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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF
A NEW SELENOPHENE BASED ELECTROCHROMIC POLYMER

Karabay, Baris
M.S., Chemical Engineering and Applied Chemistry
Supervisor: Prof. Dr. Atilla Cihaner

December 2014, 87 pages

A new derivative of 3,4-propylenedioxyselenophene bearing naphtyl appendages on
the bridge, called 3,4-dihydro-3,3-bis ((naphthalen-1-yl)methyl)-2H-
selenopheno[3,4-b][1,4]dioxepine (ProDOS-Np,), was synthesized and polymerized
via potentiostatic and potentiodynamic methods. Electrochemically obtained polymer
film (PProDOS-Npy) is pure blue at the neutral state and highly transparent at the
oxidized state. An increase in the size of the substituents on the bridge resulted in an
increase in the optical contrast ratio. Upon moving from naked bridge to benzyl and
to naphtyl substituents on the bridge center, the optical contrast changed from 51% to
65% and finally to 84%. When compared to polythiophene analogue, the PProDOS-
Np, has lower oxidation potential and band gap, higher optical contrast ratio,
coloration efficiency, robustness and stability. The polymer film preserved its
properties even after thousands of cycles under ambient conditions.

Keywords: Electropolymerization, Electrochromism, ProDOS, Selenophene,

Alkylenedioxyselenophene.
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SELENOFEN TABANLI YENI BiR ELEKTROKROMIK POLIMERIN
SENTEZi VE KARAKTERIZASYONU

Karabay, Baris
Yiksek Lisans, Kimya Miihendisligi ve Uygulamali Kimya Boliimii
Tez Yoneticisi: Prof. Dr. Atilla Cihaner

Aralik 2014, 87 sayfa

Naftalin grubu iceren yeni bir 3,4-propilendioksiselenofen tlrevi; 3,4-dihidro-3,3-bis
((naftalin-1-il)methil)-2H-selenofeno[3,4-b][1,4]dioksefin (ProDOS-Np, sentezlenip
potensiostatik ve potensiodinamik yontemlerle polimerlestirilmistir. Elektrokimyasal
olarak elde edilen film ((PProDOS-Np,) indirgenmis halinde saf mavi ve
yiikseltgenmis halinde ise oldukca seffaf gegirgen bir renge sahiptir. Koprii lizerine
bagli olan eklerin biiylikliigliniin artmas1 optiksel gegirgenligin artmasina neden
olmustur. Sirastyla tek basia koprii ve bu kopriiniin merkezine baglanan benzil ve
naftalin gruplariyla birlikte, optiksel gegirgenlik %51, %65 ve son olarak %84 olarak
degismistir. Bagka bir politiyofen tabanli benzeri ile karsilastirildiginda, PProDOS-
Np,' nin daha diisiik ylkseltgenme potansiyeli ve band araligina, daha yuksek
optiksel gecirgenlik oranina, dayanikliliga ve kararliliga sahip oldugu gdzlenmistir.
Acik hava ortaminda binlerce defa anahtarlanma sonrasinda dahi polimer filmi

Ozelliklerini korumustur.

Anahtar Kelimeler: Elektropolimerizasyon, Elektrokromizm, ProDOS, Selenofen,

Alkilendioksiselenofen.



To my lovely darling...
For your endless support and love



ACKNOWLEDGEMENTS

I would like to thanks to everyone who helped me during my all studies and the

preparation of this thesis:

I would like to express my deepest appreciation to my supervisor, Prof. Dr. Atilla
Cihaner, for his support, guidance, encouragement and patience during my research.
He was not only my supervisor but also one of my friends in my life. 1 owe great

thanks to him.

| wish to my endless thanks to Prof. Dr. Ahmet M. Onal for his answering my

questions in any time and technical supports.

I also want to thanks Assoc. Prof. Dr Fatih Algi for improving my skills and for

encouraging me during my organic synthesis.

I wish to express my thanks to all academic staffs in Department of Chemical

Engineering and Applied Chemistry at Atilim University for their efforts and helps.

I would also wish to thank Esra Eroglu, Emre Giiner, Memduh Bilmez and Recep
Taspnar for their friendships, patience and motivation throughout this work
I also want to thanks to Fikret Pekel and Yasemin Pekel for priceless advices and

supports.

I would like to thank to TUBITAK (Grant No: 111T976) for supplying financial

supports during my studies.

Finally, I give my endless appreciation and thanks to Litfiye Canan Pekel for her

endless love. She is the source of my life and my inspiration.

Vi



TABLE OF CONTENTS

AB ST RACT e a e i
OZ bbbttt iv
DEDICATION. ...ttt bbbttt bbbt n e %
ACKNOWLEDGMENTS ..ot vi
TABLE OF CONTENTS ..ottt vii
LIST OF FIGURES.......ooiiiiieece ettt iX
LIST OF TABLES.. ...t Xiii
LIST OF SCHEMES.......cooiiiieitertse et Xiii
LIST OF ABBREVIATIONS. ..ottt XV
1. CHAPTER 1 ..ottt 1
1.1 Conjugation and MeChaNISM.........cceeueueriiiiererrr e 1
I R = -4 o [ C 7 oIS SSSPS 1
1.1.2  Doping-Dedoping PrOCESS .......ccoiiiiieeiiiieiieie et 2
1.2 Synthesis of Conducting POIYMErS..........coieree e 3
1.2.1  Chemical POIYMErZatioN........ccooiiiiiiiiiiesiee e 3
1.2.2  Electrochemical POIlYMErization ..........ccccooviiiiiiiiiiine e 3
1.3 Definitions for Electroanalytical Methods ...........cccoovvvviiiviviiiririceeeeeeeee 4
1.3.1  SOIVENE MEAIUM ..ottt 5
1.3.2  Supporting EIECIIOIVEE ...c..eceeeceee et 5
1.3.3  EIBCIIOUES. ... .o b 6
1.3.3.1 WOrKing EIECIIOUE ......ocvveieeiiecieec et 6
1.3.3.2 Reference EIECIrode ........coeiiiiiiiiie e 6
1.3.3.3 Counter EIBCLIOUE. .......cceeieiieiee et 6
1.4 Intrinsic Properties of Conducting polymer and Their Characterizations.......7
I R = - 4o [ 7o PR U PRSPPI 7

Vi



1.4.1.1 Electroanalytical Methods...........cccoooiiiiiiiiii e 7

1.4.2  ElectroChromiC PrOPertiES. ......ccuiiuiiieiieieiie sttt 9
1.5 CoNAUCEING POIYMETS ...t 11
1.5.1  POlYSEIENOPNENES ..o 15
1.5.2  Poly(3,4-ethylenedioxyselenophene)s (PEDOS)........cccceocvriververieseesieannenn. 16
1.5.3  Poly(3,4-propylenedioxyselenophene)s (PProDOS) .......c.ccccevveveieniinennenn. 24
2. CHAPTER 2 ..ottt 33
2.1 MEALEITAIS. ...ttt nenas 33
2.2 General MEthOUS ..ot 33
2.3 Electroanalytical STUdIES...........cceueveueieieiciccceccecee e 33
2.4 Synthesis of ChemIiCalS ..........ccccueueeieiicce e 34
2.4.1  Synthesis of 2-((naphthalen-2-yl)methyl)-2-((naphthalen-3-

yl)methyl)propane-1,3-diol (102) .......cccccveveiiieiiieie e 35
2.4.2  Synthesis of 3,4-dimethoxyselenophene (9) ......cccoovveievieeivcie v 36
2.4.3  Synthesis of 3,4-dihydro-3,3-bis((naphthalen-2-yl)methyl)-2H-thieno[3,4-

b][1,4]dioxepine (PrODOT-NP2)....ccoouriirieiinieiierenie e 37
2.4.4  Synthesis of 3,4-dihydro-3,3-bis((naphthalen-2-yl)methyl)-2H-

selenopheno[3,4-b][1,4]dioxepine (ProDOS-NP2) ...coovevverierieeieieesieeieee 38
3. CHAPTER 3 ..ttt 40
3.1 Electrochemical POlyMErization.............cceiieiininnninnrr e 40
3.2 SPECLrOBIECtrOCHEMISIIY .....vvvevetceccctccce e 46
4. CHAPTER 4 ... 51
REFERENCES

APPENDIX A NMR SPECTRA OF MONOMERS

APPENDIX B ELEMENTAL COMPOSITION REPORT OF MONOMERS
APPENDIX C FTIR SPECTRA OF MONOMERS

APPENDIX D ELECTRICAL AND OPTICAL STUDIES OF MONOMERS AND

POLYMERS

viii



LIST OF FIGURES

Figure 1.1 Illustration for band structures and band gap energies (Eg)...........cccecvnee. 1
Figure 1.2 Schematic description of the formation of polaron and bipolaron charge
carriers for any POIYENE. ........cvi e 2
Figure 1.3 (a) An illustration of any cyclic voltammogram for any conducting
polymer and (b) a three-electrode electrochemical cell, where RE:
reference electrode, WE: working electrode and CE: counter electrode. . 8
Figure 1.4 An example for color chart with L, a, b values ............ccccovevvvieiviiiciienns 9
Figure 1.5 Some examples for electrochromic materials and their colors in their
various redox state, 0: Neutral state and +: oxidized state. ..................... 10
Figure 1.6 An illustration for the percent transmittance change of an electrochromic
polymer via a square-wave potential method between its neutral and
oxidized states in the electrolyte SOIULION. .......c.cccevvvieiieirce e 10
Figure 1.7 Spectroelectrochemical changes of PEDOS coated on ITO depending on
applied potential between +0.6 and -1.3 V in 0.1 M tetrabutylammonium
perchlorate dissolved in propylene carbonate ............cccocveveieiinnciennn. 20
Figure 1.8 (a) Spectroelectrochemical data for PEDOS-Cg film and (b) its percent
transmittance monitored at 763 NM.........cccooeviiiniinieieeee s 22
Figure 1.9 (A) Cyclic voltammograms of (a) ProDOS-Cs (red line) and (b) ProDOT-
Cs (black line) in 0.1 M tetrabutylammonium hexafluorophosphate
(TBAH) dissolved in CH,Cl, at 100 mV s* (vs Ag/AgCl). (B) Optical
absorption spectra of the neutral (a) PProDOT-Cg (black line) and (b)
PProDOS-Cg films (red line) on ITO in CH3CN.....oooveiiiiiiiiecieci 26
Figure 1.10 (A) Optical absorption spectra of PProDOS-Cyo (26 mC ¢cm™) on ITO in
0.1 M TBAH/CH3CN at various applied potentials between 0.0 and 0.9
V. Inset: colors of PProDOS-Cyg in (a) a neutral state at 0.0 V, (b) an
oxidized state at 0.9 V and (c) dissolved in CH,Cl,. (B)
Chronoabsoptometry experiments for PProDOS-Cy films on ITO in 0.1
M TBAH/CH3;CN while the polymers were switched in different time

intervals (10, 5, 3, 2, 1 s) between redoX States..........ccccveverivereevesieennnns 28



Figure 3.1 Cyclic voltammograms of 8x10° M of ProDOS-Np; and ProDOT-Np; in
an electrolyte solution of 0.1 M TBAH/CH,CI, at a scan rate of 100
Figure 3.2 Repetitive cyclic voltammogram of ProDOS-Np, (0.05 M) in order to
form PProDOS-Np, on Pt electrode in an electrolyte solution of 0.1 M
TBAH/CH,CI, at a scan rate of 100 mV/s between -0.3 Vand 1.5V....41
Figure 3.3 (a) Cyclic voltammograms of PProDOS-Np, and PProDOT-Np; films on
the Pt electrode in 0.1 M TBAH/CH,CI, solution at a scan rate of 100
mV/s vs Ag/AgCl. (b) Absorption spectra of PProDOS-Np, and
PProDOT-Np, films on ITO in CHClg..ocvveiiieciiiccee e 42
Figure 3.4 (a) Scan rate dependence of PProDOS-Np; film on the Pt disk electrode in
0.1 M TBAH/CH,CI, at different scan rates between 40 mV/s and 200
mV/s with 20 mV/s increments: (mV/s) (a) 40; (b) 60; (c) 80; (d) 100; (e)
120; () 140; (g) 160; (h) 180; and (i) 200, (b) the amount of charge (Q,)
and discharge (Qc.) as a function of scan rate for neutralized and oxidized
film and (c) the relationship of anodic (i) and cathodic (icc) current
peaks with scan rates in 0.1 M TBAH/CH,CI; solution. ..............c..c...... 43
Figure 3.5 (a) Cyclic voltammogram of PProDOS-Np, film on the Pt electrode in 0.1
M TBAH/CH,CI; solution between -0.3 V and 1.2 V and then between
0.45 V and 1.2 V at a scan rate of 100 mV/s vs Ag/AgCl. (b) Cyclic
capacitance effect of PProDOS-Np; film on the Pt disk electrode in 0.1 M
TBAH/CH,CI, at different scan rates between 40 mV/s and 200 mV/s
with 20 mV/s increments: (mV/s) (a) 20; (b) 40; (c) 60; (d) 80; (e) 100;
(f) 120; (g) 140; (h) 160; (i) 180; and (j) 200 and (c) the amount of
charge (Qg) and discharge (Qc.) as a function of scan rate for oxidized and
then neutralized film in 0.1 M TBAH/CH,CI; solution. ............ccccue...... 45
Figure 3.6 Stability test for the PProDOS-Np, (159 mC/cm?) film in 0.1 M
TBAH/CH,CI, by using a square wave potential method between -0.2 V
and 0.9 V for 3 s under ambient conditions. The voltamograms of the
PProDOS-Np; (159 mC/cm?) film at a scan rate of 100 mV/s by cyclic
voltammetry as a function of the number of cycles: A: 1, B: 1000, C:
2500, D: 5000 cycles; (a) Qa (anodic charge stored), (b) ixa (anodic peak

current), (C) ipc (cathodic peak Current). ........c.cccvvvvvniiiiicncinsce, 46



Figure 3.7 Chronoabsoptometry experiment for PProDOS-Np; film on ITO in 0.1 M
TBAH/CH,CI, while the polymer film was switched in 10 s time
intervals between -0.3 V and 0.7 V. ... 48
Figure 3.8 Relative luminances of PProDOS-Np, (a.u. 1.1 at 705 nm) and PProDOT-
Np. films (a.u. 1.9 at 630 nm) on ITO in 0.1 M TBAH/CH,CI, at various
appPlied POLENIALS. .......coe e 49
Figure 3.9 Optical absorption spectra of (a) PProDOS-Np, film and (b) PProDOT-
Np; film on ITO in 0.1 M TBAH/CH,CI, at various applied potentials.

Insets: Colors of the polymers at their neutral and oxidized states......... 50

Xi



LIST OF TABLES

Table 1.1 Obtained polymers and their related electrochemical and optical data. .... 21

Table 1.2 Optical and electrochemical stability properties of PProDOS-C, and

PPIODOT-Chy [73]. coveeeieieeeseeeeese st sees st 25
Table 1.3 Optical properties for PProDOS and PProDOT derivatives..............c....... 31
Table 3.1 Optical properties of PProDOS and PProDOT derivatives. ..........c.cccoeu.... 47

xii



LIST OF SCHEMES

Scheme 1.1 A synthetic pathway for polymerization of any five-membered
heterocyclic compound by using of FeClz oxidant.............cccccceevveninnnne. 3
Scheme 1.2 A mechanism for the electrochemical polymerization of thiophene........ 4

Scheme 1.3 Chemical structures of some conducting polymers...........ccccoccvevveivennne 13
Scheme 1. 4 Chemical structures of EDOT and its polymer PEDOT. ..........cccccveue.. 14
Scheme 1.5 Synthetic route for polyselenophene. ... 16

Scheme 1.6 Synthetic pathway of EDOS: (a) C;HsONa/C,Hs0H, r.t., 15 h (b) 3 N
HCI (c) BrCH,CH,Br, K,CO3, DMF, 110 °C (d) KOH/C;Hs0H, reflux,
5h(€) SN HCI(f) MeIt. .o 17
Scheme 1.7 Synthetic pathway for PEDOS (a) N-bromosuccinimid (NBS), CHCI3, 0
°C, 1 h, 95% (b) N-iodosuccinimid (NIS), CHCls, AcOH, 5h, 83% (c)
solid state polymerization, 50 °C, 1 day (d) solid state polymerization,
80 °C, 3 days (e) chemical or electrochemical polymerization. ........... 18
Scheme 1.8 A synthetic pathway for the synthesis of EDOS. ...........cccoovieiiiennne 19
Scheme 1.9 A synthetic pathway for EDOS-C,, and their corresponding polymers.. 21
Scheme 1.10 A synthetic pathway for EDOS based monomers and their polymers. 23

Scheme 1.11 Polymerization of donor-acceptor-donor type trimeric systems based on

EDOS. ..ottt re s 24
Scheme 1.12 A synthetic pathway for ProDOS-C, derivatives and their polymers,
PPIODOS-Chr. vttt sttt st 24
Scheme 1.13 Electrochemical polymerization of ProDOS-Bz,, ProDOT-Bz, and
PIrOD O T N 2. teeititeiiii ettt e e e e snaee e 30
Scheme 1.14 Chemical structures of ProDOT and ProDOS and their benzyl and
naphtyl substituted derivatives............cccooeiveieiieenie e 32
Scheme 2.1 A synthetic route for 2-((naphthalen-2-yl)methyl)-2-((naphthalen-3-
yl)methyl)propane-1,3-diol...........ccccoviiiiiiii 35
Scheme 2.2 A synthetic pathway for 3,4-dimethoxyselenophene ..........cccccooeieennnne 36

Xiii



Scheme 2.3 A synthetic pathway for ProDOT-NP2. ...cooviiiieiieiiencsie e 37
Scheme 2.4 A synthetic pathway for ProDOS-NpP2. ....cooiviiiiiiiiiicie e 38

Scheme 3.1 Electrochemical polymerization of ProDOS-Np, to form PProDOS-Np,
010 1Y/ 41T USRS 41

Xiv



CE
CIE
DCM
DMS
DMT
EDOS
EDOT

eV
HOMO
ITO
LUMO
NIR
oD
OFETs
OLEDs
PEDQOS
PEDOT
ProDOS
ProDOT
PSS
PTSA
Qa

Qc

LIST OF ABBREVIATIONS

Coloration efficiency

Commission Internationale de I'Eclairage
Dichloromethane
3,4-dimethoxyselenophene
3,4-dimethoxythiophene
3,4-ethylenedioxyselenophene
3,4-propylenedioxythiophene

Band Gap Energy

Electron-volt

Highest Occupied Molecular Orbital
Indium Coated Tin Oxide

Lowest Unoccupied Molecular Orbital
Near Infrared

Optical Density

Organic Field Effect Transistors
Organic Light-Emitting Diodes
Poly(3,4-ethylenedioxyselenophene)
Poly(3,4-propylenedioxythiophene)
3,4-propylenedioxyselenophenes
3,4-propylenedioxythiophene
Poly(styrene sulfonic acid)
p-toluenesulfonic acid

Amount of Charge

Amount of Discharge

XV



Qq
RE

SCE
TBAH
THF
WE
A%Y

Injected/Ejected Charge

Reference Electrode

Saturated Calomel Electrode
Tetrabutylammonium Hexafluorophosphate
Tetrahydrofuran

Working Electrode

Relative Luminance Measurement

XVi



CHAPTER 1

INTRODUCTION

1.1 Conjugation and Mechanism

A conducting (conjugated, conductive) polymer may be defined as alternating
single and double bonds via continuous overlapping p-orbitals. Any polymer that
exhibits this property would become intrinsically conducting polymer. In order that
any polymer may conduct the electricity, it should have not only charge carriers but
also an orbital system that enables the charge carriers to move through a continuous

n-orbitals overlapping in the polymer backbone [1].

1.1.1 Band Gap

The ability of any materials to conduct electricity can be defined by the
determination of band gap energy (Eg), which is the energy of one electron to need to
pass through from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO). This gap between the HOMO and LUMO
levels plays an important role on determining whether a material is conductor,

semiconductor or insulator (Figure 1.1).

E,;=0eV E,<3eV E;>3 eV

W LUmo

A wvo
W LUMO !

HOMO h\\\\‘ HOMO Q\\\\\Q HOMO

CONDUCTOR SEMICONDUCTOR INSULATOR

Figure 1.1 lllustration for band structures and band gap energies (Eg).



Depending on the width of the forbidden band (band gap), a gap is observed
for semiconductors and insulators, whereas there is no gap for conductors between
their valence (HOMO) and conduction (LUMO) bands. This difference is labelled as

electron-volt (eV).

1.1.2  Doping-Dedoping Process

Conjugated polymers cannot conduct the electricity in their neutral states.
Owing to this property, the conjugated polymers do not have intrinsic charge
carriers. In order to obtain a conducting polymer, it should be doped or dedoped via
chemical or electrochemical process. Moreover, in order to import charge carriers,
conjugated polymers can be doped by two different ways: p-type doping (oxidation)
and n-type doping (reduction) (Figure 1.2).

PN NN N N Polyene PN NN N
X X X X X X X X X X
/ i SN A/ / \ Polaron / \ Y A VY / \\
X X X X" X X X X XX
7\ AN 7\ Bipolaron /N AT AT /o
X~ Ox X :’}TQW X X~ X X X
p-type doping (oxidation) n-type doping (reduction)

X:N-H, O 8, Se

Figure 1.2 Schematic description of the formation of polaron and bipolaron charge

carriers for any polyene.



1.2 Synthesis of Conducting Polymers

Although there are many ways to synthesize conducting polymers like
photochemical, solid-state synthesis, biocatalayzed, etc., the widely used and most

popular methods are chemical and electrochemical polymerization techniques [2].

1.2.1 Chemical Polymerization

Chemical polymerization is the most widely used method to get conducting
polymers because the used chemical reagents are commercially available and quite
cheap. Chemical polymerization can be performed by exposing the related monomers
by using strong chemical oxidants such as ammonium peroxydisulfate, potassium
permanganate, hydrogen peroxide, iron(l1l) chloride, etc. FeCls is the most widely
used chemical oxidant for the oxidative polymerization of five-membered

heterocyclic compounds (Scheme 1.1).

n [/ \5 + 2n FeCl; — m + 2n FeCl; + 2n HCI
X Xy

X=NH, O, 8, Se

Scheme 1.1 A synthetic pathway for polymerization of any five-membered

heterocyclic compound by using of FeCl; oxidant.

Unfortunately the chemical polymerization has some limitations like poor
quality and overoxidation of the obtained polymers [3, 4].

1.2.2 Electrochemical Polymerization

Electrochemical polymerization is an easy and fast technique since the
electroactive monomer is performed in order to get the related polymer on an
electrode surface in a proper medium. In electrochemical polymerization, oxidation
potential of a monomer is determined via cyclic voltammetry. When the determined
oxidation potential was applied via potentiodynamic or potentiostatic method,

reactive radical cations (or anions) are formed in the monomer structure and then



polymerization proceeds. In Scheme 1.2, the polymerization mechanism of
thiophene has been illustrated. Firstly, a radical cation on thiophene is created by the
removal of an electron from the ring by applying the determined oxidation potential.
At this point, there are two possible ways, which are a radical-monomer coupling or
a radical-radical coupling to get a dimer, the latter one generally has been accepted in
literature [6]. After getting dimer units, the obtained dimers will create their own
radical cation at lower potential than the monomer since dimers have more electron-

rich nature. Finally, the continuous coupling will result in a polymer chain.

O moj Radical-Monomer -

Coupling

@*@

— — Radical-Radical H
NS 7 -

S S Coupling

® ®

=\ H/— -2H* / Y @
NS e ve .. p—
H s S S

Scheme 1.2 A mechanism for the electrochemical polymerization of thiophene.
1.3 Definitions for Electroanalytical Methods

Cyclic voltammetry, differential pulse voltammetry and chronopotential
coulometry are the widely used techniques for the characterization of the
electroactive monomers and their corresponding polymers. The obtained data from

these techniques give information about the oxidation-reduction potential, band gap
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(electrochemical) and electrochemical stability of the related monomers and
polymers. Furthermore, the electrochemical polymerization depends on some
conditions like solvent medium, supporting electrolyte, electrode, temperature and

working potential range.

1.3.1 Solvent Medium

The solvent should be proper in working range of the monomer and/or the
polymer [5]. At first glance, ionic conductivity and electrochemical stability values
may give an idea about whether the solvent is appropriate or not for electrochemical
studies. For example, acetonitrile and dichloromethane are the most frequently used
solvents because of their dielectric constants (37 and 9, respectively) and
electrochemical stabilities. Moreover, acetonitrile works between -3.0 V and +3.0 V
against the saturated calomel electrode (SCE). Also, like acetonitrile, it is well
known that dichloromethane is highly stable up to 3.0 VV under ambient conditions
[6]. In additon to these common organic solvents, dimethylformamide and
dimethylsulfoxide are the other solvents, which are not suitable for the potential
larger than 1.0 V because they are easily decomposed at these potentials. Moreover,
when focused on the dielectric constant, water is one of the good alternatives for the
electrochemical studies. However, although the dielectric value of H,O is 80 and it is
a relieble solvent for the electrochemical studies; unfortunately, many electroactive

compounds are not soluble in water [7, 8].

1.3.2 Supporting Electrolyte

All ionizable salts and/or compounds in any solvent may be defined as
supporting electrode. Like solvent, the related electrolyte should be electroinactive in
the applied potential range. Also, the supporting electrolyte should be soluble in used
solvent system. Tetraalkylamonium salts are the widely used electrolytes owing to
their high solubilities and working potential range in organic solvents. Also,
perchlorate anions (ClO4) are very useful up to +1.6 V vs. SCE. Moreover,
tetrafluoroborate (BF4) and hexafluorophosphate (PFs’) anions work up to +3.0 V vs.
SCE [9].



1.3.3 Electrodes

Voltammetric characterizations are fulfilled by using an electrochemical cell
including two or three electrodes immersed in a suitable electrolyte solution

containing an electroactive compound.

1.3.3.1 Working Electrode

Working electrode is the electrode where an oxidation/reduction process occurs
under the external potential. While platinium, palladium, gold, silver, glassy carbon
or nickel are the most popular electrodes, coated indium tin oxide (ITO) electrode is
widely used electrode for spectroelectrochemical characterizations because of its

transparency.

1.3.3.2 Reference Electrode

Reference electrode has a well-defined electrode potential. In other words,
when any potential is applied to the system, the potential should not change in time.
Therefore, the potential difference between working and reference electrodes must be
constant. Saturated calomel electrode (SCE), standard hydrogen electrode, silver
(wire) electrode (Ag) and silver/silver chloride electrode (Ag/AgCl) are commonly
used electrodes in the electrochemical cells. Depending on conditions, such as
temperature, moisture etc., electroanalytical results can change and it can create
some deviations in related studies. In order to eliminate these deviations, an internal
standard reference is used to compare and check the applied potential. For example,
ferrocene, which is the most widely used internal reference, can be oxidized
reversibly to the ferrocenium ion at a half wave potential of 0.48 V vs Ag/Ag” in
acetonitrile solution [6].

1.3.3.3 Counter Electrode

Counter electrode is made of electrochemically inactive materials, such as
platinum or graphite. This electrode conducts the electricity from the source of signal

to the other electrodes in the electrolyte solution. Moreover, the surface area of



counter electrode should be larger than that of working electrode because some

deviations may occur due to the additional resistance coming from counter electrode.

1.4 Intrinsic Properties of Conducting Polymer and Their Characterizations

After getting the conducting polymer, its intrinsic properties like band gap
energy and electrochromic features should be determined clearly. In general, various
band gap values can be calculated for each conducting polymer and each one can
have different colors in their various oxidized states. Therefore, some

electroanalytical methods are used in order to get related outcomes.

1.4.1 Band Gap

The band gap is the key for determining the intrinsic properties of any material
because it plays an important role on the color of the absorbed and emited light. In
literature, there are two different ways to determine the band gap value of the related
polymer via electroanalytical and spectrochemical methods.

1.4.1.1 Electroanalytical Methods

Cyclic voltammetry, differential pulse voltammetry and chronopotential
coulometry are the main techniques for the determination of electrochemical
properties of any monomer or polymer because of their simplicity and versatility.
Cyclic voltammetry is an electrochemical method that measures the current under the
potential cycling. In other words, it measures the change in the current at the working
electrode surface during the potential scanning. Cyclic voltammetry consists of three
electodes containing reference, working and counter electrodes. The obtained graph
from cyclic voltammetry is called as cyclic voltammogram (Figure 1.3).
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Figure 1.3 (a) An illustration of any cyclic voltammogram for any conducting
polymer and (b) a three-electrode electrochemical cell, where RE: reference

electrode, WE: working electrode and CE: counter electrode.

1.4.1.2 Spectroelectrochemical Methods

Spectroelectrochemical analysis gives information about not only band gap but
also the electrochromic properties of related conductive polymer. By extrapolating
the onset of n-n* transition, the band gap can be calculated easily (Figure 1.3). For
band gap, the mathematically derived equation has been shown in Equationl.1,
where A is wavelength obtained by extrapolating onset of the longest wavelength of

the m-m* transition band. The calculated band gap (Eg) value has a unit of eV.
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Figure 1.3 Absorption spectrum of a polymer on ITO at its neutral state in

acetonitrile [10].



1.4.2 Electrochromic Properties

Electrochromism is the reversible color change of any materials under the
external potential. The color may change from an observer to another one because of
relativity. For this reason, these colors are evaluated by a standard color scale. In
order to define the colors of the materials, a colorimetry method to quantify and to
describe the human color perception is used. In the colorimetry, three components
play an important role on the describing hue (chromatic color), saturation (purity, or
intensity) and brightness (lightness, or luminance). In 1976, the CIE (Commission
Internationale de I'Eclairage) has developed the CIELUV and CIELAB color spaces;
L*a*b*, in order to define color changes in electrochromic properties during their
redox states. L* defines the lightness of polymer (color) between 0 (black) and 100
(diffuse white), while a* indicates the red-green balance, b* is for yellow-blue

balance (Figure 1.4).

White
L*

A Yellow
+b*

Green h h' p—— Red
i

Black

Figure 1.4 An example for color chart with L, a, b values [11].

Among many electrochromic materials; such as metal oxides, molecular dyes,
conducting polymers, etc.,, only one of them called conducting polymers
(electrochromic polymers) is superior than the others because of low processing cost,
durability, stability, high coloration efficiency, fast switching and ease of
modification (Figure 1.5). In all electrochromic polymers, each polymer will be
compared in terms of its intrinsic properties like optical contrast, switching time and

coloration efficiency [12].
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Figure 1.5 Some examples for electrochromic materials and their colors in their

+

various redox state, 0: Neutral state and +: oxidized state.

1.4.2.1 Optical Contrast

In general, optical contrast can be defined as a percent transmittance change,
A %T, at a given wavelength. When a electroactive polymer film coated on ITO is
placed in front of the beam of the spectrophotometer, electrochromic transparency

can be monitored by using a square-wave potential method between the neutral and

oxidized states (Figure 1.6) [13].
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Figure 1.6 An illustration for the percent transmittance change of an electrochromic

polymer via a square-wave potential method between its neutral and oxidized states

in the electrolyte solution.
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While the electrochromic polymer film is switched between its reduced
(neutral) and oxidized states by means of electroanalytical methods, the
chronoabsorptometry outputs are monitored in-situ. According to these results,

optical contrast can be calculated by using Equation 1.2;

A%T = %T bleached = %Tco|ored Equation 12

1.4.2.2 Switching Time

Switching time can be defined as the elapsed time to switch from the neutral
state to the oxidized state and vice versa. The factors affecting the switching rate are
the movement ability of counterions, the ease of diffusion of the ionic species across
polymer backbone, and the surface morphology of the obtained polymer film. 95%
of the full contrast is regarded as the switching time because human eye could be

able to perceive this percentage.

1.4.2.3 Coloration Efficiency

Coloration efficiency (CE, n) is defined as the change in optical density (AOD)
per density of injected/ejected charge (Qqg) for an electrochromic polymer during its
oxidation/reduction states. Like the measurement of optical contrast, all parameters
that has been placed in Equation 1.3 are obtained by chronoabsorptometry

experiments.

n = AOD/ Qq = (T bieached /Tcolored)/Qqd Equation 1.3

1.5 Conducting Polymers

It was believed that all of the polymers had been insulators until an "failure” in
the calculation of the amount of a catalyst used in a chemical reaction. In fact, a
visiting scientist added the necessary amount of the catalyst into the reaction flask as
mole rather than mmole to synthesize the polyacetylene [14]. After the adition of
excess amount of the catalyst, a "silvery shining layer™" on the surface of the liquid in

the reaction flask was observed. The formed film made a real question asked: "If the
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plastic film shines like a metal, can it conduct the electricity, too?". Three scientists,
Alan MacDiarmid, Hideki Shirakawa and Alan Heeger, showed that polyacetylene
could be able to conduct the electricity when it was doped by iodine vapor [14]. This
class of polymers called conducting (conjugated, conductive) polymers opened up a
new door to material science and applications.

The development of conducting polymers had taken great attention since 1977
and this novel study had brought Nobel Prize in Chemistry toward Alan
MacDiarmid, Hideki Shirakawa and Alan Heeger in 2000 [14]. In fact, conducting
polymers attract considerable attention owing to their applications such as
photovoltaic cells [15, 16], organic light-emitting diodes [17, 18] organic field effect
transistors [19], electrochromic devices [20, 21], smart windows [22, 23], sensors
[24], artificial muscles [25], and so forth.

After the pioneering study of Shirikawa in 1977, the field of conducting
polymers started to get great importance on research and development studies in
academic and industrial areas. Because of insolubility, infusibility and unstability
problems of polyacetylene, many scientists have focused on the construction of new
type monomers and their polymers. By means of the synthesis of second generation
conducting polymers such as polypyrroles, polyfurans, polythiophenes,
polyphenylenes, polyanilines, poly(phenylene vinylene)s, polycarbazoles and so
forth (Scheme 1.3), researchers were able to overcome these problems that have
been mentioned above [26]. Nevertheless, these compounds would not be enough to
find solution for these limitations. Thus, the studies on conducting polymers have

gained speed to overcome all these problems.
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Scheme 1.3 Chemical structures of some conducting polymers.

In the second generation conducting polymers, scientists have focused
especially on thiophene based polymers because of their chemical and optical
properties. Polythiophene is stable in its conductive state (500 S/cm) [27] at
oxidation under ambient conditions. On the other hand, polythiophene has an
advantage called "thiophene paradox”. It can be explained as the overoxidation of
polythiophene chains during monomer oxidation, which is necessary to form
electrochemically conducting polythiophene film on the electrode surface. In other
words, although the thiophene is polymerized at 2.0 V, polythiophene chain is
overoxidized near 1.5 V. Therefore, many scientists in conducting polymers have
focused on new derivatives of thiophene based polymers [28, 29]. In order to cope
with both overoxidation and insolubility problems, it is needed to modify thiophene
ring.

It is well known that the substitution of alkyl chain on 3- or 3,4- positions of
thiophene ring can lead to soluble polythiophene derivatives. For example, alkoxy
substituted polythiophenes have superior electrical and optical properties over parent
polythiophene. The presence of oxygen atom between alkyl chain and thiophene
pumps electrons to the ring and alkoxy group behaves as a strong electron-donating
group. The related monomer oxidized at lower potential than thiophene and therefore
a well-organized and soluble polythiophene can be obtained without overoxidation

during polymerization [30, 31]. The presence of substituents on 3,4-positions of
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thiophene ring proceeds the polymerization via 2,5 coupling. Therefore, well-defined
polymers are obtained without 3-f' and a- B' couplings.

Under the lights of this information, the third generation of conducting
polymers have been started in 1988 by the invention of alkylenedioxythiophene
derivatives and their corresponding polymers such as 3,4-ethylenedioxythiophene
(EDOQOT) and its polymer poly(3,4-ethylenedioxythiophene) (PEDOT) (Scheme 1.4)
[32].
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Scheme 1.4 Chemical structures of EDOT and its polymer PEDOT.

Unlike polythiophene and its analogues, PEDOT has many advantages over
the previously synthesized conducting polymers because of its high electrical
stability under ambient conditions, optical transparency in oxidative state and low
band gap (1.6-1.7 eV) [26]. PEDOT has an extremely high conductivity up to 600
S/cm when compared to the parent polythiophene [33]. On the other hand, PEDOT is
insoluble but its processable suspension form can be obtained during polymerization
of EDOT in the presence of poly(styrene sulfonic acid) (PSS). When this processable
PEDOT/PSS polymer was applied on a surface, the obtained transparent film has
high conductivity and mechanical stability. In addition to its superior features, it has
excellent electrochromic properties. PEDOT is a cathodically coloring conducting
polymer. It is violet/dark blue color in its neutral state and transmissive sky blue in
its oxidized state. It can have thousands of color tones between these two colors and
the PEDOT can be switched reversibly between various oxidation states more than
thousand times.

By the inspiration of the synthesis of PEDOT, many articles have been
published in order to improve its solubility and optical features like optical contrast
ratio, coloration efficiency (CE), switching time and so forth. On the other hand, the
solubility of PEDOT was tried to enhanced by using substituted EDOT by alkyl
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chains on the bridge, but these groups did not give the expected results. Therefore,
many scientists focused on the size of alkylene bridge on thiophene ring, especially
propylene bridge. Since, it is the fact that the synthesizing of thiophene with
propylene bridge is easier than the other analogues. Moreover, the substituted alkyl
groups on propylene bridge is highly easy. The attached propylene bridge and alkyl
groups on thiophene ring contributes the solubility, low oxidation potential, low band
gap and stability under ambient conditions. Alkyl substituted propylenedioxy
thiophenes are also violet/dark blue at neutral state and transmissive at oxidized state
[34].

1.5.1 Polyselenophenes

While thiophene and its derivatives got the great attention by many scientists,
selenophene and its derivatives as thiophene analogues could not get this reputation
since selenophene and its derivatives have more difficult synthetic pathway.
Nevertheless, polyselenophenes will have superior properties over their thiophene
analogues. When compared to S atom, Se atom has
i. larger atomic size,

Ii. more metallic character,
iii. more polarizability and

iv. lower electronegativity.

When these properties are transferred to the selenophene ring, a new door will
be opened up to new materials based on polyselenophenes. In order to support this
assumption, the superior properties of polyselenophenes over polythiophenes
obtained from theoretical and experimental studies can be listed as follow:

a) interchain charge transfers because of intermolecular interaction between

different Se atoms. Therefore, the obtained polymers have low band gap.

Consequently, they will have different optical properties,

b) higher twisting energy than polythiophenes,

c) low aromaticity due to their larger quinoid structures, which leads to lower band
gap. It gives rise to the lower band gap for polyselenophenes.
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In the literature, polyselenophenes can be synthesized via oxidative
polymerization [35, 36], coupling reaction [37, 38] or electrochemical
polymerization methods. [35, 39, 40] (Scheme 1.5).
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Scheme 1.5 Synthetic route for polyselenophene.

The quality of polyselenophene depends on the chosen polymerization method.
This can be explained in terms of an applied oxidation potential to get an
electroactive polymer. For example, when the oxidation potential of the selenophene
is very high, some unwanted/undesired side products will be obtained and the
corresponding polymer will be overoxidized during polymerization. One of the ways
for lowering the oxidation potential of selenophene is to substitute 3- or 3,4-
positions of the ring by electron-donating groups [41-43]. As mentioned in the
previous part, like thiophene, the selenophene has been substituted by various length
of alkyl chains. In addition to the efforts for lowering oxidation potential of
selenophene, the substituted alkyl chains also affect the solubility of the obtained
polymer [44-52].

1.5.2 Poly(3,4-ethylenedioxyselenophene)s (PEDOS)

By the inspiration of EDOT, 3,4-ethylenedioxyselenophene (EDOS) has been

synthesized successfully in multi-step by Cava and his colleagues (Scheme 1.6) [53].
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Scheme 1.6 Synthetic pathway of EDOS: (a) C,HsONa/C,HsOH, r.t.,, 15 h (b) 3 N
HCI (c) BrCH,CH,Br, K,CO3, DMF, 110 °C (d) KOH/C;Hs0H, reflux, 5 h () 3 N
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According to this route, the condensation of diethyl selenodiglycolate (2) with
diethyl oxalate (1) at room temperature gave diethyl-3,4-dihydroxythiophene-2,5-
dicarboxylate (3) by using the classical Hinsberg synthesis [54]. Acidification of
obtained compound (3) gave diethyl-3,4-dihydroxythiophene-2,5-dicarboxylic diacid
(4). The compound 4 and 1,2-dibromoethane gave etherification reaction by the
hydrolysis of the ester groups (5) and acidification of compound 5 gave a diacid (6).
Finally, the EDOS was obtained as a colorless liquid by decarboxylation of diacid in
the melt.

After synthesizing of EDOS, Cava and his colleagues have reported that EDOS
was polymerized succesfully to get poly(3,4-ethylenedioxyselenophene) (PEDOS)

via chemical or electrochemical method (Scheme 1.7).
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Scheme 1.7 Synthetic pathway for PEDOS (a) N-bromosuccinimid (NBS), CHCI3, 0
°C, 1 h, 95% (b) N-iodosuccinimid (NIS), CHCIs;, AcOH, 5h, 83% (c) solid state
polymerization, 50 °C, 1 day (d) solid state polymerization, 80 °C, 3 days (e)

chemical or electrochemical polymerization.

In cyclic voltammetry study, EDOS showed one irreversible anodic peak at 1.
18 V (vs SCE). When compared to its thiophene analogue EDOT, EDOS has a lower
potential by 0.26 V. This difference between two oxidation potential of two materials
indicates that EDOS has low aromaticity [55] and more electron-rich compound than
EDOT due to the presence of electron-donating features of oxygen atoms in the 3,4
positions of the selenophene unit [56]. Furthermore, EDOS has been polymerized
successfully via potentiodynamic electrolysis (repetitive cyclic voltammetry). Like
PEDOT, the obtained insoluble PEDOS film has an electrochromic behaviour. It is
blue at neutral state (undoped) and transparent sky-blue at oxidized state (doped) on
ITO (indium tin oxide).

Although electrochemically obtained PEDOS was insoluble, chemically
obtained PEDOS by using of FeCl; oxidant was soluble in some organic solvents.
Bendikov et al. conjectured that chemically obtained Cava's PEDOS had shorter
polymer chains than electrochemically obtained polymer chains and therefore they
are soluble due to the formation of oligomeric species.

After understanding the importance of PEDOS, many scientists have focused
on various synthesis of EDOS [57, 58]. Among them, a straightforward synthetic

route was reported by Bendikov and his colleagues. They successfully synthesized
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EDOS in only two steps (Scheme 1.8). 2,3-dimethoxy-1,3-butadiene (9) and freshly
prepared SeCl, gave 3,4-dimethoxyselenophene (10) in 42% of yield. Then, a
transetherification of obtained compound 10 with ethylene glycol (11) gave rise to
EDOS in 52% of yield. Furthermore, Bendikov's EDOS is highly stable under the
ambient conditions and it was reported that EDOS would be able to keep for few

years in refrigerator.
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Scheme 1.8 A synthetic pathway for the synthesis of EDOS.

Like Cava's PEDOS, Bendikov et al. reported the insoluble PEDOS films
obtained chemically and electrochemically. The optical studies showed that
electrochemically obtained film is deep-blue when neutralized and transmissive-gray
when oxidized. PEDOS has a band gap of 1.4 eV (876 nm), which is lower than
PEDOT (1.7 eV). In addition to this comparison, the twisting energy of oligo- and
polyselenophene units is higher than that of the related energy of oligo- and
polythiophene units. Therefore, this energy difference causes the shorter C-C
distance in selenophene rings. Depending on the bond length of ring, selenophene
contributes the quinoid structure [55, 59, 60]. It is well known that the ability of
quinoid structure lowers the aromaticity and increases the degree of planarity.
Therefore, polyselenophene and its derivatives have low band gaps when compared
to their thiophene analogues.

After synthesis EDOS and its polymer PEDOS, spectroelectrochemical
studies have showed the formation of polarons and bipolarons at 1050 and 1600 nm,
respectively,with a dramatically decreasing in n-n* transition band at 673 nm during

the oxidation (Figure 1.7).
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Figure 1.7 Spectroelectrochemical changes of PEDOS coated on ITO depending on
applied potential between +0.6 and -1.3 V in 0.1 M tetrabutylammonium perchlorate

dissolved in propylene carbonate [58].

While PEDOT exhibits 54% of AT% at 585 nm and 137 C/cm? of CE at 100
% fully switched [61], PEDOS has higher optical transparency as 55% at 666 nm and
CE of 212 cm?/C at fully switched [62]. Moreover, when focused on PEDOS in tems
of electrochemical stability, which is durability after switching many times, PEDOS
is electrochemically stable materials since PEDOS retained 83% of its electroactivity
after 5,000 cycles when switched between -0.5 V and 0.5 V (vs. Ag/Ag").

When FeCls is used as an oxidant, a highly conducting PEDOS could not
been succeeded. On the other hand, solid state polymerization is an appropriate and
effective method to obtain a conducting PEDOS, which has a conductivity of 3-30
S/cm in pressed pellet [58].

In order to cope with solubility problem and to enhance the electrochromic
properties of PEDOS, Bendikov and his group have published some novel EDOS
derivatives by means of substituted alkyl chains on ethylenedioxy bridge, called as
PEDOS-C, (14), where n=2, 4, 6, 8 and 12) (Scheme 1.9) [62, 63]. These
compounds have been synthesized by the transetherification of 3,4-
dimethoxythiophene (10) and 1,2-alkyldiol (12) in a catalytic amount of p-
toluenesulfonic acid (p-TSA) to get EDOS-C, (13) derivatives.
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Scheme 1.9 A synthetic pathway for EDOS-C,, and their corresponding polymers.

In this study, Bendikov et al. has reported the effect of the length of the alkyl
chains on ethylene bridge on the electrochromic properties of the related PEDOS-C,

derivatives in Table 1.1.

Table 1.1 Obtained polymers and their related electrochemical and optical data.

Eonset(mon) onp 1 .
* Eq Amax o CE Optical
Polymers g\é‘g é\ég @) | om | A%T | emic) | stability
1.40- 666
41,58 60%
PEDOS -0.95 -0.49 1.42 | 673% 55 212 2000
) CyC.
41,58,63 60066 y
688, 60%
PEDOS-C, -0.75 -0.67 1.46 70 243
752 5,000 cyc.
685, 60%
PEDOS-C, -0.52 -0.48 1.54 77 369
761 10,000 cyc.
686, 60%
715
e | 763 | 88-89 10,000 cyc.
PEDOS-Cs -0.55 -0.46 | 1.54% 2635 | 686 o
692, 83 48%
o 773%
763 10,000 cyc.
684, 60%
PEDOS-Cq -0.33 -0.25 1.55 76 400
760 500 cyc.
680, 60%
PEDOS-Cy, | -0.37 -0.36 1.55 67 219
755 12,000 cyc.

According to Table 1.1, it can be summarized that PEDOS-Cg has the best
electrochromic properties in all PEDOS-C,, derivatives. It changed its color from
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dark blue to highly transmissive upon moving from neutral to oxidized states.
Among all PEDOS-C, derivatives, the optical band gap of PEDOS-Cs was
determined as 1.54 eV, which is higher than that of PEDOS. Moreover, for the
spectra of PEDOS-Cg film, two sharp peaks at 686 nm and 763 nm are determined
and labelled as the -* transitions (Figure 1.8(a)). It has a maximum of 88-89% of
optical contrast ratio (percent transmittance change) at 763 nm (Figure 1.8(b)). This
value is the same with another electrochromic polymer, called dibenzyl poly(3,4-
propylenedioxythiophene), with highest reported AT% (89%) in the literature [64].
Furthermore, it was reported that the obtained PEDOS-Cg film has a long-term
optical stability. It retained 48% of its optical contrast ratio when switched between

the reduction and oxidation states after 10,000 cycles under ambient conditions.
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Figure 1.8 (a) Spectroelectrochemical data for PEDOS-Cg film and (b) its percent

transmittance monitored at 763 nm [62].

Also, PEDOS-C; film has both photothermal and thermoelectric properties at
the same time. Kim et al. reported PEDOS-Cs film as a promising candidate for near
infrared (NIR) sensitive materials [65]. According to this study, it was supported that
efficient visible to/from NIR chromism, photon to electric and heat, and heat to
electric conversion could be realized in one PEDOS-Cg film. These features make the
PEDOS-Cs film to amenable for use in displays, invisible NIR sensors,
photodynamic therognosis, photothermal, thermoelectric and photo-thermo-electric

devices.
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Recently, a series of new polyselenophenes derivatives substituted with
aromatic moieties in the 3,4-positions of the selenophene ring by alkylenedioxide
bridge was reported (Scheme 1.10) [66]. Electrochemically formed insoluble
polymer films (17 and 20) have very similar optical band gaps, which are 1.57 eV
and 1.55 eV, respectively. The calculated band gaps are higher than that of PEDOS
(1.4 eV). It can be summarized that the additional extension of fused benzene ring

has no effect on the band gaps of related polymer.
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Scheme 1.10 A synthetic pathway for EDOS based monomers and their polymers.

Recently, Poverenov et al. have reported a novel series of electron donor-
acceptor-donor trimeric systems containing EDOS and EDOT units. While donor
units are EDOS and/or EDOT, 2,1,3-benzothiadiazole and 2,1,3-benzoselenadiazole
are used as acceptor units. (Scheme 1.11) [67]. The electrochemically obtained
polymers (23 and 24) are green in their neutral (reduction) states and transparent
light blue in their oxidation states. Also, the band gaps were found to be as 1.10 eV
for 23 and 1.03 eV for 24.
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Scheme 1.11 Polymerization of donor-acceptor-donor type trimeric systems based
on EDOS.

1.5.3 Poly(3,4-propylenedioxyselenophene)s (PProDOS)

Unfortunately, all obtained alkylenedioxyselenophene based polymers
(PEDOS-C,)) were insoluble in common organic solvents. In order to overcome the
insolubility problem, propylenedioxy bridge bearing alkyl groups with different
lengths was used instead of ethylenedioxy bridge on selenophene ring. In this case,
like 3,4-propylenedioxythiophene (ProDOT), [68-71, 13], it was expected that the
synthesis  and  polymerization  of alkyl chain  substituted  3,4-
propylenedioxyselenophenes (ProDOS) would give soluble polymers with low
oxidation potential, high optical contrast ratio and optical transparency when
oxidized.

Recently, Cihaner and his colleagues [72, 73] have focused on dialkyl
substituted ProDOS derivatives (ProDOS-C,; n= 4, 6 and 10) in order to obtain
soluble polymers with good electrochemical and optical properties (Scheme 1.12).
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Scheme 1.12 A synthetic pathway for ProDOS-C,, derivatives and their polymers,
PProDOS-C,.
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Each ProDOS-C,, has one irreversible oxidation peak which is lower than its
ProDOT-C, analogue (Table 1.2). As an example, when compared ProDOS-Cg and
its analogue ProDOT-Cg, during the first anodic scan their oxidation peak values are
1.36 and 1.52 V, respectively (Figure 1.9(A)). ProDOS-Cg has a lower oxidation
potential of 1.64 V when compared to ProDOT-Cs (1.88 V). Also, in the case of the
corresponding polymers, PProDOS-Cg¢ has exhibited a well-defined absorption band

at longer wavelength.

Table 1.2 Optical and electrochemical stability properties of PProDOS-C, and
PProDOT-C, [73].

Polymers =9 hmax A%T CE*
(eV) (nm) (cm?/C)

PProDOS’ 1.65 | 626; 686 51 273
PProDOT"® 1.7 | 567; 625 54 -
PProDOS-C, 1.54 | 658;714 | 55.4;51.3 864
PProDOT-C, 1.83 | 582;632 | 68.1;65.1 850
PProDOS-Cs 1.64 | 634;698 | 59.6; 555 857
PProDOT-Cg 1.88 | 572;630 | 64.7;64.5 514
PProDOS-Cyg 1.58 | 636;697 | 55.5;55.0 328
PProDOT-Cyg 1.82 | 571;622 | 71.5;73.0 306

*at 95% of the full contrast
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Figure 1.9 (A) Cyclic voltammograms of (a) ProDOS-C; (red line) and (b) ProDOT-
Cs (black line) in 0.1 M tetrabutylammonium hexafluorophosphate (TBAH)
dissolved in CH,Cl, at 100 mV s* (vs Ag/AgCl). (B) Optical absorption spectra of
the neutral (a) PProDOT-Cs (black line) and (b) PProDOS-Cg films (red line) on ITO
in CH3;CN.

On the other hand, the oxidation potential of ProDOS-C, is moderately higher
than that of EDOS (1.22 V vs Ag/AgCl) [58] since the increasing alkylenedioxy
bridge size decreases the electron donating ability of oxygen atoms on selenophene
ring [74].

Electrochemical polymerization of ProDOS-C, (26b-d) gave highly regular
polymer chains because of the symmetric alkyl chains on the central carbon atom of
the propylene bridge. This regularity with the vibronic coupling exhibited itself as
some splittings in the optical spectra of the neutral PProDOS-C, films. As an
example, PProDOS-C¢ film showed two absorption bands at 634 nm and 696 nm
with a shoulder at 584 nm in Figure 1.9(B). In a comparison with PProDOT-C,
films, the optical spectra of PProDOS-Cn films were red-shifted between 59 and 82
nm.

About the band gap (Eg) values, which were obtained from the lowest energy
end of the n-n* transitions in optical spectra, 1.65 eV for PProDOS [75], 1.55 eV for
PProDOS-C4, 1.63 eV for PProDOS-Cg, and 1.56 eV for PProDOS-C;o. PProDOS-
Cn derivatives have smaller band gap values than PProDOT-C,, analogues (see Table
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1.2). In addition, the optical band gaps of PEDOS-C, are higher than that of PEDOS
(1.40-1.42 eV).

It is well-known that PEDOT and PProDOT derivatives have violet/dark blue
colors in their reduced (neutral) state owing to the presence of absorption between
400 and 500 nm. This problem was overcome by PEDOS and PProDOS derivatives
since these polymers have no absorbtion between 400 and 500 nm due to the red-
shift about 59-82 nm. Thus, the absence of absorption between 400 and 500 nm
resulted in pure blue color. Except for PProDOS (26a), PProDOS-C,, (26b-d) films
are pure blue in their neutral states and highly transmissive in their oxidized states
(Figure 1.10(a)). All PProDOS derivatives have shown visible and NIR
electrochromism under applied external potentials. In other words, upon oxidation
the n-n* absorption band in visible region begins to disappear and a new broad
absorption band starts to appear in near-infarered (NIR) region, which confirmed that
the visible and NIR electrochromism can be easily controlled under applied potential.

Focusing on this property, Kim and his colleagues published the visible and
NIR electrochromism properties of PProDOS (26a) [75]. They exhibited that under
the NIR (near-infrared) laser exposure the polymer film made its temperature of
media increase by 10-13 °C, which make it a promising material to be amenable. By
using of this photothermal property, the obtained polymer film can be used in

photoablation and NIR electronics.
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Figure 1.10 (A) Optical absorption spectra of PProDOS-Cy (26 mC cm™) on ITO in
0.1 M TBAH/CH3CN at various applied potentials between 0.0 and 0.9 V. Inset:
colors of PProDOS-Cy in (a) a neutral state at 0.0 V, (b) an oxidized state at 0.9 V
and (c) dissolved in CH,Cl,. (B) Chronoabsoptometry experiments for PProDOS-C1g
films on ITO in 0.1 M TBAH/CH3CN while the polymers were switched in different
time intervals (10, 5, 3, 2, 1 s) between redox states [73].

The percent transmittance changes (AT%) of PProDOS-C, between the
reduced (neutral) and oxidized states were determined between 51 and 60%. It was
observed that these values are almost similar to that of PEDOS (55%), and smaller
than those of PEDOS-C,, (67-89%) (Table 1.1). The response times for the obtained
polymer films are about 1 s. As illustrated in Figure 1.10(B), when the switching
time was decreased from 10 s to 1 s, no appreciable change was observed in optical
contrast ratio. Among obtained PProDOS-C,, films, PProDOS-C, and PProDOS-Cg
has shown the highest CE (at 95% of the full contrast) values at about 860 cm?/C,
which is higher than those of PEDOS (212 ¢cm?®/C) and PEDOS-C, (219-773 cm?/C)
and PProDOS (273 cm?/C).

In a comparison to PProDOT-C,, and PEDOS, PProDOS-C,, films (26b-d) are
highly stable and robust since their left electroactivity are between 82-97% even
after 5000 cycles in the presence of oxygen [73]. Among them, the PProDOS-Cy
exhibited an excellent stability because its electroactivity is 97% even after 40,000
cycles [73]. PProDOS-C,, derivatives (26b-d) are soluble and processable polymers

and also have both lower band gaps and higher CEs. When focused on these results,
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the effects of alkyl chain moieties on the optical features of the electrochromic
polymers have been confirmed.

Reynolds and his group [76] have published that electrochromic properties of
the polymer can be tuned by changing bridge size and substituents on the thiophene
unit. The increasing bridge size and/or rigidity of substituents on the bridge give rise
to higher contrast ratio since these two variables depend on the interchain separation
and improvement of the charge/discharge ability of the polymer backbone during
oxidation (doping) process. Inspired to this approach, Kumar and coworkers [64]
have reported a new electrochromic polymer based on dibenzyl substituted poly(3,4-
propylenedioxythiophene) (PProDOT-Bz,). This is the first electrochromic polymer
with the highest optical contrast ratio of 89% at 632 nm. Under the light of this
approach and result, the advantages of polyselenophenes over polythiophenes (lower
band gaps, higher coloration efficiencies, and higher redox stabilities), i¢li-Ozkut et
al. have extended this work to illuminate the substituents and heteroatoms effect on
the electrochromic properties in the similar systems. Therefore, they have reported
novel ProDOS derivatives bearing benzyl groups (ProDOS-Bz;) with ProDOT
derivatives bearing benzyl (ProDOT-Bz;) and naphtyl (ProDOT-Np2) bulky
substituents on the propylenedioxy bridge instead of alkyl chains (Scheme 1.13)
[77].
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Scheme 1.13 Electrochemical polymerization of ProDOS-Bz,, ProDOT-Bz, and
ProDOT-Np..

PProDOS-Bz, has a band gap of 1.62 eV, which is lower than its analogue
PProDOT-Bz, (1.85 eV). While PProDOT-Bz; is dark blue/violet color in its neutral
state, PProDOS-Bz; film is pure blue color when neutralized. Both polymers are
highly transmissive in their oxidized states. Unfortunately, it is the fact that
PProDOT-Bz; has 75% of the percent transmittance change, which is not supported
the value of 89% at 632 nm reported in the literature [64]. This value was found as
67% for PProDOS-Bz, film.

It can be easily concluded that the changing of heteroatom from the S atom to
the Se atom in the ring leads to appreciable increase in the optical properties of the
corresponding polymers (Table 1.3). On the other hand, it was reported that
PProDOS-Bz, film has a high CE of 992 cm?/C at 95% of the full contrast, which is
the highest reported CE for the polyselenophene derivatives. Also, PProDOS-Bz, is

30



more stable and robust under ambient conditions. It retained 89% of its
electroactivity after 5,000 switching, while this value is 67% for PProDOT-Bz,.

Table 1.3 Optical properties for PProDOS and PProDOT derivatives [77].

Color
Eg Amax CE
Polymers €v) | (hm) A%T (cm%C) | neutral oxidized
state state
PProDOS-Bz, 1.62 710 67 992 blue transparent
PProDOT-Bz; 1.86 630 75 551 violet transparent
PProDOT-Np, 1.85 630 64 337 purple transparent

Inspired by this property, Cihaner and his coworkers have extended their
work to replace benzyl groups with naphtyl groups in order to increase the interchain
separation more in the polymer chain. Inspite of the changing of bulky substituents,
the decreasing in optical contrast was observed for bulky groups substituted
PProDOT derivatives. In other words, as the replacement of naphtyl groups instead
of benzyl groups in PProDOT ring, it was reported that the optical contrast values for
PProDOT-Bz; and PProDOT-Np; are 75% to 64%, respectively.
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Aim of the Study

In this study, the benzyl groups on the propylene bridge of the ProDOS-Bz,
were replaced with naphtyl groups in order to increase the interchain separation in
the PProDOS polymer chain and to achieve a high optical contrast ratio (A %T).
Therefore, the effect of the heteroatoms and the size of bulky groups on the
electrochemical and optical properties of the parent ProDOS and its polythiophene
analogue (ProDOT) can be examined systematically. Also, in order to receive this
aim, dinaphtyl substituted ProDOS (ProDOS-Np;) as a new member of
polyselenophenes will be synthesized, polymerized electrochemically and compared

with its benzyl derivatives and polythiophene analogues (Scheme 1.14).
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Scheme 1.14 Chemical structures of ProDOT and ProDOS and their benzyl and

naphtyl substituted derivatives.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials

All chemicals were purchased from Sigma-Aldrich Chemical and used as
received unless otherwise noted. For electrochemical and chemical experiments,
dichloromethane and toluene were freshly distilled over CaH, under N, atmosphere.
Ethyl alcohol was distilled over iodine and magnesium wire under argon atmosphere.
The moleculer sieves (4 A) was activated at high temperature (250 °C) for several

hours.

2.2 General Methods

'H and **C NMR spectra of obtained monomers were recorded on a Bruker
Spectrospin Avance DPX-400 Spectrometer with CDCl; and chemical shifts were
given relative to tetramethylsilane as the internal standard. Chemical shifts are
reported in terms of ppm and that of CDCls is 7.26 ppm. (See Appendix) The
spectrum of high resolution mass spectrometry was recorded on A Water, Synapt
HRMS (See Appendix). FTIR spectra were recorded by using of Nicolet 510 FTIR
with attenuated total reflectance. Photographs of the polymer film were taken using a
Canon (PowerShot A75) digital camera. Colorimetric measurements were recorded
on Specord S600 (standard illuminator D65, field of width 10° observer) and color
space was given by the International Commission of Illumination with luminance
(L), hue (a), and intensity (b). Platinum cobalt DIN ISO 621, iodine DIN EN 1557,

and Gardner DIN I1SO 6430 are the references of colorimetric measurements.

2.3 Electroanalytical Studies

Cyclic voltammetry and electrolysis experiments were performed by using a
Gamry PCI4/300 and Gamry Reference 600 potentiostat—galvanostat. The electro-

optical spectra were monitored on a Specord S600 Spectrometer. The
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optoelectrochemical spectra of the film were recorded in-situ under applied different
potentials. Also, a square wave potential method was used to investigate the ability
of switching of the polymer film between its neutral and doped states.
Tetrabutylammonium hexafluorophosphate (TBAH) was used as an electrolyte.
Redox behaviour and polymerization were performed in an electrolyte solution of 0.1
M TBAH dissolved in dichloromethane. Electrochemical and optical properties of
the polymers were also studied in dichloromethane containing 0.1 M TBAH. In
three-electrode system, a platinum disc (0.03 cm?) and a platinum wire electrode
were used as working and counter electrodes, respectively. A Ag/AgCl electrode in 3
M NaCl(aq) solution was used as a reference electrode calibrated externally using
0.53 mM solution of ferrocene/ferrocenium couple in 0.1 M TBAH/CH,CI; solution.
The oxidation onset potential of ferrocene was found as 0.54 V vs Ag/AgCl.
Electrochemically obtained polymer films were synthesized both by repetitive
cycling and constant potential electrolysis. After electropolymerization, polymer
coated working electrode was washed with CH.Cl, to remove the unreacted
monomers and oligomeric species. Then, the polymer film was switched in several
times between its redox states to get repeatable results in electrochemical and optical
studies. Optical properties were investigated in situ by using an indium-tin oxide
(ITO, Delta. Tech. 8-12 Q, 0.7 x 5.0 cm®) electrode as a working electrode in a UV
cuvette. A platinum wire and Ag wire electrodes were used as a counter electrode

and a pseudo-reference electrode, respectively.

2.4 Synthesis of Chemicals

Compounds 3,4-dimethoxyselenophene [58] and 2,2-bis((nhaphthalen-2-

yl)methyl)propane-1,3-diol [77] were prepared according to literature procedures.
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2.4.1 Synthesis of 2-((naphthalen-2-yl)methyl)-2-((naphthalen-3-
yl)methyl)propane-1,3-diol (102)

0 CO =
OFEt Br Na/EtOH OEt
+ —_—— 15t Step
OEt Reflux OFEt
o o

29 30 31
AN
0
—
LiAIH/THF OH
31 . 2 Step
Reflux OH
32

Scheme 2.1 A synthetic route for 2-((naphthalen-2-yl)methyl)-2-((naphthalen-3-
yl)methyl)propane-1,3-diol.

Synthesis of diethyl 2,2-bis((naphthalen-2-yl)methyl)malonate (31)

To a 500 mL two-necked reaction flask, 160 mL of freshly distilled dry
ethanol and sodium metal (4.67 g, 203 mmol, 3.25 eq.) were taken and stirred to
dissolve all sodium at room temperature. After disolving sodium metal (viscous
transparent color), diethyl malonate (10 g, 62.4 mmol, 1.0 eq.) was added dropwise
to the reaction flask in 1 hour and reaction medium (viscous white color) was heated
to reflux (80 °C). During refluxing, 2-(bromomethyl)-naphthalane (30) (50.4 g, 228
mmol, 3.65 eq) in 100 mL ethanol was added slowly and refluxed for 3 days. After
completing the reaction, the solvent was evaporated under the reduced pressure by
using a rotary evaporator and the obtained brown slurry mixture was extracted with
cold diethyl ether and cold water. Then, the organic phase was dried over anhydrous
magnesium sulfate (MgSQO,), filtered and the solvent was removed under reduced
pressure. The obtained viscous yellow compound (68%, 18.7 g) was purified by
using vacuum distillation at 200 °C. The important point is that it should not be
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removed at high temperature because it may be decomposed under open air at high

temperature.

Synthesis of diethyl 2,2-bis((naphthalen-2-yl)methyl)malonate (32)

To a 500 mL two-necked reaction flask, 150 mL of freshly distilled dry
tetrahydrofuran (THF) and lithium aluminum hydride (LiAlH;) were placed and
heated to reflux under Ar atmosphere. Then, synthesized compound 31 (18.7 g, 42.4
mmol, 1 eq.) was added drop by drop in 1 hour. It was stopped after 1 day and the
reaction solvent was evaporated under the reduced pressure by using a rotary
evaporator and the obtained brown slurry mixture was extracted with cold diethyl
ether and cold water. Then, organic phase was dried over anhydrous magnesium
sulfate (MgSOQ,) filtered and the solvent was removed under reduced pressure. The
viscous Yyellow compound (60%, 16.3 g).was obtained without any further

purification.

2.4.2 Synthesis of 3,4-dimethoxyselenophene (9)

MeO OMe
MeC OCMe NaQAC, Hexane
H +  SeCl, - I\
-78°C tor.t Sé
9 33 10

Scheme 2.2 A synthetic pathway for 3,4-dimethoxyselenophene

In order to get selenium dichloride (SeCl,) (33), to a 10 mL reaction flask, Se
powder ( 800 mg, 10.1 mmol, 1 eq.) was put under argon gas at 10 °C. Then, SO,Cl,
(1.36 g, 10.1 mmol, 1eq.) was added to Se powder drop by drop. After 30 min, 3 mL
hexane was added to the reaction flask and the resulting mixture was stirred for 3 h at
room temperature. During that time, to a 250 mL two-necked reaction flask, 150 mL
of freshly distilled dry hexane, 2,3-dimethoxy-1,3-butadiene (1.0 g, 8.76 mmol, 1
eg.) and sodium acetate (NaOAc) (2.05 g, 25 mmol, 2,85 eq.) were taken and stirred
under Ar atmosphere at room temperature for 30 minutes and then at -78 °C for 1 h.

After getting thermal balance, the obtained fresh SeCl, was added as drop wise to the

36



main reaction flask at -78 ° C. The obtained yellow mixture was further stirred for 1 h
at the same temperature and then brought to room temperature over a period of 2 h.
Finally, this mixture was further stirred for 4 h. The reaction mixture was filtered
through neutral silica gel. The obtained yellow mixture was concantrated under
reduced pressure. The formed crystalline yellow compound was stored for the next
step at -20 °C and characterized by NMR (see Appendix A) and FTIR (see Appendix
C) spectroscopic techniques as follow; *H NMR (400 MHz, CDCls) 6 6.48 (s, 1H),
3.78 (s, 3H) *C NMR (100 MHz, CDCl3) & 149.05, 96.04, 57.04

2.4.3 Synthesis of 3,4-dihydro-3,3-bis((haphthalen-2-yl)methyl)-2H-thieno[3,4-
b][1,4]dioxepine (ProDOT-Np,)

PTSA, Toluene o o]
2/ \g + .
S 110 ¢ 72\
HC OH S
34 32 35

Scheme 2.3 A synthetic pathway for ProDOT-Np..

To a 50 mL two-necked reaction flask, 3,4-dimethoxythiophene (100 mg,
0.694 mmol, 1 eq.) and the synthesized diol compound (32) (495 mg, 1.39 mmol, 2.0
eq.) in freshly distilled toluene (30 mL) were taken and stirred under Ar atmosphere.
Then, a catalytic amount of para-tolunesulfonic acid (p-TSA) (12 mg, 0.0694 mmol,
0.1 eq.) was added to this mixture and refluxed via a soxhelet apparatus containing 4
A° molecular sieves for 2 days. After the reaction was stopped, the black reaction
mixture was poured onto the distilled water to wash the organic phase by using a
seperatory funnel. The obtained organic phase was dried over anhydrous magnesium
sulfate (MgSQO,) and filtered. The resulting yellowish mixture was concantrated
under reduced pressure. Finally, the obtained yellowish-brown slurry compound was
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further purified via silica gel column chromatography in a mixture of hexane and
CH.CI, (10:1) and characterized by NMR (see Appendix A) and FTIR (see
Appendix C) spectroscopic techniques as follow; *H NMR (400 MHz, CDCls) & 7.69
(m, 6H), 7.53 (s, 2H), 7.35 (m, 4 H), 7.22 (dd, J = 8.4, 2H), 6.40 (s, 2H), 3.85 (s,
4H), 2.96 (s, 4H). *C NMR (100 MHz, CDCls) & 150.26, 134.23, 133.35, 132.26,
129.33, 129.14, 127.79, 127.65, 126.19, 125.71, 106.55, 77.63, 77.30, 45.85, 40.12.
HRMS: 437.193 g.mol™ (calculated: 436.565 g.mol™) in +80 ppm

2.4.4 Synthesis of 3,4-dihydro-3,3-bis((haphthalen-2-yl)methyl)-2H-
selenopheno[3,4-b][1,4]dioxepine (ProDOS-Np,)

= A
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MeO OMe CO OO
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7oA
Se 10°¢C /B
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Scheme 2.4 A synthetic pathway for ProDOS-Nps.

To a 50 mL two-necked reaction flask, 3,4-dimethoxyselenophene (100 mg,
0.523 mmol, 1 eq.) and the diol compound (32) (374 mg, 1.05 mmol, 2.0 eq.) in
freshly distilled toluene (30 mL) were taken and stirred under Ar atmosphere. Then,
a catalytic amount of p-TSA (8.9 mg, 0.0523 mmol, 0.1 eq.) was added to this
mixture and refluxed via a soxhelet apparatus containing 4 A° molecular sieves for 2
days. The black colored mixture was poured onto the distilled and extracted with
water to wash the organic phase by using of seperatory funnel. The obtained organic
phase was dried over anhydrous magnesium sulfate (MgSO,) and filtered. The
resulting yellowish-brown mixture was concantrated under reduced pressure. Finally,
the obtained brown slurry compound was further purified via neutral silica gel
column chromatography in a mixture of hexane and CH,Cl, (5:1) and characterized
by NMR (see Appendix A) and FTIR (see Appendix C) spectroscopic techniques as
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follow; *H NMR (400 MHz, CDCls) & 7.80 (m, 6H), 7.64 (s, 2H), 7.46 (m, 4H), 7.33
(dd, J = 8.4, 2H), 7.01 (s, 2H), 3.93 (s, 4H), 3.07 (s, 4H). *C NMR (100 MHz,
CDCls) & 151.40, 134.24, 133.29, 132.19, 129.28, 129.11, 127.73, 127.59, 126.12,
125.64, 109.36, 77.22, 60.41, 45.79, 40.03. HRMS: 483.460 g.mol™ (calculated:
485.101 g.mol™) in -1.9 ppm
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Electrochemical Polymerization

The redox behavior of ProDOS-Np, was investigated via cyclic voltammetry
in an electrolyte solution of 0.1 M TBAH dissolved in CH,Cl,. As expected,
ProDOS-Np, has a lower oxidation potential of 1.82 V than its thiophene analogue
ProDOT-Np; (2.02 V) (Figure 3.1). This lower oxidation potential indicates the

lower aromaticity of the selenophene ring [55].
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Figure 3.1 Cyclic voltammograms of 8x10° M of ProDOS-Np, and ProDOT-Np; in
an electrolyte solution of 0.1 M TBAH/CHClI, at a scan rate of 100 mV/s.

As shown in Figure 3.2, the polymerization was performed between -0.3 V
and 1.5V vs Ag/AgCI. During the first reverse scan, a nucleation loop was observed,
which confirmed the formation of highly reactive species resulting in polymerization
formed on the electrode surface, and one reduction peak at 0.18 V was appeared due
to the oligomeric species coated on the electrode. These species are oxidized at 0.28
V and during the second scan and after each successfull repetitive cycle, the

intensities of the peak currents started to increase. After a certain number of cycles,
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two well-defined reversible redox couples were observed at 0.43 V/0.06 V and 1.02
V/0.75 V, which could be attributed to the formation of polaron and bipolaron charge

carriers in the obtained polymer film called PProDOS-Np, (Scheme 3.1).

08 1.2

0.4
E vs Ag/AgCI /| V

Figure 3.2 Repetitive cyclic voltammogram of ProDOS-Np; (0.05 M) in order to
form PProDOS-Np, on Pt electrode in an electrolyte solution of 0.1 M
TBAH/CH,CI; at a scan rate of 100 mV/s between -0.3 Vand 1.5V.
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Scheme 3.1 Electrochemical polymerization of ProDOS-Np, to form PProDOS-Np;

polymer.
The polymer film was washed with CH,Cl, to remove unreacted monomers

and oligomeric species from the coated electrode surface. The polymer film was
insoluble in common organic solvents. PProDOS-Np, film has a well-defined
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reversible redox couple at a half wave potential of 0.24 V (Figure 3.3(a)), which is

lower than PProDOT-Np,
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Figure 3.3 (a) Cyclic voltammograms of PProDOS-Np, and PProDOT-Np, films on
the Pt electrode in 0.1 M TBAH/CH,CI, solution at a scan rate of 100 mV/s vs
Ag/AgCI. (b) Absorption spectra of PProDOS-Np, and PProDOT-Np; films on ITO
in CH,Cls.

As shown in Figure 3.4(a), redox couple currents of PProDOS-Np, film
intensified with an increase in the scan rate when switched between -0.3 V and 0.7
V. Both anodic and cathodic peak currents changed linearly as a function of scan
rate, which confirmed that the redox process is non-diffusional and the polymer film
was well adhered to the electrode surface (Figure 3.4(b)). Also, the amount of

charge and discharge was constant with an increase in scan rate, which showed that
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this polymer film can be charged and discharged (doping/dedoping) even at high
scan rates (Figure 3.4(c)).
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Figure 3.4 (a) Scan rate dependence of PProDOS-Np; film on the Pt disk electrode
in 0.1 M TBAH/CH,ClI, at different scan rates between 40 mV/s and 200 mV/s with
20 mV/s increments: (mV/s) (a) 40; (b) 60; (c) 80; (d) 100; (e) 120; (f) 140; (g) 160;
(h) 180; and (i) 200, (b) the amount of charge (Q,) and discharge (Q.) as a function
of scan rate for neutralized and oxidized film and (c) the relationship of anodic (iac)

and cathodic (icc) current peaks with scan rates in 0.1 M TBAH/CH,CI; solution.
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It is well known that superior p-doping process of the film can make it a
promising candidate for battery and capacitor applications. For example, a
conjugated polymer film with a nearly rectangle shape of cyclic voltammogram with
a wide potantial window can be amenable for use in electrochemical capacitors. In
order to show the utulity of PProDOS-Np, film as a capacitor, flat current responses
as a fingerprint of the capacitors were observed when the film was cycled between
0.45V and 1.2 V (Figure 3.5(a)). The polymer film preserved its rectangle shape in
cyclic voltammogram even at high scan rates with no appreciable change in
voltammogram and also the amount of charge (Q,) and discharge (Q.) did not change
as a function of scan rate, indicating a fast charge process (doping/dedoping) (Figure
3.5(b) and (c)). This intriguing feature makes the polymer film a good candidate for
use in supercapacitors as an electrode with a broad potential window.

The stability of PProDOS-Np, was tested under ambient condition in the
presence of air (without purging with an inert gas). It exhibited highly stable and
robust behavior after thousands of switching between -0.2 V and 0.9 V via a square
wave potential method. For example, it retained 84% of its electroactivity even after
5000 cycles (Figure 3.6). Also, PProDOS-Np; has higher stability than its thiophene
analogue PProDOT-Np, (63% after 5000 cycles) [77]. Without breaking traditions,
the polymer films based on ProDOS units are exceptionally more stable than their
ProDOT analogs [72, 73, 77].
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Figure 3.5 (a) Cyclic voltammogram of PProDOS-Np; film on the Pt electrode in 0.1
M TBAH/CH,CI, solution between -0.3 V and 1.2 V and then between 0.45 V and
1.2 V at a scan rate of 100 mV/s vs Ag/AgCl. (b) Cyclic capacitance effect of
PProDOS-Np; film on the Pt disk electrode in 0.1 M TBAH/CH,CI, at different scan
rates between 40 mV/s and 200 mV/s with 20 mV/s increments: (mV/s) (a) 20; (b)
40; (c) 60; (d) 80; (e) 100; (f) 120; (g) 140; (h) 160; (i) 180; and (j) 200 and (c) the
amount of charge (Q,) and discharge (Q.) as a function of scan rate for oxidized and
then neutralized film in 0.1 M TBAH/CHClI; solution.
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Figure 3.6 Stability test for the PProDOS-Np, (159 mC/cm?) film in 0.1 M
TBAH/CH,CI, by using a square wave potential method between -0.2 V and 0.9 V
for 3 s under ambient conditions. The voltamograms of the PProDOS-Np, (159
mC/cm?) film at a scan rate of 100 mV/s by cyclic voltammetry as a function of the
number of cycles: A: 1, B: 1000, C: 2500, D: 5000 cycles; (a) Qa (anodic charge

stored), (b) ipa (anodic peak current), (c) ipc (cathodic peak current).

3.2 Spectroelectrochemistry

Unlike PProDOT-Np; films, the optical spectrum of the neutral PProDOS-
Np, film showed vibronic couplings at 595, 641 and 705 nm in its ©-n* transition
band (Figure 3.3(b)). These splittings in the optical spectrum indicated well-
organized (regioregular) and more rigid structure like PProDOT-Np, (529, 566 and
616 nm). Also, the optical spectrum of PProDOS-Np, films was red shifted between
66 and 89 nm. The band gap (Eg) value was determined from the lowest energy end
of the n-n* transition and found as 1.67 eV, which is 0.24 eV smaller than PProDOT-
Np, film (1.91 eV) and somewhat higher than PProDOS (1.65 eV) (see Table 3.1)
[75].
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Table 3.1 Optical properties of PProDOS and PProDOT derivatives.

Polymers —
@€V) | (nm) T (cm?/C) neutral | oxidized
state state
{ ) 626
/\ 1.65 686’ 51 273 blue transparent
Se /n
PProDOS!™
[
OUO 567
/\ 1.7 625’ 54 255 violet | transparent
S /n
PProDOT!"
o b 1.62 %?) 67 992 blue | transparent
/\
Se ’/n
PProDOS-Bz,!""
o o 1.86 %;% 75 551 violet | transparent
(Z/ \S)
S /n
PProDOT-Bz,!""
;:\ 1.67 %é 84 755 blue transparent
(0] O
(Z/ \i)
Se /n
PProDOS-Np,
191 %g% 64 337 purple | transparent
O, O
(Z/ \i)
S /n
PProDOT-Np,!""

* at 95% of the full contrast
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PProDOT-Np, film was purple at the neutral state (L=61.86, a=10.35,
b=-36.98), whereas PProDOS-Np; film was pure blue (L=75.14, a=-27.85, b=-35.34)
when neutralized due to the absence of absorbance between 400 and 500 nm. Both
polymer films are highly transmissive at their oxidized states: L=92.70, a=-2.84,
b=2.93 for PProDOS-Np;, and L=93.88, a=-1.43, b=0.84 for PProDOT-Np,. Upon
moving from neutral state to oxidized state under various applied external potentials,
PProDOS-Np, exhibited 84% of the percent transmittance change, to our best
knowledge (Figure 3.7) , which is the second highest reported optical contrast ratio
as a member of polyselenophenes [62, 63], which can make it one of the most
attractive electrochromic materials. Unfortunately, this value decreased to 64% at
630 nm for PProDOT-Np; film.
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Figure 3.7 Chronoabsoptometry experiment for PProDOS-Np, film on ITOin 0.1 M
TBAH/CH,CI, while the polymer film was switched in 10 s time intervals between
-0.3Vand 0.7 V.

Unlike polythiophene analogues, the results of optical experiments indicated
that an increase in the size of the substituent on the bridge gave rise to an increase in
the optical contrast of the related ProDOS based polymers. While the parent
PProDOS film has 51% optical contrast, dibenzyl substituted PProDOS-Bz, has 65%
and dinaphtyl substituted PProDOS-Np, has 84% optical contrast (Table 3.1).

On the other hand, response time (or switching time), which is the time
necessary to change the color of the polymer film, is a key parameter for
electrochromic materials to be found an application in optical devices and displays.
In order to find the response time, the percent transmittance changes were recorded
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in-situ via a square-wave potential method. The polymer film on ITO was switched
between its redox states under external potentials of -0.3 V and 0.7 V with a
switching time of 10 s and the response time was found as about 1 s.

The transmissivity of the PProDOS-Np; film was also confirmed by using the
relative luminance measurement (A%Y). The polymer film exhibited high luminance
over 90% during oxidation, and A%Y was calculated to be as 19% between the

colored and bleached states (Figure 3.8).
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80-' ﬁ —

704

60- ' '

504,

Relative Luminance A %Y
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Figure 3.8 Relative luminances of PProDOS-Np, (a.u. 1.1 at 705 nm) and PProDOT-
Np- films (a.u. 1.9 at 630 nm) on ITO in 0.1 M TBAH/CH,CI, at various applied

potentials.

As shown in Figure 3.9(a), during oxidation of PProDOS-Np; film on ITO
n-m* transition band started to decrease with a concomitant increase after 750 nm
attributed the formation of charge carriers. Upon further oxidation, the color of the
polymer film changed from pure blue to transmissive state/colorless and the m-*
transition band disappeared completely. The absorption band intensified after 750 nm
received a maximum level and then decreased, which is the conversion of polaron to
bipolaron charge carriers as a signature of a doped conjugated polymer during
oxidation. The low-absorption intensity beyond 750 nm for oxidized PProDOS-Np,
indicated a weak interaction between polymer chains [62]. This interaction is

49



stronger for PProDOT-Np, chains as shown in Figure 3.9(b). Also, the similar
changes in optical spectrum were observed for PProDOT-Np, film, which is purple
when neutralized and transmissive when oxidized.

The PProDOS-Np; film changed its color reversibly many times. Its stability,
robustness, neutral state pure blue color and transparency in the oxidized state make
it a promising candidate for electrochromic displays and devices.

The coloration efficiency (CE) is an important parameter for optical and
display applications. The CE measures the power efficiency of the electrochromic

materials and can be calculated by the following equation:
CE= AOD/Qd and AOD = IOg(Tco|0red/Tb|eached) Equatlon 3.1

Where AOD is the optical density, Qg is the injected/ejected charge during a
redox step; Teolored @Nd Thieached are the percent transmittance in the neutral and
oxidized states, respectively. The CE of PProDOS-Np, was calculated as 755 cm?/C,

which is one of the highest reported CE for polyselenophene derivatives.
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Figure 3.9 Optical absorption spectra of (a) PProDOS-Np; film and (b) PProDOT-
Np film on ITO in 0.1 M TBAH/CH,CI, at various applied potentials. Insets: Colors

of the polymers at their neutral and oxidized states.
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CHAPTER 4

CONCLUSION

A new derivative of 3,4-propylenedioxyselenophene (ProDOS) bearing
naphtyl appeandages on the center of the propylenedioxy bridge was sysnthesized
and polymerized electrochemically. The corresponding polymer film exhibited one
of the highest optical contrast ratios among the polythiophene and polyselenophene
derivatives. Electrochemically obtained insoluble polymer film is pure blue at the
neutral state and highly transmissive in the oxidized state. Unlike the polythiophene
analogue, the results of optical experiments indicated that an increase in the size of
the substituent on the bridge gave rise to an increase in the optical contrast of the
related ProDOS based polymers. For example, while the parent PProDOS film has
51% optical contrast, dibenzyl substituted PProDOS-Bz, has 65% and dinaphtyl
substituted PProDOS-Np, has 84% optical contrast. Also, PProDOS-Np, film is
highly stable and robust under ambient conditions. The polymer film preserved 84%
of its electroactivity when switched for 5000 cycles between its neutral and oxidized
states under ambient conditions. In addition, the film reversibly repeated its
electrochemical and optical properties even after thousands cycles.

When compared to polythiophene analogue, the obtained polyselenophene
based polymer PProDOS-Np, has lower oxidation potential, lower band gap, higher

optical contrast, coloration efficiency and stability.
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APPENDIX A
NMR SPECTRA OF MONOMERS
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Figure A1 *H NMR spectrum of DMS in CDCl;
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Figure A2 *C NMR spectrum of DMS in CDCls
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Figure A3 *H NMR spectrum of DMT in CDCls

63




147.83
96.29
57.53

T v v T T T v T T v
170 160 150 140 130 120 110 100 90 80 70 60 50

Figure A4 *C NMR spectrum of DMT in CDCl;
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Figure A5 *H NMR spectrum of ProDOS-Np, in CDCl3
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Figure A6 *C NMR spectrum of ProDOS-Np, in CDCl;
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Figure A7 *H NMR spectrum of ProDOT-Np;, in CDCls
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APPENDIX B
ELEMENTAL COMPOSITION REPORT OF MONOMERS

Single Mass Analysis

Tolerance = 1000.0 PPM / DBE: min =-1.5, max = 1000.0

Element prediction: Off

Number of isotope peaks used for i-FIT = 3

Monoisotopic Mass, Odd and Even Electron lons

3 formula(e) evaluated with 1 results within limits (up to 50 closest results for each mass)
Elements Used:

C:29-29 H:24-25 0:2-2 Se:0-2

Minimum: -1.5
Maximum: 5.0 1000.0 1000.0
Mass Calc. Mass mDa PPM DBE i-FIT  i-FIT(Norm) Formula
485.1010 485.1020 -1.0 -2.1 185 2945 0.0 CyoH»50,5e
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Figure B1 Elemental composition report of ProDOS-Np,.
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Single Mass Analysis

Tolerance = 1000.0 PPM / DBE: min =-1.5, max = 1000.0

Element prediction: Off

Number of isotope peaks used for i-FIT = 3

Monoisotopic Mass, Even Electron lons

1 formula(e) evaluated with 1 results within limits (up to 50 closest results for each mass)
Elements Used:

C:29-29 H:24-25 0:2-2 S:1-1

Minimum: -1.5
Maximum: 5.0 1000.0 1000.0
Mass Calc. Mass mDa PPM DBE i-FIT  i-FIT(Norm) Formula
437.1927 437.1575 35.2 80.5 17.5 239.6 0.0 CyoH,50,S
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Figure B2 Elemental composition report of ProDOT-Np;.
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APPENDIX C
FTIR SPECTRA OF MONOMERS
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Figure C1 FTIR spectrum of a) DMS and b) DMT,
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Figure C2 FTIR spectrum of a)ProDOS-Np, and b) ProDOT-Np;
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APPENDIX D
ELECTRICAL AND OPTICAL STUDIES OF MONOMERS AND
POLYMERS
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Figure D1 Repetitive cyclic voltammogram of (a) ProDOS-Np, and (b) ProDOT-
Np, in order to get PProDOS-Np, and PProDOT-Np; films on Pt electrode in an

electrolyte solution of 0.1 M TBAH/CH,CI, at a scan rate of 100 mV/s between -0.3

Vand 1.5V.
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Figure D2 Scan rate dependence of (a) PProDOS-Np, and (b) PProDOT-Np; films
on a Pt disk electrode in 0.1 M TBAH/CH,CI, at different scan rates between 40
mV/s and 200 mV/s with 20 mV/s increments: (mV/s) (a) 40; (b) 60; (c) 80; (d) 100;

(e) 120; (f) 140; (g) 160; (h) 180; and (i) 200.
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Figure D3 Relationship of anodic (iy) and cathodic (icc) current peaks as a function
of scan rate for neutralized and oxidized (a) PProDOS-Np, and (b) PProDOT-Np;

films in 0.1 M TBAH/CH,CI, solution.
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Figure D4 Cyclic voltammograms of PProDOS-Np, and PProDOT-Np; films on Pt

electrode in 0.1 M TBAH/CH,CI, solution at a scan rate of 100 mV/s.
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Figure D5 Scan rate dependence of (a) PProDOS-Np, and (b) PProDOT-Np; films
on a Pt disk electrode in 0.1 M TBAH/CHCI, at different scan rates between 40
mV/s and 200 mV/s with 20 mV/s increments: (mV/s) (a) 40; (b) 60; (c) 80; (d) 100;

() 120; (f) 140; (g) 160; (h) 180; and (i) 200.
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Figure D6 The amount of charge (Qa.) and discharge (Qc) as a function of scan rate
for (a) PProDOS-Np, film when switched between -0.3 V and 1.2 V and (b)

PProDOT-Np, film when switched between -0.3 V and 1.3 V in 0.1 M

TBAH/CH,CI, solution.
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Figure D7 Relationship of anodic (iy) and cathodic (icc) current peaks as a function

of scan rate for (a) PProDOS-Np, and (b) PProDOT-Np, films when switched

between -0.3 V and 0.7 V in 0.1 M TBAH/CH-ClI, solution.
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Figure D8 Cyclic voltammograms of PProDOS-Np, and PProDOT-Np, films on Pt

electrode in 0.1 M TBAH/CH,CI, solution at a scan rate of 100 mV/s.
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Figure D9 Cyclic voltammogram of PProDOS-Np, film on the Pt electrode in 0.1 M
TBAH/CH,CI; solution between -0.3 V and 1.2 V and then between 0.45 V and 1.2
V at a scan rate of 100 mV/s vs. Ag/AgCI (black line), and cyclic voltammogram of
PProDOT-Np; film on Pt electrode in 0.1 M TBAH/CH,CI; solution between -0.3 V

and 1.3 V and then between 0.55 V and 1.3 V at a scan rate of 100 mV/s (red line).
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Figure D10 Cyclic capacitance effect of (a) PProDOS-Np, and (b) PProDOT-Np,
films on the Pt disk electrode in 0.1 M TBAH/CHCI, at different scan rates between
40 mV/s and 200 mV/s with 20 mV/s increments: (mV/s) (a) 20; (b) 40; (c) 60; (d)

80; (e) 100; (f) 120; (g) 140; (h) 160; (i) 180; and (j) 200.
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Figure D11 Relationship of anodic (iy) and cathodic (ic) current peaks as a function
of scan rate for (a) PProDOS-Np; film when switched between 0.45 V and 1.2 V and
(b) PProDOT-Np, film when switched between 055 V and 1.3 V in 0.1 M

TBAH/CH-CI, solution.

4
(@) 41 ()
Q, Q,
2 *——0—90—9o—90—90o—0—o0 2 —0—9—90—90—9o 90909
£ £
0 0 Q0
E) Q, c Q,
2 O0—0—0—0—0—0—0—0—>0 2 o0—0—0—0—0—0—0—0—0
4 44
40 80 120 160 200 40 80 120 160 200

Scan rate, mVs™ Scan rate/ mVs”

Figure D12 The amount of charge (Q,) and discharge (Q.) as a function of scan rate
for (a) PProDOS-Np, film when switched between 0.45 V and 1.2 V and (b)
PProDOT-Np, film when switched between 055 V and 1.3 V in 0.1 M

TBAH/CH,CI, solution.
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Figure D13 Cyclic voltammograms of PProDOS-Np, and PProDOT-Np, films on Pt

electrode in 0.1 M TBAH/CH,CI, solution at a scan rate of 100 mV/s.
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Figure D14 Scan rate dependence of (a) PProDOS-Np, (67 mC/cm?®) and (b)
PProDOT-Np, (67 mC/cm?) films obtained via contant potential electrolysis on a Pt
disk electrode in 0.1 M TBAH/CH,CI, at different scan rates between 40 mV/s and
200 mV/s with 20 mV/s increments: (mV/s) (a) 40; (b) 60; (c) 80; (d) 100; (e) 120;

(f) 140; (g) 160; (h) 180; and (i) 200.
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Figure D15 Relationship of anodic (is) and cathodic (i) current peaks as a function
of scan rate for (a) PProDOS-Np; film when switched between -0.3 V and 1.2 V and

(b) PProDOT-Np, film when switched between -0.3 V and 1.3 V in 0.1 M

TBAH/CH-CI, solution.
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Figure D16 Cyclic voltammograms of PProDOS-Np, (67 mC/cm?) and PProDOT-

Np. (67 mC/cm?) films on Pt electrode in 0.1 M TBAH/CH,CI, solution at a scan

rate of 100 mV/s.
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Figure D17 Cyclic voltammogram of PProDOS-Np, film (67 mC/cm?) on Pt
electrode in 0.1 M TBAH/CH,CI, solution between -0.3 V and 1.2 V and then
between -0.3 V and 0.7 V at a scan rate of 100 mV/s vs. Ag/AgCI (black line), cyclic
voltammogram of PProDOT-Np, film (67 mC/cm?) on Pt electrode in 0.1 M
TBAH/CH,CI; solution between -0.3 V and 1.3 V and then between -0.3 V and 0.8 VV

at a scan rate of 100 mV/s (red line).
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Figure D18 Scan rate dependence of (a) PProDOS-Np, (67 mC/cm?) and (b)
PProDOT-Np, (67 mC/cm?) films on a Pt disk electrode in 0.1 M TBAH/CH.ClI, at
different scan rates between 40 mV/s and 200 mV/s with 20 mV/s increments:

(mV/s) (a) 40; (b) 60; (c) 80; (d) 100; (e) 120; (f) 140; (g) 160; (h) 180; and (i) 200.

81



|——PProDOS-Np,
104 —— PProDOT-Np,
0.5+
5
< 0.0
E ]
= -0.51
-1.04

0.0
E vs Ag/AgCl/V

0.4

0.8

Figure D19 Cyclic voltammograms of PProDOS-Np, (67 mC/cm?) and PProDOT-

Np, (67 mC/cm?) films on Pt electrode in 0.1 M TBAH/CH.CI, solution a scan rate
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Figure D20 The amount of charge (Q,) and discharge (Q.) as a function of scan rate

for (a) PProDOS-Np; film (67 mC/cm?) when switched between -0.3 V and 0.7 V
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and (b) PProDOT-Np; film (67 mC/cm?) when switched between between -0.3 V and

0.8V in0.1 M TBAH/CH,CI, solution.
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Figure D21 Relationship of anodic (is) and cathodic (icc) current peaks as a function
of scan rate for (a) PProDOS-Np; film (67 mC/cm?) when switched between -0.3 V
and 0.7 V and (b) PProDOT-Np film (67 mC/cm?) when switched between between

-0.3Vand 0.8V in 0.1 M TBAH/CH,CI, solution.
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Figure D22 Cyclic voltammogram of PProDOS-Np; film (67 mC/cm?) on the Pt
electrode in 0.1 M TBAH/CH,CI, solution between -0.3 V and 1.2 V and then
between 0.45 V and 1.2 V at a scan rate of 100 mV/s vs. Ag/AgCl (black line), and
cyclic voltammogram of PProDOT-Np; film (67 mC/cm?) on Pt electrode in 0.1 M
TBAH/CH,CI; solution between -0.3 V and 1.3 V and then between 0.55 V and 1.3

V at a scan rate of 100 mV/s (red line).
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Figure D23 Cyclic capacitance effect of (a) PProDOS-Np, (67 mC/cm?) and (b)
PProDOT-Np, (67 mC/cm?) films on a Pt disk electrode in 0.1 M TBAH/CH,CI, at
different scan rates between 40 mV/s and 200 mV/s with 20 mV/s increments:

(mV/s) (a) 20; (b) 40; (c) 60; (d) 80; (e) 100; (f) 120; (g) 140; (h) 160; (i) 180; and (j)

200.
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Figure D24 Relationship of anodic (iy) and cathodic (ic) current peaks as a function
of scan rate for (a) PProDOS-Np, film (67 mC/cm?) when switched between 0.45 V

and 1.2 V and (b) PProDOT-Np; film (67 mC/cm?) when switched between 0.55 V

and 1.3V in 0.1 M TBAH/CH,CI, solution.
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Figure D25 The amount of charge (Q,) and discharge (Q.) as a function of scan rate
for (a) PProDOS-Np;, film (67 mC/cm?) when switched between 0.45 V and 1.2 V
and (b) PProDOT-Np film (67 mC/cm?) when switched between 0.55 V and 1.3 V in

0.1 M TBAH/CH,CI, solution.
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Figure D26 Cyclic voltammograms of PProDOS-Np, (67 mC/cm?) and PProDOT-

Np, (67 mC/cm?) films on the Pt electrode in 0.1 M TBAH/CH,CI, solution a scan

rate of 100 mV/s.
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Figure D27 Stability test for the (a) PProDOS-Np, film (67 mC/cm?) in 0.1 M
TBAH/CH,CI, by using a square wave potential method between -0.2 V and 0.9 V
for 3 s under ambient conditions. The voltamograms of the PProDOS-Np; filmat a
scan rate of 100 mV/s by cyclic voltammetry. (b) PProDOT-Np; film (67 mC/cm?) in
0.1 M TBAH/CH,CI; by using a square wave potential method between -0.2 V and
0.9 V for 3 s under ambient conditions. The voltamograms of the PProDOT-Np, film

at a scan rate of 100 mV/s by cyclic voltammetry.
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Figure D28 Stability test for the PProDOS-Np, (67 mC/cm?) film in 0.1 M
TBAH/CH,CI, by using a square wave potential method between -0.2 V and 0.9 V
for 3 s under ambient conditions. The change in the amount of charge/discharge at a

scan rate of 100 mV/s by cyclic voltammetry as a function of the number of cycles.
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Figure D29 Stability test for the PProDOS-Np, (67 mC/cm?) film in 0.1 M
TBAH/CH,CI, by using a square wave potential method between -0.2 V and 0.9 V
for 3 s under ambient conditions. The change in the current intensity of redox couple

at a scan rate of 100 mV/s by cyclic voltammetry as a function of the number of

cycles.
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