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Abstract

Twisted organic donor-acceptor (D-A) fluorescent molecular rotors (FMRs) are of great
importance because of their photophysical properties that are tunable by variations in solvent
polarity, temperature, viscosity, and pH. Accordingly, FMRs have found extensive applications as
probes for sensing, bio-imaging, as well as in organic electronics and photocatalysis. In cellular
microenvironment, an abnormality in viscosity, temperature and pH can lead to cellular
malfunctions and various diseases. Fluorescent molecular rotors exhibit twisted intramolecular
charge transfer (TICT) process resulting in multi-stimuli responsive dual emission and serve as
efficient ratiometric sensors to detect the abnormalities in cellular microenvironment. Another
class of twisted D-A molecules are characterized by their small singlet-triplet energy gaps that
facilitate reverse intersystem crossing (RISC). Such molecules as a result of RISC can exhibit
long-lived delayed fluorescence (DF) components and show thermally activated delayed
fluorescence (TADF) process. Accordingly, TADF conjugates have found profound utilization as
emitters in electroluminescence applications such as in organic light-emitting diodes (OLEDS).
Owing to their long-lived DF components and suitable excited state redox potentials, TADF
conjugates serve as photocatalysts for various organic transformations.

This thesis intends to address the design, synthesis, and investigation of photophysical properties
of twisted organic (1) D-A FMRs with TICT properties, and (2) D-A conjugates with TADF
properties, and their utilization for sensing, bio-imaging, photocatalysis and OLEDs. The first
chapter describes the design and synthesis of TICT-based three D-n-A rotors based on BODIPY
and benzodithiophene chromophores utilized for ratiometric temperature sensing and viscosity
sensing. Furthermore, the triplet states of regioisomeric BODIPYs and a triad rotor are populated
via spin-orbit coupling ISC and CT-mediated I1SC respectively as delineated by steady state and
transient absorption spectroscopy. Accordingly, these rotors showed high singlet oxygen quantum
yields and could catalyze the aerobic photooxidation of thioanisole to methyl phenyl sulfoxide
with 99% selectivity. The second chapter discusses the synthesis of three D-A rotors functionalized
with aminoindole and naphthalimide and their utilization for pH sensing and live cell imaging of
A549 (lung cancer) and L929 (fibroblast) cell lines, thereby differentiating healthy and diseased
cells using these rotors. In the third and fourth chapters, diindolocarbazole-based D-A conjugates
with TADF properties are designed and synthesized for photocatalytic organic transformations and
OLED applications. The photocatalytic transformations include energy transfer mediated
isomerization of E-stilbene to Z-stilbene with up to 90% conversion and electron transfer mediated
C-H arylation of heteroarenes with up to 86% yield. The thesis concludes with the major findings
of all chapters and future perspectives of twisted D-A TICT rotors and TADF conjugates towards
development of multifunctional sensors, imaging probes and broadening their scope as organic
photocatalysts.
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Chapter 1

Introduction






1.1. Features of Donor-Acceptor Chromophores

Donor-acceptor (D-A) molecules are an important class of organic conjugated systems where D
and A are separated by a m-spacer. The interaction between D and A and the occurrence of
intramolecular charge transfer (ICT) between them leads to the formation of new low-energy
molecular orbitals and a charge transfer state. The optical, electronic and electrochemical
properties of D-A systems can be tuned easily by adjusting the electron donating ability of D and
electron accepting ability of A chromophores and/or by varying their spacer type and length.* In
other words, highest occupied molecular orbital (HOMO), lowest unoccupied molecular orbital
(LUMO) levels and singlet-triplet energy (AEst) levels in D-A systems are adjustable to achieve
the desired properties that are required for specific applications. Therefore, these D-A systems are
advantageous over single molecules, since, it is very difficult to achieve such energetic and optical
fine-tuning in single organic molecules. For example, the impact of D-A system on photophysical
properties can be demonstrated by the UV/Vis absorption spectra of aniline, nitrobenzene and 4-
nitroaniline. Since, 4-nitroaniline is a D-A system, it shows an intense bathochromically shifted
absorption band at ~ 350 nm while aniline and nitroaniline absorb in lower UV region around ~
250 nm.3

Generally, polyaromatic organic chromophores without heavy atoms or atoms that can enhance
intersystem crossing (ISC) upon photoexcitation have an electron promoted to a higher singlet
excited state (Syor Sz or Sy) and after internal conversion (IC) reach the lowest singlet excited state
(S1), eventually emits to the ground state (fluorescence) along with the dissipation of heat or
energy. The rate of fluorescence in such molecules is significantly faster than the rate of ISC and
there is also a wide energy gap between the singlet state and the triplet state (AEst).> Therefore,
the possibility of populating the triplet state is very less in such organic dyes (Figure 1.1 a).
However, in case of D-A chromophores, due to the formation of ICT state, the energy gap between
CT state and triplet state decreases and hence, the possibility of populating the triplet state
increases. This triplet state can be populated through various photophysical processes such as
radical pair ISC, or spin-orbit charge transfer (SOCT)-ISC®’ (which will be discussed in
photocatalysis part vide infra) that allows the emission from triplet state called phosphorescence.
Therefore, D-A systems could be utilized as a photosensitizer or as photoredox catalysts based on

their triplet energy levels and long-lived triplet states as well as suitable redox potentials (Figure
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1.1b).2 When the AEst gap in twisted D-A molecules slightly decreases (< 0.1 eV), the possibility
of reverse intersystem crossing (RISC) is also increased which is responsible for molecules to emit
from singlet state called delayed fluorescence along with prompt fluorescence. This overall process
is called thermally activated delayed fluorescence (TADF) (Figure 1.1c).>*° Due to TADF process,
these systems are efficiently utilized in organic light-emitting diodes (OLEDs) and in
photocatalysis.>'*3 Another class of D-A compounds where the r-spacer present between the D
and A in D-A systems can cause the rotation across the spacer are known as the fluorescent
molecular rotor (FMR).}*> Such FMRs are extremely sensitive to minor changes in their
surroundings such as viscosity, temperature, solvent polarity and pH.*>*" Thus, D-A molecules
have advantages over single chromophores and can be utilized in various applications such as

sensing, photocatalysis, solar cell, OLEDs, bio-imaging and non-linear optical materials.!8:1°

(a) 'Ne (b) ICT/TICT __1S¢ () , e

_Q___A_ESI___\ Tl
FPI—'
Fe, ISC|| fp Fr
So !

Figure 1.1. Jablonski diagram of (a) polyaromatic organic chromophore; D-A chromophore with possibility
of (b) ISC and (c) RISC. S = singlet state; T = triplet state; F = fluorescence; ISC = intersystem crossing;
AEst = singlet-triplet energy gap; LE state = local excited state; ICT = intramolecular charge transfer; TICT
= twisted intramolecular charge transfer; P = phosphorescence; PF = prompt fluorescence; DF = delayed
fluorescence.

S

1.2. Light-Induced Processes in Chromophores

1.2.1. Photoinduced Energy Transfer (PEnT)

Upon photoexcitation of D-A molecules, either energy transfer (PEnT) or intramolecular charge
transfer (ICT) from D to A can occur. In D-A systems, the excited energy can be transferred non-
radiatively via two dominant pathways: (1) Forster resonance energy transfer (FRET)?*-2% and (2)
Dexter energy transfer (DET)??* as shown in Figure 1.2. FRET can occur through space via

dipole-dipole interactions between D-A over large distances (1-10 nm) between D and A. In FRET,
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the rate of energy transfer depends upon the factors such as the spectral overlap of donor emission
and acceptor absorption, the relative orientation of the transition dipoles of D and A and the

fluorescence quantum yield of D.

i - (b)

ﬂ" 9o fon
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Figure 1.2. Jablonski diagrams of D-A systems having (a) Forster Resonance Energy Transfer (FRET). 6:
angle between vectors of the donor emission and the acceptor absorption; (b) Dexter Energy Transfer
(DET). Reproduced from reference 19 with permission from the Royal Society of Chemistry.

The rates constant of energy transfer (kgr) is given by Forster theory?>?® represented by
equationl.1:
1 (Ro\®
ker = — (%) (11)

where, 7, is the lifetime of the donor chromophore in the absence of donor, R, is the Forster radius
and the r is the center-to-center distance between D and A. The energy transfer efficiency can be
calculated using any of the following equation no. 1.2-1.4:

F
E=1- FLDA (1.2)
E=1- LDA (1.3)
D,
E=1-2% (1.4)
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where Fj, is the intensity of donor in the absence of acceptor and Fp4 is the emission intensity of
donor in the presence of acceptor. Similarly, ;4 is the lifetime of donor in presence of acceptor
and 7, is the lifetime of donor and @j, is the fluorescence quantum yield of donor and @j 4 is the

quantum yield of donor in presence of acceptor.

Dexter energy transfer (DET) is another process where the non-radiative energy transfer occurs
over shorter distances (1 nm) from photoexcited donor to acceptor where D and A exchange their
electrons and it is a through-bond phenomenon (Figure 1.2). Dexter transfer can be observed even
if the spectral overlap of donor emission and acceptor emission is small. In DET, the rate constant
of energy transfer depends on the orbital interactions and Van der Waals radii (R) of donor and
acceptor with a dependence of DET rate dependence of e®.1°

1.2.2. Photoinduced Electron Transfer (PET)

In D-A systems connected through n-spacer, photoexcited electron transfer can occur either
through intramolecular electron transfer (within the system from D to A) or intermolecular electron
transfer processes (from D of one system to A of another system) and formed a charge transfer
(CT) state. If, however, the CT is not facilitated through the w-spacer, it could occur through space
due to the favourable overlap of D and A orbitals and such process is called through space charge
transfer.2>2® The frontier molecular orbital (FMO) description of photoinduced electron transfer

(PET) in D-A chromophores upon photoexcitation of D as well as A is presented in Figure 1.3.%

If donor is excited,

h
D+A—V>D~k +Aﬂ;D-++A-7

— N e

&

hy PET &
00 o . o0 & o0
D A D* A Dt Y i



If the acceptor is excited,

hv PET

D + A D + A¥* D- + AT
oy
hy PET &
20 o0 20 % 2 e
D A D A* D A~

Figure 1.3. Schematic representation of the photoinduced electron transfer (PET) between D and A on
excitation of either D or A. BET = back electron transfer.

In the excited state, D-A molecules become more reactive toward electron transfer. Upon
photoexcitation, either donor or acceptor gets photoexcited and after PET, and a charge-separated
species D.+...A"is formed (Figures 1.3). The extra electron on the acceptor returns to the ground
state after electron transfer to the donor (charge recombination or back electron transfer (BET).
The direction of CT depends on the oxidation and reduction potentials of the ground state and
excited state of the D-A system.>8 The total energy of the CT-complex decreases due to change in
the ability to donate and accept electrons in the excited state. The Gibbs free energy of charge

separation (AGY;) for D-A chromophore is given by the following equation 1.5:
AGcos = e[on(D) - Ered(A)] - EOO + AGS (1-5)

where, e is the electronic charge, E,, (D) is the first oxidation potential of D and E,..; (A) is the
first reduction potential of A, Ey, is the energy of the So —Si transition (calculated by taking the
intersection point of normalized absorption and emission spectra) and AGs is the static Coulombic

energy, given by the following equation 1.6:

e? e

2
AG, = _ (L + i) ( L i) (1.6)
4meg €0 Rec 8meo \Rp Rag Eref &g
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where, ¢s is the dielectric constant of the solvent, eref is the dielectric constant of the solvent used
for experiment, «o is the permittivity of free space. Rp and Ra refer to the effective radii of donor
and acceptor obtained from geometry optimized structure using density functional theory (DFT)
calculations and R is the distance between the centers of the D and A.
Furthermore, Gibbs free energy of charge recombination (AGcr) can also be calculated using the
following equation 1.7:

AGOcr = -(AGcs+ Eqo) (1.7
Using the above relations, the driving force for both photoinduced charge separation and charge
recombination processes between donor and acceptor can be calculated. If the values of AG°cs
and AG°crare negative, itindicates that both photoinduced forward and backward electron transfer
processes are exergonic and thermodynamically feasible.
The ICT state of D-A molecule differs in electronic structure and molecular geometry from the
ground state. Since the electron transfer occurs in CT state, generally, the dipole moment in the
excited state increases as compared to the ground state dipole moment. Upon photoexcitation, the
solvent dipoles reorient themselves around the ICT state and hence lower the energy of the excited
state. With the further increase in solvent polarity, solvent reorganization stabilizes the ICT state
and therefore, emission occurs at lower energy or higher wavelength, this process is termed as
positive solvatochromism. In few cases such as betaine-30, the dipole moment of excited state
decreases as compared to the ground state resulting in negative solvatochromism.?” Sometimes the

(a) (b) — | Absorption Fluorescence
S =
- Bu =
o 7]
x @
n \ =
o w
<
o

o w
N \ N
< <
z &
& o
2 =z

2. . N ' 1

500 600 700

WAVELENGTH (nm)

Figure 1.4. (a) Chemical structure of DNS; (b) absorption and emission spectra of DNS in different polarity
of solvent and (c) image of DNS in solvents of increasing polarity in UV-chamber. H = hexane; CH =
cyclohexane; T = toluene; EA = ethyl acetate; Bu = n-butanol. Reproduced from reference 21 with
permission from Springer eBook.
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quantum yield of ICT state decreases due to the rapid non-radiative deactivation or due to the fast
charge recombination rate and smaller energy gap between CT state and ground state. Figure 1.4
shows effect of polarity of solvent on emission (CT band) of 4-dimethylamino-4'-nitrostilbene
(DNS) indicate positive solvatochromism.?!

1.2.3. Twisted intramolecular charge transfer (TICT)

Twisted intramolecular charge transfer (TICT) compounds are characterized by showing a rotation
around a single bond of D and A system where both chromophores are connected through a =-
spacer. Grabowski et. al., proposed the first model of TICT in 1973 and explained the phenomenon
using the example of p-N,N-dimethyl amino-benzonitrile (DMABN).?® Upon photoexcitation,
DMABN showed dual fluorescence bands (LE emission band and TICT emission band) which is
strongly dependent on temperature and solvent polarity.*® In non-polar solvent, only single
fluorescence band was observed from LE state where it adopted coplanar conformation which is
stabilized by electronic conjugation and gives a sharp emission. However, in polar solvents,
DMABN showed fast intramolecular charge transfer from donor to acceptor and produced a
relaxed perpendicular structure i.e., TICT state. Due to the equilibrium between coplanar
conformer and perpendicular conformer, dual fluorescence bands were observed i.e., high energy
band from the LE state and low energy band from TICT state and the intensity of these bands were
dependent on the polarity of the solvent (Figure 1.5). Also, the emission intensity of TICT-active
molecules is sensitive towards the temperature of the systems. With the rise in temperature, the
emission intensity increases with hypsochromic shift because the excited electron crosses the
activation barrier from CT state to local excited state (LE) and hence LE state gets more populated
and emission occurs from LE state. Although TICT active molecules enable red shifted emission
or near-IR emission, their emission intensities weaken due to the various non-radiative
deactivation.?® The relaxation pathways i.e., LE emission or TICT emission, of TICT-active
molecules could be easily modulated by steric restrictions, substituents, temperature and polarity
of the solvent. Hence, TICT process opens various possibilities to design and synthesize rotor
molecules that can be utilized for various applications such as temperature-viscosity sensor, bio-

medical imaging and electronic applications such as in organic light emitting diodes (OLEDs) .*°

There are other modifications of TICT in structures such as in A-D-D’, where D and D' are two

donors that are joined through a single bond and planarization could occur at excited state instead
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of TICT. Upon photoexcitation, charge transfer may occur from D to A, which immediately leads
to planarization in excited state by rotation around D and D’ to stabilize D-* by D’. Consequently,
a new state known as the planarized intramolecular charge transfer (PLICT) state is formed.*® The
emission from PLICT state to ground state is overlap allowed, therefore large quantum yield can
be observed in such compound compared to less emissive TICT compound.
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Figure 1.5. TICT behaviour of DMABN through intramolecular rotation of D and A part at excited state
and its transitions from LE state and TICT state.

1.2.4. Thermally Activated Delayed Fluorescence

Thermally activated delayed fluorescence (TADF) materials have emerged as efficient emitters
for organic light-emitting diodes (OLEDs) and in addition serve as promising photocatalysts for
various organic transformations. This field started around 2011 after the seminal work of Adachi
and co-workers where they reported a D-A compound, 2-biphenyl-4,6-bis(12-phenylindolo[2,3-
aJcarbazole-11-yl)-1,3,5-triazine (PIC-TRZ) with indolocarbazole as donor unit and triazine as
acceptor unit (Figure 1.6).° The emitter PIC-TRZ was utilized as emitting layer in the fabrication
of OLED device and the external quantum efficiency (EQE) reached upto the theoretical limit
(discussed later in section 1.6) of fluorescence compounds. DFT calculations showed that there is
limited overlap between HOMO and LUMO levels which helps in smaller singlet-triplet energy
gap (AEst). Fluorescence and phosphorescence studies at 5 K indicated a very small AEst of 0.11
eV for this compound. Transient photoluminescence of PIC-TRZ showed prompt component with
decay time of ~ 10 ns and a longer delayed component with decay time of 230 us. Furthermore,

photoluminescence quantum yield (PLQY) was calculated in degassed toluene (Tol) by nitrogen
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gas and without degassed Tol solution. The degassed solution showed PLQY of ~ 35% with an
intense delayed component and without degassed solution showed PLQY of only ~ 10% where
the delayed component was completely absent. With all these calculations and measurements, the
first ever TADF material was confirmed and utilized for OLEDs. The fabricated OLED device
using PIC-TRZ as emitting layer showed an efficiency of ~ 5.3% at low current density. From this
work, it was concluded that TADF led to very high EQE reaching almost the theoretical limit (EQE
~ 5-7.5%) of fluorescence compound.3! Followed by the first report on TADF, a large body of
work had been carried out with development of newer molecules, rapid and exponential progress
in the performances of OLEDs with the current state of the art TADF OLEDS reaching up to 42%

presently.?
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Figure 1.6. Chemical structure of PIC-TRZ and its energy diagram with various processes indicated. PF=
prompt fluorescence, DF = delayed fluorescence, P = phosphorescence.

1.3. Aggregate Induced Emission (AIE)

The fluorescence quantum efficiencies of organic fluorophores such as perylene may reach unity
in solution in the molecularly dissolved form but it decreases dramatically in condensed phase or
solid state® (Figure 1.7). This decrease in emission in solid state is due to intramolecular n—n
stacking interactions which further decrease the possibility of applications of such organic
fluorophores in solid state. This effect is known as aggregation caused quenching (ACQ). In 2001,
Tang and co-workers coined the concept of aggregate induced emission (AIE) for propeller shaped
molecules where the fluorophores showed enhancement in emission intensity in condensed and

solid state due to restricted intramolecular rotation (RIR).** In solution form, these molecules were
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non-emissive due to freely rotatable junctions and hence rapid non-radiative deactivation. In binary
mixture of good and bad solvent as well as condensed phase and solid state, they became highly
emissive due RIR or due to the formation of aggregates. Tang and co-workers explained AIE
mechanism using hexaphenylsilole (HPS) which is very weak emissive or non-emissive in organic
solvent such as tetrahydrofuran (THF) and becomes highly emissive in THF/water mixture due to
the formation of aggregates of HPS molecule in aqueous medium (Figurel.7). Hence, AIE is a
widely applicable phenomenon and in contrary to ACQ effect, leads to emission enhancement.
Therefore, AlE-active chromophores can further be utilized in various applications such as
sensing, bio-imaging and optoelectronics. Numerous varieties of AIE-active molecules have been

developed, studied and explored in various applications over the last two decades.33%-38

Aggregation-caused Quenching Aggregation-induced Emission
OO Water fraction (vol %) Perylene Water fraction (vol %) HPS
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Figure 1.7. Fluorescence image of solutions of (left) perylene and (right) HPS in different factions of THF/
water mixtures with perylene and HPS showing typical ACQ and AIE effects, respectively. Reproduced
from reference 33 with permission from American Chemical Society.

1.4. Organic Chromophores used in this Thesis

To observe D-A behaviour in photophysical properties and redox properties for various
applications, we have utilized few chromophores such as 4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene (BODIPY), benzodithiophene (BDT), 4-Bromo-1,8-naphthalic Anhydride (NP),
diindolocarbazole (DI), substituted phenanthrene (PF) and indoloquinoxaline (1Q). Few important

structural features and characteristics of these chromophores are highlighted below:
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4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY)

BODIPY

Figure 1.8. General chemical structure of 4,4’-Difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) dye.

Organic D-A chromophores based on BODIPY dyes are employed in various applications such as
sensing,3%4° biolabeling,** bio-imaging,*? photodynamic therapy,*® organic photocatalysis,** dye-
sensitized solar cells, organic photovoltaics (OPVs)*# and organic light emitting diodes
(OLEDs)* in recent years because of its outstanding thermal, photochemical stabilities, strong
visible light absorption, high fluorescence quantum vyields and good solubility and facile
accessibility of their triplet excited states.***0 The BODIPY dye was first reported in 1968 by
Treibs and Kreuz.>! The basic skeleton of BODIPY contains 8 positions such as meso-position (8-
positon), a-position (3 and 5 positions), B-position (1, 2, 6 and 7) and boron center position (4 and
4’) that could be used for modulating the photophysical properties (Figure 1.8). The
functionalization at the meso-position and boron center position does not alter the optical
properties drastically while functionalization at o and B-positions can extend the conjugation
which further alters the optical properties. BODIPY dyes can be easily synthesized by
condensation reaction between carbonyl compounds and pyrrole, followed by oxidation either with
p-chloranil or dichloro-dicyano-benzoquinone (DDQ) and finally addition of boron trifluoride
diethyl etherate (BFs-OEt) and base (triethyl amine) leading to formation of BODIPY

chromophores at moderate to good yields.*>5?
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Benzo[1,2-b:4,3-b’] dithiophene (BDT)

Figure 1.9. General chemical structure of Benzo[1,2-b:4,3-b']dithiophene (BDT) dye.

Benzodithiophene (BDT) is arigid and planar conjugated structure with two thiophene rings across
one benzene ring (Figure 1.9) and this chromophore has found significant applications in OPVs,
organic field effect transistors and as excellent building blocks for conjugated polymers.>3° Fine-
tuning of energy levels is possible through facile functionalization of the BDT cores at various
positions. Suitable functionalization of the core also enhances solubility, effectively increases the
thermal stabilities and lowers HOMO energy levels and thus promotes high charge transport
properties and high exciton mobilities.>” The BDT core is widely used as an electron donor in D-

A copolymers and small molecules for optoelectronic applications.>®

4-Bromo-1,8-naphthalic Anhydride (NP)

Figure 1.10. General chemical structure of 4-Bromo-1,8-naphthalic anhydride dye.

1, 8-naphthalimide (NP) derivatives play a crucial role in the design of fluorescent materials and
are an appealing class of electron-deficient chromophores.>® The structure of naphthalimide is
inherently of D-mn-A nature that incorporates naphthalene as a m bridge, electron-donating
substituent at 4-position as the D and dicarboximide as an electron A (Figure 1.10).%° The most
effective synthetic strategies of NP derivatives focus on the functionalization of the N-imide site

or functionalization at 4-position and thus possess outstanding chemical stability, high fluorescent

21



quantum yields, photo- and thermal stabilities, high electron affinity and tunable emission
behaviour depending on substituents.5! Owing to these optical characteristics, naphthalimide has
found widespread applications in the development of optoelectronic materials, bio-imaging
probes, laser dyes, metal sensors, pH sensors, fluorescent dyes and organic field-effect

transistors.62%4

10,15-Dihydro-5H-diindolo[3,2-a:3’,2’-c]carbazole or Diindolocarbazole(DI)

DI

Figure 1.11. General chemical structure of diindolocarbazole (DI) dye.

Diindolocarbazole (D) is a rigid, planar and conjugated structure with three indole rings fused
with one central benzene ring (Figure 1.11) and extensively utilized for the fabrication of OLEDs
with a very high EQE of ~ 38% reported till now.®-¢" Diindolocarbazole could be functionalized
by any acceptor from the N-site and utilized as an efficient donor for D-A emitters in OLEDs.
Diindolocarbazole provides larger spatial HOMO volume to the emitter thus delivers a larger
photoluminescence quantum yield. Due to the steric hindrance of adjacent hydrogens of donor and
acceptor, large dihedral angles can be obtained which decrease the overlap between HOMO and
LUMO that further reduces AEst and as a result enhance the RISC and therefore promotes TADF

behaviour and eventually facilitates high EQE in OLED devices.55%’
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Phenanthrene Derivatives

Difluorodibenzophenazine (PF)

2 1 14 13

Figure 1.12. General chemical structure of difluorodibenzophenazine (PF) dye.

Difluorodibenzophenazine (PF) is a large and rigid m-conjugated planar acceptor (Figure 1.12)
with deep LUMO level and shows excellent photo- and thermal-stabilities.®® The two sp?
hybridized N-atoms and fluorine atom make it a strong electron-deficient chromophore®® and could
be utilized in OLEDs, host materials, electron and hole transport materials.”®’* The fused aromatic
system could be synthesized by condensation reaction between phenanthrenedione and difluoro
substituted phenylenediamine in good yield and further easily could be functionalized by donor

part at phenanthrene core for D-A system with long wavelength emission.

Phenanthroimidazole (PI)
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Figure 1.13. General chemical structure of phenanthroimidazole (P1) dye.

Phenanthroimidazole (PI) is a large and rigid block that consists of phenanthrene moiety and

phenyl-substituted electron-deficient imidazole ring which make PI electron deficient in nature
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(Figure 1.13) and could be utilized efficiently in emitting layer, electron-transporting layer and
hole-blocking layer in OLEDs.”>" Substitution with electron-withdrawing such as -CN, -CFs at
the imidazole ring could improve electron withdrawing tendency of P1.7* Furthermore, suitable
donor moieties could be substituted at phenanthrene core to make it D-A chromophore for various

applications.

Carbazole (CBZ2)
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Figure 1.14. General chemical structure of carbazole (CBZ) dye.

Carbazole (CBZ) is an electron-rich unit that exhibits good charge transport properties, high
photoconductivity and high thermal stabilities and are widely used in OPVs and OLEDs as host
materials and emitter materials in form of D-A co-polymers.”>"® Carbazole is a tricyclic system
of fused pyrrole rings with two benzene rings (Figure 1.14) and they can be easily converted in D-
A system by functionalization at N-atom or fused phenyl core. Functionalization of electron-
donating group at the phenyl core can increase the donating tendency of CBZ.8081

Indoloquinoxaline (1Q)

8 7. R IQ2FIQ

Figure 1.15. General chemical structures of indoloquinoxaline (1Q) derivatives.

Indoloquinoxaline (IQ) and difluoro-substituted 1Q (2F-1Q) are fused systems of alkylated indole
and quinoxaline or difluoro-substituted quinoxaline having a planar structure with strong electron-

withdrawing characteristics (Figure 1.15). Indoloquinoxaline derivatives have been utilized

24



82.83 and have significant applications in host

extensively in biochemistry and medicinal chemistry
materials of OLEDs.?*% Fluoro-substituted 1Q revealed anticancer activity against numerous
human tumor cell lines.®® IQ and 2F-IQ can be synthesized in a facile manner by condensation
reaction between bromoisatin and phenylenediamine or difluoro-substituted phenylenediamine

and further, converted in D-A system by connecting D chromophore at the bromine sites.
1.5. Fluorescent molecular rotors (FMR)

Fluorescent molecular rotors (FMR) are an emerging class of fluorophores, generally made up of
donor (D) and acceptor (A) chromophores where D and A are either connected through =-spacer
or without spacer. These rotors serve as potential analytical probes for the detection of subtle
changes in microenvironmental parameters such as temperature, viscosity, polarity, and pressure.
Therefore, they were employed as microenvironment sensors for biological systems and in
materials science. Generally, FMR shows rotation either from planar ground state to twisted
excited state which is called twisted intramolecular charge transfer (TICT) or from twisted ground
state to planar excited state which is called planarized intramolecular charge transfer (PLICT). Due
to this rotation, the emission intensity of FMR can show responsiveness towards various stimuli
such as viscosity, temperature, different polarity of solvents, pH, in few cases water or poor
solvents (which is further responsible for the enhancement of emission intensity due to the
formation of aggregate induced emission (AIE)) etc. Accordingly, such FMR have been developed

and utilized in various applications as represented in the next section.
1.6. Applications of Organic D-A FMRs

As discussed earlier, the emission of organic D-A rotor is sensitive towards various stimuli such
as solvent polarity, pH, viscosity, and temperature of the system. Hence, FMRs can be utilized as
optical probes for sensing polarity, pH, viscosity, and temperature of biological or materials

science relevant microenvironments.
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Figure 1.16. Applications of fluorescent D-A rotors.
1.6.1. Temperature and Viscosity Sensor

Temperature and viscosity of surroundings are fundamental physical parameters that influence the
activity of chemical and biological systems. Cellular membrane with abnormal viscosity and
temperature can lead to various diseases such as Alzheimer, atherosclerosis, diabetes and
malfunction of living cells.’® Hence, it is of paramount importance to develop methods that can
accurately determine temperature and viscosity at the microscopic levels. Ratiometric temperature
and viscosity sensing using monitoring emission of organic FMRs is a more convenient method
compared to other methods such as fluorescence lifetime imaging microscopy, dual fluorophore
ratiometric sensing,®’ single emission based fluorescent molecular rotors etc.®® In ratiometric
sensing, a fluorophore with dual emission at a specific wavelength has excellent spatio-temporal
resolution and accuracy and low sensitivity to external variables. Molecular probes with
ratiometric temperature and viscosity are essential for precise (bio)molecular detection, sensing,

imaging, and theranostic applications.
Temperature Sensor

The emission band of organic D-A molecule shows responsiveness towards changes in
temperature and viscosity of the medium. In most cases, the rise in temperature affects the rates of
radiative and non-radiative deactivation of organic D-A rotors and, as a result, alters the intensity

of their emission bands.®® Generally, with the rise in temperature in polar solvents, the emission
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intensity of CT band increases with hypsochromic shift. Thermal energy assists the excited
electron in the crossing of the activation barrier from CT state to LE state that populates the LE
state causing hypsochromic shift in the emission with increased intensity. In non-polar solvents
such as methyl cyclohexane (MCH), Tol, the LE emission however decreases with rise in
temperature due to non-radiative deactivation. Recently, Kuimova and co-workers reported
cyclopropyl substituted BODIPY molecular rotors (Figure 1.17) and utilized those for temperature
sensing in living cells. They showed that due to the substitution of groups at a.-and -position of
BODIPY with cyclopropyl groups (BODIPY 2, 3), a fluorescent lifetime-based viscosity sensor
(BODIPY-C1o) could be transformed into temperature sensor.”® Marti and co-workers reported
polyethylene glycol substituted BODIPY (PEG-BODIPY) for temperature sensing and live cell
imaging. The fluorescence lifetime of this compound varied with temperature change and
therefore, it was utilized for temperature monitoring in vitro and in cells with the help of
fluorescence lifetime imaging (FLIM) technique.®! Hence the variation in microenvironment’s or

macroenvironment temperature could be measured using such rotors as sensors.
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Figure 1.17. BODIPY based temperature sensors utilized for temperature monitoring in various cells.
Viscosity Sensor

The emission band of organic D-A molecule shows responsiveness towards change in viscosity of
the medium. In case of rise in viscosity, the emission intensity of molecular rotors is enhanced due
to the restriction of molecular rotations which leads to the exclusion of non-radiative deactivation
pathway. Quantitatively, the viscosity sensitivity of molecular rotors could be calculated using

Forster-Hoffmann theory!®%2 (equation 1.8):

log (I/l0) =C + x log 7 (1.8)

27



where, lo and | are the emission intensities at the initial viscosity and intensity at different
viscosities respectively. The viscosity of the medium is given by #%, C is the experimental
temperature- and concentration-dependent constant and x is the viscosity sensitivity of the
molecular rotors. Kuimova and co-workers reported BODIPY based molecular rotors for viscosity
sensing and temperature sensing.®® They reported that the dynamic range of viscosity could be
increased by varying the substituents on meso-phenyl ring from electron donating ether group to
weakly electron accepting Bromine atom or ester groups (Figure 1.18). Furthermore, they

employed these rotors in live cells to measure the viscosity of cellular environment.®
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Figure 1.18. BODIPY based viscosity sensors utilized for viscosity and temperature monitoring in live cell.

Gryczynski and co-workers reported BODIPY and triazine based trimers (Figure 1.19) for their
utilization as molecular viscometers. They concluded that triazine based BODIPY trimer with a
very high molar absorption coefficient can sense subtle viscosity changes in various environments
depending upon molecular solvents, lipid vesicles and several Cancer cell lines.** The substitutions
at 1- and 7-positions of BODIPY hinder the intramolecular rotation (2, BODIPY-triad non-rotor),
therefore, unable to detect the viscosity change. Kim and co-workers reported BODIPY and
coumarin based viscosity sensor (C-BODIPY) and utilized it for quantifying the viscosity of

mitochondria in living HeLa cell line and justified the result with FLIM experiment. Xu and co-
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workers reported the design and synthesis of two naphthalimide based thermoresponsive molecular
rotor (BNAP) that showed positive solvatochromism, AIE effect and utilized those for viscosity

sensing and viscosity related temperature sensing.®®

1:R1=Et,R2=R3=H
BODIPY-triad rotor

2: R1=Et, R2=R3=H
BODIPY-triad non-rotor

R OFE R1 C-BODIPY BNAP

Figure 1.19. BODIPY and naphthalimide-based viscosity sensors utilized for viscosity monitoring in
various cell lines.

1.6.2. pH sensor and Bio-imaging

In biological processes, the intracellular pH has substantial role in regulating an organelle’s
functions, various enzymatic activities, protein degradation and several other cellular behavior.
Abnormal intracellular pH is an indication of malfunction of cellular processes and serious
diseases, such as cancer, Alzheimer’s disease, or other neurodegenerative diseases.8:% Cancerous
cells are known to show slightly acidic behavior®® and hence, it is important to develop pH
sensors that can identify abnormal pH behavior or a cancerous cell based on pH. In this regard, D-
A fluorescence rotor-based sensing and imaging probes have received significant attention owing
to their excellent sensitivity and spatio-temporal resolution ability.**-1% A variety of fluorescent
probes have been synthesized and utilized for intracellular pH sensing.10410°

Recently, Tang and co-workers reported TICT and AIE active D-A molecule 4-
(dimethylamino)styryl)quinoxalin-2(1H)-one (ASQ) which showed response towards multiple
stimuli such as pH, polarity and aggregation and utilized it for albumin protein sensing, ratiometric
pH sensing, and biogenic amine gas sensing.'®® Upon trifluoracetic acid (TFA) addition in the

solution of ASQ in dichloromethane (DCM), the main emission band started to decrease and a new
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hypsochromically shifted band formed and started to increase due to the protonation of D site.
With further addition of TFA, the main band again started to increase and hypsochromic band start
to decrease due to protonation of A. Reversible effect was also observed with the addition of
triethylamine (TEA) in acidic solution of ASQ. In D-A rotors, upon addition of acid, either donor
or acceptor can be protonated. If donor gets protonated, it weakens the electron donating capability
and hence CT character reduces leading to decrease in emission intensity accompanied by a
hypsochromic shift. While if acceptor gets protonated, it strengthens the CT character and hence
enhancement of emission intensity.}®® Zhao and co-workers reported rhodamine and
naphthalimide based fluorescent probe (RNL) and utilized for staining lysosome in HeLa cells
(Figure 1.20). To confirm the localization of RNL in lysosome, HeLa cell line were incubated with
lysosome staining probe Green DND-189 and the excellent co-localization (Figure 1.21) indicates
RNL probe selectively stains the lysosome. Furthermore, the fluorescent probe was utilized for

detection of lysosomal pH changes.’
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Figure 1.20. Quinoxaline and naphthalimide-based pH sensors utilized for ratiometric pH sensing and
detection of lysosomal pH change.

Figure 1.21. Fluorescence microscopy images of living HelLa cells co-stained with RNL (5 mM) and
LysoSensors Green DND-189 (1 mM). (a) Red emission of RNL (560-700 nm), (b) green emission of
LysoSensors Green DND-189, (c) overlay of (a) and (b), and (d) a bright field image. Excitation wavelength
of RNL and LysoSensors Green DND-189 was 405 nm and 488 nm, respectively. Reproduced from
reference 107 with permission from the Royal Society of Chemistry.
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Jin and co-workers reported the identification of cancer cells based on UV/Vis microspectroscopy
and common pH-indicators such as bromothymol blue and bromocresol green (Figure 1.22). The
cancer cells are known to have slightly acidic extracellular and intracellular pH values.®” Upon
incubating the cancereous and healthy mammalian cell line with pH-indicators, the cancer cells
exhibited yellow and bright colour under UV/Vis microspectroscopy while the healthy cells

displayed blue and green colour due to the neutral intracellular pH of cell.1%
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Figure 1.22. Visual identification and screening of cancer cells from normal cells and cytotoxicity assays.
(a) Bright-field optical microscope images of cancerous HepG2, HelLa, A549, 4T1, normal cells HL7702
and L929 before and after 5min incubation with 1mg mL™* of bromothymol blue, respectively; All scale
bars: 20um. (b) Cytotoxicity assays for the A549, HeLa, HL7702, and L929 cells after the incubation with
bromothymol blue or bromocresol green. A, B, C, D under the X-coordinate represent A549, Hela,
HL7702, and L929 cells, respectively. (c) Bright-field microscopy images of co-cultured cancerous 4T1
and normal HL.7702 cells before (left, scale bar: 50pum) and after (right, scale bar: 15um) the treatment with
bromocresol green. The cells within the white dotted line are identified as HL7702 cell. (d) chemical
structure of bromothymol blue and bromocresol green. Reproduced from reference 108 with permission
from the Springer Nature.

1.7. TADF compounds for Organic Light-emitting Diodes (OLEDs)

The development of organic light-emitting diodes (OLEDs) has attracted great attention of
researchers for their utilization in displays of smartphones, TV screen and in panels for lighting
applications.® For display applications, the main requirement is high efficiency and emission

color purity, which depend on the emitting (organic material) layer of OLEDs.*°
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Basic structure and working principle of OLEDs

Organic light-emitting diodes (OLEDs) are thin multilayer devices (Figure 1.23) that consist of
cathode as an electron source, an electron injecting layer (EIL), an electron transporting layer
(ETL), an emissive layer (EML) composed of organic molecules, hole transporting layer (HTL),
hole injecting layer (HIL) and anode. Anode is made up of indium-tin oxide (ITO) which is

transparent and allows light to pass through it.*!
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Figure 1.23. Schematic representation of multilayer OLEDs and light emission mechanism in the EML of
OLEDs. Reproduced from reference 111 with permission from The Chemical Record.

The electrons and holes start to move towards each other upon applying an external electric field.
The electrons are transported to the EML through EIL followed by ETL and likewise holes are
transported to the EML through HIL and HTL. At the EML, electrons and holes recombine to
create excitons which subsequently emit light via radiative transitions, resulting in an emission.
The colour of OLEDs is determined by the organic materials that are utilized in the emissive layer
and the external quantum efficiency (EQE) of OLED is given by the following equation 1.9'!2:

MNEQE =Y X QPL X Mr X Nout = MIQE X Mout (1.9)

whereby, y represent the charge carrier recombination efficiency, @pL represents the
photoluminescence quantum yield of organic material, nr represents radiative exciton utilization
efficiency of the materials, mige represents internal quantum efficiency and mout represents the
optical coupling output efficiency which is around 20% when using conventional glass substrate

which could be further enhanced using horizontal molecular orientation of the dipoles of the
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emitting molecules.3! Upon electrical excitation, 25% of singlet excitons and 75% of triplet
excitons are generated and hence, conventional fluorescence can harvest only singlet excitons
while the triplet excitons are non-radiatively deactivated. Therefore, the EQEs reach upto
maximum of 5-7.5% using fluorescent molecules as emitting layers.!'® Phosphorescent molecules
can harvest both excitons and hence 100% (IQE) is theoretically achievable and relatively higher
device EQEs can be observed than fluorescent OLEDs.!4!15 Generally, the emissive layer in
phosphorescent OLEDs is composed of organic materials that include transition metals such as
Ruthenium (Ru), Iridium (Ir), Platinum (Pt) etc. Since there are several constraints of transition
metals such as high cost, toxicity, non-abundance, it is desirable to utilize low cost, earth-abundant

and non-toxic materials excluding metals in the emissive layers.

Since TADF active materials can harvest both excitons due to fast RISC, their IQE can
theoretically reach upto 100%. Adachi and co-workers in their breakthrough work reported the
first example of TADF, PIC-TRZ which showed emission at 506 nm with small AEstof 0.11 eV
and the EQE of OLED device using PIC-TRZ was 5.3%.% A maximum IQE can be achieved either
by decreasing AEst or by increasing the photoluminescence quantum yield (PLQY) of TADF
molecules. In twisted D-A molecules (with large dihedral angle), lower AEst can be achieved by
reducing the overlap integral of HOMO and LUMO.*® However, small overlap integrals lead to a
decrease in transition dipole moments between the ground state and excited state and therefore,
lower oscillator strength that significantly decrease PLQY and limit performance of OLED
devices.!’” Therefore, a trade-off between the AEst and PLQY of D-A CT molecules is necessary
for optimal EQE in OLED devices. Insertion of a phenyl ring between donor and acceptor in a
twisted D-A TADF molecule leads to high PLQY and smaller AEst, which results in high EQE.!8
Bulky and rigid structure of D-A leads to smaller AEst due to high steric hindrance and hence the
spatial separation of frontier molecular orbitals, high PLQY due to reduced vibronic coupling
leading to higher EQE. Recently, Kwon and co-workers reported the synthesis of highly efficient
green TADF emitters using a new rigid donor called diindolocarbazole (DI) and reported high
EQE of 31.4% without any out-coupling and a very low-efficiency roll-off characteristics (Figure
1.24).1%° In 2019, Kwon and co-workers reported the synthesis of blue TADF emitters based on
DI donor and symmetric, rigid oxygen-bridged boron acceptor, with narrow-band blue emission,
high PLQY and smaller AEst in Tol. The fabricated OLED device showed a maximum EQE of
38.1% with low roll-off characteristics of 25.2% at high luminance of up to 5,000 cd m2.% In
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2017, Yang and co-workers reported phenanthrene derivatives based TADF emitters and due to
the rigid and strong electron withdrawing character of phenanthrene derivatives provide yellow to
deep red emitting OLED device with a maximum EQE of 16.9%.12°
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Figure 1.24. Diindolocarbazole and phenanthrene based TADF molecules utilized for highly efficient
OLED:s.

1.8. Photocatalysis

Photocatalysis offers a powerful strategy to activate organic molecules and achieve organic
transformations by transferring electron (photoredox catalysis) or energy (photoinduced energy
transfer (PENnT)) between excited photocatalyst and substrates. Development of metal-free
photocatalysts (PCs) have attracted tremendous attention in the area of small molecule activated
photocatalytic reactions due to their sustainability and cost-effectiveness compared to
conventional transition metal-based PCs.>!2! In case of fluorescent organic PC, if the lifetime of
PC is less than 1 ns, it cannot participate in photoinduced electron transfer (PET) and PEnT
processes due to the very rapid decay of the excited state (~ 2 x 10%° s1).8 In phosphorescent
molecules, the phosphorescence lifetime varies from microseconds to milliseconds and T1to So
being spin-forbidden transition, the rate of PET or PENnT is much faster compared to rate of
phosphorescence.? In fluorophores, the rate of ISC can be enhanced by attaching heavy atom (I,

Br) to the core of chromophores and therefore, spin-orbit coupling (SOC) is enhanced which
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results in population of triplet state.>** In case of D-A chromophore (without heavy atoms), ISC
can occur either due to RP-ISC or SOCT- ISC.5#+%0 |f the D-A molecules are directly linked in
orthogonal orientation without any spacer, then photoinduced electron transfer from D to A leads
to change in the spin multiplicity as a result of the sufficient torque generated by change in orbital
angular momentum. As a result, ISC occurs due to the SOCT-ISC in such systems.® If the D-A
systems however, are connected by a spacer (i.e., spatial overlap between D-A is minimized), the
value of exchange interaction decreases and hence the energy gap between 1CT and 3CT is reduced
that facilitates their efficient mixing. Upon photoexcitation, electron transfer from D to A generates
a radical pair 'CT state which is subsequently transferred to *CT because of efficient mixing of
ICT and 3CT states.

A
o+ —

L \»Sub A
Reductive p=—  HV 4 P_E"T* pG’ Oxidative
quenching Sub quenching

A

Figure 1.25. Possible pathways of populating of triplet state and deactivation of excited PC via energy
transfer or electron transfer to the substrate.

Therefore, 3CT state becomes populated by triplet radical pairs and charge recombination
populates the lowest triplet state through RP-ISC.%4+%° Upon photoexcitation and subsequent
population of triplet state of photocatalyst, it could be effectively utilized for PEnT and PET. In
case of PEnT mechanism, the energy of triplet state (Et) of photocatalyst should be close to the
triplet energy of substrate for effective transformation. In case of photoredox catalysis, the
mechanism could either be reductive quenching or oxidative quenching of the photocatalyst
depending on the redox potentials of the photocatalyst and substrate (Figure 1.25). For a

photocatalyst to be an effective oxidant, the excited state reduction potential (E;25) of
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photocatalyst must be more positive than oxidation potential (E,,) of the substrate. Likewise, for
the photocatalyst to be an efficient reductant for thermodynamically favourable PET, the excited
state oxidation potential (E;2¢) of the photocatalyst must be more negative than the reduction

potential (E,.q) of the substrate.®

Recently, Huang and co-workers reported iodine-substituted aza-boron-dipyrromethene (21-
BODIPY) photosensitizer (Figure 1.26) with high ISC rate (¢@isc = 91%) and ~ 88% singlet oxygen
quantum yield and utilized for photodynamic therapy.??> Due to heavy atom attached to the core,
an efficient ISC was observed revealed by ultrafast femtosecond transient absorption spectroscopy
and theoretical calculations. Recently, Mazzone and co-workers reported the synthesis of triplet
photosensitizers meso-thienyl borondipyrromethene (BODIPY) derivatives and utilized for triplet-
triplet annihilation (TTA) upconversion. Based on femtosecond/nanosecond transient absorption
spectroscopy as well as DFT computations, fast ISC was revealed to be occurring due to SOCT-
ISC.1% Donato and co-workers reported the synthesis of D-A systems based on phenothiazine as
donor and BODIPY as acceptor and utilized for TTA upconversion and an efficient triplet state
was achieved due to SOCT-ISC as indicated by pico/nanosecond transient absorption spectroscopy
and DFT calculations.'?*

Pise = 7 %a
¢, = 88 %,

R= /\/0\/\0/\/0(:“3

TP-meso-BODIPY TP-2-BODIPY  TP-OH-meso-BODIPY TP-CN-meso-BDP

Figure 1.26. BODIPY-based photocatalysts populating the triplet state via various processes and utilized
in TTA and photocatalytic reactions.
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Due to the smaller AEst of TADF compounds, RISC is possible at ambient temperature, therefore
longer lifetime of few microseconds can be observed similar to phosphorescent compounds.® Thus,
TADF compounds are capable of acting as efficient photocatalysts. In 2016, Luo and Zhang
reported 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN), a well-known TADF
molecule from the seminal work of Adachi and co-workers'?, as photocatalyst for dual catalyzed
cross-coupling reaction for the first time (Scheme 1.1).!% The molecule 4CzIPN has been
extensively studied in photocatalysis due to its long-lived triplet state (1.3 ps), suitable redox
potentials and the similar properties as Ir based photocatalysts.1?126127 Thereafter, several TADF
molecules have been reported in various photocatalysis reactions through PEnT and PET based on

the energy levels and redox potentials of PC and substrate,>12:128-130

' 4CZIPN

[‘L (2.5 mol %),

BOC Reaction Yoc CO,Me
COzMe conditions

Scheme 1.1. Cross-coupling reactions using 4CzIPN (TADF materials) as photocatalyst.
The E to Z isomerization of stilbene (triplet state energy (Et) of E-stilbene = 2.2 eV and Er of Z-
stilbene= 2.5 eV) was utilized as the most fundamental example of PENT reaction to evaluate the

PC (0.7 mol %), _
~ O DMF, Ar,
O 26 W CFL, RT O Q

E-stilbene Z-stilbene

)

4

L

4CZTPN 4CzIPN-Carbon

(90 % in 24 h) 4CzIPN-ITO
(84 % in 48 h)
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Scheme 1.2. Isomerization of stilbene using immobilized 4CzIPN molecules as photocatalyst.
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effectiveness of TADF molecules as photocatalyst.>!*1213 |n 2018, Zhang and co-workers
reported the effectiveness of TADF molecules in PEnT with the utilization of E to Z isomerization
of stilbene and found a conversion of upto ~ 90% after 24 h (Scheme 1.2). They further utilized
these molecules in PEnT-mediated cross-coupling of various carboxylic acids and aryl halides with
excellent yields.*? Bergens and co-workers reported functionalized 4CzIPN, immobilized on
carbon indium-doped tin oxide (ITO) electrodes for E to Z isomerization of stilbene with ~ 84%

conversion to product after 48 h.13?

TADF materials have also been utilized as PC in variety of photoredox catalysis reactions where

the PC can undergo either reductive quenching or oxidative quenching based on the excited state

Ts

S0,Cl = Cl
PC, (1 mol %),
+ > Oxidative
Reaction quenching

conditions

PC, (2 mol %),
QC02H+ =\ > O\(\C%Et Reductive

ez B0 COE Reaction N&Bz CO,Et quenching
conditions
« O PC, (0.7 mol %), = Eneray
O Reaction Q Q transfer
E-stilbene conditions 7stilbene

Br PC, (2.5 mol %),
NiCl,.DME (10 mol%)

°! dual Ni(ll)
N coH ¥ Reaction N N catalysis
CBZ CBZ

CN conditions

o, ,0
s

N\’jQ

tB”N y ‘Bu

tBu tBu
pDTCz-DPmS (PC)

Scheme 1.3. Photocatalysis reactions such as oxidative quenching, reductive quenching, energy transfer
and dual Ni(Il) catalysis using pDTCz-DPmS as photocatalyst.
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redox potentials of PC and substrate. Recently, Colman and co-workers reported TADF compound
9,9'-(sulfonylbis(pyrimidine-5,2-diyl))bis(3,6-di-tert-butyl-9H-carbazole) (pDTCz-DPmS) as PC
and utilized in various reactions such as reductive quenching, oxidative quenching, energy transfer

and dual catalysis using Ni (I1) as co-catalyst (Scheme 1.3).1!

Synthesis of arylated heteroarenes by photocatalytic method is most well studied among other
reaction methods such as C-H activation and transition metal catalyzed cross-coupling reaction.'*?
Konig and co-workers reported the arylation of heteroarenes by photocatalyzed single electron
transfer process using aryl diazonium salts as aryl source and Eosin Y as the photocatalyst (Scheme
1.4) and observed 80% yield in dimethyl sulfoxide (DMSO) and ~ 12% yield in acetonitrile
(ACN).!3* The reduction potential of aryl diazonium salts are close to - 0.2 V!2713° therefore, aryl

diazonium salts are well-known for radical formation and are utilized as oxidative quenchers in

photocatalytic C-H arylation reactions.

Br
R (Eosin Y, 1 mol %) R\

=
v, -
% Reaction

conditions Br

N,BF, R=S, O, Nboc

Scheme 1.4. The C-H arylation of heteroarenes using Eosin Y as photocatalyst.
1.9. Aim of the thesis

Twisted organic donor-acceptor (D-A) fluorescent molecular rotors (FMRs) are of great
importance because of their photophysical properties that are tunable by variations in solvent
polarity, temperature, viscosity and pH. Another class of twisted D-A molecules are characterized
by their small singlet-triplet energy gaps that facilitate reverse intersystem crossing (RISC). Such
molecules as a result of RISC can exhibit long-lived delayed fluorescence components and show

thermally activated delayed fluorescence (TADF) process. This thesis titled “Twisted Donor-
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Acceptor Fluorescent Molecular Rotors and Conjugates for Sensing, Photocatalytic and
Electroluminescence Applications” involves the design, synthesis and photophysical studies of
organic D-A rotor molecules with twisted intramolecular charge transfer (TICT) and conjugates
with TADF properties. The key findings of this thesis are in the following directions:

» Design and synthesis of twisted D-A TICT rotors based on BODIPY and benzodithiophene
(BDT) chromophores and TADF conjugates based on diindolocarbazole (DI) electron donors
with various acceptors such difluorodibenzophenazine (PF), phenanthroimidazole (PI) and
indoloquinoxaline (IQ).

» Photophysical and electrochemical characterization of D-A rotors and conjugates using various
steady-state spectroscopic techniques, transient absorption spectroscopy and validation of the
results using density functional theory (DFT) and time-dependent DFT calculations.

» Investigation of ratiometric temperature and viscosity sensing, pH sensing, bio-imaging and
photocatalysis reactions of the synthesized D-A rotor molecules.

» Utilization of DI based TADF conjugates in energy and electron transfer photocatalysis and in

organic light-emitting diodes (OLEDs).
The thesis is divided into seven chapters and the details of each chapter are as follows:

Chapter 1 presents a discussion on the importance and advantages of D-A rotor molecules over
heavy atom-free organic chromophores and the different excited state processes involved in such
molecules upon photoexcitation. The mechanisms of various photophysical processes such as
TICT, aggregate-induced emission (AIE) and TADF have been discussed. Subsequently,
structural, and optical features of the chromophores that have been used in this thesis are presented.
Lastly, literature examples based on some of these chromophores in the areas of sensing, imaging,

photocatalysis and OLED applications are discussed.

Chapter 2 provides information on materials used for the synthesis and characterization
techniques with the details of these methods used for the characterization of all molecules in this

work.

Chapter 3a describes the design and synthesis of three D-n-A molecular rotors/non-rotors, pp-
AD and pp-ADA, Me-pp-ADA based on BDT donor and BODIPY acceptor and a biphenyl spacer

and explored the influence of n-spacer length and methyl substituents at specific positions in the
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acceptor backbone on TICT behaviour of these molecules. TICT rotors pp-AD and pp-ADA
showed near-infrared (NIR) emission (~ 712 nm, ~ 725 nm respectively) with considerably high
(pseudo) Stokes shift of upto ~ 208 nm and ~ 221 nm respectively, these values being the highest
known for any BODIPY -based compound so far. However, compound Me-pp-ADA with methyl
substituents did not show TICT due to the impeded free rotation of the meso-phenyl group of the
BODIPY and instead exhibited excitation energy transfer with a transfer efficiency of ~ 88% as
revealed by steady-state emission and transient absorption spectroscopy. Furthermore, the
ratiometric temperature and viscosity sensing and rigidochromic behaviour of these rotors were

also analyzed.

Chapter 3b describes the synthesis of biphenyl functionalized regioisomeric BODIPY's such as
pp-BODIPY, mp-BODIPY, mm-BODIPY and T-BODIPY (thiophene at meso-position) and a
triad rotor T-ADA (BDT as donor and BODIPY as acceptor. Subsequently, photophysical studies
and investigation of these rotors as organic photosensitizers (PSs) were performed. Among all PSs,
T-ADA showed charge transfer (CT) band at ~ 650 nm and exhibited AIE phenomenon. The
singlet oxygen quantum yields (SOQY) for all molecules were calculated and T-BODIPY showed
SOQY of ~ 77% due to the presence of heavy atom (Br atom at thiophene ring) and CT mediated
intersystem crossing (ISC). However, rotor T-ADA showed SOQY of ~ 35.1% due to CT-
mediated ISC and such observations were substantiated by transient absorption spectroscopic
studies. Due to the efficient generation of 'O, for all compounds, pp-BODIPY, mp-BODIPY,
mm-BODIPY, T-BODIPY and T-ADA were utilized as photocatalysts in the aerobic
photooxidation of thioanisole to methyl phenyl sulfoxide with high selectivity of 99%.

Chapter 4 describes the synthesis and investigation of three rotor molecules AIN, AINP and F-
AINP based on aminoindole (Al) donor and naphthalimide acceptor. Photophysical and
solvatochromic studies for all compounds indicated the formation of a longer wavelength emission
band attributed to charge transfer (CT) from Al to naphthalimide. The emission of all rotors was
highly sensitive to temperature and viscosity of the solvent and their ratiometric temperature
sensing and viscosity sensing properties were analyzed. All rotors were AIE active except F-AINP
due to intramolecular hydrogen bonding between NH- and F at the 7-position of the indole that led
to restricted intramolecular rotation and hence distinct photophysical properties. Furthermore, all

rotors serve as colorimetric pH sensors where upon lowering of pH (protonation), the intensity of
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CT band decreased indicating the weakening of CT interactions due to protonation on donor and
the spectral changes could be reverted by base addition. Accordingly, rotors AINP and F-AINP
were utilized for live cell imaging on A549 (lung cancer) and L929 (fibroblast) cell lines. The live
cell fluorescence microscopic studies therefore revealed the localization of AINP and F-AINP

dyes in the cytoplasmic space of A549 cell.

Chapter 5 describes the synthesis and investigation of two new twisted D-A TADF conjugates
DI-PF and DI-PI based on DI donor and PF and PI derivatives as acceptors. Triads DI-PF and
DI-PI showed CT bands at ~ 590 nm and at 519 nm with a large Stokes shift of 196 nm and 126
nm respectively. Fluorescence and phosphorescence studies at 77 K for DI-PF and DI-PI revealed
very small to modest AEst values of 0.01 eV and 0.34 eV respectively. Transient
photoluminescence decay profiles of DI-PF and DI-PI showed shorter prompt components of 40
ns and 13.38 ns and longer delayed components of 6.15 us and 2.05 us respectively confirming
the TADF nature for DI-PF and DI-PIl. These combined properties of DI-PF and DI-PI make
them suitable photocatalysts in reactions involving energy transfer and electron transfer pathways.
Accordingly, these compounds were employed as photocatalysts in E to Z isomerization of stilbene
with a maximum of 66% conversion based on their triplet energy levels and in arylation of various

heteroarenes with excellent isolated yields of up to 86% in acetonitrile (ACN).

Chapter 6 describes the synthesis of four twisted D-A TADF conjugates CBZ-1Q, CBZ-2FIQ,
DI-IQ and DI-2FIQ based on phenyl carbazole (Ph-CBZ) and DI donor and IQ and difluoro-
substituted indoloquinoxaline (2FIQ) act as an acceptor. The molecules CBZ-1Q, CBZ-2FIQ, DI-
I1Q and DI-2FIQ showed CT bands at ~ 512 nm, 527 nm, 523 nm and 546 nm respectively.
Fluorescence and phosphorescence studies at 77 K for CBZ-1Q, CBZ-2F1Q, DI-IQ and DI-2FIQ
revealed AEst values of 0.17 eV, 0.26 eV, 0.17 eV and 0.20 eV respectively. Transient
photoluminescence decay profiles of CBZ-1Q, CBZ-2FI1Q, DI-IQ and DI-2FIQ showed shorter
prompt components (11.4 ns to 31 ns) and longer delayed components (36.4 ns to 1.5 us)
confirming the TADF nature of all molecules. Compounds CBZ-1Q, CBZ-2FIQ, DI-IQ and DI-
2FIQ were employed as photocatalysts in E to Z isomerization of stilbene with up to 90% yield of
products and in arylation of various heteroarenes with excellent substrate scope and isolated yields
of ~ 80% in ACN. Additionally, solution-processable OLEDs were fabricated using green emitters
CBZ-1Q, DI-IQ and DI-2FIQ.
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Chapter 7 discusses the conclusion of this thesis with the major findings from all the chapters as

well as a brief discussion on present and future perspectives of these rotors and TADF conjugates

in development of multifunctional sensors, imaging probes, OLEDs and in broadening their scope

as photocatalysts.
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2.1. Materials

Toluene (Tol) and tetrahydrofuran (THF) were dried over sodium/benzophenone and distilled prior
to use. N, N-dimethylformamide (DMF) and N-methyl-2-pyrrolidone (NMP) were dried over
calcium hydride and distilled prior to use. Dichloromethane (DCM) and chloroform (CHCI3) were
dried by refluxing over phosphorous pentoxide (P2-Os) and distilled before use. Methanol (CH3OH)
and acetone were dried by stirring over potassium carbonate (K2COz) followed by distillation.
Triethylamine and diisopropylamine were dried by stirring over KOH pellets and distilled before
use. All chemicals and solvents were purchased from commercial suppliers (Sigma Aldrich, SD
Fine Chemicals) and used without further purification. Acetic acid (CH3COOH, Rankem),
ammonium acetate (97%, GLR), ammonium chloride (NH4Cl, Rankem), 1-bromohexane (>98%,
Spectrochem), 4-bromo-1,8-naphthalic anhydride (95%, Sigma Aldrich), benzaldehyde (98%,
Avra), boron trifluoride-diethyl etherate (BF3.OEt>, Sigma Aldrich), diethylamine (98%, Avra),
N-ethyldiisopropylamine (DIPEA, 98%, Avra), 2,4-dimethylpyrrole and pyrrole (97%, Sigma
Aldrich), hydrochloric acid (HCI, 99%, Rankem), N-bromosuccinimide (NBS, 95%, Sigma
Aldrich), iodine (99%, GLR) NMP (98%, GLR), piperidine (spectrochem), potassium carbonate
(K2CO3, 99%, Rankem), potassium hydroxide (KOH, Rankem), sodium bicarbonate (NaHCOs3,
99%, Rankem), sodium sulphate (Na>SQO4, 99%, Rankem), sodium chloride (NaCl, 99%, Rankem),
tetrabutylammonium hexafluorophosphate (TBAHFP, 98%, Alfa Aesar), t-butanol (Rankem),
tetrachloro-1,4-benzoquinone (chloranil, 99%, Sigma Aldrich), triethylamine (99%, Rankem),
trifluoroacetic acid (TFA, > 99%, Sigma Aldrich), 5-bromoisatin (95%, GLR), phenylenediamine
(98%, GLR), difluoro substituted phenylenediamine (98%, GLR), 2-oxoindole (98%, GLR),
phosphorus  oxychloride (98%, GLR), tert-butyl benzene  (98%, GLR),
tris(dibenzylideneacetone)dipalladium(0) (Pdz(dba)s, Sigma Aldrich), tri-tert-butylphosphine
tetrafluoroborate (97%, Sigma Aldrich), indole (98%, Avra), 7-fluoroindole (99%, GLR),
hydroxylamine o-sulfonic acid (98%, GLR) 2,6-diisopropylaniline (97%, GLR), 2-
Dicyclohexylphosphino-2',4',6'-triisopropylbiphenyl (XPhos, 98%, Sigma Aldrich), lithium
chloride (LiCl, 98%, GLR) and Potassium tert-butoxide (t-BuOK, 99.99%, Sigma Aldrich),
thiophene-3-carboxylic acid (99 %, Sigma Aldrich), 4-formylphenylboronic acid (95%, Sigma
Aldrich) and 1-bromo-4-iodobenzene (99%, Sigma Aldrich).
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2.2. Methods for Compound Purification

Thin layer chromatography (TLC) was performed using aluminium sheets pre-coated with silica
gel (Merck, DC Kieselgel 60 F254). For the purification of compounds, column chromatography

separations were performed using silica gel of mesh size 60-120.
2.3. Methods for Characterization

NMR Spectroscopy: *H, °C, 1B, and °F NMR spectra were recorded on Bruker Biospin Avance
1l FT-NMR 400 MHz spectrometer and Avance Neo (Bruker) 500 MHz spectrometer at room

temperature. Tetramethyl silane (TMS) was used as an internal standard.

Mass Spectroscopy: High-resolution mass spectra were recorded with Waters QTOF mass
spectrometer. The software used for acquiring mass spectra was Flex Control, Bruker (USA) and
software used for analyzing mass spectra was Flex Analysis 3.1.

UV/Vis absorption spectroscopy: UV/Vis and near-infrared (NIR) spectral measurements were
carried out with Carey 5000 and Cary 60 UV/Vis spectrophotometer using a quartz cuvette with
10 mm path length.

Fluorescence spectroscopy: Steady-state emission and excitation studies were carried out with
Hitachi F7000 fluorescence spectrophotometer equipped with R928F photomultiplier expandable
up to 900 nm.

Temperature-dependent UV/Vis: Temperature-dependent absorption spectra of samples were
measured using Agilent Cary 60 UV/Vis spectrophotometer equipped with single cell Peltier

accessory.

Temperature-dependent fluorescence spectroscopy: Temperature-dependent fluorescence of
samples were measured using temperature-controlled cuvette holder for Hitachi F7000
spectrophotometer (Luma 40) from Quantum Northwest. Luma 40 temperature controller was used

for measurements in the temperature range of -10 °C to 100 °C.

Time-resolved fluorescence spectra: Time-resolved fluorescence spectra were measured using
time-correlated single photon counting (TCSPC) spectrometer from Fluorocube, Horiba Jobin

Yvon, NJ equipped with picosecond laser diodes as an excitation source. The 375 nm, 510 nm and
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590 nm laser diodes were used as a light source for the excitation of different samples and the
instrument response function (IRF) was collected using Ludox 47 (colloidal silica) solution. The
full-width half maximum (FWHM) of IRF was ~ 250 ps. The optical pulse durations from < 70
ps were used. Highly integrated picosecond PMT modules as well as micro channel plate PMTs

were used for the time resolution.

Cyclic voltammetry: The electrochemical measurements were performed using CHI-610
electrochemical workstation from CH Instruments (USA), with a conventional three-electrode
single-compartment cell consisting of glassy carbon as the working electrode, Ag/AgCI containing
1 M KCI solution as the reference electrode, and Pt wire as the counter electrode. Cyclic
voltammetry measurements were performed at a scan rate of 100 mV/s. Tetrabutylammonium
hexafluorophosphate (TBAHFP) (Alfa Aesar) (0.1M) dissolved in pre-dried DCM was used as a
supporting electrolyte. The solutions were purged with nitrogen prior to measurement. The
electrochemical potential was internally calibrated against the standard ferrocene/ferrocenium
(Fc/Fc™) redox couple prior to each measurement. Based on the first oxidation potential onset
(Eonset™) and first reduction potential (Eonset™®), the HOMO and LUMO were calculated® using
equations 2.1 and 2.2 as follows:

HOMO = _(Eonsetox + 476) eV (21)

LUMO = —(Eonset™ + 4.76) eV (2.2)

Spectroelectrochemistry: Spectroelectrochemical measurements were performed using a cell
assembly (SEC-C) supplied by BAS Inc (Japan) and the assembly comprised of a Pt counter
electrode, a Pt gauze working electrode, and an Ag/AgCI reference electrode in a 1.0 mm path
length quartz cell. The absorption spectra were measured using an ocean optics set up connected
in absorbance mode and using the FLAME spectrometer. VVoltages were swept in the range of -2
V to +2 V, pre-dried DCM was used as solvent and TBAHFP was used as the supporting
electrolyte. The solutions were purged with nitrogen for 10 min prior to spectroelectrochemical

measurements.

Fluorescence Quantum Yields: Fluorescence quantum yield was measured by relative method
using Rhodamine B (®r = 0.5 in ethanol (EtOH)) and 4°,6-diamidino-2-phenylindole (DAPI, ®r
=0.58 in DMSO) as reference dyes and using the following equation 2.3:2
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® = Or (I/IR) (ArR/A) (Aexr/Aex) (HZ/HZR) (2.3)

where @r is the quantum yield of reference dyes, | and Ir are integrated fluorescence intensities of
compounds and reference dye respectively, A and Ar are the absorbance of the compounds and
reference dye respectively, and n and nr are the refractive indices of solvent (s) used for

compounds and reference respectively.

DFT Calculations: Quantum chemical density functional theory (DFT) calculations were
performed in the ground state using Gaussian 09 program suite.® The side chains in all molecules
were replaced with methyl groups in order to account for the electron-donating effect of the alkyl
chain and at the same time reduce the computational time and cost. The studied molecules were
optimized using global hybrid B3LYP functional and 6-31G (d, p) basis set in the gas phase
together with frequency calculations. The frontier molecular orbital (FMO) energy levels and FMO
distribution were obtained from geometry optimization of the neutral ground-state geometries. In
order to achieve theoretical AEst, time-dependent DFT (TD-DFT) calculations were performed in
chloroform (CHClz3) using the polarization continuum model (PCM), B3LYP functional and 6—
31G (d, p) basis set to determine the singlet and triplet energy levels. The frontier molecular orbital
(FMO) electronic levels and FMO distribution were obtained from geometry optimization of

neutral ground state geometries.

Thermogravimetric analysis (TGA) was carried out from 25 to 800 °C (at a heating rate of 10

°C min™?1) under a nitrogen atmosphere on a Shimadzu DTG-60 instrument.

pH measurements: pH was measured with a LAB INDIA pH cum conductivity meter (Sr. No.
PC14360507) instrument.

Cell Viability Assay: MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide)
(TC191, Himedia) assay was performed to measure the viability of A549 cells treated with
compounds AINP and FAINP described in Chapter 4.# The assays were performed in triplicates
with the cells seeded on a 96-well plate. The media was discarded from the cells, and 50 ul of
MTT stock solution (5 mg/mL) was added to each well containing 50 puL of Opti-MEM media.
After incubating the plate at 37 °C for 3 hours, 150 uL of DMSO (MTT solvent) was added to each
well and shaken for 15 minutes. The absorbance of the reaction mixture was measured at 590 nm

using a microplate reader and analyzed the results.
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Dye treatment to cells: The adherent lung cancer cell line A549 and the fibroblast cell line L929
were obtained from NCCS, Pune. The cells were cultured in high glucose DMEM media (D1152,
Sigma-Aldrich) supplemented with 10% Fetal Bovine Serum (FBS) and maintained at 37 °C and
5% CO». The cells grown for 50% confluency were treated with 0.005 mg/mL of compounds
AINP and FAINP in Chapter 4* diluted in DMEM and incubated for 10 min at 37 °C. Following
the incubation, the media was removed, washed twice with 1X PBS solution, and added the fresh
media. Wheat Germ Agglutinin (WGA) (5 pg/ml), Hoechst (1 pug/ml), and Lysotracker reagents
(50 nM) were used to stain the membrane, nucleus, and lysozymes, respectively. The stained cells
were imaged using a super-resolution microscope (Zeiss LSM980 Airyscan 2) at 63X
magnification and an inverted microscope (Leica Dmi8) at 40X magnification. The fluorescence
excitation/emission wavelength of dyes are as follows: Aex/Aem = 488/510 nm; WGA Aex/Aem =
595/615 nm; Hoechst Aex/Aem = 360/460 nm; Lysotracker Aex/Aem = 595/615 nm.

Transient Absorption Spectroscopy: A customized broadband femtosecond transient absorption
spectrometer (TAS, Newport Corp.) was used to investigate the excited state charge transfer
dynamics.>® Briefly, the light source is output from a commercial Ti: sapphire laser (Libra,
Coherent Inc.) with a central wavelength of 800 nm, the repetition rate of 1 kHz, and pulse duration
of 50 fs. The incident pulse is split into pump and probe pulses. One part of the pulse was guided
into a commercial non-collinear optical parametric amplifier (NOPA, Topas White, Light
conversion), which was used to tune the wavelength of the pump pulse to electronically excite the
sample, the other part of the output from the amplifier is focused onto a CaF crystal to generate a
broadband white-light probe pulse. The transient absorption data are collected at the pump magic
angle (54.7°) with respect to the vertically polarized probe to negate the anisotropic effects of the
sample. The spectrally-dispersed differential signal (AOD) is generated by using a mechanical
chopper to block every alternate pump pulse. The data is analyzed using open-source global
analysis software (Glotaran, version 50 1.5.1) to obtain evolution-associated spectra (EAS)
assuming a three-state kinetic model. The absorbance of the sample used for the TA measurements
was about 0.3 at the excitation wavelength. The absorbance was recorded after the experiment to

rule out any effect of photobleaching in the sample.

Photocatalysis: The oxidation of thioanisole was performed in presence of Oz and irradiated by
green LED light and E to Z isomerization of stilbene and C-H arylation of heteroarenes were
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performed in presence of Ar under blue light (Kessil PR160L-456 nm) irradiation at room

temperature. The singlet oxygen quantum yields were calculated by irradiating the solution

mixture with monochromatic light source using KiloArc 1000W Xenon UV lamp at specific

wavelengths.
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Chapter 3 (Part A)

Structure—Property Relationships in Multi-stimuli
Responsive BODIPY -Biphenyl-Benzodithiophene
TICT Rigidochromic Rotors Exhibiting Stokes Shift
Up to 221 nm

Abstract: Structure—property relationships of donor-n—acceptor (D-n—A) type molecular dyad
(pp-AD) and triads (pp-ADA and Me-pp-ADA) based on benzodithiophene and BODIPY with
biphenyl spacers have been reported. Rotors pp-AD and pp-ADA showed efficient twisted
intramolecular charge transfer (TICT) with near infrared (NIR) emission at ~ 712 nm and ~ 725
nm with (pseudo-)Stokes shifts of ~ 208 nm and ~ 221 nm, respectively, and prominent
solvatochromism. A structurally similar triad, Me-pp-ADA, with tetramethyl substituents on the
BODIPY core instead was TICT inactive and exhibited excitation energy transfer with a transfer
efficiency of ~ 88% as revealed using steady state emission and transient absorption
measurements. Rotors pp-AD and pp-ADA showed NIR emission with an enhancement in
intensity with the addition of water in THF solution as well as a pronounced change in emission
intensity with temperature and viscosity variations, which justify their utility as temperature and
viscosity sensors. Furthermore, a linear correlation of lifetime with fluorescence intensity ratios of

the donor and acceptor justifies the rigidochromic behaviour of these rotors.
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This chapter has been published as Phys. Chem. Chem. Phys. 2020, 22, 25514-25521.
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3.1. Introduction

The development of organic fluorescent rotor molecules has been a rapidly emerging research area
in recent years due to their versatile and tunable luminescent properties and have found extensive
applications in the areas of (bio)sensors, bio-imaging, theranostics and many more.> In this
context, 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene® (BODIPY) dyes are an interesting class of
chromophores due to their efficient and tunable absorption in the visible region, high fluorescence
quantum yields and remarkable thermal and photochemical stabilities.*® Usually, BODIPY dyes
exhibit a small Stokes shift and emission in green region owing to their straightforward excited
state relaxation.*® However, structural variations such as donor-r-acceptor (D-n-A) design with
rotatable junctions lead to modification of the excited state where an adiabatic relaxation
mechanism such as twisted intramolecular charge transfer (TICT) causes dual emission originating
from local excited (LE) state and TICT state.”® TICT emissions are red-shifted, resulting in a large
(pseudo) Stokes shift!%1112 and thus are advantageous for bio-imaging'® due to deeper tissue
penetration and non-interference from tissue autofluorescence.!** TICT rotors are sensitive to
multiple external stimuli (i.e., environmental parameters) such as solvent polarity, temperature and
viscosity and can therefore serve as powerful optical probes for sensing temperature and viscosity
in biological or material science relevant microenvironments.®®" TICT rotors are
mechanosensitive probes and the surrounding viscosity affects fluorescence lifetime, thereby
leading to rigidochromism with a ratiometric response.*® Such rigidochromic rotors allow non-
invasive mechanical imaging of (bio)materials.*® Although a large class of TICT molecular rotors
of D-n-A type have been reported, examples of rotors with red'®?° or near infrared (NIR)
emission®t?2 with large Stokes shift (> 200 nm) are extremely rare. Di-alkynyl spacer linked
porphyrin dimers (red em. ~ 780 nm) is one such example used for viscosity sensing by ratiometric
and lifetime-based methods.?® Maillard and co-workers reported glycoconjugated porphyrin
dimers (red em. ~ 740-800 nm) for ratiometric temperature sensing.>* Cao and co-workers reported
a TICT based dye (N,N-dimethyl-4-((2-methylquinolin-6-yl)ethynyl)aniline) with a positive
temperature coefficient and a mega Stokes shift of ~ 210 nm (although em. was at 550 nm).?®> Tang
and co-workers reported a TICT dyad of triphenylamine and benzylidene imidazolone (TPA-BI)
with a Stokes shift of ~ 202 nm and aggregate induced emission (AIE) suitable for efficient two-
photon imaging.'? Generally, TICT rotors also show AIE phenomenon where these molecules

(AIE-gens) are weakly emissive in a “favourable” solvent (e.g. tetrahydrofuran) due to rapid non-
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radiative deactivation of excited state by intramolecular rotations. However, they form
(nano)aggregates in anti-solvent such as water leading to restricted intramolecular rotation and
enhanced luminescence.??® AIE-gens have been used in chemosensing, light emitting, in-vitro
and in-vivo imaging, image-guided therapy and theranostic applications.?>3° However, AIE-gens
that emit at wavelengths longer than 700 nm are rare but are advantageous for bio-imaging and
sensing due to effective tissue penetration and the predominant solvent being water that is well-
suited for cellular uptake of these rotor molecules.*® Recently, our group reported regioisomeric
rotor dyads and triads, in which BODIPY (A) and benzodithiophene (BDT) (D) were connected
by either para-phenylene (p-AD, p-ADA) or meta-phenylene (m-AD, m-ADA) spacers.®! While
the para-regioisomers showed efficient TICT with a maximum Stokes shift of ~ 194 nm (red em.
upto 700 nm) for p-ADA, *2 meta-regioisomers instead showed pronounced aggregation properties.
In this work, we have investigated the effect of spacer length as well as tetramethyl groups on the
photophysical properties of TICT rotors. The biphenyl spacer has been introduced with BODIPY
and BDT as A and D respectively (pp-AD, pp-ADA, and Me-pp-ADA in Figure 3.1) which can
increase the dipole length and lead to a modified excited state that might lead to larger Stokes shift
than the earlier reported rotors.®! Accordingly, an unprecedented (pseudo) Stokes shift of ~ 221
nm for a BODIPY triad pp-ADA with NIR emission was achieved. Moreover, pp-AD and pp-
ADA also exhibits efficient AIE with NIR response and prominent rigidochromic behaviour. On
the other hand, tetramethyl substituents (at 1-, 3-, 5-, 7- positions) have been incorporated in the
BODIPY core in Me-pp-ADA which shows significantly altered photophysical features compared

Figure 3.1. Chemical structures of dyad pp-AD and triads pp-ADA and Me-pp-ADA investigated in this
work.
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to the other two rotors. As a result of the tetramethyl substituents, the intramolecular meso-phenyl
rotation is significantly impeded and thus Me-pp-ADA was TICT inactive non-rotor. However, it
exhibited excitation energy transfer (EET) from BDT to BODIPY with a transfer efficiency of ~

88% thus serving as a promising energy transfer cassette.
3.2. Result and Discussion

3.2.1. Synthesis

The syntheses of dyad pp-AD, triads pp-ADA and Me-pp-ADA were performed as detailed in
Scheme 3.1. For the synthesis of pp-AD, pp-ADA and Me-pp-ADA, D precursor was synthesized
starting from thiophene-3-carboxylic acid.>*3> For the acceptor precursor, bromo functionalized
biphenyl was first synthesized by Suzuki coupling of 4-formylphenylboronic acid and 1-bromo-4-
iodobenzene® followed by condensation with pyrrole and 2,4-dimethyl pyrrole to obtain
BODIPY?"® acceptors pp-BODIPY and Me-pp-BODIPY respectively. Finally, dyad and triads
were synthesized by Stille coupling reaction® of corresponding BODIPY and di-stannylated BDT
(D2) for pp-ADA and Me-pp-ADA and mixture of mono- and di-stannylated BDT (D1+Dz) for pp-
AD. All compounds were purified by column chromatography as well as preparative thin layer
chromatography (TLC) and were characterized by *H NMR, *3C NMR and high-resolution mass
spectrometry (HRMS).

Y D, (4)

N
——— -
HO.__OH [/) pp-ADA
8 Pd;(dba)s ~17% 5
- TFA,DDQ,NEts, Ptol)s
4 BF;.Et,O, DCM (W)
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X D4+D; (6)
O Pd(PPhs), O " pp-AD + pp-ADA
T JE— ~8%
|+ _ NaCOq N o 7 5
Toluene, ethanol O /[/)_
telas > D, (4), Pdy(dba)s
~60% Br TFA,Chloranil, DCM »  Me-pp-ADA
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Scheme 3.1. Synthesis of pp-AD, pp-ADA and Me-pp-ADA.
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3.2.2. UV/Vis Absorption and Emission

Steady state UV/Vis absorption and emission spectra of dyad pp-AD and triads pp-ADA, Me-pp-
ADA were measured in chloroform (CHCIs) at ¢ ~ 10° M. Three major absorption peaks were
obtained for all dyad and triads corresponding to BODIPY Se-S; transition (~ 504 nm), BDT n-r*
transition (~ 312-322 nm), and a broad peak around ~ 360-390 nm corresponding to transitions
arising due to electronic interactions of BDT and biphenyl which are conjugated (Figure 3.2). In
case of pp-AD, donor excitation at 391 nm led to strong emission at 430 nm (originating from D)
and a very weak emission at 524 nm (originating from A) and red-shifted peak at 712 nm
corresponding to TICT. Acceptor excitation at 504 nm led to a significant emission band at 524
nm and a broad, red shifted peak at 712 nm with a (pseudo) Stokes shift of ~ 208 nm. Similarly,
in pp-ADA, upon donor excitation at 391 nm and acceptor excitation at 504 nm, apart from the
emission peaks at 430 and 524 nm, a broad TICT peak at 725 nm with a (pseudo) Stokes shift of
~ 221 nm was observed. However, in case of Me-pp-ADA, upon donor excitation at 391 nm,
emission only from the acceptor at 516 nm was observed and BDT emission was completely
quenched. This observation is attributed to EET from BDT to BODIPY that led to quantitative
guenching of donor fluorescence (vide infra). Additionally, no red-shifted emission band was
observed for Me-pp-ADA which indicates that this compound was TICT inactive. The molar
absorption coefficients (&) of pp-AD and pp-ADA, Me-pp-ADA were 27370 M-tcm™, 36280 M-

Iem, and 31758 M™cm™ respectively.
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Figure 3.2. (a) UV/Vis absorption of pp-AD and pp-ADA, Me-pp-ADA and emission of these three
compounds upon excitation at (b) 391 nm and (c) 504 nm.

Besides the photophysical properties of rotors in solution, their solid-state absorption and emission
are important for impending applications in (opto)electronic devices.?*4° Accordingly, UV/Vis

absorption and emission measurements of these rotors were performed in thin films. In thin films

63



of pp-ADA, three absorption peaks (centered at 335 nm, 420 nm and 542 nm) red-shifted compared
to those in the solution spectra were observed (Figures 3.3). Similarly, in Me-pp-ADA, three major
absorption peaks (338 nm, 400 nm and 512 nm) were observed. In thin film of pp-ADA, upon
acceptor excitation at 542 nm, beside emission at 561 nm, an intense peak at ~ 736 nm were
observed while in Me-pp-ADA, acceptor excitation at 512 nm led to emission peaks at 531 nm,
555 nm and intense peak at 640 nm was observed. Such red emission in the solid state indicates

the utility of these materials in (opto)electronic device fabrication such as in excitonic solar cells.
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Figure 3.3. UV/Vis and emission of pp-ADA and Me-pp-ADA in thin films.

3.2.3. Solvatochromism

Since both rotors pp-AD and pp-ADA showed TICT emission, fluorescence solvatochromism
study was performed in solvents of different polarities. In non-polar solvents such as methyl
cyclohexane (MCH) and toluene (Tol), pp-AD and pp-ADA showed only a peak corresponding to
BODIPY emission. In TICT rotors, since the excited state shows higher dipole moment than the
ground state, it is preferentially stabilized by polar solvents than the respective ground state.©
Accordingly, increasing solvent polarity leads to bathochromic shift in the emission profile of
these rotors. In polar solvents such as chloroform (CHCIs), tetrahydrofuran (THF) and 2-
methyltetrahydrofuran (2-MeTHF), pp-AD and pp-ADA showed dual emission and the longer
wavelength TICT band shifted bathochromically in more polar solvents (Figure 3.4). In
dichloromethane (DCM), TICT state was not observed for any of the rotors (pp-AD and pp-ADA)

presumably due to rapid non-radiative deactivation. Furthermore, solvatochromic study was
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performed for both the rotors in a binary mixture of polar and non-polar (THF/hexane) solvents.
For pp-ADA, as the percentage of hexane was increased from 0 to 50% (v/v), the TICT band was
hypsochromically shifted and intensity increased due to increase in hydrophobicity of the solvent
mixture which renders the pp-ADA less twisted. Upon further increasing hexane percentage to
60% and 80% (v/v), the intensity decreased with peak while the LE emission became the prevailing
peak. At 90 % hexane, only LE emission was observed and no TICT peak was observed. Thus, for
pp-ADA, a prominent hypsochromic shift was observed from 720 nm to 522 nm and the TICT
band disappeared with concomitant emergence of the LE band as a shoulder upon increasing
hexane percentage from 0% to 90%. Similarly, a hypsochomic shift was observed for pp-AD from
724 nm to 521 nm upon increasing hexane percentage from 0% to 90% (Figure 3.4). Thus,
hyposchromic shift upon decreasing solvent polarity confirmed the TICT states in pp-AD and pp-
ADA.
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Figure 3.4. Emission of (a) pp-AD and (b) pp-ADA excited at 504 nm in solvents of different polarities
and emission of (c) pp-AD and (d) pp-ADA in different percentages of THF/hexane and (inside the box, 0%, 10%
to 90% indicate the percentages of hexane in THF solutions).
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3.2.4. Cyclic Voltammetry

In order to assess the redox properties and frontier molecular orbital (FMO) energy levels, cyclic
voltammetry (CV) measurements were performed for pp-AD, pp-ADA, and Me-pp-ADA and the
cyclic voltammograms are presented in Figure 3.5. The observed HOMO levels were -5.93 eV, -
5.87 eV, -5.72 eV and LUMO levels were -4.04 eV, -4.19 eV, -3.88 eV for pp-AD, pp-ADA, and
Me-pp-ADA respectively (Table 3.1).
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Figure 3.5. Cyclic voltammogram of (a) pp-AD, (b) pp-ADA and (c) Me-pp-ADA in dry DCM with 0.1
M tetrabutylammonium hexafluorophosphate (TBAHFP) and potentials measured vs Ag/AgCl reference
electrode.

Table 3.1. Redox properties of dyad pp-AD and triads pp-ADA and Me-pp-ADA based on cyclic
voltammetry.

Molar extinction

Compound  Ex®™t  "HOMO  E®™™ LUMO Eq coefficient (&)
V) (eV) V) (eV) (eV) (Mecm™)
pp-AD 1.17 -5.93 -0.72 -4.04 1.89 27370
pp-ADA 1.11 -5.87 -0.57 -4.19 1.68 36280
Me-pp-ADA  0.96 -5.72 -0.88 -3.88 1.84 31758

*HOMO = _(Eonsetox + 476) eV, and LUMO = _(Eonsetred + 476) eV

3.2.5. DFT Calculations and Excitation Energy Transfer

Density functional theory (DFT) calculations were performed using Gaussian 09 package at the
B3LYP/6-31 G (d,p) level (Figure 3.6, Table 3.2-3.5) to calculate the HOMO and LUMO energy
levels as well as torsion angles in geometry optimized structures of all molecules in the ground
state. Frontier molecular orbital (FMO) composition analysis were performed for all three

molecules and it was found that the HOMO of pp-ADA was composed of 86% contribution from
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BDT donor and no contribution from BODIPY acceptor, while LUMO was composed of 85%
contribution from BODIPY acceptor and 2% from BDT donor.

Lwmost M W MM

-1.65 -2.85 -2.36

Figure 3.6. FMO energy levels of compounds pp-AD, pp-ADA and Me-pp-ADA calculated by B3LYP/6-
31G(d,p) method.

Table 3.2. FMO energy levels of compounds pp-AD, pp-ADA and Me-pp-ADA calculated by B3LYP/6-
31G(d,p) method.

Compound HOMO-1 HOMO LUMO LUMO+1
(eV) (eV) (eV) (eV)
pp-AD -5.86 -5.23 -2.80 -1.90
pp-ADA -5.90 -5.28 -2.85 -2.83
Me-pp-ADA -5.36 -5.22 -2.36 -2.36

This observation implies a charge transfer (CT) character corresponding to a HOMO to LUMO
transition (BDT to BODIPY) for pp-ADA. Similar CT behaviour was indicated for a HOMO to
LUMO+1 transition because LUMO+1 was composed of 88% contribution from acceptor
BODIPY. Similar FMO composition was obtained for pp-AD where the HOMO has a 97%
contribution from BDT and LUMO has 92% from BODIPY indicating CT character. The FMO
composition analysis of Me-pp-ADA showed BDT and BODIPY contributing to 85% and 97% to
HOMO and LUMO respectively, and LUMO +1 has a contribution of 98% from acceptor (Table
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3.3). The FMO composition analysis indicates the possibility of CT in Me-pp-ADA, however, the
restricted rotation of the meso phenyl substituent of the BODIPY moiety due to the presence of

four methyl groups prevents the formation of a TICT state.

Table 3.3. FMO composition analysis of pp-AD, pp-ADA and Me-pp-ADA based on DFT calculations.

Contribution Contribution Contribution

Compound Orbital MO Energy  from BDT from from
No. (eV) donor (%) BODIPY biphenyl
acceptor (%)  spacer (%)
247 LUMO+1  -2.83 0 88 11
pp-ADA 246 LUMO -2.85 2 85 13
245 HOMO -5.29 86 0 14
244 HOMO-1  -5.90 0 99 1
159 LUMO+1 -1.66 72 2 26
pp-AD 158 LUMO -2.71 0 92 8
157 HOMO -5.3 97 0 3
156 HOMO-1  -5.87 0 99 1
279 LUMO+1  -2.37 0 98 2
Me-pp- 278 LUMO -2.37 0 97 2
ADA 277 HOMO -5.22 85 0 15
276 HOMO-1  -5.36 0 100 0

The detailed FMO composition analysis with the contribution of the BDT, BODIPY and phenyl
spacer towards the FMOs of dyads and triads are provided in Table 3.3. For pp-AD and pp-ADA,
the ¢1, ¢2 and ¢3 torsion angles were comparable for both i.e., ~ 53°, 36" and 23" respectively and
the torsion angles ¢4, ¢s and ¢s of pp-ADA were similar to ¢3, ¢2 and ¢1 (Table 3.4). These results
suggest that both pp-AD and pp-ADA are twisted in the ground state. It is well known that
intramolecular rotation of meso phenyl substituent of BODIPY is the responsible rotation that
imparts the TICT behaviour to BODIPY dyes.® Accordingly, torsion along ¢1 and ¢s contributes to
the TICT behaviour in pp-AD and pp-ADA (Figure 3.6). However, the ¢1 and ¢s of Me-pp-ADA
were ~ 90" due to the presence of methyl substituents at C1, C7-positions of BODIPY. Such
orthogonal arrangement in Me-pp-ADA is therefore energetically the most stable conformation in
the ground state and the intramolecular rotation along the BODIPY-meso phenyl bond is
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completely restricted due to steric reasons. As a result, Me-pp-ADA was TICT inactive and the D
and A units being orthogonal behave as independent chromophores thereby favouring energy
transfer.** However in Me-pp-ADA, through-space Forster resonance energy transfer (FRET) is
unlikely since the BDT (energy donor) emission and BODIPY (energy acceptor) absorption have
negligible overlap as shown in Figure 3.7a.

Table 3.4. Torsion angles in geometry optimized structures of compounds pp-AD, pp-ADA, and Me-pp-
ADA.

Compounds ®; (deg) D,(deg) D3;(deg) Ds(deg) Ds(deQ) @ (deg)

pp-AD 53 36 234 - - -
pp-ADA 53.1 36 23.7 23.7 35.9 53
Me-pp-ADA 90.5 36.5 23.7 24.3 36.6 90.3

Fluorescence excitation spectrum of Me-pp-ADA was recorded at the BODIPY emission edge
(514 nm) provided peaks corresponding to the BDT, biphenyl as well as BODIPY absorption thus
indicating efficient EET in this compound (Figure 3.7b).
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Figure 3.7. (a) Emission of BDT and absorption of BODIPY showing a weak spectral overlap; (b)
fluorescence excitation spectrum of Me-pp-ADA recorded at BODIPY emission at 516 nm.

3.2.6. Fluorescence Quantum Yield

Fluorescence quantum yields were determined for dyad and triads by relative method using
Rhodamine B as reference dye and quantum yields of 0.034, 0.024 and 0.20 were obtained for pp-
AD, pp-ADA, and Me-pp-ADA respectively (Table 3.5).
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Table 3.5. Relative quantum yields of triads pp-AD, pp-ADA and Me-pp-ADA by using relative method
and Rhodamine B as a reference dye.

Compound Absorbance Integrated Fluorescence Intensity ~ Quantum Yield
DO=Dx(I/Ir)(ArR/A)
(hexr/hex)(N?/N%R)
1 2 3 1 2 3 D; Dayg
pp-AD 0.010 0.018 0.026 46789 84448 137538  0.031
0.034 0.034
0.038
pp-ADA 0.026 0.050 0.066 103785 186475 151326  0.028
0.024 0.024
0.021
Me-pp- 0.050 0.080 0.100 61959 83432 168432 0.200
ADA 0.220 0.206
0.200
Rhodamine 0.014 0.017 0.019 13388573 1374809 1667805 0.5
B
(ethanol)

For obtaining the energy transfer efficiency (ETE) for Me-pp-ADA, the quantum yields of BDT
donor and BDT acceptor in Me-pp-ADA were calculated using anthracene as spectroscopic

reference compound (Table 3.6) in THF solution.

Table 3.6. Relative quantum yields of BDT and donor part of Me-pp-ADA using relative method and
Anthracene as a reference dye.

Compound Absorbance Integrated Fluorescence Intensity  Quantum Yield
D=0 (I/1r)(Ar/
AX(
Aexr/Aex) (N°/N°R)
1 2 3 1 2 3 D; Dayg
BDT 0.039 0.060 0.080 28152562 31585520 36884900 0.223
0.16 0.17
0.13
Donor part 0.004 0.013 0.015 407004 1007515 915474  0.027
of Me-pp- 0.021 0.021
ADA 0.016
Anthracene 0.041 0.066 0.081 38066300 62617500 79902400 0.27
(ethanol)

70



The energy transfer efficiency (ETE) of Me-pp-ADA can be measured using the following

equation 3.1: 42
ETE =1 - ®pa/Dp (3.1)

where ®pa is the quantum yield of BDT in triad Me-pp-ADA and ®p is the quantum yield of free
BDT. Absorbance and fluorescence spectra were recorded for three different concentrations of
BDT (excitation wavelength of 355 nm) and BDT donor of Me-pp-ADA (excitation wavelength
of 391 nm) in THF solution and the quantum yields were subsequently calculated as explained
above using Anthracene in ethanol as reference dye (Table 3.6). A quantum yield of 0.17 was
obtained for free BDT while quantum yield of 0.021 was obtained for BDT in Me-pp-ADA thereby
revealing excitation energy transfer with an ETE of ~ 88% from BDT to BODIPY.

3.2.7. Transient Absorption Spectroscopy?

To further confirm the EET process, transient absorption (TA) measurements were performed for
Me-pp-ADA in THF by femtosecond pump-probe technique. The TA spectrum of Me-pp-ADA
excited at 500 nm (acceptor excitation) is compared with that of its (commercially available) model
acceptor excited at 500 nm (Figures 3.8a, b). Upon the acceptor excitation, both the spectra
exhibited a bleach of the ground state absorption immediately, and no excited state absorption
(ESA) was observed in the spectral window. While upon donor excitation at 392 nm, a broad
absorption band was obtained in the 600 nm to 900 nm region. Hence, the ESA appearing between
600 nm and 900 nm should be assigned to the excited donor species (Figure 3.8c). Interestingly,
the ESA of donor emerges with the ground state bleach of acceptor, indicating the formation of
the excited state of acceptor. Since the absorption of model acceptor at 400 nm is negligible, the
excited acceptor in Figure 3.8c should arise from excitation energy transfer. The deactivation
dynamics of excited molecules is further analyzed by a single wavelength fitting respectively. In
both compounds, the first component (z1), ~ 1 ps, can be associated with the ultrafast solvation
process.*>#* Subsequently, the decay of the relaxed excited state to the ground state is characterized
by the time constant that is comparable to the photoluminescence lifetime on ns timescale. Further

details on these transient absorption studies are provided in our published work.*®

aTransient studies were performed by Z. Wei (in the group of Prof. F. C. Grozema) at TU Delft, Netherlands.
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Figure 3.8. Transient absorption spectra of (a) Me-bodipy (model acceptor) excited at 500 nm, and Me-pp-
ADA excited at (b) 500 nm and (c) 400 nm. (d) Temporal profiles of the normalized AOD trace for Me-pp-
ADA recorded at 504 nm (blue line) and for Me-bodipy recorded at 503 nm (green line) and their fittings
(dashed lines).

3.2.8. Temperature Sensing Properties

The emission of molecular rotors is remarkably sensitive to multiple stimuli such as temperature
and viscosity of the solvent?® thus the temperature-dependent emission of pp-AD and pp-ADA
were investigated. For pp-AD, upon increasing the temperature from 15 °C to 55 °C in CHCls, a
steady increase in the fluorescence intensity was observed and the TICT band shifted
hypsochromically from ~ 716 nm (15 "C) to ~ 697 nm (55 'C) (Figure 3.9). This observation is
attributed to thermal energy assisting the excited electron in crossing the activation barrier from
TICT to LE state and the latter (LE state) gets preferentially populated resulting in a hypochromic
shift accompanied with an intensity enhancement.*® Similarly, for pp-ADA in the same
temperature range and solvent, the TICT band shifted hypsochromically from ~ 728 nm to ~ 700

nm with nearly 2-fold intensity enhancement (Figures 3.9).
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Figure 3.9. Temperature-dependent emission spectra of (a) pp-AD and (b) pp-ADA in CHCls.

Similar trend was observed in the temperature dependent emission spectra of pp-ADA in THF
(Figure 3.10). However, in non-polar solvents such as in Tol, only BODIPY peak was observed
and increasing the temperature from 5 °C to 95 °C led to decrease in BODIPY emission intensity
that is attributed to enhanced molecular motions at higher temperatures leading to non-radiative

deactivation.
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Figure 3.10. Temperature-dependent emission spectra of pp-ADA in (a) THF and (b) Tol.

Ratiometric temperature sensing analysis was performed for pp-AD and pp-ADA by plotting the
emission intensity ratios of TICT band and at another wavelength where the intensity does not
change with temperature (I1 and I2) vs. the varying temperatures. The plot of the ratio of intensities
with temperatures were fitted with linear functions*®#’ to obtain the temperature coefficients and
accordingly, positive temperature coefficients of 0.19% °Cand 0.27% °C ! were obtained for pp-
AD and pp-ADA respectively in CHCIs in the range 15 °C to 55 °C. In ratiometric temperature
sensing plots, linearity is one of the significant features because it shows constant thermal
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sensitivity in the physiological temperature range. A linear relationship of the TICT intensity ratios
vs. temperature (Figure 3.11) suggested that these rotors could be used as ratiometric temperature

sensors very efficiently in a wide temperature range.
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Figure 3.11. Emission intensity ratio with best fit equation at different temperature for (a) pp-AD in CHCl;
and for pp-ADA in (b) CHCIs, (c) THF and (d) Tol.
3.2.9. Viscosity Sensing Properties

Viscosity-dependent emission measurements were performed in methanol (MeOH) and glycerol
(gly) mixtures for both the rotors by increasing the percentage of gly from 0% to 90% in MeOH
(0.6 cP to 454 cP).® By increasing the viscosity, molecular rotation is restricted leading to
exclusion of non-radiative deactivation pathways and enhancement in emission intensity.
Accordingly, for pp-AD and pp-ADA, upon increasing the gly content from 0% to 90% in MeOH,
the intensity of LE band and acceptor band increased by 2-fold and 3-fold respectively (Figures
3.12). From the Forster-Hoffmann analysis,'®t’ pp-AD and pp-ADA showed viscosity sensitivities
of 0.08 and 0.14 respectively similar to our earlier reported rotors p-AD (0.09) and p-ADA (0.14).3*
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Figure 3.12. Viscosity-dependent emission spectra of (a) pp-AD and (b) pp-ADA in in gly/MeOH mixture.
Emission intensity ratios at different viscosities with their best fit equations for (c) pp-AD and (d) pp-ADA.

Temperature-dependent emission was performed with 50% gly/MeOH solution (viscosity ~ 24 cP)
to elucidate the effect of temperature on molecular rotations in a viscous medium. For pp-AD and
pp-ADA, the emission intensity decreased by ~ 2-fold upon increasing the temperature from 15
°C to 55 °C (Figure 3.13) which is indicative of increased molecular motions at decreasing

viscosities thereby facilitating non-radiative deactivation.
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Figure 3.13. Emission spectra of (a) pp-AD and (b) pp-ADA in MeOH:Gly-50:50 (24 cP) at variable
temperature.
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3.2.10. Fluorescence Lifetime and Rigidochromism

In order to understand the dynamics of the TICT processes of the rotors as well as their
rigidochromic behaviour (i.e., variation in fluorescence lifetimes at variable viscosity®),
fluorescence lifetime measurements were performed for pp-AD and pp-ADA in CHCI3 using time
correlated single photon counting (TCSPC) technique. For pp-AD, the decay corresponding to 712
nm (TICT band) exhibited a longer average lifetime (zvg) of ~ 0.69 ns compared to the decay
corresponding to 523 nm (acceptor channel) of 0.09 ns (Figure 3.14, Table 3.7). Similarly, the zayg
of pp-ADA at emission wavelengths of 524 nm (acceptor channel) and 725 nm (TICT emission)
were ~ 0.03 ns and ~ 0.44 ns respectively. It is well known that decay in TICT emission channels
show higher lifetimes than donor or acceptor emission channels.®:3? Furthermore, all the decay
profiles could be fitted with tri-exponential functions that indicate the presence of multiple

conformers or species in solution.
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Figure 3.14. Fluorescence lifetime decay collected by using TCSPC at different wavelengths in CHCI;

samples of (a) pp-AD, (b) pp-ADA and (c) Me-pp-ADA.

Table 3.7. Fluorescence lifetime analysis of pp-AD, pp-ADA and Me-pp-ADA at different emission
wavelength

Compound dem 71(at) 72(0t2) 73(0l3) Tavg &

(Aex = 375nm) (nm) (ns) (ns) (ns) (ns)

pp-AD 523 0.38(0.08) 0.05(0.92) 2.52(0.01) 0.09 1.01

712 0.11 (0.51) 1(0.41) 2.94 (0.08)  0.69 1.05

pp-ADA 524 0.34 (0.01) 0.03(0.99) 2.88 (0) 0.03 1.17

714 0.08 (0.52) 0.75(0.46) 2.52(0.02) 0.4 1.06

Me-pp-ADA 435 0.86 (0.99)  4.63 (0.01) - 0.61 0.89

516 0.93(0.11) 2.72(0.89) - 0.9 1.12
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Fluorescence lifetimes of pp-AD and pp-ADA were also measured at variable viscosities by
increasing gly content from 0% to 90% (0.6 cP to 454 cP) (Figure 3.15, Table 3.8) to confirm the
rigidochromic behaviour. Upon increasing the viscosity, pronounced enhancement in fluorescence
lifetimes were observed due to restricted intramolecular rotations resulting in slower radiative
decay and longer lifetimes. Accordingly, upon increasing the viscosity, the zayg 0f pp-AD increased
from 0.08 ns to 2.02 ns while for pp-ADA, 7zavg increased from 0.2 ns to 0.87 ns. Linear correlations
between fluorescence lifetimes and intensity ratios of A and D emissions (la/lp) at variable
viscosity (Figure 3.15) were obtained for pp-AD and pp-ADA. A linear correlation in such plot is
an essential feature of rigidochromism*® and accordingly rotors pp-AD and pp-ADA are efficient

ratiometric rigidochromic rotors.
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Figure 3.15. Fluorescence lifetime decay at variable viscosities of (a) pp-AD and (b) pp-ADA, linear
correlation between fluorescence lifetime at variable viscosity and emission intensity ratio of donor and
acceptor (la/lp) obtained from steady state emission of (c) pp-AD and (d) pp-ADA.
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Table 3.8. Fluorescence decay parameters of pp-AD and pp-ADA at variable viscosity, the decay times ( z,
» and 73) and the respective fractional contributions (a1, o2 and a3), the amplitude average decay time (7zavg)

and the quality of fitting (y?).

Compound Viscosity 71 (011) 72 (02) 73 (013) Average 1
(hex=375nm) (incP) (ns) (ns) (ns) lifetime
Tavg
(solvent mixture) (ns)
454 0.41 2.87 (0.55) 11.3(0.02) 2.02 1.35
(90/10 viv (0.42)
gly/MeOH)
218 0.65 2.1(0.46) 10.3(0.02) 1.49 1.18
(80/20 viv (0.52)
gly/MeOH)
pp-AD 50 1.16 8.11(0.01) 0.25(0.82) 0.48 1.37
(60/40 viv (0.17)
gly/MeOH)
11 0.90 7.41 (0) 0.11 (0.94) 0.18 1.28
(40/60 viv (0.06)
gly/MeOH)
3 0.94 7.17 (0) 0.07 (0.97) 0.11 1.50
(20/80 viv (0.03)
gly/MeOH)
0.6 0.89 6.33 (0) 0.06 (0.98) 0.08 1.26
(0/100 v/iv (0.02)
gly/MeOH)
454 0.33 1.78 (0.3)  9.02(0.01) 0.87 1.43
(90/10 viv (0.69)
gly/MeOH)
218 1.35 0.34 (0.68) 8.69 (0.01) 0.75 1.14
(80/20 viv (0.3)
gly/MeOH)
pp-ADA 50 131 8.93(0.01) 0.34(0.8) 0.61 1.26
(60/40 viv (0.19)
gly/MeOH)
11 1.64 0.14 (0.94) 9.51(0.01) 0.28 1.43
(40/60 viv (0.05)
gly/MeOH)
3 1.65 9.16 (0.01)  0.09 (0.96) 0.19 1.33
(20/80 viv (0.03)
gly/MeOH)
0.6 1.63 8.19(0.01) 0.08(0.95) 0.20 1.17
(0/100 viv (0.04)
gly/MeQH)
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3.2.11. Aggregate Induced Emission

TICT rotors usually are AIE active where they are weakly emissive or non-emissive in a “good”
solvent and become emissive upon addition of a “poor” solvent due to the formation of aggregates
and hence restricted intramolecular rotations. AIE was investigated in dyad pp-AD and triads pp-
ADA and Me-pp-ADA in binary mixture of THF and water. For pp-AD, starting from pure THF,
initial increase in water content (10-50% v/v) led to a decrease in the intensity of TICT band (719
nm) due to increasing hydrophilicity of solvent that favours rapid intramolecular rotation leading
to non-radiative deactivation.®*2 However, upon further increasing the water content to ~ 60-90%,
a 6-fold enhancement in emission intensity of TICT band was observed with a concomitant
bathochromic shift to 727 nm (Figure 3.16). This emission intensity enhancement was attributed
to formation of (nano)aggregates which restricts the intramolecular rotations thereby reducing the
non-radiative deactivation. Similarly, for pp-ADA, upon increasing the water content up to 50%
(v/v), the intensity of TICT band (723 nm) decreased. However, upon further increase in the water
content up to 90%, TICT band showed a minimal bathochromic shift to 730 nm with 5-6-fold
enhancement of emission intensity. The tetramethyl substituted non-rotor Me-pp-ADA however

did not show AIE enhancement (Figure 3.16) unlike the two rotors.
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Figure 3.16. Emission of (a) pp-AD and (b) pp-ADA and (c) Me-pp-ADA in different percentages of THF
and water.

3.3. Conclusions

In summary, D-n-A rotors dyad pp-AD and triad pp-ADA showed efficient TICT with NIR
emission at 712 and 725 nm and extraordinary large Stokes shift of ~ 208 nm and ~ 221
respectively, with prominent AIE with NIR response. Viscosity-dependent enhancement of
emission and pronounced increase in fluorescence lifetime were observed for rotors pp-AD and

pp-ADA. A linear correlation of lifetime with intensity ratios justifies the rigidochromic behaviour

79



of these rotors. Compounds pp-AD and pp-ADA showed temperature as well as viscosity
sensitivity, with positive temperature coefficients of 0.19% °C™ and 0.27% °C™ and viscosity
sensitivities of 0.08 and 0.14 respectively. On the other hand, owing to the presence of tetramethyl
substituents, Me-pp-ADA was TICT inactive and thus a non-rotor but showed efficient EET from
BDT to BODIPY with an efficiency of ~ 88%. Furthermore, compounds pp-ADA and Me-pp-
ADA showed red shifted emission in thin film (736 nm, 640 nm respectively) and pp-ADA showed
solid state emission ~ 732 nm and are potentially useful for (opto)electronic applications. These
multifunctional TICT rotors owing to their large Stokes shift and AIE emission in NIR region and
responsiveness of their emission to multiple stimuli such as solvent polarity, temperature, viscosity
are thus potentially useful for bioimaging, temperature and viscosity sensing of cellular

microenvironments as well as for micromechanical imaging of (bio)materials.
3.4. Experimental section

Synthesis of 4’-bromo-[1,1°-biphenyl]-4-carbaldehyde (1):

1. Pd(PPh3), (0]
2. Na2C03

_3.8090°C H O
ToI ethanol O

Scheme 3.2. Synthesis of 4’-bromo-[1,1’-biphenyl]-4-carbaldehyde.

r

To a solution of 1-bromo-4-iodobenzene (2 g, 7.06 mmol) in Tol, catalytic amount of tetrakis-
triphenylphosphinepalladium Pd(PPhz)s (3-5 mol%) was added followed by addition of 5 mL
aqueous solution of Na,COs (2 M). A solution of 4-formyl phenyl boronic acid (1 g, 6.66 mmol)
in 15 mL ethanol was added to reaction mixture and the mixture was heated to reflux for 5 hours
(h). After cooling to room temperature, the reaction mixture was extracted with CHCIs and washed
with brine solution. Subsequently, the organic layers were passed through sodium sulphate and
solvent was evaporated on rotary evaporator. The crude product was purified by column
chromatography using 90:10 hexane:ethylacetate to obtain white solid with 60% yield.
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IH NMR (400 MHz, CDCls) 8 (ppm): 10.06 (s, 1 H), 7.95 (d, J= 8 Hz, 2 H), 7.72 (d, J = 8§ Hz,
2 H), 7.61 (d, J=8 Hz, 2 H), 7.50 (d, J= 8 Hz, 2 H).

Synthesis of Me-pp-BODIPY (2):

H 1.TFA, DCM
- O~Oe+ 0 - w0
fo) H 2.chloranil

3. NEt;,BF;.Et,0,

1 Tol, 80°C
~ 36%

Me-pp-BODIPY

Scheme 3.3. Synthesis of Me-pp-BODIPY compound 2.8

Compound 1 (100 mg, 0.38 mmol) was dissolved in dry DCM and purged. Pyrrole (127 mg, 1.34
mmol) and 3-4 drops of trifluoroacetic acid was added and the reaction mixture was stirred for 5
h at room temperature. Subsequently, chloranil (102 mg, 0.41 mmol) was added and stirred for 40
minutes. The reaction intermediate compound was passed through silica column using DCM and
solvent was evaporated to collect the crude intermediate. Tol was added followed by addition of
triethylamine (776 mg, 7.67 mmol) and reaction mixture was stirred. After 15 minutes, boron
trifluoride diethyl etherate (BF3.Et.0) (1.3 g, 9.1 mmol) was added and stirred at 80°C for 40
minutes and reaction was monitored by TLC. The extraction was done by ethyl acetate and the
product was purified by column chromatography using DCM and hexane as eluent to obtain orange
solid in 36% vyield.

IH NMR (400 MHz, CDCl3) 6 (ppm): 7.71 (d, J =8 Hz, 2 H), 7.61 (d, J= 8 Hz, 2 H), 7.54 (d,
J=8Hz, 2 H), 7.36 (d, J= 8 Hz, 2 H), 5.99 (s, 2 H), 2.56 (s, 6 H), 1.43 (s, 6 H).

Synthesis of pp-BODIPY (3):

H 1.TFA, DCM
OOt {3
o ” 2.DDQ
3. NEt;,BF;.Et,0,
1 RT, ~ 25%

pp-BODIPY

Scheme 3.4. Synthesis of pp-BODIPY .%
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Compound 1 (200 mg, 0.77 mmol) was dissolved in dry DCM and purged nitrogen. Then pyrrole
(0.16 mL, 2.31 mmol) and catalytic amount of trifluoroacetic acid and stirred for 1 h at room
temperature under nitrogen atmosphere. 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)
(174.8 mg, 0.77 mmol) was added to the reaction mixture and stirred for 0.5 h and further 6 mL of
triethylamine was added followed by addition of BF3.Et2O (6 mL) and stirred for 3 h at room
temperature. The organic phase was washed by saturated solution of Na>CO3, dried over sodium
sulphate and filtered. The residue was purified by column chromatography using hexane and ethyl

acetate as eluent to obtain red solid with 25% yield.

IH NMR (400 MHz, CDCls) & (ppm): 7.96 (s, 2 H), 7.72 (d, J = 8 Hz, 2 H), 7.65 (t, J = 8 Hz, 4
H), 7.54 (d,J=8 Hz, 2 H), 7.01 (d, /= 4 Hz, 2 H), 6.58 (d, J = 4 Hz, 2 H).

Synthesis of Donor (4,8-di(oct-1-yn-1-yl)benzo[1,2-b:4,5-b"]dithiophene-2,6-diyl)
bis(trimethylstannane) (D2):

(0]
o (o)
OH - /
Oxalyl Chloride N BulLi S
s Diethylamine THF S
0,
DCM, 97% S 27% o
A B
C5H13 C6H13
1-Octyne BuLi
iPrMgCl, THF S SnMe;ClI S
T, LY o essn—C L D-sries
SnCl,/HCI ) Z s
38% | | ~80% | |
C6H13 CGH13
C
D,

Scheme 3.5. Synthesis of D2 (4).3

Synthesis of A: 2 g (15.60 mmol) of thiophene-3-carboxylic acid was added to 15 mL of DCM
taken in a round-bottomed flask fitted with CaCl. guard tube. The solution was cooled on an ice
bath and 7.92 g (62.42 mmol) of oxalyl chloride was added dropwise. The reaction mixture was
stirred at room temperature for overnight. The excess oxalyl chloride was removed under vacuum.

The acyl chloride intermediate was dissolved in 10 mL of dry DCM. The solution of acid chloride
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was then added dropwise to the solution containing diethylamine 3.2 g (43.75 mmol) in 30 mL of
dry DCM in a two necked round-bottomed flask fitted with a CaCl, guard tube and cooled on an
ice bath. The reaction mixture was stirred for 3 hours at room temperature and washed with water.
The organic fraction was dried using anhydrous sodium sulphate, solvent evaporated and purified
by silica gel column chromatography using ethyl acetate/ hexane (30/70 v/v) mixture as eluent.

Pure product was obtained as an oily liquid with a yield of 97%.

IH NMR (400 MHz, CDCls) & (ppm): 7.46 (d, J = 2.8 Hz, 1 H), 7.34-7.27 (m, 1 H), 7.17 (d, J =
5.0 Hz, 1 H), 3.54-3.31 (m, 4 H), 1.18 (s, 6 H).

Synthesis of B: Compound A (1.308 g, 7.1362 mmol) was dissolved in distilled THF. Then the
solution was cooled to 0 °C and 6.11 mL of n-BuLi (1.6 M in hexane) was added dropwise while
stirring under inert atmosphere. The solution was stirred at room temperature for 3 hours and later
it was poured into a beaker which contained ice-water. Yellowish precipitate formed immediately
and the mixture was stirred overnight. The precipitate was filtered out using Buchner apparatus
and washed with water, methanol and hexane successively and dried under vacuum. 0.435 g (27%)

of yellow solid was obtained as product.
IH NMR (400 MHz, CDCls) ¢ (ppm): 7.69 (d, J= 4 Hz, 2 H), 7.65 (d, J= 4 Hz, 2 H).

Synthesis of C: Isopropylmagnesium chloride (2 M in THF, 1.2 mL, 2.3971 mmol) was added
dropwise to 1-octyne (0.29 g, 2.6315 mmol) at 0 °C. Then the reaction mixture was heated to 60
°C and stirred for 100 min. It was cooled to room temperature and compound B (100 mg, 0.4540
mmol) was added (which was already degassed with 5-6 freeze-pump-thaw cycles). The reaction
mixture was heated upto 60 °C and stirred for 120 min. Then, the reaction mixture cooled to room
temperature and 0.7 g of SnCl, in HCI solution (16 mL, 10%) was added dropwise to the reaction
mixture. The reaction mixture was heated at 65 °C for 60 min, then cooled down to room
temperature and poured into water and extracted with hexane twice. The organic fraction was dried
over anhydrous Na>SO4 and concentrated under vacuum. Light yellow solid product was obtained

by recrystallization of the crude from ethanol with a yield of 38%.

IH NMR (400 MHz, CDCl3)  (ppm): 7.57 (d, J = 8 Hz, 2 H), 7.50 (d, J = 4 Hz, 2 H), 2.63 (t, J
= 8 Hz, 4 H), 1.76-1.69 (m, 4 H), 1.38-1.25 (m, 12 H), 0.94-0.91 (m, 6 H).
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Synthesis of D2 (4): 200 mg (0.49 mmol) of C was dissolved in dry THF. The solution was cooled
to -78 °C and 1.25 mL (2.5 mmol) of n-BuL.i (2 M solution in hexane) was added drop wise while
stirring under inert atmosphere and the reaction mixture was stirred at -78°C for 1 h which was
followed by addition of 2.5 mL (2.5 mmol) of trimethyltin chloride (1 M solution in hexane). The
reaction mixture was stirred overnight at room temperature. The reaction was quenched by adding
water and extracted with diethyl ether. Compound 4 was obtained as yellow crystalline solid upon

recrystallization from ethanol solution of the crude product with a yield of 80%.

Compounds D1+D2 was synthesized upon using different equivalents of BuLi (~ 2-2.5 equiv.) and
SnMesCl (~ 2-2.5 equiv.), mixture of monostannylated (D1) and Distannylated BDT (Dz) ina 1:3.3
ratio was obtained which was used for coupling reaction without further purification.

IH NMR (400 MHz, CDCls) (D2) & (ppm): 7.61 (s, 2 H), 2.65 (t, J = 6.8 Hz, 4 H), 1.72-1.53 (m,
18 H), 0.95-0.92 (m, 6 H), 0.45 (t, J = 28 Hz, 18 H).

Synthesis of pp-ADA (5):

Pd,(dba)s, P(tol);
\ SnMe;
S Toluene, reflux

II ~17%

Scheme 3.5. Synthesis of pp-ADA.3

Compound 4 (Dz) (50 mg, 0.068 mmol) and 3 (72 mg, 0.170 mmol) were dissolved in toluene and
degassed by freeze-pump-thaw method. In a two-neck round bottomed flask,
Tris(dibenzylideneacetone)dipalladium (0) Pdz(dba);, (2.1 mg, 0.0023 mmol), Tris(o-
tolyl)phosphine P(o-tol)s, (3.3 mg, 0.011 mmol) were taken and simultaneously compounds 3 and
4 were added and refluxed for 5 h. The reaction mixture was cooled and evaporated and purified
by column chromatography by using CHCIs and hexane (80:20 of CHCIs: hexane) to obtain a red
solid with 17% yield.

IH NMR (400 MHz, CDCl3) é (ppm): 7.97 (s, 4 H), 7.91 (d, J = 8 Hz, 3 H), 7.86 (s, 1 H), 7.81
(d,J=8Hz, 4 H), 7.75 (d, J =8 Hz, 4 H), 7.68 (t, J = 8 Hz, 4 H), 7.53 (d, J = 8 Hz, 1 H), 7.42 (d,
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J=8Hz, 1 H), 7.03 (s, 4 H), 6.58 (s, 4 H), 2.72 (t, J = 8 Hz, 4 H), 1.85-1.78 (m, 4 H), 1.29 (s, 12
H), 0.88 (s, 6 H).

13C NMR (100 MHz, CDCls) ¢ (ppm): 146.95, 144.29, 144.10, 142.85, 140.20, 139.56, 139.18,
134.86, 134.07, 133.01, 131.52, 131.27, 127.63, 126.92, 119.09, 118.63, 114.09, 100.90, 37.11,
33.86, 31.95, 31.54, 31.49, 29.73, 29.39, 29.19, 28.97, 28.85, 28.76, 22.78, 22.72, 20.11, 14.23,
14.16.

1B NMR (400 MHz, CDCIs) é (ppm): 0.54, 0.31, 0.09.
MS (HRMS-ESI): Calculated for CesHseB2FsN4S2Na [M+Na]*: 1113.3966; found 1113.3252.

Synthesis of pp-AD (7):

s Pd,(dba)s, P(tol);

3 Tol, reflux

CeHiz

R4=SnMej, R,=H.. D,

R4=R;= SnMe;..D,

Scheme 3.6. Synthesis of pp-AD.*

Compounds D1+D2 (50 mg, 0.068 mmol) and compound 3 (72 mg, 0.170 mmol) were dissolved
in toluene and degassed by freeze-pump-thaw method. In a two-neck round bottomed flask,
Pdz(dba)z (2.1 mg, 0.002 mmol), P(o-tol)s (3.3 mg, 0.011 mmol) were taken and simultaneously
compound 3 and 6 were added and refluxed for 5 h. The reaction mixture was cooled and
evaporated and purified by column chromatography by using different percentage of CHCIs and
hexane. pp-ADA was purified by column chromatography using 90:10 CHCIs:hexane mixture and
the mixture of Bodipy and pp-AD was obtained at 40:60 CHCls:hexane mixture followed by
further purification using preparative TLC using 15:85 ethyl acetate:hexane as eluting solvent

mixture with ~ 8% yield.
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IH NMR for pp-AD (400 MHz, CDCls) & (ppm): 7.97 (s, 2 H), 7.93-7.81 (m, 2 H), 7.76 (d, J =
4 Hz, 1 H) 7.73-7.63 (M, 6 H), 7.55 (s, 2 H), 7.02 (d, J = 16 Hz, 2 H), 6.58 (s, 2 H), 2.89-2.54 (m,
4 H), 1.6 (5,4 H), 1.43 (s, 8 H), 1.33 (s, 4 H), 0.96 (s, 6 H).

13C NMR (100 MHz, CDCls) ¢ (ppm): 143.51, 139.43, 135.98, 134.91, 133.89, 133.82, 131.45,
131.39, 130.67, 129.87, 129.11, 128.99, 128.93, 128.55, 128.49, 128.43, 127.57, 125.53, 124.92,
114.21, 34.43, 33.97, 32.07, 31.57, 31.55, 31.09, 30.43, 29.84, 29.66, 29.51, 29.40, 29.30, 29.09,
28.78, 22.84, 14.28.

1B NMR (400 MHz, CDCIs) é (ppm): 0.58, 0.35, 0.12.
MS (HRMS-ESI): Calculated for C47H43BF2N2S2Na [M+Na]*: 771.2826; found: 771.4825.

Synthesis of Me-pp-ADA (8):

CeHyz

Pd,(dba)s, P(tol);
H—snMe, —————>
3 Tol, reflux

~30%
f ’

CeHas

Me-pp-ADA

Scheme 3.7. Synthesis of Me-pp-ADA.#

Compound 2 (50 mg, 0.104 mmol) and compound 4 (30 mg, 0.042 mmol) were taken in schlenk
tube and degassed by freeze-pump-thaw method. In a two-neck round-bottomed flask, Pdz(dba)s
(1.28 mg, 0.0014 mmol), P(o-tol)s (2.13 mg, 0.007 mmol) were taken and simultaneously
compound 2 and 4 were added and refluxed for 5 h. The reaction mixture was cooled and
evaporated and purified by column chromatography by using DCM and petroleum ether

(percentage) to obtain the final compound as orange solid with 30% yield.

1H NMR (400 MHz, CDCls) é (ppm): 7.91 (d, J = 12 Hz, 4 H), 7.86 (s, 2 H), 7.80-7.73 (m, 8
H), 7.71 (t, J=8 Hz, 2 H), 7.39 (d, J= 8 Hz, 2 H), 6.01 (s, 4 H), 2.71 (t, J= 8 Hz, 4 H), 2.58 (t, J
=12 Hz, 12 H), 1.84-1.75 (m, 4 H), 1.47 (s, 12 H), 1.42 (m, 12 H), 0.87 (d, J = 8 Hz, 6 H).

13C NMR (100 MHz, CDCl3) & (ppm): 143.13, 140.79, 139.32, 137.14, 135.86, 131.44, 130.95,
128.86, 128.67, 127.90, 127.45, 126.98, 124.80, 121.33, 121.29, 118.95, 114.09, 101.21, 33.87,
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31.94, 31.45, 30.31, 30.19, 29.72, 29.62, 29.53, 29.46, 29.39, 29.27, 29.18, 29.09, 28.82, 25.93,
24.73, 22.71, 20.08, 14.65, 14.15.

1B NMR (400 MHz, CDCls) 6 (ppm): 1.07, 0.80, 0.55.

MS (HRMS-ESI): Calculated for C7eH73B2FsN4S2 [M+H]": 1203.5399; found: 1203.3386.
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Appendix of Chapter 3A
a. Copies of NMR spectra of chapter 3A
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IH NMR of BDT (D2, 4):
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13C NMR of pp-ADA (5):
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1B NMR of pp-ADA (5):
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13C NMR of pp-AD (7):
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'H NMR of Me-pp-ADA (8):
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1B NMR of Me-pp-ADA (8):
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b. Frequencies and Coordinates of DFT Optimized Geometries

Table 3.9. Results of first three frequencies and molecular symmetries calculated from geometry
optimization of dyad and triads.

Compound  Symmetry First Three Frequencies

9.67
pp-AD Ci 10.81
12.92
3.91
pp-ADA Ci 7.20
7.96
3.55
Me-pp-ADA C, 5.39
6.46
Coordinates of geometry optimized structure of pp-AD
C -9.20754  -1.34737  -2.09146 C -6.96473  -1.37939  -2.15542
C -8.09981  -1.81675  -2.82498 C -7.40349  -0.66158  -1.00986
N -8.79732  -0.66075  -1.01504 C -6.68201  -0.00842 0.00667

96



o O 0o o o T OO0 »vw o O I T T T T TmTTmmoOoO0OO00O0OoO0OOoOoO060zZ2:00

-7.36984
-6.89515
-8.76176
-8.00747
-9.13775
-0.88100
-0.16823
-0.13751
1.22144
1.25076
1.96452
-9.72570
-10.66080
-10.32720
-8.14364
-0.70862
-0.65573
1.73841
1.79268
3.42986
4.27203
4.32795
5.86019
5.66151
3.93079
6.77549
8.04633
8.24428
7.12971
9.58159
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-5.85831

1.36699

2.51250

Coordinates of geometry optimized
structure of pp-ADA
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0.77858
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-0.63218
0.95537
3.2339%4
-1.50133
1.44368
-1.51209
1.44540
-0.04394
0.30063
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1.09358
1.29039
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2.62678
3.52266
2.67850
3.01824
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14.98852
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-1.00858
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1.42017
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-0.46436
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-0.60602
0.03942
-0.77900
-0.77724
0.03283
0.84224
0.84703
-1.43124
-1.40265
1.49485
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0.93101
0.01661
1.92916
2.54739
1.90938
-0.89805
-1.82348
-2.41920
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15.73744
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16.67702
17.62101
17.26715
-0.33377
0.33347
-0.45518
0.45544
-0.59486
0.38255
-1.20777
-1.07002
0.59599
1.06218
1.21751
-0.38027
9.31463
10.03513
11.42555
12.15347
11.43837
10.04815
9.49941
11.95821
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11.98068
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-2.70114
2.70456
-3.84535
3.84875
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-5.70830
-5.81136
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5.81161
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-0.47661
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0.91483
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1.84332
1.07362
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-1.83594
0.02926
-1.15059
-1.15703
0.02398
1.20720
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-2.08031
-2.07951
2.13729
2.12710
-0.02654
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-0.01522
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2.58311
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0.00984
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-3.33999
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-0.19578
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0.48536
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-0.98325
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0.02402
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-0.36246
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-0.50388
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1.10901
-2.00501
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-0.12766
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0.00233
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12.41235
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0.27022
1.62252
1.89354
1.14751
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Chapter 3 (Part B)

BODIPY-based Regioisomers and Donor-Acceptor
Rotor as Organic Photosensitizers for Maximizing
Singlet Oxygen Quantum Yields and for
Photooxidation of Thioanisole
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Abstract

The efficient production of singlet oxygen using an organic photosensitizer (PS) is highly
attractive for photocatalytic applications. Herein, we have designed and synthesized
regioisomeric biphenyl-BODIPYs such as pp-BODIPY, mp-BODIPY, mm-BODIPY, T-
BODIPY (thiophene at meso-position) and a triad T-ADA (based on benzodithiophene as
donor and BODIPY as acceptor) as organic PSs. The singlet oxygen quantum yields reached
up to 77% in T-BODIPY due to heavy atom (Bromine substitution in thiophene ring) and
charge transfer mediated intersystem crossing and 35% in T-ADA due to charge transfer
mediated ISC. The variation in connectivities of the spacers in regioisomeric BODIPYs and
type of spacer in T-BODIPY significantly alter the photophysical properties. Among all PSs,
T-ADA showed charge transfer band at 650 nm and showed aggregation-induced emission
(AIE) with increase in water percentage in tetrahydrofuran (THF) solution. Detailed insights
into the ultrafast dynamics and excited state processes were obtained using femtosecond
transient absorption spectroscopy (fs-TAS). The technique allowed for a thorough
investigation of these systems, indicating participation of charge-transfer (CT) states in the
observed dynamics of triplet state formation. Due to the efficient generation of O; in case of
all compounds, pp-BODIPY, mp-BODIPY, mm-BODIPY, T-BODIPY and T-ADA were
utilized in the aerobic photooxidation of thioanisole to methyl phenyl sulfoxide with high

selectivity towards sulfoxide formation.
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3.1. Introduction

The field of photocatalysis where organic transformations are performed under mild conditions
using light activable catalysts has attracted great attention among synthetic chemists since last
few decades. Photocatalysis offers a powerful strategy to activate organic molecules by
transferring electron or energy between excited photocatalyst and substrate that leads to
formation of new chemical bonds or breakage of old bonds. There are several reports on
transition metal based photocatalysts containing Ru, Ir, Pt and Pd that have demonstrated their
effectiveness in variety of reactions.>® However, these photocatalysts suffer from limitations
such as high cost, toxicity of the catalyst and difficulty in their disposal that has directed
attention towards development of, earth-abundant, non-toxic, metal-free sustainable
photocatalysts.® In recent years, there are various reports on synthesis of metal-free
photocatalysts and their utilization in organic transformations such as oxidation, cycloaddition,
C-O bond formation, C-C bond formation, C-S bond formation and many others.!? Generally,
highly efficient triplet photosensitizers (energy transfer photocatalysis), are based on fast
intersystem crossing (ISC) occurring from singlet to triplet states and are more preferred for
organic photocatalysis.’® Among various organic photocatalysts, 4,4-difluoro-4-bora-3a,4a-
diaza-s-indacene (BODIPY) based organic photocatalysts are employed in recent years
because of its outstanding thermal, photochemical stabilities, strong visible light absorption,
high fluorescence quantum yields and good solubility and facile accessibility of their triplet
excited states.’'~4 Moreover, few chemical modifications in the skeleton of BODIPY such as
substitution by heavy atoms i.e., Bromine and lodine, enhance spin-orbit coupling which result
in the increase in population of the triplet states.'? Furthermore, BODIPYs have been widely
investigated for a variety of applications such as photodynamic therapy, chemosensing,
biological labelling, organic photocatalysis, dye-sensitized solar cells and laser dyes.!2 In
iodo-BODIPY derivative based photocatalysts, |1 atom attached on the n-core of BODIPY
chromophore drives efficient ISC resulting in high yields of singlet oxygen (*O).1® These
photocatalysts were utilized for singlet oxygen mediated aerobic oxidative coupling of amines
and the photooxidation of dihydroxylnaphthalenes followed by aniline addition to the
naphthoquinone intermediates. Visible light driven hydroxylation of aryl halides in water was
achieved by the utilization of BODIPY photocatalyst and Ni as a co-catalyst in presence of a
base.!” lodo-BODIPY and quinine based photocatalyst, where iodo-BODIPY serve as 1O
producer and quinine serve as both chiral catalyst as well as quencher of 'O in absence of

substrate, were synthesized and utilized for the asymmetric hydroxylation of B-dicarbonyl
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compounds.'® Recently, porous organic polymers containing halogenated BODIPY were
reported for the singlet oxygen mediated photo-degradation of 2-chloroethyl ethyl sulfide
(chemical warfare agent) to its corresponding non-toxic sulfoxide counterpart, 2-chloroethyl
ethyl sulfoxide.r® Conversion of 1,5-dihydroxynaphthalene to juglone was achieved using
BODIPY and copper based photocatalyst.*® It was reported that substitution with 1 at meso-
position results into lesser singlet oxygen quantum yield (0.01) compared to 2- and 6-positions
(0.83) during oxidation of sulphides.!222L All these reports achieved photocatalyzed organic
transformations by introducing heavy atoms (Br or 1) directly in the BODIPY skeleton. Filatov
et. al.,, reported heavy-atom free BODIPY and anthracene-based dyads as triplet
photosensitizers in which triplet state was generated by photoinduced electron transfer.??
Anthracene-based dyad was converted into highly fluorescent species using 'O2 and was
further utilized for imaging applications. Donor-acceptor (D-A) systems based on
phenothiazine as donor and BODIPY as acceptor were synthesized and triplet excited state
formation was achieved by photoinduced electron transfer and charge recombination.? In D-
A system, upon photoexcitation, charge transfer (CT) occurs from donor to acceptor resulting
in the formation of singlet excited CT state (CT). In the absence of heavy atoms, CT states
can undergo efficient ISC by CT-mediated ISC involving either radical pair ISC (RP-I1SC) or
by spin-orbit charge transfer ISC (SOCT-I1SC).1012.14

In this work, we have synthesized biphenyl-BODIPY regioisomers pp-BODIPY, mp-
BODIPY, mm-BODIPY with Br attached at different positions of the biphenyl and thiophene
BODIPY (T-BODIPY) where thiophene spacer functionalized with Br is attached at the meso-
position of BODIPY as shown in Figure 3.1. We have studied the effect of regioisomerism and
spacer on photophysical properties as well as on photocatalysis. Compound T-BODIPY
showed red shift in absorption as well as in emission compared to all the biphenyl-BODIPY
regioisomers due to the attachment of thiophene at meso-position compared to biphenyl-
BODIPY regioisomers. Furthermore, we have also synthesized heavy atom free T-ADA rotor
that consists of T-BODIPY acceptor and benzodithiophene (BDT) as the donor and the BDT
was connected through thiophene spacer at meso-position of T-BODIPY. Rotor T-ADA
showed pronounced charge transfer (CT) emission band at 650 nm and showed bathochromic
shift upon formation of aggregates in THF and water mixture. Additionally, T-ADA showed
efficient 1O, generation efficiency most likely due to CT-mediated ISC that populated the
triplet state. Due to the generation of 1O, for pp-BODIPY, mp-BODIPY, mm-BODIPY, T-
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BODIPY and T-ADA, all compounds were utilized in aerobic photooxidation of thioanisole

to methyl phenyl sulfoxide.

Regioisomeric effect
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FF
T-BODIPY
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- Populating triplet state via CT-mediated ISC
« High singlet oxygen quantum yield with 77% yield
« Photooxidation of thioanisole with 99% conversion

Figure 3.1. Chemical structures of pp-BODIPY, mp-BODIPY, mm-BODIPY, T-BODIPY and T-
ADA synthesized and investigated in this work.

3.2. Results and Discussion

3.2.1. Synthesis

The syntheses of BODIPY's pp-BODIPY, mp-BODIPY, mm-BODIPY, T-BODIPY and triad
T-ADA were accomplished following our earlier reported procedures.?* Before synthesis of
BODIPYs, the spacer biphenyl was synthesized by Suzuki coupling reaction between suitably
substituted halogenated benzene and formyl phenyl boronic acid.?>? Subsequently, the

regioisomeric BODIPY's were synthesized by the reaction between different spacers (bromo
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biphenyl carbaldehyde) and 2,4-dimethyl pyrrole by addition of catalytic amount of
trifluoroacetic acid (TFA) followed by addition of chloranil, triethylamine and boron trifluoride
diethyl etherate.?” While for the synthesis of T-BODIPY, 2-methyl pyrrole was synthesized by
Wolff-Kishner reduction of pyrrole-2-carboxaldehyde and then it was used for the synthesis of
T-BODIPY using 5-bromo-2-thiophenecarboxaldehyde.?® The synthesis of triad T-ADA was
accomplished by Stille coupling reaction between T-BODIPY and distannylated
benzodithiophene precursor (BDT).** All compounds were purified via column
chromatography (TLC) and characterized using *H NMR, **C NMR and high-resolution mass
spectrometry (HRMS).

3.2.2. Absorption and Emission

UV/Vis absorption and emission spectra of pp-BODIPY, mp-BODIPY, mm-BODIPY, T-
BODIPY and T-ADA were recorded in CHCIz at a concentration of ~ 10 M. In case of pp-
BODIPY, mp-BODIPY and mm-BODIPY, the major absorption peak was observed at 504
nm corresponding to the Se-S;: transition as shown in Figure 3.2-3.3. Upon excitation at 504
nm, the emission peak was observed at 513 nm. While in the case of T-BODIPY, apart from
a minor absorption peak at 390 nm, the major absorption peak was observed at 527 nm. Upon
excitation at 527 nm, the emission was observed at 548 nm as shown in Figure 3.2. Due to
thiophene spacer in T-BODIPY, the emission was red shifted by 35 nm in comparison to

regioisomeric biphenyl-BODIPYs. In case of T-ADA, apart from minor absorption peaks at

1 1
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== em of T-BODIPY
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Figure 3.2. (a) UV/Vis absorption and (b) emission spectra of pp-BODIPY (Aex = 504 nm), T-

327 nm and 395 nm, the major absorption band was observed at 529 nm. The observed smaller
peak at ~ 327 nm is attributed to the BDT part while the bands at 398 nm and 529 nm are
attributed to BODIPY part in T-ADA. Upon excitation at 327 nm, apart from emission at 407
nm and 430 nm, a highly intense peak was observed at 650 nm. Upon excitation at 529 nm, the

peak at ~ 650 nm was obtained while the BODIPY emission disappeared as shown in Figure
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3.3. Compared to our earlier reported rotor p-ADA that contained a phenyl spacer (Figure
3.1),2° T-ADA containing thiophene spacer showed significantly altered photophysics. Upon
excitation at 380 nm for p-ADA, apart from the emission bands at 405 nm (BDT donor) and
512 nm (acceptor), a broad and intense peak ~ 698 nm (twisted intramolecular charge transfer)
was observed.?® However, for T-ADA, emission bands were observed only at 407 nm and 430
nm (BDT donor) and at 650 nm and no separate emission of BODIPY (or local excited (LE)
emission) was observed. Thus, for T-ADA, it can be presumed that the energy barrier between
LE and CT is very low such that the population immediately reaches the CT state from LE state
upon photoexcitation. The molar absorption coefficients (¢) of pp-BODIPY, mp-BODIPY,
mm-BODIPY, T-BODIPY and T-ADA were 6.62 x 10* M cm?, 5.96 x 10* Mt cm™, 7.67
x 10* Mt em?, 6 x 10* Mt ecm? and 1.28 x 10° M™cm™ respectively.
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Figure 3.3. UV/Vis absorption and emission spectra of (a) mp-BODIPY (Aex = 504 nm), (b) mm-
BODIPY (Aex = 504 nm) and (c) T-ADA (Aex = 529 nm).

3.2.3. Fluorescence Quantum Yields

The fluorescence quantum yields were determined by relative method using Rhodamine
B and 4’,6-diamidino-2-phenylindole (DAPI) as reference compounds and the
fluorescence quantum yields were obtained as 0.70, 0.65, 0.74, 0.14 and 0.19 for pp-
BODIPY, mp-BODIPY, mm-BODIPY, T-BODIPY and T-ADA respectively (Table
3.1). In case of regioisomeric BODIPYs such as pp-BODIPY, mp-BODIPY, mm-
BODIPY, the tetramethyl substitution at BODIPY, hindered the rotations which leads
to the enhancement of fluorescence quantum yield. However, in case of T-BODIPY
and T-ADA, due to the possibility of ISC and non-radiative deactivation the

fluorescence quantum yield reduced compared to those of regioisomeric BODIPYSs.
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Table 3.1. Relative quantum yields of pp-BODIPY, mp-BODIPY, mm-BODIPY, T-BODIPY and T-
ADA using relative method and DAPI and Rhodamine B as a reference dyes.

Quantum Yield

Compound Absorbance Integrated Fluorescence O=Dx(l/Ir)(AR/A)
Intensity (Aexr/Aex)(N?IN%R)
1 2 3 1 2 3 D, Dayg

pp-BODIPY  0.021 0.033 0.045 53213 766.749 1032.316 0.696 0.70

3 0.731
0.675
mp-BODIPY  0.024 0.044  0.052 552.47 960.946 1121.319 0.633 0.652
0 0.688
0.635
mm-BODIPY 0.023  0.032 0.042 57299 778.329 1094.169 0.685 0.739
2 0.766
0.767
T-BODIPY  0.045 0.057 0.068 75.567  89.267 103.753  0.134 0.138
0.140
0.141
T-ADA 0.038 0.058 0.071 91.192 121.353 151.747  0.193
0.186 0.191
0.196
DAPI (DMSO) 0.044 0.0707 0.0828 629.73 867.144 1086.253 0.58
8 2
Rhodamine B 0.033  0.065 0.105 234.7  418.247 655.36 0.5

(ethanol)

3.2.4. Solvatochromism of T-ADA

Among molecules pp-BODIPY, mp-BODIPY, mm-BODIPY, T-BODIPY and T-ADA, a
longer wavelength emission band at 650 nm was observed for T-ADA that is attributed to
charge transfer (CT) band. In case of CT state, due to the increase in dipole moment of the
excited state, the molecule shows positive solvatochromic shifts in emission spectra.®® Hence,
to confirm the occurrence of CT state for T-ADA, solvatochromic study was performed in
solvents of different polarities. In non-polar solvent such as methyl cyclohexane (MCH) and
toluene (Tol), the emission of T-ADA was observed at 569 nm and 594 nm respectively. While

in polar solvents such as dichloromethane (DCM), tetrahydrofuran (THF) and chloroform

111



(CHCIz), T-ADA showed emission bands at 662 nm, 633 nm, and 638 nm respectively as
shown in Figure 3.4. Hence, the bathochromic shift in emission from 569 nm (MCH) to 662
nm (DCM) for T-ADA confirmed the occurrence of CT state. Furthermore, solvatochromic
study was performed for T-ADA in binary mixture of polar and non-polar (DCM/Tol) solvents.
As the percentage of DCM was increased from 0% to 100% (v/v), the emission was
bathochromically shifted from 594 nm to 660 nm with bathochromic shift of 66 nm as shown
in Figure 3.4. Hence, increase in solvent polarities result in bathochromic shift in the emission
that occurs because excited state having higher dipole moment is preferentially stabilized by

polar solvents, thereby confirming a CT state.
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2 08 T-ADA > 03 4 \ —— 10 % DCM
B =— MCH B s 20 % DCM
5 | — Tol S =30 % DCM
E 0.6 ——THF £ 05 / \ e 40 % DCM
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Figure 3.4. Emission of T-ADA (Xex =529 nm) (a) in solvents of different polarities and (b) in different
percentages of DCM/Tol (c ~10® M) respectively (inside the graph, 0%, 10% to 100% indicate the
percentage of DCM in solutions).

3.2.5. Cyclic Voltammetry

In order to assess the redox properties of pp-BODIPY, mp-BODIPY, mm-BODIPY, T-
BODIPY and T-ADA, cyclic voltammetry (CV) measurements were performed in
deoxygenated dichloromethane (DCM) containing (0.1 M) tetrabutylammonium
hexafluorophosphate (TBAHPF) as a supporting electrolyte (Figure 3.5, Table 3.2). The
internal calibration was performed using ferrocene/ferrocenium redox couple prior to all
measurements. All the regioisomeric BODIPY's showed reduction potentials of ~ - 0.99 V to -
0.98 V and an oxidation potential at ~ 1.35 V to 1.43 V, indicating the ease reduction due to
the boron attached to the core. Similarly, T-BODIPY and T-ADA showed reduction potential
at -0.94 V and -0.96 V respectively, suggesting facile reduction facilitated by the donor
attached to the chromophores. Based on the first oxidation potential onset (Eox°"®) and first
reduction potential onset (Erd®™®), the HOMO and LUMO levels were calculated.
Accordingly, the calculated HOMO energies for pp-BODIPY, mp-BODIPY, mm-BODIPY,
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T-BODIPY and T-ADA were -5.93 eV, -5.95eV, -5.88 eV, -6.05 eV and -5.74 eV respectively
and LUMO energies were -4.06 eV, -4.11 eV, -4.22 eV, -3.98 eV and -4.12 eV respectively.
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Figure 3.5. Cyclic voltammogram of (a) pp-BODIPY, (b) mp-BODIPY, (c) mm-BODIPY (d) T-
BODIPY and (e) T-ADA in dry DCM with 0.1 M tetrabutylammonium hexafluorophosphate
(TBAHPF) and potentials measured vs Ag/AgCl reference electrode.

Table 3.2. Redox properties of pp-BODIPY, mp-BODIPY, mm-BODIPY, T-BODIPY and T-
ADA based on cyclic voltammetry.

C0m pound Eo)(onset HOMO* Eredonset LU MO Eg

V) (eV) V) (eV) (eV)
pp-BODIPY 1.17 -5.93 -0.70 -4.06  1.87
mp-BODIPY  1.19 -5.95 -0.65 411 1.84
mm-BODIPY 1.12 -5.88 -0.54 -4.22 1.66
T-BODIPY 1.25 -6.01 -0.78 -3.98  2.03

T-ADA 0.98 -5.74 -0.64 -4.12 1.62

"HOMO = —(Eonset®™ + 4.76) €V, and LUMO = —(Eonset™ + 4.76) €V.

3.2.6. Spectroelectrochemistry

In order to understand the spectral profiles of radical anions or cations that can be
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electrochemically generated for T-BODIPY and T-ADA, spectroelectrochemical
measurements were performed in DCM containing 0.1 M TBAHPF as a supporting electrolyte
as shown in Figure 3.6. Upon applying positive potential (0 to + 2V) for T-BODIPY, a
shoulder was observed in UV/Vis spectra at ~ 600 nm due to the formation of radical cation,
while no significant change was observed in T-ADA upon applying positive potential. Upon
applying negative potential for T-BODIPY (0 to — 2V), depletion of absorption band at ~ 390
nm and 527 nm and the emergence of a new absorption band at 680 nm was observed due to
the formation of monoanion or dianion radical.

Similarly, in T-ADA, depletion of the absorption bands at ~ 327 nm and 529 nm and the
emergence of a new band at 398 nm indicated the formation of anion radical. The
corresponding changes in colour while applying the positive and negative potentials for both
compounds are shown in inset of Figure 3.6. Based on spectroelectrochemical studies, both

compounds are considered to be electrochromic.
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Figure 3.6. Spectroelectrochemical changes of (a, b) T-BODIPY and (c, d) T-ADA, upon applying
positive potential (0 to 2 V) and negative potential (0 to -2 V) in DCM upto 40 cycles. Figure insets
show the change in colour of solution after applying positive or negative potentials.
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3.2.7. Density Functional Theory Calculations

Density functional theory (DFT) calculations were performed for all molecules in the ground
state using the Gaussian 09 package at B3LYP/6-31G(d,p) level to calculate the HOMO and
LUMO energy levels as well as torsion angles in geometry optimized structures (Figure 3.7—
3.8, Table 3.3). In case of regioisomeric BODIPYs pp-BODIPY, mp-BODIPY and mm-
BODIPY, both HOMO and LUMO were completely localized on BODIPY part and LUMO
+1 was localized on biphenyl part as shown in Figure 3.7. While in case of T-BODIPY, HOMO
was localized on BODIPY part and LUMO was localized on the whole molecule. In case of T-
ADA, HOMO was completely localized on BDT and LUMO was localized on BODIPY and a
small part on BDT while LUMO +1 was completely localized on BODIPY moiety showing
the possibility of charge transfer from HOMO to LUMO and HOMO to LUMO +1 as shown
in Figure 3.8.

LUMO +1

-1.33 eV

LUMO

HOMO

HOMO -1

-6.38 eV

z 1,
ar
/

B
pp-BODIPY mp-BODIPY 'mm-BODIPY T-BODIPY

Figure 3.7. FMO energy levels of compounds pp-BODIPY, mp-BODIPY, mm-BODIPY and T-
BODIPY calculated using B3LYP/6-31G(d,p) method.
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Figure 3.8. FMO energy levels of compounds T-BODIPY and T-ADA calculated using B3LYP/6-
31G(d,p) method.

Table 3.3. FMO energy levels of compounds pp-BODIPY, mp-BODIPY, mm-BODIPY, T-BODIPY
and T-ADA calculated by B3LYP/6-31G(d,p) method.

Compound  HOMO-1 HOMO LUMO LUMO+1  AE (eV) Dihedral

(eV) (eV) (eV) (eV) angle (°)
pp-BODIPY -6.38 -5.39 -2.40 -1.33 2.99 89.5
mp-BODIPY -6.49 -5.39 -2.39 -1.34 3.00 90.4
mm-BODIPY -6.46 -5.38 -2.38 -1.31 3.00 91.8
T-BODIPY -6.47 -5.65 -2.81 -0.99 2.84 48.9
T-ADA -5.59 -5.37 -2.90 -2.75 2.47 475

Frontier molecular orbital (FMO) composition analysis was conducted for pp-BODIPY, mp-
BODIPY, mm-BODIPY, T-BODIPY and T-ADA and it was found that in case of
regioisomeric BODIPYs (pp-BODIPY, mp-BODIPY, mm-BODIPY), the HOMO was
composed of 0% contribution from biphenyl part and 100% contribution from BODIPY part.
The LUMO was composed of 98% contribution from BODIPY part and 2% from bipheny! part
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indicating no possibility of CT from biphenyl to BODIPY. In case of T-BODIPY, the HOMO

was composed of 1% contribution from thiophene part and 99% contribution from BODIPY

part, while LUMO was composed of 86% contribution from BODIPY part and 2% from

thiophene part, suggesting a lower possibility of CT from thiophene to BODIPY part. In case
of T-ADA, the HOMO was composed of 95% contribution from BDT part and 5% contribution
from BODIPY part, while LUMO was composed of 66% contribution from BODIPY part and
34% from BDT part, indicating CT character from BDT to BODIPY part as shown in Table

3.4.

Table 3.4. FMO composition analysis for pp-BODIPY, mp-BODIPY, mm-BODIPY, T-BODIPY and

T-ADA based on DFT calculations.

Contribution

Contribution

Compound  Orbital MO Energy  from donor from
No. (eV) (%) acceptor (%)

124 LUMO+1 -1.33 98 2

pp- 123 LUMO -2.40 2 98
BODIPY 122 HOMO -5.39 0 100

121 HOMO-1 -6.38 98 2

159 LUMO+1 -1.34 98 2

mp- 158 LUMO -2.39 98
BODIPY 157 HOMO -5.39 0 100
156 HOMO-1 -6.49 99

279 LUMO+1 -1.31 98 2

mm- 278 LUMO -2.38 2 98
BODIPY 277 HOMO -5.38 0 100
276 HOMO-1 -6.46 19 81

279 LUMO+1 -0.99 88 12

T-BODIPY 278 LUMO -2.81 14 86
277 HOMO -5.65 1 99

276 HOMO-1 -5.37 80 20

279 LUMO+1 -2.75 18 82

T-ADA 278 LUMO -2.90 34 66

277 HOMO -5.37 95 5

276 HOMO-1 -5.59 1 99

The Gibbs free energy of charge separation (AGY,) for T-ADA were calculated to assess the

feasibility of charge transfer using Rehm-Weller equations %:

-AGS = -Eoo -AGcr
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where, AGr is the Gibbs free energy of charge recombination and calculated by given equation
no. 3.2:

AGcr= e[Eox(D) - Evea(A)] + AGs (3.2)

where, e is the electronic charge, E,, (D) is the first oxidation potential of donor and E,..; (A)
is the first reduction potential of acceptor, E, is the energy of the So—S transition (calculated
by taking the intersection point of normalized absorption and emission spectra) and AGs is the

static Coulombic energy, given by the following equation no. 3.3:

2 2
AGg = —= __¢ <i+i>( 1 _i> (3.3)
4mEs €0 Rec 8meo \Rp Ra Eref £s

where, ¢s is the dielectric constant of the solvent, cref is the dielectric constant of the solvent

used for experiment, o is the permittivity of free space. Rp and Ra refer to the effective radii of
donor and acceptor and were estimated from the Connolly molecular surfaces volume of the
respective moieties calculated with MM2 using the Chem3D Pro software and Rcc is the
distance between the centers of the donor and acceptor.

Standard oxidation potential of donor in DCM,; E3+_/D =+1.34V

Standard reduction potential of acceptor in DCM,; Ej’/ a4 =-087V

Average radii of donor; Ra= 4.84 A

Average radii of acceptor; Ra= 4.89 A

Center to center distance of donor and acceptor segment, Rec = 10.48 A

Using the above relations, the driving force for both photoinduced charge separation and charge
recombination processes between donor and acceptor were calculated and the observed values
were — 0.30 eV and — 2.54 eV in Tol respectively. The negative values of AG%cs and AG%cr
indicates that both photoinduced forward and backward electron transfer processes are
exergonic and thermodynamically feasible.

Time-dependent DFT (TD-DFT) calculations of T-BODIPY and T-ADA were performed to
calculate the singlet and triplet energy levels and their energies in CHCIl;3 are provided in Table
3.6. Natural transition orbital (NTO) calculations were performed for the first four excited
states of T-BODIPY and T-ADA. Both compounds T-BODIPY and T-ADA showed CT
features in Sy state where electrons and holes are completely separated on different parts of the

molecules (i.e., on acceptor and donor respectively) as shown in Figure 3.9-3.10.
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