READING THE RAINBOW:
TAILORING THE PROPER TIES OF ELECTROCHROM IC

POLYMERS

A Dissertation
Presented to
The Academic Faculty

by

Justin Adam Kerszulis

In Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy in the
Schml of Chemistry and Biochemistry

Georgia Institute of Technology
December 2014

COPYRIGHT 2014 BY JUSTIN ADAM KERSZULIS



READING THE RAINBOW:

TAILORING THE PROPER TIES OF ELECTROCHROM IC

POLYMERS

Approved by:

Dr. John R. Rgnolds, Advisor

Schools of Chemistry and Biochemistry
Materials Science and Engineering
Georgia Institute of Technology

Dr. David Collard
School of Chemistry and Bibemistry
Georgia Institute of Technology

Dr. Christine Payne
School of Chemistry and Biochemistry
Georgia Institute of Technology

Dr. Samuel Graham
School ofMechanicaEngineering
Georgia Institute of Technology

Dr. Vladimir Tsukruk

School of Materials Science and
Engineering

Georgia Institute of Technology

Date Approved:October 22" 2014



W o col or s, put one next

as one can never [
-Pablo Picasso

fiHe who cannot paint must grind the coloars.

-German Proverb

earn

NMooJust h e

how

t

(0]

ot
p ¢



To my family, friends, and Natasha



ACKNOWLEDGEMENTS

ltds a strange feeling to end the jour

years the average time of graduate studies is6%b of a lifetime. With that irmind,
make the most of ibut not only through hard work and production of knowledge but also
through building relationships and forming memories. This is one of the grandest periods
of intellectual and personal growth where the eveningsibfresand stuggles are just
as important as those sficcessand celebration. It is also an experience that should not
be endured alone and here | would like to recognize those that inspired to get me here or
helped me along the way because we oolggfar in lifeas others around us allow.

| first want to thank the professors at Florida State that showed me what | was
capable of and inspired me to acquire a PhD. Thank you to Dr. Hilinski, whose teaching
methods instilled good academic habits and nmathngible sase of chemistry; to Dr.
Zhu for giving me my first research experiesies an undergrad; and to Dr. Goldsby for
motivatingme to finish the language requirements and switch to the chemistry major.

As | was always attracted to colors, | want to thankR#ynolds for giving me
the opportunity to be part his group at the University of Florida and at the Georgia
Institute of Technology. His dedication to students, discipline and thoroughness in
science molded me to not only be an expert in a large sadielfl but also allowed me
to befree andenthusiastic in all of my graduate endeavors. | also want to thank him for
surrounding me with an army of expert senior graduate studentsjqussaind research

scientists that allowed me to ask the questibasyielded a successful graduate career



| would like to also thank the authors of the referenced publications herein from
the Reynoldggroup. Without their diligence, intelligence, and work ethic, these projects
would not have the firm scientific fooiy to succeed

Moving from the University of Florida to the Georgia Institute of Technology was
an incredibly stressful but valuable experience that presented many unique opportunities.
It allowed me to experience two different universities, diffefgats of action how to
build and set up a lab, how to disassemble a lab, and how to deal with an influx of
academic and personal challenges. It also allowed me to have two committees. Thank
you to Dr. Wagener, Miller, Toth, and Sdhe committee at the Univa@ty of Florida
which granted me PhD candidacy and thank you to Dr. Collard, Payne, Tsukruk, and
Graham for the collaborations and allowing me to complete this dissertation.

| was lucky to join the group when | did. | was able to interact with the laagelst
most unique group of individuals and learned immensely from all of them. Thank you to
Rayford Bulloch for allowing me to rope him into the group, catalyzingeheless
memories of simultaneous productivity ahdhacy a true friend andcolleague To
Coralie Richard for a humor 1 still do not fully understand but undoubtedly agree with.
Pho, Toan for his keen sense of direction, | truly appreciafoitChi Kin Lo, main
ly for his planningof many after lakevents Sorry that you could not move withs but
thank you to Brendan Sweeny, a man of many déwadsgenius wit

A special thank you to Chad Amb for mentoring me in my first years of graduate
school, a postloc that somehow knew the answer to every conceptual question or how to
solve every expemental problem; to Mike Craig for the many late night synthetic

discussions, unique humor, and a constant willingness to discuss new ideas; and to



Aubrey Dyer for her expert counseling in electrochemistry and guidance through the
vastness of the literaturd@hank you to Sai Shum for all the advice and guidance in the
professional world andlor making program reviews exciting. Thank you to all of the
graduate students and paisics that | had the fortune of spending time with: David Liu,
Frank Arroyave Penge Shi, Ken GrahamEgle PuodziukynaiteAndy Spring, Dan
Patel, Leandro Estrada, Eric Sh&aélle Deshaye<aroline Grandelacob Jense#nna
sterhol m, James P pmadyehahits, disoudsiori®,yandanuggeféoof f e
knowledge stuck with me as well as the memories from extracurricular activities. Thank
you to Eric Knott, Emily Thompson, and Andy Chilton, a group of intelligent @greds
while at the University of Florida and to Keith Johnson at Georgia Tech, one of the most
impressive undergraduatesd v e | regeettthe inability to articulate my gratitude for all
the memories and experiences | shared with everyone.

On a more pemal note | want to thank those that remained very close to me. To
Michael Richard for his invaluable friendshipnsight, andits effect on my personality
while remembering how to make 2/3 of a cup. Good luck in the Navy and | wish you and
Dani the best.Thank you to my dear friends Ryan Cook, Elliott Monroe, and Joseph
Sottilare for bringing home to me throughout undergrad and graduate school. A heartfelt
thankyou to Natasha for her patience, thoughtfulness, kindrseggort and for putting
up with my décorat inappropriate times of the yearhank you to my brothie sisterin-
law, niece and new nephew for the pumpkin patches and Easter egg colorings. Finally,
thank you to my parents Joanne and Walter for supporting me in every possible way.
Thank you dad for giving me your sense of humor and mom for your appracati

color and beautiful things. | hope | can repay you with more than a box in the future.

Vi



TABLE OF CONTENTS

ACKNOWLEDGEMENTS

LIST OF TABLES

LIST OF FIGURES

LIST OF SCHEMES

LIST OF EQUATIONS

LIST OF SYMBOLS AND ABBREVIATIONS

SUMMARY

CHAPTER
1 INTRODUCTION
1.1. Fundamental Optics
1.11. Absorption, Transmission, Reflectioand Scattering
1.2. Colorimetry and How the Eye Perceives Color
1.21. Color Vision and the Anatomy of the Eye
1.22. CIE Standard Observers
1.23. Calculating Colorimetry Values
1.24. Relationship of Absorption, Observers, and the Eye
1.3. Introduction to Conjugated Polymers, Electrochromism
1.31. Theory of Conjugated Polymers
1.32. A Colorful Peculiarity in Polypyrrole ahPolythiophene
1.33. Discovery of PEDOT
1.34. Chemistry of Dioxythiophenes

1.35. A Completed Color Palette of ECPs

vii

Page

Xi
xii
XViii
XX
XXi

XXV

10
11
12
14
15
16
19



1.4. Out of the Cuvette and Towards Applications
1.4.1. General Electrochromic Device Architecture
1.4.2. Applicaions of Electrochromism

1.5. Dissertation Thesis

2 CONDUCTING CONJUGATED POLYMER SYNTHESIS

2.1. Conjugated Polymerizations

2.2. Oxidative

2.3. Stille

2.4. Suzuki

2.5. Direct Arylation

2.6. Comparison of Methods; Pros, Cons, Succedsalures

2.7. Polymer Workup and Purification

2.8. Synthetic Experimentals and Procedures

3 ELECTROCHROMIC POLYMER AND CHARACTERIZATION
TECHNIQUES AND EXPERIMENTAS

3.1. Procedures for Making Polymer Solutions and Preparing Films
3.2. Perbrming Characterization of Electrochromic Polymers
3.2.1. General Considerations (solubility, stability, storage)
3.2.2. Profilometry
3.2.3.Electrochemistry (CV&DPV)
3.2.4. Photography
3.2.5. Spectroelectrochemistry
3.2.6. Chronoaorptometry
3.2.7. Colorimetry, From Minolta to Cary Conversions
4 COMPLETION OF THE COLOR PALETTE

4.1. Discovery of ECHellow

viii

24
24
25
27
29
29
32
36
38
41
46
48

50

75

76
77
78
78
82
83
85
87
88
88



4.1.1. Importance and Previous Known Attempts 88
4.12. The Discovery of ECRellow-1 91
4.1.3. Challenges to @ycome in Future Yellow ECPs 92
4.2. Modulating Electrochemical Properties While Maintaining Yel@2v
4.2.1. Structures to Attain Yellows with Lower Potentials 93
4.2.2 Electrochemical and Spectroscopic Properties 93
4.2.3 Colorimetric Properties, provement with ProDOTbz 97

4.3. Use of Dioxythiophene Dimers to Enhance Yellow Contrast 99

4.3.1.The Inspiration of ECHPeach 99
4.3.2.Comparison to ECRellow-1 (P2.1) and ProDOTbz (P2.3)
100
4.4. Summaryof Yellow ECPs 101
5 TUNING THE PAINTERSPALETTE 103
5.1.Subtle Strain and Relaxation Changes for NE®WPHues 103
5.1.1.New Hues of Blue and Magenta ECE$ctrochemistry and
Breakin Effects 106
5.1.2.New Hues of Blue and Magenta ECPs: Electrochromism and
Colorimetry 109
5.1.3.Comparson to ECFBlue (DonorAcceptors) 120

5.2. Progress irAchieving All Donor Broadly Absorbing Polymers 122
5.2.1.Lessons in the Design of a ProD@ATDOT/EDOT Systeml24

5.2.2.Design and Ultimate Failure of ProDeBDOT/Ph System425

5.3 Summary of All Bnor ECPs 129

6 BROADENING THE PAINTERS PALLETTE 131
6.1. Catching Higher Energy Light for a Broader Spectrum 131

6.1.1. Introducing Strain to Absorb High Energy Light 132



6.2. Relaxation Modification to the Acceptor
6.2.1. Electrochemical Breakh and Behavior
6.2.2. Spectroelectrochemical and Colorimetric Behavior
6.2.3. Colorimetry

6.3Summary of Broadly Absorbing Polymers Containing Reth
Acceptors

7 Outlook and Perspective
REFERENCES

VITA

137

139

148

155
156
158

175



LIST OF TABLES

Page
Table 2.6.1Table comparing the discussed polymerization methods. 47

Table 5.1.1Electrochromic properties for the family of EDQProDOT, and AcDOF
based ECPs after break 105

Table 6.2.1Optoelectronic properties of each polymer in the series. For films sptaye

an optical density of ~1.@.u. %p%7; across380-780 nm."634 nm for
ECRB | a gk ‘E@RBlack exhibited no changes upon bréak 139

Xi



LIST OF FIGURES

Page
Figure1.1.1.1 lllustration of the absorption of light in a sample and conversions between
absorption and transmission. Concept
Physics For Scientist and Engineers. 2

Figurel.1.1.2 lllustration of index of refraction, rkfction, and scattering of light
between media. 3

Figurel.1.1.3 lllustration of specular or diffuse reflectance. 3

Figure 1.1.1.4 Comparison between the trajectory of light in fully dissolved and
aggregated polymer solutions (top) and ideal films ofpelr on glass
and rough films on glass with index mismatching (bottom). 4

Figurel.1.1.5 Comparison of light trajectories between baseline and polymer safiple.

Figurel.2.1.1 (a) Vertical sagittal section of an adult human eye. (b) Distribution of rod
and cone cells relative to the center of the Fovea. Figure adapted with
permission from the Florida State University website: Optical

Microscopy Primer, the Physics of Light and Color. 6
Figurel.2.1.2 The normalized spectral sensitivities of cone cells. 6
Figure1.2.2.1 The distribution functions for the standard obser@ts$ andU 7

Figurel.2.3.1 (a) xyY color space. (b) Artist rendition for L*a*b* color space. 9

Figure 1.2.4.1 Spectroelectrochemistry of EE®agenta with standard observe@sU
and U overlaid as shaded curves. Structure of BGRenta and
photographs of neutral and oxidized states are.inset 10

Figurel.2.4.2 (a) a*b* and (b) L* color coordinates for EEWagenta electrochromism.
11

Figure1.3.1.1 Schematic represetian of the evolution of the band gapg(Evith the
extent of conjugation iri-conjugated polymers. Blue energy levels are
Afilledo (HOMO), gold energy1d evels

Figurel.3.5.1 Model for tuning optoelectronic properties in ECPs. 20

Figure 1.3.5.2 Structures for all soluble, DOT based ECPs produced in the Reynolds
group that complete the color palette. 21

Xii



Figure1.3.5.3 Spectra (left) and color coordinates (right) of DOT based ECPs produced
in the Reynolds group that complete the cplalette. 22

Figure1.3.5.4 lllustration of various optical transitions that give rise to total absorption
across the visible. 23

Figure1.3.5.5 A cast film of ~6 g of ECRMagenta (left). Suzuki polycondensation, 300

g scale (right). 24
Figurel.4.1.1 Schematic of a reflective ECD. Adapted from the dissertatiddroDyer.
25
Figure 1.4.1.2 Schematic of a transmissive ECDddpted from the dissertation of
Aubrey Dyer. 25
Figure2.1.1 Extent of conjugation with increase in the number of ringg.(M 30

Figure2.1.2 Change in the extent of conjugation with an increase in the number of rings
as measured by solution spectroscopy. Adapted from Meadr 31

Figure2.5.1 Polymer precipitation completely covering stir bar and adhering to the
vessel wall, peventing stirring. 45

Figure2.7.1 Soxhlet extraction of ECBlack made from direct arylation methods49
Figure3.2.1 Potential probing for P2.xia CV using 0.5 M TBAPEin PC. 77

Figure 32.3.1 Cartoon of threelectrode setup in a cuvette (a). Elechemistry setup
held in a cuvette holder in a photo booth (b). 79

Figure 3.2.3.2 Breakin CV curves of P2.10 (a) and P2.11 (b) where the inset arrow
indicates the progression of current between cycles. Photos of the
pristine and broken in neutral stater P2.10 (c) and P2.11 (d). 80

Figure3.2.3.3 DPV curves of P2.11 (a) and P2.9 (b) where thei€indicated by the
onset. Red and blue arrows indicate the direction of the potential
cycling. 81

Figure3.2.4.1 Photographs of P2.12 (left), P2.13 (ahtand P2.9 (right) at three film
thicknesses and in the pristine, neutral (broken in), and oxidized states.
83

Figure 3.2.5.1 Full spectroelectrochemistry for a film of P2.12 sprayed to an optical
density of 1.03a.u. including pristine dry and wetpectra (a). Isolated
spectrum for the neutrat§00 mV), polaron {L50 mV), and bipolaron
(800 mV) states with the identification of the onset of absorption84

Xiii



Figure 32.5.2 Full spectroelectrochemistry for P2.12 sprayed to an optical density of
1.03a.u.in % transmittance. 85

Figure3.2.6.1 Chronoabsorptometry for a film of P2.12 sprayed to an optical density of
1.03a.u. Switching times are colorized for ease of visualization. 86

Figure3.2.7.1 Colorimetry in a*b* (a) and L* (b) folP2.21, P2.12, R29, P2.13, and

P2.24 Photographs of ECP extreme states are insets. 87
Figure4.1.1.1 RYB (left) and CMY (middle) subtractive color sets. RGB (right) additive

color set. 89
Figure 41.1.2 Terephthalate based small molecule electrochromes. 89

Figure4.11.3 Poly(amineamide) structure (left). Photos at various potentials (right).
90

Figure 41.1.4 Structure of a croskinkable yellow oligomer (left). Photos of creksked
film in neutral, radical cation, and dication form (right). 90

Figure 41.1.5 SpecEchem (from1.1 V to 0.3 Ag/Ag+ reference (0.445V vs. NHE))
with structure and neutral state color as inset. 91

Figure4.1.2.1 Structure of P2.1 (ECFellow-1) (a, left). Photos of the neutral, colored
and oxidized, transmissive states (a, right)otBhof colored ECPs to
fulfill RYB color set (b, left). Photo of colored ECPs to fUfCMY color
set, in the neutral state (b, center). Photo of colored ECPs tb @MY
color set, in the oxidized state (b, right). 92

Figure 42.2.2 DPV curves for R.1-8 where the current has been normalized. 94

Figure 4.2.2.2 Normalized U\Vis-NIR spectra of polymer solutions for PZB1in
chlorobenzene. Concentrations of solutions for spectra range from 0.05
mg/mL to 0.02 mg/mL. Photographs of polymer solutiomsiaset. 95

Figure 42.2.3 Normalized neutral state spectra of cast polymer films on ITO coated
glass in 0.2 M LiBTI/PC electrolyte solution. 97

Figure 42.3.1 Colorimetry of all polymers in the neutral and oxidized states. Squares
represent neutral ses, Circles represent most oxidized states. P2.1
(Black), P2.2 (Red), P2.3 (Green), P2.4 (Blue), P2.5 (Orange), P2.6
(Pink), P2.7 (Brown), P2.8 (Dark Cyan) (a). Plots of L* versus Potential
for all polymers (b). Tabulation of extreme state color values Alt)
films are sprayed to an optical density of ~8.& 98

Xiv



Figure4.2.3.2 Comparison between the Transmittance (%) of the neutral and oxidized
forms of P2.1, P2.3 and P2.5. Films were sprayed to an absorbance of
~1.0 a.u. A)) P2.1 at 0 mV B.) P2.1 &@5D mV C.) P2.3 at 0 mV D.)
P2.3at 1100 mV E.) P2.5 at 0 mV F.) P2.5 at 950 mV. 99

Figure 43.1.2 Structural (left), extreme state photographical (center), and normalized
spectral comparison (right) for P2.6 and P2.9. 100

Figure 4.3.2.1 Colored and trasmissive state spectra of P2.9 (E€&low-2), P2.1
(ECPYellow-1), and P2.3 (ProDOTbz) (a). Photographs of films of
each polymer in their extreme potential states (b). Color values (a*, b*) of
all polymers (c). Color values (L*) at potentials (d). 101

Figure5.1.1.1 Breakin CV for all polymers. T cycle (red), 224" cycles (black), and
25" cycle (blue). P2.11 (a), P2.10 (b), and P2.12 (c); P2.14 (d), P2.13 (e),
P2.15 (f), and P2.16 (g). 108

Figure5.1.1.2 Oxidation DPV for all polymers where cent is normalized for new blue
(a) and magenta (b) ECPs. The oxidation potentials fEmV,
reference calibrated to 80 mV vs. Fc/Fare as follows: P2.11390),
P2.10 ¢340), and P2.12490); P2.14 (125), P2.13 (206), P2.150),
and P2.16-@35). 109

Figure5.1.2.1 Comparison between spectra of wet, pristine and brokstates for blue
(a) and magenta (b) hue ECPs. 110

Figure5.1.2.2 Normalized neutral state spectra of blue (a) and magenta (b) hued ECPs
spray cast as films after breakcycling. 111

Figure5.1.2.3 Electrochromic properties of thick films (~1a2u) of P2.12 (a) and P2.13
(b). Spectroelectrochemistry performed at potential steps of 50 mV.
112

Figure5.1.2.4 Spectroelectrochemistry of P2.11 (a) and P2.10 (b); P2.14 (45 R®,
and P2.16 (e). 113

Figure5.1.2.5 Chronoabsorptometry for P2.11 (a), P2.10 (b), and P2.12 (c); P2.14 (d),
P2.13 (e), P2.15 (f), and P2.16 (g). 114

Figure5.1.2.6 Colorimetry (a*b*) of the blue and magenta hued ECPs. Films sprayed to
~1.0a.u. Direction of the arrows indicate increasing relaxation or strain.
115

Figure 5.1.2.7 Photographs and a*b* color coordinated for all polymers at various
thicknesses for this section. 117

XV



Figure5.1.2.8 The most transmissive oxidized state absorption fop@lmers where
the visible spectrum is represented within the boundaries between the
dotted lines (a). Lightness values (L*) for all polymers discussed in this
study (b). All films were sprayed to ~1a0u. 120

Figure5.1.3.1 Comparison between P2.12 aa@P-Blue (ProDOTBTD). Spectra of the
extreme states (a), colorimetry (b), and structurally and photographically
(L*a*b* color values below photos, Munsell Blue: 29, 180) (c). Both
polymers sprayed to ~d.u. 12

Figure5.2.1 Structure (a), extremeage photographs (b) and neutral and oxidized state
spectra (c) for ECHBlack. Color values are provided beneath the
photographs as L*a*b*. 123

Figure5.2.1.1 Spectroelectrochemistry of P2.17 (a). Photographical comparison between
P2.17 and ECIMagenta ), color value comparison in a*b* (c), and
photographical and L* comparison (d) different optical densities for
P2.17. 125

Figure 5.2.2.1 Spectroelectrochemistry of ProDEHDOT/Ph polymers including
pristine states for P2.18 (a), P2.19 (b), and P2.20Afcdws dictate the
transition of spectra upon voltage changes. 127

Figure5.2.2.2 Normalized spectral comparison between P2A8vith P2.1 and P2.11
as standards due to alternating backbones of PreBi©dr ProDOTPh
respectively (a). Extreme state pbgraphical comparison (b). 129

Figure5.2.2.3 Colorimetric comparison in a*b* (a) and L* (b). 132

Figure6.1.1 Polymer structure, polymerization scheme (top), and specEchem (bottom)
for ECRBlack formulated by Pagjie Shi (a) and InkyBlack prepared by
Pierre Beaujuge (b). Where R=ethylhexyl. 132

Figure6.1.1.1 Breakin CV curves for P2.21 (a) and P2.22 (b), where the arrows show
the progression of current growth and DPV curves for P2.21 (c) and
P2.22 (d) with oxidation potentials {F inset. 137

Figure6.1.1.2 Spectroelectrochemistry of P2.21 (a) and P2.22 (b). Films sprayed to ~1.0
a.u. 138

Figure 6.1.1.3 Spectral comparison of the extreme states for black ECPs (a).
Photographical comparison between black ECPs (b), a*b* colorimetric
comparison (; and L* comparison (d). 139

Figure6.2.1 Model to produce broad absorbers with higher contrast through increasing
steric strain and then increasing relaxed deaemeptor content. 138

XVi



Figure6.2.1.1 Breakin CV for all polymers. T cycle (red), 224" cycles (black), and
25" cycle (blue). P2.23 (a), P2.24 (b), P2.25 (c), P2.26 (d), P2.27 (e).
140

Figure6.2.1.2 DPV curves for all polymers. Oxidation (red) from low to high potentials
and reduction (blue) from high to low potentials. P2.23 (a)242b),
P2.25 (c), P2.26 (d), P2.27 (e). 141

Figure6.2.1.3 Spectral differences for films between the electrolyte wetted pristine and
broken in states. Pol ymers where -~ t
of relaxed DA was varied (b). Films sprayed +1.0a.u. 142

Figure 6.2.2.1 Spectra of broken in films that are normalized at the long wavelength
peak with variations of the ~ .to ~*
143

Figure6.2.22Ext r eme st ate spectra f orhropgbs$trgimer s w
(a). Extreme state spectra for polymers where EBE content was varied
(b). Films sprayed to ~1.0 a.u and then broken in. Visible range ef 380
780 nm is bound by the black dotted lines. 144

Figure 6.2.2.3 Spectroelectrochemistry of P2.27 wheneutral, intermediate and
oxidized states are represented by the blue, green, and red traces
respectively. 145

Figure6.2.2.4 Spectroelectrochemistry of P2.23 (a), P2.24 (b), P2.25 (c), and P2.26 (d).
146

Figure 6.2.2.5 Chronoabsorptometry of P2.23)(#2.24 (b), P2.25 (c), P2.28), and
P2.27 (e). Pl ots on | eft are taken .
left are at the PA peak. 147

Figure6.2.3.1 Colorimetry values (a*b*) for relaxed-B8 pol ymer s wher e t|
transition was tuned through strain (a) and the reldx&d content was
varied (b). Lightness values for all polymers in this study (c). 149

Figure6.2.3.2 Colorimetry (a*b* values on left, lightness on right) of P2.23 (a), P2.24
(b), P2.25 (c), P2.26 (d), and P2.27 (e). 151

Figure 6.2.3.3 Photography of allpolymers at various thicknesses (as measured by
difference in optical density, as sprayed). 153

Figure 6.2.3.4 Photographical and numerical comparison of colors achieved with the
polymers described herein this section. 154

Figure7.1 Three complete stms summarizing the work of this dissertation. 156

Xvii



LIST OF SCHEMES

Page

Scheme 1.3.2.Twi st i n the backbone of polypyrrol e
14

Scheme 1.3.2.5chematic representation of the doped and undoped forms of polypyrrole
andpolythiophenes and their colors in either state. 15

Scheme 1.3.4.1:(a) Total synthesis of 3;dimethoxythiophene starting from
thiodiglycolic acid. (b) Oncstep route for synthesis of 3,4
dimethoxythiophene. (c) Alternate route starting from thiophene.

17

Scheme 1.3.4.2Fypical synthetic routes to achieve monomers for DOT based ECPs and
what polymerization methods are appropriate for the indicated
monomer. 18

Scheme 1.3.4.3General polycondensation schemes for Suzuki (a), direct arylation (b),
oxidative (c), and Stille (d). 19

Scheme 2.2.1Mechanism for oxidative polymerization; chemical or electrochemical
where R can be any alkyl or solubilizing chain (typicalkgtBylhexyl).
33

Scheme 2.2.ZFhree synthetic oxidative routes. All carried outaam temperature.34
Scheme 2.3.1Stille polymerization mechanism with E€Back as example. 37
Scheme 2.3.ZFwo different methods for Stille polymerization. 38
Scheme 2.4.IMechanism for Suzuki polycondensation with hydroxide (or fluori@8)

Scheme 2..2: Typical Suzuki conditions with strong base (a), moderate base (b), and
base free (c). 41

Scheme 2.5.1Proposed mechanism for direct arylation using a carboxylate addisve.

Scheme 2.5.2Comparison of direct arylation (a) and oxidative addition f() the
production of ECFOrange. 44

Scheme 2.5.Direct arylation methods with similar catalyst loadings but at different run
times (a,b), HerrmanBeller catalyst (c), and NDA (d). 46

XVili



Scheme 4.2.1.1Seven new polymers investigated for yellow ECPs wuitiproved
transmissive state potentials. P2.1 is used as a standard comparison.

93
Scheme 5.1.1Family of EDOTF, ProDOTF, and AcDOFbased ECPs prepared using
direct arylation. 105
Scheme 5.1.1.1General model in steric interactions to achieve newrakstate hues.
106
Scheme 5.2.1.Polymerization scheme to achieve P2.17. 124

Scheme 5.2.2.1Method to produce ProDOGEDOT/Ph polymers and with monomer
equivalencies. 126

Scheme 6.1.1.1Polymer structures with increased strain for shorter wavelengfti i
absorption. 133

Scheme 6.2.1General polymerization scheme to produce new broad absorbers using relaxed
donoracceptors 137

Scheme 6.2.2: Polymets produce new broad absorbers using relaxed eacmaptors.
138

XiX



LIST OF EQUATIONS

Page
Equation 1.2.3.1Equations to calculate tristulus values to quantify color 8
Equaton 1.2.3.2Calculations for color values in xyY (a) or L*a*b* (b). 9
Equation.2.1.1Numberaverage degree of polymerization. 29

Equation 6.2.3.1Equation to calculate the just noticeable difference (JND) for the
human eye between color points. 154

XX



LIST OF SYMBOLS AND ABBREVIATIONS

ax greenness or redness
AcDOT Acyclic DOT; 3,4(2-ethylhexyloxy)thiophene
ACN Acetonitrile
b* blueness or yellowness
BTD Benzothiadiazole
CB Conducting Band
CBz Carbazole
CE Counter electrode
CIE Interndgional Commission on lllumination
CMY Cyanmagentayellow
CT Charge transfer
CVv Cyclic voltammetry
D50 Standard illuminant, white light at 5000 kelvin
D-A DonorAcceptor
DCM Dichloromethane
DMA/DMACc N,N-dimethylacetamide
DMF N,N-dimethylformamide
DOT 3,4-dioxythiophene
DPV Differential pulse voltammetry
Ey Band Gap
Eox Oxidation Potential
EBE EDOT-BTD-EDOT
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ECD
ECP
EDOT
EtOAc
GPC
HOMO
ITO
JND
L*
LiBTI
LUMO
Mn
Mw
MCCP
NBS
NIR
NMP
PC
PDI
PEDOT
Ph
PivOH

P3MT

PS

Electrochromic Device
Electrochromic Polymer
3,4-ethylenedioxythiophene
Ethylacetate
Gel permeation chromatography
Highest Occupied Molecular Orbital
Indium Tin Oxide
Just noticeable difference
Lightness
Bis(trifluoromethyl)sulfonyimide
Lowest Unoccupied Molecular Orbital
Numberaverage molecular weight
Molecular weight average
Minimally Color Changing Polymer
N-bromosuccinimide
Nearinfra-red
N-methylpyrrolidone
Propylenecarbonate
Polydigersity index
3,4-polyethylenedioxythiophene
Phenylene
Pivalic acid
Poly-3-methylthiophene
Polypyrrole

Polystyrene
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PT
ProDOT

RE

RYB

SEC
SpecEchem
TBAPFs
TCB

THF

VB

WE

Xn

Polythiophene
3,4-propylenedioxythiophene
Reference electrode

Redyellow-blue
Size exclusion chromatography
Spectroelectrochemistry

Tetrabutylammonium hexafluorophosphate

1,3,5trichlorobenzene

Tetratydrofuran

Valence Band

Working electrode

Numberaverage degree of polymerization
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SUMMARY

Electrochromism is defined as the chang¢éhmcolor of a material aa result of
an applied voltageThis color change can leefined aswitchingwhen the charge states
(oxidized and reduced) are alternately cycMthencolor is generated upon oxidation,
the material is anodicallgoloring while color generabn upon reduction, igermed
cathodic coloration In this dissertation, the properties 8f4-dioxythiophene (DOT)
based -conjugated electrochromic polymers (ECPs) are explored with a focus on using
synthetic methods to control structypeperty relationships to achieve desirgght
absorption across the visible region of the spectrum thighgoalof attainingdesired
color neutral states. Because of the electron rich natutteoDOT moieties, these
polymers are able to switch to highly transmissive oxidized states, allowing these
materials to be utilized in full color window or nemissve display applications.
Chapter 1beginswith an introduction to optics, hothe human eyeerceive color, the
backgroundf conjugated polymers and electrochromism, and ultimately a discussion on
the applications of these materials. In Chapter 2, casge of the various methods to
synthesizeECPsare taughtand then the synthetic procedures for this dissertation are
detailed Following this Chapter 3detailsa discussion concerning the propeocessing
andcharacterization of ECPs, ranging frortmficasting, electrochemistry, spectroscopy,
colorimetry, to photography and is taught to ensure high quality and consistency of data.
With these introduction and experimental tutorials in mind, Chapteovérviewsthe
completion of the color palette withe discovery of ECellow-1 (P2.1), an ECP that

first allowed full color displays and windows to be realized. Unfortunately, this polymer
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possessed a high oxidation potential (500 mV with respect to Ay/Aeading tothe

need to apphhigh potentialdo attainthe most transmissive oxidized state (1100 mV),
harmful to more easilyxidizable polymers. To amend this, work was conducted to
understand the structupeoperty relationships required to maintain high gap
electrochromic polymers ¢ 2.25 eV) with the ability to be fully oxidized at lower
potentials (O800 mV) This work resukedin the final optimization of yellow ECPs with
ECPYellow-2 (P2.9). With the challenge of achieving high gap, electron rich ECPs
overcomefurther work was directed to delopingmethods to affect the broadness of the
absorption spectrum of ECPs to achieve new neutral state hues. In Chapter 5 detailed
studies were conducted to understand subtle steric interactions along the polymer
backbone and its effect on the neutraltestasible light absorption and how it can be
manipulated to achieve nemagenta and blue hued ECBwt are all donatingand
electron rich with highly transmissive oxidized states (%T > 70). These methods were
then applied to prototype ProDEHDOT/AcDOT and ProDOTFEDOT/Ph random
copolymers in an attempt to produce broadly absorbingsER blackto-transmissive
coloration without acceptors. It was discovered that these materials could not dlchieve
required extents of conjugation necessary to absomyg levavelength light, yielding
polymersthat were still highly colored (magenta, purple, and orange) in the neutral state
This provedthe need for donesicceptor interactions in random copolymers in order to
produce dark or black (low L*) ECPs with contrgseater than 50%. Chapter 6 takes the
concepts learned in Chapter 5 and applies polymer bacldtenestrain and relaxation

to improve the contrast of black ECPs. A subtle increase in strain through the

introduction of AcDOT units gave a broader neustate absorption spectrum in the
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visible by absorbing more short wavelength light, making the material more black to the
eye. However, when fully oxidized, this polymer exhibited tailing absorption of long
wavelength visible light (66320 nm). To depreasthis residual absorption in the fully
oxidized state, a sterically relaxed dofaceptordonor (EDOTFBTD-EDOT) monomer

was utilized in random copolymerizations. In these polymerizations, strain was varied to
affect the broadness of absoqptiin the vighble spectrum. This gave a polymer that
achievedthe broadesabsorptionwith the highest electrochromic contrast. The content of
the relaxed doneacceptor was then steadily increased uatihew black ECRwvas
produced where the neutral state color was lthwest achieved (L*:45, a*:5, b*:3),
appearing black to the eye. It was then able to be switched to a fully oxidized state with
minimal color (L*:88, a*:4, b*:-3), completingChapter 6, rendering much understanding

in producing high contrast blagk-transmissive ECPs.
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CHAPTER 1

INTRODUCTION

Electrochromism is a change in the color of a material upon the application of a voltage.
In a way, it is the science of light and color, and therefore it is necessary to understand
fundamental optics, how youlye perceives color, how conjugated materials behave to

allow this phenomenon to occur, and how it can be applied in the world.

1.1. Fundamental Optics

There are four important aspects of optics to understand when concerning the systems
discussed hereinabsorption, transmission, reflection, and scattering. These are

fundamental to how light behaves with respect to ECPs in solutions and thin films.

1.1.1. Absorption, Transmission, Reflection, and Scattering

In this field (and dissertation) we deal withetipassage of light through solutions or
fil ms. Aside from a polymerdéds ability to
the film or solution can affect the spectra acquired and subsequent data interpretation.
Here we will discuss some basic, fandental optics behind absorption, transmission,
reflection, and scattering.

First we will addressransmissiorandabsorptionas t hey ar e i nterrel
ourselves with a beawf monochromatidight with radiant powePy passing through a
medium. When asorption takes placghe beam ofight leaving the sample hdsss

radiant powe(P). This and thenterconversiorbetween transmission and absorption are

expressed in Figure 1.1.1.1.

ol
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Transmittance: Absorbance:

P, P
T=P/Py %T =100T - ) A = 0g10Py/P A =10g19100/%T

%T = 1/104%100% A=log,,1/T A=2-1og;(%T

% Transmittance

2015 10 0807 06 05 0.4 0.3 0.2 0.1 0.05 0.00

Absorbance

Figure 1.1.1.1: lllustration of the absorption of lightnia sample and conversions
between absorption and transmissionConcepts adapted from Tipl
for Scientist and Engineets.

The absorption of Il i ght I n ECdeceptor (®A) due tF
interactions, or a combination of the tfvom moieties installed in the polymer backbone
(discussed in sectiah3.5).

When light passes thugh a medium, it isransmittedand the material iFansparent If

a medium has no color, all the light has been transmitted with the exception of a small
percentage of light that reflectedbetween the material of one medium and another. The
refractiveindexdescribes how light slows down in a medium relative to speed in air of
the two or more different media. The difference in this index can also change the
direction of a transmitted beam of lighSmall, localized noruniformitiesin or on the
surface of a medium can change the trajectory of light, cassittering® As illustrated

in Figure 1.1.1.2, when light crosses from one medium to another, at the boundary light
will change its speed and a fraction of light will be reflected and the beam will have a
slight change in dirdion unless the incident light hits perpendicular to the boundary at

normal incidenceLight striking nonruniformitiesscatters in different directions.



The normal to the surface

Air 450| 45

Scattering

Reflected light

90 %
Material with Transmitted
refractive index / light beam

of 1.5

Figure 1.1.1.2: lllustration of index of refraction, reflection, and scattering of light
between medi.

Concerning reflection once more, there is total reflectance (referred tpegsilar
reflectancé anddiffuse reflectancécan be described asattering;>® this is illustrated

in Figure 1.1.1.3. Specular reflectance means that there is perfect reflection of all light
wheretheand e of i ncidence i s egqigd)landtis@accdassible an gl
through highly uniform, smooth surfaces. Diffuse reflectance occurs when there is a
heterogeneity and roughness (nomformity) of a surface and the reflected light rays

scatte in all directions. This is what causes the difference between a mirror like and

opaque surface.

0, o, /
] AR eSERGn
Specular Reflectance Diffuse Reflectance

Figure 1.1.1.3: lllustration of specular or diffuse reflectance.

We address this because the ECPs are measured as solutions or solutions cast onto a
substrée (glass coated with a thin electrically conducting layer) to form thin films which

are then immersed into an electrolyte solution. This introduces multiple layers of
different media where the index of refraction changes. As demonstrated in Figure 1.1.1.4
these materials, solutions, and processing methods are not perfect. In solution,

aggregation can occur and cause small particles to form where they can cause the



scattering of light. For thin films madea spray casting, voids of air can form which
crede cavities or surface roughness and subsequent index matching issues, scattering

l'ight; these films can be described as fiha

Fully dissolved solution Aggregated solution

= Scattered light

Incident light Transmitted light

_—

Ideal Films on Rough Films on Conducting Glass
Conducting Glass (including index mismatching)
?‘ = Scattered light
Incident light > Transmitted light A
_—
_—
b }
Ll
>
. Solution of polymer Electrolyte bulk Indium Tin Oxide (ITO)
.+ Aggregatesof polymer e Polymer film = Glass slide

Figure 1.1.1.4: Comparison between the trajectory of light in fully dissolved and
aggregated polymer solutions gjoand ideal films of polymer on glass and rough films
on glass with index mismatching (bottom).

In a typical measurement setup, the path of light begins at the lamp of an instrument then
travels through the cuvette wall, electrolyte (or air), glass,stioleducting surface (ITO),
polymer layer, electrolyte (or air), cuvette wall again, and finally into the det&t¢ten

light is scattered there will be less light reaching a detector and can commonly be
identified as an increase in absorptaeross thespectrum being observed.

Often times, these ECP films and layers of media can act aseflatitive coatings at

longer wavelengths, giving transmittance values above 100% (absorbance below 0). A



description of this phenomenon is described in Figure 5.1.h essence certain

polymers (or processing conditions) can afford active layers that will cause internal

reflection of light allowing more light to reach the detector relative to the baégline.

Baseline Sample

> . .
Incident light N Tmn\smm‘ed fght
P — A Scattered light
—_—

Electrolyte bulk

=== Polymer film

Polymer Sample

Incident light

Transmitted light
 EE—

> Internally reflected light

—_—
——

Indium Tin Oxide (ITO)

m Glass slide

Figure 1.1.15: Comparign of light trajectories between baseline and polymer sample.

1.2. Colorimetry and How the Eye Perceives Color

The human eye is typically sensitive in the visible rang838f nm720 nm? It is the

detector that is essential to our ability to see color. Because the ability to perceive color is

subjective and camary between individuals, the quantification of color is absolutely

necessary in electrochromisithe science of this color quantification is colorimetry and

was developed extensively by The International Commission on lllumination’ (G1H)

explained at length bBillmeyer and Saltzman's Principles of Color Technolbgy

1.2.1. Color Vision and the Anatomy of the Eye

To appropriately quantify color one mustderstand that the eyletects lightwith rod

and cone cellsThere are three types obne cellseachdetecing wavelengths that the

brain then interprets as cojowhile there is only one type of rod cell that is more

sensitive to low intensity light but serves no known function in color vidmih the

rods and cones reside in a portion tbk eye known as the fovea. The highest



concentration of cone cells is located in the center of the fovea, as evident from Figure
1.2.1.1. This is known as thé& @bserver in colorimetry and is the center of vision. As the
angle from the fovea becomes aer, the distribution of cones drops dramatically while

rods increase; this is known as the periphery.

Cone and Rod Cell Distribution in the Retina

Cone Cell
Peak

m

-
»n
=3

Blindspot

-5 2

Number (Thousands per mm
-3
=1

Cones

80°

60° 40° 20° 0° 20° 40° 60° 80°
(Temporal Side) (Nasal Side)
Angle from Fovea

Vitreous Humor

Figure 1.2.1.1 (a) Vertical sagittal section of an adult human eye. (b) Distribution of rod
and cone cells relative to the center of the Fovea. €igdapted with permission from
the Florida State University website: Optical Microscopy Primer, the Physics of Light
and Color®

In humans, there are three cone cells and they are sensitive to long wavelength light (L
cone peak sensitivity ranges64i 580 nm), medium wavelength light (Mone peak
sensitivity range534i 545nm), and short wave light (8one peak sensitivity range:
4201 440nm), these cones can be thought of as three parameters of stimhgis

spectral sensitivities can be semifrigure1.2.1.2 Rod cells are most sensitive at 498 nm.
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Figure 1.2.12: The normalized spectral sensitivities of cone cells



If the total light power spectrum is weighted by the individual spectral sensitivities of the
three types of cone cells, ondlwget three effective stimulus values anldus we have
formedthe basis of the three values of tristimulus specificdtborthe objective color of

light: X, Y, and Z.

1.2.2. CIE Standard Observers

Because of the distribution of cones in the eye,innigus values are dependent on the
observeroés field of view. Si Xareof the foweaj or i t vy
the 2° standard observer color matching functions are used to better quantify the cone
response in the human eYelhe color matching function curves fahe standard

observers can be seenhkigure 1.2.2.1and are analogous to the spectral sensitivities of

the L @, M (U, and S () cones.

2.0+
1.8 J—

S ]

1.6
1.4
1.24
1.0+
0.8+

Spectral Sensitivity

06
0.4
02

0.0 +
350 400 450 500 550 600 650 V00 750

Wavelength (nm)
Figure 1.22.1: The distribution functions for the standanserver®, 0, ando.

Considering the luminance or brightness of a color, if light is of equal power, humans

tend to perceive green ligkas brighter than red or bludo quantify the reltive

luminance (brightness) of colotsder bright conditions (photopic visigra standard
observer (0) i's used to establish a | umin
values on a given color spadehis function is similar to thpeakspectra sensitivity of

theM conewhich provides a maximum efficacy 683Im/W at a wavelength of 55%m
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(green) Thi' s is why vyellow is always perceive
maximum stimulation obfrom reflected or transmitted medium and long wavelengths of

light.

1.2.3. Calculating Colorimetry Values

The tristimulus values <calcul ated for col
field of view; this variable waslieninated when the CIE defined standard observers to
represent cone stimulus in aac inside the fovea of the eye. The equations to quantify

the color of an object (where the object reflects light given off from a soureejaurce

(colored light beig emitted) can be seenkiguationl.2.3.1

8 + 31 @121 A o+ 310121 A
. . pTT

9 + 31 U121 A + - ”

31 U121 A

Equation 1.23.1: Equations to calculate tristimulus values to quantify color.

For calculating tristimulus values for col@, is the relative spectral power distribution
of a standard illuminant (e.g., illuminant A, D65, D50, etc.), as provided by @IE,

Ul hU1 are the CIE 1931 spectral tristimulus values and are constan?, &inis the
measured spectral reflance (or transmittance) ain object. If one is measuring light
coming directly from a source, not passing through a fiRet, is not used. K isa
normalizationconstant and depends upon what is being measured. If one is measuring the
color of a primay light source K=683 Im/W. If one is measuring an object, the K factor
describedn Equation 1.2.3.1s used Once tristimulus values are calculated they can be
plotted into a color space.

A color space displays a gamut, or all possible colors in a gatargitorm. Two color
spaces are commonly used in electrochrontiesy are the xyY and the L*a*b®Artistic

renditions of the two spaces can be foundrigure 1.2.3.1 The xyY color space has a



gamut that is horsshoe shaped and the edge of the gamthtesspectral locus and all
colors along the edge are spectral colors (monochromatic light of single wavelengths).
The flat edge is the line of purples and is not monochromatic but rather a mixture of blue

and red light. White and lesaturated colors appr towards the center of the gamut.

097 White

@@ ,]e (b) :

0.7
L Yellow
+b*

0.6

500
0.5
v Red
04 +a*

0.3

0.0 4607
00 01 02 03 04 05 06 07 08
¥

Black

Figure 1.23.1: (a) xyY color spacg(b) Artist rendtion for L*a*b* color spacée®

A straight line between two points within the gamut represents all possible colors through
mixing the extremes of the linas shown in Figure 1.2.3.TBhough xyY is widely used,

it lacks unformity in geometric distance between color points, for example the space of
greens is much larger than for yellow. The L*a*b* color space allows for 3 dimensional
uniformity in color points. In this color space, the L* represents the brightness ofra colo
with 0 being black and 100 being white, a* represents greens andwiabts b*
representbluesand yellows fomegativeand positive values respectively. As values of

a* or b* progress farther from the origin, the greater the saturation (chroma).uss el

a* or b* travel around the circumference of the sphere, hue changes in a uniform manner.

N 9 @ 8
(@) 8 9 8 9
P P P P p
W 9 s p 8 95 & 95 o
PP PO VT — — cmm— —
91 81 91 91 :T

Equation 1.2.3.2 Calculations for color values in xy§a) or L*a*b* (b).



Using the conversions shown lHyuation 1.2.3.2one can determiniae color valuesf
an object or a sourcé&or either color space, one needs to uke tristimulus numbers
calculatedfrom Equation 1.2.3.10 acquirecolor valuesusingthe functions inFigure
1.2.3.2 for xyY (kgure 1.2.3.2a) or L*a*b* (kgure 1.2.3.2b)where X, Y., ard Z, are

the tristimulus values of the illuminant.

1.2.4. Relationship of Absorption, Observers, and the Eye

Since we have examined how the eye perceives color and its quantification, let us
examine a practical example as this form of data will be regppeateny times in this
dissertation.For electrochromic polymers, a spectroelectrochemistry experiment will
yield the colorimetry valuess a function of oxidation state attained with an applied
potential (as detailed in Chapter. 3) spectum taken at eackoltage is convertethto
tristimulus values and color coordinates using the equations described®auvé¢hen
plotted into a color space. L*a*b* is used as there is geometric uniformity between
points, enabling the visual compson of different values of various hugsshade®f the

same color with little confusion.
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2.0 B Byt
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4(|)0 ' 560 ' 660 ' 760 ‘ 860 ' 960 ' 10|00
Wavelength (nm)
Figure 1.24.1: Spectroelectrochemistry of Ee@®agenta with standardbserversd U

andUoverlaid as shaded curves. Structure of B@Rjenta and photogrhp of neutral
and oxidized states are inset
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Looking to Figure 1.2.4.1, for the polymer known as B@#&yenta, observe that as the

polymer is progressively electrochemically oxidized from a vibrant magenta neutral state

(-500 mV) to a transmissive oxidizestate (800 mV), there is a progressive loss in
absorption that overlaps with the standard observers. This leads to a loss in color and is
referred to as fAbleachingbo. The spectra at
values using the methods deked above (more on how experimentally in Chapter 3)

and plotted in the L*a*b* color space, as shown in Figure 1.2.4.2.

@) CH ® ]
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Figure 1.24.2: (a) a*b* and (b) L* color coordinates for EEWagenta electrochromism.

With the quantification of the coldor theelectrochromism of ECIMagenta in hand, at

a potential o500 mV the polymer exhibits a vibrant magenta with values of L*=51.0,

a*=51.7, and b*=32.2. The polymer is then incrementally oxidized to 800 mV where it

is transmissive with color values of L*=90.&=-2.4, and b*=4.2 (fully bleached) Now

t hat we have a grasp on how the eye funct

theory of conjugated polymers and how these materials behave and are designed.

1.3. Introduction to Conjugated Polymers, Electochromism

The discovery of polypyrroté and polyacetylen&® started the field of conjugated
polymers. Over time these polymers have stmadiyy evolved to fit numerous
applications but in this dissertation we examine the practical application of the theory of

conjugated polymers in electrochromism.
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1.3.1. Theory of Conjugated Polymers

To understand conjugated polymers, one needs to unu®rdta origin of the band

structure. Using polyacetylene as a model, as the numbebafds increase, there is a
proportional growth in the numbef new energyevels. These new states are stabilized

by an increasing amount of electron delocalization (double bond alternation). With a
greater number of bonds, eergy bands arise frotme hybridization ofan increasing

amountof or bi t al s, il lustrated in Figure 1. 3./
the HOMO is known as the valence band (VB) and the LUMO is known as the
conduction band (CB)) gives rise to an energy or band ggma(# is the source of the

properties of conjugated materials, giving rise to the tearmd gap engineering

CB

Energy (eV)

VB

1 2 3 4 5 n

Number of @ bonds

Figure 1.3.1.1: Schematic representation of the evolution of the gam(Ey) with the
extent ofconjugation in"-conjugated polymer8lue energy evel s are Afil | ec
gold energy levels are fAemealdfo (LUMO). Ada

Ideally, this increasing electrondelocalizationwould be evenalong the conjugated

backbone and eventually through more and mob®nds the & would close (VB and

12



CB would touch) and the material would be an intrinsic metal or metallic. In reality, this
is not the case aalectronic repulsions analogous to thadservedn cyclobutadiene,
creak a geometrical distortion in the conjugated backbone knowrdahsTeller
distortion (or Peierls distortioif you are acondensed matter physt). This distortion
prevents evenly spaced, alternating double and single bondthasidthe bands push
apart, giving rise to the band gap. This modeldolyacetylengwhich hasalternating
bondlengthsof 1.35 and 1.45 Axpplies for aromatic rings such as phenylepgeples,

or thiophene, where the growing number of rinlgsnd lemth alternationand steric
interactions prevent infinitely planar structures and gives rise to theTHs is
advantageous for electrochromism because this gap can be structurally tuned to give rise
to a desired color in one state and then bleached wvery doped or oxidized.

It can be generally stated that tmmjugatecpolymers in their neutral forms, thg &ises

from the effective -conjugation length which is a result of an equilibrium geometry from
twisting along the backbone. High degrees of twist will decrease conjugation and yield
high gaps (high energy absorption, giving yellow, orange, or red colors) while low
degrees of twiswill increase the effective conjugation lengttelding low gaps (low
energy absorption, giving magenta, purple, or blue colors). Greens and cyans can be
achieved by simultaneous absorption in the high and low eneggynsof the visible.

Upon progresive oxidationor doping new equilibrium geometrs are achieved. The
formation of radical cations (polarons) form localized distortions on the conjugated
backbone in the form of relaxation. These fgap states possess lower energy
absorption transitiong-urther oxidatioror dopinggives rise to a dication (bipolaron),
since the localized chain relaxation around two charges (bipolaron) at one point on a
polymer chain is stronger than around only one charge (polatdnjo pointsandmid-

gap states fornwith even narrower gags® The more relaxed or planar a dication from
complete oxidatioror doping the more transmissiviine state will becomelue to the

narrower gap

13



1.3.2. A Colorful Peculiarity in Polypyrrole and Polythiophene

Polyaromatics were polymerized and studied alongside polyacetylenes to achieve
electrically onducting plastics. When films of these materials were produced and then
doped, there was a color change associated with an increase in conductance and this
change was reversible. As we established, the color of the neutral (undoped) state is
dependent othe extent of conjugation which is directly affected by steric effects in the
polymer backbone. JRay diffraction of polypyrrole (PPy) oligomers suggest the rings
arecoplandfhowever, as shown in Scheme 1.-3.2.1,
position introduces greater steric repulsion and a twist is induced along the backbone
eliminating the zero.dd hagiddi)aR angl e d (di 0
R» R
/ N\~ N

I}JB\/n
R4 R,

Schemel.3.2.1: Twist in the backbone of polypyrrole represented by dihedral ahgle

Films of PPy*'*® andpolythiophenes (PT8)*! expressed electrochromism, the colors

and structures of the extreme states are ilitestl in Scheme 1.3.2.2. PPy in the neutral
state when dopant ions are fully removed (
is yellow-green in color (due to structural defects upon polymerization, reducing extent

223 switching to a blueviolet oxidized state. This was not a practical

of conjugation
color change and the films would decompose over repeatechgydilie to the electron

rich nature of PPy causing over oxidation.

To attenuate this, PT was utilized as it is less electron rich, inhibiting over oxidation.
However, l i ke PPy, el ectropol ybmebrhb czoeudp | u msgu
defects. Toamend this, methyl groups were installed onto thgodtion of poly(3

methylthiophene) (P3MT). The methyl groups also had the effect of increasing

conjugation (slightly red shifting optical transitions), attributed to the statistical decrease

14



in insulative -bU ¢ o u P Mhisrhglps .to stabilize oxidized states, hence the slight

difference in color between PT and P3MT in their extreme states.

Yellow-Green Red Purple
(Bmax 420 Nnm) (®rnax 470 NM) (8rax 480 nm)
Undoped A N /M

(neutral, insulating) NVUN + nX

Doped
(oxidized, conducting)

Blue-Violet Blue Pale-Blue
(84670 Nm) (Brmax 730 NM) (Bax 750 Nm)

Scheme 1.3.2.2:Schematic representation of the doped and uedloforms of
polypyrrole and polythiophenes and their colors in either state.

1.3.3. Discovery of PEDOT

Given that unsubstituted heterocycles are prom@ st ruct ur al defects
during polymerizationHeywang and Jonas reported the synthesis and characterization of

a 3,4ethylenedioxythiophene (EDOBased polymer (PEDOT{. This material was
cathalically switching and exhibited a neutral statgx of 621 nm (2.0 eV) giving a blue

color. Upon oxidation, a sky blue near transmissive color was obsdnedo tailing
absorption into the long wavelength portion of the visibllee discoloration was due to
increasing absorption in threearinfra-red (NIR) while a decrease in absorptioncurred

at 621 nm.

The success of PEDOT was due to the addition of a dioxyethylene bridge between the 3
and 4 positions of the thiophene ring, making it the first dioxythiophene (DOT). Aside

from effectively blockingt he b positi ons, protecting the
oxygen at o-eesctrorddemsigytined the heterocycle, making the ring electron

rich and easier to oxidize. This effect raises the HOMO of the subsequent polymer,
imparting these types ofhaterials with low oxidation potentials £ This architecture is

able to stabilize bipolarons to such a degree that they absorb energy far outside of the
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visible and into the NIR making them highly transmissive and nearly colorless when fully
oxidized. This makes DOTs attractive telectrochromicapplications as you want
materialsthat canachieve vibrant colored states with high absorption in the visitde

can then switch to colorless, transmissive states with high absorptions outside of the
visible. PEDOT kicked off a colorful race to achieve all colors of thebow to
transmissive electrochromic polymers for use in devices such as smart windows and

nonemissive displays.

1.3.4. Chemistry of Dioxythiophenes

Dioxythiophenes have high utility in theéeld of electrochromism. They psess low
oxidation potentialsmparted by electron donation from oxygérelectrons on thé
positions of the thiophene ring. They are relatively air stable and can be handled under
ambient conditions with little degradation. The 2 and 5 positions are readily exploitable
for a variety of reactions. DOTs can be produced udiaighit forward synthesis starting
from thiodiglycolic acid for the production of 3dimethoxythiophene inScheme
1.3.4.1a”% These first methods however, required multiple steps. To favor industrial
resynthesis, a orgtep route towards 3dimethoxythiophene wasperted in 2004’ and

is shown inScheme1.3.4.1b The cyclization gives the product in high yield with
distillation as the only purification step. A third and viable route starting from thiophene
is also possible shown in Scheme 1B8c4 The thiophene is completely brominated to
tetrabromothiopheri® which is then subsequently amselectivéy dehalogenad with

zinc metal in glacial acetic acfd The final step utilizesJlimann etheification with a

copper (1) catalyst®
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Scheme 1.3.4.1: (a) Total synthesis of 3;dimethoxythiophene starting from
thiodiglycolic acid (b) Oncestep route for synthesis of 3gdmethoxythiophene(c)
Alternate route starting from thiophene.

The 3,4dimethoxythiophene starting material can then be modifiadacid catalyzed
transetherification and Williamson etherification yeeld substituted monomers for
polymers taachieve a number of properties such as solubility for processing from organic
or aqueous solverifsor to tune optical properti€$3*** Just a fewexamples of these
reactions are shown in scherte8.4.2and are all high yielding and do not require
complex purification methods beyond distillation, recrystallization, or flushing through
pads of silica. The brominations to for@ and E are quantitative in yield and the
products are stable under amfiti conditions. Molecule&, B, D, andF can be dimerized
using Ullmanlike copper or iron catalyzed conditidfi& to access structures to tune the
absorbance or electrochemical properties of subsequent polymers. These reactions are
also scalable, capable of being produced in kilogram quantitiggpkuifor industrial

reproduction.
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Schemel.3.4.2: Typical synthetic routes to achieve monomers for DOT based ECPs and
what polymerization methods are appropriate for the indicated monomer.

To form polymersA, B, D, andF can be polymerized using oxitive (iron(l1l) based
electrochemicat® or direct arylation (palladium based) polycondensation condifitfis.
Molecules C and E can be usedn a variety of transition metal cross coupling
polycondensation reactions to form polymesingSuzuki** Stille,*? direct arylatiort>*°

and Grignard metathesis conditioisThese polycondensations are typically high
yielding and give M greater than 10 kDa. Abf the polymers formed from monomers
above are organic soluble and can be cast into flms using organic solvents with the
exception ofF. The ester side chains in the homopolymeAafan be hydrolyzed under
basic conditions to yield a water soluble pobr that can be cast into films from water

and rendered insoluble with treatment with acithis and general polycondensation
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conditions for Stille, Suzuki, and direct arylation can be found in scHeBe3 These
polycondensation reactions will be dissed in greater detail in chapter 2.
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s n " M
Organic soluble Water soluble y Monomer Ratio
(1=x+y)

Scheme 1.3.8: General polycondensation schemes for Suzuki (a), direct arylation (b),
oxidative (c), and Stille (d).

1.35. A Completed Color Palette of ECPs

The nature of th&g diredly affects the optical or color properties of a designed polymer;
this is why we care tengineerband gapsThe method to tune optoelectronic properties

in ECPs is broken down into the model shown in Figure 1.3.5.1. Coarse control is
accomplished with # appropriate selection of heterocyclic backbone (for these
discussions, thiophene). The addition of oxygensiet b posi ti ons not
Eox Of the polymer, but the nature of the dioxy groups can fine tune optical proférties.
From smaller to larger rings bondenl t t he Db p qwill increase;she larpeste E
gaps can be achieved with acyclic dioxy systéEhe nature of the size of the side
chains can also affect the.BWVith smaller, unbranched alkyl groups allowing greater
relaxation along the backbone giving loviand gaps while larger, branched chains give
higher band gaps from increased torsional strain along the conjugated batkBbae.
nature of the chains can be tuned to achieve solubility in desired sotvéntsy find a
polymer is insoluble in organic solvents, a good rule of thumb is to increase the size and

bulk of the stubilizing chains. Finally, the optoelectronic properties can be further tuned
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by the use of another aryl ring in an alternating or random fashion; the electron richness

or poorness can affect the redox properties.

Tuning processability

R .‘, R

O O
R R
/ \
o o) . Redox & o) 0
fine color control z ;
S n S wﬂ
Further control Further control
of color & redox properties Coarse color control of color & redox properties

Figure 1.35.1: Model for tuning optoactronic properties in ECPs.

Using this model, our group &idbeen able to access a full color palette of ECRs.
complex as conjugated polymers are, this was and still is accomptlafreryh coarse
color control using steric interactions along the backbone or emuaptor effectsThe

structuresof polymers and their respective colors are showfigare 1.3.5.2

20



R R
R R o o]

o [¢] /R R\ -

; ; (0] o]
{ p (0] O
o 0

o o R Y R= X

(Z/ \(} A\ A\ S

s /n MeS  OMe § ’/n "
ECP-Magenta ECP-Red ECP-Orange ECP-Yellow

Ry = OSSN

Ry = %O~
R, R R R R R R R R R R R R R
N PSS SS AP S T
o o0 o 0 o o0 S S o 0 o 0
7 T T S/ \ IN_S 7\ /\
S n S S n \ / s S \ / n s n S m
AR T Jd o a 3 o N x

Figure 1.35.2: Structures for all soluble, DOT based ECPs produced in the Reynolds
group that complete the color palette.

To relate the structuseroperty relationships, the spectra of each polymer (except for
ECPRBlack) and color coordinates at various potentials are shown in Figure 1.3.5.3.
Steric effectst uni ng t he ° have allowdd access tmagertal’ ced,
orange® and yellow*>*® from low to high strairshifting the absorption to progressively
shorter wavelengths of lighespectively Donoracceptor effects have allowed access to
blue*" cyan?® and greef?° where the variation in the dual band absorption is a result
of * to “* from varying level of donor content (absorbing short wavelength light) and D
A interactions (absorbing long wavelength light), &gy of this can be shied to longer

wavelengths with increasing relaxationmambetelectron richness of the dondrs?
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Figure 1.35.3: Spectra (left) and color coordinates (right)Df® T based ECPs produced
in the Reynolds group that complete the color palette.

ECPRBlack is a random @polymer; this randomness is what imparts its color properties
as illustrated in Figure 1.3.5.Zhe polymerwas made using a complex balance of the
two methods The first employs random lengths oD-A, which yields low energy
transitions absorbing long wealength light the stronger or greater the Minteraction,

the lower the energy transition. The secamlploysrandomruns of donorsalong the
backboneaffording varying extents of conjugation agd/ing rise to moderate and higher
energy transitions, abrbing short ananediumwavelengths of lightshort extents of
conjugation give rise to high energy transitions and longer extents give rise to moderate
energy transitions. The random nature of the polymer gives a nearly even distribution that
enables ito absorb broadly across the visible spectrum, giving a material that is black in

color. %51
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Figure 1.35.4: lllustration of various optical transitions that give rise to total absorption
across the visible

A colorless to colorless ECP based on a dioxypyrrole (dylbeimally color changing
polymer (MCCP)) has been utilized as a counter electrode mdterctarge balacein
devices’? For a more detlid analysis on dioxypyrroles please see the dissertations by

Ryan Watzak’® and Frank Arroyave!

As was noted withthe small molecule reactions, the polycondensationditions to
produce these ECRse scalablecapable of producing polymén the tens of grams or
greater. To emphasize scalabilifygure 1.3.5.5is a photograph of a 6 g standing film of

ECP-Magenta and a 300 g scale of EE&llow.
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Figure 1.35.5: A cast film of ~6 g of ECAMagenta (left). Suzuki polycondensation, 300
g scale (right).

1.4. Out of the Cuvette and Towards Applications

Here we will address electrochromic applicationg, limiting ourselves to conjugated
polymers. There are several classifications of electrochromic materials: inorganic
(Prussian blues and metal oxides), organic small molecule (viologens and
dimethylterephthalates) and polymeric (based on polypyrrole alythpphene). These
materials have demonstrated the possibilities iange of applications.

1.4.1. General Electrochromic Device Architecture

In order to realize applications of electrochromics, we shall briefly disthss
architecture oklectrochranic devices (ECDs) based on polymedrat this is generally

the same for other materiafs® For a typical ECDthe layers of activity from closest to

the eyeto furthest are as follows: Glass, ITO, ECP, Gel Electrolyte, ECP, ITO, and Glass
where the glass/ITO layer has conducting metal contacts to a power source. There are
two forms of ECDs, reflective and transmissive. A pictorial representation of a reflectiv
ECD is shown in Figure 1.4.1.1. In a reflective ECD, The same ECP is deposited on each
ITO/Glass layer to maintain a charge Inale. The boundary between laypssesses a
white, diffuse reflecting gel electrolytey utilizing titanium dioxide passivadewith other
insulating metals™8°%%° This same concept can be utilized with porous reflective
metals™®? On either side of theeflecting electrolyte layer, each polymer is in an

extreme state opposite to the other. Waletrochromiswitching occurs, you will only
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see the color changef the front most ECP layer and the color change behind the

reflecting gel electrolyte is of no consequence.

ITO-coated glass EC Polymer 2
EC Polymer 1 K/ \ -
e i '
|
White Diffuse Reflecting \
Gel Electrolyte Copper Contact

Figuree3 1.4.1.1:Schematic of a reflective EC[Adapted from the dissertation of Aubrey
Dyer.

The architecture for a transmissive ECD is very similarthe reflective with the
exception that the gel electrolyte possesses no reflective material; this is illustrated in
Figure 1.4.1.2. Since you are now sedimgughall of the layers, the color change at the

two electrodes matters. To provide charge baahaing electrochromic switching, non

color changing materials are required to act as counter electrode materials; as mentioned

at the end of section 1.3.5, MCCP can be G&&4.

EC Polymer 1 Counter Polymer ITO-coated glass EC Polymer 2 Active Polymer

AN

-+

Gel Electrolyte \

Copper Contact

Figure 1.4.1.2: Schematic of a transmissive ECBdapted from the dissertation of
Aubrey Dyer®®

1.4.2.Applications of Electrochromism

1 Mirrors
Our first application is mirrors which are essentially reflective ECDs. These are devices
that are capable of selfarkening for automotive applications whilst driving at night.
These would prevent the dazzling of drivera reflection of headlight®y neighboring

cars off of the various mirrors around the vehicle. In essence an electrochromic material
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is coated over a conventional mirror and acts as a color filter to reduce the intensity of the
reflected light>606676869

1 Transmissive ECDs for Windows in Buildings, Aircraft, and Eyewear
The second application is gener al wi ndows
wi ndo wo oinadalsy Swensson and Granqvist as a term for windows that
electrochromically change transmissiGnn these devices, the electrochromic layer acts
as a light filter,and rather than having shettr s , you are able to sel
eliminate or allow as much light as desired. These devices can have an impact on the
environment and structure running cost as these devices can filter out much solar
radiation from an enclosed space, elimimgathe need to constantly apply climate control
while enhancing comfoft">*"4"> View Inc. and Sage Glass have installed
electrochromic windows in building across North America and parts of the {#6fld.
For aircraft applications, these devices could Iséalied with sensors or manual controls
to turn them on (colored) or off (transmissive), allowing them to completely darken or
allow all light to pass. Through cooperation between the Gentex Corporation, PPG
Aerospace, and Boeing, electrochromic windowgehideen installed on the Boeing 787
A Dr e a mP’? Anpersonal favorite example is in military applications where either a
pil otés hel met visor or c fightdr pises abaveactoodpy wo L
and then becomes transmissive when it flie
concentration during operations as they would no longer need manually lift or lower the
current tinted visors. This same idea for helmsbrd has been attempted for generic
eyewear. Electrochromic eyewear is different from photochromic as photochromic
materials change color based on the intensity and wavelength of ambient light. EC
eyewear has been explored in the past, but yielded li8enéss success and is an area

for improvement in the futur&?-8283

1 Nonemissive Image and Data Displays
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Operating in either a reflective or transmissive mode (majority being refle®tf7é&S,
ECDs would be able to display full color information using a subw&aaolor mixing
schemé 8% |nitial applications for such displays were suggested as watchfdnes
now they can be utilized in data andvartising boards, and indicators on security cards
or banknote§-¥%9394

El ectrochromic displays are referred to a:
would not be subject to issues of glare from outdoor sunlight like emissive display
systens . Some have felt t hat el ectrochromics
[screen] in crispness and brightnésSince they do not emit light, and are capable of
electrochromic memory meaning power is not required for prolonged periods of time to
maintain a state. Though these EC@b rely on an external light source, limiting their

use to well-lit applications, to get around this, a white back light beneath the
electrochromic layer can be utilized. However, another route has shown that EC materials

can be utilized indual use emsve/nonemissive systemsllowing day and night
applications’®?” Research has been rather imagireiin the use of substrate for these

displays, giving rise to ECDs based on paper or ¢t These and various niche

applications are discussed at length by Men&l 1%

1.5.Dissertation Thesis

Hereinencompasseihe synthesis and characterization of electrochromic polymers, with
the goal of controllindight absorption to acquire desired colarsd redoxproperties As

we saw, Gapter 1 introduak concepts of optigshuman ctor vision, conjugated
polymers, electrochromism, and applicationShapter 2 overviews the primary
polycondensation methodsedto synthesizeECPs,andestabliskesa set of guidelines to
producethe polymersweighing the pros and cons of the polyconddimsa methods.
Chapter 3 contains all experimentals in conducpngcessing anadharacterization of

ECPs and will be established as a guide for new students to follow. Chapter glthetail
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introduction of yellowto-transmissive ECPshrough utilizing sublé ortho C-H
phenylene interactions neighboring DOTs to achieve polymers with band gaps higher
than 2.3 eV, where ECRYellow-2 (P2.9 optimizes yellow in thecompleed color
paletteof ECPs Chapter 5 presenitrends in modulating steric effects in altexting all

donor ECP4o tune hues ofmagenta and blues through subtle increases in strain and
relaxation respectively. As these polymers are all donors they achieve bleached states
with transmittance values greater than 70%ith these trends in handandom
copolymers based on ProD&h/EDOT and ProDO-RcDOT/EDOT were produce in

an attempt to givéoroad visible absorptions with neutral statgors at low L*a*b*
valueswithout the use of acceptors. These random copolymers could not achieve the
requiredextents of conjugation necessary to absorb long wavelength visibleadigje

black ECPsas evident by their highly color neutral states. Because acceptors need to be
employed to achieve blagk-transmissive ECPs, Chapterfdtuses on the use of steric
strain of main chain donors and steric relaxation around acceptor moieties to enhance the
broadness andontrast of black ECPs. This was ultimately achieved waithew black
ECPwhere the neutral state color was the lowest achieved (L*:45, a*:5, b*:3)arappe

black to the eye and was then able to be switched to a fully oxidized state with minimal

color (L*:88, a*-4, b*:-3).
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CHAPTER 2

CONDUCTING CONJUGATED POLYMER SYNTH ESIS

Polymer synthesis is no easy task; it can be neraeking to conduct polymieaations

using precious monomers that have taken much effort to synthesize and purify. Therefore
to prevent wasted effort in conducting polymerizations that fail to reackceeptable
degree of polymerization armbnjugationlengths we will discuss the ain methods that

are used to produce conjugated polymers, with ECPs being the focus. We will discuss the
mechanisms and examples of each polymerization, compare the methods to give the best
information available to make educated decisions on polymerizatioice, review
purification, and close with synthetic methods used to make the materials in this

dissertation.

2.1. Conjugated Polymerizations

The numbeiaverage degree of polymerizatioK,) refers to the number of monomer
units in a polymer or oligoer chain. For a homopolymeX,, is described by Equation
2.1.1 where Mrefers to the numbeaverage molecular weight distribution of a polymer,
as measured by GPC (interchangeably referred to s®e exclusion
chromatographySEC) andyel permeation chromatograp{tyPC) and M, refers to tle
molecular weight of the monomer repeat unit. For example, a polymerization yielding

ECP-Magenta with a Mof 32,000 Da, gives &, of ~73, or 73 repeat units.

8 -

Equation 2.1.1:Numberaverage degree of polymerization.
For an alternatig copolymer M can be found by combing the total weight of both repeat
units while for a random copolymer,Man be found by averaging repeat unit ratios

based on the initial equivalencies used for polymerization. For nuavieeage degree of
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polymerizaton M, is chosen as it represents the weight of the chains that are most
prevalent, not a polymer molecular weight average,, (Mcludes all chains, of all
lengths).

In the field of industrial thermoplastics, good mechanical properties such as high melt
temperature or mechanical strength increase witlitbousands or tens of thousands are
desired)whilei n t h e -comjaghted paymers it affects optoelectronic properties

by relation to thenaximumeffectiveconjugation lengti{high X, in conjugated polymers

also yield more desirable mechanical properties such as the ability to form solid,
continuouss ur f ace el ectrodes). This #fAlengtho 1is
units which can be identified through Equation 2.1.1 and the maximum effective
conjugation length is typically achieved at\dMs o f 10,000 Da. As i
simplistic Figue 2.1.1, as the number of repeat units (rings) increases, the effective
conjugation length increases to a point of saturatroax{mum effective conjugation

length ands hows | i ttl e c hygmwihea carrespoading iacrepse inhMin (&

(and subsequently,X

NIR

e Maximum effective
conjugation length

Extent of Conjugation (1,,,)

uv

1 Number of Rings o

Figure 2.1.1: Extent of conjugation with increase in the number of ringg.(M
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dmax IS Often used as it represents the largest density of absormiwsitions.In thin

films, one can optically measure the onset of absorption which can then be coupled with
electrochemistry to reveal the HOMO level (top of VB) of a polymer. As mentioned in
Section 1.3.1, this can be tuned by either increasing steritsi@pun the backbone to

push the onset to higher energies (shorter wavelengths) or through relaxation to absorb
lower energies (longer wavelengths).

The saturation of conjugation length varies between the polyaromatic systems. Some
studies for polythiophee (PT), polyp-phenyknevinylene (PPV), polyfurans (PF), and
ProDOT have found the effective saturated conjugation length with regard to the number
of rings to be slightly over 12 20°416,°>!% and 12° repeat units respectively. Others

have found the saturation of conjugation length for PPV, PPy to be greater than 20
repeat units®’ Meier et alcompiled a series of studies concerning the effect on the extent
of conjugation with respect to the number of repeat units for a vaigbplyaromatic
systems, which have been grepredeatsthemagimumn Fi g u

effective conjugation length for each oligomer.

0C3H,

500 - ), =546 nm . ﬁ \ ";:"’ CHCI,
1 .= 466 nm CiHr0 n

4 C;H,0
450 rmsame

,—. h - Vo < f-Bu
i} h,= 395 W\ o
14 "\

400

350 4

’é‘ h,.=321nm A w{d D THF
5 T n
3004 /]
< 1 v CgHj
250 - .
] s H.C
P is\ \s[ /S \b/ C “:( Il
2004 [/
11 = L ACN
150 ; #
0 ‘ i\
o w0 CHCI
Number of Repeats (n) G :

Figure 2.1.2: Change in thextent of conjugation with an increase in the number of rings
as measured by lsion spectroscopy. Adapted from Meral'®’
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Interestingly 48, 72 and 9®er PT systesihave been synthesized and it was found that
there was a continuing and slight redshift with increasing et nm between the 72
and 96mer) 19819

In astudy by Jiret al**°two batches of poly(®exylthiophene)R3HT) were produced.

The low molecularweight batch had a weight oM. 2,200 Da, M,,: 3,146 Da and
exhibited a amax 0f 450 nm The high-molecular weightbatch (M,; 19,000 Da; My,:
25,650Da) exhibited a ma-0f 555 nm showing the dependencé conjugation (and
properties) on the chain lengiWith a repeat unit weight of P3HT being 166.28 g/mol;

the low weight bate has ~13 rings while the high weight batch has ~114 rings, showing
different effects on the absorption spectra. Now that we understand the importance of

conjugation length in polymers of sufficient weight {M 10,000 Da), let us discuss

common polymerizZigon methods with suggestions on how they be performed.

2.2. Oxidative

This is the most simplistic method to produce conjugated polymers. It can be used for
making homopolymers from one monomer that is electron rich or random copolymers
from multiple mommmers. These types of polymerizations can be conducted chemically
using oxidants such as ferric chloride (FQ@Ir electrochemically to deposit films onto

el ectrodes. D-substitytad hetevogyieles nne gener@l)bwork well for this
method as theare electron rich and the diosybstituents completely prevent defects
from forming in the b posU tcioounpsl ionfgst.he r i n
The suggested general mechanism for oxidative polymerization is not very well known
but believed to be id¢ical for chemical and electrochemical processes; it is illustrated in
Scheme 2.2.1. The initial DOT monomer (ProDOT(OEthielor ECPMagenta) is
oxidized by a chemical oxidant (Felbr at the working electrode in an electrochemical
cell; the more eleabn rich a monomer, the lower the oxidation potential and the easier to

oxidize. The resulting radical cation monomer is stabilized through aromatic resonance
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and by the dioxysubstit ent s i n t he b positions. Chet
monomers will bond together, followed by deprotonation to produce HCI in the reaction
mixture, and should be bubbled away by a carrier gas. As couplings progress, a radical
cation monomer and a radiccation dimer or radical cation oligomers will bond together

forming polymer chains. Electrochemicalljjet mechanism is the sarté This process

repeats as long as the oxidant is present in excess or potential cycling continues until the
polymer precipitates out of solution forming a thin film or monomer/low weight

oligomers are conigtely consumed.
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Scheme2.2.1: Mechanism for oxidative polymerizatipghemical or electrochemigal
where R can be any alkyl or solubilizing chain (typicalgtBylhexyl).
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Chemical oxidative polymerizations are to befpegned on monomers with solubilizing
chains. Typical synthetic examples are presented in Scheme 2.2.2. Both are entirely
viable but have differences. Method (a) uses a good polymer solvent but thesHegt|
soluble thus, nitromethane or methanol aredubet retardation of polymerization is
possible'**** Method (b,c) uses a moderate polymer solvent that can also dissolye FeCl
providing a homogeneous polymerization yielding adequate molecular weights using
ProDOTs and igh molecular weights for acyclic DOTd$zor chemical methods, the end
polymer is partially in an oxidized state (radical cation/polaron) and protonated yielding a
black, blue, to green mass. The mixture or dispersion is precipitated into methanol and
washed with copious amounts of methanol to remove iron salts. The filtered mass is then
dissolved into a good polymer solvent (toluene or chloroform) as best as possible and
then a small volume of hydrazine-§1mL) is added to reduce the doped and protonated
polymer and a beautiful dark to vibrant neutral state color change occurs, thus allowing

the polymer to be further purified.

1. FeClj (5 eq), CHCls,

R R R R R R R R
QO o] O O Q o] QO o]
@ S 7\ 7\ S CH3NO,, 48 hrs S 7\ 7\ S
\/ S S \/ 2. Hydrazine \/ S S \/ n
d v N._N d b d Y N._N d b
A S AN A S A

) ( 1. FeCl3, EtOAc, 8-12 hrs ol o
®) m 2. Hydrazine /m
S S
R= %\(\/\
ROXOR ROXOR
(0] o]

1. FeCl;, EtOAc, 1.5 hrs 0O, O

© U 2. Hydrazine /m
S S

Scheme2.2.2: Three synthetic oxidative routes. All carried out at room temperitdre.

These polymerizations on smaller scales (up to 5 g) are bestrped in a single neck,
round bottom flask with as large of a stir bar as possible to enable adequate mixing of the
solution during the rapid increase in viscosity (an overhead stirrer would be ideal but was

not appropriate for the scales discussed herdihg monomer and solvent are added
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together and degassed by bubbling with an inert gas such as argon (typically for 45
minutes) and then constantly bubbled during polymerization to remove HCI. Do not use a
metal syringe as it will corrode or dissolve froine oxidant and produced HCI during the
duration of the polymerization; | recommend using a shortened pipette made of thick
glass with wide internal diameter (prevents breakage, blockage and allows for high rate
of gas flow). The oxidant is typically addleas a concentrated solution using EtOAc,
methanol, or nitromethane. This step is where there is the greatest level of risk as the
oxidant solution can get quite hot. On small scales (requiring sFeGlution
concentrations oft.5M (0.7 mg/ml), 15 mL or Iss) this is manageable and the oxidant
can be added to an adequately sized vial of solvent, degaasgghrging with inert gas

(5 minutes to minimize needle corrosion), and injected drop wise d®ps/second,
rapid) using a syringe. For larger volumess best to use a separate round bottom flask
and cannula to avoid injury from the exothermic oxidant solution (a cannula is acceptable
as the oxidant solution will not significantly corrode the metal due to short exposure time
followed by rapid cleaning Finally the polymerization flask should be lowered into an

ice bath to cool and to prevent solvent from evaporating from the inert gas bubbling.
After oxidant addition, the vessel can be allowed to warm to room temperature.

If & monomer lacks solubiliag chains, it should be used as amwonomer to produce
random copolymers; if homopolymers are desired, electrochemical methods are to be
used. A thorough explanation on performing electrochemical oxidative polymerization
can be found in the dissertatiohRyan Walczak beginning on page *1f the monomer
contains functional groups that are acid sensitive or is a heterocycle that is also sensitive
to acid (such as furankhemical oxidation as a polymerization method should be

avoided.
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2.3. Stille

This method of polymerization is one of the most common in the field of organic
electronics. It can access polymers in good yield with adequate molecular weights and is
capable of utilizing a variety of monomers with minimal adjustments in reaction
conditions. Two advantages over oxidative polymerization is that it can be used to
achieve alternating polymer repeat units and is selective only at positions that have been
activated by a halide (typically bromide) and organotin, allowing monomers with
unsubstituted b positions to be wutilized
chemistry is presented by Carstral''*

Shiet al, utilized Stille polymerization for the synthesis of EBRck** This produced a
polymer with a more even absorption across the visible spectrum, giving a material that
possesses a lower L* wed (darker) than what was afforded by Beaujegel using
oxidative method3* A mechanism of Stille polymerization is presented in Scheme 2.3.1
with ECRBlack as an example. The palladium catalyst(dtzhy with the bulky
phosphine ligand Bftolyl)s is used in favor of PACL(PPh), or PAPPh), as the same

Pd? state can be achieved with a complex that can be stored in air for long periods of
time. After oxidative addition of a dibromide monomer (or dibromide terminated
oligomer as reaction progresses), the subsequent diorganotintemtimated oligomer
under goes transmetallation with the palladium catalyst. The purpose of the bulky ligand
is to aid in thetrans-cis isomerization of the palladium complex to facilitate reductive
elimination, minimizing coupling byproducts that would therwise lower molecular
weight, increase PDI, and deplete yields. As this is a palladiecdiatedstepgrowth
polymerization, great care must be taken in monomer ratio and purity to maximize yield

andM,, while also ensuring an oxygen free environment &nmain catalyst lifetime.
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Scheme2.3.1: Stille polymerization mechanism with E€Btack as example.

Typical Stille polycondensation conditions are shown in Scheme 2.3.2. These
polymerizations are best conducted ishf®nk tubes or flasks (or any vessel that
maintains an oxygen free environment) with as large of a stir bar as possible to ensure
thorough and homogenous stirring of the solution. Before the reaction is set up, solvent
should be stored in a Schlenk flask and adsgd by at least three freguempthaw
cycles. Monomers are added carefully and separately to ensure proper weight (to within
u 0.5 mg of needed amount). If the monomers are solids this is a relatively simple task
with the exception of ensuring all monontes been removed from weighing paper and
joint of reaction vessel. Oil or liquid monomers should be added to a vial and then
dissolved in hexane and transferred to the reaction flask followed by washing the vial
with hexanes three times where after te&dne is gently removed vacuo Because of

the toxicity of organotins, these should be weighed out in a fume hood if they are volatile.
Catalyst and ligand are added directly to the flask and followed by the vessel and
contents being vacuum purged folledst 45 minutes, followed by three purge and argon
backfill cycles. Finally the solvent is then added to the vessel and it is immersed into an

oil bath held at the reaction temperature, typically below solvent reflux.
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Scheme2.3.2: Two different methods for Stille polymerizatidf®

Organotins are well known to be neurotdXi@nd great care must be taken to handle the
monomers and bgroducts of reactions. Organotin exposure is not only a hazard to you
but also to others arodrthe lab as vapors can be inhaled and residues can be absorbed
through the skin. Because of this, take care that organotins are handled in a fume hood as
much as possible and that all exposed labware is properly labeled with warnings; a base
bath is suithle enough to hydrolyze organotin residues, mitigating dangers. Organotin
by-products from polymerizations or monomer synthesis can be removed by first end
capping the polymer followed by precipitation into methanol, Soxhlet extraction, or
passing the pomer solution through a thin pad of silica. Do not be frightened over the
health hazards of this method for Stille polymerization is a proven and viable route in
polymer synthesis, but as with any chemistry, proper safety and awareness is the key to

successind health.

2.4. Suzuki

Suzuki is a safer alternative to Stille. It utilizes boronic acids or esters as the activating
group on the aromatic monomer and can give polymers in high yield, ggodnd
boronic esters are generally environmentally ben@weall it is nearly the same with
regards to reaction conditions, catalyst loadings, and temperature with the exception that

a Lewis base is needed to facilitate transmetallation. Original mechanisms presented in a
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variety of organic chemistry textbooks sHetle light as to the reductive elimination and
transmetallation steps; merely that transmetallation involves a Lewis base of hydroxide or
fluoride forming a negatively charged tetrahedral boronate intermediate ArB(@R)
ArB(OR),F as the active spexs. The reductive elimination step was assumed to pass
through the same route as mentioned for Stille. However, a thoroughbstéayatoreet

al, of both processes now show that the steps are not as simple as portrayed in the past
and through their work aew mechanism has been presented, and is adapted for the

polymerization of ECPrellow shown in Scheme 2.4'1%%

RO OR
Ar
o 0 Ar—bast RO OR
I\ ot P
Br g 5 © ; o o
\O or Bromide
L,Pd© -\ terminated oligomer
J Br S Br
Oxidative Addition
Reductive Elimation
Ar
L—Pdi— |
Br
KOH (or CsF)
L
KBr
- X o 0
- ﬁ‘@*& or Boronic
O (@) terminated oligomer
“ Transmetallation through:
2 CHO o 0 CHQ o0 H
_— B l?\ Ar— pd O Ar— pd ..... E
O OH o [ o L‘\ L‘\
Inactive Inactive Active Inactive OR OR

Scheme2.4.1: Mechanism for Suzuki polycondensation with hydroxide (or fluoride).

In this scheme, hydroxides can be exchanged for fluorides if conditions necessitate (more
below). Oxidative addition of a dibromide monomer or bromide terminated oligomer

occurs and is folloed by an equilibrium exchange reaction between hydroxide (or
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fluoride) and bromide on the palladium compl&ke transmetallation step as discovered

by Amatore et al will not proceed if the negatively charged tetrahedral boronate
intermediate is formed,raf the hydroxide (or fluoride) is not a part of the Pd complex.
Only a neutral, trigonal planar boronic ester will undergo transmetallation. This
enlightened mechanism is due to the engpoybital onboronbehaving as a Lewis acid,
allowing electronsto be acceptedrom the lone pairs onO or F, guidingthe aryl-boron
species to the Pd complekhe authors then discovered an unexpected role of the Lewis
base in promoting the faster reductive elimination through a stablesbis-
(aryl)Palladium complexvith hydroxide (or fluoride) as a fifth ligafhtf*%'%° over the
slowertrans-cisisomerization that was seen with Stille.

The type of ayl boronic species is important. Free aryl boronic acids -@&@H),) are

prone to hydrolysis from Lewis bases. In the work of this dissertation, bulkier pinacol
esters were chosen because the excess steric hindrance from the tetramethyl substituted
bridge slows this process, increasing the stability of the boron activated aryl monomer. If
aryl boronic acids or esters are electron rich, the rate of hydrolysis increases, to mitigate
this, fluorides can be utilized over bases that produce hydroxide inbemgunii this
knowledge was utilized to produce yellow ECPs with electron rich dimethoxyphenylene
monomers using CsF overRQO,. These fluorides are also functional group tolerant and
can be used to produce polymers with base sensitive side tHaffs.

Typical Suzuki polymerization schemes are presemegitheme 2.4.2 and in general the
setup is nearly the same as for Stille. The major difference is the addition of a Lewis base
(a source of hydroxide or fluoride) and a phase transfer catalyst Aliquat 336 which is
used to help homogenize the biphasic sotuformed upon the addition of water. To
eliminate the use of water which forms a biphasic polymerization mixture,
tetrabutylammoniumhydroxide can also be u$&dhe Lewis base and phase transfer
catalyst are added prior to vacuum purging and water ispfregxthawed alongside

toluene. It is recommended that toluene be added before water to better dissolve organic
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monomers, freeing the stir bar. When the vessel is added to the heated oil bath, stirring

should be conduct in such a manner that the two phasesiestenguishable.

RO OR RO OR
.S, Pd,dba; (2 mol %) ><
R =% / \ N\ /N P(o-tolyl); (8 mol %)
@ o 0 . 0 0 3 M K;PO,, Aliquat 336 o P
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RO OR' RO OR' o)
Pd,dbas (2 mol %) X o)
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Scheme2.4.2: Typical Suzuki conditions with strong base (a), moderate base (b), and

base free (cj"*>*®

Suzuki methods often suffer from the inability to utilize monomers that actreh rich

or have sterically hindered active centers. A report byetial synthesized electron rich

and bulky ligands to allow such polymers to be realiZéd.ypically aryl boronate
monomers are solids and can be recrystallized. If column chromatography is required,
silica can decompose such monomers however, there is a method utilizing treated silica

to enable safe purification with minimal decompositith.

2.5. Direct Arylation

The method of direct (hetero)arylation is a relatively new route of forming polymers.

127 \ith near equal

Direct arylation has existed in theorld of small molecule synthesf
fame as the fAclickod reaction. However, dir
of polymer synthesis that is capable of giving good yields adetuateM,,; it is still

being actively explored and understddd-*°

The major advantage the lack of a monomer that needs an activated center using tins,

borons, or triflates. These couplings can occur directly at unsubstituted hydrogen and
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bromide centers of aryl rings, hence direct arylation. This means that theressre le
synthetic steps, no need to brominate a monomer to prepare for tlai@gen exchange

for stannylation or Miyaura borylation and the subsequent and sometimes arduous
purifications. The catalyst materials are commercially available, economical, ld&, sta
and relatively nontoxic. Polymerizations can be run from 1 to 24 hours, meaning
degassing of solvents is not as vital; bubbling of the solvent with inert gas is suitable. The
method is not perfect however, polymerizations must be run at high termpetatu
facilitate oxidative addition (most efficient found to be +%20or in pressure vessels,

the solvent that best supports the catalyst systems is often a poor polymer solvent (polar
aprotic) which can result in premature termination of the polymeizas molecular
weight increases, and finally there is a possibility of nonselective couplings at
unsubstituted positions on electron rich rings and the risk of incorporating aromatic rings
from solvents like toluene or chlorobenze. These issues are &edngssed with time:

The Leclerc group has reported extensive work in utilizing new catalysts, solvents, and
temperatures to fit a variety of rin§€**! the Thompson group has explored the use of
neodecanoic aci(NDA) in place of pivalic acid and temperature variations to mitigate
crosslinking of thiophene monomers during polymerizatitsi®® and the Kanbara group

has studied the use of fluorine atoms, methyl groupspyoimidinyl directors and
rutheni um cat abl ydsetFéEXEE or. ther neajorityof this dissertation,

DOT monomers are ideal for this chemistry as there is no chance of cross linking due to
the oxygen atoms occupying the b positions
acidic, and the polymers are adequately soluble dyvaymerization reaching desired

M, requiring little deviation from previous literature conditidis.

The mechanism at the writing of this dissertation is in a state of debate but much work by
the Fagnou (who is now deceased) group has shed sufficient lightecagijeneral
mechanism known as concerexbtalationdeprotonation (CMD). The polymerizations

generally work best with the carboxylate additive pivalic ¥&fd® but can function
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without*3® For the purpose of this dissertation we will discuss the mechanism with
pivalic acid; an explanatio on the mechanism without the additive can be found by
Mercier and Lecler@® but many of the transition statesasimilar. The mechanism is
adapted for the synthesis of E®Rck in Scheme 2.5.1 (note the difference between
Stille in Scheme 2.3.1). In essence the mechanism is believed to have two similar routes,
Pathway A and B. Both follow traditional oxidative #auh followed by a halogen
carboxylate ligand exchange. The carboxylate ligand simultaneously acts to support the
complex and to deprotonate thehyidrogerDOT species®® The ligands (carboxylate,
solvent, or phosphine if needed) can then recoordinate with thlgstatenter following

Pathway A or remain coordinated during the entirety of the cycle for Pathway B.
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Scheme2.5.1: Proposed mechanism for direct arylation using a carboxylate additive.
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This cycle will continue until thgolymer precipitates out of solution which may be a
disadvantage as the weight might not be adequate; if this is the case, new solvents need to
be explored that will maintain polymer solubility. Compare the two polymerization routes
of ECROrange in Schem2.5.2. Direct arylation (a) gives an orange oil with atiat
satisfies the requirement for weight but it was unable to form a continuous electrode
surface. The low weight is due to a viscous precipitate that was observed after 3 hours of
stirring. However, using oxidative methods (b) the polymer had a considerably high M

on the order of ~10 greater as the polymer was continually soluble in ethylacetate; though
the polymer is tacky it is able to produce a fixed continuous electrode stfrface.
Conditions using thélerrmannBeller Catalystsystent® had little effect on weight due

to insufficient stirring, a result of the pressure vessel architecture required for such

methods.

Pd(OAc), (2 mol%) R R
PivOH (0.3 eq) / M,: 21 kDa

R R R R
@ NIV P K0, (2eq) M, 15 kDa
ﬂ\ / '\ "NMP, 140°C, 12 hrs M PDI: 1.45
Br S Br S s”
R R R R

®) O P 1.FeCl, (5 eq), EtOAc, 8-12 hrs o L M,,: 145-274 kDa
7\—5 . M,: 115-153 kDa

2. Hydrazine n
() Y m PDI: 1.27 t0 1.79

S S /n

Scheme2.5.2: Comparison of direct arylation (a) and oxidative addition (b) for the
production of ECFOrange.

Palladium acetate conditions can be performed in similar glassware (Schlenk tubes and
flasks) with the same general procedaseseen for Stille and Suzuki polymerizations
with the exception that solvent merely requires bubbling with inert gas. Typical solvents
for this method are dimethylacetamide (DMA/DMA®;methylpyrrolidone (NMP), or
dimethylformamide (DMF) as they are polaprotic solvents with high boiling points.
Direct arylation as a polymerization method can quickly result in high solution viscosities
and polymer precipitation such that stirring becomes impossible as demonstrated in

Figure 2.5.1.

44



Figure 2.5.1 Polymer precipitation completely covering stir bar and adhering to the
vessel wall, preventing stirring.

To amend this, a new vessel architecture was explored using an appropriately sized one
neck round bottom flask to allow the largest stir bar possible. igtyasf conditions and
catalyst loadings is presented in Scheme 2.5.3. Monomers and catalysts are added
directly to the flask and thendaisen heads attached, followed by one vacuum adapter

for purging and inert gas flow and one rubber septum fortinjeof degassed solvent.

The contents of the flask are vacuum purged for 45 minutes then back filled with argon
and purged three times finally followed by the addition of solvent. The round bottom and
setup is lowered into an oil bath held at 4@0Colorchange is rapid, almost immediate

and the larger stir bar allows for complete solution homogenization even with the intense
increase in viscosity and polymer precipitation. An overhead stirrer would have been

ideal but was not appropriate for the scaliesuksed herein.
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Scheme2.5.3 Direct arylation methods with similar catalyst loadings but at different run
times (a,b), HerrmanBeller catalyst (c), and NDA (d).

If Palladium acetate conditions are insufficient, therpd@nnBeller catalyst system may

be required (bulky aryl bromide centers, exotic accepsorh asthienopyrrolodione
(TPD))**%*3! using tetrahydrofuran(THF) in which a reinforcedjlass walled pressure
vessel is utilized rather than a schlenk tube or round bottom flask. If this does not achieve

the desired polymer, Stille or Suzuki methods may need to be pursued.

2.6. Comparison of Methods; Pros, Cons, Successes, Failures

Careful consideration needs to be made in the selection of a polymerization method.
Table 2.6.1 assembles the methods dismisbove and compares them as a road map in

selecting the appropriate coupling for certain types of general monomers.
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Table 2.6.1 Table comparing the discussed polymerization methods.

chains

1 Without solubilizing
chains
(ascomonomer)

o Straightforward setip
o Economical reagents
o Air tolerant

o Scalable

o Reliable

Coupling Monomer Type Advantages Disadvantages
Method

Chemical 1 Electron Rich 0 No synthesis to x Incompatible with acid
Oxidation {1 With solubilizing activate monomer sensitive monomers

Cannot achieve
perfectly alternating
structures

Can induce
heterocycles
Subsequent polymers
must be soluble

Electrochemical

9 Electron Rich

o Control of film

Cannot achieve

1 “-Bridges

9 With solubilizing
chains

9 Without solubilizing
chains
(as comonomer)

o Straight forwardsetup

0 Scalable

o Air tolerant

o Canachieve perfectly
alternating structures

Oxidation {1 With solubilizing thicknesgmorphology perfectly alternating
chains 0 Access polymers with structures
{1 Without solubilizing no solubilizing chains | x Can i nduce
chains o Reliabke heterocycles
x Not scalable in
laboratory setting
Stille 1 Electron rich o Well understood x Toxic monomers
1 Electron Poor o Straghtforwardsetup | x Toxic by-products
{ " -Bridges o Reliable x Air sensitive
1 With solbilizing 0 Scalable x Requires at least two
chains o Canachieve perfectly different activated
1 Without solubilizing alternating structures monomers
chains (as
comonomer)
Suzuki 9 Electron Poor o Nontoxic monomers | x Electron rich
1 “-Bridges o Well understood monomers require
{1 With solubilizing o Straightforwardsetup condition probing
chains o0 Scalable x  Air sensitive
1 Without solubilizng | © Reliable x  Biphasic
chains o Canachieve perfectly | x Requires at least two
(as comonomer) alternating structures different actiated
monomers
Direct 1 Electron rich o Only one activated x Not fully understood
Arylation 1 Electron Poor monomer required x Requires condition

probing
Poor polymer solvents

Referring to the table, electron rich monomers include ring systems such as thiophenes,
dioxythiophenes, pyrroles, or dialkoxybenzenes; otherwise known as donors. Electron
poor monomers can consist tknzothiadiazoke isoindigo, thienopyrrolodione or
guinoxaline otherwise known as acceptors. The moieties knavenbridges can consist

of phenylenes, fluorenes, vinylenes, naphthalenes, or pyrenes; common electron neutral
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systems. Solubilizing chains are typically 6 carbons or longer; as length or branching
increases, solubility increases.

During Stille polymeriations, it is recommended that the organotins be on the least
sterically hindered monomer to facilitate synthesis and transmetallation. For Suzuki the
boronate esters should be on the most electron poor, neutral, or least sterically hindered
site to simpliy synthesis and minimize hydrolysis by Lewis bases. When using direct
arylation the dibromides should be on the least sterically hindered site to stabilize

oxidative addition and the proposed transitions states mentioned above.

2.7. Polymer Workup and Purification

To attain the highest Mpossible and remove unwanted small weight oligomers and
impurities we will briefly discuss the purification process. When a polymerization is
terminated it is precipitated into a methanol solution. Stille polymerizatsthrould be

end capped to remove tin groups prior to precipitation into pure methanol. Chemical
oxidative polymerizations should be precipitated into pure methanol to remove iron salts.
Suzuki and direct arylation polymerizations should be precipitated néthanol
solutions containing dilute HCI to eliminate salts. Once the precipitates have stirred for at
least 45 minutes, the dispersion can be poured directly into a celbobisiet thimble.

As mentioned above, oxidative precipitates must be filtemakhed with methanol,
dissolved in toluene or chloroform and reduced with hydrazine before soxhlet can be
pur sued. Some polymers may behave | i ke vi
form uniform dispersions of polymer particles in methanol, easilgaed by filtration,

if this occurs it is best to decant off the liquor, leaving the tacky mass. Using the stir bar
and a magnet akin to a squeegee, the mass can be collected onto the stir bar and dropped
directly into the thimble. If there is concerrr the molecular weight if this happens, look
above at the discussion on Scheme 2.5. 2.

adding small amounts of 1 M HCI can expedite precipitation.
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Once the polymer has been poured into the cellulose thimbkbjeS@xtraction can be
conducted. The general set up is presented in Figure 2.7.1. The polymer is washed with
various solvents, extracting small to higher molecular weight oligomers and byproducts
from methanol to hexane respectively. The polymer islfimamoved from the thimble

using chloroform, leaving behind insoluble organics, metals, or*$hlfsa narrower PDI

is desired, solvents like DCM or THF can be used before final dissolution of product
polymer but the choice of solvent depsrah polymer structure. If a polymer is soluble
enough, final extraction can occur with hexane or even acetone (as the case for ECP

Orange) so ensure the cleanliness of collection flasks and stir bars.

Condenser_____,.

Methanol Acetone Hexane Chloroform

Figure 2.7.1: Soxhld extraction of ECHBlack made from direct arylation methods.

An alternative to Soxhlet extraction is the use of a stirred ultrafiltration cell. This is a
more active purification method. It differs from Soxhlet extraction in that the solvent is
not heated the polymersolvent slurry is stirred during the entire process, and the
contents are under pressure when final filtration occurs through a nylon membrane.
Once the polymer has been extracted from Soxhlet apparatus (or ultrafiltration cell), the

solvent is removed entirely. The solid polymer film is then best dissolved in
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chlorobenzene followed by the addition of -C8wn6 and palladium scavenger
(diethylammonium diethyldithiocarbamatéo remove metal ions like potassium and
palladium respectivel}? Take care adding the crown ether as it can affect your nervous
system by interfering with potassium ions, preuwgncommunication between neurons.

The solution will then be stirred at ®Dfor at least 6 hours.

Once cooledo room temperature the final polymer solution can be precipitated into
met hanol, stirred for 45 minutes then filt
be a pale yellow color from the extracted ions and metals washing thoroughly with
methanol wil remove any that remain. If filtration is slow, be careful not to disturb the
nylon pad as it can tear, it is recommended that you use a large, smooth, glass stirring rod
to gently agitate any polymer layers that form on the filter, inhibiting solvew {Dnce

the filtration is complete, the polymer cake can be dried, collected, and stored for later

characterization.

2.8. Synthetic Experimentals and Procedures

This section details the synthesis of all monomers and polymers discussed throughout this
thess. Reaction is presented first followed by the procedure.

Toluene and watefior Suzuki polycondensationsene degassed using the freegemp

thaw method five times prior to reactioN,N-Dimethylacetamideor direct arylation
polymerizations was degasseéd bubbling with argon for 45 minuteéll reagents and
starting materials were purchased from commercial sources and used without further
purification, unless otherwise noted.

GelPermeation Chromatography (GPC) acquired at Georgia Tech was utilized to
estimate molecular weights were determined at 35 °C in THF. A combination of Waters
HPLC pump 1515, UWis Detector 2487, and a Refractive Index Detector 2414 were
used. A Waters column (4.6 mm x 300mm; Styragel HR 5E) and polystyrene standards

from Fluka were used. The polymer solution (1 mg/mL in THF) was prepared and
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filtered throughaMinUni Prep PTFE vi al with a 0.45
solution was injected and molecular weights were calculated using Waters Breeze I
software.

GPC data equiredat 135°C in 1,3,5trichlorobenzene at MPI| were determined by PSS
WIinGPC (PSS) (pump: allianceGPC 2000) GPC equipped with an RI detector using a
PLgel MIXED-B column (particle size: 10 mm, dimension: 0.8 x 30 cm) calibrated
against polystyrene staals.

'H-NMR and "*CNMR spectra were collected on Marian MercuryVx 300 Mhz
instrument using CDGlas a solvent and the residual Hgf#ak as referenced: a =
726ppmMBC: U4 = 77.23 ppm).

S
M2.1

S

3,3-bis(bromomethyl)-3,4-dihydro -2H-thieno[3,4-b][1,4]dioxepine (M2.1)

In a 1000 mL round bottom flask with magnetic stirbar, dimethoxythiophene (21.1 g,
0.15 mol), 2,Zvis(bromomethypropanel,3-diol (42.1 g, 0.16 mol), andp-
toluenesulfonic acid (2.78 g, 0.015 mol) were added under argon followed by anhydrous
toluene (600 mL). The flask was attached to a soxhlet apparatus and an appropriate
cellulose thimble was filled with activatadolecular sieves (3A) to remove methanol.

The reaction was refluxed overnight after which the reaction was quenched with 175 mL
of DI water followed by 25 mL of a saturated NaH{0lution. The organic layer was
extracted 3 times into diethyl ether therasped over a silica plug using 4:1
hexanes:dichloromethane and evaporated to yield a green solid. The solid was purified by
recrystallization using minimal methanol to yield large white crystals in 82% yield. MP:
68°C. 'H-NMR (500 MHz, CDCY); Ui 647 (s, H), 408 (s, 4H); 359 (s, 4H).**C-NMR

(125 MHz, CDC}); 11481, 1042, 744, 46.1, 35.7.
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" YT
NaH in DMF, 60°C o o
3 eq 2-Ethylhexanol
T\ 1\

S S
M2.1 M2.2

3,3-bis(((2-ethylhexyl)oxy)methyl)-3,4-dihydro -2H-thieno[3,4-b][1,4]dioxepine

(M2.2)

To a threeneck 500 mL round bottom flasktid with a magnetic stir bar and condenser,
NaH (6.54 g, 0.27 mol, 10.9 g with oil) was added then purged by vacuum and filled with
argon 3 times. After, 120 mL of hexanes were added and allowed to stir for 30 minutes
after which the hexanes were washefdvid cannula. Anhydrouamine free DMF (300

mL) was added followed by-Bthylhexanol (17.7 g, 0.15 mol, 21.3 mL) drop wise at a
rate of 0.5 mL/sec at 40. The temperature of the mixture was increased t€ zhd

stirred for at least 6 hours after whik2.1(15.52 g, 0.05 mol) was added in one portion.
The reaction was stirred for 2 days af@0then allowed to cool to r.t. and then quenched
over 15 minutes with 150 mL of brine and stirred for 30 min. The reaction was added to a
separatory funnel with 40mL of DI water and the organic layer was extracted with 250
mL of hexanes 4 times then dried over MgS@itered, and evaporated down to a
colorless oil and vacuum dried overnight with 97% yigfttNMR (500 MHz, CDC}); U

6.44 (s, 2H), 401 (s, 4H), 347 (s, 4H), 328 (d, 4H, J= 5.0 Hz), 28 (m, 2H), 139-1.21

(m, 16H), 089 (m, 22H). 3C-NMR (125 MHz, CDC}); Ui 149.9 1052, 740, 70.1, 48.1,
39.829.423.314.4,11.4

Sy o/\<V\

S

NBS in ACN

NJ/\OXO/\(\/\
—_— o] (e}
CHCl3, 3 hrs, 0°C /M
Br S Br

6,8-dibromo-3,3-bis(((2-ethylhexyl)oxy)methyl)-3,4-dihydro -2H-thieno[3,4-
b][1,4]dioxepine M2.3)
To a dry 500 mL round bottom flask with magnetic stirtha®.2 (9.75 g, 0.22 mol) was

added and dissolved in 200 mL of chloroform then bubbled with argon for 10 minutes.
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To a 250 mL addition funnelN-bromosuccinimide (NBS, 9.84 g, 0.055 mol) was
dissolved in a minimal amount of acetonitrile and then bubbled with argon for 10
minutes. Once bubbling was complete, the addition funnel was attached to the flask and
the temperater was lowered to°C. The solution of NBS was added drop wise at a rate

of 2 drops/sec. The entire system was covered in foil to avoid light exposure. After all
NBS was added, the reaction temperature was raised to r.t. and allowed to stir for 3 hours
where the reaction was determined complete by TLC using 4:1 hexanes:dichloromethane.
The mixture was added to a separatory funnel where 300 mL of DI water was added and
the organic layer was extracted with dichloromethane 3 times. The organic layer was then
dried over MgSQ filtered, and evaporated to a pale yellow oil. The product was purified
by Silica chromatography using 4:1 hexanes: dichloromethane. Product was evaporated
down at room temperature and vacuum dried overnight covered in aluminum foil gieldin

a colorless oil in 95% yieldH-NMR (500 MHz, CDC}); U 4.08 (s, 4H), 348 (s, 4H),

327 (d, 4H, J= 2.45 Hz)1.52 (m, 2H), 1.8-1.21 (m, 16H), 084 (m, 12H). **C-NMR

(125 MHz, CDCY); U 147.3 91.1, 746, 70.0, 48.3, 39.9 30.9, 29.4 24.3 229, 14.4,

11.4.

2.) Fe(Acac);, reflux

3,3,3', 3 tetrakis(((2-ethylhexyl)oxy)methyl}-3,3',4,4-tetrahydro-2H,2'H-6,6-
bithieno[3,4-b][1,4]dioxepine (M2.4)

To a dry 500 mL round bottom flask with stirbar, ProDOT monokh2r2 (12.5 g, 0.028
mol) was dissolved in 300 mL of dry THF and then bubbled with argoB8daninutes
then lowered to78°C wheren-butyl lithium (2.5 M, 0.03 mol) in hexane was added.
After stirring for 45 min while warming to r.t. after additionreBuLi, the solution was

transferred into a drgegassed THF solution (80 mL) of Fe(aggd0.3 g, 0.03 mol)
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under argon at r.via cannula and the reaction mixture was refluxed for 48 hours.
Volatiles were evaporated, and the residue was purified by standard column
chromatography through silica using 3:1 hexane:dichloromethane tdvifvéin 80%

yield as pale yellowgreen viscous oi*H-NMR (300 MHz,CDCL); U 6 (s, 2H), 4.D

(s, 4H), 4.05 (s, 4H), 3.51 (s, 8H), 3.26 (d,, & 1.25 H2), 1.47 (m, 4H), 1.03..40 (m,

32H), 0.91-0.98 (M, 24H)**C-NMR (75 MHz,CDCl); i 147 .3, 143.6, 114.
48.1, 39.8, 31.4, 29.6, 23.9, 23.5, 14.0, 11.5.

/\/jﬂo(?goo/\i\/\ /\ﬁﬂoopgoo/\(\/\

e T
8,8-dibromo-3,3,3',3-tetrakis(((2-ethylhexyl)oxy)methyl)3,3',4,4-tetrahydro -
2H,2'H-6,6'-bithieno[3,4-b][1,4]dioxepine (M2.5)

To a dry 50 mL round bottom flask with stiro&2.4 (1 g, 1.14 mmol) was added and
dissolved in 15 mlof chloroform then bubbled with argon for 10 minutes. To a 10 mL
addition funnel,N-bromosuccinimide (NBS, 503.5 mg, 2.84 mmol) was dissolved in a
minimal amount of chloroform and then bubbled with argon for 10 minutes. Once
bubbling was complete, the atidn funnel was attached to the flask and the temperature

was lowered to €. The solution of NBS was added drop wise at a rate of 0.5 drops/sec.
The entire system was covered in foil. After all NBS was added, the reaction was stirred
for 10 minutes at @ where the reaction was determined complete by TLC using 5:1
hexanes:dichloromethane. All volitiles were evaporated yielding a blue oil. The crude
product was purified by Silica chromatography using 5:1 hexanes: dichloromethane.
Product was evaporated thyness at room temperature and vacuum dried overnight
covered in foil yielding a yellow oil in 90% yieldH-NMR (300 MHz, CDC}) ; a 4.07
(d, 8H, J= 3 Hz), 4.53 (s, 8H), 3.32 (d, 8H, J= 6 Hz), 1.47 (M, 4H); L&A (m, 32H),
0.940.98 (m, 24H)®C-NMR (75,CDC}) U 147.3, 143.6, 114.0,
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31.4, 29.6, 23.9, 23.5, 14.0, 11.5. HRMS-EHICR): m/zcalcd for GoHgsBr0sS; (M™)
1034.3974, found 1034.3995.

THF, 80°C CgHi7. CgHi7
Br Q.O Br 1.) t-BuOK Br . Br
2.) 1-Octylbromide

M2.6

2,7-dibromo-9,9-dioctyl-9H-fluorene (M2.6)

To a D0 mL threeneck round bottom flask with condenser affixed and magnetic stirbar,
2,7-dibromo9H-fluorene (7.00 g, 0.22 mol) was added and then vacuum purged and
filled with argon 3 times. Anhydrous tetrahydrofuran (250mL) was added by caionula

the flask followed by 2 eq. of-@ctylbromide (7.50 mL, 0.44 mol) and allowed to stir for

1 minute. Then, 2 eq. potassium Heutoxide was added to the flask and allowed to stir

for 30 minutes. The reaction was warmed t8G8and then 2 more eq. ofdctylbromide

was added followed by 2 eq. of potassium-berioxide and allowed to stir for 30

minutes. A final 2 eq. of-bctyloromide was added followed by 2 eq. of potassium tert
butoxide and allowed to stir for 8 hours after which the reaction wasealldo cool to

r.t. The THF was evaporated. The remaining solid was dissolved in hexanes with 200 mg

of t-Butyl hydroxide and passed over an alumina plug using 500 mL of hexanes which

was then evaporated to dryness and recrystallized using minimal ethaingl white

crystals in a 84% yieldMP: 5052°C."H-NMR (500 MHz, CDC}) ; U 7.50 (d, 2|
Hz), 7.45 (d, 4H, J= 8.4 Hz), 1.90 (m, 4H), 894 (m, 20H), 0.92 (m, 6H), 0.81 (bs,

4H). °C-NMR (125 MHz, CDC}) ; & 152. 8, 139. 47,4053386,2, 12
32.1,31.1, 23.4, 22.2, 18.3.

CgHq7. CeH CgHq7. CeH
gH17. CsHi7 9 mol% Pd(dppf)Cl, o shirg Lellr
oYY ) ome e YY)
DMF, 80°C o O
M2.6 M2.7

2,2'-(9,9dioctyl-9H-fluorene-2,7-diyl)bis(4,4,5,5tetramethyl-1,3,2dioxaborolane)
(M2.7)
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To a dry 250 mL round bottom flask with magnetic stirbar, 4 §1@f6 (4 g, 0.0073

moal), 4,4,4',4',5,5,5', 80ctamethy2,2-bi(1,3,2dioxaborolane) (9.30 g, 0.04 mol), and

oven dried potassium acetate (6.20 g, 0.63 mol) were added and then vacuum purged and
filled with argon 3 times. Anhydroeamine free DMF (120 mL) was added by canriala

the flask. The solution was bubbled with argon for 45 minutes whilst stirring. After
degassing, 9 mol% of Pd(dppf¥J1537 mg, 0.66 mmol) was added rapidly while an
argon atmosphere was maintained. The solution was then heatéiCtar@Dallowed to

stir for 24 hours after which the reaction was cooled to r.t. and the DMF was removed
vacuoyielding black crystals. The crystals were recrystallized twice from hexanes giving
white crystals in 75% yieloMP:123124C. *H-NMR (500 MHz, CDC}) ; U 7H, 81 ( d,
J=7.2 Hz), 7.75 (d, 4H, J=7.0 Hz), 2.00 (m, 4H), 1.38 (s, 24H); LA (m, 20H), 0.82

(bs, 6H), 0.61 (bs, 4H}*C-NMR (125 MHz, CDC§) ; U 153.2, 139. 4,
125.2,56.1, 40.7, 34.8, 32.2, 31.1, 23.4, 22.3, 18.5.

Fuming HNO;
Br Br - Br Br
Glacial AcOH
NO,

30 mins, 100°C
M2.8

4,4'-dibromo-2-nitro -1,1-biphenyl (M2.8)

4,4-dibroma1,1tbiphenyl (20 g, 64 mmol) was added to a 500 mL Erlenmeyer flask
with stirbar. Then 300 mL of glacial acetic acid was added and the mixture was stirred
and heated to 12G. Once the solidully dissolved, 100 mL of 90% nitric acid was
added at a rate of 2 drops/sec. After addition, the solution was stirred°ax fo2(B0
minutes where the flask was removed from heat and allowed to cool to room temperature.
The resulting yellow precipitate ag vacuum filtered and then washed three times with
cold ethanol. The product was collected as a pale yellow solid@% yield with a
melting point 0f122-125°C. *H-NMR (300 MHz,CDCl;) 8®3(d, 1H, J= 3.0Hz), 7.75

(dd, 1H, J= 2 Hz, 8 Hy, 7.56 (ABq, 2H), 7.28(d, 1H, J= 8 H3, 7.16 (ABq, 2H); *°C-

NMR (75 MHz,CDCl3) 185.6135.3134.18133.0, 132.0129.4 127.3123.1,121.8
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H

N
OO e o
3 hrs, 150°C
NO; M2.9
M2.8 .

2,7-dibromo-9H-carbazole (M2.9)

4,4 dibromao2-nitro-1,1-biphenyl (16.64 g, 41 mmol ofjas added to a 250 mL one

neck round bottom flask with stirbar. After a condenser was affixed to the flask, the
system was vacuum purged and filled with argon three times. Using a syringe, 100 mL of
triethylphosphite was added rapidly. The dispersion stmsed and heated to &5 to

dissolve the solid. The solution was then stirred and refluxed for three hours, after the
flask was removed from heat and allowed to cool to room temperature. The
triethylphosphate was then evaporated off with rotovap, yigldidark brown oil which

was then dissolved into DCM and then extracted. The organic layer was dried over
magnesium sulfate, filtered, and the solvent was evaporated off. The resulting orange oll

was purifiedvia silica gel chromatography using 25% ethgtate in hexanes. The

product was collected as a white solid in 55% yigith a melting point of 23236°C..
'H-NMR (300 MHz, CDC}) & 8. 06 (bs, 1H), 7.83816d, 2H,
Hz), 7.36 (dd, 2HJ = 1.6 Hz, 8.5 Hz)!°C-NMR (75 MHz, CDC}) & 140. 2, 12
121.7,121.5,119.7, 113.8.

CgH
H “gH17

N . N
Br Br 1.3 eq 1-Octylbromide g, Br
1.5 eq NaH in DMF, 40°C

M2.9 M2.10

2,7-dibromo-9-octyl-9H-carbazole (M2.10)

To a 500 mh two neck round bottom flask with stirbar, Zjibromo9-octyl-9H-
carbazole, (7.00 g, 21.6 mmol) was added and then vacuum purged and filled with argon
three times. Anhydrous DMF (70mL) was then added and the solution was stirred
followed by the onetimaddition of sodium hydride (60% in mineral oil) (1.30 g, 32.4

mmol). The solution was then stirred for 45 minutes, aftectylbromide (5.42 g, 28.1
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mmol) was addedia syringe at a rate of 2 drops a second. The solution was then warmed
to 40°C for and dbwed to react overnight where after the solution was then quenched
with 400 mL of deionized water and then extracted with ethyl acetate. The organic layer
was washed four times with water and then once with a saturated solution of ammonium
chloride, driedover magnesium sulfate, filtered, and then the solvent was evaporated off.
The resulting yellow oil was vacuumed purged atCra@intil a yellow solid resulted

which was then recrystallized with methanol yielding white needles (¥t} melting

point of59-60°C. '"H-NMR (300 MHz, CDC}) 4 7.89 (d, 2H, J= 6 H:
Hz), 7.33 (dd, 2H, J= 1.5 Hz, 9 Hz ), 4.19 (t, 2H, J= 9 Hz), 1.83 (m, 2H);11136(bm,

10H), 0.87 (t, 3H, J= 6 Hz)®*C-NMR (75 MHz, CDC) & 141.3, 122. 5,
119.7,112.0, 43.3, 31.8, 29.3, 29.2, 28.8, 27.2, 22.6, 14.1. HRM&TEIR): m/zcalcd

for CooH23BroN(M™) 435.0197, found 435.0203.

o e

M2.10 M2.11
9-octyl-2,7-bis(4,4,5,5tetramethyl-1,3,2dioxaborolan-2-yl)-9H-carbazole M2.11)
To a 500 mL ae neck round bottom flask with stir bar, 2libromo9-octyl-9H-
carbazole (5 g, 11.4 mmol), 4,4,4',4'5,5%&amethy2,2 bi(1,3,2dioxaborolane)
(14.5 g, 57.2 mmol), and oven dried potassium acetate (9.51 g, 97 mmol) was added and
vacuum purged tmefilled with argon 3 times. Once purged, 380 mL of DMF was added,
the solution was stirred and bubbled with argon for 45 minutes where after, 9 mol%
Pd(dppf)C} (838 mg, 11.4 mmol) was added. The reaction was heated’® @@r
night. After the solutiorwas allowed to cool to r.t. and then the solvent was evaporated
off. The black solid was dissolved in 10% ethyl acetate in hexanes and passed through a
short silica plug. The solution was evaporated down to an orange residue which was then
recrystallizedwice from ethanol giving white needles (80%}h a melting point of 182

184C.*H-NMR (300 MHz,CDC{) & 8. 12 (d, 2H, J= 9 Hz), 7
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9 Hz ), 4.38 (t, 2H, J= 6 Hz), 1.88 (m, 2H), 1.39 (s, 24H),-1.2@ (m, 10H), 0.87 (t,
3H, J= 6 Hz)®C-NMR (75 MHz,CDC}) U4 140.4, 125.0, 124. 8,
29.3, 29.2, 27.1, 24.92%6, 18.4, 14.1. HRMS (EFTICR): m/zcalcd for GoH47BoNO,
(M*) 531.3691, found 531.3696.
O—  THF

BFGBr 1)4eqnBuli, 78C i Q :é

2)1hrOC
—0 3.)1 hr, -78°C

Quenched with: M2 12

0
0O-B

—( o
2,2'-(2,5dimethoxy-1,4-phenylene)bis(4,4,5,8etramethyl-1,3,2dioxaborolane)

(M2.12)

To a 250 mL round bottom flask with magnetistirbar, 1,4dibromo2,5
dimethoxybenzene (2.9g, 0.01 mol) was added and vacuum purged and filled with argon
3 times. Anhydrous THF (100 mL) was then added and the solution was stirred and
cooled to-78°C. After, n-butyl lithium (n-BuLi, 16 mL, 0.04 molwas added as a 2.5 M
solution in hexanes slowly at a rate of 0.5 mL/sec. @rBeLi was added, the mixture

was warmed to @ and allowed to stir for 1 hour and was then cooled back down to
78C where zisopropoxy4,4,5,5tetramethyil,3,2dioxaborolaneq.44 g, 0.04 mol) was
added at a rate of 1 mL/sec. The reaction was then allowed to warm to r.t. and stirred for
8 hours. The reaction was quenched with 30mL of 0.05 M HCI and immediately
extracted with ethylacetate 3 times. The organic layer was driadMy8Q,, filtered,

and evaporated down to a pink crystalline solid which was then recrystallized using
minimal hexanes to yield white crystals in 57% yieltP: 185187°C. 'H-NMR (500
MHz,CDCkL) ; U 7.15 (s, 2H) SC-NBR (125MHz, ®DEY) ,; L. 35
207.1, 158.3, 119.1, 83.8, 57.2, 25.1. HRMS {(ESICR): m/z calcd for
Ca0H32B20s(M+H™) 390.2385, found 390.2268. Anal. calcd. fophdz.B,0s C 61.58, H

8.27, Found C 61.66, H 8.46.
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M2.13

2,7-bis(4,4,5,5tetramethyl-1,3,2dioxaborolan-2-yl)pyrene (M2.13)
To a 250 mL round bottom flask with stirbar, Pyrene (5 g, 0.0247 mol), 4,4,4',4',5,5,5',5'
octamethyl2,2%bi(1,3,2dioxaborolane) (13.83 g, 0.054 mol) and 4ldtert-butyl-2,2*
bipyridine (4 mol%, 265 mg, 1 mol) were all dissolved in cyclohexane (100 mL). The
mixture was bubbled with argon for 45 minuteBis(1,5cyclooctadiene)de-
methoxydiiridium(l) ( 2 mol%, 327 mg, 0.5 mmol) was added rapidly and then an oven
dried condenser was affixed to the flask. The mixture was allowed to stifGf@&020
hours after which, the volatiles were evaporated leaving #lestt solid. The arde
solid was washed with ethanol, dissolved in toluene and then precipitated twice using
ethanol, yielding white needles B0% yield. MP: 344346°C. 'H-NMR (300 MHz,
CDClh) U 8.62 (s, 4H), &CNVR(75MHz GDBY , i11848.¢Qs
1309, 127.6, 126.3, 84.2, 24.9. HRMS {ETICR): m/z calcd for GgHsB204 (M)
454.2487, found 454.2491.

[e} le) /\/j/\o o/\i\/\
Z—§ 2-Ethylhexanol /\
i o 3

p-TSA in Toluene

at reflux
M2.14

3,4-bis((2-ethylhexyl)oxy)thiophene M2.14)

In a 1000 mL round bottom flask with magnetic &tar, dimethoxythiophengl7.0 g,

0.117 mol), 2-ethylhexanok40.0 g, 0.304mol), andp-toluenesulfonicacid (2.2g, 0.02

mol) were added under argon followed by anhydrous tolugd@ ihL). The flask was
attached to a soxhlet apparatus and an appropriate cellulose thimble lacsviih
activated molecular sieves (3A) to remove methanol. The reaction was refluxed overnight
after which the reaction was quenched va@i® mL of a saturated NaHCGolution. The

organic layer was extracted 3 times ifd@M then passed over a silicaugl using
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hexanesind evaporated to yield a gregih Theoil was purified bydistillation (186C @
1 torr) giving a colorless oil i75% yield. 'H-NMR (300 MHz, CDC}); 6.19 (s, 2H),
3.8 (d, 4H, J= 6 Hz), 1.7 (m, 2H), 1.8-1.31 (m, 16H), 0.9 (t, 12H, & 7 Hz).C-
NMR (125 MHz, CDCY); 147.2, 97.4, 733, 394, 308, 295, 241, 230, 142, 114.

CHC|3, 3 hrs, 0°C Br s Br

M2.14 M2.15
2,5-dibromo-3,4-bis((2-ethylhexyl)oxy)thiophene(M2.15)

To a dry 500 mL round bottom flask with magnetic btar, M2.14(10.0g, 0029 mol)

was added and dissolved 850 mL of chloroform then bubbled with argon fdb
minutes. To gpowderaddition funnel,N-bromosuccinimide (NBS13.1g, 0.0/3 mol)

was added and left under an argon blankkee funnel was attached to the fleskd the
temperature was lowered td@ The NBS wascompletely added over a 10 minute
period The entire system was covered in foil to avoid light exposure. After all NBS was
added, the reaction temperature was raised to r.t. and allowed to stirefoght where

the reaction was determined complete by TLC using 4:1 hexanes:dichloromethane. The
solvent was stripped offia rotovap and the crude wasrified by Silica chomatography

using hexanesProduct was evaporated down at room temperature and vaatiee
overnight covered in aluminum foil yieldingmale greeryellow oil in 96% yield. 'H-

NMR (300 MHz, CDC}) ; @ (d,3!H, 9= 7 Hz), 1.47 (m, 2H), B&.27 (m, 16H),

0.9 (t, 12H, J= 7 Hz)*C-NMR (75 MHz, CDC}) ; B, 94.8401, 301, 289, 23.9,

23.0, 141, 111. HRMS (EFFTICR): m/zcalcd for GoH34Br,0.S (M") 496.0650, found
496.0646.

1.) n-BuLi, -78°C in THF /\/j/\o O/\i\/\
/\/j/\o O/\K\/\ 2.) Fe(Acac)s, reflux I\ S
S
M2.14

3,3',4,4-tetrakis((2-ethylhexyl)oxy)-2,2"-bithiophene (M2.16)
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To a dry1000 mL roundbottom flask with stir baM2.14 (20.4 g, 0.6 mol) was
dissolved in500 mL of dry THF and then bubbled with argon #% minutes then
lowered to-78°C wheren-butyl lithium (2.5 M, 0.8 mol) in hexane was added. After
stirring for 45 minat -78°C from final addition ofn-BuLi, the solution was transferred
into a drydegassed THF solution (80 mL) of Fe(agd2)L.2g, 0.6 mol) under argon at
r.t via cannula and the reaction mixture was refluxed 7@rhours until determined
complete by TLC using:1 hexanes:dichloromethanéolatiles were evaporated, and the
residue was purified by column chromatography through silica usbib
hexane:dichloromethane give M2.16 in 70% yield as pale yellowgreen viscous oil;
'H-NMR (300 MHz, CDC}) :  6i(s, BH), 3.8 (d, 4H, J= 6 Hz), 38(d, 4H, J= 5 Hz),
1.84 (m, 2H), 172 (m, 2H), 1451.03 (m, 32H), 0.8-0. 98 (m, 24H);*C-NMR (75
MHz, CDCkL) ; 97, 1424, 1176, 94.3, 756, 71.8 405, 395, 30.7, 300, 290, 243,
235, 22.8,14.1, 111. HRMS (EFFTICR): m/z calcd for GoH700sS; (M*) 678.4697,
found 678.4716.

/\/j/\o o/\i\/\ /\/j/\o O/\(\/\
(I~ __NBSinACN I§_ s
(o} (0] g o

5,5-dibromo-3,3',4,4-tetrakis((2-ethylhexyl)oxy)-2,2"-bithiophene (M2.17)

To a dry250 mL round bottom flask with stlvar, M2.16 (3 g, 4.42 mmol) was added
and dissolved im0 mL of chloroform then bubbled with argon f80 minutes.In an
iodometric flask N-bromosuccinimide (NBS1.95 g, 0.01Imol) was dissolved id0 mL
of 1.1 chloroform:acetonitrileand then bubbled with argon f@&0 minutes. Once
bubbling was complete, the flaskntaining the solution df12.16 was lowered to .
The solution of NBS was addad one portion After all NBS solutionwas added, the
reaction was stirred fds minutes at 8C where the reaction was determined clatgby
TLC using9:1 hexanes:dichloromethane. All volatiles were evaporated yieldngpde

oil. The crude product was purified by Silica chromatography using hexanes. Product was
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evaporated to dryness at room temperature and vacuum dried overnigledcovéoil
yielding a yellow oil in 2% yield.'H-NMR (300 MHz, CDC}) ;  3(m,38H)91.8 (m,
2H), 169 (m, 2H), 149-1.31 (m, 32H), 0.8-0.88 (m, 24H);°*C-NMR (75, CDC}) U
147.5, 1445, 116.8, 96.240.2, 30.0, 29.5, 23.9, 23.0, 14.2, 11.1. HRMSKEICR):
m/zcalcd for GoHggBr0sS, (M™) 834.2900, found 834.2926.

o

o) o o)
NBS in THF/AcOH
I\ (1:1, viv) at 0°C B / B
s r s r
M2.18

5,7-dibromo-2,3-dihydrothieno[3,4-b][1,4]dioxine (M2.18)

To a dry100 mL two-neckround bottom flask with stibar, EDOT (5 g, 0.035mol) was
added and disolved in40 mL of THF:glacial acetic acid (1:1 by volume), cooled t€0

then bubbled with argon fod5 minutes.NBS (13.7 g, 0.077mol) wasadded in small
portions over 10 minuteg\fter all NBSsolutionwas added, the reaction was stirredZor
hoursat while warming to r.t. under foil and argon. The crude was then poured into 200
mL of D.I. water and stirred for 30 minutes. The dispersion was poured over qualitative
filter paper until pH 6 was achieved by washing with D.l. water, yielding a black
precpitate. Crude was passed through silica using ethylether and rotovapped down to a
pale pink solid which was then recrystallized three times using methanol and isopropyl
alcohol yielding offwhite needles in 8@ yield. '"H-NMR (300 MHz, CDC}) ; 28(s, 4 .
4H):; *C-NMR (75, CDCh) U .3, 852,0656.

/\ o o
d o  1.)n-Buli,-78°C in THF
Z—g 2.) CuCl,, 0°C 7\ S
s 3.) 2 hrs at 40°C S \ /
M219 /g

2,2',3,3-tetrahydro-5,5"-bithieno[3,4-b][1,4]dioxine (M2.19)

To a dry300 mL two-neckroundbottom flask with stir barEDOT (5.0 g, 0.035mol)
was dissolved il50 mL of dry THF and then bubbled with argon &% minutes then
lowered to-78°C wheren-butyl lithium (2.5 M,0.035mol) in hexane was addettop-

wise. After stirring for 45 minat °C from final addition of n-BuLi, the solution was
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cooled back down te78°C whereCuCk (4.7 g, 0.5 mol) was added in one portion.

The reaction was then warmed4@C andstirred for 2 hoursand then poured into 500

mL of D.l. water and stirred for 30 minutes. The pale green precipitate was filtered over
coarse filter pagr, washed with 600 mL of water and then 600 mL of hexane and dried.
The greerblue crude was purified through a thin pad of silica using chloroform. The
final solution was concentrated and precipitated into methanol, stirred for 45 minutes and

then filteed and vacuum dried to giwd2.19in 42% vyield asoff-white-powder H-

C«

NMR (300 MHz, CDC}) ; 6.28 (s, 2H)4.28 (dm, 8H); **C-NMR (75 MHz, CDC}) ;
139.7, 85.5, 64.9.

Pd(OAc), (8 mol%) f\o N,S\N o/\\

/~\ .S
o 0 NN PivOH (0.12 eq) d w 5
)\—/( +
/N Br—OBr K,CO; (1 eq) | AN 7 ‘
S DMA, 140°C, 20 minutes IS S

M2.20

4,7-bis(2,3dihydrothieno[3,4-b][1,4]dioxin-5-yl)benzo[c][1,2,5]thiadiazole(M2.20)

To a dry 100 Schlenk flask with stir baf=DOT (10.2 g, 0.072 mol) and4,7-
dibromobenzolc][1,2,5]thiadiazol@.9 g, 0.012 mol), 8 mol% palladium acetate (0.22 g,
1.0 mmol), pivalic acid (0.15 g, 1.4 mmol), and potassium carbonate (1.7 g, 0.012 mol)
were added and vacuum purged for 45 minutes followed by thrge pad argon baek

fill cycles. N,N-dimethylacetamide was degassed by bubbling with argon for 45 minutes
then injected into the flask to dissolve the contents. The flask was lowered into an oll
bath held at 14. The reaction was monitored by TLC in DCMdawas determined to

be complete at 20 minutes where the mixture was poured into 600 mL of methanol and
stirred for 45 minutes then filtered over qualitative filter paper giving a dark pregle

solid which was suction dried to give the crude product(®6 9ield. The solid was
purified by sublimation and the acquired red solid was washed with excess methanol over
fine filter paper, dissolved into DCM and reduced down to §h#20as red crystals in

40% yield."H-NMR (300 MHz, CDC}) ; 3i(s, 8H), 657 (s, 2H), 4.4 (m, 4H), 433

(m, 4H).m/zcalcd for GoHz4Br,0,S (M) 415.9959 found415.9959

64



Typical Suzuki polycondensationprocedure toyield polymers

CompoundVi2.3 or M2.5 (0.0012mol) was added preciseWa pipette to within0.4 mg

to a small vial. ThemM 2.3 or M2.5 was completely dissolved in D mL of hexanes

and pipetted into a 50 mL schlenk tube with magneticbstir The solution was stirred
while the hexanes were gently removed/acuo Two drops of Aliquat 336 weradded
followed by 1.005 eq. ofl,4Benzerediboronic acid dipinacol ester M2.7, M2.11,

M2.12, or M2.13, 3 mol% P¢-tol)s, KsPO, (0.015mol, 3M) or CsF (0.03nol, 6M), and

1 mol% Pddba. The schlenk tube was capped with a septum and then wired shut. The
contents of the tube were vacuum pumped for 45 minutes. After which the contents of the
tube were filled with argon then vacuum purged and filled with argon 3 times. Degassed
toluene (15 mL) was added followed by 5 mL of degassed water. The mixture was then
stirred to ensure complete mixing of phases, heated’®, @d covered with aluminum

foil for 72 hours. The mixture was then cooled to r.t., precipitated into methanol, allowed
to stir for one hour. The solid was filtered into a soxhlet extraction teimibtl washed

with methanol, hexanes, and chloroform respectively. The washings were conducted until
color was no longer observed during extraction. After the chloroform wash, the resulting
solution was concentrated downda30 mL and stirred with @ mgof the palladium
scavengediethylammonium diethyldithiocarbamater 6 hours at 5 then precipitated

into 300 mL of methanol. The precipitate was filtered over &@0Nylon pad and
washed with 300 mL of pure methanol and allowed to dry. The dried material was

collected into a tared vial and vacuum dried.

/\/)A pY4 A(\/\ Pd,dba; (2 mol %) /vj/\ I /\KV\
P(o-tolyl)s (8 mol %)
( > 3M K30033 Aliquat 336 o P21
/Z_g\ Toluene, Water w
Br Br

S 100°C, 72 hours S
M2.3

n

P2.1: Yellow solid in 80% yield (860 mg):H-NMR (500 MHz, CDC}) : a 7.78 (b
4H), 4.2 (br s, 4H), 3.58 (br s, 4H), 3.36 (br s, 4H),-1.@ (br, 16H), 0.96 (br s, 12H)
Anal. calcd. for GgHs540,S C 72.33, H 9.01, Found C 72.47, H 9.68PC: M,. 20.2 kDa,
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My: 34.4 kDa, PDI: 1.70, in THF vs PolyStyreri,: 10.8 kDa, M,: 31.2 kDa, PI:
2.89,in TCB vs PS.

o O /\ﬁ/\oxo&(\/\
el X cony oo | Bikmam b s ot
I B
Br 100°C, 72 hours
P2.2 Brown solid in 83% vyield (773 mg}H-NMR (500 MHz, CDC}) : a 7.81 (b

2H), 7.7 (br s, 4H), 4.24 (br s, 4H), 3.63 (br s, 4H), 3.36 (br s, 4H);2Dfor s, 4H),
1.41.25 (br s, 18H), 121 (br s, 20), 0.98.8 (br s, 14H), 0.79.6 (br s, 12H). Anal.
calcd. for G4Hg,04S C 78.42, H 9.99, Found C 78.81, H 10@PC: M,: 12.0 kDa, M
17.6 kDa, PDI: 1.47, in THF vs PS.

o) o o o/\C/\
N CeH - Pd,dbay (2 mol %) ><
P(o-tolyl); (8 mol %) CsH17
O, o . 3 M K,CO;, Aliquat 336
B MB Toluene, Water / \ O O
s r 100°C, 72 hours
M2.3 M2.11 P2.3

P2.3 Yellow solid in 95% yield (800ng).'H-NMR (300 MHz,CDC§) & 8. 08 ( br ¢
J= 9 Hz), 7.85 (br s, 2H), 7.67 (br d, 2H, J= 9 Hz), 4®5 (br m, 6H), 3.67 (br s, 4H),

3.37 (br d, 4H, J= 6 Hz), 2.6692 (br s, 2H), 1.68.19 (br m, 34 H), 0.98.80 (br m,

15H). Anal. calcd. for ¢sHgsNO4S C 75.48, H 9.15, Found C 75.49, H 9.&RC: M

15.5 kDa, M,: 42.3 kDa, PDI: 2.90, in TCB vs PS.

0 o
M Pd,dbaj (2 mol %) M
P(o-tolyl); (8 mol %)
6 M CsF, Aliquat 336 S o—
/Z_X\ Toluene, Water / \
100°C, 72 hours S n
—0
M2.12 P2.4

P2.4: Orange flakes in 38% yield (256 mdH-NMR (300 MHz, CDC}) a 7.45 (br
2H), 4.17 (br s, 4H), 3.90 (br r, §8.56 (br s, 4H), 3.30 (br d, 4H, J= 3 Hz),-1.83 (br

s, 2H), 1.421.19 (br m, 16 H), 0.98.80 (br m, 12H). Anal. calcd. for3gHs00sS C

68.95, H 8.77, Found C 69.19, H 8.&PC: M,: 16.6 kDa M,,: 24.4 kDa, PDI: 1.46, in

THF vs PS.
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/\/jﬂoxo/\(ﬁ

BPACNAGS - L R G S
Gomocnde BE L o)
oo e s | R,
P2.5 Orange powder in 20% yield (125 mdH-NMR (300 MHz, CDC}) a 7.7 (br
4H), 4.11 (br s, 2H), 3.83 (br s, 6H), 3.50 (br s, 4H), 3.24 (br s, 4H}11F4(br s, 2H),
1.361.12 (br m, 16 H), 0.90.75 (br m, 12H). Anal. calcd. fdE3,H450sS C 70.64, H

8.89, Found C 71.09, H 9.0GPC: M. 14.9 kDa M,;: 22.4 kDa, PDI: 150, in THF vs

/\ﬁAOXO/\C/\ A/jﬂo omi\/\
o 0o Pd,dba (2 mol %) 4 o;
P(o-tolyl); (8 mol %)

S Q, 0 3 M K4COs3, Aliquat 336 A\ s

Br— g T+ B B —_— )
\ 7 lo} [e} Toluene, Water S n

m2.5 e} e} 100°C, 72 hours P2.6 o e}

\/\j\/OXO\/K/\/ \/\j\/OXO\/(/\/

P2.6 Orange solid in 96% yield (640 mgH-NMR (300 MHz, CDC§) & 7.7 (br s
4.17 (br s, 4H), 3.60 (br sH3, 3.60 (br s, 8H), 3.35 (br d, 8H, J=4 Hz), 11601 (br s,

4H), 1.381.25 (br m, 32H), 1.09.85 (br m, 24H). Anal. calcd. forsgHgsOsS, C 70.55,

H 9.30, Found C 69.67, H 9.2GPC: M,: 13.8 kDa M,;: 26.3 kDa, PDI: 190, in THF vs

PS.

(] (o) (©] (@)
X Pd,dbaj (2 mol %) pY
P2.7
o io\
+ B
(3 s
M2.3

P(o-tolyl); (8 mol %)
° CCQ B/O 3 M K4CO3, Aliquat 336 o 0 6
B /Z_& O o Toluene, Water -\ O O
' 100°C, 72 hours s Q ;A

M2.13

P2.7 Brown powder in 80% yield (343 mgH-NMR (300 MHz,o0DCB) U 8.6 (br,
8.0 (br, 4H), 4.1 (br s, 4H), 3.56 (br s, 4H), 3.34 (br s, 4H)1126br, 16H), 0.96 (br s,

12H) Anal. calcd. for ggHs404,S C 72.33, H 9.01, Found C 4Z, H 9.81. Anal. calcd.

for C41Hs500,S C 77.08, H 7.89, Found C 74.27, H 7.8RC: M. 8.3 kDa, M,: 24.9

kDa, PDI: 3.00, in TCB vs PS.
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WLOXOLN WL ﬂw
P2.8 Brown solid in 78% yield (573 mgfH-NMR (300 MHz,o-DCB) & 8.6 (br,
8.1(br, 4H), 4.2 (br s, 4H), 3.57 (br s, 8H), 3.62 (br s, 8H), 3.38 (br, 8H);114D(br s,
4H), 1.381.25 (br m, 32H), 1.09.85 (br m, 24H). Anal. calcd. forggHy,0sS, C 73.56,
H 8.61, Found C 72.3, H 8.4&PC: M. 9.2 kDa, M,: 39.1 kDa, PDI: 4.26, iTCB vs
PS.
Typical direct arylation polycondensationprocedure toyield polymers
To a 50 mL round bottom flask with stir bar, the dibromide monorhg¥
Dibromobenzere, M2.3, M2.5, M2.15, M2.17, M2.184,7-dibromobenzothiadiazole
(1.17 mmol, or appropriatequivalent listed below)dihydrin monomer 2.2, M2.4,
M2.14,M2.16,M2.19, M2.20 (1.17 mmol,or appropriate equivalent listed belpv8
mol% palladium acetate (5.3 mg, 0.023 mmol), pivalic acid (36.0 mg, 0.35 mmol), and
potassium carbonate (0.323 g, 2r8thol) were added and a claisen head was affixed to
the top of the flask and then vacuum purged for 45 minutes followed by three purge and
argon bacKill cycles. N,N-dimethylacetamide was degassed by bubbling with argon for
45 minutes then injected intbe flask to dissolve the contenihe flask was lowered
into an oil bath held at 140 and allowed to stir vigorously from 1.5 24 hrs. After the
flask was removed from the oil bath and allowed to cool to r.t. and the polymer
dispersion was dissolveditw chloroform and precipitated into methanol:1 M HCI (350
mL: 75 mL) and stirred for 45 minutes. The precipitatas filtered into a soxhlet
extraction thimble and washed with methanatetone, hexanes, and chloroform
respectively. The washings were cantéd until color was no longer observed during
extraction. Afterdissolution from the thimble, the solvent was removedrotovap and

then 50 mL of chloroberzre was added followed 800 mg of the palladium scavenger
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diethylammonium diethyldithiocarbarteg 300 mg of 1&rown6 and then stirrefor 6
hours at 58C then precipitated into 300 mL of methanol. The precipitate was filtered
over a 2Cem Nylon pad and washed with 300 mL of pure methanol and allowed to dry.
The dried material was collected into a tared vial and vacuum dried.

/\/)/\o o/\(\/\ Pd(OAc), (2 mol%) \/(/\/

PivOH (0.3 eq) NE/\

" G N TR o KeCOs(2eq) (? < < > ;
<:> "DMA, 140°C, 12 hrs

P2.9 Yellow solid in 96% yield (643 mg}H-NMR (300 MHz, CHC}) 4 7. 35 (br ,
4.07 (br d, 4H, J= 6 Hz), 3.90 (br s, 4H)95(br s, 4H), 182-1.16(br m, 34H), 108-0.85

(br m, 24H).Anal. calcd. for GeH720,S, C 73.35, H 9.64, Found C 72.84, H 10.G®C:

Mpn: 77.8 kDa, M,: 261.4 kDa, PDI: 3.4, in THF vs PS.

Pd(OAc), (2 mol%)

PivOH (0.3 eq)
/ \ K,CO; (2 eq) / \
\/ M DMA, 140°C, 16 hrs \/ \/ I
M25

P2.10Q Purplesolid in 81% yield (1064 mg). *H-NMR (300 MHz, CHC§) 39 (bt s,
4H), 415 (br s, 8H), 3.6 (br s, 8H), 3.2 (br, 8H), 1.61.25 (br m, 36H), 1.09.85 (br m,
24H). Anal. calcd. for €HggO10S3 C 66.11 H 8.72 Found C 67.01 8.47.

/\/j/\o O/\C\/\
/\/j/\ )% /\(\/\ Pd(OAc), (2 mol%) o o

PivOH (0.3 eq)
K,CO; (2 eq) ]\ S
/Z_L M DMA, 140°C, 1.5 hrs S \ /7,
M2.3

L dp
P2.11 Black solid in23% yield (158 mg). *H-NMR (300 MHz, CHC}) {0 (bt, 4H),

4.14 (br, 4H), 359 (br s, 4H), 29 (br s, 4H), 1.8-1.43 (br s, 2H), 1.2-1.00 (br m, 16H),
0.95-0.85 (br m, 12H). Anal. calcdor C31H4606S, C 64.33 H 8.01, Found C 64.83, H
8.49.
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/\/>/\ >< /\<V\ O 0 M2.19 Pd(OAc); (2 mol%) o)
M\Qa . %H ceoee’ s J§ s U
\ 7 H™s" () DMA, 140°C, 3 hrs \ 7 \ /
\/Jy >< J/vv \/\j\/ >< \)i/\i// -
P2.12 Blue solid in 70% yield 621 mg). *H-NMR (300 MHz, CHC}) 39 (bt s, 8H),
417 (br s, 8H), 39 (br s, 8H), 3.2 (br, 8H), 1.&-1.15 (br m, 36H), 1.0%9.85 (br m,
24H). Anal. calcd. for 6zHg201,S, C 64.33 H8.01, Found C 63.98, H 7.94.

. . /\/j/\ /\Ii\/\

o o Y4 Pd(OAc); (2 mol%) / \

/\/jﬂ /\(\/\ PivOH (0.3 eq) P2.13
BN RN K,CO; (2 eq) R W

H

ST\ * l_g\ DMA, 140°C, 14 hrs \ 7\
\/\jv \/K/\/ BT E &o 0 o 0\/</\/
Jd o
M2.16 m2.3 \///Q J\\\/

P2.13 Redsolid in 82% yield 880 mg).'H-NMR (300 MHz, CHC}) 4125 (br, 4H),
3.97(br, 4H),3.62 (br s, 4H), 29 (br s,4H), 1.94(br s,2H), 1.79-1.27 (br s,50H), 1.07-
0.75(br m, 36H). Anal. calcd. for GsH1100sS; C 69.97, H 9.94Found C 71.23, H 9.49.
GPC: My: 176.0 kDa, M: 387.5 kDa, PDI: 2.2, in THF vs PS.

PivOH (0.3 eq)

K,CO; (2 eq) 214
\/\j\/ vi/\/ B/Z:\S\Br DMA, 140° C\sirbyé S\ /Z /\(\AZS §>
P2.14 Redsolid in 97% yield 80mg). 'H-NMR (300 MHz, CHC}) 16 (bt s, 4H),
3.96 (br s,4H), 359 (br s,4H), 331 (br, 4H), 1.86 (br, 2H), 1.71-1.14 (br s,32H), 1.04
0.74 (br m, 24H). Anal. calcd. for GsH7606S; C 69.54 H 9.86 Found C 70.53, H 9.49.
GPC: My: 51.8 kDa, M: 123.1 kDa, PDI: 2.37, in THF vs PS

Br \S Br d b Eﬂ’(g:?l))zi’fze:;o”) \/\j\/ \)i/\/

M2.15 P2.15 O\ /o

P2.15 Blue solid in 75% yield (420 mg}H-NMR (300 MHz, CHC})  4iB7 (br, 4H),
3.96 (br, 4H), 4.2 (br s, 4H)1..88(br, 2H), 176-1.12 (br s,16H), 1.07%-0.67 (br m, 12H).
Anal. calcd. for GeH3s04S C 65.24 H 8.00 Found C 66.08, H 8.6685PC: M, 30.9
kDa, My: 37.4 kDa, PDI: 1.21, in THF vs PS.
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M2.19 }/—/
Jd % Pd(OAc), (2 mol%) \/\j\/ VAR
/\/j/\o/ \O/\i\/\ PivOH (0.3 eq) o 9 Q P
s

I \__s__n KeCO;(2eq) S/AYY-N A

Mz.jr\js\/ \ / MQV ) \ / RS \ / ° \ / ° ’
0] O o o] [¢] e] o o
L) /\/:I/\ }\l\—/ P2.16

P2.16 Redsolid in 65% vyield (778 mg). 'H-NMR (300 MHz, CHC}) 4187 (br, 8H),
3.96 (br, 4H),1.99 (br s,2H), 1.73 (br s,2H), 1.61-1.114 (br s,32H), 1.080.72 (br s,
24H). Anal. calcd. for GH7¢0gS, C 65.24, H 8.00Found C 66.82, H 8.51.

R= X R R R R
R R \ / \ /
‘o; Qd G LS
Pd(OAc), (2 mol%
(OAc), (2 mol%) o o o 5

I\ R R
o 0o o o o] O  PivOH (0.3 eq)
+ + K2CO; (2 eq) J \ S I\ S
/) /) /) DMA, 140°C, 1.5 h \ /) \ /)
Br S Br H S H H S H s , 1.5 hrs S n S '
mM2.3 05e mM2.14 9 ©O o or°p
(1eq) ¢ 9 (0.5eq) R R p217

P2.17 Purple solid in 86% yield (686 mg)H-NMR (300 MHz, CHC}) a 4. 39
4H), 4.16 (br s, 8H), 3.97 (br s, 4361 (br s, 8H), 3.32 (br s, 8H), 1.99 (br s, 2H), 1.87
(br s, 2H), 1.791.12 (br m, 50H), 1.09.71 (br m, 36H)Anal. calcd. for GgsHs2. 605,

C 68.22, H 9.29, Found C 69.01, H 9.72.

R-O O-R
R-O O-R P2.18
Pd(OAc), (2 mol%)
PivOH (0.3 eq)

o 0 o o K,CO; (2 eq) s_ s
+ + —
/Z—g\ M Br—@Br DMA, 140°C, 22 hrs WA \
H S H Br S Br m n
= ¥ g o o ©
R= p
1eq 0.5eq 0.5eq _/
M2.2 M2.18

R-O O-R

P2.18 Redsolid in 88% yield 622 mg). *H-NMR (300 MHz, CHCY) 74 (b, .4H)

O, O

4.39 (br's, 4H), 4.16 (br s, 8H9,61 (br s, 8H), 3.32 (br s, 8H),87 (br s4H), 1.791.12
(br m,32H), 1.050.71 (br m24H). Anal. calcd. for GiH4605S: 5 C 68.09, H 9.08, Found
C69.31, H 889. GPC: M,: 46.8 kDa, M,: 77.7 kDa, PDI: 1.65, in THF vs PS.

R-0O O-R
R-O O-R P2.19

Pd(OAc), (2 mol%)
PiVOH (0.3 eq) o0
s ¥ s

SN N KoCO; (2 eq)
/Z_g\ /Z_g\ Br@—sr DMA, 140°C, 22 hrs \ /s \ 7
H H Br Br m n
S S R= }1 o e} [¢] O™ p
1eq 0.75eq 0.25eq /
M2.2 M2.18

R-0 O-R

P2.19 Purple solid in 91% vyield (662 mg)H-NMR (300 MHz, CHC}) 13 (bf, 4H)
4.3 (br s, 4H), 4.5 (br s, 8H),3.63 (br s, 8H), 3.3 (br s, 8H),1.90 (br s,4H), 1.70-1.12

71
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(br m, 32H), 1.050.71 (br m,24H). Anal. calcd. for G4H460555.75 C 72.55, H 8.24,
Found C 72.83, H 8.50. GPC:,M50.8 kDa, M;: 80.2 kDa, PDI: 1.57, in THF vs PS.

R-0O O-R
R-0O O-R P2.20

Pd(OAc), (2 mol%)
PivOH (0.3 eq)

o O
o 0 . . K,CO; (2 eq) s /A s
/Z_g\ /Z_g\ Br@—sr DMA, 140°C, 22 hrs \ [/ s \ /
H s H Br s Br n
R= [¢] O™ p
1eq 0.25eq 0.75eq \ /
M2.2 M2.18

rR-0—/\—0-R
P2.20 Brown solid in 84% yield (587 mgjH-NMR (300 MHz, CHC}) @1 (bf, 4H)

440 (br s, 4H), 4.2 (br s, 8H),3.63 (br s, 8H), 3.2 (br s, 8H),1.86 (br s,4H), 1.791.12
(br m, 32H), 1.050.71 (br m,24H). Anal. calcd. for GoH460455.25 C 90.51, H 8.73,
Found C 89.20, H 8.49. GPC:,M23.3 kDa, M: 40.0 kDaPDI: 1.71, in THF vs PS.

R-0O O-R
R-O 0-R P2.21

Pd(OAc), (2 mol%) O
PivOH (0.3 eq) \ /)

/R R\ N’S‘N
o 0 o 9 \ K,CO; (2 eq) s_ s
+ + —_————
n /Z_g\ Br Br  DMA, 140°C, 22 hrs \ /' s \ /
H s H Br s Br m n
R= % d J o
1eq 0.75eq 0.25eq R R
M2.2 M2.15

rR-0—/\—0-R
P2.21 Black solid in 89% vyield (915 mg*H-NMR (300 MHz, CHC}) & 8. 40
4.17 (br s, 4H), 3.97 (br s, 8H), 3.64 (br s, 8H), 3.32 (br s, 8H), 1.87 (br s, 2H)1.1468
(br m, 54H), 1.08).76 (br m, 36H)Anal. calcd. for G4 3HegNo50sS, C 73.45, H 9.42N
0.96 ,Found C 74.01, H9.7N 1.12

Pd(OAc), (2 mol%) N
PivOH (0.3 eq) \

4 b 4 b N
\ ,CO; (2 e s s

M * M * Br—OBr '[()N(I:: 1fo°g{22 hrs \ \
H™ g7 H Br— g~ “Br ae % J o o ,Onp

g oame eee U RA ke
P2.22 Black oil in 92% vyield (812 mgB.54(br, 2H), 4.10 (br d, 4H, J= 6 Hz), 3D(br
s, 4H),1.94 (br s, 4H) 180-1.15 (br m, 34H), 107-0.80 (br m, 24H Anal. calcd. for
Ca0.7H60N0 50355, C 78.18, H 9.65, N 1.12, Found C 78.89, H 10.02, N 1.41.

ROXOR ROXOR R-0O O-R RO O-R
Pd(OAc); (2 mol%) X
S, P2.23
//\O NN 0/\\ PivOH (0.3 eq)

K,CO; (2 eq)
M * /Z_g\ * I\S_O_d DMA, 140°C, 18 hrs
H Ng” H BB g SN ge s X \ /
0.75eq 1eq 0.25eq ) N(\/\ 0 N N S
M2.2 M2.3 M2.20
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P2.23 Black solid in 56% vyield (577 mgjH-NMR (300 MHz, CHC}) U 8 .13,8
4.46 (br s, 8H), 4.15 (br s, 8H), 3.60 (br s, 8H), 3.32 (br, 8H),-1.68 (br m, 36H),

1.050.85 (br m, 24H).Anal. calcd.for Cag29H76Nos0sS, 5 C 66.56, H 8.80, N 0.80,

Found C 67.44, H 8.23, N 1.08.

Pd(OAc), (2 mol%)

R S, .
b //\o NN O/\\ PivOH (0.3 eq)

R R R
SN O K;CO; (2 eq)
M + /M M_d DMA, 140°C, 24 hrs
H s H Br S Br N as S X \ Y/
0.75eq /\(\/\

1eq 0.25eq O N N O
M2.14 M2.15 M2.20

P2.24

P2.24 Greensolid in 3% vyield @30mg).*H-NMR (300 MHz, CHC}) U 8. 41
4.46 (br s, 8H), 3.94 (br s, 8H), 2.21 §r2H), 2.021.17 (br m, 34H), 1.18.63 (br m,
24H). Anal. calcd. for GggHeoNos0455,5 C 68.22, H 8.99, N 1.01Found C 70.30, H
9.22, N1.24.

R—OXO—R R-0O O-R R-0 O-R
Pd(OAc), (2 mol%) M
s, . P2.25
//\O NN O/\\ PivOH (0.3 eq)

o)

R R
N ° ., ° \ KyCO; (2 0q)
M M I\S_O_d DMA, 140°C, 22 hrs
H H Br Br
S S H R= S X \ /
0.75eq

1eq 0.25 eq o N N o
M2.14 M2.3 M2.20

P2.25 Black solid in 75% yield (930 mgJH-NMR (300 MHz, CHC}) U 8. 38

(br,

(br,

(br,

4.44 (br s, 8H), 4.14 (br s, 8H), 3.94 (br s, 4H), 3.59 (br s, 8H), 3.31 (br s, 8H), 1.99 (br s,

2H), 1.85 (br s, 4H)1.661.12 (br m, 48H), 1.080.66 (br m, 36H).Anal. calcd. for
Caa.3H70N0 506555 C 67.19, H 8.87, N 0.8&ound C 67.40, H 8.64, N 1.15.

R-0O O-R R-0O O-R R-0O O-R
Pd(OAc), (2 mol%)
R R : : s ) : : P2.26 : :
), \ o NN o™ PVOH (03eq)

(o} O [0} O

- . 0 s o0 KiCO2ea)

/Z_g\ /M B a DMA, 140°C, 22 hrs s J\\ (8 s.

H H Br Br
S S Ho s SN Ro X N\ ] 8T\ ) — WA
0.7 eq 1eq 0.3eq o o} o} O N__NO O p
m2.14 M2.3 M2.20 R R /s L/

P2.26 Black solid in 77% yield (723 mgfH-NMR (300 MHz, CHC}) & 8. 38

(br,

4.44 (br s8H), 4.16 (br s, 8H), 3.96 (br s, 4H), 3.60 (br s, 8H), 3.31 (br s, 8H), 2.01 (br s,

2H), 1.86 (br s, 4H), 1.66.13 (br m, 48H), 1.08.72 (br m, 36H).Anal. calcd. for
C44,4Heg.é\|o_506,652_5 C %.72, H 868 N 1.05 Found C 67.21, H 8.94, N 1.57.
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R-0 O0-R R—O 0-R R—O 0-R
0
Pd(OAc), (2 mol%) p2.27

Y o NSN o’ PIVOH (0.3 eq)

\ /) KCOs (2 eq)
/Z_S\ l_g\ IS_O_@ DMA, 140°C, 22 hrs
H H R= ’\(\/\ S x \ ]

0.65eq 1eq 0.35 eq o N N o
M2.14 M2.3 M2.20

~

P2.27 Black solid in 82% vyield (662 mgjH-NMR (300 MHz, CHC}) U 8. 38 ( br,
4.44 (br s, 8H), 4.15 (br s, 8H), 3.95 (br s, 4H), 3.62 (br d, 8H, J= 12 Hz), 3.32 (br s, 8H),
2.01 (br s, 2H), 1.86 (br s, 4H), 1:1112 (br m, 48H), 1.06.71 (br m, 36H)Anal.

calcd. for G4 He7.dNo. 067527 C 66.25, H 8.48, N 22, Found C 66.95, H 8.85, N 1.56.
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CHAPTER 3
ELECTROCHROMIC POLYM ER CHARACTERIZATIO N

TECHNIQUES AND EXPERIMENTALS

Since we have discussed the background, theory, and synthesis of ECPs we will now
detail the characterization of these materials to detertmeir optoelectronic properties.

The electrochemical, spectroelectrochemical, kinetic, and colorimetric behavior must be
determined rigorously and consistently to enable accurate comparison of different
materials. Herein we will outline the methods ageriments that were employed to
characterize ECPs. These are personal methods and experimentals | have developed and |

offer this to future members in the field to use freely.

3.1. Procedures for Making Polymer Solutions and Preparing Films

The polymes have been spray cast into films ushkuest Iwataairbrushes** These are
compatible with many organic solvents at room temtpeea Small volumes of polymer
solutions are required: 50 mg in 10 mL of toluene or chloroform is optimal. This amount
is more than sufficient to cast eight to ten films of an area @f2n ITO coated glass.

The ITO electrodes were purchased from D@&kghnologies, Ltd. (7 x 50 x 0.7 mm,
sheet resistanc®s 8-12  / ¥ Brior to spraying, the solution is to be filtered through a
0.45 em PTFE syringe filter. I f there is
there is continued resistance the solution can bdileed through a compacted cotton

plug in a syringe to remove insoluble matter. Filtering acts to prevent clogging of the
airbrush and to give homogenous film surfaces. To achieve films with clarity, the best
conditions for flow pressure and solvent is 25 psi for toluene, 10 psi for chlorafom
40-50 psi for water. Solutions that must be continually heated to maintain solubility will
be unsuitable for spray casting, if this is the case use spin casting or blade coating

methods.
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Before spraying, fresh ITO/glass slides must be cleaned; thignis by first removing

the plastic film binding the slides together then identifying the conductive side and
marking it or the nortonducting side with a small scratch that will not be readily visible
and is outside the beam path of any instrument. Cletim fiddes of the slide by wiping
with isopropyl alcohol, acetone, and finally toluene. If you are recycling slides, wipe
clean the used polymer films with chloroform theonicatethe slides in chloroform.
Then wipe both sides of the slides with acetdeitfACN), acetone, and finally toluene.

If you are spraying an aqueous solution, it is best to finish wiping the slides with water. If

you encounter beading of the spray solution, plasma clean the surface of the slides.

3.2. Performing Characterization of Electrochromic Polymers

To characterize the properties of ECPs the following experiments must be performed:
profilometry, electrochemistry (cyclic voltammetry (CV) and differential pulse
voltammetry (DPV)), spectroelectrochemistry (SpecEchem), chrongebseetry
(kinetics), photography, and colorimetry. To begin characterization, you must identify the
stable potential window of a polymérhe most efficientvay to do this is by first taking

a test film and performing initial CV from500 mV to 600 mV andxtending the
potential to greater values incrementally in 25 mV steps for 5 cycles each until
electrochromic failure occurs. This is demonstrated in Figure 3.2.1 with the polymer
known as P2.1 (EGFellow). The initial cycling window however is fror500 mV to

800 mV, ending at a more positive value than was stated above as this material exhibits
little electroactivity below 800 mV. As cycling continues to higher potentials the current
begins to stabilize and it was found that the most stable curremspording to the
greatest transmittance was at 1100 mV. Pushing the voltage cycling beyond 1100 mV, a
new electrochemical process occurs as indicated by an increase in current. This results in
an instability of the film, followed by degradation in the foafha loss in color of the

neutral state and finally delamination and can be tracked as the overall loss in current
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throughout the CV. Therefore this polymer is best switched #5800 to 1100 mV in

later studies.

04+ 1100 mv
Most stable
0.3 Most transmission

0.2 1
0.1 4
0.0 +

014

Current Density I(mA/cm?)

-0.24

LEETEN EIOYEN FAYIT EXERRL TRy PR EYES) [FESTRLERE FETA FEYEIN KUV SYDY FIECR SN EXCEN SETER Ere
04 -02 00 02 04 06 08 10 12
Potential (V) vs. Ag/Ag”

Figure 3.2.1:Potential probing for P2.xia CV using 0.5 M TBAPEin PC.

Once you have identified the stable switching regions for a new material, you can
continue to characterize the cast films in the advisable order: profilometry/ISANIR
spectroscopy of the drgwithout electrolyte) and @t pristine (with electrolyte) film,
photography of the wet pristine film, breakCV, photograph of the neutral and oxidized
states (or intermediate states if interested), SpecEchem, chronoabsorptometry, and finally
DPV on Pt buttons. This is to be cowmtled over a variety of thicknesses as measured by
optical density (0.8, 1.0, 12u.for the majority of this work). It is best if a single film

can endure the battery of experiments as it would demonstrate a considerable degree of

stability.

3.2.1. Geneal Considerations (solubility, stability, storage)

Consider a polymer and its films. During purification of the material it is wise to take
small portions (~5 mg or spatula tips worth) and experiment with the solubility as it will

aid in the selection ofadvents for film casting and ensure that the electrolyte solvent will
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not dissolve your polymer. If these are water soluble polymers, be sure that the films are
stored in a dry atmosphere if they are not yet protonated.

These materials are generally staiblehe bulk, but recent studies have shown that they
are light and air sensitive and will photoxidize or bleach while standing in air under
illumination over prolonged periods of expostittMore thorough studies performed by
Rayford H. Bulloch have shed light as to possible degradation products and prevention
with proper encapsulation under argon with judisi@election of sealants. Therefore it is
best to store bulk polymers in the dark and film samples under inert atmosphere without

exposure to light.

3.2.2. Profilometry

This enables you to attain an average thickness of a cast film. Because spraycaasting
result in subtle variations in thickness across the surface, it is best to take an average of
multiple profilometry measurements at different points across a film. The physical
thickness of a film can be compared to its optical density based on ahserénd can

allow you to estimate electrochromic properties such as maximum contrast and
absorption coefficient§®®'*® After washing electrolyte awayhé thickness can be
measured poslectrochromic switching to investigate chang&sofilometry was
performed on a Bruker dektakXT Profilometer using a standard scan, hill & valley

profile, stylus forceof 3mga@a r un | en gt hatimebf 1Bsecdr@ls e m f or

3.2.3. Electrochemistry (CV&DPV)
Due to slow relaxation effects in neutral conjugated polymers from intercalation of

solvent and ion&?}#148149

the properties of films such as redox potentials and absorption
spectra can change upon doping and dedoping. Thus, cyclic voltammetry is utilized to

breakin electrochromic polymer films in the cuvette set up shown below in Figure
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3.2.3.1.The counter electrode (CE) can be either a platinum flag or wire. A wire is more
advantageous as it can be easily positioned out of the path of a beam of a spectrometer
and can make photographs more aesthetically appealing. If you find a I€&hiag,
showng a high resistance with positive slope in thé ¢urve, use a CE with a larger
surface area which can simply be a longer or a coiled wire. The working electrode (WE)
is your polymer film coating the ITO/Glass slide and a contact can be made using copper
tape to affix wires. The reference electrode is typically a 10 mmol solution of AgNO
dissolved in 0.5 M of electrolyte solution in ACN, calibrated to FE#fECVs can be
performed on the bench top but it is easier to conduct the experiment in a cuvette holder
within a photo booth as shown in Figure 3.2.3.1b. Thisdigaatageous as you can
perform two experiments (CV bredk and photography) at the same time or in close

succession to one another using the same film and setup.

(a) (b)

(RE)

Working Electrode
(WE)

Counter electrode
(CE)

4

Figure 3.2.3.1:Cartoon of threelectrode setup in a cuvette (a). Electrochemistry setup
held in a cuvette holder in a photo booth (b).

The breakin is performed in the materials most stable electrochromic switching window

at a rate of 50 mV/s over 25 cycles where a stable and reproducible CV curve is achieved.
Often, the optical propertiesf @ polymer can change drastically upon bregkthe
greatest being observed between the first and second potential sweep. In Figure 3.2.3.2,
P2.10andP2.11are prime examples of this as they switch from vibrant purple pristine

states to deep periwinkl@due neutral states (discussed further in Chapter 5).
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Figure 3.2.3.2:Breakin CV curves ofP2.10(a) andP2.11(b) where the inset arrow
indicates the progression of current between cycles. Photos of the pristine and broken in
neutral states fd?2.10(c) and P2.11 (d).

l -0.8V Pristine -1.0V

Differential pulse voltammetry is used to determine the oxidation potential of a polymer.
The setup is nearly the same for CV with the exception that the working electrode is
typically a polymer film cast on a Pt buttofhe films are dop cast from filtered dilute
solutions (~0.5 mg/mL) onto small Pt button electrodes. This method enables you to
accurately determine a polymers oxidation or reduction potentig)-fgpe and rype
materials respectively. The oxidation potentia)Bs determined as the onset for an
increase in current as illustrated in Figure 3.2.3.3f®andP2.11 The polymer film is

held at the neutral state potential for one minute and then swept to the oxidized state
voltage. This method has the advantage @Mrbecause theamplingof the current
before a potential changeminimizesthe effect of the chargirgapacitivecurrent. The

films should be brokein using the same conditions as for CV. If you are performing
reduction the DPV must be done in a glovelmyxunder an argon atmosphere with
degassed electrolyte to protect the radical anions and dianions from exposure to water or

oxygen.
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Figure 3.2.3.3:DPV curves ofP211 (a) and P2 (b) where the & is indicated by the
onset. Red and blue arrows indictite direction of the potential cycling.

Electrochemical measurements were carried out using an EG&G Princeton Applied
Research model 273A potentiostat / galvanostat used under the control of Corrware 1l in
a 3electrode cell configuration, using ITO wankji electrodes, Ag/Ag(used for non
agueous solutions) reference electrodes, and Pt wire counter electrodes. Differential pulse
voltammetry samples were prepangd drop casting a 0.5 mg/mL solution (giitered
with 0.45 em PTFE hutionelectgpaes With d surtacesarea obO02 o Pt
cn’. An electrolyte system 0f0.5 M tetrabutylammonium hexafluorophosphate
(TBAPFs) or 0.2 M lithium bis(trifluoromethyl)sulfonylimide (LiBTI) in propylene
carbonate (PC) was use@V and DPV curves were smbetd using the Corrview
program HighLow filter tool.

Always ensure that before you begin either a CV or DPV experiment that you set the
proper area of your active electrode. This is done in Corrware by cliekipgriment
thencell setupand typing in themeasured area of your polymer film on ITO for CV or

the area of the Pt button for DPV. If you encounter noisy signals or seemingly random
voltage fluctuations of the curve and current, be sure that for a given selected experiment
undersetupyou have set.ow Pass Filterto auto andScan Interpolatiorto on. If this
continues, ensure that no portions of the wires are exposed and that the metal alligator

clips are not touching anything conductive. If DPV curves continue to appear noisy or
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give illogical data,or if a calibration of a reference electrode yields a large junction
potential (&), the Pt button must be polished. For films, it is best for the copper tape to
be affixed to the ITO/glass in such a way that it remains out of the cuvette and far from
electrolyte. This is because through capillary action the electrolyte can climb up the front
or back of the slide, through the cuvette cap and reach the tape causing corrosion
(Standard electrode potential®(Hor Cu'%/Cu = +0.342 V). Take care that thdéseno
voltage being held across the cell when wires are removed as this can destroy the film
and harm the reference electrode. Take extra care of this electrolyte climbing for aqueous

systems and it can short the circuit between the WE and CE, decomipesfihg.

3.24. Photography

It is important that photographs be taken to aid in the illustration of color properties.
When such photography is performed, careful consideration needs to be taken into
account so that the colors are properly imaged iphimograph. The standard illuminant

for calculating the color values needs to be used to back light films being photographed.
There needs to be as little stray light as possible and no photo editing is to be performed
with regards to brightening or contta¥hese photos may however not be displayed in
their true fashion when printed or displayed on a monitor or projector as the color values
in the material studied may not be attainable in the gamut of the display media, hence the
necessity of the quantifation of color in electrochromic material€ropping is
acceptable but you should not remove artifacts such as bubbles or other anomalies caused
by spraying or device construction and they should be pointed out for explanation when
published If you do notwish to explain, spray new films and take greater care in cell or
device setup for photography.

Before electrochemical break a photo should be taken. After break a potentiostatic
experiment is used and photos of the neutral and most transmiggized states are

taken. Intermediate state photographs should be taken if any interesting electrochromic

82



phenomena occurs and these can be correlated with the colorimetry data. When a series
of photos for a polymer at a variety of thicknesses is comptdatebest to arrange them

by increasing optical density from top to bottom and to show the pristine, biroken
neutral and oxidized states from left to right. An example of this is shown in Figure
3.2.4.1 with the photographical comparison Ri2.12, P23, and P2.%at three film

thicknesses.

P2.12 P2.13
Pristine 800 mV Pristine 600 mV

A=0.81 A=0.86

A=1.00

-500 mV

Figure 3.2.4.1:Photographs oP2.12 (left), P2.13(center) and®2.9(right) at three film
thicknesses and in the pristine, neutral (broken in), and oxidized states.

3.25. Spectroelectrochemistry

Spectroelectrod@mistry determines the spectral behavior of an ECP at incremental
potentials across a switching window using Agilent Cary 5000 UWis / NIR
spectrophotometeFor new materials the entire spectrum needs to be collected across the

NIR to visible to the ¥, from 2006300 nm. This range enables you to observe polaron

or bipolaron oxidized states,-B o r ’ to ~* effects, or ove
polymer. When data is collected, it is advised to plot from 438D nm, from the NIR

the edge of the viisle.
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Once profilometry data is acquired, the pristine dry and wet spectra are captured to
examine any changes in absorption intensity upon electrolyte wetting. After the initial
electrochemical break is complete and photographs are taken the specEchem
experiment is carried out using the same cell setup as shown in Figure 3.2.3.1. It is
advisable to take spectra of the cell without wires attached and then again with wires as
the cables can move the counter electrode into the path of the beam or moag the
which will reposition the working electrode and can affect data output. Make sure the
spectra with and without wires match as close as possible before continuing. Once this is
confirmed, using a potentiostatic experiment in Corrware, the most negatimetial is
applied and a scan is taken of the polymer in the neutral state. This is repeated in 50 mV
steps until the highest stable potential is reached, correlating with the most transmissive
oxidized state. This is exemplified in Figure 3.2.5.1 R#12 whereas the potential
increases there is a | 0s smxat®08arh soopted vaith c e
simultaneous growth and loss of a polaron band and overall increase in a bipolaron band

in the NIR. The band gap is taken as the onsebhsdrgtion.

hnax = 608 NM

144 (a) ] (b) ra

Bipolaron

800 mV 1.2+

Polaron

0.8+

0.6+

Absorbance
Absorbance

0.4

024 /£

— \Wet Pristi 0.0 !
— 'f,_sgogf\t/”e =Y _=715nm=~17eV

T T T T T T Dry Pristine 024 T T T T T 1
400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600

Wavelength (nm) Wavelength (nm)

0.0

Figure 3.2.5.1: Full spectroelectrochemistry for a film &2.12sprayed to an optical
density of 1.03.u.including pristine dry and wet spectra (a). Isolated spectrum for the
neutral (800 mV), polaron {150 mV), and bipolaron (800 mV) stat with the

identification of the onset of absorption.
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The absorbance values acquired for a spectroelectrochemistry experiment can be
converted to % transmittance. The converted serieBZdk2is shown in Figure 3.2.5.2.

The smallnotchat 800 nm is theetector changever from NIR to U\WVis and can be
minimized with increasing film clarity (less haze). Such artifacts should not be
electronically smoothed away. The stability to high applied potential beyond the value
where the most transmissive oxidizatdte is accessed, can be measured as a steady loss

in absorption attributed to over oxidation with increasing voltage.

-800 mV

Transmittance (%)

<= 800 mV

T T T T T T 1
400 600 800 1000 1200 1400 1600
Wavelength (nm)

Figure 3.2.5.2: Full spectroelectrochemistry fd?2.12sprayed to an optical density of
1.03a.u.in % transmittance.

3.2.6. Chronoabsrptometry

This is a techniqgue that enables you to an
a variety of switching msofeagadyseraystem. it usesi s me
the same cell setup as SpecEchem in the Cary 500UisMNIR spectrometer but uses a

potential squargvave Corrware experiment. While the spectrophotometer is allowing

light of a single wavelength to reach the detector, the potential is switched repeatedly
between the voltage for the neutral and most oxidized transmistates and held at

these two voltages for varying lengths of time. The typical data is as follows in Figure
3.2.6.1 forP2.12 The polymer is switched over gradual shorter time lengths starting with

60 s switches at the longest and ending at ¥4 s cytlese after the film is then switched
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at 2 s to demonstrate longevity of the film and the ability to endure a variety of speeds.
The @%T i s taken by subtracting the transm
At cycles of 60, 30, 10, and 2secendt he @%T i s ~75 %. At 1 s
%. Due to diffusion i mi ting processes,
dramatically to ~60 and ~42 % respectively but can be amended with device engineering.
Switching seeds faster than % s was not mregisas the contrast drops significantly as
extrapol ated by Figure 3.2.6.1. Finally th
cycles. This is also the rate at which the polymer can switch the fastest with the highest

contrast.

100 ~ 0Es

90; 025s
80—- - 60s 30s 10s 1s 25
70
60
50
40
3D;
20-‘

Transmittance (% at 608 nm)

U ugaul

T T T T T T T T T
0 2 4 6 8 10 12 14 16 18

Time (min)

Figure 3.2.6.1:Chroroabsorptometryor a film of P2.12sprayed to an optical density of
1.03a.u. Switching times are colorized for ease of visualization.

Not all ECPsare as stablenor switch as rapidlyas the example presented in Figure
3.2.6.1 Many may present progressiess in contrast that is not dependensuaiitching

time. Stability is generally a property of a material that varies from polymer to polymer
where some materials simply are unable to withstand the stresses of switching at high

speed and delamination caccur.
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3.2.7. Colorimetry, From Minolta to Cary Conversions

In Chapter 1 we discussed colorimetry &aav the eye perceives color. Hedarimetry

data was acquired using SiBek colorimetry software usingettingg of a D50
illuminant, 2 degree obsemeand L*a*b* color spacesimilar results can be obtained by

the method reported byarley and Mortimer® After specEchem, the spectra attained at
progressive voltage levels were converted using this software. This differs dreatly

an older method using a MinoltaS-100A Luminanceand Color Meter where a fresh

film was progressively oxidized and xyY values were gathered at each potential and
converted through a spreadsheet to L*a*b* values. This older method had the
disadvantage of taking considerable time to complete, led to the possibility of
transcription errors, and required additional electrolyte and films. The method utilizing
the StafTek package is able to take all of the spectra and directly convert them into color
values in a variety of spaces with different illuminants instantly. With color values
calculated, photographs help correlate and visualize the colorimetry of ECPs as shown in

Figure 3.2.7.1.

(a) )
80 -
sl 0 0 .
20 i m [ m 304
N

. 0 i»(———v\-
= I o lﬁ \
-20 30
v P2.9
-40 4 : —g—P2:12
50 1 ——P2.13
-60 | —a—P2.21
P2.24
o) 10 1
T T T T T T T T T T T T T T T T !
80 -60 -40 20 0 20 40 60 80 08 -06 -04 -02 00 02 04 06 08
a* Potential (V) vs. Ag/Ag”

Figure 3.2.7.1 Colorimetry in a*b* (a) and L* (bfor P2.21 P2.12 P2.29 P2.13 and
P2.24 Photographs of ECP extreme states are insets.
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CHAPTER 4

COMPLETION OF THE CO LOR PALETTE

To achieve full colorelectrochromicdevises (ECDs)one requires polymers that
complete thecyanmagentayellow (CMY) or redyellow-blue (RYB) subtractive color
sets. Red, blue, magenta, and cyan ERR& beemeportedand discussed in chapter 1.
Before 2011 howevethere were no yellowo-transmissive ECPs availablEnis chapter

concerns the initial development and subsequent optimizafiyellow ECPs.

4.1. Discovery of ECRYellow

In order for full color electrochromic devices to be realized, CMY and RYB subtractive
color sets must be fulfilled. In this section we will discuss previous attempts in producing
electrochromic materials #i yellow and transmissive states, their shortcomings and the
invention of ECPYellow-1 (P2.]).

41.1. Importance and Previous Known Attempts

Full color applications of electrochromics rely on the reflection or transmission of visible
light and, as such,ra dependent upon the subtractive color sets RYB or CMY shown
below in Figure 4.1.1.1. The color yellow is typically produced in emissive displays by
the stimulation of the eye with red and green light (affecting the L and M cones
respectively). In nomemissive applications, a material that absorbs high energy light
(violet/blue) is required as it will allow the passage of red and green light, stimulating the

aforementioned cones and producing the sensation of yellow in the brain.
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Figure 4.1.1.1: RYB (left) and CMY (middle) subtractive color sets. RGB (right)
additive color set.

With the aim to produce electrochromic materials that complete the CMY color set, a
series of cathodically colorinterephthalatebased small molecules were reported in
2004"' and as shown by Figure 4.1.1.2, they do complete the subtractive coltiness.
materials are clear in the neutral state and colored when reduced but unfortunately, the
voltage to achieve these colors are of considerably high magnitud2.q>V) and
engineering colors in charged states is difficult to achieve and maintaierasis$ the
potential for voltage drift, making desired colors difficult to target accurately upon

repeated switches.

Figure 4.1.1.2:Terephthalate based small molecelectrochromes.

In 2008 a colorless to yellow ECP was reported through the syntlasis
characterization of the anodically coloringly(amineamide) by Liou and Lift>* the
structure and color states can be seen in Figure 4.1.1.3. The electron rich nature of the
ECP structure allowed the material to be oxidized, making charges that are considerably

more stable. However, like the example mentioned ghibisgea material that is colorless
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