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PREFACE

Design and development of organic donor-acceptor small molecules for
optoelectronic applications is an active area of current research due to their distinct
advantages like easy synthesis, excellent purity and tunable band gap. In this regard,
the present thesis describes design, synthesis and photophysical properties of few
organic donor-acceptor dyads and investigation of their utility as emitters in the
organic light emitting diodes and as metal ion sensors. This thesis is organized into
four Chapters. The Chapter 1 gives a brief introduction to the organic donor-acceptor
molecules and their applications especially in the area of organic light emitting diodes
and chemosensors. Recent developments in these fields and major objectives of the
current thesis are also highlighted in this chapter.

The second Chapter deals with the design and synthesis of solution
processable green emitting organic D-m-A dyads 1 and 2, combining electron
donating phenoxazine and accepting oxadiazole groups and investigation of their
photophysical, thermal, electrochemical, morphological and device performance
aspects. To understand the intramolecular charge transfer between the donor and
acceptor moieties, the position of the phenoxazine moiety at the phenylene linker has
been changed from para- in the dyad 1 to meta- in the dyad 2. These dyads showed
substitution dependent absorption properties and green emission with fluorescence
quantum yields of 0.18 and 0.03, respectively in toluene. Similar absorption and

emission behaviour was observed in the film state.

viii



Furthermore, the solvent dependent studies have showed negligible changes
in the absorption spectra, while a red shift in the emission spectra was observed upon
increasing the solvent polarity. Lippert Mataga plot was employed to calculate the
changes in the dipole moment between the ground and excited states and these dyads
were found to have intramolecular charge transfer (ICT) character in the excited
states. Interestingly, these molecules exhibited lower AEsr values (< 0.26 eV), which
makes them effective for reverse intersystem crossing and delayed fluorescence
emitters. The optimised geometries obtained via DFT calculations using B3LYP-
6311G functional showed that the HOMO and LUMO were exclusively centred on the
donor and acceptor moieties, respectively. Moreover, these systems were found to be
thermally stable up to 425 °C. The AFM images of solution processed films revealed
smooth and homogeneous film morphologies. The solution processed un-doped
OLEDs were fabricated with device configuration having ITO (120 nm)/ PEDOT: PSS
(40 nm)/ dyad 1 or 2 (50 nm)/ TPBi (40 nm)/ LiF(1 nm)/ Al (100 nm). The dyads 1
and 2 showed green electroluminescence having Amax at 504 nm and 505 nm with CIE
coordinates of (0.26, 0.49) and (0.27, 0.47), respectively. Of these systems, the device
based on the dyad 1 exhibited a luminance maximum of ca. 1751 cd m=,
demonstrating thereby its potential use in OLED applications.

Among the various luminescent systems, emitters of deep blue
electroluminescence with excellent colour purity have great deal of importance as
these are one of the important components for fabricating white OLEDs. In this
context, design and synthesis of deep blue emitting, solution processable organic D-1-

A dyads and investigation of their photophysical, electrochemical, thermal, and

IX



morphological and device performance aspects forms the subject matter of Chapter 3.
The designed molecules were incorporated with electron donating carbazole and
accepting oxadiazole groups linked through a phenylene linker by para- (for the dyad
1) and meta- (for the dyad 2) substitution. In addition, these unsymmetrical
structures with long alkyl chains were adopted to achieve better solubility in organic
solvents. We observed a similar trend in the substitution dependent absorption and
emission spectra of the dyads 1 and 2 as in the case of phenoxazine derivatives
described in the Chapter 2. That is, the absorption band correspond to ICT at 350 nm
was found to be suppressed as the position of donor changed from para- in the dyad
1 to meta- in the dyad 2. These dyads showed deep blue emission with fluorescence
quantum yields of 0.88 and 0.11 in toluene. Upon changing the solvent polarity, we
observed a minimal change in the absorption spectra and increased red shift in the
emission spectra. The observed large change in the dipole moment between the
ground and excited states of these dyads suggest intramolecular charge transfer (ICT)
between the donor and acceptor moiety. Furthermore, the fluorescence and delayed
fluorescence for these dyads was studied by time resolved fluorescence experiments.
Both these dyads were found to be thermally quite stable up to 390 °C and solution
processable by forming a homogeneous film. The solution processed un-doped OLEDs
based on these dyads 1 and 2, exhibited deep blue electroluminescence in NUV region
having Amax at 410 nm and 408 nm with CIE coordinates of (0.16, 0.07) and (0.16,
0.05), respectively, having high colour purity. The devices based the dyads 1 and 2

showed a maximum luminance of ca. 62.17 and 61.45 cd m~2, respectively.



The design and investigation of metal ion recognition aspects of a new
colorimetric chemosensor based on diethylaminoquinoline carbaldehyde (AQC)
forms the subject matter of the Chapter 4 of the thesis. The probe was synthesized in
quantitative yields and its sensing behaviour towards various metal ions has been
investigated through photophysical, IR and NMR techniques under different
conditions. The probe AQC was found to selectively interact and detect Cu?* and Hg2*
ions from a mixture of transition metal ions with an easy, well defined naked eye
visible colour changes from yellow to colourless and pink, respectively. The
uniqueness of this system is that it forms stable 1:1 stoichiometric complexes
involving diethylamino moiety for the selective recognition of Cu?* ions with a
detection limit of 25 ppb. In contrast, it forms a 2:1 stoichiometric complex involving
quinoline nitrogen and aldehyde functionality for the selective recognition of Hg2*
ions, and showed a detection limit of 360 ppb. The association constants for both Cu?*
and Hg?* ions complexes were determined and are found to be ca. 2.1 + 0.1 x 104 M-1
and 1.29 + 0.2 x 108 M2, respectively. Uniquely, we have fabricated a simple solid
state dipstick device that can be used for the easy visual detection of Cu2* and Hg?+
ions in the aqueous medium, demonstrating thereby its effective use for the heavy

metal ion analysis in water.

Note: The numbers of various compounds given here correspond to those given under the

respective chapters.
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Chapter 1

Organic Donor-Acceptor Systems for

Optoelectronic Applications: An Overview

1.1. Introduction

The organic donor-acceptor systems are of great interest due to their significant
advantages like easy synthesis, high purity and tunable band gap energy over their
polymer and inorganic analogues.! Understanding the structure-property relationship
of these molecules has great importance as this would help us to develop new and
simple organic molecules with multifunctional properties. The optical, electrochemical
and electronic properties of such organic donor-acceptor systems can be fine-tuned by
various structural modifications and functionalizations.? In these molecules, due to the

D-A interaction, a new low energy molecular orbital of intramolecular charge transfer



Chapter 1: Organic donor-acceptor systems for OLEDs and chemosensors

(ICT) state is possible and the electrons in this state can be easily excited using visible
light. The ICT causes the polarization of the D-m-A structure and generation of a large
molecular dipole. The ICT characteristics of donor-acceptor small molecules can be
demonstrated by the UV/Vis absorption spectra of aniline, nitrobenzene, 4-nitroaniline
and 3-nitroaniline (Figure 1.1).3 Aniline and nitrobenzene show absorption only in the
UV region, whereas 4-nitroaniline shows intense and bathochromically shifted
absorption maxima, which is assigned to ICT-band. In contrast, 3-nitroaniline exhibits
only a diminished CT-band as a result of a non-conjugating arrangement of the amino
donor and the nitro acceptor groups. In other words, due to the meta-substitution of

electron withdrawing nitro group, the ICT has been suppressed in 3-nitroanline.

08 p—

04 p—

Absorbance

02—

00 p—

250 200 350 400 450 500

Alnm

Figure 1.1. UV/Vis spectra of D-m-A systems based on aniline and nitroaniline.

Reproduced with permission from Reference 3 and RSC Copyright 2014.

In general, the optoelectronic properties of a D-A system can be tuned either
through the donor unit, acceptor unit or m-spacer which connect the donor and

acceptor units in the molecules.* The widely used electron donor moieties have

2



Chapter 1: Organic donor-acceptor systems for OLEDs and chemosensors

functional groups possessing +M effect such as N,N-dialkylamino groups (-NR2), alkoxy
groups (-OR) or electron rich heterocyclic moieties such as thiophene, carbazoles,
phenoxazines etc. The optoelectronic properties can be modified through donor units
by i) introducing a stronger or weaker donor group; ii) addition of one or more donors;
and iii) changing the position of donor unit across the acceptor unit in a conjugating or
non-conjugating arrangement.> The m-conjugated bridge between the electron donor
and acceptor moieties can be a combination of multiple bonds, aromatic or
heteroaromatic groups. It was found that the incorporation of a heterocyclic moiety into
the system provides significant advantages of higher chemical and thermal stability,
acid-base and chelating properties, non-centrosymmetry etc.® On the other hand, the
most used electron acceptors involve substituents featuring —M effects such as -NO, -
CN and -CHO or electron deficient heterocyclic compounds such as, benzothiazole,
oxadiazoles, quinoxalines, imidazoles etc. In this context, numerous studies have been
carried out on the donor-acceptor molecules in recent years to understand the effect of
donor, acceptor groups as well as m-linkage.” In this thesis, we have particularly focused
on the strength and position of the donor moieties to develop novel multifunctional
molecules.

The organic D-A systems have been extensively explored for many potential
applications including organic light emitting diodes,? biological labeling,® photodynamic
therapy,1? photosensitizers,!! nonlinear optics,2 chemosensors,!? photocatalysts,1# for
organic synthesis,!> singlet oxygen sensitizers,1¢ and dye sensitized solar cells!? (Figure
1.2). In this chapter, we primarily focused on applications of such organic donor-

acceptor systems in OLEDs and as metal ion probes.
3



Chapter 1: Organic donor-acceptor systems for OLEDs and chemosensors

Diagnosis

'ﬂ"\ i@

Photodynamic therapy

Figure 1.2. Applications of the organic D-m-A systems inspired from the attractive

photophysical properties.
1.2. Organic Light Emitting Diodes (OLEDs)

The organic light emitting diodes (OLEDs) in which an organic emissive film is
sandwiched between a cathode and a transparent anode, which emits light in response
to an electric current. The structure of most common OLEDs consist of five functional
layers including hole injection layer (HIL), hole transporting layer (HTL), emission layer
(EML), electron transporting layer (ETL), and electron injection layer (EIL). Up on
electrical excitation, the electrons move from the cathode and holes move from the

anode. At the emissive layer, an exciton is generated and the recombination of electron-
4



Chapter 1: Organic donor-acceptor systems for OLEDs and chemosensors

Cathode 2-10V
ETL Al d & -
Emitting | 4 1 g [ .- o )
layer i L §
) ETL S
&
S ~ e s
-~ - (<)
HIL 4 < _HIL 33'5/
Glass _(7
substrate \ ] /
Anode

Emitted light

Figure 1.3. Basic structure and working principle of a typical OLED system.

hole pair produces emission corresponds to the energy gap of the material (Figure
1.3).18 OLEDs of various emission colors are possible with emitters of suitable band gap.
This area of research has been started by the pioneering work of Tang and co-
workers,1? in which they have developed a multilayer OLEDs using AlQz as an emitter.
After that, a wide range of materials have been developed and these efforts are still
continuing to get efficient, cost effective and solution processable emitters with
excellent color purity.20

OLEDs provide a wide variety of possibilities for making them superior to liquid
crystal displays (LCDs), inorganic LEDs and fluorescent tubes. OLED displays do not
require a backlight and so they are extremely thin (<400 nm) and compatible with any
simple substrates. Their solution processability makes them easy to fabricate and
reducing the cost of devices. The devices with a variety of colors and functionality are
possible as one can easily tune the properties of the organic materials by changing the
functional groups. Compared to LCDs, OLED displays provide improved image quality

like better contrast, higher brightness, wider viewing angle (>160°), a fast response

5



Chapter 1: Organic donor-acceptor systems for OLEDs and chemosensors

time (ps and less) and lower power consumption (2-10 V). They can also be made
transparent, flexible and foldable. This creates many possibilities for innovative and
distinct applications such as e-papers, wearable devices, transparent windows or car
windshields etc. In spite of many advantages, there are still a few drawbacks limiting
OLEDs mass production. The disadvantages of OLEDs are mainly related to their
stability and lifetime. The organic materials can easily be damaged by the presence of
UV light, oxygen and humidity. Since high band gap materials usually degrade faster, the
blue OLED pixels have a very different life span from the green and red pixels. Extensive
efforts in encapsulation techniques, device structures and material synthesis are still

needed to extend the lifetime of the device based on such systems.

1.3. Classification of Organic Emitters

The organic small molecules based luminescent materials are categorized as the
conventional fluorescent materials and phosphorescent materials. The fluorescent
materials are generally known as first generation materials, which can harvest only the
singlet excitons (25%), generated by electrical excitation (Figure 1.4). For real practical
applications, these materials are limited by their low efficiency in device performance.
On the other hand, the organo-transition metal complexes known as phosphorescent
materials can harvest both singlet and the more populated triplet excitons (75%),
which could attribute their high external quantum efficiencies (EQEs).21 The efficiencies
of phosphorescent OLEDs are found to be four times higher than that of the
conventional fluorescent OLEDs. However, phosphorescent OLEDs containing

transition metal based compounds are rather expensive and unsustainable because
6
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they are made of rare metals like Ir or Pt, which limit their commercial applications.?2
While OLEDs containing Cu (I) complexes that exhibit high EQE comparable to those
with transition metal complexes have been demonstrated as an alternative, but possess
relatively low reliability and high driving voltage.23 Therefore, both conventional
fluorescence and phosphorescence based OLEDs have many disadvantages when

compared to their advantages.
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Figure 1.4. Jablonski diagram showing the ground and excited state properties of

fluorescent and phosphorescent emitters.

Recently, Adachi and co-workers developed a third generation material, which
can harvest both singlet and triplet exciton by thermally activated delayed fluorescence
(TADF) mechanism.24 In TADF, the lowest triplet excited states (T1), which are normally
non-emissive, are converted to the emissive lowest singlet excited states (S1), via an
intersystem crossing (ISC) by thermal activation. A small energy difference between S
and T states (AEst) is needed to realize efficient TADF. A small AEst value means that

there is a small overlap integral between the wave functions of the ground and excited
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Figure 1.5. (A) Pictorial representation of the strategy for realizing small AEsr in
organic molecules for TADF. (B) Modified Jablonski diagram for a molecule exhibiting
TADF property.

states of a luminescent molecule and thus, minimizing the electron-electron repulsion
between the orbitals in the triplet state [Figure 1.5]. The overlap between the wave
functions can be effectively minimized in D-m-A molecules by localizing the electron
densities of the HOMO and LUMO on donor and acceptor moieties, respectively. An
additional steric separation between the acceptor and donor units helps to localize the
electron densities and that can be effectively achieved by introducing a spiro junction or

bulky substituent between the acceptor and donor units.

1.4. Donor-Acceptor Type Emitters for OLEDs

In general, TADF molecules have donor-acceptor structure with a large
steric hindrance or twisted structure between the donor and acceptor units.
Different kinds of donor and acceptor groups have been used to develop

donor-acceptor type TADF molecules. The aromatic amines of carbazole,
8
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diphenylamine, phenoxazine, phenothiazine, 9,9-dimethyl-9,10-dihydroacridine,
5-phenyl-5,10-dihydrophenazine, 5,10-dihydrophenazine and their derivatives
were widely used as donor groups due to their stability, strong electron donating
ability as well as high triplet states. On the other hand, various types of acceptors
were used in these donor-acceptor molecules to tune their emission color,
excited state lifetimes and fluorescence quantum yields. A discussion on the
major properties of donor—acceptor combinations based on the acceptor units is

discussed below since this thesis focused mainly on such systems for OLEDs.

1.4.1. Cyano substituted acceptors

Due to the strong electron withdrawing character, the cyano group has
been widely employed to construct strong acceptors in the D-A structures with
intramolecular charge transfer properties. Adachi and co-workers have
developed a series of highly efficient TADF emitters using carbazole as a donor
and dicyanobenzene as an electron acceptor (Chart 1.1).25 High
photoluminescence (PL) efficiency and various emission colours were achieved
by changing the number and the relative position of the donor and acceptor units
in these emitters. It was found that, the cyano group suppresses both non-
radiative deactivation and changes in the geometries of the S; and T states of
these molecules, leading to high quantum efficiency. The authors have achieved
molecule 3 with green emission (507 nm), 6 with orange emission (577 nm) and
1 with sky blue emission (470 nm). Moreover, the HOMOs and LUMOs of these

emitters were localized on the donor and acceptor moieties, respectively, and

9
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4:R
5:R
6:R

Chart 1.1. Molecular structures of D-A systems 1-6, Me-methyl; Ph-Phenyl.

thus small values of AEst were achieved. The carbazolyl units in these dyads were
twisted from the plane of dicyanobenzene due to steric hindrance. The multilayer
green OLEDx using emitter 3 in 4,4’-bis(carbazol-9-yl)biphenyl (CBP) a host
resulted in high EQE of 19.3 * 1.5%. In addition, the sky blue device in 2,8-
bis(diphenylphosphoryl)dibenzo[b,d]thiophene (PPT) and orange device in CBP

demonstrated EQEs of 8.0 + 1% and 11.2 * 1%, respectively.

1.4.2. Triazine substituted acceptors

The triazine group has three potential modification sites and is highly electron
deficient moiety. The aromatic amine-triazine hybrids composed of electron donating
aromatic amine and electron accepting triazine units are widely reported for OLEDs.26
These types of materials show excellent thermal, morphological, optical and electrical
properties. Among the various reported molecules, Kaji and co-workers presented a

molecular design strategy to achieve a small AEst by utilizing meta- linking between the

10
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donor and acceptor moieties (Chart 1.2).27 The electron donating carbazolyl groups
were substituted on to an electron accepting triphenyltriazine unit through meta- (in
molecule 7) and para- (in molecule 8) linkage. The meta-substituted compound 7
exhibited a lower AEst compared to the para-substituted compound 8 due to the poor
overlap between HOMO and LUMO orbitals. Therefore, by simply changing the linkage
position between electron-donating and electron-accepting moieties, the AEst of
fluorescent molecules can be reduced without further chemical modification. Further,

the meta- linking strategy was explored to develop various emitters.28

Goi, fod

Chart 1.2. Molecular structures of the D-A systems 7-10 reported.
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Adachi and co-workers introduced a twisted configuration into the molecule by
selecting phenoxazine instead of carbazole as the donor unit.2° The phenoxazine unit

has a morpholine like six membered ring and which causes steric repulsion towards

11
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any neighboring substituent. Moreover, the intramolecular charge transfer properties
these systems can be tuned by a relatively strong donor phenoxazine instead of a weak
donor carbazole. In the case of 9, the phenoxazine unit provides a unique molecular
geometry to achieve an effective separation of HOMO and LUMO levels and induces the
charge transfer transition. The oxygen atom of phenoxazine localizes the electron
density distribution of the HOMO onto the donor unit. For the reason that the overlap
between HOMO and LUMO was small, the exchange interaction between two electrons
in HOMO and LUMO was effectively less, and as a result AEst is quite small and
calculated to be 0.070 eV for the dyad 9. The fabricated multilayer OLED using the
emitter 9 as the emissive layer exhibited an EQE of ca. 12.5% with green emission.

Wu and co-workers3? have reported another system 10, which was derived from
the dyad 9, in which the phenoxazine donor is replaced with the 9,9-dimethyl-9,10-
dihydroacridine unit (Chart 1.2). The system 10 showed excellent luminescence
characteristics both in a host and un-doped films. At room temperature, the dyad 10
doped with 9-(3-(9H-carbazol-9-yl)phenyl)-9H-carbazole-3-(carbonitrile) (mCPCN)
exhibited a high PLQY of ca. ~90%, higher than that of 9 (ca. 66%). The compound 10
as an emissive layer achieved high EQEs of up to ca. 26.5% in a device using a host and

ca. 20% for an un-doped device.

1.4.3. Diphenyl sulfoxide substituted acceptors

As the oxygen atoms of the sulfonyl group are highly electronegative, this group
has significant electron withdrawing properties and thus the diphenyl sulfoxide has

been exploited as an effective accepter moiety. In addition, the sulfonyl group of

12
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diphenyl sulfoxide has a tetrahedral geometry and which limits the conjugation of the
molecules. Adachi and co-workers have synthesized a deep blue emitter 11 (Chart 1.3),
which is based on diphenyl sulfoxide as the acceptor and carbazole as the donor
group.3! The tert-butyl groups on the donor unit were introduced to enhance the
electron donating ability. The PLQY of the compound in the host, bis[2-
(diphenylphosphino)phenyl]ether oxide (DPEPO) film was found to be 0.80 (Amax, 423
nm). Using the doped DPEPO films as the emitting layers, a multilayer device was
fabricated and achieved an EQE of ca. 9.9%. The CIE coordinates for the EL of the device
were (0.15, 0.07), which were very close to those of the National Television Standards
Committee (NTSC) standard blue values of 0.14, 0.08. In another report, Sun and co-
workers have studied the impact of the change in the position of 3,6-di-tert-

butylcarbazole units by fixing the position central diphenyl sulfone backbone in the

@ﬁ‘”@@ C O @
o\© ©/0

Chart 1.3. Molecular structures of D-A systems 11-14 based on diphenyl sulfoxide.
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emitter 11 (Chart 1.3). When 3,6-di-tert-butylcarbazole is linked at the meta position,
the energy gap between the singlet and triplet states of 12 was reduced and as a result
the TADF properties were enhanced.32

Further, Adachi and co-workers have reported diphenyl sulfone derivatives
containing different donor units in order to understand the effect of donor units.33 The
dyads 13 and 14 combine phenoxazine and 9,9-dimethyl-9,10-dihydroacridine instead
of carbazole donor units. In oxygen-free toluene solution at room temperature, the
PLQYs of these two compounds were found be ca. ~80%. The singlet-triplet energy
gaps were reduced to almost 0.08 eV for these two derivatives. The devices using the

dyads 13 and 14 achieved the highest EQEs of ca.17.5% ca. 19.5%, respectively.

1.4.4. Thianthrenetetraoxide substituted acceptors

Su and co-workers have introduced a new acceptor unit, thianthrene-9,9’,10,10’-
tetraoxide, which was derived from the diphenyl sulfone group. In this context, two
emitters 15 and 16 were synthesized using the new acceptor unit along with 9,9-
dimethyl-9,10 dihydroacridine and phenoxazine as the electron donor units.3* The
HOMOs were mainly located on the donor moieties due to their strong electron
donating properties. Because of the strong electron withdrawing ability of the acceptor
unit and the extended m-conjugation, the LUMOs were dispersed over the phenyl bridge
and the acceptor unit. From the fluorescence and phosphorescence spectra, AEst of 15
and 16 were estimated to be 0.058 and 0.048 eV, respectively. The devices based on
these systems 15 and 16 co-deposited with CBP at a concentration of ca. 6 wt% as EML

showed quite low turn-on voltages of 3.5 V and 3.7 V, indicating efficient charge-

14
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Figure 1.6. Chemical structures of 15 and 16 with their OLED structures, EQE for
evaporation and solution processable OLEDs. Reproduced with permission from

Reference 34. Copyright 2015 John Wiley & Sons.

carrier injection and transport into EML in such a device structure. The device
based on 15 emitted green light with a maximal current efficiency (CE) of 61.8 cd
A-1, power efficiency (PE) of 54 Im W-1, and an EQE of ca. 19.2%. In addition, the
device based on 16 exhibited an yellow emission with a maxial CE of 49.3 cd A1,
a PE of 38.5 Im W-1, an EQE of ca. 16.7%, and maximum luminance over 17000 cd
m-2, Similar to the evaporation processed devices, remarkable EQE values of ca.
17.5% and ca. 15.2% were achieved for the solution processed devices based on
15 and 16, respectively (Figure 1.6). The observed higher efficiencies of the
devices indicate that a balanced charge carrier recombination could also be

achieved without any hole transport layer.
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1.4.5. Oxadiazole substituted acceptors

The electron accepting 1,3,4-oxadiazole moieties have been widely used as
building blocks for electron transporting materials in OLEDs. Adachi and co-workers35
have developed highly efficient emitters 17 and 18 containing 2,5-diphenyl-1,3,4-
oxadiazole acceptor and phenoxazine donor units (Chart 1.4). In oxygen free toluene
solution, the D-A-D-type molecule 18 showed a higher PLQY of ca. 43.1% than that of
the D-A type molecule 17 (ca. 29.8%) due to its small AEst value. Up on nitrogen
bubbling, the PLQY of the molecules 17 and 18 was increased from ca. 19.9% to 43.1%
and ca. 18.1% to 29.8%), respectively. The larger increase in the PLQY for 18 compared
to 17 shows that the former exhibits a more effective T1 to S1 up-conversion than the
latter. The OLED device with 6 wt% 18: DPEPO as EML showed a green
electroluminescence with an EQE of ca. 14.9%. Further, Adachi and co-workers have
extended their studies to the device performance of the corresponding molecules using
the acceptor moieties triazole and diazole with sulfur atom instead of oxygen. The
fabricated devices based on these derivatives showed lower efficiencies compared to

the oxadiazole derivatives.3¢

17 18

Chart 1.4. Molecular structures of D-A systems 17 and 18 based on oxadiazole unit.
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1.4.6. Phenoxaphosphine oxide and phenoxathiin dioxide

substituted acceptors

Yasuda and co-workers have reported two efficient blue emitters, 19 and 20
(Figure 1.7), made of phenoxaphosphine oxide and phenoxathiin dioxide acceptor units,
respectively.3” Because of the strong electron withdrawing characteristics of the
phosphine oxide and sulfone groups, the LUMO values of 19 and 20 were localized on
the phenoxaphosphine oxide and phenoxathiin dioxide acceptor moieties, respectively.
On the other hand, the HOMOs of both the molecules were distributed mainly on the
9,9-dimethyl-9,10-dihydroacridine donor moiety. Owing to the well separated

molecular orbitals, small AEst values of 0.02 and 0.10 eV were observed for 18 and 19,
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Figure 1.7. Molecular structures and device characteristics of emitters 19 and 20.
Reproduced with permission from Reference 37. Copyright © 2016, John Wiley and

Sons.
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respectively. It was also found that the calculated HOMOs and LUMOs of the molecules
were weakly overlapped on the phenyl ring of the acceptor moiety, which results an
enhancement in the radiative decay and efficient light emission. The doped films of 18
and 19 in DPEPO showed excellent PLQYs of ca. 62% * 2% and ca. 98% * 2%,
respectively. The estimated AEsr values from the onsets of the fluorescence (300 K) and
low temperature phosphorescence (5 K) spectra of 18 and 19 were found to be 0.03
and 0.06 eV, which are quite favorable for efficient reverse intersystem crossing. The
fabricated OLEDs showed blue emission with maximum EQE value of ca. 12.3% for 18
and ca. 20.5% for 19, with color coordinates of (0.15, 0.14) and (0.16, 0.26),

respectively.

1.4.7. Triarylboron substituted acceptors

The triarylboron compounds were strong electron acceptors due to the
presence of a vacant p-orbital on the central boron atom. The donor-acceptor
dyads combining triarylboron acceptor and aromatic amine based donor groups
have received immense attention owing to their strong intramolecular charge
transfer properties.38 Shuichi Oi and co-workers have developed two new donor-
acceptor triarylboranes exhibiting TADF characteristics.3? The electron accepting
dimesitylphenylborane unit used as the acceptor and 9,9-dimethylacridane (21)
and phenoxazine (22) as the donor units. These dyads 21 and 22 exhibited blue
and green TADF with good photoluminescence quantum yields of ca. 89 and 87%
in toluene, respectively. These compounds showed a well separated HOMO and

LUMO between the donor and accepter moieties due to the large dihedral angles
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between phenylene linkage and donor units (Figure 1.8). Resultantly, a small

energy gap between the S; and T: state and reverse intersystem crossing of

excitons was observed. OLEDs using the compounds 21 and 22 as emitters

<8
Jecouliiee ol

21 22

Figure 1.8. Molecular structures and HOMO and LUMO of the emitters 21 and 22.
Reproduced with permission from Reference 39. Copyright © 2016, Elsevier B.V.
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showed blue and green emission with maximum EQEs of ca. 16.0% and ca. 17.3%,
respectively.

Among the various organic emitters developed so far, the performances of blue
emitters need to be improved in terms of efficiency, lifetime and color purity compared
to that of green and red emitters. In addition, the deep blue emitters with good color
purity are necessary for the generation of white light emitting diodes, which are
considered as next generation solid state lighting devices. From the literature review, it
is known that almost all the high efficiency green OLEDs are based on phosphorescent
class of materials, which utilized expensive rare metals like Ir, Pt etc. So that, the
development of novel deep blue and green emitters with good color purity and solution
processability is of current research interest for the commercialization of OLEDs.
Compared to the doped OLEDs, the un-doped OLEDs are more attractive due to ease of
fabrication and better device reliability. In the field of OLEDs, numerous classes of
organic light emitting materials have been developed and these efforts are still
continuing in order to find materials that are easy to synthesize and exhibit improved

solution processability and high efficiency in un-doped devices.

1.5. Chemical Sensors for Metal Ions

The molecular recognition is a fundamental and vital process in biology, which
involves specific covalent or non-covalent interactions between a receptor (host) and
an analyte (guest).* In this context, the development of molecular probes for the
selective and sensitive detection of analytes has been an active area of research because

such effective molecules can have biological and medicinal applications. In the host-
20
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guest chemistry the term “sensor” is more likely related to a molecular event, which
upon stimulation by any form of energy results in change of its own state and
properties.#l These changes can be successfully utilized for the qualitative and
quantitative analysis of the stimulant. Depending on the type of signals produced with
respect to the binding event, the sensors may be classified into two categories;
electronic sensors and optical sensors.*2 The electronic sensors generate signals in the
form of changes in the electrochemical properties. On the other hand, the optical
sensors act as a result of changes in the optical properties of the receptor molecules.
The optical and photophysical changes in a receptor molecule are found to be more
valuable owing to their technical simplicity and non-invasiveness.#3 The optical
molecular probes can be further classified into two categories such as i) chromogenic
(or colorimetric) molecules and ii) fluorogenic (or fluorescent) molecules. In the
colorimetric probes, the interactions with analytes result in absorption changes and
thus the color of the receptor molecules. Whereas, the fluorescent probes involve the
changes in the fluorescence properties. The colorimetric sensors can offer qualitative

and quantitative information through visual changes.

v
+ O = = O
Signalling Binding Signalling Binding
sub unit sub unit sub unit sub unit

Figure 1.9. Schematic representation of binding of an analyte (guest) by a chemosensor

(host), producing a complex with altered optical properties.
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In general, the chemosensors consist of three components such as a chemical
receptor capable of recognizing the guest with high selectivity, a signaling unit which
converts the binding event into a measureable physical change and a method which
measure this change and converting it into useful information (Figure 1.9). The design
of probes can be broadly classified under three different approaches, 4 which are i)
binding site-signaling subunit approach (chemosensors), ii) displacement approach and
iii) chemodosimeter approach. These approaches differ with respect to the
arrangements of the binding site or reactive site, and the signaling subunit and also the
mode of interactions with the analyte. In the “binding site-signaling subunit” approach,
these two parts are linked through a covalent bond.#> The interactions of the analyte
with the binding site induces changes in the electronic properties of the signaling
subunit and which results in its detection. On the other hand, the displacement
approach is based on the formation of molecular assemblies of binding site-signaling
subunit through non-covalent interactions.4¢ Up on addition of analyte, the coordinated
indicator is displaced from the binding site into the solution with a concomitant change
in their optical properties. In the chemodosimeter approach, a specific anion-induced
chemical reaction occurs, which results in an optical signal.#’” Out of these three

approaches the colorimetric chemosensors have been widely exploited.

In the designing of a colorimetric chemosensor, organic molecules having
electron donor and acceptor moieties were more preferable since they exhibited
intramolecular charge transfer characteristics and thus color for the chemosensor. In

such molecules, a visible color change can be observed as a result of any alters in the
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strength of intramolecular charge transfer during interactions with metal ions. In this
context, we discuss some of the literature reported chemosensors for the selective and

naked eye detection of metal ions especially for the Cu2* and Hg?* ions.

1.5.1. Colorimetric chemosensors for copper ions

Copper (Cu) is the third most abundant heavy metal in human body and is an
essential trace element in biological systems as a catalytic co-factor in metalloenzymes
like superoxide dismutase and cytochrome c oxidase. In excess, copper is toxic and can
cause various diseases like Alzheimer’s and Wilson’s disease.*8 Therefore, it is urgently
needed to develop simple and sensitive chemosensors for the detection of Cu?*.
Azobenzene based colorimetric receptors are one of the widely studied probes for the
Cu?* ion recognition properties. Jung and co-workers have developed highly selective
azobenzene based colorimetric chemosensors 23a-c for the detection of Cu?* in
solution.#? In solution, the receptor 23 gave rise to a large cation induced hypsochromic
shift for Cu?* resulting in a visible change to the naked eye, from red to pale-yellow.
Furthermore, a portable chemosensor kit was prepared by immobilizing the receptor
onto the simple silica gel plate. The red color of the modified silica gel plate changes to
yellow after immersion in Cu?* solution and no significant color change for other
selected metal ions (Figure 1.10). The plate showed detection of Cu?* ions content up to
0.01 mM with the naked eye.

Li and co-workers have developed a colorimetric chemosensor 24 based on a
coumarin (Figure 1.11), in which 7-di(ethoxy-carbonylmethyl)aminocoumarin serves

as a chromophore core.59 Diaminomaleonitrile was coupled with coumarin at the 3-
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position carbonyl to form Schiff base derivative with enhanced intramolecular charge
transfer. The imine and the rest of the amine groups in 24 serve as chelating sites for
copper ions. The sensor exhibited good sensitivity and selectivity for the copper cation
over other transition metal cations and alkali and alkaline earth metal cations. In the
presence of Cu?* ions, 24 showed a visible color change from dark yellow to red
whereas, other metal ions didn’t induce such a change. In addition, the test strips
containing 24 were fabricated, which exhibited a good sensitivity and selectivity to Cu?*

ions in solution.

23a R=CH(CH;)NHCO(CH,),,CH;

23b R=CH(CH3)NHCOCH; a

23¢ R=(CH,);(CH;

Figure 1.10. Pictures of silica gel plates: a) unmodified, b) modified with 23, (c) plate b
after immersion in Cu?* solution, and d) plate b after immersion in Li*, Na*, K*, NH4*,
Co?*, Cd?*, Pb2+, Fe3* or Zn2+* solution. Reproduced with permission from Reference 49.

Copyright © 2006 Elsevier Ltd.
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Figure 1.11. Chemical structure of 24 and its binding mode with Cu?*ions.
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E. Sinn et al. synthesized a new fluorescein based colorimetric chemosensor 25
for the detection of Cu2* ions through a ring opening mechanism of the sensor.>! The
chemosensor 25 binds to Cu?* ions via the carbonyl oxygen, enamine nitrogen, and
hydroxyl groups and formed a pocket with five- and six membered rings. A 1:1 complex
was formed by the probe 25 and displayed reversible absorption and fluorescence
enhanced responses to Cu?*ions. Addition of Cu2* ions to an aqueous solution of the
probe 25 resulted in a visible change from colorless to deep yellow. Later, Hu and co-
workers synthesized a new colorimetric probe based on Rhodamine B lactam (26) for
the detection of Cu2+ions.52 The probe 26 found to mind with Cu?* ions in the same
manner the probe 25 with the formation of five- and six- membered rings. Upon
interaction with Cu?* ions, the probe displayed a visual color change from colorless to
pink. The stoichiometry of the complex 26-Cu?+ was found to be 1:1 and the detection
limit was determined to be as low as 2 pM.

Kim and co-workers>3 have reported a multifunctional chemosensor 27 based
on the combination of salicylaldehyde moiety and 2-amino-3-(((E)-(8-hydroxy-2,3,6,7-
tetrahydro-1H,5Hpyrido[3,2,1-ij]quinolin-9yl)methylene)amino)maleonitrile ~ (Figure
1.12). The probe exhibited the recognition of both Cu?* and CN-ions selectively over
other transition elements and various anions and exhibited visual color change from
violet to pale yellow for CN- and Cu?* ions, separately in different solvent systems. The
observed color change has been attributed to the blue shift generated by the decrease
in the push pull effect of the intramolecular charge transfer transition. The

stoichiometry of the complex was found to be 1:1 ratio.

25



Chapter 1: Organic donor-acceptor systems for OLEDs and chemosensors

Qe
N-Na&

26

Figure 1.12. Chemical structures of the probes 25 and 26 and the mode of binding of
Cu?* ions with the probe 25.
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Figure 1.13. Chemical structure of the probe 27 and its binding mode with Cu?*ions.

1.5.2. Colorimetric chemosensors for mercury ions

Mercury (Hg) is a dangerous and widespread global pollutant, which causes
severe environmental and health hazards. The marine aquatic organisms convert

mercury into methylmercury, a potent neurotoxin. In humans, bioaccumulation of
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methylmercury through the food chain leads to serious sensory, motor, and cognitive
disorders.>* Therefore, the detection and quantification of Hg2* is important and which

has been an active area of research.
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Chart 1.5. Chemical structures of the chemosensors 28-30.

Huang and co-workers have reported a series of 8-hydroxyquinoline benzoates
28a-c (Chart 1.5) with diverse azo-substituents, such as electron donating groups -
OCH3 and -N(CH3)2 and demonstrated their sensing properties.>> The probes 28b and
28c have a D-mt-D structure with the electron donating groups -OCH3z or -N(CH3)2 and
the relative weak donor, benzoate quinolinyl group. The complexation of these probes
with Hg?* make benzoate quinolinyl group as an electron acceptor, and then the
complexes 28b-HgZ* or 28c-Hg?* act as D-m-A structure with the enhanced ICT
characteristics. As a result, after complexation, the absorption spectra were red shifted
and a visible color change was observed for 28c from yellow to red in acetonitrile
solution. All the derivatives were found to be highly selective to Hg?* ions over the other

transition metal ions.
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Choi and co-workers®® have synthesized two chromogenic N2Sz-donor
macrocycles functionalized with p-nitroazobenzene (29) and phenyltricyanovinyl (30)
units for the naked eye detection of Hg?* ions (Chart 1.5). Because of the D-m-A
structures, these derivatives showed ICT band in the absorption spectra and thus
intense color. Both these systems exhibited excellent Hg2* selectivity by showing a
visible metal induced color change from red to colorless. The selective recognition was
attributed to the formation of stable 1:1 complexes between the ligands and Hg?* ions

in solution.

HO Z

0,N ‘

Chart 1.6. Chemical structures of the chemosensor 31.

31

K. D. Janda et al. have reported a new phosphorodithioate based ligand 31 that
specifically communicates a color change when exposed to the mercuric ions.>” The
detection was achieved by monitoring the regulation of the dye’s charge transfer upon
binding of Hg?* to a pendant sulfur-containing ligand. The probe 31 has a soft metal
binding site, phosphorodithioate and an adjacent amine group, which were effectively
involved in the charge transfer (Chart 1.6). The binding of Hg?* ions to the
phosphorodithioate group alter the electron donating capability of the terminal

nitrogen atom of the amine moiety through ligand participation and ultimately altering
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the charge transfer and hypsochromically shifting of the absorption maximum. The
addition of mercuric ions resulted in a distinct color change from yellow to red.

A benzothiazolium hemicyanine dye 32 was employed by Palomares and co-
workers for the selective and sensitive detection of Hg?* ions in aqueous solutions.58
The hemicyanine dye 32 found to undergo interactions with the Hg2*ions through the
the involvement of the electron donor aniline moiety and electron acceptor
benzothiazolium species, while the sulfur atom acted as the coordinating element. In
the presence of Hg2*, the dye 32 formed a stable complex with 1:1 stoichiometry, and
found to undergo geometric transformation from trans-isomer to the cis-configuration.
This interaction induced a visible color change in the dye form pink red to yellow at
micromolar concentrations of mercury ions (Figure 1.13). The color change and
quenching of the dye emission were observed selectively for mercury ions when

compared to the other biologically relevant cations such as Pb2*, Cd2+, Zn2+, Fe2* etc.

HO
S>_/_©’ N
Clg -
N
)

<)
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32

Figure 1.14. Structure of the dye 32 and its selectivity towards Hg?* in aqueous
solutions. Reproduced with permission from Reference 58. Copyright 2006 American

Chemical Society.
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Tong and co-workers have designed a highly selective colorimetric chemosensor
2-(4-(diphenyl-amino)phenyl)quinazoline-4(3H)-thione) (33) for the selective and
naked eye detection of Hg2*ions.>® With the addition of Hg?* ions, this probe showed a
2:1 stoichiometry through a coordination bond interaction between the sulfur atom and
Hg?+ with an association constant of 4.17 x 108 M2 (Figure 1.15). The interaction of the
probe with Hg2+ ions resulted in a color change from yellow to red having a detection
limit of 1.5 pM. The probe was found to be extraordinarily selective to Hg?* ions over a
wide range of mono and bivalent metal ions. The absorption spectrum of the 33-Hg?*
complex was found to be restored upon the addition of KI to the solution of the
complex. In an another report, Yoon and co-workers have reported novel Rhodamine B
derivatives 34 and 35 bearing mono and bis-boronic acid groups, respectively, as Hg?+
selective fluorescent and colorimetric sensors.®® Both these derivatives displayed
fluorescent enhancement and distinct color change from colorless to red with the
addition of Hg2*. The large fluorescence enhancement as well as the colorimetric change
can be attributed to the spirolactam ring opening induced by the Hg2*ions. A 1:1
stoichiometry was observed for the complexes 34-Hg2?* and 35-Hg?* having the
association constants of 3.3 x 103 M-1 and 2.1 x 10* M-1. Compared to the mono-boronic
probe 34, the bis-boronic probe 35 displayed a nine-fold tighter binding with Hg2+. The
stronger binding can be attributed to an additional boronic acid ligand in the case of the
probe 35. This observation along with larger binding constant observed for 35 suggests

that boronic acid moiety plays an important role in the binding with Hg2*ions.
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Figure 1.15. Structures of the probes 33-35 and the binding mechanism of the probe
33 with Hg?* ions in THF.

1.6. Objectives of the Present Thesis

Development of functionalized organic donor-acceptor molecules having
favorable photophysical properties for sensing and optoelectronic applications has
immense significance due to their advantages like easy synthesis, high purity, tunable
energy and low cost over their polymer and inorganic analogues. In this context, our
main objective has been to design and synthesis of a few functional organic small
molecules with D-m-A structure and investigation of their utility as emitters in the

organic light emitting diodes (OLEDs) and as metal ion sensors. In OLEDs, the green
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OLEDs belong to the costly phosphorescent class of emitters and hence there is an
urgent need to develop highly efficient and low cost green emitters. In this regard,
another objective of this thesis has been to design novel solution processable green
fluorescent emitters based on phenoxazine donor and oxadiazole acceptors and
investigation of their photophysical, thermal, morphological and device performance
aspects. Yet another objective has been to develop solution processable deep blue
organic emitters based on carbazole donor and oxadiazole acceptor and study of their
optoelectronic properties. The last objective of the thesis has been to design donor-
acceptor based chemosensors and systematic investigation of their potential as
selective and sensitive probes for the detection of biologically relevant metal ions.

Our results indicate that the newly synthesized phenoxazine-oxadiazole hybrids
exhibited favorable photophysical, thermal and morphological stability properties for
the fabrication of OLEDs. The fabricated un-doped solution processed OLED devices
based on these dyads showed green electroluminescence with good to marginal
luminescence characteristics. Interetingly, the carbazole-oxadiazole dyads, on the other
hand, exhibited deep blue emission with good fluorescence quantum yields and color
purity both in the solution and film state. The observed excellent thermal and
morphological stability of these dyads made them as potential candidates for the device
fabrication. Furthermore, we have fabricated un-doped deep blue OLEDs based on
these dyads by a solution process method. Our results indicate that, the adopted design
strategy afforded a reduced aggregation and good solution processability for the

developed emitters.
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Lastly, the chemosensor developed based on quinolines-carbaldehyde found to
selectively detect both Cu?*and Hg2*ions over other transition metal ions with an easy,
well defined naked eye visible color change from yellow to colorless and pink,
respectively. Further, we have extended the potential of this probe for the on-site
analysis by fabricating a simple solid state dipstick device that can be used for the easy
visual detection and analysis of Cu?* and Hg2* ions in the aqueous medium. Overall, the
investigated functional organic donor-acceptor dyad molecules showed interesting
photophysical properties and thereby exhibited their potential as efficient green and

blue emitters in OLEDs and molecular probes for the recognition of Cu?* and Hg?* ions.
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Chapter 2

Design of Green Light Emitting Dyads Based on

Phenoxazine and Oxadiazole for OLED Applications

01 02 03 04 05 06 07 08 09 1
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2.1. Abstract

With an objective to develop organic small molecule based green light emitting
materials, we have synthesized the dyads 1 and 2 having electron donating
phenoxazine and accepting oxadiazole groups. The intramolecular electron
communication between the donor and acceptor moieties of these dyads was tuned by
changing the substitution pattern at the phenylene linker. The dyad 1 showed a broad
absorption band at 390 nm and an intense band at 330 nm. The band at 390 nm
disappeared and a new shoulder at 345 nm was formed as the position of the
phenoxazine moiety changed from the para-position (for the dyad 1) to the meta-
position (for the dyad 2). These dyads showed green fluorescence both in toluene and

film state. The meta- substituted dyad 2 exhibited a substantially low fluorescence
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quantum yield (®r = 0.03) compared to that of para- derivative dyad 1 (®r = 0.25) due
to the decrease in conjugation between the donor and acceptor subunits. On changing
the polarity of the solvent from non-polar to polar, we observed negligible changes in
the absorption maxima, while the emission maxima showed redshift of ca. 155 nm and
160 nm for the dyads 1 and 2, respectively. Furthermore, we observed significant
changes in the dipole moment of ca. 19.51 and 19.42 D for the dyads 1 and 2
respectively, which suggest ICT character between donor and acceptor moieties. These
dyads exhibited lower AEsr values of ca. 0.19 eV and delayed fluorescence which
confirmed their potential as TADF emitters.

The ground state optimized geometries of the dyads 1 and 2 showed that the
HOMO and LUMO levels are exclusively centered on the donor and acceptor moieties,
respectively. The HOMO and LUMO values estimated from the measured redox
potentials and optical band gap and calculated using DFT methods were found to be in
reasonably agreement. From the thermogravimetric analysis, it was observed that both
the dyads are thermally quite stable up to 425 °C. Moreover, we obtained a smooth and
homogeneous film by a solution process which confirms the good film forming ability of
these dyads. Furthermore, we have fabricated the solution processed un-doped OLEDs
based on these dyads, with device configuration having ITO (120 nm)/ PEDOT: PSS (40
nm)/ EML (50 nm)/ TPBi (40 nm)/ LiF(1 nm)/ Al (100 nm). The devices thus
fabricated exhibited green emission with CIE coordinates of (0.26, 0.49) and (0.27,
0.47) for the dyads 1 and 2, respectively, with a luminance intensity maximum of
ca.1751 cd m—2 for the dyad 1, thereby demonstrating its potential use in OLED

applications.
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2.2. Introduction

Design of novel organic luminescent molecules for OLEDs and study of
their structure-property relationship have attracted much attention since the
pioneering work of Tang and Vanslyke in 1980s.1 The discovery of new emitting
materials for the development of efficient devices is quite challenging.? Among
the various emitters reported, the green emitters have a great deal of importance
since green is one of the three primary colours used for the white light emission.3
It was noted that the high efficiency green OLEDs belong to the phosphorescent
class of emitters, which utilizes expensive rare earth metals like Ir, Pt etc. For
example, Cheng and co-workers have reported solution processable iridium
dendrimers with rigid hole transporting carbazole dendrons having an external
quantum efficiency (EQE) value of ca. 16.6%.4

In another seminal work, Osawa and co-workers have reported a complex,
(1,2-bis(o-ditolylphosphino)benzene)CuBr, which exhibited green luminescence
and current efficiency of ca. 65.3 cd A-1 and EQE of ca. 21.3%.5 In this context, the
design of efficient organic green fluorescent emitters has been an active area of
research in recent years. The small organic donor-acceptor type fluorophores
have distinct advantages in OLED device fabrication over polymers and inorganic
compounds, because such systems can be easily synthesized, purified and
analyzed.® In addition, one can have large degree of control over the electronic
and optical properties of such systems in accordance with the structural

modifications with different donor and acceptor moieties.”
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The fluorescent OLEDs of multilayered structures with host-dopant
systems have also been reported.® Considering the practical applications,
sequential layer-by-layer fabrication procedures and the precise control of host-
dopant ratio increases the complexity and thus the cost of such OLEDs.? For this
reason, organic light emitting materials with bipolar characteristics are being
developed, such that the device architecture can be simplified.1® The bipolar
charge transport can be achieved by incorporating both electron donating and
withdrawing moieties into the same molecule.ll Further, these unsymmetrical
structures, when substituted with long alkyl chains provide better solubility,
hence improved solution processability and reduced aggregation induced
quenching of emission intensity.12 In this respect, development of non-doped
OLEDs based on solution processable small molecules with bipolar
characteristics is highly desirable for their commercialization.

In general, the materials having electron withdrawing molecular building
blocks like oxadiazoles, pyridine, phenanthroline, benzimidazole, quinolines,
triazines, and quinoxalines have been used as electron transport building blocks
in OLEDs.13 Among these, 1,3,4-oxadiazoles are well known for their electron
transporting and hole blocking abilities due to their electron deficient nature.14
Moreover, incorporation of such oxadiazole group found to enhance the thermal
stability, which is an essential property of OLED materials.’> On the other hand,
the electron donating building blocks like carbazoles,1® diphenylamine,1”
phenoxazine,'8 and phenothiazine,1® were extensively studied and among these,

the phenoxazine derivatives have been widely used in the design of green
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emitters and as hole transporting materials.2? In addition, the morpholine like six
membered ring of phenoxazine unit found to induce steric repulsion towards the
neighbouring substituents and thereby resulting in a twisted structure. The
formation of such a structure is important for facilitating an effective separation
of HOMO and LUMO in these systems.20 In addition, such D-A dyads having a
small AEst value make them useful as thermally activated delayed fluorescence
emitters (TADF), which are important systems to enhance efficiency of OLEDs.21
With an objective to develop organic light emitting diodes based on donor
acceptor systems, we designed and synthesised two novel green luminescent
dyads 1 and 2 (Chart 2.1) having electron donating phenoxazine and accepting
oxadiazole moieties and have investigated their photophysical properties,
morphological aspects and also their use in OLEDs. Interestingly, these systems
exhibited substitution dependent photophysical properties and showed green
emission in solution, thin-film and in the devices fabricated based on these dyads.
Interestingly, in the device evaluation, we observed a maximum luminescence
intensity of ca. 1751 cd m-2 for the dyad 1, which clearly demonstrates its

potential use in OLEDs applications.

Chart 2.1. Structures of the investigated donor-acceptor dyads 1 and 2.
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2.3. Results and Discussion

2.3.1. Synthesis and photophysical properties

The designed dyads have donor phenoxazine and acceptor 2-(9,9-dioctyl-
9H-fluoren-2-yl)-1,3,4-oxadiazole connected through a phenylene linker by para-
(dyad 1) and meta- (dyad 2) substitution. To achieve the solution processability,
we have adopted the unsymmetrical structures, incorporating the long alkyl
chains. As shown in Scheme 2.1, the precursors, 7a and 7b were synthesized by
modifying the reported procedures,?2 in ca. 75% yields. The mono bromination of
fluorene followed by the alkylation yielded 2-bromo-9,9-dioctyl-9H-fluorene in
good yields. The product upon Rosenmund-von Braun reaction gave the

corresponding carbonitrile derivatives, 9,9-dioctyl-

NN NN
n-Octyl bromide CuCN, NMP
PSSk - GO a - GO
NaOH, DMSO reflux, 8h
4 5

3
a;R=Br,R'=H NaN;, BuSnCl
Toluene
b;R=H,R'=B !
r R reflux,15h
R'
\j
~ N
N=N
R CcocCl i
\
A D
N R’ pyridine
4h, reflux
7a,b 6

Scheme 2.1. Synthetic method adopted for the precursors 7a and 7b.
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Pd(OAc),, P(t-Bu);, Dyad 2
Cs,CO3, Toluene,
7ab reflux, 8h

a;R=Br,R'=H

b; R=H,R'=Br

Scheme 2.2. Synthetic method adopted for the donor-acceptor dyads 1 and 2.

9H- fluorene-2-carbonitrile in ca. 70% yields. The tetrazole derivatives, on the
other hand, were prepared and which on refluxing with para- and meta-
bromobenzoyl chlorides, gave the precursors 7a and 7b in excellent yields. The
synthesis of the target dyad molecules were achieved through Buchwald-Hartwig
coupling reaction between the donor and acceptor molecules (Scheme 2.2).23 The
phenoxazine system, upon Pd-catalyzed cross-coupling reaction with 7a and 7b
in presence of cesium carbonate as the additive base, gave the dyads 1 and 2 in
ca. 80 and 75% yields, respectively. The starting materials as well as the dyads
were purified through column chromatography and recrystallization and
characterized on the basis of spectroscopic and analytical evidences.

The UV-Visible absorption and fluorescence spectra of the dyads 1 and 2
have been studied in toluene solution and neat films, obtained by spin coating of
solution in toluene on the quartz plates (Figure 2.1). A broad absorption peak at
around 390 nm observed for the dyad 1, which can be assigned to the charge

transfer transition from the electron donating phenoxazine group to the electron
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accepting oxadiazole moiety.24 Interestingly, we observed negligible absorption
at 390 nm and instead a new broad band having absorption in the region from
345 to 380 nm was observed, as the position of the phenoxazine moiety changed
from the para- position (dyad 1) to the meta- position (dyad 2). These
observations can be attributed to the decrease in conjugation between the donor
and acceptor subunits in case of the dyad 2 owing to its meta- linkage, which is in
agreement with the literature reports.2>

When the emission properties were investigated in toluene, we observed
green fluorescence having Amax at 502 and 522 nm (excitation wavelength, Aexc
= 330 nm) for the dyads 1 and 2, respectively. Similar to the solution, the thin
film of 1 showed a broad and less intense absorption peak at around 390 nm and
an intense peak at 338 nm (Figure 2.1A). Similar observations were made with
the dyad 2, whose spectrum showed peaks at 348 nm and 337 nm (Figure 2.1B).

The emission maxima of the films of the dyads 1 and 2 were observed at 500 nm

A) B)

1.0 - 1.04 .
= — Toluene g —Toluene
0.8 ---Film { 208
“EJ 0.6 E] 0.6
Shad 1 <771
8 0.4+ - 8 0.4-
£ £
5 0.24 1 5 0.2
=z Z

00— ; . 0.0 ———— ;

300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 2.1. Normalized absorption and fluorescence spectra at 298 K of the

dyads, A) dyad 1 and B) dyad 2 in toluene and thin film.
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Table 2.1. Summary of the absorption and emission properties of the dyads 1

and 2 in toluene solution and film state. [al

Toluene solution Film state
Dyad €max [P Aems[b];nm Aemsl¢] , im
Aabs®l nm AabslI nm
M-1cm-1x 104 (Pr)Mb] (D) [c]
1 390, 328 0.39,5.17 502 395, 338 500
’ R (0.09£0.03) ' (0.25+0.02)
2 345,330 3.29,5.50 522 (0.001) 348, 338 500 (0.03)

lal Average of more than three independent experiments, Pl measured in toluene and [
measured using spin cast film. Aas: absorption wavelength; emax: molar extinction coefficient;

Aems: emission wavelength; ®g: absolute quantum yield.

A) 09 B) 09

0. X350
038 00 01 02 03 04 05 06 07 08
X X

Figure 2.2. CIE chromaticity diagram of the dyads 1 and 2 corresponding to the

emission spectra in (A) toluene and (B) thin film state.

(Aexe, 330 nm). The higher Stokes shift observed for the dyads 1 and 2 can be
attributed to the charge transfer excited state. The emission maxima of the dyad
1 in film matched with that observed for the toluene solution. This indicates that

the dielectric constant of the film of 1 is close to that of toluene solution. In
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addition, we have noticed a substantial decrease in the fluorescence quantum
yields, when the position of the donor moiety changed from the para- (dyad 1, ®r
= 0.25) to meta- position (dyad 2, ®r = 0.03). The calculated CIE coordinates of
the dyads 1 and 2 were found to be (0.25, 0.46) and (0.26, 0.48) in toluene and
(0.28, 0.53) and (0.26, 0.50) in the film, respectively, which are close to the pure

green emission (Figure 2.2).26
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Figure 2.3. Fluorescence decay of A) dyad 1 and B) dyad 2 in toluene.

The fluorescence lifetimes of the dyads 1 and 2 were measured in toluene
(Figure 2.3) and the results are summarized in Table 2.2. Both the dyads exhibited bi-
exponential decay with a short lived minor component and a comparatively long-lived
major component (t1 = 2.03 ns (3.67%) and t2 = 7.53 ns (96.33%) for the dyad 1; t1 =
3.14 ns (4.42%) and t2= 13.69 (95.58%) for the dyad 2). The observed bi-exponential
decay can be attributed to the presence of different conformers due to the existence of
restricted rotation.?” The rate constants of radiative (k:) and non-radiative (knr) decay

of the dyads were calculated according to Equations 2.1 and 2.2.28
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1— @
T

k,, = e (Eq 2.2)

Table 2.2. Summary of lifetime measurements in toluene.2

k- kar

Dyads T (ns) 0 qers ) (qe7s

1= 2.03 (3.67%)

5= 7.53 (96.33%) 6.85 263 1197

1= 3.14 (4.42%)

1,=13.69 (9558%)  L19% 0252 814

aAverage of more than three experiments; <t>: average fluorescence lifetime;
T: fluorescence lifetime; k- and ku: rate constants of radiative and non-radiative

transition, respectively.

To understand the effect of polarity, the absorption and emission spectra of
dyads 1 and 2 were recorded in various solvents of differing polarity (Figure 2.4).
Negligible changes in the absorption spectra with increasing solvent polarity (nonpolar
cyclohexane to polar acetonitrile) were observed, which could be attributed to the small
difference between the dipole moments of Franck-Condon excited and ground states of
these dyads. In contrast, as the polarity of the solvent increased, we observed the
broadening of the emission spectrum with a gradual increase in red shift. From the non-
polar cyclohexane to polar acetonitrile, we observed a redshift of ca. 155 nm (5380
cm-1) and 160 nm (5500 cm-1) for the dyads 1 and 2, respectively. These observations
indicate that the solvent-solute interactions stabilize the intramolecular charge transfer
excited states, yielding a dipole moment that is larger than that in the ground state. The
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emission maximum (Vmax, in wavenumber) was plotted against the solvent polarity
parameter Etr(30)2° as shown in Figure 2.5A. These systems exhibited a positive
solvatochromism with the emission maximum depending approximately linearly on the

solvent polarity.
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Figure 2.4. Normalized absorption and fluorescence spectra of the A) dyad 1 and B)

dyad 2 in different solvents. Excitation wavelength, 330 nm.
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Figure 2.5. A) Plot of the emission maximum in different solvents vs solvent polarity
parameter Et(30) and B) plot of Stokes shift against the solvent polarity (Af). From the
left, cyclohexane, toluene, dichloromethane, acetone and acetonitrile solutions and

while the solid lines are least-squares fit.
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Furthermore, the solvent polarity effect was analyzed in terms of the changes in
the dipole moment (Ap) between the ground (So) and excited states (S1) using a
Lippert-Mataga plot (Figure 2.5B).30 From the changes in Stokes shift in different
solvents (Table 2.3 and 2.4), the changes in the dipole moment was calculated using the
equation (2.4), wherein, ‘vaps’ and ‘va," are the absorption and fluorescence maxima of
the dyads 1 and 2 in wave numbers, respectively, ‘eo’is the vacuum permittivity, ‘h’ is
the Plank’s constant, ‘c’ is the speed of light and ‘a’ is the Onsager cavity radius, which
was ca. 6.36 and 6.31 A for the dyads 1 and 2, respectively, as determined from DFT
calculations using Gaussian 09. The term Af, known as the solvent polarity parameter

was obtained by the equation 2.3,

Af= ((e-1)/ (2e+1)) = (2-1)/ (2024+1)) worvvvrrrrrrrrnen (Eq. 2.3)

wherein, ¢ is the dielectric constant and n is the refractive index of the solvent. The
Stokes shift for emissions changed linearly with Af as shown in Figure 2.5B. Using the
slope value of ca. 14874 and 15098 cm-! for the dyads 1 and 2, respectively, and
equation 2.4, we have estimated the changes in dipole moment (Ap), which is found to
be ca. 19.51 and 19.42 D for the dyads 1 and 2, respectively. The calculated dipole
moment for the ground states obtained from DFT calculations are ca. 4.68 and 1.91 D
while the dipole moment of the charge transfer states obtained by the solvatochromic
method are ca. 24.19 and 21.33 D for the dyads 1 and 2, respectively. These results
clearly indicate that the high dipole moment of the charge transfer states is responsible
for the solvent polarity dependent red shifted emission observed for the dyads, which is

in agreement with the literature reported examples.3!
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Table 2.3. Absorption and emission properties of dyad 1 in different solvents. 2

Aa Va Ar VF Va-VF

Solvents € n Af (nm) (cm-1) (nm) (cm-1) (cm-1)

CHXN 202 143 0.005 327,390 30581.0 465 215054 9075.6

TLN 238 149 0.013 328,390 30487.8 505 198019 10685.8

DCM 9.10 142 0.220 328,380 30487.8 562 17793.6 12694.2

ACTN  21.00 136 0.286 328,373 304878 598 16722.4 137654

ACN 3750 135 0.303 326,372 306748 620 16129.0 14545.7

aAverage of more than three independent experiments; €: dielectric constant; n: refractive
index; Af: solvent polarity parameter; A.: absorption wavelength; v,: wave number corresponds
to absorption maximum; Ar: fluorescence wavelength, vi: wave number corresponds to

fluorescence maximum.

Table 2.4. Absorption and emission properties of dyad 2 in different solvents. 2

Va )\F VF Va -VF

Solvents € n Af (nm) (cm-1)  (nm) (cm-1) (cm1)

CHXN 2.02 143 0.005 328,345 304878 465 21505.38 8982.4

TLN 2.38 149 0.013 330,345 30303.0 522 19157.09 111459

DCM 9.10 1.42 0.220 329,343 30395.1 575 1739130 13003.8

ACTN  21.00 136 0.286 328,341 304878 610 16393.44 14094.4

ACN 3750 1.35 0.303 326,340 30674.8 625 16000.00 14674.8

aAverage of more than three independent experiments; €: dielectric constant; n: refractive
index; Af: solvent polarity parameter; A.: absorption wavelength; va.: wave number corresponds
to absorption maximum; Ar: fluorescence wavelength; ve: wave number corresponds to

fluorescence maximum.
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1 2Ap?
Vabs ~ Viu = 4me, hcad

Af + constant ... ... ...... (Eq 2.4)

Further, we have recorded phosphorescence spectra (delayed by 10 ms) of the
dyads 1 and 2 in toluene at 77 K and observed a great overlap with their corresponding
fluorescence spectra (Figure 2.6). The triplet energy was determined for both the
conjugates from the onset values of corresponding phosphorescence spectrum and the
value was found to be ca. 2.56 eV for both the dyads. In addition, a small energy
difference (AEst) of ca. 0.26 and 0.19 eV was observed between the singlet and triplet
excited states of the dyads 1 and 2, respectively, thereby indicating their use as efficient
TADF emitters. To understand the TADF properties, we have compared the
photoluminescence efficiency of these molecules in air saturated toluene with the
oxygen free toluene (by freeze-thaw degassing). For both the conjugates 1 and 2, we
observed an increase in the fluorescence intensity and quantum yields after freeze-
thaw degassing of the solutions (Figure 2.7 and Table 2.3). These observations can be
attributed to the quenching of the triplet excited states by the dissolved oxygen present
in toluene, and the concentration of which is negligible under freeze-thaw degassing
conditions. The dyad 2, which has a lower AEsr value of 0.19 eV and correspondingly,
showed ca. 80% enhancement in the PLQYs intensity, whereas the dyad 1 with a
relatively higher AEst value of 0.26 eV, exhibited the low enhancement of ca. 64%, in the
emission after the removal of oxygen. After removal of oxygen, the fluorescence
quantum yields of the dyads 1 and 2 were increased from 0.09 to 0.18 and 0.001 to 0.03
respectively. In addition, we have recorded the delayed fluorescence of the dyads after

a delay time of 60 ps in toluene solution (Figure 2.8).
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Figure 2.6. Normalized phosphorescence spectra of dyad 1 (A) and 2 (B) in toluene
solution at 77K.
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Figure 2.7. Fluorescence intensity changes before and after purging with nitrogen in

toluene (10 uM each) solution for the dyads, A) 1 and B) 2 (Aexc, 350 nm).

Table 2.5. Delayed fluorescence properties of dyads 1 and 2 in toluene.

Dyads AEs(eV) AEr(eV) AEsr(eV) OJ

1 2.82 2.56 0.26 0.18

2 2.75 2.56 0.19 0.03

Es and Er: energy of singlet and triplet excited state; ®r.pr: fluorescence quantum yield in O;

free toluene solution.
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Figure 2.8. Prompt (F) and delayed fluorescence (DF) of the (A) dyad 1 and (B) dyad 2
in toluene solution (10 uM each) at 298 K.

2.3.2. Electrochemical, thermal and morphological analysis

Cyclic voltammetric measurements were performed for dyads 1 and 2 in
dry dichloromethane with 0.1 M tetrabutylammonium hexafluorophosphate
(BusN+PFs~) as the supporting electrolyte, under an argon atmosphere. These
dyads showed reversible oxidation waves due to the presence of electron
donating phenoxazine group and the oxidation potentials vs Ag/Ag* were
measured to be ca. 0.82 and 0.81 V for the dyads 1 and 2, respectively (Figure
2.9). The redox potential of Fc/Fc* (standard value = 4.8 eV with respect to
vacuum) was observed at 0.43 V. Based on this, the HOMO energy levels of
molecules were estimated using the equation EHOMO = — Eox — 4 37 eV, while the
LUMO energy levels were obtained from the band gap energies (estimated from
the onset wavelengths of the UV absorptions) and the values are tabulated in

Table 2.6.32
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The stability of the dyads was investigated by using thermogravimetric
analysis (TGA) (Figure 2.10) and both these dyads were found to be thermally
quite stable. The decomposition temperature (Tq4), defined as the temperature at

which 5% mass loss occurs of the dyads 1 and 2 were determined and the values

Current (mA)

-44 _
1,E,,=0.82eV

.g] ZEq=081ev

0.0 0.4 0.8 1.2 1.6
Potential, V

Figure 2.9. Cyclic voltammograms recorded for the dyads 1 and 2 in dry

dichloromethane (1 mM solutions; scan rate, 100 mV S-1).
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Figure 2.10. Thermogram of the dyads 1 and 2 in N2z atmosphre at a heating rate

of 10 0C min-1.
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Figure 2.11. A) AFM images of solution processed A) 1 and B) 2 on ITO plate.
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Figure 2.12. Profilogram of the spin casted film of dyad 1 on glass substrate.
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were found to be ca. 425 and 412 °C and the melting points of the systems are ca. 119
and 134 °C, respectively. The thin film forming properties were investigated through
atomic force microscopy (AFM).33 The AFM images of solution processed films of
thickness ~55 nm (Figure 2.12) showed homogeneous film morphologies with very
small values of root mean square (RMS) roughness of ca. 0.39 and 0.40 nm for the dyads
1 and 2, respectively (Figure 2.11). These results demonstrate that both the dyads

exhibit good film forming ability.

2.3.3. Theoretical calculations

The geometry of the dyads 1 and 2 were optimized using B3LYP/6-311G
(d,p) level density functional theory. In the cases of 1 and 2, the dihedral angles
(64) between the donor moiety (phenoxazine unit) and the adjacent phenyl ring
are ca. 88.5° and 89.29, respectively. In these dyads, a planar orientation of the
donor moiety with respect to the plane of the N-connected phenyl ring is not
possible as this would lead to close proximity between C-H bonds of the phenyl
rings of the donor moiety and N- connected phenyl ring. In other words, the non-
bonded H..H interactions (steric repulsion) is responsible for the observed
twisted configurations. In Figure 2.13, the HOMO and LUMO of the dyads 1 and 2
are depicted using isosurface value 0.03. Since the phenoxazine moiety is nearly
orthogonal to the N-connected phenyl ring, the HOMO is seen exclusively centred
on the donor moiety and LUMO on the acceptor moiety. A complete separation of

HOMO and LUMO is responsible for the observed lower radiative transition. The

58



Chapter 2: Green light emitting dyads

calculated HOMO/LUMO values are 5.07/2.17 eV for the dyad 1 and 5.08 /2.14
eV for the dyad 2 and these values were found to be in reasonably agreement

with the experimentally estimated values.
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Figure 2.13. HOMO and LUMO of the dyads 1 and 2 calculated at the B3LYP/6-
311G (d,p) level.

Table 2.6. Physical and electrochemical data of the dyads 1 and 2.

HOMO/LUMO HOMO/LUMO 04P Mp/Tq
Dyads
/AEgp (eV)? /AEgap (eV)® (°0) (O
1 5.19/2.27/2.92  5.07/2.17/2.9 88.5 119 / 425

2 5.18/1.74 /3.44 5.08/2.14/2.94  89.2 134 / 412

ltlExperimentally determined and [Pltheoretically calculated. Egp: band gap; 64: dihedral

angle; Mp: melting point; Tq: decomposition temperature.
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2.3.4. Device fabrication

To study the utility of the dyads 1 and 2 in device applications, un-doped
OLEDs were fabricated with device configuration (Figure 2.14) having indium tin
oxide (ITO) (120 nm)/ Poly(3,4-ethylene-dioxythiophene)
poly(styrenesulfonate) (PEDOT: PSS) (40 nm)/ dyad 1 or 2 (50 nm)/ 1,3,5-
tris(N-phenylbenzimidazol-2-yl)- benzene (TPBi) (40 nm)/ LiF(1 nm)/ Al (100
nm). Here, ITO was used as a transparent anode, PEDOT:PSS as the hole injection
layer (HIL), TPBi as the hole-blocking layer (HBL), LiF (lithium fluoride) as the
electron-injecting layer (EIL) while Al (aluminium) acts as a cathode.

The dyads 1 and 2 showed green electroluminescence (EL) having Amax at
504 nm and 505 nm (Figure 2.15A) with CIE coordinates of (0.26, 0.49) and
(0.27, 0.47), respectively (Figure 2.16). The EL spectra of devices were similar to

the photoluminescence spectra of the spin coated films. Good diode behaviour

A) | | | B) 2.27 .
% 43
8 = » LiF/Al
- m
LiF (1 nm) ITO I‘.:I_J &
49
51
PEDOT:PSS (40 nm
5.19
6.2

Figure 2.14. Device structure (A) and energy level diagram of the OLEDs fabricated
using the dyads 1 and 2.
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Figure 2.15. A-E) Device characteristics of the un-doped solution processed
OLEDs fabricated using the dyads 1 and 2. Inset shows the photograph of

electroluminescence from the fabricated device using the dyad 1.

was observed for the fabricated devices, which is shown in Figure 2.15B. The
turn on voltage (Vonset) for these systems is found to be ca. 5.5-6 V. The dyad 1
showed a highest luminance of ca. 1751 cd m~2 with a current efficiency of ca.
4.63 cd A-1. In the case of dyad 2 having phenoxazine in the meta- position, a
comparatively lower luminance of 903.5 cd m-2 with a current efficiency of 3.65
cd A-1 was observed. This observation is in accordance with the observed higher

fluorescence quantum yield of the dyad 1. The current density — luminance, and
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current density - current efficiency characteristics of OLEDs with dyads 1 and 2
are shown in Figures 2.15C and 2.15D and the values are tabulated in Table 2.7.
The efficiency of the devices that incorporated the dyad 1 was found to be
superior when compared to that of the dyad 2 derivatives and which confirms

the importance of the nature and position of the substitution in these dyads.

520

500

1(0.26, 0.49)
X
X
2(0.27, 0.47)

Figure 2.16. CIE coordinates of the emission from devices 1 and 2.

Table 2.7. Electroluminescence data of the dyads 1 and 2 in OLED device.

Vonset Limax MNc n
Device Aems  CIE coordinates e
V) (cdm=2) (cdA-1) (ImW-)
1 5.98 504 (0.26, 0.49) 1751.0 4.63 1.26
2 5.52 505 0.27,0.47) 903.5 3.65 1.04

Vonset:  turn-on voltage; Aems: emission wavelength; Lmax: maximum luminance; 1
maximum current efficiency measured; mnp: maximum power efficiency measured.

Applied voltage in each case was in the range 11-11.5 V.
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2.4. Conclusions

In summary, we have synthesized new green fluorescent organic D-mi-A dyads 1
and 2 having a phenoxazine donor and an oxadiazole acceptor coupled through a para-
or meta- phenyl spacer and investigated their photophysical, thermal, electrochemical
and morphological properties including their OLED properties. Both the dyads 1 and 2
showed favorable photophysical properties and excellent thermal stability, solution
processability and film morphologies. The solution processed un-doped green OLEDs
fabricated based on these dyads showed CIE coordinates of (0.26, 0.49) and (0.27, 0.47)
for the dyads 1 and 2, respectively, as green emitters with a luminance of ca. 1751 cd
m~2 for the dyad 1 and 903.5 cd m—2for dyad 2 thereby demonstrating their potential

use in various optoelectronic applications including in OLEDs.

2.5. Experimental Section

2.5.1. General techniques

The melting points were determined on a Mel-Temp II melting point
apparatus. The electronic absorption spectra were recorded on a Shimadzu UV-
3101 or 2401 PC UV-VIS-NIR scanning spectrophotometer. The fluorescence
spectra were recorded on a SPEX-Fluorolog F112X spectrofluorimeter. Film-state
photoluminescence was measured using the front face emission scan mode on a
SPEX Fluorolog F112X spectrofluorimeter.3* Measurements of solution state and
film state fluorescence quantum efficiency were carried out using a calibrated

integrating sphere in a SPEX Fluorolog spectrofluorimeter. A Xenon-arc lamp was
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used to excite the film samples placed in the sphere, with 330 nm as the
excitation wavelength. The integrating sphere system was calibrated using the
solid state fluorescence quantum yield of the standard sodium salicylate (white
powder) was determined to be 60 * 10%, which is consistent with previously
reported values.35 Fluorescence lifetimes were measured using an IBH (Fluoro
Cube) time correlated picosecond single photon counting (TCSPC) system. The
phosphorescence spectra and time resolved studies of delayed fluorescence were
carried out using a 1040D phosphorimeter with a pulsed lamp.

The CIE, Commission International de [I’Eclairage (International
Commission on Illumination), chromaticity coordinates (1931) (x, y) were
calculated using HORIBA Jobin Yvon Color Calculator provided with integrating
sphere. Thermal stability measurements were performed at a heating rate of
10°C/min in a nitrogen atmosphere using Shimadzu, DTG-60 equipment. Cyclic
voltammetry is done by CV-50w electro analyzer in DCM using Pt wire as
auxiliary electrode, glassy carbon as working electrode. The potential was
referenced to the standard Ag/AgCl electrode and ferrocene was used as external
standard. TH NMR was recorded on a 500 MHz Bruker advanced DPX
spectrometer. Mass spectra were recorded either on a JEOL AX503 (HRMS) or
Shimadzu Biotech Axima CFR plus instrument. The AFM studies were carried out
Bruker nanoscope V multimode 8 AFM. All experiments were carried out at room
temperature (25+1 °C), unless otherwise mentioned.

The geometry of the dyads 1 and 2 was optimized with B3LYP/6-311G

(d,p) level density functional theory3¢ in conjunction with polarized continuum
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model (PCM)37 solvation method (selected solvent is toluene) as implemented in
Gaussian 09 package. Vibrational frequency calculations were carried out on 1
and 2 at the same level of theory and verified them as true minima on the
potential energy surface (number of imaginary frequency = 0).

The electroluminescence properties of the molecules were studied by
fabricating un-doped OLEDs by solution processing. The ETL and cathode were
deposited using thermal evaporation at a base pressure of 10-8 Torr. Patterned
ITO coated glass substrates with a sheet resistance of 10 (1/sq were used as
anodes, which were cleaned with detergent, chloroform, isopropanol and de-
ionized water and UV-0Ozone treated. On the ITO substrate, the HIL, emitting
layer, ETL, EIL, and cathode were deposited sequentially without exposing to
atmosphere inside a glove box. The deposition rate of TPBi and Al was
maintained at 2 A s-1, whereas the deposition rates of LiF were 0.1 A s-1. The
deposition rate and thickness of the deposited layers were controlled in situ by a
quartz crystal thickness monitor. The cathode was deposited on the top of the
structure through a shadow mask. The devices were encapsulated using UV
curable epoxy inside the glove box. The EL spectra and J-V characteristics were
measured using a spectrophotometer and a source meter interfaced to a

computer. All the measurements were carried out at room temperature.
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2.5.2. Materials and methods

All the reagents used for synthesis and measurements were purchased from
Sigma Aldrich or Alfa Aesar, in analytical grade and used as received, unless otherwise

stated. TPBi was purchased from LumTec and Aluminium from Kurt J. Lesker.

2.5.3. Synthesis and characterization

Bromo-9H-fluorene (3). To a stirred solution of fluorene (1 g, 6.02 mmol) and

48% HBr (1 mL, 6.02 mmol) in CH2Cl2-H20 (9:1, 20 mL), 30% H20 (0.68 mL, 6.02

mmol) was slowly added over a period of 15 min at 10-
Br
O'O 15 °C. The reaction was left at room temperature for 15 h

3 whilst monitoring its progress by TLC. After the reaction,

solvent was removed under reduced pressure and the crude product was added
to ethyl acetate and washed with water, brine and dried over anhydrous NazS0Oa.
The pure product was isolated by silica gel column chromatography, (1.08 g,
73%), mp 112-114 °C; 1H NMR (500 MHz, CDCl3, TMS) & 3.86 (s, 2H), 7.31 (m,
1H), 7.36 (t, 1H, ] = 7 Hz), 7.47 (m, 1H), 7.52 (d, 1H, ] = 7.5 Hz), 7.62 (d, 1H, ] = 8

Hz), 7.65 (s, 1H), 7.74 (d, 1H, ] = 7.5 Hz).

2-Bromo-9,9-dioctyl-9H-fluorene (4). A solution of 2-bromofluorene (1g, 4.08
mmol) in DMSO (15 mL) was degassed by purging with argon for 30 min, and
then benzyl triethyl ammonium chloride and aq. NaOH (0.818 g, 20.4 mmol)

were added. After 10 minute the reaction mixture turned to red, octyl bromide
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(2.85 mL) was added and the reaction mixture was heated

LN

to 80 °C for 4 h. The reaction mixture was subsequently

05 5
Q O cooled to room temperature, poured in to DCM and

4

washed with H20. The organic layer was separated and

dried over anhydrous Na:S04 and solvent was removed by vacuum evaporator.
The pure compound was isolated by silica gel column chromatography, (1.7 g,
89%); 'H NMR (500 MHz, CDCl3, TMS) & 0.59 (s, 4H), 0.81 (t, 6H, ] = 7 Hz), 1.08
(m, 8H), 1.12 (m, 8H), 1.19 (m, 4H), 1.93 (m, 4H), 7.32 (d, 3H, ] = 9.5 Hz), 7.44 (d,

2H,] = 8 Hz), 7.55 (d, 1H, ] = 8 Hz), 7.65 (d, 1H, ] = 4.5 Hz).

9,9-Dioctyl-9H-fluorene-2-carbonitrile (5). 2-Bromo-9,9-dioctyl-9H-fluorene

= (1g, 2.13 mmol) was dissolved in NMP (15 mL) and

A
then CuCN (0.572 g, 6.39 mmol) was added and

C TN
O O refluxed overnight. After completing the reaction, 1 g

5

of FeCls in 10 mL of 10% HCIl was added and stirred for

0.5 h at 120 °C. Then, the reaction mixture was cooled to room temperature and
extracted twice with toluene. The combined extract was washed with 6N HC],
H:20, and then with 10% NaOH solution. The organic part was dried and column
chromatography was performed, (0.625 g, 70%); 1H NMR (500 MHz, CDCl3z, TMS)
6 0.56 (t, 4H, ] = 7 Hz), 0.81 (t, 6H, ] = 7 Hz), 1.08 (m, 8H), 1.13 (m, 8H), 1.20 (m,
4H), 1.96 (m, 4H), 7.38 (m, 3H), 7.62 (d, 1H, ] = 9.5 Hz), 7.65 (d, 1H, ] = 8.5 Hz),

7.75 (t, 2H, ] = 8.5 Hz); ESI-MS: Calcd for C30H41N, 415.32; Found, 416.33 (M*).
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5-(9,9-Dioctyl-9H-fluoren-2-yl)-2H-tetrazole (6). To a mixture of 9,9-Dioctyl-
9H-fluorene-2-carbonitrile (1 g, 2.4 mmol) and NaN3 (0.312 g, 4.8 mmol) in dry

toluene (15 mL), Bu3SnCl (1.3 mL, 4.8 mmol) was

N=N added. Then, the mixture was stirred and refluxed
SO~
N for 24 h. After cooling to room temperature, the

above solution was poured to DCM and extracted

with water and the organic layer was dried and
column chromatography was carried out to give the product (0.75 g, 70%), 1H
NMR (500 MHz, CDCl3, TMS) 6 0.56 (t, 4H, ] = 7 Hz), 0.81 (t, 6H, ] = 7 Hz), 1.08 (m,
8H), 1.13 (m, 8H), 1.20 (m, 4H), 1.96 (m, 4H), 7.37 (s, 3H), 7.74 (t, 1H, ] = 4.5 Hz),
7.87 (d, 1H, ] = 8 Hz), 8.16 (d, 1H, ] = 8Hz), 8.23 (s, 1H) ESI-MS: Calcd for

C30H42N4, 458.34; Found, 459.34 (M+*).

2-(4-Bromophenyl)-5-(9,9-dioctyl-9H-fluoren-2-yl)-1,3,4-oxadiazol (7a). A

solution of p-Bromobenzoyl chloride (0.717 g, 3.27 mmol) was added drop wise

to a solution of tetrazol (1 g, 2.18 mmol) in
pyridine (20 mL) and refluxed for 2 h under

argon. The reaction mixture was then cooled to

room temperature prior to being poured into

methanol with stirring to precipitate the
product. (1 g, 75%), mp = 72-74 °C, 1H NMR (500 MHz, CDCl3z, TMS) & 0.60 (m,
4H), 0.78 (t, 6H, ] = 7 Hz), 1.08 (m, 16H), 1.15 (m, 4H), 2.03 (m, 4H), 7.38 (t, 3H, ]

= 2.5 Hz), 7.70 (m, 2H), 7.77 (m, 1H), 7.84 (t, 1H, ] = 4.5 Hz ), 8.06 (m, 2H, 8.09 (t,
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2H, ] = 2.5 Hz). 13C NMR (125 MHz, CDCls) 165.50, 163.72, 151.69, 151.44,
145.04, 139.81, 132.44, 128.36, 127.08, 126.33, 126.08, 123.01, 121.97, 121.33,
120.48, 120.23, 55.50, 40.28, 31.74, 29.94, 29.21, 29.16, 23.76, 22.56, 14.03. ESI-

MS: Calcd for C37H45BrN2z, 612.27; Found, 613.27 (M*).

2-(3-Bromophenyl)-5-(9,9-dioctyl-9H-fluoren-2-yl)-1,3,4-oxadiazole (7b).

A solution of m-Bromobenzoyl chloride (0.717 g, 3.27 mmol) was added

dropwise to a solution of tetrazol (1 g, 2.18
mmol) in pyridine (20 mL) and refluxed for 2

h under argon. Then, the mixture was cooled

to room temperature prior to being poured in

to methanol with stirring to precipitate the
product (1 g, 69%), mp =77-79 °C, 1H NMR (500 MHz, CDCl3, TMS) 6 0.62 (t, 4H, ]
=7 Hz), 0.80 (t, 6H, ] = 7 Hz), 1.08 (m, 16H), 1.18 (m, 4H), 2.08 (m, 4H), 7.38 (d,
3H, J]= 9.5 Hz), 7.43 (t, 1H, ] = 8 Hz), 7.70 (d, 1H, ] = 8 Hz), 7.77 (t, 1H, ] = 4 Hz),
7.85 (d, 1H,] =8 Hz),8.12 (t, 3H, ] = 9 Hz), 8.33 (s, 1H). 13C NMR (125 MHz, CDCl3)
165.63, 163. 12, 151.71, 151.44, 145.11, 139.79, 134.60, 130.67, 129.72, 128.40,
127.08, 126.14, 125.90, 125.52, 123.13, 123.05, 121.85, 121.36, 120.50, 120.25,
55.51, 40.28, 31.74, 29.94, 29.21, 29.17, 23.76, 22.56, 14.04. ESI-MS: Calcd for

C37H4sBrNa, 612.27; Found, 613.27 (M*).

10-(4-(5-(9,9-Dioctyl-9H-fluoren-2-yl)-1,3,4-oxadiazol-2-yl)phenyl)-10H-
phenoxazine (1). A mixture of 7a (1 g, 1.633 mmol), phenoxazine (0.448 g, 2.45

mmol), Cs2C03 (1.596 g, 4.899 mmol), Pd(OAc): (37 mg, 0.1633 mmol) and
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p(tBu)s (99 mg, 0.49 mmol) in toluene (30

mL) was heated at 40 °C for 2 h and then

@ the reaction mixture heated at 110 °C for

N-N

24 h. After the mixture was cooled to room
Dyad 1

temperature water and chloroform were
added, the organic layer was separated and dried under reduced pressure.
Column chromatography was carried out over silica gel using a 5% mixture of
ethyl acetate and hexane. (0.94 g, 80%), 1H NMR (500 MHz, CDCl3z, TMS) 6 0.62 (s,
4H), 0.79 (t, 6H, ] = 7 Hz), 1.09 (m, 16H), 1.17 (m, 4H), 2.05 (m, 4H), 6.01(d, 2H, ]
= 7.5 Hz), 6.63 (m, 2H), 6.71 (m, 4H), 7.39 (d, 3H,] =2 Hz ), 7.57 (d, 2H, ] = 8.5 Hz
), 7.78(m, 1H ), 7.86(d, 1H, ] = 8 Hz), 8.14(t, 2H, ] = 3.5 Hz ), 8.42 (d, 2H, ] = 8.5
Hz). 13C NMR (125 MHz, CDCl3) 165.63, 163.71, 151.73, 151.44, 145.09, 144.00,
142.26, 139.80, 133.79, 131.77, 129.70, 128.41, 127.11, 126.11, 124.08, 123.35,
123.08, 121.97, 121.86, 121.35, 120.51, 120.28, 115.75, 113.28, 55.51, 40.29,
31.76, 29.96, 29.22, 29.19, 23.78, 22.57, 14.06. ESI-MS: Calcd for Cs9Hs3N302,

715.41; Found 716.42 (M*+1).

10-(3-(5-(9,9-Dioctyl-9H-fluoren-2-yl)-1,3,4-
oxadiazol-2-yl)phenyl)-10H-phenoxazine (2).
A mixture of 7b (1 g 1.633 mmol),

phenoxazine (0.448 g, 2.45 mmol), Cs2CO3

(1.596 g, 4.899 mmol), Pd(OAc): (37 mg,

0.1633 mmol) and p(t-Bu)z (99 mg, 0.49 mmol) in toluene (30 mL) was heated at 40 °C
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for 2 h and then the reaction mixture heated at 110 °C for 24 h. After the mixture was
cooled to room temperature water and chloroform added, organic layer was separated
and dried under reduced pressure. Column chromatography was carried out over silica
gel using a 5% mixture of ethyl acetate and hexane. (0.88 g, 75%), 1H NMR (500 MHz,
CDClI3, TMS) & 0.58 (t, 4H, ] = 6.5 Hz) 0.78 (t, 6H, ] = 7 Hz), 1.06 (m, 16H), 1.17 (m, 4H),
2.05 (m, 4H), 5.97(m, 2H), 6.63 (m, 2H), 6.69 (m, 2H), 6.74 (m, 2H), 7.37 (t, 3H, ] = 2.5
Hz), 7.58 (m, 1H), 7.76(m, 1H), 7.81(m, 2H), 8.13 (m, 3H), 8.35 (m, 1H). 13C NMR (125
MHz, CDCl3) 165.66, 163. 46, 151.71, 151.44, 145.08, 143.95, 140.00, 139.82,134.47,
133.97, 132.10, 129.50, 128.37, 127.31, 127.12, 127.06, 126.19, 123.38,123.05, 121.87,
121.80,121.33,120.50, 120.25, 115.71, 113.26, 55.54, 40.26, 31.73, 29.92, 29.22, 23.76,

22.56, 14.04. ESI-MS: Calcd for C49Hs3N302, 715.42; Found 716.42 (M*+1).
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Chapter 3

Design of Blue Light Emitting Dyads Based on
Carbazole and Oxadiazole for OLED Applications
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3.1. Abstract

With an objective to develop efficient solution processable deep blue
emitters with good colour purity, we have synthesised two versatile D-n-A dyads
1 and 2 combining electron donating carbazole and accepting oxadiazole groups.
In order to understand the intramolecular electron communication between the
donor and acceptor moieties, we have changed the substitution pattern at the
phenylene linker. We found substitution dependent photophysical properties both
in the solution and film state. The dyad 1 showed absorption bands at 295, 330
and 350 nm. As the position of the carbazole moiety changed from the para-
position in dyad 1 to the meta-position in dyad 2, the intensity of the band at 350

nm was decreased and a new shoulder at 345 nm was formed. In the film state,
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dyads 1 and 2 showed deep blue emission having Amax at 415 nm and 409 nm
with the fluorescence quantum yield (®r) of 0.45 and 0.11, respectively. From the
non-polar cyclohexane to polar acetonitrile, a negligible change in the absorption
maxima was observed for the dyads 1 and 2 while the emission maxima was red-
shifted by ca. 90 nm (5380 cm-1) and 110 nm (5500 cm-1), respectively. The
observed large change in the dipole moment of ca. 22.42 and 23.95 D for the
dyads 1 and 2 respectively, suggests ICT character between the donor and
acceptor moieties.

From the ground state optimised geometries, the dyads 1 and 2 have a
well separated HOMO and LUMO at the hole and electron transporting moieties,
respectively. The dyads showed reversible oxidation waves and HOMO/LUMO
values of 5.62/2.43 eV for dyad 1 and 5.61/2.22 eV for dyad 2. In line with the
design strategy adopted, both the dyads are found to be thermally quite stable up
to 390 °C and solution processable. Furthermore, we have fabricated the solution
processed un-doped OLEDs based on these dyads with device configuration
having ITO (120 nm)/ PEDOT: PSS (40 nm)/ Dyad 1 or 2 (50 nm)/ TPBi (40
nm)/ LiF(1 nm)/ Al (100 nm). These devices based on the dyads 1 and 2
exhibited deep blue electroluminescence in near ultraviolet (NUV) region having
Amaxat 410 nm and 408 nm with a narrow full width at half maximum (FWHM) of
54 and 49 nm and CIE coordinates of (0.16, 0.07) and (0.16, 0.05), respectively,
which confirms very good color purity. These systems showed a maximum
luminance of ca. 62.17 and 61.45 cd m~2 with a current efficiency of ca. 0.45 and

0.44 cd A-1, respectively.
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3.2. Introduction

Organic light emitting diodes with various emission colors of high efficiencies
and color purity are successfully utilized in full color flat panel displays and solid state
white lighting devices.! To date, numerous classes of organic light emitting materials
have been developed and these efforts are still continuing in order to find out materials
that are easy to synthesize and exhibit improved solution processability and high
efficiency.? Blue light emitting materials are one of the important components for
fabricating white OLEDs and are very critical for making high quality displays.? In
addition, due to their intrinsic larger band gap (Egap), the blue emitters also can serve as
a host for a variety of lower energy fluorescent or phosphorescent dopant emitters.*
Compared with the superior performances of green and red emitters, blue light
emitting materials still need to be improved.> Owing to the large band gap, the excited
states of deep blue emitters possess very high energy levels and the devices based on
these emitters were found to be less stable.® Hence, the development of efficient deep
blue emitting materials with good efficiency and color purity is still a big challenge.

The conventional fluorescence and phosphorescence based OLEDs of dopant-
host system were widely accepted for the improved device efficiency.” However, the
precise control of dopant-host ratio increases the complexity of fabrication process and
thus the cost during the mass production of OLEDs.8 In addition, phase separation in
such a dopant-host system is also a potential problem, and therefore, the use of un-
doped emitting layer has practical significance due to the ease of fabrication and

reliability.? A balanced charge transport is essential for effective exciton recombination
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in the emissive layer. The hole and electron mobility of the emitters can be improved by
combing both electron donating and withdrawing moieties into a single emitter.10
Solution processable OLEDs are more attractive compared to the vacuum evaporated
for the development of low cost devices. In this context, design of unsymmetrical
structures substituted with long alkyl chains provide better solubility and reduced
aggregation in these molecules.!!

The small organic donor-acceptor type fluorophores have distinct
advantages like comparatively simple synthesis, purification and analysis.12 A
donor-acceptor structure can have large degree of control over the
optoelectronic properties in accordance with their structural modification.13
Changing the donor strength is the one of the way to fine-tune the band gap of D-
A emitters. The conjugated building blocks such as anthracene, pyrene,
diphenylamine and carbazole have been successfully used for designing and
synthesizing blue light emitting active layers.1* Among these, carbazole is a well-
known electron donor building block for optoelectronic materials with good
thermal stability and hole transporting ability.1> Herein, we have designed and
synthesized the luminescent dyads 1 and 2 (Chart 3. 1.) having electron donating
carbazole and accepting oxadiazole moieties and have invested their
photophysical, thermal, electrochemical and morphological aspects and also their
use in OLEDs. Interestingly, these systems exhibited substitution dependent
photophysical properties and act as deep blue emitters in the device

performance, thereby indicating its potential use in OLEDs applications.
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®

¢

1 2

Chart 3.1. Structures of the investigated donor-acceptor dyads 1 and 2.

3.3. Results and Discussion

3.3.1. Synthesis and photophysical properties

The designed molecules are incorporated with 3,6-di-tert-butyl-carbazole, a
relatively weak donor compared to the phenoxazine and acceptor 2-(9,9-dioctyl-9H-
fluoren-2-yl)-1,3,4-oxadiazole linked through a phenylene linker by para- (dyad 1) and
meta- (dyad 2) substitution. The presence of a weak donor like carbazole results in
lower intramolecular charge transfer in the D-A structures and thus a blue shifted
absorption and emission spectra. A better solubility in organic solvents was achieved by
adopting unsymmetrical structures with long alkyl chains. The para- and meta- bromo
substituted precursors 7a and 7b were synthesized as shown in the scheme 3.1. The
detailed synthetic procedures adopted and characterization details of the synthesized
precursors are given in chapter 2.

The synthesis of the target dyads 1 and 2 was achieved through Buchwald-
Hartwig coupling reaction between the donor 3,6-di-tert-butyl-carbazole and the

acceptor para- or meta- oxadiazole moiety (Scheme 3.1). The carbazole system upon
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Scheme 3.1. Synthetic method adopted for the precursors 7a and 7b.
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Scheme 3.2. Synthetic method adopted for the donor-acceptor dyads 1 and 2.

Pd-catalyzed cross-coupling reaction with 7a and 7b in presence of cesium carbonate
as the additive base, gave the dyads 1 and 2 in quantitative yields, respectively.16 The
starting materials as well as the dyads were purified through column chromatography

and recrystallization and were characterized on the basis of various spectroscopic and
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analytical evidences. In the IH NMR spectra, both dyads 1 and 2 showed 52 aliphatic
protons and 17 aromatic protons. The peak corresponds to 6 8.16 (t, 4H) of the dyad 1
was observed at 6 8.10 (m, 2H) and & 8.18 (s, 2H) for the dyad 2 and similarly peak at 6
8.41 (d, 2H) as 6 8.28(m, 1H) and 6 8.36 (s, 1H). In the 13C spectra, the number of
carbons for the dyads 1 and 2 were found to be 35 and 37, respectively.

The UV-Visible absorption and fluorescence spectra of the dyads 1 and 2 have
been studied in toluene solution (Figure 3.1A). The absorption at 295 nm can bel”
attributed to the carbazole centered n-m* transition and the peaks at 325-330 nm arises
from the m-1* transition of the flourene moiety.18 Notably, the absorption at 350 nm for
1 may be assigned to the charge transfer transition from the electron donating
carbazole to the electron accepting oxadiazole moiety. Interestingly, we observed a
decrease in the absorption at 350 nm and formation of a new broad band having
absorption in the region 345 nm, as the position of the carabzole moiety changed from
the para- position (dyad 1) to the meta- position (dyad 2). These observations can be
attributed to the minimizing conjugation between the donor and acceptor subunits in
case of the dyad 2 owing to its meta- linkage, which is in agreement with the literature
reports.1?

Further, we observed blue fluorescence having Amax at 409 and 419 nm (Aexc =
330 nm) for the dyads 1 and 2, respectively. We have noticed that the fluorescence
quantum yield of dyad 1 in toluene (®r = 0.72) is substantially higher than that of dyad
2 (®r = 0.06). This is attributed to the extended m conjugation for para- substituted

dyad 1. In the thin film, dyad 1 showed a broad and less intense absorption peak at
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Figure 3.1. Normalized absorption and fluorescence spectra of the dyads 1 and 2

at 298, A) in toluene and B) in film state. Excitation wavelength, 330 nm.

Table 3.1. Summary of the absorption and emission properties of the dyads 1

and 2 in toluene solution and film state. [a]

Aabslb] Emax [P] AemsP,nm Aabsl€] Aems[?l, nm
Dyad
nm M-1cm-1x 104 (D)l nm (Pp) [d
409 415
1 352,325 3.82,3.55 352,303
(0.72+0.02) (0.45%0.02)
419 409
2 345,330 3.54,5.30 330, 298
(0.06+0.03) (0.11+0.02)

[al Average of more than three independent experiments, Pl measured for toluene and I
measured for spin cast film. A.ps: absorption wavelength, emax: molar extinction coefficient, Aems:

emission wave length, ®r: absolute quantum yield.

around 352 nm and an intense peak at 303 nm and dyad 2 showed peaks at 330
nm and 290 nm (Figure 3.1B). The emissions maximum of the films of 1 and 2
were observed at 415 nm and 409 nm respectively (Aexc = 330 nm). The
calculated CIE coordinates of the dyads 1 and 2 were found to be (0.15, 0.06) and

(0.14, 0.13) in toluene and (0.15, 0.11) and (0.16, 0.06) in the film state,
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respectively, which are correspond to pure blue emission. The fluorescence
lifetimes of the dyads 1 and 2 were measured in toluene and the results are
summarized in Table 3.2 and Figure 3.2. The para- derivative dyad 1 exhibited
monoexponential decay while the meta- derivative dyad 2 showed biexponential
decay with a short lived minor component and a comparatively long-lived major
component (t1 = 1.7 ns for 1; t1 = 4.03 ns (23.92 %) and t2= 8.79 ns (76.08 %)
for 2). The observed biexponential decay can be attributed to the presence of
different conformers due to the existence of restricted rotation.2? By using the
fluorescence quantum yield (®r) and averaged lifetimes (<t>), the rate constants
of radiative (kr) and non-radiative (knr) decay of the dyads were calculated
according to equations kr= ®r/t and knr= 1 — ®r/t. Compared to the phenoxazine
derivatives, the carbazole systems showed a higher radiative transition in these
dyads. While comparing the dyads 1 and 2, the para- substituted derivative dyad
1 exhibited higher radiative decay than that of dyad 2 due to the improved

conjugation between donor and acceptor moiety.

20 40 60 80 100
Time (ns)

Figure 3.2. Fluorescence decay curves of A) dyad 1 and B) dyad 2 in toluene solution.
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Table 3.2. Summary of life time measurements in toluene solution

k. knr
Dyads T (ns) (107 5-1) (107 51
1 t1=1.7 5.18 0.71

1= 4.03 (23.92%)

0.19 1.27
2= 8.79 (76.08%)

<t>: average fluorescence lifetime, t: fluorescence lifetime, k. and kn: rate contants of

radiative and non-radiative transition, respectively.

The absorption and emission spectra of dyads 1 and 2 were recorded in
various solvents of differing polarity. Upon changing the solvent polarity of the
medium from cyclohexane to acetonitrile, the solvatochromic change in the
absorption spectra is minimal (Figure 3.3A and 3.4A). This suggests a less polar
ground state, which will be less effectively solvated by the polar solvents. In the
fluorescence spectra, we observed the broadening of the spectrum with a gradual
increase in redshift (Figure 3.3B and 3.4B). From the non-polar cyclohexane to
polar acetonitrile, we observed a redshift of ca. 90 nm (5380 cm-1) and 110 nm
(5500 cm-1) for the dyads 1 and 2, respectively (Table 3.3 and 3.4). These
observations indicate that the solvent-solute interactions found to stabilize the S;
excited states, yielding a dipole moment that is larger than that in the ground
state. The emission maxima (vmax, in wave number) were plotted against the
solvent polarity parameter Et(30) as shown in Figure 3.5A. These systems
exhibited a positive solvatochromism with the emission maxima depending
approximately linearly on the solvent polarity. From the changes in Stokes shift

in various solvents, the change in the dipole moment (Apge) between
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the ground (So) and excited states (S1) can be calculated using the equation 3.1,21

_12ap?
~ 4me, hca3

Vabs — Viu Af + constant... .........(Eq 3.1)

wherein, ‘vaps’ and ‘vauo’ are the absorption and fluorescence of the dyads 1 and 2 in

wave numbers, respectively, ‘eo’ is the vacuum permittivity, ‘h’ is the Plank’s constant,

A) ] C) 1.24 I 90 nm I
g 209
g =
£ E
2 = 0.6
< P
£ g 0.3
=5 =z 7
z
0-0' T T
300 350 400 45 400 500 600

Wavelength, nm Wavelength (nm)

Figure 3.3: Absorption (A) and fluorescence (B) spectra of the dyad 1 in different

solvent (10 uM each). Excitation wavelength, 330 nm.
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Figure 3.4: Absorption (A) and fluorescence (B) spectra of the dyad 2 in different

solvent (10 uM each). Excitation wavelength, 330 nm.

87



Chapter 3: Blue light emitting dyads

A) 2.84

B) 1.0- )
0 —_—2
2.6 g 084
H'E o
L 24 % 061 °
o
— =
= = 044 4
L 2.2- ' <
2 [77)
2 0.2 4
>
20 T T T L] L] T T T T
30 33 36 39 42 45 00 01 0.2 0.3
E,(30) Af

Figure 3.5. A) Plot of the emission maximum in different solvents vs solvent polarity
parameter Et(30) and B) plot of Stokes shift against the solvent polarity (Af). From the
left, cyclohexane, toluene, dichloromethane, acetone and acetonitrile solutions and the

solid lines show least-squares fit.

‘c’ is the speed of light and ‘a’ is the Onsager cavity radius, which was ca. 6.98 and 6.97
A for the dyads 1 and 2, respectively as determined from DFT calculations using
Gaussian 09.22 The term Af, known as the solvent polarity parameter was obtained by
the equation ((e-1)/ (2e+1)) - ((n?-1)/ (2n2+1)), wherein ¢ is the dielectric constant and
n is the refractive index of the solvent. The Stokes shift for emissions changed linearly
with Af as shown in Figure 3.5B. Using the slope value of ca. 14859.86 and 17035.47
cm-! for the dyads 1 and 2, respectively, and equation 3.1, we have estimated the dipole
moment change (Apge), which is found to be ca. 22.42 and 23.95 D for the dyads 1 and 2,
respectively. The calculated dipole moment for the ground states obtained from DFT
calculations are ca. 3.69 and 2.77 D while the dipole moment of the excited states
obtained by the solvatochromic method are ca. 26.11 and 26.72 D for the dyads 1 and 2,
respectively. The relatively larger change in the dipole moment suggested ICT character

between carbazolyl groups (electron donors) and oxadiazole moiety (electron
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Table 3.3. Absorption and emission properties of the dyad 1 in different solvents. 2

Aa Va Ar VF Va-VF

Solvents € n Af (nm) (cm-1) (nm) (cm-1) (cm-1)

CHXN 202 143 0.005 324,350 28571.4 380 26315.7 2255.64
TLN 238 149 0.013 325,352 28409.0 405 24691.3 3717.73
DCM 9.10 1.42 0.220 326,351 28490.0 445 224719 6018.12
ACTN  21.00 1.36 0.286 325,348 287356 460 21739.1 6996.5

ACN 37.50 135 0.303 325,347 288184 468 21367.5 7450.93

aAverage of more than three independent experiments, €: dielectric constant, n: refractive index,
Af: solvent polarity parameter, A.: absorption wavelength, v.: wave number corresponds to
absorption maximum, Ag: fluorescence wavelength, vi: wave number corresponds to

fluorescence maximum.

Table 3.4. Absorption and emission properties of the dyad 2 in different solvents. 2

Solvents € n Af Aa Va Ar VF Va-VF
(nm) (cm-1) (nm) (cm1)  (cm™)

CHXN  2.02 143 0.005 328,344 30487.8 368 2717391 3313.89
TLN 238 149 0.013 330,344 30303.0 413  24213.07 6089.96
DCM 9.10 1.42 0.220 330,343 30303.0 460 21739.13 8563.9
ACTN ~ 21.00 136 0.286 326,341 30674.8 465 21505.38 9169.47

ACN 37.50 135 0303 327,341 30581.0 480 20833.33 9747.71

aAverage of more than three independent experiments, €: dielectric constant, n: refractive index,
Af: solvent polarity parameter, A.: absorption wavelength, v.: wave number corresponds to
absorption maximum, Ar: fluorescence wavelength, vi: wave number corresponds to

fluorescence maximum.
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acceptors). These results clearly indicate that the high dipole moment of the charge
transfer states is responsible for the solvent polarity dependent redshifted emission
observed for the dyads.

Further, we have recorded phosphorescence spectra (delayed by 10 ms) of the
dyads 1 and 2 in toluene at 77 K and observed a great overlap with their corresponding
fluorescence spectra (Figure 3.6). The triplet energy of the both conjugates was
determined from the onset values of corresponding phosphorescence spectrum and the
values were found to be ca. 3.04 and 3.06 eV for the dyads 1 and 2, respectively. In
addition, a small energy difference (AEst) of ca. 0.31 and 0.29 eV was observed between
the singlet and triplet excited states of the dyads 1 and 2, respectively, thereby
indicating their use as efficient TADF emitters. To understand the TADF properties, we
have compared the photoluminescence efficiency of these molecules in air saturated
toluene with the oxygen free toluene (by freeze-thaw degassing). For both the dyads 1
and 2, we observed an increase in the fluorescence intensity and quantum yields after

freeze-thaw degassing of the solutions (Figure 3.7 and Table 3.5). These

>
[
=
N
J
=]
—
[En
N

e
©
1
e
©

e
w

Norm.Ph. Intensity
(=)
o
Norm.Ph. Intensity
o o
w fo)

e
o
o
o

400 500 600 400 500 600
Wavelength (nm) Wavelength (nm)
Figure 3.6. Normalized phosphorescence spectra of dyad 1 (A) and 2 (B) in toluene
solution (10 uM) at 77 K.
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Figure 3.7. Fluorescence intensity changes before and after purging with nitrogen in

toluene (10 uM) solution for the compounds, A) 1 and B) 2. Aexc, 350 nm.
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Figure 3.8. Prompt (F) and delayed fluorescence (DF) of the dyads 1 and 2 in toluene
solution (10 uM).

observations can be attributed to the quenching of the triplet excited states by the
dissolved oxygen present in toluene, and the concentration of which is negligible under
freeze-thaw degassing conditions. The dyad 2, which has relatively a lower AEst value
of 0.29 eV and correspondingly, showed ca. 64% enhancement in the PLQYs intensity,
whereas the dyad 1 with a relatively higher AEst value of 0.31 eV, exhibited the low
enhancement of ca. 30%, in the emission after the removal of oxygen (Figure 3.7). After
removing all the oxygen, the fluorescence quantum yield of dyads 1 and 2 were
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increased from 0.77 to 0.88 and 0.06 to 0.13 respectively. In addition, we have recorded
the delayed fluorescence of the dyads after a delay time of 60 us in toluene solution

(Figure 3.8).

Table 3.5. Delayed fluorescence properties of dyads 1 and 2 in toluene.

Dyads AEs(eV) AEr(eV) AEst(eV) DF.pF

1 3.35 3.04 0.31 0.88

2 3.35 3.06 0.29 0.13

Es and Er: energy of singlet and triplet excited state, ®r.pr: fluorescence quantum yield in O

free toluene solution

3.3.2. Electrochemical, thermal and morphological analysis

The energy values of HOMOs and LUMOs of the dyads are important for the
design of the device structure, which can be calculated from the CV curves and UV-Vis
absorption spectra. Figure 3.9 shows the cyclic voltammogram of the dyads in dry
dichloromethane under argon atmosphere. Both the dyad 1 and dyad 2 exhibited
reversible oxidation waves due to the presence of electron donating carbazole group.
The oxidation potentials vs Ag/Ag* were measured to be ca. 1.25 and 1.24 V for the
dyads 1 and 2, respectively and which are found to be relatively higher when compared
to the phenoxazine derivatives. The redox potential of Fc/Fc* (standard value = 4.8 eV
with respect to vacuum) was observed at 0.43 V. Based on this, the HOMO energy levels
of molecules were estimated using the equation EHOMO = _Eox — 437 eV and the values
are found to be 5.60 and 5.59 eV for the dyad 1 and 2, respectively. And the LUMO

energy levels were obtained by subtraction of the band gap energies (estimated from
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the onset wavelengths of the corresponding UV absorption spectra) from the
corresponding HOMO energies and the values were found to be approximately 2.43 and
2.22 eV, respectively. Thus, by substituting a weak donor carbazole instead of a strong

donor phenoxazine, we achieved a wide band gap and thus a blue shifted absorption

and emission properties.

1,Eq,=1.25eV

2,Eqy=1.24 eV
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Figure 3.9. Cyclic voltammograms recorded for the dyads in dry dichloromethane (1

mM solutions; scan rate, 100 mV/s).
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Figure 3.10. Thermogram of the dyads 1 and 2 in N2 atmosphere.
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The thermal stability of the dyads was investigated by using
thermogravimetrical analysis (TGA) (Figure 3.10) and both these dyads were found to
be thermally quite stable. The decomposition temperature (Tq), defined as the
temperature at which 5% mass loss occurs of the dyads 1 and 2 were found to be ca.
390 and 375 °C and the melting points of the systems are ca. 151 and 159 °C,
respectively. A film of thickness ~50 nm was obtained by spin casting a toluene solution
of dyads (15 mg/mL) at 1000 rpm. The morphology of the films was studied using
atomic force microscopy (AFM). As shown in Figure 3.11, the AFM images of solution
processed films revealed smooth and homogeneous film morphologies with very small
values of root mean square (RMS) roughness of ca. 0.42, 0.36 nm for the dyads 1 and 2,
respectively. These results demonstrate that both the dyad molecules have a good film

forming ability by a solution process.

1.5nm

A) Rq= 0.4_2 nm.

1
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Figure 3.11. AFM images of solution processed A) 1 and B) 2 on ITO plate.
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3.3.3. Theoretical calculations

To understand the electronic structure and band gap of the molecules, DFT
calculation was performed using B3LYP hybrid functional with 6-311G (d, p) basis set.
According to DFT calculations (Figure 3.12), the HOMO orbitals were mainly located on
the electron donating carbazole moiety, whereas the LUMO orbitals were mainly
distributed on the electron accepting oxadiazole moiety. The well separated HOMO and
LUMO is responsible for the observed lower AEst values and reverse intersystem
crossing in these dyads. The optimized dihedral angles between the donor moiety
(carbazole unit) and the adjacent phenyl ring (64) was 50.2° in dyad 1 and 53.1° in dyad
2. Due to the reduced dihedral angle of dyads 1 and 2 compared to the phenoxazine

derivatives, the electron density of the HOMO was found to be partially

3D STRUCTURE HOMO LUMO

Figure 3.12. HOMO and LUMO of the dyads 1 and 2 calculated at the B3LYP/6-
311G (d,p) level.
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overlaped to the phenylene linker and which resulted a higher radiative
transition for these dyads. The non-bonded H..H steric repulsion owing to the
close proximity between C-H bonds of the phenyl rings of donor moiety and N-
connected phenyl ring is responsible for the twisted configuration. The
HOMO/LUMO values for these dyads 1 and 2 were found to 5.59 and 5.60 / 2.09

and 2.11 eV (Table 3.6).

Table 3.6. Physical and electrochemical data of the dyads 1 and 2.

HOMO/LUMO HOMO/LUMO B4P Mp/Tq
Dyads
/AE (eV)? /AE (eV)P (°0) (0

1 5.62/2.43/3.19 5.59/2.09/3.50  50.2 151/390

2 5.61/2.22/339 5.60/2.11/3.49  53.1 159/375

flIExperimentally determined; [PIltheoretically calculated; AE: energy gap between HOMO
and LUMO; 64: dihedral angle; Mp: melting point; Tq: decomposition temperature.

3.3.4. Device fabrication

To evaluate the utility of the dyads 1 and 2 in device applications, un-
doped OLEDs were fabricated with device configuration having ITO (120 nm)/
Poly(3,4-ethylene-dioxythiophene)-poly(styrenesulfonate) (PEDOT: PSS)

(40 nm)/ 1 or 2 (50 nm)/ TPBi (40 nm)/ LiF (1 nm)/ Al (100 nm) as shown in
the Figure 3.13. Here, ITO was used as a transparent anode, PEDOT: PSS as the
hole injection layer, TPBi as the hole-blocking layer, LiF as the electron-injecting

layer and Al as cathode. Figure 3.14 presents current density-voltage, current
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density-luminance, current density-current efficiency and electroluminescence

(EL) characteristics of the devices fabricated.

A) _| B) 21

% 4.3

5 5 _ LiF/Al
Al (100 nm) ITO [a) — m
LiF (1 nm) I"JI_J &

4.9
51
5.6
6.2

Figure 3.13. A) Device structure and B) energy level diagram of the un-doped solution

processed OLEDs fabricated using the dyads 1 and 2.

The devices exhibited good diode behaviour with the turn on voltage
(Vonset) of 6.48 and 6.90 V for the dyads 1 and 2, respectively. The devices based
on both dyads 1 and 2 showed deep blue electroluminescence in near ultraviolet
(NUV) region having Amaxat 410 nm and 408 nm with a narrow FWHM of 54 and
49 nm and CIE coordinates of (0.16, 0.07) and (0.16, 0.05), respectively, which is
of very good colour purity (Figure 3.15). Interestingly, the EL spectra of devices
showed almost the same maximum wavelength as photoluminescence spectra in
the spin coated films. This indicates that, an unsymmetrical structure with long
alkyl chain could be able to effectively reduce the possibilities of aggregation and
helped the formation of a homogeneous amorphous film by solution processing.
The devices of the dyads 1 and 2 showed a maximum luminance of ca. 62.17 and
61.45 cd m-2 with a current efficiency of ca. 0.45 and 0.44 cd A-1, respectively

(Table 3.7).
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Figure 3.14. A-D) Device characteristics of the un-doped solution processed
OLEDs fabricated using the dyads 1 and 2.
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Table 3.7. Electroluminescence data of the dyads 1 and 2 in OLED device

Vonset Lmax T]C T]p
Device Aems  CIE coordinates
V) (cd m-2) (cdAl)  (ImW-1)
1 6.48 410 (0.16, 0.07) 62.17 0.45 0.18
2 6.90 408 (0.16, 0.05) 61.45 0.44 0.14

Vonset:  turn-on voltage; Aems: emission wavelength; Lmax: maximum luminance; 1
maximum current efficiency measured; mnp: maximum power efficiency measured.
Applied voltage in each case was in the range 11-11.5 V.

As can be seen from Figure 13 (B), there are considerable injection
barriers for the holes and electrons. There is an injection barrier of 0.5 V for
holes between HTL and EML and the injection barrier for the electrons between
cathode and ETL was 1.6 eV. Such large injection barriers are responsible for the
observed higher turn on voltage. A very low value of the current density even at
high voltage corroborates this point of view. In fact, the low LUMO of 2.11 eV was
making it difficult to find a suitable ETL. These observations clearly indicate that
there is a large scope for optimization of various parameters required including
the injection barriers by suitable buffer layers or doped transport layers to

improve the device performance.

3.4. Conclusions

In summary, we have synthesized and characterized two deep blue emitters 1
and 2 based on D-m-A structure that combine carbazole and oxadiazole moieties and
have investigated their photphysical, thermal, electrochemical and morphological
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properties under different conditions. Both the dyads 1 and 2 showed favorable
photophysical properties and excellent thermal stability, solution processability and
film morphologies. The solution processed un-doped OLEDs fabricated based on the
dyads 1 and 2 showed deep blue electroluminescence in NUV region with excellent blue
color purity having Amax at 410 nm and 408 nm and a narrow FWHM of 54 and 49 nm
and CIE coordinates of (0.16, 0.07) and (0.16, 0.05), respectively. We observed a
maximum luminance of ca. 62.17 and 61.45 cd m-2 with a current efficiency of ca. 0.45
and 0.44 cd A-1 for the devices based on the dyads 1 and 2, respectively, thereby

demonstrating their potential use in OLEDs.

3.5. Experimental section

3.5.1. General techniques

The melting points were determined on a Mel-Temp II melting point
apparatus. The electronic absorption spectra were recorded on a Shimadzu UV-
3101 or 2401 PC UV-VIS-NIR scanning spectrophotometer. The fluorescence
spectra were recorded on a SPEX-Fluorolog F112X spectrofluorimeter. Film-state
photoluminescence was measured using the front face emission scan mode on a
SPEX Fluorolog F112X spectrofluorimeter. Measurements of solution state and
film-state fluorescence quantum efficiency were carried out using a calibrated
integrating sphere in a SPEX Fluorolog spectrofluorimeter. A Xenon-arc lamp was
used to excite the film samples placed in the sphere, with 330 nm as the

excitation wavelength. This experimental setup and the integrating sphere

100



Chapter 3: Blue light emitting dyads

system calibrated using the solid state fluorescence quantum yield of the
standard sodium salicylate (white powder) was determined to be 60 + 10%,
which is consistent with previously reported values. Fluorescence lifetimes were
measured using an IBH (Fluoro Cube) time correlated picosecond single photon
counting (TCSPC) system.

CIE, Commission International de I'Eclairage (International Commission
on Illumination), chromaticity coordinates (1931) (x, y) were calculated using
HORIBA Jobin Yvon Color Calculator provided with integrating sphere. Thermal
stability measurements were performed at a heating rate of 10°C/min in a
nitrogen atmosphere using Shimadzu, DTG-60 equipment. Cyclic voltammetry is
done by CV-50w electro analyzer in DCM using Pt wire as auxiliary electrode,
glassy carbon as working electrode. The potential were referenced to the
standard Ag/AgCl electrode and ferrocene was used as external standard. 1H
NMR was recorded on a 500 MHz Bruker advanced DPX spectrometer. Mass
spectra were recorded either on a JEOL AX503 (HRMS) or Shimadzu Biotech
Axima CFR plus instrument. The AFM studies were carried out Bruker nanoscope
V multimode 8 AFM. All experiments were carried out at room temperature
(25%1 °C), unless otherwise mentioned.

The geometry of the dyads 1 and 2 were optimized with B3LYP/6-311G
(d,p) level density functional theory in conjunction with polarized continuum
model (PCM) solvation method (selected solvent is toluene) as implemented in

Gaussian 09 package. Vibrational frequency calculations were carried out on 1
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and 2 at the same level of theory and verified them as true minima on the
potential energy surface (number of imaginary frequency = 0).

The electroluminescence properties of the molecules were studied by
fabricating un-doped OLEDs by solution processing. The ETL and cathode were
deposited using thermal evaporation at a base pressure of 10-8 Torr. Patterned
ITO coated glass substrates with a sheet resistance of 10 (1/sq were used as
anodes, which were cleaned with detergent, chloroform, isopropanol and de-
ionized water and UV-0Ozone treated. On the ITO substrate, the HIL, emitting
layer, ETL, EIL, and cathode were deposited sequentially without exposing to
atmosphere inside glove box. The deposition rate of TPBi and Al was maintained
at 2 A s-1, whereas the deposition rates of LiF were 0.1 A s-1. The deposition rate
and thickness of the deposited layers were controlled in situ by a quartz crystal
thickness monitor. The cathode was deposited on the top of the structure
through a shadow mask. The devices were encapsulated using UV curable epoxy
inside the glove box. The EL spectra, ]-V characteristics of the devices were
measured using a spectrophotometer and a source meter interfaced to a

computer. All of the measurements were carried out at room temperature.

3.5.2. Materials and methods

All the reagents used for synthesis and measurements were purchased from
Sigma Aldrich or Alfa Aesar, in analytical grade and used as received, unless otherwise
stated. TPBi was purchased from LumTec and Aluminium from Kurt J. Lesker. The

synthesis of 2-(4-bromophenyl)-5-(9,9-dioctyl-9H-fluoren-2-yl)-1,3,4-oxadiazol (7a)
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and 2-(3-bromophenyl)-5-(9,9-dioctyl-9H-fluoren-2-yl)-1,3,4-oxadiazole (7b) were

discussed in the Chapter 2.

3.5.3. Synthesis and characterization

2-(4-(3,6-Di-tert-butyl-9H-carbazol-9-yl)phenyl)-5-(9,9-dioctyl-9H-fluoren-2-

yl)-1,3,4-oxadiazole (1). A mixture of 2-(4-bromophenyl)-5-(9,9-dioctyl-9H-

fluoren-2-yl)-1,3,4-oxadiazol (7a) (1 g,
1.633 mmol), 3,6-di-tert-butyl-9H-

.Q OY@N ! carbazole (1.37 g 4.9 mmol), Cs2CO3

\
N-N (3.73 g, 1.143 mmol), Pd(OAc)2 (37 mg,

Dyad 1 0.1633 mmol) and P(t-Bu)z (100 mg,

0.49 mmol) in toluene (30 mL) was heated at 40 °C for 2 h and then the reaction
mixture heated at 110 °C for 24 h. The mixture was cooled to room temperature
and water and chloroform were added. The organic layer was separated and
solvent was removed under reduced pressure. The product 1 was purified by
column chromatography over silica gel using a mixture of ethyl acetate and
hexane (5:95) and the product was recrystallized from hexane to give 1.1 g
(83%) of white crystals of the dyad 1. 1H NMR (500 MHz, CDCls, TMS) & 0.62 (d,
4H,] =6 Hz), 0.81 (t, 6H,] = 7 Hz), 1.11 (m, 16H), 1.20 (m, 4H), 1.50 (s, 18H), 2.07
(m, 4H), 7.39 (d, 3H, ] = 2.5 Hz), 7.47 (d, 2H, ] = 8.5 Hz), 7.51 (m, 2H), 7.78 (m,
3H), 7.85 (d, 1H, ] = 8 Hz), 8.16 (t, 4H, ] = 4 Hz), 8.41 (d, 2H, ] = 8.5Hz).13C NMR
(125 MHz, CDCl3) 165.44,163.98,151.70, 151.45, 144.97, 143.63, 141.38, 139.86,

138.63, 128.53, 128.36, 127.08, 126.72, 126.08, 123.89, 123.87, 123.07, 122.12,
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122.04, 121.34,120.49, 120.26, 116.45, 109.23, 55.51, 40.31, 34.80, 31.99, 31.76,
29.97, 29.23, 29.19, 23.78, 22.58, 14.05. ESIMS: Calcd for Cs7HeoN30, 811.54;

Found, 812.55 (M*+ 1).

2-(3-(3,6-di-tert-butyl-9H-carbazol-9-yl)phenyl)-5-(9,9-dioctyl-9H-fluoren-2-yl)-

1,3,4-oxadiazole (2). A mixture of 2-(3-bromophenyl)-5-(9,9-dioctyl-9H-fluoren-2-yl)-

1,3,4-oxadiazole (7b) (1 g, 1.633 mmol), 3,6-
di-tert-butyl-9H-carbazole (1.37 g, 4.9 mmol),
Cs2C03 (3.73 g, 1.143 mmol), Pd(0OAc)2 (37
mg, 0.1633 mmol) and P(tBu)3 (100 mg, 0.49

mmol) in toluene (30 mL) was heated at

40 °C for 2 h and then the reaction mixture
was heated at 110 °C for 24 h. The mixture was cooled to room temperature and water
and chloroform were added. The organic layer was separated and solvent was removed
under reduced pressure. The product 2 was purified by column chromatography over
silica gel using a mixture of ethyl acetate and hexane (5:95) and on crystallization from
hexane gave 1.05 g (79%) of white crystals of the dyad 2.'H NMR (500 MHz, CDCls,
TMS) 6§ 0.59 (d, 4H, ] = 6.5 Hz), 0.78 (t, 6H, ] = 7 Hz), 1.07 (m, 16H), 1.16 (m, 4H), 1.50 (s,
18H), 2.04 (m, 4H), 7.37 (t, 3H,] = 2.5 Hz), 7.41 (d, 2H, ] = 8.5 Hz), 7.51 (m, 2H), 7.76 (m,
3H), 7.83 (d, 1H, ] = 8.5 Hz), 8.10 (m, 2H), 8.18 (s, 2H), 8.28 (m, 1H), 8.36 (s, 1H). 13C
NMR (125 MHz, CDCl3) 165.62, 163.80, 151.70, 151.45, 145.03, 143.39, 139.84, 139.23,
139.09, 130.74, 129.89, 128.35, 127.06, 126.16, 125.93,125.49, 125.08, 123.89, 123.63,

123.05, 121.98, 121.36, 120.48, 120.23, 116.43, 109.08, 55.52, 40.25, 34.80, 32.02,
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31.74, 29.93, 29.21, 29.17, 23.76, 22.57, 14.05. ESIMS: Calcd for Cs7HeoN30, 811.54;

Found, 812.55 (M*+1).
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Chapter 4

Design of Quinoline-Carbaldehyde Chemosensor and

Investigation of Metal Ion Recognition Properties
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4.1. Abstract

With an objective to develop new colorimetric chemosensor based on organic
donor-acceptor small molecules, we designed a quinoline-carbaldehyde probe, 6-
diethylaminoquinoline-2-carbaldehyde (AQC) and have investigated its sensing
behavior towards various metal ions through photophysical, IR and NMR techniques.
The probe AQC has a donor diethylamino group and acceptor carbaldehyde moiety and
hence exhibited intramolecular charge transfer (ICT) properties. From the DFT
calculations, the HOMO of AQC was found to be delocalized over the entire molecule

while in the LUMO, the electron density was localized mostly on the quinoline and
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carbaldehyde group. The probe AQC, in acetonitrile solution, showed absorption
maximum at 412 nm having a shoulder at 365 nm and intense band at 290 nm. It
exhibited fluorescence maximum at 506 nm with a fluorescence quantum yield of ca.
0.40. When the solvent polarity was increased from cyclohexane to methanol, the
absorption maximum was bathochromically shifted by ca. 15 nm, while a red-shift of ca.
114 nm was observed in the fluorescence spectrum.

We have investigated the interactions of the probe AQC with various biologically
and environmentally relevant metal ions. The probe can selectively detect both Cu2*and
Hg?*ions with an easy, well-defined naked eye visible color changes from yellow to
colorless and yellow to pink, respectively. With the successive addition of Cu?*ions, the
absorption bands of AQC at 290, 365 and 412 nm showed hypochromicity with the
concomitant formation of new peaks at 324 and 530 nm and isosbestic points at 343
and 464 nm. Similarly with the addition of Hg2+*ions, the bands at 290, 365 and 412 nm
showed hypochromicity with the formation of new intense bands at 324 and 537 nm
and isosbestic points at 343 and 464 nm. This probe exhibited a stable 1:1
stoichiometric complex involving diethylamino moiety for the selective recognition of
Cu?*ions with a detection limit of 25 ppb. For the selective recognition of Hg?*ions, it
formed a 2:1 stoichiometric complex involving quinoline nitrogen and aldehyde
functionality and showed a detection limit of 360 ppb. The association constants for
both Cu?*and Hg?* complexes were determined to be ca. 2.1 + 0.1 x 104 M-1and 1.29 *
0.2 x 108 M2, respectively. Uniquely, this probe can be coated on a glass surface to
fabricate a simple solid state dipstick device that can be used for the easy visual

detection and analysis of Cu?* and Hg2*ions in the aqueous medium.
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4.2. Introduction

Design of organic conjugated small molecule-based chemosensors for the naked
eye detection and quantification of important physiological and environmental
transition metal ions such as Hg?*, Cu?*and related cations has been an active area of
research.! Of all the metal ions, Hg2* ion is a well-known global pollutant and remains as
a threat to human health.2 Exposure of human body to even a low concentration of Hg2*
ions can lead to neurological diseases, cognitive and motion disorders, and damage to
the prenatal brain, digestive system and kidneys.3 The source of pollution of mercury is
by means of oceanic and volcanic emission, gold mining, solid waste incineration,
combustion of fossil fuels and the chlor alkali industry. Furthermore, the water soluble
Hg?* ions as well as highly toxic organomercury CH3Hg?* are of serious environmental
concern. With regard to Cu?*ions, though they play crucial role in various biological
processes,* excess concentrations of these ions can be highly toxic. Cu2*ions are also
capable of retarding many enzyme-catalyzed reactions by displacing other metal ions
and act as co-factor.> Deficiency of Cu?*ions can lead to Menkes disease, while high
levels can cause Alzheimer or Wilson disease, gastrointestinal disorders and kidney
damage®. Therefore, the development of molecular probes that can detect these metal
ions with high selectivity and sensitivity through naked eye is quite important.

Of the various probes, the colorimetric chemosensors are especially attractive,
because the analyte determination can be carried out by the naked eye under visible
light.” Although a large variety of selective single® as well as multianalyte®

chemosensors have been reported, the development of a simple chemosensor for
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multiple metal ions using a single technique through displaying distinct outputs is
desirable. Of the several chromophores reported, the quinolines based systems have
been utilized for the detection of various alkali, alkaline earth and transition metal ions.
Among them, 8-hydroxy-2-methylquinoline has been well exploited as a chelator and
which was widely used for recognizing a variety of metal ions'0. Even though, several
quinoline derivatives were synthesized and used as chemosensors, the use of simple
quinoline-2-carboxaldehyde directly as a sensor has not been exploited. Herein, we
have chosen 6-diethylaminoquinoline-2-carbaldehyde (AQC) as a probe and
investigated its interactions with various mono- and divalent metal ions as compared to
the model compound, 6-ethoxyquinoline-2-carbaldehyde (EQC) (Chart 4.1). The AQC
exhibited high sensitivity and selectivity for both Cu?* and Hg?*ions and signalled the
event through visible color changes when compared to other metal ions and the model
compound EQC. The probe AQC can also be coated on a glass surface to fabricate a solid
state dipstick device that can be used for the easy visual detection and onsite analysis of

Cu?*and Hg?* ions in the aqueous medium.

Z H
N7 H N
o (o]

AQC EQC

Chart 4.1. Chemical structures of probe AQC and model compound EQC.
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4.3. Results and Discussion

4.3.1. Synthesis and photophysical properties of the probe

The probe AQC was prepared from 6-nitroquinaldine via a three step procedure
by using the modified reported procedure (Scheme 4.1).11 6-Nitroquinaldine was
reduced with SnCl;/HCI to obtain 6-aminoquinaldine, which was further treated with
ethyl iodide to obtain 6-diethylaminoquinaldine. Subsequently on oxidation with SeO>
in dioxane gave the corresponding aldehyde, AQC in ca. 74% yield. The model
compound, EQC was synthesized starting from 6-hydroxy-2-quinaldine as per the

reported procedure.’e

»
7,
N N/

HCI
1 2
CH4CH,l | K2C0s
DMF
" Y
|/N N Se02 N(
N
Y ACSR
(o) Dioxane N
AQC 3

Scheme 4.1. Synthetic route to the probe AQC.

The probe AQC having the donor diethylamino group and acceptor carbaldehyde

moiety was so designed that it can, in principle exhibit an intramolecular charge
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transfer (ICT) band, which in turn can be utilized for the detection of various metal ions.
We have carried out the theoretical calculations using density functional theory (DFT)
with the Gaussian 09 program. The geometry optimization of the probe AQC has been
performed at the DFT-B3LYP/6-311G (d,p) level. As shown in Figure 1, HOMO of AQC
interestingly is delocalized over the entire molecule and while in LUMO, the electron
density is localized mostly on the quinoline and carbaldehyde groups confirming

thereby the possibility of charge transfer in the excited state of the probe.

* 9@
2
“} =

HOMO LUMO

Figure 4.1. HOMO and LUMO orbital pictures of the probe AQC.

To further evidence the existence of the excited state intramolecular charge
transfer mechanism, we have studied the photophysical properties of the probe AQC in
solvents having different polarity. Figure 4.2 shows the UV-Vis and fluorescence spectra
of the probe AQC recorded in different organic solvents. For example, the UV-Vis
spectrum of AQC in acetonitrile showed the maximum at 412 nm with a shoulder at 365
nm and intense band at 290 nm (Figure 4.2A). When the solvent polarity was increased
from nonpolar cyclohexane to polar methanol, the absorption maximum values of the

probe AQC were bathochromically shifted by ca. 15 nm (Table 4.1). Similar studies
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were carried for the model compound EQC, wherein we observed strong absorption
peaks at 263 nm and 339 nm in acetonitrile. As in the case of AQC, the model compound
EQC showed a marginal bathochromic shift of ca. 10 nm with the increase in solvent
polarity.

The emission spectrum of the probe AQC was recorded in various solvents from
nonpolar to polar media. The probe displayed a strong fluorescence solvatochromism
that was reflected by a large bathochromic shift of its fluorescence emission maximum
with the increase in solvent polarity (Figure 4.2B), when compared to the absorption
spectral changes. The maximum emission wavelength of AQC was red shifted by ca. 114
nm, when the solvent was changed from cyclohexane (440 nm) to methanol (554 nm)
with a large difference in stokes shift of 2355 cm-1 to 6163 cm-1, respectively.
Subsequently, we have studied the correlation of the fluorescence band positions of
AQC with the polarity index Et(30),12 for which we observed a good linearity (Table
4.1). We calculated the fluorescence quantum yields (®r) in different solvents by using
proflavine hemisulfate (®r = 0.34) as the standard.l3 Interestingly, AQC showed
relatively high fluorescence quantum yields in all solvents studied ranging from Or-
0.34 to 0.54, except in cyclohexane (0.1) (Table 4.1). Thus, the observed solvent polarity
dependent fluorescence properties of the probe AQC, confirm the existence of
intramolecular charge transfer in the excited state. The fluorescence properties of the
model compound EQC were studied and which showed weak fluorescence emission
when compared to AQC under similar conditions.
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Table 4.1. Photophysical properties of the probe AQC in different solvents.

Solvent E;(30)2 Amax £+104 AemP . Stokes shiftd
(kcalmol) (nm) (M!'cm) (nm) (cm™1)
C.hexane 30.9 399 2.84 440 0.10 2335
Toluene 33.9 405 1.71 456 0.46 2762
THF 37.4 406 3.02 469 0.46 3309
CH:Cl2 40.7 414 3.17 485 0.54 3536
CHsCN 45.6 412 2.84 506 0.40 4509
CH30H 55.4 413 1.86 554 0.34 6163

aEr(30) is the polarity index, Pemission maximum excited at the corresponding Amax

fluorescence quantum yield relative to proflavine hemisulfate (®r = 0.34 in water). Error +

10%, dStokes shift = (1/7\max_ 1/)\em)-
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4.3.2. Study of the interactions with metal ions

With an objective to evaluate the potential use of the probe AQC as chemosensor,
we have investigated its interactions with various monovalent and divalent metal ions
through optical spectroscopic techniques. For example, with the increase in
concentration of Cu?*ions, we observed a decrease in the absorption bands of AQC at
290, 365 and 412 nm with the concomitant formation of new peaks at 324 and 530 nm.
We observed isosbestic points at 343 and 464 nm, which clearly indicate the formation
of a well-defined AQC-Cu?+ complex (Figure 4.3A). Upon addition of 1 eq of Cu?*ions,
the spectrum reached its maximum decrease in the absorbance at 412 nm with a
maximum increase in absorbance at 530 nm. Further addition of Cu?*ions showed
negligible spectral changes, indicating 1:1 binding mode between the probe AQC and

Cu?*ions (Figure 4.3B). These absorption spectral changes enabled the

B) 0.20
0.15-
3
=
(3]
£ 0.101
2
<
0.051
T 0.00 —
300 400 500 600 700 0 2 4 6 8 10 12 14 16
Wavelength (nm) [Cu2+]uM

Figure 4.3. A) UV-Vis spectral changes of AQC (10 puM) upon addition of Cu?*ions in
acetonitrile. (a) 0, (b) 1, (d) 3, (f) 5, (h) 7, (k) 10, (I) 15 and (m) 20 puM. B) Variation in

absorbance at 412 and 530 nm with the change in concentration of Cu?*ions.
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observation of a colorimetric switching from yellow to colorless by the naked eye (inset
of Figure 4.3A) in the presence of Cu2+*ions.

Similarly with the addition of Hg2*ions, we observed ratiometric changes in the
absorption spectra of the probe AQC (Figure 4.4A). The absorption bands of AQC at 290,
365 and 412 nm were decreased with the addition of Hg?* ions, subsequently, we
observed intense new bands at 324 and 537 nm, with the addition of Hg2*ions along
with isosbestic points at 343 and 464 nm. These observations clearly indicate the
formation of a well-defined AQC-Hg?2* complex. Upon addition of 0.5 eq of Hg?* ions, we
observed its saturation at 537 nm, indicating 2:1 binding of the probe AQC with Hg?*
ions (Figure 4.4B). These absorption spectral changes enabled the observation of a
colorimetric switching from yellow to pink by the naked eye as shown in the inset of
Figure 4.4A for the recognition of Hg?+* ions.

To understand the mechanism, we employed the model compound EQC and

A B
) 0.20 )0'20 —&A— 412 nm
—®— 537 nm|
o 0.15 , 015
S (&)
g g
= 0.10 S 0.101
Q o
3 2
< 0.05 << 0.05-
\ 0.00
0.004— . - =
300 400 500 600 700 0 2 4 ot 6 8 10
Wavelength (nm) [Hg™ JuM

Figure 4.4. A) UV-vis spectral changes of AQC (10 pM) upon addition of Hg?* ions in
acetonitrile. (a) 0, (b) 1, (d) 3, (f) 5, (h) 7, (k) 10, (1) 15 and (m) 20 uM. B) Variation in

the absorbance at 412, 537 nm with the change in concentration of Hg2* ions.
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investigated its interactions with different mono and divalent metal ions. For example,
with an increase in the concentration of Hg?*ions, we observed a bathochromic shift in
the absorption bands at 263 nm and 339 nm of EQC with the formation of new distinct
bands at 278, 349 and, 389 nm having isosbestic points at 270, 296 and 344 nm (Figure
4.5A). In contrast, EQC showed negligible changes in the absorption spectra with the
increase in addition of Cu?* ions (Figure 4.5B). These observations demonstrated the
importance of the substituents present on the quinaldine moiety, which play a major
role for the observed selectivity of the metal ion recognition. In the emission spectrum,
the probe AQC showed bright green fluorescence at 506 nm in acetonitrile. The
fluorescence intensity was found to be quenched with the gradual addition of different
concentrations of both Cu?*and Hg?*ions (Figure 4.6). The quenching mechanism could
be due to the charge transfer from the probe to the metal ions (LMCT). In addition, the
quenching of the fluorescence in the copper coordinated complex may be due to the

paramagnetic nature of the Cu2+ ions.14
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Figure 4.5. UV-Vis spectral changes of the model compound EQC (10 puM) upon
addition of A) Hg2*and B) Cu?*ions. (a) 0 and (m) 20 uM in CH3CN.
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Figure 4.6. Fluorescence spectral changes of AQC (10 pM) in CH3CN on varying the
concentration of A) Cu?*and B) Hg?*ions. (a) 0, (m) 20 uM. Insets show the variation in
fluorescence intensity at 506 nm under similar conditions. Excitation wavelength, 464

nm.

4.3.3. Selectivity and reversibility of the complexation

To demonstrate the selectivity of the probe AQC as a colorimetric chemosensor
for Cu2* and Hg?* ions, we have investigated its interactions with other important
monovalent and divalent metal ions such as Na*, K*, Ag*, Mg?+, Ca2+, Mn2+, Fe2*, Co%*, Ni%+,
Zn?*, Cd?* and Pb?*ions under identical experimental conditions. The relative changes
in the absorbance of the probe AQC upon the addition of different metal ions are shown
in Figure 4.7A. The selectivity of the probe AQC can be observed visually, since the
changes in color of AQC from yellow to colorless and yellow to pink observed only upon
addition of Cu?* and Hg?* metal ions, respectively. Interestingly, the presence of all
other metal ions used for the present studies showed negligible changes in the
absorption spectra of the probe AQC as can be seen from Figure 4.7. Similarly, we have

carried out the interactions of the model compound EQC with various metal ions.

120



Chapter 4: Quinoline-carbaldehyde chemosensor

Expectedly, EQC showed negligible interactions with the monovalent and divalent
metal ions including Cu?*ions under identical conditions (Figure 4.7B). However, with
the addition of Hg2* ions, we observed the color change from yellow to pink, thereby
indicating that the model compound EQC exhibits selective interactions only with Hg2*

ions as compared to other ions.
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Figure 4.7. Selectivity graph showing the changes in absorbance ratio (As37/A412) of the
probe AQC (10 uM) (A) and ratio (Asse/As39) of the probe EQC (10 pM) (B) by the
addition of different metal ions (10-* M).

To test the potential of the probe AQC in presence of a mixture of metal ions, we
have investigated the impact of the metal ions such as Na*, K+, Ag*, Mg?+, Ca?*, Mn?*, Fe?+,
Co?*, Ni2*, Zn?*, Cd?* and Pb?*. As shown in Figure 4.8 and Figure 4.9, the presence of
metal ions, including Na*, K*, Ag*, Mg?+, Ca%*, Mn2+, Fe2*, Co2*, Ni2*, Cd2* and Pb2+
showed negligible effect on the detection and selectivity of AQC for Cu?* and Hg?*ions.
Further to investigate the role of different anions, we carried out a series of
experiments using counter ions such as perchlorate, chloride and acetate salts of Cu?*

and Hg2*ions, respectively. Interestingly, upon changing the counter ion from the
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B Competing ion

B Competing ion + Cu(ll)

Figure 4.8. The changes in absorbance (As30/A412) of AQC (10-> M) in acetonitrile in the
presence of competing metal ions. The blue bars represent the absorbance ratio of AQC
in the presence of the selected cations (10-> M). The red bars represent the change in
absorbance ratio that occurs upon subsequent addition of Cu?* (10-> M) to the above

mentioned solutions, respectively.

= Competing ion

® Competing ion + Hg(IT)

Figure 4.9. The changes in absorbance (As37/A412) of AQC (10-> M) in acetonitrile in the
presence of selected metal ions. The blue bars represent the absorbance ratio of AQC in
the presence of the selected cations (10> M). The red bars represent the change in
absorbance ratio that occurs upon subsequent addition of Hg?* (10-5 M) to the above

mentioned solutions, respectively.
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Figure 4.10. A) Changes in the absorption spectra of AQC (10->M) by the addition of
different copper anions (10-°M) B) Changes in absorption spectra of AQC (10->M) by

the addition of different mercury anions(10->M).
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Figure 4.11. Reversibility of the complex formation with the addition of 1 eq of EDTA
(10 uM). A) AQC-Cu?*and B) AQC-Hg?* complexes in CH3CN.

perchlorate to chloride the affinity of the probe towards Cu?* ions exhibited non-
negligible decrease, while negligible effect was observed with the acetate ions (Figure
4.10A). In contrast, both the chloride and acetate salts of Hg2?* showed negligible

influence on the detection by the probe AQC (Figure 4.10B).

To investigate the reversibility of the complexation of the probe AQC with Cu?*

123



Chapter 4: Quinoline-carbaldehyde chemosensor

and Hg?*ions, we have investigated the interaction of the probe with a strong chelator,

ethylenediaminetetraacetic acid (EDTA)3 (Figure 4.11). The probe AQC initially showed
absorption and fluorescence emission maxima at 412 and 506 nm, which upon addition
of one equivalent of Cu2* and Hg?* ions resulted in a significant decrease in the
absorbance as well as quenching of fluorescence intensity. When EDTA was added to
the solution of [AQC-(Hg?*/Cu?*)] complexes, we observed the reversibility with an
increase in both the absorbance and fluorescence intensity. This is due to the fact that
EDTA is a strong chelating agent, which has higher affinity for metal ions (1021 M-1 for

Hg?* and 1018 M-1 for Cu2+), when compared to the probe AQC.
4.3.4. Nature of the complexation

To understand the mode of binding of the probe AQC with the Cu2+ and Hg?*ions,
we have investigated its complexation process through Job plot, Benesi-Hildebrand
method, 1H NMR, Fourier transform infrared spectral (FT-IR), MALDI-TOF MS and cyclic
voltammetry (CV) techniques. The stoichiometry for the binding of the probe AQC was
examined by the method of continuous variation of ratio of mole fraction (Job’s plot)1>.
We observed the stoichiometry of 1:1 and 2:1 for the complexes AQC-Cu?* (Figure
4.12A) and AQC-Hg?* (Figure 4.12B), respectively. Similarly, the stoichiometry of the
binding for the model compound EQC was estimated and it is found to be 2:1 for EQC-

Hg?+ complex (Figure 4.13).

The association constants of the probe AQC with these metal ions were
calculated using the Benesi-Hildebrand analysis® utilizing the absorption titration data.

We observed the association constant values of ca. 2.1 + 0.1 x 104M-1and 1.29 + 0.2 x
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Figure 4.12: Job plot analysis for the complexation of probe AQC (33 pM) with A) Cu?*
(33 uM) and B) Hg?*ions (33 puM) in CH3CN.
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Figure 4.13: Job plot analysis for the complexation of the model compound EQC (33
uM) with Hg?+*ions (33 uM) in CH3CN.

108 M-2 for AQC-Cu?* (Figure 4.14A) and AQC-Hg?* (Figure 4.14B) complexes,
respectively. From the titration results, the detection limit was found to be 25 ppb
(Figure 4.15A) for Cu?+*ions, whereas the sensitivity was observed to be 360 ppb for
Hg?*ions (Figure 4.15B) under identical conditions. The sensitivity in detection of about
ca. 25 and 360 ppb for Cu?+ and Hg?* ions is quite high when compared to the literature

reported sensors by 10-15 and 2-3 fold respectively.1”
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We have carried out 1H NMR spectral changes of the probe AQC in the presence
and absence of different concentrations of Cu2* and Hg?* ions in CD3CN (Figure 4.16 and
4.17) to confirm the nature of the complexation. The IH NMR spectrum of the probe
AQC in CD3CN showed one aldehyde proton H1 as a singlet at § 9.99, five aromatic

protons H2, H3, H4, H5 and H6 at § 8.05, 7.79, 6.91, 7.44-7.48 and 7.96
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Figure 4.14: Benesi-Hildebrand fit for A) AQC-Cu2+and B) AQC-Hg?* complexes with
the titration of the probe AQC (10 uM) with metal ions in acetonitrile.
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Figure 4.15: Linear plot of relative absorbance changes of the probe AQC in CH3zCN vs

A) log [Cu?*] and B) log[Hg?*].
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respectively. Whereas the N-CH: protons (H7 protons) appeared as a quartet at § 3.51-
3.56 while -CH3z protons observed (H8 protons) at 1.23 as a triplet. With the increase in
the addition of Cu?* ions concentration, we observed a significant decrease in the
intensity and broadening of the peaks in the 1H NMR spectrum of the probe AQC. At 1
eq of Cu?* ions, we observed the disappearance of the peaks corresponding to H4, H5
and H7 protons, while broadening of the protons was observed with H2, H3, and H6
protons due to the presence of highly paramagnetic Cu?* ions in the near vicinity.18
However, the peak corresponding to the aldehyde at § 9.99 remained unaffected. The
selective broadening, and disappearance of the -N-CH; protons (H7) and the aromatic
protons H4 and H5 near to -N-CH: indicate that Cu?* ions coordinate with the
diethylamino moiety of the probe AQC (Figure 4.16). In contrast, with the increase in
the addition of Hg?*ions concentration, the aldehyde proton H1 at & 9.99 showed a
significant down field shift of Ad = 0.23. The quinoline aromatic protons H2, H3, H4, H5
and H6 also showed a regular down field shift with the gradual addition of Hg?*ions. On
the other hand, aliphatic N-CH; protons (H7) and -CHs protons (H8), showed negligible
changes in their chemical shifts. These observations indicate the co-ordination of the
Hg?* ions with both the aldehyde oxygen and the quinoline nitrogen functionalities of
the probe AQC (Figure 4.17).

Further evidence for the coordination complexes was obtained through the
analysis of the infrared spectrum (FT-IR) of AQC in presence and absence of Cu2* and
Hg?* ions. The characteristic carbonyl stretching frequency of the probe AQC appeared
at 1695 cm-1 (Figure 4.18A). On co-ordination with Cu?* ions, we observed a shift in the
-C=0 stretching frequency to higher wave numbers from 1695 to 1704 cm-1, which
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Figure 4.16: Changes in the '"H NMR spectra of the probe AQC with the addition of Cu?*
ions in CD3CN. a) AQC alone, b) 0.2 eq, c) 0.5 eq, d) 1 eq of Cu?* ions.
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Figure 4.17: Changes in the 'H NMR spectra of the probe AQC with the addition of Hg2*
ions in CD3CN. a) AQC alone, b) 0.1 eq, ¢) 0.2 eq, d) 0.5 eq of Hg2* ions.
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indicates the coordination of the aliphatic nitrogen (-N-CH2) with the Cu2*ions (Figure
4.18B). In the case of Hg2*ions, we observed a shift in -C=0 stretching frequency to
lower wave numbers from 1695 to 1668 cm-1 as compared to the free probe (Figure
4.18C). This indicates the coordination of aldehyde oxygen and quinoline nitrogen of
the probe AQC with Hg2*ions. The strong peaks observed at 1090 and 1096 cm-1 in the
IR-spectra of AQC-Cu?* and AQC-Hg2* complexes could be attributed due to the
presence of non-coordinated perchlorate ions in both these complexes.

Furthermore, we have analyzed the complexation through MALDI-TOF mass
spectral analysis. We observed a peak at 332 corresponding to AQC-Cu?*-CH3CN
complex (Figure 4.19) in the mass spectrum indicating the formation of a 1:1
stoichiometric complex between AQC and Cu?* ions. However, the complex formed
between the probe AQC and Hg?*, showed a peak at 674.6 for [(AQC):-Hg?*-H20],
(Figure 4.20), which corresponds to a 2:1 stoichiometry for the complex between AQC
and Hg?*ions.

The cyclic voltammogram (CV) of AQC wusing tetrabutylammonium
hexafluorophosphate as the supporting electrolyte at a scan speed of 100 mV/s showed
one irreversible redox potential value of 0.95 V (Figure 4.21). This value could be
attributed to the first oxidation of N,N-diethylamine group. With the addition of 1.0 eq
of Cu?+* ions to the solution of AQC, we observed a shift in the first oxidation value to
0.97 V. The observed increase in the oxidation potential of AQC could be attributed to
the coordination of the diethylamino group with Cu?*ions. In the case of Hg2+ ions, with
the addition of 0.5 eq, we observed the first oxidation potential value shift from 0.95 to

0.90 V. The observed decrease in the redox potential of AQC could be attributed to the
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Figure 4.18. IR spectra of AQC (A), AQC-Cu?* (B) and AQC-Hg?* (C) complexes.
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Figure 4.19. MALDI-TOF mass spectrum of an acetonitrile solution of AQC containing
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Figure 4.21. Cyclic voltammogram of AQC in CH3CN.

coordination of the quinoline nitrogen moiety and aldehyde oxygen atoms with Hg?*
ions. These observations are in accordance with the literature reports known for the
donor-acceptor systems.1?

Based on these experimental evidences, we propose the structures shown in
Chart 4.2 for the metal co-ordinated complexes of the probe AQC and the model
compound EQC with the Cu?* and Hg?* ions. In the case of the AQC-Cu?* complex, the
preferential site for Cu?* ions binding is the diethylamino group with a 1:1
stoichiometry. In contrast, the HgZ*ions in the complexes AQC-Hg2*and EQC-Hg2* show
the coordination with both the aldehyde oxygen and quinolone nitrogen atoms with a
2:1 stoichiometry. Interestingly such a distinctive binding of the probe AQC results in

the selective and sensitive colorimetric detection of both Cu?*and Hg?* ions.
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Chart 4.2. Proposed structures for complexes AQC-Cu?+, AQC-Hg?+ and EQC-Hg?2+.

4.3.5. Detection of metal ions using dipstick method

To evaluate the versatility of the probe, we have prepared a “dipstick” based on
the probe AQC for the detection of Cu?* and Hg2* ions in the aqueous medium. For this
purpose, the probe AQC (1 mg) was adsorbed over silica (2 g), a slurry of which was
coated on a glass stick as support (Figure 4.22A). The probe AQC alone showed yellow
color when coated on the glass surface. The color of the dipstick changed from yellow to
colorless when dipped in a solution containing 50 uM concentration of Cu2+* ions in the
aqueous medium (Figure 4.22B). Similarly, when the probe coated dip-stick was dipped
in a solution containing Hg?* ions, its color changed from yellow to pink (Figure 4.22C).
These results demonstrate the simple and convenient method and for the sensitive and

selective detection and on-site analysis of Cu2* and Hg2* ions in the aqueous medium.
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AQC AQC-Cu?* AQC-Hg?*

Figure 4.22. Photograph of the dipstick device showing the detection of metal ions
(5x10->M) by the probe AQC in aqueous solution. A) The probe AQC (yellow color)
coated over a glass support, the change in color of the dipstick from intense yellow to B)

colorless in presence of Cu2* ions and C) pink in the presence of Hg2+ ions.

4.4. Conclusions

In summary, we have developed a simple colorimetric probe AQC having
diethylamino and quinoline-2-carbaldehyde functional units. This probe showed
profound selectivity towards both Cu?* and Hg2*ions as compared to other metal ions
and signaled the event through ratiometric absorption changes. The uniqueness of this
probe is that it forms stable complexes with Cu2* and Hg2*ions and exhibits different
binding sites and acts as a visual colorimetric probe for the selective detection of Cu?*
and Hg?* ions. The 1:1 stoichiometric complexation with Cu?* ions showed a color
change from yellow to colorless, while with Hg2*ions, it showed a 2:1 stoichiometric
complexation and the color change from yellow to pink. Uniquely, the probe AQC can be

effectively coated on the solid support to make a dipstick, which can be used for a
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simple, selective, sensitive and dual mode detection and on-site analysis of both Cu?*

and Hg?* ions in the aqueous medium.

4.5. Experimental Section

4.5.1. General techniques

The melting points were determined on a Mel-Temp II melting point apparatus.
The electronic absorption spectra were recorded on a Shimadzu UV-3101
spectrophotometer. The fluorescence spectra were recorded on a SPEX-Fluorolog
F112X spectrofluorimeter. 1H NMR spectra were recorded on a 500 MHz Bruker Avance
DPX spectrometer. The mass spectra were recorded on Thermo Scientific Exactive ESI-
MS spectrophotometer. MALDI-TOF MS analysis was performed with a Shimadzu
Biotech Axima CFR plus instrument equipped with a nitrogen laser in the linear mode
using 2,5- dihydroxybenzoicacid (DHB) as the matrix. The FT-IR spectra were recorded
on a Perkin Elmer Model 882 Infrared spectrometer. Cyclic voltammetric
measurements were performed on a BAS CV50W voltammetric analyzer; using 1 mM
probe solution in acetonitrile at a scan rate of 100 mV/s using 0.1 M
tetrabutylammonium hexafluorophosphate as supporting electrolyte. The glassy carbon,
standard calomel electrode and platinum wires were used as working, reference and
auxiliary electrodes, respectively, and internally calibrated with ferrocene. First
oxidation wave potentials were calculated by the addition of 0.44 V to the potentials
measured vs ferrocene.

All the solvents were purified and distilled before use. Quantum yields of
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fluorescence were determined by the relative methods using optically dilute solutions.
Quinine sulphate in 0.1 M H2S04, with a quantum yield of 0.54,41 was used as the
standard and the quantum yields of fluorescence were calculated using the equation 4.1.

_AFung

g S §
AUFSng °

D

wherein As and Ay are the absorbance of the standard and unknown, respectively; Fs
and F, are the areas of fluorescence peaks of the standard and unknown, respectively;
and ns and ny are the refractive indices of the standard and unknown solvents,
respectively. ®s and ®r are the fluorescence quantum yields of the standard and

unknown, respectively.
4.5.2. Materials

All the reagents used for synthesis and measurements were purchased from
Sigma-Aldrich (MO, USA), in analytical grade and used as received, unless otherwise
stated. The measurements related to the cations of Mn?*, Fe?+, Co?*, Ni2+, Cu?*, Zn?+, Hg?+,
Cd?+, Pb2+, Ag*, Mg?+, Ca?*, K*and Na*were obtained by using their perchlorate salts.
Metal ions, probe AQC and the model compound EQC were dissolved in acetonitrile to
obtain 1 mM stock solutions. Before spectroscopic measurements, the solution was
freshly prepared by diluting the concentrated stock solution to the required
concentration. 6-Amino-2-quinaldine, mp 181-183 °C (mixture mp 185-187 °C), and 6-
ethoxyquinoline-2-carbaldehyde (EQC), mp 104-106 °C (mixture mp 100-101° C) were

prepared as per the reported procedures.
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4.5.3. Calculation of association constants

The association constants between the probes AQC / EQC and Cu?*/ Hg?*ions
were analyzed using the absorption data and were calculated employing Benesi-

Hildebrand equations 4. 2 and 4. 3,

1 1 1
= e e e 4.2,
A-Ay)  (A-Ay  K(A-A)Cuz]
1 1 1
. 4.3.

(A—AO): (A—A0)+ K (A — A [HgZHI/2 ™" """

wherein K is the association constant, A is the absorbance of the free dyad, Ao is the

observed absorbance of the [dyad-M2*] complex, and Ac is absorbance at the saturation.
4.5.4. Computational details

Quantum chemical calculations have been performed based on the density
functional theory (DFT) using Gaussian 09 software. The ground state geometry
optimization of probe AQC has been carried out at the DFT-B3LYP /6-311G (d,p) level
followed by the vibrational frequency analysis to ensure that the obtained geometries
represent minima on potential energy surface. The HOMO and LUMO pictures were

obtained by using gauss-view program.
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4.5.5. Synthesis and characterization

N, N-diethyl-6-amino-2-quinaldine (3). To a solution of 6-amino-2-quinaldine (2

g, 12.6 mmol) in dry DMF (10 mL) under argon atmosphere, activated K.CO3 (5.216 g,

geel

3

combined organic layer was

37.8 mmol) was added and stirred at 25 °C for 30 min.
To this mixture ethyl iodide (5.89 g, 37.8 mmol) was
added slowly to the reaction mixture and stirring was
continued for 8 h at 25 °C. The solvent was removed
under vacuum and extracted with ethyl acetate. The

washed with brine solution and dried over NazSOg4,

evaporated and purified through silica gel column chromatography (ethyl acetate /

petroleum ether 1:9) to afford N,N-diethyl-6-amino-2-quinaldine (2.6 g, 81%). 1H NMR

(CDCl3, 500 MHz) 6 7.78 (d, ] = 9.41 Hz, 1H), 7.73 (d, ] = 8.51 Hz, 1H), 7.17-7.21 (m, 1H),

7.05 (d, ] = 8.51 Hz, 1H), 6.66 (s, 1H), 3.35-3.40 (q, ] = 7.25 Hz, 4H), 2.58 (s, 3H), 1.14 (t, ]

=7.25 Hz, 6H); ESI-MS: m/z Cald for C14H1sN2 214.31 and Found [M]* 214.86.

6-(diethylamino)quinoline-2-carbaldehyde (AQC): Selenium dioxide (1.66 g, 15

mmol) in dioxane suspension was heated at 60 °C and then N,N-diethyl-6-amino-2-

r

g

N

N
Z
N

AQC

quinaldine (2.14 g, 10 mmol) was introduced. The
mixture was heated at 80 °C for 3 h. After cooling to
room temperature, the reaction mixture was filtered on
celite, evaporated and purified through silica gel column

chromatography (ethyl acetate/petroleum ether 5:95) to

afford AQC (2 g 74%). mp 56 °C. 1H NMR (CDsCN, 500 MHz) & 9.99 (s, 1H), 8.05 (d, ] =
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8.5 Hz, 1H), 7.96 (d, ] = 9.4 Hz, 1H), 7.79 (d, ] = 8.5 Hz, 1H), 7.44-7.48 (dd, J = 9.4, 1H),

6.91 (s, 1H), 3.51-3.56 (q, ] = 6.9 Hz, 4H), 1.23 (t, ] = 6.9 Hz, 6H); ESI-MS: m/z Cald for

C14H16N20 228.30 and Found 229.37 [M+H]*.
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