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PREFACE

The present thesis entitled “Intense NIR Absorbing Porphyrin based Dyes with BODIPY as
Acceptor: Potential Photosensitizers for Dye Sensitized Solar Cells” is divided into five
chapters. Basically, it describes the synthesis, photophysical properties, DFT and
electrochemical studies of the porphyrin-BODIPY conjugates. Although different kinds of
porphyrin based sensitizers have been developed with benchmark efficiency of 13% such as
SM315, these porphyrins lack absorption in the NIR region where there is a significant flux of
solar photons. For harvesting maximum solar flux from sunlight we have designed and
synthesized four novel porphyrin-BODIPY conjugates with the introduction of diarylamine,
carbazole and phenothiazine moieties as donors on to the porphyrin core and employing the
napthobipyrrole based BODIPY as the acceptor for the first time for their application in dye
sensitized solar cells. The brief content included in the thesis is presented below.

In chapter 1, a brief description about various synthetic routes, structural features,
photophysical properties along with application of porphyrins has been reported. Chapter 2
provides the information about the materials and methods used in the course of the
investigation. In chapter 3, we have demonstrated a novel strategy for harvesting NIR flux of
photons by synthesizing two new diarylamine donor based porphyrin-BODIPY conjugates
which displays a panchromatic absorption from 300 to 800 nm with an intense lowest energy
band which is significantly red-shifted when compared to previously reported dye YD2-0-C8.
DFT calculations revealed a well separated electron density in frontier orbitals which may
facilitate the charge injection. These dyes display a workable dye regeneration and electron
injection along with good photostability making them potential photosensitizers for DSSC
application. In chapter 4, we have successfully incorporated carbazole and phenothiazine as
donors by replacing the diarylamine in the previously reported porphyrin-BODIPY conjugates.
As expected, these dyes also show a significantly red-shifted absorption along with fulfilling
the other requirements required for a dye to be used in DSSC application. Finally, the chapter

5 summarizes the findings of the present investigation.
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CHAPTER 1

1.1 Porphyrins - Background and Nomenclature

The name “porphyrin” was taken from Greek word “porphyros (mopebpa)” meaning purple.
Evolution of photosynthetic bacteria long time ago changed the earth’s reduced atmosphere to
oxidisable condition through “the great oxygenation event”! and paved the way for the
sustenance of eukaryotic organisms and higher life forms containing porphyrin-based
pigments. The history of porphyrin generally emanates from chemical-medical aspects in the
early 1840s. Berzelius (1840) and other groups have isolated iron free hematin - red colored
water solution, thus proving that iron is not responsible for the red coloration of blood.? Later,
in 1879, Hoppe-Seyler’ proposed the name “porphyrin” with prefix “haemato” and “phyllo”?
while studying phylloporphyrin, a chlorophyll derived red fluorescence pigment. In 1883, a
sharp and intense transition around near UV-region was attributed to hemoglobin by Soret and
subsequently named it Soret band.?* Porphyrin structure was first presented by Kiister in 1912,
though it was not believed at that time.’ First synthesis of general porphyrin was performed by
Milroy.* Later the synthesis of chlorohemin by Fischer explained the porphyrin structure,
proving the Kiister theory, and got honoring him with Nobel Prize in 1930, leading towards the
new age of synthetic porphyrin chemistry.’

Most of the proteins which constitute porphyrin or its derivatives play a pivotal role in
biological processes, such as chlorophyll containing a reduced Mg(II)-porphyrin responsible
for the conversion of light energy into chemical energy, producing life surviving oxygen. The
oxygen thus produced during the photosynthesis is widely utilized in various forms by heme
containing proteins viz. hemoglobin, myoglobin, hemerythrin etc. Additionally, catalase,
peroxidase and the other heme containing proteins also have significant role in catalytic
oxidation processes. Vitamin Bi, (Figure 1.1) is responsible for the formation of blood,
functioning of brain and nervous system. Hence this naturally occurring tetrapyrrolic
macrocycles for their ubiquitous nature supported by their attractive colours, has led Battersby
to call this tetrapyrrolic macrocycles as the “pigments of life”. Photophysical, optical,
chemical and biological properties of porphyrins involve wide variety of fields such as
optoelectronics, material chemistry, catalysis, as photosensitizers in photodynamic therapy etc.
This vital role in different fields led to a new research area in developing more synthetic
systems such as contracted, isomeric, expanded, inverted, confused and core modified
porphyrins that bear similar resemblance to naturally occurring macrocycles but being

chemically quite different.’
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Chlorophyll a O 0H o7 OH

Heme B

Vitamin B,

Figure 1.1 Structures of some biologically important porphyrins

In general, 2,5-positions of a five membered heterocyclic ring (e.g., pyrrole 1.1 in Figure 1.2)
are named as a-positions and 3,4-positions are named as -positions, whereas “meso” has been
used for the bridging carbon atoms. Four pyrrole subunits and four methine bridges connect to
a-carbon atoms in a coplanar fashion to give porphyrin skeleton a square planar geometry
(Figure 1.2).” Due to complexity in applying IUPAC nomenclature, creators have coined trivial
names based on their color or structural features. The suffix “phyrin” or “rin” has been used
generally at the end which was started initially by R. B. Woodward by naming an expanded
porphyrin with five heterocyclic rings as “Sapphyrin” due to its blue color in the solid state.®
Different groups led by Sessler also followed this trend by naming porphyrins in a similar

fashion such as rubyrin, amethyrin, orangarin, platyrin etc.’

In this modern era Franck’s approach is generally applied for the nomenclature of
porphyrinoids.'® It has been divided into three parts. The first part, consists of a square-
bracketed prefix shows the number of & electrons in conjugation pathway followed by second
part, a core name indicating the number of heterocyclic subunits and the third part, a round-
bracketed suffix which indicates the number of meso carbon bridge between the heterocyclic
subunits beginning from the largest unit. According to this approach, porphyrin 1.2 should be
named as [18]porphyrin-(1.1.1.1) with an 18=m-electronic system where four pyrroles are

bridged through single meso carbon atoms.
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meso
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1.1 1.4
"Pyrrole" Porphyrm Corrole "Porphycene”
[18]porphyrin-(1.1.1.1) [18]porphyrin-(1.1.1.0)  [18]porphyrin-(2.0.2.0)
1.5 | I
"Sapphyrin" Pentapphyrm
[22]pentaphyrin- [22]pentaphyrin- PIatynn Hexaphyrln
(1.1.1.1.0) (1.1.1.1.1) [22]porphyrin- [26]hexaphyrin-

(3.1.3.1) (1.1.1.1.1.1)
Figure 1.2 Nomenclature of few macrocycles by Franck’s approach.

Similarly, corrole 1.3 named as [18]porphyrin-(1.1.1.0), porphycene 1.4 as [18]porphyrin-
(2.0.2.0), pentapyrrolic macrocycle, sapphyrin 1.5 as [22]pentaphyrin-(1.1.1.1.0) and
hexaphyrin 1.8 as [26]hexaphyrin-(1.1.1.1.1.1).

1.2 Synthesis of Porphyrins

Porphyrins can be synthesized in four different ways.

1.2.1 From pyrrole tetramerization

The most famous route of pyrrole polymerization to porphyrin involves the synthesis of
tetraarylporphyrins such as 5,10,15,20-tetraphenylporphyrin 1.9 (Scheme 1) from pyrrole and

benzaldehyde. This reaction was first developed by Rothemund,'' modified by Alder, Longo

and colleagues'? and later optimized by Lindsey’s group.!?

CHO Ph
.
/H
[/ \5 ———————  » Ph Ph
N
N DDQ
Ph
1.9

Scheme 1. Synthesis of tetraphenyl porphyrin 1.9.
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This approach to octa-alkyl type porphyrin by tetramerization of pyrroles can also be achieved
provided that B-substituents in the pyrrole are identical and the self-condensation of pyrrole
bearing a suitable 2-substituent should provide the corresponding meso carbons, followed by
aerial oxidation leads to the synthesis of porphyrin. For example, reduction of 1.10 gives
pyrrole-2-carbinol 1.11, which was then tetramerized using acid catalysis to afford porphyrin

1.12 in good yield (Scheme 2).!%13

Et Et

Et Et
Et

.
reductlon H
\ —
COOEt CH,OH

1.10 1.1

Et Et

Et 412 Et

Scheme 2. Synthesis of B-octaethylporphyrin 1.12.

Asymmetric porphyrin with one regiochemically pure isomer from two different pyrroles can
be synthesized under neutral conditions using ferricyanide (in MeOH) followed by DDQ
oxidation.'® Here in this case, one of the pyrrole moieties should possess the future meso carbon
atoms while the other pyrrole should be a-free. Scheme 3 describes the synthesis of exclusively
one regiochemically pure isomer 1.15 from cyclohexyl-fused pyrrole 1.13 and diethylpyrrole

1.14.

(A
Et
MeOH/A
MezN NMe2+Z ; KsFeCN)e
Et
1.13 1.14 Q
Et

1.15

Scheme 3. Synthesis of regiochemically pure porphyrin 1.15.
1.2.2 From Dipyrrolic intermediates: The [2 + 2] Route

The most commonly used dipyrrolic intermediates for porphyrin are dipyrromethenes and

dipyrromethanes.
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1.2.2.1 Using Dipyrromethenes

Dipyrromethene precursors for the synthesis of porphyrins were developed by Hans Fischer’s
group.'” For example self-condensation of 1-bromo-9-methyldipyrromethene 1.16 in boiling
formic acid or tartaric acid at temperatures upto 200 °C produce centrosymmetrically
substituted porphyrin 1.17 in good yields. Heating of 1-bromo-9-bromodipyrromethene 1.18,
1-bromo-9-methyldipyrromethene 1.19 or mixture of both in formic acid gives excellent yield

of the same porphyrin 1.17 (Scheme 4).

Me Et
/_Et \\\ N Me
£t Me NH HN=
Berc ) Br
Et Me Me Et Br
A 1.18
Me—C T TN _Et —» - <<
NH HN=
®
Br Me Et Me Me Et
1.16 Me 4., FEt Et—( TN Me
NH HN=
~ ®
Me o Br
Br3

Scheme 4. Synthesis of centrosymmetrically substituted porphyrin 1.17.

1.2.2.2 Using Dipyrromethanes

Compared to dipyrromethenes, dipyrromethanes were unstable toward acidic reagents (atleast
those used by Fischer) to be useful as porphyrin precursors. MacDonald’s discovery!® play a
pivotal role in porphyrin synthesis from dipyrromethane, in which an acid catalyst (p-
toluenesulfonic acid) was employed in condensing 1,9-diformyldipyrromethane 1.20 with 1,9-
di-unsubstituted dipyrromethane or its 1,9-dicarboxylic acid 1.21 to afford pure uroporphyrin
IIT octamethylester 1.22) with an yield of 60% (Scheme 5).

MeOQC COzMe
~ _ MeO,C CO,Me
MGOQC \ / COzMe
NH HN MeO,C CO,Me
HOOC COOH
1.20 |t| /[0]
OHC CHO
MeOZC COzMe
/ NH HN N\
MeO,C—X __ ~,/ COMe MeO,C CO,Me
MeO,C CO,Me 1.22

1.21

Scheme 5. Synthesis of uroporphyrin III octamethylester 1.22.
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1.2.3 From Tripyrromethane intermediates: The [3 + 1] Route

Macrocyclization of a 2,5-difunctionalized pyrrole with a “linear” tripyrrolic species is also
one of the important methods to produce a porphyrin. The tripyrrolic species is a tripyrrane i.e.
a tripyrrole connected by methylene groups. Boudif and Momenteau used the [3 + 1] approach
to prepare porphyrin 1.25', in which they used a 2,5-diformylpyrrole 1.23 and a tripyrrane
dicarboxylic acid 1.24 (Scheme 6).

CO,Et
Et

Me

Mo CO,Et

1.25 CO,Et

Scheme 6. Synthesis of porphyrin 1.25.

The “one-pot” synthesis of porphyrins bearing identical opposite rings'¢ was extended by the
U. C. Davis group, using a [3 + 1] protocol in absence of acid catalysis, and therefore
definitively protects the core of tripyrrane against pyrrole redistribution reactions. Thus
reaction of tripyrrane 1.26 with 2,5-bis(N,N-dimethylaminomethyl) pyrrole 1.27 in presence
of ferricyanide/methanol afforded porphyrin 1.28 in 27% yield (Scheme 7).

oA
Me

K3Fe(CN)g
MeOH

CH,NMe, Et Et

Scheme 7. Synthesis of porphyrin 1.28.
1.2.4 From open-chain tetrapyrrolic intermediates

Asymmetric porphyrins with completely different array of substituents can be prepared
sequentially from pyrrole through discrete open chain tetrapyrrolic intermediates. Such open

chain tetrapyrroles with different forms are known as bilanes, bilenes, and biladienes.
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In 1952, Corwin and Coolidge?' initially achieved porphyrin synthesis using an open chain
tetrapyrrole as an intermediate. 1,19-dicarboxylic acid 1.29 was cyclized in formic acid to give
36% yield of etioporphyrin II 1.30 (Scheme 8).

Et Et

Me Me

Et Et
1.30

Scheme 8. Synthesis of etioporphyrin II 1.30.

Porphyrin synthesis using b-bilenes was summarized by Clezy.?? The b-bilene 1.31 with 1-
and 19- methyl groups can be immediately cyclized oxidatively by utilizing copper(Il) salts
in DMF to afford copper (II) porphyrin 1.32. Metal-free porphyrin can be obtained by
reaction of conc. H>SOs or better with conc. HSO4 in TFA (Scheme 9).%

Cu(ll) H,SOL/TFA
—_— e
DMF, A
1.31 1.32 1.33

Scheme 9. Synthesis of porphyrin 1.33.
1.3 Structure and properties

The porphine (freebase) 1.34 has a total of 11 double bonds with 9 bonds in conjugation and a
metalloporphyrin 1.35 can be obtained by replacing two inner hydrogens of pyrrole with a
metal ion. A porphyrin diacid species 1.36 can also be obtained with the addition of two protons

to imine nitrogens of freebase porphyrin.?*
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1.34 1.35 1.36

Figure 1.3 Skeletal structures of freebase 1.34, metalloporphyrin 1.35 and diacid 1.36.

Naturally occurring porphyrins can be studied by employing suitable synthetic models such as
meso-tetraphenylporphyrin 1.9. For the better understanding of physical properties i.e., UV-
visible absorption spectra, solubility and magnetic properties one should have a good
knowledge of structure of the porphyrin molecule. Structural properties also define chemical
properties like the rates and mechanism of metalloporphyrins formation and decomposition,
substitution reaction on the ring and oxidation-reductions reactions of the porphyrin and

metalloporphyrin system.?*

Figure 1.4 Structure parameters of porphyrin skeletal.

A porphyrin has a fourfold axis of symmetry with respect to the bond distances and angles,
1.37 (Figure 1.4) Effect of different substituents on the porphine skeleton is usually very small
and almost comparable with the estimated errors in bond parameters. Only the metal-nitrogen
bond distance in case of metalloporphyrins change appreciably, and the distance varied
significantly from 2.10 A to 1.95 A in case of ferric porphyrins to porphyrins with nickel at the
metal centre whereas the average distance between the two opposite pyrrolic nitrogen via the
centre of the ring porphyrin is 2.04 A. The structure of porphyrin is not completely rigid, as it
shows almost planarity in porphine to very ruffled in TPP series. The freebase form of TPP

crystallizes in two forms with varied conformations of the porphine skeleton. Generally,
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porphyrin has a near-planar conformation in a “free” environment probably having a little
energy barrier w.r.t. deviations from planarity and thus leads to conformational adaptability

which make it difficult to predict the structure under various circumstances.>*

One of the reasons porphyrins have been majorly explored is due to their fundamental property
of aromaticity. Originally aromaticity was described in flat, cyclic systems with conjugated
4n+2 m-electrons such as benzene, naphthalene and anthracene etc., but it can be readily
applicable to porphyrins also.2> Porphyrin macrocycle consist of 22 n-electrons out of which
only 18 n-electrons form a conjugated aromatic ring following Huckle’s (4n+2)r rule. Aromatic
character of porphyrins is supported by the kind of reactions it undergoes i.e., electrophilic
substitution reactions. To distinguish between aromatic and antiaromatic systems different
experimental techniques have been employed, such as '"H NMR spectroscopy, analysis of NICS
calculations,? HOMA?” and BLA?®. Among these, 'H NMR spectroscopy is considered to be
one of the most important tools. The inner protons of a delocalized aromatic system are
generally resonated in the upfield region of -3 to O ppm, while the perimeter protons are shifted
to the downfield region upto 10 ppm. Porphyrin displays strong aromatic ring current with the
conjugation pathway going through B-pyrrole carbons in two pyrrole moieties making the other
B- B-pyrrolic bonds purely double bond in nature. The B- B-pyrrolic bond distance is found to
be 1.37 A which is close to the C-C bond distance in ethylene (1.34 A). But in case of the
expanded macrocycles (sapphyrins, pentaphyrins, hexaphyrins etc.), the criterion of planarity
is not absolutely necessary because of their conformational flexibility.”” In few cases they
exhibit three-dimensional (3D) structure with a topology of Mdbius strip and in these kinds of

molecules, aromaticity was predicted for 4nn- and antiaromatic for (4n+2) 7.3

Porphyrins due to their highly conjugated m-system display a very characteristic UV-visible
absorption spectra with bands in two distinct regions, the first an intense band in the range of
380-500 nm, called Soret or B-band and the other comparatively weak bands called Q-bands
in the region of 500-650 nm. It is observed that change in symmetry and conjugation pathway
will influence its UV-visible absorption spectrum. In 1959, Gouterman explained the
absorption spectrum of porphyrins, by his famous “four-orbital (two highest occupied & orbitals
and two lowest unoccupied & orbitals) model”, in which he explained the importance of charge

localization on electronic spectroscopic properties.’!
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This model proposes the absorption bands in porphyrins correspond to the transitions between
HOMOs consisting of aiu and azu orbitals and LUMOs, a degenerate set of eg orbitals, giving
rise to two excited states - a higher energy state with good oscillator strength (leading to Soret

band) and lower energy state with weak oscillator strength (giving rise to Q bands).

€gy LUMO +1
€gx LUMO
A A
Qx | Qy By | Bx
a1y HOMO
ax HOMO -1

Figure 1.5 Transitions in frontier orbitals.

Therefore, the transition in the range of 380-500 nm correspond to the excitation from ground
to second excited state (So to S2) which is intense and the weak transitions in the range between

500-750 nm correspond to the first excited state (So to Si).

Peripheral substitution of porphyrin ring causes only minor variations to the intensity and
wavelength of absorption spectrum. But protonation or metallation will lead to a strong change
in the visible range of the absorption spectrum because of change of symmetry from Doy to

2
Dap.?

1.4 Applications of Porphyrin

Porphyrins, because of their tunable structural and photophysical properties are highly suitable
for different applications. Since the structure of porphyrin comprises four pyrrole subunits
connected by four methane bridges, it has the capability to generate coordination complex with
almost all metal ions, which often enhances its properties.” The research on porphyrin is not
limited to synthetic organic chemist but further expanded to multiple disciplines such as
medicine, physics, engineering and theoretical studies. Some of its important applications are

detailed below:
1.4.1 Photodynamic Therapy (PDT)

PDT, with a fundamental goal of controlled and selective destruction of malignant cells while

leaving normal tissue unaffected is a new tool of cancer treatment. The PDT procedure involves
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combination of an oxidizing agent (molecular oxygen, O»), light (of an appropriate wavelength)
and a photosensitizer (PS) to produce lethal cytotoxic singlet oxygen which inactivate tumour

cells. The mechanism of this procedure can be explained by Jablonski diagram (Figure 1.6).

1Pg,*
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|

|

|
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|

I Energy

PS* ! Intersystem  Transfer

Crossing r\ ’Smg|et

3pg* °0, Oxygen
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hve Phosphorescence
hvp
2 I
PS1 —
0

Figure 1.6 Jablonski diagram explaining the mechanism of PDT.

On absorption of light, the photosensitizer (PS) is excited from the ground state S, to the first
excited state Si, followed by intersystem crossing (ISC) to triplet state Ti. The triplet state
lifetime is longer than the singlet state which enables the PS to interact with the surrounding
molecules. The excited triplet state can go through two types of reactions: type I and type II
mechanisms. The type I mechanism involves the direct reaction of the PS with a biological
substrate via radical formation. In type II process, the triplet state PS interacts with the stable
ground state triplet oxygen (*0.) to produce highly reactive 'Ox (singlet oxygen), which attacks

tumour cells. Generally, type II process is considered as most relevant PDT practice.*

Porphyrins display distinct photophysical properties, a characteristic optical spectrum which
involves strong m-n* transition around 400 nm (Soret band) and four Q bands in the visible
region. Absorption of light results transfer of electron from ground state to an excited state,
which can dissipate its energy either by fluorescence, phosphorescence, or through ISC into an
excited triplet state, thus enabling their use as diagnostic tool. Their capability to undergo ISC
to excited triplet state (results in the production of singlet oxygen) allows their use in

therapeutic application such as PDT.
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Photofrin 1.38 is the first approved porphyrin photosensitizer drug by US FDA in the treatment
of different types of cancers and skin diseases.** Photofrin absorption band ends at 630 nm and
has very little intensity in the red region. Since penetration of light in the tissue increases with
increasing wavelength, second generation PS has been developed to overcome the
disadvantages. A second-generation PS Verteporfin (benzo-porphyrin derivative monoacid
ring) 1.39 has been developed, which is now under Phase III clinical trials for its use in macular

degeneration.*

Me o1 *
Me
*—0
Me Me
| O ONa ONa
n=1-9
1.38

Figure 1.7 Structures of porphyrins synthesized for PDT: Photofrin 1.38, Verteporfin 1.39 and
Temoporfin 1.40.

Verteporfin has intense absorption in the red region (690 nm) when compared to photofrin at
630 nm where tissue penetration of light is 50% greater. Temoporfin (1.40) or tetra(m-hydroxy-
phenyl)chlorine (m-THPC) under the trade name of Foscan™ is a new second-generation PS

for PDT, which is under Phase III trials.*¢

1.4.2 Nonlinear optics (NLO)

The nonlinear optics is defined as the phenomena in which a strong oscillating electromagnetic
field or high light intensity (e.g. laser light) interacts with matter or molecules, to give an
emission of new electromagnetic fields with a change in frequency/phase or other optical
properties. Materials having good NLO properties are thoroughly investigated because of their
potential applications for optical communication, data storage, computers and optical signal
processing. When a molecule is interacted with a laser beam, the change in total polarization

is calculated with the following expression:

Pi = Pi + a3iE; + BijkEiEx + vijm E;EKE1 +......
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Where P; corresponds to the dipole moment of perturbing optical field E, aj; is the linear
polarizability, while Bjjx and yijx are the quadratic and cubic hyperpolarizabilities, respectively.
Initially, research work on NLO was focused on inorganic materials, such as quartzs, lithium
niobate, potassium dihydrogen phosphate, cadmium telluride and cadmium germanium
arsenide. Eventually organic and organometallic molecules got wide attention compared to
traditional inorganic solids as NLO materials. Organic NLO materials can be modified through
molecular structure to play a pivotal role in simultaneously controlling various primary and
secondary NLO properties.’’ In this case, highly delocalized 18m-aromatic system of
porphyrins have attracted great attention because such systems may exhibit large ultrafast non-
resonant NLO responses.® Porphyrins exhibit architectural flexibility as different substituents
can be fixed at the meso- or B- positions of a metalloporphyrin making them superior to other
NLO chromophores as optical materials. Optical properties of porphyrins can be tuned with
different metal centres, axial ligands, its oxidation state or various peripheral substituents.
Different porphyrins have been reported with a good second and third order NLO properties.*¢
In 1985, 5,10,15,20-tetraphenylporphyrin 1.9 was studied for its optical properties. Later NLO
studies have been done on numerous S4 symmetric porphyrins. The studies indicated the
change in NLO response with different metals by using different techniques like Z-scan and

DFWM. 7

Permanent dipole moment is essential to increase the efficacy of porphyrins for their
application in optical materials.* Therefore asymmetric porphyrins are expected to show
greater potential for NLO application than symmetric ones. In this scenario Suslick’s group

demonstrated a series of push-pull porphyrins (1.41a-d) for NLO application.*’

1.41a Ry= R,= NH,, Ry=R,= NO,
1.41b Ry= Ry= Ry=NH,, R,= NO,
1.41c Ry= R,= R3= NO,, Ry= NH,
1.41d R4=R3= NO,, Ry=R,= NH,

Figure 1.8 Push-Pull porphyrins designed by Suslick’s group.
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Conjugated porphyrin oligomers with an extended n-systems display a strong NLO behaviour.
In this context, Anderson reported first soluble conjugated porphyrin polymers 1.42 employing

Glasser-Hay coupling reaction.>”

1.42

Figure 1.9 Structure of soluble conjugated porphyrin polymers by Anderson’s group.

Porphyrin arrays are one of the new promising materials for NLO applications, where
individual porphyrin units are linked to extend the n-systems. Herein, the example given below
show fused porphyrin 1.43 and 1.44 systems with different meso/p- linkages to give extended

n-systems with good NLO properties.>”-*®

1.44

1.43
Figure 1.10 Structures of fused porphyrin for NLO studies.
1.4.3 Sensors

Chemical sensors are the devices in which a chemical signal such as change in concentration
of a particular component to the absolute concentration is converted into a measurable signal.*!
Technological advance in electronics is a must for sensor development because information of
the sensed analyte is in the form of electronic signal which can be transmitted, stored and used

efficiently. The parameters of a chemical sensor depend on the chemical interaction with the
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environment it come in contact. As a result, a chemical sensor is composed of two components
viz. a receptor and transducer. Interaction of the receptor with chemical environment causes
some changes in the properties of the interacting analyte, that measurement of interaction can
be converted to an electronic signal by transducer. Porphyrins because of their rich properties
such as stability, distinctive optical and coordination properties emerged as versatile candidate
as receptors in chemical sensors compared to metal oxides or polymers.** The exploration of
porphyrins as sensors got attraction mainly because the interaction of the target analyte by
porphyrin sensing material mimic the role of porphyrin in biological systems e.g. reversible
binding of gaseous compounds and can undergo photophysical or redox reactions mediated by

the target analyte.*’

The use of porphyrin-based sensors for the detection of gases e.g., Oz is mainly due to quality
of heme to bind various gases such as Oz and CO>. The detection of the analyte (gas molecule)
by the porphyrin metal centre leads to detectable optical change. The detection of Oz by using
metalloporphyrin based sensors is generally performed through phosphorescence quenching
process by Oz. Eastwood and Gouterman suggested that because of high phosphorescence and
long triplet lifetimes, platinum and palladium porphyrins can be employed as sensing materials

for O2* for example Hans and coworkers design Pt and Pd porphyrins 1.45 and 1.46.%

1.45

1.46

Figure 1.11 Pt and Pd porphyrins design by Hans and coworkers.

Moncada and co-workers have employed polymeric film of Ni(Il) tetrakis(3-methoxy-4-
hydroxy-phenyl) porphyrin 1.47 deposited on a carbon electrode as a NO microsensor using
differential pulse voltammetry. Using this approach, they were able to find that human platelets
on aggregation releases NO.*® Meso-tetra(4-sulphonatophenyl) porphyrin (TPPS) 1.48 as an

optical based sensor was utilized by Awawdeh et al. by immobilizing it on a cellulose film for
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detecting amino acids such as arginine, glycine, histidine and serine in a concentration level of

nanomolar.*’

Figure 1.12 Structures for porphyrins for sensors.

Recently, Ze Gu group have prepared multifunctional wearable sensing devices using four
kinds of porphyrin (TPP(NHz)s, CuTPP, ZnTPP and CoTPP) 1.49 and 1.50-1.52 modified

reduced graphene oxide films in sensing VOC vapours with high precession.*3

NH,

O%O
NH, M= Cu, Zn, Co
1.49 1.50-1.52

Figure 1.13 Structures of freebase and metalloporphyrin by Ze Gu group for sensors.
1.4.4 Artificial photosynthetic systems

The sun produces enormous amount of energy out of which a small portion is absorbed by
plants and bacteria, this light harvesting action from sunlight and conversion of it to the
biochemical energy is termed as photosynthesis.* Artificial photosynthesis is a replication of
natural photosynthesis in which artificial photosynthetic systems, consist of an energy donor
and acceptor component linked to a chromophore or light harvesting unit, similar to the natural

systems. The binding of components to proteins employs covalent bond instead of weak H-

17



CHAPTER 1

bonds or van der Waal interaction, which results efficient electron transfer process between the
two components i.e., donor and acceptor and ultimately leads to higher quantum yield.*® Upon
irradiation, donor absorbs light and transfers the energy to acceptor, this electron transfer
process generate a charge separated state. Artificial photosynthetic systems are aimed at
achieving a long lifetime of charge separated state, to inhibit back reactions. It was further
studied that components of the reaction centre i.e., donor and acceptor can undergo more
controlled electron transfer process by linking the two to form a molecular dyad, in which it is
possible to achieved a charge separated state with longer lifetime by altering the length and
type of their linkages.’! Because of their resemblance to the light harvesting antenna systems,
porphyrins, among all chromophores, have been employed in synthesizing artificial
photosynthetic complexes. Due to the excellent properties of porphyrins such as photo- and
thermal stability, strong absorbance, rich redox features and tunable electronic properties by
structural modifications make them ideal choice for this kind of systems.>? Similar to natural
photosynthetic systems, Gust, Moore and co-workers designed a covalently connected triad,
1.53 comprising tetraarylporphyrin (chromophore), carotenoid (donor) and quinone (acceptor),

displaying an excellent lifetime of 55 us with 83% quantum yield.>?

Figure 1.14 Artificial Photosynthetic system designed by Gust, Moore and co-workers.

Imahori et al. achieved a charge separated state with an extremely longer lifetime of 0.38 s,
close to bacterial photosynthetic systems, using a ferrocene-Zn(Il)porphyrin-freebase

porphyrin-fullerene tetrad, 1.54 through intramolecular charge transfer.>
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Figure 1.15 Ferrocene-Zn(I)porphyrin-freebase porphyrin-fullerene tetrad by Imahori et al.

1.4.5 Solar cells

The ever-growing human population causes increase in energy consumption which accelerated
the depletion of non-renewable energy sources such as coal, petroleum and natural gas. These
carbons based non-renewable sources inflicts many environmental hazards such as global
warming. Therefore, the renewable sources of energy such as solar, wind, hydroelectric and
biomass (which are abundant in earth) attracts the scientists to focus on it. Among all renewable
sources of energy, solar energy is the most abundant, cheap, safe and cleanest energy source
and can play a pivotal role in replacing fossil fuels in solar energy technology or generating
electric current from sunlight, also known as photovoltaic effect.’> Solar energy is a
substantially infinite energy source and effective conversion of solar energy into electricity has
been developed as an essential strategy for sustainable development. It is dominated for
decades by the silicon-based devices, which covers about 90% of the PV market. But due to
the high cost of the silicon based material the second-generation solar cells became another
competitive class of PVs, which are built on thin film technologies, for example, amorphous
silicon, CdTe and CIGS. The thin film solar cells have the advantage of easy manufacturing,
allowing a reduction of the production cost and a broad range of applications with interesting
appearance and flexible substrate. Amorphous silicon (a-Si) is the most established thin film
technology but having lower efficiencies than c-Si. The first- and second-generation solar cells
are built on single junction solar cells.’®® In a single junction solar cell, the calculated
thermodynamic efficiency limit is 31% by the assumption that a single electron-hole pair
formed by the absorption of an individual photon and all the excess photon energy of the energy
gap is lost as heat. This is known as Shockley-Queisser limit, which can be mitigated by the
use of various third-generation solar cell devices. There are several schemes to accomplish the

efficiencies more than 31% including tandem cells, multiband cells, hot carrier cells, and
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thermophotovoltaics etc.’® Dye-sensitized solar cells (DSSCs) technology can be positioned
between the second and third generation solar cells. By using the nanoscale properties of the
device, it has the potential to become a third-generation solar cell. In the present stage DSSC
emerged as a low-cost alternative owing to its ease of fabrication, a short-energy pay-back time,
low sensitivity to temperature changes and eco-friendliness. A conventional DSSC consists of
a working electrode which is made of FTO containing mesoporous TiO> nanoparticles onto
which a monolayer of dye will be adsorbed and a thin layer of the platinum catalyst coated on
a FTO is acts as a counter electrode. With the use of a polymer sealant the two electrodes are
sealed together and a liquid electrolyte, containing a redox mediator and additives filled the
space between the electrodes. When the light transmitted through the transparent FTO and TiO>
semiconductor, molecules of the dye absorbed the light and excited dye molecules inject the
electrons into the TiO2 CB. The redox mediator subsequently regenerates the oxidized dye and
get restored by counter electrode.’* In 1991, Gritzel and coworkers were the first to develop
the DSSC, also known as Gritzel cell.’” Though different dyes are designed for DSSC,
porphyrins got the major attraction due to their strong light harvesting ability, tunable electronic
and photophysical properties by molecular modifications and having thermal-, chemical- and
photo stability. First example of a porphyrin sensitized solar cell was prepared in 1993 using
copper chlorophyll derivative 1.55 by Kay and Gritzel giving 2.6% efficiency.’® Further, Yeh
and Diau on collaboration with Grétzel able to achieve 11% efficiency by co-sensitizing YD2

(1.56) with another complementary dye.>

CeH13

=z

CeH13
COOH COOH

1.55

Figure 1.15 Structures of first porphyrin sensitizer for solar cell 1.55 and YD2 (1.56).

Efficiency surpassed 12% when t-butyl groups of YD2 were replaced with octyloxy groups
YD2-0-C8 (1.57) and using cobalt based redox electrolyte.®® Now a record efficiency of 13%

was again achieved by Gritzel et al., using sensitizer SM315 (1.58).5!
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1.57

Figure 1.16 Structures of YD2-0-C8 (1.57) and SM315 (1.58).
1.5 Scope of the present work

As it can be seen from the above discussion, one can understand the importance of porphyrins,
since porphyrins exhibits intense absorption in the visible region, good thermal and
photostability, high molar absorption coefficient and their tunable structural and
electrochemical properties, which make them a prominent candidate for DSSC applications.
Though tremendous work has been done by Gritzel and coworkers in developing novel D-n-A
architectures reaching an efficiency of 13%, most of the dyes lack significant absorption in the
NIR region which contains significant flux of solar photons. To overcome this deficiency, we
envisaged of utilizing a very efficient NIR active naphthobipyrrole derived BODIPY dye
recently developed by our group. % For this, we thought of linking porphyrin and BODIPY to
form the desired porphyrin-BODIPY conjugate and explore its photophysical, and
electrochemical properties. The present work also enlists the usage of computational

calculations for better understanding of these porphyrin-BODIPY conjugates.
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General Experimental Methods and Techniques

This chapter provides a detailed account of the chemicals used, instrumentation and methods
followed for various studies. Also, the procedures used for the purification of solvents and
chemicals are described. Further, we have elaborated about the synthetic procedures of known

compounds employed during the course of our investigations.

2.1 General experimental

2.1.1 Solvents

2.1.1.1 Solvent for reactions’

Chloroform, DCM, DCE and DMF were dried by distillation over calcium hydride. THF was
dried by passing through column of activated alumina, followed by distillation over sodium
metal, in presence of benzophenone as indicator. Toluene, hexane and octane were refluxed
with sodium and benzophenone until blue colour persists and distilled before use. Pyridine and
triethylamine were dried over KOH pellets and distilled before use. Methanol was dried by
refluxing with sodium and then distilling or refluxing with magnesium activated with iodine

followed by distillation.

2.1.1.2 NMR solvents
Chloroform-d, DMSO-ds and THF-ds, were purchased from Sigma Aldrich/ SYNMR private

limited and directly used for spectroscopic purpose.

2.1.1.3 Solvents for optical measurement

DCM (spectroscopy grade) were purchased from Merck and dry THF used.

2.1.2 Reagents

BoPiny, dtbpy, PACl2(PPhs),, Cul, NaH, CaH,, BF3.0Et,, benzophenone, 4-hexyloxyaniline, 4-
hexylaniline, 1-bromo-4-hexylbenzene, 1-bromo-4-hexyloxybenzene, 4-iodobenzaldehyde,
AsPhs;, DPEPhos, DPPF, Na’OBu, DDQ, TIPSAcetylene, Pdx(dba)s, Pd(PPhs)s, TBAF and
Pd(OAc), were bought from Sigma-Aldrich® and used as such. THF and Et;N was purchased
from Finar chemicals. Pyridine, toluene, DCE, NBS, DMF, DCM, CHCI3;, DMSO, MeOH,
TMEDA, TFA, InCl;, ethylene glycol, and pyrrole were purchased from
Merck/SRL/Finar/Avra/TCI. PPh3 and sodium were purchased from Finar chemicals. All the
inorganic salts, mineral acids, NaOH, MgS04.7H,0, K>COs, Na;SO4, KOH, anhydrous
MgS0O4, KOH, Na>S>03.5H>0, NaHCO3, Zn(OAc).2H>0O and solvents used for the routine

laboratory work, were purchased from Merck, India.
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2.2 Chromatography

Thin layer chromatography was performed on pre-coated TLC Silica gel 60 F2s4 on aluminium
sheet, purchased from Merck. Column chromatography was carried out on silica gel (100-200

mesh) purchased from Merck/SRL/Dessica, India.

2.3 Characterization and instrumentation

All the instrumentation facilities have been provided by School of Chemistry, University of
Hyderabad, Hyderabad, India for the thesis work. Nuclear magnetic resonance (NMR) spectra
were recorded on Bruker 400 MHz and 500 MHz. In CDClz, TMS (6 = 0 ppm) was used as
internal standard for 'H NMR spectra and for other deuterated solvents, solvent residual peak
was taken as standard. Similarly, for ?*C NMR spectra solvent peak was taken as standard for
all deuterated solvent for calibration purpose. Mass spectral data were collected by Bruker
Maxis HRMS by ESI techniques and LCMS were recorded by Shimadzu-LCMS-2010 mass
spectrometer both by positive and negative ionization method. IR spectra were recorded on
NICOLET Is5 FT-IR spectrometer by either using KBr pellet or neat sample.

UV-vis spectra were recorded on Perkin Elmer Lambda 35 spectrophotometer. Fluorescence
spectra were recorded in JASCO FP-8500 and Fluorolog-3-221 spectrofluorometer.?

The standard approach of time-correlated single-photon counting (TCSPC) was used to study
time resolved photoluminescence (TRPL). Using a picosecond pulsed diode laser with an
output of 405 nm, TCSPC experiments were carried out. Dilute Ludox solution, a light
scattering solution was used to measure the instrument response function (IRF). To estimate
emission lifetimes, TRPL curves were fitted by mono-exponential fitting parameters using the
deconvolution method accompanying with the IRF. The residual calculations (3'*) were used
to estimate the fit's reliability. As the decay profile was multiexponential for both the dyes
average lifetime was calculated using following equation’

Tav= ) CiTi

where 1; lifetime of the i component and c; is the fractional contribution of the i component
to the total steady state intensity which was estimated via the following equation

Ci= O4Ti/Y. OiTi

0i is amplitude of the i component.

All steady-state measurements were carried out by using a quartz cuvette with a path length of
1 cm at ambient temperature.

Cyclic voltammetric and differential pulse voltammetric measurements were performed using

CH instruments electrochemical workstation and electrodes were purchased from CH
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Instruments Inc. All measurements were done in dichloromethane under the flow of nitrogen,
and 0.1 M tetrabutylammonium hexafluorophosphate (TBAPFs) used as a supporting
electrolyte, glassy carbon as a working electrode, platinum wire as a counter electrode and
Ag/AgCl as a reference electrode were used. The redox potential was calibrated with external
reference ferrocenium/ferrocene couple (0.48 V vs SCE). The redox potentials were referenced
vs. saturated calomel electrode. All cyclic voltammetric data were recorded at 50 mV/sec scan
rate.

2.4 Computational Details

We have carried out quantum mechanical calculations using Gaussian 09 program provided by
CMSD facility of the University of Hyderabad.* All calculations were carried out by DFT with
Becke’s three-parameter hybrid exchange functional and the Lee-Yang-Parr correlation
functional (B3LYP) was used. LANL2DZ basis set was used for Zn and 6-31G(d) basis set was
used for all other atoms in calculations and the molecular orbitals were visualized using Gauss
view 5. Electronic spectra were calculated using TD-DFT in THF solvent using PCM model.

The result of TD-DFT was analysed using GaussSum programme.’
2.5 Preparation of starting materials

2.5.1 Synthesis of porphyrin precursor®

Scheme 1 Synthesis of 2.2.°°

\_NH HN—7
o1 2.2

0 —— (7
N
H

To prepare Compound 2.2, a mixture of paraformaldehyde (600 mg, 20 mmol) and pyrrole (28
ml, 400 mmol) was degassed with a stream of nitrogen for 10 min. The mixture was heated at
55 °C for about 10 min under nitrogen to obtain a clear solution. InClz was then added and
stirred the mixture at 55 °C for 2.5 h. The heat source was removed and triethylamine was
added. The mixture was stirred for 1 h and then filtered. The filtrate was concentrated and the
pyrrole was recovered. The crude product obtained after removing pyrrole was subjected to

Kugelrohr distillation to give compound 2.2 (1 g, 36.6%).
Reported yield = 41%

Obtained yield = 36.6%
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Scheme 2 Synthesis of 2.9%

OH OCgHy7 OCgH47
1-Bromooctane n-BuLi, TMEADA CHO
K,CO3, Acetone DMF, THF
OH OCgH47 OCgH47
2.3 24 2.5

Zn(OAc), 2H,0, NBS, DCM
DCM, MeOH

Scheme 2 Synthesis of 2.9.

Synthesis of 1,3-bis(octyloxy)benzene (2.4): A mixture of resorcinol (11 g, 0.1 mol), 1-
bromooctane (69.6 mL, 0.4 mol) and K>CO;3 (69 g, 0.5 mol) was refluxed for 4 days in dry
acetone (500 mL). The solvent was removed under reduced pressure and extracted with EtOAc
(3 x 100 mL). The combined extracts were washed with water and dried over anhydrous
MgSOs. After removal of solvent under reduced pressure, the product was purified by column

chromatography by eluting with hexanes to give 1,3-di(octyloxy)benzene (26.5 g).
Reported yield = 79%
Obtained yield = 79%

Synthesis of 2,6-bis(octyloxy)benzaldehyde (2.5): A three-neck flask was equipped with an
addition funnel and charged with compound 2.4 (10 g, 0.03 mol) and TMEDA (1.15 mL) in
tetrahydrofuran (84 mL). The solution was degassed with dinitrogen for 15 min and cooled to
0 °C, and then n-butyllithium (22.4 mL, 1.6 M solution in hexanes 0.036 mol) was added
dropwise over 20 min and allowed to stir for 3 h. After warming to room temperature, DMF
(4.38 mL, 0.06 mol) was added dropwise, and the reaction mixture was stirred for an additional

2 h. The reaction was quenched with water, and the product was extracted with ether (3 x 80
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mL), dried over anhydrous MgSOs4, and the solvent was removed under reduced pressure. The

product was recrystallized from hexanes to yield a white solid (8.67 g).
Reported yield = 80%
Obtained yield = 80%

Synthesis of 5,15-bis(2,6-bis(octyloxy)phenyl) porphyrin (2.6): Compound 2.6 was prepared
by addition of trifluoroacetic acid (0.47 mL, 6.14 mmol) to a degassed solution of
dipyrromethene 2.2 (1 g, 6.84 mmol) and compound 2.5 (2.5 g, 6.84 mmol) in DCM (1 L).
After the solution was stirred at room temperature under dinitrogen atmosphere for 4 h, DDQ
(2.33 g, 10.26 mmol) was added and the mixture was stirred for an additional 1 h. The mixture
was basified with EtsN (1.16 mL) and filtered through neutral alumina. The solvent was
removed under reduced pressure and the residue was purified by recrystallization from

MeOH/CHxCl; to give the product 2.6 (1.14 g) as a purple powder.
Reported yield = 30.7%
Obtained yield = 34.3%

Synthesis of [5-Bromo-10,20-bis(2,6-di-octoxyphenyl)porphinato] zinc(Il) (2.7): To a stirred
solution of porphyrin 2.6 (0.5 g, 0.51 mmol) in DCM (214 mL) was slowly added a solution
of NBS (0.095g, 0.53 mmol) in DCM (57 mL) in a period of 6 h at 0 °C under dinitrogen. After
the reaction was quenched with acetone (4 mL), the solvent was removed under reduced
pressure. The residue was purified by column chromatography (silica gel) using 30%
DCM/hexanes as eluent. Recrystallization from MeOH/hexane gave the product (343 mg,
63%) as a purple powder, followed by addition of bromo-porphyrin (500 mg, 0.48 mmol) and
Zn(OAc)2.2H>0 (1 g, 4.75 mmol) in a mixture of DCM (97 mL) and MeOH (47 mL) was
stirred at room temperature for 3 h. The reaction was quenched with water (100 mL), and the
mixture was extracted with DCM (2 x 100 mL). The combined extracts were washed with
water and dried over anhydrous Na;SO4. The solvent was removed under reduce pressure to

give the product (490 mg).
Reported yield = 98%
Obtained yield = 98%

Synthesis  of  [5,15-Bis(2,6-di-octoxyphenyl)-10-(triisopropylsilyl)ethynyl-porphinato]
zinc(Il) (2.8): A mixture of 2.7 (500 mg, 0.447 mmol), triisopropylacetylene (520 uL, 2.23
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mmol), Pd(PPh3),Cl> (63 mg, 0.089 mmol), Cul (25 mg, 0.134 mmol) and THF (25 mL) and
NEt; (3 mL) taken in a Schlenk tube and gently refluxed for 2 h under dinitrogen. The solvent
was removed under vacuum. The residue was purified by column chromatography (silica gel)

using 30% DCM/hexanes as eluent to give the product (545 mg) as a purple solid.
Reported yield = 83%
Obtained yield = 80%

Synthesis of [5-Bromo-15-(triisopropylsilyl)ethynyl-10,20-bis(2, 6-di-
octoxyphenyl)porphyrinato] zinc(Il) (2.9): To a stirred solution of 2.8 (600 mg, 0.493 mmol)
in DCM (180 mL) and pyridine (7 mL) was added NBS (118 mg, 0.665 mmol) at 0 °C. After
stirring for 1 h, the reaction was quenched with acetone (18 mL). The solvent was removed

under reduced pressure. The residue was purified by column chromatography (silica gel) using

25% DCM/hexanes as eluent to give the product (478 mg, 85%).
Reported yield = 85%

Obtained yield = 85%

2.5.2 Synthesis of donors

Scheme 3 Synthesis of 2.10 and 2.11

R R
Pd,(dba)s, DPPF,
NatOBu N

Toluene I

2.10, R= -C¢H,;
o -C6H13/-OCGH13 2.1, R= -OCgHy;

Synthesis of compound bis(4-hexylphenyl)amine (2.10): To a 25 ml Schlenk flask containing
4-n-hexyl-bromobenzene (297 mg, 1.22 mmol), 4-hexylaniline (200 mg, 1.12 mmol),
Pdx(dba); (51.6 mg, 0.056 mmol), 1,1'- Bis(diphenylphosphino)ferrocene (62 mg, 0.112
mmol), sodium t-butoxide (325 mg, 3.38 mmol) and anhydrous toluene (10 mL) were added
under nitrogen atmosphere. The suspension was refluxed for 24 h. The mixture was
concentrated under reduced pressure. The crude product was purified by silica column
chromatography by eluting with 5% ethyl acetate/hexane to give a yellow liquid. (274 mg, 71.9
%).

Reported yield = 69%
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Obtained yield = 71.9%

Synthesis of compound bis(4-(hexyloxy)phenyl)amine (2.11)’: To a 25 mL Schlenk tube
containing 4-n-hexyloxy-bromobenzene (275 mg, 1.06 mmol), 4-nhexyloxyaniline (187.8 mg,
0.97 mmol), Pd>(dba)s (10.9 mg, 0.049 mmol), 1,1'- Bis( diphenylphosphino) ferrocene ( 53.9
mg, 0.097 mmol), sodium t-butoxide (280 mg, 2.916 mmol) and 10 mL of anhydrous toluene
were added under nitrogen atmosphere. The suspension was refluxed for 24 h. The mixture was
concentrated under reduced pressure. The crude product was purified by silica column
chromatography eluted with 10% ethyl acetate/hexane to give a white fluffy solid. (232 mg,
63%)

Reported yield = 67%
Obtained yield = 63%

Scheme 4 Synthesis of 2.15

ToI ene

1-Bromohexane, Bszz KOAc
N THF,Requx
H

CeH13 CsH13

C H
212 213 613

2.14 215
Synthesis of 9-hexyl-9H-carbazole (2.13): 2.13 is synthesized by using modified procedure in
literature.® H-carbazole (2.12, 1 g, 0.0059 mmol) and NaO#Bu (1.7 g, 0.0179 mmol, 3 eq.)
were dissolved at 0 °C in THF (100 mL). After the mixture had been stirred at 0 °C for 1 h, 1-
bromohexane (0.9 mL, 0.0065 mmol, 1.1 eq) was added, and the mixture was stirred for another
3 h. H20O (50 mL) was added, and the organic layer was removed under reduced pressure. The
residue was dissolved in CH2Cl, (50 mL), and the aq. layer was extracted with CH>Cl> (2 x 50
mL). The combined organic layers were dried over Na>SO4, and the solvent was removed under
reduced pressure. The residue was purified by column chromatography using hexane as eluent

yielding 9-hexyl-9H-carbazole (2.13, 1.4 g) was obtained as a yellow oil.
Reported yield = 92%
Obtained yield = 92%

Synthesis of 3-bromo-9-hexyl-9H-carbazole (2.14)°: A solution of 9-hexyl-9H-carbazole
(2.13) (0.5 g, 1.99 mmol, leq) in dry DMF (120 mL) was stirred in an ice-water bath for about

15 min and N-bromosuccinimide (318 mg, 1.791 mmol, 0.9 eq) was added to the solution
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portion-wise over 1.5 h under dark. The resulting mixture was stirred at room temperature
overnight. After diluted with water (100 mL), the mixture was extracted with dichloromethane
and the organic phase was dried with anhydrous Na>SO4. After the removal of the solvent under
reduced pressure, the crude product was purified by column chromatography on silica gel using

hexane as eluent yielding 2.14 as a light-yellow oil (532 mg).
Reported yield = 81 %
Obtained yield = 81%

Synthesis of 9-hexyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole (jb-
2.15)%: Bis(pinacolato) diboron (92 mg, 0.363 mmol, 1.2eq), potassium acetate (89 mg, 0.908
mmol, 3 eq) and dichlorobis(triphenylphosphine)palladium(Il) (21 mg, 0.0302 mmol, 0.1 eq)
catalyst were added to a 3-bromo-N-hexylcarbazole (100 mg, 0.302 mmol) solution in toluene
(3 mL). The reaction mixture was heated at 90 °C for 24 h under a nitrogen atmosphere. The
crude product was extracted with dichloromethane (3 x 20 mL), and the combined extracts
were dried over anhydrous sodium sulfate and concentrated under reduced pressure, excess
reagents were recrystallized out from the desired product with hexane. Pure product 2.15 (82

mg) was obtained as a yellow liquid.
Reported yield = 73%

Obtained yield = 72%

Scheme 5 Synthesis of 2.19

B,Pin,, KOAC, >§<
1-Bromohexane, Br PdC'z(PPhs)z

DO e e QO e

CﬁH13 C6H13 CsH13
2.16 247 2.18 2.19
Synthesis of 10-hexyl-10H-phenothiazine (2.17)%: 10H-Phenothiazine (2.16, 1 g, 0.005 mmol)
and NaO#-Bu (1.4 g, 0.015 mmol, 3 eq.) were dissolved at 0 °C in DMF (120 mL). After the
mixture had been stirred at 0 °C for 1 h, 1-bromohexane (0.9 mL, 0.0055 mmol, 1.1 eq) was
added, and the mixture was stirred for 1 h at rt. The mixture was warmed to rt and stirred for
another 2 h. H,O (50 mL) was added, and the organic layer was removed under reduced

pressure. The residue was dissolved in CH2Clz (50 mL), and the aq. layer was extracted with
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CHCl; (2 x 50 mL). The combined organic layers were dried over anhydrous Na>SOs, and the
solvent was removed under reduced pressure. The residue was purified by column
chromatography on silica gel using hexane as eluent yielding 10-hexyl-10H-phenothiazine

(2.17, 1.25 g) as a yellow oil.
Reported yield = 90%
Obtained yield = 88%

Synthesis of 3-bromo-10-hexyl-10H-phenothiazine (2.18)°: A solution of 10-hexyl-10H-
phenothiazine (2.17) (0.5 g, 1.765 mmol) in dry DMF (25 mL) was stirred in an ice-water bath
for about 15 min and N-bromosuccinimide (282 mg, 1.589 mmol, 0.9 eq) was added to the
solution portion-wise over 1.5 h under dark. The resulting mixture was stirred at room
temperature overnight. After diluted with water (100 mL), the mixture was extracted with
dichloromethane and the organic phase was dried with anhydrous Na>SOs. After the removal
of the solvent under reduced pressure, the crude product was purified by column

chromatography on silica gel using hexane as eluent, yielding 2.18 as a light-yellow oil (514
mg).

Reported yield = 80%

Obtained yield = 78%

Synthesis of 10-hexyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-10H-phenothiazine
(2.19)'°: Bis(pinacolato)diboron (84 mg, 0.331 mmol, 1.2 eq), potassium acetate (81.2 mg,
0.827 mmol, 3 eq), DPPF (18 mg, 0.033 mmol, 0.12 eq) and
dichlorobis(triphenylphosphine)palladium(Il) (23 mg, 0.0331 mmol, 0.12 eq) catalyst were
added to a 3-bromo-N-hexylcarbazole (100 mg, 0.275 mmol) solution in toluene (3 mL). The
reaction mixture was heated at 90 °C for 24 h under nitrogen atmosphere. The crude product
was extracted with dichloromethane (3 x 20 mL), and the combined extracts were dried over
anhydrous sodium sulfate and then filtered. Upon concentration under reduced pressure, excess
reagents were recrystallized out from the desired product with hexane. Pure product 2.19 (80

mg, 69%) was obtained as a yellow liquid.
Reported yield = 71%

Obtained yield = 69%
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Scheme 6 Synthesis of 2.22 and 2.23.

Pd(OAc),, DPEPhos,
NaH

Toluene

2.20, R= -CgHy3 2.22, R= -CgHy;
2.21, R= -OCgHy3 2.23, R= -OCgHy;

Synthesis of compound [5-Bis(4-hexylphenyl)amino-15-(Triisopropylsilyl)ethynyl-10,20-
bis(2,6-di-octoxyphenyl)porphyrinato] ~ Zinc(Il) (2.20)°: A mixture of bis(4-
hexylphenyl)amine 2.10 (0.046 g, 0.135 mmol), and 60 % NaH (0.0062g, 1.54 mmol), taken
in a Schlenk tube in toluene (10 mL) and heated for 15 min. Heat source was removed and after
coming to room temperature porphyrin 2.9 (0.050 g, 0.038 mmol), DPEPhos (0.0075 g, 0.014
mmol) and Pd(OAc); (0.002 g, 0.00093 mmol) added to the reaction mixture and was gently
refluxed for 4 h under nitrogen atmosphere. The solvent was removed under vacuum. The
residue was purified by column chromatography (silica gel) using 20% DCM/hexanes as eluent

to give the product 2.20 (0.041 g) as green solid.
Reported yield = 71%
Obtained yield = 69%

Synthesis of compound [5-Bis(4-hexylphenyl)amino-15-ethynyl-10,20-bis(2,6-
bis(octyloxy)phenyl)porphyrinato] Zinc (II) (2.22): To a solution of porphyrin 2.20 (20 mg,
0.013 mmol) in dry THF (3 mL) was added TBAF (65 pL, 1M in THF). The solution was
stirred at 25 °C for 30 min under nitrogen atmosphere. The mixture was quenched with water
and then extracted with DCM. The organic layer was dried over anhydrous Na>SO4 and the

solvent was removed under reduced pressure and used as it is.

Synthesis of compound [5-Bis(4-hexyloxyphenyl)amino-15-(Triisopropylsilyl)ethynyl-10,20-
bis(2,6-di-octoxyphenyl)porphyrinato] Zinc(Il) (2.21): A mixture of bis(4-hexyloxyphenyl)
amine 2.11 (0.050 g, 0.135 mmol), and 60 % NaH (6.17 mg, 0.154 mmol), taken in a Schlenk
tube in toluene (10 mL) and heated for 15 min. Heat source was removed and after coming to
room temperature followed by addition of porphyrin 2.9 (0.050 g, 0.038 mmol), DPEPhos
(0.0075 g, 0.014 mmol) and Pd(OAc) (0.0002 g, 0.0093 mmol) added to the reaction mixture

and was gently refluxed for 4 h under nitrogen atmosphere. The solvent was removed under
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vacuum. The residue was purified by column chromatography (silica gel) using 20%

DCM/hexanes as eluent to give the product 2.21 (0.037 g, 60%) as green solid.

Melting point >300 °C; FTIR data: 2921, 1457, 1275, 1260 cm™'; 'H NMR (CDCls, 500 MHz)
on 9.63 (d, /=4.5 Hz, 2H), 9.16 (d, J=4.5 Hz, 2H), 8.83 (d, J=4.5 Hz, 2H), 8.67 (d, /=4.5 Hz,
2H), 7.63 (t, J=8.5 Hz, 2H), 7.20 (d, /=8.4 Hz, 4H), 6.94 (d, J=8.5 Hz, 4H), 6.68 (d, J=8.8 Hz,
4H), 3.80 (t, J=6.5 Hz, 12H), 1.43 (m, 18H), 1.28-1.25 (m, 18H), 0.98-0.95 (m, 8H), 0.88-0.76
(m, 20H), 0.63-0.46 (m, 44H)."*C NMR (CDCl3, 100 MHz) &¢ 160.0, 152.9, 152.6, 152.0,
150.6, 150.1, 147.0, 132.1, 131.9, 130.6, 130.4, 129.8, 123.2, 121.0, 115.0, 114.2, 105.2, 99.2,
96.2,96.1, 68.7,68.3,31.7,31.4,30.4, 29.8, 29.5, 28.6, 28.5, 25.8, 25.2,22.7,22.3,19.2, 14.1,
13.9, 12.1. HRMS: m/z calcd for [M] CooH137N506Si1Zn: 1583.9624, found 1583.9627.

Synthesis  of compound  [5-Bis(4-hexyloxyphenyl)amino-15-ethynyl-10,20-bis(2,6-
bis(octyloxy)phenyl)porphyrinato] Zinc (II) (2.23): To a solution of porphyrin 2.21 (20 mg,
0.013 mmol) in dry THF (3 mL) was added TBAF (65 pL, 1M in THF). The solution was
stirred at room temperature for 30 min under nitrogen atmosphere. The mixture was quenched
with water and then extracted with DCM. The organic layer was dried over anhydrous Na;SO4

and the solvent was removed under reduced pressure and used as it is.
2.5.3 Synthesis of BODIPY precursor'?

Scheme 7 Synthesis of 2.28.

“:OH e NHNH2 EtOH /d:OEt
NH2NH2 2so4 NHNH, j COOEt
2.24 2.25 227

p-TSA l EtOH

¢
Y

EtOOC N N
N tH COOEt

2.28

Synthesis of 2,3-dihydrazineylnaphthalene 2.25: To a suspension of 2,3-dihydroxynapthalene
(10 g, 62.5 mmol), and hydrazine sulphate (3.3 g, 25.7 mmol) in ethanol (5 mL), hydrazine

hydrate (10 mL, 206 mmol) was added, and the reaction mixture was refluxed till the product
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has precipitated out. The product was filtered under suction and further washed with ethanol to

obtain the compound as white solid.
Reported yield= 61%
Obtained yield= 66%

Synthesis of ethyl 4-methyl-2-oxopentanoate 2.26: Magnesium turnings (20 g, 833 mmol) and
catalytic amount of iodine were taken in a dry 3-necked RB and stirred for some time under N>
atmosphere till it looks brown colored indicating Mg is activated. To this, dry THF (150 mL),
was added followed by slow addition of isobutyl bromide (26 mL, 206 mmol). Addition is done
maintaining low temperature by keeping it in ice bath. It was stirred for 2 h. Then this mixture
was added through cannula to solution of diethyl oxalate (28 mL, 206 mmol) in THF (105 mL)
at -78 °C. It was further stirred for 3 h. Then reaction was quenched with dil. HCl. Organic
layer was extracted with EtOAc and dried under reduced pressure. Crude mixture was distilled

under reduced pressure to get pure yellow colored liquid.

Reported yield= 80%

Obtained yield= 83%

Synthesis of diethyl 2,2'-(naphthalene-2,3-diylbis(hydrazin-2-yl-1-ylidene))(2E,2'E)-bis(4-
methylpentanoate) 2.27: To a suspension of 2.25 (1 g, 5.3 mmol) in ethanol (35 mL), 2.26 (2.5
g, 16 mmol) was added and stirred continuously under N> atmosphere at room temperature for
24 h. Then it was dried under reduced pressure. Excess of 2.26 was distilled out under reduced
pressure. The red dense liquid thus obtained was extracted with ethyl acetate followed by a

filter column over silica gel with 20% ethyl acetate in hexane as the eluent, to obtain the product

as a mixture of isomers and used for next step reaction without further purification.

Synthesis  of diethyl  3,8-diisopropyl-1,10-dihydrobenzofe[pyrrolo[3,2-glindole-2,9-
dicarboxylate, 2.28: p-TSA (10 equiv.) was dried properly under vacuum till it becomes
powdery. Then it was dissolved with ethanol under N2 atmosphere. Then to this 2.27 (1 equiv.)
was added and stirred at reflux condition for 24 h. Then it was cooled to room temperature and
poured to ice bath. Then the mixture was washed with EtOAc and dried under reduced pressure.
Crude mixture was purified in silica gel column chromatography using 10% ethyl acetate in

hexane as the eluent to get pure off-white colored solid product.

Reported yield= 26%

Obtained yield= 30%
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2.6 Summary

A brief account of various solvents and chemicals used in the synthesis and different techniques
and other physical and computational methods employed for characterization in our
investigation, is given in this chapter. All reported compounds are synthesized and
characterized by following reported procedure, which are employed as starting materials for

the dissertation work, were also described here.
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Diarylamine substituted porphyrin-
BODIPY conjugates
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3.1 Introduction

The massive growth in population, increases the consumption of fossil fuels. Thus, it is
essential to develop an alternative renewable source of energy. In comparison to geothermal
energy, wind energy, tidal energy and biomass energy, solar energy is the most abundant, clean
and powerful source of renewable energy.! Solar energy is a substantially infinite energy source
and effective conversion of solar energy into electricity has been developed as an essential
strategy for sustainable development. It is dominated for decades by the silicon-based devices,
which covers around 90% of the PV market. In the present stage DSSC emerged as a low-cost
alternative owing to its ease of fabrication, a short-energy pay-back time, low sensitivity to
temperature changes and eco-friendliness after the pioneering report of Gritzel and coworkers
in 1991.2 Although ruthenium-based dyes,** (e.g., N719, N3 dye) as shown in Figure 3.1

exhibit efficiencies higher than 11%, but its low abundance and high cost are major drawbacks.

coo® Bu4N®

HOOC

coo Bu4N®
COOH o
N3 N719
n=10% n=11.18%

Figure 3.1 Structures of ruthenium-based dyes.

Hence, scientist turn their attention towards ruthenium-free dyes. As a result, organic
sensitizers,”” in particular porphyrins, with their intense absorption in the visible region, high
molar extinction coefficients and tunable electrochemical properties have enriched their
presence in DSSCs, offering promising features in thin film generation.®'* Gritzel and Kay
introduced chlorophyll derivatives and porphyrins as DSSC sensitizers and achieved an
efficiency of 2.6% leading to the development of porphyrin based dyes.!> The incorporation of
a push-pull structure that are based on the donor-n-acceptor (D-n-A) approach are effective
technique to enhance the light harvesting properties. Benchmark dyes comprising the donor-m-
bridge-acceptor (D-n-A) structured porphyrins such as YD2-0-C8, SM315 and XW73

achieved a device efficiency up to 13% (Figure 3.2).!6-1
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(a) (b)

YD2-0-C8
n=12.3%

(c) CeHq30,

H3C(OH,CH,C),0

Figure 3.2 (a) YD2-0-C8, (b) SM315, and (c) XW73.

In general, the absorption properties of porphyrin and BODIPY are complementary to each
other with BODIPY absorbing strongly at ~500 nm and porphyrins with intense absorption in
the region of 400 nm and weaker absorption in 500-700 nm region. Thus, covalently or non-
covalently linked porphyrin-BODIPY conjugates, with porphyrin and BODIPY having
complementary absorption, found to cover the entire visible range of solar spectrum, with
BODIPY acting as a donor and the porphyrin as an acceptor.?’ The first porphyrin-BODIPY
conjugate as shown in Figure 3.3(a) was reported by Lindsey and co-workers in 1998.2! The
studies supported an efficient energy transfer (>90 %) from BODIPY unit to porphyrin unit in
the dyad.

Figure 3.3 Porphyrin-BODIPY Conjugate reported by (a) Lindsey group and (b) Hupp group.
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Hupp and co-workers synthesised a dyad containing porphyrin fragment conjugated to a
BODIPY moiety through a triple bond with benzoic acid as an acceptor.??> The dye displayed
an intense absorption band centred around 530 nm which is clearly coming from the BODIPY
moiety and intense peaks at 450 and 650 nm from the porphyrin unit. The dyad exhibits greater
solar spectroscopic coverage based on IPCE, and an improved power conversion efficiency (n
= 1.55%) compared with its counterpart without the BODIPY fragment (n = 0.84%). The
enhanced efficiency of BODIPY-Zn(Il)porphyrin dyad (Figure 3.3 (b)) was primarily
attributed largely to the achievement in spectroscopic absorbance provided by the BODIPY

fragment in the dyad.

Galateia and co-workers applied another strategy and appended two BODIPY moieties to a
porphyrin and synthesized a triad, where two BODIPY chromophores covalently bridge a
metal-free porphyrin unit via a 1,3,5-triazine moiety (PorCOOH(BDP)2) as shown in Figure
3.5(a).” The dye display intense absorption around 500 nm, which corresponds to the
absorption of the BODIPY. Using pristine TiO> (device A) yielded a PCE of 5.17%, and using
rGO/TiOz (device B) photoanodes sensitised by the porphyrin-BODIPY triad yielded a PCE of
6.20%.

Odobel and co-workers further covalently linked a squaraine unit (SQT) to a porphyrin linked
BODIPY as an acceptor. They have synthesized trichromophoric supramolecular sensitizer
(Figure 3.5 (b)), based on the antenna effect, for DSSCs. In this trichromophore, the light
harvesting agent are BODIPY and ZnP, whereas the squaraine unit acts as acceptor and it will
inject electron injection into TiO,. Because of the high molar extinction coefficients squaraine
unit was chosen as sensitizer along with that the low-lying excited state which will benefit it
both as final energy acceptor and as electron injector. Three chromophoric subunits viz SQT
(Squaraine unit), D (Porphyrin unit linked to squarine moiety) and T (Figure 3.4 (d)) have
shown absorption spectra complementary to each other and thus cover a wide window of the

solar spectrum (Figure 3.5 (b)). The cell achieved an overall PCE of 3.9%.%
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Figure 3.4 Porphyrin-BODIPY Conjugates reported by (a) Galateia group and (b) Odobel
group.

(a) (b)

Absorbance (aw)
o
-

Absorbance (au)

350 650 750

50 550
Wavelength / nm

Figure 3.5 (a) Normalized UV-visible absorption spectra of PorCOOH-(BDP): in THF
solution (black line) and adsorbed onto TiO> film (red line). (b) Absorption spectra of SQI
(blue solid line), D (red solid line), and T (black solid line) recorded in THF.
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3.2 Research goal

In the examples cited above, most of them lack even reasonable absorption in the NIR region
where the solar flux of photons is quite significant, thus limiting further enhancement of their
efficiency in order to realize highly-efficient devices. BODIPY acts as a donor and porphyrin
is playing the role of acceptor. So, in order to capitalize the NIR region of the spectrum, we
intended to utilize our photo-stable and intensely absorbing naphthobipyrrole-derived BODIPY

dye,25’26

which, because of its unique photophysical properties in the NIR region, should make
an ideal acceptor when attached with the porphyrin dyes. As the porphyrin dyes with D-n-A
structure have shown higher efficiencies, we have opted for the hexyloxy and hexyl groups
appended diarylamine as donor, because of their stronger electron donating capability as well
as the long alkyl and alkoxy chains suppressing dye aggregation.?’?® The alkoxy chains
endowed on the periphery of the diarylamine donor may also enhance electron-donating
ability.?*° Diarylamine donor is expected to be more stable in its excited state due to the
delocalization of the excited radical in the m-system. Bis(octyloxy)phenyl groups substituted
on the porphyrin =m-bridge may reduce the charge recombination process between
iodine/triiodide moieties and the oxidized dye.*! The BODIPY unit, incorporated with two acid
groups for better anchoring, was conjugated with the donor substituted porphyrin moiety to
design the novel porphyrin-BODIPY conjugates JB-1 and JB-2 as shown in Figure 3.6. To our
knowledge, this is the first example of porphyrin-BODIPY conjugate, where the substituted
porphyrin acts as a donor and the BODIPY moiety enacting as the role of an acceptor. These
new dyes JB-1 and JB-2 provide a novel strategy for designing efficient porphyrin-BODIPY
conjugates and are expected to cover the entire visible portion of the solar spectrum along with
NIR region. This should result in much higher solar energy-to-electricity conversion efficiency

(n) and help make efficient solar cell.

R

JB-1, R= -CgHy3
JB-2, R= -OCgHy3

Figure 3.6 Porphyrin-BODIPY Conjugates, JB-1 and JB-2.
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3.3 Results and discussion

3.3.1 Synthesis

Naphthobipyrrole diester 2.27, the starting material for the acceptor BODIPY unit, was
prepared according to our previously reported method.*? The diester was partially hydrolysed
in presence of sodium hydroxide and ethanol to synthesize the ester-acid derivative of
naphthobipyrrole JB-3.1 in 55% yield, which was in turn decarboxylated by refluxing in
ethylene glycol to afford naphthobipyrrole monoester JB-3.2 in 97% yield (Scheme 1).
Subsequently, the monoester JB-3.2 was condensed with 4-iodobenzaldehyde to obtain the
dipyrromethane derivative JB-3.3 in 42% yield, which was further oxidized with DDQ and
treated with BF3.OEt, to obtain the naphthobipyrrole-derived BODIPY JB-3.4.

) NaOH, EOH_ ) {CHOH), L)
| | reflux, 48 h [ | reflux, 3 h | |

Etooc” "N N™ ScooEt Et0oc” "N N” “cooH Eooc™ § H

JB-3.1 (55%) JB-3.2 (97%)

JB-3.3 (42%)

1.DDQ, DCM, | 2. BF3OEt,,
i, 1h DCM, rt, 3h

Pd,(dba)s, AsPhs,
2.23
Et3N, reflux, 4 h

JB-3.6: R= -OC¢H,3 (60%)

ag. KOH, EtOH
THF, A, 12h

aq. KOH, EtOH
THF, A, 12 h

- p

Pdy(dba)s, AsPhs,
2.22/2.23
Et3N, reflux, 4 h

JB-1, R=-C¢H,3, 42% JB-3.5 (78%)
JB-2, R=-OCgH3, 60%

Scheme 1 Synthesis of Porphyrin-BODIPY Conjugates JB-1 and JB-2.
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Subsequently, BODIPY diester JB-3.4 was subjected to Sonogashira coupling with porphyrin
2.23 to synthesize the porphyrin-BODIPY conjugate JB-3.6 in 60% yield. Though the
hydrolysis of ester groups of JB-3.6 resulted in the formation of the desired product, the TLC

profile was complicated to isolate the clean product.

Therefore, we performed the hydrolysis of the BODIPY diester JB-3.4 with ag. KOH in a
mixture of THF and ethanol to yield the diacid-anchoring groups appended
bisnaphthobipyrrole-derived BODIPY acceptor JB-3.5 in 78% yield. Finally, the diacid JB-3.5
was successfully attached to the donor appended porphyrin moieties 2.22 and 2.23 via
Sonogashira coupling in presence of Pdx(dba);, AsPhs and EtsN in THF leading to the
formation of the desired porphyrin-BODIPY conjugates JB-1 and JB-2 in 42 and 60 % yield,
respectively as shown in Scheme 1.3° We have also synthesized the reported YD2-0-C8 as per

the literature method for reference.*
3.3.2 UV-Vis-NIR and fluorescence studies

The photophysical properties of the porphyrin-BODIPY conjugates JB-1 and JB-2 were
studied in THF solvent at room temperature as shown in Figure 3.7. The absorption spectra
show the Soret band of these two dyes at 448 and 442 nm, respectively, which is similar to that
of sensitizer YD2-0-C8 (fwhm: 1758.3 cm™!), however they are much broader with fwhm of
2410.8 and 2599.63 cm! for JB-1 and JB-2, respectively. On the other hand, the introduction
of the BODIPY acceptor unit had a significant impact on the absorption spectra of the dyes,
most evident being the lowest energy bands, for example, absorbance of both the dyes shows
an enhancement from 500 nm onwards. While JB-1 shows two bands at 648 and 675 nm, JB-
2 exhibits a band at 670 nm, those are more intense than the corresponding donor porphyrins

Q-bands (Table 3.1).
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Figure 3.7 Absorption spectra of JB-1 and JB-2 in comparison with YD2-0-C8 in THF.

In addition, both the dyes display a large intensified lowest energy band with maxima at 750
nm, which is significantly red-shifted compared to YD2-0-C8. This band is almost 80% as
intense as the Soret band with the tail extending beyond 800 nm region of the absorption
spectra. These new dyes exhibit non-zero absorption in the entire range of 300-800 nm. Thus,
they fall into a unique class of dyes which are not only panchromatic but in addition absorb a
good amount of solar flux in the NIR region. The shift in the absorption spectra of sensitizers
JB-1 and JB-2 is mainly due to the presence of extended m-conjugation in its molecular
structure. This can be realized from the comparison of UV-Vis spectra of donor appended

porphyrin with the porphyrin-BODIPY Conjugates, JB-1 and JB-2.
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Figure 3.8 Absorption spectra of JB-1 and JB-2 in comparison with donor appended porphyrin
in THF.

As it can be seen clearly that after the attachment of NIR absorbing BODIPY moiety there is
a bathochromic shift in the absorption with lowest energy band extending up to 800 nm with
respect to w.r.t. donor appended porphyrin 2.12 and 2.13.

Table 3.1 Absorption data for different porphyrin 2.6, 2.12, 2.13 and Meso-free BODIPY in
DCM and acceptor BODIPY, JB-1 and JB-2 in THF.

Dye Absorption peaks (nm)
5,15-diaryl porphyrin (2.6) 412 (Amax), 502, 535, 576, 631

Porphyrin donor (hexyl) (2.12) 428 (Amax), 572, 627

Porphyrin donor (hexyloxy) (2.13) 429 (Amax), 571, 640
Meso-free BODIPY El 727 (Amax)
Acceptor BODIPY (3.6) 746 (Amax)

JB-1 448 (Amax), 648, 750

JB-2 442 (Amax), 670, 749

To understand the emission properties of the conjugates, first the emission of the individual
moieties i.e., two donors (2.10 and 2.11) and BODIPY acceptor (JB-3.5) were checked in a
polar solvent (THF) and a nonpolar solvent (toluene). The fluorescence spectra of the three
units as shown in Figure 3.9 have no significant change in their emission pattern in two

different solvents.
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Figure 3.9. Fluorescence spectra of compounds 2.10, 2.11 and JB-3.5 excited at 433, 432 and
748 nm, respectively in THF (black solid line) and in toluene (dash red line).

But emission properties of the dyes JB-1 and JB-2 measured in THF solvent at room
temperature by exciting at their respective Soret bands as shown in Figure 3.10 (a) exhibits
dual bands. The first band is corresponding to the emission from the porphyrin moiety and the
second band is from the BODIPY acceptor indicating that probably in THF the molecule is
behaving like independent moieties. The quantum yields of JB-1 and JB-2 in THF were found
to be (¢r= 0.0043) for JB-1 and (¢p= 0.0030) for JB-2. Interestingly, in toluene as shown in
Figure 3.10 (b), the emission band corresponding to the porphyrin is quenched with a major
band coming from the BODIPY acceptor with high intensity and an increased quantum yield
(6= 10.025) for JB-1 and (¢+= 0.016) for JB-2. This type of phenomena with an altered emission
in different solvents is probably due to the intramolecular charge transfer transition process

occurring from donor appended porphyrin to BODIPY acceptor moiety.
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Figure 3.10. Fluorescence spectra of dyes JB-1 and JB-2, excited at their respective Soret

bands at 448 and 442 nm, respectively. (a) in THF (b) in toluene.

Fluorescence studies of the porphyrin-BODIPY conjugates excited at different wavelengths

including BODIPY absorption band in THF and toluene leads to the same emission pattern,

further confirming the role of BODIPY as acceptor, as shown in Figure 3.11 and 3.12.
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Figure 3.12. Fluorescence spectra of the dyes, excited at different wavelengths in toluene (a)
JB-1 (b) JB-2.
Photoluminescence decay as shown in Figure 3.10 was measured using time-correlated single-

photon counting with a picosecond pulsed diode laser (Aexc=405 nm). Decay profile of JB-1

and JB-2 were found to be bi- and tri- exponential, respectively with an average lifetime of 1.8

and 2.1 ns, respectively.
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Figure 3.13. Fluorescence decay profile of: a) JB-1; b) JB-2 recorded in chloroform (Aexc= 405
nm).
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3.3.3 DFT studies

We have carried out quantum mechanical calculations using Gaussian 09 program provided by
CMSD facility of University of Hyderabad.>* All calculations were carried out by density
functional theory (DFT) with Becke’s three-parameter hybrid exchange functional and the Lee-
Yang-Parr correlation functional (B3LYP) was used. LANL2DZ basis set was used for Zn and
6-31G(d) basis set was used for all other atoms in calculations and the molecular orbitals were
visualized using Gauss view 5. Electronic spectra were calculated using TD-DFT in THF
solvent using PCM model. The result of TD-DFT was analyzed using GaussSum programme.*
The Figure 3.11 clearly depicts that the porphyrin and BODIPY units of the dyes JB-1 and JB-
2 are not in the same plane, which is advantageous for reducing dye aggregation. Porphyrin
and BODIPY exhibit a dihedral angle of 85.31° for JB-1 and 80.83° for JB-2, which is
advantageous for reducing dye aggregation (Figure 3.12). This makes our designed dyes more
promising compared to well-studied planar phthalocyanine-based dyes,***” which although
display similar intense lowest energy absorption bands like naturally occurring chlorophylls

and bacteriochlorophylls, albeit much blue-shifted (Amax ~ 680-700 nm).>

JB-1

JB-2

Figure 3.14. DFT optimized structures of dyes JB-1 and JB-2.

58



CHAPTER 3

a)

Figure 3.15. DFT optimized structures of dyes (a) JB-1 and (b) JB-2 with dihedral angle
between porphyrin, phenyl and BODIPY planes.

We have run TD-DFT computations and stimulated theoretical absorption spectra for the JB-1
and JB-2 in order to acquire more understanding and compared with the previously reported
YD2-0-C8. It was found that the steady state absorption spectra and vertical electronic

transitions are comparable. (Figure 3.13).
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Figure 3.16 Theoretical (vertical bars) and experimental (continuous lines) UV-Vis-NIR
absorption spectra of JB-1 (black), JB-2 (red) and YD2-0-C8 (blue) in THF.

The frontier orbital diagrams as shown in Figure 3.14 and 3.15 further revealed that HOMO
levels are primarily localized over diarylamine donor moieties and extending up to the
porphyrin segment implying the significant contribution of diarylamine substituted porphyrin
as a donor. LUMO coefficient is completely absent on porphyrin, which was not observed in
the case of previously reported much accomplished porphyrin dyes such as YD2-0-C8 and
SM315.'%!7 On the other hand, LUMO lies completely on the acceptor BODIPY unit, which
implies HOMO to LUMO photoexcitation will involve charge transfer from aryl amine

substituted porphyrin to BODIPY unit. A well separated electron density distribution of HOMO
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and LUMO levels may indicate smooth electron transfers from the donor substituted porphyrin
to the BODIPY acceptor via the porphyrin bridge, which will facilitate the efficient electron
injection into TiO; conduction band. Computational HOMO-LUMO energy gap was found to
be 1.52 and 1.69 eV for the sensitizers JB-1 and JB-2, respectively.

Table 3.2: Selected transitions, oscillator strength, symmetry calculated (H = HOMO, L
=LUMO) from DFT analysis for JB-1, JB-2 and YD2-0-C8.

Dye Wavelength | Oscillator Major Contribution
(nm) Strength
JB-1 851 0.14 H—L (98%)
659 0.84 H-1—L (100%)
652 0.36 H—L+1 (87%)
638 0.16 H-3—L (93%)
462 0.77 H-8—L (64%), H-9—L (13%)
432 0.41 H-13—L (22%), H-13—L (15%), H-
11-L (28%)
JB-2 928 0.09 H—L (98%)
696 0.36 H—L+1 (94%)
658 0.82 H-2—L (99%)
463 0.76 H-9—L (49%), H-11—-L (19%), H-10—
L (17%)
434 0.21 H-12—L (41%). H-14— L (19%), H-
13— L (15%)
YD2-0-C8 667 0.47 H—L (91%)
440 1.48 H-1—L+1 (43%), H—L+2 (39%)
425 0.76 H-2—L+1 (45%), H-1—L (34%)
413 0.51 H—L+2 (54%), H-1—-L+1 (23%)

60



CHAPTER 3

LUMO+2

>
2
1T

-4.0 - ‘

-4.5 -

H'OMO c—
-5.0 g S
-5.5 -
HOMO-1 HOMO-2
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Figure 3.18 Delocalized electron densities of selected MOs of JB-2 with energy level
diagram.
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3.3.4 Electrochemical studies

The redox properties of Porphyrin-BODIPY Conjugates, JB-1 and JB-2 were evaluated by CV
and DPV in THF solvent using tetrabutylammonium hexafluorophosphate as supporting
electrolyte, a glassy carbon working electrode, an Ag/AgCl reference electrode and Pt wire
auxiliary electrode and the corresponding data was shown in Figure 3.16 with potential details
in Table 3.3. The first oxidations for the formation of the porphyrin cation radical Eox (or
HOMO level) of JB-1 and JB-2 are quasi-reversible with values of 1.02 V and +0.98 (vs NHE),
respectively. Both the dyes exhibit more positive potentials than the redox potential of the /15
couple, demonstrating the feasibility of the dye regeneration. In addition, energy level of
LUMO, (ErLumo) calculated from the equation Erumo = Eox — Eo-o for JB-1 and JB-2 are found
to be -0.67 and -0.64 V, respectively, which are higher than that of conduction band edge (Ecg)
of TiO> indicating the workable electron injection from the excited sensitizer to the conduction

band of TiO; as shown in Figure 3.17.
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Figure 3.19 CV (below) and DPV (above) of JB-1 and JB-2 in THF measured at 298K.
Table 3.3: Absorption spectral and electrochemical data for JB-1 and JB-2.
Dye | Absorption | Emission | Eoo | Oxidation | Reduction | ELumo=Eoo- | Eec
Amax/NM in nm in | Eox(from | Ered (from Enomo inV
(e/10° Mt eV | DPV)vs. | DPV)vs. inV
cm™) NHE inV | NHE in V
JB-1 | 448 (1.94), 661, 767 | 1.64 1.02 -0.4 -0.62 1.42
649 (0.41),
753 (1.64)
JB-2 | 443 (1.93), 682, 770 | 1.64 0.98 -0.55 -0.66 1.53
670 (0.43),
750 (1.53)
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3.4 Conclusion

In conclusion, we have successfully designed a novel strategy for harvesting the NIR flux of
photons from the sunlight by synthesizing two new porphyrin-BODIPY conjugates, JB-1 and
JB-2, with the highly conjugated BODIPY group acting as an acceptor for the
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Figure 3.20 The electron transfer processes in DSSC.

first time. These dyes display a significant red shifted and intense lowest energy bands having
non-zero absorption beyond 800 nm which was mostly absent in case of previously reported
dyes. The DFT calculations revealed a promising feature of LUMO with electron density fully
located on acceptor moiety and anchoring group, which may facilitate the charge separation
processes while the energy levels of HOMO and LUMO have shown a facile dye regeneration

and charge injection abilities, respectively.
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3.5 Experimental details

The synthetic details regarding donor groups 2.10 and 2.11 along with donor appended
porphyrin, 2.14 and 2.15 and napthobipyrrole diester 2.27 were discussed in the materials and

methods section.

Synthesis of 9-(Ethoxycarbonyl)-3,8-diisopropyl-1,10-dihydrobenzo[e[pyrrolo[3,2-g[indole-
2-carboxylic acid (JB-3.1): Compound 2.27 (400 mg, 0.92 mmol, l1eq) was taken in a 50 mL
two-necked round-bottom flask with a reflux condenser and a nitrogen inlet. It was dissolved
in ethanol (20 mL) and aq. NaOH (37 mg, 0.92 mmol in 3.5 mL water, leq) and refluxed for
48 h. The reaction was quenched with addition of dil. HCI, and the precipitate formed was
filtered, and washed properly with water. The residue was purified by column chromatography
(silica gel) using EtOAc/hexane:30/70 to give napthobipyrrole monoester acid, JB-3.1 (205
mg, 55%) as white solid.

Melting point: >300°C; FTIR: 3473, 3357, 2924, 2123 cm™..'"H NMR (DMSO-ds, 500 MHz)
d112.98 (s, br, 1H), 11.99 (s, 1H), 11.89 (s, 1H), 8.49-8.44 (m, 2H), 7.53-7.48 (m, 2H), 4.52-
4.36 (m, 4H), 1.54 (dd, J=7.2 Hz, 1.05 Hz, 12H), 1.42 (t, /=7 Hz, 3H). '3C NMR (DMSO ds,
100 MHz) 8¢ 160.7, 160.9, 145.6, 133.6, 132.8, 131.6, 131.2, 127.9, 127.1, 125.4, 123.6, 121.2,
120.2, 118.6, 118.4, 102.8, 63.4, 60, 24.8, 20.7, 14.4. HRMS: m/z caled for [M+H]"
C24H27N>04 : 407.1971, found 407.1974.

Synthesis of Ethyl 3,8-diisopropyl-1,10-dihydrobenzo[e[pyrrolo[3,2-glindole-2-carboxylate
(JB-3.2): Compound JB-3.1 (200 mg, 0.49 mmol,) was taken in a 10 mL two-necked round-
bottom flask equipped with a condenser, dissolved in dry ethylene glycol (4 mL) and kept in
vacuum for 0.5 h. The reaction mixture was refluxed for 3 h in a pre-heated oil bath. Heat
source was removed and after cooling to room temperature the reaction mixture was poured in
ice bath to give precipitate. Compound was filtered through a Buchner funnel and dried in

desiccator to obtain napthobipyrrole monoester, JB-3.2 (173 mg, 97%) as white solid.

Melting point: >300°C; FTIR: 3364, 2958, 1631, 1461 cm™'; '"H NMR (CDCls, 500 MHz) 8u
12.36 (s, 1H), 9.86 (s, 1H), 8.61 (m, 1H), 8.49 (m, 1H), 7.55-7.48 (m, 2H), 7.0 (d, J=1.8 Hz,
1H), 4.63-4.49 (m, 3H), 3.79-3.70 (m, 1H), 1.65 (d, J=7.5 Hz, 6H), 1.57 (t, /=7 Hz, 3H), 1.48
(d, J=6.5 Hz, 6H). 3*C NMR (CDCls, 125 MHz) 8¢ 164.5, 136.1, 128.6, 128.2, 126.9, 124.7,
123.7, 123.0, 122.3, 119.4, 119.3, 118.4, 117.1, 96.2, 61.4, 34.8, 31.7, 26.8, 26.0, 23.7, 21.3,
14.6, 14.3, 14.2. HRMS: m/z caled for [M+H]" C23H27N20,: 363.2073, found 363.2074.
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Synthesis of Diethyl 9,9'-((4-iodophenyl)methylene)bis(3,8-diisopropyl-1,10-
dihydrobenzo[e[pyrrolo[3,2-glindole-2-carboxylate) (JB-3.3): Compound JB-3.2 (100 mg,
0.27 mmol, 1.9 eq) and 4-iodobenzaldehyde (32 mg, 0.14 mmol, 1 eq) were taken in a two-
necked round-bottom flask and kept under nitrogen atmosphere. DCM (10 mL) was added to
it and stirred for 15 min to dissolve the solids, followed by addition of TFA (10 nL, 0.13 mmol,
0.9 eq). Reaction was monitored by checking TLC. After the consumption of all the starting
material, the solvent was removed under reduced pressure and the residue was purified by
column chromatography (silica gel) using EtOAc/heaxane: 20/80 as eluent. Recrystallization
from hexane yielded the napthobipyrrole based dipyrromethane, JB-3.3 (10 mg, 42%) as a

white solid.

Melting point: >300°C; FTIR: 3349, 2958, 1702, 1666 cm™'; 'H NMR (CDCls, 400 MHz) &n
11.75 (s, 2H), 10.57 (s, 2H), 8.49-8.47 (m, 4H), 7.78 (d, J= 8.4 Hz), 7.47 (t, J= 3.8 Hz, 4H),
7.03 (d, J= 8.4 Hz, 2H), 6.48 (s, 1H), 4.47-4.34 (s, br, 2H), 4.35-4.31 (m, 4H), 1.55-1.54 (m,
12H), 1.44-1.40 (m, 12 H), 1.38-1.33 (m, 9H), 1.31-1.18 (m, 4H). *C NMR (CDCls, 125 MHz)
dc 171.4, 138.5, 138.0, 134.0, 131.3, 130.9, 130.6, 128.7, 127.1, 126.1, 124.7, 123.3, 118.2,
96.2, 92.9, 64.6, 60.6, 31.0, 30.7, 29.8, 26.6, 25.4, 21.2, 14.3. HRMS: m/z calcd for [M+H]"
Cs3Hs6IN4O4: 939.3346, found 939.3346.

Synthesis of Napthobipyrrole derived BODIPY Diester (JB-3.4): Compound JB-3.3 (100 mg,
0.11 mmol, 1 eq) was dissolved in DCM (10 ml) and DDQ (24 mg, 0.11 mmol, 1 eq) was added
to it and stirred. Reaction was monitored by checking TLC and after all starting material
consumed, solvent was reduced and a filter column is performed and kept for boron
complexation by dissolving in DCM (5 mL) and EtsN (0.5 mL, 3.52 mmol). After stirring for
10 min, BF3.0Et (0.6 mL, 5.28 mmol) was added and stirred for 4 h at rt. Solvent was removed
under reduced pressure and the residue was purified by column chromatography (silica gel)
using EtOAc/hexane: 20/80 as eluent. Recrystallization from hexane provided napthobipyrrole
based BODIPY diester JB-3.4 (67.6 mg, 65%) as a green solid.

Melting point: >300°C; FTIR: 3429, 2957, 1719, 1684 cm™'; 'H NMR (CDCls, 500 MHz) &n
11.02 (t, J=7 Hz, 2H), 8.40 (dd, /=8 Hz, 1 Hz 1H), 7.97 (d, J/=8.3 Hz, 2H), 7.51-7.46 (m, 2H),
7.45-7.39 (m, 4H), 4.55 (q, J=7.1 Hz, 4H), 4.36 (t, J=7.1 Hz, 2H), 2.81-2.72 (m, 2H), 1.62 (d,
J=7.2Hz, 12H), 1.47 (t,J=7.1 Hz, 6H), 1.26 (d, J=7.3 Hz, 12H). *C NMR (CDCl;, 100 MHz)
Sc 161.4, 149.7, 140.7, 140.5, 137.9, 136.0, 135.8, 134.2, 131.2, 129.3, 128.9, 128.0, 126.6,
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126.2, 125.8, 124.4, 122.2, 95.1, 61.3, 25.7, 24.6, 21.1, 20.3, 14.5. HRMS: m/z calcd for
[M+H]" Cs3Hs3BF2IN4O4: 985.3173, found 985.3172.

Synthesis of Napthobipyrrole derived BODIPY Diacid (JB-3.5): Compound JB-3.4 (15 mg,
0.02 mmol) was taken in a mixture of EtOH:THF (1:1, 6 mL) and KOH (170 mg, 3.04 mmol,
202 eq) in H2O (0.8 mL) was added and stirred for 12 h at 80 °C. After cooling to room
temperature, the mixture was poured into dil. HCI, extracted with CH2Cly, dried over anhydrous
Na>SOs4 and then the residue was purified by recrystallization from DCM/hexane to afford the
compound JB-3.5 (11 mg, 78%) as green solid.

Melting point: >300°C; FTIR: 2959, 2856, 1599, 1459, 1065 cm!; 'H NMR (THF-ds, 500
MHz) 81 10.88 (s, 2H), 8.40 (d, J= 7.7 Hz, 2H), 8.35 (d, J=7.9 Hz, 2H), 8.06 (d, J =7.8 Hz,
2H), 7.69 (d, J=8.1 Hz, 2H), 7.63-7.53 (m, 4H), 4.35 (s, 2H), 3.59 (t, J=6.5 Hz, 2H), 1.56 (d,
J=7.1 Hz, 12H), 1.21 (t, J=7.2 Hz, 12H). '*C NMR (THF-ds, 125 MHz) 8¢ 150.4, 141.3, 139.0,
137.0, 136.6, 132.7, 130.7, 130.3, 130.0, 128.5, 127.2, 127.0, 126.6, 125.1, 96.1, 33.0, 30.7,
30.4,26.6,25.9,25.8,23.7,21.4, 20.5, 14.5. HRMS: m/z calcd for [M+H]" C49HasBF2IN4O4:
929.2547, found 929.2546.

Synthesis of Porphyrin-BODIPY Conjugate (Diester) (JB-3.6): Compound 2.23 (15 mg,
0.0105 mmol, 1 eq) and BODIPY (JB-3.4) (12.4 mg, 0.0125 mmol, 1.2 eq) were taken in a 10
mL Schlenk tube and dissolved in a mixture of dry THF (5 mL) and Et3N (0.4 mL) and the
solution was degassed with dinitrogen for 10 min, Pd>(dba); (2.8 mg, 0.0031 mmol, 0.3 eq)
and AsPhs (6.5 mg, 0.021 mmol, 2 eq) were added to the mixture. The solution was refluxed
for 4 h under nitrogen atmosphere. The solvent was removed under reduced pressure. The
residue was purified by recrystallization from hexane to give JB-3.6 (10 mg, 42%) as a green

solid.

Melting point: >250°C (decomp); FTIR: 2957, 2922, 2859, 1718, 1461 cm-1; 1H NMR
(CDCI3, 500 MHz) oH 11.08(t, /= 7.0 Hz, 2H), 9.75(d, J= 4.5 Hz, 2H), 9.19 (d, J= 4.6 Hz,
2H), 8.92 (d, /= 4.6 Hz, 2H), 8.69 (d, /= 4.7 Hz, 2H), 8.42 (d, J= 8.9 Hz, 2H), 8.25 (d, J/= 8.0
Hz, 2H), 7.85 (d, J= 8.1 Hz, 2H), 7.67 (t, J= 8.5 Hz, 2H), 7.49-7.41 (m, 4H), 7.21 (d, /= 9.2
Hz, 4H), 6.97 (d, J= 8.5 Hz, 4H), 6.70 (d, J= 9.2 Hz, 4H), 4.58-4.54 (m, 4H), 4.39-4.37 (m,
2H), 3.85-3.82 (m, 8H), 3.06-3.02 (m, 2H), 1.71-1.68 (m, 4H), 1.64 (d, J= 7.2 Hz, 12H), 1.53
(s, 18H), 1.48 (t, /= 7.1 Hz, 8H), 1.38 (d, J= 7.3 Hz, 16H), 1.29-1.25 (m, 14H), 1.02-1.00(m,
8H), 0.87-0.84 (m, 16H), 0.70-0.47(m, 50H); HRMS: m/z caled for [M+H]+
C143H170BF2N9010Zn: 2286.2379, found 2286.2325.
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2.1.3 Synthetic routes for JB-1 and JB-2:

Synthesis of JB-1 dye: Compound 2.22 (20 mg, 0.0203 mmol, 1.8 eq) and BODIPY-Diacid
JB-3.5 (10 mg, 0.0107 mmol, 1 eq) were taken in a 25 mL Schlenk tube and dissolved in a
mixture of dry THF (5 mL) and EtsN (0.4 mL) and the solution was degassed with dinitrogen
for 10 min, Pd>(dba); (2.8 mg, 0.003 mmol, 0.3 eq) and AsPh;3 (6.2 mg, 0.020 mmol, 2eq) were
added to the mixture. The solution was refluxed for 4 h. The solvent was removed under

reduced pressure. The residue was purified by recrystallization from CH3OH/hexane to isolate

JB-1 (16.8 mg, 60%) as a green solid.

Melting point: >250°C (decomp); FTIR: 2925, 2853, 1595, 1457 cm™'.'"H NMR (THF ds, 500
MHz) 6u 11.55 (s br, 2H), 9.73 (s, 2H), 9.73 (s, 2H), 9.07 (s, 2H), 8.83 (s, 2H), 8.58 (s, 2H),
8.46 (s, 2H), 8.35 (d, J= 6.5 Hz, 4H), 8.05 (s, 2H), 7.67 (s, 2H), 7.40 (s br, 4H), 7.22 (d, J= 7.5
Hz, 4H), 7.04 (t, J= 4.0 Hz, 4H), 6.94 (d, J= 7.5 Hz, 4H), 3.89 (s br, 8H), 3.50 (s br, 4H), 3.17
(s br, 4H), 2.48 (s br, 4H), 2.04 (s, 2H), 1.57 (s br, 8H), 1.44 (s br, 8H), 1.10-1.03 (m, 12H),
0.96-0.85 (m, 44H), 0.75-0.63 (m, 33H). 13C NMR (THF-ds, 125 MHz) 8¢ 161.1, 152.3, 152.6,
151.9,151.5,151.3,141.1,136.2,132.7,132.5,132.1, 131.3, 130.7, 130.6, 130.3, 129.5, 129.2,
127.7,127.2,126.1,124.3,123.8, 122.7, 121.8, 115.3, 105.5, 98.3, 95.3, 69.1, 36.2, 33.0, 32.8,
32.8,32.7,30.8, 30.5, 30.4(4), 30.4(0), 30.2, 29.9, 29.8, 29.7, 28.1, 27.1, 24.3, 25.9, 23.7, 23.6,
23.4,21.9, 20.8, 14.5. HRMS: m/z calcd for [M+H]" Ci39H161BF2N9OsZn: 2199.1857, found
2199.1836.

Synthesis of JB-2 dye: Compound 2.23 (22.6 mg, 0.016 mmol, 1.8 eq) and BODIPY JB-3.5
(10 mg, 0.0107 mmol, 1eq) were taken in a 25 mL Schlenk tube and dissolved in a mixture of
dry THF (5 mL) and Et3N (0.4 mL) and the solution was degassed with dinitrogen for 10 min,
Pd>(dba); (3 mg, 0.0032 mmol, 0.3 eq) and AsPh; (6.6 mg, 0.022 mmol, 2 eq) were added to
the mixture. The solution was refluxed for 4 h under nitrogen atmosphere. The solvent was
removed under reduced pressure. The residue was purified by recrystallization from

CH30OH/hexane to obtain JB-2 (10 mg, 42%) as a green solid.

Melting point: >280°C (decomp); FTIR: 2924, 2854, 1595, 1457 cm™'; 'TH NMR (THF-ds, 500
MHz) o1 11.59 (s, br, 2H), 10.83 (s, 2H), 9.69 (d, J= 4.5 Hz, 2H), 9.07 (d, J=4.5 Hz, 2H), 8.80
(d, J=4.5 Hz, 2H), 8.55 (d, J=4.5 Hz, 2H), 8.46 (s, 4H), 8.33 (d, J= 7.2 Hz, 2H), 7.66 (t, J=8.5
Hz, 2H), 7.44-7.38 (m, 4H), 7.19-7.17 (m, 4H), 7.03 (d, J=8.5 Hz, 4H), 6.67 (d, J=9.5 Hz, 4H),
3.86-3.83 (m, 12H), 1.85 (s, 4H), 1.68-1.65 (m, 11H), 1.59 (s, 4H), 1.43-1.42 (m, 11H), 1.31-
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1.29 (m, 11H), 1.06-1.01 (m, 8H), 0.93-0.90 (m, 11H), 0.89-0.86 (m, 12H), 0.82-0.79 (m, 8H),
0.71-0.63 (m, 30H). '3C NMR (THF-ds, 125 MHz) 5¢ 161.1, 154.1, 152.9, 151.4, 149.3, 148.1,
141.0, 138.8, 136.1, 133.1, 132.7, 132.3, 132.0, 130.7, 130.5, 129.2, 127.6, 127.1, 124.5, 124.3,
123.7, 121.8, 115.6, 115.2, 108.0, 105.5, 98.1, 95.3, 69.0, 33.0, 32.7, 32.5, 30.9, 30.7, 30.6,
30.5,30.4,29.9, 29.8,29.7, 28.1, 26.8, 26.5, 26.4, 26.3, 25.9, 23.7, 23.6, 23.4, 21.9, 20.8, 14.5.
HRMS: m/z caled for [M+H]" C130H160BF2NoO10Zn: 2230.1677, found 2230.1613.
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3.7 'H NMR, 3C NMR and HRMS spectra
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Figure 3.21: '"H NMR spectrum of JB-3.1 in DMSO-d; recorded at 25 °C (*Asterisk indicates
water and residual solvent impurity).
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Figure 3.22. °*C NMR spectrum of JB-3.1 in DMSO-d; recorded at 25 °C (*Asterisk indicates
residual solvent impurity.
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Acquisition Parameter

Source Type ESI lon Polarity Positive Set Nebulizer 0.3 Bar
Focus Not active Set Capillary 3000V Set Dry Heater 180 °C
Scan Begin 50 m/z Set End Plate Offset -500 V Set Dry Gas 4.0 l/min
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Figure 3.23. HR-ESI mass spectrum of JB-3.1; m/z calculated for Ca4H27N204 [M+H]"
407.1971 found 407.1974.
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Figure 3.24. 'H NMR spectrum of JB-3.2 in CDCl; recorded at 25 °C (*Asterisk indicates

residual solvent impurity).
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Figure 3.25 1*C NMR spectrum of JB-3.2 in CDCl; recorded at 25 °C (*Asterisk indicates

residual solvent impurity).
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Source Type ESI lon Polarity Positive Set Nebulizer 0.3 Bar
Focus Not active Set Capillary 4000V Set Dry Heater 180 °C
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Figure 3.26 HR-ESI mass spectrum of JB-3.2; m/z calculated for [M+H]" C23H27N202
363.2073, found 363.2074.
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Figure 3.27 'H NMR spectrum of JB-3.3 in DMSO-dj recorded at 25 °C (*Asterisk indicates
residual solvent impurity).
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Figure 3.28 1°C NMR spectrum of JB-3.3 in CDCl; recorded at 25 °C (*Asterisk indicates
residual solvent impurity).
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Figure 3.29 HR-ESI mass spectrum of JB-3.3; m/z calculated for [M+H]" Cs3HssIN4O4

939.3346, found 939.3346.
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Figure 3.30 'H NMR spectrum of JB-3.4 in CDCI; recorded at 25 °C (*Asterisk indicates
residual solvent impurity).
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Figure 3.31 1°C NMR spectrum of JB-3.4 in CDCl; recorded at 25 °C (*Asterisk indicates
residual solvent impurity).
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Figure 3.32 HR-ESI mass spectrum of JB3.4; m/z calculated for [M+ H]" Cs3Hs3BF2IN4O4
985.3173, found 985.3172.
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Figure 3.33 'H NMR spectrum of JB-3.5 in THF-ds recorded at 25 °C (*Asterisk indicates
residual solvent impurity).
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Figure 3.34 '*C NMR spectrum of JB-3.5 in THF-ds recorded at 25 °C (*Asterisk indicates
residual solvent impurity).

82



CHAPTER 3

Acquisition Parameter
Source Type ESI lon Polarity Positive Set Nebulizer 0.3 Bar
Focus Not active Set Capillary 4000 V Set Dry Heater 180 °C
Scan Begin 50 m/z Set End Plate Offset -500 V Set Dry Gas 4.0 Umin
Scan End 1500 m/z Set Charging Voltage oV Set Divert Valve Waste
Set Corona 0nA Set APCI Heater o°C
Intens. +MS, 0.5min #2
x104]
S
B
D)

0.8 A NH

06

0.4

0.2

922

9250624

922.7797553 6116

926.7094

927.7119

928.2531

926 928

928.7166

929.7235

. 930.2591

930

931.2631

932

933.7723

934 m/z

Figure 3.35 HR-ESI mass spectrum of JB-3.5; m/z calculated for [M+H]" C49H4sBF2IN4O4

929.2547, found 929.2546.
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Figure 3.36 'H NMR spectrum of JB-3.6 in CDCI; recorded at 25 °C (*Asterisk indicates
residual solvent impurity).
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Figure 3.37 HR-ESI mass spectrum of JB-3.6; m/z calculated for [M+H]"
Ci143H170BF2N9010Zn 2286.2379, found 2286.2325.
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Figure 3.38 'H NMR spectrum of JB-1 in THF-ds recorded at 25 °C (*Asterisk indicates
water and residual solvent impurity).
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Figure 3.39 1°C NMR spectrum of JB-1 in THF-ds recorded at 25 °C (*Asterisk indicates
residual solvent impurity).
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Figure 3.40 HR-ESI mass spectrum of JB-1; m/z calculated for [M] Ci39Hi160BF2NoOgZn
2198.1778, found 2198.1710.
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Figure 3.41 'H NMR spectrum of JB-2 in THF-ds recorded at 25 °C (*Asterisk indicates
residual solvent impurity).
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Figure 3.42 C NMR spectrum of JB-2 in THF-ds recorded at 25 °C (*Asterisk indicates
residual solvent impurity).
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Figure 3.43 HR-ESI mass spectrum of JB-2; m/z calculated for [M+H]" Ci39H161BF2NoO10Zn
2230.1677, found 2230.1613.

3.8. Computational Studies
Optimized coordinates of Porphyrin-BODIPY Conjugates JB-1 and JB-2.

Table 3.4. Coordinates of the optimized structure of JB-1.

Tag Symbol X Y Z

1 C 6.396335 -7.10374 -0.7496

2 C 7.715801 -7.56282 -0.73841
3 C 8.753849 -6.66647 -0.52336
4 C 8.528139 -5.28629 -0.3333

5 C 7.189306 -4.79772 -0.52277
6 C 6.147546 -5.74195 -0.65019
7 C 9.581443 -4.34384 0.047158
8 C 9.291538 -2.95678 0.083118
9 C 8.000466 -2.45773 -0.22551
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10 C 6.951431 -3.35685 -0.55979
11 C 10.94623 -4.49314 0.466111
12 C 11.43294 -3.18451 0.662652
13 N 10.41279 -2.28865 0.446779
14 N 7.567069 -1.18021 -0.3259

15 C 6.221396 -1.19358 -0.70025
16 C 5.84543 -2.56622 -0.96142
17 C 6.367824 7.239375 -0.23626
18 C 7.685996 7.68657 -0.13956
19 C 8.713328 6.758479 -0.05321
20 C 8.476511 5.368752 -0.0357

21 C 7.120598 4.901735 -0.17614
22 C 6.107449 5.876207 -0.26914
23 C 9.570603 4.402689 0.028361
24 C 9.287472 3.053133 -0.27937
25 C 7.965147 2.569191 -0.39043
26 C 6.852034 3.457278 -0.27942
27 C 10.97433 4.477702 0.31506

28 C 11.4783 3.180733 0.086362
29 N 10.44728 2.35588 -0.27725
30 N 7.555127 1.284078 -0.49456
31 C 6.158057 1.271055 -0.47902
32 C 5.695354 2.635547 -0.29562
33 C 5.490531 0.028454 -0.65043
34 C 4.249551 3.018861 -0.02087
35 C 11.75691 5.655689 0.868594
36 C 4.739089 -3.12983 -1.85146
37 C 12.80313 2.559295 0.226928
38 C -0.24795 -0.06475 -0.36479
39 C -9.66631 -0.33415 2.770068
40 C -8.63975 -0.43505 3.661794
41 C -7.40917 -0.31851 2.913039
42 N -7.70313 -0.14058 1.582997
43 C -9.07181 -0.14674 1.466616
44 C -9.08789 0.40358 -3.26432
45 C -9.99041 0.321328 -2.24557
46 C -9.2337 0.12416 -1.03065
47 N -7.8923 0.094331 -1.32519
48 C -7.77201 0.266474 -2.68275
49 C -9.78957 -0.0051 0.259952
50 C -3.01654 0.189902 -2.71724
51 C -4.04116 0.291701 -3.60989
52 C -5.27252 0.240168 -2.85322
53 N -4.97369 0.107132 -1.51374
54 C -3.61117 0.074992 -1.40586
55 C -6.56155 0.320606 -3.40547
56 C -3.58993 -0.40016 3.344758
57 C -2.68927 -0.30805 2.326294
58 C -3.44836 -0.1815 1.103858
59 N -4.78548 -0.19666 1.38849
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60 C -4.90873 -0.32998 2.755326
61 C -6.11562 -0.39391 3.471128
62 C -2.88321 -0.05634 -0.19325
63 C -6.66166 0.48227 -4.89377
64 C -6.02258 -0.56129 4.959232
65 C -6.62928 1.759933 -5.48326
66 C -6.72451 1.914137 -6.87415
67 C -6.85357 0.77937 -7.67246
68 C -6.88958 -0.49972 -7.12101
69 C -6.79303 -0.64307 -5.72908
70 C -5.93953 -1.84272 5.535398
71 C -5.85356 -2.003 6.926169
72 C -5.85195 -0.8704 7.7379

73 C -5.93348 0.412312 7.199895
74 C -6.01883 0.561738 5.807856
75 0] -6.81538 -1.84542 -5.08643
76 0] -6.50342 2.800944 -4.61106
77 0] -5.95168 -2.88098 4.650966
78 N -11.2225 0.00941 0.354549
79 C -1.46459 -0.06198 -0.28584
80 C 11.66692 -5.79704 0.770215
81 0] -6.10077 1.767935 5.177374
82 C -6.95711 -3.02604 -5.85878
83 C -6.46179 4.119851 -5.12983
84 C -5.86859 -4.20341 5.155601
85 C -6.11209 2.946886 5.965159
86 H 5.567973 -7.79952 -0.84971
87 H 7.935466 -8.61803 -0.87535
88 H 9.765234 -7.04773 -0.52405
89 H 5.119468 -5.40414 -0.64436
90 H 10.48776 -1.28945 0.604164
91 H 5.545889 7.945719 -0.3136

92 H 7.91502 8.748571 -0.15109
93 H 9.732356 7.119686 -0.04024
94 H 5.084896 5.562482 -0.38962
95 H 10.5461 1.376949 -0.51902
96 H 3.708901 2.085483 0.114012
97 H 11.0434 6.464788 1.033385
98 H 5.115543 -4.11848 -2.1246

99 H -10.7263 -0.37599 2.973553
100 H -8.70531 -0.5825 4.730427
101 H -9.29032 0.551515 -4.31558
102 H -11.0671 0.381181 -2.30882
103 H -1.95444 0.188633 -2.91695
104 H -3.97655 0.390863 -4.68415
105 H -3.387 -0.50408 4.401191
106 H -1.61029 -0.32134 2.385769
107 H -6.70053 2.895922 -7.3309

108 H -6.92802 0.894742 -8.75053
109 H -6.9902 -1.36369 -7.76641
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110 H -5.79003 -2.98767 7.372812
111 H -5.78559 -0.99039 8.815998
112 H -5.92951 1.274398 7.85554
113 H 10.8943 -6.56661 0.798117
114 H -6.95551 -3.85024 -5.14336
115 H -7.9023 -3.03271 -6.41745
116 H -6.12199 -3.15327 -6.56031
117 H -6.3577 4.77605 -4.26393
118 H -5.60357 4.264428 -5.79932
119 H -7.3853 4.372536 -5.66741
120 H -5.89308 -4.85654 4.281506
121 H -4.93255 -4.36866 5.705313
122 H -6.71794 -4.44104 5.809729
123 H -6.18723 3.775011 5.258268
124 H -5.18845 3.051766 6.549638
125 H -6.97421 2.970867 6.64468
126 C 12.73211 -2.57329 0.941462
127 B 8.45457 0.060133 -0.26965
128 F 9.456368 -0.01186 -1.26145
129 F 9.110879 0.136059 0.973329
130 Zn -6.33828 -0.03408 0.033147
131 C 12.6712 -6.19814 -0.32929
132 H 13.48488 -5.47164 -0.40192
133 H 13.10777 -7.17941 -0.10627
134 H 12.18166 -6.25903 -1.30836
135 C 12.29613 -5.83624 2.178918
136 H 13.13965 -5.15189 2.277849
137 H 11.5515 -5.58328 2.94196
138 H 12.65812 -6.85056 2.386881
139 C 4.634376 -2.38687 -3.19914
140 H 4.222415 -1.38295 -3.09503
141 H 5.616314 -2.30872 -3.67788
142 H 3.973966 -2.94742 -3.87207
143 C 3.35505 -3.3714 -1.21746
144 H 3.438745 -3.84671 -0.23341
145 H 2.785908 -2.45009 -1.09417
146 H 2.772098 -4.03822 -1.86454
147 C 3.531735 3.715176 -1.20019
148 H 3.529474 3.066775 -2.08101
149 H 2.488099 3.913383 -0.92945
150 H 3.98483 4.660277 -1.5053

151 C 4.080281 3.74282 1.335508
152 H 4.447825 3.104705 2.146593
153 H 4.608895 4.694909 1.403885
154 H 3.015419 3.933357 1.514883
155 C 12.82492 6.168604 -0.11778
156 H 13.3176 7.060933 0.287279
157 H 13.58987 5.405811 -0.28724
158 H 12.37935 6.434891 -1.08355
159 C 12.36245 5.354583 2.256343
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160 H 11.58609 5.027178 2.957119
161 H 13.13086 4.581635 2.196121
162 H 12.82193 6.264283 2.662294
163 0) 12.88798 -1.37162 1.112435
164 0) 13.78658 -3.42509 0.953159
165 0) 12.72503 1.243259 -0.10339
166 0] 13.83769 3.085712 0.594453
167 H 14.56487 -2.86823 1.143669
168 H 13.54005 0.790652 0.177954
169 C 3.35452 -0.487 0.531994
170 C 1.967964 -0.48397 0.63003
171 C 1.169551 -0.06393 -0.45626
172 C 1.819444 0.359122 -1.63587
173 C 3.207777 0.384327 -1.71326
174 C 3.999324 -0.03753 -0.63404
175 H 3.953385 -0.81814 1.37524
176 H 1.486528 -0.81716 1.544066
177 H 1.222092 0.683334 -2.48219
178 H 3.687346 0.742884 -2.6189

179 C -11.8633 1.146152 0.91302
180 C -13.0326 1.022339 1.684347
181 C -11.318 2.427781 0.736083
182 C -13.6351 2.147905 2.240128
183 H -13.465 0.04105 1.85122
184 C -11.9249 3.541229 1.3138

185 H -10.4149 2.54873 0.14711
186 C -13.0984 3.431484 2.069628
187 H -14.5373 2.020562 2.835065
188 H -11.4758 4.52071 1.162716
189 C -11.9547 -1.11293 -0.11309
190 C -13.2135 -0.96354 -0.72238
191 C -11.4171 -2.40563 -0.00968
192 C -13.9072 -2.07507 -1.1929

193 H -13.6439 0.02676 -0.83045
194 C -12.1182 -3.50524 -0.50137
195 H -10.4465 -2.54639 0.454166
196 C -13.3789 -3.36993 -1.09469
197 H -14.8777 -1.92789 -1.66277
198 H -11.6734 -4.49405 -0.41074
199 C -14.1513 -4.57086 -1.58903
200 H -13.4829 -5.40292 -1.83578
201 H -14.8587 -4.93632 -0.83174
202 H -14.7353 -4.33195 -2.48522
203 C -13.7733 4.648531 2.65828
204 H -14.2822 4.409633 3.599097
205 H -13.0524 5.448488 2.859943
206 H -14.5313 5.059631 1.976933
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Table 3.5. Coordinates of the optimized structure of JB-2.
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Tag Symbol X Y Z
1 C -6.66313 7.129692 0.552568
2 C -7.98237 7.578637 0.652959
3 C -9.01957 6.657572 0.707939
4 C -8.7933 5.265817 0.644142
5 C -7.45584 4.82024 0.361734
6 C -6.4144 5.772478 0.402663
7 C -9.84462 4.269458 0.854392
8 C -9.5556 2.898951 0.636275
9 C -8.26741 2.464989 0.231581
10 C -7.21951 3.410224 0.060648
11 C -11.2061 4.339868 1.303317
12 C -11.6925 3.017105 1.263656
13 N -10.6748 2.175401 0.881728
14 N -7.83665 1.22776 -0.10566
15 C -6.4937 1.309376 -0.48137
16 C -6.1173 2.706578 -0.48699
17 C -6.65317 -7.06707 -1.5718
18 C -7.971 -7.5246 -1.54295
19 C -8.99556 -6.62749 -1.27813
20 C -8.75593 -5.26375 -1.01141
21 C -7.40064 -4.77901 -1.07935
22 C -6.39049 -5.72041 -1.35937
23 C -9.84735 -4.32509 -0.76151
24 C -9.56441 -2.94211 -0.82123
25 C -8.24232 -2.44615 -0.8546
26 C -7.13007 -3.33985 -0.91985
27 C -11.2485 -4.45037 -0.4795
28 C -11.7521 -3.13328 -0.46369
29 N -10.7227 -2.2568 -0.68114
30 N -7.83081 -1.16387 -0.72467
31 C -6.43362 -1.15412 -0.72046
32 C -5.97195 -2.52929 -0.79711
33 C -5.7651 0.098531 -0.6644
34 C -4.52381 -2.95735 -0.61753
35 C -12.0281 -5.709 -0.14174
36 C -5.01401 3.424301 -1.2622
37 C -13.074 -2.54681 -0.19903
38 C -0.0243 0.116169 -0.40289
39 C 9.37691 -0.93751 2.60768
40 C 8.345161 -1.2271 3.450812
41 C 7.120164 -0.92015 2.749118
42 N 7.422485 -0.44398 1.496531
43 C 8.791583 -0.44292 1.383242
44 C 8.829935 1.174796 -3.09656
45 C 9.7277 0.866207 -2.11749
46 C 8.966768 0.38907 -0.98621
47 N 7.626998 0.419607 -1.28933
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48 C 7.512579 0.898381 -2.5719

49 C 9.518032 -0.03225 0.243864
50 C 2.757269 0.826919 -2.65085
51 C 3.786525 1.116751 -3.49554
52 C 5.014143 0.90265 -2.76131
53 N 4.708409 0.481722 -1.48421
54 C 3.345312 0.43202 -1.3917

55 C 6.305665 1.108941 -3.27248
56 C 3.298424 -1.03074 3.152352
57 C 2.403236 -0.70476 2.178086
58 C 3.169254 -0.32695 1.012758
59 N 4.504787 -0.42214 1.288847
60 C 4.620536 -0.85458 2.593135
61 C 5.823173 -1.09941 3.275412
62 C 2.611145 0.064968 -0.23287
63 C 6.413814 1.609496 -4.68279
64 C 5.72175 -1.60347 4.684899
65 C 6.591065 0.7114 -5.75205
66 C 6.696149 1.174431 -7.07199
67 C 6.622353 2.544359 -7.31533
68 C 6.447009 3.460361 -6.27999
69 C 6.34411 2.987047 -4.9636

70 C 5.751084 -0.70864 5.770986
71 C 5.657446 -1.17423 7.090844
72 C 5.534108 -2.54359 7.316967
73 C 5.502398 -3.45629 6.264593
74 C 5.597199 -2.98049 4.948567
75 0] 6.176281 3.79506 -3.87779
76 0] 6.647169 -0.60545 -5.40301
77 0] 5.871738 0.607832 5.437159
78 N 10.94803 -0.04246 0.347035
79 C 1.192014 0.092662 -0.32683
80 C -11.9233 5.567088 1.843116
81 0] 5.579771 -3.78544 3.847706
82 C 6.094469 5.196011 -4.0798

83 C 6.840869 -1.57097 -6.42312
84 C 5.923241 1.570483 6.476785
85 C 5.447896 -5.18508 4.031966
86 H -5.835 7.832444 0.575903
87 H -8.20215 8.641158 0.709824
88 H -10.0308 7.032083 0.781602
89 H -5.38641 5.439853 0.342438
90 H -10.7494 1.164247 0.85629
91 H -5.8335 -7.74768 -1.78535
92 H -8.20217 -8.56695 -1.74421
93 H -10.015 -6.98536 -1.31926
94 H -5.36878 -5.38992 -1.43227
95 H -10.822 -1.25015 -0.73994
96 H -3.97829 -2.0651 -0.32153
97 H -11.3147 -6.53488 -0.13329
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98 H -5.38907 4.447089 -1.34437
99 H 10.43504 -1.04192 2.79754
100 H 8.404116 -1.62041 4.455668
101 H 9.03693 1.562786 -4.08379
102 H 10.80394 0.946663 -2.15792
103 H 1.695981 0.876337 -2.84953
104 H 3.727413 1.446254 -4.52321
105 H 3.089735 -1.36088 4.160121
106 H 1.323878 -0.7195 2.230781
107 H 6.832025 0.485762 -7.89688
108 H 6.702828 2.90717 -8.33662
109 H 6.39408 4.519731 -6.49916
110 H 5.678199 -0.48801 7.928574
111 H 5.460929 -2.90858 8.338004
112 H 5.40708 -4.51527 6.470775
113 H -11.1499 6.319119 2.004285
114 H 5.961998 5.631266 -3.08772
115 H 7.013085 5.594178 -4.53079
116 H 5.23702 5.464696 -4.71084
117 H 6.860216 -2.53755 -5.91668
118 H 6.019613 -1.55975 -7.15202
119 H 7.792485 -1.41822 -6.94904
120 H 6.029122 2.536976 5.981061
121 H 5.002897 1.568894 7.075728
122 H 6.784457 1.405929 7.137775
123 H 5.452221 -5.61785 3.029964
124 H 4.504698 -5.44002 4.532922
125 H 6.286034 -5.59811 4.608746
126 C -12.9904 2.365503 1.43701
127 B -8.72584 -0.00162 -0.27086
128 F -9.73568 0.251856 -1.22386
129 F -9.37155 -0.30499 0.942657
130 Zn 6.06531 0.008565 0.002664
131 C -12.9346 6.15983 0.841034
132 H -13.7488 5.45762 0.643426
133 H -13.3695 7.084032 1.24098
134 H -12.4514 6.397231 -0.11398
135 C -12.5431 5.351152 3.239952
136 H -13.3856 4.658863 3.220195
137 H -11.7932 4.966478 3.940188
138 H -12.9041 6.31089 3.629278
139 C -4.91789 2.946506 -2.72572
140 H -4.50852 1.940094 -2.81411
141 H -5.90243 2.961533 -3.20528
142 H -4.25918 3.621896 -3.28538
143 C -3.62705 3.540715 -0.59994
144 H -3.70614 3.829532 0.454467
145 H -3.06208 2.609861 -0.64791
146 H -3.04264 4.311699 -1.11699
147 C -3.82524 -3.42471 -1.91546
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148 H -3.83177 -2.62397 -2.66054
149 H -2.77901 -3.67203 -1.70108
150 H -4.28689 -4.29565 -2.38445
151 C -4.33791 -3.91789 0.580682
152 H -4.6896 -3.43751 1.500314
153 H -4.87061 -4.86516 0.482902
154 H -3.27148 -4.14068 0.70537
155 C -13.1064 -6.03353 -1.19462
156 H -13.5984 -6.9835 -0.95278
157 H -13.8703 -5.25141 -1.21662
158 H -12.6702 -6.12188 -2.19667
159 C -12.6198 -5.66463 1.283382
160 H -11.8363 -5.46944 2.024321
161 H -13.3875 -4.89364 1.371641
162 H -13.0768 -6.6329 1.522249
163 0] -13.1464 1.152641 1.392031
164 0 -14.044 3.201648 1.606375
165 0] -12.9958 -1.19257 -0.28559
166 0] -14.1059 -3.13047 0.077411
167 H -14.8217 2.61959 1.699665
168 H -13.8062 -0.79768 0.083061
169 C -3.62002 0.372096 0.580134
170 C -2.23279 0.344922 0.666379
171 C -1.4431 0.139703 -0.4857

172 C -2.10123 -0.04471 -1.72062
173 C -3.4903 -0.05021 -1.79217
174 C -4.27335 0.157951 -0.64662
175 H -4.21238 0.536585 1.475201
176 H -1.74385 0.494646 1.623995
177 H -1.50983 -0.20293 -2.61699
178 H -3.97675 -0.22806 -2.74648
179 C 11.58746 0.911301 1.184479
180 C 12.734 0.587671 1.923445
181 C 11.06327 2.211163 1.310365
182 C 13.35053 1.527682 2.752656
183 H 13.15554 -0.40974 1.849678
184 C 11.66018 3.142003 2.149925
185 H 10.17975 2.487798 0.744469
186 C 12.81282 2.813419 2.876739
187 H 14.23759 1.236494 3.30407
188 H 11.25228 4.143302 2.248241
189 C 11.68982 -1.00331 -0.3914

190 C 11.17198 -2.29531 -0.59851
191 C 12.93697 -0.69452 -0.95213
192 C 11.87332 -3.23274 -1.3447

193 H 10.21103 -2.56063 -0.17016
194 C 13.65609 -1.64148 -1.68509
195 H 13.35679 0.296544 -0.8132

196 C 13.12496 -2.91916 -1.89216
197 H 11.47077 -4.22806 -1.50584
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198 H 14.61875 -1.36167 -2.09818
199 0) 13.73792 -3.91793 -2.59971
200 0) 13.32883 3.806668 3.664989
201 C 14.4855 3.516814 4.428242
202 H 14.72309 4.431239 4.975579
203 H 14.30632 2.703477 5.144952
204 H 15.33745 3.24738 3.788659
205 C 14.9993 -3.64326 -3.18081
206 H 15.30205 -4.55944 -3.69188
207 H 14.94046 -2.82471 -3.91149
208 H 15.75059 -3.3892 -2.42013
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CHAPTER 4

Carbazole and phenothiazine based
porphyrin-BODIPY conjugates
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4.1 Introduction

With the consumption of fossil fuels and aggravated pollution problems, solar cells have been
identified as possible clean alternative renewable energy sources. In this case, DSSC offers a
cheap and convenient solution because of its low production cost, ease of fabrication and
relatively high solar energy conversion efficiencies. Due to the pivotal role of sensitizer in
DSSC, significant efforts have been put towards synthesizing potential dyes for DSSC.!
Porphyrin has been one of the dyes that has been studied the most in the past decade.? D-n-A

based dyes have achieved record-breaking power conversion efficiencies.>*

It has been observed that electron donor moiety and its geometry in designing of a dye plays a
very crucial role in electrochemical, optical and photovoltaic properties of the dye.>¢ It was
found that the HOMO, LUMO levels, and molar absorption ability of porphyrin molecules are
greatly affected by the effect of various donors on the porphyrin sensitizers. As it has been
discussed in the previous chapter, diarylamine based derivatives have played a vital role for
donors in D-n-A based porphyrin dyes. Apart from them, carbazole and phenothiazine, being
structurally comparable to the diarylamine unit except that the if the two phenyl rings are fused
together through a 5-membered ring lead to a carbazole unit and 6-membered ring via a
heteroatom such as S will lead to a phenothiazine moiety, are the most investigated donors for
DSSC because of their strong electron donating capability.”” In carbazole, the two phenyl
groups would the force to lie in the same plane by the fusion, further extending the n-
conjugation leading to a rigid structure and finding applications as building blocks in various
n-conjugated compounds. Its properties can also be tuned by easily functionalization at its 3, 6
and the five-membered ring 9(NH) positions and can make covalent bonds with other
compounds. Carbazole unit is primarily absorbing in 300-400 nm wavelength range where
porphyrin lacks absorption and is also helpful in covering the UV region of solar spectrum.
Additionally, phenothiazine and carbazole are used as donor groups in the push-pull structure
of B-substituted zinc dibenzoporphyrins containing tertiary arylamines and acrylic acid groups
as the pull/ anchoring groups.!? For example, carbazole based dye ADEKA-1, a non-porphyrin

dye achieved an efficiency of 12.5%.!12
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Figure 4.1 Structure of ADEKA-1.

Yongshu Xie’s group reported 10.45% efficiency for the dye XW4, in which a porphyrin dye
containing the carbazole electron donor including an additional ethynylene bridge that will
increase the wavelength range of light absorption, and further aid in suppressing dye

aggregation by adding additional alkoxy chains.’

Figure 4.2 Structure of XW4.

In an effort to change the electronic level of the carbazole unit, a series of di-chromophoric
zinc porphyrin appended carbazole dyes (CZP1) with an efficiency of 6.23% were synthesised
by Attila J. Mozer's group. These dyes have a porphyrin core and a carbazole unit with a

diarylamine substitution attached in the meso-position through a phenylethenyl linkage. !
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Figure 4.3 Structure of CZP1.

Meanwhile, phenothiazine was also a good choice for donor in DSSC because of its tunable
structure with butterfly like geometry, excellent electron donating properties, low cost, low
environmental pollution and its non-planar butterfly conformation, which helps suppressing
the aggregation. This heterocyclic molecule simultaneously has a nitrogen atom with a lone
electron pair and an electron-donating sulfur atom in the same six-member ring which enhance
its electron-donating ability. It is also anticipated that the sulfur atom in phenothiazine have

impacts on its electronic structures.

Yongshu Xie’s group have utilised phenothiazine as a donor in a number of dyes viz. XW36
(1=11.7%),8 XW43 (1=12.10%),'2 XW51 (n=11.1%),'* XW53 (1=9.6%)'* and XW73. Among
them XW73 achieved highest efficiency of 12.3% in which they have introduced the propeller-
shaped tetraphenylethylene (TPE) moiety on the phenothiazine donor appended to porphyrin
(XW73).15

H3C(OH,CH,C),0

Figure 4.4 Structure of XW73.
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Lingamallu Giribabu’s group attached phenothiazine donor at the meso-position of porphyrin
via an ethynyl spacer in LGS sensitizer, here role of phenothiazine not only acts as a donor,
additionally, because of its nonplanar nature phenothiazine is also aids in reducing the
aggregation. In order to improve the optical properties of the sensitizer, an ethynyl-bridge was
added between the phenothiazine and the porphyrin ring. Phenyl and thiophene were also used
as m-spacers, while cyanoacrylic acid served as an anchoring group and achieved an impressive

efficiency of 10.20%.!°

Figure 4.5 Structure of LGS.

4.2 Research goal

In view of the importance of the strong electron donating abilities of both carbazole and
phenothiazine, we would like to utilize both of them as donors replacing the diarylamine units
in our previously reported dyes porphyrin-BODIPY conjugates (JB-1 and JB-2). Carbazole
moiety, with its extended n-conjugation and phenothiazine moiety, with its butterfly shaped
structure should probably increase the electron donor capability along with reducing the
aggregation. We have opted for the hexyl chains on the carbazole and phenothiazine donor
substituted to N, as it has been reported that the donors containing alkyl chain bonded to
carbazole nitrogen, had a significant impact on the electrochemical and photovoltaic properties
of these sensitizers, as well as spectra of the TiO; films. It has been observed that the sensitizer
with a hexyl chain has a greater overall conversion efficiency that with a butyl chain due to its
slower charge recombination rate and faster electron injection from the dye to the conduction

band of the conducting glass.!’
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Figure 4.6 Porphyrin-BODIPY conjugates JB-3 and JB-4.

These new porphyrin-BODIPY conjugates JB-3 and JB-4 with strong electron donating groups
carbazole and phenothiazine with hexyl chains as donor are expected to cover the entire visible
portion of the solar spectrum along with NIR region. This should result in much higher solar

energy-to-electricity conversion efficiency (1) and help make efficient solar cell.

4.3 Results and discussion

4.3.1 Synthesis

Pd(PPhs),, DPPF,
D, NatOBu

Toluene

——TIPS

D3= JB- 4.1(67%) D3=JB-4.3
D4= JB -4.2(65%) D4=JB -4.4
o/%L sz(dbsaésv AsPhg,| Et;N, reflux, 4 h
B-0 -

s By
D4=
N

D3, JB- 3 (42%)
D4, JB- 4 (43%)

Scheme 4.1 Synthesis of porphyrin-BODIPY conjugates JB-3 and JB-4.

Bromodiarylporphyrin, 2.9 and boryl substituted carbazole 2.15 and phenothiazine 2.19 donor
were prepared according to the reported literature approach and were discussed in detail chapter
2. The Suzuki coupling of boryl substituted carbazole 2.15 or phenothiazine 2.19, in presence
of Pd(PPhs)4, DPPF, NarOBu in toluene yielded the required donor appended porphyrin JB-
4.1 and JB-4.2 followed by deprotection of TIPS in presence of TBAF in THF at room
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temperature yielded JB-4.3 and JB-4.4. BODIPY diacid JB-3.5 was successfully attached to
the donor appended porphyrin moieties JB-4.3 and JB-4.4 via Sonogashira coupling in
presence of Pd(dba);, AsPh; and Et;N in THF leading to the formation of the desired
porphyrin-BODIPY conjugates JB-3 and JB-4 in 42 and 43 % yield, respectively as shown in
Scheme 4.1.'8

4.3.2 UV-Vis-NIR and fluorescence spectroscopic studies

The photophysical studies of the porphyrin-BODIPY conjugates JB-3 and JB-4 were studied
in THF solvent at room temperature as shown in Figure 4.7. As expected, BODIPY acceptor
unit had a significant impact on the absorption spectra of the dyes, most evident being the
lowest energy bands. The two dyes exhibited an intense but narrow Soret band appearing at
446 nm when compared to YD2-0-C8 and multiple Q bands from 550 to 750 nm, albeit with

decreasing intensity of around 50% compared to their previous compared

250000 -

— JB-3
— JB-4
—YD2-0-C8
200000 S
£
_© 150000 |
s
o
o
; 100000
=
50000 -
0 T T T g I
400 600 800

Wavelength (nm)

Figure 4.7 Absorption spectra of JB-3 and JB-4 in THF.

to their previous analogues JB-1 and JB-2. Still, the absorption coefficient values of the dyes
JB-3 and JB-4 are high enough to fulfill the requirement for dyes used in a DSSC. A non-zero

absorption seen in the entire range of 300-800 nm from these new dyes along with their good
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amount of absorption of solar flux in the NIR region make them panchromatic similar to their

congeners JB-1 and JB-2 reported in chapter 3.

To understand the emission properties of the conjugates, first the emission of the individual
moieties i.e., two donors (JB-4.1 and JB-4.2) and BODIPY acceptor (JB-3.5) were checked in
a polar solvent (THF) and a nonpolar solvent (toluene). The fluorescence spectra of the three
units as shown in Figure 4.8 have no significant change in their emission pattern in two

different solvents.

1.0 —— JB-4.1 absorption in THF | [ 1.0 4 —— JB- 4.2 absorption in THF -
s ﬂ - — JB-4.1 absorption in toluene s - — JB-4.2 absorption in toluene
jEL —— JB- 4.1 emission in THF r e —— JB- 4.2 emission in THF r
o - — JB-4.1 emission in toluene c o — — JB-4.2 emission in toluene c
806+ L2 & 06- 2
© 8 w 2
e] £ T €
N o4 - N 04+ -
g g
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== B N tir? =
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Figure 4.8 Fluorescence spectra of compounds JB-4.1, JB-4.2 and JB-3.5 excited at 434, 437
and 748 nm, respectively in THF (black solid line) and in toluene (dash red line).

But emission properties of the dyes JB-3 and JB-4 measured in THF solvent at room
temperature by exciting at their respective Soret bands as shown in Figure 4.9(a) exhibit dual
bands. The first band corresponds to the emission from the porphyrin unit and the second band
is from the BODIPY acceptor indicating that probably in THF the molecule is behaving like
independent moieties. The quantum yields of JB-3 and JB-4 in THF were found to be ¢+=0.015
for JB-3 and ¢= 0.020 for JB-4. Similar to the porphyrin-BODIPY conjugates JB-1 and JB-
2, for the dyes JB-3 and JB-4 in toluene as shown in Figure 4.9(b), the emission band

corresponding to the porphyrin is quenched leading to a minor band and the band emerging
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from the BODIPY acceptor got intensified. The quantum yield was found to be ¢= 0.02 for

JB-3 and ¢+= 0.021 for JB-4. This type of phenomena with an altered emission in different

solvents is probably due to the intramolecular charge transfer transition process occurring from

donor appended porphyrin to BODIPY acceptor moiety as discussed in previous chapter.

(a)
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Figure 4.9 Fluorescence spectra of dyes JB-3 and JB-4, excited at their respective Soret bands

at 446 nm (a) in THF (b) in toluene.

Fluorescence studies of the porphyrin-BODIPY conjugates excited at different wavelengths

including BODIPY absorption band in THF and toluene leads to the same emission pattern,

further confirming the role of BODIPY as acceptor in this case also, as shown in Figure 4.10

and 4.11.
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Figure 4.10. Fluorescence spectra of the dyes, excited at different wavelengths in THF (a) JB-

3 (b) JB4.
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Figure 4.11. Fluorescence spectra of the dyes, excited at different wavelengths in toluene (a)

JB-3 (b) JB-4.

Photoluminescence decay as shown in Figure 4.9 was measured using time-correlated single-
photon counting with a picosecond pulsed diode laser (Aexc=405 nm). Decay profile of JB-3

and JB-4 were found to be both tri-exponential with an average lifetime of 2.4 and 2.06 ns,

respectively.
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Figure 4.12 Fluorescence decay profile of: a) JB-3; b) JB-4 recorded in chloroform (Aexc= 405
nm).
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4.3.3. DFT Calculations

We have carried out quantum mechanical calculations using Gaussian 09 program provided by
CMSD facility of the University of Hyderabad.'® All calculations were carried out by density
functional theory (DFT) with Becke’s three-parameter hybrid exchange functional and the Lee-
Yang-Parr correlation functional (B3LYP) was used. LANL2DZ basis set was used for Zn and
6-31G basis set was used for all other atoms in calculations and the molecular orbitals were
visualized using Gauss view 5. The optimized structures were shown in Figure 4.10. The
Figure 4.11 clearly depicts that the porphyrin and BODIPY units of the dyes JB-3 and JB-4
are not in the same plane along with that the butterfly structure of phenothiazine which is
advantageous for reducing dye aggregation. Porphyrin and BODIPY exhibit a dihedral angle
of 60.89° for JB-3 and 77.86° for JB-4, which is again advantageous for reducing dye

aggregation.

JB-3 Seny H?\
aeees
bo g
JB-4 L~ ]T fkﬁ;(gé

Figure 4.14. DFT optimized structures of dyes (a) JB-3 and (b) JB-4 with dihedral angle
between porphyrin, phenyl and BODIPY planes.
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To understand further insight, we have done TD-DFT calculations in THF solvent using PCM
model and the results were analysed using GaussSum programme?® and simulated the
theoretical absorption spectra for both the JB-3 and JB-4. The vertical electronic transitions
and the steady state absorption spectra were found to be very similar (Figure 4.12). The donor

bands around 400-450 nm observed are probably attributed to the phenothiazine and carbazole

appended porphyrin.
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Figure 4.15. Theoretical (vertical bars) and experimental (continuous lines) UV-Vis-NIR

absorption spectra of JB-3 (black) and JB-4 (red) in THF.

The frontier orbital diagrams as shown in Figure 4.13 and 4.14 further revealed that HOMO
levels are primarily localized over carbazole and phenothiazine donor moieties and extending
up to the porphyrin segment implying the significant contribution of the new donors viz
carbazole and phenothiazine substituted porphyrins. LUMO coefficient is completely absent
on porphyrin, which was not observed in the case of previously reported much accomplished
porphyrin dyes such as YD2-0-C8 and SM315.'%!7 On the other hand, LUMO lies completely
on the acceptor BODIPY unit, which implies HOMO to LUMO photoexcitation will involve
charge transfer from the donor substituted porphyrin to BODIPY unit. A well separated electron
density distribution of HOMO and LUMO levels may indicate smooth electron transfers from
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the donor to the acceptor via the porphyrin bridge, resulting in an efficient electron injection
into TiO> conduction band. Computational HOMO-LUMO energy gap was found to be 1.80
and 1.83 eV for the sensitizers JB-3 and JB-4, respectively.

Table 4.2: Selected transitions, oscillator strength, symmetry calculated (H = HOMO, L
=LUMO) from DFT analysis for JB-3 and JB-4.

Dye Wavelength | Oscillator Major Contribution
(nm) Strength
JB-3 824 0.41 H—L (99%)
664 0.79 H-2—L (100%)
582 0.49 H—L+1 (78%)
471 0.87 H-9—L (64%)
435 0.34 H-12—L (30%), H-3—L+2 (10%)
JB-4 771 0.15 H—L (95%)
669 0.02 H-1—L (92%)
661 0.86 H-2—L (100%)
580 0.49 H—L+1 (80%)
486 0.13 H-1—-L+2 (82%), H— L+2 (11%)
463 0.65 H-8—L (83%)
426 0.73 H-15—L (61%), H-11—-L (14%)
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Figure 4.16. Delocalized electron densities of selected MOs of JB-3 with energy level diagram.
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Figure 4.17. Delocalized electron densities of selected MOs of JB-4 with energy level diagram.
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4.3.4 Electrochemical studies

The electrochemical properties of porphyrin-BODIPY conjugates, JB-3 and JB-4 were
recorded by measuring CV and DPV in THF solvent using tetrabutylammonium
hexafluorophosphate as supporting electrolyte, a glassy carbon working electrode, an Ag/AgCl
reference electrode and Pt wire auxiliary electrode and the corresponding data were shown in
Figure 4.15 with potential details in Table 4.3. The first oxidations for the formation of the
porphyrin cation radical EoxyHOMO level of JB-3 and JB-4 are found to be quasi reversible
undergoing displayed two very close one electron oxidations. Both the dyes exhibit more
positive potentials than the redox potential of the I7/I3” couple, demonstrating the feasibility of
the dye regeneration. In addition, energy level of LUMO, (ELumo) calculated from the equation
Erumo = Eox — Eo-o for JB-3 and JB-4 are found to be -0.58 and -0.55 V, respectively, which are
higher than that of conduction band edge (Ecg) of TiO: indicating the workable electron

injection from the excited sensitizer to the conduction band of TiO; as shown in Figure 4.16.

JB-3 JB-4
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0.88 g'og

T T T T T T T T T r T T T T T T T T
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 12 14 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 12 14
Potential (V vs Ag/AgCI electrode) Potential (V vs Ag/AgCI electrode)

Figure 4.18. CV (below) and DPV (above) of JB-3 and JB-4 in THF measured at 298K.

Table 4.3: Absorption spectral and electrochemical data for JB-3 and JB-4.

Dye Absorption Emission | Eoo | Oxidation | Reduction | ELumo=Eo- | Eec
Amax/nm  (€/10° | in nm in Eox (from | Ered (from | o-EHomo | INV
M cm?) eV | DPV)vs. | DPV)vs. inV

NHE inV | NHE inV

JB-3 | 446 (1.90), 750 | 633,768 | 1.66 1.08 -0.41 -0.58 1.48
(0.677)

JB-4 | 446 (1.91), 750 | 635,766 | 1.64 1.09 -0.43 -0.55 1.52
(0.839)
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4.4 Conclusion

In conclusion we have successfully incorporated carbazole and phenothiazine moieties
endowed with hexyl chains as electron-donating groups by replacing the diarylamine donor of
the previously synthesized porphyrin-BODIPY conjugate. The newly prepared dyes JB-3 and
JB-4 also displayed a significant red shifted and intense lowest energy bands having non-zero
absorption beyond 800 nm much like their previous congeners. The TDDFT calculations also
further revealed a well separated HOMO and LUMO located on donor and anchoring group,
respectively increasing the chances of charge separation processes as well as dye regeneration

and charge injection capabilities.

1.5~ Charge injection
-1.0
EI L LUMO o
I '0 5 - L ] B Y
= Tio, 0.58 -0.55
(1]
>
2 0.0 hv hy Dye regeneration
o
= A
§ 0.5 Iy
no- . -——— [co(bpy)3]2+/3+
Redox
1.0 S electrolyte
— HOMO
1.08 1.09
1.5- IB-3 1B-4

Figure 4.19. The electron transfer processes in DSSC.
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4.5 Synthetic routes for JB-3 and JB-4:

Synthesis of [5,15-bis(2,6-bis(octyloxy)phenyl)-10-(9-hexyl-9H-carbazol-3-yl)-20-
((triisopropylsilyl)ethynyl) porphyrinato] Zinc (1) (JB-4.1): JB-4.1 was prepared by addition
of a degassed solution of boryl carbazole 2.15 (0.073 g, 0.19 mmol) in toluene (5 mL) to the
Schlenk tube containing compound 2.9 (0.050 g, 0.038 mmol), Pd(PPh3)4 (0.0053 g, 0.0046
mmol) and NaO7Bu (0.019 g, 0.19 mmol). The mixture was refluxed for 2 h. The solvent was
removed under reduced pressure and the residue was purified by column chromatography
(silica gel) using 30% DCM/hexanes as eluent. The product was recrystallized from
MeOH/hexane to give the product JB-4.1 (37.9 mg, 67%) as a purple powder.

Melting point: >300°C; FTIR: 2930, 2958, 1631, 1461 cm™'; 'H NMR (CDCls, 500 MHz)
9.72 (d, J=4.5 Hz, 2H), 8.93 (d, J/=4.4 Hz, 2H), 8.88 (s, 1H), 8.84-8.76 (m, 4H), 8.29-8.13 (m,
2H), 7.72-7.64 (m, 4H), 7.58-7.53 (m, 1H), 6.98 (d, J=8.5 Hz, 4H), 4.54 (t, J=6.9, 1H), 3.82 (t,
J=6.2 Hz, 8H), 2.14-2.09 (m, 1H), 1.62-1.56 (m, 2H), 1.45-1.44 (m, 20H), 0.97-0.93 (m, 10H),
0.80-0.76 (m, 8H), 0.62-0.38 (m, 50H). *C NMR (CDCl;s, 125 MHz) &¢ 160.1, 152.6, 151.1,
150.5,149.5, 143.3, 141.4, 140.0, 134.5, 133.9, 132.2, 131.8, 131.0, 130.8, 130.7, 129.8, 127.3,
126.4,125.9,127.3,126.4, 125.9, 123.1, 119.0, 114.5, 105.5, 68.9, 32.0, 31.8, 31.4, 29.8, 29.5,
29.3, 28.7, 27.3, 25.3, 22.8, 22.2, 19.2, 14.2, 13.8, 12.1. HRMS: m/z calcd for [M+H]"
Co3H124N504Si1Zn 1467.8748, found 1467.8705.

[5,15-bis(2,6-bis(octyloxy)phenyl)-10-ethynyl-20-(9-hexyl-9H-carbazol-3-yl) porphyrinato]
Zinc (II) (JB-4.3): To a solution of porphyrin JB-4.1 (23 mg, 0.015 mmol) in dry THF (3
mL) was added TBAF (78 uL, IM in THF). The solution was stirred at room temperature for
30 min under nitrogen atmosphere. The mixture was quenched with water and then extracted
with DCM. The organic layer was dried over anhydrous Na>SO4 and the solvent was removed

under reduced pressure and used as it is.

Synthesis of [3-(10,20-bis(2,6-bis(octyloxy)phenyl)-15-((triisopropylsilyl)ethynyl)-10-hexyl-
10H-phenothiazine) porphyrinato] Zinc (II) (JB-4.2): Compound JB-4.2 was prepared by
addition of a degassed solution of boryl phenothiazine 2.19 (0.079 g, 0.19 mmol) in toluene (5
mL) to the Schlenk tube containing compound 2.9 (0.050 g, 0.023 mmol), Pd(PPh3)4 (0.053 g,
0.0046 mmol) and NaO7Bu (0.019 g, 0.193 mmol). The mixture was refluxed for 2 h. The
solvent was removed under reduced pressure and the residue was purified by column
chromatography (silica gel) using 30% DCM/hexanes eluent. The product was recrystallized
from MeOH/hexane to give the product JB-4.2 (37.6 mg, 65%) as a purple powder.
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Melting point: >300°C; FTIR: 2914, 2953, 1599, 1457 cm’!; '"H NMR (CDCls, 500 MHz) &n
9.72 (d, J=4.1 Hz, 2H), 8.93 (d, J=4.6 Hz, 2H), 8.87-8.77 (m, 4H), 7.95 (s, 2H),7.68 (t, J/=8.3
Hz, 2H), 7.25-7.13 (m, 3H), 7.07-6.95 (m, 6H), 4.09 (s, 2H), 3.82 (t, J=6.2 Hz, 8H), 2.06 (s,
2H), 1.63-1.58 (m, 2H), 1.45-1.44 (m, 20H), 0.97-0.93 (m, 10H), 0.79-0.75 (m, 8H), 0.59-0.37
(m, 50H). 3C NMR (CDCls, 100 MHz) 8¢ 160.1, 152.6 151.1, 150.5, 149.6, 132.2, 131.8,
131.0, 130.7, 129.8, 127.8, 127.4, 126.4, 122.6, 121.4, 115.6, 114.5, 113.3, 105.5, 96.2, 68.8,
32.0,31.7,31.4,31.3,29.8,29.5,28.7,27.2,27.0,25.3, 22.8, 22.3, 19.2, 19.1, 14.2, 13.9, 12.1.
HRMS: m/z calcd for [M+H]" Co3H124N504SiZn 1499.8468, found 1499.8467.

Synthesis of 3-(10,20-bis(2,6-bis(octyloxy)phenyl)-15-ethynyl)-10-hexyl-10H-phenothiazine
porphyrinato] Zinc (Il) (JB-4.4): To a solution of porphyrin JB-4.2 (20 mg, 0.013 mmol) in
dry THF (3 mL) was added TBAF (65 pL, 1M in THF). The solution was stirred at room
temperature for 30 min under nitrogen atmosphere. The mixture was quenched with water and
then extracted with DCM. The organic layer was dried over anhydrous Na>SO4 and the solvent

was removed under reduced pressure and used as it is.

Synthesis of JB-3: The JB-4.3 (21 mg, 0.016) and BODIPY JB-3.6 (10 mg, 0.0107 mmol)
were taken in a Schlenk tube and dissolved in a mixture of dry THF (5 mL) and Et3N (0.4 mL)
and the solution was degassed with dinitrogen for 10 min, Pd»(dba); (3 mg, 0.0032 mmol) and
AsPhs (6.6 mg, 0.022 mmol) were added to the mixture. The solution was refluxed for 4 h
under nitrogen atmosphere. The solvent was removed under reduced pressure. The residue was

purified by recrystallization from CH3OH/hexane to give JB-3 (10 mg, 42%) as a green solid.

Melting point: >233°C (decompose); FTIR: 2923, 2845, 1612, 1461 cm™'; 'H NMR (THF ds,
500 MHz) 6 11.55 (s, 2H), 9.79 (d, J/=4.8 Hz, 2H), 8.90 (d, /=4.4 Hz, 2H), 8.65 (d, J=6.8 Hz,
2H), 8.51 (s, 1H), 8.45 (d, J=4.9 Hz, 4H), 8.35 (d, J=5.9 Hz, 3H), 8.06-8.03 (m, 2H), 7.82 (d,
J=7.4 Hz, 2H), 7.70-7.61 (m, 4H), 7.47 (s br, 3H), 7.42 (t, /<7 Hz, 2H), 7.36 (d, J/=7.1 Hz, 2H),
7.06 (d, J=8.4 Hz, 4H), 4.51 (s, 2H), 3.91-3.84 (m, 8H), 3.50 (s br, 4H), 3.17 (s br, 4H), 2.48
(s br, 4H), 2.04 (s, 2H), 1.57 (s br, 8H), 1.44 (s br, 8H), 1.66 (d, J/=6.9 Hz, 12H), 1.43 (d, J=7
Hz, 12H), 1.06-0.83 (m, 42H), 0.75-0.63 (m, 33H). '3*C NMR (THF-ds, 125 MHz) ¢ 161.3,
152.9,152.2,151.4,151.3,150.6, 141.1, 136.2, 134.7,133.8, 133.1, 132.8, 132.1, 131.7, 131.6,
131.4,130.9, 130.6, 130.3, 129.7,129.2, 128.3, 128.2, 127.6, 127.4,127.2, 126.9, 126.1, 124.3,
124.1,122.4,122.1,120.5, 118.6, 116.6, 115.5, 111.8, 105.8, 105.7,71.6, 69.2, 57.9, 57.3, 51.6,
47.1,44.0,43.4,40.1, 38.5, 37.8, 37.3, 35.0, 33.0, 32.6, 31.5, 30.8, 30.4, 29.9, 26.5, 23.7, 23 .4,
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21.9, 20.9, 14.5. HRMS: m/z calecd for [M+H]" Ci33H146BF2NoOsZn 2113.0759, found
2113.0795.

Synthesis of JB-4: The JB-4.4 (20 mg, 0.014) and BODIPY JB-3.6 (9.2 mg, 0.0099 mmol)
were dissolved in a mixture of dry THF (5 mL) and Et;N (0.4 mL) and the solution was
degassed with dinitrogen for 10 min, Pdx(dba); (2.7 mg, 0.0029 mmol) and AsPhs (6 mg,
0.0198 mmol) were added to the mixture. The solution was refluxed for 4 h under nitrogen
atmosphere. The solvent was removed under reduced pressure. The residue was purified by

recrystallization from CH3OH/hexane to give JB-4 (20 mg, 43%) as a green solid.

Melting point: >254 °C(decompose); FTIR: 2916, 2934, 1595, 1457 cm’!; "H NMR (THF ds,
500 MHz) 811 11.55 (s, 2H), 9.79 (d, J=3.8 Hz, 2H), 8.88 (s br, 2H), 8.84 (d, J=4.1 Hz, 1H),
8.76 (d, J=4.1 Hz, 1H), 8.71-8.65 (m, 2H), 8.57 (d, J=4.1 Hz, 1H), 8.45 (d, J=6.1 Hz, 4H), 8.35
(s, 2H), 8.05 (d, J=5.6 Hz, 2H), 7.99 (d, J=6.7 Hz, 1H), 7.89 (d, J=9 Hz, 1H), 7.74-7.66 (m,
4H), 7.45-7.28 (m, 6H), 7.07 (d, J=7.2 Hz, 4H), 4.56 (s, 2H), 3.88 (d, J= 6.1, 8H), 1.67 (d,
J=6.2 Hz, 12H), 1.43 (d, J= 6.7 Hz, 12H), 1.05-0.81 (m, 42H), 0.75-0.61 (m, 33H). '3*C NMR
(THF-ds, 125 MHz) éc 161.2, 152.9, 152.1, 151.3, 150.3, 138.8, 136.8, 134.4, 133.8, 133.0,
132.7,132.1,131.9,131.6, 131.5, 130.6, 130.4, 129.1, 128.3, 127.6, 127.2, 122.5, 122.2, 115 4,
114.1, 105.7, 71.5, 69.1, 62.7, 51.5, 48.5, 47.0, 34.4, 34.2, 33.0, 32.6, 30.8, 30.6, 30.4, 29.9,
29.8,28.1,27.7,27.4,26.4,25.9, 23.7, 23.4, 20.7, 14.6, 14.5. HRMS: m/z calcd for [M+H]"
C133H146BF2N9O3sSZn 2145.0477, found 2145.0496.
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4.7 "H NMR, 3C NMR and HRMS spectra
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Figure 4.20. 'H NMR spectrum of JB-4.1 in CDCI; recorded at 25 °C (*Asterisk indicates residual

solvent impurity).
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Figure 4.21 C NMR spectrum of JB-4.1 in CDCl; recorded at 25 °C (*Asterisk indicates residual

solvent impurity).
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Figure 4.22. HRMS spectrum of JB-4.1 [M+H]" Co3H24N504SiZn 1467.8748, found 1467.8705.
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Figure 4.23 'H NMR spectrum of JB-4.2 in CDCl; recorded at 25 °C (*Asterisk indicates residual

solvent impurity).
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Figure 4.24. *C NMR spectrum of JB-4.2 in CDCl; recorded at 25 °C (*Asterisk indicates residual

solvent impurity).
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Figure 4.25. HRMS spectrum of JB-4.2 [M+H]" Co3H124N504SiZn 1499.8468, found 1499.8467.
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JB-Carb-PBCH
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Figure 4.26. "H NMR spectrum of JB-3 in THF-ds recorded at 25 °C (*Asterisk indicates residual

solvent impurity and water).
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Figure 4.27. *C NMR spectrum of JB-3 in THF-ds recorded at 25 °C (*Asterisk indicates residual

solvent impurity).
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Figure 4.28. HRMS spectrum of JB-3 [M+H]" Ci33H14sBF2N9OsZn 2113.0759, found 2113.0795.
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Figure 4.29 '"H NMR spectrum of JB-4 in THF-ds recorded at 25 °C (*Asterisk indicates residual

1.43

solvent impurity and water).
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Figure 4.30 '°C NMR spectrum of JB-4 in THF-ds recorded at 25 °C (*Asterisk indicates residual

solvent impurity).
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Figure 4.3 HRMS spectrum of JB-4 [M+H]" Ci33H146BF2NoOsSZn 2145.0477, found 2145.0496.

4.8 Computational Studies

Optimized coordinates of Porphyrin-BODIPY Conjugates JB-3 and JB-4.

Table 4.4 Coordinates of the optimized structure of JB-3.

Tag Symbol X Y Z
1 C 9.772929 1.695478 1.796085
2 C 8.795704 2.484815 2.321208
3 C 7.53623 1.968777 1.846368
4 N 7.753202 0.879254 1.036679
5 C 9.117975 0.695232 0.984978
6 C 8.878523 -3.11464 -1.82452
7 C 9.833768 -2.33596 -1.24553
8 C 9.145971 -1.32731 -0.47336
9 N 7.784362 -1.49558 -0.60146
10 C 7.60048 -2.58316 -1.42196
11 C 9.785568 -0.31993 0.273905
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12 C 2.871871 -2.33866 -1.38473
13 C 3.845488 -3.12844 -1.91351
14 C 5.112016 -2.58054 -1.48764
15 N 4.894272 -1.46434 -0.70383
16 C 3.537224 -1.30336 -0.63242
17 C 6.360696 -3.10818 -1.83188
18 C 3.766705 2.564788 2.118469
19 C 2.815036 1.790326 1.530636
20 C 3.508953 0.746033 0.817419
21 N 4.861587 0.886687 0.970388
22 C 5.048363 1.998957 1.7676

23 C 6.281719 2.509444 2.185026
24 C 2.869214 -0.27326 0.072222
25 C 6.381804 -4.32245 -2.71262
26 C 6.267481 3.723188 3.066606
27 C 1.4494 -0.26066 0.02713
28 C 6.395253 -5.6141 -2.15471
29 C 6.41558 -6.75276 -2.97305
30 C 6.423066 -6.58985 -4.35656
31 C 6.41078 -5.32564 -4.94162
32 C 6.3903 -4.19374 -4.11391
33 C 6.324866 5.014699 2.510992
34 C 6.312201 6.15295 3.330033
35 C 6.242226 5.989833 4.711744
36 C 6.184845 4.725762 5.294448
37 C 6.19796 3.594265 4.466116
38 C 0.230608 -0.24832 -0.01225
39 C -1.1874 -0.23211 -0.05906
40 C -1.90148 -1.2221 -0.76926
41 C -3.29167 -1.21876 -0.79291
42 C -4.02343 -0.20899 -0.1485

43 C -3.31237 0.798856 0.529196
44 C -1.9254 0.777742 0.596921
45 C -5.50652 -0.17361 -0.15145
46 C -6.14388 0.948932 -0.74589
47 C -6.28286 -1.1966 0.483497
48 N -7.47634 1.209271 -0.40759
49 C -7.83152 2.403024 -0.92977
50 C -6.74653 2.961444 -1.66167
51 C -5.70227 2.007594 -1.63746
52 C -5.99014 -2.4023 1.233845
53 C -7.2276 -3.09864 1.369253
54 C -8.22189 -2.25586 0.8187

55 N -7.6715 -1.13234 0.311438
56 C -9.09494 3.030771 -0.93602
57 C -9.34024 4.197019 -1.69218
58 C -8.20959 4.884294 -2.318

59 C -6.90659 4.274296 -2.28453
60 C -8.32024 6.178953 -2.86405
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61 C -7.22583 6.857164 -3.38356
62 C -5.95904 6.272132 -3.3339

63 C -5.80867 5.011021 -2.77374
64 C -7.64101 -4.35362 2.009257
65 C -9.04612 -4.6283 2.199944
66 C -10.041 -3.75532 1.576563
67 C -9.59072 -2.59672 0.908493
68 C -6.72124 -5.32474 2.461131
69 C -7.11301 -6.4471 3.177937
70 C -8.46139 -6.63329 3.484535
71 C -9.40115 -5.73903 2.992746
72 N -10.2643 2.622156 -0.3667

73 C -11.2705 3.482496 -0.73485
74 C -10.7471 4.463913 -1.59424
75 C -11.473 -3.77841 1.430381
76 C -11.81 -2.59595 0.733864
77 N -10.6577 -1.93138 0.419633
78 C -4.60851 2.004126 -2.70535
79 C -3.19291 2.465596 -2.30613
80 C -4.56666 0.680249 -3.49502
81 C -4.75806 -2.8437 2.019289
82 C -3.79994 -3.80042 1.276009
83 C -3.98346 -1.73172 2.750524
84 C -12.4131 -4.90897 1.820279
85 C -13.2058 -4.62343 3.114592
86 C -13.3088 -5.39146 0.65678

87 C -11.5368 5.523977 -2.34299
88 C -12.8387 4.993805 -2.97562
89 C -11.8058 6.766223 -1.46845
90 B -8.46821 0.132778 -0.00362
91 F -9.37722 -0.09785 -1.06265
92 F -9.23143 0.537023 1.116429
93 Zn 6.325802 -0.29784 0.174919
94 ) 6.37832 -2.91222 -4.58009
95 C 6.387894 -2.69915 -5.98234
96 ) 6.385678 -5.65894 -0.79141
97 C 6.39764 -6.92561 -0.15385
98 0] 6.390342 5.059634 1.149381
99 C 6.451356 6.326206 0.514068
100 0] 6.147398 2.312722 4.93027

101 C 6.077219 2.100051 6.330766
102 C -12.6139 3.332607 -0.12614
103 ) -13.359 4.267306 0.080023
104 ) -12.969 2.091011 0.291394
105 C -13.0179 -1.8408 0.338787
106 ) -12.9321 -0.82114 -0.32582
107 0] -14.2336 -2.26167 0.749355
108 H 10.83927 1.773087 1.949014
109 H 8.90999 3.333883 2.979858
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110 H 9.019705 -3.96539 -2.47577
111 H 10.90616 -2.42535 -1.33861
112 H 1.800469 -2.43575 -1.48675
113 H 3.727189 -4.00396 -2.5359

114 H 3.6243 3.441225 2.734461
115 H 1.741019 1.903191 1.568711
116 H 6.425254 -7.74809 -2.54603
117 H 6.438893 -7.46964 -4.99444
118 H 6.417601 -5.22924 -6.0204

119 H 6.355611 7.148162 2.904882
120 H 6.232163 6.869352 5.35008
121 H 6.131444 4.629303 6.371915
122 H -1.35113 -1.9978 -1.29255
123 H -3.82219 -1.99647 -1.3341

124 H -3.86346 1.587677 1.031891
125 H -1.39578 1.549497 1.1465

126 H -9.27543 6.684463 -2.84575
127 H -7.35675 7.85462 -3.79403
128 H -5.08792 6.807951 -3.70067
129 H -4.80956 4.607541 -2.67269
130 H -5.67255 -5.2159 2.229668
131 H -6.36552 -7.16371 3.506684
132 H -8.78219 -7.4772 4.08893
133 H -10.4391 -5.89761 3.251424
134 H -10.3148 1.885554 0.33029
135 H -10.6272 -1.10007 -0.16258
136 H -4.96823 2.742282 -3.42807
137 H -2.63413 2.736261 -3.21013
138 H -3.21728 3.343262 -1.65064
139 H -2.63297 1.683129 -1.79425
140 H -3.9174 0.801031 -4.3706

141 H -5.56472 0.403386 -3.85047
142 H -4.16992 -0.14583 -2.9024

143 H -5.19745 -3.43071 2.831388
144 H -3.14938 -4.30762 1.999036
145 H -4.34076 -4.56629 0.709816
146 H -3.15711 -3.26161 0.579002
147 H -3.38015 -2.18803 3.544586
148 H -4.66675 -1.01665 3.221239
149 H -3.3028 -1.18251 2.102053
150 H -11.7795 -5.7699 2.036984
151 H -13.8252 -5.48544 3.387598
152 H -12.5268 -4.4087 3.946706
153 H -13.8752 -3.75577 3.034253
154 H -13.8825 -6.27103 0.97073
155 H -12.6918 -5.67709 -0.20111
156 H -14.0251 -4.64556 0.299916
157 H -10.9119 5.830987 -3.18723
158 H -13.267 5.765369 -3.62642
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159 H -12.6456 4.106628 -3.58944
160 H -13.5859 4.74242 -2.22073
161 H -12.3155 7.541827 -2.05318
162 H -10.8741 7.191944 -1.07732
163 H -12.441 6.494242 -0.6214

164 H 6.37606 -1.61622 -6.11712
165 H 7.292005 -3.11279 -6.44812
166 H 5.502138 -3.13419 -6.46367
167 H 6.386697 -6.71787 0.917546
168 H 5.512417 -7.51949 -0.41702
169 H 7.302078 -7.4959 -0.40359
170 H 7.347036 6.88625 0.813443
171 H 6.496957 6.118479 -0.5564

172 H 5.559605 6.92975 0.728587
173 H 6.046709 1.017327 6.464509
174 H 6.958422 2.504545 6.845927
175 H 5.170807 2.544381 6.7626

176 H -12.5289 1.358331 -0.17998
177 H -14.1443 -3.02582 1.340233
178 C 15.64415 3.353409 -1.81282
179 C 16.86493 2.77647 -1.42306
180 C 16.90778 1.58577 -0.69993
181 C 15.69176 0.976532 -0.37694
182 C 14.44895 1.550511 -0.75645
183 C 14.43524 2.746625 -1.48216
184 H 15.64596 4.282943 -2.37482
185 H 17.79707 3.269135 -1.68631
186 H 17.85808 1.156782 -0.39645
187 H 13.49243 3.197124 -1.78151
188 C 14.08098 -0.39355 0.416159
189 C 13.36173 -1.41943 1.035981
190 C 11.97162 -1.37321 0.971938
191 C 11.28305 -0.32927 0.313998
192 C 12.01943 0.694407 -0.29317
193 C 13.41617 0.672386 -0.24655
194 H 13.85886 -2.22731 1.564541
195 H 11.39291 -2.15684 1.452107
196 H 11.49837 1.499987 -0.80311
197 C 16.46754 -1.05388 0.904331
198 H 16.10374 -2.08368 0.948682
199 H 17.36489 -1.0421 0.279466
200 H 16.73983 -0.73186 1.918497
201 N 15.45376 -0.20692 0.314949

Table 4.5. Coordinates of the optimized structure of JB-4.
Tag Symbol X Y Z
1 C 6.546714 -6.70304 -2.63772
2 C 7.862117 -7.1969 -2.75268
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3 C 8.940036 -6.38932 -2.3785
4 C 8.75976 -5.06245 -1.90035
5 C 7.425403 -4.50981 -1.93413
6 C 6.342585 -5.37854 -2.24195
7 C 9.864718 -4.23418 -1.40095
8 C 9.618322 -2.87125 -1.04515
9 C 8.307486 -2.31689 -1.09766
10 C 7.221612 -3.09695 -1.60223
11 C 11.26654 -4.48768 -1.15941
12 C 11.82556 -3.24061 -0.76591
13 N 10.80671 -2.29607 -0.68259
14 N 7.856934 -1.05902 -0.78434
15 C 6.478232 -0.97489 -1.08685
16 C 6.091404 -2.22677 -1.71699
17 C 6.668768 6.987905 1.869249
18 C 7.993489 7.370282 2.153298
19 C 9.023633 6.440834 1.988653
20 C 8.783286 5.110095 1.557075
21 C 7.42348 4.720356 1.236419
22 C 6.405794 5.693255 1.412772
23 C 9.880089 4.157626 1.355538
24 C 9.58891 2.938148 0.6773
25 C 8.268932 2.52498 0.388571
26 C 7.149869 3.367951 0.703777
27 C 11.29395 4.139498 1.660701
28 C 11.79328 2.936288 1.089094
29 N 10.75124 2.25064 0.500821
30 N 7.845018 1.318376 -0.10709
31 C 6.429271 1.329611 -0.15051
32 C 5.977284 2.605925 0.402523
33 C 5.750434 0.190265 -0.67696
34 C 4.520889 2.952784 0.689682
35 C 12.10537 5.122858 2.494317
36 C 4.945807 -2.53082 -2.69039
37 C 13.1062 2.270152 1.027957
38 C -0.01559 0.066448 -0.29924
39 C -9.43096 -1.04123 2.880856
40 C -8.37822 -1.49291 3.642222
41 C -7.1549 -1.1687 2.925921
42 N -7.47641 -0.52046 1.736284
43 C -8.86767 -0.42471 1.685615
44 C -8.95293 1.781644 -2.5586
45 C -9.84604 1.356591 -1.60237
46 C -9.07501 0.716162 -0.54349
47 N -7.71952 0.772687 -0.87
48 C -7.62181 1.418409 -2.09999
49 C -9.6223 0.15454 0.636406
50 C -2.85312 1.228214 -2.31878
51 C -3.90285 1.679161 -3.08407
52 C -5.1286 1.385453 -2.355
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53 N -4.80381 0.755084 -1.14978
54 C -3.42144 0.651231 -1.10886
55 C -6.4258 1.69805 -2.80206
56 C -3.32263 -1.52088 3.162048
57 C -2.43266 -1.08932 2.206904
58 C -3.21342 -0.49805 1.129506
59 N -4.56335 -0.57458 1.438008
60 C -4.66042 -1.19971 2.685022
61 C -5.85169 -1.481 3.379271
62 C -2.6629 0.071774 -0.05292
63 C -6.55173 2.392346 -4.12948
64 C -5.73129 -2.16954 4.710092
65 C -6.54184 3.803951 -4.21613
66 C -6.65905 4.466048 -5.4587

67 C -6.78736 3.699422 -6.6277

68 C -6.80107 2.296383 -6.5803

69 C -6.68321 1.653368 -5.32785
70 C -5.7324 -3.5804 4.803314
71 C -5.61965 -4.23572 6.049793
72 C -5.50474 -3.46271 7.215977
73 C -5.50055 -2.06003 7.162081
74 C -5.6145 -1.42377 5.9059

75 0] -6.68641 0.267537 -5.17123
76 ) -6.40965 4.469996 -2.99867
77 ) -5.85263 -4.2533 3.588006
78 C -1.23973 0.065722 -0.18801
79 C 11.95995 -5.84664 -1.18024
80 0 -5.62079 -0.03935 5.742143
81 C -6.80239 -0.57774 -6.35103
82 C -6.39183 5.92611 -2.98555
83 C -5.86506 -5.70919 3.583221
84 C -5.50577 0.813602 6.916886
85 H 5.695945 -7.34085 -2.86313
86 H 8.041767 -8.20669 -3.11274
87 H 9.9363 -6.79466 -2.48078
88 H 5.325124 -5.02549 -2.13781
89 H 10.95102 -1.31282 -0.47079
90 H 5.852128 7.695898 1.984455
91 H 8.219965 8.381186 2.482221
92 H 10.03934 6.765754 2.165163
93 H 5.385982 5.445441 1.173121
94 H 10.86784 1.373101 0.001712
95 H 3.94104 2.050633 0.510148
96 H 11.41746 5.876084 2.886079
97 H 5.2921 -3.41531 -3.23342
98 H -10.4854 -1.12542 3.098468
99 H -8.42148 -2.00469 4.592805
100 H -9.16906 2.302886 -3.48006
101 H -10.9191 1.478717 -1.60256
102 H -1.79722 1.274695 -2.54204
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103 H -3.85916 2.163975 -4.04879
104 H -3.10225 -2.0087 4.10066

105 H -1.35475 -1.15813 2.220868
106 H -6.65126 5.548718 -5.51949
107 H -6.87803 4.20176 -7.58784
108 H -6.90144 1.724842 -7.49638
109 H -5.62115 -5.31798 6.115925
110 H -5.41751 -3.95979 8.179129
111 H -5.41085 -1.48347 8.076055
112 H 11.1641 -6.59533 -1.19467
113 H -6.77304 -1.60083 -5.97133
114 H -7.75269 -0.40386 -6.87462
115 H -5.96359 -0.41524 -7.04203
116 H -6.28201 6.199014 -1.93437
117 H -5.54249 6.319507 -3.56117
118 H -7.33044 6.339748 -3.37944
119 H -5.96639 -5.98868 2.532893
120 H -4.92791 -6.1172 3.986265
121 H -6.71685 -6.10233 4.155036
122 H -5.53548 1.834123 6.530646
123 H -4.55521 0.643783 7.441319
124 H -6.34465 0.65462 7.608491
125 C 13.17439 -2.74099 -0.52825
126 B 8.6758 0.060043 -0.20699
127 F 9.860431 0.274778 -1.06888
128 F 9.238061 -0.30378 1.078769
129 Zn -6.14185 0.10835 0.289091
130 C 12.82343 -6.05933 -2.45285
131 H 13.6586 -5.35294 -2.47336
132 H 13.23255 -7.07884 -2.46696
133 H 12.22898 -5.91645 -3.36516
134 C 12.75277 -6.15262 0.118621
135 H 13.63516 -5.51824 0.217913
136 H 12.1175 -6.01575 1.003407
137 H 13.0856 -7.19954 0.100929
138 C 4.819029 -1.44365 -3.79133
139 H 4.451083 -0.49436 -3.40082
140 H 5.787839 -1.26671 -4.27534
141 H 4.11267 -1.78591 -4.55997
142 C 3.568177 -2.91533 -2.0906

143 H 3.6751 -3.60928 -1.24691
144 H 3.012447 -2.04603 -1.73815
145 H 2.961016 -3.40911 -2.86191
146 C 3.924418 4.001896 -0.29445
147 H 3.878329 3.580856 -1.30546
148 H 2.900251 4.255238 0.009042
149 H 4.500848 4.927465 -0.3634

150 C 4.270221 3.25597 2.196218
151 H 4.521502 2.372408 2.796741
152 H 4.848588 4.093283 2.59091
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153 H 3.204912 3.47399 2.349636
154 C 13.17802 5.858726 1.646589
155 H 13.69366 6.610513 2.259474
156 H 13.92782 5.150913 1.277463
157 H 12.72506 6.368815 0.786104
158 C 12.73998 4.446407 3.740731
159 H 11.97529 3.939159 4.343301
160 H 13.50251 3.718278 3.451287
161 H 13.21883 5.209537 4.369649
162 0 13.4418 -1.5822 -0.12687
163 0 14.20343 -3.62082 -0.83369
164 0 12.95187 1.083109 0.328495
165 0 14.1936 2.648863 1.503147
166 H 15.06835 -3.1842 -0.65946
167 H 13.6893 0.433698 0.340526
168 C 3.623295 -0.59721 0.384553
169 C 2.228172 -0.61365 0.508894
170 C 1.407312 0.076896 -0.42343
171 C 2.043889 0.785146 -1.47819
172 C 3.440506 0.816925 -1.58057
173 C 4.252995 0.129128 -0.65398
174 H 4.234901 -1.13336 1.10515

175 H 1.761619 -1.16305 1.321582
176 H 1.434452 1.31828 -2.20214
177 H 3.905444 1.391209 -2.37711
178 C -11.1177 0.171546 0.787643
179 C -11.9298 -0.60521 -0.06276
180 C -13.3347 -0.62575 0.072628
181 C -13.9375 0.171308 1.07263

182 C -13.1396 0.979022 1.896095
183 C -11.7384 0.972955 1.769898
184 C -16.326 -0.50212 -0.25733
185 C -15.4632 -1.22876 -1.1113

186 C -15.9847 -1.75787 -2.3137

187 H -15.3259 -2.31249 -2.98008
188 C -17.3357 -1.57406 -2.65324
189 C -18.1819 -0.83102 -1.8099

190 C -17.6654 -0.28921 -0.61619
191 H -11.462 -1.21617 -0.83242
192 H -13.6104 1.605681 2.649349
193 H -11.1318 1.595605 2.420678
194 H -17.7195 -1.9995 -3.57716
195 H -19.2247 -0.6744 -2.0708

196 H -18.3103 0.286077 0.043579
197 S -15.7492 0.083849 1.393353
198 N -14.1044 -1.43316 -0.79144
199 H -13.5839 -2.0301 -1.42265
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CHAPTER 5

5.1 Summary

The thesis entitled “Intense NIR Absorbing Porphyrin based Dyes with BODIPY as Acceptor:
Potential Photosensitizers for Dye Sensitized Solar Cells” which consists of five chapters. The
first chapter provides brief overview about the porphyrin, detailing its synthetic methodologies
and applications specially emphasizing its role in Dye Sensitized Solar Cells. The second
chapter deals with materials and methods employed during the course of the research work.
Subsequently, there are two chapters, which provides detail information about the synthesis,
photophysical properties, electrochemical aspects and DFT calculations of porphyrin-BODIPY
conjugates. Finally, the current chapter provides overall summary of the research work carried
out.

5.1.1 Introduction

Dependence on solar energy, as the most available greener source of renewable energy,
received much attention due to the fast diminishing of non-renewable energy sources. Though
dominated by the devices comprising silicon-based materials for the long time, DSSC, first
introduced by Griitzel et al.,! have shown promising features including ease of fabrication, low-
cost production and wide tunability of the photosensitizers. In this aspect, porphyrins due to
their intense absorption in the visible region, high molar extinction coefficients and tunable
electrochemical properties have enriched their presence in DSSC, offering promising features
of thin film generation.? Even though a number of D-r-A based porphyrin dyes including YD2-
0-C8 and SM315, reported by Gritzel and coworkers reached an efficiency upto 13%,>* but
they lack significant absorption in the NIR region which contains significant flux of photons
from sunlight. We have employed highly efficient NIR active naphthobipyrrole based BODIPY
that our group had reported as an acceptor, in an effort to conquer the NIR region.’

5.1.2 Synthesis and characterization

As the porphyrin dyes with D-w-A structure have shown higher efficiencies, we have opted for
the hexyl/hexyloxy groups appended diarylamine/carbazole/phenothiazine moieties as donor
because of their stronger electron donating capability and bisoctyloxyphenyl substituted
porphyrin as the n-bridge. The BODIPY unit enacting as an acceptor was conjugated with this
donor substituted porphyrin moiety to give novel porphyrin-BODIPY conjugates JB1 - JB4.
The synthesis of porphyrin-BODIPY conjugates achieved in two parts — a donor substituted
porphyrin moiety and an acceptor located BODIPY unit. The donor substituted porphyrins can
be further split into two, comprising the synthesis of ethyne linked bromodiarylporphyrin and

different donors viz diarylamine, carbazole and phenothiazine. The condensation of
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dipyromethane with 2,6-bisoctyloxybenzaldehyde, prepared as per the reported procedure’,
yielded the diaryl porphyrin. It was subjected to bromination, ethynylation and further
bromination in a sequence to yield the ethyne-linked bromodiarylporphyrin. The Buchwald-
Hartwig coupling of 4-hexyloxy aniline and 4-hexyloxy bromobenzene yielded the
diarylamine-donor which was further coupled with the substituted porphyrin to give the donor
substituted porphyrin moieties. Similarly, carbazole and phenothiazine were initially
substituted with hexyl chain on nitrogen followed by bromination and borylation, which was
further coupled via Suzuki coupling with substituted porphyrin to yield the donor substituted

porphyrins units.

The BODIPY diacid part was obtained from the hydrolysis of naphthobipyrrole-substituted
BODIPY ester, which was in turn prepared from the corresponding dipyrromethane through
oxidation and treatment with boron trifluoride etherate, where the dipyromethane was in turn
synthesized from the condensation of naphthobipyrrole monoester with 4-iodobenzaldehyde.
The BODIPY diacid was attached to the donor substituted porphyrin moieties via Sonogashira
coupling, which then led to the formation of porphyrin-BODIPY conjugates JB-1 - JB-4 in
good yields.

All the porphyrin-BODIPY conjugates were well characterized by their melting points, IR,

NMR and mass spectral analysis.
5.1.3 Photophysical properties

All the porphyrin-BODIPY conjugates displayed absorption well beyond 800 nm with an
intense and broad Soret band and with an intensified and red shift of the Q-bands. The Soret
band of JB-1 and JB-2 looks much broadened when compared to YD2-0-C8, while the same
is not in case of JB-3 and JB-4 which displayed narrowed Soret bands compared to YD2-0-
C8. The Q-bands appeared in the range of 670 to 750 nm with a huge red shift when compared
to YD2-0-C8 illustrating the effect of the naphthobipyrrole based BODIPY acceptor moiety.
The comparative absorption spectra of porphyrin-BODIPY conjugates JB-1 - JB-4 with YD2-

0-C8 were studied in THF solvent at room temperature as shown in Figure 5.1.
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Figure 5.1 Absorption spectra of JB-1 - JB-4 in comparison with YD2-0-C8 in THF.

Further, a high molar extinction coefficient of around 1.9 lakh (Soret band) and with the last
Q-bands coming almost 80% as intense as Soret band in case of JB-1 and JB-2, and around
50% in case of JB-3 and JB-4, along with a non-zero absorption in the entire range of 300-800
nm making them panchromatic with a significant absorption of photons in the NIR region of
sunlight. These porphyrin-BODIPY conjugates displayed two emission peaks on excitation at

their respective Soret bands as shown in Figure 5.2.
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— e )B4
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Figure 5.2. Fluorescence spectra of dyes JB-1 - JB-4 in THF.
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5.1.4 Electrochemical studies

The electrochemical studies of porphyrin-BODIPY conjugates done using a silver chloride
reference electrode revealed a quasi-reversible single electron oxidation for the formation of
the porphyrin cation radical Eox level for JB-1 and JB-2 with values of 1.02 and +0.98 V (vs
NHE), respectively, whereas JB-3 and JB-4 displayed two very close one electron quasi
reversible oxidations with values of 1.08 and 1.09 V (vs NHE) (Table 5.1). The energy levels
of HOMO and LUMO calculated according to the literature with the equations (Eox = Enomo
and Erumo = Eo.0 — Enomo) with respect to NHE electrode further indicate a facile dye

regeneration and electron injection.

Table 5.1 The electrochemical data for JB-1-4.

Dye Eo-o Oxidation Reduction | ELumo=Eo0- | Eecin
ineV | Eox(from Ered (from EHomo \Y/

DPV) vs. DPV) vs. inV
NHE in V NHE in V

JB-1 1.64 1.02 -0.4 -0.62 1.42
JB-2 1.64 0.98 -0.55 -0.66 1.53
JB-3 | 1.66 1.08 -0.41 -0.58 1.48
JB-4 | 164 1.09 -0.43 -0.55 1.52

5.1.5 DFT calculations

The DFT studies clearly revealed that the porphyrin and BODIPY moieties are not in the same
plane. To understand further insight, we performed TD-DFT calculations using Becke’s three-
parameter hybrid exchange functional and the Lee-Yang-Parr correlation functional (B3LYP)
was used. LANL2DZ basis set was used for Zn and 6-31G basis set was used for all other atoms
in calculations and the molecular orbitals were visualized using Gauss view 5. Electronic
spectra were calculated using TD-DFT in THF solvent using PCM model. The result of TD-
DFT was analyzed using GaussSum program. The TD-DFT studies revealed that the simulated
absorption spectra were found to be very similar with the steady state absorption spectra with
the vertical electronic transitions coincide well with the steady state absorption spectra. The
frontier orbital diagrams with energy level diagram as shown in Figure 5.3 revealed the

significant contribution of substituted porphyrin as a donor since the electron density of HOMO
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remained only on the donor substituted porphyrins in case of JB-1 and JB-2 and on only donor
in case of JB-3 and JB-4. The electron density of porphyrin is completely absent in case of
LUMO, which was not observed in the case of previous reports of porphyrin dyes such as YD2-
0-C8 and SM315. Since the LUMO lies completely on the acceptor BODIPY unit, which may

probably increase the electron injection efficiency.

-3.0
-3.5 1
>
© .40
w
4.5 - —_
-5.0 - S

JB-1 1B-2 IB-3 1B-4

Figure 5.3. Frontier molecular orbitals with energy levels for JB-1-4.

Overall, we have synthesized four porphyrin-BODIPY conjugates JB-1-4 with full
characterization, which displayed a panchromatic absorption beyond 800 nm and well suited
electrochemical potentials for their probable application in DSSC. Their possible application

in solar cell application will be taken up in future.
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