Then, Cul (7 mg, 0.036 mmol) and Pd(PPhz)2Cl> ( 25 mg, 0.036 mmol) were added to the
mixture and deoxygenation was continued for another 5 min. The reaction vessel was then sealed
and the mixture was stirred under argon at 60 °C for 12 h. Then, the mixture was passed through a
plug of SiO> and eluted with hexanes/EtOAc mixture (1:1 v/v), concentrated under vacuum and
purified by flash chromatography (95:5 hexanes/EtOAcC) to give 2.7 as an off-white solid (69%,
407 mg, 0.49 mmol).

Rf: 0.57 (hexanes/EtOAc 9:1)

mp: 223-224 °C
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'H NMR (600 MHz, CDClIs, 25 °C) & = 8.76 (s, 2H; H-C(1)), 8.47 (s, 2H; H-C(6)), 8.02 — 7.98
(m, 2H; H-C(2 or 5)), 7.95—-7.92 (m, 2H; H-C(2 or 5), 7.60 — 7.54 (m, 4H; H-C(3,4)), 7.42 - 7.38
(m, 4H; H-C(9, 10)), 7.34 (d, J = 8.5 Hz, 2H; H-C(7or 8)), 7.29 (d, J = 8.5 Hz, 2H; H-C(7or 8)),
3.12 (s, 3H; (OMe)), 3.09 (s, 3H; (OMe)), 1.32 — 1.23 (m, 21H; (TIPS)), 0.24 ppm (s, 9H; (TMS))

13C NMR (151 MHz, CDCls, 25 °C) § = 134.19, 133.74, 133.26, 132.92, 132.02, 131.74, 131.49,
131.33, 128.52, 128.44, 128.29, 127.07, 127.00, 126.89, 123.22, 123.17, 123.07, 122.80, 105.11,
104.73, 96.51, 93.87, 92.51, 91.12, 90.76, 85.55, 76.48, 73.67, 52.35, 52.12, 18.98, 11.59, 0.05

ppm

HR-ESI-MS: m/z (%): 839.3736 ([M+Na]" calcd for CssHssO2NaSiz: 839.3717)
((13-((4-((4-ethynylphenyl)ethynyl)phenyl)ethynyl)-6,13-dimethoxy-6,13-dihydropentacen-
6-yl)ethynyl)triisopropylsilane (Pc2)

TIPS TIPS
OCH;, 2 1 OCH3
U0 e (O e
THF/CHZOH, 25°C,2h 4
OCH,4 5 6 OCH,

.

/

(®
C C

11||

TMS H

\_7

\ WA
7\
\—/

A mixture of 2.7 (407 mg, 0.49 mmol) and K>COs (203 mg, 1.47 mmol) in THF (15 mL) and
methanol (15 mL) was stirred at 25 °C for 2 h. Then, the reaction mixture was filtered through a
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plug of SiO,, washed with CH2Cl, and concentrated to give Pc2 as an off-white solid (100%, 365
mg, 0.49 mmol).

Rf: 0.47 (hexanes/EtOAC 9:1)

mp: 164-165 °C

'H NMR (600 MHz, CDCls, 25 °C) § = 8.76 (s, 2H; H-C(1)), 8.47 (s, 2H; H-C(6)), 8.01 — 7.98
(m, 2H; H-C(2 or 5)), 7.95 — 7.92 (m, 2H; H-C(2 or 5)), 7.59 — 7.54 (m, 4H; H-C(3, 4)), 7.45 —

7.40 (m, 4H; H-C(9, 10)), 7.34 (d, 2H; H-C(7 or 8)) ,7.29 (d, 2H; H-C(7 or 8)), 3.16 (s, 1H; H-
C(11)), 3.12 (s, 3H; (OMe)), 3.09 (s, 3H; (OMe)), 1.31 —1.25 ppm (m, 21H; (TIPS))

13C NMR (151 MHz, CDCls, 25 °C) § = 134.18, 133.74, 133.26, 132.92, 132.20, 131.75, 131.57,
131.36, 128.52, 128.44, 128.29, 127.08, 127.00, 126.90, 123.66, 123.14, 122.73, 122.14, 105.09,
93.90, 92.53, 91.19, 90.55, 85.52, 83.37, 79.10, 76.49, 73.67, 52.35, 52.12, 18.98, 11.59 ppm

HR-ESI-MS: 767.3325 ([M+Na]* calcd for CssHas02NaSi: 767.3321)
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1,4-bis((4-((6,13-dimethoxy-13-((triisopropylsilyl)ethynyl)-6,13-dihydropentacen-6-
yDethynyl)phenyl)ethynyl)benzene (u-pPhl)

TIPS— O — //_\\ — H + Pd(PPh3),Cl,, Cul, NEt;
MeOOMe \=/ Toluene, 35°C, 12 h
I
W
: :
TIPS geOOM:e @ — /\=/\ = @ EO OM:e TIPS
9

A solution of Pc1 (409 mg, 0.64 mmol) and 1,4-diiodobenzene (100 mg, 0.30 mmol) in dry toluene
(7 mL) and triethylamine (7 mL) was deoxygenated by purging argon for 10 min. Then,
Pd(PPh3).Cl, (21.26 mg, 0.03 mmol) and Cul (6 mg, 0.03 mmol) were added to the mixture and
deoxygenation was continued for another 5 min. The reaction vessel was then sealed and the
mixture was stirred under argon at 35 °C for 12 h. Then, the reaction mixture was cooled to 25 °C
and diluted with hexanes 20 mL. The mixture was then passed through a plug of SiO2 and eluted
with hexanes/EtOAc mixture (1:1 v/v), then concentrated and purified by flash chromatography
(SiO2, 95:5 -> 9:1 hexanes/EtOAC) to give u-pPhl as a pale-yellow solid (50%, 208 mg, 0.15

mmol).

Rf: 0.55 (hexanes/EtOAc 8:2)

mp: >209 °C (decomp)
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'H NMR (600 MHz, CDClIs, 25 °C) & = 8.74 (s, 4H; H-C(1)), 8.46 (s, 4H; H-C(6)), 8.00 — 7.96
(m, 4H; H-C(2 or 5)), 7.94 — 7.90 (m, 4H; H-C(2 or 5)), 7.58 — 7.52 (m, 8H; H-C(3, 4)), 7.40 (s,
4H; H-C(9)), 7.32 (d, J = 8.6 Hz, 4H; H-C(8)), 7.28 (d, J = 8.6 Hz, 4H; H-C(7)), 3.11 (s, 6H;
(OMe)), 3.08 (s, 6H; (OMe)), 1.28 — 1.23 ppm (m, 42H; (TIPS))

13C NMR (151 MHz, CDCls. 25 °C) § = 134.18, 133.74, 133.26, 132.91, 131.73, 131.62, 131.34,
128.51, 128.44, 128.29, 127.07, 127.00, 126.89, 123.10, 123.05, 122.81, 105.11, 93.85, 92.50,
91.17,90.82, 85.57, 76.47, 73.67, 52.35, 52.11, 18.97, 11.58 ppm

HR-APCI-MS: m/z (%): 1331.6201([M-OMe]* calcd for CesHgOsSiz: 1331.6194)

1,4-bis((4-((4-((6,13-dimethoxy-13-((triisopropylsilyl)ethynyl)-6,13-dihydropentacen-6-
yDethynyl)phenyl)ethynyl)phenyl)ethynyl)benzene (u-pPh2)

Pd(PPhg),Cl,, Cul, NEts

Toluene, 35°C, 12 h

¢
= MeOOMe
\ / —— \\_// — ——TIPS
¢
O

A solution of Pc2 (237 mg, 0.32 mmol) and 1,4-diiodobenzene (50 mg, 0.15 mmol) in dry toluene
(5 mL) and triethylamine (5 mL) was deoxygenated by purging argon for 10 min. Then,
Pd(PPh3).Cl> (11 mg, 0.015 mmol) and Cul (3 mg, 0.015 mmol) were added to the mixture and
deoxygenation was continued for another 5 min. The reaction vessel was then sealed and the
mixture was stirred under argon at 35 °C for 12 h. Then, the reaction mixture was cooled to 25 °C
and diluted with hexanes 10 mL. The mixture was passed through a plug of SiO> and eluted with

EtOAc/hexanes mixture (1:1, v/v, 50 mL), then concentrated under vacuum and purified by flash
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chromatography (SiO2, 95:5 -> 9:1 hexanes/EtOAC) to give u-pPh2 as a pale yellow solid (51%,
120 mg, 0.077 mmol).

Rf: 0.64 (hexanes/EtOAc 8:2)

mp: 193 °C

'H NMR (600 MHz, CDCl3, 25 °C) § = 8.75 (s, 4H; H-C(1) ), 8.47 (s, 4H; H-C(6)), 8.02 — 7.97
(m, 4H; H-C(2 or 5)), 7.95 — 7.91 (m, 4H; H-C(2 or 5)), 7.59 — 7.54 (m, 8H; H-C(3, 4)), 7.50 —

7.40 (m, 12H; H-C(9,10,11)), 7.36 — 7.33 (m, 4H; H-C(8)), 7.30 ( d, J = 8.4 Hz, 4H; H-C(7)),
3.12 (s, 6H; (OMe)), 3.09 (s, 6H; (OMe)), 1.34 — 1.24 ppm (m, 42H; (TIPS))

13C NMR (151 MHz, CDCI3,25 °C) 6 =134.18, 133.75, 133.26, 132.92, 132.55, 131.76, 131.72,
131.69, 131.38, 131.35, 128.52, 128.45, 128.29, 127.08, 127.01, 126.90, 123.24, 123.18, 123.07,
122.80, 105.10, 93.89, 92.52, 91.26, 90.81, 85.55, 76.49, 73.67, 52.35, 52.12, 18.98, 11.59 ppm
(30 out of 32, some signals overlap)

HR-APCI-MS: m/z (%): 1531.6805 ([M-OMe]* calcd for C111HesOsSiz: 1531.6820)

1,3-bis((6,13-dimethoxy-13-((triisopropylsilyl)ethynyl)-6,13-dihydropentacen-6-
yl)ethynyl)benzene (u-mPh0)

PA(PPh3),Cly, Cul, NEty
T | Toluene, 35°C, 12h o

A solution of Pc0 (173 mg, 0.32 mmol) and 1,3-diiodobenzene (50 mg, 0.15 mmol) in dry toluene
(5 mL) and triethylamine (5 mL) was deoxygenated by purging argon for 10 min. Then,
Pd(PPh3).Cl> (11 mg, 0.015 mmol) and Cul (3 mg, 0.015 mmol) were added to the mixture and
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deoxygenation was continued for another 5 min. The reaction vessel was then sealed and the
mixture was stirred under argon for 12 h at 35 °C. Then, reaction mixture was cooled to 25 °C and
diluted with hexanes 10 mL. The mixture was passed through a plug of SiO2 and eluted with
EtOAc/Hexanes mixture (1:1 v/v, 50 mL).The solvent was evaporated in vacuo. Purification by
column chromatography (SiO, 95:5 -> 9:1 hexanes/EtOAc) afforded u-mPhO as a white solid
(45%, 79.5 mg, 0.068 mmol).

Rf: 0.68 (hexanes/EtOAc 8:2)

mp: 182 °C

'H NMR (600 MHz, CDCl3, 25 °C) § = 8.69 (s, 4H; H-C(1)), 8.42 (s, 4H; H-C(6)), 7.99 — 7.93
(m, 4H; 2 or 5), 7.93 - 7.88 (m, 4H; H-C(2 or 5)), 7.57 — 7.50 (m, 8H; H-C(3, 4)), 7.33 (t, J= 1.8

Hz, 1H; H-C(9)), 7.18 (dd, J= 7.9, 1.8 Hz, 2H; H-C(7)), 7.02 (t, J = 7.9 Hz, 1H; H-C(8)), 3.07 (s,
6H; (OMe)), 2.99 (s, 6H; (OMe)), 1.26 — 1.22 ppm (m, 42H; (TIPS))

13C NMR (151 MHz, CDCI3s. 25 °C) & = 134.75, 134.20, 133.67, 133.32, 132.93, 131.55, 128.37,
128.32, 127.94, 127.04, 126.95, 126.80, 122.96, 105.55, 92.05, 91.96, 85.29, 76.18, 73.68, 52.30,
52.04, 18.95, 11.56 ppm (23 out of 24, some signals overlap)

HR-APCI-MS: 1162.5735 ([M]* calcd for CaoHg204Siz: 1162.5752)
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1,3-bis((4-((6,13-dimethoxy-13-((triisopropylsilyl)ethynyl)-6,13-dihydropentacen-6-
yDethynyl)phenyl)ethynyl)benzene (u-mPh1)

ll Pd(PPhj),Cly, Cul, NEt
TIPS—== = ¢ N :H+/©\ (PPhs)Co SN
I |

Toluene, 35°C, 12 h

A solution of Pcl (205 mg, 0.32 mmol) and 1,3-diiodobenzene (50 mg, 0.15 mmol) in dry toluene
(5 mL) and triethylamine (5 mL) was deoxygenated by purging argon for 10 min. Then,
Pd(PPh3).Cl> (11 mg, 0.015 mmol) and Cul (3 mg, 0.015 mmol) were added to the mixture and
deoxygenation was continued for additional 5 min. The reaction vessel was then sealed and the
mixture was stirred under argon for 12 h at 35 °C. Then, reaction mixture was cooled to 25 °C and
diluted with hexanes 10 mL. The mixture was passed through a plug of SiO: and eluted with
EtOAc/hexanes mixture (1:1 v/v, 50 mL), then concentrated under vacuum and purified by flash
chromatography (SiO2, 95:5 -> 9:1 hexanes/EtOAC) to give u-mPh1 as an off-white solid (17%,
34 mg, 0.025 mmol).

Rf: 0.68 (hexanes/EtOACc 8:2)

mp: 165 °C
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'H NMR (500 MHz, CDClIs, 25 °C) & = 8.75 (s, 4H; H-C(1)), 8.47 (s, 4H; H-C(6)), 8.03 — 7.96
(m, 4H; H-C( 2 or 5)), 7.96 — 7.90 (m, 4H; H-C(2 or 5)), 7.59 (t, J = 1.7 Hz, 1H; H-C(11)), 7.58
— 7.54 (m, 8H; H-C(3,4)), 7.40 (dd, J = 7.8, 1.7 Hz, 2H; H-C(9)), 7.34 — 7.26 (m, 9H; H-
C(7,8,10)), 3.12 (s, 6H; (OMe)), 3.09 (s, 6H; (OMe)), 1.30 — 1.24 ppm (m, 42H; (TIPS))

13C NMR (126 MHz, CDCI3 25 °C) 6 = 134.65, 134.20, 133.74, 133.27, 132.92, 131.72, 131.48,
131.36, 128.60, 128.51, 128.44, 128.30, 127.06, 127.01, 126.88, 123.55, 123.04, 122.80, 105.15,
93.80, 92.47, 90.20, 89.83, 85.58, 76.46, 73.68, 52.35, 52.11, 18.97, 11.59 ppm.

HR-APCI-MS: m/z (%): 1331.6196 ([M-OMe]" calcd for CosHa7OsSiz: 1331.6194)

1,3-bis((4-((4-((6,13-dimethoxy-13-((triisopropylsilyl)ethynyl)-6,13-dihydropentacen-6-
yDethynyl)phenyl)ethynyl)phenyl)ethynyl)benzene (u-mPh2)

= — 7 N\ — 7/ \_— . . /@\ Pd(PPhs);Cly, Cul, NEt;
TIPS—= ; E — H , I

Toluene, 35°C, 12 h

A solution of Pc2 (237 mg, 0.32 mmol) and 1,3-diiodobenzene (50 mg, 0.15 mmol) in dry toluene
(5 mL) and triethylamine (5 mL) was deoxygenated by purging argon for 10 min. Then,
Pd(PPh3).Cl> (11 mg, 0.015 mmol) and Cul (3 mg, 0.015 mmol) were added to the reaction mixture

112



Chapter VI Experimental Section

and deoxygenation was continued for additional 5 min. The reaction vessel was then sealed and
mixture was stirred under argon at 35 °C for 12 h. Then, reaction mixture was cooled to 25 °C and
diluted with hexanes 10 mL. The mixture was then passed through a plug of SiO; and eluted with
EtOAc/hexanes mixture (1:1 v/v, 50 mL), then concentrated under vacuum and purified by column
chromatography (SiO2, 95:5 -> 9:1 hexanes/EtOAC) to give u-mPh2 as an off-white solid (13%,
30 mg, 0.019 mmol).

Rf: 0.68 (hexanes/EtOACc 8:2)

mp: 196 °C

'H NMR (600 MHz, CDCls, 25 °C) & = 8.81 (s, 4H; H-C(1)), 8.70 (s, 4H; H-C(6)), 8.00 — 7.96
(m, 4H; H-C(2 or 5)), 7.93 — 7.88 (m, 4H; H-C(2 or 5)), 7.75 (t, J = 1.8 Hz, 1H; H-C(13)), 7.73
(d, J=8.3Hz, 4H; H-C(8)), 7.63 (d, J = 8.3 Hz, 4H; H-C(7)), 7.59 — 7.54 (m, 16H; H-C(3,4,9,10)),
7.53 (dd, J = 7.7, 1.8 Hz, 2H; H-C(11)), 7.38 (t, J = 7.7 Hz, 1H; H-C(12)), 3.30 (s, 6H; (OMe)),
3.28 (s, 6H; (OMe)), 1.34 — 1.27 ppm (m, 42H; (TIPS))

13C NMR (151 MHz, CDCls, 25 °C) § = 134.81, 133.92, 133.82, 133.09, 133.04, 132.10, 131.89,
131.81, 131.69, 129.71, 129.22, 128.76, 128.43, 128.32, 127.16, 127.10, 123.67, 123.62, 123.28,
123.18, 122.79, 105.50, 92.47, 91.31, 91.09, 90.67, 90.27, 90.04, 89.90, 52.70, 52.52, 19.01, 11.63

ppm (33 out of 36, some signals overlap)

HR-APCI-MS: 1531.6819 ([M-OMe]* calcd for C111He503Siz: 1531.6820)

13,13'-(adamantane-1,3-diylbis(ethyne-2,1-diyl))bis(6-((triisopropylsilyl)ethynyl)-6,13-
dihydropentacene-6,13-diol) (u-adPh0)

TIPS

Il OH /& LIHMDS, THF
—_—
* —78°C, 12 h
Y A\ ’
LD 77N,
(0]

H
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LIHMDS (0.6 mL, 0.63 mmol, 1 M in THF) was added to a solution of Ac-Ad (50 mg,
0.27 mmol) in dry, deoxygenated THF (7 mL) at —78 °C and stirred for 45 min at —78 °C. Then, a
solution of 2.2 (278 mg, 0.56 mmol) in dry, deoxygenated THF (5 mL) was added via cannula at —
78 °C, and the resulting mixture was allowed to warm to 25 °C and stirred for further 18 h. Satd.
aq. NH4ClI (50 mL) was then added, and the aqueous phase was extracted with CH2Cl (3 x 40
mL). The combined organic phases were washed with water (80 mL), brine (80 mL), dried over
MgSOa, and solvents removed in vacuo. Purification by column chromatography (SiOz, 8:2
hexanes/EtOAc) gave u-adPhO as a pale-yellow solid (20%, 65 mg, 0.055 mmol)

Rf: 0.22 (hexanes/EtOAc 8:2)

mp: >194 °C (decomp)

IH NMR: (600 MHz, CDCl325 °C) & = 8.76 (s, 4H; H-C(1)), 8.45 (s, 4H; H-C(6)), 7.92 — 7.90
(M, 4H; H-C(2 or 5)), 7.89 — 7.87 (m, 4H; H-C(2 or 5)), 7.54 — 7.50 (m, 8H; H-C(3, 4)), 3.74 (s,

2H; (OH)), 3.30 (s, 2H; (OH)), 1.81 (s, 2H; H-C(Ad)), 1.77 (s, 2H; H-C(Ad)), 1.63 — 1.55 (m,
10H; H-C(Ad)), 1.40 (s, 2H; H-C(Ad)), 1.22 — 1.18 ppm (m, 42H; (TIPS))

13C NMR: (151 MHz, CDCl3.25 °C) 5 = 137.94, 135.41, 133.39, 133.15, 128.36, 128.28, 127.20,
126.98, 126.79, 124.44, 107.93, 94.70, 90.53, 84.10, 71.40, 68.05, 45.99, 41.01, 34.69, 29.81,
27.52, 18.93, 11.53 ppm

HR-APCI-MS: m/z (%): 1164.5886 ([M]* calcd for CeoHasO4Siz: 1164.5908)
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(1s,3s,5r,7r)-1,3-bis((4-((6,13-dimethoxy-13-((triisopropylsilyl)ethynyl)-6,13-
dihydropentacen-6-yl)ethynyl)phenyl)ethynyl)adamantane (u-adPh1l)

Pd(PPh,),Cl,, Cul, NEt,
Toluene, 50 °C, 12 h

H

A solution of Ac-Ad (50 mg, 0.27 mmol) and 2.4 (382 mg, 0.55 mmol) in dry toluene (7 mL) and
triethylamine (7 mL) was deoxygenated by purging argon for 10 min. Then, Pd(PPhs)2Cl. (10 mg,
0.014 mmol) and Cul (3 mg, 0.014 mmol) were added to the mixture and deoxygenation was
continued for additional 5 min. The reaction vessel was then sealed and the mixture was stirred
under argon for 12 h at 50 °C. Then, reaction mixture was cooled to 25 °C and diluted with hexanes
10 mL. The mixture was passed through a plug of SiO2 and eluted with EtOAc/hexanes mixture
(50 mL, 1:1, v/v), then concentrated and purified by column chromatography (SiO, 95:5 -> 9:1
hexanes/EtOAC) to give u-adPhl as a white solid (16 %, 61 mg, 0.04 mmol).

Rf: 0.46 (hexanes/EtOAC 8:2)

mp: 176 °C

IH NMR (600 MHz, CDCls, 25 °C) & = 8.74 (s, 4H; H-C(1) ), 8.46 (s, 4H; H-C(6)), 8.01 — 7.96
(M, 4H; H-C(2 or 5)), 7.95 — 7.89 (m, 4H; H-C( 2 or 5)), 7.59 — 7.52 (m, 8H; H-C(3,4)), 7.21 (d,
J = 85 Hz, 4H; H-C(8)), 7.17 (d, J = 8.5 Hz, 4H; H-C(7)), 3.11 (s, 6H (OMe)), 3.06 (s, 6H;
(OMe)), 2.04 (s, 4H; H-C(Ad)), 1.84 (d, J = 3.1 Hz, 8H; H-C(Ad)), 1.62 (br. s, 2H; H-C(Ad)),
1.29 — 1.23 ppm (m, 42H; (TIPS))
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13C NMR (151 MHz, CDCls. 25 °C) § = 134.28, 133.72, 133.28, 132.90, 131.53, 131.33, 128.47,
128.42, 128.29, 127.03, 126.99, 126.84, 123.75, 122.02, 105.20, 98.74, 93.10, 92.37, 85.76, 79.89,
76.42, 73.69, 52.34,52.09, 47.42, 41.72, 35.18, 30.43, 28.02, 18.97, 11.58 ppm

HR-APCI-MS: m/z (%): 1420.7158 ([MJ*, calcd for C100H10004Si: 1420.7160)

(1s,3s,5r,7r)-1,3-bis((4-((4-((6,13-dimethoxy-13-((triisopropylsilyl)ethynyl)-6,13-
dihydropentacen-6-yl)ethynyl)phenyl)ethynyl)phenyl)ethynyl)adamantane (u-adPh2)

Pd(PPhs),Cl,, Cul, NEty

Toluene, 60 °C, 12 h

A solution of Ac-Ad (50 mg, 0.27 mmol) and 2.6 (437 mg, 0.55 mmol) in dry toluene (7 mL) and
triethylamine (7 mL) was deoxygenated by purging argon for 10 min. Then, Pd(PPhs)2Cl. (10 mg,
0.014 mmol) and Cul (3 mg, 0.014 mmol) were added to the mixture and deoxygenation was
continued for additional 5 min. The reaction vessel was then sealed and mixture was stirred under
argon for 12 h at 50 °C. Then, the reaction mixture was cooled to 25 °C and diluted with hexanes
10 mL. The mixture was passed through a plug of SiO2 and eluted with EtOAc/hexanes mixture
(50 mL, 1:1, v/v) then, concentrated and purified by column chromatography (SiO2, 95:5 -> 9:1
hexanes/EtOAC) to give u-adPh2 as an off-white solid (34%,150 mg, 0.092 mmol).

Rf: 0.48 (hexanes/EtOAc 8:2)

mp: 198 °C
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'H NMR (500 MHz, CDClIs,25 °C) § = 8.76 (s, 4H; H-C(1)), 8.47 (s, 4H; H-C(6)), 8.04 — 7.97
(m, 4H; H-C(2 or 5)), 797 — 790 (m, 4H; H-C(2 or 5)), 761 — 7.52 (m, 8H;
H-C(3,4)), 7.41—7.28 (m, 16H; H-C(7, 8, 9, 10)), 3.12 (s, 6H; (OMe)), 3.09 (s, 6H; (OMe)), 2.11
(d, J=14.3 Hz, 4H; (Ad)), 1.91 (s, 8H; (Ad)), 1.68 (s, 2H; (Ad)), 1.38 — 1.21 ppm (m, 42H; (TIPS))

13C NMR (126 MHz, CDCI3, 25 °C) § = 134.20, 133.74, 133.27, 132.92, 131.77, 131.72, 131.70,
131.46, 131.30, 128.51, 128.43, 128.29, 127.06, 127.00, 126.88, 124.04, 122.95, 122.93, 122.21,
105.15, 99.12, 93.77, 92.47, 90.97, 90.60, 85.61, 79.95, 76.46, 73.68, 52.35, 52.11, 47.47, 41.77,
35.23, 30.53, 28.07, 18.97, 11.59 ppm

HR-APCI-MS: m/z (%): 1590.7684 ([M-OMe]" calcd for C115H10603Siz: 1590.7681)

1,4-bis((4-((13-((triisopropylsilyl)ethynyl)pentacen-6-yl)ethynyl)phenyl)ethynyl)benzene
(pPhPcl)
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P2l4 (11 mg, 0.020 mmol ) was added to the solution of u-pPh1 (25 mg, 0.018 mmol) in THF (15

mL) previously deoxygenated by purging argon for 10 min. The solution was stirred under Ar for
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30 minutes at 25 °C before EtsN (10 uL, 0.073 mmol) was added. Then, solvents were evaporated
in vacuo to give a dark solid. The solid was suspended in MeOH (10 mL) by ultrasonication for 2
min, filtered and washed with methanol (15 mL) to give pPhPcl as a dark green solid (94%, 21
mg, 0.017 mmol)

Rf: 0.67 (hexanes/EtOACc 8:2)

mp: >294 °C (decomp)

'H NMR (500 MHz, CDCl3:CS2 (1:1 v/v). 25 °C ) 8 = § 9.30 (s, 4H; H-C(1)), 9.26 (s, 4H; H-
C(6)), 8.09 — 8.04 (m, 4H; H-C(2 or 5)), 8.01 — 7.95 (m, 4H; H-C(2 or 5)), 7.90 (d, J = 8.3 Hz,

4H; H-C(8)), 7.70 (d, J = 8.3 Hz, 4H; H-C(7)), 7.60 (s, 4H; H-C(9)), 7.46 — 7.41 (m, 8H; H-
C(3,4)), 1.43 - 1.38 ppm (m, 42H; (TIPS))

13C NMR (126 MHz, CDCls:CS2 (1:1 v/v). 25 °C) § = 132.38, 131.93, 131.78, 131.75, 130.67,
130.31, 128.79, 128.70, 126.66, 126.28, 126.18, 126.07, 123.75, 123.42, 123.26, 118.90, 117.77,
107.54,104.92,104.42,91.79, 91.68, 90.50, 19.13, 11.93 ppm. (25 out of 26, some signals overlap)

HR-APCI-MS: m/z (%): 1239.5713 ([M]" calcd for Ce2H79Siz: 1239.5720)
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1,4-bis((4-((4-((13-((triisopropylsilyl)ethynyl)pentacen-6-
yDethynyl)phenyl)ethynyl)phenyl)ethynyl)benzene (S16)

P,ls, NEts
THF, 30 min, 25 °C

P2l4 (8 mg, 0.014 mmol) was added to the solution of u-pPh2 (20 mg, 0.012 mmol) in THF (10
mL) previously deoxygenated by purging argon for 10 min. The solution was stirred under Argon
for 30 minutes at 25 °C before EtsN (7 pL, 0.051 mmol) was added. Then, solvents were evaporated
in vacuo to give a dark solid. The solid was suspended in MeOH (10 mL) by ultrasonication for 2
min, filtered and washed with methanol (15 mL) to give pPhPc2 as a green solid (92%, 16 mg,
0.011 mmol).

Rf: 0.66 (hexanes/EtOAc 8:2)

mp: >222 °C (decomp)

'H NMR (500 MHz, CDCI3:CS> (1:1 v/v) 25 °C) & = & 9.28 (s, 4H; H-C(1)), 9.23 (s, 4H; H-
C(6)), 8.08 — 8.02 (m, 4H; H-C(2 or 5)), 7.99 — 7.93 (m, 4H; H-C(2 or 5)), 7.88 (d, J = 7.8 Hz,

4H; H-C(7)), 7.68 (d, J = 7.8 Hz, 4H; H-C(8)), 7.60 — 7.51 (m, 12H; H-C(9,10,11)), 7.46 — 7.38
(m, 8H; H-C(3,4)), 1.51 — 1.33 ppm (m, 42H; (TIPS))
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13C NMR (126 MHz, CDCIl3:CS2 (1:1 v/v), 25 °C) & = 192.53, 132.54, 132.33, 132.04, 131.91,
131.88, 131.74, 131.69, 131.68, 131.67, 131.64, 130.61, 130.25, 128.76, 128.66, 126.63, 126.25,
126.15, 126.03, 124.09, 123.72, 123.38, 123.20, 121.79, 118.85, 117.74, 104.92, 104.41,
91.55,19.12, 11.93 ppm (31 out of 32, some signals overlap)

MALDI-MS: m/z (%): 1439.626 ([M]* calcd for CiosHssSi: 1439.630)

1,3-bis((13-((triisopropylsilyl)ethynyl)pentacen-6-yl)ethynyl)benzene (mPhPc0)

P,la, NEts

THF, 30 min, 25 °C

P2ls (13 mg, 0.023 mmol) was added to the solution of u-mPh0 (25 mg, 0.021 mmol) in THF (15
mL) previously deoxygenated by purging argon for 10 min. The solution was stirred under Ar for
30 min at 25 °C before EtsN (12 pL, 0.084 mmol) was added. Then, solvents were evaporated in
vacuo to give a dark solid. The solid was suspended in MeOH (10 mL), by ultrasonication for 2
min, filtered and washed with methanol (15 mL) to give mPhPcO0 as a blue-green solid (86%, 19

mg, 0.018 mmol).

Rf: 0.48 (hexanes/EtOAC 9:1)

mp: >280 °C (decomp)

IH NMR (500 MHz, CDCls, 25 °C) § = 9.19 (s, 4H; H-C(1)), 9.16 (s, 4H; H-C(6)), 8.28 (br. s,

1H; H-C(9)), 8.04 — 7.96 (m, 4H; H-C(2 or 5)), 7.95 — 7.88 (m, 6H; H-C(2 or 5, and 7)), 7.64 (t,
J=7.6 Hz, 1H; H-C(8)), 7.43 — 7.36 (m, 8H; H-C(3,4)), 1.45 — 1.36 ppm (m, 42H; (TIPS))
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13C NMR (126 MHz, CDClIs. 25 °C) & = 134.86, 132.46, 132.03, 130.74, 130.44, 129.26, 128.88,
128.81, 126.67, 126.31, 126.22, 126.02, 124.53, 118.92, 117.69, 107.58, 104.86, 103.68, 89.08,
19.18, 11.87 ppm (21 out of 22, some signals overlap)

HR-APCI-MS: m/z (%): 1038.5002 ([M]* calcd for CreHzoSiz: 1038.5016)

1,3-bis((4-((13-((triisopropylsilyl)ethynyl)pentacen-6-yl)ethynyl)phenyl)ethynyl)benzene
(mPhPcl)

P,ly, NEts
THF, 30 min, 25 °C

P2ls (12 mg, 0.02 mmol) was added to the solution of u-mPh1 (25 mg, 0.018 mmol) in THF (15
mL) previously deoxygenated by purging argon for 10 min. The solution was stirred under Ar for
30 minutes at 25 °C before EtsN (11 uL, 0.073 mmol) was added. Then, solvents were evaporated
in vacuo to give a dark solid. The solid was suspended in MeOH (10 mL) by ultrasonication for 2
min, filtered and washed with methanol (10 mL) to give mPhPcl as a blue-green solid (88%, 20

mg, 0.016 mmol).

Rf: 0.41 (hexanes/EtOAc 9:1)
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mp: >290 °C (decomp)

IH NMR (500 MHz, CDCl3_25 °C) & = 9.32 (s, 4H; H-C(1)), 9.26 (s, 4H; H-C(6)), 8.09 — 8.04
(m, 4H; H-C(2 or 5)), 8.01 — 7.95 (m, 4H; H-C(2 or 5)), 7.91 (d, J = 7.1 Hz, 4H; H-C(7)), 7.85
(br. s, 1H; H-C(11)), 7.71 (d, J = 7.1 Hz, 4H; H-C(8)), 7.60 (d, J = 7.1 Hz, 2H; H-C(9,)), 7.47 —
7.40 (m, 9H; H-C(3,4,10)), 1.44 — 1.33 ppm (m, 42H; (TIPS))

13C NMR (126 MHz, CDCls. 25 °C) § = 134.93, 132.45, 132.05, 131.88, 131.77, 130.75, 130.37,
128.86, 128.78, 126.65, 126.28, 126.21, 125.99, 123.81, 123.70, 123.43, 118.91, 117.73, 107.62,
104.87, 104.31, 90.97, 90.23, 90.13, 19.17, 11.86 ppm (26 out of 28, some signals overlap)

HR-APCI-MS: m/z (%): 1296.6440 ([M]" calcd for CosHgsSiz: 1296.6425)

1,3-bis((4-((4-((13-((triisopropylsilyl)ethynyl)pentacen-6-
yl)ethynyl)phenyl)ethynyl)phenyl)ethynyl)benzene (mPhPc2)

P,ls, NEts
THF, 30 min, 25 °C
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P2l4 (10 mg, 0.017 mmol) was added to the solution of u-mPh2 (25 mg, 0.015 mmol) in THF (15
mL) previously deoxygenated by purging argon for 10 min. The solution was stirred under Ar for
30 min at 25 °C before EtsN (9 pL, 0.063 mmol ) was added. Then, solvents were evaporated in
vacuo to give a dark solid. The solid was suspended in MeOH (10 mL) by ultrasonication for 2
min, filtered and washed with methanol (15 mL) to give mPhPc2 as a blue-green solid (87%, 20
mg, 0.013 mmol).

Rf: 0.70 (hexanes/EtOAc 8:2)

mp: >250 °C (decomp)

H NMR (600 MHz, CDCIs, 25 °C) § = 9.23 (s, 4H; H-C(1) ), 9.13 (s, 4H; H-C(6)), 8.03 — 7.98
(m, 4H; H-C(2 or 5)), 7.95 - 7.90 (m, 4H; H-C(2 or 5)), 7.84 (d, J = 8.1 Hz, 4H; H-C(7)), 7.75 (t,
J=1.7 Hz, 1H; H-C(13)), 7.67 (d, J = 8.1 Hz, 4H; H-C(8)), 7.61 — 7.55 (m, 8H; H-C(9,10)), 7.53
(dd, J = 7.6, 1.7 Hz, 2H; H-C(11)), 7.44 — 7.39 (m, 8H; H-C(3,4)), 7.37 (t, J = 7.6 Hz, 1H; H-
C(12)), 1.43 —1.36 ppm (m, 42H; (TIPS))

13C NMR (151 MHz, CDCI3. 25 °C) & = 134.80, 132.67, 132.37, 132.35, 132.00, 131.97, 131.83,
131.81, 131.68, 130.66, 130.25, 128.83, 128.74, 126.59, 126.21, 126.14, 125.92, 123.79, 123.62,
123.36, 123.25, 118.82, 117.65, 107.49, 104.88, 104.29, 91.53, 91.44, 90.70, 90.26, 89.94, 19.18,
11.86 ppm

HR-APCI-MS: m/z (%): 1439.626 ([M]" calcd for CaosHasSiz: 1439.630)

1,3-bis((13-((triisopropylsilyl)ethynyl)pentacen-6-yl)ethynyl)adamantane (adPhPc0)

P,ls, NEt;

THF, 30 min, 25°C
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P2l4 (13mg, 0.023 mmol) was added to the solution of u-adPh0 (25 mg, 0.021 mmol) in THF (15
mL) previously deoxygenated by purging argon for 10 min. The solution was stirred under Ar for
30 minutes at 25 °C before EtsN (6 pL, 0.084 mmol) was added. Then, solvents were evaporated
in vacuo to give a dark solid. The solid was suspended in MeOH (10 mL) by ultrasonication for 2
min, filtered and washed with methanol (15 mL) to give adPhPc0 as a blue solid (76%, 18 mg,
0.016 mmol).

Rf: 0.60 (hexanes/EtOAc 9:1)

mp: >288 °C (decomp)

'H NMR (500 MHz, CDCl3, 25 °C) & = 9.31 (s, 4H; H-C(1)), 9.25 (s, 4H; H-C(6)), 8.07 (d, J =
8.3 Hz, 4H; H-C(2 or 5)), 7.97 (d, J = 8.3 Hz, 4H; H-C(2 or 5)), 7.43 — 7.35 (m, 8H; H-C(3,4)),

2.93 (s, 2H; (Ad)), 2.58 — 2.43 (m, 10H; (Ad)), 2.04 (s, 2H; (Ad)), 1.41 — 1.35 ppm (m, 42H:;
(TIPS))

13C NMR (126 MHz, CDCl3,25 °C) & = 132.40, 132.24, 130.87, 130.38, 128.91, 128.81, 126.43,
126.28, 126.09, 126.00, 119.04, 117.61, 112.59, 106.71, 104.97, 78.58, 48.10, 42.46, 35.54, 32.09,
28.52,19.16, 11.85 ppm

HR-APCI-MS: m/z (%): 1097.5876 ([M]" calcd for CgoHg1Sio: 1097.5877)
(1s,3s,5r,7r)-1,3-bis((4-((13-((triisopropylsilyl)ethynyl)pentacen-6-

yl)ethynyl)phenyl)ethynyl)adamantane (adPhPcl)

P,ls, NEty

THF, 30 min, 25 °C
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P2ls (11 mg, 0.019 mmol) was added to the solution of u-adPh1 (25 mg, 0.017 mmol) in THF (15
mL) previously deoxygenated by purging argon for 10 min. The solution was stirred under Ar for
30 minutes at 25 °C before EtsN (9 uL, 0.068 mmol) was added. Then, solvents were evaporated
in vacuo to obtain dark solid. The solid was suspended in MeOH (10 mL) by ultrasonication for 2
min, filtered and washed with methanol (15 mL) to give adPhPcl as a green solid (88%, 19 mg,
0.015 mmol).

Rf: 0.60 (hexanes/EtOAc 9:1)

mp: >260 °C (decomp)

'H NMR (500 MHz, CDCls, 25 °C) & = 9.26 (s, 4H; H-C(1)), 9.17 (s, 4H; H-C(6)), 8.06 — 8.00
(m, 4H; H-C(2 or 5)), 797 — 791 (m, 4H; H-C(2 or 5)), 7.80 (d, J = 83 Hz, 4H;
H-C(7)), 7.56 (d, J = 8.3 Hz, 4H; H-C(8)), 7.46 — 7.37 (m, 8H; H-C(3,4)), 2.31 (s, 2H; (Ad)), 2.21
(br. s, 2H; (Ad)), 2.09 — 2.02 (m, 8H; (Ad)), 1.78 (br. s, 2H; (Ad)), 1.43 — 1.36 ppm (m, 42H;
(TIPS))

13C NMR (126 MHz, CDCls. 25 °C) § = 132.40, 132.35, 132.03, 131.68, 130.71, 130.26, 128.84,
128.79, 126.57, 126.18, 126.14, 126.00, 124.44, 122.83, 118.63, 117.89, 107.40, 104.90, 104.49,
99.55, 89.62, 80.22, 47.61, 41.90, 35.33, 30.72, 28.19, 19.17, 11.86 ppm

HR-APCI-MS: m/z (%): 1296.6440 ([M]* calcd for CosHasSiz: 1296.6425)
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(1s,3s,5r,7r)-1,3-bis((4-((4-((13-((triisopropylsilyl)ethynyl)pentacen-6-
yDethynyl)phenyl)ethynyl)phenyl)ethynyl)adamantane (adPhPc2)

P,la, NEty
THF, 30 min, 25 °C

P2l4 (8 mg, 0.17 mmol) was added to the solution of u-adPh2 (20 mg, 0.012 mmol) in THF (15
mL) deoxygenated by purging Ar for 10 min. The solution was stirred for 30 minutes at 25 °C
before EtsN (7 uL, 0.046 mmol) was added. Then, solvents were evaporated in vacuo to give a
dark solid. The solid was suspended in MeOH (10 mL) by ultrasonication for 2 min, filtered and

washed with methanol (15 mL) to give adPhPc2 as a dark green solid (83%,15 mg, 0.01 mmol)
Rf: 0.44 (hexanes/EtOACc 9:1)

mp: >265 °C (decomp)

IH NMR (600 MHz, CDCls 25 °C ) § = 9.28 (s, 4H; H-C(1)), 9.19 (s, 4H; H-C(6)), 8.09 — 8.00
(m, 4H; H-C(2 or 5)), 7.99 — 7.92 (m, 4H; H-C(2 or 5)), 7.85 (d, J = 8.1 Hz, 4H; H-C(7)), 7.67 (d,

J =8.1 Hz, 4H; H-C(8)), 7.52 (d, J = 8.1 Hz, 4H; H-C(9)), 7.45 — 7.39 (m, 12H; H-C(3,4,10)),
2.21 (s, 4H; (Ad)), 1.98 (br. s, 8H; (Ad)), 1.73 (s, 2H; (Ad)), 1.43 — 1.36 ppm (m, 42H; (TIPS))

13C NMR (151 MHz, CDCI3,25°C) § = 132.41, 131.94, 131.83, 131.62, 130.72, 130.32, 128.84,
128.77, 126.62, 126.25, 126.18, 125.98, 124.26, 123.63, 123.56, 122.25, 117.73, 107.57, 104.87,
104.35, 99.30, 91.72, 90.83, 90.17, 80.03, 41.84, 30.61, 28.13, 19.17, 11.85 ppm (30 out of 35,

some signals overlap)
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MALDI-MS: m/z (%): 1497.681 ([M]* calcd for C112HeeSio: 1497.708)

6.3. Synthetic procedures of Chapter 3

I-Rc was synthesized according to literature procedure.*®’

I IIPS IHIIPS
Il Il
3 J
Il Il

A solution of the I-Rc (50 mg, 0.03 mmol.), 3.18 (44 mg. 0.07mmol), Cs>CO3 (175 mg. 0.54
mmol), in dry toluene(10 mL) was degassed by bubbling argon for 10 min. Then, Cul (1 mg, 0.0054
mmol) and Pd(PPhz)4 (6 mg, 0.0054 mmol) were added to the mixture and degassing was continued
for another 5 min. The reaction vessel was then sealed and allowed to stir under argon at 35 °C for
16 h. Then, the mixture was passed through a plug of SiO and eluted with 1:1 hexanes/EtOAc,
concentrated under vacuum and purified by flash chromatography (8:2, hexanes/EtOAc). The

mixture was then dissolved in dichloromethane and precipitated with methanol to give u-ArPcl as

an off white solid (39 %, 30.14 mg, 13 umol).

R 0.62 (8:2 Hexane/Ethylacetate)
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IH NMR (500 MHz, CDCl3) = 8.78 (s, 4H), 8.51 (s, 4H), 8.22 (s, 4H), 8.04 — 7.97 (m, 4H), 7.97
~7.93 (m, 4H), 7.84 (dd, J = 6.4, 3.4 Hz, 4H), 7.61 — 7.53 (m, 9H), 7.43 — 7.38 (m, 8H), 7.36 (d, J
= 8.4 Hz, 4H), 7.32 — 7.27 (m, 7H), 5.67 (t, J = 8.1 Hz, 2H), 5.58 (t, J = 8.1 Hz, 2H), 3.75 (t, 2H),
3.15 (s, 6H), 3.13 (s, 6H), 2.37 — 2.13 (M, 16 H), 1.86 (t, 2H), 1.50 — 1.31 (m, 32H), 1.28 (d, J =
4.1 Hz, 42H), 0.98 — 0.87 ppm (m, 12H).

13C NMR (126 MHz, CDClz) § = 161.58, 158.86, 153.21, 152.28, 152.14, 141.56, 139.90, 137.27,
136.91, 136.21, 135.73, 134.23, 133.76, 133.33, 132.97, 131.85, 131.48, 131.22, 129.56, 128.92,
128.53, 128.44, 128.34, 127.10, 126.92, 125.36, 123.86, 123.31, 122.67, 118.85, 105.35, 93.97,
92.35, 90.75, 90.02, 85.66, 73.76, 68.12, 52.38, 52.15, 34.46, 34.35, 32.83, 32.26, 32.00, 29.49,
28.08, 22.80, 18.99, 18.19, 17.93, 14.20, 11.60 ppm.

u-ArPc2
IPS IPS
I I
OMe OMe
Il Il
N PN
o) o)
N N
n=2 n=2
| AN

.

]’ =
R

7 (o)
R R
R = CgH13

A solution of the I-Rc (50 mg, 0.03 mmol.), 3.21 (50 mg. 0.07mmol), Cs2CO3 (175 mg. 0.54
mmol), in dry toluene(5 mL) was degassed by bubbling argon for 10 min. Then, Cul (1 mg, 0.0054

R
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mmol) and Pd(PPhz)4 (6 mg, 0.0054 mmol) were added to the mixture and degassing was continued
for another 5 min. The reaction vessel was then sealed and allowed to stir under argon at 35 °C for
16 h. Then, the mixture was passed through a plug of SiO and eluted with 1:1 hexanes/EtOAc,
concentrated under vacuum and purified by flash chromatography (8:2, hexanes/EtOAc). The
mixture was then dissolved in dichloromethane and precipitated with methanol to give u-ArPc2 as
an off white solid (48 %, 40 mg, 0.013 mmol).

Ri: 0.55 (8:2 Hexane/Ethylacetate)

IH NMR (500 MHz, CDCls) & = 8.77 (s, 4H), 8.50 (s, 4H), 8.24 (s, 4H), 8.04 — 7.98 (m, 4H), 7.97
—7.92 (m, 4H), 7.87 (dd, J = 6.3, 3.5 Hz, 4H), 7.61 — 7.54 (m, 8H), 7.56 — 7.46 (m, 8H), 7.48 —
7.42 (m, 5H), 7.39 — 7.26 (m, 15H), 5.69 (t, J = 7.8 Hz, 2H), 5.61 (t, J = 8.2 Hz, 2H), 3.15 (s, 6H),
3.12 (s, 6H), 2.38 — 2.24 (m, 9H), 2.20 (s, 4H), 1.56 — 1.32 (m, 39H), 1.28 (d, J = 4.1 Hz, 42H),
1.01-0.89 ppm (m, 12H).

13C NMR (126 MHz, CDCl3) 6 = 161.58, 158.93, 153.21, 152.33, 152.16, 141.59, 139.91, 137.41,
136.95, 136.21, 135.78, 134.22, 133.75, 133.30, 132.94, 131.79, 131.77, 131.75, 131.39, 129.57,
129.01, 128.51, 128.43, 128.32, 127.07, 126.90, 125.32, 123.88, 123.49, 123.13, 122.86, 122.77,
118.89, 105.29, 93.88, 92.37, 91.42, 90.74, 90.34, 85.67, 76.43, 73.72, 52.37, 52.13, 34.44, 34.34,
32.81, 32.28, 32.00, 29.50, 28.08, 22.80, 18.98, 18.22, 18.08, 14.20, 11.60 ppm.
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ArPcl

A solution of uArPcl (10 mg, 3.5 umol) in dry toluene (5 mL) was degassed by bubbling argon
through the solution for 5 min. SnCl22H>0 (8 mg, 0.04 mmol) was then added, and degassing was
continued for an additional 10 min while stirring. After completion of the reaction, the mixture was
filtered through a SiO2 plug, concentrated under vacuum and washed with methanol to afford

ArPcl as a blue-green solid (64 %, 6 mg, 2.19 umol).

R#: 0.51 (8:2 Hexane/Ethylacetate)

'H NMR (400 MHz, CDCls3) 6 = 8.58 (s, 2H), 8.51 (s, 2H), 8.28 (s, 2H), 8.27 — 8.21 (m, 2H), 7.99
(d, J=13.2 Hz, 2H), 7.94 (dd, J = 6.3, 3.4 Hz, 2H), 7.88 — 7.68 (m, 10H), 7.59 — 7.44 (m, 11H),
7.39 (t, J = 8.1 Hz, 6H), 7.36 — 7.27 (m, 10H), 7.04 (d, J = 8.4 Hz, 2H), 6.99 (s, 1H), 5.76 (t, J =
8.2 Hz, 2H), 5.67 (t, J = 7.9 Hz, 2H), 2.17 — 2.21 (m, 21H), 1.46 — 1.30 (m, 32H), 1.24 (d, J = 6.6
Hz, 42H), 1.02 — 0.86 ppm (m, 12H).
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ArPc2

A solution of uArPc2 (13 mg, 4.2 umol) in dry toluene (5 mL) was degassed by bubbling argon
through the solution for 5 min. SnCl>.2H>0 (10 mg, 0.04 mmol) was then added, and degassing
was continued for an additional 10 min while stirring. After completion of the reaction, the mixture

was filtered through a SiOz plug, concentrated under vacuum, and washed with methanol to afford

ArPc2 as a blue-green solid (67 %, 8 mg, 2.8 umol).

Rs: 0.47 (8:2 Hexane/Ethylacetate)

IH NMR (400 MHz, CDCI3) & = 8.63 (s, 2H), 8.59 (s, 2H), 8.28 (s, 2H), 8.11 — 8.03 (m, 2H), 8.01
~7.95 (m, 2H), 7.91 (dd, J = 6.2, 3.4 Hz, 4H), 7.88 — 7.83 (m, 2H), 7.76 — 7.60 (m, 14H), 7.50 (d,
J=13.2 Hz, 6H), 7.46 — 7.40 (m, 4H), 7.34 (dd, J = 6.3, 3.5 Hz, 4H), 7.32 — 7.26 (m, 10H), 7.20 —
7.10 (m, 4H), 5.75 (t, J = 8.2 Hz, 2H), 5.67 ppm(t, J = 8.0 Hz, 2H), 2.95 (s, 1H) 2.40 — 2.13 (m, 20
H), 1.48 — 1.35 (m, 32H), 1.27 (d, J = 13.5 Hz, 42H), 1.03 — 0.88 ppm (m, 12H).
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6.3.1. Synthetic procedure for Tetracene precursors

General Procedure 1: A solution of the 1-bromo-4-iodobenzene (1.1 equiv.), alkyne (1 equiv.),
triethylamine (10 mL), in dry toluene(10 mL) was degassed by bubbling argon for 10 min. Then,
Cul (5 mol %) and Pd(PPhs)2Cl. (5 mol %) were added to the mixture and degassing was continued
for another 5 min. The reaction vessel was then sealed and allowed to stir under argon at 25 °C for
12 h. Then, the mixture was passed through a plug of SiO and eluted with 1:1 hexanes/EtOAc,
concentrated under vacuum and purified by flash chromatography (95:5, hexanes/EtOAC).

General Procedure 2: A solution of the bromo-aryl tetracene (1 equiv.), TMS-acetylene (2.5
equiv.), triethylamine (10 mL), in dry toluene(10 mL) was degassed by bubbling argon for 10 min.
Then, Cul (5 mol %) and Pd(PPhz)2Cl2 (5 mol %) were added to the mixture and degassing was
continued for another 5 min. The reaction vessel was then sealed and allowed to stir under argon
at 80 °C for 12 h. The mixture was passed through a plug of SiO; and eluted with 1:1
hexanes/EtOAc, concentrated under vacuum and purified by flash chromatography (95:5,
hexanes/EtOAC).

General Procedure 3: K2COgz ( 1.5 equiv.) was added to solution of TMS-substituted tetracene (1
equiv.) in THF/MeOH mixture (100 mL, 6:4, v/v) at 25 °C. The reaction mixture was vigorously
stirred for 1.5 h and CH2Cl> (50 mL) was added. The resulting mixture was passed through a SiO>
plug and washed by CH>Cl». Solvents were evaporated in vacuo leading to product.

1,4-dihydroxynapthalene?'’ 5,12-tetracenoquinone!®® were prepared according to the reported

procedure.
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((12-((4-bromophenyl)ethynyl)-5,12-dimethoxy-5,12-dihydrotetracen-5-
yDethynyDtriisopropylsilane (3.26)

TIPS TIPS
If It
OMe
j@ Pd(PPh3)Cly, Cul j@
Toluene, Et;N
25°C, 12 h OMe
If It
H ’
g
Br

Compound was prepared according to the general procedure 1. Off white solid (93 %, 490 mg, 0.75

mmol)
Rf: 0.55 (9:1 Hexane/Ethylacetate)

IH NMR: (400 MHz, CDCl3,25 °C) & = 8.67 (s, 1H), 8.45 (s, 1H), 8.19 (dd, J = 7.7, 1.4 Hz, 1H),
8.01 (dd, J = 7.7, 1.4 Hz, 1H), 7.99 — 7.96 (m, 1H), 7.95 — 7.91 (m, 1H), 7.58 — 7.48 (m, 4H), 7.34
(d, J = 8.6 Hz, 2H), 7.20 (d, J = 8.6 Hz, 2H), 3.02 (s, 3H), 2.97 (s, 3H), 1.21 — 1.13 ppm (m, 21H).

13C NMR: (126 MHz, CDCI325 °C) & = 136.48, 135.98, 133.85, 133.63, 133.25, 133.17, 133.04,
131.43, 129.51, 128.69, 128.51, 128.38, 128.26, 127.64, 127.27, 126.99, 126.87, 122.63, 121.84,
106.28, 92.94, 91.34, 84.68, 75.15, 73.06, 51.88, 51.86, 18.86, 11.48 ppm.

HR-APCI-MS: m/z (%): 617.1876 ([M-OMe]", calcd for C3sH3sOSiBr* :617.1875)
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((5,12-dimethoxy-12-((4-((trimethylsilyl)ethynyl)phenyl)ethynyl)-5,12-dihydrotetracen-5-
yDethynyDtriisopropylsilane (3.27)

TIPS TIPS
OMe OMe
, TMS Pd(PPhg),Cly, Cul
—_— S
||| Toluene, Et3N OO
OMe 80°C,12h OMe
- I —
< C
Br
|l
TMS

Compound was prepared according to the general procedure 2. Off white solid (85 %, 427 mg, 0.64

mmol)
R#: 0.60 (9:1 Hexane/Ethylacetate)

IH NMR (600 MHz, CDCls) & = 8.66 (s, 1H), 8.46 (s, 1H), 8.18 (dd, J = 7.8, 1.2 Hz, 1H), 8.01
(dd, J = 7.8, 1.2 Hz, 1H), 7.99 — 7.96 (m, 1H), 7.94 — 7.91 (m, 1H), 7.58 — 7.53 (m, 3H), 7.50
(td, J = 7.5, 1.4 Hz, 1H), 7.31 (d, J = 8.6 Hz, 2H), 7.27 (d, J = 8.6 Hz, 2H), 3.01 (s, 3H), 2.97 (s,
3H), 1.20 — 1.12 (m, 21H), 0.22 ppm (s, 9H).

13C NMR (151 MHz, CDCl3) 6 = 136.53, 135.98, 133.94, 133.90, 133.81, 133.63, 133.20, 133.05,
131.71, 131.61, 129.50, 128.84, 128.68, 128.65, 128.60, 128.49, 128.37, 128.28, 127.67, 127.30,
126.97, 126.85, 123.03, 122.95, 106.39, 104.74, 96.16, 93.62, 91.22, 85.41, 75.10, 73.09, 51.88,
51.86, 18.86, 18.86, 11.48, 0.02 ppm.

HR-APCI-MS: m/z (%): 635.3169 ([M-OMe]*, calcd for C43H470Si>* :635.3165)
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((12-((4-ethynylphenyl)ethynyl)-5,12-dimethoxy-5,12-dihydrotetracen-5-

yDethynyDtriisopropylsilane (3.28)

[1PS

OMe

OMe

K,COs
—_—

THF, CH30H
25°C, 2 h

|

It

g
I

H

Compound was prepared according to the general procedure 3. Off-white solid in quantitative

yield.

R#: 0.5 (9:1 Hexane/Ethylacetate)

'H NMR (600 MHz, CDClz) 6 = 8.74 (s, 1H), 8.53 (s, 1H), 8.25 (dd, J = 7.7, 1.4 Hz, 1H), 8.08
(dd, J=7.6, 1.5 Hz, 1H), 8.06 — 8.01 (m, 1H), 8.00 — 7.96 (m, 1H), 7.62 — 7.53 (m, 4H), 7.39 —
7.34 (m, 4H), 3.13 (s, 1H), 3.09 (s, 3H), 3.04 (s, 3H), 1.26 — 1.20 ppm (m, 21H).

13C NMR (151 MHz, CDCIs) 6 = 136.47, 135.95, 133.82, 133.57, 133.01, 131.83, 131.61, 129.44,
128.64, 128.63, 128.44, 128.29, 128.21, 127.63, 127.26, 126.93, 126.82, 123.30, 122.01, 106.44,
93.71, 91.10, 85.24, 83.25, 78.92, 75.04, 73.07, 51.81, 51.80, 18.81, 11.42 ppm.

HR-APCI-MS: m/z (%): 563.2775 ([M-OMe]"*, calcd for CaoH3s0Si* :563.2770).
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((12-((4-((4-bromophenyl)ethynyl)phenyl)ethynyl)-5,12-dimethoxy-5,12-dihydrotetracen-5-
yDethynyDtriisopropylsilane (3.29)

TIPS TIPS
OMe ' OMe
Pd(PPhj),Cl,, Cul OO
+ )
EtsN
OMe L. 25°C.12h OMe

I
< QD
I I

H =

Br

Compound was prepared according to the general procedure 1. Off-white solid (82%, 668 mg, 0.89

mmol).
Rs: 0.43 (9:1 Hexane/Ethylacetate)

IH NMR: (500 MHz, CDCl3) & = 8.67 (s, 1H), 8.46 (s, 1H), 8.18 (dd, 1H), 8.02 (dd, 1H), 8.00 —
7.97 (m, 1H), 7.95 — 7.91 (m, 1H), 7.59 — 7.53 (m, 3H), 7.50 (td, J = 7.5, 1.5 Hz, 1H), 7.46 (d, J =
8.6 Hz, 2H), 7.38 — 7.30 (m, 6H), 3.02 (s, 3H), 2.98 (s, 3H), 1.21 — 1.12 ppm (m, 21H).

13C NMR: (126 MHz, CDCls) 6 = 136.52, 135.99, 133.89, 133.64, 133.20, 133.13, 133.06, 131.80,
131.78, 131.35, 129.51, 128.70, 128.51, 128.39, 128.28, 127.68, 127.30, 126.98, 126.87, 123.01,
122.83,122.81, 122.13, 106.37, 93.78, 91.27, 90.31, 90.09, 85.40, 75.12, 73.11, 51.90, 18.87, 11.48

ppm.

HR-APCI-MS: m/z (%): 717.2189 ([M-OMe]"*, calcd for C4sH420SiBr* :717.2188).
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((5,12-dimethoxy-12-((4-((4-((trimethylsilyl)ethynyl)phenyl)ethynyl)phenyl)ethynyl)-5,12-
dihydrotetracen-5-yl)ethynyl)triisopropylsilane (3.30)

TIPS TIPS
OMe OMe
+ TMS Pd(PPhe,)zC'z, Cu
—_—
||| Toluene, Et;N
OMe 80°C, 12 h OMe

:
/\—//_\\—Q—

sy}
=

Compound was prepared according to the general procedure 2. Off-white solid (78%, 364 mg, 0.47

mmol)
R#: 0.47 (9:1 Hexane/Ethylacetate)

'H NMR: (500 MHz, CDCIs) & = 8.67 (s, 1H), 8.47 (s, 1H), 8.18 (dd, 1H), 8.02 (dd, 1H), 8.00 —
7.96 (m, 1H), 7.94 —7.91 (m, 1H), 7.58 — 7.53 (m, 3H), 7.50 (td, J = 7.5, 1.5 Hz, 1H), 7.42 (s, 4H),
7.38 — 7.30 (m, 4H), 3.02 (s, 3H), 2.98 (s, 3H), 1.38 — 0.94 (m, 21H), 0.25 ppm (s, 9H).

13C NMR: (126 MHz, CDCls) & = 136.53, 135.99, 133.90, 133.64, 133.22, 133.06, 132.03, 131.78,
131.50, 131.37, 129.51, 128.70, 128.51, 128.38, 128.29, 127.69, 127.31, 126.98, 126.86, 123.21,
123.20, 122.96, 122.92, 106.42, 104.73, 96.53, 93.76, 91.22, 91.09, 90.83, 85.46, 75.10, 73.12,
51.89, 51.88, 18.86, 11.48, 0.05 ppm.

HR-APCI-MS: m/z (%): 735.3475 ([M-OMe]"*, calcd for CsiHs10Si,* :735.3478)
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((12-((4-((4-ethynylphenyl)ethynyl)phenyl)ethynyl)-5,12-dimethoxy-5,12-dihydrotetracen-5-
yDethynyDtriisopropylsilane (3.31)

TIPS TIPS
OMe OMe
e O
_——
THF,CH3;0H
OMe 25°C,2h OMe

| I
) )
| |
) )

TMS

7\

7\

:
_/_\_/_\_O_

/2 S/ A\

I

Compound was prepared according to the general procedure 3. Off-white solid in quantitative

yield.
Rs: 0.41 (9:1 Hexane/Ethylacetate)

IH NMR: (600 MHz, CDClI3) 6 = 8.66 (s, 1H), 8.46 (s, 1H), 8.18 (dd, J = 7.8, 1.4 Hz, 1H), 8.02
(dd, J=7.8, 1.4 Hz, 1H), 8.00 — 7.97 (m, 1H), 7.94 — 7.90 (m, 1H), 7.59 — 7.53 (m, 3H), 7.50 (td,
J=75,15Hz, 1H), 7.44 (d, J = 1.9 Hz, 4H), 7.38 — 7.29 (m, 4H), 3.16 (s, 1H), 3.02 (s, 3H), 2.98
(s, 3H), 1.20 — 1.13 ppm (m, 21H).

13C NMR (151 MHz, CDCl3) & = 136.52, 135.99, 133.89, 133.64, 133.21, 133.06, 132.21, 131.79,
131.59, 131.40, 129.51, 128.70, 128.51, 128.39, 128.29, 127.68, 127.31, 126.98, 126.87, 123.64,
123.03, 122.84, 122.17, 106.38, 93.79, 91.25, 91.17, 90.61, 85.42, 83.37, 79.12, 77.16, 75.11,
73.11, 51.89, 18.87, 11.48 ppm.

HR-APCI-MS: m/z (%): 663.3088 ([M-OMe]"*, calcd for CasH430Si* :663.3083)
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u-ArTcl
TIPS IPS
Il Il
OMe OMe
OMe OMe

A solution of the I-Rc (70 mg, 0.038 mmol.), 3.28 (46 mg. 0.08 mmol), Cs2CO3 (247 mg. 0.76
mmol), in dry toluene(5 mL) was degassed by bubbling argon for 10 min. Then, Cul (1 mg, 0.0038
mmol) and Pd(PPhs) (5 mg, 0.0038 mmol) were added to the mixture and degassing was continued
for another 5 min. The reaction vessel was then sealed and allowed to stir under argon at 35 °C for
16 h. Then, the mixture was passed through a plug of SiO and eluted with 1:1 hexanes/EtOAc,
concentrated under vacuum and purified by flash chromatography (8:2, hexanes/EtOAc). The

mixture was then dissolved in dichloromethane and precipitated with methanol to give u-ArTcl

as an off white solid (23 %, 24 mg, 8.6 umol)

Rs: 0.44 (8:2 Hexane/Ethylacetate)

IH NMR (400 MHz, CDCls) § = 8.68 (s, 2H), 8.50 (s, 2H), 8.23 (s, 4H), 8.19 (d, J = 7.1 Hz, 2H),
8.06 (d, J = 8.6 Hz, 2H), 8.02 — 7.98 (m, 2H), 7.96 — 7.91 (m, 2H), 7.85 (dd, J = 6.3, 3.4 Hz, 4H),
7.60 — 7.49 (m, 8H), 7.46 — 7.37 (m, 12H), 7.30 (dd, J = 6.4, 3.4 Hz, 4H), 7.27 (s, 4H), 5.68 (t, J =
8.1 Hz, 2H), 5.59 (t, J = 8.1 Hz, 2H), 3.04 (s, 6H), 3.00 (s, 6H), 2.38 — 2.21 (m, 8H), 2.18 (s, 6H),
1.51 - 1.31 (m, 38H), 1.17 (d, J = 3.4 Hz, 43H), 0.97 — 0.91 ppm (m, 12H).
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u-ArTc2
TIPS TIPS
If I
O OMe OO OMe
OMe OMe
If If
z z
3 3

A solution of the I-Rc (70 mg, 0.04 mmol.), 3.28 (54 mg. 0.08 mmol), Cs,CO3 (247 mg. 0.76
mmol), in dry toluene(5 mL) was degassed by bubbling argon for 10 min. Then, Cul (1 mg, 0.0038
mmol) and Pd(PPhz)2 (5 mg, 0.0038 mmol) were added to the mixture and degassing was continued
for another 5 min. The reaction vessel was then sealed and allowed to stir under argon at 35 °C for
16 h. Then, the mixture was passed through a plug of SiO and eluted with 1:1 hexanes/EtOAc,
concentrated under vacuum and purified by flash chromatography (8:2, hexanes/EtOAc). The

mixture was then dissolved in dichloromethane and precipitated with methanol to give u-ArTc2

as an off white solid (17 %, 19 mg, 6.4 umol)

Rs: 0.46 (8:2 Hexane/Ethylacetate)

IH NMR (400 MHz, CDCls) 3 = 8.67 (s, 2H), 8.49 (s, 2H), 8.24 (s, 4H), 8.19 (dd, J = 7.6, 1.6 Hz,

2H), 8.04 (dd, J = 7.7, 1.5 Hz, 2H), 8.01 — 7.97 (m, 2H), 7.96 — 7.91 (m, 2H), 7.87 (dd, J = 6.3, 3.5

Hz, 4H), 7.59 — 7.48 (m, 17H), 7.46 (s, 4H), 7.40 — 7.30 (m, 13H), 7.28 (s, 4H), 5.69 (t, J = 8.1 Hz,

2H), 5.61 (t, J = 8.1 Hz, 2H), 3.03 (s, 6H), 2.99 (s, 6H), 2.37 — 2.23 (M, 8H), 2.21 (s, 6H), 1.43 (s,

6H), 1.38 — 1.31 (m, 25H), 1.29 (s, 8H), 1.17 (d, J = 3.4 Hz, 42 H), 0.98 — 0.92 ppm (m, 12 H).
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ArTcl

TIPS TIPS

I A | A
= 4
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A solution of uArTcl (80 mg, 22.8 umol) in dry toluene (5 mL) was degassed by bubbling argon
through the solution for 5 min. SnCl,.2H>0 (51 mg, 0.226 mmol) was then added, and degassing

was continued for an additional 10 min while stirring. After completion of the reaction, the mixture

was filtered through a SiOz plug, concentrated under vacuum, and washed with methanol to afford

ArTcl as a red solid (95 %, 57 mg, 21.6 umol).

Rs: 0.5 (8:2 Hexane/Ethylacetate)

MALDI-MS: m/z (%): 2635.293 ([M]* calcd for C17aH1ssN10O12Siz: 2635.160).
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ArTc2

A solution of uArTc2 (19 mg, 6.41 umol) in dry toluene (5 mL) was degassed by bubbling argon
through the solution for 5 min. SnCl>.2H>0 (15 mg, 0.06 mmol) was then added, and degassing
was continued for an additional 10 min while stirring. After completion of the reaction, the mixture

was filtered through a SiOz plug, concentrated under vacuum, and washed with methanol to afford

ArTc2 as a red solid (55 %, 10 mg, 3.5 umol).

Rs: 0.58 (8:2 Hexane/Ethylacetate)

MALDI-MS: m/z (%): 2835.407 ([M]* calcd for C1soH16sN10012Siz: 2835.223)
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6.4. Synthetic Procedures of Chapter 4

1,3-di-tert-butyl-5-ethynylbenzene was prepared according to the literature procedure.®

6,13-bis((Triisopropylsilyl)ethynyl)pentacene (TIPS-Pc)

TIPS
o H——==—TIPS Il
1.BuLi, =78 °C , THF N
O ~
=
2.8nCl,.2H,0, HCI
o}
It
TIPS

n-BuLi (3.86 mL, 9.6 mmol, 2.5 M in hexanes) was added to the solution of TIPS-acetylene (4.3
mL, 19.33 mmol ) in 15 mL of dry THF at—78 °C and stirred for 20 min under Ar. Then, pentacene-
6,13-dione (1 g, 3.22 mmol) was added to the mixture at —78 °C. The resulting solution was then
allowed to warm to 20 °C and stirred for 16 h. 4 mL saturated solution of SnCl2-2H20 in 10%
aqueous HCI was then added to the mixture and allowed to stir for 20 min. The aqueous phase was
extracted with CH2Cl> (3 x 40 mL). The combined organic phases were washed with water (50
mL), dried over MgSQOs, and solvents removed in vacuo. The residue was then dissolved in CHCl;
and precipitated by addition of methanol. The solid was then filtered using sintered funnel and
washed with methanol to give TIPS-Pc (875 mg, 43 %) as a blue solid.

Rs: 0.83 (hexanes/EtOAc 9:1)

!H NMR: (500 MHz, CDCl325 °C) § =9.31 (s, 4H), 7.98 (dd, J = 6.5, 3.2 Hz, 4H), 7.42 (dd, J =
6.5, 3.2 Hz, 4H), 1.46 — 1.24 ppm (m, 42H).

13C {1H} NMR: (126 MHz, CDCl3.25 °C) 6 = 132.4, 130.8, 128.8, 126.5, 126.2, 118.5, 107.3,
104.9, 19.1, 11.9 ppm.
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6,13-bis((3,5-di-tert-Butylphenyl)ethynyl)pentacene (tBu2Ph-Pc)

S
=
3 I
CooCy -
-
=
2.8nCl,.2H,0, HCI
° It

7
NS

n-BuLi (0.6 mL, 1.6 mmol, 2.5 M in hexanes) was added to the solution of 1,3-di-tert-butyl-5-
ethynylbenzene?'® (345 mg, 1.6 mmol) in 8 mL of dry THF at —78 °C and stirred for 20 min under
Ar. Then, pentacene-6,13-dione (200 mg, 0.64 mmol) was added to the mixture at-78 °C. The
resulting solution was then allowed to warm to 20 °C and stirred for 16 h. 6 mL saturated solution
of SnCl>-2H20 in 10% aqueous HCI was then added to the mixture and allowed to stir for 20 min.
The aqueous phase was extracted with CH2Cl> (3 x 40 mL). The combined organic phases were
washed with water (50 mL), dried over MgSQOs, and solvents removed in vacuo. The solid was then
dissolved in (hexanes/EtOAc 9:1) mixture, filtered through a silica plug with the same eluent.
Solvents removed in vacuo, residue dissolved in CH2Cl, and precipitated by addition of methanol

and filtered using a sintered funnel to give tBuzPh-Pc (47 mg, 10%) as a blue-green solid.

Rs: 0.71(hexanes/EtOAc 9:1)
mp: > 220 °C (decomp)

IH NMR: (500 MHz, CDCI325 °C) 6 = 9.32 (s, 4H), 8.07 — 8.03 (m, 4H), 7.78 (d, J = 1.8 Hz,
4H), 7.59 (t, J = 1.8 Hz, 2H), 7.46 — 7.40 (m, 4H), 1.48 ppm (s, 36H).

13C {1H} NMR: (126 MHz, CDClI3, 25 °C) ¢ = 151.3, 132.2, 130.4, 128.7, 126.2, 126.0, 125.1,
123.5, 122.7, 118.1, 105.5, 86.7, 35.0, 31.5 ppm.
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HR-APCI(TOF)-MS: m/z (%): 703.4299 ([M]* calcd for CsaHss: 703.4304)

UV-vis (CH2Cl2): Amax (€) = 660 (10247), 609 (6268), 373 (13223), 312 nm (132395 M* cm?)

6,13-bis(3,3-Dimethylbut-1-yn-1-yl)pentacene (tBu-Pc)

N

H—
) =< I
1.BuLi, -78 °C, THF A O
o
oI _
o}

2.SnCl,.2H,0, HCI
It

TN

n-BuLi (2.7 mL, 6.7 mmol, 2.5 M in hexanes) was added to the solution of 3,3-dimethylbut-1-yne
(0.8 mL, 6.7 mmol) in 8 mL of dry THF at —78 °C stirred for 20 min under Ar. Then, pentacene-
6,13-dione (300 mg, 0.96 mmol) was added to the mixture at —78 °C. The resulting solution was
then allowed to warm to 20 °C and stirred for 16 h. 6 mL saturated solution of SnCl2-2H20 in 10%
aqueous HCI was then added to the mixture and allowed to stir for 20 min. The aqueous phase was
extracted with CH2Cl (3 x 30 mL). The combined organic phases were washed with water (30
mL), dried over MgSOas, and solvents removed in vacuo. Residue was dissolved in CH.Cly,
precipitated by addition of methanol and filtered using a sintered funnel to give tBu-Pc (328 mg,
77%) as a blue solid.

Rs: 0. 66(hexanes/EtOAC 9:1)

1H NMR: (500 MHz, CDCl325 °C) 6 = 9.16 (s, 4H), 8.01 (dd, J = 6.7, 3.3 Hz, 4H), 7.39 (dd, J =
6.7, 3.1 Hz, 4H), 1.69 ppm (s, 18H).

13C {1H} NMR: (126 MHz, CDCls. 25 °C) § = 132.1, 130.4, 128.7, 126.2, 125.8, 118.1,
113.7,77.5, 31.6, 29.5 ppm.

HR-APCI(TOF)-MS: m/z (%): 439.2427 ([M]* calcd for CasHa1: 439.2426)
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UV-vis (CHoCl): Amax (£) = 634 (14625), 584 (7719), 543(2862), 353 (5385), 311 nm
(242681 ML cm?)

((15-(Triisopropylsilyl)-16-(13-((triisopropylsilyl)ethynyl)pentacen-6-yl)-5,14-dihydro-5,14-
ethenopentacene-6,13-diyl)bis(ethyne-2,1-diyl))bis(triisopropylsilane) (D-Pc)

TIPS Il
It
D momms
-
20 °C, 5 min. NEt,
It

TIPS

Trifluoro acetic acid (54 pL, 0.7 mmol) was added to a solution of TIPS-Pc (30 mg, 0.05 mmol)
in toluene (1.5 mL) and stirred at 20 °C for 5 min. Then, triethylamine (98 pL) was added to
neutralize the acid. The solvents were removed in vacuo. The residue was purified by column

chromatography (SiO., hexanes) to give D-Pc (27 mg, 90%) as a dark blue solid.

R 0.78(hexanes/EtOAc 9:1)
mp: >194 °C (decomp)

1H NMR: (600 MHz, CDCl325 °C) 6 = 9.26 (d (br), J = 29.2 Hz, 2H), 9.10 (s, 1H), 8.81 (s, 1H),
8.08 (d, J = 8.1 Hz, 1H), 8.00 (d, J = 8.2 Hz, 1H), 7.95 (d, J = 8.6 Hz, 2H), 7.89 (s (br), 1H), 7.84
(d, J=8.7 Hz, 1H), 7.71 (d, J = 7.4 Hz, 1H), 7.57 — 7.49 (m, 2H), 7.37 — 7.31 (m, 2H), 7.25 — 7.16
(m, 5H), 6.88 (t, J = 7.6 Hz, 1H), 6.77 (d, J = 8.7 Hz, 1H),6.53 (s, 1H), 5.82 (s, 1H), 1.46 — 1.34
(m, 42H), 0.98 — 0.90 (m, 3H), 0.68 — 0.41 ppm (m, 39H).

13C {1H} NMR: (151 MHz, CDClIs, 25 °C) § = 144.7, 144.5, 144.3, 144.2, 132.3, 132.3, 132.3,
130.5, 129.8, 129.3, 128.9, 128.9, 128.7, 128.7, 128.5, 128.5, 125.98, 125.96, 125.91, 125.8, 125.8,
125.6, 125.3, 125.2, 124.6, 124.3, 115.8, 115.1, 103.1, 101.8, 101.5, 101.4, 54.5, 19.4, 19.2, 19.2,
19.2,19.1,18.1, 18.2,18.1, 12.3,11.9, 11.7, 11.0 ppm. (45 out of 71)
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HR-APCI(TOF)-MS: m/z (%): 1277.7606 ([M]* calcd for CagHa0eSis: 1277.7606)

UV-vis(CH2Cl2): A max (€) = 634 (13550), 595 (10277), 416 (15236), 394 (17465), 375 (15326),
355 (12932), 310 (265043), 273 nm (96419 M* cm™),

15-(3,5-di-tert-butylphenyl)-6,13-bis((3,5-di-tert-butylphenyl)ethynyl)-16-(13-((3,5-di-tert-
butylphenyl)ethynyl)pentacen-6-yl)-5,14-dihydro-5,14-ethenopentacene (tBuz2Ph-Pc dimer)

R
R If
It
TFA, Toluene
?
Z 20 °C, 5 min, NEt,
It
R

Trifluoroacetic acid (69 uL, 0.9 mmol) was added to a solution of tBuz2Ph-Pc (46 mg, 0.06 mmol,)
in toluene(1.5 mL) and stirred at 20 °C for 5 min. Then, EtsN (125.4 uL) was added to neutralize
the acid. The solvents were removed in vacuo. The crude product was unstable and decomposed

during attempted purification by column chromatography (SiO2, hexanes).

HR-APCI(TOF)-MS: m/z (%): 1405.8507 ([M]" calcd for C1osH100: 1405.8529)
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15-(tert-butyl)-6,13-bis(3,3-dimethylbut-1-yn-1-yl)-16-(13-(3,3-dimethylbut-1-yn -1-
yl)pentacen-6-yl)-5,14-dihydro-5,14-ethenopentacene (tBu-Pc dimer)

N g
If
TFA, Toluene
>
Z 20 °C, 5 min, NEts
If
TN

Trifluoroacetic acid (46 pL, 0.6 mmol) was added to a solution of tBu-Pc (20 mg, 0.045 mmol) in
toluene (0.8 mL) and stirred at 20 °C for 5 min. Then, EtsN (83.6 uL) was added to neutralize the
acid. The solvents were removed in vacuo. The crude product was unstable and decomposed during

attempted purification by column chromatography on silica gel (SiO2, hexanes).

HR-APCI(TOF)-MS: m/z (%): 876.4678 ([M]* calcd for CesHeo: 876.4695)
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6.5. EPR spectroscopy
EPR spectra for TIPS-Pc’* were recorded on an X-band EMX-Nano EPR spectrometer at ambient

temperature on degassed solutions in CH2Cl,. The microwave power was adjusted with the Power
Sweep program, below the saturation of the signal and set on 30 (0.01 mW) (Figure 6.1).

Modulation frequency was of 100 kHz, modulation amplitude of 0.8 G and spectral width of 100
G.

2500, Attenuation

DI29%5 | 504540 35 30 25
2000

1500
1 TIPS-Pc™
1000

500

Tttt T
0 005 01 015 02 025 03 035
(power)"2 /(mWw)/2

Figure 6. 1. EPR double integral signal intensity (DI) vs. the square root of microwave power for
solution of TIPS-Pc™* in CH,Cly, best fit line: DI 295 = -13.255+76671.4x(power)*? , r? = 0.999.

1

[ ‘ [ T [ ‘ T ‘ T ‘ T ‘ T ‘ T ‘ 1
3400 3420 3440 3460 3480 3400 3420 3440 3460 3480
Field /G Field /G

Figure 6. 2. Experimental (black, left), simulated (blue, right) and difference (red, right) spectra
for TIPS-Pc ™" recorded in CH2Cl; at 20 °C.
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6.6. X-Ray Diffraction Analysis

Table 6. 1. Crystal data and structure refinement for compounds D-Pc and tBu2Ph-Pc.

D-Pc tBu2Ph-Pc
Chemical formula CsgH108Si CssHs4
Formula weight 1278.10 702.97
CCDC Number 2433772 2481880
Crystal appearance Purple plate Violet plate
Crystal size [mm] 0.138 x 0.265 x 0.588 | 0.129 x 0.049 x 0.024
Crystal system Triclinic Monoclinic
Space group P1 P2:/n
Unit cell parameters
a[A] 11.3278(6) 10.6429(3)
b [A] 14.0498(7) 18.5474(4)
c[A] 26.2997(13) 11.4155(3)
a[°] 98.564(3) 90
BI°] 94.847(3) 114.821(4)
y [°] 106.662(3) 90
V [A%] 3929.3(4) 2045.26(11)
z 2 2
Deate. [g/cm?] 1.080 1.141
F(000) 1384 756
0 range [°] 1.71 to 65.88 4,768 to 75.481
Absorption coefficient u [mm™] 1.011 0.478

gaussian, SCALE3
Absorption correction multi-scan, SADABS®
ABSPACK?®

Max. and min. transmission 0.8830 and 0.7630 0.860 and 1.000

-10<h <10 -13<h<12
Index ranges -15<k<16 21<k<23

-29<1<28 -14<1<12
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No. of measured reflections
No. of independent reflections

Completeness

Refinement method

Final R indices: R1, wR>

Goodness-of-fit on F2

Data/restraints/parameters

R indices (all data):

R1, WR2

Excitation coefficient

Largest diff. peak and hole [eA]

55424
9386 (Rin = 0.0695)
68.7 %

21670
4078 (Rint = 0.0308)
96.1 %

Full-matrix least-squares on F2

0.0733, 0.1617
1.033
9386/0/870

0.1773, 0.2053
0.0006(1)
0.466 and -0.341

0.0406, 0.1072
1.062
4078/0/250

0.0473, 0.1113

0.293 and -0.224

6.7. Computational Data

Protonation at 5-position of TMS-Pc:

Cartesian coordinates of the optimized structures (A)

-0.71562
0.71856
1.40291
1.41741
0.66686
2.81912

-0.76985
1.34006

-1.43568

-1.52021

-1.36900

-2.86022

-0.70468

-2.19810

-1.31158

O I OO O O OO O 000000

1.26398
1.25171
0.01143
2.46079
-1.19232
-0.01128
-1.17770
-2.41065
0.01262
-2.47333
2.48004
0.02644
-3.72108
-2.49475
-4.96437

-0.00176
-0.00091
0.00097
-0.00316
0.00039
0.00295
0.00032
-0.00184
0.00015
0.00152
-0.00510
0.00182
-0.00581
-0.85773
-0.01197
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0.70338  -3.65978  -0.00577
242325  -2.40004  -0.00179
147176  -4.84279  -0.01116
-0.54524  -6.11613  -0.01763
-2.39173  -5.03397  -0.01245
0.85001  -6.06209  -0.01707
2.55141  -4.76516  -0.01100
-1.03889  -7.07938  -0.02255
142771  -6.97579  -0.02139
0.75768 3.67763  -0.00694
2.49885 2.44678  -0.00242
-0.67058 3.68889  -0.00806
1.46397 491568  -0.01013
-2.45026 2.50362  -0.00578
0.78833 6.09027  -0.01424
2.54646 489414  -0.00933
-0.63201 6.10053  -0.01543
1.32487 7.02968  -0.01671
-1.33959 494125  -0.01242
-1.15167 7.04987  -0.01882
-2.42206 495276  -0.01341
-4.06717 0.02160 0.00378
Si -5.91927 0.01477 0.00945
C 4.02626  -0.01551 0.00431
Si 5.88727  -0.00262 0.00965
-6.49667 1.36942  -1.13174
-6.48269 0.32310 1.75862
-6.48056  -1.65719  -0.59224
6.42882 1.21491  -1.28939
6.45889  -1.72880  -0.38661
6.41978 0.52493 1.71322

O T T OoOIT 6O O 0O T O T T O I O O IO
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-7.58860 1.40127  -1.15998
-6.13961 1.20981  -2.15102
-6.14223 2.34706  -0.79915
-6.11722  -0.45085 2.43642
-1.57428 0.32566 1.81014
-6.12790 1.28799 2.12611
-7.57201  -1.70815  -0.60694
-6.11772  -2.45599 0.05774
-6.12304  -1.85521  -1.60462
6.10499  -2.44619 0.35632
7.55074  -1.77033  -0.39712
6.10313  -2.05050 -1.36734
7.51057 0.55379 1.77259
6.06056  -0.16856 2.47582
6.04421 1.52060 1.95633
7.51986 1.26036  -1.32972
6.05978 2.21907  -1.07227
6.06882 0.92765  -2.27909
-2.18659  -2.49849 0.86989

I r r r T r I r I r I r I T I T I T I

Protonation at 6-position of TMS-Pc:

Cartesian coordinates of the optimized structures (A)
C -0.89963 1.26246 -1.24894
C 0.43229 1.23602 -0.73190
C 1.05333  -0.00402  -0.40860
C 1.14390 242474 -0.60728
C 0.43130 -1.24417 -0.72959
C 2.32151 -0.00415 0.20112
C -0.90068  -1.27060  -1.24650
C 1.14219  -2.43312  -0.60303
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-1.72539  -0.00378  -1.28968
-1.43986  -2.45225  -1.63679
-1.43799 244381  -1.64127
-2.69148  -0.00206  -0.18264
-0.72183  -3.66873  -1.53270
-2.45046  -2.48226  -2.02587
-1.27325  -4.89803  -1.93791
0.59351  -3.65262  -0.99634
2.15113  -2.41403  -0.21366
131768  -4.86586  -0.88116
-0.55076  -6.05181  -1.81297
-2.27563  -4.91617  -2.34570
0.75535  -6.03921  -1.28065
2.31959  -4.83775  -0.47225
-0.98429  -6.99282  -2.12590
1.30448  -6.96698  -1.19355
0.59601 3.64396  -1.00249
2.15273 2.40558  -0.21769
-0.71925 3.66002  -1.53901
1.32078 4.85697  -0.88883
-2.44856 247383  -2.03046
0.75909 6.03010  -1.28982
2.32265 482888  -0.47980
-0.54695 6.04267  -1.82231
1.30866 6.95771  -1.20381
-1.26999 488908  -1.94592
-0.97999 6.98351  -2.13645
-2.27230 490722  -2.35387
-3.48353 0.00019 0.72483
-4.71196 0.00726 2.10719
C 3.39723  -0.00474 0.75152
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Si 5.05135 0.00324 1.62022
-6.05148 1.22896 1.67395
-3.82218 0.51734 3.66367
-5.40498  -1.71562 2.26776
6.13843 1.18655 0.68456
5.70817  -1.73507 1.57062
4.71743 0.57645 3.35752
-6.80164 1.27023 2.46740
-6.55879 0.94996 0.74821
-5.64423 2.23393 1.54578
-3.01345  -0.17581 3.90379
-4.51299 0.53256 4.51023
-3.39217 1.51608 3.56466
-6.13526  -1.75833 3.07953
-4.61862  -2.44080 2.48646
-5.90647  -2.02874 1.34980
5.03555  -2.42915 2.07803
6.67825  -1.78344 2.07123
5.84455  -2.08073 0.54418
5.65001 0.59644 3.92673
4.02518  -0.09257 3.87175
4.29378 1.58219 3.37118
7.12719 1.22852 1.14781
5.72418 2.19638 0.68709
6.26842 0.87327  -0.35295
-2.29657  -0.00439  -2.22082
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