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SYNOPSIS

Despite existing for almost a century, fluorescent dyes continue to attract the attention
of scientists from an ever flourishing multidisciplinary arena. Recent developments in the
field of personal diagnostics and in the area of organic electroluminescent devices have
boosted interest in the development of next-generation emissive dyes. Countless classes of
highly fluorescent organic compounds are now known, but the difluoro-boraindacene family
(4,4-difluoro-4-borata-3a-azonia-4a-aza-s-indacene, abbreviated hereafter as Bodipy) has
gained recognition as one of the more versatile fluorophores. Earlier, the potential use of
these dyes as biological labels was recognized® and several new Bodipy dyes were designed,
and these dyes were recognized as photostable substitutes for fluorescein. The use of Bodipy
as an effective biological label has been complemented by its known propensity to function
as a tunable laser dye.? In parallel, more fundamental studies on the chemical reactivity and
the photophysical properties of the new dyes emerged.

The Bodipy derivatives are strongly UV-absorbing small molecules with outstanding
photophysical characteristics when compared with classical fluorophores, such as fluorescein
and rhodamines dyes, and show fluorescence emissions in the visible region. These are
neutral compounds with intense absorption and emission profiles (Amax between 500-545 nm),
high molar absorption coefficients (~40,000 to 80,000 M™ cm™), high fluorescence quantum
yields (normally ®¢ > 0.60), reasonably long fluorescence lifetimes (t in the nanosecond
range) and relatively small Stokes’ shift (~10 nm). In the BODIPY-based dyes
phosphorescence is a rare phenomenon, due to negligible triplet energy state and a slow rate
of intersystem crossing (ISC), except for a diiodo Bodipy which showed high I1SC rate due to

the heavy-atom effect.®> In addition, Bodipy dyes have excellent thermal stability both in



solution and solid states, good solubility in most organic solvents, resistance towards self-
aggregation in solution, and insensitivity to changes in pH and solvent polarity.

The stability of Bodipy core is partially due to the first row elements (B, N, and F)
which allow efficient orbital overlap to promote delocalisation of the m-system. Slightly
polarized heteroatoms generate various electron-rich and electron-deficient reaction sites at
different positions on the internally zwitterionic Bodipy framework that favour both
nucleophilic and electrophilic substitution reactions on the Bodipy core. The absorption
bands of Bodipy dyes can be further shifted to the red or NIR region by facile derivatization
of the Bodipy core. The photophysical characteristics of synthetically modified Bodipys vary
with respect to the number, nature, as well as the position of the attached substituents.*
Additionally, the emission behaviour of Bodipy fluorophores are greatly affected by the steric
interactions between their components and intramolecular rotations of their chromophoric
units.”

Given the importance of the Bodipy molecules, the present work was aimed at (i)
formulation of some photo-stable Bodipy laser dyes, (ii) development of red Bodipy dyes,
preferably with good water solubility for their biological applications, (iii) development of
new Bodipy chemistry for regioselective functionalization, and (iv) exploration of their redox
property for molecular electronics applications. The content of the thesis is presented in five
chapters, which are briefly summarized in the following.

Chapter 1: Introduction to Bodipy Compounds

This chapter deals with the chemical structures and nomenclature of the Bodipy core,
their general photophysical attributes, as well as their importance in advanced technology and
various applications. This is followed by a discussion on the reported synthetic methods of
the Bodipy core. Next, this chemistry of Bodipy e. g. electrophilic substitution and

condensation reactions at different positions, used for structural modifications is presented.
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Finally, the major inherent limitations such as small Stokes’ shifts and photochemical
instability of the Bodipy dyes are mechanistically analysed to highlight the objectives and
importance of the present work.

Chapter 2: Rational Design and Synthesis of Some Photo-stable Bodipy Laser Dyes

The photochemical instability of the Bodipy dyes is due the generation of singlet
oxygen during their excitation, which reacts at the meso-olefinic group, inducing dye
degradation.®®® Presently, two different approaches viz. substitution of the F atoms at the B-
centre with alkyl groups as such, and in combination with incorporation of a bulky group at
the meso-position were adopted to improve the photo-stability. Earlier, presence of an
electron-rich meso-aryl group was found to improve the photo-stability without
compromising the lasing efficiency of the dyes.’

To this end, the alkyne diethylene glycol derivative 1 was synthesized by a base-
catalyzed alkylation of the glycol with propargyl bromide. This on conversion to the
corresponding Grignard reagent, followed by reaction with the commercially available
PM567 dye 2a afforded the new dye 3a. In another case, the known Bodipy compound 2b,
synthesized as reported earlier,” was coupled with the Grignard reagent of 1 to obtain the new
dye 3b (Scheme 1.).

NaH/THF/25 °C
a HC=C

HC=C OCH,CH,OMe

Br  cH,0CH,CH,OH .

CH30CH,CH,0CH,C= CMgBr
THF, 60 °C, 12h.

2a,b

. 3a,b
a: R =Me; b: R =2,4,6-Trimethoxyphenyl

Rl = CH3OCH2CH20CH2'

Scheme 1.
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Fig. 1. (a) Normalised decay profiles of the lasing efficiencies of the Bodipy dyes 2a, 3a and 3b as a
function of irradiation time. (b) Narrow band lasing efficiencies (n) and photostabilities (®5) of the Bodipy dyes

in ethanol.

Examination of the photo-physical and lasing properties, as well as photochemical
stabilities (Fig. 1.) revealed improved photostability of the dyes 3a and 3b, compared to their
precursors. The lasing performance of the dye 3b was also excellent, although a higher
concentration was required for the optimum output. The photostability and lasing results were
rationalised by analysing their redox potentials (cyclic voltammetry), and triplet state life
times and absorption spectra (pulse radiolysis) as well as quantum chemical calculations.
Chapter 3: Meso-Functionalization of Bodipy Molecules

Functionalization of the Bodipy core is an important synthetic goal as it helps in
tuning their light- and electron transfer-induced processes, improving hydrophilicity, and
anchoring to various mattrices for wider applications.®* Most of the previous research,
directed to this end were targeted to functionalization of the pyrrole moieties of the Bodipy
core. This results in undesirable changes in the photo-physical properties and restrict the
targeted applications.® Instead, meso-functionalization of the Bodipy moiety with
alkyl/arylalkyl moiety would provide new Bodipy-based functional molecules without
perturbing the photo-electronic properties. Direct synthesis of these types of Bodipy

molecules via the condensation of substituted pyrroles with aliphatic aldehydes/acid chlorides
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has inherent limitations due to the instability of the required acid chlorides, and non-reactivity

of the aldehydes.
Table 1:
Bodipy  Aldehyde, Product, R', R*® %
R! yield®
2a 43, OMe 5d, OMe, Et 10°
2a 4c, NO, 5e, NO,, Et 55
2a 4d, Br 5f, Br, Et 61
pe s Piperidine/AcOH 2C 4a, OMe  5a, OMe, t-Bu 65
Toluene/A 2C 4b, OH 5b, OH, t-Bu 50
CHO
da-d 2C 4c, NO, 5¢, NO,, t-Bu 67

Scheme 2. *hased on isolation; "13% 3-styryl analogue was also isolated.

Given that the Bodipy molecules with a meso-alkyl group is highly twisted due to
spatial crowding of the C-1/ C-7 hydrogen atoms and the meso-alkyl group (Fig. 2.), it was
envisaged that a Knoevenagel-type condensation of the Bodipy molecules at the meso-alkyl
(Me) group would alleviate such an unfavourable steric interaction. Costela et al. showed that
the meso-H analogue of 2c is planner.’®®® Thus, the release of steric strain may drive the
condensation selectively at the meso-position, overriding the least acidity of the meso-methyl
protons. Using such a strategy, a novel method of selective meso-functionalization of the
Bodipy dyes 2a and 2c using readily available and inexpensive reagents was developed
(Scheme 2 and Table 1). The steric strain release hypothesis was proved from the single
crystal X-ray data that showed reduced torsional angle and increased dihedral angle on
introduction of a meso-styryl moiety in the dyes 2a and 2c. Identification of the isolated
intermediate of the Knoevenagel condensation also established the reaction mechanism.
Chapter 4: Development of Water-soluble Bodipys for Biological Applications

As a bright fluorophore, Bodipys are well suited for biological analysis,** and other

biomedical applications including imaging and photo-dynamic therapy (PDT).*2*3¢ Their

electrical neutrality would avoid potential nonspecific binding through electrostatic
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interactions between the dye and the targeted molecule.** However, this requires the Bodipys
to be water soluble, and absorb in the red or NIR region. Because carbohydrates are known
ligands of various cell surface lectins,*® a carbohydrate-attached Bodipy with red fluorescence
appeared attractive for biological applications particularly for PDT.

Towards these objectives, two strategies were adopted. In one approach, the Bodipy
molecule 6, containing a meso-phenol group was synthesized by standard reactions. Its acid
catalyzed reaction with glucose pentaacetate furnished the intermediate 7, which on alkaline
hydrolysis afforded the dye 8. For the synthesis of the Bodipy molecule 11 with red
fluorescence, the known dye 2a was subjected to classical Knoevenagel condensation with
the aldehyde 4b, and the resultant styryl-Bodipy compound 9 was glycosylated as above

(Scheme 3.).

OAc OH
A Ohc HO  on

OAc

AcO o
i\co\""'\

OAc,

OH

a) 4-toluenesulphonic acid/
CH3Cly/25 °C /24 h;
I\ . —_——
b) DDQ/4 h; c) EtzN/1 h;
CH

o d) BF3 Et,0/25 °C/12 h.

OAc

oA
BF3 Et,0/ CH,Clp/A

Kryptopyrrole 4b

OAc

o]
AcO 0. A%AC

CH,Cl,
e
BF3.Et,0

4b

- .
N\ _N_ _Nx Piperidine/AcOH
Toluene/A

Scheme 3.

The compounds 8 and 11 showed groove binding with calf-thymus DNA through
ionic interactions as revealed from the binding constants 1.2 x 10* M™ and 8.3 x 10* M*
respectively. Both the compounds showed toxicity to the human lung cancer A549 cells,

compound 11 being more potent (ICsp = ~30 uM). The potency could be augmented
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significantly in presence of light. The better cytotoxicity of 11 was attributed to its ability to
cross cell surface and accumulate in the cytoplasm, while 8 was located on the cell surface as
evident by fluorescence microscopy.
Chapter 5: Formulation of Bodipy-Si-based Molecular Electronics Devices

While the Bodipy compounds are appraised for opto-electronic applications, the
tunable reversible redox properties are also promising for application in molecular
electronics, but remains unprecedented.’® The prototype o—m systems grafted on Si wafers
through an alkyl spacer (o) are known to show current rectification behavior.'” On the other
hand, the negative differential resistance (NDR) characteristic i.e. decreasing current with
increasing voltage in a particular voltage range with high peak to valley ratio (PVR) along
with hysteresis is important because of its potential application in the realization of logic
devices and memory circuits. ***® Molecules having redox properties and bias-induced
conformational changes are potential candidates for NDR effect with hysteresis. However,
molecules, chemically bonded to Si surface would be too rigid. Instead, the required
conformational changes can be easily achieved by forming a bi-layer on it by physical

interaction with another redox molecule.’

n N

/\(\ﬁ/\ Dry KzCO3 H
—_
Dry acetone a) TFA/CH,Cly;

/70 °C ; ;
b) DDQ; c) Et3N;
12a,b CHO ) BF;.E,0/25 °C
a:n=2;b:n=8 13a,b
ain=2:bin=8 14a:n=2 C5
14b: n=8 C11
Scheme 4.

To explore these possibilities, the Bodipy compounds 14a/b were synthesized as the
required o (alkyl)-m (Bodipy) systems (Scheme 4.). For this, the phenol 4b was O-alkylated
with bromides 12a/b in the presence of a base, and the resultant compounds 13a/b were

coupled with kryptopyrrole following a standard route. Taking advantage of the terminal
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alkene groups of 14a/b, the molecules were electro-grafted on Si wafers to obtain the
monolayered Si-organic hybrids. These were used to fabricate the metal/molecule/Si (n++)
devices where a tiny Hg drop served as the counter electrode. The devices made of 14a and
14b showed current rectification at 1.5 V with rectification ratios (| J.asv | / Jisv) of 37 and
500 respectively. Next, the bilayers were constructed by dipping the above mono-layered Si
wafers into a CH,Cl, solution of the planar Bodipy molecule 2a. The devices constructed
(Fig. 3.) using the bilayers showed NDR property with the PVR values ranging between 10
and 1000 (Fig. 4.), and the NDR effect can be repeated by short-circuiting the electrodes to
the neutral state.

The mono and bilayers were characterized by electrochemical characterization,
contact angle measurements, ellipsometry, secondary ion mass-spectrometry (SIMS), X-ray
reflectivity (XRR) and atomic force microscopy (AFM). Each mono- and bi-layers exhibited
granular surface morphology with an average grain size of 8 and 14 nm, respectively. The
thicknesses (ellipsometery) of the mono- and bilayers were 1.3+0.2 and 2.1+£0.2 nm for 14a,
and 2.2+0.2 and 3.1+0.2 nm respectively for 14b. These data corroborated with the XRR-

derived values, and correlated with the SIMS depth profiles of the bilayers.

Potentiostat
H-Si(n"fall RE [aPt y NS

Self assembly
of BODIPY

Electrografting

BODIPY-C5

BODIPY-C5/Si(n**) BODIPY:BODIPY-C5/Si{n**)

Fig. 3. Schematic showing two step formation process of the bilayers with the Bodipy dyes 14a/b. In Step 1
monolayers of 14a/b were electrografted to H-Si(n++), and in Step 2, dye 2a was deposited on the monolayers

by weak interactions to form 2a:14a or 14b/Si(n++).
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(a) BODIPY-C5 Bilayer (b) BODIPY-C11 Bilayer
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Fig. 4. Room temperature J-V characteristic recorded for the Bodipy bilayers by scanning the bias in the
sequence -1.8 V-0V — +1.8 V> 0 V — -1.8 V at a scan speed of 5 mV/s. (a) 2a:14a/Si(n++), (b) 2a:

14b/Si(n++), (¢) Schematic of the structures employed for the measurements.

Summary

The ever-growing importance of the Bodipy dyes has motivated a large amount of
research into the design, synthetic modifications, and spectroscopic/photophysical
characterization of these bright small fluorophores. In the present work, new Bodipy
chemistry was developed to generate several new Bodipy molecules with altered
photophysical and photochemical properties. These molecules were subsequently used as

novel functional materials as photo-stable laser dyes, anti-cancer PDT agents, and nano-

rectifiers/ memory devices.
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1.1. Preamble

Despite existing for almost a century, fluorescent dyes continue to attract the attention of
scientists from an ever flourishing multidisciplinary arena. Recent developments in the field of
personal diagnostics and in the area of organic electroluminescent devices have boosted interest
in the development of next-generation emissive dyes. Countless classes of highly fluorescent
organic compounds are now known, but the difluoro-boraindacene family (4,4-difluoro-4-borata-
3a-azonia-4a-aza-s-indacene, abbreviated as Bodipy) has gained recognition as one of the more
versatile fluorophores. Since the potential use of these dyes as biological labels was
recognized,™? several new Bodipy dyes were designed and synthesized. Subsequently these dyes
are considered as photostable substitutes of fluorescein. The use of Bodipy as effective biological
labels has been complemented by their known propensity to function as tunable laser dyes.* In
parallel, more fundamental studies on the chemical reactivity and the photophysical properties of
the new dyes emerged. Increasing versatile use of the Bodipys as organic photo-voltaic
materials, and in emerging nanotechnological applications make the future extremely bright for
the “porphyrin’s little sisters”.
1.2.  Chemical Structures of Bodipy Dyes

The Bodipy framework consists of a dipyrromethene (PM) ligand complexed with a
disubstituted boron atom, generally a BF, moiety. The PM ligand is formed by joining of two
pyrrole units via an interpyrrolic methine bridge. Due to the complexation with BF,, the Bodipy
fluorophore can be considered as an example of a “rigidified” monomethine cyanine dye (Figure
1.2.1) with fixed planarity of the chromophoric -electron system.* The rigidity, introduced by
the boron complexation further prevents the cis-trans isomerization and interpyrrolic methine

chain-twisting, eventually leading to wunusual high fluorescence vyields from the
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dipyrrometheneboron framework, comparated to the flexible cyanine dyes. Conjugation of the -
electrons runs along the organic backbone, and can be extended further by attachment of suitable
groups onto the periphery or to one or both the pyrrole fragments. The IUPAC numbering system
for the Bodipy dyes (Figure 1.2.1) is different to that used for dipyrromethenes.” However, the

terms a-, -, and meso-positions are used in just the same way for both systems.

()
meso
¥ .- B
1 8 7/","
= X \ V4
6
2\ N\@/[Cl])\
=
3 /B\ S Th-l
F F o

Figure 1.2.1 (a) Chemical structure of the Bodipy core; (b) Molecular model of a representative
Bodipy derivative functionalized on the Bodipy backbone and meso position.

The Bodipy derivatives are strongly UV-absorbing small neutral molecules with
outstanding photophysical characteristics when compared to the classical fluorophores, such as
fluorescein and rhodamines dyes, and show fluorescence emissions in the visible region. They
have intense, nearly superimposable absorption and emission profiles (Amax between 500-545
nm), large molar absorption coefficients (~40,000 to 80,000 M™* cm™), high fluorescence
quantum yields (®f normally > 0.60), reasonably long fluorescence lifetimes (t in ~ 1 to 10 ns
range) and relatively small Stokes’ shift (~10 nm). The absorption spectra, recorded in solution
or plastic films exhibit intense transitions that correspond to the So—S; process, together with
clear vibrational fine structures, and a more modest set of transitions owing to the Sy—S;
process. Both transitions usually show vibrational fine structures ranging from 1200 to 1400

cm?, typical of the molecular C=C framework of the Bodipy core. Owing to the strong
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absorption transitions, the radiative rate constants of the Bodipys are usually quite high (ca. 10°
s™1). Phosphorescence is generally a rare phenomenon with these dyes, due to negligible triplet
energy state and a slow rate of intersystem crossing (ISC), except for some diiodo Bodipys
where ISC is promoted due to the heavy-atom effect.® In addition, a Bodipy with ancillary
Ru(l1)-polypyridine complex showed triplet emission.” The Bodipy dyes have excellent thermal
stability both in solution and in solid states, good solubility in many organic solvents; are
resistant towards self-aggregation in polar solvents, and insensitive to changes in pH and solvent
polarity.

The stability of Bodipy core is partially due to the first row elements (B, N, and F), which
allow efficient orbital overlap to promote delocalisation of the m-system. Slightly polarized
heteroatoms generate various electron-rich and electron-deficient reaction sites at different
positions on the internally zwitterionic Bodipy framework that favour both nucleophilic and
electrophilic substitution reactions on the Bodipy core, and have been used for their
functionalization (vide infra).

1.3.  Synthetic Methodologies of Bodipys

Several methods for the synthesis of Bodipy have been developed since their accidental
discovery in 1968 by Treibs and Kreuzer by reaction of 2,4-dimethylpyrrole with acetic
anhydride in the presence of BF3.OEt,.% The basic route of constructing the Bodipy core
generally involves an acid-catalyzed condensation of two molecules of a 2-substituted pyrrole
with an electrophilic carbonyl compound, e. g. aldehyde, acid anhydride, and acyl chloride,
followed by oxidation and complexation with BF3.OEt,. However, the oxidation step is not

required when an acyl chloride is used as the electrophile. The synthyses using (i) pyrroles and



acid chlorides/ anhydrides or aldehydes, and (iii) from ketopyrroles are adequately discussed in
an excellent review, and brifley described below.
1.3.1. Condensation of pyrroles with acid chlorides or anhydrides

In general, synthesis of the 8-substituted Bodipy dyes (i. e., those with substituents in the
meso position) is relatively easy, and is accomplished via condensation of aromatic and aliphatic
acyl chlorides with suitable pyrroles (Scheme 1.3.1).%%%%% These conversions involve formation
of unstable dipyrromethene hydrochloride salt intermediates. Although, the intermediate salts are
easier to handle and purify as the C-substitution increases, these are not generally isolated during
the syntheses of the Bodipy dyes. In the particular case where the intermediate salt was isolated
and purified by flash chromatography, the intermediate was treated with EtsN in toluene before

adding BF3.0Et,.*

meso
4/// 4 3
R3 R® R7RS RGROR

, /= i r2_(/ N — R? _i o R // R2

R*—\_NH _N HN—/ =N___N
cl A 1
R rR' H R! R" % R
not isolated

R* = alkyl, aryl

Scheme 1.3.1 Reagents and conditions: (i) (a) R*COCI/CH,CI,/40 °C/1 h; (ii) (a) Et;N
or 'Pr,EtN/toluene/25 °C/15 min; (b) BF3OEt,/80 °C/15 min.

Besides acid chlorides, other activated carboxylic acid derivatives can also be used in this
strategy. In particular, use of acid anhydrides produces a free carboxylic acid that may be used
later to attach the probes to obtain various target molecules. One such approach using glutaric
anhydride as the condensing agent helped in subsequent attachment of cholesterol to construct

model florescent-labeled membranes (Scheme 1.3.2).%



Scheme 1.3.2 Reagents and conditions: (i) (a) BF3"OEty/reflux/5 h; (b) BF3"OEt,/Et3N/25 °C/12 h.

1.3.2. Condensation of pyrroles with aldehydes

This method, involving condensation of aromatic aldehydes with pyrroles requires an
additional oxidation step to form the dipyrromethene intermediates (Scheme 1.3.3).%° Generally
DDQ and p-chloranil are used for the oxidation. However, the oxidizing reagents can introduce
experimental complications, needing removal of the undesired byproducts. Also, use of aliphatic

aldehydes has not been reported so far in this approach.

4 4
R3 R3 R4 R3 R3 R R3 R3 R R3
: ii Z N iii Z =
2 /7 I 2 (= = 2 W r2 R, 2/ R2
R AQH >R \_NHHN_/Z R =N HN-/ /N\B,N /
R R R! R’ R’ R" ¢ - R’

Scheme 1.3.3 Reagents and conditions: (i) R*CHO/H*; (i) oxidation; (iii) base/ BF 3 OEt,.

1.3.3. From ketopyrroles

The previous two synthetic strategies are extensively used to construct symmetrically
substituted Bodipy dyes only. A slight modification of the method wherein a carbonyl-containing
pyrrole is condensed with a C2-unsubstituted pyrrole molecule is useful in the syntheses of
unsymmetrical Bodipy dyes,'® and has been used to prepare several Bodipy-based biological
labels (Scheme 1.3.4).2* An active carboxylate group can be introduced at the 8-position by
following a similar procedure. This route is useful for the preparation of reasonably large batches
of dyestuffs, although it tends to be expensive in terms of solvent wastage. In general, these

materials separate well on a chromatography column and can be purified to a high degree by
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recrystallization. The main advantage of this method is its application to incorporate diverse

substituents on the pyrrole rings.

H R8 H R? R8 Rl
N N 3 ;
RS R® - H,O = N= |
W/ O+ \ Y/ — RS // N HN_/ R2——> RS
RG R7 Rl R2 R5 RS

Scheme 1.3.4 Reagents and conditions: (i) base/ BF3 OEt,.

1.4.  Derivatization of the Bodipy Framework

Usually the Bodipy dyes have certain problems, such as small Stokes’ shifts, poor
solubility in aqueous media, and lack of functional groups for conjugation to biological
materials.** These restrict complete utilization of the Bodipy fluorophores for various biomedical
and bioanalytical applications, and warrants efficient synthetic strategies for functionalization of
the Bodipy core. To this end, the intrinsic electron-rich character of the Bodipy chromophore has
been conveniently used for its derivatization at various positions to synthesize a range of new
compounds covering the entire visible spectrum and beyond. In particular, the optoelectronic
properties of the Bodipy molecules can be fine-tuned by functionalization of the core framework
at the 8- (meso-), 2,6- and 3,5- positions, the B-center, as well as by rigidification of the Bodipy
core. Some of these are demonstrated during the present investigation, as illustrated in the
subsequent chapters.
1.4.1. Functionalization at the meso- or 8-position

Compared to the substitutions at the pyrrolic positions, the C-8 (meso)-functionalization
is usually accomplished by direct acid-catalyzed condensation of suitable pyrroles with
appropriately substituted aryl aldehydes or acyl chlorides.® The meso-substitution does not

change the spectral characteristics of the parent dye significantly due to the orthogonal geometry

8



of the meso substituent and the Bodipy fluorophore, which results in poor electronic conjugation
between the two moieties. Hence this strategy offers the most versatile method for introducing
various “functionalities” on the Bodipy core for specific application such as selective sensors of

13,14

redox active molecules,**'* metal-chelators,"> and pH probes,'® light-harvesting arrays and

biological labels®’ (Figure 1.4.1).

MeO 5

kabs =655 nm Kabs =740 nm
Figure 1.4.1 Chemical structures of some meso-substituted Bodipys.

A sub-class of the Bodipy dyes commonly known as "aza-Bodipys™ possesses a nitrogen
atom at the meso-site in place of the carbon atom.® These dyes exhibit intense absorption and
emission profiles in the 650-850 range with high molar extinction coefficient, but moderate
fluorescence quantum yields (0.23-0.36), and are insensitive to the solvent polarity. The lone pair
of electrons on the meso-nitrogen reduce the HOMO-LUMO energy gap, resulting in red shifts
in their absorption and emission maxima.'® Although the aza-Bodipy dyes are mostly important
as photodynamic therapy (PDT) agents, several chemosensors have also been made using these
compounds. For example, compound 4 show high selectivity in sensing Hg** ions.?’ The spectra
of these dyes can be easily pushed to the near-IR region by rigidifying the structure, or

incorporation of electron-donating groups as shown with compound 10.
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1.4.2. Functionalization at the 2,6-positions

The 2 and/or 6-positions of the Bodipy core are most susceptible to electrophilic attack
since they bear the least positive charge. However, electrophilic substitution reactions at the
designated positions of the Bodipys are limited only to sulfonation,?* halogenation,® nitration,?
and formylation** (Figure 1.4.2). Introduction of the sulfonate groups impart water-solubility to
the hydrophobic Bodipy core without affecting the absorption and emission maxima
significantly, while the introduction of electron withdrawing groups like nitro or halo groups
drastically decrease the fluorescence quantum yields with respect to the parent dyes. The reduced
fluorescence quantum vyields of the bromo and iodo substituted Bodipy is attributed to the
internal heavy-atom effect.® Recently, the 2,6-diiodo Bodipys have been exploited to generate a
myriad of diphenylethynyl-Bodipy oligomers as potential building blocks in the construction of
several light-emitting conjugated polymers and functional supramolecular assemblies.? It should
be noted that this approach leaves the B-F bonds unscathed; the substitution reactions occur

exclusively at the 2,6-positions, and is therefore a valuable route for selective substitution.

6E=Br;7E=1;8E=SO0sH 9

Figure 1.4.2 Chemical structures of some 2- and/or 6-substituted Bodipys.
1.4.3. Functionalization at the 3,5-positions
The higher acidity of the methyl groups at the 3,5-positions of the Bodipys is utilized for

functionalization by a base-catalyzed Knoevenagel-type condensations to generate a styryl

2a,b,24

group.
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Scheme 1.4.1 Substitutions at C-3 and C-5
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Figure 1.4.3 Chemical structures of various 3- and/or 5-substituted Bodipys.
A number of electron-donating, and recently even electron-withdrawing aromatic aldehydes have
been used to introduce different styryl moieties at the 3- and/or 5-positions, in order to bring
significant red-shifts in the absorption and emission spectra of the parent chromophore. This
method offers a convenient route for generating highly functionalized Bodipy derivatives such as
1,3,5,7-tetrastyryl Bodipys in a single step by controlling the reaction conditions.” Furthermore,
the intermediate carbenium ion can be oxidized in situ to obtain the corresponding 3-formyl
derivatives in respectable yields.?”* The novel nucleophilic addition-elimination substitution
reactions of the 3,5-dichloro-Bodipys with various O-, N-, S- and C-nucleophiles including
heterocycles and even aza-18-crown-6 ethers have been carried out under forcing condition to

obtain a variety of symmetrical and unsymmetrical Bodipys with substitution patterns that are
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difficult to realize otherwise.?®?" These synthetic strategies and the type of compounds
synthesized by these are shown in Scheme 1.4.1 and Figure 1.4.3 respectively.
1.4.4. Modification at the boron center

Murase et al. reported first compound of this kind wherein the F atom was replaced with

aryl groups using PhMgCl.?®* The organometallic approach has been further developed by

28b,c I 28d I 28e |28f
H b

Ziessel’s group” " and used to introduce aryl,”" ethynylaryl,“™ ethynyl=" and alkoxide subunits

in place of the F atoms to generate a new family of highly luminescent, redox-active and

photostable dyes called C-Bodipys, E-Bodipys and O-Bodipys, respectively (Scheme 1.4.2).

R R® R R R ORI
RALi or R*MgX
_N_ N —~N___N
N7 B
RS RS R® Ripe R?
F F R*R*
F-BODIPY R* = aryl, alkyl
4 —_— .
Rf——Li or C-BODIPY
R*ONa R*——MgX
or AICI;/R*OH

R7 R8 R1
7 R8 1
R R Y N

R T T 2 R =N__ N7 R
/N\B/N % R5 B R3
R5 O/ \O R3 // \
R R R R
R*=aryl, alkyl, H R* = aryl, alkyl, TMS (trimethylsilyl)
O-BODIPY E-BODIPY

Scheme 1.4.2 Different methods for the substitution at the boron centre.
This strategy widens the area of Bodipy compounds as the limitations such as small Stokes’ sifts
and fluorescence quenching can be overcome. Interestingly, unlike the BF,-Bodipy dyes, where
the substituent alteration can be used for tuning the absorption and fluorescence spectral profiles

over a wide range, the substituents in the E-Bodipy dyes do not affect the photophysical
12



properties. The asymmetric derivative 15 (Figure 1.4.4) is an attractive dye, as it collects
photons across most of the accessible spectral range. Several groups are currently exploring such
Bodipy-based scaffolds to construct molecular dyads, photovoltaics, electroluminescent devices,

energy transfer cassettes and supramolecular assemblies.?**?°

///
_N__ N/

~ 7

B

o / \\
%O O”O

Figure 1.4.4 Chemical structures of some B-substituted Bodipys.

1.5.  Variation of Properties by Structural Modifications
1.5.1. Spectral properties

The photophysical characteristics of the synthetically modified Bodipys vary with respect
to the number, nature, as well as the position of the attached substituents.®® Additionally, the
emission behaviour of the Bodipy fluorophore is greatly influenced by the steric interactions
between their components and intramolecular rotations of their chromophoric units.®* The
changes in the absorption/emission characteristics of the Bodipy dyes vis-a-vis the substituent
pattern is presented below.
Meso-substitution: Apart from the effect on quantum yield, substitution at the meso-site does
not significantly change the absorption and emission wavelengths of the Bodipy core. In certain
molecules, the reduction in the quantum yields results due to free rotation of the meso-

substituents. For example, compared to compound 16, its 1,7-H-analogue, 17 shows a much
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reduced quantum yield. In compound 16, the 1,7-substituents inhibit free rotation of the meso-
phenyl group, and thus, prevents the non-radiative energy loss from the excited state (Figure

1.5.1).

16:R=Me () =0.65)  18: R = Me (¢ = 0.65)
17R=H((|)=019) 19: R = n-Bu (6 =0.06) 20 (b = 0.014)

Figure 1.5.1 The effect meso- and B-substitutions on the emission of some Bodipy dyes.
F-substitution: Substitution of F atoms with alkyl groups reduces the fluorescence quantum
yield of the parent dye significantly, and the effect is more drastic with larger and bulkyl alkyl
groups (Figure 1.5.1). On the other hand, substitution with an aryl or an ethynylaryl group
augments fluorescence quantum yield. The commercially available BF,—containing Bodipy 21
(Figure 1.5.2) is widely used for laser applications. Replacement of one or both of its F atoms
with the phenyl or ethynylpyrenyl groups as in 22-24 make them highly fluorescent in solution.
Further, while the absorption and fluorescence maxima of 21 are insensitive to the solvent
polarity, the same for the B-Ar Bodipys 22-24 show small red shifts in more polar solvents. This
suggests minimium interactions of the B-aryl groups with more polar media. But most
importantly, due to the presence of the UV-absorbing aryl substituents, these compounds can be
regarded as energy transfer cassettes, especially when the B-Ar groups have good extinction
coefficients. The Bodipy system 24 absorbs in the range 230-317 nm corresponding to the 7—x

* transition of the pyrene units, and emits exclusively from the Bodipy part, ascertaining total
14



energy transfer.?®? The cascade effect of these systems is very attractive for designing advanced
optical materials because of the large virtual Stokes shifts (can also exceed 13000 cm™) of these

dyes.

= Ph, R =F (¢ = 0.90) ’O '
23: R1 :RZ:Ph ((|)=091) ’ O

24 ($ =0.94)

Figure 1.5.2 Spectral changes in the F-containing and F-replaced Bodipys.
3,5-substitution: There are opportunities to shift the emission wavelength of the Bodipy-based
fluorophore towards lower energy using different synthetic methods. A relatively facile method
involves extending the degree of m conjugation running through the central core. Thus,
introduction of electron donating substituents at the 3,5-positions of BF,-Bodipy can push the
emission wavelengths to the red region by increasing the n-electron conjugation. Thus, compared
to 25, the emission of the 3,5-diaryl substituted Bodipys 26-28 (Figure 1.5.3) are shifted to
longer wavelengths (545-626 nm), with a gradual drop in their fluorescence quantum yields from
49% to 20%.% However, in accord with the exponential energy-gap law, this is associated with a
decrease in the fluorescence quantum vyield. The distyrylboradiazaindacenes 30, synthesized
from the corresponding 3,5-dimethyl derivative showed pronounced charge-transfer character,
with much reduced fluorescence quantum vyields in polar solvents.*® Water-soluble dyes were
subsequently obtained by functionalization with oligo(ethyleneglycol) residues, which can be

used for biological applications.
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MeO OMe

CHCI3, ¢ ¢ = 0.64 CHCls, ¢ ;= 0.42

CHCI3, ¢£=0.20

CHCl,, ¢ ;= 0.38
28

Figure 1.5.3 Modified Bodipy dyes showing different spectral properties.

Figure 1.5.4 Spectral changes of the Bodipys due to substitutions at different positions.
2,6-substitution. Using the facile electrophilic reaction at their 2,6-positions, heavy atoms, such
as iodine are often attached to the Bodipy framework. Such a substitution favors intersystem
crossing to increase triplet states yields, which are otherwise very poor in the Bodipy dyes.
Although this reduced the fluorescence efficiency, the iodinated dyes such as 31 (Figure 1.5.4)
are capable of generating significant amount of O, under aerobic conditions. This property is

used in developing photodynamic agents for the treatment of cancers.® Introduction of other
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electron withdrawing groups such as NO; and SOsH at 2,6-position(s) also decreases the
fluorescence quantum yields of the Bodipys.***
1.5.2. Redox Properties

The level of substitution of Bodipy core decides their redox chemistry.*® Cyclic
voltammograms (CVs) of derivatives lacking functionalities at the 2-, 6-, and meso-positions
display irreversible oxidation and reduction, because of the high reactivity of the
electrogenerated radical ions. The process of oxidative polymerization is a specific side reaction
that leads to the irreversible redox behaviour. The redox process becomes more reversible with
the addition of substituents, very often leading to the observation of clean looking cyclic
voltammograms. In general, the removal of an electron from the Bodipy core to create the radical
cation, i. e. oxidation of Bodipy takes place around 1.0 V vs saturated Calomel electrode (SCE).
The reduction segments in the CV take place around -1.4 V vs SCE, corresponding to the radical
anion generation. This difference AE of ~2.4 eV between the first oxidation and reduction waves
is remarkably similar for most of the simple Bodipy derivatives. The well behaved
electrochemical behavior of the Bodipy compounds has been exploited by Bard et al. to
demonstrate electrochemically-generated chemiluminescence.®* In general, the instability
behavior of the oxidized Bodipys resembles that of pyrroles and thiophenes, but greater steric
protection in these compounds prevents their fast dimerization and polymerization.*®

The electrochemical behavior can qualitatively and quantitatively explain phenomena
like fluorescence quenching by photo-induced electron transfer (PET), aggregation-induced
emission (AIE), and metal ion sensing behaviors of the Bodipys, attached to ligands, such as

crown ethers. Of late, the azabodipys have aroused specific interest for biological applications
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for their efficient far-red and near-IR fluorescence. Like the cyanine framework, the nitrogen
lone pair of electrons at the 8-position reduce the HOMO-LUMO energy gap.
1.6.  Various applications of BODIPY dyes
1.6.1. Laser dyes
The Bodipys dyes are very useful for laser applications since they have low ISC rates and

low triplet excitation coefficients over the entire laser spectral region, &3’

and often possess a
triplet-triplet absorption coefficient about one-fifth that of the rhodamine dyes.®® Some of the
Bodipys dyes outperform the widely used laser dye, rhodamine 6G (Rh6G), considered as the
benchmark in lasing efficiency and photochemical stability. Boyer and Pavlopoulos are the
pioneers in exploring the lasing properties of the Bodipys dyes.® Various Bodipys dyes have been
synthesized by changing the substituents in 2, 6 and 8-positions (Figure 1.6.1). Among these, the
dyes 21 (PM567) and 32 (PM597) are commercially available, and extensively used for tunable
dye laser applications. The reported efficiencies of some the dyes compared to the dye 34 are
shown in Table 1.6.1. The popularity of the dye 32 is primarily due to its uncharacteristically
high Stokes’ shift (30-38 nm) that drastically reduces self absorption to enhance the lasing
efficiencies.*

Despite several advantages, there are two major limitations of the Bodipy dyes viz. small
Stokes’ shifts and photochemical instability that need to be overcome for their wider application
as laser dyes. The former reduces the lasing efficiency of the dyes due to the ground state
absorption (GSA). The problem has been partially resolved by incorporating simple or bicyclic
rigid aryl substituents at the C-3 center or the boron atom of the Bodipy moiety.?****° However,

the photochemical degradation continues to be a hurdle in the long-term operation of the Bodipy

-based liquid dye lasers, especially for high power and high-repetition rate operation.**
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32.X=tBu,Y=Me;33.X=Y =H; 34. X=H, Y = CHs;
35.X=H, Y = C,Hg; 36. X = Y = CHg; 37. X = CO,C,Hs, Y = C,Hs;
38. X = NO,, Y = CHa; 39. X = Br, Y = CH,

Figure 1.6.1 Various analogues of Bodipy dyes.

Table 1.6.1: Photophysical properties of the Bodipy Dyes!”

No Amax (NM)  Loge  Ag(nm) ) Mas (M) RE (%)™
33 505 4.92 516 0.80 533 30

34 493 4.90 519 0.99 542 100

35 495 4.99 517 1.00 546 90

36 518 4.67 543 0.70!! 570 75

21 517 4.81 546 0.83! 570 100

37 493° 4.97 531 0.38! 556 50

38 493 4.62 533 La] La] Lo]

39 516° 4.81 546° 0.45

[{IMeOH was used as the solvent unless mentioned otherwise. P'Relative Efficiency (RE) in
laser power output, compared to that of 34 assigned as 100.%* [n EtOH. A . = 495 nm (log E
5.26).*2lIn 109% CH,Cl, in MeOH. MIn CH,Cl,. ®Unreproducible data due to photoinstability.

The photo-degradation of the Bodipys is believed to be due to their reaction at the C-8
olefin moiety with singlet oxygen (*O,), generated from their triplet states during photo-
excitation (Scheme 1.6.1).* Prevention of the dye decomposition with a triplet quencher like
benzoquinone as well as trace amounts (1 wt% doping level) of O, quenchers, such as 1,4-
diazobicyclo[2.2.2]octane (DABCO), bis(3,3,5,5-tetramethylpiperidin-4-yl)decanedioate

(Tin770), and N-tert-butyl-a-phenylnitrone (TBP) supported the proposed mechanism.
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Especially the highest efficacy of the *O,-quencher, DABCO, amongst the additives strongly
suggested O, as the major causative agent for the dye decomposition. The modest effect of
changing solvents (EtOH vs MeCN) can be attributed to the longer lifetime (30 ps) of *O; in
MeCN as opposed to that (10 ps) in EtOH.*®® Some solid-state dye laser materials containing
dispersed Bodipy dyes, developed with the primary aim of improving the laser energy output
also showed better photostability compared to the liquid dye lasers.** Possibly, polymerization of
the suitable monomer containing the dispersed dyes provides the polymeric solid matrix free of
oxygen to increase the photochemical half-lives of dyes.
Dye (So)+hv.  ——>  'Dye(S;) —> °Dye (Ty)

Dye(T)+°0, ____, Dye(So) + '0,('Ag)

0, (D) +Q =——== 0, (A)—Q —— Products

'

[0, CEg— Q]—— 0, (Ey) + Q]

1,2 addition of 0,

R RO R
0 o
~ N S \ ~ "\
—
\ NS N~ N\ _N_©_ N \_N_&_ N
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Scheme 1.6.1 Mechanism of photochemical decomposition of the Bodipy dyes.
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1.6.2. Energy cassette

Optimum usage of the organic dyes, including the Bodipy molecules in flow cytometry
and fluorescence microscopy is impeded due to their small Stokes’ shift.?***> Covalent
attachment of an ancillary light absorber to the Bodipy core to form a cassette provides an
opportunity to overcome this problem. The aim is to channel all the photons absorbed by the
secondary chromophore, usually an aromatic polycycle, to the Bodipy emitter. Thus, there is a
large inequality in excitation and emission wavelengths, and the full benefits of the Bodipy
emitter are retained.®**® An important feature of these systems is that the two chromophores
remain electronically isolated because of the orthogonal arrangement around the attaching sites.
The structure of the dual-dye system is the determining factor for the rate of energy transfer,
which decreases with increasing center-to-center separation, in line with a dipole—dipole transfer
mechanism. The overall energy-transfer efficiency exceeds 90%, even in the most extended
system.“ A number of BF,-Bodipys 40-43, bonded with secondary polycycle chromophore e. g.,
anthracene or pyrene as ancillary light absorbers has been developed (Figure 1.6.2).°* In
another type of dual chromophore dyes such as compounds 14 and 15, or the aromatic polycycles
(pyrene, perylene), or a mixture of both are attached to the B-atom. Although the absorption

spectral profiles contain important contributions from each of the subunits, fluorescence occurs

exclusively from the Bodipy fragment.*’
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Figure 1.6.2 Examples of BF,-Bodipys attached to some ancillary light absorbers.
1.6.3. Biological applications

Due to their excellent physicochemical properties and low dark toxicities, *® the Bodipy
dyes are among the most promising candidates as fluorescent labels and probes. Also, these dyes
do not significantly influence the biological functions, on account of their small molecular size.
Numerous Bodipy-based fluorescent labels are widely used to target important biological
markers such as DNAs, RNAs, amino acids, lipids, dextran, and proteins.*”*® In general, for
effective bio-conjugation, the Bodipy-based probes are functionalized with reactive
ligand/anchor groups (such as carboxylic acids, sulphonic acids, polyethylene glycol,
polysaccharides and oligonucleotides) at the terminus.*’

More recently, some Bodipy derivatives have been evaluated as a totally new class of
potent PDT agents, an application more commonly associated with porphyrins and
phthalocyanines.®® To prove the possibility of spin—orbit perturbation, O’Shea and co-workers
designed three aza-Bodipys according to the following modules relying on: i) the inherent spin—
orbit coupling of the aza-Bodipy without heavy atoms; ii) intramolecular external heavy-atom

effect® in which bromine atoms are positioned on the aryl rings and not on the aza-Bodipy core,
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giving rise to moderate 'O, generation; and iii) internal heavy atom effect®” in the bromo-
substituted aza-Bodipys, yielding the 'O, efficiently (Figure 1.6.3a). Introduction of
functionalized styryl and distyryl groups with water-soluble moieties, such as PEG-ylated
structures enhanced biocompatibility, hydrophilicity and cellular uptake. Based on these
concepts, a few aza-Bodipy 44-46 and styryl/distyryl Bodipy 47-49 photosensitizers (PSs)
(Figure 1.6.3b) have been developed, and some of the water-soluble and symmetrical distyryl
Bodipy showed the in vitro localization and photocytotoxicity.**** However, the hydrophobic
nature of Bodipy core restricts their application in biological labelling. On the other hand, a high
water-solubility, required for the biological applications often leads to the aggregation and self-
quenching of these dyes. These warrant design of the Bodipys with proper balance in their
hydrophobicity and hydrophilicity for their use as biolabel and as PDT agents.

(b) X

47: X =R, = O(CH,CH,0)CHs
Y =Br, R, = H
48: X = Br, R, = H
Y = Ry = O(CH,CH,0)CHj
49: X = R, = O(CH,CH,0)CH3
Y= R2 = O(CH2CH20)CH3

46: X, = H, X, = Br

Figure 1.6.3 Some Bodipy photosensitizers (a) aza-Bodipys; (b) distyryl-Bodipys.
1.6.4. Use in microelectronics

The redox property of the Bodipys coupled with the unique combination of their facile
synthesis, high absorption coefficient, and high photoluminescence efficiency make them
attractive molecules for application in optoelectronics. The reversible (amphoteric) redox

behavior of the Bodipy molecules makes them suitable as electron donors as well as acceptors. In
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particular, due to the presence of a tetrahedral boron atom in the structure, the Bodipys can
provide the platform for developing isotropic active materials for (opto)electronic devices and
solar cells. Indeed, the Bodipy derivatives have been recently employed as p-type donor
materials in conjunction with methanofullerene ~phenyl C61-butyric acid methyl ester (PCBM)
as acceptors in bulk heterojunction (BHJ) solar cells.>* The introduction of one or two styryl
units in the Bodipy structure permits modulation of the HOMO-LUMO gap, while the solubility
and film-forming properties of the molecules are brought by the oligooxyethylene chains.
Thayumanavan et al. used the Sonogashira polymerization technique to synthesize novel
n-conjugated copolymers incorporating Bodipy core as the “donor” and quinoxaline (Qx), 2,1,3-
benzothiadiazole (BzT), N,N’-di(2’-ethyl)hexyl-3,4,7,8-naphthalenetetracarboxylic diimide
(NDI), and N,N’-di(2’-ethyl)hexyl-3,4,9,10-perylene tetracarboxylic diimide (PDI) as the
acceptors (Figure 1.6.4). The charge transport measurements of the polymers indicated that the
Qx, and BzT-conjugated Bodipy polymers act as p-type semiconductors, while the PDI and NDI-
conjugated Bodipy polymers function as n-type semiconductors, and the switch between p-type

and n-type can be accomplished by a choice of suitable comonomers.*”

Bodipy-alt-NDI 53

o)
\ /

50 R! = H, R?=CH=CC¢H,-O(CH,0),Me
51 R = R?= CH=CC¢H,-O(CH,0),Me

Figure 1.6.4 Chemical structures of some Bodipy-based BHJ solar cells.
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1.7.  Conclusion and Rationale of the Present Work
From the foregoing, the adaptability of the Bodipy molecules for various synthetic
transformations in developing a diverse array of novel functional molecules is evident. It is now
possible to produce derivatives having attachments placed at the meso, pyrrole, or boron sites of
the Bodipy moiety, each providing distinct advantages for this purpose. The meso-site favors
orthogonal geometries for the attached aromatic residues, which can minimize electronic
coupling. Substitutions at the pyrrole sites allow coplanar geometries that maximize electronic
communication between the subunits, while that at the boron center provides free rotation
without any electronic coupling. Thus, the same appendage can exert different properties
according to the site of its attachment.
Against the above backdrop, the objectives of the present work can be broadly classified
as the following
()  formulation of some Bodipy dyes with improved photo-stability, evaluation of their
lasing performance as well as photo-stability under lasing conditions, and mechanistic
rationalization of the results by theoretical calculations and triplet state studies;
(i)  development of red Bodipy dyes, preferably with good water solubility for their
biological and other applications;
(iii)  development of new Bodipy chemistry for regioselective functionalization, especially at
the meso-position; and
(iv)  exploration of their redox property for molecular electronics applications.
The results of these studies are discussed in Chapters-2-5, while the bibliography is listed
in Chapter-6. Initially the work was focused on improving the photostability of the Bodipy dyes

without compromising their lasing abilities. To this end, several new efficient Bodipy laser dyes
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were rationally designed, synthesized, and their lasing property as well as photostability
assessed. These, together with mechanistic rationalization of the results constitute the Chapter 2.

In the next part (Chapter-3), the study was extended towards development of new Bodipy
chemistry for regioselective Knoevenagel condensation with aromatic aldehydes for introducing
stryryl-moieties at the pyrrole rings and/ or meso-position. The Knoevenagel condensation,
carried out at the pyrrole rings was used for extending the n-conjugation of the Bodipy core for
an easy access to some red Bodipy dyes. Most interestingly, a novel concept of steric strain
release (SSR) was invoked to override the relative acidity factor of the C-3, C-7, and meso-
methyl protons to direct the Knoevenagel condensation exclusively at the meso-methyl group.
Further, fine tuning of the meso-functionalization protocol was achieved by increasing the
electrophilicity of the aromatic aldehydes. The SSR hypothesis and the reaction mechanism were
unequivocally proved by single crystal X-ray analyses of the parent and product Bodipys as well
as the intermediate of the reaction.

Extending the studies towards biological applications some Bodipy-O-glycosides were
developed by attaching glucose moiety to the Bodipy molecules. All the compounds showed in
vitro toxicity to the human lung cancer A549 cells and the toxicity of few compounds could be
attributed to their ability to cross cell surface and accumulate in the cytoplasm (Chapter-4).
Finally, the study was extended towards development of new Bodipy based organic material for
nanoelectronics (Chapter-5). The required novel materials were constructed by synthesizing a
(o—m) system comprising of an alkyl spacer (c-moiety) and a suitable Bodipy molecule (n-
moiety) followed by its grafting on Si wafers. Measurement of the charge transport properties of
these materials showed current rectification behavior. The rectification characteristic was

modulated to negative differential resistance (NDR) behavior by forming a supra-molecular
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assembly of another Bodipy molecule. The bilayer formation allowed the supra-molecular

assembly to undergo bias induced conformational changes, to exhibit the NDR behavior.
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CHAPTER-2

RATIONAL DESIGN AND SYNTHESIS OF SOME

PHOTSTABLE BODIPY LASER DYES
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2.1. Preamble

As discussed in the previous chapter (1.6.1) improvement of the photochemical stability
of the Bodipy dyes is a central theme in dye laser research for their commercial applications. It is
well established the photodegradation of the Bodipy dyes is primarily mediated by their reaction
with singlet oxygen (‘0.), generated in situ from the excited states of the dye
molecules.28P#22b43¢560 The methods adopted to enhance the lasing operating lifetimes of these
dyes, such as the use of deoxygenated dye solutions** or the addition of a high concentration
(ca. 100 mm) of 'O, quenchers, such as Tin770, TBP,*®® or DABCO,*®*% are practically non-
viable for the large scale operations, where large amounts (several L) of dye solutions are used.
Also, high concentrations of the O, quenchers reduce the laser efficiency by quenching the dye
fluorescence significantly.

It was anticipated that a systematic variation in the substitution pattern of the Bodipy
dyes might provide a photostable laser dye with better spectral and lasing properties. In this
regard, several efforts by structural modification such as alteration of the pyrrole rings-alkyl
substituents or incorporation of different substituents at C-8 and/or C-2 + C-6 positions of the
pyrromethene moiety have been attempted. But their long term photostability in liquid dye lasers
has neither been clearly established nor rationalized.**®® The most stable Bodipy dye, PM650
(with a C-8 CN substitution instead of the Me group of PM567, 21), reported so far is unsuitable
for lasing due to its low fluorescence yield.**® Previously incorporation of an electron-rich aryl
substituent at the C-8 (meso-) position improved the photostability of the dyes without
compromising their lasing efficiency.® For example, the photostability of the meso-(2,4,6-
trimethoxyphenyl)-substituted congener (54a, Figure 2.1.1) was twice that of 21.°°* The

substituent prevented photochemical degradation by reducing the generation of O, as well as the
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reaction probability of the dye with Oy, but had no electronic interaction with the Bodipy
chromophore.

The boron centre in the Bodipy core offers another option for substitution with no
electronic effect on the dye core because the changes in the n-electron density on the fluorine
atoms in the Sg and S; states are very low.>*® The substitution at the boron centre has been used

ft,2242% solubility and chemical stability of the Bodipy dyes.*® However,

to increase Stokes’ shi
the lasing performance of the B-substituted Bodipy dyes has not been tested so far. Presently,
two different approaches viz. substitution of the F atoms at the B-centre with an oxygenated alkyl
group as such, and in combination with incorporation of a bulky group at the meso-position were
adopted to improve the photo-stability. To this end, in this study, two B-substituted Bodipy dyes
(54b and 54c, Scheme 2.2.1.1) were synthesized, and examined for their photophysical and
lasing properties, as well as their photochemical stabilities. The results were rationalized by

analyzing their redox potentials (using cyclic voltammetry, CV), and triplet state life times and

absorption spectra (by pulse radiolysis) as well as quantum chemical calculations.
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54b: R=CHj

o 03 54c: R= 2,4,6-trimethoxyphenyl

21: R= CH3
54a: R= 2,4,6-trimethoxyphenyl
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O\
Figure 2.1.1 Chemical structures of Bodipy dyes

2.2. Studies on the B-Substituted Bodipy Dyes
2.2.1. Synthesis

The low solubility of the Bodipy dyes restricts their use especially in polar solvents like
methanol, ethanol and water. Previously, laser experiments on different B-aryl- and B-alkyl-
substituted Bodipy dyes could not be performed from this laboratory because of the poor
solubility of the dyes in these solvents. Hence, in this study the 2,5-dioxaoct-7-yne moiety was
judiciously chosen for substituting the B-fluoro atoms of the Bodipy dyes 21 and 54a.>*® Such a
replacement was envisaged to improve the solubility of the resultant dyes in polar solvents.
Previously, the Bodipy dye 54a was found to be an efficient and photochemically stable laser
dye.>® Hence, it was envisaged that a new dye possessing the structural combinations of the dyes
21 and 54a, namely substitutions at the meso position and the boron centre, might have improved
lasing performance.

For the formulation of boron substituted dyes first, the alkyne diethylene glycol
derivative 55 was synthesized by a base-catalyzed alkylation of the glycol with propargyl
bromide (Scheme 2.2.1.1).>® Appearance of a triplet at & 2.41 for the alkyne proton and a doublet

at & 4.18 for the propargylic protons confirmed the propargylation (Figures 2.2.1.1 a-b). This
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was converted to the corresponding Grignard reagent by reaction with EtMgBr and subsequently
reacted with 21 to afford the new dye 54b. The *H NMR of compound 54b showed characteristic
peak of propargylic -OCH, protons at ¢ 4.16. Appearance of a singlet at ¢ -13.4 in place of the
triplets at & 3.87 for the BF, group in the **B NMR spectrum confirmed its formation (Figures

2.2.1.2 a-band 2.2.1.3).

NaH/THF/25 °C ez
HE=C, OCH,CH,0Me
CH3OCH,CH,OH 55
. 0
0 ') l. NaNOZ/MeCOZH/
OEt |\
ii. MeCOCH,COMe/zn/ N~ “CO,Et 160°C/4h
60 °C/1 h H
56
0
_ Et i. RCHO/TFA/CH,Cl,/
{ LiAIH,/THF I\ 250C/24 h
/
N~ A45h N' ii. DDQ/4 h; Et;N/Lh
H iv. BF3.Et,0/4h
57 58

EtMgBI/Et,0/A/3 h

55

0
21/54a/60 ° C/12 h R; = CH30CH,CH,0OCH,"

54b: R = Me
54c: R = 2,4,6-Trimethoxyphenyl

Scheme 2.2.1.1 Synthesis of the compounds 54b and 54c
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Figure 2.2.1.1 The NMR spectrum of 55 (a) *H NMR, (b) **C NMR.
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Figure 2.2.1.2 The NMR spectrum of 54b (a) *H NMR, (b) **C NMR.
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Figure 2.2.1.3 "'B NMR spectrum of compound 54b

The synthesis of compound 54c started by nitrosation of ethyl acetoacetate at low
temperature with NaNO,/MeCO,H followed by in situ tandem reduction of the resultant product
with Zn-dust and condensation with acetyl acetone to furnish the pyrrole 56. Its alkaline
hydrolysis under heating directly furnished the ketone 57. This was subjected to reduction with
LiAIH, to furnish 58 via direct conversion of its CO functionality to the CH, moiety. A
trifluoroacetic acid (TFA)-catalyzed condensation of the pyrrole derivative 58 with 2,4,6-
trimethoxybenzaldehyde, followed by 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)

%2 All the intermediates and

oxidation and subsequent reaction with BF3.Et,0 furnished 54a.
compound 54a were characterized from their known *H and **C NMR spectra. Figures 2.2.1.4 a-
b show the NMR patterns of 54a.

The dye 54c was obtained by nucleophilic substitution of the F atoms of 54a with the

Grignard reagent prepared from 55 as above (Scheme 2.2.1.1). Formation of compound 54c was

also confirmed from the disappearance of the *'B NMR triplets at & 3.87 (BF,) and appearance of
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a 'B NMR singlet at & -13.2. Besides, the characteristic *H and **C NMR resonances due to the
Bodipy core and -OCH,/~OCHj5 apendages, the peaks for the alkyne—CH,—O moieties at 6 4.19

in the *H NMR and at & 90.6 in **C NMR were also observed (Figures 2.2.1.5 a-b).
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Figure 2.2.1.4 The NMR spectrum of 54a (a) *H NMR, (b) *°C NMR.
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Figure 2.2.1.5 The NMR spectrum of 54c (a) *H NMR, (b) *C NMR.
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Figure 2.2.1.6 'B NMR spectrum of compound 54c

2.2.2. Photophysical characteristics

The measured photophysical parameters (longest-wavelength absorption maxima (Aaps),
emission maxima (Aem), fluorescence quantum yields (®g), fluorescent lifetimes (z), maximum
molar absorptivities (emax) along with the calculated Stokes’ shifts (v) and the radiative (k) and
non-radiative (k) decay constants of the dyes 54a—c relative to those of the dye 21 in EtOH
solvent are presented in Table 2.2.2.1. The normalized absorption and emission spectra of the
dyes in EtOH solvent are also shown in Figure 2.2.2.1 for comparison. All the compounds
showed similar absorption spectra with features typical of the Bodipy dyes, such as strong
So—S; transitions with clear maxima (Amax) between 510 and 530 along with vibronic transitions
on the higher-energy side evident as a shoulder, and ill-defined, weak bands corresponding to the

So—S, transitions at about 420 nm.> Each dye showed small fwhm that is characteristic of the
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cyanine type of chromophores. The Syp—S; absorption band of the dye 54c was red shifted by 10

nm relative to that of the corresponding meso-methyl dye 54b.
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Figure 2.2.2.1 Normalized absorption and fluorescence spectra of dyes 21 and 54a—c in EtOH.
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Table 2.2.2.1: Photophysical parameters of the dyes 21 and 54a— in EtOH

Dye )\-abs[aj smaxlbj )\-emlcj Vv (I)ﬂldl TlEJ krlfJ knrlgj
[nm] [10*Mem-Y] [nm]  [ecm™] [ns]  [10%s"] [10%s7]
21 517 8.3 534 6160 0847 643 131 0.25
54a 528 10.4 537 3174 085 698 1.22 0.21
54b 513 8.4 529 5896 0.84 622 1.35 0.26
54c 523 9.4 533 3587 081 661 1.22 0.29

[@Error: + 0.2 nm. ™ Extinction coefficients for the corresponding Amax. \“Error: + 0.3 nm. “The

fluorescence of all the dyes was measured at the excitation wavelength 490 nm. The fluorescence

ﬁyg]aF?turn yields of 54a— are reported relative to that of 21 (®n = 0.84).% EIFluorescence lifetime.
adiative and non-radiative decay rates.

The fluorescence spectra of the dyes were almost mirror images of the respective
absorption spectra, with minimum energy loss. All the dyes were found to be highly fluorescent
(Pq >0.8) but the absorption and emission spectra of the compounds 54a and 54c were relatively
sharper and stronger compared to that of the meso-methyl dyes 21 and 54b, reflecting a
significantly higher polarizability of those dye chromophores due to the increased = electron
clouds. Also, the absorption and emission spectra of the B-substituted new dyes 54b and 54c
showed a smaller blue shift (~5 nm) compared to the corresponding parent dyes 21 and 54a. The
dye 54c had a higher ema, but smaller Stokes’ shift relative to those of 21 and 54b. The
photophysical data clearly revealed that substitution of the F-atoms at the boron centre had
insignificant effect on the spectral properties of the Bodipy chromophore. Overall, the
photophysical properties of the two new Bodipy dyes 54b and 54c appear favorable for use as

laser dyes.

2.2.3. Lasing characteristics
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The narrow-band lasing data of all the Bodipy dyes in EtOH are presented in Table
2.2.3.1 and their lasing characteristics shown in Figures 2.2.3.1 and 2.2.3.2. The narrow-band
lasing profiles of all the dyes followed an expected pattern, showing a maximum efficiency at a
particular wavelength (A.), characteristic of the dye (Figure 2.2.3.1). The maximum lasing
efficiency values () of the dyes 21 (21.8%) and 54b (20.4%) at their respective A.s (Table
2.2.3.1) revealed a marginal reduction on replacing the F-atoms at the boron atom with the 2,5-
dioxaoct-7-yne moiety. The lasing efficiency of dye 54b in the highly viscous diethylene glycol
dimethyl ether solvent was comparable to that in EtOH, when the chosen dye concentrations had
similar optical density (O. D. = 1.2) at the pump wavelength (532 nm). This suggested that the
torsional motion of the flexible 2,5-dioxaoct-7-yne moieties at the boron centre do not contribute
to the non-radiative processes for energy dissipation. Thus, the marginal loss of the lasing
efficiency of 54b compared to that of 21 may be due to its slightly higher triplet extinction
coefficient (Table 2.2.7.1). The excited S;—S, absorption process may also contribute to this,
although the excited-state absorption cross-sections for the Bodipy derivatives are very low.® It
is noteworthy that the loss of the lasing efficiency on going from the dye 21 to 54b was more
than compensated by incorporating the electron rich aryl substitution at the meso-position of the
Bodipy chromphore. Thus, consistent with the expectation, the maximum lasing efficiency of the
dye 54c (22.0%) was found to be even higher than that of 21 at their respective A S (Table
2.2.3.1). The spatial profile of the lasing output for each dye was circular at the respective

maximum lasing efficiency. This would ensure uniform propagation of the laser light over a

longer distance, which is beneficial for different types of laser applications.
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Table 2.2.3.1: Lasing characteristics of the Bodipy dyes 21 and 54a— in EtOH

Dye A ! s GSA Dy @y of 54b and
[nm] [%] [%] [10™® cm?] at A, 54c [Py of 21

21 552 21.8 24 5.1 6.0x 10" -

54b 552 20.4 21 1.1 28x10" 21

54c 546 22.0 30 10.0 21x10" 29

LlError: +1.0%.

The comparative laser slope efficiencies (Figure 2.2.3.2) of the Bodipy dyes clearly
demonstrated an enhanced laser performance of dye 54c compared to the dyes 21 and 54b,
irrespective of the pump energy. The threshold pump energy values (L+) of the dyes 54b (0.19
mJ) and 54c (0.26 mJ) are also much smaller than that of dye 21 (0.36 mJ). The laser tuning
range of 54c was similar to those of 21 and 54b, but its A, (546 nm) was blue-shifted by 6 nm
relative to those (552 nm) of 21 and 54b.

Despite these positive attributes, the maximum lasing efficiency of 54c was achieved at a
higher O. D. (1.8) than that (O. D. 0.7) with the dyes 21 and 54b. This implied that a higher
concentration of dye 54c is required for its optimum performance as a laser dye, and suggested
higher ground state absorption (GSA) of 54c at the lasing wavelength that would reduce the laser
photons. This was confirmed by the triplet states studies carried out by pulse radiolysis (PR)
experiments. Since the results of PR studies were also importane in explaining the relative

photostabilities of the Bodipy dyes, these will be discussed later.
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Figure 2.2.3.1 Narrow band lasing efficiencies of the Bodipy dyes 21, 54b and 54c in

EtOH, determined by pumping at 532 nm radiation of a Q-switched pulsed Nd-YAG laser.
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Figure 2.2.3.2 Comparative slope efficiencies of Bodipy dyes 21, 54b and 54b at their respective
ALs in EtOH solutions, determined by pumping at 532 nm radiation of a Q-switched pulsed Nd-
YAG laser.
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2.2.4. Photostability characteristics

Initially, the quantum yields of photodegradation (@,q4) of the dyes 21, 54b and 54c in air-
equilibrated EtOH solutions were measured under non-lasing conditions. Consistent with the fact
that the degradation of the dyes at the olefinic site would produce non-fluorescent products,®
the longest wavelength absorption bands (So—S;) of the dye solutions did not show any shape
change, but the peak heights were reduced after photoexposure. Analyses of the absorption
intensities, from the peak area (Table 2.2.3.1, higher ®,") clearly revealed impact of the
substitutions at boron on the enhanced photostabilities of the new dyes in EtOH solution. The
meso-(2,4,6-trimethoxyphenyl) substitution increased the photostability further,>* rendering dye
54c as the most photostable of the four dyes. The increased stabilities of the dyes 54b and 54c
after irradiation at 532 nm for 4 h under non-lasing conditions were also confirmed by HPLC

analyses (Table 2.2.4.1).

Table 2.2.4.1: Quantification of photodecomposition of Bodipy dyes 21, 54b and 54c.

Dye % Photo-decomposition
21 85

54b 45

54c 35

[BThe individual dyes were irradiated under non-lasing conditions by the 532 nm output of a
pulsed Nd:YAG laser for a period of 4 h. The extents of degradation were quantified from the
integrated area of the respective HPLC chromatogram using a standard graph, prepared
separately with the individual dyes. The values are mean of three independent similar
experiments.
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Figure 2.2.4.1 Normalized profiles of the lasing efficiencies of the Bodipy dyes 21, 54b and 54c
as a function of irradiation time.

In separate experiments, the photostabilities of the dyes 21 and 54b and 54c under lasing
conditions were evaluated by assessing their respective lasing efficiencies in EtOH solution a
function of irradiation time. A time-dependent decrease in the lasing efficiencies (Figure 2.2.4.1)
was observed with all the dyes. However, the decrease was very rapid for 21 compared to that of
54b and 54c, confirming better photostabilities of the new B-substituted dyes even under lasing
conditions. Typically after exposure for 4 h, the lasing efficiencies of 54b and 54c decreased by
21 and 15%, respectively, whereas that of 21 was reduced by 36% of its initial value. Overall,
the comparative results of the lasing efficiencies and photostabilities of the Bodipy dyes (Figure
2.2.4.2) clearly showed the supremacy of the new B-substituted dyes, especially 54c over the

commercial dye 21.
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54b (Eox® = 0.95 V) was more easily oxidised than 21 (Eo° = 1.02 V) by 70 mV and the
presence of the electron-donating aryl group at the meso position further reduced the E° of dye
54c (Eox’= 0.83 V), making it more prone to oxidation than 54b by 120 mV. The above data
suggest the trend in probability of oxidation of the dyes increases in the order 21 < 54b < 54c,
which is opposite to that observed experimentally. Other factors, like the rate of reaction with
0, and the 'O, generation capacity of the dyes might play a predominant role in the relative
photostabilities of the dyes. To investigate these, we carried out theoretical calculations on the
ground and excited states of the dyes as well as 'O,, and characterised the triplet states of the

dyes by pulse radiolysis.

Dye 54c
Dye 54b

Figure 2.2.5.1 Cyclic voltammograms of the Bodipy dyes 21, 54b and 54c in CH,ClI, at room
temperature.
2.2.6. Theoretical interpretations

The ground-state (Sg) minimum- energy structures 21-R, 54b-R and 54c-R (Figure

2.2.6.1) of the Bodipy dyes 21, 54b and 54c, respectively, were optimised by carrying out DFT
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calculations. These conformers were subsequently used to study the excited-state structures and
properties of the dyes in the lowest singlet (S;) and triplet (T;) states. After characterising all the
ground-state features, the reaction course of the dyes with 'O, was investigated by placing the
0, in the proximity of the most vulnerable position, the C7'=C8 double bond, of each dye
(Figure 2.2.6.1). The transition-state (TS) structures were identified as 21-TS, 54b-TS and 54c-
TS, and the peroxides 21-P, 54b-P and 54c-P were identified as the reaction products obtained
from 21, 54b and 54c, respectively (Figure 2.2.6.1). In all the reactions, the TSs are formed by
partial cleavage of the C7'=C8 = bond and formation of the C7'-02 bond as the initial events, as
supported by the bond lengths (Table 2.2.6.1). With dye 21, the C8=C7' (1.41 A) and 0102
(1.21 A) bond lengths increase to 1.53 and 1.41 A, respectively, in the TS. The distance between
C7' and 02 (1.46 A) indicated formation of a ¢ bond between them. The C8 and O1 atoms are
too far apart (2.64 A) to form a stable bond, but gradually move closer for bond formation (bond
length = 1.51 A), furnishing the peroxide compound 21a-P. Charge density calculations further
established the mechanism. According to the calculations, in the TS, the electron density at O1 is
more than that at O2, whereas the electron density at C8 is less than that in 21a-R. This is
consistent with the proposed mechanism (Figure 2.2.6.1). After the formation of the C8-0O1
bond, O1 and O2 become electronically similar, as is evident from the charge densities on the
two atoms. However, most importantly, the model suggests a much higher (more than two-fold)
activation energy for the reaction between 'O, with 54b (5.86 kcal mol™) or 54c (5.35 kcalmol™)
than for 21 (2.45 kcal mol™) (Figure 2.2.6.2). This would make dye 1a the most vulnerable to
oxidation by singlet oxygen, which explains the observed trend in the photostabilities of the

dyes: 21 << 54b = 54c.
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Reactant Transition State Product

MeO
MeO MeO

Figure 2.2.6.1 Reaction mechanism of the Bodipy dyes 21, 54b and 54c with *O,.
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Table 2.2.6.1: Changes of bond lengths and atomic charges during the reaction of the dye 21

with *0,.

Bond length Atomic charge
Dye r (A) r (A) r (A) r (A) C-7 C-8 O-1 0-2

(C8-01) (C7-02) (C8-C7) (10-20) (au) (au) (au)  (au)

21-R - - 1.41 1.21 0.104 -0.193 - -

21-TS 2.64 1.46 1.53 1.41 0.087 -0.111 -0.430 -0.209

21-P 1.51 1.44 1.55 1.49 0.187 -0.144 -0.204 -0.193
Dye 21 Dye 54b Dye S4c¢

Potential Energy (kcal mol™)

v

P

Reaction Coordinate

Figure 2.2.6.2 Change of potential energies during the reaction of the Bodipy dyes 21, 54b and
54c with '0,.
2.2.7. Pulse radiolysis studies

The triplet states determine 1) the amount of 'O, generated by the dyes through energy

transfer to dissolved O, and also 2) the reduction in the lasing efficiency by absorbing the lasing
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photons. Hence, triplet-state studies can provide valuable information on the lasing
characteristics and photostabilities of the Bodipy dyes. Triplet state spectroscopy and the energy-
transfer processes of the dyes 21, 54b and 54c were investigated by pulse radiolysis in benzene
solutions. Radiolysis of benzene gives a high yield of the triplet state (G = 4.2/100 eV) with an
energy of 82 kcal mol™, which can generate dye triplets by energy transfer. However, owing to
the low lifetime (z = 3 ns) of the benzene triplet, a high concentration of solute is required. This
limitation can be overcome by using a triplet sensitizer such as biphenyl (Er = 65 kcal mol™)
along with the solute. The triplet states of the laser dyes 21, 54b and 54c in benzene solution
were generated by pulse radiolysis in the presence of biphenyl. Under these conditions, biphenyl
triplets are initially formed, which, in turn, transfer energy to generate the triplet states of the
Bodipy dyes. The triplet states of the dyes show absorption at 550—-750 nm. The spectra consist
of a single peak with the Amax at around 720 nm for 21 and 54b, however, the Amax (640 nm) of
the triplet species of 54c was blueshifted by 80 nm (Table 2.2.7.1). Thus, the T-T absorption
spectrum of dye 54c overlaps considerably with its fluorescence spectrum. This would increase
the reabsorption loss of the lasing photons, which explains the requirement of dye 54c to have a
higher optical density for an equivalent lasing efficiency to that of dye 21. The other noticeable
feature of the spectra is the appearance of a bleaching signal (negative signal) immediately after
the pulse. The bleaching signal obeys a first-order decay law (at low doses) at wavelengths at
which light absorption by the ground state is much higher than the transient absorption. The
triplet-state extinction coefficients at Amax and the rate constants for energy transfer from the
biphenyl triplet to the dye (ke;) and from the dye (21, 54b and 54c) to 'O, k (*Dye > O,) were
calculated from experimental data and are presented in Table 2.2.7.1. Interestingly, the value of

k Dye > 0,) decreases gradually from 21 to 54c. The values of k °Dye > O,) for the dyes
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54b and 54c are two- and four-fold less than that of 21. This suggests that relative to dye 21,
dyes 54b and 54c generated two and four times less 'O,. Thus, according to the O, generation
capacity, the stabilities of the dyes would be as follows: 21 < 54b < 54c. Taken together, the
above data reveal that despite being more prone to oxidation, dyes 54b and 54c are more
photostable than 21 due to their lower reaction rates with *O, and lower 'O, generation capacity.

Table 2.2.7.1: Triplet state data of Bodipy dyes 21, 54b and 54c.

Dye  Amax Emax ket CB.P—Dye) k *Dye—0,)
(nm) (LM™*cm™) (LM7s™h (LM7s™h

21 720 7880 4.1x10° 1.9x10°

540 720 8020 7.7 x 10° 1.0 x 10°

54¢ 640 8900 2.8 x10° 0.5 x 10°

53



2.3. Red-shifted BODIPY dyes

In this part, we aimed to design and synthesize a new series of dyes emitting in the red
spectral region for lasing application. There are few red emitting fluorescent dyes are
commercially available such as, Rhodamine dyes, Texas Red (Aem = 615 nm), Alexa 594 (Aem =
617 nm) and Alexa 663 (Aem = 647 nm) etc. But a very few red emitting dyes are available from
Bodipy class of fluorophores for lasing application. The research is aimed to shift emission of the
dyes to the red region while keeping their suitable properties for lasing application. There are
reports, to shift the emission band of green emitting dye to longer wavelengths by attaching

electron-donating groups to the Bodipy core,* by rigidifying the structure,**52

and by extending
the conjugation of the chromophore.®®®® But there are no any solid reports whether their
fluorescence emission is of utility for the generation of laser emission. Also, these structural
changes can lead to sometimes to molecules with undesired photo-physical properties. To this
end, a new red shifted Bodipy dye was synthesized by incorporating a mono-styryl group at the
C-3 position of the commercially available PM567 dye 21 followed by appending an

ethyleneglycol moiety at the B-centre and their lasing action as well as photostability were

studied. The structures of the dyes are shown in Figure 2.3.1.

Figure 2.3.1 Chemical structures of dyes 21, 60a and 61a.
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2.3.1. Synthesis

The 3-styryl substituted dye 60a was synthesized from PM567 dye 21 via the
Knoevenagel-type condensation with p-anisaldehyde in a mixture of toluene and piperidine
(Scheme 2.3.1.1). Since, 3,5-methyl protons are equally prone for the reaction leading to
formation of distyryl 60b derivative along with monostyryl derivative 60a. Therefore, to improve
the yield of monostyryl product, the effects of reaction time and aldehyde concentrations were
studied, and the results are shown in Table 2.3.1.1. Introduction of one styryl group at C-3 as in
the dye 60a reduced its solubility in EtOH. Hence its lasing efficacy could not be studied. To
overcome the problem, dye 61 was synthesized by subjecting the dye 60a for nucleophilic
substitution of the fluorine atoms by reaction with the Grignard reagent prepared from 2,5-
dioxaoct-7-yne (Scheme 2.3.1.2). The *H NMR of compound 61a showed characteristic peak of
propargylic protons at ¢ 4.10 (Figure 2.3.1.1 a-b). The Bodipy dyes with such modifications at

B-centre are known to be chemically more stable than the corresponding BF, congeners.

) 4-Methoxybenzaldehyde

-

MeCO,H/piperidine
toluene/A

Ar = 4-MeOC6H4CH
Scheme 2.3.1.1 Synthesis of compounds 60a and 60b.
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Table 2.3.1.1: Effect of concentration of corresponding aldehyde in the reaction

Sr. no. Amount Equivalent Time % Yield of 60a

of PM567 PM 567 : MeOPhCHO

1 100 mg 1:1 3h 4.3

2 100 mg 1:1 5h Degraded
3 100 mg 1:1.5 3h 7.0

4 100 mg 1:1.8 3h 14.7

5 100 mg 1:2 3h 13.1

6 100 mg 1:2.5 3h 11.9

Et

CH3()CH20H200H20E CMgBr
THF, 60 °C, 12h. o

60a

3 OMe
(0]
\

Scheme 2.3.1.2 Synthesis of compound 61
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Figure 2.3.1.1 The NMR spectrum of 61 (a) *H NMR, (b) *C NMR.
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2.3.2. Photophysical characteristics

The photophysical parameters of all the dyes are listed in Table 2.3.2.1. The shapes of the
absorption spectra of the dyes 60a, 60b and 61a were similar to that of the commercially
available dye 21 but the maxima were bathochromically shifted by 56.5 nm, 56 nm (for 60a and
61a respectively) and much higher 122 nm (for 60b) with extension of conjugation (Figure
2.3.2.1). The fluorescence spectra of the dyes were also identical throughout the series, and
entirely consistent with fluorescence from the Bodipy subunit. The spectral shifts to higher
wavelengths are a result of the extension of the delocalized electronic m-system to the styryl
group. The non-conjugating effect of substitution at B-centre was evident from the similarities of
the absorption and fluorescence spectra of the dyes 60a and 61. For compound 60a, 60b and 61
the strong absorption band centered near 350 nm can probably be assigned to the m—m*
transition of the styryl moieties and the overlapped Sy—S; (r—n*) transition band of the Bodipy

core.

(@)

1.0 21

— G0 g

0.8 4 =—©60b
0.6

0.44

Absorbance

0.24

0.0

300 350 400 450 500 550 600 650 700 750 500 550 600 650 700 750
Wavelength (hm) Wavelength (nm)

Figure 2.3.2.1 (a) Normalized absorption spectra, (b) Fluorescence spectra of dyes 21, 60a, 60b
and 61 in CH,Cl,.
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Table 2.3.2.1: Photo-physical properties and photo-degradation data in ethanol

Dye Aabs Mi Emax o1 AL Max. laser Degradation
(nm) (hm)  (M*cm™) (nm)  Efficiency n (%) Rate, (Qpa)
21 518.0 532 81x10* 084 14.0 47 6.8 x 10™

60a 574.5 592 8.0 x 10* 066 175 -- --
60b 640.0 669 9.4 x 10* 0.60° - -

61 574.0 590 95x10* 067 16.0 5 3.8 x 10™

I The fluorescence quantum yields of the dyes refer relative to that of the dye Rh101 (@7 =1 in
EtOH).

Figure 2.3.2.3 Dyes 21, 60a and 60b (i) under visible light, (ii) under UV light.

2.3.3. Lasing characteristics and photo-degradation

The comparative lasing performances of dyes 21 and 61 were studied in ethanol. The
lasing efficiencies of the dyes 21 and 61 were determined under an optically matched condition
(O. D. =0.24 at 532 nm with 1 mm cell). The lasing efficiency of dye 61 was significantly less

than that of the dye 21. This was surprising, given the fluorescence quantum yield of 61 was not
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appreciably less than that of 21. It is possible that the pumping wavelength (532 nm) was far
from the Amax (574 nm) of 61 to excite the dye efficiently. This may reduce the lasing efficiency.

However, it was gratifying to note that dye 61 was much photostable than the dye 21 (Figure

2.3.3.1).
25 1
20 B Lasing efficiency
15 @ Stability
0.5

10
0 0.0
21 61

Figure 2.3.3.1 Comparative lasing efficiency and photostability of dyes 21 and 61.
2.4. Summary

We have designed and synthesised two different congeners of the commercially available
Bodipy dye PM567 by substitution at the boron centre and/or at both the boron centre and the
meso position. The two congeners show high lasing efficiencies and increased photostability.
The better photostabilities of the boron-substituted dyes 54b and 54c have been rationalised by
theoretical calculations and pulse radiolysis studies. The substitution at the boron centre reduced
the 'O, generation capacity of the dyes and their reaction rates with *O,, enhancing the lifetimes
of these dyes under lasing conditions. These findings will be helpful for the future development
of photostable Bodipy dyes. The lasing efficiency of the new red shifted dye 61 was very less,
although its photostability was better than that of the precursor dye.

2.5. Experimental
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2.5.1. General details

Laser grade PM567 (Exciton), rhodamines 101 and 6G (Lambda Physik) were used without any
further purification. Spectroscopic and chromatographic analyses revealed their purities to be
>99%. All other chemicals and spectroscopic grade solvents were purchased from Aldrich,
Merck or Sigma, and used without any further purification. The IR spectra were recorded as thin
films with a JASCO Model A-202 FT-IR spectrophotometer. Unless otherwise mentioned, the
'H NMR (200 MHz) and *C NMR (50 MHz) spectra were recorded in CDCls with a Bruker
AC-200 instrument and the data are presented in terms of chemical shift in J (ppm), coupling
constant (J in Hz) and multiplicities. The mass spectra (70 eV) were recorded with a MD-80
Fission instrument. The electrochemical analysis was done in Autolab PGSTAT 302N
instrument. CHN analyses were carried out using Thermo Finnigan Flash EA1112 series. The
spectrophotometric analyses were carried out at 25 °C with a Jasco V-550 UV-vis
spectrophotometer and a Jasco FP 6500 spectrofluorometer using quartz cells of 1 cm path
length. All anhydrous reactions were carried out under Ar using freshly dried solvents. The
column chromatography and thin layer chromatography (TLC) were performed using column
grade silica gel (40-63 um) and silica gel-coated aluminum plates with fluorescent indicator
respectively.

2.5.2. Synthesis

4,7-Dioxaoct-1-yne (55). To a stirred suspension of NaH (0.288 g, 12.0 mmol) in THF (100 mL)
was added ethyleneglycol monomethyl ether (0.760 g, 10.0 mmol) in THF (50 mL). After
stirring the mixture for 3 h, propargyl bromide (1.19 g, 10.0 mmol) was added into it and the
mixture stirred for another 12 h. The mixture was diluted with H,O (50 mL) and extracted with

CH.ClI, (50 mL). The organic layer was dried, concentrated, and the residue distilled (60 °C/ 30
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mm) to furnish 55. Yield: 0.855 g (75%); colorless liquid; IR: 2925, 2175 cm™; *H NMR: § 2.41
(t, J = 2.4 Hz, 1H), 3.38 (s, 3H), 3.52-3.59 (m, 2H), 3.64-3.73 (m, 2H), 4.18 (d, J = 2.4 Hz, 2H);
3C NMR: § 57.8, 58.3, 68.4, 71.1, 74.3, 79.2; EI-MS (m/z): 114 [M]". Anal. Calcd. for CsH100.:
C, 63.14; H, 8.83%. Found: C, 63.25; H, 8.79%.

Ethyl 4-Acetyl-3,5-dimethyl-1H-pyrrole-2-carboxylate (56). To a stirred cooled (0 °C)
solution of ethyl acetoacetate (4.9 g, 0.038 mol) in acetic acid (10 mL) was added a cold solution
of NaNO; (2.8 g, 0.041 mol) in H,O (10 mL). After stirring the mixture for 24 h at 25 °C, acetyl
acetone (3.8 g, 0.038 mol) and zinc dust (5.3 g) were added, and the mixture was stirred at 60 °C
for 1 h. The mixture was brought to room temperature and extracted with CHClI; (3 x 10 mL)
Concentration of the extract in vacuo followed by crystallization from CHCI; gave 56. Yield:
6.35 g (80%); white solid; mp: 142 °C (lit.** mp: 143-144 °C); IR: 3302, 1678, 1646 cm™; *H
NMR: & 1.36 (t, J = 7.1 Hz, 3H), 2.43 (s, 3H), 2.51 (s, 3H), 2.57 (s, 3H), 4.34 (g, J = 7.1 Hz,
2H), 9.41 (broad s, 1H, NH); BC NMR: § 12.5, 14.1, 14.6, 30.9, 60.2, 117.8, 123.1, 129.3, 138.9,
162.0, 195.4; MS (m/z): 209 [M]".

2,4-Dimethyl-3-acetyl-1H-pyrrole (57). A mixture of 56 (3.0 g, 0.014 mol) and KOH (1.5 g,
0.027 mol) in ethylene glycol (10 mL) was heated at 160 °C for 4 h. After cooling, the mixture
was extracted with CHCI3 (3 x 10 mL), and the extract was washed with H,O (2 x 10 mL) and
brine (1 x 5 mL) and dried. Removal of solvent gave pure 57. Yield: 1.86 g (97%); white solid;
mp: 96 °C; IR: 3300, 1680 cm™; *H NMR: & 2.26 (s, 3H), 2.43 (s, 3H), 2.50 (s, 3H), 6.36 (s, 1H),
8.52 (broad s 1H, NH); *C NMR: & 13.7, 15.2, 30.7, 115.0, 120.5, 120.7, 136.2, 195.9; MS
(m/z): 137 [M]". Anal. Calcd. for CgH1;NO: C, 70.04; H, 8.08; N, 10.21%. Found: C, 70.10; H,

8.02; N, 10.17%.
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2,4-Dimethyl-3-ethyl-1H-pyrrole (58). To a stirred suspension of LiAIH,4 (0.333 g, 8.76 mmol)
in dry THF (20 mL) was added 57 (1.0 g, 7.30 mmol) in THF (10 mL). The mixture was
refluxed for 4.5 h and brought to room temperature, and the excess hydride was decomposed
with aqueous saturated Na,SO,. The mixture was extracted with CHCI; (2 x 10 mL), and the
extract was concentrated in vacuo. The residue was subjected to column chromatography
(neutral Al,O3, hexane-EtOACc) to furnish 58. Yield: 0.673 g (75%); brown liquid; IR: 3377,
1689, 1644 cm™; *H NMR: & 1.23 (t, J = 7.4 Hz, 3H), 2.18 (s, 3H), 2.28 (s, 3H), 2.54 (q, J = 7.4
Hz, 2H), 6.48 (s, 1H), 7.51 (broad s, 1H, NH); *C NMR: § 10.1, 10.9, 15.5, 17.3, 112.8, 117.4,
120.1, 123.1; MS (m/z): 123 [M]".
2,6-Diethyl-4,4-difluoro-1,3,5,7-tetramethyl-8-(2°,4°,6’-trimethoxyphenyl)-4-bora-3a,4a-
diaza-s-indecene (54a). A mixture of 58 (0.450 g, 3.7 mmol), 2,4,6-trimethoxybenzaldehyde
(0.363 g, 1.85 mmol) and TFA (0.012 g, 0.10 mmol) in CH,CI, (20 mL) was stirred at room
temperature for 24 h. DDQ (0.420 mg, 1.85 mmol) was added to the resulting deep-red solution
and stirring continued for 4 h. The mixture was treated with EtsN (0.5 mL), stirred for another h,
BF;.Et,0 (0.762 mL, 4.6 mmol) was added in portions over 4 h and stirred at room temperature
overnight. The resulting dark mixture was washed successively with aqueous saturated NaHCO3
(2 x 10 mL), H,O (2 x 10 mL) and brine (5 mL), and dried. Removal of the solvent in vacuo
followed by column chromatography of the residue (silica gel, hexane/EtOAc) furnished 54a.
Yield: 0.19 g (22%); orange needles (hexane); mp: 157 °C; *H NMR: & 1.05 (t, J = 7.6 Hz, 6H),
1.57 (s, 6H), 2.15 (s, 6H), 2.37 (q, 4H, J) 7.6 Hz), 2.48 (s, 6H), 3.76 (s, 3H), 6.08 (s, 1H), 6.93
(s, 1H); *C NMR: 9.4, 12.5, 14.6, 17.3, 55.3, 92.9, 118.5, 131.6, 132.4, 136.6, 154.7,161.5; EI-

MS: (m/z): 470 [M]".
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General procedure of synthesis of 54b, 54c and 61a. To a solution of 2,5-dioxaoctyne (4.08
mM) in THF (10 mL) was added EtMgBr (4.08 mM, 4.08 mL 1 M in Et;0). The mixture was
heated at 60 °C for 2 h followed by addition of the suitable Bodipy dye (0.82 mM) and further
for 18 h at 60 °C. The resulted dark mixture was thoroughly washed successively with aqueous
saturated NH4,CI (1 X 20 mL), H,0 (1 x 20 mL), brine (1 x 20 mL) and dried. Removal of
solvent in vacuo followed by column chromatography of the residue (silica gel, hexane-EtOAc)
furnished the respective B-substituted dyes. 54b. Yield: 62%; red squares (benzene/hexane); mp
: 154 °C; IR: 2927, 2167 cm™; *H NMR: 6 1.00 (t, J = 7.6 Hz, 6H), 2.18 (s, 6H), 2.35 (q, J = 7.6
Hz, 4H), 2.59 (s, 3H), 2.66 (s, 6H), 3.34 (s, 6H), 3.49-3.55 (m, 4H), 3.59-3.65 (m, 4H) 4.16 (s,
4H); 3C NMR: § 13.8, 14.5, 14.9, 17.1, 17.3, 58.8, 59.5, 68.4, 71.6, 90.7, 129.9, 132.3, 134.2,
139.5, 151.5; "B NMR (96 MHz): & -13.4 (s); EI-MS (m/z): 506 [M]*; Anal. Calcd. for
C3oH43BN204:C, 71.14; H, 8.56; N, 5.53%. Found: C, 71.11; H, 8.52; N, 5.51%.

54c. Yield: 70%:; red needle (CH,Cl,/cyclohexane); mp: 149 °C; IR: 2948, 2835, 1632 cm™; 'H
NMR: & 1.01 (t, J = 7.5 Hz, 6H), 1.44 (s, 6H), 2.30 (g, J = 7.5 Hz, 4H), 2.68 (s, 6H), 3.35 (s,
6H), 3.49-3.56 (M, 4H), 3.62-3.68 (M, 10H), 3.87 (s, 3H), 4.19 (s, 4H) 6.19 (s, 2H); **C NMR: &
10.8, 13.8, 14.7, 17.3, 55.3, 55.8, 58.8, 59.7, 68.3, 71.7, 90.6, 106.2, 129.4, 131.6, 135.3, 152.2,
158.1, 162.1; "'B NMR (96 MHz): & -13.2 (s); EI-MS (m/z): 659 [M+1]", 658 [M]*; Anal. Calcd.
for C3gHs1BN2O7: C, 69.30; H, 7.80; N, 4.25%. Found: C, 70.00; H, 7.65; N, 4.44%.

61a. Yield: 60%; mp: 225 °C; IR: 2959, 1636 cm™; *H NMR (500 MHz, CDCls): & 1.05 (t, J =
7.5 Hz, 3H), 1.22 (t, J = 7.5 Hz, 3H), 2.35-2.43 (m, 8H), 2.64-2.70 (m, 8H), 3.25-3.28 (m, 10H),
3.49-3.50 (m, 4H), 3.83 (s, 3H), 4.10 (s, 4H), 6.91-6.97 (m, 3H), 7.54 (d, J = 7.0 Hz, 2H), 8.10
(d, J = 16.5 Hz, 1H); *C NMR (125 MHz): § 14.2, 14.5, 14.7, 14.9, 17.3, 17.4, 18.5, 55.3, 58.7,

59.4,68.1, 71.6,90.8, 114.2, 120.7, 128.1, 130.8, 131.0, 131.3, 131.4, 132.2, 133.3, 134.6, 135.1,
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138.9, 146.9, 153.4, 159.6. EI-MS (m/z): 625 [M+1]"; Anal. Calcd. for CsH3z1BF,N,O: C, 73.01;
H, 7.92; N, 4.29%. Found: C, 73.07; H, 7.91; N, 4.48%.
2,6-Diethyl-4,4-difluoro-3-p-methoxystyryl-1,5,7,8-tetramethyl-4-bora-3a,4a-diaza-s-
indecene 60a. A mixture of 21 (1.0 mmol), p-anisaldehyde (1.1 mmol), glacial acetic acid (0.5
mL) and piperidine (3.5 mL) was refluxed in toluene (35 mL) with simultaneous azeotropic
removal of water formed during the reaction. After the consumption of 21, H,O (100 mL) was
added into the reaction mixture, which was extracted with CHCI; (3 x 20 mL). The organic layer
was dried and concentrated in vacuo to give a residue, which on column chromatography (silica
gel, hexane-EtOAc) furnished the respective styryl derivatives. pink cuboidals
(CH.Cly/cyclohexane). Yield: 13%; mp: 235 °C; IR: 2961, 1635, 1606, 1478 cm™; *H NMR: &
1.05 (t, J = 7.5 Hz, 3H), 1.20 (t, J = 7.5 Hz, 3H), 2.32-2.47 (m, 8H), 2.53 (s, 3H), 2.57-2.74 (m,
8H), 3.83 (s, 3H), 6.87 (d, J = 8.7 Hz, 2H), 7.07 (d, J = 16.8 Hz, 1H), 7.48-7.62 (m, 3H); **C
NMR: 6 12.5, 14.0, 14.4, 14.7, 17.1, 18.3, 55.3, 114.2, 118.1, 128.4, 130.5, 132.4, 132.7, 133.1,
134.2, 136.5, 136.7, 138.8, 148.0, 153.2, 159.9. EI-MS (m/z): 437 [M+1]*, 417 [M-19]*. Anal.
Calcd. for Cy6H31BF2N,0: C, 71.57; H, 7.16; N, 6.42%. Found: C, 71.10; H, 7.21; N, 6.18%.
2.5.3. Photophysical studies

The absorption and emission spectra of the dyes (~10° M) in various solvents were
measured using a 1 cm quartz cuvette. The fluorescence quantum yields (®4) of the dyes 21, 54b
and 54c relative to that of the reference dye 21 and the molar extinction coefficients (emax) Were
determined in ethanol. The excited state (S;) lifetimes of 21, 54b and 54c in ethanol were
determined by the time-resolved fluorescence measurements, carried out using an LED based
time-correlated single-photon-counting (TCSPC) spectrometer. The fluorescence decays were

measured with a 490 nm LED (1 MHz) excitation source and a TBX4 detection module coupled
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with a special Hamamatsu PMT. The instrument response function was 1.2 ns at fwhm.
Following deconvolution analysis of the fluorescence decays, the time resolution of the present
setup was ~50 ps. All the measurements were carried out at ambient room temperature (298 + 1
K) using a microprocessor based temperature controller.
2.5.4. Lasing studies

The lasing studies of the dyes 21, 54b and 54c in ethanol were carried out using a
constructed narrow band dye laser set up, transversely pumped by the second harmonic (at 532
nm) output of a Q-switched pulsed Nd:YAG laser at a repetition rate of 10 Hz with ~7 mJ pulse
energy and 5-7 ns FWHM pulses. All laser data for the dyes in ethanol were measured using the
indigenously made dye laser set up, schematically shown in Figure 2.4.1. The dye laser was
constructed in grazing-incidence-grating configuration (with a grating of 2400 lines/mm), with a
25X 4-prisms pre-expander. The pump and dye laser powers were measured by the same power
meter (OPHIR). The tuning curve of each dye solution was obtained by scanning the wavelength
of dye laser through the gain profile of dyes and measuring the average pump and dye laser
powers with the power meter. For determining the pump laser threshold (Lt) and slope efficiency
(ns) of each dye solution, the input pump energy was varied and the lasing output of each of the

dyes at peak of respective gain curves was plotted as a function of pump energy.
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Figure 2.4.1 A schematic of the narrow band dye laser set up used for experiments.

2.5.5. Photostability studies

The quantum yield of photo-degradation (®yq4) of the dyes is defined as probability of
decomposition of the dye molecules by the absorbed pump photons. Photostability is inverse of
the ®yq value. A known quantity of dye solution (2 mL) in a dye laser cuvette was exposed to
pump energy of 4 mJ at 532 nm. The concentration of the dye solution was chosen such that the
pump beam was totally absorbed within the dye solution in the cuvette during the excitation of 4
h. The solution was stirred constantly by a teflon-coated magnetic stirrer to avoid local heating.
The number of photo-degraded dye molecules in the exposed volume of the dye solutions was
quantitatively estimated from the absorbances at the respective Amax before and after photo-
exposure for a set period of time. The reflection loss of pump beam on incident surfaces of dye
cell was considered in calculating the absorbed cumulative pump photons. The extent of photo-

degradation of the dye molecules was also determined by HPLC analyses.
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2.5.6. Electrochemical studies

Cyclic voltammetry was done at 25 °C in deoxygenated CH,Cl, containing BusNCIO4
(TBAP) (0.1 M), and a solute concentration of 1-5 x 10° M. The redox potentials were
standardized with ferrocene (Fc) as the internal reference, and converted to saturated Calomel
electrode (SCE) assuming that Ei, (Fc/Fc*) = +0.38 V SCE. The error in half-wave potentials
was 10 mV. All waves were monoelectronic.
2.5.7. Pulse radiolysis

The triplet states studies of the dyes were carried out using the nanosecond pulse
radiolysis technique.®®® The dose absorbed per pulse was determined using an aerated 0.01 mol
dm™ KSCN solution, taking the value of Ge of (SCN), as 2.59 x 10* m* J* at 475 nm.**® The
dose was kept at 15 Gray per pulse. The dye solutions (1 x 10® M) were prepared in
spectroscopy grade benzene and purged with high purity N, to remove dissolved oxygen. The
pulse radiolysis experiments were carried out using biphenyl (5 x 10 M) as the triplet sensitizer.
Formation of the dye triplets and their extinction coefficients were determined by energy transfer
from the biphenyl triplet to the dyes. For studying the reactions of the dyes at triplet state with
0,, the experiments were carried using a high concentration of the dye (5 x 10° M) in the
absence of a triplet sensitizer. The decay of the triplet states of the dyes were monitored at their
respective Amax. Concentration of oxygen in solutions was adjusted by mixing appropriate
volumes of nitrogen purged dye solutions in benzene with aerated dye solutions in benzene.
2.5.8. Theoretical calculations

The minimum-energy structures of all the Bodipy dyes (21, 54b and 54c) in the ground
state (So) were established by applying a correlated hybrid density function (B3LYP) using a

Dunningtype correlation consistent atomic basis set (cc-pVDZ) for all the atoms. The quasi-
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Newton—Raphson-based algorithm was used to carry out geometry optimisation on each of the
dyes with various possible conformers as the initial structures. Time-dependent density
functional theory (TDDFT) was used with the B3LYP density function to study the excited- state
structures and the properties of the dyes in the lowest singlet (S;) and triplet states (T;) with the
most stable ground-state (So) conformer as the starting structure. The same atomic basis set, cc-
pVDZ, was used for all the excited-state calculations. The minimum-energy structures of these
dyes taking the effect of medium into account were calculated by using the PCM model of
macroscopic solvation. Excited state calculations were also carried out on these solvent-modified
geometries to determine the effect of solvent by using TDDFT (B3LYP) coupled with the PCM
solvent model. The minimum-energy structures of the transition states (TS) and products for the
reaction of *O, and the dyes were calculated by applying the GAMESS suite of program for ab
initio electronic structure calculations.™* The calculated TS structures were confirmed by Hessian
calculations having only one imaginary frequency. Single point energy calculations were also
carried out with long-range corrections added to B3LYP functional adopting a smaller size basis

function (6-31G**) and the reaction barriers were observed to be in the same order.
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CHAPTER-3

MESO-FUNCTIONALIZATION OF BODIPY MOLECULES
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3.1. Preamble

The Bodipy-BF, compounds have not only gained recognition for their laser applications
but are also valued for making opto-electronic devices.*®®” Functionalization of the Bodipy core
is an important synthetic goal as it helps in tuning their property to light- and electron transfer-
induced processes, improving hydrophilicity, and anchoring to various matrices. All these widen
the scope of their applications. Most of the previous research, directed to this end were targeted
to functionalize the pyrrole moieties of the Bodipy core by (i) halogenation followed by

organometallic coupling to introduce alkene/alkyne/arene substitutions;***®% i) direct

neucleophilic substitution;?*?%¢% and (iii) de novo syntheses of the Bodipy core from modified
pyrroles.***® However, substitution at the pyrrole moiety may bring about undesirable changes in
the physical properties, affecting the targeted function adversely. For example, presence of
electron-donating groups in the pyrrole ring would reduce the fluorescence quantum yields of the
Bodipy molecules especially in polar solvents.®

Instead, meso-functionalization of the Bodipy moiety with alkyl/arylalkyl moiety would
provide new Bodipy-based functional molecules without perturbing the photo-electronic
properties. Presence of sp/sp’-hybridized carbon at the meso-position adversly affects the
fluorescence and lasing efficiency of the Bodipy molecules.*”>*** Earlier, Liebeskind-Srogl
cross-coupling of 8-thiomethylbodipy with various boronic acids has been used for meso-
functionalization of the Bodipy moiety.”’ However, this requires reagents that are expensive and/
or have to be synthesized by multi-step routes. Direct synthesis of these types of Bodipy
molecules via the condensation of substituted pyrroles with aliphatic aldehydes/acid chlorides

has inherent limitations due to the instability of the required acid chlorides, and non-reactivity of

the aldehydes. ' 1%°"
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3.2. Meso-Substituted Bodipy Dyes

The commercially available Bodipy dyes, PM567 (21) and PM597 (32) (Figure 3.2.1)
contain CHj substitutions at the pyrrole rings and at the C-8 (meso-) position. Mulliken-charge
analysis of the 1,3,5,7,8-pentamethyl Bodipy dye showed that the electron density on the core
carbon atoms follows the order: C-8> C-1/7> C-3/5. Thus, the CH; groups at those positions can
undergo the base-catalyzed Knoevenagel-type condensation with various aryl aldehydes
according to their realtive acidities C-3/C-5> C-2/C-7> C-8. This strategy provides a simpler
avenue for functionalization of the Bodipy moiety, and has been exploited extensively to develop

1 1 .
33358616371 11 a1 these studies,

C-3/C-5 styryl Bodipy derivatives with red-shifted fluorescence.
the chosen Bodipy substrates had an aryl substituent at the meso-position, ensuring the reaction
to proceed regioselectively at the C-3 and C-5 methyl groups. More recently, syntheses of tri-
and tetrastyryl Bodipys by this route are also reported under specific conditions.?”*> However,
this strategy has never been used for meso-functionalization. In the present studies, a

conceptually new strategy is developed to drive the reaction selectively at the meso-position. The

rationalle of the synthetic design and the efficacy of the protocol is described in this chapter.

\ = .
=
S = |::> Re—\ | DR, 21 R' = Me, R? = Et
Ra—4\ Ry N.__N 1 5
Nog N3 _ ’BW= 32 R*=Me, R“=t-Bu
FF £ 33R!=H,R2=H

Figure 3.2.1 (a) Meso-substitution, (b) Chemical structures of the Bodipy dyes

73



3.2.1. Synthesis

As mentioned previously, the acidity factor of the Me groups of the Bodipy compounds
21 and 32 predicts that their Knoevenagel-type condensation with aldehydes would take place at
those Me groups, attached to the pyrrole rings. Our previous conformational analysis revealed
that in the planer form of 21, the van der Waals radii of even the hydrogen atoms of the C-1/ C-7
and the meso-Me groups can overlap. This makes the meso-site spatially crowded to force the
Me group out of the Bodipy plane. As a result, the highly twisted meso-substituents are largely
decoupled from the Bodipy core.” Consistent with this, Costela et al. showed that compound 33,
the meso-H analogue of 21 is planner.”**® It was envisaged that a Knoevenagel-type
condensation of the Bodipy molecules at the meso-Me groups of the dyes 21 and 33 would
alleviate such an unfavourable steric interaction. Thus, the release of steric strain may drive the
condensation selectively at the meso-position, overriding the least acidity of the meso-methyl
protons. In this study, we proved the hypothesis by selective meso-functionalization of the
Bodipy dyes 21 and 32 using readily available and inexpensive reagents (Scheme 3.2.1.1). To
this end, the steric and acidity factors were separately addressed, and discussed below.
3.2.1.1. Steric factor

33 the condensation between 32 and 62a was

Initially, following a known procedure,
carried out in the presence of piperidine and AcOH. The dye 32 is highly twisted due to a strong
co-axial steric repulsion between the 2- (and 6-) tert-butyl and other methyl groups at the pyrrole
moieties. The steric distortion in 32 is even more in the excited state, resulting in an
uncharacteristically high stokes shift (~1350 cm™), compared to other Bodipy dyes.”® Hence, its

condensation was expected to take place regio-selectively at the meso-position to reduce the

steric strain. True to our expectation, the reaction proceeded uneventfully to furnish compound
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63a, the meso-styryl analogue of 32 as the single product within 30 min. Due to its C,-symmetry,
the 'H NMR spectrum of 63a was much simpler, and also showed disappearance of the singlet
for the C-8 methyl protons of 32 along with the appearance of an one-proton olefinic doublets at
d 6.51 (J = 16.3 Hz) as well as resonances at 6 6.92-7.02 (3H) and & 7.41 (3H) for the other
olefinic and four aryl protons, confirming the formation of vinyl bond at the meso-site (Figure
3.2.1.2 a). Appearance of the triplet at  1.13 in the "'B NMR spectrum also confirmed that F-
atoms were retained in the product (Figure 3.2.1.2 b). Earlier, condensation of 21 with
benzaldehyde, under similar conditions furnished the 3-styryl derivative in a very low yield
(<3%) along with a large number of unidentified products.”® Thus, the present result with 32
indicated steric factor as the major driving force for the regioslelectivity of the reaction, which
was also confirmed by analyzing the X-ray crystal structure of 63a (Figure 3.2.1.3). The degree
of steric relaxation in forming 63a was evident from dihedral angle between the two pyrrole
units (C4-C5-C6-C3) and the torsion angles of the pyrrole rings (C1-C2-C3-C4 and C6-C7-C8-
C9) in 32 and 63a. The crystallographic data revealed that the torsion angles of the pyrrole rings
and the C4-C5-C6-C3 dihedral angle of 63a was significantly less than those viz. 3.8° and 172.8°
respectively of 32.” These suggested that the Bodipy chromophore of 63a was comparatively
more planner than that in 32. With these encouraging results, the synthetic strategy was extended
for the condensation of 32 with 62b as well as 62¢ to obtain the meso-styryl Bodipy compounds

63b and 63c respectively. The results are shown in Table 3.2.1.1.
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R1

Piperidine/AcOH
21/32 + -
Toluene/A
R2

CHO
62a-d

Scheme 3.2.1.1 Synthesis of the compounds 63a-f.  Figure 3.2.1.1 X-ray crystal structure of 63a

Table 3.2.1.1: Synthesis of compounds 63a-f.

Bodipy Aldehyde, R* Product, R*, R % yield™
32 62a, OMe 63a, OMe, t-Bu 65

32 62b, OH 63b, OH, t-Bu 50

32 62¢, NO, 63c, NO,, t-Bu 67

21 62a, OMe 63d, OMe, Et 10t

21 62¢, NO, 63e, NO,, Et 55

21 62d, Br 63f, Br, Et 61

[@hased on isolation; 3% 3-styryl analogue was also isolated.
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Figure 3.2.1.2 The NMR spectrum of 63a (a) *H NMR, (b) !B NMR.
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3.2.1.2. Acidity factor

To address the acidity issue, the condensation between the dye 21 and 62a, under the
same conditions was attempted. Unlike the dye 32 that has two bulky tert-Bu groups at C-2/ C-6,
the dye 21 contains the much smaller Me groups at those positions. Hence its meso-position is
sterically less crowded, and the acidity factor was expected to contribute to the reaction course.
True to the hypothesis, the reaction afforded the meso-styryl (63d) and C-3 styryl (63d")
analogues of 21 in 10% and 13% yields respectively as the major isolated compounds along with
some unanalyzed products (possibly poly-styryl and degradation products) (Scheme 3.2.1.2).
Nevertheless, the formation of the compound 63d supported the steric factor hypothesis.
Formation of compound 63d was confirmed from the *H NMR and *'B NMR spectra (Figures
3.2.1.3 a-b). The main diagnostic features of the *H NMR spectrum (Figure 3.2.1.4) of 63d"
were the appearances of two triplets and two quartets for the —-CH3 and —CH protons of the ethyl
groups, consistent with its lack of the C,-symmetry unlike compound 63d. Based on the
available X-ray crystallography data, the torsion angle (0.8°) of the pyrrole rings in 21 is known
to be much less than that in 32.”° Hence, the release of steric strain on condensation at the meso-

position of the dye 21 will be less than that with 32, explaining the distribution of the products.

OMe

OMe
Piperidine/AcOH

B —

Toluene/A

CHO
62a

OMe

Scheme 3.2.1.2 Synthesis of the compounds 63d and 63d’.
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Figure 3.2.1.4 *H NMR spectrum of compound 63d"

It was reasoned that use of more electrophilic aldehydes might negate the acidity factor of
the meso and pyrrole Me protons to direct the condensation at the meso-position even with the
less strained molecule 21. To confirm this, compound 21 was subjected to condensation with
62c. The reaction was slow and attained an equilibrium at 4 h to furnish the meso-styryl analogue
63e along with the recovered dye 21 (40%). Formation of the C-3 and/or C-5 styryl derivatives
was not noticed, despite the higher acidities of the designated Me protons. This also established
that relaxation of steric strain was the major determinant of the reaction. The reaction proceeded
through the intermediacy of a pink colored stable product that could be isolated (30% yield at 2
h) and characterized as 64 by spectroscopy, CHN analysis and X-ray crystallography (Figure
3.2.1.5). To the best of our knowledge, this is the first report of isolation and characterization of
the intermediate in a Knovenagel type condensation with the Bodipy dyes. The intermediacy of

compound 64 in the reaction was confirmed by its conversion to 63e along with some amount of
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21 on heating in the presence of piperidine and AcOH. The partial recovery of 21 also explained
the sluggishness of the reaction and lesser yield due to the attainment of an equilibrium. The

mechaism of the formation of 63e can be represented as shown in Scheme 3.2.1.3.

NO,

Scheme 3.2.1.3 Mechanism of formation of 63e

The *H NMR showed three multiplates between & 3.18-3.73 ppm related with the C-8
protons (—CH,, —CH). The twelve protons multiplets at & 2.37-2.48 in its *H NMR spectrum
(Figure 3.2.1.7) corresponded to the five —CH, groups of piperidine ring and two protons of —
CH; group of pyrrole at C-2 position. Its LCMS molecular ion peak [M*] at m/e 536.3 and the
fragment peaks at m/z 452.2, 219.1 and 173.12 etc. further established the formation of
compound 64. In a similar manner, the styryl derivative 63f could also be synthesized in 61%

yield (Table 3.2.1.1) by condensing the dye 21 with 62d.
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65 Ar = p-OMeC6H4

66 Ar! = p-NO,C¢H,, Ar> = p-MeOCgH,

(I) H2/10% Pd-C/CHzC'z-EtOH. II) a. p-OMeC6H4(CHg)2CHO /TFA/CH2C|2/25 OC/l h; b.
DDQ/4 h; c. EtzN/1 h; d. BF3.Et,0 /25°C/ 4 h. iii) 9a/piperidine/ AcOH/Toluene/A.

Scheme 3.2.1.4 Synthesis of the compounds 65 and 66.

3.2.1.3. Applications

To illustrate the utility of the new meso-functionalization method, a few new Bodipy
compounds were synthesized (Scheme 3.2.1.4) using some of the above meso-styryl Bodipy
compounds. For example, the highly fluorescent dye 65 was synthesized by catalytic
hydrogenation of 63d that showed a very weak fluorescence (vide infra). The *H NMR spectrum
of 65 showed two new multiplets at 6 2.84-2.93 and 3.27-3.36, each accounting for two protons
for the vinylic and benzylic CH, groups in place of the olefenic resonances, confirming its
formation (Figure 3.2.1.8). It is worth mentioning that compound 65 could not be synthesized
via the conventional route of condensing  kryptopyrrole  (58)  with p-
methoxydihydrocinnamaldehyde, due to low reactivity of the arylalkyl aldehydes.*®

The polystyryl Bodipys are useful functional molecules. Previously, Akkaya et al.

synthesized a tetrastyryl Bodipy (A4 system),?*

while Ziessel et al. synthesized AB, A,B, and
ABCD types of polystyryl Bodipy dyes.” In the present work, the Bodipy compound 63e was
condensed with the aldehyde 62a to furnish the 3,5,8-tristyryl substituted Bodipy dye 66,
belonging to a new AB, system of polystyryl Bodipy dye. The *H-NMR spectrum (Figure
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3.2.1.9) of 66 exhibited all the characteristic signals of the tristyryl-Bodipy unit. For example,
the eighteen-protons resonances between 6 6.74-8.29 corresponded to the three phenyl subunits
and six vinyl protons on the tristyryl arms, while the six-protons singlet at 6 2.50 due to the 3,5-

methyls disappeared.
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Figure 3.2.1.8 *H NMR spectrum of compound 65.

85



L0594} -
mga_ﬁ)l/: — E2bl o
NEN_T\. )
0ERSS f——
TEEED B~ q T
BLige—" M S
VE0SY 2~ ~— —_—
sy~ _ ey
-m
[ — H]LJ TEE6 o
-
ol 1]
]
P 9
EEV /JM £ 1
L1816 G Ty
965 9~ — ) T
02052 t—— _
16695 ¢ HWJ ~K0
80868 L—7= 1EGE I
agﬁ\
2618 L o
VIERE By e ) IF
0we62 6~
[+
——
@ ~— wanaf§

6LL' M
(TAR] —
660787 =

(TN —
10618 ==

W05 ——

285'9L
900" LL

62h° (L

992" M1
209 /

180

Figure 3.2.1.9 The NMR spectrum of compound 66 (a) *H NMR, (b) **C NMR.

86



3.2.2. Photophysical characteristics

The spectroscopic properties (Table 3.2.2.1) of all the compounds, recorded in CH,Cl;
revealed that that the meso-styryl Bodipys (63a-e) were significantly less fluorescent (®q< 0.01)
and showed reduced Stokes’ shifts, compared to the corresponding precursor Bodipys. The

results were consistent with the previous report™”

and provided direct evidence of the steric
relaxation after meso-styryl modification. Interestingly, saturation of the styryl double bond as in
63d augmented the fluorescence (®q = 0.76) significantly, offering the possibility of constructing
on/off chemical sensors. The rather large red shifts (8-13 nm) of the absorption Amax ViS-a-vis

excitation Amax Of 63a-e indicated complex excited state transition.

Table 3.2.2.1: Photophysical parameters of the dyes in CH,Cl,

Compound Aaps (NM) e (MTcm™) Aext (NM) Aq (nm) o
32 525.0 81000 531.0 556.0 0.34°
63a 533.0 59000 522.0 529.0 <0.01
63b 533.0 60000 521.0 529.0 0.01
63c 536.2 54000 524.0 532.0 <0.01
21 520.0 71000 525.0 534.0 0.79"
63d 528.5 58000 520.0 542.0 <0.01
63e 531.5 51000 518.0 532.0 <0.01
63f 529.6 61000 520.0 537.0 <0.01
63d’ 577.5 84000 581.0 593.0 0.66
64 534.2 56000 536.0 559.0 0.02
65 523.2 75000 526.0 537.0 0.72
66 666.0 89000 - - -

[BIRelative to that (0.43) in EtOH; ™Relative to that (0.84) in EtOH.
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Figure 3.2.2.1 Absorption spectra of the dyes in CH,CI,

3.2.3. Electrochemical Studies

Functional fluorescent dyes are of central importance as active components for light and
electron transfer induced processes, mainly in the field of materials science and analysis.”” A
combination of reversible electron transfer and of efficient light absorption/emission is essential
for constructing photovoltaic/photoelectrochemical devices.”® Due to their high absorption
coefficients and quantum yields of emission, the Bodipy compounds have favorable photonic
qualities.”® However, for photovoltaic applications, the radical cations and anions formed during
electron transfer need to be fairly stable. The meso-position of the indacene framework is of
crucial importance in stabilizing the radical anions. The cyclic voltammograms of some selected
Bodipy compounds (21, 63d, 63d" and 66) are shown in Figures 3.2.3.1a-d. The CV results
(Table 3.2.3.1) revealed reversible cathodic waves, assigned to the one-electron reduction of the
Bodipy units.®* Compound 63d (E,e® = -1.36 V) was easily reducible by ~220 mV than 21 (Ee°

= -1.58 V), while reduction of the tri-styryl compound 66 was even easier by ~600 mV than 21.
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These suggested better stability of the radical anions due to meso-styryl modification. However,
this alone did not alter the oxidation potential, as is reflected from the same Eq° values (1.02 V)
of 21 and 66. In case of 66, two anodic waves were observed, the first oxidation step (Eox’= 0.75
V) was assigned to the removal of one electron from the Bodipy core, while the higher potential
could be due to the oxidation of the styryl residue (Eo," = 1.23 V).%* Similarly, two anodic waves
were observed in case of 63d’ showing the oxidation of Bodipy core (E.x’ = 0.83 V) and styryl
residue (Eox’ = 1.26 V). Compound 63e (Erq’ = -1.02 V)was easily reducible by ~560 mV than
21.

Table 3.2.3.1: Electrochemical data of various compounds

Compound  Ex°/V (AE) Ered®/V (AE)
21 1.02 0.437 -1.58 0.416
63d 1.02 0.332 -1.36 0.429
63d’ 0.83,1.26 0.428 -1.43 0.410
63e 1.06 0.344 -1.02 0.379
66 0.75,1.23 0.253 -0.98 0.474
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63d’

66
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Figure 3.2.3.1 Cyclic voltammogram of the meso-methyl and meso-functionalized Bodipys. (a):
21; (b): 63d; (c): 63d"; (d): 66. The experiments were carried out in CH,Cl, at 25 °C using 0.1 M
BusNCIO, (TBAP) as the supporting electrolyte and ferrocene (Fc) as internal reference at
+0.38V.
3.2.4. Theoretical interpretation

The excited state of the Bodipy core has inherent charge redistribution towards the meso-
position.®” Presence of the electron withdrawing meso-styryl group would facilitate it further
and may alter the localization of the LUMO and HOMO. For example, our theoretical
calculation revealed maximum electron densities of the LUMO and HOMO of 66 on the meso-

styryl and Bodipy moieties respectively (Figure 3.2.4.1 and 3.2.4.2). Hence the emision process
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with the meso-styryl Bodipys would be symmetry forbidden, explaining their low/ non-
fluorescence. However, such a charge distribution may be important in using the meso-styryl

compounds as potential sensitizers for rapid electron injection into the conduction band of TiO;

67¢c

in dye sensitized solar cells (DSSCs).

Figure 3.2.4.1: Optimized structure of 66. Figure 3.2.4.2: Geometriies of the HOMO (a) and LUMO orbitals (b) of 66.
3.3. Summary

In conclusion, we have tactically used the inherent steric strain of the Bodipy moieties to
functionalize them at the meso-position. The styryl substitutions at the meso-position alleviate
the steric strain of the parent Bodipys. Also, the steric strain release hypothesis was proved from
the single crystal X-ray data that showed reduced torsional angle and increased dihedral angle on
introduction of a meso-styryl moiety in the dyes 32 and 21. The strain release was more for 32, to
furnish the products in higher yields compared to that with 21. For the less strained Bodipy 21,
the meso-selectivity could be achieved by increasing the electrophilicity of the aldehyde.
Identification of the isolated intermediate 64 of the Knoevenagel condensation also established

the reaction mechanism. This method allows for the preparation of a rich variety of 8-substituted
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Bodipys using readily available aromatic aldehydes. The new meso-styryl Bodipys could be
useful for development of chemical sensors and DSSCs.

3.4. Experimental

3.4.1. General Methods

The general details of the synthetic methodologies and spectroscopic studies have already been
discussed in Chapter-2.

3.4.2. Synthesis

Typical process for the Knoevenagel-type condensation. A mixture of 21/32 (1.0 mmol), 62a-
d (1.1 mmol), glacial acetic acid (0.5 mL) and piperidine (3.5 mL) was refluxed in toluene (35
mL) with simultaneous azeotropic removal of water formed during the reaction. After the
consumption of 21/32, H,O (100 mL) was added into the reaction mixture, which was extracted
with CHCI; (3 x 20 mL). The organic layer was dried and concentrated in vacuo to give a
residue, which on column chromatography (silica gel, hexane-EtOAc) furnished the respective
styryl derivatives.
2,6-Di-tert-butyl-4,4-difluoro-8-p-methoxystyryl-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-
indecene 63a. red needles (CH,Cl,/cyclohexane); mp: 249 °C; IR: 2948, 2835, 1632, 1603, 1439
cm™; 'H NMR: & 1.38 (s, 18H), 2.31 (s, 6H), 2.70 (s, 6H), 3.85 (s, 3H), 6.51 (d, J = 16.3 Hz,
1H), 6.92-7.02 (m, 3H), 7.41 (d, J = 8.6 Hz, 2H); *C NMR (50 MHz): § 16.7, 18.2, 31.9, 33.2,
55.3, 114.5, 122.3, 127.9, 129.3, 131.6, 136.6, 137.1, 138.1, 138.8, 153.1, 160.3; B NMR (96
MHz): § 1.13 (t, J = 34.0 Hz); EI-MS (m/z): 493 [M+1]%, 492 [M]". Anal. Calcd. for
CaoH39BF2N,0: C, 73.17; H, 7.98; N, 5.69%; Found: C, 73.13; H, 7.67; N, 5.56%.
2,6-Di-tert-butyl-4,4-difluoro-8-p-hydroxystyryl-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-

indecene 63b. red solid; mp: >250 °C; IR: 3501, 2989, 1737, 1510 cm™; *H NMR (500 MHz): &
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1.38 (s, 18H), 2.31 (s, 6H), 2.70 (s, 6H), 6.52 (d, J = 16.5 Hz, 1H), 6.86 (d, J = 8.5 Hz, 2H), 6.95
(d, J = 16.5 Hz, 1H), 7.37 (d, J = 8.5 Hz, 2H); *C NMR (125 MHz): & 16.8, 18.2, 31.9, 33.2,
115.9, 122.1, 128.1, 136.5, 137.1, 138.2, 153.0, 156.1; EI-MS (m/z): 478 [M]", 477 [M-1]".
Anal. Calcd. for Cy9H37BF:N,O: C, 72.80; H, 7.80; N, 5.86%; Found: C, 72.99; H, 7.80; N,
5.56%.
2,6-Di-tert-butyl-4,4-difluoro-1,3,5,7-tetramethyl-8-p-nitrostyryl-4-bora-3a,4a-diaza-s-
indecene 63c. red needles (CH,Cly/cyclohexane); mp: >250 °C; IR: 2965, 1745, 1513 cm™; 'H
NMR (500 MHz): & 1.38 (s, 18H), 2.27 (s, 6H), 2.72 (s, 6H), 6.67 (d, J = 16.5 Hz, 1H), 7.31 (d, J
= 16.5 Hz, 1H), 7.62 (d, J = 8 Hz, 2H), 8.27 (d, J = 8 Hz, 2H); *C NMR (125 MHz): § 16.8,
18.2, 31.8, 33.2, 124.4, 127.0, 129.4, 131.3, 133.9, 136.0, 137.6, 137.8, 142.3, 147.8, 154.3; El-
MS (m/z): 507 [M]*, 506 [M-1]". Anal. Calcd. for CogHssBF2N3O2: C, 68.64; H, 7.15; N, 8.28%;
Found: C, 68.78; H, 7.31; N, 8.66%.
2,6-Diethyl-4,4-difluoro-8-p-methoxystyryl-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-
indecene 63d. red cuboidals (CH,Cl,/cyclohexane); mp: 185 °C; IR: 2963, 1637, 1604, 1477
cm™; *H NMR: § 1.02 (t, J = 7.6 Hz, 6H), 2.13 (s, 6H), 2.35 (g, J = 7.6 Hz, 4H), 2.51 (s, 6H),
3.84 (s, 3H), 6.61 (d, J = 16.3 Hz, 1H), 6.87-7.01 (m, 3H), 7.42 (d, J = 8.7 Hz, 2H); *C NMR: &
12.4,14.3, 14.7, 17.1, 55.3, 114.5, 120.5, 128.0, 129.0, 130.8, 132.5, 137.3, 137.4, 139.1, 152.8,
160.3; !B NMR (96 MHz): § 1.04 (t, J = 33.4 Hz); EI-MS (m/z): 437 [M+1]*, 417 [M-19]".
Anal. Calcd. for CysH31BF;N2O: C, 71.57; H, 7.16; N, 6.42%; Found: C, 71.17; H, 6.95; N,
6.32%.
2,6-Diethyl-4,4-difluoro-3-p-methoxystyryl-1,5,7,8-tetramethyl-4-bora-3a,4a-diaza-s-
indecene 63d". pink cuboidals (CH,Cl,/cyclohexane); mp: 235 °C; IR: 2961, 1635, 1606, 1478

cm™: 'H NMR: 8 1.05 (t, J = 7.5 Hz, 3H), 1.20 (t, J = 7.5 Hz, 3H), 2.32-2.47 (m, 8H), 2.53 (s,
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3H), 2.57-2.74 (m, 8H), 3.83 (s, 3H), 6.87 (d, J = 8.7 Hz, 2H), 7.07 (d, J = 16.8 Hz, 1H), 7.48-
7.62 (m, 3H); 3C NMR: § 12.5, 14.0, 14.4, 14.7, 17.1, 18.3, 55.3, 114.2, 118.1, 128.4, 130.5,
132.4, 132.7, 133.1, 134.2, 136.5, 136.7, 138.8, 148.0, 153.2, 159.9. EI-MS (m/z): 437 [M+1]",
417 [M-19]". Anal. Calcd. for Cy6H3:BF2N,0: C, 71.57; H, 7.16; N, 6.42%; Found: C, 71.10; H,
7.21; N, 6.18%.
2,6-Diethyl-4,4-difluoro-1,3,5,7-tetramethyl-8-p-nitrostyryl-4-bora-3a,4a-diaza-s-indecene
63e. red needles (CH,Cl/cyclohexane); mp: >250 °C; IR: 2930, 2868, 1634, 1597, 1478 cm*; *H
NMR: & 1.02 (t, J = 7.5 Hz, 6H), 2.08 (s, 6H), 2.34 (q, J = 7.5 Hz, 4H), 2.51 (s, 6H), 6.73 (d, J =
16.4 Hz, 1H), 7.22 (d, J = 16.4 Hz, 1H), 7.61 (d, J = 8.6 Hz, 2H), 8.25 (d, J = 8.6 Hz, 2H); **C
NMR: 6 12.5, 14.2, 14.6, 17.1, 124.4, 127.1, 127.7, 130.3, 133.0, 135.1, 136.7, 137.1, 142.1,
147.8, 153.9; EI-MS (m/z): 451 [M]", 432 [M-19]*. Anal. Calcd. for CpsH,sBF2N30,: C, 66.53;
H, 6.25; N, 9.31%; Found: C, 66.12; H, 6.02; N, 9.36%.
8-p-Bromostyryl-2,6-diethyl-4,4-difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indecene
63f. red needles (CH,Cl,/cyclohexane); mp: 223 °C; IR: 2965, 1538, 1472 cm™; *H NMR (500
MHz): 6 1.03 (t, J = 7.5 Hz, 6H), 2.11 (s, 6H), 2.36 (g, J = 7.5 Hz, 4H), 2.52 (s, 6H), 6.64 (d, J =
16.0 Hz, 1H), 7.08 (d, J = 16.0 Hz, 1H), 7.36 (d, J = 8.0 Hz, 2H), 7.54 (d, J = 8.0 Hz, 2H); *C
NMR (125 MHz): 6 12.5, 14.3,14.7, 17.1, 122.8, 123.6, 128.0, 130.5, 132.2, 132.7, 134.9, 136.2,
137.2, 137.9, 153.3; EI-MS (m/z): 485 [M]", 483 [M-2]". Anal. Calcd. for CysH,sBBrF.N,: C,
61.88; H, 5.82; N, 5.77%; Found: C, 61.86; H, 5.50; N, 6.04%.

Compound 64. A mixture of 21 (100 mg, 0.32 mmol), p-nitrobenzaldehyde (71 mg, 0.47 mmol),
glacial acetic acid (0.2 mL) and piperidine (1 mL) was refluxed in toluene (10 mL) for 2 h.
Water formed during the reaction was removed azeotropically by heating in a Dean-Stark

apparatus. After that, water (100 mL) was added into it and the reaction mixture was extracted
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with CHCI; (3 x 50 mL). The organic layer was then dried over Na,SO,4 and the solvent was
removed under reduced pressure. Column chromatography of the residue (silica gel, hexane-
EtOAc) furnished 64 as a red solid. Yield: 51 mg (30%); red needles (CH,Cl,/cyclohexane); mp:
162 °C; IR: 2932, 2864, 1478 cm™; *H NMR: § 0.77 (t, J = 7.5 Hz, 3H), 1.07 (t, J = 7.5 Hz, 3H),
1.40-1.61 (m, 6H), 2.00 (s, 3H), 2.10 (g, J = 7.5 Hz, 2H), 2.31 (s, 3H), 2.35-2.49 (m, 12H), 3.14-
2.24 (m, 1H), 3.52-3.62 (m, 1H), 3.72-3.85 (m, 1H), 7.30 (d, J = 8.7 Hz, 2H), 7.89 (d, J = 8.7 Hz,
2H); 3C NMR: & 12.3, 13.8, 14.2, 14.8, 16.8, 17.2, 24.6, 26.4, 26.9, 32.4, 52.5, 72.5, 122.6,
128.5, 131.6, 132.6, 133.1, 134.2, 135.6, 141.6, 147.1, 148.5, 151.5, 153.0; EI-MS (m/z): 537
[M+1]", 452, 219, 174. Anal. Calcd. for CsoH3sBF2N4O,: C, 67.17; H, 7.33; N, 10.44%; Found:
C, 66.82; H, 7.41; N, 10.07%.

Compound 65. To a stirred degassed solution of 63d (60 mg, 0.19 mmol) in CH,CI,/EtOH (10
mL/10 mL) under Ar was added 10% Pd/C (6 mg, 10% mol.), and the mixture stirred at 25 °C
under H, (atmospheric pressure). After complete consumption of the starting material (cf. TLC,
48 h), the mixture was filtered through celite, concentrated in vacuo and the crude product
purified by flash column chromatography (silica gel, hexane/EtOAc, 80:20) to get 65. Yield: 36
mg (60%); red powder; mp: 157 °C; IR: 2963, 1477 cm™; *H NMR: & 1.05 (t, J = 7.5 Hz, 6H),
2.33-2.47 (m, 10H), 2.51 (s, 6H), 2.84-2.93 (m, 2H), 3.27-3.36 (m, 2H), 3.80 (s, 3H), 6.85 (d, J
=8.6 Hz, 2H), 7.17 (d, J = 8.6 Hz, 2H); *C NMR (75 MHz): § 12.5, 13.7, 14.9, 17.2, 29.8, 36.5,
55.3, 114.1, 114.4, 128.1, 128.8, 130.9, 132.4, 132.7, 135.6, 143.6, 152.4, 158.3; EI-MS (m/z):
438 [M]", 437 [M-1]". Anal. Calcd. for Cy6H33BF.N,O: C, 71.24; H, 7.59; N, 6.39%; Found: C,
71.11; H, 7.95; N, 6.18%.

Compound 66: A mixture of 63e (120 mg, 0.267 mmol), 62a ( 72.6 mg, 0.534 mmol), glacial

acetic acid (0.150 mL) and piperidine (1 mL) was refluxed in toluene (10 mL) for 4 h. Water
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formed during the reaction was removed azeotropically by heating in a Dean—Stark apparatus.
After the total consumption of the starting material, water (100 mL) was added into it and the
reaction mixture was extracted with CHCl3 (3 x 50 mL). The organic layer was dried and the
solvent removed under reduced pressure. Column chromatography of the residue (silica gel,
hexane-EtOAc) furnished 13. Yield: 125 mg (82%); green needles (CH,Cl,/cyclohexane); mp: >
250 °C; IR: 2929, 2871, 1630, 1479 cm™; *H NMR: & 1.20 (t, J = 7.44 Hz, 6H), 2.16 (s, 6H),
2.67 (q, J = 7.47 Hz, 4H), 3.85 (s, 6H), 6.74 (d, J = 16.3 Hz, 1H), 6.92 (d, J = 8.7 Hz, 4H), 7.18-
7.39 (m, 3H), 7.55-7.77 (m, 8H), 8.25 (d, J = 8.7 Hz, 2H); **C NMR (75 MHz): § 14.1, 14.2,
18.5,29.7, 31.9, 55.4, 114.3, 118.0, 124.5, 127.2, 128.2, 128.8, 130.3, 133.9, 135.2, 135.7, 137.3,
150.6, 160.3; EI-MS (m/z): 688 [M+1]", 668 [M-19]". Anal. Calcd. for C41H40BF,N304: C,
71.62; H, 5.86; N, 6.11%; Found: C, 71.23; H, 5.98; N, 6.32%.
3.4.3. Photophysical Studies

The absorption and emission spectra of the dyes (~10° M) in CH,Cl, were recorded
using a 1 cm quartz cuvette at ambient room temperature (298 + 1 K). The fluorescence quantum
yields (®g) of the dyes 63a-f, 63d’, 64 and 65 were measured relative to that of 32 and 21
respectively.
3.4.4. Electrochemical Studies

All the cyclic voltammetry experiments were done in deoxygenated CH,Cl, containing
TBAP (0.1 M), and a solute concentration of 1-5 x 10 M, at 25 °C. The redox potentials were
standardized with ferrocene (Fc) as the internal reference and converted to SCE assuming that
Ei (Fc/Fc) = 0.38 V SCE. The error in half-wave potentials is +10 mV. All waves were

monoelectronic unless specified otherwise.
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CHAPTER-4

DEVELOPMENT OF WATER-SOLUBLE BODIPYS

FOR BIOLOGICAL APPLICATIONS
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4.1. Preamble

Fluorescence spectroscopy, fluorescence imaging and fluorescence indicators are
nowadays indispensable tools in various fields of modern science and medicine,
including clinical diagnostics, biotechnology, molecular biology, and biochemistry. The
major classes of currently used synthetic fluorophores include the cyanines, rhodamines,
and oxazines. While these dye systems provide a host of functional groups that can be
used for covalent attachment to various target molecules, many have limited biological
utility due to poor photochemical stability, lengthy synthetic routes, poor solubility, and
tendency for aggregation in aqueous media that surrounds a biomolecule.®® Instead, the
bright fluorescence, high photostability, generally low toxicity and ease of synthetic
make the Bodipy-type dyes particularly promising candidates for biological
imaging/sensing applications.®® The fluorescence-based in vivo imaging has emerged as
a promising real-time, non-invasive, and high-resolution technique that uses fluorescent
probes to visualize normal and abnormal biological processes.®*

Moreover, the Bodipy derivatives are amenable to modifications by attachment
of ancillary residues at the appropriate positions of their cores. This can help in
attenuating their strong fluorescence, thereby generating relatively long-lived triplet
states, and eventually large amount of singlet oxygen (*O,) that would induce selective
photo-damage in regions that are illuminated. Such an approach, known as
photodynamic therapy (PDT) was the one of the foci of the present investigations. Hence
the concept of PDT and in particular the application of the Bodipy compounds in PDT is

briefly discussed below.

4.2. Principle of PDT
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PDT is a therapeutic modality wherein nontoxic light-sensitive compounds,
known as photosensitizer (PS) are selectively exposed to light, preferably in the visible
or near-IR regions whereupon they become toxic to the targeted malignant and other
diseased cells. Depending on the nature of the PS, its photo-excitation a specific
wavelength leads to a transition of its electron from the S° state to the S* state. This is
followed by an inter system crossing (ISC) of the excited electron for the favourable
cases where the T' state is stable. Subsequently the PS can excite O, molecules at its
ground (T") state to generate ‘O, molecules, which, because of its higher energy can
damage important bio-macromolecules. Hence the process can be used for therapy if
targeted to specific cells (tumour, microbial etc.). The light used for PDT can come from
a laser or other sources that can be directed through fiber optic cables (thin fibers that
transmit light) to deliver light to areas inside the body. Because the excitation
wavelength determines how far the light can travel into the body, and the PS is non-
toxic, PDT generally show minimal side effect. Thus, PDT combines a photosensitizer
(PS), its preferential localization in target tissues (like tumors), photo-excitation to
generate reactive oxygen species (ROS) such as singlet oxygen (*O.) in presence of
oxygen to achieve selective cell Killing irreversibly. It provides a noninvasive
therapeutic modality for certain types of cancers and pre-cancerous inductions,®*® age-
related macular degeneration and actinic keratosis, and other diseases, such as localized
infections, dermatological and cardiovascular illnesses and wound healing.®**® It is
particularly promising in the treatment of multidrug-resistant (MDR) tumors selectivity,
as both PS and light can be effectively localized to the tumor.2** It offers an attractive

alternative or complement to conventional therapies.®***
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4.3. Bodipy-based PDT Agents

Despite offering these advantages its current clinical use is restricted to a few
functionalized porphyrins. However, the porphyrins are not the ideal PDT drugs due to
their low extinction coefficients in the therapeutic window (650-800 nm), and low
absorptivity in mammalian tissues.*® Recognition of these disadvantages of porfimer
sodium has inspired efforts to develop more effective PDT photosensitizers. Most of the
Bodipy dyes have many ideal characteristics of PDT agents such as low dark toxicities,
good cellular uptake, high extinction coefficients, and low quantum yields for
photobleaching. These dyes can also be functionalized at different positions to enhance
ISC and 'O, generation. Spin-coupling to heavy atoms is the most common of these
modifications (the ‘‘heavy atom effect’’), and the one most frequently encountered is
halogenation. Appropriate placing of heavy atoms on the Bodipy core promotes spin—
orbit coupling, hence ISC, but not energy loss from excited states. However, Bodipys,
possessing the heavy atoms, such as iodine, bromine, selenium, sulphur and certain
lanthanides often show dark toxicity, as well as extended toxicity even after switching
off the light. To this end, PSs containing dimeric Bodipys at an orthogonal orientation,®*®

or use of spin convertors, such as C60, in Bodipy-based dyads®®

may help to sensitize
'0, generation, by intramolecular energy transfer (EnT). These aspects have been
adequately highlighted in several excellent reviews.®’

4.4. Studies on Bodipy-based PDT Agents

The existing limitations and future prospects, discussed above collectively

provide a compelling rationale for the development of new Bodipy derivatives as PDT
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photosensitizers. These provided the required impetus to undertake the present project
for developing some novel and efficient Bodipy sensitizers for potential use in PDT.
4.4.1. Molecular design

In terms of molecular design, the first criteria of the fluorophore is the emission
range between 700-900 nm, due to the optical sensitivity associated with the ‘biological
window’, including minimal interference from endogenous chromophores, reduced light
scattering, increased photon penetration through tissue, and low photodamage to the
cells or tissues under observation.®® For an enhanced biological effect in deeper tissues, it
is imperative that the PS has a high extinction coefficient in the body’s therapeutic
window (650-800 nm), where typical mammalian tissues show low absorptivity. This
can be conveniently achieved by a base-catalyzed condensation of the 3- or 5-methyl
substituents of the Bodipys with suitable aldehydes. The resultant dyes possess longer
wavelength absorption (~100 nm red-shifted) to move it to 590-600 nm with
intramolecular charge transfer (ICT) characteristics.®® Incorporation of a second styryl
group would result in further red shifts in the absorption spectrum. Another factor of
paramount importance is the water solubility of the PS. It should have a balance between
hydrophilicity and lipophilicity, as too high lipophilicity would hamper their transport
through blood vessel, while a high hydrophilicity would impede its cell membrane
penetration. Earlier attempt to overcome hydrophobicity of the dye sensitizer, using
micellar drug formulations have met with limited success, as the emulsifying agents
often elicit anaphylactic reactions in vivo.* Given that the Bodipy core is hydrophobic,
attachment polar neutral or ionic moieties can impart a higher amphiphilicity. For this

purpose, Sengee et al. have designed four water soluble porphyrin derivatives as
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piperazinium and imidazole salts and studied their comparative PDT activities on the
human lung cancer A549 cells. Incorporation of the hydrophilic bases was found to
potentiate the PDT property.” With regard to the Bodipy compounds, introduction of a
number of amphiphilic triethyleneglycol moieties at the meso-aryl and/ or 3,5-distyryl
groups also improved their efficacy as PDT agents.® More recently, some
unsymmetrical distyryl Bodipys were also converted to their amphiphilic analogues
using both oligoethyleneglycol as well as 2-ethyleneglycol ammonium moieties.”™® In
another report, the combination of bromination as well as pegylation of some distyryl
Bodipys was used by the same group to harness the benefit of heavy atom effect,
amphiphilicity and red-shifted emission.*® The rationale of choosing the
oligoethyleneglycol appendages are based on the fact these moieties are biocompatible,
and confer cell permeability as well as tumor targeting characteristics on the
photosensitizers.*?
4.4.2. Synthesis

For the present investigation, it was envisaged that the C-3/C-5 styrylation

strategy, used extensively by others,*®*%*?

as well as our group (presented in Chapter 2)
would be easy to adopt to red-shift the emission wavelength of the Bodipy dyes. Hence
the same strategy was adopted, as discussed below. However, the resultant dyes would be
highly hydrophobic, as realized in the lasing studies of the red-Bodipys (vide supra
Chapter 2). It was also found that appending an ethyleneglycol moiety at the B-centre of
a even the mono-styryl dye 60a did not improve its water-solubility. Hence, for the

present work, attachment of a glucose unit was planned to improve the hydrophilicity.

Such a strategy seemed attractive for the following reasons. Carbohydrates are known as
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ligands of various cell surface lectins. Intense research have been focused to develop
tumor-specific imaging probes by targeting cell membrane glycoproteins, such as
galectins that play significant roles in numerous types of cancer.®® The galectins are
abundant in tumor cells to promote tumor growth and development, angiogenesis and
metastasis.”® Hence, the proposed carbohydrate-based fluorophores may selectively target
tumors. Also, carbohydrate—protein interactions are viewed as important mechanisms for
many biological processes including immune response, cell proliferation, adhesion and
death, cell-cell interaction and communication. Aggregation of the carbohydrates in vivo,
may enhance the protein binding affinity.%***

Although the mechanism of retention of PSs by tumors is not well understood, the
balance between lipophilicity and hydrophilicity is recognized as an important factor for
photosensitizing efficiencies and tumor and cellular uptake. The linkages of a PS with
sugar moieties are of great importance in terms of membrane interaction and specific
affinity for malignant tumors. Hence, particular attention was devoted to the
glycoconjugated Bodipy derivatives. It was planned to incorporate the glucose unit at the
phenolic functionality present at the meso-postion or as a part of the C-3/C-5
styryl/distyryl moieties in the Bodipys. Thus, three Bodipy dyes shown in 4.4.2.3 were
targeted. Of these, compound 72 was devoid of any additional conjugation, while
compounds 74 and 76 had additional styryl moieties.

As shown in Scheme 4.4.2.1, the syntheses of the parent Bodipys were
straightforward. Thus, kryptopyrrole 58 was condensed with the aryl aldehydes 67/68
using trifluoroacetic acid (TFA) as the catalyst to obtain compounds 69 and 70. In

general, CH,Cl, is used as the solvent in the synthesis of Bodipys dyes, and the yields are
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moderate with most of the aromatic aldehydes. During the synthesis of 70, it was found
that the reaction became sluggish to form a dark brown mixture from which the product
could be isolated in poor yield. However, minor modification of the reaction conditions
such as use of THF as the solvent and addition of DDQ at 0 °C improved the yield of 70,
as the reaction was clean and separation was easy. Due to the shielding effect of the C-8
aryl groups, the C-1 and C-7 methyl protons of both the compounds appeared upfield in

their respective 'H NMR spectra.

/Z—g @ i. TFACH:Cle /25 °Cu"2f1h

ii. DDA h; c) EtaNA h
iii. BF3 EthfES TH2h  Et

6T R=H
6BR=0H

Ar = 4 HOCgH,CH

Scheme 4.4.2.1 Synthesis of the precursor Bodipys for glucosylation.
Next two types of red Bodipys viz. meso-methyl and meso-phenyl groups were
synthesized. For this, compound 21 (PM567) was subjected to condensation with the

aldehyde 68 in the presence of piperidine and acetic acid. This expectedly led to the
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formation of the monostyryl and distyryl derivatives 71a and 71b respectively. A similar
condensation 69 with 68 afforded the corresponding monostyryl and distyryl derivatives
72a and 72b respectively. The results were consistent with that observed when the
condensation was carried out between 21 and 4-methoxybenzaldehyde.

The attachment of the glucose moiety to the compounds 70, 71a/71b and 72 was
achieved by the improved classical Konigs-Knorr method.*** The required glycosyl donor
74 was synthesized by acetylation of glucose with acetic anhydride in the presence of
NaOAc to furnish glucose pentaacetate 73. This on treatment with HBr-HAc furnished
the bromide 74 via chemo-selective deacetylation of the anomeric acetyl group and

bromination (Scheme 4.4.2.2.). After recrystallization from Et,O/hexane and stored in

the refrigerator at -18 °C.%**¢
OH OAc OAc
0
HO ———>  AcO —_— AcO
OH L, 140°C OAcy . OAcg,
Glucose 73 74

Scheme 4.4.2.2 Synthesis of the glucosylating agent.

For the glycosylation of compound 70 and 71a, the pentaacetate 73 was used as
the glycosyl donar in presence of BFj.etherate catalyst in CH,Cl,. Appearance of
characteristics mutiplets due to carbohydrate —CH protons between & 3.5 to 5.5 in the *H
NMR spectrum and four carbonyl peaks at & 170 in the **C NMR spectrum confirmed
formation of compounds 75 and 77 (Figure 4.2.4 and 4.2.5). However, when the same
strategy was applied to glycosylate the dyes 71a and 71b, a very low yield of product
from 71a and complete degradation of 71b were observed. Apparently, the reagent

BF;.etherate induced two parallel processes viz. glycosylation and removal of a F atom
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from the Bodipys, the latter causing the partial or complete degradation dyes, depending
on their nature. Fortunately, the glycosylation of 72a and 72b could be successfully
performed by reacting them at room temperature with 74 in 1:1 H,O/CHCI; and in the
presence of K,COj3 as the base and BusNBr as the phase transfer catalyst to afford 79 and
81 respectively. Because the glycosylation process does not change the L-configuration

of the anomeric carbon of sugars,®®

the structures of the products were assigned as
shown in Scheme 4.4.2.3. Finally, the acetyl groups of 75, 77, 79 and 81 were removed
by treating the products with NaOMe in MeOH to furnish the target Bodipys 76, 78, 80a
and 80b respectively (Scheme 4.4.2.3).% These water-soluble Bodipy compounds were
subsequently used for the spectroscopic and PDT studies. As some representative data,

the *H and *C NMR spectra of compound 76 and its precursor 75 are shown in Figures

4.2.1.2and 4.2.1.3.
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Figure 4.4.2.1 The NMR spectrum of 70 (a) *H NMR, (b) *C NMR.
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Figure 4.4.2.2 The NMR spectrum of 75 (a) *H NMR, (b) **C NMR.
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Figure 4.4.2.3 The NMR spectrum of 76 (a) *H NMR, (b) *C NMR.
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Scheme 4.4.2.3 Synthesis of the water-soluble Bodipy-dyes.
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Figure 4.4.2.4 The *H NMR spectrum of compound (a) 71a, (b) 72a.
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Figure 4.4.2.5 The NMR spectrum of 81 (a) *H NMR, (b) *C NMR.
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Figure 4.2.2.6 *H NMR of compound 80b in d*-methanol.

4.4.3. Photophysical characteristics

The UV/Vis absorption and fluorescence spectra of Bodipy-O-glycosides 76, 78,
80a and 80b in ethanol are shown in Figures 4.4.3.1a and b and the photophysical data
summarized in Table 4.4.3.1. All these Bodipy-O-glycosides exhibited typical spectral
characteristics of the Bodipy core dyes with narrow Sy—S; absorption band, a weak and
broad Sy—S; absorption band, high molar extinction coefficients, intense fluorescence
emissions and small Stokes’ shifts. The absorption and emission spectra were almost
mirror images of each other, indicating that the emitting species are similar to the
absorbing ones. Compared to the non-styrylated Bodipy 76, introduction of first styryl
group as in 78 and 80a induced significant bathochromic shifts in the absorption (51-63
nm) and emission maxima (50-55 nm), whereas introduction of a second styryl moiety as
in 80b caused further red-shifts (123 nm) of both absorption and emission maxima.
Fluorescence quantum yields of compounds 80a and 80b were significantly lower due to
nonradiative loss of energy via rotation around the C-Ar bonds.*®
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Table 4.4.3.1: Photophysical parameters of the dyes 76, 79a, 80a and 80b in ethanol.

Dye )\-abslaj £max [d] )\remlCJ ) ﬂldJ
[nm] [10* M™*cm-1] [nm]

76 523 8.3 540 0.84™

78 574 8.2 590 0.60

80a 586 8.0 595 0.52

80b!" 646 9.2 665 0.50

[@Error: + 0.2 nm. ™ Extinction coefficients for the corresponding Amax. IError: + 0.3
nm. “The fluorescence quantum yields of the dyes 78, 80a and 80b are relative to that
of the dye Rh101 (@4 = 1 in EtOH). [The fluorescence quantum yields of 76 is relative
to that of 21 (4 = 0.84 in EtOH). MBecause of poor solubility of 80b, its solution in
EtOH was prepared by diluting its stock solution, made in DMSO with appropriate
amount of EtOH.
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Figure 4.4.3.1. Spectral features of the water-soluble Bodipy dyes in EtOH. (a)
Absorption spectra; (a) Emission spectra.
4.4.4. Aggregation behaviour

Fluorescent organic nanoparticles are of interest in materials science, particularly
for biological imaging, and as delivery vehicles.”” These materials offer the possibilities

of intercalating multiple dyes of disparate optical properties into one-dimensional
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heterostructures,®® or promoting fluorescence resonance energy transfer (FRET) for
white-light emission.®® Further, compounds with carbohydrates as appendages are
known to form organogels or hydrogels that are of potential applications in tissue
engineering, and development of new materials that reversibly respond to various
external stimuli.’® A large number of glucose derivatives have been reported to form
hydrogels.*® The poor solubility of compound 80b in most of the organic solvents except
DMSO and presence of two glucose moieties in it encouraged us to probe its ability to
form aggregates. For this, the UV-vis absorption and fluorescence spectra of compound
82b (5.0 uM) in THF and EtOH as such, and with gradual addition of H,O were
recorded. The H,O concentration was varied between 0-90%. In pure THF and EtOH, the
compound showed strong and sharp absorption maxima at 648 nm and at 646 nm
respectively due to the Sp—S; transition of the monomeric Bodipy core, and showed an

emission maximum at 700 nm on excitation at 580 nm.
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2.0 2.0
———0% Waler in THF 720 nm 725 nm
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Figure 4.4.4.1. UV-vis spectra of 80b (5.0 uM) in THF-water (a), and EtOH-water (b).
On incremental addition of H,O, a new absorption peak at 725 nm emerged, but at
a considerably higher water concentration. However, the spectra retained the typical

shapes of the Bodipy chromophores, while the lower wavelength peak at 370 nm
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accounted for the styryl moieties. The emergence of the new peak signified aggregation
of the dye that started at 60% and 52% water in THF and EtOH respectively. The
absorption peak of the parent dye completely vanished in 90% water-THF and 75% of
water-EtOH media (Figure 4.4.4.1). Significant color changes, dramatically reduced
fluorescence color and intensities were the other distinct hallmarks of water addition. The
dye fluorescence completely vanished at 95% aqueous THF. These changes signify
solvent-induced formation of aggregates. The lack of any isosbestic point in the
absorption spectra during the aggregation process, clearly indicated non-existence of a
two-state equilibrium between the monomer and aggregates.

Furthermore, the loss of the monomer peak or the rise of the aggregates peak
followed a complex Kinetics rather than the first or second order Kinetics (data not
shown), negating the possibility of a simple reaction mechanism that did not involve
intermediates. Finally, it should be noted that the changes in monomer absorbance
exactly paralleled changes in fluorescence intensity, but no changes were observed in the
shape of the excitation spectrum, consistent with the nonfluorescent nature of the
aggregate species.’™ Previously, almost quantitative formation of nonfluorescent Bodipy
H dimers has been reported by molecular confinement of the dyes within a sodium
silicate derived glass. No interference from higher-order aggregates or fluorescent J
dimers was observed.’®? Based on the previous and present observations, it is tempting to
propose initial formation H dimers of 80b in aqueous THF and EtOH solvents that may
stack to furnish the aggregates.

The aggregation process was also followed as a function of water concentration

by 'H NMR spectra (Figure 4.4.4.2). Significant upfield and downfield shifts of various
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aromatic protons as well as their signatures clearly established the complex kinetics of

the process.
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Figure 4.4.4.2'H NMR spectra of 80b (50 uM) in in d*-methanol (a) 0% D,0; (b) 20%
D,0; (c) 30% D,0.

Final evidence for the aggregation behavior of 80b in the mixed solvents was
obtained from the dynamic light scattering (DLS) studies. In pure THF or EtOH, no
correlation was observed indicating the absence of any aggregation. Figure 4.4.4.3a
shows the intensity of the correlation function of 80b (5 uM) in THF-water mixtures at
varying water concentration. The correlation function developed as the water content
reaches 70% and its amplitude increased progressively with the increase in water content

from 72% to 76%. Analysis of the correlation function using the Inverse Laplace
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transform software gives the size distribution of the aggregates present. Figure 4.4.4.3.b
shows the corresponding size distribution obtained by analyzing the data of Figure
4.4.4.3a. The aggregates were polydisperse in nature with the size ranging from about 20
nm to 1 micron, and an intensity weighted average diameter of 260 nm. With an increase
in water content, the distribution shifted to larger sizes, although the size distribution did

not change much beyond 74% of water content.
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Figure 4.4.4.3. (a) The scattered intensity correlation function of 80b-aggregates (5 uM)
in THF/water mixture at different water contents. (b) Size distribution of the aggregates
obtained by fitting the data in Figure 4.4.4.3a (solid lines indicating the fit).

The size distribution of the nanoaggregates in EtOH-water was found to vary
from 100 nm to 10 micron with an intensity-weighted average diameter of 1 micron.

However, there was no further growth in size of aggregates in 52% aqueous EtOH, and

the aggregates were stable even after more than one month.
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Figure 4.4.4.4. Images of self-assemblies of 80b-aggregates, formed in THF-water
system via slow evaporation, as revealed by obtained from optical microscopy.

The organogels can self-assemble into various nanoscale superstructures such as
fibers, rods, ribbons, and tubes. The ability of the Bodipy derivative 80b to undergo self-
association was clearly visible in the optical microscopic images (representative images
shown in Figure 4.4.4.4). The morphology of the aggregates, obtained on slow
evaporation of the solvent appeared as solid fibrillar assemblies without any tubular
structure. Possibly, hydrogen bonding between the hydroxyl groups of the sugar moiety
in 80b stabilized the aggregates and determined the overall morphologies. More ordered
crystalline aggregates can be induced by reducing the water concentration in aqueous
THF. The formation of the self-assembly is a spontaneous process, and takes place under
non-equilibrium conditions. Noncovalent interactions give rise to the formation of
superstructures, which subsequently entrain and immobilize the solvent inside the
interstices of a three-dimensional network.'® Earlier, formation of Bodipy aggregates
could be synthesized by incorporating long chain trialkoxyphenyl fragments and
trimethylammonium head-groups.*® Thus, the present result of Bodipy aggregation by
mere introduction of two glucose units is unique, and may be useful for soft matter
chemistry.

4.4.5. DNA binding characteristics
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10, is a highly reactive species but has a short apparent lifetime (ca. 2.0 ps) with
a low apparent diffusion coefficient (4 x 10° cm® s), and thus a very limited sphere of
activity (about 155 nm in radius) in biological systems. This implies that the PDT agents
should have good binding ability toward DNA that is one of the main targets of many
anticancer drugs, including the PDT agents. Hence the DNA binding properties of the
dyes 76 and 78 were studied using absorption photometric technique. Compounds 76
and 78 had strong absorption bands at 522.6 nm and 573.8 nm respectively, which could
be conveniently used the spectrophotometric titrations. Incremental addition of double
stranded calf thymus (CT)-DNA (0-200 uM DNA base pair) to a fixed concentration of
76 (20 uM) and 78 (50 uM) led to gradual reductions in the intensities of their respective
absorption maxima (Figure 4.4.5.1), confirming their binding with DNA. Based on the
site-exclusion model,'® the equilibrium binding constants (K) in respective cases were
derived by quantitative analysis of the UV-visible data (Figure 4.4.5.2). The moderate
K-values of were 3.4 x 10*M™and 1.8 x 10* M™ for of 76 and 79a respectively, while
the linear fits in regression analysis indicated a single mode binding of them with DNA.
Because the DNA-intercalators generally show higher binding constants ~10° - 10° M™,
the lower K-values suggested an ionic binding. This was also evident from the lack of
additional absorption peak for any new species. Earlier the well-known DNA

intercalator, coralyne was reported to produce new species on binding with DNA.®
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Figure 4.4.5.1 The UV-vis titration of dyes with CT-DNA. (a) dye 76 (20.4 uM); (b)
dye 78 (50 pM). The experiments were carried out in phosphate buffer (5 mM, 7.4 pH)
at at 25 °C. The CT DNA concentrations were varied from 9.9 to 130.8 uM for 76 and
5.3t0 110.5 uM for 78, using 0.164 mM bp aliquots.
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Figure 4.4.5.2 Scatchard plots of the DNA binding experiments. (a) dye 76 (20.4 uM);
(b) dye 78 (50 uM).
4.4.6. PDT studies

In view of the above results, the in vitro photodynamic activities of the Bodipy-O-
glycosides 76, 78 and 80a were assessed against the highly invasive and metastatic
human lung cancer A549 cell lines. For comparison, the corresponding non-glycosylated

precursors, 70, 71a and 72a as well as the commercial dye PM567 21 were included for
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their cytotoxicities. In addition, the dark cytotoxicities of some of the compounds were

also evaluated. The compounds used for the PDT studies are shown in Figure 4.4.6.1.

78: R=Gluc

80a: R =Gluc
70:R=H
76: R=Gluc OR OR

Figure 4.4.6.1 The chemical structures of the Bodipys, used for the PDT evaluation.

The studies were specifically targeted to lung cancer as it remains one of the most
common cancer-related causes of death. This type of cancer typically develops over a
period of many years, and its incidence and mortality rate increase gradually each year.
Despite the rapid progress of surgery, radiotherapy, chemotherapy, and biotherapy, the
long-term survival rate of patients with lung cancer remains poor, and new therapeutic
strategies are urgently needed.’®” Fortunately its early detection can improve the
prognosis significantly and increase the life span of the patients. Since early lung cancer
detection is now becoming feasible, PDT may play an important role in lung cancer
treatment especially at an early stage.'® Several clinical trials have established the
efficacy of PDT with superficial small tumors, while its use as a preoperative measure
may reduce tumor burden and the degree of surgery for larger tumors.’® Presently,
besides evaluating the in vitro cytotoxicity of the designated Bodipys, their intracellular
localization, and the involvement of apoptosis in their PDT property were also examined,

as discussed below.
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4.4.6.1. Cytotoxicity. None of the test compounds showed any toxicity to the A549 cells
up to 200 uM, as revealed by the MTT results at 24 h. However, all the compounds dose-
dependently reduced viabilities of the A549 cells under photo-exposure, with respect to

vehicle treated controls (Figure 4.4.6.2.).

—a—21
——76
—A— 70
110 —v— 78

% Cell survival

100 1000

Concentration (nM)

Figure 4.4.6.2 Dose-dependent photo-cytotoxicities of PM57, the parent Bodipy dyes
and their O-glycosides against human lung cancer A549 cells. Cells (1 x 10%/well), grown
in 96-well plates were treated with vehicle (0.1% DMSO) or increasing concentrations of
the test compounds along with photo-exposure (dose 5.5 J/cm?). The cell viability was
assessed by the MTT assay after 24 h. The results are expressed in percentage survival
considering that of the vehicle-treated control cells as 100. The experiments were
repeated three times with similar results. All determinations were made in four replicates,
and the values are means + S. E. M. "P<0.01, " "P<0.001 compared to vehicle control.

Based on the MTT assay results, the growth inhibitory 1Cs, values, defined as the

concentrations of the dyes required to kill 50% of the cells were calculated and are shown
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in Table 4.4.6.1. The relative potency of the test compounds was
80a>70>78>71a=72a~21>76. Thus, amongst those chosen, the mono- and distryryl
Bodipys 78 and 80a were more potent than their non-glycosylated precursors 71a and
72a. Surprisingly, however, glycosylation reduced the potency in case of the meso-aryl
containing compounds 70 and 76. The other interesting observation was the almost
similar activity of 71a, 72a and 21, suggesting that red-shifting of the emission maxima
had less impact on the PDT activity of the chosen Bodipys.

Table 4.4.6.1: Comparative cytotoxicities of the chosen Bodipy dyes against A549

human lung cancer cells.®

Non-glycosylated  ICs (uM) Glycosylated 1Cs0 (LM)
Bodipys Bodipys

21 6.8+ 1.8

70 2.1+ 0.6 76 >10

71a 6.5+ 2.1 78 2.7£0.8"
72a 6.4+ 2.0 80a 1.8+0.5"

[ The MTT data shown above was used to calculate 1Cs, values. The experiments were
repeated three times with similar results. All determinations were made in four replicates,
and the values are means + S. E. M. 'P<0.001 compared to the corresponding
glycosylated Bodipy, ~P<0.001 compared to the corresponding non-glycosylated
Bodipys.

4.4.6.2. Subcellular localization. Photodynamic efficacy is principally determined by the
subcellular localization of a PS.*% The distribution of a PS within a cell depends on its
chemical nature, concentration in the culture medium and also on the incubation time.*%"

Some photosensitizers show a broad distribution, while some may localize more

specifically. Hence, to explain the photocytotoxicity results, fluorescence microscopic
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studies were carried out to investigate the cellular uptake and localization of these
compounds. The intracellular accumulation of all the Bodipy dyes loaded on the A549
cells as displayed in the dual staining with Hoechst-33342 (nucleus specific dye) by
fluorescence microscopy exhibited particular localization in the cytoplasm (Figure
4.4.6.3.). However, compared to the other dyes, compound 21 showed lower
fluorescence, indicating its lesser cellular uptake. Also, the patchy fluorescence in the
cells, stained with 21 indicated its non-uniform presence in the cytoplasm with higher
accumulation near the membrane. The other dyes had uniform florescence all over the
cytoplasm of the cells. The significantly less uptake of the dye 80b was anticipated
considering its tendency of aggregation in aqueous-organic media. Hence, the uptake of
the acetate 79, the less polar precursor of 80b was checked. Surprisingly, the acetate
displayed almost no cellular uptake (Figure 4.4.6.4.) that was even less than that of 21.
This also ascertained good hydrophilic-hydrophobic balance in the glycosylated dyes,
selected for the present investigations. The non-glycosylated precursors (70, 71a, 72a,
and 72b) showed more diffused florescence compared to their respective glycosylated
dyes. This may account for the poorer efficacy of the styryl-Bodipys 71a, and 72a

compared to that of the glycosylated counterparts 78, and 80a.
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Hoechst 33342 Dye 76 Merged

Hoechst 33342 Merged

Hoechst 33342 Dye 80a Merged

Hoechst 33342 Dye 80b Merged

Figure 4.4.6.3 Subcellular localization of the glycosylated Bodipy dyes in A549 cells.
The cells were incubated with the dyes (5 uM) and Hoechst 33342 (used as the nucleus
tracer) for different periods and the images captured with a fluorescence microscope.
Representative Hoechst 33342-stained, bright field and the corresponding superimposed
images, captured at 1 h are shown in columns 2-4, respectively.
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Hoechst 33342 Dye PM567 Merged

Hoechst 33342 Dye 70 Merged

Hoechst 33342 Dye 71a Merged

Hoechst 33342 Dye 72a Merged

Hoechst 33342, Dye 72b Merged

Hoechst 33342 Merged

Figure 4.4.6.4 Subcellular localization of the non-glycosylated Bodipy dyes in A549
cells. The cells were incubated with the dyes (5 uM) and Hoechst 33342 (used as the
nucleus tracer) for different periods and the images captured with a fluorescence
microscope. Representative Hoechst 33342-stained, bright field and the corresponding
superimposed images, captured at 1 h are shown in columns 2-4, respectively.
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4.4.6.3. Apoptosis induction. Apoptosis is an important cellular event that plays a key
role in pathogeny and therapy of many diseases.’™* It is believed to be associated with
caspase activation via two separate viz. extrinsic or cytoplasmic, and intrinsic or
mitochondrial pathways. The intrinsic pathway involves perturbation of intracellular
homeostasis, and is linked primarily to mitochondrial changes, directly inducing the
release of cytochrome c¢ into the cytosol and apoptosome complex formation with
activation of caspase-9. The extrinsic pathway, however, is initiated by the binding of a
member of the tumor necrosis-factor (TNF)-family of death-receptor ligands to their
cognate receptors (TNFR or Fas). When a death stimulus triggers the pathway, the
membrane-bound FasL interacts with the inactive Fas complexes and forms the death-
inducing signaling complex (DISC). The DISC contains the Fas-associated death domain
(FADD) and procaspase 8, which becomes autocatalytically activated, and in turn,
cleaves downstream effector pro-caspase-3/-7. The effector caspases then process
different substrates, leading to apoptotic cell death. Studies have demonstrated that
apoptosis induction plays the most vital role in the cancer treatment.**?* Dysregulation in
apoptotic pathways has been implicated in the development and progression of malignant
tumors as well as occurrence of chemoresistant phenotypes.™?*¢ In response to PDT,
apoptosis has been found to be a prominent form of cell death for many cell lines in
tissue culture. ™

In the present study, apoptosis induction by the Bodipys was confirmed by
quantifying the sub G1 population in the cells, treated with different concentrations (0-50

uM) of 76 and 78 at 24 h. Although compound 80a was slightly more potent, the vast

difference in the MTT assay results of 76 and 78 was inexplicable. In particular, it was
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important to confirm that the better cytotoxicty of 78 was due to apoptosis, and not
necrosis. Hence, the compounds 76 and 78 were chosen for the apoptosis studies that also
included parallel assays in the absence of light. The results (Figure 4.4.6.5.) indicated
that the compounds are essentially non-toxic toward the A549 cells in darkness.
However, under illumination, both the compounds increased the sub-G1 cells population
concentration-dependently, compared to control, and the effects were also proportional to
the illumination dose up to 80 min of photo-exposure. For an illumination time of 80 min,
compound 76 (10-50 uM) increased the sub-G1 phase cell population to ~2-4.8 fold,
revealing induction of a robust apoptosis. But when the illumination time was reduced to
30 min, it could induce significant apoptosis only at concentrations >20 uM. In
comparison, compound 78 was a more effective apoptosis-inducer as it (5 uM) increased
the sub-G1 phase cell population to ~3.5 and 5.2 folds, compared to control at 30 and 80
min of illumination respectively. Further, its activity reached a plateau value (4 fold) at
10 uM after 30 min of photo-exposure. A similar activity trend was also noticed when the
photo-exposure time was 80 min. This confirmed that the photo-toxicity of 78 to the

A549 cells was due to apoptosis without any significant necrosis.

130



Dark 30 min 1 h 20 min
a White light White light

(a)

50 UM 50 um — A 50 uM
20 uM | 20 uM / ‘-— 20 uM
10 uM f 14 10 uM | a—] / 10 uM "
SuM | 14 5 uM e [ 17 suM |/ f—
Vehicle |t i [ 13 Vehicle | |/ _FEL |16 Vehicle | .../ . |16
10 100 10" 102 10° 10" 109 10" 102 10° 101 10° 10" 102 10°

(b)

S0uM ‘ 17 50 M 6 S0uM ) 03
20pM |- faman | | 16 20uM |— 65 20uM 87
0um [/ 14 10um/ 64 10uM/ /82
SuM [ 12 5um ) /a7 SuM | /73

Vehicle | .| B\ /13  vehicle| |/ _SL |14  Vehicle e w . 1a
10 100 10" 102 10° 10 10° 10" 102 10° 10 109 10" 102 10°

Figure 4.4.6.5 Apoptosis induction by 76 and 78 in A549 cells under dark and white light
illumination, as revealed by flow cytometry. The cells were incubated with 76 and 78 (0-
50 uM) for 1 h, exposed to light for 30/80 min and further incubated for 24 h.
Subsequently, 20000 cells in each treatment were acquired using a flow cytometer, and
the DNA content of the nuclei registered on a logarithmic scale. The Sub-G1 region
(RN1) represents the percentage of cells undergoing apoptosis. The experiments were
repeated three times with similar results. All determinations were made in three
replicates, and the values are means = S. E. M. *P<0.001 compared to vehicle control.
A representative figure is shown.

4.4.6.4. Caspase activation. Several observations have indicated that compounds that
localize within mitochondria or ER promote apoptosis, while activation of PS targeting
either the plasma membrane or lysosomes can either delay or even block the apoptotic
program prompting the cells to necrosis. ***® Because, all the chosen Bodipy compounds

for the present studies were accumulated in the cytoplasm, it was necessary to confirm

the apoptosis induction by other methods, besides the sub-G1 accumulation. Activation
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of the caspases is perhaps the most well characterized apoptotic cascade.''** Depending
on the involvement of extrinsic or cytoplasmic pathway, the final execution of apoptosis
is often mediated through caspase-8 or caspase-9 as the initiators, and caspase-3 as the
effector. Assaying caspase-3 is widely used as a tool for detecting programmed cell
death.'*“"¢ Presently the involvement of apoptosis was further ascertained by examining
the activation of the above caspases by compound 78 under photo-exposure. The
compound 78 was chosen because of its better activity than 76.

At 16 h, compound 78 (1.25 uM) stimulated (P<0.001) the activities of caspase-3
(~2.7 fold) and caspase-8 (~3.1 fold) without any increase in the caspase-9 activity,
compared to the untreated control cells (Figure 4.4.6.6). Such activation of caspase-3/8

was abrogated in the presence of the respective specific caspase inhibitors (each 20 uM).

ntrol
ntrol + Z-DEVD-FMK

ontrol
ontrol + Z-IETD-FMK

78 s
=78 + Z-IETD-FMK 44| == 78 + Z-DEVD-FMK

Caspase - 8 Activity
(Fold Change w.r.t Control)
Caspase - 3 Activity
(Fold Change w.r.t Control)

Groups Groups

Figure 4.4.6.6 Caspase activation by 78 in A549 cells under white light illumination. The
cells, as such or pre-incubated with specific caspase-3 and caspase-8 inhibitors (40 uM)
for 1 h were incubated with 78 (1.25 uM) for 1 h, and exposed to light for 1 h. The
caspase-3 and caspase-8 activities were assayed by ELISA after 16 h. The experiments
were repeated three times with similar results. All determinations were made in three
replicates, and the values are means + S. E. M. "P<0.001 compared to vehicle control;
#P<0.001 compared to 78-treatment.

For further confirmation, the effects of the specific caspase inhibitors (each 40

uM) on the cytotoxicity of compound 78 (1.25 uM) under photo-exposure for 80 min
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were assessed by the MTT assay at 24 h. Pre-incubation of the A549 cells for 1 h with
specific caspase-8 and caspase-3 inhibitors increased the cell viability by 76.2%
(P<0.001) and 22.4% (P<0.05) respectively, compared to the only 78-treated cells under
photo-illumination (Figure 4.4.6.7.). However, the caspase-9 inhibitor did not show any
effect on the cell survival. Pre-treatment the cells with the pan-caspase inhibitor increased
the cell survival to 2.1 fold (P<0.001) compared to the cells not receiving the above
inhibitor. Taken together, these suggested the involvement of the extrinsic apoptotic

pathway in the photo-toxicity of 78 to the A549 cells.
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78 (1.25 pM) . . . . N

Z-VAD-FMK (40 pM) : + ; -
Z-IETD-FMK (40 pM) - - + -

Z-DEVD-FMK (40 pM) - - - + -

Z-LEHD-FMK (40 pM) - - - - +

Figure 4.4.6.7 ldentification of the apoptotic pathway in the photo-toxicity of 78 to the
A549 cells. The cells, as such or pre-incubated with specific caspases inhibitors (each
40 uM) for 1 h were incubated with 78 (1.25 uM) for 1 h, and exposed to light for 1 h.
The cell survival was assayed by the MTT reduction protocol after 24 h. The experiments
were repeated three times with similar results. All determinations were made in three
replicates, and the values are means + S. E. M. "P<0.001 compared to vehicle control.

Current evidence suggests that the most common pathway for apoptosis in PDT-

treated cells involves mitochondria. Most PSs are lipophilic, and preferentially localize in
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the intracellular membrane systems, particularly mitochondria. From that perspective the
cytoplasmic localization of the chosen Bodipys is interesting. However, this is not
unprecedented. Few PSs photosensitizers, and with limited cell types, follow other
pathways, especially through caspase-8, particularly when the dominant pathway is
suppressed.’** For example, the widely used PS, photofrin has been shown to
concentrate into plasma membranes or cytoplasm upon brief incubation, and in the Golgi
complex or ER upon prolonged incubation.*** It is possible that the Bodipys 70, 76, 78,
80a or some of them can re-localize at other subcellular locations from the primary sites
of their accumulation. Such time-dependent re-localization of certain PS has been

115b,c

reported earlier. It has been reported that procaspase-3 localizes in the cytoplasm and

that caspase-3 activation is initiated in the cytosol. The activated caspase-3 redistributes
to the nuclear compartment to induce apoptosis.**®®
4.5. Summary

Considerable efforts have been devoted to develop PSs with better tumor
selectivity and higher phototherapeutic efficiency. Although the mechanism of PS
retention by tumors is not well understood, the balance between lipophilicity and
hydrophilicity is recognized as an important factor for photosensitizing efficiencies and
tumor and cellular uptake. The linkages of PSs with sugar moieties are of great
importance because the sugar increases water solubility, membrane interaction and
specific affinity for malignant tumors. Factors such as lower pH and more low-density
lipoprotein (LDL) receptors in malignant tissue than normal one may explain the

observed cellular specificity of the PS.**
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Keeping this in mind, in this work, a new series of Bodipy carbohydrate
conjugates have been designed and synthesized by introducing glucose units to a
hydroxyl phenyl subunit present at the meso- or C-3 styryl moieties of the Bodipy core.
The styryl moieties were introduced so as to induce red shifts in the emission maxima.
The in vitro biological investigations with the human lung cancer A549 cells revealed
insignificant dark cytotoxicity of the synthesized dyes, despite high cell membrane
permeability. As expected, two of the mono-styryl glycosylated dyes 78 and 80a showed
better potency than their respective non-glycosylated precursors 71a and 72a. Both 78
and 80a induced apoptosis via the extrinsic pathway. Surprisingly, the dye 70 containing
a meso-phenol moiety instead of any extended conjugation (lack of the C-3-styryl group)
showed a similar growth inhibitory property as that of 78 and 80a, and incorporation of a
glucose unit at a meso-phenol unit reduced the activity drastically.

It was also demonstrated that compound 80b, possessing the glycosylated styryl
moieties at both C-3 and C-5 positions of the Bodipy core formed stable fibrillar nano-
aggregates in aqueous THF and EtOH. More importantly the aggregate size could be
controlled by changing the water content of the media without the need of any additional
lipophilic attachment, as reported previously.'** Taken together the good phototoxicity of
the red-emissive Bodipy-O-glycosides 78 and 80a, and hydrogel formation ability of 80b
make them potentially attractive materials for photodynamic therapy, and as biological
imaging, and delivery vehicles respectively.

4.6. Experimental

4.6.1. General details
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The general details of the synthetic methodologies and spectroscopic studies have
already been discussed in Chapter-2. The chemicals used for the biological studies were:
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide  (MTT), penicillin,
streptomycin, and kits of caspases-3, -8, -9 activities (all from Sigma chemicals, St.
Luois, MO); Dulbecco’s modified Eagle’s medium (DMEM, HiMedia, Mumbai); and
fetal bovine serum (FBS, Gibco Life Technologies, Carlsbad, CA); Z-DEVD-FMK (pan-
caspase inhibitor), Z-VAD-FMK (caspase-8 inhibitor), Z-IETD-FMK (caspase-3
inhibitor), Z-LEHD-FMK (caspase-9 inhibitor).

4.6.2. Synthesis
2,6-Diethyl-4,4-difluoro-1,3,5,7-tetramethyl-8-phenyl-4-bora-3a,4a-diaza-s-indecene
(69). As described in Chapter-2, compound 69 was synthesized using 58 (0.450 g, 3.7
mmol), 67 (0.196 g, 1.85 mmol), TFA (0.012 g, 0.10 mmol), DDQ (0.420 mg, 1.85
mmol), EtsN (0.5 mL) and BF3Et,O (0.762 mL, 4.6 mmol) in CH,Cl, (10 mL). Usual
work-up, followed by column chromatography (silica gel, hexane-EtOAc) furnished pure
69 as a reddish solid. Yield: 0.175 g (24.9%); orange needles (hexane); mp: 184-185 °C
(lit.**® mp: 185-186 °C); *H NMR: & 0.97 (t, J = 7.6 Hz, 6H), 1.26 (s, 6H), 2.27 (q, J =
7.6 Hz, 4H), 2.52 (s, 6H), 7.25- 7.29 (m, 2H), 7.45-7.48 (m, 3H); *C NMR: & 11.6, 12.5,
14.6,17.1, 128.3, 128.7, 129.0, 130.8, 132.7, 135.8, 138.4, 140.2, 153.7; MS (m/z): 380
[M]".
2,6-Diethyl-4,4-difluoro-1,3,5,7-tetramethyl-8-(4'-hydroxyphenyl)-4-bora-3a,4a-
diaza-s-indecene (70). For the synthesis of 70, compounds 58 (0.500 g, 4.07 mmol), 68
(0.226 g, 1.85 mmol), DDQ (0.420 mg, 1.85 mmol), EtsN (1.56 mL, 11.09 mmol),

BF3.Et,0 (1.39 mL, 11.09 mmol) and THF (70 mL) were used. It was purified by column
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chromatography (silica gel, hexane/EtOAc). Yield: 0.350 g (23.4%); red-orange square
crystals (acetone/cyclohexane); mp: 228 °C; *H NMR (700 MHz, (CD3),CO): & 0.98 (t, J
= 7.7 Hz, 6H), 1.41 (s, 6H), 2.34 (q, J = 7.7 Hz, 4H), 2.48 (s, 6H), 7.04 (d, J = 8.4 Hz,
2H), 7.15 (d, J = 8.4 Hz, 2H), 8.71 (s, 1H); *C NMR (175 MHz, (CD5),CO): & 10.2,
10.6, 13.0, 15.6, 115.0, 125.4, 128.5, 130.1, 131.5, 137.3, 140.3, 152.0, 157.1; EI-MS
(m/z): 396.1 [M]", 395.4 [M-1]". Anal. Calcd. for C3H»7BF2N,0: C, 69.71; H, 6.87; N,
7.07%. Found: C, 69.42; H, 6.74; N, 7.22%.
2,6-Diethyl-4,4-difluoro-3-(4'-hydroxystyryl)-1,5,7,8-tetramethyl-4-bora-3a,4a-
diaza-s-indecene 7l1a. As described in Chapter-2, compound 71a was synthesized by
condensing 21 (0.200 g, 0.629 mmol) with 68 (0.077 g, 0.629 mmol) in the presence of
glacial acetic acid (0.3 mL) and piperidine (2.0 mL) in toluene (20 mL), followed by
usual isolation. Yield: 0.080 g (30.1%); dark pink crystals (CH,Cl,/cyclohexane); mp:
225 °C; 'H NMR (700 MHz, (CD3),CO): & 1.04 (t, J = 7.7 Hz, 3H), 1.19 (t, J = 7.7 Hz,
3H), 2.38 (s, 3H), 2.39 (s, 3H), 2.45 (g, J = 7.7 Hz, 2H), 2.49 (s, 3H), 2.69 (s, 3H), 2.72
(q, J = 7.7 Hz, 2H), 6.88 (d, J = 8.4 Hz, 2H), 7.18 (d, J = 16.8 Hz, 1H), 7.45 (d, J = 8.4
Hz, 2H), 7.56 (d, J = 16.8 Hz, 1H), 8.6 (s, 1H); *C NMR (125 MHz, (CDs),CO): 5 12.7,
14.2, 14.6, 14.8, 15.2, 17.6, 18.8, 116.7, 118.3, 129.3, 130.2, 133.1, 133.5, 133.9, 135.2,
138.1, 140.9, 148.7, 153.6, 159.1; HRMS (m/z): Calcd.: 423.2419 [M+1]"; Found:
423.2400 [M+1]".
2,6-Diethyl-4,4-difluoro-3-(4'-hydroxystyryl)-1,5,7-trimethyl-8-(4'-phenyl)-4-bora-
3a,4a-diaza-s-indecene 72a and 2,6-Diethyl-4,4-difluoro-3,5-di(4'-hydroxystyryl)-1,7-
trimethyl-8-(4'-phenyl)-4-bora-3a,4a-diaza-s-indecene 72b. As above, condensation of

69 (0.600 g, 1.579 mmol) and 68 (0.193 g, 1.579 mmol) in the presence of glacial acetic
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acid (0.9 mL) and piperidine (6.0 mL) in toluene (60 mL), followed by usual isolation
give a residue, which on column chromatography (silica gel, hexane/EtOAc) furnished
72a and 72b.

72a: Yield: 0.160 g (20.9%); dark pink crystals (acetone/cyclohexane); mp: 228 °C; *H
NMR (200 MHz, (CD3),CO): § 0.99 (t, J = 7.4 Hz, 3H), 1.13 (t, J = 7.4 Hz, 3H), 1.33(s,
3H), 1.34 (s, 3 H), 2.34 (q, J = 7.4 Hz, 2H), 2.54 (s, 3H), 2.62 (s, J = 7.4 Hz, 2H), 2.85
(s, 6H), 6.89 (d, J = 8.6 Hz, 2H), 7.22 (d, J = 17 Hz, 1H), 7.38-7.43 (m, 2H), 7.48 (d, J =
8.6 Hz, 2H), 7.58-8.00 (m, 4H); *C NMR (75 MHz, CDCly): § 11.4, 11.7, 12.7, 14.1,
145, 17.1, 18.3, 24.3, 115.7, 117.5, 128.4, 128.7, 129.0, 129.9, 131.7, 132.9, 133.4,
135.2, 135.8, 138.6, 138.8, 139.2, 149.8, 154.7, 156.7; EI-MS (m/z): 483.3 [M-1]*. Anal.
Calcd. for C3oH31BF.N,O: C, 74.39; H, 6.45; N, 5.78%; Found: C, 74.68; H, 6.31; N,
5.94%.

72b: Yield: 0.400 g (43.1%); dark green powder (acetone/cyclohexane); mp: >250 °C; *H
NMR (300 MHz, (CD3),S0): & 1.09 (t, J = 7.2 Hz, 6H), 1.29 (s, 6H), 2.50(s, 6H), 2.57 (g,
J = 7.4 Hz, 4H), 6.85 (d, J = 8.2 Hz, 4H), 7.19 (s, J = 17 Hz, 2H), 7.40-7.57 (m,
11H):EI-MS (m/z): 587.5 [M-1]". Anal. Calcd. for C3;H3sBF,N,0,: C, 75.51; H, 5.99; N,
4.76%; Found: C, 75.14; H, 5.83; N, 4.87%.

Glycosylation of 70. To a mixture of 73 (0.142 g, 0.568 mmol) and 70 (0.150 g, 0.379
mmol) in CH,ClI, (20 mL), BF3.Et,0 (47.6 pL, 0.379 mmol) was added and the resulting
mixture refluxed for 5 h. It was brought to room temperature, washed with agueous
saturated NaHCO3 (2 x 10 mL), H,O (2 x 10 mL) and brine (10 mL), and dried. Removal
of solvent in vacuo followed by column chromatography of the residue (silica gel,

hexane/EtOAc) furnished 75. Yield: 0.138 g (50.2%); orange powder
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(acetone/cyclohexane); mp: 216 °C; *H NMR (200 MHz, CDCls): § 0.97 (t, J = 7.6 Hz,
6H), 1.29 (s, 6H), 2.04-2.09 (m, 12H), 2.27 (q, J = 7.6 Hz, 4H), 2.51 (s, 6H), 3.86- 3.95
(m, 1H), 4.15-4.21 (m, 1H), 4.28-4.37 (m, 1H), 5.13-5.34 (m, 4H), 7.09 (d, J = 8.6 Hz,
2H), 7.19 (d, J = 8.6 Hz, 2H); *C NMR (50 MHz, CDCl5): § 11.9, 12.5, 14.6, 17.0, 20.5,
20.6, 62.0, 68.2, 71.1, 72.2, 72.6, 99.2, 117.5, 129.7, 130.8, 130.9, 132.8, 138.2, 139.3,
153.8, 157.2, 169.2, 169.4, 170.2, 170.4; EI-MS (m/z): 727.4 [M+1]*, 725.5 [M-1]",
707.4 [M-19]". Anal. Calcd. for Cs7HsBF2N2010: C, 61.16; H, 6.24; N, 3.86%. Found: C,
60.94; H, 6.20; N, 3.50%.

Glycosylation of 71a. To a mixture of 73 (0.071 g, 0.284 mmol) and 71a (0.80 g, 0.189
mmol) in CH,Cl, (15 mL) was added BF;.Et,0O (23.8 pL, 0.189 mmol), and the resulting
mixture refluxed for 3 h, brought to room temperature, washed with aqueous saturated
NaHCO; (2 x 10 mL), H,O (2 x 10 mL) and brine (10 mL), and dried. Removal of
solvent in vacuo followed by column chromatography of the residue (silica gel,
hexane/EtOAc) furnished 77. Yield: 0.060 g (42.1%); dark pink powder
(acetone/cyclohexane); mp: 186 °C; *H NMR (200 MHz, CDCls): 6 1.04 (t, J = 7.4 Hz,
3H), 1.20 (t, J = 7.4 Hz, 3H), 2.03-2.09 (m, 12H), 2.34-2.42 (m, 8H), 2.46 (s, 3H), 2.52-
2.69 (m, 5H), 3.83-3.90 (m, 1H), 4.12-4.32 (m, 2H), 5.06-5.31 (m, 4H), 6.95 (d, J = 8.8
Hz, 2H), 7.03 (d, J = 16.8 Hz, 1H), 7.48-7.61 (m, 3H); *C NMR (75 MHz, CDCls): &
13.8, 14.3, 14.6, 17.0, 18.2, 20.4, 20.5, 61.2, 61.7, 67.5, 68.2, 69.6, 70.0, 70.1, 71.9, 72.6,
91.5, 98.8, 117.0, 119.2, 128.1, 132.2, 132.4, 132.8, 133.0, 133.2, 136.2, 137.2, 139.2,
146.9, 153.7, 156.6, 169.1, 169.3, 170.0, 170.4; HRMS (m/z): Calcd.: 752.3292 [M];

Found: 752.3255 [M]".
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Glycosylation of 72a and 72b. A mixture of BusNBr (4 mmol) in 1:1 H,O—-CHClI; (20
mL) was stirred at 40 °C. A solution of 74 (0.02 mol) in CHCIs (15 mL), and another
solution of 72a or/ 72b (0.02 mol) and K,COs; (6.9 g) in water (20 mL) were
simultaneously dropped into the above mixture, the reaction mixture heated to 60 °C and
stirred vigorously for 6 h. It was brought to room temperature, washed with aqueous 5%
NaOH (3 x10 mL), H,O (2 x 10 mL) and brine (10 mL), and dried. Removal of solvent
in vacuo followed by column chromatography of the residue (silica gel, hexane/EtOAC)
furnished the 79 and 81 respectively. 79: Yield: 0.095 g (35.3%); mp: 105 °C; HRMS
(m/z): Calcd.: 837.3346 [M+Na]"; Found: 837.3309 [M+Na]".

81: Yield: 0.180 g (28.3%); mp: 218 °C; *H NMR (200 MHz, CDCls): & 1.14 (t, J = 7.6
Hz, 6H), 1.34 (s, 6H), 2.04-2.09 (m, 18H), 2.57 (q, J = 7.4 Hz, 4H), 3.88-3.93 (m, 2H),
4.14-4.36 (m, 4H), 5.12-5.33 (m, 8H), 6.98 (d, J = 8.6 Hz, 4H), 7.14 (d, J = 17 Hz, 2H),
7.28-7.32 (m, 2H, meso-Ph), 7.48-7.57 (m, 7H); **C NMR (50 MHz, CDCly): & 11.4,
13.9, 14.1, 18.3, 20.5, 20.6, 20.7, 22.6, 28.9, 29.1, 29.3, 29.4, 29.6, 31.8, 33.8, 61.8, 68.2,
71.1,71.1,72.0, 72.6, 98.8, 114.0, 117.1, 119.3, 128.6, 128.8, 129.0, 132.7, 133.0, 133.7,
134.7, 135.8, 138.6, 139.1, 157.0, 169.3, 169.3, 170.2, 170.6; HRMS (m/z): Calcd.:
1287.4298 [M+K]"; Found: 1287.4213 [M+K]".

Deacetylation of the Bodipy-O-glucosides. NaOMe (0.399 mmol) was added to the
solution of 77/79/81 (0.080 mmol) in MeOH (5 mL) and the resulting mixture was stirred
at room temperature for 1 h. Solvent removal in vacuo followed by column
chromatography (silica gel, CHCIl3/MeOH) of the residues furnished 78/80a/80b.
Compound 76 was prepared in a similar manner using NaOMe (0.691 mmol) and 75

(0.100 g, 0.138 mmol) in MeOH (5 mL).
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Compound 76: Yield: 0.070 g (91.1%); orange powder (CH,Cl./cyclohexane); mp: 166
°C; 'H NMR (300 MHz, (CD3),CO): & 0.97 (t, J = 7.5 Hz, 6H), 1.37 (s, 6H), 2.33(q, J =
7.5 Hz, 4H), 2.48 (s, 6H), 2.93 (broad s, 4H), 3.49-3.56 (m, 4H), 3.70-3.75 (m, 1H),
3.88-3.92 (m, 1H), 5.05-5.08 (d, J = 7.2 Hz, 1H), 7.24-7.28 (m, 4H); **C NMR (175
MHz, (CDs),CO): 6 10.3, 10.7, 13.0, 15.6, 60.8, 69.5, 72.8, 75.9, 76.1, 100.3, 116.3,
128.0, 128.4, 129.9, 131.6, 137.3, 139.7, 152.3, 157.7; EI-MS (m/z): 559.4 [M+1]*, 558.4
[M]". Anal. Calcd. for CogH37BF2N,Os: C, 62.37; H, 6.68; N, 5.02%; Found: C, 62.63; H,
7.11; N, 4.98%.

Compound 78: Yield: 85.8%; dark pink crystals (acetone/cyclohexane); mp: 143 °C;'H
NMR (300 MHz, (CDs),CO): & 1.06 (t, J = 9.0 Hz, 3H), 1.21 (t, J = 9.0 Hz, 3H), 2.40-
2.41(m, 6H), 2.42-2.51 (m, 5H), 2.71-2.76 (m, 5H), 2.85 (s, 3H), 3.46-3.49 (m, 4H),
3.72-3.76 (m, 1H), 3.88-3.93 (m, 1H), 5.01-5.04 (m, 1H), 7.10 (d, J = 8.6 Hz, 2H), 7.19
(d, J = 16.8 Hz, 1H), 7.52 (d, J = 8.8 Hz, 2H), 7.61 (d, J = 17 Hz, 1H); °C NMR (75
MHz, (CD3),CO): 6 12.7, 14.1, 14.2, 14.6, 14.7, 14.8, 14.9, 15.2, 15.3, 17.6, 18.8, 18.9,
62.7,71.4,74.7,77.9,78.0, 101.8, 117.8, 119.5, 128.8, 128.9, 132.5, 132.7, 132.9, 133.2,
134.2, 134.4, 137.9, 138.5, 140.8, 141.2, 148.0, 154.2, 159.2; HRMS (m/z): Calcd.:
585.2948 [M+1]"; Found: 585.2910 [M+1]".

Compound 80a: Yield: 0.038 g (50.4%); dark pink powder (acetone/cyclohexane); mp:
138 °C; 'H NMR (200 MHz, (CD3),CO): 6 0.99 (t, J = 7.6 Hz, 3H), 1.14 (t, J = 7.4 Hz,
3H), 1.33(s, 3H), 1.34 (s, 3 H), 2.35 (g, J = 7.6 Hz, 2H), 2.54 (s, 3H), 2.62 (g, J = 7.6
Hz, 2H), 3.44-3.87 (m, 7H), 5.01 (d, 1H), 7.11 (d, J = 8.0 Hz, 2H), 7.24 (d, J = 17.4 Hz,
1H), 7.39-7.41 (m, 2H), 7.43-7.72 (m, 6H); HRMS (m/z): Calcd.: 669.2923 [M+Na]";

Found: 669.2887 [M+Na]".
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Compound 80b: Yield: 0.060 g (45.6%); dark green powder (acetone/cyclohexane); mp:
>250 °C; HRMS (m/z): Calcd.: 935.3714 [M+Na]"; Found: 935.3653 [M+Na]".
4.6.3. Dynamic light scattering (DLS) studies

The DLS measurements were performed using a Malvern 4800 Autosizer instrument
employing a diode pumped solid state laser (532 nm, vertical polarisation) and avalanche
photodiode detector, at a scattering angle of 130°. The data processing was carried out by
Malvern 7132 digital correlator. The scattered intensity correlation function was analyzed by
the inverse Laplace transformation algorithm, CONTIN (software supplied by Malvern
Instruments, UK) to extract the size distribution data.
4.6.4. Biological studies
4.6.4.1 Cell culture: The A549 cell line, procured from National Centre for Cell Science,
Pune, India were cultured in DMEM medium, supplemented with 10% FBS, 100 U/mL
penicillin and 100 pg/mL streptomycin. The cells were grown at 37 °C under an
atmosphere of 5% CO,.
4.6.4.2 MTT assay. Viabilities of the control cells and those treated with various
concentrations of the test compounds were determined at 48 h by the MTT reduction
assay.™® Briefly, cells (1 x 10*well) grown in 96-well plates were incubated overnight at
37 °C under an atmosphere of 5% CO, Next day the cells were incubated with vehicle
(0.1% DMSO) or various concentrations of the test compounds for 1 h. The cells were
washed two times with PBS, DMEM (200 uL) added, and subsequently exposed to light
(dose rate 7.76 Watt) for different time periods (0.5, 1, 2, 3, and 4 h) using a 20 W CFL
lamp. Serum was added to the medium which was incubated for 24 h. The cells were
washed once with PBS, MTT solution (0.5 mg/mL, 100 uL) was added to each well and

kept at 37 °C for 6 h. The formazan crystals in the viable cells were solubilized with 0.01

142



N HCI (100 pL) containing 10% SDS and the absorbance at 550 nm read. Experiments
were also carried out without the photo-exposure, wherein the assays were carried out at
48 h after addition of the compounds. For studying the Similar assays were also carried
out by pre-incubating the cells with the caspases inhibitors (each 40 uM) prior to the
addition of the test compound 78.

4.6.4.3 Flow cytometry. The hypodiploid DNA content were analyzed as a marker for
apoptosis by flow cytometry, after staining with P1. The cells were incubated with 76 or
78 (0-50 uM) for 1 h, washed two times with PBS, DMEM (200 uL) added, and
subsequently exposed to light (dose rate 7.76 Watt) for different time periods (30 and 80
min) using a 20 W CFL lamp. Serum was added to the medium which was incubated for

24 h. The cells were washed once with cold PBS, incubated with PI (400 ug/mL) and

RNAse A (200 pug/mL) in 1 mL hypotonic buffer (0.1% sodium citrate plus 0.1% Triton
X-100) for 30 min at 37 °C, and analyzed with a Pertec CyFlow® Space flow cytometer
using the FlowJo program. Cellular debris was excluded from analysis by raising the
forward scatter threshold, and the DNA content of the nuclei was registered on a
logarithmic scale. At least 2 x 10* cells of each sample were analyzed. The apoptotic
nuclei appeared as broad hypodiploid DNA peaks.

4.6.4.4 Fluorescence microscopy. A549 cells seeded in 6-well plate on coverslip were
loaded with the Bodipy dyes (5 uM) for varying periods (0.25, 0.5 h, 1, 2 and 3 h) at 37
°C, washed with PBS, subsequently stained with Hoechst 33342 (10 uM), washed once
again with PBS, mounted with 70% glycerol, and analyzed under Axioskop Il Mot plus
(Zeiss) microscope (40 x optics). When overlaying blue/red images by ImageJ software,

some adjustments to image stretch and tone were made to both blue and red images. This
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was done only for overlay display contrast purposes so as to ensure that the blue color of
the Hoechst-stained nucleus and red color of the dye are both visible.

4.6.4.3 Caspase activity assay. The assays were performed with a caspase-3 colorimetric
Kit or caspase-8 and caspase-9 fluorimetric kits according to the manufacturer’s protocol.
Briefly, cells (1 x 10%well), seeded in 90 mm plate were incubated with 78 (1.25 pM)
for 1 h followed by 1 h photo-illumination, and the individual caspase activities were
assayed at 16 h. These assays were based on spectrophotometric detection of the
chromatophore, pNA after cleavage from the respective labeled substrates by the
caspases. The untreated but photo-exposed cells served as the control. For the caspase
inhibition studies, the cells were pre-incubated with the inhibitory peptides, Z-VAD-

FMK, Z-IETD-FMK, Z-LEHD-FMK (each 40 uM), prior to the other treatments.
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CHAPTER-5

FORMULATION OF BODIPY-SI-BASED MOLECULAR

ELECTRONICS DEVICES
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5.1. Preamble

Silicon microelectronics, playing a dominant role in almost every sphere of our life, viz.
automobiles, home appliances, telecommunications, medical and scientific equipments etc, has
undergone relentless miniaturization during the last few decades. This has increased the speed
and memory of computational devices. Now it is being anticipated that due to several physical as
well as economic factors, the Si technology will face the scaling limits in very near future.'?
Factors such as (i) unacceptable power dissipation, (ii) change in the Si band structure, (iii)
difficulty in uniform doping of Si, (iv) limitation of lithographic techniques, and (v) exponential
increase in financial investment would restrict attaining the sizes of the transistors to <20 nm.

This has given birth to the concept of information processing at the molecular-scale
(molecular electronics) as a promising alternative for the nano-electronics of the future.** It is
viewed as a technology wherein integrated circuitry (IC) will be constructed from component
molecules acting as capacitors, resistors, logic gateways, memory registers, etc, joined by
molecular wires. In molecular electronic devices, organic molecules are sandwiched between
conducting electrodes. Supramolecular assembly of organic molecules on solid substrates is a
powerful "bottom-up' approach for the fabrication of devices for molecular-scale electronics.

122a

This is generally achieved by forming Langmuir-Blodgett (LB) films, = or self-assembly of
monolayers of organic molecules on solid substrates (SAM) via metal/molecules/metal (MMM)
junction.**® However, chemically-grafted organic molecules on semiconductors like Si is most
promising for this purpose because the surface potential of Si can be easily tailored to develop
improved hybrid molecular devices.'??® The p-n junction threshold voltage for rectification can

be adjusted by changing the electronic nature of the organic = group molecules, instead of the

classical method of doping.
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Si-hybrid nanoelectronics. In the third approach, termed as Si-hybrid nanoelectronics, organic
molecules exhibiting various functionalities, such as, dielectric, diode, memory and transistor are
deposited to Si, so that the nanoscale electronic functionality of molecules can be utilized in Si-
based microelectronics. The advantage of the molecule-on-Si hybrid concept is that the inputs
available from an already existing powerful Si-based IC industry can be effectively used for the
development of integrated hybrid devices. Thus, nonlinear charge transport in functional
molecules grafted to Si has become a fundamental area of research in the development of various
components for hybrid nanoelectronics e. g. molecular diodes, resonant tunnel diodes, memory
devices, transistors etc.*?

Organic molecules in molecular electronics. Organic molecules are made up of mainly covalent
bonds which are formed either by linear (¢ bonds) or lateral overlap (m bonds) of the atomic
orbitals. Electrons in ¢ bonds lye between two nuclei and are highly localized, whereas the
electron density in © bonds is delocalized. In terms of molecular orbital theory, when two atomic
orbitals overlap they form one bonding orbital (lower in energy than that of atomic orbitals) and
one antibonding orbital (higher in energy than that of atomic orbitals). These molecular orbitals
(MO?’s) are filled up by Pauli’s exclusion principle. The energy difference between highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) is related
to the band gap of the molecule. The HOMO-LUMO gap for the ¢ bonds is ~8 ¢V, whereas for
the conjugated molecules this gap is in reduced to 2-5 eV. Therefore, under applied electric field,
o bonded molecules are expected to exhibit no charge transport, and may act as dielectrics in
hybrid nanoelectronics. On the other hand, presence of extended electronic wave functions in the
conjugated (m bonded) molecules is suitable as semiconducting channels in the hybrid devices. In

these devices, highly doped Si (resistivity < 0.001 Qcm) is used as substrate for organic
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monolayer deposition so that it also acts as an electrode. The counter electrodes can be formed
using techniques such as liquid Hg-drop, thermally evaporated Au/Al pads, CP-AFM/ STM tip
or carbon nanotubes. Using this type of assemblies, various devices such as, a) molecular

123b

dielectrics using alkyl-chains,**** b) molecular diodes using o—n molecules,**® c) resonant tunnel

diode or RTD using o-n— ¢ molecules?*

etc. have been constructed. Here, the alkyl-chains of
different lengths, and conjugated molecules were used as ¢ and = components respectively.

It is well-established that covalent attachment of the organic molecules onto Si-surfaces
produces reproducible and robust hybrid nanoelectronics, suitable for device applications.
Previously, o—m systems grafted on Si through an alkyl spacer (o) have shown current
rectification behavior.* The rectification property has been attributed to a resonant transport
between the Si conduction band (CB) and the HOMO of the © group. The Fermi level pinning at
the metal/n-group interface plays a key role in the electrical behavior of these molecular
rectifying junctions. Molecules, showing rectification behaviour with high rectification ratio
(RR) is very useful for making diodes.

The negative differential resistance (NDR) behaviour (i. e., an initial rise in current and
its subsequent sharp drop even with progressively augmented voltage, as opposed to Ohm’s law)
with high peak to valley ratio (PVR) has drawn significant attention because of its potential

application in realization of logic devices and memory circuits,2°**

and is found in a variety of
molecular devices.'® The NDR behavior should be accompanied by hysteresis although in many
cases it is observed without hysteresis.*?® Several mechanisms such as charge transfer-induced

change of the charge state, and chemical/conformational changes under finite bias have been

proposed to explain NDR phenomenon.'?" Recent theoretical studies showed that the origin of
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NDR with hysteresis is associated with the polarization response, i. e., combined effects of
charging and conformational change.'?
5.2. Concept of Si-BODIPY Devices

In principle, organic molecules with suitable redox properties such as high band gaps and
ionization energies, and matching HOMO/LUMOs with the Fermi level of the electrodes are
suitable for molecular electronics applications. To this end, a large number of electron-rich
organic molecules such as the polyaromatic hydrocarbons, porphyrinoids etc. have been
extensively used to construct Si-hybrid nanoelectronics. Rectification effect of several organic n-
type molecules deposited on Si has been demonstrated previously.?® Nevertheless, developing
devices that are environmentally stable, and show high-mobility and easy processability remains
a specific challenge in this area. In particular, the performance and stability of organic n-type
materials have significantly lagged behind their p-type counterparts.

The Bodipy class of compounds has rich redox chemistry with excellent reversibility both
during oxidation and reduction. As discussed in section 1.5.2., the redox chemistry of the Bodipy
derivatives depends on the type of substitution in the dipyrromethene core.**®When the dyes are
completely substituted with alkyl or other groups, the radical ions are highly stable. But in
absence of any substitutions, especially at the 2-, 6-, and meso-positions, highly reactive radical
ions are generated, which can undergo dimerization or other reactions.™*®® The properties can be
tuned by varying different substituents on the dye chromophore. Till so far, the Bodipy
compounds have been used extensively for various photo-voltaic applications such as OLEDs,
solar cell etc. The reversible redox property of Bodipy dyes, their robustness under ambient
conditions and chemical tenability is very attractive for their use in molecular electronics which

still remains unprecedented. Presently, the rectification property of some tailor-made Si-grafted
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Bodipy monolayers, and their tuning to elicit NDR response by forming bi-layers with another
Bodipy molecule is presented, and the electronic behaviors explained by theoretical calculations.
These are sequentially presented below.
5.2.1. Molecular design

Given the importance of molecular bridges in nano-devices, design of the organic
molecule is crucial in attaining the present objectives. The molecular design was conceived
keeping in mind that the energy gap (AE) between the energy states (LUMO/HOMO) of the
molecular bridges and the Fermi levels of the donor and acceptor units control the electron-
transfer rate and current flow.™! For constructing devices for current rectification, the required
o-n systems were synthesized using the O-alkenylated analogs of the Bodipy 70. It was
envisaged that the m—moiety (Bodipy core) and the o—moieties (alkyl chains) will acts as a
quantum well and the tunnel barriers respectively. For the c—moieties, a Cs- and a C;;-alkenyl
chains were chosen, because that would assist in subsequent fabrication of their monolayers on
the highly-doped Si (111)-surface due to enhanced solubility and increased spacer lengths.
Further, the alkenyl group can be used for electro-grafting the monolayers on Si surface.

Previous theoretical studies predicted that the molecules having redox properties and
bias-induced conformational changes are potential candidates for NDR effect with hysteresis.'?®
However, it is difficult to change the conformation of a molecule that is chemically bonded,
using a bias. But it will be easier in case of a bi-layer formed by physical interaction. Hence,
such a bi-layer strategy was explored for making NDR devices which is currently lacking in
literature.

5.2.2. Synthesis
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The commercially available aldehyde 68 was subjected to a base-catalyzed alkylation of
with 1-bromohexane and 1-bromoundec-10-ene to furnish the aldehydes 82a and 82b
respectively. The aldehydes were individually subjected to a TFA-catalyzed condensation with
kryptopyrrole (58), and the resultant dipyrromethanes were subjected to oxidation with DDQ),
followed by complexation with BF; in the presence of EtsN as the base (Scheme 5.2.2.1) to
afford the compounds 83a and 83b respectively. These compounds are also designated as
BODIPY-C5 and BODIPY-C11, and characterized by the *H and *C NMR spectra (Figure
5.2.2.1 and Figure 5.2.2.2). The major differences in the spectra of these compounds were the
additional *H NMR singlet at § 1.32 (12H) and the up-field *C NMR resonances for the longer

chain alkyl moiety of 83b.

OH OW

n
i) K,COs/acetone

-
-

i) RBr/heat
CHO CHO
67 82a R = CH,=CH(CH,);

82b R = CH,=CH(CH,),

Y

Et i) 82a/b/TFA
/CH,CI
/ \ 2vi2
N i) DDQ
iii) EtsN, BF 3.Et,0

83a n=1 BODPY-C5
83b n=7 BODPY-C11

Scheme 5.2.2.1 Syntheses of the Bodipys 83a and 83b.
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Figure 5.2.2.1 The NMR spectrum of 83a (a) *H NMR, (b) *C NMR.
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Figure 5.2.2.2 The NMR spectrum of 83b (a) *H NMR, (b) **C NMR.
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5.2.3. Preparation of the Si(n"*)-Bodipys assemblies
Monolayers formation by electro-grafting. Physisorption of organic molecules as Pockels-
Langmuir (PL) films or by vapor-phase deposition on electrodes is often used to fabricate hybrid
organic electronic devices. However, ordering of PL films are usually achievable with
amphiphilic molecules only, restricting the molecular design. On the other hand, the vapor-phase
deposition method usually results in poor deposition yield, disordered packing and random
orientations. Further, the physisorbed molecules often move to seek a lower energetic state on
the surface, or in response to an applied electric field. Instead, covalent linking of organic
molecules to metal/semiconductor surfaces provides a better alternative.'** Extensive work using
Au electrodes revealed them to be thermally unstable.*3** On the other hand, grafting of alkyl
silanes monolayers on SiO; surface involves multi-steps protocol requiring stringent reactions
conditions (optimized temperature and anhydrous conditions), besides the need to synthesize
many of the alkyl silanes separately.’?"3¢ |nstead, cathodic electrografting of organic
molecules having a cleavable group that reacts with H-terminated Si offers the advantage
assessing the deposition process by in situ measuring the redox peak of the electrografting
reaction. The known cleavable electroactive group includes vinyl (C=C), ethynyl (C=C), halide
(Cl, Br, 1), tetraalkylammonium salt, diazonium salt and silane.**** Hence, we followed electro-
grafting for an easy attachment of the porphyrins on Si (111) surface through the strong Si-C
bond (Si-C ~76 kcal mol™).

Thus, the molecules 83a and 83b were separately electrografted to H-terminated Si(n™™)
surface through their respective terminal alkene groups.*** The electrografting mechanism
(Figure 5.2.3.1) is based on formation of Si-radicals on application of negative potential, which

reacts with C=C group of the molecules to form Si-C bond.*** The electrochemical deposition
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was carried by cyclic voltammetry (CV) using the Si-H wafers as the working electrode (WE), Pt

as the counter electrode (CE) and Ag/AgCl as the reference electrode (RE).

a

H HHH HHH
|11 te o |l || ©
~5i-5i-Gi-Si~ ——— ~Si-5i-5i~5i- + H
b

R R

1.
| e T
| | ° .
_§i-Si-Si-Si + Y/ ——p -SHSI-Si-Si- *+ H—F —Si-Si-Si-S- =2
C

Figure 5.2.3.1 Schematic of the electrografting process on Si via Si—C bond formation.

Typical CV scans recorded using 83a and 83b (Figure 5.2.3.2) revealed appearance of an
irreversible oxidation peak at -0.25 V. As the number of scans increased, the peak diminished
owing to the non-availability of nucleophilic Si atoms at the surface and, eventually vanishes for
50" scan. This confirmed the completion of multilayers deposition (AFM image, vide infra). At
higher scans, formation of multilayers was evident by AFM analysis (data not shown). The
irreversible CV peak indicated an irreversible reaction (i. e. the cleavage of vinyl-group) is
associated with the electron transfer. No peak at -0.25V appeared when the CV was run using the

TBAP solution alone.
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Figure 5.2.3.2 Cyclic voltammograms (CVs) indicating electrografting of Bodipy compounds on
H-terminated Si(n"") substrates. (a) compound 83a; (b) compound 83b.

Bilayers formation by self- assembly. For the bi-layer formation, compound 21 was chosen with

the presumption that the planar molecule may easily intercalate onto Si-grafted monolayers of

83a and 83b by the self-assembly.**® This 2™ layer was formed by dipping the mono-layered Si

wafers into a CH,Cl, solution of 21 for 24 h. The film thickness did not increase by dipping the

monolayers in the solution of 21 for several days, as well as increasing the concentration of 21.

The bilayers are represented as 21:83a/Si(n*") and 21:83b/Si(n"") respectively.

Potentiostat

H-Si(n**) fIRElRE o
Step 2 o 3
N K
/ CN.\,N“
> Y Electrografting Self assembly )
BODIBY-CS/C11 ST () of PM567 S
NG BODIPY-C5 or C11/Si(n™)  PM567:BODIPY-C5 or C11/Si(n*)

Figure 5.2.3.3 Schematics of the bilayer formation process. Step 1: Electrografting of
monolayers of 83a or 83b on H-Si(n""); Step 2: Intercalation of 21 into the monolayers.
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5.2.4. Characterization of modified surfaces

The mono and bilayers were characterized by several techniques, such as,
electrochemical characterization, contact angle measurements, ellipsometry, secondary ion mass-
spectrometry (SIMS), atomic force microscopy (AFM) and X-ray reflectivity (XRR). Amongst
these, SIMS is used for chemical analysis as well as for identifying the alignment of the
molecules on the Si substrate. The thickness of the organic layers can be determined using
ellipsometry, XRR, and SIMS depth profile. Contact angle measurements provide information on
the surface groups of the grafted organic layer. The ordering of the monolayer can be also be
assessed by imaging the surface morphology using AFM.
Electrochemical characterization. The fast scan (100V/s) CVs were recorded for 83a/Si(n™™)
and bilayer 21:83a/Si(n**) as the WE (surface area = 0.25 cm?) and 0.1 M TBAP as electrolyte
with a Pt counter-electrode and an Ag/AgCl reference electrode (Figure 5.2.4.1.a). For the
monolayer, a single peak was observed at 0.77 V. The bilayer CV showed two closely spaced
oxidation peaks at 0.73 V and 0.83 V, indicating that the bilayer undergoes a double oxidation.
Similarly for the monolayer of 83b/Si(n"") a single peak at 0.89 V was observed in the CV. But,
in this case, even the bilayer CV showed only a single flattened peak at 0.94V, which may be
due of two closed and unresolvable peaks.

The molecular densities of the monolayers and bilayers, determined by fast scan (10 V/s)
CVs are shown in Figure 5.2.4.1. The net charge transferred during the oxidation process,
calculated from the area under the oxidation peak were 7.92 x 107 C and 1.83 x 10° C
respectively for 83a and 83b. These amounted to surface coverages of 4.12 x 10" and 1.69 x
10" molecules /cm? respectively for 83a and 83b. The surface coverages increased to 8.43 x

10" and 3.16 x 10" molecules /cm? respectively for the bilayers 21:83a/Si(n**) and
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21:83a/Si(n"™) respectively. Thus, the mono- and bilayers of 83b were more compact with more
(~ 4 times) surface coverage, compared to that of 83a. So, the numbers of BODIPY molecules
almost get doubled after self-assembly, implying the 1:1 interaction between compound 21 and

compound 83a/83b.*%

(a) BODIPY-C5 (b)  BODIPY-C11 ()  CVin solution
Monolayer 4004 = BODIPY-C11
i 11 bil — BODIPY-C5 096V
20 L~ y |ayc?r 038V
3 If? 200
= o
§ 0 To <
5 g =
3 =
-20-
) C11M
Bilayer 3 one -200
00 05 1.0 15 00 07 14 0w 05 10 15
Potential (V) vs Ag/AgCl EN E/V

Figure 5.2.4.1 Typical fast scan CVs (scan rate 100V/s) of the mono- and bilayers. (a)
83a/Si(n"™) and 21:83a/Si(n""); (b) 83b/Si(n™*) and 21:83b/Si(n*"); (c) CV of compounds 83a
and 83b recorded in CH,Cl, at 25 °C using 0.1 M BusNCIO4 (TBAP) as the supporting
electrolyte and ferrocene (Fc) as internal reference at +0.38V.

Contact angle measurements. The contact angle measurement is a valuable tool to investigate
the surface polarity and orientation of the attached molecules at a surface.**"* The contact angles
of deionized water in case of Si wafers, grafted with 83a and 83b were 52.7° and 53.7°
respectively, and on bilayer formation these increased to 56.0° and 60.7° respectively, whereas
for the cleaned, ungrafted Si wafer it was 84°. Thus, in both the cases, the bilayers were more
hydrophobic compared to their respective monolayers. However, the observed contact angles
were much less than the reported values (97-108) of the methyl terminated alkyl chains.*?4*370¢

This suggested interaction of the water molecule with the Bodipys, possibly through their pyrrole

rings, which is possible only when the molecules are tilted.
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To understand the orientation of molecule 21 in the bilayers, the Owens and Wendt
method was used to determine the total surface energy and its resolution into polar and
dispersive components, wherein the total solid surface tension y was assumed to be of the general
form as shown in equation (1)

I+ c050 = 25 (V1) + 2VYs? (VYD) ool (1)

In this equation, the subscripts, s and | refer to the solid and liquid surface tension respectively;
the superscripts, d and p coincide with dispersive and polar components of total surface tension,
where sum of these two values are equal to the total surface tension. In order to resolve the
and \ys", the contact angles were measured independently using two different liquids (water and
diiodomethane) whose surface tension components are known (Table 5.2.4.1). All samples
showed high surface energies with no significant difference in the dispersive components (Table
5.2.4.2). However, compared to the monolayers of compounds 83a and 83b, their respective
bilayers showed a decrease in the polar components, indicating their hydrophobicity. These
results clearly indicated that the fluorine atoms of the Bodipys are less exposed to the space.

Table 5.2.4.1: The surface tension components of H,O and CH;l, at 20 °C

Surface tension (mN/m)

L|qU|d Vi 'Y|d 'Y|p
Water 68.9 18.6 50.3
Diiodomethane 49.7 48.0 1.7
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Table 5.2.4.2: Surface energy of modified Si surfaces

Surface energy (mJ/m?)

Sample Total Energy  Polar component  Dispersive component
BODIPY -C5 Monolayer 55.1 15.7 39.4
BODIPY —C5 Bilayer 53.9 14.7 39.2
BODIPY —-C11 Monolayer 56.1 151 41.0
BODIPY —-C11 Bilayer 52.7 13.3 39.4

Atomic force microscopy (AFM) and ellipsometry. The AFM images (Figure 5.2.4.2) revealed
that each of the mono- and bi-layers had granular surface morphology with an average grain size
of 8 and 14 nm, respectively. The AFM analyses revealed that the mono- and bilayers of 83b
were more organized, compact and uniform with lesser number of voids and hillocks than those
83a. The numbers of voids were less in the bilayers compared to the respective monolayers.
Measurement of the layer thicknesses is essential to determine if it is a monolayer or a
multilayer. For a monolayer, its orientation on the surface can also be determined by comparing
the experimental results and the theoretical lengths of the molecules. Amongst the methods, used
for measuring the thicknesses of Si-grafted layers, presently ellipsometry and XRR technique
were used. The ellipsometry data revealed the average thicknesses of respective monlayers as ~
1.3 £ 0.2 nm in case of 83a and 2.2 + 0.2 nm with 83b, while the corresponding theoretically
calculated (using Molkel software) values were 1.3 nm and 2.25 nm. The thicknesses of the
bilayers from 83a and 83b were 2.1+0.2 nm (theoretical: 2.0 nm), and 3.1+0.2 nm (theoretical:
2.95 nm) respectively. The thickness values, determined by ellipsometry also revealed doubling

of the BODIPY molecules in almost 1:1 ratio after self-assembly in the bilayers, which is in
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accord with the fast scan CV results. These data are also consistent with the AFM analyses, both

revealing more compact monolayers with 83b than 83a.

(a) BODIPY-C5 monolayer (b) BODIPY-C5 bilayer

-

Figure 5.2.4.2 The non-contact atomic force microscope images recorded for (a) 83a/Si(n"™)
monolayer; (b) 21:83a/Si(n"") bilayer; (c) 83b/Si(n"") monolayer; (d) 21:83b/Si(n"*) bilayer,
respectively.

XRR analyses. XRR is a non-destructive and non-contact technique for determination of
thickness between 2-200 nm with a precision of about 1-3 A. In addition, this technique is also
employed to determine the density and roughness of films and multilayers. X-rays have a
refractive index in solids which is fractionally smaller than unity, so if one approaches a surface
at a sufficient grazing angle, total external reflection can be achieved below some critical angle
(few tenths of a degree). For an angle of incidence greater than critical angle, the beam
penetrates the film and interference between X-ray amplitudes reflected from surface and

interfaces of a layered sample gives rise to a complex reflectivity pattern. This principle is
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effectively utilized in the sensitive XRR technique wherein detailed analysis of this XRR data
yields information about electron density profile as a function of depth, layer thickness and
surface/interface roughness, regardless of the amorphous or crystalline nature of the sample.

The experimental data are fitted with a theoretical model of depth-dependent scattering
length density (SLD), p that gives information about the composition and density gradient in a
layered structure. Thus, the depth profile of electron SLD from XRR data (p*) can be obtained.
Scattering length densities in XRR are related to the atomic number densities in a system. The
SLD values of different layers are calculated from the following equation (2):

P @) = e iNI@D(Zi+ ) 2)
where p* (2) is the depth (z) dependent scattering length density (in units of A 2) for x-rays. Z;
and f/ are the charge number and real anomalous dispersion factor respectively of the i element,
re (= 2.818 fm) is the classical electron radius and N; are the corresponding depth-dependent
number densities per unit volume of the components. The accuracy with which these parameters
can be determined is typically of the order of a few nm or better, making it very useful for the
study of ultrathin organic layers.'*

Since compound 83a with a small alkyl chain of less electron density formed less
compact organic layers, we focused only on the monolayer 83b/Si(n"") and the bilayer
21:83b/Si(n"™), and confirmed the films thicknesses using X-ray reflectivity (XRR) technique in
specular mode. A specular geometry reflectivity measurement as a function of the incident angle
provided a number of information viz. refractive index depth profiles, electron/mass density
profiles along the normal axis direction, total and/or individual layer thicknesses, and interface
roughnesses. Suitable model fitting of the reflectivity profiles confirmed formation of BODIPY -

C11 monolayers and bilayers at the Si substrate (Figure 5.2.4.3). For the bilayer 21:83b/Si(n""),
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the XRR data were modeled as arising from two layers of organic material, deposited on Si base.
From the plot of SLD vs interface distance, the thicknesses for monolayer and bilayer were
calculatd a 2.40 + 0.02 nm and 3.1 + 0.02 nm respectively. The roughness values for the

monolayer of were higher than that of the bilayer of (BODIPY-C11).
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Figure 5.2.4.3 XRR plots of the BODIPY-C11 systems (a) 83b/Si(n"") monolayer; (b)
21:83b/Si(n™™) bilayer. (inset: SLD plots).

Secondary ion mass-spectrometry (SIMS).

SIMS is most sensitive of all the commonly-employed surface analytical techniques, as it
can detect impurities on a surface layer at < 1 ppm concentration, and in bulk at ~1 ppb
concentrations, in favorable cases. In SIMS the surface of the sample is subjected to
bombardment by high energy ions, ejecting (or sputtering) of both neutral and charged (+/-)
species including atoms, clusters of atoms and molecular fragments from the surface. The ions
are extracted from the sample region, and subjected to energy-filtering before they are mass
analyzed by a quadruple or more often by a time-of-flight (TOF) mass analyzer, the latter
providing substantially higher sensitivity and mass resolution, and a much greater mass range

(albeit at a higher cost). In general, TOF analyzers are preferred for static SIMS, whilst
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quadruple and magnetic sector analyzers are preferred for dynamic SIMS. Presently, the SIMS
data of the monolayer of 83a showed peaks at m/z 325, 281 and 191 amu due to the Bodipy
fragments (Figure 5.2.4.4a). Similar results were obtained with the 83b monolayer (data not
shown). The SIMS data of the bilayer 21:83b/Si(n*") showed an additional mass peak at m/z 317
amu, accounting for the [M-1]" peak for compound 21 along with the peaks due to the Bodipy
fragments (Figure 5.2.4.4b). The SIMS data of the 21:83a/Si(n"") were also similar (data not

shown). Nevertheless, the SIMS data confirmed deposition of their respective layers on the Si

wafers.
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Figure 5.2.4.4 TOF-SIMS of positive secondary ions desorbed from monolayer and bilayer by
mono-isotopic *°Ga projectile. (a) 83a/Si(n**) monolayer; (b) 21:83b/Si(n**) bilayer. (insets:
enlarged plots.)

Since the SIMS mass fragmentation pattern did not provide much information about the
orientation of the bilayers, the SIMS depth profile of the bilayer 21:83b/Si(n"*) was studied. The
SIMS depth profile (Figure 5.2.4.5.a) revealed the thickness for the bilayer 21:83b/Si(n*") as ~3

nm, which was in good agreement with the XRR data. Further, the magnified SIMS data (Figure

5.2.4.5.b) of the monolayer 83b/Si(n"*) and the bilayer 21:83b/Si(n"") showed fragmented
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boron species Bip and B;; of the Bodipys, and as expected, the number of boron atoms in the bi-

layer was nearly double that of the mono-layer.
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Figure 5.2.4.5 (a) SIMS depth profile of bilayer of 83b, (b) SIMS spectra: Bio and B;; peaks for
compound 83b.

5.2.5. J-V characteristics

To measure the J-V characteristics, a metal/molecule/Si (n++) structure was completed
by using a tiny drop of liquid mercury of diameter ~500 um as the counter electrode as
illustrated in Figure 5.2.5.1a/b (insets). The area in contact with the grafted monolayer was
0.018 mm?. Typical current voltage (J-V) curves of undeposited Si (111) wafers are shown in
Figure 5.2.5.2a. Compared to that, the J-V curves (Figure 5.2.5.1a and 5.2.5.1b respectively) of
the mono-layers 83a/Si(n"™) and 83b/Si(n™") exhibited current rectification behavior in the
forward bias, as per the hypothesis, proposed earlier in this chapter. The rectification ratio (RR) —
defined as a ratio of current densities at £1.5 V (in absolute value) (RR = | J.asv | / Jisv) was

found to be 37 for 83a/Si(n"") and 500 in case of 83b/Si(n™") monolayer. The RR values,
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measured for 42 samples for the former varied in the range of 30-70, while for the latter the
variation was 100-500. With 83a/Si(n*"), a larger number (20) of devices showed RR between
60-70. However, with 83a/Si(n"™), 15 out of 28 devices showed RR > 300 and 9 devices had RR
between 100-300. The detailed statistics of the devices are presented in Table 5.2.5.1.

Table 5.2.5.1: Statistics of the current rectification by the monolayers

Compound No.of  No.of Total No. of devices showing Rectification Ratio
samples devices no. of
ineach devices

sample
0-30 30-60 60-70 50-100 100-300  300-500
83a 6 7 42 6 16 20 -- -- --
83b 4 7 28 -- -- -- 4 9 15

The significantly increased RR value increased for the 83b/Si(n") monolayers may be
due to their compact packing. Further, comparison of the results in Figures 5.2.5.1a-c revealed
that the current rectification behavior is exclusively due to the Bodipy molecules. The J-Vs of
these diodes also exhibited hysteresis, which could be due to formation of electric dipole under

high applied electric field, as reported previously by others.**
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Figure 5.2.5.1 Room temperature J-V characteristic recorded for monolayers by scanning the
bias in the sequence -1.5V -0V — +1.5V— 0V — -1.5V at a scan speed of 5 mV/s. (a) un-
deposited Si surface; (b) compound 83a; (c) compound 83b. Insets: schematic of the device
structures.

On the other hand, for a positive bias applied to the Hg-electrode, the bi-layers exhibited
strong NDR effects concomitant with pronounced hysteresis(Figure 5.2.5.2a/b). The devise
structure is schematically shown in Figure 5.2.5.2c. The PVR value measured, for 80 samples
varied between 10 and 1000. The percentages of devices attaining the maximum PVR (1000)
were 3.1 and 8.3 by the bilayers 21:83a/Si(n"*) and 21:83b/Si(n"")respectively. Expectedly the
devices made from the more compact 21:83b/Si(n*") bilayers showed better attribues such as (i)
less failure (no NDR behaviour): 25% vs 31%; and (ii) PVR 1-10: 20.8% vs 27.7%; PVR 100-
500: 12.5% vs 4.6%. The comparative PVR values are represented in the form of m-charts in
Figure 5.2.5.3. It may be noted that NDR is obtained only in the first bias scan and in the
subsequent scans NDR disappeared and the current remained low. However, if the electrodes are
short-circuited, the neutral state is regained and hence the NDR effect reappears. Among the

126

previous reported hybrid nanoelectronics with NDR property,™” only in one case the PVR as

high as ours but the NDR effect was observed at low temperature (60 K).**°
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Figure 5.2.5.2 Room temperature J-V characteristics for the bilayers, recorded by scanning the
bias in the sequence -1.8 V>0V — +1.8 V> 0 V — -1.8 V at a scan speed was 5 mV/s. (a)
21:83a/Si(n"™); (b) 21:83b/Si(n"™); (c) schematic of the devices employed for the measurements.
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Figure 5.2.5.3 Comparative PVR values of NDR in bilayers (a) 21:83a/Si(n""); (b)
21:83b/Si(n™™)

5.2.6. Theoretical explanation

In order to gain an insight into the rectification and NDR behaviors of the respective
mon- and bi-layers, the HOMO and LUMO energies of BODIPY-C5 (or 83a) and
PM567:BODIPY-C5 (or 21:83a) molecules were calculated using MO theory, as implemented in
GAMESS software.**® The geometries and total energies of the molecules were optimized under
the density functional theory using the linear combination of atomic orbital (LCAQ) approach. A

standard 6-31G+(d,p) basis set was employed for this purpose. The exchange correlation energy
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was calculated using B3LYP functional, which consists of Hartree-Fock exchange, Becke’s
exchange and Lee-Yang-Parr correlation functional.*** Consistent with experimental the CV data
(Figure 5.2.4.1.a), the theoretical calculation also predicted a single oxidation state of 83a, and
two oxidation states for the 21:83a bi-layer. The double oxidation by the bilayer is expected as it
has two Bodipy layers. The theoretically calculated spatial orientation of HOMO’s of neutral
21:83a, and after its I* and 11" oxidations are shown in Figure 5.2.5.1.a).

The HOMO of the BODIPY-C5 (or 83a) lies on the Bodipy moiety in both neutral and
oxidized state. Thus, the rectification behavior of the monolayer i. e., Hg/ 83a /Si(n™) is due to
the resonant tunneling through the HOMO of the Bodipy moiety (r group) of compound 83a.'*
Due to the lack any major conformational Changes after its oxidation, no NDR was observed
with the monolayer of 83a. In case of the bi-layer, the HOMO lies on both the Bodipy moieties
in the neutral state. After the I* oxidation, it still remains on the Bodipy moieties, but with a

slight conformational change. However, after 11"

oxidation, there is a huge conformational
change, because the HOMO largely shifts to the alkyl-chain. This could be attributed to slippage
or rotation at Bodipy interface, which is likely as the bi-layer is formed by weak interaction.

The schematic energy level diagram of Hg/ 21:83a/Si(n"*), obtained using the
theoretically estimated values of HOMO and LUMO energies is shown in Figure 5.2.6.1.b. For
the neutral state, the theoretical calculations show doubly degenerate HOMO (-5.26, -5.27¢eV)
and LUMO (-2.67, -2.01 eV) energy levels, indicating that the bi-layered Bodipys can undergo
double oxidation. At zero bias i. e., V = 0, the degenerate HOMO and LUMO levels of 21:83a
are off-resonance with the Fermi level of the Hg electrodes. For an applied positive bias (V>0), a

rise in current in the J-V curve (see Figure 5.2.5.2.a and b) is attributed to non-resonant

tunneling. However, for bias >0.7 V, there is a sharp current rise due to the alignment of the
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Fermi level of Hg with the HOMO energy levels, inducing a resonant tunneling. Since the
molecule undergoes a first oxidation, without any major changes in the configuration, the current
keeps rising sharply with the bias. However, at still higher bias, the molecule undergoes second
oxidation leading to a large conformational change. Consequently, the HOMO and LUMO levels
are shifted and become off-resonance to the Fermi level of Hg. As a result, the current drops
sharply as it now can pass only though the direct tunneling process, and therefore, results in the
NDR effect. The current always remains low in the subsequent J-V cycles, indicating that the
conformational changes achieved after second oxidation are quite stable. However, if the
electrodes are short-circuited, the neutral state of 21:83a is regained, and the NDR effect
reappears. For the negative bias on Hg electrode i. e. V < 0, the current remains low as a very
high bias is required to obtain a resonance between the Hg Fermi level and LUMO of the
molecule. Moreover, the molecule does not undergo any reduction, and therefore, no additional

features other than non-resonant tunneling current, appears in the negative bias.
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Figure 5.2.5.1 (a) Theoretically calculated geometries of HOMO of 21:83a under different
oxidation states. (b) Schematic representation of the energy level diagrams for Hg/
21:83a/Si(n*™) device at different applied bias.

5.3. Summary

In conclusion, we have measured the charge transport properties of some tailor-made

Bodipy monolayers and bilayers, grafted on Si (111) surfaces. Room temperature current

rectification in the monolayer and NDR effect in the bilayer with PVR values upto 1000 were

have demonstrated. The studies showed that the NDR associated with hysteresis is due to

resonant tunneling through molecular orbital, and bias-induced conformational changes in the
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molecules. The results presented here will clearly pave the way for design and development of
new molecular devices suitable for molecules-on-Si hybrid nanoelectronics.

5.4. Experimental

5.4.1. General methods

The general details of the synthetic methodologies and spectroscopic studies have already
been discussed in Chapter-2. The monolayers were characterized in terms of thickness, using an
ellipsometer (Sentech: model SE400adv); surface morphology by AFM imaging (Multiview
4000, Nanonics), de-ionized water contact angle (Data Physics System, model: OCAZ20), and
molecular mass by SIMS (BARC make, Kore’s Technology software). The current voltage
characteristics were recorded in a dark box using a potentiostat/galvanostat system (model:
Autolab PGSTAT 30).

5.4.2. Synthesis of Bodipys
4-(4'-penentenyloxy)benzaldehyde (82a) and 4-(10’-undecenyloxy)benzaldehyde (82b).

A mixture of 68 (4.0 g, 32.7 mmol), 1-bromopentene (39.3 mmol) or 1-bromo-10-
undecene (39.3 mmol), K,CO;3; (5.52 g, 40 mmol) and BusNI (10 mol%) in acetone (100 mL)
was refluxed. After completion of the reaction (cf. TLC ~ 16 h) the mixture was filtered,
concentrated in vacuum, the residue taken in Et,O (40 mL) and washed with H,O (2 x 10 mL)
and brine (1 x 20 mL), dried and concentrated in vacuo. The residue was purified by column
chromatography (silica gel, 5% EtOAc/hexane) to give pure 82a (5.7 g, 91%) and 82b (8.1 g,
91%).

Compound 82a: Viscous liquid; IR : 3019, 1687 cm™; *H NMR: & 1.28-1.42 (m, 2H), 2.32 (t, J
= 6.8 Hz, 2H), 4.01 (t, J = 6.2 Hz, 2H), 6.97 (d, J = 9.5 Hz, 2H), 7.80 (d, J = 9.5 Hz, 2H), 9.85 (s,

1H); °C NMR : & 13.6, 22.2, 25.3, 28.7, 31.2, 68.1, 114.4, 129.6, 131.5, 163.9, 190.1; Anal.
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Calcd. for C12H1405: C, 75.76; H, 7.42%. Found: C, 75.44; H, 7.16%.

Compound 82b: viscous liquid; IR: 3019, 2856, 1687 cm™; *H NMR : & 1.38 (m, 12H), 1.82
(m, 2H), 2.05 (m, 2H), 4.04 (t, J = 6.0 Hz, 2H), 4.98 (t, J = 10.0 Hz, 2H), 5.79 (m, 1H), 6.99 (d,
J=8.0 Hz, 2H), 7.83 (d, J = 8.0 Hz, 2H), 9.88 (s, 1H); **C NMR : & 25.9, 28.9, 29.0, 29.3, 29.4,
33.7, 68.4, 114.8, 129.9, 131.9, 139.1, 164.3, 190.6; MSMS (m/z): 275.1 (100) [M+H]" amu;
Anal. Calcd. for C1gH260.: C, 78.79; H, 9.55%. Found: C, 79.02; H 9.55%.

BODIPY-CS5 (83a) and BODIPY-C11 (83b).

As described in Chapter-2, compound 83a was synthesized using 58 (1.00 g, 8.1
mmol), 82a (0.70 g, 3.7 mmol), TFA (1 drop), DDQ (0.84 g, 3.7 mmol), EtsN (3.1 mL) and
BF;Et,O (2.8 mL, 22.2 mmol) in CH,CI; (10 mL). Usual work-up, followed by column
chromatography (silica gel, hexane-EtOAc) furnished pure 83a.

For the synthesis of 83b, compounds 58 (1.00 g, 8.1 mmol), 82b (0.99 g, 3.7 mmol), TFA
(1 drop), DDQ (0.84 g, 3.7 mmol), EtsN (3.1 mL, 22.2 mmol), BF3.Et,0 (2.8 mL, 22.2 mmol)
and CHClI; (30 mL) were used.
83a: Yield: 0.24 g (13.7%); red square shaped crystals (CH,Cl,/cyclohexane); mp: 177-178 °C;
IR: 2964, 2880, 1608, 1643 cm*; *H NMR: § 0.98 (t, J = 7.6 Hz, 6H), 1.34 (s, 6H), 1.93 (t, J =
7.7 Hz, 2H), 2.16-2.36 (m, 6H), 2.53 (s, 6H), 4.03 (t, J = 6.5 Hz, 2H), 5.00-5.12 (m, 2H), 5.89-
5.99 (m, 1H), 7.01 (d, J = 6.7 Hz, 2H), 7.13 (d, J = 6.7 Hz, 2H); °C NMR: & 11.7, 12.4, 14.5,
17.0, 28.3, 30.0, 67.2, 114.9, 115.2, 127.6, 129.3, 131.1, 132.5, 137.5, 138.4, 140.3, 153.3,
159.4; EI-MS (m/z): 464.0 [M]". Anal. Calcd. for C,gH3sBF,N,O: C, 72.42; H, 7.60; N, 6.03%.
Found: C, 71.95; H, 7.91; N, 6.28%.
83b: Yield: 0.36g (17.8%); mp: 160 °C; IR: 2964, 2880, 1608, 1643 cm™; *H NMR: & 1.02 (t, J

= 7.6 Hz, 6H), 1.32 (s, 12H), 1.57 (s, 6H), 1.78 (p, J = 6.4 Hz, 2H), 2.02 (g, J = 7.8 Hz, 2H),
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2.30 (g, J = 7.6 Hz, 2H), 2.51 (s, 6H), 4.00 (t, J = 6.4 Hz, 2H), 4.90-5.03 (m, 2H), 5.75-5.88 (m,
1H), 6.95 (d, J = 8.7 Hz, 2H),7.11 (d, J = 8.7 Hz, 2H); *C NMR: 5 11.8, 12.5, 14.6, 17.1, 26.0,
28.9, 29.1, 29.3, 29.4, 29.5, 29.7, 31.6, 31.9, 33.8, 68.2, 114.1, 115.0,127.7, 129.4, 129.6,131.2,
132.6, 138.5, 139.2, 140.4, 153.4, 159.6; EI-MS (m/z): 548.3 [M]*. Anal. Calcd. for
Cs4H47BF;N20: C, 74.44; H, 8.64; N, 5.11%. Found: C, 74.48; H, 8.48; N, 5.12%.

5.4.3. Preparation of the Si(n"*)-Bodipys hybrids

The Si (111, resistivity <10 Qcm) wafers were cleaned by heating them in 4:1 (v/v) of
conc. H,SO4: 30% H,0; (piranha) for 10 min at 80 °C. Piranha is exceedingly dangerous and
should be kept away from organic materials and treated with care. The wafers were removed,
washed with excess H,O, and immersed successively in a de-aerated (purged with high pure Ar
for 30 min) 40% aqueous NH4F for 10 min, and in 2% aqueous HF for 2 min. The wafers were
further washed with deionized H,O for 1 min, dried under a stream of N, and immediately taken
into the electrochemical cell for electro-grafting.

The electro-grafting of organic molecules to Si surface was carried out using a three-
electrode electrochemical setup, as shown schematically in Figure 5.2.3.3. The H-terminated Si
on which the molecules are to be grafted was used as the WE, while a Pt wire served as the CE.
A pseudo RE was prepared by depositing AgCI layer over Ag by the galvanostatic method. For
this, a constant current (1mA) between Ag wire and Pt electrode in 1 M HCI was maintained for
15 min. The AgCl-coated Ag wire was washed thoroughly with de-ionized water to remove the
acid, and dried. This was standardized with respect to the redox potential of ferrocene, and used
for the experiments. The electro-grafting was carried out using CV using a solution containing
1:1(v/iv) of 0.1 M TBAP as the supporting electrolyte and compounds 83a or 83b (1 mM) in dry

CH.Cl,. The potential was scanned from —0.8 V to 0 V at a scan rate of 0.05 V/s for number of
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scans. Control experiments were also carried out using TBAP solution alone to ensure no
deposition of TBAP on Si. After electrografting, the WEs were sonicated in CH,Cl,, acetone and
methanol for 10 min each to remove the physisorbed molecules and obtain monolayered Si-
hybrids.

For the deposition of the bilayers, the Si-hybrid monolayers were dipped into a 1 pM
solution of 21 in dry CH,CI, for 24h under inert atmosphere. The resultant self-assembled
materials were sonicated in dichloromethane, acetone and methanol for 10 min as above to
obtain the required materials. Additional similar experiments were also carried out by dipping the
WEs in the 1 pM solution of 21 for 7 days, and also using a 3 puM solution of 21 to ensure
uniform bilayer deposition.

5.4.4. Characterization of Bodipy monolayers and bilayers

The thicknesses of the deposited layers were measured by ellipsometry. The AFM
images, used for characterizing the surface morphology were analyzed by WXSM software.
Contact angle measurements. Millipore-Q water (conductivity 0.05 pS.cm™) was used for
contact angle studies. Dynamic contact angle analysis by wetting angle measurements was
carried out to investigate the change in surface energy of samples and to investigate the Kkinetics.
The measurement of contact angles of the sample was carried out by sessile drop technique using
an image analysis software. A liquid droplet (1.5- 2.5 uL) was allowed to fall on the samples to
be studied from a software-controlled syringe.

SIMS analyses. The SIMS was recorded using a TOF-SIMS instrument, consisting of a 25 KeV
fine focusing primary Liquid metal lon gun (Mono-isotopic ®°Ga) that can focus ion beams to a
spot size as small as 250 nm with current density of ~ 0.03 mA/cm?. The primary ion beam was

pulsed at high potential (+ 2000 VDC) at a rate of 10 kHz with a pulse width of approximately
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10 — 15 ns. A modified Wiley-Mclaren type Reflectron produces a uniform electrostatic field
over a length of 415 mm. The secondary ions, generated from the impact of primary ions were
accelerated and extracted (with a small delay) from the sample surface using a unique ion optical
lens that employs large acceptance and a small energetic distribution. After passing through a
flight tube, the extracted secondary ions with slightly varying kinetic energies were reflected and
time focused onto a microchannel plate detector, operated in the ion counting mode with the help
of a specially designed gridless reflectron (Model : R500, Kore Technology, UK). A fast pre-
amplifier with a rise-time of <500 ps was used to detect and amplify the ion signals before being
counted by a P7887 (Fast ComTec, Germany) Multi-scaler with a timing resolution of about 300
ps. Three ion pumps were utilized to ensure an ultimate low background pressure of < 1 x 10
mbar in both the analysis chamber and the flight tube. The signals, detected by the microchannel
plate detector were amplified and coupled to a high-speed time to digital converter to generate

the time spectrum which was directly converted into a mass spectrum using the following

—_— =

m =

relation: ‘ C ) , where t - is the arrival time of the ions, ty and C, are constants with

values 1.105 and 5.00 respectively, depending on the geometrical parameters of the flight tube
and the extraction optics. By rastering the primary ion beam over the sample surface, and
detecting the secondary ions corresponding to each raster point, a chemical image of the sample
surface was generated. The TOF-SIMS had a mass resolving power > 10,000, with a mass range
of about 1500 amu and a dynamic range > 4 (4 orders of magnitude between the smallest peak
and the largest peak). A low energy electron flood gun was used to neutralize charging of the
insulating samples. A load lock chamber connected to the analysis chamber was used for

loading samples from atmosphere which ensured that the analysis chamber was never exposed to
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atmospheric contaminations. For the depth profiling studies, an Ar ion etch gun at 500 eV was
interlaced with the primary liquid metal ion gun to etch sample surfaces. The depth profiles were
obtained by alternating between sputter cycles and data acquisition cycles.
XRR analyses. The XRR mesaurements for the structural depth profiles were carried out in
specular mode with a laboratory X-ray source using Cu Ka. The calculation of optical
reflectivity of the X-rays in this case was based on recursive formalism for stratified media.**?
The SLD profiles were produced as a function of depth in the sample by independently fitting the
experimental reflectivity data from the XRR measurements through a theoretical model as a
series of layers. Detailed significant information for the layers and the interfaces were gathered
in terms of three characteristic parameters: thickness of the layers, interface roughness and
scattering length density as a function of depth. Errors of the parameters gained from the fits
were found to be within the range of 5-10%.
5.4.5. Measurement of current-voltage characteristics

To measure current—voltage (J-V) characteristics, a metal/monolayer or bilayer/ Si(n*")
structure was completed by using a very small drop of liquid mercury as a counter electrode. The
J-V was recorded at room temperature by scanning the bias in the sequence -1.8V —- 0V —
+1.8V— 0V — -1.8 V at a scan speed was 5 mV/s in a dark box using HP4140 (pA meter—dc
voltage source).
5.4.6. Theoretical computation

We have theoretically calculated the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) energies for neutral, and at different oxidation
state of BODIPY-C5 and \BODIPY:BODIPY-C5 molecules respectively. The geometries and

total energies of molecules were optimized using the density functional theory with linear
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combination of atomic orbital (LCAO) approach using General Atomic and Molecular Electronic
Structure System (GAMESS). A standard 6-31G+(d,p) basis set was employed for this purpose.
The exchange correlation energy was calculated using B3LYP functional. This function uses part
of Hartree-Fock exchange and Becke’s exchange functional, and the Lee-Yang-Parr correlation
functional. For the computation, PC and two supercomputers, namely, Ameya and Ajeya were
used. Ameya is 128-proceesor ANUPUM supercomputer built on 64 dual Xeon servers (2.4GHz)
as compute node, interconnected by a high-speed (300 MBps) communication network. The 512-
processors ANUPAM-ameya supercomputer is built using 256 dual Xeon servers as a compute
node. Each server is based on dual Xeon, 3.6 GHz processors. The inter-communication network
is a Gigabit Ethernet with a node-to-node communication speed of 1 Gbps. The performance of
ANUPAM-ameya is 1.73 Teraflops. The open source Linux operating system was used on each

parallel processing node in these two supercomputers.
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Summary




Summary

The major objectives of the present investigation was to develop some Bodipy-based
functional materials for various applications such as photostable laser dyes, Bodipy based
organoelectronic materials and water soluble Bodipys for biological applications. This
warranted synthetic modifications of the Bodipy core, available commercially or synthesized
in-house so as to impart the desirable attributes to the newly developed molecules/assemblies.
To this end, various sites of the Bodipy cores viz. different positions of the dipyrrole moieties
and/ or the meso-position were innovatively used for introduction of different functional
groups. Finally, the efficacy of the protocols in designing new molecules and the potential
functional uses were investigated. The achievements are highlighted below.

I. For improving the photostability, two new congeners of the commercially available Bodipy
dye PM567 were rationally designed and synthesised by replacing the F atoms at the boron
centre with a polyethyleneglycol (PEG) derivative as such and in conjunction with
introduction of an electron-rich bulky aryl group at the meso-position. Both these dyes
showed increased photostability than PM567, without compromising the lasing efficiency. In
fact, the lasing performance of the dye containing substitutions both at the meso-site and the
B-centre was marginally better than that of PM567. The results of the theoretical calculations
and pulse radiolysis studies explained that the designated substitutions reduced the ‘O,
generation capacity of the dyes and their reaction rates with O,, enhancing the lifetimes of
these dyes under lasing conditions.

I1. meso-Functionalization of the Bodipy core provides functionally rich new molecules with
unaltered photophysical properties, which may be important for various applications. Using a

novel concept of steric-strain release that can override the acidity factor of per-methylated

180



Bodipys, a new regioselective strategy for Knovenagel condensation at the meso-methyl site
was developed starting from PM597 and PM567 molecules. The reaction proceeded
exclusively at the meso-position with all the aldehydes when sterically more crowded PM597
was used. For the less crowded compound PM567, exclusive regioselectivity was observed
with aryl aldehydes, containing electon-withdrawing groups. This strategy provided easy
access to several Bodipy derivatives, which are otherwise not amenable easily.

I11. Given that water-soluble Bodipys, preferably with red-shifted emission are useful for
biolabeling and as PDT agents, several new Bodipy-O-glycosides were synthesized by
incorporating the glucose unit at meso-phenol or C-3/C-5 hydrostyryl moieties. All the
compounds showed impressive good photo-toxicity to the human lung cancer A549 cells,
without any dark toxicity due to their accumulation in cytoplasm. These compounds induced
cellular apoptosis via the extrinsic pathway, and are potential PDT agents. Interestingly, the
C-3 and C-5 diglycoside of dihydrostyryl Bodipy formed nano-hydrogel in aqueous EtOH
and THF, and their size could be controlled by varying the water concentration.

IV. In a radically different approach, a Bodipy-based o—n monolayer, grafted on Si was
constructed that showed good current rectification due to a resonant transport between the Si
conduction band and the HOMO of the © group. The o—m system was synthesized by
attaching some alkenyl moieties at the meso-phenol group of a Bodipy. While the Bodipy
served as the n-system, the alkenyl group was used both for electro-grafting on Si-surfaces
and also as the o-system. More importantly, self-assembly of the Bodipy, PM567 on the
monolayer led to another type of device showing NDR behavior with good PVR (10-1000)

with hysteresis. Such systems may be useful for constructing memory devices.
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