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This work combines fundamental studies on the electrical and optical properties of 

conducting polymers from the poly(3,4-alkylenedioxythiophene) (PXDOT) and poly(3,4-

alkylenedioxypyrrole) (PXDOP) class with more application-driven studies of 

electrochromic devices. Understanding the mechanism behind achieving a high 

conductivity allows for an accurate design of the next generation of organic materials 

with metal-like electrical properties. Optical reflectance, microwave and dc conductivity, 

and EPR and X-ray measurements are employed to gain insight into the electronic 

transport of doped, free-standing polymer films. These materials’ electronic properties 

can be tuned from metallic to insulator by varying the dopant nature and monomer unit 

planarity. For example, PEDOT-PF6 shows a metallic-like transport behavior, PEDOP-

CF3SO3 and PEDOT-CF3SO3 are in the critical regime, whereas PEDOT-(CF3SO2)2N, 

PProDOT-CF3SO3 and PProDOT-PF6 are on the insulator side of metal to insulator 

transition and show semiconducting properties.    
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Since many promising applications revolve around dynamic changes in the optical 

properties of electroactive thin films, this work focuses on elucidating the doping-induced 

electronic structure and infrared active vibrational modes (IRAV) in PXDOT films. 

Transmission and reflectance spectra spanning the UV, visible, near- and mid-IR regions 

of the spectrum reveal polaron and bipolaron signatures as the doping level increases. 

Neutral polymers have unique visible absorption spectrum envelopes, such as a broad 

single peak or multiple sharp peaks, as a function of the nature of the monomer unit. A 

discussion on the existing theories for the origin of this fine structure supported by data 

taken for a basis set of sixteen PXDOT thin films suggests that vibronic coupling of 

excited electrons with a vibrational mode of the monomer unit (symmetric, in plane 

Cα=Cβ stretch) is responsible for the appearance of this π−π* absorption peak splitting. 

A profound understanding of these materials’ optical and electrochemical 

properties allows the construction of electrochromic devices with enhanced contrast, long 

term switching stability and fast optical response. Variable reflectance electrochromic 

devices based on PXDOTs have been optimized to exhibit contrast ratios of 60-80% from 

the visible to mid-IR regions. They exhibit remarkable lifetimes, with no significant loss 

in electrochemical contrast after 10,000 redox cycles. The use of carefully designed 

optically complementary polymers PProDOT-Me2 and PProDOP-NPrS is a promising 

route for achieving a high level of control over the color, brightness, and redox stability 

of a transmission/absorption window. These devices operate at low applied voltages (± 

1.0 V), exhibiting an optical contrast of up to 70% at λmax, as well as an overall 

luminance change of 53%. They retain 86% of their initial color (96% retention after 

break-in) after 20,000 redox cycles.  
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CHAPTER 1 
INTRODUCTION 

 
1.1 Brief History of Conducting Polymers 

 
Twenty years after the discovery by Heeger, MacDiarmid and Shirakawa that an 

organic conjugated polymer can reach metallic-like electrical conductivity upon 

doping,1,2 the field of conjugated polymers has enjoyed a tremendous development 

culminating in 2000 when the Nobel Prize for Chemistry was awarded to the above 

researchers for launching a new era in polymeric materials.  

Conjugated polymer synthesis reaches as far back as 1862, when H. Letheby first 

synthesized polyaniline (PAni, 3).3 Known as “aniline black”, this material was formed 

by oxidation of aniline under mild conditions and was used in the printing industry.4 The 

first polymerization of acetylene to form polyacetylene (PAc, 1) was reported in 1958 by 

Natta and coworkers.5 Because PAc was obtained as an insoluble and infusible powder, 

the material received little attention at that time. The idea that conjugated polymers could 

be good electrical conductors has roots back to the 1960s when MacDiarmid and others 

discovered that poly(sulfurnitride) (SN)x, a polymeric inorganic explosive,6 has a high 

conductivity.7 The interesting electrical properties of (SN)x represented a step towards 

conducting polymers as they are known today. 

The modern era of conducting polymers began at the end of 1970s when films of 

PAc were found to exhibit a 12 order of magnitude increase in electrical conductivity 

1 



2 

when exposed to iodine vapors.1,2 The procedure for synthesizing PAc was based upon a 

route discovered in 1974 by Shirakawa through an accidental addition of 1,000 times 

more catalyst during the polymerization of acetylene. Although initially it was thought 

that PAc would replace dense metals in air and space applications, its instability to 

environmental conditions constituted a major obstacle for any practical use. However, 

PAc, being the simplest model from this class, remains the archetype of conducting 

polymers and is still subject to much theoretical and experimental work.  
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Figure 1.1 Common conjugated polymers 

The opportunity to synthesize new conducting polymers with improved properties 

began to attract the attention of synthetic chemists in the early 1980s. During this time, 

the discovery that polypyrrole (PPy, 4) can be obtained as highly conducting and 

homogeneous, free-standing films via oxidative electropolymerization8 focused the 

research efforts towards the development of conjugated poly(heterocycles). 

Electrochemical polymerization was rapidly extended to other aromatic compounds such 

as aniline, thiophene, furan, indole, carbazole, indole, azulene, pyrene, and fluorene.9,10 

Although exhibiting lower conductivities than doped PAc, the most common conjugated 

poly(heterocycles) shown in Figure 1.1 (compounds 4-6) posses superior environmental 

 



3 

stabilities in their p-doped form, along with other interesting properties such as 

electrochomism, volume change during doping, electro- and photoluminescence, etc. 11  

Among these so-called “first generation” conducting polymers, polythiophene (PT, 

5) has rapidly become the subject of considerable interest, mainly due to its structural 

versatility and enhanced stability in both neutral and p-doped states. From a theoretical 

point of view, PT has been often considered as a model for the study of charge transport 

in non-degenerate ground state polymers. However, PTs are unstable at the potentials 

required for their formation. This effect is called “PT paradox” and means that the 

polymer degradation competes with its deposition, leading to polymers with a high 

content of overoxidized, non-electroactive material.  A successful strategy to control the 

properties of PTs involves the modification of the monomer structure to obtain easily 

polymerizable and eventually solution processable species. This led to the synthesis of a 

vast family of PT derivatives with varied interesting properties.12,13  

As a member of conducting polymers’ second generation, the 3,4-ethylenedioxy 

derivative of PT (PEDOT) stands out as an excellent candidate for use in a variety of 

applications such as electrochromic devices, LEDs, capacitors and sensors. Initially 

developed to give a processable polymer (as an aqueous dispersion) with a high degree of 

order due to the lack of α−β and β−β couplings, PEDOT showed other very interesting 

properties worth pursuing by both industry and academia. In addition to its high 

conductivity (300-400 S/cm), PEDOT exhibits high electrochromic contrast with the 

major advantage of being almost transparent in thin, doped films.14,15 Other advantages 

include low monomer oxidation potential, high stability in the doped form and an ease of 

derivatization at the ethylenedioxy ring, thus allowing for state-of-the-art tuning of the 

 



4 

materials’ electronic and optical properties. The industrial use of the polymer as an 

antistatic layer in photographic films makes it the most widely used conducting polymer 

to date.16 

In this context, the past few years have witnessed the emergence of an impressive 

variety of EDOT derivatives.16 Functionalization of the monomer with long alkyl or 

alkoxy pendant groups affords materials that can be processed by common methods 

including spraying, printing, spin coating or solution casting.17,18 Moreover, the 

introduction of water-soluble sodium salt units as pendant groups allows water-

processability along with self-doping.  This type of polymer has been deposited on 

several substrates via the electrostatic adsorption technique.19-21 To expand the range of 

substituted 3,4-alkylenedioxy thiophenes, our group synthesized monomers having 

several ring sizes, such as 7-membered (ProDOT)22 and 8-membered (BuDOT) rings.17 

ProDOT has received special attention, as the monomer can be symmetrically derivatized 

at the central carbon of the propylene bridge, resulting in a regiosymmetric polymer.  

The bandgap of EDOT-containing polymers can be modified by varying the degree 

of π-overlap along the polymer backbone via steric interactions and by controlling the 

electronic character of the π-system with electron donating or accepting units. The latter 

is accomplished by using substituents and co-repeat units that adjust the energy of the 

highest occupied molecular orbital (HOMO) or valence band and the lowest unoccupied 

molecular orbital (LUMO) or conduction band, thus obtaining polymers with a broad 

range of colors. In this manner, materials with higher gaps than the PEDOT parent have 

been prepared, some of which are used as anodically coloring polymers in electrochromic 
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devices.23-25 Further work using a donor-acceptor methodology has led to low band gap 

polymers able to p- and n- dope along with exhibiting multi-color electrochromism.26 

  
1.2 Metals, Semiconductors and Insulators 

 
Energy bands. Electrons in an isolated atom are described by their atomic orbital 

wave functions. Their energies are determined solely by the interaction with the nucleus 

and other electrons of the atom. When atoms are brought together to form crystals, 

energy bands evolve, as illustrated in Figure 1.2 for sodium. At infinite separation (Figure 

1.2 A), all the atomic orbitals have discrete energies. As the atoms are brought together, 

their orbitals begin to overlap, and energy bands result (Figure 1.2 B).  

0
4s
3p
3s

2p
R= ∞ 10 Å 3.67 Å

A B C

0
4s
3p
3s

2p
R= ∞ 10 Å 3.67 Å

A B C
 

Figure 1.2 Energy bands developing in metallic sodium: A) large atomic separation, B) 
atoms separated by 10 Å, C) actual separation in metallic sodium (from Slater27)  

When the interatomic distance becomes comparable to or less than the spatial 

extension of the electronic wavefunction associated with a particular atom, the valence 

electrons do not belong to any single atom, but to the entire material (Figure 1.2 C). 

However, the Pauli exclusion principle states that the electrons of a certain atomic orbital 
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cannot have the same energy. Consequently, the electrons form a band of energy levels 

with very small energy differences between individual levels.27 

Metals, semiconductors and insulators. According to the band theory, the 

electrical properties of a material are the direct consequence of the energy difference  

CB

CB
CB

CB

VB
VB

VB VB

Metal

A

Semimetal

B

Semiconductor

C

Insulator

D

Small Eg

Large Eg

CB

CB
CB

CB

VBVB
VBVB

VBVB VBVB

Metal

A

Semimetal

B

Semiconductor

C

Insulator

D

Small Eg

Large Eg

Figure 1.3 Description of materials according to their band structure: A) Metal, B) 
Semimetal, C) Semiconductor, D) Insulator 

between HOMO and LUMO, as well as of the level of band filling and band overlapping. 

The basic difference between metals and other solids (semiconductors and insulators) is 

that HOMO is only partially occupied (Figure 1.3 A), whereas this band is filled in 

semiconductors and insulators (Figure 1.3 C and D). As a consequence of this energy 

band configuration, there is a sharp distinction between the materials’ electrical 

conductivity, in particular as the temperature approaches 0 K.28  

Figure 1.4 shows a comparison of electrical conductivities of metals, 

semiconductors and insulators on a logarithmic scale (A) along with temperature 

dependence of the conductivity for materials from each conductivity class (B). Electrical 

conductivity is described by the equation: 
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σ = neµ                                                                                  (1.1) 

where n is the density of charge carriers contributing to conductivity, e is the elementary 

charge, and µ is charge carrier mobility (velocity per unit electric field).  

In a metal, both n and µ have large values in the range of 1022 cm-3 and 103 

cm2/Vs,28 respectively, while the elementary charge is 1.602×10-19 C. They combine to 

give large values of conductivity of 105-106 S/cm, as shown in Figure 1.4 A and B (Cu). 

In addition, the number of charge carriers contributing to conductivity is constant at all 

temperatures, due to the lack of a band gap between HOMO and LUMO. The progress of 

electrons in a metal is interrupted after traveling a distance corresponding to mean free 

path or a time equivalent to the scattering relaxation time. The dominant scattering 

mechanism is the interaction of itinerant electrons with lattice atoms as they vibrate with 

thermal energy. Therefore, the mobility of charge carriers, and consequently the 

conductivity of a metal, increases as the temperature approaches absolute zero and the 

electron-lattice scattering is diminished.  

Semiconductors have filled valence bands and empty conduction bands. The gap 

energy is small as compared to the larger gap in insulators. For intrinsic semiconductors, 

electrons in the valence band can be thermally activated into the conduction band, and the 

density of such electrons follows an Arrhenius law. During the activation process, a 

corresponding hole is created in the valence band and both free electrons and free holes 

contribute equally to the conductivity. These semiconductors have a positive temperature  
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A

B

A

B

Figure 1.4 Conducting properties of metals, semiconductors and insulators. A) 
Conductivity scale comparing metals, semiconductor and insulators (adapted from 
Skotheim11) B) Temperature dependence of the conductivity for four materials. The inset 
represents the mobility, charge carrier, and semiconductor conductivity variations as a 
function of temperature (adapted from Epstein29) 
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dependence of the conductivity (see PPy behavior in Figure 1.4 B). Even though the 

carrier mobility is affected by the same scattering process as in a metal, the number of 

charge carries at the certain temperature dominates the overall temperature dependence of 

the conductivity. In addition, the room temperature conductivity of semiconductors is 

lower than the conductivity of metals due to a reduced charge carrier density. In extrinsic 

semiconductors, the number of charge carriers can be increased by introduction of 

impurities (dopants). In these materials, the carrier density is affected more by dopant 

nature and concentration than by the temperature. Classical extrinsic semiconductors are 

silicon-based doped with small amounts of gallium (p-type semiconductor) or arsenic (n-

type semiconductor).  

In insulators, the electrons are strongly localized between the atoms, forming 

chemical bonds. There is no significant overlap between π-orbitals of adjacent atoms and 

the valence band is completely filled. Furthermore, a large gap separates it from the 

conduction band, which is not accessible by thermal excitation. For example, polymers 

having only σ bonds are good insulators. 

There is a limited number of materials that have filled valence bands that overlap 

with conduction bands to generate two incompletely filled bands, as show in Figure 1.3 B 

and 1.4 B (SNx). These materials are called semi-metals and they can reach metal-like 

conductivities. One example from this class is graphite that shows a pronounced  

anisotropy of conductivity, with a much greater value in the aromatic plane due to a good 

π overlap than the conductivity measured along the π stack axis.30 

Conducting polymers. Trans-PAc offers an excellent model to illustrate the 

formation of energy bands.31 The simple chemical structure -(CH2)x- implies that each  
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π systems of –(CH)x– Long chain PAc
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Eg~ 1.4 eV
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Figure 1.5 Evolution of the band gap in PAc. A) Schematic representation of the π-
molecular orbitals energy levels with increasing chain length in PAc, (adapted from 
Chien30) B) uniform C-C bond order in PAc, C) dimerized structure resulting from 
Peierls distortion, D) cis-PAc, E) degenerate ground state phases in trans-PAc  
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carbon contributes a single pz electron to the π band (HOMO) (Figure 1.5 B). As a result, 

this band would be half filled, leading to a one-dimensional metal-like conduction along a 

neutral PAc chain. Figure 1.5.A shows the increase in the π orbital overlap as the length 

of the PAc chain increases. However, experimental studies show that neutral PAc is a 

semiconductor with a band gap of 1.4-1.5 eV. In the case of trans-PAc, the doubly 

degenerate ground state is unstable, and undergoes Peierls distortion32 (equivalent to 

Jahn-Teller effect), resulting in an alternation of bond lengths along the backbone. 

Further, this process leads to a splitting of the π band into an empty conduction band and 

a fully occupied valence band, thus rendering PAc semiconducting. In the case of cis-

PAc (Figure 1.5 D), the ground state structure is non-degenerate and the valence band is 

filled. Evolution of the band structure from monomer to polymer for conjugated 

heterocycles is similar to the one sketched in Figure 1.5 A.33  

The magnitude of the room temperature conductivity for different types of 

conducting polymers is shown in Figure 1.6 and compared to the conductivities of 

copper, platinum, and the range of conductivities of amorphous metals. Data for PAc 

doped with MoCl5, FeCl3, and ClO4
- are represented under the label PAc(Cl) and with 

iodine, labeled PAc(I).34 As seen in Figure 1.6, the conductivity of PAc exceeds that of 

the amorphous metals and is nearly identical to platinum conductivity. This is remarkable 

considering that the density of states at the Fermi level in highly conducting PAc is much 

smaller than that of conventional metals, and that the polymer is only partially 

crystalline.35 Samples on the insulator side of the metal to insulator transition (M-I 

transition) (see Chapter 4 for details) are represented by open symbols. These samples 

have zero conductivity as the temperature approaches 0 K. The samples in which the  
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Figure 1.6 Magnitude of room temperature conductivity for different types of conducting 
polymers (adapted from Kaiser 34). PEDOT conductivity values are taken from 
references36-41:  Open circles represent samples on the insulator side of M-I transition, 
while closed circles represent samples on the metallic side of M-I transition. 

conductivity retains a non-zero conductivity value at 0 K are represented by solid 

symbols. They have delocalized electronic states at the Fermi level to allow conduction  

without thermal activation, and therefore are on the metallic side of M-I transition. The 

general trend is that low room temperature conductivity samples show an insulator-type 

temperature dependence of the conductivity, whereas most samples having conductivities 

higher than 100 S/cm are on the metallic regime. However, there are polymers, especially 

PPV (Figure 1.6), that possess high room temperature conductivity without the metallic 

signature at low temperatures, probably due to a high content of disorder existent in the 

material. 

An increase of the effective conjugation length along the backbone and 

consequently a reduction in the materials’ band gap would allow for achieving polymers 
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with enhanced electrical conductivities. The band gap of polyaromatic compounds is 

determined by five contributions: bond length alternation, planarity of the monomer unit, 

aromatic resonance energy of the monomer cycle, donor-acceptor effects of an eventual 

substitution, and the extent of interchain coupling.13 Therefore, the main synthetic 

strategies adopted for controlling the band gap are based on the modification of one or 

more of the above parameters. 

 
1.3 Electrochemical Polymerization 

 
Conducting polymers can be prepared by using chemical and electrochemical 

methods. From the applied point of view, electrochemical polymerization of easily 

attained, simple aromatic benzenoid, or heterocyclic compounds is of utmost interest, 

especially if the polymeric product is used in microtechnology, as a thin layer sensor, or 

as a polymer film electrode. Electrochemical formation of conducting polymers such as 

PT, PPy and PEDOT proceeds via oxidation of the neutral monomer at the anode 

surface.42-44 This oxidation step requires 2 electrons per molecule, the excess of charge 

passed during synthesis being necessary for oxidation of the resulting polymer film.  

Figure 1.7.A represents the mechanism proposed for the polymerization of 

heterocycles, where X can be S, O or N-R. The first step consists in oxidation of the 

monomer that yields the radical cation. Monomer diffusion towards the anode is the rate-

determining step, being much slower than the electron-transfer reaction. Consequently, a 

high concentration of radical cations is constantly maintained near the anode. The further 

fate of these highly reactive species depends on the experimental conditions including 

electrolyte composition, temperature, applied potential, nature and morphology of  
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deposition support, etc. In favorable cases, the next step is a dimerization reaction 

(coupling of two radical cations) that produces a dihydro dication dimer. Further, this 

species loses two electrons and rearomatizes to form the neutral dimer. Due to extended 

conjugation over two rings, the dimer has a lower oxidation potential than the monomer 

itself, and therefore it oxidizes easily to form the radical cation. Stepwise chain growth 

proceeds via association of radical ions or, less likely, through coupling of a radical 

cation with a neutral monomer. As chain length increases, resulting oligomers become 

insoluble in the electrolytic medium and precipitate onto the anode. 

First generation heterocycles such as thiophene and pyrrole have two possible 

reaction pathways, as shown in Figure 1.7 B. Polymerization proceeding exclusively 

through α−α couplings affords polymers with a linear backbone and enhanced electrical 

properties. The occurrence of a α−β linkage in a given chain modifies its electronic 

distribution and could promote the formation of branching in energetically favorable 

sites. Furthermore, the presence of these linkage defects generates twists in adjacent 

chains, and thus modifies their electronic distribution promoting the propagation of more 

defects in the resulting material.   The relative reactivity of the α and β positions is about 

95/5 for thiophene and decreases as the polymerization proceeds, leading to an increase 

of the number of undesired couplings and consequently to a decrease in the polymer 

effective mean conjugation length.44 This is consistent with the considerable increase in 

the content of disorder as well as the decrease in conductivity as the polymerization 

proceeds. Therefore, limitation of the polymer growth to very thin films allows for the 

synthesis of a highly compact material with fewer defects and enhanced electrical 

properties.45-48  
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 Undesired α−β and β−β couplings can be eliminated through monomer 

substitution at β positions. Substitution of thiophene by electron donating groups leads to 

a decrease in monomer oxidation potential, allowing for electrosynthesis under milder 

conditions and thus decreasing the possibility of obtaining overoxidized material. For 

example, in EDOT, both β positions are substituted and the polymerization proceeds 

exclusively through the desired α-α couplings.  Judicious selection of the substituent 

affords materials that are soluble, easily polymerizable and possess an enhanced degree 

of order. 

 
1.4 Doping Induced Property Changes 

 
Conducting polymers, once studied solely for their high conductivities, are now 

extensively used in more dynamic applications where rapid switching from doped to 

neutral forms is desirable. Charge injection (doping) in these materials leads to a wide 

variety of interesting and important phenomena, which now defines the conducting 

polymer field. This reversible intercalation of ions in the polymer matrix triggers 

significant changes in the materials’ optical, ionic, electrical and morphological 

properties.49 These properties can be tuned by varying dopant size and nature from small 

molecules to high molecular weight polymers as well as by using different preparation 

techniques.11 Table 1.1 summarizes several properties of conducting polymers that 

change according to their charge state. As sketched in Figure 1.8, doping can be 

accomplished in several ways depending on the polymer nature and its intended 

application. The initial discovery of the ability to dope conjugated polymers involved 

chemical doping by charge transfer redox chemistry.1,2 Oxidation (p-doping) was  
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Table 1.1 Qualitative properties of conducting polymers in two extreme redox states.  
 
         Property 
 

           Neutral          P-doped 

Stoichiometry Without anions (or with 
cations 

With anions (or with 
cations) 

Content of solvent Small Higher 

Volume Small Higher 
Color: cathodically coloring 

        anodically coloring 
Transparent or bright 

Dark 
Dark 

Transparent 
IR optical properties Highly transmissive Highly absorptive 

Electronic conductivity Semiconducting Metallic 

Ionic conductivity Smaller High 

Diffusion of molecules Dependent on structure  

Surface tension Hydrophobic Hydrophilic 
 
 
accomplished by exposing the polymer to iodine vapors, whereas reduction (n-doping) 

involved treatment with sodium naphthalenide (Figure 1.9 A). In this case, complete 

doping results in high quality materials with metallic-like conductivities. Another unique 

chemical doping procedure is PAni protonation by acid-base chemistry. This leads to an 

internal redox reaction converting the semiconducting form of PAni (emeraldine base) to 

a metal (emeraldine salt).50 

Although chemical doping is an efficient process, controlling the level of dopant 

ions is rather difficult. Attempts to reach intermediate doping levels resulted in 

inhomogeneous doping. As an alternative, electrochemical doping allows for fine tuning 

of the doping level by simply adjusting the potential between the working and counter 

electrodes (Figure 1.9 B).52 The working electrode supplies the redox charge to the  
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Figure 1.8 Doping mechanisms in conjugated polymers and their applications (adapted 
from Heeger51) 

conducting polymer, while ions diffuse in or out of the electroactive film to compensate 

the electronic charge. Thus any doping level can be achieved by setting the 

electrochemical cell to a desired potential and waiting for the system to attain an 

equilibrium state. This type of doping is permanent, meaning that the charge carriers 

remain in the film unless a neutralization potential is purposely applied. 

Some high performance optical materials require a different type of doping based 

on localized oxidation via photo-absorption (Figure 1.9 C). Around these oxidized areas, 

the material becomes reduced and charge separation occurs (electron-hole separation).  
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A. Chemical doping by charge transfer 
 
a) p-type doping 
 

(CP)n + 3/2 ny(I2) → [(CP)+y(I3
-)y]n  

 
b) n-type doping 
 

(CP)n + [Na+(C10H8)-•]y → [(CP)-y(Na+)y]n + C10H8 
 

B. Electrochemical doping 
 
a) p-type doping 
 

(CP)n + [Li+(BF4
-)]soln → [(CP)+y(BF4

-)y]n  + Lielectrode 
 

b) n-type doping 
 

(CP)n + Lielectrode → [(CP)+y(Li+)y]n  + [Li+(BF4
-)]soln  

 
C. Photo-doping 
 
 (CP)n + hν → (CP)*→[(CP)+y + (CP)-y]n  

 
D. Charge injection at a metal-polymer interface 
 
a) Hole injection 
 

(CP)n – ye-
 → [(CP)+y]n  

 
b) Electron injection 
 

(CP)n + ye-
 → [(CP)-y]n   

 
 

 

Figure 1.9 Doping methods in conjugated polymers demonstrated for chemical, 
electrochemical, photo-, and interfacial doping 
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Upon photoexcitation from the ground state to the lowest energy excited state, 

recombination back to the ground state can be radiative (luminescence) (PPV, PPP) or 

non-radiative (PT, PAc).53 Photoconductivity lasts only until the excitations are either 

trapped or decay back to the ground state and the material becomes neutral. 

Another way to dope a conducting polymer is the electrical injection of electrons 

and holes into HOMO and LUMO respectively. However, the polymer is not doped in the 

sense of chemical or electrochemical doping because there are no counter ions present in 

the film. By charge-injection at the metal-semiconductor interface, the polymer 

(semiconductor) can be used as an active layer in field effect transistors and thin film 

diodes.54 Dual-carrier injection in a polymer film sandwiched between two metal 

electrodes provides the basis for light emitting diodes. In conclusion, as summarized in 

Figure 1.8 and Table 1.1, charge injection in conducting polymers opens up a remarkably 

wide range of possible applications for this relatively young class of materials. 

 
1.5 Applications 

 
As emphasized throughout this chapter, conducting polymers exhibit novel 

properties not typically available in other materials. These unique properties enable a 

large number of applications, some of them summarized in Table 1.2. There are 

applications involving the neutral or doped state of conducting polymers such as LEDs, 

antistatic materials, corrosion protection, and dynamic applications using the reversible 

change in properties upon doping, including smart windows and actuators. Some of these 

applications are briefly described below. 
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Table 1.2 Applications of conducting polymers   
General function Special function Application System/references 

e--conducting film Antistatic coating PEDOT 15,22 
e--conducting film 
in holes 

Printed circuit 
boards 

PEDOT/epoxy55  
 

e--conducting film Capacitor Metal/dielectric/PEDOT56
Thin film 

technologies 
band structure, 
optical transitions 

LEDs Metal/PPV/ITO 57 

Matrix for 
functional 
molecules 

Sensors 
 
 

PAni/glucose-oxidase58  
 
 

Material for 
fillings, porous 

membranes, 
composites Membrane  Separation  PPy59 

Wettability  Offset-printing PT 60 
Electrochromism  
 
 

Smart windows, 
camouflage, 
thermal control 

PEDOT and derivatives61, 
PT60  
 

Intercalation Batteries PT/Li62 

Redox process 

Change of volume Actuators PPy63  

Others Inhibition, 
protection 

Corrosion 
protection 

PAni/Fe64  

 

Doped thin film deposition and microstructuring of conducting polymers. 

PAni, PPy and PT derivatives are used as antistatic protection and electromagnetic 

interference shielding materials.15,22 They are incorporated as fillers in common 

polymeric materials such as poly(vinylchloride) and poly(vinylacetate). PEDOT is used 

as an antistatic layer for photographic films (AGFA). Another commercial use of PEDOT 

is in printed circuit boards. PAni has been proved useful as a discharge solution in 

electron beam lithography (IBM). It protects the insulating electron beam resist from 

charging and distorting the image.  

Materials for energy technologies. The possibility of a reversible switching of 

conducting polymers between two redox states seemed promising for rechargeable 
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batteries (Figure 1.10 A). Owing to their low density, it was thought that batteries with 

power densities much higher than those of the ordinary lead/acid battery could readily be 

obtained. Since the charge on the polymer backbone is delocalized over 3 to 4 monomer 

units, the charge capacity per unit weight for conducting polymers in not much better that 

that of metals. The first prototype of commercial batteries with conducting polymers was 

based on Li/PAni (BASF/Varta). The possible use of conducting polymers as electrode 

material in supercapacitors is given by their high ionic conductivity allowing high 

discharge rates. As supercapacitors require high capacitance along with quick 

charge/discharge of the electrode material, conducting polymers are promising as 

compared to classical used carbon materials.65   

 Very recently, photovoltaics have emerged as an important application of this 

class of materials (Figure 1.10 B). Photovoltaics find potential applications as solar cells 

and photosensors, and consist of thin films of organic materials sandwiched between two 

metal electrodes. A built-in electrical field formed in the semiconductor in contact with 

the electrolyte (photochemical cell) or in the organic layer at the interface with the metal 

electrode (photovoltaic device) is responsible for the photogeneration of charge carriers. 

Conducting polymers have attracted attention because of their light weight, potentially 

low cost and facile fabrication of large area, thin film devices. For example, devices of 

Al/C60 modified PTs/ITO show a conversion efficiency of 15 % with zero bias and 60 % 

with a bias of 2 V.66,67 Conducting polymers bearing both donor and acceptor units are 

expected to afford even higher quantum yields for photogeneration of charge carriers.68 
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Figure 1.10 General design for A) Polymer based battery; B) Photovoltaic device; C) 
OLED, D) Dual polymer electrochromic device 
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Electroluminescent devices. A significant event occurred when Friend and co-

workers published electroluminescence studies on the neutral form of PPV.54 This work 

has opened up a new avenue of research and a potential market for the material. Organic 

electroluminescent devices (OLEDs) are a possible alternative to liquid crystals displays 

and cathode ray tubes, especially for the development of large displays, and now evolve 

beyond the lab research into the market. The basic set-up of a polymeric LED is 

presented in Figure 1.10 C and consists of ITO/light-emitting polymer/metal layers. A 

thin ITO electrode deposited on an optically transparent electrode (glass or plastic) serves 

as the anode, whereas metals such as Al, Ca or Mg are being used as cathode materials. 

After the application of an electric field, an electron is injected into the polymer film 

from the cathode and a hole is injected from the anode. The electrons and holes migrate 

towards the center of the film, where they recombine producing light. One of the most 

important benefit of polymeric OLEDs is the chemical tuning of the HOMO-LUMO gap 

through judicious synthesis. Therefore, emission of red, green, and blue light has been 

reported,66 along with a newer type of emission in the NIR region of the spectrum.69 

This emission is obtained by the incorporation of lanthanide metals either by chemical 

bonding or blending into the conjugated polymer structure and is based on energy 

transfer from the absorbing conducting polymer (usually PPV derivatives) to the emitting 

lanthanide atom. In this way, the electroluminescence is enhanced by the absence of 

overlap between absorption and emission spectra.  Typical materials are PPV and its 

derivatives and substituted PTs. OLEDs efficiency is improving steadly along with novel 

developments such as flexible LEDs, polarized light emitting LEDs and IR emitting 

LEDs. One major challenge is balancing the electron mobility to that of hole mobility. 

 



25 

This is accomplished by adding electron transport layers and hole transport layers to 

reduce the barrier height and to encourage holes and electrons to combine near the center 

of the film. For example, a thin layer of PEDOT is now commonly used as hole transport 

layer in OLEDs.70 

Electrochromic devices. There are two types of successful electrochromic devices: 

variable transmittance windows and variable reflectance mirrors, described in great detail 

in Chapters 6 and 5, respectively (Figure 1.10 D). The principle of such devices is based 

on the redox driven change in transmittance/reflection of a thin conducting polymer layer 

(or two complementary polymers) over various regions of the electromagnetic spectrum. 

Organic electrochromic devices are characterized by low-voltage operation, good optical 

contrast and wide-view angle, making them potentially appealing for controlling the sun 

radiation in buildings and cars, automotive rear-view mirrors and display devices.71 

Moreover, military interest in camouflage materials and thermal control for air and space 

applications promotes a great deal of research in dual polymers electrochromic window 

and mirror area.11 Improvement in the cyclability of the coloration/bleaching process and 

the design and synthesis of new redox systems are current issues being addressed by 

researchers. 

Sensors and artificial muscles. Since conducting polymers change properties by 

incorporation of ions and solvent, it is possible to develop ion-specific sensors based on 

these materials. Properties changing upon the incorporation of ions or molecules into the 

polymer matrix include conductivity, electrochemical potential, optical absorbance and 

fluorescence. Sensing capabilities have been demonstrated for gases like SO2 and NO2 

(PAni), alkali and alkaline-earth metal cations (through crown ether or polyalkyl ether 
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functionalization), as well as for more complicated molecules of biological interest 

(glucose, urea, hemoglobin, etc). A thorough review comprising a wide range of 

conjugated polymer-based chemical sensors was written by Swager et. al in 2000.72 

Since conducting polymers show a swelling with increasing oxidation level, they 

are able to convert electrical energy into mechanical work. The incorporation of counter 

ions into the polymer leads to a structural change of the polymer backbone and to an 

increase in volume up to 30%.73 These electromechanical properties are used in 

actuators, commonly called polymer based artificial muscles. Starting with first polymer 

actuator reported by MacDiarmid et al.,74 oxidation induced strain in PAni, PPy, and 

recently in PEDOT has been investigated.63 

There are several other interesting applications of conducting polymers such as 

controlled drug release, corrosion protection, membrane and ion exchanger, lasers, etc. 

that award the conducting polymer field the deserved importance.11 

 
1.6 Structure of this Thesis 

 
The main characteristic (and beauty) of this work is the combination of 

fundamental studies on the electrical and optical properties of conducting polymers from 

the PXDOT and PXDOP class with more application-driven studies of electrochomic 

devices with an operation window covering the visible and IR regions of the spectrum. 

This work was extremely rewarding as it allowed probing of theoretical deductions 

through practical application in devices. Multiple and content-varied projects as well as 

several useful research collaborations made this work broad in the sense that it covers a 

wide range of concepts defining the conducting polymer field. Experimental procedures 
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employed to acquire data presented throughout this dissertation are summarized in 

Chapter 2. 

Environmentally stable organic materials with metal-like conductivities are still the 

focus of many researchers. Understanding the mechanism behind achieving a high 

conductivity allows for an accurate design of such materials. Chapter 3 details the 

mechanisms for electronic transport in conducting polymers along with a discussion 

about the metal to insulator transition in these materials. Optical reflectance, microwave 

and dc conductivity as well as EPR and X-ray measurements are employed in order to 

gain insight into the electronic transport. Several PXDOT and PXDOP free-standing 

films bearing various doping ions were analyzed. These materials’ electronic properties 

can be tuned from metallic to insulator by varying the dopant nature and monomer unit 

planarity.  

As many possible applications revolve around optical properties of conducting 

polymer thin films, the work presented in Chapter 4 focuses on doping-induced electronic 

structure and infrared active vibrational modes as a function of redox state in PXDOT 

films deposited on ITO substrates. This chapter includes a detailed discussion on the 

frequently debated origin of the multiple peaks or fine structure often seen in the 

absorption spectra of neutral polymers. Polymers from the PXDOT family are the basis 

set for this study.  

Chapter 5 deals with the optimization of electrochromic devices that operate in the 

reflective mode and are able to modulate the reflectivity of a metal surface in the visible, 

NIR and mid-IR regions of the spectrum. Optical contrast, switching time and lifetime of 
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devices containing PEDOT or PProDOT-Me2 as the active layer are also reported in this 

chapter. 

The use of carefully designed complementary polymers is a promising route for 

achieving a high degree of control over the color, brightness, switching speed and redox 

stability of an electrochromic window. As such, the last chapter (Chapter 6) addresses the 

optical and redox complementarity of polymer pairs required to attain a high contrast and 

a long lifetime transmissive ECDs. In addition, a new way of achieving a broadband 

response in an ECD by using bilayers of polymers having different absorption maxima 

and comparable oxidation potentials is presented.  

 

 



 

CHAPTER 2 
EXPERIMENTAL TECHNIQUES 

 
The intent of this chapter is to provide necessary background on the most common 

experimental techniques employed in the characterization of conducting polymers. These 

methods will be frequently referred to throughout the subsequent chapters.  

 
2.1 Conductivity Measurements 

 
Among available conductivity techniques, four probe methods have several 

advantages for measuring electrical properties of conducting polymers. First, four probe 

techniques eliminate errors caused by contact resistance, since the two contacts 

measuring the voltage drop are different from the contacts applying the current across the 

sample. Second, this technique allows for conductivity measurements over a broad range 

of applied currents, usually varying between 1 µA and 1mA for conducting polymers 

studied in this work. These current values produce potential differences ranging from 10 

µV to 10 V, depending on the resistance and thickness of the sample.  

Polymers for conductivity measurements are usually prepared as free-standing 

films, although thin films deposited on non-conducting substrates can be easily analyzed. 

In the latter case, a soluble polymer is solution cast or deposited by spin coating on a 

glass microscope slide. However, many conducting polymers are insoluble and infusible, 

and in addition, some do not allow the synthesis of high quality, thick free-standing films 

(5 microns or more) that can be easily removed from the supporting electrode. Generally, 

29 
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this happens for less conducting samples where the formation of oligomers in solution 

predominates once the electrode is covered with a thin polymer film. An alternative 

solution for these cases is the electropolymerization at low charge density to afford thin 

films, followed by polymer removal from the polymerization support by adhesion with a 

pressure sensitive adhesive tape. 

The materials presented in Chapter 3 were prepared electrochemically on glassy 

carbon or freshly polished titanium electrodes. For a rigorous surface cleaning, glassy 

carbon electrodes were immersed in acetone and sonicated for 30 minutes, then washed 

with deionized water and dried under nitrogen.  A Pt flag or a polished stainless steel 

sheet was used as the counter electrode. Free-standing films with thicknesses ranging 

from 2 to 100 µm were obtained by slow galvanostatic deposition at an applied current of 

0.02 to 0.08 mA/cm2. The temperature was maintained at –5°C by immersing the 

electrochemical cell in a NaCl/ice bath, and at –45°C by using a dry ice/ACN bath. Due 

to the long polymerization time required to prepare thick films (24-48 hours), the 

assembly electrochemical cell/cooling bath was kept in a cooler to maintain a constant 

temperature over night. Generally, thick free-standing film synthesis requires a higher 

monomer concentration than common electropolymerization of thin films on ITO 

(10mM). Consequently, the films were prepared from 60 mM monomer in 0.1 M 

electrolyte (TBAPF6, LiCF3SO3 or Li(CF3SO2)2N) dissolved in a low vapor pressure 

solvent, usually propylene carbonate (PC), that acts as a plasticizer for the resulting film. 

When the monomer had a reduced solubility in PC, the concentration was limited to 20 

mM monomer/PC. After reaching the desired film thickness, the polymer-coated 

electrodes were removed from the reaction medium and the wet films were detached 
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from the electrode using a razor blade. Subsequently, the films were washed in PC to 

remove unreacted monomer and electrolyte salt, placed between two glass slides to 

flatten the films, and dried under vacuum for 24 hours. Most likely, a small amount of PC 

remains in the film after drying. Although ACN seems more suitable as a washing 

solvent due to its high vapor pressure, polymers washed with ACN were brittle and less 

shiny, probably owning to detrimental morphological changes (cracks, holes) created by 

fast drying.  

The morphology and conducting properties of the resulting polymer depend on 

many experimental variables such as solvent nature, concentration of reagents, 

temperature, cell geometry, nature and surface morphology of electrodes, and applied 

electrical conditions. Due to the interdependence of many of these experimental 

variables, electrosynthesis optimization constitutes a complex study. The influence each 

of these factors exerts on the electrical properties of the resulting material is described in 

detail in Section 3.5.  

There are three types of four probe conductivity techniques that can be employed in 

the study of conducting polymers: Van der Pauw,75 four-wire76 and four-point probe 

(Signatone),77 and their use depends on the instrumentation available as well as sample 

quality and geometry. 

The Van der Pauw method is a four-point probe technique used for irregularly 

shaped thin films and was first developed at Philips Laboratories in the Netherlands.75 It 

consists of four conducting wires (Cu or Ni) attached with silver paste in four points A, 

B, C, and D, located at the circumference of the sample (see Figure 2.1 A). This method  
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Figure 2.1 Four-probe conductivity methods: A) Van der Pauw, B) four-point probe, C) 
four-wire 
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affords good measurements if the contacts are sufficiently small, the sample is 

homogeneous in thickness and does not have defects such as holes. If the contacts are 

placed such as they form a square on the sample surface, then the conductivity value is 

given by: 

σ = ln2 (πRt)-1  (2.1) 

where R is the resistance of the sample, and t is the thickness. R is measured by 

connecting contacts A and B to a constant current source, and C and D to a voltmeter. 

R=∆V/I  (2.2)  

where ∆V is the voltage drop and I is the current applied. 

Another four-point probe method has been developed at Bell Laboratories in 

1958.77 This method employs devices with predefined electrode geometry, such as the 

Signatone S-301-4 available in our laboratories. Figure 2.1 B shows the simplest form of 

a four-point probe measurement setup. A row of pointed electrodes touches the surface of 

a polymer film taped or spin cast on an insulating substrate. A known current I is injected 

at the electrode 1 and is collected at the electrode 4, while the potential difference ∆V 

between contacts 2 and 3 is measured.  For this arrangement, the volume resistivity (ρ) of 

the sample is given by an equation derived by Valdes:78 

ρ = 2πd ∆V/I  (2.3) 

The result is independent of the electrode contact area as long as the distance 

between the points (d) is much greater than the film thickness (t). Another equation that 

describes the resistivity of a sample of thickness t by taking into consideration the ratio of 

sample thickness to the distance between contact points is given by: 

ρ = (∆V/I) (t π /ln2) F        (2.4) 
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where F (t/d) is a correction factor that approaches unity as t approaches zero, and its 

values have been calculated by Uhlir et. al. 79 

This four-point probe method has several advantages that make it extensively 

used in solid-state electronics laboratories. First, if the voltmeter used to measure ∆V has 

a high impedance, then the conductivity measurement is independent of the contact 

resistance. As polymeric materials have a high degree of disorder, it is expected to report 

a conductivity value obtained by averaging multiple measurements in different areas of 

the film. The four-point probe method allows for the contact points to be easily 

repositioned in various areas of the film, thus allowing for several conductivity 

measurements on the same sample.  

When four point probe devices are not available or when the experimental setup 

needs to be placed in a cryostat for low temperature conductivity measurements, a four-

probe technique (Electrodag method) can be used. In this method, leads can be directly 

attached to the film using conducting silver paste, colloidal graphite (water or alcohol 

dispersion) or vacuum evaporated metal. The sample should be cut in a rectangular form, 

and for best results its length should be much larger than its width. Four thin wires such 

as Cu or Au (for low temperature conductivity measurements) are attached to the film 

such that the distance between contacts 2 and 3 (see Figure 2.1 C) is much larger that the 

distance between contacts 1 and 4. Volume conductivity is calculated from the following 

equation: 

σ = l/Rtw         (2.5) 
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where l is the distance between inner leads 2 and 3, t is the film thickness and w is the 

width of the sample. l, t and w can be measured with a micrometer unless w is too small 

and requires the use of a profilometer. 

Both the current source (Keithley 220) and the multimeter (Keithley 195 A) used 

for low temperature conductivity data acquisition were computer controlled. The sample 

with attached Au wires was immersed in Janis Dewar flask containing liquid He and the 

temperature was controlled from 4.2 K to 300 K by using a LakeShore 82C Temperature 

Controller and LakeShore DT500 Temperature Sensor. 

Microwave dielectric constant and conductivity were measured using the same 

temperature control as above. This method is called cavity perturbation method or 

“wireless conductivity”. In this work, a homemade cavity was used in combination with a 

Hewlett-Packard 8350B microwave source providing a frequency of 6.5 GHz.  

Often, information about conductivity at different doping levels of thin polymer 

films is necessary, especially for the determination of conductivity onset and comparison 

of conductivity in n- and p- doped states. This cannot be achieved easily by ex-situ 

methods described above and an in-situ method is required. Along with the disadvantage 

that this non-routine method requires a fairly complicated setup such as two potentiostats 

and expensive, problematical to obtain interdigitated microelectrodes, it affords a 

conductivity value called “pseudo-conductivity” that cannot be converted to volume 

conductivity due to the lack of information about the thickness of the film deposited on 

interdigitated electrodes. Conducting polymer in-situ conductivity data reported in 

literature are usually compared to the standard P3MT conductivity (60 S/cm), by 
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assuming that the all the variables affecting film conductivity are similar (dopant, 

thickness, electrode geometry, etc.).9,80  

 
2.2 Electrochemical Methods 

 
The arsenal of electrochemical methods that can be applied to the study of 

conducting polymer films deposited on a conducting surface is fairly broad and it has 

been thoroughly reviewed by Doblhofer et al.81 Among these methods, cyclic 

voltammetry (CV) has becoming increasingly popular as a mean to study redox states, 

due to its simplicity and versatility. The electrode potential at which a polymer undergoes 

reduction or oxidation can be rapidly located by CV.  Furthermore, CV reveals 

information regarding the stability of the product during multiple redox cycles. Since the 

rate of potential scan is variable, both fast and slow reactions can be followed. A very 

important aspect of this method is its ability to generate a new redox species during the 

first potential scan and then probe the fate of species on the second and subsequent scans. 

Therefore CV allows the growth of a polymer film along with its further characterization 

during a single experiment (see Figure 2.2).  

Fundamentals of CV.  This method consists of cycling the potential of an 

electrode, which is immersed in an unstirred solution, and measuring the resulting current 

at the working electrode. Therefore, the obtained voltammogram is a display of current  

(vertical axis) vs. potential (horizontal axis). The reducing or oxidizing strength of the 

WE is precisely controlled by the applied potential (Figure 2.2). Typically, the 

polymerization of electron rich monomers starts at low potentials (a) where no redox  
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Figure 2.2 Cyclic voltammogram of BEDOT-B(OG)2 in 0.1 M TBAP/ACN at a scan rate 
of 20 mV/s. a represents the beginning of the experiment, b is monomer oxidation 
potential onset, c is monomer oxidation peak potential, d is the polymer reduction peak 
potential, and e is the polymer oxidation peak potential  

reactions occurs, followed by scanning in the anodic direction. At potential (b), the 

electrode has sufficient oxidizing character to oxidize the monomer to its radical cation.  

The anodic current increases rapidly (b-c) until the concentration of the monomer at the 

electrode surface approaches zero, causing the current to peak (c), and then decay as the 

solution surrounding the electrode is depleted of monomer. Monomer oxidation is 

immediately followed by chemical coupling that affords oligomers in the vicinity of the 

electrode. Once these oligomers reach a certain length, they precipitate onto the electrode 

surface where the chains can continue to grow in length. The electroactivity of the 
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polymer deposited onto the WE can be monitored by the appearance of a peak 

corresponding to the reduction of the oxidized polymer while scanning in the cathodic 

direction (d). A second positive scan reveals another oxidation peak at a lower potential 

than the monomer oxidation peak (e). This is due to the neutral polymer now becoming 

oxidized. Another noticeable fact is the increase in monomer oxidation peak current in 

the second and subsequent scans. As the peak current is directly proportional with the 

electrode area (Randles-Sevcik equation),82 this increase in the peak current could be 

attributed to an increase of the WE area due to a more porous morphology of the 

electrodeposited polymer.  

Important parameters of a polymer cyclic voltammogram are the scan rate, 

switching potentials, as well as the magnitudes of the anodic peak current (ipa), cathodic 

peak current (ipc), anodic peak potential (Epa) and cathodic peak potential (Epc). 

Continuous deposition of the polymer onto the WE can be monitored by the increase in 

the polymer’s anodic and cathodic peak currents, while the polymer redox properties are 

characterized by the magnitudes of its peak potentials.  

Electrochemical cells and electrodes. Modern potentiostats, such as Perkin Elmer 

PAR 273 A available in our laboratories, utilize a three-electrode configuration. The 

potentiostat applies the desired potential between a working electrode (WE) and a 

reference electrode (RE). WE is the electrode at which the electrolysis of interest takes 

place. An auxiliary (counter) electrode (CE) provides the current required to sustain 

redox processes developing at the working electrode. This arrangement prevents large 

currents from passing through the reference electrode, which could change its potential.  

Typical electrochemical cell consists of a glass container with a cap having holes for 
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introducing electrodes and argon (see Figure 2.3). Oxygen removal from the reaction 

medium is carried out by bubbling argon prior to electropolymerization, whereas 

maintaining the cell oxygen-free during an experiment is accomplished by passing argon 

over the solution.  

to Ar

CE

WE RE

to Ar

CE

WE RE

 

Figure 2.3 Electrochemical cell setup 

There is a large variety of REs that are commercially available. For use with 

aqueous electrolytes a saturated calomel electrode (SCE) or an Ag/AgCl/sat’d KCl 

electrode can be used. In non-aqueous solvents, a silver wire in contact with 0.1 M 

AgNO3 dissolved in a particular solvent (eg., ACN) is used and denoted as Ag/Ag+ 

reference. Ag wire can be immersed directly in the reaction medium, but its potential 
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changes with the time (pseudo reference) and consequently frequent calibrations with a 

solution of ferrocene/ferrocinium (Fc/Fc+) are required. Figure 2.4 illustrates the 

relationship of these REs to the standard hydrogen electrode (SHE), which is arbitrarily 

assigned a value of 0.000 V on the redox potential scale.  

The auxiliary or counter electrode (CE) is usually a Pt foil or gauze with a 

relatively larger area as compared to the WE. As with WE materials, the common 

practice is to use electrochemically inert materials such as the noble metals Pt and Au, or 

glassy carbon. These electrodes consist of a conductive rod of 0.02 cm2 diameter 

encapsulated in a Teflon casing (Bioanalytical Systems, Inc.). While Pt button working 

electrodes can be used for most CV experiments, Au has a lower oxidation potential and 

it should not be used for experiments requiring potentials higher than 1.2 V vs. Ag/Ag+.  
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Figure 2.4 Electrode potential relationship between common reference electrodes 
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2.3 Spectroelectrochemistry and Other Optical Measurements 

 
Spectroelectrochemistry plays a key role in probing the electronic structure of 

conducting polymers as well as in examining the optical changes that occur upon doping. 

It provides information about the material’s band gap and intraband states created upon 

doping as well as gives some insight into a polymer color through the location of the 

absorption maxima and the ratio of peak intensities if the material shows fine structure on 

the main π−π* peak (see Section 4.3). 

Measurements were carried out with a UV-Vis-NIR Varian Cary 5 

spectrophotometer using a specially designed three-electrode cell to allow potential 

application while monitoring the absorption/transmission spectra. Typical polymer 

samples are thin films (100-500 nm) deposited potentiostatically on transparent ITO/glass 

electrodes purchased from Delta Technologies, Ltd. These electrodes have surface 

resistivities in the range of 10 to 20 Ω/  and are cut to fit a spectroelectrochemical 

cuvette (0.7 cm wide). Usually a Ag wire pseudo reference is used as a reference 

electrode and a Pt wire is used as a counter. For potential control, all three electrodes 

were connected to an EG&G PAR 273A potentiostat.   

A typical spectroelectrochemical experiment is carried out with the 

spectrophotometer operating in double beam mode. An accurate baseline is obtained 

using two cuvettes containing bare ITO/glass electrodes immersed in a liquid electrolyte 

placed in both reference and sample compartments. After collecting the baseline, the 

polymer coated ITO is placed in the sample compartment. Polymer analysis is obtained 

by sequentially stepping the applied potential until the polymer reaches its fully oxidized 

and neutral forms. These extreme redox states are attained when the polymer absorption 
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envelope stops changing with increasing/decreasing applied potential.  Usual potential 

steps are between 50 and 100 mV. In order to ensure that a polymer film is fully 

neutralized, chemical treatment with a solution of 85 % hydrazine in water follows the 

electrochemical reduction. 

Dual polymer transmissive devices presented in Chapter 6 are analyzed in a similar 

manner. However, devices used to collect the baseline are assemblies consisting of two 

bare ITOs sandwiched together with gel electrolyte. In order to apply voltage across the 

device, the counter and the reference leads are connected to one another. The reference 

and the sample holders used for single polymer spectroelectrochemistry do not have the 

suitable geometry to hold devices, thus they have to be replaced with other supports 

available in the Cary 5 kit. These holders are basically rectangular non-transmissive 

sheets having a variable size hole to allow the transmitted light to reach the detector. 

Devices are scotch-taped on these supports with the area of interest covering the holes.   

A kinetics experiment allows for measuring polymer and device switching times 

between the two extreme redox states. This measurement follows the 

spectroelectrochemistry experiment described above because it requires knowledge of 

polymer(device) potentials applied for a full switch as well as the wavelength of 

maximum contrast. Once these values are known, the spectrophotometer can be switched 

to transmission mode to monitor changes in a sample’s opacity at the wavelength where 

the optical contrast is the highest. Concurrently, a square potential waveform is applied at 

desired time intervals (usually between 0.5-3 s). This allows monitoring % T as a 

function of time at the specified wavelength, usually located in the visible region. The 
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rate at which the material is able to access both fully doped and neutral states is 

determined by the time necessary to attain ca. 95% of its full contrast. 

Long wavelength optical measurements described in Section 4.4 were performed in 

the Physics Department at UF, using three different spectrophotometers: a Bruker 113v 

Fourier Transform Infrared (FTIR) spectrometer for the region 400-5,000 cm-1, a Zeiss 

MPM 800 microscope photometer for 4,500-45,000 cm-1 region, and a modified Perkin-

Elmer 16U for 3,700-45,000 cm-1 region. All measurements were performed at room 

temperature and the reflectance data have been corrected using an Al mirror as the 

reference.  

 
2.4 Colorimetry 

 
In-situ colorimetric analysis is rapidly becoming a popular technique in the study of 

electrochromic polymers.83 This method allows for accurately reporting a quantitative 

measure of the color and graphically representing the track of doping-induced color 

changes of an electrochromic material or device.  There are three attributes that are used 

to describe the color: hue, saturation and brightness. Hue represents the wavelength of 

maximum contrast (dominant wavelength) and is commonly referred to as color. 

Saturation takes into consideration the purity (intensity) of a certain color, whereas the 

third attribute, brightness, deals with the luminance of the material, which is the 

transmittance of light through a sample as seen by the human eye.  

A commonly used scale that numerically defines colors has been established in 

1931 by The Commission Internationale de l’Eclairge (CIE system). This method takes 

into consideration the response of a standard observer to various color stimuli, the nature 
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of the light source, and the light reflected by the object under study. These functions are 

used to calculate tristimulus values (XYZ) that define the CIE color spaces. To simplify 

the representation of a color, the tristimulus value Y represents the brightness of a 

material, whereas X and Z are used to define its chromaticity, and they can be easily 

represented on a two-dimensional graph called spectral locus (x-y chromaticity 

diagram).84 This chromaticity diagram is a horseshoe shaped area where all visible light 

wavelengths are represented (Figure 2.5). The location of a point on the chromaticity 

diagram affords the hue and saturation of a color. From this graphical representation it is 

possible to establish the dominant wavelength, or hue, by drawing a straight line from the 

point of interest to the white point (W). Fully saturated and consequently pure colors lie 

along the periphery of the horseshoe diagram. 
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Figure 2.5 x-y chromaticity diagram 
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Luminance analysis of a material or device is especially valuable in the study of 

electrochromic polymers because it relates the transmittance over the entire visible region 

as perceived by the human eye to the applied potential. Such measurements are very 

useful for the characterization of transmissive/absorptive electrochromic windows 

because a low luminance value corresponds to an opaque device while a high luminance 

corresponds to a transparent window. Moreover, changes in a device luminance over time 

can be used to quantify the device’s stability to multiple redox switching. Such 

experiments are presented in Chapter 6 and were performed by continuously stepping the 

voltage such as the device would attain its extreme bleached and colored states with a 

certain delay at each voltage allowing a full color change and hold period.  During this 

time, the decrease in the luminance of the device in the bleached state and the increase in 

the brightness of the device’s dark state were monitored over a several day period.  

The experimental setup for colorimetric analysis is similar to the one used for 

spectroelectrochemistry. The applied potential is controlled either by a Pine 

Bipotentiostat model AFCBP1 or an EG&G 273 potentiostat. The polymer coated 

ITO/cuvette assembly is placed in a black painted light booth (chromaticity box) that has 

a light source D50 (5000 K) located in the back.  Y, x and y data at different polymer 

doping levels are recorded with a Minolta CS-100 Chroma Meter colorimeter. In order to 

obtain accurate values, a background measurement on a bare ITO/cuvette assembly was 

taken either at the beginning or at the end of the polymer colorimetric analysis. 

 
2.5 Surface Analysis 

 
Both atomic force microscopy (AFM) and profilometry techniques give valuable 

information about polymer thickness and surface morphology. These contact techniques 
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have similar principles of operation involving a stylus or cantilever that moves across a 

sample surface. This gives rise to a response signal that is further transmitted to a detector 

and converted to a digital signal. Although profilometry technique is fairly easy to 

operate, AFM allows for a much better resolution of the sample surface. 

Profilometry. This technique is extensively used by our group for measuring 

polymer film thicknesses and employs a Dektak 3030 Surface Profile Measuring System 

purchased from Vecco Instruments, Inc. Measurements are made electromechanically by 

moving the sample beneath a diamond-tipped stylus. A high precision stage moves the 

sample beneath the stylus according to a user-programmed scan length, speed and stylus 

force. As the stage moves, the stylus rides over the sample surface causing the stylus to 

rise vertically and produce electrical signals. These response signals are transmitted to a 

Linear Variable Differential Transformer mechanically coupled to the stylus that 

transforms electrical signals in digitized signals and further forwards them to a computer 

for data processing and storage. In addition to routine step height measurements, this 

technique allows for the measurement of average surface roughness, average height, and 

maximum height.   

A routine experiment performed in our group is relating the polymer film thickness 

to the amount of charge passed during its electrodeposition. This experiment is carried 

out for almost every newly synthesized polymer, and if carefully performed, it represents 

a good calibration curve for future use. For this study, polymers are electrodeposited 

potentiostatically on ITO/glass electrodes at several charge densities usually ranging from 

5 mC/cm2 to 200 mC/cm2.  Upon deposition, the polymer films were carefully washed 

with ACN and dried under vacuum for 24 hours to ensure complete solvent evaporation. 
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Film thicknesses were measured after scratching the film with a razor blade in several 

small areas to expose the ITO substrate. The depth of the scratch is measured from the 

cross-section view of the topographic image by placing one cursor at the bottom of the 

scratch (ITO surface) and the other one at the polymer surface. As the polymer films are 

often inhomogeneous, multiple measurements in different areas of the sample to give 

average thickness values were used. Some polymer surfaces are very rough making it 

difficult to measure their thickness through a simple step height measurement. In these 

cases, average height method gives very reproducible results and consists of leveling the 

ITO surface (the scratch bottom) at zero nm and placing the cursors as far apart on the 

polymer surface as possible.  

AFM. This contact technique is based on a flexible cantilever with a very low 

spring constant that induces forces smaller than the interatomic forces, thus the 

topography of the sample can be monitored without displacing the atoms. Several 

techniques for sensing the deflection of the cantilever have been investigated and 

developed. Most AFM used today rely on optical techniques to sense the deflection of the 

cantilever as a response of surface height variation. For example, the Nanoscope III from 

Digital Instruments used in this work relies on a beam from a laser diode focused onto the 

back of the cantilever. The beam reflects off the back of the cantilever onto a segmented 

photodiode. The amplified differential signal between the upper and lower photodiodes 

provides a sensitive measure of the cantilever deflection.  

 
2.6 Device Construction 

 
Transmissive/absorptive window. The construction of a transmissive type ECD 

consists of two thin polymer films deposited on transparent indium tin oxide coated glass 
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(ITO), and separated by a viscous gel electrolyte. Polymer films used to assemble a 

device were obtained by constant potential oxidative polymerization at potentials slightly 

higher than the monomer oxidation onset to ensure a slow rate and uniform film 

deposition. Film thicknesses ranging from 100-300 nm were controlled by monitoring the 

total charge density passed during electrosynthesis. Polymer-coated electrodes were 

removed from the polymerization medium and placed in monomer-free electrolyte. The 

films were electrochemically conditioned by sweeping the potential between –0.7 and 

+0.7 V vs. Ag/Ag+ for about 15 minutes to guarantee that a maximum doping level, and 

therefore a high contrast, would be attained.  Cathodically coloring films were fully 

oxidized and anodically coloring polymers were fully neutralized before rinsing with 

ACN, to ensure charge balance prior to device assembly. The films were then coated with 

gel electrolyte casting solution until the entire polymer surface was uniformly covered. 

The cathodically and anodically coloring electrodes selected were then applied to one 

another and allowed to dry for 24 hours. The gel electrolyte formed a seal around the 

edges, the devices becoming self-encapsulated. 

The device construction is carried out with one polymer oxidatively doped while 

the other is neutral, and both films are simultaneously in either their transmissive or 

absorptive states.  As such, the device is observed as bleached or colored.  

Complementary polymers’ thicknesses influence to a large extent the operation of the 

device as the ability to match the number of redox sites in each film allows for attaining 

its extreme color states. Therefore, each polymer used in these devices should have a 

reliable thickness vs. charge density calibration curve described in Section 2.5.   
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Variable reflectance mirrors. As a device operating in the reflective mode we 

have used an outward facing active electrode device sandwich structure consisting of five 

layers. In this construction, two gold-coated Mylar sheets are used as both counter and 

working electrodes. The top electrode is cut with a series of parallel slits of varied 

separation (0.5 to 2 mm) across the active surface making it porous to ion transport 

during switching. Both the active top and the counter polymer films were 

electrochemically deposited on the gold-coated Mylar electrodes from solutions of 10 

mM monomer in 0.1M LiClO4 in PC at constant potential. Although ACN can be used, 

the Mylar support swells and curls during an extended polymerization time. 

Polymerization on gold-coated Mylar electrodes proceeds much faster than the deposition 

on ITO-coated glass due to an enhanced conductivity of the gold layer. In addition, it 

leads to a very uniform film owing to the excellent homogeneity of the electrode surface. 

Following the polymer films’ redox conditioning, the counter polymer was fully 

neutralized while the active polymer was fully oxidized to ensure a charge balance prior 

to device construction.  A separator paper, soaked in electrolyte, was used to isolate the 

back of the working electrode from the counter polymer layer. The top layer is in contact 

with a window, which is transmissive to the wavelengths of interest, allowing accurate 

measurements of the active layer reflectivity. We typically used ZnSe for NIR to mid-IR, 

glass in the NIR and visible, and polyethylene for visible through mid-IR. As only the 

outward facing electroactive polymer is responsible for the surface reflectivity 

modulation, the counter electrode polymer optical properties do not affect the device 

operation. Therefore, the counter polymer layer thickness was typically twice as much as 

the active polymer layer. The cell was assembled using a high viscosity polymeric 
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electrolyte composed of LiClO4 or Li(CF3SO2)2N dissolved in an acetonitrile (ACN) 

/propylene carbonate (PC) swollen poly(methyl methacrylate) (PMMA) matrix described 

below. Device construction begins by placing the neutral polymer-coated back electrode 

on a poly(ethylene) support, followed by the application of a thin and uniform layer of 

gel electrolyte on the polymer surface. The separator paper is then gently pressed on the 

counter polymer/gel surface with care taken not to scratch the polymer layer (neutral 

polymers are very soft!) and then another layer of gel is applied on top of the paper. The 

active polymer-coated electrode is placed on top of the separator paper, followed by the 

application of a third layer of gel and finally, the top window is placed on the active 

polymer surface.   

For several purposes the device can be encapsulated in a polyethylene bag. Cu 

wires are attached to the gold electrodes using a conductive silver paste, then the whole 

device assembly is placed in a especially-designed polyethylene bag that enables the 

device to be evacuated prior sealing it. The bag is punctured to take out the Cu leads for 

electrical contact purposes and then the area around the leads is sealed using an epoxy-

based glue. Initially, three of the sides are heat-sealed while the fourth side is used to 

evacuate the device and then sealed. First, this type of encapsulation provides an oxygen 

free environment, thus increasing the lifetime of the device. Second, it permits the use of 

water-free electrolytes, and more importantly of liquid electrolytes. The ability to use 

liquid electrolytes is a major advantage over the former device assembly, as the 

polymeric component (such as PMMA) included to toughen the electrolyte can be now 

eliminated. 
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Gel electrolyte preparation. A gel electrolyte based on PMMA and 

Li[N(CF3SO3)2] was plasticized by PC to form a highly transparent and conductive gel. 

To allow an easy mixing of the gel components, we included ACN as a high vapor 

pressure solvent. The composition of the casting solution by weight ratio of 

ACN:PC:PMMA:Li[N(CF3SO3)2] was 70:20:7:3. Gel preparation begins by dissolving 

the electrolyte salt in ACN, followed by the addition of PMMA. This polymeric 

component is not easily dissolved, so vigorous stirring and mild heating (60° C) for a 

period of about two hours is required. When all of the PMMA has dissolved, PC was 

introduced to the reaction medium. The gel was stirred and heated on a hot plate for 

about two more hours until it reached a honey-like consistency and started to stick to the 

container walls. Preparing the gel in a dry box environment affords a water free 

electrolyte.  

Besides acting as an ion transport material, this type of gel electrolyte provides a 

relative encapsulation of an ECD. At the edges of the device, the ACN in the electrolyte 

evaporates, leaving behind the PMMA and electrolyte salt in PC. As the PMMA becomes 

insoluble, it seals the outer edges of the device and provides self-encapsulation. The use 

of this electrolyte minimizes further solvent evaporation, prevents leaking, and allows for 

long-term testing of the ECD.  

 
2.7 Purification of Laboratory Chemicals and Materials 

 
Since electrochemistry is a very sensitive technique, it is crucial that solvents and 

electrolytes employed are pure. Reagent grade ACN and PC in Sure Seal bottles were 

purchased from Aldrich. ACN was distilled over CaH2 and PC was percolated through 
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activated type 3A molecular sieves, followed by vacuum distillation (10 mm) and storage 

in an Ar atmosphere. Tetrabutylammonium perchlorate (TBAP) was either purchased 

from Aldrich and used as received, or prepared by mixing a 1:1 mole ratio of 

tetrabutylammonium bromide dissolved in water with perchloric acid. The precipitate 

was filtered, recrystallized from a 1:1 molar ratio ethanol and water and dried in the 

vacuum oven for 24 hours at 60°C. Tetrabutylammonium hexafluorophosphate 

(TBAPF6-Fluka) and lithium trifluoromethansulfonate (LiCF3SO3-Aldrich) were 

recrystallized from ethanol and dried in the vacuum oven for 24 hours at 60°C. Lithium 

bistrifluoromethanesulfonimide (Li(CF3SO2)2N- 3M) and lithium perchlorate (LiClO4-

Aldrich) were used as received. 

 

 



 

CHAPTER 3 
ELECTRONIC TRANSPORT AND OPTICAL PROPERTIES OF PXDOT AND 

PXDOP FREE-STANDING FILMS 

 
3.1 Introduction 

 
Traditionally, polymers were thought of as insulators and any electrical conduction 

in polymers was generally regarded as an undesirable phenomenon. In the last few 

decades, an opposite trend has been started by the discovery of ionic conductivity in 

polymers and its wide application to polymer electrolytes for power sources and 

sensors.49,85,86 In addition to this and somewhat surprisingly, a new class of polymers 

possessing high electronic conductivity in the doped form has been discovered in 

1970s.1,2 These novel materials with interesting and unanticipated properties have 

attracted the whole scientific community from synthetic chemists to theoretical 

physicists.31,87,88 After 20 years of research, the fundamental nature of charge 

propagation is still under debate. Electronic transport can be assumed to occur via an 

electron exchange reaction (electron hopping) between neighboring redox sites in ion-

conducting polymers and by the motion of electrons through conjugated systems in the 

case of electronically conducting polymers. Owing to the diversity and complexity of 

these materials, such as chain and segmental motions, changes in morphology and slow 

relaxation, much research is still needed to achieve a detailed understanding of all 

processes related to the dynamic and static properties of several interacting molecules 

confined in a polymer matrix. When debating the conduction mechanism in doped 

53 
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conducting polymers, researchers encountered several difficulties such as unknown 

molecular weight and morphology, nonuniform doping, instability of the polymer in the 

doped form, and especially a high disorder of the material due to chain breaks and 

defects.  Theories of transport in amorphous conducting polymers have been advanced by 

Davis and Mott (1970),89 Cohen (1969),90 Anderson (1958),91 Nagels (1970),92 

Prigodin and Epstein (2001),93 Kaiser (2001),34 and some of them are presented in the 

following section. This chapter details the mechanisms for electronic transport in 

conducting polymers along with a discussion about the metal to insulator transition in 

semi-crystalline polymers supported by optical, microwave, dc and EPR results. 

  
3.2 Mechanisms for ElectronicTransport 

 
Modified band levels. Conducting polymers fall into the broader category of 

amorphous semiconductors and their density of states differ markedly from their 

crystalline counterparts. The main feature of the energy distribution of the electronic 

states density in amorphous solids is determined by their configurational disorder. This 

causes fluctuations in the potential, leading to the formation of localized states. These 

states are localized in the sense that an electron placed in a region will not diffuse at 0 K 

to other regions, and various models presented here differ in the nature of localized states.  

Figure 3.1 represents a schematic drawing of density of states showing two new 

features, as compared to crystalline semiconductors. The first is the tail of localized 

states, which are narrow and extend into the forbidden gap. Second there is a band of 

compensated levels near the middle of the gap, originating from defects such as vacancies 

or twists in the polymer backbone. A refinement of the above model is the splitting off 
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from the tail states of various localized states, lying at certain energies within the gap 

(Figure 3.1.C). This mechanism fits better for real disordered semiconductors and 

explains luminescence and photoconductivity in conducting polymers.30  

A)

B)

C)

A)

B)

C)

 

Figure 3.1 Schematic drawing of density of states: A) band with tail or localized states 
and a Fermi level near the middle of the gap; B) the center band split into acceptor and 
donor bands; C) “real” disordered semiconductor with defect states (from Chien30) 
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Conduction by thermal activation to extended states. This model implies that 

the charge carriers are bound and there is a minimum temperature at which the materials 

become conducting. Conductivity in this regime would be more appropriately considered 

as Brownian motion. The lowest value of the electrical conductivity before the start of an 

activation process is called by Mott94 the “minimum metallic conductivity” and is given 

by:  

σmin=const e2/ħ a        (3.1) 

where a represents the interatomic distance. The constant has a value of about 

0.026 and σmin is in the range of 200-300 S/cm.   

Conduction by activated hopping in band tails. If the charge carriers are 

localized, conduction can occur by hopping between states in the band tails. An electron 

moves from one localized state to another with the energy provided by exchanging with a 

phonon, and the charge carrier mobility follows Arrhenius law.95  

Variable-range hopping conduction. This model fits most of the conducting 

polymers studied worldwide, especially the ones belonging to the insulator side of metal-

insulator transition (M-I transition) (described in detail in Section 3.3). Consider a 

semiconductor with strong interaction between the charge carrier and the atom. Each 

wave function is confined to a small region of the space, falling off exponentially with 

the distance. These materials are called Fermi glasses. When Fermi energy lies in the 

range of energies for localized states, variable-range hopping is possible. For the case of 

strong localization, hopping will be only between nearest neighbors. Conductivity of 

materials in this category is given by: 

σdc=σ0(T)exp[-const/T1/(1+d) ]       (3.2) 
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where d is the dimensionality of hopping.94 For most polymeric materials the electronic 

conduction is 3-D, therefore a linear logσ vs. T-1/4 dependence has been widely used as 

evidence for transport via variable range hopping.96  

Fluctuation-induced tunneling conduction (Heterogeneous Model). This model 

arises from the study of composite materials based on conducting particles embedded in 

an insulating matrix, which seems to be particularly applicable to conducting 

polymers.97 First, most polymers seem to have a fibrilar morphology98 (see Figure 3.2) 

that is not continuous. Second, there is vast evidence that doping can be highly 

inhomogeneous, consequently creating tiny metallic domains separated by insulation 

regions. In these materials, the carriers are itinerant and free to move over distances very 

large compared to their atomic dimensions. For such polymers, the electrical conduction 

may be dominated by carrier transport between conducting domains rather than by 

hopping between localized states. The presumption is that the carriers tend to tunnel 

between conducting regions at points of closest approach and the conducting domains 

vary in shape.  

Well-defined crystalline regions surrounded by amorphous material are evident in 

Figure 3.2 (taken from Percec et al.98). Similar boundaries in conducting polymers 

dominate the resistance of a sample since the charge carriers have to pass through the 

“barriers” surrounding the crystallites. The significance of heterogeneity for electronic 

transport in PAc was recognized in the early work of Park et al.,99  who proposed a 

barrier resistance in series with highly conducting crystalline regions. Studies by Travers 

et al.100 on the evolution of transport properties function of aging provide evidence that 

heterogeneous disorder plays a key role in conducting polymers, with the barrier regions  
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Figure 3.2 Scanning force microscopy image of polymer chains on a surface showing 
separate regions of well-aligned chains (from Percec98) 

around conducting grains being broadened by aging. A related “inhomogeneous 

localization” model for PAni proposed by Prigodin and Epstein,35,93 involves less 

distinct boundaries between crystalline and disordered regions. This model takes into 

consideration a detailed description of chain arrangement in conducting polymers. 

Structural studies showed that there are crystalline regions where the polymer chains are 

regularly and densely packed. Outside these regions, the chain arrangement is less 

ordered, and here, the chains form amorphous media. The crystalline metallic islands are 

coupled into the network with twisted and entangled polymer chains (see Figure 3.3). 

Electrons move primarily along the polymer chain and sometimes hop between 

neighboring chains. In the metallic islands, there is a good chain overlap and the charge 

carriers are delocalized over the entire grain volume.  Single polymer chains that pass 

through disordered, amorphous media provide connections between metallic grains. 

Therefore the electric connection is not only between the neighboring grains, but between 

distant ones as well. Depending on the route of synthesis, the crystalline region varies 
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from a few percent to 50%. The standard percolation analysis101 predicts that 30 % 

crystallinity provides metallic behavior, but several polymer samples with 50 % 

crystallinity are still in the insulator regime. The Epstein model allows the interpretation 

of frequency dependence of electromagnetic response in conducting polymers, including 

the microwave region of spectrum.96,102 Kaiser et al. has applied a refinement to this 

model to introduce charge carriers being thermally activated over thin barriers 

(dominating at high temperatures) or tunneling through the barriers (dominating at low 

temperatures).34  

 

 

Figure 3.3 Schematic drawing on the conducting polymer structure. The lines represent 
the polymer chains and the dashed squares mark the regions where polymer chains 
demonstrate crystalline order. (from Prigodin102) 
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3.3 Elementary Excitations in Conducting Polymers 

 
Solitons. The localized electronic state associated with the soliton is a nonbonding 

state at an energy lying at the middle of the π−π* gap, between the bonding and 

antibonding levels of the perfect chain. The soliton is a defect both topological and 

mobile because of the translational symmetry of the chain.53 Soliton model was first 

proposed for degenerated conducting polymers (PAc in particular) and it was noted for its 

extremely one dimensional character, each soliton being confined to one polymer chain 

(see Figure 3.4). Thus there was no conduction via interchain hopping. Furthermore, 

solitons are very susceptible to disorder, and any defect such as impurities, twists, chain 

ends or crosslinks will localize them.103,104  
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Figure 3.4 Band diagrams for neutral and positive solitons. A) Schematic representation 
of neutral (left) and positive (right) solitons in degenerate PAc, where D represents a 
dopant ion; B) band diagrams for neutral (left) and positive (right) solitons with 
associated electronic transitions. 
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Polarons and bipolarons. The polaron can be viewed as a bound state of a charged 

and a neutral soliton whose mid-gap energy states hybridize to form bonding and anti-

bonding levels. The neutral soliton contributes no charge and a single spin and the 

charged soliton possesses charge and no spin. The resulting positive or negative polaron 

is a radical cation or anion, respectively, a particle consisting of a single electronic charge 

leading to local geometrical relaxation of the bond lengths, as the polymer chain passes 

from the neutral benzoid form to a partially-quinoid structure (Figure 3.5). Optical and 

EPR studies indicate that polarons are the main charge carriers when a material is lightly 

doped.51,105  
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Figure 3.5 Polaron and bipolarons in non-degenerate ground state polymers: A) band 
diagrams for neutral (left), positive polaron (center) and positive bipolaron (right); B) 
neutral (left), lightly doped (center) and heavily doped (right) PEDOT structures 
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Similarly, a bipolaron is a bound state of two charged solitons of the same charge 

with corresponding mid-gap levels, as illustrated in Figure 3.5. Since each charged 

soliton carries a single electronic charge and no spin, the positive (negative) bipolaron is 

a spinless dication (dianion). This represents a doubly charged state of two polarons 

brought together by the overlap of a common lattice distortion (enhanced geometrical 

relaxation of the bond lengths due to the formation of fully quinoid structure at high 

doping levels).105  

 
3.4 Metal-Insulator Transition in Conducting Polymers 

 
As the extent of disorder increases in a metallic system, the mean free path of an 

electron becomes equal with the interatomic spacing and consequently some of the 

carriers become localized, the material becoming insulator.28 The metal-insulator 

transition (M-I transition) has been proposed by Ioffe and Regel106 and is defined as:  

EFl ≈1          (3.3) 

where EF is the electron wavenumber and l is the mean free path.  

Based on the above equation, Mott107,108 proposed that a metal-insulator 

transition occurs when the disorder is sufficiently large that EFl<1 and the material 

becomes a “Fermi glass” insulator (term described in Section 3.2). In recognition of 

Anderson’s early work on disorder induced electron localization, Mott called the M-I 

transition the “Anderson transition”. The M-I transition in conducting polymers is 

especially interesting; critical behavior has been observed over a relatively wide 

temperature range in a number of systems including PAc, PAni, PPy, PPV,109 and more 

recently PEDOT and its derivatives,36-41,110-112 which are the focus of this work. In 
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each case, the metallic, critical and insulating regimes have been identified. The critical 

regime is tunable in conducting polymers by a multitude of methods including varying 

the synthetic path, the dopant, via monomer derivatization or by applying external 

pressure and/or magnetic field. However, the truly metallic regime with EFl »1 has not 

yet been achieved. 

Superconductivity. Experimental studies have demonstrated that for conducting 

polymers, the electrical conductivity and mechanical properties improve together, as the 

degree of chain extension and chain alignment are increased. Materials become truly 

metallic if there is a high probability that an electron will traverse to a neighboring chain 

before traveling between defects on a single chain. 

Schön et al. recently claimed the first organic polymer superconductor.113 This 

gate-induced superconductivity in PT films had granular character, consistent with the 

heterogeneous model described above. The films of poly(3-hexyl thiophene) used 

possessed low disorder and high charge-carrier mobility as a result of self-assembly of 

polymer side chains. Application of a voltage varied the carrier concentration over a wide 

range, the conductivity varying from semiconducting to metallic. Superconductivity was 

observed below 2.35 K for samples with room temperature conductivities of about 80 

S/cm. The researchers suggested that the superconductivity originated in metallic islands 

with dimensions of about 10 nm corresponding to well-ordered nano-crystalline regions 

in the polymer, emphasizing again the key role of heterogeneity in charge transport in 

conducting polymers.  
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3.5 Electrochemical Synthesis of Free-Standing Films 

 
Electrochemistry has played a significant role in the preparation and 

characterization of these novel materials. Electrochemical techniques are especially 

suitable for controlled synthesis and for tuning of well-defined oxidation states.12 The 

electropolymerization of thiophene derivatives involves many experimental variables 

such as solvent, concentration of reagents, temperature, cell geometry, nature of 

electrodes and applied electrical conditions. As a consequence of the diversity of these 

parameters, electrosynthesis conditions determine to a large extent the morphology and 

conducting properties of the resulting polymer. However, due to the interdependence of 

many of the experimental variables, electrosynthesis optimization constitutes a complex 

study. The results for PXDOTs and PXDOPs obtained in various conditions are presented 

in Table 3.1. 

The solvent used must simultaneously present a high dielectric constant to ensure 

the ionic conductivity of the electrolytic medium, and a good electrochemical resistance 

against decomposition at the potentials required to oxidize the monomer. Until now, the 

most conductive PTs and PT derivatives obtained have been prepared in rigorously 

anhydrous aprotic solvents of high dielectric constant and low nucleophilicity such as 

acetonitrile, benzonitrile, nitrobenzene and propylene carbonate.9  When used for 

PEDOT synthesis, ACN led generally to powdery deposits or to brittle films with 

conductivities typically comprised between 5-20 S/cm. PC allowed for the synthesis of 

compact and shiny free-standing PEDOT films with conductivities exceeding 100 S/cm. 

Doped polymers are electrosynthesized in the presence of small anions derived 

from strong acids such as ClO4
-, PF6

-, BF4
-, CF3SO3

-, associated with lithium or tetraalkyl 
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ammonium cations. The nature of these dopants strongly affects the morphology and the 

electrical properties of the resulting polymer. As seen in Table 3.1, PEDOT films 

prepared in the presence of PF6
- show higher conductivities than the ones prepared with 

other dopants. Probably, PF6
- facilitates a more compact packing of the polymer chains, 

thus increasing the interchain transport contribution to the overall conductivity.112  

Table 3.1 Electrochemical synthesis of free-standing PXDOT films. 
 

Polymer Dopant Electrode 
Material 

Temperature Current 
Density 

(mA/cm2) 

Conductivity
(S/cm) 

PEDOT PF6
- Glassy 

carbon 
-45°C 0.08 110 

PEDOT PF6
- Glassy 

carbon 
-45°C 0.06 110 

PEDOT PF6
- Glassy 

carbon 
-45°C 0.04 330 

PEDOT PF6
- Glassy 

carbon 
-45°C 0.02 74 

PEDOT PF6
- Glassy 

carbon 
20°C 0.04 10 

PEDOT PF6
- Glassy 

carbon 
-5°C 0.04 90 

PProDOT PF6
- Glassy 

carbon 
-45°C 0.04 66 

PEDOT CF3SO3
- Glassy 

carbon 
-45°C 0.04 95 

PProDOT CF3SO3
- Glassy 

carbon 
-45°C 0.04 38 

PEDOP CF3SO3
- Ti 

 
-5°C 0.04 40 

PEDOT (CF3SO2)2N- Glassy 
carbon 

-45°C 0.04 8 

 
 

The electropolymerization temperature has a marked effect on the optical and 

electrical properties of the resulting material, the films produced at –45°C having 

 



66 

noticeably higher conductivities than the films produced at higher temperatures. This is 

due to the fact that the activation energy of undesirable reactions such as termination, 

kinks in the backbone, etc., is higher than the activation energy for the polymerization 

reaction, thus films produced at low temperatures have a longer mean conjugation length 

and consequently higher conductivities. 

The anode material is of crucial consideration since the physical and chemical 

properties of the polymerization surface determine the nature and strength of the bond 

between the polymer and the electrode, which can affect both the deposition process and 

the properties of the resulting material. Moreover, the formation of a conjugation defect 

in the early stages of the synthesis (at the anode surface) has much more dramatic 

consequences for the overall stereoregularity and stacking order of the polymer chains 

than the occurrence of the same defect at a later stage of the process.45 The highest 

conductivity and best surface quality films were obtained using glassy carbon electrodes 

that were extremely shiny, flat (at the atomic level) and of high purity. Other substrates 

such as stainless steel and ITO/glass have been tried, but their surface quality did not 

allow the synthesis of highly conducting films. Polymers from the pyrrole family did not 

adhere well enough to glassy carbon, therefore freshly polished titanium electrodes were 

used as deposition substrates. 

Although it is likely that the potential applied during the electrosynthesis is the 

critical electrical parameter, the most homogeneous and conducting films are generally 

obtained in galvanostatic conditions.46 The current density used is a crucial factor in 

obtaining high quality materials. If the current density is too high, the polymer deposition 

proceeds too fast for the polymer chains to align, resulting in a material with a high 
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content of amorphous phase.  When the current density is lower than its optimal value, 

formation of semi-soluble oligomers in the close vicinity of anode is favored. Due to their 

limited solubility and low reactivity, these oligomers insert into the polymer film without 

chemical coupling, thus reducing the cohesion and conductivity of the materials. For 

example, PEDOT films with conductivities as high as 310 S/cm have been obtained at a 

current density of 0.04 mA/cm2, whereas films obtained at higher (0.06 mA/cm2) or 

lower (0.01 mA/cm2) current densities exhibited much poorer electrical properties. 

  
3.6 Temperature Dependence of the Conductivity 

 
To determine the nature of the metallic state in conducting polymers, it is necessary 

to use a wide variety of techniques. The easiest method to start identifying the various 

regimes is to measure the dc conductivity over a broad range of temperatures. The 

transition from metallic to insulating behavior is generally accompanied by a marked 

change in the temperature dependence of the dc conductivity. In a semiconductor, or 

insulator, the electrical conductivity increases with the temperature, due to an increased 

number of the charge carriers thermally excited across the band gap that are able to 

contribute to the conductivity. The conductivity of a metal decreases with increasing 

temperature, since the mobility of charge carriers decreases due to an enhancement in 

electron-lattice scattering. Since the room temperature conductivity of heavily doped 

conducting polymers are frequently comparable to Mott’s minimum metallic 

conductivity, disorder is the dominant factor in determining the temperature dependence 

of various transport regimes. Table 3.2 summarizes the room temperature conductivities 

[σ(300K)]  and the conductivity ratios [σ(10K)/σ(300K)] of several PXDOT samples. 
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The conductivity ratio is a useful empirical parameter to quantify the extent of disorder 

and for sorting out various regimes. In general, as disorder increases, the materials 

become more insulating and the conductivity decreases more rapidly upon lowering the 

temperature. 

Table 3.2 Transport properties of PXDOT and PXDOP free-standing films 
 

        
Doped 

Polymer 
σdc 

(S/cm) 
(300K) 

σ(10K)/
σ(300K)

εmw(T) 
(300K) 

χPauli 
contribution 

to χ(T) 

ωmax for 
σ(ω), 
cm-1 

W-plot 
slope 

regime 

PEDOT- 
PF6 

330 0.42 negative major 1900 positive metallic 

PProDOT-
PF6 

66 0.033 positive noticeable  negative insulating 

PEDOT-
CF3SO3 

95 0.17 negative major 2100 small 
positive 

critical/ 
metallic 

PProDOT-
CF3SO3 

38 0.074 positive noticeable 2300 negative insulating 

PEDOP-
CF3SO3 

40 0.12 negative   small 
negative 

critical 

PEDOT-
(CF3SO2)2N 

8.5 0.002 positive   negative insulating 

 
 
From the data presented in Table 3.2, the most metallic sample is PEDOT doped 

with PF6
- anions, sample that shows also the highest room temperature conductivity. 

PEDOT-CF3SO3 exhibits a slightly lower conductivity ratio, leading to the conclusion 

that doping with PF6
- allows for more ordered film morphology and a closer packing of 

the polymer chains. The electronic properties of the polymers can also be fine tuned by 

derivatization. Comparing the polymers of the thiophene family, PEDOT shows a more 

metallic behavior than PProDOT, due to a planar structure of the monomer unit. The 

propylene-dioxy ring in PProDOT is twisted and its morphology is more open, hindering 

to some extent the interchain hopping contribution to the conductivity. EDOP planar 
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structure would recommend its use in the synthesis of polymers with a high degree of 

order. Unfortunately, we do not have temperature dependence of the conductivity 

measurements for PEDOP-PF6. However, PEDOP-CF3SO3 has a similar conductivity 

ratio as PEDOT containing the same dopant, with slightly lower room temperature 

conductivity. This is probably due to a less environmentally stable oxidized form of the 

dioxypyrrole polymer.  

To explicitly describe the characteristic behavior of temperature dependence of the 

conductivity, we define the reduced activation energy as the logarithmic derivative of the 

material resistivity (ρ): 

W = - d ln ρ/ d ln T        (3.4) 

The temperature dependence of W for the metallic materials is positive. In the 

critical regime, W is temperature-independent or shows very weak temperature 

dependence, whereas in the insulating regime W has a negative temperature coefficient. 

W vs. temperature coefficients for PXDOTs and PXDOPs are summarized in Table 3.2. 

Figure 3.6 represents the temperature dependence of the conductivity in PXDOT 

films. As noted before, the conductivity of PEDOT-PF6 does not decrease too much at 

low temperatures, maintaining a finite value (about half of its room temperature 

conductivity value) as the temperature approaches 0 K. This suggests that the sample is 

on the metallic side of the M-I transition. Changing the dopant to CF3SO3
- or 

(CF3SO2)2N- leads to more disordered materials with a stronger temperature dependence 

of the conductivity. PEDOT-(CF3SO2)2N exhibits typical semiconductor behavior, with 

no conductivity as the temperature approaches 0 K, suggesting that this material is on the 

insulator side of the M-I transition.  
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Figure 3.6 Temperature dependence of the conductivity in PXDOT free-standing films 

In order to understand the nature of the transport mechanism in these samples, we 

fit the conductivity data to Mott’s Variable Range Hopping (VRH) model114 described 

by the Equation 3.2, for a three dimensional conduction (d=3). We noticed that 3-D VRH 

fits very well for the samples on the insulator side of the ITM (see Figure 3.7). Therefore, 

the charge carriers in PEDOT-(CF3SO2)2N and PProDOT-PF6 are mainly localized, and 

they can only hop from a site to another in the 3-D space. Attempts to fit 1-D and 2-D 

VHR with the conductivity data for PEDOT doped with CF3SO3
- and PF6

- failed as well, 

leading to the conclusion that the conductivity of these samples is mainly due to 

delocalized charged carriers. Probably, the heterogeneous model proposed by Epstein 

(Section 3.2) will fit better in this case.93  
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Figure 3.7 The conductivity dependence of T-1/4 in PXDOT films 

 

3.7 Microwave Experiments 

 
The microwave conductivity (σmw) and dielectric constants (εmw) were measured 

using a cavity perturbation technique (at 6.5 GHz) in Dr. Epstein’s laboratory at Ohio 

State University.  The εmw is a key probe of the charge carrier delocalization. For 

delocalized electrons at frequencies lower than their plasma frequency, the dielectric 

constant is negative, at all temperatures, due to the inertia of free carriers in an alternating 

current field. The value of the negative εmw is limited by the relaxation rates and the 

frequency. For a localized carrier, the charges stay in phase with the applied field and εmw 

is positive at low frequencies.96  
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 Figure 3.8 shows the temperature dependence of the εmw for PXDOT samples. In 

concordance with the dc results, PEDOT-CF3SO3 and PEDOT-PF6 show metallic 

behavior, with dielectric constants that remain negative down to 10 K. The weaker 

temperature dependence of εmw for PEDOT-PF6 (εmw (300 K)/εmw (20 K) ~ 2.7) than for 

PEDOT-CF3SO3 (εmw (300 K)/εmw (20 K) ~ 4.5) is consistent with a weaker temperature 

dependence of σdc. For PEDOT-(CF3SO2)2N and PProDOT-PF6, εmw stay positive over 

the entire temperature range, suggesting once again that these samples are on the 

insulator side of M-I transition. Conductivities obtained by the cavity perturbation 

method have similar temperature dependence as direct current conductivities, and both 

data sets are compared in Figure 3.9. However, for the samples exhibiting electronic 

conduction by hopping, σmw deviates slightly from σdc at higher temperatures. 
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Figure 3.8 Temperature dependence of the dielectric constant in PXDOT films. 

 



73 

0 50 100 150 200 250 300

0.5

0.6

0.7

0.8

0.9

1.0

1.1 PEDOT-PF6

σ(
T)

/σ
(3

00
K)

T(K)

 dc
 mw

0 50 100 150 200 250 300
0.0

0.2

0.4

0.6

0.8

1.0 PEDOT-CF3SO3

σ(
T)

/σ
(3

00
K

)

T(K)

 dc
 mw

0.2 0.3 0.4 0.5 0.6 0.7

1

10

100 PEDOT-(CF3SO2)2N

σ(
T)

*T
1/

2 (S
/c

m
*K

1/
2 )

T-1/4(K-1/4)

 dc
 mw

0.2 0.3 0.4 0.5 0.6 0.7

1

10

100

 dc
 mw

PProDOT-PF6

σ(
T)

*T
1/

2 (S
/c

m
*K

1/
2 )

T-1/4(K-1/4)

A) B)

C) D)

0 50 100 150 200 250 300

0.5

0.6

0.7

0.8

0.9

1.0

1.1 PEDOT-PF6

σ(
T)

/σ
(3

00
K)

T(K)

 dc
 mw

0 50 100 150 200 250 300
0.0

0.2

0.4

0.6

0.8

1.0 PEDOT-CF3SO3

σ(
T)

/σ
(3

00
K

)

T(K)

 dc
 mw

0.2 0.3 0.4 0.5 0.6 0.7

1

10

100 PEDOT-(CF3SO2)2N

σ(
T)

*T
1/

2 (S
/c

m
*K

1/
2 )

T-1/4(K-1/4)

 dc
 mw

0.2 0.3 0.4 0.5 0.6 0.7

1

10

100

 dc
 mw

PProDOT-PF6

σ(
T)

*T
1/

2 (S
/c

m
*K

1/
2 )

T-1/4(K-1/4)

A) B)

C) D)

Figure 3.9 Temperature dependence of the mw and dc conductivity for A) PEDOT-PF6; 
B) PEDOT-CF3SO3; C) PEDOT-(CF3SO2)2N; D) PProDOT-PF6. 

 

3.8 Magnetic Susceptibility 

 
The magnetic properties of localized unpaired electrons differ significantly from 

their itinerant-electron counterparts. Total electron spin susceptibility (χ) for doped 

polymers is composed of Curie-type susceptibility (χC), associated with localized, non-

interacting electron spins, and Pauli-type susceptibility (χP).110,111 The latter represents 

the susceptibility of delocalized electrons and is essentially independent of the 

temperature. 

χ = χP + χC  (χC = const/T)      (3.5) 
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χT = χPT + const       (3.6) 

Figure 3.10 represents the temperature dependence of EPR susceptibility for three 

PXDOT samples. Data for PProDOT-PF6 fit well a straight line, indicating the presence 

of localized unpaired electrons as main contributors to the electronic transport. On the 

other hand, PEDOT data shows a marked deviation from the linear behavior as the 

temperature increases. This is due to a high contribution of χP to the overall 

susceptibility, thus the electronic transport in these materials occurs mainly via 

delocalized charge carriers. The number of free electrons increases with increasing 

deviation from linearity; therefore PEDOT-PF6 shows the most metallic character.  

Hence, the susceptibility and the conductivity data are in qualitative agreement, placing 

PProDOT-PF6 on the insulating side of the M-I transition, PEDOT-CF3SO3 in the critical 

regime and PEDOT-PF6 in the metallic regime. 
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Figure 3.10 EPR Susceptibility of Doped PXDOT Films 
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3.9 X-ray Measurements 

 
The X-ray diffractograms presented here were measured by A. Saprigin at Ohio 

State University. Peaks at ~6.5°, ~12.5°, ~19°, ~25°, ~37° are clearly seen in the X-ray 

diffractograms of all four PXDOT samples presented in Figure 3.11. Based on these 

measurements, we propose a pseudo-orthorombic structural model with lattice parameters 

a = 14 Å, b = 14 Å, c = 14 Å. The first four peaks are very close in position to the 

diffraction peaks of spin cast thin films of tosylate doped PEDOT reported in the 

literature.115 The presence of relatively sharp peaks in the X-ray diffraction pattern of 

PXDOTs indicates the presence of crystalline grains embedded in amorphous media. 

PEDOT –PF6 shows the sharpest peaks, thus having the highest content of crystallinity of 

all analyzed samples, with the crystalline domain size of about 20 Å. This fact is in 

agreement with the conclusion that this material is on the metallic side of the M-I 

transition due to a low amount of disorder. For the other samples, the crystalline domain 

sizes are in the range of 15-20 Å. 

 
3.10 Optical Conductivity 

 
Kramers-Kronig analysis of the reflectance data provides the optical conductivity 

function, σ(ω). We can obtain information about the conduction electrons in PXDOTs by 

comparing this function with the Drude expression for free electrons and the localization 

models. For PXDOT samples, σ(ω) demonstrates a intraband peak below 1 eV and a 

weaker feature at ~ 1.5 eV, attributed to an interband transition (Figure 3.12).112 The 

σ(ω) for PXDOTs differs from the Drude model, where σDrude(ω) increases continuously 

with decreasing frequency. As σdc increases, the frequency at which the maximum in 
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σ(ω) occurs (ωmax) shifts monotonically to lower energies (Table 3.2). Since ωmax is 

lowest for PEDOT-PF6, this indicates that the scattering time (mean free path) for this 

sample is the longest, and therefore the material is less disordered. This is in agreement 

with the transport and structural experiments presented in this chapter.  
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Figure 3.11 X-ray diffraction for: a) PEDOT-PF6; b) PProDOT-PF6; c) PEDOT-CF3SO3; 
d) PProDOT-CF3SO3 

In conclusion, the studied materials have properties varying from metallic to 

insulating depending on the nature of the dopant or the monomer unit planarity.  Selected 

transport data are summarized in Table 3.2. The most metallic sample, PEDOT-PF6, has a 

high room temperature σdc, weak temperature dependence of σdc along with a positive 

slope of W(T)= dln(σdc(T))/dln(T)  (reduced activation energy) at low T.  Moreover, its 

6.5 GHz dielectric response εmw stays negative as the temperature is varied. This behavior 

is similar to previously reported data for metallic polyaniline and polypyrrole.  EPR 
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measured magnetic susceptibility χ(T) has a major contribution from Pauli component χP 

associated with delocalized spins. 
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Figure 3-12 Optical properties of PXDOT films. A) Optical conductivity of PXDOT 
films as calculated from Kramers-Kronig analysis; B) Photos with highly reflective free-
standing films 
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Stronger T dependence of σdc for critical regime compositions (PEDOP-CF3SO3, 

PEDOT-CF3SO3) results in a small positive or small negative W-plot slope at low T.  For 

PEDOT-CF3SO3, εmw is negative down to 4 K, demonstrating that this sample is still on 

the metallic side of the M-I transition.  Pauli contribution to the overall magnetic 

susceptibility is less than for PEDOT-PF6. 

PEDOT-(CF3SO2)2N, PProDOT-CF3SO3 and PProDOT-PF6 show lower σdc, 

negative slope of W-plot, positive microwave dielectric response typical for other 

dielectric conducting polymers.  It is noted that the frequency for maximum of optical 

conductivity increases for more insulating samples.   

The optical, magnetic and transport studies demonstrate that this family of 

inhomogeneously disordered (also confirmed by X-ray diffraction studies) materials 

spans from dielectric to metal. 

 
3.11 Room Temperature Conductivities of Alkyl Substituted PEDOTs 

 
The introduction of substituent groups onto conjugated polymers has been utilized 

to a great extent in controlling their resulting physical and electronic properties.116 

Processability (by solution or melt processing) and electronic tunability (in terms of 

conducting and optical properties) have been obtained by incorporating different side 

groups.16 Several groups noted an enhancement in electronic properties of thiophene 

polymers upon substitution with varied length alkyl chains. Groenendaal et al. 

synthesized a series of alkyl-PEDOTs with chains varying from –CH3 to -C14H29.117,118  

In-situ conductivity of these materials showed an interesting trend. After a high 

conductivity value for unsubstituted PEDOT, the conductivity decreased with increasing 
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substituent length, and then it started increasing again to values even higher (850 S/cm 

for PEDOT-C14) than for the parent PEDOT (650 S/cm). This trend could be explained 

by taking into consideration three factors: symmetry of the monomer unit, steric 

hindrance between repeating units and order induced by mesogenic side chains. PEDOT 

is highly conductive due to its planar structure along with a negligible steric hindrance 

between adjacent units. Introduction of a methyl substituent causes asymmetry, especially 

when the polymerization proceeds via head to head (HH) or tail to tail (TT) coupling. 

This translates into an increased steric hindrance and a less close 3-D packing, and leads 

to more disorder and less conjugation. Increasing of the alkyl substituent to a hexyl chain 

produces more asymmetry, resulting in further drop of conductivity. By extending the 

chain length to a decyl substituent, the conductivity begins to increase, even though the 

asymmetry and steric hindrance are similar to those of hexyl substituted PEDOT. The 

improvement seems to arise from a better film morphology due to self-assembled decyl 

chains.  

Our work focused on obtaining free-standing films of these alkyl-substituted 

PEDOTs to compare the conductivity to the values obtained using the in-situ method. 

Figure 3.13 shows the conductivities of racemic (R) and chiral (C) alkyl-substituted 

PEDOT free-standing films with thicknesses up to 35 µm. Even though the variation in 

conductivity with the chain length follows the same trend as described above, none of the 

substituted materials attained conductivities as high as PEDOT. This could be due to the 

low solubility of these monomers in the solvents suitable for the electropolymerization. 

Consequently, we could not use an optimal monomer concentration (of about 0.06 M) or 

lower the temperature below –5°C. The highest conductivity obtained for an alkyl-
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substituted PEDOT derivative is 70 S/cm (for PEDOT-C12 and PEDOT-C14), which is 

about half of the value obtained for the parent PEDOT. Films prepared in TBAP/ACN 

showed even lower room temperature conductivities. The slight increase in the 

conductivity of the chiral compounds is due to a higher degree of side chain ordering, as 

compared to their racemic counterparts. 
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Figure 3.13 Conductivity of alkyl substituted PEDOTs as function of the alkyl chain 
length. The free-standing films were prepared in TBAPF6/PC. 

 



 

CHAPTER 4 
POLYMER THIN FILM OPTICS 

 
4.1 Introduction 

 
Conducting polymers, once studied solely for their ability to replace heavier metal 

conductors, are now widely used in more dynamic applications where rapid switching 

from doped (n- or p-) to neutral forms is suitable. Applications such as transmissive 

windows,23-25 displays,51,119 and camouflage materials120 require polymer deposition 

as thin films on transparent electrodes. A conducting layer of indium-tin oxide (ITO) 

deposited on boro-silicate glass or flexible poly(ethylene terephthalate) (Mylar) support is 

widely used as an electrode in the fabrication of conducting polymer devices.  

Understanding the polymerization mechanism at the polymer-ITO interface is crucial for 

the quality of resulting films as well as for device lifetime. Section 4.2 deals with 

preliminary atomic force microscopy (AFM) studies related to polymer nucleation onto 

an ITO surface.  

One of the most important characteristics exhibited by the polymers from the 

PXDOT family is their enhanced electrochromism upon application of a small 

voltage.17,19 The mechanism behind the electrochromic behavior is related to the doping 

of materials. In the neutral state, the color is determined by the band gap of the polymer, 

the π−π* absorption peak wavelength, and the relative intensities of the fine structure. 

Upon doping (removal or addition of electrons), new electronic states are formed in the 

81 
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band gap, thus giving rise to optical absorptions at energies lower than the original band 

gap. Therefore, in addition to electrochromism in the visible region of the spectrum, these 

polymers show large absorption changes in the infrared region, making them useful in 

modulating the reflectance/transmittance off/through a surface over a broad range of the 

electromagnetic spectrum.121  

Owing to this unique behavior, the optical properties of conducting polymers have 

become the focus of many research groups over the last two decades.122 These studies 

have focused on PT and its alkyl-substituted derivatives,123,124 and very recently on 

PEDOT,125-132 and involve IR and Raman spectroscopy coupled with quantum 

calculations and X-ray diffraction measurements. Due to the strong correlation between 

electronic structure, morphology and chemical (bond ordering pattern or lattice) structure, 

the nature of electronic transitions in these materials is still under debate. At the 

beginning of this chapter, we discuss the doping-induced electronic structure and the 

infrared active vibrational modes as a function of redox state in PXDOT thin films. 

Throughout the following sections, we focus our study on the origin of multiple peaks or 

“fine structure” on the main π−π* absorption peak in these polymers.  

 
4.2 Surface Analysis 

 
Understanding the chemical and physical processes taking place at the interface 

between the electroactive polymer and ITO plays an important role for the quality of the 

resulting film as well as for the operational capabilities (switching time and lifetime) of 

electrochromic devices. Tin doped indium oxide (ITO) is routinely used as an electrode 

in various optoelectronic devices such as electrochromic windows, displays, and OLEDs 
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due to its unique combination of properties including optical transparency from UV to 

2500 nm in the NIR, low electrical resistance (R< 10 Ω) and excellent surface 

adhesion.133 ITO electrodes have been reported to interact chemically with electroactive 

polymers, which possibly contributes to the degradation and eventual failure of polymer 

devices.134 Even in the absence of oxygen and moisture, MEH-PPV, commonly used in 

OLEDs, undergoes degradative oxidation losing conjugation through the formation of 

carbonyl bonds. This oxidation is promoted by the ITO electrode that serves as a source 

of oxygen. Moreover, after a period of time, devices showed high concentrations of 

atomic indium originating from the ITO layer.135,136  

The general consensus concerning the polymer growth on ITO (and other surfaces) 

is that during initial stages of the polymerization, growing oligomers deposit on ITO 

creating nucleation centers randomly distributed on the surface.137 This process is 

favored by the presence of hydroxyl groups that confer a slight negatively charged ITO 

surface. Polymer chains are growing from these primary nucleation centers (see Figure 

4.1 A). Formation of ordered brush-like film morphology is anticipated at this stage, 

giving rise to a thin smooth film seen in Figure 4.1 B. Because the ITO surface has been 

already coated with a polymer film, secondary nucleation occurs on top of the already 

existing polymer. Precipitated polymer from the proximity of the electrode can also be 

incorporated into the growing film, leading to a globular surface morphology and 

increased surface roughness of resulting electroactive layers (Figure 4.2).138  

Experimental observations showed that repeated polymer electrochemical 

depositions followed by gentle wiping off of the polymer layer led to more uniform films 
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exhibiting enhanced optical properties. In this study, PEDOT films were grown up to 20 

mC/cm2 charge density and then wiped off with a tissue soaked in acetone until the ITO  
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Figure 4.1 The model of film formation: A) Primary nucleation centers, B) subsequent 
polymerization and chain growth, C) Secondary nucleation occurs on the already existing 
film, D) Incorporation of precipitated polymer at advanced stages of polymerization 
(from Sapurina137) 

 
A

B

 

Figure 4.2  Surface morphology of PANI films produced at (A) early stages and (B) 
advanced stages of polymerization (from Sapurina137) 
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surface appeared clean to the naked eye. Figure 4.3 A shows an AFM image of a clean 

ITO revealing its heterogeneous, granular morphology resulting in a very rough surface, 

also noted by other researchers. For example, Kluger et. al134 has reported ITO surface 

roughnesses ranging from 25 to 100 nm, depending on the supplier. The image in Figure 

4.3 B represents the same ITO surface after a PEDOT electrodeposition/ buffing cycle. 

The appearance of 1.5 µm diameter globular domains across the ITO surface supports the 

idea that the early stage polymerization proceeds via primary nucleation centers. These 

centers are very well adhered to the ITO surface (resisting even cleaning with acetone), 

thus creating anchors for the growing polymer chains. Repeating the above 

electrodeposition/buffing step several times likely increases the density of primary 

nucleation centers on the electrode surface, and consequently the uniformity of the 

resulting films. 
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Figure 4.3 Surface morphology of a A) clean ITO/glass and B) ITO after a 
electrodeposition/buffing cycle showing the primary nucleation centers 
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4.3 Fundamental Spectroelectrochemistry 

 
Spectroelectrochemistry plays a key role in probing the electronic structure of 

conducting polymers as well as in examining the optical changes that occur upon 

doping.11 The characteristic changes in the set of absorption spectra presented in Figure 

4.4 A appear to be general features of conducting polymers. This figure shows the 

spectroelectrochemistry of an alkyl-substituted PEDOT (PEDOT-C10H21), monitored 

while the polymer was sequentially stepped between its fully oxidized and reduced 

forms. Neutral PEDOT-C10H21 exhibits an electronic band gap, defined as the onset for 

the π−π* absorbance, of approximately 1.77 eV (700 nm) and shows two well-defined 

peaks at 592 nm and 650 nm in the visible region, causing the film to appear deep blue.  

A detailed discussion on the fine structure often seen in neutral conducting polymers is 

presented in Section 4.5.   

As the potential is sequentially increased, the intensity of the π−π* transition 

diminishes, along with the concomitant growth of a low-energy absorption located at 

1000 nm (1.24 eV) in the NIR region of the spectrum. This is due to the formation of a 

polaron, a radical cation mobile along the chain (see Section 3.3). In a non-degenerate 

ground state polymer, single electron oxidation at dilute doping levels results in a 

partially quinoid-like structure of the polymer chain. This geometric distortion creates 

new energy states, called polaronic levels and placed symetrically with respect to the 

band gap center. Basically, four new electronic transitions (a-d) could occur, two of 

which are dipole allowed, as demonstrated by molecular orbital calculations (Figure 4.4 

C).139,140 Transitions c and d, that have the same energy, are weak because associated 
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electronic levels possess the same symmetry properties. In Figure 4.4 A, transition b 

occurs at 1000 nm and the NIR tail of transition a starts at about 1200 nm. 
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Figure 4.4 Doping induced electronic transitions in conducting polymers. A) Energy 
levels and electronic transitions in a neutral conjugated polymer and the corresponding 
polaronic and bipolaronic redox states. Strongly dipole-allowed transitions are indicated 
with a solid arrow.B) Spectroelectrochemistry of PEDOT-C10H21 at applied potentials of 
–0.6  to 1 V. 

 



88 

At high applied potentials, the polaron and π−π* transition signatures 

monotonically disappear from the spectrum and a continuous absorption band through the 

NIR is observed. This new band (e) tails into the visible region of the spectrum starting at 

about 500 nm, and accounts for the transmissive sky blue color of the highly doped film. 

During oxidation to high doping levels, two things can happen. Either the second electron 

is removed from a different polymer chain forming a new polaron or the unpaired 

electron on an already existing polaron is removed. The latter process produces a spinless 

dication called a bipolaron. Bipolarons can also be formed when two polarons combine 

their unpaired electrons into a bond on a doubly charged polymer chain. In bipolaronic 

state, the intragap levels move closer to the center of the gap. This additional shift could 

be explained by the fact that the highly doped polymer chain attains a fully quinoid 

structure. Because the bipolaron levels are unoccupied, only transitions e and f from the 

top of the valence band can occur. Theoretical calculations predict that transition e is 

much stronger than the transition f, in agreement with experimental data.140  

The theory of electronic transitions for polarons and bipolarons was originated by 

Su-Shrieffer-Heeger (SSH).53 They predicted that bipolarons are responsible for charge 

transport at high doping levels. This model was supported by a continuum electron-

phonon coupled model proposed by Fesser, Bishop and Campbell (FBC),140 and by 

magnetic resonance experiments showing a loss in EPR signal as the doping level 

increases.30 
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4.4 Reflectance and Transmittance Spectra of PEDOT, PProDOT and PProDOT-Me2 

 
The spectroelectrochemical experiment described above does not allow the 

examination of doping-induced optical changes occurring in the mid-IR region of the 

spectrum. There are important experimental signatures of charge carrier formation in 

these systems, such as infrared active vibrational modes (IRAV) in the mid-IR due to 

structural distortions as well as electronic transitions associated with midgap states 

(polaronic or bipolaronic), lying in the IR region of the spectrum. 11 

In order to gain more insight into the electronic structure of PXDOT polymers, thin 

films of ca. 200 nm in thickness were prepared on ITO/glass using a potentiostatic 

electropolymerization method described in detail in the Experimental Section. Neutral 

films were obtained by electrochemical reduction at  –1 V, followed by chemical 

reduction with hydrazine monohydrate (85 % by weight in water), to ensure that all of the 

dopant ions (ClO4
- in this case) were removed from the film. Neutral films oxidize in air 

due to their highly electron rich character. Figure 4.5 shows the results of stability studies 

performed on a 500 nm thick neutral PProDOT film electropolymerized at a charge 

density of 115 mC/cm2. This film became lightly p-doped in 24 h, as revealed by the 

decrease of π−π* transition monitored at 580 nm, as well as by an increase in the polaron 

peak at 900 nm. The doping level reached a saturation level after about 48 hours. 

Interestingly, after two days of air exposure, both the polaron and π−π* peaks decreased 

concomitant with the increase in the bipolaron NIR tail.  

The samples analyzed in this ex-situ spectroscopic study were much thinner (about 

200 nm) being grown at a charge density of about 40 mC/cm2, so it was expected that the 

oxidation, and consequently the change in optical properties, would proceed even faster. 
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In order to obtain fully reduced samples, both chemical and electrochemical reductions 

were carried out in an Ar-filled glove bag from Aldrich. Lightly doped samples were 

obtained from neutral polymers handled in air and analyzed after 24 hours from their 

synthesis. 
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Figure 4.5 Neutral PProDOT stability studies performed on a 500 nm thick film by 
monitoring the decrease in π−π* absorption at 580 nm and the variation of the polaronic 
band at 900 nm. 

Reflectance and transmittance of PEDOT, PProDOT and PProDOT-Me2 were 

measured over a broad range of the electromagnetic spectrum, from the mid-IR (400 cm –

1) to the UV (45, 000 cm –1). All samples consisted of three layers: glass substrate (ca. 

0.67 mm), ITO (ca. 250 nm), and polymer (ca. 200 nm), as shown schematically in 

Figure 4.6. There are several contributions to the reflectance and transmission spectra that 

are taken into account. First, the light incident on the sample reflects from all three layers, 

thus absorptions within each layer and reflections at each interface contribute to the total 
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observed optical spectra. In addition, contributions come from multiple internal 

reflections within each layer, not shown in Figure 4.6. 

 

Figure 4.6 Schematic with polymer/ITO/glass layers 

Doping induced electronic structure. Optical constants, such as optical 

conductivity and absorption coefficients can be calculated by applying a multilayer 

Drude-Lorentz model described in a recently submitted paper.105 For example, 

absorption coefficients for PEDOT, PProDOT and PProDOT-Me2 in neutral, lightly 

doped and heavily doped states are presented in Figure 4.7. All three polymers show 

similar behavior, with broad electronic absorption bands and narrow vibrational 

absorption bands. Table 4.1 lists the energies of the π−π*, polaron, and bipolaron 

transitions, measured at the frequency maximum for each transition.  

As stated in the previous section, the π−π* transition is the main electronic 

transition occurring in neutral polymers. When the polymers are converted to their doped 

state, the π−π* transition shifts to higher energies due to newly created states from the 

top of the valence band. This blue shift has a value of about 450 cm-1 for PEDOT, 250 

cm-1 for PProDOT and 350 cm-1 for PProDOT-Me2. Despite the care taken in reducing 

 



92 

and handling the samples, all three neutral polymer films show a very low intensity peak 

between 2000 and 6000 cm-1, probably due to residual charges trapped in the films.  The 

π−π* transition fine structure seen in the spectra of neutral PProDOT and PProDOT-Me2 

will be discussed separately in Section 4.5.  

A

B

C

A

B

C

 

Figure 4.7 Absorption coefficients of: A) PEDOT, B) PProDOT, C) PProDOT-Me2 at 
three doping levels (neutral, slightly doped and fully doped) 
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Table 4.1 The electronic structure of PEDOT, PProDOT, and PProDOT-Me2 in their 
neutral, lightly doped and fully doped states. Eg, a, b, and e are defined in Figure 4.4. 
 

Polymer Redox State Eg 
(cm-1/eV) 

Transition 
a 

Transition 
b 

Transition 
e 

PEDOT 
Neutral 

Lightly doped 
Doped  

17,250/2.14 
17,700/2.19 

 
5,000/0.62 11,350/1.41  

5,700/0.71 

PProDOT 
Neutral 

Lightly doped 
Doped  

17,750/2.20 
18,000/2.23 

 
5,000/0.62 10,500/1.30  

5,700/0.71 

PProDOT-
Me2 

Neutral 
Lightly doped 

Doped  

17,550/2.18 
17,900/2.22 

 
4,000/0.50 11,700/1.45  

5,000/0.62 

 
 

At intermediate doping levels corresponding to polaronic state, three peaks can be easily 

distinguished, especially for the PEDOT sample. The highest energy peak represents the 

absorption due to the π−π* transition, which is markedly diminished as compared to the 

neutral polymer spectrum. The middle peak (11,350 cm-1 for PEDOT) is transition b 

between the two mid-gap polaron levels created upon doping, and the lowest energy one 

represents transition a from the valence band to the lowest energy polaron level. High 

doping levels, and consequently bipolaron formation, account for the broad peaks 

extending from the visible through mid-IR regions of the spectrum.  

Doping-induced infrared active vibrational modes (IRAV). The resonant 

frequencies of the phonons (lattice vibrations) occur in the IR spectral region, and the 

modes that interact directly with light are called IR active. Detailed selection rules for 

deciding which phonon modes are IR active can be determined by using group theory. 

Optically active phonons are able to absorb light at their resonant frequency. Photons 

couple to phonons through the electric field of the light wave. Therefore, this can happen 
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only if the atoms are charged or the bonds are polar, creating an asymmetric electron 

cloud between the atoms. This leads to a dipole that can interact with the electric field. 

Provided the bond has some polar character, its phonons are IR active. If the bonds 

between atoms are non-polar, there will be no coupling to the light. 

Upon doping, conducting polymers undergo strong modifications of the local 

structure around the doping site; electronic charges are displaced, originally non-polar 

bonds become strongly polar because of charge displacements and dipole changes for a 

few particular modes become very large, thus giving rise to very strong IR bands.141 

These new IRAV are a common feature of doped conjugated polymers and are almost 

absent in the spectra of neutral materials. For example, doping-induced IRAV modes in 

PAc are 1,000 times more intense than ordinary infrared active phonons.142 IRAV 

modes seem to be an intrinsic property of the doped polymers, as they are not affected by 

the identity of dopant ion.143   

The contributions to the absorption coefficient of ordinary and doping-induced 

phonons are shown in Figure 4.8. Consistent with the previously observed fact that the 

neutral films contain a small amount of residual dopant, the neutral polymer shows 

signatures characteristic of the doped form. These doping induced IRAVs are marked 

with circles in the fully oxidized PEDOT spectrum. In general, these peaks are highly 

dependent on the doping level, increasing monotonically with increasing oxidation level. 

The same doping induced IRAVs appear in the neutral PEDOT spectrum and they are 

marked with asterisks in Figure 4.8 A. The peaks that do not belong to the doped form of 

PEDOT and do not seem to grow with increasing doping level are identified as being 

signatures of the pristine polymer.125,126,130,132 This allows us to recognize the peaks  
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C
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C

Figure 4.8 Infrared active vibrational modes in: A) PEDOT, B) PProDOT, C) PProDOT-
Me2 . A) Doping induced IRAVs are marked with circles in the fully oxidized PEDOT 
spectrum and asterisks in the neutral PEDOT spectrum.  

corresponding to the neutral state of the other two polymers as follows: PProDOT (1047, 

1367, 1410, 1435, 1470, 1706 cm-1) and PProDOT-Me2 (1027, 1362, 1395, 1435, 1470, 

1720 cm-1). Peaks at 1047 and 1027 cm-1 are assigned to C-O-C deformation modes, the 

peaks at 1362 and 1367 cm-1 are due to Cβ-Cβ stretch and Cα-Cα inter-ring stretch modes, 

and the features at 1410 and 1435 cm-1 are assigned to symmetric Cα=Cβ stretches. At 

1470 cm-1, both asymmetric and symmetric Cα=Cβ stretches appear. The peak at 1706 

cm-1 in the PProDOT spectrum, and correspondingly at 1720 cm-1 for PProDOT-Me2, 
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does not appear in PEDOT spectrum, leading to the assumption that it originates from 

one of propylene bridge vibrational modes. This approximate peak assignment is in 

agreement with IR experiments and calculations on PEDOT samples provided by 

Garreau et.al.125 The above IRAV comparison allows the conclusion that the bonds’ 

polarity changes drastically upon charge injection, IR inactive phonons becoming IR 

active as the polymer is doped.  

The intensity of the vibrations gives insight into the magnitude of dipole 

momentum.144 Therefore, the change in symmetry between neutral and doped states 

could be qualitatively estimated from the difference in their IRAV intensities.128,129 

Compared to PEDOT, the propylene analogs have more intense peaks in the doped state 

and larger differences between the neutral and doped form spectra. This implies that the 

geometry of these systems undergo deeper changes upon charge injection, as compared to 

PEDOT. One possible explanation could be that these materials are able to accommodate 

a higher dopant concentration. Whereas PEDOT monomer unit is planar and the polymer 

exhibits a high degree of crystallinity, PProDOT and its dimethyl-substituted analog have 

a more open morphology due to the propylenedioxy ring unit that is bent out of plane and 

thus increases the interchain distance. This speculation is in agreement with switching 

speed and transmittance studies performed in our group.17 For example, PProDOT-Me2 

exhibits a 20 % increase in contrast (at λmax) as well as a 30 % decrease in redox 

switching rate, as compared to PEDOT. EQCM measurements could be useful in 

quantifying the amount of dopant intake upon charge injection for the systems described 

above.  
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4.5 The Origin of the Fine Structure in Neutral Polymers 

 
The origin of the multiple peaks or “fine structure” within the main π−π* 

absorption peak in neutral conducting polymers continues to be debated. These peaks 

seem to be a general feature of conducting polymers in the solid state, although multiple 

peaks with very low intensities have been reported for the spectra of several polymer 

solutions.145 Moreover, several groups reported a similar behavior for colloid aggregates 

with molecular packing similar to that of semicrystalline solids.146 The source of these 

multiple peaks has been assigned to absorptions by discrete polymer segments with 

different conjugation lengths,147 to vibronic coupling of excited electrons with a 

vibrational mode within the polymer backbone,148 and more recently, to Davydov 

splitting of the exciton levels due to inequivalent sites in the lattice.149,150 Although this 

issue has been addressed extensively for PT and its alkyl derivatives,148-150 absorption 

splitting in neutral PXDOT type polymers has not yet been studied. This section deals 

with a discussion on several possible theories leading to the elucidation of this fine 

structure, followed by an extensive spectroelectrochemical study on various PXDOTs. 

Discrete polymer segment absorptions. This theory stems from UV-Vis studies 

of regioregular alkyl-substituted PTs (PAT) showing three discrete peaks, as seen in 

Figure 4.9.124 These peaks, due to the π−π* transition, are substantial in intensity 

ranging from 60 to 100% of the λmax intensity depending on the film thickness. 

McCullough et. al noted that this splitting corresponds to distinct, reproducible solid state 

structures with different, yet discrete effective conjugation lengths.151 The long-

wavelength absorptions have been interpreted as evidence of structures possessing long-

 



98 

range order,152 and the relative intensity ratio of the peaks is an indication of the extent 

of order present in the solid films.153 This assumption is supported by UV-Vis studies on 

films of various thicknesses showing an increased peak resolution with decreasing film 

thickness.124 Roncali et. al reported similar thickness dependent absorption spectra for 

electrochemically polymerized poly(3-methyl thiophene).45,47,48 It is well established 

that thin films have a higher degree of order and consequently higher conductivities than 

thick films of the same material.  

 

Figure 4.9 Solid-State UV-Vis spectra of regioregular poly(3-dodecylthiophene) of 
various thicknesses (from McCullough124) 

However, spectra of monodisperse, short-chain oligomers often show a well-

defined fine structure similar to the ones shown in Figure 4.9.154 These short-chain 

oligomers serve as excellent models for investigating, both theoretically as well as 

experimentally, the properties of their respective conjugated polymers. They are 
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crystalline, the molecules are planar, and all have the same conjugation lengths. 

Consequently, the theory that the fine structure originates from chain segments with 

different conjugation lengths does not seem to apply for all cases studied. 

Vibronic coupling.  Although there is not a general consensus, most of the 

researchers assign the fine structure to vibronic coupling of excited electrons with 

phonons.146,155-157 These electron-phonon contributions appear to be a general feature 

of π-conjugated materials. A typical manifestation of lattice relaxations taking place in 

the excited state is the appearance of vibronic progressions (equally spaced absorption 

peaks) in the experimental optical spectra.123 As sketched in Figure 4.10.a, vibronic 

features could not be observed if the equilibrium positions in the ground and excited 

states were identical and the orthonormality of the electronic transitions would allow 

transitions between vibrational levels of the two states with the same quantum number. 

This is based on the classical Frank-Condon principle stating that, during an electronic 

transition, the nuclei do not have time to move from their original position. In contrast, a 

displacement of the equilibrium geometries (noted ∆Q) leads to the appearance of several 

vibronic features, usually between the zeroth vibrational level of the ground state and 

various vibrational levels of the excited state. It is worth noting that the larger the 

displacement ∆Q, the more peaks can be seen in the spectra (Figure 4.10 b and c). The 

lowest energy transition (0-0 transition) is assigned to the relaxed geometry of the excited 

state (zeroth vibrational level).  Conducting polymers are rigid and fully delocalized 

systems, thus the excited state relaxations (and consequently the vibronic effects) are 

expected to decrease linearly with increasing degree of polymerization and are thought to  
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Figure 4.10 Schematic representation of the vibronic transition when the ground and 
excited states are: A) identical, B) weakly displaced, C) strongly displaced (from 
Bredas123) 

become insignificant for long chain polymers. This is supported by experiments and 

calculations on short chain PPV oligomers presented in Figure 4.11.123 The fine 

structure decreases in resolution, accompanied by a red shift to lower energies, as more 

monomer units are added to the chain and the effective conjugation length increases. The 

existence of vibronic coupling in long-chain conjugated polymers indicates that their 

effective conjugation length is much shorter than the actual chain length due to various 
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defects that localize the charge carriers. Indeed, single molecule spectroscopy on PPV 

158 indicates that its effective conjugation length reaches 10-15 monomer units despite 

its high molecular weight of about 100,000 g/mol (Mw) that would allow for a much 

greater electron delocalization. 
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Figure 4.11  Absorption spectra of PPV oligomers with different molecular weights: 
A) Experimental and B) INDO/SCI simulated. (from Bredas123) 
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However, spectra of alkyl-substituted PT and poly(furans) (PF) are not easy to 

interpret exclusively with the classical vibronic mechanism.159,160 First, these 

materials’ fine structure does not match a vibronic progression of equally spaced peaks 

commonly seen in systems with strong coupling to only a few vibrations. The π−π* 

transition dipole lies in the plane of the ring, so the π−π* transition couples strongly with 

only one or two totally symmetric, in plane vibrations. Usually, the splitting in PTs has 

been assigned to C=C symmetric ring stretch, lying in the 1450-1515 cm-1 region.149,150 

On the other hand, Curtis et al. reported peak separations of about 1700 cm-1 for alkyl-

substituted PF as well as for poly(nonylbisoxazole), too large to be attributed to a totally 

symmetric ring mode.159,161 The same author noted that the more ordered a material is 

(i.e. increased head-to-tail content in regioregular polymers), the more resolved is its fine 

structure. This would contradict the idea that the longer the conjugation length, the less 

strong the coupling between the vibration mode and the excited electron. 

Davydov (exciton) splitting.  Many conjugated oligomers are crystalline, with two 

adjacent oligomer chains in one unit cell. These molecules are often translationally 

inequivalent and the coupling of their dipole moments gives rise to Davydov splitting; in 

the crystal, the excited states of the single molecule are split into pairs of levels. The 

optical transition between the ground state and the lowest energy excited state is 

forbidden.162 The magnitude of the Davydov splitting decreases as the distance between 

the molecular centers increases and is also correlated to the number of molecules in the 

unit cell. Therefore, the presence of a high degree of disorder in the system should 

strongly attenuate this effect. Recently, both the Leclerc and Curtis research groups have 

reported that the observed fine structure originates from Davydov-type intermolecular 
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interactions.149,159,161 Both groups analyzed completely crystalline oligomers or 

polymers with an enhanced degree of order, as confirmed by X-ray diffraction 

experiments. Moreover, Curtis et. al ascribed the multiple peaks noticed on regioregular, 

alkyl-substituted PF absorption spectra to a combination of Davydov splitting and exciton 

band structure exhibiting vibronic coupling.159,160  

 
4.6 Spectroelectrochemical Data of PXDOT Series 

 
A major goal in the electrochromic and electroactive polymer field is to tune the 

materials’ optical properties via main chain and pendant group structural modification. 

Polyheterocycles, in particular PEDOT, are of interest to several electrochromic 

applications due to their outstanding environmental and electrochemical stability, as 

required by operation conditions.16 As PEDOT and PProDOT derivatives are considered 

the forefront of electrochromics, we chose them as a basis set for our 

spectroelectrochemical investigations.  

Absorption spectra for several compounds in their neutral and fully p-doped sates 

are presented in Figure 4.12, and their band gaps, visible light absorption peak locations, 

as well as peak-to-peak separations are summarized in Table 4.2. The absorption spectra 

in the polymers’ doped and neutral states were recorded while scanning throughout the 

visible region, from 350 nm to 850 nm. For an accurate comparison, all of the films were 

electrodeposited on ITO transparent electrodes at charge densities of about 25 mC/cm2. 

This allowed the synthesis of polymer films with thicknesses ranging from 150 to 300 

nm. The deposition conditions, including solvent, electrolyte, and monomer 

concentration (10 mM monomer/0.1 M TBAP/ACN), were identical for all of the  
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Figure 4.12 Visible absorption spectra for neutral (solid line) and oxidized (dotted line) 
forms of A) PEDOT, B) PBiEDOT, C) PEDOT-CH3 chiral, D) PEDOT-CH3 racemic, E) 
PEDOT-C6H13 chiral, F) PEDOT-C6H13 racemic, G) PEDOT-C10H21 chiral, H) PEDOT-
C10H21 racemic, I) PEDOT-C12H25 chiral, J) PEDOT-C14H29 racemic, K) PProDOT, L) 
PBiProDOT, M) PProDOT-Me2,N) PProDOT-Bu2, O) PEDOT-Ph, P) PEDOT-F 
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Table 4.2 Spectroelectrochemical results for PXDOT series 
 

Polymer λmax 
(nm) 

Eg (nm) 
eV 

Peaks and aspect of the neutral 
polymer absorption 

Peak to peak 
separation 

Comments 

 
PEDOT 
 

 
610  

 
750 nm 
1.65 eV 

 
Broad single peak 

 Highly 
planar 
structure 

 
PEDOT-F 
 

 
608  

 
750 nm 
1.65 eV 

 
Broad single peak 

  

 
PEDOT-Ph 
 

 
610 

 
1.65 eV 

 
Broad single peak 

  

PEDOT-
CH3  
(C and R) 

 
600 

 
750 nm 
1.65 eV 

 
Peaks start to separate forming tiny 
shoulders 

  

PEDOT-
C6H13  
(C and R) 

 
656 

 
710 nm 
1.75 eV 

p1(shoulder): 552 nm (18116 cm-1) 
p2: 597 nm (16750 cm-1) 
p3: 656 nm (15244 cm-1) 

p1-p2:1366 cm-1 

p2-p3:1506 cm-1 
 
p2<p3 

PEDOT-
C10H21  
(C and R) 

 
 

 
700 nm 
1.77 eV 

p1(shoulder): 550 nm (18182 cm-1) 
p2: 592 nm (16892 cm-1) 
p3: 650 nm (15385 cm-1) 

p1-p2:1290 cm-1 

p2-p3:1507 cm-1 
p2 and p3 
have similar 
intensities 

PEDOT-
C12H25  
(C) 

 
648 

 
725 nm 
1.71 eV 

p1(shoulder): 550 nm (18182 cm-1) 
p2: 592 nm (16892 cm-1) 
p3: 648 nm (15432 cm-1) 

p1-p2:1290 cm-1 

p2-p3:1460 cm-1 
 
p2<p3 

PEDOT-
C14H29  
(R) 

 
652 

 
740 nm 
1.67 eV 

p1(shoulder): 550 nm (18182 cm-1) 
p2: 595 nm (16807 cm-1) 
p3: 652 nm (15337 cm-1) 

p1-p2:1375 cm-1 

p2-p3:1470 cm-1 
 
p2<p3 

 
PBiEDOT 
 

 
602 

 
750 nm 
1.65 eV 

 
Broad single peak 

  

 
PProDOT 
 

 
561 

 
675 nm 
1.84 eV 

p1(shoulder): 523 nm (19120 cm-1) 
p2: 561 nm (17825 cm-1) 
p3: 612 nm (16334 cm-1) 

p1-p2:1295 cm-1 

p2-p3:1491 cm-1 
 
p2>p3 

 
PProDOT-
Me2 

 
580 

 
645 nm 
1.92 eV 

p1(shoulder): 537 nm (18623 cm-1) 
p2: 580 nm (17241 cm-1) 
p3: 625 nm (16000 cm-1) 

p1-p2:1382 cm-1 

p2-p3:1357 cm-1 
 
p2>p3 

 
PProDOT-
Bu2 

 
 

 
712 nm 
1.74 eV 

p1(shoulder): 531 nm (18832 cm-1) 
p2: 575 nm (17391 cm-1) 
p3: 631 nm (15848 cm-1) 

p1-p2:1441 cm-1 

p2-p3:1543 cm-1 
p2 and p3 
have similar 
intensities 

 
 
PBiProDOT 
 
 

 
 
514 
 

 
 
652 nm 
1.53 eV 

p1(shoulder): 421 nm (23753 cm-1) 
p2(shoulder): 448 nm (22321 cm-1) 
p3: 478 nm (20920 cm-1) 
p4: 514 nm (19455 cm-1) 
p5: 557 nm (17953 cm-1) 
p6(shoulder): 607 nm (16474 cm-1) 

p1-p2:1432 cm-1 

p2-p3:1401 cm-1 

p3-p4:1465 cm-1 

p4-p5:1502 cm-1 

p5-p6:1479 cm-1 

 

 
P5 has the 
highest 
intensity 
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polymers studied. The potential was maintained at –0.7 V while recording the neutral 

polymer spectrum, and at +1 V for the p-doped case. We observed that while neutral 

PEDOT, PBiEDOT, PEDOT-F, PEDOT-Ph and PEDOT-CH3 feature a single broad 

absorption peak, all of the other polymers show a fine structure on the main π−π* 

absorption peak. As a general trend, the absorption spectrum is split into three peaks: two 

very well defined low energy peaks (noted p2 and p3 in this study), and a distinguishable 

shoulder (p1) located at shorter wavelengths, as marked on Figure 4.12 E. The exception 

is PBiProDOT (where BiProDOT is the starting material) that shows a total of six peaks, 

of which three are well-defined and three are shoulders. The energy differences between 

adjacent peaks range from 1290 cm-1 to 1507 cm-1. All polymers switch between a dark 

blue or purple neutral form to a highly transmissive blue oxidized state, exhibiting high 

contrasts up to 78 % (for PProDOT-Me2) at their λmax.  

We observed interesting trends while comparing the results obtained for PEDOT 

and its alkyl-substituted derivatives. First, the absorption spectra of chiral and racemic 

alkyl-PEDOTs are identical to the smallest detail. Theoretically, systems having alkyl 

substituents linked to the polymer backbone through a chiral center are more ordered. In 

this case, the order induced by the chiral carbon does not influence the polymer 

absorption spectrum, mainly due to the fact that these materials are regiorandom, as they 

were obtained by electropolymerization. Second, increasing the substituent length from 

methyl to hexyl induces the appearance of the fine structure on the absorption spectrum. 

Unsubstituted PEDOT shows a broad featureless peak centered at 610 nm. PEDOT-CH3 

behaves similarly, with the observation that tiny shoulders start to be distinguishable. In 

contrast, PEDOT-C6H13 spectrelectrochemistry features very sharp peaks at 597 and 656 
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nm, and a shoulder at 552 nm. Moreover, its band gap is slightly higher (1.75 eV) than 

that of PEDOT and PEDOT-CH3 (1.65 eV). The band gap energy increases along this 

series reaching a maximum for PEDOT-C10H21, and then decreases as the alkyl chain 

length is further increased to twelve and fourteen carbons, as reflected in Figure 4.13. 

Besides exhibiting the highest band gap of 1.77 eV, the absorption spectra of PEDOT-

C10H21 features two peaks of similar intensities at 592 and 650 nm, whereas in the other 

alkyl-substituted PEDOT, p3 is much more intense than p2. 
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Figure 4.13 Band gap dependence of the side chain length in alkyl-substituted PEDOTs. 
The curve represents the best polynomial fit for the data. 

 The fine structure is seen in all of the neutral polymers derived from PProDOT. 

As compared to PEDOT derivatives, PProDOT and PProDOT-Me2 have higher band 

gaps of 1.84 eV and 1.92 eV respectively, probably due to a slightly less planar polymer 

backbone. Interestingly, the same relationship is seen in the dioxypyrrole derivatives’ 

 



109 

family, where PEDOP exhibits a band gap of 2 eV whereas PProDOP has a higher band 

gap of 2.2 eV. Contrasting with the results described above for PEDOT derivatives, 

PProDOT and PProDOT-Me2 feature a more intense middle peak p2 than p3. However, 

changing the substituents from dimethyl to dibutyl induces an unexpected transformation 

in the envelope of the neutral polymer absorption spectrum. For PProDOT-Bu2, p2 has a 

slightly lower intensity than p3, and the shoulder p1 becomes more pronounced. 

Moreover, p2 and p3 are less defined and appear broader than for PProDOT and 

PProDOT-Me2. 

Theoretically, there are four electrochemical routes leading to the synthesis of the 

same compound (for example PProDOT), as depicted in Figure 4.14.163 The leaving 

group in electrochemical desilylation is the trimethylsilyl (TMS) cation, similar to the 

loss of hydrogen during the electrochemical polymerization of conventional monomers. 

PProDOT growth during accumulative synthesis is presented in Figure 4.15 A-C. While 

polymer growths from PProDOT and PProDOT-TMS2 show similar behavior regarding 

both electrochemical (Figure 4.15 B and C) and optical aspects (Figure 4.15 D and E), the 

polymers derived from PBiProDOT or PBiProDOT-TMS2 exhibit several new features. 

First, the monomers’ oxidation potential is lower (0.5 V vs. Ag/Ag+), as expected for a 

molecule possessing a higher extent of electron delocalization and enhanced capabilities 

of balancing the positive charge created during oxidation. Second, the resulting polymer 

spectroelectrochemistry is somewhat surprising, showing six distinct peaks spaced 1400-

1500 cm-1apart, and a much lower band gap of 1.53 eV. In addition, its bipolaron NIR tail 

lies in the visible region (starting at 450 nm), thus reducing the transparency of doped 

films. Similarly, PBiEDOT has a deeper blue color in the oxidized form as compared to 
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PEDOT, although the spectroelectrochemistry of PBiEDOT does not feature a fine 

structure.  
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Figure 4.14 Four electrochemical polymerization routes to PProDOT 

 
Interpretation of results.  In this study we aim to get insight into the origin of the 

fine structure seen on the absorption spectra of neutral polymers from PXDOT family of 

electrochromes. Although electropolymerization is a suitable synthetic method for a large 

number of applications, it gives rise to polymers that are mainly amorphous with a low 

content of crystallinity.12 Of the entire PXDOT family, the parent PEDOT shows by far 

the highest conductivity due to its planar structure along with a negligible steric 

hindrance between adjacent units.112 This suggests that PEDOT has the longest effective  
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Figure 4.15 Potential sweep growth of PProDOT from A) BiProDOT, B) PProDOT, and 
C) PProDOT-TMS2 at a scan rate of 20 mV/s in 0.1 M TBAP/ACN. 
Spectroelecrochemistry of D) PProDOT-TMS2 and E) PBiProDOT-TMS2 in 0.1 M 
TBAP/ACN at applied potentials from –0.7 to 1 V vs. Ag/Ag+  
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conjugation length due to absence of defects that would localize the carriers. The 

planarity of the monomer unit allows for a better packing of the monomer chains, thus 

enhancing π-stacking and consequently the material’s conductivity via interchain 

hopping. In addition, X-ray diffraction studies performed by our group (Section 3.9) and 

others115 confirm that PEDOT has the highest amount of crystallinity among its 

derivatives. Moreover, substituted PEDOTs are polydisperse and regiorandom, confirmed 

by the fact that introduction of a chiral center at the carbon responsible for the alkyl chain 

linkage does not affect the absorption characteristics. Figure 4.16 is a schematic of a 

regiorandom chain with H-H and T-H couplings resulting in a twisted backbone, as 

compared to a regioregular chain with planar backbone. The introduction of alkyl 

substituents of lengths up to ten carbons in regiorandom polymers causes asymmetry and 

steric hindrance, resulting in less order and less conjugation,117 as confirmed by the blue 

shift in absorption spectra and the increase in polymers’ band gap. Even though the steric 

hindrance is the same as above, extension of the alkyl chain to twelve and fourteen 

carbons appears to have a positive effect, inducing some degree of order in the system by 

a side-chain self-assembly mechanism. This fact is confirmed by conductivity studies on 

doped alkyl-substituted PEDOT films performed in our group on free-standing films 

(Section 3.12), and by Groenedaal et. al on thin films deposited on interdigitated 

electrodes, using poly(3-methyl thiophene) as conductivity standard.117 

In this context, it is unlikely to consider the observed splitting of the absorption 

spectrum as originating from polymer segments with discrete absorptions. This is in 

agreement with the fact that the more ordered neutral PEDOT films exhibit a broad 

featureless absorption. Moreover, this is strongly supported by Mass Spectrometry 
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experiments performed by Welsh et. al on soluble PProDOT derivatives.145 These 

experiments reveal the presence of a broad distribution of chain lengths in polymers 

exhibiting multiple peaks in their absorption spectra.  
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Figure 4.16 Regioregularity of alkyl-substituted PEDOTs. A) Regioregular chain 
showing exclusively head-to-tail interactions, resulting in a planar backbone, B) 
Regiorandom chain, showing head-to-tail and tail-to-tail interactions resulting in twisting 
of the backbone 
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In a similar manner, Davydov splitting mechanism has been proposed for materials 

with a high content of crystalline regions. However, the magnitude of this phenomenon 

decreases drastically when the crystallite size is reduced or when introducing disorder in 

a system. Again, if this theory would apply to our basis set, then unsubstituted PEDOT 

would have to exhibit multiple absorption peaks.  

When considering the origin of the fine structure discussed in this chapter, vibronic 

coupling of excited electrons with a vibrational mode of the monomer unit seems 

intuitively appealing. To further investigate this possibility, we calculated the peak-to 

peak separations for our basis set and the results are summarized in Table 4.2. The 

polymers showing three peaks appear to follow a general trend. The separation between 

p2 and p3 is in the range of 1500 cm-1, whereas the separation between the shoulder p1 and 

p2 is in the range of 1300 cm-1. These peak-to-peak separations correspond to in-plane 

vibrations of the monomer unit rings (the totally symmetric, in-plane vibration of Cα=Cβ 

bond or weakly coupled stretching vibration of Cβ-Cβ bond or Cα-Cα’ inter-ring stretch). 

The three vibrations described above possess the strongest force constants of all the 

possible vibrations in PEDOT-type polymers, as reported by Garreau et. al.125,126 

Moreover, the absorption spectrum of PBiProDOT is charateristic of a vibronic 

progression of almost equally spaced peaks, commonly seen in systems with a strong 

displacement of the equilibrium geometry in the excited state. Inter-peak distances in this 

material range from 1401 to 1502 cm-1, suggesting that the Cα=Cβ symmetric stretch 

vibration is responsible for coupling. PEDOT, that presumably has a longer effective 

conjugation length as evidenced by X-ray115 and conductivity measurements,112 does 

not show vibronic coupling. This is in excellent agreement with the theory that coupling 
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between delocalized electronic excitations and the localized vibrational modes decreases 

as the electrons are free to move over more rings. Alkyl-substituted PEDOTs have a 

shorter effective conjugation length due to some content of H-T coupling that disrupts 

and shortens the polymer conjugation length.117,118 Consequently, these materials 

exhibit a strong vibronic coupling, with the exception of PEDOT-CH3 where the small 

methyl substituent does not pronouncedly affect the conjugation length.  Garreau et al. 

reached the same conclusion while comparing PEDOT and PEDOT-C14 Raman and IR 

spectra.128,129 Similarly, PProDOT and its derivatives bear out of plane propylenedioxy 

rings, thus helping localize the charge carriers and enhancing the vibronic coupling.  

The intensities of the peaks are weighted by the overlap of the vibrational 

wavefunctions, the lowest energy transition being the transition to the relaxed state (v’=0) 

of the excited state.123 Alkyl-substituted PEDOTs show a very intense low energy peak 

(p3), meaning that the excited state is only slightly displaced from the equilibrium 

position. On the other hand, the middle peak (p2) is more intense in PProDOT and 

PProDOT-Me2, suggesting that the transition to first excited vibrational level (v’=1) 

dominates the spectrum and the differences between geometries of ground and excited 

states are larger. Somewhat surprisingly, PEDOT-Ph and PEDOT-F do not possess 

vibronic coupling, presumably because the above substituents do not disrupt PEDOT 

conjugation length. 

XDOT monomers’ solutions show the fine structure on the UV absorption peak, 

suggesting once again that an in-plane vibration of the monomer unit is responsible for 

the splitting. In addition, EDOT, EDOT-Ph and EDOT-F absorption spectra reveal the 

vibronic coupling, thus supporting the theory that the increased effective conjugation 
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length is responsible for the disappearance of this fine structure in the respective neutral 

polymers’ spectra. 

In conclusion, we showed that optical spectra of conjugated polymers are a very 

rich source of data. Vibronic coupling is an appealing theory for the origin of splitting in 

PXDOTs, as the polymers exhibit multi-peak absorption spectra attributed to in-plane, 

symmetric ring stretch modes. Performing the above experiments at low temperatures 

would give insight into the degree of inhomogeneous broadening of these peaks. 

Effective conjugation length studies based on Raman spectroscopy will nicely 

complement our deductions.    

 

 

 



 

CHAPTER 5 
VARIABLE REFLECTANCE MIRRORS 

 
5.1 Introduction 

 
Electrochromic (EC) materials exhibit reversible and highly stable changes of their 

optical properties upon the application of a voltage.164 Lately, the definition of 

electrochromism has been extended from that of a color change in the visible spectrum to 

multi-spectral energy modulation that might cover ultraviolet, near infrared, mid infrared, 

and microwave regions, with ‘color’ corresponding to the response of detectors at these 

wavelengths.165 There is a need for flexible flat panel displays for use across a broad 

portion of the electromagnetic spectrum. The displays must be thin and able to cover 

objects of various shapes and sizes.166 In addition, they must exhibit large changes in 

reflectivity when switched between doped and undoped states, long lifetimes and rapid 

redox switching.167 Interest in these types of advanced materials and devices stems from 

applications such as thermal control of low earth orbit satellites and camouflage 

countermeasures against night vision. 168 Moreover, the NIR region is of particular 

technological interest, being used for optical data transmission through silica fibers, 

which exhibit absorption minima at 1300 and 1550 nm.169  

There are several categories of EC materials that are capable of modulating both 

visible and infrared light. Among them, highly disordered transition metal oxides 

(especially tungsten oxide) have been studied extensively, due to their broad polaron 

117 
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absorption in the 0.4-2 µm range.100,170 Difficulties encountered in processing, as well 

as relatively slow response times (many seconds to minutes), have opened up 

opportunities for the development of different types of EC materials. 169,171 Of these, 

redox electroactive and conducting polymers represent a particularly attractive class of 

EC materials, as they are easily electrochemically deposited or spun coat as thin 

films.168 Several hybrid organic-inorganic infrared switching devices have been 

reported, with the conducting polymer as the active layer and a transition metal oxide as a 

counter electrode material.172 Although several U.S. patents have been 

advanced,173,174 there are only few publications concerning all polymer variable 

reflectance mirrors.121,168 Of the many redox electroactive polymers reported, some of 

the most promising for use in ECDs are based on poly(3,4-ethylenedioxythiophene) 

(PEDOT) and its derivatives, in particular PProDOT-Me2.  In this chapter we address the 

optimization of ECDs that operate in the reflective mode and are able to modulate the 

reflectivity in the visible, NIR and mid-IR regions of the spectrum.  

 
5.2 Devices as Platforms to Study Electronic Spectra 

 
As a device platform which conveniently allows EC property characterization in a 

reflective mode, we have used an outward facing active electrode device sandwich 

structure originally described in the patent literature, and shown schematically in Figure 

5.1. This ECD structure has several benefits. First, the properties of the EC material of 

interest can be probed through a window chosen to be highly transmissive over the 

wavelength range of interest. Second, all of the materials can be flexible, allowing 
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significant mechanical deformation without hampering device operation. Finally, by 

using a high viscosity electrolyte, the device can be made self-sealing.  
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Figure 5.1 Side-view schematic diagram of a dual polymer electrochromic device for 
surface reflectivity control in both visible and IR regions of the electromagnetic 
spectrum. 

In the construction used in this work, gold-coated Mylar sheets are used as both 

counter and working electrodes. The top electrode was cut with a series of parallel slits, 

separated by about 2 mm, across the active surface (see Figure 5.2) making it porous to 

ion transport during switching. The cell was assembled using a high viscosity polymeric 

electrolyte composed of LiClO4 dissolved in an acetonitrile (ACN) /propylene carbonate 

(PC) swollen poly(methyl methacrylate) (PMMA) matrix. At the edges of the device, the 

ACN in the electrolyte evaporates, leaving behind the PMMA and LiClO4 in PC. As the 

PMMA becomes insoluble, it seals the outer edges of the device and provides self-

encapsulation. The use of this electrolyte minimizes further solvent evaporation, prevents 

leaking, and allows for long-term testing of the ECD. Both the active top layer and the 
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counter polymer film were electrochemically deposited on the gold-coated Mylar 

electrodes from solutions of 10 mM monomer in 0.1M LiClO4 in ACN at constant 

potential. A separator paper, soaked in electrolyte, was used to isolate the back of the 

working electrode from the counter polymer layer. The top layer is in contact with a 

window, which is transmissive to the wavelengths of interest, allowing accurate 

measurements of the active layer reflectivity. We typically use ZnSe for NIR to mid-IR, 

glass in the NIR and visible, and polyethylene for visible through mid-IR, with somewhat 

lower performance from the latter on account of IR absorption bands. With this design, 

only the outward facing electroactive polymer is responsible for the surface reflectivity 

modulation, whereas the counter electrode polymer is used for charge and coloration 

balance.  

 

Figure 5.2 Top-view photograph of a PProDOT-Me2/PBEDOT-NMeCz dual polymer 
electrochromic device in its two extreme states.  Left: surface PProDOT-Me2 in neutral 
state at -1.1 V, Right: surface PProDOT-Me2 in oxidized state at +1.1 V. 

Figure 5.2 shows a photograph of a device based on PProDOT-Me2 as the active 

top layer, and poly[3,6-bis(2-(3,4-ethylenedioxy)thienyl)-N-methylcarbazole] (PBEDOT-

NmeCz) as the back layer. As the top film on the device is switched from its neutral, 

colored state, to its p-doped, bleached state, a gradual and controllable transition from a 

dark opaque violet to a reflective yellow is observed, as the transparent polymer allows 
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the gold to be viewed. This color change is due to the doping process that modifies the 

electronic band structure of the polymer, producing new electronic states in the gap and 

bleaching the π-π* transition; consequently the electronic absorptions are shifted toward 

lower energies outside of the visible region. 

  
5.3 In-situ Reflectivity Measurements 

 
In order to probe the electronic properties of PEDOT compared to PProDOT-Me2, 

we constructed devices having these two polymers as the active layers. Figure 5.3 shows 

the reflectance of the sandwich structures over 0.3–5 µm (4-0.25 eV) for a PProDOT-Me2 

based device and up to 15 µm for a device having PEDOT as the active layer at several 

cell voltages. Visible and near-IR results for the PProDOT-Me2 cell were measured on a 

150 nm thick polymer film under a glass window; the mid infrared data on a 200 nm 

thick polymer film with a ZnSe window. The in-situ reflectance data for the PEDOT-

based cell were recorded for a 350 nm thick active layer covered with a polyethylene 

window. The parasitic reflectivity of these windows has been subtracted in these spectra. 

However, for practical applications, the top windows can be coated with an anti-reflective 

material.  

Although the device based on PProDOT-Me2 exhibits higher optical contrast in the 

visible, as well as NIR regions than PEDOT-based device, both variable reflectance 

mirrors show similar features. Several layers in our device influence these spectra: the 

electrochromic polymer, the electrolyte gel, and the underlying gold electrode. Two 

strong absorption bands from O-H (2.8 µm) and C-H stretching (3.3–3.4 µm) are seen in 

all of the spectra; these arise from water in the electrolyte, electroactive polymer and the 
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gel electrolyte, and are relatively constant as the polymer is oxidized and reduced. The 

fully reduced polymer (-1.5 V; solid line) is strongly absorbing in the visible region (0.4–

0.65 µm) and, thus the reflectance of the device is low in this region. At wavelengths 

longer than 0.9 µm (1.4 eV), this polymer layer becomes quite transparent, so the gold 

layer underneath the polymer dominates the reflectance. At still longer wavelengths 

vibrational features in the polymer become evident, and the device reflectance is 

diminished. When fully oxidized, i.e., doped, (+1.0 V, dotted line), the visible absorption 

is bleached; at the same voltage a strong infrared absorption appears, hiding the 

underlying gold electrode. The infrared absorption (and the contrast of our devices) is 

strongest at ca.1.8 µm for PProDOT-Me2 and 1.3 µm for PEDOT. At 1.8 µm, we detect a 

reflectance contrast, ∆R, of greater than 90% for PProDOT-Me2. This contrast ratio is 

highly enhanced when compared to results for PEDOT (∆R=50-55%) and polyaniline 

derivatives.173,174 At longer wavelengths (4-5 µm), the devices’ reflectance increases 

somewhat with the polymer in the doped state, and decreases with the polymer in the 

undoped state, reducing the contrast to ∆R = 60 % for PProDOT-Me2 and 25 % for 

PEDOT. At intermediate oxidation states (0 V,  -0.5 V, and -1 V) the devices have a 

reflectance that generally is intermediate between that of the fully oxidized and fully 

reduced states, as seen in Figure 5.3 A. The exception to this behavior is the doping 

induced band around 1–1.2 µm (1–1.2 eV) which is strongest at these intermediate 

doping levels. The physical interpretation of these spectra is that the undoped insulating 

polymer has its π- π * interband transition in the visible, and is transparent (except for 

vibrational absorptions) in the IR region. Light doping produces two sub-gap absorption  
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Figure 5.3 Reflectance spectra: A) Reflectance of the PProDOT-Me2/PBEDOT-NMeCz 
electrochromic device spanning the visible to the mid-IR regions of the electromagnetic 
spectrum at various applied potentials. a) uncoated gold surface; b) –1.5 V (PProDOT-
Me2 insulating, undoped); c) –1.0 V; d) –0.5 V; e) 0.0 V; f) +1.0 V (PProDOT-Me2 
conducting, p-doped). B) Reflectance of the PEDOT/PBEDOT-NMeCz dual polymer 
electrochromic device spanning the visible to the far-IR regions of the electromagnetic 
spectrum at various applied potentials. a) –1.5 V (PEDOT insulating, undoped); b) +1.0 
V (PEDOT conducting, p-doped)  
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bands, due to the presence of polaron states, and partial bleaching of the interband 

transition. At full doping, bipolarons are formed, and the polaron interband transition is 

absent, as described in detail in Chapter 4. 

 
5.4 Active Polymer Layer Thickness Optimization 

 
In order to obtain a high contrast over a broad infrared frequency range, we studied 

the influence that the electroactive polymer film thickness exerts on the reflectance 

contrast for devices having PEDOT as the active polymer film. In these experiments, 

PBEDOT-NMeCz was used as the counter redox polymer and polyethylene as 

transmissive top window. We prepared several devices containing PEDOT films of 

various thicknesses ranging from 30 to 750 nm.  

Figure 5.4 shows the contrast of devices over a broad frequency range for three 

active layer thicknesses.  In-situ change in reflectance for a 62 nm thick film is small at 

low frequencies because both neutral and doped PEDOT are highly transmissive in this 

range. However, at higher frequencies (mid- and near-infrared) the reflectance of the 

neutral and doped states differs. This is due to a less absorptive neutral polymer (π- π* 

transition tail), and a highly absorptive doped material (bipolaronic band). In the visible, 

at wavelengths shorter than the polymer’s isosbestic point, the relative absorption is 

reversed, the active layer exhibiting a lower reflectance in neutral state than in the doped 

state.  The device having a 250 nm thick active layer shows similar absorption trends, 

with a modest contrast in the far infrared and a relatively large contrast in the mid-

infrared and visible regions. On the other hand, the contrast for the device based on a 500 

nm active polymer film is large in the far-infrared range. However, at high frequencies 
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(mid- and near-infrared) the contrast between the neutral and doped states is slightly 

lower than that of the device containing a 250 nm thick PEDOT layer. Note that there is 

zero contrast in some areas of the mid-infrared region (500–2000 cm-1), where strong 

absorption bands from gel electrolyte and polyethylene window occur. These absorptions 

mask the reflectance of the device, thus rendering it impossible to distinguish between 

reflectance data of neutral and doped states. In addition, there is a zero-crossing at the 

near infrared/visible edge, which is related to the isosbestic point of the PEDOT, 

suggesting that at this frequency, the absorption is independent of doping level.  

 

Figure 5.4 Device contrast as a function of frequency for 62, 250 and 500 nm thick 
PEDOT active layer 
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Figure 5.5 shows the thickness dependence of the device contrast at various 

frequencies in the far-, mid-, and near-infrared range, allowing contrast optimization for 

the frequency of interest. Interestingly, in the far-infrared (239 cm-1) the contrast is 

greatest for the thickest film (750 nm). At higher frequencies, enhanced optical contrasts 

are attained by using film thicknesses ranging from 100 to 350 nm. The highest contrast 

obtained for a PEDOT-based device is 90 % for a 350 nm thick active layer at 7,692 cm-1 

(1.3 µm) in the NIR region of the spectrum. 

 

 

Figure 5.5 Active layer thickness dependence of the electrochromic contrast in PEDOT 
based devices, monitored at several NIR, mid-IR and far-IR frequencies 

 



127 

5.5 Switching Time 

 
The response time of a device is defined as the time needed to switch between the 

two extreme redox states of the active polymer layer. In order to study the switching 

time, the device was connected to a power supply that applies a square-wave potential, 

allowing for potential period and amplitude control. The measurement was performed 

with a Bruker 113v FTIR spectrometer. We used a PProDOT-Me2 electrochromic cell 

having 200 nm thick PProDOT-Me2 films as both active and counter polymer. The time 

interval between in-situ reflectance measurements was 1.5 seconds. Figure 5.6 shows a 

typical cycle: the square wave potential represented in the upper panel and graphs of 

reflectance vs. time represented in the lower panel for two fixed frequencies (2,650 and 

3,850 cm-1), where the gel electrolyte absorptions are very small. The cell voltage was 

switched between +1.12 V and –1.52 V, and held at these voltages for about 20 seconds 

to ensure a full redox switch. The reflectance change during doping and dedoping 

processes initiated at the slits and spread over the whole active polymer surface. As 

expected, the switching time in this type of devices is strongly dependent of the distance 

between slits, and the position of monitored area relative to these cuts. 

A switch from the neutral to fully p-doped state requires about 3 seconds, whereas 

switching from the doped to the neutral state requires about 7.5 seconds. This difference 

in switching times suggests that the redox exchange ions leaving the film during the p-

doping process and entering the polymer while dedoping are Li+ ions from the gel 

electrolyte. It should be noted that this switching time is due to the diffusion of the ions 

through the gel electrolyte and along the working electrode slits. Improving the design of 

the ECD by using a highly porous working electrode (gold coated microporous 
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membrane) and increasing the electrolyte conductance will decrease the optical response 

time and may enhance the chromatic contrast of the device. 

A

B

A

B

 

Figure 5.6 Switching time of PProDOT-Me2 based device recorded at two IR frequencies. 
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5.6 Long-Term Switching Stability 

 
A key characteristic of an ECD of this type for displays or for thermal control 

applications is the lifetime of the device, i.e., the number of switching cycles a cell can 

undergo before a certain amount of electrochromic contrast is lost. The redox stability of 

the cell was determinated by continuously switching the device between its fully 

absorptive and transmissive states using a switching period of 25 s. After several double 

potential steps, the reflectivity was measured at a fixed frequency (7,692 cm-1, 1.3 µm), 

where the device contrast is high using a Zeiss MPM 800 microscope photometer.  There 

are several factors affecting the long-term switching capabilities of these variable 

reflectance mirrors including polymer film thickness, polymer adhesion to the conducting 

substrate, electrolyte composition, and operational voltage. For example, a PProDOT-

Me2 based cell using the LiClO4 electrolyte performs hundreds of switches without any 

degradation of the working electrode. After 1500 switches, the reflectivity of the oxidized 

form of the polymer has the same initial value, but the neutral form exhibits a decrease in 

reflectivity. As the device was assembled in air, the oxygen-sensitive neutral form is 

likely irreversibly oxidized during switching. Preparing the device in an oxygen and 

water free environment should drastically increase its cyclability, while also opening up a 

further window in the 2.7-3.1 µm region. By changing to a lithium 

trifluoromethylsulfonylimide (3M salt) based electrolyte we have constructed devices 

which could be switched 10,000 times over a period of 6 days without any significant 

degradation of the active polymer layer (see Figure 5.7) During the above lifetime 

experiment, the device was switched between –1 and +1 V. By increasing the applied 

voltage to ± 1.5 V, the device lifetime drastically decreases, the contrast diminishing by 
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about 85% after only 400–500 cycles. This overoxidation is generally triggered by 

nucleophiles such as H2O or OH- attacking highly oxidized thiophene rings, and leading 

to a breakdown of the polymer backbone π -conjugation. 

 

Figure 5.7 Reflectance as a function of number of deep double potential switches for 
PProDOT-Me2 based device 

 

5.7 O-H and C-H Removal  

 
As described in this chapter, devices with contrast ratios of 55% at 0.6 µm in the 

visible, greater than 80% between 1.3 to 2.2 µm in the NIR, and greater than 50% 

between 3.5 to 5.0 µm have been assemblied. Their electrochemical stability to thousands 

of double deep switches was remarkable, with no significant loss in electrochemical 

contrast after 10,000 cycles.  
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However, two strong absorption bands from water (2.8 µm) and C-H stretching 

(3.3–3.4 µm) are seen in all of the spectra (Figure 5.3). They arise from both the polymer 

and the gel electrolyte, and are relatively constant as the polymer is oxidized and reduced. 

These absorptions hinder the high reflectance of the device when the PProDOT-Me2 layer 

is in the oxidized form, thus drastically reducing the electrochromic contrast in the mid-

IR region. Our recent work focuses on the removal of these absorptions due to O-H and 

C-H vibrational stretches. This would allow for achieving an extremely high contrast 

throughout the entire 2.5 to 3.5 µm area of the spectrum. As the polymer layer is fairly 

thin (150-200 nm), presumably these absorption peaks in the device are mainly due to the 

gel electrolyte, therefore our immediate efforts focused toward O-H and C-H stretch 

removal from the electrolyte. 

In order to remove water from the device assembly, the gel electrolyte was 

prepared in dry conditions. Li(CF3SO2)2N was dried in an vacuum oven for 24 hours at 

60°C, whereas ACN and PC were freshly distilled over CaH2 following a procedure 

described in the experimental section. The gel electrolyte preparation was carried out in a 

dry box to ensure that the resulting material will not be exposed to ambient humidity. As 

seen in Figure 5.8, these steps were sufficient for eliminating the absorptions due to O-H 

stretching mode from the gel electrolyte. 

Using anhydrous gel electrolyte, assembling and further encapsulating a device in a 

water-free environment affords electrochromic cells that show reflectance contrasts of 70 

% over the entire 2000 to 6000 cm-1 region, as seen in Figure 5.9.  The amount of gel 

electrolyte deposited on the active layer surface has an important effect on the intensity of 

absorptions seen in the 2.5- 3.5 µm region of the spectrum (C-H stretch).  
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Figure 5.8 Transmittance spectra of two gel electrolyte batches prepared in air (dashed 
line) and in dry conditions (solid line) 

Therefore, minimizing the upper gel layer thickness significantly reduces the C-H 

stretch absorption and increases the device contrast in the mid-IR. Tuning the gel 

electrolyte thickness was achieved by placing a thin spacer (25 µm in thickness) between 

the top window and the active polymer layer. The device was then assembled without 

covering the top polymer surface with gel, but rather pressing the active electrode to the 

top window to ensure that a controlled amount of gel will pass through the slits and 

spread onto the active polymer surface. By using this new device assembly method, the 

C-H stretch appearing at 3000 cm-1 was diminished by about 80 % as compared to the 

variable reflectance devices reported earlier in this chapter. 
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Figure 5.9 Reflectance spectra of a PProDOT-Me2 based device at four applied voltages 

Future plans involve further repression of the C-H stretch absorption by using 

different types of electrolytes. For example, one can use a liquid electrolyte based on 

LiCF3SO3, LiBF4 or Li(CF3SO2)2N, and fluorinated acetone or (CF3SO2)2O as solvents 

lacking C-H bonds (C-F vibrational modes lie in the 7.5-9 µm region). Another class of 

electrolytes suitable for devices operating in IR due to lack of absorptions in the region of 

interest comprises solid inorganic electrolytes such as LiF-AlF3 films. Further 

experiments concerning the use of fluorinated polymers are now being discussed.  

 



 

CHAPTER 6 
ABSORPTION-TRANSMISSIVE WINDOWS 

 
6.1 Introduction 

 
There are numerous processes possible for the modulation of visible light. Among 

them are electrochromic techniques that use the reversible change of color and/or optical 

density obtained by an electrochemical redox process in which the oxidized and the 

reduced forms have different colors, indices of refraction, or optical densities.  These 

techniques are readily employed in a multitude of applications such as display panels,175 

camouflage materials,176 variable reflectance mirrors,121 and variable transmittance 

windows.23,165,177-179 For example, Donnelly and Gentex electrochromic mirror 

systems have been successfully commercialized in the automotive industry and the first 

electrochromic glazing window for architectural purposes is now going to be introduced 

onto the market by Pilkington/FLABEG, Germany. 

Electrochromic devices (ECDs) based on inorganic semiconductors have a long 

history, and their performance has improved steadily since their creation.166  When 

viewed in this context, the recent rapid progress made with organic conducting and 

electroactive polymers in a variety of fields suggests they may find numerous practical 

applications in the near term.180 These materials have made valuable contributions to the 

emerging fields of electrochromic devices, as well as organic light emitting 

diodes,181,182 and photovoltaics.68 In terms of electrochromics, the remarkable 

134 
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advances in their performance can be viewed from several fronts.  First, the range of 

colors now available effectively spans the entire visible spectrum83 and also extends 

through the near and mid-infrared regions.121 This is due to the ability to synthesize a 

wide variety of polymers with varied degrees of electron-rich character and conjugation.  

For example, a fine adjustment of the band gap, and consequently of the color, is possible 

through modification of the structure of the polymer via monomer functionalization,16 

copolymerization,183,184 and the use of blends,185 laminates,120 and 

composites.70,186 Second, it has been the marked increase in device lifetimes. The key 

to this is control of the degradation processes within the polymeric materials (by lowering 

the occurrence of structural defects during polymerization) and the redox system.24,187-

189  Third, the polymer based ECDs have achieved relatively fast switching times of a 

few hundreds of milliseconds for large changes in optical density.  This fast switching is 

attributed to a highly open morphology of electroactive films, which allows for fast 

dopant ion transport.25 Other beneficial properties of polymers are outstanding 

coloration efficiencies190 along with their general processability. 

In this chapter, we show that the necessary control over the color, brightness and 

environmental stability of an electrochromic window can be achieved through the careful 

design of anodically and cathodically coloring polymers. 

 
6.2 Absorption/Transmission Device Construction 

 
The construction of a transmissive type ECD is depicted in Figure 6.1. It consists of 

two thin polymer films deposited on transparent indium tin oxide coated glass (ITO), and 

separated by a viscous gel electrolyte based on LiN(CF3SO2)2 dissolved in an  
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Figure 6.1 Variable transmittance window schematic. The color representations shown on 
top and bottom of the scheme are L*a*b* determined color coordinates.  

acetonitrile/propylene carbonate swollen poly(methyl methacrylate) matrix. The device 

construction is carried out with one polymer oxidatively doped while the other is neutral, 

and both films are simultaneously in either their transmissive or absorptive states.  As 

such, the device is observed as bleached or colored.  Application of a voltage neutralizes 

the doped polymer with concurrent oxidation of the complementary polymer, inducing 

color formation, or bleaching. The ability to match the number of redox sites in each film 

enhances the contrast of a device, as the extremes of absorption and transmission can be 
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attained.  We define a cathodically coloring polymer as one that passes from an almost 

transparent state to a highly colored state upon charge neutralization (reduction) of the p-

doped form, while an anodically coloring polymer is highly transmissive neutral and 

absorbs visible light in the oxidatively doped state. 

 
6.3 Cathodically Coloring Polymers 

 
An ideal cathodically coloring material has a band gap around 1.8-2.2 eV (550-650 

nm) in order for the π−π* transition to occur in the visible region where the human eye is 

highly sensitive. In addition, it should undergo large optical changes when switched 

between neutral and doped states.  Some of the most promising conducting polymers for 

use in ECDs are based on PEDOT and its derivatives, as they exhibit high electrochromic 

contrasts, low oxidation potentials and high conductivity, as well as good electrochemical 

and thermal stability. Some electrochromic polymers developed in our laboratories are 

represented in Figure 6.2. These materials exhibit colors spanning the entire visible 

region. Of the PEDOT derivative palette available, PProDOT-Me2 stands out as the best 

cathodically coloring polymer for use in electrochromic devices. The decision to use this 

material as the cathodically coloring layer in transmissive window type devices came 

from the fact that PProDOT-Me2 shows the highest contrast of all polymers we have 

studied in the visible region: about 78% at λmax (580nm) and a luminance change of 60% 

measured by colorimetry. This high contrast at 580 nm corresponds to a wavelength 

where the human eye is highly sensitive, the polymer switching from a highly 

transmissive light blue in the doped state to a dark blue-purple in the neutral state. The 

color representations shown in Figure 6.1 are L*a*b* determined color coordinates. They 
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are calculated conform 1931 Commission Internationale de l’Eclairage (CIE) by taking 

into consideration the hue, saturation and brightness of the samples. We have already 

successfully incorporated PProDOT-Me2 into a variable reflectance ECD showing a 

remarkably high contrast throughout the visible, NIR and mid-IR regions of the 

electromagnetic spectrum. 

 

Figure 6.2 Cathodically and anodically coloring polymers (from Thompson83) 
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6.4 Anodically Coloring Polymers 

   
Ideally, an anodically coloring polymer is chosen to have a high band gap (Eg) > 

3.0 eV (π to π* transition onset < 410nm) with all of the absorption lying in the 

ultraviolet region of the spectrum.  In addition to the required complementary optical 

properties, proper ECD operation demands a high degree of electrochemical reversibility 

and compatibility.  Most of the high gap conjugated polymers synthesized to date (e.g. 

poly(phenylene vinylene) (PPV), poly(p-phenylene) (PPP), etc.) have high oxidation 

potentials.  In order to prepare an ECD that can undergo a distinct switch from a highly 

transmissive state to a deeply absorptive state, we have pursued easily electrochemically 

polymerized monomers that can yield polymers having these desired complementary EC 

properties to the cathodically coloring PProDOT-Me2.     

Our group has designed and synthesized several anodically coloring polymers 

based on carbazole, biphenyl and other aromatic units linked via electropolymerizable 

EDOT moieties.189,191 While ECDs incorporating these types of polymers showed 

outstanding coloration efficiencies, lifetimes and switching times,24,25 the band gaps of 

the anodically coloring polymers were not sufficiently high for the π−π* absorption to be 

excluded from the visible region, thus providing a coloration to the transmissive state of 

the devices.   

There are several ways of controlling the band gap in polymers, including 

monomer unit planarity, donor-acceptor effects, resonance, interchain effects or bond 

length alternation.  Our approach was to start with an electron rich monomer with low 

oxidation potential and derivatize it at the redox center. Recently, we reported the 

synthesis,192 electropolymerization and redox switching properties of a new series of 
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conducting polymers based on 3,4-alkylenedioxypyrroles.193-195 As pyrroles have 

somewhat elevated LUMO levels, the band gaps for poly(3,4-ethylenedioxypyrrole) 

(PEDOP) (2.0 eV) and the propylene bridged analog (PProDOP, 2.2 eV) are higher than 

their thiophene counterparts (PEDOT and PProDOT) which have band gaps of 1.6-1.7 

eV.   

In order to elevate the band gap of the dioxypyrrole polymers even further, we have 

prepared a series of N-substituted ProDOPs.192,196 N-substitution is known to induce a 

torsional angle between heterocyclic rings along the backbone, resulting in a decrease of 

the π-conjugation and therefore an increase in the band gap, as illustrated by Hyperchem 

calculations on trimers of PProDOP and PProDOP-NPrS  (see Figure 6.3). In addition to 

the advantage of this high band gap, these polymers preserve the electron rich character 

of the PXDOP family, allowing electrosynthesis and switching under mild conditions.  

Polymerization is forced through the 2- and 5- positions as desired giving rise to a 

material with few structural defects, and consequently better electrochemical cyclability 

when compared to the parent polypyrrole. Finally, N-alkyl substitution inductively 

increases the electron density in the monomer, thus exhibiting a lower oxidation potential 

than the underivatized ProDOP.  Table 6.1 summarizes band gaps and monomer 

oxidation potentials for a series of N-substituted ProDOPs as compared to PProDOT. 

Increasing the substituent length from hydrogen to methyl induces an increase in band 

gap from 2.2 to 3.0 eV respectively, with a concurrent decrease in monomer oxidation 

potential from 0.8 to 0.5 V vs. Ag/Ag+. By judicious selection of the N-alkyl substituent, 

we have prepared an N-propane sulfonated PProDOP (PProDOP-NPrS) where the onset 

of the π−π* transition is located at the boundary of the visible and ultraviolet regions of 
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the spectrum (Eg = 3.2 eV). As such, the electronic absorption is transferred to the UV 

and the polymer is colorless in the neutral state. PProDOP-NPrS switches from a gray-

green state to an almost clear neutral state, as seen in Figure 6.1 bottom. Moreover, the 

presence of a sulfonate group at the end of the propyl chain offers the possibility of self-

doping along with water solubility of the resulting polymer. As a result, PProDOP-NPrS 

exhibits a fast and regular growth even in the absence of the supporting electrolyte. 

 

A) PProDOP B) PProDOP-NPrSA) PProDOP B) PProDOP-NPrS
 

Figure 6.3 Trimer of A) PProDOP and B) PProDOP-NPrS Hyperchem illustrations. Top 
figures represent the front view of the oligomer chain and bottom figures represent the 
side view along the chain. 
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Table 6.1 Band gap and monomer oxidation potential values for a series of 
propylenedioxy-derivatized pyrroles and thiophenes 
 

 

Polymer PProDOT PProDOP PProDOP-
NMe 

PProDOP-
NPrS 

 Band gap 1.8 eV 2.2 eV 3.0 eV 3.2 eV 

Eox. Monomer 
vs. Ag/Ag+ 1.1 V 0.8 V 0.7 eV 0.5 eV 

 

6.5 Matching Two Complementary Coloring Polymers 

 
 Optical property match. Here, we report our research efforts focused on 

optimizing the contrast in dual polymer ECDs by matching the anodically and 

cathodically properties in order to obtain a color neutral, highly transmissive window in 

one state, that shows low absorption throughout the entire visible region.  Upon switching 

by applying a small bias potential (ca. 1.0V), the window is converted to a highly colored 

dark state.  Figure 6.4 demonstrates this concept by superimposing the UV-visible spectra 

of the individual polymers in their doped and neutral states.  Figure 6.4 A represents the 

absorptive state of the device where PProDOP-NPrS is in the oxidized form, while 

PProDOT-Me2 is in the neutral state. The summation of the two absorption spectra 

represents the most probable behavior of the colored state of a device based on these two 

polymers.  There are several factors that combine to attain a very saturated color and 

broadband absorbance window.  First, neutral PProDOT-Me2 has its absorption in the 

middle of the visible region (λmax = 580 nm) where the human eye is the most sensitive. 

In addition, the vibrational splitting of the HOMO-LUMO transition broadens  
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Figure 6.4 The superimposition of the UV-Vis-NIR spectra of the individual polymer 
films deposited on ITO/glass substrates. A) Polymers’ absorption spectra where 
PProDOP-NPrS is in the oxidized form and PProDOT-Me2 is in the neutral form. The 
summation of the two absorption spectra (dashed line) represents the most probable 
behavior of the colored state of a device based on these two polymers. B) The sum of the 
neutral PProDOP-NPrS and doped PProDOT-Me2 spectra provide a highly transmissive 
device (dashed line). For clarification purposes, the visible region of the spectrum (400-
800 nm) is marked with dashed vertical lines.  

 



144 

the absorption peak over a larger area of the visible spectrum. The absorption of the 

oxidatively doped PProDOP-NPrS begins at 500 nm, and its absorbance increases into 

the NIR region where the contribution from PProDOT-Me2 is small.  The bleached state 

of the polymer films and device is represented in Figure 6.4 B. The sum of the neutral 

PProDOP-NPrS and doped PProDOT-Me2 spectra provide a high contrast with the 

colored state throughout the entire visible region, generating a highly transmissive 

device. 

Thickness match. In addition to the required complementary optical properties, 

matching the number of redox sites in each polymer film ensures proper device operation, 

such as long lifetime and increased contrast, as the extreme redox states can be reached. 

This goal can be attained by matching polymer layer thicknesses. Figure 6.5 A represents 

the charge density required to grow a film of a certain thickness for the cathodically 

coloring PEDOT-F {poly[pentadecafluoro-octanoic acid 2,3 dihydro-thieno(3,4-

b)(1,4)dioxin-2-ylmethylester]} and for the anodically coloring PBEDOT-NMeCz. For 

this study, polymer films were grown potentiostatically on ITO/glass electrodes at several 

charge densities ranging from 10 mC/cm2 to 120 mC/cm2.  Film thicknesses can be 

measured with either a profilometer or an AFM after scratching the film in a small area to 

expose the ITO substrate. The depth of the scratch can be measured from the cross-

section view of the topographic image (see Figure 6.6). For example, if films of 200 nm 

are desired (Figure 6.5 A, dotted line), then one should deposit 9 mC/cm2 of PBEDOT-

NMeCz and 22 mC/cm2 of PEDOT-F. The difference in charge densities required to 

grow these anodically and cathodically coloring polymers suggests a substantial 

difference in the polymers’ electrodeposition mechanism and consequently in the 
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resulting film morphology. As viewed with the profilometer, PEDOT-F film surface is 

fairly smooth, whereas PBEDOT-NMeCz has a very rough surface indicating that in the 

latter, the dendritic growth starts in early stages of the polymerization. 
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Figure 6.5 Thickness as a function of charge density passed during electrodeposition 
for two complementary electrochromic polymers (A) and PProDOT-Me2 film thickness vs. 
charge density for two deposition substrates (B)
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Figure 6.6 AFM topographic image representing a scratch through a polymer film 

 

6.6 High Contrast ECDs 

 
Figure 6.7 shows the transmittance spectra and photographs of devices using 

PProDOT-Me2 as the cathodically coloring polymer, and PBEDOT-NMeCz (A) and 

PProDOP-NPrS (B) as the anodically coloring layers with the devices in the two extreme 

(colored and bleached) states.  In this study, all the polymer films are approximatively 

200 nm, as measured by profilometry.  Both devices switch between the two forms when 

a bias voltage of ±1.0 to 1.2 V is applied.  By applying voltages continuously between +1 

and –1 V, the devices change from colored to transmissive and the spectra evolve from 

one extreme to the other.  Comparison of the results shows that using PProDOP-NPrS as 

the high band gap polymer has several advantages over the carbazole counterpart.  The 

main benefit is the opening of the transmissivity window throughout the entire visible  
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Figure 6.7 Transmittance spectra and photographs of devices using PProDOT-Me2 as the 
cathodically coloring polymer and PBEDOT-NMeCz (A) and PProDOP-NPrS (B) as the 
anodically coloring layers with the devices in the two extreme (colored and bleached) 
states. The dashed vertical line represents the onset of the cut-off of the neutral 
PBEDOT-NMeCz.   
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spectrum by moving the π−π* transition into the ultraviolet region.  The cut-off of the 

PBEDOT-NMeCz is evident at ca. 500 nm.  Another advantage of the PProDOP-NPrS 

based device (B) is the noticeable increase in the optical contrast as evidenced by an 

increase in the transmittance change of the device (∆%T) from 56% to 68% as measured 

at 580 nm. Furthermore, while doped PBEDOT-NMeCz is blue and its charge carrier 

absorption is at the same energy as the π−π* transition of the low gap PProDOT-Me2 

absorption, PProDOP-NPrS is gray-green in the oxidized state, thus providing some extra 

blocking of the transmission of the opaque device in the 400-500 nm region.  

Switching time. One of the most important characteristics of ECDs is the response 

time needed to perform a switch from transmissive to colored and vice versa.  In order to 

analyze the switching characteristics of these windows, the variation in monochromatic 

light at the wavelength of maximum contrast was monitored during repeated redox 

stepping experiments.  For a comparison, we monitored the change in transmittance of a 

single PProDOT-Me2 film of the same thickness (about 200 nm) as the films used in the 

devices. As seen in Figure 6.8, both devices switch quite rapidly. The PProDOT-Me2 film 

alone can be effectively switched in about 0.5 s to attain 95% of its total transmission 

change (%∆T=76%).  While device A switches in about 500 ms, device B has a 

somewhat larger dynamic range with a total % transmission change in 600 ms. However, 

it is remarkable that by adding the PProDOP-NPrS layer, Device B loses only 10% in 

overall contrast compared to a single PProDOT-Me2 film. 

Colorimetric analysis. Recently, colorimetric analysis has been used to investigate 

the properties of electrochromic and light-emitting polymers.  Both luminance and x-y 

chromaticity diagrams provide valuable information for understanding changes in  
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Figure 6.8 Transmittance as a function of switching time of (A) PProDOT-Me2/ 
PBEDOT-NMeCz device, (B) PProDOT-Me2/PProDOP-NPrS device and (C) PProDOT-
Me2 film.  

devices’ color and/or brightness.  For example, the potential dependence of the relative 

luminance offers a different perspective on the transmissivity of a material as it relates 

the human eye perception of transmittance over the entire visible spectrum as a function 

of doping on a single curve.  Figure 6.9 shows the hue and saturation x-y track for Device 

B as the applied potential is changed from –2.5 V to +1.5 V, which corresponds to the 

oxidative doping track of PProDOT-Me2.  A relatively straight line that spans between a 

dark blue area of the color space to a highly transmissive (near white point) blue-green 

color is observed. Therefore, the dominant wavelength of the color is about the same 

throughout the bleaching process for a certain illuminant; the absorption decreases in 
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intensity as represented by the decrease in the saturation of the color. The potential 

dependence of the relative luminance study (Figure 6.10) shows that, in the bleached 

state, the window exhibits a luminance of 65% through the positive voltage values. A 

voltage of –0.5 V is needed to induce a decrease in luminance; dimming of the device 

luminance continues to increase until a potential of –2 V is attained. The overall 

luminance change, that is in essence the optical density change perceived by the human 

eye, is 55%. 
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Figure 6.9 Hue and saturation (x-y track) for the device B at various doping levels 
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Figure 6.10 Luminance PProDOT-Me2/ PProDOP-NPrS device as a function of the 
applied voltage 

Lifetime. The stability of the bleached and/or colored states toward multiple redox 

switches often limits the utility of electrochromic materials in ECD applications. Main 

reasons for device failure are different electrochemical windows and/or environmental 

requirements of the complementary materials.  If the two EC materials possess different 

electrochemical windows for operation, then the applied voltage needed for attaining 

100% of the optical contrast increases. Therefore, longer lifetimes are expected for 

devices operating at low voltages since high-applied potentials are detrimental to the 

electrochromic films, the electrolyte and even to the ITO layer. The oxidation process of 

the anodic material should coincide with the reduction process of the cathodic EC 

material in order to properly maintain charge balance within the ECD.  
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We employed colorimetry by monitoring the luminance change to investigate the 

long-term stability for Device B to multiple deep switches (Figure 6.11).  This study was 

carried out by continuously stepping the voltage of the device between –1 and +1 V with 

a 30 s delay at each potential allowing a full color change and hold period.  During this 

time, the luminance was monitored over a period of 7 days.  We noticed that the device 

loses 10% of its contrast during the first 500 cycles. After this conditioning period, the 

degradation proceeds remarkably slowly and the device loses only 4% of its luminance 

contrast over a period of 20 000 double potential cycles.  As the devices are sealed to 

ambient exposure, significantly longer lifetimes are realized. 
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Figure 6.11 Lifetime of the PProDOT-Me2/PProDOP-NPrS device to multiple redox 
switches. The upper trace (squares) shows the decrease in the luminance of the device in 
the bleached state with the number of cycles performed, while the lower trace (circles) is 
the fading of the dark state during continuous switching.  
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6.7 Broadband Absorption Devices: Laminate Alternative 

 
Tuning the function of the device over the entire visible spectrum can be achieved 

by using bilayers of polymers having different λmax and comparable oxidation potentials 

(Figure 6.12). By overlapping the conducting polymer layers, not only is more of the 

visible spectrum covered, but the absorbance of the device in the colored state is also 

enhanced. In this study, we use PEDOP (λmax at 510 nm) deposited on ITO/glass and 

PProDOT-Me2 (λmax at 580 nm) electropolymerized onto the already existing PEDOP 

layer.  
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Figure 6.12 Laminate device schematic 
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In general, PEDOP films are smooth and fairly easy to deposit on ITO coated 

electrodes without requiring several deposition/buffing cycles. In contrast, high quality 

PProDOT-Me2 films are difficult to synthesize directly on ITO supports, the polymer 

spotting the ITO surface for the first three to four deposition/buffing cycles and only 

repeated electropolymerizations lead to a continuous, homogeneous PProDOT-Me2 film. 

Interestingly, when deposited on PEDOP, PProDOT-Me2 deposition occurs smoothly 

allowing the synthesis of high quality films from the first trial. Consequently, besides 

increasing the contrast and the function of a device over the visible region, PEDOP acts 

as a better support for the deposition of subsequent polymers. Figure 6.5 B illustrates the 

difference in PProDOT-Me2 film thickness as the electropolymerization support changes. 

Films deposited on the PEDOP coated electrode are thinner than the films deposited 

directly on ITO, at the same charge density value, suggesting that the PProDOT-Me2 

electropolymerized on PEDOP has a more compact and homogeneous morphology. 

PEDOP/PProDOT-Me2 bilayer absorption spectra at various applied potentials are 

shown in Figure 6.13. The two polymer layers are of comparable thicknesses of about 

150 nm. At +1 V vs. Ag wire, both polymers are in their oxidized form and the electrode 

appears highly transmissive. As the potential is decreased to –1 V, the peak 

corresponding to the π−π∗ transition of the PProDOT-Me2 layer appears at 580 nm. A 

further decrease in the potential to –2V is required in order to observe the π−π* transition 

corresponding to the PEDOP film. When both polymers reached their neutral state, a 

broadening as well as a large increase in the intensity of the bilayer absorption peak is 

observed. The need for such a low reduction potential could be explained by the charge 

trapping mechanism outlined in Figure 6.14. When the polymers are oxidized, and  

 



155 

400 600 800
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6
Ab

so
rb

an
ce

Wavelength (nm)

PEDOP 
λmax=510 nm

PProDOT-Me2
λmax=580 nm

400 600 800
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6
Ab

so
rb

an
ce

Wavelength (nm)

PEDOP 
λmax=510 nm

PProDOT-Me2
λmax=580 nm

 

Figure 6.13 PEDOP/PProDOT-Me2 bilayer electrode absorption spectra at applied 
potentials ranging from –1 V to +2 V vs. Ag wire 

therefore conducting, they bear negative ions (ClO4
-) within the film to counterbalance 

the positive charges on the backbone. At –1V, the PProDOT-Me2 layer, which is in direct 

contact with the electrolyte solution, undopes first becomes neutral and consequently 

switches to a non-ionic form, rendering difficult for the PEDOP polymer to lose its 

dopant anions to the solution. Anions’ difficulty to pass through an non-ionic medium is 

overcome at –2V. Further quartz crystal microbalance studies are necessary to validate 

this theory.  
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Figure 6.14 Charge trapping mechanism in PEDOP/PProDOT-Me2 bilayer electrode 

We constructed a laminate device based on the above described bilayer electrode 

and PBEDOT-NMeCz as the complementary high band gap polymer. Figure 6.15 

represents the transmittance spectrum of such a device, exhibiting a contrast of about 

20% when switched from +2V to –4V. Further construction of devices having newly 

discovered PProDOP-NPrS as the high band gap polymer is being discussed. 

Figure 6.16 represents the colorimetric data of a laminate device based on 

PEDOP/PProDOT-Me2 as cathodically coloring polymers and PBEDOT-NMeCz as the 

anodically coloring layer. We noticed that the device has 25-30 % luminance change 

when switched between the bleached and colored state. The right top corner inset 

represents the x-y coordinates of the CIE color space, and it shows a change from a dark  
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Figure 6.15 Transmittance spectra of the PEDOP/PProDOT-Me2/PBEDOT-NMeCz 
laminate device at four applied voltages 

 
blue to a greenish transparent color as the applied voltage increases. The lifetime study 

(shown in the lower left inset) was carried out by continuously switching the device 

between the two extreme states every 30 s and taking a luminance measurement every 

several redox cycles. The upper trace represents the decrease in the luminance of the 

device with the number of cycles performed, while the lower trace is the lightening of the 

dark state during continuous switching. We noticed that the device loses most of its 

contrast (66%) before reaching 1,000 cycles. This short lifetime compared to other 

devices presented in Section 6.6 is most likely due to the fact that the charge trapped in 

the film during the reduction process does not allow for the polymers to reach their 
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extreme redox states. Moreover, the high operational voltage of ± 3 V required to switch 

this device leads to active layer overoxidation and thus to fast degradation of the 

electrochromic window.  

-3 -2 -1 0 1 2 3 4 5 6

15

20

25

30

35

40

45

Lu
m

in
an

ce
 (%

)

E(V)

0 2000 4000 6000 8000 10000
20

24

28

32

36

40

44

48

52

56

  -3 V
 +3 V

Lu
m

in
an

ce
 (%

)

Cycles

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

y

x

-3 -2 -1 0 1 2 3 4 5 6

15

20

25

30

35

40

45

Lu
m

in
an

ce
 (%

)

E(V)

0 2000 4000 6000 8000 10000
20

24

28

32

36

40

44

48

52

56

  -3 V
 +3 V

Lu
m

in
an

ce
 (%

)

Cycles

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

y

x

 

Figure 6.16 Luminance analysis of the PEDOP/PProDOT-Me2/PBEDOT-NMeCz 
laminate device. The lower left inset represents the luminance change as a function of the 
number of switching cycles. The upper right inset represents the hue and saturation of the 
laminate device at several doping levels 
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6.8 Broadband Absorption Devices: PEDOT-F Alternative 

 
PEDOT-F properties. The optical properties of PEDOT-F are similar to those of 

unsubstituted PEDOT with regard to λmax (608 nm), band gap and broadness of the 

absorption peak in the neutral state (Figure 6.17). This type of broad optical response is 

especially useful in variable transmission devices where a high contrast between the 

bleached and dark states, at all visible region wavelengths, is desired.  
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Figure 6.17 Absorption spectra of PEDOT-F in 0.1 M TBAP/ACN at applied potentials 
ranging from –0.4 V to +0.6 V vs. Ag/Ag+ 
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In addition, PEDOT-F possesses a high coloration efficiency (CE), which is a key 

parameter for comparison between electrochromic materials. This parameter is obtained 

from the ratio of the change in optical density during a redox step and the charge injected 

as a function of the electrode area. Conducting polymers from the PXDOT family tend to 

exhibit high CE values on the order of 100-300 cm2/C.197 The CE for PEDOT-F reaches 

values of 586 cm2/C, measured at 95% of the full transmittance change. This value is at 

least 2 times higher than that of PEDOT, making PEDOT-F highly suitable in 

electrochromic device type applications. Even though the transmittance change is similar 

to that of PEDOT, the charge required to p-dope is much smaller. There are several 

factors that could contribute to this small charge value. One of them could be the very 

porous morphology of the films, allowing for facile diffusion of counterions during 

doping and dedoping processes. Another possible factor is a low doping level required to 

attain a very high optical contrast. The doping level corresponding to 95% transmittance 

change was calculated as a ratio of the charge passed during p-doping and the charge 

used during polymerization, by assuming 100 % deposition efficiency. We obtained a 

dopant concentration of about 0.25, which indicates one cation every four rings. This 

value is common for polymers from the PT family that bear one dopant per two to five 

rings.11  

Water droplet-polymer contact angle measurements performed on thin (ca. 200 

nm), ClO4
- doped films of PEDOT and PEDOT-F revealed striking differences in the 

hydrophobicity of the two materials. While the PEDOT surface is wettable, meaning that 

the contact angle is less than 30°, the PEDOT-F surface is highly hydrophobic, exhibiting 

a contact angle of 110°.  
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PEDOT-F/PBEDOT-NMeCz device. PEDOT-F’s broad absorbance character, in 

combination with the increased hydrophobicity and expected enhanced solubility, makes 

it a viable candidate for electrochromic device applications. Therefore, we constructed 

transmissive windows based on PEDOT-F as the cathodically coloring layer and 

PBEDOT-NMeCz as the anodically coloring layer. Figure 6.18.A represents the 

transmittance of the device assembled using 150 nm thick polymer films, as determined 

by profilometry. The device exhibits a contrast of 60 % at 590 nm when a bias voltage of 

±1.2 V is applied. An important observation is that the device exhibits a higher contrast 

than each polymer alone, owing to the overlap of the two electroactive layers dark states. 

One of the most important characteristics of ECDs is the response time needed to perform 

a switch from transmissive to opaque and vice versa. In order to analyze the switching 

characteristics of these windows, the change in transmittance at 608 nm was monitored 

during repeated redox switching experiments. The device attains 95% of the total 

transmission change in about 300 ms, as shown in Figure 6.18.B. 

Both luminance and x-y chromaticity diagrams provide valuable information for 

understanding changes in the device’s color and/or brightness. The potential dependence 

on the relative luminance shown in Figure 6.19 shows that, in the dark state, the window 

exhibits a relative luminance of 32 %. The application of increasingly anodic potentials 

induces an increase in the relative luminance up to 92%, resulting in a highly 

transmissive film with a ∆%Y of 60%. The residual yellow color corresponds to the 

neutral state of the PBEDOT-NMeCz layer. The combination of the properties of 

PEDOT-F and PBEDOT-NMeCz yields a device that can reversibly switch between an 

opaque state and a highly transmissive state. Figure 6.19.B shows the hue and saturation 
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(x-y track) for the device as the applied potential is changed from –1.2 V to +1.2 V. A 

line that spans between a dark blue area of the color space to a highly transmissive yellow 

color is observed. This, along with great luminance and transmittance changes as well as 

fast switching times place devices based on PEDOT-F at the forefront of organic 

electrochromic windows. 
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Figure 6.18 Spectroelectrochemical analysis of PEDOT-F/PBEDOT-NMeCz device. A) 
Transmittance spectra of PEDOT-F/PBEDOT-NMeCz device in the bleached and dark 
states; B) Switching time of PEDOT-F/PBEDOT-NMeCz device monitored at 608 nm. 
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Figure 6.19 Colorimetric analysis of PEDOT-F/PBEDOT-NMeCz device A) Luminance 
analysis of PEDOT-F/PBEDOT-NMeCz device and photographs with the device in 
bleached and dark states; B) Hue and saturation of PEDOT-F/PBEDOT-NMeCz device 
as a function of applied voltage 
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 6.9 Conclusions  

 
The dual polymer ECDs reported herein possess the ability to operate at low 

applied voltages (±1.0V) with both films being compatible in the same electrochemical 

environment. This greatly increases their lifetime to 86 % retention of their initial color 

(96% retention after break-in) after 20,000 cycles.  Most importantly, the newly 

discovered PProDOP-NPrS has the ability to switch between a colorless neutral state to a 

doped gray-green state, possessing the rare property of being a truly anodically coloring 

polymer with easily accessible redox switching potentials.  Furthermore, doped 

PProDOP-NPrS broadens the absorption peak of the dark state ECD in both the 400-500 

nm and 700-800 nm regions of the visible spectrum, where the contributions from the 

π−π* transition of the PProDOT-Me2 film are small.  The devices based on PProDOP-

NPrS and PProDOT-Me2 complementary polymers exhibit an optical contrast of up to 

70% at λmax as well as an overall luminance change of 53%. They switch from a 

transparent state to a very dark, almost opaque state in less than 1 second, potentially 

making them useful polymer displays, such as advertising. The devices based on 

PEDOT-F and PBEDOT-NMeCz complementary polymers exhibit a 60% optical 

contrast at λmax and 60 % overall luminance change. Attaining the same value for the 

change in luminance and transmittance is unusual, as in most cases the transmittance at 

λmax is much higher than the overall luminance value. This implies that the device 

exhibits a broadband absorption in the dark state, with emphasis in the area where the eye 

is most sensitive, thus introducing a new dimension in the electrochromic device 

construction.  Another way of broadening the absorption of the device over the entire 

visible spectrum was achieved by using bilayers of polymers having different λmax and 

 



165 

comparable oxidation potentials. By overlapping the conducting polymer layers, not only 

is more of the visible spectrum covered, but the absorbance of the device in the colored 

state is also enhanced. This performance was realized by building a laminated window 

with PEDOP/PProDOT-Me2 as cathodically coloring layers and PBEDOT-NMeCz as the 

anodically coloring layer. All the above characteristics show that the use of carefully 

designed complementary polymers is a promising route for achieving the necessary 

control over the color, brightness, and redox stability of an electrochromic window.
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