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Abstract 

 

Conducting Polymers for n-type Semiconductors, Molecular Actuators, 

and Organic Photovoltaics 

 

Jordan Alyssa Dinser, M.A. 

The University of Texas at Austin, 2013 

 

Supervisor:  Bradley J. Holliday 

 

The majority of conjugated polymers are more stable as p-doped materials than n-

doped materials.  Stable n-doped polymers are still desirable and for all polymer OPVs, 

pLEDS, n-channel FETs, and other polymeric electronic devices.  The use of donor-

acceptor architectures has led to improvements in n-type polymer performance.  The 

approach taken here has been to include a metal-coordination site within a donor-acceptor 

polymer backbone in order to explore the effect of redox matching between the 

conjugated polymer backbone and the transition metal center. 

Conducting polymers have shown promise as polymeric actuators for prosthetics, 

robotics, and dynamic braille displays.  For the majority of conducting polymers, the 

actuation mechanism is a bulk phenomenon related to the uptake and expulsion of 

counterions.  This performance may be improved by incorporating monomers which 

display geometry changes as a function of oxidation state into the polymer backbone.  

The molecular-level actuation should additively yield a macroscopic actuation that would 

surpass as well as compliment the bulk mechanism discussed above.  We have 
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synthesized a conjugated polymer which incorporates the sym-dibenzocyclooctatetraene 

moiety, which is known to undergo a change in geometry from a tub-shaped neutral 

structure to a planar radical anion, into the polymer backbone. 

The solution processability of conjugated polymers promises large-scale roll-to-

roll processing for organic photovoltaics.  However, the use of thin active layers in the 

majority of high efficiency devices reported to date prohibits this.  The recently reported 

donor-acceptor copolymer KP115 shows high efficiencies in polymer-fullerene blend 

bulk heterojunction devices even with very thick active layers.  This has been reported to 

be unrelated to the morphology of the blends.  By further characterizing this material and 

preparing derivatives of this polymer, we aim to relate the unique performance of these 

devices to a structural feature of the polymer.  It is proposed that the low recombination 

rates observed for these blends may be due to the presence of discrete donor and acceptor 

units in the polymer backbone.  In order to further explore this idea, we have a prepared a 

derivative of KP115 in which a conjugation-breaking meta-phenyl linkage has been 

introduced between the silolodithiophene unit and the dithienylthiazolo[5,4-d]thiazole 

unit. 
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Chapter 1:  Conducting Polymers as Functional Materials 

CONDUCTING POLYMERS 

Synthetic, saturated polymers (polymers with sp
3
 hybridized backbones) have 

been known since the early twentieth century, and the desirable structural properties of 

this class of materials, which includes Teflon, Nylon, and polyvinyl chloride (PVC) have 

led to them being used in larger quantities than any other class of materials.
1
  However, 

these saturated polymers are insulators and have few interesting electronic properties.
1
  In 

contrast to this, the overlapping π-orbitals along the backbone of conjugated polymers 

(polymers with sp
2
 hybridized backbones) give rise to fascinating electronic and optical 

properties, which make them part of a promising and rapidly expanding field of research.   

Simple organic conjugated polymers were identified as conducting materials as 

early as 1977 when Shirakawa, MacDiarmid, and Heeger et al. discovered conducting 

polyacetylene through redox doping.  Since then, the field of conducting polymer 

research has grown rapidly, and our understanding of the behavior of these materials has 

grown tremendously.  Conjugated polymers have been found to be very similar to 

traditional inorganic semiconductors in many ways.
2
  The π-electrons of a conjugated 

polymer can exist in energy bands rather than at discrete energy levels as a consequence 

of the interaction of π-orbitals in the polymer backbone and resulting delocalization of 

the π-electrons.  The hybridization of the highest occupied molecular orbitals (HOMO) of 

adjacent monomers gives rise to a filled valence band, while hybridization of the lowest 

unnoccupied molecular orbitals (LUMO) gives rise to an empty conduction band.
3
  The 

energy difference between these bands is the polymer “band gap,” and the existence of 

such a finite band gap leads to neutral conjugated polymers with conductivities between 

that of insulators and semiconductors (10
-10

 to 10
-5

 Scm
-1

).
4,5
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Figure 1.1.  Frontier orbital energy levels giving rise to the band structure of polypyrrole 

with increasing conjugation length. 

Like traditional inorganic semiconductors, the conductivity of conjugated 

polymers can be increased through doping, a process through which charge carriers are 

introduced into the material.
1,4,5

  The charges introduced into the backbone of a 

conjugated polymer are mobile due to delocalization over the polymer chain through the 

overlapping system of π-orbitals and due to interchain electron transfer.
1
  The presence of 

mobile charges in doped conjugated polymers therefore leads to conductivity just as with 

metallic conductors.
1
  The charge carriers may be generated through photoexcitation or 

chemical doping or may be introduced from electrodes through electron removal 

(oxidation or p-doping) or electron injection (reduction or n-doping).  When charges are 

introduced through electrodes, the process is accompanied by the intercalation of counter 

ions to maintain electrical neutrality.
2 

 Through the process of doping, the conductivity of 

conjugated polymers can be increased to levels on par with metallic conductors (ca. 1 to 

10
4
 Scm

-1
).

4
 

Since the level of doping in the polymer back bone is adjustable, the conductivity 

of doped polymers can be tuned from semiconducting to metallic conductivity.
4
  

                                    ∞ 
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Additionally, the blending of a doped conjugated polymer with a structural polymer 

allows for further optimization of the materials electronic and mechanical properties.
4
 

Since the initial discovery of conducting polymers, much effort has been devoted 

to expanding the classes of known conjugated polymers so that these materials may be 

put to use in a wide variety of applications.  Due to the synthetic nature of conjugated 

polymers, structural changes can be made to the polymer chains in order to achieve the 

desired properties for a specific application.  Still, the library of well characterized and 

well understood conducting polymers is relatively small, and the structures of the major 

classes of conjugated polymers are shown in Figure 1.2 below. 

Figure 1.2.   Major classes of conjugated polymers.  

Aside from the obvious structural differences between the polymer systems 

shown above, the most distinguishing differences between various conjugated polymers 

are evident in their doped states.
1
  Conjugated polymers may differ in their stabilities in 

the doped state and the ways in which their doped states may be reached.  Examples of 

Polyacetylene Polypyrrole Polythiophene 

Polyfluorene Polyaniline Poly(p-phenylene) 

Poly(thienylene 

vinylene) 

Poly(p-phenylene 

vinylene) 

Poly(phenylene 

ethenylene) 
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the varied doping methods and the properties achieved through those methods will be 

discussed below. 

DOPING 

Chemical Redox Doping 

Chemical oxidation was the first reported route to conducting conjugated 

polymers.  This was achieved through the oxidation of polyacetylene (trans-(CH)n) with 

iodine to give the p-doped polymer as shown below. 

CP + 3/2(I2) → CP
+
(I3

-
) 

Similarly, n-type doping of conjugated polymers can be achieved through treatment with 

a suitable reductant as shown below. 

CP + [Na
+
(C10H8)

-•
] → [(Na

+
)(CP

-
)] + (C10H8)

0 

For most conjugated polymers, treatment with a sufficient amount (usually ≤ 10%) of an 

appropriate dopant can bring the conductivity of the polymer into the metallic regime.
4
 

Electrochemical Redox Doping 

Although, chemical doping of conjugated polymers is simple and generally 

effective, it is limited in its utility due to the difficulty of controlling the degree of doping 

through this method.  Using small amounts of dopant in order to achieve polymers with 

intermediate conductivities can lead to inhomogeneous doping of the polymer.  The use 

of electrochemical redox reactions for the doping of conjugated polymers was developed 

as a solution to this problem.  Electrochemical doping involves the use of an electrode to 

supply the necessary charges to oxidize or reduce the polymer chain, while the charge 

developed on the polymer backbone is balanced by the intercalation of counter-ions from 

the electrolyte.  The level of doping is controlled by the potential difference between the 

polymer and the counter electrode and can be precisely controlled by holding the 
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electrochemical cell at a given voltage until equilibrium is reached.  The equilibrium 

point is indicated by the current flowing through the cell dropping to zero.  Applying 

positive potentials can yield p-doped conducting polymers.  The main chains of the 

conjugated polymers are oxidized and anions from the electrolyte in solution dope into 

the polymer to balance the charge as shown in the equation below. 

CP - e
-
 + A

-
 → CP

+
(A

-
) 

Conversely, the application of a negative potential can yield n-doped conducting 

polymers.   The main chains of the conjugated polymers are reduced and cations from the 

electrolyte in solution dope into the polymer as counterions as shown in the equation 

below 

CP + e
-
 + A

+
 → CP

-
(A

+
) 

Photodoping 

Exposure of conjugated polymer to electromagnetic radiation with energy greater 

than or equal to the band gap of the polymer leads to photoexcitation in which electrons 

are promoted across the band gap to the conduction band. This results in the creation of 

tightly bound electron-hole pairs as shown in the equation below where y corresponds to 

the number of electron-hole pairs created.
1
 

(CP)n + hν → [{CP}
+y

 + {CP}
-y

]n 

The electron-hole pair created through this process can relax, or recombine, non-

radiatively or radiatively.  In the case of radiative relaxation, light is given off with the 

energy of the band gap and photoluminescence is observed.  If an appropriate potential is 

applied while the sample is irradiated, the electron-hole pair can be separated into free 

charge carriers and collected at the electrodes.  This process is known as 

photoconductivity.
4
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Charge Injection Doping 

Charge injection doping differs significantly from chemical and electrochemical 

doping processes in that the injected charges are not associated with counterions.  This 

type of doping is typically achieved using a metal/insulator/semiconductor (MIS) 

configuration in which a polymeric semiconductor is separated from a metal by a thin 

insulating layer of a high dielectric material.  Both electrons and holes can be injected 

from the metallic contacts.  Holes can be injected into the filled π band of the polymer 

backbone as shown in the equation below. 

(CP)n –y(e
-
) → [(CP)

+y
]n 

Electrons can be injected into the empty π* band of the polymer backbone giving 

the n-doped polymer. 

(CP)n +y(e
-
) → [(CP)

-y
]n 

This doping is achieved by applying the appropriate potential across the structure 

which gives rise to a layer of surface charges.
4
  Unlike chemical and electrochemical 

doping, the charges injected into the polymer are transient and the doping is only 

sustained as long as the biasing voltage is applied.
1
 

 Charge injection doping at the interface of a metal and a semiconducting 

polymer allows conjugated polymers to be used as active layer materials in thin-film 

diodes and field-effect transistors (FETs).  The injection of both holes and electrons into 

the semiconducting polymer layer in metal/polymer/metal configured devices is the basis 

for polymer light emitting diodes (pLEDs).  When the injected holes and electrons meet 

and recombine in the polymer a photon is emitted.  This process is known as 

electroluminescence.
1
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APPLICATIONS OF CONDUCTING POLYMERS 

 Conducting polymers are promising as a new generation of materials for 

electronic and optoelectronic devices which can retain many of the valuable mechanical 

properties and processing advantages of plastics.
1
  Some of the most obvious benefits 

include flexibility, low cost of the raw materials, and light weight.
5
  From a processing 

standpoint the solution processability of conducting polymers offers the promise of 

printed microelectronics and roll-to-roll processing for large area organic photovoltaics 

(OPVs), electrochromic materials, pLEDs.
1,5

  Certain conducting polymers are also being 

explored for their potential use as artificial muscles owing to their deformations in 

response to electrical bias.
6
   

CONDUCTING METALLOPOLYMERS 

Although the potential applications of conducting polymers are varied and 

numerous, there are many cases in which the incorporation of metals into the polymer 

can improve function.  Furthermore, the incorporation of redox-active metal centers has 

expanded the possible applications of conducting polymers to include catalysis, sensing 

of small molecules and ions, small molecule release.   

A variety of architectures have been developed for incorporating metal centers 

into conducting polymers.  Wolf categorized these systems into three types according to 

the relative arrangement of the metal center and the conjugated polymer backbone 

(Figure 1.3).
7
  In Type I, the metal center and conducting polymer backbone are 

connected by an insulting linker such as an alkyl chain.  In this class the metal center and 

polymer backbone are not in electronic communication and therefore the electronic 

properties of the metal and polymer are independent and typically unchanged from the 

parent materials.   



 8 

Figure 1.3.  Representation of the three types of metallopolymers as classified by Wolf.
7
   

For Type II, the conjugated system of the polymer backbone and the metal center 

are directly bound and can show electronic communication.  In Type III, the metal center 

is a structurally integral component of the polymer backbone.  These polymers can be 

thought of as a chain of metal centers linked by organic bridging ligands.  Type III 

systems show strong interactions between the metal center and the organic bridges. 

For the type II and III conducting metallopolymers, it is possible to have strong 

coupling of the metal orbitals and the orbitals that are involved in charge transport 

through the polymer backbone.  It has been demonstrated that through redox matching of 

the conducting polymer and the metals centers, large increases in conductivity can be 

achieved.
8
 

Type II 

Type III 

Type I 
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Figure 1.4.  Conducting metallopolymer film prepared by Kingsborough and Swager to 

demonstrate the role of redox matching in conducting metallopolymer 

systems. 

Such improvements in conductivity have been demonstrated for example by 

Kingsborough and Swager who synthesized and studied the salen-type metallopolymer 

shown above in Figure 1.4.  This system showed a maximum conductivity of 250 S cm
-1

 

which dropped by 66% after treatment with a pyridine-based ligand.  This ligand was 

capable of binding to the metal center rendering it coordinatively saturated and thereby 

preventing the cobalt metal center from participating in the conduction pathway. 

SCOPE OF THESIS 

Most of the known conjugated polymers are much more stable in their p-doped 

(hole transporting) state than in their n-doped (electron transporting) states.  It is likely 

for this reason that most research efforts in this area have focused on the development of 

the p-type semiconducting polymers.  These efforts have led to the development of p-type 

polymers with hole mobilities greater than 1 cm
2
 V

-1 
s

-1
, rivaling that of amorphous 

silicon.
9
  Although the progress made in the development of hole transporting conducting 

polymers is quite exciting, good electron transporting polymers are needed for the 

development of all-polymer photovoltaics, n-type polymeric FETs, and pLEDs.   

Herein we report the investigation of a novel class of donor-acceptor conducting 

metallopolymers for use as n-type semiconducting polymers.  The research presented 
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herein involves the synthesis and characterization of electropolymerizable transition 

metal salpen complexes incorporating both electron donating ethylenedioxythiophene 

(EDOT) units and electron withdrawing benzothidiazole units into the polymer backbone.  

The electropolymerization of the complexes as well as the investigation of the effects of 

redox matching between the polymer backbone and transition metal center will also be 

discussed. 

Another challenge for the development of conducting polymers as functional 

materials is the need for electroactive polymers with actuation mechanisms that are 

intrinsic to each monomer unit rather than those associated with the bulk phenomenon of 

counter-ion intercalation and solvent absorption.  Such materials should provide artificial 

muscles with actuation mechanisms more closely related to those of natural skeletal 

muscle.  The tub-shaped sym-dibenzocyclooctatetraene molecule has long been known to 

undergo a drastic planarization when reduced chemically or electrochemically. 

Herein we seek to prepare and investigate a new conjugated polymer which has 

the sym-dibenzocyclooctatetraene moiety incorporated into the polymer backbone.  The 

incorporation of this actuating unit with its axis of actuation aligned along the polymer 

chain should allow for actuation of each monomer unit to additively yield a 

macromolecular change in the polymer chain length in response to an applied 

electrochemical bias. 

Another challenge faced for the implementation of conjugated polymers in 

commercially available devices is the low power conversion efficiencies for OPVs 

compared to their traditional inorganic counterparts.  One of the most critical limiting 

factors for OPVs is the recombination of free charge carriers.  For most conjugated 

polymers, the recombination rates are limited by the diffusion of charges and are 

therefore described by Langevin-type recombination.  This leads to short carrier drift 
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lengths limiting the collection of charges at the contacts.  Short drift lengths often limit 

the useful active layer thickness for polymer based OPVs to around 100 nm or less.  This 

limitation must be overcome if polymer based OPVs are to be produced on large scales. 

Herein we seek to investigate polymer-fullerene mixtures which have 

significantly reduced bimolecular recombination rates.  The known non-Langevin 

polymer KP115 has been prepared in order to investigate its behavior in lateral OPVs.  A 

novel derivative of KP115 has been synthesized to incorporate a conjugation-breaking 

unit between the electron withdrawing and electron donating units.  We seek to 

investigate whether the presence of electronically isolated donor and acceptor units in the 

polymer backbone may be related to the reduced recombination rates. 
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Chapter 2:  Tunable, Metal-Interrupted Donor-Acceptor Polymers: 

Probing the Effects of Redox-Matching in n-Type Inorganic-Organic 

Hybrid Semiconducting Materials 

INTRODUCTION 

Polymers as n-type Semiconductors 

Polymeric semiconductors are desirable materials for use in a wide array of 

applications including light emitting diodes, photovoltaic devices, and field effect 

transistors.  Polymers offer many desirable properties over crystalline inorganic 

counterparts including flexibility, tunable mechanical properties, reduced production 

costs, and lower specific weights.
9
  It is worth noting that nearly any conjugated polymer 

can be electrochemically doped into a conducting state, but the ability to study the 

material as a conducting polymer depends upon the stability of the material in the doped 

state.  For electrochemically doped polymers, the doped state is known to be related to 

the doping potential, and the majority of known conjugated polymers are much more 

stable in the p-doped state.  For this reason, the development of stable n-type 

semiconducting polymers has seriously lagged behind that of p-type polymers.
2 

Some of the more successful n-type polymers developed are based upon “push-

pull” systems.
10–15

   The incorporation of strong electron donating and electron accepting 

units (D—A) in direct conjugation with the polymer backbone raises the energy of the 

HOMO level of the conjugated polymers and lowers the energy of the LUMO level 

through hybridization.
5
   These energy levels are directly related to the potentials for 

oxidation and reduction respectively.  Therefore, the reduced band gap polymers 

resulting from donor acceptor architectures have increased stabilities in both the p- and n-

doped state.
2
  Despite the advances in development of n-type semiconducting polymers 
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based upon such D—A architectures, these systems still suffer from low electron 

mobilities compared to small molecule systems.
9
  

 

 

Figure 2.1. Cartoon demonstrating the hybridization of the energy levels contributed by 

donor and acceptor units in a D—A monomer and the subsequently 

produced small HOMO—LUMO gap. 

Figure 2.2.  Examples of stable n-type semiconducting polymers based upon D—A 

architectures.
10–12

 

Electron mobility is related to the extent of charge delocalization in the polymer 

backbone.  The extent of charge delocalization has been demonstrated to be enhanced by 

incorporating redox matched metal centers in direct conjugation with polymer 

backbones.
16

  The conductivity of p-type semiconducting polymers has been enhanced 

through this approach.
17

 Therefore, it is of interest to determine whether the same 

strategy can improve n-type conductivity as well.   



 14 

Research Objectives 

The approach to developing donor-acceptor hybrid inorganic-organic materials 

involved synthetic placement of a salpen ligand (salen-type ligand with a propylene 

backbone) between alternating ethylenedioxythiophene (EDOT) units (electron donors) 

and benzothiadiazole units (electron acceptors) (Scheme 1.1).  Benzothiadiazole was 

chosen as the electron accepting moiety since it has a low lying LUMO level (-2.89 eV) 

due to the presence of two electron withdrawing imine nitrogens bridged by a central 

sulfur atom.  The large polarizable central atom is thought to be capable of assisting in 

charge stabilization thereby lowering the LUMO level compared to the similar 

benzotriazole analogue.
18

 EDOT was chosen as the electron donor since the thiophene 

ring is electropolymerizable, meaning that by potential scanning in the appropriate range 

the polymer could be deposited directly onto an inert electrode.  Furthermore, the 

appended alkoxy groups have been demonstrated to increase the electron density on the 

thiophene ring making it quite electron rich thereby raising the HOMO level to -5.75 eV 

compared to -6.43 eV for thiophene and making it one of the strongest thiophene based 

donors.
5,19,20

   The salpen unit was chosen due to the relatively mild conditions required 

for metallation as well as evidence that the ligand allows direct communication with the 

metal in metallopolymer systems indicating that variation of the metal center would 

easily garner access to several systems with differing redox behaviors.  Furthermore, the 

use of a tetradentate ligand in the polymer backbone would negate the need for 

incorporation of ancillary ligands, and allow for incorporation of coordinatively 

unsaturated metal centers. The ability to synthesize metal containing polymers with 

coordinatively unsaturated metal centers may lead to a dispersion of metal centered redox 

energies allowing broad overlap with the band of polymeric electronic states.  

Incorporation of the salpen unit with the phenolic oxygen in its core para to the polymer 
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backbone linkages should allow for the highest degree of electronic communication 

between the metal centers and the polymer backbone.
8   

EXPERIMENTAL 

Crystal Structure Determination 

The single–crystal diffraction data for 2.3 were collected on a Rigaku AFC-12 

with a Saturn 724 + CCD using a Rigaku XStream low-temperature device. The single–

crystal diffraction data for 2.4 were collected on a on a Rigaku SCX-Mini diffractometer 

with a Mercury CCD using a Rigaku Tec 50 low temperature device.  Both complexes 

were collected using a graphite monochromator with MoKα radiation (λ = 0.71073Å).  

Absorption corrections were applied using Multi-scan.  Data reductions were performed 

using the Rigaku Americas Corporation’s Crystal Clear version 1.40.
21

  The structures 

were solved by direct methods and refined anisotropically using full-matrix least-squares 

methods with the SHELX 97 program package.
22

  The coordinates of the non-hydrogen 

atoms were refined anisotropically, while hydrogen atoms were included in the 

calculation isotropically but not refined.  Neutral atom scattering factors and values used 

to calculate the liner absorption coefficient are from the International Tables for X-ray 

Crystallography (1992).
23

 

Instrumentation 

NMR spectra were recorded with a Varian Unity 300 MHz instrument or a Varian 

Mercury 400 MHz instrument at ambient temperature and were referenced internally to 

the residual solvent peaks.  All chemical shifts are given in ppm and coupling constants 

are given in Hertz.  Electronic absorption spectra were obtained on a Varian Cary 6000i 

UV-Vis-NIR Spectrophotometer in Starna quartz flourometer cells with a 1 cm 

pathlength.  Mass Spectrometry was performed with a Micromass Autospec Ultima 
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HRMS (for CI+) or an Agilent 6530 QTOF system (for ESI+).  IR spectra were recorded 

using a Perkin Elmer Spectrum 100 FTIR spectrometer with Universal ATR sampling 

accessory.   

Electrochemistry 

Electrochemical experiments were carried out in a dry box under a nitrogen 

atmosphere using a GPES system from Eco. Chemie B. V.  All the electrochemical 

experiments were performed using a three-electrode cell with a Ag/AgNO3 reference 

electrode (silver wire dipped in a 0.01 M silver nitrate solution with 0.1 M [(n-

Bu)4N]
+
[PF6]

-
 (TBAPF6) in acetonitrile), a 1.6 mm Pt button working electrode, and a Pt 

wire coil counter electrode.  Polymer films for UV-Vis characterization were grown 

using ITO coated glass as the working electrode.  Ferrocene was used as an external 

reference to calibrate the reference electrode before and after experiments were 

performed and the average E1/2 value obtained for the ferrocene/ferrocenium redox couple 

was used to correct the measured potentials. The supporting electrolyte used was 0.1 M 

TBAPF6 that was purified by three successive recrystallizations from hot ethanol and 

dried for three days at 100-150 °C under active vacuum.  Cyclic voltammograms of 

polymer films were obtained by rinsing the polymer coated working electrode and the 

counter and reference electrodes with methylene chloride (CH2Cl2) and transferring the 

electrode to monomer free electrolyte solution. 

Synthesis 

General Considerations 

Air and/or moisture sensitive reactions were carried out in heat-gun dried 

glassware using standard Schlenk techniques under an atmosphere of dry nitrogen.  Dry 

1,4-dioxane was obtained from EMD sure-seal bottles and sparged with nitrogen before 
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use.  Bis(triphenylphosphine)palladium(II) chloride and 

tris(dibenzylideneacetone)dipalladium(0) were purchased from Strem.  Dry solvents were 

collected in solvent bulbs from an Innovative Technologies Pure-Solve 400 solvent 

purification system. All other chemicals were used as received from commercial 

suppliers.  Thin layer chromatography (TLC) was performed using Silicycle silica gel 60 

F254 pre-coated aluminum sheets.  Column chromatography was performed using 

Silicycle Silica Flash® F60.  Benzo[c][1,2,5]thiadiazole (2.1) was purchased from 

Sigma-Aldrich and used as received. 4,7-dibromobenzo[c][1,2,5]thiadiazole (2.2)  and 2-

(tributylstannyl)-3,4-(ethylenedioxy)thiophene. (tri-n-butyltin-EDOT) were prepared 

according to literature procedures.
24,25

 

Synthesis of 2.3 - 2.8 

 

 

4-bromo-7-(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)benzo[c][1,2,5]thiadi-

azole   [2.3].  In a dry three-necked flask fitted with a condenser and an addition funnel 

under nitrogen, 2.2 (14.82 g) was dissolved in dry THF (500 mL).  In a dry schlenk flask 

under nitrogen, trans-bis(triphenylphosphine)palladium(II) chloride (1.22 g) was 

dissolved in dry THF.  The catalyst solution was transferred via canula to the addition 

funnel.  The solution in the three necked flask was stirred and heated to reflux.  Stannane, 

tributyl(2,3-dihydrothieno[3,4-b]-1,4-dioxin-5-yl)- (15.07 g) was added to the three-

necked flask via syringe while beginning drop-wise addition of catalyst solution from 
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addition funnel.  After catalyst addition was completed, stirring and refluxing were 

maintained overnight.  Once completed, the reaction mixture was allowed to cool to room 

temperature then filtered through a pad of silica gel.  The silica was rinsed with two 100 

mL portions of THF.  The filtered solutions and combined rinses were rotary evaporated 

to remove THF, and the crude material was recrystallized from a mixture of CH2Cl2 and 

hexanes.  The resulting solution was cooled to room temperature before being transferred 

to a -20 °C freezer overnight.  The resulting orange crystals were collected through 

vacuum filtration.  The mother liquor was adsorbed onto silica gel and subjected to silica 

gel chromatography (3:2 CH2Cl2: hexanes).  The pure material was collected and rotary 

evaporated to yield an orange solid (8.11 g, 66%):  mp 212±3 °C;. 
1
H NMR (400 MHz, 

CDCl3) δ: 8.23 (d, 1H J = 10.4), 7.85 (d, 1H J = 10.4), 6.62 (s, 1H), 4.37 (m, 4H);  

HRMS (ESI+) calc for C12H7BrN2NaO2S2 (M+Na)
+
 376.90245, found 376.90229. 

 

 

5-(7-(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)benzo[c][1,2,5]thiadiazol-4-yl)-

2-hydroxybenzaldehyde  [2.4]. In a dry schlenk flask, 2.3 (4.03g), 

bis(pinacolato)diboron (2.92g), KOAc (1.43g),  tris(dibenzylideneacetone)dipalladium(0) 

(Pd2dba3) (0.61g), and 2-Dicyclohexylphosphino-2′,4′,6′-trisopropylbiphenyl (Xphos) 

(1.36g) were combined.  Dry 1,4-dioxane was added via canula, and the solution was 

stirred and heated to reflux for 24 hours before adding 5-bromosalicylaldehyde (2.04g) 

dissolved in 12 mL of dry 1,4-dioxane via canula.    10 m  portion of     M a ueous 

K3PO4 was then added and reflux with stirring was maintained for 24 hours.  After 
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completion of the reaction, the mixture was diluted with CH2Cl2 and adsorbed onto silica 

gel through rotary evaporation.  The silica adsorbed material was purified through silica 

gel column chromatography (3:2 CH2Cl2: hexanes).  The collected pure material was 

isolated by rotary evaporation to afford a reddish orange solid (2.44 g, 61%): mp 196±2 

°C;  
1
H NMR (300 MHz, CDCl3) δ: 11.16 (s, 1H), 10.05 (s, 1H),  8.44 (d, 1H J = 7.5), 

8.31 (d, 1H J = 2.1)   8.15 (dd, 1H J = 8.7, 2.1), 7.74 (d, 1H J = 7.5), 7.17 (d, 1H J = 8.7), 

6.62 (s, 1H), 4.31 (m, 4H);  HRMS (ESI+) calc for C19H12N2NaO4S2 (M+Na)
+
 

419.01291, found 419.01307. 

 

 

 2,2'-((1E,1'E)-((2,2-dimethylpropane-1,3-

diyl)bis(azanylylidene))bis(methanylylidene))bis(4-(7-(2,3-dihydrothieno[3,4-

b][1,4]dioxin-5-yl)benzo[c][1,2,5]thiadiazol-4-yl)phenol) [2.5].  2.4 (1.46g) was 

dissolved in 150 mL of CH2Cl2 in a round bottomed flask and stirred at room 

temperature.  A 180 mL portion of ethanol was added while stirring.  2,2-dimethyl-1,3-

propanediamine (0.20 g) was dissolved in 10 mL of ethanol, and the solution was added 

in one portion to the round bottomed flask.  The solution immediately darkened to a red 

shade.  A cloudy bright orange precipitate was formed after 30 minutes.  The reaction 

progress was checked by TLC after 2.5 hours revealing a new higher retaining 

component and a trace of remaining starting material.  The solution was allowed to 

continue stirring at room temperature overnight, after which the overall solution volume 
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was reduced to  100 mL via rotary evaporation.  The round bottomed flask was then 

stored in a -20 °C freezer for 3 hours.  The precipitate was then filtered by vacuum 

filtration and rinsed with 150 mL of cold ethanol.  The solid obtained was reddish orange 

and lustrous (1.41 g, 89%):  mp 222±1 °C; 
1
H NMR (300 MHz, CDCl3) δ: 13.46 (s, 2H),  

8.42 (s, 2H),  8.30 (d, 2H J = 7.2), 7.96 (d, 2H J = 1.8)   7.88 (dd, 2H J = 8.4, 1.8), 7.64 

(d, 2H J = 7.2), 7.15 (d, 2H J = 8.4), 6.63 (s, 2H), 4.54 (m, 8H);  HRMS (ESI+) calc for 

C43H35N6O6S4 (M+H)
+  

859.14954, found 859.14925;  UV-Vis (CH2Cl2, λ, nm (ε, M
-1

 

cm
-1

)): 239(78,900) 257(84,800), 307(96,000), 455(39,500); FTIR (powder, ATR, cm
-1

):  

3107 (aryl C-H); 2959, 2873 (aliphatic C-H); 2547 (OH); 1632 (C=N); 1488, 1470, 1457, 

1441 (CH2). 

 

Preparation of Metal Complexes:  The metal complexes were prepared through 

the general procedure described below.  In a dry box under a nitrogen atmosphere, 2.5 

was massed out into a Teflon capped sample vial.  Two equivalents of sodium methoxide 

were added to the vial.  8 mL of CH2Cl2 and 8 mL of methanol were added to the vial, 

and stirring was commenced.  After stirring for 20 minutes, one equivalent of the metal 

acetate was added to the vial.  The reaction mixture was stirred for an additional 24 hours 

in the dry box then vacuum filtered in ambient conditions, rinsed with 15 mL of ethanol, 

and dried under reduced pressure. 

 

Nickel Complex [2.6].  Prepared according to the general procedure above using 

nickel acetate tetrahydrate (0.085g, 0.34 mmol), 2.5 (0.29 g), and sodium methoxide 

(0.036 g).  After filtration, a bright red solid was obtained (0.30 g, 98%):  dec 271±1 °C; 

HRMS (ESI+) calc for C43H33N6NiO6S4 (M+H)
+ 

917.06585, found 917.06688;  UV-Vis 

(CH2Cl2, λ, nm (ε, M
-1

 cm
-1

)): 263(51,900), 313(64,800), 468(29,000);   FTIR (powder, 
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ATR, cm
-1

):  3106 (aryl C-H); 2958, 2924, 2870 (aliphatic C-H); 1627 (C=N); 1468 

(CH2). 

 

Cobalt Complex [2.7].  Prepared according to the general procedure above using 

cobalt acetate tetrahydrate (0.087g), 2.5 (0.29 g), and sodium methoxide (0.036 g).  After 

filtration, a dark red solid was obtained (0.30 g, 97%):  dec 264±2 °C; HRMS (ESI+) calc 

for C43CoH33N6O6S4 (M+H)
+ 

916.06709, found 916.06596; UV-Vis (CH2Cl2, λ, nm (ε, 

M
-1

 cm
-1

)): 258(43,000), 312(56,400), 465(24,200);   FTIR (powder, ATR, cm
-1

):  3103 

(aryl C-H); 2959, 2922, 2871 (aliphatic C-H); 1616 (C=N); 1469 (CH2). 

 

Copper Complex [2.8]. Prepared according to the general procedure above using 

copper acetate monohydrate (0.068 g), 2.5 (0.29 g), and sodium methoxide (0.036 g).  

After filtration, a reddish brown flaky solid was obtained (0.28 g, 91%):  dec 299±2 °C; 

HRMS (CI+) calc for C43CuH33N6O6S4 (M+H)
+ 

919.0562, found 919.0554;   UV-Vis 

(CH2Cl2, λ, nm): 260, 313, 468;  FTIR (powder, ATR, cm
-1

):  3106 (aryl C-H); 2912, 

2866 (aliphatic C-H); 1628 (C=N); 1469 (CH2). 

RESULTS AND DISCUSSION 

Synthesis 

The synthetic route to electropolymerizable metal complexes 2.6, 2.7, and 2.8 

required the asymmetric substitution of the benzothiadiazole electron-withdrawing unit.  

This involved a stille coupling utilizing carefully controlled stoichiometry between the 

brominated benzothiadiazole and the tri-n-butyltin-EDOT.  The complex 2.3 could then 

be transformed into a boronic ester through a catalytic Miyaura borylation.  Rather than 

isolating this intermediate, it was reacted in-situ with the brominated salicylaldehyde to 

give 2.4.  The aldehydic ligand precursor could then be condensed with the diamine to 
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yield the ligand, 2.5.  Metallation of the ligand was achieved by deportation of the ligand 

followed by treatment with the proper transition metal acetate.  The synthetic route to the 

electropolymerizable metal complexes 2.6, 2.7, and 2.8 is shown in Scheme 2.1 below.  

Precursors 2.2-2.4 (Scheme 2.1) have been synthesized and characterized by 
1
H NMR 

spectroscopy, high resolution mass spectrometry, and melting point analysis.  Single 

crystal X-ray diffraction analysis of 2.3 and 2.4 confirmed the structure of these 

intermediates.  Crystal data collection and refinement details are provided in Table 2.1 

for 2.3 and 2.4.  Selected bond lengths and angles are given in Table 2.2 for 2.3 and 

Table 2.3 for 2.4.  The ligand (2.5) has been characterized through 
1
H NMR 

spectroscopy, high resolution mass spectrometry, melting point analysis, UV-Vis 

absorption spectroscopy, and IR spectroscopy.  The metallated salpen complexes (2.6-

2.8) have also been obtained and characterized by high resolution mass spectrometry, IR 

spectroscopy, and UV-Vis absorption spectroscopy.  The absorption spectrum of 2.5 

shows three broad bands with λmax at 257, 307, and 455 nm. The metal complex 

monomers showed red shifting of the λmax values to 263, 313,  and 468 nm for the Ni 

complex (2.6); 258, 312, and 465 nm for the Co complex (2.7); and 260, 313,  and 468 

nm for the Cu complex (2.8). 



 23 

Scheme 2.1.  Synthetic route to electropolymerizable Cu(II), Ni(II), and Co(II) 

complexes. 
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Figure 2.3:  (a) ORTEP drawing of 2.3, thermal ellipsoids drawn at 50% probability 

level, hydrogen atoms removed for clarity. (b) ORTEP drawing of 2.4, 

thermal ellipsoids drawn at 50% probability level, hydrogen atoms (except 

H2) removed for clarity. 

Crystals suitable for single crystal X-ray diffraction of complexes 2.3 and 2.4 

were obtained by slow evaporation of the fractions obtained from column 

chromatography.  In both of the compounds, the thiophene ring of the EDOT moiety lies 

in plane with the benzothiadizaole ring.  In 2.4, the salicylaldehyde moiety is twisted out 

of that plane with an angle of 37.77° between the mean plane of the benzothiadiazole 

moiety and the salicylaldehyde ring. 
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Table 2.1.   Crystal data and structure refinement of 2.3 and 2.4. 

Identification code  shelxl shelxl 

Empirical formula  C12H7BrN2O2S2 C19H12N2O4S2 

Formula weight  355.23 396.43 

Temperature  100(2) K 100(2) K 

Wavelength  0.71073 Å 0.71073 Å 

Crystal system  Orthorhombic Monoclinic 

Space group  Pna21 C2/c 

Unit cell dimensions a = 7.481(4) Å           α = 90°. a = 14.5211(86) Å       α = 90(1)°. 

 b = 23.552(12) Å       β = 90°. b = 7.2746(41) Å         β = 101.173(5)°. 

 c = 6.819(3) Å           γ = 90°. c = 31.7952(186) Å      γ  = 90(1)°. 

Volume 1201.5(10) Å3 3295(3) Å3            

Z 4 8 

Density (calculated) 1.964 g/cm3 1.598 g/cm3 

Absorption coefficient 3.766 mm-1 0.354 mm-1 

F(000) 704 1632 

Crystal size 0.207 x 0.176 x 0.143 mm3 0.2260 x 0.1470 x 0.0490 mm3 

θ range for data collection 3.11 to 27.48°. 2.61 to 27.43°. 

Index ranges -9 ≤ h ≤ 9, -30 ≤ k ≤ 30,  -8 ≤ l ≤ 8 -18 ≤ h ≤ 18, -9 ≤ k ≤  9, -41 ≤ l ≤ 41 

Reflections collected 23053 16352 

Independent reflections 2752 [R(int) = 0.0700] 3758 [R(int) = 0.0767] 

Completeness to θ = 27.48° 99.9 %  99.8 %  

Absorption correction Semi-empirical from equivalents Semi-empirical from equivalents 

Max. and min. transmission 1.0000 and 0.8213 1.0000 and 0.8047 

Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 

Data / restraints / parameters 2752 / 1 / 173 3758 / 0 / 252 

Goodness-of-fit on F2 1.097 1.144 

Final R indices [I > 2 σ a(I)] R1 = 0.0238, wR2 = 0.0595 R1 = 0.0575, wR2 = 0.1428 

R indices (all data) R1 = 0.0242, wR2 = 0.0598 R1 = 0.0856, wR2 = 0.1602 

Absolute structure parameter 0.016(8)  

Largest diff. peak and hole 0.277 and -0.594 e.Å-3 0.394 and -0.346 e.Å-3 
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Table 2.2.   Selected bond lengths, bond angles, and torsion angles of 2.3.  

  

Bond distances (Å)  

 
C(1)-S(1) 1.712(2) 

C(10)-Br(1) 1.884(2) 

C(11)-C(12) 1.438(3) 

C(12)-N(1) 1.343(3) 

N(1)-S(2) 1.609(2) 

C(6)-S(1) 

Bond Angles (°) 

1.743(3) 

  

Bond Angles (°) 

C(2)-C(1)-S(1) 

 

C(1)-C(2)-C(5) 113.3(2) 

O(1)-C(3)-C(4) 109.26(18) 

N(1)-C(12)-C(11) 112.5(2) 

C(12)-N(1)-S(2) 106.59(16) 

C(1)-S(1)-C(6) 92.96(12) 

N(1)-S(2)-N(2) 101.18(11) 

  

Torsion Angles (°)  

 
S(1)-C(6)-C(7)-C(12) 2.4(3) 

O(1)-C(3)-C(4)-O(2) 63.8(2) 

O(2)-C(5)-C(6)-C(7) -0.7(4) 
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Table 2.3.   Selected bond lengths, bond angles, and torsion angles of 2.4.  

  

Bond distances (Å) 

 

 

 
C(9)-C(10)    1.447(4) 

C(10)-N(2) 1.350(4) 

C(15)-C(18)   1.417(4) 

C(18)-C(19)   1.356(4) 

C(19)-S(2)   1.713(3) 

N(2)-S(1)    

 

1.613(2) 

  

Bond Angles (°) 

 

 

 

 

 

C(18)-C(19)-S(2)  111.9(2) 

C(10)-N(2)-S(1)   107.11(19) 

C(3)-O(2)-H(2) 109(3) 

N(2)-S(1)-N(1)   100.86(13) 

C(19)-S(2)-C(14) 92.73(14) 

  

Torsion Angles (°)  

 
C(7)-C(6)-C(8)-C(9)  36.4(4) 

C(12)-C(11)-C(14)-S(2)  -179.9(2) 

C(11)-C(14)-C(15)-O(3)  -2.1(5) 

O(3)-C(16)-C(17)-O(4)  62.9(4) 
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Electrochemistry 

Cyclic Voltammetry of Monomers 

The electrochemical behavior of compounds 2.5-2.8 was investigated using cyclic 

voltammetry utilizing 0.1 M TBAPF6 as the supporting electrolyte  in anhydrous CH2Cl2 

with a scan rate of 100 mV/s using a 1.6 mm platinum button working electrode, 

platinum wire counter electrode, and Ag/AgNO3 reference electrode.  All reported 

potentials are referenced to Fc/Fc
+
. The ligand monomer (2.5) shows a reversible redox 

couple with E1/2 = -1.63 V. Metals were chosen according to how well the redox couples 

of the metal ions in salen ligands overlapped with the reduction potential of 2.5. From 

previous literature reports, the salen redox couples of nickel (II/I), copper (II/I), and 

cobalt (II/I) vs Fc/Fc
+
 in CH2Cl2 with 0.1 M TBAPF6 are E1/2 = -2.11 V, -1.69 V, and       

-1.76 V respectively.
26,27  

Based upon these values, the copper (II/I) redox and the cobalt 

(II/I) redox couple should overlap well with the flanking organic units, while the  nickel 

(II/I) redox couple should have less overlap with the ligand redox couple.  

Metal complexes 2.6-2.8 were studied using cyclic voltammetry (Figure 2.4).  

Complex 2.6 showed an irreversible reduction peak with an onset potential of -1.70 V 

(Epc could not be reported since the peak was not well resolved within the useful solvent 

window).  Complex 2.7 showed an irreversible reduction peak with an onset potential of -

1.70 V and a reduction peak potential at Epc= -2.02.  Complex 2.8 showed two quasi-

reversible redox couples, one attributed to the reduction of copper (II) to copper (I) with 

E1/2 = -1.40 V, and one attributed to the ligand with E1/2 = -1.99 V. 
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Figure 2.4.   Cyclic voltammograms of compounds 2.5 through 2.8 (shown clockwise 

from the top left) in CH2Cl2 with a scan rate of 100 mV s
-1

. 

Electropolymerization of Metal Complexes 

Metal complexes 2.6-2.8 were anodically polymerized between -0.75 V and 1.15 

V onto Pt button working electrodes yielding polymers P2.1-P2.3 respectively.    

Scheme 2.2.  Electrochemical polymerization reaction of monomers 2.6-2.8. 

-2n e
- 

-2n H
+ 

[2.6] M = Ni 
[2.7] M = Co 
[2.8] M = Cu 

 

[P2.1] M = Ni 
[P2.2] M = Co 

[P2.3] M = Cu 
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Polymer films were also grown on indium tin oxide (ITO) coated glass plates (see Figure 

2.5 below).   

Figure 2.5.   Photograph of polymer thin films grown on ITO coated glass (P2.1-P2.3 

shown from top to bottom).  

Figure 2.6.  Anodic polymerization of 2.5-2.8 (shown clockwise from the top left) in 

CH2Cl2 with a scan rate of 100 mV s
-1

.  First scan shown in red and 

subsequent scans shown in blue. 
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The polymer growth cycles for the metal complexes 2.6 – 2.8 in Figure 2.6 show 

clearly the increase in the amount of current passed with increase in the number of scans 

indicating the deposition of an electroactive film on the Pt electrode.  The absence of this 

behavior for the ligand indicates that the metal center plays a crucial role in the 

conjugation through the polymer backbone.   

Electrochemistry of Polymer Films 

Figure 2.7.  (a) Cyclic voltammograms of P2.1-P2.3 in CH2Cl2 with varying scan rates 

shown from left to right.  (b)  Scan rate dependence for P2.1-P2.3 from left 

to right. 

Additionally, the scan rate dependences of P2.1-P2.3 were investigated through 

cyclic voltammetry.  Polymer films grown through potential scanning in CH2Cl2 were 

transferred to monomer free solutions.  Cyclic voltammograms of the electrode bound 

films were obtained at increasing scan rates, and the magnitude of the oxidative and 

reductive currents were plotted against the scan rate as shown in Figure 2.7 above.  In 

each case, the linear relationship observed between the scan rate and the magnitude of the 

b) 

a) 
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current indicates that the polymer films grown were electroactive and porous with respect  

ions.
28

   

The electrochemical behavior of the polymer films was studied by CV in 

monomer free solution (Figure 2.8 and Figure 2.9).  The reduction observed for each 

film in CH2Cl2 was used to estimate the EAs (LUMO levels) of P2.1-P2.3 by taking the 

redox couple of Fc/Fc
+
 to be -4.8 eV relative to the vacuum level (EA = -(E onset red vs Fc/Fc

+
 

+ 4.8)).
2
  These were found to be -2.99, -3.02, and -3.13 eV for P2.1-P2.3 respectively.  

Similarly, the oxidation  observed for each film in CH2Cl2 was used to estimate the IPs 

(HOMO levels) of P2.1-P2.3 by taking the redox couple of Fc/Fc
+
 to be -4.8 eV relative 

to the vacuum level (IP = -(E onset ox vs Fc/Fc+ + 4.8)).
2
  These were found to be -4.91, -4.90, 

and -4.92 eV for P2.1-P2.3 respectively.  The electrochemical behavior of the polymer 

films was also used to determine the band gap (energy difference between HOMO and 

LUMO levels) for each polymer, since the band gap is known to be an important 

parameter for semiconducting materials reflecting the stability of doped states.
2
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Figure 2.8.  Cyclic voltammograms of P2.1-P2.3 grown on Pt button electrode in CH2Cl2 

then transferred to monomer free solution. (a) P2.1 in CH2Cl2. (b) P2.2 in 

CH2Cl2. (c) P2.3 in CH2Cl2. (d) P2.2 in ACN. 

 Figure 2.9. Full potential window scans of P2.1-P2.3 in monomer free CH2Cl2  with a 

scan rate of 100 mV s
-1

solution after three reductive scans. 
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The HOMO and LUMO levels were found from the potentials of oxidation and 

reduction onset with respect to the vacuum level (Table 2.4). The calculated band gaps of 

1.92, 1.88, and 1.79 for P2.1-P2.3 do not show improvement over organic D—A 

polymers comprised of alternating EDOT and benzothiadizaole units.
29

  The fact that Epc 

does not significantly shift upon polymerization of the complexes may indicate that 

charge is not well delocalized.
30  

Furthermore, the lack of a strong, clear trend between 

band gap and extent of redox overlap between the ligand and metal center may indicate a 

lack of electronic communication between the metal center and polymer backbone.   

 

 ELUMO EHOMO band gap 

P2.1 -2.99 -4.91 1.92 

P2.2 -3.02 -4.90 1.88 

P2.3 -3.13 -4.92 1.79 

Table 2.4.    LUMO and HOMO energies derived from onset of reduction and oxidation 

potentials and resulting band gap (all values reported in electronvolts vs 

vacuum). 

Each polymer showed significant decreases in the amount of current passed 

between sequential scans.  Additionally, first scans seemed to show significant 

overpotential.  The large overpotentials in the first scans and subsequent decreases in 

current may suggest that the films are being demetallated or that the film is not stable in 

the solvent system.  In an effort to gain further insight, the cobalt polymer film (P2.2) 

was studied in acetonitrile (ACN).  The first scan showed a decrease in the overpotential 

and showed some resolution of what may be the reduction of cobalt (II) to cobalt (I).  A 

decrease in current between the first and second scans was still evident, but an increase in 

the reversibility of all three scans was also noted.  The absence of the newly resolved 

peak from the first scan in the second and third scans may be further indication of 
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demetallation of the cobalt film (Figure 2.7).  Analysis of the film compositions before 

and after reduction through X-ray photoelectron spectroscopy (XPS) could be very 

insightful in determining whether the metal centers are leaching out of the film at 

reductive potentials.  The synthesis of model compounds such as the ones shown in 

Figure 2.10 below may be helpful in confirming assignments of redox couples as metal 

based, salpen based, or benzothiadiazole/EDOT based.  

 

  

 

 

Figure 2.10. Proposed model compounds for electrochemical studies to aid in assignment   

of various observed reduction and oxidation potentials. 

Optical Studies 

Figure 2.11. Electronic Absorption Spectra of monomers (left) and polymers (right) 

taken at room temperature.  Monomers were dissolved in CH2Cl2, while 

polymer absorption spectra were obtained from thin films grown on ITO 

coated glass. 
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The electronic absorption spectra of 2.5-2.8 were studied in CH2Cl2 at room temperature.  

The spectrum of 2.5 shows three broad bands with λmax at 257, 307, and 455 nm. The 

metal complex monomers 2.6-2.8 showed red shifting of the λmax values to 263, 313,  and 

468 nm for the Ni complex (2.6); 258, 312, and 465 nm for the Co complex (2.7); and 

260, 313,  and 468 nm for the Cu complex (2.8).  Upon polymerization of 2.6-2.8 onto 

ITO coated glass, yielding polymers P2.1-P2.3 respectively, the effect of increased 

conjugation length can be seen through the peak broadening and bathochromic shift of all 

dominant wavelengths of P2.1-P2.3 compared to the corresponding monomers (see 

Figure 2.11). 

Table 2.5.    Difference between LUMO and HOMO energies derived from electronic 

absorption spectra (Eg
opt) (all values reported in electronvolts vs vacuum). 

Optical bands gaps for the monomers and polymers were estimated from the red 

edge of the absorption profiles and are summarized in Table 2.5.  The values indicate 

band gap reduction upon polymerization and follow the same trend as the electrochemical 

band gaps.  The peak above 1200 nm for P2.3 is characteristic of residual p-doping in an 

electrochemically prepared polymer, and was ignored for the sake of the band gap 

calculations.
2 

CONCLUSIONS 

A series of metal-containing salpen based D—A monomers has been synthesized 

with the goal of achieving insight into the effects on n-type semiconducting ability of 

 band gap 
 

band gap
 

Ni Complex (2.6) 2.22 P2.1 1.55 

Co Complex (2.7) 2.24 P2.2 1.43 

Cu Complex (2.8) 2.24 P2.3 1.07 
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redox matching between the metal center and the organic framework in resultant polymer 

films.  The incorporation of the metal center into the monomer led to improved anodic 

polymerizability (likely arising from stabilization of the radical anion through increased 

conjugation).  The characterization of the monomers and the resultant polymer films is 

still ongoing.  More extensive electrochemical experiments including the characterization 

of the proposed model compounds should garner insight into the nature of the observed 

oxidation and reduction events.  Possible demetallation of the polymer films under 

reductive potentials should also be investigated through XPS.  Repeating the 

polymerization of the monomers onto ITO coated glass followed by reduction of the film 

before UV-Vis characterization as well as spectroelectrochemical studies could also 

provide insight into the stability of the films in the n-doped state.  Ultimately, the 

incorporation of the n-doped polymer films into devices for testing electron mobility can 

determine whether these materials gain increased conductivity through redox matching. 
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Chapter 3:  sym-Dibenzocyclooctatetraene based Polymeric Molecular 

Actuator 

INTRODUCTION 

sym-Dibenzocyclooctatetraene 

The well-studied cyclooctatetraene (COT) achieves its lowest energy 

conformation in a tub shape with little conjugation between its double bonds in the 

neutral state.
31

  π-Electron delocalization is increased in this molecule upon chemical or 

electrochemical reduction; however, resulting in a planarization of the carbon framework 

for both the radical anion and the dianion.
31

  The same shift from tub-shaped to planar 

upon reduction has been observed for sym-dibenzocyclooctatetraene (DBCOT).
31–33

  

Electrochemical experiments as well as EPR data and theoretical calculations have 

suggested, that the change in geometry from tub-shaped to planar occurs upon formation 

of the radical anion.
32–34

 Interestingly, the results of EPR experiments reported by Gerson 

et al. indicate that the radical cation of DBCOT retains the tub shape of the corresponding 

neutral molecule.
33

 

Figure 3.1. Favored conformations of DBCOT for neutral, singly reduced, and singly 

oxidized species. 

Conducting Polymer Actuators 

The redox activity of conducting polymers makes them ideal candidates for use as 

mechanical actuators or “molecular muscles” that can expand or contract in response to 

an electrical bias.  Such materials have possible applications in robotics and prosthetics.  

The mechanism of actuation in the vast majority of these materials reported to date is a 
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bulk phenomenon that relies upon a volume change in the polymer associated with the 

uptake or expulsion of counterions and solvent with a change in oxidation state of the 

polymer film.
35,36 

Figure 3.2.   Illustration of the mechanism of bulk expansion/contraction in conducting 

polymers.  The polymer chains are represented by the ribbons and the 

intercalating counterions are represented by the spheres.  Δd represents the 

change in distance between polymer chains as a result of counterion 

intercalation or expulsion.  The individual polymer chains do not need to 

change length for the change to occur.
36

 

More recently, focus has been placed upon designing conducting polymers with 

actuation mechanisms that are intrinsic to the polymer chain as a result of conformational 

changes along the polymer backbone.
35

  The actuation of each monomer unit in the 

polymer backbone can occur in an additive manner so that relatively small molecular 

motions combine to give larger macroscopic changes.  These intrinsic conformational 

changes can complement the ion intercalation mechanism leading to even larger 

observable responses.
35

 

 

Research Objectives 

The aim of this research endeavor is to prepare a conductive polymer containing 

repeating DBCOT units along the polymer backbone.  The change in geometry of each 

DBCOT unit from tub-shaped to planar upon reduction should translate to an additive 

expansion in length for the polymer.  The reversibility of the DBCOT redox couple 

Δd 
 

[+ne -] 
 

[-ne -] 
 



 40 

should allow the polymer to return to its original length upon oxidation back to neutral.  

The intrinsic actuation of each monomer unit being directed along the backbone axis 

should allow the expansion/contraction of the polymer to occur primarily unilaterally 

yielding a material with behavior more similar to natural skeletal muscle.  In practice, the 

DBCOT unit was appended with 3,4-ethylenedioxythiophene (EDOT) units in the 2 and 

8 position of the DBCOT unit as electropolymerizable handles.  The functionalization 

pattern was chosen in order to maximize the amount of dimensional change translated to 

polymer chain and to avoid the formation of cyclic oligomers. 

Figure 3.3. Proposed actuation mechanism for the novel EDOT-DBCOT polymer. 

EXPERIMENTAL 

Crystal Structure Determination 

The single–crystal diffraction data were collected on a Rigaku AFC12 with Saturn 

724+ CCD using a graphite monochromator with MoK  radiation (λ = 0.71073Å).  

Absorption corrections were applied using Multi-scan.  Data reduction were performed 

using the Rigaku Americas Corporation’s Crystal Clear version 1.40.
21

  The structures 

were solved by direct methods and refined anisotropically using full-matrix least-squares 

methods with the SHELX 97 program package.
22

  The coordinates of the non-hydrogen 

atoms were refined anisotropically, while hydrogen atoms were included in the 

calculation isotropically but not refined.  Neutral atom scattering factors and values used 

to calculate the linear absorption coefficient are from the International Tables for X-ray 

Crystallography (1992).
23
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Instrumentation 

NMR spectra were recorded with a Varian Unity 300 MHz instrument, Varian 

Mercury 400 MHz instrument, or a Varian DirectDrive 400 MHz instrument at ambient 

temperature and were referenced internally to the residual solvent peaks.  All chemical 

shifts are given in ppm and coupling constants are given in Hertz.  Electronic absorption 

spectra were obtained on a Varian Cary 6000i UV-Vis-NIR Spectrophotometer in Starna 

quartz flourometer cells with a 1 cm pathlength.  Mass spectra were recorded on one of two 

high-resolution magnetic sector mass spectrometers (Micromass ZAB and Autospec) 

equipped with EI, CI, FAB, in positive/negative ionization modes. 

Electrochemistry 

Electrochemical experiments were carried out in a dry box under a nitrogen 

atmosphere using a GPES system from Eco. Chemie B. V.   All the electrochemical 

experiments were performed using a three-electrode cell with a Ag/AgNO3 reference 

electrode (silver wire dipped in a 0.01 M silver nitrate solution with 0.1 M [(n-

Bu)4N]
+
[PF6]

-
 (TBAPF6) in acetonitrile), a 1.6 mm Pt button working electrode, and a Pt 

wire coil counter electrode.  Polymer films for UV-Vis characterization were grown 

using ITO coated glass as the working electrode.  Ferrocene was used as an external 

reference to calibrate the reference electrode before and after experiments were 

performed, and the average E1/2 value obtained for the ferrocene/ferrocenium redox 

couple was subtracted from the measured potentials. The supporting electrolyte used was 

0.1 M TBAPF6 that was purified by three successive recrystallizations from hot ethanol 

and dried for three days at 100-150 °C under active vacuum.  Cyclic voltammograms of 

polymer films were obtained by rinsing the polymer coated working electrode and the 

counter and reference electrodes with methylene chloride (CH2Cl2) and transferring the 

electrode to monomer free electrolyte solution. 
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Synthesis 

General Considerations 

Air and/or moisture sensitive reactions were carried out in heat-gun dried 

glassware using standard Schlenk techniques under an atmosphere of dry nitrogen.  Dry 

1,2-DCE was obtained by storing over NaOH for one week prior to distilling from P2O5. 

Tris(dibenzylideneacetone)dipalladium(0) was purchased from Strem.  Dry 1,4-dioxane 

was obtained from EMD sure-seal bottles and sparged with nitrogen before use.  All 

other dry solvents were collected in solvent bulbs from an Innovative Technologies Pure-

Solve 400 solvent purification system.  Thin layer chromatography (TLC) was performed 

using Silicycle silica gel 60 F254 pre-coated aluminum sheets.  Column chromatography 

was performed using Silicycle Silica Flash
® 

F60.  5-bromo-2-methylbenzaldehyde (3.1) 

and 2-(tributylstannyl)-3,4-(ethylenedioxy)thiophene (tri-n-butyltin-EDOT) were 

prepared according to a literature methods.
25,37

  It should be noted that the synthesis of 

3.3-3.8 has been reported previously by our group.  The synthetic steps have been slightly 

modified and optimized for this work and are reported here.  In most cases the identity 

and purity of the synthetic intermediates were analyzed by comparison to the previously 

reported 
1
H NMR data.  With the exception of 3.8, the 

1
H

 
NMR data, 

13
C{

1
H} NMR data, 

31
P{

1
H} NMR data and high resolution mass spectrometry (HRMS) data have been 

reported previously by our group and are provided here for completeness. 
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Synthesis of 3.3-3.8 

 

 

 (5-Bromo-2-methylphenyl)methylene diacetate [3.3].  Under a nitrogen 

atmosphere 3.1 (14.82 g) was added to a 250 mL Schlenk flask equipped with a magnetic 

stirring bar. Acetic anhydride (112 mL) was added, and the mixture was stirred to 

dissolve.  This was followed by the addition of 35 drops of concentrated H2SO4 

producing a yellowish-pink solution. The solution was stirred overnight and then poured 

into ~300 mL of ice-water.  The mixture was extracted with ethyl acetate (4 x ~200 mL).  

The combined organic extracts were then washed with saturated NaHCO3 solution until 

the pH of the aqueous phase was found to be neutral by testing with pH strips.  The 

organic layer was finally washed with brine, dried over MgSO4, filtered, and rotary 

evaporated to yield a light peach-colored solid (20.95 g, 93%):   
1
H NMR (400 MHz, 

CDCl3) δ: 7.73 (s, 1H), 7. 9 (d, J = 2.0, 1H), 7.36 (dd, J = 2.4, 8.4, 1H), 7.02 (d, J = 8.0, 

1H), 2.35 (s, 3H), 2.09 (s, 6H); 
13

C{
1
H} NMR (100 MHz, CDCl3) δ: 168. , 13 .5, 135.2, 

132.5, 132.4, 129.8, 119.5, 87.3, 20.7, 18.3; HRMS (CI+) calc for C12H14BrO4 (M+H)
+ 

301.0075, found 301.0080.  
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(5-bromo-2-(bromomethyl)phenyl)methylene diacetate [3.4]. Under a nitrogen 

atmosphere, 3.3 (36.41 g), NBS (22.04 g), benzoyl peroxide (0.69 g), and 1,2-DCE (375 

mL) were combined in a 500 mL 3-necked flask equipped with a magnetic stirring bar. 

The suspension was stirred and refluxed for 3 h and cooled to room temperature. The 

mixture was diluted with 300 mL of CH2Cl2 washed with deionized H20 (3 x ~300 mL), 

saturated Na2S2O4 solution (3 x ~300mL), and brine (~300mL) before being dried over 

MgSO4, filtered, and rotary evaporated to yield a white solid (38.86 g,  84.6%): 
1
H NMR 

(400 MHz, CDCl3) δ: 7.78 (s, 1H), 7.67 (d, J = 2.0, 1H), 7.48 (dd, J = 2.4, 8.4, 1H), 7.26 

(d, J = 8.0, 1H), 4.63 (s, 2H), 2.12 (s, 6H); 
13

C{
1
H} NMR (100 MHz, CDCl3) δ: 168. , 

135.7, 135.1, 133.3, 132.8, 131.4, 122.8, 87.4, 28.9, 20.9; HRMS (CI+) calc for 

C12H13Br2O4 (M + H)
+
 380.9160, found 380.9153. 

 

 

(4-Bromo-2-diacetoxymethybenzyl)triphenylphosphonium bromide [3.5]. To 

a mixture of 3.4 (38.86 g) and triphenylphosphine (39.23 g) in a 1000 mL round-

bottomed flask equipped with a magnetic stirring bar was added 500 mL CH2Cl2. The 

solution was stirred at room temperature overnight. The solvent was removed by rotary 

evaporation to yield a chunky, cream-colored solid.  The crude material was then 

recrystallized by dissolution with CH2Cl2 followed by precipitation with diethyl ether to 
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yield a white powder (61.56, 94 %). 
1
H NMR (400 MHz, CDCl3) δ: 7.84 (dt, J = 2.0, 7.2, 

3H), 7.69-7.58 (m, 15H), 7.38 (dd, J = 1.6, 8.4, 1H), 6.93 (s, 1H), 5.66 (d, J = 14.8, 2H), 

1.92 (s, 6H); 
31

P{
1
H} NMR (161 MHz, CDCl3) δ: 23.10; product too insoluble for 

13
C 

NMR analysis; HRMS (ESI+) calc for C30H27BrO4P (M)
+
 561.0829, found 561.0829. 

 

 

(4-Bromo-2-formylbenzyl)triphenylphosphonium bromide [3.6]. 3.5 (61.56 g) 

was combined with 1800 mL of H2O and 345 mL of 48% HBr in a 3000 mL round-

bottomed flask equipped with a magnetic stirring bar.  The mixture was brought to reflux 

and stirred overnight.  After being allowed to cool to room temperature, the suspension 

was filtered to recover the product as a shiny, white, microcrystalline solid (45.39 g, 

88%): 
1
H NMR (400 MHz, CDCl3) δ: 9.29 (s, 1H), 7.84 – 7.21 (m, 18H), 5.91 (d, J = 

15.2, 2H); 
31

P{
1
H} NMR (161 MHz, CDCl3) δ: 24.24; product too insoluble for 

13
C 

NMR analysis; HRMS (ESI+) calc for C26H21BrOP (M)
+
 459.0508, found 459.0513. 

 

 

(5Z,11Z)-2,8-dibromodibenzo[a,e][8]annulene [3.7]. In a 1000 mL round-

bottomed flask equipped with a condenser, an addition funnel, and a magnetic stirring bar 

3.5 (13.51 g) and 600 mL of anhydrous MeOH were added under a nitrogen atmosphere.  

The mixture was stirred and heated to reflux.  In a 100 mL round-bottomed flask under 

nitrogen, NaH (0.60 g) was dissolved in 55 mL anhydrous EtOH. The NaOEt solution 

was transferred to the addition funnel and then added dropwise to the reaction mixture 

over one hour.  The reflux was continued overnight. The reaction mixture was then 
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allowed to cool to room temperature and the solvent was removed by rotary evaporation. 

The sticky yellow solid was purified by column chromatography using CH2Cl2 as the 

eluent.  The product containing fractions from the first column were then further purified 

by dissolving in CH2Cl2, adsorbing onto silica gel by rotary evaporation of the solvent, 

and subjecting the silica adsorbed sample to column chromatography using hexanes as 

the eluent.   After rotary evaporation, the product was obtained as a white powder (0.98 g, 

22%):  
1
H NMR (400 MHz, CD2Cl2) δ: 7.31 (dd, J = 2.4, 8.4, 2H), 7.23 (d, J = 2.4, 2H), 

6.94 (d, J = 8.4, 2H), 6.71 (s, 4H); 
13

C{
1
H} NMR (100 MHz, CDCl3) δ: 139.3, 136.1, 

133.5, 132.7, 132.0, 130.9, 130.4, 121.3; HRMS (CI+) calc for C16H11Br2 (M+H)
+
 

362.9207, found 362.9203. 

 

 

(5Z,11Z)-2,8-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-

yl)dibenzo[a,e][8]annulene [3.8].  3.7 (0.97 g), CsF (2.02 g), (t-Bu3PH)
+
(BF4)

- 
(0.11 g), 

and Pd2(dba3) (0.30g) were combined in a 250 mL three-necked flask fitted with a 

condenser and a magnetic stirring bar under a nitrogen atmosphere.  In a 200 mL Schlenk 

flask under a nitrogen atmosphere tri-n-butyltin-EDOT (3.98 g) was dissolved in dry 1,4-

dioxane, and the solution was sparged for fifteen minutes.  The tri-n-butyltin-EDOT 

solution was then transferred to the three-necked flask.  The mixture was stirred and 

heated to reflux overnight.  After being allowed to cool to room temperature, the reaction 

mixture was diluted with 150 mL of CH2Cl2 and filtered through a pad of silica gel 
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sandwiched between two layers of celite.  The celite/silica/celite sandwich was rinsed 

twice with 50 mL portions of CH2Cl2.  A 50 mL portion of silica gel was added to the 

combined CH2Cl2 solution and the solvent was removed by rotary evaporation in order to 

adsorb the sample onto the silica gel.  The silica adsorbed sample was divided into two 

portions and each was purified by column chromatography using a 1:1 mixture of 

hexanes: CH2Cl2.  The product containing fractions from both columns were combined, 

rotary evaporated to yield an orange solid and recrystallized from a boiling mixture of 

hexanes and CH2Cl2.  The sample was filtered to afford white crystals (0.87 g, 67 %): 
1
H 

NMR (300 MHz) δ: 7.48 (dd, 2H, J = 2.0, 8.0 Hz), 7.37 (d, 2H, J = 1.6 Hz), 7.03 (d, 2H, 

J = 8.4 Hz), 6.74, (s, 4H), 6.24 (s, 2H), 4.23 (m, 4H); 
13

C{
1
H} NMR (100 MHz, CDCl3) 

δ: 142.1, 138.2, 137.3, 13 .3, 133.2, 131.8, 129.4, 126.4, 124. , 116.9, 97.6, 64.7, 64.4; 

HRMS (CI+) calc for C28H20O4S2 (M)
+
 484.0803, found 484.0805; UV-Vis (CH2Cl2, λ, 

nm (ε, M
-1

 cm
-1

)): 316(42,438). 

RESULTS AND DISCUSSION 

Synthesis 

Bromination of o-tolualdehyde with bromine in the presence of aluminum 

chloride gives a mixture of isomers, but the 5-bromo isomer, 3.2, can be isolated through 

recrystallization.  Bromination of the benzylic position is achieved using NBS, but the 

aldehyde must first be protected by conversion to an acylal.  The acylal, 3.3, was 

prepared by treatment of 3.2 with acetic anhydride.  3.3 was brominated with NBS in 

high yields to give 3.4.  The phosphonium salt, 3.5, was prepared by reaction of 3.4 with 

triphenylphosphine.  The aldehyde can then be deprotected in acidic conditions to give 

the bis-Wittig reagent, 3.6.  Hydrobromic acid is the acid of choice for this reaction in 

order to avoid anion exchange of the bromide in the triphenyl phosphonium salt for a 
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chloride.  This is important since it is known that triphenyl phosphonium chlorides are 

more likely to favor the formation of E-isomers in Wittig reactions.
38,39

  The bis-Wittig 

reagent, 3.6, can then be dimerized after treatment with sodium ethoxide to promote the 

formation of the phosphonium ylide.  The low yield of the Wittig reaction leading to 3.7 

can be attributed to the high likelihood of the less sterically demanding intermolecular 

reactions that lead to polymerization.  After purification by column chromatography, 3.7 

coupled with tri-n-butyltin-EDOT to give the electropolymerizable monomer, 3.8. 

Scheme 3.1.  Synthetic route to 2,8-difunctionalized, electropolymerizable DBCOT. 

AlCl3 

Br2 

CH2Cl2 
0 °C to RT 

4 hrs 

Acetic anhydride 

cat. H2SO4 

RT 

6 hrs 

NBS 
Benzoyl 

peroxide 

1,2-DCE 
Reflux 
4 hrs 

PPh3 

CH2Cl2 
RT 

 12 hrs  

HBr 

H2O 
Reflux 
12hrs 

NaH 

MeOH 
EtOH 

Reflux 
12hrs 

tri-n-butyltin-EDOT, CsF,   
(t-Bu3PH)

+
(BF4)

-
, Pd2(dba)3 

 
1,4-dioxane 

Reflux  
24hrs 

3.3 3.1 3.2 

3.6 3.4 3.5 

3.7 3.8 



 49 

Figure 3.4. ORTEP drawing of 3.8, displacement ellipsoids scaled to the 50% 

probability level, hydrogen atoms omitted for clarity.  

Single crystal X-ray diffraction analysis of the monomer (3.8) revealed that the 

tub-shaped structure of the central COT moiety was not perturbed by the substitution of 

the fused benzene rings.  The average angle between the plane formed by the benzene 

rings and the plane formed by the central ethylene bonds in the COT ring is 41.94° for 

EDOT-DBCOT compared to 40.14° for unfunctionalized DBCOT.
40

  Like the 

unfunctionalized DBCOT, the annulated C(sp
2
)=C(sp

2
) double bonds (C(10)-C(21)) and 

(C(18)-C(13)) are shorter than the  analogous bonds of COT due to condensation of the 

benzene rings.  The other bond lengths and angles of EDOT-DBCOT are also very 

similar to DBCOT.  The many hydrogen bonding contacts present for EDOT-DBCOT 

strongly influence the packing motif. For EDOT-DBCOT, the central four atoms in the 

COT ring (C(20), C(19), C(11), and C(12)) lie almost directly atop the same four atoms 

of a neighbooring molecule in a head to tail fashion. In contrast, for the unfunctionalized 

DBCOT  these four atoms are shifted over slightly from the four atoms in its neighbor, 

creating a stair-step effect.
40

  The deep tub shape of the monomer confirmed the viability 

of EDOT-DBCOT as a promising actuation synthon for an artificial muscle.  

 

C3 

C4 

O1 

O2 

C2 

C1 
S1 

S2 

C7 

C8 

C9 C10 

C11 
C12 

C13 

C14 

C15 

C16 C17 

C18 

C19 
C20 

C21 

C22 C23 

C24 
 C25 

 
O3 

 

C26 
 

C25 
 

O4 
 

C28 
 C29 

 

 
 
 
 
 
 
 

                                                                                                     C6 



 50 

Table 3.1. Crystal data and structure refinement for 3.8. 

Identification code shelxl 

Empirical formula C28H20O4S2 

Formula weight 484.56 

Temperature 293(2) K 

Wavelength 0.71073 Å 

Crystal system Monoclinic 

Space group P21/c 

a 4.7882(14) Å 

b 13.319(4) Å 

c 33.936(10) Å 

α 90°. 

β 97.310(5)°. 

γ 90°. 

Volume 2146.6(11) Å
3
 

Z 4 

Density (calculated) 1.499 Mg/m
3
 

Absorption coefficient 0.285 mm
-1

 

F(000) 1008 

Crystal size 0.7960 x 0.0920 x 0.0800 mm
3 

Theta range for data collection 1.21 to 25.00°. 

Index ranges -5<=h<=5, -15<=k<=15, -40<=l<=40 

Reflections collected 34893 

Independent reflections 3778 [R(int) = 0.0713] 

Completeness to theta = 25.00° 99.8 % 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 3778 / 0 / 307 

Goodness-of-fit on F2 0.947 

Final R indices [I>2sigma(I)] R1 = 0.0406, wR2 = 0.1072 

R indices (all data) R1 = 0.0477, wR2 = 0.1133 

Largest diff. peak and hole 0.835 and -0.494 e.Å
-3 

 



 51 

Table 3.2.   Selected bond lengths, bond angles, and torsion angles of 3.8.  

  

Bond distances (Å)  

 
C(7)-C(8)  1.465(3) 

C(8)-C(9)  1.399(3) 

C(8)-C(23)  1.400(3) 

C(9)-C(10)  1.401(3) 

C(10)-C(21)  1.404(3) 

C(19)-C(20)  1.335(3) 

C(20)-C(21)  1.484(3) 

  

Bond Angles (°) 

C(2)-C(1)-S(1) 

 

C(9)-C(10)-C(11) 117.68(19) 

C(9)-C(10)-C(21) 119.12(19) 

C(21)-C(10)-C(11) 123.19(19) 

C(19)-C(20)-C(21) 127.3(2) 

O(1)-C(3)-C(4) 109.26(18) 

  

Torsion Angles (°)  

 
C(13)-C(18)-C(19)-C(20) 58.6(3) 

C(17)-C(16)-C(24)-S(2)  0.4(3) 

S(1)-C(7)-C(8)-C(9) 18.4(3) 
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Electrochemistry 

Cyclic Voltammetry of EDOT-DBCOT 

In order to determine the effect of the functionalization of the benzene rings with 

EDOT moieties, the electrochemistry of the monomer was investigated.  The 

electrochemistry of unfunctionalized DBCOT has been previously investigated and 

reported by Bard and coworkers.  In a 0.5 M solution of tetrabutylammmonium 

perchlorate (TBAP) in DMF, they observed a single reduction wave for DBCOT centered 

at -1.95 V vs the saturated calomel electrode (SCE).  (This is -2.42 V vs. Fc/Fc
+
 based 

upon the potential for the ferrocene/ferrocenium couple vs SCE  in TBAP/DMF as 

reported by the lab of W. E. Geiger.)
41

  However, the anodic wave was observed to 

separate into two peaks at high scan rates, indicating that the single redox wave at low 

scan rates is actually two consecutive one-electron transfers with very similar potentials.  

The sharpness of the observed cathodic peak compared to the broad anodic peak suggests 

that the first step in the electron transfer process is slow while the second step is fast.  

Analysis of the ratio of the anodic to cathodic peak heights (ipa/ipc) revealed a relationship 

that was independent of the scan rate demonstrating that the contribution of any chemical 

reaction is negligible over the CV time scale.  

Electrochemical Invesitigations of the EDOT-DBCOT monomer revealed that as 

for the unfunctionalized DBCOT, there is a single quasi-reversible reduction wave.  For 

EDOT-DBCOT, the E1/2
r
 was found to be -2.33 V Fc/Fc

+
, which is slightly anodically  

shifted from DBCOT.  This may be attributed to stabilization of the reduced states 

through conjugation with the EDOT moieties upon planarization.  The ratio of the anodic 

to cathodic peak heights (ipa/ipc) was found to be between 1.4 and 1.5 for all scan rates 

investigated between 10 and 500 mV/s.  The oxidative electrochemical behavior of the 
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monomer could not be investigated due to the presence of the electropolymerizable 

functionalities. 

Figure 3.5.  Cyclic voltammogram (left) and scan rate dependence (right) of 3.7 in DMF 

with 0.1 M TBAPF6. 

Electropolymerization of EDOT-DBCOT 

Electropolymerization of 3.8 was performed in CH2Cl2 with 0.1 M TBAPF6 as the 

supporting electrolyte at 100 mV/s (Scheme 18, Figure 3.6). Attempts at 

electropolymerization in DMF proved unsuccessful due to the solubility of the initially 

formed oligomers.  The cyclic voltammogram (CV) of 3.8 shows monomer oxidation at 1.1 

V relative to the ferrocene/ferrocenium redox couple, polymer reduction at -0.65 V and 

polymer oxidation at -0.7 V. 

a) b) 
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Scheme 3.2. Electrochemical polymerization reaction of EDOT-DBCOT. 

Figure 3.6.  (a) Electropolymerization of 3.7 on a Pt button electrode in CH2Cl2 with 0.1 M 

TBAPF6.  First scan shown in red and subsequent scans shown in blue. (b) 

The current vs. number of scans for the electropolymerization. 

The increase in current with the number of scans is indicative of the formation of 

an electrode confined polymer thin film.  A linear relationship between the current and 

the number of scans indicates that the polymer film is conductive and porous with respect 

to ions.
28

 The gradual drop in the magnitude of the current increase between scans 

observed here may be due to the insulating nature of the all organic polymer film.  The 

reduction of the polymer film was observed to occur at less negative potentials compared 

to the monomer.  This may be attributable to increased conjugation length in the polymer.  

-2n e
- 

-2n H
+ 

3.8
 P3.1

 

a) b) 
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Looking at the initial scans, it appears that the overlapping reduction events observed for 

the monomer are somewhat resolved in the polymer film. 

Spectroelectrochemistry of poly(EDOT-DBCOT) 

During electropolymerization of the film onto ITO plate, electrochromism of the 

film was observed.  At potentials close to zero, the film appeared red.  The film darkened 

to a brown color as oxidative potentials were reached and lightened to yellow at reductive 

potentials.  Spectroelectrochemistry of a polymer film grown on ITO was recorded and 

the results are shown alongside a UV-Vis spectrum of the neutral film for comparison in 

Figure 3.7 below.   

Figure 3.7.  (Left) UV-Vis spectrum of neutral P3.7 grown on ITO.  (Right) 

spectroelectrochemical plot for EDOT-DBCOT polymer film grown on 

ITO. 

Like the UV-Vis spectrum on the right, the spectroelectrochemistry plot shows an  

absorption peak for the neutral film at 517 nm.  As the potential was increased, the peak 

at 517 nm grew in intensity, and a new peak at 655 nm was observed to grow in by the 
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time that a potential of 0.6 V was reached.  Both the peak at 515 nm and at 655 nm 

continued to grow until the maximum positive potential measured around 1.2 V was 

reached.  As the potential was reversed, the peak at 655 nm dissipated and was no longer 

visible by the time a voltage of -0.6 was reached.  At this point, a new peak at 430 nm 

was observed to appear as the peak at 515 nm was growing smaller.  The 515 nm peak 

present in the neutral film was absent by the time that a negative potential of -1.1 V was 

reached.  The peak at 430 nm continued to increase in intensity until the most negative 

potential value of -1.66 V was reached.  Upon turning back towards less negative 

potentials, the peak at 430 nm began to dissipate.  The peak at 515 nm began to come 

back in by the point that a potential of -1.4 volts was reached.  Interestingly, phenyl-

capped EDOT dimers have been reported to absorb at 937 nm when oxidized to the 

radical cation suggesting that the oxidized species observed herein does not have charge 

localized on the two neighboring EDOT moieties.
42

 

Electrochemistry of poly(EDOT-DBCOT) 

Analysis of the scan rate dependence of the polymer film was performed.  The 

cyclic voltammetry scans taken at various scan rates and the analysis of the relationship 

of the peak current to the scan rate are shown in Figure 3.8 below. 
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Figure 3.8.  (Left) cyclic voltammograms of P3.1 in CH2Cl2 with varying scan rates.  

(Right) scan rate dependence for P3.1. 

The deviation from linearity of the scan rate dependence may be due to the electronically 

insulating nature of the polymer film which cannot be fully conjugated in the neutral state 

due to the geometry of the central COT moiety.  It could also be an indication of a lack of 

stability for the charged polymer film.  Polymer films were also prepared from solutions 

containing a 2:1 mixture of EDOT to the EDOT-DBCOT monomer, 3.8 to produce P3.2.  

The film was grown through cyclic voltammetry using a more narrow potential range 

than P3.1 in order to avoid any side reactions between the reduced polymer film and the 

EDOT present in solution.  The electropolymerization of the film is shown below in 

Figure 3.9.  



 58 

Figure 3.9.  Electropolymerization of 2:1 EDOT:EDOT-DBCOT copolymer on a Pt 

button electrode in CH2Cl2 with 0.1 M TBAPF6.  First scan shown in red 

and subsequent scans shown in blue. 

A scan rate dependence study of the copolymer film, P3.2, was performed, and 

showed a much more linear relationship than was observed for P3.1.  The higher current 

response seen for the film may be due to increased stability based upon the longer fully 

conjugated segments present in the copolymer film.  See Figure 3.10 below. 

Figure 3.10. (Left) cyclic voltammograms of 2:1 copolymer of EDOT:EDOT-DBCOT 

(P3.2) in CH2Cl2 with varying scan rates.  (Right)  scan rate dependence for 

P3.2. 
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CONCLUSIONS 

A potential molecular actuating polymer, poly(EDOT-DBCOT), has been 

synthesized.  A crystal structure of the monomer has established that the deep tub shape 

of DBCOT is not perturbed by the substitution of the benzene rings with 

electropolymerizable EDOT moieties confirming the viability of this system as a 

molecular actuation synthon.  Polymer films have been grown through 

electropolymerization onto platinum button electrodes as well as ITO coated glass slides.  

Copolymers grown from a 2:1 solution of EDOT:EDOT-DBCOT show better 

electrochemical response and appear to be more stable.  Further optimization of the 

polymer growth conditions to obtain free-standing polymer films should allow the 

electrochemical actuation of the polymer films to be measured. 
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Chapter 4: Non-Langevin Polymers for Organic Photovoltaics 

INTRODUCTION 

One the most promising device configurations for organic photovoltaics is the 

bulk heterojunction (BHJ) device in which the active layer is composed of a blend of p-

type and n-type semiconducting materials.  These polymer based solar cells are 

advantageous due to their ease of production, low cost, and low environmental impact.
43

 

Usually, the p-type material is a conjugated polymer and the n-type material is a fullerene 

derivative.   

Figure 4.1.   Schematic representation of bilayer (left) and bulk heterojunction (right) 

OPV device architectures.     

In an organic donor-acceptor solar cell, the conjugated polymer is generally the 

primary light absorber. Absorption of light by the conjugated polymer, leads to the 

formation of a coulombically bound electron-hole pair referred to as a singlet exciton.  

The excited state may then diffuse though the donor phase to the interface between the 

two materials where the electron can be transferred to the more electronegative acceptor 

material.  The dissociated charges must then travel to their respective electrodes for 

photocurrent generation to occur.  During the transport of the separated charges to their 

respective contacts, the charges may recombine.
44
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Charge recombination in OPVs is seen as one of the most significant factors 

limiting device performance.  Recombination of two charges generated from the same 

exciton is known as geminate recombination.  This is in contrast to bimolecular 

recombination, which occurs when fully dissociated charges generated from different 

excitons combine.  In OPVs bimolecular recombination generally dominates, and the 

recombination behavior observed can be described by the Langevin recombination 

coefficient, βL.   

    (      )     

For the majority of BHJ systems, this coefficient is larger than one and the recombination 

is said to follow Langevin dynamics.  For some unique systems however, this coefficient 

is less than one (the recombination rates are low).
45

  This reduced recombination of 

charges makes these systems particularly promising for commercial applications.  Non-

Langevin polymers have been demonstrated to show high power conversion efficiencies 

(PCEs) even for relatively thick active layers (> 150 nm).  In contrast, Langevin systems 

suffer from rapidly decreasing fill factors as active layer thickness is increased leading to 

drastic reductions in PCE.  This is important since thick active layers are desirable for 

ease of processing.  Of the few known examples of BHJ active layers with non-Langevin 

recombination behavior, one of the most promising is KP115:PC60BM reported by Peet 

in 2011.
43,45,46
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Figure 4.2.  Chemical structure of KP115 composed of alternating dithienylthiazolo[5,4-

d]thiazole (DTZ) units and silolodithiophene (SDT) units. 

Several recent publications have investigated the unique behavior of this system, and it 

has been demonstrated that the behavior is not morphology dependent.
43,45,46

  Despite 

this, the performance has not yet been ascribed to any specific structural feature of the 

polymer. 

Research Objectives 

It is proposed that the non-Langevin recombination behavior of KP115:PC60BM 

blends may be attributable to the presence of discrete donor and acceptor units in the 

polymer backbone.  The electronically isolated nature of the donor and acceptor units 

may prevent charge recombination.  Herein, the aim is to further characterize KP115 and 

to develop derivatives of KP115 with strategically placed conjugation breaking units that 

will enhance the inherent break in conjugation between the SDT units and the DTZ units.   

EXPERIMENTAL 

Crystal Structure Determination 

The single–crystal diffraction data for 4.7 and 4.16 were collected on a Rigaku 

SCX-Mini diffractometer with a Mercury CCD using a Rigaku Tec 50 low temperature 

device.  Both compounds were collected using a graphite monochromator with MoKα 

radiation (λ = 0.71073Å).  Absorption corrections were applied using Multi-scan.  Data 



 63 

reductions were performed using the Rigaku  mericas Corporation’s Crystal Clear 

version 1.40.
21

 The structures were solved by direct methods and refined anisotropically 

using full-matrix least-squares methods with the SHELX 97 program package.
22

 The 

coordinates of the non-hydrogen atoms were refined anisotropically, while hydrogen 

atoms were included in the calculation isotropically but not refined. Neutral atom 

scattering factors and values used to calculate the liner absorption coefficient are from the 

International Tables for X-ray Crystallography (1992).
23

 

Instrumentation 

NMR spectra were recorded with a Varian Unity 300 MHz instrument, Varian 

Mercury 400 MHz instrument, or a Varian DirectDrive 400 MHz at ambient temperature 

and were referenced internally to the residual solvent peaks.  All chemical shifts are 

given in ppm and coupling constants are given in Hertz.  Electronic absorption spectra 

were obtained on a Varian Cary 6000i UV-Vis-NIR Spectrophotometer in Starna quartz 

flourometer cells with a 1 cm pathlength.  Mass Spectrometry was performed with a 

Micromass Autospec Ultima HRMS (for CI+) or an Agilent 6530 QTOF system (for 

ESI+).  

Electrochemistry 

Electrochemical experiments were carried out in a dry box under a nitrogen 

atmosphere using a GPES system from Eco. Chemie B. V.   All the electrochemical 

experiments were performed using a three-electrode cell with a Ag/AgNO3 reference 

electrode (silver wire dipped in a 0.01 M silver nitrate solution with 0.1 M [(n-

Bu)4N]
+
[PF6]

-
 (TBAPF6) in acetonitrile), a 1.6 mm Pt button working electrode, and a Pt 

wire coil counter electrode.  Ferrocene was used as an external reference to calibrate the 

reference electrode before and after experiments were performed and the average E1/2 
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value obtained for the ferrocene/ferrocenium redox couple was used to correct the 

measured potentials. The supporting electrolyte used was 0.1 M TBAPF6 that was 

purified by three successive recrystallizations from hot ethanol and dried for three days at 

100-150 °C under active vacuum. 

Synthesis 

General Considerations 

Air and/or moisture sensitive reactions were carried out in heat-gun dried 

glassware using standard Schlenk techniques under an atmosphere of dry nitrogen.  

Tetradecylmagnesium bromide (0.5 M in THF) was purchased from Novel Chemical 

Solutions.  Tetrakis(triphenylphosphine)palladium(0) was purchased from Strem.  Dry 

solvents were collected in solvent bulbs from an Innovative Technologies Pure-Solve 400 

solvent purification system. All other chemicals were used as received from commercial 

suppliers. Thin layer chromatography (TLC) was performed using Silicycle silica gel 60 

F254 pre-coated aluminum sheets.  Column chromatography was performed using 

Silicycle Silica Flash® F60 or 60-325 mesh Brockman activity 1 basic alumina from 

Fisher Scientific. 

Synthesis of 4.2-4.17 and P4.1-4.2 

 

 

3-tetradecylthiophene [4.2].  Ni(dppp)Cl2 (0.44 g) was added to a 1000 mL 

three-necked flak fitted with a condenser, a 500 mL addition funnel, and a stir-bar under 

N2.  A 100 mL portion of dry diethyl ether was added via cannula transfer.  3-

bromothiophene (34.77 g) was added to the stirring mixture via syringe.  The ethereal 
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tetradecylmagnesium bromide solution (500 mL of 0.5 M solution in THF) was cannula 

transferred to the addition funnel and then added dropwise from the addition funnel 

dropwise at room temperature.  After completion of the addition, the addition funnel was 

removed, and the mixture was heated to reflux while stirring was maintained.  Heating 

and stirring were continued overnight.  The reaction mixture was then cooled to room 

temperature and quenched with ~300 mL of 1M HCl.  The mixture was transferred to a 

separatory finnel, and the organic layer was separated and washed with saturated 

NaHCO3 (~200 mL), brine (2 x ~60 mL) and deionized H2O (~50 mL) before being dried 

over MgSO4 and filtered.  The solids collected during filtration were rinsed with ~500 

mL THF and the combined organic solutions were rotary evaporated. The resulting oil 

was divided into two portions and each was run through a basic alumina column using 

hexanes as the eluent.  All UV-active fractions were combined and rotary evaporated to 

yield a clear oil (55.30 g, 93%):  
1
H NMR (400 MHz, CDCl3) δ: 7.22 (dd, 1H J = 4.8, 

2.8), 6.92 (dd, 1H J = 4.8, 1.2), 6.90 (m, 1H), 2.60 (t, 2H J = 7.6), 1.60 (quintet, 2H J = 

7.6), 1.24 (bs, 22H), 0.87 (t, 3H J = 6.8). 

 

 

2-bromo-3-tetradecylthiophene [4.3].  4.2 (15.00 g) was added to 200 mL 

Schlenk flask equipped with a 125 mL addition funnel and a stirbar under N2.  

Recrystallized N-bromosuccinimide (NBS) (9.73 g) was added to a 100 mL Schlenk flask 

under N2.  A 40 mL portion of dry DMF was added to the 100 mL Schlenk flask, and the 

flask was swirled to dissolve the NBS.  An 80 mL portion of dry DMF was added to the 

200 mL Schlenk flask through the addition funnel via cannula transfer.  The mixture was 

stirred and the NBS solution was added to the addition funnel via cannula transfer.  The 
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flask and then addition funnel were then wrapped in foil to omit light from the reaction 

mixture, and the NBS solution was added dropwise to the stirred solution of 4.2 at room 

temperature.  After stirring at room temperature overnight, the reaction mixture was 

poured onto ~500 mL of crushed ice before being extracted with diethyl ether (4 x ~150 

mL).  The combined organic layers were washed with brine that had been diluted with an 

equal volume of deionized water (5 x ~100 mL) and then dried over MgSO4, filtered and 

rotary evaporated to give a pale yellow oil (18.00 g, 93%):  
1
H NMR (400 MHz, CDCl3) 

δ: 7.16 (d, 1H J = 5.2), 6.78 (d, 1H J = 5.6), 2.54 (t, 2H J = 7.6), 1.55 (m, 2H), 1.25 (bs, 

22H), 0.87 (t, 3H J = 6.8). 

 

 

3-tetradecylthiophene-2-carbaldehyde [4.4] Mg turnings (1.37 g) were added to 

a 250 mL three-necked flask equipped with a 25 mL addition funnel, a condenser, and a 

stirbar under N2.  4.3 (17.00 g) was added to the addition funnel by cannula transfer.  A 

150 mL portion of dry THF was added by cannula transfer to the flask through the 

addition funnel.  The mixture was stirred at room temperature while 4.3 was added 

dropwise to the flask from the addition funnel.  After completion of the addition, the 

addition funnel was removed, the mixture was heated to reflux, and the stirring and 

heating were maintained for 4 hours until most of the Mg had been consumed. The 

reaction mixture was then allowed to cool to room temperature. Before being transferred 

via filter cannula to a clean dry 250 mL two-necked Schlenk flask equipped with a 

condenser, a 10 mL addition funnel and a stirbar under N2.  Dry DMF (10 mL) was then 

cannula transferred to the addition funnel.  The mixture was stirred while the DMF was 

added dropwise from the addition funnel to the two-necked Schlenk flask.  After 
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completion of the addition, the addition funnel was removed, and the mixture was heated 

to reflux.  Heating and stirring were maintained overnight.  The reaction mixture was 

then allowed to cool to room temperature and transferred to a separatory funnel.  The 

mixture was treated with 1 M HCl until the aqueous portion was acidic.  The aqueous 

layer was extracted with methylene chloride (CH2Cl2) (5 x ~150 mL), and the combined 

organic layers were then washed with 1 M KOH until the aqueous portion was 

neutralized.  The organic phase was then dried over MgSO4, filtered and rotary 

evaporated.  The resulting brown oil was purified by column chromatography using 3:1 

CH2Cl2:hexanes as the eluent to yield a pale yellow oil (9.60 g, 66%): 
1
H NMR (400 

MHz, CDCl3) δ: 10.02 (d, 1H J = 1.2), 7.61 (dd, 1H J =  5.2, 1.2), 6.93 (t, 2H J = 7.6), 

1.64 (quintet, 2H J = 7.6), 1.23 (bs, 22H), 0.85 (t, 3H J = 6.8). 

 

 

2,5-bis(3-tetradecylthiophen-2-yl)thiazolo[5,4-d]thiazole [4.5].  Dithiooxamide 

(1.20 g) and 4.4 (6.78 g) were combined in 50 mL round-bottomed flask fitted with a 

rubber septum and a stirbar under N2. A vent needle was insterted into the rubber septum, 

and the mixture was stirred and heated to 200 °C under gentle N2 purge for 1 hour.  After 

cooling to room temperature, the mixture was purified by column chromatography using 

1:1 hexanes:benzene as the eluent.  The product containing fractions were combined, 

rotary evaporated, and recrystallized from boiling hexanes to yield a yellow solid with 

blue luminescence in solution (2.26 g, 32%):  
1
H NMR (400 MHz, CDCl3) δ: 7.32 (d, 1H 

J = 5.2), 6.97 (d, 1H J = 5.2), 2.94 (t, 1H J = 8), 1.70 (quintet, 2H J = 8), 1.42 (m, 2H), 

1.23 (bs, 20 H), 0.85 (t, 3H J = 6.8). 
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 2,5-bis(5-bromo-3-tetradecylthiophen-2-yl)thiazolo[5,4-d]thiazole [4.6].  In a 

500 mL round-bottomed flask equipped with a stirbar, 4.5 (1.50 g) was dissolved in 240 

mL of CHCl3 with heating and sonication. A 240 mL portion of glacial acetic acid was 

added to the solution, and the mixture was cooled to room temperature.  The round-

bottomed flask was wrapped in foil, and NBS (0.82 g) was added in small portions over 1 

hour while the mixture was stirred.  The reaction mixture was stirred overnight at room 

temperature before being transferred to a separatory funnel and washed with deionized 

H2O (2 x ~350 mL).  The organic layer was then washed with saturated sodium 

bicarbonate solution until the pH of the aqueous layer was neutral.  The organic layer was 

then washed with brine (~150 mL), dried over MgSO4, filtered, and rotary evaporated 

before being recrystallized from boiling hexanes to yield a yellow solid (1.79 g, 98%):  

1
H NMR (400 MHz, CDCl3) δ: 6.93 (s, 1H), 2.86 (t, 2H J = 8), 1.66 (quintet, 2H J = 8), 

1.41 (m, 2H), 1.26 (bs, 20 H), 0.86 (t, 3H J = 6.8).   

 

 

2,5-bis(3-tetradecyl-5-(trimethylstannyl)thiophen-2-yl)thiazolo[5,4-d]thiazole [4.7].  

4.6 (0.51 g) was added to a 250 mL three-necked flask equipped with an addition funnel, 

and a stirbar under N2.  A 150 mL portion of dry THF was added by cannula transfer to 

the flask, and the mixture was stirred to form a homogenous solution before cooling to     

-78 °C in a dry ice and acetone bath.  A 0.82 mL portion n-BuLi (1.6 M in hexanes) was 

cannula transferred to the addition funnel and then added dropwise to the stirring mixture.  
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After completion of the addition, the reaction mixture was stirred for an additional 2 

hours at -78 °C before a 1 M solution of chlorotrimethylstannane (1.3 mL) was added in 

one portion by cannula transfer.  The reaction mixture was then allowed to warm to room 

temperature and stirred overnight.  The reaction mixture was then evaporated to dryness 

without heating, dissolved in diethyl ether, dried over MgSO4, and filtered over celite.  

The sample was recrystallized from hexanes and filtered to yield light yellow crystals 

(0.54 g, 88%): 
1
H NMR (400 MHz, CDCl3) δ: 7.01 (s, 1H), 2.95 (t, 2H J = 8), 1.70 

(quintet, 2H J = 7.6), 1.43 (m, 2H), 1.24 (bs, 20 H), 0.85 (t, 3H J = 6.8), 0.39 (s, 18H). 

 

 

trichloro(2-ethylhexyl)silane [4.9].  Silicon tetrachloride (23 mL) was added via 

cannula transfer to a 200 mL Schlenk flask fitted with a 125 mL addition funnel and a 

stirbar under N2.  A 60 mL portion of THF was added by cannula transfer, and the 

resulting solution was cooled in an ice water bath.  A 100 mL portion of (2-

ethylhexyl)magnesium bromide solution (1 M in diethyl ether) was transferred via 

cannula to the addition funnel and then added dropwise to the flask.  After the addition 

was complete, the cooling bath was removed, and the reaction mixture was allowed to 

warm to room temperature while stirring overnight.  The reaction mixture was then 

poured into 600 mL of hexanes and vacuum filtered.  The collected solids were rinsed 

with hexanes (5 x ~100mL) and the combined organic solution was rotary evaporated to 

yield a clear oil (20.72 g, 85%): 
1
H NMR (400 MHz, CDCl3) δ: 1.76 (m, 1H), 1.46-1.20 



 70 

(m, 10H), 0.87 (m, 6H);  
13

C {
1
H} NMR (100 MHz, CDCl3) δ: 34.6, 34.5, 29.1, 28.4, 

27.8, 22.8, 14.1, 10.4. 

 

 

dichlorobis(2-ethylhexyl)silane [4.10].  4.9 (20.72 g) was added via cannula transfer to a 

250 mL Schlenk flask fitted with a 125 mL addition funnel and a stirbar under N2.  A 110 

mL portion of THF was added by cannula transfer, and the resulting solution was cooled 

in an ice water bath.  A 70 mL portion of (2-ethylhexyl)magnesium bromide solution (1 

M in diethyl ether) was transferred via cannula to the addition funnel and then added 

dropwise to the flask.  After the addition was complete, the cooling bath was removed, 

and the reaction mixture was allowed to warm to room temperature while stirring 

overnight.  The reaction mixture rotary evaporated, filtered over celite, and rinsed with 

450 mL of hexanes.  The hexanes solution was rotary evaporated and the resulting oil 

was purified by fractional distillation.  The product distilled at 105 °C at 0.1 mmHg and 

was a clear oil (19.10 g, 84%): 
1
H NMR (400 MHz, CDCl3) δ: 1.69 (m, 1H), 1.43-1.15 

(m, 10H), 0.85 (m, 6H); 
13

C {
1
H} NMR (100 MHz, CD2Cl2) δ: 35.6, 35.2, 29.2, 28.8, 

26.6, 23.5, 14.5, 10.9. LRMS (CI+) calc for C16H34Cl2Si (M-Cl-)
+

 289, found 289. 
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 (3,3'-dibromo-[2,2'-bithiophene]-5,5'-diyl)bis(trimethylsilane) [4.12].  3,3',5, 

5'- tetrabromo-2,2'-bithiophene (5.1893 g) was added to a 200 mL Schlenk flask 

equipped with a 25 mL addition funnel and a stirbar under N2.  An 80 mL portion of dry 

THF was added by cannula transfer.  The mixture was stirred and cooled in a dry 

ice/acetone bath.  A 14.40 mL portion of n-BuLi (1.6 M in hexanes) was cannula 

transferred to the addition funnel and then added dropwise from the addition funnel to the 

flask over 1 hour.  After the addition was allowed to stir for an additional 15 minutes 

after the addition was complete.  A 3.50 mL portion chlorotrimethylsilane was then 

added in one portion via syringe.  The cooling bath was removed, and the reaction 

mixture was allowed to warm to room temperature overnight.  The reaction mixture was 

poured into ~300 mL of deionized water and extracted with diethyl ether (3 x ~200 mL).  

The combined ethereal extracts were dried over MgSO4, filtered, and rotary evaporated.  

The product was purified by column chromatography (basic alumina) using hexanes as 

the eluent to yield a colorless solid (3.89 g, 77%): 
1
H NMR (400 MHz, CDCl3) δ: 7.13 

(m, 1H), 0.32 (s, 18H); 
13

C {
1
H} NMR (100 MHz, CD2Cl2) δ: 142.9, 137.0, 133.9, 112.9, 

-0.4. 

 

 

 4,4-dioctyl-2,6-bis(trimethylsilyl)-4H-silolo[3,2-b:4,5-b']dithiophene [4.13]. A 

2.68 g portion 4.12 was added to a 50 mL three-necked flask equipped with a 10 mL 

addition funnel and a stirbar under N2.  A 40 mL portion of THF was added by cannula 
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transfer, and the mixture was stirred and cooled in a dry ice/acetone bath.  A 7.60 mL 

portion n-BuLi (1.6 M in hexanes) was transferred via cannula to the addition funnel and 

then added dropwise from the addition funnel to the flask.  After the addition was 

complete, the solution was stirred for an additional 15 minutes before 4.9 (2.24 g) was 

added in one portion via cannula transfer.  The cooling bath was removed, and the 

solution was allowed to warm to room temperature and stirred overnight.  The reaction 

mixture was then poured into ~200 mL of deionized water and then extracted with diethyl 

ether (3 x ~300 mL).  The combined organic phases were dried over MgSO4 and rotary 

evaporated to yield a light yellow oil.  The product was purified by column 

chromatography (basic alumina) using hexanes as the eluent to afford a colorless oil with 

bright blue luminescence (1.03 g, 44%): 
13

C {
1
H} NMR (100 MHz, CDCl3) δ: 154.1, 

144.6, 140.8, 136.8, 35.8, 35.6, 28.9, 28.8, 22.9, 17.6, 14.2, 10.8, 0.1; LRMS (CI+) calc 

for C30H54S2Si3 (M+H)
+

 563.3, found 563.3. 

 

 

 2,6-dibromo-4,4-dioctyl-4H-silolo[3,2-b:4,5-b']dithiophene [4.14]  A 1.42 g 

portion of 4.13 was dissolved in 17 mL of THF and transferred to a 25 mL round-

bottomed flask.  The flask was wrapped in foil, and the solution was stirred at room 

temperature.  NBS (0.92 g) was added in one portion.  After stirring for four hours, the 

reaction mixture was poured into 50 mL of deionized water and extracted with diethyl 

ether (3 x ~50mL).  The combined organic layers were rotary evaporated to yield 

brownish-green oil.  The oil was purified by column chromatography (basic alumina) 

using hexanes as the eluent to afford a bright yellow oil (1.38 g, 94%): 
13

C {
1
H} NMR 
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(100 MHz, CDCl3) δ: 148.5, 142.0, 141.9, 141.8, 132.3, 111.3, 35.8, 35.5, 28.8, 28.7, 

22.9, 17.4, 14.1, 10.8. 

 

 

4,4-dioctyl-2,6-bis(trimethylstannyl)-4H-silolo[3,2-b:4,5-b']dithiophene [4.15] 

To a  0.51 g portion of 4.14 in a 50 mL round-bottomed flask under N2 was added a 30 

mL portion of dry THF by cannula transfer.  The resulting solution was transferred via 

cannula to a 50 mL Schlenk flask equipped with a 10 mL addition funnel and a magnetic 

stirring bar under N2.  The Schlenk flask was transferred to a dry ice/acetone bath.  After 

cooling, a 1.42 mL portion of n-BuLi (1.6 M in hexanes) was transferred via cannula to 

the addition funnel and then added dropwise from the addition funnel to the Schlenk 

flask.  After the addition was complete, the mixture was allowed to stir for an additional 

15 minutes before a 2.00 mL portion of chlorotrimethylstannane solution (1.2 M in 

hexanes) was transferred to the flask by cannula in one portion.  The cooling bath was 

removed, and the reaction mixture was allowed to stir for an additional two hours before 

being poured into ~300 mL of deionized water.  The aqueous layer was extracted with 

diethyl ether (3 x ~100 mL).  The ethereal extracts and the original organic layer were 

combined and washed with brine (~200 mL), dried over MgSO4, filtered, and rotary 

evaporated to yield a green oil that was used without further purification (0.65 g, 98%): 

13
C {

1
H} NMR (100 MHz, CDCl3) δ: 154.6, 143.9, 137.9, 137.4, 35.9, 35.6, 28.9, 28.8, 

23.0, 17.8, 14.2, 10.8, -8.2 
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 2,5-bis(3-tetradecyl-5-(3-(trimethylsilyl)phenyl)thiophen-2-yl)thiazolo[5,4-

d]thiazole [4.16] In a 250 mL Schlenk flask, 4.6 (1.50 g) and (3-

(trimethylsilyl)phenyl)boronic acid m-((TMS)Ph)BOH2 (0.86 g) were dissolved in  195 

mL toluene and sparged with N2 for 10 minutes.  A solution of K2CO3 (9.70 g in 48 mL 

of deionized H2O) was added to the Schlenk flask, and the mixture was sparged with N2 

for an additional 10 minutes.  A 0.22 g portion of 

tetrakis(triphenylphosphine)palladium(0)  (Pd(PPh3)4) was added, and the mixture was 

stirred at room temperature overnight.  The mixture was then allowed to separate into two 

phases, and aqueous phase was extracted with toluene (3 x ~50mL).  The organic layers 

were combined and washed with deionized H2O (2 x ~250 mL) followed by brine (200 

mL).  The organic phase was then dried over MgSO4, filtered, and rotary evaporated to 

concentrate the sample.  The sample was recrystallized from the concentrated toluene 

solution by the addition of ethanol and filtered to obtain red crystals (1.62 g, 93%): 
1
H 

NMR (400 MHz, CDCl3) δ: 7.77 (s, 2H), 7.62 (d, 2H J = 7.2), 7.47 (d, 2H J = 7.2 Hz), 

7.38 (t, 2H J = 7.2), 7.18 (s, 2H), 2.95 (t, 4H J = 8 Hz), 1.75 (quintet, 4H J = 8 Hz), 1.47 

(m, 4H), 1.25 (bs, 46H) 0.86 (t, 6H J = 7.2), 0.31 (s, 18H); 
13

C {
1
H} NMR (100 MHz, 

CDCl3) δ: 161.3, 150.0, 145.9, 144.1, 141.6, 133.3, 132.8, 131.0, 130.7, 128.3, 126.7, 

126.2, 31.9, 30.5, 30.0, 29.7, 29.6, 29.5, 29.4; HRMS (CI+) calc for C58H86N2S4Si2 (M)
+

 

994.5212, found 994.5197. 
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2,5-bis(5-(3-iodophenyl)-3-tetradecylthiophen-2-yl)thiazolo[5,4-d]thiazole 

[4.17]  A 0.14 g portion of 4.16 was added to a 25 mL Schlenk flask equipped with a 

stirbar under N2.  A 15 mL portion dry CHCl3 was added via cannula transfer to the flask.  

A 1.33 g portion of ICl was massed into a sample vial, which was then stoppered with a 

rubber septum and put under N2.  A 10 mL portion of dry CHCl3 was added to the vial 

via syringe.  The Schlenk flask was put into an ice water bath and after cooling, a 0.4 mL 

portion of the ICl solution (0.8 M in CHCl3) was added slowly with a syringe.  The 

reaction mixture turned dark green and was allowed to warm to room temperature while 

stirring overnight.  The reaction mixture was then neutralized with concentrated sodium 

thiosulphate solution until the dark color of the reaction mixture had dissipated. The 

organic layer was diluted with CHCl3 until the solution was homogenous and then 

washed with deionized water followed by brine.  The organic layer was then dried over 

MgSO4, filtered, and rotary evaporated to yield an orange solid: 
1
H NMR (400 MHz, 

CDCl3) δ: 7.98 (s, 2H), 7.63 (d, 2H J = 8.4), 7.57 (d, 2H J = 8.4), 7.18 (s, 2H), 7.12 (t, 2H 

J = 7.8), 2.95 (t, 4H J = 7.6 Hz), 1.74 (quintet, 4H J = 7.7 Hz), 1.45 (m, 4H), 1.23 (bs, 

46H) 0.85 (t, 6H J = 6.8); product too insoluble for 
13

C NMR analysis; HRMS (CI+) calc 

for C52H69I2N2S4 (M+H)
+

 1103.2428, found 1103.2434. 
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poly[2-(5-(4,4-dioctyl-4H-silolo[3,2-b:4,5-b']dithiophen-2-yl)-3-tetradecylthiophen-2-

yl)-5-(3-tetradecylthiophen-2-yl)thiazolo[5,4-d]thiazole] [P 4.1].  4.7 (0.28g), 4.14 

(0.16 g), tris(dibenzylideneacetone)dipalladium(0) (Pd2(dba)3) (0.0054 g), and tri(o-

tolyl)phosphine (P(o-tolyl)3) (0.0071 g) were added to a 10 mL Schlenk flask equipped 

with a stirbar in a dry box.  A 10 mL portion of dry toluene was added and the flask was 

fitted with a condenser and sealed.  The flask was removed from the dry box and put 

under N2 on a Schlenk line.  The mixture was stirred and heated to reflux.  Heating was 

maintained for 3 days.  The mixture was then allowed to cool to 50 °C and quenched with 

200 mL of methanol containing 5 mL of concentrated HCl.  The solution was filtered 

through a soxhlet thimble and then purified by soxhlet extraction with methanol for 4 

hours followed hexanes for 7 hours.  The product was obtained by running the soxhlet 

extraction with chloroform for 7 hours.  The chloroform extracts were then rotary 

evaporated to yield bronze-colored film with metallic lustre (0.30 g, 95%). 

 

 

poly[2-(5-(3-(4,4-dioctyl-4H-silolo[3,2-b:4,5-b']dithiophen-2-yl)phenyl)-3-

tetradecylthiophen-2-yl)-5-(5-phenyl-3-tetradecylthiophen-2-yl)thiazolo[5,4-

d]thiazole] [P 4.2].  4.15 (0.21 g), 4.17 (0.31g), tris(dibenzylideneacetone)dipalladium(0) 

(Pd2(dba)3) (0.020 g), and tri(o-tolyl)phosphine (P(o-tolyl)3) (0.014 g) were added to a 10 
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mL Schlenk flask equipped with a stirbar in a dry box.  A 10 mL portion of dry toluene 

was added and the flask was fitted with a condenser and sealed.  The flask was removed 

from the dry box and put under N2 on a Schlenk line.  The mixture was stirred and heated 

to reflux.  Heating was maintained for 3 days.  The mixture was then allowed to cool to 

50 °C and quenched with 200 mL of methanol containing 5 mL of concentrated HCl.  

The solution was filtered through a soxhlet thimble and then purified by soxhlet 

extraction with methanol for 5 hours followed hexanes for ~6 days until the solution was 

running clear.  The product was obtained by running the soxhlet extraction with 

chloroform for 30 minutes.  The chloroform extracts were then rotary evaporated to yield 

a red solid (0.13 g, 36%): GPC (THF) Mn = 12.3 kD, PDI = 1.4. 

RESULTS AND DISCUSSION 

Synthesis 

The known non-Langevin polymer KP115 (P4.1) was prepared according to 

modified literature procedures.
47–49

  The stannylated DTZ monomer 4.7 was prepared as 

outlined in Scheme 4.1.  Compound 4.2 was prepared through a Kumada coupling 

between 3-bromothiophene and tetradecylmagnesium bromide.  Compound 4.2 was 

subsequently brominated at the 2 position using NBS to yield compound 4.3.  Compound 

4.3 was then treated with zero valent magnesium to form a Grignard reagent, which was 

then reacted in-situ with dimethylformamide to produce a hemiaminal magnesium salt.  

The hemiaminal was then hydrolyzed to give the desired aldehyde, 4.4.  Compound 4.4 

was then condensed with dithiooxamide to give the unsubstituted dithienylthiazolo[5,4-

d]thiazole, 4.5.  Compound 4.5 was then brominated with NBS to give compound 4.6 

which was subsequently treated with n-BuLi to achieve lithium halogen exchange of the 
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bromines.  The lithiated material was then treated with a solution of 

chlorotrimethylstannane to give the stannylated monomer 4.7. 

Scheme 4.1.  Synthetic route the DTZ Stille coupling partner 
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Figure 4.3   ORTEP drawing of 4.7 with thermal ellipsoids drawn at 50% probability 

level, hydrogen atoms removed for clarity.   Labelling is shown for all non-

equivalent atoms. 

. Crystals of 4.7 suitable for X-ray crystallographic structure determination were 

grown by recrystallization from hexanes.  The carbon-tin bond lengths are in good 

agreement with similar compounds previously reported by other groups.
50,51

  The 

thiophene rings and the alkyl chains are coplanar with the central thiazolo[5,4-d]thiazole 

unit. 
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Table 4.1  Crystal data and structure refinement for 4.7. 

Identification code  shelxl 

Empirical formula  C46 H78 N2 S4 Sn2 

Formula weight  1024.72 

Temperature  293(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P ̅ 

a                                                                   7.368(3) Å  

b                                                                   11.999(5) Å 

c                                                                   14.360(6) Å  

α                                                                   88.444(12)°. 

β                                                                   80.243(12)°.  

γ                                                                   80.049(11)°. 

Volume 1232.4(9) Å3 

Z 1 

Density (calculated) 1.381 Mg/m3 

Absorption coefficient 1.214 mm-1 

F(000) 532 

Crystal size 0.267 x 0.120 x 0.013 mm3 

Theta range for data collection 3.07 to 25.00°. 

Index ranges -8<=h<=8, -14<=k<=14, -17<=l<=17 

Reflections collected 10498 

Independent reflections 4341 [R(int) = 0.0462] 

Completeness to theta = 25.00° 99.8 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4341 / 0 / 244 

Goodness-of-fit on F2 1.034 

Final R indices [I>2sigma(I)] R1 = 0.0406, wR2 = 0.0938 

R indices (all data) R1 = 0.0504, wR2 = 0.0997 

Largest diff. peak and hole 1.268 and -0.724 e.Å-3 
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Table 4.2.   Selected bond lengths, bond angles, and torsion angles of 4.7.  

  

Bond distances (Å) 

 

 

 
C(4)-Sn(1)  2.136(4) 

C(23)-C(23) 1.353(7) 

C(23)-N(1) 1.357(5) 

C(22)-N(1)  1.306(5) 

C(22)-S(2)  1.759(4) 

C(23)-S(2)  1.718(4) 

C(21)-S(1)  1.724(4) 

  

Bond Angles (°) 

 

 

 

 

 

C(4)-S(1)-C(21) 92.77(18) 

C(23)-S(2)-C(22) 88.33(18) 

C(23)-C(23)-N(1) 118.2(4) 

C(22)-N(1)-C(23) 109.0(3) 

N(1)-C(22)-S(2) 115.1(3) 

  

Torsion Angles (°)  

 
C(6)-C(7)-C(8)-C(9)  170.3(3) 

S(1)-C(21)-C(22)-N(1)  2.0(5) 
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The brominated silolodithiophene monomer 4.14 was prepared through the 

synthetic route outlined in Scheme 4.2 below.  Silicon tetrachloride was treated with one 

equivalent of (2-ethylhexyl)magnesium bromide.  The resulting mono-alkyl 

trichlorosilane was isolated and treated again with one equivalent of (2-

ethylhexyl)magnesium bromide to achieve dichlorobis(2-ethylhexyl)silane, 4.10.  The 

trimethylsilyl protected dibromo bithiophene, 4.12 was achieved through lithium halogen 

exchange of 4.11 followed by treatment with trimethylsilyl chloride.  The lithiation 

occurs selectively at the   and  ’ positions through the directed ortho metalation 

mechanism.
52

  With the   and  ’ positions protected, 4.12 was lithiated at the 3 and 3’ 

positions and the treated with 4.10 to achieve the silolodithiophene 4.13.  The 

trimethylsilyl groups of 4.13 were replaced with bromines through electrophilic ipso-

substitiution.
53

  The brominated silolodithiophene monomer, 4.14, was used as the 

halogenated Stille coupling partner for the synthesis of P4.1. 
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Scheme 4.2.  Synthetic route to the SDT monomer for P4.1. 
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The monomers 4.7 and 4.14 were copolymerized through a Stille polymerization 

reaction using tetrakis(triphenylphosphine)palladium(0)  as the catalyst and tri(o-

tolyl)phosphine as the ancillary co-ligand.  The resulting polymer was purified through 

successive soxhlet extractions and was recovered in 95% yield. 

Scheme 4.3.  Polymerization route to P4.1 

In order to produce a derivative of KP115 with conjugation effectively broken 

between the donor and acceptor units in the polymer backbone, a meta-phenyl linkage 

between the DTZ and SDT units was chosen.   

Figure 4.4.   Chemical structure of the meta-phenyl linked derivative of KP115, P4.2. 
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The resonance forms of the benzylic cation shown in Figure 4.5 below demonstrate that 

the positive charge is delocalized on the ortho and para positions of the benzene ring, but 

not the meta positions.  This is reflected in the resonance hybrid, which shows partial 

positive charges at only one of the benzylic positions and the positions that are ortho and 

para with respect to it. 

 

Figure 4.5.   Resonance forms of a benzylic cation and the averaged resonance hybrid 

demonstrating the electronically isolated nature of the substituents bound to 

a meta-disubstituted benzene ring.   

For the synthesis of the broken conjugation, meta-phenyl linked derivative of 

P4.1, the SDT unit was chosen as the stannylated Stille coupling partner in order to 

prevent the number of synthetic steps to reach the DTZ partner from becoming too large.  

The brominated SDT, 4.14, was treated with n-BuLi in order to achieve lithium halogen 

exchange and then treated with a solution of chlorotrimethylstannane to afford 4.15. 
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Scheme 4.4.  Synthetic route to stannylated SDT monomer. 

Scheme 4.5.   Synthetic route to m-phenyl linked DTZ monomer. 
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Figure 4.6.   ORTEP drawing of 4.16 with thermal ellipsoids drawn at 50% probability 

level, hydrogen atoms removed for clarity.  Labelling scheme shows all 

nonequivalent atoms.  

Crystals of 4.16 suitable for X-ray crystallographic structure determination were 

grown by recrystallization from toluene and ethanol.  4.16 crystallizes in the same space 

group as 4.7, but the notable difference between the two lies in the orientation of the alkyl 

chains.  In 4.16 the alkyl chains do not lie in the plane with the DTZ core are twisted so 

that they extend parallel to the axis of the molecule.  In contrast, the alkyl chains in 4.7 

are coplanar with the conjugated core and extend out perpendicular to the bonding axis of 

the DTZ core. 
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Table 4.3. Crystal data and structure refinement for 4.16. 

Identification code  shelxl  

Empirical formula  C58 H86 N2 S4 Si2  

Formula weight  995.71  

Temperature  293(2) K  

Wavelength  0.71073 Å  

Crystal system  triclinic  

Space group  P ̅  

a 5.679(5) Å  

b 10.651(10) Å  

c 24.73(2) Å  

α 99.42(4)°  

β 96.29(3)°  

γ 100.59(3)°  

Volume 1435(2) Å3  

Z 1  

Density (calculated) 1.152 Mg/m3  

Absorption coefficient 0.244 mm-1  

F(000) 540  

Crystal size 0.393 x 0.054 x 0.036 mm3  

Theta range for data collection 1.98 to 27.49°.  

Index ranges -7<=h<=7, -13<=k<=13, -32<=l<=31  

Reflections collected 15322  

Independent reflections 6529 [R(int) = 0.1058]  

Completeness to theta = 27.49° 99.1 %   

Refinement method Full-matrix least-squares on F2  

Data / restraints / parameters 6529 / 0 / 298  

Goodness-of-fit on F2 0.970  

Final R indices [I>2sigma(I)] R1 = 0.0723, wR2 = 0.1472  

R indices (all data) R1 = 0.1542, wR2 = 0.2007  

Largest diff. peak and hole 0.500 and -0.413 e.Å-3  
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Table 4.4.   Selected bond lengths, bond angles, and torsion angles of 4.16.  

  

Bond distances (Å) 

 

 

 
C(4)-Si(1)  1.883(4) 

C(700)-C(701)  1.441(5) 

C(700)-S(1)  1.736(4) 

C(701)-N(1)  1.333(5) 

C(701)-S(2) 1.766(4) 

C(702)-C(702) 1.366(7) 

C(702)-S(2)  1.727(4) 

C(702)-N(1)  1.368(5) 

  

Bond Angles (°) 

 

 

 

 

 

C(701)-N(1)-C(702) 108.6(3) 

C(702)-S(2)-C(701) 88.24(19) 

C(10)-S(1)-C(700) 92.0(2) 

N(1)-C(701)-S(2) 115.3(3) 

  

Torsion Angles (°)  

 
C(12)-C(13)-C(14)-C(15)  -68.4(5) 

N(1)-C(701)-C(700)-S(1)  1.2(5) 

S(1)-C(10)-C(8)-C(7)  20.2(6) 
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The monomers 4.15 and 4.17 were copolymerized through a Stille polymerization 

reaction using tetrakis(triphenylphosphine)palladium(0)  as the catalyst and tri(o-

tolyl)phosphine as the ancillary co-ligand as outlined in Scheme 4.6 below.  The 

resulting polymer was purified through successive soxhlet extractions and was recovered 

in 36% yield. 

Scheme 4.6.   Polymerization route to P4.2. 

P4.2 was soluble enough to allow molecular weight characterization by gel 

permeation chromatography (GPC) in THF.  The GPC trace shown below in Figure 4.3 

indicates a narrow range of molecular weights for the polymer chains present in the 

sample.  The number average molecular weight, Mn, was found to be 12.3 kD, and the 

polydispersity index, PDI, was found to be 1.4. 
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Figure 4.4.   GPC trace used to calculate Mn and PDI for P4.2. 

Photophysics 

Photophysical characterization performed for P4.1 matched well with literature 

data published for KP115.
43

  Similar data obtained for P4.2, indicated that the 

introduction of the meta-phenyl linkage led to the desired break in conjugation as 

evidenced by the significant blue shift observed in the absorbance and emission profiles.  

See Figure 4.7 below. 

Figure 4.7.   (a) Normalized solid state (thin film) absorbance and photoluminescence 

(excitation at 590 nm) for P4.1.  (b) Normalized absorbance and 

photoluminescence (excitation at 428 nm) for P4.2 in CH2Cl2. 

a)                                                                     b) 
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Selected synthetic intermediates were also chosen to be studied through 

photophysical methods.  4.13 was chosen to probe the photophysical characteristics of the 

SDT unit as it was assumed that substitution by the trimethylsilyl groups would not 

significantly alter the electronic nature of the central fused ring core.  Similarly 4.6 was 

chosen to represent the DTZ unit.  4.16 was chosen to observe the effect of extending the 

conjugation of the DTZ unit to include the appended phenyl groups.  As expected, the 

addition of phenyl groups to the DTZ unit resulted in red shifting of the excitation and 

emission profiles from 4.6 to 4.16 due to extended conjugation.  Both 4.6 and 4.16 

showed lower energy excitation and emission profiles compared to 4.13.  See Figure 4.8 

below. 
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Figure 4.8.   Excitation and emission profiles obtained for selected intermediates in 

CH2Cl2 solution.  (a) Excitations (emission monitored at 415 nm) and 

emission (excitation at 350 nm) profiles for 4.13.  (b) Excitation (emission 

monitored at 473 nm) and emission (excitation at 403 nm) profiles for 4.6.  

(c) Excitation (emission monitored at 524 nm) and emission (excitation at 

435 nm) profiles for 4.16. 

Electrochemistry 

In order to investigate the electronic nature of the SDT, DTZ, and m-phenyDTZ 

units, cyclic voltammetry of selected synthetic intermediates and monomers was 

performed.  The cyclic voltammograms obtained are shown in Figure 4.9 below.   

a)                                                                  b) 

 

 

 

 

 

 

                                 c) 
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Figure 4.9.   Cyclic voltammograms of selected intermediates and monomers.  Shown 

clockwise from the top left:  4.13 in ACN, 4.7 in CH2Cl2, 4.5 in CH2Cl2, and 

4.16 in CH2Cl2.  

TMS-protected SDT, 4.13, was selected for investigating the electrochemical 

behavior of the SDT unit.  The TMS groups at the   and  ’ positions were expected to 

prevent the material from being oxidatively polymerized, which would convolute the data 

obtained.  The SDT unit is typically included in the design of donor-acceptor copolymers 

as an electron donating units due to its electron rich nature.  Therefore it was expected, 

that this unit would be easily oxidized but difficult to reduce.  Accordingly, the onset of 
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oxidation was observed at 0.63 V, and there was no obvious reductive event.  The 

stannyllated DTZ monomer, 4.7, was also chosen with the expectation that trimethyltin 

groups would prevent electropolymerization of the thiophene end groups.  The DTZ unit 

is commonly included in the design of donor acceptor copolymers as an electron 

accepting unit due to the electronegative nature of the fused thiazolo[5,4-d]thiazole 

system.  Therefore, it was expected that this monomer would be more difficult to oxidize 

than the SDT unit but more easily reduced.  Interestingly, the onset of oxidation was 

observed at 0.62 V, nearly the same as for the 4.13, and again there was not any obvious 

reductive event within the useful solvent window.  The unsubstituted DTZ molecule, 4.5, 

was also studied.  Although the thiophene end groups were not protected, the molecule 

was not observed to undergo oxidative polymerization since there was no increase in 

current with the number of scans.  This might be due to the orbital overlap between the 

thiophene units and the central thiazolo[5,4-d]thiazole core since the radical cation should 

be localized on the thiophene unit for electropolymerization to occur.  4.5 was slightly 

more difficult to oxidize than 4.13 or 4.7 with the onset of oxidation observed at 0.7 V.  

Only a small non-reversible event was observed with an onset of -0.4 V.  This difference 

in behavior between the two DTZ molecules, 4.5 and 4.7, can be attributed to the electron 

rich trimethylstannyl groups of 4.7.  The electron density donated by the trimethylstannyl 

groups could make it more difficult to inject an electron into the core and make it easier 

to remove an electron, hence the absence of any reduction events at negative potentials 

and the lower oxidation potential.  Lastly, 4.16 was chosen to investigate the effect of 

extending the conjugation of the DTZ core by substitution with phenyl groups.  4.16 was 

chosen over 4.17 due to the very limited solubility of 4.17.  The onset of oxidation for 

4.16 was observed at 0.53 V.  Like 4.7, there was no reduction event observed at negative 
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potentials, possibly due to the added electron density from the trimethylsilyl substituted 

phenyls. 

CONCLUSIONS 

P4.1, known in the literature as KP115, has been synthesized through a Stille 

coupling polymerization and its properties have been well matched with those described 

for it in the literature.  P4.2, a novel derivative of P4.1, has been designed and 

synthesized.  P4.2 contains the same DTZ and SDT units as the parent polymer; however 

the linkage between the units has been altered to include a meta-substituted phenyl group.  

This linkage has been introduced in order to investigate the effect of breaking 

conjugation between the donor and acceptor units in the polymer backbone.  The nature 

of the project is highly collaborative and samples of the polymers have been given to our 

collaborators so that they study their behavior in organic photovoltaic devices.   

The photophysical properties and electrochemical behavior of the SDT, DTZ, and 

phenyl-substituted DTZ units in these polymers has been investigated.  Based upon the 

data collected, the SDT unit and the DTZ unit do not seem strikingly different in their 

electron donating and accepting abilities.  Therefore, the labeling of these polymers as 

donor acceptor copolymers and the assumption that the DTZ unit is an electron acceptor 

while the SDT unit is an electron donor may deserve further consideration. 

Further synthetic goals for the project include optimization of the polymerization 

of P4.2 in order to produce higher molecular weight polymers that would be more 

directly comparable to P4.1.  In addition, the production of more novel derivatives of 

KP115 utilizing other conjugation breaking linkages such as bicyclo[2.2.2]octane and 

amide bonds is to be pursued. 
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