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ABSTRACT
Two new series of organic soluble indigoids 7-7’-dialkoxyindigoids (4a, 4b) and
4,4’-dibromo-7,7’-dialkoxyindigoids (5a, 5b) (alkoxy = n-butoxy and n-octyloxy)
have been synthesized starting from the inexpensive 3-hydroxybenzaldehyde for
OFET applications. The indigoids were soluble in common organic solvents such as
chloroform, dichloromethane, toluene, ethyl acetate and ethers. The enhanced
solubility was suggested to be a lack of intermolecular hydrogen-bonds as confirmed
by single crystal X-ray diffraction analyses. It was found that intramolecular
hydrogen-bonds in indigoids were crucial to the exhibition of field-effect in OFETs,
while intermolecular hydrogen-bonds only caused insolubility of the indigoids.
Compared to the pristine insoluble indigo (LUMO = -3.55 eV and E g = 1.91 eV), the
soluble indigoids containing electron donating alkoxy side chains at the indigoid 7
and 7’ positions were shown to have LUMO decreased by -0.13 to -0.26 eV as well as
a lower bandgap energy from E g = 1.66 to 1.94 eV. A bottom-gate-top-contact OFET
employing polystyrene as the dielectric layer was used to demonstrate the field-effect
properties. The indigoid 4,4’-dibromo-7,7’-dioctyloxyindigoid (5b) was found to
exhibit the highest electron mobility at 2.20 × 10-5 cm2 V-1 s-1 . In addition,
4,4’-dibromo-7,7’-dioctyloxyindigoids

(5)

can

be

further

derivatized

by

organometallic catalyzed aryl-aryl coupling reactions to create functional organic
electronic materials.
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CHAPTER 1: INTRODUCTION
1.1. Organic Semiconductors
Since the discovery of polyacetylene as an organic conductive polymer by
Hideki Shirakawa, Alan Heeger, and Alan MacDiarmid, research in organic materials
had opened up a new area known as organic electronics[1]. Since then researchers had
been focusing on the synthesis and derivatization of new conjugated organic materials
in order to develop different materials for a number of electronic applications.
Nowadays,

conjugated

organic

materials

can

be

divided

mainly

into polymers and small molecules. These compounds may behave as semiconductors
which can substitute the traditional inorganic semiconductors such as silicon materials,
metals or heavy metal oxides such as germanium, gallium nitride and zinc oxide. The
intrinsic natures of organic semiconductors allow electronic engineers to make
flexible, lightweight, or even transparent electronic devices used in varies
interdisciplinary areas such as bioelectronics, nanoelectronics, optoelectronics and
photovoltaics. Some common semiconducting small molecules (Figure 1.1.) include
pentacene,

rubrene,

mobilities. Polymeric

and

C60

organic

had

all

semiconductors

demonstrated
include

promising

charge

poly(3-hexylthiophene),

poly(p-phenylene vinylene), as well as polyfluorene and its derivatives possessed
thermal and ambient thin film stability for durable electronic devices. Many of these
organic materials semiconductors are also soluble, which makes fabrication by
solution-processing and inkjet printing possible to produce low-cost and easy
manufactured electronic devices.

1

Figure 1.1. Some common organic semiconductors

1.1.1. P-Type Organic Semiconductors
P-type (positive-type) organic semiconductors are π-conjugated molecules with
high HOMO energy levels. The molecules that exhibit electron-donating properties
are good candidates for p-type semiconductors. Many organic semiconductors showed
remarking p-type organic field-effect transistors (OFET) behaviors. Some of these
materials even exhibit hole mobilities higher than that of amorphous silicon (~1.0
cm2 V-1 s−1). Typical p-type semiconductors are acenes, such as pentacene[2], and
heterocyclic oligomers, such as oligothiophenes. One recent example is the
poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) complex. This

2

organic material had obtained a hole mobility as high as 170 cm2 V-1 s−1 as reported by
Okuzaki and his groups[3-4] measured by OFET configuration.
Pentacene had been used as a model compound for the study of the relative
impact of chemical structure on the hole mobility in organic semiconductors[5]. It
was reported that by replacing one aromatic ring with thiophene in pentacene
exhibited a higher hole mobility and lower threshold voltage (~7V). The stability in
air was also improved as compared to pentacene. Another derivative namely tetracene
was synthesized and it has a lower mobility than that of pentacene, indicating that
systems with more conjugation showed a higher mobility[4]. As a result the skeletal
modification of an organic semiconductor greatly affects the electronic properties and
the performance in OFETs.
Another factor that affects the performance of a p-type organic semiconductor
would be the intermolecular forces such as π-stacking and hydrophobic interactions.
For instance, it was reported by Sheraw C.D. et al.[6] that a pentacene derivative
containing acetylene units with a bulky chemical substituent adopts a π-stacking
columnar structure to avoid steric interactions. The derivative containing isopropyl
groups resulted in an OFET with a high mobility as high as 0.4 cm2 Vs−1. Another
method for constructing π-stacking structures in p-type organic semiconductors is to
use intermolecular charge-transfer interaction.

When pentacene is derivatized with

an electron-accepting quinone unit, the electron donor-acceptor interaction took place
and the molecules tended to stack in a tight columnar structure due to the
intermolecular pentacene unit which worked as the donor, while the quinone unit
acted as an acceptor[7]. The mobility for such device has reached 0.05 cm2 Vs−1.
For hydrophobic interactions, anthracene was an example that it did not exhibit
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any transistor field-effect in OFET. This is because of its small π-electronic system.
Nevertheless, the bisthienyl derivative of anthracene showed good p-type behavior[8].
This is due to the after introduction of two hexyl groups and this greatly increased the
mobility to 0.50 cm2 V-1 s−1. The same applied to other heterocyclic compounds such
as naphthalene[9]. When the two-membered rings system naphthalene was derivatized
with alkylthienyl groups[10], the hole mobility can even reach 0.14 cm2V-1 s−1 .
Incorporation of aliphatic alkyl chains is effective for molecules to adsorb
perpendicularly to the substrates in OFET devices, and thus increased the π-π stacking.
Furthermore, it was reported by Halik M et al.[11] that the alkyl chains in p-type
organic semiconductors can also lower the HOMO energy levels. It was also observed
that in oligothiophenes, conjugation of four to six thiophene rings and with alkyl
chains 2–6 carbon numbers are necessary for high hole mobilities.

1.1.2. N-Type Organic Semiconductors
Unlike

p-type

organic

semiconductors,

n-type

(negative-type)

organic

semiconductors are not fully established and developed. There has not been
satisfactory OFET performance resulted yet. One method to prepare n-type organic
semiconductors is by introducing electron

withdrawing groups to p-type

semiconductor. A famous example is the perfluorinated pentacene[ 12 ]. This
compound showed electron mobility of 0.11 cm2 V-1 s-1 under high vacuum conditions.
The most famous n-type organic semiconductors are perylenediimide based
compounds. The alkylated perylenediimide derivative such as the octyl derivative[13]
showed a high electron mobility up to 0.6 cm2 Vs−1. However, their OFET devices
were not stable in air. In n-type organic semiconductors, radical anions are produced

4

by electron injection. These radical anions are labile to oxygen and the stability is
related to the electron-accepting properties of semiconductors. To overcome such
problems, cyano groups were introduced to perylenediimides, making it a more
electron deficient (accepting). As expected, the cyano derivative[ 14 ] of
perylenediimide showed better stability in air as well as a higher electron mobility of
0.64 cm2 Vs−1 . Other electron withdrawing groups have also been introduced to
n-type organic semiconductors. For example, the tetrachloro derivative of
perylenediimide also showed a high electron mobility of 0.18 cm2 V-1 s-1 and good air
stability[ 15 ]. Similarly, the cyano derivatives of naphthalenediimide[ 16 ] and
anthracenediimide[17] have been developed as n-type materials.
Fullerene (C60) is another famous example of n-type organic semiconductor
which shows high electron affinity and produced high performance OFETs. Fullerene
devices have shown electron mobility of 0.56 cm2 V-1 s-1 in vacuum[18]. Derivatives of
C60 were also developed to increase thei solubility in organic solvents. An example is
Phenyl-C61-butyric acid methyl ester (PCBM). The derivative yielded ambipolar
OFET using a solution method. Its electron and hole mobilities were measured to be
0.01 and 0.008 cm2 V-1s-1 respectively[19]. Another amino derivative of C60 also
shown to have a high electron mobility of 0.15 cm2 V-1 s-1 by using solution
method[20].
Apart from the aforementioned high cost n-type materials, Mihai Irimia-Vladu et
al.[21] reported that natural dyes can also be used as n-type organic semiconductors.
Their group showed that natural dyes such as indigo, Tyrian Purple, cibalackrot, vat
yellow 1 and vat orange 3 also exhibited n-type semiconducting properties. Among
these natural dyes, indigo and its derivatives such as Tyrian Purple showed a
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promising electron mobility of up to 0.02 cm2 V-1 s-1. The long range hydrogen bonding
and π-stacking within indigo and Tyrian Purple form highly-ordered crystalline thin
films. Indigoid OFET devices not only exhibited n-type but also ambipolar charge
transport behavior. In addition, indigoids devices are said to be biodegradable and
may someday be further developed into biocompatible bioelectronics[21].

6

1.2. Applications
Since organic semiconductors were invented, the most popular applications
include organic field-effect transistors (OFETs), organic light emitting diodes
(OLEDs) and organic photovoltaic solar cells (OPVs). The details are given in the
followings.

1.2.1. Organic Field-Effect Transistor (OFET)

1.2.1.1. Basic principles of OFET
Organic field-effect transistors (OFETs) are external field modulated p/n
junction that consist of three electrodes. The electrodes are the source (S), the drain
(D) and the gate (G) and current flowing through the (S/D) channel can be controlled
by the bias voltage applied from the gate (G). There has been continual growth in the
research of OFET after the first OFET developed by F. Ebisawa et al.[22]. OFETs are
essential components for flexible organic electronics such as the logic components.
OFET has yet widely applied in the current electronic industries. There are still many
problems and challenges that have to be resolved before making it a mature
technology. Two major challenges limiting the performance of OFET in printed
electronics are the high operating voltage and some other minor problems. These
problems include environmental stability, solubility, and thin film formation ability of
the semiconductor materials. In order to attain complementary inverters, it is essential
to develop reliable and durable both organic p-type and n-type transistors. P-type
OFETs have been reported and it had been a hot topic especially in field of organic
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semiconductors research. There are solution processable OFETs that showed
mobilities up to 0.1-1.0 cm2 V-1 s-1 for some soluble pentacene-derivatives[23]. Single
crystal p-type OFET[24] demonstrated a high hole mobility of up to 20 cm2 V-1 s-1.
Nevertheless, n-type OFETs are considered as air and moisture sensitive devices
compared to p-type OFETs. In general, they have low electron mobilities. There are
continuing efforts in optimizing n-type OFET devices and it had been reported that a
printable polymeric material[ 25 ] showed electron mobility of up to 0.40-0.85
cm2 V-1 s-1. However, such materials require multiple synthetic routes and expensive
synthetic chemicals. Therefore, researchers are still finding ways to develop economic
and high performance materials for n-type OFETs.

1.2.1.2 Geometries of OFET
OFET is composed by three major components, the dielectric layer, the organic
semiconductor, and the metallic electrodes including the gate (G), the source (S) and
the drain (D) (Figure 1.2.). The source and the drain electrodes are in direct contact
with the semiconductor, while the gate electrode is isolated from the semiconductor
via a dielectric layer. An OFET can be fabricated in different geometries (Figure 1.2.).
The most common OFETs are fabricated with bottom-gate (BG) architecture. In a
bottom-gate OFET, the source and the drain electrodes are built on top of (top contact
TC) or below (bottom-contact BC) the organic semiconductor layer. Similarly, a
top-gate (TG) OFET has an inverted structure of a bottom-gate device. The top-gate
architect is not only beneficial for solution processing device, but also has a positive
effect on air-sensitive n-type semiconductors by encapsulating the semiconductor
layer from the ambient atmosphere.
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Figure 1.2. The geometry of different OFET devices.
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1.2.2. Organic Light Emitting Diode (OLED)

1.2.2.1. Basic principles of OLED
OLEDs are electroluminescent (EL) devices. They are usually composed of thin
films of organic semiconductors layered between two electrodes in approximately
100nm thickness[26]. When a voltage is applied to the device, holes and electrons
travel in opposite directions between the anode and the cathode. When holes and
electrons recombined in the emission layer of the OLED devices, photons are released
with energy levels equal to the HOMO/LUMO bandgap of the emissive layer
material[26]. The advantages of organic EL devices are the fabrication is low, low
energy consumption, high brightness and contrast, light weight, large viewing angles,
and sharp colors lighting devices. When incorporating solution process techniques,
OLEDs can be easily and massively manufactured. Nowadays, OLEDs are already
widely used in many commercial products. One major application of OLED is to
replace traditional LCD technology in production of small monochromic to large-size
full color displays. In 2012, renowned electronics company Samsung in South Korea
released a series of active matrix organic light emitting diodes (AMOLED) cell
phones[27] (Figure 1.3.), and a curved OLED TV[28] (Figure 1.4.).
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Figure 1.3. AMOLED display in Samsung Galaxy Note[27].

Figure 1.4. Samsung cuved OLED TV[28].
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1.2.2.2 Geometries of OLED
Organic light emitting diode (OLED) consists of an electroluminescent layer
sandwiched between two electrodes (anode and cathode), while one of the electrode
has to be transparent or semi-transparent to allow light coming out of the device. The
basic device structure is shown in Figure 1.5., in which the device is composed of
multiple layers including the two electrodes (anode and cathode), hole-transporting
layer (HTL), emission layer (EML) and the electron-transporting layer (ETL).

Figure 1.5. A typical device structure for OLED.

When a voltage is supplied to the OLED device, injection of holes takes place at the
anode whereas injection of electrons occurs at the cathode (Figure 1.5.). The hole
transporting layer (HTL) helps to transport holes from the anode to the emission layer
(EML). At the same time, the electron-transporting layer (ETL) transports electron
from the metal cathode to the emission layer (EML) (Figure 1.6.). HTL and ETL are
generally p-type and n-type organic semiconductor materials as discussed in section
1.1.1. While the emission layer (EML) can basically transport both holes and
electrons. It should also have an inherited fluorescent or phosphorescent property.
This layer is where the recombination of holes and electrons takes place. When the
holes and electrons move towards each other within the emissive layer, an
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electron-hole pair (exciton) is generated. The recombination of holes and electrons in
the EML result in the emission of a photon or light with a specific wavelength.

Figure 1.6. Mechanism of photon generation in OLED.

13

1.2.3. Organic Photovoltaic (OPV)

1.2.3.1. Basic principles of OPV
Organic photovoltaic solar cells (OPV) are photocurrent-generating devices. In
simplicity, OPV can be viewed as a reversed operation of OLED as an OPV device
converts light energy into electricity. When organic photovoltaic materials absorb
light, excitons were generated and the excitation degenerated into hole and electrons
that travelled to their respective electrodes. As a result, photocurrent or in other words
electricity is being produced[29]. OPV devices are considered to be a renewable
energy source, in which unlimited sunlight can be harvested and converted into
energy. The technology became matured by using solution process techniques, low
temperature processing and fabrication of large scale and efficient solar panels within
a short period of time. It is also possible for OPV to be incorporated into buildings or
even clothing. According to the National Renewable Energy Laboratory[30] (NREL),
different types of OPV cells have achieved higher photoconversion efficiency (PCE)
each year. It is undoubtedly that OPV may soon reach a high PCE level for next
generation high performance solar cells.
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Figure 1.7. OPV cell installed on a carport (Left) in Florida and a bus stop (Right) in
San Francisco[31].
1.2.3.2 Geometries of OPV
A typical OPV device consists of layers of organic materials sandwiched
between two electrodes. Figure 1.8. demonstrate a typical bilayer organic photovoltaic
solar cell.

Figure 1.8. A typical bilayer device structure for an OPV solar cell.

In a bilayer OPV solar cell, solar energy is harvested by the donor and acceptor
organic semiconductors which are known as the “photoactive layers”. The donor and
acceptor materials are actually p-type and n-type organic semiconductors as discussed
in section 1.1.1. and section 1.1.2. The donor layer in the OPV donates electrons and
transports holes. Vice versa, the acceptor layer withdraws electrons and transports
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holes.
As shown in Figure 1.9., light absorption occurs when the “photoactive layers”
harvest light energy to form excitons[29]. Electrons are then excited from the valence
band into the conduction band[32]. The excitons diffuse to the donor acceptor
interface owing to the concentration gradient and this process is known as exciton
diffusion. Charge separation occurs when excitons separate into free holes (positive
charge carriers) and electrons (negative charge carriers). A photocurrent is then
generated when the holes and electrons move in opposite directions towards
corresponding electrodes , and this process is known as charge extraction.

Figure 1.9. Mechanism of photocurrent generation in OPV.
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CHAPTER 2: THEORY
2.1. Charge conduction in organic semiconductor
In the traditional inorganic crystalline semiconductor like silicon, a giant lattice
structure of atoms is closely packed to one another. The interatomic distances are
considered to be very small (in terms of several ångström). The periodic potential
experienced by an electron gives rise to an energy band. The two energy levels
namely the highest occupied molecular orbital or highest occupied energy band
(HOMO or valence band) and the lowest unoccupied molecular orbital or lowest
unoccupied energy band (LUMO or conduction band). In contrast, in an organic
semiconductor, molecules are relatively loosely packed and individual molecules are
held together by weak intermolecular forces such as van der Waals forces or the
slightly stronger hydrogen-bonds. If the organic semiconductor is considered to be a
mostly amorphous material, the overlapping of the molecular orbital would be less.
The energy states in an amorphous organic semiconductor would be more localized
and therefore band transport is not expected to happen in organic semiconductors.
In an organic semiconductor, particularly in π-conjugated small molecules or
polymers, the carbon atoms in the conjugated system forms σ and π bonds with their
adjacent atoms. The σ bonds form strong localized bondings due to its head-to-head
orbital overlapping of the atomic orbitals. The σ bonds are rigid and thus forming a
structure backbone for the conjugated organic molecules or polymers. The remaining
p-orbitals on a carbon atom form π bond with its neighboring carbon atom or
sometimes a heteroatom such as nitrogen. The π bond is much weaker due to its
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sideways overlapping, and the π electrons are considered delocalized. The
delocalization of π electrons allows the materials to be charge conducting. Somewhat
similar to an inorganic material, whereas the positive charges would transport at the
highest bonding π-orbital, which is defined as the highest occupied molecular orbital
(HOMO), and electrons would transport at the lowest anti-bonding π*-orbitals, also
known as the lowest unoccupied molecular orbital (LUMO). However, the
conductivity of an organic semiconductor is considerably low as its intrinsic free
carrier concentration is low. In comparison with inorganic semiconductors, an organic
semiconductor would not conduct electricity except when there is a charge injection
or there are photo-generated free carriers.
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2.2. Charge transport in organic semiconductor
2.2.1. Hopping transport
Charges transport in an organic semiconductor depends on the nature of the
materials, particularly on its chemistry, compositions and orientation of molecule in
solid state. In some crystalline organic semiconductors, band-like transport can be
observed[ 33 ]. Similar to inorganic crystalline semiconductor, charge carriers in
crystalline organic semiconductor move within delocalized molecular orbitals or
“bands”. However, lattice vibrations (phonons) can scatter electrons and reduce their
mobility. The effect of grain boundary between polycrystalline interfaces also affects
the conductivity in organic semiconductors. With increasing number of grain
boundaries, the probability of traps would be higher therefore a lower
conductivity[34]. Lattice vibrations are lower at lower temperature. Therefore, higher
carrier mobility can be observed for crystalline semiconductors.
Organic semiconductors, especially for those used for light-emitting diodes, are
usually amorphous and disordered. It was first described by L. D. Landau for the
presence of charge conduction in a disordered organic material[35]. It was suggested
that in a disordered organic material, each molecule can be regarded as a discrete and
localized energy site, owing to the lack of orbital overlapping. Upon thermal
activation or photo-excitation, charge carriers can move from one molecule to another
by hopping. This process is assisted by lattice vibrations, and an increase in the
temperature would result in a higher mobility. Figure 2.1. shows the schematic
diagram of hopping transport.
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Figure 2.1. Schematic diagram of hopping transport in organic semiconductors.

2.2.2. Gaussian Disorder Model
Gaussian Disorder Model[36] was first introduced by H. Bässler in 1993 to
describe the hopping motion of the carriers within a disorder material that possesses
“Gaussian density-of-states”. The model relies on a few assumptions as described
below[37]:
a)

The electronic polarization energy of a charge carrier located on a
molecule is subject to fluctuations due to the random intermolecular
interactions.

b)

Charges hop along localized states with a density-of-states (DOS)
distribution described by a Gaussian function with a variance σ.

c)

Charge transport is a random walk process. The hopping rate ν is
described by the Miller-Abraham equation:
𝜈 = 𝜈0 𝑒 −2γΔR𝑖𝑗 𝑒 −Δε/kT

(1.1)

where Rij is the intersite distance and ijis the energy difference of
the sites.
d)

In addition to the energetic disorder , there exists also a position
disorder with a Gaussian distribution .
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From Monte-Carlo simulations, Bässler arrived at a universal law relating the
mobility to both the energetic disorder σ and the positional disorder :
(1.2)
where  is the high temperature limit mobility, C is an empirical constant, E is the
external field. According to Eq. (1.2), the mobility depends on both the external field
and the temperature. When the external field is absent, the mobility is temperature
dependent only:
(1.3)
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2.2.3. Charge injection in organic semiconductor
Charge injection is exceptionally important in organic semiconductors since
there is no intrinsic mobile carrier for electrical conduction. Charge injection usually
occurred at the interface of the organic layer and the metal electrode. The efficiency
of charge injection depends on the energetic barrier to transfer free charges from the
contact electrode to the organic semiconductor layer. The injection efficiency will be
high if the injection barrier is small. Similarly, if there is no charge transfer at the
interface, the vacuum levels of both the organic layer and the metal electrode should
be aligned. However, if interfacial charge transfer takes place, the process will create
interfacial dipoles[38]. The vacuum level of the interface may be altered by these
dipoles by a certain energy Δ. Charge-transfer complexes may also be created at the
interface at certain circumstances. On account of the interface dipoles, the hole
injection barrier hand the electron injection barrier ecan be defined and modified
according to the Schottky-Mott model by the following equations:
h pm 



eme











 (1.4)
(1.5)

where Ip is the ionization energy, Ae is the electron affinity of material, Φm is the work
function of the specific metal electrode. When the injection barrier is zero, the metal
and the organic layer are said to be in ohmic contact. Figure 2.2 illustrates the
schematic energy diagram of an organic/metal interface with the presence of an
interfacial dipole layer.
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Figure 2.2. Schematic energy diagram of an organic/metal interface with the presence
of an interfacial dipole layer.
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2.2.4. Charge injection mechanism

2.2.4.1 Thermionic injection
In thermionic injection, an electron gains sufficient thermal energy and leave the
metal surface into the organic layer, overcoming its potential barrier. Thermionic
injection occurs at high temperature and low electric field. As shown in Figure 2.3
(a-b), the detailed thermionic injection process is described as follow: (a) when an
electric field is applied, the organic layer acquires a triangular energy level. (b) image
positive charge[39], which is generated when an electron leaves the metal surface,
creating an electrostatic image force that favors charge injection by further reducing
the barrier by Vm :

(1.6)
where is the vacuum permittivity and r is the relative permittivity of organic, F is
the applied electric field and q is the unit charge. The Richardson-Schottky equation
described the field dependent thermionic injection current (JRS )[40]:

(1.7)
where T is the absolute temperature,  is the injection barrier height, A* is the
effective Richardson constant:

(1.8)
where m is the electron effective mass, h is the Planck’s constant.
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2.2.4.2 Tunneling
Tunneling is known as field emission. It is another possible mechanism for
charge injection. Tunneling refers to carrier injection process in which an electron
“tunnels” through the barrier with the assistance of a high external electric field. The
tunneled electron in fact did not acquire enough energy to overcome the potential
barrier. In other words, this mechanism is a quantum mechanical process. The
probability of tunneling injection is directly related to the barrier width[41] . The
mechanism of field emission is illustrated in Figure. 2.3 (c). When the applied
external electric field is large; the injection barrier width would be much smaller.
Therefore, the chance of tunneling would be higher. The tunneling injection current
JFN is
described by the Fowler-Nordheim tunneling model[42]:

(1.9)
where q is the unit charge, F is the applied electric field, h is the planck’s constant, m
is the effective mass of charge carrier, and is the injection barrier.

Figure 2.3. Schematic energy level diagram of Schottky barrier: (a) in absent of an
external electric field (b) in thermionic emission, and (c) in field emission.
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CHAPTER 3: EXPERIMENTALS
3.1. Synthesis of Indigo
The Baeyer Drewson Indigo (BDI) Synthesis was the method employed to
synthesize compound 1 (indigo). Compound 1 was used as a reference compound to
compare the physical and chemical properties of all other derivatives of indigo. The
BDI synthetic pathway is shown in Scheme 3.1.

Scheme 3.1 Synthetic scheme of indigo.

To a 250mL round bottom flask, 5g of 2-NBA (2-nitrobenzaldehyde) was
dissolved in 75mL propanone (RDH, A.R. grade). The mixture was cooled down to
-5oC with an ice/CaCl2 and lasted for 15 minutes. A solution of 10mL of 0.2N sodium
hydroxide solution was added slowly to the propanone mixture using a dropping
funnel under moderate stirring. Upon the solution turned to a deep red color, 75mL
0.4N sodium hydroxide solution was added slowly using a dropping funnel. The
reaction mixture was stirred for another 15 minutes. The temperature of the reaction
mixture was then raised to room temperature. When the mixture turned to deep blue
in color, the mixture was further increased to 60 oC and stirred for 1 hour. The mixture
was then lowered to room temperature and 75mL of methanol (RDH, A.R. grade) was
added to quench the reaction. The reaction mixture was cooled down to 0 o C with an
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ice bath and stirred for 15 minutes. The crude product was filtered with suction
filtration, washed with water and methanol. The product was allowed to dry in a
vacuum oven to produce the blue powder-like compound 1 (indigo). (1.82g, 42%)
Unable to obtain NMR and MALDI analyses due to the poor solubility of compound
1.
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3.2. Synthesis of Dibromoindigoid
The synthesis of compound 2 (dibromoindigoid) began with compound 3-BrBA
(3-bromobenzaldehyde) as the starting material. The nitration of 3-BrBA was
acheived with a nitration reagent to produce BrNBA (bromonitrobenzaldehydes). The
Baeyer Drewson Indigo Synthesis was then employed to synthesize compound 2
(dibromoindigoid). The synthetic pathway is shown in Scheme 3.2.

Scheme 3.2 Synthetic scheme for dibromoindigoid.

To a 250mL round bottom flask (RBF), 5mL (0.0703 mole) of 65% nitric acid
was added slowly to a 62mL (1.17 mole) 96% concentrated sulfuric acid at 0 oC to
make up the nitrating reagent. The solution was stirred in an ice bath for 10 minutes,
and 10g (0.0540 mole) of 3-BrBA (3-bromobenzaldehyde) was added dropwise to the
nitrating reagent in 20 to 30 minutes using a dropping funnel. The solution was kept
stirring at 0oC for additional 30 minutes. Crushed ice was added directly to the
reaction mixture to precipitate the nitration product. The crude product was collected
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by suction filtration and washed with cold water. The crude product was dried in a
vacuum oven at room temperature to obtain a yellow powder of BrNBA
(bromonitrobenzaldehyde) which is a mixed regioisomers. The isomers mixture
BrNBA and was used directly in the next step without further purification.

To a 250mL round bottom flask, 5g of the crude mixture BrNBA was dissolved
in 75mL propanone (RDH, A.R. grade). The mixture was cooled to -5oC using an
ice/CaCl2 bath and lasted for 15 minutes. A 10mL solution of 0.2N sodium hydroxide
solution was added slowly to the propanone mixture using a dropping funnel under
moderate stirring. Upon the solution turned deep red in color, 75mL of 0.4N sodium
hydroxide solution was added slowly with a dropping funnel. The reaction mixture
was stirred for another 15 minutes. The temperature of the reaction mixture was then
raised to room temperature. As the mixture turned deep blue in color, the temperature
was further increased to 60 oC and stirred for 1 hour. The temperature was then
lowered to room temperature and 75mL of Methanol (RDH, A.R. grade) was added to
quench the reaction. The reaction mixture was cooled down to 0 oC using an ice bath
and stirred for 15 minutes. The crude product was filtered with suction filtration,
washed with water and methanol, and then allowed to dry in a vacuum oven to obtain
compound 2 (dibromoindigoid) as a mixture of isomers. (1.60g, 35%). Insoluble for
NMR analysis. MALDI-TOF-MS Calculated [M+H +]: 442.8825; Found: 442.8855.
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3.3. Synthesis of Dimethoxydinitroindigoid
The synthesis of compound 3 (dimethoxydinitroindigoid) began with 3-MBA
(3-methoxybenzaldehyde) as the starting material. Nitration of 3-MBA was achieved
with a nitration reagent to obtain product MDNBA (methoxydinitrobenzaldehyde).
The Baeyer Drewson Indigo Synthesis was then employed to synthesize the indigoid.
The synthetic pathway is shown in Scheme 3.3.

Scheme 3.3 Synthetic scheme of dimethoxyindigoid.

To a 250mL RBF, 6.7mL (0.0955 mole) 65% nitric acid was added slowly to
84mL (1.59 mole) 96% concentrated sulfuric acid at 0 oC to make up the nitrating
reagent. The solution was stirred in an ice bath for 10 minutes. An addition of 10g
(0.0734 mole) of 3-MBA (3-methoxybenzaldehyde) was added dropwise to the
nitrating reagent in 20 to 30 minutes via a dropping funnel. After the addition, the
solution was kept stirring at 0 oC for 30 minutes. Crushed ice was added directly to the
reaction mixture to precipitate the nitration product. The crude product was collected
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by suction filtration and washed with cold water. The crude product was dried in a
vacuum oven at room temperature to obtain a yellow powder of regioisomers
MDNBA (methoxydinitrobenzaldehyde) and was used directly in the next step.
To a 250mL round bottom flask, 5g of the crude mixture of MDNBA
(methoxydinitrobenzaldehyde) was dissolved in 75mL propanone (RDH, A.R. grade).
The mixture was cooled to -5oC with an ice/CaCl2 bath and lasted for 15 minutes. A
solution 10mL of 0.2N sodium hydroxide solution was added slowly to the
propanone mixture using a dropping funnel under moderate stirring. Upon the
solution turned deep red in color, 75mL 0.4N sodium hydroxide solution was added
slowly with a dropping funnel. The reaction mixture was stirred for another 15
minutes. The temperature of the reaction mixture was then increased to room
temperature. When the mixture turned deep blue in color, the temperature was
further raised to 60oC and stirred for an addition of 1 hour. The temperature was
lowered to room temperature and 75mL of Methanol (RDH, A.R. grade) was added
to quench the reaction. The reaction mixture was cooled down to 0 oC using an ice
bath and stirred for 15 minutes. The crude product was filtered with suction filtration,
washed with water and methanol, and then allowed to dry in a vacuum oven to
obtain isomers of a blue powder compound 3 (dimethoxydinitroindigoid). (1.80g,
32%). Insoluble for NMR analysis. MALDI-TOF-MS Calculated [M+H+]: 442.8825;
Found: 442.8855.
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3.4. Synthesis of 7,7’-Dialkoxyindigoids
The synthesis of compound 4a-4e (7,7’-dialkoxyindigoids) began with 3-HBA
(3-hydroxybenzaldehyde) as the starting material. Etherification was performed on
3-HBA with a base and an alkyl halide to give a 11a-11e (3-alkoxybenzaldehydes).
Compound

11a-11e

were

then

nitrated

to

give

the

corresponding

alkoxynitrobenzaldehydes 12a-12e. The Baeyer Drewson Indigo Synthesis was then
employed to synthesize the indigoid 4a-e. The synthetic pathway is shown in Scheme
3.4.

Scheme 3.4 Synthetic scheme of 7,7’-dialkoxyindigoid.

To a 250 mL RBF, 10g (0.0819 mole) of 3-HBA (3-hydroxybenzaldehyde) was
dissolved in 150mL dimethylformamide. Weight 22.6g (0.164 mole) of potassium
carbonate and was added to the 3-HBA solution. A 9.73mL (0.0901 mole) of
1-bromobutane was added in one single portion to the reaction mixture. The RBF was
fitted with a condenser and was heated to 160oC using a sand bath. The reaction was
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stirred vigorously with a magnetic stirring bar under heating for 30 minutes. The
reaction temperature was then lowered to room temperature. Approximately 200mL
water was added to the mixture followed by 100mL of hexane. The solution was then
stirred at room temperature until the excess potassium carbonate powder was
dissolved in the aqueous layer. The solution was then transferred to a separating
funnel with 100mL of hexane. The aqueous layer was discarded and the organic layer
was washed with 10% HCl solution, water and finally with saturated NaCl solution.
The organic layer was collected and anhydrous Na2SO4 or anhydrous MgSO4 was
added to remove residue of water. The desiccation salt was then removed by filtration
and the filtrate was collected. Chloroform was used to rinse any remaining product
adhered to the salt and container. The solvent was then removed by rotary evaporation,
and dried in vacuo to obtain a pale yellow oily liquid of 3-butoxybenzaldehyde (11a).
(13.9g, 95%). δ H (Acetone-d6) 0.97 (3 H, t, J 7.4, CH3), 1.46-1.56 (2 H, m, butoxy
CH2), 1.74-1.81 (2 H, m, butoxy CH2), 4.07 (2 H, t, J 6.4, OCH2), 7.23-7.26 (1 H, m,
ArH), 7.43 (1 H, d, J 2.6, ArH), 7.49-7.51 (2 H, m, ArH) and 10.0 (1 H, s, CHO); δC
(Acetone-d6) 13.26, 19.01, 31.09, 67.69, 113.27, 121.18, 122.31, 130.16, 138.22,
159.80, 191.89;

The

syntheses

of

11b

(3-isobutoxybenzaldehyde),

(3-(octyloxy)benzaldehyde), 11d (3-((2-ethylhexyl)oxy)benzaldehyde)

11c
and 11e

(3-(dodecyloxy)benzaldehyde) were achieved by similar procedures described in the
synthesis of 11a (3-butoxybenzaldehyde) except the alkyl halide employed were
either 9.45mL (0.0901 mole) of 1-chloro2-methylpropane, 13.7mL (0.0901 mole) of
1-bromooctane, 16.0mL (0.0901 mole) of 2-ethylhexyl bromide or 21.6mL (0.0901
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mole) of lauryl bromide. The products 11b, 11c, 11d and 11e obtained were all pale
yellow oily liquids.

11b (13.4g , 92%). δ H (CDCl3) 1.03 (6 H, t, J 3.6, CH3), 2.06-2.12 (1 H, m,
butoxy CH), 3.74-3.76 (2 H, m, J 6.4, OCH2), 7.16 (1 H, s, ArH), 7.37-7.42 (3 H, m,
ArH), and 9.95 (1 H, s, CHO); δC (CDCl3) 19.19, 28.20, 74.56, 112.79, 121.85, 123.19,
129.96, 137.76, 159.79, 192.11;

11c (17.3g , 90%). δ H (CDCl3) 0.89 (3 H, t, J 7.0, CH 3), 1.29-1.48 (10 H, m,
octyloxy CH2), 1.76-1.83 (2 H, m, octyloxy CH 2), 4.00 (2 H, t, J 6.6, OCH2),
7.15-7.18 (1 H, m, ArH), 7.38 (1 H, d, J 2.1, ArH), 7.42-7.43 (2 H, m, ArH) and 9.96
(1 H, s, CHO); δC (CDCl3) 14.10, 22.66, 26.01, 29.13, 29.24, 29.33, 31.81, 68.26,
112.72, 121.91, 123.25, 129.96, 137.76, 159.71, 192.16;

11d (16.3g , 85%). δ H (CDCl3 ) 0.92-0.95 (6 H, m, terminal CH3), 1.23-1.54 (9 H,
m, butoxy protons), 3.91 (2 H, d, J 5.7, OCH2), 7.18-7.21 (1 H, m, ArH), 7.41-7.45 (3
H, m, ArH), and 9.98 (1 H, s, CHO);

11e (19.5g , 82%). δ H (Acetone-d) 0.87 (3 H, t, J 6.7, terminal CH3), 1.28-1.51
(18 H, m, CH2), 1.78-1.83 (2 H, m, CH2), 4.07 (2 H, t, J 6.5, OCH2),

7.22-7.25 (1 H,

m, ArH), 7.42 (1 H, s, ArH), 7.49-7.50 (2 H, m, ArH) and 9.99 (1 H, s, CHO);
δC(Acetone-d) 13.55, 22.50, 25.89, 29.05, 29.26, 29.50, 29.53, 29.56, 31.80, 68.00,
113.27, 121.17, 122.31, 130.16, 138.23, 159.81, 191.85;
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To a 100mL round bottom flask, 1523µL (0.0218 mole) 65% nitric acid was
slowly added to 20mL (0.364 mole) of 96% concentrated sulfuric acid at 0 o C to make
up the nitrating reagent. The solution was stirred in an ice bath for 10 minutes.Weight
accurately 3g (0.0168 mole) of 3-butoxybenzaldehyde (11a) was added dropwise to
the nitrating reagent in 30 minutes via a dropping funnel. The solution was kept
stirring at 0oC for additional 30 minutes. Crushed ice was added directly to the
reaction mixture to precipitate the nitration product. The crude product was collected
by suction filtration and washed with cold water. The crude product was dried in a
vacuum oven at room temperature to obtain a yellow powder of 12a (3g, 80%)
(3-butoxynitrobenzaldehyde) and was used directly in the next step.

The

syntheses

of

12b

(3-isobutoxynitrobenzaldehyde),

12c

(3-(octyloxy)benzaldehyde), 12d (3-((2-ethylhexyl)oxy)nitrobenzaldehyde) and 12e
(3-(dodecyloxy)-2-nitrobenzaldehyde) were achieved by similar procedures for the
synthesis of 12a (3-butoxynitrobenzaldehyde) except the benzaldehyde used were
either 3g (0.0168 mole) of 11b, 3.94g of 11c, 3.94g (0.0168 mole) of 11d or 4.19g
(0.0168 mole) of 11e. The products 12b (3.16g, 84%), 12c (3.28g, 70%), 12d (3.71g,
79%) and 12e (3.46g, 76%) obtained were all yellow powder and were used directly
in the next step without further purification.

To a

100mL round

bottom

flask,

2g

of the

crude

mixture

12a

(3-butoxynitrobenzaldehyde) was dissolved in 30mL propanone (RDH, A.R. grade).
The mixture was cooled to -5oC with an ice/CaCl2 bath and lasted for 15 minutes. A
solution of 4mL 0.2N sodium hydroxide solution was added slowly to the propanone
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mixture with a dropping funnel under moderate stirring. Upon the solution turned
deep red in color, 30mL 0.4N sodium hydroxide solution was added slowly using a
dropping funnel. The reaction mixture was stirred for another 15 minutes. The
temperature of the reaction mixture was then raised to room temperature. When the
mixture turned deep green in color, the reaction mixture was refluxed for an addition
of 1 hour. The mixture was lowered to room temperature and 30mL of methanol
(RDH, A.R. grade) was added to quench the reaction. The reaction mixture was
cooled to 0oC with an ice bath and stirred for 15 minutes. The crude product was
filtered with suction filtration, washed with cold water and methanol, and allowed to
dry in a vacuum oven to obtain blue solids of 7,7’-dibutoxyindigoid (4a). The blue
solids were purified with flash column chromatography using pure toluene as eluent.
The products were then dissolved in chloroform and recrystallized using hexane as the
anti-solvent. The final purified product of 4a were blue shiny crystalline needles.
(327mg, 18%) δH (CDCl3) 1.02 (6 H, t, J 7.4, CH3), 1.51-1.60 (4 H, m, butoxy CH 2),
1.82-1.89 (4 H, m, butoxy CH2), 4.10 (4 H, t, J 6.4, OCH2), 6.90 (2 H, t, , J 7.8, ArH),
6.99 (2 H, dd, J 7.8 and J 0.7, ArH), 7.31 (2 H, dd, J 7.6 and J 0.7, ArH) and 8.92 (2
H, s, NH); δC (CDCl3) 13.88, 19.32, 31.18, 68.51, 115.71, 116.82, 120.80, 121.10,
121.75, 142.69, 145.50, 188.90; MALDI-TOF-MS Calculated [M+H+]: 407.1965;
Found: 407.1963.

The syntheses of 7,7’-diisobutoxyindigoid (4b), 7,7’-dioctyloxyindigoid (4c),
7,7’-di(2-ethylhexyl)oxyindigoid (4d) were done by similar procedures described for
the synthesis 7,7’-dibutoxyindigoid (4a) except the nitrobenzaldehyde used were
either 2g of 12b, 2g of 12c or 2g of 12d. However, it was not possible to obtain any
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BDI product from 12e. The products 4b, 4c, and 4d obtained were blue shiny
crystalline needles.

4b (273mg, 15%) δH (CDCl3) 1.08-1.10 (12 H, m, CH3), 2.18-2.21 (2 H, m, CH),
3.85 (4 H, d, J 6.6, butoxy CH2), 6.89 (2 H, t, J 7.7, ArH), 6.96 (2 H, d, , J 7.3, ArH),
7.31 (2 H, d, J 7.6, ArH), and 8.91 (2 H, s, NH); δC (CDCl3) 19.32, 28.21, 75.09,
115.72, 116.81, 116.92, 120.78, 121.12, 121.73, 142.66, 145.54, 188.89;

4c (223mg, 12%) δ H (CDCl3) 0.90 (6 H, t, J 6.8, CH 3), 1.25-1.60 (20 H, m,
octyloxy CH2), 1.83-1.90 (4 H, m, octyloxy CH2), 4.08 (4 H, t, J 6.6, OCH 2), 6.90 (2
H, t, , J 7.7, ArH), 6.97 (2 H, d, J 7.7, ArH), 7.31 (2 H, d, J 7.6, ArH) and 8.92 (2 H, s,
NH); δC (CDCl3) 14.14, 22.69, 26.07, 29.15, 29.26, 29.38, 31.86, 68.80, 115.68,
116.79, 120.78, 121.08, 121.72, 142.64, 145.49, 188.89; MALDI-TOF-MS Calculated
[M+]: 518.3145; Found: 518.3133.

4d (167mg, 15%) δ H (CDCl3) 0.93-1.02 (12 H, m, CH3 ), 1.38-1.60 (16 H, m,
CH2), 1.83-1.86 (2 H, m, CH), 3.97-4.04 (4 H, m, OCH2), 6.93 (2 H, t, J 7.8, ArH),
7.01 (2 H, d, , J 7.5, ArH), 7.34 (2 H, d, J 7.6, ArH), and 8.93 (2 H, s, NH); δC (CDCl3)
11.16, 14.13, 23.05, 23.93, 29.10, 30.32, 30.51, 39.24, 71.26, 115.65, 116.78, 120.73,
121.13, 121.74, 125.54, 142.68, 145.66, 188.91; MALDI-TOF-MS Calculated
[M+H+]: 518.3145; Found: 519.3199.
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3.5. Synthesis of 4,4’-Dibromo-7,7’-Dialkoxyindigoids
The synthesis of compound 5a, 5c, 5e (4,4’-dibromo-7,7’-dialkoxyindigoids)
made use of 11a, 11c and 11e (3-alkoxyenzaldehydes) as their respective starting
material. The syntheses of 11a, 11c and 11e were previously described in section 3.4.
Bromination of 11a, 11c and 11e gave the corresponding compound 13a, 13c and 13e
(2-bromo-5-alkoxybenzaldehyde). Nitration was then carried out to produce the
corresponding compound 14a, 14c and 14e (6-bromo-3-alkoxy-2-nitrobenzaldehyde).
The Baeyer Drewson Indigo Synthesis was then employed to synthesize the indigoid
5a,c,e. The synthetic pathway is shown in Scheme 3.5.

Scheme 3.5 Synthetic scheme of 4,4’-dibromo-7,7’-dialkoxyindigoid.

To a 500mL RBF, 4g (0.0224 mole) of 11a (3-butoxybenzaldehyde) was
dissolved in 200mL chloroform. A solution of 1377µL (0.0269 mole) liquid bromine
was dissolved in 10mL chloroform in a dropping funnel connected to the RBF. The
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whole system was protected in nitrogen atmosphere. The bromine solution was added
slowly to the alkoxybenzaldehyde solution via a dropping funnel over a period of 30
minutes. The solution was kept under room temperature with stirring. After the
completion on the addition of bromine, the reaction was stirred continuously for
another 30 minutes. Approximately 200mL of cold water was added to stop the
reaction. The mixture was transferred to a separating funnel. The crude product was
extracted with chloroform and the aqueous layer was discarded. The organic layer was
further washed with a 20% sodium thiosulfate solution to remove the remaining
bromine. The product solution was then washed with concentrated NaCl solution and
dried with anhydrous MgSO4 to remove any residual water. The desiccation salt was
removed by filtration and the filtrate was collected. Chloroform was used to rinse any
remaining product adhered on the salt and containers. The solvent was then removed
by rotary evaporation, and dried in vacuo to obtain a yellow brown viscous liquid of
13a (2-bromo-5-butoxybenzaldehyde). (5.01g, 87%).δH (Acetone-d6) 0.97 (3 H, t, J
7.4, CH3), 1.46-1.55 (2 H, m, butoxy CH2 ), 1.74-1.81 (2 H, m, butoxy CH 2), 4.07 (2
H, t, J 6.4, OCH2), 7.18 (1 H, dd, J 8.8 and J 3.2, ArH), 7.36 (1 H, d, J 3.2, ArH), 7.63
(1 H, d, J 8.8, ArH) and 10.25 (1 H, s, CHO); δC (Acetone-d6) 13.19, 18.91, 30.94,
68.10, 113.84, 116.44, 122.85, 134.14, 134.75, 159.02, 190.81;

The

synthesis

of 13c

(2-bromo-5-octyloxybenzaldehyde)

and 13e

(2-bromo-5-dodecyloxybenzaldehyde) were achievedby similar procedures for the
synthesis of 13a (2-bromo-5-butoxybenzaldehyde) except the 3-alkoxybenzaldehyde
used was either 5.25g (0.0224 mole) of 11c (3-octyloxybenzaldehyde) or 6.5g (0.0224
mole) 11e (3-dodecyloxybenzaldehyde). The products given out were 13c
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(2-bromo-5-octyloxybenzaldehyde) and 13e (2-bromo-5-dodecyloxybenzaldehyde) as
yellow liquids.
13c (6.46g, 92%). δ H (Acetone-d6) 0.88 (3 H, t, J 6.8, CH3), 1.26-1.52 (10 H, m,
octyloxy CH2), 1.76-1.83 (2 H, m, octyloxy CH2), 4.07 (2 H, t, J 6.5, OCH 2), 7.19 (1
H, dd, J 8.8 and J 3.2, ArH), 7.37 (1 H, d, J 3.2, ArH), 7.64 (1 H, d, J 8.8, ArH) and
10.26 (1 H, s, CHO); δC (Acetone-d6) 14.37, 23.32, 26.67, 29.79, 30.00, 32.57, 69.32,
114.81, 117.32, 123.76, 135.08, 135.67, 159.96, 191.71;

13e (7.43g, 90%). δ H (Acetone-d6) 0.88 (3 H, t, J 6.5, CH3), 1.28-1.52 (18 H, m,
CH2), 1.76-1.83 (2 H, m, CH2 ), 4.07 (2 H, t, J 6.5, OCH2), 7.19 (1 H, dd, J 8.8 and J
3.2, ArH), 7.37 (1 H, d, J 3.2, ArH), 7.64 (1 H, d, J 8.8, ArH) and 10.26 (1 H, s, CHO);
δC (Acetone-d6 ) 14.40, 23.36,26.67, 29.79, 30.11, 30.33, 30.35, 30.39, 30.41, 32.66,
69.31, 114.78, 117.33, 123.78, 135.07, 135.67, 159.95, 191.71;

To a 100mL round bottom flask, a solution of 1939µL (0.0278 mole) 65% nitric
acid was slowly added to a 24.5mL (0.462 mole) of 96% concentrated sulfuric acid at
0oC to make up the nitrating reagent. The solution was stirred in an ice bath for 10
minutes. Approximately 5.5g (0.0168 mole) of 13a (2-bromo-5-butoxybenzaldehyde)
was added dropwise to the nitrating reagent within 30 minutes via a dropping funnel.
After the addition, the solution was kept stirring at 0 oC for 30 minutes. Crushed ice
was added directly to the reaction mixture to precipitate the nitration product. The
crude product was collected by suction filtration and washed with cold water. The
crude product was dried in a vacuum oven at room temperature to obtain a yellow
powder of 14a (2-bromo-5-butoxynitrobenzaldehyde) (4.06g, 80%) to be used
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directly in the next step.

The synthesis of 14c (6-bromo-3-(octyloxy)nitrobenzaldehyde) and 14e
(6-bromo-3-(dodecyloxy)nitrobenzaldehyde) were done by similar procedures
described for the synthesis of 14a (2-bromo-5-butoxynitrobenzaldehyde) except either
5.26g (0.0168 mole) of 13c or 13e was used. The product 14c (4.33g, 72%) and 14e
(4.87g, 70%) obtained were oragne yellow powder.

To a 100mL round bottom flask, 2g of the crude isomer mixture of 14a
(2-bromo-5-butoxynitrobenzaldehyde) was dissolved in 30mL propanone (RDH, A.R.
grade). The mixture was cooled to -5o C with an ice/CaCl 2 bath and lasted for 15
minutes. A solution of 4mL 0.2N sodium hydroxide solution was added slowly to the
propanone mixture using a dropping funnel under moderate stirring. Upon the
solution turned deep red in color, 30mL 0.4N sodium hydroxide solution was added
slowly using a dropping funnel. The reaction mixture was stirred for another 15
minutes. The temperature of the reaction mixture was then increased to room
temperature. When the mixture turned deep green in color, the reaction mixture was
refluxed and stirred for an addition of 1 hour. The mixture was lowered to room
temperature and 30mL of methanol (RDH, A.R. grade) was added to quench the
reaction. The reaction mixture was cooled down to 0 oC with an ice bath and stirred for
15 minutes. The crude product was filtered with suction filtration, washed with cold
water and methanol, and allowed to dry in a vacuum oven to obtain blue solids of
compound 5a (4,4’-dibromo-7,7’-dibutoxyindigoid). The blue solids were dissolved
in chloroform and recrystallized using hexane as the anti-solvent. The final purified
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product of 5a were purple blue shiny crystalline needles. (374mg, 20%). δ H (CDCl3)
1.00 (6 H, t, J 7.3, CH3), 1.49-1.58 (4 H, m, butoxy CH2 ), 1.80-1.87 (4 H, m, butoxy
CH2), 4.05 (4 H, t, J 6.5, OCH2), 6.78 (2 H, d, , J 8.4, ArH), 6.97 (2 H, d, J 8.4, ArH)
and 8.98 (1 H, s, NH); δC (CDCl3) 13.87, 19.30, 31.11, 68.80, 109.22, 117.42, 118.19,
121.59, 124.86, 134.95, 144.89, 186.60; MALDI-TOF-MS Calculated [M+H +]:
565.0157; Found: 565.0166.

The

synthesis

of

5c

(4,4’dibromo-7,7’-bis(octyloxy)-indigoid)

and

5e

(4,4’dibromo-7,7’-bis(dodecyloxy)-indigoid) were done by the same procedures
described for the synthesis of 5a (4,4’-dibromo-7,7’-dibutoxyindigoid) except the
nitrobenzaldehyde

used

were

2g

of

(4,4’dibromo-7,7’-bis(octyloxy)-indigoid)

14c

or

14e.

The

and

product

5c
5e

(4,4’dibromo-7,7’-bis(dodecyloxy)-indigoid) obtained were purified with flash
column chromatography using pure toluene as eluent. The products were then
recrystallized with chloroform to obtain blue shiny crystalline needles.
5c (321mg, 17%). δ H (CDCl3) 0.90 (6 H, t, J 6.6, CH3), 1.31-1.51 (20 H, m,
octyloxy CH2), 1.80-1.87 (4 H, m, octyloxy CH2), 4.03 (4 H, t, J 6.6, OCH 2), 6.77 (2
H, d, J 8.4, ArH), 6.96 (2 H, d, J 8.3, ArH) and 8.97 (2 H, s, NH); δC (CDCl3) 14.15,
22.69, 26.02, 29.10, 29.23, 29.36, 31.86, 69.14, 109.17, 117.37, 118.15, 121.50,
124.82, 143.88, 144.86, 186.43; MALDI-TOF-MS Calculated [M+Na+]: 699.1229;
Found: 699.1268.

5e (305mg, 16%). δ H (CDCl3) 0.88 (6 H, t, J 6.6, CH3 ), 1.27-1.50 (36 H, m, CH2),
1.81-1.88 (4 H, m, CH2 ), 4.04 (4 H, t, J 6.6, OCH2), 6.79 (2 H, d, J 8.4, ArH), 6.99 (2
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H, d, J 8.4, ArH) and 9.01 (2 H, s, NH); δC (CDCl3) 14.15, 22.72, 26.02, 29.09, 29.39,
29.57, 29.65, 29.67, 29.69, 31.94, 69.16, 77.23, 109.23, 117.44, 118.20, 121.56,
124.85, 143.95, 144.89, 186.54; MALDI-TOF-MS Calculated [M+H+]: 789.2659;
Found: 789.5272.
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3.6. Synthesis of 5,5',7,7'-Tetrabromo-6,6'-Dialkoxyindigoids
The synthesis of 6a and 6b (5,5',7,7'-tetrabromo-6,6'-dialkoxyindigoids) began
with 4-HBA (4-hydroxyenzaldehyde) as the starting material. 4-HBA was first
brominated to give a DB-HBA (3,5-dibromo-4-hydroxybenzaldehyde). Etherification
was

then

carried

out

on

DB-HBA

(3,5-dibromo-4-alkoxybenzaldehydes).

to

Nitration

give
on

15a

the
and

15a
15b

and
gve

15b
the

corresponding compound 16a and 16b (3,5-dibromo-4-alkoxy-2-nitrobenzaldehyde).
The BDI Synthesis was then employed to synthesize the indigoids 6a and 6b. The
complete synthetic pathway is shown in Scheme 3.6.

Scheme 3.6 Synthetic scheme of 5,5',7,7'-tetrabromo-6,6'-dialkoxyindigoid.
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To a 1000mL RBF, 20g (0.164 mole) of 4-HBA (4-hydroxybenzaldehyde) was
dissolved in 450mL methanol. The solution was then added with 18.5mL (0.361 mole)
of liquid bromine in 50mL methanol using a dropping funnel. The whole system was
protected in nitrogen atomosphere. The bromine solution was added slowly to the
4-HBA solution via a dropping funnel over a period of 30 minutes. The solution was
kept at room temperature with stirring. After complete addition of bromine, the
reaction was stirred continuously for another 45 minutes. Crushed ice was added to
stop the reaction. About 500mL cold water was then added to precipitate the product.
The mixture was stirred at room temperature until all the ice was melted to give a pale
yellow suspension. The mixture was then filtered and washed with cold water until
the filtrate turned clear. The product was dried in with suction filtration to give a
white powder of DB-HBA (3,5-dibromo-4-hydroxybenzaldehyde). (44.1g, 95%). δ H
(Acetone-d) 8.09 (2 H, s, ArH) and 9.86 (1 H, s, CHO); δC (Acetone-d) 112.00, 132.29,
134.56, 156.62, 189.35;
To a

100mL round

bottom

flask,

2g

(7.15

mmole)

of

DB-HBA

(3,5-dibromo-4-hydroxybenzaldehyde) was dissolved in 80mL dimethylformamide
(A.R. Grade). The DB-HBA solution was added 1.97g (14.3 mmole) potassium
carbonate and 119mg (0.715 mmol) of potassium iodide. A total of 1243µL (7.15
mmole) of 2-ethylhexyl bromide was then added to the reaction mixture in one single
portion. The mixture was fitted with a condenser and was heated to 150oC with a sand
bath. The reaction was stirred vigorously with a magnetic stirring bar for 30 minutes.
The reaction temperature was then lowered to room temperature. Approximately
200mL water was added to the mixture followed by 100mL of hexane. The solution
was then stirred at room temperature until all the excess potassium carbonate powder
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was dissolved in the aqueous layer. The solution was then transferred to a separating
funnel, and 100mL of hexane was added. The aqueous layer was discarded and the
organic layer was washed with a 10% HCl solution, then water and finally with
saturated NaCl solution. The organic layer was collected and either anhydrous
Na2SO4 or anhydrous MgSO4 was added to remove the water residue in the organic
solution. The desiccation salt was removed by filtration and the filtrate was collected.
Chloroform was used to rinse any remaining product adhered to the salt and
containers. The solvent was then removed by rotary evaporation, and dried in vacuo
to

obtain

a

pale

yellow

oily

liquid

of

15a

(3,5-dibromo-4-((2-ethylhexyl)oxy)benzaldehyde). (1.18g, 42%) δH (Acetone-d)
0.84-1.02 (6 H, m, CH3), 1.27-1.85 (9 H, m, CH 2) , 4.02 (2 H, d, J 5.7, OCH2) , 8.14
(2 H, s, ArH) and 9.95 (1 H, s, CHO); δC (Acetone-d) 11.62, 14.41, 23.73, 24.35,
29.28, 29.91, 30.44, 30.92, 41.42, 76.96, 119.85, 134.76, 135.65, 158.95, 189.75;

The syntheses of 15b (3,5-dibromo-4-hexyloxybenzaldehyde), was achieved by
the

same

method

described

for

the

synthesis

of

15a

(3,5-dibromo-4-octyloxybenzaldehyde) except the alkyl halide used was 1004µL
(7.15 mmole) of 1-bromohexane. The product 15b obtained was a pale yellow oily
liquid. (1.17g, 45%) δH (CDCl3) 0.92 (3 H, t, J 7.0, CH3), 1.34-1.57 (6 H, m, CH2) ,
1.86-1.93 (2 H, m, CH2) , 4.08 (2 H, t, J 6.6, OCH2) , 8.02 (2 H, s, ArH) and 9.85 (1 H,
s, CHO); δC (CDCl3) 14.08, 22.61, 25.47, 30.01, 31.60, 74.17, 119.51, 133.92, 133.98,
158.60, 188.45;

To a 100mL round bottom flask, 393µL (5.64 mmole) of 65% nitric acid was
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added slowly to 5.0mL of 96% concentrated sulfuric acid at 0 oC to make up the
nitrating reagent. The solution was stirred in an ice bath for 10 minutes. The solution
was added with 1.7g (4.34 mmole) of 15a (3,5-dibromo-4-octyloxybenzaldehyde)
dropwise to the nitrating reagent within 10 minutes with a dropper. After the addition,
the solution was kept stirring at 0 oC for another 30 minutes. Crushed ice was added
directly to the reaction mixture to precipitate the nitration product. The crude product
was collected by suction filtration and washed with cold water. The crude product was
dried in a vacuum oven at room temperature to obtain orange yellow solids of 16a
(1.39g, 73%) (3,5-dibromo-4-octyloxy-2-nitrobenzaldehyde) and was used directly in
the next step.

The synthesis of 16b (3,5-dibromo-4-hexyloxy-2-nitrobenzaldehyde) was done
using

the

same

procedures

described

in

the

(3,5-dibromo-4-octyloxy-2-nitrobenzaldehyde) except 15b

synthesis

of

16a

was used. The mole

ratios of all reactants were kept the same. The product 16b (1.42g, 75%) obtained
were orange yellow solids.

To a

100mL round

bottom

flask,

2g

of the

crude

product

16a

(3,5-dibromo-4-octyloxy-2-nitrobenzaldehyde) was dissolved in 30mL propanone
(RDH, A.R. grade). The mixture was cooled to -5oC with an ice/CaCl2 bath for a
period of 15 minutes. A solution of 4mL 0.2N sodium hydroxide solution was added
slowly to the propanone mixture using a dropping funnel under moderate stirring.
Upon the solution turned deep red in color, a 30mL solution of 0.4N sodium
hydroxide solution was added slowly using a dropping funnel. The reaction mixture
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was stirred for another 15 minutes. The temperature of the reaction mixture was then
raised to room temperature. When the mixture turned deep green in color, the mixture
was refluxed for an addition of 1 hour. The temperature was then lowered to room
temperature and 30mL of methanol (RDH, A.R. grade) was added to quench the
reaction. The reaction mixture was cooled down to 0 oC with an ice bath and stirred for
another 15 minutes. The crude product was filtered with suction filtration, washed
with cold water and methanol, and allowed to dry in a vacuum oven to obtain purple
blue shiny crystals of 6a (5,5',7,7'-tetrabromo-6,6'-dioctyloxyindigoid). (115mg, 6%)
Insoluble for NMR analysis. MALDI-TOF-MS Calculated [M+H+]: 834.9600; Found:
834.9594.

The synthesis of 6b (5,5',7,7'-tetrabromo-6,6'-dihexyloxyindigoid) was done by
the

same

procedures

described

for

the

synthesis

of

6a

(5,5',7,7'-tetrabromo-6,6'-dioctyloxyindigoid) except the nitrobenzaldehyde used was
2g of 16b. The product 6b (5,5',7,7'-tetrabromo-6,6'-dihexyloxyindigoid) obtained
were collected as blue shiny crystals. (171mg, 9%) Insoluble for NMR analysis.
MALDI-TOF-MS Calculated [M+H+]: 778.8974; Found: 778.8965.
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3.7. Synthesis of N,N’-Diacylindigoids
The synthesis of 7a-7d (N-N’-diacylindigoids) employed compound 1 (indigo)
as the starting material was first treated with a strong base to deprotonate the
analogous amide protons on compound 1. The mixture with then treated with an acid
chloride to give the corresponding compounds 7a-7d (N-N’-diacylindigoids) as
illustrated in Scheme 3.7.

Scheme 3.7 Synthetic scheme of N-N’diacylindigoid.

To a 250mL round bottom flask, 3g (0.0114 mole) of compound 1 (indigo)
was dissolved in 100mL dry THF and was protected under nitrogen atmosphere.
The THF solution was then added with 4.38g (0.0456 mole) of sodium
tert-butoxide in a single portion. The reaction mixture was stirred vigorously at
room temperature for 15 minutes. A solution of 4780µL (0.0342 mole)
hexanoyl chloride was added slowly to the solution. The reaction mixture was
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heated at 60o C under nitrogen atmosphere for 30 minutes with an oil bath. Once
the solution turned deep purple in color, the reaction mixture was cooled to
room temperature and 50mL chloroform was added to the mixture. The purple
slurry was filtered and washed with chloroform to remove any unreacted
sodium tert-butoxide and the organic insoluble side product salts. The filtration
was washed continually with chloroform until the filtrate turned colorless and
the filtered salt obtained was near white. The filtrate was then transferred to a
separating funnel and 20% sodium bicarbonate solution was used to remove
any unreacted acid. The organic layer was washed 3 times with water to remove
any water soluble impurities. The aqueous layer was discarded and the organic
layer was collected. Anhydrous MgSO 4 was added to the solution to remove
water residue. The desiccation salt was removed by filtration and the filtrate
was collected. Chloroform was used to rinse any remaining product adhered to
the salt and containers. The solvent was then removed by rotary evaporation to
obtain a reddish pink powder. Compound 7a (N-N’-dihexanoylindigoid) was
then isolated with a silica gel column chromatography with eluent of hexane:
EA = 4:1. The final product of 7a was reddish purple crystals. (1.47g, 28%)
was a reddish purple powder. δH (CDCl 3) 0.85 (6 H, t, J 6.8, CH3), 1.23-1.30 (8
H, m, hexanoyl CH 2), 1.76-1.82 (4 H, m, hexanoyl CH 2), 2.84 (4 H, br,
hexanoyl CH2), 7.26 (2 H, t, J 7.5, ArH) , 7.63-7.67 (2 H, m, ArH), 7.76 (2 H, d,
J 7.6, ArH), 8.24 (2 H, d, J 8.1, ArH); δC (CDCl 3) 13.85, 22.41, 25.30, 31.41,
36.19, 117.00, 121.84, 124.35, 124.96, 125.99, 138.86, 149.37, 173.71, 184.15;
MALDI-TOF-MS Calculated [M+Na +]: 481.2103; Found: 481.2090.
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Compoud

7b

(N-N’-dibenzoylindigoid),

7c

(N-N’-bis(4-methylbenzoyl)-indigoid), 7d (N-N’-di(thiophene-2-carbonyl)-indigoid)
were synthesized using similar procedures described for the synthesis of 7a
(N-N’-dihexanoylindigoid) except the acid chloride used were either benzoyl chloride,
p-toluoyl chloride or 2-thiophenecarbonyl chloride. The molar ratios of reactants
remained the same. Compound 7b, 7c, 7d obtained were all bluish purple powders.
7b (1.72g, 32%) δ H (CDCl3) 7.13 (2 H, t, J 7.4, ArH), 7.21 (2 H, d, J 8.4, ArH),
7.42 (2 H, t, J 8.4, ArH), 7.50 (4 H, t, J 7.7, ArH), 7.58 (2 H, t, J 7.4, ArH), 7.68 (2 H,
d, J 7.6, ArH) and 8.00 (4 H, d, J 7.2, ArH);

7c (1.66g, 29%) δH (CDCl3 ) 2.43 (6H, s, CH3), 7.11 (2 H, t, J 7.4, ArH), 7.23 (2
H, d, J 8.3, ArH), 7.29 (4 H, d, J 7.8, ArH), 7.41 (2 H, t, J 7.8, ArH), 7.68 (2 H, d, J
7.5, ArH) and 7.9 (4 H, d, J 7.8, ArH); MALDI-TOF-MS Calculated [M+Na+]:
521.1472; Found: 521.1509.

7d (1.43g, 44%) δ H (CDCl3) 7.11-7.17 (4 H, m, ArH), 7.42 (2 H, d, J 8.3, ArH),
7.48 (2 H, t, J 8.4, ArH), 7.71 (2 H, d, J 0.9, ArH), 7.72 (2 H, t, J 0.6, ArH) and 7.92
(2 H, dd, J 0.9 , J 3.8, ArH);

51

3.8. Synthesis of
Tributyl(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)stanna
ne
The

synthesis

of

(tributyl(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)stannane)

TBT-EDOT
started

from

EDOT

(3,4-ethylenedioxythiothene). EDOT was first lithiated with n-butyllithium.
Tributyltin chloride was then introduced to the lithiated EDOT to obtain TBT-EDOT
as illustrated in Scheme 3.8.

Scheme 3.8 Synthetic scheme of TBT-EDOT.
To a 100mL two-neck round bottom flask, 3g (0.0211 mole) of EDOT
(3,4-ethylenedioxythiothene) was dissolved in 5mL dry THF. One neck of the round
bottom flask was connected to nitrogen atmosphere, while the other neck was
enclosed with a rubber septum. The solution mixture was cooled to 0 oC with an ice
bath. 13.2mL of 1.6M n-butyllithium (0.0211 mole) was added through the rubber
septum via a syringe in a dropwise manner. The reaction mixture was stirred
vigorously at 0oC for 30 minutes. It was added 12.0mL (0.0442 mole) of tributyltin
chloride slowly to lithiated EDOT solution through the rubber septum via a syringe.
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The reaction mixture was then stirred at 0 o C for 30 minutes. Once the solution turned
into a yellow suspension, the reaction mixture was allowed to stir for an addition of
1.5 hours at room temperature. Approximately 150mL water was added to the mixture
and the mixture was stirred for 15 minutes at room temperature. Ethyl acetate was
added and the solution mixture was transferred to a separation funnel. The organic
layer was washed 3 times with water to remove any water soluble impurities. The
aqueous layer was discarded and the organic layer was collected. Anhydrous MgSO 4
was added to the product solution to remove residue of water. The desiccation salt
was removed by filtration and the filtrate was collected. Chloroform was used to rinse
any remaining product adhered on the salt and flask. The solvent was then removed
by

rotary

evaporation

to

obtain

a

yellow

liquid.

TBT-EDOT

(Tributyl(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)stannane) was not isolated with
silica gel column chromatography while organotin comounds are unstable and highly
sensitive to the acidic silica gel. The product was used directly for the next step
without further purification. The amount of TBT-EDOT produced with respect to
EDOT was characterized and analyzed with 1H NMR. (8.57g, 94% ; 71% NMR yield
by thiophenyl protons ratio) δH (CDCl3) 0.89-1.63 (27 H, m, aliphatic Hs), 4.14-4.18
(4 H, m, ethylene dioxy Hs), 6.58 (1 H, s, thiophenyl ArH)
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3.9. Synthesis of Donor-Acceptor-Donor (D-A-D) Indigoid
The

synthesis

of

compound

8e

((E)-4,4'-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)-7,7'-bis(dodecyloxy)-[2,2'-biin
dolinylidene]-3,3'-dione)

began

with

compound

5e

(4,4’dibromo-7,7’-bis(dodecyloxy)-indigoid). Stille Coupling was employed for the
reaction between 5e and TBT-EDOT was conducted with palladium catalyst and
phosphine ligands. The synthetic pathway is shown in Scheme 3.9.

Scheme 3.9 Synthetic scheme of compound 8e.
To a 50mL round bottom flask, 100mg (0.127 mmol) compound 5e
(4,4’dibromo-7,7’-bis(dodecyloxy)-indigoid) was dissolved in 10mL dry toluene. The
toluene solution was then added with 219mg (0.507 mmol) of TBT-EDOT, 4.54mg
(0.00496mmol) of Pd2(dba)3 and 3.09mg (0.0102 mmol) of P(o-tolyl)3 . The reaction
mixture was then purged with nitrogen and degassed by a sonicator. The reaction
mixture was then heated to 110oC with continuous stirring for 18 hours. Methanol was
added to precipitate the crude products. The dark blue solids were collected and then
purified with a silica gel column chromatography using pure toluene as eluent. The
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final product of 8e was a dull blue green power. (75mg, 65%) δH (CDCl3) 0.88 (6 H, t,
J 6.4, CH3), 1.27-1.47 (36 H, m, CH2), 1.81-1.88 (4 H, m, CH2), 4.07 (4 H, t, J 6.6,
OCH2) , 4.26 (8 H, s, OCH2CH 2O) , 6.43 (2 H, s, thiophenyl ArH) , 6.95 (4 H, dd, J
8.2 & 5.34, ArH) and 9.08 (2 H, s, NH); δC (CDCl3) 14.17, 22.73, 26.04, 29.11, 29.40,
29.62, 29.68, 29.71, 31.95, 64.59, 64.71, 68.93, 77.25, 99.04, 113.02,116.20, 117.68,
121.73, 122.45, 123.39, 138.96, 141.29, 143.00, 144.89, 187.22; MALDI-TOF-MS
Calculated [M+H+]: 911.4334; Found: 911.4338.
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3.10. Synthesis of Dibromo-Donor-Acceptor-Donor Indigoid
The

synthesis

of

compound

9e

((E)-4,4'-bis(7-bromo-2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)-7,7'-bis(dodecyloxy)[2,2'-biindolinylidene]-3,3'-dione)

began

with

compound

8e

((E)-4,4'-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)-7,7'-bis(dodecyloxy)-[2,2'-biin
dolinylidene]-3,3'-dione). Compound 8e was brominated with N-bromosuccinimide
(NBS) to give the dibromo product 9e. The synthetic pathway is shown in Scheme
3.10.

Scheme 3.10 Synthetic scheme of compound 9e.
To a 50mL round bottom flask, 100mg (0.110 mmol) compound 8e was
dissolved in 10mL chloroform. The chloroform solution was added with 39.1mg
(0.219 mmol) of NBS in one single portion. The reaction mixture was then stirred at
room temperature for 1 hour. Methanol was added to precipitate the crude blue solid
products. The blue solids were collected and then further washed with water for at
least 3 times in order to remove the water soluble succinimide by-products. The crude
product was then washed with methanol again and dried in vacuo. The blue solids
were collected and then purified with a silica gel column chromatography using pure
toluene as eluent. The final product of 9e was a dark blue power. (113mg, 69%) δ H
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(CDCl3) 0.88 (6 H, t, J 6.6, CH3), 1.27-1.61 (36 H, m, CH2), 1.83-1.88 (4 H, m, CH2),
4.07 (4 H, t, J 6.7, OCH2) , 4.26-4.34 (8 H, m, OCH2CH2O) , 6.94 (4 H, s, ArH) and
9.07 (2 H, s, NH); δC (CDCl3) 14.17, 22.73, 26.01, 29.01, 29.40, 29.62, 29.68, 29.71,
31.95, 50.93, 64.61, 65.02, 68.97, 77.24, 87.08, 113.19,116.21, 117.46, 121.34,
121.71, 123.40, 138.39, 139.67, 142.98, 145.08, 187.10; MALDI-TOF-MS Calculated
[M+]: 1068.2451; Found: 1068.2399.
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3.11. Preparation of anhydrous tetrahydrofuran
Anhydrous tetrahydrofuran (THF) was prepared using a typical ether solvent
drying method. The apparatus set-up is shown in Figure 3.1

Figure 3.1. Apparatus for the drying of tetrahydrofuran.

To a 1L round bottom flask, 400mL THF (RDH, A.R. grade), 10g benzophenone
(as color indicator) and 5 g of sodium metal were added into the flask. The mixture
was heated to reflux with a sand bath with valve A opened and valve B closed (see
Figure 3.1). The reflux was carried out under nitrogen atmosphere. THF was dried
completely when the solution turned from orange to deep blue. The time required for
reaching the deep blue color varied from 30 minutes to 1 day. The deep blue color
indicated that peroxides and water has been removed. Anhydrous THF was distilled
by closing valve A and B (see Figure 3.1). The solvent was then distilled to the upper
chamber. To collect the anhydrous THF, valve B was opened slowly and the
anhydrous THF was collected through the receiver connected to valve B. (Figure 3.1)
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3.12. Characterization
3.12.1. Nuclear Magnetic Resonance (NMR) Spectroscopy
1

H NMR and

13

C NMR spectroscopy were used for routine structural

identification of the intermediates and the final products. The samples were dissolved
in deuterated solvents such as CDCl 3 (ALDRICH, 99.8 atom % D, contains 0.1 %
(v/v) TMS) or Acetone-d6 (ALDRICH, 99.9 atom % D, contains 0.1 % (v/v) TMS).
The spectroscopies were recorded on a FT-NMR, 400 MHz (Bruker Avance-III)
spectrometer.
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3.12.2. Ultraviolet-Visible (UV-VIS) Spectroscopy
UV-VIS absorption spectroscopy was used to obtain optical properties of the
products as well as the the reference materials. All spectra were recorded on a Cary
UV-100 (Double Beam) spectrophotometer or a Cary UV-300 (Double Beam)
spectrophotometer. The sample solutions were held in a quartz cuvette (path length =
1cm). The solvent used was chloroform (A.R. Grade).
The optical bandgaps and the optical absorption for the compounds can be
determined by UV-VIS. The spectra can provide information on π-π stacking by
comparing the bathochromic or hypsochromic shifting for the different compounds.
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3.12.3. Fourier Transform Infrared (FT-IR) Spectroscopy
FT-IR spectroscopy was employed to identify the functional groups of the
products, and to study the effect of substituents on intermolecular and intramolecular
hydrogen-bondings in the synthesized indigoids. All spectra were obtained by a
Nicolet Magna 550 Series II FT-IR spectrophotometer. All spectra were collected
from solid pellets containing the sample and potassium bromide (KBr) (FT-IR grade,
≥99% trace metals basis). The average thickness of the KBr sample pellets was
0.1-0.16 mm.
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3.12.4. Cyclic Voltammetry (CV)
CV was employed for the determination of the oxidative and reductive
potentials for the synthesized materials. The determination was carried out on a CV
meter (CH Instrument CV meter). The samples of known were made up to 0.001M to
0.002M, together with 0.1M tetrabutylammonium hexafluorophosphate (Bu 4NPF6)
solution in dichloromethane (CH2 Cl2) as the electrolyte. Ferrocene was used as the
internal standard and the HOMO level of ferrocene was assumed to be -4.80 eV.
Silver/silver chloride was used as the reference electrode, while a platinum wire was
used as the auxilary electrode and another platinum rod was used as the working
electrode.
The measureable change in current for the sample would be calculated with
respect to the oxidative potential of ferrocene. The highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) of the samples were then
estimated from the cyclic votammograms.
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3.13. Materials
2-Nitrobenzaldehyde,
3-bromobenzaldehyde,

3-Hydroxybenzaldehyde,

4-hydroxybenaldehyde,

3-methoxybenzaldehyde,

1-bromobutane,

1-chloro2-methylpropane, 1-bromooctane, 1-bromododecane, bromine, hexanoyl
chloride, benzoyl chloride, p-toluoyl chloride, 2-thiophenecarbonyl chloride,
tributyltin chloride, n-butyllithium, potassium carbonate, potassium iodide, potassium
tert-butoxide,

sodium

hydroxide,

tris(dibenzylideneacetone)dipalladium(0),

palladium(II) acetate and tri(o-tolyl)phosphine were all purchased from Sigma
Aldrich. Other solvents were analytical grade and used as received.
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CHAPTER 4: SOLUBLE INDIGOIDS
FOR OFET APPLICATIONS
A series of indigoids including compound 1 (indigo), 4a, 4c, 5a, 5c, 7a were
extensively studied in terms of the compounds’ physical, electrochemical, chemical
and structural properties. Compound 1 (indigo), 4a, 5a, 5c, 7a, 7b, 7c, 7d were
fabricated as the active material for OFET study. There detailed syntheses for the
aforementioned compounds were previously described in Scheme 3.4, Scheme 3.5
and Scheme 3.7 in Chapter 3. In this study, only indigo(1), 7,7’-dialkoxyindigoids (4)
and 4,4’-dibromo-7,7’-dialkoxyindigoids (5) were found to exhibit transistor
field-effect. The reasons for this will be discussed as follow.

4.1. Electrochemical properties
Cyclic voltammetry (CV) measurement on 1 (indigo), 4a, 4c, 5a and 5c in DCM
were effected using 0.1 M tetrabutylammonium hexafluorophosphate (Bu 4NPF6) as
the electrolyte. The sensitivity for the redox measurements were set initially at
1.0×10-5A/V. Ferrocene was used as the internal standard and its HOMO was assigned
to be -4.80 eV. The HOMO and LUMO energy levels were calculated according to the
following equations:

HOMO (eV) = (Eox – Eox, ferrocene) + 4.8

(4.1)

LUMO (eV) = (E red – Eox, ferrocene) + 4.8

(4.2)
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Compound 1 (indigo) , together with the other four soluble indigoids (4a, 4c, 5a,
5c) all showed a characteristic double reduction signals (see Figure 4.1) whereares all
of these compounds consist of two analogous amide groups capable of forming mono or di- amide anions when deprotonated (or reduced). The oxidative potentials,
however, were insignificant to observe within the full scanning range from -1.8 V to
1.8 V using a sensitive at 1.0×10 -5A/V (see Figure 4.1) , especially for the mostly
insoluble indigo. The oxidative potentials of indigo, however, was made observable
when the sensitivity of the measurement was changed to 1.0×10 -6A/V. The low
oxidative signal intensities was possibly due to the electron deficient nature of the
indigo and its derivatives. These compounds are highly electron deficient and the
removal of an extra electron (oxidation) from the molecules would be compartively
more difficult than the addition of electrons (reduction) into the molecules. The
electron deficient nature was the reason for indigo and its derivatives to be excellent
n-type organic semicondutors.
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Figure 4.1. Cyclic voltammograms of 1 (Indigo), 4a, 4c, 5a and 5c with ferrocene as an
internal standard. The arrows indicating the oxidation and reduction transition regions.

The HOMO-LUMO were estimated by the onset values by extrapolating the linear
region from the curves in the cyclic voltammograms. The CV measured
HOMO-LUMO (eV) for 1 (indigo), 4a-b, 5a-b and the corresponding bandgap (E g, in
eV) could be found in Table 4.1.
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Table 4.1. Electrochemical data of indigo and the indigoidsa

a.

LUMO (eV)

Egb (eV)

-5.46

-3.55

1.91

0.518

-5.42

-3.68

1.74

-0.678

0.480

-5.35

-3.64

1.71

1.116

-0.540

0.462

-5.45

-3.80

1.66

1.162

-0.527

0.464

-5.50

-3.81

1.69

Compound

Eox (V)

Ered (V)

1c

1.106

-0.803

0.449

4a

1.140

-0.599

4c

1.027

5a
5c
Measurements

were

performed

in

Eox, ferrocene (V) HOMO (eV)

degassed

DCM

solutions

with

0.1M

tetrabutylammonium

hexafluorophosphate as the electrolyte and ferrocene as the internal standard at room temperature; b. Eg was the
electrochemical bandgaps calculated from the difference of the HOMO LUMO. c. As 1 (indigo) was not quite
soluble in DCM, the solution for 1 was slightly warmed before the CV measurements

As

shown

in

Table

4.1,

the

7,7’-dialkoxyindigoids

(4a,

4c)

and

4,4’-Dibromo-7,7’-dialkoxyindigoids (5a, 5c) showed a decreased LUMO as
compared to its parent reference compound 1 (indigo). The HOMO remained more of
less unchanged for the two series of indigoids. The reduced LUMO level led to
decreased bandgap energies for both compounds 4a,c and 5a,c as compared to 1
(indigo). Hydrocarbon substituents such as alkoxy and alkyl chains may reduce the
bandgap

energy

in

many

compounds

such as

polythiophenes[ 43 ]

and

polythiazoles[44]. The narrowing of bandgap energies in indigoids was also in
agreement with the aforementioned examples. In both cases, the introduction of
alkoxy groups lowered the bandgap of 4a,c by 0.17 – 0.20 eV, while the bandgap of
5a,c were lowered by 0.22 – 0.25eV.
4,4’-Dibromo-7,7’-dialkoxyindigoids (5a,c) showed the narrowest bandgap
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energies when compared to 1 (indigo) and 4a,c. The electron-withdrawing bromine
atoms on 5a,c could further lower the LUMO[45] by making the indigoid core more
electron deficient. This effect was as expected while the electron-withdrawing ability
of bromine substituents were quite strong, and together with the bandgap lowering
alkoxy substituents in 5a,c, this type of indigoid was considered to be the most
electron deficient indigoid series among the different indigo species we described. As
a result, 5a,c were found to have the lowest bandgap energy among all of the
indigoids.
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4.2. Optical properties
The UV-vis absorptions were measured by the chloroform solutions of
indigo and indigoids at room temperature. All solutions were made up to 10 – 50 ppm
in concentrations for the qualitative measurements. The UV-vis spectra of 1 (indigo),
4a, 4c, 5a and 5c were shown in Figure 4.2. All of the samples showed intense
absorptions in the red-orange domain of the visible light region. The absorptions were
attributed to the π→π* visible light absorption[46,47]. All synthesized indigoids
showed a broadened and red-shifted absorption with respect to 1 (indigo), with higher
full width half maxima (FWHM) values as compared to indigo, indicating the
presence of auxochromic effect in all indigoids by either the alkoxy or bromo
moieties on the compounds. The λ max and other optical data of each sample were
summarized in Table 4.2. The optical property of compound 7a will be discussed in
the X-Ray crystallography section as it is a reference compound to study to the
hydrogen bond effects in indigoids.

Figure 4.2. Normalized UV-vis absorption spectra of 1 (indigo), 4a, 4c, 5a and 5c.
Compound 7a would be introduced in section 4.5.
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Table 4.2. UV-vis data of indigo and indigoidsa
Compound

λmax (nm)

λedge (nm)

FWHMc (nm)

Egb (eV)

1

605

651

72

1.90

4a

635

702

99

1.77

4c

633

706

99

1.76

5a

640

707

95

1.75

5c

649

707

96

1.75

a. Measurements were performed in chloroform solutions using a 1 cm quartz cuvette at room temperature; b. Eg was the optical
bandgaps calculated from the absorption edges; c. FWHM were estimated by the curve fitting function in the software OriginPro
9.0 by assuming the spectra followed the Gaussian system.

It was observed that compound 4a,c had a 28 - 30nm red-shifted in the
absorption maximum from indigo. A red-shift in absorption was mainly due to the
auxochromic effect of the alkoxy groups present on the indigoid core. However, the
peak broadening of indigoids comparative to indigo suggested that the material is
either having an improved π-bonds conjugation[48] or a better π-π stacking[49]. Thus,
the incorporation of alkoxy groups into the indigo core might not only improve the
solubility of the indigoids, but also brought a red shift and a possible π-π stacking
enhancement to the molecules. The hypothesis is similar to the side chain effects in
solid state polythiophenes whereas the π-π stacking enhancement was a result of
introducing long hydrocarbon side chains to the polythiophenes[50]. The introduction
of alkoxy groups into the indigo aromatic rings also lowered the optical bandgap.
Taking compound 4a,c as an example, they have a reduced bandgap by approximately
0.13 – 0.14eV in comparison with 1 (indigo) (Table 4.2). The result was found to be
consistent with the electrochemical bandgaps estimated from cyclic voltammetry
(Table 4.2 and Table 4.3).
Compound 5a,c were found to have the largest red-shifted absorption from 1
(indigo) and 4a,c. The absorptions were 35 – 44nm red-shifted from indigo’s
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absorption. The greater shifting was conceivably due to the presence of both alkoxy
and bromo substituents. Together they created a synergistic effect in red-shifting the
UV-vis absorption. The extension of π system caused by the p-orbital overlapping on
bromine substituents may also play a role in the red-shift observed in the spectrum.
The bandgap of 5a,c was also lowered by approximately 0.15eV as compared with
indigo (Table 4.2). The results were similar to CV results while compound 5a,c were
found to have the lowest bandgap among the samples of interest. All other UV-vis
data were also in agreement with the electrochemical data described previously.
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4.3. Solubility
A number of indigoids were synthesized to produce a soluble indigoid for OFET
applications and analyses. The substituents located on different positions of the
indigoid greatly affected its physical properties such as solubility. In this study, it was
found that long alkoxy chains substituted at the 7 and 7’ position of indigoid (see
Figure 4.3) would produce soluble indigoids. Small functional groups on the 7 and 7’
indigoid positions such as methoxy, nitro and bromo groups did not give any
solubility

improvements.

Indigoids

such

as

dibromoindigoid

(2),

dimethoxydinitroindigoid (3) were all not soluble and were difficult to characterize. It
was found that alkoxy chain length of four carbon units (butoxy) at the 7 and 7’
position was the starting point to result an improved solubility of the indigoid. Such
compounds

of

interest

includes

the

7,7-dialkoxyindigoids

(4)

and

4,4’-dibromo-7,7’-dialkoxyindigoids (5) which were broadly discussed in this chapter.
Interestingly, the positions of the solubilizing alkoxy substituents on indigoid were
found to be more significant than the length of the alkoxy chain. One example is the
5,5',7,7'-tetrabromo-6,6'-dialkoxyindigoids

(6a

5,5',7,7'-tetrabromo-6,6'-bis(hexyloxy)indigoid

and
(6a)

6b).
and

5,5',7,7'-tetrabromo-6,6'-bis(hexyloxy)indigoid (6b) each has a pair of alkoxy chains
of six and eight carbon units locating at the 6 and 6’ positions on the indigoid.
However, they all have a poorer solubility at room temperature than 4a and 5a which
both these two compounds are having a pair of butoxy side chains at the 7 and 7’
positions on indigoid. As a result, the substitution on different positions on the
indigoid could greatly affect the solubility of indigoids.
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Figure 4.3. Compound 1 (indigo) with intramolecular hydrogen-bonds and
the indigoid chromophore under IUPAC fused ring numbering system.

Solubility of the indigoids was performed by visual inspection of a solution
containing 5mg of the samples in 1mL of the solvent. The solution was then
transferred to the top of a ~1cm silica gel column, and flushed with the same solvent
under an applied pressure. The indigoids that are considered as soluble would pass
through the silica gel using 2-3 times of solvent washings, while insoluble indigoids
would reside on top of the silica gel with a colorless filtrate. Slightly soluble samples
would produce a pale blue filtrate with over 10 times of solvent washings. The
solubility results were summarized in Table 4.3.
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Table 4.3. Solubility of indigo and indigoids in various solvents at room temperature.
Compound CHCl3 DCM

THF

EA

DMF

Acetone

Hexane

MeOH

H 2O

1

INS

INS

INS

INS

SS

INS

INS

INS

INS

2

INS

INS

INS

INS

SS

INS

INS

INS

INS

3

INS

INS

INS

INS

SS

INS

INS

INS

INS

4a

S

S

S

S

S

SS

INS

INS

INS

4b

S

S

S

S

S

SS

INS

INS

INS

4c

S

S

S

S

S

SS

INS

INS

INS

4d

S

S

S

S

S

SS

INS

INS

INS

4e

S

S

S

S

S

SS

INS

INS

INS

5a

S

S

S

S

S

S

SS

INS

INS

5c

S

S

S

S

S

S

SS

INS

INS

5e

S

S

S

S

S

S

SS

INS

INS

6a

INS*

INS*

INS*

INS*

SS*

INS

INS

INS

INS

6b

INS*

INS*

INS*

INS*

SS*

INS

INS

INS

INS

Notes: “S” indicates completely soluble; “INS” indicates insoluble; “SS” indicates
slightly soluble; * This indigoid became soluble when heated to around 45o C

It had been suggested that the poor solubility of indigo, compound 2, 3, 6a and
6b was caused by strong intermolecular hydrogen-bonding. The solubility of the
indigoids was suggested due to the removal of intermolecular hydrogen-bonding yet
an effective intramolecular hydrogen-bond should be preserved in order for the
alignment of the indigoids molecules to produce the field-effect in OFET.
Furthermore, the infrared spectroscopy of indigo, compound 4a, 5a and 5c showed
that indigo has a much stronger and broader transmittance signal at around 3300cm -1
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with respect to the other indigoids. This signal is possibly attributed to the significant
intermolecular hydrogen-bondings within indigo molecules (Figure 4.4). The
preservation and removal of the inter- and intramolecular hydrogen-bonding was
examined using single crystal x-ray crystallography discussed in following section.

Figure 4.4. FTIR of indigo and indigoids.
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4.4. X-Ray crystallography analysis
In order to study the effect of both inter- and intramolecular hydrogen-bonds to
the solubility and field-effect of the compounds, X-Ray analysis (bond length
analysis), the reference compound N-N’-dihexanoylindigoid (7a) (see Figure 4.5.)
was synthesized (Scheme 3.7) and was taken into account for the hydrogen-bonding
to the field-effect investigation. Reference compound 7a was an indigoid without any
hydrogen-bonding and with good solubility in common organic solvents.

Figure 4.5. Structure of N-N’-dihexanoylindigoid (7a)
Single crystals of compound 4a and 7a were grown in a chloroform solutions
using hexane as the anti-solvent. The crystal growing took place within 1 – 2 days.
The crystal structure 4a and 7a were shown in Figure 4.6. The images were resolved
by an X-ray analysis software Olex2[51]. The original CIF crystal data of compound
4a and 7a were deposited to the online database of the Cambridge Crystallographic
Data Centre [ 52 ] (CCDC numbers: 1417445 for compound 4a; 1417446 for
compound 7a).
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Figure 4.6. Crystal structure of 4a and 7a.

As shown in Figure 4.6, the presence of intramolecular hydrogen-bonding in 4a
gave out completely different geometries from 7a, while the later compound had all of
its hydrogen-bonding removed by acylating the analogous amide on indigo. In
compound 4a, the atom-to-atom distance between the analogous amide hydrogen and
carbonyl oxygen was estimated to be 2.386Å (Figure 4.6). The distance was
categorized as a “strong, mostly covalent” donor-acceptor distance according to
George A. Jeffrey[53]. The strong intramolecular hydrogen-bonding in 4a provided a
rigid and planar molecular geometry between the two indoxyl rings as proven in the
single crystal X-Ray crystallography. The bulky butoxy groups on the 7 and 7’
position of 4a provided steric effect to eliminate intermolecular hydrogen-bonding
between individual indigoid molecules, and at the same time made the indigoid
soluble. Moreover, a new pair of “moderate”[53] hydrogen-bonding with
atom-to-atom distance of 2.674Å (Figure 4.6) was also observed between the butoxy
oxygen atom and the analogous amide hydrogen atom on compound 4a.
In compound 7a, the two amide hydrogen atoms on indigo were substituted by
two hexanoyl group. The compound was soluble in most organic solvents. However,
the central double bond on 7a was greatly twisted. The two hydrophobic hexanoyl
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chains also tended to align to one another, making the two indoxyl rings bent into a
“butterfly” geometry. As a result, the planarity of the indigo core was completely loss.
Throughout the geometrical investigation, OFET device were fabricated to study
the effect of hydrogen-bonding on the OFET transistor field-effect. The correlation of
hydrogen-bonding and the field-effects were summarized in Table 4.4. Interestingly, it
was found that the intramolecular hydrogen-bonding within indigo or indigoids were
crucial to exhibit a field-effect in OFET. As discussed earlier, the intramolecular
hydrogen-bonding preserved the planarity of the indigo molecule. Thus, the planarity
of the indigo core could possibly be one of the major factors to give out a working
indigoid OFET transistor. Intermolecular hydrogen-bonding was however, not
necessary to afford an OFET field-effect, but indeed making the material highly
insoluble in various kinds of solvents such as the natural compound 1 (indigo).

Table 4.4. Effect of hydrogen bonds on solubility and OFET field-effect of indigo and their derivatives.

Compound

Inter. H-bonds

Intra. H-bonds

Solubility

Field-effect

1

+

+

−

+

4a

−

+

+

+

7a

−

−

+

−

7b

−

−

+

−

7c

−

−

+

−

7d

−

−

+

−

Notes: + and − indicate the presence and absence of H-bonds, field-effect in OFET and
soluble or insoluble in common organic solvents.

The UV-vis absorption of 7a also showed a great blue-shift from 1 (indigo) (see
Figure 4.2.). The blue-shift was probably attributed to the weakened π-π interactions.
The weakened π-π interactions could also be one of the reasons for 7a to show a loss
of field-effect.
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4.5. OFET measurements
The application of the soluble indigoids as n-type organic semiconductor was
demonstrated using a bottom-gate-top-contact (BGTC) configuration OFETs (see
Figure 4.7). Polystyrene (PS) (MW ~35,000) was selected as the dielectric layer. A
30mg/mL PS solution in chlorobenzene was spin-coated on a pre-cleansed p-doped
SiO2 substrate under nitrogen atmosphere. The active layer, either compound 1
(indigo), 4a, 5a, 5c or 7a-d, was vacuum deposited on top of the dried polystyrene
layer using an Edwards (Auto 306A) evaporator.

Vacuum deposition for the active

layer was used instead of solution spin-coating due to the solvent employed for the
indigoids can also dissolve the PS under-layer.

By employing the same fabrication

conditions also allowed the device based on indigo to be used as a benchmark for
comparison.

Al/LiF was used as the source/drain electrodes and the channel width

for all OFET devices was maintained at 50µ m.

Figure 4.7. Configuration of a bottom-gate-top-contact (BGTC) OFET device.

Both indigoid series exhibited characteristic n-channel field-effect behavior (see
Figure 4.8). Under an applied gate voltage (V g), the charge carriers, in this case

79

electron, were accumulated at the indigoid/PS interface. An effective resistance was
created as electrons travelled through the semiconducting active layer. As a result, the
current (IDS) flowing from source to drain is regulated by the source/drain voltage
(VDS) and the overall electron flows can be modulated by the gate voltage (Vg). The
carrier mobility was calculated at the saturated regime from the output curves
(horizontal regions from the VDS vs IDS curves in Figure 4.8). The electron mobility
measured for the different indigoids are summarized in Table 4.5.

As expected,

compound 7a-d did not exhibit any filed-effect behavior and the results were not
presented.
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Figure 4.8. Output curves of OFET devices based on 1 (indigo), 4a, 5a and 5c
measured at ambient temperature. Compound 5a showed a weaker transistor
field-effect.
Table 4.5 Electron mobility of indigo and indigoids.
S/D electrode

Sat (cm2V-1s-1)

1 (Indigo)

Al/LiF

2.40 × 10-5

4a

Al/LiF

1.66 × 10-5

5a

Al/LiF

4.80 × 10-6

5c

Al/LiF

2.20 × 10-5

7a

Al/LiF

No field-effect observed

7b

Al/LiF

No field-effect observed

7c

Al/LiF

No field-effect observed

7d

Al/LiF

No field-effect observed

Compound

The electron mobilities for the soluble indigoids are within the same order of
magnitude compared to 1 (indigo). The mobility measured for all compounds
(including indigo), however, are much lower than the literature value (  Sat = 0.02
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cm2 V-1 s-1 for indigo[21]). It has been reported that the performance for OFET can be
greatly affected by the selection of the dielectric material[54]. A range of dielectric
materials

including

vinyl

polymers,

crosslinkable

polymer

precursor

benzocyclobutene (BCB), and paraffin waxes were studied for their effects on the
performance of indigo-based OFETs. As a result, electron mobility ranged from < 10 -4
to 10-3 cm2 V-1 s-1 were resulted. Recently, dielectric layer based on a long aliphatic
hydrocarbon chain, such as tetratetracontane (TTC), was used as a template to induce
the formation of a crystalline structure for the indigo layer. An improvement in charge
transport properties resulted in OFETs[54] with highest μsat at 9.1 cm2 V-1 s-1 reported
today.

Therefore, the selection of a suitable and compatible dielectric layer is crucial

for a high performance indigoid-based OFET. It is suggested either a photo-cured
dielectric layer or an inverted gate configuration would be used for future
optimization of the solution processed indigoid-based OFET devices.
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CHAPTER 5: POST-MODIFICATIONS
OF 4,4’-dibromo-7,7’-dialkoxyindigoids
Indigo is an electron deficient compound having a low-lying LUMO thus making
it an excellent electron acceptor for n-type organic electronic devices. The compound
itself, however, is not soluble in organic solvents and has limited processability. The
poor solubility was attributed to the extensive intermolecular hydrogen-bonds
between the indigo molecules. Several attempts have been made to improve its
solubility[55-57] or further functionalization on its aromatic rings. Most modifications,
however, failed to create organic soluble indigo derivatives while preserving the
indigoid (or indigotin) chromophore (Figure 4.3). Reactions on indigo usually took
place at the most reactive analogous amide 1 and 1’ positions (see Figure 4.3), and
thus destroying the inter- and intramolecular hydrogen-bonds within the indigo
molecules[63-65]. Direct halogenation of indigo has also been reported under harsh
conditions[66,67], but the products remained insoluble in organic solvents. This made
it impossible to further functionalize the indigo moiety. Sulfonation was by far the
most facile reaction in producing a water soluble indigo derivative[ 68 ]. The
sulfonated indigo known as “indigo carmine” has been applied as electrode materials
for rechargeable batteries.
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5.1. Donor-acceptor system for OFET
Donor-acceptor (D-A) systems have long been recognized in organic
photovoltaics[69]. Until recent years, D-A systems were employed in many OFET
applications[ 70 ]. OFETs fabricated with a D-A molecules or polymers usually
exhibited carrier mobilities up to 10 -3 cm2 V-1 s−1 or higher[71]. Therefore, attentionhas
been drawn to the investigation of whether the previously synthesized indigoids could
undergo aryl-aryl coupling in order to produce a new D-A organic semiconductor
system.

5.2. Rational design of the D-A-D indigoid
The target indigoid to be synthesized is illustrated in Figure 5.1. The
donor-acceptor-donor

(D-A-D)

indigoid

((E)-4,4'-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)-7,7'-bis(dodecyloxy)-[2,2'-biin
dolinylidene]-3,3'-dione)

8e

consists

of

three

major

components,

the

3,4-ethylenedioxythiophene (EDOT) donor units, the indigoid acceptor unit and the
aliphatic long chain hydrocarbon solubilizing units. They work together to give
enhanced electrochemical and optical properties in comparison to the pristine
compound 1 (indigo).
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Figure 5.1. Chemical structure and the role of each component in the D-A-D indigoid
8e.
Feasibility for the functionalization of the indigoid core lies greatly on the
solubility of the parent substrate and the structural conformation of the substrate. In
this study, the indigoid 4,4’-dibromo-7,7’-bis(dodecyloxy) indigoid (5e) (Figure 5.2)
was employed as the substrate for the demonstration of aryl-aryl coupling reactions on
5e to produce our target compound 8e. There are basically two factors for choosing
compound 5e as the substrate. Firstly, the compound is highly organic soluble due to
the two long dodecyloxy chains on the 7 and 7’ positions. Secondly, there are two
labile bromine groups para- to the two dodecyloxy side chains. This is important as
the long dodecyloxy chains on the indigoid may also act as bulky substituents and
give steric hindrance during the aryl-aryl coupling. Therefore, having the two labile
halogen atoms to be located at the furthest positions from the dodecyloxy side chains
will allow a more efficient coupling reaction to be carried out.

Figure 5.2. Chemical structure of indigoid 5e.
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The key to produce a successful aryl-aryl coupling reactions depends greatly on
the solubility of the reactants and the homogeneity of the reactants in the reaction
medium. Several palladium catalyzed aryl-aryl coupling were carried out simply by
trials and errors. The types of reactions included the Suzuki reaction, Heck reaction,
Stille reaction. Upon the three types of reaction, Stille reaction gave out the best result
for the coupling between 5e and TBT-EDOT to produce the D-A-D indigoid 8e
(Figure 5.1). The D-A-D indigoid 8e has its electrochemical and optical properties
much more enhanced compared to its pristine compound 1 (indigo) and 5e, while
having a red-shifted UV-Vis absorption, a reduced energy bandgap and a lowered
LUMO level with respect to indigo.
Stille aryl-aryl coupling reactions were carried out on the functionalizable
indigoid 5e. TBT-EDOT and 5e were used as the synthons to form aryl-aryl bond to
create a D-A-D molecule (see Scheme 3.9). There are several advantages for D-A-D
systems and using EDOT and 5e as the components for the D-A-D system. Firstly,
EDOT is an electron rich compound which makes it a good candidate for being the
“donor” in the D-A-D system. Controversially, compound 5e consists of an electron
deficient indigo chromophore and is regarded as a good “acceptor”[72]. Secondly,
EDOT and compound 5e are both organic soluble and may allow a beneficial
homogeneous reaction medium for the coupling reaction to proceed. Thirdly,
compound 5e consists of two long alkoxy side chains. The presence of long alkyl
chains in organic electronic semiconductors influences the molecular ordering in solid
state[70], and thus enhanced the π-stacking within the semiconducting molecules. The
long aliphatic hydrocarbons in a D-A-D system of compound 8e will produce highly
ordered active layers in thin films. This will then enhance the charge transport within
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the semiconducting[73]. Fourthly, the aryl-aryl coupling will increase π-conjugation
of the molecule. An increased π-conjugation in a tightly packed D-A-D system also
increases

the

probability

of

hopping

transport

in

charge

transport

of

semiconductor[35]. The optical and electrochemical properties of these compounds
will be discussed in the followings.

5.3. Electrochemical properties
Cyclic voltammetry (CV) measurement on 1 (indigo), 5e and 8e in DCM were
effected using 0.1 M tetrabutylammonium hexafluorophosphate (Bu 4NPF6) as the
electrolyte. The sensitivity for the redox measurements were set initially at
1.0×10-5A/V. Ferrocene was used as the internal standard and its HOMO was assigned
to be -4.80 eV. The HOMO and LUMO energy levels were calculated according to the
Eq. (4.1) and (4.2) in section 4.1.
Compound 1(indigo) , together with the other two soluble indigoids (5e and 8e)
all showed a characteristic double reduction signals (see Figure 5.3) whereares all of
these compounds consist of two analogous amide groups capable of forming mono- or
di- amide anions when deprotonated (or reduced). The oxidative potentials for
compound 1 (indigo), was again insignificant to observe within the full scanning
range from -1.8 V to 1.8 V using a sensitivity at 1.0×10-5A/V (see Figure 5.3) ,
especially for the highly insoluble indigo. The oxidative potentials of indigo, however,
was made observable when the sensitivity of the measurement was increased to
1.0×10-6A/V.
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Figure 5.3. Cyclic voltammograms of 1 (Indigo), 5e and 8e with ferrocene as an
internal standard. The arrows indicating the oxidation and reduction transition
regions.

88

The CV measured HOMO-LUMO (eV) for 1 (indigo), 5e and 8e and the
corresponding bandgap (E g, in eV) could be found in Table 5.1.

Table 5.1. Electrochemical data of indigo and indigoidsa

a.

LUMO (eV)

Egb (eV)

-5.46

-3.55

1.91

0.442

-5.55

-3.79

1.76

0.443

-5.29

-3.74

1.54

Compound

Eox (V)

Ered (V)

1c

1.106

-0.803

0.449

5e

1.188

-0.571

8e

0.930

-0.614

Measurements

were

performed

in

Eox, ferrocene (V) HOMO (eV)

degassed

DCM

solutions

with

0.1M

tetrabutylammonium

hexafluorophosphate as the electrolyte and ferrocene as the internal standard at room temperature; b. Eg was the
electrochemical bandgaps calculated from the difference of the HOMO LUMO. c. As 1 (indigo) was not quite
soluble in DCM, the solution for 1 was slightly warmed before the CV measurements

As shown in Table 5.1, the D-A-D compound 8e showed a similar LUMO to
4,4’-Dibromo-7,7’-dialkoxyindigoids (5e). Nevertheless, the HOMO was greatly
increased owing to the incorporation of the strongly electron donating EDOT moiety
into the indigo core. The increased HOMO level led to decreased bandgap energy for
8e as compared to 5e and 1 (indigo). The presence of EDOT donor moiety in 8e
lowered the bandgap energy by 0.22 eV as compared to 5e, whereas the bandgap
energy of 8e greatly lowered the bandgap by 0.37eV when compared to 1 (indigo).
The narrow bandgap energy of 8e could possibly make it a good candidate for
organic semiconducting transistor applications, as materials having narrow bandgap
energies would have their electrons more easily transported to the conduction band for
charge conduction and transport to take place[36-39].
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5.4. Optical properties
The UV-vis absorptions were measured by the same methods and parameters
described in section 4.3. The UV-vis spectra of 1 (indigo), 5e and 8e were shown in
Figure 5.4. All the samples shown intense absorptions in the red-orange domain of the
visible light region. The absorptions were attributed to the π→π* visible light
absorption[46,47]. The D-A-D indigoid 8e showed a broadened and red-shifted
absorption with respect to 1 (indigo) and 5e, with higher full width half maxima
(FWHM) values as compared to both indigo and its parent compound 5e, again
indicating that there is an auxochromic effect in the D-A-D system. The λ max and
other

optical

data

of

each

sample

were

summarized

in

Table

Figure 5.4. Normalized UV-vis absorption spectra of 1 (indigo), 5e and 8e.
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5.2.

Table 5.2. UV-vis data of indigo and indigoidsa
Compound

λmax (nm)

λedge (nm)

FWHMc (nm)

Egb (eV)

1

605

651

72

1.90

5e

651

708

97

1.75

8e

669

765

110

1.62

a. Measurements were performed in chloroform solutions using a 1 cm quartz cuvette at room temperature; b. Eg was the optical
bandgaps calculated from the absorption edges; c. FWHM were estimated by the curve fitting function in the software OriginPro
9.0 by assuming the spectra followed the Gaussian system.

The D-A-D indigoid 8e has a 18nm red-shift in the absorption maximum from its
parent compound 5e, and a 64nm red-shift from indigo. The FWHM of 8e was also
greated increased as compared to both 5e and indigo. The EDOT moiety on the
indigoid ring extended the π-bonds conjugation for the whole compound[48]. This
could be the reason for the large red-shift in UV-Vis absorption and the peak
broadening in the D-A-D indigoid. The introduction of EDOT groups into the indigo
aromatic rings also lowered the optical bandgap. Compound 8e has a reduced
bandgap energy of 0.13eV in comparison with 5e and bandgap energy reduction by
0.28eV in comparison with indigo (Table 5.2). The bandgap energy reduction is
consistent with the electrochemical bandgap energies estimated from cyclic
voltammetry (Table 5.1).
The incorporation of electron rich EDOT substituent into the indigo core not
only created a red-shift in UV-vis absorption, but also greatly broadened its absorption
range in the visible red-orange region. This makes the D-A-D indigoid 8e a useful
light harvesting low bandgap material for photovoltaic applications.
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5.5. Other reactions of indigoids 5e and 8e
In order to further demonstrate the potential functionalization ability of the
aforementioned indigoids. Indigoids 5e and 8e were chosen to undergo a series of
common organic reactions. The results are discussed in the followings.

5.5.1 Bromination of D-A-D indigoid
The D-A-D indigoid 8e can undergo an electrophilic aromatic substitution
reation with bromine at the most reactive thiophenyl hydrogen atoms on the EDOT
moiety. The reaction was controlled by addition of stoichiometric amount of NBS to
the indigoid chloroform solution to obtain the dibromo-donor-acceptor-donor
Indigoid 9e with moderate yield (see section 3.10). Halogenation is a very important
reaction in molecular designs of compounds in organic synthesis. The successful
bromination of 8e indicated that this indigoid can be further modified into new
organic electronics materials. Possible applications are such as fully printable
polymeric donor-acceptor OFET, OPV or sensor materials.

5.5.2 Electropolymerization of D-A-D indigoid 8e
The D-A-D indigoid 8e consists of an electron rich EDOT moiety. The EDOT
moiety is a unique functional group that can easily be polymerized at suitable
conditions[74]. Among numerous conducting polymers that have been developed,
poly(3,4-ethylenedioxythiophene), also known as PEDOT has developed into one of
the most successful materials from both a fundamental and practical applications.
Using a cyclic voltammetric set-up, The EDOT moiety on 8e can be dimerized and
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eventually electropolymerized into a polymer at the working electrode of the CV
instrument (Scheme 5.1)[75].

Scheme 5.1. Electropolymerization of 8e to P8e.
The electropolymerization electrolyte solution was made up with D-A-D
indigoid 8e dissolved in DCM at a concentration of 0.001M, and 0.1 M
tetrabutylammonium hexafluorophosphate (Bu 4NPF6) as the electrolyte. Indium tin
oxide (ITO) was used as the working electrode, a platinum wire was used as the
auxilary electrode, and another platinum rod was used as the working electrode. The
electrolyte solution was cycled between -0.60-1.7V for 300 times. A new oxidative
potential was then emerged (Figure 5.5). The cyclic voltammograms of 8e and P8e
are shown in Figure 5.6. The final polymer was deposited on the ITO electrode as thin
film and was not isolated for NMR analysis.
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Figure 5.5. The cyclic voltammogram of 8e during electropolymerization.

Figure 5.6. The cyclic voltammograms of the monoer 8e and it corresponding
polymer P8e.
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5.5.3 Polymerization of 4,4’-dibromo-7,7’-dialkoxyindigoids
The synthesis of the indigoid-divinylene conjugated polymers 10a and 10c began
with compound 5a or 5c (4,4’-dibromo-7,7’-dialkoxyindigoids). The synthetic
procedures of 5a and 5c have been previously described in section 3.5. The Heck
Coupling Reaction was employed for the aryl-aryl coupling reaction of compound 5a
or 5c and divinylbenzene (DVB) in the presence of a palladium catalyst and
phosphine ligands under elevated temperature. The synthesis is illustrated in Scheme
3.8.

Scheme 5.2. Synthetic scheme of indigoid-divinylene polymer.

To

a

10mL

schlenk

tube,

40mg

(0.0709

mmol)

of

5a

(4,4’-dibromo-7,7’-dibutoxyindigoid) was dissolved in 150µL DMF. The DMF
solution was added accurately with 10µL (0.0709 mmol) divinylbenzene, 0.796mg
(0.00354 mmol) Pd(OAc)2 , 5.39mg (0.0177 mmol) P(o-tolyl)3, and 49.4µL (0.354
mmol) trimethylamine. The reaction mixture was then purged with nitrogen and
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degassed by a sonicator. The reaction mixture was then heated to 120 oC under
continuous stirring for 2 days. The crude polymer solution was then precipitated into
methanol. The dark solids were collected and reprecipitated several times to obtain a
dark green polymer 10a. (9.2mg, 32%) δ H (CDCl3) 1.00 (broad, CH3), 1.52 (broad,
CH2), 1.80 (broad, CH2), 4.03 (broad, OCH2), 5.24-5.30 (m, terminal vinylene
protons), 5.74-5.82 (m, terminal vinylene protons), 6.75-6.94 (broad, indigoid ArH),
7.21-4.51 (broad, divinylene benzyl ArH), 8.01-8.11 (m, terminal divinylene benzyl
protons), and 8.81-9.08 (m, indigoid NH);
The polymer 10c was synthesized using the same procedures described for
polymer 10a except 5c (4,4’-dibromo-7,7’-dioctyloxyindigoid) was used instead of 5a.
All molar ratios of the reactants remained the same, and the polymer 10c obtained
were also dark green solids. (13mg, 35%) δH (CDCl3) 0.88 (broad, CH3), 1.29 (broad,
CH2), 1.82 (broad, CH2), 4.04 (broad, OCH2), 5.25 (broad, terminal vinylene protons),
5.75 (m, terminal vinylene protons), 6.82-6.99 (broad, indigoid ArH), 7.31 (broad,
divinylene benzyl ArH and terminal divinylene benzyl protons) and 9.99 (broad,
indigoid NH); Figure 5.7 and 5.8 showed the 1 HNMR spectra of the monomers and its
corresponding polymers.
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Figure 5.7. 1HNMR comparison of indigoid 5a and polymer 10a

Figure 5.8. 1HNMR comparison of indigoid 5c and polymer 10c
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CHAPTER 6: CONCLUSION
This thesis reported the synthesis of two series of novel organic soluble
indigoids

namely

7,7’-dialkoxyindigoids

(4a-e)

and

4,4’-dibromo-7,7’-dialkoxyindigoids (5a, 5c, 5e) both started from the low-cost
3-hydroxybenzaldehyde. The indigoids are soluble in common organic solvents
including chloroform, DCM, THF, EA and DMF. The HOMO/LUMO and
bandgap energy (E g) of the alkoxy and bromine substituted indogoids were all
found to be lower than their parent indigo compound.

The lowest

HOMO/LUMO at -5.50eV/-3.81eV was found for compound 5c .
By studying single-crystal x-ray crystallography for the indigoids, it was
found that the presence of intramolecular hydrogen-bonds is crucial for the
exhibition of field-effect behavior, while intermolecular hydrogen-bonds lead
to insolubility. Long alkoxy chain substituents at the 7 and 7’ positions on the
indigo core effectively eliminated the intermolecular hydrogen-bonds thus
making the indigoids soluble, and at the same time preserving intramolecular
hydrogen-bonds necessary for field-effect behavior.
The employment of the soluble indigoids as an active layer for n-type OFET
have electron mobility ranged from 1.66 × 10 -5 cm2 V-1s -1 to

2.20 × 10-5

cm2 V-1s -1 and is within the same order of magnitude for the pristine indigo
fabricated under the same conditions.

The values, however, are lower than

those reported in literature and is suggested relating to the selection of dielectric
layer.

Further device improvement included using a different dielectric layer
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or employing a different device configuration would be the subject for a future
study.
The bromine substituted 4,4’-dibromo-7,7’-dialkoxyindigoids (5a, 5c, 5e)
can

be

further

functionalized

with

a

Stille

coupling

reaction.

The

donor-acceptor-donor indigoid 8e was synthesized from compound 5e. The
D-A-D indigoid 8e has a bandgap energy (E g) of 1.54eV, and was found to
have the lowest bandgap energy (E g) among the synthesized indgoids.
It was possible for D-A-D indigoid 8e to undergo electrophilic aromatic
substitution reactions at the thiophenyl moiety. Indigoid 8e can undergo
electropolymerization to give out a polymer P8e as thin film on an ITO
substrate.
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