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This work presents the development of a series of poly(3,4-akylenedioxythiophene)s with 

the potential to be applied in sensors, batteries, capacitors, light emitting devices, and 

photovoltaic power generation.  Both alkoxy and aryloxy 3, 4-propylenedoxythiophene 

derivatives were prepared via Williamson etherification of the appropriate alcohol and a 

keystone molecule, 2,2-bis(bromomethyl)-3,4-propylenedioxythiophene.  The resulting 

monomers were purified and fully characterized, then subsequently polymerized via Grignard 

Metathesis or electrochemical deposition.  The optoelectronic properties of the polymers were 

then studied and compared to similar materials. 

The first group of polymers studied was based on derivatization with linear alcohols,   

Octyl and decyl alcohol were used to produce polymer films via electrochemical deposition and 

soluble polymers via Grignard Metathesis polymerization.  After purification by Soxhlet 

extraction, the chemically synthesized polymers, PProDOT-(CH2OC8H17)2 and PProDOT-

(CH2OC10H21)2, gave Mn values of 38 kDa and 57 kDa by gel permeation chromatography in 

tetrahydrofuran.  When compared, the optoelectronic properties of PProDOT-(CH2OC8H17)2 

showed a maximum absorption at 574 nm, or approximately 2.2 eV, and PProDOT-

(CH2OC10H21)2 had a higher absorption at 584 nm, equivalent to 2.1 eV. The chemically 
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polymerized analogues showed similar maximum absorptions near 597 nm.  Both polymers were 

electrochromic, switching from deep purple to a transmissive, sky blue upon oxidation. The 

colorimetrically determined luminance change (∆%Y) for these alkoxy substituted PProDOTs is 

60%, while the contrast at λmax (∆%T) between colored and transmissive states is 62%. The 

coloration efficiency of both polymers was determined with PProDOT-(CH2OC10H21)2 giving a 

maximum value of 1020 cm2/C. 

Aryl substituted polymers were synthesized to expand the PProDOT family, and to study 

the influence of aryl groups on ordering.  Commercial phenol and cresol were used to obtain the 

desired monomers which showed interesting packing structures by x-ray crystallography.  Both 

ProDOT-(CH2OC6H5)2 and ProDOT-(CH2OPhMe)2 crystals aligned such that the thiophene of 

one monomer lay between the substituent aryl rings of another monomer.  The crystal structure 

of ProDOT-(CH2OPhMe)2 suggested a much more open spacing, due to the accommodation of 

the methyl substituents, while ProDOT-(CH2OC6H5)2  took a herringbone order with the sulfur 

atoms between nearby aryl rings.  The monomers were then electrochemically polymerized to 

give films which were characterized as electrochromic materials.   Both polymers had band gaps 

near 2.1 eV, oxidize to transmissive, grey films, and had luminance changes smaller than the 

alkoxy PProDOTs with values of 36% and 45% being observed for ProDOT-(CH2OC6H5)2 and 

ProDOT-(CH2OPhMe)2, respectively.  PProDOT-(CH2OC6H5)2 showed a higher composite 

coloration efficiency of 581 cm2/C than PProDOT-(CH2OPhMe)2 at 377 cm2/C. 

The final series of polymers was based on electron-poor phenols that could undergo 

reductive electrochemistry. Synthesized similarly to the previous compounds, pentafluorphenyl, 

ethyl benzyl, and cyanophenyl derivatives of poly(3,4-propylenedioxythiophene) were obtained 

after electrochemical polymerization.  These molecules also demonstrated aryl-controlled 
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ordering in the solid state, especially for PProDOT-(OC6F5)2, where a F-F interaction was 

observed.  Electrochromic properties consistent with the previous aryl substituted PProDOTs 

were also observed.  The reductive electrochemistry was studied using differential pulse 

voltammetry with only PProDOT-EB showing a reversible electrochemical cycle at E1/2 = -1.8 V 

versus ferrocene. This work expands the 3, 4-propylenedioxythiophene structural family of 

polymers, and provides a foundation for the use of aryl substituents as a means of controlling 

order in conjugated polymers.  
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CHAPTER 1 
INTRODUCTION 

The Macromolecular Theory and Conjugated Polymers 

No material has had a greater impact on modern than life than polymers, and synthetic 

organic chemistry has been a significant component in the growth of polymer science.   

Prior to the First World War, macromolecular molecules were commercially available, but 

not fully characterized.  Staudinger first proposed the idea of a macromolecular structure.1  In the 

1930’s, Wallace H. Carothers began the work that would lead many to call him the father of 

synthetic polymer chemistry.  He successfully defined the basic concepts of polymer structure 

from its starting materials.2,3   He surmised that polymer materials could be obtained from 

multifunctional monomer molecules through known synthetic organic chemistry, and the unusual 

stability of macromolecules was due to the primary covalent bonds within the molecule.3  This 

work led to the commercialization of Nylon-66, which was so successful that it was rationed 

during the Second World War.  Now, one can find polymers in diverse applications such as 

automotive materials,4 pharmaceuticals,5 coatings,6 and electronics such as semiconductors,7 

batteries,8 and devices.9  The importance of these electronics has resulted in the scientific pursuit 

of conjugated, electroactive polymer materials, commonly called “conducting polymers.”  

Conducting polymer research exploded in the late 1970s due to the discovery of the 

electronic properties of doped polyacetylene.10 

*
*

*
***

H
N S** *

n
*

n n

n
n  

Figure 1-1.  Structures of some conjugated polymer classes: polyacetylene, polypyrrole, 
polythiophene, polyphenylene, and polyphenylene vinylene. 
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That discovery has produced academic research, industrial products, and a Nobel Prize based on 

the electronic and optical properties of these conjugated organic materials (Figure 1-1).11 

Conjugated polymer devices such as light emitting electrochemical cells, a combination of 

luminescent and ion conductive polymers with a salt between transparent electrodes, have been 

developed to compete with polymer based light emitting diodes.12  Both assemblies produce light 

upon application of voltage, however, LECs have lower turn-on voltages due to the included salt.  

This suggests LECs might be more useful in low power applications.  Conjugated polymers have 

also become a foundation for the development of chemical sensors.13  Conjugated polymer 

sensors respond to analytes based on changes in the polymer’s conductivity, absorption, and 

fluorescence.  Biosensor applications have been studied extensively14 in response to both 

military and medicinal needs.  Another unique application is the development of polymer 

batteries15,16 and capacitors.17  In these devices, the redox nature of conjugated systems 

accommodates ion exchange within the solid state medium.  Conjugated polymers are envisioned 

as providing both ionic and electronic transport while reducing the complexity in these systems.  

“Conducting polymers” should have a long research lifespan to provide intense academic and 

commercial interest.   

The fundamentals of conjugated polymers have been extensively reviewed in the primary 

chemical literature. Additionally, the dissertations of Carl Gaupp,18 Dean Welsh,19 Ben Reeves,20 

Barry Thompson,21 and Avni Argun22 provide a fascinating examination of the ideas that 

underpin the field.  Here, we will focus on the sub-discipline of soluble conjugated synthetic 

methods. The necessary fundamental aspects will be illuminated, but the focus of this chapter 

will be the synthesis and characterization of soluble conjugated polymers. 
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Soluble Conjugated Polymers 

Sustained research effort has been directed towards increasing the solubility of conjugated 

polymers (Figure 1-2). The initial discoveries in “conducting polymers” involved insoluble, 

intractable polymer films, usually obtained in their doped states. The root cause of this 

insolubility is the inherent extended π-conjugation in “conducting” polymers, which results in 

rigid-rod type polymers.23  Beginning with poly(p-phenylene), significant intellectual capital has 

been directed towards increasingly soluble and processable conjugated polymers.24  

O

O (CH2)2

SO3K

O

O

O
O

O
O 3

3

n

n

 

Figure 1-2. Two examples of soluble conjugated polymers.  Poly[2-methoxy-5-
propyloxysulfonate-1,4-phenylenevinylene]25 and Poly[5-dodecyloxy-2-(2-{2-[2-(2-
methoxy-ethoxy)-ethoxy]-ethoxy}-1-{2-[2-(2-methoxy-ethoxy)-ethoxy]-
ethoxymethyl}-ethoxy)-4,40-dimethyl-biphenyl].26 

Most approaches use flexible alkyl side-chains to induce disorder and prevent π-stacking.  

Ionic groups have provided water solubility.25  Oxyethylene and crown ether derivatives can be 

used to induce conformational changes in the polymer backbone.  These ionochromic polymers 

have their effective conjugation lengths decreased.26  Soluble analogues of both poly(phenylene 

vinylene) and polythiophene have led to the development of all polymer devices, especially in 

the fields of electroluminescence,27 electrochromism,28-30 and photovoltaic7 devices.   Soluble 

polymer devices have enabled significant understanding of hole and electron transport properties 

through the development of organic field effect transistors.31,32  Thus, the synthetic organic 

chemistry is nearly as significant as the physical organic chemistry in conjugated polymers. 
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Soluble conjugated polymers allow for more complete characterization via traditional 

methods.  Structural repeat units can be unambiguously defined, and polymer properties can be 

studied via gel permeation-size exclusion chromatography, differential scanning calorimetry, and 

thermogravimetric analysis.33  Aspects such as morphology and its effect on conductivity, 

luminescence, and transport can also be studied.34,35 At the core of the soluble polymer approach 

are two distinct polymerization methods: the simple, effective oxidation approach and the more 

chemically elegant transition metal-mediated approach.  These two methods have allowed 

increased levels of structural control through organic chemistry. 

Chemical and Electrochemical Oxidative Polymerization 

 The fundamental chemical process in oxidative polymerization is the generation of a 

radical cation.36  As opposed to the doping process, the radical produced during polymerization 

is reactive and undergoes sequential radical-radical coupling (Figure 1-3). A stable free radical is 

generated on the monomer molecule; however, the aromaticity of the monomer is compromised.  

The restoration of aromaticity becomes the driving force for coupling between nearby radical 

molecules. The result of multiple coupling reactions is the desired conjugated polymer.   

S S S S S SH

H

S S[Ox]

[Ox] S S S S
S

S

H

H

S
S

S

 

Figure 1-3. Mechanism of radical-radical coupling in polythiophene. 

This process is effected by the application of sufficient potential via electrochemistry, or 

the use of a chemical oxidant such as iron trichloride (FeCl3)37 or antimony pentafluoride 

(SbF5).38 In either case, the resulting polymer is more easily oxidized than the initial monomer 
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heterocycle, resulting in the doped polymer form.  In the case of thiophene a phenomenon known 

as the “thiophene paradox,” must also be considered.36,39 During electrodeposition, care must be 

taken to avoid performing the monomer oxidation at a potential which significantly over-

oxidizes the produced polymer. Chemical oxidative polymerizations follow a similar path 

mechanistically in addition to side reactions that satisfy the catalytic or stoichiometry 

requirements of the chosen oxidant. Oxidative methods are useful to obtain polymer quickly. 

However, the lack of tolerance to functional groups and high reactivity prohibits study of more 

complex conjugated systems.  Therefore, more chemically tolerant polymerizations have been 

developed. 

Transition Metal-Mediated Polymerization 

Concomitant with the growth of conjugated polymer research has been the development of 

organometallic cross-coupling reactions.  This is especially true for aryl carbon-carbon bond 

formation.40  The generation of sp2 C-C bonds directly from aromatic starting materials has 

provided a route to new chemical structures.  That the method is useful for aromatic molecules 

has been especially beneficial for conjugated polymer research.  Transition metal-mediated 

cross-coupling methods react aromatic halides with certain non-metals under the influence of a 

transition metal complex.  These reactions allow the use of easily available starting materials to 

produce molecules with significantly higher complexity.  The reactions can tolerate multiple 

functional groups, and the products are often easily isolated and purified.  The overall reaction is 

the sum of several specific component reactions (Figure 1-4).  In polymerization reactions, these 

individual component reactions repeat multiple times to achieve high molecular weight 

macromolecules.  The most important reactant is the transition metal catalyst chosen to perform 

the metal-mediated cross-coupling reaction. 
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Figure 1-4.  Generalized catalytic cycle for transition metal mediated cross coupling. M is the 
catalytic metal complex, and RX is the aryl halide component, R’M’ is the 
organometallic reagent. 

 The catalyst transition metal operates from its 16 or 14 electron configuration, using the 

highest energy d and s orbitals.  As a 16 electron species, most transition metal complexes are 

unstable, or highly reactive, so they are stored as 18 electron compounds.41  The metal undergoes 

a preliminary reaction in which some of the starting material is consumed to produce the 

activated metal species.  In the next step, the metal inserts itself into the aryl halide bond, known 

as oxidative addition.  The new organometallic reagent then undergoes a ligand exchange 

between the metal center and the non-metal aromatic molecule.  This step is known as 

transmetallation, and may be extremely sensitive to additives in the reaction medium, as seen in 

the Suzuki cross-coupling.  Reductive elimination, the essential key of bond making, follows.  It 

involves a return of the catalyst metal to a zerovalent oxidation state, and the disassociation of 

the two aromatic ligands to form a new C-C bond.  The metal catalyst is now ready to re-enter 

the reaction process, completing the catalytic cycle. Ideally, the process continues until all 

starting material is consumed.  However, most metal catalysts have a finite limit of reaction 

capability, often expressed as a turnover number. This is the number of moles of reactant 

substrate that a mole of catalyst converts before dying.42   
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The transition metal cross-coupling mechanism translates well to polymerization 

chemistry. The polymerization reaction maintains the chemical specificity seen in the small 

molecule analogues.43  Conveniently, this has meant the prevention of undesirable reactions, 

such β,β’-coupling in polythiophene.44  Such chemical defects often lead to significant losses in 

the desired electronic and optical properties.45   Conjugated polymer applications require that 

purification of the final polymer be high.  Un-removed catalyst can have deleterious effects to 

electronic properties and conjugated polymer device performance. 

While any transition metal method can be applied, great success has been achieved using 

the approaches developed by Stille, Suzuki, Rieke, Kumada, Yamamoto, and McCullough.  

Mechanistically, these methods closely follow the general cycle (Figure 1-4), however the 

identity of the organometallic reagent, or the active transition metal complex changes.  Various 

palladium and nickel catalysts have been developed, such as Pd(PPh3)4, PdCl2(PPh3)2, Pd(o-

tolyl)3, NiCl2, NiCl2(dppp), and NiCl2(PPh3)2.  Also, the nonmetal species undergoing 

transmetallation can be zinc, tin, boronic esters, and especially, Grignard reagents. These 

individual methods will be discussed in greater detail. 

A significant advantage of employing known synthetic organic chemistry is functional 

group specificity.  Reactions occur only between compatible functional groups.  In the case of 

aromatic and heteroaromatic systems, all functional groups are not created equal. Due to either 

steric or electronic constraints within the monomer, the resulting repeat unit, and its local 

stereochemistry, may greatly affect the electronic or optical performance.  In traditional polymer 

science, the organization of side chains due to steric effects is called tacticity.  Even though 

polymer repeat units are structurally equivalent, the relative stereochemistry between adjacent 

repeat units and substituents can vary greatly.   
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Sighting down the main chain backbone, substituents may be arranged such that they lie 

all to one side of the backbone, or alternate sides of the backbone, or have some indeterminable 

position along the backbone.  These stereoisomers (Figure 1-5) are called isotactic, syndiotactic, 

and atactic, respectively.  Adjacent repeat units may also show a preference for configuration, 

called regioregularity. Regioregular polymers are often described as having head-to-tail, head-to-

head, and tail-to-tail configuration (Figure 1-6). 

R R R R R R R R R RR R

isotactic syndiotactic atactic  

Figure 1-5. Tacticity in generalized pentads. 
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Figure 1-6. Regioisomers in 3-akylthiophene diads. 

Conjugated polymers with primarily H-T configurations throughout the polymer 

backbone have demonstrated improved conductivity, hole mobility, and device performance over 

regiorandom and regioirregular analogues.27,32,45 These configurations allow for greater orbital 

overlap by eliminating steric congestion due to substituents.46  Transition metal synthetic 

methods control the polymer regiochemistry because of the functional group specificity of cross-

coupling reactions.  Transition metal methods also allow the polymer morphology to be 
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controlled via incorporation of differing repeat unit precursors.47  The synthesis of regioregular 

conjugated polymers is a significant aspect of soluble conjugated polymers. 

Polymerization Mechanisms 

Stille Cross-Coupling 

The Stille reaction (Figure 1-7) has developed into an invaluable synthetic technique for 

the conjugated polymer organic chemist.48  Its utility goes beyond polymerization, as it is often 

used to construct multi-ring monomers for electrochemical polymerization studies.49  In 

polymerization, its advantage is that starting materials can be synthesized and purified 

separately. The stannyl reagent is also stable to air and moisture, simplifying the handling of 

monomer compounds.  The Stille reaction allows synthetic chemists to design polymers with 

multiple aromatic rings in the repeat unit.50   
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Figure 1-7. Mechanism of the Stille coupling.51 

Classically, one reactant is synthesized as an aryl halide or triflate.  This is the reaction 

electrophile and undergoes the initial oxidative addition step.  In most systems, the halide will be 

placed on the more electron poor monomer.  Low electron density is thought to encourage the 

oxidative addition step in conjugated polymer synthesis.50  Conversely, the more electron rich 

co-monomer is usually converted to the trialklstannane reageant.  The reagent acts as the 

nucleophile in the organometallic reaction and undergoes heterolytic cleavage to lose R3Sn+.51 
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The stannane is significant to the transmetallation step. While several exceptions have been 

reported, it is accepted that the transmetallation process is the rate determining step of the Stille 

catalytic cycle.  The reaction is complete when the newly formed Ar-Ar bond is produced by 

reductive elimination.  The catalyst, a palladium[0] complex, re-enters the cycle to add 

subsequent monomer molecules. This suggests to the organic polymer chemist that the reaction 

should follow traditional step-growth kinetics, resulting in very low molecular weight until 

monomer conversion to polymer has passed 99%.52  Stille polymerizations have recently been 

used to produce very low gap polymers having an estimated band gap of 0.7 eV.53 

Suzuki Cross-Coupling 

A close cousin of the Stille coupling, the Suzuki reaction is also a palladium catalyzed 

reaction.54  (Figure 1-8) Boronic acids and esters serve as the organometallic reagent that 

undergoes transmetallation to the pallado-aryl-halide.  Similarly, these boronic esters are 

relatively easy to handle and purify.   
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Figure 1-8. Mechanism of the Suzuki cross-coupling. 

The selections of halide and organoboron species involve electronic considerations, vis-à-

vis electrophile-nucleophile interactions. More importantly, Suzuki-type polymerizations allow 

the polymerization of single monomers which have both the halide and organoboron functional 

groups.55  In the language of polymer chemistry, these difunctional molecules are referred to as 

AB-type monomers.  AB monomers obviate the concerns for perfect stoichiometric balance due 



 

28 

to the inherent balance provided by having both functionalities on a single monomer compound.  

Perfect stoichiometry can be achieved by converting aryl halides into the desired boronic acid or 

ester (Figure 1-9).   

ArX X

Conversion
to Boronate Ar

X(RO)2B

Suzuki
 Polycondensation

Ar* *n  

Figure 1-9. Generation of AB-type monomer for Suzuki polymerization. 

The aryl halide is singly lithiated and converted via reaction with trimethylborate.56 The 

boronic acid is produced upon work up, and subsequently esterified using any desired alcohol 

derivative.  Unlike the Stille reaction, several drawbacks limit the application of Suzuki 

polycondensation in conjugated polymer synthesis.  The Suzuki reaction is heavily influenced by 

the nature of the base added to encourage the transmetallation of the boronic esters.54  As the 

reaction progresses, the esters may hydrolyze completely away from the aromatic molecule, 

preventing continued polymerization.57  Another phenomenon was observed during the synthesis 

of poly(p-phenylene).  A side reaction occurs between the aromatic rings of the phosphorus 

ligand of the palladium catalyst.  In this case, the aromatic ring on the growing polymer chain 

exchanges with the aromatic ring of the triphenylphosphine ligand when both species are part of 

the palladium intermediate.  This leads to conjugation-breaking defects or growth-killing 

diphenylphosphine endgroups.58  Both defects reduce the polymers’ π-conjugation, and 

phosphorus may destroy the photophysical processes. This defect can be avoided by use of (tri-o-

toluyl)phospine rather than triphenylphosphine as a ligand on the palladium[0] catalyst.59   

Currently, Suzuki polymerizations are the method of choice to produce water soluble polymers,60 

as well as polyelectrolyte synthesis.25 
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Yamamoto Cross-Coupling 

Palladium catalyzed methods described above represent the current interest in more robust 

syntheses.  However, the history of metal mediated coupling lies with nickel catalysis.  

Described as a dehalogenation condensation reaction, the Yamamoto coupling has developed 

from the initial success of the Kumada coupling reaction (Figure 1-10).61, 62   The Yamamoto 

coupling distinguishes itself due to its use of a zerovalent nickel complex as the catalyst species.   
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Figure 1-10. Yamamoto coupling via zerovalent nickel catalyst. 

The reaction is improved by cis-bidentate ligands on the nickel center, as those ligands 

allow the reductive elimination step to proceed much more easily.  Mechanistically, there is 

some divergence between the nickel zero catalysis and other cross-coupling reactions.  The 

Yamamoto coupling does not involve a transmetallation step because the coupling occurs 

between two aromatic dihalides.  After the oxidative addition step, two arylnickel halides 

undergo a disproportionation reaction.63  The result of this step is the transfer of one of the aryl 

groups to give a bisarylnickel halide.  Reductive elimination then occurs to give the coupled 

aromatic halide and zerovalent nickel.  The other nickel center is converted to its dihalide.  The 

reaction has been applied in polyphenylenes,64 polythiophenes,65 polypyridines,62 and electron 

poor aromatic polymers such as 2,3-diarylquinoxaline,66 phenanthroline,67 and bithiazole.68  In 

its initial reports, an increase in head to head coupling over oxidative polymerization in 
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polythiophene was observed.  The 5-position of 3-alkylthiophene is less sterically hindered, 

which is thought to ease the oxidative addition step.  The method has been extended to chiral 

substituted arylenes,64 post-polymerization reactive materials such as a poly(benzotriazole) 

substitituted with carbazole,69 and polypyrroles.70 

Kumada Cross-Coupling 

Before the Yamamoto, Suzuki, and Stille couplings, transition metal cross-coupling 

reactions tended to be very specific and lacked broad applicability to many chemical compounds.  

The development of the Kumada cross-coupling paved the road to the coupling methods 

previously discussed.71  Two reports in 1972 demonstrated the coupling of an aryl halide with 

Grignard reagents.72  Catalyzed by a nickel-phospine complex, the synthesis of trans-stilbenes, 

ethylbenzene, and dibutylbenzene was shown.  These results spurred the development of 

transition metal mediated reactions.  Kumada’s extensive review in 1980 outlined the catalytic 

cycle view of organometallic mechanisms (Figure 1-11).73   
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Figure 1-11. Mechanism of the Kumada coupling circa 1980.73 

An induction period where the Ni(II) starting material is converted to an organohalo Ni(0) 

complex was suggested.  During the induction period, two equivalents of aryl Grignard reagent 

exchange with the halogens on the Ni(II) complex.  The resulting bisorgano nickel complex then 

adds the organiohalide to obtain an organohalo nickel(II) complex.  The final complex then 
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enters a catalytic cycle involving transmetallation, association of another molecule of 

organohalide, and reductive elimination of the cross-coupled product.  By 1986, the reaction was 

represented as a radical chain process involving an equilibrium between Ni(I) and Ni(III) (Figure 

1-12).74  
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Figure 1-12. Mechanism of the Kumada coupling circa 1987.74 

The cycle was initiated by an electron transfer to the aryl halide, or electrochemically, to 

give an organohalo Ni(III) complex.  This Ni(III) undergoes transmetallation with the Grignard 

or organozinc regeant.  Reductive elimination from the bisorganohalo Ni(III) gives the cross-

coupled product.  This secondary mechanism appears to be operable on π-allyl or aryl 

complexes, with the 1980 mechanism more applicable to 1° or 2° alkyl Grignard reagents. 

The effect of phosphine ligands on the catalytic activity of nickel has been studied 

thoroughly.73,74  Diphenylphosphino propane (dppp) is the ligand of choice for unhindered alkyl 

and aryl Grignard reagents.  Allylic and vinylic Grignard reagents proceed more smoothly with 

dimethylphosphino ethane (dmpe), which is an electron donating ligand.  Sterically hindered 

Grignard reagents proceed with two simple triphenylphosphine ligands.  Phospine-free Ni salts 

have also been shown to give cross-coupled products with aryl Grignard regeants. The reaction 

has also been applied to asymmetric cross-coupling.75 
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  As time passed, the Kumada coupling was modified to replace the Grignard reagent with 

zinc, boron, and tin organometallic species, and palladium replacing nickel as the catalytic metal.  

The application of palladium was noted due to its greater tolerance for functional groups, and 

fewer side reactions which were plentiful with nickel catalysis.71  Those improvements have 

resulted in the wealth of cross-coupling methods available for the synthesis of conjugated 

polymers. However, nickel-mediated methods have found renewed interest through the 

development of regioregular conjugated polymers. 

Rieke Cross-Coupling 

The use of activated zinc to produce regiogregular polymers has been developed by 

Reuben Rieke.76,77 The production of “highly reactive” zinc from the reduction of ZnCl2 by 

lithium naphthalide produces a metal which undergoes oxidative addition to halides easily.78  In 

the case of polythiophenes, this oxidative addition occurs predominately at the 5 position, with 2-

bromozinc-5-bromothiophene occurring (Figure 1-13). The regioselectivity is approximately 

97-98%.79   
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Figure 1-13. Regiospecific oxidative addition of activated Zinc in the Rieke coupling.77 

Both the choice of metal and the ligand involved affect the regioselectivity observed.  The 

reaction is catalyzed by both nickel and palladium, with the latter leading to decreased 

regioregularity.  The transmetallation/disproportionation steps are rate-determining. The larger 

metal ion and smaller ligand produced regiorandom polythiophenes in any combination.  The 

Rieke method is sensitive to the steric congestion in the catalyst-thiophene complex.  
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McCullough Cross-Coupling and Grignard Metathesis 

 The development of polymerization methods that produce regioregular polymer 

structures is a significant aspect of conjugated polymer research.80  Some of the initial 

approaches to regioregular polythiophenes involved the polymerization of dimer molecules.  In 

these cases, the head-to-head or tail-to-tail dimer was synthesized separately.  A head-to-head 

bithiophene was produced by self-coupling a 2-iodo-3-alkylthiophene using a Ni(0) catalyst.46  

When compared to oxidatively produced polythiophene, the regioregular head-to-head polymer 

showed an increased band gap, likely due to steric repulsion.  Tail-to-tail analogues were also 

synthesized, showing strong regioregularity and increased band gap.81  Recently, these types of 

regioregular systems have been studied for use in photovoltaic devices.82  The remaining 

regioregular system, head-to-tail, has provided the bulk of research interest.  This was first 

delineated by the McCullough group (Figure 1-14).   
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Figure 1-14. Regioregular poly(3-alkylthiophene) via the McCullough method.80 

A polythiophene of near 100% head-to-tail couplings was produced by Kumada coupling 

of 2-bromo-3-alkyl-5-magnesiobromo-thiophene.45  The Grignard reagent is introduced 

regiospecifically through the lithiation of 2-bromo-3-alkylthiophene.  Lithium diisopropylamide 

is used because it does not perform metal-halogen exchange.83  Subsequent reaction with 

magnesium dibromide etherate gave the desired Grignard reagent.  This method is currently used 

in the synthesis of non-alkyl substituted thiophenes.  Iraqi has synthesized both ferrocene84 and 

anthraquinone85 derivatives via the McCullough regioregular polymerization.  The Rieke 

method, described above, also produces head-to-tail polythiophenes.79  However, the 
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McCullough method avoids the regioregularity controlling isomers present in the Rieke method.  

McCullough has expanded the chemical synthesis of polythiophenes via Grignard 

Metathesis.86,87 

Grignard Metathesis (GRiM) involves the magnesium-halogen exchange between a thienyl 

halide and an alkyl Grignard reagent (Figure 1-15). The exchange occurs with a regiospecificity 

of approximately 80:20 in favor of the 5-position of 3-alkylthiophene.   
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Figure 1-15. Dyads produced by regioisomers during Grignard Metathesis. A) Coupling of both 
regioisomers gives mostly head-to-tail polymer with a single defect.  B) Self-coupling 
of minor regioisomer gives head-to-tail polymer. C) Self-coupling of major 
regioisomer give head-to-tail polymer. 

The 20% 2-substitution results in a polymer chain with a single defect, but otherwise gives 

the desired head-to tail polythiophene.  GRiM has been applied in the synthesis of various 

functional polythiophenes, including chiral,88 solvatochromic,89 and photovoltaic90 polymers.  

The key advantage of GRiM is that it allows for the production of larger amounts of regioregular 

polymer.  That the reaction can be performed at ambient or reflux temperature is an additional 

improvement above other polymerization methods.  There has been vigorous debate into the 

polymerization mechanism of the GRiM reaction.  Since the catalyst is often NiCl2(dppp), it was 

presumed to follow a catalytic cycle similar to the Kumada coupling, which was presumed to be 
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a step growth-type mechanism.87  This is due to the observed broad polydispersities, and 

uncontrolled molecular weights. However, Yokozawa suggested that GRiM actually proceeds by 

a chain growth process.91 In the reaction of 2-bromo-3-hexyl-5-iodothiophene with isopropyl 

magnesium chloride and 0.4 mol % NiCl2(dppp) head-to-tail poly(3-hexylthiophene) was 

produced with a conversion profile of  50% after 15 minutes, 75% after 1 hour, and 93% in 1 

day.  From gel permeation chromatography of the crude polymer, it was determined that a PDI of 

~1.3-1.4 persisted throughout the polymerization.  The addition of “new” monomer was also 

added to a pre-polymer sample of poly(3-hexylthiophene).  This “monomer-addition” 

experiment resulted in the doubling of the molecular weight from 8900 to 17200 and no change 

in the PDI of 1.34.92  Yokozawa proposed two possible mechanisms:  1. the carbon-metal bond 

in the monomer suppresses oxidative addition of the nickel catalyst93 or 2. the nickel catalyst 

fails to diffuse away from the growing polymer chain end via coordination to the π bond or 

sulfur lone pair.  McCullough confirmed that the older magnesium dibromide etherate method 

proceeded via a chain growth mechanism by producing block copolymers from the ends of head-

to-tail polythiophenes.94  Later, it was suggested that the polymer chain exists as an associated 

pair with the nickel complex after reductive elimination.95 Yokozawa further proposed the 

“catalyst transfer polycondensation” model (Figure 1-16) with the nickel catalyst moving to the 

end of polymer chain, but never disassociating from the polymer.96,97   
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Figure 1-16. Yokozawa’s proposed Catalyst Transfer Polycondensation mechanism.97 
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McCullough has continued to demonstrate the living or near living nature of GRiM by 

performing various end functionalization of the monomers, 98 and sequential monomer 

addition.99 These nickel catalyzed methods will be essential in the development of soluble 

conjugated polymers, especially as these materials incorporate greater chemical functionality.  

The tolerance to functional groups, regiospecificity, control of molecular weight, and scalability 

will provide conjugated polymer chemists with very impressive to tools to generate polymers for 

increasingly complex applications. 

Electronic Effects in Conjugated Polymers 

Conjugated polymers are interesting due to the electronic and optical properties that result 

from the extended π system in conjugated aromatic systems.  These properties are intimately 

associated with the polymer’s molecular weight.100  Conjugated polymers can be represented as a 

series of concatenated p orbitals.  As two p orbitals form a π bond in small molecules, multiple p 

orbitals produce extended π electron density in conjugated polymers.101  This is illustrated in 

polyacetylene.  As the p orbitals combine into conjugated systems, polyacetylene undergoes a 

geometric distortion rather than producing a macromolecule of single bond length.  The 

distortion is similar to a Pierl’s distortion and produces two types of electron density within the 

conjugated macromolecule.102  The π system splits into an unfilled, higher energy orbital and a 

filled, lower energy orbital.  While more closely related to the lowest unoccupied molecular 

orbital (LUMO) and highest occupied molecular orbital (HOMO) of frontier molecular orbital 

theory, these orbitals can be interpreted in the solid state physics constructs of valence and 

conduction bands.  The separation between the two orbitals is called the band gap, and 

determines the ease of access to the polymers’ electronic properties.103  The size of the band gap 

relates to electronic performance, with no band gap being a conducting species, band gap less 
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than 3 – 4 eV being a semiconductor, and band gap greater than 3 – 4 eV being an insulator.   

The band gap also controls a conjugated polymer’s optical properties, as it serves as the π−π* 

transition.  The control and modification of band gap is a significant portion of conjugated 

polymer research.104-107 

Doping and Optical Properties 

Access to the electronic and optical properties in conjugated polymers is granted via 

doping.  Doping is the creation of charge within the extended π system. This may occur by 

removing or adding a single electron along the polymer chain.  These oxidation and reduction 

events may occur on multiple regions along the chain.  Doping may be performed by several 

methods with specific applications (Table 1-1). 

Table 1-1. Applications and method of doped conjugated polymers   
Method Counter-ion Application 
Chemical Supplied by dopant compound Antistatic coatings, 

transparent electrodes 
Electrochemical Supplied by supporting 

electrolyte 
Batteries, light emitting 
electrochemical cells 

Metal-Polymer junction None FETs, LEDs 
Photochemical None; donor-acceptor charge 

transfer 
Photovoltaic devices 

 

Chemical and electrochemical doping usually involves the transport of a counter-ion throughout 

the bulk polymer.  Methods that do not involve counter-ions have received significant attention.  

Field effect transistors, photovoltaic devices, and light emitting diodes all involve charge 

creation in neutral polymers.  The ultimate result of doping is the generation of electronic states 

within the band gap region.108  The singly doped state is called a polaron, and can be construed 

as a radical cation which rearranges the neutral aromatic structure to a quinoidal system.  A 

second oxidation produces a bipolaron, or di-cation. These intra-gap states are responsible for the 

optical and electronic properties of conjugated polymers.  The band gap can be viewed as a π−π* 
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absorption in the electromagnetic spectrum.  Upon doping, this absorption shifts to lower energy.  

The effects of these changes are the basis for the polymer devices developed today. 

Electrochromism 

Chromism is the reversible change in the color of a material due to some stimulus. Most 

chromic phenomena are the result of conjugation breaking conformational changes in the 

polymer, which can be induced by solvent, temperature, and absorption of light.109  More useful 

is electrochromism.110  This is the reversible change in the absorption or transmission properties 

due to an external voltage.  In addition to conjugated polymers, electrochromism has been shown 

in inorganic oxides,28 viologens,34 and nanoparticle-metal oxide composites.111  Electrochromic 

materials can be classed according to their color states (Figure 1-17). Materials may transition 

between a colored and bleached state, between two color states, or between multiple color states.  
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Figure 1-17.  Polythiophenes having multiple color states. PBEDOT-NMeCz = Poly(bisEDOT-
n-methyl carbazole) has three color states: sky blue, green, and yellow.  PBEDOT-BP 
= Poly(bisEDOT-biphenyl) has two color states: navy blue, and light brown. LPEB = 
Linear poly(EDOT-benzene) has three color states: blue, green, orange.112 

Color control can be achieved synthetically by substitution of the polymer repeat unit.112  

Adding electron withdrawing or donating substituents affects the HOMO and LUMO energy 

levels and the polymer band gap.  Substituents can also be used to affect the conformational 
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properties of the polymer.  Similar to ionochromic polymers discussed earlier, the effective 

conjugation length is modified due to the steric requirements of substitution. 

Copolymerization is another means to control color states.  The incorporation of differing 

aromatic groups, some heterocyclic, typically results in a hybrid electronic system.  This is 

especially seen in systems which use the donor-acceptor approach.106,113   

The perception of color is inherently subjective.  Therefore, effort has been made to 

standardize the measurement and representation of color in science.  The result has been the 

definition of three components,114 which have been used to quantify electrochromic materials.  

Hue, also called dominant wavelength or chromatic color, is the specific wavelength of light 

associated with an observed color.  Saturation, also called chroma, tone, intensity, or purity, 

describes the level of white or black observed.  Finally, brightness is also referred to as value, 

lightness, or luminance.  These attributes are most often reported against the The Commission 

Internationale de l’Eclairage (International Commission on Illumination) scale, in particular the 

CIE 1931 Yxy.  In this system, luminance is represented by Y, while hue and saturation 

correspond to x and y.  Yxy values can be converted to a 2-D plot with predictive function for the 

colors observed in a material.   

The quality of electrochromic polymers is measured with several methods.  The most 

significant feature of electrochromic materials is the contrast between the colored and bleached 

states, usually corresponding to neutral and oxidized polymer.  This contrast is usually given as 

the change in percent transmittance at the wavelength of highest optical contrast.  However, it is 

also instructive to follow the change in color with applied potential.  In those cases, the ratio of 

polymer luminance to purely transmissive luminance versus voltage can be recorded in a process 
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known as in situ colorimetry.112 Relative luminance measures the perception of brightness with 

respect to the human eye.115  

A second measure is the switching speed of the material.  The time that passes between 

colored and bleached states is significant for dynamic applications which may use the material as 

an on/off marking system.   The electrolyte ionic conductivity, diffusion ability of ions to the 

polymer chain, and applied potential magnitude all affect the switching speed.  The thickness and 

morphology of thin films also strongly influences the switching time.   

The third measure of electrochromic quality is the coloration efficiency, sometimes called 

electrochromic efficiency.  CE can be used to determine the change in optical density due to 

amount of charge transport through an electrochromic polymer.   Typically reported as η in 

cm2/C, the measurement is performed at a specific wavelength, recording the bleached and 

colored transmittance. In this document we will use composite coloration efficiency, which 

captures the overall optical density change for a near complete optical switch.116  Reviews of 

devices which use electrochromism can be found in the primary literature.117 

Thesis of this work 

This work presents the synthesis and characterization of a series of poly(3,4-

akylenedioxythiophene)s.  In Chapter 3, two polymers with medium length alkoxy chains will be 

studied.  These compounds will be compared to prior alkoxy ProDOTs to complete the family of 

linear, soluble, alkoxy ProDOT polymers.  Chapter 4 begins the incorporation of aryl 

substituents into dioxythiophene polymers.  The compounds are expected to demonstrate that 

aryl groups can control the ordering of dioxythiophene polymers while maintaining the desirable 

optoelectronic properties.  Electrochemical deposition will be used to prepare these polymers, 

and the effect of aryl substitution on the electrochromic properties will be characterized. Chapter 
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5 will attempt to produce materials with an electroactive process separate from the main 

dioxythiophene chain.  The emphasis will be placed on the synthesis and characterization of 

these materials as foundation to extend the family of poly(3,4-aklyenedioxythiophene) polymers. 
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CHAPTER 2 
OVERVIEW OF EXPERIMENTAL METHODS 

Monomer Characterization 

All compounds were characterized by 1H and 13C NMR and high resolution mass 

spectrometry. Spectra were recorded on a Gemini 300 FT-NMR, a VXR 300 FT-NMR, or a 

Mercury 300 FT-NMR. Elemental analyses were performed by Spectroscopic Services at the 

University of Florida, Department of Chemistry.  High resolution mass spectrometry was 

obtained by Spectroscopic Services at the University of Florida, Department of Chemistry using 

either a Finnigan MAT95 Q Hybrid Sector, an Agilent 6210 time-of-flight LC/MS, or a 4.7T 

Bruker Bioapex II Fourier Transform Ion Cyclotron Resonance mass spectrometer equipped with 

a Bruker Apollo API 100 source.  Typically, the method of introduction to the spectrometer was 

electrospray ionization or direct infusion with Harvard Apparatus PHD 2000 Injector. 

General Synthesis 

All chemicals were used as purchased, or purified according to standard procedures.118  

Specific experimental details are presented at the end of each chapter. 

X-ray Spectroscopy 

X-ray information was obtained by the Center for X-ray Crystallography at the University 

of Florida, Department of Chemistry.  Data were collected at 173 K on a Siemens SMART 

PLATFORM equipped with A CCD area detector and a graphite monochromator utilizing 

MoKα radiation (λ = 0.71073 Å).  Cell parameters were refined using up to 8192 reflections.  A 

full sphere of data (1850 frames) was collected using the ω-scan method (0.3° frame width).  The 

first 50 frames were re-measured at the end of data collection to monitor instrument and crystal 

stability (maximum correction on I was < 1 %).  Absorption corrections by integration were 

applied based on measured indexed crystal faces. 
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 The structure was solved by the Direct Methods in SHELXTL6, from Bruker-AXS, 

Madison, Wisconsin, USA, and refined using full-matrix least squares.  The non-H atoms were 

treated anisotropically, whereas the hydrogen atoms were calculated in ideal positions and were 

riding on their respective carbon atoms.   

For ProDOT-(OPh)2, The asymmetric unit consists of four half molecules; all molecules 

are located on 2-fold rotation axes.  A total of 473 parameters were refined in the final cycle of 

refinement using 5525 reflections with I > 2σ(I) to yield R1 and wR2 of 3.92% and 8.58%, 

respectively.  Refinement was done using F2. 

For ProDOT-(OPhMe)2, The asymmetric unit consists of a 1.5 molecule and a molecule of 

dioxane. The latter was severely disordered and could not be modeled properly, thus program 

SQUEEZE,119 a part of the PLATON120 package of crystallographic software, was used to 

calculate the solvent disorder area and remove its contribution to the overall intensity data.  A 

total of 380 parameters were refined in the final cycle of refinement using 5632 reflections with I 

> 2σ(I) to yield R1 and wR2 of 4.14% and 10.71%, respectively.  Refinement was done using F2. 

For ProDOT-EB, The methyl group on C26 is disordered and is refined in two parts with 

their site occupation factors dependently refined.  A total of 328 parameters were refined in the 

final cycle of refinement using 15901 reflections with I > 2σ(I) to yield R1 and wR2 of 4.71% 

and 12.17%, respectively.  Refinement was done using F2. 

For ProDOT-(OC6F5)2, a total of 325 parameters were refined in the final cycle of 

refinement using 6414 reflections with I > 2σ(I) to yield R1 and wR2 of 3.61% and 10.25%, 

respectively.  Refinement was done using F2. 
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  The toluene molecule were disordered and could not be modeled properly, thus program 

SQUEEZE,119 a part of the PLATON120 package of crystallographic software, was used to 

calculate the solvent disorder area and remove its contribution to the overall intensity data. 

Polymer Characterization 

All polymers were characterized by 1H and 13C NMR on a Gemini 300 FT-NMR, a VXR 300 

FT-NMR, or a Mercury 300 FT-NMR 

Gel Permeation Chromatography-UV/VIS 

GPC was performed on two 300 x 7.5 mm Polymer Laboratories PL Gel 5 µM mixed-C 

columns with a Waters 2996 photodiode array detector at the λmax of the polymer solution.  

Polymer solutions (0.5 mg/ml) were prepared in THF, and the retention times were calibrated to 

known polystyrene standards. 

Differential Scanning Calorimetry/Thermogravimetric Analysis 

Thermogravimetric analysis was obtained with a Perkin-Elmer TGA 7 thermogravimetric 

analyzer at a heating rate of 20 °C/min from 55 °C to 850 °C under nitrogen. 

Differential Scanning Calorimetry (DSC) was performed on a TA Instruments DSC Q1000 

equipped with liquid nitrogen cooling accessory calibrated with sapphire and indium standards. 

All samples were prepared in hermetically sealed pans (4-7 mg/sample) and were referenced to 

an empty pan; samples were scanned from -150 °C to 250 °C at 10 °C per min. 

Fluorescence Spectroscopy 

Fluorescence data was collected with a Spex F-112 photon counting fluorimeter at room 

temperature. Emission quantum yields of the polymer solutions were measured relative to 

Rhodamine 6G in methanol using known procedures.121 The standard spectrum was obtained 

from the Alphabetical Index of Photochem CAD Spectra122 on the Oregon Medical Laser Center 

website.  Rhodamine 6G shows a fluorescence quantum efficiency of 0.95 when excited at 480 
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nm. At this excitation wavelength, the polymer solution still exhibits a significant absorbance 

that facilitates photoluminescence. The concentrations of the solutions were chosen such that the 

absorbance at 480 nm was close to 0.1. 

Polymer Electrochemistry 

Electrochemical studies were carried out using an EG&G PAR model 273A potentiostat/ 

galvanostat in a three electrode cell configuration consisting of a Ag° wire pseudo reference 

electrode, platinum button (0.02 cm2), or indium-tin oxide (ITO)-covered glass slide (7 x 50 x 

0.6 mm, 20 Ω/cm) as the working electrode, and a Pt flag or wire as the counter electrode in a 

0.1 M tetrabutylammonium hexafluorophospate-acetonitrile solution. 

The use of button electrodes allowed the study of the electrochemical properties of the 

monomer and electrochemically deposited polymers. The ITO-covered glass slides were used as 

transparent electrodes for electrochromic and spectroelectrochemical study of the polymer films. 

For electrochemical experiments that did not involve optical measurements, a platinum flag was 

used to increase surface area of the counter electrode and improve current flow.  For use as a 

pseudo reference, silver wire was sanded to remove any residual oxides.  The silver wire was 

calibrated after each experiment by the addition of ferrocene to the electrolyte solution. 

All potentials are recorded versus Fc/Fc+ by subtracting the E1/2 of ferrocene from the 

potential of the silver wire. The Fc/Fc+ redox couple is a reversible redox process where the 

concentrations of oxidized and reduced species are predicted by the Nernst equation. 

Additionally, the peak to peak separation (∆Ep) at 25 °C is 58 mV although some processes 

having ∆Ep of 60- 65 mV are considered reversible. The ratio of the anodic and cathodic peak 

currents is 1, and the peak currents typically scale linearly with the square root of the scan rate. 
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It should be noted that all films, prior to electrochemical study, are switched between their 

oxidized and reduced states several times to condition the polymer and promote electrolyte 

transport through the films. This “break-in” behavior is stabilized after several cycles resulting in 

more reproducible experimental observations. 

Repeated Scan Cyclic Voltammetry 

Much of the analysis in this work is obtained from repeated scan cyclic voltammetry 

experiments.  In this experiment, the applied potential is varied over time at a constant rate, 

called the scan rate, while the current is measured. The current response is proportional to the 

rate of electrolysis of the electroactive species at the electrode, and higher rates of current 

response imply higher electrolysis rates.  With respect to conjugated polymers, cyclic 

voltammetry results in the generation of radical species which couple to form oligomers and 

polymers.  These polymers then deposit onto the electrode surface.  Subsequent cyclic 

voltammetric scanning leads to the accumulation of electroactive material on the electrode, and it 

is this material whose electronic systems are studied.  In the initial scan, very little current 

response is observed until the monomer oxidation potential, Ep,m, is reached.  The resulting 

deposition shows a nucleation loop, due to the increased surface area of the electrode.  As the 

applied potential switches to a more reducing value, the current response falls until the reduction 

of the adsorbed polymer is observed at the polymer reduction potential, Ep,c.  Subsequent scans 

show the polymer oxidation potential, Ep,a, in addition to the other responses.  Each scan also 

occurs at a larger current value than the prior one due to the increased surface area of the 

electrode.  The electrochemical potential values can be converted to HOMO-LUMO values by 

adding the energy distance of the reference electrode from absolute vacuum. A more thorough 

consideration can be found in the dissertation of Barry C. Thompson.21 
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Potentiostatic Deposition 

Conjugated polymers can also be prepared by potentiostatic deposition. In this experiment, 

a constant potential is applied until a specified amount of charge is passed. Potentiostatic 

methods deposit polymer more efficiently than repeated scan cyclic voltammetry. This process 

produces smooth conjugated polymer films on ITO-covered glass electrodes especially for 

electrochromic and spectroelectrochemical experiments. The amount of charge passed can also 

be correlated to the thickness of the deposited polymer film. 

Differential Pulse Voltammetry 

Differential pulse voltammetry (DPV) has several advantages over CV while obtaining the 

same basic values for polymer films. DPV is faster than CV over the same potential range. DPV 

allows easier determination of polymer E1/2 values since the peak potential is more accurate due 

to the removal of capacitive charging effects.  Conjugated polymers have more complex doping 

processes, and the peaks for the anodic and cathodic scans are often not symmetrical. In CV, 

these peaks rarely occur at the same potential, but in DPV the resulting waveform is more 

symmetrical. DPV removes charging currents by sampling the current twice at each potential. 

The current is sampled first at time τ’, immediately before the pulse and then again at τ, 

immediately after the pulse. The current reported is the differential current δi = i(τ) - i(τ’) at each 

base potential. The pulse height (step size + step amplitude) is maintained at 100 mV at each 

potential in the experiment and the timing is chosen to minimize noise and maximize experiment 

speed. The result of these gains is that the onset potential values obtained by DPV are more 

reflective of the polymer materials HOMO-LUMO electronic states. 
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Electrochromic Characterization 

All absorption spectra were carried out on a Varian Cary 500 UV-VIS-NIR 

spectrophotometer in scan mode, using quartz crystal cells (1cm x 1cm x 5.5cm, Starna Cells, 

Inc.).   

Spectroelectrochemistry 

A key measure of both the polymer’s electronic state and the potential for electrochromic 

application is spectroelectrochemistry.  Multiple UV-VIS-NIR spectra of the polymer film are 

obtained as the applied potential on the film is varied in small increments.  In a typical 

experiment, electrolyte solution and blank ITO slides are first used to obtain a blank spectrum 

over the desired spectral range. An upper limit of 1600nm is chosen because significant 

absorptions due to water are eliminated. The spectra may be displayed in energy units of 

electron-volts (eV), where 1240/ λ(nm) = eV,  or in wavelength.  In the energy domain, the 

lower wavelength region (above 1600nm) is highly compressed, while the visible region is 

expanded, allowing easier consideration of the polymer’s colored features.  Next, the polymer 

film electrode assembly is placed in the spectrophotometer. Using the CV results as a guide the 

film is incrementally oxidized or reduced potentiostatically to access the polymer redox 

electrochemistry.   The observed electronic transitions occurring upon doping can be explained 

through the Su-Schrieffer-Heeger (SSH) model123 or the electron-phonon theory of Fesser, FBC 

theory.124  Spectroelectrochemistry provides information regarding the polymer’s band gap, 

π−π* transition, polaron, and bipolaron absorptions. 

In situ Colorimetry 

Colorimetry is a quantitative analytical tool that provides an objective method to compare 

and evaluate the optical responses of electrochromic polymers and devices. The standardization 

of color measurement was described (Chapter 1).  In situ colorimetry of the film was measured 
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by a Minolta CS-100 Chroma Meter. The Chroma Meter gives three values, Y, x, and y.  A cuvet 

containing electrolyte solution and a blank ITO-covered glass slide was backlit from a D50 

(5000 K) light source and measured to obtain the initial luminance value, Yo. The luminance 

value, Y, is then recorded as the potential is applied incrementally. The potential is increased 

similar to spectroelectrochemistry. The hue and saturation values, x and y, can be used to 

quantify the color of the film graphically via a two-dimensional color space, known as a 

chromaticity diagram, illustrated with PProDOT-EB (Figure 2-1).  Neutral polymer is very 

absorptive and does not permit much light to pass. Upon oxidation, the polymer becomes highly 

transmissive allowing light to reach the colorimeter. The difference between the absorptive and 

transmissive states, allows the determination of the total change in luminance, ∆%Y. 

 

Figure 2-1.CIE 1931 Chromaticity diagram for PProDOT-EB 

Coloration Efficiency 

With a potentiostat and UV-VIS-NIR spectrophotometer, tandem chronocoulometry/ 

chronoabsorptometry experiments were performed.  The data was then used to determine the 

composite coloration efficiency for the polymer films studied in this work.  After the films were 
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deposited and broken-in, the percent transmittance was recorded as the polymer underwent a 

series of double potential steps.  The experiment was performed nearest the polymer’s λmax as 

possible.  A background experiment is also performed on a naked electrode; this data is 

subtracted from the polymer electrochemical data to obtain corrected information. 

Composite coloration efficiency116 is a value calculated from the results of the tandem 

chronocoulometry/chronoabsorptometry experiment.  First, the percent transmittance of the fully 

oxidized and fully neutral species is recorded during the electrochemical switch. These values 

give the change in percent transmittance, ∆%T or optical contrast, starting from the %T of the 

fully reduced film, Tred, up to the fully oxidized film.  The %T at 95% of the full optical switch, 

Tox, is then determined because the majority of the color change with respect to ocular perception 

occurs prior to this point. The logarithm of the ratio of Tox to Tred is the change in optical density, 

∆OD, as shown below. 
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T
TOD log            (2-1) 

The switching time, tswitch, from colored to transmissive is also obtained at 95% of the full optical 

switch.  This value is used to determine the amount of charge passing through the polymer film 

as a function of electrode area from the chronocoulometry experiment.  The initial charge value 

and the charge passed at 95% of the full optical switch are used to obtain ∆Qd.  Finally, the 

coloration efficiency, CE or η, is obtained by dividing the change in optical density by the 

charge density (Equation 2-2). 
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CHAPTER 3 
ALKOXY SUBSTITUTED POLY(3,4-PROPYLENEDIOXYTHIOPHENE) 

Dioxythiophene History 

One of the more successful conjugated polymers has been the derivative 

poly(3,4-ethylenedioxythiophene) (PEDOT).  PEDOT was intended as a soluble conducting 

material that avoided the undesirable β, β’ coupling of polythiophenes.104  Oxygen substitution at 

the 3 and 4 positions prevented that undesired coupling and stabilized the polymer’s oxidized 

form.  The addition of a cyclic substituent prevents torsional distortion between repeat units as is 

seen in regioirregular polythiophenes.  In comparison to polythiophene, PEDOT has higher 

hydrophilicity and a smaller band gap.49  The effects of these structural modifications are seen in 

the increased conductivity at almost 300 S/cm, in addition to transparency and enhanced stability 

of the oxidized state.105,125 PEDOT has been used effectively in coatings, but still suffered from 

the insolubility inherent to conjugated polymers.   

 Significant attention has been directed to the synthesis and functionalization of PEDOT 

to overcome its inherent insolubility.   Jonas reported the first widely used synthetic route in 

1992 converting thiodiglycolic acid to a 2, 5-diester-3, 4-dihydroxythiophene via a double 

Williamson etherification with dihaloalkanes.126   Decarboxylation mediated by copper salt gave 

the parent EDOT monomer.  Methyl, hexyl, and decyl substituted EDOTs were reported; 

Reynolds reported octyl,127 tetradecyl,128 and phenyl129 derivatives. However, this methodology 

was ineffective for sterically demanding dihaloalkanes.   

The steric effect of the substituent is one of the drawbacks of functionalized EDOT 

monomers.  The substituent, attached through an sp3 carbon, encourages twisting of the polymer 

backbone due to steric repulsion from the substituent of an adjacent repeat unit.  Desire for a 

molecule without this steric repulsion led to the synthesis of substituted 
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3,4-propylenedioxythiophene (ProDOT), a symmetrical molecule. Di-substituted alkylene 

bridges were installed through transetherification between the functionalized diol and 

3,4-dimethoxythiophene to obtain dimethyl,130 diethyl,131 dibutyl,132 octadecyl,133 and 

bis-ethylhexyloxy29 ProDOTs.  These alkyl and alkoxy substituted 

poly(propylenedioxythiophene)s (PProDOTs) have demonstrated high solubility in common 

organic solvents.  Electroactive films can be produced by drop-casting, spin-coating, and spray-

casting from polymer solutions.  Halogenation of the monomers allows polymerization by the 

transition metal-mediated methods (Chapter 1). 

 Pendant functionality rarely affects the polymer’s band gap significantly.  Band gap 

manipulation is more easily achieved by substituting the monomer repeat unit with an additional 

aromatic or unsaturated system.  Arylene substituted EDOT systems produced by Negishi or 

Kumada coupling134 have been reported.   Stille coupling has been used to produce bis-EDOT 

(BEDOT) systems, incorporating bipyridine,135 thienyl-benzothiophene-dicarboximide,136 and 

naphthalene137 as well as donor-acceptor material such as BEDOT diphenylpyridopyrazine,138 

BEDOT-benzothiadiazole,139 and BEDOT-thienothiadiazole.140    BEDOT functionalized 

alkylated carbazoles were also reported.60,112,141  An advantage of bis-substituted dioxythiophene 

systems is that the materials can be studied by electrochemical deposition and chemical 

polymerization.   

Two additional synthetic methods have produced dioxythiophene monomers. Knoevenagel 

condensation between an EDOT cyano methylene and an EDOT aldehyde gave 

BEDOT-vinylene and other aryl cyanovinylene monomers.142,143   These monomers gave donor-

acceptor polymers with low band gap energies and were applied in photovoltaic devices.142   The 

second method employed the Mitsonobu reaction of the thiophene di-ester diol with 
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functionalized diols.144,145  It is an improvement over previous syntheses because dihaloalkanes 

are no longer necessary.   

Chemically Polymerized Alkoxy Propylenedioxythiophenes 

Current conducting polymer research is focused on the generation of processable materials, 

where the alkoxy substituted PProDOTs are a good example.29,133  Using 3, 4-

dimethoxythiophene, or 2,2-bis(bromomethyl)- propylenedioxythiophene, as the keystone 

synthon, a series of alkoxy substituted polymers were produced.  Initially, the 2,2-dihexyl and 

2,2-(2-ethylhexyl) propanediols were produced from the alkylation of diethyl malonate.133  

Following reduction of the esters, the new propanediols underwent transetherification to give the 

desired propylenedioxythiophene.  An alternative method reacts 

2,2-bis(bromomethyl)-1,3-propanediol with 3,4-dimethoxythiophene to give 

2,2-bis(bromomethyl)-propylenedioxythiophene.  This molecule was then reacted under 

Williamson etherification conditions using the alcohols, 2-ethylhexanol and 1-octadecanol, to 

give bis(octadecyloxy)-, and bis(ethylhexyloxy)-propylenedioxythiophenes. All of the 

propylenedioxythiophenes were then halogenated using NBS to produce the final monomer.   

Grignard Metathesis86 polymerization was used to produce soluble, conjugated polymer.  

After precipitation, filtration, and extraction using a soxhlet apparatus, polymer samples with 

number-average molecular weights between 38 kDa and 48 kDa by gel permeation 

chromatography (GPC) were obtained. The technique tends to overestimate molecular weight in 

conjugated polymers.146 At low molecular weights, this factor is 1.2-1.5 times that seen in other 

molecular weight methods, while the factor is 1.5-2.3 times greater for high molecular weight 

samples. Conjugated polymers are rigid-rod systems that tend to aggregate at all 

temperatures,147,148  but may act as conformationally-limited flexible coils in dilute solutions 

preventing good correlation with polystyrene standards.  However, poly(3-hexylthiophene) has 
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shown good agreement with GPC molecular weights due to THF being a moderately good 

solvent with a Mark-Houwink exponent of 0.58.149  The resulting PProDOTs showed good film 

forming ability, as evidenced by the ability to deposit films using a small airbrush.  As films, the 

polymers have fluorescence quantum efficiencies between 2-3%, much lower than the maximum 

45% seen in solution measurements.  Via superimposed in situ colorimetry and cyclic 

voltammetry, the electrochromic switching of the polymer was observed to occur at potentials 

nearly identical to the polymer oxidation and reduction.   

In this chapter, ProDOT-(CH2OC8H17)2 and ProDOT-(CH2OC10H21)2 polymers were 

synthesized and characterized.  These polymers should have similar properties to other alkyl and 

alkoxy PProDOTs discussed earlier in this chapter.  These medium length alkoxy chains should 

not differ greatly from the hexyl and ethylhexyl derivatives developed earlier.  Following 

synthesis, the electropolymerized and chemically polymerized results were compared.  The 

polymers behave as electrochromic materials with large contrasts, high coloration efficiencies, 

and fast switching times. 

Monomer and Polymer Synthesis 

Alcohol based substituents present a facile method to derivatize conjugated polymers.  The 

ability to start from commercial and easily synthesized precursors provides an important means 

to increase the structural complexity of 3,4-propylenedioxythiophene polymers.  The key to this 

method is the use of a keystone molecule that can be produced in large amounts.  For this work, 

that molecule is 2, 2-bis(bromomethyl)-3,4-propylenedioxythiophene (ProDOT-(CH2Br)2).  

ProDOT-(CH2Br)2 has been reported in the synthesis of processable polymers with straight 

chain and branched alkyl substituents.133,145,150  This molecule allows us to focus on the 

functionality being introduced.  As a ProDOT molecule, it is more tolerant to harsh reaction 

conditions, and more stable to ambient oxidation than the parent EDOT molecule.  The 
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compound results from a multi-step synthesis (Figure 3-1), beginning with the exhaustive 

bromination of thiophene.  Selective debromination is performed using butyllithium.151  Metal-

halogen exchange occurs primarily at the 2 and 5 positions of the thiophene ring.  The lithiated 

thiophene is subsequently protonated to give 3, 4-dibromothiophene, which is then converted to 

3, 4-dimethoxythiophene.152   

S
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BrBr

Br Br S

BrBrBr2
CHCl3
66%

nBuLi
Et2O, 0 °C
51%
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51% S
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Figure 3-1. Synthesis of 3,4-dimethoxythiophene from thiophene. 

Figure 3-2 presents a method which slightly modified the ether synthesis to obtain the 

3,4-dimethoxythiophene in shorter reaction time by using a Cu(I) salt, rather than the Cu(II) salt 

used initially.153  During the last 5 years, 3, 4-dimethoxythiophene has become available in small 

amounts, less than 5g, from large chemical manufacturers such as Aldrich, and kilogram scale 

from smaller manufacturers like Small Molecules, Incorporated.  3, 4-Dibromothiophene is also 

commercially available from Waterstone Technology and Frontier Scientific. 
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Figure 3-2. Synthesis of ProDOT-(CH2Br)2 using modified synthesis of 3,4-dimethoxythiophene. 

The subsequent transetherification installs the propylenedioxy ring using 

2,2-bis(bromomethyl)-1,3-propanediol.  Once obtained, ProDOT-(CH2Br)2 was reacted with the 

appropriate alcohol under Williamson conditions (Figure 3-3).  The reaction is performed in two 

parts.  First, the sodium alkoxide is generated by heating a solution of the alcohol in DMF in the 

presence of 6 equivalents of NaH.   After 4 hours at 110°C, ProDOT-(CH2Br)2 is added.  The 

reaction is allowed to continue at temperature for one full day.   
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Figure 3-3. Williamson etherification of ProDOT-(CH2Br)2 followed by bromination and 
Grignard Metathesis polymerization to give PProDOT-(CH2OC8H17)2 and 
PProDOT-(CH2OC10H21)2. 

The Williamson etherification reactions are worked up using a large excess of water to 

solubilize the DMF.  Diethyl ether is then added, and a sequence of extractions involving water 

and brine were found to remove the majority of DMF.  Column chromatography with hexanes 

and dichloromethane produced pale yellow oils.  

Electropolymerization provides a unique means to study the electronic and optical 

properties of the polymer films produced from the di-hydro ProDOT-(CH2OC8H17)2 and 

ProDOT-(CH2OC10H21)2.  Easily obtained, electrochemical polymer films allow complete 

characterization of the polymer’s electronic properties.  Electrochemical methods directly probe 

the polymer’s electronic system via the injection or removal of charge carriers into the frontier 

molecular orbitals.  However, the difficulty of using electropolymerized polymers in device 

applications requires the synthesis of solution processable polymers.   

Halogenation of the di-hydro molecules gives dihalo monomers that can undergo transition 

metal-mediated polymerization.  Bromination was achieved using N-bromosuccinimide in 

chloroform (Figure 3-3).  This method is mild,154 and the reaction occurs at room temperature. 

Chromatography gives a clear oil that solidifies overnight.    

The alkoxy-substituted dibromo-ProDOTs were then polymerized using Grignard 

Metathesis,86 proceeding smoothly to give a deep purple polymer.  Methyl magnesium bromide 

was titrated immediately prior to use, and then added to a THF solution of the monomer.  After 1 
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hour at reflux, the solutions often take on a slight pink color.  Addition of the NiCl2(dppp) 

catalyst leads to a red coloring, followed quickly by the bright purple color of the polymer in 

solution.  The polymer reaches high molecular weight within 1 hour of the catalyst addition, but 

the reaction was allowed to continue at reflux for 48 hours. To quench the polymerization, the 

material is precipitated into methanol, and extracted via Soxhlet apparatus.    

The appearance of high molecular weight material during Grignard metathesis was studied 

via a series of test polymerizations using ProDOT-Hexyl2.  Both large scale and small scale 

polymerization reactions were prepared; samples were removed, quenched, and then analyzed by 

GPC. At the 0.5 g scale, polymer with molecular weight of 3.3 kDa was observed after 15 

minutes of catalyst addition; samples obtained at 15 minutes, 30 minutes, 1 hour and 3 hours 

were used to compare Mn against time, and showed a linear increase in molecular weight.  The 

large scale reaction showed a change in Mn from 13 kDa to 21 kDa between 20 minutes and 75 

minutes of catalyst addition with a final Mn of 20 kDa after 4 hours of reaction. 

Soxhlet extraction was used to purify the polymer, removing low molecular weight 

oligomers and metal catalyst.  The product was placed in a cellulose thimble, and the solvent is 

refluxed over several days.  Sequential extractions using methanol and hexanes were used to 

remove monomer, catalyst, and low molecular weight compounds. An extraction with 

chloroform was used to recover the high molecular weight polymer from the cellulose thimble.  

Any remaining insoluble material was discarded.  As discussed (Chapter 1), Soxhlet extraction 

can disguise the actual quality of the polymerization due to obscuring the polydispersity of the 

reaction. PProDOT-(CH2OC8H17)2 gave a Mn of 38 kDa by GPC, while PProDOT-

(CH2OC10H21)2 gave a Mn of 57 kDa both in THF. 
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Figure 3-4. Thermogravimetric analysis of PProDOT-(CH2OC8H17)2 and 
PProDOT-(CH2OC10H21)2.  The samples were heated from 55 °C to 850 °C at 20 
°C/min under nitrogen purge. 

During thermogravimetric analysis (TGA) (Figure 3-4), the polymers were equilibrated at 

55 °C for 5 minutes under N2 flow to remove any residual solvent.  The bisdecyloxy polymer 

shows a small degradation (< 3%) between 100 and 300 °C, while the bisoctyloxy polymer 

shows no change over the same temperature range.  Both polymers show a sharp weight loss 

centered at 390 °C for PProDOT-(CH2OC8H17)2 and 380 °C for PProDOT-(CH2OC10H21)2 with 

onsets at 338 °C and 351 °C, respectively.  The PProDOT backbone results in an amorphous 

polymer, rather than semi-crystalline as in poly(3-octylthiophene).155 

Electrochemistry 

The electropolymerization of alkoxy substituted ProDOTs and redox switching of the 

resulting polymers was studied via button electrochemistry.  Repeated scan cyclic voltammetry 

(CV) was used to deposit polymer on a Pt button electrode.  The experiments were performed in 

acetonitrile with tetrabutylammonium hexafluorophosphate (TBAPF6) as the supporting 

electrolyte.  For ProDOT-(CH2OC10H21)2 (Figure 3-5), oxidation of the monomer begins at 0.84 

V versus Fc/Fc+, with a peak oxidation potential of 0.91 V.  Subsequent scans show a redox 

process attributed to the dioxythiophene backbone. A half-wave potential of -0.19 V resulting 

from an oxidation peak at -0.17 V and a reduction peak at -0.21 V is observed.   
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Figure 3-5. Electrochemistry of ProDOT-(CH2OC10H21)2. A) Monomer oxidation showing an 
onset potential of 0.84 V and a peak oxidation potential of 0.91 V. B) 
Electrochemical deposition performed in acetonitrile with 0.1 M TBAPF6 electrolyte. 

The shorter alkoxy chain, PProDOT-(CH2OC8H17)2 (Figure 3-6), shows lower potential 

values for polymerization and redox switching than in the ProDOT-(CH2OC10H21)2 polymer.  

Onset of monomer oxidation occurs at 0.83 V, with peak oxidation observed at 0.97 V.  The 

polymer redox process has an E1/2 of -0.14 V.  This suggests that the longer chain prevents ion 

transport within the electrochemically deposited film, and will be discussed with the scan rate 

dependence data of Figure 3-7. 
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Figure 3-6. Electrochemistry of ProDOT-(CH2OC8H17)2. A) Monomer Oxidation showing onset 
potential of 0.83 V and a peak oxidation potential of 0.97 V. B) Electrochemical 
depositions performed in acetonitrile with TBAPF6 electrolyte. Polymer anodic and 
cathodic potentials are shown.  

Reeves studied the electrochemistry of alkoxy substituted PProDOTs using a mixed 

solvent system of 4:1 propylene carbonate (PC)/toluene.20  This solvent system was chosen due 
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to the low monomer solubility seen with linear alkoxy ProDOT monomers, C12, C14, C16, and 

C18, in acetonitrile. Short chain monomer, ProDOT-(CH2OEtHx)2, was freely soluble in PC and 

gave Ep,m of 1.1 V vs. Fc/Fc+.  The Ep,m values of longer chain compounds were observed to 

decrease to 0.95 V vs. Fc/Fc+ in the mixed solvent system. In the present work, polymer was 

successfully deposited in acetonitrile electrolyte solution, and oxidation potentials were seen to 

decrease when toluene was added. Repetition of the electrochemical deposition in PC with 

TBAPF6 was consistent with a decrease in Ep,m with increased chain length.  The effects of 

mixed ion-solvent transport in polymer redox process have been studied.156   

The polymer electrochemical processes of ProDOT-(CH2OC10H21)2 (Figure 3-7) were then 

studied after transferring the film covered electrode to a monomer-free electrolyte solution.  The 

film, switched between -0.3 V and 0.85 V, shows a sharp oxidation and a broad reduction.  The 

scan rate dependence of the film is also shown. 
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Figure 3-7.  Button electrochemistry of PProDOT-(CH2OC10H21)2 in 0.1 M TBAPF6 and 
acetonitrile. A) Voltammetric break-in. B) Scan Rate Dependence. C) Peak Currents 
versus Scan Rate. 

Using the peak current values of both the anodic and cathodic processes, the quality of the 

electrochemical system can be determined.  When compared versus the scan rate, the peak 

current values show a linear dependence.  This suggests that electron transport process is surface 

bound, and not due to some freely diffusing species from the solution.157 This demonstrates that 

the electroactivity of these systems is not hindered by the incorporation of alkoxy substituents.  
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But, the higher potential values observed between the two chain lengths, octyl and decyl, suggest 

that there is some opposition to counter-ion transport, i.e. the additional methylene atoms require 

more energy to force the hexafluorophosphate counter ion into the polymer film.  This trend is 

supported by Grenier,158 where electrochemically deposited films of alkoxy substituted 

PProDOT had increasing E1/2 values with increasing number of carbons in acetonitrile.  

Electrochromism 

 Interest in these polymers is a result of their electrochromic properties.  Changes in the 

visible spectrum are observed using spectroelectrochemistry where polymer is deposited onto an 

ITO-covered glass slide by maintaining a constant potential above the monomer oxidation.  The 

resulting polymer film is then cycled 25 times at 25 mV/s in monomer-free electrolyte to prepare 

the film for repeated switching and incorporate supporting electrolyte throughout the deposited 

film.  The UV-VIS-NIR spectra are recorded as the polymer is oxidized stepwise from its neutral 

state to its oxidized state (Figure 3-8).  For dioxythiophene polymers, a strong π−π* absorption 

in the visible range is seen in the spectrum of the neutral polymer.  This absorption is similar to 

the π−π* in small organic molecules, but is more accurately seen as an absorption between the 

HOMO and LUMO frontier molecular orbitals of the polymer.  PProDOT-(CH2OC8H17)2 shows 

a maximum absorption of 574 nm, or approximately 2.2 eV.  As the polymer film is oxidized 

from -0.1 V to 0.9 V, the visible range absorption disappears, and a new absorption occurs at 

approximately 900 nm. This absorption is attributed to the radical cation, or polaron, produced 

by the oxidation of the film.  As the oxidation continues, this polaron absorption disappears 

producing an optically transmissive film.  Finally, a broad absorption in the NIR is attributed to 

bipolaron, or di-cation formation.   



 

62 

400 600 800 1000 1200 1400 1600

0.5

1.0

1.5

2.0

Ab
so

rb
an

ce
 (a

.u
.)

Wavelength (nm)

λ
max

 = 584 nm; ~2.1 eV

 0.0 V
 0.1 V
 0.2 V
 0.3 V
 0.4 V
 0.45
 0.5 V
 0.55V
 0.6 V
 0.65 V
 0.7 V
 0.75 V
 0.8 V

S

O O

OC10H21

OC10H21

** n

S

O O

OC8H17

OC8H17

**
n

B

400 600 800 1000 1200 1400 1600

0.5

1.0

1.5

2.0

Wavelength (nm)

Ab
so

rb
an

ce
 (a

.u
.)

λ
max

 = 574nm; ~2.2 eV

 -0.1 V
 0.0 V
 0.1 V
 0.2 V
 0.3 V
 0.3 V
 0.5 V
 0.6 V
 0.7 V
 0.8 V
 0.9 V
 0.75 V

A

 

Figure 3-8. Spectroelectrochemistry of electrochemically deposited films. A) 
PProDOT-(CH2OC8H17)2 oxidized in 100 mV increments.  B) PProDOT-
(CH2OC10H21)2 oxidized in 100 mV increments until 0.4 V, then oxidized in 50 mV 
increments.   

Electrochemically deposited PProDOT-(CH2OC10H21)2 has a higher λmax value at 584 nm.  

The polaron absorption occurs at near 970 nm.  The longer wavelength of the decyloxy polymer 

may be due to higher molecular weight, or more extended conformation due to the longer alkoxy 

chain.  Spectroelectrochemistry was also performed on the chemically polymerized polymer 

samples sprayed onto ITO-covered glass from solutions of toluene (Figure 3-9).  The polymers 

were dried overnight in a vacuum desiccator prior to electrochemical study. 
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Figure 3-9.  Spectroelectrochemistry of chemically polymerized films. A) PProDOT-
(CH2OC8H17)2 oxidized in increments of 100 mV until 0.4 V, then oxidized in 
increments of 50 mV until 0.65 V.  B) PProDOT-(CH2OC10H21)2 oxidized in 
increments of 50 mV until 0.7 V, then oxidized in increments of 25 mV until 0.85 V. 
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While electrodeposition gives a more complete picture of the polymer’s electronic 

processes, the information obtained from the chemically polymerized samples shows the effect 

of molecular weight control.159  The electrochemically deposited films show broader absorptions 

and have lower λmax values. This is likely due to the disordered nature of electrochemically 

deposited films.  The more homogenous chemically polymerized polymers result in much 

sharper onsets of absorption.  The homogeneity of the chemical polymers helps when 

determining the best polymer for electrochromic devices.  

In situ colorimetry was performed to measure the perception of brightness through the 

polymer as it changes during oxidation.  Most dioxythiophene polymers oxidize to a transmissive 

sky blue. The transmissivity is seen in the change in relative luminance of PProDOT-

(CH2OC10H21)2 (Figure 3-10).  This measurement provides a valuable quantification of the 

differences between the colored and transmissive states of optoelectronic polymers.  In situ 

colorimetry results allow for easier comparison between electrochromic polymers, leading to 

better material selection in devices. 
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Figure 3-10.  In situ colorimetry of spray-cast polymer PProDOT-(CH2OC10H21)2. 

Both polymers show gradual changes in the relative luminance, rather than the sharp 

change seen in branched alkoxy substituents.158  This gradual shift is most likely due to the 

multiple effective conjugation lengths as result of the conformation controlled by the substituent.  
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Different conformations and different conjugation lengths possibly oxidize at slightly different 

potentials leading to the gradual change in transmissivity of the polymer.  The amount of light 

transmitted as the polymer oxidizes favorably follows the CV for PProDOT-(CH2OC8H17)2 

(Figure 3-11). 
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Figure 3-11.  In situ colorimetry overlaid onto voltammetric break-in of spray-cast 
PProDOT-(CH2OC8H17)2.  CV is performed between -0.3 V and 1.2 V at 50 mV/s. 

Here, the in situ colorimetry is super-imposed on the cyclic voltammagram of 

PProDOT-(CH2OC8H17)2   illustrating that the change in luminance, or the transmissivity, of the 

polymer film occurs at a potential similar to oxidation of the film.  In this case, both processes 

occur around 0.1 V.   

A tandem chronoabsorptometry/ chronocoulometry experiment, measuring the amount of 

charge passed as the polymer switches between its neutral, colored and oxidized, transmissive 

state was used to determine the coloration efficiency (Table 3-1). The chronoabsorptometry 

measurement was recorded at the λmax of the spray-cast polymer; a pristine ITO-covered glass 

electrode was used as a blank for the chronocoulometry experiment.  Coloration efficiency is a 

calculation that relates the color change of the polymer to the amount of charge passed (Chapter 

2).  Since the majority of color change occurs prior to completion of the electrochromic switch, 

the Tox and Tred values at 95% of the full optical switch are used to calculate the change in optical 
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density of the films. The charge passed is recorded by the simultaneous chronocoulometry 

experiment.  

At 598 nm, the change in transmittance of PProDOT-(CH2OC10H21)2 between the fully 

reduced and fully oxidized state is 61.9%.  The time to complete this switch was 10s, while 95% 

of the optical switch was reached after 4.6s.  At 95% of the full switch, the change in optical 

density is 1.35.  Using those values, along with the 1.57 mC/cm2 of charge needed to complete 

the full optical switch and 1.32 mC/cm2 to attain 95% of the optical switch, led to coloration 

efficiencies of 860 at 100% or 1020 at 95%. 

Table 3-1. Coloration Efficiency data for chemically polymerized ProDOTs. Electrode area was 
1.4 cm2 for all experiments. All values except ∆%T taken at 95% of full switch.  

 PProDOT-(CH2OC8H17)2 PProDOT-(CH2OC10H21)2 
∆Y 0.59 0.58 
∆%T 62.8 61.9 
Tox 61.1 61.4 
Tred 0.7 2.77 
tswitch (s) 2.2 4.6 
∆(OD) 1.94 1.35 
Qd95% (mC/cm2) 2.87 1.32 
CE (cm2/C) 676 1020 
 
The same experiment was performed on PProDOT-(CH2OC8H17)2 at 595 nm.  The change in 

transmittance between the fully reduced and fully oxidized state is 62.8%.  The time to complete 

95% of the switch was reached after 2.2s.  At 95% of the full switch, the change in optical 

density is 1.94.  Based on those values, 2.87 mC charge was passed to reach 95% of the optical 

switch.  This value gives a coloration efficiency of 676 cm2/C. 

Photophysics 

The band gap of conjugated polymers can be determined from the optical spectra of the 

polymers or their films. The polymer HOMO and LUMO orbitals are analogous to bonding and 

anti-bonding orbitals in simple organic molecules. Therefore, the difference in energy between 
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these two orbitals is considered the band gap, and approximated by the π−π* transition seen in 

spectroscopy.  The optical band gap is taken from the onset of the π−π* absorption.  For 

PProDOT-(CH2OC8H17)2 the optical band gap is 1.95 eV, while PProDOT-(CH2OC10H21)2 has an 

optical band gap of 1.93 eV. 
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Figure 3-12.  Photophysical Spectra for chemically polymerized A) PProDOT-(CH2OC8H17)2 
and B) PProDOT-(CH2OC10H21)2. 

Since many of the applications for dioxythiophene polymers involve light emission, 

fluorescence spectroscopy was also performed (Figure 3-12) and the spacing between vibronic 

bands was calculated (Table 3-2).  Both polymers demonstrate very small Stokes shifts between 

the absorbance and fluorescence maxima.  This is because the excited state of the polymer has 

very little geometrical difference from the neutral ground state.  Similar to PProDOT-(Butyl)2, 

the polymers have a broad emission profile.132  The 0-0 transition, which corresponds to 

excitation from the lowest ground state vibrational level to the lowest vibrational level of the first 

excited state, occurs at 606 nm for PProDOT-(CH2OC8H17)2 and at 604 nm for 

PProDOT-(CH2OC10H21)2.   

Table 3-2. Calculated vibronic spacing (cm-1) for chemically polymerized polymers.  
 PProDOT-(CH2OC8H17)2 PProDOT-(CH2OC10H21)2 
0-1 1359 1388 
1-2 1363 1445 
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The quantum efficiency of the polymers’ solution fluorescence was also obtained using 

toluene solutions whose concentration was chosen so that the absorbance was nearest 0.1.  For 

the PProDOT-(CH2OC10H21)2 the quantum efficiency was 39.3%, while the PProDOT-

(CH2OC8H17)2 was 61.5%. 

Conclusion 

This chapter has demonstrated the synthesis and characterization of soluble conjugated 

polymers.  From simple alcohols, soluble polypropylenedioxythiophenes have been developed.  

Synthetically, we have shown an improved methodology to produce 3,4-dimethoxythiophene 

using CuI, rather than CuO.  This methodology allows for a shorter reaction times producing 

somewhat equivalent yields.  The resulting monomer molecules were then used to demonstrate 

the utility of electrochemical and chemical polymerization methods.  The electronic processes 

can be studied thoroughly and easily via electrochemistry.  The electrochemistry shows higher 

absolute values likely due to solubility and transport differences from previous work.  These data 

were obtained in acetonitrile rather than propylene carbonate, and use hexafluorophophate rather 

than perchlorate as the dopant ion.  This presents interactions which inhibit the charge transport 

processes, and leads to higher values for the electrochemical processes.  Even with these 

differences, the polymers still show good electroactivity. Both polymers have E1/2 values near -

0.1 V.  Scan rate dependence studies show that the polymers retain the expected electroactivity. 

The spectroelectrochemistry of the electrochemically deposited films shows lower intensities, 

and more diffuse absorptions.  This is likely due to the lack of molecular weight control in the 

electrochemical deposition.  The chemically polymerized polymers show very sharp absorption 

onsets and high absorption intensities.  In these materials the changes in color and transmissivity  

with potential has been studied.  PProDOT-(CH2OC8H17)2 shows a 55% change in luminance, 

while PProDOT-(CH2OC10H21)2 has a 57% change.  Both of these transitions are gradual, 
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supporting that branching rather than substitution can have large effects on the transmissivity of 

the dioxythiophene polymers.  The coloration efficiency of both polymers was also obtained, 

with values of 0.67 and 1.02 cm2/mC, respectively.  

The polymers studied here support the idea that increasing chain length does not drastically 

affect the electronic properties of polypropylenedioxythiophenes.  These polymers fit into the 

continuum of alkoxy-substituted PProDOTs developed by the Reynolds group.  

Experimental Section 

Materials 

2,2-bis(bromomethyl)-1,3-propanediol, octyl alcohol, decyl alcohol, 1.0 M MeMgBr in 

butyl ether, p-toluenesulfonic acid, NiCl2(dppp), and other inorganic reagents and solvents were 

purchased from Aldrich or Fisher and used without further purification. N-bromosuccinimide 

was recrystallized from water before use. THF was obtained either from a pure pack anhydrous 

keg connected to aluminum oxide packed column, or distilled from sodium-benzophenone ketyl.  

Anhydrous DMF and methanol were purchased from Acros in Sure-Seal bottles. 

2,2-Bis(bromomethyl)-propylenedioxythiophene was adapted from a literature procedure.133 

Synthesis 

[3, 4-dimethoxythiophene]. Sodium metal (2.85 g, 0.124 M) was dissolved in methanol (20 

mL, 10 M solution) in a 250 mL round-bottomed flask.  The solution was heated to reflux to 

ensure complete dissolution, and then cooled back to room temperature.  3, 4-dibromthiophene 

(10 g, 0.04 moles) was then dissolved into the alkaline solution.  Purified CuI (1.57 g, 8.2 mmol) 

was then added quickly, and the solution heated to reflux.  The reaction was observed to turn 

deep red over the course of 6 hours. After 6-48 hours at reflux, the solution was cooled and 

poured into water (200 mL).  Extraction with diethyl ether (3x 150 mL), brine (100 mL), and 

drying with MgSO4 gave a pale yellow residue.  This oil was distilled at 55 °C at 0.1 mm Hg to 
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give a clear oil (4.46 g, 74%). 1H NMR (300 MHz, CDCl3): δ 6.19 (s, 2H), 3.86 (s, 6H). 13C 

NMR (75 MHz, CDCl3): δ 147.96, 96.41, 57.78. 

[ProDOT-(CH2Br)2]. In a 250 mL round bottomed flask, toluene (50 mL) was added to 

2,2-bis (bromomethyl)-1,3-propanediol (7.2 g, 27.7 mmol), 3,4-dimethoxythiophene (2 g, 13.9 

mmol) in toluene (20 mL), and p-toluene sulfonic acid (0.26 g, 1.4 mmol).  A reflux condenser 

and soxhlet extraction apparatus containing 4Å molecular sieves in the thimble was connected.  

After heating under argon at reflux overnight, the reaction was cooled to room temperature, 

diluted with ether, and washed with brine (3x150 mL).  The organic layers were then combined, 

dried with MgSO4, and reduced to give yellow oil. The oil was purified by silica gel column 

chromatography (3:2 Hexanes: Dichloromethane) to give a clear oil (3.35 g, 71%). 1H NMR 

(300 MHz, CDCl3) δ 6.476 (s, 2H), 4.082 (s, 4H), 3.594 (s, 4H) 13C NMR (75 MHz, CDCl3) δ 

141.07, 106.19, 74.58, 46.63, 37.27. 

[ProDOT- (CH2OC10H21)2].  Decyl alcohol (4.16 g, 0.0263 mol) and sodium hydride (2.017 

g, 60%, 0.05262 mol) were dissolved in dimethylformamide (50 mL, anhydrous) in a 250 mL 

round-bottomed flask.  The mixture was then heated to 110 °C for 4 hours.  Bis(bromomethyl) 

ProDOT (3 g, 0.00877 mol)  was then added to the reaction flask, and returned to temperature.  

The reaction was heated 26 hours and cooled to room temperature.  The solution was poured into 

200 mL of water, extracted with diethyl ether (3 x 150 mL), and retained.  The organic layers 

were the extracted with water (3 x 100 mL) and brine (150 mL).  Magnesium sulfate was used to 

dry the organic layer, and the volume reduced via rotary evaporation giving a deep red oil.  This 

was chromatographed on silica gel with 3:2 hexanes:dicholoromethane to give a pale yellow oil 

(2.1 g, 48.5%).  1H NMR (300 MHz, CDCl3): δ 6.44 (s,2H), 4.01 (s, 4H), 3.48 (s, 4H), 3.39 (t, 

4H), 1.50 (m, 4H,), 1.26 (br s, 28H), 0.88 (t, 6H). 13C NMR (75 MHz, CDCl3): δ 149.9, 105.3, 
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73.9, 71.9, 69.8, 47.9, 32.1, 29.9, 29.8, 29.7, 29.7, 29.6, 26.4, 22.9, 14.3. ESI-FT-ICRMS 

[M+Na]+: calcd. for C29H52O4SNa, 519.3484; found, 519.3481. 

[ProDOT- (CH2OC8H17)2].Octyl alcohol (3.43 g, 0.02634 mol) and sodium hydride (2.01 g, 

60%, 0.05262 mol) were dissolved in dimethylformamide (50 mL, anhydrous) in a 250 mL 

round-bottomed flask.  The mixture was then heated to 110 °C for 4 hours.  Bis(bromomethyl) 

ProDOT (3 g, 0.00877 mol)  was then added to the reaction flask, and returned to temperature.  

The reaction was heated 26 hours and cooled to room temperature.  The solution was poured into 

200mL of water, extracted with diethyl ether (3 x 150 mL), and retained.  The organic layers 

were the extracted with water (3 x 100 mL) and brine (150mL).  Magnesium sulfate was used to 

dry the organic layer, and the volume reduced via rotary evaporation giving a deep red oil.  This 

was chromatographed on silica gel with 3:2 hexanes:dicholoromethane to give a pale yellow oil 

(1.72 g, 44.5%).  1H NMR (300 MHz, CDCl3): δ 6.44 (s, 2H), 4.01 (s, 4H), 3.48 (s, 4H), 3.39 (t, 

4H), 1.54 (m, 4H,), 1.27 (br s, 21H), 0.88 (t, 6H). 13C NMR (75 MHz, CDCl3): δ 149.9, 105.3, 

74.0, 71.9, 69.8, 47.9, 32.1, 29.8, 29.7, 29.5, 26.4, 22.9, 14.3. ESI-FT-ICRMS [M+H]+: calcd. for 

C25H44O4SH, 441.3039; found, 441.3039. 

[Br2-ProDOT- (CH2OC10H21)2].ProDOT- (CH2OC10H21)2 (1.87 g, 0.00376 mol) was 

dissolved in chloroform (20 mL).  The solution was purged with argon for 10 minutes, and 

N-bromosuccinimide (1.4 g, 0.0079 mol) was added.  The solution was stirred for 20 hours, then 

two additional hours until a single spot was observed on TLC.  The solution was then reduced 

via rotary evaporation and chromatography was performed using 3:2 hexanes:dicholoromethane 

as eluent to give a clear oil, which became a white solid overnight (2.32 g, 94.3%).  1H NMR 

(300 MHz, CDCl3): δ 4.09 (s, 4H), 3.49 (s, 4H), 3.39 (t, 4H), 1.53 (m, 4H,), 1.27 (br s, 28H), 
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0.89 (t, 6H). 13C NMR (75 MHz, CDCl3): δ 74.3, 71.6, 69.3, 47.8, 31.9, 29.6, 29.5, 29.3, 26.1, 

22.7, 14.1. ESI-FT-ICRMS [M+Na]+: calcd. for C29H50O4SBr2Na, 675.1697; found, 675.1685. 

[Br2-ProDOT- (CH2OC8H17)2].ProDOT- (CH2OC8H17)2 (1.41 g, 0.00319 mol) was dissolved 

in chloroform (20 mL).  The solution was purged with argon for 10 minutes, and 

N-bromosuccinimide (1.19 g, 0.006719 mol) was added.  The solution was stirred for 20 hours, 

then two additional hours until a single spot was observed on TLC.  The solution was then 

reduced via rotary evaporation and chromatography was performed using 3:2 

hexanes:dicholoromethane as eluent to give a clear oil, which became a white solid overnight 

(1.91 g, 99.9%). 1H NMR (300 MHz, CDCl3): δ 4.01 (s, 4H), 3.49 (s, 4H), 3.39 (t, 4H), 1.53 (m, 

4H,), 1.28 (br s, 21H), 0.89 (t, 6H). 13C NMR (75 MHz, CDCl3): δ 147.2, 91.2, 74.5, 71.9, 69.6, 

48.0, 32.1, 29.7, 29.6, 29.5, 26.4, 22.9, 14.3.   ESI-FT-ICRMS [M+Na]+: calcd. for 

C25H42O4SBr2Na, 619.1071; found, 619.1064. 

Poly[ProDOT- (CH2OC10H21)2].Br2-ProDOT-(CH2OC10H21)2 (2.3 g, 0.0035 mol) and 

MeMgBr( 5 mL, 0.63M by titration) were dissolved in tetrahydrofuran (100 mL, anhydrous).  

This solution was refluxed for 1 hour.  NiCl2(dppp) (0.0189 g, 0.035 mmol) was then added to 

the solution producing a deep purple color.  The mixture was then refluxed 48 hours and cooled 

to RT.  The reaction was poured into methanol, filtered, and placed in the thimble of a soxhlet 

extraction setup.  The solid was sequentially extracted with methanol (24 hrs), hexanes (48 hrs), 

and dichloromethane (24 hrs).  The final fraction was reduced via rotary evaporation to give a 

metallic purple solid (0.94 g).  1H NMR (300 MHz, CDCl3): δ 4.16 (s, 3H), 3.62 (s, 3H), 3.45 (t, 

4H), 1.58 (m, 5H,), 1.26 (br s, 30H), 0.88 (t, 6H).  13C NMR (75 MHz, CDCl3): δ 72.1, 32.2, 

29.9, 29.8, 29.7, 29.6, 26.4, 22.9, 14.3, 1.2. 
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Poly[ProDOT- (CH2OC8H17)2].Br2-ProDOT- (CH2OC8H17)2 (1.8 g, 0.003 mol) and 

MeMgBr ( 5 mL, 0.63 M by titration) were dissolved in tetrahydrofuran (100 mL, anhydrous).  

This solution was refluxed for 1 hour.  NiCl2(dppp) (0.016g, 0.029 mmol) was then added to the 

solution producing a deep purple color.  The mixture was then refluxed 48 hours and cooled to 

RT.  The reaction was poured into methanol, filtered, and placed in the thimble of a soxhlet 

extraction setup.  The solid was sequentially extracted with methanol (24 hrs), hexanes (48 hrs), 

and dichloromethane (24 hrs).  The final fraction was reduced via rotary evaporation to give a 

metallic purple solid  (0.94 g).  1H NMR (300 MHz, CDCl3): δ 4.15 (s, 3H), 3.61 (s, 3H), 3.45 (t, 

4H), 1.55 (m, 6H,), 1.27 (br s, 19H), 0.87 (t, 6H).  13C NMR (75 MHz, CDCl3): δ 72.1, 32.1, 

29.8, 29.7, 29.6, 26.4, 22.9, 14.3, 1.2. 

 

 



 

73 

CHAPTER 4 
ARYLOXY SUBSTITUTED POLY(3,4-PROPYLENEDIOXYTHIOPHENE)S 

Aryl Substituted Polythiophenes 

While a major success of conjugated polymer research was the development of 

regioregular poly(3-substituted-thiophene)s, the incorporation of aryl groups into polythiophenes 

has also received significant attention.160  Aryl substituted polythiophenes are especially 

interesting for their p-doping and n-doping possibilities where substitution of the phenyl ring 

allows access to both electrochemical processes.161 Subsequent research has targeted this class of 

materials for application as supercapacitors.162, 163 
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Figure 4-1. Monomer structures for 3-octylthiophene, 3-(4-octylphenyl)thiophene, 3-(4-
octyloxyphenyl)thiophene, and 3-(1,3-hexyloxyphenyl)thiophene. 

The simplest aryl polythiophene is the highly p-dopable poly(3-phenylthiophene).164 

(Figure 4-1).  Its phenyl ring is conjugated with the thiophene backbone providing a facile 

method to alter the electronic properties of the molecule. However, substitution at the 3-position 

also induces torsional strain between adjacent repeat units, thereby raising the polymer’s band 

gap.  Because the band gap for poly(3-phenylthiophene) was lower than in unsubstituted 

polythiophene, Onoda suggested that the phenyl ring was orthogonal to the polythiophene 

backbone rather than coplanar.165  Recently, the conjugative effect of the aryl substituent on the 

electrochemical properties was studied.166  The electrochemistry of substituted 

poly(3-phenylthiophene)s was found to correlate well with Hammett substituent constants.  
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Thus, the redox properties shift to lower potentials with electron donating groups, and shift to 

higher potentials with electron withdrawing groups.167  These monomers were produced by 

Suzuki coupling of substituted aryl halides with the 3-boronato thiophene,168 then 

electrochemically deposited.  

A series of phenyl and naphthyl substituted polythiophenes have also been studied.169  

Monomers based on thiophene, bithiophene, and terthiophene backbones were synthesized.  

Increasing the thiophene substitution with aryl rings led to lower monomer oxidation potentials, 

but the polymer redox potentials were raised for compounds with multiply substituted 

backbones.  This was presumed to be due to steric congestion from the substituent groups.  The 

amount of charge passed was also determined from the polymers’ electrochemistry.  For both the 

p- and n-doping processes, the electrochemically deposited polymers showed a charge imbalance 

between the anodic and cathodic portions of the voltammetry.  This was presumed to be due to 

an irreversible degradation process. Additionally, some of the data suggests that for the more 

stable polymers, the p-/n- charge ratio is 2-3.  The relationship to the polymer’s electrochemical 

stability was unclear. 

Substituted poly(3-phenylthiophene)s have also been used as color tunable materials for 

LEDs.170  Ideally, the steric bulk of the substituted phenyl substituent affects the polymer’s 

conjugation length by changing the dihedral angle between adjacent repeat units. The differing 

conjugation lengths then give rise to variable photoluminescence across the visible spectrum. 

These substituted, regioregular poly(3-phenylthiophene)s were obtained from oxidative 

polymerization with FeCl3,
171 where the phenyl substitution is thought to encourage a radical 

cation propagation during the polymerization.  The conformations of these regioregular polymers 
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are controlled by the size of the substituted phenyl substituent.  All colors have been 

demonstrated using simple substitutions. 

One of the benefits of sterically demanding phenyl rings is that molecular ordering can be 

studied more effectively.  Poly(3-octylphenylthiophene) was characterized by X-ray diffraction 

to compare solution-cast and spin-cast films.172  The solution-cast films were regarded similar to 

poly(3-octylthiophene), with thiophene backbone stacking distances of 5.1 Å for 

poly(3-octylphenylthiophene) versus 3.8 Å for poly(3-octylthiophene).  The octylphenyl chains 

were aligned normal to the substrate with the thiophene backbone lying parallel.  The spin-cast 

films were initially amorphous, but after exposure to chloroform vapor or heat, the crystallinity 

increased.   

The solid state structure of substituted 3-phenyl thiophenes has also been studied.173  Two 

families of poly(3-phenylthiophene)s were synthesized. The first family, having long alkyl 

chains at the ortho position of the phenyl substituent, and the second having a shorter methoxy 

group, or no ortho substituent at all.  The resulting crystal structures showed that the phenyl rings 

in the first family were orthogonal to the plane of the thiophene backbone with the alkyl chains 

extending above and below the main chain.  These compounds also gave more crystalline 

materials.  The second family, without sterically demanding alkyl chains at the ortho position, 

appears to orient similar to poly(3-akylthiophene)s with the alkyl chains remaining in the plane 

of the backbone. 

Aryl Substituted Propylenedioxythiophenes 

The incorporation of aryl groups into propylenedioxythiophene materials has also been 

studied (Figure 4-2).  Using the diethyl malonate alkylation described in Chapter 3, a benzyl 

substituted 3, 4- propylenedioxythiophene was obtained.174   
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Figure 4-2. Aryl substituted propylenedioxythiophene (ProDOT) monomer structures: 
ProDOT-Benzyl, ProDOT-Hexyl, ProDOT-Dodecyl, ProDOT-Benzyl2. 

The goal was to improve the electrochromic contrast by maximizing the inter-chain 

separation.129  The monomer crystal structure shows that the benzyl groups sit above and below 

the plane of the thiophene ring. A film of PProDOT-Benzyl2 on ITO-covered glass was obtained, 

and a contrast (∆%T) of 89% at λmax = 632 nm was observed.    The polymer’s coloration 

efficiency was measured between 550 and 600 cm2 C-1over several thicknesses, and the 

electrochromic contrast was stable after 5000 cycles.  Since the polymer was insoluble in 

common organic solvents, differentially substituted ProDOTs were synthesized using the same 

method.175  Benzyl-, hexyl-, dodecyl- ProDOT, and their di-substituted analogues were 

synthesized and electrochemically polymerized.  The electropolymerized polymers performed as 

expected, with PProDOT-Benzyl giving a contrast of 63% at 572 nm.  Each monomer was 

chemically polymerized by FeCl3 in chloroform. After reduction with hydrazine, and purification 

by Soxhlet extraction, only two soluble polymers, PProDOT-Hexyl2 and PProDOT-Dodecyl2 

were recovered.  No reasoning was given for the insolubility of the PProDOT-Benzyl2 and 

mono-substituted polymers.  Solution cast films for these polymers were used to perform 

electrochromic characterization.  The contrast ratios for these two polymers were significantly 

less than their electropolymerized counterparts. For example, the contrast for electrochemical 
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PProDOT-Hexyl2 fell from 74% at λmax = 627 nm to 40% at λmax = 601 nm for the chemically 

polymerized polymer.   

Based upon these examples, aryl substituted dioxythiophenes are attractive targets for 

electrochromic polymers.  Additionally, the ability of the aryl group to affect the solid state 

ordering of the polymer presents another method to affect the processability of dioxythiophene 

polymers.  In this chapter, we introduce phenyl and cresyl substituted propylenedioxythiophenes,   

developed from commercially available phenols. The synthesis avoids the complexity of prior 

approaches, and these polymers will provide a foundation to explore more complex 

propylenedioxythiophenes.  

Monomer Synthesis 

It was intended that aryl substituents could be installed on 

2,2-bis(bromomethyl)-propylenedioxythiophene (ProDOT-(CH2Br)2) similar to the alkoxy 

groups of Chapter 3.   We initially sought alkyl substituted phenols to influence the ordering via 

π-stacking while maintaining solubility to produce chemically polymerized PProDOTs.  

Therefore a synthetic route involving the Friedel-Crafts acylation of phenol with the appropriate 

acyl chloride was pursued. This reaction produced a difficult-to-purify residue in low yields. An 

alternative approach attempted the Fries rearrangement of the corresponding alkyl benzoate 

ester.  Again, the synthesis failed to provide the alkyl phenol in significant yields.  Therefore, 

reconsideration led to the use of commercial phenols as a basis for aryl substituted 

propylenedioxythiophenes (Figure 4-3).  To that end, freshly distilled phenol and cresol were 

reacted with ProDOT-(CH2Br)2.  Potassium carbonate, a poorer base, was used rather than 

sodium hydride to prevent oxidative side reactions from the sodium phenoxide.   
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Figure 4-3. Synthesis of aryloxy propylenedioxythiophenes by Williamson etherification. 

The base and phenol were heated in DMF for 18 hours, followed by the addition of the 

ProDOT-(CH2Br)2.  The reaction was allowed to proceed for 96 hours, and then worked up as in 

Chapter 3. The reaction was cooled, poured into water, and recovered in dichloromethane.  

Subsequent extractions with water and brine gave a yellow oil. 

In the initial ProDOT-(CH2OC6H5)2 purification, unreacted starting material was observed 

to persist with the product during column chromatography.  A solution of the incompletely 

purified molecule in petroleum ether was extracted with saturated aqueous potassium hydroxide 

to remove the remaining phenolic impurities.  Later syntheses were purified by stirring the 

product in diethyl ether.   

ProDOT-(CH2OPhMe)2, however, undergoes purification by column chromatography 

using 4:1 hexanes: diethyl ether as the eluent. Following characterization by NMR, HRMS, and 

elemental analysis, the monomers were then used for electrochemical polymerization and 

characterization. 

Single crystal X-ray crystallography was obtained for both monomer compounds. The 

monomers were grown by slow evaporation from either acetone or dioxane.  Both molecules 

have an interesting packing structure (Figure 4-4 and Figure 4-6), involving the aryl groups. 
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Figure 4-4. Unit cell of ProDOT-(CH2OC6H5)2. Viewed along the C* axis. 

For ProDOT-(CH2OC6H5)2 the unit cell consists of four molecules. The sulfur atom of the 

thiophene ring sits 3.7 Å away from the oxygen atom of the phenoxy substituents and 4.3 Å from 

the para carbon of both phenoxy groups.  The central quaternary carbon of 

ProDOT-(CH2OC6H5)2 has two angles of interest.  The angle between the two substituent groups 

is ~111°.  The angle of propylenedioxy ring, centered at the quarternary carbon, is 110°.  Both 

ProDOT-(CH2OC6H5)2 and ProDOT-(CH2OPhMe)2 crystals align such that the thiophene of one 

monomer lies between the substituent aryl rings of another molecule.  ProDOT-(CH2OPhMe)2 

has two molecules comprising its unit cell (Figure 4-5). 

 

Figure 4-5. Unit cell of ProDOT-(CH2OPhMe)2. 
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.  In ProDOT-(CH2OPhMe)2, the sulfur atom sits 4.9 Å above the quaternary carbon of the 

second molecule.  The distance between the pendant groups’ oxygen atoms is 5.4 Å.  The 

distance between adjacent ProDOT-(CH2OPhMe)2 molecules is variable (Figure 4-6), but the 

sulfur atom lies ~3.5 Å between both pendant aryl rings.  

 

Figure 4-6. Crystal packing in ProDOT-(CH2OPhMe)2. A) Viewed along the a axis. B) Stacked 
view along the b axis. The methyl groups in maroon outline the void between the 
stacks. 

 The monomer molecules alternate direction as you move laterally through the crystal. 

Figure 4-6b shows a stacked view that demonstrates the regularity of the crystal.  When 

vertically spaced the sulfur distances alternate between 7.2 Å and 6.1 Å, this continues until a 

defect is reached.  This defect is identified by the methyl distances between the two stacks.  The 

methyl-methyl distances decrease from 14.1 Å to 13.3 Å to 4.1 Å until the void is reached, at 

which point the distances begin to increase following the same values.   This is different from 

ProDOT-(CH2OC6H5)2, which has a screw sense between the molecules (Figure 4-7).  The 

crystal structure of ProDOT-(CH2OPhMe)2 suggests a much more open spacing, due to the 

accommodation of the methyl substituents.  This more open spacing should allow for easier 

dopant ion transport throughout the polymer film, thereby improving the optoelectronic 

properties of the resulting polymer.  The monomer ProDOT-(CH2OC6H5)2 takes on the typical 

herringbone order with the sulfur atoms between the aryl rings (Figure 4-8). 

A B
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Figure 4-7. Unit cell of ProDOT-(CH2OC6H5)2 viewed along the b axis.  Two molecules located 
behind the nearer molecules. The upper molecules have the substituents aligned 
counter clockwise, while the lower substituents are aligned clockwise. 

 

 

 

Figure 4-8. Crystal packing in ProDOT-(CH2OC6H5)2. 
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It was expected that ProDOT-(CH2OC6H5)2 and ProDOT-(CH2OPhMe)2 would become 

insoluble during a chemical polymerization.  Therefore, these molecules where electrochemically 

polymerized to obtain a thorough characterization of the family’s electrochemical and 

optoelectronic properties. 

Electrochemistry 

ProDOT-(CH2OC6H5)2 was electrochemically deposited from acetonitrile with 

tetrabutylammonium hexafluorophosphate (TBAPF6) as the supporting electrolyte.  The 

monomer oxidation (Figure 4-9) shows an onset at 1.0 V versus Fc/Fc+, and a peak oxidation at 

1.11 V.  These values increase for the cresol derivative, ProDOT-(CH2OPhMe)2 (Figure 4-10).  

The onset of oxidation occurs at 0.99 V with the peak oxidation at 1.16 V.  Repeated scan cyclic 

voltammetry (CV) shows a very different growth response from the alkoxy derivatives of 

Chapter 3. Rather than the usual peaks associated with polymer redox, the phenyl polymer shows 

an additional redox processes.  The first process has a half-wave potential of 0.03 V, and the 

second process has a potential of 0.39 V.  For ProDOT-(CH2OPhMe)2, two processes are shown, 

but the second lacks an obvious reduction peak.  The first peak has an E1/2 of -0.01 V, with the 

second process having a more positive potential of 0.3 V.   
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Figure 4-9. Electrochemistry of ProDOT-(CH2OC6H5)2. A) Monomer oxidation showing onset 
potential of 1.0 V and a peak oxidation potential of 1.11 V.  B) Electrochemical 
deposition.  Experiments performed in acetonitrile with 0.1 M TBAPF6 electrolyte 
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Independent CV suggests the two processes are not linked to each other.  A potential 

window involving only the first process was scanned and the oxidation observed. The peaks 

were then compared to the oxidations of small molecule analogues of the substituent groups.  

There are few reports on the electrochemical oxidation of phenol that do not deal with its 

conversion to other organic products.  Iotov and Kalcheva focused on the voltammetry of phenol 

at Pt and Au alloy electrodes.176  Phenol is known to “foul electrodes,” more correctly described 

as coupling of phenoxy radicals.  After the initial oxidation scan, two small anodic peaks are 

observed at 0.7 and 0.9 V vs. Ag/Ag+ with both electrodes.  The origin of these peaks was not 

discussed, but they remain unchanged as the current response of other processes falls with 

increasing passivation of the electrode. By analogy, the first processes in Figure 4-9 and Figure 

4-10 are likely due to the phenolic oxidation.  

A comparison of the voltammetry of these polypropylenedioxythiophenes does not support 

that the substituents are mimicking anisole electrochemistry. The Pt oxidation of anisole occurs 

at 1.49 V vs. Ag/Ag+, while p-methylanisole oxidizes at 1.2 V,177  which was confirmed at 1.23 

V vs. Fc/Fc+ in TBAPF6 and acetonitrile. Neither PProDOT demonstrates a similar response. 
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Figure 4-10. Electrochemistry of ProDOT-(CH2OPhMe)2.  A) Monomer oxidation showing an 
onset potential of 0.99 V and a peak oxidation potential of 1.16 V. B) 
Electrochemical deposition performed in acetonitrile with 0.1 M TBAPF6 as 
electrolyte. 
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The redox current increases as the polymers are deposited, and the first process remains at 

approximately the same potential. This suggests that the second redox process is the result of the 

actual dioxythiophene polymer backbone.   The difference between the anodic potentials of this 

second redox process in ProDOT-(CH2OPhMe)2  versus ProDOT-(CH2OC6H5)2  is likely due to 

the methyl substituent.  The methyl group is sterically demanding, which should lead to a more 

open morphology than in ProDOT-(CH2OC6H5)2.  Considering the voltammetric break-in 

(Figure 4-11a and Figure 4-12a), PProDOT-(CH2OC6H5)2 shows a sharp oxidation associated 

with the pendant groups, a small oxidation that decreases as the CV progresses, and a deep broad 

reduction.  This broad reduction is not seen in the PProDOT-(CH2OPhMe)2 cyclic voltammetry.  

In Figure 4-12a, the PProDOT-(CH2OPhMe)2 reduction changes from a very broad peak to a 

small peak near 0.4 V.   

The scan rate dependence provides some information on the redox processes.  For 

PProDOT-(CH2OC6H5)2 (Figure 4-9b), the two oxidation peaks merge at high scan rates leading 

Figure 4-11c presents the results when the currents are plotted versus scan rate. The plot is linear 

confirming a surface bound redox process.157  Perhaps the species responsible for the initial 

process at E1/2 = 0.03 V must be overcome, with regular transport occurring thereafter.   
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Figure 4-11. Button electrochemistry of PProDOT-(CH2OC6H5)2 in 0.1 M TBAPF6 and 
acetonitrile A) Voltammetric break-in. B) Scan rate dependence C) Peak current 
versus scan rate. 
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In Figure 4-12c, the peak currents can be separated, and the anodic current of the initial 

redox process is plotted alongside the anodic current due to the polymer.  The resulting plots do 

not show complete linearity.  The divergence from linearity is most pronounced above 225 mV/s. 

Both cyclic voltammetry plots show small decreases in the potential as the polymer adjusts to the 

dopant ion transport during electrochemical switching. 
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Figure 4-12.  Button electrochemistry of PProDOT-(CH2OPhMe)2 in 0.1 M TBAPF6 and 
acetonitrile. A) Voltammetric break-in.  B) Scan rate dependence. C) Peak current 
versus scan rate. 

Whereas the scan rate dependence experiments in Chapter 3 confirmed that those polymers 

acted indistinguishably from the electrode, here the unusual behavior for ip,a1 suggests that an 

additional electrochemical process is occurring.  It is likely the result of a redox site within the 

deposited film no longer meeting the rate of electron transfer required at very high scan rate.  

The redox process associated with ip,a2, however, performs as expected with the scan rate; this 

process is most likely the actual polymer redox. 

Electrochromism 

Polymer films were produced and characterized as electrochromic films on ITO-covered 

glass by potentiostatic deposition.  The spectroelectrochemistry for PProDOT-(CH2OC6H5)2 is 

shown (Figure 4-13).  The polymer was switched from a purple color at 0 V to obtain a 

transmissive grey film at 0.65 V.  At 0 V, the spectrum of the polymer films shows a single 

absorption with λmax = 580 nm.  This is attributed to the π−π* transition between the HOMO and 
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LUMO orbitals of the polymer.  In its neutral state, the polymer has no absorbance at low energy 

values. As the potential is raised, the polaron absorption appears at 900 nm, in addition to the 

decrease in the π−π* absorption.  The film is observed to lose its color as the oxidation 

progresses.  Near 0.65 V, the polymer no longer has an absorbance in the visible, and the polaron 

absorption has also disappeared.  Only the NIR region shows absorption due to the formation of 

bipolarons, or radical di-cations. Degradation was observed beyond 0.65 V. 
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Figure 4-13. Spectroelectrochemistry of electrochemically deposited PProDOT-(CH2OC6H5)2 
from TBAPF6 in ACN. Oxidized in increments from 0.0 V to 0.2 V in 100 mV 
increments; 0.25 V to 0.4V in 25mV increments; from 0.4 V to 0.65 V in 50 mV 
increments. 

In the PProDOT-(CH2OPhMe)2 spectroelectrochemistry (Figure 4-14), the π−π* transition 

shows a split absorption at 557 and 601 nm, due to vibronic coupling,178 Davydov splitting,147,179 

or discrete conjugation lengths83 within the polymer.  The polaron peak occurs at  855 nm with 

sharper absorption changes in the NIR region, likely due to the more open morphology caused by 

incorporating the methyl substituents.129  A sharp change in the near infrared region of the 

polymer film’s absorption can be seen.  These has been noticed in other sterically demanding 

poly(propylenedioxythiophene)s.  Still, the electrochromic response of both polymers is 

consistent with prior observations. 
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Figure 4-14. Spectroelectrochemistry of electrochemically deposited PProDOT-(CH2OPhMe)2 
from TBAPF6 in ACN. Oxidized from -0.4 V to 0.3 V in 100 mV increments; from 
0.3 V to 0.4 V in 50 mV increments; from 0.4 V to 0.8 V in 25 mV increments; from 
0.8 V to 0.95 V in 50 mV increments. 

  The in situ colorimetry of both polymer films is shown (Figure 4-15).  With the ∆%Y of 

36%, PProDOT-(CH2OC6H5)2 shows a single divergence from typical colorimetry results.  In 

most cases after oxidation, the luminance asymptotes to a value of high transmissivity.  After the 

maximum transmissivity is attained in PProDOT-(CH2OC6H5)2, the relative luminance quickly 

falls, and the film is observed to color slightly.  This occurs above 0.2 V and mirrors the 

oxidation limit in the spectroelectrochemistry experiment. The colorimetry of 

PProDOT-(CH2OPhMe)2 is typical. The film follows an asymptote to 43% relative luminance 
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Figure 4-15. In situ colorimetry of PProDOT-(CH2OC6H5)2 and PProDOT-(CH2OPhMe)2 
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Finally, the composite coloration efficiency (CE) was obtained from several. CE can be 

used to determine the change in optical density due to amount of charge transport through an 

electrochromic polymer. Composite coloration efficiency captures the overall optical density 

change for a near complete optical switch. Initially, the polymers were potentiostatically 

deposited at 1.85 V from a solution of TBAPF6 and acetonitrile to a limit of 0.06 C. The 

deposition was later repeated using a limit of 0.08 C to produce films of differing thicknesses.  

Following cyclic voltammetric break-in, a tandem chronocoulometry/ chronoabsorptometry 

experiment (Figure 4-16), was performed to record the charge passed as the polymer films were 

switched between oxidized and reduced states.   
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Figure 4-16. Tandem chronoabsorptometry/ chronocoulometry for a PProDOT-(CH2OPhMe)2 

film.  The difference between the transmissive and colored state at λmax = 557nm is 
compared to the charge passed during the electrochemical switch.  The labeled values 
were used to calculate the composite coloration efficiency. 

Since the majority of color change occurs prior to completion of the electrochromic switch, 

the Tox and Tred values at 95% of the full optical switch were used to calculate the change in 

optical density for the films. The results were obtained for two different thicknesses (Table 4-1). 
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Table 4-1. Coloration Efficiency Data for Aryloxy Substituted ProDOTs.  
 ~300 Å film ~600 Å film 
 Phenoxy Cresoloxy Phenoxy Cresoloxy 
∆%T 26.3 38.2 21.4 49.1 
Tox 80.6 36.2 38.8 64.9 
Tred 58.6 0.58 19.9 18.9 
tswitch (s) 0.4 2.3 3.3 2.7 
∆(OD) 0.14 1.8 0.29 0.54 
Qd95%  (C/cm2) 1.41 x10-4 2.7 x 10-1 5.0 x10-4 1.43 x10-3 
CE (cm2/C) 983 678 581 377 
 

In the initial experiment, films were cycled to alleviate trapped charges, and then multiply 

switched multiply according to the following profile.  The films were held at 0 V for 10s, then 

reduced to -0.3 V.  After another 10 seconds, the film was oxidized to 1 V, and then reduced 

back to 0 V.  The electrochemical responses were then converted to charge passed, and the 

change in percent transmittance was recorded. Both polymer films show the expected slow 

oxidation, followed by a much faster reduction (Figure 4-16).   

While electroactive, the polymer films did not appear to pass large amounts of charge as 

seen in Table 4-1.  The result is that capacitive charging and discharging effects due to the ITO-

glass electrode are seen.  In Figure 4-16, the coulometric decay of the film is not observed to 

return to zero, but rather a 100 mC jump is observed between successive potential switches. This 

capacitive charging is not seen when a control experiment using the same electrolyte and Pt 

button electrode is used.  The second set of CCE experiments were performed using longer times 

to allow the thicker material to equilibrate. For PProDOT-(CH2OC6H5)2, the potential was held 

at 0 V for 15s.  The film was then oxidized to 1 V, and held at that potential for 20 seconds 

before returning to 0 V for 15s.  This resulted in a broader oxidative charge profile, but retained 

the fast reductive phenomenon discussed. The corresponding experiment for 

PProDOT-(CH2OPhMe)2 was held at 0 V for 15s, oxidized to 1 V for 30s, then reduced to 0 V 

for 30s. 
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When comparing the two sets of experiments, it is apparent that aryloxy substituted 

PProDOTs pass smaller amounts of charge than the alkoxy substituted PProDOTs of Chapter 3.  

The contrast ratio is also far below that seen in other substituted PProDOTs.  This may be due to 

the polymer’s ordering, or the aryl groups may be involved in the oxidative process. 

In the crystal structure, the thiophene ring lies between two aryl groups.  It is possible that 

the aryloxy groups participate in radical coupling during electrochemical deposition.   However, 

the marked increase in the contrast of PProDOT-(CH2OPhMe)2 over PProDOT-(CH2OC6H5)2 

supports previous observation that substituent bulk gives greater electrochromic contrast, 

presumed to be a result of the incorporation of the methyl substituent. 

An additional observation is that coloration efficiency decreases and switching time 

increases with increased film thickness due to poor dopant ion transport through the film, and not 

the result of a chemical process. The increased film thickness was observed to decrease both the 

switching time and the coloration efficiency as expected. 

Conclusion 

In this chapter, monomer derivatives of the 3, 4-propylenedioxythiophene backbone have 

been produced using commercial starting materials.  The materials are produced in reasonable 

yields, and are easily purified.  The monomers were then electrochemically deposited to produce 

electroactive polymer films.  These films were used to establish a baseline performance for 

aryloxy substituted PProDOTs as electrochromic materials.  The films have the typical 

dioxythiophene characteristics with a maximum absorption in the visible region between 

500-600 nm. Both materials show a reversible electrochemical process around 0.3 V, in addition 

to an earlier process near 0.01 V.  The former is more likely due to the dioxythiophene backbone, 

as the latter process compares favorably with electrochemical oxidations of phenol seen in the 

literature.  No color change is observed during the latter process.  However, the process does 
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appear to affect the material, as the scan rate dependence of both compounds shows deviation 

from linearity at scan rates between 75 and 225 mV/s. 

  X-ray crystallography shows that ProDOT-(CH2OC6H5)2 has a unit cell consisting of four 

monomer molecules, and that ProDOT-(CH2OPhMe)2 has a unit cell composed of two monomer 

molecules. If this arrangement is maintained in solution, where the monomer has low solubility, 

the aryloxy substituent groups may be involved in the radical coupling process that occurs during 

electrochemical deposition.  There may be defects in the polymer films that oppose the transport 

of dopant ions throughout the film.  This, in turn, may explain the low amounts of current and 

charge passed through the films during coloration efficiency measurements.  The films produced 

to be somewhat transmissive, even in the higher thickness examples, giving contrast ratios of 

~24% for the phenyl derivative and ~45% for cresol derivative.  The higher contrasts for 

PProDOT-(CH2OPhMe)2 are thought to be due to the increased bulk of the methyl group, 

suggesting that functional aryl groups which do not inhibit the dopant ion transport could be used 

to improve the electrochromic contrast of 3,4-propylenedioxythiophene polymers. However, care 

must taken to ensure that the electroactivity of the polymers is not affected, and that the 

polymer’s electrochemistry should be thoroughly compatible with the electrolyte of choice. 

Experimental Section 

Materials 

2,2-Bis(bromomethyl)-propylenedioxythiophene synthesis was adapted from a literature 

procedure.133 All reagents and solvents were purchased from Aldrich or Fisher and used without 

further purification. Anhydrous DMF was purchased from Acros in Sure-Seal bottles. 

Synthesis 

[ProDOT-(CH2OC6H5)2]. Phenol (0.83 g, 0.00877 mol) and potassium carbonate (2.43 g, 

0.0175 mol) were dissolved in dimethylformamide (50 mL, anhydrous) in a 250 mL 
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round-bottomed flask.  The mixture was then heated to 110 °C for 18 hours.  Bis(bromomethyl) 

ProDOT (1 g, 0.002924 mol) was then added to the reaction flask, and returned to temperature.  

The reaction was heated 96 hours and cooled to room temperature.  The solution was poured into 

300 mL of water, extracted with dichloromethane (3 x 100 mL).  The organic layers were the 

extracted with water (3 x 100 mL) and brine (150 mL).  The organic extracted were collected and 

washed with brine (100 mL).  Magnesium sulfate was used to dry the organic layer, and the 

volume reduced via rotary evaporation giving a brown oil.  This was chromatographed on silica 

gel with 1:1 petroleum ether: dichloromethane to give brown oil. The resulting light brown solid 

was dissolved in petroleum ether and washed with potassium carbonate (sat’d., aqueous).  This 

oil was then recrystallized from 4:1 hexanes:diethyl ether as a white solid (0.73 g, 65%).  1H 

NMR (300 MHz, CDCl3): δ 7.25 (d, 4H), 6.93 (d, 6H), 6.5 (s, 2H), 4.28 (s, 4H), 4.22 (s, 4H).13C 

NMR (75 MHz, CDCl3): δ158.85, 149.58, 129.66, 121.40, 114.82, 105.69, 73.41, 67.02, 47.58. 

ESI-FT-ICRMS [M+Na]+: calcd. for 391.0975; found, 391.0975. 

[ProDOT-(CH2OPhMe)2]. p-Cresol (1.42 g, 0.0132 mol) and potassium carbonate (3.63 g, 

0.0263 mol) were dissolved in dimethylformamide (50 mL, anhydrous) in a 250 mL 

round-bottomed flask.  The mixture was then heated to 110 °C for 18 hours.  Bis(bromomethyl) 

ProDOT (1.5 g, 0.004385 mol) was then added to the reaction flask, and returned to temperature.  

The reaction was heated 96 hours and cooled to room temperature.  The solution was poured into 

300 mL of water, extracted with dichloromethane (3 x 100 mL).  The organic layers were the 

extracted with water (3 x 100mL) and brine (150 mL).  The organic extracts were collected and 

washed with brine (100 mL) and potassium carbonate (sat’d., aqueous).  Magnesium sulfate was 

used to dry the organic layer, and the volume reduced via rotary evaporation giving a yellow oil.  

This was chromatographed on silica gel with 4:1 hexanes:diethyl ether as a white solid (0.61 g, 
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35%).  1H NMR (300 MHz, CDCl3): δ 7.05 (d, 4H), 6.78 (d, 4H), 6.48 (s, 2H), 4.26 (d, 4H), 4.17 

(d, 4H), 2.27 (s, 6H). 13C NMR (75 MHz, CDCl3): δ156.82, 130.58, 130.06, 114.67, 105.62, 

73.45, 67.27, 20.70. ESI-FT-ICRMS [M+Na]+: calcd. for 419.1288; found, 419.1303. 
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CHAPTER 5 
REDUCIBLE SIDE GROUP POLY(3,4-PROPYLENEDIOXYTHIOPHENE)S 

Literature Review 

One of the many applications receiving attention is the development of polymer-based 

batteries8,15,16 and supercapacitors.17  Conjugated polymers can act as either anode or cathode in 

these devices, and offer some electrochemical control via manipulation of the monomer 

structure, or the degree of doping.16 Conjugated polymers that undergo p-doping easily, such as 

polythiophenes, polypyrroles, and polyanilines have been the preferred materials180 for devices 

which employ these polymers as the cathode, usually combined with an anionic electrolyte. 

Current focus has shifted to the development of all polymer devices, where both electrodes are 

appropriately charged polymers, or the incorporation of reducible pendant groups onto non-

conjugated polymer backbones.15,69 It would be therefore be advantageous to develop a 

conjugated polymer which can undergo both n-doping and p-doping.162,181 

The major inhibition to n- and p- dopable polymers has been the stability of the reduced, or 

n-doped, state.182 To circumvent these inhibitions, polymers have been developed using the 

donor-acceptor approach to attain an electrochemical window which does not allow the negative 

interactions of water and/or oxygen with the reductive state.113  In these systems the position of 

the HOMO and LUMO orbitals relative to the vacuum energy level is controlled by the strengths 

of electron donation and withdrawal via monomer substitution.  This has led to questions 

regarding the nature of  true n-doping in conjugated polymer systems.138  In the case of 

bis(EDOT)-pyridine and bis(EDOT)-diphenyl-pyridopyrazine, n-doping is believed to require 

the generation of negative charge carriers in the polymer backbone.  While these polymers show 

typical oxidative behavior, accessing multiple color states with organic and alkaline electrolyte 

salts, the reductive behavior shows no electrochromism, likely due to pinning.183 The polymers 



 

95 

were also explored using differential pulse voltammetry.184  DPV provides more accurate current 

response than cyclic voltammetry.  These BEDOT systems show no current response upon 

application of reductive potentials with alkaline electrolyte salts, and 

bis(EDOT)-diphenyl-pyridopyrazine shows a single color change upon the first reduction.  

Subsequent conductivity and spectroelectrochemistry measurements gave similar results with 

small, or no, changes in the response using alkaline electrolyte salts. 

The second approach mentioned incorporates redox active molecules as pendant groups.185  

One method synthesized poly(3-bromohexyl)thiophene, followed by reaction with 

2-carboxyanthraquinone.85  This post-polymerization process led to 87% incorporation of the 

anthraquinone substituent.  Two reduction waves were attributed to the anthraquinone group, and 

third reduction was attributed to n-doping of the polythiophene backbone.  The polymer also 

demonstrated thermochromic properties between 10 °C and 90 °C. 

p-Nitrophenyl groups have also been covalently attached to polythiophenes.  These groups 

are interesting because of their electroactivity, and the nitro substituents can be electrochemically 

converted to amine functionalities.  The p-nitrophenyl functional groups have also shown some 

non-linear optical characteristics.186  Using a monomer synthesis involving 

2-(thiophen-3-yl)-acetic acid, the p-nitrophenyl unit was incorporate via oxo, amino, and 

oxymethyl linkages.187  The polymers were then electrochemically deposited from 

tetrabutylammonium perchlorate (TBAP) and acetonitrile. The oxy and amine linked polymers 

were observed to lose the reversibility of the p-nitrophenyl electrochemistry after 

polymerization.  The loss of electrochemical reversibility was related to the presence of TBAP 

absorptions in the polymer’s IR spectrum.  This suggests that the electrolyte was not expelled 
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from the films following the reduction.  The reduction of the nitro groups also seems to affect the 

polymer backbone electrochemistry. 

More recently, electron acceptor functionalized poly(3,4-ethylenedioxythiophene)s were 

reported.188  Via acid-catalyzed transetherification, chloromethyl-substituted EDOT was 

produced as the keystone synthon for these monomers.  Hydroxyl functionalized anthraquinone, 

perylene tetracarboxylic diimide, and tetracyano-9, 10-anthraquinodimethane were then reacted 

with chloromethyl EDOT to produce the desired monomers.  All three monomers showed 

reversible reduction waves due to the electron acceptor units.  After polymerization, these 

reduction waves were observed at more positive potentials due to the influence of the 

electroactive PEDOT backbone.  The polymers were then characterized optically, and suggested 

as light-harvesting or charge storage candidates. 

One concern with performing reductive electrochemistry is the occurrence of irreversible 

phenomena during reduction. This is seen in polythiophenes.  Polythiophenes are observed to n-

dope with tetra-alkylammonium electrolyte salts, however, use of alkaline cations leads to the 

failure of the polythiophene films.189  The tetra-alkylammonium reductions show “pre-peaks” 

which are determined to be due to “charge trapping,” i.e. un-resolved conductive charge carriers 

along the polymer backbone.  These pre-peaks were seen in other systems such as polyfluorene, 

and pyridine-thiophene copolymers.  CV, EQCM, and IR suggest the “pre-peaks” seen in the n-

doping of polythiophenes are due to changes in the polymer chain via reaction with hydroxide to 

produce thieno-quinone moieties along the polymer chain.190 

With that consideration, we sought to produce n-dopable, or reducible, 

polypropylenedioxythiophenes (PProDOTs) based upon the synthetic methodology developed in 

Chapter 4.  Aryl substituents with electron-withdrawing groups were grafted onto 



 

97 

2,2-bis(bromomethyl)-ProDOT (ProDOT-(CH2Br)2). Using the Williamson etherification of 

substituted phenols, electrochemically polymerizable monomers were produced and 

characterized as p-dopable materials, and then the reductive capability of the monomers was 

determined.  Ideally, this should produce a polymer which can be oxidized and reduced at 

sufficiently different potentials to provide a single active material for charge storage devices.  

Monomer Synthesis 

Following methodology similar to Chapter 4, substituted phenols with electron 

withdrawing groups were reacted under basic conditions with ProDOT-(CH2Br)2. Initially, 

substituted nitrophenols were thought to provide an ideal substrate for reduction.  Recent 

literature has demonstrated the reduction191 of 4-nitrophenol, 4-cyanophenol, and 2-cyanophenol, 

in addition to study of the radical anions192 produced electrochemically.  Concerns about the 

stability of the electron poor phenols led to the use of less reactive base, cesium carbonate, rather 

than the standard sodium hydride.  Monomers, from cyanophenol and pentafluorophenol, were 

synthesized (Figure 5-1).  The reagents were combined in a dry round-bottomed flask and heated 

for a minimum of 48 hours. 
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Figure 5-1. Synthesis of electron poor aryloxy ProDOT monomers. 

In the case of ProDOT-(OPhCN)2, the compound was obtained via a work-up of sequential 

extractions with diethyl ether, water, and brine.  After removal of the organic solvent, an 

off-white, mauve solid was obtained, and then recrystallized from an acetone/water mixture. This 

method involved the dropwise addition of water until the first precipitation of the organic solid 
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was observed.  A minimal amount of acetone was re- added to solubilize the newly formed 

precipitate.  The solution was then chilled overnight to allow for complete precipitation.   

The ProDOT-(OC6F5)2 synthesis, adapted from a literature synthesis of substituted 

tetrathiafulvalenes,193 differed in that hydrolysis gave a white solid which was filtered away from 

the desired product.  The filtrate was then acidified, and extracted with dichloromethane.  

Washing with water, and removal of the organic solvent gave an off-white solid, which was also 

recrystallized from acetone and water.  The final monomer was a white solid.  

Commercial 4-hydroxy benzoate was reacted with ProDOT-(CH2Br)2 using sodium 

hydride and DMF to obtain ProDOT-EB.  Whereas previous syntheses used carbonate bases, the 

presence of the ester group dissuaded the use of an equilibrium controlled deprotonation.  As in 

Chapter 3, sodium hydride was used to produce the desired phenoxide (Figure 5-2). The reaction 

was heated overnight, then cooled and diluted with water.  Subsequent extraction with diethyl 

ether, washing with brine and water gave the crude product as a white, yellow solid. After 

washing with hexanes, the colored impurity was removed, giving the final monomer as a pure, 

white solid. 
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Figure 5-2. Synthesis of ProDOT-EB. 

All monomers were then characterized by standard methods as recorded in the 

experimental methods at the end of this chapter. 



 

99 

Single crystals were prepared by slow evaporation from dioxane for ProDOT-(OC6F5)2 and 

acetone for ProDOT-EB. ProDOT-(OPhCN)2 was not submitted for X-ray analysis due to the 

timing of purification. 

The crystal of ProDOT-(OC6F5)2 appears to be composed of two monomer molecules, with 

sulfur atoms directed in opposite directions (Figure 5-3). 

 

Figure 5-3. Unit Cell for ProDOT-(OC6F5)2 viewed along the a axis. 

However, when nearest neighbor molecules are considered, a different picture emerges. 

There appears to be two modes of ordering between neighboring molecules.  The molecules are 

associated vertically and translationally within the crystal structure.  The primary interaction is 

governed by the fluorine atoms of the aryl ring.  The pentafluorophenoxy rings lie above one 

another, but it can also be seen that the pentafluorophenoxy rings are offset creating a stair-step 

effect within the crystal structure (Figure 5-4). Closer inspection shows that a single 

pentafluorophenoxy ring is involved in a F-F interaction, while the second ring adjusts to allow 

the initial overlap to occur.  The second pentafluorophenyl ring does not have any ordering 

interaction associated (Figure 5-5). The overlap is regular and leads to standard distances within 

the crystal. 



 

100 

 

Figure 5-4. Stacked views of ProDOT-(OC6F5)2. 

 

 

Figure 5-5. Expanded View of Packing of ProDOT-(OC6F5)2 with intermolecular distances 
shown. F-F interaction (light blue) has a distance of 2.9 Å.  The translational distance 
(green) is 4.3 Å.  The vertical distance between interacting sets is 3.3 Å. 
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The F-F interaction has a distance of 2.9 Å. The translational distance between the two 

pentafluorophenoxy rings involved the F-F interaction is 4.3 Å.  These two molecules are then 

related to a second set of monomer molecules that also have the pentafluorophenoxy rings 

separated by 2.9 Å.  The distance between sets of molecules is 3.3 Å  

The ProDOT-EB crystal shows a regular ordering of the monomer molecules with a 

recurring sulfur-sulfur distance of 6.0 Å between adjacent molecules (Figure 5-6). This crystal is 

nearest to the intended solid-state structure that was desired.  The structure appears to be 

influenced by the aryl groups as expected, with very close associations between the pendant 

aromatic groups.  The distance between faces of the aryl substituents is 4.0 Å, while the edge-to-

edge distance is 3.8 Å (Figure 5-7). 

 

Figure 5-6. Crystal packing for ProDOT-EB. 

This molecule clearly demonstrates that ordering in dioxythiophenes can be governed by 

the substituent rather than the polymer backbone. If these interactions persist in soluble 

analogues of the molecule, substituent choice may be a convenient method to affect the ordering 

of dioxythiophene polymers. 
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Figure 5-7. Crystal packing for ProDOT-EB showing aryl-aryl distance measurements. 

Ambient Atmosphere Electrochemistry 

To obtain a complete understanding of the polymer’s electrochemical properties, button 

electrochemistry was performed on the bench top in ambient conditions. Initially, the monomers 

were characterized using the same methods as other dioxythiophene materials.  The polymers,  

were electrochemically deposited from monomer electrolyte solutions of tetrabutylammonium 

hexafluorophosphate (TBAPF6) and acetonitrile by repeated scan cyclic voltammetry (CV). 
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Figure 5-8. Ambient atmosphere electrochemistry of ProDOT-(OC6F5)2. A) Monomer oxidation 
showing an onset potential of 1.18 V and a peak oxidation of 1.31 V vs. Fc/Fc+. B) 
Electrochemical deposition.  Polymer anodic and cathodic potentials are shown. 
Experiments performed in acetonitrile with 0.1 M TBAPF6 electrolyte. 
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The initial CV scan of ProDOT-(OC6F5)2 shows an onset of oxidation occurring at 1.18 V 

followed by the monomer’s peak oxidation at 1.31 V vs. Fc/Fc+ (Figure 5-8).  The redox process 

is demonstrated by repeated cycling.  Well-defined oxidative and reductive current responses 

nearest 0.31 V and 0.13 V delineate the polymer film’s electroactive process.  The resulting half-

wave potential is 0.22 V.  Similar results are seen in the CV of ProDOT-(OPhCN)2 (Figure 5-9). 
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Figure 5-9. Ambient atmosphere electrochemistry of ProDOT-(OPhCN)2. A)  Monomer 
oxidation showing onset potential of 1.07 V and a peak potential of 1.26 V vs. Fc/Fc+.  
B) Electrochemical deposition of ProDOT-(OPhCN)2. Polymer anodic and cathodic 
potentials are shown.  Experiments performed in acetonitrile with 0.1 M TBAPF6 
electrolyte.  

The peak oxidation of the monomer is observed at 1.26 V with an onset of 1.07 V vs. Fc/Fc+.  

The electroactive process has a half-wave potential of 0.06 V.  The unsymmetrical 

electrochemical cycle is likely due to differential transport rates of the supporting electrolyte 

through the ProDOT-(OPhCN)2 polymer film.  The peak potentials are consistent with those 

obtained in Chapter 4 for aryl substituted dioxythiophenes. When compared to the series of 

substituted phenyl thiophenes in the literature,167 the values obtained for ProDOT-(OC6F5)2 and 

ProDOT-(OPhCN)2 are 0.1 mV lower.  In the literature, tetraethylammonium tetrafluoroborate 

(TEABF4) is used rather than TBAPF6. The major contributor is likely the increased electron 
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donation due to the propylenedioxy ring, and the absence of torsional strain seen in 

3-phenylthiophenes.  
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Figure 5-10. Ambient atmosphere electrochemistry of ProDOT-EB. A) Monomer Oxidation 
showing on onset potential of 1.06 V and a peak oxidation potential of 1.13 V. B) 
Electrochemical deposition. Polymer anodic and cathodic potentials are shown. 
Experiments performed in acetonitrile with 0.1 M TBAPF6 electrolyte. 

ProDOT-EB (Figure 5-10) has a monomer oxidation with a peak potential of 1.13 V vs. 

Fc/Fc+. As in the simple phenols of Chapter 4, the polymer shows two redox processes.  The first 

process has a peak anodic potential of -0.06 V, a peak cathodic potential of -0.2 V, and a half-

wave potential of -0.18 V.  This is close to the peak-to-peak separation for the corresponding 

peaks in PProDOT-(OC6H5)2, which was 0.04 V.  The second redox process is considered the 

polymer process, and has peak potentials of 0.06 V and -0.03 V versus Fc/Fc+, and a half-wave 

potential of 0.02 V. 

All films were transferred to a fresh, monomer-free solution of TBAPF6 in acetonitrile.  

After repeated CV cycling to “break-in” the films, the scan rate dependence of all polymers was 

obtained. PProDOT-(OC6F5)2 shows good current response between 25 mV/s and 600 mV/s.  

The peak current values were plotted against the scan rate (Figure 5-11c).  Both processes are 

reasonably linear, though some curvature is seen in the plot of anodic current versus scan rate for 

PProDOT-(OC6F5)2.  The voltammetric break-in (Figure 5-11a) shows the symmetrical current 
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response of the electroactive polymer redox process.  The anodic and cathodic potentials are 

constant because the electronic properties are saturated at the optimum conjugation length. The 

same experiment was performed from 50 mV/s to 750 mV/s for PProDOT-(OPhCN)2 (Figure 

5-12). The scan rate dependence experiments for PProDOT-EB are shown (Figure 5-13).  The 

polymer film showed good linear response between 0 and 500 mV/s. 
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Figure 5-11.  Button electrochemistry of PProDOT-(OC6F5)2 in 0.1 M TBAPF6 and acetonitrile. 
A) Voltammetric Break-in. B) Scan rate dependence C) Plot of peak currents versus 
scan rate. 

All polymers show reasonably linear scan rate dependence suggesting the electroactive 

species is surface bound and not diffusion dependent, i.e. the deposited polymer performs 

similarly to the pristine electrode surface.157  The films appear to have several trapped charges at 

low scan rates that are easily overcome.  Preliminary reduction electrochemistry was also 

performed under ambient conditions, and good current response was obtained. 
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Figure 5-12.  Button electrochemistry of PProDOT-(OPhCN)2 in 0.1 M TBAPF6 and acetonitrile.  
A) Voltammetric break-in.  B) Scan rate dependence. C) Plot of peak currents versus 
scan rate. 
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Figure 5-13. Button electrochemistry of ProDOT-EB in 0.1 M TBAPF6 and acetonitrile. A) 
Cyclic voltammetric break-in of polymer film. B) Scan rate dependence. C) Plot of 
peak current versus scan rate. 

Electrochromism 

Electrochromism is the reversible change in the absorption or transmission properties due 

to an applied external voltage.  PProDOT materials can switch between a colored, neutral state 

and a transmissive, oxidized state.  These polymer films were characterized by 

spectroelectrochemistry to follow the loss of the π−π* transition in the neutral state, and the 

growth of an absorption attributed to polaronic charge carriers in the oxidized state.  A film of 

PProDOT-(OC6F5)2 was deposited onto glass slides covered with indium tin oxide (ITO), 

switched repeatedly in monomer free electrolyte solution to “break-in” the film, then the 

UV-VIS-NIR spectrum was recorded as the potential was increased stepwise from neutral to 

oxidized state (Figure 5-14).  Similar to the polymers in previous chapters, the π−π* absorption 

is split into two peaks at 574 nm and 624 nm.  Typical absorptions due to polaron generation 

were observed at 990 nm. 

If the alignment seen in the monomer X-ray crystal structure persists in the polymer films, 

then the π−π* splitting may be due to conformationally limited conjugation lengths in the 

polymer film.  The polymer film of PProDOT-(OC6F5)2 is electrochromic, switching from a 

typical PProDOT blue-purple in the neutral state to a transmissive grey film in the oxidized state.     
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Figure 5-14. Spectroelectrochemistry of PProDOT-(OC6F5)2. Film was oxidized in increments of 
100 mV from 0 V to 0.4 V, then increments of 50 mV from 0.4 V until 0.65 V 

The in situ colorimetry (Figure 5-15) shows the change in luminance for the polymer.  The 

polymer film has a change in luminance of about 30% which is low when compared the alkoxy 

PProDOTs in Chapter 3; those polymers with luminance changes of 60% are much more typical 

of dioxythiophene polymers.  The lack of contrast may be due to the regular orientation of the 

aryl rings, rather than the random orientation expected in the alkoxy PProDOTs. 
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Figure 5-15. In situ colorimetry of PProDOT-(OC6F5)2. 

The spectroelectrochemistry of PProDOT-EB (Figure 5-16) and PProDOT-(OPhCN)2 

(Figure 5-18) was obtained.  A polymer film was deposited potentiostatically onto an 

ITO-covered glass slide, and repeatedly switched in monomer-free electrolyte to condition the 

films. The conditioning process, or break-in, serves to swell the polymer film with supporting 

electrolyte and to improve the material transport properties of the electroactive film.  The 
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UV-VIS-NIR spectrum was then recorded as the polymer film was oxidized stepwise from the 

neutral, colored state to the oxidized, transmissive state. 
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Figure 5-16. Spectroelectrochemistry of PProDOT-EB. Film was oxidized from Neutral to 0.4 V 
in 100 mV increments; from 0.4 V to 0.7 V in 50 mV increments; from 0.7 to 0.8 V 
in 100 mV increments. 

PProDOT-EB shows a maximum absorption at 586 nm or 2.1 eV, with the low energy 

edge of the absorption occurring at 686 nm, or 1.8 eV. This is the π−π* absorption of the 

polymer. A polaron absorption near 924 nm is also observed as the polymer is oxidized.  Unlike 

some of the previous films, large changes in the NIR region of the spectrum are not seen. 
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Figure 5-17. In situ Colorimetry of PProDOT-EB. 

The transmissivity of the film was also characterized by in situ colorimetry (Figure 5-17). 

Similar to the other aryloxy polymers, PProDOT-EB shows a change in luminance of ~48%.  

The transition is also smooth and gradual with no sharp changes as observed in branched 
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PProDOTs.158  There were no obvious effects from incorporation of the ester group into the 

electroactive polymer film.  It is presumed that the esters have not been converted to acid groups, 

and are not forming cross-links within the polymer film. 
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Figure 5-18. UV-VIS spectroscopy of PProDOT-(OPhCN)2. A) Spectroelectrochemistry The 
spectrum shows absorptions due to the polymer backbone at 557 nm and 607 nm, 
while a stronger absorption tails into the visible region with a maximum absorbance 
of 300nm. Film oxidized from 0 V to 4 V in 100 mV increments, from 0.425 V to 
0.475 V to 0.5 V, then from 0.5 V to 0.7 V in 50 mV increments. B) Solution 
spectroscopy of phenol and ProDOT-(OCPhCN)2. 

For PProDOT-(OPhCN)2, the results are quite different from the other polymers studied 

(Figure 5-18).  The film had the expected purple color in its neutral state.  However as the 

polymer was oxidized, the UV-VIS-NIR spectrum did not show complete bleaching of the π−π* 

transition, or the appearance of polaronic or bipolaronic transitions in the NIR region of the 

spectrum.  Instead, a high energy absorption at 300 nm appears. Further experiments determined 

that this absorption is constant, and the decrease in the polymer absorbance at 557 nm and 607 

nm leads to the increase in the intensity of the 300 nm absorption.  This λmax2 tails far into the 

visible region obscuring the polaron absorption which occurs as the polymer oxidizes.  The tail 

of λmax2 in the visible region between 420 nm and 700 nm is not seen in the neutral polymer 

film. Comparison with reference spectra suggests that the high energy absorption is due to the 

cyanophenoxy groups.194  The UV-VIS spectrum of p-hydroxybenzonitrile shows a broad 
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absorption at 247 nm, and several smaller absorptions which extend up to 300 nm.  The 

comparison suggests that the absorption of the cyanophenoxy group is stronger than the polymer 

backbone, but is outside the visible range. 

To complete the characterization, the in situ colorimetry (Figure 5-19) was also obtained.  

The luminance transmitted was recorded as the film was oxidized from neutral to 0.8 V.  The 

change in luminance was approximately 45%.  Like previous aryloxy substituted PProDOTs, the 

change occurs gradually with step wise potential increases.  
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Figure 5-19. In situ colorimetry of PProDOT-(OPhCN)2. 

Inert Atmosphere and Reduction Electrochemistry 

The key motivation for designing these types of molecules is to perform reductive 

electrochemistry not involving the dioxythiophene backbone.  Ideally, the pendant group should 

have a complete reductive electrochemical process.  Most reductive electrochemistry is 

susceptible to attack by water and oxygen found in the ambient atmosphere,195 so the button 

electrochemistry was repeated in a controlled oxygen-free, water-free environment of an argon 

atmosphere glove box.  The electrochemical deposition results for ProDOT-(OC6F5)2 (Figure 

5-20), for ProDOT-(OPhCN)2 (Figure 5-22), and for ProDOT-EB (Figure 5-24). 

  The experiments were performed with acetonitrile that was degassed via multiple freeze-

pump-thaw cycles over 3 hours.  The monomer solids and acetonitrile were then cycled between 
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full vacuum and argon atmosphere twice in the glove box antechamber.  After storing overnight 

at full vacuum, the materials were brought into the glove box whilst maintaining an oxygen and 

water free atmosphere. Repetitive CV and SRD were performed using similar conditions to the 

ambient experiments. 
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Figure 5-20. Inert atmosphere electrochemistry of ProDOT-(OC6F5)2. A) Monomer oxidation 
showing a peak oxidation at of 1.14 V vs Fc/Fc+. B) Electrochemical deposition. 
Polymer anodic and cathodic potentials are shown. Experiments performed in 
acetonitrile with 0.1 M TBAPF6 electrolyte. 

PProDOT-(OC6F5)2 showed a half-wave potential of 0.11 V, and the monomer oxidation 

occurred at 1.14 versus Fc/Fc+.  The values were lower than the bench top, likely due to the lack 

of dissolved water in the acetonitrile affecting the electrochemical process.  Figure 5-21 shows 

the PProDOT-(OC6F5)2 peak current plots are consistent with ambient results, while Figure 5-22 

shows the electrochemical deposition of ProDOT-(OPhCN)2. 
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Figure 5-21. Cottrell-type analysis for PProDOT-(OC6F5)2 A) Plot of peak currents versus scan 
rate. B) Plot of peak currents versus square root of scan rate. 
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Figure 5-22. Inert atmosphere electrochemistry of ProDOT-(OPhCN)2. A) Monomer oxidation 
showing onset potential of 1.02 V and a peak oxidation of 1.18 V vs Fc/Fc+.  B) 
Electrochemical deposition. Polymer anodic and cathodic potentials are shown. 
Experiments performed in acetonitrile with 0.1 M TBAPF6 electrolyte. 

The monomer oxidation occurred at 1.18 V, which was much lower than the potential seen 

in the ambient experiments.  The polymer had a half-wave potential of 0.35 V.  Figure 5-23 

shows the results of the scan rate dependence experiment.  Again, no significant change was 

observed from the bench-top experiments.  Thus, the nature of the polymer is not substantively 

affected by deposition under inert atmosphere.  However, the smaller potential values observed 

during the electrochemical depositions suggested that the solvent conditions greatly affect the 

observed results.   
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Figure 5-23. Cottrell-type analysis for PProDOT-(OPhCN)2 A) Plot of peak currents versus scan 
rate. B) Plot of peak currents versus square root of scan rate 
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Figure 5-24 shows the electrochemical deposition of ProDOT-EB.  As expected, two 

electrochemical processes are observed.  The first is likely associated with the aryl pendant 

groups, and the second is the expected polymer electrochemical process. 
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Figure 5-24. Inert atmosphere electrochemistry of ProDOT-EB. A) Monomer oxidation showing 
onset potential of 1.01 V and peak potential of 1.12 V vs. Fc/Fc+.  B) Electrochemical 
deposition. Polymer anodic and cathodic potentials are shown. Experiments 
performed in acetonitrile with 0.1 M TBAPF6 electrolyte.  

The half-wave potentials are -0.19 V and 0.04 V, respectively.  These values are 

significantly lower than those observed in ambient atmosphere, which is analogous to the 

decrease in observed potentials of PProDOT-(OC6F2)2 and ProDOT-(OPhCN)2. 

It was also advantageous to use differential pulse voltammetry (DPV) to study these 

systems.  DPV allows for more accurate determination of electrochemical response than 

traditional cyclic voltammetric methods.  The experiment was performed for PProDOT-(OC6F5)2 

(Figure 5-25) and PProDOT-(OPhCN)2 (Figure 5-26) using the Pt button electrochemical cell. 

The films were held at the starting potentials for at least 30 seconds before each individual 

experiment began.  The scans were performed in segments beginning with the oxidative process.  

The potential was scanned from -0.1 V to 0.85 V, then back to -0.1 V.  The reductive segment 

was started at -1 V and lowered to -3 V, then back to -1 V.  Only the oxidative process was 

reversible having an anodic onset potential at -0.26 V vs. Fc/Fc+ and a peak plateau at 0.21 V.  
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This value is nearly identical to that seen in the inert cyclic voltammetry.  The cathodic portion 

of the oxidative process had an onset at -0.19 V and peak plateau at 0.04 V.  Both peak potentials 

were only 20 mV different from earlier measurements. The reduction of the pentafluorophenoxy 

pendant groups was irreversible giving no anodic current response, even after repeated reductive 

cycling.  The cathodic process has an onset of -1.88 V and a peak plateau of -2.43 V.   
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Figure 5-25. Differential pulse voltammetry of PProDOT-(OC6F5)2. 

The potential was scanned from -0.1 V to 0.85 V, then 0.85 V to -0.1 V for the oxidative 

process (Figure 5-26) with onsets of -0.23 V and -0.22 V for the anodic and cathodic processes. 

The anodic peak plateau was 0.25 V, and the cathodic peak plateau was 0.26 V. The reductive 

process was scanned from -0.5 V to -1.8 V.  The reduction began at -1.88 V, and does not 

asymptote within the potential window.  No reciprocal anodic process was observed. 
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Figure 5-26. Differential pulse voltammetry for PProDOT-(OPhCN)2. 
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The reduction of 4-cyanophenol has been observed at -1.6 V versus Ag[sic]192 using a gold 

macroelectrode in tetrabutylammonim perchlorate and DMF. The resulting calculations 

suggested that the reduction of 4-cyanophenol phenol is followed quickly by the protonation of 

the radical anion.  Repetition of the experiments using a gold microdisk electrode also revealed 

an irreversible reduction peak at -1.6 V. 

The PProDOT-EB films were also characterized by DPV (Figure 5-27).  The electron 

withdrawing ability of the ester should improve the electrochemical reduction processes within 

this molecule. 
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Figure 5-27.  Differential pulse voltammetry for PProDOT-EB. 

For the oxidative process, the potential was scanned from 0 V to 1 V, then from 1 V back 

to 0 V.  This produced an anodic onset at -0.37 V, a peak plateau of 0.07 V, a cathodic peak 

plateau of 0.03 V, and an anodic onset at -0.27 V.  The reductive process was studied similarly.  

The potential was scanned from -0.4 V to -3 V, then from -3 V back to -0.4 V.  The reductive 

electrochemistry gave a cathodic onset at -1.82 V, a cathodic plateau at -2.26 V, an anodic 

plateau at -2.24 V, and an anodic onset at -1.96 V. 

For comparison, a film of PProDOT-(CH2OC6H5)2 was also studied under reductive 

conditions (Figure 5-28).  The oxidative plot was obtained by scanning the potential between 0 V 

and 1 V, then from 1 V to 0 V. 
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Figure 5-28.  Differential pulse voltammetry for PProDOT-(CH2OC6H5)2. 

The reductive segment was obtained by beginning at -3 V and scanning back to 0 V.  

Attempts to scan forwards from 0 V to -3 V initially gave no response.  When the experiment 

was repeated beginning at -1.5 V towards -3 V, the current response was finally observed.  This 

phenomena suggests that there is a charging capacity that must be reached before reduction can 

be observed with PProDOT-(CH2OC6H5)2.  This was not seen in the substituted aryl PProDOTs.  

PProDOT-(OC6F5)2 and PProDOT-(OPhCN)2 showed much smaller potential windows where 

reduction could occur. This confirms that electron withdrawing substituents enhance the ability 

of aryl substituted dioxythiophenes to undergo reductive electrochemical processes.  Also 

significant is that the current responses of PProDOT-(CH2OC6H5)2 were lower than the other 

polymer films.  This is consistent with prior observations which suggested that simple aromatic 

groups do not pass charge as well as other dioxythiophenes. 

Conclusion 

In this chapter, we have used the phenol based Williamson etherification methodology to 

produce functional aryloxy substituted 3,4-propylenedioxythiophenes.  Commercially available, 

4-cyanophenol, pentafluorophenol, and ethyl 4-hydroxybenzoate were used to generate ProDOT 

monomers which are able to be electrochemically reduced.  The polymers are electrochemically 

deposited at potentials similar to those seen in simple aryloxy substituted monomers.  Both 
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compounds have monomer oxidation potentials near 1.1 V versus Fc/Fc+.  The polymer 

electrochemistry was unchanged when the experiments were repeated in the argon-filled 

atmosphere of a glove box.  The difference in monomer oxidation potential between the glove 

box and bench top is likely the result of greater purity in the supporting electrolyte solution. The 

incorporation of an aryl ester into PProDOT has also been shown.  This monomer can be 

produced in good yields, and shows good control of ordering as seen in the x-ray 

crystallography. The electrochemistry is similar to that of ProDOT-(OPh)2 and ProDOT-

(OPhMe)2.  Two redox processes are observed with the second likely being due to the polymer’s 

π-conjugation system.  The deposited polymer performs as a surface bound electroactive species 

as expected, with linear responses to scan rate and scan rate dependence.  

  The X-ray crystal structure of the ProDOT-(OC6F5)2 monomer presents some future 

opportunities.  The interaction between F atoms in the monomer structure suggests the possibility 

to control polymer ordering and morphology.  The pentafluorophenoxy rings participating in a F-

F interaction may allow for new multidimensional structures to be created. 

  The spectroelectrochemistry shows that all polymers are electrochromic as is typical of 

PProDOTs, and gave films with contrasts of 30-45%. The observation of a high energy 

absorption due to the cyanophenoxy group in PProDOT-(OPhCN)2 was also made.  The 

absorption likely affects the transmissive state of the polymer, and appears to reach into the 

visible region when the polymer is oxidized.  Finally, the reduction capabilities of the polymer 

films were studied.  PProDOT-(OPhCN)2 and PProDOT-(OC6F5)2 show irreversible reduction 

phenomena, while PProDOT-EB gives a complete electrochemical cycle.  In the case of 

PProDOT-(OPhCN)2, this is supported by similar work in the literature.  The incorporation of 
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phenols that have known reduction capabilities is next step to produce 

poly(3,4-propylenedioxythiophene)s capable of oxidative and reductive electrochemistry. 

Experimental Section 

Materials 

2,2-Bis(bromomethyl)-propylenedioxythiophene synthesis was adapted from a literature 

procedure.133 All reagents and solvents were purchased from Aldrich or Fisher and used without 

further purification. Anhydrous DMF was purchased from Acros in Sure-Seal bottles. 

Synthesis 

[ProDOT-(OPhCN)2]. Cyanophenol (1.88 g, 0.0158 mol) and Cesium carbonate (5.14 g, 

0.0158 mol) were dissolved in dimethylformamide (25 mL, anhydrous) in a 250 mL 

round-bottomed flask.  Bis(bromomethyl)-ProDOT (1.8 g, 0.0053 mol) was then added to the 

reaction flask, and The mixture was then heated to 110 °C for 58 hours.  The reaction was cooled 

to room temperature.  The solution was poured into 300 mL of water, extracted with diethyl ether 

(3 x 100 mL). The organic layers were collected and washed with water (3 x 100 mL) and brine 

(150 mL).  Magnesium sulfate was used to dry the organic layer, and the volume reduced via 

rotary evaporation giving a mauve solid.  This was recrystallized from acetone and water to give 

a white solid (0.86 g, 39 %).  1H NMR (300MHz, CDCl3 ): δ 7.59 (d, 4H), 6.98 (d, 4H), 6.53 (s, 

2H), 4.25 (s, 8H). 13C NMR (75 MHz, CDCl3):  δ 149.16, 134.28, 115.45, 106.17, 105.12, 72.75, 

66.91, 47.48. HRMS [M+H]+: calcd. for 419.1098; found, 419.1086. Anal. Calc’d: C, 66.01; H, 

4.34; N, 6.69; Found: C, 65.517; H, 4.378; N, 6.398. 

[ProDOT-(OC6F5)2]. Pentafluorophenol (3.2 g, 0.0174 mol) and cesium carbonate (11.34 g, 

0.0348 mol) were dissolved in dimethylformamide (30 mL, anhydrous) in a 250 mL round-

bottomed flask.  Bis(bromomethyl) ProDOT (2 g, 0.0058 mol) was then added to the reaction 
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flask, and the mixture was then heated to 110 °C for 48 hours.  The reaction was cooled to room 

temperature.  The solution was poured into 300 mL of water and filtered to collect a white solid. 

The filtrate was acidified to pH 4 and extracted with dichloromethane (2 x 150 mL). The organic 

layers were washed with water (3 x 100 mL) Magnesium sulfate was used to dry the organic 

layer, and the volume reduced via rotary evaporation giving a mauve solid.  This was 

recrystallized from acetone and water to give a white solid (1.4 g, 44%).  1H NMR (300 MHz, 

CDCl3 ) δ 6.52 (s, 2H), 4.42 (s, 4H), 4.24 (s, 4H). 13C NMR (75 MHz, CDCl3): δ 141.94, 105.98, 

73.44, 72.02, 66.67. HRMS[M]+: calcd. for 548.0140; found, 548.0134. 

[ProDOT-EB]. Ethyl 4-hydroxy benzoate (3 g, 0.0175 mol) and sodium hydride (1.33 g, 

60%, 0.0348 mol) were dissolved in dimethylformamide (30 mL, anhydrous) in a 250 mL round-

bottomed flask.  The mixture was then heated to 110 °C for 4 hours.  Bis(bromomethyl) ProDOT 

(2 g, 0.0058 mol)  was then added to the reaction flask, and returned to temperature.  The 

reaction was heated overnight and cooled to room temperature.  The solution was poured into 

200 mL of water, extracted with diethyl ether (3 x 100 mL), and retained.  The organic layers 

were the washed with brine (150 mL).  Magnesium sulfate was used to dry the organic layer, and 

the volume reduced via rotary evaporation to a yellow-white solid.  This was washed with 

hexanes to give a white solid.(2.4 g, 81%) 1H NMR (300 MHz, CDCl3): δ 7.9 (d, 4H), 6.9 (d, 

4H), 6.5 (s, 2H), 4.33 (q, 4H), 4.26 (d, 8H), 1.37 (t, 6H). 13C NMR (75 MHz, CDCl3): δ 166.7, 

163.4, 131.8, 123.8, 114.3, 105.9, 73.0, 66.9, 60.9, 47.5, 14.6. HRMS [M+]: Calc’d. for 

C27H28O8S, 512.1505; found, 512.1495.  Anal. Calc’d: C, 63.27; H, 5.51; O, 24.97; S, 6.26; 

Found: C, 63.905; H, 6.22.  
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APPENDIX A 
CRYSTALLOGRAPHIC DATA 

 

Figure A-1.  Crystal Structure Numbering for ProDOT-EB. 

 

Figure A-2. Unit Cell for ProDOT-EB. 
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Table A-1.  Crystal data and structure refinement for ProDOT-EB. 
Identification code  gj03 
Empirical formula  C27 H28 O8 S 
Formula weight  512.55 
Temperature  173(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/c 
Unit cell dimensions a = 6.0058(4) Å α= 90°. 
 b = 19.014(2) Å β= 91.931(2)°. 
 c = 21.8257(13) Å γ = 90°. 
Volume 2491.0(3) Å3 
Z 4 
Density (calculated) 1.367 Mg/m3 
Absorption coefficient 0.180 mm-1 
F(000) 1080 
Crystal size 0.26 x 0.07 x 0.06 mm3 
Theta range for data 
collection 

1.42 to 27.49°. 

Index ranges -7≤h≤6, -22≤k≤24, -25≤l≤27 
Reflections collected 15901 
Independent reflections 5610 [R(int) = 0.0466] 
Completeness to theta = 
27.49° 

98.1 %  

Absorption correction Integration 
Max. and min. transmission 0.9896 and 0.9685 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5610 / 0 / 328 
Goodness-of-fit on F2 1.032 
Final R indices 
[I>2sigma(I)] 

R1 = 0.0471, wR2 = 0.1217 [4086] 

R indices (all data) R1 = 0.0718, wR2 = 0.1336 
Largest diff. peak and hole 0.493 and -0.349 e.Å-3 
R1 = ∑(||Fo| - |Fc||) / ∑|Fo| 
wR2 = [∑[w(Fo2 - Fc2)2] / ∑[w(Fo2)2]]1/2 

S = [∑[w(Fo2 - Fc2)2] / (n-p)]1/2 

w= 1/[σ2(Fo2)+(m*p)2+n*p], p =  [max(Fo2,0)+ 2* Fc2]/3, m & n are constants. 
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Figure A-3. Crystal Structure Numbering for ProDOT-(CH2OC6H5)2. 
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Table A-2.  Crystal data and structure refinement for ProDOT-(CH2OC6H5)2. 
Identification code  gj05 
Empirical formula  C21 H20 O4 S 
Formula weight  368.43 
Temperature  173(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Unit cell dimensions a = 11.6376(8) Å α= 90°. 
 b = 41.650(3) Å β= 110.882(1)°. 
 c = 15.7981(10) Å γ = 90°. 
Volume 7154.5(8) Å3 
Z 16 
Density (calculated) 1.368 Mg/m3 
Absorption coefficient 0.205 mm-1 
F(000) 3104 
Crystal size 0.15 x 0.15 x 0.15 mm3 
Theta range for data 
collection 

0.98 to 27.50°. 

Index ranges -14≤h≤14, -54≤k≤45, -19≤l≤20 
Reflections collected 23285 
Independent reflections 8094 [R(int) = 0.0502] 
Completeness to theta = 
27.50° 

98.3 %  

Absorption correction Integration 
Max. and min. transmission 0.9759 and 0.9632 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8094 / 0 / 473 
Goodness-of-fit on F2 0.993 
Final R indices 
[I>2sigma(I)] 

R1 = 0.0392, wR2 = 0.0858 [5525] 

R indices (all data) R1 = 0.0697, wR2 = 0.0974 
Largest diff. peak and hole 0.268 and -0.378 e.Å-3 
R1 = ∑(||Fo| - |Fc||) / ∑|Fo| 
wR2 = [∑[w(Fo2 - Fc2)2] / ∑[w(Fo2)2]]1/2 

S = [∑[w(Fo2 - Fc2)2] / (n-p)]1/2 

w= 1/[σ2(Fo2)+(m*p)2+n*p], p =  [max(Fo2,0)+ 2* Fc2]/3, m & n are constants. 
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Figure A-4. Crystal Structure Numbering for ProDOT-(CH2OPhMe)2. 
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Table A-3. Crystal data and structure refinement for ProDOT-(CH2OPhMe)2. 
Identification code  gj07 
Empirical formula  C77 H88 O16 S3 
Formula weight  1365.65 
Temperature  173(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Unit cell dimensions a = 27.1473(13) Å α= 90°. 
 b = 10.2516(5) Å β= 113.882(1)°. 
 c = 27.5514(13) Å γ = 90°. 
Volume 7011.1(6) Å3 
Z 4 
Density (calculated) 1.294 Mg/m3 
Absorption coefficient 0.174 mm-1 
F(000) 2904 
Crystal size 0.21 x 0.18 x 0.08 mm3 
Theta range for data 
collection 

1.62 to 27.49°. 

Index ranges -19≤h≤35, -13≤k≤13, -35≤l≤35 
Reflections collected 22456 
Independent reflections 7931 [R(int) = 0.0504] 
Completeness to theta = 
27.49° 

98.4 %  

Absorption correction Integration 
Max. and min. transmission 0.9879 and 0.9648 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7931 / 0 / 380 
Final R indices 
[I>2sigma(I)] 

R1 = 0.0414, wR2 = 0.1071 [5632] 

R indices (all data) R1 = 0.0607, wR2 = 0.1133 
Largest diff. peak and hole 0.303 and -0.334 e.Å-3 
R1 = ∑(||Fo| - |Fc||) / ∑|Fo| 
wR2 = [∑[w(Fo2 - Fc2)2] / ∑[w(Fo2)2]]1/2 

S = [∑[w(Fo2 - Fc2)2] / (n-p)]1/2 

w= 1/[σ2(Fo2)+(m*p)2+n*p], p =  [max(Fo2,0)+ 2* Fc2]/3, m & n are constants. 
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Figure A-5. Crystal Structure Numbering for ProDOT-(CH2OC6F5)2 
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Table A-4.  Crystal data and structure refinement for ProDOT-(CH2OC6F5)2. 
Identification code  gj08 
Empirical formula  C21 H10 F10 O4 S 
Formula weight  548.35 
Temperature  173(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P 1 
Unit cell dimensions a = 8.3361(7) Å α= 104.702(2)°. 
 b = 9.9200(8) Å β= 100.207(2)°. 
 c = 13.6855(11) Å γ = 107.346(2)°. 
Volume 1004.92(14) Å3 
Z 2 
Density (calculated) 1.812 Mg/m3 
Absorption coefficient 0.284 mm-1 
F(000) 548 
Crystal size 0.20 x 0.17 x 0.15 mm3 
Theta range for data collection 1.60 to 27.49°. 
Index ranges -9≤h≤10, -12≤k≤12, -17≤l≤17 
Reflections collected 6414 
Independent reflections 4296 [R(int) = 0.0303] 
Completeness to theta = 27.49° 93.2 %  
Absorption correction Integration 
Max. and min. transmission 0.9673 and 0.9228 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4296 / 0 / 325 
Goodness-of-fit on F2 1.049 
Final R indices [I>2sigma(I)] R1 = 0.0361, wR2 = 0.1025 [3629] 
R indices (all data) R1 = 0.0426, wR2 = 0.1065 
Largest diff. peak and hole 0.365 and -0.232 e.Å-3 
R1 = ∑(||Fo| - |Fc||) / ∑|Fo| 
wR2 = [∑[w(Fo2 - Fc2)2] / ∑[w(Fo2)2]]1/2 

S = [∑[w(Fo2 - Fc2)2] / (n-p)]1/2 

w= 1/[σ2(Fo2)+(m*p)2+n*p], p =  [max(Fo2,0)+ 2* Fc2]/3, m & n are constants. 
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APPENDIX B 
GEL PERMEATION CHROMATOGRAPHY WITH PHOTODIODE ARRAY DETECTION 

Chromatographic Theory 

Molecular weight is a key piece of information that must be determined in polymer 

chemistry.  Many methods have been developed for molecular weight determination; most rely 

on some physical property of the material to ascertain if a high molecular weight, or polymer, 

regime has been reached.  Viscosity, light scattering, and end group reactivity methods can be 

used to determine the molecular weight of a polymer sample.  However, the most commonly 

used method is size exclusion chromatography (SEC).  For most synthetic polymers, it is often 

referred to as gel permeation chromatography (GPC).  This method is relatively fast, consistently 

reproducible, and reasonably general for many high molecular weight materials.  This chapter 

provides a brief introduction to the technique,196 and a tutorial of its application to conjugated 

polymers. 

Column Choice 

GPC/SEC is a chromatographic separation method which characterizes molecules by their 

size.  The method is derived from column chromatography and liquid chromatography.  In those 

methods, species are separated by chemical interaction with a stationary substrate, typically 

molecular polarity.  The stationary phase performs the separation.  This phase may be porous 

silica, a cross-linked organic gel, or a styrene-divinylbenzene copolymer.  The latter is the 

preferred stationary phase material.  Columns can be chosen based on the following conditions. 

••  The separation range is adequate for the material being studied.  This means that separation 
must occur between the initial and final elution times for the chosen column 

 
••  Resolution is controlled by the particle size.  At 5 µm, effective resolution of the polymer 

molecules occurs with short column lengths, thereby using less solvent.  However, impurities 
are not tolerated  with smaller particle sizes 
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••  Columns which combine multiple pore sizes can be used to increase the separation range 
while also providing a linear calibration curve.  This type is useful for general molecular 
weight determination. 

 
••  Two column systems are preferred to minimize band spreading and peak broadening. 
 

The process of separation is well understood.  Though one speaks of the separation being 

due to size, it is actually the result of differences in the hydrodynamic volume of molecules of 

differing molar mass.  The hydrodynamic volume is the space occupied by both the polymer and 

its cage of solvent molecules as it moves through the chromatography column.  GPC/SEC 

provides a simple means to determine the distribution of molecular masses within in a sample, in 

addition to the average molecular masses of that sample.  Within the stationary phase are pores 

into which the solvated polymer chains can flow.  The pore sizes are such that larger chains 

spend very little time within the pores of the column, and smaller chains have a high residency 

within the pores.  The result is that larger molecular weight fractions of the polymer will elute off 

the column well before smaller molecular weight fractions.  This provides information as to the 

distribution of molecular weights within the polymer sample. 

Separation 

The separation itself is governed by the random distribution of molecules within and 

without the pores of the stationary phase.  The volume of solvent outside the pores of the 

stationary phase is called the interstitial, or exclusion, volume (Vi).  It is this limit that defines 

the high molecular weight end of the separation range; this value is used to determine if a 

particular column can adequately separate the desired polymer molecular weight fractions.  The 

total volume of the pores within the stationary phase is represented by the pore volume (Vp).  

Smaller molecules are presumed to have complete access to this volume, and will have the 

longest elution times.   The sum of the interstitial volume and the pore volume is called the void 
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volume, and defines the total permeation of the stationary phase. The elution time of a particular 

fraction is the sum of the interstitial volume and the equilibrium residence of the fraction within 

the pore volume (Equation B-1). 

VpKVV SECie +=           (B-1) 

The separation can also be explained in terms of thermodynamic properties.  The 

equilibrium distribution of molecules depends on the Gibbs free energy.  Ideally, there is no 

contribution from the enthalpy component, i.e. no interaction between the solvent or stationary 

phase with the molecular distribution.  Thus, the equilibrium distribution simplifies to Equation 

B-2. 

RS
SEC eK /∆=            (B-2) 

This equilibrium distribution expression gives KSEC as zero for large molecules and 1 for 

molecules which access the entire pore volume.   

Calibration 

Once separation is achieved, the molecular weight values must be assigned to the detected 

fractions of the polymer.  This is achieved by calibrating the separation column to polymer 

standards of known molecular weight.  Most researchers use polymer of narrow molecular 

weight to calibrate GPC/SEC columns.  The elution volume or time of the sample is correlated to 

the known molecular weight resulting in a linear relationship (Equation B-3). 

log M = A + BVe          (B-3) 

The constants, A and B are obtained by linear regression of the plot of log M versus Ve.  

Most columns, however, do not give a simple linear relationship, and the calibration equation 

above is typically a polynomial expression.  The number of terms in the expression is kept 

minimal and methods to determine the quality of the linear fit have been studied.197  It also 
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instructive to calibrate the column using a broad standard.  This is often required by GPC 

software to obtain a proper molecular weight distribution information.  The sample may be from 

a commercial source, or merely a typical example of the regularly characterized polymer. 

The second method of calibration is called universal calibration.  This method accounts for 

the hydrodynamic volume of the sample to produce a calibration curve that is somewhat 

independent of the polymer sample being characterized.  Based upon the Mark-Houwink 

equation (Equation B-4), universal calibration relies upon the hydrodynamic volume being 

reasonably proportional to the intrinsic viscosity and molar mass of the polymer.    In essence, 

two different polymers have calibration points which lie on the same curve, because their 

molecular weight fractions have similar hydrodynamic volumes.  

a
vKM=][η            (B-4) 

This relationship was determined by plotting log [n]M versus the elution volume for both a 

standard polymer and an unknown polymer.198  

In this equation Mv is a viscosity average molecular weight, a and K are constants specific 

to the polymer-solvent conditions.  The constant, a, relates to the conformation of the polymer 

chain. For a = 0, the chain approximates a tight sphere, a = 1, a slightly extended coil, a = 0.5, 

polymer in its theta solvent, and for a = 0.8, a polymer in its extended random coil conformation.  

When a = 2, the polymer is presumed to be a rigid rod material; it is this condition which might 

be expected for most conjugated polymers.  Substitution of the Mark-Houwink equation for the 

intrinsic viscosity term for the two polymers gives Equation B-5.  This equation allows the 

generation of an additional calibration curve for a column that has been previously calibrated.  

The analysis assumes that the a and K values for both polymers are accurate. 

1
22

1
11

21 ++ = aa MKMK           (B-5) 
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Sample Detection 

The final consideration is the method of detecting the eluted fractions, and quantitation of 

those amounts.  Detectors can be placed into two categories: those that sense the concentration of 

eluted material, and those that respond to some physical property, especially molar mass.  The 

concentration sensitive detectors respond to either changes in the mobile phase, or changes in the 

eluting sample.  The most common detection method in GPC/SEC is the refractive index 

detector (RI).  RI detectors are useful because in addition to providing sample detection, they can 

be used to monitor the state of the chromatographic system.  They provide information regarding 

the purity of the solvent, the efficiency of the solvent delivery system, and sample stationary 

phase interaction.  The RI detector recognizes the change in the refractive index of the solvent as 

the molecular weight fractions elute from the column.   Almost every instrument will have an RI 

detector as part of the chromatography system.  Other concentration sensitive detectors such as 

ultraviolet, infrared, and fluorescence spectroscopy, or an electrochemical detector may be used.  

The alternative to concentration detectors are molar mass sensitive methods.  There are two main 

types, viscosity-based detection and light scattering based detection.  Typically, the instrument 

set-up uses both types of mass-sensitive detection. Viscosity detectors typically measure the 

pressure drop across a capillary of the flowing solvent. Since the viscosity of the solvent, ηo, is 

known, the pressure drop is proportional to the specific viscosity, ηsp, and the sample 

concentration is low, the definition of intrinsic viscosity is easily determined (Equation B-6). 

c
sp

c

ηη lim
0

][
→

=            (B-6) 

Information such as the radius of gyration and hydrodynamic volume can be determined in 

addition to the molecular weight from light scattering the detection.  The weight average 
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molecular weight is given by Equation B-7, where R(θ) is the intensity of scattered light, P(θ) is 

angular dependence of scattered light, and A2 is second virial coefficient. 

cA
PMR

cK
w

22
)(

1
)(

*
+=

θθ
         (B-7) 

The value, K*, is the optical constant and is defined by Equation B-8.  The value dn/dc is 

the incremental refractive index, and is the key value in calculating the constant.  The 

incremental refractive index relates how much the index of refraction of a solution changes with 

small variance in the concentration. 

( )AN
dc
dnK 4

2
2 /4* λπ ⎟

⎠
⎞

⎜
⎝
⎛=          (B-8) 

Finally, consideration of the variables that affect the reproducibility of GPC/SEC 

measurements must be discussed. To convert elution time to elution volume, the flow rate 

generated by the solvent delivery system must be constant. Vibrations from the pump should also 

be minimal, as the detector will give a poor baseline and stray peaks due to a faulty solvent 

delivery system. Solvent lines should be checked for leaks, air bubbles, and blockages due to 

impurities.  Occasionally, a guard column may be installed to prevent fouling of the column. 

The detector response should be linear over a wide range. The range should be nearest that 

of the separation region.  The choice of the detector also should involve a reproducible material 

property. This will increase the confidence in the observed results with synthetic polymers.   

Columns should only be operated in the designated direction, unless attempting to remove 

a large blockage.  Solvent changes must be performed slowly, allowing the column to condition 

to new solvent.  Typically, solvent changes take 1-2 hours, and are performed at very low flow 

rates.  Several mixtures of the two solvents are prepared, and introduced to the column over the 
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course of 4-6 hours.  After each solvent change, a new calibration curve should be produced and 

checked against previous calibrations. 

GPC-UV-VIS 

One of our most powerful analytical tools combines electrochemistry with spectroscopy to 

obtain information on the polymers’ optical properties as the electrochemical potential is varied.  

Spectroelectrochemistry, shown throughout this work allows us to follow the conversion of the 

neutral π−π* absorption into both polaron and bipolaron states.  Spectroelectrochemistry is 

performed on a conjugated polymer film immersed in some electrolyte solution.  While 

providing significant information about the electronic properties of our polymers, it does not 

comment on the polymerization process.   

The onset of the neutral π−π* absorption approximates the energy difference between 

HOMO and LUMO orbitals.  During conversion from monomer, the coalescence of the 

monomer p orbitals leads to an increase in the extent of conjugation for the molecular π orbitals.  

This narrows the HOMO-LUMO difference leading to changes in the π−π* absorption.  These 

optical changes with molecular weight cannot be followed easily via spectroelectrochemical 

methods.  Incorporation of monomer necessarily leads to changes in polymer size.  Therefore, it 

should be possible to correlate conjugated polymer molecular weights with UV-VIS absorption 

spectroscopy. 

We have coupled size exclusion chromatography with ultraviolet-visible spectroscopy to 

determine molecular weight and observe those changes in optical properties that relate to 

molecular weights. 

Our analytical system is an isocratic HPLC pump feeding a mixed-bed 5µm GPC column 

with refractive index and photo diode array detectors.  Good chromatographic separation is the 
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backbone of this analysis.  An isocratic dual headed pump is used to provide smooth, stable flow 

rates of the eluent. This system prevents the recognition of pulses at the detector, thus providing 

a smooth baseline.  In the dual-headed system, two pump pistons operate approximately 180° out 

of phase.  As solvent is delivered to the column from one piston, the other is filling with eluent 

from the reservoir. This system leads to a stable, reproducible baseline and is monitored via the 

RI detector.  We use a Waters 2996 photodiode array UV-VIS detector as the primary method of 

detection of our soluble conjugated polymers.  All source radiation is focused on the sample flow 

cell.  A prism/dispersive element separates the light into its various wavelengths. After passing 

through the sample, the light impinges upon photodiodes corresponding to the particular 

wavelengths within the spectrum.  The PDA is most useful in that a sample chemical identity can 

also be confirmed via comparison to traditional polymer UV-VIS spectroscopy.   

Operation of the GPC-UV/VIS Instrument 

Pre-Analysis Items 

The following paragraphs comprise actions that may be taken prior to use of the 

instrument. If the instrument is already available, please continue to Sample Analysis.  

Computer, Pump Assembly, Column Heater, PDA, and RI Detector should be powered. 

1. The computer is typically run from the Windows Administrator login.  A small “E” icon 
is used to start the Empower Chromatography Software. The switches for the pump and 
column heater are on opposite sides of the instrument.  The PDA switch is at the front of 
the detector.  Two small green lights should be visible when the detector is powered.  
Initially, the “Lamp” light blinks.   This stops when the lamp is ready. The RI detector 
will provide a screen showing the sensitivity and the current detector temperature. 

  
2. The chromatographic system should have spent at least 24 hours at temperature before a 

sample is performed.  This involves delivering eluent at the desired flow rate with all 
components powered.  The equilibration time is necessary for a stable baseline. 

 
3. The Empower Software is used to set flow rates, system temperature, and RI detector 

sensitivity. 
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 Sample Analysis 

1. If the flow rate must be changed, click the “running faucet” icon.  Set the desired flow 
rate in addition to a ramp time of 5 minutes. 

 
2. After the flow is achieved, click the “cylinder’ icon to begin an equilibration procedure.  

On the popup window, click equilibrate monitor.  The correct instrument method should 
already be selected from previous use. 

 
3. Click the “Stop” icon, which is above the Equilibrate “cylinder”.  This icon contains a red 

square. 
 

4. The topmost button shows needle entering the injection port.  This is the “Single Sample” 
button. 

 
5. Click the Single Sample button, Enter a sample name. 

 
6. All Sample Names should begin with YOUR initials and contain an abbreviation for your 

polymer. 
 

7. Ensure that the vial number is correct for the injection you are performing. 
 

8. Set the injection volume at 10µL. 
 

9. Click “Inject”, you should see a small message window appear. 
 

10. Inject your 10µL of sample into the Injection Port.  This port should already be in the 
load position. 

 
11. Turn the injector to the right.  Hold for ~0.2sec.  Return the injector to the load position.  

Wait for the time of your injection. 
 
Data Quantitation 

This area will most likely be performed with the instrument owner.  However a reference 

procedure will be provided here.  For GPC-UV/Vis data, click the Browse Project button to open 

a column which contains all samples run. You should see channel information for both the RI 

and PDA detectors. Select the PDA data by right clicking the desired sample.   

1. Select Review-Replace in the right-click context menu. 
  

2. You should be taken to the Review Window/Work Area. 
 

3. Extract a chromatogram near the λmax of your polymer 
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4. File->Open->Processing Method 
 

5. Select the most recent processing method. 
 

6. Go to Process-> Integrate to select your peak. 
 

7. Go to Process->Quantitate to calculate your MW values 
 

If the information is satisfactory, select Save Result. If you would like to recalculate your 

data, you must re-enter the Review Work Area as earlier. UV-Vis spectra are extracted from 

your chromatogram via the right clicking the actual chromatogram.  Once your analysis is 

complete, reset the flow rate to 0.1mL/min via a 5 min ramp through the faucet icon. 
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