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SYNOPSIS

Diketopyrrolopyrrole (DPP) is a 8z electron bicyclic system containing two
lactam units. DPP is an electron acceptor building block widely used in the field of
organic photovoltaics. DPP derivatives often exhibit broad optical absorption, high
thermal stability and have been used for various applications including aggregation
induced emission, solar cells, photodynamic therapy, bioimaging, laser dyes,
conductive polymers, photoconductive materials and fluorescent sensors. The
substitution of the donors and acceptors at 3- and 6-position of the DPP perturbs the
photonic properties of DPP based molecular systems significantly. The donor-
acceptor (D—A) architectures with strong absorption in visible to near-infrared (NIR)
region and low HOMO-LUMO gap are used as potential candidates for organic
photovoltaics. In order to improve the absorption towards NIR region and lower the
HOMO-LUMO gap, DPP unit has been functionalized with various donors,
acceptors and linkers in symmetrical and unsymmetrical way. The effect of
substitution of various donor and acceptor units on the photonic, thermal and
electrochemical properties was investigated. The photophysical, electrochemical
properties and HOMO-LUMO gap of DPP based D—A systems can be tuned either

by altering the strength of donor or acceptor units.

Figure 1. Diketopyrrolopyrrole (DPP).

We have explored variety of donor (carbazole, triphenylamine, ferrocene
etc.) and acceptor (TCBD) functionalized DPP based D—A systems and investigated
their photophysical, thermal, electrochemical and computational properties which
indicate their applicability for photovoltaic applications. The DPPs in this work have
been classified as symmetrical (DPPs 2—-4) and unsymmetrical (DPPs 5-7) on the
basis of functionalization at the 3- and 6- positions of DPP. The substitution of same

donor or acceptor units on both the positions on the DPP and by making dimers will
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result in symmetrical DPP, whereas the substitution at one side or substitution of
different donor/acceptor units on 3- and 6- positions resulted in unsymmetrical DPPs
(Figure 1).

The main objectives of present study are:

v To synthesize donor functionalized symmetrical and unsymmetrical DPPs of
the type D-n-A-n-D and D-n-A.

v" To design and synthesize donor/acceptor functionalized symmetrical and
unsymmetrical DPPs and to compare their photophysical, thermal and
electrochemical properties.

v' To study the effect of systematic variation of various donors on the
photophysical, thermal and electrochemical properties of DPP.

v To develop a strategy for tuning the HOMO-LUMO gap in donor
functionalized DPPs.

v To study the effect of metal functionalization on photophysical, thermal and

electrochemical properties of DPP.

Symmetrical Diketopyrrolopyrroles Unsymmetrical Diketopyrrolopyrroles

ooty 4 O Q 7 ‘ |
@i @-for Gor T

Figure 2. General classification of DPPs in this work.
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Chapter 1: Introduction
This chapter describes the synthesis and functionalization approaches of DPP

derivatives, and their applications in various fields.

Chapter 2: Materials and experimental techniques
This chapter summarizes the general experimental methods, characterization

techniques and details of instruments used for characterization.

Chapter 3: N-phenyl carbazole functionalized diketopyrrolopyrroles

In chapter 3, we have designed and synthesized ethyne bridged N-phenyl
carbazole substituted DPPs (DPPs 8 and 9) and their TCBD derivatives (10 and 11)
by the Pd-catalyzed Sonogashira cross-coupling and [2+2] cycloaddition-
retroelectrocyclization reactions respectively. The effect of incorporation of
tetracyanobutadiene (TCBD) unit on photophysical, thermal and electrochemical
properties of N-phenyl carbazole functionalized DPPs was investigated, which
show substantial donor—acceptor interaction between carbazole and DPP. The N-
phenyl carbazole substituted DPPs exhibit excellent thermal stability. The TCBD
derivatives of DPP 10 and 11 show red shifted broad charge-transfer (CT) bands in
the visible region with low HOMO — LUMO gap compared to ethyne bridged N-
phenyl carbazole substituted DPPs 8 and 9 (Figure 3). The electrochemical study
reveals, additional reduction waves in 10 and 11 at low voltage corresponding to
the TCBD moiety.
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Figure 3. Absorption spectra of N-phenyl carbazole functionalized DPPs.
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Chapter 4: Triphenylamine functionalized diketopyrrolopyrroles

In Chapter 4, a set of triphenylamine (TPA) based unsymmetrical and
symmetrical diketopyrrolopyrroles (DPPs) 12 and 13 were designed and synthesized
by the Pd-catalyzed Sonogashira cross-coupling reaction. The [2+2] cycloaddition-
retroelectrocyclization reaction of DPPs 12 and 13 with tetracyanoethylene (TCNE)
resulted in tetracyanobutadiene (TCBD) derivatives DPPs 14 — 16 respectively. The
effect of TPA as donor and TCBD as acceptor on the photophysical properties of
DPP and their donor-acceptor interaction was evaluated. The photophysical, thermal
and electrochemical properties of TPA based DPPs 12 and 13 were compared with
their TCBD derivatives 14 — 16. The TCBD derivatives DPPs 14 — 16 show red
shifted absorption (Figure 4), decrease in thermal stability and increase in strength
of D — A interaction compared to DPPs 12 and 13.
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Figure 4. Electronic absorption spectra of triphenylamine functionalized DPPs.

Chapter 5: Ferrocenyl functionalized diketopyrrolopyrroles

Chapter 5 describes the synthesis of unsymmetrical and symmetrical
ferrocenyl diketopyrrolopyrroles 17 and 18 by Sonogashira cross-coupling and their
TCBD derivatives DPPs 19-21 by [2+2] cycloaddition-retroelectrocyclization
reaction respectively. The incorporation of TCBD in ferrocenyl DPPs facilitate the
reduction and show low HOMO — LUMO gap. The TCBD substituted DPPs show
systematic red shift in absorption (Figure 5) with enhanced thermal stability. The
photophysical, electrochemical, and computational studies show substantial donor—

acceptor interaction. High thermal stability and low HOMO - LUMO gap of
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ferrocenyl DPPs (17-21) makes them a potential candidate for organic

photovoltaics.
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Figure 5. Electronic absorption spectra of ferrocenyl functionalized DPPs.

Chapter 6: Metal functionalized diketopyrrolopyrroles

In chapter 6, a symmetrical cobalt-dithiolene  functionalized
diketopyrrolopyrrole (DPP) Co-DPP-Co was designed and synthesized. Its
photophysical, thermal, electrochemical and computational studies were compared
with symmetrical ferrocenyl Fc-DPP-Fc. The electronic absorption spectrum of Co-
DPP-Co exhibited absorption in Vis-NIR region with shoulder band in longer
wavelength region (Figure 6). The thermogravimetric analysis shows good thermal
stability of Co-DPP-Co. The density functional theory (DFT) investigation
exhibited the cis geometry of cobalt-dithiolene ring with respect to DPP in Co-DPP-

Co whereas trans geometry was observed for ferrocenyl unit in Fc-DPP-Fc.
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Figure 6. Absorption spectra of metal functionalized DPPs.

Chapter 7: Diketopyrrolopyrrole based monomer, dimers and trimer

In chapter 7, we have designed and synthesized diketopyrrolopyrrole (DPP)
based monomer (22), dimers (23 and 24) and trimer (25) in order to see the effect of
number of DPP units on the photophysical and electrochemical properties (Figure
7). The absorption spectra show that the red shift in the absorption after dimerization
and trimerization of DPP, with broadening of absorption bands in dimer analogues
(23 and 24). The TGA analysis shows the dimerization and trimerization of DPP
improves the thermal stability. The electrochemical study exhibited additional
oxidation peak in trimer 25 related to the oxidation of triphenylamine unit. The
effect of connecting bridge between DPP units in dimers and trimer of DPP was
investigated which reveals the ethene bridged dimer exhibit good electronic

communication between two DPP units.
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Figure 7. Chemical structures of DPP based monomer, dimers and trimer.

Chapter 8: Conclusions and future scope
This chapter summarizes the salient features of the work and future prospective to

develop new materials for optoelectronic applications.
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Chapter 1

Introduction

1.1. General Introduction

The growing requirement of energy has captured the attention of scientific
community towards generation of clean and renewable energy sources at low cost.
The generation of energy from sunlight using solar cell devices is one of the most
significant long-term solution. The n-conjugated polymers and small molecules are
of significant interest due to their number of applications such as organic light-
emitting diodes (OLEDSs), organic solar cells (OSCs), two photon absorption and
organic field-effect transistors (OFETs). %! The thermal stability, broad absorption
in the visible region and low HOMO-LUMO gap values in small organic molecules
make them potential candidate for optoelectronics. ! Donor-acceptor (D-A)
approach is one of the useful ways to design the materials with absorption in Vis-

NIR region with low band gap.
1.2. Donor-Acceptor Systems

The donor-acceptor (D-A) system consists of combination of electron rich donor

with electron deficient acceptor through appropriate spacer (Figure 1.1).
Donor

The molecule which possesses the ability to donate the electron to another
molecule is known as donor, for example, the groups containing heteroatoms with
lone pair of electrons, amines, alcohols, sulphides etc. The other examples of
metallocene derivatives such as ferrocene, ruthenocene and aromatic carbocycles are
well known donors (Chart 1.2). Ferrocene, carbazole and triphenylamine (TPA) are

widely used donors for designing molecular systems with low HOMO-LUMO gap.
[4-6]
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Chart 1.1. Chemical structures of electron donor units.

Acceptor

The molecule which possesses the ability to withdraw electrons from another
molecule is known as acceptor. The acceptor strength of molecule to withdraw the
electron depends on the lowest energy unoccupied molecular orbital (LUMO). Low
lying the LOMO, stronger will be the accepting capacity of acceptor and vice versa.
The examples of acceptors include amides, nitriles and esters, nitrogen rich

heterocycles, boron complexes, ketones, tetracyano acceptors etc. (Chart 1.2).
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Chart 1.2. Chemical structures of electron acceptor units.

The LUMO of D-A system is stabilized as compared to individual donor and
acceptor units, whereas the HOMO is destabilized as compared to that of individual
donor and acceptor units (Figure 1.1). The combination of donor and acceptor with
appropriate mt-linker (such as double or triple bond, aromatic ring) results in red shift

of the absorption spectra with lowering of HOMO-LUMO gap.



Donor (D) D—A Acceptor (A)

Figure 1.1. Schematic representation of HOMO and LUMO energy levels in D-A

system.

The strength of D-A interaction depends on the strength of donor as well as
strength of acceptor and the nature of n-linker also plays key role in determining the

strength of D-A system.
The D-A systems exhibit various applications in diverse fields I’ *! such as;

% Organic Solar Cells (OSCs)

% Organic Light Emitting Diodes (OLEDs)

%+ Non-Linear Optics (NLO)

% Mechanochromism

% Organic Field Effect Transistors (OFETS)

%+ Photodynamic Therapy
1.3.  Diketopyrrolopyrrole (DPP)

DPP is a 8z electron bicyclic system containing two lactam units. The
diphenyl-DPPs have melting points over 350 °C and possess very low solubility in
most of the organic solvents. The alkyl chains were substituted on amidic nitrogen to
improve the solubility in organic solvents. DPP possess excellent properties such as
strong electron withdrawing nature, light absorption in visible region, highly

conjugated and coplanar molecular structure, excellent photochemical and thermal



stability. DPP is one of attractive unit used for the designing of small molecule as

well as polymer based efficient materials for OSCs.

Diketopyrrolopyrrole (DPP)
Figure 1.2. Chemical structure of diketopyrrolopyrrole (DPP).

The dithienyl-DPP possesses planar structure due to the hydrogen bonding of
oxygen in the DPP units with the g-hydrogens on the adjacent thiophenes which
induces intermolecular interactions as well. The HOMO and LUMO energy levels of
unsubstituted thienyl DPP are -5.3 eV and -3.4 eV respectively. The electron donors
(P3HT and other polymer donors) generally used to fill the essential criterion of
conjugated materials such as higher LUMO energy levels above -3.1 eV, for
efficient exciton separations.

The simple synthesis, intense color, excellent stability, and low solubility
exhibited by DPP, it has been used for the applications such as pigments in paints,
varnishes, and high-quality printing. Farnum et al. in 1974 first reported the
synthesis of the 3, 6-diphenyldihydropyrrolo[3,4-c]pyrrole-1,4-dione (DPP) in very
low yield in an attempt of formation of 2 azetinone by Reformatsky reaction of
benzonitrile, ethyl bromoacetate, and zinc (Scheme 1.1).1"]

1.4. Synthesis of Diketopyrrolopyrrole
1.4.1. Reformatsky Route

Farnum et al. in 1974 tried to synthesize unsaturated g-lactam 1 by the
reaction of benzonitrile with bromo-ethyl acetate in the presence of zinc via
Reformatsky conditions but the attempt to get desired product was failed instead
they obtained unknown dilactam 2 along with several by-products (Scheme 1.1).
The authors observed properties like a bright red color and very low solubility of

dilactam 2 and realized it could be organic pigment.
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Scheme 1.1. Farnum’s synthesis of DPP.

In order to explain the formation of dilactam 5, Farnum has given
mechanism which is shown in Scheme 1.2. The addition of organ zinc compound 1
to benzonitrile 2 is first step which gives ethyl 2-aminocinnamate 3. Then
intermediate compound 3 undergoes oxidative dimerization to obtain compound 4,

further the loss of two ethanol molecules led to final compound 5 (DPP).

CN
Ph
BrZnCH,CO,Et + - >:\
H,N CO,Et
3
1 2
[O]
1
o0 N Ph CO,Et
2EtOH = M
H,N —
EtO,C Ph
1
" 4
5

Scheme 1.2 Farnam’s postulated mechanism of DPP formation via Reformatsky

conditions.

1.4.2. Succinic Ester Route

The researchers from Ciba-Geigy company developed method to synthesize
DPP from benzonitrile and dialkyl succinate in the presence of base such as alkali
metal alkoxides.*™! This reaction proceeded through similar mechanism as like

Reformatsky route but the only difference was that, DPP is made from the reaction

5



of aromatic nitrile with dialkyl succinate. They optimized procedure and showed
that when succinates of starting materials from secondary or tertiary alcohols are
used and use of tertiary alkoxides as bases along with solvents such as tertiary

alcohol gives the best results.

H
0 Ar N_o
OR M*OR’, R-OH H
Ar—CN + >
2 RO 75-110°C 07 A
o) H
DPP
Scheme 1.3 Succinic ester route of DPP synthesis.
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Scheme 1.4 Preparation of DPP via the succinic ester route.

1.4.3. Condensation of Nitrile with 3-Alkyloxycarbonyl-2-pyrroline-5-one

The DPPs have been generally synthesized by the succinic ester route but
this method is restricted only to the synthesis of symmetrical DPPs.* The two
different aromatic nitriles were reacted with a succinic ester in order to synthesize
the unsymmetrical DPP with different aryl substituents at 3- and 6- positions. In this
reaction three products were obtained, one was unsymmetrical DPP 6 along with
two symmetrical DPPs 4 and 5 (Scheme 1.5) but the separation of these DPPs was

impossible due to very low solubility.
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Scheme 1.5 Mixed condensation of different aromatic nitriles with a succinic ester.

1.4.4. Synthesis of DPP from 2, 5-Dihydrofuro[4,3-c]furan-1,4-diones (DFFs)

Rubin et al. in 1980 observed explosive decomposition of unstable
bisdiazotetraketones by heating 1 resulted in the 3, 6-diaryl-2,5-dihydrofuro[4,3-
c]furan-1,4-diones 4 (or diketofurofurans, DFFs), analogues of DPP.[™*] The 4 (DFF)
can be readily transformed into N,N -diaryl DPP 5 through reactions with aromatic
amines in the presence of DCC and a catalytic amount of trifluoroacetic acid (TFA).
An alternative route to the synthesis of DFF is by the thermolysis of
diacylsuccinates 3 which was formed by the reaction of S-ketoesters 2 with iodine
under basic condition.

150-160 °C

N, O lo) Explosion 0 Ar’ Q Ar!
ArW ) 25-50% . o T o Ar?NH_DCC, ArZ—NﬁN— Ar?
Ar or _— Cat. TFA, CHCI3 _—
O O N, :;_I:Ige;/oreflux A o RT, 3 d, 35-56 % Arl o
1 4 (DFF) 5
AT
(o}
o ; : 2 Ar' COR
Ar1/U\/C02R RO,C Ar!
(o}
2 3

Scheme 1.6 Synthesis of DPP from 2, 5-Dihydrofuro[4,3-c]furan-1,4-diones.

The succinic ester route is regarded as the best one from all the routes. DPP
possesses the good thermal stability as well as photo stability, high quantum yields
and large Stokes shifts. The alkylation at N-position of lactam ring has been carried

out to improve the solubility of DPP in organic solvents.



1.4.  Absorption Spectra of diketopyrrolopyrrole
The diaryl DPP derivatives exhibit solution state absorption in the range of
470 nm to 520 nm and emission in the range of 508 nm to 540 nm.™! The solid state

absorption is comparatively red shifted due to intermolecular interactions and n—n

stacking.
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Figure 1.3. UV/vis absorption and photoluminescence spectra of diphenyl DPP.

1.6. Reactions of diketopyrrolopyrrole (DPP)
1.6.1. Alkylation and bromination (Synthesis of Mono- and di-bromo DPPs)
The starting precursor’s monobromo-DPP 3 and dibromo-DPP 4 were
synthesized by procedures as shown in Scheme 1.7. DPP 1 was synthesized by using
procedure which involves the reaction of 2-thiophenecarbonnitrile with half
equivalent of dimethyl succinate in presence of strong base sodium tert-butoxide in
tert-butanol at 120 °C for 12 hours under argon atmosphere and worked up by
methanol: hydrochloric acid (300ml methanol: 15ml conc. HCI), filtered on Buchner
funnel and finally washed with methanol yielded maroon solid with 65% yield. In
order to make it soluble, DPP 1 was reacted with excess amount of 1-bromodecane
in presence of base K,COj3 in N, N-dimethyl formamide (DMF) at 120 °C for 12
hours under argon atmosphere. The reaction contents were cooled to room
temperature and solvent was removed under vacuum. The crude compound was
purified by silica column-chromatography (eluted with 50% dichloromethane in
hexane) yielded 23% shiny crystalline solid (DPP 2).
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Scheme 1.7. Synthesis of alkyl-substituted bromo-DPPs 3 and 4.

Then DPP 2 was further brominated with N- bromosuccinimide (NBS) and mixture
of mono- and di-brominated DPP (3 and 4) was obtained. Bromination reaction was
carried out at room temperature in dry chloroform and compounds 3 and 4 were
purified by the use of silica-column chromatography, eluted with 30-80% of
dichloromethane in hexane yielded 90% of pure compounds.

1.6.2. Cross-coupling Reactions of DPP:

The one of common pathway to design and synthesize D-A system based on DPP
involves the cross-coupling reaction of the bromo DPP with different aryls in
presence of Pd-catalyst. The various cross-coupling reactions of DPP include Suzuki
coupling, Heck coupling, Sonogashira coupling and Stille coupling reactions.
1.6.2.1. Heck and Suzuki Coupling

This protocol involves the use of mono/dibromo derivative of DPP to react
with boronic acid/ester, vinylic or acetylene substituted derivative in presence of Pd-
catayst ~such  as tetrakis(triphenylphosphine)palladium(0) [PA(PPh3)4]/
bis(triphenylphosphine)palladium(Il) dichloride [Pd(PPhs3),Cl,] with triethylamine
as a base. Heck coupling involves palladium-catalyzed C-C bond coupling between
bromo DPP and vinyl halides in the presence of Pd-catalyst with base.

Sonar et al. enhanced electron affinity of DPP by functionalizing it with
electron withdrawing fluorophenyl and trifluoromethylphenyl groups.[*® The
fluorophenyl and trifluoromethylphenyl substituted DPPs 3-5 were synthesized by
the use of Suzuki coupling reaction whereas the vinyl bridged trifluoromethyl
phenyl substituted DPP 2 was synthesized by Heck coupling reaction (Scheme 1.8).
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Scheme 1.8. Synthesis of DPPs 2 — 5.

1.6.2.2. Sonogashira Coupling

Russell et al. have designed and synthesized small molecule DPPEZnP-
TEH containing porphyrin as a central core and DPP as end group by the Pd-
catalyzed Sonogashira cross coupling reaction (Scheme 1.9).®1 The Sonogashira
coupling reaction of one equivalent of 5, 15-diethynyl-10, 20-bis(5-(2-ethylhexyl)-
thienyl)-porphyrin zinc 2 with two equivalents of mono-bromo diketopyrrolopyrrole 1
resulted in the formation of DPPEZnP-THE. The DPPEZnP-TEH exhibits broad
light absorption in visible to NIR region with very low band gap of 1.37 eV. When
used as a donor for BHJ OSCs, an open-circuit voltage of 0.78 V was obtained with
a low energy loss of only 0.59 eV, which was the first report for energy losses <0.6

eV as small molecule.
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1 2 DPPEZnP-TEH

Scheme 1.9. Synthesis of DPPEZnP-TEH.

1.6.2.3. Stille Coupling

Hong et al. used Pd-catalyzed Stille coupling reaction for the synthesis of DPP
based polymer PDPP3T to study thermoelectric properties (Figure 1.10).1"7 When a
di-bromo DPP reacts with bis(trimethylstannyl)thiophene in presence of Pd-catalyst
[Pd(PPhs)4] in toluene for 16 hours resulted the polymer PDPP3T in 83% vyield.

CgHy7 CgHqz

L s o PaEPh,
/ \@’ N Toluene

CeH1s

CgHq7 CgHyz

PDPP3T

Scheme 1.10. Synthesis of PDPP3T.

1.6.3. Metal Functionalized DPPs

The synthesis of organic chromophores with strong absorption in the near
infrared (NIR) region has gained considerable attention of the scientific community
due to their applications in optoelectronics and in biomedical imaging.™™®*®! The NIR
absorbing small molecules possesses low HOMO-LUMO gap, larger dielectric
constant, high dipole moment, and lower exciton binding energy which are
promising features for generating efficient materials for optoelectronic applications.
[2021] |n this regard Schanze et al. reported the synthesis and photophysical
properties of chromophores containing ortho-metalated 2-thienylpyridinyl
(platinum) end groups, Pt-DPP-Pt-1 and platinum acetylide derivative, Pt-DPP-Pt-
2 of the DPP (Chart 1.3)% They observed that the metal auxochromes have a

11



pronounced effect on the chromophores’ photophysical properties. The reduction in
the fluorescence was observed due to a spin—orbit coupling induced by the metal

centers which is more pronounced in Pt-DPP-Pt-2.

CroHyy

Pt-DPP-Pt-1 Pt-DPP-Pt-2
Chart 1.3. Chemical structures of metal functionalized DPPs Pt-DPP-Pt-1 and Pt-
DPP-Pt-2.

1.6.4. [2+2] cycloaddition-retroelectrocyclization reaction

An efficient strategy to improve the strength of D-A interaction by
incorporation of electron deficient tetracyanoethylene (TCNE) through [2+2]
cycloaddition—retroelectrocyclization reaction has been explored by Diederich et
al.2 %1 In order to lower the LUMO level of the DPP, electron-withdrawing groups

has been incorporated.

- N
PACl, (CH;CN),, \ RT, CH,Cl,
XPhos, K,CO;, d N~
CHSCN, 80 °C 2

/N\

Scheme 1.11. Synthesis of tetracyanobutadiene (TCBD) bridged DPP 3.

The electron accepting ability of DPP has been improved by introducing
electron withdrawing pentafluorophenyl and tetracyanobutadiene (TCBD) groups
[26] (Scheme 1.11). The TCBD derivative 3 exhibited broad absorption in visible

12



region corresponds to m—m* transition of DPP core, charge transfer from the N, N-

dimethyl aniline to TCBD and DPP core and showed reversible reduction peaks.
1.7. Applications of Diketopyrrolopyrroles

The DPP based D—A molecular architectures have been explored for various

applications. Some of the important applications are discussed here,
1.7.1. Photothermal cancer therapy

Photothermal therapy for cancer treatment is gaining attention among other
treatments, as it is highly selective and noninvasive therapeutic method by the use of
NIR laser-induced ablation of tumor cells.””?] Dong et al. recently reported the
triphenylamine and ferrocenyl functionalized DPP based small molecules DPP-TPA
and DPPCN-Fc as promising cancer theranostic agents for cancer therapy and
achieved photothermal conversion efficiency of 345% and 59.1%
respectively®®%(Chart 1.4).

DPPCN-Fc R = 2-ethylhexyl

Chart 1.4. Chemical structures of DPP-TPA and DPPCN-Fc.
1.7.2. Dye sensitized solar cells (DSSCs):

Dye-sensitized solar cells (DSSCs) have gained attention of scientific
community as it is one of the promising sources for renewable energy systems with
high power conversion efficiency and low production costY The two
triphenylamine based DPP derivatives 1 and 2 were synthesized and used for DSSCs

by Tian et al.*?! (Chart 1.5). The photophysical and electrochemical properties

13



indicated that the energy levels can be tuned by alternating the z-conjugated
systems. When DPPs 1 and 2 used for DSSC showed overall conversion efficiency
of 4.14% with a short-circuit photocurrent density (Jsc) of 9.78 mA cm™ and a fill
factor (FF) of 0.69.

Chart 1.5. Chemical structures of DPPs 1 and 2.

1.7.3. Bulk heterojunction (BHJ) organic solar cells:

Organic solar cells (OSCs) have been explored as a renewable energy source
as it can convert sunlight into electricity at low cost.®® A substantial
improvement in the performance of OSCs have been observed in based on bulk
heterojunction (BHJ) containing a conjugated polymer as an electron donor and
a fullerene as an electron acceptor.!**! DPP possesses excellent properties such
as strong electron affinity, light absorption in the visible region, highly
conjugated coplanar molecular structure, and excellent photochemical
stability.*®! DPP is one of the widely used acceptor unit for the synthesis of
small molecule based non-fullerene electron acceptors.*®!
1.7.3.1. As donor in bulk heterojunction organic solar cells (BHJ-OSCs)

Zhan et al. reported linear small molecule BDT-2DPP based on 5-
alkylthiophene-2-yl-substituted benzodithiophene as core and DPP as arms for
BHJ OSCs (Scheme 1.12)."1 BDT-2DPP possesses excellent thermal stability,

broad absorption with low band gap and energy levels matched with PCgBM.

14



When they used BDT-2DPP as donor along with PCs;BM acceptor in BHJ
OSCs achieved a PCE of 4.09% and after thermal annealing treatment improved
the PCE up to 5.79%.

s,/ Pd(PPhy),

\  110°C, Toluene
80%

R = 2-ethylhexyl

BDT-2DPP

Scheme 1.12. Synthesis of BDT-2DPP.
1.7.3.2. As Acceptor in bulk heterojunction organic solar cells (BHJ-OSCs)

Huang and coworkers reported two novel three-dimensional acceptor
materials SM1 and SM2 with tetraphenylethylene (TPE) and 4.4’-
spirobi[cyclopenta[2,1-b;3,4-b’]dithiophene] (SCPDT) as the cores and
dicyanovinyl (DCV) end-capped DPP as the arms (Chart 1.6).5*® The introduction
of DCV in DPP lowers the energy levels of the material which allow to use as
acceptor with low energy-level donor materials such as PTB7-TH in solar cell
devices. When blended with PTB7-TH, the SM1 and SM2 showed maximum PCE
of 4.20% and 4.01% respectively.

SM2
SM1

Chart 1.6. Chemical structures of SM1 and SM2.
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1.7.4. Perovskite solar cells

The DPP based hole transporting material (HTM) PCBTDPP was
introduced by Qiu et al. in 2013 for hybrid solar cells (Figure 1.4).*! In this study
they used PCBTDPP as the HTM to study solid state hybrid solar cells made up of
the light harvester CH3NH3PbBr3-nanoparticles and TiO2 (mp-TiO2) as the electron
transporting material (ETM).

CgH17

PCBTDPP

Figure 1.4. Chemical structure of PCBTDPP.

The devices showed a 3.04% of PCE along with open circuit voltage (Vo) of
-1.15 V. They further used CH3NH3Pbl; by replacing CH3NH3PbBr; as the light
harvester, and achieved a higher PCE of 5.55%.

1.7.5. Organic Light Emitting Diodes (LEDSs)

Organic light emitting diodes (OLEDs) operating in the NIR region are
getting attention of scientific community due to various applications including
flexible self-medicated pads for photodynamic therapy, lab-on-chip platforms for
medical diagnostics, night vision and plastic-based telecommunications. Beverina et
al. reported the first example of NIR-OLEDs based on a NIR emitting DPP-
borondifluoride cyanine emitter DPP-Cy™®! (Scheme 1.13). DPP-Cy represents an
alternative to existing NIR chromophores for all-organic NIR-OLEDs emitting in
the transparency window of biological tissues, which is particularly interesting for
bioimaging and photodynamic therapy technologies. The incorporation of DPP
derivative to conductive polymer matrix they achieved a 0.55% of external quantum
efficiency (EQE). Herein they incorporated the functionalized DPP which emitt at
~760 nm to active matrix of poly(9,9-dioctylfluorene-altbenzothiadiazole) and
achieved 0.5% efficiency without use of complex light out-coupling or

encapsulation.
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R =3, 7 dimethyloctyl 75%

2 DPP-CN DPP-Cy

Scheme 1.13. Synthesis of DPP-Cy.
1.7.6. Organic Field effect transistors (OFET)

DPP derivatives have been widely used for high mobility semiconductors for
OTFTsM* since it strengthens n— intermolecular interactions. Choi et al. reported
the design and synthesis of a DPP-based polymer containing tellurophene
PDTDPPTe for OTFTs! ! (Scheme 1.14). They reported the synthesis of a DPP and
tellurophene based polymer using the Pd-catalysed Stille coupling reaction in 88%
yield. The PDTDPPTe polymer exhibited a high hole mobility of zima = 1.78 cm?
V' s due to the polymer chains exhibited better edge-on orientation and the strong

donor capacity of the tellurophene.

Br Pd(PPh;), Toluene
90 °C,X =8, Te

CsHyy

C10H21

PDTDPPTe
Scheme 1.14. Synthesis of PDTDPPTe.

1.7.7. Fluorescent sensors

Two DPP based fluorescent chemosensors DPP-Pyl and DPP-Py2 were
reported using symmetrical diamides as recognition groups for selective and fast
detection of citrate in the near-infrared region!** (Chart 1.7). It has been observed

that DPP-Py1 has higher accuracy and sensitivity with a relatively lower detection
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limit (1.8 x 10 —7M) and better stability in different pH buffers compared to that of
DPP- Py2. The various measurements like scanning electron microscopy, ‘*H NMR
titration, 2D-NOESY NMR, and dynamic light scattering analyses indicated the
fluorescence increment of the probes DPP-Pyl and DPP-Py2 for citrate was
probably originated from aggregation-induced emission (AIE) on the basis of the
complexation of the pyridinium-based symmetrical diamides, DPPs, with carboxyl

anions of citrate.

DPP-Py1, R=H

DPP-Py2, R = OMe
Chart 1.7. Chemical structures of DPP-Py1 and DPP-Py2.

1.8. Current Work

The donor-acceptor (D—A) architectures with strong absorption in visible to
near-infrared (NIR) region and low HOMO-LUMO gap are used as potential
candidates for organic photovoltaics. In order to improve the absorption towards
NIR region and lower the HOMO-LUMO gap, DPP unit has been functionalized
with various donors, acceptors and linkers in symmetrical and unsymmetrical way.
The effect of substitution of various donor and acceptor units on the photonic,
thermal and electrochemical properties was investigated. The photophysical,
electrochemical properties and HOMO-LUMO gap of DPP based D—A systems can
be tuned either by altering the strength of donor or acceptor units.

We have explored variety of donor (carbazole, triphenylamine, ferrocene
etc.) and acceptor (TCBD) functionalized DPP based D-A systems and investigated
their photophysical, thermal, electrochemical and computational properties which
indicate their applicability for photovoltaic applications. The DPPs classified as
symmetrical (DPPs 2-4) and unsymmetrical (DPPs 5-7) on the basis of
functionalization at the 3- and 6- positions of DPP. The substitution of same donor
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or acceptor units on both the positions on the DPP and by making dimers will result
in symmetrical DPP, whereas the substitution at one side or substitution of different
donor/acceptor units on 3- and 6- positions resulted in unsymmetrical DPPs (Figure
1).

The main objectives of present study are:

v To synthesize donor functionalized symmetrical and unsymmetrical DPPs of
the type D-n-A-n-D and D-n-A.

v" To design and synthesize donor/acceptor functionalized symmetrical and
unsymmetrical DPPs and to compare their photophysical, thermal and
electrochemical properties.

v To study the effect of systematic variation of various donors on the
photophysical, thermal and electrochemical properties of DPP.

v To develop a strategy for tuning the HOMO-LUMO gap in donor
functionalized DPPs.

v To study the effect of metal functionalization on photophysical, thermal and

electrochemical properties of DPP.

Symmetrical Diketopyrrolopyrroles Unsymmetrical Diketopyrrolopyrroles

4 Q _
@ == 9 - @%- g@s ig

Figure 1.5. General classification of DPPs in this work.
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1.9. Organization of thesis

Chapter 1 gives the detailed introduction about the historical development of
various synthetic, functionalization strategies, reactivity and utility of DPPs in
diverse fields. The recent functionalization strategies have been summarized and

further explored in D-A systems in the subsequent chapters.

Chapter 2 Summarizes the instrumentation and general methods used for the

present study.

In Chapter 3 a donor-acceptor N-phenyl carbazole functionalized DPPs and
their TCBD derivatives were designed, and synthesized via palladium catalysed
Sonogashira cross-coupling and [2+2] cycloaddition-retroelectrocyclization reaction
respectively. The effect of N-phenyl carbazole on the photophysical, electrochemical
properties of DPP and further effect of electron accepting TCBD on N-phenyl

carbazole functionalized DPPs derivatives were studied.

In Chapter 4, a set of triphenylamine substituted DPPs and their TCBD
derivatives were synthesized via palladium catalysed Sonogashira cross-coupling
and [2+2] cycloaddition-retroelectrocyclization reaction respectively. The effect of
triphenylamine donor on the photophysical, electrochemical properties of DPPs and

further effect of electron accepting TCBD on ferrocenyl derivatives were studied.

In Chapter 5 ferrocenyl substituted DPPs and their TCBD derivatives have
been designed, and synthesized via palladium catalysed Sonogashira cross-coupling
and [2+2] cycloaddition-retroelectrocyclization reaction respectively. The effect of
ferrocenyl group on the photophysical, electrochemical properties of DPPs and

further effect of electron accepting TCBD on ferrocenyl derivatives were studied.

Chapter 6 includes synthesis, photophysical, thermal and electrochemical
properties of a symmetrical cobalt-dithiolene functionalized diketopyrrolopyrrole
(DPP) Co-DPP-Co and its comparison with earlier reported ferrocenyl based Fc-
DPP-Fc.

In Chapter 7 we have designed and synthesized DPP based monomer (1),

dimers (2 and 3) and trimer (4) and studied their photophysical, thermal and
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electrochemical properties, in order to investigate the effect of number of DPP units

and connecting bridge on photophysical and electrochemical properties.

Chapter 8 summarizes the salient features of the work and future prospectus
to develop the new materials for optoelectronic applications.
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Chapter 2

Materials and Experimental Techniques

2.1. Introduction

In this chapter the materials used, general synthetic procedures,
characterization techniques and the instrumentation employed in this thesis are

discussed.
2.2. Chemicals for synthesis

Common solvents used for syntheses were purified according to known
procedures.!*! 2-thiophene carbonnitrile, sodium tert-butoxide, dimethyl succinate,
conc. HCI, 1-bromodecane were obtained from Spectrochem India. Triethylamine,
was obtained from S. D. Fine chem. Ltd., Cul, Pd(PPh3)4, PdCI;(PPhg),, ferrocene,
tetrabutylammonium hexafluorophosphate (TBAFg), Ethynyl ferrocene, were
procured from Aldrich chemicals USA. Silica gel (100 — 200 mesh and 230 — 400
mesh) WAS purchased from Rankem chemicals, India. TLC pre-coated silica gel

plates (Kieselgel 60F254, Merck) were obtained from Merck, India.

Dry solvents dichloromethane, chloroform, tetrahydrofuran (THF), N,N-
dimethylformamide (DMF), tert-butanol and methanol were obtained from
Spectrochem and S. D. Fine chem. Ltd. All oxygen or moisture sensitive reactions

were performed under nitrogen/argon atmosphere using standard schlenk method.

The solvents and reagents were used as received unless otherwise indicated.
The N-Bromosuccinmide was recrystallized from hot water before use.
Photophysical and electrochemical studies were performed with spectroscopic grade

solvents.

2.3. Spectroscopic Measurements
2.3.1. NMR Spectroscopy

'H NMR (400 MHz), and *C NMR (100 MHz) spectra were recorded on the
Bruker Avance (I11) 400 MHz, using CDCl5 as solvent. Chemical shifts in *H, and
3C NMR spectra were reported in parts per million (ppm). In *H NMR chemical
shifts are reported relative to the residual solvent peak (CDCl;, 7.26 ppm).
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Multiplicities are given as: s (singlet), d (doublet), t (triplet), g (quartet), m
(multiplet), and the coupling constants J, are given in Hz. *C NMR chemical shifts
are reported relative to the solvent residual peak (CDCls, 77.02 ppm).
2.3.2. Mass Spectrometry

High resolution mass spectra (HRMS) were recorded on Brucker-Daltonics,
micrOTOF-Q Il mass spectrometer using positive and negative mode electrospray
ionizations.
2.3.3. UV-Vis Spectroscopy

UV-Vis absorption spectra were recorded using a Varian Cary100 Bio UV-
Vis and PerkinElmer LAMBDA 35 UV/Vis spectrophotometer.
2.3.4. Fluorescence Spectroscopy

Fluorescence emission spectra were recorded upon specific excitation
wavelength on a Horiba Scientific Fluoromax-4 spectrophotometer. The slit width

for the excitation and emission was set at 2 nm.
2.4. Electrochemical Studies

Cyclic voltammograms (CVs) and Differential Pulse Voltammograms
(DPVs) were recorded on CHI620D electrochemical analyzer using Glassy carbon
as working electrode and Pt wire as the counter electrode, Ag/Ag+ as the reference
electrode. The scan rate was 100 mVs™. A solution of tetrabutylammonium
hexafluorophosphate (TBAPFg) in CH,Cl, (0.1 M) was employed as the supporting

electrolyte.
2.5. Computational Calculations

The density functional theory (DFT) calculation were carried out at the
B3LYP/6-31G** level for B, F, C, N, O, H, and Lanl2DZ level for Fe in the

Gaussian 09 program.!?!
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Chapter 3

N-phenyl carbazole functionalized diketopyrrolopyrroles

3.1. Introduction

The synthesis near infrared (NIR) absorbing small molecules has gained
attention of the scientific community because of their applications in optoelectronic
and biomedical imaging applications.™! The small molecules with extended -
conjugation have been widely used for organic solar cells (OSCs) as alternative for
conjugated polymers because of their reproducible preparation, and easy
functionalization.”” Our group is engaged in the design and synthesis of donor-

acceptor (D — A) based small molecules for organic solar cells.!*!

Diketopyrrolopyrrole (DPP) is strong electron acceptor unit with planar,
well-conjugated lactam skeleton, which give rise to strong © — 7 interactions. The
derivatives of DPP are widely used for the applications in dyes, OSCs and high-
quality printing.'"! DPP derivatives possesses good solubility in common organic
solvents and are photochemically as well as thermally stable.™) The
functionalization of the DPP with electron donor moiety will results in D-A
molecular system. We have recently reported the photonic and optical and
electrochemical properties of ferrocenyl DPPs by varying strength and number of
electron donor and acceptor units.®

The 1,1,4,4-tetracyanobutadiene (TCBD) is a strong electron-withdrawing
group which can be incorporated into electron rich alkynes by [2+2] cycloaddition—
retroelectrocyclization reaction.”®! We have incorporated the TCBD acceptor in
benzothiadiazoles (BTDs) and boron-dipyrromethenes (BODIPY) for efficient
tuning of D — A interaction.) The electron accepting ability of DPP has been
improved by introducing electron withdrawing pentafluorophenyl and TCBD
groups.l*%

The DPP attached with various positions of carbazole have been reported for
various applications.™ Pyo et al. and Kim et al. have reported symmetrical N-
phenyl carbazole substituted DPP for optoelectronic and solar cell applications.[*!
To the best of our knowledge there are no reports found in the literature on ethyne
bridged N-phenyl carbazole substituted DPPs and their TCBD derivatives. The
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motivation for choosing the N-phenyl carbazole as end-capping donor was its good
electron-donating and charge transport capabilities™ and DPP as the electron
acceptor core for its excellent electron affinity and broad absorption in the visible
region.™ To understand the effect of acetylene linkage on the optoelectronic and
structural properties of DPP, small molecules DPPs 5 and 6 were designed and
synthesized. The TCBD bridged DPPs 7 and 8 were synthesized to investigate the
effect of strong electron withdrawing TCBD unit on the optical, thermal and
electrochemical properties of N-phenyl carbazole substituted DPPs.

In this chapter we wish to report the design and synthesis of ethyne and
TCBD bridged N-phenyl carbazole substituted DPPs 5-8 and their optical, thermal,
electrochemical and computational properties.

3.2. Results and discussion
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Scheme 3.1. Synthesis of N-phenyl carbazole substituted DPPs 5 and 6.

The N-phenyl carbazole substituted unsymmetrical DPP 5 and symmetrical
DPP 6 were synthesized by the Pd-catalyzed Sonogashira cross-coupling
reaction of monobromo DPP 3 and dibromo DPP 4 with 1.1 and 2.2 equivalents
of N-(4-Ethynylphenyl) carbazole in 62% and 68% vyield respectively (Scheme
3.1). The [2+2] cycloaddition-retroelectrocyclization reaction of N-phenyl
carbazole substituted DPPs 5 and 6 with excess equivalents of TCNE at 135 °C
under microwave reaction condition for 4 hours resulted in TCBD substituted
DPPs 7 and 8 in 70% and 72% vyield respectively (Scheme 3.2). The [2+2]
cycloaddition-retroelectrocyclization reaction of strong electron withdrawing
TCNE reacts with electron rich alkyne (in DPPs 5 and 6) result in the formation
of TCBD bridged derivatives (DPPs 7 and 8). Here, carbazole is strong electron

donor moiety but after incorporating with electron withdrawing DPP, its electron
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donating capacity is decreased due to charge transfer and donor-acceptor
interaction. After addition of first TCNE moiety in whole system is more
electron deficient compared to starting material and due to which reactivity
towards next TCNE is decreased or vanished and reaction stops after the
addition of one TCNE. The reaction of symmetrical DPP 6 with excess
equivalents of TCNE at 135 °C under microwave reaction condition results
exclusively mono-TCBD substituted unsymmetrical DPP 8 and not di-TCBD
substituted symmetrical DPP 9 which may be due to increase in the acceptor
strength of DPP after incorporation of first TCBD in DPP 8. The attempt to
synthesize DPP 9 from DPP 8 with excess equivalents of TCNE at 135 °C under
microwave reaction condition also results in failure of reaction. The precursors
monobromo DPP 3 and dibromo DPP 4 were synthesized by following the
reported procedure.!**!

The N-phenyl carbazole substituted DPPs 5 — 8 were purified by repeated
silica gel column chromatography. The DPPs 5 — 8 are readily soluble in
common organic solvents such as chloroform, toluene, dichloromethane, and
were well characterized by *H NMR, **C NMR, and HRMS techniques.
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Scheme 3.2. Synthesis of N-phenyl carbazole substituted TCBD derivatives 7
and 8.

3.3. Photophysical Properties
The colored photograph of the N-phenyl carbazole substituted DPPs 5 — 8 in
dichloromethane solvent in day light is displayed in Figure 1(inset). The
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incorporation of TCBD in ethyne bridged DPPs 5 and 6 exhibit characteristic
colour changes from pink and blue to green (DPPs 7 and 8).
The electronic absorption spectra of N-phenyl carbazole substituted DPPs 5
—8 were recorded in dichloromethane at room temperature (Figure 3.1) and data are
listed in Table 3.1. The sharp absorption bands in the visible region at 543 nm, 580
nm in DPP 5 and 571 nm, 616 nm in DPP 6 were observed due to intramolecular
charge transfer (ICT) from N-phenyl carbazole to DPP and the © — n* transitions
respectively. The incorporation of TCBD in mono-N-phenyl carbazole substituted
DPP 5 shows the red shift of 115 nm, whereas the incorporation of TCBD in di-
substituted DPP 6 shows red shift of 110 nm. The TCBD substituted DPPs 7 and 8

show broad absorption bands in visible region at 695 nm and 726 nm respectively.

DPP7| DPPS8

Normalized Absorbance

v v T v T v T —
400 500 600 700 800 900
Wavelength(nm)

Figure 3.1. Normalized electronic absorption spectra (2 x10™“M) and photograph (3
x 10"°M) of DPPs 5 — 8 in dichloromethane.

The di-N-phenyl carbazole substituted DPPs 6 and 8 show red shifted
absorption compared to their mono-substituted analogues 5 and 7 respectively, due
to the increase in conjugation length. The optical band gap calculated for DPPs 5 — 8
are shown in Table 3.1. The trend in optical band gap follows the order 8 > 7 > 6 >
5, which indicates that the introduction of TCBD unit in N-phenyl carbazole
substituted DPP show red shifted absorption with decrease in the HOMO — LUMO
gap.
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Table 3.1. Photophysical, thermal and computational properties of DPPs 5 — 8.

4
Aabs €/10 Td Theoretical Optical

DPP (M) (Mmlem?y? (°c)> HOMO-LUMO  Band
gap (eV) gap (eV)

DPP 5 580 3.8 333 2.21 1.93
543 3.5

DPP 6 616 6.3 398 2.03 1.73
571 5.5

DPP 7 695 4.8 266 1.87 1.37

DPP 8 726 7.2 329 1.42 1.32

aAbsorbance measured in dichloromethane at 2 x 10® M concentration, & Extinction
coefficient; "Decomposition temperatures for 5% weight loss at a heating rate of 10 °C min®

! under nitrogen atmosphere.
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5.0x10°

Intensity (CPS)

T T
560 640 720 800
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Figure 3.2. The fluorescence spectra of DPPs 5 — 8 in dichloromethane.

The fluorescence spectra of the N-phenyl carbazole substituted DPPs 5 — 8
were recorded in dichloromethane at room temperature (Figure 3.2.). The ethyne
bridged DPPs 5 and 6 are fluorescent whereas their TCBD analouges 7 and 8 are
non-fluorescent. The incorporation of TCBD in ethyne bridged N-phenyl carbazole
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substituted DPPs 5 and 6 enhances the charge transfer character. The intramolecular
charge-transfer and enhanced donor—acceptor interaction in TCBD derivatives 7 and
8 lead to the quenching of fluorescence.™*"]

3.4. Thermal Properties
The thermal properties of the N-phenyl carbazole substituted DPPs 5 — 8 were

investigated by the thermogravimetric analysis (TGA) at heating rate of 10 °C min™
under nitrogen atmosphere and their thermograms are shown in Figure 3.3. The
DPPs 5 — 8 exhibit excellent thermal stability and the decomposition temperatures at
5% weight loss were found to be 333 °C, 398 °C, 266 °C and 329 °C for DPPs 5, 6,
7 and 8 respectively. The ethyne bridged N-phenyl carbazole substituted DPPs 5 and
6 are thermally more stable compared to their TCBD analogues 7 and 8. The trend in
thermal stability follows the order 6 > 5 > 8 > 7, which reveals that the incorporation

of TCBD in ethyne bridged N-phenyl carbazole substituted DPP lowers the thermal
stability.

105 4 —DPP 5

% wt loss

v ) ¥ | > L) 4 | . I b | L ) b ]
100 200 300 400 500 600 700 800
Temperature (OC)
Figure 3.3. Thermogravimetric analysis of DPPs 5 — 8 measured at a heating rate of

10 °C min™ under nitrogen atmosphere.

3.5. Electrochemical Properties
The electrochemical properties of N-phenyl carbazole substituted DPPs 5 — 8

were explored by cyclic voltammetry (CV) in dichloromethane solvent using 0.1 M

tetrabutylammonium hexafluorophosphate (BusNPF¢) as supporting electrolyte.
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Figure 3.4. CV (red line) oxidation plots of (a) DPP 5, (b) DPP 6, (c) DPP 7, and (d)
DPP 8.

The DPPs 5 — 8 show two oxidation peaks, one corresponding to the oxidation of
thiophene and another to oxidation of carbazole moiety. The characteristic changes
were observed in the reduction after introduction of TCBD in ethyne bridged DPPs.
The CV plots of N-phenyl carbazole substituted DPPs 5 — 8 are shown in Figures
(Figure 3.4 and 3.5) and the corresponding data are listed in Table 3.2.

39



a)

=
~—

!

@
=

o

04

-3p-

Current (A)
Current (A)

S -

w0
=

T T T T - 1) T T T T T T T T
0.4 0.8 1.2 1.6 0.0 02 04 06 08 10 12 14 16

Potential Vs Ag/Ag™(V) Potential Vs Ag/AgTV)

o
o

~
N

ETE

(="
—

—DPP 7 5y — DPP 8

-3

-6y

Current (A)
Current (A)

-15u
-9p H

T - - T -20p T T T T
0.0 0.4 0.8 1.2 1.6 0.0 0.4 0.8 1.2 16

Potential Vs Ag/Ag™ (V) Potential Vs Ag/Ag™ (V)

Figure 3.5. CV (red line) oxidation plots of (a) DPP 5, (b) DPP 6, (c) DPP 7, and (d)
DPP 8.

The ethyne bridged N-phenyl carbazole substituted DPPs 5 and 6 show one
reduction wave, whereas the TCBD substituted DPPs 7 and 8 exhibit three reduction
waves. The reduction wave corresponding to DPP core was observed at -1.03 V in
DPPs 5 and 6, and at -1.06 in TCBD derivatives 7 and 8 respectively.

Table 3.2. Electrochemical properties of DPPs 5 — 8°.

E' E? E’ E? E?
Red Red Red Oxid Oxid
DPP5 -1.03 - - 0.93 1.60
DPP6 -1.03 - - 0.92 1.20
DPP7 -0.33 -0.61 -1.06 0.66 1.58
DPP8 -0.32 -0.60 -1.06 0.91 1.17

%The electrochemical analysis was performed in a 0.1 M solution of BusNPFg in

dichloromethane at 100 mVs * scan rate, versus Ag/Ag* at 25 °C.

The additional reduction waves were observed due to TCBD moiety at -0.33
V, -0.61 V in DPP 7 and at -0.30 V, -0.60 V in DPP 8. The two additional reduction
waves observed in TCBD derivatives 7 and 8 are due to generation of dianion at
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TCBD unit.””) The introduction of TCBD in ethyne bridged DPP makes reduction of
DPP unit harder.

3.6. Density Functional Theory Calculations

In order to understand the geometry and electronic structure of N-phenyl

carbazole substituted DPPs 5 — 8, density functional theory (DFT) calculations were

carried out by using the Gaussian09W program.™*”]
Table 3.3. The frontier molecular orbitals of DPPs 5 — 8 estimated from DFT

calculations.
DPP 5 DPP 6 DPP 7 DPP 8
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The geometry optimizations were carried out in the gas phase at the

B3LYP/6-31G level. The large alkyl chains were replaced by ethyl group in DPP

for reducing the computation time. The frontier molecular orbitals of DPPs 5 — 8

estimated from DFT calculation are shown in Table 3.3.

The highest occupied molecular orbitals (HOMOs) and lowest unoccupied

molecular orbitals (LUMOSs) in TCBD derivatives (7 and 8) are localized on the
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DPP and TCBD unit. The ethyne bridged N-phenyl carbazole substituted DPPs 5
and 6 exhibit planar geometry whereas their TCBD derivatives 7 and 8 show
distorted geometry (Table 3.3). The theoretically calculated HOMO levels of N-
phenyl carbazole substituted DPPs 5 — 8 are — 4.93, —4.90, —-5.55 and -5.38 eV,
and the corresponding LUMO levels are —2.72, -2.87, -3.68 and -3.69 eV
respectively. The TCBD bridged DPPs 7 and 8 exhibit lower HOMO and
LUMO energy levels than that of ethyne bridged DPPs 5 and 6.

Table 3.4. Calculated Electronic Transitions for DPPs 5 — 8 in the Gas Phase.

DPP Wavelength Composition e
(nm)
DPP 5 575 HOMO—LUMO 0.75
(0.71)
388 HOMO-3—LUMO 0.20
(0.37)
DPP 6 578 HOMO—LUMO 1.39
(0.71)
432 HOMO-1—-LUMO 0.10
(0.64)
DPP 7 677 HOMO—LUMO 0.72
(0.69)
603 HOMO—LUMO+1 0.08
456 (0.69) 0.13
HOMO—-LUMO+2
DPP 8 698 HOMO—LUMO 1.04
(0.70)
612 HOMO—LUMO+1 0.09
(0.69)

f* = Oscillation Strength
The time dependent density functional theory (TDDFT) calculations were
performed at the B3LYP/6-31G level to understand the electronic transitions.

The results of TD-DFT calculations indicate that DPPs 5 — 8 show two main
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electronic transitions in visible region. The transitions with composition,
oscillator strengths, and assignments are as shown in Table 3.4. The transition
occurs from HOMO to LUMO in longer wavelength region is associated to the &
— * transitions of DPP and TCBD unit whereas the other transitions in short
wavelength region are related to charge transfer transitions as shown in Table
3.4. The main charge transfer transitions in ethyne bridged DPPs 5 and 6 occur
from HOMO-3—LUMO and HOMO-1—LUMO respectively. The charge
transfer transitions in TCBD bridged DPP 7 occurs from HOMO—LUMO+1
and HOMO—LUMO+2 and from HOMO—LUMO+1 in DPP 8. The theoretical
absorption wavelengths of DPPs 5 — 8 were found to be lower than that of
experimental values may be due to various factors like solvent effect,
temperature, dipole moment etc. The theoretical HOMO-LUMO gap values
from DFT calculations were found to be in good agreement with the optical band
gap values calculated from the UV-vis absorption (Table 3.1).

The previously reported N-phenyl carbazole substituted DPPs absorb in 400—
700 nm region whereas, the DPPs 5 — 8 show red shifted absorption in 400-850
nm region, reflecting the lower HOMO — LUMO gap and superior electronic
communication.[*!!

3.7. Application in Photovoltaics

We used DPPs 5 and 6 as donor along with PC;;BM as the acceptor for the
preparation of solution processed bulk heterojunction organic solar cells (BHJ-
OSCs) and after the optimization of the active layers in terms of the weight ratio
of donor to acceptor and surface treatment, the OSCs based on DPP5:PC;;BM
and DPP6:PC7.BM exhibited overall PCEs of 4.65% and 5.73% respectively.[*®!

The incorporation of TCBD improve the accepting ability and we used
TCBD bridged derivatives as non-fullerene acceptor for BHJ-OSCs along with
donor polymer P achieved a respectable PCE upto 7.19%, which is highest
efficiency for TCBD bridged non-fullerene acceptor till date.!**!

3.8. Experimental Section

General methods

The chemicals were used as received unless otherwise indicated. All the
moisture sensitive reactions were performed under argon atmosphere using the
standard Schlenk method. 'H NMR (400 MHz) and *C NMR (100 MHz)

spectra were recorded by using CDCl; as the solvent. The *H NMR chemical
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shifts are reported in parts per million (ppm) relative to the solvent residual peak
(CDCls3, 7.26 ppm). The multiplicities are given as: s (singlet), d (doublet), t
(triplet), m (multiplet), and the coupling constants, J, are given in Hz. The *3C
NMR chemical shifts are reported with relative to the solvent residual peak
(CDCls, 77.02 ppm). HRMS was recorded on a mass spectrometer (ESI-TOF).
The UV-visible absorption spectra of DPPs were recorded on UV-visible
Spectrophotometer in dichloromethane. The TGA analyses were performed on
the thermal analysis system at the heating rate of 10 °C per minute under
nitrogen atmosphere. Cyclic voltammograms (CVs) were recorded on an
electrochemical analyzer using glassy carbon as working electrode, Pt wire as
the counter electrode, and saturated Ag/Ag” as the reference electrode. The
micro-wave irradiation experiments were carried out in a focused microwave
CEM discover reactor 300W and the reaction tube with 10 ml capacity and 13
mm internal diameter is used.

Synthesis of DPP 5

In 100 ml round bottom flask monobromodiketopyrrolopyrrole DPP 3 (0.200 g,
0.30 mmol) and N-(4-Ethynylphenyl) carbazole (0.090 g, 0.34 mmol) were
dissolved in dry tetrahydrofuran (15 ml) and triethylamine (4 ml). The reaction
mixture was degassed with argon for 10 minutes and Pd(PPhs)4 (0.018 g, 0.015
mmol), and Cul (0.006 g, 0.030 mmol) were then added. The reaction mixture
was stirred overnight at 70 °C. After completion of reaction, the reaction mixture
was allowed to cool down to room temperature. The solvents were removed
under vacuo and the product was purified by repeated silica-column
chromatography with hexane : dichloromethane (3:1) as an eluent in 62% yield.
'H NMR (400 MHz, CDCls, d in ppm): 8.96 (2H, d, J = 8 Hz), 8.15 (2H, d, J =8
Hz), 7.79 (2H, d, J = 8 Hz), 7.67 (1H, s), 7.62 (2H, d, J = 8 Hz), 7.45 (5H, m),
7.32 (3H, m), 4.17 (4H, m), 1.77 (4H, m), 1.44 (4H, s), 1.26 (24H, s), 0.87 (6H,
s); °C NMR (100 MHz, CDCls, & in ppm): 161.3, 161.2, 140.4, 138.3, 135.6,
135.2, 133.3, 133.1, 131.1, 130.8, 129.7, 128.7, 128.0, 126.9, 126.1, 123.6,
121.1, 120.37, 120.40, 109.7, 108.6, 107.8, 42.3, 31.9, 30.1, 29.9, 29.5, 29.27,
29.28, 29.2, 26.9, 22.7, 14.1; HRMS (ESI) m/z calcd for Cs4HsgN3O,S; + H:
846.4083 [M + H]", found 846.4121 [M + H]"; UV/vis (Dichloromethane) Amax
580 nm, ¢ [M™*.cm™] (3.8x10%).
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Synthesis of DPP 6

In 100 ml round bottom flask dibromodiketopyrrolopyrrole DPP 4 (0.200 g, 0.27
mmol) and N-(4-Ethynylphenyl) carbazole (0.152 g, 0.57 mmol) were dissolved
in dry tetrahydrofuran (15 ml) and triethylamine (4 ml). The reaction mixture
was degassed with argon for 10 minutes and Pd(PPh3), (0.016 g, 0.013 mmol)
and Cul (0.005 g, 0.027 mmol) were then added. The reaction mixture was
stirred overnight at 70 °C. After completion, the reaction mixture was allowed to
cool down to room temperature. The solvents were removed under vacuo and
blue colored product was purified by silica-column chromatography with
hexane: dichloromethane (3:1) as an eluent in 68% yield.

'H NMR (400 MHz, CDCls, § in ppm): 8.97 (2H, d, J = 4 Hz), 8.15 (4H, d, J =8
Hz), 7.79 (4H, d, J = 8 Hz), 7.62 (4H, d, J = 8 Hz), 7.44 (10H, m), 7.32 (4H, 1),
4.11 (4H, m), 1.79 (4H, m), 1.47 (4H, m), 1.39 (4H, m), 1.27 (18H, s), 0.86 (8H,
m); *C NMR (100 MHz, CDCls, 6 in ppm): 162.2, 140.5, 139.2, 138.4, 135.6,
133.4, 131.1, 130.7, 128.5, 126.9, 126.2, 123.7, 121.1, 120.5, 120.4, 109.8,
108.8, 97.2, 83.2, 53.5, 42.5, 32.0, 30.1, 29.3, 27.0, 22.7, 14.2; HRMS (ESI) m/z
calcd for C74H70N402S, + H: 1111.4826 [M + H], found 1111.5013 [M + H]";
UV/vis (Dichloromethane) Amax 616 nm, e [M™*.cm™] (6.3x10%.

Synthesis of DPP 7

In a glass vessel, DPP 5 (0.100 g, 0.12 mmol) and TCNE (0.017 g, 0.13 mmol)
were dissolved in 5 ml of acetonitrile and 1, 2 dichloroethane (1:1) under argon
atmosphere. Then, the solution was heated to 135 °C under microwave
irradiation for 4 hours. After cooling to room temperature the solvents were
removed under vacuo and the product was purified by silica-column
chromatography with hexane : dichloromethane (1:1) as an eluent to yield DPP
7 as a dark green colored solid in 70% vyield.

'"H NMR (400 MHz, CDCls, 6 in ppm): *H NMR (400 MHz, CDCls, & in ppm):
9.20 (1H, d, J = 4 Hz), 9.11 (1H, d, J = 4 Hz), 8.13 (2H, d, J = 8 Hz), 8.06 (2H,
d,J=8Hz), 7.89 (2H, d, J =8 Hz), 7.84 (1H, d, J =8 Hz), 7.81 (1H, d, J = 4Hz),
7.59 (2H, d, J = 4 Hz), 7.45 (2H, m), 7.36 (3H, m), 4.10 (m, 4H) 1.76 (4H, s),
1.42 (4H, m), 1.34 (22H, s), 0.87 (8H, s); **C NMR (100 MHz, CDCls, ¢ in
ppm): 164.5, 161.6, 160.6, 155.7, 144.6, 144.4, 140.9, 139.6, 138.4, 138.2,
136.1, 135.14, 135.07, 133.8, 131.3, 129.4, 129.2, 128.3, 127.1, 126.6, 124.5,
121.7, 120.7, 120.6, 113.5, 112.8, 111.8, 111.2, 110.0, 108.6, 87.0, 79.8, 42.6,
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319, 30.5, 29.8, 26.93, 26.87, 22.7, 14.2; HRMS (ESI) m/z calcd for
CeoHsoN702S, + Na: 996.4130 [M + Na]*, found 996.4064 [M + Na]*; UV/vis
(Dichloromethane) Aynax695 nm, & [I\/I'l.cm'l] (4.8x10%).

Synthesis of DPP 8

In a glass vessel, DPP 6 (0.100 g, 0.12 mmol) and TCNE (0.017 g, 0.13 mmol)
were dissolved in 5 ml of acetonitrile and 1, 2 dichloroethane (1:1) under argon
atmosphere. Then the solution was heated to 135 °C under microwave
irradiation for 4 hours. After cooling to room temperature the solvents were
removed under vacuo and the product was purified by silica-column
chromatography with hexane: dichloromethane (2:1) as an eluent to yield DPP
8 as a dark green colored solid in 72% yield.

'H NMR (400 MHz, CDCls, d in ppm): 9.21 (1H, d, J = 4 Hz), 9.14 (1H, d, J =
4 Hz), 8.14 (4H, 1), 8.06 (2H, d, J = 8 Hz), 7.90 (2H, d, J =12 Hz), 7.84 (1H, d,
J=4Hz),7.80(2H, d, J=8Hz), 7.64 (2H, d, J =8 Hz), 7.59 (2H, d, J = 8 Hz),
7.51 (1H, d, J = 4 Hz), 7.46 (6H, m), 7.35 (4H, m), 4.12 (4H, m), 1.78 (4H, m),
1.46 (2H, m), 1.26 (24 H, brs), 0.87 (8H, m); *C NMR (100 MHz, CDCls, § in
ppm): 164.4, 161.4, 160.5, 155.6, 144.4, 140.7, 140.4, 139.5, 138.8, 138.3,
138.2, 136.3, 135.31, 135.27, 133.7, 133.2, 131.5, 131.3, 129.9, 128.2, 126.2,
1245, 123.8, 121.9, 120.7, 113.6, 111.9, 111.2, 110.0, 109.7, 109.4, 86.9, 83.0,
79.9, 53.5, 42.6, 31.9, 30.5, 30.0, 29.70, 29.20, 26.91, 26.85, 22.7, 14.2; HRMS
(ESI) m/z caled for CgoH7oNgO.S, + Na: 1261.4900 [M + Na]*, found
1261.4955 [M + Na]*; UV/vis (Dichloromethane) Ama 726 nm, e [M™.cm™]
(7.2x10%.

3.9. Conclusions

In summary, we have synthesized N-phenyl carbazole substituted

unsymmetrical DPP 5 and symmetrical DPP 6 by Sonogashira cross-coupling
and their TCBD derivatives 7 and 8 by [2+2] cycloaddition-
retroelectrocyclization reaction respectively. Dramatic colour change was
observed after the incorporation of TCBD in ethyne bridged N-phenyl carbazole
substituted DPP. The TCBD substituted DPPs show systematic red shift in
absorption spectra with decrease in HOMO — LUMO gap. High thermal
stability, multiple reduction waves and low HOMO — LUMO gap values make
N-phenyl carbazole substituted DPPs 5 — 8 a potential candidate for solar cell

applications. The results presented here will useful in the design and synthesis
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of new molecular systems with low HOMO-LUMO gap for optoelectronic

applications.
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Chapter 4

Triphenylamine functionalized diketopyrrolopyrroles

4.1. Introduction

The donor-acceptor (D—A) molecular systems with m-conjugation attracted
attention of scientific community due to their wide variety of applications in organic
solar cells (OSCs), organic light emitting diodes (OLEDs), multi-photon absorption
and organic field effect transistors (OFETs).!!

Diketopyrrolopyrrole (DPP) possesses high thermal stability and used as
brilliant colors and pigments.!? The DPP derivatives have been explored as potential
candidate for aggregation-induced emission and two-photon absorption.!*! Farnum et
al. for the first time in 1974 reported synthesis of DPP proceeded via an oxidative
dimerization.™ The diaryl DPP pigments show high insolubility due to the presence
of strong intermolecular H-bonding and m—r interactions.”™) DPP is reported as
potential electron acceptor and functionalization with electron donor moiety will
result in D—A molecular system. Our group is involved in the design and synthesis
of D-A molecular systems with low HOMO-LUMO gap for optoelectronic
applications.[®

Triphenylamine (TPA) is widely used electron donor with good hole-
transporting properties and having variety of applications in optoelectronics.[’®! The
1,1,4,4-tetracyanobuta-1,3-diene  (TCBD) unit exhibits a strong electron
withdrawing character and imparts good solubility in organic solvents because of the
nonplanarity of the molecule which leads to efficient solubility and prevents the
formation of aggregates.'***! Diederich and co-workers have been explored [2+2]
cycloaddition—retroelectrocyclization reaction of TCNE with electron rich alkynes
resulted in formation of TCBD derivatives.[*? Kanbara et al. have increased the
electron accepting ability of DPP by introducing electron withdrawing
pentafluorophenyl and TCBD groups.™ The materials based on multiple acceptors
possess excellent photophysical behaviors such as strong light absorption, coplanar
structure, and good photochemical stability.™*

By considering the excellent properties of TPAM and DPP we have chosen
these two groups for designing symmetrical and unsymmetrical TPA based DPP
systems. The main intention of designing these types of DPP systems is to see the

effect of donor TPA on the optical, thermal and electrochemical properties of DPP
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unit and further the effect of strong electron withdrawing TCBD unit on TPA based
DPPs. In this chapter we wish to report the design and synthesis of symmetrical and
unsymmetrical TPA based DPP systems, where the TPA and thiophene act as
donors, whereas the DPP and TCBD act as acceptor units. The structural,
photophysical, thermal and electrochemical properties of these DPP systems were
explored.
4.2. Results and discussion

The symmetrical and unsymmetrical TPA based DPPs 3 and 4 were
synthesized by Pd-catalyzed Sonogashira cross-coupling reaction of (4-
ethynylphenyl) diphenylamine with monobromo DPP 1 and dibromo DPP 2 in 75%
and 80% yield respectively (Scheme 4.1).
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Scheme 4.1: Synthesis of TPA based DPPs 3 and 4.

Further subsequent [2+2] cycloaddition-retroelectrocyclization reaction of
DPP3 with TCNE resulted in 85% DPP5 whereas the [2+2] cycloaddition-
retroelectrocyclization reaction of DPP4 with one and two equivalents of TCNE
resulted in the formation of DPP6 in 68% and DPP7 in 88% yield respectively
(Scheme 4.2).
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Scheme 4.2. Synthesis of TPA based TCBD bridged DPPs 5-7.

The DPPs 3-7 were purified by repeated silica-gel column chromatography and
recrystallization techniques. The DPPs 3-7 are soluble in common organic solvents
like dichloromethane, chloroform toluene, tetrahydrofuran and were well
characterized by *H NMR, **C NMR, and HRMS techniques.

4.3. Photophysical Properties

The electronic absorption spectra of TPA based DPPs 3-7 were recorded in
dichloromethane (DCM) at room temperature (Figure 4.1) and the corresponding
data are listed in Table 4.1.

— DPP3
— DPP4
DPP5
DPP6
— DPP7

Normalized Absorbance

0.0

T T T T T T
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Wavelength (nm)

Figure 4.1. Electronic absorption spectra of DPPs 3 — 7 in DCM solution (10 M).
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The TPA based DPPs 3 — 7 show absorption bands in UV-Vis-NIR region
from 250 nm to 900 nm. The absorption bands at shorter and longer wavelength
corresponds to the m—m* transition and intramolecular charge transfer (ICT)
respectively. The absorption maxima at longer wavelength region in TPA based
DPPs 3 — 7 follows the order 7 > 6 > 5 > 4 > 3, which reveals that the increase in
number of TPA or TCNE unit leads to red shift. The reds shift is ascribed to
systematic extension of z-conjugation by substituting TPA and increased donor-
acceptor interaction due to incorporation of TCBD.

The incorporation of TCBD in ethyne bridged DPP3 exhibited the prominent
red shift of 97 nm in DPP5 whereas incorporation of one and two equivalents of
TCBD resulted in red shift of >100 nm (101 nm in DPP6 and 112 nm in DPP7) in
long wavelength ICT band respectively. This red shifted CT band in TCBD
derivatives DPPs 5 — 7 indicate the stronger D—A interaction compared to TPA
based DPPs 3 and 4.

Table 4.1. Photophysical, thermal and computational properties of DPPs 3 — 7.

Amax (NM) €/10° T¢ HOMO-LUMO
(Mtemb? () gap (eV)

DPP3 583 2.3 402 2.24
551 2.8

DPP4 627 3.3 398 2.07
587 2.3

DPP5 683 1.7 357 1.91
476 15

DPP6 728 3.1 366 1.66

DPP7 738 1.9 338 1.72
480 2.6

aAbsorbance measured in dichloromethane at 1 x 10 M concentration.; e:extinction coefficient;
®Decomposition temperatures for 10% weight loss at heating rate of 10 °C min™ under nitrogen
atmosphere.

4.4 Thermal Properties
The thermal properties of the TPA based DPPs 3-7 were investigated by

thermogravimetric analysis (TGA) under nitrogen atmosphere and data are shown in
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Figure 4.2. The TPA based DPPs 3 — 7 exhibit good thermal stability and the
decomposition temperatures at 10% weight loss in DPPs 3-7 were 402 °C, 398 °C,
357 °C, 366 °C and 338 °C respectively. The trend observed at 10% weight loss
follows the order 3> 4> 6 >5 > 7, which reveals that the ethyne bridged TPA based
DPPs 3 and 4 show better thermal stability compared to TCBD bridged DPPs 5 —7.

The incorporation of electron withdrawing TCBD lowers the thermal stability.

105 4

% wt loss
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T T T T T
150 300 450 600 750
Temperature (OC)

Figure 4.2. Thermogravimetric analysis of DPPs 3 — 7 measured at heating rate of

10 °C / min under nitrogen atmosphere.

4.5. Electrochemical Properties

The electrochemical properties of TPA based DPPs 3 — 7 were explored by
cyclic voltammetry and differential pulse voltammetry (CV and DPV) techniques in
dichloromethane solvent using 0.1 M tetrabutylammonium hexafluorophosphate
(BusNPFg) as supporting electrolyte. The CV and DPV plots of TPA based DPPs 3
— 7 are shown in Figure 4.3 and the corresponding data are listed in Table 4.2.

The ethyne bridged DPPs 3 and 4 exhibit four oxidation waves and two
reduction waves. The oxidation waves were related to the oxidation of thiophenes
and TPA whereas two reductions were corresponds to the formation of mono and
dianion at DPP unit. The mono-TCBD bridged DPPs 5 and 6 show three oxidation
waves whereas di-TCBD bridged DPP7 shows only two oxidation waves. The order
of first oxidation potential in TPA based DPPs 3 — 7, indicates incorporation of
TCBD hardens the oxidation.
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Figure 4.3. CV (red line) and DPV (black line) plots of TPA based DPP3 (a), DPP4
(b), DPP5 (c), DPP6 (d) and DPP7 (e).

The TPA functionalized DPPs 3 and 4 exhibit two reduction waves whereas
the TCBD bridged DPPs 5-7 exhibit four reduction waves. The incorporation of
electron withdrawing TCBD in ethyne bridged DPPs 3 and 4 show two additional
reduction waves at low potential in TCBD bridged DPPs 5 — 7 corresponds to

TCBD unit. The reduction of DPP moiety is hardens by incorporation of TCBD. The
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two separate waves for the reduction of TCBD indicated independent reduction at
TCBD units.

Table 4.2. Electrochemical properties of DPPs 3 — 7°,

E* E2 E° E? E? E? = E*
Red Red Red Red Oxid Oxid Oxid Oxid
DPP3 - - -151 -1.10 086 1.03 141 179
DPP4 - - -151 -0.89 091 122 147 182
DPP5 - 091 -053 -030 113 129 1.82 -

DpPP6 -1.78 -115 -060 -039 096 114 128 152
DPP7 -150 -086 -064 -019 130 181 - -

The electrochemical analysis was performed in a 0.1 M solution of BusNPFg in dichloromethane at

100 mVs* scan rate, versus Ag/Ag* at 25 °C.

4.6. Theoretical calculations

The density functional theory (DFT) calculation was carried to understand
the geometry and electronic structure of DPPs 3 — 7 using the Gaussian09W
program at the B3LYP/6-31+G** level.[*®! The geometry optimization was carried
out in the gas phase and frontier molecular orbitals (FMOs) are displayed in Figure
4.4,

The HOMO of DPPs 3-7 is distributed on the whole molecule. The LUMO
of ethyne bridged DPPs 3—4 is localized on DPP unit whereas LUMO in TCBD
bridged DPPs 5-7 is centered on TCBD and DPP units. The localization of LUMO
on TCBD and DPP units indicates their acceptor nature. The localization of HOMO

on whole molecule and LUMO on acceptor unit shows D-A interaction.
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Figure 4.4. The frontier molecular orbitals of DPPs 3 - 7 estimated by DFT
calculation at B3LYP level.

The time dependent density functional theory (TD-DFT) calculation was
performed at the B3LYP/6-31G level in order to get the idea of transitions. The
main electronic transitions along with composition and oscillator strength for DPPs
3 — 7 are as shown in Table 4.3. The results of TD-DFT calculation indicates that
DPPs 5-7 show main transitions in the visible region. In unsymmetrical DPP5 the
ICT from TPA to TCBD and DPP units correspond to HOMO-1 to LUMO
transition. The HOMO—LUMO transition observed in DPP6 is related to ICT
transition from TPA to DPP and TCBD. The other lower wavelength transitions
observed in TPA based DPP6 were assigned to n—n* transitions of TPA and TCBD
which correspond to HOMO—-1—LUMO+1 and HOMO—-2—LUMO transitions. In
symmetrical DPP7 HOMO is distributed over whole molecule whereas HOMO-2 is
localized on two TPA units. The charge transfer transitions in DPP7 at long
wavelength region from donor TPA to TCBD and DPP acceptors units corresponds
to HOMO-2—LUMO and HOMO—LUMO transition.
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Table 4.3. The main electronic transitions with composition and oscillator strengths
for DPPs 3 -7.

Wavelength Composition 1
(nm)
DPP3 479 HOMO—LUMO (0.71) 0.56
DPP4 521 HOMO—LUMO (0.70) 0.77
DPP5 664 HOMO-1—LUMO (-0.21) 0.72
DPP6 794 HOMO—LUMO (0.70) 1.58
467 HOMO-2—LUMO+1 (0.70)  0.45
DPP7 732 HOMO-2—LUMO (0.50) 1.23
HOMO—LUMO (0.49)

f%= Oscillator Strength

4.7. Application in Photovoltaics

We used DPPs 3 and 4 as donor along with PC7;BM as the acceptor for the
preparation of solution processed bulk heterojunction organic solar cells (BHJ-
OSCs). The solution processed BHJ small molecule processed with CF solution
showed PCE of 2.23% and 3.05% for DPP3:PC;1BM and DPP4:PC;;:BM active
layers, respectively.l™ The incorporation of TCBD improves the accepting ability
and we used TCBD bridged derivatives as non-fullerene acceptor for BHJ-OSCs
along with donor polymer P achieved a respectable PCE upto 4.95%.1*81 Herein for
the first time we used TCBD based molecule as non-fullerene acceptor in OSCs.
4.8. Experimental Section
General methods
The chemicals were used as received unless otherwise indicated. All the moisture
sensitive reactions were performed under argon atmosphere using the standard
Schlenk method. *"H NMR (400 MHz) and *C NMR (100 MHz) spectra were
recorded by using CDClI; as the solvent. The *H NMR chemical shifts are reported
in parts per million (ppm) relative to the solvent residual peak (CDCl3, 7.26 ppm).
The multiplicities are given as: s (singlet), d (doublet), t (triplet), m (multiplet), and
the coupling constants, J, are given in Hz. The *C NMR chemical shifts are
reported with relative to the solvent residual peak (CDCls, 77.02 ppm). HRMS was

recorded on a mass spectrometer (ESI-TOF). The UV-visible absorption spectra of
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DPPs were recorded on UV-visible Spectrophotometer in dichloromethane. The
TGA analyses were performed on the thermal analysis system at the heating rate of
10 °C per minute under nitrogen atmosphere. Cyclic voltammograms (CVs) were
recorded on an electrochemical analyzer using glassy carbon as working electrode,
Pt wire as the counter electrode, and saturated Ag/Ag” as the reference electrode.
Synthesis of DPP3

In 100 ml round bottom flask monobromo-diketopyrrolopyrrole 1 (0.100 g, 0.15
mmol) and (4-ethynylphenyl) diphenylamine (0.041 g, 0.15 mmol) were dissolved
in dry THF (10 ml) and triethylamine (6 ml). The reaction mixture was degassed
with argon for 10 minutes and Pd(PPh3), (0.0.018 g, 0.015 mmol) and Cul (0.0028
g, 0.015 mmol) were added. The reaction mixture was stirred at 70 °C for 24 hours.
After completion of reaction, the reaction mixture was allowed to cool down to
room temperature. The solvent were removed under vacuo and the product was
purified by silica-column chromatography with hexane: dichloromethane (3:1) as an
eluent in 75% vyield.

'H NMR (400 MHz, CDCls, & in ppm): 8.93 (2H, s), 7.64 (1H, s), 7.36 (3H, m), 7.28
(4H, m), 7.12 (7H, m), 7.00 (2H, d, J = 8 Hz), 4.05 (4H, s), 2.35 (1H, s), 1.74 (4H,
s), 1.41 (4H, s), 1.25 (23 H, s), 0.86 (6H, s); **C NMR (100 MHz, CDCls, & in ppm):
161.3, 161.2, 148.7, 146.9, 139.9, 139.1, 135.5, 135.4, 132.6, 132.5, 130.8, 129.9,
129.8,129.5, 129.2, 128.7, 125.3, 124.0, 121.6, 114.5, 108.3, 107.9, 98.5, 81.7, 42.3,
31.9, 30.1, 30.0, 29.5, 29.31, 29.26, 26.9, 22.7, 14.1; HRMS (ESI) m/z calcd for
Cs4Hs1N30,S; + Na: 870.4097 [M + Na]", found 870.4094 [M + Na]".

Synthesis of DPP4

In 100 ml round bottom flask dibromodiketopyrrolopyrrole 2 (0.100 g, 0.14 mmol)
and (4-ethynylphenyl) diphenylamine (0.073 g, 0.28 mmol) were dissolved in dry
THF (10 ml) and triethylamine (6 ml). The reaction mixture was degassed with
argon for 10 minutes and Pd(PPhs)4 (0.015 g, 0.014 mmol) and Cul (0.0025 g, 0.014
mmol) were then added. The reaction mixture was stirred at 70 °C for 24 hours.
After completion, the reaction mixture was allowed to cool down to room
temperature. The solvents were removed under vacuo and colored product was
purified by silica-column chromatography with hexane: dichloromethane (3:1) as an
eluent in 80% vyield.

'H NMR (400 MHz, CDCls, & in ppm): 8.93 (2H, s), 7.36 (6H, m), 7.29 (9H, m),
7.10 (11H, m), 7.00 (4H, d, J = 8 Hz), 4.07 (4H, m), 3.13 (2H, m), 1.75 (4H, m),
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1.45 (6H, m), 1.25 (21H, s), 0.85 (6H, m); *C NMR (100 MHz, CDCls, & in ppm):
161.2, 148.7, 147.0, 139.0, 135.7, 132.6, 130.0, 129.7, 129.5, 129.4, 125.4, 124.0,
121.7,114.5, 108.5, 98.7, 81.8, 46.1, 42.4, 31.9, 30.1, 29.7, 29.6, 29.31, 29.26, 26.9,
22.7, 14.2, 8.7, HRMS (ESI) m/z calcd for C74H74N40,S, + Na: 1137.5145 [M +
Na]", found 1137.5127 [M + Na]".

Synthesis of DPP5:

In 50 ml round bottom flask DPP3 (0.100 g, 0.13 mmol) and TCNE (0.018 g, 0.14
mmol) were dissolved in dichloromethane (15 ml) under argon atmosphere. The
reaction mixture was stirred at room temperature for 5 hours. The solvent was
removed under vacuo and the product was purified by silica-column
chromatography with Hexane: Dichloromethane (1:1) afforded the desired product
DPP5, as dark colored solid in 85% vyield.

'H NMR (400 MHz, CDCls, & in ppm): 9.18 (1H, s), 9.04 (1H, s), 7.78 (1H, s), 7.72
(1H, s), 7.68 (2H, m), 7.40 (5H, m), 7.35 (1H, s), 7.25 (5H, m), 6.92 (2H, d, J =
8Hz), 4.08 (4H, s), 1.74 (4H, s), 1.42 (4H, s), 1.28 (24 H, s), 0.86 (6H, s); *C NMR
(100 MHz, CDCls3, 6 in ppm): 162.4, 161.5, 160.6, 157.3, 154.0, 144.4, 144.1, 140.1
138.2, 138.0, 136.9, 135.5, 135.1, 133.5, 131.8, 130.2, 129.3, 129.2, 127.0, 126.9,
120.9,118.1, 113.5, 112.92, 112.89, 112.7, 111.9, 108.5, 79.9, 78.1, 42.7, 42.5, 31.9,
30.4, 29.9, 29.5, 29.3, 29.2, 26.8, 22.7, 14.2; HRMS (ESI) m/z calcd for
CeoHs1N70,S; + H: 976.4401 [M + H]*, found 976.4511 [M + H]*.

Synthesis of DPP6:

In 50 ml round bottom flask DPP4 (0.100g, 0.10 mmol) and TCNE (0.013 g, 0.10
mmol) were dissolved in dichloromethane (15 ml) under argon atmosphere. The
reaction mixture was stirred at room temperature for 5 hours. The solvent was
removed under vacuo and the product was purified by silica-column
chromatography with hexane: dichloromethane (2:1) as a eluent to yield 68% DPP6.
'H NMR (400 MHz, CDCls, & in ppm): 9.19 (1H, d, J = 4Hz), 9.05 (1H, d, J= 4Hz),
7.67-7.73 (3H, m), 7.37-7.42 (7H, m), 7.29-7.33 (5H, m), 7.22 (4H, m), 7.11-7.15
(7H, m), 7.00 (2H, d, J=8 Hz), 6.92 (2H, d, J=8Hz), 4.08, (4H, m), 1.74 (4H, m),
1.43 (4H, brs), 1.17-1.37 (24H, m), 0.86 (6H, m); *C NMR (100 MHz, CDCls, § in
ppm): 161.4, 160.5, 154.0 146.8, 144.4, 143.0, 140.1, 138.4, 136.8, 135.2, 135.1,
132.9, 132.7, 131.8, 130.1, 129.6, 127.0, 126.8, 125.5, 124.2, 121.0, 118.1, 113.8,
113.4, 113.2, 112.9, 109.1, 79.7, 78.2, 53.4, 31.9, 30.4, 30.0, 29.3, 26.8, 22.7, 14.1;
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HRMS (ESI) m/z calcd for CgoH7NgO,S; + H: 1243.5449 [M + H]*, found
1243.5584 [M + H]".
Synthesis of DPP7:
In 50 ml round bottom flask DPP4 (0.100g, 0.10 mmol) and TCNE (0.026 g, 0.20
mmol) were dissolved in dichloromethane (15 ml) under argon atmosphere. The
reaction mixture was stirred at room temperature for 5 hours. The solvent was
removed under vacuo and the product was purified by silica-column
chromatography with hexane : dichloromethane (2:1) as a eluent to yield 88% DPP7
as a dark colored solid.
'"H NMR (400 MHz, CDCls, & in ppm): 9.15 (2H, s), 7.75 (2H, s), 7.67 (4H, d, J = 8
Hz), 7.40 (8H, m), 7.28 (4H, m), 7.23 (8H, m), 6.92 (4H, d, J = 8 Hz), 4.07 (4H, s),
1.73 (4H, s), 1.42 (4H, s), 1.25 (24 H, s), 0.86 (6H, m); **C NMR (100 MHz, CDCls,
o in ppm): 162.0, 160.8, 157.5, 154.2, 144.4, 139.6, 138.8, 138.7, 138.2, 136.9,
134.8, 131.9, 130.3, 127.12, 127.08, 120.8, 118.2, 113.5, 112.9, 112.8, 112.7, 111.6,
81.8, 78.1, 43.0, 32.0, 30.4, 29.62, 29.59, 29.40, 29.36, 26.9, 22.8, 14.3; HRMS
(ESI) m/z calcd for CggH74N1,0,S,+ Na: 1393.5391 [M + H]*, found 1393.5390 [M
+HJ".
4.9. Conclusions
In conclusions, we have synthesized symmetrical and unsymmetrical TPA
functionalized DPPs 3 — 7 by Sonogashira cross-coupling and by [2+2]
cycloaddition-retroelectrocyclization reaction respectively. The incorporation of
TCBD in TPA substituted DPPs exhibited red shifted absorption with lowering
HOMO — LUMO gap values. The incorporation of TCBD shifts the absorption from
visible to NIR region with around 100 nm red shift. High thermal stability and low
HOMO - LUMO gap of DPPs 3 — 7 makes them potential candidate for organic
photovoltaics. The results presented here will useful in the design and synthesis of
new molecular systems with low HOMO -LUMO gap for optoelectronic
applications.
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Chapter 5

Ferrocenyl functionalized diketopyrrolopyrroles

5.1. Introduction

The m-conjugated donor-acceptor (D—A) molecular systems are of great
interest because of their variety of applications in the field of organic light emitting
diodes (OLEDSs), organic solar cells (OSCs), multi-photon absorption, and organic
field effect transistors (OFETs).!*! The conjugated small organic molecules with D-
n-A framework are potentially used for optoelectronics.?!

The diketopyrrolopyrrole (DPP) is well known electron acceptor made up of
two lactam rings and has strong electron withdrawing character.”®! Farnum et al. in
1974 first reported the synthesis of DPP™ and later on Igbal, Cassar, and Rochat
during 1982-1983 improved the synthetic pathway.!® Recently DPP derivatives have
been explored as promising materials in organic electronics and photovoltaics.®”]
The functionalization of the DPP with strong donor like ferrocene will result in D-A
molecular architecture and the nature of donor will influence the strength of D-A
interaction. The ferrocene is one of the most widely studied donor,™® with redox
active centre and its derivatives are useful in the field of non-linear optics (NLO)
and dye sensitized solar cells (DSSC). Ferrocenyl derivatives possess excellent
thermal and photochemical stability.”) Diederich et al. have explored [2+2]
cycloaddition—retroelectrocyclization reaction of tetracyanoethylene (TCNE) with
different donor moieties.”*® We have recently reported variety of symmetrical and
unsymmetrical D-A molecular systems for optoelectronic applications.[*! There are
no reports found in literature on ferrocenyl functionalized DPP. Therefore we were
interested to functionalize ferrocene wunit on the DPP. Further their
tetracyanobutadiene (TCBD) derivatives were synthesized to evaluate the effect of
TCBD incorporation in terms of photonic and electrochemical properties of
ferrocenyl DPPs.

Ziessel and co-workers in 2015 investigated the BODIPY and DPP based
molecular designs for the energy transfer cassettes and photoinduced electron
transfer processes.[*?! Recently we have shown that the incorporation of TCNE or
tetracyanoquinodimethane (TCNQ) acceptor in a D-A system extends the

absorption to longer wavelength region with lowering of HOMO-LUMO gap.[**! we
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were interested to investigate photonic properties of donor substituted symmetrical
and unsymmetrical DPPs to tune the HOMO-LUMO gap.

In this chapter we wish to report the design and synthesis of symmetrical and
unsymmetrical ferrocene based DPP systems, where the ferrocene and thiophene act
as donors, whereas the DPP and TCBD act as acceptor units. The alkyl chains were
attached on nitrogen of lactam ring of DPP to improve the solubility in common
organic solvents.!*! Here our aim was to investigate the effect of ferrocene as donor
and TCBD as a secondary acceptor on photophysical, thermal and electrochemical
properties of DPP,

5.2. Results and discussion

The ethyne bridged ferrocenyl DPPs 5 and 6 were synthesized by the Pd-
catalyzed Sonogashira cross-coupling reaction of 3 and 4 with excess equivalents of
ethynyl ferrocene in 91% and 95% yield respectively.

o=

Fe

=~/

PdCl,(PPh;),,PPh;, Cul,
Toluene, Triethylamine
80 °C, Overnight

3 :R=H, Ry=Br

4 : R,Ry=Br —

Scheme 5.1. Synthesis of ethyne bridged ferrocenyl DPPs 5 and 6.

Further subsequent [2+2] cycloaddition-retroelectrocyclization reaction of
DPP 5 with TCNE resulted in DPP 7 whereas the [2+2] cycloaddition-
retroelectrocyclization reaction of DPP 6 with one and two equivalents of TCNE
resulted in the formation of DPPs 8 and 9 respectively (Scheme 5.2). The starting
precursors monobromo DPP 3 and dibromo DPP 4 were synthesized by reported
procedure.”™ The Sonogashira cross-coupling reaction of monobromo DPP 3 and
dibromo DPP 4 with one and two equivalents of ethynyl ferrocene resulted the
unsymmetrical ferrocenyl DPP 5 and symmetrical ferrocenyl DPP 6 in 80% and
85% yield respectively. The [2 + 2] cycloaddition—retroelectrocyclization reactions

were carried out at room temperature for five hours. The ferrocenyl DPPs 5 — 9 were
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purified by silica gel column chromatography and having good solubility in
common organic solvents. The ferrocenyl DPPs 5 — 9 were well characterized by *H
NMR, *C NMR and HRMS techniques.

NC CN

Dichloromethane,
RT, 5 hrs

Scheme 5.2. Synthesis of TCBD bridged ferrocenyl DPPs 7 — 9.

Figure 5.1. Photograph of DPPs (5-7 and 9) in dichloromethane (10°°M).
5.3. Photophysical Properties

The photograph of the ferrocenyl DPPs 5-7 and 9 in dichloromethane solvent in day
light is displayed in Figure 5.1. The electronic absorption spectra of ferrocenyl
DPPs 5 and 6 and their TCBD derivatives DPPs 7-9 were recorded in
dichloromethane at room temperature (Figure 5.2) and data are listed in Table 5.1.
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Figure 5.2. Electronic absorption spectra of DPPs 5 — 9 in dichloromethane solution
(10™*M).

The electronic absorption spectra of DPPs 5 — 9 in dichloromethane exhibit
broad absorption bands covering whole UV-Vis-NIR region. The weak absorption
bands at shorter wavelength region and strong absorption bands at longer
wavelength correspond to the 1 — @* transition of DPP and TCBD moiety. The
symmetrical DPPs 6 and 8 show red shifted absorption compared to unsymmetrical
DPPs 5, 7 and 8. The incorporation of TCBD in unsymmetrical ferrocenyl DPP 5
shows the red shift of 97 nm whereas incorporation of one TCBD shows red shift of
101 nm and incorporation of two TCBD units in DPP 6 show red shift of 108 nm in
longer wavelength absorption band respectively. The red shift in longer wavelength
absorption band of TCBD derivatives leads to decrease in the HOMO — LUMO gap.

The solvent dependent UV-vis spectra of DPPs 5 — 7 and DPP 9 were
recorded which shows negative solvatochromism effect, as polarity increases from
toluene to methanol blue shift occurs (Table 5.4) and absorption curves are shown in
Figure 5.6).
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Table 5.1. Photophysical properties of DPPs 5 -9.

Aabs (NM) /10" T4
(Mtem™®?  (cC)P

DPP 5 584 4.6 377
548 3.7
373 1.6
305 2.5

DPP 6 624 4.4 387
580 3.4
410 1.2
335 2.4

DPP 7 681 4.8 379
622 3.6
398 2.1
341 3.3

DPP 8 725 4.0 373

DPP 9 732 4.9 410
682 4.3
385 3.0
347 3.6

3Absorbance measured in dichloromethane at 1 x 10™® M concentration, ¢: extinction coefficient;
Decomposition temperatures for 10% weight loss at heating rate of 10 °C min™ under nitrogen
atmosphere.

5.4. Thermal Properties

The thermal properties of the ferrocenyl DPPs 5 — 9 were investigated by the
thermogravimetric analysis (TGA) under nitrogen atmosphere and their
thermograms are shown in Figure 5.3. The ethyne bridged DPPs (5 and 6) and their
TCBD derivatives DPPs 7, 8 and 9 exhibit good thermal stability. The
decomposition of symmetrical DPP 6 and DPP 8 occurs slowly with increase in
temperature may be due to greater degree of m-electron conjugation than

unsymmetrical DPPs 5, 7 and 8. With extension of the m-conjugation thermal
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stability of the compounds increased. The trend in thermal stability reveals that
symmetrical ferrocenyl DPPs (6 and 8) are thermally more stable as compared to

unsymmetrical ferrocenyl DPPs (5, 7 and 8).

105 ~ = DPP 5

% wt. loss

N ~

45 4

1%0 3(I)0 4%0 6(I)0 7%0
Temperature (°C)
Figure 5.3. Thermogravimetric analysis of DPPs 5 — 8 measured at a heating rate of

10 °C / min under nitrogen atmosphere.

5.5. Electrochemical Properties

The electrochemical properties of ferrocenyl DPPs 5 and 6 and their TCBD
derivatives DPPs 7-9 were explored by cyclic voltammetry and differential pulse
voltammetry (CV and DPV) techniques in dichloromethane solvent using 0.1 M
tetrabutylammonium hexafluorophosphate (BusNPFg) as supporting electrolyte. The
CV and DPV plots of ferrocenyl DPPs and their TCBD derivatives are shown in
Figure 5.4 and the corresponding data are listed in Table 5.2.

The unsymmetrical DPPs 5 and 7, show three oxidation waves, one for
ferrocenyl moiety and other two for two different thiophenes (terminal thiophene
and thiophene adjacent to ferrocene). The ethyne and TCBD bridged DPP 8 shows
four oxidation waves related to different electronic environment of thiophene and
ferrocene. The symmetrical DPP 6 and its di-TCBD derivative 9 show only two

oxidation waves, one attributed to thiophene and another to ferrocene.
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Figure 5.4. CV (red line) and DPV (black line) plots of (a) DPP 5, (b) DPP 6, (c)

DPP 7 (d) DPP 8 and DPP 9.

The incorporation of TCNE shifts the oxidation potential of ferrocene from
0.60 eV t0 0.96 eV in 7 and 0.61 eV to 0.97 eV in 9 compared to their precursors.
This shows that the oxidation of ferrocene and thiophene becomes harder due to

introduction of TCBD unit.
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Table 5.2. Electrochemical properties of DPPs 5 — 9%

E* E° FE° E E E* E’ E*
Oxid Oxid  Oxid Oxid Red Red Red Red

DPP 5 - 1.33 100  0.60 097  -1.49 - -

DPP 6 - - 1.06  0.61 -0.87  -1.43 - -
DPP 7 - 147 115  0.96 034 -061  -115 -1.45
DPP8 138 110 086 053 039 060 -1.10 -1.38
DPP 9 - - 1.36  0.97 015 -024  -0.80 -1.50

The electrochemical analysis was performed in a 0.1 M solution of BusNPFg in dichloromethane at
100 mVs* scan rate, versus Ag/Ag" at 25 °C.

The DPP moiety show two reduction waves in ferrocenyl DPPs
corresponding to mono and dianion formation. The DPPs 7-9 exhibit four reduction
waves, two corresponding to TCBD and two for DPP unit. Incorporation of electron
withdrawing TCBD in ferrocenyl DPPs show additional reduction waves
corresponds to TCBD unit in CV and DPV. The trend of first reduction potential
follows the order 5 > 6 > 8 > 7 > 9, which indicates incorporation of TCBD in
ethyne bridged DPPs (5 and 6) make easier reduction of TCBD derivatives 7-9.

5.6. Density Functional Theory (DFT) calculation

The density functional theory (DFT) calculations were carried out to
understand the geometry, and the electronic structure of DPPs 5 — 9 using the
Gaussian09W program.™™® The geometry optimizations were carried out in the gas
phase. The DFT calculations were performed at the B3LYP/6-31+G** for C, H, N,
S, O, and Lanl2DZ for Fe level of theory.

The geometry optimized structures of DPPs 5 and 6 exhibit planar geometry,
whereas TCBD substituted DPPs 7-9 exhibit distorted geometry. The Figure 5.5
depicts the frontier molecular orbitals (FMO) of the DPPs 5-9. The HOMO in DPPs
5 and 6 is distributed on the whole molecule whereas LUMO is localized on the
DPP and thiophene units. In case of TCBD bridged DPPs 7-9, the HOMO and
LUMO orbitals are located on the DPP and TCBD unit.
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Figure 5.5. The frontier molecular orbitals of DPPs 5-9 estimated by DFT

calculations.

The theoretical HOMO-LUMO gap values obtained from DFT calculations

were found to be in good agreement with the optical gap values calculated from the
UV-vis absorption. The trend in the theoretical HOMO-LUMO value follows the
order 5> 6 > 7 > 8~9 which shows that the HOMO-LUMO value decreases with
increase in the number of ferrocene and TCBD units. The incorporation of TCBD
stabilizes both HOMOs and LUMOs in ferrocenyl DPPs 7-9. The LUMOs are
comparatively more stabilized which resulted in lowering of HOMO — LUMO gap

values.

Table 5.3. Calculated major electronic transitions for DPPs 5 — 9 in the gas phase.

DPP Wavelength Composition Assignment 1o
(nm)

DPP5 562 HOMO—LUMO (0.66) | n—n* transition | 0.83

DPP6 636 HOMO—LUMO (0.59) | n—n* transition | 1.23

DPP7 672 HOMO—LUMO (0.60) | nr—n* transition | 0.51

DPP8 737 HOMO—LUMO (0.69) | n—n* transition | 1.25

DPP9 735 HOMO—LUMO (0.70) | n—n* transition | 1.07

#°= Oscillation Strength
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The time dependent density functional theory (TD-DFT) calculation was
performed to understand the exact idea about transitions. The major transitions with
composition, oscillator strengths, and assignments are shown in Table 5.3. The
ferrocenyl DPPs 5 — 9 show one major transition in the longer wavelength region
which is assigned to HOMO—LUMO transition which is related to the m — ©*
transition of the DPP moiety in DPPs 5 and 6 whereas the long wavelength
transitions in DPPs 7-9 are related to the @ — ©* transition of the DPP and TCBD

moieties.

Table 5.3. Comparison of band gaps in DPPs 5 — 9.

Theoretical Optical Band | Electrochemical

Band gap (eV) gap (eV) Band gap (eV)
DPP 5 2.25 191 1.17
DPP 6 2.09 1.77 1.12
DPP 7 1.90 1.55 0.98
DPP 8 1.75 1.34 0.88
DPP 9 1.75 1.47 0.71

Table 5.4. Absorption maxima of DPPs 5 — 7 and 9 in different solvents.

Amax (NM)
TOLUENE DCM THF METHANOL
DPP 5 588 583 582 573
DPP 6 627 623 620 611
DPP 7 693 680 670 628
DPP 9 742 732 720 677

Kanbara et al reported N, N-dimethylaniline based D — A system, where they
have shown that the charge transfer transition occurs from HOMO-1, and HOMO-2
to the LUMO from N, N-dimethylanilino groups to the TCBD and the DPP core.[*]
The literature reveals ethyne bridged N, N-dimethyl phenyl, carbazole substituted
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DPP systems show absorption in the region of 300 nm — 700 nm with charge
transfer band in 500 — 850 nm and theoretical HOMO-LUMO gap in 2.10 — 2.70 eV
region. Here our results show red shifted absorption with low HOMO-LUMO gap in
between 1.75 — 2.25eV.
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Figure 5.6. Absorption curves of DPPs 5 — 7 and DPP9 in different solvents.

5.7. Application in Photovoltaics

We used DPP6 as donor along with PC;1BM as the acceptor for the
preparation of solution processed bulk heterojunction organic solar cells (BHJ-
OSCs) an achieved power conversion efficiency upto 6.44%.1°!

The incorporation of TCBD improves the accepting ability of molecule and
we used TCBD bridged derivatives as non-fullerene acceptor for BHJ-OSCs along
with donor polymer P achieved a respectable PCE upto 6.89%.['1 Herein for the
first time we have used organometallic derivatives as non-fullerene acceptor in

OSCs.
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5.8. Experimental Section:

General methods

The chemicals were used as received unless otherwise indicated. All the moisture
sensitive reactions were performed under argon atmosphere using the standard
Schlenk method. *"H NMR (400 MHz) and *C NMR (100 MHz) spectra were
recorded by using CDCl; as the solvent. The *H NMR chemical shifts are reported
in parts per million (ppm) relative to the solvent residual peak (CDCls, 7.26 ppm).
The multiplicities are given as: s (singlet), d (doublet), t (triplet), g (quartet), m
(multiplet), and the coupling constants, J, are given in Hz. The *C NMR chemical
shifts are reported with relative to the solvent residual peak (CDCls, 77.02 ppm).
HRMS was recorded on a mass spectrometer (ESI-TOF). The UV-visible absorption
spectra of DPPs were recorded on UV-visible Spectrophotometer in
dichloromethane. The TGA analyses were performed on the thermal analysis system
at the heating rate of 10 °C per minute under a nitrogen atmosphere. Cyclic
voltammograms (CVs) and differential voltammograms (DPVs) were recorded on
an electrochemical analyzer using glassy carbon as working electrode, Pt wire as the
counter electrode, and saturated Ag/Ag” as the reference electrode.

Synthesis of DPP 5:

In 100 ml round bottom flask monobromo-diketopyrrolopyrrole 3 (0.200 g, 0.30
mmol)and ethynyl ferrocene (0.064 g, 0.30 mmol) were dissolved in dry toluene (10
ml) and triethylamine (6 ml). The reaction mixture was degassed with argon for 10
minutes and PdCI,(PPh3), (0.028 g, 0.030 mmol), PPh; (0.014 g, 0.060 mmol) and
Cul (0.006 g, 0.030 mmol) were added. The reaction mixture was stirred overnight
at 80 °C. After completion of reaction, the reaction mixture was allowed to cool
down to room temperature. The solvents were removed under vacuo and the product
was purified by repeated silica-column chromatography with hexane:
dichloromethane (3:1) as an eluent to get 0.191 gm product in 80% yield.

'H NMR (400 MHz, CDCls, d in ppm): 8.94 (1H, d, J = 4 Hz), 8.89 (1H, d, J = 4),
7.65 (1H, d), 7.32 (1H, d), 7.29 (1H, m), 4.56 (2H, s), 4.33 (2H, s), 4.28 (4H, 3),
4.07 (4H, m), 1.75 (4H, s), 1.42 (4H, s), 1.26 (24H, s), 0.87 (6H, m); *C NMR (100
MHz, CDCl3, & in ppm): 161.4, 161.3, 139.9, 139.3, 135.5, 135.4, 132.3, 130.8,
129.9, 129.7, 129.5, 128.7, 108.2, 107.9, 98.2, 78.8, 71.7, 70.2, 69.6, 63.9, 53.5,
42.3, 31.9, 30.1, 30.0, 29.8, 29.6, 29.4, 29.3, 22.7, 14.2; HRMS (ESI) m/z calcd for
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CaeHssN2FeO,S,+ H: 788.3128 [M + H], found 788.3122 [M + H]*; UVlvis
(Dichloromethane) Ama584 nm, e[M™.cm™](4.6x10%); M. P. = 92 °C.

Synthesis of DPP 6:

In 100 ml round bottom flask dibromodiketopyrrolopyrrole 4 (0.200 g, 0.28 mmol)
and ethynyl ferrocene(0.116 g, 0.56 mmol) were dissolved in dry toluene(10 ml) and
triethylamine (6 ml).The reaction mixture was degassed with argon for 10 minute
and PdCI,(PPh3),(0.020 g, 0.028 mmol), PPh3(0.014 g, 0.056 mmol) and Cul(0.006
g, 0.028 mmol) were then added. The reaction mixture was stirred overnight at 80
°C. After completion, the reaction mixture was allowed to cool down to room
temperature. The solvents were removed under vacuo and blue colored product was
purified by silica-column chromatography with hexane: dichloromethane (3:1) as an
eluent to get 0.230 gm product in 85% yield.

'H NMR (400 MHz, CDCls, & in ppm): 8.90 (2H, d), 7.32(2H, d), 4.55 (4H, s), 4.32
(4H, d), 4.28 (4H, d), 4.07 (4H, m), 1.75 (4H, s), 1.42 (6H, s), 1.25 (22 H, s), 0.86
(6H, m); **C NMR (100 MHz, CDCls, & in ppm): 163.1, 139.0, 135.5, 132.3, 129.8,
129.6, 108.5, 78.8, 71.7, 70.2, 69.6, 63.9, 53.5, 42.4, 31.9, 30.1, 29.8, 29.6, 29.3,
27.0, 22.7, 14.2; HRMS (ESI) m/z calcd for CsgHgsN2Fe,0,S, + H: 996.3106 [M +
H]*, found 996.3019 [M + H]*; UV/vis (Dichloromethane) Amay 624 nm, e[M™.cm’
1(2.6x10%; M. P. = 130 °C.

Synthesis of DPP 7:

In 50 ml round bottom flask DPP 5 (0.100 g, 0.13 mmol) and TCNE (0.018 g, 0.14
mmol) were dissolved in dichloromethane (15 ml) under argon atmosphere. The
reaction mixture was stirred at room temperature for 5 hours. The solvent was
removed under vacuo and the product was purified by silica-column
chromatography with hexane : dichloromethane (1:1) as an eluent to yield 0.105 gm
of DPP 7 as a dark blue colored solid in 91% vyield.

'H NMR (400 MHz, CDCls, & in ppm):9.16 (1H, d), 8.96 (1H, d), 7.78 (1H, d), 7.63
(1H, s), 7.34 (1H, t), 5.57 (1H, s), 5.07 (1H, s), 4.87 (1H, ), 4.52 (4H, d), 4.49 (1H,
d), 4.04 (4H, m), 1.70 (4H, m), 1.41(4H, m), 1.27 (24H, s), 0.87 (6H, m); *C NMR
(100 MHz, CDCls, & in ppm): 171.9, 161.5, 160.6, 155.0, 144.1, 139.8, 138.0, 137.7,
136.2, 135.4, 134.8, 133.4, 134.8, 133.5, 129.3, 112.9, 112.8, 112.7, 108.5, 79.5,
78.6, 75.9, 75.1, 72.9, 72.5, 71.7, 42.7, 42.6, 31.9, 31.8, 30.4, 29.9, 29.6, 29.5, 29.4,
29.3, 29.2, 26.9, 26.8, 22.8, 22.7, 14.2, 14.2; HRMS (ESI) m/z calcd for
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CsoHssNeFeO,S, + H: 939.3149 [M + Na]*, found 939.3090[M + Na]"; UV/vis
(Dichloromethane) Amax 681 nm, e[M™*.cm™](4.8x10%); M. P. = 178 °C.

Synthesis of DPP 8:

In 50 ml round bottom flask DPP6 (0.100 g, 0.10 mmol) and TCNE (0.013 g, 0.10
mmol) were dissolved in dichloromethane (15 ml) under argon atmosphere. The
reaction mixture was stirred at room temperature for 5 hours. The solvent was
removed under vacuo and the product was purified by silica-column
chromatography with hexane : dichloromethane (2:1) as an eluent to yield 65%
DPP8. 'H NMR (400 MHz, CDCls, & in ppm): 9.14 (1H, s), 8.98 (1H, s), 7.64 (1H,
s), 7.36 (1H, s), 5.56 (2H, s), 5.06 (1H, s), 4.87 (2H, s), 4.55 (6H, m), 4.32 (5H, m),
4.08, (4H, m), 1.72 (4H, s), 1.26-1.42 (26H, m), 0.88 (8H, s); *C NMR (100 MHz,
CDCls, 6 in ppm): 172.0, 161.4, 160.5, 154.9, 143.1, 139.8, 139.3, 138.4, 137.8,
136.0, 134.9, 134.8, 132.9, 132.6, 128.7, 114.1, 113.6, 113.1, 112.6, 108.9, 100.8,
79.4,78.9, 78.3, 75.9, 75.1, 72.9, 72.6, 71.8, 71.7, 70.3, 69.9, 63.4, 58.5, 53.5, 33.1,
32.0, 31.9, 30.4, 30.3, 29.7, 29.6, 29.5, 29.2, 28.9, 26.8, 22.7, 18.4, 14.1; HRMS
(ESI) m/z calcd for CesHgsFeaNgO2S, + Na: 1147.3127 [M + Na]”, found 1147.3127
[M + Na]".

Synthesis of DPP 9:

In 50 ml round bottom flask DPP 6 (0.100 g, 0.10 mmol) and TCNE (0.026 g, 0.20
mmol) were dissolved in dichloromethane (15 ml) under argon atmosphere. The
reaction mixture was stirred at room temperature for 5 hours. The solvent was
removed under vacuo and the product was purified by silica-column
chromatography with hexane : dichloromethane (2:1) as an eluent to yield 0.118 gm
of DPP 8 as a dark green colored solid in 95% vyield.

'H NMR (400 MHz, CDCls, § in ppm): 9.07 (2H, s), 7.63 (2H, m), 5.61 (2H, s), 5.61
(2H, s), 5.30 (1H, s), 5.09 (2H, s), 4.88 (2H, s), 4.52 (8H, s), 4.44 (2H, s), 4.08, (4H,
m), 1.66 (4H, m), 1.26 (28H, s), 0.87 (6H, s);"*C NMR (100 MHz, CDCls, & in
ppm): 171.5, 160.6, 154.9, 139.3, 138.3, 137.9, 137.6, 137.5, 136.5, 113.5, 112.7,
112.6, 1125, 112.1, 80.2, 80.1, 77.4, 75.7, 75.2, 73.0, 72.6, 71.5, 53.5, 42.9, 31.9,
30.3, 29.6, 29.5, 29.3, 29.2, 26.8, 22.7, 14.2; HRMS (ESI) m/z calcd for
CroHesN1oFe;0,S; + H: 1275.3251 [M + Na]®, found 1275.3281 [M + Na]’;
UV/vis(Dichloromethane) Amax 732 nm, e[M™.cm™](4.9x10%); M. P. = 202 °C.

The data containing **C-NMR spectrum of compounds it seems some of signals are

missing is mainly due to overlap of signals.
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5.9. Conclusions

In conclusions, we have synthesized symmetrical and unsymmetrical
ferrocenyl DPPs 5 and 6 by Sonogashira cross-coupling and their TCBD derivatives
(7-9) by [2+2] cycloaddition-retroelectrocyclization reaction respectively. The
incorporation of TCBD in ferrocenyl DPPs improves the absorption with lowering
of HOMO - LUMO gap values. The TCBD substituted DPPs show systematic red
shift in absorption with enhanced thermal stability. High thermal stability and low
HOMO - LUMO gap of DPPs 5 — 9 makes them potential candidate for organic
photovoltaics. Currently we are synthesizing new donor substituted DPPs and their

TCBD analogues for optoelectronic applications.
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Chapter 6

Metal functionalized diketopyrrolopyrroles

6.1. Introduction

The synthesis of organic chromophores with strong absorption in the near
infrared (NIR) region has gained considerable attention of the scientific community
due to their applications in optoelectronics and biomedical imaging.!*! The NIR
absorbing small molecules possesses low HOMO-LUMO gap, larger dielectric
constant, high dipole moment, and lower exciton binding energy which are
promising features for generating efficient materials for optoelectronic
applications.?

Diketopyrrolopyrrole (DPP) and its derivatives have received great deal of
attention because of their applications in wide variety of fields like aggregation
induced emission (AIE), organic field effect transistor (OFET), dye sensitized solar
cell (DSSC), bulk heterojunction (BHJ) solar cell.®®! The first synthesis of DPP
chromophore was reported by Farnum et al. in 1974."! DPPs are generally
synthesized by the reaction of aromatic nitrile with dialkyl succinate via
cyclization.®! A variety of donor based unsymmetrical and symmetrical molecular
DPPs were reported in literature for BHJ organic solar cells.®!

The metal-dithiolene based systems are of interest because of their
interesting redox chemistry and formation of electron transfer complexes.!”
Metalladithiolene ring is a m-conjugated metallacycle containing one metal, two
sulfurs and two unsaturated carbons and is of particular interest because both
substitution and addition reactions occur with ring due to the coexistence of
aromaticity and unsaturation.’®) Champness et al. have reported ferrocene and
cobalt-dithiolene based multistate redox-active architectures of perylenebisimides
(PBI).P! Castellano et al. have reported the photophysical properties of iridium
metal coordinated DPP (Ir-DPP-1r).l*! The photophysical properties of platinum
(1) derivative (Pt-DPP-Pt) of the DPP was reported by Schanze et.al (Figure
6.1).[14

The photophysical properties of ferrocenyl flanked DPP (Fc-DPP-Fc)
showed absorption in visible region and showed promising power conversion
efficiency (PCE) of 6.44% when used as donor for bulk heterojunction organic solar

cells.l*?® 12 Herein in order to extend the absorption to near infrared region and to
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investigate the effect of cobalt metal on photonic, thermal and electronic properties
of DPP we have designed and synthesized cobalt-dithiolene based symmetrical DPP,
Co-DPP-Co (Figure 6.1).

6.2. Results and discussion

Reported

O

N CsHyy.

CyoHyy Fc-DPP-Fc
Pt-DPP-Pt

This Work

CyHy

CyH;

Ir-DPP-Ir

Figure 6.1. Chemical structures of metal coordinated DPPs.

The cobalt-dithiolene functionalized Co-DPP-Co was synthesized by the
reaction of di-ethynyl diketopyrrolopyrrole DPP2 with cyclopentadienyl cobalt (1)
dicarbonyl and sulfur in degassed toluene for 30 hours in 63% yield (Scheme 6.1).
We have synthesized Fc-DPP-Fc and DPP2 as per reported procedure.*? The cobalt-
dithiolene functionalized Co-DPP-Co was purified by column chromatography. The
Co-DPP-Co possesses good solubility in organic solvents such as dichloromethane,

toluene, chloroform, and was characterized by *H, *C NMR, and HRMS techniques.

Sg, Cyclopentadienyl
cobalt(I) dicarbonyl
toluene, 110 °C, 30 hr

2 Co-DPP-Co

Scheme 6.1. Synthesis of Co-DPP-Co.

6.3. Photophysical Properties
The electronic absorption spectra of Co-DPP-Co and Fc-DPP-Fc were

recorded in dichloromethane (Figure 6.2) and corresponding absorption data are
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listed in Table 6.1. The Co-DPP-Co and Fc-DPP-Fc showed absorption in Vis-NIR
region. The Co-DPP-Co exhibit two absorption bands, one broad less intense
shoulder band in NIR region at 820 nm due to transition from HOMO to LUMO+2
and another intense band in visible region at 620 nm related to transition from
HOMO to LUMO. The broad shoulder band in 750—1050 nm wavelength region is
observed for Co-DPP-Co. The Fc-DPP-Fc shows two absorption bands in visible
region one at 624 nm and another shoulder band at 582 nm.

1.00 -

0.75 -
——Co-DPP-Co

— Fc-DPP-Fc
0.50 -

Normalized Absorbance

0.25 4

0.00

400 600 800 1000

Wavelength (nm)
Figure 6.2. Normalized electronic absorption spectra of Co-DPP-Co and Fc-DPP-
Fc in dichloromethane solution (10™*M).

The cobalt-dithiolene functionalized Co-DPP-Co shows 16 nm red shift
compared to ferrocenyl substituted Fc-DPP-Fc (Table 6.1). The results show
functionalization of cobalt to DPP results in red shifted absorption compared to
ferrocene functionalization to DPP. The optical gap values calculated from onset
absorption for Co-DPP-Co and Fc-DPP-Fc are 1.22 eV and 1.78 eV respectively.

Table 6.1. Photophysical, thermal and electrochemical® properties of Co-
DPP-Co and Fc-DPP-Fc.

DPP Aabs /10" Tq | E? E! E! E° Eg°
(nm) | (Mtem™)? | (°C)° | Oxid | Oxid | Red Red (V)

Co-DPP-Co | 640 3.2 275 | 0.78 | 061 | -0.71 | -1.05 | 1.22
Fc-DPP-Fc | 624 2.6 290 | 1.06 | 061 | -087 | -143 | 1.78

Absorbance measured in dichloromethane at 1 x 10® M concentration, e:extinction coefficient;
®Decomposition temperatures for 5% weight loss at a heating rate of 10 °C min™, under a nitrogen

atmosphere; “The electrochemical analysis was performed in a 0.1 M solution of Bu,NPFg in
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dichloromethane at 100 mVs* scan rate, versus Ag/Ag” at 25 °C; “Optical gap obtained from onset

absorption.

The fluorescence spectra of the Co-DPP-Co and Fc-DPP-Fc were recorded
in dichloromethane at room temperature and both the Co-DPP-Co and Fc-
DPP-Fc are non-fluorescent.

6.4. Thermal Properties

The thermogravimetric analysis (TGA) of the Co-DPP-Co and Fc-DPP-Fc
were investigated in order to understand the stability under nitrogen
atmosphere. The thermograms of Co-DPP-Co and Fc-DPP-Fc are shown in
Figure 6.3 and data are listed in Table 6.1. The Co-DPP-Co and Fc-DPP-Fc
exhibit good thermal stability and the decomposition temperatures for 5%
weight loss were found to be 275 °C and 290 °C respectively. The result
shows Co-DPP-Co is less stable compared to Fc-DPP-Fc.

105 +
—— Co-DPP-Co
—— Fc-DPP-Fc
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Figure 6.3 TGA of Co-DPP-Co and Fc-DPP-Fc.

6.5. Electrochemical Properties

The cyclic voltammetry (CV) and differential pulse voltammetry (DPV) of Co-
DPP-Co and Fc-DPP-Fc in dichloromethane solvent using supporting electrolyte of
0.1 M tetrabutylammonium hexafluorophosphate (BusNPFg) were recorded to

investigate electrochemical properties.
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Figure 6.4. CV (red line) and DPV (black line) oxidation plots of a) Co-DPP-Co
and b) Fc-DPP-Fc.

The CV and DPV curves of Co-DPP-Co and Fc-DPP-Fc show two oxidation
waves, first wave at 0.61V is due to the oxidation of cobalt/ferrocenyl moiety and
second at 0.78V and 1.06V for the oxidation of thiophene moiety respectively
(Figure 6.4).
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Figure 6.5. CV (red line) and DPV (black line) reduction plots of (a) Fc-DPP-Fc
and (b) Co-DPP-Co.

The Co-DPP-Co and Fc-DPP-Fc exhibit two reduction waves due to the formation
of monoanion and dianion of DPP (Figure 6.5). The energy levels of Co-DPP-Co
and Fc-DPP-Fc were estimated from the first oxidation and reduction potentials.
The estimated HOMO/LUMO energy levels are as -4.4/-5.01eV and -3.69/-5.01 eV
for Co-DPP-Co and Fc-DPP-Fc respectively.
6.6. Theoretical Calculations

In order to understand the geometry and electronic structure of the Co-DPP-
Co and Fc-DPP-Fc, the density functional theory (DFT) calculation was carried out

using Gaussian 09W program. The DFT calculation was performed at the B3LYP/6-
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31+G** for C, H, O, N, B and Lanl2DZ for Fe and Co level of theory!*®! and

geometry optimization was carried out in the gas phase.
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Figure 6.5. The frontier molecular orbitals of Co-DPP-Co and Fc-DPP-Fc.
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The long alkyl chains of DPP chromophore were replaced by ethyl group in
order to reduce the computation time. The frontier molecular orbitals of Co-DPP-Co
and Fc-DPP-Fc are shown in Figure 6.5 and Figure 6.6.

The geometry optimized structure of Co-DPP-Co exhibits cis geometry of
cobalt-di-thiophene ring whereas in Fc-DPP-Fc planar geometry of ferrocenyl unit
has been observed (Figure 6.6). The optimized structure of Co-DPP-Co shows that
both the methyl groups are one below another whereas Fc-DPP-Fc shows the
methyl groups in alkyl chain are opposite side to one another (Figure 6.6). The
HOMO/LUMO levels of Co-DPP-Co and Fc-DPP-Fc estimated as -2.63/-4.72 eV
and -3.06/4.70eV and the HOMO-LUMO gap values are 1.64 eV and 2.09 eV
respectively which are in agreement with the experimental values estimated from the

absorption spectra and electrochemical study.
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Figure 6.6. The frontier molecular orbitals of Co-DPP-Co and Fc-DPP-Fc at
B3LYP/6-31G(d) level.

The time dependent density functional theory (TDDFT) calculation was
performed to understand the electronic transitions in Co-DPP-Co and Fc-DPP-Fc.
The electronic transitions in Co-DPP-Co and Fc-DPP-Fc from TDDFT calculation
with composition, assignment and oscillator strength are shown in Table 6.2.

The Co-DPP-Co shows two absorption bands in visible-NIR region at 587
nm and 842 nm. The broad less intense shoulder band was observed at 842 nm is
due to the transition from HOMO to LUMO+2 and intense band observed at 587 nm
is related to HOMO to LUMO transition along with other minor transitions. The Fc-
DPP-Fc show two absorption bands in visible region at 636 nm and 590 nm and for

both bands the major transition was observed from HOMO to LUMO related to
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n — 7+ transition (Table 6.2). The various other transitions were observed which are
given in Table 6.2.
Table 6.2. Calculated electronic transitions for Co-DPP-Co and Fc-DPP-Fc in the

gas phase.
DPP Wavelength Composition e
(nm)
Co-DPP-Co 842 HOMO-19—»LUMO+1 (0.11)  0.30
HOMO-18—LUMO (0.11)
HOMO-4—LUMO (0.24)
HOMO-3—LUMO+1 (0.22)
HOMO—LUMO (0.56)
587 HOMO-2 — LUMO (0.24)  0.98

HOMO-1 »LUMO+1 (0.27)
HOMO— LUMO+2 (0.58)
Fc-DPP-Fc 636 HOMO-4—LUMO+5 (0.14)  1.23
HOMO-3—LUMO+4 (0.14)
HOMO-2—LUMO (0.14)
HOMO-2—LUMO+2 (0.14)
HOMO-2—LUMO+6 (0.13)
HOMO-1—LUMO+1 (0.12)
HOMO-1—LUMO+3 (0.16)
HOMO—LUMO (0.59)

590 HOMO-5—LUMO+3 (0.13)  0.40
HOMO-4—LUMO-5 (0.25)
HOMO-3—LUMO+4 (0.25)

HOMO-2—LUMO (0.17)
HOMO-2—LUMO+2 (0.19)
HOMO-2—LUMO+6 (0.19)
HOMO-1—-LUMO+1 (0.12)
HOMO-1—LUMO+3 (0.22)

HOMO—LUMO (0.39)

f°= Oscillation Strength
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6.7. Experimental Section
General Methods
The chemicals were used as received unless otherwise indicated. *H NMR (400
MHz) and *C NMR (100 MHz) spectra were recorded by using CDCl; as the
solvent. The *H NMR chemical shifts are reported in parts per million (ppm) relative
to the solvent residual peak (CDCls, 7.26 ppm). The multiplicities are given as: s
(singlet), d (doublet), and m (multiplet). The **C NMR chemical shifts are reported
with relative to the solvent residual peak (CDCls, 77.02 ppm). HRMS was recorded
on a mass spectrometer (ESI-TOF). The UV-visible absorption spectra were
recorded on UV-visible Spectrophotometer in dichloromethane. The TGA analyses
were performed on the thermal analysis system at the heating rate of 10 °C per
minute under a nitrogen atmosphere. Cyclic voltammograms (CVs) and differential
voltammograms (DPVs) were recorded on an electrochemical analyzer using glassy
carbon as working electrode, Pt wire as the counter electrode, and saturated Ag/Ag*
as the reference electrode.
Synthesis of Co-DPP-Co
A mixture of DPP 2 (200 mg, 0.1 mmol), cyclopentadienyl cobalt (1) dicarbonyl (39
mg, 0.216 mmol) and sulfur (13 mg, 0.41 mmol) in degassed toluene (30 mL) was
stirred under reflux at 110 °C for 30 h. The solvent was removed under reduced
pressure and the residue was purified by silica-gel column chromatography by using
hexane:dichlomethane (1:1) to yield dark blue colored Co-DPP-Co in 63% yield. *H
NMR (400 MHz, CDCl3, ¢ in ppm): 8.76-9.32 (4H, m), 7.51 (2H, s), 5.10-5.77 (8H,
m), 4.10 (4H, s), 1.76 (4H, m), 1.00-1.54 (28H, m), 0.86 (6H, m); **C NMR (100
MHz, CDCls, ¢ in ppm): 162.5, 161.4, 156.89, 156.87, 149.6, 129.32, 129.30, 124.8,
108.4, 108.3, 79.7, 53.5, 53.4, 42.4, 42.37, 32.0, 30.1, 29.8, 27.0, 22.8; HRMS (ESI)
m/z calcd for C4gHsgC0,N20,Ss - 1004.1481 [M]", found 1004.1597 [M]".
6.8. Conclusions

In conclusion, the synthesis, structural characterization, optical, thermal,
electrochemical and computational properties of symmetrical cobalt-dithiolene
functionalized DPP Co-DPP-Co was investigated and compared with ferrocenyl
based symmetrical Fc-DPP-Fc. The absorption spectra of Co-DPP-Co exhibited red
shifted absorption in Vis-NIR region with shoulder band in longer wavelength
region. The cobalt based Co-DPP-Co shows good thermal stability. The DFT

investigation exhibited cis geometry of cobalt-dithiolene ring in Co-DPP-Co
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whereas the trans geometry of ferrocenyl unit has been observed in Fc-DPP-Fc. The
broad absorption in NIR region, high thermal stability and low HOMO — LUMO gap
values makes Co-DPP-Co as a potential candidate for photovoltaic applications.
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Chapter 7
Diketopyrrolopyrrole based monomer, dimers and trimer: A

comparative study

7.1. Introduction

The diketopyrrolopyrrole (DPP) and its derivatives are chemically and
thermally stable. DPP derivatives have showed potential applications in various
fields such as organic field effect transistor (OFET), solar cell, in paints, inks,
plastics, aggregation induced emission (AIE), and as high performance pigments in
several industrial products.?! DPP derivatives are poorly soluble in common
organic solvents due to hydrogen bonding and strong m—m interactions, in order to
improve their solubility alkyl chains were attached at nitrogen atoms of the DPP.F!
Recently DPP derivatives have been reported for various applications such as in
two-photon absorption, sensors, fluorescing near-infrared (NIR) probes and

photothermal agent in cancer therapy.!!

The photophysical and electronic properties of vinylene bridged DPP
copolymers and polymers are reported in literature.’) DPP-based m—conjugated
small molecules and polymers are reported as efficient materials for organic
photovoltaics (OPVs).[*®! In recent time DPP is widely for designing non-fullerene
acceptors due to the strong electron withdrawing nature with planar fused ring which
enhances the intermolecular interactions.!* There are number of DPP based dimers
and trimers are reported for bulk heterojunction organic solar cells (BHJ OSCs).["#*]
Jo et al. reported thienyl and phenyl bridged DPP dimers as small molecule donors
in OSCs along with PC7:.BM acceptor.™® Choi and Balandier et al. reported that as
the number of thiophenes between two DPP units increases, the blue shift in
absorption has been observed due to the increased flexibility of m-conjugated

system.[*!

Herein we have designed and synthesized DPP based monomer (1), dimers
(2 and 3) and trimer (4), their photophysical and electrochemical properties were
explored. We were interested to see the effect of connecting bridge between DPP
unit and number of DPP units on photophysical and electrochemical properties of
DPP. The chemical structures of DPP based monomer (1), dimers (2 and 3) and
trimer (4) are shown in Figure 7.1.
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Figure 7.1. Chemical structures of DPP based monomer (1), dimers (2 and 3) and
trimer (4).

7.2. Results and discussion

The monomer of DPP 1 was synthesized as per literature procedure which
involves the reaction of 2-thiophenecarbonnitrile with half equivalent of dimethyl
succinate!™ in presence of strong base sodium tert-butoxide in tert-butanol at 120
°C for 12 hours under argon atmosphere followed by alkylation with 1-bromodecane
in 23% vyield. The DPP dimers 2 and 3 were synthesized by the Pd-catalyzed Stille
coupling reaction of monobromo DPP 1la with half equivalent of
bis(tributylstannyl)ethene and bis(tributylstannyl)acetylene in 65% and 58% yield
respectively (Scheme 7.1). The Sonogashira cross-coupling reaction of tri-ethynyl
triphenylamine with three equivalents of mono-bromo DPP led to the formation of
trimer 4 in 65% yield (Scheme 7.1). The bromination of triphenylamine with three
equivalents of N-bromosuccinimide at room temperature resulted in tribromo-
triphenylamine. The tri-ethynyl triphenylamine was synthesized by Sonogashira
cross coupling of tribromo-triphenylamine with three equivalents of
trimethylsilylacetylene (TMS) followed by deprotection in THF-methanol (1:1) at

room temperature for four hours.
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Scheme 7.1. Synthesis of DPP based dimers (2 and 3) and trimer (4).

The DPP based monomer (1), dimers (2 and 3) and trimer (4) were purified by
silica-gel column chromatography and are readily soluble in common organic
solvents such as dichloromethane, toluene and chloroform. The DPP based
monomer (1), dimers (2 and 3) and trimer (4) were well characterized by *H NMR,
3C NMR, and HRMS techniques.

7.3. Photophysical Properties

The electronic absorption spectra of DPP based monomer (1), dimers (2 and 3) and
trimer (4) were recorded in dichloromethane at room temperature (Figure 7.2) and

the corresponding data are listed in Table 7.1.
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Figure 7.2. Normalized electronic absorption spectra of DPP based monomer (1),

dimers (2 and 3) and trimer (4) in dichloromethane solution (10*M).

The absorption spectra of DPP based monomer (1), dimers (2 and 3) and
trimer (4) in dichloromethane exhibit broad absorption bands covering whole visible
region. DPP based monomer (1), dimers (2 and 3) and trimer (4) exhibit absorption
peaks at 551 nm, 619 nm, 584 nm and 587 nm respectively. This shows that the
dimerization of DPP results in the red shift of 68 nm in ethene bridged dimer 2 and
33 nm in ethyne bridged dimer 3, whereas red shift of 36 nm was observed after the

trimerization of DPP in 4 with tri-ethynyl triphenylamine.

Table 7.1. Photophysical, thermal and electrochemical properties of DPP based

monomer (1), dimers (2 and 3) and trimer (4).

Aabs /10" Tq E? E! | E E? E’ Eq
DPP | (nm) | (Mtem™)? | (°C)® | Red® | Red® | Oxid® | Oxid® | Oxid® | DFT

1 551 4.6 286 | -1.26 | -1.04 | 0.87 | 1.26 - 2.54
2 619 5.1 355 - -099| 089 | 1.34 - 1.94
3 584 4.9 304 - -1.01| 099 | 1.29 - 2.02
4 587 3.7 326 - -1.02 | 093 | 1.15 | 1.40 | 2.08

aAbsorbance measured in dichloromethane at 1 x 10 M concentration, ¢: extinction coefficient;

®Decomposition temperatures for 5% weight loss at a heating rate of 10 °C min, under a nitrogen
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atmosphere; “The electrochemical analysis was performed in a 0.1 M solution of BusNPFg in
dichloromethane at 100 mVs * scan rate, versus Ag/Ag* at 25 °C;
YHOMO-LUMO gap calculated from DFT calculation.

The ethene bridged dimer 2 shows more red shifted absorption compared to
ethyne bridged 3 by 35 nm indicates superior electronic communication in ethene
bridged dimer compared to ethyne bridged analogue. The absorption values in Table
7.1 indicate that the dimerization and trimerization of DPP red shifts the absorption
and broadening of absorption has been observed in dimer analogues (2 and 3).

7.4. Thermal Properties
The thermal properties of the DPP based monomer (1), dimers (2 and 3) and trimer
(4) were investigated by the thermogravimetric analysis (TGA) at a heating rate of

10 °C / min under nitrogen atmosphere and their plots are shown in Figure 7.3.
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Figure 7.3. TGA of DPP based monomer (1), dimers (2 and 3) and trimer (4).

The DPP based monomer (1), dimers (2 and 3) and trimer (4) exhibit
excellent thermal stability. The decomposition temperatures at 5% weight loss were
found to be 286 °C, 355 °C, 304 °C and 325 °C for DPP based monomer (1), dimers
(2 and 3) and trimer (4) respectively. DPP based dimers (2 and 3) and trimer (4)
exhibit higher thermal stability compared to monomer (1) which indicates that the

dimerization and trimerization of DPP improves the thermal stability.
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7.5. Electrochemical Properties

The electrochemical properties of the DPP based monomer (1), dimers (2
and 3) and trimer (4) were explored by cyclic voltammetry and differential pulse
voltammetry (CV and DPV) techniques in dichloromethane solvent using 0.1 M

tetrabutylammonium hexafluorophosphate (BusNPFg) as a supporting electrolyte.
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Figure 7.4. CV (red line) and DPV (black line) oxidation plots of DPP based
monomer (1), dimers (2 and 3) and trimer (4).

The CV and DPV plots of DPP based monomer (1), dimers (2 and 3) and
trimer (4) are shown in Figure 7.4 and Figure 7.5. The DPP monomer 1 shows two
oxidation waves corresponding to the oxidation of two thiophene units whereas DPP
dimers 2 and 3 show two oxidation waves along with shoulder waves in each
oxidation indicating merging of two waves. The DPP and triphenylamine based
trimer 4 exhibits three oxidation waves and the additional oxidation wave observed
at 1.15 V is related to the oxidation of triphenylamine unit. The dimerization and
trimerization of DPP hardens the oxidation of thienyl moiety. The monomer 1
exhibits two reduction waves corresponding to the reduction of DPP moiety whereas
only one reduction wave was observed in dimers (2 and 3) and trimer (4).

The reduction peaks for DPP based monomer (1), dimers (2 and 3) and
trimer (4) were observed at 1.04V, 1.26V, 0.99V, 1.01V, 1.02V respectively which
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indicate that dimerization or trimerization of DPP makes easier reduction of DPP

unit.
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Figure 7.5. (red line) and DPV (black line) reduction plots of DPP based monomer
(1), dimers (2 and 3) and trimer (4).

7.6. Density Functional Theory Calculation

The density functional theory (DFT) calculation was carried out to
understand the geometry, and the electronic structure of the DPP based monomer
(1), dimers (2 and 3) and trimer (4) using the Gaussian09W program.™? The
geometry optimizations were carried out in the gas phase. The DFT calculations
were performed at the B3LYP/6-31+G for C, H, N, S and O. The frontier molecular
orbitals of DPP based monomer (1) and dimers (2 and 3) are shown in Figure 7.6
and Figure 7.7.

The HOMOs in DPP based monomer (1) and dimers (2 and 3) are spread
over whole molecule while the LUMO in monomer and dimer is distributed on
whole molecule but more electron density is concentrated on DPP lactam unit. The
orbital distribution of electron density on trimer 4 shows that HOMO is spread over
whole molecule (on triphenylamine as well as three DPP units) whereas in LUMO
the electron density is concentrated on top two DPP units. The localization of
HOMO on whole molecule and LUMO on DPP units in 4 shows acceptor nature of

DPP and donor-acceptor interaction.
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Figure 7.6. Frontier molecular orbitals of the DPP based monomer (1), dimers (2

and 3) and trimer (4) estimated by DFT calculation.

The time dependent density functional theory (TD-DFT) calculation was
performed in order to get the idea of electronic transitions in DPP based monomer
(1), dimers (2 and 3) and trimer (4). The major electronic transitions in DPP based
monomer (1), dimers (2 and 3) and trimer (4) calculated from TD-DFT with

composition and oscillator strengths are shown in Table 7.2.
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LUMO+1
Figure 7.7. Frontier molecular orbital of the DPP based trimer (4) estimated by DFT

calculation.

The DPP based monomer (1) and dimers (2 and 3) show the major transition
from HOMO—LUMO which is related to n—n* transitions of DPP unit whereas the
trimer 4 exhibits two major transitions, one from HOMO—LUMO and second from

HOMO—LUMO+1 due to intramolecular charge transfer (ICT) transitions.

Table 7.2. The major electronic transitions calculated from TD-DFT for DPP based

monomer (1), dimers (2 and 3) and trimer (4) in the gas phase.

DPP | Wavelength Composition f Transition
(nm)
1 503 HOMO—LUMO (0.71) 0.43 | m—nw* transition
2 526 HOMO—LUMO (0.70) 1.16 | m—n* transition
3 501 HOMO—LUMO (0.67) 0.91 | n—n* transition
4 652 HOMO—LUMO (0.70) 1.32 ICT transition
651 HOMO—LUMO+1 (0.70) | 1.38 ICT transition

f®= Oscillation Strength

7.7. Application in Photovoltaics

We used ethene and ethyne bridged dimers DPPs 2 and 3 as donor along
with PC;;BM as the acceptor for the preparation of solution processed bulk
heterojunction organic solar cells (BHJ-OSCs) an achieved power conversion

efficiency upto 5.28% and 5.52% respectively.!**!
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7.8. Experimental Section

General Methods

The chemicals were used as received unless otherwise indicated. *H NMR (400
MHz) and *C NMR (100 MHz) spectra were recorded by using CDCl; as the
solvent. The *H NMR chemical shifts are reported in parts per million (ppm) relative
to the solvent residual peak (CDCls, 7.26 ppm). The multiplicities are given as: s
(singlet), d (doublet), m (multiplet), and the coupling constants, J, are given in Hz.
The *C NMR chemical shifts are reported with relative to the solvent residual peak
(CDCls, 77.02 ppm). HRMS was recorded on a mass spectrometer (ESI-TOF). The
UV-visible absorption spectra were recorded on UV-visible Spectrophotometer in
dichloromethane. The TGA analyses were performed on the thermal analysis system
at the heating rate of 10 °C per minute under a nitrogen atmosphere. Cyclic
voltammograms (CVs) and differential voltammograms (DPVs) were recorded on
an electrochemical analyzer using glassy carbon as working electrode, Pt wire as the
counter electrode, and saturated Ag/Ag” as the reference electrode.

Synthesis of DPP Monomer 1

The reaction of 2-thiophenecarbonnitrile with half equivalent of dimethyl succinate
in presence of strong base sodium tert-butoxide in tert-butanol at 120 °C for 12
hours under argon atmosphere and worked up by methanol:hydrochloric acid (300ml
methanol:15ml conc. HCI), filtered on Buchner funnel and finally washed with
methanol yielded maroon solid. To make soluble it was further reacted with excess
amount of 1-bromodecane in presence of base K,CO3 in N, N-dimethylformamide
(DMF) at 145 °C for 12 hours under argon atmosphere. The reaction contents were
cooled to room temperature and solvent was removed under vacuo. The crude
compound was purified by silica column chromatography (eluted with 50%
dichloromethane in hexane) yielded 23% shiny crystalline solid DPP monomer 1
after washing with hexane.

'H NMR (400 MHz, CDCls): &= 8.92 (m, 2 H), 7.62 (m, 2 H), 7.27 (d, 2 H), 4.06
(m, 4 H), 1.73 (m, 4 H), 1.30 (s, 24 H), 0.88 (m, 6 H) ppm; *C NMR (100 MHz,
CDClg, ¢ in ppm): 161.4, 140.1, 135.3, 130.7, 129.9, 128.7, 107.8,53.5, 42.3, 31.9,
30.0, 29.6, 29.4, 29.3, 26.9, 22.7, 14.7; HRMS (ESI): calcd. for C34HssN20,S; [M]*
581.3220; found 581.3343.
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Synthesis of ethene bridged dimer 2

In 100 ml round bottom flask monobromodiketopyrrolopyrrole DPP 1a (0.100 g,
0.15 mmol) and bis(tributylstannyl)ethene (0.040 ml, 0.075 mmol) were dissolved in
dry toluene (20 ml). The reaction mixture was degassed with argon for 10 minutes
and Pd(PPhz), (0.035g, 0.030 mmol), was then added. The reaction mixture was
stirred at 80 °C overnight. After completion of reaction, the reaction mixture was
allowed to cool down to room temperature. The solvent was removed under vacuo
and the product was purified by repeated silica-column chromatography with
hexane:dichloromethane (1:1) as an eluent in 65% yield.

'H NMR (400 MHz, CDCls, ¢ in ppm): 8.95 (2H, d, J = 4 Hz), 8.90 (2H, d, J = 4
Hz), 7.28 (4H, d, J = 4 Hz), 7.23 (2H, s), 4.09 (8H, m), 2.17 (16H, s), 1.76 (8H, m),
1.26 (40H, s), 0.86 (12H, m); *C NMR (100 MHz, CDCls, & in ppm): 161.4, 161.2,
147.0, 139.9,139.1, 136.3, 135.4, 130.8, 129.8, 129.3, 128.7, 1285, 122.8, 108.6,
108.1, 42.34, 42.26, 31.9, 30.1, 30.0, 29.6, 29.5, 29.30, 29.27, 26.93, 26.91, 22.7,
14.1; MALDI-TOF

Synthesis of ethyne bridged dimer 3

In 100 ml round bottom flask monobromo-diketopyrrolopyrrole DPP 1a (0.100 g,
0.15 mmol) and bis(tributylstannyl)acetylene (0.040 ml, 0.075 mmol) were
dissolved in dry toluene (20 ml). The reaction mixture was degassed with argon for
10 minutes and Pd(PPh3), (0.035g, 0.030 mmol), was then added. The reaction
mixture was stirred at 80 °C overnight. After completion of reaction, the reaction
mixture was allowed to cool down to room temperature. The solvent was removed
under vacuo and the product was purified by repeated silica-column chromatography
with hexane : dichloromethane (1:1) as an eluent in 58% vyield.

'H NMR (400 MHz, CDCls, 6 in ppm): 8.98 (2H, d, J = 4 Hz), 8.92 (2H, d, J = 4
Hz), 7.67 (2H, s), 7.45 (2H, s), 7.30 (2H, s), 4.08 (8H, m), 1.75 (8H, s), 1.44 (8H,
m), 1.26 (46H, s), 0.87 (12H, m); **C NMR (100 MHz, CDCls,  in ppm): 161.3,
161.2, 140.6, 138.4,135.8, 135.2, 135.1, 133.7, 132.2, 132.1, 131.6, 131.2, 13.4,
129.7, 128.7, 128.6, 128.4, 128.1, 127.9, 126.9, 109.0, 107.9, 90.5, 42.3, 31.9, 30.1,
29.9,29.7,29.5,29.4, 29.3, 29.2, 26.2, 22.7, 14.1.

Synthesis of TPA based DPP trimer 4

In 100 ml round bottom flask monobromo-DPP 1a (0.100 g, 0.32 mmol) and tri-
ethynyl triphenylamine (0.011 g, 1.10 mmol) were dissolved in toluene (30 ml) and

triethylamine (8 ml). The reaction mixture was degassed with argon for 10 minutes
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and Pd(PPhz), (0.018 g, 0.016 mmol) and Cul (0.003 g, 0.016 mmol) were then
added. The reaction mixture was stirred overnight at 90 °C. After completion, the
reaction mixture was allowed to cool down to room temperature. The solvents were
removed under vacuo and product 4 was purified by silica-column chromatography
with hexane: dichloromethane (1:3) as an eluent in 65% vyield.
'H NMR (400 MHz, CDCls, ¢ in ppm): 8.95 (3H, s), 8.91 (3H, s), 7.65 (2H, m),
7.46 (2H, m), 7.38 (3H, m), 7.29 (2H, s), 6.23 (6H, brs), 4.07 (12H, m), 1.76 (12H
s), 1.42 (12H, m), 1.26 (71H, m), 0.87 (19H, brs); **C NMR (100 MHz, CDCls, § in
ppm): 161.37, 161.35, 147.1, 140.3, 139.0, 135.6, 135.4, 133.94, 133.92, 132.92,
132.97, 131.0, 130.5, 129.8, 128.8, 124.27, 124.31, 117.4, 108.6, 108.0, 97.7, 82.7,
53.5, 42.4, 32.0, 30.8, 29.74, 29.72, 29.6, 29.47, 29.45, 29.39, 29.35, 29.3, 27.0,
22.8,14.2.
7.9. Conclusions
In conclusion, we have designed and synthesized DPP based monomer (1),
dimers (2 and 3) and trimer (4) and studied their photophysical, thermal and
electrochemical properties, in order to investigate the effect of nature of bridging
unit and number of DPP units. The absorption spectra show that the dimerization
and trimerization of DPP red shifts the absorption with broadening of absorption in
dimer analogues (2 and 3). The TGA analysis shows the dimerization and
trimerization of DPP improves the thermal stability. The electrochemical study
exhibited additional oxidation peak in trimer 3 related to the oxidation of
triphenylamine unit. The effect of connecting bridge between DPP units in dimers
and trimer of DPP has also been investigated which reveals the ethene bridged dimer
exhibit good electronic communication between two DPP units.
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Chapter 7

Conclusions and scope for future work

8.1. Conclusions

Diketopyrrolopyrrole (DPP) is an important building block possesses
excellent properties such as strong electron affinity, light absorption in the visible
region, highly conjugated coplanar molecular structure, and excellent photochemical
stability.[Y The derivatives of DPP show high solubility in common organic solvents,
by appropriate substitution on amidic nitrogen of the bis-lactam core.!”! DPP is one
of the widely used acceptor unit for the synthesis of small molecules for various
applications such as aggregation induced emission (AIE), dye sensitized solar cells
(DSSCs) and bulk heterojunction (BHJ) organic solar cells (OSCs).B#!. Recently
DPP derivatives have been used for OSC as efficient materials as donor as well as
acceptor.

In this regard we have synthesized various donors and acceptor functionalized
DPP based small molecules. We have investigated their photophysical, thermal and
electrochemical properties which indicated their applicability for BHJ OSCs.

In chapter 3, we have designed and synthesized symmetrical and
unsymmetrical ethyne bridged N-phenyl carbazole substituted DPPs 5 and 6 by the
Pd-catalyzed Sonogashira cross coupling reaction. Further [2+2] cycloaddition-
retroelectrocyclization of DPPs 5 and 6 with tetracyanoethylene (TCNE) resulted in
tetracyanobutadiene (TCBD) derivatives 7 and 8. The optical and electrochemical
properties show that the incorporation of TCBD shifts the absorption from visible to
near infra-red (NIR) region and additional reduction waves were observed at low
voltage region. The excellent thermal stability, low HOMO — LUMO gap,
absorption in visible to NIR region make these derivatives as a potential candidate
for organic photovoltaics.

In Chapter 4, a set of symmetrical and unsymmetrical TPA substituted DPPs
3 and 4 were designed and synthesized by Sonogashira cross-coupling reaction. The
[2+2] cycloaddition-retroelectrocyclization of triphenylamine substituted DPPs 3
and 4 with TCNE at room temperature resulted TCBD derivatives DPPs 5 — 7. The
effect of triphenylamine as donor and TCBD acceptor on photophysical and

electrochemical properties was evaluated. The TCBD substituted DPPs show
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systematic red shift in absorption spectra with decrease in HOMO — LUMO gap.
High thermal stability and low HOMO — LUMO gap of DPPs 3 — 7 makes them
potential candidate for organic photovoltaics. The results presented here will useful
in the design and synthesis of new molecular systems with low HOMO —LUMO gap
for optoelectronic applications.

In chapter 5, we have synthesized symmetrical and unsymmetrical ferrocenyl
DPPs 5 and 6 by Sonogashira cross-coupling and their TCBD derivatives (7-9) by
[2+2] cycloaddition-retroelectrocyclization reaction respectively. The incorporation
of TCBD in ferrocenyl DPPs improves the absorption with lowering of HOMO —
LUMO gap values. The TCBD substituted DPPs show systematic red shift in
absorption with enhanced thermal stability. High thermal stability and low HOMO —
LUMO gap of DPPs (5-9) makes them potential candidate for organic
photovoltaics.

In chapter 6, the synthesis, structural characterization, optical, thermal and
electrochemical properties of symmetrical cobalt-dithiolene functionalized DPP Co-
DPP-Co was investigated and compared with ferrocenyl based symmetrical Fc-
DPP-Fc. The absorption spectra of Co-DPP-Co exhibited red shifted absorption in
Vis-NIR region with shoulder band in longer wavelength region. The cobalt based
Co-DPP-Co shows good thermal stability. The DFT investigation exhibited cis
geometry of cobalt-dithiolene ring in Co-DPP-Co whereas the trans geometry of
ferrocenyl unit has been observed in Fc-DPP-Fc. The broad absorption in NIR
region, high thermal stability and low HOMO — LUMO gap values makes Co-DPP-
Co as a potential candidate for photovoltaic applications.

In Chapter 7, we have designed and synthesized DPP based monomer (1),
dimers (2 and 3) and trimer (4) and studied their photophysical, thermal and
electrochemical properties, in order to investigate the effect of number of
diketopyrrolopyrrole units. The absorption spectra show that the dimerization and
trimerization of DPP red shifts the absorption with broadening of absorption in
dimer analogues (2 and 3). The TGA analysis shows the dimerization and
trimerization of DPP improves the thermal stability. The electrochemical study
exhibited additional oxidation peak in trimer 4 related to the oxidation of
triphenylamine unit. The effect of connecting bridge between DPP units in dimers
and trimer of DPP has also been investigated which reveals the ethene bridged dimer

2 exhibit good electronic communication between two DPP units.
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We have used some of donor functionalized ethyne bridged DPPs as donor
for bulk heterojunction organic solar cells (BHJ OSCs) and achieved a PCE upto
6.44%. The incorporation of TCBD unit improves the accepting ability of resulting
molecules. The use of TCBD derivatives as donors for BHJ OSCs is well known in
literature but there were no reports where these molecules were used as an acceptor.
For the first time we have explored TCBD bridged small molecule as a non-
fullerene acceptor for BHJ OSCs and open up a new pathway to design highly
efficient TCBD based small molecular acceptor. We have changed the end capping
donor in order to see its effect on performance and achieved the PCE upto 7.19%
which is highest efficiency for TCBD bridged non-fullerene acceptor till date.

8.2. Scope for future work

The thesis highlights smart methodology for design of DPP based donor-
acceptor small molecules. The HOMO-LUMO gap of the DPP based donor-
acceptor molecules can be tuned by changing terminal donor unit and incorporation
of TCBD as strong acceptor. The variation of donor/acceptor strength resulted in the
significant tuning of the HOMO-LUMO gap. The incorporation of strong cyano-
based TCBD acceptor units in the ethyne bridged DPP resulted extension of
absorption to near infrared region. The strong absorption in near infrared region with
low HOMO-LUMO gap of small molecules make them promising candidates for
optoelectronic applications.
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