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SYNOPSIS

The growing demand for tailored functional organic chromophores, has been continuing
as these molecules attract the attention of chemists, physicists, biologists and material scientists
from an ever expanding multidisciplinary arena. Their practical applications as active molecule
in diverse areas, such as tunable lasers, fluorescent biosensors, chemical sensors, sensitizer for
solar cells, artificial light harvesters, molecular photonics, among others, have been increasing.
Among numerous commercially available classes of fluorescent molecules, coumarin in UV
region, rhodamine and lately pyrromethene (PM, also known as BODIPY) in visible spectral

region have been used widely till now in dye lasers, sensors, biolebels etc.

In parallel there has been considerable interest on design, synthesis and evaluation of
photo-physical and photochemical characteristics of new dye molecules belonging to these
groups and their correlations to functional properties and use in devices are important. Many
coumarin dyes, a few are also extracted from plants, are moderately fluorescent and have been
found useful as optical brighteners, fluorescent indicators and even as sunburn preventive
materials. On the other hand, among fluorescent dyes in visible region, BODIPY dyes have
gained recognition as being one of the more versatile fluorophore and steadily increased in
popularity and functional use over the past two decades. The use of BODIPYs as effective
biological label has been complemented by their propensity to function as a tunable laser dye.
BODIPY molecules have attracted interest for dye laser applications since they have small
intersystem crossing rate (kisc) and low loss of fluorescent photons due to triplet state
absorption, about one-fifth that of the rhodamine dyes. However, the two major inherent
deficiencies of PM molecules are their small Stokes shift and fast photo-chemical degradation

rate due to reaction with in situ generated singlet O, (*O,) in air equilibrated solvents. The poor



photochemical stability of commercially available PM dyes, in commonly used alcohol solvents,
continues to be major hurdle in the long term operation of its use as active media in liquid dye

lasers especially for high average power and high repetition rate (tens of kHz) operations.

However, liquid dye lasers usually contain very small concentration of dye, typically in
the range of 10 to 10 molar. Hence, the solvent in which the dye is dissolved also play an
important role to modulate physical properties, photostability and safety. In comparison to
organic solvents, water is an ideal solvent for making dye laser safer in terms of fire hazards,
easy treatment and disposal. Also, water is particularly useful in high repetition rate dye lasers,
arising primarily from its weaker dependence of refractive index on temperature (dn/dT), due to
its considerable higher photo-thermal figure of merit. In spite of these advantages, water solution
of dye is not generally used in dye lasers, because in pure water dye molecules form non-
radiative TICT (twisted intramolecular charge transfer) state as well as aggregate to dimers that
drastically reduce the fluorescence and lasing efficiency. Although many de-aggregating or
dispersing additives to incorporate the aqueous dye molecules have been proposed, a
scientifically as well as technologically viable combination fulfilling comparable or superior
laser performance in terms of efficiency, photostability and photo-thermal characteristics of dye

solutions is not clearly established.

Considering these drawbacks of presently used organic dyes and solvents, this thesis have
explored work with design and synthesis of new fluorescent BODIPY and coumarinl dyes along
with study of their comparative photo-physics, photostability and laser characteristics using

water and organic solvents, which are briefly summarized in the following.



Chapter -1 Introduction to Fluorescent Dyes:

This chapter concerns with important photo-physical and chemical characteristics of
fluorescent dyes, followed by general requirements for design and development of new dye
molecules for tunable laser and sensor applications. Further describe the different category of
laser dyes from UV to far IR region with their chemical structures, discussion on reported
synthetic strategies, important features and diverse applications. Next, the role of polar and non-
polar solvents in modulating the optical properties of laser dyes, especially eco-friendly water,
are briefly described with its importance, major limitations and rising above this limitation.
Further study is extended towards important characteristics of improving photo-physical
properties of aqueous dye molecules by interaction with relatively recent macrocyclic host

cucurbit[7]uril (CB[7]).

Chapter-2 Experimental Techniques:

The various experimental techniques used in this work are briefly described in this
chapter. It includes different spectroscopy techniques such as UV-vis absorption, steady state and
time resolved fluorescence, cyclic voltammetry, pulse radiolysis, FTIR and NMR for evaluating
photo-physical and chemical properties of fluorescent dyes. Also discussed laser characterization
of potential dyes using a constructed pulsed dye laser, pumped by the second harmonic (532 nm)
of a Q-switched Nd:YAG (10 Hz) laser, which include principle, experimental set up and

application in spectroscopy and present study.

Chapter-3 Effect of Solvent in Lasing Efficiency and Photostability of BODIPY Dyes:

BODIPY (Boradiazaindacene) dyes are extensively used as efficient active media in solid

and liquid dye lasers during past decade, but these molecules offer low photostability in alcohol



solvents by reacting with in situ generated singlet oxygen (*O.). With this problem in mind, this
chapter of thesis deals with laser characterization of BODIPY dyes using polar (ethanol) and
non-polar (1,4-dioxane and heptane) solvents, initially starts with comparative study of known
dyes named as PM567 (1) and PM597 (2). These two molecules differ from structural
modification at 2 and 6 positions of BODIPY core (Figure 1) resulting different photo-physics,
photostability and lasing properties. This allowed better understanding of important molecular

features required for synthesis of new (3) BODIPY dyes, which was investigated.

= S _ = N A\ N\ N. _N=
\_N_ /N\\ AN N. g N= | B,
F/B\F F’ \F / \\
2
1 OH HO

Figure 1: Molecular structures of PM567 (dye 1), PM597 (dye 2) and new dye (dye 3)

The second harmonic (532 nm) of Nd:YAG laser pumped pulsed dye laser set up was used to
determine the relative utility of new dye-solvent combinations for high average power dye lasers.
Lasing efficiencies of both known and new PM dyes in non-polar solvents are increased by 3.5%
and 5.2 % for dye 1 and dye 2 (in heptane), respectively. But, interestingly, both dyes showed a
large enhancement (90-100 times) in their photostability in non-polar heptane and 1,4-dioxane as
compared to commonly used ethanol. For mechanistic rationalization to the observations of high
photostability of PM dyes in non-polar solvents, complimentary photochemical methods have
been used to determine relative capability of generation of reactive O, through triplet state of
dye and reactivity of *O, with dye molecules. The rates of 'O, generation from the PM dyes in
different solvents have been evaluated by irradiating it with a visible light source, along with
efficient O, quencher diphenylisobenzofuran (DPBF) or DABCO as an additive. Further, we

have studied rate of reactivity of ‘O, with each PM dye in presence of methylene blue (MB), a



known singlet oxygen generator. Pulse radiolysis experiment of dyes was also performed using
binary solvents comprising of a mixture of non-polar solvent and benzene, and observed that
energy transfer from triplet dye to dissolved oxygen is less for dye 2 than 1 in both non-polar
solvents. Thus, we have established that the generation of 'O, and reactivity with O, for both the
PM dyes (1 and 2) are very low in heptane and 1,4-dioxane than that in ethanol. These results are
in excellent agreement with laser photostability experiments that both the PM dyes are
extraordinary photostable in heptane and 1,4-dioxane as compared to ethanol. Also, in
comparison between two, dye 2 is more photostable than 1. Thus, we have compared the lasing

and photostability properties of two known PM dyes which have different optical properties

Further, a new congener of BODIPY, by substitution at B-centre from its precursor
PM567 (1), was designed and synthesized with aim to explore new PM dye molecule. This new
dye showed absorption and fluorescence spectra in similar spectral region to PM567 but with
better lasing characteristics. Narrow band lasing efficiency profiles and photostability data of
new dye (3) using ethanol and 1,4-dioxane solvents were shown in Figure 2 and Table 1,
respectively. Dye 3 was found to be highly fluorescent and gave slightly lower lasing efficiency
(2%) than 1 but showed better photostability in absence and presence of 'O, inhibitor DABCO,
in both ethanol (2.1 fold) and 1,4-dioxane (3.3 fold) than known dye 1. The observations of
smaller improvement in photostability of dye 3, in presence of DABCO, indicated that singlet
oxygen generation capability is lower for dye 3. This was also corroborated by photochemical

experiments using additive DPBF and MB.

Taken together the above results revealed that despite being more prone to oxidation (cyclic

voltammeter result), new dye 3 are more photo-stable with higher fluorescence quantum vyield



than its precursor dye 1 due to their lower reaction rates with ‘O, and lower 'O, generation

capacity but less than dye 2. Also both dyes were more photostable in 1,4-dioxane than ethanol.
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Figure 2: Narrow band lasing efficiency Table 1: Photostability (CDpd'l) of the BODIPY dyes 1 and 3
of dye 1 and 3 in ethanol and 1,4-dioxane in ethanol and 1,4-dioxane

Chapter-4 Improved Photo-physics of Coumarin using the Host Cucurbit[7]uril:

This chapter deals with improvement of photo-physical properties of coumarin dye in
water, which otherwise reduces its fluorescence properties drastically due to formation of non-
radiative dimer and TICT state of dye molecules, employing host-guest strategy. The
supramolecular host-guest interaction is a dynamic phenomenon and usually occurs in aqueous
solution. On the other hand coumarin class of hydrophobic dyes, highly soluble in organic
solvents, are used in fluorescence microscopy, dye sensitized solar cells, dye lasers as UV dyes
etc. As representative study of aqueous based coumarin dyes for investigating its interaction
with the recent macrocyclic host Cucurbit[7]uril (CB[7]) in water, we have chosen widely used
fluorescent molecule coumarin 1, in which 7-diethylamino moiety plays an important role in
modulating its photo-physics in solutions. Further a proton salt of this dye molecule, allowing
improved solubility in water, was investigated for possible stronger interaction with electron rich

portals of the host CB[7], which were monitored using various spectroscopy techniques and laser

irradiation.
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Figure 3: Fluorescence spectra of (a) cationic (15.4 puM) and (b) neutral (9.7 uM) coumarin 1 dye in aqueous
solution with increasing concentration of CB[7]. INSET: Fluorescence titration curve in the presence of CB[7]
showing 1:1 complex with binding constant for cationic and neutral dyes (a) 5.6 x 10° M and (b) 1.2 x 10° M7,
respectively.

Both neutral and cationic forms of dye showed characteristic longest wavelength
absorption maxima in water at 380 nm and 306 nm, respectively. Interestingly, fluorescence
measurements indicated a large enhancement (24 fold) in the fluorescence intensity of cationic
form of coumarin 1 dye as well as neutral dye (13 fold) in presence of the host CB[7] (Figure 3).
Various spectroscopic techniques viz UV-vis absorption, steady state and time resolved
fluorescence,'H NMR, Job’s plot revealed the formation of 1:1 dye:CB[7] inclusion complex for
both the cases. Non-linear fitting of increase in fluorescence intensity of dye in presence of
CBJ[7] gave binding constant of dye with CB[7], k= (5.6 + 0.2 ) x 10° M™* and (1.2 + 0.2) x 10°
M™ for cationic and neutral dye molecules, respectively. The geometries of both the dye
complexes were determined by applying quantum chemical calculation based on B97D/cc-pVDZ
level of theory (DFT calculation). The total interaction energy of cationic dye:CB[7] complex
was found to be -91.1kcal/M, which is more than two times higher than that in case of neutral
dye complex as -44.7kcal/M. These results also supported by *H NMR study which suggested
that cationic dye penetrates deeper within CB[7] cavity than the neutral dye. Comparative laser

photostability study of cationic and neutral form of dyes in presence of CB[7], using third

Vil



harmonic (355 nm) of a pulsed Nd:YAG laser, showed better photostability of cationic dye

complex, almost 2 times higher than normally used ethanol solution of dye.
Chapter-5 Host-Guest Interaction Study of Water Soluble BODIPY Dyes:

In continuation of study with water based fluorescent dyes, host-guest interaction strategy
of new BODIPY (PM) dyes in visible region, which are hardly reported, was carried out and
discussed in this chapter. With an attempt to make water soluble PM, we hypotheses that an aza
analogue of PM597 containing MesN" group in place of MesC moiety might offer good Stokes
shift because of steric crowding and also improves its solubility in water. The synthesis started
with controlled nitration of starting reactant PM546 (1) (Scheme 1) using dilute nitric acid
(45%) to obtain 2-nitro Bodipy (2') followed by catalytic hydrogenation transfer of dye 2’ afford
amino dye 3". From there two different reactions, one by passing HCI gas to make quaternary
ammonium HCI salt, dye 4 and in another reaction dye 5 was synthesized by N-alkylation of dye

3’ with methyl iodide. Purity was characterized by NMR, mass and elemental analysis.
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. (@) HNOg, 0 °C, 1.5 h; (b) HCO,NH,, Zn-dust, MeOH, 25 °C, 10 min; (c) HCI; (d) Mel, 40 °C, 3 days

Scheme 1: Synthesis of dye 4 and 5 Table 2: Photophysical data of dye 4 and 5 in water

with and without CB[7].

To avoid formation of non-radiative aggregates and improve its solubility in water, host-
guest interaction of these PM dye molecules was studied with the host CB[7]. Absorption spectra

were red shifted by 9 nm and a large enhancement in fluorescence intensity (~7 fold) in presence

Vil



of CB[7] for dye 4 was observed (Table 2). The binding constant of dye 4 was found to be k =4.4
x 10°M™ which was two times stronger than that of dye 5, k = 2.1 x 10° M™%, *H NMR study
suggested that aromatic part of both dyes make hydrophobic interaction with inner cavity and

cationic amino moiety makes ion dipole interaction with portals of CB[7].

In addition to interaction of these dyes with CB[7], a different type of host-guest
interaction of water soluble dye 5 was also studied with calf thymus DNA as host and found dye
5 binds with DNA strongly with a binding constant of 3.6 x 10* M™%, The increase in its life time
(v) 2.22 ns in water to 3.27 ns in presence of DNA and subsequently reduction to 2.69 ns by
addition of NaCl confirmed electrostatic nature of binding. Dye 5 also showed photo-nuclease
activity via singlet oxygen generation as revealed by DNA gel electrophoresis in absence or
presence of singlet oxygen inhibitor (NaN3) and activator (D,0). Fluorescence microscopy also
showed good uptake of dye 5 by human lung cancer A549 cells. However it was not cytotoxic to
the A549 cells even up to 50 mM concentrations both under dark or photo irradiation condition.
Taken together the good fluorescence quantum vyield (0.4) and a large Stokes shift (38 nm) of

dye 5 suggests that it may be potentially good water soluble laser dye.
Chapter-6 Red Shifted BODIPY Schiff Bases with High Stokes Shift:

To improve another inherent limitation of BODIPY dyes i.e. small Stokes shift is the
major concern of this chapter. A small Stokes shift reduces the fluorescence as well as laser
emission intensity by self absorption. In the present study we rationally designed two different
colored red shifted BODIPY schiff bases with a large Stokes shift. These new dyes were
synthesized in order to further extend the conjugation of amino BODIPY as described in earlier

chapter starting from 2,6-unsubstituted PM546. Then schiff bases 6 and 7 were synthesized by



condensation of 3> and 3” with p-methoxybenzaldehyde (Scheme 2). Photo-physical results
showed that absorption (33 and 69 nm) and emission maxima (76 and 106 nm) of dye 6 and 7
respectively, were red shifted with respect to dye 1> (PM546) making Stokes shift ~5 fold more
of dye 6 and 7 than dye 1°(11nm). Large Stokes shift of both dyes were rationalized by the
optimized geometry of molecules at ground (Sp) and excited states (S;) by DFT method and it
reveals that in compare to ground state (Sg) geometry of both dyes, the dihedral angle become
more coplanar in excited state (S;). Moreover the presence of C=N bonds of both dyes are very

sensitive towards acidic environment and would be useful tool for pH sensing.
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2.R'= HR2 NO, 3. Ry=H; Ry=NH,
2".RLR2=NO, 3".Ry,Ry=NH, 6. R! = H, R? = 4-MeOCgH,
7. R! = N=CH-4-MeOCgH,; R? = 4-MeOCgH,

(@) HNOg3, 0°C, 1.5 h; (b) HCO,NH,4, Zn-dust, MeOH, 25°C, 10 min; (c) Na;SO,4, CH,Cl,, 25°C, 30 min.

Scheme 2: Synthesis of dye 6 and 7

Photo-physical study showed that with addition of H* both dyes first converted to the
corresponding amine then to the chloride salt (Figure 4). This was clearly understood from
change in spectra. This wide change in spectra could be easily identified from its change in color
from orange of dye 6 and red of dye 7 to green would be very helpful to measure the H*

concentration.
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Figure 4: Proton sensing by dye 6 illustrated by (a) absorption and (b) fluorescence plot with addition of acid.

Summary:

Different types of new fluorescent dyes were planned and synthesized starting from UV
to visible (red) region and characterized using different non-polar and polar solvents including
water by host-guest strategy with objectives to make highly efficient and photo-stable laser dyes.
Photo-physical, photochemical and laser properties of these dye molecules were carried out by
using different spectroscopy techniques and constructed dye laser set up. Most of the synthesized

dyes were well suited for laser application. While red dyes would be useful for pH sensing.
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1.1 Introduction:

Originally a dye was defined as an organic compound with conjugation of double bonds
that appeared as a brilliant color when exposed to visible light called fluorescent dyes.
Fluorescent dyes have been studied in multidisciplinary area and have diverse applications such
as active media of tunable lasers, in the development of photoelectric devices, sensitizer for solar
cell, as a fluorescent probes and chemical as well as biological sensors.”* Study of the
photophysical and photochemical properties of fluorescent dyes, is very important in design and
development of new dyes with tailored properties. Indeed a satisfactory correlation between the
photophysical properties and lasing characteristics of several dyes has been established> ° by
changing the molecular structure of the chromospheres (substituent effect) and the environmental

conditions (solvent effect, incorporation of rigid solid materials etc.)
1.2 Important feature of laser dyes:

Ever since its discovery in 1966 by Sorokin, Lankard and Schéfer et al, dye lasers have
become important tool for spectroscopy and photochemistry. In order to select potential laser dye
from a large number of available organic compounds and thousands of new compounds that can
be synthesized, several research groups have made attempts to define empirical and theoretical
criteria for correlating molecular structure with lasing properties of organic dyes.”” It is in theory
possible to incorporate the desired spectral properties into the laser dyes. The extensive studies
of laser dyes by Schafer'® and many other workers illustrate the extent of which modification of
the molecular structure of laser dyes can produce predictable improvements in lasing
performance. However, incorporation of all the desired properties into a single laser dye

molecule such as: a) high solubility in common solvents, b) high absorption cross sections at



pump wavelengths, ¢) near unity fluorescence quantum vyield, d) low singlet-triplet intersystem
crossing rate, €) short triplet state life time, f) stimulated emission cross section greater than
induced absorption cross section, g) minimum self absorption of lasing emission due to ground
state and triplet state absorptions, h) heat photochemical stability and i) negligible molecular
aggregation in water at working temperature, presents a great challenge in molecular structure

design and synthesis.

1.3 Principle of dye laser:

The term LASER is an acronym for Light Amplification by Stimulated Emission of
Radiation. A laser is a device used for the amplification or generation of coherent light waves
using an active medium in the UV, VIS, and near IR region. In dye lasers, a liquid solution of
fluorescent dye is generally the active medium. A condition for stimulated emission to occur is
that the number of molecules in the excited state S; is higher than that in the ground state Sy at
the moment of flash. The situation in which a large number of dye molecules exist
predominantly in an excited state rather than ground state is known as population inversion and

is brought about by pumping the system with a source of energy.

1.4 Classification of dye laser:

There are several ways in which we can classify the different types of laser.

(a) Depending on their mode of operation: (i) Continuous wave (CW) dye laser and (ii) Pulsed

dye laser.

(b) On the basis of material used as an active medium: (i) Solid state dye lasers and (ii) Liquid

dye lasers.



Among these, the family of liquid dye laser finds more suitable and more frequently used

laser media than others due to several advantages such as inherent optical homogeneity and

cooling by circulation, homogeneous spectral broadening by collision with solvent molecules

and low cost. Moreover liquid is self repairing in comparison to solid-state active media where

damage is usually permanent. In spite of several advantages, the major concern of liquid dye

laser operation is its efficiency and photochemical stability. The approximate working ranges of

various laser dyes are shown (Figure 1.4.1)
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Figurel.4.1: Dye spectral emission characteristic

1.5 Dyes for laser application:

For effective performance, dye molecules should have following characteristics-

Strong absorption at excitation wavelength and minimal absorption at lasing

wavelengths, i.e., minimum overlap between absorption and emission spectra.



ii.  High quantum vyield of fluorescence (®x)

iii.  Good photochemical stability

iv. A short fluorescence life time (1)

v.  Low absorption in the first excited state at the pumping and lasing wavelengths

vi.  Low probability of intersystem crossing to the triplet state
vii.  High purity of synthesized laser dyes since impurities frequently quench the laser output
1.6 Different class of laser dyes:

Generally, laser dyes are complex organic molecules containing a number of ring
structures with polarized & electrons, which lead to strong absorption and emission in UV-vis-IR
spectral region. The structure and composition of the molecule has an important influence on
spectral emission.

1.6.1 Coumarin laser dyes:

Coumarin dyes are well known laser dyes for the blue green region.** Chemically these
molecules are the derivatives of 1,2-benzopyrone. A group of widely used laser dyes derived
from coumarins by substituting 7-position with oxochromes such as -OH, -OCHgs, -NHCHg3, -
N(CHs), -NH, and other electron donating substituents. The amino analogue, 7-amino-4-
methylcoumarin (coumarin 120) (1) shows laser action at 440 nm. In some coumarin dyes the
basic chromophore is replaced with its heterocyclic analogues like aza-coumarin, quinolone or
aza-quinoline in order to enhance the fluorescence properties. AC3F dye (2) is an example of

these classes of dyes (Figure 1.6.1.1).
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Figure 1.6.1.1: Molecular structures of coumarin 120 (1) and AC3F (2)

Coumarin molecules as such are non-fluorescent, but it exhibits intense fluorescence on

substitution of various functional groups at different positions. In general, electron-donating

substituent tends to enhance emission intensity while electron-withdrawing substituent tends to

diminish it. Some of the important coumarin laser dyes are listed in Figure 1.6.1.2

Coumarin 102 Coumarin 2 Coumarin 6H Coumarin 314
CoH:=HN (@) (@)
N 0,0 ™% P \ 0.0 N 0_0
4
H3 > Z OC2H5
H
3 3 4 CH3 5 6
Coumarin 30 Coumarin 522 Coumarin 7
(CZHS)ZN (I:HB (C2H5)2N O O
Z /N
_N (;@;j HN@
7 /ND g CFe 9

Figure 1.6.1.2: Examples of Coumarin laser dyes

1.6.2 Xanthene laser dyes:

Xanthenes or Rhodamine family of dyes cover wavelength region from 500 to 700 nm

and are generally very efficient. The electronic distribution in the chromospheres of xanthenes



dyes can be described by the following two identical mesomeric structures, (10) and (11) shown

in Figure 1.6.2.1

10 11
SN 0 N Y 0 SN
R ]

Figure 1.6.2.1: = electron distribution in the chromophore of xanthenes dyes

Rhodamine 6G (12) shows efficient laser action in the 590 nm region. It is used as a reference
dye to measure the efficiency and photochemical stability of other dyes. This laser dye is one of
the most often used and studied. Most of the xanthenes dyes show efficient laser action in the

560 to 800 nm region. Some xanthenes class of laser dyes were shown in Figure 1.6.2.2

Rhodamine 6G Rhodamine 110 Rhodamine 101

Figure 1.6.2.2: Examples of Rhodamine laser dyes

1.6.3 Pyrromethene laser dyes:

Boron-dipyrromethene (PM) dyes, also known as BODIPY, are composed of

dipyrromethene complexes with a distributed boron atom, generally a BF, moiety. Due to the



complexation with BF,, the bodipy fluorophore considered as an example of a “rigidified”
monomethine cyanine dye with fixed planarity of the chromophoric n-electron system.?
BODIPYs or Pyrromethenes are an important class of laser dyes. They are tunable in the green-
yellow visible region of the electromagnetic spectrum. They have a low intersystem crossing
(1SC) rate™®* and often possess a triplet-triplet absorption coefficient about one-fifth that of the
rhodamine dyes.*® Some of the Pyrromethene (PM) dyes outperform the widely used laser dye,
rhodamine 6G (12), considered as the benchmark in lasing efficiency and photochemical
stability. The photophysical properties of these dyes can be modulated to some extent by
incorporating the adequate substitution in the molecular structure of the parent BODIPY
chromophore (15). These dyes have excellent thermal stability both in solution and in solid state.
BODIPY framework favors both nucleophilic and electrophilic substitution reaction on the
chromophore core. The molecular structure of BODIPY chromophores are shown in Figure

1.6.3.

PM567

PM597

7 8 1

X
I
\5 N\S/%'\3

VAN
FF

15

unsubstituted Bodipy known Bodipy dyes

Figure 1.6.3.1: Chemical structures of common BODIPY dyes



1.6.3.1 Modification in BODIPY core:

Various analogues of PM dyes were synthesized by changing the substituent in pyrrol
ring and boron centre of the BODIPY core. Some of the commonly used PM dyes are
commercially available. Among these, 1,3,5,7,8-pentamethyl 2,6-diethyl pyrromethene-BF, (16)
complex, known as PM567, and 1,3,5,7,8-pentamethyl 2,6-di-t-butyl pyrromethene-BF, (17)
complex, known as PM597, are the most efficient and popular dyes (Figure 1.6.3.1). From

structure modification point of view it can be classified into two categories-
(1) Electrophilic substitution:

BODIPY molecules at the 2 and 6 positions readily undergo electrophilic substitution
reactions. This high level of reactivity was exploited by Boyer and coworkers. After this water
soluble analogue was also synthesized."*® Other electrophiles can be introduced by providing the
facile route to the isolation of BODIPY dyes. It should be noted that this approach leaves the B-F
bonds unscathed, the substitution reaction occur exclusively at 2,6-positions, and is therefore a
valuable route for selective substitution. A BODIPY core bearing a methyl group at 3,5-position
can be subjected to chemical modifications on the methyl carbon atoms due to its strong
nucleophilic character. Several synthetic procedures have been used to extend the w- electron
conjugation and have effect of introducing a bathochromic shift to both absorption and

fluorescence spectral maxima'® (Scheme 1.6.3.1.1).

-10 -



electrophile
_—_—.

anhydrous condition

PMb546 (18)
1I9E=Br R=CHj;
Os-H 20E=1
Piperidine AcOH 21 E =SO3H
-H,0
/N\

(MeZNC6H4)n

Scheme 1.6.3.1.1: Electrophilic substitution reaction and introduction of styryl group

(if) Nucleophilic substitution:

The presence of good leaving group (Cl, I) in the BODIPY core facilitate the introduction
of amino or alkoxy group at the sites by nucleophilic substitution reaction and also facilitate
further extension of the conjugation length.'” A thiophenyl group at the 8-position is also an

effective leaving group in the presence of an amine.*® (Scheme 1.6.3.1.2).

Ar Ar
\ N, _Nx -2cl \ N. _Nx
/B\ /B\
Cl F Foc Nu F F Nu
24
25 Nu = ph
26 Nu = t-butyl

Scheme 1.6.3.1.2: General method of nucleophilic substitution
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(iii) Modification at boron centre:

B-centre offers another option for substitution with no electronic effect on the BODIPY
core because the changes in the n—electron density on the fluorine atom in the Sy and S; states
are very low.* Substitution at B-centre has recently been used® in particular to increase their
Stokes shift,®® 2! solubility,”® and chemical stability.?’® Depending on the nature of the
substrate, organolethium or Grignard reagent were used to efficiently substitute the fluorine atom

Figure 1.6.3.1.1.

\ N\B/N\ \ N\B/N\ \ N\B/N\
o/ \O R/ \R
2 X 7 \
R R
R R
27 R = aryl 30 R =aryl
28 R = alkyl 31 R = alkyl 2R =aryl
29R=H 33 R = alkyl
34R=TMS

Figure 1.6.3.1.1: Examples of B-centre substituted BODIPY dyes

1.6.3.2 Application of BODIPY dyes:

BODIPY dyes have diverse applications in several fields in addition to tunable laser
media via different substitution at molecular framework. A well known laser dyes PM567 (16),
PM597 (17) and PM546 (18) has been used with chemical modification for desired applications

as follows-

-12-



(i) Biological applications:

BODIPY dyes are the most promising candidate as a fluorescent biolabeling probe due to
their small molecular size and they do not significantly influence the biological function. Several
BODIPY based fluorescent probes are widely used to target important biological makers such as

DNA, RNA, proteins etc.??

39X=0,Y;=H, Y,=H
40X=S, Y;=H, Y,=H
41X=Se,Y;=H,Y,=H
42X=0, Y;=1, Y,=H
43X=0, Y,=1, Yo=1

Figure 1.6.3.2.1: Examples of BODIPY photosensitizers

Apart of these, BODIPY dyes also have important application in photo dynamic therapy
(PDT). The intense absorption of these dyes in the near-IR region makes them suitable for PDT
application. In 2002 O’ Shea and coworkers were first prepared the series of aza-BODIPY as a
photosensitizer to give the resulting dyes have high singlet oxygen (*O,) quantum vyield and
potent photodynamic activity (Figure 1.6.3.2.1).% After this structural modification of these dyes

displayed varying degrees of singlet oxygen generation based on heavy atom substitution. The

-13 -



position and number of heavy atom substitution modulated the generation of singlet oxygen due
to spin-orbit perturbation.?* Latter on introduction of functionalized styryl and distyryl groups

with water soluble moieties enhanced biocompatibility, hydrophobicity and cellular uptake.®
(it) Chemical sensor:

The development of efficient sensor that operates by fluorescence modulation is of great
interest in chemistry for the clinical, medical and environmental science.'” The key feature of
such applications is that the trapping of an analyte at some predesigned site causes a pronounced
change in the fluorescence properties of the sensor. BODIPY dyes have several attributes that
make them good candidates as a fluorescent sensor in biological system. Their spectroscopic and
photophysical properties can be finely tuned by substitution on the dipyrromethene core. Dehaen
and coworkers originally performed systematic work on the reactivity of the 3,5-dichlorinated
BODIPY with carbon, nitrogen, oxygen and sulphur directed towards nucleophilic aromatic
substitution and palladium catalyzed cross coupling.?® Mono and disubstituted products were
prepared selectively by careful tuning of the reaction conditions. In many cases improved
selectivity can be obtained when the sensing events perturb a charge transfer excited state or
interrupts intramolecular electron transfer.”” Daub and Rurack,??® were the first to show high
potential for these dyes in this field and their original research has been followed by number of
BODIPY based fluorescent molecular sensor. Some of the examples are shown in Figure

1.6.3.2.2
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EOO

Figure 1.6.3.2.2: Chemical structures of Bodipy based sensors

In addition to above BODIPY molecules also have attractive interest in solar cell, as luminescent

devices, energy transfer cassettes etc.
1.7 Role of solvent in laser dye:

Dye molecules in liquid dye laser were surrounded by electrostatic environment of
solvent. Nature of solvent play an important role deciding the photophysical, photochemical and
laser properties of dye molecules.**® Many application of organic dye laser require achievement
of high average power. This limit is very much dependent upon the properties of the solvent used
for the lasing dyes. The solvent of choice are water (H,O) and heavy water (D,0) because of
their large heat capacity, small variation of refractive index with temperature (dn/dT),
photostability, non-flammability, non toxic and easy treatment and disposal properties. But the
water as a solvent for dye laser has some limitation. Generally organic dyes in aqueous solution
have very poor solubility and tendency to form dimmers. In most of the cases the fluorescence of

the dimmer is completely quenched. Although low solubility and aggregation in agueous

-15-



solution is very common with most of the dyes, it usually does not occur in organic solvents,
even at very high concentration and low temperature.® It is possible to suppress the aggregation
of dyes in aqueous solution by addition of organic compounds or some additives forming cage
around the dye molecules and shed from water. These compounds are known as host molecules

and also used to solubilize guest dye molecules that are insoluble in water.
1.8 Host-Guest interaction:

The host-guest interaction in solution have been the subject of much interest in recent
years.®! The interaction of dye molecules with macrocyclic host often leads to increased
photostability of the guest dyes along with significant changes in their photophysical and other
properties.® Studies on such system have gathered tremendous interest for the long time aiming
to explore their potential applications in different areas.®® Macrocyclic hosts are unique cage-like
molecule and guest molecules can be encapsulated partially or fully.®* Although in most host-

guest system, the hydrophobic interaction plays a major role,*® in some of the system depending

32a, 33d, 36 32,33a,35

upon the nature of the host and guest molecules, H-bonding, ion-dipole or charge

32b, 36a ;

dipole interaction can also render additional binding strengths to the host-guest complexes.

46

OH
‘ OH OM,L,/}\:\O"
y P
N } p 032///2/
O o
Crown ether Calixarene Cyclodextrin

Figure 1.8.1: Examples of macrocyclic host molecules
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There are a number of families of organic host molecules which have been used (Figure 1.8.1) to
encapsulate guest molecules including cyclodextrin,®” calixarenes,® dendrimers,® cavitands®
and cucurbit[n]urils. Among them, the cucurbit family of host has received immense attention in
study of host-guest interaction due to their rigid structure, enhanced thermal stability, broad

range of size and high selectivity for guest binding as compared to the other host molecules.
1.8.1 Cucurbituril as a host molecule:

Cucurbituril (CBn) are the family of macrocyclic host composed of n glycoluril units.
The name of these pumpkin shaped host is derived from Latin word Cucurbitaceae, taken from
name of the plant family that includes pumpkins.** The cucurbituril was characterized initially by
Mock and synthesized earlier by Bhrend.** More recently, Kimmom Kim* and Anthony Day™
have independently developed method to separate the different homologous of cucurbit[n]uril
from the reaction mixture. The isolation of these homologous has dramatically increased the

popularity of cucurbituril as host. Different size of known CBs are shown in Figure 1.8.1.1.

49

CBn

Figure 1.8.1.1: Chemical formula and energy optimized structures of Cucurbituril

1.8.2 Synthesis and classification of cucurbiturils:

Cucurbituril are an interesting class of macrocyclic receptor molecules composed of

methylene bridge glycoluril monomers with highly symmetrical hydrophobic cavities accessible

-17 -



through two identical carbonyl laced portals. Depending upon the number of monomer units,
different homologous of cucurbiturils (CB[n] n= 5-10) with varying cavity and portal dimensions

are known.** Properties of different types of cucurbiturils were shown in Table 1.8.2.1.

Table 1.8.2.1: Cavity dimensions and aqueous solubility of CB[n] host

Host Portal Interior Hight Cavity Solubility
Diameter Cavity (A) Volume in Water
(A) Dia (A) (A3) (mM)
CBJ5] 2.4 4.4 9.1 82 20-30
CBJ6] 3.9 5.8 9.1 164 0.018
CBJ[7] 5.4 7.3 9.1 279 20-30
CBI8] 6.9 8.8 9.1 479 <0.01
CBJ[10] 9.5-10.6 11.3-12.4 9.1 870 -

The synthetic approach involves the acidic condensation of glycoluril with formaldehyde at 75-
90°C for 72 h to yield a mixture of CB[n] homologous*“**® (Scheme 1.8.2.1). From the mixture
of different CBs, the individual CBs are separated in pure form using fractional crystallization
and dissolution using various solvent system such as acetone-water and methanol-water mixtures
and involve multiple solvent based separation cycles.*****® Among the set of CBs the
complexation behavior of cucurbit[7]uril (CB[7]) has been extensively studied due to its
substantial solubility in water as well as wider cavity as compared to other homologous like

CB[5], CBI[6], CB[8] and CB[10].
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Scheme 1.8.2.1: Synthesis of Cucurbit[n]uril

1.8.3 Probability of binding sites of cucurbiturils:

From the structure point of view, major concern of these CBn has the two specific sites
for interaction (i) Non-covalent interaction occur in the interior region of the cage which is
hydrophobic in nature and suitable for interaction of nonpolar organic residue. (ii) lon—dipole
interaction or Electrostatic interaction occurs at the carbonyl laced portals of CB[n] which have
tendency to form strong inclusion complex with cationic guest molecules due to the participation
of cationic charge of the guest and negatively polarized portal of the host. Specific interaction

sites of cucurbiturils are shown in Figure 1.8.3.1
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Figure 1.8.3.1: Specific sites of interaction of Cucurbituril hosts

1.8.4 Important properties of cucurbit[n]uril:

Cucurbituril are the proficient host for host-guest study of fluorescent dyes compare to

other macrocyclic host to bind a range of guest molecules. Important properties are as follows-

(i) They are capable of forming strong complex with positively charged (or neutral) dye
molecules by coordination of cationic sites with their portals and various organic residues in their

hydrophobic cavities.*?* 4’

(i) CB[n] molecules have the potential to increase the solubility of poor-water soluble or
insoluble guest molecules by formation of inclusion complex. Among all CBs, CB[5] and CB[7]
has very good solubility (20-30 mM) in aqueous solution. The solubilization effect of CB[7]
suppresses also the absorption of fluorescent dyes to material surfaces. In addition, the
absorption/fluorescence intensity of aqueous dyes deplete rapidly with time during ongoing
experiment which can be entirely prevent by the addition of CB[7]. CB[7] and its complex have

only a very low propensity to absorb to glass and polymer materials.

-20-



(i) Large enhancement in their fluorescence intensity frequently observed when host molecules
are added to the aqueous solution of fluorescent dyes, which leads to avoid charge transfer in
excited state from ICT (intramolecular charge transfer) to TICT (twisted intramolecular charge

transfer) and further reduced the non-radiative decay rate.

(iv) Variation in the absorption and fluorescence spectra can be principally employed to estimate
the polarity of inner cavity which cannot be assessed by direct spectroscopic technique. Guest
molecules encapsulated by CB[n] experienced low polarizability due to its rigid cavity size, close

to the gas phase which leads to the novel and unprecedented chemical and photophysical

property.

(v) With respect to the chemical reactivity, a low polarizability invariably reduces the rate of
chemical reactions which gave a chemically inert reaction environment. The low polarity of CBs
cavity and efficient exclusion of water molecules further reduces the rate of ionization reaction*

and therefore provide a novel approach to achieve photostabilization of dyes in water.

(vi) Host cucurbiturils are transparent in the UV and visible region and do not act as a
fluorescence quenchers at typically relevant concentration (mM). On the opposite, encapsulation
by cucurbiturils greatly reduces the fluorescence quenching of dyes by external additives because

it provides a protective shield.

(vii) The extinction coefficient presents an additional parameter to characterize the goodness of
fluorescent dyes and it is good practice to define “brightness” as product of extinction
coefficient. Complexation by CBs leads quite universally in an increased brightness of

chemically quite different fluorescent dyes.
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(viii) The CB[n] hosts are relatively rigid and also thermally stable, resisting decomposition at

temperatures below 420°C for most of the members of CB[n] family.**
1.8.5 Application of cucurbiturils:

The encapsulation of dye by cucurbituril is an emerging field with numerous applications.
In comparison to cyclodextrin and calixarenes, cucurbiturils appear to be a better water soluble

host molecule due to their desirable photophysical and photochemical effect on dye properties.
1.8.5.1 Drug delivery system:

Considerable interest has been devoted to cucurbiturils as drug delivery vehicle. CB[n]
was observed to bind a variety of platinum based anticancer drugs by Day*® and coworkers and
Kim’s group.”® This attention has also been extended to metellocene based anticancer drug®* as
well as organic anti-tumor drugs such as albendazole® and comptothecin.>® Day and coworkers
observed that encapsulation of dinuclear platinum drugs by CB[7] was able to protect it from
decomposition by guanosine while not affecting its cytotoxity or ability to bind to DNA.*%*>
However, Kim’s group noted that the complexation of oxaliplatin reduced it cytotoxicity. They
also recently explored the use of nanoparticles based on functionalized CB[6] as a drug delivery
vehicle.>™ There are a variety of benefits that may potentially arise from the use of cucurbiturils

as host for drug. In addition to delivery of the drug, the host may also be useful for slow or

controlled release of a drug. Also, depending upon the situation, they may also improve the

2 49a

solubility of drug,® reduced its undesired toxicity,**® improves its stability®® or activate the

drug.”®
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1.8.5.2 Biological application:

CB[7] has been observed to complex with biological relevant guests such as histamine
H,-receptor, antagonist ranitidine®” and also to the nucleotide base that binds to the cobolt(l11)
centre of the vitamine By, and coenzymes B1,. Encapsulation of base by CB[7] has been found to
have the capacity to stabilize the base off forms of vitamine By, and coenzymes B1,>® CB[7] has
been shown to discriminate between dipeptide sequences, by binding to one sequence over

another with a very high selectivity.>
1.8.5.3 Molecular sensor:

Recently Nau and coworkers have developed a method for using CB[7] as a part of a
sensor in enzyme essays used to monitor amino acid decarboxylases, which can play important
role in tumor growth and inflammation. A fluorescent dye, Dapoxy was used as a competitor
with amino acid substrate for binds with CB[7] because dapoxy fluorescence signal differed
significantly between its free form and its CB[7] bond species. A change in the dyes fluorescence
signal could be used to indicate that it was being displaced by the decarboxylated amino acid.®
Kim and coworkers has also shown the ability of CB[7] to be used as glucose sensors.®* Nau and
coworkers proposed that enhancement of dyes fluorescence life time by binding with CB[7]

could have applications toward fluorescence life time imaging microscopy.
1.8.5.4 Separation:

Karcher and coworkers have explored the use of CB[6] for water treatment, specially the
removal of reactive dyes from textile, waste water.®? Liu and coworkers have found that HILIC
chromatography utilizing CB[6] immobilized stationary phase could be successfully used to

separate alkaloids. Cucurbituril tend to have higher selectivity compared to other host such as
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cyclodextrin and calixarines, which facilitate their potential use in separation as well as self

sorting systems.
1.8.5.5 Molecular switches:

Molecular devices are system whose properties can be changed by external stimuli such
as pH, electrochemical potential, temperature, solvent polarity. Some examples have the
complexation between CB[8] and methyl viologens, where the stiochiometry of the host-guest
system is affected electrochemically. The first report by Mock and Pierpont, of a host-guest
system with cucurbiturils acting as a molecular switch, was for the complex between CB[6] and
PhNH(CH,)sNH(CH,)sNH, with the position of CB[6] being controlled by pH.® Kaifer and
coworkers have reported pseudorotexanes between CB[7] and guest containing central viologen

units, with the position of CB[7] being controlled by pH.*

More recently Pal and Nau®® have proposed that salt addition may be useful method to
induce the release of a guest such as a drug from CB[7] cavity. For example with addition of
NaCl observed decrease in binding constant between CB[7] and neutral red and also a decrease
in the pKa shift that is observed with complexation to CB[7] so that unprotonated species of the

dye becomes more favorable when salt is added.
1.8.5.6 Catalysis and stabilization of guest:

The ability of CB[n] to act as a catalyst for a chemical reaction was recognized by Mock.
He noted that if reactants were efficiently bulky, the product may not be able to dissociate from
the CB[n]. Nau and coworkers have used CB[6] as well as CB[7] to catalyze the acid hydrolysis
of guest (Figure 1.8.5.6.1). The larger macrocycles such as CB[7] and specially CB[8] have

shown further use for catalyzing and inhibiting reactions as their large cavity size allow them to
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form complexes with a greater variety of guests. The stabilization of guest have also been
observed by Kim and coworkers as when diprotonated trans isomer was bound to the
macrocycle, and subsequently irradiated with UV light, it was converted to cis-isomer. This
isomer was relatively stable in the presence of CB[7] due to the better alignment between

cationic centers and electron rich portals.

Figure 1.8.5.6.1: Schematic view of the strategy used by Nau and coworkers for the catalysis of

hydrolysis with CB[6] and CBJ[7]

1.9 Conclusion and content of the present work:

Dye laser technology had advanced significantly over the last 50 years. Development of
new laser dye is related to the development in terms of easy tunability, wide wavelength
coverage, high photostability and synthetic simplicity. Changing the functional group within the
classes of laser dyes having good host-guest interaction and laser characteristics has proven to be
a useful way of creating new laser dyes and study of modified water soluble dyes molecules in

aqueous system.

With this, aim is to design and development of new derivatives of fluorescent dyes

ranging from UV to near IR region. The outline of the thesis as follows:

The experimental techniques used in the research work are described in chapter 2. The

techniques are steady state absorption, fluorescence, NMR, Cyclic voltammetry, LINAC,
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Nd:YAG pumped grazing incident grating, narrow band and broad band pulsed dye laser setup.
The general overviews of these techniques are discussed, which includes principle, experimental

setup and application in spectroscopy and present study.

Chapter 3 describes comparative photo-physical, laser characterization and triplet state
reactivity of dyes and 'O, generation from dyes in polar and non polar solvent system of
commercially available known PM dyes PM567 (16) and PM597 (17). Also, synthetic strategy to
development of new bodipy dye (58) via substitution at B-centre of 16 with improved photo-
physics, photostability and laser efficiency, in polar and non polar solvent compared to its

starting substrate PM567 (16).

Chapter 4 concerns with study of water soluble UV dyes starting with Coumarin 1 neutral (59)
and its cationic (60) form, its comparative inclusion complex with CB[7] has been studied via
photo-physics, NMR and DFT calculation. Also, laser photostability of coumarin dyes (cationic

and neutral forms) has been studied in presence and absence of host CBJ[7].

Then further extended our work (chapter 5) moving towards green-yellow region BODIPY dyes
for design and development of new water soluble fluorescent dyes (63 and 64) via modification
at 2 or 6-position of the core known as pyrromethene 546 (18) and their study of host-guest
interaction with CB[7] was performed to improves its solubility and stability in water via
experimental (steady state absorption fluorescence, fluorescence life time, NMR) and theoretical
(DFT calculation) study. Also, new water soluble ammonium salt (64) of BODIPY dye has been

studied for good DNA binding.
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In next chapter (Chapter 6) extending the studies toward design and development of derivative
of red BODIPY dyes (67 and 68) with large Stokes shift by introduction of styryl moieties at 2 or

6 or both position of the core which act as a proton sensor.
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2.1 Introduction:

This chapter gives an overview of the various experimental techniques, which have been
employed to illuminate the objective of the present thesis. Various important components of the
instruments used in the current work are also concisely described in the present chapter.

For detail understanding of effect of molecular structure on photo-physical and laser
performances of fluorescent dyes, both steady-state and time-resolved photo-physical
measurements were carried out using absorption and fluorescence techniques. To understand the
effect of anisotropy dynamics of dye molecule on dye laser operation, rotational relaxation times
were evaluated using time-resolved fluorescence anisotropy measurements. High resolution *H-
NMR spectroscopy was used to study the sites of interaction of dyes with the supramolecular
host as well as identification of structure of synthesized compound. The triplet states decide the
extent of 'O, generation by the dyes via energy transfer to dissolved O, in dye solution, and also
reduction in the lasing efficiency by absorbing the dye laser photons. Hence, the triplet state
studies can provide valuable information on the lasing characteristics and the photostabilities of
the fluorescent dyes. The triplet states studies of the dyes in various solvent were carried out
using the nanosecond pulse radiolysis technique. Electrochemical studies have been performed
using cyclic voltammetry which gives an idea about oxidation potential of the molecules in
different solvent system.

2.2. Ground-state absorption measurements:

To realize the effect of light on chromophoric molecules, it is vital to know the detailed
absorption and fluorescence characteristics of the systems under examination. Optical absorption
(UV-vis) spectroscopy is a widely used technique to gain information about the ground-state

absorption characteristics of the chemical systems in terms of the wavelengths of the absorption
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bands and the extinction coefficients at different wavelengths. UV-vis absorption spectroscopy,
being dependent on the electronic structure and the environment of the absorbing chromophore,
permit the characterization or the identification of various chromophoric systems and their
microenvironments. Any alteration in the solvent polarity, polarizability and hydrogen bonding
characteristics often induces a significant shift in the absorption spectra.*?*®>® Hence, this
simple photochemical technique can impart much useful information regarding the nature of
interactions between the ground-state of a chromophoric molecule and its surrounding
environment. Measurements of the optical absorption spectra and thus to get information about
the absorbance of the experimental solution in the ground-state are always very essential to
adjust the concentration of the absorbing species in the solution for the purpose of their analysis.

The absorbance (A) of an absorbing species in a solution is directly proportional to the

concentration (C) of the species and its molar extinction coefficient (€,) at the measuring

wavelength A, and is given by the equation 2.1%2%6566

A=log(lo/1)=¢g xcxl (2.1)
where lp and | are the intensities of the incident and transmitted light, respectively, and | is the
path length for the light beam passing through the sample. For absorbance measurements, the
sample is usually kept in a quartz cuvette of 1 cm path length. For concentrated solutions, thinner
quartz cell with path length of 0.1 cm is used. Ground-state optical absorption spectra for the dye
solutions to be investigated in the present study were carried out using double beam UV-vis
spectrophotometers (Jasco, Japan (model V530)). The wavelength ranges covered by the
spectrophotometer is 200-1100 nm. As the light sources, the spectrophotometer uses W-lamp for
the 1100 to 350 nm region and a D, lamp for the 350-200 nm region. The minimum wavelength

resolution for the spectrophotometer is 0.2 nm and lowest absorbance measurable is ~0.005. The
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technique was useful to adjust the O.D. of dye solutions at particular wavelength, in estimating
the quantum yield of photo-degradation values of dye molecules by observing change in the
optical densities before and after photo irradiation etc.

2.3. Fluorescence spectroscopy:

2.3.1. Steady-state fluorescence measurements:

The technique of fluorescence spectroscopy is extremely powerful. Various
photophysical processes that take place in the excited state of the chromophoric molecules are
investigated efficiently by this technique. The intensity of the fluorescence emission, the
fluorescence peak position (emission maximum), as well as the shape of the fluorescence
spectrum of dye molecule are in general very susceptible to the environmental effects.*2%°>¢
Principle:

Under normal condition, state molecules are generally excited from the lowest energy
(v=0) vibrational level of ground electronic state (Sp) to higher vibrational level excited
electronic state (S;) after photon absorption. The fluorescence emission generally occurs from
molecule in the v’=0 vibrational level of the first excited state. Consequently, emission
maximum is always observed at longer wavelength as compared to the wavelength at which
absorption maximum is observed.

The difference between absorption and emission maxima is known as ‘Stokes shift’.
Generally, detrimental ground state absorption (GSA) of dye molecules at dye laser wavelengths
decreases with increase in the Stokes shift. We can also measure another important parameter
viz., quantum yield of fluorescence (®f), which is defined as the ratio of the number of
fluorescence photons emitted from the sample to the number of light quanta absorbed by the

sample. Thus @ is expressed by the following equation.*%%%%7
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_ Number of Quanta Emitted

O =
Number of Quanta Absorbed

(2.2)

The fluorescence quantum yield of an unknown sample is normally determined by using
a comparative method, as the determination of the absolute number of photons absorbed and
emitted by the sample is very difficult.*?**® |n comparative method, the integrated emission
intensity of the sample is compared with that of an optically matched (very close absorbance at
the excitation wavelength) reference sample whose quantum yield is already known. Thus,
keeping the excitation wavelength same for both the sample and the reference, the fluorescence
qguantum yield of the sample (®s) can be expressed with respect to the quantum yield of the
reference (®;) by using the traditional equation 2.3.%2%656
2
ﬁr X Z X 7752 X Dy 2.3)
r n,

Where A; and As are the respective absorbance at the excitation wavelength, F. and Fs are the

Ds =

integrated fluorescence intensities and n, and ns are the refractive indices for the reference and
the sample solutions, respectively. The measurement of fluorescence quantum yield (®5) of dye

1.5” which

solutions were also carried out using the comparative method of Williams et a
additionally validates the use of standard dye solution and its @ value and is much more reliable
in comparison to the above traditional method. In this method, the integrated fluorescence
intensity of dyes are recorded by preparing dye solutions in a known range of concentrations
(~10° M), ensuring linearity of fluorescence yield across the concentration range, and acquiring
data at a number of different absorbance. The standard samples should be chosen to ensure they

absorb at the excitation wavelength of choice for the test sample, and if possible, emit in a

similar region to the test sample. The standard samples must be well characterized and suitable
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for such use. Refractive indices of solvents were considered for calculations. Standard 10 mm
path length quartz cuvette was used for fluorescence measurements. In order to minimize re-
absorption effects, absorbance in the 10 mm fluorescence cuvette was kept below 0.1 at the
excitation wavelength, which is close to absorption maximum of dye solutions. The gradient for
each sample solution is proportional to the fluorescence quantum vyield of that sample.
Conversion into an absolute @ is achieved using the equation 2.4:
@, = Oy [Grady/Grads ][, / nsi’] (2.4)

Where the subscripts ‘st” and ‘x” denote standard and test respectively, ‘Grad’ the gradient from
the plot of integrated fluorescence intensity vs. absorbance, and n the refractive index of the
solvent. First, the two standard dye solutions were cross checked by calculating the ®; of each
standard sample relative to the other using this equation. Our measured values were considered
reliable as good linearity with a zero intercept was obtained. For each test dye, two ®s values
were obtained, relative to both the standard. The average of the two values for each dye solutions
are considered for respective ®r values.

In the present study, steady-state fluorescence measurements were carried out using a
Hitachi model F-4500 fluorescence spectrometer. The instrument uses a 150 watt continuous
powered high pressure Xenon lamp as the excitation source and R-928F (Hamamatsu)
photomultiplier tube (PMT) as the photo-detector. Sample is excited ina 1 cm x 1 cm suprasil
quartz cuvette and the fluorescence is collected and measured in a perpendicular direction with
respect to the direction of the excitation beam. The wavelength range covered in the present

instrument is 220 to 800 nm.
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2.3.2. Time resolved fluorescence measurements:

Time-resolved fluorescence measurements are very crucial to obtain information about
the kinetics and dynamics of various photophysical processes involved in the deactivation of the
excited molecules. Excitation of a sample containing fluorophoric molecules with a very short
pulse of light results in an initial population (ng) of fluorophores in the excited state. Since
emission from the individual excited molecules is a random process, for a given time-window
following photoexcitation with an ultrashort light pulse each of the excited fluorophores should
have the same probability to emit a fluorescence photon. This condition in effect results the
excited state population to decay following a first order rate equation as,*2%6>66:68-71

(dn(t) / dt) = — (kr + Kqr) (1) (2.5)
where n(t) is the number of excited molecules at time t following the very short pulse excitation
of the sample, k; is the radiative decay rate constant and kj is the non-radiative decay rate
constant of the excited fluorophores. In an actual experiment, it is often difficult to know the
exact number of the excited molecules present in the sample. However, knowing the fact that the
fluorescence intensity is directly proportional to the number of excited molecules present in the
solution, equation 2.5 can be simply expressed in terms of the time-dependent intensity I(t) and
the integration of the resulting equation gives us the expression for the fluorescence decay I(t) as,
I (t) =1oexp (—t/ ) (2.6)
Where |y is the intensity at time zero and Tt is the fluorescence lifetime of the sample and the
latter is related to the radiative and non-radiative decay rate constants as,
%=1/ (ke + Knr) 2.7)
If the width of the excitation pulse is unusually short (3-pulse) and the response time of the

detection system is very fast compared to the fluorescence lifetime of the sample, the
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fluorescence lifetime can be obtained from the observed fluorescence decay by using the
following two procedures. In the first method, the 1+ can be obtained merely by recording the
time at which the fluorescence intensity decreases to 1/e of its initial value. Other method, the
lifetime can be determined from the slope of the plot of log I(t) versus t.*%%>%

Regarding the fluorescence decay, however, since the excited fluorophores emit
randomly, different molecules spend different length of times in the excited states. Thus, for an
ensemble of excited molecules in the system, some may emit at very short times following the
excitation but others may emit at times much longer than the measured fluorescence lifetime of
the sample. Accordingly, the time distribution of these emitted photons actually represents the
measured fluorescence decay curve of the experimental sample. It is thus manifested that, the
estimated lifetime from the observed fluorescence decay is actually the statistical average of the
time that the excited molecules spend in the excited state. As already mentioned, the time-
dependent fluorescence measurement is very essential to inspect the dynamics and mechanism of
the photoinduced processes in the excited singlet (S;) state of the molecules. The further details

regarding basic principle, instrumentation and analysis may be obtained from references.*2%6>%

68-72

Time-Correlated Single Photon Counting (TCSPC) technique is the most widely used
experimental method to measure the time-dependent fluorescence of a sample in the nanosecond
to picosecond time scales. In the present study a LED-based time-correlated single-photon-
counting (TCSPC) spectrometer (IBH, UK) was used to measure the fluorescence lifetime of the
samples under investigation. The fluorescence decays were measured with a 490 nm LED (~100
ps, 1 MHz repetition rate) excitation source and a TBX4 detection module coupled to a special

Hamamatsu PMT instrument. The instrument response function was 1.2 ns at full width half
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maximum (FWHM). Following deconvolution analysis of the fluorescence decays, the time
resolution of the present setup was around 50 ps.
2.3.3. Fluorescence anisotropy measurements:

The ground-state fluorophores are all randomly oriented in a homogeneous solution.
When such an isotropic ensemble of chromophores is excited with a polarized light beam, due to
the selective excitation of the suitably oriented chromophoric molecules in the solution an
anisotropic distribution is generated in the excited state (also in the ground-state which is not
considered at present). Thus, observation and measurement of fluorescence anisotropy is based
on the photo-selective excitation of fluorophores, which can be better understood in the
following manner. With respect to the molecular axis, each fluorophore within its molecular
framework has a fixed absorption and fixed emission transition dipoles which have specific
orientations. These two transition dipoles in a molecule are usually separated from each other by
an angle PB. Those fluorophores preferentially absorb the excitation photons that have their
absorption transition dipoles parallel to the electric field vector of the polarized excitation light.
The probability of absorption for a molecule for which its transition dipole is oriented at an angle
0 is with respect to the direction of the electric field vector of the polarized light is proportional
to cos. Therefore absorption is maximum when 6 = 0° and becomes negligible when 0
approaches 90°.°°%87073 Thys, the excited state population obtained following the excitation of
the sample by a polarized excitation pulse is not randomly oriented but highly anisotropic in
nature. This preferential excitation of molecules creates anisotropy in excited electronic state and
this is schematically shown in Figure 2.3.3.1. Similarly, an excited molecule emits a photon
preferentially with its electric field vector parallel to the emission transition dipole of the

molecule. At any other angle¢, the probability of emission is again proportional to cos¢, where ¢
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is the angle between the electric field vector of the emitted light and the emission transition
dipole of the molecule. Thus, due to the selective excitation and emission, the fluorescence
obtained following excitation with a polarized light is highly anisotropic in nature. In dilute
solution, where depolarization of the excited molecules via energy transfer among chromophoric
components is very insignificant, the excited-state anisotropy of the system decays mainly due to
the rotational relaxation of the excited species. The anisotropy measurements reveal the average
angular displacement of the fluorophore that occurs between the absorption and the subsequent
emission process. This angular displacement is dependent upon the rate and the extent of the
rotational diffusion of the excited species during the lifetime of the excited state. As expected the
rotational diffusion of a molecule depends upon its size and shape as well as on the viscosity or
the rigidity of its local environment. Thus, studies on the fluorescence anisotropy have been
utilized extensively to explore the local environment of the chromophoric dyes as well as to

investigate their interactions with various host molecules or supramolecular systems.

0100, ' XA
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Figure 2.3.3.1: Creation of ground-state and excited state anisotropies from an isotropic

distribution of molecules

Fluorescence anisotropy can be measured using both steady-state and time-resolved
fluorescence spectrometers. In the steady-state measurement, the sample is illuminated with a
continuous beam of plane polarized light, and the intensities of the fluorescence emission are

recorded for both parallel and perpendicular polarizations of the emitted light with respect to the
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vertically polarized excitation light. In the time-resolved anisotropy measurement, the sample is
excited with a vertically polarized pulsed excitation light source and the fluorescence decays are
collected for both parallel and perpendicular polarizations of the emitted light with respect to the
excitation polarization. The general measurement procedure of the fluorescence anisotropy (both

steady-state and time-resolved) is illustrated in Figure 2.3.3.2.56>%870.7

Excitation

Polarizer
Light
Source
Datactor
Emission
Polarizer

Figure 2.3.3.2: Schematic describing measurement of fluorescence anisotropy

Time-resolved fluorescence anisotropy decays of dyes were determined by time
correlated single photon counting (TCSPC) setup coupled to a picosecond laser diode. For the
measurement of time-resolved fluorescence anisotropy, the fluorescence intensity decays were
collected with the emission polarizer kept at parallel (1) and perpendicular (I,) orientations with
respect to the excitation polarizer. These polarized components were then corrected for the
grating factor (G-factor). The G-factor of the TCSPC set-up was measured by the area matching
method, using dye in a homogeneous solvent such as ethanol.

Using the experimentally obtained G-factor, for the sample whose anisotropy decay was
to be experimentally measured, I, was collected for the time t;G where t; is the time for which I

was collected. These two polarized intensity decays were used to compute the fluorescence
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anisotropy decay and rotational relaxation time (t.). The goodness of the fit of a given set of
observed data and the chosen function was evaluated by the reduced %2 ratio which ranged
between 1.0 and 1.2. Hence, these techniques of fluorescence spectroscopy are very much useful
in elucidating the excited state properties of dye molecules in various microenvironments.

2.4 Laser properties of fluorescent dyes:

Laser properties of the dyes were studied by constructing a Grazing Incidence Grating
(GIG) configured narrow band pulsed dye laser setup, pumped by second harmonic (at 532 nm)
of a Q-switched Nd:YAG laser (EKSPLA, Lithuania).

2.4.1 Grazing incidence grating (GI1G) Narrowband dye laser:

Lasing properties of dyes, using aqueous and organic solvents, were studied by the
constructed a narrow band dye laser setup, transversely pumped by second harmonic output of a
Q-switched pulsed (rep. rate 10 Hz) Nd:YAG laser (at 532nm) with pulse energy (~ 6-7 mJ) of
5-7 ns duration. The dye laser was set up in a grazing-incidence-grating prism pre-expander
configuration.” In this configuration, the grating is used as a disperser, as well as, an expander.
The beam expansion of the grating is given by cose / cosb, where 6 and ¢ respectively, the
angles of incidence and diffraction, are determined by grating equation, a (sinf + sing) = na.
Where, ‘a’ and ‘n’ are groove spacing and order of diffraction, respectively. To keep the cavity
loss low and bandwidth of dye laser narrow, the grating was used in the first order diffraction, as
well as, higher angle of incidence. Intra-cavity prism pre-expander was used so that the grating
could be used at a smaller angle of incidence (6 ~ 81°%). The schematic diagram of the dye laser

set up is shown in Figure 2.4.1.1.
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Figure 2.4.1.1: (a) Photographic image and (b) schematic of grazing incidence grating
configured narrowband dye laser setup

Oscillator cavity has length 32 cm and dye laser output was derived from a 4% reflectivity
wedge flat (wedge angle ~30°”) output coupler. A 6 cm long dielectric coated tuning mirror with

high reflectivity (flatness of A/10 at 600 nm) and a diffraction grating with 2400 lines/mm were
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used to obtain narrow line width (~0.1 cm™) dye laser. The green pump beam was expanded by a
plano-concave (f = -50 cm) lens and line focused by a cylindrical lens (f =15 cm) onto a flow
through dye cell (20 mm gain length, Lambda Physik made). The image of pump beam formed
on the dye cell having a spot size of (0.5 x 20 mm?) and cross sectional area of (0.5 x 0.5 mm?)
so that dye laser output was nearly circular. The flow speed of dye solution through the dye cell
was measured by photothermal deflection spectroscopy technique, and was found ~1 m/sec with
ethanol solvent, which was sufficient to clear the excited region between two successive pump
pulses. This was found adequate to clear excited hot zone in dye cell before next pump pulse
arrived (100 ms intra pulse time), even for solvents with higher viscosity. The dye laser was built
mainly out of kinemetically designed S.S. optical mounts and assembled on a stainless steel base
plate for good thermal and mechanical stability. The tuning curve of each dye solutions was
obtained by scanning the wavelength of dye laser through the gain profile of dye and measuring
the average pump and dye laser power with same power meter (OPHIR). The plot of dye laser
efficiency (%) i.e. [(dye laser (DL) output power / Pump input power) x 100] Vs wavelength
described the possible tunable output which was achieved by selection of dye, solvent and pump
combination. A small fraction of the dye laser output was routed to a wavelength meter (WS-6,
Angstrom) through an optical fiber to measure the wavelengths. The pump threshold energies
(E1) and slope efficiencies (ns) for each of the laser dyes at their respective peak wavelengths
(AL) of the tuning curves were obtained by measuring the laser output power as a function of the
input pump power used. This data gives important information about the gain achieved during
dye laser operation. Higher slope efficiency means higher gain can be achieved in the dye laser

media.
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2.4.2 Broad band dye laser setup:

For long term service life of dye laser system, the photostability studies of laser dyes are
of utmost importance. We have studied the photostability of laser dyes in two different ways. In
the first method, the quantum yield of the photo-degradation (®,q) of the dyes is calculated and it
is defined as the probability of the decomposition of the dye molecules by the absorbed pump
photons. The photostability is the inverse of the ®yq value. In this method a known quantity of
dye solution (2 ml) in a dye laser cuvette was exposed to 532 nm pump beam (pulse energy ~4
mJ, rep. rate 10 Hz, FWHM 6 ns, beam dia. 7 mm). 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 for a known duration of time. The solution was constantly stirred with a

teflon-coated magnetic stirrer to avoid local heating.

HR Mirror
>99%

Out coupling 6-—— .

Mirror 4% R
Cylindrical
. - lens

Figure 2.4.2.1: Photographic image of broad band dye laser setup
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The number of photo-degraded dye molecules in the exposed volume of the dye solutions was
quantitatively estimated from the absorbance at the corresponding Amax before and after photo
exposure for a set period of time. The reflection loss of the pump beam on incident surfaces of

the dye cell was considered to calculate the absorbed cumulative pump photons.
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Figure 2.4.2.2: Schematic diagram of the Nd:YAG laser pumped broad band dye laser set up.
Different blocks represent 1- Nd:YAG laser, 2- second harmonic Generator, 3- half-wave plate,
4- polarizer plate, 5- Beam dump, 6- beam splitter (50%), 7- power meter, 8- mirror, 9-
cylindrical lens, 10- dye cell, 11- high reflectivity mirror, 12- output coupler, 13- power meter

In the second method we measure the drop in dye laser efficiency with time by
constructing a broadband dye laser setup, pumped by the second harmonic (532 nm) of the
Nd:YAG laser (pulse energy ~4 mJ, rep. rate 10 Hz, FWHM 6 ns, beam dia. 7 mm). This is a
comparative method of measurement, in which optically matched dye solutions (~2ml) in sealed
quartz cuvette was used. The sealed cuvette containing dye solution was placed between a high
reflectivity (>99%) mirror and output coupler (4% reflectivity). The photographic image and

schematic diagram of this broad band dye laser setup is shown in Figure 2.4.2.1 and 2.4.2.2. The
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beam is focused on dye cuvette after passing through a cylindrical lens (f =10 cm). The image of
pump beam formed on the dye cell having a spot size of (0.5 x 7 mm?) and cross sectional area
of (0.5 x 0.5 mm?) so that dye laser output was nearly circular. The solution was constantly
stirred with a teflon-coated magnetic stirrer to avoid local heating due to the pump beam. The
pump input and DL output was measured using power meter (OPHIR). The above measured
quantities are useful to improve the operational life of dye laser by modifying the solvent
environment and to test newly synthesized laser dyes with improved photo-physical and laser
properties.
2.5 Quantum chemical calculations:

Search for the minimum energy structures in the ground (So) state of all dyes was carried

out applying a correlated hybrid density functional, namely, B3LYP">"®

using a Dunning-type
correlation consistent atomic basis set, cc-pVDZ for all the atoms. Quasi Newton-Raphson based
algorithm was applied to carry out geometry optimization for each of these dyes with various
possible conformers as the initial structures. Electron correlated method, namely, time dependent
density functional theory (TDDFT) with B3LYP density functional was applied to study the
excited state structure of the dyes in the first excited (S;) state. Note that Dunning-type
correlation consistent atomic basis set, cc-pvVDZ was also used for all the excited state
calculations. The ground (Sg) state minimum energy structures of dyes, including PCM’" model
with B3LYP functional was searched by testing effect of macroscopic hydration. Excited state
calculations are also carried out on these solvent modified geometries to determine the effect of
solvent applying TDDFT with B3LYP functional coupled with PCM solvent model. All

electronic structure calculations were carried out applying the GAMESS suite of ab initio

program.”®
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2.6 Nuclear magnetic resonance (NMR):

NMR spectroscopy is one of the most important instrument to identify and check weather
synthesized organic molecule is pure or mixture. Also, in host-guest studies, proton NMR
spectroscopy is understood to be a very useful technique to explore information regarding the
host-guest interaction. The binding activity of two molecules causes to considerably modify their
electronic environments, which effectively lead to a shift in the NMR signals in comparison to
the signals in the free state of the molecules. This is the basic principle to make use of the NMR
spectroscopy in the investigation of the host-guest systems.®*"#756798% Ag expected, NMR
spectroscopy can thus be suitably used in the host-guest studies for the elucidation of
stoichiometry of the host-guest complexes, the preferential orientation of the guest molecule
inside the host cavity, the effect of functionality in the host or guest molecule on their host-guest
binding affinity, the binding and relocation of guest from one host to another, and many
others. 47567984 |n general, it is observed in the NMR spectra that if the active H (proton) of
the functional group of guest is inside the host cavity then its signal shows an upfield shift (i.e. 5
shifts to lower values) and if it is outside the host cavity then its signal shows a downfield shift
(i.e. & shifts to higher values). Factors such as hydrogen bonding, electrostatic charge
distribution, Van der Waals interaction and n-n interaction also affects the & values of the active
protons.* %8 Thus, by monitoring the changes in the & values of the guest molecule on addition
of host, it is possible to obtain many useful information regarding the binding modes for the
concerned host-guest systems. In our investigation we have used Bruker Advance WB 500 MHz
spectrometer to elucidate NMR spectra of host-guest systems and for structural characterization

of new synthesized molecules.
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2.7 Principle of pulse radiolysis:

In Pulse Radiolysis, a highly intense pulse of electrons is given to a system to achieve a
non-equilibrium situation in which significant concentration of transient species is produced in a
short time interval. These transient species are monitored by following the changes in their

% electrical conductivity,® electron spin

characteristic properties such as optical absorption,®
resonance® and diffusion current at a suitably polarized electrode i.e., polarography.®! Basic
requirements of pulse radiolysis are as follows. It should produce very short (i.e., short in
relation to the life time of the species under observation) pulses of radiation of sufficiently high
energy to produce an adequate concentration of chemical species and of suitable penetration
characteristics to ensure homogeneous distribution of the species formed in the irradiated
sample. The radiation chemical changes should be observable either optically or by other means.
2.7.1 Pulse radiolysis set up:

The basic arrangement of pulse radiolysis set up is as shown in the following Figure
2.7.1.1. Sample solutions were irradiated with the help of 7 MeV electron pulse from a linear
electron accelerator (Forward Industries, formerly and Viritech Ltd. U.K., and Radiation
Dynamics). Sample solutions are taken in a suprasil quartz cuvette and are kept at a distance of
12 cm from the titanium electron beam window, where the beam diameter is 1 cm. The transient
changes in the absorbance of the solution caused by the electron beam pulse are monitored with
the help of collimated light beam from a pulsed 450 W Xenon arc lamp (Kratos Model LH 151).
The accelerator, the sample cell and the monitoring light source are housed in a shielded cave
with 1.5 m thick concrete wall and roof. The monitoring light beam, after passing through the

sample cell, is directed to the detection equipment through a tunnel in the wall by making use of

fused silica lenses and mirrors coated with aluminum on the front surface.
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Figure 2.7.1.1: Basic set-up for pulse radiolysis using kinetic spectrophotometric method

The light beam is finally focused on the entrance slit of a monochromator (Kratos GM
252), on the exit slit of which a photomultiplier (model no. Hamamatsu Model-955) is fixed.
Photomultiplier signal is fed into a storage oscilloscope from which traces transferred to a
computer (Figure 2.7.1.1).

2.7.2 Transient absorption measurements:

The photo multiplier tube (PMT) output voltage (V) developed across a suitable anode
resistor is directly proportional to the anode current which in turn, at fixed values of the
photocathode potential, is directly proportional to the intensity of the monochromatic light
incident on the photocathode. As a result of action of electron pulse on the sample solution in the
cell, transient species formed capable of absorbing light at a given wavelength are produced; the
intensity of light transmitted through the cell is given as

1= 1, 200D (2.8)
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Where, |y is the intensity of light transmitted just prior to the electron pulse, ¢ is the molar
concentration of the species formed in the sample, € its molar extinction coefficient and | the
length of the light-path through the cell contents. Because of the proportionality between V and
I, the PMT output voltage just after and prior to pulsing are related as

V=V, 106 (2.9)

As the concentration of the transient species produced by electron pulse would change
with time due to various chemical processes, | and hence V will be time-dependent. This time-
dependence of V is monitored with an appropriate digital oscilloscope and subsequently
processed to get the Kinetic information. The quantity e.c.l called the optical density or
absorbance is also time-dependent. From the experimental quantities V and Vy, the absorbance
(A) of the transient species at any given time can be calculated using the following equation

A = log (Vo/V) (2.10)

At any instant of time after pulse, a plot of the absorbance vs. wavelength reflects the absorption
spectrum of the species present in the system at that instant of time.
2.7.3 Dosimeters for pulse radiolysis:

Dosimetry for pulse radiolysis differs from the dosimetry from conventional steady state
radiolysis (y-ray of °°Co) as pulse radiolysis involve high dose rate. In pulse radiolysis
experiment, thiocyanate dosimeter is commonly used to measure the absorbed dose per pulse. It
is an aerated aqueous 0.01 mol dm™ potassium thiocyanate solution. Upon irradiation with the
electron pulse, e,q and H-atom are scavenged by the dissolved oxygen and OH’ radical oxidizes
SCN™ ions to produce (SCN)? " radical according to the following reaction 2.11 and 2.12.

SCN +OH — SCN"+ OH" (2.12)

SCN"+SCN™ = (SCN )?*~ (2.12)
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Species (SCN)? " formed has strong absorption in the visible region. The radiation dose is
estimated from the maximum absorbance of the radical (SCN)?* at 475 nm. The G value for this
species is reported to be 3.3 per 100 eV of absorbed dose and the extinction coefficient (€) of this
radical is reported to be 7600 dm® mol™ cm™ at 475 nm.% The G value remains unchanged when
the solution is saturated with O, instead of air and is doubled in an N,O-saturated solution. From
the measured absorbance, the absorbed dose per pulse (D) is computed from the following

equation:

_ AO.D

x N x1.602x107° Gy (2.13)
G.el )

D

where, N is the Avogadro number. Substituting the value of G. ¢ for (SCN)? " at 475 nm, the
above expression (2.13) can be written in a simplified way as:

D = AO.D. x 385Gy (2.14)

For estimation of the extinction coefficient of transient species studies, experiments were carried
out at lower doses.
2.7.4 Analysis of transient absorption signals:

The absorption signal/traces recorded on the oscilloscope as a result of light absorption
by transient species are in mV vs. time scale. Measured mV signals are converted into OD values
as described in section 2.7.2. Plot of OD values vs. wavelength constitutes the transient
absorption spectrum. If the OD values recorded at different time intervals and plotted vs.
wavelength, it gives time-resolved absorption spectra which gives an idea about number of
species present and also indicates if there is any product formed as a result of decay of the

initially formed transient species.
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2.8 Cyclic voltammetry:

Cyclic voltammetry is a method for investigating the electrochemical behaviour of a
system. It was first reported in 1938 and described theoretically by Randles.” In this technique
current flowing between the electrode of interest (whose potential is monitored with respect to a
reference electrode) and a counter electrode is measured under the control of a potentiostat. The
voltammogram determines the potentials at which different electrochemical processes occur. The
working electrode is subjected to a triangular potential sweep, whereby the potential rises from a
start value E; to a final value E; then returns back to the start potential at a constant potential
sweep rate. In this case the voltage is swept between two values at a fixed rate, however when
the voltage reaches V; the scan is reversed and the voltage is swept back to V;. The essential
elements needed for an electrolysis measurement are as follows:

* The electrode: This is usually made of an inert metal (such as Gold or Platinum)

* The solvent: This usually has a high dielectric constant (eg. water or acetonitrile) to enable the
electrolyte to dissolve and help aid the passage of current.

« A background electrolyte: This is an electrochemically inert salt (eg. NaCl or Tetra
butylammonium perchlorate, TBAP) and is usually added in high concentration (0.1 M) to allow
the current to pass.

« The reactant: Typically in low concentration 10> M.

Thus, Cyclic voltammetry containing three electrodes namely reference, working and
counter electrodes. The redox potentials were standardized with ferrocene (Fc) as the internal
reference, and converted to SCE assuming that Ey, (Fc/F¢') = +0.38 V SCE. The error in half-
wave potentials was #10 mV. All waves were monoelectronic performed at 25°C in

deoxygenated solution containing TBAP as a reference (0.1 M), and a solute concentration of 1-5

-51-



x 10° M. A typical cyclic voltammogram recorded for a reversible single electrode transfer

reaction is shown in Figure 2.8.1.
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Figure 2.8.1: A schematic cyclic voltammogram of a reversible redox process
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CHAPTER 3

EFFECT OF SOLVENT IN LASING
EFFICIENCY AND PHOTOSTABILITY OF
BODIPY DYES
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3.1 Introduction:

Dye lasers™ have been used till now as a spectroscopy tool in basic and applied sciences
of chemistry, physics and biology. Hundreds of dyes have been demonstrated® to obtain good
lasing efficiency and photostability in UV-VIS-IR spectral regions. Among them, relatively
recent BODIPY class of dyes™™**% also known as pyrromethene (PM), have continued to
attract interests to scientists and technologists due to their versatile applications in the areas such
as dye sensitized solar cells, photodynamic therapy, chemo sensors, dye lasers etc. PM dyes are
extensively used as efficient active media for solid as well as liquid dye lasers due to their high
fluorescence yields, intense absorption profiles in the green spectral region and low triplet-triplet
extinction coefficients over the entire fluorescence region.*#14097 However, their applications
in high-average-power liquid dye lasers remains limited due to the rapid photochemical
degradation of the dyes. For example, alcohol solution of the commercially available BODIPY
dyes, PM567 (16), PM597 (17) and PM580 undergoes extensive degradation on exposure of
highly repetitive (6-20 kHz) pump lasers under aerobic conditions. The degradation is primarily
mediated by their reaction with in situ generated singlet oxygen (*O,) during photochemical
excitation.®* Different strategies known to enhance the laser photostability of these dyes such
as use of deoxygenated dye solutions** or the addition of high concentrations of O, quenchers
(Tin770, TBP or DABCO),**%1% are ejther inconvenient for large-scale dye laser operation or
show reduced laser efficiency due to fluorescence quenching. Change of chemical structures of
the dyes also has much effect on the photostability of the BODIPY dyes.*®® Earlier similar
approaches have been adopted to synthesize a host of analogues of the most extensively used
laser dye (16) by incorporating different substituent at C-8 (meso position), the boron centre and/

or both the sites (C-2 or and C-6) position of BODIPY dyes.
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However, choice of solvent dramatically affects the photostability of BODIPY dyes even
under air saturated conditions.®®® But lack of photo-physical data such as quantum yield of
fluorescence, triplet state properties, rate of generation of O, and its reactivity with dyes in
different solvents make it difficult to rationalize the observed photostability changes with the
solvent. In addition the photo-physics and photostability of the dyes in different solvents would
depend both on the dye structure as well as solvent selection due to its specific solute-solvent

interaction.

On the other hand dissolved oxygen concentration in dye solution, rate of generation of
reactive singlet oxygen (*O,) during photo excitation, lifetime of generated 'O,, and its reactivity
with dyes in different solvent systems play important roles and affect the overall photostability of
the PM dyes, but unfortunately these results were never been studied and discussed thoroughly.
A few studies have been directed towards singlet oxygen generation of PM dyes and its
reactivity with singlet oxygen as a function of solvent polarity to understand their photo-
degradation rate. Generally the lasers study of PM dye has been focus of numerous
investigations.®* However, these tailored approaches have shown a limited practical utility since
the photostability of dyes improved by only a few times but concurrently unable to deliver
comparable laser efficiency in most cases. Recently, it has been demonstrated that photostability
of PM dyes in non-polar solvents is more than that in polar solvents.’*? But very few studies have
been directed towards rate of singlet oxygen generation and reactivity with singlet oxygen with

solvent polarity to understand their photo-degradation and lasing efficiency.

To this end, for clear understanding of the various influences that can affect the photo-
physical properties and lasing action of BODIPY dyes are studied in this chapter and described

in two sections. First section carried out comparative study of well known BODIPY dyes PM567
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(16) and PM597 (17) having different optical properties using three different solvent systems
such as ethanol, 1,4-dioxane and heptane. Then further proceed in next section towards
synthesis and comparative laser study of new derivative of BODIPY via substitution at boron
centre having similar optical properties as its precursor 16 in two solvents (ethanol and 1,4-
dioxane) and determine the relative utility of these dye-solvent combinations for high average
power dye lasers. Molecular structures of PM567 (16), PM597 (17) and their new derivatives

(58) were shown in Figure 3.1.

E N\
7 X N\ \ N\B/N\
\ N N
* /N
FF
OH HO
16 17 58

Figure 3.1: Molecular structures of BODIPY dyes

3.2 Experimental:

3.2.1 Materials:

Laser grade dye 16, 17 was obtained from Lambda Physik, Germany and spectroscopy
grade Methylene blue (MB), 4,4-dimethylbiphenyl (DMBP) and 1,3-diphenylisobenzofuran
(DPBF) were procured. Their high purity were checked by TLC and used without further
purification. Spectroscopy grade ethanol, 1,4-dioxane, n-heptane and benzene were used to

prepare the dye solutions.
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3.2.2 Synthesis:

Compound 56: A mixture of propergyl alcohol (1.5 g, 26.7 mmol), 2,3-dihydropyran (2.92 g,
34.8 mmol) and PPTS (10 mg) was stirred in dry CH,Cl, (50 ml) for 12 h. The resulting mixture
was washed with H,O (50 ml) and brine (50 ml), and dried. Removal of solvent under vacuo
followed by column chromatography of the residue (silica gel, hexane-EtOAc) furnished 56.
Yield: 2.6 g (70%); colourless liquid; *H NMR (300 MHz, CDCls, 25 °C, TMS): § = 1.48-1.80
(m, 6H), 2.39 (t, J = 2.4 Hz, 1H), 3.46-3.52 (m, 1H), 3.75-3.83 (M, 1H), 4.14-4.28 (m, 2H), 4.76-
4.79 (m, 1H). 3C NMR (75 MHz, CDCl3, 25 °C, TMS): 6 = 18.9, 25.3, 30.1, 53.8, 61.8, 74.0,
79.7, 96.6 ppm; EI-MS m/z (%):140.1 (100) [M]*; elemental analysis calculated (%) for

CsH120,: C 68.54, H 8.63; found: C 68.22, H 8.31.

Compound 57: To a stirred solution of 56 (350 mg, 2.5 mmol) in THF (30 ml) was added
EtMgBr (2.5 ml, 1M in THF, 2.5 mmol). Then the mixture was heated at 60°C for 2 h, brought to
room temperature, and then transferred via a canula into a solution of PM567 (16) (318 mg,
1mmol) in THF (20 ml). The mixture was stirred at 50°C for 24 h, NH4CI solution (20 ml) was
added into it and the mixture was extracted with EtOAc (30 ml). The organic layer was washed
with H,O (30 ml) and brine (30 ml), dried, and concentrated under vacuo. The crude product was
purified using flash chromatography (silica gel, hexane/EtOAc) to furnish 57. Yield: 442 mg
(79%); orange needles (CH,Cl,/cyclohexane); Mp: 177°C; *H NMR (200 MHz, CDCls, 25 °C,
TMS): 6 = 1.00 (t, J = 7.6 Hz, 6H), 1.45-1.81 (m, 12H), 2.32 (s, 6H), 2.43 (q, J = 7.6 Hz, 4H),
2.58 (s, 3H), 2.66 (s, 6H), 3.40-3.50 (M, 2H), 3.74-3.86 (M, 2H), 4.21 (s, 4H), 4.80 (t, J = 3.2 Hz,
2H). 3¢ NMR (50 MHz, CDCls, 25 °C, TMS): 6 = 13.8, 14.6, 15.0, 17.1, 17.3, 19.3, 25.4, 30.4,

55.3, 62.0, 96.3, 129.9, 132.3, 134.1, 139.5, 151.6 ppm; EI-MS m/z (%): 558.1 (35) [M]", 557.3
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(100) [M -1]"; elemental analysis calcd (%) for CssH47BN,O4: C 73.11, H 8.48, N 5.02; found: C

73.32, H 8.19, N 5.31.

Compound 58: A mixture of 59 (0.442 g, 0.8 mmol) and PTS (0.273 g, 1.59 mmol) was stirred
in methanol and water mixture (50 ml, 9:1) for 10 h. The resulting mixture was concentrated
under vacuo and CHCI3 (30 ml) was added into it. The organic layer was washed with H,O (20
ml) and brine (20 ml), and dried. Removal of solvent under vacuo followed by column
chromatography of the residue (silica gel, hexane-EtOAc) furnished 58. Yield: 273 mg (88.0%);
orange needles (CH-Cl,/cyclohexane); Mp: 208°C; *H NMR (200 MHz, CDCls, 25 °C, TMS): ¢
=1.05 (t, J = 7.4 Hz, 6H), 2.34 (s, 6H), 2.40 (q, J = 7.4 Hz, 4H), 2.61 (s, 3H), 2.67 (s, 6H), 4.20
(s, 4H): *C NMR (50 MHz, CDCls, 25 °C, TMS): 6 = 13.9, 14.6, 15.0, 17.2, 17.4, 52.1, 129.9,
132.6, 134.5, 139.6, 151.7 ppm; EI-MS m/z (%): 390.3 (36) [M]", 389.2 (100) [M -1]"; elemental

analysis calcd (%) for C,4H3:BN,O,: C 73.85, H 8.01, N 7.18; found: C 73.52, H 8.12, N 7.11.
3.2.3 Photo-physical 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 (®s) of the dyes relative
to that of the reference dye 16% and 17*° in ethanol and the molar extinction coefficients (€max)

were determined in heptane and 1,4-dioxane. Detail description was given in chapter 2.
3.2.4 Lasing studies:

Lasing study of the dyes in ethanol, 1,4-dioxane and heptane were carried out using a
narrow-band and broad-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 ~6 mJ

pulse energy and 5-7 ns FWHM pulses (described in chapter 2). In narrow band laser study, the
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dye solutions (O. D. = 0.7 at 532 nm, 1 mm cell) in ethanol, 1,4-dioxane and heptane were used
separately to determine the lasing efficiency. The tuning curve of the dye solutions were
obtained by scanning of the wavelength of dye laser through the gain profile of dyes, and
measuring the average pump and dye laser powers with a power meter (OPHIR). For broad band
studies, the individual dye solutions were kept in a 1cm quartz dye cell (optical path ~ 6 mm
along the dye laser axis) that was carefully sealed by a teflon stopcock to avoid solvent
evaporation during experiment. The dye cell was suitably tilted along the dye laser axis to avoid
dye cell window lasing along the resonator axis. The broad band lasing efficiency of each dye
solution was determined as a function of the dye concentrations, keeping other parameters,
including alignment of the cavity, unchanged. For this, different concentrations of dyes in

ethanol were used keeping the optical density at 1-4 at the pump wavelength (532 nm).
3.2.5 Photostability studies:

The photostability of dye solution is defind as the inverse of the quantum yield of
photodegradation (®,q) 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 about 4 h for dyes 16, 58 and 6 h for dye 17. The solution was constantly stirred
with 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
absorbance at the corresponding Aqs before and after photo-exposure for a set period of time.
The reflection loss of the pump beam on incident surfaces of the dye cell was determined for

calculating the absorbed cumulative pump photons.
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3.2.6 Studies on relative capability of 'O, generation of the dyes:

In this study, PM dye solution generated 'O, under photoexcitation from a tungustan
lamp and these O, sepcies were allowed to react with a 'O, sensitizer, DPBF. For this, 3 ml of
aerated ethanol containing DPBF (50 uM) and each PM dye separately (5 uM) taken in 10 mm
quartz cells were irradiated at 20 W/m? intensity of filtered light source of >495 nm wavelength
at room temperature for 15 min. Change in absorbance of all the solutions were measured at Agps
of DPBF (412 nm) at various fixed exposure intervals (2 min). Relative 'O, generation capacities
of PM dyes in ethanol, 1,4-dioxane and heptane were determined by measuring the reduction in
DPBF absorbance at 412 nm over time. Irradiation of DPBF solution in the absence of dyes as a

negative control and solution of dyes as positive controls were also carried out.
3.2.7 Pulse radiolysis study:

The triplet state studies of the dyes were carried out using the nanosecond pulse
radiolysis technique described in chapter 2.2 The dye solutions (1 x 10 mol dm™) were
prepared in spectroscopy grade 1,4-dioxane/benzene (9:1) and heptane/benzene (9:1) and purged
with high purity N, to remove dissolved oxygen. The pulse radiolysis experiments were carried
out using 4,4-dimethylbiphenyl (DMBP) (5 x 10 mol dm™) as the triplet sensitizer. Formation
of the dye triplets and their extinction coefficients were determined by energy transfer from the
DMBEP triplet to the dyes. For studying the reactions of the dyes at triplet state with O,, the
experiments were carried using a high concentration of the dye (3 x 10 mol dm™) without any
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 1,4-dioxane/benzene (9:1) and heptane/benzene (9:1) with

aerated dye solutions in 1,4-dioxane/benzene (9:1) and heptane/benzene (9:1).
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3.2.8 Studies on reactivity of 'O, with dyes:

In this study, a 'O, sensitizer, MB generated 'O, under photoexcitation from filtered
tungustan lamp and these 'O, species were allowed to react with PM dyes. For this, 3 ml of
acrated ethanol containing MB (10 uM) and each PM dye separately (10 uM) in 10 mm quartz
cells were irradiated at 7.5 W/m? of filtered light source of >590 nm wavelength using a long
path cut off filter at room temperature for 1.5 h for 16, dye 58 and 50 min for 17. MB was used
as a photo sensitizer and 590 nm cut off filter was used in order to assure that light was absorbed
by MB only. Absorbance at Asps of 16 (518 nm), dye 58 (515) and dye 17 (524 nm) were
measured at various fixed intervals (15 min for dye 16 and 58 and 10 min for dye 17). Relative
reactivity of the dyes with 'O, in ethanol was determined by measuring the reduction in
absorbance of the respective dyes at their Aqs Over time. Irradiation of MB solution in the
absence of dyes as a negative control and solution of dyes as positive controls were also carried

out.

Similar experiments were carried out in 1,4-dioxane/ethanol (1:4) and heptane/ethanol (1:4)
to measure relative 'O, generation capacities of dyes in 1,4-dioxane/ethanol (1:4) and
heptane/ethanol (1:4). The experiments could not be done in neat 1,4-dioxane and heptane due to

poor solubility of MB.

Results and Discussion:
3.3. Section 1: Comparative Laser study of dye 16 vs. dye 17:
3.3.1. Photo-physical characteristics:

The photo-physical properties of the dyes 16 and 17 were evaluated in three different
solvents (ethanol, 1,4-dioxane, heptane) at room temperature. The measured photo-physical

parameters (longest wavelength absorption maximum (Aaps), emission maximum (Jem),
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fluorescence quantum vyield (@), maximum molar absorptivity (emax), fluorescence lifetime (z)
and calculated Stokes shift (), radiative (k;) and nonradiative (k) decay rates of the dye 16 and

17 in ethanol 1,4-dioxane and heptane were presented in Figure 3.3.1.1 and Table 3.3.1.1
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Figure 3.3.1.1: (a) Absorption (bold line) and emission (dotted line) spectra and (b) Comparative
fluorescence quantum yield plots of dyes 16 and 17 in three (ethanol, 1,4-dioxane and heptane)

solvents at room temperature.

Both the dyes have intense Sy to S; absorption bands at 517-526 nm. The shapes of absorption
spectra of dyes were similar in all solvents. The fluorescence spectra were almost mirror images
of the respective absorption spectra, with minimum energy loss in each solvent. In non-polar
solvents, the absorption band is centered at 521 and 526 nm with high molar absorption
coefficient 9.1 and 8.3 x 10* M cm™, whereas the fluorescence spectrum is centered at 535 and
557 nm with highest fluorescence quantum vyield of 0.97 and 0.48 of dyes 16 and 17,
respectively. Quantum yield of fluorescence (®) has been increased from 0.84 to 0.97 of 16 and
0.43 to 0.48 of 17 on changing the solvent from polar to non-polar, calculated by comparative
method using dye 16 and 17 in ethanol as standard. A typical illustration of observed linear

fluorescence intensity plots vs. OD of both dyes in three different solvent are shown in Figure
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3.3.1.1b. On comparison of photophysical parameters of 16 and 17, it has been observed that Aaps
and Aem maxima of dye 17 were shifted to lower energies. This might be due to presence of bulky
t-butyl groups at 2 and 6 positions of the PM core which attributed to higher inductive electron-
donor character than ethyl group of dye 16. The larger Stokes shift in dye 17 suggested important
geometrical rearrangement in S; excited state, which was also originated from bulky groups at 2

and 6 positions of the PM core.

Table 3.3.1.1: Photo-physical properties of dye 16 and 17 in ethanol, 1,4-dioxane and heptane

Dye Solvent Aabs ™ Emad Aem™) ol v kK k(s
(nm)  (0*M*em?)  (hm) cm?) (ns) (0% (10%

ethanol 518.0 7.1 533.0 0.84[" 543  6.48 1.3 0.25

16  14-dioxane  518.0 6.2 5350  0.89 613  6.52 1.4 0.17
heptane 521.0 9.1 5350  0.97 502 6.12 1.6 0.05
ethanol 524.0 6.8 556.0 0.427 1098  4.04 1.06 1.4

17 14-dioxane  525.0 6.58 558.0  0.45 1126  4.37 1.03 1.3
heptane 526.0 8.3 557.0  0.48 1058  4.83 0.99 1.1

[a] Error: £ 0.2 nm. [b] Extinction coefficients at respective Amax. [C] Error: £ 0.3 nm. [d] The
fluorescence of the dyes 16 and 17 were measured at the excitation wavelength 505 nm of 16 and
515 nm of 17. [e] Error: £ 0.05 ns. [f] This data is taken from ref. [19, 103a]. [g] The values of k.
and knr were calculated using the following equations: k=®+/ts, Ky = (1-®¢)/tf, assuming that the
emitting state is produced with unit quantum efficiency.

The €max Of both dyes were increased in heptane suggesting that lower concentration of
dyes will be required for dye laser experiment. Interestingly, it was noticed that radiative decay
rate (k;) of dye 16 is slightly increased and non-radiative decay rate (k,) decreased more (5
times) in heptane than in ethanol. However, almost negligible change was observed for dye 17

on altering the solvent.
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3.3.2 Laser study:

The narrow band lasing characteristics of dyes 16 and 17 dyes using three solvents are
illustrated in Table 3.3.2.1 and Figure 3.3.2.1. The laser gain curves of PM dyes showed the
maximum efficiency at a particular A, characteristics of dye, and laser tuning range in different
solvents were almost similar for each dye. Laser tuning ranges of dyes 16 and 17 using heptane

are 540-586 nm and 560-625 nm, respectively.

Table 3.3.2.1: Lasing properties of dyes 16 and 17 using ethanol, 1,4-dioxane and heptane

Dyes  Solvent Conc. M™  Tuningrange  n® GSAl
(mM)  (nm) (nm) (%) (10" cm?) at AL
Ethanol 1.0 553.8 541-583 15.3 1.34
16 1,4-dioxane 1.2 555.8 540-584 17.1 1.36
Heptane 1.3 556 540-586 18.8 1.76
Ethanol 0.5 579 560-625 13.4 0.63
17 1,4-dioxane 0.6 578 560-625 17.0 0.84
heptane 0.7 578 560-625 18.6 1.56

[a] Error: £ 0.2 nm. [b] Error: = 1.0 % [c] Error: = 0.005

Interestingly, the lasing efficiency of both dyes 16 and 17 in non-polar solvents, especially
in heptane, increased by 3.5% and 5.2 %, respectively. The maximum lasing efficiency values
(m) of the dye 16 (15.3% in ethanol, 17.1 % in 1,4-dioxane, 18.8% in heptane) and dye 17
(13.4% in ethanol, 17% in 1,4-dioxane, 18.6% in heptane) at respective A, This suggests that
solvent polarity also affects the lasing efficiency of PM dyes. This agrees with the superior
photophysical properties of both the dyes in heptane (Table 3.3.1.1). Expectedly, the ground state
absorption (GSA) cross section of both the dyes in three different solvents at the corresponding
AL, determined by absorption spectroscopy, is less in case of dye 17 than dye 16, due to larger

Stokes shift of the former dye. Moreover, the present laser study required significantly lower
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concentration of dye 17 than 16 in all solvents to maintain similar gain depth of pump beam (at
532 nm). Thus, the net loss of laser photons due to GSA is less in dye 17, which explained its
similar laser maximum efficiency in spite of lower fluorescence quantum yield and higher non-
radiative decay rate in three different solvents than 16. The higher lasing efficiency of 17 in spite

of a very low fluorescence quantum vyield is beneficial for power scaling in the master oscillator

power amplifier (MOPA) design of pulsed dye lasers.
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Figure 3.3.2.1: Narrow band lasing efficiency of dye (a) 16 and (b) 17 in ethanol, 1,4-dioxane

and heptane, determined by pumping with 532 nm radiation of a Q-switched pulsed Nd:YAG

laser.

3.3.3 Laser photostability:
To obtain the quantum yield of photo-degradation (®,q), dye 16 and 17 were irradiated by

second harmonic of the Nd:YAG laser (at 532 nm) in air equilibrated solution of three separate
different solvents, ethanol, 1,4-dioxane, heptane. The extent of photodegradation was measured
under non-lasing condition, and is shown in Table 3.3.3.1. The input power was constant for

each dye in different solvents. After photo-exposure, there were no change in shape of the
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longest wavelength absorption bands (So-S;) of the dyes, but the peak heights were reduced. This
is due to the fact that the degradation of dyes at the olifinic site would produce smaller molecules

which do not absorb at this visible wavelength.'%%

Table 3.3.3.1: Photostability of dyes 16 and 17 in ethanol, 1,4-dioxane and heptane

Dyes Solvent Dpq (I)pd-117/ (I)pd-_lldioxane/ (I)pd-_llheptane/
(I)pd_llﬁ (I)pd ethanol q)pd ethanol
Ethanol 6.7 x 10™ -
16 1,4-dioxane 3.1x10° - 21.3
Heptane 7.3x10° - 90.7
Ethanol 2.8x10™ 2.4
17 1,4-dioxane 2.8x10° 11.5 100
heptane 2.7x10° 2.7 102.7

The calculated data on the photostability (cbpd'l) of both dyes in three different solvents,
in absence and presence of singlet oxygen quencher DABCO, are tabulated in the Table 3.3.3.2.
It is interesting to note that the nature of solvent has a prominent role to control the photo-
degradation rate of the PM dyes. One of the most striking observations was that the dye 16
showed a large enhancement in photostability, respectively 91 and 21 fold in heptane and 1,4-
dioxane than in ethanol (Table 3.3.3.1, column 5 and 6). The other dye 17 showed much higher
photostability enhancement (100-103 fold) in 1,4-dioxane and heptane than in ethanol.
Moreover, it was observed that dye 17 is 2.4, 11.5 and 2.7 times more photostable than dye 16 in
ethanol 1,4-dioxane and heptane, respectively (Table 3.3.3.1, column 4). Expectedly,
photostability enhancement was also observed in presence of singlet oxygen (*O2) quencher
DABCO. The photostability was 10 and 29 times more in 1,4-dioxane and 30 and 58 times more
in heptane than ethanol of dye 16 and dye 17, respectively (Table 3.3.3.2, column 6 and 7). This

confirms that generated 'O, is responsible for degradation of these PM dyes. However, it was
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noticed that the photostability enhancement of both the dyes in presence of DABCO is higher in

polar ethanol (Table 3.3.3.2, column 5).

Table 3.3.3.2: Photostability of dyes 16 and 17 with additive DABCO in ethanol, 1,4-dioxane

and heptane

DyeS Solvent (I)pdDABCO (I)pd-lDABCO/ (I)pd-ldioxane/ q)pd-lheptane/
@, @, [
pd pd ethanol pd ethanol
With DABCO With DABCO

Ethanol 1.5x 10™ 4.4 - -
16 1,4-dioxane  1.5x 10 2.1 10 -

Heptane 5.0x 10° 1.5 - 30
Ethanol 6.9 x 10° 4.0 - -
17 1,4-dioxane 2.4 x10° 1.2 29 -

heptane 1.2x10° 2.2 - 58

Thus, the photostability of both the dyes are significantly higher in non-polar solvents
although the lifetime of singlet oxygen is ~2.6 and 3 times more in 1,4-dioxane (25.0 pus) and
heptane (28.0 ps) than in ethanol (9.7 ps).®* This may be due to their less capacity of generating
0, and/or less reactivity with O, in non-polar 1,4-dioxane and heptane than in polar ethanol.
Moreover, the photostability of dye 17 is higher than dye 16 in all three solvents. These data
clearly indicate that (i) 'O, generation and/or reactivity with ‘O, of dye 17 is less than that of dye
16 and (ii) 'O, generation and/or reactivity with 'O, of both the dyes is less in non-polar than in
polar solvent. These were further investigated by studying comparative capability of generating
singlet oxygen, its reactivity and characteristics of triplet state of dyes in three solvents as

described below.
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3.3.4 Generation of 'O, by PM dyes:

Relative *O, generation capacity of both BODIPY dyes were determined by monitoring
the dye-sensitized photo-oxidation of 1,3-diphenylisobenzofuran (DPBF).*®® For this, polar
ethanol and non-polar 1,4-dioxane and heptane solvents based DPBF with 16 or 17 dye solutions
were irradiated by a visible lamp (driven by voltage stabilized power supply) using a cut off

(>495 nm) filter with emission wavelengths higher than 495 nm over a exposure period of 900 s.

dye 16 + DPBF in heptane dye 17 + DPBF in ethanol dye 17+DPBF in 1,4-dioxane
1.2 .
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Figure 3.3.4.1: Absorption spectra of DPBF (50uM) during dye sensitized photo-oxidation in

presence of 16 (5 uM) in (a) heptane; and in presence of 17 (5 uM) in (b) ethanol (c) 1,4-dioxane
and (d) heptane: 1) 0 min. 2) 15 min., (e) Relative rate of *O, generation of dyes 16 and 17 in
ethanol, 1,4-dioxane and heptane determined by measuring time dependent OD of DPBF at its

Amax (412 nm) under dye-sensitized photo-oxidation in presence of dye 16 and 17 separately.
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The concentration of DPBF (~ 50 pM) was taken about ten times higher than that of dyes
(~ 5 uM). Under these conditions the lamp radiation excited only dye molecules and through
reaction of excited dye at triplet (T;) state with dissolved oxygen in the particular solvent
generated 'O,. The generated 'O, radicals reacted mainly with quencher DPBF, since
concentration of dye was very low as well as rate of reaction of 'O, with DPBF is faster.’®
Under these stipulations the absorption bands of DPBF were observed to reduce gradually due to
reaction with dye sensitized 'O, (Figure 3.3.4.1a-d). The rate of DPBF consumption i.e. the slope
corresponds to the relative efficiency of 'O, generation by the dyes in the particular solvent. It
was observed that rate of ‘O, generation of both dyes were lower in ethanol compared to 1,4-
dioxane and heptane (Figure 3.3.4.1e). It may be noted that longer lifetime'®*%’ of 0, in 1,4-
dioxane (25 us) and heptane (28 us) as compared to in ethanol (9.7 us) may also influences these
observations. However, dye 17 showed smaller rate of generation 'O, than dye 16 in the
respective solvents. To compare further the 'O, generation probabilities of the dyes, we

investigated the triplet states of the dyes by pulse radiolysis.
3.3.5 Pulse radiolysis studies:

Pulse radiolysis is one of the established methods for study of triplet states of the dyes in
solvents. The characterization of triplet states gives information about (i) the extent of ‘O,
generation by the dyes via energy transfer to dissolved O, in solvents, and also (ii) reduction in
the lasing efficiency by triplet (T)-triplet (T,) absorption loss of the dye laser photons. Here, the
triplet state spectroscopy and the energy transfer processes of the dyes were investigated by pulse
radiolysis in binary solvents of 1,4-dioxane/benzene and heptane/benzene separately in the
volume ratio of 9:1. Triplet state characterization of dyes in ethanol by pulse radiolysis was not

carried out due to the formation of solvated electrons and other reactive radicals on radiolysis of
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ethanol, which can react with dye to give transient species. Radiolysis of benzene gives a high
yield of the triplet state (G = 4.2 /100 eV) with energy of 82 kcal mol™, which can generate the
dye triplets by energy transfer. However, due to the low lifetime (t = 3 ns) of benzene triplet, a
high concentration of solute is required. This limitation was overcome using a triplet sensitizer 4,

4-dimethylbiphenyl (DMBP) (Et = 65 kcal mol™) along with the solute.'®®

Table 3.3.5.1: Triplet-state data of 16 and 17 in 1,4-dioxane/benzene and heptane/benzene (9:1)

Dye  solvent Ama ema  K[’Dye —0,]
Ml imtem?]  [otmtsy
16 1,4-dioxane 710 2440 8.7
heptane 710 2280 8.5
17 1,4-dioxane 700 2630 5.2
heptane 700 2340 4.8

[a] Extinction coefficients at respective Amax.

The triplet state of the laser dyes 16 and 17 in 1,4-dioxane/benzene and heptane/benzene
(9:1) solution were generated by pulse irradiation in the presence of DMBP. In this condition,
DMBEP triplets are initially formed, which, in turn, transfer energy to generate the triplet states of
the PM dyes. The triplet states absorption spectra (Figure 3.3.5.1) of both the dyes showed
absorption at 600-800 nm. The triplet spectra of both the dyes are similar and consist of a single

peak with Amax at 700 nm and 710 nm for 17 and 16, respectively (Table 3.3.5.1).
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Figure 3.3.5.1: Triplet state absorption spectra of dye 16 and 17 in 1,4-dioxane/benzene and
heptane/benzene (9:1) mixture in presence of triplet sensitizer DMBP.

The molar extinction coefficient (gmax) at respective maxima of dyes in heptane was
slightly smaller than in 1,4-dioxane, and thus loss of laser photons due to triplet-triplet
absorption may be lower in heptane. The triplet state extinction coefficient (emax) at Amax and, rate
constant for energy transfer from the dyes to dissolved O, (k (*Dye = 0,)) are calculated from
experimental data and given in Table 3.3.5.1. Interestingly, the k (*Dye > O,) values of dye 17
was smaller than dye 16 in both non-polar solvents (1,4-dioxane and heptane), which was in
agreement with our earlier experimental results (section 3.3.4). Also, rate of energy transfer from
triplet dyes to dissolved oxygen is slightly less in heptane than 1,4-dioxane of both dyes. This
suggests that 'O, generation probability of both the dyes is less in heptane than 1,4-dioxane. The
reactivity of in situ generated O, with dyes in solvents was studied separately and discussed in
the following section
3.3.6 Reactivity of 'O, with dyes 16 and 17:

The studies on reactivity of *O, with dyes 16 and 17 were carried out experimentally by

measuring the gradual decrease of the absorbance of the dyes at respective Amax in presence of
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methylene blue (MB), a known efficient ‘O, generator under light illumination,™

% in pure

ethanol, and mixture of 1,4-dioxane/ethanol and heptane/ethanol in 1:4 ratio separately. The

experiment could not be carried out in pure 1,4-dioxane and heptane because of poor solubility

of MB in these solvents. The mixture of dye 16 and MB, and dye 17 and MB were illuminated

separately for 90 min and 50 min in three different solvents, respectively.
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Figure 3.3.6.1: Absorption spectra of dye 16 (10uM) in (a) ethanol (b) mixture of 1,4-

dioxane/ethanol (1:4) (c) mixture of heptane/ethanol (1:4) in presence of MB: 1) 0 min. 2) 50

min; and dye 17 (10puM) in (d) ethanol (e) mixture of 1,4-dioxane/ethanol (1:4) (f) mixture of

heptane/ethanol (1:4) in presence of MB: 1) 0 min. 2) 50 min.
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The absorbance of the dyes 16 and 17 was observed to reduce gradually with time
although there was no change in the shape of the absorption bands of the dye (Figures 3.3.6.1 a-
f). The rate of degradation of dyes (i.e., the slope) corresponds to the reactivity of O, with the
dyes. The maximum degradation on reaction of O, with dye 16 (50% in ethanol, 48% in 1,4-
dioxane/ethanol (1:4), 40% in heptane/ethanol (1:4) after irradiation of 90 min and with dye 17
(63% in ethanol, 58% in 1,4-dioxane/ethanol (1:4), 54% in heptane/ethanol (1:4) ) after
irradiation of 50 min. under similar conditions suggest that the reactivity of O, with dye 16 is
lower (13% in ethanol, 10% in 1,4-dioxane/ethanol and 14% in heptane/ethanol at ratio of 1:4)
than that of with dye 17 (Figure 3.3.6.2). Also, both the dyes degrade slowly in heptane/ethanol

(1:4) than in 1,4-dioxane/ethanol (1:4) and pure ethanol solution.

m dye 16/ ethanol
c 1.0+ ® dye 16/ (1:4)1,4-dioxane:ethanol
€ A dye 16/ (1:4)heptane:ethanol
= 2 v dye 17/ ethanol
© <" <« dye 17/ (1:4)heptane:ethanol
g 0.8 N ¢ » dye 17/ (1:4)1,4-dioxane:ethanol
® v ] N
n < °
Q > ] A
> °
S 0.6 < . s A
Y > < =
° AN H
[a) <
- 4 v 4
o0 v
0 30 60 90
time (min.)

Figure 3.3.6.2: Relative rate of reactivity of 'O, with dyes 16 and 17 in ethanol, 1,4-
dioxane/ethanol (1:4) and heptane/ethanol (1:4) determined by measuring time dependent OD of

the dyes at their respective Amax IN presence of photo-excited methylene blue (MB).
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Thus the degradation profile of dyes 16 and 17 confirmed that the relative reactivity of
'0, with the dyes would be dye 17 > dye 16. However, we observed that dye 17 is more
photostable that dye 16. These two opposing results and other probable factor such as smaller
singlet to triplet conversion rate (k;sc) of the dye may be favorable for 17 and showed its higher
stability in all three solvents (Table 3.3.3.1). Interestingly, the non-polor solvents showed to
decrease the reactivity of 'O, with both the dyes and the pattern would be ethanol > 1,4-
dioxane/ethanol > heptane/ethanol. This is matching with our experimental observations that

both the dyes are more photostable in heptane/ethanol (1:4) than in ethanol.
3.4 Section 2: Comparative laser study of new PM dye 58:

3.4.1 Design and synthesis:

Previously we showed that the substitutions at B-centre improve the photostability of the
BODIPY dyes.'®® Thus we designed the new dye 58 with a small alkynyl alcohol appendage at
the B-centre. The appendage, propergyl alcohol (55) was chosen to keep a balance between the
hydrophobicity and hydrophilicity of the dye 58 so that it can offer good solubility in both polar
ethanol and non-polar 1,4-dioxane for the laser studies. At first the hydroxyl group of 55 was
protected via acid catalyzed reaction with 2,3-dihydropyran furnishing 56 (Scheme 3.4.1.1).
Synthesis of protected propergyl alcohol 56 was confirmed by NMR (*H and **C) (Figure
3.4.1.1) Then the nucleophilic substitution of the F atoms of 16 was accomplished by reacting
with the Grignard reagent, prepared from 56 to get the dye 57 (Scheme 3.4.1.1, Figure 3.4.1.2,
and 3.4.1.3).® Subsequently, the acid cleavage of the pyran groups of 57 furnished dye 58.
Presence of new peaks in *H and *C NMR correspond to propergyl alcohol indicate formation
of dye 58 (Figure 3.4.1.4 and 3.4.1.5). Purity of the compound was also charecterized by mass

spectroscopy and elemental analysis.
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Scheme 3.4.1.1: Synthesis of dye 58 a) 2,3-dihydropyran, PPTS, CH,Cl,, 25°C, 12 h. b) 56,

EtMgBr, THF, 60°C, 24 h. ¢) PTS, MeOH/H,0 (9:1), 25°C, 10 h.

Figure 3.4.1.1a: "H NMR spectra of 56 in CDCl5
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Figure 3.4.1.1b: *C NMR spectra of 56 in CDCl;
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Figure 3.4.1.2: *H NMR spectra of 57 in CDCl;
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Figure 3.4.1.4: "H NMR spectra of 58 in CD;0D
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Figure 3.4.1.5: *C NMR spectra of 58 in CD;0D

Design and synthesis of new PM dye was also based on considerations that the energy
of 10, (~27 kcal/mole) is comparable with the energy associated with high frequency vibrations
of C-H and O-H bonds. This energy matching may play a role in increasing the quenching rate
(kag) resulting from an electronic-to-vibrational energy transfer occurring from '0, to the
dyes.’” Thus, extra C-H bonds and specially the two O-H bonds of the dye 58 would be very
helpful to physically quench i.e. reducing the lifetime of 'O, (¢*) in both the solvents. This is
important as per photostability of 58 is concerned specially in 1,4-dioxane as t* is almost 3 times

in 1,4-dioxane (25.0 ps) than ethanol (9.7 ps) discussed earlier.'*%7
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Figure 3.4.2.1: Normalized absorption (bold line) and emission (dotted line) spectra of dye 16

(blue) and 58 (black) in ethanol.
3.4.2 Optical properties:

The measured photo-physical parameters of the dye 58 relative to those of dye 16 in
ethanol and 1,4-dioxane is presented in Table 3.4.2.1. Figure 3.4.2.1 show the normalized
absorption and emission spectra of dyes 16 (PM567) and 58 in ethanol which are similar to each
other. Both the dyes showed typical absorption features of the BODIPY dyes such as a strong

98108110 \vhich indicate that the energy of the singlet state of

So—S; transition at about 520 nm
both the dyes are similar in both the solvents. Both J4s and Aem Of the dye 58 are blue shifted by
3 nm than that of the dye 16 in both the solvents. Also Ay, 0f 16 and 58 are red shifted by 2 nm in
1,4-dioxane than ey, in ethanol of respective dyes. These make Stokes shift of both the dyes
marginally more in 1,4-dioxane than in ethanol. Maximum molar absorptivity (emax in 10 M™
cm™) of the dyes 16 are 7.1 and 6.2 and of dye 58 are 8.6 and 6.7 in ethanol and 1,4-dioxane,

respectively. Thus, emax Of dye 58 is higher than that of dye 16 in respective solvents. Both the

dyes were found to be highly fluorescent (®;> 0.78). Interestingly, s of both the dyes are more
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in 1,4-dioxane than in ethanol and ®; of 16 and 58 are similar in 1,4-dioxane. The photo-physical
data clearly revealed that substitution of the F-group did not affect the optical properties of the

BODIPY chromophore.

Table 3.4.2.1: Photo-physical properties of dyes 16 and 58 in ethanol and 1,4-dioxane

(hm)  (10*Mtem™) (hm) (cm?) (ns) (10°s™) (10°s™)

16 ethanol  518.0 7.1 533.0 543 0.84" 6.48 1.3 0.25
1,4-dioxane 518.0 6.2 5350 613 0.89 652 1.36 0.17

58  ethanol  515.0 8.6 5300 543 078 6.77 115 0.32
1,4-dioxane 515.0 6.7 5320 613 089 7.18 1.24 0.15

[a] Error: £ 0.2 nm. [b] Extinction coefficients at respective Amax. [C] Error: £ 0.3 nm. [d] The
fluorescence of the dyes 16 and 58 were measured at the excitation wavelength 505 nm. The
fluorescence quantum vyield of 58 is relative to that of 16, reported earlier.%®® [e] Error: + 0.05 ns.

[f] This data is taken from ref. [98a]

3.4.3 Lasing characteristics:
3.4.3.1 Narrow band lasing:

Narrow band lasing characteristics of the BODIPY dyes 16 and 58 in ethanol and 1,4-
dioxane are compared and presented in Table 3.4.3.1.1 and Figure 3.4.3.1.1. The tuning curve
follows an expected pattern, with maximum efficiency at a particular wavelength (4.),
characteristic of the dye. The laser tuning range and 4, of 16 and 58 are similar in both ethanol

and 1,4-dioxane. The maximum lasing efficiency values (y) of the dye 58 are (11.8% in ethanol
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and 15.3% in 1,4-dioxane) at the respective A_ (Table 3.4.3.1.1). These results reveal a marginal

reduction in the efficiency of PM dye on substitution at the B-centre.

Table 3.4.3.1.1: Narrow band lasing properties of dyes 16 and 58 in ethanol and 1,4-dioxane

Dye Solvent 3™ Tuningrange z® L¢ GSA
[nm] [nm] [%] [mJ] [10"%cm?] at A,

16 ethanol  553.8 541-583 153 290 1.34

1,4-dioxane 555.8 540-584 171 6.14 1.36

58 ethanol 554.0 541-581 11.8 2.84 1.45

1,4-dioxane 554.0 540-580 15.3 490 1.06

[a] Error: £ 0.5 nm. [b] Error: £ 1.0 %.

Interestingly, the lasing efficiency of both the dyes in 1,4-dioxane is higher than that of in
ethanol. This is in accordance with the superior optical properties such as larger radiative and
smaller non-radiative decay rates of 16 and 58 (refer Table 3.4.2.1) in 1,4-dioxane. The excited
S1-Sy absorption process (ESA) may also contribute to this, although the excited-state absorption
cross-sections for the BODIPY derivatives are very low.™* The threshold pump energy values
(Ly) (Table 3.4.3.1.1, column 6) of the 16 and 58 are larger in 1,4-dioxane than in ethanol.
Importantly, Lt of dye 58 in both the solvents are less than Lt of 16 in corresponding solvents.
Thus, both the dyes showed higher laser efficiency in spite of higher threshold of pump energy at
respective dye laser maxima (1) in 1,4-dioxane. To understand this, the ground state absorption
(GSA) cross-sections of dyes in both the solvents at the corresponding A, were determined by
absorption spectroscopy. The ground state absorption (GSA) cross-sections of the dye 58 in 1,4-
dioxane at the corresponding A, determined is lower than that of dye 16 in ethanol and in 1,4-

dioxane, and that of dye 58 in ethanol, which indicates that the loss of laser photons will be less
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in case of dye 58 in 1,4-dioxane due to the lower GSA. It may be noted that dye laser efficiency
essentially depends on net gain that depends, in turn, on stimulated emission cross-section,
absorption losses due to GSA and ESA at the peak wavelength, as well as on cavity losses and

dynamic changes caused by time dependent saturation of the gain.
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Figure 3.4.3.1.1: Narrow band dye laser (DL) efficiency of 16 and 58 in ethanol and 1,4-dioxane

determined by pumping with 532 nm radiation of a Q-switched pulsed Nd:YAG laser

3.4.3.2 Broad band lasing:

The concentration dependent broad band lasing efficiency of the BODIPY dyes in
ethanol was studied and followed an expected pattern, initially increasing with the dye
concentration and reaching a maximum before decreasing again. Brief description of the dye
laser set up is given in chapter 2. Maximum lasing efficiency values (n) of the dyes at their
respective optimum dye concentrations are listed in Table 3.4.3.2.1. The dye 58 showed very
high lasing efficiency (49.3%) which is slightly better than that of dye 16 (47.4%) (Figure

3.4.3.2.1)
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Table 3.4.3.2.1: Broad band lasing properties of dye 16 and 58

Dyes solvent n (%) Conc.
(mM)
16 ethanol 47.7 1.03
58 ethanol 49.3 1.96
P T 4
oo § -
> o © n
(1) i [ |
|- .
@ 36 °
N ° n
[ ]
30+ "o .
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Figure 3.4.3.2.1: Conc. dependent broad band lasing efficiency of dye 16 and 58 in ethanol

3.4.4 Photostability:

The quantum vyields of photo-degradation (®,q) of the dyes 16 and 58 in air-equilibrated
ethanol and 1,4-dioxane, measured under non-lasing conditions are shown in Table 3.4.4.1. It is
noticed that the substitutions of the F-atoms increase the photostability (CDpd'l) of dye 58,
compared to that of dye 16 in both the solvents. The dye 58 is 2.1 and 3.3 times more photostable
than 16 in ethanol and 1,4-dioxane, respectively (Table 3.4.4.1, column 4). The stability of the
dye 58 in 1,4-dioxane is found to be comparable to that of Rhodamine 6G in ethanol solution, an
established benchmark in photostability of laser dyes. The higher photostability of 58 may be
due to its less 'O, generation capacity and/or less reactivity with 'O, as compared to 16.'% The
dyes 16 and 58 are respectively 22 and 34 fold more photostable in 1,4-dioxane than in ethanol

(Table 3.4.4.1, column 5) although the lifetime of singlet oxygen is higher in 1,4-dioxane than in
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ethanol. Also this stability enhancement in lowering the solvent polarity is more in case of dye
58 as compared to dye 16. In general, higher residence time of O, in solvent helps in more
photo-degradation but in present cases the observed results were just opposite. This may be due
to the fact that 'O, generation and/or reactivity with 'O, of both the dyes are less in non-polar

1,4-dioxane than in polar ethanol.

Table 3.4.4.1: Photostability of dyes 16 and 58 in ethanol and 1,4-dioxane

Dye Solvent q)pd q)pd-ldye 58 / (I)pd-ldioxane / (I)pdDABCO (I)pd-lDABCO/
=) -1 -1
(I)pd dyel6 (I)pd ethanol (I)pd
16 ethanol 6.7 x 10™ - - 1.5x 10™ 45
1,4-dioxane 3.1x107 - 21.5 1.5x 107 2.1
58 ethanol  3.2x10™ 2.1 - 1.4x10™ 2.3
1,4-dioxane 9.4 x 10° 3.3 34.2 8.1x10° 1.2

Addition of singlet oxygen (*O,) quencher DABCO showed photostability enhancement
of both the dyes in both the solvents (Table 3.4.4.1, column 6). This confirms that 'O, is
responsible for the dye degradation. It was noticed that the photostability enhancement in
presence of DABCO (50 times of dye in molar concentration) was almost half in case of 58 than
16 in both the solvents (Table 3.4.4.1, column 7). Also the photostability enhancement of both
the dyes, 16 and 58 in 1,4-dioxane were less than in ethanol. The reason behind these results
might be the difference in reactivity with *O, or/ and generation of 'O, by dye solutions. These

were investigated by different experimentation as described below.
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3.4.5 Cyclic voltammetry:

Cyclic voltammetry analysis of the BODIPY dyes 16 and 58 were carried out in highly
polar acetonitrile and less polar dichloromethane. The aim was to check (i) the relative oxidation

potentials (Eox) of dyes 16 and 58 and (ii) how the E,x changes with solvent polarity.

—— Dye 16 / DCM
—— Dye 16 / ACN
0.90{ — Dye 58/DCM
—— Dye 58 / ACN

0.45 -

current/ A

0.00 -

0.0 0.4 0.8 1.2 1.6
potential / V vs Ag/AgCI

Figure 3.45.1: Cyclic voltammograms of dyes 16 and 58 in acetonitrile (ACN) and

dichloromethane (DCM) at room temperature.

Both the dyes showed a reversible peak in each case in the anodic portion of the cyclic
voltammograms (Figure 3.4.5.1), which was assigned to one electron oxidation of the BODIPY
unit.*2 The data revealed that the B-substitution had a negative effect on oxidation potential. The
dye 58 was more easily oxidizable by 70 mV and 60 mV in dichloromethane and acetonitrile,
respectively. Thus the trend in oxidation probability of dyes in both the solvents was 16 < 58,

which is opposite to that observed rate of photodegradation (®pg). Interestingly, decrease of
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solvent polarity has positive effect on Eoy of the dyes. The dye 16 and 58 are less oxidizable in

dichloromethane than in polar acetonitrile by 20 mV and 10 mV respectively (Table 3.4.5.1).

Table 3.4.5.1: Electrochemical properties of dyes 16 and 58 in dichloromethane and acetonitrile

Dye Solvent Eox  Eox, dichloromethane = Eox acetonitrile
V] [mV]
16  dichloromethane 1.00 20
acetonitrile 0.98
58 dichloromethane 0.93 10
acetonitrile 0.92

This indicates that both the dyes will be more stable towards oxidation in non-polar 1,4-
dioxane than in polar ethanol which was observed experimentally. But, exceptionally high
stability of the dyes in 1,4-dioxane suggests that the rate of reaction with *O, and *O, generation
capacity of the dyes might have a crucial role in the relative photostability of the dyes. To
investigate these, we measured the relative ‘O, generation rate and relative reaction rates with
10, of both the dyes which were rationalized by pulse radiolysis and theoretical calculations of

the ground and excited states of the dyes as well as *O,.
3.4.6 Relative 'O, generation of dye 16 and 58:

Relative 'O, generation capacity of BODIPY dyes 16 and 58 were compared by
monitoring the dye-sensitized photo-oxidation of 1,3-diphenylisobenzofuran (DPBF).'* For this,
ethanol and 1,4-dioxane solution of DPBF with dye 16 and 58 separately were irradiated using a
stabilized tungsten lamp with wavelengths cut off filter > 495 nm over a time period of 900 s.
Under these conditions only BODIPY dye was excited to generate singlet oxygen, which reacted

primarily with DPBF. For this DPBF was taken 50 times higher molar concentration in
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comparison to that of dye. It may also be noted that reaction rate of 'O is significantly higher

with DPBF then that with BODIPY dyes. Therefore the absorbance bands of dye 16 and 58

remained unchanged but the absorbance peaks of DPBF were found to decrease gradually due to

dye-sensitized photo-oxidation (Figure 3.4.6.1).

0.8+ Dye 16
DPBF a ethanol
(PM567)
350 400 450 500 550
A (nm)
Dye 58
0.8
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d Dye
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0.9

DPBF a 1,4-dioxane
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Figure 3.4.6.1: Change in absorption spectra of DPBF (50uM) in ethanol and 1,4-dioxane

during dye-sensitized photo-oxidation in presence of dye 16 and 58 (5uM): (a) 0 min. (b) 15

min.

It was seen that both the dyes generated 'O, in ethanol almost at equal rate (Figure 3.6.6.2).

However, in 1,4-dioxane 'O, generation rate of both the dyes were although similar but higher
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than that of in ethanol. To further investigate the 'O, generation probabilities of the dyes 16 and

58, we also determined characteristics of the triplet states of the dyes by pulse radiolysis.

1.0¢ m dye 16/ ethanol
—_ ® dye 58/ ethanol
e | ] A dye 16/ 1,4-dioxane
N A 4 v dye 58/ 1,4-dioxane
©
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Figure 3.4.6.2: Relative rate of 'O, generation of dyes 16 and 58 in ethanol and 1,4-dioxane
determined by measuring time-dependent OD of DPBF at its Amax (412 nm) under dye-sensitized

photo-oxidation in presence of dye 16 and 58 separately.
3.4.7 Pulse radiolysis studies:

The triplet state spectroscopy and the energy transfer processes of the dyes 16 and 58
were investigated by carrying out their pulse radiolysis (same procedure as described in section
1) in 1,4-dioxane/benzene (9:1) solutions. The triplet state of the dyes 16 and 58 in 1,4-
dioxane/benzene (9:1) solution were generated by pulse irradiation in the presence of DMBP.
The absorption spectra (Figure 3.4.7.1) of the triplet state of both the dyes showed absorption at
600-800 nm. The triplet spectra of the dyes consist of a single peak with Ayax at 710 nm and 720
nm for 16 and 58, respectively (Table 3.4.7.1). Thus triplet state spectra of both the dyes 16 and

58 were found to be similar.
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Figure 3.4.7.1: (a) Plot of decay rate vs. dissolved oxygen concentration of dye 16 and 58 in
mixture of 1,4-dioxane/Benzene in 9:1 ratio; (b) Triplet state absorption spectra of dye 16 and 58

in 1,4-dioxane/benzene (9:1) mixture in presence of triplet sensitizer DMBP.

The triplet state extinction coefficients (sTmaX) at Amax and, rate constants for energy
transfer from DMBP triplet to the dyes (ke) and from the dyes (16 and 58) to O, (k (Dye >
0,)) are calculated from experimental data and given in Table 3.4.7.1. Interestingly, the k (°Dye
- 0,) value for 58 was 3 fold less than that of 16. This suggests that ‘O, generation probability
of dye 58 is lesser as compared to dye 16, which was not observed in dye-sensitized
photooxidation experiment (section 3.4.6). This indicates that other factors like singlet to triplet
intersystem crossing rate (Ksc) of the dye might higher for dye 58 than dye 16. It may be noted
that in dye sensitized photooxidation study, dye molecules are excited to triplet state (T;) by

intersystem crossing (ISC) from excited singlet (S;) state.
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Table 3.4.7.1: Triplet-state data for dyes 16 and 58 in 1,4-dioxane/benzene (9:1)

[l ke ['DMBP—Dye] Kk[’Dye —O;]

Dye  Amax €max e
[nm] [M-lcm-l] [10 M-S ] [lOSM-ls-l]
16 710 2440 2.0 8.7
58 720 2830 3.7 3.2

[a] Extinction coefficients at respective Amax.

3.4.8 Relative reactivity of 'O, with dye 16 and 58:

The reactivity of in situ generated *O, with dyes 16 and 58 were examined separately by
devising an experiment in which *O, was generated by adding methylene blue (MB), under light

illumination'® of the tungustan lamp in ethanol and 1,4-dioxane/ethanol (1:4).

0.0 : : . 0.0 == : : :
500 600 700 480 560 640 720
A (nm) A (nm)

Figure 3.4.8.1: Change in absorption spectra of dye 58 (10uM) in (a) pure ethanol and (b)

mixture of ethanol/ 1,4-dioxane in 4:1 ratio via photo-oxidation in presence of methylene blue

(MB) as a sensitizer (10uM). (1) 0 min (2) 90 min
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The absorbance of the dye 16 and 58 were found to reduce gradually with exposure time
although there were no change in the shape of the corresponding absorption bands of the dye
(Figure 3.4.8.1 and Figure 3.3.6.1 a-c). After 90 min. of illumination, 50% of the dye 16 was
found to degrade whereas only 37% of initial dye 58 was degraded under similar conditions
(Figure 3.4.8.2). Therefore, the rate of reactivity of 'O, with the dye 58 was smaller than that of

with dye 16.

1.0+ m  dye 16 /ethanol
) ® dye 16 /(1:4) 1,4- dioxane:ethanol
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Figure 3.4.8.2: Relative rate of reactivity of ‘O, with dyes 16 and 58 in ethanol and in 1,4-
dioxane/ethanol (1:4) determined by measuring time-dependent OD of the dyes at their

respective Amax IN presence of photo-excited methylene blue (MB).

Similar observations were also found in 1,4-dioxane/ethanol (1:4). The rate of
degradation of dye 58 i.e. the reactivity of ‘O, with the 58 is lesser than that of with dye 16
(Figure 3.4.8.2). After 90 min. of illumination, the extent of degradation of dyes 16 and 58 were
found to be 47% and 35%, respectively. This degradation study and analysis of dyes 16 and 58
confirmed that the relative reactivity of 'O, with the dyes would be dye 16 > dye 58 in both

ethanol and 1,4-dioxane/ethanol (1:4). It may be mentioned that decrease of solvent polarity may
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decrease the rate of reactivity of O, with both the dyes. This is matching with our experimental
observations that both the dyes are more photostable in 1,4-dioxane than that in ethanol. To
understand the difference in reactivity of 'O, with dyes 16 and 58 in solvents of different
polarity, we have computed ground and excited states of the dyes as well as the 'O, by DFT

based theoretical calculations.

3.4.9 Theoretical interpretations:

The ground-state (Sp) minimum- energy structure 58a (Figure 3.4.9.1) of the Bodipy dye
58 was optimized by carrying out DFT calculation. Then the reaction course of the dye 58 with
0, was investigated by placing the O, in the proximity of the most vulnerable position, the
C7’=C8 double bond of the dye (Figure 3.4.9.2). The transition state (TS) structure was

identified as 58b, and the peroxide 58c was identified as the reaction product (Figures 3.4.9.1

and 3.4.9.2).
: »
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Figure 3.4.9.1: Optimised ground state (58a), transition state (58b) and peroxide compound

(58c) of the Bodipy dye 58.

The TS 58b is formed by partial cleavage of the C7’=C8 n—bond and formation of the C7°—02

bond as the initial events, as supported by the bond lengths (Table 3.4.9.1). The C7°=C8 (1.41 A)
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and 0O1=02 (1.21 A) bond lengths increase to 1.52 and 1.41 A, respectively, in the TS. The
distance between C7’ and 02 (1.50 A) indicates that a single bond is formed between them. The
C8 and O1 atoms are too far apart (2.71 A) to form a stable bond, but gradually move closer for
bond formation (bond length=1.51 A), furnishing the peroxide compound 58c. 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 58a (Table 3.4.9.1). This is consistent with the proposed mechanism (Figure 3.4.9.2). After the
formation of the C8—O1 bond, O1 and O2 become electronically similar, as is evident from the

charge densities on the two atoms (Table 3.4.9.1).

Figure 3.4.9.2: Mechanism of the reaction of the Bodipy dye 58 with 0.

However, most importantly, the model suggests that charge separation in the TS 58b is
more than that of in the dye 58a and the peroxide 58c. This is evident from the calculated dipole
moment and charge density values (Table 3.4.9.1). This suggest that energies of the initial and
final products will not change much with the change in solvent polarity, but the energy of TS
58b will be very high in non-polar 1,4-dioxane but it will be stabilized with lower energy in the
polar ethanol. This will make the activation energies of the reaction higher in 1,4-dioxane as

compared to ethanol. Thus the reaction rate of 'O, with the dye will be very slower in 1,4-
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dioxane than that of in ethanol. This explains the slower reactivity O, with the dyes in non-polar
1,4-dioxane than in polar ethanol i.e. high photostabilities of the dyes in 1,4-dioxane.
Table 3.4.9.1: Changes in the bond lengths, atomic charges and dipole moment during the

reaction of dye 58 with 'O,

Bond Length (A) Atomic charge (a.u.) Dipole
Dyes Moment In
C8-01 C7-02 C8-C7° 01-02 01 02 Debye
58a - - 1.41 1.21 0 0 4.78
58b 2.71 1.50 1.52 141 -0.411 -0.254 6.21
58c 1.51 1.45 1.54 1.49 -0.298 -0.289 6.50

3.5 Stability comparison between dyes 16, 17 and 58: Despite the lower oxidation potentials
(Eox) of the dye 58 than dye 16 (PM567), dye 58 is found to be more photostable than dye 16 in
both the solvents. Both optical and pulse radiolysis studies showed that the 'O, generation
capacities of the dyes 16 and 58 are similar but higher than dye 17 (PM597). Moreover, the
reactivity with 'O, is less for the dye 58 than dye 16 and higher for dye 17. This facilitated dye

58 to be more photostable than dye 16 and 17.

3.6 Stability comparison of dyes in ethanol and 1,4-dioxane and heptane: Both optical and
pulse radiolysis studies showed that the O, generation capacities of the dyes 16, 17 and 58 were
higher in nonpolar (heptane, 1,4-dioxane) solvents than in ethanol. Also the reactivity with *O,
was different as indicated by the results of photostability enhancement with DABCO. This was
lower in less polar solvents which eventually increases the stability of all three dyes in this order

heptane > 1,4-dioxane > ethanol.
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3.7 Conclusion:

A new BODIPY dye 58 was judiciously designed and synthesized containing 3-oxa-5-
hexynol moieties at the B-centre. The new dye 58 showed comparable lasing efficiency as that of
the commercial dye 16 and dye 17 in non-polar (1,4-dioxane, heptane) solvents, which in turn
slightly higher than dye 17 in ethanol. Moreover, the excellent photostability of all the three dyes
16, 17 and 58 in non-polor media such as 1,4-dioxane and heptane in comparision to that of
Rhodamine 6G in ethanol makes it a potential photostable BODIPY dyes for further exploration.
Hence, these non-polar solvents may be utilized as a practically useful solvent for safe,
sustainable, reliable and efficient operation of PM dye lasers; particularly for high average power

dye lasers in which a large volume of dye solutions are needed to circulate at high flow speed.
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4.1 Introduction:

In previous chapter we have discussed the improvement of lasing properties of
commercial and synthesized BODIPY (PM) dyes using organic solvents (polar and non-polar). It
is anticipated that water is the preffered solvent for high average power dye lasers compared to
common organic solvents. This is due to the fact that water possesses the highest photothermal
figure of marit (F= psk/(dn/dT)) among all the solvents for dye lasers, arising primarly from its
low gradient of refractive index with temperature (dn/dT), high density (p), specific heat (s) and
thermal diffusivity (k). However, pure water is generally not used for dye laser due to formation
of non-fluorescent aggregates of dye, which could be improved by host-guest complex
formation. The phenomenon of host-guest inclusion has been the focus of the recent and growing
fields of supra-molecular chemistry, and has found widespread and important applications.****1
Living organisms, pharmaceutical solubilization, controlled drug delivery, natural plants etc.

utilize properties of host-guest inclusion aggregates,***?

which are stabilized by non-covalent
bonds with hydrophobic organic molecules. The supra-molecular complex formation is a
dynamic phenomenon and leads to a system of equilibrium between the complex and the free
host and guest. These complexes are usually formed in aqueous solutions, while utilizing the
relative difference in local polarity between the non-polar internal cavity of the organic host and
the bulk solvent, thus maximizing the hydrophobic effect as a driving force for inclusion of
organic guests. Among various known macrocyclic hosts such as calixarene, cyclodextrins,
cucurbit[n]urils (CBn), the molecules of CBn families have shown significantly stronger
interaction with neutral or cationic organic guests and recently revealed many interesting and

120

promising results.®'° Lately, low toxicity of CBs'?® such as high cell tolerance in living
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biological systems at a concentration of up to 1 mM has been demonstrated, indicating their

potential use towards the molecular containers as an advanced drug delivery system.

Among CBs, the 7-member analogue cucurbit[7]uril (CB[7]) has been shown to form
strong inclusion complexes with water soluble fluorescence dyes due to its appropriate cavity

42a,45b,121

size resulting significant improvement in microscopic photo-physical properties of guest

33c,60a,122

dyes, which also led to other novel applications such as demonstration of efficient and
highly photostable aqueous dye lasers.'?® In addition to usual hydrophobic effect in water which
favors inclusion of organic dyes inside the CBJ[7] cavity, it provides another distinct
supramolecular interaction, namely ion-dipole interactions at carbonyl-laced portals, which
promote binding of cationic sites of organic guests. Recently, CB[7] host has been used to form
strong and stable inclusion complexes in water with some organic dyes, mostly belonging to
xanthene class of chromophore.®**®122 \we have extended host-guest inclusion study of the

relatively recent host CB[7] with UV laser dye coumarin as guest to enhance its photophysical

and laser properties.
4.2 Coumarin dyes:

Coumarin is a versatile class of hydrophobic organic fluorophores,*** found in many
plants and medicines, used in fluorescence microscopy as sensitive fluorescent probes for
proteins and other biological cells, dye sensitized solar cells, dye lasers as UV dyes, etc.
However, preferred use of aqueous solutions of coumarin dyes for these applications have been
limited due to low solubility, drastic reduction in fluorescence intensity and photochemical
stability in water, which may largely overcome upon addition of host CB[7].'% For a preliminary

study on the interaction of CB[7] with coumarin, 7-diethylamino-4-methylcoumarin or
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coumarinl (abbreviated as C1-N), a widely used fluorescent molecule, was used as guest.
Further, the hydrochloride salt of C1-N (abbreviated as C1-NH") was prepared (characterized by
'"H NMR and FT-IR) to improve its solubility in water as well as interaction with host CB[7]. In
these coumarinl dyes, 7-diethyl amine moiety can play an important role in modulating their
photo-physics in aqueous solutions. Earlier, Nau et al*** reported the enhancement in
fluorescence intensity of aqueous solution of coumarin 102 dye in presence of host CB[7], but

only by 1.14 time. A recent report'®®

on the inclusion behavior of parent coumarin dye with
CB[7] as biological fluorescence probe in aqueous solutions inspired us to carry out a detail
study on the interaction of coumarinl with CBJ[7]. To the best of our knowledge, our study was
the first report on supramolecular interaction of the host CB[7] with amino substituted coumarin

derivatives.

In this chapter, we present our recent results starting with UV dye i.e. effective inclusion
of two forms of coumarinl (cationic vs. neutral) dyes inside the cavity of CB[7] thereby
improving its photo-physical properties and photostability in aqueous system. The chemical

structures of C1-N (59), C1-NH" (60) and CB[7] (50) molecules are displayed in Figure 4.2.1.
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Figure 4.2.1: Molecular structures of (a) C1-N (59), (b) C1-NH" (60), (c) CB[7](50)
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4.3 Experimental:
4.3.1 Materials:

Laser grade dye 59 (7-diethylamino-4-methylcoumarin) and 4 (4,6-dimethyl-7-
ethylaminocoumarin) were obtained from Lambda Physik (Germany); their purity was checked
by TLC and *H NMR in CDCI; and used without further purification. The macrocyclic host
cucurbit[7]uril was synthesized in high purity in our lab by reported procedure.**** The purity of
synthesized CB[7] (50) sample was verified using *H NMR, *C NMR and spectrophotometric
titration techniques. Spectroscopy grade ethanol was used to prepare the dye solutions. Nanopure
water was obtained by passing distilled water through a Barnstead nanopure water system and

was used for all the dye solution preparations.

4.3.2 Methods:

4.3.2.1 Absorption and steady-state fluorescence spectra:

Absorption and steady-state fluorescence spectra of dilute (5-20 x10°® M) solutions of
both coumarin (59 and 60) dyes, using ethanol, water and water in presence of host CB[7] (50),
were measured using commercial UV-vis spectrophotometer (JASCO V-550) and
spectrofluorimeter (JASCO FP-6500), respectively. The dye solutions were excited at the
isosbestic point, observed in their absorption spectra. All these measurements were performed at

ambient temperature (~25° C), the solutions being in equilibrium with the air.
4.3.2.2 Fluorescence quantum yield (®s):

Quantum vyield of fluorescence of dyes 59 and 60 in different solvents was determined by

comparative method. Ethanol solution of dye 4 and dye 59 was considered as fluorescence
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standard and its reported value was verified by this procedure.'”® In order to minimize re-
absorption effects, absorbance in the 10 mm path length quartz fluorescence cuvette was kept
below 0.1 at the excitation wavelengths of dye solutions. Refractive indices of solvents were

taken into account for the calculations of ®s values.
4.3.2.3 Time-resolved fluorescence study:

Fluorescence life time decay of dye solutions was measured using a time-correlated
single photon counting (TCSPC) set up FluoTime-200 from Pico Quant, Germany. In the present
work, a 405 nm pulsed diode laser (~100ps, 10 MHz repetition rate) was used for excitation. The
instrument response function for this set up is ~272 ps at FWHM. To eliminate depolarization
effect on the fluorescence decays, measurements were carried out with magic angle geometry
(54.7°) for the excitation and emission polarizer. The fluorescence decays I(t) of dyes were

analyzed using an exponential function as
I(t) = ZB; exp (-t/1)

where B; and 1; are the pre-exponential factor and the lifetime, respectively, for the i" component

of fluorescence decay.
4.3.2.4 Fluorescence anisotropy study:

In order to measure fluorescence anisotropy of dye solutions, samples were excited with
vertically polarized output of a pulsed diode laser at 405 nm and the vertically and horizontally
polarized fluorescence decays were recorded. The anisotropy decay function, r(t), was calculated

from these polarized fluorescence decays as follows:

r(t) = [Iv(t) = Glu(®] / [I(t) + 2G1n(D)]
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where ly(t) and Iy(t) are the vertically and horizontally polarized decays, respectively, and G is
the correction factor for the polarization bias of the detection set up. The G factor was
determined independently by using a horizontally polarized excitation light and measuring the

two mutually perpendicular polarized components of fluorescence decays.
4.3.2.5 'H NMR study:

'H NMR characterization of aqueous solutions of coumarin dyes (59 and 60), in presence

and absence of host CB[7] (50), was carried out in D,O using 500 MHz Bruker spectrometer.
4.3.2.6 Theoretical study:

The minimum energy ground-state molecular structures of dye molecules 59 and 60 and
host 50 were determined applying B97D/cc-pVDZ level of theory. Different initial structures
were considered keeping two different ends of the guest molecule inside the cavity of the host to
locate the minimum energy structure of the host-guest complex. Quasi Newton-Raphson based
algorithm was applied to carry out geometry optimization for each of these systems with various
possible conformers as the initial structures. All electronic structure calculations were carried out
applying the GAMESS suite of ab initio program on a LINUX cluster.”® The binding energy of
the host-guest complex of both form of dyes were calculated at the present level of theory.
Calculations of various components of the total interaction energy of the host-guest complex

were carried out using Kitaura-Morokuma energy decomposition analysis.*?’

4.3.2.7 Laser photostability:

The quantum yield of the photo-degradation (®,q) of the dyes is defined as the probability

of the decomposition of the dye molecules by the absorbed pump photons. The photostability is
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the inverse of the ®,q value. A known quantity of dye solution (2 ml) in a dye laser cuvette was
exposed to pump energy of 6 mJ at 355 nm. The concentration of the coumarin dye solution was
chosen such that the pump beam was totally absorbed within the dye solution in the cuvette
during the excitation for about 30 min. The solution was constantly stirred with 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 absorbance at the
corresponding Aqps before and after photo-exposure for a set period of time. The reflection loss of
the pump beam on incident surfaces of the dye cell was determined for calculating the absorbed

cumulative pump photons.

4.4 Results & Discussion:

4.4.1 Studies on pH dependent equilibrium between coumarin dyes:

Coumarin 1 dye (59) was found to be highly soluble in ethanol, but its solubility was
very low (< 60 uM) in aqueous media. In order to improve the solubility and binding strength of
dye 59, we converted the N-diethyl amine group at the 6-position of the chromophore into a
protonated ammonium salt (60). The solubility of the dye 60 was observed to be higher
(~1.7mM) and it increased further in presence of the host CB[7] (50). A dynamic equilibrium
between dye molecules 59 and 60 is possible in aqueous solution. Therefore, acidity constant
(pKa) value of this system has been determined. The cationic dye 60 was a salt of weak base and
strong acid, and thus de-protonation would happen in aqueous media. The measurement of the
acidity constant (pK,) of the aqueous solutions of the dye 59 was carried out by UV-vis
spectrophotometric titrations, which gave a value of pK, = 3.4 (Figure 4.4.1.1). Therefore, a

strong acidic condition was required for formation of primarily dye 60 in aqueous solution.
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Figure 4.4.1.1: Absorption spectra of aqueous solution of dye 59 by addition of acid (1 tol2

increasing). Inset: plot of absorbance at peak maxima vs. pH. The pKa value was 3.4

Hence, we used dye 59 solution in water with addition of HCI acid at pH = 2, so that
most of 59 dye molecules exist in form of dye 60.The formation of quaternary ammonium salt, at
nitrogen atom of diethyl amine moiety of dye 59, was verified in the spectral region 1000-3500
cm™ by recording FT-IR spectra in reflection (ATR) mode of both dyes 59 and 60 in solid-phase.

In contrast to dye 59, dye 60 gave a distinct broad peak'?® at ~2391 cm™.
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Figure 4.4.1.2: FTIR spectra of (a) dye 59 and (b) dye 60
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FT-IR spectra of both the coumarin 1 dye molecules are shown in Figure 4.4.1.2. Further,
the formation of dye 60 was confirmed by recording *H NMR spectra of dye 59 and 60 in dj-

methanol (CD30OD), which are illustrated in Figure 4.4.1.3.
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Figure 4.4.1.3: 'H NMR spectra of 59 and 60 in d,-methanol (CDsOD)

In case of dye 60, positively charged nitrogen atom pulls out electron density from the

chromophore resulting downfield shift of aromatic protons in comparison to that of dye 59.

Further the photophysical study and interaction study of cationic dye 60 was performed at pH=2.

4.4.2 Absorption studies:

Both dyes 59 and 60 gave similar absorption spectra in ethanol. Absorption maxima of
neutral dye 59 were found at 372 nm and 380 nm in ethanol and water, respectively. These
values are in agreement with the reported data*?** on dye 59. Addition of host 50 induced
progressively red-shifted absorption spectra of dye 59, which indicated isosbestic point at 385
nm in water, were shown in Figure 4.4.2.1. The shift in longest wavelength absorption maxima
(Amax) OF dye 59 was observed up to 397 nm in presence of high concentration of CB[7] (50),

typically at 20 equivalent concentrations of dye 59. However, absorption maximum of C1-NH"
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(60) molecule showed different behavior than neutral dye in water. There is another absorption
peak at 306 nm with addition of peak at 380 nm in water which was not observed in case of dye
59. Moreover the isosbestic point was observed at 332 nm i.e. between two peak maxima (306
and 380) with addition of CB[7]. With addition of CB[7], decrease in peak maxima at 306 nm
with small shift and subsequently large increase in peak absorbance value at 380 nm with
progressively red-shift to 397 nm was observed. The modulation in absorption spectra of
aqueous solutions of 59 and 60 dyes has indicated different behavior of interaction of cationic

form of dye molecule with CB[7].
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Figure 4.4.2.1: Steady state absorption spectra of (a) dye 59 (9.7uM) and (b) 60 (15.4uM) with

increasing concentration of the host 50

4.4.3 Steady-state fluorescence studies:

Fluorescence spectra of dyes 59 and 60 were also showing different behavior but gave
similar red-shifted emission maxima in water (Amax ~ 468 nm) than that in ethanol (Amax ~ 448
nm). The photo-physics of these dyes indicated that their ground and excited electronic states

behave quite differently. The larger solvatochromic shift was found in emission (20 nm) in
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comparison to absorption (8 nm) spectra of dyes while changing from ethanol to water. This may
be associated with the significantly higher dipole moment of the excited state (S1) in comparison
to the ground state (Sp) of dye molecules, which also induced a large Stokes shift of dyes upon
electronic excitation. In analogy with its close analogue C311 dye (7-dimethyl amino-4-
methylcoumarin), the dipole moment (p) of dye 59 may increase™* from 6.0 D (at Sp) to 7.3 D
(at S;). The dye molecule in relatively polar excited state is expected to require higher energy
stabilization mediated by a stronger geometrical and solvent relaxation in polar and protic
aqueous media than that in ground-state. Emission maxima of dyes in water showed negligible
shift upon addition of host CB[7] (50), in contrast to their red-shifted absorption maxima (Figure
4.4.3.1). The cavity of 50 is known'?***! to have high hydrophobicity, very low polarizability
and polarity. The appreciable hydrogen bonding interactions****® between the amine nitrogen,
carbonyl oxygen and alkyl groups of the coumarinl molecules with water would alter upon
inclusion of dyes inside the cavity of 50. Interplay of these interactions might be responsible for
observations of bathochromic shift in absorption spectra, but no change in emission transition
energy of the dyes in presence of increasing concentration of host 50 in water. Fluorescence
intensity of dye 60 in water (at pH 2) was found to possess lower peak intensity than that of the
neutral form in water. The dye 60 was excited at two positions, at isosbestic point and near peak
maxima 305 nm. With excitation at 305 nm, two fluorescence peaks were observed at 370 nm
and 468 nm. However with addition of CB[7] only the fluorescence intensity of peak
corresponds to 468 was found to increase (~24 fold) significantly to a similar peak intensity
value but with much higher (~20 times) concentration of dye 60. Whereas, excitation at

isosbestic point (at 332 nm) get only single fluorescence peak at 468 nm and found 11 times
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enhancement in fluorescence intensity. In both cases of the observed fluorescence spectra of 60

in presence of CB[7] indicated strong binding of the C1-NH" (60):CB[7] complex.
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Figure 4.4.3.1: Steady state fluorescence spectra of (a) dye 59 (9.7uM) with increasing

concentration of CB[7] (50) from 0 to 200 uM and (b) dye 60 (15.4uM) with increasing

concentration of CB[7] (50) from 0 to 0.3 mM.

INSET: The dependence of increase in the

fluorescence intensity (Alf) of the dye with addition of 50 in aqueous solution for excitation at

isosbestic point. The solid line represents the best fit of the data corresponding to a 1:1 inclusion

complex, showing binding constant k = 1.2 x 10°> M™*for dye 59 and k = 5.6 x 10° M for dye 60.

Photo-physical properties of dyes 59 and 60 in absence and presence of the host CBJ[7],

are shown in Table 4.4.3.1. The observation of a larger enhancement in maximum fluorescence
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intensity (~24 fold) for dye 60 in presence of 50, which is much higher than that of dye 59 (~ 13
times) with the host 50, pointed towards a stronger binding of the cationic form (60) of the dye
with the host 50. Quantum yields of fluorescence (®f~ 0.52 for dye 59 and 0.58 for dye 60) in
water, in presence of high concentration of 50, was calculated and found slightly higher of dye

60 than dye 59 also favor the stronger binding.

Table 4.4.3.1: Photo-physics of dye 59 and 60 in ethanol, water and water with CB[7] (50)

Dye SO|Vent ;vamax[a] ;vfmax[b] (Df[c] Tf [d] Tr[E] kr[f] knr[f]
(dye:50) (nm)  (nm) (ns)  (ps) (S'lg (S'lg
10 10
59 Ethanol 373 448 0.54 3.09 - 1.75 1.49
(1:0)
59 Water 380 468 0.04 0.4 72 1.17 23.8
(1:0)
59 Water 396.5 468 0.52 5.10 290 1.02 0.94
(1:20)
60 Ethanol 374 447 0.54 3.08 90 1.75 1.49
(1:0)
60 Water 306 468 0.025 0.39 84 0.64 25
(1:0)
60 Water 307.5 468 0.58 5.12 300 1.13 0.82
(1:20)

[a] Error: £ 0.2 nm. [b] Error: £ 0.3 nm. [c] The quantum yield of fluorescence of the dyes 59
and 60 were measured at the excitation wavelength 385 and 332 nm, respectively of 59 in
ethanol as standard. [d] Error: + 0.05 ns. [e] Error: = 10 ps. [f] The values of k; and ky, were
calculated using the following equations: k= ®¢/ 15, kn = (1-®¢)/t5, assuming that the emitting
state is produced with unit quantum efficiency

The systematic improvement in fluorescence intensity of dyes in water with addition of
50 may be correlated to confinement of guest dye molecule inside the cavity of 50 and the
dominance of hydrophobic effects related to the removal of very high-energy water molecules

(eight for 50)*** from the cavity. The binding constants of both dyes 59 and 60 with host 50 in
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aqueous solutions were determined by nonlinear fitting of increase in fluorescence intensity

(Alf) of dye as a function of concentrations of 50 using 1:1 complex formation equation:®

AIf = (Iobs - I(I)Dye)
D
or AIf = (1_ E:Dil/ee];: j (IODOyeoSO - IODye)

where [Dye]o and [50], are the initial concentrations of dye and 50, respectively, [Dye]e is the
concentration of free dye in equilibrium, IODye and I"pye 50 are the initial fluorescence intensity of
dye in the absence of 50 and at high concentration of 50 (corresponds to complex formation of
all the dye molecules), respectively.

Non-linear fitting (x° ~ 1) analysis of the increase in fluorescence intensity of dyes as a
function of host concentration yields average equilibrium binding constant (k) to be (1.2 £ 0.2) x
10° M and (5.6 + 0.2) x 10° M™ for dyes 59 and 60, respectively (insets of Figures 4.4.3.1a and
4.4.3.1b). These values were measured from two independent experiments for each dye. In the
fluorescence titration fitting, the increase in integrated or peak fluorescence intensity was used as
experimental data and both gave similar values of binding constant k. The formation of 1:1
Dye:50 complex and values of k for both the dyes were also verified by checking linearity in

132

double reciprocal plot™ using inverse of changes in observed fluorescence intensity [1/(lops —

1)] with inverse of concentration of host [50], 1/[50] .

Moreover, to confirm the stoichiometry of the dye-50 complexes, peak fluorescence
intensities of aqueous solutions of both dyes were measured by varying mole-fraction
concentrations of 50, while maintaining the total concentrations of dye and 50 constant. The peak

emission intensity values of these dye-CBJ[7] solutions were correlated by the continuous
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variation method of Job’s plot (Figure 4.4.3.2), which show maxima at a value of 0.5 for [50]/

([50] + [dye]), indicating 1:1 binding stoichiometry for both dye:50 complex.
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Figure 4.4.3.2: Job's plot of the coumarin1:CB[7] complex (a) dye 59 (b) dye 60. Symmetric

plot with maxima at 0.5 mole fraction indicates the 1:1 inclusion complex formation.

4.4.4 Time-resolved fluorescence studies:

The dynamic equilibrium features of free dye and dye-50 complex formation can be
followed by observing the change in fluorescence lifetime (t5) of the dye in water with addition
of host 50. The fluorescence decays of both dyes in pure water were found to be mono-
exponential in nature, correspond to lifetime 0.4 ns (Table 4.4.3.1). Alternatively, fluorescence
decay curves were observed to be mono-exponential and fitted to 100% complex dye with a
lifetime 1+ = 5.1 ns at a high concentration of host i.e., at 1:20 molar ratios of dye:50 for both
form of dye (Figure 4.4.4.1 for 59). However, in presence of lower concentrations of host 50, the
dye lifetime decay curves were bi-exponential, consisting of two species, free dye and dye-
complex. Thus, for 1:1 molar ratio of dye 59 and host 50, the life time decay curve was fitted to

two components, 19.4% free dye (ts= 0.4 ns) and 80.6% dye-50 complex (1 = 5.1 ns). Similarly,
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on further addition of 50 to this dye at a molar ratio of dye:50=1:5, the decay curve was fitted to

4.2% free dye (1¢ = 0.4 ns) and 95.8% dye-complex (¢ = 5.1 ns).

a b
—— dye 59 / Water —— dye 59/ host 50 / Water|
9000 —— Instrumental response 9000 - —— Instrument Response
—— best fit —— best fit
6000 - . 6000
‘.; o
c k=

3000 . WW ' FHNIW 3000

0 8 16 24 0
t (ns)

8
t (ns)

Figure 4.4.4.1: Fluorescence life time decay in aqueous solution of (a) dye 59 is 0.4ns and (b)
dye 60 with host 50 (1:20) is 5.12ns. INSET: panels represent the distribution of the weighted

residuals for dye 59 and dye 59 with host 50, respectively.

Increase in fluorescence lifetime (tf) of aqueous solutions of dye from 0.4 ns to 5.1 ns
upon complexation with host 50 have indicated restricted rotational/vibrational motions of the
dye molecule inside the cavity of host 50. Free rotational/vibrational motions of 7-diethylamine
moiety in the excited electronic state of coumarin 1 dye were suggested™2*®2%*133 for dissipation
of excitation energy through non-radiative decay process. This is in agreement with our
calculated values of radiative rate (k;) and non-radiative decay rate (kn) showing a large decrease

in knr, rather than increase in k;, of both dyes upon complex formation with 50.
4.4.5 Fluorescence anisotropy studies:

To obtain further insight in the nature of the rotational dynamics of the dye molecules, in

absence and presence of the host CB[7] (50), fluorescence anisotropy study was carried out for
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both the dyes. Time-resolved fluorescence anisotropy measurement was carried out in aqueous
solutions of the dyes in absence and presence of high concentration of host 50 (dye:50). These
anisotropy decays could be precisely fitted to a single-exponential function indicating existence
of either free or complex dye. In contrast, observed anisotropy decay curves for dye solutions

with lower concentration of host 50 have supported presence of both species, free and complex

dye.
| —— dye 59 / host 50 / Water|
- —— instrument response —— dye 60/ host 50 / Wat:
9000 - * —— best fit i 9200 — 1l : i;y:etsrtufri\:e:tsrespon:eer
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Figure 4.4.5.1: Time resolved anisotropy decay of aqueous solution of dye 59 and 60 (20uM
each) containing 20 molar ratio of host 50 at 25°C. The values of rotational relaxation time (t;)
were found 290ps for 59 and 300ps for 60. The (a) and (b) represents the distribution of the

weighted residuals for I(t) and I.L(t), respectively.

The measured value of rotational reorientation time (t;) of dye 59 in water was (72+10)
ps, which agreed with reported™** value of (66 + 6) ps. The 1, values of dye 60 was measured to
be (90+£10) ps and (84+10) ps in ethanol and water, respectively. However, the rotational
relaxation of dye-complex was found to be considerably slower, and thus reorientation time was
evaluated to be much longer for both the dyes, in the presence of host 50. During formation of

100% dye-complex species, upon addition of high concentration of 50, the rotational
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reorientation times (t;) Of both the dye-50 complexes were measured to be (290+10) ps and
(300£10) ps, for dye 59 (Figure 4.4.5.1a) and 60 (Figure 4.4.5.1b), respectively. The initial
anisotropy (ro) was also estimated to be ~0.33 for both dye-50 complexes. Therefore, evaluation
of increased rotational reorientation time of dyes in water (Table 4.4.3.1) from values in the
range of 72-84 ps to 290-300 ps with addition of host 50, endorsed the formation of inclusion

complexes of both dye molecules inside the host CB[7] (50) cavity.

4.4.6 Temperature dependent fluorescence studies:

The measured fluorescence spectra of dye 59 in ethanol, dye 60 in water and water with
host 50 (molar ratio 1:20) in the temperature range 274-302 K were shown in Figures 4.4.6.1 (a),
(b) and (c), respectively and the plot of calculated QYF values of dye 60 vs. temperature of dye
solutions in all three cases were shown in Figure 4.4.6.2. These results showed sharp reduction in

peak fluorescence intensity of the dye in water with increase in temperature.
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Figure 4.4.6.1: Temperature dependent fluorescence spectra of dye 59 in (a) ethanol, dye 60 in

(b) water and (c) water with host 50 at different temperatures in the region 274 K to 302 K
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Figures 4.4.6.2: Plots of QYF vs. temperature of dye 59 in ethanol (black), dye 60 in water

(red), and dye 60 in water with additive 50 (blue).

However, fluorescence intensity of aqueous solutions of the dye, in presence of the host
50, was found to be independent of temperature in the region 274 K to 302 K. In the latter case,
the fluorescence intensity was found to slightly increase when temperature of dye solution was
decreased to 274 K. It has been observed that reduction in fluorescence intensity of dye 60 is
more in water ~ 34% than in ethanol (8%) while only 2% reduction in fluorescence intensity was
found upon complex formation of dye 60 with 50. This suggested that the container molecule 50
possess electron rich portals on both sides makes ion dipole interation in addition to hydrophobic
interaction with dye 60 molecule through its positively charged diethylamine group (-
N*(C,Hs),). The formation of supramolecular complex of the dye 60 in presence of the host 50,
may retard the torsional motions of the —N(C,Hs), groups of the dye molecule and hence its rate
of non-radiative decay was less at low temperature. Thus, in the latter case, QYF was observed
to be almost independent of temperature (Figure 4.4.6.2). Also, similar experiment was

performed with dye 59 in water and dye 59 with host 50 (Figures 4.4.6.3 and 4.4.6.4). In
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comparison to dye 60, fluorescence intensity of dye 59 was reduced more, ~ 58% in water and

~6% in water in presence of the host 50 on complex formation from its initial value. This also

suggests that both forms of coumarin 1 dyes may have different geometry of binding and that

might be the reason for higher binding constant of dye 60 than dye 59 complex with the host 50.

This data also agrees with our observed optical properties and fluorescence binding constant.
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Figure 4.4.6.3: Temperature dependent fluorescence spectra of dye 59 in water in presence and

absence of the host 50 at different temperatures in the region 274 K to 302 K
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Figures 4.4.6.4: Plots of QYF vs. temperature of dye 59 in ethanol (black), water (red), and

water with additive 50 (blue).
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4.4.7 Rotational dynamics of dye-complex:

The evolution of rotational relaxation dynamics of the fluorescent dyes 59 and 60 and its
supramolecular complexes with host 50 in aqueous solutions can be understood by calculating
the frictional forces experienced by the molecules, in concurrence with experimentally measured
rotational reorientation time. According to the Stokes-Einstein-Debye (SED) hydrodynamic
theory, the molecular orientation is a diffusive process and expresses the dye rotational
reorientation time (t;) as a function of the hydrodynamic volume (V) of the probe dye molecule
and macroscopic solvent characteristics, temperature (T) and viscosity (1), and is expressed for a

spherical probe molecule by equation:
T = (Vn/kBT) (1)

where kg is the Boltzmann constant. This equation (1) is modified for axi-symmetrical ellipsoidal

probes and also to account for different types of solute-solvent interactions, and is given by™**

T = (Vi/keT) f(0)C(p) + o’ )

where f(p) is the shape factor of the ellipsoidal shape probe, C(p) describes the solute-solvent
friction and its value depends on the boundary condition of the probe and solvent system, and 70,
a very small term, is identified with free rotation of the probe molecule at solvent of negligible
viscosity. The ellipsoidal shape is defined by the ratio p of the longitudinal radii to the average
equatorial radii and accordingly the f values are calculated.’* Depending on the probe-solvent
friction, boundary condition can be either of ‘stick’ or ‘slip’ type. The stick type hydrodynamic
condition is applicable in this case since the size of the probe is much larger than the solvent

molecules.
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The dye molecules 59 and 60 may be considered as close to an oblate ellipsoid. In order
to evaluate the shape factor f(p) and the friction coefficient C(p) for dye probe, a good estimation
of p, the ratio of the shorter and the longer semi-axes, is needed. The optimization of ground
state geometry of coumarin 1 molecule was carried out recently by T. Gustavsson et al,"** and
those reported dimensions are considered for calculation of t,. The three radii of molecule were
reported as 6.35 A, 4.55 A and 1.9 A. Thus, hydrodynamic volume of coumarin 1 dye molecule
is calculated as V = 23 x 10 m®. For the shorter radii we have considered the value 1.9 A, but
for the longer radii we have taken average of the two values (6.35 A, 4.55 A) to obtain value
5.45 A. Thus value of p is calculated as 1.9/5.45 = 0.35. For an oblate ellipsoid with p = 0.35, we
find'** the two f values 1.42 and 1.63 for the symmetry axis and in-plane axis, respectively. The
average of these two f values is f(p) = 1.52. The viscosity of water at working temperature
(T=298 K) is taken as n = 0.8903 x 10 Pa-s. Considering ‘stick’ hydrodynamic boundary
condition and the values of C(p)=1.0, 7.° = 0 and n (at 298 K) = 0.8903 x 10 Pa-s in water, 1,
value of coumarinl is calculated using equation (2) as t, = 75.7 ps. This calculated value of 1,
was found to be in good agreement with our experimentally measured values (72 to 84 ps) for
both dye 59 and 60 in water. Similarly, t, value of dye in ethanol, which possess higher viscosity

(1.04 x 107 Pa-s) than water, is calculated to be 1, = 88.4 ps, close to experimentally measured

value 90 ps.

The accuracy in estimation of t, value of dye-50 complex depends on evaluation of its
hydrodynamic volume (V). The calculated structure of host 50 (Figure 4.4.8.1) is quite
symmetric having outer cavity diameter of ~16 A and height of ~9 A, which agree closely with
the reported*! values. The cavity diameter of dye-50 complex was estimated by quantum

chemical calculation, which gave radii of the complex, r ~ 7.3 A. Volume of this inclusion
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complex of host 50 and dye 60 is also calculated considering the volume inside a contour of
0.001 electrons/Bohr® density, which gave volume, V = 1630 x 10 m® assuming it close to
spheroid. Thus, the value of rotational reorientation time (t;) of dye-50 complex was calculated
to be ~353 ps (using equation 1), slightly larger (by ~18%) than our experimentally measured
value of 1,=300 ps (Table 4.4.2.1). It may be noted that hydrogen bonding interactions of the
outer cavity of host 50 with bulk water molecules may provide additional frictional force to the
complex, which was not taken into account for this calculation of t,. This would reduce the gap
in calculated and experimentally measured values of t. Hence, a close agreement in
experimentally measured value of t, with the calculated value for dye-50 complex, while
considering inclusion of dyes 59 and 60 inside host 50 cavity, have confirmed the tighter binding

and rotation of whole dye-50 complex as a single entity.
4.4.8 'H NMR study:

'H NMR spectra of free dye 59 and 60 as well as dye-50 complex in presence of host 50
at 1:2 molar ratio provide interesting and useful information on the macroscopic location of the
guest inside the inner cavity of host. A large up-field shifts and broadening of aromatic protons
6, 8 and aliphatic protons 9, 10 labeled as in Figure 4.4.8.1, while down field shifts of 3 and 5
labeled protons suggested that amino moiety might be inside the host cavity for dye 59.
However, in case of dye 60, all aromatic and aliphatic protons show up field shift except proton
10, which shows down field shift, were observed. This suggested that whole aromatic part of the
dye 60 was inside the cavity and cationic N-atom make ion-dipole interaction with carbonyl

portals of host 50.
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These results clearly indicate that both dye molecules 59 and 60 have different geometry
of host-guest complex depending on their location inside the cavity of host 50. The comparative
'H NMR spectra of both dyes 59 and 60, in absence and presence of 2 times higher
concentrations of host 50, are shown in Figures 4.4.8.1 and 4.4.8.2. Interestingly, no separate
resonances were observed for free and bound dye protons of positively charged N-diethyl amine
group, in all the 'H NMR spectra at different concentrations of 50. This was in contrast to NMR
titration spectra of rhodamine B and sulphorhodamine B dyes with the host 50, in which two
separate peaks for each methyl and methylene hydrogens of N-diethyl amine group were

observed. 3 123
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Figure 4.4.8.2: 'H NMR spectra of dye 60 (taken at a fixed concentration) with 1:2 ratio

concentration of host 50 in D,0. (A) dye 60, and (B ) dye 60 with 2 eq. 50.

However, the structures of rhodamine dyes contain two N-diethyl amine groups, one at
each end of the chromophore, but dye 59 and 60 have only one group. The observations of
broadening of all dye-proton resonance peaks and absence of separate resonances for free and
bound guest protons indicated the association-dissociation process between dye molecule and
host 50 took place at intermediate to fast exchange rate on a timescale determined by *H NMR

chemical shift splitting.
4.4.9 Structure and stability of dye complex:

The minimum energy ground-state molecular structures of the dye molecules, complex of
neutral (59) and cationic (60) forms of the dye and host 50 was determined applying B97D/cc-
pVDZ level of theory. This particular DFT functional takes care of long range dispersion

correction.™* Dispersion effect is expected to play an important role in shaping the structure of
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such host-guest complex producing realistic binding energy. Initially, structures of the 59, 60 and
50 molecules were calculated (Figure 4.4.9.1).The calculated geometry of 50 was quite
symmetric having outer cavity diameter of ~16 A and height of ~9 A. The cavity diameter was
calculated based on the circle formed by 7 oxygen atoms at one end of the host. The length and

width of the dye 59 molecule were calculated as ~ 12 A and ~9 A, respectively.

Host 50

Dye 59 Dye 60

Figure 4.4.9.1: Optimized ground state structures of dyes (59 and 60) and host 50 (in two views)
calculated applying B97D/cc-pVDZ level of theory. Colour codes: red for O atoms, blue for N

atoms and out of rest, smaller balls are for H atoms and larger balls are for C atoms.

This suggested that the dye molecule can enter host cavity from any one of the
longitudinal ends. Different initial structures were considered keeping two different ends of dye
molecules inside the cavity of the host to locate the minimum energy structures of host-guest
complexes. Three minimum energy host-guest structures were obtained for both neutral and
charged guest dye molecule with host 50. The calculated binding energy for the most stable host-

guest complex of dye 60 and host 50 was calculated as -91.1 kcal/mol, which was more than two
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times compared to the neutral guest, dye 59 (-44.7 kcal/mol) and host 50 for their most stable
structure at the present level of theory. The most stable structure of complex of dye 59 showed
that dye molecule makes hydrophobic interaction via diethyl amino moiety which goes inside the
cavity and remaining (aromatic part) still outside the cavity. While dye 60 with host 50 showed
stronger complex in which whole aromatic part inside the cavity with hydrophobic interaction
and amino moiety near to portals having ion-dipole interaction due to charged species is shown

in Figure 4.4.9.2 and 4.4.9.3, respectively with two different views.

Figure 4.4.9.2: Optimized ground state structures of host-guest complexes of dye 59 with host
50 calculated applying B97D/cc-pVDZ level of theory. Colour codes: red for O atoms, blue for

N atoms and out of rest, smaller balls are for H atoms and larger balls are for C atoms

Calculations of various components of total interaction energy of host-guest complexes
for both the neutral and cationic dyes were carried out using Kitaura-Morokuma energy
decomposition analysis.'?” The energy decomposition analysis of complexes of dye 59 and 60
with host 50 (Table 4.4.9.1) revealed that electrostatic interaction energy component provided

substantially higher stability to dye 60 (-75.71 kcal/mole) than that to dye 59 (-15.36 kcal/mole).
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Figure 4.4.9.3: Optimized ground state structures of host-guest complexes of dye 60 with host
50 calculated applying B97D/cc-pVDZ level of theory. Colour codes: red for O atoms, blue for

N atoms and out of rest, smaller balls are for H atoms and larger balls are for C atoms

Other interaction components of smaller energy, viz., polarization and charge transfer
energy provided more stability to dye 60. However, the important instability component toward
formation of host-guest complex, exchange repulsion energy was found to be higher with dye 60
(+28.31 kcal/mole) in comparison with dye 59 (+18.89 kcal/mole). The calculation of total
interaction energy of dye-50 complexes suggested higher stability with dye 60 (-73.24
kcal/mole) than that with dye 59 (-11.68 kcal/mole). This was supported by our experimentally
measured values on binding constants of dye-50 complexes using fluorescence titration analysis,
revealing higher binding constant of dye 60 (k= 5.6 x 10° M) than that of dye 59 (k= 1.2 x 10°
M™). The calculated structures of dye-50 complexes agreed broadly with inclusion geometry

predicted by analysis of experimentally observed *H NMR spectra of free and complex dye.
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Table 4.4.9.1: Decomposition analysis of interaction energy of complexes of dye 59 and 60 with

host 50 applying HF/6-31G (d) level of theory

Interaction Components Dye 59 Dye 60
kcal/mole kcal/mole
Electrostatic energy ( ES) -15.36 -75.71
Exchange repulsion energy (EX) 18.89 28.31
Polarization energy -2.67 -2.28
(PL) -2.26 -9.40
-0.78 -0.57
Total =-5.71 Total =-12.25
Charge transfer energy -3.63 -3.10
(CT) -5.82 -11.04
Total =-9.45 Total =-14.15
High order coupling energy ( MIX) -0.05 0.55
Total interaction energy -11.68 -73.24

4.4.10 Laser Photostability:

Laser photostability (inverse of quantum yield of photo-degradation, 1/®pq) of dye 60 has
been studied in presence and absence of host 50 using the third harmonic of Nd:YAG laser (at
355 nm). Each solution was irradiated for 30 min. Host-guest complex was studied by addition
of 2 times higher concentration of host 50 with respect to the dye while keeping similar input
power. Since dye 59 has very low solubility (<60uM) in water and thus almost transparent with

exposure of pump laser, it could not be used for laser stability study.
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Table 4.4.10.1: Photo-degradation rate of free and complexes of dyes 59 and 60 in ethanol and

water using third harmonic of Nd:YAG laser (at 355nm)

Dye 59 60 60 60
dye:50 (1:0) (1:0) (1:0) 1:2)

Solvent Ethanol  Ethanol Water Water

®pq (107) 2.9 2.5 3.14 1.58

Pump laser: 10Hz repetition rate and 6ns pulse width.

The photo-degradation rate (®,q) Was observed to increase for dye 60 in water than that
in ethanol. However, in presence of host 50, photo-degradation rate was 2 times lower. Quantum
yield of photo-degradation (®,q) was calculated by using equation ®,q = N/P, where N= no. of

dye molecules degraded and P = no. of photon absorbed and these are listed in Table 4.4.10.1.
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Figure 4.4.10.1: Absorption spectra of complex with host 50 before (red) and after irradiation

(blue) of 30 min. (a) dye 59 and (b) dye 60 in water

Interestingly, in case of dye 59 with host 50 complex, the absorption peak maxima was
observed to be blue shifted (Figure 4.4.10.1a) while there was no shift in peak maxima of

absorption of dye 60 in complexed form (Figure 4.4.10.1b). This indicated fast degradation of
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the aqueous solution of neutral coumarinl dye in presence of the host CB[7] and formation of
new fragmented molecule upon exposure to laser. These interesting observations were not

analysed further.
4.5 Conclusion:

In comparison to neutral form (59) of coumarin 1 dye, its hydrochloride salt (60) showed
stronger binding with host 50 in water. *H NMR, fluorescence titration, Job’s plot and
fluorescence anisotropy studies revealed the formation of 1:1 dye-50 inclusion complex. The
poor fluorescence yield of the coumarin 1 dye in aqueous solutions was improved strongly (24
fold), which was higher than dye 59 (13 fold) in presence of the host 50 and yielded binding
constant k to be 5.6 x 10° M™, also one order higher than dye 59 (1.2 x 10° M™). Laser
photostability was also enhanced by ~ 2 times indicating higher photostability and low rate of
degradation in water was 1.58 x 10 of dye 60 with host 50. The geometry of both dyes was
estimated by DFT and *H NMR study and showed in contrast to dye 59, the dye 60 remains at
the centre of the host 50 cavity keeping almost equal part of it at the both end, outside the cavity
of the host. The binding energy of the complexed dye 60 is found to be -91.1 kcal/mol, which is
about two times higher than that in case of complex of dye 59. These results may lead to the
promising applications of water based coumarin 1 dyes as a sensitive and efficient fluorescent

probe in chemical and biological studies and in aqueous dye laser area.

In this chapter, host-guest study of coumarin 1 i.e. blue emitting UV dye has been performed.
The same strategy of host-guest complex formation of new BODIPY dyes in visible region with

the host CB[7] has been focused in next chapter.
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5.1 Introduction:

In continuation of previous chapter there has been a great interest in the development of
water soluble laser dyes in green-yellow region because of the superior thermo optical properties
and the excellent safety factor associated with water over organic solvent for high power and
high repetition rate dye lasers.*® But the potential drawback with organic dyes in water is their

tendency to aggregate, ™’

which include multichromophoric interaction that alter the color quality
and quench the fluorescence. In principal these problem can be attenuated by supramolecular
encapsulation strategy that isolate individual dye molecules and prevent self aggregations or
similar interaction with chemical environment. Macro-cyclic host have the potential to increase
the solubility of poorly soluble or insoluble guest molecules by forming inclusion
complex. 138139 The possibility to form complexes with chromophoric guest molecules** and

their by improve their fluorescence properties**

remains an important application area of
supramolecular chemistry.’® There are several known dyes in green-yellow spectral region.
Among them relatively recent Bodipy dyes are the most attracting dyes for laser study due to its
good photostability, low triplet-triplet extinction coefficient and low inter system crossing
rate.”*1*%" However, Bodipy dyes, except PM556, have very low solubility in water. A few water

soluble Bodipy dyes have been reported recently, but their host-guest interaction study is rarely

reported.

Host-guest supramolecular system is ideal platform to control photo-physical and
photochemical properties of organic dyes and their interaction with biomolecules. It is well
known that the weak intermolecular forces (electrostatic interaction, hydrophobic interaction,
hydrogen binding, vender Waals forces, donor-acceptor interaction) are of primary importance in

supramolecular host-guest chemistry.**? The selected host molecule in the present study are
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cucurbit[7]uril. The cucurbit[7]urils are pumpkin shaped, highly symmetrical and rigid
molecules with an extremely nonpolarizable cavity.'*® They are capable of forming strong
complexes with positively charged molecules by coordination of cationic sites with their portals

and /or immersing organic residues in their hydrophobic cavities.****’

Previously it has been reported that introduction of ionic hydrophilic groups™®'#*

(carboxylic acid, phosphonic acid, sulphonic acid and ammonium salt) on Bodipy core increases
solubility of Bodipys in water. But still these new dyes gave a small Stokes shift. Compare to
other known Bodipy molecules, dye 17 where 2, and 6 positions have bulky t-butyl group
facilitating larger Stokes shift and more photostability.1%?¢** In this context, we report here our
attempts to design new congeners of Bodipy dyes with t-butyl nitrogen atom instead of t-butyl
carbon atom at 2 or 6 positions via formation of two different ammonium salts (dye 63 and 64) to
improve its important characteristics such as solubility in water as well as larger Stokes shift and
fluorescence intensity via host-guest interaction study. Moreover, we have carried out study of

dye 64 using calf thymas DNA in phosphate buffer at pH 7.4.
5.2 Experimental:
5.2.1 Synthesis:

4,4-Difluoro-1,3,5,7,8-pentamethyl-2-nitro-4-bora-3a,4a-diaza-s-indecene (61): To cooled
(0°C) HNOs (8.5 ml, 42%) was added dye 18 (100 mg, 0.38 mmol), and the resulting orange
mixture stirred at 0°C for 1.5 h. After that the mixture was filtered, washed with H,O (4 x 10 ml)
and dried under vacuo. Then the column chromatography of the residue (silica gel,
hexane/EtOAc) furnished 61. Yield: 95 mg (81.5%); orange needles (CHCls/hexane); Mp:

250°C; IR (KBr): 1338, 1481, 1531, 1568 cm™; 'H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =
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2.49 (s, 3H), 2.59 (s, 3H), 2.70 (s, 3H), 2.71 (s, 3H), 2.80 (s, 3H), 6.29 ppm (s, 1H); *C NMR
(50 MHz, CDCl3, 25°C, TMS): 6 = 14.1, 14.3, 15.1, 17.6, 18.0, 125.2, 132.0, 136.0, 143.7,
146.8, 147.6, 162.5 ppm; EI-MS m/z (%): 307.1 (26) [M]", 308.1 (100) [M + 1]"; elemental
analysis calculated (%) for C14H16N3BF,0,: C 54.75, H 5.25, N 13.68; found: C 54.35, H 5.12, N

13.77.

2-Amino-4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indecene  (62): To a
solution of 61 (0.33 mmol) in methanol (20 ml) were added HCO,NH, (0.33 mmol) and Zn-dust
(0.33 mmol), and the mixture stirred for 10 min when the orange solution turned dark pink. The
reaction mixture was eluted through cellite, the eluate concentrated in vacuo, and the residue
column chromatographed (basic alumina, hexane/ EtOAc) to furnish 62 as brown solids. Yield:
72 mg (80%); Mp: >300°C; IR (KBr): 1492, 1562, 2965, 3368, 3448 cm™*; *H NMR (200 MHz,
CD30D, 25°C, TMS): 6 = 2.28 (s, 3H), 2.38 (s, 6H), 2.43 (s, 3H), 2.59 (s, 3H), 5.96 ppm (s, 1H);
3C NMR (50 MHz, CDCl3, 25°C, TMS): 6 = 12.7, 14.1, 16.4, 17.0, 17.6, 119.6, 125.2, 128.4,
130.8, 138.1, 139.1 ppm; EI-MS: m/z (%): 277.2 (100) [M]*, 278.2 (84) [M+1]". elemental
analysis calculated (%) for C14H1gN3BF,: C 60.68, H 6.55, N 15.16; found: C 60.93, H 6.56, N

14.90.

Compound 63: To a solution of 62 (28.7 mmol) in dry DCM (60 ml) were added HCI gas from
a mixture of sulfuric acid and HCI solution and stirred for 10 h till the coloured solution turned
precipitated. The reaction mixture was washed with DCM and dried in vacuo. The residue
furnish 63 as brown solids. Yield: 60 mg (60%); *H NMR (200 MHz, CD;0D, 25°C, TMS): & =
2.45 (s, 3H), 2.50 (s, 9H), 2.70 (s, 3H), 6.30 (s, 1H); Mp: >300°C; *C NMR could not be

possible due to low solubility.
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Compound 64: A mixture of 62 (100 mg, 0.36 mmol) and Mel (5 ml) in a sealed tube was
heated at 40°C for 3 d. Excess Mel was removed under vacuo and the residue purified by column
chromatography (C-18 silica gel, methanol) to obtain 64. Yield: 42 mg (26%); Mp: >300°C; IR
(KBr): 1417, 1431, 2832, 2941 cm™; *H NMR (300 MHz, (CD3),SO, 25°C, TMS): 6 = 2.49 (s,
6H), 2.66 (s, 3H), 2.71 (s, 3H), 2.76 (s, 3H), 3.69 (s, 9H), 6.51 ppm (s, 1H); *C NMR (125 MHz,
(CDs),S0, 25°C, TMS): 6 = 16.4, 16.7, 17.9, 18.6, 58.5, 125.0, 129.0, 129.4, 134.2, 134.9, 139.3,
145.1, 147.3, 160.8 ppm; EI-MS: m/z (%): 447.2 (100) [M]". elemental analysis calculated (%)

for C17H25BF2IN3: C 45.67; H 5.64; N 9.40; found: C 45.35; H 5.87; N 9.23.

5.2.2 Theoretical calculations:

The theoretical calculations were performed using the GAMESS™ electronic structure
program with the standard 6-31G* basis sets for all the atoms. The density functional theory
(DFT) with B3LYP™®"®% exchange correlation functional has been employed for the
optimization of the structures. No symmetry constraint has been imposed to obtain the optimized
structures of the molecules, considered in this work. The excited states calculations were carried
out using time-dependent variants of DFT (TDDFT).**" For the structural optimization,

polarizable continuum model**® has been used to include the effect of solvent (methanol).

5.2.3 Gel electrophoresis:

A mixture of 2.4 pl of supercoiled pBR322 DNA in separate as well as with 3 pl and 6 pl
of each stock solution of dye 64 (0.2 mM in D,O and H,0) and remaining 17.6, 14.6 and 11.6 pl
PBS (pH 7.4) solution of D,O and H,O was added to make total solution of 20 ul. Out of which
half of the solution mixture of each sample were irradiated under an white light intensity of 0.77
mW /cm®of for 1h. After that, 2 pl of gel loading buffer was added to irradiated and dark

solution and mixed well. Now 2 ul of each solution of irradiated and kept in dark for 1h was
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subjected to agarose gel (1%) electrophoresis (Tris/acetic acid/EDTA buffer, pH 8.0) at 80 V for
about 1.5 h. The gel was stained with mg/lI EB for 30 min., and then analyzed with a Gel Doc XR
system (Bio-Rad).The same experiment was performed of dye 64 with reactive oxygen species
(ROS) scavenger NaN3 in absence and presence of light.

5.3 Results and discussion:
5.3.1 Synthesis:

Both BODIPY dyes were synthesized starting from unsubstituted PM546 (18). Reaction
started with controlled nitration of starting reactant dye 18 using dilute nitric acid (45%) to
obtain 2-nitro Bodipy (61). Presence of singlet of one proton instead of two at delta 6.29 in
proton NMR and peak at 1388 cm™ in IR spectra corresponds to nitro group confirmed the
formation of dye 61 as shown in Figure 5.3.1.1a-b. Followed by catalytic hydrogenation transfer

of dye 61 afford amino dye 62 (Scheme 5.3.1.1).

= X ~ X = X
Q N _a Q N no, 2 S NN,
N\B/N\ N N N\B/N\
/\ /\ /\
F F F F F F
61
18 < 62
d
%
S X ® S
N N NH; Cl e g N4
N\B/N\ \ N New N\_
/N B~
F F F/ \F
63
64

Scheme 5.3.1.1: Synthesis of dyes 63 and 64 (a) HNOs, 0°C, 1.5 h; (b) HCO,NH,4, Zn-dust,

MeOH, 25°C, 10 min; (c) HCI, DCM 10 h; (d) Mel, 40°C, 3 days
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Two bands at 3368, 3448 cm™ corresponds to primary amino functional group due to N-H
stretching in IR spectrum gives identification of formation of 62. From dye 62 two separate
reactions were allowed to take place. One by passing HCI gas into solution of amino dye 62
followed by washing with dry DCM to make quaternary ammonium HCI salt (dye 63). *H NMR
predicted downfield shift (Figure 5.3.1.2) for all protons in comparison to its precursor amine
dye 62 after HCI addition reaction indicate the formation of cationic form which leads to
electron deficient and more deshielded than dye 62 confirms the formation of dye 63. In another
reaction trimethyl ammonium iodide salt (dye 64) was synthesized by N-alkylation of dye 62
with methyl iodide. In *H NMR, formation of new singlet of 9 -CHj protons at & 3.69 in addition
of all characteristics peak of 63 (Figure 5.3.1.3a-b) confirmed the formation of dye 64. However
host 50 was synthesized according to reported procedure.”** Purity of the synthesized

compounds was checked by *H/ *C NMR, mass spectroscopy.
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Figure 5.3.1.1: Dye 61 (a) *H NMR spectrum (b) **C NMR spectrum
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Figure 5.3.1.2: (a) *H NMR spectrum of 62
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Figure 5.3.1.3: (a) 'H NMR spectrum of 64, (b) **C NMR spectrum of 64

5.3.2 Photo-physical study:
5.3.2.1 Absorption study:

The photo-physical properties of the dyes 18, 63 and 64 in methanol and water in presence
and absence of host 50 were presented in Table 5.3.2.1.1. A strong So—S; transition (4ps) at 493
nm and a mirror image fluorescence spectrum with Aey, at 504 nm were observed with dye 18 in
methanol. With dye 63 and 64, the maxima of Ay was blue-shifted by 17 and 11 nm,
respectively, while the Aem was red-shifted by 16 nm of dye 64 only, increasing the Stokes shift to

29 and 38 nm of dye 63 and 64 in water, respectively vis-a-vis that (11 nm) of 18.
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Table 5.3.2.1.1: Photo-physics of the dye 18, 63 and 64 in methanol and water in presence and
absence of the host CB[7] (50)

Dye Solvent v o M Mm@ T kS, ke (sT),

*(dye:50) (cm™ (nm) (nm) (ns) (10° (109
18 Methanol 443 493 504 0.99 6.16 16 0.016
(1:0)

63 Water 1206 476 505 0.02* 030 0.7 32.67

(1:0)

63 Water 933 485 508 0.1 039 26 23.07

(1: 50)

64 Water 1517 482 520 0.4° 252 1.6 2.38

(1:0)

64 Water 1517 482 520 045 296 1.5 1.86

(1:50)

*(Dye:50) in molar ratio
[a] and [b] Determined using ®;=0.76 for dye 18 in water as the reference; Aexc=470 nm [c] The

values of k; and kn, were calculated using the following equations: k; = ®z / 1, Knr = (1-®5) / 14,

assuming that the emitting state is produced with unit quantum efficiency

Both new dyes 63 and 64 were cationic salt even then show different behavior in
absorption peak maxima. This might be because of different substitution at nitrogen atom. Dye
64 has electron donating methyl group which balance the counter ion while in case of dye 63
hydrogen atoms facilitates more electropositive effect on nitrogen atom. For better optical
properties, host-guest interaction study of dye 63 and 64 with the host CB[7] (50) has been
performed in aqueous solution. Absorption maxima of dye 63 initially increases with
bathochromic shift till addition of 50% host 50 then slowly decreases with further addition of 50
in continuation of bathochromic shift. The peak maximum was shifted from 476 to 485nm (~ 9
nm) of dye 63 upon addition of 50. While no shift was observed in absorption peak maximum of

dye 64 with addition of 50. Both the dyes showed no change in absorption spectra after addition
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of 50 times higher concentration of the host 50 with respect to dyes. Absorption spectra of dyes

63 and 64 were shown in Figure 5.3.2.1.1.

03{ a 03l ? - 0.3 _
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o) 3 a ® o 3
5 p 3
0.1 0.1 0.1
T o o o ) — ; o 0G0 450 500 550
360 420 480 540 600 360 420 480 540 A (nm)
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Figure 5.3.2.1.1: Steady state absorption spectra of (a) Dye 63 (30 uM) with increasing
concentration of 50 upto 50% addition (0.75mM), (b) Further addition of 50 (1.5mM), (c) Dye

64 (10 uM) with increasing concentration of 50 upto 50 uM.

To know the stiochiometry of the complex of dye with the host 50, absorption peak
maxima of aqueous solutions of the dye were measured by varying mole-fraction concentrations
of 50, while maintaining the total concentrations of dyes and 50 constant. The peak absorption
maxima values of dye solutions were correlated by the continuous variation method of Job’s plot
(Figure 5.3.2.1.2), which showed maxima at a value of 0.5 for [50] / ([50] + [dye 63]), indicating

1:1 binding stoichiometry. The same result was observed for dye 64 with the host 50.
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Figure 5.3.2.1.2: Job's plot with complexes of (a) dye 63 and (b) dye 64 with the host 50.

Symmetric plot with maxima at 0.5 mole fraction indicates the 1:1 inclusion complex formation.

Since dye 62 was initially non fluorescent, but become fluorescent after addition of HCI to
make quaternary ammonium HCI. It was found that HCI salts have dynamic equilibrium between
neutral and cationic forms of the dye 63 in aqueous solution as we explained in case of coumarin
1 dye (previous chapter). Therefore, acidity constant (pK,) value was calculated. The
measurement of the acidity constant (pK,) of the aqueous solution of the dye 63 was carried out
by UV-vis spectrophotometric titrations, which gave a value of pK, = 3.5 (Figure 5.3.2.1.3).
Therefore, we have used dye 63 in water with addition of HCI at pH = 3.0, so that most of dye

molecules are in cationic form.
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Figure 5.3.2.1.3: Plot of absorbance at peak maxima vs. pH of dye 63 in water with addition of

acid. pKa value of dye 63 is 3.5

5.3.2.2 Steady state fluorescence studies:

Fluorescence spectra of dyes 63 and 64 showed negligible shift upon addition of 50. Dye
63 showed ~7 fold enhancement in its fluorescence intensity with addition of 50 (Figure
5.3.2.2.1a). While dye 64 gave slight increase in its fluorescence intensity even after addition of
fifty times higher concentration of host 50 (Figure 5.3.2.2.1b). It was also observed that the
fluorescence quantum yield of dye 63 in water is very poor (0.02) which increased five times
upon complexation with 50. Since dye 64 itself gave good fluorescence quantum yield (0.4) in
water and with higher concentration of 50 it showed negligible change in fluoresce intensity
which suggested that host 50 did not play an important role in improvement of its fluorescence
intensity with complex formation. This might be due to the presence of bulky group at the
binding site of the dye (6 position) which make it more distorted in its excited state. The photo-

physical data of dyes were given in Table 5.3.2.1.1. Observable changes in the fluorescence
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intensity and a large enhancement with addition of the host 50 pointed towards the interaction

between dye 63 and host 50.
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Figure 5.3.2.2.1: Steady state fluorescence spectra of (a) dye 63 (30uM) with increasing
concentration of 50 from 0 to 1.5mM and (b) dye 64 (10uM) with increasing concentration of 50
from 0 to 50uM. INSET: Binding constant plot of dyes with addition of 50 in aqueous solution.
The solid line represents the best fit of the data corresponding to 1:1 inclusion complex showing

binding constant k of 4.4 x 10° M™ and k of 2.12 x 10° M™ for dyes 63 and 64, respectively

The binding constant of the dye 63 with 50 was determined by a nonlinear fitting of the
observed increases in its fluorescence intensity (Alf) as a function of host 50 concentration using
a 1:1 complex formation equation reported earlier which yielded average equilibrium binding
constant (k) to be (4.4 + 0.1) x 10> M™ (inset of Figure 5.3.2.2.1a). The formation of a 1:1
Dye:50 complex and its k value was also verified by checking linearity in double reciprocal
plot*®! using inverse of changes in observed fluorescence intensity [1/(Iobs — )] with inverse of

concentration of the host, 1/[50].

However in case of dye 64 due to the negligible enhancement in fluorescence intensity

with addition of 50, the binding constant of dye 64 with the host 50 was performed by NMR
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titration method.'*® Where observable changes in its peak intensity with addition of host 50 for a
particular methyl proton revealed binding of interaction. The plot of concentration of 50 (in
moles/kg) vs. change in chemical shift in Hz for o proton of methyl (labeled as 7 in Figure
5.3.4.1) at a fixed concentration of dye 64 in water was plotted. From the intercept we calculated

binding constant of dye 64 with 50 to be k = 2.12 + 0.1 x 10° M (inset of Figure 5.3.2.2.1b)

5.3.2.3 Time resolved fluorescence studies:

The fluorescence life times of both dyes were calculated from observed mono and bi-
exponential decay of free dye and dye with host 50 in water at high concentration of dye:CBJ[7]
(1:50 ratio). The fluorescence decay plots of the dyes 63 and 64 in water were found to be mono-
exponential in nature, correspond to a lifetime 0.3 ns and 2.52 ns, respectively. Alternatively,
fluorescence decay curves of complexes of dyes 63 and 64 showed lifetime t; = 0.39 ns and 2.95
ns, respectively, with an uncertainty value + 0.02, at a high concentration of the host i.e., at about

1:50 molar ratio of dye:50 (Figure 5.3.2.3.1a and 5.3.2.3.1b).

—— dye 64/ water
1000+ —— dye 63/water —— dye 64/host 50/ water
L) —— Fitting 1000 4 — IR
CC-’ —IR w — fitting
c —— dye 63 / host 50] /water g
2 £
[T) ©
- 1001 < 100
S S
< )
c
10 10 -
5 10 15 20 25 0 15 30 45

Figure 5.3.2.3.1: Experimentally measured fluorescence lifetime decay of the dye (a) 63 and (b)

64 in water with high concentration of host 50 (dye: 50=1:50)
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It was observed that dye 63 gave 1.3 times enhancement in its fluorescence life time upon
complexation and dye 64 showed only 1.17 times. This observation indicated that dye 63 formed
stronger inclusion complex with the host 50 than dye 64. This was in agreement with our
previous result.

5.3.3 Theoretical Study:

Photophysical studies of dyes 18, 63 and 64 showed larger Stokes shift of the dye 64 in
water than dye 63 and 18 (Table 5.3.2.1.1). In order to rationalize the high Stokes shift of the
new dye 64, the ground state (Sp) geometries (Figure 5.3.3.1a) of the dyes 18 and 64 were
optimized by density functional theory (DFT). The calculated dihedral angles of the dyes (Figure
5.3.3.1b) revealed a highly twisted structure of dye 64 as compared to dye 18. The pyrrole ring,
containing the MesN group was more twisted than the other parts. The distortion in the ground
state geometry of dye 64 may reduce the conjugation leading to the blue shifted absorption.
Conversely, the distorted excited state geometry of dye 64 is stabilized by dipolar relaxation with
the polar solvents. Hence its emission is red shifted compared to dye 18. Whereas dye 63 has

only NH3; moiety which is not that much distorted as dye 64 but more than dye 18.

a . Dihedral angle Dye 18 Dye 64
L s 4» . 9-10-11-12 3.49 4.89
P 7-8-9-10 0.01 0.47
3-2-1-12 0.07 4.38
5-4-12-11 1.06 3.52
e 5-6-10-11 0.11 1.65
10-11-12-4 1.97 5.72
6-10-11-12 2.53 3.26

Figure 5.3.3.1: (a) DFT-optimized Sy state geometry of dye 64 (b) Dihedral angles of the DFT-

optimized Sy states of 18 and 64.
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Taken together, the net effect of the steric distortion might be responsible for the high Stokes
shift of 63 and 64. The steric distortion factor can also account for the lower fluorescence vyield

and higher non-radiative decay rate of 63 and 64 compared to that of dye 18.

5.3.4 'H NMR study:

Proton NMR spectra of free dyes 63 and 64 and their complexes with 50, at 2 times higher
concentration with respect to dye, were measured which gave an idea about location of dye
molecules interacting with host 50. Methyl protons (1,2 and 6) of dye 63 showed broadened and
upfield shift by 0.214, 0.105, and 0.219ppm with 50 respectively and other methyl protons (3 and
5) showed downfield shift by 0.189 and 0.196ppm, respectively. Further proton 4 remains
unshifted. This indicated that dye 63 might be interacting via cationic site with the host 50.
Aromatic part of the dye 63 may be inside the cavity via hydrophobic interaction and cationic
nitrogen atom interacting with carbonyl portals of 50. It may be mantion that proton peak of N-H
of dye 63 is absent. However, in case of dye 64 which has three methyl protons in place of
hydrogen atom of ammonium salt, it gave distinct peaks in *HNMR spectra and are more
reasonable to throw light on the geometry of the dye-CB[7] complex. Here, methyl protons
labeled as 1, 2 and 6 were broadened and upfield shifted by 0.09-0.16 ppm and protons of
trimethyl ammonium salt (labeled as 7) showed large (~0.2ppm) upfield shift. This suggested
that cationic part has ion dipole interaction with carbonyl portals and these methyl protons are
near to the portals. Upfield shift and broadening of protons of the dyes suggested that aromatic
part might be inside the cavity and cationic ammonium ion at the portals of both dyes. Further
formation of 6 peaks instead of 5 of all aromatic methyl protons of dye 5 suggested that proton 2
splits into two peaks due to the asymmetric orientation with respect to protons at 2/6 position.

Therefore, we observed upfield shift and broadening of protons of both dyes upon interaction
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with CB[7]This indicates that both dyes have same geometry upon interaction with the host 50.

'H NMR spectra of dyes 63 and 64, in absence and presence of 50, were shown in Figure 5.3.4.1.
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Figure 5.3.4.1: "H NMR spectra of dye 63 and 64 (taken at a fixed concentration) with 1:2 ratio

concentration of the host CB[7] (50) in D,O

5.4 DNA Binding study of Dye 64:

DNA is one of the main target for biological applications such as used to design antitumor
drug or to understand toxic mechanism of harmful chemicals etc.®® which can be justified by
study of its photo-physical properties on interaction with DNA. New dye 64 has cationic
property as well as good solubility in water even though not suitable for good bzinding with the

host 50. Though several BODIPYs or aza-BODIPYs bearing either quaternary ammonium

23c,151

groups or protonatable pyridyl groups were investigated as potential PDT agents, there are

-149 -



very rare reports on the interactions of cationic BODIPYs and DNA up to now, which is believed
to be helpful for better understanding of their PDT mechanism by photochemistry. To this end
here we present study of electrostatic binding of dye 64 using calf thymas DNA in phosphate
buffer at pH 7.4.

5.4.1 Types of binding sites:

There are three types of binding sites of DNA with cationic dye molecules. (i)
Intercalation binding i.e. binding between stacked base pairs of DNA. (ii) Non-covalent grove
binding and (iii) Electrostatic binding to sugar phosphate skeleton of DNA. Owing to the
negatively charged character of DNA, a variety of positively charged dye molecules were
scrutinized as DNA photo-cleavers to take advantage of the attractive electrostatic interaction,
which may enhance the binding affinity of the dye molecules toward DNA and therefore
improve the bioavailability of the reactive oxygen species (ROS).'*

5.4.2 Photo-physical results:
5.4.2.1 Absorption study:

Dye 64 showed absorption peak maxima at 482 nm initially in phosphate buffer solution
with OD in the range of 0.2-0.3, which was sufficient for CT-DNA titration. Absorption spectra

of dye 64 (20 uM) with addition of DNA showed decrease in peak intensity (Figure 5.4.2.1.1)

but no shift in their peak maxima were observed upto addition of 0.1mM DNA.
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Figure 5.4.2.1.1: Dye 64 (a) absorption spectrum with addition of CT-DNA in phosphate buffer

solution at pH=7.4 and (b) Absorption plot for binding with CT-DNA. K}, = 3.66 x 10* mol™

Gradual decrease in absorbance with CT-DNA revealed that there was no intercalation
binding of dye 64 with DNA. These also indicated that dye would have rest types of binding
such as groove or electrostatic binding with DNA. From absorption titration, binding constant of

the dye with DNA was calculated (Figure 5.4.2.1.1b) by linear plot of [CT-DNAJ/ (g~ €,) Vvs.
DNA concentration and found to be K = (3.66 + 0.1) x 10* M,

5.4.2.2 Steady-state fluorescence study:

Similarly fluorescence titration of Dye 64 (20 uM) with addition of CT-DNA (upto 0.1
mM) in phosphate buffer solution was carried out. Initially fluorescence maxima was at 518 nm
and slowly decreased with addition of DNA (Figure 5.4.2.2.1a) which indicated that there is
some specific site where dye binds with DNA. Fluorescence quenching of the dye was observed
in presence of DNA. Thus, from fluorescence plot, fluorescence quenching constant was
determined by using Stern volmer equation and found to be Ky, = (6.86 + 0.1) x 10° M™ (Figure

5.4.2.2.1b).
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Figure 5.4.2.2.1: (a) Fluorescence spectra of dye 64 with addition of CT-DNA in phosphate
buffer solution at pH=7.4 and (b) Stern-Volmer fluorescence plot for quenching constant of dye
64 with CT-DNA. Kg= 6.86x10° mol™

These absorption and fluorescence results indicated that there might be either groove
binding or electrostatic binding of dye 64 with DNA. This was further understood by life time
study of dye with DNA.
5.4.2.3 Fluorescence life time study:

Fluorescence life time study was performed to confirm the electrostatic binding of dye 64
with DNA. The life time of pure dye (5uM) in phosphate buffer solution was determined to be
(r) 2.22 ns which increased to 3.27 ns in presence of DNA. This suggested that dye 64 definitely
have binding with DNA. But this would not explain whether it is groove binding or electrostatic
binding. Therefore, binding replacement study using NaCl salt via life time was carried out by
further addition of NaCl salt in the dye-DNA solution. Subsequent reduction of its life time from

3.27 ns to 2.69 ns showed electrostatic binding nature of the dye 64 with DNA (Figure 5.4.2.3.1).
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Figure 5.4.2.3.1: Fluorescence life time of Dye 64 (5uM) at pH 7.4 of phosphate buffer solution
5.4.3 DNA-Photo-cleavage activity:
5.4.3.1 Gel electrophoresis (Effect of 10,):

It has been well established that fluorescent dyes in solution produces singlet oxygen in
situ during excitation and energy transfer in triplet state via intersystem crossing which would be
useful for DNA photo-cleavage. The DNA photo-cleavage activity of dye 64 was characterized
by using pBR322 plasmid DNA as a target with two different concentrations (30 and 60uM) of
dye in H,O, in presence of singlet oxygen activator D,O and scavenger NaNj using gel
electrophoresis technique. Experiment was performed in presence and absence of light. On
irradiation for 1h, dye 64 lead to DNA cleavage from supercoiled circular form to nicked circular
form (Figure 5.4.3.1.1a). Control experiment showed that irradiation and presence of dye 64 was
necessary for DNA cleavage. However, it was found that presence of light and higher

concentration (60 pM) was more prone towards DNA cleavage upto 80% (Figure 5.4.3.1.1b).
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Figure 5.4.3.1.1: (a) Agarose gel electrophoresis showing the nuclease property of dye 64 in

H,0 and D,0; (b) Nuclease property of dye 64. The pBR322 plasmid DNA and the dye 64 (0-60
uM) in H,0 or D,O alone, or in conjunction with light (intensity: 0.77 mW /cm?) was incubated

for 1h, and the percentage of supercoiled DNA quantified. The values are mean £ S. E. M. (n =

5).
5.4.3.2 Effect of 'O, activator and scavenger:

To examine the effect of reactive 'O, species generated by dye 64 towards DNA photo-
cleavage with or without ROS scavengers, such as NaN3 in H,O and/or ROS activator D,0 in
presence of light, studies were carried out as shown in Figure 5.4.3.2.1. After irradiation for 1h,
the percentage of supercoiled DNA was reduced to 2% in absence of dye 64, while 48 % in
presence of 30uM dye and 77% in presence of 60uM dye in H,O. Whereas in presence of
activator (D,0) it was reduced to 13%, 75% and 95.5% in absence and presence of 30 and 60uM
dye, respectively. This observation showed that with increasing the concentration of dye 64 the
percentage of reactive oxygen species generated from dye increased which was responsible for
DNA photo-cleavage. This was also proved with NaN3 experiment which inhibited the photo-

cleavage activity of dye 64 markedly, and this indicates a 'O, mechanism for 64.
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Figure 5.4.3.2.1: Effect of 0, (a) activator (D,0) and (b) scavenger (NaN3) on the nuclease
activity of dye 64. The pBR322 plasmid DNA and the dye 64 (0-60 uM) in H,O or D,O alone or
in conjunction with NaN3 (100 mM) in H,O was exposed to light (intensity: 0.77 mW /cm?) for

1h, and the percentage of supercoiled DNA quantified. The values are mean £ S. E. M. (n =5)

In contrast, NaN3 can remarkably restrict the photo-cleavage activity of 64 (Figure
5.4.3.2.1b), which suggested that dye 64 exerts photo-dynamic activity through *O, mechanisms.
To the best of our knowledge, this is an example that BODIPY -type photo-sensitizer participates
in the damage of DNA which has not been reported so far. Thus, dye 64 is good photo-sensitizer
which produces singlet oxygen upon photo-exposure and responsible for photo-cleavage activity
of supercoiled DNA to nicked DNA.
5.4.3.3 Effect on human lung cancer:

Fluorescence microscopy measurement was performed using A549 cells after staining
with DAPI, dye 64 separately and also merged with each other. Result of fluorescence
microscopy showed a good uptake of dye 64 by the human lung cancer A549 cells (Figure

5.4.3.3.1). However, it was not cytotoxic to the A549 cells even up to 50 UM concentration, both
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under dark or photo-irradiation conditions. This may be due to its poor DNA-binding property

and accumulation in the cytoplasma, but not in the mitochondria of the A549 cells.

Figure 5.4.3.3.1: Fluorescence images of A549 cells after staining with (a) DAPI; (b) dye 64; (c)

overlay of the images.

5.5 Conclusion:

Taken together, improvement in photo-physical property of dye 63 upon complexation
with the host CB[7] (50) was observed. Dye 64 showed weaker binding than dye 63 with the host
CB[7] (50). However, good fluorescence quantum yield (40% in pure water) and large Stokes
shift of dye 64 showed promising applications of water based Bodipy dye as a sensitive and
efficient fluorescent probe in chemical and biological studies and probably in aqueous dye laser

area.
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6.1 Introduction:

This chapter deals with our studies on design, synthesis and characterization of red
emitting fluorescent BODIPY dyes with a large Stokes shift. A very few red emitting dyes are so
far reported from BODIPY class of fluorophores, but also the small Stokes shift issue is a real
problem. This is very often detrimental to its applications, such as in molecular probes or
intracellular fluorescence imaging. A small Stokes shift reduces the emission intensity by self-

absorption, or the inner filter effect.*®

A few reports are available with large Stokes shifted
Bodipy dyes,*** but rational design is still lacking.
6.2 Bodipy based fluorescent sensor:

BODIPY dyes have several attributes that make them good candidates as fluorescent
sensors in biological systems.™ Their spectroscopic and photo-physical properties can be finely
tuned by substitution on the dipyrromethene core. Dehaen and co-workers?® originally performed
systematic work on the reactivity of 3,5-dichlorinated BODIPY with carbon, nitrogen, oxygen,
and sulfur directed toward nucleophilic aromatic substitution (SNAr) and palladium-catalyzed
cross-coupling. Mono- and disubstituted products were prepared selectively by careful tuning of
the reaction conditions. The monochlorinated BODIPY derivatives could be modified further by
replacing the chlorine with a nucleophile. Unfortunately, the typical chemical modification of the
Bodipy core, i.e., substitutions at pyrrole ring and at the B-centre are not helpful at all in

increasing the Stokes shift.**®

The same problem persists with the extended n-conjugated Bodipy
frameworks, which leads to red-shifted absorption and emission. The most investigated method
for the red-shifted Bodipy dyes is the Knovenegel condensation.™” The resulted mono-, di- and

polystyryl Bodipys also have low Stokes shifts. Thus red shifted Bodipys with high Stokes shift

are urgent requirement. Although the large Stokes shift can be observed with the strategy of
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fluorescent-resonance-energy-transfer (FRET, Foster energy transfer), but strong self-absorption
is still a drawback of this method and the large Stokes shift is actually a pseudo-Stokes shift.*
6.3 Types of fluorescent sensor:

Fluorescent sensors are widely used for detection of protons and metals in several

10159 especially intracellular imaging.*® Indicators may be divided into three types:

applications,
(1) ones that are insignificantly fluorescent in the absence of analyte but are much more emissive
when it is present; (ii) the inverse, where fluorescence of the probe is quenched by the analyte;
and (iii) sensors which have observable spectroscopic differences when the analyte is present

compared to when it is absent.

location of sensor A
may be unclear K4
(i) L
activated - + o — .O e
on binding .
N
\
analyte sensor
A loss of signal
! - may be obscured

by background

quen(wiighed - + O ’____;_ e -O

on binding

) '
| K4 | 4
(iii) L L
changed - + O e .o I
on binding . Ny
1' \\ ! ‘\\
\J ¥

sensor

sensor and complex both observable

Figure 6.3.1: Fluorescent sensors may be (i) activated, (ii) quenched by analytes and (iii)
“always on” but change wavelength of fluorescence emissions on binding
The third type of sensor is “always on”; this is a significant advantage because it is clear

that the probe is present even if the analyte is not (Figure 6.3.1). Intracellular pH is a
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fundamental property that correlates with many events in cell biology. To measure this,
researchers tend to rely on subtle changes in sensors that are “always on”'***® for instance, they
observe emission intensities as a function of excitation wavelength.'***”> However, most of such
type of sensors do not change emission wavelength maxima as the pH is varied; but if they did,
they would be far easier to use. To this end, we rationally designed two different colored i.e.
orange and red Bodipy schiff bases, dye 67 and 68, respectively by extending the conjugation via
amino group at 2 and / or 6 position of dye 18.

6.4 Experimental:

6.4.1 Synthesis:

4,4-Difluoro-1,3,5,7,8-pentamethyl-2-nitro-4-bora-3a,4a-diaza-s-indecene  (61): Same as

discussed in previous chapter 5.2.1 section.

4,4-Difluoro-2,6-dinitro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indecen (65): Following
a similar procedure as for 61, compound 18 (100 mg, 0.38 mmol) was reacted with HNO; (1.7
ml, 70%) at 0°C, the resultant mixture poured into crushed ice, the precipitate filtered, washed
with cold H,O (4 x 10 ml) and dried under vacuo to get 65 as a orange solid. Yield: 90 mg
(67.0%); Mp: 279°C (1it.%® mp: 279-281°C); IR (KBr): 1338, 1487, 1534, 1568 cm™; 'H NMR
(200 MHz, (CD5),SO, 25°C, TMS): 6 = 2.39 (s, 9H), 2.59 ppm (s, 6H); °C NMR (50 MHz,
(CDs),S0, 25°C, TMS): 6 = 12.8, 13.8, 111.2, 111.4, 127.8, 128.8, 134.5, 135.4 ppm; EI-MS m/z
(%): 351.1 (100) [M-1]", 352.1 (14) [M]". elemental analysis calculated (%) for C14H15N4BF>04:

C 47.76, H 4.29, N 15.91; found: C 48.10, H 4.34, N 15.79.

2-Amino-4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indecene (62) and 2,6-
Diamino-4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indecene  (66): To a

solution of 61 or 65 (0.33 mmol) in methanol (20 ml) were added HCO,NH, (0.33 mmol) and
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Zn-dust (0.33 mmol), and the mixture stirred for 10 min when the orange solution turned dark
pink. The reaction mixture was eluted through cellite, the eluate concentrated in vacuo, and the
residue column chromatographed (basic alumina, hexane/ ethyl acetate) to furnish 62 and 66,

respectively as brown solids.

Compound 66: Yield: 80 mg (84%); Mp: >300°C; IR (KBr): 1485, 1536, 1566, 3410, 3540
cm’; 'H NMR (200 MHz, CDs0D, 25°C, TMS): 6 = 2.25 (s, 6H), 2.38 (s, 6H), 2.55 ppm (s, 3H);
3C NMR could not be done due to very poor solubility. EI-MS: m/z (%): 291.1 (96) [M-1]",
290.1 (100) [M-2]"; elemental analysis calculated (%) for Ci4H19N4BF,: C 57.56, H 6.56, N

19.18; found: C 57.86, H 6.44, N 18.99.

Compound 67 or 68: To a solution of 62 or 66 (0.26 mmol) in dry CH,Cl, (20 ml) were added
p-methoxybenzaldehyde (1 or 2 equiv.) and anhydrous Na,SO,4 (100 mg), and the mixture were
stirred at 25°C for 12 h and 24 h respectively. The reaction mixture was filtered, concentrated in
vacuo, and the residue column chromatographed (basic alumina, hexane/EtOAc) to furnish 67 or

68.

Compound 67: Yield: 25 mg (25%); red-brown solid; Mp: 214°C; IR (KBr): 1558, 1604, 2836
cm™: *H NMR (200 MHz, (CD3),CO, 25°C, TMS): d = 2.41-2.46 (m, 9H), 2.51 (s, 3H), 2.67 (s,
3H), 3.88 (s, 3H), 6.15 (s, 1H), 7.04 (d, J = 8.6 Hz, 2H), 7.90 (d, J = 8.6 Hz, 2H), 8.43 ppm (s,
1H); ®C NMR (50 MHz, CDCls, 25°C, TMS): 6 = 12.5, 13.8, 14.4, 16.6, 17.3, 55.4, 114.1,
120.9, 128.5, 129.3, 130.1, 131.0, 132.0, 140.4, 141.0, 143.0, 147.3, 153.1, 161.2, 162.3 ppm,;
EI-MS: m/z (%): 396.3 (100) [M]"; elemental analysis calculated (%) for CxH24N3BF,0: C

66.85, H 6.12, N 10.63; found: C 66.62, H 6.39, N 10.89.

Compound 68: Yield: 45 mg (31%); brown solid; Mp: >300°C; IR (KBr): 1417, 1448, 2858

cm’; *H NMR (200 MHz, CDCls, 25°C, TMS): 6 = 2.39 (s, 6H), 2.56 (s, 6H), 2.66 (s, 3H), 3.87
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(s, 6H), 7.00 (d, J = 8.6 Hz, 4H), 7.86 (d, J = 8.6 Hz, 4H), 8.25 ppm (s, 2H); *C NMR (50 MHz,
CDClg, 25°C, TMS): 6 = 12.5, 13.8, 55.5, 100.1, 114.2, 128.3, 129.3, 130.1, 131.1, 161.1, 162.2
ppm; EI-MS: m/z (%): 509.4 (40) [M-19]", 528.4 (37) [M]", 529.4 (100) [M+1]"; elemental
analysis calculated (%) for C3oH31BF,N4O,: C 68.19, H 5.91, N 10.60; found: C 68.31, H 6.17, N

10.35.
6.4.2 Theoretical calculations:

The methodology of theoretical calculations was similar as discussed in previous chapter

(section 5.2.2) and detail in chapter 2.
6.5 Results and discussion:
6.5.1 Synthesis:

The new dyes, 67 and 68, were synthesized from 2,6-unsubstituted Bodipy dye, PM546
(18). At first, the nitration of the dye 18 at the C-2 and C-6 position was studied. This reaction
can nicely be controlled using the diluted (45%) and concentrated HNO3; which furnished
exclusively the 2-nitro (61) and 2,6-dinitro Bodipy (65) respectively (Scheme 6.5.1.1). These
dyes, 61 and 65 were successively reduced to amino dyes 62 and 66 respectively via catalytic
hydrogen transfer same as discuss in previous chapter. The schiff bases 67 and 68 were
synthesized by the condensation of 62 and 66 respectively with p-methoxybenzaldehyde

(Scheme 6.5.1.2).

61. Rj_: H; R2: N02 62. Rl =H; R2: NH2
65. R2= NOZ, R2= N02 66. R2= NHZ! R2: NH2
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Scheme 6.5.1.1: Synthesis of the dyes 65 and 66 (a) HNO3, 0°C, 1.5 h; (b) HCO,NH,, Zn-dust,
methanol, 25°C, 10 min.

Both the dyes, 67 and 68 were unambiguously characterized by NMR, IR, CHN and mass
spectroscopy. For example, the dye 67 was confirmed by the imine proton peak at 8.29 ppm and
C-6 proton peak of the BODIPY core at 6.09 ppm in the *H NMR spectrum (Figure 6.5.1.3a).
The phenyl ring exhibits two doublets of an AA'BB' system at 7.05 and 7.90 ppm. The BODIPY
methyls resonate at 2.43, 2.46, 2.56, 2.60 and 2.67 ppm, and the methoxy methyl group resonate

at 3.92 ppm. NMR spectrum of dye 65, 66, 67 and 68 were shown in Figure 6.5.1.1-6.5.1.4

p-Methoxybenzaldehyde
62 >
Na,SO,, CH,Cl,, 25 °C

p-Methoxybenzaldehyde
66 >

Na,SO,, CH,Cl,, 25 °C
294 212 MeO@—/

Scheme 6.5.1.2: Synthesis of the dyes 67 and 68.
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Figure 6.5.1.1a: *H NMR spectrum of dye 65 in CD;0D
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Figure 6.5.1.1b: **C NMR spectrum of dye 65 in CD;0D
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Figure 6.5.1.4b: **C NMR spectrum of 68 in CDCl;
6.5.2 Photo-physical properties:

The salient photo-physical properties of the dyes 18, 67 and 68 in methanol are presented
in Table 6.5.2.1. The normalized absorption and emission spectra are also shown in Figure
6.5.2.1. A strong Sp—S; transition (daps) at 493 nm and a mirror image fluorescence spectrum
with 1em at 504 nm were observed with 18. With the dye 67, the Jas Was blue-shifted by 11 nm
while the Jem was red-shifted by 16 nm, increasing the Stokes shift to 38 nm vis-a-vis that (11
nm) of 18. Imine functionalities of the dyes 67 and 68 facilitated to shift the absorption and

emission band of the dyes towards lower energy than 18 due to the extended conjugation.
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Table 6.5.2.1: Selected optical properties of dyes 18, 67 and 68 in methanol at 25°C

Dyes  Aws &€ X10*  Aem v T ®; ki, Knt®

(nm)  (M*em™) (nm)  (cm®  (ns) (10°shy (10" s
18 493 7.90 504 443 616 099 16 0.16
67 526 1.58 579 1740 216 0.04% 0.2 44.4
68 562 1.14 610 1400 1.79 0.07° 04 51.9

[a] Determined using @; = 0.48 for PM 597 in methanol as the reference; Lexc=500 nm.*** [b]
Determined using @; = 0.913 for RH 101 in ethanol as the reference; Ae=540 nm.}"® [c] The
values of k; and knr were calculated using the following equations: k; = ®s /15, knr = (1-®5) / 14,

assuming that the emitting state is produced with unit quantum efficiency.

The Japs (526 nm) and Aem (579 nm) of dye 67 are red shifted by 33 nm and 75 nm,
respectively than 18. Thus the Stokes shift (1740cm™(53 nm)) of dye 67is ~5 fold than that of
18. The dye 67 has beautiful orange fluorescence although ®s is very low (4%). Similarly the Aaps
and Jem of the dye 68 are 562 nm and 610 nm, respectively. The Stokes shift (48 nm) is ~4.5 fold

than that of 18. The dye 68 has very low red fluorescence (O = 0.07).

-169 -



0.D. (a.u.)
Flu. (a.u.)

450 500 550 600 650
A (nm)

700

Figure 6.5.2.1: Normalized absorption (—) and fluorescence (- -) spectra of dyes 18, 67 and 68

in methanol
6.5.3 Effect of solvent polarity:

To see the effect of solvent polarities in the photo-physical properties of dyes 67 and 68,
Japs @and Aem Of both the dyes were recorded in different polar and non-polar solvents (Table
6.5.3.1). It is interesting that A,s Of both the dyes showed negative solvatochromism with
increasing the solvent polarity. In case of dye 67, Japs IS 16 nm blue shifted in methanol than that
of in toluene. This blue shift is more in case of dye 68 (21 nm). The more stability of the ground
state of both the dyes in polar solvents may be the reason for this negative solvatochromism. It is
important to note that there is no effect on the Ay of both the dyes on solvent polarities. As a
result, Stokes shift of both the dyes are more in polar solvents than that of in non-polar solvents

that would be useful in tuning the Stokes shift by merely changing the solvent polarities.
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Table 6.5.3.1: A, Aem and v of 67 and 68 in different solvents at 25°C

Solvent Dye 67 Dye 68

ﬂ«abs Arem v 1 labs ﬂ«em v 1

(hm) (hm)  (em™)  (m)  (nm)  (cm?)
Methanol 526 579 1740 562 610 1400
Ethanol 529 583 1751 570 611 1177
Acetonitrile 529 579 1632 571 611 1146
n-Hexane 540 578 1217 581 611 845
Toluene 542 581 1238 583 617 945

6.5.4 Theoratical study:

In order to rationalize the high Stokes shift of the new dyes 67 and 68, the geometry of
the molecules at the ground state (S, state) and the S; excited state in methanol was optimized by
density functional theory (DFT) method. The ground state (So) geometry of dye 67 was shown in
Figure 6.5.4.1a. The dihedral angle between the imine substituent and the BODIPY moiety (C12-
C13-C35-C36) is 42.5°. However, HOMO is spread over both the BODIPY and the imine
moiety (Figure 6.5.4.3a), indicating that the m-conjugation between the imine moiety and the
BODIPY core is remarkable even when the two moieties are not fully coplanar. This efficient -

conjugation shifts the color of the dye towards red side.

Figure 6.5.4.1: DFT-optimized structures of dye 67 (a) Sy state and (b) S; state
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The S; state geometry optimized in methanol solvent is shown in Figure 6.5.4.1b. The
most prominent difference between the Sp and S; state geometry is the dihedral angle between
the BODIPY core and the imine moiety. Compared to the dihedral angle at Sy state geometry
(42.5°), the imine moiety become more coplanar at the optimized S; excited state, for which the
dihedral angle is 18.9°. This geometry relaxation upon photo-excitation imparts remarkable

effect on the energy level of the molecular orbitals which ultimately increases the Stokes shift.

(b)

Figure 6.5.4.2: DFT-optimized structures of dye 68 (a) Sy state and (b) S; state

In case of dye 68, the HOMO is also spread over both the BODIPY (Figure 6.5.4.3b) and
the imine moieties in the Sy state, indicating that the m-conjugation between the imine moieties
and the BODIPY core which red shifted the color of the dye. In the ground state (So) (Figure
6.5.4.2a) of dye 68, the dihedral angles between the imine substituents and the Bodipy moiety
i.e. C12-C13-C38-C39 and C4-C5-C35-C36 are 42.8° and 37.4° respectively which reduce to
27.2° and 31.6° respectively in S; state (Figure 6.5.4.2b). Thus, in this case also the molecular

geometry relaxes upon excitation which ultimately increases the Stokes shift.

(@) (b)

Figure 6.5.4.3: DFT-optimized HOMO of (a) dye 67 and (b) dye 68
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6.6 Use of dyes 67 and 68 as a proton sensor:

Because of the importance of pH measurement in various applications, optical pH sensors
have attracted significant attention. Various organic dyes including the BODIPY fluorophore
have been used to construct these optodes. The BODIPY-based fluorescent indicators have
recently been highlighted in an excellent review.**** As the potential application of these dyes,
their pH sensing abilities were tested. They were expected to act as colorimetric H* sensor as the
imine bonds are known to be very sensitive to the acid environment. Thus with increasing
addition of H*, imine bond get cleaved and converted to the corresponding amine and then to the
chloride salt. This conversion can nicely be identified by the change in the absorption and

fluorescence spectra.

6.6.1 Absorption study:

Absorption titration was performed in ethanol with HCI and shown in Figure 6.6.1.1a.
Addition of increasing concentrations of H* ion (HCI) to the dye 67 resulted in a dramatic color
change from pink to yellow (Figure 6.6.2.1a), associated with a gradual decrease of the Aaps at
529 nm and simultaneous growth of a new strong absorption band centered at 495 nm, which

was shifted to 490 nm on addition of more H* (Figure 6.6.1.1b).
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A (nm)

Figure 6.6.1.1: (a) Absorption spectrum of dye 67 (27.8uM) with addition of HCI in ethanol. (b)

Change in absorption of dye 67 at 529 nm and 490 nm in the reaction with different conc. of HCI

Evidently, the dye 67 initially gets converted to the precursor amine 62, and then to the

corresponding chloride salt. This reaction was very fast, and the changes in the absorption peak
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at 490 nm and 529 nm reached their respective plateau values in 80 sec (Figure 6.6.1.2).
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Figure 6.6.1.2: Time-dependent absorption changes of 67 (27.9 uM) in presence of HCI (1.4

MM) in water () Amax = 490 nm; (b) Amax = 529 nm
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In case of the dye 68, the two imine bonds got cleaved sequentially with the addition of
H*, resulting in a gradual conversion of the lus at 570 nm to 525 nm corresponding to the

monoimine dye, and ultimately to 495 nm for the chloride salt of 66 (Figure 6.6.1.3).

0.9
(b) .
°
J 496 nm @
0.6 - o°
S M
0.3-0\‘1-. .
556 nm " n
°
0.0 T ' . . : 0.0.r T . T
400 450 500 550 600 650 0 75 150 225
A (NM) Conc. of H* (107 M)

Figure 6.6.1.3: (a) Absorption spectrum of dye 68 (35uM). (b) Change in absorption of dye 68

at 556 nm and 496 nm in the reaction with different conc. of HCI

6.6.2 Steady-state fluorescence study:

In the fluorescence titration, the low orange fluorescence of the dye 67 changes to
greenish yellow with increase in intensity. The Aem of dye 67 (579 nm) blue shifted by 70 nm,
which makes the quantitative measurements more easy and accurate (Figure 6.6.2.2). The colour
and fluorescence changes of the dye 67 solution is distinctly visible (Figure 6.6.2.1b) in the
entire test concentration range (pH 1.8-7.4). Further, the exaggerated blue shift (70 nm) of Aen

(580 nm) would provide more accurate quantitative measurements of pH (Figure 6.6.2.1a).
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Figure 6.6.2.1: (a) Fluorescence titration plot of dye 67 (b) H* sensing by the dye 67 (27.8 uM)
solution in ethanol was titrated with 0 uM, 0.2 uM, 0.5 uM, 1.2 uM aqueous HCI (i to iv) under

visible and UV light.
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Figure 6.6.2.2: Change in Fluorescence of dye 67 (a) at 583 nm and (b) 509 nm in the reaction
with different conc. of HCI

Similarly low red fluorescence of the dye 68 converted to greenish yellow fluorescence
(Figure 6.6.2.3b). The Aem peak at 610 nm of dye 68 decreases gradually and the peak at 517 nm
increases (Figure 6.6.2.4), this wide difference in colour will be very helpful to measure the H”
concentration very accurately. The change of fluorescence colour of the dye 68 solution from a

week red (pH 8.2) to greenish yellow (pH 0.6) is also distinctly visible. The fluorescence spectra
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and change in fluorescence peak intensity with acid were shown in Figure 6.6.2.3a and Figure

6.6.2.4.
800. (a) (b) | I ] v
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600+
£
=400-
E
i UV light

Figure 6.6.2.3: (a) Fluorescence titration plot of dye 68; (b) H" sensing by the dye 68 (35 pM)
solution in ethanol was titrated with 0 uM, 3.2 uM, 9.5 uM, 19.2 uM aqueous HCI (i to iv) under

visible and UV light
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Figure 6.6.2.4: Change in Fluorescence of dye 68 (a) at 610 nm and (b) 517 nm in the reaction
with different conc. of HCI

6.7 Conclusion:

The sensing mechanism of most of the optodes is based on changes in the emission

intensities in presence of an analyte. The reported BODIPY-based H* sensors also relied on the
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off-on/on-off fluorescence strategies. The main drawback of such strategy is that both the H" and
the metal ions act in similar way to increase the fluorescence of the dyes thus can’t discriminate
between H* and other positively charged species.*®® But with our strategy the H* concentration
could accurately be estimated in presence of the metal ions also. More recently, several exotic
energy transfer BODIPY systems, synthesized via multiple steps were found to detect H" as well
as metal and quaternary ammonium ions.'’* Moreover, sensors, showing change in the
absorption/emission wavelength maxima as a function of pH would be advantageous for
practical use. But pH sensors with these attributes are rarely reported. The new imino-dyes 67
and 68 are highly selective in detecting and quantifying H* ions. Their H*-sensing was also

associated with changes in colour and fluorescent wavelengths.

Taken together, Both the Schiff bases have ~5 times higher Stokes shift than 18 and
despite low fluorescence the above results clearly established that the dyes 67 and 68 can be used

as efficient colorimetric as well as fluorimetric proton sensors.

-178 -



SUMMARY

With an aim to design and development of novel fluorescent dyes having good solubility in
organic and water (preferred) solvent for laser and sensor applications point of view, different
dye molecules were synthesized and characterized. Important optical properties such as quantum
yield of fluorescence, Stokes shift, molar extinction coefficient, fluorescence life time were
evaluated by photo-physical study. Host-guest complexations using supramolecular strategy with
relatively recent host cucurbit[7]uril (CB[7]) were studied for water soluble dyes. The highlights

of the research work carried out during this period are given below.

Solvent mediated effect in lasing efficiency and photostability of new Bodipy dyes: For
better lasing properties (lasing efficiency and photostability), effect of solvent on the lasing
efficiency and photostability of known (16 and 17) BODIPY dyes as well as new derivative 58
after substitution at boron centre were studied. Laser study was performed using a second
harmonic of a pulsed Nd:YAG laser. A large enhancement in photostability (~50-200 times) and
improved lasing efficiency of dyes by changing from polar ethanol to no-npolar solvents like
heptane and 1,4-dioxane was observed. The large improvement in photostability was correlated
to rate of generation of singlet oxygen and its reactivity with dyes in solvents. These are
rationalized by performing several spectroscopy techniques (pulse radiolysis, cyclic

voltammetry, dye sensitized photooxidation etc.)

Design and development of new water soluble fluorescent dyes and their host guest study:
Different water soluble fluorescent dyes were designed and synthesized via formation of
ammonium salt at 7" position of coumarin 1 and 2 or 6 position of BODIPY core, their purity

was checked by *H/C NMR and mass spectroscopy techniques. Their poor solubility and low
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quantum yield of fluorescence in water were significantly improved, adopting supramolecular
interaction strategy, which was monitored using steady and time resolved absorption/
fluorescence, NMR spectroscopy techniques. Both form of coumarin 1 (cationic and neutral)
dyes, upon complex formation with CB[7], showed a large enhancement in fluorescent intensity
with improved laser photostability. In case of BODIPY derivatives, ammonium hydrochloride
salt (63) make strong binding and 7 times enhancement in its fluorescence intensity with CBJ[7].
On the other hand, synthesized trimethyl substituted BODIPY dye (64) showed good
electrostatic binding with DNA. Its fluorescence microscopy study revealed good uptake of dye
by human lung cancer A549 cells. However it was not cytotoxic to the A 549 cells even up to 50

UM concentrations both under dark or photo irradiation condition.

Rational design and development of new BODIPY dyes with a large Stokes shift: The new
red emitting Bodipy dyes containing imine group at 2 and/or 6 position of BODIPY core in place
of the C-C bond was synthesized starting from the BODIPY 18 with good Stokes shift (~3.5-5.0
fold) compared to known BODIPY 16 because of the steric crowding and also impart
solvatochromism. Large Stokes shift of both dyes was explained by calculating the geometry of
dye molecules in ground and excited states via DFT method. Moreover, the presence of C=N
bonds of both dyes are very sensitive towards acidic environment and demonstrated to be useful

tool for pH sensing at low concentrations.
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FUTURE SCOPE

1. Water soluble dye 64 (chapter 5) may be useful for high average power dye laser, excited by
green component (at 510 nm) of the high repetition rate (10-20kHz) Cu-vapour lasers. We have
not been able to study this aspect due to lack of CVLs in our lab. For dye 4 in which methyl
groups are present at 1,3,5,7 and 8 positions, if we design and synthesize similar ammonium salt
derivative with unsubstituted methyl bodipy, this is expected to reduce the steric crowding as
well as size of dye molecule. This new dyes may become more suitable to make stronger
complex with the host CB[7] with better photo-physical property and further would be useful for

aqueous dye lasers.

2. Substitution at B-centre of 16 makes it suitable for long term use in high repetition rate dye
lasers using non-polar solvents, pumped by DPSSGL (at 532 nm). Similarly, if same substitution
is carried out at the B-centre of 17, it may show excellent photostability as compared to 16 and

its derivatives, which would be much more useful for high average power dye laser study.

3. The present theoretical calculations (B3LYP/TDDFT + PCM solvent model) would be
extended for further modeling of new dyes in different solvents, with or without host molecule,
for predicting photo-physical properties of new dyes, prior to synthesis, for dye laser

applications.
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