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ñWhy do two colors, put one next to the other, sing? Can one really explain this? No. Just 

as one can never learn how to paint.ò  

-Pablo Picasso 

 

 

 

 

 

ñHe who cannot paint must grind the colours.ò 

-German Proverb 
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SUMMARY  

 

Electrochromism is defined as the change in the color of a material as a result of 

an applied voltage. This color change can be defined as switching when the charge states 

(oxidized and reduced) are alternately cycled. When color is generated upon oxidation, 

the material is anodically coloring, while color generation upon reduction, is termed 

cathodic coloration. In this dissertation, the properties of 3,4-dioxythiophene (DOT)-

based -́conjugated electrochromic polymers (ECPs) are explored with a focus on using 

synthetic methods to control structure-property relationships to achieve desired light 

absorption across the visible region of the spectrum with the goal of attaining desired 

color neutral states. Because of the electron rich nature of the DOT moieties, these 

polymers are able to switch to highly transmissive oxidized states, allowing these 

materials to be utilized in full color window or non-emissive display applications. 

Chapter 1 begins with an introduction to optics, how the human eye perceives color, the 

background of conjugated polymers and electrochromism, and ultimately a discussion on 

the applications of these materials. In Chapter 2, comparisons of the various methods to 

synthesize ECPs are taught and then the synthetic procedures for this dissertation are 

detailed. Following this, Chapter 3, details a discussion concerning the proper processing 

and characterization of ECPs, ranging from film casting, electrochemistry, spectroscopy, 

colorimetry, to photography and is taught to ensure high quality and consistency of data. 

With these introduction and experimental tutorials in mind, Chapter 4 overviews the 

completion of the color palette with the discovery of ECP-Yellow-1 (P2.1), an ECP that 

first allowed full color displays and windows to be realized. Unfortunately, this polymer 



 xxv 

possessed a high oxidation potential (500 mV with respect to Ag/Ag
+
), leading to the 

need to apply high potentials to attain the most transmissive oxidized state (1100 mV), 

harmful to more easily oxidizable polymers. To amend this, work was conducted to 

understand the structure-property relationships required to maintain high gap 

electrochromic polymers ( > 2.25 eV) with the ability to be fully oxidized at lower 

potentials ( Ò 800 mV). This work resulted in the final optimization of yellow ECPs with 

ECP-Yellow-2 (P2.9). With the challenge of achieving high gap, electron rich ECPs 

overcome, further work was directed to developing methods 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 neutral state visible light absorption and how it can be 

manipulated to achieve new magenta and blue hued ECPs that are all donating and 

electron rich with highly transmissive oxidized states (%T > 70). These methods were 

then applied to prototype ProDOT-EDOT/AcDOT and ProDOT-EDOT/Ph random 

copolymers in an attempt to produce broadly absorbing ECPs with black-to-transmissive 

coloration without acceptors. It was discovered that these materials could not achieve the 

required extents of conjugation necessary to absorb long wavelength light, yielding 

polymers that were still highly colored (magenta, purple, and orange) in the neutral state. 

This proved the need for donor-acceptor interactions in random copolymers in order to 

produce dark or black (low L*) ECPs with contrast greater than 50%. Chapter 6 takes the 

concepts learned in Chapter 5 and applies polymer backbone steric strain and relaxation 

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

introduction of AcDOT units gave a broader neutral state 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 (600-720 nm). To depress this residual absorption in the fully 

oxidized state, a sterically relaxed donor-acceptor-donor (EDOT-BTD-EDOT) monomer 

was utilized in random copolymerizations. In these polymerizations, strain was varied to 

affect the broadness of absorption in the visible spectrum. This gave a polymer that 

achieved the broadest absorption with the highest electrochromic contrast. The content of 

the relaxed donor-acceptor was then steadily increased until a new black ECP was 

produced where the neutral state color was the lowest 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), completing Chapter 6, rendering much understanding 

in producing high contrast black-to-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 your eye 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 herein: absorption, 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 with the passage of light through solutions or 

films. Aside from a polymerôs ability to absorb or transmit incident light, the nature of 

the film or solution can affect the spectra acquired and subsequent data interpretation. 

Here we will discuss some basic, fundamental optics behind absorption, transmission, 

reflection, and scattering. 

First we will address transmission and absorption as they are interrelated. Letôs concern 

ourselves with a beam of monochromatic light with radiant power P0 passing through a 

medium. When absorption takes place, the beam of light leaving the sample has less 

radiant power (P). This and the interconversion between transmission and absorption are 

expressed in Figure 1.1.1.1. 
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Figure 1.1.1.1: Illustration of the absorption of light in a sample and conversions 

between absorption and transmission. Concepts adapted from Tipler and Moscaôs Physics 

for Scientist and Engineers.
1
  

The absorption of light in ECPs is due the ˊ to ˊ* transition, donor-acceptor (D-A) 

interactions, or a combination of the two from moieties installed in the polymer backbone 

(discussed in section 1.3.5). 

When light passes through a medium, it is transmitted and the material is transparent. If 

a medium has no color, all the light has been transmitted with the exception of a small 

percentage of light that is reflected between the material of one medium and another. The 

refractive index describes 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 light.
2
 Small, localized non-uniformities in or on the 

surface of a medium can change the trajectory of light, causing scattering.
3
 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 direction unless the incident light hits perpendicular to the boundary at 

normal incidence. Light striking non-uniformities scatters in different directions. 
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Figure 1.1.1.2: Illustration of index of refraction, reflection, and scattering of light 

between media. 

Concerning reflection once more, there is total reflectance (referred to as specular 

reflectance) and diffuse reflectance (can be described as scattering);
2,3

  this is illustrated 

in Figure 1.1.1.3. Specular reflectance means that there is perfect reflection of all light 

where the angle of incidence is equal to the angle of reflection (ɗi= ɗr) and is accessible 

through highly uniform, smooth surfaces. Diffuse reflectance occurs when there is a 

heterogeneity and roughness (non-uniformity) of a surface and the reflected light rays 

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

opaque surface. 

 

Figure 1.1.1.3: Illustration of specular or diffuse reflectance. 

We address this because the ECPs are measured as solutions or solutions cast onto a 

substrate (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 
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scattering of light. For thin films made via spray casting, voids of air can form which 

create cavities or surface roughness and subsequent index matching issues, scattering 

light; these films can be described as ñhazyò or ñroughò. 

 

Figure 1.1.1.4: Comparison between the trajectory of light in fully dissolved and 

aggregated polymer solutions (top) and 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 slide, conducting surface (ITO), 

polymer layer, electrolyte (or air), cuvette wall again, and finally into the detector. When 

light is scattered there will be less light reaching a detector and can commonly be 

identified as an increase in absorption across the spectrum being observed. 

Often times, these ECP films and layers of media can act as anti-reflective coatings at 

longer wavelengths, giving transmittance values above 100% (absorbance below 0). A 
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description of this phenomenon is described in Figure 1.1.1.5. In 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 baseline.
4,5 

 

Figure 1.1.1.5: Comparison 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 range of 390 nm-720 nm.
6
 It is the 

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

subjective and can vary between individuals, the quantification of color is absolutely 

necessary in electrochromism. The science of this color quantification is colorimetry and 

was developed extensively by The International Commission on Illumination (CIE)
7
 and 

explained at length by Billmeyer and Saltzman's Principles of Color Technology.
6 

1.2.1. Color Vision and the Anatomy of the Eye 

To appropriately quantify color one must understand that the eye detects light with rod 

and cone cells. There are three types of cone cells each detecting wavelengths that the 

brain then interprets as color, while there is only one type of rod cell that is more 

sensitive to low intensity light but serves no known function in color vision. Both the 

rods and cones reside in a portion of the eye known as the fovea. The highest 
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concentration of cone cells is located in the center of the fovea, as evident from Figure 

1.2.1.1. This is known as the 2
o
 observer in colorimetry and is the center of vision. As the 

angle from the fovea becomes greater, the distribution of cones drops dramatically while 

rods increase; this is known as the periphery. 

 

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. Figure adapted with permission from 

the Florida State University website: Optical Microscopy Primer, the Physics of Light 

and Color.
8
 

In humans, there are three cone cells and they are sensitive to long wavelength light (L-

cone, peak sensitivity range: 564ï580 nm), medium wavelength light (M-cone, peak 

sensitivity range: 534ï545 nm), and short wave light (S-cone, peak sensitivity range: 

420ï440 nm), these cones can be thought of as three parameters of stimulus. Their 

spectral sensitivities can be seen in Figure 1.2.1.2. Rod cells are most sensitive at 498 nm.  

 

Figure 1.2.1.2: The normalized spectral sensitivities of cone cells. 
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If the total light power spectrum is weighted by the individual spectral sensitivities of the 

three types of cone cells, one will get three effective stimulus values and, thus, we have 

formed the basis of the three values of tristimulus specification for the objective color of 

light: X, Y, and Z. 

1.2.2. CIE Standard Observers 

Because of the distribution of cones in the eye, tristimulus values are dependent on the 

observerôs field of view. Since a majority of the cones reside in the 2
o
 arc of the fovea, 

the 2
o
 standard observer color matching functions are used to better quantify the cone 

response in the human eye.
9
 The color matching function curves for the standard 

observers can be seen in Figure 1.2.2.1 and are analogous to the spectral sensitivities of 

the L (Ø), M (Ù), and S (Ú) cones.  

 

Figure 1.2.2.1: The distribution functions for the standard observers ὀ, ὁ, and ὂ. 

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

tend to perceive green light as brighter than red or blue. To quantify the relative 

luminance (brightness) of colors under bright conditions (photopic vision), a standard 

observer (ὂ) is used to establish a luminosity function to properly differentiate color 

values on a given color space. This function is similar to the peak spectral sensitivity of 

the M cone which provides a maximum efficacy of 683 lm/W at a wavelength of 555 nm 

http://en.wikipedia.org/wiki/Lumen_(unit)
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(green). This is why yellow is always perceived as ñbrightò (high L*), due to the 

maximum stimulation of Ù from reflected or transmitted medium and long wavelengths of 

light.  

1.2.3. Calculating Colorimetry Values 

The tristimulus values calculated for color quantification depends upon an observerôs 

field of view; this variable was eliminated when the CIE defined standard observers to 

represent cone stimulus in a 2
o
 arc inside the fovea of the eye. The equations to quantify 

the color of an object (where the object reflects light given off from a source) or a source 

(colored light being emitted) can be seen in Equation 1.2.3.1.  

 

Equation 1.2.3.1: Equations to calculate tristimulus values to quantify color. 

For calculating tristimulus values for color, 3ʇ is the relative spectral power distribution 

of a standard illuminant (e.g., illuminant A, D65, D50, etc.), as provided by CIE. Øʇ, 

Ùʇȟ Úʇ are the CIE 1931 spectral tristimulus values and are constant, and 2ʇ is the 

measured spectral reflectance (or transmittance) of an object. If one is measuring light 

coming directly from a source, not passing through a filter, 2ʇ is not used. K is a 

normalization constant and depends upon what is being measured. If one is measuring the 

color of a primary light source K=683 lm/W. If one is measuring an object, the K factor 

described in Equation 1.2.3.1 is 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 quantitative form. Two color 

spaces are commonly used in electrochromics: they are the xyY and the L*a*b*. Artistic 

renditions of the two spaces can be found in Figure 1.2.3.1. The xyY color space has a 

+
ρππ

᷿ 3ʇÙʇ2ʇÄʇ
 

8 + 3ʇØʇ2ʇÄʇ 

9 + 3ʇÙʇ2ʇÄʇ      

: + 3ʇÚʇ2ʇÄʇ  
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gamut that is horse-shoe shaped and the edge of the gamut is the spectral 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 less saturated colors appear towards the center of the gamut.  

 

Figure 1.2.3.1: (a) xyY color space. (b) Artist rendition for L*a*b* color space.
6
 

A straight line between two points within the gamut represents all possible colors through 

mixing the extremes of the line, as shown in Figure 1.2.3.1a. Though xyY is widely used, 

it lacks uniformity 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 of a color 

with 0 being black and 100 being white, a* represents greens and reds while b* 

represents blues and yellows for negative and positive values respectively. As values of 

a* or b* progress farther from the origin, the greater the saturation (chroma). As values of 

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

 

Equation 1.2.3.2: Calculations for color values in xyY (a) or L*a*b*  (b). 
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Using the conversions shown in Equation 1.2.3.2, one can determine the color values of 

an object or a source. For either color space, one needs to use the tristimulus numbers 

calculated from Equation 1.2.3.1 to acquire color values using the functions in Figure 

1.2.3.2 for xyY (Figure 1.2.3.2a) or L*a*b* (Figure 1.2.3.2b) where Xn, Yn, and Zn 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 repeated many times in this 

dissertation. For electrochromic polymers, a spectroelectrochemistry experiment will 

yield the colorimetry values as a function of oxidation state attained with an applied 

potential (as detailed in Chapter 3). A spectrum taken at each voltage is converted into 

tristimulus values and color coordinates using the equations described above
10

 and then 

plotted into a color space. L*a*b* is used as there is geometric uniformity between 

points, enabling the visual comparison of different values of various hues or shades of the 

same color with little confusion.  

 

Figure 1.2.4.1: Spectroelectrochemistry of ECP-Magenta with standard observers Ø, Ù, 
and Ú overlaid as shaded curves. Structure of ECP-Magenta and photographs of neutral 

and oxidized states are inset. 
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Looking to Figure 1.2.4.1, for the polymer known as ECP-Magenta, observe that as the 

polymer is progressively electrochemically oxidized from a vibrant magenta neutral state 

(-500 mV) to a transmissive oxidized state (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 ñbleachingò. The spectra at each state can be converted into colorimetry 

values using the methods described 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. 

 

Figure 1.2.4.2: (a) a*b* and (b) L* color coordinates for ECP-Magenta electrochromism. 

With the quantification of the color for the electrochromism of ECP-Magenta in hand, at 

a potential of -500 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*=90.0, a*=-2.4, and b*=-4.2 (fully bleached). Now 

that we have a grasp on how the eye functions and perceives color, letôs discuss the 

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

1.3. Introduction to Conjugated Polymers, Electrochromism 

The discovery of polypyrrole
11

 and polyacetylene
12,13 

started the field of conjugated 

polymers. Over time these polymers have structurally 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 understand the origin of the band 

structure. Using polyacetylene as a model, as the number of  ́bonds increase, there is a 

proportional growth in the number of new energy levels. These new states are stabilized 

by an increasing amount of electron delocalization (double bond alternation). With a 

greater number of ́ bonds, energy bands arise from the hybridization of an increasing 

amount of ́  orbitals, illustrated in Figure 1.3.1.1. The ódistanceô between bands (where 

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 gap (Eg) and is the source of the 

properties of conjugated materials, giving rise to the term band gap engineering. 

 

Figure 1.3.1.1: Schematic representation of the evolution of the band gap (Eg) with the 

extent of conjugation in ́-conjugated polymers. Blue energy levels are ñfilledò (HOMO), 

gold energy levels are ñemptyò (LUMO). Adapted from Salzner et al.
14

 

Ideally, this increasing  ́ electron delocalization would be even along the conjugated 

backbone and eventually through more and more  ́bonds, the Eg would close (VB and 
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CB would touch) and the material would be an intrinsic metal or metallic. In reality, this 

is not the case as electronic repulsions analogous to those observed in cyclobutadiene, 

create a geometrical distortion in the conjugated backbone known as Jahn-Teller 

distortion (or Peierls distortion if you are a condensed matter physicist). This distortion 

prevents evenly spaced, alternating double and single bonds and thus, the bands push 

apart, giving rise to the band gap. This model for polyacetylene (which has alternating 

bond lengths of 1.35 and 1.45 Å) applies for aromatic rings such as phenylenes, pyrroles, 

or thiophene, where the growing number of rings, bond length alternation, and steric 

interactions prevent infinitely planar structures and gives rise to the Eg. This is 

advantageous for electrochromism because this gap can be structurally tuned to give rise 

to a desired color in one state and then bleached away when doped or oxidized. 

It can be generally stated that for conjugated polymers in their neutral forms, the Eg arises 

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 twist will increase the effective conjugation length, yielding 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 energy regions of the visible. 

Upon progressive oxidation or doping, new equilibrium geometries are achieved. The 

formation of radical cations (polarons) form localized distortions on the conjugated 

backbone in the form of relaxation. These mid-gap states possess lower energy 

absorption transitions. Further oxidation or doping gives 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 (polaron) at two points, and mid-

gap states form with even narrower gaps.
15,16

 The more relaxed or planar a dication from 

complete oxidation or doping, the more transmissive the state will become due to the 

narrower gap. 
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1.3.2. A Colorful Peculiarity in Polypyrrole and Polythiophene 

Polyaromatics were polymerized and studied alongside polyacetylenes to achieve 

electrically conducting 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 on the extent of conjugation which is directly affected by steric effects in the 

polymer backbone. X-Ray diffraction of polypyrrole (PPy) oligomers suggest the rings 

are coplanar
17

 however, as shown in Scheme 1.3.2.1, substitution at the nitrogen or the ɓ-

position introduces greater steric repulsion and a twist is induced along the backbone 

eliminating the zero dihedral angle ɗ (ɗÍ0 when R1ÍH and R2ÍH). 

 

Scheme 1.3.2.1: Twist in the backbone of polypyrrole represented by dihedral angle ɗ. 

Films of PPy
18,19,20

 and
 
polythiophenes (PTs)

20,21
 expressed electrochromism, the colors 

and structures of the extreme states are illustrated in Scheme 1.3.2.2. PPy in the neutral 

state when dopant ions are fully removed (only accomplished in films thinner than 1 ɛm) 

is yellow-green in color (due to structural defects upon polymerization, reducing extent 

of conjugation)
22,23

 switching to a blue-violet oxidized state. This was not a practical 

color change and the films would decompose over repeated cycling due 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, like PPy, electropolymerized unsubstituted PT suffers from Ŭ-ɓ, ɓ-ɓ coupling 

defects. To amend this, methyl groups were installed onto the 3-position 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 
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in insulative Ŭ-ɓ couplings.
21

 This helps to stabilize oxidized states, hence the slight 

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

Doped

(oxidized, conducting)

Yellow-Green 

(ɚmax 420 nm)

Red 

(ɚmax 470 nm)

Purple 

(ɚmax 480 nm)

Blue-Violet

(ɚmax 670 nm)

Blue

(ɚmax 730 nm)

Pale-Blue

(ɚmax 750 nm) 

Undoped

(neutral, insulating)

 

Scheme 1.3.2.2: Schematic representation of the doped and undoped forms of 

polypyrrole and polythiophenes and their colors in either state. 

1.3.3. Discovery of PEDOT 

Given that unsubstituted heterocycles are prone to structural defects at the ɓ position 

during polymerization, Heywang and Jonas reported the synthesis and characterization of 

a 3,4-ethylenedioxythiophene (EDOT)-based polymer (PEDOT).
24

 This material was 

cathodically switching and exhibited a neutral state ɚmax of 621 nm (2.0 eV) giving a blue 

color. Upon oxidation, a sky blue near transmissive color was observed due to tailing 

absorption into the long wavelength portion of the visible. The discoloration was due to 

increasing absorption in the near-infra-red (NIR) while a decrease in absorption occurred 

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 blocking the ɓ positions, protecting them during polymerizations, the 

oxygen atoms donate ˊ-electron density into the heterocycle, making the ring electron 

rich and easier to oxidize. This effect raises the HOMO of the subsequent polymer, 

imparting these types of materials with low oxidation potentials (Eox). 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 to electrochromic applications as you want 

materials that can achieve vibrant colored states with high absorption in the visible and 

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 the rainbow 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 the field of electrochromism. They possess low 

oxidation potentials imparted by electron donation from oxygen -́electrons on the ɓ 

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 using straight forward synthesis starting 

from thiodiglycolic acid for the production of 3,4-dimethoxythiophene in Scheme 

1.3.4.1a.
25,26

 These first methods however, required multiple steps. To favor industrial 

resynthesis, a one-step route towards 3,4-dimethoxythiophene was reported in 2004
27

 and 

is shown in Scheme 1.3.4.1b. 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 1.3.4.1c. The thiophene is completely brominated to 

tetrabromothiophene
28

 which is then subsequently and selectively dehalogenated with 

zinc metal in glacial acetic acid.
29

 The final step utilizes Ullmann etherification with a 

copper (I) catalyst.
30
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Scheme 1.3.4.1: (a) Total synthesis of 3,4-dimethoxythiophene starting from 

thiodiglycolic acid. (b) Once-step route for synthesis of 3,4-dimethoxythiophene. (c) 

Alternate route starting from thiophene. 

The 3,4-dimethoxythiophene starting material can then be modified via acid catalyzed 

transetherification and Williamson etherification to yield substituted monomers for 

polymers to achieve a number of properties such as solubility for processing from organic 

or aqueous solvents
31

 or to tune optical properties.
32,33,34

 Just a few examples of these 

reactions are shown in scheme 1.3.4.2 and are all high yielding and do not require 

complex purification methods beyond distillation, recrystallization, or flushing through 

pads of silica. The brominations to form C and E are quantitative in yield and the 

products are stable under ambient conditions. Molecules A, B, D, and F can be dimerized 

using Ullman-like copper or iron catalyzed conditions
35,36

 to access structures to tune the 

absorbance or electrochemical properties of subsequent polymers. These reactions are 

also scalable, capable of being produced in kilogram quantities; suitable for industrial 

reproduction.  
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Scheme 1.3.4.2: Typical synthetic routes to achieve monomers for DOT based ECPs and 

what polymerization methods are appropriate for the indicated monomer.  

To form polymers, A, B, D, and F can be polymerized using oxidative (iron(III) based),
37

 

electrochemical,
38

 or direct arylation (palladium based) polycondensation conditions.
39,40

 

Molecules C and E can be used in a variety of transition metal cross coupling 

polycondensation reactions to form polymers using Suzuki,
41

 Stille,
42

 direct arylation,
39,40

 

and Grignard metathesis conditions.
33

 These polycondensations are typically high 

yielding and give Mn greater than 10 kDa. All of the polymers formed from monomers 

above are organic soluble and can be cast into films using organic solvents with the 

exception of F. The ester side chains in the homopolymer of A can be hydrolyzed under 

basic conditions to yield a water soluble polymer that can be cast into films from water 

and rendered insoluble with treatment with acid. This and general polycondensation 
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conditions for Stille, Suzuki, and direct arylation can be found in scheme 1.3.4.3. These 

polycondensation reactions will be discussed in greater detail in chapter 2. 

 

Scheme 1.3.4.3: General polycondensation schemes for Suzuki (a), direct arylation (b), 

oxidative (c), and Stille (d). 

1.3.5. A Completed Color Palette of ECPs 

The nature of the Eg directly affects the optical or color properties of a designed polymer; 

this is why we care to engineer band gaps. The 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 the appropriate selection of heterocyclic backbone (for these 

discussions, thiophene). The addition of oxygens in the ɓ positions not only lowers the 

Eox of the polymer, but the nature of the dioxy groups can fine tune optical properties.
43

 

From smaller to larger rings bonded to the ɓ positions, the Eg will increase; the largest 

gaps can be achieved with acyclic dioxy systems.
32

 The nature of the size of the side 

chains can also affect the Eg. With smaller, unbranched alkyl groups allowing greater 

relaxation along the backbone giving lower band gaps while larger, branched chains give 

higher band gaps from increased torsional strain along the conjugated backbone.
34

 The 

nature of the chains can be tuned to achieve solubility in desired solvents;
31

 if you find a 

polymer is insoluble in organic solvents, a good rule of thumb is to increase the size and 

bulk of the solubilizing 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. 

 

Figure 1.3.5.1: Model for tuning optoelectronic properties in ECPs. 

Using this model, our group has been able to access a full color palette of ECPs.
44

 As 

complex as conjugated polymers are, this was and still is accomplished through coarse 

color control using steric interactions along the backbone or donor-acceptor effects. The 

structures of polymers and their respective colors are shown in Figure 1.3.5.2.   
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Figure 1.3.5.2: Structures for all soluble, DOT based ECPs produced in the Reynolds 

group that complete the color palette. 

To relate the structure-property relationships, the spectra of each polymer (except for 

ECP-Black) and color coordinates at various potentials are shown in Figure 1.3.5.3. 

Steric effects tuning the ˊ to ˊ* transition have allowed access to magenta,
33

 red, 

orange,
32

 and yellow;
45,46

 from low to high strain shifting the absorption to progressively 

shorter wavelengths of light respectively. Donor-acceptor effects have allowed access to 

blue,
41,47

 cyan,
48

 and green
49,50

 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), the ɚmax of this can be shifted to longer 

wavelengths with increasing relaxation or number/electron richness of the donors.
49,51
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Figure 1.3.5.3: Spectra (left) and color coordinates (right) of DOT based ECPs produced 

in the Reynolds group that complete the color palette. 

ECP-Black is a random copolymer; this randomness is what imparts its color properties 

as illustrated in Figure 1.3.5.4. The polymer was made using a complex balance of the 

two methods. The first employs random lengths of D-A, which yields low energy 

transitions absorbing long wavelength light; the stronger or greater the D-A interaction, 

the lower the energy transition. The second employs random runs of donors along the 

backbone affording varying extents of conjugation and giving rise to moderate and higher 

energy transitions, absorbing short and medium wavelengths of light; short 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 it to absorb broadly across the visible spectrum, giving a material that is black in 

color.
42,51
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Figure 1.3.5.4: Illustration of various optical transitions that give rise to total absorption 

across the visible. 

A colorless to colorless ECP based on a dioxypyrrole (dubbed, minimally color changing 

polymer (MCCP)) has been utilized as a counter electrode material for charge balance in 

devices.
52

 For a more detailed analysis on dioxypyrroles please see the dissertations by 

Ryan Walczak
53

 and Frank Arroyave.
54

 

As was noted with the small molecule reactions, the polycondensation conditions to 

produce these ECPs are scalable, capable of producing polymer in the tens of grams or 

greater. To emphasize scalability, Figure 1.3.5.5 is a photograph of a 6 g standing film of 

ECP-Magenta and a 300 g scale of ECP-Yellow.  
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Figure 1.3.5.5: A cast film of ~6 g of ECP-Magenta (left). Suzuki polycondensation, 300 

g scale (right). 

1.4. Out of the Cuvette and Towards Applications 

Here we will address electrochromic applications, not 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 and polythiophene). These 

materials have demonstrated the possibilities in a range of applications.  

1.4.1. General Electrochromic Device Architecture  

In order to realize applications of electrochromics, we shall briefly discuss the 

architecture of electrochromic devices (ECDs) based on polymers, but this is generally 

the same for other materials.
55,56

 For a typical ECD, the layers of activity from closest to 

the eye to 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 reflective 

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 balance. The boundary between layers possesses a 

white, diffuse reflecting gel electrolyte by utilizing titanium dioxide passivated with other 

insulating metals.
57,58,59,60

 This same concept can be utilized with porous reflective 

metals.
61,62

 On either side of the reflecting electrolyte layer, each polymer is in an 

extreme state opposite to the other. When electrochromic switching occurs, you will only 
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see the color change of the front most ECP layer and the color change behind the 

reflecting gel electrolyte is of no consequence. 

 

Figure 1.4.1.1: Schematic of a reflective ECD. Adapted from the dissertation of Aubrey 

Dyer.
63

 

The architecture for a transmissive ECD is very similar to the 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 seeing through all of the layers, the color change at the 

two electrodes matters. To provide charge balance during 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 used.
52,64 

 

Figure 1.4.1.2: Schematic of a transmissive ECD. Adapted from the dissertation of 

Aubrey Dyer.
63

 

1.4.2. Applications of Electrochromism 

¶ Mirrors 

Our first application is mirrors which are essentially reflective ECDs. These are devices 

that are capable of self-darkening for automotive applications whilst driving at night.  

These would prevent the dazzling of drivers via reflection of headlights by 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.
65,66,67,68,69

 

¶ Transmissive ECDs for Windows in Buildings, Aircraft, and Eyewear 

The second application is general windows for buildings and aircraft. In 1985 ñsmart 

windowò was coined by Svensson and Granqvist as a term for windows that 

electrochromically change transmission.
70

 In these devices, the electrochromic layer acts 

as a light filter, and rather than having shutters, you are able to select ñtintò settings to 

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, eliminating the need to constantly apply climate control 

while enhancing comfort.
71,72,73,74,75

 View Inc. and Sage Glass have installed 

electrochromic windows in building across North America and parts of the world.
76,77

  

For aircraft applications, these devices could be installed 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 windows have been installed on the Boeing 787 

ñDreamlinerò.
78,79 

A personal favorite example is in military applications where either a 

pilotôs helmet visor or cockpit canopy would darken when a fighter rises above clouds 

and then becomes transmissive when it flies below clouds, relieving the pilotôs eyes and 

concentration during operations as they would no longer need manually lift or lower the 

current tinted visors. This same idea for helmet visors 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 little business success and is an area 

for improvement in the future.
80,81,82,83

  

¶ Nonemissive Image and Data Displays 
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Operating in either a reflective or transmissive mode (majority being reflective),
84,85,86 

ECDs would be able to display full color information using a subtractive color mixing 

scheme.
87,88,89

 Initial applications for such displays were suggested as watch faces
90

 but 

now they can be utilized in data and advertising boards, and indicators on security cards 

or banknotes.
91,92,93,94 

Electrochromic displays are referred to as ñpassiveò since they do not emit light and 

would not be subject to issues of glare from outdoor sunlight like emissive display 

systems. Some have felt that electrochromics ñdefinitely exceeded the original iPod 

[screen] in crispness and brightness.
95

 Since 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 ECDs do 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 in dual use emissive/nonemissive systems, allowing day and night 

applications.
96,97

 Research has been rather imaginative in the use of substrate for these 

displays, giving rise to ECDs based on paper or cloth.
98,99,100,101

 These and various niche 

applications are discussed at length by Monk et al.
102

 

1.5. Dissertation Thesis 

Herein encompasses the synthesis and characterization of electrochromic polymers, with 

the goal of controlling light absorption to acquire desired colors and redox properties. As 

we saw, Chapter 1 introduced concepts of optics, human color vision, conjugated 

polymers, electrochromism, and applications. Chapter 2 overviews the primary 

polycondensation methods used to synthesize ECPs, and establishes a set of guidelines to 

produce the polymers weighing the pros and cons of the polycondensation methods. 

Chapter 3 contains all experimentals in conducting processing and characterization of 

ECPs and will be established as a guide for new students to follow. Chapter 4 details the 
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introduction of yellow-to-transmissive ECPs through utilizing subtle ortho C-H 

phenylene interactions neighboring DOTs to achieve polymers with band gaps higher 

than 2.25 eV, where ECP-Yellow-2 (P2.9) optimizes yellow in the completed color 

palette of ECPs. Chapter 5 presents trends in modulating steric effects in alternating all 

donor ECPs to tune hues of magenta 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%. With these trends in hand, random 

copolymers based on ProDOT-Ph/EDOT and ProDOT-AcDOT/EDOT were produced in 

an attempt to give broad visible absorptions with neutral state colors at low L*a*b* 

values without the use of acceptors. These random copolymers could not achieve the 

required extents of conjugation necessary to absorb long wavelength visible light to give 

black ECPs as evident by their highly color neutral states. Because acceptors need to be 

employed to achieve black-to-transmissive ECPs, Chapter 6 focuses on the use of steric 

strain of main chain donors and steric relaxation around acceptor moieties to enhance the 

broadness and contrast of black ECPs. This was ultimately achieved with a new black 

ECP where the neutral state color was the lowest achieved (L*:45, a*:5, b*:3), appearing 

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 nerve-wracking to conduct polymerizations 

using precious monomers that have taken much effort to synthesize and purify. Therefore 

to prevent wasted effort in conducting polymerizations that fail to reach an acceptable 

degree of polymerization and conjugation lengths, we will discuss the main 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 polymerization choice, review 

purification, and close with synthetic methods used to make the materials in this 

dissertation.   

2.1. Conjugated Polymerizations  

The number-average degree of polymerization (Xn) refers to the number of monomer 

units in a polymer or oligomer chain. For a homopolymer, Xn is described by Equation 

2.1.1 where Mn refers to the number-average molecular weight distribution of a polymer, 

as measured by GPC (interchangeably referred to as size exclusion 

chromatography (SEC) and gel permeation chromatography (GPC)) and M0 refers to the 

molecular weight of the monomer repeat unit. For example, a polymerization yielding 

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

8
-

-
 

Equation 2.1.1: Number-average degree of polymerization. 

For an alternating copolymer M0 can be found by combing the total weight of both repeat 

units while for a random copolymer, M0 can be found by averaging repeat unit ratios 

based on the initial equivalencies used for polymerization. For number-average degree of 

http://en.wikipedia.org/wiki/Size_exclusion_chromatography
http://en.wikipedia.org/wiki/Size_exclusion_chromatography
http://en.wikipedia.org/wiki/Gel_permeation_chromatography
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polymerization Mn is chosen as it represents the weight of the chains that are most 

prevalent, not a polymer molecular weight average (Mw, includes all chains, of all 

lengths). 

In the field of industrial thermoplastics, good mechanical properties such as high melt 

temperature or mechanical strength increase with Xn (thousands or tens of thousands are 

desired), while in the realm of ˊ-conjugated polymers it affects optoelectronic properties 

by relation to the maximum effective conjugation length (high Xn in conjugated polymers 

also yield more desirable mechanical properties such as the ability to form solid, 

continuous surface electrodes). This ñlengthò is based on the number average of repeat 

units which can be identified through Equation 2.1.1 and the maximum effective 

conjugation length is typically achieved at Mnôs of 10,000 Da. As illustrated in the 

simplistic Figure 2.1.1, as the number of repeat units (rings) increases, the effective 

conjugation length increases to a point of saturation (maximum effective conjugation 

length) and shows little change in absorption (ɚmax) with a corresponding increase in Mn 

(and subsequently, Xn).  

 

Figure 2.1.1: Extent of conjugation with increase in the number of rings (Mn). 
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ɚmax is often used as it represents the largest density of absorption transitions. 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 steric repulsion in 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 polythiophene (PT), poly-p-phenylenevinylene (PPV), polyfurans (PF), and 

ProDOT have found the effective saturated conjugation length with regard to the number 

of rings to be slightly over 11,
103

 20,
104

 16,
105,106

 and 12
35

 repeat units respectively. Others 

have found the saturation of conjugation length for PT, PPV, PPy to be greater than 20 

repeat units.
107

 Meier et al compiled a series of studies concerning the effect on the extent 

of conjugation with respect to the number of repeat units for a variety of polyaromatic 

systems, which have been condensed in Figure 2.1.2 where ɚÐ represents the maximum 

effective conjugation length for each oligomer. 

 

Figure 2.1.2: Change in the extent of conjugation with an increase in the number of rings 

as measured by solution spectroscopy. Adapted from Meier et al.
107
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Interestingly 48, 72 and 96-mer PT systems have been synthesized and it was found that 

there was a continuing and slight redshift with increasing weight (~2 nm between the 72 

and 96-mer).
108,109  

In a study by Jin et al,
110

 two batches of poly(3-hexylthiophene) (P3HT) were produced. 

The low molecular weight batch had a weight of Mn: 2,200 Da, Mw: 3,146 Da and 

exhibited a ɚmax of 450 nm. The high-molecular weight batch (Mn: 19,000 Da; Mw: 

25,650 Da) exhibited a ɚmax of 555 nm, showing the dependence of conjugation (and 

properties) on the chain length. With a repeat unit weight of P3HT being 166.28 g/mol; 

the low weight batch 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 (Mn > 10,000 Da), let us discuss 

common polymerization 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 monomers. These types of polymerizations can be conducted chemically 

using oxidants such as ferric chloride (FeCl3) or electrochemically to deposit films onto 

electrodes. Dioxythiophenes (ɓ-substituted heterocycles in general) work well for this 

method as they are electron rich and the dioxy-substituents completely prevent defects 

from forming in the ɓ positions of the rings, allowing only Ŭ-Ŭ couplings. 

The suggested general mechanism for oxidative polymerization is not very well known 

but believed to be identical for chemical and electrochemical processes; it is illustrated in 

Scheme 2.2.1. The initial DOT monomer (ProDOT(OEtHex2) for ECP-Magenta) is 

oxidized by a chemical oxidant (FeCl3) or at the working electrode in an electrochemical 

cell; the more electron 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 dioxy-substituents in the ɓ positions. Chemically, two radical cation 

monomers will bond together, followed by deprotonation to produce HCl in the reaction 

mixture, and should be bubbled away by a carrier gas. As couplings progress, a radical 

cation monomer and a radical cation dimer or radical cation oligomers will bond together 

forming polymer chains. Electrochemically, the mechanism is the same.
111

 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 completely consumed.  

 

Scheme 2.2.1: Mechanism for oxidative polymerization, chemical or electrochemical, 

where R can be any alkyl or solubilizing chain (typically 2-ethylhexyl). 
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Chemical oxidative polymerizations are to be performed 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 the FeCl3 is not 

soluble thus, nitromethane or methanol are used but retardation of polymerization is 

possible.
112,113

 Method (b,c) uses a moderate polymer solvent that can also dissolve FeCl3 

providing a homogeneous polymerization yielding adequate molecular weights using 

ProDOTs and high molecular weights for acyclic DOTs.  For 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 (1-5 mL) 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. 

 

Scheme 2.2.2: Three synthetic oxidative routes. All carried out at room temperature.
32, 49

  

These polymerizations on smaller scales (up to 5 g) are best performed 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 herein). The 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 HCl. Do not use a 

metal syringe as it will corrode or dissolve from the oxidant and produced HCl during the 

duration of the polymerization; I 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 added as 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 FeCl3 solution 

concentrations of 4.5M (0.7 mg/ml), 15 mL or less) this is manageable and the oxidant 

can be added to an adequately sized vial of solvent, degassed via sparging with inert gas 

(5 minutes to minimize needle corrosion), and injected drop wise (3-5 drops/second, 

rapid) using a syringe. For larger volumes it is 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 a monomer lacks solubilizing chains, it should be used as a co-monomer 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 dissertation of Ryan Walczak beginning on page 17.
53

 If the monomer 

contains functional groups that are acid sensitive or is a heterocycle that is also sensitive 

to acid (such as furan), chemical 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 ɓ positions to be utilized with no fear of defects. A thorough review on this 

chemistry is presented by Carsten et al.
114

 

Shi et al, utilized Stille polymerization for the synthesis of ECP-Black.
42

 This produced a 

polymer with a more even absorption across the visible spectrum, giving a material that 

possesses a lower L* value (darker) than what was afforded by Beaujuge et al using 

oxidative methods.
51

 A mechanism of Stille polymerization is presented in Scheme 2.3.1 

with ECP-Black as an example. The palladium catalyst Pd2(dba)3 with the bulky 

phosphine ligand P(o-tolyl)3 is used in favor of  PdCl2(PPh3)2 or Pd(PPh3)4 as the same 

Pd
(0)

 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 diorganotin or tin terminated oligomer 

under goes transmetallation with the palladium catalyst. The purpose of the bulky ligand 

is to aid in the trans-cis isomerization of the palladium complex to facilitate reductive 

elimination, minimizing coupling by-products that would otherwise lower molecular 

weight, increase PDI, and deplete yields. As this is a palladium-mediated-step-growth 

polymerization, great care must be taken in monomer ratio and purity to maximize yield 

and Mn while also ensuring an oxygen free environment to maintain catalyst lifetime. 
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Scheme 2.3.1: Stille polymerization mechanism with ECP-Black as example. 

Typical Stille polycondensation conditions are shown in Scheme 2.3.2. These 

polymerizations are best conducted in Schlenk 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 degassed by at least three freeze-pump-thaw 

cycles. Monomers are added carefully and separately to ensure proper weight (to within 

0ᴜ.5 mg of needed amount). If the monomers are solids this is a relatively simple task 

with the exception of ensuring all monomer has 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 the hexane is gently removed in 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 for at least 45 minutes, followed by three purge and argon 

back-fill 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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Scheme 2.3.2: Two different methods for Stille polymerization.
42,48

 

Organotins are well known to be neurotoxic
115

 and great care must be taken to handle the 

monomers and by-products of reactions. Organotin exposure is not only a hazard to you 

but also to others around the 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 suitable 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 polymer 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 

success and 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, good Mn, and 

boronic esters are generally environmentally benign. Overall 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 shed little 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(OR)3
-
 or 

ArB(OR)2F
-
 as the active species. The reductive elimination step was assumed to pass 

through the same route as mentioned for Stille. However, a thorough study by Amatore et 

al, of both processes now show that the steps are not as simple as portrayed in the past 

and through their work a new mechanism has been presented, and is adapted for the 

polymerization of ECP-Yellow shown in Scheme 2.4.1.
116,117

  

 

Scheme 2.4.1: 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 followed by an equilibrium exchange reaction between hydroxide (or 
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fluoride) and bromide on the palladium complex. The transmetallation step as discovered 

by Amatore et al, will not proceed if the negatively charged tetrahedral boronate 

intermediate is formed, or if 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 empty p-orbital on boron behaving as a Lewis acid, 

allowing electrons to be accepted from the lone pairs on O or F, guiding the aryl-boron 

species to the Pd complex. The authors then discovered an unexpected role of the Lewis 

base in promoting the faster reductive elimination through a stable trans-bis-

(aryl)Palladium complex with hydroxide (or fluoride) as a fifth ligand
118,119,120

 over the 

slower trans-cis isomerization that was seen with Stille. 

The type of aryl boronic species is important. Free aryl boronic acids (aryl-B(OH)2) 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 in equilibrium; this 

knowledge was utilized to produce yellow ECPs with electron rich dimethoxyphenylene 

monomers using CsF over K3PO4. These fluorides are also functional group tolerant and 

can be used to produce polymers with base sensitive side chains.
121,122

  

Typical Suzuki polymerization schemes are presented in Scheme 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 solution formed upon the addition of water. To 

eliminate the use of water which forms a biphasic polymerization mixture, 

tetrabutylammoniumhydroxide can also be used.
123

 The Lewis base and phase transfer 

catalyst are added prior to vacuum purging and water is free-pump-thawed 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 phases are indistinguishable. 

 

Scheme 2.4.2: Typical Suzuki conditions with strong base (a), moderate base (b), and 

base free (c).
47,45,46 

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

or have sterically hindered active centers. A report by Liu et al synthesized electron rich 

and bulky ligands to allow such polymers to be realized.
124

 Typically 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 decomposition.
125

 

2.5. Direct Arylation  

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

Direct arylation has existed in the world of small molecule synthesis
126,127

 with near equal 

fame as the ñclickò reaction. However, direct arylation took time to mature into a method 

of polymer synthesis that is capable of giving good yields and adequate Mn; it is still 

being actively explored and understood.
128,129

 

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 there are less 

synthetic steps, no need to brominate a monomer to prepare for lithium-halogen exchange 

for stannylation or Miyaura borylation and the subsequent and sometimes arduous 

purifications. The catalyst materials are commercially available, economical, air stable, 

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 temperature to 

facilitate oxidative addition (most efficient found to be +120
o
C) or 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 polymerization as 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 being addressed with time: 

The Leclerc group has reported extensive work in utilizing new catalysts, solvents, and 

temperatures to fit a variety of rings,
130,131

 the Thompson group has explored the use of 

neodecanoic acid (NDA) in place of pivalic acid and temperature variations to mitigate 

cross-linking of thiophene monomers during polymerization,
132,133

 and the Kanbara group 

has studied the use of fluorine atoms, methyl groups, or pyrimidinyl directors and 

ruthenium catalysts to prevent Ŭ-ɓ defects.
134,135,136

 For the majority of this dissertation, 

DOT monomers are ideal for this chemistry as there is no chance of cross linking due to 

the oxygen atoms occupying the ɓ positions, the protons in the Ŭ positions are sufficiently 

acidic, and the polymers are adequately soluble during polymerization reaching desired 

Mn, requiring little deviation from previous literature conditions.
39

 

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 light to give a general 

mechanism known as concerted-metalation-deprotonation (CMD). The polymerizations 

generally work best with the carboxylate additive pivalic acid
137,138

 but can function 
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without.
139

 For the purpose of this dissertation we will discuss the mechanism with 

pivalic acid; an explanation on the mechanism without the additive can be found by 

Mercier and Leclerc
128

 but many of the transition states are similar. The mechanism is 

adapted for the synthesis of ECP-Black 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 addition followed by a halogen-

carboxylate ligand exchange. The carboxylate ligand simultaneously acts to support the 

complex and to deprotonate the di-hydrogen-DOT species.
140

 The ligands (carboxylate, 

solvent, or phosphine if needed) can then recoordinate with the catalyst center following 

Pathway A or remain coordinated during the entirety of the cycle for Pathway B. 
 

 

Scheme 2.5.1: Proposed mechanism for direct arylation using a carboxylate additive. 
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This cycle will continue until the polymer 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 ECP-Orange in Scheme 2.5.2. Direct arylation (a) gives an orange oil with a Mn that 

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 Mn 

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 surface.
32

 

Conditions using the Herrmann-Beller Catalyst system
139

 had little effect on weight due 

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

methods. 

 

Scheme 2.5.2: Comparison of direct arylation (a) and oxidative addition (b) for the 

production of ECP-Orange. 

Palladium acetate conditions can be performed in similar glassware (Schlenk tubes and 

flasks) with the same general procedure as seen for Stille and Suzuki polymerizations 

with the exception that solvent merely requires bubbling with inert gas. Typical solvents 

for this method are dimethylacetamide (DMA/DMAc), N-methylpyrrolidone (NMP), or 

dimethylformamide (DMF) as they are polar aprotic 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. 
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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. A variety of conditions and 

catalyst loadings is presented in Scheme 2.5.3. Monomers and catalysts are added 

directly to the flask and then a claisen head is attached, followed by one vacuum adapter 

for purging and inert gas flow and one rubber septum for injection of 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 140
o
C. Color change 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 scales discussed herein.  
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Scheme 2.5.3: Direct arylation methods with similar catalyst loadings but at different run 

times (a,b), Herrmann-Beller catalyst (c), and NDA (d). 

If Palladium acetate conditions are insufficient, the Herrmann-Beller catalyst system may 

be required (bulky aryl bromide centers, exotic acceptors such as thienopyrrolodione 

(TPD))
130,131

 using tetrahydrofuran (THF) in which a reinforced-glass 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 discussed above 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. 

Coupling 

Method 

Monomer Type Advantages Disadvantages 

Chemical 

Oxidation 
¶ Electron Rich  

¶ With solubilizing 

chains 

¶ Without solubilizing 

chains  

(as comonomer) 

o No synthesis to 

activate monomer 

o Straightforward set-up 

o Economical reagents 

o Air tolerant 

o Scalable 

o Reliable 

× Incompatible with acid 

sensitive monomers 

× Cannot achieve 

perfectly alternating 

structures 

× Can induce ɓ defects in 
heterocycles 

× Subsequent polymers 

must be soluble 

Electrochemical 

Oxidation 
¶ Electron Rich  

¶ With solubilizing 

chains 

¶ Without solubilizing 

chains 

o Control of film 

thickness/morphology 

o Access polymers with 

no solubilizing chains 

o Reliable 

× Cannot achieve 

perfectly alternating 

structures 

× Can induce ɓ defects in 
heterocycles 

× Not scalable in 

laboratory setting 

Stille ¶ Electron rich 

¶ Electron Poor 

¶ -́Bridges 

¶ With solubilizing 

chains 

¶ Without solubilizing 

chains (as 

comonomer) 

o Well understood 

o Straightforward set-up 

o Reliable 

o Scalable 

o Can achieve perfectly 

alternating structures 

× Toxic monomers  

× Toxic by-products 

× Air sensitive 

× Requires at least two 

different activated 

monomers 

Suzuki ¶ Electron Poor 

¶ -́Bridges 

¶ With solubilizing 

chains 

¶ Without solubilizing 

chains  

(as comonomer) 

o Nontoxic monomers 

o Well understood 

o Straightforward set-up 

o Scalable 

o Reliable  

o Can achieve perfectly 

alternating structures 

× Electron rich 

monomers require 

condition probing 

× Air sensitive 

× Biphasic 

× Requires at least two 

different activated 

monomers 

Direct 

Arylation 
¶ Electron rich  

¶ Electron Poor 

¶ -́Bridges 

¶ With solubilizing 

chains 

¶ Without solubilizing 

chains  

(as comonomer) 

o Only one activated 

monomer required 

o Straight forward set-up 

o Scalable 

o Air tolerant 

o Can achieve perfectly 

alternating structures 

× Not fully understood 

× 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 of benzothiadiazoles, isoindigo, thienopyrrolodione, or 

quinoxaline; otherwise known as acceptors. The moieties known as ˊ-bridges 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 polymerizations, 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 simplify 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 Mn possible 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 polymerizations should 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 into methanol 

solutions containing dilute HCl to eliminate salts. Once the precipitates have stirred for at 

least 45 minutes, the dispersion can be poured directly into a cellulose soxhlet thimble. 

As mentioned above, oxidative precipitates must be filtered, washed with methanol, 

dissolved in toluene or chloroform and reduced with hydrazine before soxhlet can be 

pursued. Some polymers may behave like viscous oils or tacky substances and wonôt 

form uniform dispersions of polymer particles in methanol, easily collected 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 concern for the molecular weight if this happens, look 

above at the discussion on Scheme 2.5.2. If a cloudy precipitate or ñmistò is acquired, 

adding small amounts of 1 M HCl can expedite precipitation. 
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Once the polymer has been poured into the cellulose thimble, Soxhlet extraction 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 is finally removed from the thimble 

using chloroform, leaving behind insoluble organics, metals, or salts.
141

 If a narrower PDI 

is desired, solvents like DCM or THF can be used before final dissolution of product 

polymer but the choice of solvent depends on 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. 

 

Figure 2.7.1: Soxhlet extraction of ECP-Black 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 polymer-solvent 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 18-Crown-6 and palladium scavenger 

(diethylammonium diethyldithiocarbamate) to remove metal ions like potassium and 

palladium respectively.
142

 Take care adding the crown ether as it can affect your nervous 

system by interfering with potassium ions, preventing communication between neurons. 

The solution will then be stirred at 60
o
C for at least 6 hours.

39
 

Once cooled to room temperature the final polymer solution can be precipitated into 

methanol, stirred for 45 minutes then filtered over a 0.45 ɛm nylon pad. The filtrate will 

be a pale yellow color from the extracted ions and metals washing thoroughly with 

methanol will 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 solvent flow. Once 

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 

thesis. Reaction is presented first followed by the procedure. 

Toluene and water for Suzuki polycondensations were degassed using the freeze-pump-

thaw method five times prior to reaction. N,N-Dimethylacetamide for direct arylation 

polymerizations was degassed via  bubbling with argon for 45 minutes. All reagents and 

starting materials were purchased from commercial sources and used without further 

purification, unless otherwise noted. 

Gel-Permeation 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, UV-Vis Detector 2487, and a Refractive Index Detector 2414 were 

used. A Waters column (4.6 mm × 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 through a Mini-UniPrep PTFE vial with a 0.45 ɛm filter. 20 ɛL of each polymer 

solution was injected and molecular weights were calculated using Waters Breeze II 

software. 

GPC data acquired at 135
o
C in 1,3,5-trichlorobenzene at MPI were determined by PSS-

WinGPC (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 standards.  

1
H-NMR and 

13
CNMR spectra were collected on a Varian Mercury Vx 300 Mhz 

instrument using CDCl3 as a solvent and the residual HCCl3 peak as references (
1
H: ŭ = 

7.26 ppm, 
13
C: ŭ = 77.23 ppm). 

 

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), 2,2-bis(bromomethyl)propane-1,3-diol (42.1 g, 0.16 mol), and p-

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 activated molecular sieves (3Å) 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 NaHCO3 solution. The organic layer was 

extracted 3 times into diethyl ether then passed 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
o
C. 

1
H-NMR (500 MHz, CDCl3); ŭ 6.47 (s, 2H), 4.08 (s, 4H); 3.59 (s, 4H). 

13
C-NMR 

(125 MHz, CDCl3); ŭ 148.1, 104.2, 74.4, 46.1, 35.7. 
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3,3-bis(((2-ethylhexyl)oxy)methyl)-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepine 

(M2.2)
 

To a three-neck 500 mL round bottom flask fitted 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 washed off via cannula. Anhydrous-amine free DMF (300 

mL) was added followed by 2-Ethylhexanol (17.7 g, 0.15 mol, 21.3 mL) drop wise at a 

rate of 0.5 mL/sec at 40
o
C. The temperature of the mixture was increased to 70

o
C and 

stirred for at least 6 hours after which M2.1 (15.52 g, 0.05 mol) was added in one portion. 

The reaction was stirred for 2 days at 70
o
C, then 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 400 mL of DI water and the organic layer was extracted with 250 

mL of hexanes 4 times then dried over MgSO4, filtered, and evaporated down to a 

colorless oil and vacuum dried overnight with 97% yield.
 1
H-NMR (500 MHz, CDCl3); ŭ 

6.44 (s, 2H), 4.01 (s, 4H), 3.47 (s, 4H), 3.28 (d, 4H, J= 5.0 Hz), 1.48 (m, 2H), 1.39-1.21 

(m, 16H), 0.89 (m, 12H). 
13

C-NMR (125 MHz, CDCl3); ŭ 149.9, 105.2, 74.0, 70.1, 48.1, 

39.8, 29.4, 23.3, 14.4, 11.4. 

 

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 stirbar, M2.2 (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 funnel, N-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 temperature was lowered to 0
o
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 MgSO4, 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 yielding 

a colorless oil in 95% yield. 
1
H-NMR (500 MHz, CDCl3); ŭ 4.08 (s, 4H), 3.48 (s, 4H), 

3.27 (d, 4H, J= 2.45 Hz), 1.52 (m, 2H), 1.43-1.21 (m, 16H), 0.84 (m, 12H). 
13

C-NMR 

(125 MHz, CDCl3); ŭ 147.3, 91.1, 74.6, 70.0, 48.3, 39.9, 30.9, 29.4, 24.3, 22.9, 14.4, 

11.4. 

 

3,3,3',3'-tetrak is(((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 monomer M2.2 (12.5 g, 0.028 

mol) was dissolved in 300 mL of dry THF and then bubbled with argon for 30 minutes 

then lowered to -78
o
C where n-butyl lithium (2.5 M, 0.03 mol) in hexane was added. 

After stirring for 45 min while warming to r.t. after addition of n-BuLi, the solution was 

transferred into a dry-degassed THF solution (80 mL) of Fe(acac)3 (10.3 g, 0.03 mol) 
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under argon at r.t 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 to give M2.4 in 80% 

yield as pale yellow-green viscous oil; 
1
H-NMR (300 MHz, CDCl3); ŭ 6.36 (s, 2H), 4.10 

(s, 4H), 4.05 (s, 4H), 3.51 (s, 8H), 3.26 (d, 8H, J= 1.25 Hz ), 1.47 (m, 4H), 1.03-1.40 (m, 

32H), 0.91-0.98 (m, 24H); 
13

C-NMR (75 MHz, CDCl3); ŭ 147.3, 143.6, 114.0, 91.8, 69.6, 

48.1, 39.8, 31.4, 29.6, 23.9, 23.5, 14.0, 11.5. 

 

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 stirbar, M2.4 (1 g, 1.14 mmol) was added and 

dissolved in 15 mL of 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 addition funnel was attached to the flask and the temperature 

was lowered to 0
o
C. 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 0
o
C 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 to dryness at room temperature and vacuum dried overnight 

covered in foil yielding a yellow oil in 90% yield. 
1
H-NMR (300 MHz, CDCl3); ŭ 4.07 

(d, 8H, J= 3 Hz), 4.53 (s, 8H), 3.32 (d, 8H, J= 6 Hz), 1.47 (m, 4H), 1.21-1.42 (m, 32H), 

0.94-0.98 (m, 24H); 
13

C-NMR (75, CDCl3) ŭ 147.3, 143.6, 114.0, 91.8, 69.6, 48.1, 39.8, 
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31.4, 29.6, 23.9, 23.5, 14.0, 11.5. HRMS (EI-FTICR): m/z calcd for C50H84Br2O8S2 (M
+
) 

1034.3974, found 1034.3995. 

 

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

To a 500 mL three-neck round bottom flask with condenser affixed and magnetic stirbar,               

2,7-dibromo-9H-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 cannula to 

the flask followed by 2 eq. of 1-octylbromide (7.50 mL, 0.44 mol) and allowed to stir for 

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

for 30 minutes. The reaction was warmed to 80
o
C and then 2 more eq. of 1-octylbromide 

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

minutes. A final 2 eq. of 1-octylbromide was added followed by 2 eq. of potassium tert-

butoxide and allowed to stir for 8 hours after which the reaction was allowed to 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 ethanol giving white 

crystals in a 84% yield. MP: 50-52
o
C. 

1
H-NMR (500 MHz, CDCl3); ŭ 7.50 (d, 2H, J= 7.8 

Hz), 7.45 (d, 4H, J= 8.4 Hz), 1.90 (m, 4H), 1.39-1.04 (m, 20H), 0.92 (m, 6H), 0.81 (bs, 

4H). 
13

C-NMR (125 MHz, CDCl3); ŭ 152.8, 139.4, 130.2, 128.6, 125.2, 56.7, 40.5, 34.6, 

32.1, 31.1, 23.4, 22.2, 18.3. 

 

2,2'-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) 

(M2.7)
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To a dry 250 mL round bottom flask with magnetic stirbar, 4 g of M2.6 (4 g, 0.0073 

mol), 4,4,4',4',5,5,5',5'-octamethyl-2,2'-bi(1,3,2-dioxaborolane) (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. Anhydrous-amine free DMF (120 mL) was added by cannula to 

the flask. The solution was bubbled with argon for 45 minutes whilst stirring. After 

degassing, 9 mol% of Pd(dppf)Cl2 (537 mg, 0.66 mmol) was added rapidly while an 

argon atmosphere was maintained. The solution was then heated to 80
o
C and allowed to 

stir for 24 hours after which the reaction was cooled to r.t. and the DMF was removed in 

vacuo yielding black crystals. The crystals were recrystallized twice from hexanes giving 

white crystals in 75% yield. MP:123-124
o
C. 

1
H-NMR (500 MHz, CDCl3); ŭ 7.81 (d, 2H, 

J= 7.2 Hz), 7.75 (d, 4H, J=7.0 Hz), 2.00 (m, 4H), 1.38 (s, 24H), 1.21-1.05 (m, 20H), 0.82 

(bs, 6H), 0.61 (bs, 4H). 
13

C-NMR (125 MHz, CDCl3); ŭ 153.2, 139.4, 130.6, 128.4, 

125.2, 56.1, 40.7, 34.8, 32.2, 31.1, 23.4, 22.3, 18.5. 

 

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

4,4'-dibromo-1,1'-biphenyl (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 120
o
C. Once the solid fully dissolved, 100 mL of 90% nitric acid was 

added at a rate of 2 drops/sec. After addition, the solution was stirred at 120
o
C for 30 

minutes where the flask was removed from heat and allowed to cool to room temperature. 

The resulting yellow precipitate was vacuum filtered and then washed three times with 

cold ethanol. The product was collected as a pale yellow solid in 70% yield with a 

melting point of 122-125
o
C. 

1
H-NMR (300 MHz, CDCl3) ŭ 8.03 (d, 1H, J= 3.0 Hz), 7.75 

(dd, 1H, J= 2 Hz, 8 Hz), 7.56 (ABq, 2H), 7.28 (d, 1H, J= 8 Hz), 7.16 (ABq, 2H); 
13

C-

NMR (75 MHz, CDCl3) ŭ 135.6, 135.3, 134.18, 133.0, 132.0, 129.4, 127.3, 123.1, 121.8. 
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2,7-dibromo-9H-carbazole (M2.9)
  

4,4'-dibromo-2-nitro-1,1'-biphenyl (16.64 g, 41 mmol of) was 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 was stirred and heated to 65
o
C 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, yielding a dark 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 oil 

was purified via silica gel chromatography using 25% ethylacetate in hexanes. The 

product was collected as a white solid in 55% yield with a melting point of 234-236
o
C.. 

1
H-NMR (300 MHz, CDCl3) ŭ 8.06 (bs, 1H), 7.88 (d, 2H, J= 9 Hz), 7.58 (d, 2H, J = 1.6 

Hz), 7.36 (dd, 2H, J = 1.6 Hz, 8.5 Hz); 
13

C-NMR (75 MHz, CDCl3) ŭ 140.2, 123.3, 

121.7, 121.5, 119.7, 113.8. 

 

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

To a 500 mL two neck round bottom flask with stirbar, 2,7-dibromo-9-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 onetime addition of sodium hydride (60% in mineral oil) (1.30 g, 32.4 

mmol). The solution was then stirred for 45 minutes, after 1-octylbromide (5.42 g, 28.1 
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mmol) was added via syringe at a rate of 2 drops a second. The solution was then warmed 

to 40
o
C for and allowed 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, dried over magnesium sulfate, filtered, and then the solvent was evaporated off. 

The resulting yellow oil was vacuumed purged at 70
o
C until a yellow solid resulted 

which was then recrystallized with methanol yielding white needles (70%) with a melting 

point of 59-60
o
C. 

1
H-NMR (300 MHz, CDCl3) ŭ 7.89 (d, 2H, J= 6 Hz), 7.53 (d, 2H, J= 3 

Hz), 7.33 (dd, 2H, J= 1.5 Hz, 9 Hz ), 4.19 (t, 2H, J= 9 Hz), 1.83 (m, 2H), 1.35-1.19 (bm, 

10H), 0.87 (t, 3H, J= 6 Hz); 
13

C-NMR (75 MHz, CDCl3) ŭ 141.3, 122.5, 121.4, 121.2, 

119.7, 112.0, 43.3, 31.8, 29.3, 29.2, 28.8, 27.2, 22.6, 14.1. HRMS (EI-FTICR): m/z calcd 

for C20H23Br2N(M
+
) 435.0197, found 435.0203. 

 

9-octyl-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole (M2.11) 

To a 500 mL one neck round bottom flask with stir bar, 2,7-dibromo-9-octyl-9H-

carbazole (5 g, 11.4 mmol), 4,4,4',4',5,5,5',5'-octamethyl-2,2'-bi(1,3,2-dioxaborolane) 

(14.5 g, 57.2 mmol), and oven dried potassium acetate (9.51 g, 97 mmol) was added and 

vacuum purged then filled 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)Cl2 (838 mg, 11.4 mmol) was added. The reaction was heated to 80
o
C over 

night. After the solution was 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 

recrystallized twice from ethanol giving white needles (80%) with a melting point of 182-

184
o
C. 

1
H-NMR (300 MHz, CDCl3) ŭ 8.12 (d, 2H, J= 9 Hz), 7.88 (s, 2H), 7.67 (d, 2H, J= 
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9 Hz ), 4.38 (t, 2H, J= 6 Hz), 1.88 (m, 2H), 1.39 (s, 24H), 1.26-1.22 (m, 10H), 0.87 (t, 

3H, J= 6 Hz); 
13

C-NMR (75 MHz, CDCl3) ŭ 140.4, 125.0, 124.8, 120, 115.2, 83.7, 31.8, 

29.3, 29.2, 27.1, 24.9, 22.6, 18.4, 14.1. HRMS (EI-FTICR): m/z calcd for C32H47B2NO4 

(M
+
) 531.3691, found 531.3696. 

 

2,2'-(2,5-dimethoxy-1,4-phenylene)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) 

(M2.12) 

To a 250 mL round bottom flask with magnetic stirbar, 1,4-dibromo-2,5-

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
o
C. After, n-butyl lithium (n-BuLi, 16 mL, 0.04 mol) was added as a 2.5 M 

solution in hexanes slowly at a rate of 0.5 mL/sec. Once n-BuLi was added, the mixture 

was warmed to 0
o
C and allowed to stir for 1 hour and was then cooled back down to -

78
o
C where 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (7.44 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 HCl and immediately 

extracted with ethylacetate 3 times. The organic layer was dried over MgSO4, filtered, 

and evaporated down to a pink crystalline solid which was then recrystallized using 

minimal hexanes to yield white crystals in 57% yield. MP: 185-187
o
C. 

1
H-NMR (500 

MHz, CDCl3); ŭ 7.15 (s, 2H) 3.82 (s, 6H), 1.35 (s, 24H). 
13

C-NMR (125 MHz, CDCl3); ŭ 

207.1, 158.3, 119.1, 83.8, 57.2, 25.1. HRMS (ESIïFTICR): m/z calcd for 

C20H32B2O6(M+H
+
) 390.2385, found 390.2268. Anal. calcd. for C20H32B2O6 C 61.58, H 

8.27, Found C 61.66, H 8.46.   
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2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-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'-

octamethyl-2,2'-bi(1,3,2-dioxaborolane) (13.83 g, 0.054 mol) and 4,4'-di-tert-butyl-2,2'-

bipyridine ( 4 mol%, 265 mg, 1 mmol) were all dissolved in cyclohexane (100 mL). The 

mixture was bubbled with argon for 45 minutes. Bis(1,5-cyclooctadiene)di-ɛ-

methoxydiiridium(I) ( 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 stir at 80
o
C for 20 

hours after which, the volatiles were evaporated leaving a red-black solid. The crude 

solid was washed with ethanol, dissolved in toluene and then precipitated twice using 

ethanol, yielding white needles in 60% yield. MP: 344-346
o
C. 

1
H-NMR (300 MHz, 

CDCl3) ŭ 8.62 (s, 4H), 8.08 (s, 4H), 1.46 (s, 24H); 
13

C-NMR (75 MHz, CDCl3) ŭ 131.2, 

130.9, 127.6, 126.3, 84.2, 24.9. HRMS (EI-FTICR): m/z calcd for C28H32B2O4 (M
+
) 

454.2487, found 454.2491. 

 

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

In a 1000 mL round bottom flask with magnetic stir bar, dimethoxythiophene (17.0 g, 

0.117 mol), 2-ethylhexanol (40.0 g, 0.304 mol), and p-toluenesulfonic acid (2.2 g, 0.012 

mol) were added under argon followed by anhydrous toluene (500 mL). The flask was 

attached to a soxhlet apparatus and an appropriate cellulose thimble was filled with 

activated molecular sieves (3Å) to remove methanol. The reaction was refluxed overnight 

after which the reaction was quenched with 300 mL of a saturated NaHCO3 solution. The 

organic layer was extracted 3 times into DCM then passed over a silica plug using 
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hexanes and evaporated to yield a green oil. The oil was purified by distillation (180
o
C @ 

1 torr) giving a colorless oil in 75% yield. 
1
H-NMR (300 MHz, CDCl3); 6.19 (s, 2H), 

3.86 (d, 4H, J= 6 Hz), 1.77 (m, 2H), 1.60-1.31 (m, 16H), 0.94 (t, 12H, J= 7 Hz). 
13

C-

NMR (125 MHz, CDCl3); 147.2, 97.4, 73.3, 39.4, 30.8, 29.5, 24.1, 23.0, 14.2, 11.4. 

 

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

To a dry 500 mL round bottom flask with magnetic stir bar, M2.14 (10.0 g, 0.029 mol) 

was added and dissolved in 350 mL of chloroform then bubbled with argon for 45 

minutes. To a powder addition funnel, N-bromosuccinimide (NBS, 13.1 g, 0.073 mol) 

was added and left under an argon blanket. The funnel was attached to the flask and the 

temperature was lowered to 0
o
C. The NBS was completely 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 stir for overnight where 

the reaction was determined complete by TLC using 4:1 hexanes:dichloromethane. The 

solvent was stripped off via rotovap and the crude was purified by Silica chromatography 

using hexanes. Product was evaporated down at room temperature and vacuum dried 

overnight covered in aluminum foil yielding a pale green-yellow oil in 96% yield. 
1
H-

NMR (300 MHz, CDCl3); ŭ 3.96 (d, 4H, J= 7 Hz), 1.47 (m, 2H), 1.66-1.27 (m, 16H), 

0.93 (t, 12H, J= 7 Hz); 
13

C-NMR (75 MHz, CDCl3); ŭ 147.8, 94.8, 40.1, 30.1, 28.9, 23.9, 

23.0, 14.1, 11.1. HRMS (EI-FTICR): m/z calcd for C20H34Br2O2S (M
+
) 496.0650, found 

496.0646. 

 

3,3',4,4'-tetrakis((2-ethylhexyl)oxy)-2,2'-bithiophene (M2.16) 
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To a dry 1000 mL round bottom flask with stir bar M2.14 (20.4 g, 0.06 mol) was 

dissolved in 500 mL of dry THF and then bubbled with argon for 45 minutes then 

lowered to -78
o
C where n-butyl lithium (2.5 M, 0.06 mol) in hexane was added. After 

stirring for 45 min at -78
o
C from final addition of n-BuLi, the solution was transferred 

into a dry-degassed THF solution (80 mL) of Fe(acac)3 (21.2 g, 0.06 mol) under argon at 

r.t via cannula and the reaction mixture was refluxed for 72 hours until determined 

complete by TLC using 4:1 hexanes:dichloromethane. Volatiles were evaporated, and the 

residue was purified by column chromatography through silica using 6:1 

hexane:dichloromethane to give M2.16 in 70% yield as pale yellow-green viscous oil; 

1
H-NMR (300 MHz, CDCl3); ŭ 6.06 (s, 2H), 3.98 (d, 4H, J= 6 Hz), 3.85 (d, 4H, J= 5 Hz), 

1.84 (m, 2H), 1.72 (m, 2H), 1.45-1.03 (m, 32H), 0.98-0. 98 (m, 24H); 
13

C-NMR (75 

MHz, CDCl3); ŭ 149.7, 142.1, 117.6, 94.3, 75.6, 71.8, 40.5, 39.5, 30.7, 30.0, 29.0, 24.3, 

23.5, 22.8, 14.1, 11.1. HRMS (EI-FTICR): m/z calcd for C40H70O4S2 (M
+
) 678.4697, 

found 678.4716. 

 

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

To a dry 250 mL round bottom flask with stir bar, M2.16 (3 g, 4.42 mmol) was added 

and dissolved in 40 mL of chloroform then bubbled with argon for 30 minutes. In an 

iodometric flask, N-bromosuccinimide (NBS, 1.95 g, 0.011 mol) was dissolved in 40 mL 

of 1:1 chloroform:acetonitrile and then bubbled with argon for 30 minutes. Once 

bubbling was complete, the flask containing the solution of M2.16 was lowered to 0
o
C. 

The solution of NBS was added in one portion. After all NBS solution was added, the 

reaction was stirred for 5 minutes at 0
o
C where the reaction was determined complete by 

TLC using 9:1 hexanes:dichloromethane. All volatiles were evaporated yielding a purple 

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 overnight covered in foil 

yielding a yellow oil in 92% yield. 
1
H-NMR (300 MHz, CDCl3); ŭ 3.93 (m, 8H), 1.80 (m, 

2H), 1.69 (m, 2H), 1.49-1.31 (m, 32H), 0.96-0.88 (m, 24H); 
13

C-NMR (75, CDCl3) ŭ 

147.5, 144.5, 116.8, 96.1, 40.2, 30.0, 29.5, 23.9, 23.0, 14.2, 11.1. HRMS (EI-FTICR): 

m/z calcd for C40H68Br2O4S2 (M
+
) 834.2900, found 834.2926. 

 

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

To a dry 100 mL two-neck round bottom flask with stir bar, EDOT (5 g, 0.035 mol) was 

added and dissolved in 40 mL of THF:glacial acetic acid (1:1 by volume), cooled to 0
o
C 

then bubbled with argon for 45 minutes. NBS (13.7 g, 0.077 mol) was added in small 

portions over 10 minutes. After all NBS solution was added, the reaction was stirred for 2 

hours at 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.I. water, yielding a black 

precipitate. 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 off-white needles in 60% yield. 
1
H-NMR (300 MHz, CDCl3); ŭ 4.28 (s, 

4H); 
13

C-NMR (75, CDCl3) ŭ 140.3, 85.2, 65.6. 

 

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

To a dry 300 mL two-neck round bottom flask with stir bar, EDOT (5.0 g, 0.035 mol) 

was dissolved in 150 mL of dry THF and then bubbled with argon for 30 minutes then 

lowered to -78
o
C where n-butyl lithium (2.5 M, 0.035 mol) in hexane was added drop-

wise. After stirring for 45 min at 0
o
C from final addition of n-BuLi, the solution was 
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cooled back down to -78
o
C where CuCl2 (4.7 g, 0.035 mol) was added in one portion. 

The reaction was then warmed to 40
o
C and stirred for 2 hours and then poured into 500 

mL of D.I. water and stirred for 30 minutes. The pale green precipitate was filtered over 

coarse filter paper, washed with 600 mL of water and then 600 mL of hexane and dried. 

The green-blue 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  filtered and vacuum dried to give M2.19 in 42% yield as off-white-powder; 
1
H-

NMR (300 MHz, CDCl3); ŭ 6.26 (s, 2H), 4.28 (dm, 8H); 
13

C-NMR (75 MHz, CDCl3); ŭ 

139.7, 85.5, 64.9. 

 

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

To a dry 100 Schlenk flask with stir bar, EDOT (10.2 g, 0.072 mol) and 4,7-

dibromobenzo[c][1,2,5]thiadiazole (2.9 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 three purge and argon back-

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 oil 

bath held at 140
o
C. The reaction was monitored by TLC in DCM and was 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 purple-red 

solid which was suction dried to give the crude product in 90% yield. 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 give M2.20 as red crystals in 

40% yield. 
1
H-NMR (300 MHz, CDCl3); ŭ 8.39 (s, 2H), 6.57 (s, 2H), 4.40 (m, 4H), 4.33 

(m, 4H). m/z calcd for C20H34Br2O2S (M
+
) 415.9959, found 415.9959. 
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Typical Suzuki polycondensation procedure to yield polymers 

Compound M2.3 or M2.5 (0.0012 mol) was added precisely via pipette to within 0.4 mg 

to a small vial. Then M2.3 or M2.5 was completely dissolved in 10-20 mL of hexanes 

and pipetted into a 50 mL schlenk tube with magnetic stir bar. The solution was stirred 

while the hexanes were gently removed in vacuo. Two drops of Aliquat 336 were added 

followed by 1.005 eq. of 1,4-Benzenediboronic acid dipinacol ester, M2.7, M2.11, 

M2.12, or M2.13, 3 mol% P(o-tol)3, K3PO4 (0.015 mol, 3M) or CsF (0.03 mol, 6M), and 

1 mol% Pd2dba3. 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 to 90
o
C, and 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 thimble and 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 down to ca.30 mL and stirred with 200 mg of the palladium 

scavenger diethylammonium diethyldithiocarbamate for 6 hours at 50
o
C then precipitated 

into 300 mL of methanol. The precipitate was filtered over a 20 ɛm 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. 

 

P2.1: Yellow solid in 80% yield (860 mg). 
1
H-NMR (500 MHz, CDCl3): ŭ 7.78 (br s, 

4H), 4.20 (br s, 4H), 3.58 (br s, 4H), 3.36 (br s, 4H), 1.6-1.2 (br, 16H), 0.96 (br s, 12H) 

Anal. calcd. for C38H54O4S C 72.33, H 9.01, Found C 72.47, H 9.81. GPC: Mn: 20.2 kDa, 
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Mw: 34.4 kDa, PDI: 1.70, in THF vs PolyStyrene. Mn: 10.8 kDa, Mw: 31.2 kDa, PDI: 

2.89, in TCB vs PS. 

 

P2.2: Brown solid in 83% yield (773 mg). 
1
H-NMR (500 MHz, CDCl3): ŭ 7.81 (br s, 

2H), 7.7 (br s, 4H), 4.24 (br s, 4H), 3.63 (br s, 4H), 3.36 (br s, 4H), 2.05-1.9 (br s, 4H), 

1.4-1.25 (br s, 18H), 1.23-1 (br s, 20), 0.95-0.8 (br s, 14H), 0.79-0.6 (br s, 12H). Anal. 

calcd. for C54H82O4S C 78.42, H 9.99, Found C 78.81, H 10.22. GPC: Mn: 12.0 kDa, Mw: 

17.6 kDa, PDI: 1.47, in THF vs PS. 

 

P2.3: Yellow solid in 95% yield (800 mg). 
1
H-NMR (300 MHz, CDCl3) ŭ 8.08 (br d, 2H, 

J= 9 Hz), 7.85 (br s, 2H), 7.67 (br d, 2H, J= 9 Hz), 4.54-4.06 (br m, 6H), 3.67 (br s, 4H), 

3.37 (br d, 4H, J= 6 Hz), 2.06-1.92 (br s, 2H), 1.65-1.19 (br m, 34 H), 0.98-0.80 (br m, 

15H). Anal. calcd. for C45H65NO4S C 75.48, H 9.15, Found C 75.49, H 9.24. GPC: Mn: 

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

 

P2.4: Orange flakes in 38% yield (256 mg). 
1
H-NMR (300 MHz, CDCl3) ŭ 7.45 (br s, 

2H), 4.17 (br s, 4H), 3.90 (br r, 6H), 3.56 (br s, 4H), 3.30 (br d, 4H, J= 3 Hz), 1.6-1.43 (br 

s, 2H), 1.42-1.19 (br m, 16 H), 0.98-0.80 (br m, 12H). Anal. calcd. for C33H50O6S C 

68.95, H 8.77, Found C 69.19, H 8.64. GPC: Mn: 16.6 kDa, Mw: 24.4 kDa, PDI: 1.46, in 

THF vs PS. 
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P2.5: Orange powder in 20% yield (125 mg). 
1
H-NMR (300 MHz, CDCl3) ŭ 7.7 (br s, 

4H), 4.11 (br s, 2H), 3.83 (br s, 6H), 3.50 (br s, 4H), 3.24 (br s, 4H), 1.54-1.37 (br s, 2H), 

1.36-1.12 (br m, 16 H), 0.91-0.75 (br m, 12H). Anal. calcd. for C32H48O5S C 70.64, H 

8.89, Found C 71.09, H 9.00. GPC: Mn: 14.9 kDa, Mw: 22.4 kDa, PDI: 1.50, in THF vs 

PS. 

 

P2.6: Orange solid in 96% yield (640 mg). 
1
H-NMR (300 MHz, CDCl3) ŭ 7.7 (br s, 4H), 

4.17 (br s, 4H), 3.60 (br s, 8H), 3.60 (br s, 8H), 3.35 (br d, 8H, J= 4 Hz), 1.60-1.41 (br s, 

4H), 1.38-1.25 (br m, 32H), 1.05-0.85 (br m, 24H). Anal. calcd. for C56H88O8S2 C 70.55, 

H 9.30, Found C 69.67, H 9.21. GPC: Mn: 13.8 kDa, Mw: 26.3 kDa, PDI: 1.90, in THF vs 

PS. 

 

P2.7: Brown powder in 80% yield (343 mg). 
1
H-NMR (300 MHz, o-DCB) ŭ 8.6 (br, 4H), 

8.0 (br, 4H), 4.1 (br s, 4H), 3.56 (br s, 4H), 3.34 (br s, 4H), 1.6-1.2 (br, 16H), 0.96 (br s, 

12H) Anal. calcd. for C38H54O4S C 72.33, H 9.01, Found C 72.47, H 9.81.  Anal. calcd. 

for C41H50O4S C 77.08, H 7.89, Found C 74.27, H 7.48. GPC: Mn: 8.3 kDa, Mw: 24.9 

kDa, PDI: 3.00, in TCB vs PS. 
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P2.8: Brown solid in 78% yield (573 mg). 
1
H-NMR (300 MHz, o-DCB) ŭ 8.6 (br, 4H), 

8.1 (br, 4H), 4.2 (br s, 4H), 3.57 (br s, 8H), 3.62 (br s, 8H), 3.38 (br, 8H), 1.60-1.41 (br s, 

4H), 1.38-1.25 (br m, 32H), 1.05-0.85 (br m, 24H). Anal. calcd. for C66H92O8S2 C 73.56, 

H 8.61, Found C 72.3, H 8.49. GPC: Mn: 9.2 kDa, Mw: 39.1 kDa, PDI: 4.26, in TCB vs 

PS. 

Typical direct arylation  polycondensation procedure to yield polymers 

To a 50 mL round bottom flask with stir bar, the dibromide monomer 1,4-

Dibromobenzene, M2.3, M2.5, M2.15, M2.17, M2.18, 4,7-dibromobenzothiadiazole  

(1.17 mmol, or appropriate equivalent listed below), dihydrin monomer M2.2, M2.4, 

M2.14, M2.16, M2.19, M2.20 (1.17 mmol, or appropriate equivalent listed below), 8 

mol% palladium acetate (5.3 mg, 0.023 mmol), pivalic acid (36.0 mg, 0.35 mmol), and 

potassium carbonate (0.323 g, 2.34 mmol) 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 back-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 oil bath held at 140
o
C and allowed to stir vigorously from 1.5 hrs-24 hrs. After the 

flask was removed from the oil bath and allowed to cool to r.t. and the polymer 

dispersion was dissolved with chloroform and precipitated into methanol:1 M HCl (350 

mL: 75 mL) and stirred for 45 minutes. The precipitate was filtered into a soxhlet 

extraction thimble and washed with methanol, acetone, hexanes, and chloroform 

respectively. The washings were conducted until color was no longer observed during 

extraction. After dissolution from the thimble, the solvent was removed via rotovap and 

then 50 mL of chlorobenzene was added followed by 200 mg of the palladium scavenger 
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diethylammonium diethyldithiocarbamate, 300 mg of 18-crown-6 and then stirred for 6 

hours at 50
o
C then precipitated into 300 mL of methanol. The precipitate was filtered 

over a 20 ɛm 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. 

 

P2.9: Yellow solid in 96% yield (643 mg). 
1
H-NMR (300 MHz, CHCl3) ŭ 7.75 (br, 4H), 

4.07 (br d, 4H, J= 6 Hz), 3.90 (br s, 4H), 1.95 (br s, 4H), 1.82-1.16 (br m, 34H), 1.08-0.85 

(br m, 24H). Anal. calcd. for C46H72O4S2 C 73.35, H 9.64, Found C 72.84, H 10.09. GPC: 

Mn: 77.8 kDa, Mw: 261.4 kDa, PDI: 3.4, in THF vs PS. 

 

P2.10: Purple solid in 81% yield (1064 mg). 
1
H-NMR (300 MHz, CHCl3) ŭ 4.39 (br s, 

4H), 4.15 (br s, 8H), 3.60 (br s, 8H), 3.32 (br, 8H), 1.6-1.25 (br m, 36H), 1.05-0.85 (br m, 

24H). Anal. calcd. for C56H88O10S3 C 66.11, H 8.72, Found C 67.02, H 8.47.  

 

P2.11: Black solid in 23% yield (158 mg). 
1
H-NMR (300 MHz, CHCl3) ŭ 4.40 (br, 4H), 

4.14 (br, 4H), 3.59 (br s, 4H), 3.29 (br s, 4H), 1.67-1.43 (br s, 2H), 1.42-1.00 (br m, 16H), 

0.95-0.85 (br m, 12H). Anal. calcd. for C31H46O6S2 C 64.33, H 8.01, Found C 64.83, H 

8.49.  
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P2.12: Blue solid in 70% yield (621 mg). 
1
H-NMR (300 MHz, CHCl3) ŭ 4.39 (br s, 8H), 

4.17 (br s, 8H), 3.59 (br s, 8H), 3.31 (br, 8H), 1.62-1.15 (br m, 36H), 1.05-0.85 (br m, 

24H).  Anal. calcd. for C62H92O12S4 C 64.33, H 8.01, Found C 63.98, H 7.94.  

 

P2.13: Red solid in 82% yield (880 mg).
 1

H-NMR (300 MHz, CHCl3) ŭ 4.25 (br, 4H), 

3.97 (br, 4H), 3.62 (br s, 4H), 3.29 (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 C65H110O8S3 C 69.97, H 9.94, Found C 71.23, H 9.49. 

GPC: Mn: 176.0 kDa, Mw: 387.5 kDa, PDI: 2.2, in THF vs PS. 

 

P2.14: Red solid in 97% yield (880 mg). 
1
H-NMR (300 MHz, CHCl3) ŭ 4.16 (br s, 4H), 

3.96 (br s, 4H), 3.59 (br s, 4H), 3.31 (br, 4H), 1.86 (br, 2H), 1.71-1.14 (br s, 32H), 1.04-

0.74 (br m, 24H). Anal. calcd. for C45H76O6S2 C 69.54, H 9.86, Found C 70.53, H 9.49. 

GPC: Mn: 51.8 kDa, Mw: 123.1 kDa, PDI: 2.37, in THF vs PS. 

 

P2.15: Blue solid in 75% yield (420 mg). 
1
H-NMR (300 MHz, CHCl3) ŭ 4.37 (br, 4H), 

3.96 (br, 4H), 4.2 (br s, 4H), 1.88 (br, 2H), 1.76-1.12 (br s, 16H), 1.07-0.67 (br m, 12H). 

Anal. calcd. for C26H38O4S2 C 65.24, H 8.00, Found C 66.08, H 8.66. GPC: Mn: 30.9 

kDa, Mw: 37.4 kDa, PDI: 1.21, in THF vs PS. 
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P2.16: Red solid in 65% yield (778 mg). 
1
H-NMR (300 MHz, CHCl3) ŭ 4.37 (br, 8H), 

3.96 (br, 4H), 1.99 (br s, 2H), 1.73 (br s, 2H), 1.61-1.114 (br s, 32H), 1.08-0.72 (br s, 

24H). Anal. calcd. for C52H76O8S4 C 65.24, H 8.00, Found C 66.82, H 8.51. 

 

P2.17: Purple solid in 86% yield (686 mg). 
1
H-NMR (300 MHz, CHCl3) ŭ 4.39 (br s, 

4H), 4.16 (br s, 8H), 3.97 (br s, 4H), 3.61 (br s, 8H), 3.32 (br s, 8H), 1.99 (br s, 2H), 1.87 

(br s, 2H), 1.79-1.12 (br m, 50H), 1.05-0.71 (br m, 36H). Anal. calcd. for C38.5H62.5O8S2 

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

 

P2.18: Red solid in 88% yield (622 mg). 
1
H-NMR (300 MHz, CHCl3) ŭ 7.74 (br, 4H), 

4.39 (br s, 4H), 4.16 (br s, 8H), 3.61 (br s, 8H), 3.32 (br s, 8H), 1.87 (br s, 4H), 1.79-1.12 

(br m, 32H), 1.05-0.71 (br m, 24H). Anal. calcd. for C31H46O5S1.5 C 68.09, H 9.08, Found 

C 69.31, H 8.89. GPC: Mn: 46.8 kDa, Mw: 77.7 kDa, PDI: 1.65, in THF vs PS. 

 

P2.19: Purple solid in 91% yield (662 mg). 
1
H-NMR (300 MHz, CHCl3) ŭ 7.73 (br, 4H), 

4.38 (br s, 4H), 4.15 (br s, 8H), 3.63 (br s, 8H), 3.34 (br s, 8H), 1.90 (br s, 4H), 1.79-1.12 
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(br m, 32H), 1.05-0.71 (br m, 24H). Anal. calcd. for C34H46O5.5S1.75 C 72.55, H 8.24, 

Found C 72.83, H 8.50. GPC: Mn: 50.8 kDa, Mw: 80.2 kDa, PDI: 1.57, in THF vs PS. 

 

P2.20: Brown solid in 84% yield (587 mg). 
1
H-NMR (300 MHz, CHCl3) ŭ 7.71 (br, 4H), 

4.40 (br s, 4H), 4.14 (br s, 8H), 3.63 (br s, 8H), 3.32 (br s, 8H), 1.86 (br s, 4H), 1.79-1.12 

(br m, 32H), 1.05-0.71 (br m, 24H). Anal. calcd. for C40H46O4.5S1.25 C 90.51, H 8.73, 

Found C 89.20, H 8.49. GPC: Mn: 23.3 kDa, Mw: 40.0 kDa, PDI: 1.71, in THF vs PS. 

 

P2.21: Black solid in 89% yield (915 mg). 
1
H-NMR (300 MHz, CHCl3) ŭ 8.40 (br, 2H), 

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), 1.68-1.14 

(br m, 54H), 1.08-0.76 (br m, 36H). Anal. calcd. for C44.5H68N0.5O8S2 C 73.45, H 9.42, N 

0.96 , Found C 74.01, H 9.77, N 1.12.  

 

P2.22: Black oil in 92% yield (812 mg). 8.54 (br, 2H), 4.10 (br d, 4H, J= 6 Hz), 3.92 (br 

s, 4H), 1.94 (br s, 4H), 1.80-1.15 (br m, 34H), 1.07-0.80 (br m, 24H) Anal. calcd. for 

C40.75H60N0.5O3.5S2  C 78.18, H 9.65, N 1.12, Found C 78.89, H 10.02, N 1.41.  
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P2.23: Black solid in 56% yield (577 mg). 
1
H-NMR (300 MHz, CHCl3) ŭ 8.38 (br, 2H), 

4.46 (br s, 8H), 4.15 (br s, 8H), 3.60 (br s, 8H), 3.32 (br, 8H), 1.68-1.14 (br m, 36H), 

1.05-0.85 (br m, 24H). Anal. calcd. for C48.25H76N0.5O8S2.5 C 66.56, H 8.80, N 0.80, 

Found C 67.44, H 8.23, N 1.08.  

 

P2.24: Green solid in 53% yield (430 mg). 
1
H-NMR (300 MHz, CHCl3) ŭ 8.41 (br, 2H), 

4.46 (br s, 8H), 3.94 (br s, 8H), 2.21 (br s, 2H), 2.02-1.17 (br m, 34H), 1.14-0.63 (br m, 

24H). Anal. calcd. for C39.5H62N0.5O4.5S2.5 C 68.22, H 8.99, N 1.01, Found C 70.30, H 

9.22, N 1.24.  

 

P2.25: Black solid in 75% yield (930 mg). 
1
H-NMR (300 MHz, CHCl3) ŭ 8.38 (br, 2H), 

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), 1.66-1.12 (br m, 48H), 1.05-0.66 (br m, 36H). Anal. calcd. for 

C44.5H70N0.5O6.5S2.5  C 67.19, H 8.87, N 0.88, Found C 67.40, H 8.64, N 1.15.  

 

P2.26: Black solid in 77% yield (723 mg). 
1
H-NMR (300 MHz, CHCl3) ŭ 8.38 (br, 2H), 

4.44 (br s, 8H), 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), 1.66-1.13 (br m, 48H), 1.05-0.72 (br m, 36H). Anal. calcd. for 

C44.4H68.8N0.6O6.6S2.6  C 66.72, H 8.68, N 1.05, Found C 67.21, H 8.94, N 1.57.  
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P2.27: Black solid in 82% yield (662 mg). 
1
H-NMR (300 MHz, CHCl3) ŭ 8.38 (br, 2H), 

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), 1.71-1.12 (br m, 48H), 1.06-0.71 (br m, 36H). Anal. 

calcd. for C44.3H67.6N0.7O6.7S2.7  C 66.25, H 8.48, N 1.22, 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 determine their 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 and experiments that were employed to 

characterize ECPs. These are personal methods and experimentals I have developed and I 

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

3.1. Procedures for Making Polymer Solutions and Preparing Films  

The polymers have been spray cast into films using Anest Iwata airbrushes.
143

 These are 

compatible with many organic solvents at room temperature. 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 of ~2 cm
2
 on ITO coated glass. 

The ITO electrodes were purchased from Delta Technologies, Ltd. (7 x 50 x 0.7 mm, 

sheet resistance, Rs 8-12 ɋ/sq). Prior to spraying, the solution is to be filtered through a 

0.45 ɛm PTFE syringe filter. If there is resistance the solution can be gently heated and if 

there is continued resistance the solution can be pre-filtered 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 chloroform and 

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; this is done by first removing 

the plastic film binding the slides together then identifying the conductive side and 

marking it or the non-conducting side with a small scratch that will not be readily visible 

and is outside the beam path of any instrument. Clean both sides 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 then sonicate the slides in chloroform. 

Then wipe both sides of the slides with acetonitrile (ACN), 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), chronoabsorptometry 

(kinetics), photography, and colorimetry. To begin characterization, you must identify the 

stable potential window of a polymer. The most efficient way to do this is by first taking 

a test film and performing initial CV from -500 mV to 600 mV and extending 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 (ECP-Yellow). The initial cycling window however is from -500 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 current corresponding 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 form of a 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 from -500 to 1100 mV in 

later studies. 

 

Figure 3.2.1: Potential probing for P2.1 via CV using 0.5 M TBAPF6 in 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, UV-VIS-NIR 

spectroscopy of the dry (without electrolyte) and wet pristine (with electrolyte) film, 

photography of the wet pristine film, break-in CV, photograph of the neutral and oxidized 

states (or intermediate states if interested), SpecEchem, chronoabsorptometry, and finally 

DPV on Pt buttons. This is to be conducted over a variety of thicknesses as measured by 

optical density (0.8, 1.0, 1.2 a.u. 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. General 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 of solvents 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 stable in the 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 exposure.
144

 More thorough studies performed by 

Rayford H. Bulloch have shed light as to possible degradation products and prevention 

with proper encapsulation under argon with judicious selection 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 spray casting can 

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 absorbance and can 

allow you to estimate electrochromic properties such as maximum contrast and 

absorption coefficients.
145,146 

After washing electrolyte away the thickness can be 

measured post-electrochromic switching to investigate changes. Profilometry was 

performed on a Bruker dektakXT Profilometer using a standard scan, hill & valley 

profile, stylus force of 3 mg, and a run length of 3000 ɛm for a time of 10 seconds. 

3.2.3. Electrochemistry (CV&DPV) 

Due to slow relaxation effects in neutral conjugated polymers from intercalation of 

solvent and ions,
147,148,149

 the properties of films such as redox potentials and absorption 

spectra can change upon doping and dedoping. Thus, cyclic voltammetry is utilized to 

break-in 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 CV is leaning, 

showing a high resistance with positive slope in the i-V curve, 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 AgNO3 

dissolved in 0.5 M of electrolyte solution in ACN, calibrated to Fc/Fc
+
.
150

 CVs 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. This is advantageous as you can 

perform two experiments (CV break-in and photography) at the same time or in close 

succession to one another using the same film and setup.  

 

Figure 3.2.3.1: Cartoon of three-electrode setup in a cuvette (a). Electrochemistry setup 

held in a cuvette holder in a photo booth (b).  

The break-in 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 properties of a polymer can change drastically upon break-in, the 

greatest being observed between the first and second potential sweep. In Figure 3.2.3.2, 

P2.10 and P2.11 are prime examples of this as they switch from vibrant purple pristine 

states to deep periwinkle-blue neutral states (discussed further in Chapter 5).  
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Figure 3.2.3.2: Break-in 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 states for P2.10 (c) and P2.11 (d). 

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 button. The films are drop 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 potential for p-type and n-type 

materials respectively. The oxidation potential (Eox) is determined as the onset for an 

increase in current as illustrated in Figure 3.2.3.3 for P2.9 and P2.11. 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 over CV because the sampling of the current 

before a potential change minimizes the effect of the charging/capacitive current. The 

films should be broken-in using the same conditions as for CV. If you are performing 

reduction the DPV must be done in a glovebox or under 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 of P2.11 (a) and P2.9 (b) where the Eox is indicated by the 

onset. Red and blue arrows indicate the 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 II in 

a 3-electrode cell configuration, using ITO working electrodes, Ag/Ag
+
 (used for non-

aqueous solutions) reference electrodes, and Pt wire counter electrodes. Differential pulse 

voltammetry samples were prepared via drop casting a 0.5 mg/mL solution (pre-filtered 

with 0.45 ɛm PTFE syringe filters) onto Pt button electrodes with a surface area of 0.02 

cm
2
. An electrolyte system of 0.5 M tetrabutylammonium hexafluorophosphate 

(TBAPF6) or 0.2 M lithium bis(trifluoromethyl)sulfonylimide (LiBTI) in propylene 

carbonate (PC) was used. CV and DPV curves were smoothed using the Corrview 

program High-Low 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 clicking experiment 

then cell setup and typing in the measured 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 

under setup you have set Low Pass Filter to auto and Scan Interpolation to 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 (E1/2), 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 (E
o
) for Cu

+2
/Cu = +0.342 V). Take care that there is no 

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, decomposing the film.  

3.2.4. 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 in the photograph. 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 contrast. These 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 quantification of color in electrochromic materials. Cropping 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 not wish to explain, spray new films and take greater care in cell or 

device setup for photography.  

Before electrochemical break-in a photo should be taken. After break-in, a potentiostatic 

experiment is used and photos of the neutral and most transmissive oxidized states are 

taken. Intermediate state photographs should be taken if any interesting electrochromic 
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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 complete, it is best to arrange them 

by increasing optical density from top to bottom and to show the pristine, broken-in 

neutral and oxidized states from left to right. An example of this is shown in Figure 

3.2.4.1 with the photographical comparison of P2.12, P2.13, and P2.9 at three film 

thicknesses. 

 

Figure 3.2.4.1: Photographs of P2.12 (left), P2.13 (center) and P2.9 (right) at three film 

thicknesses and in the pristine, neutral (broken in), and oxidized states. 

3.2.5. Spectroelectrochemistry  

Spectroelectrochemistry determines the spectral behavior of an ECP at incremental 

potentials across a switching window using an Agilent Cary 5000 UV-vis / NIR 

spectrophotometer. For new materials the entire spectrum needs to be collected across the 

NIR to visible to the UV, from 2000-300 nm. This range enables you to observe polaron 

or bipolaron oxidized states, D-A or ˊ to ˊ* effects, or over oxidation in a conjugated 

polymer. When data is collected, it is advised to plot from 1600-350 nm, from the NIR 

the edge of the visible. 
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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-in 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 move the cap 

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 negative potential 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 for P2.12, whereas the potential 

increases there is a loss in absorbance at the ˊ to ˊ* with a ɚmax at 608 nm coupled with 

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 onset of absorption. 

 

Figure 3.2.5.1: Full spectroelectrochemistry for a film of P2.12 sprayed to an optical 

density of 1.03 a.u. including pristine dry and wet spectra (a). Isolated spectrum for the 

neutral (-800 mV), polaron (-150 mV), and bipolaron (800 mV) states 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 series for P2.12 is shown in Figure 3.2.5.2. 

The small notch at 800 nm is the detector change-over from NIR to UV-Vis 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 oxidized state is accessed, can be measured as a steady loss 

in absorption attributed to over oxidation with increasing voltage. 

 

Figure 3.2.5.2: Full spectroelectrochemistry for P2.12 sprayed to an optical density of 

1.03 a.u. in % transmittance. 

3.2.6. Chronoabsorptometry  

This is a technique that enables you to analyze the change in contrast (ȹ%T) of an ECP at 

a variety of switching speeds and it is measured at the ɚmax of a polymer system. It uses 

the same cell setup as SpecEchem in the Cary 5000 UV-Vis-NIR spectrometer but uses a 

potential square-wave 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 transmissive states and held at 

these two voltages for varying lengths of time. The typical data is as follows in Figure 

3.2.6.1 for P2.12. The polymer is switched over gradual shorter time lengths starting with 

60 s switches at the longest and ending at ¼ s cycles where 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 ȹ%T is taken by subtracting the transmittance in the neutral and most oxidized form. 

At cycles of 60, 30, 10, and 2 seconds the ȹ%T is ~75 %. At 1 s cycles the ȹ%T is ~73 

%. Due to diffusion limiting processes, at İ and ı s switches the ȹ%T drops 

dramatically to ~60 and ~42 % respectively but can be amended with device engineering. 

Switching seeds faster than ¼ s was not measured as the contrast drops significantly as 

extrapolated by Figure 3.2.6.1. Finally the film is able to rebound to ȹ%T ~75 % at 2 s 

cycles. This is also the rate at which the polymer can switch the fastest with the highest 

contrast. 

 

Figure 3.2.6.1: Chronoabsorptometry for a film of P2.12 sprayed to an optical density of 

1.03 a.u. Switching times are colorized for ease of visualization. 

Not all ECPs are as stable nor switch as rapidly as the example presented in Figure 

3.2.6.1. Many may present progressive loss in contrast that is not dependent on switching 

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 can occur. 
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3.2.7. Colorimetry, From Minolta to Cary Conversions  

In Chapter 1 we discussed colorimetry and how the eye perceives color. Here colorimetry 

data was acquired using Star-Tek colorimetry software using settings of a D50 

illuminant, 2 degree observer, and L*a*b* color space; similar results can be obtained by 

the method reported by Varley and Mortimer.
10

 After specEchem, the spectra attained at 

progressive voltage levels were converted using this software. This differs greatly from 

an older method using a Minolta CS-100A Luminance and 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 

disadvantages of taking considerable time to complete, led to the possibility of 

transcription errors, and required additional electrolyte and films. The method utilizing 

the Star-Tek 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. 

 

Figure 3.2.7.1: Colorimetry in a*b* (a) and L* (b) for 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 color electrochromic devises (ECDs), one requires polymers that 

complete the cyan-magenta-yellow (CMY) or red-yellow-blue (RYB) subtractive color 

sets. Red, blue, magenta, and cyan ECPs have been reported and discussed in chapter 1. 

Before 2011 however, there were no yellow-to-transmissive ECPs available. This chapter 

concerns the initial development and subsequent optimization of yellow ECPs. 

4.1. Discovery of ECP-Yellow  

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 with yellow and transmissive states, their shortcomings and the 

invention of ECP-Yellow-1 (P2.1). 

4.1.1. Importance and Previous Known Attempts 

Full color applications of electrochromics rely on the reflection or transmission of visible 

light and, as such, are 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 non-emissive 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 coloring terephthalate based small molecules were reported in 

2004
151

 and as shown by Figure 4.1.1.2, they do complete the subtractive color set. These 

materials are clear in the neutral state and colored when reduced but unfortunately, the 

voltage to achieve these colors are of considerably high magnitude (> -2.0 V) and 

engineering colors in charged states is difficult to achieve and maintain as there is the 

potential for voltage drift, making desired colors difficult to target accurately upon 

repeated switches. 

 

Figure 4.1.1.2: Terephthalate based small molecule electrochromes. 

In 2008 a colorless to yellow ECP was reported through the synthesis and 

characterization of the anodically coloring poly(amine-amide) by Liou and Lin,
152

 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 above, it is a material that is colorless 


