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PREFACE

Newer synthetic strategies based on Sonégashira cross coupling reaction and
s modifications have provided numerous possibiiities for the design of rigid
wlecular systems based on phenyleneethynylene spacer groups. The major
dvantages of using the oligo(phenyleneethynylene)s (OPEs) unit as a bridge for
lectronic communication compared to oligo(phenylenevinylene)s (OPVs) unit may
) attributed to (i) its rigid structure which do not involve any possibility of
somerization and (ii) the cylindrical symmetry of acetylene unit which maintains
the n-electon conjugation at any degree of rotation. These properties make OPEs an
atractive candidates for various optoelectronic applications. However, the
photophysical properties of this class of molecules are less understood. The main
objectives of our studies have been (i) to investigate the primary photophysical and
theoretical aspects of a few model phenyleneethynylene systems which can be used

fas apotential bridge in moleculaf devices; (ii) to examine the charge-transfer ability
of phenyleneethynylene based donor-acceptor systems and (iii) to investigate the
luminescence properties of bipyridine based ligands possessing phenylene-
ethynylenes and their iridium complexes.

The first chapter of the thesis provides general introduction on
phenyleneethynylenes; their synthesis and applications in various molecular
I-devices. The potential applications-of phenyleneethynylenes as molecular sensors
md as components in molecular electronic devices (wires and interconnectors) are

ssed in this chapter.

In the second chapter, the photophysical, conformational, and electronic

mq‘ﬁes of two model phenyleneethynylene based rigid rod molecules possessing
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dialkoxy substitution have been investigated. Twisting of the phenyl rings along the
carbon-carbon triple bond is almost frictionless in these systems giving rise to
planar as well as several twisted conformations in the ground state resulting in broad_
absorption bands. In the case of the unsubstituted compound the broad absorption
_ band observed is due to HOMO-LUMO transition whereas the dialkoxy substitution
in the 2,5-position of the central phenyl ring in phenyleneethynylenes modifies the
MOs and these aspects are investigated in detail. The excited state properties of
phenyleneethynylenes have been characterized by various spectroscopic techniques.
- The highly structured emission spectra observed in these systemé results from the
planarization of the molecules in the excited state. Singlet as well as triplet excited
state characteristics and the excited state reactions of these model systems were
© investigated in detail.
The third chapter involves the synthesis -and photophysical studies of
. phenyleneethynylene  based  donor-acceptor  systems  possessing  N,N-
dimethylaniline as the donor and pyridine as acceptor in terminal positions. A series
of compounds having different conjugation lengths as well as different connectivity
(meta or para) between the donor and acceptor groups was synthesized. The
absorption spectral features of the compounds do not vary with solvent polarity and
emit with high quantum vyields in nonpolar solvents. Interestingly a large
~bathochromic shift in emission maximum accompanied by a decrease in quantum
yield was observed with increase in solvent polarity. The ground as well as excited
state properties of the quarternized derivatives of phenylenecthynylene based
donor-acceptor systems has also been examined. Based on these studies it is

|

ﬁ'ﬁeoncluded that the meta linkage acts as an insulator in the ground state and

.



dectronic communication open up in the excited state leading to charge transfer
transition. ]
Two bipyridine derivatives possessing phenyleneethynylene units
(unsubstituted and methoxy substituted at the terminal position) at the 4 A’ -positions
were synthesized and their photophysical _properties are discussed in the fourth
| chapter. Based on various experimental and theoretical investigations, we have
concluded that the absorption in these systems originate from m-m* transition and
. any involvement of n-m* transition is ruled out. The methoxy substituted compound
- possess high fluorescence yield (0.12) as compared to the unsubstituted compound
- (fuorescence yield = 2.4 x 107). The protonated as well as the zinc ion complex of
the unsubstituted compound is highly emissive due to the existence of a locked cis
conformation which prevents the deactivation through non-radiative channels.
. Interestingly a nonemissive charge transfer state was observed in the case of 2 on
adding H'/Zn™ ions, the excited state charge transfer ability of donor-acceptor
iincreases for methoxy substituted compound and emission yield decreases due to
enhanced decay through nonradiative channels. A new iridium complex
' [iPhbpy),Cl,)] has also been synthesized. This compound possesses excellent
%"hnninescent properties (luminescence quantum yield of 0.30 and lifetime of 0.9

@microseconds) and has potential application in optoelectronic devices.



CHAPTER 1
]

A Brief Review on Phenyleneethynylene Based Molecular Systems

1.1. Introduction to m-conjugated Molecular Systems

Pioneering work of Nobel laureates, Alan J. Heeger, Alan G. MacDiarmid
and Hideki Shirakawa on the conductivity of trans-polyacetylene has opened a
plethora of scientific activity on the development of semiconducting and
conducting polymers." More recently, n-conjugated molecular systems such as
oligo(phenylenevinylene)s and oligo(phenylenecthynylene)s have been proposed
as elements in various optoelectronic devices. Extensive reviews are available on
the synthesis and the possible applications of these systems as organic light-
emitting diodes,” field-effect transistors,’ sensors,’ photovoltaic and nanoelectronic
systems.” As compared to oligo(phenylenevinylene)s (OPVs), molecular structure
of oligo(phenyleneethynylene)s (OPEs) is totally rigid and do not involve any
possibility of isomerization. These properties make OPEs an attractive candidate
for wvarious device applications. Recent advances on the synthesis of

phenyleneethynylene based molecular systems and their potential applications are

summarized below.
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. Synthesis of OPE Based Molecular Systems

Newer synthetic strategies based on Sonogashira cross. coupling reaction
| its modifications have provided numerous possibilitiés for the design of rigid
lecular systems based on phenyleneethynylene .spacer éroups. In general,
10gashira reaction involves the coupling of terminal alkynes with aryl or viny!
ides in the presence of a palladium catalyst, a copper(I) co-catalyst, and an
ine as base. Although the palladium catalyzed reaction occurs through several
s, the overall scheme can be represented as a reaction between a ‘sp’ carbon

m of alkynes and *sp” carbon atom to which halide ion is attached (Scheme 1.1).

'. _ R R — — R
TN — . ¢ X Pd(PPhy),Cl N L
_/ — N\ / Cul, Amine Y/ 3_ N\ /

1 2

Scheme 1.1. Sonogashira cross coupling reaction.

~ The first step of the palladiurri catalysed reaction involves the generation of
active catalyst, wherein the Pd possesses a zero oxidation state, through a
s of steps as shown in Scheme 1.2 (oxidation state of Pd in the added reagent
'Ph;),Cl, is +2). In presence of amine, the acetylenic hydrogen of the reactant
st displaced by Cu’ ion to form Cu-acetylide complex (I in Scheme 1.2).
smetallation of I with the Pd catalyst results in the formation of acetylide-Pd

slex (I1 in Scheme 1.2) with the elimination of two molecules of CuCl. This
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unstable complex reductively eliminates butadiyne and generates the active Pd

catalyst, (PPhs),Pd(0).

R R
‘/ N\ ___ Cul, Amine ), —Cu* Pd(PPh;),Cl,
_ /) — TNmg - -CuCl,

R
74 l\
-\
Ph3P\
0
. Ph3P\ 7 - > Ph_:,P'Pd
Pd R.— — R
A\
/ N
Il .‘r
R

Scheme 1.2. Generation of the active Pd(0) catalyst.

In the reaction step (Scheme 1.3), addition of aryl halide to (PPh;),Pd(0)
“results in the formation of a complex III (oxidation state of Pd in the complex is

+2). Further the reaction of III with acetylide-Cu complex (I in Scheme 1.2) leads

i to the formation of an unstable complex IV, which dissociate to yield the desired
. tolane derivative (3) regenerating the active catalyst. ~

Several parameters can influence the rate and yield of palladium catalysed
reaction and these aspects are summarized in an earlier review.® Since the active
Pd catalyst is electron rich in nature, the presence of electron withdrawing
substituents at the ortho or para positions of the aryl halide can accelerate the rate

of reaction. The nature of the halide can also influence the reaction rate: the iodide

group being a better leaving group, reaction usually proceeds at room temperature
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conditions whereas reaction with bromo substituted reagents occur only at

elevated temperatures. The presence of Cul as co-catalyst is essential as it assists

Rl

Ph;P. |
R' ’ :Pdo 7 \ K —Cu*
\ Ph;P 1 PSS C 1
@—x —_— _Pd -
Ph,P” X

2 i

R’
71
Ph;P, /J : > =" PhsP o
P - /
Ph,P S 3 \_7/ Ph,P
N
I N
[AY% I.v-
R

Scheme 1.3. Formation of product and regeneration of catalyst.

the activation of alkynes through the formation of the Cu-acetylide complex.” The
choice of the amine is found to be crucial and generally used amines are
tnethylamine, diethylamine and diisopropylamine. In most cases amines can also
act as solvent and in cases where the substrates are insoluble, cosolvents such as
toluene, THF and diethyl ether are used.® However, halogenated solvents should
be avoided and excess amounts of methanol can hamper the reaction. Amount of
the catalyst plays an important role and usually varies from 0.1-5.0 mole
percentage of the reactant used. It is also reported that by adding small quantities
of triphenylphosphine, it is possible to reduce the amount of Pd catalyst thereby

. decreasing the amount of biproduct formed (diyne in Scheme 1.2).> A variety of
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OPE based functional molecular systems have been recently synthesized by
adopting cross coupling reaction and the potential applications of these systems

are presented in the following sections.

1.3. OPE Based Molecular Wires and Electronic Devices
[n the mid of 1970’s, Ratner and Aviram put forward the idea of using few
“molecules or a cluster of molecules in place of semiconductor devices in electronic
:quipments to perform various functions such as rectification, amplification and
itorage. However, suitable technologies to connect individual molecules to form
electronic circuits have not been completely achieved. The major advantage of
using the OPE core unit as a bridge for clectronic communication may be
attﬁbined to its rigid rod structure and cylindrical symmetry of acetylene unit
f_wlfilich maintains the m-electron conjugation at any degree of rotation. Efforts have
|
ben initiated by various groups on the design of OPE based molecules which can
;inf(egrate the elementary functions and interconnections required in molecular
0
%l?ctronic devices. It has been reported that the OPE derivatives can exhibit

ﬁarive differential resistance,'’ bistable conductance and controlled switching

der an applicd electric field."
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decrease when the voltage is progressively increased. The device showed an on/off
peak to valley ratio (PVR) of 1030:1 at-60 K, which decreases with increase in

tcmperature]0 (Figure 1.1). A possible mechanism as suggested by Tour

O = =0

H,N

Chart 1.1. Structure of 2’-amino-4-ethynyiphenyi-4’-ethynylphenyl-5°-
nitro-1-benzenethiol.

and coworkers, involves a two stage reduction process. As the bias voltage is
increased between the electrodes, electrons are injected to the molecule, resulting
in the formation of a conducting monoanion and the charge is distributed all over
the molecule. On further increasing the voltage, second reduction occurs and the

current flow is blocked. (Figure 1.2) The mechanism was further supported by

112

theoretical calculations by Seminario et al.”~ They showed that the current flow over

12
. L= 1.030A

10- peak

08-

o]

1(nA)

0.4-:

1

0.2
]

- T=60K lva.]ley= 1 pA
0.0+

X - T _ r  r T 1 T T

0.0 0. . 1.5 2. 2.5
Voltage (V)
Figure 1.1. I-V characterlstlcs of a Au-4-Au device at 60 K. The peak
current density is ~50 A/em?, the NDR is ~400 puohm'cm’, and the PVR
is 1030:1 (adapted from reference ).
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the molecule is possible only in its one electron reduced state where in the LUMO
extends all over the molecule. At higher voltages the LUMO corresponding to two
electron reduced state gets localized and the current drops to zero. However,
similar results were not observed for monofunctionalized OPEs containing nitro as
weli as amino functionalitiecs. OPE based molecular systems showing NDR
behaviour have gained a lot of attention in recent years. Several theoretical and
experimental attempts have been made to explain conductance changes through a
variety of schemes (conformational changes, hydrogen bond formation in the
packing layer etc.); however the mechanism of this process is not fully

understood. "> 4

[ Y

posk
-2
~0

Figure 1.2. Mechanism of NDR. As the applied voltage across the SAM

(A) increases, 4 undergo reduction to form monoanion which is
i conducting (B); {uther increase in voltage results in the formation of
‘ nonconducting dianion (C) (udapted from reference 5).

—- 0 <

The future of molecular electronics depends mainly on the development of

nolecular wires of higher conductivity. Ideally, molecular wire should be able to
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communicate distant centres at a faster rate through strong coupling between the
electrodes and the assembled molecules. A tunnelling mechanism has been
proposed for explaining the transfer of charge over long distance through the
molecule. Creager and coworkers investigated the electron transfer kinetics, using
AC voltametry technique, by attaching ferrocene groups to gold electrodes
through phenyleneethynylene bridges (Figure 1.3.) containing three to six
repeating units (corresponding to distances of 22 to 43 A).” They calculated the p
\values of 0.36 A" for phenyleneethynylene based bridges by plotting log k versus
distance of separation (note: lower B value implies a higher conductivity; k
denotes electron transfer rate constant). When linked through aliphatic bridges the

corresponding f3 value was obtained as 0.9 A, a value three times lower than the

phenylenethynylene units'® indicating that OPEs are better conductors.

o~
W e _f—‘<:/=<_r—\:©n©
N\ 7/ — \ 7 >\_//~\\_//
/\O

! Figure 1.3. Ferrocene molecule linked to gold electrode throﬁgh four
phenylenethynylene units (adapted from reference 10).

Oligo(phenyleneethynylene)s are ideally suited as molecular wires due to
. their extended n-conjugation.'”*® Tour and coworkers have synthesized a series of
molecular wires based on OPEs (commonly known as Tours wires) and one of the

’ ]ongest wires of this type, having a length of 128 A, is shown in Chart 12,172
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R
Et2N3 SiMe3
5 16
- —

128 A

Chart 1.2. Longest molecular wire based on phenylenethynylenes.

Blumm and coworkers reported the conductivity of an OPE derivative,
namely 4,4’-di(phenylencethynylenc)benzenethiolate, by inserting them as self
gssembled monolayers along  with nonconducting n-dodecanethiol.”>  The
conductivity was probed uvsing the STM tip and found that these systems were
more conducting than the corresponding alkyl thiol derivatives. These experiments
also supported the view that phenylenecthynylenes are good conductors having
ppotential applications as molecular wires. In contrast, Ramachandran et al. have
dserved stochastic on-off conductivity switching in phenyleneethynylene
sligomers when inserted into self-assembled monolayers of alkanemonothiol on
Aulll) and the conductivity was probed using STM.® These results were
Explained in terms of changes in ring conformations or electran localization or
both. It may be noted that the techniques used for the conductance measurements
?ﬁhighly sensitive to several-factors such as prepgration of SAM, packing of the

ules on the monolayer, strength of the contact between STM tip and the

g?lecule‘ More controlled experiments are essential to obtain a better insight on
e '

U i . o
mm&‘«hamsm of conductance switching.
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Investigation on the electronic trahsport through single molecules,
sandwiched between two metal contacts, has been realized recently by- using
mechanically controlled break junction (MCBJ) technique and STM. 1,4-_
bis(phenylethynyl)anthracene molecule possessing thiol groups on the meta as
well as para positions were synthesized and these molecular systems were
immobilized between gold electrodes of a mechanically controlled break-junction
(Figure 1.4).>* When linked through para position the current measured was found

to be 100 fold higher than the meta substituted system under same conditions.

D= o
more conducting when linked through “para” positions
TR ol Cs@

less conducting when linked through “meta” positions

Figure 1.4. Schematic representation showing the “para” and “meta” thio
linked anthracene derivatives on the gold electrode of MCBJ (adapted
from reference 19).

-

More recently, Hummelen and coworkers have prepared an anthraquinone
based molecular wire possessing phenylethynyl moicties on both ends (Figure
1.5).2 The authors have demonstrated that the nzlodel system substituted with tert-
butylthio groups, can be electrochemically switched in a reversible fashion, from
cross conjugated form having low conductance (“off state™) to linearly conjugated

form (high conductance; “on state”) via two electron reduction/oxidation reaction.
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Such systems are proposed as redox controlled switches in molecular electronic

devices when Jinked between Au electrodes (Figure 1.5).

Linear conjugated “on"

-

Figure 1.5. Proposed switching of conjugation and conductivity of
anthraquinone derivative via oxidation/reduction reactions (adapted from
reference 24). '

An optically active molecular electronic wire containing chiral 1,1°-
binaphthyl system with terminal aryleneethynylene unit have been synthesized and
incorporated into nanowell devices by self-assembly on the gold surface™ (Figure
1.6). Authors have demonstrated that the chirality of the molecules strongly
influence their electrical transport properties. In the nanowell device, median
current from the molecules containing both S and R enantiomers were found to be
significantly smaller than those from the pure § or R molecule. This may be
attributed to the difference in packing between the homochiral and heterochiral
molecules in the monolayer. However, the conductivity of these wires is found to

- be much lower than pure oligophenyleneethynylene wires.
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B

Figure 1.6. Schematic representation of a chiral binaphthyl derivative
assembled between two electrodes. The current flow through the
monolayer containing both R and S isomer is less than those containing
pure R or S (adapted from reference 25).

1.4. OPE Based Sensors

By combining the high fluorescence quantum yield of phenyleneethynylene
based molecular systems and the unique characteristics of polyelectrolytes (for
- example, solubility in aqueous media and processability), Whitten and coworkers
have developed conjugated polyelectrolyes (CPE) for sensing biological targets.
Representative examples of phenyleneethynylene based cationic and anionic CPEs
afe illustrated in Chart 1.3. Sensing strategy in these systems adopts a fluorescence
superquenching mechanism, which involves an electron/energy transfer process on
association of a quencher with CPE. By adopting this methodology several

~

conjugated polyelectrolytes have been developed for biosensing *”*
A novel biosensing strategy, termed as quencher tether ligand (QTL)
approach, was recently developed by Whitten and coworkers by taking advantage

of fluorescence superquenching mechanism. In this ‘methodology, a quencher

molecule was first linked to a complexing molecule (QTL). The receptor for a
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T* *Na'0,8
Cationic PPE Anionic PPE

Chart 1.3. Phenylencethynylene based conjugated polyclectrolytes
(CPEs) having cationic and anionic pendant groups (adapted from
reference 28 ).

specific analyte was first attached on poly(phenyleneethynylene)s (PPE) which
was further coated on the surface of latex microspheres. The competition between
the analyte and a synthetic QTL conjugate, for complexing with receptor sites,
forms the basis of sensing. When the ligand attached to the quencher (QTL)
recdgnizcs the receptor sites on a fluorescent polymer, quenching of the
fluorescence occurs. On addition of an analyte, having comparable binding
properties, fluorescence regains due to the displacement of QTL by the analyte.

A modified version of QTL approach was used for\the detection of
proteolytic enzymes, namely enterokinase, caspase-3/7, and B-secretase using
different peptide sequence as.tether.zg The PPE based polymer containing a biotin
.binding protein was coated over polystyrene microspheré. QTL was designed in
such a way that it contains a reactive peptide sequence with a quenchér on one

side and biotin on the other. The peptide binds to the conjugate polymer through

biotin-biotin protein interaction and the quenching of the fluorescence occurs.
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When reactive enzymes are introduced into the system, cleavage of the peptide-
sequence occurs and the fluorescence is regained. Same group have also
developed an assay for the detection of a 20mer-DNA sequence for the anthrax
lethal factor based on PPE.*"!

Synthesis of novel cruciform molecules (Chart 1.4) and their application as
ensors of metal cation have been demonstrated by Bunz and coworkers.*”> The
ptical properties of the cruciforms can be tuned by binding with various metal
stions and the authors observed that the pyridyl functionalised cruciform

molecules could selectively detect Ca®* and Mg

NBu,

Chart 1.4. Phenyleneethynylene based cruciform as cationic sensors
(adapted from reference 33 ).

A new method for detection of bacteria based on water soluble fluorescent
poly(phenyleneethynylene) (PPE), functionalized with glycosides, has been
developed by Disney et al.‘.“’ Authors have demonstrated that the PPE
functionalized glycosides cffectively bind to bacteria (E. coli) and form bright
fluorescent cell aggregates. The aggregation is due to multivalent interactions
between the mannosylated polymer and mannose receptors located on the bacterial

pili, which was confirmed by confocal microscopy and binding studies.
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Carbohydrate-functionalized PPEs has an obvious.advantage that it can detect the
presence of a pathogen in approximately 10 to 15 min where as conventional
methods (selective growth in liquid media or on plates) takes several days. This
methodology can be further extended for sensing of a wide range of pathogens by
exploiting the preference of different bacteria to bind with specific carbohydrates.
Another interesting application that has been envisaged using pentiptycene-
derived poly(phenyleneethynylene) for the detection of vapours of explosives such
as 2,4-dinitrotoluene (DNT) and 2,4,6-trinitrotoluene (TNT).37 Authors have
_ observed that the thin films of pentiptycene polymer (11 in Chart 1.5) possess
enhanced fluorescence compared to the planar model polymer (12). The rigid
three-dimensional pentiptycene moieties in the molecular framework prevent both
r-stacking and excimer formation leading to enhanced emission. The polymer
coated thin film of 25 A when exposed to TNT vapours showed strong quenching
~50 % within 30 s and to ~75 % at 60 s. The response of the same film to DNT

vapour was found to be even faster (~91 % fluorescence quenching at 30 s).

11
Chart 1.5. Phenyleneethynylene derivatives for the detection of explosive
vapours (adapted from reference 36 )
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1.5. Objectives of the Present Work

OPE based system has emerged as attractive candidate for various
optoelectronic applications, however the photophysical properties of this class'of
molecule is less understood. The objectives of the present work are to (i)
investigate the primary photophysical and theoretical aspects of a few model
ﬁhenyleneethynylene systems which can be used as a bridge in molecular devices
(Chapter 2); (ii) examine the charge-transfer ability of phenyleneethynylene based
donor-acceptor systems (Chapter 3) and (ii1) investigate the luminescence
properties of bipyridine based ligands possessing phenyleneethynylenes and their

“irdium complexes (Chapter 4).
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CHAPTER 2
|

Photophysical and Theoretical Investigations of
Oligo(p-phenyleneethynylene)s: Effect of Alkoxy Substitution
and Alkyne-Aryl Bond Rotations

2.1. Abstract

The unique photophysical. conformational and electronic properties of
two model phenyleneethynylene rigid rod molecular systems, possessing
dialkoxy substitutions were studied in comparison with an unsubstituted
system. Twisting of the phenyl rings along the carbon-carbon triple bond is
almost frictionless in these systems giving rise to planar as well as several
twisted ground state conformations and this results in broad structureless
absorption 1n the spectral region of 250-450 nm. In the case of 14-
bis(phenylethynyl)benzene, a broad absorption band was observed due to
HOMO-LUMO transition whereas dialkoxy substituted compounds possess
two well separated bands. Dialkoxy -substitution in the 2,5—position of the
phenyl ring in phenyleneethynylenes alters its central arene m-orbitals through
the resonance interaction with oxygen lone pairs resulting in similar orbital
features for HOMO and HOMO-1/HOMO-2. Electronic transition from the low
lying HOMO-1/HOMO-2 orbital to LUMO results in the high energy band and
the red shifted band originates from HOMO-LUMO transition. The first

excited state transition energies at different dihedral angle, calculated by
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TDDFT method indicate that the orthogonal conformation has the highest
excitation energy with an energy difference of 15 kcal/mol than the low lying -
planar conformation. The emission of these compounds originates
preferentially from more relaxed planar conformation resulting in well defined
vibronic features. The fluorescence spectral profile and lifetimes were found to
be independent of excitation wavelengths, confirming the existence of a single
emitting species. Thé transient spectrum of 2, recorded immediately after laser
pulse showed depletion at 390 nm and absorption at 520 nm was characterized
as the triplet excited state. Interestingly, in the case of higher homologue (3),

the absorption of the triplet excited state is red shifted to 660 nm.

2.2, Introduction

Oligo(phenylencethynylene) based molecular systems] possess a well

defined architecture and are widely used in the design of functional molecular

2 13-21

materials such as conjugated polymers,z'l donor-acceptor systems,

sensors,”>*" and self-assembled monolayer on metal surface.’'>* The major
advantage of using the oligo(phenyleneethynylene) core unit as a bridge for
electronic communication may be attributed to the cylindrical\symmetry of
acetylene unit which maintains the m-electron conjugation at any degree of
rotation. A few prototype systems were fabricated by incorporating rigid rod
molecules in semiconductor/metal hybrid systems. Thes\e include (i) single-

molecule diodes by immobilizing them between both electrodes by sulfur-gold

bonds,** (ii) nanocell electronic memories,’ (iii) voltage-triggered conductance
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switching®?’** and (iv) photovoltaic systems by functionalization of

redox/photo-active molecules on to semiconductor surfaces.'*'* ?

Recently Galoppini and coworkerslé 1839 have investigated, in detail, the
dynamics of the electron injection from excited Ru'-polypyridine sensitizers to
Ti0, semiconductor through phenyleneethynylene bridging units. These studies
suggest that the charge injection occurs over a long distance of 2.4 nm. The
electronic coupling between Ru'-polypyridine and phenyleneethynylene
bridging unit is quite strong and thus assists in the fast electron injection into
semiconductor nanoparticles.'” Electrochemical studies have confirmed that
phenyleneethynylene bridge structures promote strong coupling between gold

electrode and ferrocene, thereby promoting rapid electron transport over long

. 4
. distances. 0

_Although a variety of phenylethynyl based molecular systems have
been investigated, most of the photophysical reports are based on unsubstituted
1,4-bis(phenylethynyl)benzene (1 in Chart 2.1).*'** The rotation of the central
- arene ring of this system revealed a very shallow potential of 0.5 kcal/mol
between the fully planar and perpendicular structures.*! Tt is also reported that 1
exists as a single species in the excited state and the photoexcitation do not
bring about any significant changes in the bond order of acetylene group, ruling
out a cumulenic/quinanoidal character in its singlet excited state (sH.*
Oligo(phenyleneethynylene)s, particularly their higher analogues possess

~poor solubility which is one of the major limiting factors in the design of

- organic molecular materials. To overcome the solubility problem, 2,5-dialkoxy
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Chart 2.1. Phenylethynyl based molecular systems under investigation.

substituted derivatives of oligo(phenyleneethynylene)s have been synthesized
and these molecular systems are widely used as building blocks for various
functional molecular materials. However, the introduction of such groups with
lone pair of electrons can influence the photophysical properties of
phenylethynyl based systems and detailed experimental as well as theoretical
understanding is essential for fine tuning their optoelectronic properties. With
this objective, We have synthesized two model oligo(phenyleneethynylene)s
possessing  dialkoxy substitution, namely 1,4-bis(phenylethynyl)-2,5-
bis(hexyloxy)benzene (2)* and 1,4-bis((4-phenylethynyl)phcnylethznyl)-Z,S-
‘bis(hexyloxy)benzene (3) (Chart 2.1) and investigated their ground and excited

state properties in detail.**’

Further, DFT (density functional theory) and
TDDFT (time dependent density functional theory) levels of theoretical studies

were carried out to understand the conformational, electronic and excited state

properties of 2 and 3 in comparison with 1.
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2.3 Experimental Section

2.3.1. Materials and methods

The samples used for the study were purified by passing through
recycling HPLC manufactured by Japan Analytical Industry Co., Ltd. All
melting points are uncorrected and were determined on an Aldrich melting
point apparatus. 'H NMR and "*C NMR spectra were recorded on a Bruker
DPX-300MHz spectrometer. High Resolution Mass spectra were recorded on a
JEOL JM AX 5505 mass spectrometer. The UV-Vis spectra were recorded on a
Shimadzu 2401 or 3101PC spectrophotometer. The emission spectra were
recorded on a Spex-Fluorolog, F112-X equipped with a 450W Xe lamp and a
Hamamatsu R928 photomultiplier tube. The spectra recorded by keeping a 90°
geometry and a slit width of 1 mm in the excitation and emission
monochromators. Details of time correlated single photon counting

fluorescence lifetime measurements were described earlier.*®

2.3.2. General method of synthesis

The general strategy adopted for the synthesis of compounds 2 and 3 are
shown in Scheme 2.1 (an alternate route for the synthesis of 2 is reported in
reference 45). Compounds- 4 and 5 were prepared following the procedure
reported in the literature.* More recently the synthesis of 6 and 7 were reported
by Xue et.al*® by an alternate route. THF used was dried over sodium and
diisopropylamine was dried over KOH. Solvents were deoxygenated by

purging them with argon for !5 min before using in the reaction. The final



|
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compounds were purified by passing through recyclihg preparative HPLC

equipped with a UV as well as RI detector.

Preparation of l,4-bis(phenylethynyl)-2,5-bis(he§(yloxy)benzene 2). A
‘mixture of TMS coupled monomer § (500 mg, 1.06 mmol), K,CO; (882 mg,
6.36 mmol), PPh; (111 mg, 0.106 mmol), Pd(PPh3); (245 mg, 0.053 mmol),
Cul (40 mg, 0.053 mmol) and C¢HsI (284 pl, 2.54 mmol) was stirred in a
solvent mixture of CH3;OH/THF (1:4) at room temperature for 15 h. After
removal of the solvent under reduced pressure, the crude product was purified
by column chromatography over silica gel (100-200 mesh) using
ethylacetate/hexane (1:99) as eluent to yield 320 mg (63 %) of white colored
product, mp. 114-116 °C. '"H NMR(300 MHz, CDCL;):8 7.54-7.52 (m, 4H),
7.35-7.33 (m, 6H), 7.02 (s, 2H), 4.03 (t, 4H), 1.87-0.87 (m, 22H). *C NMR (75
MHz, CDCl;): 8 153.67, 13].568, 128.21, 128.22, 123.49, 117.07, 114, 94.82,
85.96, 77.42, 69.68, 31.60, 30.88, 29.33, 25.73, 22.62, 14.0. Anal. Calcd for

C3H330,: C, 85.31; H, 8.00. Found: C, 85.55; H, 8.18. Exact mass calculated

for Cy,H330, (M™) is 478.2872, found 478.2887 (FAB high resolution mass

-~

spectrometry).

Preparation of 1,4-bis(4-bromo phenylethynyl)-2,5-bis(hexyloxy)benzene
(6). A mixture of TMS coupled monomer 5 (500 mg, 1.06 mmot), K,CO5 (882
mg, 6.36 mmol), PPh; (111 mg, 0.106 mmol), Pd(PPh;), (245 mg, 0.053

“mmol), Cul (40 mg, 0.053 mmol) and 1-bromo-4-iodo benzene (714 mg, 2.5

mmol) was stirred at room temperature in a solvent mixture of CH;OH/THF (1:4)
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Scheme 2.1. Synthetic route for the preparation of 2 and 3
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(i) (Trimethylsilylacetylene, Pd(PPh3),Cl,, Cul, (i-pr)aNH, 80 °C, 1 h; (ii)
CH;0H, K,CO;, THF, C¢Hsl, Pd(PPh;),, Cul, PPhs; (iii) CH3OH, K>COs,
THF, BrCe¢Hsl, Pd(PPhs)s, Cul, PPh;j; (iv) (Trimethylsilyl)acetylene,
Pd(PPh3),Cly, Cul, (i-pr)NH, 80 °C, 3 h.

for 15 h. The crude product was purified by column chromatography over silica
gel (100-200 mesh) using ethylacetate/hexane (1:19) as eluent to yield 460 mg
(68 %) of yellow solid; mp 112-114 °C 'H NMR (300 MHz, CRCl3): & 7.73-
7.37 (m, 8H), 7.00 (s, 2H), 3.9 (t, 4H), 0.80-2.1 (m, 22H). *C NMR (75 MHz,
CDCly): & 153.63, 132.93, 131.59, 122.49, 122.38, 116.78, 113.82, 93.83,

87.08, 77.42, 77.00, 76.86, 76.58, 69.58, 31.56, 29.25, 25.715, 22.62, 14.01.

m/z(FAB) 636.93, calcd. 636.46.

Preparation of 1,4-bis(hexyloxy)-2,5-bis((4-trimethylsilylethynyl)phenyl-

ethynyDbenzene (7). To a stirring solution of aryl halide 6 (150 mg, 0.24
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mmol), Pd(PPh,),Cl, (16.50 mg, 0.024 mmol) and Cul (8-.97 mg, 0.024 mmol)
in 3 mL. diisopropylamine, was added (trimethylsi‘lyl)acetylene (75.5 pL, 0.29
-mmol). The mixture was refluxed for 3 h under argon‘. After removal of the
Solvent, the crude product was crystallized using ethanol to give 64 mg (40%)
lof the product, mp. 124-126 °C. '"H NMR (300MHz, CDCl;):8 7.37-6.9 (m,
10H), 4.02 (t, 4H), 1.9-0.9 (m, 22H), 0.2 (s, 9H). *C NMR(75 MHz, CDCl;): &

154.12, 131.85, 131.31, 116.84, 112.29, 77.42,77, 76.57, 69.6, 47.92, 29.27,

25.73,22.62,19.25, 14.01. m/z (FAB) 671.13, caled. 671.07.

Preparation of 1,4-bis((4-phenylethynyl)phenylethynyl)-2,5-bis(hexyloxy)
benzene (3). A mixture of 7 (300 mg, 0.45 mmol), K,CO;3 (373.14 mg, 2.7
mmol), PPh; (47.16 mg, 0.18 mmol), Pd(PPhs); (104 mg, 0.09 mmol), Cul
(17.10 mg, 0.09 mmol) and Ce¢HsI (120.6 pL, 0.108 mmol) was stirred at room
temperature in a solvent mixture of CH;OH/THF (1:4) for 15 h. The crude
product was puriﬁed by column chromatography over silica gel (100-200
mesh) using hexane/toluene (1:9) as eluent to yield 140 mg (46 %) of yellow
colored solid; mp 173-175 °C. '"H NMR (300 MHz, CDCl3): & 7.54-7.51 (m,
12H), 7.54-7.51 (m, 6H), 7.01(s, 2H), 4.04 (t, 4H), 1.88-0.90 (m, 22H).
BENMR (75 MHz, CDCL): 8 131.61, 131.5, 131.47, 128.45, 123.1, 116.87,

11396, 69.64, 31.6, 312277, 29.3, 25.75, 22.64, 14.03. Anal. Caled for
! CSOH%()Z: C, 88.46; H, 6.83. Found: C, 88.43; H, 7.17. Exact mass calculated
; for CsHysO, (M) is 678.34979, found 678.34968 (FAB high resolution mass |

l spectrometry).
|
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2.3.3. Purification ofAcompounds 2and 3

In order to ensure high purity of the samples used in the photophysical
studies, compounds 2 and 3 after conventional column chromatography, were
further purified using recycling HPLC® with two columns connected in series.
Typically 20-30 mg of phenyleneethynylenes, dissolved in chloroform (3 mL),V
was injected and eluted using the same solvent. Effective removal of even trace
amounts of impuritieé could be achieved by recycling the samples for about 14-
20 cycles. Figure 2.1 shows the chromatograms of phenyleneethynylenes
obtained in the first cycle (peaks ‘a’ and ‘b’) and after recycling through
HPLC. Peaks ‘a,” and ‘b,’ in Figure 2.1 corresponds to compounds 2 and 3

which were further characterized by various analytical and spectroscopic

techniques.
A B
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Figure 2.1. Chromatograms of phenyleneethynylenes obtained in the first
cycle (peak ‘a” and ‘b’) and after recycling (peaks ‘a,” and ‘b," are
impurity and ‘a,’ and ‘b;" are purified products) through HPLC: A)
compound 2 was recycled 17 times and B) compound 3 was recycled for
14 times.(2 is monitored at 340 nm and 3 is monitored at 375nm).
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2.4 Results and Discussion
2.4.1. Photophysical inveStigation

Absorption and emission properties. The absorption spectral features of 1,
shown in Figure 2.2 (trace ‘a’) was earlie;' reporte& by several groups as a
broad band (partially resolved) in the spectral region of 250-350 nm.*>*'* In
contrast, the absorption spectra of 2 and 3 recorded in different solvents
(methylcyclohexane, toluene and dichloromethane) showed significantly
. different features with two well separated bands. For example, the spectrum of
2 in methylcyclohexane possess a shorter wavelength band between 275-325
nm, with partially resolved vibronic features and a long wavelength band with

maximum around 367 nm of almost same intensity (trace ‘b’ in Figure 2.2).
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Figure 2.2. Absorption spectrum of phenyleneethynylenes in methyl-
cyclohexane; (a) 1; (b) 2; (c) 3.

In an earlier report, West and coworkers have reported the absorption spectra
«of 2 with similar spectral features.*’ In the case of 3, both the absorption bands
are red shifted by around 20 nm due to the increase in conjugation, however do

not possess any distinct vibronic features. From these studies it is obvious that



Oligo(phenyleneethynylne)s: Photophysical and Theoretical Inves}igation 30

the dialkoxy substitution has a significant effect on the photophysical
properties of phenyleneethynylenes. The splitting .of the absorption band
observed for 2 and 3 compared to 1 are discussed in detail using theoretical
' studies (vide infra). The absorption spectral profile of 2 and 3 remains
unaffected with increase in concentration (upto 15 pM) and were found to be
independent of the nature of the solvent, ruling out the possibility of any
ground state interactions such és aggregation. The singlet excited state energies
of f)henyleneethynylenes as determined from the cross over point between the
normalized absorption and emission spectra were 3.16 eV for 2 and 2.96 ¢V for

3 (Figure 2.2 and Figure 2.3).

The fluorescence spectra of 2 and 3 were recorded by exciting at
different wavelengths, ranging from 290 nm to 400 nm in three different
ﬁsolvents. A representative example (2 and 3 in methylcyclohexane) is presented
Jin Figure 2.3. In all the cases, the absorbance of the solution was kept as 0.1 at
"|the excitation wavelength. The emission spectra of 2 and 3, in
lmethylcyclohexane, obtained by exciting at different wavelengths were
nomalized and presented in the inset of Figure 2.3. In contrast to the
absbrption spectra, the emission spectra of both the compounds possess well
structured vibronic bands in methylcyclohexane, indica'ting that the excited
state geometry of phenyleneethynylenes is more planar compared to ground
state. These aspects were further confirmed by calculating the excited state

energy barrier using theoretical methods (vide infra). The vibronic features

of the normalized emission spectra were found to be identical on exciting at
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Figure 2.3. A) Fluorescence spectra of 2 in methylcyclohexane on
exciting at (a) 320 (b) 340 (c) 350 (d) 370 (e) 385 and (f) 400 nm and B)
fluorescence spectra of 3 in methylcyclohexane on exciting at (a) 310 (b)
320 (c) 340 (d) 350 (e) 375 and (f) 400 nm. The inset in Figure 2.3A and
2.3B shows the normalized emission spectrum of 2 and 3 at different
exciting wavelengths.

different wavelengths (Figure 2.3) indicating the presence of a single emitting
species. The emission spectra were further compared in methylcyclohexane,
;toiucne and dichloromethane. Vibronic features in dichloromethane are less
Edist'mct compared to methylcyclohexane and no appreciable change in the
; ispectral features was observed on varying the solvent polarity. The Stokes shift
l!of phenyleneethynylenes 2 and 3 were calculated as ~2100 and ~2300 cm™
%ircspectively (Table 2.1). The Stokes loss reported for rigid aromatic mole\cules
‘;like fluorene is ~1430 cm' and that of biphenyls which undergo
I!conformational change in the excitc?d state leading to planarization is ~3310
i;cm".54 The intermediate values obtained for 2 and 3 suggest that these
, !compounds undergo conformational changes in the excited state favoring a

more stable planar conformation. Based on theoretical investigation it is

confirmed that rotational energy barrier of the arene rings along the molecular
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axis must be higher in the excited state and this iimits the number of
conformers leading to a structured emissionh (vide infra). Fluorescence
excitation spectra of 2 and 3 were recorded By collecting the emission at three
‘ different wavelengths and resemble the UV-Vis absorption spectrum.

Table 2.1. Stokes shift and fluorescence lifetimes® (t) of 2 and 3 in

different solvents.

Compound 2 Compound 3
Solvent - : ~ 5
(Vabs - Vem) Tg (Vabs - Vem) Tt
(em™) (ns) (em™) (ns)
Methylcyclohexane 2130 1.28 2500 0.88
Toluene 2130 1.37 2300 .10
Dichloromethane 2000 1.50 : 2200 1.01

Y(Vaps - Vem), Stokes shift; ®1;, fluorescence lifetime (error limit + 5%)

Fluorescence lifetime measurements. To further confirm the presence of a
single emitting species in the excited state, detailed fluorescence lifetime
studies of 2 and 3 were carried out using single photon counting technique at
different excitation wavelength and solvent polarity. Fluorescence lifetimes
(1) of 2 and 3 in different solvents are summarized in Table 2.1. The
compounds were excited at 280, 375 and 394 nm and the emission was
collected at different wavelengths. In a particular solvent system, fluorescence
lifetime (17) was found to be independent of the excitation wavelength and the

wavelength at which the emission is collected. In all the cases, emission decay
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exhibited monoexponential decay further confirming the presence of a single

emitting species. .

Fluorescence quantum yield. West and coworkers reported that
phenyleneethynylenes (e.g. 2) possess strong self-absorption/excimer formation
and the measured quantum yield is highly dependent on their concentration and
excitation wavelengt‘h.“ In the present study, the fluorescence quantum yield
was estimated, using dilute solutions of 2 and 3 and integrating the emission
spectra. The experiments were repeated at four different concentrations by
varying the absorbance at the excitation wavelength (355 nm). The absorbance
at 355 nm was varied from 0.025 to 0.1, in each case, and matched with that of
reference. A solution of diphenylanthracene in cyclohexane was used as the
reference (®=0.9). The average quantum. yield obtained from these
measurements was 0.66 +£0.06 and 0.5 +0.05 for 2 and 3, respectively (Table

2.2).

Excited singlet state. The femtosecond laser flash photolysis was employed
to investigate the absorption characteristics of excited singlet state of the
phenyleneethynylenes 2 and 3. The singlet state of both the cz)mpounds were
generated by the direct excitation with 387 nm laser (pulse width 150 fs). The
transient absorption spcct.ra recorded at different time intervals, following the
laser excitation of 2 and 3, are shown in Figure 2.4. The difference absorption
spectrum of 2 showed a band with maxima at 555 nm whereas higher
homologue (3) exhibited two distinct bands (Amax at 640 and 750 nm). A large

bathochromic shift in the absorption maximum is observed for 3 compared to 2
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suggesting lower energy S-S, transitions with increasing phenylethynyl units.
The lifetimes measured from the absorption decay of S; matched well with the

lifetimes measured from the fluorescence decay (Table 2.2).

a; 0 ps 0.15 Ba;Ops a
b; 100 ps [ b; 100 ps "t\
¢; 625 ps 0.10} ;250 ps I

d; 1500 ps d; 550 ps ;
e; 1400 ps
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Figure 2.4. Time resolved transient absorption spectra of singlet excited
states of A) 2 and B) 3 in toluene. The spectra were recorded at different
intervals following the 387 nm lasei pulse excitation.

Earlier reports have indicated that phenyleneethynylenes possess
fluorescence quantum yields close to unity.* This observation implies that the
radiative deactivation is the only pathway for the relaxation of the singlet
excited state of phenyleneethynylenes. Schmieder et al. ruled out the possibility
~ of the vibrational relaxation and intersystem crossing from the singlet excited

state of an analogous molecule. 1,4-bis(9-ethynylanthracenyl)benzene.’® The
“fluorescence quantum yield values estimated for 2 and 3 in the present
experiments are much lower than unity (0.66 £0.06 and 0.5 +0.05 for 2 and 3
respectively). These observations indicate that onf': or more nonradiative
f)ath\vays contribute to the deactivation of the singlet excited state. If this
argument is true, we should be able to establish the deactivation pathways, fér

example, intersystem crossing, by monitoring the formation of long-lived
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triplet excited state. The residual absorption seen at }.5 ns in the femtosecond
fransient studies (Figure A2.4) is an indication of the presence of long-lived
species. The obvious question is whether theSt; long-lived transients correspond
to the triplet excited state and these aspect-s were in;/estigated using nanosecond

laser flash photolysis studies.

Table 2.2. Singlet state properties of compounds 2 and 3.

?\.Soa . Gb }\.fc ’Cfd SO-(]e d)f' kSo -Sn &
Compound nm M'em” | nm ns eV | (Aexc=355nm) nm
2 367 3.1x10* | 401 | 1.43 | 3.16 | 0.66 £0.06 555
3 387 6.6x10* | 429 [ 0.92 | 2.96 | 0.50 +0.05 L 638, 740

*absorption maximum (Xs0), "molar extinction coefficient at absorption maximum (€),
‘emission maximum (Ay), *fluorescence lifetime (1), “singlet excitation energy (So.),

'quantum yield of fluorescence (¢r). Ssinglet excited state absorption (Agg-gn)

Triplet excited state. Both phenyleneethynylenes 2 and 3 possess strong
absorption at around 355 nm which allows their direct excitation by the third
harmonic of Nd:YAG laser (355-nm). The time resolved transient spectra,
recorded by following 355-nm laser pulse excitation, of 2 and 3 at different
time intervals are shown in Figure 2.5. The transient spectrum of 2, recorded
immediately after laser pulse showed depletion at 390 nm and absorption at
520 nm. Interestingly, in the case higher homologue phenyleneethynylene i.e.
(3), the absorption of the ne;lvly formed transient is red shifted to 660 nm. The
transient absorption band observed for both 2 and 3 are prompt and assigned as
triplet-triplet absorption based on the following observation: (i) the lifetime of

the transient are readily quenched by oxygen (ii) the transients are quenched by
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the addition of triplet energy acceptors such as oxazine. The triplet formation is
complete within the pulse duration of 10 ns of the excitation pulse and the

spectral characteristics of the triplet excited states are summarized in Table 2.3.

0.015
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Figure 2.5. Transient absorption spectra of A) 2 and B) 3 recorded at (a) 5
(b) 25 (c) 100 (d) 200 (e) 350 ms following 355 nm laser excitation.

The triplet lifetimes of phenyleneethynylenes 2 and 3 were estimated as 140
us and 218 us (error limit of 5 %), respectively. The extinction coefficient of
the triplet excited state of phenyleneethynylenes was determined by adopting
to;[al depletion method. The complete conversion of ground state molecules to
the triplet excited state is achieved by increasing the intensity of the
nanosecond laser (note that the absorbance at the excitation wavelength is kept
as 0.02 for ensuring the total excitation). A high extinction coefficient values were
estimated for 2 as 47,600 M cm™” and 3 as 31,000 M'em™ (Table 2.3). The
quantum yield of the triplet formation for 2 and 3 in toluene was determined by
comparing it with 1-pyrenecarboxaldehyde (¢r= b.78) and the values obtained

are 0.40 and 0.50 (error limit of 10 %) for 2 and 3 respectively. Further we

have investigated the possible deactivation pathways for the triplet excited state
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by monitoring the decay by increasing the laser energy and varying the ground

state concentration.

Table 2.3. Triplet state properties 2 and 3 in toluene.

}\-T-T(max) ET (max) T . ko, ksq 2Ky

Compound 4 ot 0 4 -
nm M cm us M's M's M's

2 520 47,000 040 140  1.6x10° 6.0x107 2.0x10°

3 660 31,000 0.50 218  1.5x10° 6.0x107 1.6x10°

“triplet absorption maximum, “triplet extinction coefficient, “triplet quantum yield,
Yriplet lifetime, °rate of triplet state quenching, 'bimolecular rate constant for triplet-
triplet annihilation.

Deactivation from triplet excited state. In order to investigate
intermolecular interactions in the excited state, the effect of the triplet excited
state at varying concentrations of 2 and 3 were investigated. Laser flash
photolysis studies were carried out by recording the triplet lifetimes at different
ground state concentrations of 2, keeping the triplet excited state concentration
constant. The concentration of the triplet excited state is maintained as low as
0.015 by varying the intensity of the exciting laser in each case, thus avoiding
any triplet-triplet reaction. The bimolecular quenching constant for the triplet
of 2 by its ground state was determined by measuring the pseudo first order rate
constant at various concentrations. From the linear dependence of the pseudo
first order rate constant on the ground state, the bi'molecu}ar quenching constant
of 2 and 3 in toluene and acetonitrile was estimated as ~2 x 10’ M's™. The low
values of the bimolecular quenching constant indicate that the decay of the

triplet is not significantly influenced by the ground state concentration.
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Interestingly, it was observed that the decay of the triplet excited state at

520 nm has a significant effect on the laser energy. At lower laser energies

(< 0.5 mY/pulse) the transient showed a first order kinetics, however deviation

was observed on further increasing the laser energy. The rate law for the fast

. decaying process observed at higher energy is given by equation 2.1 as

d(*phenyleneethynylenes)/dt =-k[*phenyieneethynylenes]’

The second order-term becomes significant with increase in the energy which

Is attributed to an intermolecular triplet-triplet annihilation process. The

bimolecular rate constant for 2 and 3 was calculated as 2x10° and 1.6x10° M'ls'l,

respectively.
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Figure 2.6. A) Ground state concentration dependence of 2 on the triplet
decay at 520 nm in argon saturated toluene solution; Concentration of 2
varied as (a) 2.5 (b) 5 (c) 10 (d) 20 (e) 40 uM; B) Laser-power dependcnce
on the absorption-time profiles of 3 (7.5 pM) at 520 nm obtained by 355-nm
laser flash photolysis in argon saturated toluene. The power of the laser
varied from (a) 0.2 (b) 1 (¢) 3 (d) 5.0 (¢) 7.5 (f) 10 mJ/pulse. Inset shows the

fitting of the fast decaying process using the equation 2.1

Puise radiolytic oxidation of phenyleneethynylenes. It has been shown

earlier that radiolysis of chlorinated hydrocarbons such as methylenechloride

produces highly oxidizing radical such as RC! which undergo diffusional
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charge transfer with an added substrate. The transient absorption spectrum of
the radical cation o.f phenyleneethynylenes recorded following the pulse ]
radiolysis of a solution of 2 and 3 in O, satura}ed methylenechloride is shown
in Figure 2.7. The transient difference absorption spectrum of 2 exhibits two
bands one at 470 nm and the other arouﬁd 510 nm (trace ‘a’). The difference
absorption bands are red shifted and appears around 520 and 570 nm in the

case of 3™ (trace ‘b*).

0.008

0.006
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Figure 2.7. Transient absorption spectra of pulse radiolytically generated
cations of (a) 2 and (b) 3 in methylenechloride. The spectra were recorded
following the pulse radiolysis of O, saturated CH,Cl, solution containing
~0.1 mM of phenyleneethynylenes.

Excited state interactions. We have investigated the possibility of electron
transfer from the singlet as well as triplet excited state of phenyleneethynylenes
by adding benzoquinone- (BQ) and N,N-dimethylaniline (electron acceptor and
electron donor respectively) in a polar solvent such a$ acetonitrile. On adding
benzoquinone (BQ), the fluorescence of both 2 and 3 were quenched
dramatically. The quencher molecule absorbs at shorter wavelength compared

to the emission of 2 (or 3), hence the possibility of the singlet energy transfer
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can be ruled out. The quenching of the fluorescence of 2 at different

concentration of BQ is shown in Figure 2.8A and the Stern-Volmer plot of Iy/1

8 12
z | B
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e6 i
= = 8r
g4 3 9
2 = 4t
E? 2}
N S N 0 I TS DG P |
400 450 500 550 0 20 40 60 80 100
Wavelength, nm [BQJ, pM

Figure 2.8. A) Fluorescence quenching of 2 by BQ at concentration levels
of (a) 0 (b) 3.3 () 6.6 (d) 9.9 (e) 13.2 (f) 16.5 mM in acetonitrile. Aex =375
nm. (Optical Density at 375 nm kept as 0.1). Inset shows the Stern-Volmer
fit using equation 2.3 B) Rate of triplet decay plotted against concentration
of benzoquinone added.

against the quencher concentration showed a nonlinear curve. These results
indicate the involvement of both static and dynamic quenching process as

indicated below (Equation 2.2).

2"+ BQ (or '2::BQ) ) > 2*+BQ ™ ........ (2.2)

The nonlinear curve was further analyzed using a second order polynomial

equation (equation 2.3),
Ip/1 = 1+ (K + kot [Q] + Kkgte [Q) ... (2.3)

where ‘Iy’ is the fluorescence intensity in the absence of quencher and ‘1" is the
fluorescence intensity in presence of quencher, ‘kg’ is the diffusional quenching
constant, while ‘K’ represent the equilibrium constant of the complex

formation between phenyleneethynylenes and benzoquinones (e.g. 2:::BQ in
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equation 2.2). The diffusional quenching constant for 2 and 3 was estimated as
53 x 10" and 8.4 x 10" M's”! respectively. These results indicate that in the
presence of BQ, intermolecular electron transfer process (equation 2.2)
competes with intersystem crossing.

To investigate the possible reaction of the triplet excited state, the triplet
decay was followed at their corresponding absorption maximum, at varying
concentrations of BQ. The bimolecular quenching rate constant (k,) was

~

determined from the slope of the plots (Figure 2.8 B) on basis of the

relationship

Kobs = 1/% + Kg[Q] ----rmrmrmmmmmeomanee (2.4)

where kg is the observed rate constant in the presence of quencher,
[Q] is the quencher concentration and 1, is the lifetime of the triplet excited
state in the absence of the quéncher. The bimolecular quenching rate constants
were estimated from the slope as 1.1 x 10'° M™'s" and 1.3 x 10" M's™ for 2
and 3, respectively.

If the quenching process is based on the photoinduced electron transfer
process, we should be able to characterize the electron transfer products
namely the radical cation of 2 and the radical anion of BQ using nanosecond
iaser flash photolysis. The time-resolved absorption spec'tra following 355

nm laser excitation of 2 in deoxygenated solution of acetonitrile is shown
|

|-
in Figure 2.9.
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Figure 2.9. Time-resolved difference absorption spectra recorded after 20
us following 355-nm laser pulse excitation of 2 in (a) absence and (b)
presence of BQ (experiment was carried out using nanosecond laser flash
photolysis set up).

The difference absorption spectra recorded 20 us after the laser flash
excitation exhibit two broad pgaks, one around 450 nm and other around 490
nm. The decay of the transient at 450 nm correspénds to the absorption of BQ
radical anion and the bleaching at 375 nm corresponds to the ground state
recovery. The recovery at 375 nm consists of two terms: (a) the fast recovery
of the ground state from the triplet of 2 and (b) the recombination of the long-
lived radical cation of 2. Both the radical anion of BQ and the radical cation
of 2 possess absorption in the spectral region of 490 to 520 nm and hence

difficult to resolve.

Excited state interactioﬁ with N,N-dimethylanpiline. Fluorescence of both 2
and 3 are efficiently quenchéd by N,N-dimethylaniline (DMA). Figure 2.10
shows the quenching of fluorescence of 2 at different concentration of DMA
and the quenching rate constant was estimated using Stern-Volmer equation

(equation 2.5),
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I/l =1 +kgte [Q] ........ 2.5)

The high value of kq ( 12.4x10° M's™) suggest the possibility of the efficient

interaction between DMA and the singlet excited state of 2.

32
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Figure 2.10. Fluorescence quenching of 2 by DMA at concentration levels
of (a) 0 (b) 3.3 (¢) 6.6 (d) 9.9 (e) 13.2 (f) 16.5 mM in acetonitrile. hex =375
nm. (absorbance at 375 nm kept as 0.1). Inset shows the Stern-Volmer fit
using equation 2.5.

The etffect of DMA on the deactivation of the singlet excited state of 2
was further studied using the femtosecond laser flash photolysis. Spectrum
recorded immediately after the laser excitation shows the absorption of the
singlet excited state at 555 nm. Further, with increase in time the band at 555
nm is diminished and the absorption of triplet of 2 appeared at 520 nm (Figure

2.11).



Oligo(phenyleneethynylne)s: Photophysical and Theoretical Investigation 44

0.003
0.002
0.001 b
0.000

-0.001 r ' “ . ' ‘
500 600 700
Wavelength, nm

Figure 2.11. Time-resolved difference absorption spectra recorded after 1
ns following 387 nm laser pulse excitation of 2 in (a) absence and (b)

~  presence of DMA (0.1 M) in a femtosecond laser flash photolysis
apparatus.

To understand the reaction between the triplet of excited state of OPE
with DMA, we recorded their decay in presence of different concentration of
DMA using 355 nm nanosecond laser. Figure 2.12 shows the pseudo-first order
:ide‘cay of triplet and the low value of quenching rate (7.3x10° M cm™) suggest
that the electron transfer from the triplet to DMA is not significant. The
transient absorption spectrum of 2 in presence of DMA shows the absorption of

DMA radical cation at 375 nm.

2.4

1.8

1 1

0 S 10 15 20
[DMA], mM
Figure 2.12. Dependence of pseudo-first-order rate constants for the

triplet decay of 2 on the concentration of DMA. The triplet decay was
monitored at 520 nm.
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2. 4. 2. Theoretical investigations

Various conformations of phenyleneethynylene based rigid rod
molecular systems (2 and 3 in Chart 2.1) were optimized at AM1 level, a
semiempirical method widely used for obtaining reliable geometries for
organic systems. Highest and lowest energy conformations derived from AM1
level calculations wefe further optimized by B3LYP/6-31G* level density
functional (DFT) method.**®” In DFT method, electron correlatiorn effects were
taken into account and this method is often used as a compromise for higher
end calculation at a reasonable computational cost’®**® The basic
photochemical properties of these systems were investigated by means of
- quantum chemical calculations employing mainly the time-dependent density
functional theory (TDDFT) formalism®®®* as well as Zerner’s intermediate
neglect of differential overlap (ZINDO/S) method.®*** TDDFT using B3LYP
input has been proved to be more accurate for many molecular systems
including poly(phenylenevinylyne) (PPV) type polymers.®® For all the
calculations, Gaussian03°% suit of programs were used. -

A detailed ground state conformational analysis of 2 and 3 were carried
out using AMI semiempirical quantum mechanical method. The stationary
points thus obtained were confirmed as minima by performing normal
coordinate analysis. The main focus of the present investigation is to
understand the conformational, m-conjugation, and excited state propertiés of
phenyleneethynylenes 2 and 3, in comparison with the unsubstituted compound 1.

A completely planar geometry (1a) is the only minimum energy conformation
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for 1 wherein one n-bond frqm each of the acetylene umit conjugate with 18 n-
electrons from the three benzenoid rings resulting in an extended =-
conjugation. In contrast, four different minimum energy conformations have
been obtained for 2 and 3. The conformations obtained for 2 are depicted in

Figure 2.13 and conformations of 3 (namely 3a, 3b, 3¢ and 3d) also possess the

- same orientation of the alkoxy chain as in 2. In the most stable conformation
;' of 2 and 3 (i.e., 2a in Figﬁrc 2.13), the alkoxy chain and the benzenoid rings
f'\occupy the same plane leading to maximum resonance interaction between the
- oxygen lone pairs and the arene ring m-electrons. In the next lower energy

" conformation (2b and 3b), one alkoxy chain remains in the benzenoid plane

and the other one is twisted out of the plane. Both the alkoxy groups are twisted
out to opposite sides of the benzenoid plane in the thira conformer, (2¢ and 3c)
while in the fourth conformer (2d and 3d), both substituents are twisted out to
the same side of the plane.

Starting from the most stable trans in plane conformation of compound
2 and 3 (2a in Figure 2.13), the rotation of the phenyl groups along the triple
bond is modeled. In the case of conformation 2a, the rotation of thé central
phenyl ring with respect to the terminal ones is modeled by constraining the
angle between the planes of central and the terminal rings to the increments of
]0°\. The conformer with highest heat of formation corresponds-to the one with
central and terminal rings are orthogonal. This orthogonal conformation is

found to 0.6 kcal/mol less stable than the fully planar structure 2a. Further, by

constraining the angle made by the terminal pheny! rings, one more conformation is
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2a, E = 0.00 kcal/mole 2b. E = 0.48 kcal/mol

2¢, E = 1.27 kcal/mol 2d, E = 1.43 kcal/mol

Figure 2.13. Four different conformers of 2 obtained by AMI
semiempirical calculations and their relative heat of formation.
Conformations of 3 namely 3a, 3b, 3¢ and 3d also follow the same order
in orientation and energy.

-~

obtained in which the terminal rings are orthogonal and the angle between the
center and terminal ring planes is 45°. The energy required for such a twisting
is only 0.3 kcal/mol. More intermediate twisted conformations are possible in
the case of 3 due to the presence of five phenyl rings. A conformer in which all
the adjacent phenyl rings are orthogonal to each other showed the highest heat
of formation. Interestingly even this conformer was only 1 kcal/mol less stable

than the planar conformer.
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The most stable and the least stable structurés at AM1 level were further
" optimized at B3LYP/6-31G* level of den;ity functional theory. In order to
'reduce the computational cost, the hekyloxy substituents were replaced with
ethyloxy substituents and the corresponding compounds were named as 2° and
¥, The structures optimized using AMI and those obtained by DFT showed
only little difference from the X-ray structure reported.*> However, a more
refined geometry in terms of dihedral angles and C-O bond distances were
 obtained by DFT level of optimization. For example, in the case of 2’ the
C(sp’, arene)-O-C(sp’, alkyl) dihedral angle is calculated to be 107.4° by DET
which 1s only 0.28° higher than that in the X-ray structure while the AMI
calculations provided a lower value of 105.6°. Similarly in DFT level of
optimization the C(sp’, arene)-O bond distance showed a negligible difference
of only 0.005 A less than the X-ray structure. The most stable and the least
stable optimized geometries of phenyleneethynylenes 1-3 and their relative
energies are depicted in Figure 2.14.

It can be seen from Figure 2.14 that even at DFT level, there is only a
difference of 4.8 kcal/mol between the most stable and the least stable
structures. It indicates that the twisting of phenyl rings along the carbon-
carbon triple bond is alm-ost frictionless and one can expect planar as well as
all sorts of twisted confon.nations for 1-3 at room temperature. The small
barrier of rotation for the phenyl rings can be easily explained from the features

of the m-electron conjugation in these molecules. The planar conformation

possesses a completely extended conjugation of the phenyl n-electrons through
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Figure 2.14. The most stable planar conformations and the least stable
orthogonal conformations of 2 and 3 obtained by B3LYP/6-31G* method
and their relative energies.

fine of the 1 bonds of each acetylenic bond. This smooth-conjugation is broken

_ the orthogonal junctions in the perbendicular conformation a‘nd the system
some energy. However, this loss of energy is partially compensated by
"‘ participation of the second m-bond of the acetylenic bond. This feature of
¢ m-electron conjugation can be visualized through their molecular

‘IIostatic potential (MESP) distributions as well as the relevant molecular

itals as depicted in Figure 2.15.
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Figure 2.15. (A) and (C) shows the m-conjugation features visualized
through the molecular electrostatic potential i1sosurfaces with value -9.4
kcal/mol for 1a and 1b. B) The molecular orbital showing the extended 7t-
conjugation in la. D) The molecular orbitals MO_A and MO_B supports
the localized m-conjugations in 1b.

Using the optimized planar gecometries 1, 2’a, 3’a at B3LYP/6-31G*
level, the first 20 low lying excited states have been calculated at TDDFT and
;Z]NDO/S levels. Jt is intere.sting to note that the unsubstituted phenylene-
@ynylene 1 possesses only one singlet state with significant oscillator strength
b

EWM]C 2’a, and 3’a showed two such states. These theoretical results are in good

J[FIeemcm with the number of absorption peaks observed for 1- 3 (Figure 2.2).
|

absorption wavelengths and the corresponding MOs involved were
Bizined by TDDFT and ZINDO/S methods and compared with experimental

[sults (Table 2.4). The singlet excited state of 1 corresponds to the electron
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ansition from HOMO to LUMO (cf. Figure 2.16 for the orbitals) and the
i_p]culated wavelength of 360 nm (TDDFT) and 365 nm (ZINDO/S) for this

i .
Psorption is in rcasonable agreement with the experimental value of 320 nm
n

Figure 2.2).

LUMO

HOMO

« [

HOMO-1

Figure 2.16. Frontier molccular orbitals of compound 1 obtained at
B3LYP/6-31G* level. The singlet excited state corresponds to the electron
transition from HOMO to LUMO.

The TDDFT level calculated spectra and the corresponding MO
Msitions for 2’a 1s given in Figure 2.17. A comparison of the MOs of
Plbstituted system | in Figure 2.15 and 2’a in Figure 2.17 suggest that the

Xy substituent of 2°a modifics its center arene ring m-orbitals through the

nce interaction with the oxygen lone pairs. This leads to the development
ﬁery similar orbital features for HOMO and HOMO-1 resulting in electronic

Bsitions from both HOMO and HOMO-1 to LUMO for 2’a. Similar orbital

E‘n‘ezlre observed in 3’a as well. The calculated absorption maxima (A.,) are
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also in good agreement with the experimental values (A,) in all the three
systems. In the case of 2’a and 3’a, the higher waveiength absorption
corresponds to electronic transition mainly from HOMb to LUMO (Table 2.4).
The lower wavelength absorption originates from HOMé-l to LUMO and
HOMO;2 to LUMO for 2’a and 3’a, respectively. The orbital features of
HOMO-1 of 2’a and HOMO-2 of 3’a are found to be similar, which imply

same type of electronic transition for lower wavelength absorptions.
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Figure 2.17. Absorption spectra calculated at TDDFT B3LYP/6-31G*
level for 2’a. The important MO transitions corresponding to the peaks at
320 and 394 nm are also depicted. .

Further the absorption wavelengths calculated using TDDFT and
LINDO/S methods were compared. For 2’a, ZINDO/S calculations performed
on the DFT optimized structure provided a value of 379 nm (oscillator strength

1.199), closer to the experimental A, at 367 nm, whereas TDDFT gave the
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absorption wavelength as 393 nm (oscillator strength 1.343). In contrast, the
absorption wavelength obtained for the short wavelength band by TDDFT

Table 2.4. Experimental wavelengths (A.p)", calculated absorption

wavelengths (Xc,,l)b and oscillator strengths'J for 1- 3.

ZINDO/S TDDFT

a
exp

(nm) .’  Oscillator A"  Oscillator
(nm) strength® (nm) strength

Compound Transition

1 HOMOt 339 365 1.304 360 1.897

__________________________ LUMO
A HOMO to 367 379 1.199 393 1.343
LUMO
HOMO-1 307 268 0.247 319 0.467
________________________ 0 LUMO
3 ‘
HOMOto 333 406 2.413 461 2.95]
L.UMO
HOMO-2
oluMo 330 33 0.284 357 0.443

*Figure 2.2 A for 1%, 2 and 3. "TDDFT and ZINDO/S level calculations using the
B3LYP/6-31G* level optimized geometries of 1, 2°, and 3°.

method (319 nm having an oscillator strength of 0.467) matched with the
experimental Aq. (307 nm) while ZINDO/S delivered a mucg lower value of
268 nm with oscillator strength of 0.247. For the long wavelength band of
Ya, TDDFT showed a l'arge deviation of 58-nm higher than the observed
} wavelength at 383 nm, while the ZINDO/S gave comparable value of 406 nm.
| The short wavelength band of 3’a, appeared at 330 nm and the theoretical
I absorption wavelength obtained by TDDFT and ZINDO/S are 357 and 331 nm
i-:mpectively, The deviations observed between the theoretical and experimental
I

{absorption maximum may be due to the influence of the solvent. The solvent

1]
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molecules interacting at the acetylenic region can exert some steric effect,
which would lead to some twisting of the arene rings and thereby reducing the
degree of conjugation.

In order to understand the depcndence.of arene ring rotations of
phenylencethynylene on their electronic transition énergies, computational
experiment was carried out on 2’a. In this experiment, several rotamers of 2’a
is optimized at B3LYP/6-31G* level by constraining the angle made by the
- central arene ring with the terminal ones at the increments of 15°. For each
i”rotamer thus obtained, the S, to S, transition energy is calculated at TDDFT
levels. The transition energies thus obtained are plotted against the dihedral
ingle and 1s presented in Figure 2.18. The orthogonal and the planar
onformations show the highest and the lowest excitation -energies,
spectively. Based on Franck-Condon principle, the transition energy
fference between these two extreme conformations is taken as a measure of
‘ r\otational barrier. This rotational barrier between the planar and orthogonal
nformatioﬁs of 2’a in its excited state is turned out to be 15 kcal/mol at
IDDFT level and 9.9 kcal/mol using ZINDO/S calculation. Phenylene-
Enll;xyny!enes relax from the high energy orthogonal conformation to low lying
Mna_r conformation and the emission of the molecules is preferentially from
he more planar structures resulting in structured emission spectrum. This type
Ffrclaxation phenomena has been well documented carlier in the case of
iligo(phenylenevinylyne) (OPV) based systems.°7'69 The ground state structure

b'OPV is not planar, on cxcitation it undergoes a conformational change from
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the twisted ground state geometry to planar conformation and the emission is
from the more planar conformation.” The extent of planarization in OPV
mainly depends on the substitution on the .vinylic carbons and on phenyl ring.®®
Another feature of OPV is the alterétion of Bond order in the excited state

resulting in partial delocalization of double bond throughout the system.®” %

88
J / \
S 84- .
E / \\
E
S 804 . -
s 1/ N\
f \
SIS AN
72- ~1
0 50 100 150
Dihedral angle

Figure 2.18. Transition energies for the first excited state of compound 2
obtained by TDDFT level of calculation at different dihedral angles.

25. Conclusions
We have synthesized two mode] phenyleneethynylene based rigid rod

molecules which are widely used as building blocks in various functional

~

molecular materials and investigated their photophysical, conformational, and

electronic properties. Purification of this class of molecules is rather difficult

“Pnd successfully carried out by recycling HPLC techniques. The photophysical

|

Ehnd theoretical studies, suggest that phenyleneethynylenes exist in planar and

several twisted conformations in its ground state due to the nearly free rotation

iof the arene rings along the molecular axis. On the other hand, their emission
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spectra are highly structured as a consequence of the planarization of the
molecules in the excited state. An idealized representation for the ground and

excited states of a model phenyleneethynylene is shown in Scheme 2. 2.

Scheme 2.2. An Idealized representation of the ground and excited states of model

phenylencethynylenes.

Franck-Condon state

z— “coplanar” OCHy

CsH )0

hv

__4_ “planar and several

Ground state fwisted conformers”

The emission properties and lifetimes of both the compounds were
"found to be independent of excitation wavelengths and solvent polarity, further
confirming the existence of a single emitting species. The TDDFT results were
found to be valuable for assigning the effect of alkoxy substituents on the
-absorption properties of 2 and 3. The two distinct bands in the absorption
spectra of 2 and 3 are due to the electronic transitions from nearly identical

HOMO and HOMO-1/HOMO-2 to LUMO.
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CHAPTER 3

Effect of meta Substitution on the Electronic Properties of

Donor-n-Acceptor Systems

1. Abstract
o Phenylenecthynylene  based  donor-acceptor  systems  possessing
NN-dimethylaniline and pyridine in terminal positions were synthestzed and
varied thetr conjugation (1 and 2) and connectivity (para isomer 2 and meta
isomer 3) between the donor and acceptor groups. The absorption spectral features
of the compounds 1-3 do not vary with solvent polarity. The meta connectivity
éprevents the effective interaction between the donor and acceptor which was
E_conﬁrmed by protonation studies. In nonpolar solvents, compounds 1-3 emit with
bigh quantum yield in the short wavelength region. [nterestingly, a large
bathochromic shift in emission maxima was observed for all the compounds with
increase in  solvent polarity indicating that the bands originate from an
intramolecular charge transfer state (ICT). These aspects were further investigated
by (i) estimating the Full Width at Half Maximum (ii) Stokes shift (iii) emission
yields. Based on these studies it is concluded that in the excited state of metu

isomer, conjugation opens up leading to enhanced electronic coupling between the

donor and acceptor. Thesc aspects were further confirmed by theoretical studies.
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2. Introduction to Donor-n-Acceptor Systems

Molecules containing donor-acceptor pair with appropriate linker groups
flen undergo charge transfer, when excited with light/of suitable frequency,
',sultir;g in an intramolecular charge transfer (ICT) state.' The geometric as well
ithe electronic structure of such molecular systems are considerably different in
;ICT state compared to the ground state. In the case of push-pull chromophores,
here the donor-acceptor pairs are linked through a m-conjugated system (D-m-A),
e ground state of the molecule can exist in two extreme resonance structures:
ectroneutral (N) and polar zwitterionic (Z) states as illustrated in Equation 3.1.
glence Bond (VB) model describes the ground state Sy and the first electronically
rkcited‘singlet state S of such compounds by a linear corﬁbination of zwitterionic

M electroneutral resonance structures.

D-n-A" (Z) & D-1-A (N) (3.1)
W(So) = ey -(1-¢*)" wy (3.2)
w(S)) = (1-¢*)" yz+ cyy (3.3)

Several approaches have been suggested for obtaining the contribution of
ietwo limiting structures. For example, Wortmann and co-workers proposed a
brameter ‘c®” which is related to the difference in the dipol;a moments (Ap) of the
‘sctronicaliy excited singlet state (S;) and ground state (Sp) and this parameter
kbe experimentally obtained through electrooptical absorption measurements.””

ﬁlcr important approaches are (i) mixed parameter ‘MIX’ by Barzoukas et al;’



Effect of meta substitution on the electronic properties of D-n-A systems 66

[ii) paramater ‘Bond Length Alteration’ by Marder and coworkers®® and (iii)
karameter ‘f° proposed by Lu, Chen and coworkers."O These aspects are
kmmarized by Meier in a recent review.'' Even though such parameters are
koved t‘o be successful for relatively short D-n-A systems with oligoene (OE)
hkers, they are not adequate when linker consists of aromatic repeat units (for
kamp]e, benzene unit). A Molecﬁlar Orbital (MO) model has been successfully
ﬁlopted for discussing such systems. |
According to the MO model, partial dipole moments are present on the
Ibror and the acceptor sides of D-ni-A chains. A representative example of D-n-A
B<tem with phenyleneethynylene linker is presented in Scheme 3.1." Each partial
Boment is composed of an intrinsic part (uD, pA) and a part which is induced by
'e dipole on the other chain end (uDi, pAi). The induced part becomes smaller
Bith increase in the distance between the donor and acceptor and the extent of the
Beiarization from the ends of the chain towards the center rapidly decreases. This
ks also demonstrated by means of Bond Length Alteration (BLA) values and

Biktial charges obtained by a DFT/B3LYP/6-31G* calculation.'

D T — A
uD + uDi LA + pAi

Scheme 3.1. MO model of D-n-A system with phenyleneethynylene
linker.
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The Sy—S, electronic transition of unsubstituted conjugated system such as
1 trans-stilbene and tolane 1is almost pure HOMO—LUMO transition.
perestingly, mixing of orbitals is observed even with one repeat unit (n=1) in the
;‘ase of D-OPV-A as well as D-OPE-A systems. With increase in repeat units (n),
Leenergy of HOMO-1 approaches closer to the HOMO and the LUMO+1 closer
bthe LUMO. As a result, the overlap density of the HOMO and LUMO decreases
hnd various transitions such as HOMO-1—-LUMO, HOMO—-LUMO+I1, and
hOMO-1>LUMO+1  become important. AMI-INDO/S calculation was
krtormed for OPEs having dimethylamino and nitro groups at terminal positions
bcheme 3.2) and the HOMO—LUMO transitions in these systems were
hmracterized by a strong intramolecular charge transfer (ICT) from the donor to
f:e acceptor side. The long-wavelength absorption band of D-n-A systems is
bssentially determined by the ICT and charge transfer plays a very minor role in
pther transitions.

The effect of increasing the conjugation length and donor/acceptor strength
fn the charge transfer behaviour in oligo(1,4-phenyleneethynylenc)s based D-m-A
bystem has been studied, in detail, by Meier and co-workers.'> Authors have
Brepared a series of push-pull chromophores based on oligo(1,4-phenylene-
Etynylene)s (OPE) having didodecyl amino group as donor and varied their
kharge transfer property by (i) introducing cyano, formyl and nitro groups in the

Jgrminal position and (ii) extending the conjugation by increasing the repeat units
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\
n A=-H, -CN, -CHO, -NO;

n=1-4
Scheme 3.2. Push-pull chromophores based on oligo(1,4-phenylene-
_ ethynylene)s (adapted from reference 13).

!
cheme 3.2). Conjugated oligomers of this type bearing donor-acceptor groups in

t}lr terminal positions can be described either by VB or MO model. The VB

deel can be explained based on the resonance between an electroneutral and a

|
HEEN

ﬁnoid type structure connected by cumulene units. In the present case all the
#ﬂpounds exhibit values of & (’C-sp) between 86.9 and 94.8 ppm, v‘vhich are
| e to the chemical shift of tolane (6=89.4 ppm and any discernible contribution
'a cumulene structure can be excluded. Spectral properties of this class of
lecule can be described by a MO model having partial dipole moments at the
. ins’ ends. The polarization on the chain can be characterized by the
larization of the C-C triple bonds which decreases from both chain ends to the
mter. For the donor-acceptor series presented in Scheme 3.2. The long
hvelength absorption band (S;-S;) shows different behaviour on extgnding the
bnjugation from n=1 to n = 4: (i) a bathochromic shift for unsubstituted
érivatives; (i1) virtually no effect for cyano derivatives and (iii) relatively large
nsochromic shifts for formyl and nitro derivatives. The: energy of the electronic
mnsition lowers on extending the conjugation and generally a bathochromic shift

bobserved. However, this effect is counteracted in the phenyleneethynylene based

sh-pull systems by the effect of intramolecular charge transfer (ICT), which
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}creases with increase in the distance between the donor and acceptor groups.
hhors suggest that in the casc of the relatively weak acceptor group (-CN) both
kets annihilate one another, whereas the reduction of the ICT predominates in

¢ formyl and nitro series. Thus the OPE chain is somewhat more prone to overall

|
|

ipsochromic effects than the related oligo(phenylenevinylene) systems. The
'prgy Epa(n) (equation 3.4) of an electron transition in D-n-A systems can be
ilit into two parts; the first part Eg(n) accounts for the extension of conjugation in

ptems which posses either donor or acceptor moiety the second term AEp, is a

|
v

irrection term for the push-pull effect in series with terminal donor—acceptor

thtitution.
Epa(n)= Eg(n) - AEpa(n) (3.4)

A series of banana shaped oligo(aryleneethynylene)s containing pyridine
g as acceptor has been reported by Yamaguchi et al (Chart 3.1)."* The emission
%ciency markedly increases when the pyridine ring is present as the central unit
J=0.48 for ii) where as substantially decreases when the pyridine groups are in
Be terminal position (¢; = 0.03 for iii). Authors have also reported that the

fitting efficiency can be further improved by introducing methoxy donor groups

K the terminal benzene rings (¢; = 0.58 for iv).



bet of meta substitution on the electronic properties of D-m-A systems 70

0 < e <HEREN s RS

4

ii (¢ = 0.48) iii (¢,=0.03)

OMe OMc
O ‘ OMe ) OMe ’ OMe
OMe N ) N\ // OMe

vi (¢r= 0.91) vii (¢r=0.76)

Chart 3.1. Banana shaped oligo(arylenecthynylene)s containing pyridine
ring as acceptor (adapted from reference 14).

Generally mera isomers are weak emitters compared to the para isomers,
wever in the present case the meta substituted pyridine systems possess higher

?ission quantum yield than the corresponding para isomer. This anomalous

gracter is explained by considering the movability of the dipolar structure viii

er meta and para isomers in the excited state." N

+0OMe
N
el
MeO
viii
n meta isomer vi, conjugation proceeds through two ortho positions with

t?pect to the nitrogen atom, however, the conjugation interrupts at the meta

psition in the case of para isomer. As a result, the number of equivalent dipolar
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nctures 1s more for meta than the para isomer resulting in more quantum yield.
lpong the two meta conjugate systems (v and vi), the emission of vi is affected
'the solvent polarity. With increase in solvent polarity the fluorescence
wimum of vi 1s shifted o longer wavelength with remarkable decrease in the
kntum yield. This disparity can be explained by the marked difference in the
Md and excited state distribution of charges in vi compared to v. From these
pdies it is concluded that the meta as well as para isomers have different ground
M excited state properties.

It is true that the meta conjugation is not efficient as the para or ortho
Pkage for electronic communication in the ground state. However, it is reported
Ll;cntly that the meta conjugate system communicates effectively in the excited

‘Pte, and this enhanced coupling is termed as ‘meta effect’.’>"® It was further

t
¥

monstrated that meta conjugated donor-acceptor system shows better charge
paration in the excited state compared to the para isomer.”” They employed
-'bazole as donor and naphthalimide as acceptor using phenyleneethynylene
ikagcs. The absorption of this type of molecules is found to bc\independent of
;ksolvent while the emission spectra depends largely on the polarity indicating a
r«ge separated excited state. Based on femtosecond transient absorption spectra

| . g e .
rdpump-probe techniques. the lifetime of the charge separated state of mefa and

u isomers were estimated as 16.8 ns and 1.8 ns, respectively. The ratio of the

of the charge separation/charge recombination (k./k.) was found to be 300
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hd 3500 in the case of para and meta isomers respectively, indicating a ten fold
Eﬂ'lciency in the case of meta isomer."” This behavjour may be attributed to the
krtial cumulenic type structure for the compound in the relaxed state. Recently,
kcited state theoretical studies based on meta substituted diphenyl acetylene (DPA)
keve further supported the possibility of a partial cumulenic character leading to an
kereased coupling between the donor and acceptor in the excited state.”® Since ‘meta
bfect’ significantly increases the charge separated lifetimes, this approach provide
beater potential for developing new molecular systems for applications in solar
hergy cells. On the contrary, nonlinear optical properties which depends mainly on
be ground state polarizabilities, decreases with the meta substitution.

Here we report the synthesis and photophysical properties of meta as well
Bs para isomers of a new class of D-OPE-A system possessing N,N-
iimethylaniline and pyridine/pyridinium moieties at the terminal positions of
Bhenyieneethynylenes.

phart 3.2. Molecular systems under study

H;C, = H;C =/\I
N = N } jN—< >—<: N NCHy
HJC H3C 7~

1 1Q

BC /N — /~\ _— /™ BC /A — /\ — /N
e A/ N/ N A /A /A WA

2 - 2Q
A A & O x
@ B O ),
HyC-N 2N HyC-N cn,
cI, CH,
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hExperimental Section

p.1. Materials and methods

The samples used for the study were purified by passing through recycling
¥ ¢ manufactured by Japan Analytical Industry Co., Ltd equipped with uv asr
kil as R detectors.. All melting points are uncorrected and were determined on
kAldrich melting point apparatus. 'H NMR and C NMR spectra were recorded
k2 Bruker DPX-300 MHz spectrometer. High Resolution Mass spectra were
ﬂ‘,orded on a JEOL JM AX 5505 mass spectrometer. The UV-Vis spectra were
korded on a Shimadzu 2401 or 3101PC spectrophotometer. The emission spectra
re recorded on a Spex-Fluorolog, F112-X equipped with a 450W Xe lamp and a
hnamatsu R928 photomultiplier tube. The spectra were recorded by keeping 90°
I;ometfv and a slit width of | mm in the excitation and emission

hnnochromators.

p2 General method of synthesis.

Diisopropylamine was dried over KOH. Solvents were déoxygenated by
i}rging them with argon for 15 min, before using in the reaction. Elangovan and
vaorkf:rs2i have reported Athe synthesis of 1 and a modified procedure as

kentioned in Scheme 3.3A was adopted in the present case.
L
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' Scheme 3.3A. Synthesis of 1 and 1Q*

H,C. . H;C. " H;C CH
,NO — ,N—@—-l gy 7 :N—O——:—SE—C:‘HJ
HSC HJC ch 6 tH3
4 : S

H 3C~ -
H;C

HSC\N —\TI

. = N*-

HaC —< >——-<\ CH,
I_ieme 3.3B. Synthesis of 2 and 2Q*

vi H,C,
= 1 o+ 7 — N O
' HJC

E . . = S'CCI:*SJ' N ) )=

= — =TI v HC. =
HT/F = @- = /\\:J/\Nl*-cm - HJC,NN
2

&ents used are given at the end of the Scheme 3.3 in Page 75
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[peme 3.3C. Synthesis of 3 and 3Q

A .
7 ol (
CH
1) HiCey 13 HCN 14 s
CH; CHJ
A7 A
O 15
H;C.I’
CH,

CH;

te 3.3. i) I, KoCO;, HyO ii) (Trimethylsilyl)acetylene, Pd(PPhs3),Cly, Cul, (i-
i iii) CH;OH, THF. NaOH 1v) ICsH4N, Pd(PPh3),Cl,, Cul, PPhs, (i-pr),NH v)
) Pd(PPh;),Cl,, Cul, PPhs, (i-pr),NH )

i;aration of 4-iodopyridine. Synthesis of 4-iodopyridine was earlier

bd by Coudret”> and we have adopted a modified procedure. 4-

i)yridine (1.0 g, 10.6 mmol) was dissolved in 48 % aqueous HBF, (8.3 mL)

oled to -10 °C. To the resulting solution was added solid NaNO, (0.80 g,
ol) in powdered form at such a rate that nitric oxide evolution is in a very
e. The solution was stirred for 30 min and KI (2.80 g, 17.0 mmol)

1

in 2 mixture (40:60) of acetone:water (20 mL) was added. The excess
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}iodine was removed by adding an aqueous solution of Na,S,03, further neutralized
|

with aqueous Na,COs. The reaction mixture was ‘extracted with ether, dried over

faﬂhydrous Na,S0O, and the solvent was evaporated to yield 4-iodopyridine as pale

%yellow solid (1.1 g. 50 %), mp. 101-103 °C. (mp. previously reported 100 °C;
]

malytical and spectroscopic data are same as reported in reference 22

- Preparation of 6. To a mixture of 5 (2.0 g, 8 mmol), Pd(PPh;),Cl, (284 mg,

1040 mmol) and Cul (77 mg, 0.40 mmol) in diisopropylamine (20 mL) was added

(rimethylsilyl)acetylene (1.24 mL. 8.0 mmol). The mixture was then heated to
‘70 °C for 1 h under argon atmosphere. The crude product was then purified by
column chromatography over silica gel (100—200 mesh) using a mixture (1:50) of
tthyl acetate and hexane as eluent to yield 6 (1.5 g, 85 %), mp. 87-89 °C; 'H NMR
(300 MHz, CDCly): & 7.35 (d. 2H), 6.60 (d, 2H), 3.00 (s, 6H), 0.025 (s, 9H),; °C
NMR (75 MHz, CDCly): & 150.17, 133.08, 111.55, 109.85, 106.54, 91.13, 40.12,

0.2.m/z (FAB) found 217.36 Calc. 217.38.

Preparation of 7. To a solution of 6 (500 mg, 2 mmol) in a mixture of THF
(7mL) and methanol (1! mL), an aquoues solution of NaOH (0.7 mL, 5§ N) was
tdded and the mixture was stirred for 2 h. The .reaction mixture was washed with
‘water and extracted using chloroform. The organic layer was dried over anhydrous
Na,8O, and evaporated to yield 7 (276 mg, 83 %), mp.171-173 °C. '"H NMR (300

MHz, CDCl3): & 7.34 (d, 2H), 6.60 (d, 2H), 2.97 (two singlets of -CH and —



Effect of meta substitution on the electronic properties of D-n-A systems 77

N(CH;), merged together, 7H). 3c NMR (75 MHz, CDCly): & 150.32, 133.15,

111.62, 108.66, 84.82, 74.75, 40.12. m/z (FAB) found 145.10 Calc. 145.09.

Pl:eparation of 1.2' A mixture of 7 (50 mg, 0.2 mmol), Pd(PPh;),Cl, (14 mg,
0.02 mmol), Cul (4 mg, 0.02 mmol), 4-iodopyridine (63 mg, 0.31 mmol) and PPh;
(11 mg. 0.04 mmol) in diisopropylamine (2 ml) was stirred at room temperature
for 24 h. The reaction mixture was filtered over celite using chloform as eluent
and the solvent was evaporated. The crude product was then chromatographed
over basic alumina using a mixture (2:3) of chloroform and hexane as eluent to
yield 1 (28 mg, 42 %) as yellow colored solid, mp. 200 °C. '"H NMR (300 MHz,
CDCly): 6 8.5 (d, 2H), 7.4-7.3 (m, 4H), 6.67 (d, 2H), 3.0 (s, 6H). *C NMR (75
MHz, CDCl;): 6 150.84, 149.78, 133.44, 132.7, 125.46, 111.15, 106.66, 96.40,
85.53, 40.40. Exact mass calculated for C;sHy N, (M7) is 222.1157, found

21144 (EI high resolution mass spectrometry).

Preparation of 1Q. A solution of 1 (50 mg, 0.22 mmol) in CH;l (2 mL) was
:Eheated on a water bath at 50 °C for 2 h. The reaction mixture was cooled and the
ﬁprecipitate was filtered, dried to get-1Q (mp. 210-212 °C) in quantitative yields.
[For spectroscopic studies the product was further purified by reprecipitation from
fmethanol/hexane solvent mixture. "H NMR (300 MHz, CDCI;3): 6 8.6 (d, 2H), 7.8
I.(d, 2H), 7.4 (d, 2H), 6.7 (d, 2H), 4.21 (s, 3H), 3.0 (s, 6H). °C NMR (75 MHz,
ICDCl3): 6 152.68, 145.91, 140.23, 135.18, 128.50, 112.81, 108.06, 105.81, 86.92,

p8.22, 40.37.
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l Preparation of 9. A mixture of 7 (200 mg, 1.38 r-nmol), Pd(PPh;),Cl; (97 mg,
0.12 mmol), Cul (23 mg, 0.12 mmol), p-diiod‘obenzene (454 mg, 1.38 mmol} and
PPh; (72 mg, 0.24 mmol) in diisopropylamine .(2 mL} was stirred at room
|temperature for 24 h. The reaction mixture was filtered over celite using chloform
s eluent and the solvent was evaporated. The crude product was then
fchromatographed over alumina using hexane as eluent to get 9 (240 mg, 50 %) as
‘white colored solid, mp.169-171 °C. 'H NMR (300 MHz, CDCl,): § 7.65 (d, 2H),
T4(d, 2H), 7.22 (d, 2H), 6.67 (d, 2 H), 3.0 (s, 6H). "C NMR (75 MHz, CDCl;): §
150.22, 137.34, 132.78, 132.74 123.73, 111.78, 109.54, 92.9, 92.22, 86.53, 40.16.
Exact mass calculated for C,¢HsIN (M) is 347.0171, found 347.0168 (EI high

resolution mass spectrometry).

Preparation of 10. To a mixture of 9 (100 mg, 0.28 mmol), Pd(PPh;},Cl, (10
mg, 0.03 mmol) and Cul (5 mg, 0.03 mmol} in diisopropylamine (2 mL), was
added (trimethylsilyDacetylene (50 pl, 0.31 mmol) and heated at 70 °C for | h
umder argon atmosphere. The crude product was then purified by column
chromatography over silica gel (100-200 mesh)} using a mixtu;e (1:50) of ethyl
acetate and hexane as eluent to yield 10 (65 mg, 71 %), mp. 119-121 °C.
'HNMR (300 MHz, CDCl3): & 7.43-7.26 (m, 6H)., 6.63 (d, 2H), 3.0 (s, 6H), 0.22
(s, 9H). C NMR (75 MHz, CDClLy): & 150.4, 132.97, 132.17, 132.01, 124.54,
12207, 112,17, 109.81, 105.14, 95.89, 93.05, 87.39, 40.36, 0.16. m/z (FAB) found

317.50 Cale. 317.16.
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Preparation of 11. To a solution of 10 (165 mg, 0.53 mmol) in a mixture of
THF (1.7 mL) and methanol (2.6 mL), an aq.ueous solution of NaOH (0.2 mL, 5
'N) was added, stirred at room temperature for 2 h. The reaction mixture was
~washed with water and extracted using chloroform. The organic layer was dried
over Na,SO, and evaporated to yield 11 (117 mg, 92 %), mp.180-182 °C. 'H
“NMR (300 MHz, CDCl3): & 7.69-7.06 (m, 6H), 6.64 (d, 2H), 3.21 (s, 1H), 3.00 (s,
L 6H). °C NMR (75 MHz, CDCly): & 150.24, 132.78, 131.95, 131.05, 124.75,
120.84, 111.78, 109.56, 92.91, 87.01, 83.52, 78.42, 40.14. Exact mass calculated
: for CigHisN (M) is 245.1204, found 245.1249 (El high resolution mass

spectrometry).

Preparation of 2. Compound 11 was reacted with reagents in step (iv) in
Scheme 3.3B (note that the same procedure was adopted for the preparation of 1 in
Scheme 3.3A and the details are provided in page 77) and the crude product was
purified by column chromatography over basic alumina using a mixture (2:3) of
chloroform and hexane as eluent to yield 2 (28 mg, 43 %) as a yellow colored
solid, mp. 280 °C. '"H NMR (300 MHz, CDCl;): & 8.6 (d, 2H), 7.50-7.37 (m, 8H),
6.68 (d, 2H), 3.00 (s, 6H). *C.NMR (75 MHz, CDCl5): & 150.32, 132.84, 131.7,
131.24, 125.22, 113.15, 104.78, 93.48, 87.12, 76.58; 40.16. Exact mass calculated
‘ftﬂ)r CyHigN; (M) is 322.1470 found 322.1452 (EI high resolution mass

:gpectrometry).
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Preparation of 2Q. Compound 2 was reacted ‘with CH;I as mentioned in step
(v) in Scheme 3.3B (note that the same procedure was‘adopted for the preparation
of 1Q in Scheme 3.3A and the details are provided in page 77). Product 2Q was -
obtained in almost quantitative yield, mp. > 300 °C (decompose). 'H NMR (300
MHz, CDCl;): & 8.86 (d, 2H), 8.13 (d, 2H), 7.67 (d, 2H), 7.55 (d, 2H), 7.39 (d,
2H), 6.78 (d, 2H), 4.37 (s, 3H), 3.00 (s, 6H). °C NMR (75 MHz, DMSO): &
151.41, 146.52, 139.07, 133.65, 133.59, 132.27, 129.83, 126.99, 119.62, 112.79,

108.51, 102.56, 95.98, 87.94, 87.85, 48.70, 40.87.

Preparation of 13. A mixture of 4 (50l mg, 0.345 mmol), 1,3-diiodobenzene
(113 mg, 0.34 mmol), Pd(PPh;), (24 mg, 0.035 mmolj, Cul (7 mg, 0.04 mmol)
and I\’Ph3 (18 mg, 0.07 mmol) in diispropylamine (2 mL) was stirred for 15 h at
room temperature. The reaction mixture was filtered over celite using chloform as
cluent and the solvent was evaporated. The crude product was then
;chromatographed over alumina using hexane as eluent to get 13 (40 mg, 33 %) as
ia white solid, mp. 93 °C. '"H NMR (300 MHz, CDCl;): & 7.85 (s, IP;), 7.61 (d,
ng), 7.45 (d, 1H), 7.40 (d, 2H), 7.06-7.01 (m, 1H), 6.67 (d, 2H), 3.00 (s, 6H). °C
NMR (75 MHz, CDCly): & 150.24, 139.84, 136.32, 132.15, 130.32, 129.71,

126.43, 111.82, 109.81, 96.19, 93.74, 92.28, 40.23. m/z (FAB) found 347.03 Calc.

347.02.

Preparation of 14. To a solution of 5 (50 mg, 0.14 mmol), Cul (2.73 mg, 0.014

ﬁlmol), Pd(PPh;),Cl, (10 mg, 0.014 mmol) in diispropylamine (2 mL) was added
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(trimethylsilyl)acetylene (0.02 mL, 0.159 mmol) and heated at 70 °C for 1 h under
argon atmosphere. The reaction mixture was filtéred over celite using chloform as
eluent and the solvent was evaporated. The crude product was then
chromatographed over alumina using hexane as eluent to yield 14 (35 mg, 76 %),
mp. 93 °C. '"H NMR (CDCls, 300 MHz), 8 7.6 (s, 1H), 7.3-7.4 (m, 4H), 7.2 (m,

H), 6.6 (d, 2H), 2.9 (s, 6H), 0.2(s, 9H). °C NMR (75 MHz, CDCl): & 150.39,

| 85.03, 133.02, 130.95, 131.41, 130.95, 128.39, 124.74, 123.58, 112.10, 110.20,

104.85, 96.43, 94.72, 91.61. 86.88, 40.49, 0.28. m/z (FAB) found 317.10 Calc.

i317.l6.

Preparation of 15. To a solution of 14 (45 mg, 0.14]1 mmol) in a mixture of
’I:HF (0.46 mL) and methanol (0.72 mL), an aqueousb solution of NaOH (0.05 mL,
5 N) was added and the mixture was stirred for 2 h at room temperature. The
reaction mixture was washed with water and extracted using chloroform. The
‘organic Jayer was dried over Na,SO, and evaporated to yield 15 (33 mg, 94 %) as
apale yellow solid, mp. 91°C. '"H NMR (CDCl;, 300 MHz): & 7.92 (s, 1H), 7.90
(d, 1H), 7.60-7.2 (m, 4H), 6.87 (d, 2H), 3.04 (s, 1H), 3.0 (s, 6H). BC NMR (75
MHz, CDCl;): & 150.20, 134.85{ 132.82, 131.53, 130.95, 128.28, 124.66, 122.28,
111.86, 109.85, 96.20, 91.55, 86.52, 83.12, 40.26. m/z (FAB) found 245.09 Calc.

25.12.

Preparation of 3. A mixture of 7 (33 mg, 0.134 mmol), 4—iodopyridiné (41.4

mg, 0.20 mmol), Pd(PPh;),C};(9.43 mg, 0.013 mmol), Cul (2.57 mg, 0.013 mmol)
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and PPhy (7.06 mg, 0.027 mmol) was added to a degassed solution of
diispropylamine (2 mL) and the mixture was stirred for 15 h at room temperature.

The reaction mixture was filtered over celite using chloform as eluent and the

~solvent was evaporated. The crude product was then chromatographed over

neutral alumina, using a mixture (1:10) of chloroform and hexane as eluent to yield

3(15mg, 34 %) as a brown solid, mp. 181-183 °C. '"H NMR (CDCl;, 300 MHz): &

8.62-8.60 (d, 2H), 7.69 (s, 1H), 7.51-7.30 (m, 7TH), 6.68-6.65 (d. 2H), 3.00 (s, 6H).
BC NMR (75 MHz. CDCly): & 150.23, 149.73, 134.57, 132.82, 132.19, 131.39,
130.58, 128.48, 125.56, 124.90, 122.27, 111.83, 96.17, 93.49, 91.86, 86.92, 86.38,
40.23. Exact mass calculated for Co3H gN, (M ™) is 322.1470, found 322.1427 (EI

high resolution mass spectrometry).

Preparation of 3Q. Compound 3 was reacted with CH;I as mentioned in step
(v) in Scheme 3.3C (note that the same procedure was adopted for the preparation

of 1Q in Scheme 3.3A and the details are provided in page 76). Product 3Q was

obtained in almost quantitative yield, m. p. 197-202 °C. '"H NMR (CDCls, 300

MHz) 8.87 (d, 2H), 8.15 (d, 2H), 7.76 (s, 1H), 7.62-7.59 (m, 2H), 7.49-7.44 (m,

IH), 7.37 (d, 2H), 6.73 (d, 2H), 4.37 (s, 3H), 2.98 (s, 6H).

: 3.4. Results and discussion

3.4.1. Photophysical investigation

Absorption, emission and excitation spectra and fluorescence decay profile

of compounds 1-3 are presented in Figures 3.1-3.3. The main objective of this
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‘hapter is to understand the effect of (i) conjugation on the photophysical properties
of D-OPE-A system possessing N,N-dimet};ylaniline and pyridine moieties at tl—le
terminal positions of phenyleneethynylenes (by comparing 1 and 2) and (ii)
meta/para connectivity in D-OPE-A sysiem (by comparing 2 and 3). The
absorption spectral features of 1-3 are significantly different (trace ‘a’ in
Figures 3.1A-3.3A):‘ compound 1 possesses a single absorption band
whereas two transitions are observed for 2 and absorptiori spectrum is more
structured in the case of 3. These aspects were examined theoretically and
results are summarized in Section 3.5. The sharp absorption band observed in the
case of 1 1s due to the HOMO-LUMO transition, whereas compound 2 possesses
%two well-separated bands originating from HOMO/HOMO-I energy levels. The
‘absorption maximum of the low energy band of compounds 1-3 remain unaffected
in solvents of varying polarity implying that the ground state and Franck-Condon
state possess more or less same polarity. The molar extinction coefficient of 1, 2
and 3 in toluene at their respective absorption maximum were estimated to be
267x 10* em™! (352 nm), 3.80 x 10 cm™ (367 nm) and 2.84 x 10* cm™ (33 I nm).
On comparing the So-S; energy gap of the para substituted compounds 1 and 2, a
bathochromic shift of 15 nm along with a large increase in molar exctinction
coefficient, was observed on increasing the conjugation. Interestingly the
i:iabsorption maximum of the meta isomer 3 underwent blue shift (An.x = 331 nm)

|

E'as compared to the corresponding para isomer 2, indicating a lower degree of
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Figure 3.1. A) The normalized absorption spectra (a) of 1 in acetonitrile
and normalized emission spectra of 1 in (b) toluene, (c¢) dichloromethane,
(d) acetone and (e) acetonitrile. B) Excitation spectra of the compound 1
in acetonitrile (emission collected at 550 nm C) Fluorescence lifetime
profile of the compound 1 in acetonitrile.
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Figure 3.2. A) The normalized absorption spectra (a) of 2 in acetonitrile
and normalized emission spectra of 2 in (b) toluene, (c) dichloromethane,
(d) acetone and (e) acetonitrile. B) Excitation spectra of the compound 2
in acetonitrile (emission collected at 600 nm) C) Fluorescence lifetime

profile of the compound 2 in acetonitrile:
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Figure 3.3. A) The normalized absorption spectra (a) of 3 in acetonitrile
and normalized emission spectra of 3 in (b) toluene, (c) dichloromethane,
(d) acetone and (e) acetonitrile. B) Excitation spectra of the compound 3
in acetonitrile (emission collected at 650 nm) C) Fluorescence lifetime
profile of the compound 3 in acetonitrile
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conjugation in the ground state. In effect, the mera connectivity prevents the
effective interaction between the donor and acceptor, which was further confirmed-
by protonation studies. Compounds 1-3 emits in the short wavelength region in
nonpolar solvents, for example, the emission maximum of the compounds 1-3 in
foluene are 399, 439 and 425 nm respectively (trace ‘b’ in Figures 3.1A-3.3A). A
Iargc bathochromic shift in emission maxima was observed for all the compounds
with increase in solvent polarity (trace ‘c-¢” in Figures 3.1A-3.3A) indicating that
the bands originate from an intramolecular charge transfer state (ICT). These
aspects were further investigated by (i) estimating the Full Width at Half
Maximum (Table 3.1) (ii) Stokes shift (Table 3.2) (iii) emission yields (Table 3.3).
With increase in solvent polarity, the Full Width at Half Maximum

(FWHM) gradually increases for compounds 1-3 (Table 3.1). In toluene the

emission spectrum is found to be narrow for all the three compounds and the

FWHM is estimated to be in the range of 3200-3600 cm’'. On increasing the

solvent polarity, the emission spectrum shifts to longer wavelengths with a

considerable degree of broadening (the FWHM for 1 in dichloromethane and

wetone are 5848 and 7214 cm™, respectively). Such broad bands in the red region

?‘.usually originate from a charge transfer state.

A substantial increase in Stokes shift was observed for all the three
Lbompounds in polar solvents confirming the presence of a stabilized charge

i;transfer state (Table 3.2). In a particular solvent system, the Stokes shift value (v)
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Table 3.1. FWHM?® of the emission spectrum of compounds 1-3 in different

solvents.

‘ ‘ -1\a
Compound FWHM(cm™)

Toluene  Dichloromethane Acetone Acetonitrile

1 3451 5848 7214 6586
2 3233 3974 4580 4446
3 3595 4651 4728 .-

2Full Width at Half Maximum

is more or less in the same range for p-substituted compounds (1 and 2). For
example, in toluene, vy is in the range of 3300-4300 cm’' whereas in acetonitrile
the Stokes shift is much larger (10200-10700 cm™). One of the interesting
.observations is that the mera isomer (3) possesses a higher v value compared to

the para isomer (2) suggesting that the excited state charge transfer is more

efficient in the former one.

‘Table 3.2. Stokes shift values of 1-3 in toluene and acetonitrile

Aass (nm)" An(nm)”® Vo (em™)¢
Compound
TOL® ACN | TOL® ACN | TOL! ACN*
1 352 351 399 550 | 3306 10267
2 367 370 439 604 | 4248 10692
3 331 330 425 650 | 6682 14918

“absorption maximum(Aaps), bemission maximum(Ag), “Stokes Shift(vy),
Ytolune, Cacetonitrlie.
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A red shift in emission band accompanied by substantial broadening, on
increasing the polarity, is indicative of a polar excited state resulting from a
stabilized charge transfer state. Excited state dipole moment 1s an important
parameter generally used to understand the nature of excited state of molecules.
According to Lippert-Mataga equation (Equation 3.5), the solvatochromic éhiﬁ of

the emission spectra can be used for estimating the excited state dipole moment

Ve = 2(He- },Lg)zAf/hca3 + constant (3.5)
where,
Af=[(g - 1)/2e + )] - [(n? - 1)/(2n* + 1)] (3.6)

)
I
I

v’ is the Stokes shift, ‘" is the excited state dipole moment, ‘p,’ is the ground
state dipole moment, ‘c’ is the velocity of light, ‘a’ is the Onsager radius, ‘Af” is
the solvent polarity parameter and ‘e’and ‘n’ are the dielectric constant and
| refractive index, respectively. The excited state dipole moment values can be
obtained from the plot of Stokes shift (vy) against Af (Figure 3.4). Slope of the meta
substituted compound 3 is larger (compared to 1 and 2) indicating a large change
‘in dipole moment on photoexcitation. Estimation of the excited state dipole
;;moment of 2 and 3 are difficult due to their large molecular geometries: compound
;Zpossess a rod like molecular geometry whereas 3 possess a V-shaped geometry

and the estimation of the exact Onsager radius ‘a’ for such geometrical shapes is

difficult.
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Figure 3.4. Lippert — Mataga plot for 1 -3

Compounds 1-3 emits with relatively high quantum yield (¢¢) in nonpolar
solvents, for example quantum yield of fluorescence in toluene is 0.11 for 1, 0.61
for 2 and 0.28 for 3. A dramatic decrease in fluorescence quantum yield was
observed for all the three compounds, with increase in the solvent polarity and it is
reasonable to belie\;e that the emission of 1-3 originates from a charge separated
state. The charge transfer state is stabilized with increase in polarity and the decay
through nonradiative channel predominates as evident from the decrease in ¢y.
Further we have quantified the radiative (k;) and the total nonradiative rate

tot

constants (k. ) from the excited singlet state, using equations 3.7 and 3.8.

=3 3.7)
Ty R
-4 38
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The quantum yield (¢¢), fluorescence lifetime (tp), radiative rate constant
(), nonradiative rate constant (kq) of 1-3 in toluene and acetonitrile are
summarized in Table 3.3. It was observed that the rate constant of singlet-state

deactivation through nonradiative channels increases with solvent polarity. -

Table 3.3. Photophysical properties®® of 1-3 in toluene and acetonitrile.

Emissive
rate=(k/ky)°
70 ACN | TOLY ACN | TOLZ ACNf | TOI ACMNE | TOI/ ACN
11011 0.001 2.5 0.39 4.4 0.25 3.56 25.6 | 0.12 0.001

¢ To(ns k(10°)° kyd 0°)°

21061 0017 | 122 045 |S00 3.8 32  21.8 [ 1.56 0.017

30.28 - 4.8 0.55, | 5.8 - 1.5 -. 0.38 -
2.63

"quantum yield (dp), ®flucrescence lifetime (), ‘radiative rate constant (k;),
nonradiative rate constant (kq), ‘emissive rate, ‘toluene and acetonitrile.

The increased charge transfer character in the excited state of phenylene-
ethynylenes is a subject of intense interest. Theoretical calculations has shown that
the excited state of the meta substituted bis(phenylethynyl) benzene possess
cumulenic character which allows charge transfer in the e\xcited state."® For a
series of dimethylamino substituted stilbenes, it was reported that the meta
[derivatives possess higher excited state dipole moments compared to ortho and
para isomers'® which is rationalized by involving a twisted intramolecular charge
‘transfer (TICT)' process. It was proposed that the twisting is more in the case of

'meta isomer than the para and ortho isomer and the charge is effectively localized
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on the donor-acceptor side. In the present case the Ameta substituted compound 3
possess higher lifetime in toluene indicating stabilization in the excited state. The:
excitation spectra of the compounds are also presénted in the Figures 3.1B-3.3B.
The excitation spectral features remained more or less the same irrespective of the
';polarity of the solvents. The excitation spectra of compounds 2 and 3 contain two

bands similar to that in the absorption spectra although the intensities are different,

Effect of protonation of the pyridine ring. Effective interaction between the
I;donor and acceptor moieties through phenyleneethynylene bridging units in
gompounds 1-3 were further investigated by protonation studies. Addition of
varying amounts of TFA to an acetonitrile solution of para isomers (1 and 2) led
1o a decrease in the Sy-S;absorption bands, accorﬁpanied by the formation of an
itense red-shified absorption band (Figure 3.5A and 3.6A). The new band
}observéd in the case of para isomers was attributed to a charge transfer transition
?rom the dimethylamino moiety to the pyridinium moiety through phenylene-
ethynylene bridging units. The charge transfer interaction is more effective in the
tase of 1 possessing one phenylethynyl unit compared to 2 hav\ing two repeat
ﬁnits. Interestingly in the case of meta isomer (3), no new charge transfer band
was observed (Figure 3.7A) c;n addition of TFA' indicating that there is no
tlectronic communication between the donor-acceptor pair‘in its ground state (a

dlight variation in the intensity of the bands were observed). For better

gomparison, the absorption spectra of 1-3 in acetonitrile in its unprotonated (trace



Effect of meta substitution on the electronic properties of D-7-A systems 93

‘a’), protonated (trace ‘b’) and quaternized forms (trace ‘c’) are presented in

Figures 3.5B-3.7B.
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Figure 3.5. A) Changes in the absorption spectra of 1 in acetonitrile on
addition of TFA. B) Absorption spectra of 1 in acetonitrile in its (a)
unprotonated form, (b) protonated form and (c) quaternized form (1Q).
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Figure 3.6. A) Changes in the absorption spectra of 2 in acetonitrile with
the addition of TFA. B) Absorption spectra of 2 in acetonitrile in its (a)
unprotonated form, (b) protonated form and (c¢) quaternized form (2Q).
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Figure 3.7. A) Changes in the absorption spectra of 3 in acetonitrile with
the addition of TFA. B) Absorption spectra of 3 in acetonitrile in its (a)
unprotonated form, (b) protonated form and (c) quaternized form (3Q).

3.4.2. Theoretical investigation

Phenyleneethynylene based rigid rod molecular systems were optimized at

AMI1 semiempirical and B3LYP/6-31G* level density functional theory (DFT)

23.24

methods. The basic photochemical properties of these systems were

investigated by means of quantum chemical calculations employing mainly the

25-27

time-dependent density functional theory (TDDEFT) as well as Zerner’s

intermediate neglect of differential overlap (ZINDO/S) method.”®** For all the
calculations, Gaussian03* suit of programs were used. )

The molecular. systems 1-3 and their protonated forms were optimized at
the BILYP/6-31G* level of theory by applying a dielectric constant equal to the
solvent polarity of acetonitrile. Figures 3.8—3.10 shows the comparison of the

native form and protonated forms of the compounds with the relevant bond

lengths.
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Conjugation features of 1-3 in‘ its ground state can be examined by
comparing the bond lengths in their optimized structures. On addition of TFA
pyridine ring get protonated and the lone pair is pulled more effectively from the
nitrogen atom of dimethylamino group in the case of 1. This is reflected in the N-
C bond length between the dimethylamino group and the adjacent phenyl group
where the distance decreases from 1.374 to 1.367 A on protonation (Figure 3.8).
Correspondingly, we could observe an increase in the triple bond length from
1.220 to 1.224 A and a decrease in the singlé bond length on both sides of triple

bonds.

1_H

Figure 3.8. Optimized geometries of 1 and protonated form 1_H using
B3LYP/6-31G* level of theory.

On comparing the para, and meta 1somers (2 and 3), latter one possess
shorter triple bonds and longer single bonds compared to the para isomer (Figure

3.9 and Figure 3.10). These results again confirm that the extent of delocalization
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is lesser in the case of meta isomer 3 compared to para isomer 2. Protonation of
para isomer 2 also brings about significant bond length changes; the extent of

variation decreases with the distance from the pyridinium moiety (Figure 3.9).

Figure 3.9. Optimized geometries of 2 and protonated form 2_H using
B3LYP/6-31G* level of theory

However in the case of the protonated form of mera isomer (3_H) it 1s
interesting to note that the structural rearrangement is pronounced only in the one
half where in pyridinium is attached and the other half possessing the donor group
remains unaltered (Figure 3.10). Thus it is clear that the meta junction of the

central phenyl ring prevents the electronic communication between the two halves

in the ground state.
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3 H

Figure 3.10. Optimized geometries of 3 and protonaed form 3_H using
B3LYP/6-31G* level of theory.

TDDFT calculations

-~

Using the optimized planar geometries of the compounds 1-3 and their
protonated forms at B3LYP/6-31G* level, the first 20 low lying excited states
have been calculated at TDDFT and ZINDOY/S levels anid the results obtained are
presented on Table 3.4. It is interesting to note that 1 possessés only one singlet
state with significant oscillator strength while the para isomer 2 and the meta
isomer 3 showed two such states. These theoretical results are in good agreement
with the number of absorption peaks observed for 1-3 (Figure 3.1-3.3A). The

wavelength of excitation and the corresponding MO transitions obtained by
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TDDFT and ZINDO/S studies and the absorption maximum obtained by
experimental studies are presented in Table 3.4. Although for the neutral molecules,
the values obtained closely agree with the experimental spectra, the protonated
i

forms of these molecules showed considerable deviation from the experimental

value.

Table 3.4. Experimental wavelengths (A.;)", calculated absorption

Waveiengths (Acar)® and oscillator strengths® for 1- 3.

Experimental ZINDO TDDFT
Compound Transition w;welength " hcal, Oscillator Acal, Oscillator
exps (D) nm strength nm strength
i HOMO to 351 350 0.8037 344 1.0161
....................... LUMO
2 HOMO to 370 377 14598 419 1.4023
LUMO
‘HOMO-1 to 286 273 0.1149 319 0.8273
LUMO+1
3 HOMO to 330 349 09254 339 1.4294
LUMO+1
HOMO:-1 to 297 328 0.5116 298 0.5919
LUMO )

'Figure 3.1 A, 3.2 A and 3.3 A for 1, 2 and 3. TDDFT and ZINDO/S level calculations
using the B3LYP/6-31G* level optimized geometries of 1, 2, and 3.

l The singlet excited state of 1 corresponds to the electron transition from
HOMO to LUMO (Figure 3.11 for the orbitals) and the calculated wavelength of
;44 nm (TDDFT) and 350 nm (ZINDOY/S) for this absorption is in agreement with
|

;ihe experimental value of 351 nm. By comparing the orbital features we can see
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that the electron density clearly shifts from N,N-dimethylaniline to the pyridine

moiety which acts as the acceptor.

344 nm
f=1.0161

HOMO

Figure 3.11. HOMO-LUMO transition of compound 1. (Calculated
wavelengths and oscillator strengths indicated are obtained by TDDFT
method).

In the case of para isomer 2, the long wavelength absorption corresponds to
transition from HOMO to LUMO while the high energy absorption is due to the
transition from HOMO-1 to LUMO (Figure 3.12). The calgulated wavelengths of
absorption for the transitions obtained by ZINDO method (377 and 273 nm) are in
good agreement with the experimental values (370 and 286 nm). The orbital
features clearly indicates that for HOMOQ/ i*{OMO-I the charge density i1s more
localized on the donor part while for LUMO the charge density is localized on the
acceptor part i.e. around pyridine. Clearly both the electronic transition involves a

shift in the charge density from the donor side to the acceptor side.
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rieeeels ileeeels

LUMO LUMO

319 nm
f=0.8273

419 nm
f=1.4023

HOMO HOMO-1

Figure 3.12. MOs involved in the transition of 2 (Calculated wavelengths
and oscillator strengths indicated are obtained by TDDFT method).

For the meta isomer 3, theoretical calculations showed that the two bands in
the absorption spectra can be attributed to the transition from HOMO to LUMO+1
as well as from HOMO-1 to LUMO (Figure 3.13). TDDFT level of theory gave
comparatively agreeable values (339 nm and 298 nm) with the experimental
spectrum (333 nm and 297 nm). [t is interesting to note that for the meta isomer 3,
on excitation, the charge density is not transferred from the donor to the acceptor
moiety. The transitions are localized either on the donor or on acceptor side

(Figure 3.13) where the meta conjugated phenyl ring acts as a junction. The long
wavelength transition mainly involves the charge shift from the donor side to the
central phenyl ring and the short wavelength transition involves mainly the

transition from the central phenyl ring to the acceptor side.
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o

LUMO +1 299 (i LUMO

298 nm
f=1.4294 f=0.5919

HOMO-1
HOMO

Figure 3.13. MOs involved in the transition of 3. (Calculated wavelengths
and oscillator strengths indicated are obtained by TDDFT method).

With the addition of protons, pyridinium tons are formed which possess
higher acceptor strength. This results in the alteration of bond lengths and charge
distribution in the molecule and indicated by the formation of a new charge
- transfer band in the UV-Vis absorption spectrum (Figures 3.5 & 3.6). However in
the case of meta isomer. the meta connectivity between the donor and acceptor
vprevents the effective communication and no new charge transfer band was
observed (Figure 3.7). The orBitals involved in the transition of protonated forms
of 1-3 (1_H to 3_H) remained the same compared to unprotonated forms of 1-3.
However the orbital feature of 1_H-3_H showed a more charge transfer character.
In the case of protonated form of 3 (3_H) the effective electron transfer from the

donor side to the acceptor side i1s prevented at the meta junction (Figure 3.14).
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LUMO+2 429 nm LUMO 410 nm
f=0.5131 f = 0.8451

HOMO HOMO - 4

Figure 3.14. MOs involved in the transition of 3_H (Calculated
wavelengths and oscillator strengths indicated are obtained by TDDFT
method). ' .

For the protonated compounds 1-3, the calculated wavelengths of
absorptioﬁ obtained by TDDFT and ZINDO levels of theory are much higher than
the experimental values. The large difference in the calculated values may be due
to the counter ion effect which is not be properly accounted in theoretical methods.
As we know the counter ions have significant effect on the overall electronic
structure of the matertal which will result in changes in the electronic distribution.
Agreeable values were obtained by modeling a neutral system wherein a counter
ion is placed at a particular distance from the +vely cl;arged acceptor moiety. For
example; the protonated form of 2, shows the charge transfer band at 443 nm in

acetonitrile while the TDDFT and ZINDO levels of theory gave the results as 760
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nm and 560 nm respectively. But by placing the cdunter ion at a distance of 4 A,

much closer value of 467 nm is obtained (Figure 3.15). '

4 A N

>

“Counter ion”

- Figure 3.15. Model system for charged species.

A comparison of the theoretical values obtained for the positively charged
systems and neutral systems in comparison with the experimental values is given

in Table 3.5.

Table 3.4. Experimental wavelengths (Aey)’,  calculated absorption
wavelengths (lcﬂ)h and oscillator strengths® for 1- 3.

ZINDO Experimental
Compound +vely charged system With counter ion Wavelength
Aexp, nm
Transition Acal(nm)®,f° Transition Acal(nm)®
1_H HOMO to 488 HOMO-3 424 436
LUMO f=1.1837 to LUMO f=0.9831
HOMO+4 to 265 HOMO-3 to 283 353
e LUMO f=0.188 LUMO+2  £=00504 N .
2_H HOMO to 560 HOMO to 441
LUMO  f=1.2536 LUMO  f=1.4966 443
HOMO-2 to 386° HOMO to 346 367
e LUMO f=02%!1  LUMO+2  f=00691 _ ~ ..
3 H HOMO-4 to 414 HOMO to 387 ° 341
LUMO f=1.0561 LUMO f=10.4165
HOMO to 360 HOMO-5 to 366 281

LUMO+3  f=0.6918 LUMO f=0.9250

"Figure 3.5 A, 3.6 A and 3.7 A for 1, 2 and 3. ZINDO/S level calculations using the
B3LYP/6-31G* level optimized geometries of 1_H, 2_H, and 3_H.
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'3.5. Conclusions

Donor-acceptor systems based on phenylenecthynylene with varying
gconjugation and connectivity (para and meta isomers) have been synthesized and
their photophysical properties were studied using various spectroscopic and
j'theoretical techniques. ‘In the ground state, the mera connectivity prevents the
ieffective communicatton between the donor and acceptor grbups while in the

iexcited state the channels open up and the interaction between the donor and

h

I3

f‘?acceptor is possible. The absorption maximum of the low energy band of
compounds 1-3 remain unaffected in solvents of varying polarity implying that the
ground state and Franck-Condon state possess m(;.)re or less same polarity. A large
bathochromic shift in emission maximum was observed for all the compounds
with increase in solvent polarity indicating that the bands originate from an
intramolecular charge transfer state (ICT). The extent of charge transfer was
further compared by estimating the (1) Full Width at Half Maximum (ii) quantum
yield (iii) Stokes shift. The coupling between the donor and tfle acceptor in the
excited state was found to b(_e maximum for meta isomer than the para isomers 1
and 2. For compounds 1 and 2 on adding TFA, the intensity of the band
corresponding to S-S, transition decreases accompanied by the formation of a
new charge transfer band in the absorption spectra. However in the case of

compound 3, meta connectivity prevents the effective conjugation between the
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donor and acceptor and charge transfer band was not observed. The orbitals
involved in the transition and the orbital features of 1-3 and their protonated forms

were.analysed using theoretical studies.
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CHAPTER 4
.

Synthesis and Photophysical Studies of Phenyleneethynylene Based

Bipyridine Ligands and an Iridium Complex

4.1. Abstract

Two bipyridine derivatives possessing unsubstituted and methoxy
substituted phenyleneethynylenes (i and 2) ’and an iridium complex
‘(Ir(Phbpy)ZCIZ) were synthesized. The photophysical properties of these systems
were investigated using various spectroscopic and theoretical techniques.
Compounds 1 and 2 exist in its frans conformation and the absorption in these
systems originate from a n-nt* transition. The methoxy substituted compound (2)
possess higher quantum yield of emission (¢ = 0.12) compared to unsubstituted
compound 1 (¢r= 2.4 x 107) and this is explained on the basis of highly emissive
charge transfer state for 2. Both jthe compounds exhibit monoexponential decay in
acetonitrile with lifetimes of 1.5 ns for 1 and 2.3 ns for 2. The triplet excited state
properties of both the ligands were characterized using nanosecond laser flash
“photolysis studies and the lifetimes were found to be 22 us (for 1) and 10 s

(for 2). On addition of H/Zn*" ions to these compounds, the intensity of m-m*

transition decreases along with the formation of a red shifted band through a clear
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isobestic point. The newly formed band at the longer wavelength region may be
attributed to the polarization due to the complexation as well as conformational
changes. Emission yield of the monoprotonated as well as Zn>* complexed forms
Cof 1 is much higher than the non-protonated form. The monoprotonated form of
the molecule exists in a locked cis conformation through N-H"--N bonding and the
high emission yield of the cis conformation is attributed to its rigid ;tructure which
| p;cvents the dgactivation through non-radiative channels. The newly synthesized
‘iridium complex possesses excellent luminescent properties; the quantum yield of
:luminescence of Ir(Phbpy),Cl, complex (¢; = 0.30) is found to be 4-fold higher

compared to the corresponding iridium complex with 2,2°-bipyridine (¢ of

Ir{bpy),Cl, = 0.075) and the luminescence lifetime is found to be 0.9 us.

4.2. Introduction

Design of molecular materials for various optoelectronic applications such
as in organic light emitting devices (OLEDs) is an active area of research in this
decade.'* However, fine tuning the optical properties of such materi\aIS for various
applications still remains a challenge. Molecular systems based on 2,2’-
‘bipyridines and phenanthrolines® are ideal building blocks for the construction of
such molecular materials due to their ability to (i) tur;e the photophysical

properties by structural modification and (ii) complex with a wide range of metal

cations.”” The complexes based on 2,2’-bipyridines have been extensively used in
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solar energy harvesting systems, photonic® and luminescent devices™ '” as well as

. e 12
in chiral molecular recognition.

ii‘i.l.l. Photophysical properties of bipyridines

| Bipyridines are weakly fluorescent in nonaqueous solvents and an
enhanced fluorescence is observed in water as well as in presence of protons and
zinc ions. " The photophysics of bipyridines are complex in nature due to the (1)

‘presence of very close lying nn* and nn* transitions, (ii) possibility of free
rotation along the single bond connecting the two pyridine units and (iii) formation
of aggregates at a concentration above 10 M.'

}' There are several conflicting reports in the literature regarding the
photophysics of bipyridines.”'15 For example, Harriman and cowqrkers reported a
blue shift in the absorption spectra from ~340 nm in nonaqueous solvents to 325
pm in water with a substantial increase in quantum yield.‘7 The change in
fluorescence was attributed to the interplay of nn* and wm* orbitals, due to the

variation in polarity. The authors have concluded that the enhanced emission of

bipyridines in polar solvents originates from the na* transition.

In another attempt to understand the enhanced emission in agqueous
solution, Hoffman et al. proposed the formation of a covalent hydrate."* " The
hydrated species can be deprotonated by adding a base which is accompanied by a

decrease in fluorescence. Authors could not observe any fluorescence

corresponding to di-protonated form in the nonaqueous solution which they
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attribute to the rapid deprotonation in the excited state. Authors have concluded
that the fluorescence of bipyridines in nonaqueous solvents as well as in acidip
solutions originate from the m—n* transition and the low fluorescence quantum
vield of bipyridine is attributed to the intersystem crossing or internal

conversion.'*

The photophysical properties of bipyridines were reinvestigated by
Castellucci et al. and proposed that the fluorescence observed in aqueous medium
may be due to the impurities present in water. They calculated the energy of the
singlet and triplet states by theoretical methods and suggested that the fast
intersystem crossing between the singlet and triplet states is responsible for the
-low fluorescence emission in these systems.'® This was experimentally proved by
sub-picosecond tfansient absorption studies of bipyridines; a decrease in the

' iqtensity of S,-S, transition with a concomitant increases in the intensity of the
triplet-triplet absorption was observed with time.'® Authors have also calculated
the quantum yield of triplet state as 0.8 and the lifetime of the S, state as 64 ps in
acetonitrile.

The geometric, electronic, vibrational and conformational analysis of 2,2°-
pipyridine and its protonated forms have been examined using various theoretical

and experimental methods.'”?

2,2’-bipyridine possesses a planar trans-
configuration in the solid state and the dipole moment measurements have shown

that they exist in a nearly planar arrangement with a dihedral angle of 20° in
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isolution.” The monoprotonated form of 2,2°-bipyridine possess cis-configuration

and a weak hydrogen bond exists betweén the cationic hydrogen and other
\pyridine ring. The N-H'--N bonding is sfrong enoﬁgh to overcome the repulsion of
the ortho hydrogens in the cis-conformation® and bond angle is calculated to be
108.5°. On complexation with metal ions, 2,2’-bipyridine adopts a planar cis-
conformation and Wasielewski and coworkers have exploited the cis-trans
conformationa! change for developing new sensory materials.?*

Photophysical properties of bipyridines can be fine tuned by extending
their conjugation and this chapter mainly describes our attempts to design
luminescent bipyridine derivatives possessing phenyleneethynylenes and their
iridium complex. A brief introduction on the photophysical properties of iridium

complexes is presented below.

4.2.2. lntroduction to iridium complexes

When potential is applied across the emissive layer of an organic light
emitting diode (OLED), excitons are generated which recombines to emit light.'
The excitons generated are of two kinds: singlet excitons and triplet excitons, of
which the singlet excitons are only emissive. This in principle reduces the
efficiency of the OLED to 25 % since the éinglet\to triplet ratio of exciton
generation is 1:3. By doping transition metal complexes into the emissive layer,

the triplet and singlet excitons can be mixed by spin—orbit coupling. Thus the

triplet states become emissive thereby improving the efficiency of the layer by
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several times. The efficiency of a metal centre to promote the mixing is indicated
by its spin-orbit coupling constant.

Transition metal complexes, particularly iridium complexes, are gaining
increased attention in recent years due to their high spin-orbit coupling constant.
For example spin-ofbit coupling constant value for iridium is 3909 cm™ while that

-125

of ruthenium is 1402 cm Also, iridium complexes possess high luminescence

‘quantum yield and excellent colour tuning ability. Colour tuning of the iridium
‘complexes from orange-red to saturated red was achieved recently by varying the

substituents on quinoline derivatives.”

It was demonstrated that the iridium complexes are promising candidates
for labelling biomolecules (for example, luminescent bioconjugates of

loligonucleotides or human serum albumin).?” 28

Luminescence of mononuclear as
well as dinuclear iridium complexes, immobilized on the polymer matrix are
gfficiently quenched by the presence of oxygen and are Eroposed as oxygen
pensors.29

Although iridium complexes are considered as versatile candidates for
Marious optoelectronic applications, there are (;nly few reports on the synthesis
mn1 photophysical properties of iridium complexes with bipyridine based
Eeands.>* It may be noted that most of the reports on iridium complexes are
34-37

Besed on 2-phenylpyridine derivatives (cyclometalated iridium complexes).

Mhe preparation of the complex of the type IrL,Cl, with 2,2’-bipyridine ligands
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have been first reported in 1969 by De Simone et al.* The electrochemistry of this
iridium bipyridine complex has been reported by DeArmond.’' A modified
procedure of the preparation of Ir(bpy),Cl, by refluxing 2,2°-bipyridine with
IrCl3.H,0O has been reported by Brewer et.al.*? Recently lumninescent properties of
a series of iridium complexes with varying substituents have been re:porte:d.33 A
high quantum yield of 0.94 has been reported for an iridium complex with
dimethy] bipyridine as ligand.33 The synthesis of Ir(bpy)y’" was first described by
lMart;n et al. in 1958 by fusing K4IrClg and 2,2’-bipyridine for 20 min.”® In 1974,
Demas et al. prepared Ir(bpy)y’ in 50 % vyield by a different method.* A modified
procedure which involves the substitution of the cis-[Ir(bpy)(OSO,CF5)]* with 2,2’
bipyridine to yield [r(bpy);’” in 85 % was reported by Meyer et al. in 1984.%

- In this chapter we report the synthesis of two bipyridine derivatives
possessing unsubstituted and methoxy substituted phenyleneethynylenes. The
emission properties of these ligands are distinctly different and these aspects are
:'described in detail. Complexation properties of these ligands are further exploited

by synthesizing an iridium complex of the type IrL,Cl, and their lumninescent

-~

propertics are reported.

43. Experimental Section

4.3.1. Materials and methods

The samples used for the study were purified by passing through recycling

HPLC manufactured by Japan Analytical Industry Co., Ltd. All melting points are
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uncorrected and were determined on an Aldrich melting point apparatus. 'H NMR
and “C NMR spectra were recorded on z; Bruker DPX-300MHz spcctrometér.
High Resolution Mass spectra were recorded l‘on a JEOL JM AX 5505 mass
spectrometer. The UV-Vis spectra were recorded on a Shimadzu 2401 or 3101PC
spectrophotometer. The emission spectra were recorded on a Spex-Fluorolog,
F112-X equipped with a 450W Xe lamp and a Hamamatsu R928 photomultiplier
tube. The spectra were recorded by keeping a 90° geometry and a band pass of 1
nm in the excitation and emission monochromators. Details of time correlated
single photon counting fluorescence lifetime measurements were described in
Section 2.3.1.

THF used was dried over sodium and‘diisopropylamine was dried over
KOH. Solvents were deoxygenated by purging them with argon for 15 min, before
using in the reaction. The final compounds were purified by passing through

recycling preparative HPLC equipped with a UV as well as RI detector.

43.2. General method of synthesis

-~

General scheme adopted for the synthesis of the ligands 1 and 2 are shown
in Scheme 4.1. Synthesis: of the ligand 1 has been reported by two different
goups’' and we have adopted a different procedure as shown in Scheme 4.1.

Compounds 4, § and 6 were prepared by following the reported procedure.*?

Preparation of 4,4’-bis{(trimethylsilyl)ethynyl]-2,2’-bipyridine (7). To a

:solution of dibromo derivative 6 (300 mg, 1.0 mmol), Pd(PPh,),Ci, (67.0 mg, 0.01
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mmol) and Cul (18.1 mg, 0.02 mmol) in 6 mL triethylamine under stirring, was
added (trimethylsilyl)acetylene (0.8 mL, 5.73 mmol). The mixture was refluxed

for 6 h under argon. After removal of the solvent, the crude product was purified

- OzN NOZ
A R . —_— n
=N N7 = N7 =N i\\f/
3 AN N ¥ s
oo 00

Br
LU S\ \_
=N N
&
R R
H H
A Y4
Y / \ _/ vl
=N N / I. R=H
8 =N N 2. R=-0CH,

Scheme 4.1. (i) HyOo/AcOH; (ii) HNO3/H,S0Os; (iii) PBrs,CHsCOBr;
(iv) TMSA, Cul, Pd(PPh;),Cly, EtN; v) NaOH, THF, CH;0H; (vi)
RCeHl, Cul, Pd(PPh3),Cl, (i-pr);NH, PPhs

Ir(Phbpy),Cl;

Scheme 4.2. (1) IrCls, ethylene glycol, 180 °C.
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by column chromatography over basic alumina using toluene as eluent to yield
211 mg (63 %) of 7 as brown solid, mp. 119-121 °C. 'H NMR (300MHz, CDCl;):
5 8.60 (d, 2H), 8.43 (s, 2H), 7.30 (d, 2H), 0.23 (s, 9H). *C NMR (75 MHz,

CDCly): & 155.57, 149.07, 132.26, 125.72, 123.63, 102.37, 99.87, 96.18, 0.20. m/z

(FAB) found 348.9 Calc. 348.6.

Preparation of 4,4’-bis(ethynyl)-2,2’-bipyridine (8). Silylated derivative 7
{280 mg, 0.08 mmol) was first dissolved in a mixture of THF (2.7 mL) and
methanol (4.0 ml.) and sodium hydroxide solution (0.3 mL of 5N) was added. The
solution was stirred for 2 h, evaporated the solvent and extracted with chloroform.
!{Aﬂer drying over anhydrous Na,SO, the solvent was removed to give 8 (150 mg,

91%), mp. 190 °C. m/z (FAB) found 205.52 (MH") Calc. 204.2. Compound 8 was

directly used for the synthesis of 1 and 2 without purification).

Preparation of 4,4’-bis(phen)-/lethynyl)—Z,Z’-bipyfidine (1). A mixture of
heetylene terminated monomer 8 (150 mg, 0.73 mmol), PPh; (38 mg, 0.14 mmol),
Pd(PPh;),Cl, (50 mg, 0.07 mmol), Cul (40 mg, 0.07 mmo!) and C¢Hsl (167 pL,
I6 mmol} was stirred at room temperature in 3 mL of diisopropylamine for 15 h.
kﬂer removal of the solvent under reduced pressure, the crude product was
irified by column chromatography over basic alumina using a mixture (1:19) of
ﬁyl acetate and hexane to yield 136 mg (52 %) of 1 as white solid, mp. 202-204 °C.
ilNMR (300 MHz, CDCly): 6 8.70 (d, 2H), 8.5 (s, 2H), 7.6-7.4 (m, 12H); e

MR (75 MHz, CDCl5): & 149.02, 131.91, 131.96, 129.24, 128.50, 125.66,
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2345, 122.13, 94.46, 86.89. Exact mass calculated for C,sH;gN, (M) is

56.1313, found 356.0613 (EI high resolution mass spectrometry).

Preparation of 4,4’-bis[(4-methoxy)phenylethynyl]-2,2’-bipyridine (2). A
ixture of acetylene terminated monomer 8 (60 mg, 0.29 mmol), PPh; (15 mg,
)6 mmol), Pd(PPh;),Cl, (20 mg, 0.03 mmol), Cul (6 mg, 0.03 mmol) and
¢HsOMe (151 mg, 0.6 mmol) was stirred at room temperature in 3 ml of
isopropylamine for 15 h. After removal of the solvent under reduced pressure,
2 crude product was purified by column chromatography over basic alumina
ing a mixture (1:19) of ethyl acetate and hexane to yield 55 mg (45 %) of 2 as
iite solid, mp. 209-211 °C. 'H NMR (300 MHz, CDCl5): & 8.63 (d, 2H), 8.51 (s,
1), 7.48 {d, 4H), 7.36 (d, 2H), 6.91 (d, 2H), 3.85 (s, 6H). *C NMR (75 MHz,
bC]3): 5 148.95, 133.56, 133.26, 125.42, 123.26, 114.17, 85.95, 55.35. Exact

ass calculated for C,gH,oN,0, (M) is 416.1525, found 416.1548 (EI high

solution mass spectrometry).

ISynthesis of Ir[(Phbpy),]Cl,. A mixture of [rCl;.3H,0 (25 mg, 0.084 rx;mol)
d1 (90 mg, 0.25 mmol) was added to 4 mL of degassed ethylene glycol. The
iture was stirred at 180 °C under argon. atmosphere in the absence of light for
b. After cooling, the mixture was poured into an aqueous solution sa\turated with
bFs. The precipitate was allowed to settle overnight, filtered, washed with water
fi redissolved in chloroform. After drying over anhydrous Na,SO,, the solvent

B evaporated to get the crude product. It was then purified by column
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chromatography over neutral alumina using a mixture (1:3) of acetonitrile and
toluene to yield Ir[(Phbpy),]Cl; as yellow solid, the mass spectrum showed

fragmentation peaks at m/z 975.1271 and 977.1004 (MALDI mass spectroscopy).

4.4. Results and Discussion

4.4.1. Photophysical investigation

Absorption and emission properties. The absorption spectra of both the
ligands were recorded in solvents of varying polarity and rerﬁain more or less
unchanged. Absorption spectrum of 1 and 2 recorded in acetonitrile is shown
in Figure 4.1A. The absorption spectrum of 1 possesses well structured
vibronic bands in acetonitrile with maximum around 300 nm. A bathochromic
shift of 24 nm is observed for 2 (An.=324 nm), which may be due to the electron |
donating ability of methoxy group. The molar extinction coefficient of 1 and 2 at
their corresponding absorption maxima were found to be 4.83 x 10° M'em™ and
532 x 10" M 'em™, respectively.

The normalised emission spectra of the compounds 1 and 2 are presented in
Figure 4.1B. Both the compounds showed structureless emission spectra with
maximum at 360 and 423 nm, respectively. The Stokes shift for 1 and 2 in
acetonitrile were calculated as 5821 cm™ and 6883 ém", rgspectively. The large

Stokes shifts observed in these systems indicate that the change in geometry
asociated with the excitation of the molecules is considerable. Fluorescence

excitation spectra of 1 and 2 collected at their respective emission maxima are
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Figure 4.1 A) Absorptlon spectra of 1 (a) and 2 (b) and B) Emission
spectra of 1 (a) and 2 (b) in acetonitrile.

shown in the Figure 4.2 and matches well with the peak positions in the
corresponding absorption spectra. It is reported that the bipyridine compounds
possess low emission in nonaqueous solvents."”"” Fluorescence quantum yield
of both the compounds were determined in acetonitrile by the relative method
us\ing optically dilute solutions (absorbance at the exciting wavelength is 0.2) in

comparison with quinine sulfate (¢;=0.546). The quantum yields of 1 and 2 were
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Fluorescence lifetime measurements of 1 and 2 were carried out using
single photon counting technique. Compounds were excited at 355 nm and the
emission decays were followed at their respective emission maxima. Both the
compounds exhibits monoexponential decay in acetonitrile with lifetimes of 1.5 ns
for 1 and 2.3 ns for 2.

Transient absorption spectra. The triplet excited properties of 1 and 2 were
characterized using nanosecond laser flash photolysis experiments. The difference
absorption spectra, recorded immediately after the laser puilse excitation, possess
well defined band at 420 nm for 1 and 500 nm for 2 (Figure 4.3). These bands were
readily quenched in oxygenated solution and attributed to the triplet-triplet
absorption of the compounds. Lifetimes of the triplet excited states were estimated
in deacrated acetonitrile by fitting the absorption-time decay curves to first-order

kinetics. The triplet lifetimes of 1 and 2 were found to be 22 us and 10 ps,

respectively.
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e, 12.1 ps 0.02 c, .75 s \20 6
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Figure 4.3. Transient absorption spectra of A) 1 collected at various time
intervals from 0.28 to 36 us B) 2 from 0.18 10 21 ps following 268 nm
laser excitation (pulse width 5 ns). Inset of Figure 4.3A and 4.3B shows
the absorption-time decay curves monitored at 450 and 530 nm,

respectively.
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Fluorescence and phosphorescence at low temperature. Emission spectra of 1
and 2 in acetonitrile were recorded at low temperature (77 K) where the mo-lecu]ar
motions are more or less suppressed (Figure 4.4). Interestingly a large
bathochromic shift was observed for both the compounds at 77 K. By decreasing
the temperature, the emission maximum got shifted from 360 nm (298 K) to 410
nm (77 K) for 1 and from 423 nm (298 K) to 450 nm (77 K) for 2. The large
bathochromic shift observed in these compounds at low temperature may be due to
the interchange of the encrgy levels involved in the transition. The emission from
alower energy state may become predominant by decreasing the temperature.

Phosphorescence spectra of the compounds were measured in a SPEX
phosphorimeter equipped with a flash lamp. The signals from the sample, falling
on the photomultiplier, are collected by a control module for a preset length of
fime. Solutions were thoroughly degassed before all measurements. The
phosphorescence of 1 in methylcyclohexane showed a vibronically structured
band with a maximum at 456 nm (Figure 4.4A) and that of 2 in acetonitrile
appeared around 492 nm (Figure 4.4B). The phosphorescence intensity decay
exponentially with first order kinetics with time t, obeying the equation (4.1),

I =1 exp(-t/t) ) 4.1)
‘where 1y and I, are the phosphorescence intensities at ‘zero’ time and time ‘t’,
Irespectively. The phosphorescence lifetime (t) of both the compounds were

gstimated to be 0.8 ms.
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Figure 4.4. A) Fluorescence spectrum (a) of 1 recorded in acetonitrile and
phosphorescence spectrum (b) of 1 recorded at 77 K in methylcyclohexane
glass B) Fluorescence (a) and phosphorescence (b) spectra of 2 recorded at
77 K in acetonitrile.

4.4.2. Effect of complexation with H and Zn*" ions
Several conformers are possible for 2,2°-bipyridine in solution due to the
free rotation of pyridine molecules along thercarbon-carbon single bond and its
complexation with protons and a variety of metal cations have been reported.””’
Complexation of 1 ana 2 with Zn”"/H" ions in acetonitrile brings about
significantly different effects on their photophysical properties and these aspects

are presented in this section.

It has been observed that the absorption as well as emission of 1 and 2 are
highly sensitive to H” ions. In the present study, trifluoroac\etic acid (TFA) was
used for protonating the pyridyl nitrogens (Figure 4.5) and acetonitrile was used as
the solvent. In the case of unsubstituted cor_npound 1, the absorption spectral
features remain more or less unaffected at lower concentrations of TFA (< 2

equivalents). Interestingly, a decrease in absorbance of the vibronically structured

band in the spectral region of 280-300 nm, accompanied by the formation of a
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long wavelength band was observed with increase in the concentration of TFA
(Figure 4.5A). These changes were marked by the presence of a clear isobestic
point at 315 nm. The corresponding emission spectral changes are presented in
Figure 4.5B. As mentioned carlier, compound 1 possesses an emission maximum
at 360 nm with a very low quantum yield of 2.4‘ x 107, Addition of TFA results in
the lowering of emission intensity accompanied by the formation of an intense
band at 512 nm througﬁ a clear isobestic point at 400 nm (Figure 4.5B).
fnterestingly, a dramatic increase in the quantum yield of ﬂﬁorescence was
observed in presence of TFA. For example, ¢; of 1 in presence of 100 equivalents
of TFA is estimated to be 0.13; a 50 fold enhancement in the quantum yield.
Similar absorption spectral changes were observed on addition of TFA to
methoxy substituted compound 2. A decrease in the intensity of the absorption
band centered around 321 nm and the formation of a new band with maximum at
380 nm was observed with a clear isobestic point at 336 nm (Figure 4.5C).
Methoxy substituted compound 2 possesses an emission maximum at 423 nm with
high emission quantum yield (¢; =0.12) compared to 1 (Table 4.1). In contrast to
the results obtained for unsubstituted compound 1, a substantial decrease in

emission quantum yield was observed for 2 on addition of TFA (Figure 4.5D). The

quantum yield of 2 on addition of 100 equivalenis of TFA was estimated as

2.8x% 107,
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Figure 4.5. Absorption/emission spectral changes upon addition of TFA
to a solution 1 and 2 in acetonitrile: A) absorption spectra of 1 on addition
of TFA and B) the corresponding emission spectral changes, C)
absorption spectrum of 2 on addition of TFA and D) the corresponding
emission spectral changes.

Further, the changes in the intensity of absorption{emission for 1 and 2
were plotted against the equivalents of TFA added (Figure 4.6). These Figures
clearly indicate that the intensity reaches saturation at higher molar equivalents of
TFA (> 60 equivalents). It was already reported that on addition of protons, 2,2°-

bipyridines initially form a monopotonated species which is stabilised by the weak
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N-H'--N hydrogen bonding. Di-protonation will take place only at very low pH

and this will result in a hypsochromic shift in absorption.

e

-
9]
n
1
=
/]
T

-
=)
I
1

Absorbance
[

un

o

0 20 40 60 80 100
Equivalents of TFA

S &
(=] 9}
—T

Absorbance
=
Emission intensity (a. u.)

& s
=

20 40 60 80 100
Equivalents of TFA

=
Emission intensity (a. -u.)

Figure 4.6. Plot of the absorption/emission intensity for 1 and 2 versus the
equivalents of TFA added. A) absorption monitored at 299 nm (a) and 350
nm (b) and the emission at 514 nm (c) for 1 and B) absorption monitored
at 323 nm (a) and 378 nm (b) and the emission at 418 nm (c) for 2.

It is reported in the literature that Zn>* jons form luminescent complex with
2,2’-bipyridine. We have further examined the effect of addition of Zn*" ions on
" the absorption and emission properties of 1 and 2 and the spectral changes were
similar to that observed for TFA (Figure 4.7). The quantum yield of fluorescence
of 1 in presence of Zn>" ions is much higher than the monoprotonated form. For
example, in the presence of 10 equivalents of Zn**, ¢ is estimated as 0.33 (Figure
4.7B). As in the previous case, addition of Zn*" ions to 2 results in decrease in
emission intensity. In the presence of 10 equivalents of Zn', ¢ is estimated as
1.6 x 107 (Figure 4.7D). Chaﬁges in the intensity of absorption and emission were
plotted against the equivalents of Zn>" ions and a sigmoid type plot was observed

(Figure 4.8).
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Figure 4.7. Absorption/emission spectral changes upon addition of Zn*"
ions to a solution of 1 and 2 in acetonitrile: A) absorption spectra of 1 on
addition of Zn®" ions and B) the corresponding emission spectral changes;
C) absorption spectrum of 2 on addition of 7Zn*" ions and D) the
corresponding emission spectral changes.

Fluorescence lifetimes of 1 and 2 were measured by adding 100 equivalents
of TFA and 10 equivalents of Zn”" ions. The lifetimes were found to be much

higher when coordinated to proton and metal ions. Fluorescence maximum (A,
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quantum yield (¢¢), and lifetimes (1), of 1 and 2 in the absence and presence of

H'/Zn*" ions are presented in Table 4.1.
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Figure 4.8. Plot of the absorption/emission intensity for 1 and 2 versus the
equivalents of Zn** jons added. A) absorption monitored at 299 nm (a) and
335 nm (b) and the emission at 478 nm (c) for 1 and B) absorption

monitored at 323 nm (a) and 378 nm (b) and the emission at 420 nm (c)
for 2. '

Table 4.1. Photophysical properties of 1 and 2 in the absence and presence of

H'/Zn* ions in acetonitrile.

Aem,(nm)™ ¢ T (ns)"
1 2 1 2 - 1 2
- 360 423 | 24x10° 0.12 1.5 2.3
H" (100eq) | S512. 431 0.13 2.8x 107 3.5 1.7
Zn** (10eq.) | 484 494 033 1.6 x 107 3.1 3.2

) b . . 7
* fluorescence maxima; ° fluorescence quantum yield; °fluorescence lifetimes; ® error
limit < 5%.

Theoretical studies clearly indicate that compounds 1 and 2 in acetonitrile

exist in its frans conformation and the absorption originate from a n-n* transition

(Section 4.4.4.). Also we have confirmed from the theoretical studies that the
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monoprotonated forms of 1 and 2 exist in its cis conformation, stabilized by a
cationic hydrogen bond. The intensity of n-n* transition decreases on addition of
"H'/Zn** ions with the formation of a new band, absorbing in the red region
(Figure 4.5A,C and Figure 4.7A,C). The clear isobestic point observed in the
absorption spectra of 1 and 2 on addition of H'/Zn*" ions indicate the existence of
the complexed as well as uncomplexed forms. The new band formed at the long
wavelength region on addition of H'/Zn*" ions may be attributed to the
polarization due to the complexation as well as conformational changes.
Emission yield of the monoprotonated as well as Zn*" complexed forms of
1 is much higher than the non-protonated form. The non-protonated form of 1
exists mainly in its frans conformation in its ground state and several
co'nformatio‘ns are bossiblc in its excited state. However, the monoprotonated form
of the molecule exists in a locked cis conformation through N-H'--N bonding. The
* high emission yield of the cis conformation is attributed to its rigid structure which
prevents the deactivation through non-radiative channels. ~
Interestingly, methoxy substituted compound (2) possess higher quantum
yield of emission (¢;= 0.1 3) compared to unsubstituted compound 1 (¢;= 2.4 x 107)
and can be explained on the basis highly emissive charge transfer state for 2. The
charge transfer from methoxy to pyridyl moiety in the excited state leads to an
emissive state, which is not possible in unsubstituted system 1. Yamaguchi et al.

have developed a general concept for developing (p-phenyleneethynylene)s based
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37 Authors

emitters by introducing appropriate donor and acceptor groups.
succeeded in the creation of highly efficient light emitters by suitable end
modification such as introducing a methoxy-substituted benzene moiety as donor
and a pyridine moiety as acceptor on OPE based molecules. They concluded that
the emission efficiency depends on the existence of the dipolar structure in its
excited state. In the present case, upon addition of H*/Zn* ions, the emission yield
of 2 decreases. Interestingly a nonemissive charge transfer state was observed in the
case of 2 on adding H */7n*" ions, the excited state charge transfer ability of donor-
acceptor increases for methoxy substituted compound and emission yield decreases
due to enhanced decay through nonradiative channels.

The excitation spectra of both the compounds 1 and 2 were recorded in the
absence and presence of H'/Zn’* ions in acetonitrile. Figure 4.9 shows the

excitation spectra of 1 containing 10 equivalents of Zn”" fons and 100 equivalents

(=)

W

P

50 300 350 400

Wavelength, nm
Figure 4.9. Excitation spectra of 1 in the absence and presence of
TFA/Zn*" ions: (a) 1 monitored at 370 nm; (b) 1 in the presence of 100
equivalents of TFA monitored at 500 nm; (c) 1 in the presence of 10
equivalents of Zn>* monitored at 480 nm.
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of TEA (in comparison with 1). The excitation spectra recorded are similar to the
corresponding absorption spectra (Figure 4.5A and Figure 4.7A) indicating that

the emission originates from the complexed form.

Fluorescence and phosphorescence at low temperature in presence of TFA
and Zn”* ions. Fluorescence and phosphorescence spectra of 1 and 2, in the
presence of TFA (100 equivalents) and Zn*" ions (10 equivalents), were recorded
at low temperature in acetonitrile (Figure 4.10). We have observed a bathochromic
shift of 50 nm for compound 1 in acetonitrile (from 360 nm to 410 nm) on
decreasing the temperatﬁre to 77 K. In the presence of 100 equivalents of TFA,
compound 1 emits at 512 nm (Figure 4.5B) which is blue shifted to 435 nm on
decreasing the temperature to 77 K. Thus for 1 at 77 K, we observe a red shift in
fluorescence whereas its protonated form show a blue shift. More detailed
spectroscopic characterization is required, at low temperatures, for understanding

this behavior.

&

8 = :

7 1A s |B ab

: a b of

3 6_ \./3L

o 2z |

i | 7

g 4[- § 2t

s | =

& 4l 2 1F

g 21 :é * |
£ ¢ Lo B 000 500 600 700
= 400 500 600 700 ™=

Wavelength, nm Wavelength, nm
Figure 4.10. Fluorescence (a) and phosphorescence (b) spectra of 1
recorded at low temperature (77 K) in presence of: A) 100 equivalents of
TFA B) 10 equivalents of Zn®".
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Further we have compared the low temperature fluorescence and
phosphorescence spectra of 1 and 2 in the presence of H'/Zn>" ions. In the
presence of H'/Zn*" ions, the fluorescence (at 77 K) and phosphorescence band of
1.are well separated whereas in the case of 2 both the bands are close lying
(Figures 4.10 and 4.11). These results indicate that both monoprotonated as well
as the Zn*" complexed forms of 2 have close lying S; and the T, energy levels

(Figure 4.11).
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Figure 4.11. Fluorescence (a) and phosphorescence (b) spectra of 2
recorded at low temperature (77 K) in the presence of: A) 100 equivalents
of TFA B) 10 equivalents of Zn*".

4.4.3. Photophysical characterization of Ir(Phbpy),Cl; complex

The photophysical properties of Ir(Phbpy),Cl, complex were characterized
using steady state and time resoived spectroscopy. The absorption spectra of the
Ir(Phbpy),Cl, and compound 1 (for comparison) were recorded in acetonitrile and
presented in Figure 4.12A. The complex possesses two hiéh energy bands at 285
nm and 322 nm and a low energy band at 415 nm. The spectral features of

Ir(Phbpy),Cl, complex were compared with similar iridium complexes®>™* and the
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absorption spectrum of the ligand (1). Based on the comparison, the high energy
bands are attributed to m-n* transition of the ligand which is red shifted due to
binding with the iridium. The weak absorption band at 415 nm is attributed to the
" metal to ligand charge transfer (MLCT) transition originating from the filled metal

d orbitals to n* orbital on the ligand, which is a forbidden transition.

A 3 gl
§ 0.2 5* 6l
< = L
2 b4
S 0.1 g4
2 0. = |
< S 12l
!
i 4 E ) . 1 .
300 400 500 = | 500 600 700
Wavelength, nm Wavelength, nm

Figure 4.12. A) Absorption spectra of Ir(Phbpy),Cl, complex (a) in
~ comparison with 1 (b) and B) the emission spectrum of the Ir(Phbpy),Cl,
complex recorded in acetonitrile (degassed) at room temperature.

The emission spectrum of the complex is presented in Figure 4.12B and the
maximum of the emission band appears at 528 nm. The quantum yield of
luminescence of degassed solution of the Ir(Phbpy),Cl, in acstonitrile at room

temperature is found to be high (¢; = 0.30) compared to the corresponding iridium

complex with 2,2’-bipyridiﬁe (¢r of Ir(bpy)2C.12=0.075).33 The luminescence

lifetime collected by exciting at 400 nm is found to be high (0.9 us). By

considering the previous reports on similar systems,*** luminescence of
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Ir(Phbpy),Cl, complex may be ligand centered orginating from the *(n-n*) of the
ligand.

The spectral features of the excitation .spectrum (Figure 4.13A) of the
complex collected at 528 nm were similar to the absorption spectrum. The
phosphorescence spectrum (trace b in Figure 4.13B) of Ir(Phbpy),Cl, corﬁplex
possesses a maximum at 600 nm. This transition may be originating from the
triplet state of the MLCT band. The phosphorescence lif:time measurements
showed the presence of two components; short lifetime component of 0.054 ms

and long lifetime component of 0.27 ms.
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Figure 4.13. A) Excitation spectrum of Ir(Phbpy),Cl collected at 524 nm
in acetonitrile B) Emission (a) and phosphorescence (b) spectrum
collected at 77 K in acetonitrile.

The emission spectrum of It(Phbpy),Cl, collected at low temperature is
more or less an additive spectrum of phosphorescence (trace ‘b’ in Figure 4.13B)
and room temperature luminescence (Figure 4.12B). At room temperature, the
emission from the lowest emissive state can be predominant; however with

decrease in temperature, emission from other states will also contribute due to lack
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of solvent reorganization. More detailed spectroscopic characterization is required,

at low temperatures, for characterizing various transitions.

-

4.4.4. Theoretical investigation

Phenyleneethynylene based bipyridine systems (1 and 2 in So;hemc 4.1)
were optimized at B3LYP/6-31G* level density functional theory (DFT)
methods.>*® The basic photochemical properties of these systems were
investigated by ﬁlcans of quantum chemical calculations employing mainly the

4749 as well as

time-dependent density functional theory (TDDFT) formalism
Zerner’s intermediate neglect of differential overlap (ZINDO/S) method.*® For all
the calculations, Gaussian03>' suit of programs were used.

It has been reported that bipyridines exist in nearly trans planar
conformation in the solution and the X-ray crystallographic studies have revealed
more or less similar ax;rangements in the solid state.” Repulsion between the lone
pair on nitrogens destabilize the cis conformation of the bipyridines. A non planar
conformation is obtained as local minimum for the cis conformation of both 1
(1_cis) and 2 (2_cis) with a carbon-nitrogen-nitrogen-carbon (CNNC) dihedral
angle of around 34°. The energy difference between the most stable planar trans

conformer and the non planar local minima of the cis conformer is calculated to be

3.5 kcal/mol for both the compounds (Figure 4.14).
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Figure 4.14. More stable trans conformers of A) 1 and B) 2 and local
minimum structures obtained for C) 1 and D) 2 by B3LYP/6-31G*
method in acetonitrile.

Conformational analysis of 2,2’-bipyridines also gave similar results with
twisted geometry for the c¢is isomer and a completely planar conformation for
trans bipyridine. Solution state dipole moment measurements indicated a twist
angle of 20° for bipyridines in the trans fOﬂT\.23 The same deviation can be
expected for phenyleneethynylene based systems 1 and 2 since the substituents at
the 4,4" positions do not influence the conformation of the molecule.

The conformational analysis of the monoprotonated form of 1 and 2 were

also investigated using B3LYP/6-31G* method and the results were similar to that
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of monoprotonated 2,2’ -bipyridine.*’

Out of the two stable planar conformations
of the monoprotonated form ( I_cis_H,‘l_trans_H), the most stable conformer is
the cis conformation (1_cis_H). Thé energy difference between the cis and trans
conformers is found to be about 3.4 kcal/mol. The energy required to ovércome
the repulsion of ortho hydrogens is gained from the extra stability attained by the
~N-H"--N- hydrogen bonding. This is more evident from the structural features of
monoprotonated forms of 1 and 2 (Figure 4.15A), where the ~N1-C1-C3- bond

angle on the cis conformer is shorter with a value of 116° than the C2-C1-C3 bond

angle (126°).

1_cis_H 1_trans_H

Figure 4.15. A) More stable cis conformation of protonated 17and B) less
stable trans conformer.

Using optimized geometries obtained by B3LYP/6-31G* level, the first 20
lowest lying excited states h;we been calculated at TDDFT and ZINDO/S levels.
Calculated wavelength of transitions for 1 and 2 obtained by TDDFT method were
in good agreement with the experimental vaiues. For the protonated corﬁpounds

(1_cis_H and 1_trans_H) the TDDFT calculations were not in agreement with the
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experimental values. The results obtained at the ZINDO and TDDFT level of
theory were in good agreement for all the systems.

Analysis of the molecular orbitals eliminated the possibility of any charge
trans%er transition from the lone pair of nitrogen to m* orbital (n-nt* transition).
The transitions in the molecules are mainly 7t-* in nature. The molecular orbitals
participating in the transitions of 1_trans are depicted in Figure 4.16. The lowest
allowed transition is from HOMO-1 to LUMO and the band appears at 318 nm
with oscillator strength of 0.9640. Next higher energy absorption band s from
HOMO to LUMO+! which appears at 309 nm. The molecular orbital features of

HOMO and HOMO-1 are similar in nature and they are very close in energy.
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Figure 4.16. Molecular orbitals mvolved in the transition ofl _trans.
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The experimental absorption spectrum of 2 has a broad band with
maximum at 324 nm. The caiculated absorption spectrum possesses three peaks;

lowest energy band appeared to be from HOMO-LUMO, with very weak
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.

oscillator strength. Two other peaks'with considerable oscillator strength appear at
337 nm and 326 nm respectively. The orbitals involved with the corresponding

oscillator strength are shown in Figure 4.17.
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Figure 4.17. Molecular orbitals involved in the transition of 2_trans.
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From the molecular orbitals involved in the transition of both 1_trans and
2_trans. it can be seen that the excitation of the molecules causes a shift in the
clectron density from the phenyl rings to the bipyriaine ring. But there is no
complete charge transfer as observed in the case of push-pull donor-acceptor
systems. The features of the HOMO and HOMO-1 in both the molecular systems
are very similar and the energy difference between the MOs is very less. In both
the cases the transition from HOMO to LUMO is less preferred with low oscillator
strength. Comparing the molecular orbitals involved in the transition, it is evident
that both the molecules behaves similarly and there is no involvement of the n-n*

orbitals in the transition.
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Further to obtain an insight on the reversal of emission behavior of both the

compounds in presence of TFA, {nolecular orbitals involved in the corresponding
transitions were investigated for 1 _cis H and 2_cis_ H (Figure 4.18). The
transition energies obtained for the protonated form of both the systems are not in
concordance with the experimentél value. The TDDFT method shoWed a deviation
of around 50 nm from the experimental value for the first transition. The four
transitions originate from both HOMO and HOMO-2 out of which two transitions
were of very low oscillator strength. These transitions showed a charge transfer
nature which involves a complete transfer of electron density from the
phenylethynyl arm towards the bipyridine core. Similar orbital features were
observed for both the compounds 1_c¢is_H and 2_cis_H.

Further the probabilities for the existence of the triplet states were also
analyzed by theoretical methods. As we know that the intersystem crossing
becomes more efficient when the singlet and triplet states have comparable
energies. In all the molecular systems under study, the triplet state exists in close
proximity with the singlet state and the difference in emission behavior in both the
cases could not be rationalized conclusively using theoretical techniques. From the

molecular orbital analysis, we could eliminate the possibility of interplay of n-n*

and m-n* transitions.
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Figure 4.18. Molecular orbitals involved in the transition of 1_cis_H
and 2_cis_H.
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Transition state analysis. Recently, Grummt et.al. have reported the barrier of
intramolecular proton transfer from one pyridine ring to another in the gas phase
as 46.3 kJ/mol.** The transition state of monoprotonated forms, namely 1_cis_H
and 2_cis_H, were determined and‘the distance of the proton from eéch pyridine
ring was calculated to be 1.3 A, in both cases. The energy barrier of proton
transfer in both cases is around 44.7 kJ/mol and 44.8 kJ/mol, respectively. The

structure of the proposed transition state for 1_cis_H is shown below.

. e

Figure 4.19. Transition state obtained for 1_cis_H.

4.5. Conclusions

Two bipyridine derivatives bearing substituted phenyleneethynylene units
(1 and 2) were synthesized and investigated their photophysical properties. Based
on various experimental and theoretical investigations, we have concluded that the
absorption in these systems originate from n'-n* transition and any involvement of
n-n* transition is ruled out. The high emission ‘yield of methoxy substituted
compound, 2 (¢;= 0.12) compared to unsubstituted compound 1, (¢;=2.4 x 107) is

attributed to the highly emissive charge transfer state of 2. The intensity of m-m*
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transition of 1 and 2 decreases on addition of H'/Zn*" ions along with the
formation of a red sﬁiﬁed band. The newly formed band at the long wavelength
region may be aftributed to the polarization due to the complexation as well as
conformational changes. Complex of 1 with H*/Zn*" ions is highly emissive due to
the existence of a locked cis conformation that prevents the deactivation through
non-radiative channels. The newly synthesized iridium complex (Ir(Phbpy),Cl,)
possesses excellent luminescent properties (¢ = 0.30; 1 =0.9 ps) having potential

application in optoelectronic devices.
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