Squaraine Based Dyes for Controlling the
Aggregation and Charge Recombination
Processes in Dye-Sensitized Solar Cells

By
Ambarish Kumar Singh
10CC15A26029

A thesis submitted to the
Academic of Scientific & Innovative Research
For the award of the degree of
DOCTOR OF PHILOSOPHY
in
Science

Under the supervision of
Dr. Jayaraj Nithyanandhan

CSIR-National Chemical Laboratory
Pune

AcSYR

Academy of Scientific and Innovative Research
AcSIR Headquarters, CSIR HRDC campus
Sector 19, Kamla Nehru Nagar,
Ghaziabad, U.P. - 201 002, India

January-2021



Certificate

This is to certify that the work incorporated in this Ph.D. thesis entitled, “Squaraine

Based Dyes for Controlling the Aggregation and Charge Recombination Processes in

Dye-Sensitized Solar Cells”, submitted by Ambarish Kumar Singh to the Academy of

Scientific and Innovative Research (AcSIR) in fulfilment of the requirements for the

award of the Degree of Doctor of Philosophy in Science, embodies original research

work carried-out by the student. We, further certify that this work has not been
submitted to any other University or Institution in part or full for the award of any
degree or diploma. Research material(s) obtained from other source(s) and used in this
research work have been duly acknowledged in the thesis. Image(s), illustration(s),

figure(s), table(s) etc., used in the thesis from other source(s), have also k;een duly

mofxﬁeh\éwm“%?% @ 'N:Q/\/\//

(Ambarish Kumar Singh) (Dr. Jayaraj Nithyanandhan)
Date: 05/01/2021 Date: 05/01/2021

cited and acknowledged.



STATEMENTS OF ACADEMIC INTEGRITY

[, Ambarish Kumar Singh, a Ph.D. student of the Academy of Scientific and
Innovative Research (AcSIR) with Registration No. 10CC15A26029 hereby undertake
that, the thesis entitled “Squaraine Based Dyes for Controlling the Aggregation and
Charge Recombination Processes in Dye-Sensitized Solar Cells” has been prepared by
me and that the document reports original work carried out by me and is free of any
plagiarism in compliance with the UGC Regulations on “Promotion of Academic
Integrity and Prevention of Plagiarism in Higher Educational Institutions (2018)” and
the CSIR Guidelines for “Ethics in Research and in Governance (2020) .

o
%
Signature of the Student
Date: 05/01/2021
Place: Pune

It is hereby certified that the work done by the student, under my supervision, is
plagiarism-free in accordance with the UGC Regulations on “Promotion of Academic
Integrity and Prevention of Plagiarism in Higher Educational Institutions (2018)” and
the CSIR Guidelines for “Ethics in Research and in Governance (2020) .

Ir—

Signature of the Supervisor
Name: Dr. Jayaraj Nithyanandhan

Date :05/01/2021
Place: Pune

<



Dedseated
to My Fami
P A



Contents | 2021

Page No.

Acknowledgements \

Abbreviations vii

Abstract IX
Chapter 1: Introduction

1.1 Energy for future 2

1.2 Renewable energy 3

1.3 Solar energy 6

1.4 Photovoltaics 7

1.4.1 First generation solar cells 7

1.4.2 Second generation solar cells 9

1.4.3 Third generation solar cells 9

1.4.3.1 Organic solar cells 10

1.4.3.2 Quantum dot solar cells 10

1.4.3.3 Perovskite solar cells 10

1.4.3.4 Dye sensitized solar cells 11

1.5 Dye sensitized solar cells or dye cells 11

1.5.1 General working principle of dye cells 11

1.5.2 Components of dye cells 12

1.5.2.1 Dyes or sensitizers 13

1.5.2.2 Electrolytes or redox-mediator 13

1.5.2.3 Photo anode 14

1.5.2.4 Counter electrode 15

1.5.3 Parameters of dye cells 15

1.5.3.1 Short-circuit current 15

1.5.3.2 Open-circuit voltage 16

1.5.3.3 Fill factor 17

1.6. Dyes or sensitizers 19

1.6.1 Donor-acceptor dyes 20

1.6.2 Donor-m-acceptor dyes 21

1.6.3 Donor-acceptor-n-acceptor dyes 23

1.6.4 Donor-donor-m-acceptor dyes 24

1.6.5 Donor-acceptor-donor dyes 24

1.7 Challenges on the dye-TiO, interfaces 28

1.7.1 Charge recombination 28

1.7.2 Dye-aggregation 29

1.8 Other factors and strategies to modulate the device efficiency 30

1.8.1 Orientation of dyes on the TiO; surface 31

Ambarish Kumar Singh Page i



Contents | 2021

1.8.2 Dipole moment of dyes and consequences on the conduction band position of TiO,

32

1.8.3 Panchromatic light absorption 33
1.8.3.1 Multi-chromophoric dyes 33

1.8.3.2 Co-sensitization of dyes 34

1.8.4 Strategy towards dye/ sensitizer design 36

1.9 Objectives of the thesis 37
References 39

Chapter 2: Alkyl-Group-Wrapped Unsymmetrical Squaraine Dyes for Dye-Sensitized
Solar Cells

2.1 Introduction 48
2.2 Experimental Section 50
2.2.1 General methods 50
2.2.2 Cyclic voltammetry 50
2.2.3 Light harvesting efficiency 51
2.2.4 Dye-sensitized solar cell fabrication 51
2.2.5 Synthesis 51
2.3 Results and Discussion 63
2.3.1 Synthesis of SQS dyes 63
2.3.2 Photophysical properties 63
2.3.3 Electrochemical properties 65
2.3.4 Cyclic voltammetry on TiO; surface and dye desorption studies of SQS dyes 65
2.3.5 Theoretical studies 68
2.3.6 Photovoltaic performance 72
2.3.7 Electrochemical impedance spectroscopy 81
2.4 Conclusion 86
2.5 References 87

Chapter 3: Position of Anchoring Group to Controls the Orientation and Self-Assembly of
Unsymmetrical Squaraine Dyes on TiO, Surface

3.1 Introduction 95
3.2 Experimental Section 97
3.2.1 General methods 97
3.2.2 Dye-sensitized solar cell fabrication 98
3.2.3 Mott-Schottky analysis of SQ dyes 99
3.2.4 Synthesis 99
3.3 Results and Discussion 108
3.3.1 Synthesis of squaraine dyes 108
3.3.2 Optical and electrochemical properties 108

Ambarish Kumar Singh Page ii



Contents | 2021

3.3.3 Theoretical studies 116
3.3.4 Photovoltaic performance 124
3.3.5 Electrochemical impedance spectroscopy 128
3.3.6 Mott-Schottky and dye-desorption studies of SQ dyes 131
3.4 Conclusion 133
3.5 References 134

Chapter 4: D-A-D Based Complementary Unsymmetrical Squaraine Dyes for Co-sensitized
Solar Cells

4.1 Introduction 141
4.2 Experimental Section 144
4.2.1 General methods 144
4.2.2 Dye-sensitized solar cell fabrication 145
4.2.3 Synthesis 146
4.3 Results and Discussion 149
4.3.1 Synthesis of visible active unsymmetrical squaraine dyes 149
4.3.2 Photophysical and electrochemical properties 149
4.3.3 Theoretical studies 153
4.3.4 Photovoltaic performance 154
4.3.5 Electrochemical impedance spectroscopy 156
4.3.6 Co-sensitization of complementary unsymmetrical squaraine dyes 159
4.3.7 Photovoltaic response from the monomeric dyes 164
4.4 Conclusion 165
4.5 References 166

Chapter 5: Effect of Various Solvents and Electrolytes (I'/ 137, Co(ll/ 111) and Cu(l/ 11)) on
the Device Performance of NIR-Light Active Squaraine Dyes

5.A.1 Introduction 173
5.A.2 Experimental Section 175
5.A.2.1 General methods 175
5.A.2.2 Dye-sensitized solar cell fabrication 176
5.A.3 Results and Discussion 176
5.A.3.1 Photophysical properties 176
5.A.3.2 Photovoltaic performance 182
5.A.3.3 Electrochemical impedance spectroscopy 186
5.A.3.4 Dye-desorption studies of SQ dyes 191
5.A.4 Conclusion 193
5.B.1 Introduction 194
5.B.2 Experimental Section 196

Ambarish Kumar Singh Page iii



Contents | 2021

5.B.2.1 General methods 196
5.B.2.2 DSSC fabrication, electropolymerization and electrolyte preparation 197
5.B.2.3 Synthesis 198
5.B.3 Results and Discussion 199
5.B.3.1 Synthesis of un-symmetrical amphiphilic squaraine ASQ4 dye 199
5.B.3.2 Photophysical and electrochemical properties 200
5.B.3.3 Theoretical studies 200
5.B.3.4 Photovoltaic performance 202
5.B.3.5 Electrochemical impedance spectroscopy 205
5.B.4 Conclusion 210
5.5 References 210

Chapter 6: Summary and Future Directions

6.1. Summary 215
6.2. Future Directions 216
Appendix 217
Abstract of the Thesis

List of Publications
List of Conferences Attended

A copy of all SCI publication

Ambarish Kumar Singh Page iv



Acknowledgements | 2021

The satisfaction and elation that accompany the successful completion of any task would be
incomplete without mentioning the people who had made it possible. There are many people |
would like to thank for their support, guidance, encouragement, and friendship over the course
of this Ph.D.

First of all, 1 would like to express my profound gratitude and sincere thanks to my
research supervisor Dr. Jayaraj Nithyanandhan for his guidance, continuous support,
inspiration, invaluable advice, encouragement throughout the my Ph.D.

I would like to thank our Divisional Chair of Physical and Materials Chemistry and
Director of CSIR-National Chemical Laboratory, Pune for providing infrastructure facilities,
and Council of Scientific and Industrial Research (CSIR) for fellowship.

| sincerely thank to my AcSIR-Doctoral Advisory Committee members Dr. Shubhangi B.
Umbarkar, Dr. Ravindar Kontham, and Dr. Santhosh Babu Sukumaran for invaluable
suggestions, encouragement.

| sincerely thanks to Dr. Kothandam Krishnamoorthy for helpful discussion, suggestions
on scientific problems in our weekly research meeting, help with device fabrication and
characterization.

| sincerely thanks to Dr. Sailaja Krishnamurty, and Ashakiran Maibam for helpful
discussion, and DFT study.

| sincerely thanks to Dr. Ekambaram Balaraman for helpful discussion, suggestions on
scientific problems in DAC meeting.

| specially acknowledge to my seniors Dr. Rajesh H Bisht, Dr. Manik C Sil, Dr. Neeta M
Karjule and Dr. V Punitharasu for their help, invaluable advice, and mental support.

| am very thankful to all of my past and present lab-members: Munavvar Fairoos,
Ananthan, Amrita Singh, Indrajeet Nawghare, Avinash Jadhav, Shivdeep Deshmukh, Kiran
Ingole, for always being supportive and creating a pleasant atmosphere in the lab.

| appreciate the help provided by Saranya, Neel, Supriya Bodake, Ashwath, Bhavisha,
Jenny, Aishwarya, Athulya and Helena, in their short stay in our lab.

I wish to appreciate and acknowledge members from Dr. Krishnamoorthy’s group: Dr.
Arul, Dr. Anup Kumar Singh, Kumar S, Sudhakar, Gunvant, Jagadish, Gitanjali, Bharath,
Radhakisan, and Sathish for providing all the required help.

Ambarish Kumar Singh Pagev



Acknowledgements | 2021

| specially acknowledge to my best friend and brother Dr. Farsa Ram Soni, Sachin
Kumar, Praveen Kumar, Dr. Sandeep Kumar Singh, Dr. Hemender R. Chand, and thank you so
much to all for your constant support, care, advice and constructive criticism to improve my
research on each step. | specially acknowledge to Dr. Suresh U Shisodia for constant support,
advice and constructive criticism. | would like to thanks Dr. Ajay Sharma and Dr. Sushil Kumar
for support and discussion.

I would like to extend my thanks to NCL seniors and friends Dr. Brijesh, Dr. Sanjeev, Dr.
Ravindra, Dr. Dnyaneshwar, Dr. Virat, Dr. Vinita, Dr. Preeti Jain, Dr. Satish, Dr. Pranab, Dr.
Goudappagouda, Dr. Vijay Beniwal, Dr. Amit Yadav, Dr. Veer, Dr. Dharmesh, Dr. Dipak, Dr.
Srikanth Reddy, Dr. Manoj Sahoo, Dr. Rahul, Anupam Tripathi, Rohit Kamble, Vivek,
Madhukar, Nitai, Sidhharth, Anil, Sutanu, Tapas Haldar, Pronay, Dattatraya, Akshay, Rahul,
Sagar, Digamber, Balasaheb, Ranjeesh, Nilesh, Vipin Raj, Tamal Das, Subhrashis, Satrughan,
Pramod, Dinesh, Vikas, Jaisingh, Ashish Kumar, Premkumar, Sachin Jadhav, Ashish Sharma,
Sayantan Paul, Lakshmi, Anirban, Shrikant, Navnath, Ganesh, Mahendra, Kailash, Prasant,
Rohit Kumar, Rohit Jr, Milan, Rajan, Pratiksh, Tripurari, Rashid, Abhisek, Bhanupratap Singh,
Ajay, Mane, Bapu, Vidyanand, Narugopal, Dharmendra, Pavan, Abhijit Bera, Jayesh, Shankar
Dalavi, Puja, Mayur, Sonia, Venkannababu, Shaziyaparveen, Sibadatta, Mahesh, Himanshu,
Inderjeet, Monika, Supriya, Ritu, Srilatha Sis, Suman Didi, Govind and Priyanka for help,
enjoyable and memorable time.

No word would suffice to express my gratitude and love to my parents, sisters, brothers
and love, for their unconditional love, blessings, and sacrifice. Finally, 1 would like to thank my
Gurudev for peace, spiritual-power, continuous support on each step of life, invaluable advice

and encouragement throughout my Ph.D.

Ambarish Kumar Singh

Ambarish Kumar Singh Page vi



Abbreviations | 2021

Abbreviation Expansion

AcOH Acetic acid

AM Air mass

BTD Benzo(1,2,5)thiadiazole

BuOH-1 Butanol-1

CDCA Chenodeoxycholic acid (3a,7a-dihydroxy-5p-cholic acid)
CPDT Cyclopentadithiophene

CIGS Copper indium gallium diselenide
cv Cyclic voltammetry

CH3CN Acetonitrile

CDCl; Chloroform-d

DFT Density functional theory

DSCs Dye solar cells

DSSCs Dye-sensitized solar cells

DCM Dichloromethane

DMSO-d6 Dimethyl sulfoxide-d6

EIS Electrochemical impedance spectroscopy
EDOT 3,4-ethylenedioxythiophene

EtOAC Ethyl acetate

EU-28 European Union-28 countries

FMO Frontier molecular orbital

FTO Fluorine-doped-tin oxide

HOMO Highest occupied molecular orbital
HR-MS High resolution mass spectrometry
IPCE Incident photon-to-current conversion efficiency
IR Infrared

/13 lodide/triiodide

ITO Indium-doped-tin oxide

NIR Near-Infrared

J-V Current-Voltage

LHE Light harvesting efficiency

LUMO Lowest unoccupied molecular orbital
OoPV Organic photovoltaic

PCEs Power conversion efficiencies

PV Photovoltaic

PCC Pyridiniumchlorochromate

PEDOT Poly(3,4-ethylenedioxythiophene)
QDs Quantum dots

UV-vis Ultraviolet-visible

NMR Nuclear magnetic resonance
Ambarish Kumar Singh Page vii



Abbreviations

REN21

SQ

THF

TBACIO,

UV-vis

MeOH-d4
Eg

Ecs

ff

MHz
ppm
A

A
eV
°C
min
h

g
mg
mL
kW
GW
TW

Ambarish Kumar Singh

Renewable Energy Policy Network for the 21st Century

Squaraine

Tetrahydrofuran
Tetrabutylammonium perchlorate
Ultraviolet-visible
Methanol-d4

Energy band gap
Conduction band edge

Fill factor

Short-circuit photocurrent
Open-circuit photovoltage
Charge recombination transfer/ resistance
Series resistance

Shunt resistance

Chemical capacitance
Solar cell efficiency
Charge injection efficiency
Charge collection efficiency
Electron lifetime
Extinction coefficient
Singlet

Doublet

Triplet

Multiplet

Molecular ion

Millimole

Megahertz

Parts per million

Angstrom

Wavelength

Electron volt

Degree celsius

Minute(s)

Hour (s)

Gram

Miligram

Mililitre

Kilowatt

Gigawatt

Terawatt



Abstract| 2021

Chapter 1: Introduction

Dye sensitized solar cells (DSSCs) is a class of highly efficient low fabricating cost photovoltaic
device since 1991. Light absorbing dyes are the main components of the DSSCs that harvest the
light from the various regions of the solar spectrum and able to convert into the photocurrents.
An ideal sensitizer needs to have an anchoring group that enhances the electronic coupling with
TiO,, high molar coefficient, panchromatic light absorption, with suitable LUMO and HOMO
energy levels respect to conduction band of TiO;, and redox level of electrolyte for an efficient
charge injection and dye regeneration processes with high stability, respectively. Upon several
modulations in the structures of the dyes with suitable energy levels, till now ruthenium-based
dyes have reached the efficiency of 11.7%, whereas porphyrin dyes showed the device efficiency
of 13%. Metal-free organic dyes have attracted considerable attention besides the ruthenium and
zinc-porphyrin complexes, because of facile synthesis, low fabrication cost, flexibility of
molecular design, tunable spectral properties, high molar extinction coefficient, and high-power
conversion efficiency. Metal-free organic dyes have been achieved device efficiency of 13.6%.
Among the metal-free organic dyes squaraine dyes are very impressive because of high
extinction coefficient, and well known NIR-light sensitive with numerous applications in various
areas like sensor, DSSC, organic solar cell, photodynamic-therapy, protein-labelling and
fluorescent-probe due to aggregation behavior on the surface and solutions. Aggregation of dyes
is a facile process on the semiconducting metal oxide surface and found as detrimental factor for
the device performance of DSSC due to the self-quenching of photo-excited dyes with non-
excited dyes. However, controlling the aggregation of dyes on the TiO, surface helps to enhance
the light harvesting efficiency with improved photocurrent generation from the aggregated
structures, besides reducing the charge recombination process by passivating the photoanode.
The maximum efficiency achieved by unsymmetrical squaraine dye is 7.7% without co-

absorbent because of the well packed aggregated structures on the TiO; surface.
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Chapter 2: Alkyl-Group-Wrapped Unsymmetrical Squaraine Dyes for Dye-Sensitized
Solar Cells

Dye-TiO, interface plays an important role in the charge injection process upon photo-exciting
the sensitizers in DSSCs. Dye-dye interaction facilitated on the anatase TiO; surface due to the
periodicity of dye anchoring sites (5 coordinated Ti) at the 101 facets. A strong intermolecular
dye-dye interaction leads broadening the absorption spectrum because of H- and J- type
aggregations. Often such aggregated structures exhibit poor charge injection capability due to
deactivation of photo-excited dyes from non-excited dyes. Hence controlling the aggregation of
dyes on the TiO, surface by taking the advantage of both broadening the absorption profile and
efficient charge injection requires fine tuning of the dye structures with both steric and electronic
factors. In this respect a series of alkyl-group-wrapped unsymmetrical squaraine dyes (SQS1-
SQS6, Figure 1) have design, synthesized, and systematically investigated the effects of in-plane
(N-centered) and out-of-plane (sp*-C centered) alkyl groups on the Voc and Jsc. The
photophysical and electrochemical behavior of SQS1-SQS6 are almost similar in solution. Cyclic
voltammetry studies of dye adsorbed on the TiO, electrode inferred that the self-hopping of
charges can be modulated by the choice of both in-plane and out-of-plane alkyl groups. This
particular feature helps to modulate the Voc of the DSSC devices. Photovoltaic parameters such
as Jsc and Voc are modulated progressively by a judicious incorporation of branched alkyl
groups which helps avoiding the charge recombination. SQS1 dye with shorter chain length at
sp3-C and N- atoms showed the cell efficiency of 4.9% with the Voc 0.696 V, and Jsc 9.47
mA/cm?, whereas SQS4 dye with longer chain length showed the cell efficiency of 7.1% with
the Voc 0.715 V and Jsc 13.05 mA/cm? respectively in the presence of CDCA. Further,
importance of N-alkyl chain has been realized from SQS5 with reduced device performance of
5.24%. A correlation has been arrived for the observed Voc, where alkyl group at N- atom plays
importance over sp®-C atom. Furthermore, the IPCE profile of the devices inferred that the
contribution from both H- and J-type aggregates. Such observation helps to increase the DSSC
device performance by effective charge injection from the self-assembled squaraine dyes, and
effective passivation of the surface of TiO, which helps avoiding the charge recombination
process (Figure 2). Systematic structure-property relationship studies in a set of similar dyes are

rare, especially dyes that absorb both in the visible and NIR regions.
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5QS5

Figure 1. Structures of alkyl-group-wrapped unsymmetrical squaraine dyes.

Effective passivation

*Reduced charge recombination
.

T s

Alkyl group wrapped dyes

in-plane
alkyl groups out-of-plane
alkyl groups
R —
Ancharing group
TiO,
“in-plane and out-of-plane alkyl groups to Controlled aggregation
avoid dye aggregation (dye-dye interaction : _
ye agares (dye-dy ) * Broadened absorption with charge

injection from aggregated states

Figure 2. Controlled aggregation (broadening the spectrum) of the squaraine dyes on the TiO;

surface, and surface passivation of TiO, (reduced charge recombination) by alkyl groups.
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Chapter 3: Position of Anchoring Group to Controls the Orientation and Self-Assembly of
Unsymmetrical Squaraine Dyes on TiO; Surface

Besides controlling the aggregations of dyes onto the TiO; surface and surface passivation of
TiO, by introducing the alkyl groups with the donor moieties, position of anchoring group
(orientation of the sensitizer onto the TiO, surface) plays an important role to determine the
photovoltaic performances. In this respect a series of unsymmetrical squaraine dyes (4-SQ, 4-
SQ1, 5-SQ, 6-SQ, 7-SQ, and 7-SQ1) functionalized with carboxylic acid (anchoring group) at
different position with respect to N-atom (Figure 3) have design, synthesized, and systematically
investigated the effects of the position of anchoring group on the squaraine dye to control the
orientation of the dyes on the TiO, surface which modulate the self-assembly and device
performance. 7-SQ, and 7-SQ1 (ortho-) dyes have not anchored on the TiO, surface and 5-SQ
(para-) dye showed the highest device performance of 6.08%. It is observed that 4-SQ and 6-SQ
(both are having meta-carboxyl groups as anchoring groups at the non-conductive site) showed
varied device performance.

(@) (b) J\/f
A~ In-plane and out-of-plane

alkyl groups - controls the
aggregation of dyes on TiO2

D M D-A-D based " Position of anch_orlng_group -
squaraine dye 7 - controls the orientation of dye

NIR active o) on Tio,
TiO 4"1_/' \6"‘- - make conductive or non conductive
2 (meta-) Th (meta-) coupling with TiO, for the charge
5 injection (through bond and through
space charge transfer)

A\

4-SQ 5-8Q 6-SQ 7-SQ 4-sQ1 7-SQ1

Figure 3. (a) Orientation of the D-A-D based dyes on TiO, surface, (b) structure and position of

anchoring groups for the designed squaraine dyes, and (c) targeted squaraine dyes.
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Fluorescence spectroscopy and computational studies revealed that the parallel orientation of 4-
SQ with TiO, promote the formation of twisted structures for 4-SQ upon photo-excitation,
whereas the self-assembly formation of 5-SQ and 6-SQ are almost similar in nature. Further,
non-conductive nature of the anchoring group at 6-SQ showed the device performance of 4.14%
compared to the conductive counterpart 5-SQ (6.08%) (Figure 4). The device performances of
4.14, 2.28, and 0.47% for the meta-carboxylic acid as anchoring group containing dye 6-SQ, 4-
SQ, and 4-SQ1 showed the importance of through-space electron transfer process and self-
assembled structures for the solar energy conversion. Computational studies inferred the
systematic variation of the dipole moment of the dyes on the surface, which in-turn modulates
the conduction band position of TiO,.

(a) (b)

DSSC Device Performance

Through-space electron injection
by non-conductive dye (6-SQ)

Figure 4. (a) Device performance of squaraine dyes, and (b) general representation of through-

space electron transfer process in 6-SQ.

Chapter 4: D-A-D Based Complementary Unsymmetrical Squaraine Dyes for Co-sensitized
Solar Cells

Having established the controlled self-assembly of far-red active unsymmetrical squaraine dyes,
and anchoring group position for efficient photocurrent generation from the aggregated
structures and photovoltage from the surface passivation of TiO,, we have extended our design
to develop visible-light active squaraine dyes. In the polymethine dyes per vinylene unit leads
100-120 nm red shift which is about 20-30 nm for the D-n-A, and D-A-n-A dyes (Figure 5a).
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This design will help us to generalize the dye design where controlled aggregation of dyes can be
used to broaden the light absorption as well as designing the visible-light active dyes for co-
sensitized solar cells.

(a) Effect of extending the conjugation in dyes (b) structures of SQ dyes

(i) D-n-A and D-A-rt-A dyes|
Extension of
& > O > .
pace vinylene, and Spacer N
thiophenylene . . 4
spacer 15-20 nm bathochromic shift

,,,,,

(o)

(ii) D-A-D type polymethine dyes (Squaraine dyes)

@)
HN/
Extension of
° u o S n-conjugation @
—_—

i

CO,H
AK2 AK3

with vinylene COLH
spacer
D 100 nm bathochromic shift AK1

Figure 5. (a) Effect on the absorption spectrum by extension of conjugation for the sensitizers
employed in DSSC, (b) structures of visible-light (targeted), and NIR active squaraine dyes.

A series of visible-light active unsymmetrical squaraine dyes (AK) with indoline and arylamine
based donors were designed and synthesized. These unsymmetrical squaraine dyes showed
intense absorption with high extinction coefficients ~540 nm. It is observed that by introducing
alkyl groups at the indoline donor unit as well as N-methylation on arylamine donor unit boost
both Voc and Jsc of the DSSC devices. N-methylation of arylamine donor unit had profound
effect on enhancing both Voc and Jsc, whereas introducing alkyl groups at sp-C and N-atoms on
the indoline unit had significant effect on enhancing only the Voc. Visible dye with branched
alkyl groups on indoline and methylation on arylamine unit gave Voc 185 mV and Jsc 7.27
mA/cm? higher than the without. Device performance of 5.50% (Voc 711.18 mV, Jsc 10.09
mA/cm?, ff 77%) has been observed for AK2 dye in the presence of CDCA. Whereas, AK4 dye
showed the device efficiency of 7.93% without CDCA with the Voc of 815.8 mV, and average
value is provided in Figure 6a. AK4 dye has achieved the maximum Voc 815.8 mV which is
highest obtained Voc values in squaraine family. Further, visible-light active AK2 and AK4 dyes
have been used to co-sensitized with NIR-light active SQ1 and SQS4 dyes that are optically
complementary with each other. Co-sensitization of dyes (with different optical behavior) are the
feasible and more efficient technique to gains the panchromatic light response and high

photocurrents in DSSC. One of the most frequent approach used to test the DSSC device is
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cocktail approach which offers easy fabrication that can control by varying the concentration of
dyes, whereas sequential approach offers very high control on the density of the dye loading on
the TiO, surface and that can control by varying the dipping time. AK dyes and indoline based
unsymmetrical squaraine dyes SQ1 and SQS4 exhibit complementary absorption profile, cocktail
approach has been used to test the device efficiency, and the maximum efficiency achieved
9.36% by the combining the dyes AK4:SQS4 (1:1), and average value is provided in Figure 6b.

(a) (b)
20
12 amnAK4 emmAK4:SQS4 (1:1)
Voc=814mV, 1 =7.65% AK4:5054 (1:1)
100 —~15| Voc=731, 7=9.08% P
— AK4 N Voc =814, 17=7.65%
8 - 80 \ CooHs E AK4
\? /CUHES -9,_
L = 60 Cy2Has ‘ < 10
w o
) ) B E
204 '7_ o 5
0 7C02H
0 400 500 600 700 0 $Qs4 ¢ooH
0 200 400 600 800 0 20 400 600 800
Voltage (mV) Voltage (mV)

Figure 6. (a) Device performance of AK4 dye, and (b) combined device performance of AK4
and co-sensitization of AK4:SQS4 dyes.

Chapter 5: Effect of Various Solvents and Electrolytes (I'/ 137, Co(ll/ 111) and Cu(l/ 11)) on
the Device Performance of NIR-Light Active Squaraine Dyes

Synergistic enhancements in short-circuit current (Jsc), open-circuit voltage (Voc), and fill factor
(ff) of device determine the overall DSSC performance. Solvents used for the device fabrication
plays an important role to achieve better device efficiencies besides the sensitizers, electrolytes,
and counter electrodes. Different solvents (different dielectric constant) provides the different
conditions for dyes to anchored on the TiO, surface, as the results different aggregation
properties and DSSC efficiencies. In this respect NIR-light active unsymmetrical squaraine dyes
SQ1, SQ5 and SQS4 that are different to each other with respect to alkyl group chain length have

been used to study the aggregation behavior and its effect on the photovoltaic parameters in
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CHCI; (good solvents on the basis of solubility) and CH3CN (bad solvents on the basis of
solubility), respectively. There is no significant change in dye aggregation on the TiO, surface
and efficiencies observed when SQ1 fabricated either in the good or bad solvents, whereas the
introduction of alkyl groups cause the narrowing down the IPCE curve and finally more
monomeric and less dimeric response observed for SQS4 in good solvents, results efficiency of
device deceased drastically. Further, addition of CDCA device fabricated in good solvents results
decrease in device efficiency, whereas expected improvements in device efficiencies have been
observed for all the dyes fabricated in bad solvents, respectively. SQS4 dye with good (CHCI5)
solvents showed more monomeric and less dimeric IPCE responses, whereas with bad (CH3CN)
solvents showed IPCE responses from aggregated structures in the absence of CDCA,
respectively (Figure 8a).The maximum efficiency achieved by device fabricated in good
solvents 2.71, 2.59 and 2.56% without CDCA, whereas bad solvents provided the impressive
results in efficiency of 3.79, 6.67, and 7.29% with CDCA for SQ1, SQ5, and SQS4 dyes

respectively.

(a) Effect of good (CHCI3) and bad (CH3;CN) solvents on SQ dye  (b) Effect of electrolytes on SQ dye

HooC
sas4 AsQ4
R= \o/\/O\/\o/\\,/\

Figure 7. Structures of NIR-light active unsymmetrical squaraine dyes to study the (a) best

solvent system, and (b) best electrolytes.

An electrolyte acts as a vital component for dye-regeneration process during the working time of
DSSC. Photovoltaic parameters and device stability are largely influenced by the electrolytes
used for the DSSC by the interfacial interactions between electrodes and electrolytes.
Electrolytes, redox potential is influencing the Voc, redox species transport influences Jsc,
whereas, conductivity and interfacial resistance between electrodes and electrolyte influencing
the ff values of the DSSC. lodine, cobalt, and copper-based liquid redox-couple are well known

in literature for DSSC application. Counter electrodes like platinum foil or platinum nanoparticle
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paste deposited on FTO glass plate, carbon-black or nanotubes, graphite, and poly(3,4-
ethylenedioxythiophene) (PEDOT) are used in DSSC. In this work NIR-light active SQS4 and
ASQ4 (Figure 7b) dyes have been used to study the photovoltaic parameters in iodine, cobalt
and copper-based electrolytes. lodine-based electrolyte observed an efficient electrolyte to
achieve high power conversion efficiency (7.18%) compare to cobalt (4.05%) and copper
(1.08%) based electrolytes for SQS4 dye (where Pt-foil used as a counter electrode), whereas
ASQ4 have achieved 5.52%, 3.78%, and 0.71% with iodine, cobalt, and copper-based
electrolytes, respectively. The maximum efficiency achieved by SQS4 is 5.92% with cobalt
(Figure 8b) and 2.01% with copper-based electrolytes which is highest achieved efficiency by
the squaraine family, where PEDOT (regenerates Co(lll) complex more efficiently than the
platinum, and also good for copper-based electrolytes) used as a counter electrode. The low
device efficiency of SQS4 and ASQ4 dyes with cobalt-based electrolyte compare to iodine-based
electrolyte is because of the less efficient dye regeneration process and fast electron
recombination between the electrons in CB of TiO, with oxidized redox component Co(lll)
complex (mass transport), results lowered the Jsc values. Low device efficiency of SQS4 and
ASQ4 dyes with copper-based electrolytes due to poor dye regeneration process that arise from

mismatching of dye HOMO and redox-potential of electrolytes.

(a) (b)
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Figure 8. (a) Effect of good (CHCI3) and bad (CH3CN) solvents on the IPCE of SQS4 dye (b)

device performance of SQS4 dye with cobalt-based electrolytes.
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1.1 Energy for future

Energy is the fuel of life and indispensable to keep alive the living organisms. Humans are
depending on chemical energy that available from the food and energy resources for electricity
generation to fulfill their daily requirements. Due to rapid improvement in the world population
annually around 83 million, which results the total population will be expected to reach around
8.6 billion by the years of 2030 which will increase the energy requirements, so energy is the big
task to be solved. Two types of energy resources are available to generate electricity for the
humankind namely non-renewable (finite), and renewable (infinite). Non-renewable sources of
energy included fossil (formed from the buried died organisms by decomposition process in the
absence of oxygen) and nuclear fuels (Figure 1); fossil fuels like oil, coal and natural gases are
more frequently used to generate the energies for the various purposes. Around 73.8 % of global
electricity have been produced by the non-renewable source of energy at the end of years 2018
(one year) according to the data provided by renewable energy policy network for the 21st
century (REN21). The current fossil fuel resources would get consumed within two hundred
years and it requires 10 million years to replenish, that means they would not be able to fulfill the
future energy demand. Finite resources, consumption within very short time, production of
byproduct during burning, which causes environmental damage and global warming?, are the
major drawbacks of the non-renewable sources of energy. Combustion of fossil fuels used either
for electricity production or for mechanical energy production are responsible for the emission of
hazardous gases (such as CO, CO,, NO,;, NOs, NHsz SO) in air, that contaminate the
environments and responsible for the acid rain, and by breathing this polluting air human
develop severe diseases like lungs cancer, asthma,® disease of blood vessels, heart disease, skin
disease, stroke,” diseases of digestive system, disease of nervous system,” vascular disease, and
disease of liver. Renewable sources of energies (solar, hydropower, wind, biomass and
geothermal energies) are replenished naturally time to time and will reflect our future (Figure 1).
By keeping the drastic extension in the population growth and energy requirements in mind, only
renewable resources are the vital sources to fulfill the energy demands for future without

damaging our environment.
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1.2 Renewable energy

Energy which is replenishes and restored naturally by renewable resources known as renewable
energy. On the basis of report obtained from REN21, 18.1% of renewable energy contributed for
electricity generation in 2017 whereas, electricity generation at the end of 2018 from the
renewable energy resources was 26.2% (Figure 2a) of the total energy generation globally.®
India situated at the 5™ position in the world ranking for the generation of renewable energy
(with 78 Gigawatts) from the renewable resources, whereas China on 1%, EU-28 on 2™ and the
United States on 3" positions with electricity generation of 404, 339 and 180 Gigawatts (GW)
respectively at the end of year 2018 from renewable resources (Figure 2b). The major resources
of renewable energy are classified as the hydropower, wind, solar, biomass and geothermal

energies.

Renewable Energy Non-renewable Energy
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H diopoue; Energy \
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Figure 1. Renewable and non-renewable sources of energy (adapted from

b

Natural Gas

& /\ S (((

Nuclear

“https://weluvmu.wordpress.com/2011/09/11/the-politics-of-renewable-energy/”).

Electricity from hydropower is the one of the powerful and leading renewable sources of energy
on the basis of global electricity generation in which the electricity is generated by rotation of
turbines upon water falling from the top of the dam. Electricity from hydropower without

emission of hazardous gases in air, and the generation of electricity can be controlled as per
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requirements. Global hydropower electricity contributed 15.8% to the total electricity generation
in 2018 (Figure 2a). Installed capacity of electricity from hydropower at the end of 2018 with
the increments of 20 GW in compare to preceding years have reached to 1132 GW globally.®
The major disadvantages of the hydropower energy involve the construction of a dam is very

expensive and maintenance costs is also high.

(a) (b)

Solar PV, 2.4 Biomass Energy, 2.2 _Geothermal Energy, 0.3 Renewable energy capacities of top six countries in world, 2018
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Figure 2. (a) Global electricity generation at the end of year 2018, and (b) world ranking to

generate electricity from the renewable resources in 2018 (data adapted from reference no. 6).

Wind power is the second powerful and leading renewable source of energy on the basis of
global electricity generation. Wind power also follows the same principle as hydropower
electricity generation but only difference is that, wind required for rotation of turbines instead of
water. Electricity generation from wind is also an ecofriendly process. Global electricity
generated from the wind power reached to 5.5% at the end of year 2018 (Figure 2a). Installed
capacity of wind power energy is stable with the increments of 51 GW at the end of 2018 in
compare to year 2017; total electricity generation from the wind power has reached 591 GW
globally.® The major disadvantage of the wind power energy is the availability of wind varies
with time and place. The generation of electricity from the wind power is most efficient near to
the coastal areas due to better continuity of wind, but is very expensive to transport the electricity

from source to the cities by electric wires.
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Bioenergy is the fourth renewable source of energy and available to use from the biological
feedstock as electricity, and heat. Biological feedstock includes biomass (like wood, bagasse, and
animal dung), biofuel (like ethanol obtained by the anaerobic decomposition of cane sugar, corn
and biodiesel obtained from vegetable-oil and vegetable-fats) and biogas (like bio-methane
produces from the vegetable waste). Global electricity generated from the bioenergy was 2.2% at
the end of year 2018 (Figure 2a). Although, the use of bioenergy is responsible for the emission
of CO; in air, but emitted CO, are used by higher plants during the photosynthetic process
according to United Nation and European Union, due to this the bioenergy belongs to the
renewable source of energy. Generation of electricity from bioenergy has reached 581 Terawatt
annually on the basis of REN21. Bioenergy is very less efficient than the fossil fuels and will

take more land density.

Geothermal energy is produces from the earth and the fifth renewable source of energy on the
basis of global electricity generation. Global electricity generated from the geothermal and ocean
energy was 0.3% at the end of year 2018 (Figure 2a). Due to the very high internal temperature
of earth stream of water starts to come out by well and force to rotate turbines fixed inside of
well, and result the electricity gets generated. The major drawbacks of geothermal energy are the

expensive drilling cost and associated risk.

The most reliable and environmentally friendly source of energy with high potential to solve the
demands of renewable energy for the future is solar energy (harvested by solar photovoltaics).
Solar photovoltaic (PV) is the third powerful renewable source of energy on the basis of global
electricity generation. Electricity generation from solar PV has no-emission of gases in air and is
ecofriendly. Global electricity generated from the solar PV was 2.4% at the end of year 2018
(Figure 2a). Installed capacity of solar PV is stable, and the increments of 100 GW at the end of
2018 in compare to year 2017; total electricity generation from the solar PV has reached 505 GW
globally.® Global generation of electricity from solar PV, China has 1% position and India has 5™
position with 45GW and 10.8GW annual additions, respectively. The electricity generation from
the hydropower is expensive, whereas wind power and geothermal energy are more efficient and

cheaper than the non-renewable resources.’
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1.3 Solar energy

Sun is the gift of universe to the solar system and only source of solar energy on the planets.
Solar energy is the one of the most promising over the other renewable sources of energy. Solar
energy has the various intensities of energy abundance (depends on climate, latitude, altitude and
weather) around the globe with free of cost, clean and environmental-friendly. Solar energy
distribution on earth and top of atmosphere is displayed in Figure 3. Sun continuously emits the
energy with the intensity of 3.8 x10™ terawatt (TW) without exhaustion, out of that 1.8 x 10°
TW of energy reaches to the earth.® Solar energy receives by earth within one hour has tendency
to fulfill the energy demands of whole population for one year. So, the existing focus on research

is the conversion of solar energy to the electrical energy and heat more efficiently.
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Figure 3. Solar irradiance on earth and top of the atmosphere (adapted from
“https://electricala2z.com/wp-content/uploads/2018/03/Solar-Spectrum-at-the-Top-of-the-
Atmosphere-and-at-Sea-Level.png”).

Photovoltaics cells are very promising device to harvest the solar energy and converts into the
electricity.? Solar energy density on earth surface observed annually in-between 1.0-2.5 x 10 W

m2 globally and enough to fulfill our needs for energy.*
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1.4 Photovoltaics

Photovoltaics (PVs) are the semiconducting substrate or cells that generate electricity from solar
energy by photovoltaic effect.** The term photovoltaic effect and working principle of solar cells
given by Becquerel in 1839. First practical report on silicon solar cell came in 1950 by Bell
laboratory.*® The best research solar cell efficiencies graph from 1976 to 2020 given by NREL is
provided in Figure 4.
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Figure 4. Best solar cell efficiencies in the world (adapted from the “NREL, best research cell
efficiencies chart 2020”).

Since 1976, various types of solar cells have been designed and tested by researchers, on the

basis of materials specificity solar cells are categories into three generations.

1.4.1 First generation solar cells

One of the most widely used wafer-based solar technologies in the world is silicon solar cell

which is belongs to the first-generation solar cell technology. Due to high conversion of photon
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to electricity, abundance and lifetime, silicon semiconductors are widely used to make wafer-
based solar cells. Here, silicon-wafers doped with group 3™ elements for p-type and group 5"
elements for n-type semiconductor, when joined together they make a depletion zone called p-n
junction. Light absorbed by p-n junction leads the generation of charge carriers namely electrons
and holes that are separated from the junction and will be collected at the collector electrodes (p-
type and n-type) among of electrons and holes; electrons will reach through the load to the p-type
collector electrodes and recombine with holes (Figure 5). In the first-generation solar technology
thickness of the silicon-wafer varies from 150 to 250 um in most of the cases. On the basis of
crystallinity-nature of silicon solar cells are of two types; single and multi-crystalline silicon
solar cells. Efficiency wise single-crystalline silicon solar cell (24%) dominant over the multi-
crystalline (19.5%) due to crystal-defects. According to the Schokley-Quessier efficiency limits
on the basis of band gap of silicon (1.1 eV), the maximum efficiency achievable by a silicon
solar cell will be 33.7% with air mass coefficient of 1.5.** Though the cost of Si-cells is still high
but after several modifications the performance have reached to 47.1% with AM zero G (used in
space). High fabrication cost of silicon solar cells suppressed the Scientist’s attention toward the
design of solar cells with low-fabrication cost. So, the second generation of solar cells came to
the picture due to the thin-film solar cell to reduce the cost and substitute the first-generation

solar cells.
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Figure 5. (a) Components of silicon solar cell (adapted from “https://ohagu.xyz/photovoltaic-

panels-what-they-are-how-they-are-made”), (b) working principle of silicon solar cell.
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1.4.2 Second generation solar cells

Second generation photovoltaic associated with the thin film solar cell technology, and designed
to cost efficient. In the second generation technology thickness of the active material varies from

2 to 10 um on polymer sheets or glass substrate, which helped in reducing the cost. This solar

15-16 17-20

technology involves thin film of silicon (amorphous silicon)
GaAs, 2 and CIGS?*?" with the various band gaps 1.7-1.0 eV?® for better open circuit photo-

, hon-silicon like CdTe,

voltage. The maximum efficiency achieved by amorphous silicon, CdTe and CIGS solar cells are
14, 22.1, and 23.4%, respectively among the thin film solar technology. However, second
generation solar cell appended with the low cost but photovoltaic efficiency was low compare to
wafer based crystalline silicon solar cells. Major drawbacks of the thin film technology involves
abundance of indium, CdTe are highly toxic in nature and also arduous to dispose.? Efficiency
of crystalline silicon, non-crystalline silicon and non-silicon solar cells are poor with the diffused
light and also depend on the latitude. To overcome the first and second generations solar cells
problems with diffused light and rotation of solar panel correspond to latitude of earth, third

generation of solar cells have been developed.
1.4.3 Third generation solar cells

Third generation photovoltaic associated with emerging photovoltaic and charged by cheap
semiconducting nanomaterial.*® Photovoltaic belongs to this technology have light device weight
with the tunable band-gap, HOMO-LUMO energy levels, various organic, non-organic and
polymeric materials to broaden the spectrum and harvest the solar light. Now the focus of
research to understand the interfacial charge transfer, charge injection, and charge collection
efficiencies to enhance the solar cell efficiency. In the third generation technology thickness of
nanomaterial varies from 2 to 10 um, that mean we can make it flexible by coating it on the
polymer sheets or glass substrate for low cost of the solar cells and probability to make
stretchable device. The main and most prominent feature of emerging photovoltaic is the better
device performance in the diffused light condition which was major drawback of first and second

generation solar cells. Emerging photovoltaic further classified into four major categories.
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1.4.3.1 Organic solar cells

Organic photovoltaic consist the small organic or polymeric semiconducting molecules with the
behavior of n-type and p-type. In this technology polymer acts as a donor or p-type and fullerene
acts as an acceptor or n-type.**** Shining of light on the device leads to form a singlet excitons
which is diffused on the interface of donor/ acceptor and separated as electrons/ holes. The
electrons and holes are moving toward the respective electrodes and results generation of electric
currents in the solar cells. Here, the donor and acceptor units have the bis-continuous networks,
and behave as electron donor (hole-transporter), and electron acceptor (electron transporter).
Organic solar cells have reached maximum device efficiency of 17.4%.

1.4.3.2 Quantum dot solar cells

Quantum dot (QD) photovoltaic are promising because of their low cost, better optoelectronic
behavior with high rate of photon harvesting.*>*" Variation in size of QDs offers the band gap
tunability, which are capable to harvest solar energy from various ranges of solar energy
spectrum. QDs of antimony and arsenic with oxidation state three are very important to cover the
wide range of solar spectrum. Quantum dot acts as a sensitizer, sunshine on the device leads to
excite the quantum dot and injection of one electron from conduction band of QDs to the
conduction band of TiO, takes place. The electrolyte regenerates the hole created in the valance
band of QDs and electron collected at the counter electrode regenerates the oxidized electrolytes.

Quantum dot solar cells have reached maximum device efficiency of 16.6%.
1.4.3.3 Perovskite solar cells

Perovskite solar cells are highly efficient, cheaper, easier to make, and became attractive after
their discovery in solar cell applications since 2013.3* The active material of this solar cell is
CH3NH3Pbl; which has 3-D structure and behaves as light harvester and charge carriers. Active
material band-gap can be tuned by substituting the iodide with other halides. Perovskite solar
cells have reached maximum device efficiency of 25.2%, whereas perovskite/silicon tandem

solar cells have achieved maximum device efficiency of 29.1%. Though, the efficiency of
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perovskite solar cell is very high, but instability and chemical hazard associated with Pb based
perovskites obscure their practical applications.

1.4.3.4 Dye sensitized solar cells

Among the third generation solar cells, dye sensitized solar cells (DSSCs) are the only one
known solar cell which can be fabricated outside from glove-box. A widespread attention to the
DSSC has been received since 1991 due to low fabrication costs and modular spectral features.**”
“8 Dye cells have a lot of option to tune the band-gaps by using various dyes that can absorb in
visible and NIR-regions. Recently, metal-free ZL003 have reached maximum 13.6% of DSSCs

efficiency.
1.5 Dye sensitized solar cells or dye cells

DSSCs also known as dye solar cells (DSCs) or dye cells. On several modulations in the
structures of dyes, till now efficiency has reached to 11.7% for ruthenium-based dyes,*® 13% for
porphyrin based dyes® and 13.6% for metal-free organic dyes.* However, dye cells have
moderate device efficiency but due to lack of durability and low short circuit currents, these are

not commercialized.
1.5.1 General working principle of dye cells

Working-principle of dye cells is provided in Figure 6. Sunshine on dye cells leads dye
excitation (A) and injection of one electron from LUMO of the dye to the conduction band (CB)
of TiO, takes place (B) (with the rate of 102 s, at the dye/TiO, interface), electrolyte regenerate
the oxidized dye (C) (10° to 107 s, at the TiO./dye/electrolyte interface), injected electron will
reach through the load to the counter-electrode (10° to 10 s) and electron collected at the
counter electrode regenerates the oxidized electrolyte (D) (10 s, at the counter electrode/
electrolyte interface). Feasible charge injection, dye regeneration and electrolyte regeneration are
necessary to complete the circuit. Though the rate of charge injection and dye regeneration are
very fast still there is possibility of interfacial charge recombination (E and F), self-quenching of

excited dye with non-excited dye molecule and decay of excited state dye (G) are directly

Ambarish Kumar Singh Page 11



Chapter 12021

detriment the dye cells efficiency. Charge recombination at interface of dye/TiOx/electrolyte
happens with the rate of 102 to 10™ s, and arises due to slow charge transport rate and direct
contact of TiO, surface with oxidized electrolytes.’* Self-hopping of excited dye with non-
excited dye arises due to close packing of the dyes. The excited dye will stay up to 107 s, after

that it will come back to ground state by losing the energy.
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Figure 6. General working principle of dye sensitized solar cells (DSSCs).

1.5.2 Components of dye cells

There are four major components of dye cells; dye, electrolyte, photo-anode and counter

electrode (Figure 7).

<— Transparent glass

I"sumioqm_ Dye anchored onto TiO, surface
Electrolyte

Pt j«— Counter electrode

Figure 7. Components of the dye sensitized solar cells (DSSCs).
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1.5.2.1 Dyes or sensitizers

Sensitizers are the main components of DSSC which harvest the light from the various regions of
the solar energy spectrum and converting into the photocurrents. An ideal sensitizer needs to
have an anchoring group to bind on the surface of TiO,, high molar coefficient, panchromatic
light absorption, suitable HOMO/LUMO energy levels respect to the CB of TiO; and redox
potential of electrolyte with high stability.

1.5.2.2 Electrolyte or redox-mediator

Redox-mediator acts as a vital component for dye-regeneration process during the operation of
DSSC. Electrolytes can be tuned on the basis of their redox level and HOMO/LUMO energy
levels of sensitizer. lodine, cobalt and copper-based liquid redox-mediators are well known in

literature. lodine (17/13) based liquid electrolytes in organic solvents>*°°

are most widely used for
DSSC since 1991, because of the rapid dye regeneration behavior and offer several advantages
such as molecular size of 1'/13~ are very small, soluble in variety of solvents, fast diffusion rate,
cheap and long term-stability. The main drawbacks in use of iodine-based electrolyte are the dye
regeneration needs 500 mV or more over-potential than dye HOMO level, substantial light
absorption by iodine-based electrolyte from 400-500 nm if concentrations exceed more than 100
mM, and corrosive. Cobalt based redox mediator with Co(ll/11l) oxidation states, and tunable
redox level by changing the ligands are better alternative to have good Voc (up to 1V), Jsc and
device efficiency (more than 12%).>> °"°2 Besides the iodine and cobalt-based electrolytes
copper-based electrolytes demonstrated as fast charge transfer redox mediator with the record
11% device efficiency,® still iodine and cobalt based redox mediator are frequently used for
DSSC due to low cost. Electrolyte with smallest counter cation is preferable to achieve the high
power conversion efficiency.®* Due to high ion conductivity, and high dielectric constants of
nitrile-based solvents are preferably used in DSSCs. Though, electrolytes prepared in acetonitrile
are the best to achieve high device efficiency, but volatile behavior of nitrile solvents increases
the possibility of leakage and evaporation risk. An ideal electrolyte required high diffusion rate,

low interfacial recombination, high photo-stability and non-corrosive nature towards the metals.
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Figure 8. Redox levels of the different electrolytes respect to the conduction band of TiO..
1.5.2.3 Photo anode

Photo anode is the substrate where anchoring of sensitizer takes place in DSSC. The constituents
required for making of photo anode involves a thin transparent conducting layer of fluorine or
indium doped tin-oxide (FTO or ITO) on sterilized glass-substrate. On this glass substrate
semiconducting mesoporous-TiO, or ZnO coated with thickness from 2-10 um are well-explored
in DSSC.*® Few more metal-oxides like SnO, and Nb,Os are tested for dye cell applications
but less explored.®®®® Among the metal-oxides TiO, have been well explored and promising
because of non-toxic, cheap, stability towards photochemical and electrochemical, high dielectric
constant, and wide band gap (~ 3.2 eV) to avoid the absorption in visible region.”®"* Among the
TiO, crystal structures (rutile, brookite and anatase), anatase 101 facet with particle size 20-25
nm (for iodine based electrolyte) and 30-60 nm (for cobalt and copper-based electrolytes) are
commonly used as active layer, and anatase 101 facet with particle size 150-250 nm are used as
reflecting layer in DSSC due to high electron conductivity.’® Though, anatase 001 facet have
only 5- coordinated Ti-atoms (more active sites for dye anchoring) which leads more dye

adsorption, but have issues of long term stability.
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1.5.2.4 Counter electrode

Counter electrode acts as a cathode in DSSC, where collection of electrons from load and
regeneration of electrolyte by electro-catalysis happens simultaneously. Platinum foil or
platinum nanoparticle paste deposited on sterilized FTO plate are frequently used as a cathode
(electrocatalyst) in DSSC because of low resistance towards the electron conductivity.”
However, natural abundance of platinum is very less and cost is high, so the significant efforts
have been given towards alternatives of platinum from last few years like carbon-black or
nanotubes, ** graphite,””" and poly(3,4-ethylenedioxythiophene) (PEDOT) for DSSC."* "8-%°

PEDOT is more efficient towards the electro-catalytic reduction reaction of Co(l1l) complex, and
reduced charge-transfer resistance over the platinum electrode. Electro-polymerization
deposition of EDOT on the FTO substrate is very feasible technique to make a thin film of
PEDOT.

1.5.3 Parameters of dye cells

There are three parameters are used to characterized the DSSC efficiency and determined from

the illuminated J-V curve.
1.5.3.1 Short-circuit current

The short-circuit current (Jsc) is the cell photocurrent measured at zero voltage. Jsc of the DSSC
depends on the incident photon-to-current conversion efficiency (IPCE (A) = LHE (A). 7inj. 77con).
IPCE of the DSSC depends on the band gap of the dyes, density of the anchored dyes on the
TiO, surface, light-harvesting, charge-injection, dye-regeneration, charge-collection efficiencies
and lifetime of injected electrons on TiO, CB. Band gap of the dye can be control by the
conjugation between donor and acceptor moieties. Light-harvesting properties of sensitizers can
be modulated by extending the w-conjugation, ability of donor and acceptor moieties, planarity
between donor and acceptor moieties that enhance the density of dyes on the surface of TiO..

Co-sensitization is the one another option for broad light absorption and results better LHE and
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better photocurrents generation. Charge injection efficiency depends on the energy level
difference between LUMO of the dyes and conduction band of TiO, and can be modulated by
tuning the different acceptor moieties, orientation of the dye respect to TiO, surface (whether
electron injection occurring through-bond or space, or conducting and non-conducting bonds),
aggregations of the dye can be controlled by introduction of the non-polar alkyl groups or
favorable ratio of the co-adsorbent addition. Regeneration of the dyes is one of the important
processes to complete the circuit and continue the device light harvesting cycle. Dye
regeneration depends on the energy difference between HOMO of the dyes and redox-energy
level of the respected electrolytes and modulates by using various donor moieties and also
depends on the oxidized dye lifetime that controlled by the introduction of the non-polar alkyl
groups or auxiliary aromatic rings. Charge collection efficiency can be controlled by introducing
the non-polar alkyl groups or auxiliary aromatics wrapped with the donor moiety for better
lifetime of electrons injected in the TiO, CB. Donor moiety wrapped with non-polar alkyl groups
or auxiliary aromatic rings are also play tremendous role in the chemical thermal and
photochemical stability of DSSCs.*

1.5.3.2 Open-circuit voltage

The open circuit photovoltage (Voc) is the cell voltage measured at zero current or when the
photocurrent in the cell will be zero or potential difference between redox potential of
electrolytes and Fermi-level of TiO, CB. Voc of the dye cell depends on the charge
recombination processes and shift in the conduction band of TiO, due to interfacial dipole
moments. Voc of device can be enhanced by introducing the non-polar alkyl groups in the dyes
by restricting the charge recombination between injected electrons in TiO, and oxidized dye (to
enhance Jsc) or oxidized electrolytes (to enhance Voc) also enhances the lifetime of injected
electrons (additional improvement in Jsc and Voc). Conduction band of TiO, shift towards
negative potential, are necessary to have the better Voc values which can be tuned by the
direction of dipole moment of anchored dyes and density of the dyes on the TiO, interfaces.
Positive dipole of dyes on the TiO, interfaces important to improve Voc, and tuning the ability of
donor and acceptor moieties of anchored dyes are also better to modulates the Voc.>? Density of

dyes anchored on the TiO, surface modulate the interfacial dipole and improve the Voc, more
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dye density on TiO surface pull the conduction band of TiO, towards the negative potential as
the results Voc can improved. Apart from that, the additions of external additive like 4-tert-
butylpyridine into the electrolytes responsible for negative shift of TiO, CB. Turning of various

53-63

electrolytes is another option to enhance the Voc in DSSCs. pH of dipping solution also

affects the anchoring properties of dyes on the TiO, and responsible for high/ low Voc values.
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Figure 9. (a) and (b) Effect of interfacial electric dipole moment of dyes on the conduction band

of TiO,, (c) effect of various electrolytes on Voc of the DSSCs.

1.5.3.3 Fill factor

The fill factor (ff) is the ratio between the maximum power (Pmax = Jmax X Vmax, Figure 10a)

deliverable by a solar cell and the product of Voc and Jsc (ff = Pmax / Voc % Jsc).

Fill factor of the solar cell is very important parameter to know the device quality. Fill factor of

solar cell depends on the series and shunt resistance. Series resistance (Rs) is the direct resistance
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of current flow and arises from poor contact between the interface of metal/ semiconductor and
flow of current from the absorber to the collector. High Rs value reduces the short circuit
photocurrent (Jsc) and cell efficiency. Shunt resistance (Rsh) is the resistance arises during the
manufacturing of solar cell. A very low R, value reduces the open circuit photovoltage (Voc)
and cell efficiency. From Figure 10D, it is clear that the Rs low and high R values are required
to get better ff values. An ideal solar cell needs to have zero series and infinite shunt resistance
values. The series and shunt resistance can be avoided by making better interfacial contacts
between metal and semiconductor, and by avoiding the defects arising during the manufacturing
time, respectively.

On the basis of above parameters strategy of sensitizers, it is clear that, to have high Jsc values,
dye-density on the TiO, facet and feasible energy level of dyes with respect to the conduction
band of TiO, are necessary. Whereas, to have the better Voc, suitable redox couple with respect
to dyes HOMO and also dye-density on the facet of TiO, are necessary. The main component of
DSSC is a sensitizer with suitable energy level that facilitates the favorable charge injection and
sensitizer regeneration processes. So, the design of a sensitizer which can affords the better

device performance with stability, durability is interesting and challenging tasks.
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Figure 10. (a) Fill factor (b) effect of series and shunt resistance on the fill factor of DSSCs.
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1.6 Dyes or sensitizers

Metallic dyes and metal-free organic dyes are two broad categories of DSSCs well-known in

84-87 88,89

literature. Ruthenium,®® Zinc-porphyrin®®" and Zinc-phthalocyanine®® are belongs to the
metallic dyes and are able to harvest solar light from visible as well as NIR-regions. Ruthenium
dye has tendency to harvest solar light from 400 to 700 nm with the intensity of 80% as the
results that achieved 11.5%° and 11.7%"* of device efficiency with iodine-based electrolyte.
However, porphyrin has low extinction coefficient in NIR-region still by chemical engineering
of donors, acceptor, and bulky groups has been reached 13%>° Though, ruthenium-based dyes
are more efficient, stable, long exciton lifetime, still not commercialized, because of ruthenium is
expensive rare earth metal, low molar coefficient and hazardous nature. There are few highly
efficient ruthenium-based dyes are displayed in Figure 11 with their efficiencies. Though, lot of
porphyrins have design and synthesized by different research groups for dye solar cell

61,91-94

applications, where few dyes reached more than 10%, whereas one dye have reached

13%° by engineering in the chemical structures of donor, acceptor with the planarity.

Metallic dyes are expensive to make, low molar coefficient, synthesis and purifications are very
tricky, thus search towards the better metal-free organic dye have continued, because of cheap
and easy to make, high molar coefficient, modular band-gap with flexible to tune the molecular
structures, and eco-friendly. DSSC fabricated with organic dye have been achieved device
efficiency 13.6%>" by modulating the structure of dye molecule till now. Scientists are trying
their best to achieve the high DSSC performance since 1991. Metal-free organic dyes constituted
with a donor amine (like indoline, triarylamine analog), an acceptor (squaric acid, cyanoacrylic
acid acid, benzo(1,2,5)thiadiazole) and an optional m-spacer.***% There are several molecular
design are explored such as donor-acceptor (D-A), donor-n-acceptor (D-n-A), donor-acceptor-mu-
acceptor (D-A-n-A), donor-donor-r-acceptor (D-D-n-A) and donor-acceptor-donor (D-A-D) in

literature for DSSC applications.
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Figure 10. Structures of highly efficient ruthenium-based dyes for DSSCs.
1.6.1 Donor-acceptor dyes

Donor-acceptor (D-A) dyes are one of the most efficient dyes know in the literature, where
amine wrapped with fused multi-aryl groups (to have better optical-response) works as a donor
unit, benzo(1,2,5)thiadiazole (BTD) coupled with benzoic or hexylthiophenylethynylbenzoic
acid works as acceptor unit and alkyl-groups introduced with donor unit to control the dye
aggregation onto semiconducting TiO, surface. To make dyes planar for the better electronic
communication between donor and acceptor units, either introduction of ethynyl group or
rigidify by cyclization are preferable. Introduction of N-decylhexyl, ethynyl between D-A units
and peripheral introduction of n-hexylphenyl groups in the dye 7 responsible for controlled dye
aggregation and broad light absorption with 12.5% device efficiency.*® Further, peripheral
introduction of two n-octyl groups on the donor side results drop in efficiency by 0.5% for dye
8.1%* Upon rigidifying the donor unit and peripherally introduction of n-hexylphenyl groups from
9105

both side (near and away from acceptor unit) leads highest cell efficiency of 13.0% by dye

for same class of molecules, these sets of dyes were reported by Yao et al. Recently, Zhang et al
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reported highly efficient metal-free D-A based organic dyes 10 with an efficiency of 13.6%°"
where triazatruxene with ethylhexyl groups on N-atom as donor and BTD as an acceptor units.

COOH COOH COOH
7.C275,1=12.5% 8.C278, 1 =12.0% 9.C281, 1 =13.0% 10. ZL003, n = 13.6%

Figure 12. Structures of highly efficient D-A dyes for DSSCs.
1.6.2 Donor-m-acceptor dyes

Donor-n-acceptor (D-n-A) dyes are very promising design in DSSC and facilitate to tune the
optical and electrochemical properties by tuning the different donors, acceptors and n-spacer or
bridge. Donors like triarylamine analog, phenothiazine etc, acceptors like BTD with and without
n-alkyl group, cyanoacrylic acid etc, and =n-bridges like cyclopentadithiophene (CPDT),
tetrathienoacene with n-alkyl group, thienobenzothiophene, fused anthracenethiophene with
peripherally introduced n-hexylphenyl groups and most of the zink-porphyrins etc are commonly
used for better spectral response and device efficiency in DSSC. Dye 11 with triphenyamine,
tetrathienoacene with alkyl groups, and cyanoacrylic acid as donor, n-spacer, and acceptor units
respectively have reached an efficiency of 10.1%,'° whereas, dye 12 with bulky-triarylamine
with alkyl groups as donor and thienobenzothiophene as w-spacer have reached 8.2% device
efficiency, and CPDT as n-spacer in dye 13 have achieved 9.5% device efficiency.'®’ Metal-free
D-n-A based organic dyes 14 have achieved maximum efficiency of 12.6% where diarylamine,

fused anthracenethiophene, and BTD used as donor, n-spacer, acceptor units respectively.'®
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11. TPA-TTAR-T-A, n=10.1% 12. SGT-121, n = 8.2% 13.Y-123, 1 =9.5% 14.R6, n = 12.6%
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Figure 13. Structures of highly efficient D-n-A dyes for DSSCs.

Most of the highly efficient zinc-porphyrins are belongs to the D-n-A dyes. Porphyrins have

Soret band with high absorbance intensity and Q-bands with low absorbance intensity in between

109-111

450-500 nm (in visible region) and 500-700 nm (in near-IR region) respectively, and

different sites are available to modulate the structures, thus are very attractive dyes for DSSCs.
Spectral responses of porphyrins attracted the researchers to design and modulate the structures
that can afford high dye cell efficiency. Though, several modifications done on the donor and

112,113

acceptor units, orientation of dye on TiO, surface for high device efficiency, but only few
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D-n-A Dbased porphyrin dyes have crossed 10% efficiencies, whereas dye 15 have achieved
maximum device efficiency of 13.0%>°, and dye 17°% have achieved 12.8% device efficiency.

1.6.3 Donor-acceptor-s-acceptor dyes

In this class of dyes indoline with phenylmethyl on N-atom or triphenylamine with alkyl group
as donor, cyanoacrylic acid as an acceptor, branched silolodithiophene, or branched CPDT as =n-
spacer and diphenylpyridopyrazine with alkyl groups or diphenylthienopyrazine or BTD as an
auxiliary acceptor unit. Donor-acceptor-n-acceptor (D-A-n-A) based dyes 19'** and 21'*° have
achieved device efficiency of 10 and 10.1% respectively, and are the maximum values achieved
by indoline based donor in literature, where cyanoacrylic acid as an acceptor, BTD as an
auxiliary acceptor, only difference in m-spacer (branched silolodithiophene for dye 19 and
branched CPDT for dye 21). Substitution of BTD (auxiliary acceptor) in dye 19 with alkylated
diphenylpyridopyrazine has achieved device efficiency of 9.4% for dye 20.'** Dye 22 with
alkylated triphenylamine (donor), phenyl (m-spacer) and diphenylthienopyrazine (auxiliary
acceptor) units have achieved the maximum device efficiency of 7.1%."® Thus, D-A-n-A based

dyes indoline based donors are important to achieve high device efficiency.

CeH130,

19. B-87, 1 =10.0% 20. Q-85, 1 =9.4% 21. WS-51,11=10.1% 22.NL6, 1 =7.1%

Figure 14. Structures of highly efficient D-A-n-A dyes for DSSCs.
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1.6.4 Donor-donor-w-acceptor dyes

More than 15 donor-donor-n-acceptor (D-D-n-A) dyes were design and synthesized, but dyes
consist with terminal donors like hexylcarbazole, hexyldithienopyrrole etc, arylamine derivatives
as donor, hexyl or phenylhexyldithienopyrrole as w-spacer, cyanoacrylic acid as an acceptor and
hexahexylated-dihydrodiindenofluorene as bulky group, are more efficient. Dye 24" with

318 with

terminal donor hexyldithienopyrrole has achieved 9.0% device efficiency, and dye 2
hexylcarbazole as terminal donor has achieved 9.5% device efficiency. Further, slight change
occurs in efficiency upon introduction of the alkyl group between donor and n-spacer of dye

258 with highest 9.8% efficiency for D-D-n-A dye family.

23. M42, 1 =9.5% 24. M45, 1 =9.0% 25. M60, n =9.8%

Figure 15. Structures of highly efficient D-D-n-A dyes for the DSSCs.
1.6.5 Donor-acceptor-donor dyes

Squaraine dyes have high extinction coefficient, belongs to the donor-acceptor-donor (D-A-D)
dyes and well known NIR-light sensitive with numerous applications in various areas like in
sensor, DSSCs, organic solar cells, photodynamic-therapy, protein-labeling and fluorescent-
probe.*?% Squaraine dyes have achieved the maximum 7.7% of device efficiency without co-
absorbent because of self-assemblies behavior in solvents and well packed structures on the TiO,

facet.
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Figure 16. Structures of D-A-D based unsymmetrical squaraine dyes with their efficiency.

Kamat and coworkers have reported squaraine as a sensitizer with low IPCE response in 1993
first time.** After that, Zhao and co-workers have reported the symmetrical squaraine dyes that
was based on indoline and aniline moieties and achieved 2.16 and 3.4% DSSC efficiencies,
respectively.’” % Due to low cell efficiency symmetrical squaraines are not much explored.
Yum et al. report first indoline based unsymmetrical squaraine dye that achieved 4.5% dye cell
efficiency with 10 equivalent of CDCA,**’ further Geiger et al. modified the one part of donor by
introducing the benzo[e]indoline instead of indoline and achieved 5.4% cell efficiency with 10
equivalent of CDCA.'? Several modifications have been done on the donor unit of D-A-D based
unsymmetrical squaraine such as indoline—Sg—indoline, indoline—Sq—benzo[e]indoline,

indoline—Sg—benzothiazoline, benzo[e]indoline—Sg—benzo[cd]indoline, indoline-Sq

Ambarish Kumar Singh Page 25



Chapter 12021

—triphenyamine indoline—Sqg—heterotriangulene, indoline—-Sg—tetrahydroindenoindoline,
benzo[f]indoline—Sg—tetrahydroindenoindoline etc, but it is observed that indoline—Sg—indoline
(with branched alkyl-groups) based unsymmetrical squaraine dye 33'°* have achieved 7.7% of
cell efficiency, whereas indoline—Sq—heterotriangulene based dye 32'?° have achieved 6.53%
cell efficiency without co-adsorbent by controlling the aggregation of dyes on the TiO, surface
helps to enhance the light harvesting efficiency of the dye with improved photocurrent

generation from the self-assembled structures.

Though squaraine dyes are known for D-A-D type, but there are many architecture of squaraine
based dyes have designed and synthesized for the solar cells applications, and belongs to D-A-D-
A, D-A-D-n-A, D’-D-A-D, D-n-A-D, D-n-A-D-n-A, cis-D-A-D, cis-D-A-D-n-A, spiro-D-A-D-
n-A etc. Squaraine dye based on D-A-D-A 43 achieved 5.3% cell efficiency with equal
concentration of CDCA.** The maximum cell efficiency achieved by D-A-D-n-A squaraine dye
42a (8.9%) and 42b (5.0%) with 10 mM of CDCA (where, branched-silolodithiophene used as

131 \whereas

n-spacer, carboxylic acid and phosphonic acid as an anchoring group respectively),
dithienopyrrole, dithienothiophene, thiophene and benzodithiophene based n-spacer, carboxylic
acid as anchoring group have achieved cell efficiencies of 5.6, 6.0, and 6.5% for 40a, 41a, and
39a dyes respectively with the 10 mM concentration of CDCA and 6.72% for 38 dye without
CDCA."*132 gquaraine dye 38 reported by Bisht et al. is the highest efficient D-A-D-n-A dye
without co-adsorbent.*** The maximum cell efficiency achieved by D’-D-A-D squaraine dye
453 (3.86%) with 12 mM of CDCA, where triphenylamine as a terminal donor moiety, whereas
2.61% was the highest efficiency achieved by D-n-A-D dye 46™* with 30 mM of CDCA.
Recently, Vellimalai et al. have reported cis-D-A-D squaraine dye 50 with double-anchoring
groups achieved 5.96%,"*® and cis-D-A-D-n-A based dye 52 achieved 4.9%'% cell efficiencies
without CDCA. Sil et al. have reported spiro-D-A-D-n-A squaraine dye 53 where two D-A-D-r-
A units are connected by spiro-linker and achieved 2.4% of cell efficiency without CDCA,
whereas same D-A-D-7-A 36 dye with 10 mM of CDCA have achieved cell efficiency 3.4%."%
So, the results obtained from squaraine dyes tells that, the maximum efficiency achieved by dyes
based on D-A-D is 7.7%, and D-A-D-n-A is 8.9%, without and with 10 mM of CDCA,

respectively.
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Figure 17. Structures of unsymmetrical squaraine dyes with their efficiency.
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1.7 Challenges at dye-TiO; interfaces

Charge recombination and dye-aggregation are the two major challenges known that influence

the DSSCs performance.
1.7.1 Charge recombination

One of the most challenging factors on the TiO,/dye/electrolyte that responsible to lower the cell
efficiency is the charge recombination. Injected electrons onto Ecg of TiO, metal-oxide are
recombining via inner- and outer-path recombination and responsible for the lowered the Jsc,
Voc, and device efficiency. Upon electron injection onto Ecg of TiO, metal-oxide, dye gets
oxidized and needs to be regenerate from electrolyte within 10° to 107 s, mostly injected
electrons onto Ecg of TiO, metal-oxide are recombining with oxidized dyes and lowers the
Jsc.'*® Charge recombination through oxidized dyes associated with the molecular design,

carboxylic acid unit attached (inbuilt with alkyl chain), '

and orientation of dye respect to
TiO, metal-oxide (Figure 18a). Sometime injected electrons onto Ecg of TiO, metal-oxide are
recombining with oxidized electrolyte and lowered the Voc.****! Charge recombination through

oxidized electrolytes associated with the interfacial contact of TiO,/ electrolyte.

(a) (b)

Q
Q

QD

+_.r O
o
0000) °°<°"._ o(oo
CliQaun D10z S e e aliC
Inner-path charge recombination Outer-path charge recombination Alkyl groups to control the outer-path recombination

Responsible for low Jgc Responsible for low V¢ Responsible for improved Vp¢

Figure 18. (a) and (b) Inner- and outer-path charge recombination respectively, and (c)

controlled outer-path charge recombination by introducing the non-polar alkyl groups.
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Donor moiety of dye wrapped with non-polar alkyl groups or auxiliary aromatic rings (because
of polar nature of electrolyte) are important to enhance the Voc by avoiding the interfacial
contact between TiO,/electrolyte (by surface passivation of TiO;) and also enhance the lifetime
of electrons.’™ Charge recombination though inner- and outer-path recombination and its
presentations by introducing non-polar alkyl groups are displayed in Figure 18.

1.7.2 Dye-aggregation

Second most challenging factors is the interfacial interaction of dye/ TiO, that responsible to
lower the cell efficiency is aggregation of dye, which is results of strong intermolecular
attraction between several molecules of dye. Cyanine, merocyanine, porphyrins, perylenes and
squaraine are forming the dye-aggregates due to the alignment of intrinsic molecular dipole. Two
types of aggregates are well known high and low energetic aggregates corresponds to H-
(stacked on top of each other with slip angle 54.7° < 6 < 90°) and J-aggregate (in-line with slip
angle 0° < 0 < 54.7°), respectively (Figure 19). Slip angle 8 = 54.7° known as magic angle,
where the energy of two states are same and spectroscopically none distinguishable from their
monomers.*? First example of dye aggregation found in the isocyanine (in water) by S. E.
Sheppard in 1909, whereas J-aggregate have been observed by Jelley in the cyanine dyes (in
water)."* Charge injection efficiency of dyes are badly affected by dye aggregation onto the
TiO, metal-oxide surface. In general dye-aggregations onto the TiO, metal-oxide surface Kills the
cell efficiency by self-quenching of excited with non-excited dye.**™*® Several strategy have
been evolved to avoid the dye aggregation like introduction of bulky substituents,™* linear alkyl
chains and branched alkyl chains, addition of CDCA.*® Whereas, some dye molecules with
aggregated structures gave better cell efficiency, because of the broad-light absorption (improve
Jsc) by aggregates (H-aggregates) compared to monomers,***An efficient charge injection have
been observed from aggregated structures (H- and J-aggregates) formed on the TiO, metal-oxide

surface by the chalcogenorhodamine™®

and merocyanine dye series, respectively. Though,
aggregation of dyes harms the injection efficiency but it can be controlled by introducing the
non-polar moiety like hydrophobic alkyl groups or non-communicable aromatics with alkyl
chains into the dye backbone itself. Recently, charge injection efficiency has been tailored by

controlled aggregation of dyes through introducing the in-plane, out-of-plane alkyl groups in D-
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A-D based unsymmetrical squaraine dye. Donor moiety of dye wrapped with non-polar alkyl
groups leads higher aggregates due to strong hydrophobic-hydrophobic attraction, that break
further into smaller aggregates upon addition of CDCA and are more efficient than monomers in
charge injection.’®™ So, by controlling the aggregates onto TiO, metal-oxide surface we can

achieve the high short circuit photocurrents (Jsc) (Figure 19e).

(a) (b) (c)

Monomer H-Aggregate J-Aggregate

Slip angle, 54.7° < < 90° Slip angle, 0° < 6 < 54.7°

(d) | (e)
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' N >< Forbidden -

1
1
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Alkyl groups to control the aggregation
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Monomer Dimer Slip angle, 8/°
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Figure 19. (a), (b) and (c) are representation monomer, H- and J-aggregates, (d) distribution of
H- and J-aggregates energy level with slip angle, (e) controlled aggregation by alkyl groups to

achieve high Jsc value.

1.8 Other factors and strategies to modulate the device efficiency

Involves orientation of dyes on TiO; surface, dipole moment of dye on the TiO, conduction band

position, and panchromatic light absorption.
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1.8.1 Orientation of dyes on TiO, surface

Dye orientation onto the TiO, surface playing the detrimental role on the cell efficiency if not
favored the injection of electron (through-bond). ****** Dye orientation onto the TiO, surface
have been studied firstly on the porphyrin based dyes by substituting the anchoring group on the
ortho-position, meta-position, and para-position to know the injection of electrons from dye onto
CB of TiO, happens by through-bond or space and its effects on the device performance.****>*
Porphyrin dye with anchoring group on para-position has more cell efficiency than ortho-
position, because of probability of charge recombination in ortho-substituted dye is much more
higher (due to anchoring of dye parallel to surface) than the para-substituted dye (due to
anchoring of dye vertical to surface) although both positions are conducting nature (Figure
20a).%*? Porphyrin dye with anchoring group on meta-position (which is non-conducting nature)
injecting electron through-space results low cell efficiency than conductive para-position
(Figure 20b)."™***** Organic dye based on D-D-r-A with anchoring group at para-position also
has maximum device efficiency than anchoring group at ortho- or meta-positions.*>> Porphyrin
dyes with meso-phenyl group injection of electron takes place though-space because of
porphyrin ring and meso-phenyl group are perpendicular to each other and non-electronically
communicable, thus such type of dyes electron injection happens though-space with the tilted
dye geometry (Figure 20c)."">"**'*” Such types of study have not done yet for NIR-active metal

free organic dyes in particular D—A-D based squaraine dyes.

(a) (b) (c)

Trough-space electron transfer

Tio, = '

Figure 20. (a) and (b) are porphyrins with different orientation onto TiO, with their efficiency,

(c) schematic representation of through space electron transfer.
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1.8.2 Dipole moment of dyes and consequences on the conduction band position of TiO,

Dipole moment of the dye plays an important role in cell efficiency by affecting the Voc value
directly. Changes on the value of Voc due to shifts in the TiO, Ecg up or down depends on
interfacial electric dipole moment of dye. There are two types of interfacial electric dipole
moment known, positive dipole (for enhanced Voc), and negative dipole (for reduced Voc).
Enhanced Voc values corresponds to positive interfacial dipole moment of dyes respect to the
TiO, surface and results of the direction of electric dipole moment towards the donor from

acceptor (more electron density) unit when dyes are at the excited state.

(a)
Cationic dye COOH
HCOOH
Anionic dye COOH Egg ¢
€——+CcooH 'R’
2|
D A coon b
>
<€—+ cooH E=
oo
[«F]
=

€—+ +—>cooH Electric dipole moment

Figure 21. (a) Direction of electric dipole moment of dye on TiO, surface, (b) and (c) effects of

negative and positive dipole on the device Voc, respectively.

Diminished Voc values corresponds to negative interfacial dipole moment of dyes respect to the
TiO, surface and results of the direction of electric dipole moment towards the acceptor from
donor (more electron density) unit when dyes are at the excited state. D-A,'*® D-n—A and
anionic dyes having the characteristics of positive interfacial dipole thus favored high Voc
values, whereas cationic dyes having the characteristics of negative interfacial dipole thus

favored low Voc values (Figure 21)."° Moderate Voc values in the zwitterionic D—A-D
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squaraine dyes observed because of the combination of positive and negative electric dipole
moment in single dye molecule at the excited state. So, D—A-D squaraine dyes have average Voc

values observed commonly.

Though, dipole moment of sensitizer is playing the tremendous role to enhance the Voc of
device, but recently it is found that Voc of device can also enhance by addition of additives to the
electrolytes. Such additive attributing the conduction band of TiO, shift towards negative
potential, and results enhanced Voc values.*®**®*8" Tetra-butylammonium perchlorate (TBP) is

commonly used as additive in electrolyte.
1.8.3 Panchromatic light absorption

There are two ways to obtained panchromatic (broad) light absorption in DSSC. First is dye
design that contains multi-chromophore, and second is panchromatic light absorption by co-

sensitization of dyes are well known in literature.
1.8.3.1 Multi-chromophoric dyes

Multi-chromophore dyes have tendency to harvest light from different regions of solar energy
spectrum and converts into electricity. Jradi et al. have designed and synthesized a series of
inbuilt squaraine and porphyrin (absorption, ~640 nm and 450-500 nm Soret, 500-700 nm Q-
band) based dyes, in this design they varied the tert-Butyl and trihexylsilane group on porphyrin
unit, thiophene and ethylhexylsilolodithiophene as m-spacer, varied the chain-length of alkyl
groups on the indoline moieties. Broad light absorption have observed with IPCE onset ~830 nm
to ~850 nm for dyes 54 to 57, respectively (Figure 22).2%2 Though, these dye are absorbing
multiple spectral regions, due to low Jsc value the maximum efficiency achieved by this series of
dyes was 7.6% with 10 mM concentration of CDCA which is 1.3% less than the D-A-D-n-A
based squaraine dye 42a (8.9%) with the similar cell conditions. Instead of making dyes with
multi-chromophoric units, co-sensitization of dyes with complementary absorption properties are
better option to harvest panchromatic light, to achieved high Jsc value and cell efficiencies in
DSSCs.
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IPCE onset ~ 830 nm ~ 850 nm ~ 850 nm ~ 850 nm

Figure 22. Structures of squaraine-porphyrin dyes with their efficiency.
1.8.3.2 Co-sensitization of dyes

Co-sensitization of dyes (with different optical behavior Figure 23) is the feasible and more
efficient technique to gains the panchromatic light response and high photocurrents in the DSSC.
Two approaches are well known for dye co-sensitization namely cocktail and sequential
approaches. One of the most frequent approach for testing the device is cocktail approach which
offers easy fabrication and controlled by varying the concentration of dyes, whereas sequential
approach offers very high control over the density of dye loading on the TiO, surface and
controlled by varying the cells dipping time. Structural complementary strategies are used to fill
the optical absorption gap of ruthenium and porphyrin-based dyes, even device fabricated

through cocktail or sequential approach (Figure 24).

Combination of dye 2 (N719) with organic dye 58 have reached 9.7%% of device efficiency due
to structural complementarily, and bulky dye 3 (N749 or black dye) with small organic dye 59
have reached 11.3%® of device efficiency because of vacant space on TiO, surface between dye
3 and filled by the dye 59 (cocktail approach with iodine based electrolyte). Whereas,

combination of ruthenium-based dye 2 (N719) and zinc-porphyrin dye 63 have reached 8.9%*%
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of device efficiency by following the sequential approach of co-sensitization with iodine-based
electrolyte. Zinc-porphyrin dye with metal-free organic dye has reached maximum device
efficiency 12.3%°" by using cocktail co-sensitization approach with cobalt based electrolyte,
Combination of two optical complementarily porphyrin dyes which are structurally monomeric
61 and dimeric 62 have reached 10.4%"® of device efficiency due to shift in the absorption band
of 62 compare to 61 (cocktail approach with iodine-based electrolyte). Further, co-sensitizers
with extension in the optical absorption toward the NIR-regions have been used for
panchromatic light absorption. Porphyrin, phthalocyanine and squaraine are well known NIR-

186 of device

active dyes. Phthalocyanine dye 60 with organic dye 64 has reached maximum 7.7%
efficiency by following the sequential approach of co-sensitization with iodine-based electrolyte.
Combination of dye 2 (N719) and metal-free D-A-D based organic dye 27 (squaraine) have
reached device efficiencies 5.2%, 7.5% and 7.9% by following the cocktail, ultrafast sequential
and ultrafast cocktail approaches with iodine based electrolyte.*®” Whereas, 9.8%'°® device
efficiency achieved by the combination of D-A-D-n-A based squaraine dye 39a with organic dye
65 which is maximum achieved cell efficiency in literature, where cocktail approach of co-

sensitization with iodine based electrolyte have been used.

(a) (b)
1.2
[ Dye 1 Dye 1
I Dye 2 Bl Dye 2
S
= 0.8+
o
0
S
o
 0.4-
e}
<
0.0

0
400 450 500 550 600 650 700 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 23. (a) and (b) Normalized absorbance and light harvesting efficiency (LHE) of dye 1

and 2, respectively for co-sensitization.
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Figure 24. Structures of metallic and metal-free dyes for co-sensitized solar cells.

1.8.4 Strategy towards dye/ sensitizer design

Dye with panchromatic absorption, high extinction coefficient, suitable HOMO-LUMO levels
and combination of electrolyte are required for the better cell performance in DSSCs (Figure
25). Different donors and m-units have their specific absorption and emission properties and
offers to tune suitable energy levels. The main strategy to extend absorption from visible to NIR
regions (panchromatic absorption) by the introduction of fused m-spacers to make the planar (to
form J- and H-aggregates on the TiO, facet due to n—m stacking) for better electronic
communication between donor and acceptor units (to enhanced Jsc value). More dye loading

(mostly in D-A dyes) on the TiO, facet push toward the high Voc and Jsc values. Band gap of
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dyes can be controlled by introducing the conjugation between donor and acceptor units. HOMO
and LUMO energy levels of the dye can be modulated by tuning the strength of donor unit, and
acceptor unit. It is also observed that donor moiety of dye wrapped with non-polar alkyl groups
are important to enhance the Voc by surface passivation of TiO,, enhanced Jsc by broadening the
spectrum and enhanced the lifetime of electrons into the TiO, conduction band.

Donor behavior l

.............. S— MO —
~200 - 300 mV Minj —{ l

=== Acceptorbehavior |

TiO, CB
Dye ES ﬂ Conjugation
Redox mediator

~ 500 mV for I’/ 1 — Doner behavier %
200-300 mV for Co /1! ”reg{
100-200mV for Cu /it W L W —

Acceptorbehavior ¥

Figure 25. Strategy towards the design of highly efficient dyes for DSSCs.

1.9 Objectives of thesis

Apart from porphyrin and phthalocyanine sensitizers, squaraine dyes are found as a prominent
candidate with high extinction coefficient in the far red and NIR regions. The objectives of this

thesis are given as (Figure 26):

1. Efficient alkyl group chain length for NIR-active unsymmetrical squaraine dyes
%+ To study the aggregation of dye onto the TiO, surface

%+ To study the effect of alkyl group chain-length on the Voc, Jsc, and cell efficiency
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2. Position of anchoring group for better efficiency output in unsymmetrical squaraine dyes

Rl

% To study the effect of dye orientation on aggregation with respect to TiO;
% To study the effective position of anchoring group for better Voc, Jsc, and cell efficiency
3. Visible-light responsive unsymmetrical squaraine dyes for co-sensitized solar cells
% To study the aggregation and photovoltaic properties of the dyes
%+ To study the co-sensitization of complementary squaraine dyes on cell efficiency
4. Suitable solvent system and electrolytes for NIR-active unsymmetrical squaraine dyes

%+ To study the best solvent system for NIR-active squaraine dyes

%+ To study the best electrolytes for NIR-active squaraine dyes

O~ “OH
4. Best solvent

1. Alkyl group 2. Position of 3. Co-sensitization system &
chain length ? anchoring group? composition? electrolyte ?

Figure 26. Objectives of thesis, where “R” are alkyl groups.
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Alkyl-Group-Wrapped Unsymmetrical Squaraine Dyes for Dye-
Sensitized Solar Cells

* Controlled aggregation
squaraine dyes on TiO, by side
chain engineering

* Better charge injection
from aggregated dyes
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2.1 INTRODUCTION

Third generation photovoltaic technologies offer highly efficient, low fabricating cost and
flexible devices for the solar energy conversion. Dye sensitized solar cell' belongs to third
generation photovoltaic technology and light absorbing sensitizers play an important role in
harvesting the solar energy. Various sensitizers have been designed based on the organometallic
and metal-free organic dyes to achieve high efficiencies for DSSCs, but there are few best
performing dyes are reported in literature. Judicious structural engineering of ruthenium

polypyridine?® dyes showed 7.0 to 12%, and zinc-porphyrin’™®

complexes showed the varied
device performance from <1 to 13%. Along with ruthenium and zinc-porphyrin complexes,
organic dyes received considerable attention due to the modular molecular design of sensitizers,
facile synthesis, and tunable electronic properties within the visible and near-IR-region with high
device performance.” 2°®°> Recent reports on metal-free organic dyes with cobalt (11/111) as
electrolyte have shown the power conversion efficiencies (PCEs) from 10 to 10.65%% and
10.1% with 1715 electrolyte.*? Only few metal-free organic dyes have achieved more than 11%

81214 hhthalocyanines® and polymethine

of power conversion efficiencies.?®2"3334 porphyrines,
(heterocyclic, cyanines and squaraines) dyes®® are the chromophores that harvest light far-red to
NIR-regions. Squaraines are well known chromophores having high molar extinction

coefficient®”°

and able to harvest light from the visible and NIR-regions. Unsymmetrical
squaraines followed by structural modifications power conversion efficiencies (PCEs) have been
reached from 4 to 9%,%°*® while symmetrical squaraines have been reached 6.1%.%" Dipole-
dipole interaction between the dyes often lead to broadening the absorption profile. Variation of
slip angle & between polarization axes and the line of molecule centres lead to formation of H-
aggregate (54.7° < < 90°, blue shifted transitions) and J-aggregate (0° < < 54.7°, red shifted
transitions) assemblies (Figure 1), which can be naturally enhanced on the TiO, surface due to
periodicity of 5-coordinated Ti-atoms.*® These aggregation properties have been utilized in
elegantly in organic electronics where enhanced charge transport properties of small organic
molecules have been observed for well-defined self-assembled structures besides enhancing the
light absorbing properties. However in case of DSSCs, aggregation of dyes on TiO; surface plays
a detrimental role, as the aggregated structures promote the charge hopping within the monolayer

of sensitizer that reduces the charge injection process to the TiO, and hamper the power
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conversion efficiency.**** While in some cases it participates to enhance the IPCE response and
efficiencies by broadening the absorption spectrum.****** Hence controlling dye aggregations
on TiO, to achieve synergistic effects of both spectral broadening for more light absorption and

charge injection from aggregated state is a challenging task. There are reports on dyes with alkyl

chains effectively controlling the charge recombination process.>* >
(a) (b) (c) (d) I -0
C— | I 54.7° Allowed

! Forbidder

i E | !
g J-aggregate | | ! | H-aggregate

Slipangle,6 | ! 1

Monomeric Dye 54.7° < 6 < 90° 0°<0<54.7° G | L

0 30 60 90
H-Aggregate J-Aggregate Monomer Dimer Slip angle, 6/°
(e) Alkyl group wrapped dyes (f) Effective passivation (9)

* Reduced charge recombination
S

in-plane
alkyl groups out-of-plane
alkyl groups
B —
Anchoring group [
TiO,
« in-plane and out-of-plane alkyl groups to Controlled aggregation «Far red active dye

« Forms self assembled
structures

avoid dye aggregation (dye-dye interaction) - Broadened absorption with charge

injection from aggregated states

Figure 1. Schematic representation of (a) monomer dye (b) and (c) molecular arrangements of
H-type and J-type aggregates, (d) energy level diagram for the allowed transitions for H-type and
J-type aggregates with the slip angle (6), (e) and (f) dyes containing branched alkyl groups and
their effect on aggregation, (g) general structure of SQS dyes, and (h) structures of Y-type
(SQS1-SQS4 and SQS6) and V- type (SQS5) unsymmetrical squaraine dyes.
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Our previous work showed that unsymmetrical squaraine dye with alkyl groups away from the
carboxylic acid provided good power conversion efficiencies and also control the organization of
sensitizers on the surface of TiO..** In this respect, to understand the effect of alkyl groups on
the Voc and Jsc parameters, which originate from the effective passivation of the TiO, surface
and broadening of the absorption spectrum by controlled aggregation (Figure le,f), we
synthesized a series of unsymmetrical squaraine dyes, SQSs, with systematically varied branched
alkyl groups at sp*-C (out-of-plane) and linear alkyl groups at N-atoms (in-plane) of the indoline
unit, which is away from the anchoring group (SQS1-SQS5), and in the case of SQS6, alkyl
groups are present both near and away from the anchoring group (Figure 1h). General
representation of monomer, H-aggregate, J- aggregate and SQS dye displayed in Figure la-1d
and Figure 1g.

2.2 EXPERIMENTAL SECTION

2.2.1 General methods

The chemicals and reagents required for the SQS dyes scheme are purchased from commercial
sources, and standard procedures are used for drying of solvents and were distilled before use. *H
and **C NMR were recorded on Bruker NMR spectrometers AV 200 MHz, AV 400 MHz and
AV-500 MHz frequency, in CDCl;, MeOH-d, DMSO-ds Acetone-ds. High-resolution mass
spectrometric (HRMS) measurements were recorded on SYNAPT G2 HDM in MeOH as
solvent. Absorption spectra of SQS dyes were recorded on SPECORD® 210/ PLUS,

Analytikjena UV—Visible spectrophotometer at room temperature.

2.2.2 Cyclic voltammetry. Cyclic voltammetry of SQS dyes were performed on CHI660B
potentiostat and done in anhydrous dichloromethane solvent at 25 °C under inert atmosphere,
where platinum wire used as a working electrode, platinum foil as a counter electrode, non-
aqueous Ag/Ag” (0.01M) as reference electrode, TBACIO4 (0.1 M) as supporting electrolyte,
Ferrocene/ Ferrocene® as the internal standard, and scan rate was 50 mV s™. Cyclic voltammetry
on TiO, surface have done in CH3CN, where dye adsorbed on the TiO, surface used as a

working electrode, whereas all other electrodes and conditions are same. Thickness of electrode
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was 6 um and area was 0.22 cm? for all dyes, dipping solution is CHsCN: CHCl3 (90%: 10%)
and dipping for 6 h.

2.2.3 Light harvesting efficiency (LHE). For the light harvesting efficiency calculation (LHE =
1-10™), dye solution 0.1 mM in CHCls, dipping time 12 h at room temperature, where 6 um thin

film of TiO; coated on the transparent glass slide have used.

2.2.4 Dye-sensitized solar cells fabrication. Fluorine-doped SnO; glass (FTO glass; 6-8 Q /sq;
Pilkington TEC 7) was cleaned by using mucasol (2% in water), de-ionized water, and
isopropanol. Freshly prepared 50 mM aqueous TiCl, solution at 70 °C for 30 min used to grow a
TiO, layer, the substrate was washed with the de-ionized water, ethanol, and dried at 110 °C for
10 min. A paste of TiO, nanocrystal (< 20 nm, Ti-Nanoxide T/SP, Solaronix) was coated on
FTO substrate conducting side by the doctor-blade technique and kept for 10 min in air then
annealed at 125 °C in air for 20 min. The annealed films (about 6-8 um thick) were coated with
scattering layer TiO, paste (WER2-O, Dyesol) and annealed at 125 °C for 20 min in air, then
sintered at 325 °C for 5 min, 375 °C for 5 min, 450 °C for 15 min and 500 °C for 15 min where
heating rate was 5 °C per min in air. When the temperature of furnace reached at 50 °C, sintered
films were immersed in freshly prepared 50 mM aqueous TiCls solution at 70 °C for 30 min,
washed with the de-ionized water, ethanol, and sintered it at 500 °C for 30 min, whenever the
temperature of furnace reached at 50 °C then cells were immersed in 0.1 mM SQS dye solution
MeCN: CHCI3 (90: 10%) for 6 h, after washing with MeCN dry the cell at 80 °C, here the area of
TiO, is 0.23 cm?. In the case of addition of co-adsorbent only the concentration of CDCA in the
dye solution varied and dipping time was same (6 h). Electroplatinised platinum foil used as
cathode, iodolyte (I7137) Z-50 (Solaronix) was used as electrolyte and 25 um spacer, and the size
of black mask is 0.23 cm?. The device performance of SQS dyes were measured under standard
simulator condition (AM 1.5 G, 100 mW/cm?).

2.2.5 Synthesis.

The branched alcohols oxidized to branched aldehydes 2, which was reacted with CH3sMgl at 0
°C to afford the branched alcohols 3. Oxidation of 3 with pyridinium chlorochromate (PCC)
afforded the required branched ketones 4 in moderate yield. Phenylhydrazinehydrochloride was

reacted with the branched ketones (4a-c) to afford the indolenine derivatives (5a-c) in good
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yield, which were further reacted with 1-iodoalkanes to afford the indolium salt (6a-e). The

indolium salts were condensed with semi-squaric acid 12 under reflux reaction condition in

Dean-Stark trap, PhMe (toluene) and n-BuOH (1:1) to afford the final unsymmetrical dyes 13 in

moderate yields.

. PCC/SiO, . MeMg| OH PCC/SiO, o
1 or PCC 1 or PCC
R R
R /K/OH " /K?o —_— 1 —_— 1
2 CH,Cl, 2 THF, 4 h R, CH,Cl, R,
1a Ry -C4H9, R, -CzH5 2a,75 % 3a, 74 % 4a, 63 %
1b Ry -CgH17, Ry -CgH13 2b, 88 % 3b,72 % 4b, 65 %
1c Ry -C1zHas, Ry -CoHa1 2¢, 69 % 3¢, 91% 40,52 %
o] 0
AcOH
j\;ﬁ ©\N/NH2-HCI reflux, 24 h
BuO OBu H
R; O o) (i) EtsN / BuOH Rir
Rz 2 Rig
|| rt, 20 h Rsl 2
~ - / -
N OBu (i) 70°C. 3 h N® o CH3CN, reflux N/
Rs ' R; |
62 %
7 Ry -Cq2Has, Ry -CqoHay, Rg -CqoHas 6a Ry -C4Hg, Ry -CoHs, Rg -CgH13, 87 % 5a, 44 %
5¢, 39 %

(6]
R4
HO,C Hcl
Rs
T v
H AcOH, reflux
8 9a
9b
a R4’ R5, R6= -CH3
b R4 -CoHs, Rs -C4Hg, R -C4Hg
6a +
6b +
6c +
6d +
6e +
7 +

Scheme 1. Synthetic scheme

unsymmetrical squaraine dyes.
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for Y-type (SQS1-SQS4 and SQS6) and V- type (SQS5)
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Synthesis of 2-ethylhexanal (2a), 2-hexyldecanal (2b), and 2-decyltetradecanal (2c):
Procedure A: A mixture of PCC (9.93 g, 46.07 mmol) and silica gel (9.93 g, 60—200 mesh) was
ground to a fine powder using a mortar and pestle. The powdered mixture added to 250 mL of
round bottom flask and 120 mL of anhydrous CH,Cl, was added and cooled to 0 °C. Alcohol 1a
(5 g, 38.4 mmol) added to above mixture once, stirred for 16 h at room temperature and filtered
through silica gel pad and eluted with CH,Cl, to provide the required aldehyde as a colorless
liquid. Aldehyde used for next step without purification.

Procedure B: Alcohols 1b-c (1 equiv.) dissolved in 60 mL of anhydrous CH,Cl; in a 250 mL of
round bottom flask, PCC (3 equiv.) was added portion wise to the above solution, stirred for 4 h
at room temperature and filtered through silica gel pad and eluted with CH,CI, to provide the
required aldehyde as a colorless liquid. Aldehyde used for next step without purification.>’

2-Ethylhexanal (2a): Procedure A, started with 1a (5 g), Yield: 3.7 g, 75 %. 'H NMR (CDCls,
200 MHz): 8 9.57 (d, J = 4 Hz, 1H), 2.21-2.13 (m, 1H), 1.74-1.52 (m, 4H), 1.37-1.26 (m, 4H),
0.95-86 (m, 6H).

2-Hexyldecanal (2b): Procedure B, started with 1b (5 g), Yield: 4.4 g, 88 %. "H NMR (CDCls,
200 MHz): & 9.55 (d, J = 4 Hz, 1H), 2.30-2.15 (m, 1H), 1.71-1.41 (m, 4H), 1.27 (s, 20H), 0.88
(m, 6H).

2-Decyltetradecanal (2c): Procedure B, started with 1c (5 g), Yield: 3.44 g, 69 %. '"H NMR
(CDCls, 200 MHz): § 9.55 (d, J = 4 Hz, 1H), 2.28-2.15 (m, 1H), 1.71-1.45 (m, 4H), 1.26 (s,
36H), 0.88 (m, 6H).

Synthesis of branched alcohol 3: Branched aldehyde 2 (1 equiv.) was taken in a 100 mL round
bottom flask, charged with anhydrous THF and cooled to 0 °C. CHsMgl (3M in Et,0, 1.5 -1.8
equiv.) was added dropwise and stir for 4 h at room temperature. Aqueous solution of NH,CI
used to quench the reaction, diluted with Ethyl acetate, washed with H,O twice and Na,SO4 was

used for drying the organic layer. Secondary alcohol used for next step without purification.

3-Ethylheptan-2-ol (3a): Started with 2a (3 g, 23.4 mmol) and CHzMgl (14 mL, 42.12 mmol) in
50 mL anhydrous THF. Yield: 2.5 g, 74 %. *H NMR (CDCls, 200 MHz): & 3.89-3.72 (m, 1H),
2.45-2.31 (m, 1H), 1.47-1.3 (m, 8H), 1.17 (d, J = 4 Hz, 3H), 0.94-0.87 (m, 6H).
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3-Hexylundecan-2-ol (3b): Started with 2b (3 g, 12.48 mmol) and CH3;Mgl (6.25 mL, 18.72
mmol) in 20 mL anhydrous THF. Yield: 2.31 g, 72 %. *H NMR (CDCls;, 400 MHz): & 3.86-3.80
(m, 1H), 2.40-2.29 (m, 1H), 1.65-1.43 (m, 4H), 1.27 (s, 20H), 1.135 (d, J = 4 Hz, 3H), 0.88 (m,
6H); *C NMR (CDCl5,100 MHz):  69.3, 44.5, 31.6, 31.5, 30.6, 29.26, 29.0, 27.1, 22.3, 13.7.

3-Decylpentadecan-2-ol (3c): Started with 2c (3.3 g, 9.36 mmol) and CHsMgl (4.7 mL, 14.04
mmol) in 20 mL anhydrous THF. Yield: 3.15 g, 91 %. *H NMR (CDCls, 400 MHz): & 3.92-3.88
(m, 1H), 2.36-2.29 (m, 1H), 1.66-1.54 (m, 4H), 1.26 (s, 36H), 1.13 (d, J = 4 Hz, 3H), 0.88
(m,6H); **C NMR (CDCls, 100 MHz): § 70.8, 43.7, 32.2, 31.9, 30.2, 29.7, 29.6, 29.5, 29.3, 27.4,
27.3,22.7,14.1.

Synthesis of branched ketone 4: Procedure A: A mixture of PCC (4.85 g, 22.54 mmol) and
silica gel (4.85 g, 60-200 mesh) was ground to a fine powder using a mortar and pestle. The
powdered mixture added to 250 mL of round bottom flask and 70 mL of anhydrous CH,Cl, was
added and cooled to 0 °C. Alcohol 3a (2.5 g, 17.34 mmol) added to above mixture once, stirred
for 16 h at room temperature and filtered through silica gel pad and eluted with CH,CI, to

provide the required ketone as a colorless liquid. Ketone used for next step without purification.

Procedure B: Alcohols 3b-c (1 equiv.) dissolved in 60 mL of anhydrous CH,Cl, in a 250 mL
round bottom flask, PCC (3 equiv.) was added portion wise to the above solution, and stirred for 4

h at room temperature and filtered through silica gel pad and eluted with CH,Cl,.

3-Ethylheptan-2-one (4a): Procedure A, started with 3a (2.5 g), Yield: 1.56 g, 63 %. *H NMR
(CDCls, 200 MHz): 8 2.30 (m, 1H), 2.04 (s, 3H), 1.55-1.48 (m, 2H), 1.42-1.35 (m, 2H), 1.25-1.18
(m, 4H), 0.83-0.77 (m, 6H); **C NMR (CDCls, 125 MHz): § 213.1, 54.7, 30.9, 29.5, 28.6, 24.5,
22.7,13.8, 11.7; HRMS (m/z): [M + H]" calculated for CoH190: 143.1430; found: 143.1430.

3-Hexylundecan-2-one (4b): Procedure B, started with 3b (2 g, 7.8 mmol), CH,Cl, (20 mL),
column chromatography (SiO,, 100-200 mesh, 8 % CH,Cl, and 92 % pet. ether). Yield: 1.3 g,
64.5 %. 'H NMR (CDCls, 500 MHz): § 2.44-2.37 (m, 1H), 2.11 (s, 3H), 1.60-1.37 (m, 4H), 1.25
(s, 20H), 0.89-0.86 (m, 6H); **C NMR (CDCls, 125 MHz): & 213.3, 53.36, 31.8, 31.7, 31.6, 29.7,
29.4, 29.2, 28.6, 27.5, 27.4, 22.6, 14.1, 14.0; HRMS (m/z): [M + H]" calculated for C;7H350:
255.2682; found: 255.2677.
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3-Decylpentadecan-2-one (4c): Procedure B, Started with 3c (2.9 g, 7.87 mmol), CH,Cl, (30
mL), column chromatography (SiO, 100-200 mesh, 5 % CH,Cl, and 95 % pet. ether). Yield: 1.5
g, 52 %. 'H NMR (CDCls, 400 MHz): & 2.45-2.36 (m, 1H), 2.11 (s, 3H), 1.61-1.53 (m, 2H),
1.45-1.38 (m, 2H), 1.25 (s, 36H), 0.90-0.86 (m, 6H); *C NMR (CDCls, 100 MHz): & 213.3,
53.4, 31.9, 31.8, 29.8, 29.7, 29.5, 29.4, 28.6, 27.5, 27.3, 22.7, 14.1.

General procedure for the synthesis of 2-methyl-3, 3-dialkyl-3H-indole, 5:
Phenylhydrazinehydrochloride, and 3-alkyl-2-alkanone 4 (1.2 equiv.) were dissolved in 10 mL of
acetic acid in a 50 mL of round bottom flask and reflux under nitrogen atmosphere.

3-Butyl-3-ethyl-2-methyl-3H-indole (5a): Started with 4a (1.18 g, 83 mmol) and
phenylhydrazinehydrochloride (1 g, 6.92 mmol), reaction time: 24 h, column chromatography
(SiO,, 100-200 mesh, 12 % ethyl-acetate and 88 % pet. ether). Yield: 0.65 g, 44 %. 'H NMR
(CDCls, 500 MHz): & 7.52 (d, J = 7.6 Hz, 1H), 7.32-7.28 (m, 1H), 7.20-7.19 (m, 2H), 2.21 (s,
3H), 1.96-1.85 (m, 2H), 1.81-1.70 (m, 2H), 1.16-1.11 (m, 2H), 0.73 (t, J = 7.5 Hz, 3H), 0.70-0.55
(m, 2H), 0.355 (t, J = 7.5 Hz, 3H); *C NMR (CDCls, 125 MHz): 5 186.2, 155.4, 141.9, 127.4,
124.8, 121.6, 119.5, 63.1, 36.4, 29.8, 25.8, 22.8, 16.0, 13.7, 8.1; HRMS (m/z): [M + H]"
calculated for Ci5H2,N: 216.1747; found: 216.1743.

3-Hexyl-2-methyl-3-octyl-3H-indole (5b): Started with 4b (1 g, 3.93 mmol) and
phenylhydrazinehydrochloride (0.47 g, 3.28 mmol), reaction time: 20 h, column chromatography
(SiO,, 100-200 mesh, 6 % ethyl-acetate and 94 % pet. ether). Yield: 0.45 g, 43 %. 'H NMR
(CDCls3, 200 MHz): 6 7.52 (d, J = 7.6 Hz, 1H), 7.33-7.27 (m, 1H), 7.18 (m, 2H), 2.21 (s, 3H),
1.94-1.63 (m, 4H), 1.21-1.07 (m, 16H), 0.87-0.79 (m, 6H), 0.72-0.47 (m, 4H); *C NMR (CDCls,
100 MHz): & 186.8, 154.9, 142.2, 127.5, 125.0, 121.7, 119.6, 62.7, 45.6, 37.0, 32.4, 31.8, 31.4,
29.8, 29.5, 29.3, 29.2, 23.6, 22.7, 22.6, 22.5, 16.0, 14.1; HRMS (m/z): [M + H]" calculated for
Ca3H3sN: 328.2999; found: 328.3001.

3-Decyl-3-dodecyl-2-methyl-3H-indole (5c): Started with 4c (1.3 g, 3.55 mmol) and
phenylhydrazinehydrochloride (0.43 g, 2.96 mmol), reaction time: 24 h, column chromatography
(SiO,, 100-200 mesh, 3 % ethyl-acetate and 97 % pet. ether). Yield: 0.5 g, 39 %. 'H NMR
(CDCl3, 500 MHz): 6 7.51 (d, J = 7.6 Hz, 1H), 7.29 (m, 1H), 7.18 (m, 2H), 2.20 (s, 3H), 1.89-
1.83 (m, 2H), 1.73-1.67 (m, 2H), 1.28-1.16 (m, 20H), 1.13-1.06 (m, 12H), 0.88-0.84 (m, 6H),
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0.73-0.67 (m, 2H), 0.58-0.52 (m, 2H); *C NMR (CDCls, 125 MHz): & 186.5, 155.3, 142.3,
127.4, 124.8, 121.6, 119.5, 62.6, 37.0, 31.9, 31.8, 29.8, 29.6, 29.6, 29.4, 29.3, 29.3, 29.2, 23.5,
22.7, 22.6, 16.1, 14.1; HRMS (m/z): [M + H]" calculated for Cs;HssN: 440.4251; found:
440.4241.

General procedure for the synthesis of 1-alkyl-2-methyl-3,3-dialkyl-3H-indol-1-ium iodide,
(6a-c): 1-lodohexane (2 equiv.) and 2-methyl-3,3-dialkyl-3H-indole derivative, (5a-c) (1 equiv.)
were dissolved in 5 mL of CH3CN in a 50 mL round bottom flask and refluxed under inert
atmosphere, after cooling solvent were evaporate through Rota vapor. The reaction mixture
washed with hexane (4 x 5 mL) to afford the required compound as a brown-red color viscous
liquid.

3-Butyl-3-ethyl-1-hexyl-2-methyl-3H-indol-1-ium iodide (6a): Started with 5a (0.3 g, 1.34
mmol) and 1-iodohexane (0.59 g, 2.79 mmol), reaction time: 40 h, Yield: 0.5 g, 87 %. 'H NMR
(CDCls, 500 MHZz): 6 7.74 (d, J = 10 Hz, 1H), 7.67-7.62 (m, 2H), 7.54 (d, J = 10 Hz, 1H), 4.91-
4.83 (m, 2H), 3.18 (s, 3H), 2.31-2.11 (m, 4H), 1.96-1.90 (m, 2H), 1.56-1.50 (m, 2H), 1.41-1.15
(m, 8H), 0.88 (m,3H), 0.78 (t, J = 7.5 Hz, 3H), 0.55 (t, J = 7.5 Hz, 3H); *CNMR (CDCl;, 125
MHz): 6195.9, 142.4, 138.5, 130.1, 129.7, 123.8, 115.3, 64.2, 50.5, 36.7, 33.5, 31.2, 30.8, 30.7,
30.1, 28.6, 26.5, 26.1, 22.5, 22.3, 17.4, 14.0, 13.9, 13.5, 8.7; HRMS (m/z): [M]" calculated for
C21H34N™: 300.2686; found: 300.2687.

1,3-Dihexyl-2-methyl-3-octyl-3H-indol-1-ium iodide (6b): Started with 5b (0.48 g, 1.46 mmol)
and 1-iodohexane (0.62 g, 2.92 mmol), reaction time: 24 h, Yield: 0.66 g, 84 %. ‘H NMR
(CDCls, 400 MHz): 6 7.76 (d, J = 8 Hz, 1H), 7.69-7.63 (m, 2H), 7.55 (d, J = 8 Hz, 1H), 4.83 {t,
J =8 Hz, 2H), 3.11 (s, 3H), 2.25-2.07 (m, 4H), 1.99-1.91 (m, 2H),1.57-1.50 (m, 2H), 1.40-1.31
(m, 4H), 1.24-1.10 (m, 16H) 0.91-0.79 (m, 11H), 0.66-0.61 (m, 2H); **CNMR (CDCls, 100
MHz): $195.7, 142.2, 138.9, 130.3, 129.9, 123.8, 115.5, 63.9, 50.5, 37.5, 31.7, 31.3, 31.2, 29.5,
29.2, 29.1, 28.7, 26.7, 24.1, 22.6, 22.5, 17.2, 14.1, 14.0; HRMS (m/z): [M]" calculated for
CaoHsoN™: 412.3938; found: 412.3941.

3-Decyl-3-dodecyl-1-hexyl-2-methyl-3H-indol-1-ium iodide (6c¢): Started with 5¢ (0.25 g, 0.57
mmol) and 1-iodohexane (0.24 g, 1.14 mmol), reaction time: 48 h, Yield: 0.23 g, 62 %. *H NMR
(CDCl3, 500 MHz): & 7.75 (d, J = 10 Hz, 1H), 7.67-7.62 (m, 2H), 7.53-7.52 (m, 1H), 4.87 (t, J =
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7.5 Hz, 2H), 3.14 (s, 3H), 2.22-2.15 (m, 2H), 2.12-2.06 (m, 2H), 1.97-1.90 (m, 2H), 1.56-1.50
(m, 2H), 1.38-1.31 (m, 4H), 1.27-1.13 (m, 32H), 0.90-0.84 (m, 9H), 0.83-0.79 (m, 2H), 0.67-0.59
(m, 2H); *CNMR (CDCls, 125 MHz): 8195.3, 141.9, 138.5, 129.8, 129.4, 123.3, 115.1, 63.4,
50.2, 37.0, 31.5, 31.0, 29.3, 29.2, 29.1, 29.0, 28.9, 28.7, 23.7, 22.3, 22.0, 16.9, 13.7, 13.6; HRMS
(m/z): [M]" calculated for Cs7HesN™: 524.5190; found: 524.5203.

3-Decyl-1,3-didodecyl-2-methyl-3H-indol-1-ium iodide (6d): Dissolved 1-iodododecane (0.4 g,
1.36 mmol) and 5c (0.4 g, 0.91 mmol) in 5 mL of CH3CN in a 50 mL round bottom flask and
refluxed under inert atmosphere for 48 h, after cooling solvent were evaporate through Rota
vapor. The reaction mixture washed with n-pentane (3x 10 mL) to afford the required compound
as a brown-red color viscous liquid. Yield: 0.28 g, 57 %. *H NMR (CDCls, 400 MHz): & 7.75 (d,
J =8 Hz, 1H), 7.67-7.61 (m, 2H), 7.53-7.51 (m, 1H), 4.88 (t, J = 8 Hz, 2H), 3.14 (s, 3H), 2.22-
2.05 (m, 4H), 1.97-1.89 (m, 2H), 1.74 (b, 2H), 1.54-1.46 (m, 2H), 1.38-1.34 (m, 2H), 1.28-1.12
(m, 44H), 0.89-0.76 (m, 11H), 0.68-0.57 (m, 2H); **CNMR (CDCls, 100 MHz): §195.7, 142.3,
138.8, 130.1, 129.7, 123.6, 115.4, 63.7, 50.5, 37.3, 31.9, 31.8, 29.6, 29.5, 29.4, 29.3, 29.2, 29.0,
28.6, 26.9, 24.0, 22.7, 22.6, 17.3, 14.1; HRMS (m/z): [M]" calculated for C43H;sN": 608.6129;
found: 608.6129.

3-Decyl-3-dodecyl-1,2-dimethyl-3H-indol-1-ium iodide (6e): Mel (0.29 g, 2.05 mmol) and 5c
(0.3 g, 0.68 mmol) were dissolved in 5 mL of CH3CN in a 50 mL round bottom flask and refluxed
under inert atmosphere for 10 h, after cooling solvent were evaporate through Rota vapor. Yield:
0.35 g, 88 %. 'H NMR (CDCls, 500 MHz): & 7.84 (d, J = 7.6 Hz, 1H), 7.63 (m, 2H), 7.49 (d, J =
7.2 Hz, 1H), 4.46 (s, 3H), 3.16 (s, 3H), 2.19-2.13 (m, 2H), 2.09-2.03 (m, 2H), 1.63-1.58 (m, 2H),
1.48-1.43 (m, 2H), 1.32-1.14 (m, 28H), 0.89-0.84 (m, 8H), 0.72-0.65 (m, 2H); **CNMR (CDCls,
125 MHz): 6196.1, 143.0, 138.5, 130.0, 129.7, 123.4, 115.4, 63.7, 45.3, 38.0, 37.0, 32.2, 31.9,
31.8, 29.7, 29.6, 29.4, 29.3, 29.2, 29.1, 29.0, 27.3, 24.1, 22.7, 22.6, 17.3, 14.1; HRMS (m/z2): [M]"
calculated for CsHssN™: 454.4407; found: 454.4400.

3-Butoxy-4-[[3-decyl-1,3-didodecylindolin-2-ylidene]methyl]-3-cyclobutene-1,2-dione (7): 6d
(0.7 g, 0.95 mmol) were dissolved in 5 mL of n-BuOH, NEt; (0.144 g, 1.42 mmol) added to RB
flask dropwise. 3,4-dibutoxycyclobut-3-ene-1,2-dione (0.22 g, 0.95 mmol) added and stirred for

20 h at room temperature. The reaction mixture was further heated to 70 °C for 3 h, cooled and
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solvent evaporate through Rota vapor. Column chromatography (SiO2, 100-200 mesh, 1.5 %
ethyl-acetate and 98.5 % Hexane) to furnish the required compound as yellow solid.** Yield: 0.45
g, 62 %. Mp: 71 °C. 'H NMR (CDCls, 200 MHz): & 7.31-7.18 (m, 2H), 7.07 (t, J = 8 Hz, 1H),
6.85 (d, J = 8 Hz, 1H), 5.51 (s, 1H), 4.87 (t, J = 8 Hz, 2H), 3.82 (t, J = 8 Hz, 2H), 2.56-2.41 (m,
2H), 1.94-1.78 (m, 4H), 1.58-1.47 (m, 2H), 1.43-0.97 (m, 55H), 0.91-0.82 (m, 11H), 0.58-0.46
(m, 2H); *C NMR (CDCls, 100 MHz): & 192.8, 187.3, 186.8, 173.0, 166.2, 144.5, 137.2, 127.6,
122.5, 122.0, 108.0, 81.6, 73.6, 57.0, 42.9, 39.5, 32.1, 31.9, 31.8, 29.7, 29.6, 29.5, 29.5, 29.4,
29.4,29.3, 29.3, 29.2, 27.2, 26.5, 23.9, 22.7, 22.6, 18.7, 14.1, 13.7.

2,3,3-Trimethyl-3H-indole-5-carboxylic acid (9a): 4-Hydrazinobenzoic acid hydrochloride 8
(4.0 g, 21.2 mmol.) and 3-methyl-2-butanone (3.3 g, 38.18 mmol) were dissolved in acetic acid
(40mL) in a 100 mL round bottom flask and reflux for 12 h under nitrogen atmosphere, after
cooling solvent were evaporate through Rota vapor. Column chromatography (100—200 mesh
Si0,, MeOH 2 %, CH.Cl, 98 %) light brown color solid compound.®® Yield: 3.2 g, 74 %.H
NMR (DMSO-ds, 200 MHz): & 8.0 (s, 1H), 7.93 (d, J = 8 Hz, 1H), 7.52 (d, J = 8 Hz, 1H), 2.26
(s, 3H), 1.28 (s, 6H).

2-Methyl-3-butyl-3-ethyl-3H-indole-5-carboxylic acid (9b): 4-Hydrazinobenzoic acid
hydrochloride 8 (1.91 g, 10.13 mmol.) and 4a (1.73 g, 12.16 mmol) were dissolved in acetic acid
(20mL) in a 50 mL round bottom flask and reflux for 24 h under nitrogen atmosphere, after
cooling solvent were evaporate through Rota vapor. Column chromatography (100-200 mesh
SiO,, MeOH 1.3 %, CH,Cl, 98.7 %), colorless solid. Yield: 0.8 g, 30 %. *H NMR (CDCls, 400
MHz): 6 8.16 (d, J = 8 Hz, 1H), 7.98 (s, 1H),7.67 (d, J = 8 Hz, 1H), 2.31 (s, 3H), 2.08-1.94 (m,
2H), 1.89-1.76 (m, 2H), 1.14 (m, 2H), 0.75 (t, J = 8 Hz, 3H), 0.70-0.54 (m, 2H), 0.38 (t, J = 8
Hz, 3H); *C NMR (CDCls, 125 MHz): & 191.3, 171.6, 159.2, 142.0, 130.9, 126.4, 123.4, 119.4,
63.6, 36.4, 29.8, 25.9, 22.8, 16.1, 13.7, 8.1; HRMS (m/z): [M + H]" calculated for C1gH»,0,N:
260.1645; found: 260.1639.

5-Carboxy-1,2,3,3-tetramethyl-3H-indol-1-ium iodide (10a): 1-lodomethane (4.19 g, 29.5
mmol) and 9a (2 g, 9.84 mmol) were dissolved in 10 mL of CH3CN in a 50 mL of round bottom
flask and heated at 80 °C for 4 h under inert atmosphere, after cooling solvent were evaporate

through Rota vapor. Obtained precipitate was washed with diethyl ether (4 x 20 mL) to afford the
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required colorless solid compound. Compound 10a used for next step without purification.>®
Yield: 2.95 g, 87 %. *H NMR (DMSO-ds, 200 MHz): & 8.38 (s, 1H), 8.2 (d, J = 8 Hz, 1H), 8.03
(d, J =8 Hz, 1H), 4.01 (s, 3H), 2.83 (s, 3H), 1.58 (s, 6H).

5-Carboxy-1,3-dibutyl-3-ethyl-2-methyl-3H-indolium iodide (10b): 1-lodobutane (0.82 g,
4.48 mmol) and 9b (0.29 g, 1.12 mmol) were dissolved in 5 mL of CH3CN in a 50 mL round
bottom flask and reflux under inert atmosphere for 24 h, after cooling solvent were evaporate
through Rota vapor. Obtained precipitate was washed with hexane (3 x 30 mL) to afford the
required brown color solid compound. Compound 10b used for next step without purification.
Yield: 0.4 g, 81 %. 'H NMR (Acetone-ds, 200 MHz): & 8.41-8.33 (m, 3H), 4.92 (t, J = 8 Hz, 2H),
3.30 (s, 3H), 2.65-2.35 (m, 4H), 1.63 (m, 2H), 1.30-1.14 (m, 2H), 1.03 (t, J = 8 Hz, 3H), 0.97-
0.85 (m, 2H), 0.76 (t, J = 7 Hz, 3H), 0.70-0.60 (m, 2H), 0.53 (t, J = 7 Hz, 3H); *CNMR
(Acetone-dg, 125 MHz): §199.8, 167.0, 145.9, 139.2, 131.2, 131.0, 125.0, 115.9, 64.9, 49.0, 36.2,
30.1, 25.8, 22.3, 19.8, 15.1, 13.3, 12.8 ,7.9; HRMS (m/z): [M]" calculated for CyoHz00.N":
316.2271; found: 316.2266.

3-Butoxy-4-[[5-carboxy-(1-methyl-1,3-dihydro-3,3-dimethyl-2H-indol-2-ylidene) methyl]-3-
cyclobutene-1,2-dione (11): 10a (1.5 g, 4.34 mmol) were dissolved in 10 mL of n-BuOH in a
100 mL of round bottom flask, NEt; (0.99 g, 9.78 mmol) added to the above solution dropwise.
3,4-dibutoxycyclobut-3-ene-1,2-dione (0.98 g, 4.34 mmol) added and stirred for 20 h at room
temperature. The reaction mixture was further heated to 70 °C for 3 h, after cooling solvent were
evaporate through Rota vapor. Column chromatography (SiO,, 100-200 mesh, 3.5 % MeOH and
96.5 % CH,Cl,), light-yellow solid. Yield: 1.07 g, 67 %. Mp: 220 °C. *H NMR (DMSO-dg, 400
MHz): 6 12.72 (s, 1H), 7.93 (s, 1H), 7.91 (d, J = 8 Hz, 1H), 7.25 (d, J = 8 Hz, 1H), 5.39 (s, 1H),
4.8 (t, J =8 Hz, 2H), 3.41 (s, 3H), 1.83-1.76 (m, 2H), 1.57 (s, 6H), 1.47-1.4 (m, 2H), 0.94 (t, J=6
Hz, 3H); **C NMR (DMSO-ds, 100 MHz): & 191.9, 188.8, 187.3, 172.2, 167.8, 167.0, 146.7,
140.1, 130.1, 124.3, 122.7, 108.4, 82.3, 73.5, 46.6, 31.3, 29.9, 26.3, 18.0, 13.4; HRMS (m/z): [M
+ H]" calculated for C,;H24NOs: 370.1649; found: 370.1651.

3-[[5-Carboxy-(1-methyl-1,3-dihydro-3,3-dimethyl-2H-indol-2-ylidene)methyl]]-4-hydroxy-
cyclobutene-1,2-dione (12): Compound 11 (1.83 g, 4.96 mmol) was taken in 100 mL of round
bottom flask, and dissolved with 20 mL acetone, further 6 mL of 2N-HCI was added to it and
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refluxed for 10 h, after cooling solvent were evaporate through Rota vapor to afford the required
compounds as a dark yellow solid. Yield: 1.4 g, 90 %. Mp: 288 °C. *H NMR (DMSO-ds, 500
MHz): & 7.88 (m, 2H), 7.17 (d, J = 10 Hz, 1H), 5.55 (s, 1H), 3.37 (s, 3H), 1.58 (s, 6H); *C NMR
(DMSO-dg, 125 MHz): 6 193.6, 192.9, 174.4, 167.7, 165.8, 147.7, 140.5, 130.7, 124.0, 123.2,
108.3, 83.9, 46.7, 30.2, 27.1; HRMS (m/z): [M + H]" calculated for C17H1sNOs: 314.1023; found:
314.1012.

Synthesis of unsymmetrical SQS dyes, 13a-c: Compound 6a-c (1 equiv.), and 12 (1 equiv.)
were dissolved in n-butanol and anhydrous PhMe (1:1, 8 mL each) in a 50 mL of round bottom
flask, charged with Dean-Stark apparatus and refluxed under inert atmosphere for 24 h, after
cooling solvent were evaporate through Rota vapor. The reaction mixture was subjected to
column chromatography to afford the required dye as blue color solid.

5-Carboxy-2-[[3-[(1,3-dihydro-3-butyl-3-ethyl-1-hexyl-2H-indol-2-ylidene)methyl]-4-oxo-2-
cyclobuten-2-olate-1-ylidene]methyl]-1,3,3-trimethyl-3H-indolium (13a): Started with 6a
(0.2 g, 0.48 mmol) and 12 (0.15 g, 0.48 mmol), reaction time: 24 h, column chromatography
(SiO,, 100-200 mesh, from 3.5 % MeOH and 96.5 % CH,Cl,). Yield: 0.14 g (golden blue color
solid), 49 %. Mp: 182 °C. 'H NMR (CDCls, 400 MHz): § 8.12 (d, J = 8 Hz, 1H), 8.06 (s, 1H),
7.36-7.33 (m, 2H), 7.24 (t, J = 8 Hz, 1H), 7.06 (d, J = 8 Hz, 1H), 6.97 (d, J = 8 Hz, 1H), 6.20 (s,
1H), 5.99 (s, 1H), 4.12 (b, 2H), 3.51 (s, 3H), 3.01(b, 2H), 2.12-2.00 (m, 2H), 1.85-1.77 (m, 8H),
1.48-1.40 (m, 2H), 1.36-1.26 (m, 4H), 1.17-1.06 (m, 2H), 0.87 (t, J = 8 Hz, 3H),0.79-0.73 (m,
1H),0.68 (t, J = 8 Hz, 3H), 0.52-0.45 (m, 1H), 0.35 (t, J = 8 Hz, 3H); **C NMR (CDCl;,100
MHz): 6 182.4, 176.4, 170.9, 170.4, 168.5, 147.5, 144.0, 141.8, 139.0, 131.2, 128.2, 128.0,
124.7, 124.0, 122.6, 109.8, 108.0, 88.3, 88.0, 59.9, 48.2, 44.3, 39.5, 33.2, 31.5, 30.4, 27.5, 27.3,
26.8,26.4,22.7, 22,5, 14.0, 13.8, 8.5; IR (KBr cm™): 2929, 2862, 1699, 1596, 1568, 1498, 1466,
1355, 1274, 1217, 1178, 1088, 1059, 938; HRMS (m/z): [M + H]" calculated for CsgH47N,Oy4:
595.3530; found: 595.3529.

5-Carboxy-2-[[3-[(1,3-dihydro-1,3-dihexyl-3-octyl-2H-indol-2-ylidene)methyl]-4-o0xo-2-

cyclobuten-2-olate-1-ylidene]methyl]-1,3,3-trimethyl-3H-indolium (13b): Started with 6b
(0.2 g, 0.38 mmol) and 12 (0.12 g, 0.38 mmol), reaction time: 24 h, column chromatography
(SiO2, 100-200 mesh, from 3 % MeOH and 97 % CH,Cl,). Yield: 0.13 g (blue color solid), 48
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%. Mp: 130 °C. *H NMR (CDCls, 400 MHz): & 8.12 (d, J = 8 Hz, 1H), 8.05 (s, 1H), 7.38-7.32
(m, 2H), 7.23 (t, J = 8 Hz, 1H), 7.06 (d, J = 8 Hz, 1H), 6.96 (d, J = 12 Hz, 1H), 6.18 (s, 1H), 5.99
(s, 1H), 4.11 (b, 2H), 3.51 (s, 3H), 3.01(b, 2H), 2.06-1.98 (m, 2H), 1.84 (s, 6H), 1.81 (m, 2H),
1.44 (b, 2H), 1.29 (b, 4H), 1.19-1.05 (m, 16H), 0.87 (t, J = 8 Hz, 3H), 0.80-0.72 (m, 8H), 0.50-
0.42 (b, 2H); **C NMR (CDCl;, 100 MHz): & 183.5, 176.2, 171.2, 170.4, 168.3, 147.5, 143.8,
141.7, 139.3, 131.1, 127.8, 124.9, 124.6, 123.9, 122.4, 109.8, 107.9, 88.3, 88.0, 59.3, 48.1, 39.9,
31.7, 31.4, 29.5, 29.2, 29.1, 29.0, 27.2, 26.8, 23.9, 22.5, 22.4, 14.0, 13.9; IR (KBr cm™): 2925,
2855, 1699, 1597, 1567, 1499, 1466, 1355, 1273, 1226, 1174, 1093, 1058, 936; HRMS (m/z): [M
+ H]" calculated for C4sHesN2O4: 707.4782; found: 707.4769.

5-Carboxy-2-[[3-[(1,3-dihydro-3-decyl-3-dodecyl-1-hexyl-2H-indol-2-ylidene)methyl]-4-
oxo-2-cyclobuten-2-olate-1-ylidene]methyl]-1,3,3-trimethyl-3H-indolium (13c): Started with
6¢ (0.2 g, 0.31 mmol) and 12 (0.97 g, 0.31 mmol), reaction time: 24 h, column chromatography
(SiO2, 100-200 mesh, 2.8 % MeOH and 97.2 % CHCl,). Yield: 0.12 g (blue color solid), 48 %.
Mp: 122 °C. *H NMR (CDCls, 500 MHz): & 8.13 (d, J = 10 Hz, 1H), 8.07 (s, 1H), 7.35 (t, J= 7.5
Hz, 1H), 7.33 (d, J = 10 Hz, 1H), 7.23 (t, J = 7.5 Hz, 1H), 7.06 (d, J = 10 Hz, 1H), 6.97 (d, J =
10 Hz, 1H), 6.20 (s, 1H), 6.01 (s, 1H), 4.13-4.03 (b, 2H), 3.52 (s, 3H), 3.01 (b, 2H), 2.05-1.99
(m, 2H), 1.85 (s, 6H), 1.81(m, 2H), 1.43 (m, 2H), 1.30 (m, 4H), 1.23-1.05 (m, 32H), 0.88-0.81
(m, 9H), 0.78-0.71 (b, 2H), 0.50-0.42 (b, 2H); *C NMR (CDCls, 125 MHz): 5 182.2, 176.1,
171.2,170.4, 168.4, 147.4, 143.9, 141.8, 139.4, 131.1, 127.8, 124.7, 124.1, 123.9, 122.4, 109.8,
107.9, 88.4, 88.0, 59.4, 48.1, 44.2, 39.9, 31.8, 31.5, 29.6, 29.5, 29.4, 29.3, 29.2, 27.3, 26.8, 22.6,
22.5, 18.6, 14.0, 13.9, 13.6; IR (KBr cm™): 2924, 2854, 1699, 1596, 1568, 1498, 1465, 1355,
1273, 1226, 1181, 1095, 1058, 937; HRMS (m/z): [M + H]" calculated for Cs4H7gN,Oy:
819.6034; found: 819.6057.

5-Carboxy-2-[[3-[(1,3-dihydro-3-decyl-1,3-didodecyl-2H-indol-2-ylidene)methyl]-4-oxo-2-

cyclobuten-2-olate-1-ylidene]methyl]-1,3,3-trimethyl-3H-indolium (13d): Compound 6d
(0.187 g, 0.26 mmol) and 12 (0.08 g, 0.26 mmol) were dissolved in n-butanol and anhydrous
PhMe (1:1, 8 mL each) in a 50 mL of round bottom flask, charged with Dean-Stark apparatus
and refluxed under inert atmosphere for 24 h, after cooling solvent were evaporate through Rota
vapor. The reaction mixture was subjected to column chromatography (SiO,, 100-200 mesh, 2.5
% MeOH and 97.5 % CH,Cl,) to afford the required dye as blue color solid. Yield: 0.08 g, 35 %.
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Mp: 120 °C. *H NMR (CDCls, 400 MHz): § 8.13 (d, J = 8 Hz, 1H), 8.07 (s, 1H), 7.36 (t, J = 8
Hz, 1H), 7.33 (d, J = 8 Hz, 1H), 7.23 (t, J = 8 Hz, 1H), 7.06 (d, J = 8 Hz, 1H), 6.97 (d, J = 8 Hz,
1H), 6.21 (s, 1H), 6.02 (s, 1H), 4.12 (b, 2H), 3.52 (s, 3H), 3.02 (b, 2H), 2.07-1.99 (m, 2H), 1.85
(s, 6H), 1.82 (m, 2H), 1.42 (m, 2H), 1.31-1.05 (m, 48H), 0.89-0.80 (m, 9H), 0.77-0.72 (b, 2H),
0.51-0.44 (b, 2H); *C NMR (CDCl;, 100 MHz): § 182.0, 176.0, 171.2, 170.3, 168.4, 147.4,
143.9, 141.8, 139.4, 131.1, 127.8, 124.7, 124.3, 123.9, 122.4, 109.9, 107.9, 88.4, 88.0, 59.4, 48.1,
44.2, 39.9, 31.9, 31.8, 29.6, 29.5, 29.4, 29.3, 29.2, 27.3, 27.2, 24.0, 22.6, 14.1: IR (cm™): 2921,
2851, 1699, 1598, 1567, 1488, 1462, 1354, 1265, 1200, 1179, 1079, 1048, 933.

5-Carboxy-2-[[3-[(1,3-dihydro-3-decyl-3-dodecyl-1-methyl-2H-indol-2-ylidene)methyl]-4-
oxo-2-cyclobuten-2-olate-1-ylidene]methyl]-1,3,3-trimethyl-3H-indolium (13e): Compound
6e (0.34 g, 0.57 mmol) and 12 (0.15 g, 0.48 mmol) dissolved in n-butanol and anhydrous PhMe
(2:1, 8 mL each) in a 50 mL round bottom flask, charged with Dean-Stark apparatus and refluxed
under inert atmosphere for 24 h, after cooling solvent were evaporate through Rota vapor. The
reaction mixture was subjected to column chromatography (SiO,, 100-200 mesh, 2.8 % MeOH
and 97.2 % CH,Cl,) to afford the required dye. Yield: 180 mg, 50 %. Mp: 132 °C. '*H NMR
(CDCls, 500 MHz): 6 8.13 (d, J = 8.8 Hz, 1H), 8.07 (s, 1H), 7.36 (t, J = 7.5 Hz, 1H), 7.32 (d, J =
7 Hz, 1H), 7.23 (t, J = 7.2 Hz, 1H), 7.08 (d, J = 7 Hz, 1H), 6.98 (d, J = 8 Hz, 1H), 6.17 (s, 1H),
6.02 (s, 1H), 3.65 (b, 3H), 3.53 (s, 3H), 3.01 (b, 1H), 2.03 (m, 2H), 1.85 (s, 6H), 1.25-1.06 (m,
33H), 0.86-0.73 (m, 8H), 0.53-0.48 (b, 2H); **CNMR (CDCls, 125 MHz): § 182.0, 177.1, 172.0,
170.1, 168.9, 147.3, 144.4, 141.8, 139.2, 131.1, 127.9, 124.7, 124.5, 123.9, 122.4, 109.6, 108.0,
88.4, 88.1, 59.3, 48.2, 40.2, 31.8, 30.4, 29.6, 29.5, 29.4, 29.3, 29.2, 27.2, 24.0, 22.6, 14.1; IR
(KBr cm™): 2922, 2852, 1699, 1592, 1566, 1497, 1477, 1357, 1272, 1218, 1156, 1093, 1058,
938; HRMS (m/z): [M + H]" calculated for C49HggN204: 749.5252; found: 749.5228.

5-Carboxy-2-[[3-[(1,3-dihydro-3-decyl-1,3-didodecyl-2H-indol-2-ylidene)methyl]-4-oxo-2-

cyclobuten-2-olate-1-ylidene]methyl]-1,3-dibutyl-3-ethyl-3H-indolium (13f): Compound 10b
(0.12 g, 0.27 mmol) and 7 (0.2 g, 0.27 mmol) were dissolved in n-butanol and anhydrous PhMe
(2:1, 8 mL each) in a 50 mL of round bottom flask, 0.5 mL of pyridine added to the above
mixture and charged with Dean-Stark apparatus, refluxed under inert atmosphere for 24 h, after
cooling reaction mixture was diluted with CH,Cl, (50 mL) and 2N HCI (50 mL), the collective

organic layer was dried over Na,SO, and solvent evaporate through Rota vapor. The reaction
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mixture was subjected to column chromatography (SiO2, 100-200 mesh, 2.2 % MeOH and 97.8
% CH,Cl,) to afford the required dye as blue color solid. Yield: 0.09 g, 33 %. Mp: 138 °C. *H
NMR (CDCls, 400 MHz): & 8.13 (d, J = 8 Hz, 1H), 7.99 (s, 1H), 7.36-7.31 (m, 2H), 7.23-7.20
(m, 1H), 7.03 (d, J = 8 Hz, 1H), 6.94 (d, J = 8 Hz, 1H), 6.15 (s, 1H), 6.13 (s, 1H), 4.06-3.97 (m,
4H), 3.06-2.99 (m, 4H), 2.14-1.97 (m, 4H), 1.84-1.74 (m, 4H), 1.49-1.39 (m, 4H), 1.31-1.05(m,
50H), 0.99 (t, J = 8 Hz, 3H), 0.89-0.81 (m, 9H), 0.79-0.75 (m, 3H), 0.69 (t, J = 8 Hz, 3H), 0.58-
0.44 (m, 3H), 0.39 (t, J = 8 Hz, 3H); *C NMR (CDCls, 100 MHz): 5 181.6, 176.5, 170.8, 170.6,
165.6, 149.1, 144.0, 139.3, 138.2, 131.1, 127.8, 124.4, 124.0, 123.8, 122.4, 109.6, 107.8, 88.6,
88.2, 59.2, 58.2, 44.1, 43.4, 40.0, 39.7, 33.3, 31.9, 31.8, 29.6, 29.5, 29.4, 29.3, 29.2, 29.1, 27.5,
27.2,26.6, 24.1, 22.8, 22.7, 22.6, 20.47, 14.1, 13.9, 13.8, 8.5; IR (KBr cm'l): 2923, 2853, 1699,
1591, 1570, 1493, 1463, 1375, 1266, 1251, 1179, 1159, 1098, 1076, 967, 949.

2.3 RESULTS AND DISCUSSION

2.3.1 Synthesis of SQS dyes. Synthetic scheme of SQS dyes (SQS1-SQS6) is displayed in
Scheme 1. Un-symmetrical squaraine dyes were synthesized by condensation of semi-squaric
acid and indolium salt. Branched ketones with various alkyl groups and phenyl hydrazine react
and give the indolenine derivative (5). Branched ketones, 3-ethylhept-2-one (4a), 3-
hexylundecan-2-one (4b), and 3-decylpentadecan-2-one (4c) were synthesized from 2-

ethylhexanol, 2-hexyldecanol and 2-decyltetradecanol, respectively.

2.3.2 Photophysical properties. SQS dyes were freely soluble in CHCI3, CH,Cl,, and EtOH and
partially soluble in CH3CN. The absorption and emission spectra (excited at 610 nm) of SQS
dyes were measured in dichloromethane are showed in Figure 2a (Table 1). The UV-vis spectra
of SQS1-SQS4 (Y-type dyes) in dichloromethane solution showed Amax at 643 nm whereas,
SQS5 (V-type dye) and SQS6 (Y-type dye) showed Amax at 642 and 650 nm, respectively
corresponding to intramolecular charge transfer (m—m*) transition with the extinction coefficient
of 2.9-3.5x10° M™cm™ and emission maximum shown at 652, 652, 652, 651, 650 and 657 nm,

respectively. The absorption spectra of SQS4 on the ZrO, with various dipping time are
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displayed in Figure 2b. It is observed that the formation of H-aggregate centered at 603 nm

increased progressively with the dipping time.

Light harvesting efficiency (LHE) profiles indicates that the fraction of radiation absorbed at a
definite wavelength by the particular dye.®® LHE profile of SQS1 to SQS6 dyes on TiO, is
displayed in Figure 2c and LHE AMA at 50% given in Table 1. For SQS1 to SQS3 spectral
broadening at 50% of LHE decreases (AL = 183, 168, 158 nm) with increasing the chain length
of sp®-C alkyl groups, whereas in the case of SQS4, SQS5 and SQS6, the spectral broadening is
AL =170, 176 and 139 nm respectively at 50% of LHE. Thus, aggregation of sensitizers on TiO;

surface are depends on the length as well as the location of the branched alkyl groups.
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Figure 2. (a) Normalized UV-vis (solid) and fluorescence (dotted) spectra of SQS dyes in
CH,ClI, solution, (b) absorbance of SQS4 dye on ZrO; electrodes with various dipping time, and

(c) LHE (= 1 — 10 ™) profiles of SQS dyes on TiO, electrodes (electrodes were dipped in CHCl;
for 12 h).
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2.3.3 Electrochemical properties. The electrochemical properties of SQS dyes are measured in
anhydrous CH.Cl,; the redox potentials of SQS dyes are calculated from cyclic voltammetry and
display in Figure 3a and Table 1. The first ground-state oxidation potential (Enomo) was
calculated from the oxidation potential vs Ferrocene/ Ferrocene” was converting into the NHE by
adding 0.70 V.*! For an ideal sensitizer, the LUMO of the sensitizer needs to be placed above the
TiO, conduction band for the efficient charge injection, and HOMO of the sensitizer should
poised below the redox function of the electrolytes for an efficient dye regeneration process.
Enomo 0f SQS dyes are situated between 0.79 to 0.80 V, which are lower than the liquid iodolyte
electrolyte redox function and favorable for dye regeneration. The E umo Was determined by
subtracting the E4 (optical band gap) from Enomo, and the E umo of SQS dyes are situated
between -1.1 to -1.2 V, which are slightly above than TiO, conduction band and favorable for
electron injection. SQS dyes Enomo and redox potential of liquid electrolyte 1715 difference is ~
400 mV, whereas Eumo and TiO, conduction band difference is ~ 620 mV shown in Figure 3b.
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Figure 3. (a) Cyclic voltammograms of SQS dyes (CH,Cl,) and (b) schematic representation of
energy level diagrams for SQS dyes.

2.3.4 Cyclic voltammetry on TiO; surface and dye desorption studies of SQS dyes. To
understand the charge hopping process between the dye molecules on the TiO,, CV studies were
carried out on TiO, electrode. Cyclic voltammetry of SQS dyes on TiO, without CDCA is
showed in Figure 4a and the peak current are provided in Table 2, and the results with CDCA
displayed in Figure 4c. Graphical representation of peak current and amount of dyes adsorbed

on TiO, surface without CDCA is provided in Figure 4b. Adsorption of SQS dyes in CH3CN:
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CHCl; (90%: 10%) without CDCA, path length of the cuvette was 0.1 cm? and 2 M HCI in EtOH
was used to desorb adsorbed dyes. Area of the photoanode was 0.22 cm? and 6 um thick for all

dyes. UV-vis absorption spectra of desorbed SQS dyes are displayed in and Table 2.

Table 1. Photophysical and electrochemical characterization of SQS1 to SQS6 (Y and V-type
squaraine dyes) at room temperature.

Dyes  ®Amax Amax € LHE “Eoxionset  Evomo  Eiumo  “Eg Egoer
AL at (VW vs (V vs (V vs (eV
mm I(\;ols 50% (Ag/Ag+) (NHE) (NHE) () o)
cm™)  (nm)
SQS1 643 652 3.5 183 0.234 0.80 -1.11 191 218
SQS2 643 652 3.3 168 0.227 0.79 -1.12 191 218
SQS3 643 652 3.2 158 0.229 0.79 -1.11 191 2.20
SQS4 643 651 3.0 170 0.237 0.80 -1.10 191 218
SQS5 642 650 2.9 176 0.232 0.80 -1.11 192 218
SQS6 650 657 3.1 139 0.228 0.79 -1.10 190 2.16

®absorption, "emission of SQS in dichloromethane, ‘oxidation potential, °E4 optical band gap

(from the intersection point of absorption and fluorescence, 1240/.).

Though the adsorbed dye on TiO; (thickness of electrode was 6 um and area was 0.22 cm? for all
dyes, dipping solution is CH3CN: CHCI3 (90%: 10%) and dipping for 6 h) is almost in the order
0f 1.96 - 2.29 x 107 mol/cm? for SQS1-SQS4, the peak current is decreased in the order of SQS1
(0.481 mA, 2.16 x 107 mol/cm?)> SQS2 (0.245 mA, 2.29 x 107 mol/cm?) > SQS3 (0.149 mA,
2.0 x 107 mol/cm?) > SQS4 (0.131 mA, 1.96 x 107 mol/cm?). Such a reduction of peak current
for the similar amount of dyes on TiO; indicate the intermolecular electron hopping after initial
oxidation of dye molecules across the TiO, nanoparticles.®?®* Strong interaction between SQS1

dyes on TiO, leads facile intermolecular electron hopping and results strong current signal.
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Periodical attenuation of intermolecular electron hopping is noticed by systematically changing
the length of branched alkyl chains (SQS1 to SQS4, Y-type of dyes). Such controlled
aggregation of dyes offers the advantage of spectral broadening due to aggregation and charge
injection from aggregated state, where charge injection competes with self-quenching of photo
excited dyes. In the case of SQS5 (V-type, 0.180 mA, 2.47 x 107 mol/cm?), the amount of
adsorbed dye is even more than SQS1, however the peak current is reduced drastically that
indicates the well packed monolayer of dyes on TiO,. Hence the monolayer formation with dyes
SQS1, SQS4 and SQS5 on TiO, surface can be represented as in Figure 5.
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Figure 4. (a), and (C) Cyclic voltammograms of SQS dyes on TiO; (0.1M tetrabutylammonium
perchlorate (C4Hg)4sN(CIO4) in CH3CN) with and without CDCA, (b) peak current (mA, black

line) and adsorbed dyes (10"mol/cm? blue line) on TiO, surface, (d) graphical comparisons of
peak currents of SQS dyes without and with CDCA.
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Figure 5. Simple diagrammatic representation of monolayer formation with dyes SQS1, SQS4
and SQS5 on the TiO; surface.

Table 2. Peak current (with and without CDCA) and desorption study of SQS1-6 at room
temperature.

Dyes  Peak current (mA) Dye amount (10"mol/cm?)  Peak current with CDCA (mA)

SQS1 0.481 2.16 0.267 (1:15)
SQS2 0.245 2.29 0.144 (1:10)
SQS3 0.149 2.00 0.115 (1:1)
SQs4 0.131 1.96 0.089 (1:3)
SQS5 0.180 2.47 0.166 (1:1)
SQS6 0.117 1.63 0.071 (1:1)

2.3.5 Theoretical studies. To calculate the distribution of electron in SQS dyes, the structural
minimization was carried out by density functional theory (DFT) at B3LYP**®" and 6-31G
(d,p).®® The distribution of electrons for SQS dyes (Figure 6, 7), HOMO, HOMO-1, and LUMO
density of electrons are mostly located on the part of squaric acid, whereas LUMO+1 density of
electrons localized towards the anchoring. The HOMO-LUMO energy gap (Eg) of SQS dyes is
provided in Table 1. The height of the dyes from anchoring group, distances between sp®-C, sp*-
C and N-atom alkyl groups, and height of chenodeoxycholic acid (CDCA) shown in Figure 8,
whereas dihedral angles measured from the minimized ground state geometry by DFT (Figure 8,
Table 3).
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LUMO+1/ E =-1.10 eV -1.10 eV -1.09 eV

»

HOMO-1/ E = -5.62 eV -5.61 eV -5.54 eV

Figure 6. Isosurface plots of selected frontier orbitals (HOMO, HOMO-1, and LUMO, LUMO +
1) of SQS1 to SQS3. Fully optimized at DFT B3LYP/6-31G** level.®® (Isovalue set to 0.036)
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LUMO/ E =-2.46 eV -2.51 eV

7—(,_( o

HOMO/ E =-4.64 eV -4.69 eV

HOMO-1/ E =-5.60 eV -5.63 eV -5.61 eV

Figure 7. Isosurface plots of selected frontier orbitals (HOMO, HOMO-1, and LUMO, LUMO +
1) of SQS4 to SQS6. Fully optimized at DFT B3LYP/6-31G** level.®® (Isovalue set to 0.036)
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Figure 8. Dihedral angles and distance between the terminal carbon atoms of sp*-C, and N-
alkylated carbon atom of SQS dyes and chenodeoxycholic acid were determined from minimized
ground state geometry (hydrogen atoms of alkyl groups and carboxylic groups are removed for

clarity).
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Table 3. Dihedral angles of SQS dyes.

Dyes Dihedral Angle (Degree)

01 0, 03 04
SQS1 -173.40 -0.72 59.32 -
SQS2 -169.40 1.09 57.91 -
SQS3 -168.91 6.78 57.78 -
SQs4 -169.35 -0.22 58.05 -
SQS5 -172.59 -0.10 58.55 -
SQS6 -174.63 8.48 59.71 58.39

2.3.6 Photovoltaic response. DSSC device fabrication with SQS1-6 as sensitizers with iodolyte
electrolyte has been carried out (area 0.23 cm? and mask with the aperture area of 0.23 cm?). As
the present SQS series of dyes differ with respect to the alkyl groups attached to the N- and sp*-C
atoms, the monolayer formation for the best device performance needed the optimization with
optically transparent co-adsorbent chenodeoxycholic acid (CDCA). The device performance of
SQS dyes were displayed in Table 4, and the optimized photovoltaic performance of SQS dyes
with CDCA were provided in Table 5. I-V curve and IPCE response for SQS dyes with and
without CDCA are shown in Figure 9, and 10, whereas device optimization with CDCA is
provided in Figure 11. The effect of alkyl groups on the photovoltaic parameters such as Voc
and Jsc have been discussed below.

Effect of alkyl groups on Voc: The unsymmetrical squaraine dyes SQS1-6 are wrapped with

alkyl groups three dimensionally around the chromophores which may help to form well packed
monolayer on the TiO, surface. Passivation of TiO, surface with alkyl groups avoids the charge
recombination process between electrons in the TiO, and the oxidized electrolyte.**®> Such
monolayer formation of SQS dyes on TiO, may impede the diffusion of oxidized electrolyte I3
species to the TiO, surface which avoids the charge recombination process and boost the Voc of
the device. The Voc of the devices of SQS1 (0.672 V) to SQS4 (0.717 V) to SQS6 (0.718) were
increased systematically by varying the number of carbon atoms in the side chains around the
dye. Further improvement of Voc in the presence of CDCA for SQS1-SQS3 (0.696 V for SQS1,
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0.695 V for SQS2 and 0.713 V for SQS3) indicates presence of aggregated dyes on the TiO,
surface. The Voc for the SQS5 and SQS1 are similar which suggest the importance of three
dimensionally wrapped alkyl group around the dye molecule rather than alkyl groups present in
only at sp3-C center (SQS5). Further, it was observed that the extent of improvement of Voc is
more upon increasing the number of carbon atoms at the N-alkyl group compared to sp®-C atom
which is represented by a 3D-Voc plot in Figure 14.

Effect of aggregated dyes on the modulation of photocurrent (Jsc): The IPCE responses for the
devices fabricated with SQS1-6 dyes were broad (Figure 11b), which indicates that both

monomer and aggregated structures contribute into the charge injection process. The maximum
IPCE response for the DSSC devices fabricated with the SQS dyes range from 548 nm (SQS1,
58 %) to 580 nm (SQS6, 83 %) which indicates that the formation of aggregated dyes is
decreased systematically from SQS1 to SQS6 (Figure 13b, Table 7). As the number of carbon
atoms in sp>-C and N-centers increases from SQS1 to SQS6, the maximum IPCE response from
the H-aggregate is red shifted and also increased progressively, which indicates that the extent of
aggregation is controlled and the charge injection from those aggregated structures can also be
enhanced. Hence hydrophobic interactions between alkyl groups of SQS dyes controls the
formation of aggregated structures that are efficiently inject the charges to enhance the
photocurrent generation. The higher contributions in IPCE response were observed from the
aggregated structures rather than the monomeric form of the sensitizer. Further in the presence of
CDCA, for the dyes SQS1-3 and SQS5, the maximum IPCE is red shifted with enhanced
response which suggests that the dye-dye interaction in the case of dyes SQS1-3 and SQS5 on
TiO, is weaker, where the stability of self-assembled dye structures disturbed. Whereas, for the
dyes, SQS4 and SQS6, addition of CDCA leads to only enhance the IPCE response without any
spectral shift, which indicates the formation of stable monolayers of dyes with modulated dye-
dye interaction which helps in both broadening the spectrum as well as contributing to the charge

injection process to boost the photocurrent generation (Figure 13b).

Best device performance of 5.92 % (Voc 0.717 V, Jsc 11.77 mA/cm?, fill factor 70%) has been
achieved for SQS4 without CDCA which was further improved to 7.1 % (Voc 0.715 V, Jsc 13.05
mA/cm?, fill factor 76%). Whereas the dye SQS1 showed the device performance of 4.9 % (Voc
0.696 V, Jsc 9.47 mA/cm?, fill factor 74% with 5 equiv. of CDCA), showed the importance of
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optimal length of carbon chains that control the dye aggregation for enhancing the photocurrent
generation. Further, qualitative evaluation of IPCE contribution from the monomer and
aggregated dyes has been studied by DSSC device fabrication under different dye loading
conditions. To capture the IPCE response from monomeric dyes, the TiO, photoanode was first
saturated with non-chromophoric coadsorbent CDCA for 12 h (1.0 mM in MeCN) and further
dipped in SQS4 dye solution for 2 min (0.1 mM in MeCN) (Figure 12 and Table 6). The IPCE
profile showed the contribution from the monomeric dyes at 650 nm. The normalized IPCE
profile of DSSC device fabricated under above mentioned condition as well as the electrode
dipped for 12 h in dye solutions (0.1 mM SQS4 and 0.3 mM CDCA in MeCN) is provided in
Figure 13a. From the normalized IPCE curve of DSSC devices fabricated with SQS4 dye, it is
observed that the H-type larger aggregate (570 nm), dimer (621 nm) and J-type’® ™ (680 nm)
aggregates are contributed more (to the charge injection) than the monomeric dyes.

Table 4. Photovoltaic response of SQS dyes.

Cells CDCA (equiv.) Voc (V) Jsc (MA/cm?) ff (%) 1 (%)

SQS1 0 0.668 = 0.004 7.64+£0.31 71 +£0.63 3.62 +£0.20
SQS1 5 0.695 = 0.001 9.36 £0.11 74 £ 0.41 4.81 +0.09
SQS1 10 0.686 = 0.002 8.72+0.24 77 £0.89 4.60 £0.20
SQS1 15 0.684 = 0.005 8.20+£0.21 78 £1.03 4.37 £0.21
SQS1 20 0.677 £0.003 7.58 £0.34 78 £ 0.07 4.00 £0.20
SQS2 0 0.683 = 0.003 8.89 £0.19 77 +£0.41 4.67 £0.15
SQS2 5 0.684 = 0.002 9.65x0.15 73+£0.38 482 +0.11
SQS2 10 0.694 = 0.001 9.77 £ 0.06 76 £0.53 5.15+0.07
SQS2 15 0.685 = 0.003 8.80 £0.10 77 £0.15 4.64 £ 0.08
SQS2 20 0.675 £0.004 7.54 +0.27 78 £0.63 3.96 £ 0.20
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SQS3 0 0.706 + 0.002 10.95 + 0.06 75+0.30 5.80 +0.07
SQS3 1 0.710 + 0.003 12.35+0.15 74 £0.24 6.49 +0.12
SQS3 2 0.712 + 0.002 11.89 + 0.05 75+0.34 6.35 + 0.07
SQS3 3 0.707 £ 0.001 10.86 £ 0.12 74 + 0.57 5.68 £0.11
SQS3 4 0.706 + 0.005 8.93 +0.03 76 +0.83 4,79 £0.10
SQS4 0 0.715 + 0.002 11.55+0.22 70+ 0.14 5.78+0.14
SQS4 1 0.718 + 0.001 12.20+£0.18 72 +0.08 6.30 +0.10
SQS4 2 0.717 £ 0.001 12.49 £ 0.42 73 +0.17 6.54 +£0.21
SQS4 3 0.712 + 0.003 12.96 £ 0.09 76 +£0.12 7.01+£0.09
SQS4 4 0.716 + 0.001 11.91 +0.13 74 £0.29 6.31+0.10
SQS5 0 0.671 + 0.001 8.78 £0.07 77 +0.82 4.53 +0.09
SQS5 1 0.695 + 0.003 9.80 £ 0.04 76 +0.30 5.17 £0.07
SQS5 2 0.682 + 0.004 8.83+£0.39 74 +0.73 4.45 +0.27
SQS5 3 0.686 + 0.003 7.57 £0.26 77 +0.69 3.99+0.19
SQS5 4 0.664 + 0.005 6.72 £0.05 77 +0.58 3.43+0.08
SQS6 0 0.717 +0.001 11.95 +0.27 71 +0.06 6.08 £0.15
SQS6 1 0.716 + 0.001 12.92 +0.33 73 +0.23 6.75+0.21
SQS6 2 0.710 + 0.003 12.07 £0.19 72 +0.08 6.17+£0.13
SQS6 3 0.697 + 0.002 10.70 £ 0.16 72 +0.05 5.36 £0.11
SQS6 4 0.694 + 0.003 9.10+0.14 70 +0.37 442 +0.11
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Table 5. Optimized device performance of SQS dyes with CDCA.

Cells  CDCA (equiv.) Voc (V) Jsc (MA/cm?) ff (%) 1 (%)

SQS1 0 0.668 + 0.004 7.64 £0.31 71 £0.63 3.62+£0.20
SQS1 5 0.695 + 0.001 9.36 £0.11 74+£0.41 4.81 £0.09
SQS2 0 0.683 £ 0.003 8.89£0.19 77041 4.67 £0.15
SQS2 10 0.694 + 0.001 9.77 £ 0.06 76 £0.53 5.15+£0.07
SQS3 0 0.706 £ 0.002 10.95 £ 0.06 75+ 0.30 5.80 £ 0.07
SQS3 1 0.710 £ 0.003 12.35+0.15 74 +£0.24 6.49 £0.12
SQS4 0 0.715 £ 0.002 11.55+£0.22 70£0.14 578 +0.14
SQS4 3 0.712 £ 0.003 12.96 £ 0.09 76 £0.12 7.01£0.09
SQS5 0 0.671 £ 0.001 8.78 £ 0.07 77 £0.82 4,53 £0.09
SQS5 1 0.695 = 0.003 9.80+0.04 76 £ 0.30 5.17 £ 0.07
SQS6 0 0.717 £0.001 11.95 + 0.27 71 +0.06 6.08 £0.15
SQS6 1 0.716 = 0.001 12.92 £0.33 73+£0.23 6.75+0.21

Thickness of TiO, 8 + 4 um, area 0.23 cm?, [Dye] = 0.1 mM, dipping time 6 h, Electrolyte:
lodolyte Z-50 (Solaronix).

Table 6. Photovoltaic responses of SQS4 dye (dipping time 2 min).

Cells Voc (V) Jsc (MA/cm?) ff (%) 1 (%)

SQS4 0.635 + 0.002 2.53 £ 0.07 84+1 1.35+0.05

Thickness of TiO, 8 um, area 0.23 cm? [Dye] = 0.1 mM, dipping time 2 min, Electrolyte:
lodolyte Z-50 (Solaronix).
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Figure 9. (a), (c), and (e) J-V curve of SQS1-3 dyes under AM 1.5 G illumination (1000 W/m?),
(b), (d), and (f) IPCE response of SQS1-3 dyes.
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Figure 10. (a), (c), and (e) J-V curve of SQS4-6 dyes under AM 1.5 G illumination (1000
W/m?), (b), (d), and (f) IPCE response of SQS4-6 dyes.

Ambarish Kumar Singh Page 78



Chapter 2| 2021

(a) (b)

- SQS1 e SQS2 emSQS3
e SQS54 e SQS5 e SQS6

0 LJ T T 0 T v T v T T T
0.0 0.2 0.4 0.6 400 500 600 700 800
Voltage (V) Wavelength (nm)
(c) (d)
100
a5 QS1/CDCA (1:5) emmSQS2/CDCA (1:10)
16 e SQS3/CDCA (1:1) emmm SQSA/CDCA (1:3)
—  {=SQS5/CDCA (1:1) ==SQS6/CDCA (1:1) 80
N —
512' = 60
< s )
= 8 40
D 20
0 T T T 0 T v T b T v T
0.0 0.2 0.4 0.6 400 500 600 700 800

Voltage (V) Wavelength (nm)

Figure 11. (a) and (c) I-V curve of SQS dyes with and without CDCA, respectively, (b) and (d)
IPCE curve of SQS dyes with and without CDCA, respectively.

Table 7. Contribution of aggregated SQS1-SQS6 for the enhanced photovoltaic parameters.

S Dye  Voc H-aggregate Dye:  Voc H-aggregate
No (V) from IPCE profile (%) CDCA (V) from IPCE profile (%)
1 SQS1 0.672 548 nm (58) 1.5 0.696 591 nm (65)
2 SQS2 0.686 556 nm (69) 1:10 0.695 591 nm (80)
3 SQS3 0.708 560 nm (75) 1:1 0.713 580 nm (86)
4 SQS4 0.717 570 nm (70) 1:3 0.718 570 nm (92)
5 SQS5 0.672 548 nm (73) 1:1 0.695 572 nm (77)
6 SQS6 0.718 580 nm (83) 1:1 0.717 580 nm (94)
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Figure 12. (a) and (b) J-V and IPCE curve, (c) normalized IPCE and absorbance of SQS4 dye.
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Figure 13. (a) Normalized IPCE profile of DSSC devices fabricated with the TiO, electrode
dipped for 6 h in the mixture of 0.1 mM of SQS4 and 0.3 mM of CDCA in MeCN (red), the
electrode was first saturated with 1.0 mM of CDCA in MeCN for 12 h and then dipped the

electrode in 0.1 mM of SQS4 in MeCN for 2 min, (b) IPCE responses from the H-aggregated
sensitizers of SQS1-6.
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Figure 14. Three-dimensional (3D)-Voc plot of SQ dyes without CDCA.

2.3.7 Electrochemical impedance spectroscopy (EIS). An EIS study was conducted to
elucidate the resistance associated with the charge recombination process at the TiO,/ electrolyte
interface in DSSCs.”> " EIS was carried out in the dark with the various applied bias of -0.44 to -
0.68 V and scanned between 1 Hz to 1 MHz frequency range to calculate the charge transfer
resistance of TiO,/dye/electrolyte interface. Nyquist plot of the SQS dyes with and without
CDCA are displayed in Figure 15, 16 under various applied bias. There are two semicircles
shows in the Nyquist diagrams of the SQS dyes, larger semicircle indicating the charge
recombination resistance (Rc) at the interface of TiO,/dye/electrolyte, and smaller semicircle of
SQS dyes indicating the transfer of charge at the counter electrode.” The radius of larger
semicircle increases with increasing chain-length of alkyl groups at sp-C of SQS1 to SQS3
dyes, and at N-atom SQS4 without CDCA, radius of SQS6 is larger than other, whereas SQS5 is
smaller than other without CDCA under an applied the bias of -0.44 V (Figure 15).
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Figure 17. (a) Charge recombination resistance, (b) chemical capacitance, and (c) electron life
time vs applied bias for the DSSC device made up of SQS dyes with and without CDCA.

The charge transfer resistance (Rc) is increased for the SQS dyes in the order of SQS5 < SQS1 <
SQS2 < SQS3 < SQS4 < SQS6 without CDCA (Figure 15, 16). Addition of CDCA increases the
charge recombination resistance of SQS dyes by blocking the charge recombination sites than
without CDCA are displayed in Figure 17b. The charge transfer resistance (R¢) and the
chemical capacitance (Cu) were extracted by fitting the Nyquist plot by using an equivalent
circuit (R1+C2/R2+C3/R3) (Figure 19). The chemical capacitance (Cu) curve indicates the
possibility of (i) shifting the conduction band position due to the dipole moment exerted by the
dye on the surface for the SQS dyes, or (ii) the dye monolayer effectively passivates the TiO,

surface. As the difference between the SQS dyes varies only with respect to the alkyl groups, the
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change in dipole moment (¢ = 1.352 to 1.567 Debye) may not be the reason for the observed
results. Hence, it may be possible that SQS dyes form the well protected monolayer which helps
avoiding the electron from TiO, reaches out to the electrolyte (Figure 18c). Long electron life
time (7) of SQS dyes increases for the SQS1 to SQS4 to SQS6 systematically which indicates the
effective passivation of surface with controlled dye aggregation (Figure 17c). Maximum value
of 7 observed in SQS6 (without CDCA) and SQS4 (with CDCA) (Figure 17c), whereas
minimum value of z observed in SQS1 and SQS5 without CDCA (Figure 17c). Hence, alkyl

group at the N-atom is important to boost the Voc. EIS studies of SQS dyes, best device with
CDCA displayed in Table 8.
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Figure 18. (a) Nyquist plot, (b) charge recombination resistance, (c) chemical capacitance, and
(d) electron life time of SQS dyes vs applied bias with and without CDCA.
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Figure 19. Equivalent circuit (R1+C2/R2+C3/R3) model, where R2/C2 represents Pt/ (1'/ I3),
and R3/C3 represents TiO,/ dye/ (I / 13°) interfaces.

Table 8. EIS studies of SQS dyes with CDCA.

Dyes CDCA  Applied voltage (V) R (ohm) Cu (MF) 4z (ms)
SQS1 5 0.64 5.56 1.928 10.72
SQS2 10 0.64 5.32 2.281 12.14
SQS3 1 0.64 5.73 2.412 13.81
SQS4 3 0.64 7.12 2.965 21.11
SQS5 1 0.64 4.58 2.647 12.12
SQS6 1 0.64 6.04 2.739 16.56
qr=Rux Cu

2.4 CONCLUSION

As self-assembly of organic dyes lead to aggregation of sensitizers on the TiO; surface, we have
taken advantage of it to spread the light harvesting efficiency of the sensitizers without
compromising the charge injection process. An unsymmetrical squaraine dye has been chosen
with suitably functionalized branched alkyl groups to control the dye—dye interaction on the TiO,
surface. A series of unsymmetrical squaraine dyes, SQS1-SQS6 were synthesized. Although, the
photophysical and electrochemical nature of SQS1-SQS6 (in solution) are almost similar, the
electrochemical properties of synthesized dyes on the TiO, surface indicated that self-hopping of
charges can be controlled systematically by varying the chain lengths of the branching unit that
is away from the TiO; surface. Such observation helps to increase the DSSC device performance
by (i) effective charge injection from the self-assembled squaraine dyes and (ii) effectively

passivates the surface of TiO, which helps in avoiding the charge recombination process. Shorter
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chain length at sp*-C and N- atom containing dye SQS1 showed the device performance of 4.9 %
with the Voc 0.696 V, and Jsc 9.47 mA/cm?, whereas SQS4, dye with longer chain showed the
device performance of 7.1 % with the Voc and Jsc are 0.715 V and 13.05 mA/cm?, respectively
with CDCA. Importance of N-alkyl chain has been realized from SQS5 with reduced device
performance of 5.24 %. A correlation has been arrived for the observed Voc where alkyl group
at N- atom plays importance over sp3-C atom. Further, the IPCE profile of the devices inferred
that the contribution from both H- and J-type aggregates. This systematic study revealed the
importance of aggregation of dyes on the surface of TiO, for the enhanced the efficiency in
DSSC, and further co-sensitizing with complementary sensitizer under progress.
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Position of Anchoring Group to Controls the Orientation and Self-

Assembly of Unsymmetrical Squaraine Dyes on TiO, Surface

DSSC Device Performance
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3.1 INTRODUCTION

The modulable nature of the various components associated with third-generation photovoltaic
devices makes this technology very attractive."? Light absorbing dye molecules play an
important role in harvesting the photons from the solar spectrum besides nano-structured metal
oxide photoelectrodes,® electrolytes,* and counter electrode materials®® employed in dye-
sensitized solar cell (DSSC) devices. In DSSCs, the rate of charge injection from the
photoexcited sensitizer to the conduction band of TiO, determines the overall device
performance besides dye regeneration and charge recombination processes.” Ruthenium
complexes based sensitizers exhibited the DSSC device performances of over 11%.® Further,
metal-free organic sensitizers have attracted the wide attention due to its ease of tuning the light-
harvesting properties by the synthetic design of D-n-A,° D-A- n-A,'° D-D’- n-A,*! and D-A-
D' based sensitizers. High DSSC device performance has been achieved by proper molecular
engineering of the sensitizers recently by considering both electronic and steric factors.'**
Electronic coupling between the dye-components such as donor, m-spacer, acceptor, and
anchoring units are the important factors that govern light-harvesting property, photo-induced

charge transfer from donor to acceptor within the sensitizer and further photoexcited dye to the

18,19 20,21

semiconducting metal oxide.’®*" Further, planarization of donor, and w-spacer showed

modulated electronic properties with improved device performance. Moreover, the length of the

22,23 25-27

T-Spacer, geometry/aggregation®* and orientation of the sensitizer on the TiO, surface
also plays an important role in determining the performances of photovoltaic devices. Meso-
phenyl substituted porphyrin dyes have been utilized to study the effect of orientation of the dye
on the TiO; surface which helps to understand the through-space and through-bond electron
transfer processes by the ortho-, meta-, and para- substituted porphyrin dyes.?**® Due to the
orthogonal orientation of meso-phenyl group to the porphyrin ring, the electronic coupling
between porphyrin core and phenyl spacer is very poor which leads to the establishment of
through space charge transfer by the tilted geometry of the dye.>*' Seminal work by Anderson®
and Therien®® paved the importance of acetylenic m-spacers over phenyl n-spacers at the meso
position for the electronic interaction between two porphyrin units. Several D-n-A dyes have
been designed and studied with high device efficiency.***" Even in meso-acetylenic nt-spacer

based porphyrin dyes, the position of anchoring group dictates the device performance as the

Ambarish Kumar Singh Page 95



Chapter 312021

anchoring groups at non-conductive meta- position showed very poor photovoltaic response over
sensitizer with anchoring group at the para- position.” Recently, structural design of meso-
substituted porphyrins®*® such as fused porphyrin,® double strapping,®® concerted companion
dyes,*® and co-sensitization*' approaches have been used to enhance the device performance of
porphyrin based sensitizers. Besides porphyrin® and phthalocyanine*? based sensitizers, D-A-D
type squaraine dyes possess very good absorption in the far-red region with a good extinction
coefficient (> 10° M™cm™). This class of dyes exhibits dye-dye interaction that leads to observe

4345 a5 well as on solid-state.*® Such self-assembled

47-50

H- and J-type aggregation in solution
aggregated structures have been exploited in sensors, organic photoconductive materials,*
field-effect transistors,>? and organic photovoltaics.>*** Formation of such aggregated structures
on the 101 facet of anatase TiO, surface is facile due to the periodic arrangements of 5-
coordinated Ti site, where the dye anchors and acts as a photo-anode.?* However, the formation
of such aggregated structures of sensitizers showed varied DSSC device performance due to the
self-quenching of photoexcited states besides broadening the absorption profile.?*** Introduction
of alkyl groups either in the donor or m-spacer components helps to controls the formation of
aggregated structures on the TiO, surface for the enhanced DSSC device performance.**® Thus
the introduction of in-plane and out-of-plane alkyl groups in the unsymmetrical squaraine dyes
boost both Voc and Jsc by passivating the TiO, surface and broadened IPCE response (by
controlled aggregation), respectively.®® ® Further, the optimal structural feature in squaraine
dyes in terms of the number of carbon atoms in either sp>-C and N-atoms of indoline units has
been studied systematically. As the unsymmetrical squaraine dyes are D-A-D’ structures with
anchoring group at any one of the donor units, for the understanding of the charge injection
process to TiO, either through-space or spacer is of fundamental importance. Hence to
investigate the effect of the position of anchoring group which in turn to controls the orientation
of the dye with respect to the TiO, surface, and coupling the dyes to TiO; either conductive
(ortho- and para-carboxyl group) or non-conductive (meta-carboxyl group) charge injection,
unsymmetrical squaraine dyes with carboxylic acid groups at the -4™, -5", -6™ and -7" positions
of one of the indolium donor units is designed in the present work (Figure 1). As shown in
Figure 1, alkyl groups at the sp®>-C and N-atoms at the indoline donor moiety far away from the
anchoring group is fixed to control the aggregation of dyes and the position of anchoring group is

changed in the indoline unit. Further, controlling the orientation of the dyes on the TiO; surface
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may modulate the formation of aggregated structures which may shed the light on the importance
of through space charge transfer for the device performance despite the presence of anchoring

group at the non-conductive meta- position.

(a) (b)

_/\/\/;\ In-plane and out-of-plane

alkyl groups - controls the
aggregation of dyes on TiO,

T\
4 . .
5 D-A-D based o Position of anch.orlng'group -
squaraine dye 7 - controls the orientation of dye

- NIR active on TiO,
\6"‘- - make conductive or non conductive

N (meta-)  coupling with TiO, for the charge
- injection (through bond and through
space)

TiO, an” )

(meta-)

4-8Q 5-8Q 6-SQ 7-SQ

Figure 1. (a) Orientation of the D-A-D based dyes on TiO; surface, (b) structure and position of

anchoring groups for the designed squaraine dyes, and (c) targeted squaraine dyes.
3.2 EXPERIMENTAL SECTION

3.2.1 General methods

Chemicals required for the synthesis of 4-SQ, 4-SQ1, 5-SQ, 6-SQ, 7-SQ, and 7-SQ1 dyes are 3-
aminobenzoic acid, phenylhydrazinehydrochloride, 2-hydrazinobenzoicacid hydrochloride,
1,3,3-trimethyl-2-methyleneindoline, 3,4-dibutoxycyclobut-3-ene-1,2-dione, 1-iodomethane, 1-
iododecane, Tin(ll) chloride dihydrate, sodium nitrite and solvents were purchased from
commercial sources. Bruker NMR spectrometers AV 200 MHz, AV 400 MHz and AV-500 MHz
frequency were used to record *H and **C NMR in CDCls;, DMSO-ds. SYNAPT G2 HDM has

been used to measured high-resolution mass spectrometric (HRMS) measurements in MeOH.
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EZ-Melt automated melting point apparatus has been used for the melting point measurement of
all solid compounds. Bruker FTIR spectrometer has been used to measure the IR-spectrum of all
the squaraine dyes as such and on the surface of TiO,. SPECORD® 210/ PLUS, Analytikjena
UV—Visible spectrophotometer has been used to record both absorption spectra and light-
harvesting efficiency (LHE) of SQ dyes at room temperature. For LHE, 6 um thin film of TiO;
or ZrO, coated on the transparent glass slide which is further dipped in 0.1 mM dye solution for
12 h at room temperature. Edinburgh spectrofluorometer FS5 has been used to record the
emission of the SQ dyes at room temperature. BioLogic SP300 potentiostat were used to
performed the cyclic voltammetric studies of 4-SQ, 5-SQ, 6-SQ, 7-SQ, and 7-SQ1 dyes in
anhydrous CH,Cl, solvent, whereas, for 4-SQ1 dye a mixture of 95% of CH,Cl, and 5% of
DMSO solvent was used at 25 °C under an inert atmosphere, where platinum wire, platinum foil
and non-aqueous Ag/Ag” (0.01M) were used as working, counter and reference electrode
respectively, TBACIO, (0.03 M) and Ferrocene/Ferrocene” has been used as a supporting
electrolyte and as an internal-standard respectively, where the scan performed with 50 mV s
scan rate. PHOTO EMISSION TECH (PET, CT200AAA, USA) solar-simulator has been used
for 1-V studies of the cells and Newport QE measurement kit has been used to measured IPCE
curve. For dye desorption studies of SQ dyes area of the photoanode was 0.23 cm? (8 um thick),
dipping time of photoanode in dye-solution (0.1mM) was 12 h at room temperature, 0.2 M
NaOH in EtOH: H,O (1:1) 9 mL was used to desorb adsorbed dyes and path length of the cuvette
was 0.1 cm?. Electrochemical impedance measurements (EIS) were performed on BioLogic
SP300 potentiostat and carried out in dark with various applied potential and 3 MHz to 10 mHz

frequency ranges, with 10 mV sinus amplitude.

3.2.2 Dye-sensitized solar cell fabrication. Fluorine-doped SnO; glass (8- 10 Q /sq; Pilkington
TEC 7) was washed with mucasol (2 % in water), de-ionized water (4 times), and isopropanol
(two times) by using ultrasonic-bath to make cleaned. To grow a thin film TiO,, FTO was treated
with 40 mM aqueous TiCl, solution at 70 °C for 30 min, washed with the de-ionized water then
EtOH and dried at 110 °C for 10 min. A paste of TiO, nanocrystal (< 20 nm, Ti-Nanoxide T/SP,
Solaronix) was coated on FTO conducting side by using doctor-blade technique and kept for 15
min in air then heated at 120 °C in the air for 20 min, then coated with scattering layer TiO,
paste (WER2-0O, Dyesol) and heated at 120 °C for 10 min in air, then sintered at 325 °C for 10
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min, 375 °C for 10 min, 450 °C for 10 min and 500 °C for 15 min, where the heating rate was 5
°C per min in air. After sintering, films were treated with 40 mM aqueous TiCl, solution at 70 °C
for 30 min, washed with the de-ionized water then EtOH and sintered at 500 °C for 20 min. Then
immersed the cells (area of TiO. is 0.23 cm?) in 0.1 mM dye solution of 4-SQ, 5-SQ, 6-SQ, 7-
SQ, and 7-SQ1 dyes (in 97.5% CH3CN and 2.5% CHCIs) whereas, 4-SQ (in 97.5% CH3;CN and
2.5% of DMSO) without and with CDCA for 12 h. Platinum foil used as a cathode, iodolyte Z-
50 (Solaronix) was used as electrolyte, 25 pm spacer and area of black mask was 0.23 cm?® The
device performance of SQ dyes were measured under standard simulator condition (AM 1.5 G,
100 mW/cm?).

3.2.3 Mott-Schottky analysis of SQ dyes. The Mott-Schottky analysis of the SQ series dyes
anchored TiO, photo anodes were performed using three electrode system (dye anchored on the
TiO, photo-anode as working electrode, Pt-foil as counter and non-aqueous Ag/Ag* (0.01 M) as
a reference electrode) with iodolyte redox-couple (0.5M Lil and 0.05M 1, in CH3CN). The flat-

band potential from the plot is calculated using the Mott-Schottky relation (Eq.1).%%%°

(Ccs)? = 2(E-Eqp-kT/e) / NpegoeA? Equation 1

Where, Ccs= Space charge capacity, Np= Charge carrier density of the sample, e= Dielectric
constant of the sample, o= permittivity in vacuum, A= active surface area, kg, T, and e are
Boltzmann constant, temperature and electronic charge, respectively. The flat band potential is

calculated from the intercept extrapolating a straight line from 1/C? versus potential plot.
3.2.4 Synthesis.
(a) Synthesis of semisquaraine

3-Decyl-2-methyl-3-octyl-3H-indole (2): Phenylhydrazinehydrochloride, 1 (0.78 g, 5.37 mmol)
and 3-octyltridecan-2-one®® (2 g, 6.44 mmol) were dissolved in 20 mL of AcOH in a round
bottom flask then refluxed for 24 h. The reaction mixture was cooled to room temperature and
solvents were removed under reduced pressure and purified by column chromatography (100—
200 mesh SiOy, EtOAc/ pet. ether). Yield: 0.75 g, 36.4 %.'H NMR (200 MHz, CDCls): & 0.40 -
0.77 (m, 4 H) 0.77 - 0.89 (m, 6 H) 1.10 (br. s., 12 H) 1.25 (s, 6 H) 1.20 (5, 7 H) 1.58 - 1.99 (m, 4
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H) 2.21 (s, 3 H) 7.07 - 7.26 (m, 2 H) 7.26 - 7.37 (m, 1 H) 7.52 (d, J=7.39 Hz, 1 H); **C NMR
(101 MHz, CDCls):  14.03, 14.07, 15.92, 22.56, 22.62, 23.50, 29.12, 29.16, 29.23, 29.32, 29.46,
29.61, 29.78, 31.73, 31.83, 31.90, 36.96, 62.59, 119.49, 121.59, 124.92, 127.42, 142.19, 154.86,
186.78.

(a) Synthesis of semisquaraine
(0] o]

CgHy7
Collirs h,, BuO”  "OBu

CgHq7 1oH21 -
\H CioH21 CaoH21  CygHa4l, MeCN, (i) NEtz, n-BuOH,
N2 AcOH, reflux, b reflux, 24 h Neo 1° t, 18 h O
N

H HCI \ )
24 h 54 % CioHpy  (i)80°C, 2h
36 % 58 %
1 2 3
O 6]
BuO OBu
> OBu
N\ NEt;, n-BuOH,
rt, 18 h
5 73 %

(b) Synthesis of indolium salts with carboxylic acid group at 4t-, 5. 6. and 7 position

HOOC CH3| MeCN
NHy ———— »
N(@ H ACOH reflux, reﬂux 12h

\© HOOC 24 h HOOC T00 HOOC
760 8 60 %
Mel MeCN,
o
reflux 12h  HOOC N® o
COOH (i) HCI, NaNO,, COOH HOOC vl
0°C,1h 13a, 23 % 69 % 14a
—>
(i) SNCl,.2H,0, HCI, N AcOH, +
2 0°C,3h HOHCl  fefiux, 24 h HOOC
’ ' HOOC
84 % Mel MeCN,
1 12
reflux, 12 h
13b, 53% 88 %

(c) Synthesis of unsymmetrical squaraine dyes
PhMe, n-BuOH, Py
4 + 7 15, 5-SQ, 49 % 4 + 14b — > 18,4-SQ,50 %
reflux, 24 h
4 + 10 _— 16, 7-SQ, 45 % 6 + 10 — > 19,7-SQ1,55%

17, 6-SQ, 43 % 6 + 14b 20, 4-SQ1, 57 %

Scheme 1. Synthetic scheme of SQ dyes with anchoring group at different positions.
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1,3-Didecyl-2-methyl-3-octyl-3H-indol-1-ium (3): The compound 2%° (0.7 g, 1.83 mmol) and
1-iododecane (0.73 g, 2.74 mmol) were dissolved in 10 mL of CH35CN in a round bottom flask
and refluxed for 24 h. The reaction mixture was cooled to room temperature and solvents were
removed under reduced pressure. Reaction mixture was washed twice with n-pentane (20 mL) to
get required indolium salt. Yield: 0.65 g, 54.5 %. *H NMR (200 MHz, CDCls): & 0.57 - 0.72 (m,
2 H) 0.78 - 0.89 (m, 11 H) 1.06 - 1.26 (m, 36 H) 1.45 - 1.61 (m, 2 H) 1.92 (d, J=6.62 Hz, 2 H)
2.01-2.25 (m, 4 H) 3.14 (s, 3 H) 4.87 (t, J=7.28 Hz, 2 H) 7.48 - 7.58 (m, 1 H) 7.59 - 7.70 (m, 2
H) 7.72 - 7.79 (m, 1 H); *C NMR (101 MHz, CDCls): & 7.35, 13.96, 14.01, 17.28, 22.46, 22.55,
23.97, 26.87, 28.45, 28.56, 28.89, 28.96, 29.15, 29.19, 29.21, 29.33, 29.39, 30.41, 31.56, 31.74,
31.79, 33.47, 37.27, 50.44, 63.67, 115.36, 123.59, 129.68, 130.03, 138.77, 142.19, 195.60;
HRMS (m/z): [M]" calculated for Cs;HgsN: 524.5190; found: 524.5201.

(E)-3-Butoxy-4-((1,3-didecyl-3-octylindolin-2-ylidene)methyl)cyclobut-3-ene-1,2-dione  (4):
Compound 3 (0.5 g, 0.767 mmol) was dissolved in 7 mL n-BuOH in a round bottom flask
followed by the dropwise addition of NEt; (0.116 g, 1.15 mmol). 3,4-Dibutoxycyclobut-3-ene-
1,2-dione (0.17 g, 0.77 mmol) was added to the above mixture at once and the resultant mixture
was stirred at room temperature for 18 h. Further, the reaction mixture was heated to 80 °C for 2
h, cooled to room temperature and solvents were removed under reduced pressure. The residue
was purified by column chromatography (SiO2, 100-200 mesh, 2.5 % EtOAc and 97.5 % pet.
ether) to obtain the required compound as yellow solid. Yield: 0.3 g, 58 %. Mp: 76 °C. *H NMR
(400 MHz, CDCls): 8 0.52 (m, 2 H) 0.76 (m, 2 H) 0.81 - 0.90 (m, 9 H) 0.99 - 1.03 (m, 3 H) 1.04 -
1.29 (m, 34 H) 1.33 - 1.44 (m, 4 H) 1.53 (m, 2 H) 1.73 (m, 2 H) 1.82 - 1.92 (m, 4 H) 2.49 (m, 2
H) 3.83 (t, J=7.33 Hz, 2 H) 4.87 (t, J=6.64 Hz, 2 H) 5.52 (s, 1 H) 6.86 (d, J=7.79 Hz, 1 H) 7.07 (t,
J=7.33 Hz, 1 H) 7.20 (d, J=7.33 Hz, 1 H) 7.24 - 7.30 (m, 1 H); **C NMR (101 MHz, CDCl): &
13.78, 14.14, 14.18, 18.85, 22.69, 22.73, 24.01, 26.57, 27.28, 29.17, 29.22, 29.30, 29.37, 29.46,
29.53, 29.61, 29.67, 31.85, 31.94, 32.23, 39.65, 43.07, 57.16, 73.71, 81.76, 108.15, 122.12,
122.67,127.71, 137.36, 144.60, 166.37, 173.12, 186.95, 187.43, 192.97.

(E)-3-Butoxy-4-((1,3,3-trimethylindolin-2-ylidene)methyl)cyclobut-3-ene-1,2-dione (6):
1,3,3-Trimethyl-2-methyleneindoline 5 (5 g, 28.86 mmol) was dissolved in 20 mL n-BuOH in a
single neck round bottom flask followed by the dropwise addition of NEt; (4.4 g, 43.3 mmol).
3,4-Dibutoxycyclobut-3-ene-1,2-dione (6.5 g, 28.86 mmol) added to the above mixture at once
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and the resultant mixture was stirred at room temperature for 18 h. Then yellow-colour residue
was filtered out and washed with 50 mL of hexane and dried at high vacuum pressure pump.
Yield: 6.8 g, 73 %. Mp: 132 °C. *H NMR (400 MHz, DMSO-dg): & 0.95 (t, J=7.56 Hz, 3 H) 1.40
-1.49 (m, 2 H) 1.55 (s, 6 H) 1.76 - 1.85 (m, 2 H) 3.40 (s, 3 H) 4.80 (t, J=6.41 Hz, 2 H) 5.32 (s, 1
H) 7.07 (td, J=7.33, 0.92 Hz, 1 H) 7.20 (d, J=8.24 Hz, 1 H) 7.30 (td, J=7.67, 1.14 Hz, 1 H) 7.44
(dd, J=7.33, 0.92 Hz, 1 H); *C NMR (101 MHz, DMSO-ds): 6 13.51, 18.16, 26.40, 29.83, 31.52,
47.28, 73.31, 80.79, 109.06, 121.86, 122.51, 127.80, 140.27, 142.89, 168.51, 172.40, 186.47,
187.74,192.27; HRMS (m/z): [M + H]" calculated for CoH2403N: 326.1751; found: 326.1754.

(b) Synthesis of indolium salts with carboxylic acid group at 4™-, 5™-, 6™-, and 7™- position

2,3,3-Trimethyl-3H-indole-7-carboxylic acid (9): A suspension of 2-hydrazinobenzoicacid
hydrochloride 8 (2.0 g, 10.63 mmol) and 3-methyl-2-butanone (1.83 g, 21.27 mmol) in 20 mL of
AcOH in a round bottom flask was refluxed for 12 h. The reaction mixture was cooled and
solvents were removed under reduced pressure then purified by column chromatography (100—
200 mesh SiO,, MeOH 1 % CH,Cl, 99 %). Yield: 1.3 g, 60 %. Mp: 107 °C. *H NMR (400 MHz,
CDCls): 8 1.38 (s, 6 H) 2.39 (s, 3 H) 7.36 (t, J=7.63 Hz, 1 H) 7.47 - 7.53 (m, 1 H) 8.02 - 8.08 (m,
1 H); *C NMR (101 MHz, CDCls): & 15.73, 22.80, 54.52, 120.21, 126.04, 126.44, 129.55,
145.14, 152.14, 166.23, 191.04; HRMS (m/z): [M - H]" calculated for Ci,H3,0,N: 202.0863;
found: 202.0864.

7-Carboxy-1,2,3,3-tetramethyl-3H-indol-1-ium iodide (10): Compound 9 (0.5 g, 2.46 mmol)
and 1-iodomethane (1.048 g, 7.386 mmol) were dissolved in 5 mL of anhydrous CH3CN in a
round bottom flask and heated to reflux for 16 h. The reaction mixture was cooled to room
temperature and solvents were removed under reduced pressure. Reaction mixture was washed
twice with Et,0 (20 mL) to get required semisolid indolium salt. Yield: 0.67 g, 79 %. 'H NMR
(400 MHz, DMSO-dg): 6 1.52 (s, 6 H) 2.76 (s, 3H) 3.96 (s, 3H) 7.61 - 7.63 (m, 1 H) 7.80 - 7.84
(m, 1 H) 7.88 - 7.93 (m, 1 H); *C NMR (101 MHz, DMSO-ds): & 14.54, 22.21, 35.14, 54.45,
115.64, 123.81, 129.35, 129.85, 142.13, 142.63, 167.66, 196.53; HRMS (m/z): [M]" calculated
for C13H1602N: 218.1176; found: 218.1174.
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3-Hydrazinobenzoicacid hydrochloride (12): A mixture of 3-aminobenzoic acid 11 (2 g, 14.58
mmol) in 30 mL of concentrated HCI in a round bottom flask was cooled to 0 °C. A solution of
NaNO; (1.2 g, 17.5 mmol) in 10 mL of ice-cold water was added dropwise to the above
suspension at 0 °C, and the resultant mixture was stirred for 1 h while keeping the temperature at
0 °C. In a separate 100 mL Erlenmeyer flask, SnCl,. 2H,0 (9.87 g, 43.75 mmol) was dissolved
in 15 mL of concentrated HCI, cooled to 0 °C, and added to the above ice-cold solution dropwise
at 0 °C, and the resultant mixture was again stirred for 3 h while keeping the temperature at 0 °C.
The residue was filtered out and washed with 100 mL of Et,0. Compound 12 used for next step
without further purification. Yield: 2.3 g, 84 %. Mp: 212 °C. 'H NMR (400 MHz, DMSO-ds): &
7.20 (m, 1 H) 7.37 (t, J=7.79 Hz, 1 H) 7.44 - 7.49 (m, 1 H) 7.54 (t, J=2.06 Hz, 1 H); **C NMR
(101 MHz, DMSO-dg): 6 114.31, 118.28, 121.43, 129.14, 131.51, 147.02, 167.29; HRMS (m/z):
[M + H]" calculated for C;HgO2N,: 153.0659; found: 153.0657.

Synthesis of compounds 13a and 13b: A suspension of 3-hydrazinobenzoicacid hydrochloride
(12) (2 g, 10.63 mmol) and 3-methyl-2-butanone (1.373 g, 15.95 mmol) in 30 mL of AcOH in a
round bottom flask was refluxed for 24 h. Solvents were removed under reduced pressure and
purified by column chromatography (100-200 mesh SiO,, CH3;0H 1.5 % and CH,Cl, 98.5 %) to
afford the required compounds 13a and 13b.

2,3,3-Trimethyl-3H-indole-6-carboxylic acid (13a): Yield: 0.5 g, 23.2 %. Mp: 209 °C. 'H
NMR (400 MHz, CDCls): & 1.38 (s, 6 H) 2.53 (s, 3 H) 7.40 (d, J=7.93 Hz, 1 H) 8.09 (d, J=7.93
Hz, 1 H) 8.43 (s, 1 H); *C NMR (101 MHz, CDCls): § 14.85, 22.83, 53.93, 120.93, 121.30,
127.84, 131.06, 150.06, 152.07, 169.71, 190.42; HRMS (m/z): [M - H]" calculated for
C12H120,N: 202.0863; found: 202.0865.

2,3,3-Trimethyl-3H-indole-4-carboxylic acid (13b): Yield: 1.15 g, 53.2 %. Mp: 270 °C. H
NMR (400 MHz, DMSO-dg): & 1.42 (s, 6 H) 2.23 (s, 3 H) 7.41 (t, J=7.79 Hz, 1 H) 7.67 (dd,
J=7.78, 0.92 Hz, 1 H) 7.74 (dd, J=8.01, 1.14 Hz, 1 H); *C NMR (101 MHz, DMSO-ds): & 15.58,
20.37, 55.87, 124.06, 127.35, 127.75, 128.24, 146.45, 155.82, 167.98, 189.96; HRMS (m/z): [M
- H]" calculated for C1,H1,0,N: 202.0863; found: 202.0864.
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6-Carboxy-1,2,3,3-tetramethyl-3H-indol-1-ium iodide (14a): The compound 13a (0.3 g, 1.476
mmol) and 1-iodomethane (0.628 g, 4.43 mmol) were dissolved in 10 mL of MeCN and refluxed
for 12 h. After cooling, the reaction mixture was dissolved in 2 mL of dichloromethane and
added to the stirring diethyl ether portion-wise, the precipitate was collected and washed twice
with the fresh portion of Et,O (15 mL). Yield: 0.35 g, 69 %. Mp: 251 °C. *H NMR (400 MHz,
DMSO-dg): 8 1.56 (s, 6 H) 2.81 (s, 3 H) 4.04 (s, 3 H) 7.96 (d, J=7.93 Hz, 1 H) 8.19 (d, J=7.93
Hz, 1 H) 8.37 (s, 1 H); *C NMR (101 MHz, DMSO-d): & 14.78, 21.96, 35.36, 54.61, 116.35,
124.02, 130.77, 132.30, 143.03, 146.41, 166.63, 197.75; HRMS (m/z): [M]" calculated for
C13H1602N: 218.1176; found: 218.1177.

4-Carboxy-1,2,3,3-tetramethyl-3H-indol-1-ium iodide (14b): The compound 13b (0.3 g, 1.476
mmol) and 1-iodomethane (0.628 g, 4.43 mmol) were dissolved in 10 mL of CH3;CN and
refluxed for 12 h. After cooling, the reaction mixture was dissolved in 2 mL of dichloromethane
and added to the stirring diethyl ether portion-wise, the precipitate was collected and washed
twice with fresh portion of Et,O (15 mL). Yield: 0.45 g, 88 %. Mp: 292 °C. 'H NMR (400 MHz,
DMSO-ds): 6 1.69 (s, 6 H) 2.82 (s, 3 H) 4.00 (s, 3 H) 7.80 (t, J=8.01 Hz, 1 H) 8.13 (d, J=7.78
Hz, 1 H) 8.19 (d, J=8.24 Hz, 1 H); *C NMR (101 MHz, DMSO-ds): & 14.88, 19.58, 35.61,
56.34, 119.86, 128.87, 129.95, 131.66, 141.68, 144.25, 166.73, 197.33; HRMS (m/z): [M]"
calculated for Cy13H160,N: 218.1176; found: 218.1177.

(c) Synthesis of unsymmetrical squaraine dyes

General synthetic procedure of 4-SQ, 4-SQ1, 5-SQ, 6-SQ, 7-SQ and 7-SQ1 dyes: Butoxy-
semisquaraine (1 equiv.) and indolium salt (1 equiv.) were dissolved in anhydrous PhMe and n-
BuOH (1:1, 10 mL of each) in a round bottom flask followed by the addition of 0.5 mL of
pyridine. The contents were refluxed in Dean-Stark apparatus for 24 h under an inert atmosphere.
The reaction mixture was washed with 30 mL of 2N HCI and the organic layer was separated
with CH,Cl, (30 mL x 2 times), dried over Na,SO,4. The reaction mixture was purified by
column chromatography (SiO,, 100-200 mesh, MeOH and CH,Cl,) to afford the required dye.

5-Carboxy-2-[[3-[(1,3-dihydro-3-octyl-1,3-didecyl-2H-indol-2-ylidene)methyl]-4-oxo-2-
cyclobuten-2-olate-1-ylidene]methyl]-1,3,3-trimethyl-3H-indolium (15, 5-SQ): Compound 4
(0.2 g, 0.3 mmol) and 7°° (0.1 g, 0.3 mmol), column chromatography (SiO,, 100-200 mesh, 2.5
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% MeOH and 97.5 % CH,Cl,). Yield: 0.11 g, 49 %. Mp: 121 °C. *H NMR (400 MHz, CDCls): &
0.46 (br.s., 2 H) 0.72 - 0.86 (m, 11 H) 1.03 - 1.25 (m, 35 H) 1.38 - 1.46 (m, 3 H) 1.83 (br. s., 8
H) 1.92 - 2.09 (m, 2 H) 3.01 (br. s., 2 H) 3.51 (br. s., 3 H) 4.08 (br. s., 2 H) 5.98 (s, 1 H) 6.17 (br.
s., 1 H) 6.95 (d, J=6.87 Hz, 1 H) 7.04 (d, J=7.79 Hz, 1 H) 7.22 (t, J=7.33 Hz, 1 H) 7.28 - 7.41
(m, 2 H) 8.07 (br. s., 1 H) 8.14 (d, J=8.24 Hz, 1 H); **C NMR (101 MHz, CDCly): & 14.17,
22.65, 22.70, 22.74, 24.10, 27.31, 27.36, 27.56, 29.15, 29.25, 29.33, 29.52, 29.59, 30.49, 31.86,
31.93, 40.06, 44.24, 48.29, 59.39, 88.02, 88.37, 107.97, 109.83, 122.52, 124.15, 124.66, 127.89,
129.55, 130.82, 131.29, 132.83, 139.52, 141.75, 144.03, 147.34, 148.63, 168.61, 170.74, 171.04,
176.61, 178.80, 180.96, 182.32; IR (cm™): 2916, 2849, 1699, 1599, 1568, 1483, 1463, 1352,
1263, 1188, 1084, 1041, 924; HRMS (m/z): [M + H]" calculated for CssH7904N,: 819.6034;
found: 819.6037.

7-Carboxy-2-[[3-[(1,3-dihydro-3-octyl-1,3-didecyl-2H-indol-2-ylidene)methyl]-4-oxo-2-
cyclobuten-2-olate-1-ylidene]methyl]-1,3,3-trimethyl-3H-indolium (16, 7-SQ): Compound 4
(0.2 g, 0.3 mmol) and 10 (0.1 g, 0.3 mmol), column chromatography (SiO,, 100-200 mesh, 2.4 %
MeOH and 97.6 % CH,Cl,). Yield: 0.1 g, 44.8 % (semisolid). *"H NMR (400 MHz, CDCly): &
0.37-0.52 (m, 2 H) 0.70 - 0.88 (m, 11 H) 1.04 - 1.27 (m, 35 H) 1.38 - 1.45 (m, 3 H) 1.74 - 1.88
(m, 8 H) 1.93 - 2.07 (m, 2 H) 3.02 (br. s., 2 H) 3.50 (d, J=12.82 Hz, 3 H) 3.85 - 4.03 (m, 2 H)
5.92 (br.s., 1 H) 6.06 (br.s., 1 H) 6.95-6.99 (m, 1 H) 7.09 - 7.21 (m, 2 H) 7.27 - 7.40 (m, 4 H);
3C NMR (101 MHz, CDCls): & 14.09, 22.58, 22.63, 22.67, 24.05, 24.10, 27.15, 27.29, 29.10,
29.22, 29.28, 29.32, 29.47, 29.54, 29.61, 29.65, 29.70, 31.80, 31.86, 40.03, 58.76, 86.71, 87.54,
108.87, 109.36, 122.22, 122.34, 123.42, 123.79, 127.66, 127.72, 139.15, 143.14, 144.21, 148.30,
164.60, 168.89, 169.89, 173.59, 178.35; IR (cm™): 2920, 2852, 1722, 1600, 1489, 1456, 1355,
1271, 1229, 1193, 1092, 1056, 926; HRMS (m/z): [M + H]" calculated for Cs;H7904N>:
819.6034; found: 819.6035.

6-Carboxy-2-[[3-[(1,3-dihydro-3-octyl-1,3-didecyl-2H-indol-2-ylidene)methyl]-4-oxo-2-

cyclobuten-2-olate-1-ylidene]methyl]-1,3,3-trimethyl-3H-indolium (17, 6-SQ): Compound 4
(0.2 g, 0.3 mmol) and 14a (0.1 g, 0.3 mmol), column chromatography (SiO,, 100-200 mesh, 2.5
% MeOH and 97.5 % CH,Cl,). Yield: 0.095 g, 43 %. Mp: 167 °C. *H NMR (400 MHz, CDCl,):
50.38-0.58 (m, 2 H)0.72-0.91 (m, 11 H) 1.04 - 1.28 (m, 35 H) 1.36 - 1.48 (m, 3 H) 1.71 -
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1.93 (m, 8 H) 1.96 - 2.13 (m, 2 H) 3.03 (br. s., 2 H) 3.58 (br. s., 3 H) 4.06 (br. s., 2 H) 6.06 (br.
s., 1 H)6.17 (br. s., 1 H) 7.02 (d, J=7.93 Hz, 1 H) 7.15 - 7.26 (m, 1 H) 7.29 - 7.38 (m, 2 H) 7.40
(d, J3=6.10 Hz, 1 H) 7.74 (br. s., 1 H) 7.94 (d, J=7.93 Hz, 1 H); *C NMR (101 MHz, CDCl): &
14.09, 22.57, 22.61, 22.65, 24.01, 24.05, 27.06, 27.22, 27.42, 29.09, 29.17, 29.25, 29.43, 29.45,
29.51, 29.61, 29.68, 30.49, 31.78, 31.84, 39.98, 44.01, 48.93, 59.05, 87.23, 87.98, 109.51,
110.07, 121.89, 122.39, 124.26, 125.57, 127.76, 130.87, 139.29, 143.44, 144.07, 146.95, 169.28,
169.35, 170.11, 176.43, 179.77, 182.83; IR (cm™): 2919, 2851, 1696, 1598, 1558, 1488, 1425,
1366, 1263, 1212, 1162, 1088, 1053, 933; HRMS (m/z): [M + H]" calculated for CssH7904N,:
819.6034; found: 819.6034.

4-Carboxy-2-[[3-[(1,3-dihydro-3-octyl-1,3-didecyl-2H-indol-2-ylidene)methyl]-4-oxo-2-
cyclobuten-2-olate-1-ylidene]methyl]-1,3,3-trimethyl-3H-indolium (18, 4-SQ): Compound 4
(0.2 g, 0.3 mmol) and 14b (0.1 g, 0.3 mmol), column chromatography (SiO,, 100-200 mesh, 2.3
% MeOH and 97.7 % CH,Cl,). Yield: 0.112 g, 50 %. Mp: 118 °C. *H NMR (400 MHz, CDCls):
50.48 (br.s., 2H) 0.70 - 0.89 (m, 11 H) 1.06 (br. s., 12 H) 1.10 - 1.24 (m, 22 H) 1.33 (d, J=6.10
Hz, 2 H) 1.51 (br. s., 2 H) 1.86 (br. s., 2 H) 1.93 - 2.06 (m, 2 H) 2.18 (s, 2 H) 2.14 (s, 4 H) 3.04
(br.s., 2 H) 3.57 (br. s., 3 H) 4.32 (br. s., 2 H) 5.94 (br. s., 1 H) 6.62 (br. s., 1 H) 7.06 (d, J=7.32
Hz, 1H) 7.12-7.26 (m, 2 H) 7.28 - 7.38 (m, 2 H) 7.41 (t, J=7.93 Hz, 1 H) 7.86 (d, J=7.32 Hz, 1
H); *C NMR (101 MHz, CDCls): & 14.09, 22.59, 22.63, 22.65, 24.10, 24.13, 25.19, 27.21,
27.69, 29.13, 29.28, 29.30, 29.34, 29.49, 29.54, 29.61, 29.69, 31.83, 31.86, 39.96, 43.84, 46.12,
51.49, 58.97, 85.45, 88.71, 109.61, 112.43, 122.31, 124.05, 126.60, 127.59, 127.68, 128.93,
139.55, 141.74, 144.24, 144.41, 168.44, 170.24, 171.68, 174.60, 178.40, 182.63, 183.38; IR (cm’
1): 2918, 2849, 1687, 1586, 1555, 1486, 1450, 1359, 1260, 1192, 1160, 1087, 1046, 934; HRMS
(m/z): [M + H]" calculated for Cs4H7904N>: 819.6034; found: 819.6030.

7-Carboxy-2-[[3-[(1,3-dihydro-1,3,3-trimethyl-2H-indol-2-ylidene)methyl]-4-oxo-2-

cyclobuten-2-olate-1-ylidene]methyl]-1,3,3-trimethyl-3H-indolium (19, 7-SQ1): Compound 6
(0.2 g, 0.6 mmol) and 10 (0.2 g, 0.6 mmol), column chromatography (SiO,, 100-200 mesh, 2 %
MeOH and 98 % CH.Cl). Yield: 0.160 g, 55.6%. Mp: 265 °C. *H NMR (500 MHz, CDCl): &
1.78 (br. s., 12 H) 3.50 (br. s., 3 H) 3.86 - 4.09 (m, 3 H) 5.92 (br. s., 1 H) 6.00 (br. s., 1 H) 7.04 -

Ambarish Kumar Singh Page 106



Chapter 312021

7.21 (m, 3 H) 7.30 - 7.42 (m, 3 H) 7.50 - 7.65 (m, 1 H); **C NMR (126 MHz, CDCls): & 26.89,
27.07, 27.43, 35.54, 47.79, 49.74, 52.54, 87.37, 88.38, 109.19, 109.73, 122.27, 122.37, 123.80,
124.53, 124.92, 127.82, 127.98, 129.29, 142.15, 142.80, 143.91, 167.52, 170.50, 170.85, 172.60,
179.29, 180.10, 182.50, 183.02; IR (cm™): 2913, 2848, 1707, 1591, 1501, 1448, 1411, 1283,
1230, 1195, 1141, 1087, 1055, 915; HRMS (m/z): [M + H]" calculated for CagH2504Ny:
469.2122; found: 469.2130.

4-Carboxy-2-[[3-[(1,3-dihydro-1,3,3-trimethyl-2H-indol-2-ylidene)methyl]-4-oxo-2-
cyclobuten-2-olate-1-ylidene]methyl]-1,3,3-trimethyl-3H-indolium (20, 4-SQ1): Compound 6
(0.156 g, 0.58 mmol) and 14b (0.2 g, 0.58 mmol), residue was filtered out and wash twice with
CHCIl; (10 mL). Yield: 0.155 g, 57 %. Mp: more than 300 °C. *"H NMR (200 MHz, MeOH-d,:
CDCl; (2:4)): 8 1.76 (s, 6 H) 1.93 (s, 6 H) 3.68 (s, 3 H) 3.63 (s, 3 H) 5.85 (br. s., 1 H) 5.90 (br. s.,
1 H) 7.12 (d, J=7.83 Hz, 1 H) 7.15 - 7.25 (m, 1 H) 7.26 - 7.39 (m, 2 H) 7.39 - 7.49 (m, 2 H) 7.78
(d, J=7.17 Hz, 1 H); °C NMR (101 MHz, MeOH-d4: CDCls (2:4)): & 24.75, 27.04, 35.63, 51.83,
57.26, 85.96, 89.46, 110.07, 113.74, 122.52, 124.60, 126.94, 128.37, 128.53, 130.14, 142.06,
143.20, 144.48, 144.84, 168.44, 172.06, 172.42, 175.51, 177.09, 183.22, 183.78; IR (cm™): 1688,
1592, 1555, 1498, 1445, 1358, 1281, 1226, 1153, 1098, 1052, 921; HRMS (m/z): [M + H]"
calculated for Cy9H2904N2: 469.2122; found: 469.2115.
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3.3 RESULTS AND DISCUSSION

3.3.1 Synthesis of Squaraine Sensitizers. Synthesis of an unsymmetrical squaraine dye requires
the condensation reaction between semi-squaraine and indolium salt (Scheme 1). Thus alkylated
semi-squaraine and indolium salt with the carboxylic acid group at 4™, -5 -6"and -7" positions
have been synthesized (Scheme la and 1b) and condensed under the Dean-Stark distillation
reaction conditions in PhMe, n-BuOH, and pyridine to afford the required unsymmetrical
squaraine dyes (Scheme 1c, 15-20) in moderate yield (40-60%).

3.3.2 Optical and electrochemical properties. The UV-vis spectra of 4-SQ, 4-SQ1, 5-SQ, 6-
SQ, 7-SQ, and 7-SQ1 in CH,Cl, are provided in Figure 2a. The Amax and molar extinction
coefficient (¢) for the synthesized dyes are provided in Table 1. Unsymmetrical indoline based
squaraine dyes showed an intense peak between 632-643 nm in CH,ClI, with the molar extinction
coefficient of 2.3-3.6x10° M™ cm™. The UV-vis spectra of alkylated dyes, 4-SQ, 7-SQ are 5 and
3 nm red-shifted compared to the corresponding parent dyes 4-SQ1 and 7-SQ1, respectively due
to the dye-solvent interactions (Figure 2a). Further, the Amax for the 5-SQ is red-shifted slightly
compared to other derivatives, due to the conjugation of nitrogen atom of indoline unit and —
COzH group in a para-type fashion. The fluorescence spectra showed the Amax between 642-654
nm upon exciting at 600 nm. Further, the emission spectrum of 5-SQ is red-shifted 4-12 nm
compared to other dyes (Figure 2b). To understand the interaction between dye and TiO,, UV-
vis spectroscopic study has been carried out by dipping the TiO, electrode in dye solutions (0.1
mM in MeCN). It is found that the ortho-carboxyl group containing dye 7-SQ is not anchored on
the TiO, surface. Further, the corresponding dye with methyl groups at the sp*-C and N-atoms,
7-SQ1 is also not anchored on the titania implies that the steric factor in the indoline unit which
connected with the anchoring group plays an important role in the formation of electronic
communication of dye with TiO, (Figure 2d). All the other four dyes have anchored to the TiO,
surface. IR spectroscopy for the model squaraine dye without the carboxylic acid showed the
carbonyl stretching frequency at 1592 cm™ for the squaric acid unit, and ~1700 cm™ for the
carboxylic acid group for the 4-SQ, 4-SQ1, 5-SQ and 6-SQ dyes (Figure 24 and 25). However,
the peak at 1700 cm™ was disappeared upon anchoring to the TiO, surface (Figure 26). With 5
min of dipping of TiO; electrode to the 0.1 mM MeCN solutions of dyes lead to observe broad
peak for the dye 4-SQ1 (500-720 nm, due to aggregation of dyes), and two peaks for the dyes 4-
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SQ (643 nmand 597 nm), 5-SQ (643 nm and 602 nm) and 6-SQ (634 nm and 593 nm). The peak
centred around 643-634 nm is for the monomer and 602-593 nm for the H-aggregate (Figure
2¢). The absorption peaks for 4-SQ1 on TiO; are very broad due to the aggregation of dyes,
however such broadening is narrowed down for 4-SQ, 5-SQ, and 6-SQ due to the presence of
alkyl groups which controls the self-assembly of dyes. The LHE (absorptance) profile for the
electrode dipped in the dye solutions 12 h showed the complete coverage from 400-700 nm with

a dip in 400-500 nm regions (Figure 9a and 9c).
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Figure 2. (a) Normalized UV-vis absorption spectra of 4-SQ, 4-SQ1, 5-SQ, 6-SQ, 7-SQ and 7-
SQ1, (b) fluorescence spectra of 4-SQ, 4-SQ1, 5-SQ, 6-SQ, 7-SQ and 7-SQ1 dyes in CH,Cl,
solution, (c) UV-vis absorption spectra of 4-SQ, 5-SQ, 6-SQ, and 4-SQ1 on TiO, electrode (6um
thickness, [Dye] = 0.1 mM in MeCN), (d) structural differences in the anchoring sites of 4-SQ1
and 7-SQ1.
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To understand the charge injection process, fluorescence experiments have been carried out in
dye anchored TiO; and ZrO, electrodes. In order to have monomeric dyes on the TiO, surface,
the electrodes are immersed in CDCA solution for 12 h (1 mM solution in MeCN) and dipped
further for 2 min in dye solutions (0.1 mM in MeCN, 6 um thickness). UV-vis studies indicated
the presence of only monomeric dyes on both TiO; and ZrO; electrodes (Figure 3a, 3c, 3e, 39).
Further 4-SQ, 4-SQ1, 5-SQ and 6-SQ dyes showed the fluorescence (Figure 3b, 3d, 3f, 3h) at
659 nm, 659 nm, 673 nm and 664 nm, respectively on ZrO, and it was completely quenched on
TiO,. Notably, emission of spectra of 4-SQ and 4-SQ1 showed two peaks centred at 665 nm and
730 nm on ZrO; (Figure 3b, 3d). It is known in the literature that the fluorescence spectrum of
squaraine dyes in solution possess oa—, f—, and y— emission peaks correspond to the emissions
from the photo-excited state, photo-excited solute-solvent complex, and a twisted, relaxed
excited state, respectively (Figure 6).%® Red-shifted emissions for the 4-SQ and 7-SQ compared
to its non-alkylated dyes, 4-SQ1 and 7-SQ1, correspond to the B-emission that is emission from
the photo-excited solute-solvent complex. However, in the absence of solvent on surfaces, only
o— and y— emission peak is expected (Figure 7). It is possible that more spatial interaction of
4SQ and 4-SQ1 with TiO, may promote the formation of twisted excited state to observe the y-
emission due to the parallel arrangement of dye on the titania surface, whereas 6-SQ (a similar
meta-isomer with respect to N-atom of indoline ring as 4-SQ) exhibit majorly a-emission which
infers the different orientations for 4-SQ and 6-SQ on TiO,. Though the a- and y- emissions are
quenched in the 2 min dye dipping experiments, both the emissions are not quenched even on
TiO, for 4-SQ for the electrode dipped for 12 h (DSSC device fabrication conditions, Figure
9b). Hence the charge injection from 4-SQ may be less compared to 5-SQ and 6-SQ. The
quenching efficiency is not calculated as the amounts of dyes are not the same for all the dyes
with either 2 min or 12 h dipping time (Table 7, and Figure 3). The LHE profile on ZrO, is
narrowed down compared to the same in TiO,, and the complete quenching of the emission of 4-

SQ1 on ZrO; is due to the self-quenching as the electrode was dipped for 12 h (Figure 9d).

Further, the cyclic voltammetry study of the dyes in CH,Cl, has been carried out to evaluate the

electrochemical properties (Table 1, Figure 4a, and Figure A64).

Ambarish Kumar Singh Page 110



Chapter 312021

(a) (b)
1.6 e - < 6
Dipping time 2 min = Dipping time 2 Min —==4-5Q on ZrO2
w—4-5Q on Zr0y - = 4-5Q on TiO2
8 1.2{ —as-s@onTio, 2
% 0 44
S c
S 0.8 £
_"3 =
c
< .4 K] o
7]
0
0.04 T r ¥ uEJ 1Y At
400 500 600 700 800 640 680 720 760 800
Wavelength (nm) Wavelength (nm
(©) (d) gth (nm)
1.6 - 2 1.5
Dipping time 2 min - Dipping time 2 min ===4-SQ1 on Zr03
—4-SQ1 ON Zr02 ; w—4-5Q1 on TiO2
8 12 —4sa1on Tio, =
c 9 1.04
© [
£ 08 £
2 <
< ] o 0.54
0.4 i
2
0.0- & 0 o-=./¥.¥ v
400 500 600 700 800 " 840 680 720 760 800
Wavelength (nm) § Wavelength (nm)
(e) (f)
20— - < 6
Dipping time 2 min ‘Q_ 9 Dipping time 2 MiN o 5-5Q on Zrop
e 5-5Q on ZrO — ?
1.64 2 ===5-5Q on TiO2
8 e 5-5Q on Ti02 Q
c [
@ 1.24 c
£ g
8 08 =
< (=]
0.44 ]
]
£
0.0 T T w
400 500 600 700 800 640 680 720 760 800
Wavelength (nm) Wavelength (nm)
(g) (h)
1.6 =
Dipping time 2 min 2 12 Dipping time 2 MiN  «mm6-5Q on ZrOz
—06-5Q on Zr0, -~ == 6-5Q on TiO2
8 121 —6s00n TiO, 2 0.9
c 0
3 5
5 0.84 E 0.64
£ 5
0.41 5 0.3-
L]
0.04 T v v uEJ 0.0
400 500 600 700 800 " 840 680 720 760 800
Wavelength (nm) Wavelength (nm)

Figure 3. (a), (c), (e) and (g) absorption spectra of 4-SQ, 4-SQ1, 5-SQ, and 6-SQ dyes, (b), (d),
(f) and (h) emission spectra of 4-SQ, 4-SQ1, 5-SQ and 6-SQ dyes (excited at 600 nm) on the
Ti0, and ZrO, respectively, where the electrodes are first dipped for 12 h in 1 mM of CDCA (in
CH3CN) solution, then 2 min in 0.1 mM dye (in CH3CN) solution at room temperature.
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The first oxidation for all the four squaraine dyes with the Enomo energy levels around 0.68 V to

0.79 V which were more positive than the redox potential of the iodide/tri-iodide (1715, 0.4 V vs
NHE) based electrolyte for the efficient dye regeneration, the slight difference is due to the
anchoring group at different positions. The E_ymo Of the dyes has been calculated by using the
optical bandgap of the dyes, which were around -1.12 V to -1.24 V and more negative than the
conduction band position of TiO; (- 0.5 V vs NHE) to ensure the efficient charge injection.
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Figure 4. (a) Cyclic voltammograms of 4-SQ1, 4-SQ, 5-SQ, and 6-SQ dyes in CH,Cl, (b)
schematic representation of energy level diagrams of 4-SQ1, 4-SQ, 5-SQ, and 6-SQ dyes.
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Figure 6. Emission from various states of squaraine dyes upon photoexcitation.
hv
L *
D {A}lD B (D H{A} D)
o-emission

Excited state

relaxation relaxation

- y-emission
1
1

D4A-D (D A% D)

Twisted excited state

A

Figure 7. Photophysics of D-A-D type squaraine dyes on surfaces upon photoexcitation.
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o-emission
Figure 8. Representation for the emission of 4-SQ and 4-SQ1 on ZrO,.

Y

(b)

Twisted state

y-emission

Table 1. Photophysical and electrochemical properties SQ dyes at room temperature.

Dye a}\rmax b7‘~m<’=\X C}\fmax d}\fmax f7¥max g7¥max € Eromo ELumo hEg
(nm) (nm) (m) (nm)  (nm) 5 (Vvs (Vvs (eV)
(nm) (10°  NHE) NHE)
abs emi  abs emi Mt
. . cm™)
TiO, TiO, ZrO,  ZrO,
4-SQ1 632 642 641 659 637 662, 3.0 0.68 -1.25 1.94
730
4-SQ 637 647 641 659 637 665, 3.6 0.75 -1.18 1.93
(680, 730
750)° (677,
742)°
5-SQ 643 654 647 673 641 676 3.1 0.79 -1.12 1.91
(688)°
6-SQ 636 647 638 664 632 668 35 0.76 -1.17 1.93
(680)°
7-SQ1 636 647 - - - - 2.9 0.73 -1.20 1.93
7-SQ 639 650 - - - - 2.3 0.72 -1.20 1.92
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#absorption, bemission of 4-SQ, 4-SQ1, 5-SQ, 6-SQ, 7-SQ, and 7-SQ, dyes in CH,ClI; solution,
“absorption on TiO,, 6 pm thickness dipped for 2 min in 0.1 mM solution of dyes in MeCN,

Jemission on TiO,, #12 h dipping time, fabsorption on ZrOy, 6 um thickness dipped for 2 min in
0.1 mM solution of dyes in MeCN, %emission on ZrO», hEgoptical bandgap.

(a) (b)
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Figure 9. (a), (c) LHE (=1-10™), (b) and (d), emission spectra of 4-SQ1, 4-SQ, 5-SQ, and 6-SQ
(0.1 mM in CH3CN) dyes (excited at 600 nm) on the TiO, and ZrO, respectively, where the
dipping time was 12 h at room temperature.
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3.3.3 Theoretical studies. All the calculations on the organic dyes were carried out using the
Gauusian09°®! package. A 6-311++ G basis set with B3LYP functional has been considered for
the optimization of all the organic dyes without any symmetry constraints. Following the
molecular property calculations, we have extended the studies to the adsorption of dyes on TiO;
(101) surfaces with VASP® (Vienna Ab-initio simulation package) using a plane-wave basis and
Perdew-Burke-Ernzerhof (PBE) functional. A Monkhorst-Pack scheme with 2x2x1 k-point mesh
has been considered with an energy cut-off set at 400 eV for all calculations. The SCF
convergence threshold has been set at 10™ eV with the individual forces on atoms set to be less
than 0.05 eV/A. A vacuum gap of 35 A has been provided in the TiO, model to avoid
interactions from the adjacent slab. The affinity of the organic dye to interact with the TiO,

surface has been measured by adsorption energy which is calculated by the equation,

Eads = Esurface +dye — Esurface - Edye

Where, Esurface + aye represents the total energy of the dye adsorbed surface, Esurface represents the

total energy of the TiO; surface and Eqy. represents the total energy of the organic dye molecule.

Isosurface plots of selected frontier molecular orbitals (HOMO-1, HOMO, LUMO, LUMO+1) of
SQ dyes without alkyl groups before and after adsorption on the TiO, surface shown in Figure
10, and 11. Model squaraine dyes with methyl groups at N- and sp®-C atoms of the indoline units
with anchoring groups at various positions were taken as shown in Figure 12. The photovoltaic
efficiency of a DSSC device largely depends on the dye-TiO, interface which depends on the
electronic properties of the sensitizer and its orientation on the surface of the semiconductor. To
understand the underlying factors, dipole moment and frontier molecular orbitals of the organic

dye are analyzed along with the electronic properties of the dye anchored TiO, Table 2.

The dipole moment exerted by the dye on the TiO, surface plays a vital role in shifting its Fermi
energy level that helps to modulate the Voc of the DSSC device. The calculated resultant dipole
moments for the 4-SQ, 6-SQ, and 5-SQ dyes are 2.71 D, 3.08 D and 4.56 D, respectively (Table
3). Further, the HOMO-LUMO energy gap and the frontier molecular orbitals composition
provided in Figure 15, and Table 3. Dye 5-SQ1 has its HOMO and LUMO on the anchoring and
squaraine group, dyes 6-SQ1 and 4-SQ1 have their HOMO and LUMO concentrated on the

squaraine moiety.
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Figure 10. Isosurface plots of selected frontier molecular orbitals (HOMO-1, HOMO, LUMO,
LUMO+1) of SQ dyes without alkyl groups before adsorption on the TiO, surface (Isosurface

value at 0.03).

Ambarish Kumar Singh

Page 117



Chapter 3| 2021

HOMO LU MO LUMO+1

5-sQ1

?.,Q‘J
‘Q'.a‘.‘
O'l.,
4 ? 2 2
9 >
JO’ bJ J.:‘ ‘J
@ o
Jf"bd} asa 229 ‘p,é
° 5.
._.‘ 0,
@ 220
. a9 "‘ 29
2 fu 2 .,l 'h‘”
? Y " e s re °
> ’. & >,
+9 9 + @ "
@ 29
+ s *

Figure 11. Isosurface plots of selected frontier molecular orbitals (HOMO-1, HOMO, LUMO,
LUMO+1) of SQ dyes without alkyl groups after adsorption on the TiO, surface (Isosurface

value at 0.03).
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Table 2. DFT optimized band gap (HOMO-LUMO) and dipole moments of SQ dyes without
alkyl groups before and after adsorption on the TiO, surface.

Dyes Band gap (eV) Dipole moment (Debye)

Before After Before adsorption SQ  After adsorption SQ@TIO,
adsorption  adsorption

5-SQ1  2.137 0.533 Iy = 4.86, 1, = 0.06, Hy = -10.24, p, = 2.21,
Hy=-0.29, P =487 Mz = 1.55, pigtar = 10.59

6-SQ1  2.172 2.208 Hy = -2.67, py = 1.78, Iy = -5.80, iy = 4.00,
Wy =-0.23, how =3.22 Mz = -0.53, Piota = 7.06

4-SQ1  2.173 1.733 We=-1.92 py=-120,  py=-2.17, py =-0.79,
uz = '0.88, utotaj = 243 uz = 205, utota| = 308

4-sQ1 6-SQ1

Figure 12. Model squaraine dyes, 4-SQ1, 5-SQ1, and 6-SQ1 with anchoring group at different
positions.

Ambarish Kumar Singh Page 119



Chapter 3| 2021

(a) (b) (c)

BBR%0 o oot el liaRO ot P ot S et
0 DL LBE{ IO L0 BE( LOC{ Y
7 a3 S8 B0 SO IR

OO0 00 S E8s 680 68

2
0

4-SQI E, ;. =-2.07 eV 5-SQI E,, =-2.23 eV 6-SQIE,;,=-1.49 eV

Figure 13. Relaxed orientations of dyes on the TiO; surface with their adsorption energies.

Figure 14. Side views of 5-SQ1 anchored on TiO; (101) binding to Tisc and Oxc.

The interaction of the organic dyes with TiO, surface is largely driven by the orientation of the
anchoring group and this affects the adsorption energy (Eags) and the electronic properties. The
relaxed geometries of the dye adsorbed TiO, surface along with their adsorption energies are as
shown in Figure 13. 5-SQ1 and 6-SQ1 dyes are seen to orient themselves in a slightly
perpendicular mode by making an acute angle on theTiO, surface, whereas dye 4-SQ1 adapts a
nearly parallel mode. The perpendicular mode of interaction is seen to be more favored

energetically as 5-SQ1 (Figure 14) shows higher adsorption energy (-2.23 eV) as compared to 6-
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SQ1 (-1.49 eV) and 4-SQ1 (-2.07eV). 4-SQ1 shows higher adsorption energy than 6-SQ1 owing
to the H-Oyc bond formation which is absent in 6-SQ1. The photovoltaic efficiency depends on
the ability of the dye to inject electron to the semiconductor surface, this electron injection
efficiency is again determined by the orientation of the dye on the surface. While a perpendicular
orientation shows higher adsorption energy, it need not necessarily infer a better photovoltaic

efficiency. The electronic properties of the dye adsorbed surface will give more insight into the
electron injection ability of the dye.
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Figure 15. Isosurface plots of selected frontier molecular orbitals (HOMO-1, HOMO, LUMO,
LUMO+1) of 4-SQ, 5-SQ, and 6-SQ dyes with alkyl groups (Isosurface value at 0.03).
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Table 3. DFT optimized band gap and dipole moments of SQ dyes with alkyl groups.

Dyes Band gap (eV) Dipole moment (Debye)

5-SQ 2.1016 by = -1.81, py = -4.18, ; = -0.14, Mol = 4.56
6-5Q 2.1413 by = -0.75, py = -2.96, iz = 0.39, Hiotat = 3.08
4-5Q 2.1468 iy = -1.40, py = -1.70, iz = 1.58, peowat = 2.71

b4 AL My 3 R,
kI

= 5-SQ 6-SQ Q

Figure 16. Fully optimized geometry of SQ dyes with alkyl groups.

The Projected Density of States (PDOS) plot along with the partial charge density plot of 5-SQ1
and 6-SQ1 dyes is shown in Figure 17. It can be seen from the PDOS plot that both the dyes
show a bandgap of nearly 2 eV with the valence band showing contribution from the dye and the
conduction region comprising of Ti-d orbitals. However, the partial density of charge plots
brings out the contrast between these two systems very clearly. It can be seen 5-SQ1 shows
electron density overlap in the anchoring region and acceptor (LUMO) of the dye while in 6-SQ1
the overlap is visible only in the anchoring region. The electron density in the anchoring region
is an attribute to the higher adsorption energy observed earlier and the electron density from the
squaraine region will attribute to the electron injection efficiency. The PDOS and partial charge
density plots of 4-SQ1 dye which binds in a parallel mode show some interesting features.
Despite a decent electron density overlap in the anchoring and squaraine region, the electron
injection ability of this dye is seen to be the least from our experimental findings. This is in
direct correspondence to the small bandgap as seen from the PDOS plot in Figure 17a. The O-p

orbitals of the surface lie at a lower energy of nearly 0.6-1.0 eV causing the recombination of
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electron-holes in the dye. This electron-hole recombination and low bandgap in dye 4-SQ1 leads
to a lower electron injection ability and hence decreases the photovoltaic efficiency of this dye.

(a) 250 — ’ . . - - . - . (b)
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Figure 17. PDOS and partial charge density plots for 4-SQ1, 5-SQ1, and 6-SQ1 on TiO;
(Isovalue set at 0.004).
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The shift in the position of the conduction band of TiO, can be determined from the dipole
moment of a sensitizer.®” ®® The calculated dipole moment of the isolated, as well as the
orientation derived from the dye@TiO; sensitizers without alkyl groups, has been compared
(Table 2). The dipole moment of sensitizers under both the conditions follows the order of 5-
SQ1>6-SQ1>4-SQ1, which indicates that a perpendicular orientation of dye in the case of 5-
SQ1. Further, it is observed that both 4-SQ1 and 6-SQ1 have the meta-carboxyl group with
respect to the N-atom of indoline unit, and differs in the dipole moment upon anchoring that
indicates the different orientations on TiO».

3.3.4 Photovoltaic performance. To study the effect of orientation of monomeric dyes on TiO,
surface, photovoltaic parameters have been obtained by carrying out the device fabrication with
(i) dipping the TiO, electrode in dye solutions of 4-SQ1, 4-SQ, 5-SQ and 6-SQ for a short time,
and (ii) dipping the TiO; electrode 1 mM solution of CDCA for 12 h prior to sensitizing it with
dye solutions for 2 min. Further, to understand the importance of both orientation and
aggregation of dyes on the photoanode, the TiO, electrodes were sensitized with dyes in MeCN.
Even within 2 min of sensitizing the electrode with the dyes, the IPCE profile (Figure 18d)
showed the interaction between the dyes as the ratio between the peaks at 650 nm, and 607 nm is
significantly varied in comparison to the solution spectrum. The device efficiency of 1.55 % for
the dye 5-SQ was obtained for the cell with the Voc and Jsc of 0.625 V and 3.07 mA/cm?,
respectively (Table 4). The significant improvement in the Voc of the devices 4-SQ1, 4-SQ
indicates the importance of alkyl groups to passivate the electrode surface. The IPCE profile of
the DSSC devices fabricated with loading the coadsorbent CDCA for 12 h and anchoring the
dyes for 2 min in MeCN, showed only the response from the monomeric dyes (Figure 18c).
Again, the device efficiency of 0.79 % for the dye 5-SQ was obtained for the cell with the Voc
and Jsc of 0.623 V and 1.50 mA/cm?, respectively. In both the device fabrication conditions, the
device performance for the dyes decreases in the order of 5-SQ> 4-SQ> 6-SQ. The V¢ obtained
for the devices varied from 0.591 V (for 4-SQ1) to 0.623 V (for 5-SQ). Photoanodes loaded with
the dyes 4-SQ1, 4-SQ, 5-SQ, and 6-SQ for 12 h in MeCN showed the device efficiency of
0.36%, 1.22%, 4.91%, and 3.0% respectively (Table 5). The Voc for the 4-SQ device is 78 mV
higher than that of 4-SQ1 due to the presence of branched alkyl groups. Further, DSSC devices
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with 5-SQ and 6-SQ as sensitizers showed similar Voc, and it may be due to the similar
passivation effect offered by the monolayer of dyes on TiO,. Further, the device performances
have been significantly enhanced in the presence of 3 equivalents of CDCA, and the dye 5-SQ
showed an efficiency of 6.08%. The IPCE profile showed the importance of the position of the
anchoring group for the better photocurrent generation. For the 4-SQ1 dye, the monomeric dye
contributed much for the photocurrent generation than the 4-SQ, 5-SQ and 6-SQ in the absence
of CDCA (Figure 19).
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Figure 18. (a) and (c) I-V and IPCE curve of 4-SQ1, 4-SQ, 5-SQ, and 6-SQ dyes, where the cells
are first dipped in 1 mM of CDCA (in CH3CN) solution, then 2 min in 0.1 mM dye (in CH3CN)
solution at room temperature, (b) and (d), I-V and IPCE curve of 4-SQ1, 4-SQ, 5-SQ, and 6-SQ
dyes, where the cells are dipped in 0.1 mM dye (in CH3CN) solution for 2 min.
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Figure 19. (a to d) I-V curve of 4-SQ1, 4-SQ, 5-SQ, and 6-SQ dyes in presence and absence of
CDCA respectively, (e to h) IPCE curve of 4-SQ1, 4-SQ, 5-SQ, and 6-SQ dyes in presence and
absence of CDCA respectively, blue line corresponds to the LHE of dye without CDCA.

Table 4. Photovoltaic response from the monomeric 4-SQ1, 4-SQ, 5-SQ, and 6-SQ dyes.

Cells Voc (V) Jsc (MA/cm?) ff (%) 1 (%)
a4_SQ1 0.591 + 0.002 0.93+0.01 82 +0.53 0.450 +0.010
b4_SQ1 0.528 + 0.001 0.69 +0.04 71 +0.43 0.258 +0.018
a4_SQ 0.617 + 0.005 1.44 +0.13 83 +£0.82 0.737 +0.081
b4_SQ 0.614 + 0.002 2.27 £0.09 81+0.91 1.130 = 0.060
a5_SQ 0.623 + 0.002 1.50 £ 0.10 84 +0.34 0.785 + 0.058
D5_5Q 0.625 + 0.004 3.07+£0.23 81 +0.61 1.550 +£0.143
a6-SQ 0.595 + 0.006 0.55+0.03 86 + 0.05 0.281 +0.019
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b6-SQ 0.605 + 0.002 1.42 +0.12 86 +0.15 0.739 + 0.066

8Electrodes are first dipped in 1 mM of CDCA (in CH3CN) solution for 12 h, and then 2 min in
0.1 mM dye (in CHsCN) solution at room temperature, %electrodes are dipped in 0.1 mM dye (in
CHsCN) solution at room temperature for 2 min.

Table 5. Photovoltaic response from the actual device of 4-SQ1, 4-SQ, 5-SQ, and 6-SQ dyes.

Cells  CDCA(ratio) Voc (V) Jsc (MA/cm?) ff (%) 1 (%)

4-SQ1 O 0.549 +£+0.005 1.01x0.03 62 £1.03 0.35+£0.01
4-SQ1 3 0.577£0.006 1.14+0.05 72+0.71 0.47 £0.03
4-SQ 0 0.627 £0.002  2.55 +0.09 73+0.29 1.17 £ 0.05
4-SQ 3 0.655+0.003 4.36 £ 0.07 78 £0.35 2.23 £0.05
5-SQ 0 0.701 £0.002 9.11+0.13 75 +£0.67 4,79 +£0.12
5-SQ 3 0.694£0.004 11.2+0.15 76 £ 0.82 5.91+0.17
6-SQ 0 0.704 £0.002 5.82+0.14 71 +£0.37 2.91 +0.09
6-SQ 3 0.698 £0.002 7.72+0.04 76 £0.16 4.09 £ 0.05

However, the aggregated structure played a vital role in the enhanced Jsc for 5-SQ and 6-SQ in
the presence and absence of CDCA. It is possible that both 5-SQ and 6-SQ may have similar
self-assembly formation, conductive nature at the position of carboxylic acid and the TiO,
binding site leads to the better charge injection for the 5-SQ than the 6-SQ where the dye-TiO,
interface is non-conductive and mostly through-space charge injection lead to the observed
photocurrent. The photovoltaic device by dipping the TiO, electrode for 12 h in dye solutions
and the co-adsorbent decipher the importance of aggregation of dyes for the photocurrent

generation.
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3.3.5 Electrochemical impedance spectroscopy (EIS). An EIS study on the DSSC devices has
been carried out to understand the charge transfer properties across the TiO,-dye/electrolyte
interface.®® Nyquist plot, charge transfer resistance (Rc), chemical capacitance (C), and the
electron lifetime (7 =R x C) at various applied bias are provided in Figure 20, 21, and 22. The

EIS parameters by applying 0.6 V bias is provided in Table 6.
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Figure 20. Nyquist plot of 4-SQ1, 4-SQ, 5-SQ, and 6-SQ dyes vs applied bias in the presence
and absence of CDCA.
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Figure 21. (a) Charge recombination resistance, (b) chemical capacitance, (c) electron life time

of SQ dyes vs applied bias with and without CDCA.

Charge transfer resistance at the TiO,-dye/electrolyte interface modulates the charge collection
efficiency at the TiO, layer. In general, increment in the charge transfer resistance (Rc) is
reflected in the enhanced charge collection. One of the ways to improve the R is by shielding
the electrolyte components from reaching the TiO, surface which avoids the recombination of
electrons in the TiO, and oxidized electrolyte component at the TiO,-dye/electrolyte interface.
The R value at the applied bias of 0.6 V decreases in the order of 5-SQ (5.7 ohm)> 6-SQ (4.9
ohm)> 4-SQ (4.1 ohm) for the devices in dark. Further, the values are substantially increased in
the order, 6-SQ (10 ohm)> 5-SQ (8.2 ohm)> 4-SQ (7.1 ohm) when the electrodes were
coadsorbed with CDCA (3 equiv.), which indicates the well-packed monolayer of dyes as well as
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dyes and CDCA have been achieved for 5-SQ and 6-SQ than 4-SQ. The fitted chemical
capacitive (Cg) curve under the bias potential indicates the position of the conduction band of
TiO,."%" Similar Cu values for 5-SQ, 6-SQ, and slightly lowered value for 4-SQ indicates the
similar conduction band positions for 5-SQ, 6-SQ than 4-SQ. It is known that the dipole moment
of the dye normal to the TiO, surface can modulate the positions of the conduction band. As
indicated by the computational studies (Table 2), different orientation of the 4-SQ1, 5-SQ1, and
6-SQ1 dyes on the TiO, with dipole moment lead to the modulated Voc besides effective
passivation of the titania surface by the branched alkyl groups. Further, the electron lifetime also
supported the varied Voc of the 5-SQ (31.42 ms), 6-SQ (30.8 ms), and 4-SQ (14.55 ms) devices.
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Figure 22. (a) Nyquist plot, (b) charge recombination resistance, (c) chemical capacitance, (d)
electron lifetime of 4-SQ1, 4-SQ, 5-SQ, and 6-SQ dyes vs applied bias in the presence and
absence of CDCA.
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Table 6. EIS parameters of DSSC device made up of 4-SQ, 5-SQ, 6-SQ, and 4-SQ1 in dark with

the applied bias of 0.6 V.

Dye Dye: CDCA Ret (0hm) Cu (mF) 7 (ms)
4-SQ 1:0 4.1 2.08 8.52
4-SQ 1:3 7.1 2.05 14.55
5-SQ 1:0 5.7 3.03 17.27
5-SQ 1:3 8.2 3.15 31.42
6-SQ 1:0 4.9 3.05 14.94
6-SQ 1:3 10 3.08 30.8
4-SQ1° 1:0 4.8 1.01 4.84
4-SQ1° 1:3 7.9 1.14 9.0

®Applied bias of 0.52 V

3.3.6 Mott-Schottky and dye-desorption studies of SQ dyes. To evaluate the conduction band
position of TiO, sensitized with the 4-SQ, 5-SQ, and 6-SQ, Mott Schottky study has been carried

out (Figure 23a).°*®® The amount of anchored dyes on the TiO, was found to be 6.3 pmol/cm?
for 4-SQ, 9.3 umolicm?® for 5-SQ and 7.6 pmol/cm? for 6-SQ in the absence of CDCA by

desorption method (Table 7), which indicates the position of anchoring unit indeed controls the

extent of dye loading on the photoanode. Further, the dye retention of 74-79 % on the surface in

the presence of 3 equivalents of CDCA (Table 7), points towards the preferential dye-dye
interaction over dye-CDCA and CDCA-CDCA interactions. It is also known that the AEcg TiO;

also depends on the dipole moment exerted by the anchored dyes either towards or away from
the TiO, surface. Mott-Schottky (Table 7) along with EIS (Cu vs applied bias, Figure 22c)

studies revealed that the position of CB TiO; is modulated upon sensitizing with squaraine dyes.
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Table 7. Flat band potential of TiO2, upon sensitizing with squaraine dyes and amount of dye
loaded on TiO; surface with and without CDCA.

Dyes CDCA Et Anmax ¢ (M1cm?)  Dye Loading on TiO, (mol/cm®)
4-5Q1 0 -0.7458  0.8535 30x10 1113 x 10"
4-SQ1 3 - 0.6145 30x10 8.015 x 10
4-SQ 0 -0.7230 05751 36 %10 6.951 x 10
4-SQ 3 - 0.4552 3.6 x 10 4.947 10"
5-5Q 0 -0.6659 07398 54,10 0.338 x 10
5-SQ 3 - 0.5664 31x10 7149x 10"
6-5Q 0 07078 0.6803 3510 7605 x 10
6-SQ 3 - 0.5084 35x 10 5.683 x 10
Tio® 0 -0.4200 - - .
3.5
—=—14.5Q1
1=——45Q
3.0 4 ——7355(Q
{=r=06-SQ
2.5 1
L 20
s _
*, 1.5
Now |
- 1.0
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-1.2 -1.0 -0.8 -OI.B I -0|.4 | -0.2 I 0.0
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Figure 23. (a) Mott-Schottky plots of the TiO, sensitized with SQ dyes under dark condition at a

frequency of 1 kHz with a voltage sweep (from -1.2 VV to 0 V).
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3.4 CONCLUSIONS

In the present work, a series of far-red responsive unsymmetrical squaraine dyes, 4-SQ, 5-SQ, 6-
SQ, and 7-SQ have been synthesized by introducing anchoring groups at different positions to
modulate the orientation of the dye on the TiO, surface. The position of anchoring group
deciphers the importance of electronic coupling between dye and TiO, (both conductive and
non-conductive), introducing a non-radiative decay pathway for the sensitizer upon anchoring,
the orientation of dyes on the TiO, and self-assembly of dyes on the TiO,. All the above-
mentioned factors collectively play to optimize a better dye-sensitized photoanode for DSSC
device. Our results on the D-A-D type squaraine dye indicate that the anchoring group at 7"
position (7-SQ) did not anchor on TiO,, and 4-SQ on TiO, formed a twisted structure upon
photo-excitation. Though the aggregation pattern on TiO; for the 5-SQ and 6-SQ are similar, the
device performance is modulated due to the conductive nature at the dye-TiO; interface for 5-SQ
with enhanced energy conversion efficiency. The device performance of 6-SQ showed the
importance of through space electron transfer for the photocurrent generation, an observation
helps to design self-assembled dye structure for the DSSC device study with non-conductive
anchoring group. Further, the dye-TiO, interface helps to modulate the flat band potential of
TiO, due to the dipole moment exerted by the dyes on to the semiconducting metal oxide, which

in turn helps to enhance the Voc of the devices.
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D-A-D Based Complementary Unsymmetrical Squaraine Dyes for

Co-sensitized Solar Cells
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4.1 INTRODUCTION

Interfacial electron transfer kinetics associated with the photo-excited sensitizer and the
semiconducting metal oxide has been the topic of frontier research for the last three decades ever
since the fruition of solar energy conversion by dye-sensitized solar cells (DSSC).** Light
absorbing sensitizer molecules* plays an important role of harvesting solar energy besides
anode,” electrolyte® and cathode materials’ in DSSC devices. Ease of tuning the HOMO and
LUMO energy levels and the high extinction coefficient of organic sensitizers drew the attention
of organic chemists to come up with different architectures of dyes to harvest visible, far-red and
NIR regions of the solar spectrum in compared to transition mental based light absorbing
complexes. Thus, D-A2 D-n-A,° D-A- 1-A,° D-D- n-A,* and D-A-D*? dye architectures have
been wildly utilized to harvest the visible and NIR regions of the solar spectrum. Aggregation of
dyes™ on the semiconducting metal oxide surface,™* and photo-injected electrons combine with
the oxidized electrolyte species known as charge recombination processes are found to be
detrimental factors for the DSSC device performance.”> Hence, besides light harvesting
properties of the sensitizers, design principles for controlling the aggregation of dyes on the
semiconducting metal oxide surface, and diminishing the charge recombination process need to
be in-built in the dye structure for the enhanced device performance.*® Introducing alkyl groups
to the dye structures and/or using optically transparent co-adsorbent helped to avoid above
mentioned processes which boost the device performance.’®” There are several organic dyes
that exceed 10-13% device performance.'®?° Though the organic sensitizers are superior in terms
of modular synthesis and having high extinction coefficient, the photocurrent generation is often
rendered by either one of the visible, far-red and NIR-regions of the solar spectrum. Further there
are few dyes that show panchromatic incident photon to current conversion efficiency (IPCE)
response.?*#? However the co-sensitization method that uses two or more complementary light
absorbing dyes help to harvest the 400-850 nm photons of the solar spectrum.?*?*> Ruthenium
complexes and porphyrin based dyes are been the choice of primary dyes, to which D-n-A,?® D-
A-n-A%7" D-A-D?® dyes have been utilized as a co-sensitizer for the panchromatic spectral

coverage for the better photocurrent generation.

28
I

Cocktail, 23 sequential® and ultrafast methods®®*! have been utilized for the co-sensitization

process to have poised arrangements of dyes on TiO,, preferential loading between the pair of
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dyes and reducing the sensitizing the time in minutes, respectively. Further general information
on the binding energy, self-assembling nature of individual dyes on TiO,, size,** shape and
geometry® of sensitizers are required to choose the method of co-sensitization to have the
optimal dye arrangement for the better device performance. Further, Brgnsted and Lewis acid
sites on the TiO, surface utilized for the selective adsorption complementing dyes with pyridine
and carboxylic acid anchoring groups, respectively.’*®* Many co-sensitizers have been
developed that were complement to the optical absorption gaps of near-panchromatic ruthenium-
and porphyrin-based dyes. Small D-n-A based dye with N3 sensitizer provided the device
performance of 11.1 and 11.3%, respectively.?* 3*3® Ruthenium based N719 sensitizer with B-
and meso substituted porphyrins showed the device performance of 4%* and 8.9%*
respectively. Porphyrin dyes showed the near panchromatic photoelectron generation with dips
in the IPCE profile however combination with D-n-A, and D-A-n-A showed the device
performance up to 13%.2%2"#1*3 pysh-pull type monomeric and dimeric porphyrin dyes with
complementary light absorption property provided the device efficiencies 9.6-10.4%.>*
Besides, enhancing the light harvesting efficiency the co-sensitizer can reduce the aggregation of
partner dye on the TiO, surface was studied.* Further, complementary light absorbing dyes with
the combination of D-n-A and D-A-n-A dyes exhibited the device efficiencies of 8.7-12.8%.%%
Squaraine dyes have been used a NIR light absorbing component along with Ru based
sensitizer’®*?, D-n-A*®%'  to provide the panchromatic photovoltaic response. NIR-light
absorbing phthalocyanines dyes has been co-sensitized with JK2 to afford the device
performance of 7.7%.°*? Tuning the band-gap of dyes with extending the conjugation is an
attractive approach, as it provides the complementary dyes in the similar family of sensitizers.
Pair of cyanine and D-n-A dyes with complementary absorption properties provided the device

performance of 3.4%% and 7.3 %>, respectively.

Recently concerted complementary dye concept has been introduced, where the dye pair has
been covalently connected to have a specific control over anchoring of dyes on the surfaces.> It
is preferable to have the complementary dyes with high extinction coefficient, and there is a
mismatch in one of the dyes in most of the explored dye combinations. Squaraine, a D-A-D type
dye belongs to polymethine dyes; possess a sharp absorption with high extinction coefficient in

the far-red to NIR regions.'? Besides this electronic property, these dyes self-assemble in solution
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as well as in solid state to have H- and J-aggregates due to the strong dye-dye interactions.*>>°°

57,58

Such assembled structures have been utilized in the sensor, xerography>® and organic solar

cells.®®®* In DSSC, such facile formation of aggregate on the TiO, surface plays a detrimental
factor for the device performance.’*® We have circumvented the problem by introducing in-
plane and out-of-plane alkyl groups to a series of unsymmetrical squaraine dyes and showed that
controlling the aggregation of dyes synergistically boost both Jsc and Voc.!” Yet another property
of this class dye is that the effect of extending the conjugation leads ~105 nm® shift in the

absorption spectrum, which is merely 15-20 nm in the case of D-n-A, and D-A-n-A dye

architectures (Figure 1c).®*®

(a) Visible active unsymmetrical squaraine dye (b) Targeted unsymmetrical squaraine dyes

Branched alkyl groups

(i) to control the aggregation of
dyes on the TiO, surface which
helps in broadening the absorption
and enhance the photocurrent (Jsc)
generation

(ii) to passivate the TiO, surface
that avoids charge recombination
process to enhace the V¢ of the

AK Dyes device AK1 AK2 AK3 AK4

(c) Effect of extending the conjugation in dyes

(i) D-=-A and D-A-n-A dyesD

Extension of

| n-conjugation N " CyaHas
o> 4 CioHas™ ) ‘
P vinylene, and N ’ 5 o (i) Same family of dyes

th'ozszgé’lre”e 15-20 nm bathochromic shift (ii) High extinction coefficients
for both dyes
(iii) Controlled aggregation
further broadens the
absorption and contribute
to the photocurrent
generation

(ii) D-A-D type polymethine dyes (Squaraine dyes)

Extension of

6 n G ) m-conjugatign Q:]@

with vinylene CO,H CO,H
spacer
D 100 nm bathochromic shift ~ AK4 Amax = 537 nm 8QS4 Amax = 643 nm

€ =1.44x105M'em"” €=3.0x10°M"'cm""

Figure 1. (a) General structure of visible active unsymmetrical squaraine dyes, (b) targeted
unsymmetrical squaraine dyes with alkyl groups, (c) effect on the absorption spectrum by
extension of conjugation for the sensitizers employed in DSSC, and (d) complementary

squaraine dyes for co-sensitized dye-sensitized solar cells.

Hence complementary dyes for the co-sensitization purpose can be chosen from same family of

D-A-D dyes with high extinction coefficients. Further, employing complementary dyes from the
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same family of chromophores helps to identify the factors that can be modulated to boost the
panchromatic absorption, shifting the conduction band position upon anchoring the dyes, Voc
and Jsc of the device. In the present work, a series of indoline and aniline donors based visible
active unsymmetrical squaraine dyes is designed and synthesized (Figure 1a). Further, structural
optimization for the better DSSC device performance is carried out by introducing in-plane and
out-of plane alkyl groups at the N- and sp*-C atoms of the indoline units and N-methylation at
the aniline donor (Figure 1b). Regarding the far-red absorbing squaraine dye, we have showed
the importance of aggregation of SQ1, and SQS4 dyes for broadening absorption profile which
also helps to enhance the photocurrent generation. Co-sensitization of visible active AK dyes
with vinylene moiety extended unsymmetrical squaraine dyes, SQ1 and SQS4, to cover the far-
red region is explored to achieve the panchromatic IPCE response (Figure 1d).

4.2 EXPERIMENTAL SECTION

4.2.1 General methods

Chemicals and reagents required for the synthesis of AK dyes were purchased from commercial
sources, and standard procedures are used for drying PhMe. *H and **C NMR were recorded on
Bruker NMR spectrometers AV 400 MHz frequency, in CDCls;, DMSO-dg. High-resolution mass
spectrometric (HRMS) measurements were recorded on SYNAPT G2 HDM in MeOH as a
solvent. Bruker FTIR spectrometer has been used to measure the IR-spectrum of all the AK dyes.
Absorption spectra of AK dyes were recorded on SPECORD® 210/ PLUS, Analytikjena
UV-visible spectrophotometer at room temperature. Emissions of AK dyes were recorded on
Edinburgh spectrofluorometer FS5 at room temperature. For the light-harvesting efficiency
(LHE) calculation, 6 um thin film of TiO, coated on the transparent glass slide was dipped in 0.1
mM (AK) and 0.2 mM (AK: SQ, 0.1: 0.1 mM each) dye solution for 12 h at room temperature,
and absorbance spectra were recorded on SPECORD® 210/ PLUS, Analytikjena UV—visible
spectrophotometer at room temperature and converted in light-harvesting efficiency (LHE = 1-
10™). Differential pulse voltammetric (DPV) and cyclic voltammetric (CV) studies of AK3 and
AK4 dyes were performed on BiolLogic SP300 potentiostat in anhydrous CH,Cl, solvent,
whereas, for AK1 and AK2 dyes a mixture of 95% of CH,Cl, and 5% of DMSO solvent were
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used, at 25 °C under an inert atmosphere, where platinum wire as a working electrode, platinum
foil as a counter electrode, non-aqueous Ag/Ag” (0.01M) as a reference electrode, TBACIO,
(0.05 M) as supporting electrolyte, and Ferrocene/Ferrocene” as the internal-standard, scan rate
of 100 and 50 mV s™ for DPV and CV, respectively. Electrochemical impedance measurements
(EIS) were performed using a BioLogic SP300 potentiostat equipped with a frequency response
analyzer. EIS studies were carried out in dark with various applied potential and frequency
ranges from 3 MHz to 10 mHz with sinus amplitude of 10 mV. |-V characteristics of the cells
were measured by using PHOTO EMISSION TECH (PET, CT200AAA, USA) solar-simulator,
and IPCE measurements were carried out with a Newport QE measurement kit. All the quantum
mechanical calculations were conducted by using the Gaussian 09 software." The optimization of
the ground-state geometry was carried out at the Density Functional Theory (DFT) level, using
the B3LYP hybrid functional and the 6-311G(++) atomic basis set. EZ-Melt automated melting
point apparatus used for the melting point measurement of all solid compounds. AK dyes are not
stable in basic as well as acidic medium; hence the condition to find out the dye loading by other

method is under progress.

4.2.2 Dye-sensitized solar cell fabrication. Fluorine-doped SnO, glass (8- 10 Q /sq; Pilkington
TEC 7) was washed with mucasol (2 % in water), de-ionized water, and isopropanol by using
ultrasonic-bath to make cleaned. To grow a thin film TiO,, FTO was treated with 40 mM
aqueous TiCl, solution at 70 °C for 30 min, washed with the de-ionized water then EtOH, and
dried at 110 °C for 10 min. A paste of TiO, nanocrystal (< 20 nm, Ti-Nanoxide T/SP, Solaronix)
was coated on FTO conducting side by using doctor-blade technique and kept for 15 min in the
air then heated at 120 °C in the air for 20 min, then coated with scattering layer TiO, paste
(WER2-O, Dyesol) and heated at 120 °C for 10 min in the air, then sintered at 325 °C for 10
min, 375 °C for 10 min, 450 °C for 10 min and 500 °C for 15 min where the heating rate was 5
°C per min in the air. After completion of sintering, films were treated with 40 mM aqueous
TiCl, solution at 70 °C for 30 min, washed with the de-ionized water then with EtOH and
sintered at 500 °C for 20 min. Then immersed the cells (area of TiO; is 0.23 cm?) in 0.1 mM or
0.2 mM dye solution of AK or AK: SQ (0.1mM each) for 12 h. Electroplatinised platinum foil

used as a cathode, iodolyte Z-50 (Solaronix) was used as electrolyte, 25 um spacer, and area of
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black mask was 0.23 cm?. The device performance of AK and co-sensitized dyes were measured
under standard simulator condition (AM 1.5 G, 100 mW/cm?).

4.2.3 Synthesis.

o (0]

CO H
Rir, 1 2N HCI / Acetone, R1R2 2 COoH
. e S

— NE)

O N enwzen PhMe/ n-BuOH,
T , reflux, 24 h

1a, Ry, Ry = -CHj, 2a,R;, Ry = CH3 78 % 3,Ry, Ry = -Me, R = -H, AK1, 69 %
1b, Ry = -CqgH21, Ry = -Cy2Has 2b, Ry = -CqgHaq, Ry = -CyoHas, 60 %

4Ry, Ry, Ry = -Me, AK2, 60 %
5, Ry =-CygHa1, Ry = -Cq2Has, R3 = -H, AK3, 60 %
6, Ry =-CyoHa4, Ry = -CyoHos, Ry = -Me, AK4, 55 %

Scheme 1. Synthesis of visible active unsymmetrical squaraine dyes AK1-AK4.

Required precursors for the synthesis of AK dyes; 1a%, 1b*’, SQS4'" and SQ1'® were
synthesized by the following the procedure present in the literature, and 4-Aminobenzoic acid, 4-
(Methylamino)benzoic acid are commercially available compounds.

(a) Synthesis of semisquaraine

3-hydroxy-4-((1,3,3-trimethylindolin-2-ylidene)methyl)cyclobut-3-ene-1,2-dione  (2a): 3-
Butoxy-4-((1,3,3-trimethylindolin-2-ylidene)methyl)cyclobut-3-ene-1,2-dione 1la (2 g, 6.15
mmol) were dissolved in 30 mL of acetone in a single neck round bottom flask followed by the
addition of 2 N aqueous HCI 6 mL, resultant mixture were refluxed for 12h. Solvents were
removed under reduce pressure, washed with 30 mL of hexane and dried at high vacuum
pressure pump. Yield: 1.3 g, 78.5 %. Mp: 223 °C. *H NMR (400 MHz, DMSO-dg): & 1.55 (s, 6
H) 3.35 (s, 3 H) 5.51 (s, 1 H) 7.02 (t, J=7.38 Hz, 1 H) 7.12 (d, J=7.75 Hz, 1 H) 7.26 (t, J=7.44
Hz, 1 H) 7.39 (d, J=7.25 Hz, 1 H); *C NMR (101 MHz, DMSO-dg): & 26.66, 29.68, 46.90,
81.59, 108.55, 121.82, 121.91, 127.71, 140.14, 143.18, 166.86, 173.76, 190.20, 191.80.

3-((3-decyl-1,3-didodecylindolin-2-ylidene)methyl)-4-hydroxycyclobut-3-ene-1,2-dione (2b):
3-butoxy-4-((3-decyl-1,3-didodecylindolin-2-ylidene)methyl)cyclobut-3-ene-1,2-dione 1b (2 g,
2.63 mmol) were dissolved in 30 mL of acetone in a single neck round bottom flask followed by
the addition of 4 N aqueous HCI (6 mL), resultant mixture were refluxed for 24h. Solvents were

removed under reduce pressure, and reaction mixture were purified by column chromatography
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(SiO2, 100-200 mesh, 3-5 % MeOH and 97-95 % CH,Cl,) to afford the required compound as
semi-solid. Yield: 1.1 g, 59.5 %. *H NMR (400 MHz, CDCls): & 0.48 (br. s., 2 H) 0.81 - 0.87 (m,
11 H) 1.03 (br. s., 10 H) 1.13 - 1.25 (m, 38 H) 1.37 (br. s., 2 H) 1.68 - 1.78 (m, 2 H) 1.83 - 1.95
(m, 2 H) 2.70 (t, J=10.76 Hz, 2 H) 3.84 (br. s., 2 H) 5.78 (br. s., 1 H) 6.81 (d, J=7.79 Hz, 1 H)
7.03 (t, J=7.33 Hz, 1 H) 7.18 - 7.26 (m, 2 H); *C NMR (101 MHz, CDCls): & 14.18, 22.77,
24.20, 27.42, 29.40, 29.45, 29.57, 29.73, 32.00, 40.10, 43.01, 57.15, 83.90, 107.76, 122.12,
127.41, 137.85, 145.00, 164.94, 167.42, 175.61, 178.20, 191.38.

(b) Synthesis of unsymmetrical squaraine

General synthetic procedure of AK dyes: The compound 2 (1 equiv.) and 4-Aminobenzoic
acid/ 4-(Methylamino)benzoic acid (1 equiv.) were dissolved in anhydrous PhMe and n-BuOH
(2:1, 10 mL of each) in a round bottom flask and refluxed in the Dean-Stark apparatus for 24 h
under an inert atmosphere. The reaction mixture was purified by column chromatography (SiO,
100-200 mesh, MeOH and CH,Cl,) to afford the required dye.

4-((4-carboxyphenyl)iminio)-3-oxo-2-((-1,3,3-trimethylindolin-2-ylidene)methyl)cyclobut-1-
en-1-olate (3, AK1): Compound 2a (0.5 g, 1.858 mmol) and 4-Aminobenzoic acid (0.255 g,
1.858 mmol), red colour solid were filtered and dried at high vacuum pressure pump. Yield: 0.5
g, 69.3 %. Mp: more than 300 °C. *H NMR (400 MHz, DMSO-de): & 1.68 (s, 6 H) 3.59 (s, 3 H)
577 (s, 1H)7.19 (m, 1 H) 7.33 - 7.45 (m, 2 H) 7.54 (d, J=7.63 Hz, 1 H) 7.83 - 8.06 (m, 4 H);
3C NMR (101 MHz, DMSO-ds): & 26.53, 30.73, 48.83, 85.96, 110.57, 119.31, 122.23, 124.01,
125.85, 128.01, 130.72, 141.34, 142.13, 142.66, 166.88, 171.47, 175.62, 181.82; IR (cm™): 2977,
2890, 1741, 1657, 1591, 1535, 1462, 1385, 1298, 1258, 1233, 1154, 1073, 958; HRMS (m/z): [M
- H]" calculated for C23H1904N,: 387.1339; found: 387.1350.

4-((4-carboxyphenyl)(methyl)iminio)-3-oxo-2-((-1,3,3-trimethylindolin-2-

ylidene)methyl)cyclobut-1-en-1-olate (4, AK2): Compound 2a (0.2 g, 0.743 mmol) and 4-
(Methylamino)benzoic acid (0.112 g, 0.743 mmol), column chromatography (SiO,, 100-200
mesh, 5 % MeOH and 95 % CH.Cl,). Yield: 0.180 g, 60.2 %. Mp: 297 °C. *H NMR (400 MHz,
DMSO- dg): 6 1.64 (s, 6 H) 3.54 (s, 3 H) 3.94 (s, 3H) 5.70 (s, 1 H) 7.12 - 7.19 (m, 1 H) 7.30 -
7.38 (m, 2 H) 7.51 (d, J=7.63 Hz, 1 H) 7.55 - 7.62 (m, 2 H) 7.91 - 8.02 (m, 2 H); 13C NMR (101
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MHz, DMSO- dg): 6 26.91, 29.38, 29.73, 46.97, 48.77, 81.89, 108.51, 110.71, 116.88, 121.90,
121.97, 127.88, 131.31, 140.26, 143.44, 153.58, 166.26, 167.79, 174.51, 192.40; IR (Cm'l): 2980,
2889, 1745, 1680, 1592,1565, 1503, 1473, 1461, 1454, 1383, 1348, 1262, 1240, 1184, 1151,
1074, 1055, 1012, 966, 954; HRMS (m/z): [M - H]" calculated for C24H2104N,: 401.1496; found:
401.1508.

4-((4-carboxyphenyl)iminio)-2-(((S)-3-decyl-1,3-didodecylindolin-2-ylidene)methyl)-3-
oxocyclobut-1-en-1-olate (5, AK3): Compound 2b (0.3 g, 0.426 mmol) and 4-Aminobenzoic
acid (0.058 g, 0.426 mmol), column chromatography (SiO,, 100-200 mesh, 2.5 % MeOH and
97.5 % CH,Cl). Yield: 0.21 g, 60 %. Mp: 108 °C. *H NMR (400 MHz, CDCls): & 0.52 (br. s., 2
H) 0.82 (m, 8 H) 0.88 (t, J=6.87 Hz, 3 H) 1.09-1.15(m, 30 H) 1.23 - 1.32 (m, 16 H) 1.37 (br. s.,
2 H) 1.44 (m, 2 H) 1.75 - 1.89 (m, 2 H) 1.97 - 2.15 (m, 2 H) 2.96 (br. s., 2 H) 4.03 (br. s., 2 H)
6.05 (br. s., 1 H) 7.03 (d, J=7.63 Hz, 1 H) 7.19 - 7.25 (m, 1 H) 7.29 - 7.42 (m, 2 H) 8.11 - 8.39
(m, 4 H); *C NMR (101 MHz, CDCly): & 14.05, 14.08, 22.61, 22.63, 22.67, 23.89, 27.22, 29.17,
29.28, 29.30, 29.33, 29.40, 29.52, 29.57, 29.61, 31.84, 31.87, 40.02, 43.87, 58.93, 86.79, 109.44,
119.48, 122.36, 124.27, 125.64, 127.81, 132.00, 138.94, 142.74, 143.92, 170.32, 170.54, 172.67,
178.30; IR (cm™): 2955, 2921, 2852, 1765, 1665, 1639, 1595, 1532, 1480, 1466, 1415, 1357,
1300, 1273, 1247, 1182, 1154, 1104, 1084, 1021, 965, 955; HRMS (m/z): [M - H]" calculated for
Cs4Hs104N2: 821.6191; found: 821.6194.

4-((4-carboxyphenyl)(methyl)iminio)-2-(((S)-3-decyl-1,3-didodecylindolin-2-

ylidene)methyl)-3-oxocyclobut-1-en-1-olate (6, AK4): Compound 2b (0.2 g, 0.284 mmol) and
4-(Methylamino)benzoic acid (0.043 g, 0.284 mmol), column chromatography (SiO,, 100-200
mesh, 3 % MeOH and 97 % CH.Cly). Yield: 0.130 g, 54.7 %. Mp: 110 °C. *H NMR (400 MHz,
CDCl): 6 0.47 (br. s., 2 H) 0.74 (br. s., 2 H) 0.86 (m, 9 H) 1.07 - 1.22 (m, 30 H) 1.25 (s, 16 H)
1.31-1.36(m, 2 H) 1.38-1.46 (m, 2 H) 1.77 (m, 2 H) 1.90 - 2.03 (m, 2 H) 2.92 (m, 2 H) 3.94 -
4.06 (m, 5 H) 6.03 (br.s., 1LH) 7.00 (d, J=7.63 Hz, 1 H) 7.14 - 7.22 (m, 1 H) 7.28 - 7.36 (m, 2 H)
7.45 (d, J=8.39 Hz, 2 H) 8.08 (d, J=8.39 Hz, 2 H): *C NMR (101 MHz, CDCls): & 14.06, 22.59,
22.63, 23.97, 27.16, 29.24, 29.28, 29.39, 29.42, 29.47, 29.53, 29.59, 29.64, 31.83, 31.86, 38.03,
40.05, 43.74, 58.73, 86.69, 109.28, 111.03, 117.09, 121.51, 122.25, 123.96, 127.69, 131.04,
132.25, 138.78, 144.01, 144.65, 153.47, 169.12, 169.95, 171.82, 174.60, 181.64; IR (cm™): 2954,
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2921, 2852, 1758, 1705, 1688, 1601, 1562, 1492, 1479, 1443, 1398, 1354, 1296, 1254, 1176,
1148, 1103, 1049, 1015, 965, 955; HRMS (m/z): [M - H]" calculated for CssHg3O4N,: 835.6347;
found: 835.6349.

4.3 RESULTS AND DISCUSSION

4.3.1 Synthesis of visible active unsymmetrical squaraine dyes. Synthesis of unsymmetrical
squaraine dyes require semi-squaraine or semi-squaric acid intermediate with one of the donors
which is then condensed with the second donor.*” We have adopted the semi-squaric acid route
for better reaction yields. The semi-squaraine derivatives 1a and 1b have been synthesized by
following a literature known method and then treated with 2N HCI in acetone for 24 h to provide
the corresponding semi-squaric acids 2a and 2b. Further condensing the semi-squaric acid
derivatives with 4-aminobenzoic acid and 4-(methylamino)benzoic acid afforded the AK series
of dyes AK1-4 (Scheme 1) in moderate yields.

4.3.2 Photophysical and electrochemical properties. The UV-vis spectra of AK1-AK4 dyes in
CH,Cl, showed intense peak between 529-541 nm with the extinction coefficients of 1.44-
1.84x10° Mecm™ (Figure 2, Table 1). Introducing alkyl groups at the sp>-C and N-atoms of
indoline unit bathochromically shift the Amax by 6 nm (AK1 vs AK3), whereas introducing N-
methyl group at the arylamine donor unit shifts 6 nm hypsochromically (AK1 vs AK2). It is
known that solvent-solute interaction is the main reason for the observation of the red shifted
transitions,’” and N-methylation around squaric acid might distort the planarity to observe the
blue shifted transitions. Hence the Amax Observed for AK4 as a net result of hypochromic shift
due to N-methyl group which distort the planarity of the molecule and bathochromic shift due to
the solvent solute interaction. Further introducing N-methyl group at the arylamine donor unit
broadens the UV-vis spectra of AK2 and AK4 compared to AK1 and AK3. Fluorescence
emission between 546-571 nm with the Stokes’s shift of 9-11 nm for the AK3, AK1 and 34-38
nm for AK4 and AK2 dyes, respectively upon exciting at 500 nm. Hence the effect of N-
methylation at the arylamine donor leads to larger Stoke’s shift indicates the change in dipole
moment for AK2 and AK4 dyes in the excited state. To understand the aggregation of AK dyes
on TiOy, dipping the TiO, electrode (thickness 6um) in AK dye solutions for a short time, 10

Ambarish Kumar Singh Page 149



Chapter 4| 2021

min, is carried out. All the AK dyes showed blue shifted peaks due to the formation of H-
aggregate as wells as deprotonation of carboxylic acid upon adsorption on TiO, surface.®” AK1
dye showed peaks at 523 nm, 488 nm, and 457 nm which can be assigned to monomer, dimer
and aggregated dyes, respectively. In the case of AK2 dye, the peak was broad and blue shifted
38 nm on TiO,. Further, AK3 and AK4 dyes showed 6 and 10 nm blue shifted peaks compared
to the spectrum in solution with dimer peak at 506 nm for AK3. Hence introducing alkyl groups
at the sp>-C and N- atoms of indoline unit controls the aggregation of dyes on the surface
(Figure 2b). The light harvesting property of AK1-4 dyes on TiO; electrode are good between
420-600 nm, introduction of alkyl groups leads to narrow down the LHE response for the AK3
and AK4 dyes due to the reduced aggregation of dyes on the TiO, surface (Figure 2c).
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1.2
CHyCly — AK1 1.2
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Figure 2. (a) Normalized UV-vis (solid) and fluorescence (dotted) spectra of AK dyes in CH,Cl,
solution, (b) UV-vis spectra of AK dyes on TiO; (thickness of the TiO, electrode 6 um, dipping
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time 10 min) and (c) LHE (=1-10™) profiles of AK dyes on TiO, electrodes (thickness 6 pum,
dipping time 12 h).

To evaluate the charge injection and dye regeneration properties of the AK1-4 dyes, differential
pulse voltammetry experiment was carried out (Figure 3a), and cyclic voltammograms with and
without ferrocene/ ferrocene™ (Figure 4). Further it is better to have sufficient potentials for
driving both charge injection (300 mV), and dye regeneration (500 mV/) processes.®® From the
first oxidation potential of the AK1-4 dyes, the HOMO energy level is calculated. The LUMO
energy level is calculated by incorporating the optical band gap which is obtained by both
absorption and emission spectroscopy. The HOMO and LUMO energy levels for the dyes is
found to be in the range of 0.94 — 1.12 eV (vs NHE) and -1.35 — -1.15 eV (vs NHE), respectively
(Figure 3, Table 1). Hence all the dyes, AK1-4, are potential sensitizer for fabricating the DSSC
device by using TiO, as a photoanode and 17/13" as an electrolyte, as the availability of sufficient
over potentials for charge injection (energy difference between LUMO of the dye and
conduction band of TiO,, more than 0.65 V), and dye regeneration processes (energy difference
between HOMO of the dye and redox function of the electrolyte, more than 0.54 V).

(a) (b)
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1.5 — 135V _
_ 127V 1oy L8V LUMO
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< w
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= iy
g _
o 05— 0.4V
o
00 02 04 06 03 10 00 02 04 06 08 10 1.0— 094V gggy 112y 105V |HOMO
Potential vs Ag/Ag (V) s

Figure 3. (a) Differential pulse voltammograms of AK1-4 dyes in CH,Cl,, and (b) energy level
diagram of HOMO and LUMO of the AK1-4 dyes with the conduction band of TiO, and the

redox function of 1'/15” electrolyte.
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Table 1. Photophysical and electrochemical properties of AK1-4 dyes at room temperature.

DYeS  hmax  “Amax Amax € LHE AL “Eoxi Enomo Eiumo C‘Eg

(nm)  (nm) (hm  (M'cm?) at Vvs (V vs (Vvs (eV)
on TiO, 80%(nm) Ag/Ag’) NHE) NHE)
AK1 535 546 457,488, 1.80x10° 186 0.395 0.94 -1.35 229
523

AK2 529 567 491 1.84x10° 175 0.439 0.98 -1.27 2.25

AK3 541 550 506,535 1.63x10° 145 0.577 1.12 -1.15 2.27

AK4 537 571 537 1.44x10° 151 0.507 1.05 -1.18 2.23

3absorption, "emission of AK1-4 dyes in dichloromethane, “on TiO,, thickness 6 um, dipping

time 10 min %oxidation potential, °Eq optical band gap (from the intersection point of absorption
and fluorescence, 1240/1).
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< < <
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g g 5
= = =
3 3 3
00 03 06 09 00 03 06 09 0.0 0.4 08 12
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Figure 4. Cyclic voltammograms of AK dyes with and without Ferrocene/Ferrocene”.
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4.3.3 Theoretical studies. DFT calculation was performed at B3LYP, 6-311G (++) level® for
the AK1 and AK2 dyes and the electronic distribution in HOMO-1, HOMO, LUMO and
LUMO+1 states are provided in Figure 5. The electron distribution is almost uniform in the -
framework of both the dyes, and exclusively concentrated on the squaric acid unit in HOMO-1.
Significant electron distribution is noted on the carboxylic acid unit in LUMO, due to the
arylamine donor unit. Further the LUMO+1 possess the electronic distribution mostly on the
anchoring carboxylic acid unit. The dihedral angles for the arylamine donor coupled with squaric
acid unit side are 0° and 34.5° for AK1 and AK2, respectively (Figure 6).

(a) @O\f ()®\©Y

{ \Oxé ,;H
LUMO +1 C\L( 7 b QY vq\g
/‘Q -1.619 eV {(i 1670evQ

-~

b ¥ Yool
. Q?(’?pm Crad¥ 50

IS -2.891 eV //* -2.781 eV
. \,a Q & I
HOMO C‘ Q %
-5.467 eV -5.333 eV
[ 9 (\\(
HOMO-1 | F( ? s~ ( /’(. ?
“Yf ® B g /\(\(‘
‘ -6.642 eV -6.456 eV

Figure 5. Frontier molecular orbital diagram for AK1 and AK2 (Isosurface value = 0.03).

The dihedral angle is the indicative of the planarity of the dyes, and AK1 is very planar and AK2
is not a planar molecule which might be the reason for the 6 nm blue shift for the dye AK2. The
total calculated dipole moment for the dyes AK1 (7.662 D) and AK2 (6.235 D) are significantly

varied blue to the N-methylation of arylamine donor unit (Table 2).
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(a) AK1 (b) AK2
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Figure 6. Optimized structure of AK1 and AK2 and the dihedral angle at the site of aniline based

donor and squaric acid unit.

Table 2. DFT optimized band gap (HOMO-LUMO), dipole moments and dihedral angle of AK1
and AK2 dyes.

Dyes Band gap (eV) Dipole moment Dihedral Angle
(Debye) (Degree)

AK1 2.57 7.662 0.05

AK2 2.55 6.235 34.50

4.3.4 Photovoltaic performance. The result on the photovoltaic performances by fabricating the
DSSC devices is provided in Figure 7 (Table 3). DSSC device efficiencies of 2.52%, 4.38%,
1.73% and 7.93% were obtained for AK1, AK2, AK3 and AK4 dyes without co-adsorbing with
CDCA. Further the device performances were increased to 2.49%, 5.50%, and 2.59%,
respectively for AK1, AK2 and AK3 dyes in the presence of 2 equivalents of CDCA, whereas the
device performance is decreased to 6.94% for AK4 in the presence of CDCA. The effect of N-
methylation at the aniline donor unit and alkyl groups at the sp®-C, N-atoms of indoline have
profound effect on the Voc of the devices. N-methylation at the arylamine donor unit improved

the Voc about 70 mV for AK2 (compared to AK1), and alkyl groups at the indoline units
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improved the Voc about 60 mV for AK3 (compared to AK1). However, in the case of AK4,
appending alkyl groups at the indoline unit and N-methyl group at the aniline donor unit
increased the Voc about 185 mV, compared to AK1. It is the highest Voc (815.88 mV) for the
zwitterionic dye with the 1715 electrolyte. Along with Voc, Jsc also synergistically improved by
appending the alkyl groups. The IPCE profile for all the AK dyes showed the maximum response
at ~475-490 nm, and it is corresponding to the H-aggregates of the respective dyes. Further co-
adsorbing the dye with CDCA (2 equivalents) has improved the IPCE response without changing
the shape of the profile, which indicates that the better dye-dye interaction on the surface. It is
understood from the DFT, and UV-vis studies that appending N-methyl group in AK2 make non
planarity around the m-framework of squaraine unit which may help reducing he charge

recombination pathways.
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Figure 7. (a and c¢) I-V curves for AK1-AK4 dyes without and with CDCA, (b and d) IPCE
curves for AK1-AK4 dyes without and with CDCA.
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Table 3. Photovoltaic parameters for the DSSC devices sensitized with AK dyes in the presence
and absence of CDCA (active area and black mask size was 0.23 cm?).

Dyes CDCA Voc (MV) Jsc (MA/em’) ff (%) 1 (%)

AK1? 0 629.16 + 1.09 4.78 +0.47 76 +0.29 2.28 +0.24
AK1? 2 633.86 + 1.28 4.99 +0.17 75+0.25 2.37+0.12
AK2? 0 699.12 + 1.22 7.80 + 0.44 75+ 0.87 4.09 +0.29
AK2? 2 708.92 + 2.26 9.82 +0.27 76 +0.73 5.29 +0.21
AK3P 0 690.63 + 1.39 3.23+0.16 73+£0.95 1.63 £0.10
AK3" 2 727.88 +2.61 459 +0.31 72 +0.52 2.40 +0.19
AK4° 0 814.60 + 1.28 12.05 +0.35 78 +0.37 7.65+0.28
AK4° 2 790.91 + 1.87 11.16 +0.28 76 +0.61 6.70 + 0.24

. . b . . . .
*CH,CN: DMSO (95: 5), °CH,CN: CHCI, (85: 15), °CH,CN: CHCI, (95: 5)

4.3.5 Electrochemical impedance spectroscopy (EIS). To understand the obtained Voc resulted
from avoided charge recombination process, systematic EIS studies in dark conditions with
various applied bias is carried out (Figure 8).”° From the Nyquist plot (Figure 8, and 10a), the
charge transfer (R.), chemical capacitance (Cu), and electron lifetime (z) were calculated
(Figure 9, and 10) for electrolyte/Pt electrode interface, dye-TiOy/electrolyte interfaces. The R
decreases in the order AK4 (12.57 ohm) >AK2 (7.62 ohm) >AK3 (6.23 ohm) >AK1 (5.68 ohm)
(Table 4). The high R value for AK4 indicates that the recombination of electrons in the TiO;
with the oxidized electrolyte is inhibited compared to other dyes. It is possible that the dye AK4
passivates the TiO, surface better than the other three dyes to avoid the interaction between
electrolyte and TiO; surface. Further fitted capacitive curve, indicates the position of conduction

band position can be modulated by anchoring of dye, which could exert the dipole moment either
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towards or away from the TiO; surface that helps enhancing the Voc of the devices. The
chemical capacitance is also decreased in the order of AK4>AK2>AK3>AK1 (Table 4).
Furthermore, the electron lifetime for AK4 dye is higher than other three dyes (Table 4), which
could be reason for the high Voc obtained for AK4 device.
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Figure 8. Nyquist plot of the AK dyes with and without CDCA under various applied bias.
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Figure 9. (a) Charge recombination resistance, (b) chemical capacitance, (c) electron life time of

AK dyes vs applied bias with and without CDCA.

Table 4. EIS parameters of DSSC device made up of AK1, AK2, AK3 and AK4 in dark with the

applied bias of 0.62 V.

Dye Dye: CDCA Rt (ohm) Cu (mF) 7 (ms)
AK1 1:0 5.68 0.648 3.68
AK1 1:2 5.74 0.820 4.71
AK2? 1:0 7.62 0.819 6.24
AK2? 1:2 10.24 0.90 9.22
AK3 1:0 6.23 0.729 4.54
AK3 1:2 8.90 0.754 6.71
AK4? 1:0 12.57 1.04 13.07
AK4? 1:2 10.39 0.92 9.56

®Applied bias of 0.64 V
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Figure 10. (a) Nyquist plot, (b) charge recombination resistance, (c) chemical capacitance and
(d) lifetime of electron of AK dyes without and with CDCA.

4.3.6 Co-sensitization of complementary unsymmetrical squaraine dyes. For the efficient co-
sensitized dye-sensitized solar cells, complementary light absorbing dyes with high extinction
coefficients is required. AK and SQS dyes have Amax in the regions of 529-541 nm and 642-650
nm, respectively (Figure 11a, b) with the extinction coefficients in the order of 10° M™cm™.
Dyes AK2 and AK4 showed better device performance than AK1 and AK3 with the IPCE
response more than 80% in the 450-610 nm regions. We have showed recently that indoline
based unsymmetrical SQS4 dye showed better device performance in the region of 550-700

" AK2, AK4 and SQS4 dyes have contributed to the photo current generation from the
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aggregated state even in the presence of co-adsorbent CDCA. The model indoline based
squaraine dye; SQ1 (without any alkyl groups) showed the IPCE response of 36% at 536 nm
which from the aggregated dye structures on TiO,, and in the presence of CDCA, the obtained
photocurrent response is only from the monomeric structures.'® Hence the stability of monolayer
formation with the co-sensitized dyes is very important on the TiO, surface, and it should not
happen that the formation of self-assembled structure is disturbed by the complementary dye.?*%
Hence in order to optimize a best pair of complementary dyes for the better co-sensitized device

performance, dyes SQ1, SQS4, AK2 and AK4 were chosen (Figure 11a).
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Figure 11. (a) Structures of AK2, AK4, SQ1, and SQS4, (b) normalized absorption spectra of
AK4 and SQS4, (c) overlapped LHE profile of AK4 and SQS4 and (d) LHE profile of AK and
SQS dyes co-sensitized TiO, electrode (dye dipping time 12 h).
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Figure 12. (a) I-V curve for AK2, AK4, SQ1 and SQS4 sensitized DSSC devices, (b) IPCE
profile for AK2, AK4, SQ1 and SQS4 sensitized DSSC devices without CDCA, (c) I-V curve for
co-sensitized DSSC devices of AK2+SQ1, AK2+SQS4, AK4+SQ1 and AK4+SQS4 DSSC
devices and (d) IPCE profile for AK2+SQ1, AK2+SQS4, AK4+SQ1 and AK4+SQS4 co-

sensitized DSSC devices.

The normalized absorption spectra of AK4 and SQS4 is provided in Figure 11b, and the LHE
profile of the individual dye as well as combined dye showed the potential light harvesting
ability from 450-700 nm (Figure 11c, d). The individual device performance is provided in
Figure 12a, b (Table 5). Co-sensitized devices for the AK2+SQ1, AK2+SQS4, AK4+SQ1 and
AK4+SQS4 dye combinations with the ratio of 1:1 are carried out without CDCA (Figure 12c,
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d). AK2+SQS4 device performed better with 7.0% (Voc 698 mV, Jsc 14.06 mA/cm?) than
AK2+SQ1 (4.59%, Voc 679 mV, Jsc 9.53 mA/cm?). Highest device performance is obtained for
the AK4+SQS4 dye combination with 9.36% (Voc 733 mV, Jsc 17.75 mA/cm?) with the good
IPCE response over a large part of the visible and far-red regions of the solar spectrum. Dye
combination of AK4+SQ1 showed the device efficiency of 5.43% (Voc 694 mV, Jsc 10.65
mA/cm?). The high device performance of AK4+SQS4 combination may be due to the long alky!
chains present in the both of the dyes, effectively controlling the aggregation. Further addition of
CDCA reduces the device performance (Figure 13 and Table 6).

Table 5. Photovoltaic parameters for the co-sensitized DSSC devices (active area and black

mask size was 0.23 cm?).

Dyes Voc (mV) Jsc (MA/cm?) ff (%) 1 (%)
AK2? 699.12 + 1.22 7.80+0.44 75+ 0.87 4.09 +0.29
AK4® 814.60 +£1.28 12.05 £ 0.35 78 + 0.37 7.65+0.28
SQ1° 637.22 £ 1.05 5.50+0.21 73+0.69 2.56 +0.13
SQS4b 716.87 £1.12 11.52 £ 0.37 72 £0.61 5.94+0.25
AK2: SQ1 (1:1)° 678.93 £ 0.36 9.27 £ 0.26 70+0.91 4,41 +0.18
AK2: SQS4 (1:1)° 697.41 £ 0.65 13.89 £0.17 71+0.39 6.88 £0.12
AK4: SQ1 (1:1)° 692.80 +£0.76 10.22 £0.43 73 +0.55 5.17 £0.26
AK4: SQS4 (1:1)° 731.96 +£1.32 17.46 £0.29 71+0.93 9.08 £0.28

*CH,CN: DMSO (95: 5), "CH,CN: CHCI, (95: 5), °CH,CN: DMSO: CHCI, (90: 5: 5)
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Figure 13. J-V curve of SQ dyes under AM 1.5 G illumination (1000 W/m?).
Table 6. Photovoltaic performance of co-sensitized solar cells.
Dyes CDCAratio  Voc (MV) 3 (maiem) T (%) 1 (%)

AK4: SQS4 (1:1) 0 73196 +1.32 1746+0.29 71+0.53 9.08+0.23
AK4: SQS4 (1:1)° 0 728.26 +0.63 17.80+0.51 70+0.13 9.07+0.27
AK4: SQS4 (1:1)° 2 722.78+0.77 16.13+0.81 71+0.32 8.28+0.46

*CH;CN: DMSO: CHCI; (90: 5: 5), "CH,CN: CHCI; (95: 5)
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4.3.7 Photovoltaic response from the monomeric dyes. To understand the IPCE responses
from monomeric dyes, the photoanode coated with TiO, (Thickness of TiO, 8 um, area 0.23
cm?) was first saturated with coadsorbent CDCA for 12 h (1.0 mM in MeCN), and further dipped
in dye solution for 2 min (0.1 or 0.2 mM in MeCN) (Figure 14 and Table 7). Monomeric AK4
performed better with efficiency 1.17%, Voc 662 mV, Jsc 2.21 mA/cm? than other dyes, whereas
no much changes observed with co-sensitized solar cell efficiency from the monomeric dyes and
the maximum efficiency obtained 2.58% with the AK4+SQS4 dye combinations with the ratio of
1:1.
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Figure 14. (a and b) J-V curves of SQ dyes under AM 1.5 G illumination (1000 W/m?), (c and
d) IPCE responses of SQ dyes.
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Table 7. Photovoltaic performance of SQ dyes.

Dyes Voc (MV) Jsc (mA/cmZ) ff (%) n (%)
AK1® 592.84 0.77 69 0.31
AK2? 626.20 1.49 82 0.76
AK3® 638.39 1.65 78 0.82
AK4P 662.12 2.21 80 1.17
AK2: SQ1 (1:1)° 650.87 4.33 80 2.25
AK2: SQS4 (1:1)° 670.12 4.94 76 2.51
AK4: SQ1 (1:1)° 664.56 471 80 2.50
AK4: SQS4 (1:1)° 687.36 4.81 78 2.58

*CH,CN: DMSO (95: 5), "CH,CN: CHCI, (85: 15), "CHsCN: DMSO: CHCI; (90: 5: 5)

4.4 CONCLUSION

Unsymmetrical squaraine dyes with indoline and aniline based donors were designed and
synthesized. These unsymmetrical squaraine dyes showed intense absorption with high
extinction coefficients around 540 nm. Systematic structural optimization by means of
introducing alkyl groups at the indoline donor unit as well as N-methylation of aniline donor
units is required to boost both Voc and Jsc of the DSSC devices. N-methylation of aniline donor
unit had profound effect on enhancing both Voc and Jsc, whereas introducing alkyl groups at sp-
C and N-atoms had significant effect on enhancing only the Voc. A device performance of 5.50
% (Voc 711.18mV, Jsc 10.09 mA/cm?, ff 77%) has been observed for AK2 device in the
presence of 2 equivalent of CDCA. However, AK4 dye showed the device performance of
7.93% without adding CDCA with the Voc of 815.8 mV. As AK dyes and indoline based
unsymmetrical squaraine dyes (SQ1 and SQS4) exhibit complementary absorption profile,
device optimization for the co-sensitized DSSC showed 9.36% for the AK4+SQS4 (1:1) dye
combination. It is the first example for the co-sensitized DSSC devices that uses two different

squaraine dyes which differ in extension of conjugation.
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Effect of VVarious Solvents and Electrolytes (I'/ 157, Co(ll/ 111) and
Cu(l/ 11)) on the Device Performance of NIR-Light Active Squaraine
Dyes

Device fabricated in CH;CN solvent showed aggregated IPCE response
Device fabricated in CHCI; solvent showed monomeric and dimeric IPCE response
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5.A Solvent Induced Aggregation of Unsymmetrical Squaraine Dyes on TiO; Surface and
Effect on Dye-sensitized Solar Cells Performance

5. A.1 INTRODUCTION

The technology of solar energy to electrical energy conversion by photovoltaic effect has been
very attractive and cheerful solar cells technology. Third generation solar cells have aroused
great interest fast growing attractive and regarded as very promising photovoltaics due to low
costs, and eco-friendly precursors." Among the all solar cells belongs to third generation, dye-
sensitized solar cells have the intense interest and potential to gain the high power conversion
efficiency because of their tunable photochemical diversity by modulating the donor, acceptor,
and spacer properties.? Scientists are devoting their great effort of research on the dye cells to
solve the issues of device efficiency, stability, and costs from last two decades by developing the
novel sensitizers, electrolytes, and photocathodes.®* Dye is the principal components and the
heart of DSSCs that leads to convert solar energy from the different regions of the solar spectrum
into the electrical energy. The high power conversion efficiency gains by considering the
planarity of the molecules for better electronic communications, w-spacer length, steric by
introduction of the alkyl groups or auxiliary non-conjugated aromatics, controlled aggregation by
introduction of the alkyl groups, and orientation of the dyes corresponds to the metal-oxide
surface.>>® Though the first report on the DSSCs have been given by O’Regan and Gritzel in
1991 where ruthenium dye used as a sensitizers,'® after several modifications the best efficiency
afforded by ruthenium based dye is 12.1%.* Porphyrin dyes have been afforded the maximum
efficiency 13% by proper structural engineering within the dye molecules.*® Further, structural
modulations in the sensitizer belongs to the metal-free organic dyes afforded the maximum
efficiency 13.6%.'°* Among the metal-free organic dyes, squaraine dyes are very attractive D-A-
D dye with high molar extinction coefficient in NIR region.** Squaraine dyes have the inherent
characteristic to form aggregates in the solution as well as on the metal-oxide surface and

explored well in the organic photovoltaics and sensors.**®

Solvent systems used during the sensitization of dyes onto the surface of TiO, play a tremendous
role to have better Jsc, Voc and device efficiencies'” besides the sensitizers,™® electrolytes,* and

counter electrodes.'*?° Different solvent systems are providing the different conditions to dyes to
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sensitizing onto the surface of TiO, due to different dielectric constant,”* which cause the
changes in the sensitizing behavior of the dyes and results different aggregation behavior and
DSSC efficiencies. Ruthenium based N3 dye showed high Jsc and low Voc values in the
acetonitrile, whereas low Jsc and high Voc values in the dimethyl sulfoxide solvent systems, due
to change in the TiO, CB position, and interfacial electron transfer from the dye to the TiO,.?
Black dye showed significant changes in the device efficiencies with single solvent, and by
varying the concentration of two solvents, respectively,?® whereas 2907 dye showed difference
in the device efficiencies when the dye sensitized into two or more mixed solvents.?* Change in
the adsorption conditions by changing the solvent systems either single or mixed solvent baths
and adsorption time, porphyrin dyes have showed a variable changes in the Jsc, Voc and device
efficiencies.”? D-A based alkylated phenothiazine dyes showed the better device efficiencies in
ethanol compare to the tetrahydrofuran.®” Drastic change in the Jsc, Voc and device efficiencies
have been observed by varying the solvent from the dichloromethane, and ethanol to N,N-
dimethylformamide in the triphenylamine based D-n-A dyes.'” BTZA-Il dye showed the
significant change in the Jsc, and device efficiencies by increasing the concentration of acetic
acid in the toluene.”® Different solvent systems provides the different electronic coupling and
interaction between the dye and TiO,, and changed the dye adsorption geometry or dye-

aggregation onto the TiO, surface that influenced the device performance of the DSSC.2**

Figure 1. Structures of the unsymmetrical squaraine dyes.
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NIR-light active unsymmetrical squaraine dyes SQ1,° SQ5° and SQS4° (which are different to
each other with respect to alkyl group chain length) have been used to study the photophysical,
aggregation behaviors, and effect onto the photovoltaic parameters in the chloroform (good
solvents on the basis of solubility) and acetonitrile (bad solvents on the basis of solubility),
respectively. Structures of the unsymmetrical squaraine dyes are displayed in Figure 1.

5.A.2 EXPERIMENTAL SECTION

Squaraine dyes have been synthesized by the following the procedure provided in the

literature,>® and required chemicals for synthesis were purchased from commercial resources.

5.A.2.1 General methods

Absorption spectra of SQ dyes were recorded on SPECORD® 210/ PLUS, Analytikjena
UV-visible spectrophotometer at room temperature. For the light harvesting efficiency (LHE)
calculation, (i) 6 um thin film of TiO, coated on the transparent glass slide was dipped in 0.1 mM
dye solution for 12 h at room temperature and absorbance spectra were recorded, (ii) 6 um thin
film of TiO, coated on the transparent glass slide was dipped in 0.1 mM dye solution for 12 h at
room temperature then dipped in opposite solvent bath for 12 h at room temperature, and
absorbance spectra were recorded and converted in light harvesting efficiency (LHE = 1-10).
Electrochemical impedance measurements (EIS) were performed using a BioLogic SP300
potentiostat equipped with frequency response analyzer. EIS were carried out in dark with
various applied potential and frequency ranges from 3 MHz to 10 mHz with sinus amplitude of
10 mV. For I-V characteristic of the cells were measured by using PHOTO EMISSION TECH
(PET, CT200AAA, USA) solar-simulator, and IPCE measurements were carried out with a
Newport QE measurement Kit. For dye desorption studies of SQ dyes area of the photoanode was
0.23 cm? (8 pm thick), dipping time of photoanode in dye-solution (0.1mM) for 12 h at room
temperature, 0.2 M NaOH in EtOH: H,0 (1:1) was used to desorb adsorbed dyes and path length
of the cuvette was 0.01 cm?. PerkinElmer FTIR spectrometer used for the measurement of IR-

spectrum of all the squaraine dyes as such and on the surface of TiO..
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5.A.2.2 Dye-sensitized solar cell fabrication. Fluorine-doped SnO, glass (8- 10 Q /sq;
Pilkington TEC 7) was washed with mucasol (2 % in water), de-ionized water (4 times), and
isopropanol (two times) by using ultrasonic-bath to make cleaned. To grow a thin film TiO,,
FTO was treated with 40 mM aqueous TiCl, solution at 70 °C for 30 min, washed with the de-
ionized water then EtOH and dried at 110 °C for 10 min. Paste of TiO, nanocrystal (< 20 nm, Ti-
Nanoxide T/SP, Solaronix) was coated on FTO conducting side by using doctor-blade technique
and kept for 15 min in air then heated at 120 °C in air for 20 min, then coated with scattering
layer TiO; paste (WER2-O, Dyesol) and heated at 120 °C for 10 min in air, then sintered at 325
°C for 10 min, 375 °C for 10 min, 450 °C for 10 min and 500 °C for 15 min where heating rate
was 5 °C per min in air. After sintering, films were treated with 40 mM aqueous TiCl, solution at
70 °C for 30 min, washed with the de-ionized water then EtOH and sintered at 500 °C for 20
min. Then immersed the cells (area of TiO- is 0.23 cm?) in 0.1 mM dye solution of SQ dyes (in
CHCI; or 97.5% CH3CN and 2.5% CHCI3) with and without CDCA for 12 h. Electroplatinised
platinum foil used as cathode, iodolyte Z-50 (Solaronix) was used as electrolyte and 25 pum
spacer and area of black mask is 0.23 cm® The device performance of SQ dyes were measured
under standard simulator condition (AM 1.5 G, 100 mW/cm?).

5.A.3 RESULTS AND DISCUSSION

5.A.3.1 Photophysical properties. The UV-vis and emission spectra of SQ1, SQ5, and SQS4
dyes in the bad solvents (acetonitrile) and in the good solvents (chloroform) are provided in
Figure 2 and Table 1. The absorption Amax for SQ1 dye is appeared at 636 nm and 638 nm in
MeCN and CHCIs, respectively. However, the Amax for the SQ5 and SQS4 dyes have been red-
shifted 4-7 nm which showed that the dye-solvent complex formation in alkyl wrapped dyes in
both MeCN and CHCIs;. There is no significant changes observed in absorption and emission of
SQ5 and SQS4 dyes whether solvent was acetonitrile or chloroform. Further, absorption of SQL1,
SQ5 and SQS4 dyes onto the surface of TiO, was carried out to understand the aggregation
behavior of dyes with various concentration of CDCA in different solvent systems (thickness of
the TiO; film 6 um, dipping time 10 min). Normalized absorption of SQ1, SQ5 and SQS4 dyes
onto the surface of TiO, with various concentration of CDCA in different solvent systems is

provided in Figure 3. Two absorption peaks obtained for the SQ1 dye and corresponds to strong
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H-aggregates at 570 nm and dimer at 627 nm, addition of CDCA converted H-aggregates into
the dimer with decreased intensity and dimer into monomer at 638 nm in both of the solvent
systems (Figure 3a, and d). SQ5 dye showed two absorption peaks corresponds to dimer at 605
nm (which is further decreased by increasing the concentration of the CDCA) and monomer at
643 nm in both of the solvent systems (Figure 3b, and e). Similarly, SQS4 dye showed two
absorption peaks corresponds to dimer at 606 nm and monomer at 644 nm in both of the solvent
systems and there is no significant effect CDCA concentration observed on the intensity of dimer
(Figure 3c, and f).

Table 1. UV-vis and emission max of squaraine dyes in the acetonitrile and chloroform.

Dyes 501 SQ5 5QS4
Solvents CH3CN CHCI; CH3CN CHCIl; CH;CN CHCl;
Absorbance Amax (nm) 636 638 643 642 643 642
Emission Amax (M) 646 647 651 651 651 651
s 1.2
& = 5Q1 CH3CN
£ |—sa1 cHely \,
W 0.9{—sascHen .
g o] == SQ5 CHCl5 ‘.
% e 5Q54 CH3CN i 620 630 640 630 660 sm
g 0.64 —sasa CHCI; ! ‘ Wavelength (nm)
2]
0
< 0.3-
=
|
o 0-0' T v T v T
Z 500 550 600 650 700 750 800

Wavelength (nm)

Figure 2. Normalized UV-vis (solid line), and emission (dotted line) spectra of SQ1, SQ5, and

SQS4 dyes in the acetonitrile and chloroform solution.
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Figure 3. UV-visible spectra of squaraine dyes on TiO, surface (6 um), (a), (b), (c) dye solution
0.1 mM in CH3CN, and (d), (e), (f) dye solution 0.1 mM in CHCI; with and without CDCA,

dipping time 10 min at room temperature, respectively.

Furthermore, light harvesting efficiency (LHE) of SQ1, SQ5 and SQS4 dyes into two solvent
systems and opposite solvent bath was calculated from the LHE = 1-10™ (Figure 5a, b and
Table 2). The order of LHE at the 60% (line width) of the squaraine dyes in bad solvent systems
is 248> 201> 194 nm for the SQ1, SQ5 and SQS4 dyes respectively, that is further narrowing
down to 229> 166> 155 nm for the SQ1, SQ5 and SQS4 dyes respectively in good solvent
systems. Thus, the bad solvent systems favors the formation of dye aggregates onto the surface
of TiO, for all the dyes compare to the good solvents systems (Figure 5a, and Table 2). Line
width of the SQ5 and SQS4 dyes on TiO, are narrow, because of the hydrophobic alkyl groups
present in the dyes backbone in compare to the SQ1 dye in bad as well as good solvent systems.
Furthermore, LHE of squaraine dyes were calculated, where electrodes was first dipped into bad
solvent dye stock solutions for 12 h at room temperature, and then immersed into opposite
solvent (good solvent) bath for 12 h, and vice versa (Figure 5b, and Table 2). There is no

significant change in the LHE performance of dyes observed when electrodes was first dipped
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into good (chloroform) solvent dye stock solutions for 12 h, and then immersed into bad
(acetonitrile) solvent bath for 12 h, whereas desorption of dyes from the surface of TiO, have
been observed for all the dyes and line width of dyes was narrowing down, when the electrodes
was first dipped into bad (acetonitrile) solvent dye stock solutions for 12 h, and then immersed
into good (chloroform) solvent bath for 12 h (Figure 4). A proposed hypothesis of SQ1, SQ5 and
SQS4 dyes desorption from the TiO; surface in the good solvent (chloroform) bath is provided in
Figure 6. Procedure for the amount of squaraine dyes desorbed from the surface of TiO, in good

solvent bath were calculated and provided in Figure 8 and Table 3.

Coating of active Sintered at gradually
layer of TiO, heated under air flow
at 500 °C for 15 min.
A
A
SQ, Solvent CH;CN: CHCI; (9.75:0.25) or CHCIl;, | Washed with respected solvent (CH;CN/
Dye conc. 0.1mM, dipping time12 h at rt. CHCI3) and dry
1 [ saqonTiO,
100 e
Dipped for 12 h in different solvent
ABU bath CHCI; or CH,CN at rt.
éao
w SG1 in CHgCN De-anchoring of dyes in CHCI,
I 40 50 in CHCly .
| G005 in CH3CN
20 ::Z:CEEL Washed with respected solvent
0 554 in CHClg (CH5CN/ CHCIs) and dry
400 500 600 700 800
Wavelength (nm) 2 . Dye anchored Oerye anchored onl
LHE TiO, in CH;CN | TiO, in CHCI,
0.1 mMD Diopi and then dipped|and then dipped
Am ye Ipping 100 2 to CHCI, to CH,CN

Solution solvent

@==SQ1in CHCI3/ CH3CN & 4 J

; <60 NP NN A
emeSQ1 in CH3CN/ CHCI3 -

) 17} 01 in CHC I SO5 " B
==S05 in CHClg/ CH3CN T 40, a—cat i e : ] "%
e SQ5 in CH3CN/ CHCI3 20] p———— / "y A '_:_ /
ameSQS4 in CHCI3/ CH3CN ¢ incHely T -

. 0 G0 54in CHyCN oS \ﬁ S.BS,.\
@==SQS4in CH3CN/ CHCl3  Ode——or——r——x e | R o

Wavelength (nm) ~—

Figure 4. Procedure followed for LHE of SQ1, SQ5 and SQS4 dyes, dye solution 0.1 mM in
CH3CN and CHCIs, and effect of different solvents bath.
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Table 2. LHE of SQ1, SQ5 and SQS4 dyes in CH3CN, CHCls, and opposite solvent bath.

Dyes Dye (0.1mM) in Dye (0.1mM) in CH3CN (dye CHCI3 (dye
CH3CN line CHCI; line width solution)/ CHC'3 solution)/ CHZCN
width @60% @60% (nm) (solvent bath) line  (solvent bath) line
(nm) width @60% (nm)  width @60% (nm)

SQ1  723.5-475.5=248 718.7-489.4 =229 714.93-493.60 =221 717.35-487.08 =230
SQ5  710.3-509.3=201 702.4-536.4=166 698.00-543.95 =154 699.61-540.22 = 159

SQS4 712.1-516.5=194 699.4-544.2 =155 695.58-549.54 = 146 696.39-547.68 = 149

(a) (b)
100
80
) N
= 60 < 60
wl $Q1 in CHyCN L $Q1in CHOl
40+ @=SQ1in CHCI; L 40 @S01in CHyCN
L
- &m=SQ5 in CH3CN - &S5 in CHCl3
20 @ SQ5 in CHCl5 20 @ SQ5 in CH3CN
] e SQS4 in CH3CN @ SQ 54 in CHCl3
0 @=—sQS4in CHCly 0 @m5Q54in CHICN
400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 5. (a) LHE profile of squaraine dyes (dye solution 0.1 mM in CH3CN or CHCI; dipping
time 12 h at room temperature), and (b) LHE profile of squaraine dyes where electrodes was first
dipped in dye solution (dye solution 0.1 mM in CH3CN or CHCIs) for 12 h at room temperature,

then immediately immersed in opposite solvent bath for 12 h at room temperature.

Further, to understand the dyes desorbed in the good solvent bath was anchored onto the TiO,
surface or only laterally interact (physisorbed) with the dyes anchored onto the TiO, surface, IR
study of the SQ1, SQ5 and SQS4 dyes have been done as such and dyes anchored onto the TiO,
surface into the good and bad solvent systems (Figure 7). The amount of SQ1 dye desorbed

from the surface of the TiO, in the good solvent bath is 0.25 x 107 mol cm™ more than the
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amount of dyes desorbed (in 0.2 M ethanolic NaOH) from the surface of TiO, where dye were
sensitized into good solvent systems (Table 2, and 6). The carbonyl peak of carboxylic acid at
1698 cm™ was disappeared for SQ1 dye (where dye anchored onto the surface of TiO, surface in
good solvent systems), clearly tells there is no physisorbed dyes present onto the surface of TiO»,
because of amount of SQ1 dye desorbed from the surface of the TiO; in the good solvent bath
more than that of the amount of dyes desorbed during desorption studies (in 0.2 M ethanolic
NaOH) where dye sensitized into good solvent systems (Table 2, and 6).

00000 e 00000

Tio, Tio,
0 (b)lnabadsolvent mmo 0 0 000
+ Tio, Tio, Tio,

Dye

De-anchoring of dyes in

0 the good solvent bath

Figure 6. Proposed hypothesis for SQ1, SQ5 and SQS4 dyes desorption from the TiO, surface in
the good solvent (chloroform) bath.
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Figure 7. (a) FTIR spectrum of squaraine dyes, (b), and (c) squaraine dyes onto the TiO; surface,
where dye stock solution 0.1 mM in CH3CN, and CHCls, respectively and dipping time was 12 h
at room temperature.
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Figure 8. Procedure followed to study the dyes desorbed from the TiO, surface.

Table 3. Desorbed squaraine dyes from TiO, surface in good solvent bath (CHCI5).

Cell e (M*cm™) Dye Loading on TiO, (mol/cm*cm)
sQ1 14%10 23010
SQ5 2110 146 10"
SQs4 3.4x10 0.96 %10

5.A.3.2 Photovoltaic performance. The photovoltaic performance of SQ1, SQ5 and SQS4 dyes
have been carried out into two different solvent systems to examine the effect of solvents onto
the dye aggregations and device performances. The photovoltaic studies of SQ1, SQ5 and SQS4
dyes in different solvent systems, in the absence and presence of CDCA (chenodeoxycholic acid)
have been provided in the Figure 9, and Table 4. There is no significant change in aggregations
of dyes onto the surface of TiO, and efficiencies observed when SQ1 dye fabricated into the
good or bad solvents, whereas the introduction of hydrophobic alkyl groups cause the narrowing
down the IPCE curve to dimer for SQ5 dye and finally more monomeric and less dimeric
response observed for SQS4 dye in good solvents, results aggregation of dyes onto the surface of
TiO, broken and efficiencies of DSSC deceases drastically. Further addition of coadsorbent
(CDCA) broken the aggregation of dyes onto the surface of TiO, and only monomeric IPCE
responses observed for all the three dyes when the device fabricated in good solvents system.
SQ5 and SQS4 dyes are forming well packed aggregated structures in the bad solvent systems
and results better IPCE performance compare to SQ1 dye in the absence of CDCA, further
addition of coadsorbent (CDCA) improves the IPCE responses for all the three dyes. Length of
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hydrophobic alkyl groups showed an impressive Voc and Jsc values in the bad solvent systems
due to better passivation of photoanode and controlled aggregation onto the surface of TiO»,
whereas low Voc and Jsc values in the good solvent systems, because loading of dyes are less

than the bad solvent systems for all the dyes (Table 6).
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Figure 9. (a), (b), (c) J-V curve and (d), (e), (f) IPCE response of SQ1, SQ5 and SQS4 dyes
under AM 1.5 G illumination (1000 W/m?), respectively. Squaraine dyes in CHsCN (black, blue,
and magenta lines), and squaraine dyes in CHCI; (red, dark cray, and dark yellow lines),

respectively.

Squaraine dyes showed the enhanced Voc and Jsc values upon addition of CDCA in bad solvent
systems, whereas decreased drastically in good solvent systems. SQ1, SQ5 and SQS4 dyes
showed Voc 0.642, 675, and 0.699 V, and Jsc 6.38, 11.1 and 11.69 mA/cm?, which are further
improved by increasing the concentration of CDCA and showed Voc 0.667, 691, and 0.701 V,
and Jsc 7.14, 12.71 and 13.82 mA/cm?, respectively in the good solvent systems. The maximum
efficiencies achieved by device fabricated in good solvent systems are 2.71, 2.59 and 2.56%
without CDCA, whereas bad solvent systems gave an impressive result in efficiency of 3.79,
6.67, and 7.29% with CDCA for SQ1, SQ5, and SQS4 dyes respectively.
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Table 4. Photovoltaic performance of SQ1, SQ5 and SQS4 dyes in CH3;CN and CHCls.

*Dyes CDCA (mM) Voc (V) Jsc (MA/cm?) ff (%) 1 (%)
SQ1° 0 0.625 + 0.005 5.37 £ 0.48 73+0.71 2.43+0.28
SQ1° 0 0.638 + 0.004 5.66 + 0.72 73+0.38 2.61+0.39
sQ1° 0.3 0.641 + 0.002 4.48 +0.22 81+0.83 2.34+0.13
SQ1° 0.3 0.651 + 0.004 6.12 + 0.61 77 £0.59 3.07 £0.35
SQ1° 0.5 0.616 + 0.005 437+0.21 82+0.21 2.20 +0.14
SQ1° 0.5 0.661 % 0.007 6.94 +0.20 79 + 0.44 3.62 £0.17
SQ5° 0 0.618 + 0.002 5.25+0.23 76 +0.18 2.45 +0.14
SQ5° 0 0.672+0.003  10.81+0.29 76 +0.33 5.43 +0.20
SQ5° 0.3 0.629 + 0.006 4.0+0.43 80 £0.11 2.05 +0.20
SQ5° 0.3 0.679£0.001  11.43+0.18 78 £ 0.62 6.13 £0.15
SQ5° 0.5 0.617 £ 0.002 3.9+0.48 84 +0.19 2.03+0.25
SQ5° 0.5 0.689 £0.002  12.62+0.09 76 £0.43 6.56 £ 0.11
SQs4® 0 0.619+£0.013  4.72+0.12 83 £ 0.60 2.48 £ 0.08
SQs4° 0 0.696 £ 0.003  11.66 +0.03 75+0.78 6.02 £0.11
SQs4® 0.3 0.640 + 0.008 4.21 +0.38 82 £0.37 2.20 £0.25
SQs4° 0.3 0.697 £0.004  13.74+0.08 75+0.23 7.18 £0.11
SQs4® 0.5 0.586 + 0.011 3.61+0.14 76 £0.91 1.62 +0.10
SQs4° 0.5 0.696 +0.001 13.36 £ 0.1 74+0.28 6.93 +0.09

%thickness of TiO, 8 + 4 pm, area 0.23 cm?, [Dye] = 0.1 mM in "CHCI; or °CHs;CN: CHCl;
(9.75: 0.25%), dipping time 12 h at rt, Electrolyte: lodolyte Z-50 (Solaronix).
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Figure 10. Effect of different solvent system on the solvation of dyes, and dye aggregation on

the TiO, surface.

The efficiency difference obtained in the good and bad solvent systems is because of the change
in the dye adsorption geometry due to the different interaction and the electronic coupling
between the dye and TiO,.2**° The different solvents are responsible for the different interaction
between the dye molecules and alkyl groups due to change in the dielectric constant.?* Such a
low DSSC efficiency of squaraine dyes in the good solvent systems because of long hydrophobic
alkyl groups are favored to formed nonpolar-nonpolar interactions between the chloroform and
hydrophobic alkyl groups (good solvation) that not favorably allow to form dye aggregates onto
the surface of TiO, (Figure 10a) and results, poor IPCE response of the dyes as well as poor
device efficiencies. Whereas, the high DSSC efficiency of squaraine dyes in the bad solvent
systems observed because of favorable nonpolar-nonpolar interactions between the long

hydrophobic alkyl groups that partially soluble in the acetonitrile (Figure 10b) and favors the
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formation of dye aggregates onto the surface of TiO, and result enhanced IPCE response of the
dyes as well as high device efficiencies.

5.A.3.3 Electrochemical impedance spectroscopy (EIS).

EIS analysis for SQ1, SQ5 and SQS4 dyes in different solvent systems was carried out with
various applied bias in the dark, and the frequency ranges from 1 Hz to 1 MHz to study the EIS
parameters at the TiO,/dye/electrolyte interfaces (Figure 11, 12 and 13).3! Nyquist plot of dyes
SQ1, SQ5 and SQS4 in good and bad solvent systems at applied bias 0.4 V without CDCA is
provided in Figure 14a. Charge recombination resistance (Rc;) values for the SQ1, SQ5, and
SQS4 dyes increases by increasing the concentration CDCA with the bad solvent systems and
decreases with the good solvent systems respectively. Chemical capacitance (Cz) and lifetime of
electron (7) values for SQ1 dye increases by increasing the concentration CDCA with the bad
solvent systems and decreases with the good solvent systems respectively, whereas in case of
SQ5 and SQS4 dyes Cu and 7 values increases by increasing the concentration CDCA whether
solvent systems are bad or good for device fabrication. Optimized EIS parameters of squaraine
dyes with and without CDCA in good and bad solvent systems are provided in Figure 14 and
Table 5. The order of R values for SQ1, SQ5 and SQS4 dyes without CDCA at 0.52 V applied
bias is 6.37< 7.58< 7.77 ohm which is increased by increasing the concentration CDCA 7.45<
9.60< 11.18 ohm respectively, which is corresponds to increased electron lifetime and device
efficiencies in bad solvent systems, because of long electron lifetime into TiO, CB responsible

for enhanced Voc and Jsc values respectively.

Ambarish Kumar Singh Page 186



Chapter 5|2021

,(a)
sSQ1 —u—-0.40V —e— -0.44V
1 CH3CN —a—-0.48V v -0.52V
— 64 .
T
E -/f.. \.\‘l
o 4. . ‘...... g ®
S ’#AMMA
:hl "W
Yol '-'
0 r y v
16 24 32 40
Z' (ohm)
(c)
CH3CN sSQ5
9. —a—-0.40V —— -0.44V
— —a—-0.48V —~— -0.52V
E
o ©
S
N 3]
0 v ' v r v v
24 32 40
Z' (ohm)
e
12 (e)
CH3CN S5Qs4
—a— -0.40V —»— -0.44V
9. —a—=0.48V —~ -0.52V
—
e
L
O 6-
o
N,
0 v y v r v
16 24 32 40
Z' (ohm)

-Z" (ohm) -Z" (ohm)

-Z" (ohm)

(b)
9
CHCI3 sQ1
—a—-040V =+ -0.44V
—a—-0.48V ~ -0.52V
64
34
0 L] L L] L]
16 24 32 40
Z' (ohm)
(d)
94 CHCI3 SQ5
—a—-0.40V —» -0.44V
—a—-0.48V —— -0.52V
64
34
0dq r v Y r Y
16 24 32 40 48
Z' (ohm)
(f)
94 CHC|3 SQs4
—a— -0.40V ——-0.44V
—a— -0.48V ——-0.52V
64
34
0 Y v Y
16 24 32 40
Z' (ohm)

Figure 11. Nyquist plots of squaraine dyes (a), (c), (¢) in CH3CN, and (b), (d), (f) in CHCls,

respectively.
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Figure 12. Nyquist plots of squaraine dyes (a), (c), (e) in CH3CN, and (b), (d), (f) in CHCI3 with

CDCA, respectively.

Ambarish Kumar Singh

Page 188



Chapter 5|2021

(a)
18 —=—5Q1 CHyCN
] —e—5Q1 CHCIy
= —a—SQ1:CDCA (1:5) CH4CN
.§ \ —y—SQ1:CDCA (1:5) CHCly
] 129 \
o \
Qo
o \‘
64
0.40 0.44 0.48 0.52
Applied Voltage (V)
(d)
1.2
—=—SQ1 CHiCN
—e—SQ1 CHCly
0.9 —&—SQ1:CDCA (1:5) CHsCN
(I8 —p—SQ1:CDCA (1:5) CHCly
£
~ 0.6
=,
(6]
0.34 _.:,-4_—*::7
0.04— v T T
0.40 0.44 0.48 0.52
Applied Voltage (V)
(9)
10
—=—5Q1 CH3CN
—a—5Q1 CHCI3
— 84 —4—SQ1:CDCA (1:5) CH3CN
E —+—SQ1:CDCA (1:5) CHCIy
= 6 "\_\‘
w0
o ‘\——Q_ﬁ_._‘_-
44 .-—_.___.\\-.
—
24— T r T
0.40 0.44 0.48 0.52

Applied Voltage (V)

(b) e
244 —a—505 CHyCN —a—SQS4 CHyCN
=+—S5Q5 CHCI; —&—S5QS4 CHCI3
'é‘ ~—SQ5:CDCA (1:5) CH3CN g 364 —4—SQS4:CDCA (1:3) CH3CN
= 184 —¥—SQ5:CDCA (1:5) CHCly £ —¥=—5Q54:CDCA (1:3) CHCI3
S L2 27
= i
=
o
‘; 124 gn 184 A\
(=] —
- - A
6 94 \v\\'
040 044  0.48 0.52 040 044 048 0.52
© Applied Voltage (V) Applied Voltage (V)
e
1.2
—=—5Q5 CH3CN —=—5Q54 CH3CN
—e—SQ5 CHCly 1.2 —s—5QS4 CHCly
— =—4—S5Q5:CDCA (1:5) CH3CN — =—d—5Q54:CDCA (1:3) CH3CN
w094 ——5Q5:CDCA (1:5) CHCl3 E 0.94 —v—5Q54:CDCA (1:3) CHCl4
£
G 0.6 G 061 /
/ 0.3 /
0.3 —
v r v T 0.01— v T T
0.40 0.44 0.48 0.52 0.40 0.44 0.48 0.52
Applied Voltage (V) Applied Voltage (V)
(h) (i)
12 —a—50Q5 CH3CN 30 —#—S5Q54 CH3CN
—e—35Q5 CHCI3 —+—SQS4 CHCIg
—4—S5Q5:CDCA (1:5) CH3CN — 244 =—d—S5QS4:CDCA (1:3) CH3CN
- 94 —v—SQ5:CDCA (1:5) CHCIy g 18 —v—SQS4:CDCA (1:3) CHCly
E =)
[
w6 T T, & 124
Al o
ol TTTT————— .,
3‘ - - —
T T T T 01l— T T T
0.40 0.44 0.48 0.52 0.40 0.44 0.48 0.52
Applied Voltage (V) Applied Voltage (V)

Figure 13. (a), (b), (c) charge recombination resistance, (d), (e), (f) chemical capacitance, and
(9), (h), (i) life time of squaraine dyes in CH3CN and CHCI;, with and without CDCA,

respectively.
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Table 5. EIS parameter of SQ1, SQ5 and SQS4 dyes optimized with and without CDCA in
CH3CN and CHCls.

Dyes CDCA (mM)  Applied voltage (V) R (ohm) Cu (mF) 7 (ms)
SQ1 0 0.52 6.37 0.678 4.31
SQ1 0 0.52 7.16 0.458 3.28
SQ1 0.5 0.52 7.45 0.723 5.38
8501 0.5 0.52 6.22 0.422 2.62
SQ5 0 0.52 7.58 0.761 5.76
’SQ5 0 0.52 6.97 0.479 3.34
SQ5 0.5 0.52 9.60 0.787 7.56
85Q5 0.5 0.52 6.32 0.533 3.37
SQS4 0 0.52 7.77 0.776 6.03
85QS4 0 0.52 7.17 0.279 2.00
SQS4 0.3 0.52 11.18 0.824 9.21
85QS4 0.3 0.52 5.52 0.526 2.90
®CHCls.

5.B.3.4 Dye-desorption studies of squaraine dyes. For dye desorption studies of squaraine dyes
area of the photoanode was 0.23 cm? with the thickness of 8 pm. Photoanode was dipped into the
0.1 mM in the CH3CN or CHCI; of dye stock solution for 12 h at room temperature, further 0.2
M NaOH in EtOH: H,O (1:1) was used to desorb adsorbed dyes from the TiO, surface. Results
obtained from the desorption studies of dye from TiO, surface is provided in the Table 6, where

path length of the cuvette was 0.01 cm?.

Ambarish Kumar Singh Page 191



Chapter 5|2021

Table 6. Desorbed squaraine dyes from TiO, surface with and without CDCA in good and bad

solvent systems.

CelP  CDCA (mM) A ¢ (10° MTem?) Dye Loading on TiO, (107
mol/cm?)
sQ1° 0 0.5925 1.4 3.680
SQ1° 0 0.3308 1.4 2.050
sQ1° 0.3 0.3322 1.4 2.060
SQ1° 0.3 0.1223 1.4 0.759
sQ1° 0.5 0.2776 1.4 1.720
SQ1° 0.5 0.0779 1.4 0.484
SQ5° 0 0.5364 2.1 2.220
SQ5° 0 0.1849 2.1 0.765
SQ5° 0.3 0.2555 2.1 1.060
SQ5° 0.3 0.0477 2.1 0.197
SQ5° 0.5 0.2308 2.1 0.956
SQ5° 0.5 0.0449 2.1 0.186
SQs4® 0 0.4291 3.4 1.100
SQs4° 0 0.1083 3.4 0.277
SQs4® 0.3 0.2344 3.4 0.600
SQs4° 0.3 0.0347 3.4 0.0887
SQs4® 0.5 0.2183 3.4 0.558
SQs4° 0.5 0.0252 3.4 0.0645

%thickness of TiO, 8 um, area 0.23 cm?, [Dye] = 0.1 mM in "CH3sCN: CHCls (9.75: 0.25) or
‘CHCls, dipping time 12 h, at room temperature squaraine dyes was desorbed in 0.2 M NaOH
solution in EtOH: H,O (1:1), path-length of cuvette 1mm (0.01 cm?).
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5.A.4 CONCLUSION

Dye-sensitized solar cells efficiencies of the unsymmetrical squaraine dyes SQ1, SQ5, and SQS4
were carried out to find the effect of the bad solvent (acetonitrile) and good solvent (chloroform)
systems on the photovoltaic properties with iodolyte (17/13). Device fabricated in bad solvent
systems showed excellent Jsc and Voc values compare to device fabricated in the good solvent
systems for all the unsymmetrical squaraine dyes. Device fabricated for SQ1, SQ5 and SQS4
dyes in bad showed an excellent values of Voc = 642, 675 and 699 mV, Jsc = 6.38, 11.1 and
11.69 mA/cm?, device efficiency 3.0, 5.63 and 6.13% in the absence of CDCA, respectively, and
device efficiencies was further improved to 3.79, 6.67, and 7.29% by increasing the
concentration of CDCA. Device fabricated for SQ1, SQ5 and SQS4 dyes in good solvent system
showed low device efficiency of 2.71, 2.59 and 2.56% without CDCA and further addition of
CDCA decreases the device efficiency to 2.34, 2.28 and 1.72% respectively. Device efficiency
7.29% is the highest efficiency achieved with CDCA in bad solvent systems by the SQS4 dye,
and 2.71% is the highest achieved device efficiency without CDCA in good solvent systems by
the SQ1 dye respectively. From the above obtained results, bad solvent (acetonitrile) systems
used for the fabrication of device were demonstrated as superior solvent systems to achieve the

high device efficiencies for NIR-light active unsymmetrical squaraine dyes.
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5.B Effect of lodine Cobalt and Copper-Based Electrolytes on the Dye-Sensitized Solar
Cells Performance of NIR Active Unsymmetrical Squaraine Dyes

5.B.1 INTRODUCTION

DSSC efficiencies synergistically improved by the improvement in the values of short-circuit
current (Jsc), open-circuit voltage (Voc), and fill factor (ff). Device Jsc can be enhanced by
broad-light absorption,® co-sensitization,*® controlled-aggregation,®® lifetime of the electrons
injected into the conduction band of TiO,, whereas device Voc can be enhanced by avoiding
interfacial charge recombination,>* positive-dipole of sensitizers corresponds to the TiO,
surface.®* Interfacial charge recombination is one of the major detrimental factors in DSSC, that
lowered the values of Jsc and Voc by inner and outer path recombination respectively, which can
be controlled by the introducing the alkyl groups in dyes.>*® Electrolyte is the second important
and indispensable component of the DSSCs, that playing vital role in the dye regeneration, and
charge carrier at the time of DSSC operation. Photovoltaic parameters and device stability are
largely influenced by the electrolytes used for the DSSC by the interfacial interactions between
electrodes and electrolytes. Electrolyte redox potential influences the Voc, redox species
transport influences Jsc, whereas, conductivity and interfacial resistance between electrodes and
electrolyte influences the ff values of the DSSC.* lodine-based electrolytes are well-explored and
frequently used for DSSC due to the low cost, stable for long-time, high rate of diffusion, and
fast dye regenerating behavior at the working time of the DSSC.?* lodine based electrolytes are
corrosive towards the sealing components, and required at least 500 mV over potential for
sensitizer regeneration. To, overcome the limitations of iodine-based electrolytes, bromine,®
organic,® and pseudohalogen®’ based electrolytes have been investigated as an electrolyte for the
DSSC applications. Further, cobalt based electrolytes are well explored due to its modular nature
in redox potential and good alternative to substitute the iodolytes due to non-corrosive towards
the sealing components, and requires ~ 250 mV over potential for the sensitizer regeneration.
Recently, copper-based electrolytes were demonstrated as a rapid electron transfer species
besides the electrolytes based on iodine or cobalt.®® Further, ferrocene®® based electrolytes have
been used to studied the DSSC efficiency. Size of the counter cations in the electrolytes were
demonstrated for the change in Voc and Jsc values, larger size of counter cations leads to high

Voc and low Jsc values due to shift in the CB of TiO, towards the negative potential.*® The
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expensive device cost of DSSC due to very expensive platinum based cathodes, where electron-
collection and reduction of electrolytes takes place simultaneously. To make the DSSC device
cost effective, various types of materials, polymers are used to substitute the platinum electrode,
and it is observed that the device efficiency of platinum-free cathode are more than of platinum
based cathode.* PEDOT deposited on the FTO substrate by electropolymerization technique is
the good alternative to substitute the platinum in DSSC, and good for the copper and cobalt
based electrolytes, that regenerates Co(Il1l) complex more efficiently than the platinum.** PEG
group present in dyes may enhanced Jsc by capturing of Li-ion in electrolytes near to TiO,
surface. SQS4, ASQ4 dyes have been used as sensitizer, and iodine,> cobalt,** copper®** have
been used as an electrolyte for dye-sensitized solar cell studies. The low reorganization energy
for copper-based redox couple leads to the enhancement of the Voc of the DSSC device.*” The
required overpotentials for the better dye-regeneration is ~ 0.5, 0.2-0.3, and 0.1-0.2 V for iodine,
cobalt, and copper-based electrolytes, respectively.> *® General structures, and energy level
diagrams of NIR active SQ dyes and corresponding redox-potential of electrolytes is provided in

Figure 1.
(a) (b)
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Figure 1. (a) General structure of NIR-light active SQ dyes, (b) energy level diagrams of SQ

dyes, and corresponding redox-potentials of different electrolytes.

N-dodecyl group in SQS4, and N-PEG group in ASQ4 on the indoline, only the difference

between these two dyes, and used for comparatively DSSC studies, due to SQS4 impressive
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IPCE response in visible and NIR-regions observed by controlled aggergations.® Electrolytes
with various redox-potential can provides the various Voc and Jcs values. Here, acetonitrile used
as solvents for the electrolyte preparation because of electrolytes prepared in the acetonitrile
demonstrated as the best solvents due to solubility, stability, and low viscosity.”

5.B.2 EXPERIMENTAL SECTION

SQS4 dye have been synthesized by the following the literature,® and required chemicals for
synthesis of ASQ4 dye were purchased from commercial resources. lodine based electrolyte (Z-
50) were purchased from solaronix,® Co(bpy)** and Cu(tmby)** based electrolytes were prepared
from the procedures reported in the literature. Pt-foil and PEDOT used as a counter electrode,*
where the thin film of PEDOT have been deposited on the clean FTO-glass by
electropolymerization technique, and procedure for the DSSC fabrication is provided below.

5.B.2.1 General methods

All the required chemicals, reagents, electrolytes, solvents were purchased from commercial
sources, and standard procedures are used for drying the solvents. 'H and *C NMR were
recorded on Bruker NMR spectrometers AV 400 MHz frequency, in CDCl;. High-resolution
mass spectrometric (HRMS) measurements were recorded on SYNAPT G2 HDM in MeOH as
solvent. Absorption spectra of ASQ4 dye were recorded on SPECORD® 210/ PLUS,
Analytikjena UV-visible spectrophotometer at room temperature. Emission ASQ4 dye was
recorded on Edinburgh spectrofluorometer FS5 at room temperature. Cyclic voltammetry of
ASQ4 dye were performed on BiolLogic SP300 potentiostat in anhydrous dichloromethane
solvent at 25 °C under inert atmosphere, where platinum wire used as a working electrode,
platinum foil as a counter electrode, non-aqueous Ag/Ag* (0.01M) as reference electrode,
TBACIO, (0.03 M) as supporting electrolyte, scan rate of 50 mV s™ and Ferrocene/ Ferrocene”
as the internal-standard. Electrochemical impedance measurements (EIS) were performed using
a BioLogic SP300 potentiostat equipped with frequency response analyzer. EIS were carried out
in dark with various applied potential and frequency ranges from 3 MHz to 10 mHz with sinus
amplitude of 10 mV. Electropolymerization of PEDOT onto FTO were performed on BioLogic
SP300 potentiostat at 25 °C, where cleaned FTO used as a working electrode, platinum foil as a
counter electrode, non-aqueous Ag/Ag+ (0.01M) as a reference electrode. PHOTO EMISSION
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TECH (PET, CT200AAA, USA) solar-simulator were used to measure the 1-V characteristic of
the dye-sensitized solar cells, whereas, Newport QE measurement kit have been used to
performed the IPCE measurements. The quantum mechanical calculations were conducted using
the Gaussian 09 software.*® The optimization of the ground-state geometry was carried out at the
Density Functional Theory (DFT) level, using the B3LYP hybrid functional and the 6-311G(++)
atomic basis set. For dye desorption studies of SQ dyes area of the photoanode was 0.23 cm? (8
um thick), dipping time of photoanode in dye-solution (0.1mM) was 12 h at room temperature,
0.2 M NaOH in EtOH: H,0 (1:1) 9 mL was used to desorb adsorbed dyes and path length of the

cuvette was 0.1 cm?.
5.B.2.2 DSSC fabrication, electropolymerization and electrolyte preparation.

(a) Cells fabricated for lodolyte (1/13) electrolyte. FTO glass (8- 10 Q /sq; Pilkington TEC 7)
were washed with mucasol (2 % in water), de-ionized water, and isopropanol by using
ultrasonic-bath to make cleaned. To grow a thin film TiO,, FTO was treated with 40 mM
aqueous TiCly solution at 70 °C for 30 min, washed with the de-ionized water and EtOH, further
dried at 110 °C for 10 min. A paste of TiO, nanocrystal (< 20 nm, Ti-Nanoxide T/SP, Solaronix)
was coated on the FTO conducting side by using doctor-blade technique and kept for 15 min in
the air then heated at 120 °C in the air for 20 min, further coated with scattering layer TiO, paste
(WER2-O, Dyesol) and heated at 120 °C for 10 min in the air, then sintered at 325 °C for 10
min, 375 °C for 10 min, 450 °C for 10 min and 500 °C for 15 min, where the heating rate was 5
°C per min in the air. After sintering, films were treated with 40 mM aqueous TiCl, solution at
70 °C for 30 min, washed with de-ionized water then EtOH and sintered at 500 °C for 20 min.’

(b) Cells fabricated for Co(ll1/111) and Cu(l/l1) electrolytes. A paste of TiO, nanocrystal (~
30-60 nm, Ti-Nanoxide T/SP, Solaronix) have been used as an active layer, and similar
conditions has been followed as mention above. The cells were immersed (area of TiO; is 0.23
cm?) in the 0.1 mM of SQ dyes solution for 12 h. Electroplatinised platinum foil and PEDOT
coated onto FTO were used as cathode, iodolyte Z-50 (Solaronix), [Co(bpy)s]*"**and
[Cu(tmby)2]*?* were used as an electrolyte. Area of the black mask was 0.23 cm? and 25 pum
spacer.The device performance of SQ dyes was measured under standard simulator condition
(AM 1.5 G, 100 mW/cm?).’
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(c) Electropolymerization of PEDOT on the FTO. FTO glass (8- 10 Q /sq; Pilkington TEC 7)
were washed with mucasol (2% in water), de-ionized water, and isopropanol by using ultrasonic-
bath to make cleaned. Solution for electropolymerization were prepared from a mixture of 0.01
M of 3,4-ethylenedioxythiophene (EDOT) and 0.1 M of lithium perchlorate (LiCIO4) in
anhydrous acetonitrile by sonicating for 5 min. Electropolymerization were performed under in
potentiostatic mode of chronoamperometry with 2.0 V voltage for 120 seconds, then films
deposited onto FTO were washed with acetonitrile and dried.

(d) Procedure for the preparation of electrolytes. [Co(bpy)s]*"**

based redox couple were
prepared from 0.25 M tris(2,2’-bipyridine)cobalt(1l) di[bis(trifluoromethanesulfonyl)imide], 0.10
M tris(2,2’-bipyridine)cobalt(111) tris[bis(trifluoromethanesulfonyl)imide], 0.10 M
Bis(trifluoromethylsulfonyl)amine lithium salt, and 0.10 M 4-tert-Butylpyridine in acetonitrile.*?
[Cu(tmby),]*?* based redox couple were prepared from 0.20 M bis-(4,4',6,6"-tetramethyl-2,2'-
bipyridine)copper(l) bis(trifluoromethanesulfonyl)imide, 0.04 M bis-(4,4',6,6'-tetramethyl-2,2'-
bipyridine)copper(Il) bis[bis(trifluoromethanesulfonyl)imide], 0.10 M

Bis(trifluoromethylsulfonyl)amine lithium salt, and 0.60 M 4-tert-Butylpyridine in acetonitrile.*

5.B.2.3 Synthesis

° o)
HoOC a on
R4 R R4 R N o .
2 2 3 ,
Rsl, CHsCN
; | HOOC ) \ R,
7 flux, 80 h A N® "
N 6%, N® 1~ phmes n-BuOH A N
1 3 150 °C, 24 h, . Rs
2 54.0%.
Ry =-CqaHzs, Ry = -CyoH24 ASQ4
‘O’\/O\/\o/\/l
Rs|

Scheme 1. Synthetic scheme of ASQ4 dye.

3-decyl-3-dodecyl-1-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-2-methyl-3H-indol-1-ium iodide
(2): Compound 1 (0.250 g, 0.5685 mmol) and 1-iodo-2-(2-(2-methoxyethoxy) ethoxy) ethane
(0.312 g, 1.137 mmol) were dissolved in 5 mL of CH3CN and refluxed under inert atmosphere
for 80 h. The reaction mixture was cooled to room temperature; solvents were removed under

reduced pressure and washed with hexane (4 x 5 mL) to afford the required compound as a
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brown-red viscous liquid 2. Yield: 230 mg, 61.6%. *H NMR (CDCls, 400 MHz): & 8.11 (d, J = 8
Hz, 1H), 7.67-7.59 (m, 2H), 7.49 (d, J = 8 Hz, 1H), 5.17 (t, J = 4 Hz, 2H), 4.10 (t, J = 4 Hz,
2H), 3.59-3.50 (m, 8H), 3.37 (s, 3H), 3.01 (s, 3H), 2.20-1.99 (m, 4H), 1.23-1.12 (m, 32H), 0.88-
0.84 (m, 8H), 0.63-0.54 (m, 2H); **CNMR (CDCls, 100 MHz): § 197.73, 142.13, 138.48, 129.94,
129.83, 123.27, 116.32, 71.88, 70.32, 70.21, 67.83, 63.96, 58.99, 50.80, 37.53, 31.89, 31.83,
29.59, 29.49, 29.44, 29.31, 29.23, 29.04, 23.73, 22.67, 22.63, 16.44, 14.12; HRMS (m/z):[M]*
calcd for C3gHssNO3: 586.5194; found: 586.5196.

2-((-5-carboxy-1,3,3-trimethylindolin-2-ylidene)methyl)-4-((3-decyl-3-dodecyl-1-(2-(2-(2-
methoxyethoxy)ethoxy)ethyl)-3H-indol-1-ium-2-yl)methylene)-3-oxocyclobut-1-en-1-olate
(4): Compound 2 (0.180 g, 0.2521 mmol), and 3° (0.079 g, 0.2521 mmol) were dissolved in
anhydrous PhMe and n-BuOH (1:1, 10 mL of each), and reaction was refluxed in Dean-Stark
apparatus for 24 h under inert atmosphere. The reaction mixture was purified by column
chromatography (SiO,, 100-200 mesh, 4-6% MeOH, and 96-94% CH,Cl,). Yield: 120 mg, 54 %.
'H NMR (CDCls, 400 MHz): § 8.14 (d, J = 8 Hz, 1H), 8.08 (s, 1H), 7.31 (m, 2H), 7.21 (m, 2H),
6.99 (d, J =8 Hz, 1H), 6.23 (s, 1H), 6.02 (s, 1H), 4.37 (b, 2H), 3.87 (b, 2H), 3.53-3.48 (m, 11H),
3.36 (s, 3H), 3.03 (b, 2H), 2.02 (m, 2H), 1.85 (s, 6H), 1.23-1.05 (m, 32H), 0.86-0.75 (m, 8H),
0.52-0.46 (b, 2H); *C NMR (CDCls, 100 MHz): & 181.56, 176.45, 171.21, 170.10, 168.96,
147.19, 144.53, 141.79, 138.93, 131.09, 127.67, 124.82, 124.56, 123.91, 122.07, 110.89, 108.09,
88.51, 88.04, 71.85, 71.04, 70.55, 70.46, 68.18, 59.32, 59.02, 48.29, 40.05, 31.88, 31.85, 30.49,
29.60, 29.51, 29.48, 29.30, 29.25, 27.26, 23.97, 22.65, 22.61, 14.10 ; HRMS (m/z): [M+H]"
calcd for CssHgiN2O7: 881.6038; found: 881.6020.

5.B.3 RESULTS AND DISCUSSION

5.A.3.1 Synthesis of Un-symmetrical amphiphilic squaraine dye. Un-symmetrical
amphiphilic squaraine dyes were synthesized by condensation of semi-squaric acid and TEG-
indolium. Compound 1 reacted with 1-iodo-TEG to afford the TEG-indolium salt 2, indolium
salts are further condensed with semi-sqauric acid 3 under reflux reaction condition in Dean-
Stark trap in the presence of 1:1 ratio of toluene: n-BuOH to afford the final un-symmetrical

amphiphilic squaraine dye 4.
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5.B.3.2 Photophysical and electrochemical properties. ASQ4 dye showed instance absorption
at 644 (¢ = 3.5x10° M cm™), and emission at 653 nm with the very short stock-shift (Figure 2a)
in CH,Cl,. Epomo of ASQ4 dye were calculated from cyclic voltammograms first oxidation
onset (Figure 2b and Table 1), and E_ymo by subtracting the Enomo with optical band-gap.
Slight difference in photophysical and electrochemical properties of ASQ4 and SQS4 dyes is
noted. The HOMO energy levels of SQS4 and ASQ4 dyes are well matches with the redox-
potential of the iodine and cobalt-based electrolytes with 0.40-0.37 V and 0.24-0.21 V positive
potential and favors to efficient dye regeneration process. The CB of TiO, is 0.60-0.64 V more
positive than the LUMO of SQS4 and ASQ4 dyes and favors the efficient electron injection.
Though, HOMO of the dyes mismatching with redox potential of copper-based electrolyte by 70
and 100 mV negative potential and violating the process of dye regeneration for SQS4 and
ASQ4 dyes respectively, but used to examine the photovoltaic responses and Voc from the NIR-
active squaraine dye. The CB of TiO, 0.60 V more positive than the LUMO of SQS4 and ASQ4
dyes and favored the electron injection processes.

Table 1. Photophysical and electrochemical properties of ASQ4 dye at room temperature.

Dye maxAmax € Eromo ELumo “Eq Dye Loading
mm)  (m) (Mtcem?) (VvsNHE) (VvsNHE) (eV) (107 mol/cm?)
ASQ4 644 653 35x10° 0.773 -1.14 1.91 0.310

0.187 (CDCA)

absorption, "emission of ASQ4 dye in dichloromethane, and ‘optical band gap.

5.B.3.3 Theoretical studies. Theoretical studies of ASQ4 dye were performed at B3LYP, 6-
311G (++) level.*’ Isosurface plots of frontier orbitals, torsional angles and distance between the
terminal carbons of ASQ4 dye is provided in Figure 3. The distribution of electron in HOMO
was uniformly and located on squaric acid and vinylene units between two donors, and in case
HOMO-1 density of electron located on the squaric acid moiety, whereas density of electron in
LUMO was uniformly distributed within the n-framework and slightly on carboxylic moiety, and
LUMO+1 showed the density of electron located towards the anchoring group (carboxylic acid)
from the adjacent donor moiety. ASQ4 dye showed 2.26 eV band gap, that 0.08 eV more than
SQS4° dye.
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Figure 2. (a) Normalized UV-vis (solid), fluorescence (dotted) spectra, and (b) cyclic

voltammograms of ASQ4 dye in CH,Cl,.
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Figure 3. (a) Isosurface plots of frontier orbitals (HOMO, HOMO-1, and LUMO, LUMO + 1) of

ASQ4 dye (Isovalue set to 0.03)*, and (b) torsional angles, distance between the terminal carbon

atoms of the alkyl and PEG groups of ASQ4 dye.
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5.B.3.4 Photovoltaic performance. The photovoltaic studies of SQ dyes were carried out to
examine the effect of the iodolyte, Co(bpy), and Cu(tmby) electrolytes on the photovoltaic
parameters (Figure 4, and Table 2). Though, increment in the Voc values have observed by
varying the electrolytes with specific redox-potential, but the serious change in the Jsc values
lowered the power conversion efficiency of the device. The maximum efficiency achieved for
SQS4 and ASQ4 dyes with iodine-based electrolyte was 5.82 and 4.56%, that further enhanced
to 7.18 and 5.78% with improvement in the Jsc 1.81 and 1.96 mAcm, Voc 2, and 23 mV, ff 4.4
and 1.15% by the addition of CDCA, respectively by using Pt-foil as a counter electrode. The
maximum efficiency achieved by SQS4 and ASQ4 dyes with cobalt based electrolyte where
platinum foil as a counter electrode was 4.05 and 2.5%, that further enhanced 5.92 and 3.08%
with improvement in the Jsc 2.71 and 1.01 mAcm, and ff 5.37 and 1.19%, respectively by using
PEDOQOT as a counter electrode. Further addition of CDCA decreased the device efficiency for
SQS4 dye and increased for ASQ4 dye whether the counter electrode was Pt-foil or PEDOT.
Though, HOMO energy levels of the SQS4 and ASQ4 dyes was 70 mV more negative than the
redox-level of the copper electrolyte, still device efficiency observed, and the maximum
efficiency of 0.51 and 0.57% were achieved with Pt-foil, which is further enhanced to 1.05 and
1.25% with improved Jsc 0.67 and 1.24 mAcm™, ff 15.46 and 6.86%, respectively with PEDOT.
Further, addition of CDCA increased the device efficiencies interestingly 1.08 and 0.79% with
Pt-foil, whereas 2.01 and 2.69% with PEDOT, respectively for SQS4 and ASQ4 dyes. The low
photovoltaic efficiencies for SQS4 and ASQ4 dyes with cobalt-based electrolyte (with Pt-foil)
compare to iodine-based electrolyte, because of the fast electron recombination of the injected
electrons present into CB of TiO, with oxidized redox component Co(lll) complex (low mass

transport),**

and responsible to lowered the Jsc values. Whereas, low photovoltaic efficiencies
for SQS4 and ASQ4 dyes with copper-based electrolytes due to poor dye regeneration process
that arises from mismatching of dye HOMO and redox-potential of electrolyte. Use of PEDOT
as a counter electrode leads fast regeneration of the Co(l1l) complex compare to Pt-foil, results

improved Jsc, ff, and efficiency.*
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Figure 4. (2), (c) I-V, (b), and (d) IPCE curves of SQS4 and ASQ4 dyes with iodine, cobalt, and
copper-based electrolytes respectively, where Pt-foil as a counter electrode, (e) I-V, and (f) IPCE
curves of SQS4 and ASQ4 dyes with cobalt, and copper-based electrolytes respectively, where

PEDOT coated on the FTO used as a counter electrode.
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Table 2. Photovoltaic performance of squaraine dyes with iodine, cobalt, and copper-based

electrolytes at room temperature.

Cell CDCA (ratio) Voc (V) Jsc (MA/cm?) ff (%) 1 (%)

SQs4? 0 0.712 +0.001 11.28 +0.23 70 +0.95 5.63 +0.19
SQs4? 3 0.713 +0.002 13.17 £0.15 75+0.39 7.04 £0.14
SQs4® 0 0.750 + 0.003 7.30 £ 0.19 71+0.88 3.89+0.16
SQs4™ @ 0 0.746 + 0.006 9.93 +0.27 76 +1.25 5.64 +0.28
SQs4® 3 0.720 + 0.002 5.61+0.16 76 +0.74 3.07£0.13
SQs4™ @ 3 0.726 + 0.005 8.85+0.32 77 +1.23 4.95 +0.29
SQs4° 0 0.750 + 0.001 1.25 + 0.05 50 +2.32 0.47 +0.04
SQs4° 0 0.790 + 0.003 1.90 +0.07 67 +0.78 1.00 +0.05
SQs4° 3 0.828 + 0.004 2.00 +0.11 61 +0.57 1.01 +0.07
SQs4° 3 0.852 + 0.002 3.31+0.09 69 +0.10 1.95 + 0.06
ASQ4* 0 0.680 + 0.002 9.04 +0.52 69 + 1.01 4.24 +0.32
ASQ4* 3 0.702 + 0.003 11.23+0.29 70+1.16 5.52 +0.26
ASQ4° 0 0.740 £ 0.001 4.84 +0.26 66 +0.38 2.36 £ 0.14
ASQ4" ¢ 0 0.739 + 0.003 5.97 +0.14 67 £ 0.57 2.95+0.13
ASQ4° 3 0.733 £ 0.003 6.69 + 0.42 77 £0.65 3.77 £0.27
ASQ4" ¢ 3 0.732 +0.001 7.57+0.32 78 £ 1.07 432 £0.25
ASQ4° 0 0.814 + 0.004 1.18 +0.09 54 + 0.87 0.52 £ 0.05
ASQ4° ¢ 0 0.804 + 0.006 2.34+0.17 60 +1.73 1.13+0.12
ASQ4° 3 0.838 + 0.002 1.76 £ 0.13 48 +1.83 0.71+£0.08
ASQ4° ¢ 3 0.788 + 0.010 3.84 +0.06 86 +0.31 2.60 +0.09

%jodine, "cobalt, ‘copper-based electrolytes with Pt-foil as a counter electrode, “PEDOT coated on

the FTO used as a counter electrode.
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From the IPCE curve of SQS4 dye with various redox electrolytes, the peaks from 550 nm to 590
nm (corresponds to H-aggregates) are participated more than monomers to generates the
photocurrent in the DSSC efficiency, whether the counter electrode was Pt-foil or PEDOT in the
presence and absence of the CDCA (Figure 4b, 4d, and 4f), whereas ASQ4 dye contributed
equally from aggregated and monomeric structures to generates the photocurrent with copper-
based electrolytes. The IPCE curve of the SQS4 and ASQ4 dyes with iodine-based electrolyte
observed good that further improved by the addition of the CDCA without disturbing the pattern
of peaks. The peak intensities at 560 to 600 nm of the IPCE curve have enhanced (responsible
for increased Jsc) when PEDOT used as a counter electrode in the presence and absence of the
CDCA in case of cobalt, and copper-based electrolytes for SQS4 and ASQ4 dyes, respectively.
The SQS4 dye with cobalt-based electrolyte showed good photovoltaic efficiency of 5.92%
(without CDCA), and ASQ4 dye with copper-based electrolyte showed an efficiency of 2.69%
(with CDCA), and are the highest photovoltaic efficiency obtained by NIR-active unsymmetrical
squaraine dyes with cobalt and copper-based electrolytes first time respectively, where PEDOT

used as a counter electrode.

5.B.3.5 Electrochemical impedance spectroscopy (EIS). EIS studies of SQS4 and ASQ4 dyes
were carried out with different electrolytes and counter electrodes in dark experimental
conditions by applying different bias (Figure 5, 6 and 7) near to device Voc. Nyquist plot of the
SQS4 and ASQ4 dyes with cobalt (at 0.75 V applied bias) and copper-based electrolyte (at 0.85

V applied bias), where Pt-foil, and PEDOT used as a counter electrode respectively (Figure 8).*

(a) ASQ4: CDCA (1:0) (b) ASQ4: CDCA (1:3)
32 32
ASQ4, |'/] = -055V e -0.60V ASQ4’ I7]° e—-0.55V e -0.60V
} o -0.65V wmmm -0.70 V }  emmm -0.65V ammm -0.70V
E 24. E 244
i - i -
3 164 2— 164
8 8
0' T T T 0 1 Y ¥
20 40 60 80 20 40 60 80
Z' (ohm) Z' (ohm)

Figure 5. Nyquist plot of ASQ4 dye with and without CDCA under various applied bias.
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Figure 6. Nyquist plot of ASQ4 dye with and without CDCA under various applied bias.
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Figure 7. Nyquist plot of SQS4 dye with and without CDCA under various applied bias.
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To calculate the charge recombination resistance (Rc:), and chemical capacitance (Cx) Nyquist
plot has been used, and lifetime of electron (z) were calculated by multiplying the R and Cu
values for the SQS4 and ASQ4 dyes with various electrolytes and counter electrode conditions.
EIS parameters of SQS4 and ASQ4 dyes with cobalt and copper-based electrolytes with 0.75 and
0.85 V applied bias is provided in Table 3, whereas ASQ4 dye with iodine-based electrolyte
with 0.7 V is provided in Table 3. Decreased chemical capacitance (Cy) values noted with
PEDOT compare to Pt-foil, whether electrolyte was cobalt or copper-based. Though, R values
of SQS4 and ASQ4 dyes observed high with copper-based electrolyte, but the Cu values found
very low, and results low lifetime of electron compare to the cobalt-based electrolyte. Although,
the Cu value for the SQS4 dye (with PEDOT) with cobalt-based electrolyte noted lower
compared to Pt-foil, but due to high R value, lifetime of electron obtained higher than other
compositions of electrolytes/ counter electrodes, and supported the increased photocurrent and
device efficiency. ASQ4 dye showed maximum zvalue with copper-based electrolyte and

PEDOT as counter electrode.
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Figure 8. (a) Nyquist plot of ASQ4 and SQS4 dyes with cobalt-based electrolyte at 0.75 V
applied bias, and (b) Nyquist plot of ASQ4 and SQS4 dyes with copper-based electrolytes at
0.85 V applied bias, where Pt-foil and PEDOT used as a counter electrode respectively.
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Table 3. EIS parameters of SQS4 and ASQ4 dyes with cobalt and copper-based electrolytes in
dark at 0.75 and 0.85 V applied bias.

Dyes CDCA Electrolyte/ Rct 0hm) Cu (mF) 7 (ms)
(equiv.) Counter electrode
SQs4 0 Col/ Pt 22.95 0.213 4.89
SQs4 3 Col/ Pt 23.66 0.206 4.87
SQs4 0 Co/ PEDOT 25.69 0.196 5.03
SQS4 3 Co/ PEDOT 19.63 0.134 2.63
SQS4a 0 Cu/ Pt 46.93 0.032 1.50
5Qs4” 3 Cu/ Pt 44.80 0.044 1.97
sQs4’ 0 Cu/ PEDOT 36.71 0.023 0.84
sQs4’ 3 Cu/ PEDOT 40.39 0.028 1.13
ASQ4" 0 17137 Pt 13.68 0.347 4.75
ASQ4" 3 17157/ Pt 13.83 0.486 6.72
ASQ4 0 Co/ Pt 8.57 0.384 3.29
ASQ4 3 Co/ Pt 10.36 0.348 3.60
ASQ4 0 Co/ PEDOT 11.34 0.148 1.68
ASQ4 3 Co/ PEDOT 20.42 0.231 4,72
ASQ4" 0 Cu/ Pt 40.15 0.065 2.61
ASQ4" 3 Cu/ Pt 41.33 0.067 2.77
ASQ4" 0 Cu/ PEDOT 41.75 0.028 1.17
ASQ4" 3 Cu/ PEDOT 45.78 0.061 2.79
*Applied bias of 0.85 V, "Applied bias of 0.70 V.
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5.B.4 CONCLUSION

NIR-light active SQS4 and ASQ4 dyes have been used to study the photovoltaic performances in
iodine, cobalt and copper-based electrolytes that possess different redox potentials, where Pt-foil/
PEDOT used as a cathode. SQS4 dye with cobalt-based electrolytes have demonstrated as a
highly efficient D-A-D dyes with 5.92% (with PEDOT) photovoltaic efficiency without CDCA
compare to iodine (5.82%, with Pt-foil), and copper-based electrolytes (1.05%, with PEDQOT).
The maximum photovoltaic efficiency achieved by SQS4 dye with iodolyte was 7.18% (with Pt-
foil), and with copper-based electrolyte was 2.05% (with PEDOT) in the presence of CDCA.
Photovoltaic efficiencies of 4.56, 2.5, and 0.57%, that further enhanced to 5.77, 4.04, and 0.79%,
by the addition of CDCA for ASQ4 dye with iodine, cobalt, and copper-based electrolytes,
where Pt-foil used as a cathode. The maximum photovoltaic efficiency achieved by ASQ4 dye
with cobalt, and copper-based electrolyte was 4.57, and 2.69% (with PEDOT) respectively, in
the presence of CDCA. This works tells the importance of electrolytes and counter electrodes
towards the DSSC efficiency for unsymmetrical squaraine dyes for the future outlook.
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6.1 SUMMARY

This thesis summarizes the understanding and controlling the self-assembling properties of
squaraine dyes on the TiO, metal-oxide surfaces, and charge recombination processes in dye-
sensitized solar cells (DSSCs). Increased in-plane and out-of-plane alkyl group chain length in
squaraine dyes have been demonstrated for the enhanced Voc and Jsc of device by TiO; surface
passivation and controlled aggregation. Further, orientations of squaraine dyes on the TiO;
surface are very sensitive towards the DSSC performance; squaraine dyes with anchoring group
on the para-position (5™) have been demonstrated for better device efficiency than other
positions. Visible-light active unsymmetrical squaraine dyes with N-methylation on arylamine
unit and branched alkyl groups on indoline unit have been demonstrated for the better Voc (814
mV), and device efficiency. Further, co-sensitization the visible dyes with NIR-light active
squaraine dyes have achieved the maximum 9.08% co-sensitized solar cell efficiency with
enhanced Jsc. Further, iodine-based electrolytes and acetonitrile solvent systems for device
fabrication were demonstrated superior to achieve the high device efficiencies for NIR-light
active unsymmetrical squaraine dyes Furthermore, SQS4 have achieved 5.92% device efficiency
which is maximum obtained efficiency by NIR-light active squaraine dyes with cobalt based

electrolytes, where PEDOT used as a counter electrode.
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6.2 FUTURE DIRECTIONS

This thesis works will provide the guideline to dye-design and modulation of the photovoltaic
parameters by modulating the structures and conditions that used for dye-sensitized solar cell
applications. In this respect, to overcome the limitations of cocktail and sequential approaches of
co-sensitization a series of inbuilt optical complementary squaraine dyes for DSSC application
have been design (Figure 1), where highly efficient NIR active dye SQS4 and visible dye AK4
are joint together with different sizes of alkyl groups to control the concentration and aggregation
of the dyes on the TiO; surface.

CO,H CO,H
SQS4 AK4

Figure 1. Inbuilt optical complementary unsymmetrical squaraine dyes for DSSCs.
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Figure Al. H-NMR spectrum of compound 2a in DMSO-dG.
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Figure A2. *H-NMR and spectrum of compound 3a in DMSO-dS.
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Figure A3. *H and **C NMR spectra of compound 2b in CDCls.
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Figure A6. *H and **C NMR spectra of compound 4b in CDCls.
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Figure A7. *H and **C NMR spectra of compound 5 in DMSO-d..
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Figure A8. H-NMR spectra of compound 7a, and 7b in CDCls.
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Figure A9. H-NMR spectrum of compound 7¢ in CDCls.
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Figure A10. H-NMR spectrum of compound 8a in CDCls.
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Figure A12. H-NMR spectrum of compound 8c in CDCls.
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Figure A17. Hand C-NMR spectra of compound 10b in CDCls.
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Figure A18. Hand C-NMR spectra of compound 10c in CDCls.

Ambarish Kumar Singh Page 231



LMW S SO0 ®MD O NN~ © S AN ONITOMNMNAO DO O WO O ©LM
NNOOOOWWIN » W Ww0®D N NNANNROM®M®O®D 0NN LW WO LY
NNENNNNNNNNN S S ST S SF S mmm daddNdNddddHdo0000cococooo
e hihirghihindnty LIIIIIS T N YR TORT 2T TS
|
|
|
|
g1 I
1 ILA -
— = S
1.001.910.97 1.96 2.97 4.081.96 2.028.143.223.273.01
| I L L || |y Sy [} L Ll
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 0

Chemical Shift (ppm)

(2} Mo MW [} o
[oe] <0 A~ ~ N — O O [ee] TTOMMNMNOMNMNMNMONLDOMO O
Te} NGO O ™ T} Mo N NI ANNTON AN MY 0N d
— N - — N~~~ © LOMOOMOMMANNNNN A A0
I~ | — | N P A
o |
I
I I
- e e e e e |
200 180 160 140 120 100 80 60 40 20 0

Chemical Shift (ppm)

1 13
Figure A19. Hand C-NMR spectra of compound 11a in CDCls.
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Figure A21. Hand C-NMR spectra of compound 11c in CDCls.
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Figure A22. Hand C-NMR spectra of compound 11d in CDCls.
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Figure A23. Hand C-NMR spectra of compound 11e in CDCls.
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Figure A27. *H and **C NMR spectra of compound 13d (SQS4) in CDCls.
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Figure A28. *H and **C NMR spectra of compound 13e (SQS5) in CDCls.
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Figure A29. 'H and **C NMR spectra of compound 13f (SQS6) in CDCls.
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Figure A31. HRMS mass spectrometric analysis for compound 11 and 12.
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Figure A32. HRMS mass spectrometric analysis for compound 5a and 5b.
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Figure A33. HRMS mass spectrometric analysis for compound 5c¢ and 6a.
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Figure A34. HRMS mass spectrometric analysis for compound 6b and 6c.
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ASK-I-33-C #85 RT: 0.38 AV:1 NL:2.43E8
T: FTMS + p ESI Full ms [100.00-1500.00]
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Figure A35. HRMS mass spectrometric analysis for compound 6d and 6e.
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AKS-2-41-C #172 RT. 0.76 AV:1 NL: 2.13E8
T: FTMS + p ESIFull ms [100.00-1500.00]
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Figure A36. HRMS spectra of compound 13a (SQS1) and 13b (SQS2).
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AKS-2-37-C #176 RT. 0.78 AV:1 NL: 4.35E6
T: FTMS + p ESIFull ms [100.00-1500.00]
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Figure A37. HRMS spectra of compound 13c (SQS3) and 13e (SQS5).
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IR spectroscopic studies of SQS dyes have been done to examine the carbonyl stretching
frequency of carboxylic acid group, and squaraine unit. The carbonyl stretching frequency of
carboxylic acid found at 1699 cm™ for all the dyes, whereas two carbonyl stretching frequency
have been found for squaraine unit of dyes which is varies from 1591-1598 cm™ and 1566-1570
cm™ respectively. IR spectrum of SQS4 dye is displayed in Figure A38a.
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Figure A38. (a) IR spectrum of SQS4 dye, (b) cell active area 0.23 cm? with black mask (area
0.23 cm?) for SQS dyes.
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Figure A39. *H- and **C- NMR spectra of compound 2 in CDCls.
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Figure A40. *H- and **C- NMR spectra of compound 3 CDCl.
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Figure A41. *H- and **C- NMR spectra of compound 4 CDCls.
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Figure A42. "H- and ~°C- NMR spectra of compound 6 in DMSO-ds.
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Figure A43. *H- and **C- NMR spectra of compound 9 in CDCls.
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Figure A44. 'H- and **C- NMR spectra of compound 10 in DMSO-d.
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Figure A45. *H- and **C- NMR spectra of compound 12 in DMSO-d.
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Figure A46. *H- and **C- NMR spectra of compound 13a in CDCls.
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Figure A47. *H- and **C- NMR spectra of compound 13b in DMSO-ds.
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Figure A48. 'H- and **C- NMR spectra of compound 14a in DMSO-ds.
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Figure A49. 'H- and **C- NMR spectra of compound 14b in DMSO-ds.
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Figure A50. *H- and **C- NMR spectra of compound 15 (5-SQ) in CDCls.
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Figure A51. *H- and **C- NMR spectra of compound 16 (7-SQ) in CDCls.
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Figure A52. *H- and **C- NMR spectra of compound 17 (6-SQ) in CDCls.
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Figure A53. *H- and *C- NMR spectra of compound 18 (4-SQ) in CDCls.
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Figure A54. 'H- and **C- NMR spectra of compound 19 (7-SQ1) in CDCls.
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Figure A55. 'H- and **C- NMR spectra of compound 20 (4-SQ1) in MeOH: CDCl; (2: 4).
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Figure A57. HRMS spectra of compounds 9 and 10.
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Figure A59. HRMS spectrum of compounds 13b and 14a.
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Figure A60. HRMS spectrum of compound 14b.
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Figure A61. HRMS spectra of compound 15 and 16 (5-SQ and 7-SQ ).
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Figure A62. HRMS spectra of compound 17 and 18 (6-SQ and 4-SQ ).
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Figure A63. HRMS spectra of compound 19 and 20 (7-SQ1 and 4-SQ1).
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Cyclic voltammetry studies SQ dyes.
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Figure A64. Cyclic voltammograms of 7-SQ1 and 7-SQ dyes.
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Figure A65. IR spectrum of symmetrical squaraine dye (without carboxylic acid group).
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Figure A66. IR spectra of 4-SQ1, 4-SQ, 5-SQ, 6-SQ, 7-SQ1, and 7-SQ dyes.
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Figure A67. IR spectra of 4-SQ1, 4-SQ, 5-SQ, and 6-SQ dyes as such and on the TiO, surface.
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Figure A68. *H- and **C- NMR spectra of compound 2a in DMSO-ds,
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Figure A69. *H- and **C- NMR spectra of compound 2b CDCls.

Ambarish Kumar Singh Page 280



Appendix | 2021

AK1.esp $
—
1.0
0.9
0.8 3
N
0.7
o
e
0.6 N
N

3.59

o
IS

COOH
AK1

o
w

o
N
5.77

—-0.01

o
[y

Normalized Intensity
¢ ¢ ¢ ¢ o ¢ ¢ ¢ i
o
YA TN FRPE TN POTTS FATR PR IYTRT FYRTVINTT FYTY PIUTY PRTY PATY PRTTT PTR FYPR RN AP I T

VN T

1.01 3.37 6.35
— H —

6 5 4 3 2 1 0
Chemical Shift (ppm)

o

0.08

Normalized Intensity

COOH "
AK1

130.72
~-125.85
—119.31
26.53

—181.82
—175.62
—171.47
—166.88
122.23
—110.57
85.96
48.83

—30.73

200 180 160 140 120 100 80 60 40 20 0
Chemical Shift (ppm)

Figure A70. *H- and **C- NMR spectra of compound 3 DMSO-ds.
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Figure A71. *H- and **C- NMR spectra of compound 4 (AK?2) in DMSO-ds.
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Figure A72. *H- and **C- NMR spectra of compound 5 (AK3) in CDCls.
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Figure A73. *H- and **C- NMR spectra of compound 6 (AK4) in CDCls.

Ambarish Kumar Singh Page 284



Appendix | 2021

(a) (b)
1.00 1.00
@ o
o c [~
c % 0.95-
S 0.95- S
€ = }
= G 0.90-
< 0.90-
o ©
- = 0.85-
— AK2
0854—AKl : : : ' : : :
3000 2000 1000 3000 2000 1000
Wavenumber cm-1, Wavenumber cm-1,
(c) (d)
1.0 1.0
Q Q
: :
0.84
T 0.8 s
E £
5 uE, 0.64
[ i [
< 0.6 =
| . | &4
= F 0.4
— AK3 AK4
0-4 | LJ L} L) L} L}
3000 2000 1000 3000 2000 1000
Wavenumber cm-1 Wavenumber cm-1,

Figure A74. IR-spectra of AK dyes.
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Figure A75. *H and **C NMR spectra of compound 2 in CDCl.
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Figure A76. *H and **C NMR spectra of compound 4 (ASQ4) in CDCls.
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Figure A77. HRMS spectra of compound 4 (ASQ4).
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Title of the thesis: Squaraine Based Dyes for Controlling the Aggregation and Charge Recombination
Processes in Dye-Sensitized Solar Cells

Controlling the dye aggregation onto the TiO, surface plays an important role to achieve
high dye-sensitized solar cell (DSSC) efficiency by broadening the IPCE (incident photon to
current conversion efficiency) response from visible-light to NIR regions. Squaraine dyes
are well known to form well packed aggregated structures onto the TiO, surface and
aggregation in solution by strong intermolecular attraction between the dye molecules, and
also well known for absorbing the visible and NIR-light regions with high molar extinction
coefficient. So, here unsymmetrical squaraine dyes have been used to understand the
aggregation properties of dyes onto the TiO, surface by alkyl group engineering, orienting
the dyes, co-sensitization, changing the solvent systems for sensitization, and using the
various electrolytes, and its effect on the dye-sensitized solar cell efficiency. By increasing
the chain length of in-plane and out-of-plane alkyl groups in squaraine dyes Voc and Jsc of
DSSC were synergistically increased by the surface passivation of photoanode and
controlled aggregation of dyes onto the TiO, surface. Further, anchoring group (carboxylic
acid) on the para-position respect to the amine group of squaraine dyes is best position to
achieve high DSSC efficiency than other positions. Further, methyl group on arylamine, in-
plane and out-of-plane alkyl groups on the indoline unit of visible-light active
unsymmetrical squaraine dyes are very sensitive towards the Vo, Jsc and DSSC efficiency.
Further, co-sensitization of the visible dyes with NIR active squaraine dyes have achieved
the maximum efficiency 9.36% with enhanced Jsc. Further, acetonitrile solvent system used
for the device fabrication and iodine-based electrolytes are the best combination to achieve
the high DSSC efficiencies for the NIR active unsymmetrical squaraine dyes. Furthermore,
SQS4 have achieved 5.92% of DSSC efficiency and is maximum obtained efficiency by
NIR-light active squaraine dyes with cobalt based electrolyte and PEDOT.
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Functional Dyes and Advanced Materials (EAS8-2017), conference held on
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Oral presentation at “NCL-Research Foundation & CSIR-NCL Annual
Students Conference 2018, conference held on 29" and 30" November 2018,
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Chemistry Division, CSIR-NCL Pune, conference held on 30" November
2017
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