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Abstract 

This investigation focused on the analytical characterization of poly(3-hexylthiophene), a 

heterocyclic conducting polymer system, with an overall objective of elucidating the effects that 

the experimental conditions during chemical oxidation using iron(III) chloride as an oxidant 

impart on the structure of the resulting polymers.  Poly(3-alkylthiophene)s are extensively 

studied materials due to their high electrical conductivities and unique optical properties that 

make them extremely valuable for use in contemporary technological applications and devices. 

Specifically, the aim of this research was to determine the dependence of structural 

characteristics, such as endgroups, molecular weights, and regioregularities, on the solvent 

employed for the reaction and the temperature the reaction was performed.  Matrix-assisted laser 

desorption/ionization time-of-flight mass spectrometry (MALDI-ToF-MS) was used to 

characterize the endgroup additions to and obtain molecular weight data about poly(3-

hexylthiophene) formed using different experimental conditions.  The regioregularity of the 

materials was evaluated by means of 1H-NMR.  Also, average molecular weights and molecular 

weight distributions were gathered by analytical and semi-preparative size-exclusion 

chromatography.  

 In this study it was demonstrated that the physical properties of the solvents employed for 

chemical oxidation, such as polarity and Lewis acidity and basicity, imparted markedly different 

structural characteristics to the resulting polymer.  It was also shown that the temperature at 

which the reactions were performed dramatically impacted the extent of chlorination to and the 

regioregularity of the resulting polymers.  Finally, this study revealed for the first time that 

multiply-charged ion species are formed during the MALDI-ToF-MS analysis of poly(3-

alkylthiophene)s and that the presence of these species dramatically affects the accurate 

determination of molecular weight information for these materials by MALDI-Tof-MS analysis.   
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Chemical oxidative polymerization remains the most popular and wide-spread method for 

the preparation of P3ATs, due to the method’s affordability, ease, and ability to form large yields 

of high mass polymer.  Therefore, the ability to utilize this synthetic route with a better 

understanding as to the effects of the experimental conditions!which may be employed in order 

to augment the materials characteristics!is of utmost importance.  The work presented in this 

Dissertation has demonstrated that through the proper selection of solvent, and/or adjustment to 

temperature, this simple and convenient synthetic method can be employed to modify the 

properties of the resulting P3ATs.  
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Chapter 1 

Introduction and Background 

1.1  Research Overview 

 In order for poly(3-alkylthiophene) systems formed by chemical oxidative coupling, to be 

better employed in a purposeful manner, and become integrated for use in contemporary 

applications, a better understanding of the basic chemistry and physics that govern their 

formation and resulting structure is of the utmost importance.   It is well known that the structure 

of these materials directly affects their physical properties that in turn regulate their relevance in 

modern technological applications and devices.1,2  The studies presented within this dissertation 

are focused on garnering an improved understanding of the structural properties of poly(3-

hexylthiophene) characteristic of their formation by chemical oxidative coupling by iron(III) 

chloride.  The overall goals of the work are to appraise the influences of variations in chemical 

oxidative conditions, with the desire of achieving the ability to manipulate structural properties, 

including regioregularity, average molecular weight, molecular weight distribution, and 

endgroup substitutions, of the resulting polymer.  Specifically, acquiring additional knowledge as 

to the effects of solvent and temperature, as well as the oxidant-to-monomer ratio, as a function 

of their influence on the physical properties of the polymer is the aim of this inquiry. 

 Scientific research involving water-soluble, stimuli-responsive dendrimer systems for use 

as carriers for guest molecules (Figure 1.1) has been a focus in Professor Robin L. McCarley’s 

research group in the Department of Chemistry at Louisiana State University (LSU).3,4  These 

systems are meant to function as carriers as a result of the modification to their 

periphery/exterior with oligo(pyrrole) units.  The capture and release of small guest molecules 

within the dendrimer system is intended to be achieved by the geometric (steric) changes that 

occur in the structure upon electron transfer, i.e. reduction and oxidation, of the pyrrole 
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substituents.  Oligo- and poly(pyrrole)s, as well as poly(thiophene)s, have been shown to possess 

large conformational differences in structure depending on their oxidation state.1  In an oxidized 

or cationic form, oligo(pyrrole)s are conformed in a planar and rigid geometry (quinoidal state), 

which is exploited in a dendrimer system in order to trap guest molecules within the core.  Upon 

reduction, the oligo(pyrrole) returns to a more flexible conformation, which affords the release of 

the guest from the dendrimer.  Enhancement in the effectiveness of these dendrimer systems 

requires a detailed knowledge of the structure of oligo(pyrrole)s. 

 Prior work involving the elucidation of some experimental conditions influencing the 

structural characteristics of oligo(pyrrole)s has been performed in these labs.5  However, because 

the mechanisms of oxidative polymerization of pyrroles are still not fully understood, and 

poly(pyrrole)s are more difficult to characterize due to processability issues, oligo- and 

poly(thiophene)s have been employed as model systems.  Some important information regarding 

the effects that experimental conditions have on these materials has been established concerning 

the specific solvent and oxidant-to-monomer ratios employed during their formation.5  Work in 

this dissertation continues upon the knowledge that has been obtained so far by attempting to 

clarify such lingering questions as what properties of solvents impact the creation of poly(3-

Figure 1.1 !Stimuli-responsive dendrimer system.!!
!!
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hexylthiophene) (P3HT)?  And, what kinetic and thermodynamic influence does temperature 

have upon P3HT formation? 

 Structural characterization of poly(3-hexylthiophene)s, used as model systems for 

oligo(pyrrole)s, in order to obtain a better understanding of the nature of capture/release dendritic 

systems is in itself important.  Nonetheless, P3HTs have consistently been one of the most 

intensely investigated, and widely utilized conducting polymers in the world for the past several 

decades, due to their unique nonlinear and electrically conducting properties.  Furthermore, 

chemical oxidative coupling with iron(III) chloride (FeCl3) remains the most widely employed 

and popular method for the production of these materials, due to the ease and affordability of the 

method.  Therefore, in the broadest sense, it is of enormous importance to understand the 

influence that the experimental conditions have on the structure of the resulting polymer, which 

governs their functionality and usefulness.   

The regioregularity, molecular weight (MW), molecular weight distribution 

(polydispersity or PDI), and nucleophilic addition of substituent groups or atoms have all been 

shown to directly impact the optical, electrical, and chemical properties of P3HTs,6-8 and deserve 

further careful examination as a function of the polymerization environment.  A large majority of 

the work presented herein was acquired by the use of matrix-assisted laser desorption/ionization 

time-of-flight mass spectrometry, or MALDI-ToF-MS.  This technique is utilized for analysis of 

P3HTs formed by oxidative polymerization, in order to determine repeat (monomer) units, MWs, 

PDIs, and endgroup structures.  To some extent, the limitations of this technique, for the 

characterization of synthetic conducting polymers, are addressed with an emphasis on the 

analytical approaches required in order to accurately assess these materials by this means. 
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1.2     Background 

1.2.1    A Historical Viewpoint of the Development of Conjugated Polymers 

When Henry Letheby wrote On the Production of a Blue Substance by the Electrolysis of 

Sulphate of Aniline9 in 1862, he could never have imagined the extent, and breadth, of work that 

has lead to the current state of understanding that has been established in regards to conjugated 

aromatic, and other conducting polymers.  The advances we have seen in the past several 

decades concerning conducting polymers have dramatically changed the face of science and 

technology.  Although the pathway that led to this era has been a long and winding road.  In fact, 

for the next fifty years after Letheby first published these findings, the majority of publications 

with regard to aromatic polymeric materials, such as aniline black and pyrrole black10,11 (as they 

are often called), were patents for different methods of using these substances for dies or inks.  It 

was not until the early 20th century and the introduction of more developed analytical techniques 

that scientific endeavors became focused on understanding the experimental conditions under 

which these compounds were formed, and the implications these findings had for mankind.12 

Throughout the 1920s and 1930s, advances in quantum mechanics fostered much thought 

on theories behind conduction in metals, and solid organic crystals.  Historical works by such 

intellectual giants as Frenkel, Jost, Schottky, Peierls, and Mott led to a more comprehensive 

understanding of diffusion and conduction of electrons throughout crystal lattice !-structures.13-19 

Concurrently, physicists such as Hund, Huckel, and Mulliken were introducing the world to the 

Molecular Orbital theory using linear combinations of atomic orbitals (LCAOs) in an attempt to 

represent molecular orbitals for entire molecules.  In conjunction with the development of 

improved spectroscopy methods, scientists began to explain the absorption of energy within 

organic substances and how this was related to their molecular structure.   In 1939, Mulliken 

published two extraordinary papers comparing the observed absorption spectra of conjugated 
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polyenes, and their derivatives, with the theoretical calculations for electronic transitions on 

various models of butadiene, octatetraene, and !-carotene.20,21  Mulliken described for each case, 

unsaturated electrons give rise to a series of electronic transitions which spread over an 

increasing range of the spectrum with increase in the number of conjugated double bonds; we 

now know, the effective conjugation length of conducting polymers clearly influences their 

electrical and optical characteristics.  

The same year, Lewis and Calvin attempted to uncover the connection between 

molecular structure and the position, as well as intensities, of main electronic absorption bands 

for organic dyes as seen by the spectroscopic methods of the day.22  Their work aided in trying to 

simplify the complex band system that is found in many dyes by correlating observed absorption 

patterns with bond types and molecular structure in order to establish a general set of rules 

regarding the color of dyes.  Complementing their work, in 1943 Zeichmeister interpreted 

Gillam’s work with isomerization of C40-carotenoids,23,24 and concluded that this phenomenon 

was a result of spontaneous cis-trans rearrangement.25,26  This was later clarified by spectroscopic 

means27 and shown to adhere to Pauling’s theoretical treatment of CH-groups adjacent to a 

double bond with a coplanar cis configuration overlap.28  This work empirically showed that this 

conformational overlap not only decreased the stability of the molecule, but shifted the molar 

absorptivity maxima to shorter wavelengths (blue or hypsochromic shift).  This is information 

that is readily accepted today and directly impacts the inherent physical properties of conducting 

polymers.   

A better understanding of molecular orbital overlap, evidenced in the spectral 

observations for conjugated organic materials, combined with furthering theoretical research into 

electronic band structure relating to conductance led to an interest in the use of organic 

compounds as semiconducting materials in the second half of the 1940s.  In 1947 Wallace 
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published The Band Theory of Graphite,29 in which was discussed the material’s electrical 

conductivity, and anisotropy, as well as thermal conductivity, diamagnetic susceptibility, and 

optical absorption in terms of the band theory of solids.  That same year, Akamatu and 

Nagamatsu reported A New Suggestion for a Model Representing the Structure of Carbon 

Black,30 in which it was surmised that if the hexagonal planes found in the structure of graphite 

and amorphous carbon are considered the “molecule” within the structure, then analogous 

structures could be found among other well-known organic compounds; they further reasoned 

that if the electrical conductivities seen in graphite are a function of it’s molecular structure, then 

these compounds will exhibit electrical conductance to some degree.  Important work towards 

attempting to elucidate an understanding of the electronic spectra of organic compounds 

consisting of conjugated double bonds was published by Bayliss in 1948.  In his paper A 

“Metallic” Model for the Spectra of Conjugated Polyenes, Bayliss, noting the growing evidence 

that conjugated materials displayed many of the characteristics of “free” electrons in metals and 

semiconductors, described his quantitative application of a simple “metallic” model to the 

electronic spectra of polyenes in the trans form.31  Bayliss confirmed that, despite weaknesses 

associated with the simplifying assumptions of uniform potential and infinite ionization energies, 

agreement between theoretical and empirical data was good, particularly in the case of band 

intensities.  Furthermore, he showed that the observations of Mulliken and Rieke,32 in regards to 

band intensities and the increase in the number of double bonds for conjugated polyenes, could 

now be expressed accurately and quantitatively without involving any empirical factors.   

In the closing years of the 1940s and the opening of the 1950s, scientific endeavor turned 

to the correlation between the structure of organic molecules and their function with regard to 

their electrical conductivities.  For instance, Szent-Gyorgyi began to apply this ideology to 

biological systems and explained that proteins must be likened to these conjugated !-systems 
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and were associated with biological catalysis and muscle contraction.33  D. D. Eley investigated 

the electrical characteristics of metal-free phthalocyanine, comparing it to copper 

phthalocyanine, determining that phthalocyanine was itself an intrinsic semiconductor.34 

Akamatu et al. began characterizing the electrical conductivities of a series of polycyclic 

aromatic compounds having analogous structures to graphite including, violanthranone, 

isoviolanthranone, pyranthranone, and ovalene; these were shown to have electrical 

conductances of 2.3!(10"10) ohm"1cm"1, 5.7!(10"9) ohm"1cm"1, 3.9!(10"15) ohm"1cm"1, and 

4.4!(10"15) ohm"1cm"1 and were termed “organic semiconductors.”35,36  

In 1954, Akamatu et al. then uncovered a phenomenon which would be key in the 

development of conducting organic compounds and polymers for decades to come when they 

discovered that the polycyclic aromatic compound perylene, which they had been characterizing 

and had been shown to possess semiconducting properties, formed charge-transfer complexes in 

the presence of halogens.37  They were able to show that direct exposure of perylene to bromine 

vapor resulted in a black complex that had conductivities of 10"3 ohm"1 cm"1, as opposed to 

perylene alone that possesses a conductivity of 10"23 ohm"1 cm"1.  They noted that the high 

conductivity must be due to some particular electron state following the formation of the 

complex, but the mechanism of charge transfer in such a complex still remained unknown.  They 

also made clear that the complexes under study were not stable, a problem that would haunt 

researchers for some time.  By 1956, Akamatu et al. reported that not only did perylene form 

these complexes with halogens, but most polycyclic aromatic compounds in the presence of 

bromine or iodine form complexes as well, with conductivities between 100 ohm"1 cm"1 and 10"3 

ohm"1 cm"1.38  The most revealing result reported within this publication was that, although most 

halogen complexes were still quite environmentally unstable, the complex formed between 

violanthrene and iodine showed high thermal and electrical stability over a period of weeks. 
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In the later portion of the 1950s, the work with electrical conductivities found within 

organic semiconducting molecules, resulting from molecular orbital overlap due to their physical 

structures, turned some research toward the synthesis and characterization of polymers 

possessing extended !-bond conjugation.  Work with pyrolized carbon polymers formed via 

destructive cyclization and having extended conjugation that could support enhanced electrical 

properties, had been ongoing since the early 1950s.39-41  However, it was not until the end of the 

decade that reports of directly synthesized semiconducting polymers began to appear in the 

literature.  In 1958, Felmayer and Wolf synthesized a polymeric copper phthalocyanine with 

semiconducting properties.42  In 1959, Pohl and Itoh prepared a large number of semiconducting 

phenolphthalein-type polymers, made by treating various phenols with acid anhydrides.43,44  In 

that same year, McNeil and Weiss reported the synthesis of xanthene-type polymers with 

conductivities in the range of 1.4!(10"4) ohm"1 cm"1.45   

Concurrently and into the early 1960s, began an age of extensive work towards 

developing and characterizing conducting polymers with an aggressive effort placed in the 

direction of garnering a more comprehensive understanding of the mechanisms supporting 

charge transfer in such materials.  From his studies on the absorption spectra of biphenyl 

derivatives, G. H. Beaven observed a shift to shorter wavelengths (blue shift) of the conjugation 

band with an increase of the ortho-substituent group.46-48  Beaven explained that the ortho-

substituents are capable of conjugation with the phenyl groups and that steric interactions 

prevent coplanarity conditions from being satisfied for either the diphenyl-type or the alternative 

modes of conjugation.  Beaven’s findings were being applied to the analysis of conductivities in 

other conjugated polymers as well.   In their paper published in 1963, McNeil et al. reported 

forming polypyrrole, as an amorphous black insoluble material, via pyrolysis of 

tetraiodopyrrole.49  Their material possessed conductivities between 100 ohm"1 cm"1 and 10"2 
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ohm"1 cm"1.   In that paper they argued that steric effects did not play a crucial role in 

conductivities of the materials as was thought to be the case with amorpous polybenzenes formed 

in 1956 by Gibson et al.50; these materials did not conduct electricity.  McNeil referred to other 

works consisting of the synthesis of conjugated polymers possessing phthalein and 

quinoxalophenazine units claiming they also lacked coplanarity, but possessed relatively high 

conductivities in the range of 10"4 ohm"1 cm"1.45,51  They surmised that the lack of conductivity in 

the former may be due to the ionization of lactones to form immobile electron acceptor centers 

(carboxyl anions) and mobile “holes” (carbonium ions), thus conferring a p-type character to the 

polymer.   

In 1962, Pohl and Englehardt, while characterizing the properties of the highly 

conjugated polymers polyacene quinone, polyquinazones, polyacene, and polyaniline, reported 

that conduction in semiconducting conjugated polymers do not always meet the criteria for the 

rigorous application of simple band theory.44  They argued that electrical conductivity is 

electronic in nature and not ionic, and that in homologous series conductivity is dependent upon 

the chemical structure of the material.  The homologous series consisted of incorporating 14 

aromatic nuclei into the zinc chloride-catalyzed pyromellitic dianhydride-acene polymer, for 

which a decrease in resistivity was observed as the size of the fused aromatic nuclear portion of 

the acene component of the polymer increased; that is as effective conjugation length increased, 

an increase in conductivity was observed. 

Other important findings from this era stemmed from further work by Bolto, McNeil, and 

Weiss concerning the characterization of polypyrroles formed from the pyrolysis of 

tetraiodopyrrole.  Bolto et al. realized that in polypyrroles formed by pyrolysis below a 

temperature of 500 °C, iodine in various amounts remained present in the polymer depending on 

the temperature at which the pyrolysis was conducted.49,52  In these reports, attempts to remove 
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this excess iodine was performed via treatment with thiosulphate or alkali, solvent extraction, 

and electrochemical reduction.  Through their work concerning the removal of iodine, they 

determined by electron spin resonance, ESR, that the iodine was present in the form of a charge-

transfer complex so weakly held that it could be considered only physically adsorbed.  However, 

in the third installment of their publication concerning this work, it was shown that electrical 

conductivities as a function of the temperature at which the polymer was formed did not vary 

greatly from polymers formed from 120 °C to 500 °C; this occurred despite the fact that electron 

spin resonance showed polymer with varying degrees of iodination.53  Nonetheless, based on 

results from their work with electrochemical reduction as a means of iodine removal they 

showed that the electrical resistivity increased as iodine was “reduced out” of the polymer; they 

could not say that this was not a result of the reduction of the polymer itself.  Although they did 

not fully understand the mechanisms of doping at the time, they showed that doping of these 

polymers drastically enhances the physical properties of these materials.   

The works of these scientists discussed to this point in time have laid the foundation for 

the explosion in the area of research concerning the synthesis and characterization of conducting 

polymers that would begin in the 1970s.  The true birth of the contemporary age of electroactive 

polymers would come in 1977 when Shirakawa et al. published Synthesis of Electrically 

Conducting Organic Polymers: Halogen Derivatives of Poly(acetylene), (CH)x.54 In that work, 

remarkably high conductivities for trans-poly(acetylene) were observed for polymer exposed to 

iodine vapors resulting in an increase in conductivity for the material of over seven orders of 

magnitude (38 S cm-1 at room temperature versus 4.4!(10"5) S cm"1).  A major concern was that 

these doped poly(acetylene)s were extremely environmentally unstable.  This work would later 

earn Hideki Shirakaw, Alan MacDiarmid, and Alan Heeger the 2000 Nobel Prize in Chemistry. 
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1.2.2    A Historical Viewpoint and Modern Applications of Poly(thiophene)s  

 Poly(thiophene)s, as well as poly(pyrrole)s, are in a class of conjugated semiconducting 

polymers called poly(heterocycle)s.  More specifically, thiophene and pyrrole are aromatic 5-

membered rings with sulphur and nitrogen as heteroatoms.  Poly(thiophene)s and poly(pyrrole)s 

are two of the most widely investigated conducting polymers to date.  This is due to their high 

electrical conductivities, their unique nonlinear optical properties, their long-term stabilities after 

doping, and their relatively low toxicities.     

 The first report indicating the attempts to polymerize thiophene was published in 1956 

and appears to use a synthetic route similar to modern day Grignard techniques.55  However, it 

was reported that formation of poly(thiophene) was unsuccessful.  In 1964, the polymerization of 

thiophene on the surface of dehydratable silica gel used as a catalyst was reported.56  The authors 

noted that the polymerization occurred without ring opening and resulted in a polymer having a 

chain of conjugated double bonds.  In 1971 two international patents were issued for methods of 

preparing poly(thiophene)s.  The first involved refluxing thiophene or terthiophene in the 

presence of sulfonic acids (RSO3H; where R= Me or p-MeC6H4), which was reported to give 

high molecular weight poly(thiophene); it was to be marketed as a useful self-curing, ultraviolet-

absorbing coating for aluminum.57  The second was a process involving the electrolysis of the 

aromatic heterocyclic compounds furan, pyrrole, and thiophene in a basic aqueous solution to 

yield poly(furan), poly(pyrrole), and poly(thiophene).58 

 It was not until the early 1980s that a strong focus was placed on poly(thiophene)s as an 

electrically semiconducting polymer.  Although there were reported attempts of the synthesis of 

poly(thiophene)s by chemical means in the early 1980s,59,60 the primary method for forming 

poly(thiophene)s in this period was electrochemical anodic-oxidative polymerization; this was 

due to higher conductivities exhibited for polymer produced electrochemically, which was in the 
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form of polymer films on the surface of a platinum electrode.  In 1982, Tourillon and Garnier 

showed the polymerization of several heterocyclic compounds including azulene, pyrrole, and 

thiophene in this manner.61  Through investigations using elemental analysis, infrared 

spectroscopy, and X-ray photoelectric spectroscopy they were able to determine that typically 

one counteranion existed per every four monomer units and charges residing on polymer chains 

were delocalized.  That same year, Kaneto et al. investigated the electrical properties of 

poly(thiophene)s prepared by electrochemical methods.62  They were able to conclude that the 

material was doped with 26 mol % perchlorate anion from the electrolye AgClO4 and the 

greenish film had a conductivity of 0.6 S cm"1.  In 1983, Tourillon and Garnier reported that 

poly(3-methylthiophene) formed by electrochemical means and doped with CF3SO3
" was 

environmentally stable, and maintained equivalent electrical conductivities and doping levels 

after 8 months of exposure to air.63  Also by 1983, Kaneto et al. revealed that doping conditions 

(i.e. the electolyte employed during electrochemical polymerization) played a crucial role in the 

electrical properties of the resultant poly(thiophene).64 They reported poly(thiophene)s with 

conductivities of 106 S cm"1 for polymer produced in LiBF6-PhCN.  Kaneto et al. were 

concurrently working towards applications for poly(thiophene)s in such devices as batteries and 

elecro-optical devices.65,66 

 In the mid 1980s an explosion of research into poly(thiophene)s occurred, and hundreds 

of reports were published in the literature.  Concern turned towards the difficulties involved in 

the successful characterization of poly(thiophene)s and feasible application of the material, due 

to the insolubility of the higher molecular weight fraction of the polymer.   In 1984 Cao et al.,67 

following procedures outlined by Yamamoto et al.59 for catalytic coupling of thiophene using 

thienyl Grinard reagents, realized that Yamamoto was able to isolate low molecular weight 

materials via extractions with methanol and chloroform; this yielded 20% CHCl3-soluble 
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polymer.  Cao, understanding the worthiness of this soluble material for further studies in view 

of its processability"that made it more amenable to molecular characterization"was able to 

acquire a 30% yield of CHCl3-soluble materials.   

 The fractionation of this poly(thiophene) material opened up a new venue of analytical 

characterization for these materials, allowing researchers to more coherently characterize their 

physical properties as a function of their molecular structure; this an on going effort today so as 

to successfully and fully employ these materials in specific and useful applications.  By means of 

vapor-pressure osmometry, VPO, Cao et al. determined this soluble fraction possessed a number- 

average molecular weight (MN) between 1,130 Daltons (Da) and 3,010 Da depending on its 

preparation prior to VPO analysis.  Gel-permeation chromatography, GPC, confirmed the broad 

molecular weight distribution or polydispersity, PDI, of the material.  Mass spectrometric 

examination of collected GPC fractions revealed that the fractions could be assigned as Br-

terminated poly(thiophene) oligomers (Br-(C4H2)n-Br with n = 3, 4, and 5).  Also, the electrical 

conductivity of the fraction of CHCl3-soluble polymer upon doping with iodine (exposure to 

iodine vapor) was observed to be 5 S cm"1, as opposed to 10"2 S cm"1 for the iodine-doped 

portion of insoluble poly(thiophene), PT.  The importance of the effort and ability to better 

characterize these materials with a broader range of analytical techniques and therefore more 

insightfully cannot be over emphasized. 

 These hindrances and difficulties in characterizing and processing PTs formed to this 

point of the discussion by chemical and electrochemical methods, due to their insolubility and 

nonmeltability, was overcome in 1985 with breakthrough work by Elsenbaumer and 

coworkers.68-70  Elsenbaumer et al. first reported the synthesis and characterization of a series of 

melt-mouldable poly(3-alkylthiophene)s, P3ATs, that were soluble in most organic solvents, 

forming environmentally stable and highly conductive complexes upon exposure to electron 
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acceptor dopants.  Their solubility in organic solvents was due to the introduction of an alkyl 

chain to the thiophene monomer in the 3-position, and it was noted that solubility increased as 

the length of the alkyl chain increased.  Since any advancement in the direction of realistic and 

relevant applications of PTs relies solely upon a basic perspective and understanding of the 

chemical and physical properties controlling the enhancement to the effectiveness of the 

electronic and optical properties, this work opened a new age in the historical progress of PTs.  

The development of soluble P3ATs now offered a means by which to better scrutinize the 

chemistry and physics governing these unique materials at a molecular level.  

 Besides the chemical method employed by Elsenbaumer et al. to produce P3ATS, which 

involved a Kumada cross-coupling method similar to that used by Kobayashi et al.,71 the most 

important method of chemically preparing P3ATs introduced in the 1980s was reported by 

Sugimoto et al. in 1986.72  This method involves the chemical oxidative polymerization of 3-

alkylthiophene by utilizing a transition metal halide (FeCl3) as a catalyst.  Chemical oxidative 

coupling is a facile, “one-pot” synthesis that enables yields of high molecular weight polymer in 

a large scale.  As opposed to the former method, with reported yields of P3ATs having an MN = 

5,000 Da and PDI = 2, chemical oxidative coupling produced polymer with MN ranging from 

30,000"300,000 Da and PDIs ranging from 1.3–5.1 Chemical oxidative coupling remains the 

choice for the large-scale synthesis of high molecular weight P3ATs, due to the methods ease 

and affordability. 

 By the beginning of the 1990s, much effort was being placed on the development of new 

synthetic pathways for preparing P3ATs with an emphasis on designing routes that ensure 

coupling between the 2- and 5-positions of adjacent monomer units.  Prominently, the three 

synthetic routes accomplishing this goal that were developed over the next decade were the 

Reike,73-75 the McCullough,6,76 and the GRIM methods.77  These pathways employ Kumada cross-
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coupling techniques.  P3ATs can be formed with exclusively 2-, 5- coupling to an extent # 98% 

by using organomagnesium or zinc positioned on the number five carbon of the activated 

alkylthiophene intermediate in the presence of a nickel-complexed catalyst (typically 

Ni(dppp)Cl2, or Ni(dppe)Cl2; where dppp = 1,2-bis(diphenylphosphino)propane and dppe = 1,2-

bis(diphenylphosphino)ethane).  These methods, although capable of producing highly 

conjugated materials, are far more complicated, time consuming, and costly when compared to 

the chemical oxidative coupling method using FeCl3.  In fact, this can be observed in the cost of 

purchasing such materials commercially. For instance, 1 gram of poly(3-hexylthiophene) formed 

with 98% 2-, 5- coupling can currently fetch upwards of 1,500 U.S. dollars (Sigma-Aldrich 

#698997), where as the purchase price for P3ATs forms by less complex methods that produce 

more regiorandom polymer can be as little as one-third the cost (Sigma-Aldrich #510823; 488.50 

USD).  Still, given the appropriate environment equivalent amounts of P3HT can be produced by 

chemical oxidative coupling with iron(III) chloride with the cost of materials being generously 

estimated to be less than 200 USD. 

As mentioned, poly(3-alkylthiophene)s are held in very high regard because of their 

extremely unique nonlinear optical and electrical properties.  For these reasons, they are widely 

investigated for use and integration into a broad variety of devices and applications.  P3ATs have 

been reported to exhibit exceptional optical qualities, including thermochromic, ionochromic, 

photochromic, and biochromic properties; these make P3ATs particularly well-suited for sensing 

applications.78  These optical properties can be exploited by inducing strain to the backbone of 

the polymer chains, propagated by steric interactions of the side chains upon introduction of a 

respective stimuli, which in turn causes a hypsochromic (blue) shift in the absorption maxima 

resulting from a decrease in the overall effective conjugation length of the material.  Optical 

changes attributable to thermally-induced planar/nonplanar conformational transition of the 
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conjugated backbone have been well documented.79-81  Ionochromism seen in P3ATs has been 

utilized for the development of ionically and chemically selective chemosensors.79,82-85  

Furthermore, Levesque et al. reported on a novel dual photochromism in poly(thiophene) 

derivatives.86  Finally, the development of biosensors has been reported based on the biochromic 

properties that P3ATs possess.87-89 

Due to their high-quality electroluminescent properties, and the ability to modify this 

property, P3ATs alone or in polymer blends have been incorporated into electrochromic devices 

and organic light emitting diodes (OLEDs); electroluminescence ranging the entire visible 

spectrum has been obtained.90-96  These properties have been shown to be very important to the 

realization of modern technologies such as light emitting polymeric (LEP) flat and flexible 

displays.97  Also, the charge carrier and field effect mobilities present in P3ATs, along with their 

solubility and therefore processability, have led to the incorporation of P3AT thin films in 

devices such as organic field effect transistors (OFETs).98-104  Modern applications of polymeric 

thin film OFETs include the development of flexible, active-matrix, electronic-paper displays, 

and radio frequency identification (RFID) tags.105  RFID tags are currently and commonly 

employed for everyday purposes such as electronic vehicle registration, fast-pass payments, 

product tracking, human and animal identification, and inventory systems. 

The unique electrical and charge mobility properties of P3ATs have also fostered their 

incorporation in photovoltaic devices, or solar cells.106,107  Because they can be easily patterned 

and selectively functionalized, and they undergo volume changes during oxidation and reduction, 

P3ATs have been researched for used in electroactive actuators, such as artificial muscles, 

molecular switches, and molecular motors.108,109  The oxidative and reductive properties of 

P3ATs have made them a common additive for anticorrosive paints and coatings,110 and an 

integral component in electrostatic dissipating (ESD) materials for use in electronics and 
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packaging.1  The electrical characteristics of P3ATs have even led to studies involving their use 

in conductive fabrics.111   

The molecular structure of P3ATs is of main concern when assessing and developing 

their applicability for realistic and relevant use in modern technologies, as both microscopic and 

macroscopic structure directly influence the electrical112-117 and optical118-121 properties of P3ATs.  

The first step in designing materials that will exhibit exceptional, controlled properties for these 

purposes is of course the development of synthetic pathways to form P3ATs having optimum 

structural homogeneity.  Several synthetic pathways have been established in order to create 

highly ordered P3ATs with outstanding physical properties, such as the McCullough,122 Rieke,73 

and GRIM77 methods.  However, these methods can be complex, time consuming, and 

expensive, while the resulting polymers may still require additional postpolymerization 

treatment.123-125  Although even more realistic than the proposition and development of new and 

often complicated synthetic pathways, an understanding of the influences with regards to 

experimental conditions that lead to more affordable and efficient routes for the formation of 

these materials is a highly valuable endeavor. 

The primary focus of the work presented here revolves around an understanding of the 

effects on the structure of poly(3-hexylthiophene), P3HT, and therefore the resulting physical 

properties when P3HTs are formed via chemical oxidative coupling using FeCl3 as an oxidant.  

Chemical oxidative polymerization of these materials remains the most popular and wide-spread 

method for the preparation of P3ATs, due to the method’s affordability, ease, and ability to form 

large yields of high mass polymer.  Granted, this method does produce less ordered polymer than 

the former regioregular methods mentioned (McCullough, Rieke, and GRIM), but there is 

growing evidence that indicates such highly regioregular materials may not be as usefulness as 

P3ATs formed by chemical oxidation for certain applications.  For instance, Woo et al. 
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compared three samples of poly(3-hexylthiophene) having regioregularities of 86, 90, and 96% 

to elucidate the effect of regioregularity on polymer-fullerene composite solar cell 

performance.126  This work showed that although more regioregular P3HTs do have higher 

optical densities and charge-carrier mobilities, the 86% regioregular P3HT has sufficient 

electronic properties to afford high efficiency photovoltaic devices and has the advantage of 

producing more thermally stable devices because crystallization-induced phase segregation is 

observed with more regioregular polymer composites.   

Furthermore, prior work from these labs indicate that experimental conditions, such as 

solvent and oxidant-to-monomer ratio, do play an essential role in the resulting structure of 

polymers formed by chemical oxidation with ferric chloride, most noticeably the extent of 

nucleophilic additions to the polymer chains.5  Nonetheless, a finer understanding as to which 

physical properties of solvents and what kinetic factors are imparted by temperature is needed in 

order to gain insight into the compatibility of chemical oxidative polymerization as an efficient 

means for the production of quality P3ATs that may be employed in useful modern applications.  

This work attempts to fully elucidate answers to these questions. 

1.2.3 Regioselective Coupling of Poly(thiophene)s 

 The extent to which 2-5 coupling is observed in P3ATs is classified as the regioregularity 

of the substance.  Materials formed with a high degree of 2-5 coupling are termed regioregular, 

and materials with a lesser extent of such coupling are regarded as regioirregular.  Because            

3-alkylthiophenes are not symmetrical molecules, during their coupling three relative 

orientations between two adjacent monomers are possible between the 2-, and 5-positions.  First, 

the two individual monomer units can couple at the 2-, and 5-positions as mentioned.  This 

configuration is termed head-to-tail (HT) coupling, and it is the desired coupling to maintain 

effective conjugation and coplanarity within the structure.   
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Secondly, the monomer units may couple between the same positions in a 2-2’ manner.  

This configuration is termed head-to-head (HH) coupling, in which steric interactions between 

the alkyl chains creates a decrease in coplanarity (effective conjugation) upon oxidation (doping) 

of the material.  Studies by McCullough, involving model dimers, trimers, and tetramers of 3-

alkylthiophenes, 3ATs, show that any coupling besides HT creates a twisting of thiophene rings 

away from coplanarity, and decreases the !-orbital overlap thereby leading to an increase in the 

band gap of these materials.6  Corroborating the effects of regiochemistry of P3ATs, 

Elsenbaumer et al. had previously reported the effects of regioregularity on the electrical 

conducting properties of polymers made from 3-butylthiophene/3’-methylthiophene dimers, 

concluding that polymer having a 63:37 mixture of HT:HH coupling possessed a three-fold 

increase in electrical conductivity than material formed via a random copolymerization of 

butylthiophene and methylthiophene (50:50).127  

Third, the monomer units can couple in a 5-5’ fashion, which is referred to as tail-to-tail 

(TT) coupling, and this leads to the same consequences as HH coupling when evaluated in 

context of a triad regioisomer.  Defects in coplanarity and conjugation can stem from           

cross-coupling between the 2- and 4-positions also depending on the synthetic method used to 

form the P3ATs.  Coupling between the 2- and 5-positions of adjacent monomers (i.e. HT, HH, 

TT, and TH) give rise to four chemically dissimilar triad regioisomers (Figure 1.2).128,129 

Regioregularity is expressed in terms of the percentage of HT coupling found within the material 

and therefore P3AT possessing 98% HT coupling is regarded as being 98% regioregular.  

1.2.4 Analytical Determination of Regioregularity in Poly(3-alkylthiophene)s 

 Because Poly(3-alkylthiophene)s are soluble in common organic solvents a primary 

technique of choice for the determination of their regiochemistry has been 1H-NMR 

spectroscopy (proton nuclear magnetic resonance spectroscopy).  In a regioregular polymer, 
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comprised completely of HT coupling, there appears only one aromatic signal for the proton on 

the carbon found in the four position of the thiophene ring.  Whereas regioirregular polymer 

consisting of mixtures of the four triad regioisomers possible in random coupling (HT-HT, HT-

TT, HT-HH, and TT-HH) will result in the observation of 4 distinct aromatic signals in the 1H-

NMR spectrum arising from the proton found of the carbon at the four position of the central 

ring representing each of the different triad isomers.  Sato et al., through the aid of 1H-1H-

NOESY and 1H-NOE difference spectroscopy, were able to surmise and assign the chemical 

shift for the aromatic resonances of the four different triad regioisomers.128,129  However, the 

exact 1H-NMR chemical shifts were not explicitly determined until Barbarella et al. successfully 

synthesized and characterized the four distinct triad regioisomers.130  As a result, the four distinct 

peaks were specifically assigned the chemical shifts HT-HT (" = 6.98 ppm), HT-TT (" = 7.00 

ppm), HT-HH (" = 7.03 ppm), and TT-HH (" = 7.05 ppm). 

 
 
Figure 1.2  Possible regioisomeric coupling of poly(3-alkylthiophene) monomers, showing 
head-to-tail (HT), tail-to-tail (TT), head-to-head (HH), and tail-to-head (TH). 
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 Another relative method for determination of the ratio of HT-HT coupling compared to 

non-HT-HT coupling is that which uses comparison of the signal peaks for the #-methylene 

protons found on the alkyl chain substituent of the thiophene rings of the polymer; this method 

was first described by Elsenbaumer et al. in 1987.127  This highly popular method can be used to 

determine HT content of the polymer by the integration of, and relative ratio between the 

resonance signals for the #-methylene protons of non-HT-HT and HT-HT materials, which 

produce signals at " ~ 2.56 ppm, and " ~ 2.79 ppm.127,131  Leclerc et al. confirmed this by 1H-

NMR analysis of poly(3,4-dihexylthiophene) a material capable of only HH coupling and 

resulting in the observation of only one signal at " = 2.50 ppm for the aryl methylene protons.131 

Likewise, similar information may be obtained by examination of the protons from the $-

methylenes of the 3-alkyl substituent, which yield signals at " ~1.63 ppm, and " ~ 1.72 ppm for 

$-methylenes in HH coupled polymer and HT coupled polymer, respectively.128-130  

1.2.5 Regioirregular Poly(3-alkylthiophene)s  

 The first reports of the chemical synthesis of soluble poly(3-alkylthiophene)s came from 

Elsenbaumer et al. in 1985.  Formation of these soluble materials was done by preparing 

monomers of 3-ethyl-, 3-n-butyl-, and 3-n-octylthiophene via the procedure of Kumada.132  Also 

prepared was 3-methylthiophene using a method outlined by Gronowitz et al.133  The monomers 

were iodinated using the method of Barker et al. to give 3-alkyl substituted 2,5-di-

iodothiophenes.134  The monomers were polymerized by nickel-catalyzed Grignard coupling of 

the di-iodothiophenes similar to the method outlined by Kobayashi et al.,71 except that 

tetrahydrofuran (THF) and 2-methyltetrahydrofuran (2MTHF) were used as reaction solvents.  

Homopolymers of 3-alkylthiophenes possessing alkyl chains equal to or greater than butyl in size 

were reported to be readily soluble in common organic solvents, such as THF, 2MTHF, 

nitropropane, toluene, xylene, methylene chloride, anisole, nitrobenzene, and benzonitrile.  1H-
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NMR showed that, although the polymer lacked 2-4 cross-coupling defects, random coupling 

(HT-HT, HT-TT, HT-HH, and TT-HH) was present.  VPO measurements determined these 

polymers to have MN between 3,000"8,000 Da and electrical conductivities between 3 and 4 S 

cm"1. 

 Curtis et al. coupled 2, 5-bis(chloromercurio)-3-alkylthiophenes using copper powder and 

catalytic amounts of PdCl2.135 This method reportly produced regiorandom (but devoid of 2-4 

linkages) homo- and copolymer material with an MN of 26,000 Da, a PDI of 2.5, and electrical 

conductivities from 6!102 to 1.9 S  cm"1.   

Electrochemical anodic oxidation is one means by which regioirregular P3ATs may be 

produced.  This method typically involves growing P3AT films on the surface of a platinum or 

indium/tin oxide electrode (anode), that is immersed in a monomer/electrolyte solution and then 

a steady-state or cyclic voltage is applied so as to induce monomer oxidation and polymerization.  

However, exact experimental parameters for the formation of P3ATs by electrochemical 

methods vary, and as mentioned previously different electrolytes can have dramatic effects on 

the properties of the resulting polymers.131  

Hotta et al.136 and Leclerc et al.131 reported similar procedures for the electrochemical 

production of P3ATs employing a 0.1–0.2 M solution of monomer containing 0.02 M supporting 

electrolyte (tetrabutylammonium hexafluorophosphate, tetrabutylammonium perchlorate, or 

tetrabutylammonium trifluoromethanesulfonate) in nitrobenzene or 70:30 mixture of 

acetonitrile/methylene chloride as a solvent.  A voltage was applied in order to maintain a 

constant current density of 2 mA cm"2, and the temperature of the electrolytic cell was 

maintained at 5 °C.  The electrolytic cell was operated in an oxygen- and moisture-free 

environment.  Oxidative polymerization was performed for periods of 40 seconds in order to 

create thin films, or up to 6 hours for the production of larger quantities of solid polymer.  GPC 
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analysis of polymers produced over a polymerization period of 2 to 6 hours revealed that the MN 

of the materials produced increased from 12,000 Da to 80,000 Da, with PDIs of 10.9 and 4.5.  

Conductivities for polymer films prepared under these conditions were reported to be as high as 

40 S cm"1. 

In 1986 Sugimoto et al. reported the first instance of chemical oxidative coupling of 3-

alkylthiophenes with the transition-metal halide FeCl3 as a catalyst72 and this route has by far 

become the most utilized method for the preparation of P3ATs.  This facile method has a simple 

procedure that has been replicated innumerable times with little modification, and historically 

involves adding a solution of monomer in dry chloroform to a suspension of ferric chloride in 

dry chloroform while stirring the reactants under an inert gas for a period of hours (typically 

from 1–24 hours).  Until recently,5 little adjustment to the oxidant-to-monomer ratio has been 

employed, and usually involves a 4:1–8:1 ratio.  This is true of the solvent employed for 

polymerization also, which arbitrarily has been chloroform except in a very limited number of 

reports.5,137  Upon completion, the desired final product would then be washed in methanol, and 

sometimes acetone.  P3ATs formed by means of chemical oxidation under these conditions have 

reported with MN ranging from 30,000 to 300,000 and PDIs between 1.3 to 5.0.1  

Leclerc et al. performed structural comparisons between P3ATs formed via 

electrochemical and chemical oxidative coupling methods.131 Polymer formed by means of 

chemical oxidation followed the procedure outlined above by Sugimoto et al. where in 0.003 mol 

of monomer solubilized in dry chloroform was added dropwise to a suspension of FeCl3 in dry 

chloroform.  The reaction was carried out for 24 hours with stirring under argon atmosphere.  

The product was washed with methanol, and then acetone.  Polymer films were prepared 

electrochemically at 5 °C by applying a constant current density of 2 mA cm-2 on a 6 cm2 

platinum electrode in a one-compartment cell kept under argon.  The solvents were either 
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nitrobenzene, or a 70:30 mixture of acetonitrile:methylene chloride with tetrabutylammonium 

hexafluorophosphate, tetrabutylammonium perchlorate, or tetrabutylammonium 

trifluoromethanesulfonate as  supporting electrolyte.  Polymerization times varied from 1 to 6 

hours. 

Leclerc reported polymer prepared by chemical oxidation to have MN of 37,800"55,100 

Da, with a PDI of 5.0.  Whereas polymer prepared via electrochemical methods had MN between 

12,000 and 80,000 Da, with the latter increasing with polymerization time and PDIs between 

10.9 and 4.5 that decreased with polymerization time.  Electrochemically formed polymer was 

found to have conductivities in the range of 1 to 10 S cm"1 and depended on alkyl chain length, 

and the particular supporting electrolyte employed.  Polymer produced chemically gave 

conductivities between 20 and 30 S cm"1.  This can be explained by the increased regioregularity 

of the chemically-synthesized polymer, with the regioregularity apparently increasing as a 

function of alkyl chain length due to steric interactions.  Upon inspection of 1H-NMR data it was 

found that polymer created electrochemically had a reioregularity of 60-70% (60-70% HT-HT 

coupling) by analysis of the peaks for the aryl methylenes, where as the regioregularity for 

polymer created via chemical oxidation increased to 80%. 

Leclerc was also able to obtain important structural information about these materials by 

means of 13C-NMR.  Such 13C-NMR analysis of electrochemically-prepared P3ATs showed that 

an abundance of small peaks residing between 125 and 150 ppm could be explained from 

structural defects to the polymers as a result of 2-4 cross-coupling to form branched structures.  

It was further reasoned that irregular coupling may also be explained by the low selectivity of 2-

5 couplings as molecular weight of the materials increased.138  In addition to this it was noted that 

during the polymerization of these materials smaller soluble oligomers were produced and that 

electropolymerization of these smaller oligomers gives rise to material with far greater defects.139  
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X-ray diffraction confirmed that materials prepared via chemical oxidation possessed 

greater crystallinity than those prepared electrochemically, which is in agreement with the 

supposition that electrochemically-prepared polymer contains a greater number of 2-4 defects.  

Also, ultra-violet and visible (UV-vis) spectroscopy results showed that neutral polymers 

produced electrochemically had absorption maxima (%max) between 450 and 480 nm depending 

on whether the solvent employed was acetonitrile/methylene chloride or nitrobenzene, 

respectively.  While polymer produced chemically had a lower band gap, with %max between 505 

and 510 nm for neutral polymer depending on the poly(thiophene) derivative studied.  The 

observed red shift between materials formed by the different synthetic procedures was accounted 

for by less structural defects (2-4 coupling) in and greater regioregularity of polymer created by 

chemical oxidation.  Leclerc also noted an observable difference in absorption between reduced 

and oxidized polymers, showing a shift in absorption from the range of 450–510 nm, for neutral 

materials, to a red-shifted, broad-band absorption in the range of 700–850 nm for oxidized 

(doped) polymers. 

1.2.6 Regioregular Poly(3-alkylthiophene)s 

Although some of the former procedures for the production of P3ATs eliminate 2-4 

cross-coupled linkages within polymer chains, and some can produce P3ATs with 

regioregularities around 80%, evidence of the effects caused by the presence of P3ATs with 

regiorandomness are apparent in Leclerc’s work.131  McCullough et al. and Barbarella et al. went 

on to investigate this phenomenon by performing theoretical studies by means of gas-phase 

molecular mechanics and ab initio methods on the model triad regioisomers possible as a result 

of random coupling (i.e., HT-HT, HT-TT, HT-HH, and TT-HH).6,130  The molecular mechanics 

calculations by McCullough et al. showed that for the HT-HT conformation a trans coplanar 

orientation, in which the thiophene rings are trans to and within 20° of each other, yield the 
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lowest energy and are preferred.  They noted that the potential energy surface for twisting the 

rings from a coplanar confirmation to ~20° out of coplanarity is very flat and the structures are 

within <1 kcal of each other.  On the contrary, when a HH defect was introduced to the triad 

(HT-HH), the thiophene rings maintained a trans conformation, but at the defective HH junction 

the thiophene rings are severely twisted to roughly 40° from planarity.  Furthermore, an 

increasing energy barrier is met that requires more than 5 kcal to achieve even a 20° twist back 

towards planarity. 

J. L. Bredas had already investigated the relationship between band gap and bond length 

alternation in organic conjugated polymers as a function of increasing quinoidal character and he 

concluded that !-orbitals must be within 30° of coplanarity in order to overlap in a manner 

consistent with band gaps of conducting polymers.115  Thus, noncoplanarity leads to a decrease in 

conjugation for these materials, which consequently leads to an increase in ionization potentials 

and band gap widths114,115  Baughman and Chance also showed that any significant loss in 

conjugation resulting from noncoplanarity results in portions of polymer chain having localized 

wave functions and therefore an inhibition of intrachain charge mobility.140  Hence, a very strong 

emphasis was placed on the development of synthetic pathways for the production of fully 

regioregular P3ATS consisting exclusively of HT-HT coupling.   

 The first reported synthesis of regioregular P3ATs came from McCullough and Lowe in 

1992.122,141,142  In this synthetic route, 2-bromo-5-bromomagnesio-3-alkylthiophene was produced 

following procedures previously outlined in the literature.143,144 The 2-bromo-5-

(bromomagnesio)-3-alkylthiophene was then polymerized via Kumada cross-coupling in the 

presence of catalytic amounts of [1,2-bis(diphenylphosphino)propane]  nickel (II) chloride 

(Ni(dppp)Cl)2.145-149  The ensuing P3ATs were recovered in 44"69% yields having 98"100% 
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regioregularity (HT-HT coupling) and average molecular weights in the range of 20,000"40,000 

Da with a PDI of 1.4.2,76,122,125,142,150,151  

The second method developed to form P3ATs with wholly regioregular coupling is the 

Rieke method.73-75,152,153 This route involved the reaction of 2,5-dibromo-3-alkythiophene in a 

solution of highly reactive “Rieke zinc”, at cryogenic temperatures in order to ensure the 

production of the isomer 2-bromo-5-(bromozincio)-3-alkylthiophene, while reducing the 

formation of undesirable 5-bromo-2-(bromozincio)-3-alkylthiophene isomer to trace amounts.  

This intermediate was then polymerized in the presence of catalytic amounts of [1,2-

bis(diphenylphosphino)ethane)] nickel(II) chloride (Ni(dppe)Cl2) to form regioregular P3ATs, or 

reacted with  tetrakis(triphenylphosphine) palladium(0) (Pd(PPh3)4) to form regiorandom 

polymer.  2-bromo-3-alkyl-5-iodothiophene will also react with “Rieke zinc” to form solely 2-

bromo-3-alkyl-5-(iodozincio)thiophene, which will polymerize in the same manner under the 

same conditions. “Rieke”-prepared P3ATs can be recovered in 75% yields having 98"100% 

regioregularity (HT-HT coupling) and average molecular weights in the range of 24,000"34,000 

Da with a PDI of 1.4.  

Other less-reported methods for the synthesis of HT-P3ATs include the Stille154 and the 

Suzuki methods of cross-coupling polymerization.155,156  Iraqi et al. developed a method based on 

Stille chemistry for the production of regioregular poly(3-bromo-alkylthiophene)s, a 

polythiophene bearing a long alkyl chain terminated with a bromine atom.157  An extremely 

important aspect of this synthesis is that the resulting polymer can then be modified into a large 

variety of polythiophenes by mere nucleophilic displacement of the bromine atom.  The method 

reportedly produced poly(3-bromo-alkylthiophene)s with regioregularity of 94%, having an 

average molecular weight of 12,300 Da and a PDI of 1.5.  The Suzuki method involves 

production of a 2-iodo-3-alkylthiophene precursor and then reacted under cryogenic conditions 
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with lithium diisopropylamide (LDA), then trimethylborate, which is converted to a stable ester 

form via stirring in 2,2-dimethyl-1,3-propanediol over anhydrous sodium sulfate to form the 

polymerizable precursor having the configuration 2-iodo-3-alkyl-5thienylboronic ester.  This 

ester is then polymerized in the presence of a phospine-free palladium catalyst, such as 

palladium acetate.  The Suzuki method resulted in the production of P3ATs having 96"97% 

regioregularity and average molecular weight of 27,000 Da.  Finally, McCullough et al. reported 

a method employing Grinard Metathesis, simply named the GRIM method, for the production of 

regioregular P3ATs in 2001.77  This procedure involved production of an active monomer by 

reaction of 2,5-dibromo-3-alkylthiophene with any inexpensive and readily available Grignard 

reagent solution; this results in an 85:15 percent ratio of regioisomers 2-bromo-3-alkyl-5-

(manesio-halogen)thiophene, and 2-(magnesio-halogen)-3-alkyl-5-bromothiophene respectively.  

Treatment of these regioisomers with catalytic amounts of Ni(dppp)Cl2 by refluxing in THF at 

room temperature, as opposed to cryogenic conditions, produced analytically-pure, highly-

ordered P3ATs with a regioregularity  between 95"98%. 

1.2.7 Mechanism for Polymerization of Five-Membered Ring Aromatic  Heterocycles by 
Oxidative Coupling 

 
 The exact nature of polymer growth for P3ATs by chemical oxidation with FeCl3 is still 

not fully understood.  However, as evidence will show the reaction probably proceeds through 

more than one pathway, the latter depending upon experimental conditions employed.  Some 

information about the mechanics of thiophene coupling has been obtained from investigations of 

poly(pyrrole)s, which differ from poly(thiophene)s in that the monomer possesses nitrogen as the 

hetero atom instead of sulphur.  Poly(thiophene)s have been employed as model materials for 

poly(pyrrole)s because they are characteristically similar, but more readily processed after 

polymerization and thus easier to characterize than poly(pyrrole)s, PPYs.5  However, many of 
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the studies into the kinetics and mechanisms involved in the polymerization of these materials 

tend to yield a variety of results that lead to conflicting conclusions. 

 Studies on the electropolymerization of dimers as starting materials, as opposed to 

monomers, have shown that important structural differences are present between the 

corresponding final materials.  It has been reported that poly(bipyrrole), poly(bithiophene), and 

poly(parabiphenylene) have more structural defects (less HT coupling) than poly(pyrrole), 

poly(thiophene), and poly(parabiphenylene).139,158,159  Furthermore, these studies indicate that the 

extent of structural defects increase when a trimer is introduced as a starting material to the point 

that polymerization stops after a few coupling steps.  This data has been used as an indirect 

method of concluding that polymer growth occurs mainly by monomer-to-oligomer coupling.  

Work by Barbarella et al. concerning the oligomerization of 3-(alky-sulfanyl)thiophene by 

oxidation with FeCl3, and the aid of theoretical calculations, also came to the conclusion that 

reactions between radical-cation monomers and radical-cation oligomers leads to preferential HT 

coupling.160  

Nonetheless, Smie et al. concluded from experimental and theoretical results that 

coupling between $,$-disubstituted oligo(thiophene)s is favorable during all stages of 

electropolymerization, and reported that all of their data clearly indicate that 

electropolymerization is not a chain propagation growth, but a successive series of 

“dimerization” steps.161  Baeuerle et al. used nonreactive endcapped oligo(thiophene)s and cyclic 

voltammetry to show that a series of oligomers (starting with a trimer) formed monocation 

radicals that were stable within the timescale of the voltammetric experiment, and that oligomers 

from a tetramer were capable of forming stable dication radicals.162  Therefore, it would seem 

that two alternative pathways may exist for the formation of long chain polymers and although it 
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is more commonly accepted that monomer-oligomer growth predominates, oligomer-oligomer 

growth probably competes with monomer-oligomer growth during polymerization. 

Lacroix et al. realized this fact and investigated C2-C2’ coupling reactions of radical 

cations of oligopyrroles of increasing length generated by electrochemical oxidation; in addition, 

they modeled the reactions with transition state calculations and taking into account the effect of 

solvent employed during polymerization.159  Lacroix et al. were able to conclude that the solvent 

employed in the reactions does in fact affect the stabilities (lifetimes) of various radical cation 

species.  They stated that several pathways for polymer growth are possible, including oligomer-

oligomer and monomer-oligomer couplings, as well as the possibility of radical cations coupling 

with neutral species and other radical cation species.  These solvent effects will be further 

discussed in Chapter 2.   

Andrieux et al. later looked into the identification of the first steps of the electrochemical 

polymerization of pyrroles by means of fast potential-step techniques.163  The early stages of 

polymerization were investigated using substituted pyrrole monomers via fast double potential-

step chronoamperometry with electrodes having diameters in the micrometer (&m) range.  Upon 

systematic analysis of the reaction kinetics they concluded that radical cations, rather than the 

neutral radicals that would result from monomer deprotonation, are involved in the carbon-

carbon bond formation; they also provided evidence that radical-cation species react with 

themselves as opposed to neutral monomers.  Guyard et al. provided further support of this 

concept by means of electrochemical, flash pyrolysis, and pulse radiolysis examination of select 

bipyrroles in order to gain insight into the oxidative polymerization mechanisms of pyrroles and 

oligo(pyrrole)s.164  Guyard concluded that only radical cation formation leads to the production 

of longer oligomers or poly(pyrrole)s.  Furthermore, the neutral monomer does not play a part in 

oligomer formation because deprotonation does not occur before the coupling step; this scenario 
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leads to dimerization between two radical cations and the formation of a protonated dimer.  A 

proposed scheme of such coupling is shown in Figure 1.3. 

 Although it has been generally reported in the literature that initiation of chain growth for 

these materials occurs via coupling of two radical cations followed by addition of monomeric, 

dimeric, or oligomeric radical-cation species, other studies on the coupling mechanism for 

thiophenes contradict this generally accepted finding.  Wei et al. investigated the kinetics and 

mechanisms of the polymerization of thiophenes in the presence of bithiophene and terthiophene 

in order to elucidate information about oligomeric growth of these materials.165 By 

electrochemically polymerizing 3-methylthiophene in the presence of small amounts of 2,2’- 

! !

!
!
Figure 1.3 Scheme for the proposed radical cation coupling mechanism for chemical 
oxidative polymerization of thiophene monomers.  Adapted from Wei et al., 1991. 
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bithiophene and 2, 2’:5’,2”-terthiophene they were able to extract valuable kinetic information.  

They observed that after the addition of bithiophene or terthiophene the reaction rate increased 

throughout the entire polymerization period.  They noted that if the observed fast reaction were 

solely due to the addition of bithiophene and terthiophene that the reaction rate would have 

decreased after these materials were depleted, and the resulting polymer would have a structure 

more similar to those seen for the polymerization of bithiophene and terthiophene,139,158,159 and 

not poly(3-methylthiophene) as was observed.  Also, it was shown that the polymerizations 

conducted in the presence of bithiophene and terthiophene"both having lower oxidation 

potentials than 3-methylthiophene (1.05, 1.31, and 1.8 V vs. SCE, respectively)"proceeded at an 

oxidation potential significantly lower than that necessary to polymerize 3-methylthiophene.   

Thus it was concluded that oxidation of the monomer was not necessary for the 

polymerization to proceed and a different mechanism of coupling was proposed to explain these 

findings, as shown in Figure 1.4.  In this theory, when bithiophene or terthiophene are not added, 

the oxidation of monomer to form a radical cation is the rate determining step because of the 

higher oxidation potential of the thiophene monomer as compared with the subsequently formed 

dimer, trimer, oligomer, and polymer.166,167  The radical cation then undergoes an electrophillic 

aromatic substitution reaction with a neutral thiophene monomer followed by oxidation and 

deprotonation to yield a dimer, which is immediately oxidized to a radical cation that then 

attacks another neutral monomer unit.  This reaction is subsequently repeated to form polymer.  

Wei et al. consequently carried out this experiment for the polymerization of pyrroles in the 

presence of bipyrrole and obtained similar results, for which they published analogous 

conclusions.168 

It has thus been established that for oxidative coupling of poly(heterocycle)s, formation 

of radical cations is the preliminary step of the polymerization.  Subsequent coupling may occur 



! 33 

from adjoining radical cations, or possibly neutral or radical cation monomer units.  Coupling of 

radical-cation oligomers with other radical-cation oligomers may also contribute to chain growth 

during polymerization.  As stated, it is more likely that these various pathways are in kinetic 

competition with each other during polymerization.  There is also evidence that experimental 

conditions may play a role in supporting one route as compared to another, and changes in the 

conditions can shift the probability for the production of materials having different physical 

characteristics.  

1.2.8 Mechanism of Charge Transport, and Conductivity in Conjugated 
Poly(heterocycle)s 

 
The mechanisms involved in the conductivities and charge-transport properties of 

poly(thiophene)s have been the subject of intense investigation.  It has been generally accepted 

 
 
Figure 1.4  Scheme of proposed radical cation-to-neutral monomer coupling mechanism for 
chemical oxidative polymerization of thiophene monomer. Adapted from Wei et al., 1991. 
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that charge storage and transport characteristics of conductive poly(heterocycle)s, which are 

nondegenerate groundstate polymers, result from the formation of self-localized nonlinear 

excitations (i.e. polarons and bipolarons) depending on the extent to which the material is doped 

(reversibly oxidized).169-174  For conducting polymers, interactions between the polymer unit cell 

with all of its neighbors and the creation of delocalized !-orbital overlap leads to the formation 

of electronic bands.  The highest occupied electronic levels, or highest occupied molecular 

orbitals (HOMOs), comprise the valence band (VB).  The lowest unoccupied electronic levels, or 

lowest unoccupied molecular orbitals (LUMOs), form the conduction band (CB).  The width of 

the bandgap (Eg), or forbidden gap, between the valence band and the conductance band 

determines the intrinsic conductivity of the material. 

 In 1977, Shirakawa et al. showed that the conductivity of poly(acetylene) could be 

increased from ~10"5 to ~103 S cm"1 by exposing it to oxidizing or reducing agents.54 This 

process is often called “doping” and can simply be considered a reversible reduction or oxidation 

reaction.  The doping of a conducting polymer results in the conversion of a neutral polymeric 

species to a polymeric cationic or anionic complex, with a balancing counter ion generated from 

the reduced oxidant or the oxidized reducing agent.  Use of an oxidizing agent is typically 

referred to as p-type doping and that of a reducing agent is termed n-type doping.  With regards 

to conducting polymers, the ease with which the material is oxidized or reduced is a crucial 

consideration. 

 Poly(thiophene)s may be p-doped or oxidized by chemical, electrochemical, and 

photochemical means.  The oxidation of poly(thiophene)s to remove one electron results in the 

formation of a radical cation (spin $), called a polaron.  It has been reported by Bredas et al. that 

in an organic polymer chain it can be energetically favorable to localize the charge that appears 

on the chain.  As a result, there is a local distortion of the lattice around the charge which has an 
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associated thermodynamic cost called a distortion energy.112,114,115,175,176  It is further explained that 

this process causes the presence of localized electronic states in the bandgap due to an upward 

shift ('() of the HOMO and downward shifts of the LUMO, thereby lowering the ionization 

energy.  Furthermore, Bredas explains that if '( is larger than the energy needed to distort the 

lattice around the charge the charge localization is favorable.  The formation of a polaron in a 

P3AT chain results in the formation of a quinoidal resonance structure, as shown in Figure 1.5.  

The presence of a polaron necessitates that a coplanar orientation of rings be readily accessible in 

order for a small band gap and high conductivity to be achieved.  If high energy constraints 

prevent this coplanar arrangement, then lower conductivities are the result.177  

Evidence shows that the loss of a second electron from the polymer chain results in the 

formation of a polymeric dication, which may be in the form of a spinless pair of like charges 

associated with a strong local lattice distortion called a bipolaron, or the formation of two 

individual polarons (i.e. a polaron pair); the individual stabilities of which are determined by the 

length of the polymer chain.178,179  Fichou et al.178 examined the stabilities of polarons and 

bipolarons in extended model thiophene oligomers and they concluded that for oligomers where 

n % 5 oxidation by means of stoichiometric amounts of FeCl3 results in solely polaron formation.  

However, oligomers where n = 6 with sufficient oxidation show absorption spectra consistent 

with multiple charge formation, attesting to the minimum chain length necessary in order for 

bipolaron formation to occur.   

Bredas et al. used theoretical calculations to compare the energy costs for the formation 

of bipolarons, as compared to a polaron pair, and concluded that the distortion energy to form 

one bipolaron is roughly equal to that to form two polarons.175,176  They went on to explain that 

the formation of a bipolaron leads to a species that is far more thermodynamically stable, despite 

the possible Coulombic repulsion between the two like charges because of the greater decrease in 
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the ionization energy associated with a bipolaron as opposed to a polaron.  They noted that this 

stabilization was further assisted by screening effects of the counter anion due to the greater 

binding energy of the bipolaron.   

Conversely, Zade and Bendikov performed a theoretical study of long oligothiophene 

dications and compared the stabilities of bipolaron versus polaron pairs.179  Their investigation 

concluded that for short oligothiophene dications, such as n = 6, the polaron pair state only 

slightly contributes to the electronic structure of the dication with a major contribution coming 

from the bipolaron state.  In medium-sized oligomers, such as n = 14, the contribution from the 

polaron pair state begins to become significant and in long chain oligo(thiophene)s, such as n = 

 

 
Figure 1.5  Effect of oxidation-reduction reactions on oligo(thiophene)s leading to 
formation of polarons and bipolarons. 
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30"50, the contribution from the polaron pair state becomes dominant; these molecules can be 

considered as consisting of two independent cation radicals.  They went on to clarify that their 

calculations were performed in the gas-phase in the absence of counter-anions and that only 

single chain oligomers were considered, thus eliminating possible !-stacking. 

Nonetheless, the higher conductivities seen in poly(thiophene)s upon doping are accepted 

as a result of the extreme change in the electronic band structure of the material, appearing as a 

unique midgap state and a localized quinoidal resonance structure.1  This structure allows for the 

formation of bipolarons as mobile charge carriers along the length of the quasi one-dimensional 

chain.1  Simply put, the oxidation of poly(thiophene)s leads to a reduction in the band gap, which 

in turn increases electrical conductivity in one-dimension.  However, 3-dimensional morphology 

resulting from processing and structure, which can influence the packing density of the material, 

can also have a great influence on the electrical conductivity seen in poly(thiophene)s. 

It has been shown that macroscopic charge transport in conducting polymers not only 

occurs along the polymer chain itself (intrachain transport), but also via charge “hopping” 

between polymer chains (interchain transport).175,176  Efficient interchain transport is dependent 

on the molecular weight180 and orientation180,181 (i.e. anisotropy) of the material and these 

characteristics are influenced by the density of packing (crystallinity) of the materials, which is 

directly influenced by the structure of the polymer chains.   An explanation of interchain 

transport was reported by Hill et al.182  Using endcapped oligo(thiophene)s (dimers and trimers) 

and absorption spectroscopy, along with electron spin resonance spectroscopy, they showed that 

radical cations of these oligomers formed dimers (!-dimers).  They went on to explain that in 

such a structure one (or more) cationic thiophene ring(s) form a !-complex in which the radical 

electron spins are paired.  This work was concurrently supported from reports by Zinger et al. 

using photoxidation to form stable radical cations from small endcapped oligo(thiophene)s that 
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displayed similar !-stacking behavior so as to form !-dimers.183  The phenomenon of &-stacking 

has been further explored and substantiated in the literature by use of various oligomeric species 

under different chemical conditions.184,185 

1.2.9 Structure-Function Relationships in Poly(alkylthiophene)s 

 Poly(alkylthiophene)s are extremely valuable materials and have been the subject of 

intense scientific investigation for the past several decades due to their unique nonlinear optical 

and tremendous electrically conductive properties.  These properties are directly dependent on 

the microscopic and macroscopic structures of the polymer itself.  Structural characteristics that 

strongly influence the physical properties of poly(alkylthiphene)s include the material’s 

molecular weight, regioregularity, and the endgroup or backbone substitutions that occur during 

polymer chain formation. 

 Initial investigations into the influence of molecular weight on the physical properties of 

poly(thiophene)s involved the synthesis and/or isolation of smaller thiophene oligomers and 

alkyl-substituted thiophene oligomers.  For reasons of insolubility or nonreactivity in the specific 

chemical environments employed, oligomers up to octathiophene have been the longest 

unsubstituted group of thiophenes investigated.186-189 However, a series of alkyl-substituted 

oligo(thiophene)s were  prepared and studied with repeat units up to n = 48.167,190-197  Ten Hoeve 

et al. prepared a series of oligo(thiophene)s (n = 3–11) carrying a limited number of dodecyl-

aliphatic side chains and having exclusively HT coupling in order to investigate the dependence 

of conjugation length on the chain length.167  With oligomers having repeat units of n = 3, 5, 7, 9, 

and 11, Ten Hoeve reported conductivities for iodine-doped oligomers that steadily increased as 

chain length increased, with the 11-mer possessing the maximum conductivity of 20 S cm"1.  An 

increasing red shift in absorption maximum (%max) correlating with increasing chain length was 

also observed, with %max = 345 (n = 3), 412 (n = 5), 440 (n = 7), 455 (n = 9), and 462 (n = 11) nm.    
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Similarly, Otsubo et al. reported the preparation of regioregular oligo(thiophene)s having 

limited attachment of octyl-chains consisting of n = 5, 10, 15, and 20 monomer units.197  Otsubo 

et al found that for oligomers with n = 5, 10, 15, and 20 conductivities for iodine-doped 

oligomers were 0.69, 0.73, 11"13, and 21"36 S cm"1, with a red-shift in absorption maximum as 

chain length increased, with %max = 411, 452, 466, and 468 nm.  Further more, cyclic 

voltammetry showed that oxidation potentials for oligomers decreased in proportion to 

increasing chain length, having E1/2 of 0.92, 0.72, and ~0.6 volts (V) vs. a Ag/AgCl reference 

electrode for oligomers of n = 5, 10, and 15 respectively.  Voltammetric measurements for 

oligomers of n = 20 were not possible due to poor solubility.  Otsubo et al. also prepared 

regioregular oligo(thiophene)s with limited octyl side chains having monomer repeat units up to 

n = 48.197 They concluded that because no additional red shifting in absorption maxima for 

oligomers was observed beyond n = 20 the limitation on the extensive conjugation (i.e. effective 

conjugation length) is around 20 monomer units.  These results are in agreement with prior work 

by Meier et al. concerning the effective conjugation length for oligomers of dialkoxy-substituted 

phenylene ethylenes.198 

 Trznadel et al. further studied the effect of molecular weight on the spectroscopic and 

spectroelectrochemical properties of regioregular poly(3-hexylthiophene).7  In this work, 

regioregular poly(3-hexylthiophene), P3HT, was prepared by means of a modified McCullough 

method122,141 and it was then fractionated via sequential soxhlet extractions in acetone, hexane, 

methylene chloride, tetrahydrofuran (THF), and chloroform.  The resulting fractions had MN of 

2,280, 4,380, 8,370, 17,700, and 10,800 Da respectively, with PDIs of 1.38, 1.22, 1.33, 1.45, and 

1.97.  The absorption maximum for these materials was shown to have a red-shift with an 

increase in molecular weight with %max = 421, 438, 441, and 447 nm for the acetone, hexane, 

methylene chloride, and THF fractions; the measurements were performed in THF solvent.  
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Regioregularity was also noticed to increase with an increase in molecular weight, although 1H-

NMR measurements were not quantified.   

Voltammetric behavior for these P3HTs was shown to depend on their molecular weight.  

Samples of the materials extracted in hexane, methylene chloride, and THF were examined by 

means of spectroelectrochemical techniques, and it was found that potentials for initiating 

oxidation were at 0.55, 0.5, and 0.45 V vs. a Ag/AgCl reference electrode, respectively.  

Osawa et al. investigated the effect of molecular weight on the electrical properties of 

electrochemically-synthesized P3HTs and found that the electrical conductivities for these 

polymers increases as a function of increasing molecular weight up to a MN ~ 25,000 Da, but no 

observable difference in conductivities could be established above this weight.199  Consistent 

with these findings, there was no appreciable differences observed in absorption spectra for %max 

beyond molecular weights of 25,000 Da, as opposed to the more prominent differences seen in 

smaller weight materials.   

Because interchain charge transfer influences the optical and electrical properties of these 

materials, the density and order of packing for the bulk polymer is important and the crystallinity 

of bulk P3ATs has been shown to impact these properties.99-102  Zen et al. studied the 

conductivities of P3HT as a function of their bulk morphologies for several solvent-extracted 

fractions of polymer having molecular weights ranging between 2,500–27,000 Da.100  By means 

of differential scanning calorimetry (DSC), X-ray diffraction, and transmission electron 

scpectroscopy Zen et al. showed that the crystalline state morphology increased as a function of 

molecular weight.  This was compared to the charge mobility characteristics for the different 

morphologies and the mobility was found to increase over four orders of magnitude for an 

increase in crystallinity from 5% to 20%.   Frechet et al. have also shown field effect mobilities 

of regioregular P3HTs increase from 1.7!10"6 cm2 V"1 s"1 to 9.4!10"3 cm2 V"1 s"1 in field effect 
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transistors, FETs, as the molecular weight increases from 3,200 to 31,100 Da; this is a result of 

differences in the morphologies seen for increasing molecular weight materials.98,99,200  

Nucleophilic addition of substituent groups either as endgroups or backbone additions 

during oxidative polymerization of alkylthiophenes and pyrroles has been shown to have 

dramatic effects on the electrochemical and optical properties of the resulting materials.201,202  Qi 

et al. performed several studies in order to elucidate these effects.8,203,204  In one study of the 

reactivation of poly(3-methylthiophene) following overoxidation in the presence of chloride 

anion (nucleophile), it was determined that oxidative degradation of poly(3-methylthiophene) is 

promoted in the presence of chloride.8  In that work it was shown that the polymer became 

electrochemically inactive after a single cycle of the potential to +1.3 V in a chloride solution, 

while in the absence of chloride the polymer was electrochemically stable to potentials to +1.4 

V.  In situ conductivity measurements confirmed that this deactivation results in ~100 fold 

decrease in conductivity and X-ray spectroscopy showed the result of covalent binding of 

chloride to be approximately occurring every other thiophene ring caused by nucleophilic 

substitution,8,203,204 as illustrated in Figure 1.6.   

Restoration of the conjugation within the material (i.e., reactivating the electrochemical 

properties of the material) was achieved by oxidation at +1.3 V, which results in the 

deprotonation of the material at the chlorinated position.  Qi reports that the reactivation returns 

the conductivity of the polymer to approximately 20"50% of the pristine polymer.  Nonetheless, 

the oxidation potential of the chlorinated material was shown to be 0.5 V more positive than that 

of the virgin polymer.  Qi later noted the oxidative substitution to poly(thiophene)s and 

poly(pyrrole)s by nucleophiles to be quite a general reaction, depending on the degree of 

oxidation of the polymer and the reactivity of the nucleophile.204 His group confirmed their 
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finding with oxidative substitutions in the presence of chloride, bromide, and some alcohols, 

which readily occurred upon overoxidation of the polymers. 

Garcia et al. examined the effect of endgroup substitution on the electrochemical and 

optical properties on poly(thiophene)s by preparing a series of oligo(thiophene)s with n = 2"6, 

which carried endgroup substitutions including methoxy and nitro groups, and bromine atoms.205 

Electrochemical studies indicate that, besides the decrease in oxidation potential attributable to 

 

 
 
Figure 1.6  Scheme of proposed mechanism for nucleophilic addition of chlorine to P3HT.  
Adapted from Qi et al., 1993. 
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an increase in oligomer chain length, chemical substituents such as methoxy and bromine 

stabilized the increased lifetime of radical-cation species and also lowered the oxidation 

potentials for these oligomers.  Likewise, bathochromic (red) shifts were seen for the absorption 

maximum of substituted oligomers, as compared with the unsubstituted species. 

Demanze et al. also worked towards the tuning of the electronic and optical properties of 

oligo(thiophene) dimers and trimers via cyano group substitutions as either endgroup additions 

or addtions to the central ring of the oligomer.206  From this work it was concluded that the 

electrochemical properties of these oligomers followed the general trend that oxidation potentials 

increased with (i) the decrease in chain length of the oligomer, (ii) the increase in the number of 

substitution sites, and (iii) the substitution being located on a central ring as opposed to a 

terminal ring.  Similarly, ultraviolet-visible spectroscopy (UV-Vis) measurements indicated an 

overall trend of bathochromic shifts when the number of substituted sites increased, with a 

hypsochromic (blue) shift in the mono- or disubstituted series when the substituent group moved 

from a terminal to a central position. 

Finally, Andrieux et al. studied the substituent effects on the electrochemical properties 

of pyrroles and small pyrrole oligomers via the electrochemical oxidation of several 

oligo(pyrrole)s, either unprotected, partially blocked, or totally blocked on their #-positions, or 

substituted in the N-position.207  As observed with various oligo(thiophene) series the oxidation 

potential of unsubstituted oligo(pyrrole)s was shown to decrease linearly with increasing chain 

length.  Substitution on the N-position with the strong electron withdrawing groups of 

butoxycarbonyl (BOC) or the sulfonyl group -SO2Ph shifted the oxidation potential to more 

positive values.  However, it was noted that the large positive shifts did not result in an increase 

in reactivity for these materials.  The properties of pyrrole monomer and bipyrrole substituted on 

the terminal #-positions with electron withdrawing methyl or tert-butyl groups showed 
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significant decrease in the oxidation potentials for all species investigated.  Although there was 

no appreciably observable increase in the radical cation stabilities for the methyl-substituted 

materials, a large stabilization of radical cations was observed for the bi-tert-butylated 

compounds. 

1.3 MALDI-TOF Mass Spectrometry of Synthetic Polymers 

1.3.1 Background of MALDI-ToF Mass Spectrometry of Synthetic Polymers 

Although mass spectrometry has been an invaluable tool for the determination of molar 

masses for over 50 years, it has only been since the development of soft ionization techniques, 

such as matrix-assisted laser desorption/ionization (MALDI), that mass spectrometry has become 

a priceless technique for the characterization of synthetic polymers.  Issues such as the low 

volatility and the thermal instability of most of these materials had previously hindered their 

characterization by means of mass spectrometry.208  The first two reports for the use of 

techniques that would come to be known as matrix-assisted laser/desorption ionization time-of-

flight mass spectrometry, MALDI-ToF-MS, came almost simultaneously from Tanaka et al.,209 

and Karas and Hillenkamp.210  Koichi Tanaka would later receive the 2002 Nobel Prize in 

Chemistry for these efforts.  MALDI-ToF-MS has since become a critical means for the 

determination of molecular weights and molecular weight distributions and structural 

information with respect to repeat units and additives, such as endgroups, or impurities.123,125,211,212  

MALDI-ToF-MS is the most employed mass spectrometric technique, as compared to other 

modern methods such as atmospheric-pressure/chemical-ionization (APCI) and electrospray-

ionization (ESI), for the analysis of synthetic polymers, because the latter may be hindered by 

molecular mass or polarity issues and convoluted by multiple charging, as well as solvent 

restrictions.208,212  
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Polymers may be unambiguously identified via determination of the mass number for the 

repeat (monomer) units that are characteristic of the chemical composition of the polymer chains.  

This can only be reliably accomplished from observations of mass spectra in the mass-to-charge 

(m/z) range where adequate resolution of single oligomers can be achieved or by the use of 

Fourier-transform analysis.  In 1992, Danis et al. were able to sufficiently resolve oligomers of 

low molecular weight poly(acrylic acid)s and poly(styrene sulfonic acid)s in order to correctly 

ascertain the mass number of the repeat units, as well as the masses for the endgroups.213  That 

same year, Castro et al. investigated the matrix-assisted laser desorption/ionization of higher 

mass molecules by Fourier-transform mass spectrometry and they satisfactorily resolved 

oligomers of poly(ethylene glycol), PEG, having masses up to 10,000 Da.214 

The average molecular weights of synthetic polymers play a significant role in the 

morphology and resulting physical properties of bulk polymer systems, as explained for 

poly(thiophene)s in section 1.2.9.  MALDI-ToF-MS is very well matched for the analysis of the 

molecular weights of synthetic polymers for several reasons.  First mass spectrometry in general 

is an absolute method for the reason that exact mass measurements may be obtained.  This is in 

opposition to other classical methods for molecular weight determination, such as gel-permeation 

chromatography (GPC) or size-exclusion chromatography (SEC), which are relative techniques 

generally requiring molecular weight calibration in order to obtain comparable molar masses.  

Secondly, MALDI-ToF-MS analysis requires very little sample and has a large throughput as it 

requires very little time to acquire a large amount of data.  Finally, MALDI-ToF-MS is a soft 

ionization technique that produces almost no fragmentation of analyte during analysis and for the 

most part produces singly-charged species.    

Since its inception, MALDI-ToF-MS has been shown to have the ability to detect organic 

molecules of very high molar mass.  Tanaka et al. reported the observation of doubly-charged 
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clusters of lysozyme from chicken egg whites with a mass over 100,000 Da.209  Karas et al. 

investigated the laser-desorption/ionization mass spectra of poly(styrene) and showed that 

polymer as large as 70,000 Da could be easily detected.210  Bahr et al. also showed the method to 

be a an invaluable analytical tool capable of obtaining mass spectra for a variety of synthetic 

polymers from 1,000 to 80,000 Da, while noting that protonated species of biopolymers with 

molecular weights up to 300,000 are easily produced.215  In fact, MALDI-ToF-MS has been 

shown to have the ability to detect and characterize monodisperse polymer samples with 

molecular weights as high as 1.5 million Daltons.216  

Monodisperse polymers are those that have a solely distinct molar mass that can be 

calculated if the chemical composition of the repeat (monomer) unit is known.  The degree of 

polymerization, DP, for an ideally monodisperse polymer is defined as the number of repeat 

units within the polymer; DP = M/M0, where M is the total molecular weight of the sample and 

M0 is the molar mass of the repeat unit.  Nonetheless, most polymers are polydisperse or 

heterogeneous with respect to molecular weight to some extent, due to the nature of most 

polymerization reactions.  Therefore, a polydispersity index, PDI, is employed in order to 

effectively categorize the extent of a polymer’s heterogeneity regarding molecular weight or 

molecular weight distribution (MWD).  The PDI is the ratio of the number-average molecular 

weight (MN) to the weight-average molecular weight (MW) of the polymer (Equation 1.3).  The 

larger the disparity between MW and MN, the broader the molecular weight distribution is within 

the polymer sample.   

The number-average molecular weight is the arithmetic mean (average) of the molecular 

weight, Mi, of the individual polymer molecules determined by measuring the molecular weight 

of Ni molecules.  In other words MN is the average Mi weighted according to number fraction and 

is mathematically defined in Equation 1.1.  The MN is determined by colligative analytical 
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methods, such as osmometry or differential refractivity, which are sensitive to the number of 

molecules present.  The weight-average molecular weight depends not only on the number of 

polymer molecules but also the molecular weight of each polymer molecule.  Therefore the MW 

is the average Mi weighted according to weight fractions.  To derive the weight-average 

molecular weight the number of polymer molecules of molecular weight i, or Ni, in the 

mathematical function for the number-average molecular weight is replaced with the weight of 

the polymer having molecular weight I, or NiMi; this is mathematically illustrated in Equation 

1.2.  The MW is established by techniques that are sensitive to the weight or size of the material, 

such as light scattering.  Every individual polymer sample has a unique value for MN and MW. 
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Equation 1.3                                          
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 As discussed in section 1.2.9, the addition of substituent groups or atoms to the terminal 

ends (#-position) or backbone ($-position) of poly(thiophene)s can have a dramatic effect on the 

physical properties of those materials. Moreover, other studies have demonstrated that the 

endgroup of a polymer affects the physical and chemical properties of that polymer, such as the 

surface reactivity,217 phase behavior,218 and light-emitting qualities.219  Therefore, the 

determination and quantification of endgroups and/or other functional moieties bound to a 

polymer is crucial in assessing the material’s physical properties and applicability.  Because of 
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the far greater mass resolving capabilities of MALDI-ToF-MS it is with out a doubt superior to 

all other means for the analysis of types of attached functional groups and the chemical 

composition of synthetic polymers. 

 If the exact chemical composition of the repeat unit comprising the polymer chain is 

unknown, it may be determined through examination of the mass spectrum of that polymer in the 

mass to charge (m/z) range where the oligomers are sufficiently resolved.  By subtracting the m/z 

of an oligomer immediately preceeding (Molig1) another from the m/z of the oligomer immediately 

following the preceeding (Molig2), the molar mass of the repeat unit (Mrep) can be correctly 

established; Mrep = Molig2 " Molig1.  This is assuming that all ionization events"or reactions, such as 

cationization, protonation, or electron loss"are equivalent between the two.  Likewise, if the 

molar mass of the repeat unit is known, the molar mass of an endgroup or other addition can be 

readily determined.  The molar mass of the endgroup (Mend) is calculated by taking the molar 

mass of a signal peak (Mpeak) for a given repeat number and subtracting the molar mass for the 

given number of cations (xMcat) involved in ionization of the analyte (or anions, or electrons for 

negative mode evaluation) as well as the molar mass for the number of repeat units (nMrep) 

comprising the oligomer.220  This idea is further clarified in Equations 1.4, and 1.5. 

Equation 1.4                                        

! 

Mend = Mpeak "Mcat " nMrep  

Equation 1.6                                       

! 

Mend = Mpeak "Melec "Mrep  

1.3.2 Limitations of MALDI-ToF Mass Spectrometry for Analysis of Synthetic Polymers 

  Although MALDI-ToF-MS is theoretically well suited for the analysis of molecular 

weights of synthetic polymers, the analysis of polymers with PDI values greater than 1.1 

(broader molecular weight distributions) often times leads to discrepancies when compared to 

other classical methods of obtaining molecular weights, such as size-exclusion chromatography 

(SEC).221-224  Montaudo et al. investigated the effects of polydispersity on the MALDI-ToF-MS 
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estimates for molecular weight and molecular weight distribution of a variety of synthetic 

polymers with differing PDIs.221  They reported that their measurements for molecular weight 

agreed with the results obtained by GPC only when polymers having very narrow molecular 

weight distributions were examined.  When polydispersity values reached around 1.10 it was 

noted that the difference between the observed molecular weights measured by SEC and 

MALDI-ToF-MS were underestimated up to 20% for the latter.  For PDI values greater than 2.0 

evaluations of the MALDI-ToF-MS spectra fail to yield reliable results.  It is currently advisable 

that mass spectrometric measurements for molecular weights and molecular weight distributions 

of synthetic polymer samples having PDIs greater than 1.10 be considered with caution.221-226  

 The factors contributing to the phenomenon of high or low mass discrimination 

encountered in MALDI-ToF-MS analysis of polydisperse polymer samples are abundant, but all 

are attributed to the fact that there are many variables to be considered during analysis via this 

method.221-226  Still, they can be summarized into two primary categories: sample preparation and 

instrumental effects.  Sample preparation issues that must be considered include the selection of 

appropriate matrix, the consistent use of the appropriate solvent, consistent optimization of 

mixing ratios and concentrations, the addition of cationizing agents or salts, and the method of 

sample preparation (i.e., the dried-drop method, spin coating, or electrospray 

deposition).208,222,223,225  Instrumental issues that contribute to observed discrimination include the 

applied laser power, variables integral to the ToF analyzer, such as ion acceleration and ion 

focusing, and detector issues, such as limited dynamic range and saturation.208,222,224,225  

 The choice of appropriate matrix is crucial to induce sufficient ionization of the analyte, 

in the appropriate manner (i.e., for positive mode investigations: protonation, cationization, 

electron loss).  Physical properties of the matrix that should be considered include the ability of 

the matrix to induce the appropriate ionization for a particular analyte on the basis of its chemical 
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composition, the electronic absorption maximum of the matrix, the solubility of the matrix in the 

appropriate solvents, the miscibility of the analyte with the matrix, and the crystallinity of the 

matrix/analyte blend when dried.  Belu et al. showed the dramatic effects of matrix on the 

observable mass spectra for samples of poly(styrene), while holding all other variables 

constant.227  Samples prepared with matrices of indole acrylic acid (IAA) and nitrophenyl octyl 

ether (NPOE) yielded mass spectra having low ion signal intensities and poorly resolved 

oligomer peaks.  Those prepared with dithranol matrix resulted in spectra with an abundance of 

very well resolved oligomer ion signals. 

 Unlike biopolymers or proteins, the final ionization of synthetic polymers in the MALDI 

process is usually accomplished by cationization not protonation.  As a result, the proper choice 

of matrix and the correct use of a cationizing agent, usually a metal salt, must be 

evaluated.208,222,223,227  The cationizing salt will form adducts with the polymer during ionization 

and the molar mass of the adduct must be accounted for in the evaluation of the respective mass 

spectra.  Lloyd et al. studied the utilization of different cation salts as potential adducts for 

ionization of poly(methylmethacrylate), PMMA.228  In the respective mass spectra an increasing 

shift in the distribution of low mass oligomer ion signals, upwards of 1000 m/z, was observed for 

samples produced in the presence of cesium salts, as opposed to those produced by adduction 

with sodium salts. 

 With regard to instrumental factors affecting the mass discrimination seen in mass spectra 

of synthetic polymers obtained by MALDI-ToF-MS, desorption/ionization, transmission, and 

detection issues can all be possibilities.208,222,224,225  For instance, desorption/ionization is 

dependent on the laser power employed to initiate these events and the preferable laser power 

would be one that gives equal probability of ionization to the entire distribution of molecular 

weights.   Unfortunately this is typically not the case, as it is often observable that polymer 
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chains of differing molar mass require higher laser powers in order to reach the threshold fluence 

for ionization and detection.222,223  Sakurada et al. observed that the average molecular weight for 

PMMA samples determined by MALDI-ToF-MS was overestimated significantly when 

compared with results obtained from supercritical fluid chromatography and size-exclusion 

chromatography, because of the high laser power required for optimal mass spectrometric 

detection.229  Also, higher laser powers have been shown to be responsible for the dimerization 

and formation of clusters in the gas phase during desorption/ionization.  Such species were found 

to be are responsible for increasing shifts in molecular weight distributions.230 

 Mass discrimination can be caused by detection factors as well.  Microchannel plate, 

MCP, detectors are typically employed in MALDI-ToF mass spectrometers and are limited by 

dynamic range.  Also, they are easily saturated by low molecular weight oligomers in the 

presence of very polydisperse polymer samples with a large concentration of low molecular 

weight material.222,224,230-232  McEwen et al. showed that deflection of lower mass ions did indeed 

result in the detection of higher mass ions, which proved population-induced mass discrimination 

is prevalent in the analysis of polymer samples with large PDIs.232  Furthermore, for MCPs and 

MCP hybrid detection systems there exists a mass dependency for ion detection, where the 

efficiency of ion-to-electron conversion decreases as a function of increasing molecular weight 

due to a decrease in impact velocity.222,224,230,232,233  This issue has been addressed by the use of 

post/secondary acceleration, which instills an extra velocity component to ions and improves the 

ratio of ion-to-electron conversion at the detector.230  Finally, mass discrimination of 

polydisperse polymer samples occurring during ion transmission has been reported and it is 

argued to be caused by extended flight tube length combined with small detector surface area, as 

well as with the lensing action provided by the source electrodes.230,234  



! 52 

 Size-exclusion chromatography (SEC) has classically been employed for determination 

of the accuracy of MALDI-ToF-MS analysis and it is often used in conjunction with MALDI-

ToF-MS for more insightful elucidation of structural characteristics of synthetic polymers.  

Issues encountered by mass discrimination of polydisperse polymer samples observed in 

MALDI-ToF mass spectra have been addressed in limited reports of polymer fractionation 

through sequential solvent soxhlet extractions125 or by means of SEC.235,236  Fractionation is an 

attempt to narrow the molecular weight distributions, providing more accurate MALDI-ToF 

mass spectra for the individual fractions.  However, molecular weight data obtained from 

MALDI-ToF-MS analysis of fractionated polymers may still be inaccurate due to the variables 

involved and it must be considered with caution. 

 The possibility of endgroup specific discrimination must also be considered when 

analyzing synthetic polymers by means of MALDI-ToF-MS.  Lui et al. proposed and 

investigated the endgroup fragmentation of Bromine atoms during the MALDI-ToF-MS analysis 

of P3HTs via observation of endgroup intensities as a function of laser power fluence.125  It was 

noticed that during analysis of low weight materials, the proportion of the relative abundance for 

solely hydrogen-terminated oligomers (H-H) increased compared to oligomers possessing one 

hydrogen-terminated end and one bromine-terminated end (H-Br) as the laser power was 

increased.  The increase in H-H signal intensities was theorized to be a result of the liberation 

(fragmentation) of bromine atoms, which was consequently increasing the observable signal 

intensities for H-H oligomers.  However, mass spectra obtained when the same samples were run 

in negative ion mode did not indicate the presence of bromine anions and the same spectra could 

not account for the presence of bromine radicals.  Furthermore, mass spectra of higher weight 

materials run at increasing laser powers did not indicate any variations in the observable 

intensities for oligomers having different endgroups. 
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 Puglisi et al. performed studies designed to use MALDI-ToF-MS to determine the 

composition of an equimolar blend of Nylon 6, Ny6, and polybutyleneterephthalate, PBT, and 

they noticed that a strong imbalance between the two components was observable in the 

respective mass spectra.237,238  Despite the fact that the molar mass and polydispersity of each 

sample were determined to be equivalent, the signal intensities observed for the Ny6 fraction 

were greater than that observed for the PBT, which was terminated with hydroxyl endgroups.  

Variations in endgroups that terminated either compound revealed that the proportion of 

dominant signal intensities could be shifted between the compounds depending on the endgroup 

substituent terminating that respective material.  This clearly indicated that the ionization 

efficiency for either compound is dependent on the nature of the endgroup introduced to that 

polymer.  However, it was shown that this effect was more prevalent for polymers having a 

lower molecular weight. 

 In a similar study but with significantly different outcome, Guttman et al. set out to 

perform an experiment where a series of blended poly(styrene)s, PS, were prepared from two 

species of poly(styrene) having different endgroups and mixed in increasingly different molar 

ratios.   The samples were then outsourced to 14 different third-party laboratories for MALDI-

ToF-MS analysis.239  The poly(styrene)s had a molecular weight of ~9,000 Da and were 

terminated with either hydrogen atoms (PSH) or hydroxyethylene groups (PSOH).  Five 

mixtures were created with mass ratios between 95:5 and 10:90 PSOH/PSH.  The results did not 

indicate any effect of the endgroup polarity for determining the proper mass fractions.   The 

work did establish that differences in the quantitative analysis amongst laboratories could be 

accounted for by improper mass calibrations, data analysis techniques, and failure to optimize 

the instrumental parameters.   
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Nonetheless, it is unreasonable to dismiss the roles that chemical composition of other 

polymers and endgroups, as well as molecular weights, have on possible endgroup 

discrimination observable in the MALDI-ToF-MS analysis of synthetic polymers, as Puglisi et 

al.237,238 have indicated.  Also, considering the effects that endgroups and other substituents have 

on the oxidation potentials of poly(thiophene)s (cf. section 1.2.9), as well as the possible effects 

to the morphology of these materials that may occur due to endgroup effects, it is reasonable to 

expect some degree of endgroup dependent ionization efficiency during their MALDI-ToF-MS 

analysis.  

1.3.3 MALDI-ToF Mass Spectrometry of Poly(3-alkylthiophene)s 

 Given its tremendous applicability for the characterization of synthetic polymers, the 

importance of MALDI-ToF-MS analysis has not been lost in the investigations for structural 

characterization of conducting polymers.  Because it has been established that the structure of 

conducting polymers is directly responsible for their optical and electrical properties it is crucial 

to their development that MALDI-ToF-MS be routinely used for the evaluation of repeat units, 

endgroups, and molecular weights of conducting polymers.  It has thus been used extensively to 

elucidate this critical information for many different varieties of conducting polymers.1,123-125,240-250  

 MALDI-ToF-MS has been used to characterize an array of poly(alkylthiophene)s formed 

by several various regioregular and regioirregular synthetic pathways.  Poly(3-alkylthiophene)s 

formed by regioregular synthesis (cf. section 1.2.6) and investigated by means of MALDI-ToF-

MS include the McCullough, Reike, and GRIM methods.5,123-125,220  It was reported that P3ATs 

created via the McCullough method possess three distinct endgroup patterns, including those 

terminated on both ends with hydrogen atoms (H-H), those terminated on both ends with 

bromine atoms (Br-Br), and those possessing one hydrogen endgroup and one bromine endgroup 

(H-Br).  Also, it was found that polymer made by the Reike method possesses either H-H, or H-
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Br endgroups, while GRIM method led to material containing either H-Br endgroups or 

oligomers having one hydrogen endgroup with the other end terminated by a methyl group (H-

CH3).   

 Liu et al. reported work concerning the methodic fractionation of regioregular P3HTs by 

sequential soxhlet extractions using various organic solvents in order to compare the accuracy of 

molecular weights for those fractions as determined by MALDI-ToF-MS and SEC.125  

Comparison of the MN and MW for five fractions of P3HT differing in molecular weight range 

showed that both values are overestimated by SEC analysis by a factor ranging from 1.2–2.3.  

These results indicate that for low weight polymer fractions the overestimation is in the range of 

a factor between 1.2–1.5; for higher weight materials the overestimation is 1.5–2.3 times.   The 

authors noted that these findings were in agreement with similar work done for the analysis of 

rigid-rod oligo (thiophene)-ethynylene systems MN and MW, which were overestimated by SEC 

by a factor of 1.5–2.0.251  Liu et al. thus concluded that conducting polymers, like 

poly(thiophene)s, adopt a rod-like conformation in solution, which is responsible for the 

anomalous SEC results. 

 Regioirregular poly(thiophene)s formed by chemical oxidation using iron(III) chloride 

have been characterized by MALDI-ToF-MS as well.  McCarley et al. showed that P3HT chains 

formed by this method contained 2"4 chloride additions and did not possess hydrogen 

terminated endgroups.240 In order to verify the source of the chloride, which was thought to be 

attributable to the solvent (CHCl3) or the FeCl3 oxidant, polymer was formed in chloroform using 

FeBr3 as an oxidant.  The resulting polymer chains contained 2"3 Bromine additions, with no 

hydrogen terminated endgroups and the conclusion was drawn that oxidant is the origin of the 

chloride added to the polymer chains. 
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Chapter 2 

Characterization of P3HTs Formed by Chemical Oxidation in Various Solvents 

2.1  Introduction 

2.1.1  An Overview of the Use of Various Solvents in Chemical Oxidative Polymerization  

 Sugimoto et al. were the first to report the preparation and characterization of soluble 

poly(thiophene) derivatives using transition metal halides as catalysts in 1986.1 Since then, 

chemical oxidation has remained the most utilized method for the production of poly(3-

alkylthiophene)s, P3ATs.2  This is due to the method’s ability to produce large yields of high 

molecular weight material with relatively good regioregularity in an affordable, facile manner.  

As noted in Chapter 1, there are other synthetic methods for the production of highly-ordered 

P3ATs that have regioregularities on the order of 98+ %.  Nonetheless, these methods are far 

more complicated and expensive than the chemical oxidative coupling to form P3ATs.  The 

works presented here are an in-depth investigation into the effects of the physical properties of 

poly(3-hexylthiophene)s, P3HTs, formed by chemical oxidation with FeCl3 as a function of 

variation in the solvents that are employed during the formation of P3HTs. 

 Chemical oxidation with FeCl3 has been reported for use in producing P3ATs an 

innumerable number of times.  The procedures outlined by Sugimoto et al. for production of 

P3ATs by this method have been repeatedly employed and they have changed very little 

throughout the past two decades.  Almost indiscriminately, little thought has been placed on 

development and manipulation of this procedure in order to acquire the ability to tailor and better 

understand the P3ATs that are formed via this route.  Historically, this synthesis involves the 

addition of a solvated monomer in dry chloroform as a solvent to a suspension of iron(III) 

chloride in dry chloroform as a solvent.  The amounts of oxidant and monomer used depend on 

the desired yield, although the oxidant-to-monomer ratio is generally maintained within the 
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range of 4:1–8:1.  The reaction is stirred and kept under a blanket of inert gas for a period of 

hours, up to 24 hours.  The crude polymer is then washed with methanol and acetone, resulting in 

a black solid.  The empirical characterization of the physical properties for P3ATs formed by 

these means is discussed in Section 1.25 and elsewhere throughout Chapter 1. 

 Very little evidence of studies considering the importance of the particular solvent 

employed during chemical oxidative polymerization of P3ATs can be found in the literature.  

Although a few reports do exist, chloroform has classically been the sole choice of solvent for 

chemical oxidation of P3ATs without regard as to why.  In part, this may be due to the fact that 

chloroform works well for the production of P3ATs by this means, which satisfies the 

expectations in regards to physical properties of those utilizing the method.  Still, the trend for 

the use of chloroform may also be partly attributed to reports by Niemi et al. that concluded 

chloroform to be a superior solvent for chemical oxidative polymerization, because they argued 

ferric chloride must be in a solid or crystalline state in order for the polymerization of 3-

alkylthiophenes to proceed via chemical oxidation.3 

 Niemi et al.3 investigated the role of iron(III) chloride as an oxidant with two intentions: 

(i) to attempt to elucidate the attributes of iron(III) chloride that enable it to be an active oxidant 

for chemical oxidation; and (ii) to attempt to derive the mechanism of coupling involved in the 

chemical oxidative polymerization process of P3ATs.  In order to do so, they performed a series 

of chemical oxidative polymerizations of P3ATs in several different solvents.   

The criteria that were accounted for between the solvents used for polymerization were 

the solubility of iron(III) chloride in the given solvent.  Their choice of solvents in which they 

reported ferric chloride was not at all soluble included carbon tetrachloride, pentane, and hexane.  

Solvents they chose that dissolved ferric chloride to a very limited extent were chloroform, and 

toluene.  Solvents they chose that in which ferric chloride was reported completely soluble 
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included diethyl ether, xylene, acetone, and formic acid.  The results reported indicate that only 

solvents in which FeCl3 is either somewhat soluble or completely insoluble are capable of 

generating polymer.   

From these studies, Niemi et al. concluded that ferric chloride must be solid to be active 

as a polymerization oxidant for 3-alkylthiophenes and that soluble FeCl3 must be inert towards 

polymerization.  In support of these conclusions, they referenced the crystalline state of FeCl3 

and argued that inside solid ferric chloride the iron(III) ions are mostly hidden within the crystal 

structure and each chloride ion is coordinated by two iron(III) ions, where the iron(III) ions are 

inert.  Niemi et al. further explain that in order for the total charge of the crystal surface to be 

neutral there must exist a deficiency of chloride ions, where some of the chloride ions are 

coordinated to only one iron(III) ion.  Thus, each iron(III) ion at the surface of the crystal has one 

unshared chloride ion and one free orbital.  This allows thiophene monomers within close 

proximity of the crystalline surface to easily coordinate through the free electron pair of the 

heteroatom on the monomer with the free orbital of the iron(III) ion; oxidization of the monomer 

species to a radical cation results.  Thus, Niemi et al. conclude polymerization must proceed on 

the surface of the oxidant, which must be in a solid state. 

On the contrary, earlier work by Myers et al. with respect to the effect of the reaction 

medium for the chemical oxidative polymerization of pyrroles with ferric chloride showed that 

solubility of the oxidant did not directly impact the initiation of polymerization to form 

poly(pyrrole)s, PPYs.4  Reactions performed in solvents in which ferric chloride is soluble, such 

as nitromethane, diethyl ether, tetrahydrofuran, and acetonitrile, afforded PPYs; so did solvents 

in which ferric chloride is insoluble, such as benzene, hexane, and carbon tetrachloride.  

However, it was observed that the nature of the reaction medium had a marked effect on the 

physical properties (e.g. conductivity) and yields of the final polymer. 
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Myers et al.4 proposed that a necessary pyrrole-FeCl3 intermediate is formed in the 

polymerization process and that the yields of PPY were dependent on the extent of the FeCl3-

solvent complexation, which influenced the amount of FeCl3-pyrrole interaction.  In order to test 

the theory, they observed the dissolution exotherms upon addition of ferric chloride to the 

various solvents, and then monitored the exotherms upon addition of monomer solution to the 

oxidant mixtures.  They noted that solvents possessing strong Lewis base (donor) 

characteristics!such as dimethylsulfoxide and pyridine!exhibited strong exotherms when ferric 

chloride was added.  These observations were suggested to be associated with the formation of 

FeCl3-solvent complexes.  Upon addition of monomer to these solutions there was no observable 

second exotherm that could be attributed to monomer-FeCl3 interactions; in addition no 

polymerization occurred.  It was surmised that the Lewis basicity of these solvents enhanced the 

stability of the FeCl3-solvent complex to such an extent as to prevent FeCl3-pyrrole interaction.  

Thus, it is apparent that there are properties of solvents besides those that facilitate solubility that 

play a crucial role in whether or not a solvent can be useful for chemical oxidative 

polymerization. 

Olinga et al. also later showed in 1995, while doing comparison studies on the kinetics of 

polymerizations of thiophene by chemical oxidation with FeCl3 in both chloroform and 

acetonitrile that polymerization of thiophenes does occur in the absence of solid oxidant, 

contrary to the claims of Niemi et al.5  They reported that although the polymerization yield is 

limited, polymer is formed in acetonitrile; a solvent in which ferric chloride is completely 

soluble. 

Finally, studies from the McCarley labs at Louisiana State University, LSU, performed 

by Brauch have shown that poly(3-hexylthiophene)s, P3HTs, can be successfully formed in 

solvents other than chloroform (in which FeCl3 is completely soluble).  Also, the influence of 
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such solvents results in structural characteristics of the final polymer that can impact the physical 

properties of the material and thus such solvents may hold promise for tailoring the functionality 

of P3ATs made by chemical oxidative polymerization with ferric chloride.6  Brauch, while 

forming P3HTs by means of chemical oxidation with ferric chloride and nitromethane as a 

solvent observed a dramatic decrease in the extent of nucleophilic addition of chlorine to the 

final P3HTs; this occurred when limited oxidant-to-monomer ratios were used.  The effects of 

specific endgroup or backbone addition to the physical properties of P3ATs have been discussed 

in Sections 1.2.9 and 1.3.2, and the importance of the implications to manipulating the physical 

characteristics of P3ATs formed by chemical oxidation cannot be overemphasized. 

For these reasons, an in-depth investigation attempting to garner further insight into what 

physical properties of solvents influence the structural properties of P3ATs formed by chemical 

oxidation is of utmost importance to the realistic and purposeful application of these materials in 

modern technologies.  As was explained in Chapter 1, the structure of these materials directly 

impacts their physical characteristics, which in turn determines their functionality.  Chemical 

oxidative polymerization is the most utilized method for the preparation of P3ATs because of its 

ease and affordability.  Therefore, the ability to optimize and tailor the functionality of polymers 

created by these means offers much promise for the use of chemical oxidation for the production 

of P3ATs.  Such a route could be employed in order to affordably and in large scale produce 

devices relevant to the needs of mankind in the 21st century.   

Thus, the studies found within this Chapter deal with the elucidation of the effects on the 

physical properties of P3HTs that stem from the specific solvent employed for chemical 

oxidative polymerization.  An array of solvents has been utilized for these purposes.  The 

physical characteristics of the solvents examined here were their dielectric constant, as well as 

their Lewis acidity and basicity (electron acceptor and donor) characteristics.  The physical 
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attributes imparted on the final polymer prepared using these various solvents include yield, 

molecular weight, molecular weight distributions, regioregularities, and endgroup or backbone 

additions. 

2.1.2 Physical Properties of Solvents 

 The physical properties of solvents investigated in these works were polarity, as well as  

Lewis acid and base characteristics.  In the limited references within the literature concerning 

solvent effects of chemical oxidation to form P3ATs emphasis has been placed on the solubility 

of iron(III) chloride in such solvents (cf. Section 2.1).  A major contribution from a particular 

solvent that determines the solubility of ferric chloride is solvent polarity.  The polarity or 

relative static permittivity of a given solvent is determined by the nature of the bonds within 

solvent molecules, which are characterized by the differences in electronegativity between the 

bonding atoms.  The polarity or the differences in electronegativity found within a molecule may 

also depend on the arrangement of molecular orbitals comprising the bonds within a molecule.  

For instance, an asymmetrical arrangement of nonpolar covalent bonds combined with 

nonbonding electron pairs may impart a difference in electronegativity within the molecule as a 

whole, giving that molecule a certain amount of relative polarity.   

The polarity of different molecules is addressed in a relative fashion compared to either 

more-polar or less-polar materials.  Compounds are designated with a dielectric constant that is 

based on their electric susceptibility to polarize.  For instance, water is one of the most polar 

substances known with a dielectric constant near 80.  On the other hand, carbon tetrachloride, 

due to its relatively nonpolar covalent bonds that are symmetrically arranged, is very nonpolar 

and has a dielectric constant of 2.2.  Compounds having dielectric constants between this range 

are often classified as polar or nonpolar, although such classification is done so as compared 

relative to other substances.  Iron(III) chloride is soluble in more polar solvents, due in part to the 
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strong electrostatic stabilizing ability imparted from the dipoles found within the structure of 

those solvents.  However, less polar solvents are unable to electronically interact with the 

charges integral to the different ionic species of ferric chloride leading to its dissolution in more 

polar solvents. 

Nonetheless, the solubility of ferric chloride is not solely dependent on the polarity of a 

given solvent.  For instance, ferric chloride is completely soluble in diethyl ether, which is 

relatively nonpolar and possesses a dielectric constant of 4.3.  This is in comparison to 

chloroform!in which ferric chloride is almost completely insoluble!that has a dielectric constant 

of 4.8.  Therefore, there are other characteristics inherent to a particular solvent that determine 

the solubility of iron(III) chloride.  In fact, a solvent may also possess strong Lewis acid and base 

properties. 

A Lewis acid is defined as a molecule or ion whose incomplete electronic arrangement 

allows it to bind to another species by accepting an electron pair from that species. A Lewis base 

is a molecule or ion capable of donating an electron pair to a Lewis acid, resulting in the 

formation of a coordinate covalent bond.7-10  Viktor Gutmann emphasized the fact that because 

the actual behavior of a molecule is the result of unique matching of its electronic structure with 

the electronic structures of other constituents composing the system, it is necessary to treat each 

system as a whole rather than its isolated constituents.10  Lewis acids (electron acceptors) and 

Lewis bases (electron donors) interact very strongly with other compounds possessing opposite 

characteristics to the donor or acceptor.  The terms nucleophilic and electrophilic are also used to 

characterize the properties of Lewis bases (electron donor), and Lewis acids (electron acceptor), 

respectively.   

Regardless, intermolecular interactions between Lewis acids and bases induce charge 

density rearrangements within the molecules due to charge transfer and polarization effects 
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between the electron acceptor and electron donor; the terms donor and acceptor indicate the 

function involved in the process of charge transfer.10  Furthermore, the change in polarity 

exhibited by these complexes induces variation from the original bond distances and bond angles 

of the individual components that changes the chemical properties and reactivity of the complex 

compound.10  In other words, Lewis acids and bases can interact very strongly with other Lewis 

bases and acids, respectively, to form very stable complexes.  Their stability depends on the 

extent of their Lewis characteristics. 

Gutmann related this concept to the process for the solvation of ions in electrolyte 

solutions in either water or nonaqueous solvents, as opposed to an entirely electrostatic 

explanation based on solvent polarity.  In 1960, Lindqvist and Zackriss reported a qualitative 

order of solvent donor strength based on enthalpy changes observed from calorimetric data on 

antimony (V) chloride, SbCl5, emphasizing the changes in bond properties resulting from 

coordination.11,12  Gutmann later termed the “donor number” (DN) concept that addressed donor 

strengths of solvents in a more quantitative fashion, and the concept was successfully applied to 

ionization processes in aprotic solvents.13,14  In 1976, Mayer et al. were empirically able to 

quantitatively describe the acceptor properties of a solvent and define this capability using an 

“acceptor number” (AN).15 

The donor number or donicity of a molecule is defined as the molar enthalpy value for 

the reaction of the donor (D) with SbCl5 as a reference acceptor in a 10!3 M solution of 1,2-

dichloroethane (DCE).10,13  The molar enthalpy of a 1:1 molar adduct formation in dichloroethane 

is taken as an approximate measure of the energy of the coordinate bond between the donor atom 

and the Sb atom of SbCl5.10,13  The thermodynamic stability of the 1:1 D-SbCl5 complex is 

defined by the free enthalpy "G° = -RT ln K, and "G°can be used alternatively as a measure of 

the donor number of a solvent as long as a linear relationship exists between "G° and "H.10,13  
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SbCl5 is preferable as a reference acceptor for several reasons, such as: (i) adducts are formed in 

a 1:1 molar ratio with all donor molecules; (ii) adduct formation leads to a change in the SbCl5 

acceptor from a bipyramidal to a distorted octahedral configuration, thus involving similar 

hybridization energies; (iii) SbCl5 is a very strong acceptor with negligible donor properties, 

leading to complete adduct formation even with very weak donors; and (iv) the Sb-Cl bonds are 

not easily broken into oppositely charged fragments.10,13  Solvents possessing higher donor 

strengths are designated with higher donor numbers, and solvents with less donor strength are 

given smaller donor numbers.  For instance, benzene has a donor number of 0.1, whereas 

ammonia has been assigned a donor number of 59. 

Mayer et al. developed an empirical parameter for the acceptor properties of solvents that 

is based on the 31P-NMR chemical shift observed in triethylphosphine oxide (Et3PO) in the 

respective pure solvent.10,15  It bases itself on the premise that when the acceptor solvent interacts 

with a Et3PO molecule at the basic oxygen atom, the electron density at the phosphorous atom 

decreases, resulting in an observable downfield chemical shift.10,15  Hexane is used as a reference 

solvent to which the acceptor number of zero has been assigned.  To emphasize the relationship 

between acceptor properties and conjugate donor properties, SbCl5 in DCE is used as a standard 

for both parameters (AN and DN) and it is arbitrarily assigned an AN of 100.10,15  Therefore, the 

acceptor number (AN) is defined as a dimensionless number related to the relative chemical shift 

(!) of 31P in Et3PO in a particular solvent, with hexane as a reference solvent assigned an AN of 

0 and Et3PO!SbCl5 in 1,2-dichloroethane to which the acceptor number of 100 has been 

assigned.10,15  In general, solvents that have little or no interactions stemming from inherent 

Lewis acid characteristics with the basic oxygen of the Et3PO molecule, such as hexane, are 

designated as having a low acceptor number and solvents that interact more strongly with the 

Et3PO molecule are given a higher AN on a scale from 0!100.  
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 It is important to consider both the donor number as well as the acceptor number when 

considering and interpreting coordinating interactions in solutions.  Referring back to the fact 

that FeCl3 dissolves in diethyl ether, which has a dielectric constant less than that of chloroform 

in which FeCl3 does not dissolve, it may be interpreted that the donicity (Lewis basicity) of 

diethyl ether is the contributing factor influencing the solubility of ferric chloride.  In fact, 

diethyl ether has a DN of 19.2, whereas chloroform has negligible Lewis base characteristics. 

2.1.3 State of Iron(III) Chloride in Nonaqueous Solvents 

It has been shown that the state of iron(III) chloride in nonaqueous solvents is dependent 

on the physical properties of the solvent in which it is introduced.16-24  Evidence from studies 

using electron spin resonance (ESR) and ultraviolet-visible spectroscopy (UV-Vis) reveal that 

iron(III) chloride exists in the dimeric form (Fe2Cl5
+) in solvents of low dielectric constant and 

weak Lewis basicity.25  Likewise, these reports indicate that FeCl3 exists in a solvated 

monomeric form (FeCl2
+) in solvents of high dielectric constant and strong Lewis basicity.25 

Nonetheless, the physical state of iron(III) chloride in various nonaqueous solvents, and 

especially the equilibrium associated with its solvation, is a complicated matter that is still not 

fully understood.  Still, it is accepted that there are two different species of iron(III) chloride that 

may exist in nonaqueous solvents depending on the nature of the solvent employed. These 

species are represented in Equations 2.1 and 2.2.16 

Equation 2.1       

! 

! 

2FeCl3 " # "   FeCl2
+ +  FeCl4

-         or  

Equation 2.2                                        

! 

2FeCl3 " # "  Fe2Cl5
+ +  FeCl4

-  

The production of the tetrachloferrate anion (FeCl4
-) is indicative of the monomeric 

species and its presence has been attributed to interactions with solvents having high dielectric 

constants.20  However, Vertes et al. have indicated by means of Mössbauer spectrometry that the 
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dimeric species of iron(III) chloride is also present 

in polar solvents, such as nitromethane.22 

Furthermore, Fajer et al. and Work et al. have 

reported the presence of monomeric species in 

solvents of low polarity, such as benzene, by 

means of infrared spectroscopy.17,23  Therefore, to 

reason that one species or the other exists in 

solution depending on the nature of the solution 

dramatically oversimplifies the scenario.  

 Thus, it further stands to reason that in 

any given nonaqueous solvent both species of 

iron(III) chloride exist to some extent and within 

the system exists a complicated equilibrium of 

ferric chloride species, whose population 

distribution is dependent on the exact physical 

properties of the solvent employed.  In fact, Drago et al. reported that solvents possessing greater 

donicity (Lewis basicity) impart more chloride dissociation from FeCl3 than solvents with less 

donor strength and charge separation is facilitated by solvents having higher dielectric constants, 

while it is inhibited by those solvents possessing low dielectric constants.19  It thus becomes clear 

that all three properties of solvents under investigation!dielectric constant, donor number, and 

acceptor number!play a role in controlling the distribution of species residing in solutions or 

mixtures of iron(III) chloride in nonaqueous solvents.  

Gutmann clarified that this equilibrium is far more complicated when the substrate 

(FeCl3) possesses more than one ionizable bond, and in particular when anions are formed that 

 
 
Figure 2.1 Illustration of a general 
scheme by which FeCl3 may undergo 
autocomplex formation in various 
nonaqueous solvents.  Adapted from 
Vertes et al., 1978. 
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compete with the donor molecules for coordination of the substrate.10  He went on to further 

explain that if the donor properties of the competing ligands are not vastly different both 

complex cations and complex anions are formed simultaneously, resulting in autocomplex 

formation.10  Gutmann described this autocomplex formation in Equation 2.3, which can be 

divided into two competing steps for the formation of complex cations and complex anions as 

described in Equations 2.3.1 and 2.3.2; in these equations M is the metal substrate, X is the salt 

of the metal, and D is a molecule of donor solvent.10  Gutmann added that in a strong donor 

solvent a solute will undergo autocomplex formation if the M-X bond is not easily ionized, 

whereas in a weak donor solvent a compound which is easily ionized will give autocomplex 

ions.10 Vertes et al.22 illustrated a general scheme by which FeCl3 may undergo autocomplex 

formation in various nonaqueous solvents, which has been adapted and shown in Figure 2.1, 

where S denotes a solvent molecule.  

Equation 2.3                              

! 

nD  +   2MX  " # $   DnM
+  +  MX2

-   

 (i) Formation of a complex cation: 

Equation 2.3.1                           

! 

nD  +   MX  " # $   DnM
+  +   X- 

 (ii) Formation of a complex anion: 

Equation 2.3.2                           

! 

X-  +   MX  " # $   MX2
-  

2.2 Methods and Materials 

2.2.1  Chemicals 

 Solvents employed for the purposes of polymerization and analytical characterization of 

P3HTs were either chromatographic or reagent grade, and were used as received unless noted 

otherwise.  Once opened, solvents used for polymerization and characterization were stored over 

activated molecular sieves (4Å, 8!12 mesh, beads, Fisher Chemical) and degassed with argon for 

one hour prior to use.  3-n-hexylthiophene monomer was purchased from Sigma-Aldrich 
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(#399051, 99%) and distilled under vacuum prior to use.  Ferric chloride was purchased from 

Sigma-Aldrich (#451649, anhydrous, powder, #99.9%, trace metal basis) and was opened under 

argon in a glove bag, then stored under argon in a dessicator.  Matrices employed for MALDI-

ToF-MS analysis were either 2,2’:5’,2’’-terthiophene or trans-2-[3-(4-tert-butylphenyl)-2-

methyl-2-propenylidine]malonitrile (DCTB). Both matrices were purchased from Sigma-Aldrich                

(#311073, 99%, and #727881, #98% respectively) and used as received. 

2.2.2  Synthetic Methods: Chemical Oxidation of 3-Hexylthiophene 

Polymerizations were carried out according to previously reported procedures in the 

literature for chemical oxidative polymerization of thiophenes and pyrroles1,6,26 with some 

modifications. The reactions were performed in a 250mL round bottom flask (RBF).  The 

solvents employed varied depending on their physical properties for the individual experiments. 

The molar ratio of oxidant-to-monomer remained constant, at 1:1 throughout all polymerizations. 

Oxidant-to-monomer ratios employed for these polymerizations are small compared to those 

used for typical oxidative polymerizations of P3ATs found throughout the literature.  This was 

done to minimize excess chlorination to the polymer from the oxidant in order to better observe 

the effect that various solvents have on these processes.  It has been shown that the oxidant-to-

monomer ratio directly impacts the extent of chlorination to P3HTs and by decreasing the 

oxidant-to-monomer ratio the amount of chlorination to P3HTs can be somewhat decreased.6  

However, using a low oxidant-to-monomer ratio does kinetically hinder the reaction, which 

decreases the yields of polymer produced in the time frame of the reaction.  3-n-hexylthiophene 

was purified prior to experiments, via vacuum distillation. Iron(III) chloride consistently 

remained under a blanket of argon from the moment it was opened as received from the supplier.  

All solvents used were degassed with argon for a period of one hour prior to the reactions. 
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First, an oxidant solution or suspension, depending on the nature of the solvent, was 

prepared by the addition of 162.2 mg (1.0 mmol) of iron(III) chloride into 12.5 mL of a given 

solvent.  The mixture was allowed to stir for one hour at room temperature under a blanket of 

argon.  A monomer solution was prepared by the addition of 168.3 mg (1.0 mmol) of 3-n-

hexylthiophene to 12.5 mL of the same solvent used for preparation of the iron(III) mixture.  

This was allowed to stir at room temperature under argon for one hour.  The monomer solution 

was then cannulated into the stirred oxidant mixture under argon.  The reaction was then allowed 

to proceed for one hour, while stirring at room temperature under a blanket of argon. 

After one hour, the reaction was quenched by the addition of 200 mL of anhydrous 

methanol and allowed to stir at room temperature under argon for 24 hours; during which time 

the polymer is reduced and precipitates out of solution.  The solid polymer was then thoroughly 

separated by vacuum filtration and rinsed well with methanol in order to remove residual FeCl3. 

The solid polymer was then redissolved in 250 mL of chloroform.  The polymer solution in 

chloroform was next washed three times in a separatory funnel with 250 mL 2.0 N HCl.  The 

chloroform was then rotary-evaporated to leave a thin, reddish-violet film of polymer that was 

then vacuum-dried to constant-mass overnight.   

In the above procedure, polymer that remained soluble after quenching with 200 mL of 

anhydrous methanol and therefore residing in the filtrate following vacuum filtration was not 

used for the characterization of experimental effects on P3HTs formed by chemical oxidation.  

Previous studies employed a method where soluble and solid portions of materials produced in 

this matter were combined during the chloroform extraction and subsequent washing stages of 

the procedure, which were then analyzed together.6  Nonetheless, it has been revealed in this 

work that the soluble portion of the polymerized material formed by chemical oxidation with 

ferric chloride using nitromethane as a solvent is solely comprised of small oligomers with repeat 
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units of n = 5, 6, and 7 having hydrogen endgroups [H-(C10H14S)n-H].  These oligomers were 

shown to be highly defective, with regioregularities of ~26%. The soluble portion comprised 

roughly ~20% of the total yield for these polymers when soluble and solid portions are mixed.  

The solid polymer portions still contain a large population of these oligomers, as seen by 

MALDI-ToF-MS, which have predominantly hydrogen end groups, but also a limited population 

of oligomers having one hydrogen and one chlorine endgroup [H-(C10H14S)n-Cl].  

 The reasons that some of these small oligomers remain in solution while others do not is 

still not fully understood.  Although, it is likely that such small oligomers found in solid fractions 

of polymer are sequestered within larger oligomer and polymer chains during precipitation.  

Because endgroup analysis by MALDI-ToF-MS can only be performed by examination of 

oligomers in a m/z range where isotopic resolution is achieved, and mass discrimination and 

resolution are dependent on populations of ions encountering the detector (saturation), it was 

decided that soluble materials would not be included in the overall evaluation for polymers 

formed by manipulation of the experimental parameters.  Furthermore, the extreme 

regioirregularity of the isolated soluble materials is thought to not be representative of those 

found in solid material.   

2.3  Characterization 

2.3.1  Endgroup Analysis 

 Endgroup analysis of poly(3-hexylthiophene)s was done by use of matrix-assisted laser 

desorption/ionization time-of-flight mass spectrometry (MALDI-ToF-MS).  Some perspective of 

the use of MALDI-ToF-MS for the characterization of synthetic and conducting polymers has 

been discussed in Sections 1.3.1 and 1.3.3.  Some limitations of MALDI-ToF-MS have also been 

discussed in Section 1.3.2.  MALDI-ToF-MS has become an essential tool for the 

characterization of synthetic polymers because it has the ability to detect large polymers and 
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biomolecules with limited fragmentation, as well as generally imparting single charges to such 

molecules when compared to other methods of ionization used for mass spectrometric analysis.27 

 Preparation of the analyte sample for examination via MALDI-ToF-MS involves mixing 

a dilute analyte with a concentrated matrix solution, usually in a 1:100–1:1,000 molar ratio.  The 

matrix serves to absorb energy from the incident laser beam and then impart this energy to the 

analyte in the mixture.  It may also help to crystallize the analyte in a preferential manner, which 

assists in desorption of the analyte into the gas phase.  In the gas phase, the matrix also assists in 

the ionization of the analyte within the MALDI desorption plume, which will be discussed 

shortly.  The analyte/matrix mixture can be prepared on the MALDI plate or target!that serves as 

the desorption platform at which the incident laser beam is directed!in several ways. Sample 

preparation can be done via two variations of the dried-drop method that is used for these 

studies.  The first variation involves a drop (~1–2 "L) of matrix mixture being applied to the 

MALDI target that is allowed to dry, followed by a drop (~1!2 "L) of analyte being placed on 

top of the dried matrix and then being allowed to dry.  The variation of the dried-drop method 

employed for these studies involves mixing the analyte and matrix mixtures together, then 

spotting a 1–2 "L drop onto the MALDI target and allowing the spot to dry.   

 The exact nature of the ionization mechanism involved in the ion formation process of 

MALDI-ToF-MS is still not fully understood.  However, three categories for ion formation are 

agreed upon in the literature and these include proton-transfer, cation adduction (by use of metal 

salts), and electron-transfer.  Proton-transfer ionization is typically observed in the MALDI-ToF-

MS analysis of peptides, and proteins.  As mentioned in Section 1.3.1, cationization is the most 

commonly seen ionization pathway for detection of synthetic polymers.28,29  Still, electroactive 

compounds having low ionization energies can also form molecular radical cations due to 

electron-transfer reactions between the analyte sample and the matrix.30,31  Furthermore, electron-
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transfer has been shown to be the pathway of ion formation during MALDI-ToF-MS for 

electrically conducting polymers, such as poly(3-alkylthiophene)s.32,33  Still, this pathway for ion 

formation of P3HTs was confirmed in these experiments by the use of internal standards, and 

verified by the production of molecular radical cations (M!+) in the observed MALDI-ToF mass 

spectra. 

A complete description of the mechanics and physics of the MALDI-ToF mass 

spectrometer has been described elsewhere.28,34,35  The basic schematic diagram of a typical 

MALDI-ToF mass spectrometer with an ion reflector is shown in Figure 2.2.  Once the MALDI 

target has been prepared with the dried sample and then placed into the instrument, the target 

source containing the sample is brought to a low pressure (~10!6 torr) matching that of the flight 

tube of the instrument.  A pulsed laser beam, in this case a 337-nm nitrogen laser, is focused and 

directed through a series of electric lenses and mirrors onto the analyte/matrix mixture that is 

spotted on the sample target.  The laser power is typically adjusted to a point just above the 

!
 
Figure 2.2 Diagram of a generic MALDI-ToF mass spectrometer with linear and reflectron 
detectors.  Adapted from Dass, C., 2001. 
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threshold necessary in order to obtain a viable ion signal, because reports show that signal-to-

noise ratios begin to decline at powers of 20% above this threshold.28,36  Higher laser powers 

have also been shown to cause dimerization and cluster formation of polymers that can be 

responsible for increasing shifts in molecular weight distributions.37  The incident beam ablates 

and vaporizes the sample/matrix mixture into a hot, very chemically reactive, gas-phase plume.  

Primary ions are formed during the laser pulse or within the excited state lifetime of the matrix (a 

few nanoseconds).38,39  However, in the plume reactions between ions and neutrals will continue 

as long as there are collisions.38 

Ions remaining in the MALDI plume are then focused and accelerated into the flight tube 

of the mass spectrometer by application of a voltage potential.  Ideally, they are accelerated and 

enter the flight tube having consistent kinetic energies, where they are left to travel in this field-

free region.  Ions in the field-free region are separated by the premise that larger molecular ions 

travel more slowly than smaller molecular ions and therefore are differentiated by their 

velocities.  However, the velocity of a given ion is also influenced by its mass-to-charge (m/z) 

ratio, where additional charges impart additional velocities to molecular ions of identical mass 

upon voltage acceleration.  Given these facts, the time it takes for a molecular ion to travel the 

distance of a flight tube of a known length may be used to determine the molecular weight of that 

material.  This relationship is shown in Equation 2.4, where t is the time required for the ion to 

transverse the flight tube, L is the length of the flight tube, v is the velocity of the ion, m is the 

mass of the ion, z is the charge associated with the ion, and V is the accelerating potential.  In 

order to calibrate the instrument for correct analysis of m/z for the analyte, standards having 

known masses, such as peptide standards, are analyzed prior to characterization of the analyte. 

Equation 2.4                                            
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 The mass resolution of ions detected in linear mode!meaning after a straight, single 

flight down the length of a flight tube!can be limited.  This is due to the fact that although ions 

are ideally accelerated with potentials that are meant to impart constant kinetic energies, similar 

ions do not always enter the field-free region with similar, consistent properties.  Ions may be 

formed in different locations within the MALDI plume (spatial issues), or they may be formed at 

differing times (temporal issues), and they may be formed having different vectors of velocity, as 

well as being formed with differing initial kinetic energies.28  In order to overcome these issues, 

MALDI-ToF mass spectrometers have been developed with reflectors, otherwise known as 

reflectrons. 

 A reflectron is composed of a series of electrical lenses that have increasing repelling 

potentials and it is located at the linear end of the flight tube.  The instrument can then be used in 

one of either two spatial modes.  The linear mode allows analyte ions to travel from the source 

directly to the opposite end of the flight tube to be detected at the linear detector (cf. Figure 2.1) 

and this mode is preferable for the detection of higher weight materials; However, there are 

limitations in mass resolution.35  The instrument can also operate in the reflectron mode, wherein 

the traveling ions that have been accelerated at the source enter the reflectron mirror at the end of 

the flight tube.  They are consequently slowed down within the reflectron field where they come 

to a stop and are redirected by the reflectron voltage back into a field-free drift zone again, and 

then detected at the reflectron detector (cf. Figure 2.1).  The initial separation of these ions in the 

first drift zone, their reacceleration by the reflectron mirror, and subsequent further separation in 

the second drift zone accounts for the far greater resolution that is achievable in this mode.  The 

reflectron mirror is helpful in overcoming the spatial, temporal, and kinetic issues created at the 

source of the instrument because it compensates for differing kinetic energies and velocities of 

ions having similar masses and allows for these isomass ions to reach the reflectron detector at 
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the same time, which allows better resolution; this mode is not preferable for detection of large 

molecular weight materials.35 

 The MALDI-ToF-MS analysis of synthetic and conducting polymers has been further 

discussed in Section 1.3 along with some limitations of MALDI-ToF-MS for this purpose.  This 

method of analysis is employed in these studies for the verification of endgroup (#-) and 

backbone ($-) additions to the chains of P3HTs formed by chemical oxidative polymerization.  

To reiterate though, if the exact chemical composition of the repeat unit comprising the polymer 

chain is unknown, then it may be determined through examination of the mass spectrum of that 

polymer in the mass-to-charge (m/z) range where the oligomers are sufficiently resolved.  By 

subtracting the m/z of an oligomer immediately preceeding (Molig1) the m/z of the oligomer 

immediately following the preceeding (Molig2) the molar mass of the repeat unit (Mrep) can be 

correctly established (i.e. Mrep = Molig2 ! Molig1).  This is assuming that all ionization events or 

reactions!such as cationization, protonation, or electron loss!are equivalent between the two.  

Likewise, if the molar mass of the repeat unit is known, then the molar mass of an endgroup or 

other addition can be simply determined.  The molar mass of the endgroup (Mend) is calculated by 

considering the molar mass of a signal peak (Mpeak) and subtracting the molar mass for the given 

number of cations (nMcat) involved in ionization of the analyte (or anions, or electrons for 

negative mode evaluation), as well as the molar mass for the number of repeat units (nMrep) 

comprising the oligomer.40  This idea is further clarified in Equations 1.4 and 1.5. 

2.3.2 Molecular Weight Analysis 

 Molecular weight measurements were done by means of gel-permeation chromatography 

(GPC), also referred to as size-exclusion chromatography (SEC), using a multiangle laser light 

scattering (MALLS) detector in conjunction with a differential refractive index (DRI) detector.  

MALLS, and light scattering in general, is a method that is sensitive to not only the 
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concentration of a material but also the size or hydrodynamic volume of the material and it can 

be used to determine the weight-average molecular weight (MW) of a material (cf. Section 1.3.1 

and Equation 1.2).  The DRI detector is solely a concentration detector and it is used for the 

determination of the number-average molecular weight (MN) of a material (cf. Section 1.3.1 and 

Equation 1.1).  These values enable the calculation of the molecular weight distribution or 

polydispersity index (PDI) of a sample (cf. Equation 1.3).  The use of a DRI detector in 

conjunction with a MALLS detector also enables the determination of hydrodynamic volumes 

for analyte samples without calibrating the instrument with a molecular weight standard. 

 SEC is the most widely utilized method for the determination of molecular weights for 

synthetic polymers due to its convenience and high throughput.  SEC separates materials in 

solution based on their hydrodynamic volumes.  The analyte is thoroughly dissolved in an 

appropriate solvent and passed through a column packed with small (~10 "m diameter) porous 

beads made of silica or polymer blends through which the solvent and analyte may freely diffuse.  

Higher molecular weight material that cannot interact within the small (50 Å–106 Å) pores, 

elutes first within the void volume (V0) of the column (i.e. the volume of effluent found between 

the packing material).   Lower weight materials that can interact with the pores of the beads elute 

at later times, an effect that is dependent on analyte size (i.e. the smaller the molecular volume of 

the analyte, the longer it will interact with the packing material).  Analyte that is small enough to 

diffuse freely within the pores of the packing material elutes last and may interact with the entire 

pore volume (Vi) of the beads.  Thus, the elution volume of the smallest molecules may require 

the total volume (Vt = V0 + Vi) of the mobile-phase within the column.  Thus the retention volume 

(VR) for a specific molecular weight species is dependent on the extent to which it entropically 

interacts with the packing material and enthalpic interactions are not suppose to play a role in the 

separation of materials by molecular volume by this means. 
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 As noted, DRI detection is a colligative means of detection.  That is, it measures the 

concentration of a material based on empirically-determined, concentration-dependent changes 

in refractive index called the specific refractive index increment, SSRI, also known as the !n/!c.  

Historically, the use of this method of detection!or any other colligative means of detection, 

such as ultraviolet-visible absorption (UV-Vis) spectroscopy!solely by itself for the 

determination of weight-average molecular weights, MW, using SEC required that the instrument 

be calibrated with a standard of known and distinct molecular weight in order for the estimation 

of hydrodynamic volumes to be made.  Differences in the physical conformation of the standard 

can impart error in the correct determination of molecular volumes of the analyte if the physical 

conformation of the analyte varies greatly from that of the standard.  This has been reported to be 

the case for poly(thiophene)s. Typically, calibrations are made using poly(styrene) that has a 

randon coil or spherical conformation.  Whereas poly(thiophene)s and other conducting 

polymers have been reported to have a rigid-rod conformation.33,41,42  For this reason, molecular 

weights of poly(thiophene)s tend to be overestimated when determined by use of poly(styrene) 

calibration standards in conjunction with concentration-based detection methods alone. 

 Therefore, MALLS detection is employed along with DRI detection in order to make 

molecular weight determination possible without the need for calibration of the instrument with 

standard material.  Multiangle laser light scattering is a commonly employed technique to assess 

the molecular mass of an analyte by detecting how that analyte scatters incident light. The 

collimated light source in MALLS is generated using a laser and it is passed through a cell 

containing the solvent and solute.  In general, light scattering is based on the fact that the 

incident light induces a dipole within the analyte that is then released as an electromagnetic wave 

of the same frequency as the incident light.  The ratio of the intensity of emitted light in excess to 

that of the solvent is termed the Rayleigh ratio (R%).  The molecular weight of the material is in 
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turn calculated using data for the concentration of analyte at a given time determined by DRI 

using the empirically measured SSRI (!n/!c) of the material.  The relationship between these 

factors and molecular mass is explained in Equation 2.5.43 

Equation 2.5                                     
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In Equation 2.5, R% is the Rayleigh ratio, K is the optical constant that is in part 

determined by the SSRI and concentration information obtained via the DRI detector and it is 

defined in Equation 2.6.43  Furthermore, c is the concentration of the species scattering light, MW 

is the molecular weight, P(%) is the form factor of the scattering function that relates the 

variation in angular scattering intensities with the mean-square-radius of the analyte.  A2 is the 

second viral coefficient, a thermodynamic measure of solvent-solute interactions that can often 

be assumed to be negligible due to the relatively low concentration of analyte found within SEC 

fractions.43  In Equation 2.6, n0 is the refractive index for the solvent, NA is Avogadro’s number, 

and & is the wavelength of the incident light.43 

Equation 2.7                                    
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Equation 2.8                                                     
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In equation 2.7 is shown the simplification of the form factor, P(%), upon the assumption 

that the scattering angle is low or the mean-square-radius is negligible compared to the 

wavelength of incident light.43  In Equation 2.7, & is the wavelength of incident light, % is the 

angle between the incident beam and the scattered light, and rrms is the root-mean-square radius 

of the analyte.  Since the light scattering measurements are taken at multiple angles, the Rayleigh 
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ratio R% may be extrapolated to an angle of zero and Equations 2.5 and 2.7 can be combined and 

simplified to Equation 2.8.43  Thus, the molecular weight of the analyte can be readily calculated. 

2.3.3 Determination of Regioregularity 

 The pattern of coupling between monomers of 3-n-hexylthiophene by means of chemical 

oxidative polymerization, called regioregularity, has been discussed in Section 1.2.3.  The 

regioregularity of P3ATs has a marked impact on the materials electrical and optical properties, 

as has been outlined in depth throughout Chapter 1.  The analytical method for the determination 

of the materials presented here is 1H-NMR.  With this technique, the integration and comparison 

of the relative ratio between the signal peaks for the #-methylenes (aryl methylenes) of polymer 

chains is used for this determination.  Signals for these #-methylene peaks are typically present 

at a chemical shift of ! ~ 2.8, or ! ~ 2.6 if the coupling is regioregular or regiorandom, 

respectively.  The extent of regioregularity is defined as the percentage of the ratio between the 

two peaks.  A more extensive look at this application is found within Section 1.2.4. 

2.4 Instrumentation 

2.4.1 MALDI-ToF-MS 

 Mass spectrometric measurements were obtained in part by use of a Bruker OmniFlex 

MALDI-ToF mass specrometer.  The instrument was equipped with a 337-nm nitrogen laser and 

it is capable of both linear and reflectron time-of-flight detection.  The OmniFlex possesses 

multichannel plate (MCP) detectors with a limit of detection (LOD) of 1 fmol ACTH and is 

capable of mass resolutions up to 10,000 depending on the m/z observed.  Measurements were 

also performed using a Bruker ProFlexx III, which was also equipped with a 337-nm nitrogen 

laser, MCP detectors with a LOD of 100 fmol ACTH and capable of linear and reflectron 

detection.  The mass resolution of this instrument is up to 8,000 depending on the m/z 

investigated. 
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 The matrices employed for MALDI-ToF-MS inquiries were either terthiophene or     

trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidine]malonitrile, DCTB.  DCTB was used 

for the majority of the experiments, as far greater signal intensities and signal-to-noise ratios 

were achieved employing this matrix.  Samples were prepared by dissolving the analyte and the 

matrix in chloroform or methylene chloride.   A saturated solution of matrix was prepared in 

these solvents in matrix:analyte ratios > 1000:1.  A small aliquot (~ 2 "L) of analyte sample was 

added to the matrix solution (~ 4–6 "L) and mixed thoroughly prior to spotting onto the target 

plate using the dried drop method, where a 1 "L drop of a given sample was spotted on the target 

plate and allowed to air dry.  The instrument was calibrated prior to each measurement using 

peptide standards (Bruker, #222570) in the molecular weight range of m/z 700–3200 for analysis 

performed in reflectron mode.  Internal standards were used for some measurements in order to 

compare the isotopic measurements obtained experimentally to those of their calculated isotopic 

mass.  The internal standards were oligo(ferrocenyldimethylsilanes), specifically 

Fe[Si(CH3)2Fc]3H, Fe[Si(CH3)2Fc]5H, and Fe[Si(CH3)2Fc]7H, which were provided by Professor 

Ian Manners at the University of Toronto.  The use of internal standards allowed the verification 

of electron-transfer as the means of ionization for the observed oligomers of P3HT, as seen in 

MALDI-ToF-MS (cf. Section 2.3.1).  However, internal standards were not used for all 

experiments after consistent verification of the identity of the species being observed in the mass 

spectra, as oligo(ferrocenyldimethylsilane)s ionize much more readily than the P3HTs under 

investigation.  Because of their low ionization potentials, there appeared large ionization 

discrimination of the analyte compared to the internal standards and the use of internal standards 

was limited.   

 Bruker’s Xmass software was employed in order to calculate the isotopic masses and 

patterns for oligo(3-hexylthiophene)s having different endgroup (#-) and backbone ($-) 



! 106 

substituents.  The calculated patterns were used in conjunction with Equations 1.4 and 1.5 for the 

determination of #- and $-substituents, and also referred to for mass accuracy determinations.  

The observed experimental signal intensities (relative abundances) were used as pseudo-Ni 

measurements and the m/z values were applied as pseudo-Mi measurements for the relative 

comparison of populations or extent of substitution (cf. Section 1.3.1).  Observed experimental 

signal peaks were designated to be molecular radical cations (M+!) as a result of electron-loss 

ionization, as described in Section 2.3.1. 

2.4.2 Size-Exclusion Chromatography (SEC) 

Size-exclusion chromatography experiments were performed through the use of an 

Agilent 1100 series autosampler and isocratic pump system.  In some experiments, ultraviolet-

visible absorption measurements were taken using a Waters 490E ultraviolet-visible detector (set 

to 430 nm).  Light scattering measurements were obtained with a Wyatt Dawn Heleos (Wyatt 

Technologies Corporation, Santa Barbara, California) thermostatically-controlled, multiangle 

laser light scattering (MALLS) detector, with a 50-mW GaAs linearly-polarized laser (658 nm) 

and a K5 cell.  The MALLS detectors were calibrated using toluene and then their signals were 

normalized with poly(styrene) standards having a distinct monodisperse molecular weight of 

30,000 Da prior to experiments.  A Wyatt Optilab Rex refractive index detector was used in 

conjunction with light scattering measurements and it was positioned after the Dawn Helios 

MALLS detector.  The two inline columns that were employed for these purposes were Phenogel 

columns (30 cm $ 7.8 mm) from Phenomenex.  Both columns possessed packing material 

consisting of 10-µm diameter particles.  The first column contained a linear bed of packing 

material having mixed pore sizes in the range of 50–106 Å and the second column contained 

beads with solely 105 Å pores.  These columns were preceded by a Phenomenex guard (10-µm 

diameter) guard-column.  The solvent employed for the separations was tetrahydrofuran, THF, 
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that was degassed prior to experiments using helium sparging and/or an inline vacuum degasser.  

The flow rate of the solvent for these analytical analyses was maintained at 1.0 mL min!1 and the 

injection volume for the investigated samples was 100 "L.  The collected data was processed 

using the Astra V software provided from Wyatt Technologies Corporation. 

2.4.3 Specific Refractive Index Increment (SRII) Measurements 

 Determination of !n/!c for bulk and fractionated P3HTs was done using the Wyatt 

Optilab Rex refractive index detector (Wyatt Technologies Corporation, Santa Barbara, 

California) used for SEC analysis (cf. Section 2.4.1). Measurements were made on a bulk 

polymer sample at a wavelength of 658 nm and a temperature of 25 °C.  The !n/!c that was 

determined and employed for these experiments was 0.227. 

2.4.4 Proton Nuclear Magnetic Resonance (1H-NMR) 

 1H-NMR analyses were performed on either a Bruker DPX-400 (400 MHz) or AV-4  

(400 MHz) liquid spectrometer.  Samples of P3HTs were dissolved in deuterated chloroform 

(CDCl3) purchased from Sigma-Aldrich for all 1H-NMR experiments. 

2.5 Results 

2.5.1  P3HTs Formed in Chloroform 

P3HTs investigated in this Section were prepared via the procedure outlined in Section 

2.2.2 using chloroform  (CHCl3) as the solvent medium.  Chloroform has historically been the 

solvent employed for chemical oxidative polymerization of P3ATs without much regard or 

explanation as to its qualifications for these purposes.  Chloroform is a very nonpolar solvent 

with a dielectric constant of 4.8 at 25 °C (cf. Section 2.1.2).  Iron(III) chloride is only slightly 

soluble in chloroform, remaining for the most part in the solid state, but imparting a slight 

yellowish tint to the suspension.  Chloroform has very strong Lewis acid characteristics and is 

assigned a Gutmann Acceptor number, AN, (cf. Section 2.1.2) of 23.  It has virtually negligible 
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Lewis base characteristics and therefore has a Guttman donor number, DN, (cf. Section 2.1.2) 

very near zero.  Mass yields of polymer recovered from the preparation of P3HTs formed 

following the procedures outlined in Section 2.2.2 with chloroform were on the order of ~ 30%.  

As noted in Section 2.2.2, polymer yields are in general lower than others reported in the 

literature for the production of P3HTs by this method as a result of the low oxidant-to-monomer 

ratio used in order to minimize excess chlorination to the materials so as to better recognize the 

effects solvents have on this process.  Mass yields of P3HTs for the purposes of this work were 

regarded in a relative manner, but mass yields in general were not overly scrutinized in order to 

account specifically for the extent of chlorination to the materials. 

The MALDI-ToF mass spectra observed during the endgroup analysis of these materials 

indicate the presence of oligomers possessing #-terminal ends consisting of two hydrogens     

[H-(C10H14S)n-H], as well as oligomers possessing one hydrogen and one chlorine [H-(C10H14S)n-

Cl], along with oligomers possessing #-terminal ends consisting of two chlorine atoms           

[Cl-(C10H14S)n-Cl], where the population of the latter two are comparable to the former, as shown 

in Figure 2.3.  There are also ion peaks indicating the presence of oligomers with 3–4 chloride 

additions that are indicative of oligomers possessing two chlorinated #-terminal ends and 

between 1–2 $-substitutions. These oliogmers are observed in greater abundance than the 

previously mentioned species.  The upper spectrum in Figure 2.3 is the MALDI-ToF mass 

spectrum of oligomers in the range of m/z 0!5300, by use of reflectron mode (cf. Section 2.3.1).  

There are an abundance of interstitial peaks between those indicated by their repeat units (n = 

1,2,3….) that are indicative of molecular radical cations (M!+) having #-hydrogen substituents 

with solely hydrogen-terminated endgroups.   
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The lower spectrum in Figure 2.3 is an inset to the spectrum for P3HT formed by 

chemical oxidation with ferric chloride using chloroform as a solvent and focuses on the M!+ 

peak for the oligomer n = 6.  The overlays shown in various colors are the calculated isotopic 

!

!
!
Figure 2.3 MALDI-ToF mass spectra of P3HT formed in chloroform observed by use of 
reflectron mode (upper).  The inset (lower) shows expanded 6-mer region of the spectrum 
with colored peaks indicating the calculated isotope patterns of the 6-mer having different 
chlorine additions. 
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patterns for the representation of the given species that were produced by the Bruker Xmass 

software. The calculated peaks are labeled in their respective color denoting the chemical 

composition of the calculated patterns, where HTn indicates the repeat unit, which is a 3-n-

hexylthiophene monomer unit minus 2 hydrogen atoms with a molar mass of 166.3 amu.  These 

are shown in comparison to the experimental peaks observed for the polymer sample in the 

background.  The spectrum shows excellent agreement with oligomers representing the hydrogen 

terminated molecular radical cation, as well as the ion pattern indicating the presence of 

oligomers possessing one chlorine termination and one hydrogen endgroup.  There is also good 

evidence shown in this spectrum for the presence of oligomers having 3–4 chlorine additions.   

The calculated patterns for oligomers having two or more chlorine additions do show 

some disagreement with the observed patterns.  The differences seen in the calculated and 

observed patterns for the oligomers containing more than two chlorine additions may be 

accounted for by the lack of deprotonation during polymerization.  The mechanism for 

nucleophilic addition of chlorine is discussed in Section 1.2.8.  Specifically, Qi and Pickup 

proposed a pathway for the nucleophilic addition of chlorine during electrochemical 

polymerization of P3ATs where at lower oxidation potentials chlorine may be added to an 

oligomer chain without deprotonation at the addition site, which rendered the polymer 

electrically inactive.44   

The scheme for this nucleophilic addition of chloride is shown in Figure 1.6.  This 

scenario may be the case for oligomers of P3HT formed by chemical oxidation having two or 

more chlorine additions.  This is a reasonable assumption because Qi and Pickup noted that the 

oxidation potentials for materials having chloride additions after deprotonation by means of 

overoxidation increased by 0.5 V.  Therefore, if the oxidation potential of such oligomers 

increases after chlorination, it is reasonable to assume that further additions may occur in which 
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deprotonation does not.  The MALDI-ToF mass spectrum in the inset for the 6-mer shown in 

Figure 2.3 is in good agreement with this hypothesis.  Furthermore, this spectrum indicates 

evidence of more extensive chlorination as shown by the series of convoluted peaks within the 

recognized peaks, which may be the result of excessive chlorination of oligomers of different 

repeat units. 

The 1H-NMR analysis of P3HTs formed by chemical oxidation with ferric chloride using 

chloroform is shown in Figure 2.4.  The inset shows the peaks for signals arising from the #-

methylene (aryl methylene) groups found at chemical shifts of ! ~ 2.8 ppm and ! ~ 2.58 ppm, 

indicating signal response from regioregular and regioirregular material, respectively (cf. Section 

1.2.3).  The analysis of structural regularity by integration and relative comparison of these peaks 

is discussed in Section 1.2.4.  From integration of the peak found at ! ~ 2.8 ppm normalized as 

one (1.0) and integration of the peak found at ! ~ 2.58 ppm, which was determined to be 0.30 as 

compared to the normalized peak, the percentage of the peak at ! ~ 2.8 ppm is found to be 77% 

 
 
Figure 2.4 1H-NMR spectrum of P3HT formed in chloroform.  The inset shows the %-
methylene region used to determine the material’s regioregularity of 77%. 
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of the combined areas of the two peaks.  Therefore, the regioregularity of P3HT formed by this 

chemical oxidative polymerization (cf. Section 2.2.2) using chloroform as a solvent can be 

regarded as 77% regioregular material. 

 In Figure 2.5 is shown the chromatogram from the analytical GPC analysis of P3HT 

formed in chloroform; light scattering (LS) data is represented by the solid line trace, differential 

refractive index (DRI) data is traced with a dotted line, and the logarithm base 10 of the 

distribution of molecular weight data is shown by a dashed line.  The number-average molecular 

weight (MN) for this material as determined from the DRI data is found to be 19,500 Da, and the 

weight-average molecular weight, MW, calculated from light scattering (LS) data is 36,700 Da.  

Thus, the PDI for P3HTs formed by oxidative polymerization with iron(III) chloride using 

chloroform as a solvent is calculated to be 1.88. 

2.5.2  P3HTs Formed in Carbon Tetrachloride 

P3HTs investigated in this section were prepared via the procedure outlined in Section 

2.2.2 using carbon tetrachloride  (CCl4) as the solvent medium. Carbon tetrachloride is a more 

 
Figure 2.5 Plot of elution volume vs. Log10 of molar mass (dashed) and LS (solid) and DRI 
(dotted) chromatograms of P3HT formed in chloroform. 
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nonpolar solvent than chloroform with a dielectric constant at 25 °C (cf. Section 2.1.2) of 2.2.  

Iron(III) chloride is less soluble in carbon tetrachloride than it is in chloroform, remaining for the 

most part in the solid state and imparting a very slight yellowish tint to the suspension.  Carbon 

tetrachloride has more than two times less Lewis acid strength than chloroform and is assigned a 

Gutmann Acceptor number, AN, (cf. Section 2.1.2) of 8.6.  Carbon tetrachloride has negligible 

Lewis base characteristics.  Mass yields of polymer recovered from the preparation of P3HTs 

formed following the procedures outlined in Section 2.2.2 using carbon tetrachloride were on the 

order of ~ 30%.   

The MALDI-ToF mass spectra observed during the endgroup analysis of these materials 

indicate the presence of oligomers possessing #-terminal ends consisting of two hydrogens [H-

(C10H14S)n-H], along with oligomers having one hydrogen, and one chlorine [H-(C10H14S)n-Cl] at 

the #-terminals, and oligomers possessing #-terminal ends consisting of two chlorine atoms [Cl-

(C10H14S)n-Cl], where the population of the latter two exceeds the former as shown in Figure 2.6.  

The upper spectrum in Figure 2.6 is the MALDI-ToF mass spectrum of oligomers in the range of 

m/z 0!5300 by use of reflectron mode (cf. Section 2.3.1).  The overall ion pattern indicated in the 

upper spectrum of Figure 2.6 indicates an abundance of interstitial peaks between those of the 

hydrogen-terminated molecular radical cations, where the trend is observed that oligomers 

having one chlorine addition are in greater abundance than those with no chlorine additions, and 

oligomers with two chlorine additions are in greater abundance than those having one chlorine 

addition.  This of course assumes equal ionization efficiency of the different species indicated 

(cf. Section 1.3.2) 

The lower spectrum in Figure 2.6 is an inset to the spectrum for P3HT formed by 

chemical oxidation with ferric chloride using carbon tetrachloride as a solvent and it focuses on 

the M!+ peak for the oligomer n = 6.  The overlays shown in various colors are the calculated 
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isotopic patterns for the representation of the given species, which were produced by the Bruker 

Xmass software.  The calculated peaks are labeled in their respective color denoting the chemical 

composition of the calculated patterns, where HTn indicates the repeat unit, which is a 3-n-

!

 
 
Figure 2.6 MALDI-ToF mass spectra of P3HT formed in carbon tetrachloride observed by 
use of reflectron mode (upper).  The inset (lower) shows expanded 6-mer region of the 
spectrum with colored peaks indicating the calculated isotope patterns of the 6-mer having 
different chlorine additions. 
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hexylthiophene monomer unit minus 2 hydrogen atoms and has a molar mass of 166.3 amu.  

These are shown in comparison to the experimental peaks observed for the polymer sample in 

the background.  The spectrum shows excellent agreement with oligomers representing the 

hydrogen-terminated molecular radical cation, as well as ion patterns indicating oligomers 

possessing one chlorine termination, and one hydrogen endgroup.  There is also excellent 

agreement between the calculated and observed ion patterns for oligomers possessing two and 

three chlorine additions.  The extent of chlorination is greater than that seen for polymer formed 

in chloroform, indicated by the relative abundances of oligomers with one and two chloride 

additions.  The abundance of oligomers with three chlorine additions is minimal compared to the 

former, although this could be indicative of mass discrimination as a result of instrumental 

limitations (cf. Section 1.3.2). 

The 1H-NMR analysis of P3HTs formed by chemical oxidation with ferric chloride using 

carbon tetrachloride is shown in Figure 2.7.  The inset shows the peaks for signals arising from 

 
 
Figure 2.7 1H-NMR spectrum of P3HT formed in carbon tetrachloride.  The inset shows the 
#-methylene region used to determine the material’s regioregularity of 74%. 
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the #-methylene (aryl methylene) groups found at chemical shifts of ! ~ 2.8 ppm and ! ~ 2.58 

ppm, indicating signal response from regioregular and regioirregular material, respectively (cf. 

Section 1.2.3).  The analysis of structural regularity by integration and relative comparison of 

these peaks is discussed in Section 1.2.4.  From integration of the peak found at ! ~ 2.8 ppm 

normalized as one (1.0) and integration of the peak found at ! ~ 2.58 ppm, which was 

determined to be 0.35 as compared to the normalized peak, the percentage of the peak at ! ~ 2.8 

ppm is found to be 74% of the combined areas of the two peaks.  Therefore, the regioregularity 

of P3HT formed by this chemical oxidative polymerization (cf. Section 2.2.2) using carbon 

tetrachloride as a solvent can be regarded as 74% regioregular material. 

In Figure 2.8 is shown the chromatogram from the analytical GPC analysis of P3HT 

formed in carbon tetrachloride; light scattering (LS) data is represented with solid line trace, 

differential refractive index (DRI) data is denoted by a dotted line, and the logarithm base 10 of 

 
 
Figure 2.8 Plot of elution volume vs. Log10 of molar mass (dashed) and LS (solid) and DRI 
(dotted) chromatograms of P3HT formed in carbon tetrachloride. 



! 117 

the distribution of molecular weight data is shown by a dashed line.  The number-average 

molecular weight (MN) for this material, as determined from the DRI data, is found to be 56,600 

Da, and the weight-average molecular weight, calculated from light scattering (LS) data is 

119,000 Da.  Thus, the PDI for P3HTs formed by oxidative polymerization with iron(III) 

chloride using carbon tetrachloride as a solvent is calculated to be 2.1. 

2.5.3  P3HTs Formed in Methylene Chloride 

P3HTs investigated in this section were prepared via the procedure outlined in Section 

2.2.2 using methylene chloride (CH2Cl2) as the solvent medium.  Methylene chloride is more 

than two times as polar as chloroform with a dielectric constant at 25 °C (cf. Section 2.1.2) of 

9.1.  Iron(III) chloride is more soluble in methylene chloride than it is in chloroform, although 

FeCl3 still remains for the most part in the solid state and imparts a slightly more yellowish tint 

to the suspension than when mixed in chloroform.  Methylene chloride has a Lewis acid strength 

slightly less than chloroform and is assigned a Gutmann Acceptor number, AN, (cf. Section 

2.1.2) of 20.4.  Likewise, it has negligible Lewis base characteristics and is assigned a DN of 1.  

Mass yields of polymer recovered from the preparation of P3HTs formed following the 

procedures outlined in Section 2.2.2 using methylene chloride were on the order of ~ 25%.   

The MALDI-ToF mass spectra observed during the endgroup analysis of these materials 

indicate the presence of oligomers possessing #-terminal ends consisting of two hydrogens [H-

(C10H14S)n-H], along with oligomers having one hydrogen, and one chlorinated [H-(C10H14S)n-Cl] 

#-terminals and oligomers possessing #-terminal ends consisting of two chlorine atoms [Cl-

(C10H14S)n-Cl], where the extent of chlorination is relatively comparable to the extent of 

chlorination observed for material formed in chloroform as shown in Figure 2.9.  The upper 

spectrum in Figure 2.9 is the MALDI-ToF mass spectrum of oligomers in the range of m/z 0–

5300 by use of reflectron mode (cf. Section 2.3.1).   
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The lower spectrum in Figure 2.9 is an inset to the spectrum for P3HT formed by 

chemical oxidation with ferric chloride using methylene chloride as a solvent.  Ionization in the 

given m/z range of oligomers was limited and did not produce spectra in which reasonable 

!

 
 
Figure 2.9 MALDI-ToF mass spectra of P3HT formed in methylene chloride observed by use 
of reflectron mode (upper).  The inset (lower) shows the expanded region of the spectrum 
between m/z 1400-2400 with peaks representing oligomers possessing different nucleophilic 
substitutions indicated with the appropriate endgroup additions. 



! 119 

resolution was achieved in order to accurately discern the addition of chlorine between oligomers 

by isotopic patterns. This may have been due to instrumental issues, because the physical 

characteristics of the polymer produced in methylene chloride did not differ much from those 

produced in chloroform.  The inset shows oligomers ionized in the range of m/z 1400–2400.   

The spectrum shows good agreement with oligomers representing the hydrogen-terminated 

molecular radical cation, as well as ion patterns indicating oligomers possessing one chlorine 

termination and one hydrogen endgroup, along with oligomers possessing two chlorine 

additions.  The extent of chlorination is comparable to that found in oligomers produced in 

chloroform as a solvent. 

The 1H-NMR analysis of P3HTs formed by chemical oxidation with ferric chloride using 

methylene chloride is shown in Figure 2.10.  The inset shows the peaks for signals arising from 

the #-methylene (aryl methylene) groups found at chemical shifts of ! ~ 2.8 ppm and ! ~ 2.58 

 
 
Figure 2.10 1H-NMR spectrum of P3HT formed in methylene chloride.  The inset shows the 
#-methylene region used to determine the material’s regioregularity of 75%. 
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ppm, indicating signal response from regioregular and regioirregular material respectively (cf. 

Section 1.2.3).  The analysis of structural regularity by integration, and relative comparison of 

these peaks is discussed in Section 1.2.4.  From integration of the peak found at ! ~ 2.8 ppm 

normalized as one (1.0) and integration of the peak found at ! ~ 2.58 ppm, which was 

determined to be 0.33 as compared to the normalized peak, the percentage of the peak at ! ~ 2.8 

ppm is found to be 75% of the combined areas of the two peaks.  Therefore, the regioregularity 

of P3HT formed by this chemical oxidative polymerization (cf. Section 2.2.2) using methylene 

chloride as a solvent is regarded as 75% regioregular material. 

Figure 2.11 shows the chromatogram from the analytical GPC analysis of P3HT formed 

in methylene chloride; light scattering (LS) data is represented by the solid line trace, differential 

refractive index (DRI) data is traced with a dotted line, and the logarithm base 10 of the 

distribution of molecular weight data is shown by a dashed line.  The number-average molecular 

weight (MN) for this material as determined from the DRI data is found to be 44,700 Da and the 

 
 
Figure 2.11 Plot of elution volume vs. Log10 of molar mass (dashed) and LS (solid) and DRI 
(dotted) chromatograms of P3HT formed in methylene chloride. 
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weight-average molecular weight calculated from light scattering (LS) data is 69,000 Da.  Thus, 

the PDI for P3HTs formed by oxidative polymerization with iron(III) chloride using methylene 

chloride as a solvent is calculated to be 1.55. 

2.5.4  P3HTs Formed in 1,2-Dichloroethane 

P3HTs investigated in this section were prepared via the procedure outlined in Section 

2.2.2 using 1,2-dichloroethane,  (DCE, C2H4Cl2) as the solvent medium.  DCE is more than two 

times as polar as chloroform with a dielectric constant of 10.4 at 25 °C (cf. Section 2.1.2).  

Iron(III) chloride is more soluble in DCE than it is in chloroform and comparable in solubility as 

when added to methylene chloride, remaining for the most part in the solid state and imparting 

slightly more yellowish tint to the suspension as compared to chloroform.  DCE is used as a 

reference, with antimony (V) chloride, for empirical determination of Guttman acceptor numbers 

and has arbitrarily been assigned an AN of 100 in that state (cf. Section 2.1.2) and is considered 

to have strong Lewis acid characteristics.  It is also used as a supporting medium for 

determination of Guttman donor numbers (cf. Section 2.1.2) and is regarded as having negligible 

Lewis base strengths.  Mass yields of polymer recovered from the preparation of P3HTs formed 

following the procedures outlined in Section 2.2.2 using DCE were on the order of ~ 30%.   

The MALDI-ToF mass spectra observed during the endgroup analysis of these materials 

indicate the presence of oligomers possessing #-terminal ends consisting of primarily two 

hydrogens [H-(C10H14S)n-H] and oligomers having one hydrogen and one chlorine [H-(C10H14S)n-

Cl] #-terminal groups as shown in Figure 2.12.  The upper spectrum in Figure 2.12 is the 

MALDI-ToF mass spectrum of oligomers in the range of m/z 0!5300 by use of reflectron mode 

(cf. Section 2.3.1).   

The lower spectrum in Figure 2.12 is an inset to the spectrum for P3HT formed by 

chemical oxidation with ferric chloride using DCE as a solvent and focuses on the M!+ peak for 
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the oligomer n = 6.  The overlays shown in various colors are the calculated isotopic patterns for 

the representation of the given species, which were produced by the Bruker Xmass software.  

The calculated peaks are labeled in their respective color denoting the chemical composition of 

!

 
 
Figure 2.12 MALDI-ToF mass spectra of P3HT formed in 1,2-dichloroethane observed by 
use of reflectron mode (upper).  The inset (lower) shows expanded 6-mer region of the 
spectrum with colored peaks indicating the calculated isotope patterns of the 6-mer having 
different chlorine additions. 
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the calculated patterns, where HTn indicates the repeat unit, which is a 3-n-hexylthiophene 

monomer unit minus 2 hydrogen atoms and has a molar mass of 166.3 amu.  These are shown in 

comparison to the experimental peaks observed for the polymer sample in the background.   

The spectrum shows good agreement with oligomers representing the hydrogen-

terminated molecular radical cation, as well as ion patterns indicating oligomers possessing one 

chlorine termination and one hydrogen endgroup.  There is also indication by comparison of 

calculated and observed ion patterns for oligomers possessing two chlorine additions.  There is 

limited chlorination as compared to materials formed using chloroform as a solvent.  In fact, the 

majority of chlorination is in the form of the addition of one chlorine atom and the relative 

abundance as observed by MALDI-ToF-MS of this species is less than half that of the hydrogen-

terminated oligomers.  Furthermore, the amount of oligomers possessing two chlorine additions 

is extremely limited, being less than 1/10th of material possessing solely hydrogen endgroups, 

 
 
Figure 2.13 1H-NMR spectrum of P3HT formed in 1,2-dichloroethane.  The inset shows the 
#-methylene region used to determine the material’s regioregularity of 81%. 
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making hydrogen-terminated P3HT the primary species observed during MALDI-ToF-MS 

analysis of material formed using DCE as a solvent. 

The 1H-NMR analysis of P3HTs formed by chemical oxidation with ferric chloride using 

1,2-dichloroethane is shown in Figure 2.13.  The inset shows the peaks for signals arising from 

the #-methylene (aryl methylene) groups found at chemical shifts of ! ~ 2.8 ppm and ! ~ 2.58 

ppm, indicating signal response from regioregular and regioirregular material, respectively (cf. 

Section 1.2.3).  The analysis of structural regularity by integration and relative comparison of 

these peaks is discussed in Section 1.2.4.  From integration of the peak found at ! ~ 2.8 ppm 

normalized as one (1.0) and integration of the peak found at ! ~ 2.58 ppm, which was 

determined to be 0.24 as compared to the normalized peak, the percentage of the peak at ! ~ 2.8 

ppm is found to be 81% of the combined areas of the two peaks.  Therefore, the regioregularity 

of P3HT formed by this chemical oxidative polymerization (cf. Section 2.2.2) using DCE as a 

solvent can be regarded as 81% regioregular material. 

 
 
Figure 2.14 Plot of elution volume vs. Log10 of molar mass (dashed) and LS (solid) and DRI 
(dotted) chromatograms of P3HT formed in 1,2-dichloroethane. 



! 125 

In Figure 2.14 is shown the chromatogram from the analytical GPC analysis of P3HT 

formed in DCE; light scattering (LS) data is represented by the solid line trace, differential 

refractive index (DRI) data is traced with a dotted line, and the logarithm base 10 of the 

distribution of molecular weight data is shown by a dashed line.  The number-average molecular 

weight (MN) for this material as determined from the DRI data is found to be 53,500 Da and the 

weight-average molecular weight, MW, calculated from light scattering (LS) data is 86,000 Da.  

Thus, the PDI for P3HTs formed by oxidative polymerization with iron(III) chloride using DCE 

as a solvent is calculated to be 1.61. 

2.5.5 P3HTs Formed in Nitromethane 

P3HTs investigated in this section were prepared via the procedure outlined in Section 

2.2.2 using nitromethane (CH3NO2) as the solvent medium.  Nitromethane is a very polar solvent 

with a dielectric constant of 37 at 25 °C (cf. Section 2.1.2).  Iron(III) chloride is completely 

soluble in nitromethane, forming a yellow/orange solution almost immediately upon addition of 

FeCl3. Nitromethane is a strong Lewis acid strength and is assigned a Gutmann Acceptor number 

(AN) (cf. Section 2.1.2) of 20.5, slightly less than chloroform.  Nitromethane has little Lewis 

base characteristics and has a Guttman donor number, DN, (cf. Section 2.1.2) of 2.7.  Mass 

yields of polymer recovered from the preparation of P3HTs formed following the procedures 

outlined in Section 2.2.2 using nitromethane were on the order of ~ 25%.   

The MALDI-ToF mass spectra observed during the endgroup analysis of these materials 

indicate the presence of oligomers possessing #-terminal ends consisting of primarily two 

hydrogens [H-(C10H14S)n-H] and a limited number of oligomers having one hydrogen and one 

chlorine [H-(C10H14S)n-Cl] #-terminal groups as shown in Figure 2.15.  The upper spectrum in 

Figure 2.15 is the MALDI-ToF mass spectrum of oligomers in the range of m/z 0!6500 by use of 

reflectron mode (cf. Section 2.3.1). There is a very limited abundance of interstitial peaks 
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between those indicated by their repeat units (n = 1,2,3….), indicative of molecular radical 

cations (M!+) having #-terminal substituents with solely hydrogen-terminated endgroups.  This 

spectrum was taken using internal standards (cf. Section 2.4.1), which did not inhibit the degree 

of ionization for this material as chlorination is very limited. 

!

 
 
Figure 2.15 MALDI-ToF mass spectra of P3HT formed in nitromethane observed by use of 
reflectron mode (upper).  The inset (lower) shows expanded 6-mer region of the spectrum 
with colored peaks indicating the calculated isotope patterns of the 6-mer having different 
chlorine additions. 
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The lower spectrum in Figure 2.15 is an inset to the spectrum for P3HT formed by 

chemical oxidation with ferric chloride using nitromethane as a solvent and it focuses on the M!+ 

peak for the oligomer n = 6.  The overlays shown in various colors are the calculated isotopic 

patterns for the representation of the given species, which were produced by the Bruker Xmass 

software.  The calculated peaks are labeled in their respective color denoting the chemical 

composition of the calculated patterns, where HTn indicates the repeat unit, which is a 3-n-

hexylthiophene monomer unit minus 2 hydrogen atoms and has a molar mass of 166.3 amu.  

These are shown in comparison to the experimental peaks observed for the polymer sample in 

the background.  The spectrum shows excellent agreement with oligomers representing the 

hydrogen terminated molecular radical cations [H-(C10H14S)n-H], as well as ion patterns 

indicating oligomers possessing one chlorine termination and one hydrogen endgroup [H-

(C10H14S)n-Cl].  There is extremely limited chlorination as compared to materials formed using 

most of the other solvents employed for these studies.  In fact, all chlorination is in the form of 

 
 
Figure 2.16 1H-NMR spectrum of P3HT formed in nitromethane.  The inset shows the #-
methylene region used to determine the material’s regioregularity of 67%. 
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the addition of one chlorine atom and the relative abundance as observed by MALDI-ToF-MS of 

this species is 1/7th that of the hydrogen-terminated oligomers.  Polymer formed by use of 

nitromethane as a solvent exhibited the least amount of chlorination compared to all other 

solvents employed, as observed by MALDI-ToF-MS. 

The 1H-NMR analysis of P3HTs formed by chemical oxidation with ferric chloride using 

nitromethane is shown in Figure 2.16.  The inset shows the peaks for signals arising from the #-

methylene (aryl methylene) groups found at chemical shifts of ! ~ 2.8 ppm and ! ~ 2.58 ppm, 

indicating signal response from regioregular and regioirregular material, respectively (cf. Section 

1.2.3).  The analysis of structural regularity by integration and relative comparison of these peaks 

is discussed in Section 1.2.4.  From integration of the peak found at ! ~ 2.8 ppm normalized as 

one (1.0) and integration of the peak found at ! ~ 2.58 ppm, which was determined to be 0.5 as 

compared to the normalized peak, the percentage of the peak at ! ~ 2.8 ppm is found to be 67% 

of the combined areas of the two peaks.  Therefore, the regioregularity of P3HT formed by this 

 
 
Figure 2.17 Plot of elution volume vs. Log10 of molar mass (dashed) and LS (solid) and DRI 
(dotted) chromatograms of P3HT formed in nitromethane. 
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chemical oxidative polymerization (cf. Section 2.2.2) using nitromethane as a solvent can be 

regarded as 67% regioregular material. 

In Figure 2.17 is shown the chromatogram from the analytical GPC analysis of P3HT 

formed in nitromethane; light scattering (LS) data is represented by the solid line trace, 

differential refractive index (DRI) data is traced with a dotted line, and the logarithm base 10 of 

the distribution of molecular weight data is shown by a dashed line.  The number-average 

molecular weight (MN) for this material as determined from the DRI data is found to be 38,100 

Da and the weight-average molecular weight, MW, calculated from light scattering (LS) data is 

48,800 Da.  Thus, the PDI for P3HTs formed by oxidative polymerization with iron(III) chloride 

using nitromethane as a solvent is calculated to be 1.28. 

2.5.6 P3HTs Formed in Nitrobenzene 

P3HTs investigated in this section were prepared via the procedure outlined in Section 

2.2.2 using nitrobenzene (C6H5NO2) as the solvent medium.  Nitrobenzene is a slightly less polar 

solvent than nitromethane with a dielectric constant of 35.7 at 25 °C (cf. Section 2.1.2).  Iron(III) 

chloride is completely soluble in nitrobenzene, forming a yellow/orange solution almost 

immediately upon addition of FeCl3. Nitrobenzene possesses less Lewis acid strength than 

nitromethane and it is assigned a Gutmann Acceptor number, AN, (cf. Section 2.1.2) of 14.8.  

Nitrobenzene has slightly stronger Lewis base characteristics than nitromethane and has a 

Guttman donor number, DN, (cf. Section 2.1.2) of 4.4.  Mass yields of polymer recovered from 

the preparation of P3HTs formed following the procedures outlined in Section 2.2.2 using 

nitorbenzene were on the order of ~ 20%.   

The MALDI-ToF mass spectra observed during the endgroup analysis of these materials 

indicate the presence of oligomers possessing #-terminal ends consisting of primarily two 

hydrogens [H-(C10H14S)n-H] and a limited number oligomers having one hydrogen and one 
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chlorine [H-(C10H14S)n-Cl] #-terminal groups as shown in Figure 2.18.  The upper spectrum in 

Figure 2.18 is the MALDI-ToF mass spectrum of oligomers in the range of m/z 0!5300 by use of 

reflectron mode (cf. Section 2.3.1). There is a very limited abundance of interstitial peaks 

!

 
 
Figure 2.18 MALDI-ToF mass spectra of P3HT formed in nitrobenzene observed by use of 
reflectron mode (upper).  The inset (lower) shows expanded 6-mer region of the spectrum 
with colored peaks indicating the calculated isotope patterns of the 6-mer having different 
chlorine additions. 
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between those indicative of molecular radical cations (M!+) having #-terminal substituents with 

solely hydrogen-terminated endgroups.  

The lower spectrum in Figure 2.18 is an inset to the spectrum for P3HT formed by 

chemical oxidation with ferric chloride using nitrobenzene as a solvent and it focuses on the M!+ 

peak for the oligomer n = 6.  The overlays shown in various colors are the calculated isotopic 

patterns for the representation of the given species, which were produced by the Bruker Xmass 

software.  The calculated peaks are labeled in their respective color denoting the chemical 

composition of the calculated patterns, where HTn indicates the repeat unit, which is a 3-n-

hexylthiophene monomer unit minus 2 hydrogen atoms and has a molar mass of 166.3 amu.  

These are shown in comparison to the experimental peaks observed for the polymer sample in 

the background.  The spectrum shows excellent agreement with oligomers representing the 

hydrogen-terminated molecular radical cations [H-(C10H14S)n-H], as well as ion patterns 

indicating oligomers possessing one chlorine termination and one hydrogen endgroup [H-

 
 
Figure 2.19 1H-NMR spectrum of P3HT formed in nitrobenzene.  The inset shows the #-
methylene region used to determine the material’s regioregularity of 64%. 



! 132 

(C10H14S)n-Cl].  There is extremely limited chlorination as compared to materials formed using 

most other solvents employed for these studies.  In fact, all chlorination is in the form of the 

addition of one chlorine atom and the relative abundance as observed by MALDI-ToF-MS of 

this species is 1/5th that of the hydrogen-terminated oligomers.  Polymer formed by use of 

nitrobenzene as a solvent exhibited the least amount of chlorination as observed by MALDI-

ToF-MS, with the exception of polymer formed in nitromethane. 

The 1H-NMR analysis of P3HTs formed by chemical oxidation with ferric chloride using 

nitrobenzene is shown in Figure 2.19.  The inset shows the peaks for signals arising from the #-

methylene (aryl methylene) groups found at chemical shifts of ! ~ 2.8 ppm and ! ~ 2.58 ppm, 

indicating signal response from regioregular and regioirregular material, respectively (cf. Section 

1.2.3).  The analysis of structural regularity by integration and relative comparison of these peaks 

is discussed in Section 1.2.4.  From integration of the peak found at ! ~ 2.8 ppm normalized as 

one (1.0) and integration of the peak found at ! ~ 2.58 ppm, which was determined to be 0.6 as 

 
 
Figure 2.20 Plot of elution volume vs. Log10 of molar mass (dashed) and LS (solid) and DRI 
(dotted) chromatograms of P3HT formed in nitrobenzene. 
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compared to the normalized peak, the percentage of the peak at ! ~ 2.8 ppm is found to be 64% 

of the combined areas of the two peaks.  Therefore, the regioregularity of P3HT formed by this 

chemical oxidative polymerization (cf. Section 2.2.2) using nitrobenzene as a solvent can be 

regarded as 64% regioregular material. 

In Figure 2.20 is shown the chromatogram from the analytical GPC analysis of P3HT 

formed in nitrobenzene; light scattering (LS) data is represented by the solid line trace, 

differential refractive index (DRI) data is traced with a dotted line, and the logarithm base 10 of 

the distribution of molecular weight data is shown by a dashed line.  The number-average 

molecular weight (MN) for this material as determined from the DRI data is found to be 18,400 

Da and the weight-average molecular weight, MW, calculated from light scattering (LS) data is 

23,000 Da.  Thus, the PDI for P3HTs formed by oxidative polymerization with iron(III) chloride 

using nitrobenzene as a solvent is calculated to be 1.26. 

2.5.7 P3HTs Formed in Acetonitrile 

P3HTs investigated in this section were prepared via the procedure outlined in Section 

2.2.2 using acetonitrile (C2H5CN) as the solvent medium.  Acetonitrile is a very polar solvent 

comparable to nitromethane in dielectric strength, having a dielectric constant of 36.6 at 25 °C             

(cf. Section 2.1.2).  Iron(III) chloride is completely soluble in acetonitrile, forming a 

yellow/orange solution almost immediately upon addition of FeCl3.  Acetonitrile possesses 

strong Lewis acid characteristics and it is assigned a Gutmann Acceptor number, AN,                     

(cf. Section 2.1.2) of 19.3.  Acetonitrile has stronger Lewis base characteristics than 

nitromethane and nitrobenzene and has a Guttman donor number, DN, (cf. Section 2.1.2) of 14.1.  

Mass yields of polymer recovered from the preparation of P3HTs formed following the 

procedures outlined in Section 2.2.2 using acetonitrile were on the order of ~ 25%.   
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The MALDI-ToF mass spectra observed during the endgroup analysis of these materials 

indicate the presence of oligomers possessing #-terminal ends consisting of two hydrogens      

[H-(C10H14S)n-H] and a greater number oligomers having one hydrogen and one chlorine [H-

!

 
 
Figure 2.21 MALDI-ToF mass spectra of P3HT formed in acetonitrile observed by use of 
reflectron mode (upper).  The inset (lower) shows expanded 6-mer region of the spectrum 
with colored peaks indicating the calculated isotope patterns of the 6-mer having different 
chlorine additions. 
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(C10H14S)n-Cl] #-terminal groups as shown in Figure 2.21.  The upper spectrum in Figure 2.21 is 

the MALDI-ToF mass spectrum of oligomers in the range of m/z 0!5300 by use of reflectron 

mode (cf. Section 2.3.1).  

The lower spectrum in Figure 2.21 is an inset to the spectrum for P3HT formed by 

chemical oxidation with ferric chloride using acetonitrile as a solvent and focuses on the M!+ 

peak for the oligomer n = 6.  The overlays shown in various colors are the calculated isotopic 

patterns for the representation of the given species, which were produced by the Bruker Xmass 

software.  The calculated peaks are labeled in their respective color denoting the chemical 

composition of the calculated patterns, where HTn indicates the repeat unit, which is a 3-n-

hexylthiophene monomer unit minus 2 hydrogen atoms and has a molar mass of 166.3 amu.  

These are shown in comparison to the experimental peaks observed for the polymer sample in 

the background.  The spectrum shows excellent agreement with oligomers representing the 

hydrogen-terminated molecular radical cations [H-(C10H14S)n-H], as well as ion patterns 

 
 
Figure 2.22 1H-NMR spectrum of P3HT formed in acetonitrile.  The inset shows the #-
methylene region used to determine the material’s regioregularity of 75%. 
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indicating oligomers possessing one chlorine termination and one hydrogen endgroup [H-

(C10H14S)n-Cl].  There is also an ion pattern representing oligomers having two chlorine 

additions, although to a very limited extent.  Chlorination, as indicated by the ion pattern for 

oligomers possessing one chlorine addition [H-(C10H14S)n-Cl], is more prevalent than that seen 

for other polymers formed in solvents with high dielectric constants, but less than that seen for 

more nonpolar solvents.  However, the relative abundance of material with one chlorine addition 

exceeds that of material with solely hydrogen terminated endgroups. 

The 1H-NMR analysis of P3HTs formed by chemical oxidation with ferric chloride using 

acetonitrile is shown in Figure 2.22.  The inset shows the peaks for signals arising from the #-

methylene (aryl methylene) groups found at chemical shifts of ! ~ 2.8 ppm and ! ~ 2.58 ppm, 

indicating signal response from regioregular and regioirregular material, respectively (cf. Section 

1.2.3).  The analysis of structural regularity by integration and relative comparison of these peaks 

is discussed in Section 1.2.4.  From integration of the peak found at ! ~ 2.8 ppm normalized as 

 
 
Figure 2.23 Plot of elution volume vs. Log10 of molar mass (dashed) and LS (solid) and DRI 
(dotted) chromatograms of P3HT formed in acetonitrile. 
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one (1.0) and integration of the peak found at ! ~ 2.58 ppm, which was determined to be 0.33 as 

compared to the normalized peak, the percentage of the peak at ! ~ 2.8 ppm is found to be 75% 

of the combined areas of the two peaks.  Therefore, the regioregularity of P3HT formed by this 

chemical oxidative polymerization (cf. Section 2.2.2) using acetonitrile as a solvent can be 

regarded as 75% regioregular material. 

In Figure 2.23 is shown the chromatogram from the analytical GPC analysis of P3HT 

formed in acetonitrile; light scattering (LS) data is represented by the solid line trace, differential 

refractive index (DRI) data is traced with a dotted line, and the logarithm base 10 of the 

distribution of molecular weight data is shown by a dashed line.  The number-average molecular 

weight (MN) for this material as determined from the DRI data is found to be 23,700 Da and the 

weight-average molecular weight, MW, calculated from light scattering (LS) data is 33,200 Da.  

Thus, the PDI for P3HTs formed by oxidative polymerization with iron(III) chloride using 

acetonitrile as a solvent is calculated to be 1.4. 

2.5.8 P3HTs Formed in Benzene 

P3HTs investigated in this section were prepared via the procedure outlined in Section 

2.2.2 using benzene (C6H6) as the solvent medium.  Benzene is a very nonpolar solvent, having a 

dielectric constant of 2.27 at 25 °C (cf. Section 2.1.2).  Iron(III) chloride is completely insoluble 

in benzene, remaining a colorless suspension upon addition of FeCl3.  Benzene possesses some 

Lewis acid characteristics and it is assigned a Gutmann Acceptor number, AN, (cf. Section 2.1.2) 

of 8.2.  Benzene has negligible Lewis base characteristics and has a Guttman donor number, DN, 

(cf. Section 2.1.2) of 0.1.  Mass yields of polymer recovered from the preparation of P3HTs 

formed following the procedures outlined in Section 2.2.2 using Benzene were on the order of ~ 

8%.   
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MALDI-ToF-MS analysis of materials produced in benzene as a solvent was difficult and 

there was a limited detection of materials in the mass range observable by use of reflectron 

mode.  Use of linear mode did not produce detectable ions either.  The MALDI-ToF mass 

!

 
 
Figure 2.24 MALDI-ToF mass spectra of P3HT formed in benzene observed by use of 
reflectron mode (upper).  The inset (lower) shows expanded 6-mer region of the spectrum 
with colored peaks indicating the calculated isotope patterns of the 6-mer having different 
chlorine additions. 
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spectra observed during the endgroup analysis of these materials indicate the presence of 

oligomers possessing #-terminal ends consisting of two hydrogens [H-(C10H14S)n-H] and a 

greater number oligomers having one hydrogen and one chlorine [H-(C10H14S)n-Cl] or two 

chlorine [Cl-(C10H14S)n-Cl] #-terminal groups as shown in Figure 2.24.  The upper spectrum in 

Figure 2.24 is the MALDI-ToF mass spectrum of oligomers in the range of m/z 0!5300 by use of 

reflectron mode (cf. Section 2.3.1).  

The lower spectrum in Figure 2.24 is an inset to the spectrum for P3HT formed by 

chemical oxidation with ferric chloride using benzene as a solvent and it focuses on the M!+ peak 

for the oligomer n = 6.  The overlays shown in various colors are the calculated isotopic patterns 

for the representation of the given species, which were produced by the Bruker Xmass software.  

The calculated peaks are labeled in their respective color denoting the chemical composition of 

the calculated patterns, where HTn indicates the repeat unit, which is a 3-n-hexylthiophene 

monomer unit minus 2 hydrogen atoms and has a molar mass of 166.3 amu.  These are shown in 

 
 
Figure 2.25 1H-NMR spectrum of P3HT formed in benzene.  The inset shows the #-
methylene region used to determine the material’s regioregularity of 71%. 
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comparison to the experimental peaks observed for the polymer sample in the background.  The 

spectrum shows good agreement with oligomers representing the hydrogen-terminated molecular 

radical cations [H-(C10H14S)n-H], as well as ion patterns indicating oligomers possessing one 

chlorine termination and one hydrogen endgroup [H-(C10H14S)n-Cl], as well as those possessing 

two chlorine additions [Cl-(C10H14S)n-Cl].  The abundances of the latter two patterns exceed that 

of the hydrogen-terminated oligomer pattern.  The difficulty in obtaining the spectrum is 

indicated by the excessive baseline signal.   

The 1H-NMR analysis of P3HTs formed by chemical oxidation with ferric chloride using 

benzene is shown in Figure 2.25.  The inset shows the peaks for signals arising from the #-

methylene (aryl methylene) groups found at chemical shifts of ! ~ 2.8 ppm and ! ~ 2.58 ppm, 

indicating signal response from regioregular and regioirregular material, respectively (cf. Section 

1.2.3).  The analysis of structural regularity by integration and relative comparison of these peaks 

is discussed in Section 1.2.4.  From integration of the peak found at ! ~ 2.8 ppm normalized as 

 
 
Figure 2.26 Plot of elution volume vs. Log10 of molar mass (dashed) and LS (solid) and DRI 
(dotted) chromatograms of P3HT formed in benzene. 
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one (1.0) and integration of the peak found at ! ~ 2.58 ppm, which was determined to be 0.4 as 

compared to the normalized peak, the percentage of the peak at ! ~ 2.8 ppm is found to be 71% 

of the combined areas of the two peaks.  Therefore, the regioregularity of P3HT formed by this 

chemical oxidative polymerization (cf. Section 2.2.2) using benzene as a solvent is regarded as 

71% regioregular material. 

In Figure 2.26 is shown the chromatogram from the analytical GPC analysis of P3HT 

formed in benzene; light scattering (LS) data is represented by the solid line trace, differential 

refractive index (DRI) data is traced with a dotted line, and the logarithm base 10 of the 

distribution of molecular weight data is shown by a dashed line.  The number-average molecular 

weight (MN) for this material as determined from the DRI data is found to be 92,000 Da and the 

weight-average molecular weight, MW, calculated from light scattering (LS) data is 215,000 Da.  

Thus, the PDI for P3HTs formed by oxidative polymerization with iron(III) chloride using 

benzene as a solvent is calculated to be 2.21. 

2.5.9 P3HTs Formed in Hexane 

P3HTs investigated in this section were prepared via the procedure outlined in Section 

2.2.2 using n-hexane (C6H14) as the solvent medium.  n-Hexane is a very nonpolar solvent, 

having a dielectric constant of 1.9 at 25 °C (cf. Section 2.1.2).  Iron(III) chloride is completely 

insoluble in n-hexane, remaining a colorless suspension upon addition of FeCl3.  n-Hexane is a 

very inert solvent.  n-Hexane possesses no appreciable Lewis acid characteristics and it is used as 

a reference solvent for empirical AN determination in which it is arbitrarily assigned a Gutmann 

Acceptor number, AN, (cf. Section 2.1.2) of 0.  n-Hexane has no appreciable Lewis base 

characteristics and has a Guttman donor number, DN, (cf. Section 2.1.2) of 0.  Mass yields of 

polymer recovered from the preparation of P3HTs formed following the procedures outlined in 

Section 2.2.2 using n-hexane were on the order of ~ 5%.   
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The MALDI-ToF mass spectra observed during the endgroup analysis of these materials 

indicate the presence of oligomers possessing #-terminal ends consisting of two hydrogens [H-

(C10H14S)n-H], oligomers having one hydrogen and one chlorine [H-(C10H14S)n-Cl] or two 

!

 
 
Figure 2.27 MALDI-ToF mass spectra of P3HT formed in hexane observed by use of 
reflectron mode (upper).  The inset (lower) shows expanded 6-mer region of the spectrum 
with colored peaks indicating the calculated isotope patterns of the 6-mer having different 
chlorine additions. 
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chlorine [Cl-(C10H14S)n-Cl] #-terminal groups as shown in Figure 2.27.  The upper spectrum in 

Figure 2.27 is the MALDI-ToF mass spectrum of oligomers in the range of m/z 0!5300 by use of 

reflectron mode (cf. Section 2.3.1).  The m/z of the interstitial peaks between those representing 

molecular radical cations for solely hydrogen-terminated oligomers indicate a fair extent of 

chlorination to this material. 

The lower spectrum in Figure 2.27 is an inset to the spectrum for P3HT formed by 

chemical oxidation with ferric chloride using hexane as a solvent and focuses on the M!+ peak  

for the oligomer n = 6.  The overlays shown in various colors are the calculated isotopic patterns 

for the representation of the given species, which were produced by the Bruker Xmass software.  

The calculated peaks are labeled in their respective color denoting the chemical composition of 

the calculated patterns, where HTn indicates the repeat unit, which is a 3-n-hexylthiophene 

monomer unit minus 2 hydrogen atoms and has a molar mass of 166.3 amu.  These are shown in 

comparison to the experimental peaks observed for the polymer sample in the background.  The 

 
 
Figure 2.28 1H-NMR spectrum of P3HT formed in hexane.  The inset shows the #-methylene 
region used to determine the material’s regioregularity of 58%. 
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spectrum shows excellent agreement with oligomers representing the hydrogen-terminated 

molecular radical cations [H-(C10H14S)n-H], as well as ion patterns indicating oligomers 

possessing one chlorine termination and one hydrogen endgroup [H-(C10H14S)n-Cl], along with 

those possessing two chlorine additions [Cl-(C10H14S)n-Cl].  The abundances of the latter two 

patterns do not exceed that of the hydrogen-terminated oligomer pattern, although there is a high 

ratio of these peaks relative to the peak for the hydrogen-terminated oligomer, indicating a fairly 

large extent of chlorination for materials produced in hexane.  Nonetheless, the extent of 

chlorination is not as great as other nonpolar solvents, such as chloroform and carbon 

tetrachloride. 

The 1H-NMR analysis of P3HTs formed by chemical oxidation with ferric chloride using 

n-hexane is shown in Figure 2.28.  The inset shows the peaks for signals arising from the #- 

methylene (aryl methylene) groups found at chemical shifts of ! ~ 2.8 ppm and ! ~ 2.58 ppm, 

indicating signal response from regioregular and regioirregular material, respectively (cf. Section 

 
 
Figure 2.29 Plot of elution volume vs. Log10 of molar mass (dashed) and LS (solid) and DRI 
(dotted) chromatograms of P3HT formed in hexane. 
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1.2.3).  The analysis of structural regularity by integration and relative comparison of these peaks 

is discussed in Section 1.2.4.  From integration of the peak found at ! ~ 2.8 ppm normalized as 

one (1.0) and integration of the peak found at ! ~ 2.58 ppm, which was determined to be 0.72 as 

compared to the normalized peak, the percentage of the peak at ! ~ 2.8 ppm is found to be 58% 

of the combined areas of the two peaks.  Therefore, the regioregularity of P3HT formed by this 

chemical oxidative polymerization (cf. Section 2.2.2) using n-hexane as a solvent is regarded as 

58% regioregular material. 

In Figure 2.29 is shown the chromatogram from the analytical GPC analysis of P3HT 

formed in n-hexane; light scattering (LS) data is represented by the solid line trace, differential 

refractive index (DRI) data is traced with a dotted line, and the logarithm base 10 of the 

distribution of molecular weight data is shown by a dashed line.  The number-average molecular 

weight (MN) for this material as determined from the DRI data is found to be 44,700 Da and the 

weight-average molecular weight, MW, calculated from light scattering (LS) data is 92,800 Da.  

Thus, the PDI for P3HTs formed by oxidative polymerization with iron(III) chloride using        

n-hexane as a solvent is calculated to be 2.08. 

2.6  Discussion 

2.6.1  Solvent Influences on the Addition of Chlorine to P3HTs Made by Means of 
Chemical Oxidation 
 
As discussed in Section 2.1.1, previous reports indicated that certain nonaqueous solvents 

used as reaction medium are more conducive to propagating polymerization of poly(3-

hexylthiophene) by means of chemical oxidative coupling using ferric chloride as an oxidant.3 

These earlier studies indicate that nonpolar solvents are a requirement for polymerization and 

they showed that some polar solvents in which the oxidant is soluble were unable to support 

polymerization to form P3HTs (cf. Section 2.1.1).  On the contrary, certain other studies 



! 146 

indicated successful polymerizations of 3-alkylthiophenes and other similar conducting polymer 

systems in solvents in which ferric chloride is completely soluble, such as acetonitrile and 

nitromethane.5,6,26  Nonetheless, Niemi et al. did show that some solvents, such as diethyl ether in 

which iron(III) chloride is fully soluble, do not support polymerization, due to strong interactions 

between the solvent and oxidant.3  Furthermore, Brauch’s work revealed that P3HTs formed in 

nitromethane using limited oxidant-to-monomer ratios possess far less chlorine addition as 

compared to those formed using chloroform.6  

It has been surmised herein that the physical state of iron(III) chloride (cf. Section 2.1.3) 

!that is dependent on the nature of the nonaqueous solvent in which the reaction is performed16-

24!strongly contributes to the physical properties of the resulting polymer.  This is due in part to 

the interactions of the solvent with the particular species of oxidant in solution, which can differ 

depending on the physical properties of the solvent (cf. Section 2.1) and imparts specific 

structural characteristics to the resulting polymer.  MALDI-ToF-MS analysis of P3HTs formed 

in various solvents has shown this to be true in these studies and the resulting extent of 

chlorination to these materials may be explained in terms of the solvent polarity, in conjunction 

with solvent Lewis acid and base characteristics. 

For instance, P3ATs formed in the very nonpolar solvent chloroform display heavy #- 

and possibly $- chlorine additions (cf. Section 2.5.1, Figure 2.3). However, polymer formed in 

the very polar solvent nitromethane exhibits a dramatic decrease in chlorination to the polymer 

chains (cf. Section 2.5.5, Figure 2.15).  These results suggest that P3ATs formed in solvents in 

which ferric chloride is more soluble and therefore more so in the monomeric state (cf. Section 

2.1.3, Equations 2.1 and 2.2) will result in less chlorination than those formed in less polar 

solvents, which sustain a large population of the dimeric species of the oxidant.  This is a 

reasonable inference considering that the dimeric form of ferric chloride is countered by a 
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chloride anion, having very strong lewis basicity (DN ~ 27), thus making it a formidable 

nucleophile.  Although, it can be safely argued that because some chlorination occurs in polar 

solvents that better support the monomeric form of the oxidant, the dimeric form of ferric 

chloride exists to some degree in such solvents simultaneously. 

As previously mentioned in Section 2.1.3, ESR and ultraviolet-visible spectroscopy 

studies have shown that the presence of the tetrachloroferrate ion, indicative of the monomeric 

species of ferric chloride, is solvent dependent.  Generally speaking, the monomeric species has 

been shown to be found in solvents with large dielectric constants.20  Conversely, Mössbauer 

spectroscopy experiments have indicated that dimeric species exist in polar solvents such as 

nitrobenzene,22 and infrared spectroscopy studies have reported that the monomeric form of 

ferric chloride can be found in inert solvents such as benzene.17,23  These studies, along with the 

work herein, provide convincing evidence that both species of oxidant exist in a given solvent 

and the distribution of the population of either species is directly dependent on the physical 

properties of the solvent. 

This scenario undoubtedly oversimplifies the physical state of ferric chloride in 

nonaqueous solvents and in particular oversimplifies the situation corresponding to the role that 

the solvent plays in the chemical oxidation of 3-hexylthiophene, and thus the physical properties 

of the resulting polymers.  It has been made clear that solvents in which ferric chloride is soluble, 

as well as those it is not, will support this reaction and the two general species of oxidant found 

in different solvents to varying degrees impart structural differences to the product.  However, 

the interaction between solvent and oxidant is far more complicated as indicated by the fact that 

certain solvents do not support chemical oxidation of P3ATs regardless of the physical state of 

iron(III) chloride, such as is the case with diethyl ether.  Furthermore, polymerizations performed 

in acetonitrile, which has a dielectric constant comparable to nitromethane and hence should 
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have a large population of monomeric species (lack of free chloride anions), produced heavily-

chlorinated P3ATs (cf. Section 2.5.7, Figure 2.21).  Thus, it becomes clear that although a 

solvent’s polarity may contribute to the state of iron(III) chloride in solution, the solvent’s Lewis 

basicity and acidity contribute to the activity of such species as an oxidant for these 

polymerizations as well as influencing the materials final structural characteristics. 

 It has been reported that strong donor solvents, such as diethyl ether or pyridine, form 

strongly solvated monomers of iron(III) chloride and that solvents having weak dononicity, such 

as benzene or chloroform, will cause formation of dimers.25  Because it is also clear that solvents 

having high dielectric constants and low donor ability, such as nitromethane, also form the 

monomeric species of ferric chloride,19,20 it is reasonable to assume that both properties influence 

solvation and complexation of iron(III) chloride, which creates an equilibrium of active species 

that influence the polymerization of 3-hexylthiophene.  This is in agreement with the results seen 

for polymer formed in acetonitrile; a solvent which has been reported to form the 

tetrachloroferrate ion (monomeric species),22 has a high dielectric constant (comparable to 

nitromethane), but possesses a donor number more than twice that of nitromethane. In fact, 

Drago et al. did report that solvents of higher donicity will result in more chloride dissociation 

from FeCl3 than weak ones and that charge separation is facilitated by solvents of higher 

dielectric constant, while inhibited by those with a low dielectric constant.19 

 The lack of polymerization in diethyl ether can be explained by the same phenomena.  In 

a similar study working with poly(pyrrole)s using iron(III) chloride as an oxidant, Myers noted 

that no polymerization reactions occurred in very strong donor solvents.4  In this study by Myers, 

the solvents included pyridine and DMSO.  Contrary to the studies performed in the works 

presented herein, Myers reported polymerization to occur in diethyl ether albeit limited.  Myer’s 

study measured the primary and secondary exotherms exhibited for the addition of iron(III) 



! 149 

chloride to the solvent, followed by the addition of monomer to the solvent-FeCl3 complex.  He 

was able to show a direct correlation between the intensity of the secondary exotherms and the 

yields of polymers produced.  In solutions with high donor solvents, a very strong primary 

exotherm was produced followed by no secondary exotherm and consequently no 

polymerization.  In the case of diethyl ether, a moderate primary and secondary exotherm were 

exhibited thus leading to a small yield of product.  Hence there appears to be a competition 

between solvent and monomer for interaction with the oxidant.  Iron(III) chloride is a strong 

Lewis acid.  Therefore, if the solvent possesses strong donicity (Lewis basicity), then there is a 

strong interaction between the two.  In the case of a weakly basic monomer, such as the pyrrole, 

there will be limited interaction with the oxidant to form a minimal amount of polymer.  The 

complete lack of polymerization encountered when using 3-hexylthiophene as a monomer may 

then be explained by the fact that it is a softer Lewis base than the pyrrole monomer under the 

same conditions. 

 In order to investigate this matter, several solvents (cf. Table 2.1) varying in polarity, 

Lewis acidity (AN), and basicity (DN) were chosen as the solvents in which to perform 

polymerizations of 3-hexylthiophene.  The oxidant-to-monomer ratio for these reactions was 

held constant at 1:1 (cf. Section 2.2.2), thus limiting chlorination directly from oxidant.  It has 

already been shown in our labs that the oxidant-to-monomer ratio directly affects the extent of 

chlorination seen in P3ATs formed in chloroform and nitromethane.6  Both of these solvents vary 

greatly in dielectric constants (4.8 and 38 at 25 °C) and have appreciably large acceptor numbers 

(23.1 and 20.5).  They are both also weak donors (negligible and 2.7).  Because chloroform and 

nitromethane only vary greatly in their dielectric constants, an in-depth study of solvents with 

larger variances in other physical properties was of utmost importance.  Obviously, it would have 

been desirable to investigate solvents that exhibit trends where two of the three variables remain 
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constant throughout, thereby varying only one of the physical properties.  Unfortunately, this is a 

relatively difficult proposition as most solvents exhibit differences in all three physical 

characteristics.   

For instance, carbon tetrachloride, chloroform, and methylene chloride were employed 

for polymerizations as each differs by singular addition of chlorine atoms.  Additionally, 1,2-

dichloroethane was used because of the additional carbon atom while still remaining adequately 

chlorinated, as well as the fact that 1,2-dichloroethane is used as a reference solvent with SbCl5 

for empirical measurements of donicity for other solvents and this solvent is arbitrarily given the 

acceptor number assignment of 100.  As a result, it is considered to be a strong Lewis acid with 

negligible donor strength.  Both carbon tetrachloride and chloroform are extremely nonpolar and 

Solvent 
Dielectric 
Constant           
@ 25 °C 

AN1 DN2 E
T
(30) M

N 
(Da) M

W
 (Da) PDI Regioregularity 

chloroform 4.8 23 negligible 39.1 19,500 36,600 1.88 77% 
carbon 

tetrachloride 2.2 8.6 negligible 32.4 56,600 119,000 2.1 74% 

methylene 
chloride 9.1 20.4 1 40.7 44,700 69,000 1.55 75% 

1,2-
dichloroethane 10.4 100* ! 41.3 53,500 86,100 1.61 81% 

acetonitrile 36.6 19.3 14.1 45.6 23,700 33,200 1.4 75% 
nitromethane 37 20.5 2.7 46.3 38,100 48,800 1.28 67% 
nitrobenzene 35.7 14.8 4.4 41.2 18,400 23,000 1.26 64% 

benzene 2.27 8.2 0.1 34.3 97,200 215,000 2.21 71% 
n-hexane 1.9 0 0 31 44,700 92,800 2.08 58% 

*1,2-dichloroethane is used as a reference solvent with SbCl5 for empirical DN 
measurements. 
1acceptor number 
2donor number 
 
Table 2.1 Solvents employed for the production of P3HTs by chemical oxidation with ferric 
chloride. The physical properties of solvents are included, along with physical properties of 
polymers resulting from polymerizations performed in each solvent. 
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considered inert solvents.  Their dielectric constants are similar at 2.7 and 4.8, but there is a large 

difference in acceptor numbers, specifically 8.6 (CCl4) and 23.1 (CHCl3).  P3ATs formed in 

carbon tetrachloride, as qualitatively analyzed with MALDI-ToF-MS, possess a greater 

abundance of oligomers having one and two chlorine additions than solely hydrogen-terminated 

oligomers (cf. Figure 2.6) compared to those formed in chloroform (cf. Figure 2.3).  Notably, 

polymer produced in chloroform exhibits possible additions of three and four chlorines.  

Although polymer formed in carbon tetrachloride may also possess multiple chlorination that 

could not be observed in the MALDI-ToF mass spectrum, due to discrimination attributed to the 

excessive extent of the observable chlorination.  Ionization discrimination is likely occurring due 

to the excessive chlorination of materials formed in carbon tetrachloride, which is obscuring the 

detection of oligomers possessing 3–4 chlorine additions.  Furthermore, the oligomers 

representing the addition of 3–4 chlorines seen in the spectrum for polymer produced in 

chloroform (cf. Figure 2.3) do not have complete isotopic agreement between the calculated 

isotopic patterns compared to the experimental patterns and chlorine atoms may not be 

covalently bonded to the oligomer chains or may be bonded without deprotonation occurring.  

For this reason, the comparison of the extent of chlorination between the materials formed in 

chloroform and carbon tetrachloride is based on oligomer patterns representing one and two 

chlorine additions.  Chloroform and methylene chloride have similar acceptor numbers of 23.1 

and 20.4, but methylene chloride has a dielectric constant roughly twice that of chloroform (10.7 

versus 4.8).  The MALDI-ToF mass spectra of P3HTs made with methylene chloride (cf. Figure 

2.9) exhibited observably less chlorination than those made in chloroform (cf. Figure 2.3).  

The additional chlorination of P3ATs formed in CCl4 as compared to CHCl3, taking into 

account oligomer patterns for the addition of one and two chlorines, may be accounted for by the 

much smaller AN for carbon tetrachloride.  Both solvents are very nonpolar and weakly basic, 
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therefore the majority of iron(III) chloride species present should be in the dimeric state.  Thus, 

the prominent anion in solution should be the chloride ion, which is reported to have a DN of 

26.6 in aprotic solvents.10  Because the donor strength of the chloride anion is lowered by an 

increase in AN of the solvent,10 it makes sense that the P3ATs formed in CCl4 are more 

chlorinated.   Less chlorination of P3ATs formed in methylene chloride may be attributed to the 

differences in polarity between the two solvents.  Both solvents have large acceptor numbers, 

causing more or less equal reduction in the basicity of the chloride anion.  However, CH2Cl2 is 

twice as polar as CHCl3 and CH2Cl2 shifts the equilibrium of the population distribution of ferric 

chloride species to the monomeric form (tetrachloroferrate anion).  Thus, less chloride anions 

present in CH2Cl2 solution should result in the formation of P3HT with less chlorination as 

observed in the MALDI-ToF mass spectrum of the material formed in methylene chloride. 

Polymers formed by chemical oxidation using 1,2-dichloroethane (DCE) provided 

interesting results.  DCE has a dielectric constant similar to that of methylene chloride (10.4 and 

10.7 at 25 °C, respectively), but as explained in Section 2.1.2 its acceptor number is arbitrarily 

assigned for reference purposes.  However, for the purposes of this work the AN was considered 

to be such as to reflect strong Lewis acid characteristics.  Chlorination levels of P3ATs formed in 

DCE (cf. Figure 2.12) were approximately equivalent to those for polymer formed in CH2Cl2 (cf. 

Figure 2.9).  This phenomenon may indicate that the acceptor strengths for both solvents are 

similar (AN ~ 20), although this conclusion is unsupported. 

Conversely, other solvents studied had much larger dielectric constants than those 

solvents mentioned above; these include nitromethane, nitrobenzene, and acetonitrile.  

Nitromethane has a dielectric constant of 38 (at 25 °C) and an AN of 20.5 with a DN of 2.7.  

Previous work in our labs showed that the use of nitromethane combined with lowering the 

oxidant to monomer ratio (2.58:1) dramatically diminished the extent of chlorination to P3HTs 
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compared to those formed in chloroform.6  Nitrobenzene has a dielectric constant of 35.7 (at 25 

°C), slightly lower than that of nitromethane, and it has an acceptor number of 14.8 and a donor 

number of 4.4.  Acetonitrile possesses a dielectric constant of 36.6 (at 25 °C), an AN of 19.3 and 

a DN of 14.1.  Overall chlorination in these solvents was considerably less than the previously 

discussed much less polar solvents; this observation is presumed to be due to the fact that the 

prominent oxidant species in polar solvents will be monomeric, having a majority of 

tetrachloroferrate anions present in solution. 

The extent of chlorination for P3HTs formed in nitromethane (cf. Figure 2.15) is quite 

close to that found in materials formed in nitrobenzene (cf. Figure 2.18).  However, there appears 

to be slightly less chlorination in materials formed in nitromethane as qualitatively observed in 

the MALDI-ToF mass spectra of the two polymers.  Given the fact that the dielectric constants 

of the two solvents are more or less equal and both solvents have relatively low donor strengths, 

the minimal differences seen in the extent of chlorination may be attributed to the difference in 

Lewis acid strength.  Hence, polymer formed in nitrobenzene with an AN of 14.8 displays 

slightly more chlorination as compared to polymer formed in nitromethane, with an AN of 20.5, 

because of greater extent of interaction between nitromethane and any chloride anions (dimeric 

form) in the reaction solution.  However, the small differences seen in the extent between 

chlorination as compared with P3HTs formed in more nonpolar solvents implies that the Lewis 

acidity of solvents having a high dielectric number does not affect the level of chlorination to the 

extent that it does in more nonpolar solvents. 

Polymer formed in acetonitrile exhibited far more chlorination compared to that formed 

in either nitromethane or nitrobenzene.  Acetonitrile has a dielectric constant similar to that of 

nitromethane and nitrobenzene.  Acetonitrile also exhibits strong Lewis acid characteristics, 

having an AN of 19.3.  Therefore, the differences seen in the extent of chlorination to materials 
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formed in acetonitrile may be attributed to the fact that acetonitrile also has a relatively high 

donor strength.  The duality in the Lewis characteristics of acetonitrile!having both donor and 

acceptor capacity!could lead to competitive interactions between this solvent and the active 

forms of the oxidant species in solution, resulting in a higher percentage of chloride anions able 

to interact with the oxidized polymer chains. 

The remaining solvents, benzene and hexane, are relatively inert solvents.  Benzene and 

n-hexane are both very nonpolar solvents, having dielectric compounds of 2.27 and 1.9 at 25 °C.  

Benzene possesses an AN of 8.2 and a DN of 0.1.  Hexane possesses an AN of 0 and a DN of 0.  

Therefore, the only appreciable difference between the two solvents lies with their Lewis acidity.  

Polymer formed in both benzene and hexane exhibited a large extent of chlorination (cf. Figures 

2.24 and 2.27).  It is difficult to determine the differences in the extent of P3HT chlorination due 

to the difficulties in obtaining high-quality MALDI-ToF mass spectra for polymer formed in 

benzene.  This difficulty may be attributed to the fact that polymer formed in this solvent 

possessed a much larger average molecular weight (MN ~ 92,000 Da) than polymer formed in 

hexane (MN ~ 45,000 Da).  Nonetheless, it may be the case that such a difference in acceptor 

strength seen between benzene and hexane may not dramatically affect the extent of chlorination 

for materials formed in such nonpolar solvents.   

2.6.2  Solvent Influences on the Regioregularities of P3HTs Made by Means of Chemical 
Oxidation 
 
In regards to regioregularity of P3ATs formed in solvents possessing different physical 

properties by means of chemical oxidation, it appears that regioregularity is affected mainly by 

the dielectric constant of the solvent, but also to a slight degree by the Lewis acid and base 

characteristics of the solvents.  The regioregularities of materials formed in various solvents are 

listed in Table 2.1.  In general, the use of less polar solvents!such as chloroform (77% 
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regioregular), carbon tetrachloride (74% regioregular), methylene chloride (75% regioregular), 

and 1,2-dichloroethane (81% regioregular)!produce polymers with greater structural regularity 

than those made in polar solvents, such as nitromethane (67% regioregular), and nitrobenzene 

(64% regioregular).  Although, the 1H-NMR data for P3HT formed in acetonitrile (75% 

regioregular) indicate that Lewis acid and base characteristics of the solvent may also influence 

regioregularities.   

The exact nature of the mechanism for polymerization for thiophenes is still not fully 

understood, as discussed in Section 1.2.7.  It is typically agreed that upon homocoupling of 

thiophenes and pyrroles occurs via a radical or radical cation coupling mechanism.2  This may 

occur as a result of reactions between two radical species, or a radical species and a neutral 

monomer.  Furthermore, these couplings may occur between monomers and oligomers, or 

oligomers and other oligomers after initial dimerization.45-48 Lacroix et al. investigated the 

coupling rates for individual pyrrole oligomers of increasing chain length in various degrees of 

oxidation by means of electrochemical synthesis to determine the prominent means of coupling 

between either oligomers and monomer units (as a radical cation, RC, or neutral), or oligomers 

and other oligomers.49 In these studies, initial gas-phase calculations were performed and then 

solvent effects were incorporated into the calculations by modeling the two extreme cases of 

solvation with water and hexane.  Lacroix determined that in the formation of oligomers up to 

sexipyrrole (n = 6), the oligomer-monomer reactions are faster than oligomer-oligomer reactions 

regardless of the solvent used.  This assumes that local concentrations of all reacting species 

remain similar throughout, which is not the case during the chemical oxidation of these 

materials. 

Thus, Lacroix’s results may not definitively reflect the exact nature of formation of long 

polymers by chemical oxidative coupling. Still, it is known that the oxidation potential of 
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oligomer chains decreases with increasing chain length.47  Lacroix reported from his calculations 

that the pentapyrrole oligomer is oxidized to form a dication at a potential lower than that needed 

for the one-electron oxidation of pyrrole monomer.49 Furthermore, it was shown that the 

formation of a monomer radical species is not necessary for electrochemical polymerization of 

pyrroles to occur.47  It was proposed that once pyrrole dimers are formed!where dimer formation 

is the rate-determining step!the oxidized dimers (having a lower oxidation potential than 

monomers) attack neutral monomers and thereby continue chain growth.  Furthermore, coupling 

solely between small oligomers (i.e. dimer-dimer and trimer-trimer) as starting material for 

polymerization compared to starting with monomer species of either pyrrole or thiophene has 

been shown to produce increasingly disordered polymer.49  Lacroix noted that these empirical 

findings provide indirect proof that polymerization occurs via monomer-oligomer coupling 

because polymer formed using monomer substrate as a starting material displays higher degrees 

of regioregularity.  Still, it is more likely that these different coupling mechanisms coexist and 

compete 25,27-29 to various degrees in a fashion that is dependent on the nature of the physical 

properties of the solvent employed for the polymerizations.45,49 

Lacroix indicates from the molecular modeling used for his study it was suggested that 

for the electrochemical synthesis of long oligo(pyrrole)s from a solution containing pyrrole 

monomer as a starting substrate the predominant mechanism for chain growth may change 

during the growth process.  Furthermore, the coupling mechanism is directly dependent on the 

solvent and the oligomer length.49  Lacroix described a complex kinetic competition between 

coupling mechanisms including oligo(pyrrole) radical cations, monomer cations, and neutral 

monomers in solvents having different polarities that culminates in the presence of sexi(pyrrole) 

oligomers becoming the predominate species present in the reaction.  He claimed that in water, 

an extremely polar solvent, the primary reaction to form sexi(pyrrole) will be the coupling 
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between the penta(pyrrole) dication + pyrrole RC.  Whereas, in a nonpolar solvent the primary 

reaction to form sexi(pyrrole) involves coupling between the penta(pyrrole) dication + neutral 

pyrrole monomer.  Lacroix further clarifies that his calculations suggest that the predominant 

mechanism involved in the electrosynthesis of long oligo(pyrrole)s may change during the 

growth process at some point, which will depend on the solvent the reaction is run and the length 

of the oligomer.  He states that the solvent effects are strong enough in water to make 

oligo(pyrrole) radical cation dimerization slower as the oligomer chain length increases, while in 

nonpolar solvents additional reduction of the electrostatic interaction by counteranion effects or 

ion pairing will be needed to reach a similar situation.  

Although Lacroix claimed that in water the polymer growth goes through the monomer-

oligomer mechanism rather than the oligomer-oligomer mechanism, he admitted that this is 

assuming that concentrations of reacting all reacting species remains similar and he noted that 

the difference in solvent effects on the competing reactions is smaller in water than in nonpolar 

alkane solvent.  Moreover, he suggests that there might be a solvent somewhere between water 

and alkane in which solvent and counteranion effects might be strong enough to critically 

influence the lifetimes of different radical cation species. 

Again, Lacroix’s calculations assumed that all local concentrations of reacting species 

involved remain constant throughout, although this is not the case in chemical oxidation.  

Therefore, if Lacroix’s work is applied to thiophene coupling by chemical oxidation and it is 

assumed that a large concentration of monomer is consumed to form sexi(thiophene) regardless 

of solvent, at some point in the chemical oxidation reaction the primarily abundant reactive 

species in solution will be the sexi(thiophene).  At this point, according to Lacroix’s calculations, 

in nonpolar solvents the reaction may proceed at a faster rate by means of oligomer radical cation 
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+ neutral monomer coupling, which has been shown to be the synthetic pathway that results in 

increased the regioregularity of the polymer.46,47   

In polar solvents, if it assumed that there exists an excess of sexi(thiophene) cations or 

dications, it is also be assumed that there is a smaller population of thiophene RC and neutral 

monomers as compared to thiophene radical-cation oligomers given the decrease in oxidation 

potential of oligomers with increasing chain length.  Furthermore, the stability of the dication 

species not only increases with oligomer length, but through contributions by electrostatic 

interaction from the polar solvent, which is suggested as the major contributor of radical 

cation/solvent interactions outlined by Lacroix.  Thus in polar solvents, the dication species may 

become the primary species and it is reasonable to predict that the main source of long polymer 

growth may be radical-cation oligomer-to-radical-cation oligomer interactions, which would 

proceed at a slower rate than dication + RC or neutral monomer coupling but predominate due to 

population issues.  Hence, the decrease in regioregularity seen in materials formed in more polar 

solvents may be the result of RC oligomer-RC oligomer coupling that has been shown to form 

more irregular materials.  This scenario may also explain the slower kinetic rates of 

polymerization measured in acetonitrile compared to chloroform.5  

This explanation may help to explain the differences observed here in the regioregularity 

between P3HTs formed in nonpolar and polar solvents.  It is likely that polymerization proceeds 

more so by RC oligomer-to-monomer coupling in nonpolar solvents, whereas RC oligomer-to-

RC oligomer coupling occurs predominantly in polar solvents.  Furthermore, the role of the alkyl 

chain on the 3-position of the thiophene ring to sterically direct coupling must be accounted for.  

For instance, the conformation of the alkyl chain should be dependent on the polarity of the 

solvent employed.  In nonpolar solvents the alkyl chain should be fully extended, and in polar 

solvents the chain may fold in upon itself due to hydrophobic interactions with the solvent.  As a 
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result, coupling in nonpolar solvents would tend to occur between the 2 and the 5 positions of the 

aryl ring in a head-to-tail fashion, as it is the least sterically hindered approach between 

monomer units and/or coupling between monomer units and oligomers. 

This reasoning does not fully explain the regioregularity of materials formed in 

acetonitrile, which display regularities similar to those seen for more nonpolar solvents.  

Acetonitrile has a dielectric constant similar to nitromethane, but it has more donor strength (DN 

= 14.1) and slightly Lewis acid characteristic (AN = 19.5).  The complex effects of the dual 

acceptor-donor nature of this solvent are made clear by the extent of chlorination to the resulting 

polymer formed in acetonitrile, which is considerably more than that seen for nitromethane.   

Lacroix explains that ion pairing, which was not modeled in his experiments and reduces 

electrostatic interactions may greatly effect radical cation lifetimes.49  In fact, he indicates that 

there may be solvents some where between water and alkane in which solvent and counterion 

effects may be strong enough to make pyrrole, bipyrrole, and terpyrrole radical lifetimes 

identical.49  This may offer some insight into the complex equilibrium of polymerization 

mechanisms encountered when acetonitrile is used as a solvent medium for the production of 

P3HTs by means of chemical oxidation with ferric chloride. 

2.7 Conclusions 

 Poly(3-hexylthiophene)s formed by chemical oxidation with iron(III) chloride using 

different solvents possessing contrasting physical properties display various structural 

characteristics that may be attributed to contributions from solvent effects.  However, there are 

difficulties making concrete determinations as to which physical properties of a given solvent 

directly impact the structural variations seen in the assorted P3HTs presented here.  The 

difficulty arises in part due to the variability of parameters in the physical properties of the 

solvents.  For instance, while considering a particular pair of solvents with which to examine the 
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affect of Lewis basicity, there may be a considerable difference in the dielectric constants of each 

solvent as well.  Therefore, a consistent trend in physical properties between a series of different 

solvents is not easy to obtain.  Secondly, it appears that the influences of a particular solvent to 

the physical properties of the resulting polymer must be considered as a result of a combination 

of all physical properties (i.e. dielectric constant, Lewis acidity, and Lewis basicity) 

simultaneously and individual physical properties cannot alone be credited as influencing the 

final properties of the polymer.  However, inferences may be made as to the broader impact of a 

solvent’s physical properties on the characteristics of the resulting P3HTs formed by chemical 

oxidation with ferric chloride in various solvents. 

 These results have shown that the extent of chlorination seen for the resultant P3HTs is 

affected by the polarity of the solvents.  For instance, polymers formed in nitromethane and 

nitrobenzene have considerably less chlorination than those formed in more nonpolar solvents, 

such as chloroform and carbon tetrachloride.  It is less clear whether or not the Lewis acidity of a 

solvent contributes to the extent of chlorination as well.  However, it seems reasonable to expect 

solvents with stronger Lewis acid characteristics to produce material displaying less chlorination 

because the solvent may interact with the chloride ions in solutions and inhibit nucleophilic 

addition to the polymer through complexation, or by decreasing the donicity of the anion.  The 

comparison of polymers produced in nonpolar solvents with similar dielectric constants, such as 

chloroform and carbon tetrachloride, but that vary in acceptor characteristics display this 

behavior to some extent.  Furthermore, polymers produced in more polar solvents, such as 

nitomethane and acetonitrile that have appreciable differences in Lewis acid characteristics also 

display an increase in chlorination with a decrease in acceptor number.  However, acetonitrile 

possesses a greater Lewis basicity than is exhibited by nitromethane.  Finally, solvents 
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possessing a donor number that outweighs the solvent’s AN do not allow for polymerization at 

all, due to the strong interactions of the solvents with the oxidant. 

 The regioregularity of polymers produced in different solvents seems to be a direct result 

of the polarity of the solvent.  For instance, polymers formed in more nonpolar solvents!such as 

chloroform, carbon tetrachloride, methylene chloride, and 1,2-dichloroethane!tend to have a 

greater degree of regioregularity than those produced in more polar solvents, such as 

nitromethane and nitrobenzene.  This phenomenon may be a result of the mechanistic pathway 

with which the material couples during the formation of longer polymer chains.  A reasonable 

assumption is that materials formed in more polar solvents grow as a result of oligomer-to-

oligomer coupling, whereas materials formed in more nonpolar solvents couple together by 

oligomer-to-monomer reactions.  However, materials formed in acetonitrile, a polar solvent with 

a dielectric constant of 36.6, are the exception because they possess greater regioregularity 

compared to other polymers formed in more polar solvents.  It would seem then that Lewis 

acidity and basicity may impact the mechanisms of polymer formation via a complicated 

combination of effects. 

 The effects of solvent interactions on the molecular weights of these materials are also 

difficult to explain.  It would seem that materials formed in more nonpolar solvents produce 

higher weight materials over all, with chloroform being the exception, as compared to those 

produced in more polar solvents.  This may be attributed to the regioregularity of the materials as 

polymers formed in more nonpolar solvents display greater regioregularity than those formed in 

more polar solvents.  The coupling mechanism that influences the regioregularity of these 

materials may also contribute to the extent to which they couple and the same coupling 

mechanisms that result in more structural defects within that polymer may also contribute to the 

early termination of the polymerization.  Furthermore, materials that exhibit the largest 
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molecular weights were those formed in the most nonpolar solvents, such as carbon 

tetrachloride, benzene, and hexane.  This may be due to the insolubility of the oxidant in these 

solvents, which would facilitate polymerization to occur directly on the surface of the solid 

crystalline ferric chloride.  The close proximity of polymerization events on the surface of the 

solid oxidant could contribute to the higher molecular weights exhibited by the resulting 

polymers. 

 Despite the fact that no clear trend or correlation was observed between the physical 

properties of the solvents investigated within this work (i.e. dielectric constant, acceptor number, 

and donor number) and the resulting structural characteristics of the P3HTs formed in those 

solvents, perhaps there exists an empirical scale of solvent polarity that may still aid in 

explaining the phenomena characterized in this Chapter.  One such empirically determined scale 

is the ET(30) scale, which is defined as the molar transition energy, in kcal mol!1, for the long 

wavelength electronic transition of 2,6-diphenyl-4-(2,4,6-triphenylpyridinio)phenolate dye 

(Dimroth-Reichardt’s betaine dye) as a solution in the solvent under investigation at 25 °C and a 

pressure of 0.1 MPa.50  The ET(30) values for the solvents investigated within this Chapter are 

included in Table 2.1.  Unfortunately, there exists no well-defined correlation between the ET(30) 

values and the structural characteristics of the resulting polymers formed in the corresponding 

solvents.  However, there are at least 183 other empirically determined quantitative measures of 

solvent polarity reported in the literature.51   

Christian Reichardt defined “solvent polarity” as “the overall solvation capability (or 

solvation power) for reactants and activated complexes, as well as for molecules in the ground 

and excited states, which in turn depends on the action of all possible, specific and nonspecific, 

intermolecular forces between solvent and solute molecules, including Coulomb interactions 

between ions, directional interactions between dipoles, and inductive, dispersion, hydrogen 
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bonding, and charge-transfer forces, as well as solvophobic interactions.  Only those interactions 

leading to definite chemical alterations of the solute molecules through protonation, oxidation, 

reduction, complex formation, or other chemical processes are excluded.”51,52  Reichardt’s 

definition clearly suggests that solvent polarity cannot be uniquely assessed quantitatively by any 

single physical constant.51  Although three different solvent properties, specifically dielectric 

constant, acceptor number, and donor number, were investigated in these works, it is clear from 

the results of this study that the solvent effects encountered during chemical oxidation with ferric 

chloride to form P3HTs play an intricate role in the very complicated reaction equilibrium 

involved for this type of polymerization.   

In general, it has been shown that the effects of the physical properties of the solvent 

employed to form P3HTs by chemical oxidation with iron(III) chloride can greatly impact the 

structural characteristics of the resulting polymer in a variety of ways.  The differences in 

structural properties seen for the various polymer products cannot be attributed to a particular 

property of a given solvent.  Nonetheless, a solid foundation has been built for further inquiry 

into the matter.  Because chemical oxidation of poly(3-alkythiophene)s is such a valuable 

method for the formation of these unique materials, an understanding of the influence from a 

particular solvent is crucial for the ability to vary the physical properties of the polymers 

produced by this method.  These results show that chemical oxidation holds much promise to 

remain the most prominent means for the formation of P3ATs due to its ease and affordability, 

and the potential to tailor the physical properties of polymers formed by this means increases the 

value of the technique, as well as making polymer formed in this manner more applicable to a 

broader range of applications and devices.  Still, further inquiry into the ability to tailor these 

materials through manipulation of solvent parameters will undoubtedly reveal even more 

valuable knowledge on the matter. 
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Chapter 3 

Overcoming the Challenges Encountered in the Molecular Weight Determination of P3HTs 

3.1  Introduction 

3.1.1  Mass Discrimination in the MALDI-ToF-MS Analysis of Synthetic Polymers 

 The effect of the molecular weight of poly(3-hexylthiophene), P3HT, with regard to the 

electrical and optical properties of the material!that influence its functionality and therefore aid 

in determining its applicability in relevant and purposeful modern applications!has been 

discussed in Section 1.2.9.  The use and benefits of matrix-assisted laser desorption/ionization 

time-of-flight (MALDI-ToF) mass spectrometry for the analysis of synthetic and conducting 

polymers has been discussed in Sections 1.31, 1.3.2, 1.33, and 2.3.1.  MALDI-ToF-MS is an 

invariably powerful analytical tool for the characterization of the chemical composition (repeat 

units), molecular weight, and molecular weight distribution of synthetic polymers, as well as 

endgroup (!-) and backbone ("-) additions to such systems.  Because it has been shown that the 

structure of poly(3-alkylthiophene)s, P3ATs, determines their physical properties and hence their 

functionality,1 MALDI-ToF-MS is a particularly important utility for the development of these 

unique materials for purposeful applications.  The analysis of the molecular weight and 

molecular weight distribution of P3ATs by use of MALDI-ToF-MS is of utmost interest, due to 

the fact that these characteristics contribute greatly to the polymers overall electrical and optical 

properties (cf. Section 1.2.9).  However, MALDI-ToF-MS has been shown to have limitations in 

its ability to definitively provide correct molecular weight information for synthetic polymers, 

due to a variety of preparation, desorption/ionization, and instrumental issues.2-4 

 MALDI-ToF-MS has the capability to provide absolute molar mass measurements and 

potentially garner molecular weight distributions of synthetic polymers that are more accurate 

than other conventional methods, such as size-exclusion chromatography (SEC) (cf. Section 
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2.3.2).  However, synthetic polymers are typically comprised of an assortment of different length 

oligomer or polymer chains that vary not only in molecular weight, but also chemical 

composition (!- and "-substituents) and often structure (branching).  These considerations are a 

particular concern for the analysis of poly(3-hexylthiophene)s formed by chemical oxidative 

methods, and the exact determination of their molecular weight or the molecular weight of any 

synthetic polymer by means of MALDI-ToF-MS demands that both the molar mass and the 

relative abundance of all species comprising the entire mass range of the polymer sample be 

accurately measured.  Unfortunately, this is not an easy endeavor for polymer samples having a 

wide molecular weight distribution or a polydispersity index, PDI, (cf. Sections 1.3.1 and 2.3.2, 

Equation 1.3) greater than 1.1.2,3,5,6 

 Historically, the accuracy of MALDI-ToF-MS measurements of the molecular weight for 

a polymer sample have been evaluated by the use of polymer standards with given molar masses 

provided by the manufacturer of the polymer and obtained by the use of SEC.  Still, much 

ambiguity between the observed results for molecular weights of synthetic polymer standard 

samples measured using SEC as compared to those observed by use of MALDI-ToF-MS has 

been reported.  To further exacerbate this dilemma, one of the greatest difficulties in determining 

the accuracy of molecular weight data gathered via MALDI-ToF-MS is the lack of well-

characterized standards with which to use as a comparative marker for such purposes.  

 Montaudo et al. performed a study using a variety of synthetic polymers having a wide 

range of polydispersity indices including poly(methylmethacrylate), PMMA,  or poly(styrene), 

PS, and poly(ethyleneglycol), PEG.6  Measurements obtained by MALDI-ToF-MS were used to 

estimate the molecular weights and molecular weight distributions of the polymer samples, and 

they were compared to measurements obtained by SEC.  Montaudo et al. clarified that the 

estimation of molecular weights by means of MALDI-ToF-MS poses several dilemmas.  First, 
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the intensity of mass peaks shown in MALDI-ToF mass spectra of mixtures of samples is 

proportional to the molar amount of each species, and therefore the mass spectra of polymers 

yield number-average molecular weights (cf. Section 1.3.1).  Conversley, conventional 

SEC!used as a relative method and employing calibration curves determined with molecular 

weight standards!gives weight-average molecular weights, and this must be taken into 

consideration when comparing the two.  Next, in order to achieve accurate molecular weight 

measurements by use of MALDI-ToF-MS, ionization yields of various oligomer species within 

the polymer sample must not undergo any discrimination with respect to their mass values.  

Finally, the MALDI-ToF-MS detector must show a constant response to ions over the entire 

range of mass numbers.  These, concerns have been mentioned previously in Sections 1.3 and 

2.3.1. 

 Montaudo et al. reported that for samples of PMMA having a narrow polydispersity          

(PDI < 1.10)!that are typically employed as standards for calibration of molecular weights for 

comparative concentration-based SEC measurements (cf. Section 2.3.2)!MP values obtained by 

MALDI-ToF-MS were consistently lower than molecular weights acquired via SEC.  Polymer 

samples are often identified by their MP value or the mass value for the most probable (abundant) 

point in the SEC chromatogram.  Specifically, PMMA samples having polydispersity indices 

between 1.04!1.06 showed MP values in the range of 2.1!11.8% lower in molecular weight 

when analyzed by MALDI-ToF-MS as compared to those obtained by SEC.  Furthermore, 

congruity between MP values for PMMA samples having polydispersity index values between 

1.08!1.10 as compared by SEC and MALDI-ToF-MS worsened, wherein measurements made 

by MALDI-ToF-MS were shown to be 10.6!20.5% lower in molecular weight.  The results were 

very similar for samples of PEG and PS having narrower molecular weight distributions.  

Polymer samples of PEG and PS with polydispersities between 1.02!1.06 were shown to have 
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disparities in molecular weight that were 0.1!11.5% lower when obtained by MALDI-ToF-MS 

as compared to those acquired by SEC.  These differences are in good agreement with the results 

obtained for PMMA samples. 

 Polymer samples having much broader molecular weight distributions were also 

analyzed.  A PMMA sample was determined to possess a PDI of 2.5 and a MP of 33,000 Da by 

means of comparative SEC.  This same sample was then analyzed by MALDI-ToF-MS and 

shown to have a MP of 2,200 Da with a PDI of 1.15.  These values are far smaller than those 

obtained by SEC, giving rise to an error measurement between the two methods of 93.3%.  

Similarly, a PS sample with a polydispersity index of 2.0 and a MP of 9,000 Da as determined by 

means of conventional SEC was evaluated using MALDI-ToF-MS.  Measurements obtained via 

MALDI-ToF-MS determined that the PS sample possessed a MP of 2,000 Da with a PDI of 1.06, 

indicating an error in the MP between the two techniques of 74%.  These results clearly show that 

MALDI-ToF-MS as a technique for the analysis of average molecular weights and molecular 

weight distributions of synthetic polymers, particularly those with a broad molecular weight 

distribution, may be unreliable and caution should be used when estimating these values by 

MALDI-ToF-MS. 

The disparity between such observations has been attributed to several different 

instrumental, preparation, or processing issues.  For instance, the way in which processed data is 

displayed and compared between measurements obtained by SEC and MALDI-ToF-MS has 

been scrutinized and argued to be the cause of the discrepancies between these techniques.  

Jackson et al. performed a study wherein they compared the molecular weight measurements for 

poly(methylmethacrylate), PMMA, samples of narrow polydispersity (PDI = 1.08) by use 

MALDI-ToF-MS and SEC.7  Jackson et al. examined the variations in the MP of the PMMA 

samples (as provided by the manufacturer and obtained by SEC) with their own measurements 
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obtained by MALDI-ToF-MS.  Jackson et al. looked at a variety of PMMA samples ranging in 

molecular weight from 1,270!15,100 Da (PMMA1270!PMMA15100).  The results of this work 

showed that the MP values for PMMA polymer standards obtained by MALDI-ToF-MS were 

consistently lower (~ 2 repeat units) than those obtained by the manufacturer using SEC.   

 This study also investigated the differences seen between molecular weight 

measurements using SEC and MALDI-ToF-MS for polymer samples having a wide molecular 

weight distribution.  Jackson et al. compared the size-exclusion chromatogram of commercially 

obtained poly(tetramethylene ethylene glycol) with the spectrum obtained for the molecular 

weight distribution obtained by MALDI-ToF-MS.  They showed that the MP for this sample 

obtained by MALDI-ToF-MS was 1,400 Da, but by SEC the same sample was shown to have an 

MP of 4,000 Da.  However, plotting the same SEC data as a number-fraction intensity versus a 

linear (or square root) mass scale had a considerable influence on the MP as seen by SEC and was 

determined by this means to be 1,450 Da, which is in good agreement with the MP obtained by 

MALDI-ToF-MS. 

They went on to argue that the discrepancies between MP values obtained by MALDI-

ToF-MS and SEC seen for the polymer samples examined are a function of how the data are 

displayed between the two methods.  Jackson et al. noted that MP values used in their study and 

described by SEC, based on weight fractions or concentrations obtained by use of a differential 

refractometer or a UV photometer, are displayed as weight-fraction intensity versus a log mass 

scale.  Whereas MP values obtained via MALDI-ToF-MS are described in terms of a          

number-fraction abundance versus a linear mass axis.  They went on to explain that the 

conversion between a linear to a log mass scale or from weight-fraction to number-fraction 

intensity changes the mass at which the most probable peak (MP) appears.  Jackson et al. showed 

that for polymer samples having narrow molecular weight distributions, the differences seen in 
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MP by use of SEC and MALDI-ToF-MS are expected to be small (~ 2 repeat units), although 

these discrepancies increase with an increase in polydispersity.  They further clarify that for 

polymer samples having a wide polydispersity the MP as obtained by SEC more so represents the 

MW  (cf. Section 1.3.1), and therefore the term MP should be reserved for weight-fraction versus 

log mass plots and not applied to molecular weight distribution obtained by MALDI-ToF-MS, 

because a number-fraction versus linear mass scale is employed.   

Montaudo et al. later attempted to deal with the underestimation of molecular weights 

and molecular weight distributions encountered by the use of MALDI-ToF-MS through an off-

line procedure of data manipulation.8  This method of MALDI-ToF mass spectra processing 

included: (i) signal smoothing to improve the recorded traces of the spectra up to high m/z 

values, (ii) a subtraction of the misleading contribution to the signals introduced by the offset 

used in spectrum recording, and (iii) examination of the spectra up to the highest possible m/z 

value for better accuracy in estimating the molecular weight values.  In fact, Montaudo et al. did 

obtain results for the average molecular weight and molecular weight distributions by use of 

MALDI-ToF-MS that were in fairly good agreement with those provided by the manufacturer 

for polydisperse PMMA samples (SEC) after applying their novel “cleaning” procedure.  

However, in the treatment of the data obtained by MALDI-ToF-MS, Montaudo et al. assumed 

that no mass discrimination occurred as a result of sample preparation, desorption/ionization, 

transmission, or detection issues.  Furthermore, baseline subtraction, and signal smoothing on a 

very noisy and decaying signal is a difficult endeavor and is subject to significant errors as well 

as poor reproducibility.5 

Nevertheless, because a synthetic polymer sample with a polydispersity index greater 

than 2 may be comprised of oligomer and polymer chains with molar masses over a m/z range 

from a few hundred to a few hundred thousand Daltons5 and there are more often than not great 



! 175 

discrepancies seen between molecular weight data obtained from MALDI-ToF-MS and SEC, 

researchers have expended much effort in uncovering the reasons for mass discrimination seen in 

MALDI-ToF-MS.  Nielen points out that the high molecular weight end in the mass spectrum of 

a polydisperse polymer sample will “disappear” much earlier into the baseline noise than the 

high molecular weight side of the SEC distribution, due to the fact that a small population of 

high molecular weight species represents only a few ions in a MALDI-ToF mass spectrum, 

whereas the same population will possess significant bulk properties as detected by a refractive 

index detector used for SEC analysis.5  Therefore, low molecular weight data is to be expected in 

such a circumstance and a decaying number-fraction distribution of ions seen in MALDI-ToF 

mass spectra of a synthetic polymer is clearly indicative of a sample having a broad molecular 

weight range (PDI > 1.1).  Still, there are many variables involved in the acquisition of reliable   

MALDI-ToF-MS molecular weight data of polydisperse polymer samples that contribute to the 

accuracy of the measurements and must be taken into account in order to obtain purposeful 

information regarding a polymer’s molecular weight. 

In regards to poly(3-alkylthiophene)s, several reports in the literature have presented 

MALDI-ToF mass spectra having molecular weight distributions characteristic of mass 

discrimination in the form of an under-representation of higher molecular weight components 

with the indicative decay in the signal intensity for the number-fraction distribution as the m/z 

increases.  Lui et al. reported on the MALDI-ToF-MS analysis of highly regioregular P3HTs, 

having a MN of 12,200 Da and a PDI of 1.94 determined by conventional SEC.9   However, the 

MN and PDI obtained for the same material by means of MALDI-ToF-MS were calculated to be 

4,956 Da and 1.74.  The MALDI-ToF mass spectrum for this sample displayed signal intensity 

for the number-fraction distribution decaying sharply at roughly m/z 3,000 with increasing decay 

as the m/z increased until the ion signal was obscured in the baseline noise at approximately m/z 
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16,000.  Furthermore, McCarley et al. reported on the MALDI-ToF-MS evaluation of P3HTs 

synthesized by chemical oxidation with FeCl3.10  Their work also compared the average 

molecular weight measurements for a P3HT sample obtained by means of both MALDI-ToF-MS 

and conventional SEC.  The MN of the polymer as calculated by means of SEC was 49,000 Da, 

whereas the calculation by means of MALDI-ToF-MS gave an MN of 5,500 Da.  The mass 

distribution seen in the MALDI-ToF mass spectrum for this polymer displayed signal intensity 

for the number-fraction distribution decaying sharply at roughly m/z 4,500 with increasing decay 

as the m/z increased until the ion signal was obscured in the baseline noise soon after m/z 10,000. 

 
The MALDI-ToF mass spectra presented throughout this Dissertation indicate that mass 

discrimination during MALDI-ToF-MS analysis of P3HTs is occurring.  The mass spectra 

displayed herein follow a similar pattern of number-fraction distribution decay as discussed 

 
Figure 3.1 MALDI-ToF mass spectrum acquired in linear mode for polydisperse P3HT 
having a MN = 66,000 Da and a PDI = 1.89 determined by analytical SEC-MALLS analysis. 
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above with large discrepancies between average molecular weights when calculated by SEC and 

MALDI-ToF-MS analysis.  Figure 3.1 is the MALDI-ToF mass spectrum obtained in linear 

mode (cf. Section 2.3.1) of P3HT formed by chemical oxidation with FeCl3 using chloroform as 

a reaction solvent that is later analyzed later in this Chapter in Section 3.4.2.  The MN of this 

material was determined by use of SEC!employing a multiangle laser light scattering (MALLS) 

detector in conjunction with a differential refractive index (DRI) detector!to be 66,000 Da with a 

PDI of 1.89.  However, the MALDI-ToF-MS spectrum of this sample indicates a MN of roughly 

4,500 Da.  

 The mass distribution seen in the MALDI-ToF mass spectrum for this polymer is an 

excellent example of the common spectral characteristics encountered when higher-mass 

discrimination occurs during MALDI-ToF-MS analysis of a polydisperse polymer.  The 

spectrum clearly exhibits a steep decay in ion signal intensity for the number-fraction 

distribution that in this case begins at about m/z 3,000 and increases with increasing m/z until the 

ion signal is obscured in the baseline noise, in this case at approximately m/z 15,000.  Similar 

examples of this discrimination along with large discrepancies in observable average molecular 

weight data between SEC and MALDI-ToF-MS analysis are apparent throughout Chapter 2 of 

this Dissertation as well.  The abundance of mass discrimination encountered throughout the 

breadth of this study has lead to the work presented within this Chapter; I will attempt to obtain a 

better understanding of the reasons for discrimination encountered in the MALDI-ToF-MS 

analysis of P3HTs.  

3.1.2  Mass Discrimination in MALDI-ToF-MS Resulting from Sample Preparation 

It has been shown that mass discrimination of polymer samples can result due to the 

manner in which the sample is prepared for analysis and the proper selection of the matrix, 

solvent, cationization agent, mixing ratios, and technique for deposition of the analyte onto the 
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MALDI target plate may all critically influence the data obtained via these means.2,5,11-13  First, 

the chemical nature of the matrix employed is essential in order to obtain viable signals from 

synthetic polymer samples using MALDI-ToF-MS and the proper choice of matrix for a given 

polymer sample is crucial, as some compounds that act as effective matrices for certain classes of 

polymers are ineffective for others.13-15  When considering the choice of proper matrix for a 

particular synthetic polymer sample, it is often an issue of trial and error, although there are 

listed in the literature5 and in a database on the National Institute of Standards and Technology’s 

(NIST) website,16 potential matrixes and preparation recipes for given polymers that are a 

function of the chemical characteristics of such samples.  When considering a proper matrix for a 

given polymer sample, it has been suggested that the matrix performs three important functions 

for the ionization/desorption event: (i) the incorporation leading to isolation of the analyte into 

matrix crystals, (ii) the collective absorption of laser light and subsequent ablation of the analyte, 

and (iii) an active role of the matrix in the ionization of the analyte.17-19  Likewise, it is generally 

agreed that an ideal matrix should have: (i) high electronic absorption at the laser wavelength 

employed for analysis, (ii) good vacuum stability, (iii) low vapor pressure, (iv) good solubility in 

solvents that also dissolve the analyte, and (v) good miscibility with the analyte in the solid 

state.15,19  

For instance, Belu et al. evaluated previously reported sample preparation procedures20,21 

for the analysis of poly(styrene), PS, by means of MALDI-ToF-MS using various matrices in an 

attempt to optimize the sample preparation methods for the procedure.14  Belu et al. employed a 

variety of matrices including 2-nitrophenyl octyl ether (NPOE), trans-3-indole acrylic acid 

(IAA), 2,5-dihydroxybenzoic acid (DHB), sinapinic acid, 2-(4-hydroxyphenylazo)-benzoic acid 

(HABA), and dithranol for these purposes using silver trifluoroacetate (AgTFA) as a cationizing 

agent.  Given the many different variables involved with MALDI-ToF-MS analysis that can 
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affect the molecular weight data obtained by these means, all other instrumental parameters were 

held as close to constant as possible during their investigation.  For lower molecular weight PS         

(PS5000 ~ MN = 5,000 Da) very low signal was observed for the PS5000 sample when IAA was 

the matrix and no signal was observed for the sample with DHB, HABA, and sinapinic acid as 

matrices.  However, PS5000 prepared in dithranol gave well-resolved ion signals with twice the 

signal-to-noise ratio using 50% less laser power than signal obtained using NPOE.  

Rashidzadeh and Guo also investigated the role that matrix plays in obtaining accurate 

molecular weight measurements for poly(methylmethacrylate), PMMA, samples having broad 

molecular weight distributions by means of MALDI-ToF-MS.22 In order to simulate a 

polydisperse polymer sample, Rashidzadeh and Guo prepared a two-component blend of 

narrowly-distributed PMMA standards (PDI < 1.1) having number average molecular weights 

(MN) of 12,500 and 46,000 Da (PMMA12500 and PMMA46000, respectively).  They prepared 

this blend using a weight ratio of 1:10 of PMMA12500 (0.5 g L!1) to PMMA46000 (5 g L!1), and 

measurements were acquired keeping all other experimental and instrumental factors constant, 

with the detector voltage optimally adjusted to prevent detector saturation.                                   

2-(4-hydroxyphenylazo)-benzoic acid (HABA) and trans-3-indole acrylic acid (IAA) were 

chosen for use in this analysis as they were previously shown to be effective matrices for 

narrowly-distributed PMMA standards.6,23 

Rashidzadeh and Guo examined the MALDI-ToF mass spectra obtained for the blended 

polymer samples using both matrixes and observed significantly different PMMA distributions 

for each of the matrices employed, with the signal ratio of PMMA46000 to PMMA12500 being 

much smaller when HABA was used as a matrix.  To determine which spectrum more faithfully 

represented the true distribution of the sample, Rashidzadeh and Guo used a novel method for 

the comparison of the peak ratios from the MALDI-ToF mass spectra for the individual 
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components of PMMA standards with their molar ratio.  In short, they determined that the 

measured peak area ratio of low- to high-mass PMMAs was larger than the corresponding molar 

ratio in both cases, indicative of mass discrimination against high-mass PMMA in both cases.  In 

fact, the error for IAA was ~70% and the error for HABA was ~230%.  While Rashidzadeh and 

Guo admitted that some part of this error could be from instrumental factors, they emphasized 

that the contribution from instrumental issues should be less than 70% and therefore the majority 

of error seen for HABA was a result of the matrix itself. 

With regards to poly(3-alkylthiophene)s, P3ATs, several different compounds have been 

reported for use as a matrix for MALDI-ToF-MS analysis.  Liu et al. employed MALDI-ToF-

MS for the analysis of molecular weight, molecular weight distributions, endgroup structures                   

(cf. Section 2.3.1), and endgroup modifications for highly regioregular (cf. Sections 1.2.4, 1.2.5, 

and 1.2.6) poly(3-alkylthiophene)s.9  Liu et al. reported employing dihydroxybenzoic acid 

(DHB), dithranol, 9-nitroanthracene, trans-3-indole acrylic acid (IAA), and sinapinic acid for 

this analysis.  However, they reported that only dithranol and 9-nitroanthracene were found to 

assist in desorption of P3AT systems, and that the use of dithranol gave the best results.  As a 

footnote, they went on to say that they soon there after employed terthiophene as a matrix as well 

and found it to be as effective as dithranol for the same analysis.  

 McCarley et al. employed MALDI-ToF-MS analysis for the evaluation of poly(3-

hexylthiophene)s, P3HTs, synthesized by chemical oxidation with FeCl3.  McCarley et al.10 

reported evaluating several MALDI matrices, including dithranol, anthracene, and terthiophene 

in order to achieve the highest quality P3HT spectra and also to compare the spectra obtained 

from a traditional proton-transfer matrix versus matrices that they had previously introduced as 

electron-transfer agents.24,25  Electron-transfer cationization is the accepted means by which 

P3ATs undergo ionization during the MADLI process.9,10,24,25  McCarley et al. reported that 
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dithranol, terthiophene, and anthracene matrices produced similar ions and molecular weight 

averages and distributions, but terthiophene matrix was preferred because of the higher signal-to-

noise ratio and resolution routinely obtained with its use.10  Brauch came to similar conclusions 

in her report regarding the structural characterization of poly(heterocycle)s formed using 

oxidative methods.26 

Some work done in this dissertation by means of MALDI-ToF-MS was performed using 

terthiophene as a MALDI matrix.  However, the majority of the spectra obtained by           

MALDI-ToF-MS presented in the bulk of this work, and all the spectra obtained and presented in 

this Chapter of the dissertation, were acquired by the use of trans-2-[3-(4-tert-butylphenyl)-2-

methyl-2-propenylidine] malonitrile, commonly referred to as DCTB.  Very recently DeWinter 

et al. published their finding as to the effectiveness of DCTB for use as a MALDI matrix in the 

MALDI-ToF-MS analysis of highly regioregular P3HTs synthesized by use of the GRIM27 

method.28  DeWinter et al. conducted an in-depth investigation into this matter and concluded 

DCTB to be a superior MALDI matrix for the ionization/desorption of P3HTs compared to 

terthiophene, as well as dithranol.  They attributed the superior nature of DCTB as a matrix for 

these purposes to the high absorption of the DCTB molecule ("max = 346 nm and  #337nm ~ 26,300 

L mol!1 cm!1) at the given laser wavelength employed (337 nm).  Moreover, DeWinter et al. 

credited the ionization efficiency seen for P3HTs by use of DCTB to the bulky tert-butyl group 

of the DCTB molecule, which they stated is likely to limit the intermolecular interactions 

between the matrix molecules and the P3HT polymer chains in the condensed phase, thus 

rendering desorption/ionization easier. 

 Schriemer et al. also reported on mass discrimination of synthetic polymer samples with 

broad molecular weight distributions giving consideration to the effect of sample preparation in 

conjunction with the desorption/ionization phenomenon involved during MADLI-ToF-MS 
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analysis.2  Schriemer et al. prepared multicomponent blends of PS using equimolar amounts of 

PS molecular weight standards having narrow polydispersity indices (PDI < 1.1) in such a 

fashion as to mimic a polydisperse polymer sample.  They noted that multicomponent blends of 

PS from 3,000!12,000 Da provided spectra demonstrating excellent agreement between 

experimental and expected MN values.  Although, addition of high-mass PS components 

(20,000!22,000 Da) to the multicomponent blend resulted in a large drop in the experimental MN 

value compared to the expected value.  Furthermore, analysis of a blend in which the mid-mass 

components were removed resulted in spectra that showed a relative increase of the high-mass 

component with respect to the low-mass components.  Schriemer et al. concluded that because 

the suppression of the high-mass component in the polymer blend arises from the nature of the 

sample itself, this indicates the existence of a sample preparation and/or desorption/ionization 

issue, which they noted are intimately related.29 

Schriemer et al. reported that one factor influencing the discrimination of high-mass 

components was the formation of multimers in the MALDI-ToF-MS desorption/ionization 

process.   Polymeric species can give rise to multimer formation in much the same way as has 

been observed for proteins,30 and a multimer for these purposes is defined as an aggregation of 

two or more polymer distributions as seen in MALDI-ToF mass spectra.2  Schriemer et al. noted 

that mass discrimination in the extent of multimer formation of high-mass polymer distributions 

was not surprising as entanglement is a function of polymer chain length.20  They describe one 

method for the minimization of multimer formation involving the decrease in the concentration 

of polymer in the matrix, or in other words, increasing the matrix-to-analyte ratio (cf. Section 

2.3.1).   

In order to demonstrate this phenomenon, Schriemer et al. prepared a two-component 

blend of PS composed of PS having equimolar amounts of PS5050 (5,050 Da) and PS28,500 
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(28,500 Da) that was expected to have a MN of 16,575 Da.  They varied the matrix-to-analyte 

ratio for MALDI-ToF-MS analysis of this blend from roughly 200:1!8,000:1.  This investigation 

showed that although increasing the matrix-to-analyte ratio did give rise to a slight decrease in 

multimer intensity even at the highest matrix-to-analyte ratios, multimers were still very much 

present as shown by the mass spectra.  Furthermore, Schriemer et al. reported that the measured 

MN increased with an increase in matrix-to-analyte ratio and was considerably overestimated at 

higher matrix-to-analyte ratios (MN > 19,000 Da).   

Schriemer et al. noted that the decrease in multimer formation would partially contribute 

to the increase in the measured MN with the increase in matrix-to-analyte ratio, as more matrix 

molecules per polymer chain would serve to better isolate individual high-mass polymer chains.  

Although, the expected MN was overestimated and multimers were still present at the highest 

matrix-to-analyte ratio, they admitted there must exist a fundamental difference between low- 

and high-mass components with respect to their desorption/ionization efficiency.  Nevertheless, 

this work served to show that variables in sample preparation for synthetic polymers investigated 

by means of MALDI-ToF-MS, such as changes in the matrix-to-analyte ratio, may contribute 

greatly to discrepancies seen in molecular weight and molecular weight distribution 

measurements obtained by these means. 

Liu et al. investigated the effects of the matrix-to-analyte ratio using dithranol and 

terthiophene as matrices for the analysis of P3ATs by means of MALDI-ToF-MS on the 

resulting spectra.9  They had expected that a very high matrix-to-analyte concentration ratio 

would be necessary to insure dilution and separation of P3AT chains, because as they noted 

regioregular P3ATs have a strong tendency to self assemble.  Conversely, they found this was 

not the case, and their experimental results showed that matrix-to-analyte ratios as low as 100:1 

gave successful MALDI-ToF-MS results.  In this work, Liu et al. also examined some low 
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molecular weight P3AT samples prepared from three different matrix-to-analyte ratios of 200:1, 

2000:1, and 20,000:1 to see whether the matrix-to-analyte ratio had any effect on endgroup 

fragmentation.  Mass discrimination has been shown to be a result of the nature of the endgroups 

attached to some polymers (cf. Section 1.3.2).  Although Liu et al. kept all MALDI-ToF-MS 

experimental conditions constant with the exception of the matrix-to-analyte ratio, they did not 

observe any changes in the peak area ratios of oligomers possessing solely hydrogen-terminated 

endgroups to those having one hydrogen-terminated end and one bromine-terminated end, 

suggesting that the matrix-to-analyte ratio did not influence endgroup fragmentation in P3ATs.  

Martin et al. investigated the influence of the laser power used in the MALDI-ToF-MS 

analysis of synthetic polymers and its contribution to discrepancies seen in average molecular 

weight measurements obtained by this means for polymers with broad molecular weight 

distributions.31  Martin et al. noted that the laser power required for the desorption/ionization 

process in MALDI-ToF-MS is ideally adjusted slightly above the threshold power needed in 

order to obtain MALDI-ToF mass spectral results (i.e., ionization).  However, they go on to add 

that this is only possible in the case of monodisperse samples and when examining polydisperse 

polymer sample there is no well-defined value for a threshold.  To simulate a polymer sample 

having a broad molecular weight distribution, Martin et al. prepared a multicomponent blend of 

equimolar amounts of well-defined, narrowly-distributed poly(styrene), PS, standards.  The low 

molecular weight component of the mixture was a PS standard having a MP of 5,500 Da 

(PS5500), which was held constant during the experiment.  Whereas, the high molecular weight 

component was increased from MP = 20,000 Da to 100,000 Da to simulate increasing 

polydispersity of the polymer sample. 

In their investigation using a blend of PS5500 and a PS standard having a MP of 46,000 

Da (PS46000), Martin et al. showed that at low laser power only the low molecular weight 
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distribution (PS5500) appeared in the MALDI-ToF mass spectrum of the sample.  However, as 

the laser power was increased, a small peak due to the PS46000 appeared, which increased in 

intensity as the laser power increased to an optimal point where the high-mass peaks ceased to 

further increase in intensity.  They further explained that if the laser power was increased past 

the optimal point, the low molecular weight distribution became broader and shifted to lower 

masses, which they attributed to fragmentation of the lower mass polymer.  Furthermore, Martin 

et al. showed that with increasing peak area of the PS46000, a distribution of doubly-charged 

PS46000 with m/z 23,000 increased in intensity. They mentioned that this doubly-charged 

distribution did not interfere with the analysis of the low molecular weight distribution in this 

case, although they added that if in fact there existed a broader distribution of polymer, this 

doubly-charged distribution would change the “true” peak intensities for singly-charged ions in 

the region around m/z 23,000. 

Martin et al. also performed this analysis using PS5500 and PS98000 (MP = 98,000 Da), 

noting that at the minimum laser power required to produce a signal for the PS98000 the lower 

mass distribution showed broadening and mass shifts in the spectrum that were indicative of 

fragmentation and therefore it was not possible to make the high molecular weight peaks visible 

in the MALDI-ToF mass spectra without fragmentation of low weight material.  Furthermore, a 

comparison of the low and high molecular peak areas in all spectra examined clearly showed that 

the signal of high molecular weight PS was always suppressed and the suppression becomes 

more evident as the molecular weight increases.  Finally, for sample blends consisting of PS5500 

and PS20800 (MP = 20,800 Da), Martin et al. observed a signal peak at a m/z value twice that of 

the PS20800 (m/z ~ 41,600) indicating singly-charged PS20800 dimeric clusters, which they 

stated may disturb the shape of a broader, “real” distribution of polymer. 
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 Martin et al. concluded that the high molecular weight portion for a polymer sample 

having a broad molecular weight distribution is always underestimated by MALDI-ToF-MS 

analysis.  They also concluded that because of the different laser powers required for low and 

high molecular weight distributions and the resulting differences visible in the distribution of 

ions seen in the MALDI-ToF mass spectra, the experimental average molecular weight 

measurements MN and MW will always vary depending on the laser power employed.  

Additionally, they surmised that the signals from doubly-charged molecules and singly-charged 

clusters overlap with singly-charged ion peaks in polydisperse distributions, which gives 

erroneous average molecular weight data for these systems as seen by MALDI-ToF-MS.  From 

these observations, Martin et al. summarized that MALDI-ToF-MS should only be considered an 

absolute method for the determination of molecular weight and molecular weight distributions 

for narrowly-disperse samples (PDI < 1.1) and not for polymers with broad molecular weight 

distributions. 

 Solubility is also an important factor to consider in sample preparation for             

MALDI-ToF-MS analysis of synthetic polymers and the solvent employed in the sample 

preparation has been identified as a potential source of mass discrimination.12,32-34  The 

preparation of a polymer sample for MALDI-ToF-MS analysis typically involves dissolving the 

polymer in a solvent in which the full mass range of oligomers is completely soluble.  Because a 

polymer sample having a broad molecular weight distribution consists of oligomers having 

appreciable variation in lengths and molar masses this is particularly important.  The polymer 

solution is then mixed with a matrix (and metal salt or cationizing agent if necessary) solution.  It 

is strongly recommended that single solvent systems be employed to prepare the polymer/matrix 

sample.  This is not always possible in the analysis of synthetic polymers by these means, in 

which case the incompatibility of the solvent used to dissolve the polymer and that used to 
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dissolve the matrix becomes an issue that may lead to mass discrimination.32,33  The sample is 

then spotted on the MALDI target where evaporation of the solvent and recrystallization of the 

polymer/matrix mixture occurs. 

 Guo et al. explain that depending on the choice of solvent used for sample preparation, 

during evaporation the varying solubility of different length oligomers may become significant 

because the polymer/matrix solution becomes very concentrated.35  They further clarified that if 

the matrix and a certain fraction of the polymer crystallize before the rest of the polymer, or if a 

certain fraction of polymer alone crystallizes first, the result would be a separation of a certain 

fraction of the polymer from the matrix that lead to mass discrimination against that fraction of 

the polymer.  Guo et al. also specified that solubility of polymer in the matrix crystals needs to 

be carefully considered as the polymer must be properly incorporated into the matrix crystals, 

and varying solubility of polymer oligomers having different size in the matrix may cause mass 

discrimination in the sample.35  King et al. suggested that any factor affecting the solubility of 

polymer in the polymer/matrix mixture including the type of matrix or analyte, solvent 

composition, presence of other constituents in the solution, temperature, and crystallization rate 

will affect the incorporation of polymer into the matrix crystals.36  

 Guo et al. demonstrated mass discrimination due to improper incorporation of certain 

fractions of polymer sample into the matrix, leading to the doping of smaller amounts of these 

fractions in the matrix crystals and reducing their desorption/ionization, which they believed to 

have occurred during the solvent evaporation and crystallization process.35  In this study they 

prepared a PMMA molecular weight standard having a MP of 4,000 Da using tetrahydrofuran 

(THF) as a solvent and HABA for a matrix.  Guo et al. noted that THF is an excellent solvent for 

their PMMA sample, so varying solubility should not have been a problem during the sample 

preparation, although they added that varying solubility could become a problem during the 
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solvent evaporation and recrystallization stages since the solution becomes very concentrated.  

The PMMA solution was prepared to make a 1 mg L!1 concentration and the HABA prepared to 

make a 20 mg L!1 concentration, which were mixed in a 2:1 (v/v) ratio of matrix to polymer.  

Additionally, a small amount of NaCl dissolved in methanol was added to the polymer solution 

for enhancing cationization. 

 Guo et al. recorded the MALDI-ToF mass spectra for the same PMMA sample taken 

from the same target spot but obtained by laser ablation of different areas of that target spot, 

thereby maintaining all other instrumental variables identical for all spectra with the exception of 

the area where desorption/ionization occurred.  Although the spectra were obtained under 

identical experimental conditions, they qualitatively displayed very different ion distributions 

indicating substantial mass discrimination.  One of the targeted areas for the PMMA sample gave 

an experimental number-average molecular weight (MN) for the sample of 3,718 Da, which was 

in good agreement with the manufacturers MN of 3,750 Da obtained by SEC.  Whereas results 

gathered from a different targeted area for the identical sample gave a MN of 2,968 Da.  Although 

the conclusions drawn by Guo et al. as to the reasons for this mass discrimination are 

undoubtedly interesting, they do fail to address the addition of the small amount of methanol in 

the cationizing metal salt solution employed in the study, which would likely contribute to the 

observed results. 

 Chen et al. further examined mass discrimination of polydisperse synthetic polymer 

samples as a function of the solvents used to prepare the polymer sample for MALDI-ToF-MS 

analysis.32  In this work Chen et al. were focusing on the affects of mass discrimination 

encountered when using binary solvent systems for sample preparation.  Binary solvents systems 

are often employed when a cationizing agent is required for successful MALDI-ToF-MS analysis 

of a polymer, which for many synthetic polymers is usually the case.  The metal salt is 
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incorporated into the MALDI sample preparation by dissolving the salt in a polar solvent then 

adding a small amount of the metal salt solution to the polymer solution of interest to be 

examined by MALDI-ToF-MS.  Furthermore, Chen et al. examined the effects of contamination 

of the solvent in the form of water, which was found to be a major source of mass discrimination 

during the analysis of synthetic polymers by means of MALDI-ToF-MS analysis. 

 Using methanol as a single solvent and HABA as the matrix for the analysis of a PMMA 

standard sample having a MN of 3,750 Da (provided from the manufacturer by means of 

conventional SEC), Chen et al. showed that as little as 1% addition of water (v/v) produced 

dramatic variation in the observed ion distributions seen in the MALDI-ToF mass spectra for the 

sample.  In fact, a difference in the MN calculated by MALDI-ToF-MS from 3,674 Da for the 

sample without water contamination to 2,851 Da for the sample having 1% water contamination 

was observed.  Chen et al. also examined the effect of water contamination using acetone and 

THF, two other solvents often employed for the MALDI-ToF-MS analysis of PMMA.  They 

found that the presence of water in these solvents could also cause significant mass 

discrimination, although the smallest amount of water that could lead to discrimination was 

found to be ~4% (v/v).  This work clearly indicated that contamination of a polymer sample in 

the form of water leads to large discrepancies in molecular weight data obtained by MALDI-

ToF-MS.  Although this is a large concern when employing binary solvent systems for use in 

MALDI-ToF-MS analysis of synthetic polymers, there are other scenarios that can lead to this 

type of contamination.  For instance, a high-quality solvent should be employed for these 

purposes, such as an HPLC- or pesticide-grade solvent.  Also, repeated cooling and warming of 

the polymer sample, such as occurs from repeated transfer to and from refrigeration, may cause 

water contamination in the form of condensation from the air.  In this case, care should be taken 

to ensure the polymer remains under an inert gas environment during the warming period.  
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 With regards to the sample preparation of poly(3-hexylthiophene), P3HT, samples 

investigated in this chapter,  a single solvent system of chloroform is employed for all MALDI-

ToF mass spectra obtained herein.  The use of a cationizing agent, such as a metal salt, is not 

necessary for efficient desorption/ionization of poly(3-alkythiophene)s9,10,26 and hence for all 

MALDI-ToF-MS analysis found within this dissertation none have been employed.  Chloroform 

was used as a solvent for MALDI sample preparation because it has been shown that P3AT 

oligomers ranging from low to high molecular weight are soluble in chloroform,9 as well as the 

matrix employed for these investigations, DCTB.  Pesticide-grade chloroform was used in this 

work, which was stored over activated molecular seives under a blanket of argon in order to 

ensure a minimal amount of water contamination to the solvent. 

3.1.3  Mass Discrimination in MALDI-ToF-MS Resulting from Instrumental Issues 

 Instrumental factors also contribute to mass discrimination encountered during the 

characterization of molecular weights and molecular weight distributions for synthetic polymers 

having broad molecular weight distributions by means of MALDI-ToF-MS.  These factors 

include transmission and detection issues inherent to MADLI-ToF-MS due to variations in 

instrumental parameters.3,5,22,35,37  The influence of laser power on the desorption/ionization event 

is often categorized as an instrumental factor that can contribute to this mass discrimination. 

However, because desorption/ionization is so intimately related to sample preparation, the effects 

of laser power with regard to mass discrimination were previously discussed in Section 4.1.1. 

 The typical detector encountered in a MALDI-ToF mass spectrometer is a microchannel 

plate (MCP), which has a relatively limited signal-response dynamic range and may be easily 

saturated by low-mass analyte components, such as matrix ions and/or small oligomers.5  This is 

especially so when analyzing synthetic polymers having a broad molecular weight distribution, 

where the majority of ions are of low molecular weight.  A MCP is a multichannel version of a 
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channel electron multiplier (CEM).  A CEM is a continuous arrangement of electrodes 

constructed of glass!that has been heavily doped with lead or coated on its inner surface with 

beryllium!drawn into a horn shape to which a high voltage between 1.8!2.0 kV is applied 

creating a uniform field throughout the length of the tube.38  When an ion beam within the mass 

analyzer of a mass spectrometer strikes the surface of the entrance to the detector several 

electrons are ejected and then attracted along the length of the detector towards the opposite end, 

consequently ejecting an increasing number of electrons throughout their travel and thus 

amplifying the signal current or increasing the gain.38  A MCP consists of millions of individual 

channels made of very small diameter (~10#m) fiberoptic cables of metal-doped glass that 

tremendously increase the gain of each channel as compared to a conventional CEM due to the 

increase in length of each channel.38 

 This type of detection system relies on ion-to-electron conversion, which is predominate 

at velocities above ~20!30 km s-1.4 During MALDI-ToF-MS analysis, two different ions both 

possessing single charges but having different molecular weights that are accelerated using the 

same voltage potentials will arrive at the detector at different times due to the fact that they each 

have different velocities imparted by the same accelerating potential (cf. Equation 2.4).  

Furthermore, the number of ejected secondary electrons at the detector surface is a function of 

the incident ion mass and velocity and therefore ions of differing masses will often cause a 

different number of secondary electrons to be ejected, which will yield different signal 

amplitudes from the detector.4  This is not a huge concern for varying analytes within a similar 

sample where the molecular weight distribution is not large, although it becomes a consideration 

for samples such as synthetic polymer samples in which different analyte species may have 

differences in molecular weight up to 100,000 Da. 
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 Detector saturation is also a concern when analyzing polydisperse synthetic polymer 

samples and it can contribute to the discrimination of high-mass distributions resulting from 

large abundances of low-mass materials in the sample, such as the matrix ions and smaller 

oligomer ions.  A detector is basically a high-gain amplifier capable of amplifying ion signals by 

107!108.19,38  As mentioned above, the detector relies on a reserve of secondary electrons in order 

to amplify a signal!in the case of MALDI-ToF-MS an ion beam!and a depletion of secondary 

electrons due to an increase in signal constitutes a saturation of the detector.  The presence of 

low-mass compounds in a polymer sample can cause detector saturation, which diminishes the 

amplification of signals seen for higher mass distributions.  Detectors based on MCP technology 

are more prone to loss of gain with an increase of signal strength than other conventional 

electron multiplying detectors, due to time required for recovery of individual channels before 

their maximum gain can be reestablished.3 

McEwen et al. investigated the instrumental effects encountered in the analysis of 

polymers possessing wide polydispersities by MALDI-ToF-MS, and the possible sources of 

mass discrimination seen for PMMA samples.  McEwen et al. prepared a PMMA sample with a 

manufacture’s reported MN of 17,000 Da and a polydispersity index of 1.8 and then evaluated it 

by MALDI-ToF-MS analysis using both linear and reflectron modes (cf. Section 2.3.1).  

McEwen et al. noted that in the mass spectra of this sample obtained both in reflectron and linear 

modes the observed ion current (MALDI-ToF-MS ion signal) disappeared into the noise at 

approximately 20,000 Da, whereas the SEC chromatogram showed the presence of polymer to at 

least 40,000 Da.  They further went on to demonstrate that PMMA molecules with molecular 

weights in excess of 25,000 Da that were obtained by collecting the early eluting fraction from 

the high-mass tail of an SEC separation of this PMMA sample, were observable by means of 

MALDI-ToF-MS. 
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 McEwen et al. went on to show that ions above m/z 25,000 from the same PMMA sample 

could also be observed without SEC fractionation by means of gating the signal so that only a 

narrow pulse of ions in a selected mass range reach the detector in reflectron mode. They 

concluded that ions were being produced over the molecular entire weight range, but since the 

high-mass polymer was not observed in the spectra when low-mass ions were allowed to reach 

the detector a detector response problem caused by a continuous stream of particles impacting 

the detector might be responsible for the high-mass discrimination observed. 

 To investigate this issue further, in the same paper McEwen et al. prepared a PMMA 

sample using equimolar amounts of three PMMA molecular weight standards having narrow 

molecular weight distributions so that the concentration of each standard in the sample was 

approximately 2 pm #L!1, then characterized them using MALDI-ToF-MS.  The MALDI-ToF 

mass spectra for this sample showed that the areas of the ion signals were approximately equal 

using similar instrumental parameters employed previously.  From this evidence they further 

concluded that detector saturation for the narrowly-disperse PMMA mixture was not occurring 

unless detector recovery was being achieved in the null periods between ions from each 

distribution striking the detector, thereby conferring that the continuous stream of particles 

impacting the detector seen for “true” polydisperse polymer samples might be responsible for the 

high-mass discrimination observed.  

 In order to investigate the effects of detector saturation on mass discrimination 

encountered in the MALDI-ToF-MS analysis of molecular weights for synthetic polymers, 

Schriemer et al. designed an experiment to determine the effect of the matrix and the MCP 

voltages on the MN of a three-component blend of poly(styrene), PS.  The sample was composed 

of molecular weight standards having narrow molecular weight distributions so as to simulate a 

polydisperse PS sample.3  A blend of PS standards having MN of 5,050, 16,00, and 35,000 Da 
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was prepared and a number of MALDI-ToF-MS analyses performed on them.  In the first 

experiment, the blend was run under identical conditions with the exception that in the first 

MALDI-ToF-MS analysis, a deflection pulse was applied immediately postsource for removal of 

matrix ions, whereas in the second analysis the matrix ions were retained for detection.   The 

results showed that deflecting the matrix led to lower MN values than if the matrix was retained.  

Schriemer et al. explained that with retention of the matrix the detector is at least partially 

saturated and begins recovery after all the transmitted matrix ions have reached the detector, 

which is within the timeframe of the experiment, ~100 #s.  They added that retaining the matrix 

results in lower mass distributions of PS being suppressed more than the higher masses, which 

leads to the increase in the MN value.  They also noted that even when the matrix ions are 

deflected an appreciable matrix signal is still observable, suggesting that the full influence of 

detector saturation by matrix ions might not be removed with deflection. 

 In the second set of experiments, Schriemer et al. analyzed the three-component PS blend 

by MALDI-ToF-MS while adjusting the MCP voltages of the instrument!which was equipped 

with a dual MCP detector!and deflecting the matrix.  In the former matrix deflection experiment 

above the voltages were operated in the standard configuration with the voltage drop across the 

first MCP two-thirds that of the voltage dropped across the second MCP, which was operated at 

1 kV.  In this second set of experiments, the voltage drop across the second MCP was fixed at      

1 kV, and in the first analysis the voltage of the first MCP was adjusted to one-third (0.33 kV) 

that of the second MCP; in the second analysis, the voltage drop across the first MCP was 

adjusted to match the voltage of the second MCP at 1 kV.   

The calculated MN for the analysis of the PS blend using matched voltage drops across 

the dual MCPs was found to be significantly higher than the MN obtained for the sample using a 

0.33 kV drop across the first MCP.  Schriemer et al. explained that operating the detector using 
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matched voltage drops clearly implies operation of the detector under saturated conditions 

because the MN values were significantly higher than those seen while analyzing the sample 

using the standard MCP voltage configuration and deflecting the matrix, as was done in the first 

set of experiments.  They go on to make clear that although when the first MCP voltage is 

decreased to 0.33 kV, there is a considerable weakening of signal intensity that renders the 

instrument’s sensitivity too poor to reliably detect the PS distribution having a MN of 35,000; the 

calculated MN for the two lower-mass components was in good agreement with the calculations 

for the same components observed in the first set of experiments where matrix was deflected, 

implying nonsaturating conditions.  Schriemer et al. concluded that the extent of detector 

saturation does significantly affect the MN determination for polydisperse synthetic polymer 

samples by means of MALDI-ToF-MS.   

Rashidzadeh and Guo also performed experiments to determine the effect of detector 

saturation on mass discrimination to molecular weight measurements for synthetic polymers with 

wide molecular weight distributions by use of MALDI-ToF-MS.22  Rashidzedah and Guo 

described two different sets of experiments in which they varied the high voltage applied to the 

detector while examining PMMA polymer samples.  In the first set of experiments, Rashidzedah 

and Guo prepared a polydisperse (PDI = 1.5) PMMA sample having a MN of 8,500 Da using 

IAA as a matrix.  The MALDI-ToF mass spectra were compared for examples when spectra 

were obtained from the same desorption spot while keeping all instrumental parameters constant 

with the exception of adjusting the detector voltage from 1.5 kV in the first spectrum to 1.9 kV in 

the second spectrum.  They observed two significantly different distributions for each of these 

spectra.  They also correlated the observed m/z signals with the time of flight for the given ions 

to reach the detector.   
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 In the first spectra where the detector was operated under low-gain conditions at 1.5 kV, 

Rashidzadeh and Guo observed that the low-mass matrix signal was relatively weak and the 

highest PMMA peak was at 16 #s, which roughly correlated to m/z 2,000.  Whereas for the 

spectrum obtained under high-gain conditions with the detector voltage adjusted to 1.9 kV the 

signal for the matrix peaks became much stronger and a distinctly different distribution pattern of 

PMMA oligomers was observed with the highest PMMA peak shifting to 25 #s, which 

approximately correlated to m/z 4,500.  This shift was explained in terms of detector saturation at 

high-gain detector conditions.  The results were comparable to those seen by Schiemer et al.3 

where under detector saturation conditions the MN of the sample was increased due to the lack of 

observable low-mass oligomers, which are obscured during the rise time (recovery period) of the 

channel detectors after the influx and detection of the population of matrix ions. 

 In their second set of experiments, Rasidzedah and Guo prepared a poly(ethylene glycol), 

PEG, sample consisting of two narrowly-distributed (PDI < 1.1) PEG molecular weight 

standards having a MN of 1,450 (PEG1450) and 3,350 (PEG3350) Da in order to simulate a 

polydisperse PEG sample.  They prepared this sample using HABA as a matrix and acquired the 

MALDI-ToF- mass spectra from the same desorption spot and under identical conditions, with 

the exception that the detector voltage was adjusted from low-gain conditions (1.5 kV) to high-

gain conditions (1.9 kV).  The results from the mass spectra obtained under low-gain (1.5 kV) 

conditions show that the signal for the PEG1450 was much weaker in intensity than the signal 

for the PEG3350 having a peak intensity ratio of PEG1450 to PEG3350 of 1:10.  However, 

under high-gain (1.9 kV) conditions the signal intensity of the PEG1450 was significantly 

increased, and the peak intensity ratio of PEG1450 to PEG3350 was calculated to be 1:2. 

 Furthermore, Rashidzedah and Guo noted that the strongest peak signal of the PEG3350 

was shifted from 24 #s under low-gain conditions to 22 #s under high-gain conditions, and more 
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importantly, under high-gain conditions the signal intensity from 22!26 #s for the 

PEG3350!roughly relating to a range between m/z 3000!3800!drops to almost zero.  Thereafter 

in the same spectrum, the PEG3350 signal gradually increased in the higher mass range!roughly 

m/z 3800!4200!due to detector gain recovery, although Rashidzedah and Guo noted the gain 

recovery was very slow.  Rasidzadeh and Guo suggested that the shift in the signal of the 

PEG3350 from 24 to 22 #s, and the consequential loss of signal from 22!26 #s under high-gain 

conditions, was a result of a diminution of ion detection efficiency due to detector saturation 

during the course of collection, which was primarily attributable to the strong signals of the 

PEG1450 and the low-mass oligomers of PEG3350.  They went on to explain that the relative 

comparison of the highest peak intensity for PEG1450 at 17 #s versus the diminishing signal of 

the high-mass components of the PEG3350 at 30 #s under both low- (unsaturated) and high-gain 

(saturated) conditions implied that at 30 #s under high-gain conditions the detector is far from 

operating under complete gain recovery.  They further clarify that under these conditions it 

would take the detector more than 6 #s to fully recover from major saturation, which would 

become a serious hindrance to the analysis of a very polydisperse synthetic polymer sample, 

because a 6 #s time window could encompass a mass range over 6,000 Da at a flight time of 80 

#s. 

3.1.4  Fractionation of Polydisperse Polymers for Molecular Weight Analysis by MALDI-
ToF-MS 

  
Prefractionation of synthetic polymer samples with broad molecular weight distributions 

(large PDIs) has become a popular solution in attempts to overcome the difficulties observed by 

measuring the average molecular weights and molecular weight distributions of these polymer 

samples using MALDI-ToF-MS.  The most relevant separation technique employed for these 

purposes is the off-line coupling of size-exclusion chromatography, SEC, with subsequent 
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MALDI-ToF-MS characterization.5,19  This method involves separating a polydisperse polymer 

sample!by means of collecting the eluting fractions of the polymer during SEC separation!into 

several fractions of the polymer having more narrow molecular weight distributions (PDI < 1.1).  

The molecular weight data of these polymer fractions can then be accurately assessed by means 

of MALDI-ToF-MS. 

 As discussed previously in Section 2.3.2, the use of conventional SEC employing solely 

colligative means of detection!such as DRI and UV-Vis absorption detectors!for the assessment 

of molecular weight data of synthetic polymers, depends on accurate molecular weight 

calibration using synthetic polymer standards having narrow molecular weight distributions and 

known molecular weights.  Typically five or more of these polymer standards are injected into 

the SEC apparatus and the resulting measurements for elution volumes are plotted versus the 

logarithm of the molecular weight for each standard.  These measurements are then used to 

derive the parameters that are used to determine the calibration line employed for future 

interpretation of the molecular weight data for unknown polymer samples.19  

 Historically, accurate determination of molecular weight data by means of conventional 

SEC using these detection methods has been obstructed because of the limited availability of 

well-characterized calibration standards.5,19  Furthermore, the reliability of SEC results not only 

depends on the use of a set of primary polymer standards that possess known molecular weights 

and molecular weight distributions, but those standards must also possess a structure similar to 

the polymer of interest.19  However, more often than not a set of polymer standards exhibiting all 

of these qualifications is not available for a specific polymer of interest.  Therefore, most of the 

reports found throughout the literature deal with the use of SEC/MALDI-ToF-MS coupling in 

order to accurately assess polymer samples of interest; this is implemented when no well-

characterized standards are available for SEC calibration purposes.  Fractions are used that have 
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been collected during SEC separation for which the absolute molecular weights have been 

established using MALDI-ToF-MS in order to calibrate the SEC column for accurate assessment 

of molecular weight data by means of SEC.5,19,39-43 

For Instance, Nielen and Malucha demonstrated the applicability of this technique by 

investigating the off-line coupling of SEC with MALDI-ToF-MS analysis of several synthetic 

polymers having PDIs ranging from 1.7!3.0, including poly(styrene), PS, and 

poly(butylacrylate), PBA.40  The polymers were separated using conventional SEC employing 

differential refractive index (DRI) or ultra-violet/visible (UV-Vis) absorption detectors; 40 

fractions were collected over the polymer distribution.  Then, ten of the fractions were analyzed 

by means of MALDI-ToF-MS.  The m/z data obtained from the MALDI-ToF mass spectra of a 

given polymer sample were then used for calibration of the SEC instrument in order to 

accurately assess the average molecular weight and polydispersity index of that particular 

polymer sample. 

Nielen and Malucha made clear that the characterization of PS is not a problem because 

there exists a wide availability of well-characterized, narrowly-distributed PS molecular weight 

standards having known MP values.  Nevertheless, they included PS in their study for validation 

of the SEC/MALDI-ToF-MS technique of calibration because of the availability of reference 

data for PS.  Nielen and Malucha used two PS standards having MN provided by the 

manufacturer of 6,000 and 22,000 Da with PDIs of 2.5 and 2.1, respectively.   The MP values 

obtained by MALDI-ToF-MS for the selected fractions of the PS standard with an MN of 6,000 

Da collected during SEC separation were used for the calibration of the SEC column.   

This calibration was subsequently applied for the calculations of the average molecular 

weight and molecular weight distribution measurements of the unfractionated PS sample using 

SEC.  The results using the SEC/MALDI-ToF-MS calibration were found to be in good 
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agreement with the molecular weight data provided by the manufacturer.  The same 

SEC/MALDI-ToF-MS calibration procedure was performed for the PS standard having a MN of 

22,000 Da.  The calibration lines acquired by the SEC/MALDI-ToF-MS method for both PS 

samples were merged together, and the resulting calibration line was then used for the analysis of 

the PS standard having an MN of 22,000 Da.  The molecular weight averages and PDI for this 

sample were calculated within 1% of the original values for this sample provided by the 

manufacturer, thereby validating the accuracy of the SEC/MALDI-ToF-MS calibration method. 

Nielen and Malucha performed this experiment using PBA as well because at the time 

very little data was available in the literature regarding the characterization of the polymer by 

MALDI-ToF-MS.  They used a PBA sample that had a MN of 19,900 Da and a PDI of 3.0 as 

provided by the manufacturer.  The calculated average molecular weight and molecular weight 

distribution data obtained by SEC after calibrating the SEC column using the SEC/MALDI-ToF-

MS calibration method was in fairly good agreement with the values provided by the 

manufacturer.  However, there was a greater degree of error seen with the PBA than was noticed 

for the PS samples.  The MN for the PBA sample as determined by SEC/MALDI-ToF-MS 

calibration method was found to be 16,500 Da, and the MW calculated by this technique was 

determined to be 62,200 Da; however, the manufacturer determined the MW to be 59,200 Da.  

From these data, the PDI determined by the SEC/MALDI-ToF-MS calibration method was 

found to be 3.76; this was considerably larger than the PDI of 3.0 provided by the manufacturer.  

Nonetheless, the SEC fractionation and consequent MALDI-ToF-MS determination of molecular 

weight data for the collected fractions of synthetic polymers having broadly distributed 

molecular weights has provided a means of more accurately calibrating a SEC system for 

analysis of broadly distributed polymer samples when there does not exist a well-characterized 

set of molecular weight standards for a particular polymer of interest.5,19,39-42 
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However, the problem of inaccurate determination of molecular weight data encountered 

when employing SEC connected to purely concentration-sensitive detectors (as described above) 

may be avoided by the use of molecular weight sensitive detection, such as a light scattering 

detector.  A light scattering detector is a very convenient means of detection and characterization 

of polydisperse polymer samples by means of SEC because it can provide absolute measurement 

of molecular weight without requiring calibration.44-48  A multiangle light scattering (MALS) 

detector offers the additional advantage that the molecular dimensions of the polymer, or radius 

of gyration, may be determined from the angular dependence of the scattered light.44  The 

combination of molecular weight data and the dimensions (radius of gyration) for the polymer 

within the  sample can also be used to obtain important information about size, shape, and 

conformation of the polymer chains in solution.49  A drawback to the use of light scattering 

detection is that the detector response is proportional to molecular weight and so it works very 

well for high molecular weight materials, but unfortunately it is less useful for smaller 

oligomers.44,45  In this Dissertation, a multiangle laser light scattering (MALLS) detector was 

used in conjunction with a  differential refractive index (DRI) detector for all SEC molecular 

weight and molecular weight distribution determinations.  It has been reported that the 

combination of a concentration-sensitive detector and a molecular-weight sensitive detector 

provides the ability to obtain the absolute molecular weight data for a given polymer sample 

directly for each fraction or slice across a sample peak in the size-exclusion chromatogram.45,49 

There are virtually no reports in the literature regarding the prefractionation of poly(3-

alkylthiophene)s, P3ATs, having broad molecular weight distributions in order to investigate the 

discrepancies seen in molecular weight and molecular weight distributions observed in their 

MALDI-ToF-MS analysis as compared to those obtained by SEC.  Lui et al. employed MALDI-

ToF-MS on a poly(3-hexylthiophene)!formed via the McCullough50-52 method of polymerization 



! 202 

and having a MN of 12,200 Da and a PDI of 1.94 as determined by conventional SEC!for the 

analysis of the polymer’s average molecular weight and molecular weight distribution.9  Lui et 

al. compared the SEC results for this P3HT sample using MALDI-ToF-MS and observed that the 

molecular weight distribution in the size-exclusion chromatogram was skewed towards higher 

molecular weight material, whereas the molecular weight distribution observed in the MALDI-

ToF mass spectrum was skewed towards lower molecular weight material.  In fact, the MN was 

4,956 Da as calculated by means of MALDI-ToF-MS, a value less than half that of the MN 

determined by SEC, and the PDI was 1.74.  They attributed the differences seen by the two 

different techniques to many of the reasons outlined in Section 4.1.1 and 4.1.2, including the way 

in which the results are presented, the mass dependence of the desorption/ionization process in 

MALDI, and mass-dependent detection efficiency in MALDI-ToF-MS analysis.  The latter two 

result in an under-representation of higher mass components with respect to lower mass 

components observed in the MALDI-ToF mass spectrum of the P3HT.   

Lui et al. reduced the polydispersity of the P3HT by subjecting the sample to several 

sequential soxhlet extractions using a variety of organic solvents.  They employed acetone and 

hexane to dissolve the P3HT oligomers and low molecular weight P3HT then they used 

methylene chloride in order to dissolve moderate molecular weight material.  Finally, they used 

tetrahydrofuran, THF, and chloroform in order to dissolve large molecular weight polymer 

chains.  They thereby fractionated the P3HT into five different samples with increasing average 

molecular weight having narrower molecular weight distributions that ranged from PDI = 

1.1!1.29 as the MN increased. Sequential soxhlet fractionation of regioregular P3HTs was 

previously reported by Trznadel et al.53, although their study was focused on the examination of 

the effect of molecular weight on the spectroscopic and spectroelectrochemical properties of the 
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material for which they employed fourier-transform infrared (FTIR) and ultraviolet-visible (UV-

Vis) spectroscopies along with cyclic voltammetry. 

Lui et al. compared the SEC and MALDI-ToF-MS results for the five P3HT fractions.   

They reported that for all polymer samples examined SEC always gave higher molecular weights 

than MALDI-ToF-MS.  Lui et al. observed that when the molecular weight of the materials was 

low!such as in the cases of the acetone and hexane fractions!the MN calculated by SEC was 

1.2!1.5 times higher than the MALDI-ToF-MS results.  For higher weight materials, Lui et al. 

observed that the MN calculated by SEC was 1.5!2.3 times higher than the MALDI-ToF-MS 

results.  The PDIs for the five fractions were very similar or slightly higher when calculated by 

means of MALDI-ToF-MS as compared to those calculated by SEC.  

The differences observed by Lui et al. for average molecular weights and molecular 

weight distributions of the P3HT fractions were attributed to the rigid-rod conformation of the 

material for which it has been reported that conventional SEC!requiring calibration using 

molecular weight standards!lacks the ability to correctly characterize rigid-rod polymers.54-56  

Lui et al. note that their findings were in very good agreement with those presented by  Pearson 

et al. regarding the analysis of rigid-rod oligo(thiophene)-ethynylene systems that lead to the 

conclusion that conventional SEC overestimates the actual molecular weight of these systems by 

a factor of 1.5!2.0.54  Furthermore, Holdcroft observed that conventional SEC overestimated the 

absolute molecular weight of P3HTs formed by chemical oxidation with FeCl3 as compared to 

embulliometry methods by a factor of 1.8!2.0.56  This was attributed to the stiffness of the 

polymer chains in solution and the difference in the intrinsic viscosities between P3HTs and the 

poly(styrene) standards used for calibration in SEC.56 

 As discussed above, conventional SEC requiring calibration using poly(styrene) 

standards was not employed for determination of the molecular weight data presented within this 
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Dissertation.  Instead, MALLS in conjunction with DRI detection was used as it did not require 

calibration!with the exception of the determination of the specific refractive index increment, 

SRII, otherwise known as the $n/$c for P3HT (cf. Section 2.3.2)!in order to provide absolute 

molecular weight measurements.  Nonetheless, the P3HT discussed within the pages of this 

Chapter was fractionated by collecting aliquots of the eluting polymer during semipreparative 

SEC separation in order to narrow the molecular weight distributions of the material so that they 

could be studied in-depth using MALDI-ToF-MS analysis.  This was done in an attempt to better 

understand the sources leading to the apparent mass discrimination seen in the MALDI-ToF 

mass spectra of these materials resulting in the extreme discrepancies in average molecular 

weights observed between SEC and MALDI-ToF-MS analysis throughout the body of this work. 

3.2  Methods and Materials 

3.2.1  Chemicals 

 Solvents employed for the purposes of polymerization or analytical charaterization of 

P3HTs were either chromatographic or pesticide grade and were used as received unless noted 

otherwise.  Once opened, solvents used for polymerization and characterization were stored over 

activated molecular sieves (4Å, 8!12 mesh, beads, Fisher Chemical) and degassed with argon for 

one hour prior to use.  3-n-hexylthiophene monomer was purchased from Sigma-Aldrich 

(#399051, 99%) and distilled under vacuum prior to use.  Ferric chloride was purchased from 

Sigma-Aldrich (#451649, anhydrous, powder, $99.9%, trace metal basis) and was opened under 

argon in a glove bag then stored under argon in a dessicator.  The matrix employed for MALDI-

ToF-MS analysis was trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidine]malonitrile 

(DCTB) purchased from Sigma-Aldrich (#727881, $98% respectively) and used as received. 
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3.2.2  Synthetic Methods: Chemical Oxidation of 3-Hexylthiophene 

Polymerizations were carried out according to previously reported procedures in the 

literature for chemical oxidative polymerization of thiophenes and pyrroles with some 

modifications.26,57,58  The polymerization reaction was performed in a 250mL round bottom flask 

(RBF).  The solvent employed was chloroform (pesticide grade, Fisher Scientific #C603), and 

the molar ratio of oxidant-to-monomer employed was 1:2.5.  3-n-hexylthiophene was purified 

prior to experiments via vacuum distillation.  Iron(III) chloride consistently remained under a 

blanket of argon from the moment it was opened as received from the supplier.  The chloroform 

was degassed with argon for a period of one hour prior to the reactions. 

First, an oxidant suspension was prepared by the addition of 406.0 mg (2.5 mmol) of 

iron(III) chloride into 12.5 mL of chloroform.  The mixture was allowed to stir for one hour at 

room temperature under a blanket of argon.  A monomer solution was prepared by the addition 

of 168.3 mg (1.0 mmol) of 3-n-hexylthiophene to 12.5 mL of chloroform.  This was allowed to 

stir at room temperature under argon for one hour.  The monomer solution was then cannulated 

into the stirring oxidant mixture under argon.  The reaction was then allowed to proceed for one 

hour while stirring at room temperature under a blanket of argon. 

After one hour, the reaction was quenched by the addition of 200 mL of anhydrous 

methanol and allowed to stir at room temperature under argon for 24 hours; during which time 

the polymer is reduced and precipitates out of solution.  The solid polymer was then thoroughly 

separated by vacuum filtration and rinsed well with methanol in order to remove residual FeCl3. 

The soluble material remaining in the filtrate was discarded (cf. Section 2.2.2) and the solid 

polymer was then redissolved in 250 mL of chloroform.  The polymer solution in chloroform 

was next washed three times in a separatory funnel with 250 mL 2.0 N HCl.  The chloroform 
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was then rotary-evaporated to leave a thin, reddish-violet film of polymer that was then vacuum-

dried to constant mass overnight.   

3.3 Instrumentation 

3.3.1 MALDI-ToF-MS 

 MALDI-ToF-MS analysis of synthetic polymers and its use for determination of 

molecular weights, molecular weight distribution, and endgroup analysis have been previously 

discussed in Sections 1.3 and 2.3.1.  Mass spectrometric measurements were obtained by use of a 

Bruker UltraFlextreme MALDI-ToF-ToF mass specrometer.  The instrument was equipped with 

a 355-nm Nd:YAG (solid state) 1 kHz smart beam II laser.  For the purposes of the work covered 

within Chapter 3 of this Dissertation the linear mode (cf. Section 2.3.1) of the instrument was 

employed.  The UltraFlextreme possesses multichannel plate (MCP) detectors with a limit of 

detection (LOD) of 1 fmol ACTH and is capable of mass accuracy up to 1 ppm depending on the 

mass range observed.  The instrument is capable of mass resolution up to 40,000 depending on 

the m/z observed and the mode employed.  The resolving power of the instrument in linear mode 

is up to 1200 fwhm. 

The matrix employed for MALDI-ToF-MS inquiries was trans-2-[3-(4-tert-butylphenyl)-

2-methyl-2-propenylidine]malonitrile, DCTB.  Samples were prepared by dissolving the analyte 

and the matrix in pesticide grade chloroform (Fisher Scientific #C-603).   A saturated solution of 

matrix was prepared in this solvent using matrix:analyte ratios > 1000:1, although for the 

analysis of higher mass polymer samples ratios were employed up to 10,000:1.  A small aliquot 

(~ 2 #L) of analyte sample was added to the matrix solution (~ 4–6 #L) then they were 

thoroughly mixed prior to spotting onto the target plate using the dried drop method, where a 1 

#L drop of a given sample was spotted on the target plate and allowed to air dry.  The instrument 

was calibrated prior to each measurement using peptide standards (Bruker, #222570) in the 
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molecular weight range m/z 700–3,200 for analysis of lower mass materials and protein 

standards (Bruker #207234) in the molecular weight range m/z 20,000!70,000 for higher mass 

material.  However, internal standards were not used for these experiments in order to avoid 

high-mass discrimination, due to the fact that oligo(ferrocenyldimethylsilane)s (cf. Section 2.4.1) 

ionize much more readily than the P3HTs under investigation.  

3.3.2 Size-Exclusion Chromatography (SEC) 

The use of size-exclusion chromatography for the determination of molecular weight data 

for synthetic polymers has been previously discussed in Section 2.3.2.  Size-exclusion 

chromatography experiments were performed through the use of an Agilent 1100 series 

autosampler and isocratic pump system.  In some experiments ultraviolet-visible absorption 

measurements were taken using a Waters 490E ultraviolet-visible detector (set to 430 nm).  Light 

scattering measurements were obtained with a Wyatt Dawn Heleos (Wyatt Technologies 

Corporation, Santa Barbara, California) thermostatically-controlled multiangle laser light 

lcattering (MALLS) detector, with a 50-mW GaAs linearly-polarized laser (658 nm) and a K5 

cell.  The MALLS detectors were calibrated using toluene and normalized with poly(styrene) 

standards having a distinct monodisperse molecular weight of 30,000 Da prior to experiments.  A 

Wyatt Optilab Rex refractive index detector was used in conjunction with light scattering 

measurements and it was positioned after the Dawn Helios MALLS detector.  For analytical SEC 

experiments the two in-line columns employed were Phenogel columns (30 cm % 7.8 mm) from 

Phenomenex.  Both columns possessed packing material consisting of 10-µm diameter particles.  

The first column contained a linear bed of packing material having mixed pore sizes in the range 

of 50–106 Å, and the second column contained beads with solely 105 Å pores.  These columns 

were preceded by a Phenomenex guard (10-µm diameter) guard-column.  For semipreparative 

SEC experiments a semipreparative PLgel column (600 % 25 mm) from Polymer Laboratories 
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(#1210-8130) with a bed of packing material (600 % 2.5 mm) consisting of 10-µm diameter 

particles having pore sizes of 103 Å was employed.  A PLgel Prep-Guard from Polymer 

Laboratories (#1210-1120, 25 % 25 mm) was employed preceeding the semipreparative column.  

The solvent employed for the separations was tetrahydrofuran, THF, (HPLC grade, Mallinckrodt 

Analytical #2858-06), which was degassed prior to experiments using helium sparging and/or an 

in-line vacuum degasser.  The flow rate of the solvent for analytical analyses was maintained at 

1.0 mL min!1 and the injection volume for the investigated samples was 100 #L.  For 

semipreparative analysis the flow rate was maintained at 10 mL min!1 using a sample injection 

volume of 1 mL.  A DRI detector alone was used to monitor the elution of the P3HT sample 

during the collection of the fractions of this material by semipreparative SEC.    The collected 

data was processed using the Astra V software provided from Wyatt Technologies Corporation. 

3.3.3 Specific Refractive Index Increment (SRII) Measurements 

 Determination of $n/$c for bulk and fractionated P3HTs was done using the Wyatt 

Optilab Rex refractive index detector (Wyatt Technologies Corporation, Santa Barbara, 

California) used for SEC analysis (cf. Section 2.4.1).  Measurements were made at a wavelength 

of 658 nm and a temperature of 25 °C.  The $n/$c employed for the purposes of the work within 

this chapter were empirically determined using the unfractionated bulk P3HT polymer sample 

and was found to be 0.227 ± 0.008.   

3.3.4 Proton Nuclear Magnetic Resonance (1H-NMR) 

 The use of 1H-NMR for the analysis of the regioregularity of poly(3alkylthiophene)s has 

been previously discussed in Sections 1.2.4 and 2.3.3.  1H-NMR analyses were performed on 

either a Bruker DPX-400 (400 MHz) or AV-4  (400 MHz) liquid spectrometer.  Samples of 

P3HTs were dissolved in deuterated chloroform (CDCl3) purchased from Sigma-Aldrich for all 

1H-NMR experiments. 
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3.4 Results and Discussion 

3.4.1 Comparison of Molecular Weight Data for P3HTs Formed by Chemical Oxidation 
with FeCl3 Employing MALDI-ToF-MS and SEC-MALLS Analysis 
 

The sample of P3HT formed by chemical oxidation with FeCl3 using chloroform as a 

reaction solvent and having a MN 66,000 Da with a PDI of 1.89 shown in the mass spectrum 

presented in Figure 3.1 was fractionated using semipreparative SEC by collecting the eluting 

polymer as it left the DRI detector.  Each polymer fraction was collected over a period of 10-

seconds beginning with the eluting high-mass material seen by the DRI detector so as to yield 36 

1.67-mL fractions of polymer solution.  Figure 3.2 is the chromatogram of the semipreparative 

 
 
Figure 3.2 Chromatogram of the semi-preparative SEC separation of polydisperse P3HT 
having a MN = 66,000 Da and a PDI = 1.89 determined by analytical SEC.  Fractions of the 
eluting P3HT were collected in ten-second intervals and are delineated by the red-lined 
sections.  
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SEC separation for this material denoted with the weight fractions collected during the 

separation.  The collected polymer fractions were immediately placed and consistently stored 

under a blanket of argon gas in scintillation vials with Teflon-sealed caps that were further sealed 

using Parafilm.  They were stored in a dark refrigerator between analyses and allowed to 

thermally equilibrate to room temperature before opening for analyses to avoid water 

condensation in the polymer.   

Thirteen representative P3HT samples were chosen for analytical SEC and MALDI-ToF-

MS analysis.  These samples were subjected to analytical SEC characterization in order to obtain 

the average molecular weights and molecular weight distributions for the individual polymer 

fractions.  These data are shown in Table 3.1.  The polydispersity index of all of the P3HT 

fractions examined was dramatically narrowed (PDI < 1.1) with the exception of fractions 1, 3, 

P3HT Fraction # MW (Da) MW  error 
(± %) MN (Da) MN  error 

(± %) PDI 

1 789,700 2.3 720,000 2.3 1.1 
3 238,900 1.0 210,600 0.9 1.13 
5 139,300 2.1 122,000 1.6 1.14 
7 83,300 2.8 80,260 2.5 1.04 
9 71,790 2.6 70,020 2.4 1.03 
10 66,230 2.5 64,530 2.3 1.03 
13 47,990 5.0 47,540 5.0 1.01 
15 43,330 5.0 42,870 4.0 1.01 
18 33,860 6.0 33,440 6.0 1.01 
21 32,900 6.0 32,650 6.0 1.01 
24 29,160 10.0 28,630 9.0 1.02 
27 23,780 15.0 23,240 15.0 1.02 
30 26,780 13.0 26,390 13.0 1.02 

BULK 125,800 1.4 66,640 1.2 1.89 
!
Table 3.1 Average molecular weight and molecular weight distribution data for selected 
fractions of polydisperse P3HT collected during semi-preparative SEC obtained by analytical 
SEC analysis. 
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and 5 that contained the highest molecular weight P3HT components.  The average molecular 

weights, MN and MW, of fractions 1 and 3 seem exceptionally large.  However, the chromatogram 

of the semipreparative separation (cf. Figure 3.2) indicates these fractions elute early within  a 

peak that is not congruous with the rest of the separating materials.  This fact combined with the 

extremely large average molecular weights for fractions 1 and 3 may indicate a degree of 

entanglement or aggregation occurring for the long chain polymers within these fractions.  

Furthermore, there exists a large degree of error associated with the later eluting fractions that 

may be attributed to the fact that MALLS detection is less efficient for the examination of 

smaller weight materials.44,47-49  Moreover, the concentrations of the later eluting fractions were 

much less compared to the earlier eluting fractions.  The decreased concentrations combined 

with the inefficiency of MALLS to correctly characterize small molecular weight materials made 

the reliable determination of molecular weight data for fractions eluting later than fraction 30 

very difficult by these means. 

The MALDI-ToF-MS analysis of fractions 1 and 3 provided no observable ion signals in 

a range up to m/z 400,000.  Many attempts were made in an effort to produce discernable ion 

signals for these fractions, and in doing so, a variety of sample preparation and instrumental 

variables were adjusted.  For instance, the polymer concentration for both of these fractions was 

diluted several times, thereby increasing the matrix-to-analyte ratio, in attempts to prevent 

entanglement or aggregation of the polymer chains that may inhibit efficient 

desorption/ionization during the MALDI event.  However, the dilution of the polymer 

concentration in the analyte/matrix mixture did not yield any observable ion signal for these 

materials.  Also, the laser power was adjusted throughout the range of the power gain for each 

serial dilution in further attempts to ionize the material (cf. Section 3.1.2). Nevertheless, 

manipulation of the laser power for any of the diluted polymer samples failed to produce 
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observable ion signals.   Finally, the detection range was gated (cf. Section 3.1.3) by adjusting 

the range of m/z detection for the MCP detectors via diversion of ions outside of the selected 

range for each of the diluted polymer samples.  The m/z range was gated incrementally in small 

m/z segments!for instance from m/z 75,000 to 100,000 or from m/z 100,000 to 125,000 and so 

forth!throughout the entire range up to m/z 400,000 for all diluted polymer samples, while 

varying the laser power through the entire range of gain in attempts to produce an ion signal for 

these materials.  Still, no observable ion signals were detected for these fractions.   

It is very likely that these high-mass P3HTs simply do not ionize with enough efficiency 

for qualitative analysis by means of MALD-ToF-MS, indicating to some degree that mass 

discrimination of higher molecular weight materials occurs due to desorption/ionization 

discrimination that may be dependent on sample preparation.  However, because a multitude of 

 
Figure 3.3 MALDI-ToF mass spectrum of P3HT fraction #5 having a MN = 122,000 Da and a 
PDI = 1.14 determined by analytical SEC-MALLS analysis. 
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attempts to ionize these fractions via manipulation of sample preparation and 

desorption/ionization variables were made it is most probable that the higher molecular weight 

materials aggregates or become entangled during sample preparation and this phenomenon 

inhibits ionization. 

The observable ion signal obtained for fraction 5 is shown in the MALDI-ToF mass 

spectrum presented in Figure 3.3.  In order to obtain this spectrum the instrument was gated 

between a range of m/z 15,000!50,000.  There appears the glimpse of an ion signal at 

approximately m/z 35,000 with an unusual exponential increase in the signal as the m/z 

decreases.  The first discernable ion signal detected for any of the fractions, albeit not well 

resolved, is shown in the MALDI-ToF mass spectrum of fraction 7 presented in Figure 3.4.  This 

spectrum was obtained using ion gating between m/z 10,000!40,000.  The mass spectrum of 

fraction 7 shows two ion signal peaks; one with a MP at m/z 29,000 and a larger peak with a MP at 

 
Figure 3.4 MALDI-ToF mass spectrum of P3HT fraction #7 having a MN = 80,260 Da and a 
PDI = 1.04 determined by analytical SEC-MALLS analysis. 
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m/z 14,500.  The appearance of the second peak at m/z 14,500 in the mass spectrum of fraction 7 

gives some insight into the sharply increasing baseline signal seen in the mass spectrum of 

fraction 5 (cf. Figure 3.3).  Although MALDI-ToF-MS is a soft ionization technique that is 

thought to produce primarily singly-charged ions, there are a very limited number of reports in 

the literature that indicate multiply-charged ions can be produced in the MALDI-ToF-MS 

analysis of synthetic polymers.31,59,60  However, there are no reports in the literature concerning 

multiple charging of poly(thiophene)s.  The signal peak m/z 14,500 in the mass spectrum of 

fraction 7 is indicative of doubly-charged P3HT having the molecular weight in the range of 

29,000 Da.  The presence of doubly-charged species could explain the signals observed in the 

mass spectrum of fraction 5 in Figure 3.3. 

The mass spectra of both fraction 5 and 7 provide molecular weight data that is 

exceedingly below the average molecular weights provided by means of SEC (cf. Table 3.1).  

Fraction 5 was found to have a number-average molecular weight, MN, of 122,000 Da 

determined by SEC, whereas an estimate of the MN for the same material by means of MALDI-

ToF-MS is roughly 35,000 Da.  Likewise, Fraction 7 was found to have a number-average 

molecular weight, MN, of 80,260 Da determined by SEC, whereas an estimate of the MN for the 

same material by means of MALDI-ToF-MS is roughly 30,000 Da.  Thus for these fractions the 

MN determined by SEC is 2.5!3.5 times that determined by MALDI-ToF-MS. 

The MALDI-ToF mass spectrum of fraction 10 is shown in Figure 3.5.  This spectrum 

was obtained using ion gating between 5,000!29,000 m/z.  There are at least two ion signal 

peaks present in the spectrum.  An ion signal peak having a MP near m/z 22,000 is clearly present 

along with a more prominent peak at one-half the m/z of the former with a MP at approximately 

m/z 11,000, indicating the possible presence of doubly-charged ions.  There is also a glimpse of 

an ion signal peak emerging around m/z  7,000 that possibly could indicate the presence of triply-
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charged material, although this signal does not possess a sufficient signal-to-noise ratio to 

confirm this.  Still, the increasing baseline as the m/z decreases in this area lends credence to this 

possibility.  Again there is a large discrepancy between the average molecular weight of fraction 

10 obtained by MALDI-ToF-MS as compared to that determined by SEC.  The MN of fraction 10 

calculated by SEC was 64,530 Da, whereas the MN estimated from the MALDI-ToF mass 

spectrum of fraction 10 is on the order of 22,000 Da; this is presuming the ion signal peak at m/z 

22,000 is representative of singly-charged material.  In such a case the number-average 

molecular weight (MN) for this fraction determined by SEC is 3 times that determined by 

MALDI-ToF-MS. 

The MALDI-ToF mass spectrum of fraction 13 is shown in Figure 3.6.  This spectrum 

was obtained using ion gating between m/z 4,000!22,000.  There are again at least two ion signal 

peaks present in the spectrum shown in Figure 3.6.  An ion signal peak having a MP at m/z 

 
Figure 3.5 MALDI-ToF mass spectrum of P3HT fraction #10 having a MN = 64,530 Da and a 
PDI = 1.03 determined by analytical SEC-MALLS analysis. 
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16,500 is clearly present along with a more intense peak at one-half the m/z of the former with a 

MP at m/z 8,250, indicating the presence of doubly-charged ions.  The presence of doubly-

charged species is now strongly evidenced as shown in the inset spectrum of Figure 3.6.  The ion 

signals shown in the insets are now resolved well enough to discern the differences in m/z for the 

representative repeat units within the signal peaks.  The repeat units for the signal at 

approximately m/z 8,250 differ by m/z 83!one-half the molar mass of the 3-n-hexylthiophene 

unit (166.2 amu)!whereas the ion series at approximately m/z 16,500 differ by m/z 166; clearly 

indicating the signal situated around m/z 8,2500 results from doubly-charged ions (cf. Section 

2.3.1, Equation 2.4).   

There is also ion signal emerging at m/z 5,500 that perhaps indicates the presence of 

triply-charged material, although this signal does not possess a sufficient signal-to-noise ratio to 

 
Figure 3.6 MALDI-ToF mass spectrum of P3HT fraction #13 having a MN = 47,540 Da and a 
PDI = 1.01 determined by analytical SEC-MALLS analysis.  The insets show the mass-to-
charge difference for the ion series resulting from singly-charged P3HT (right) and doubly-
charged P3HT (left). 
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confirm this. Again there is a large discrepancy between the average molecular weight of 

fraction 13 obtained by MALDI-ToF-MS as compared to that determined by SEC.  The MN of 

fraction 13 calculated by SEC was 47,540 Da, whereas the MN estimated from the MALDI-ToF 

mass spectrum of fraction 13 is estimated at approximately 16,500 Da.  The number-average 

molecular weight (MN) for this fraction determined by SEC is approximately 3 times that 

determined by MALDI-ToF-MS. 

The MALDI-ToF mass spectrum of fraction 15 is shown in Figure 3.7.  This spectrum 

was obtained using ion gating between m/z 3,000!20,000.  There are again at least two ion 

signals present in the lower spectrum in Figure 3.7.  An ion signal peak having a MP at roughly 

m/z 13,800 is clearly present along with a less intense peak at one-half the m/z of the former with 

a MP at m/z 6,900 indicating the presence of doubly-charged ions.  The presence of doubly-

 
Figure 3.7 MALDI-ToF mass spectrum of P3HT fraction #15 having a MN = 42,870 Da and a 
PDI = 1.01 determined by analytical SEC-MALLS analysis. The insets show the mass-to-
charge difference for the ion series resulting from singly-charged P3HT (right) and doubly-
charged P3HT (left). 
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charged species is again evidenced by ion signals shown in the insets, which are now resolved 

well enough to discern the differences in the m/z for the representative repeat units within the 

signal peaks.  The ion series at approximately m/z 6,900 differ by m/z 83!one-half the molar 

mass of the 3-n-hexylthiophene unit (166.2 amu)!whereas the ion series at approximately m/z 

13,800 differ by m/z 166; clearly indicating the ion series situated around m/z 6,900 results 

doubly-charged ions (cf. Section 2.3.1, Equation 2.4).  There is also an ion series emerging at m/z 

4,600 that might indicate the presence of triply-charged material, although this signal does not 

possess a sufficient signal-to-noise ratio to confirm this. Again there is a large discrepancy 

between the average molecular weight of fraction 15 obtained by MALDI-ToF-MS as compared 

to that determined by SEC.  The MN of fraction 15 calculated by SEC was 42,870 Da, whereas 

the MN estimated from the MALDI-ToF mass spectrum of fraction 15 is estimated at 

approximately 13,800 Da.  The number-average molecular weight (MN) for this fraction 

determined by SEC is approximately 3 times that determined by MALDI-ToF-MS. 

The MALDI-ToF mass spectrum of fraction 18 is shown in Figure 3.8. This spectrum 

was obtained using ion gating between m/z 3,000!15,000.  There are at least two ion series 

signals present in the lower spectrum of Figure 3.8.  An ion series signal having a MP at roughly 

m/z 10,800 is clearly present along with a less intense ion series signal at one-half the m/z of the 

former with a MP at m/z 5,400 indicating the presence of doubly-charged ions.  The presence of 

doubly-charged species is again evidenced by ion signals shown in the insets, which are now 

resolved well enough to discern the differences in the m/z for the representative repeat units 

within the ion series signals.  The ion series at approximately m/z 5,400 differ by m/z 83!one-

half the molar mass of the 3-n-hexylthiophene unit (166.2 amu)!whereas the ion series at 

approximately m/z 10,800 differ by m/z 166; clearly indicating the peak situated around m/z 

5,400 results from doubly-charged ions (cf. Section 2.3.1, Equation 2.4).  There is also an ion 
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series emerging at m/z 3,600 that perhaps indicates the presence of triply-charged material, 

although this signal does not possess a sufficient signal-to-noise ratio to confirm this. Again 

there is a large discrepancy between the average molecular weight of fraction 18 obtained by 

MALDI-ToF-MS as compared to that determined by SEC.  The MN of fraction 18 calculated by 

SEC was 33,440 Da, whereas the MN estimated from the MALDI-ToF mass spectrum of fraction 

18 is estimated at approximately 10,800 Da.  The number-average molecular weight (MN) for this 

fraction determined by SEC is approximately 3 times that determined by MALDI-ToF-MS. 

The MALDI-ToF mass spectrum of fraction 24 is shown in Figure 3.9. This spectra was 

obtained using ion gating between m/z 2,000!8,000.  There are two ion series signals present in 

the lower spectrum shown in Figure 3.9.  An ion series signal having a MP at roughly m/z 7,000 

is present along with a slightly less intense signal at one-half the m/z of the former with a MP at 

 
Figure 3.8 MALDI-ToF mass spectrum of P3HT fraction #18 having a MN = 33,440 Da and a 
PDI = 1.01 determined by analytical SEC-MALLS analysis. The insets show the mass-to-
charge difference for the ion series resulting from singly-charged P3HT (right) and doubly-
charged P3HT (left). 
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m/z 3,500 indicating the presence of doubly-charged ions.  The presence of doubly-charged 

species is now surely confirmed as shown in the inset spectra of Figure 3.9.  The ion series 

signals shown in the insets are now resolved well enough to discern the isotopic differences in 

the m/z for the individual ion signals within the ion series.   

The individual ion signals comprising the series at approximately m/z 3,500 differ by m/z 

&, whereas the ion series at approximately m/z 7,000 differ by m/z 1; this undoubtedly indicates 

that the peak situated around m/z 3,500 results from doubly-charged ions (cf. Section 2.3.1, 

Equation 2.4).  Again there is a large discrepancy between the average molecular weight of 

fraction 24 obtained by MALDI-ToF-MS as compared to that determined by SEC.  The MN of 

fraction 24 calculated by SEC was 28,630 Da, whereas the MN estimated from the MALDI-ToF 

mass spectrum of fraction 24 is approximately 7,000 Da. The number-average molecular weight 

 
Figure 3.9 MALDI-ToF mass spectrum of P3HT fraction #24 having a MN = 28,630 Da and a 
PDI = 1.02 determined by analytical SEC-MALLS analysis. The insets show the mass-to-
charge difference for the ion series resulting from singly-charged P3HT (right) and doubly-
charged P3HT (left). 
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(MN) for this fraction determined by SEC is approximately 4 times that determined by MALDI-

ToF-MS. 

The MALDI-ToF mass spectrum of fraction 27 is shown in Figure 3.10. This spectrum 

was obtained using ion gating between m/z 2,000!8,000.  There are two ion series signals 

present in the lower spectrum shown in Figure 3.10.  An ion series signal having a MP at roughly 

m/z 5,600 is present along with a much less intense signal at one-half the m/z of the former with a 

MP at m/z 2,800 indicating the presence of doubly charged ions.  The presence of doubly-charged 

species is again confirmed by the ion series signals shown in the insets, which are resolved well 

enough to discern the isotopic differences in the m/z for the individual ion signals within the ion 

series.  The individual ion signals comprising the ion series at approximately m/z 2,800 differ by 

m/z &, whereas the ion series at approximately m/z 5,600 differ by m/z 1; undoubtedly indicating 

 
Figure 3.10 MALDI-ToF mass spectrum of P3HT fraction #27 having a MN = 23,240 Da and 
a PDI = 1.02 determined by analytical SEC-MALLS analysis. The insets show the mass-to-
charge difference for the ion series resulting from singly-charged P3HT (right) and doubly-
charged P3HT (left). 
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that the peak situated around m/z 2,800 results from doubly-charged ions (cf. Section 2.3.1, 

Equation 2.4).  Again there is a large discrepancy between the average molecular weight of 

fraction 27 obtained by MALDI-ToF-MS as compared to that determined by SEC.  The MN of 

fraction 27 calculated by SEC was 23,240 Da, whereas the MN estimated from the MALDI-ToF 

mass spectrum of fraction 27 is estimated at approximately 6,000 Da.  The number-average 

molecular weight (MN) for this fraction determined by SEC is approximately 4 times that 

determined by MALDI-ToF-MS. 

The MALDI-ToF mass spectrum of fraction 30 is shown in Figure 3.11.  Ion gating was 

not employed for the acquisition of this spectrum.  There are two ion series signals present in the 

lower spectrum shown in Figure 3.11.  An ion series signal having a MP at roughly m/z 4,800 is 

 
Figure 3.11 MALDI-ToF mass spectrum of P3HT fraction #30 having a MN = 26,390 Da and 
a PDI = 1.02 determined by analytical SEC-MALLS analysis. The insets show the mass-to-
charge difference for the ion series resulting from singly-charged P3HT (right) and doubly-
charged P3HT (left). 
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present along with a much less intense ion series signal at one-half the m/z of the former with a 

MP at m/z 2,400 indicating the presence of doubly-charged ions.  The presence of doubly-charged 

species is again confirmed by the ion series signals shown in the insets, which are resolved well 

enough to discern the isotopic differences in the m/z for the individual ion signals within the ion 

series.  The individual ion signals comprising the ion series at approximately m/z 2,400 differ by 

m/z &, whereas the ion series at approximately m/z 4,800 differ by m/z 1; undoubtedly indicating 

that the peak situated around m/z 2,800 results from doubly-charged ions (cf. Section 2.3.1, 

Equation 2.4).  There is a large discrepancy between the average molecular weight of fraction 30 

obtained by MALDI-ToF-MS as compared to that determined by SEC.  The MN of fraction 30 

calculated by SEC was 26,390 Da, whereas the MN estimated from the MALDI-ToF mass 

spectrum of fraction 30 is estimated at approximately 5,000 Da.  The number-average molecular 

weight (MN) for this fraction determined by SEC is approximately 5 times that determined by 

MALDI-ToF-MS. 

The MALDI-ToF mass spectrum of fraction 33 is shown in Figure 3.12.  Ion gating was 

not employed for the acquisition of this spectrum.  There are two ion series signals present in the 

lower spectrum shown in Figure 3.12.  An ion series signal having a MP at roughly m/z 4,000 is 

present along with a much less intense ion series signal at one-half the m/z of the former with a 

MP at m/z 2,000 indicating the presence of doubly-charged ions.  The presence of doubly-charged 

species is again confirmed by the ion signals shown in the insets, which are resolved well enough 

to discern the isotopic differences in the m/z for the individual ion signals within the ion series.  

The individual ion series at approximately m/z 2,000 differ by m/z &, whereas the ion series at 

approximately m/z 4,000 differ by m/z 1; undoubtedly indicating that the ion series signal 

situated around m/z 2,000 results from doubly-charged ions (cf. Section 2.3.1, Equation 2.4).   
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The intensity of the ion series signal at m/z 2,000 possessing doubly-charged ions is 

severely diminished.  In fact, signal intensity for doubly charged materials began to steadily 

diminish for fraction eluting later than fraction 24.  This phenomenon may be a function of 

oligomer chain length as it has been reported there needs to be at least between 6!10 monomer 

units in an oligomer to minimize the coulombic repulsion and structural distortion effects (cf. 

Section 1.2.8) of dication formation in order to stablize the bipolaron structure of P3ATs.61,62  

Still, the material in fraction 33 having a MP determined by MALDI-ToF-MS to be around 4,000 

Da is primarily comprised of oligomers consisting of approximately 21!27 monomer units. 

Therefore, the diminishing signal for doubly charged species might also be attributed to the 

decrease in oxidation potential with the increase in chain length seen for these materials53,63 and 

 
 
Figure 3.12 MALDI-ToF mass spectrum of P3HT fraction #33. The insets show the mass-to-
charge difference for the ion series resulting from singly-charged P3HT (right) and doubly-
charged P3HT (left). 
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the probability of producing doubly-charged species is likely influenced by a combination of 

both functions.   

The SEC determination of the average molecular weights and molecular weight 

distribution for fraction 33 was unattainable, due to the fact that the MALLS detector was unable 

to provide a sufficient detection signal for this fraction and light scattering data measurements 

could not be obtained for fractions eluting later than fraction 30.  This may be attributed to the 

fact that MALLS is not an efficient means for measuring the hydrodynamic radius of smaller 

molecules44,47-49 but undoubtedly is also due to the fact that the later eluting fractions were much 

less concentrated than the earlier eluting fractions. 

The most striking result obtained from the study presented in Section 3.4.1 is the 

existence of multiply-charged ions in the gas phase during the MALDI-ToF-MS analysis of 

P3HTs.  Nonetheless, The above comparisons of molecular weight data obtained by means of 

SEC-MALLS and MALDI-ToF-MS for the P3HT fractions examined herein clearly show 

massive discrepancies involving the apparent overestimation of the average molecular weight 

calculated by means of SEC-MALLS that is on the order of 3-4 times greater than those 

estimated by means of MALDI-ToF-MS.  The exact reasons for this phenomenon are still not 

fully understood, although there may multiple factors contributing to this problem. 

First, with light scattering the molar mass can be directly obtained from R%/KC when 

sin2(%/2) equals zero (cf. Section 2.3.2).   However, it is not feasible to measure the scattered 

light at 0° and higher angles must be used to perform the light scattering measurements.  

Therefore, in order to obtain the molar mass and root-mean-square radius from multiangle light 

scattering (MALLS), measurements at multiple angles greater than zero are performed and then 

extrapolated to zero.  This extrapolation is done using a Debye,64 Zimm,65 or Berry66 plot in 

which R%/KC is plotted as a function of sin2(%/2) where the intercept will be a function of the 
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molar mass and the slope at sin2(%/2) = 0 is a function of both molar mass and the root-mean-

square radius.  There are several methods of preparing these extrapolation plots that each depend 

on parameter fitting to a given function, which demands a prior knowledge of the polymers 

conformation (i.e. random-coil, spherical, or rigid-rod) for the accurate characterization of the 

light scattering data collected.44,48  It is has been shown in the literature that the choice of 

extrapolation method and empirically determined parameter fitting can have a large impact on 

the accuracy of the results obtained by MALLS.48  Therefore, it is quite possible that the 

extrapolation of sin2(%/2) = 0 used for the analysis of the fractions investigated in Section 3.4.1 

may have been erroneous for the conformational nature of P3HTs examined. 

Exacerbating this condition is the fact that the SRII ($n/$c), or the change in refractive 

index as a function of the change in the materials concentration, for P3HTs is dependent on the 

molecular weight of the material and is very likely dependent on the regioregularity and 

conformational structure of the polymer as well.  The $n/$c employed for the purpose of  SEC-

MALLS analysis performed within this Chapter was empirically evaluated using a bulk polymer 

sample (unfractionated) of P3HT and was determined to be 0.227.  However, initial experiments 

performed in the course of this work indicated that the $n/$c for differing molecular weight 

fractions of P3HT vary immensely.  For example, fractions of P3HT that were separated by 

means of soxhlet extractions using various organic solvents were collected and then the $n/$c for 

lower molecular weight material extracted in acetone and n-hexane was determined.  The $n/$c 

for the acetone fraction that included the distribution of the smallest molecular weight material 

(MN ~ 11,400 Da calculated by analytical SEC-MALLS) was determined to be 0.119, whereas 

the $n/$c for the n-hexane fraction that contained the distribution of the next-larger molecular 

weight material (MN ~ 36,000 Da calculated by analytical SEC-MALLS) was found to be 0.202.  
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The $n/$c for subsequent larger molecular weight P3HTs!extracted using methylene chloride 

and then chloroform9 !was not determined. 

However, the large change in the $n/$c for the two fractions examined has great 

implications on the accurate determination of molecular weight data for P3HTs obtained by 

SEC-MALLS.  First of all, the optical constant, K, used for the mathematical calculation of 

molecular weight from the intensity of scattered light is proportional to the square of the $n/$c 

(cf. Section 2.3.2, Equation 2.6).  Since the molecular weight calculated from MALLS is 

inversely proportional to the optical constant, K, (cf. Section 2.3.2, Equation 2.8) employing a 

$n/$c half as large as the “true” $n/$c will result in calculated molecular weights twice as large 

as the “true” molecular weight of that material.  This may possibly aid in explaining the large 

overestimations of larger molecular weight materials observed for the early eluting fractions 

examined within this Chapter. 

Still, this does not help to explain the overestimations of molecular weight for the later 

eluting fractions obtained by means of SEC-MALLS having smaller molecular weight polymer.  

However, the extrapolation of the intensity of scattered light at sin2(%/2) = 0 in the Debye plot!or 

similar plot where R%/KC is plotted as a function of sin2(%/2)!is also dependent on the 

concentration of the material under examination.  The concentration of the eluting material 

during SEC-MALLS determined using the DRI detector relies solely on the $n/$c of the eluting 

material.  If a large $n/$c is employed for this determination and the material actually exhibits a 

much smaller change in refractive index as a function of concentration then the concentration of 

the material will be greatly underestimated.  This phenomenon is clearly evidenced in the 

semipreparative SEC chromatogram shown in Figure 3.2 where there is no appreciable signal 

response from the DRI detector for the final eluting fractions of P3HT despite the observable 

presence of small molecular weight material.  Because the molecular weight calculated by 



! 228 

MALLS is inversely proportional to concentration, c, (cf. Section 2.3.2, Equation 2.8) employing 

a $n/$c that is too large will result in overestimations of the actual molecular weight of the 

material.  However, It is likely that the inefficiency of MALLS to correctly assess the molecular 

weight of materials having a small hydrodynamic volumes (< 10,000 Da)44,48 plays a large role in 

the erroneous average molecular weights seen for the later eluting fractions as calculated by 

SEC-MALLS. 

Furthermore, it is very possible that aggregation of P3HTs could be occurring during the 

SEC-MALLS analysis leading to the erroneous average molecular weight data seen in Section 

3.4.1.  It is well known that poly(3-alkylthiophene)s have a strong tendency to self assemble due 

to &-& interchain interactions.9,67,68  Reports have shown that P3HTs can undergo extensive &-

stacking to form aggregates in solution up to 1000 molecules, assembled in side-by-side stacking 

mode.69,70  Aggregation to this extent is shown to typically occur only upon the introduction of 

small amounts a nonsolvent!or one in which P3HT is less soluble!such as methanol into a 

solution of P3HT dissolved in a good solvent, such as chloroform.  However, aggregation to this 

extreme extent is not necessary in order to cause large overestimations of molecular weight by 

MALLS analysis. 

However, P3HTs have been shown to still possess a rigid-rod conformation when they 

are dissolved in a good solvent69,70 that would afford the material the opportunity for &-& 

interchain interactions that could lead to some degree of &-stacking or aggregation.  Furthermore, 

extensive aggregation up to thousands of molecules is not necessary in order to give the 

overestimation of molecular weight data seen in Section 3.4.1.  In fact, possibly only several 

P3HT chains would have to aggregate to produce the results presented above depending on the 

true molecular weight of the polymer chains examined.  Some unusual behavior that may be 

evidence of aggregation of P3HTs appears in the semipreparative SEC chromatogram presented 
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in Figure 3.2.  The front of the chromatogram trace shows a clear separation of early eluting 

material that results in a unique peak eluting prior to the main separation peak for the bulk of the 

P3HT.  This may be indicative of the largest molecular weight material that would be most likely 

to aggregate leading to the exorbitant molecular weights for these fractions calculated by 

analytical SEC.  Furthermore, the tailing seen in the chromatogram for the late eluting P3HT 

fractions is also very curious.  This could be an indication of some enthalpic interaction between 

the polymer and the column, although the mechanism of SEC is based on the premise that the 

separation is purely entropic (cf. Section 2.3.2).  However, it could possibly be an indication of 

some degree of conformational change in the material that might be caused by aggregation of the 

polymer as well.  In any case, given the electronic structure of P3HTs and their rigid-rod like 

conformation the probability that they are aggregating during the SEC separations is not beyond 

the realm of possibility.  

3.4.2 Mass Discrimination of P3HTs During MALDI-ToF-MS Analysis 

The data presented in Section 3.4.1 may provide further insight into the mass 

discrimination of higher molecular weight materials observed during the MALDI-ToF-MS 

analysis of bulk P3HT samples for which multiply-charged ions may play an integral role.  To 

more closely examine the role of multiply-charged material in the mass discrimination of P3HTs 

an experiment was performed in which fractionated P3HT samples having narrow molecular 

weight distributions were combined in equal volumetric proportions in order to simulate 

polydisperse P3HT samples.  The MALDI-ToF-MS analyses for all samples were performed 

under similar preparation and instrumental conditions.  The matrix-to-analyte ratio was kept in 

the same proportion throughout the experiment.  Likewise, the laser power was maintained just 

above the threshold needed for observable ion detection for all spectra acquired.  The results of 

this experiment are shown in the MALDI-ToF mass spectra compiled in Figure 3.13. 



! 230 

In Figure 3.13A is the mass spectrum for the sample comprised of equal volumetric 

portions of fractions 7 and 10.  Individual MALDI-ToF-MS examination of fraction 7 (cf. Figure 

3.4) indicated this fraction contains P3HT having a MP around m/z 29,000, where as fraction 10      

(cf. Figure 3.5) was comprised of P3HT having a MP at roughly m/z 22,000.  In the mass 

spectrum shown in Figure 3.1.3A there is no clear evidence of the ion series signal representing 

singly-charged P3HT from fraction 7 (m/z 29,000), although the elevated baseline in that m/z 

region tailing from the prominent ion series signal at roughly m/z 22,000!representing singly-

charged P3HT from fraction 10!may be attributed to some degree from the presence of the 

material at m/z 29,000 from fraction 7.  There is a prominent ion series signal at ~ m/z 22,000 

which is likely the product of the singly-charged material from fraction 10 along with a clear 

 
Figure 3.13 MALDI-ToF mass spectra showing sequential addition of equal volumetric 
portions of lower molecular weight fractions of P3HT to higher molecular weight fractions.  
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peak at ~11,000 that likely represents the doubly-charged material from the same fraction.  The 

elevated baseline between these two ion series signals might be attributed to the presence of 

doubly-charged species from fraction 7 (m/z 14,500).  Furthermore, there exists an emerging 

peak around m/z 7,000 that implies the presence of triply-charged material from fraction 10.  

This presumption is strengthened by the very high baseline between m/z 7,000!11,000 that could 

be caused by triply-charged P3HT from fraction 7.  Furthermore, the sharply increasing baseline 

below m/z 7,000 may very well be a result of multiply-charged (> 3+) P3HT. 

Figure 3.13B is the mass spectrum for a polymer blend containing equal volumetric 

portions of fractions 7, 10, and 13 (MP ~ m/z 29,000, 22,000, and 16,500).  There is no 

distinguishable ion series signal present in Figure 3.13B that can be identified for the singly- 

charged material from fraction 13 (m/z 16,500), although the baseline in the region for this ion 

series signal is somewhat elevated as compared to the same region in Figure 3.13A.  However, 

the relative intensity of the doubly-charged species (m/z 8,250) for fraction 13 seen in mass 

spectrum in Figure 3.6 is close to twice that of the singly-charged species.  In fact the presence of 

the doubly-charged ion series signal from fraction 13 is seen in the MALDI-ToF mass spectrum 

in Figure 3.13B by the increase and shift towards higher m/z in the baseline in the region of m/z 

7000!11,000 as compared to Figure 3.13A.  In the mass spectrum in Figure 3.13B there appears 

a decrease in the intensity of the ion series signal at ~ m/z 22,000 representing the singly-charged 

P3HT from fraction 10 compared to the intensity for the same ion series signal in Figure 3.13A.  

This is evidence to some degree that mass discrimination of higher mass material may be 

occurring in the presence of excess lower mass materials.  Furthermore, the increase in the slope 

of the elevating baseline below m/z 7,000 still points towards the presence of multiply-charged 

(> 3+) P3HT. 
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The MALDI-ToF mass spectrum for the polymer blend containing fractions 7, 10, 13, 

and 15 (MP ~ m/z 29,000, 22,000, 16,500, and 13,800) is shown in Figure 3.13C.  The overall 

effect to the spectrum upon addition of fraction 15 (MP ~ m/z 13,800, cf. Figure 3.7) is the 

broadening and smoothing of the baseline over the entire m/z range of the material.  There is the 

indication of the ion series signal for the singly-charged species from fraction 15 by the increase 

in the baseline between m/z 12,000!15,000.  This has the effect of giving the baseline an 

appearance of increasing almost linearly from the front of the ion series signal at ~ m/z 22,000 

for the singly-charged species from fraction 10.  There also is an indication of a decrease in the 

intensity of the ion series signal at ~ m/z 22,000, although this is difficult to discern because of 

the overall increase in the baseline.  There is also an apparent signal increase in the m/z region 

for the doubly-charged P3HT from fraction 15 between m/z 6,000!8,000!that is now a 

combination of doubly-charged signal from fractions 13 and 15, as well as triply-charged 

material from fraction 10!that exceeds the signal at ~ m/z 11,000 for the doubly-charged 

material from fraction 10.   The constructive addition of signals from all three of these fractions 

may help to explain the large increase in signal for this region.  The baseline below m/z 6,000 

also continues to increase compared to the former mass spectra presented, most likely due to the 

constructive addition of multiply-charged species providing further evidence for the existence of 

species having charges greater than 3+. 

In Figure 3.13D is shown the mass spectrum of the polymer blend comprised of fractions 

7, 10, 13, 15, and 18 (MP ~ m/z 29,000, 22,000, 16,500, 13,800, and 10,800).  In the mass 

spectrum shown in Figure 3.13D there arises a dramatic increase in the signal situated in the 

region around m/z 11,000 that exceeds all other discernable signals within the spectrum.  This 

ion series signal may be comprised of signals from both the singly-charged P3HT from fraction 

18, as well as the signals from the doubly-charged species from fraction 10, and the constructive 
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addition of signals from both samples would explain the very high intensity of this ion series 

signal.  The ion series signal at ~ m/z 22,000 representing the singly-charged species of fraction 

10 observably diminishes as does the baseline in the region where there appeared signals in the 

form of increasing baseline intensity for the singly-charged species of fractions 13 and 15 (MP ~ 

m/z 16,500, and 13,800) between m/z 13,000!18,000.  

 A strong ion series signal also appears in the m/z region expected for the doubly-charged 

species of fraction 18 (~m/z 5,400), although its width and intensity point to the fact that this ion 

series signal is the result of constructive addition of the signals from singly-charged P3HT from 

fraction 18, doubly-charged species from fraction 15, and triply-charged P3HT ions from 

fraction 10.  This speculation is reinforced by the largely elevated almost level baseline signal in 

the region of m/z 7,000!9,000 between the two most prominent ion series signals that is likely 

the result of the constructive addition of signals arising from doubly- or triply-charged and 

possibly higher-charged species from all of the fractions within the polymer blend.  The idea of 

constructive addition of signals by various multiply-charged species from the different polymer 

fractions would also aid in explaining the sharp increase in the baseline seen in the low m/z 

region (<m/z 5,000) that appears in all of the MALDI-ToF mass spectra presented so far. 

The decrease in the ion signals for the singly-charged species of fractions 10, 13, and 15 

(MP ~ m/z 22,000, 16,500, and 13,800) seen in the MADLI-ToF mass spectrum presented in 

Figure 3.13D give an indication that mass discrimination for the higher-weight P3HT is 

occurring upon the sequential addition of fractions possessing lower molecular weight material.  

However, the intensity of the ion series signal situated at ~ m/z 11,000 clearly implies that there 

is constructive addition of ion signals for differently charged P3HT ions from different fraction 

samples occurring; in this case singly-charged species from fraction 18, and doubly-charged 

species from fraction 10.  This implies that these higher-mass materials are still being ionized in 
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the MALDI event, although they are not being detected.  This is further evidenced by the 

elevated baseline in the region of m/z 13,000!18,000 that is probably comprised of overlapping 

and constructively added signals for a variety of multiply-charged ions from several P3HT 

fractions including the higher-mass fractions (i.e. fractions 10, 13, and 15!MP ~ m/z 22,000, 

16,500, and 13,800).  Therefore, it would appear that the source of discrimination lies in 

detection and not ionization efficiency.  These facts point to the probable source of 

discrimination as being a result of the lack of detector response for the higher-weight materials 

due to saturation of the detector (cf. Section 3.1.3) because of the exceedingly continuous stream 

of ions resulting from the many varieties of multiply charged species produced in the MALDI 

event. 

In Figure 3.13E is shown the mass spectrum of the polymer blend comprised of fractions 

7, 10, 13, 15, 18 and 30 (MP ~ m/z 29,000, 22,000, 16,500, 13,800, 10,800, and 4,800).  With the 

addition of fraction 30 the signal peaks for the singly-charged ions from fractions 10, 13, and 15 

(MP ~ m/z 22,000, 16,500, and 13,800) are no longer apparent.  There still remains the trace of a 

ion series signal in the region of m/z 11,000 where it has been proposed the ion series signal is 

comprised of signals for both singly-charged ions from fraction 18 and doubly-charged ions from 

fraction 10, although the ion series signal in this region is significantly diminished from the 

previous spectrum (cf. Figure 3.13D).  The appearance of an ion series in the region between m/z 

6,000!8,000 indicate the presence of doubly-charged ions from fractions 15 and 18 (MP ~ m/z 

13,800, and 10,800) despite the fact that the singly-charged ions from both of these fractions are 

no longer observable in the mass spectrum.  Furthermore, the elevated baseline between the ion 

series signals situated at m/z 6,000!8000 and m/z 11,000 indicate the presence of doubly-charged 

P3HT ions from fraction 13 (MP ~ m/z 16,500).   
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The fact that the singly-charged ions from fractions 10, 13, and 15 are no longer apparent 

in the MALDI-ToF mass spectrum shown in Figure 3.13E, whereas the doubly-charged ions 

from the same fraction are still evident shows that the P3HT in these fractions is being ionized 

during the MALDI event, although there is lack of a sufficient detector response for the singly- 

charged species.  This further supports the argument that detector saturation is the primary 

source of mass discrimination of higher molecular weight materials seen in the analysis of bulk 

P3HTs by MALDI-ToF-MS and not desorption/ionization discrimination.  The excessive 

decrease in the ion series signal around m/z 11,000 reinforces the idea that successive addition of 

lower molecular weight materials to the polymer blend causes a predictable decrease in the 

signal for higher-mass material, as a result of a larger population of lower mass material that 

creates a continuous stream of particles striking the detector thereby diminishing the 

amplification of signals seen for higher-mass distributions due to the absence of sufficient time 

required for detector recovery.  Furthermore, this phenomenon is extremely aggravated by the 

presence of multiply charged polymer ions that are now clearly shown to exist in the gas phase 

during MALDI-ToF-MS analysis of P3HTs. 

The mass spectrum presented in Figure 3.13E also clearly shows a prominent ion series at 

roughly m/z 4,800 arising from singly-charged ions of P3HT from fraction 30 (MP ~ m/z 4,800), 

although the intensity and width of this ion series signal would imply the presence of signals for 

multiply-charged ions from higher-mass fractions that have constructively added to the signal.  

The individual examination of fraction 30 by MALDI-ToF-MS (cf. Figure 3.11) showed a 

tremendous decrease in the intensity for the signals arising for doubly-charged species.  In fact, 

signal for doubly-charged materials began to steadily diminish for fractions eluting later than 

fraction 24.   
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As mentioned above, the observed decrease in the population of doubly-charged species 

that are formed during MALDI-ToF-MS analysis may be a function of oligomer chain length, as 

it has been reported there needs to be a minimum of 6!10 monomer units in an oligomer to 

minimize the coulombic repulsion and structural distortion effects (cf. Section 1.2.8) of dication 

formation in order to stablize the bipolaron structure of P3ATs.61,62,71  Still, the material in 

fraction 30 having a MP determined by MALDI-ToF-MS to be around 4,800 Da is primarily 

comprised of oligomers consisting of approximately 27!34 monomer units.  However, it has 

been shown that it is energetically favorable to localize the charges that appear on P3AT chains, 

producing a local distortion (quinoidal structure) of the polymer lattice around the charge,72 

which necessitates a coplanar arrangement of the monomer rings in order for a small band gap 

and high conductivities to be achieved.72-74   

Hence, the probability of the formation of doubly-charged species may also be a function 

of the regioregularity (cf. Sections 1.2.3!1.2.6) of the material.  1H-NMR analysis of similar 

fractions from a different P3HT sample formed in the identical fashion to those presented within 

this Chapter and collected during semipreparative separation did show some variation in 

regioregularity between the different fractions.  The analysis of the unfractionated bulk P3HT 

yielded a regioregularity of 77%.  The 1H-NMR analysis of early eluting fractions showed 

regioregularities that were on the order of 81%, whereas the 1H-NMR analysis of later eluting 

fractions were shown to have regioregularities as low as 70%.  Thus the differences in 

regioregularity between the fractions may play a role in influencing the formation of doubly- 

charged species seen throughout this Chapter. 

Finally, the diminishing signal for doubly-charged species might also be a function of the 

decrease in oxidation potential with increasing chain length seen for these materials.53,63  In fact 

the UV-Vis spectrometric analysis of fractions very similar to those presented within this chapter 
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did show a blue shift in absorption from 440 nm to roughly 405 nm for later eluting fractions.  

Therefore, the probability of producing doubly-charged species is most likely influenced by a 

combination of all three of the above-mentioned functions.  Nonetheless, in the mass spectrum 

presented in Figure 3.13E, there appears an unusually elevated baseline signal below m/z 4,000 

that must be due to the constructive addition of multiply-charged ion signals arising from a 

combination of higher molecular weight material from the former fractions.  This fact aids to 

reinforce the premise that multiply-charged species are a primary contributor to detector 

saturation leading to the mass discrimination of higher-mass materials during the MALDI-ToF-

MS analysis of P3HTs. 

 In Figure 3.13E is shown the mass spectrum of the polymer blend comprised of fractions 

7, 10, 13, 15, 18, 30 and 33 (MP ~ m/z 29,000, 22,000, 16,500, 13,800, 10,800, 4,800 and 4,000).  

Upon the addition of fraction 33, the mass spectrum takes on an appearance strikingly similar to 

the MALDI-ToF-MS mass spectrum for the unfractionated P3HT sample, which is presented in 

Figure 3.1.  The ion series signal once at m/z 22,000 representing the singly-charged ions from 

fraction 10 is no longer observable and the response where there was once an indication of signal 

for singly-charged species from fractions 13 and 15 is very much diminished.  The ion series 

signal near m/z 11,000, presumably comprised of singly-charged species from fraction 18, and 

doubly-charged species from fraction 10, is also diminished to the point that it has virtually 

“disappeared” into the baseline.  In fact the spectrum shows a more or less flat baseline 

increasing in intensity from around m/z 15,000 back to approximately m/z 4,000!where the 

baseline culminates in an apex that clearly shows ion signals for the singly charged species from 

fraction 33!and then diminishes in intensity at a similar rate back towards zero.  The result is the 

appearance of one ion series signal with a width of nearly 15,000 amu that is indicative of a 

broadly disperse polymer sample.   
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Although there are no discernable ion series signals providing evidence that this 

distribution is comprised of multiply-charged species of higher-mass material, the intensity and 

breadth of the baseline before and after the observable ion series signal arising from fraction 33 

provides strong evidence to their existence.  The characteristics of the mass spectrum in Figure 

3.13F!along with the evidence provided by the five former mass spectra in Figure 3.13!leave 

little doubt that the signals from multiply charged ion species play an integral role in the extreme 

mass discrimination seen for higher-mass materials in the MALDI-ToF-MS analysis of P3HTs 

that might otherwise be mistaken for and attributed to simple background noise.  Furthermore, 

the data presented here clearly indicate that detector saturation!aggravated by the phenomenon 

of multiply charged P3HT ions in the gas phase!is likely the primary cause of this 

discrimination. 

3.5 Conclusions 

 The body of work presented in this Chapter has raised some very interesting questions 

with regards to the ability to correctly characterize the absolute molecular weights and molecular 

weight distributions of poly(3-hexylthiophene)s, P3HT, by means of both SEC-MALLS and 

MALDI-ToF-MS.  First, although SEC-MALLS is suppose to be a means to accurately obtain 

the absolute molecular weight and molecular weight distribution without having to use 

poly(styrene), PS, molecular weight standards such as is the case with conventional SEC!which 

has been shown to provide erroneous molecular weight data due to the conformational 

differences between PS and P3HT!the results presented herein indicate this is not the case.   

The extreme discrepancies observed in the calculated molecular weights of P3HT 

fractions calculated by analytical SEC-MALLS compared to MALDI-ToF-MS clearly show that 

there is a large degree of error involved in one or the other technique.  Given the fact that the 

fractions were collected in a manner that undoubtedly produced very narrowly-distributed 
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polymer samples it is likely that the average molecular weight data estimated by MALDI-ToF-

MS analysis is very close to the true weights and distributions for these materials as mass 

discrimination during the analysis of the individual polymer fractions may be discounted.  This 

lends itself to the likelihood that very large errors are encountered during the evaluation of 

average molecular weight data for the P3HTs examined here by means of SEC-MALLS that lead 

to overestimations 4 times that of the absolute molecular weight of the P3HTs examined by 

MALDI-ToF-MS. 

The exact reason for the excessive discrepancies is still unknown, although there are 

several possible explanations.  First, the overestimation of the molecular weights of the P3HT 

fractions may be a result of employing a fit to the extrapolated data for the Debye plot used for 

the estimation of the intensity for scattered light at the angle of 0°!a basic requirement in order 

to obtain the molecular weight for a particle directly from R%/KC!that did not well represent the 

conformational structure of P3HT.  Secondly, it is very likely that the $n/$c of P3HT is a 

function of the materials molecular weight and that the $n/$c varies excessively for the different 

P3HT fractions examined.  Finally, it is possible that the P3HTs observed during SEC-MALLS 

analysis undergo aggregation due to &-& interchain interactions leading to &-stacking that result 

in the overestimation of molecular weight by means of light scattering examination. 

Furthermore, if aggregation of the material is occurring then the conformational structure of the 

P3HTs may be changing during the SEC analysis in which case the extrapolated data used in the 

Debye plot may not at certain times during the analysis best reflect the conformation of the 

material.  It is probable that the overestimations of molecular weights obtained by SEC-MALLS 

throughout this work are a result of the combination of all three scenarios.  

The observation of multiply-charged P3HT ions in the gas phase during the MALDI-

ToF-MS analysis of the P3HT fractions!even though MALDI-ToF-MS has been acclaimed as a 
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soft-ionization technique that produces unfragmented, singly-charged species, which renders the 

technique valuable for molecular weight determinations of synthetic polymers!is an extremely 

important find that has aided in part to explain the reasons for the tremendous mass 

discrimination of higher molecular weight distributions seen in the MALDI-ToF mass spectra of 

polydisperse P3HTs.  The existence of doubly charged P3HTs was unequivocally proven during 

the analysis of the individual P3HT fractions, although there was convincing evidence that P3HT 

ions having charges greater than 2+ are formed during the MALDI event throughout all of the 

MALDI-ToF-MS experiments presented within this Chapter.  The importance of this discovery 

and the implications it has on the accurate characterization of poly(3-alkylthiophene)s by 

MALDI-ToF-MS cannot be overemphasized. 

The experiments shown in Section 3.4.2 of this Dissertation clearly indicate that the 

existence of multiply charged P3HT ion species greatly impacts the ability to correctly interpret 

the molecular weigh data for these materials obtained by MALDI-ToF-MS.  This is due to the 

fact that signals for multiply charged ions coincide in the same m/z regions as those produced by 

the singly charged species for which molecular weight determination is being performed.  The 

coinciding and overlapping ion signals combine through a constructive addition of signal 

intensity to obscure the observation of neighboring ion signals.  Furthermore, the creation of 

multiply charged species creates and over abundance of lower m/z ions that greatly increases the 

number of small m/z ions that the MCP detectors encounter in the form of a continuous stream of 

smaller m/z ions made up largely of multiply charged species.  This in turn does not allow the 

detectors enough recovery time before the arrival of higher molecular weight distributions so that 

the detectors can produce a signal for the higher-mass components having sufficient 

amplification of gain within the time frame of the MALDI-ToF-MS experiment.  In other words, 
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the detector becomes saturated with small m/z ions comprised of multiply charged species and 

cannot recover in time to detect the higher-mass components. 

There was also good evidence that mass discrimination for higher-weight P3HTs is due 

to sample preparation or desorption/ionization issues because of the fact that P3HTs from 

fractions 1 and 3 could not be ionized during MALDI-ToF-MS analysis of the individual 

polymer fractions.  Many attempts to overcome the typical reasons for ionization discrimination 

due to sample preparation were performed during the analysis of these materials.  For instance, 

the matrix-to-analyte ratio was increased through serial dilutions of both polymer fractions 

thereby decreasing the concentration of the polymer sample in the matrix/analyte mixture in 

order prevent entanglement or aggregation of these larger materials.  Also, the instrument’s laser 

power was adjusted through the full range of gain for each diluted sample in attempts to ionize 

the materials.   Furthermore, each diluted sample was examined using detection gating in small 

increments throughout the m/z ranges expected for these fractions while varying the laser power 

through the full range of gain.  Nonetheless, the ion signals for the materials from these higher-

mass fractions were not observable by MALDI-ToF-MS analysis, leading to the conclusion that 

the longer polymer chains comprising these fractions most likely do become entangled or 

aggregate inhibiting their ability to undergo efficient desorption/ionization during the MALDI 

event. 

The effects of molecular weight to the electronic and optical properties of 

poly(alkylthiophene)s has been previously discussed in Section 1.2.9.  Needless to say, the 

ability to correctly characterize the molecular weight and molecular weight distributions of these 

materials is critical to their application in relevant and purposeful contemporary devices and 

technologies.  It is now clear that the fractionation of these materials prior to the MALDI-ToF-

MS analysis for the purposes of molecular weight determination is necessary in order to achieve 
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accurate results, and semipreparative SEC is a convenient method to do so.  Also, it has been 

shown that employing analytical SEC-MALLS does not guarantee that absolute molecular 

weights will be obtained, although that is the theory behind light scattering.44  In fact, for the 

purposes of gaining correct molecular weight data by means of SEC it may be more beneficial to 

employ conventional SEC using P3HT fractions that have been characterized for their molecular 

weight by means of MALDI-ToF-MS as molecular weight standards, and for these purposes 

semipreparative SEC would be extremely useful.  
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Chapter 4 

Characterization of P3HTs Formed at Low Temperatures by Chemical Oxidation  

4.1  Introduction 

4.1.1  An Overview of Low-Temperature Synthesis of P3HTs 

 Reports in the literature concerning the low-temperature synthesis of poly(3-

alkylthiophene)s, P3ATs, by means of chemical oxidation with ferric chloride are virtually 

nonexistent.1  Amou et al. reported the use of low-temperature conditions combined with lower 

monomer concentrations during chemical oxidation of 3-n-hexylthiophene in order improve the 

regioregularity of the resulting polymer.1  Amou et al. prepared  poly(3-hexylthiophene)s, 

P3HTs, by chemical oxidation with ferric chloride using chloroform as a reaction solvent and 

initially employing an oxidant-to-monomer ratio of 4:1; this was done by suspending 4.0 mmol 

of ferric chloride in 1.0 mL of chloroform under nitrogen in a 25 mL round-botom flask and then 

adding 1 mmol 3-n-hexylthiophene via syringe and allowing the misture to stir for 24 hours 

under nitrogen.  The reaction mixture was then poured into methanol containing a 10% 

concentrated Hydrochloric acid.  The precipitate was collected by filtration and washed with 

methanol in a soxhlet extractor for 24 hours. 

 Amou et al. went on to perform a series of similar polymerization reactions while 

decreasing the monomer concentration and the reaction temperatures while extending the 

reaction time.  They reported that while performing the polymerization reactions at !45 °C, as 

the monomer concentrations decreased the number average molecular weight, MN, of the 

resulting polymer decreased unless the reaction time increased, whereby the MN increased as a 

function of time.  Performing the reaction at !45 °C and using a monomer concentration of 0.02 

mol L!1 while allowing the reaction to proceed for a period of 200 hours reportedly gave polymer 

in 100% yields with a MN of 68,000 Da, a PDI of 1.9, and regioregularity (cf. Sections 



! 251 

1.2.3!1.2.6) of 88%.  Structure-function relationships in P3ATs have been previously discussed 

within Chapter 1.  Nonetheless, the explanation of the influence of low temperature provided by 

Amou et al. was somewhat ambiguous and was based more in terms of the monomer 

concentrations; however, they concluded that the observed effect of temperature should result 

from the enhancement of selectivity in oxidative coupling between monomer molecules and 

oligomer molecules resulting in chain growth during chemical oxidative polymerization with 

ferric chloride to form P3HTs.  The coupling between monomers and oligomers, compared to 

coupling between oligomers and other oligomers, during chain growth of P3ATs has been shown 

to be the most likely route to the formation of more regioregular P3ATs (cf. Section 2.6.2).2-4 

 The work presented within this Chapter involves the low-temperature synthesis of P3HT 

by means of chemical oxidation with ferric chloride.  In light of the results presented within 

Chapter 2 of this Dissertation, low-temperature polymerizations in Chapter 4 were performed 

using different solvents for the reaction medium.  It has been shown in Chapter 2 that the 

physical properties of specific solvents employed for reactions performed via chemical oxidation 

with ferric chloride have markedly different impacts on the physical properties of the resulting 

polymer.  Expectations of the work presented herein were not only to determine if the 

combination of a specific solvent with low-temperature synthesis might yield P3HT with 

superior physical properties (cf. Sections 1.2.3!1.2.6 and 1.2.9), but also to potentially elucidate 

further information as to the mechanisms (cf. Section 1.2.7 and 2.6.2) that are responsible for the 

creation of high-quality polymers. 

4.2 Methods and Materials 

4.2.1  Chemicals 

 Solvents employed for the purposes of polymerization or analytical characterization of 

P3HTs were either chromatographic grade, reageant grade, or pesticide grade and were used as 



! 252 

received unless noted otherwise.  Once opened, solvents used for polymerization and 

characterization were stored over activated molecular sieves (4Å, 8!12 mesh, beads, Fisher 

Chemical) and degassed with argon for one hour prior to use.  3-n-hexylthiophene monomer was 

purchased from Sigma-Aldrich (#399051, 99%) and distilled under vacuum prior to use.  Ferric 

chloride was purchased from Sigma-Aldrich (#451649, anhydrous, powder, "99.9%, trace metal 

basis) and was opened under argon in a glove bag, then stored under argon in a dessicator.  

Matrices employed for MALDI-ToF-MS analysis were either 2,2’:5’,2’’-terthiophene, or trans-

2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidine]malonitrile (DCTB). Both matrices were 

purchased from Sigma-Aldrich (#311073, 99%, and #727881, "98% respectively) and used as 

received. 

4.2.2  Synthetic Methods: Low-Temperature Chemical Oxidation of 3-Hexylthiophene  

Polymerizations were carried out according to previously reported procedures in the 

literature for chemical oxidative polymerization of thiophenes and pyrroles,5-7 with some 

modifications. The reactions were performed in a 250 mL round bottom flask (RBF).  The 

solvents employed varied, depending on their physical properties for individual experiments.  

The molar ratio of oxidant-to-monomer remained constant at 1:1 throughout all polymerizations 

in order to compare the physical properties of the polymers formed in Chapter 4 of this 

Dissertation with those discussed in Chapter 2.  Oxidant-to-monomer ratios employed for these 

polymerizations are small compared to those used for typical oxidative polymerizations of 

P3ATs found throughout the literature; this was discussed previously in Section 2.2.2.  3-n-

hexylthiophene was purified prior to experiments via vacuum distillation.  Iron(III) chloride 

consistently remained under a blanket of argon from the moment it was opened as received from 

the supplier.  All solvents used were degassed with argon for a period of one hour prior to the 

reactions. 
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Temperature variations for this study were controlled through use of a Lauda RE107 

thermostatically-controlled bath, with the unit set for external circulation.  The model RE107 is 

capable of maintaining a minimum temperature of !35 °C for an indefinite period of time 

operating in ambient conditions (i.e. room temperature).  Low-temperature reactions were 

conducted inside a thermally insulated environment in very close proximity to the 

thermostatically-controlled bath using insulated circulation tubing and jacketed reaction vessels.  

The polymerization reactions were performed at a temperature of !30 °C with the exception of 

those reactions conducted using carbon tetrachloride, which has a freezing point of ~23 °C.  

Reactions performed employing carbon tetrachloride were successfully conducted at !25 °C 

without any indication of phase change occurring. 

First, an oxidant solution or suspension, depending on the nature of the solvent, was 

prepared by the addition of 162.2 mg (1.0 mmol) of iron(III) chloride into 12.5 mL of a given 

solvent.  The mixture was allowed to stir and equilibrate to the reaction temperature for one hour 

under argon atmosphere.  A monomer solution was prepared by the addition of 168.3 mg (1.0 

mmol) of 3-n-hexylthiophene to 12.5 mL of the same solvent used for preparation of the iron(III) 

mixture.  This was allowed to stir and equilibrate to the reaction temperature under argon 

atmosphere for one hour.  The monomer solution was then cannulated into the stirring oxidant 

mixture under argon.  The reaction was then allowed to proceed for 24 hours stirring at under 

argon atmosphere. 

After one hour, the reaction was quenched by the addition of 200 mL of anhydrous 

methanol and allowed to stir at low temperature under argon for 24 hours; during which time the 

polymer is reduced and precipitates out of solution.  The solid polymer was then thoroughly 

separated by vacuum filtration and rinsed well with methanol in order to remove residual FeCl3. 

The soluble polymer remaining in the filtrate was not used for characterization as discussed in 
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Section 2.2.2  The solid polymer was then redissolved in 250 mL of chloroform.  The polymer 

solution in chloroform was next washed three times in a separatory funnel with 250 mL of 2.0 N 

HCl.  The chloroform was then rotary-evaporated to leave a thin, reddish-violet film of polymer 

that was then vacuum-dried to constant mass overnight.   

4.3  Characterization 

4.3.1  Endgroup Analysis 

 Endgroup analysis of poly(3-hexylthiophene)s was done by use of matrix-assisted laser 

desorption/ionization time-of-flight mass spectrometry (MALDI-ToF-MS).  Some perspective of 

the use of MALDI-ToF-MS for the characterization of synthetic and conducting polymers has 

been discussed in Sections 1.3.1, 1.3.3, and 2.3.1.  The limitations of MALDI-ToF-MS for the 

analysis of synthetic polymers, including P3HTs, have been thoroughly discussed throughout 

Chapter 3.  The method of sample preparation for MALDI-ToF-MS analysis of polymers 

performed within this Chapter was outlined in Section 2.3.1. 

4.3.2 Molecular Weight Analysis 

 Molecular weight measurements were done by means of gel-permeation chromatography 

(GPC), also referred to as size-exclusion chromatography (SEC), using a multiangle laser light 

scattering (MALLS) detector in conjunction with a differential refractive index (DRI) detector.  

The use of SEC for the characterization of the average molecular weights and molecular weight 

distributions of synthetic polymers has been previously discussed in Section 2.3.2 and 

throughout Chapter 3. 

4.3.3 Determination of Regioregularity 

 The pattern of coupling between monomers of 3-n-hexylthiophene by means of chemical 

oxidative polymerization, called regioregularity, has been discussed in Section 1.2.3.  The 

regioregularity of P3ATs has a marked impact on the materials electrical and optical properties, 
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as has been outlined in depth throughout Chapter 1.  The analytical method for the determination 

of the materials regioregularity presented here is 1H-NMR.  With this technique, the integration 

and comparison of the relative ratio between the signal peaks for the !-methylenes (aryl 

methylenes) of polymer chains is used for this determination.  Signals for these !-methylene 

peaks are typically present at a chemical shift of " ~ 2.8, or " ~ 2.6 if the coupling is regioregular 

or regiorandom, respectively.  The extent of regioregularity is defined as the percentage of the 

ratio between the two peaks.  A more extensive look at this application is found within Section 

1.2.4. 

4.4 Instrumentation 

4.4.1 MALDI-ToF-MS 

 Mass spectrometric measurements were obtained in part by use of a Bruker OmniFlex 

MALDI-ToF mass specrometer.  The instrument was equipped with a 337-nm nitrogen laser and 

it is capable of both linear and reflectron time-of-flight detection.  The OmniFlex possesses 

multichannel plate (MCP) detectors with a limit of detection (LOD) of 1 fmol ACTH and it is 

capable of mass resolutions up to 10,000 depending on the m/z observed.  Measurements were 

also performed using a Bruker ProFlexx III, which was also equipped with a 337-nm nitrogen 

laser, MCP detectors with a LOD of 100 fmol ACTH, and capable of linear and reflectron 

detection.  The mass resolution of this instrument is up to 8,000 depending on the m/z 

investigated. 

 The matrices employed for MALDI-ToF-MS inquiries were either terthiophene or     

trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidine]malonitrile, DCTB.  DCTB was used 

for the majority of the experiments, as far greater signal intensities and signal-to-noise ratios 

were achieved employing this matrix.  Samples were prepared by dissolving the analyte and the 

matrix in chloroform or methylene chloride.   A saturated solution of matrix was prepared in 
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these solvents in  matrix:analyte ratios > 1000:1.  A small aliquot (~ 2 #L) of analyte sample was 

added to the matrix solution (~ 4–6 #L) and they were thoroughly mixed prior to spotting onto 

the target plate using the dried drop method, where a 1 #L drop of a given sample was spotted on 

the target plate and allowed to air dry.  The instrument was calibrated prior to each measurement 

using peptide standards (Bruker, #222570) in the molecular weight range of m/z 700–3200 for 

analysis performed in reflectron mode.  Internal standards were not used for these experiments.  

 Bruker’s Xmass software was employed in order to calculate the isotopic masses, and 

patterns for oligo(3-hexylthiophene)s having different endgroup (!-), and backbone ($-) 

substituents.  The calculated patterns were used in conjunction with Equations 1.4, and 1.5 for 

the determination of !-, and $-substituents and also referred to for mass accuracy 

determinations.  The observed experimental signal intensities (relative abundances) were used as 

pseudo-Ni measurements and the m/z values were applied as pseudo-Mi measurements for the 

relative comparison of populations or extent of substitution.  Observed experimental signal peaks 

were designated to be molecular radical cations (M+!) as a result of electron-loss ionization, as 

described in Section 2.3.1. 

4.4.2 Size-Exclusion Chromatography (SEC) 

Gel-permeation chromatography experiments were performed through the use of an Agilent 

1100 series autosampler and isocratic pump system.  In some experiments, ultraviolet-visible 

absorption measurements were taken using a Waters 490E ultraviolet-visible detector (set to 430 

nm).  Light scattering measurements were obtained with a Wyatt Dawn Heleos (Wyatt 

Technologies Corporation, Santa Barbara, California) thermostatically-controlled, multiangle 

laser light scattering (MALLS) detector, with a 50-mW GaAs linearly-polarized laser (658 nm) 

and a K5 cell.  The MALLS detectors were calibrated using toluene and then normalized with 

poly(styrene) standards having a distinct monodisperse molecular weight of 30,000 Da prior to 
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experiments.  A Wyatt Optilab Rex refractive index detector was used in conjunction with light 

scattering measurements and it was positioned after the Dawn Helios MALLS detector.  The two 

in-line columns that were employed for these purposes were Phenogel columns (30 cm # 7.8 

mm) from Phenomenex.  Both columns possessed packing material consisting of 10-µm 

diameter particles.  The first column contained a linear bed of packing material having mixed 

pore sizes in the range of 50–106 Å and the second column contained beads with solely 105 Å 

pores.  These columns were preceded by a Phenomenex guard (10-µm diameter) guard column.  

The solvent employed for the separations was tetrahydrofuran, THF, which was degassed prior 

to experiments using helium sparging and/or an in-line vacuum degasser.  The flow rate of the 

solvent for these analytical analyses was maintained at 1.0 mL min!1 and the injection volume for 

the investigated samples was 100 #L.  The collected data was processed using the Astra V 

software provided from Wyatt Technologies Corporation. 

4.4.3 Specific Refractive Index Increment (SRII) Measurements 

 Determination of "n/"c for bulk and fractionated P3HTs was done using the Wyatt 

Optilab Rex refractive index detector (Wyatt Technologies Corporation, Santa Barbara, 

California) used for SEC analysis (cf. Section 2.4.1).  Measurements were made at a wavelength 

of 658 nm and and a temperature of 25 °C.  The "n/"c used for the analysis of polymers within 

this Chapter was empirically determined and found to be 0.227; this was for a bulk polymer 

sample (unfractionated, cf. Section 3.1.4) formed by chemical oxidation with FeCl3 using 

chloroform as a solvent. 

4.4.4 Proton Nuclear Magnetic Resonance (1H-NMR) 

 1H-NMR analyses were performed on either a Bruker DPX-400 (400 MHz) or AV-4  

(400 MHz) liquid spectrometer.  Samples of P3HTs were dissolved in deuterated chloroform 

(CDCl3) purchased from Sigma-Aldrich for all 1H-NMR experiments. 
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4.5 Results 

4.5.1  P3HTs Formed at !30 °C Using Chloroform as a Reaction Solvent 

  P3HTs investigated in this Section were prepared via the procedure outlined in Section 

4.2.2 using chloroform  (CHCl3) as the solvent medium.  Chloroform has historically been the 

solvent employed for chemical oxidative polymerization of P3ATs without much regard or 

explanation as to its qualifications for these purposes.  Chloroform is a very nonpolar solvent 

with a dielectric constant of 4.8 at 25 °C (cf. Section 2.1.2).  Iron(III) chloride is only slightly 

soluble in chloroform at room temperature, remaining for the most part in the solid state, but 

imparting a slight yellowish tint to the suspension.  Chloroform has very strong Lewis acid 

characteristics and is assigned a Gutmann Acceptor number, AN, (cf. Section 2.1.2) of 23.  It has 

virtually negligible Lewis base characteristics and therefore has a Guttman donor number, DN, 

(cf. Section 2.1.2) very near zero.  Mass yields of polymer recovered from the preparation of 

P3HTs formed following the procedures outlined in Section 4.2.2 with chloroform were on the 

order of ~ 20% compared yields of P3HT formed under similar conditions at room temperature, 

which were on the order of ~30% (cf. Section 2.5.1). 

  As noted in Section 2.2.2, polymer yields are in general lower than others reported in 

the literature for the production of P3HTs by this method as a result of the low oxidant-to-

monomer ratio used.  This fact is magnified because of the low temperatures employed for 

polymer reactions found within this Chapter.  Mass yields of P3HTs for the purposes of this 

work were regarded in a relative manner.  

The MALDI-ToF mass spectra observed during the endgroup analysis of these materials 

indicate the presence of oligomers possessing !-terminal ends consisting of two hydrogens [H-

(C10H14S)n-H], as well as oligomers possessing one hydrogen and one chlorine [H-(C10H14S)n-Cl] 

shown in Figure 4.1.  The upper spectrum in Figure 4.1 is the MALDI-ToF mass spectrum of 
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oligomers in the range of m/z 0!5200 by use of reflectron mode (cf. Section 2.3.1).  There is a 

distinct decrease in the abundance of interstitial peaks between those that are indicative of 

!
!

!
 
Figure 4.1 MALDI-ToF mass spectra of P3HT formed at !30 °C in chloroform observed by 
use of reflectron mode (upper).  The inset (lower) shows expanded 6-mer region of the 
spectrum with colored peaks indicating the calculated isotope patterns of the 6-mer having 
different chlorine additions. 
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molecular radical cations (M!+) having solely hydrogen-terminated endgroups as compared to 

P3HT formed under similar conditions but at room temperature (cf. Figure 2.3).   

The lower spectrum in Figure 4.1 is an inset to the spectrum for P3HT formed by 

chemical oxidation with ferric chloride at !30 °C using chloroform as a solvent and focuses on 

the M!+ peak for the oligomer n = 6.  The overlays shown in various colors are the calculated 

isotopic patterns for the representation of the given species that were produced by the Bruker 

Xmass software.  The calculated peaks are labeled in their respective color denoting the chemical 

composition of the calculated patterns, where HTn indicates the repeat unit, which is a 3-n-

hexylthiophene monomer unit minus 2 hydrogen atoms with a molar mass of 166.3 amu.  These 

are shown in comparison to the experimental peaks observed for the polymer sample in the 

background.  The spectrum shows excellent agreement with oligomers representing the 

hydrogen-terminated molecular radical cation, as well as the ion pattern indicating the presence 

of oligomers possessing one chlorine termination and one hydrogen endgroup.  There is also 

some evidence shown in this spectrum for the presence of oligomers having a greater extent of 

chlorine additions.   

The calculated patterns for oligomers having two or more chlorine additions do show 

some disagreement with the observed patterns.  The differences seen in the calculated and 

observed patterns for the oligomers containing more than two chlorine additions may be 

accounted by the lack of deprotonation during polymerization as discussed in Section 2.5.1.  

There is an obvious decrease in the extent of chlorination for the P3HT formed at !30 °C 

apparent in the mass spectra shown in Figure 4.1 compared to those polymers formed under 

similar conditions at room temperature shown in the mass spectra in Figure 2.3 indicated by the 

comparison of the relative abundances of ion signals for the respective materials.   
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The 1H-NMR analysis of P3HTs formed by chemical oxidation with ferric chloride at 

!30 °C using chloroform is shown in Figure 4.2.  The inset shows the peaks for signals arising 

from the !-methylene (aryl methylene) groups found at chemical shifts of " ~ 2.8 ppm and " ~ 

2.58 ppm, indicating signal response from regioregular,and regioirregular material, respectively 

(cf. Section 1.2.3).  The analysis of structural regularity by integration and relative comparison of 

these peaks is discussed in Section 1.2.4.  From integration of the peak found at " ~ 2.8 ppm 

normalized as one (1.0) and integration of the peak found at " ~ 2.58 ppm, which was 

determined to be 0.20 as compared to the normalized peak, the percentage of the peak at " ~ 2.8 

ppm is found to be 83% of the combined areas of the two peaks.  Therefore, the regioregularity 

of P3HT formed by this chemical oxidative polymerization (cf. Section 4.2.2) using chloroform 

as a solvent can be regarded as 83% regioregular material.  The regioregularity of the P3HT 

formed at !30 °C increased 6% compared to those formed under similar conditions at room 

temperature, which was shown to be 77% regioregular (cf. Figure 2.4). 

 
Figure 4.2 1H-NMR spectrum of P3HT formed at !30 °C in chloroform.  The inset shows the 
$-methylene region used to determine the material’s regioregularity of 83%. 
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 In Figure 4.3 is shown the chromatogram from the analytical GPC analysis of P3HT 

formed at !30 °C in chloroform; light scattering (LS) data is represented by the solid line trace, 

differential refractive index (DRI) data is traced with a dotted line, and the logarithm base 10 of 

the distribution of molecular weight data is shown by a dashed line.  The number-average 

molecular weight (MN) for this material as determined from the DRI data was found to be 28,500 

Da compared to P3HT formed under similar conditions at room temperature, which was 

calculated to be 19,500 Da (cf. Figure 2.5).  The weight-average molecular weight, MW, 

calculated from light scattering (LS) data for P3HT formed at !30 °C is 36,600 Da compared to 

those formed at room temperature that was determined to be 36,600 Da (cf. Figure 2.5).  Thus, 

the PDI for P3HTs formed by oxidative polymerization with iron(III) chloride at !30 °C using 

chloroform as a solvent is calculated to be 1.29, whereas those formed under similar conditions 

at room temperature had a PDI of 1.88 (cf. Figure 2.5). 

 

 
Figure 4.3 Plot of elution volume vs. Log10 of molar mass (dashed) and LS (solid) and DRI 
(dotted) chromatograms of P3HT formed at !30 °C in chloroform. 
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4.5.2  P3HTs Formed at !25 °C Using Carbon Tetrachloride as a Reaction Solvent 

  P3HTs investigated in this section were prepared via the procedure outlined in Section 

4.2.2 using carbon tetrachloride  (CCl4) as the solvent medium. Carbon tetrachloride is a more 

nonpolar solvent than chloroform with a dielectric constant at 25 °C (cf. Section 2.1.2) of 2.2.  

Iron(III) chloride is less soluble in carbon tetrachloride than it is in chloroform at room 

temperature, remaining for the most part in the solid state and imparting a very slight yellowish 

tint to the suspension.  Carbon tetrachloride has more than two times less Lewis acid strength 

than chloroform and is assigned a Gutmann Acceptor number, AN, (cf. Section 2.1.2) of 8.6.  

Carbon tetrachloride has negligible Lewis base characteristics.  Mass yields of polymer 

recovered from the preparation of P3HTs formed following the procedures outlined in Section 

4.2.2 using carbon tetrachloride were on the order of ~ 20% compared yields of P3HT formed 

under similar conditions at room temperature, which were on the order of ~30% (cf. Section 

2.5.2). 

The MALDI-ToF mass spectra observed during the endgroup analysis of these materials 

indicate the presence of oligomers possessing !-terminal ends consisting of two hydrogens [H-

(C10H14S)n-H], along with oligomers having one hydrogen and one chlorine [H-(C10H14S)n-Cl] at 

the !-terminals as shown in Figure 4.4.  The upper spectrum in Figure 4.4 is the MALDI-ToF 

mass spectrum of oligomers in the range of m/z 0!5000 by use of reflectron mode (cf. Section 

2.3.1).  The overall ion pattern presented in the upper spectrum of Figure 4.4 indicates that the 

abundance of interstitial peaks (chlorinated oligomers) between those representing hydrogen 

terminated molecular radical cations has dramatically decreased compared to those found in the 

mass spectra of P3HT formed under similar conditions at room temperature (cf. Figure 2.6).   

The lower spectrum in Figure 4.4 is an inset to the spectrum for P3HT formed by 

chemical oxidation with ferric chloride at !25 °C using carbon tetrachloride as a solvent and it 
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focuses on the M!+ peak for the oligomer n = 6.  The overlays shown in various colors are the 

calculated isotopic patterns for the representation of the given species, which were produced by 

!
!

!
 
Figure 4.4 MALDI-ToF mass spectra of P3HT formed at !25 °C in carbon tetrachloride 
observed by use of reflectron mode (upper).  The inset (lower) shows expanded 6-mer region 
of the spectrum with colored peaks indicating the calculated isotope patterns of the 6-mer 
having different chlorine additions. 
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the Bruker Xmass software.  The calculated peaks are labeled in their respective color denoting 

the chemical composition of the calculated patterns, where HTn indicates the repeat unit, which 

is a 3-n-hexylthiophene monomer unit minus 2 hydrogen atoms and has a molar mass of 166.3 

amu.  These are shown in comparison to the experimental peaks observed for the polymer 

sample in the background.  The spectrum shows excellent agreement with oligomers 

representing the hydrogen-terminated molecular radical cation, as well as ion patterns indicating 

oligomers possessing one chlorine termination and one hydrogen endgroup.   

There appears a very extensive decrease in the ion signals observed for chlorinated 

oligomers of P3HT formed at !25 °C in the mass spectra shown in Figure 4.1 compared to those 

polymers formed under similar conditions at room temperature shown in the mass spectra in 

Figure 2.6 indicated by the comparison of the relative abundances of ion signals for the 

respective materials.  In fact, there exists no observable ion signals for oligomers possessing 2 or 

more chlorine additions in the mass spectrum of P3HT formed at !25 °C using carbon 

tetrachloride, whereas the peak for doubly-chlorinated oligomers is evident in greater abundance 

than solely hydrogen-terminated oligomers for P3HT formed at room temperature (cf. Figure 

2.6).  Furthermore, the ion signal for singly-chlorinated P3HT formed at room temperature is 

more abundant than the signal for oligomers possessing solely hydrogen-teminated oligomers as 

shown in Figure 2.6, whereas the signal for singly-chlorinated P3HT oligomers formed at !25 °C 

(cf. Figure 4.4) is at most 1/6th that seen for solely hydrogen-terminated oligomers formed at !25 

°C. 

The 1H-NMR analysis of P3HTs formed by chemical oxidation with ferric chloride at 

!25 °C using carbon tetrachloride is shown in Figure 4.5.  The inset shows the peaks for signals 

arising from the !-methylene (aryl methylene) groups found at chemical shifts of " ~ 2.8 ppm 

and " ~ 2.58 ppm, indicating signal response from regioregular and regioirregular material, 
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respectively (cf. Section 1.2.3).  The analysis of structural regularity by integration and relative 

comparison of these peaks is discussed in Section 1.2.4.  From integration of the peak found at " 

~ 2.8 ppm normalized as one (1.0) and integration of the peak found at " ~ 2.58 ppm, which was 

determined to be 0.25 as compared to the normalized peak, the percentage of the peak at " ~ 2.8 

ppm is found to be 80% of the combined areas of the two peaks.  Therefore, the regioregularity 

of P3HT formed by this chemical oxidative polymerization (cf. Section 4.2.2) at !25 °C using 

carbon tetrachloride as a solvent can be regarded as 80% regioregular material. The 

regioregularity of the P3HT formed at !25 °C using carbon tetrachloride increased 6% compared 

to those formed under similar conditions at room temperature, which was shown to be 74% 

regioregular (cf. Figure 2.7). 

In Figure 4.6 is shown the chromatogram from the analytical GPC analysis of P3HT 

formed at !25 °C in carbon tetrachloride; light scattering (LS) data is represented by the solid 

 
 
Figure 4.5 1H-NMR spectrum of P3HT formed at !25 °C in carbon tetrachloride.  The inset 
shows the $-methylene region used to determine the material’s regioregularity of 80%. 
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line trace, differential refractive index (DRI) data is traced with a dotted line, and the logarithm 

base 10 of the distribution of molecular weight data is shown by a dashed line.  The number-

average molecular weight (MN) for this material as determined from the DRI data was found to 

be 45,600 Da compared to P3HT formed under similar conditions at room temperature, which 

was calculated to be 56,600 Da (cf. Figure 2.8).  The weight-average molecular weight, MW, 

calculated from light scattering (LS) data for P3HT formed at !25 °C is 61,700 Da compared to 

those formed at room temperature that was determined to be 119,000 Da (cf. Figure 2.8).  Thus, 

the PDI for P3HTs formed by oxidative polymerization with iron(III) chloride at !25 °C using 

carbon tetrachloride as a solvent is calculated to be 1.4, whereas those formed under similar 

conditions at room temperature had a PDI of 2.1 (cf. Figure 2.8). 

4.5.3  P3HTs Formed at !30 °C Using 1,2-Dichloroethane as a Reaction Solvent 

  P3HTs investigated in this section were prepared via the procedure outlined in Section 

4.2.2 using 1,2-dichloroethane,  (DCE, C2H4Cl2) as the solvent medium.  DCE is more than two 

 
Figure 4.6 Plot of elution volume vs. Log10 of molar mass (dashed) and LS (solid) and DRI 
(dotted) chromatograms of P3HT formed at !25 °C in carbon tetrachloride. 
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times as polar as chloroform with a dielectric constant of 10.4 at 25 °C (cf. Section 2.1.2).  

Iron(III) chloride is more soluble in DCE than it is in chloroform at room temperature, imparting 

slightly more yellowish tint to the suspension as compared to chloroform.  DCE is used as a 

reference with antimony (V) chloride for empirical determination of Guttman acceptor numbers 

and has arbitrarily been assigned an AN of 100 in that state (cf. Section 2.1.2) and is considered 

to have strong Lewis acid characteristics.  It is also used as a supporting medium for 

determination of Guttman donor numbers (cf. Section 2.1.2) and is regarded as having negligible 

Lewis base strengths.  Mass yields of polymer recovered from the preparation of P3HTs formed 

following the procedures outlined in Section 4.2.2 with DCE were on the order of ~ 20% 

compared yields of P3HT formed under similar conditions at room temperature, which were on 

the order of ~30% (cf. Section 2.5.4). 

The MALDI-ToF mass spectra observed during the endgroup analysis of these materials 

indicate the presence of oligomers possessing !-terminal ends consisting of primarily two 

hydrogens [H-(C10H14S)n-H], and oligomers having one hydrogen and one chlorine                   

[H-(C10H14S)n-Cl] !-terminal groups, as shown in Figure 4.7.  The upper spectrum in Figure 4.7 

is the MALDI-ToF mass spectrum of oligomers in the range of m/z 0!5200 by use of reflectron 

mode (cf. Section 2.3.1).   

The lower spectrum in Figure 4.7 is an inset to the spectrum for P3HT formed by 

chemical oxidation with ferric chloride at !30 °C using DCE as a solvent and focuses on the M!+ 

peak for the oligomer n = 6.  The overlays shown in various colors are the calculated isotopic 

patterns for the representation of the given species, which were produced by the Bruker Xmass 

software.  The calculated peaks are labeled in their respective color denoting the chemical 

composition of the calculated patterns, where HTn indicates the repeat unit, which is a 3-n-

hexylthiophene monomer unit minus 2 hydrogen atoms and has a molar mass of 166.3 amu.  
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These are shown in comparison to the experimental peaks observed for the polymer sample in 

the background.   

!
!

!
 
Figure 4.7 MALDI-ToF mass spectra of P3HT formed at !30 °C in 1,2-dichloroethane 
observed by use of reflectron mode (upper).  The inset (lower) shows expanded 6-mer region 
of the spectrum with colored peaks indicating the calculated isotope patterns of the 6-mer 
having different chlorine additions. 
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The spectrum shows good agreement with oligomers representing the hydrogen-

terminated molecular radical cation, as well as ion patterns indicating oligomers possessing one 

chlorine termination and one hydrogen endgroup.  There is no indication by comparison of 

calculated and observed ion patterns for oligomers possessing two chlorine additions as was seen 

for P3HT formed under similar conditions at room temperature (cf. Figure 2.12). Hydrogen-

terminated P3HT is the primary species observed in the MALDI-ToF mass spectrum of the 

material formed at !30 °C using DCE as a solvent with very limited observable signal for singly-

chlorinated P3HT oligomers.  In fact, the ion signal for singly-chlorinated P3HT formed at room 

temperature using DCE is almost half that of the signal for oligomers possessing solely 

hydrogen-teminated oligomers as shown in Figure 2.12, whereas the signal for singly-chlorinated 

P3HT oligomers formed at !30 °C (cf. Figure 4.7) is roughly 1/10th that seen for solely 

hydrogen-terminated oligomers formed at !30 °C. 

 
 
Figure 4.8 1H-NMR spectrum of P3HT formed at !30 °C in 1,2-dichloroethane.  The inset 
shows the $-methylene region used to determine the material’s regioregularity of 81%. 
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The 1H-NMR analysis of P3HTs formed by chemical oxidation with ferric chloride at 

!30 °C using 1,2-dichloroethane is shown in Figure 4.8.  The inset shows the peaks for signals 

arising from the !-methylene (aryl methylene) groups found at chemical shifts of " ~ 2.8 ppm 

and " ~ 2.58 ppm, indicating signal response from regioregular and regioirregular material, 

respectively (cf. Section 1.2.3).  The analysis of structural regularity by integration and relative 

comparison of these peaks is discussed in Section 1.2.4.  From integration of the peak found at " 

~ 2.8 ppm normalized as one (1.0) and integration of the peak found at " ~ 2.58 ppm, which is 

was determined to be 0.24 as compared to the normalized peak, the percentage of the peak at " ~ 

2.8 ppm is found to be 81% of the combined areas of the two peaks.  Therefore, the 

regioregularity of P3HT formed by this chemical oxidative polymerization (cf. Section 4.2.2) 

using DCE as a solvent can be regarded as 81% regioregular material.  There was no 

improvement in the regioregularity of P3HT formed at !30 °C using DCE as a reaction solvent 

as compared to P3HT formed under similar conditions at room temperature (cf. Figure 2.13) as 

was noticed for the previous two solvents employed for these low-temperature polymerization 

reactions. 

In Figure 4.9 is shown the chromatogram from the analytical GPC analysis of P3HT 

formed at !30 °C in DCE; light scattering (LS) data is represented by the solid line trace, 

differential refractive index (DRI) data is traced with a dotted line, and the logarithm base 10 of 

the distribution of molecular weight data is shown by a dashed line.  The number-average 

molecular weight (MN) for this material as determined from the DRI data was found to be 18,800 

Da compared to P3HT formed under similar conditions at room temperature, which was 

calculated to be 53,500 Da (cf. Figure 2.14).  The weight-average molecular weight, MW, 

calculated from light scattering (LS) data for P3HT formed at !30 °C is 25,600 Da compared to 

those formed at room temperature that was determined to be 86,100 Da (cf. Figure 2.14).  Thus, 
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the PDI for P3HTs formed by oxidative polymerization with iron(III) chloride at !30 °C using 

DCE as a solvent is calculated to be 1.36, whereas those formed under similar conditions at room 

temperature had a PDI of 1.61 (cf. Figure 2.14). 

4.5.4  P3HTs Formed at !30 °C Using Nitromethane as a Reaction Solvent 

  P3HTs investigated in this section were prepared via the procedure outlined in Section 

4.2.2 at !30 °C using nitromethane (CH3NO2) as the solvent medium.  Nitromethane is a very 

polar solvent with a dielectric constant of 37 at 25 °C (cf. Section 2.1.2).  Iron(III) chloride is 

completely soluble in nitromethane at room temperature, forming a yellow/orange solution 

almost immediately upon addition of FeCl3.  Nitromethane is a strong Lewis acid strength and is 

assigned a Gutmann Acceptor number (AN) (cf. Section 2.1.2) of 20.5, slightly less than 

chloroform.  Nitromethane has little Lewis base characteristics and has a Guttman donor number, 

DN, (cf. Section 2.1.2) of 2.7.  Mass yields of polymer recovered from the preparation of P3HTs 

formed following the procedures outlined in Section 4.2.2 with nitromethane were on the order 

 
 
Figure 4.9 Plot of elution volume vs. Log10 of molar mass (dashed) and LS (solid) and DRI 
(dotted) chromatograms of P3HT formed at !30 °C in 1,2-dichloroethane. 



! 273 

of ~ 10% compared yields of P3HT formed under similar conditions at room temperature, which 

were on the order of ~25% (cf. Section 2.5.5). 

!
!

!
 
Figure 4.10 MALDI-ToF mass spectra of P3HT formed at !30 °C in nitromethane observed 
by use of reflectron mode (upper).  The inset (lower) shows expanded 6-mer region of the 
spectrum with colored peaks indicating the calculated isotope patterns of the 6-mer having 
different chlorine additions. 
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The MALDI-ToF mass spectra observed during the endgroup analysis of these materials 

indicate the presence of oligomers possessing !-terminal ends consisting of primarily two 

hydrogens [H-(C10H14S)n-H], and a limited number of oligomers having one hydrogen and one 

chlorine [H-(C10H14S)n-Cl] !-terminal groups as shown in Figure 4.10.  The upper spectrum in 

Figure 4.10 is the MALDI-ToF mass spectrum of oligomers in the range of m/z 0!6500 by use of 

reflectron mode (cf. Section 2.3.1). There is no observable abundance of interstitial peaks 

reflecting chlorinated oligomers between those observed that are indicative of molecular radical 

cations (M!+) having !-terminals with solely hydrogen-terminated endgroups.  

The lower spectrum in Figure 4.10 is an inset to the spectrum for P3HT formed by 

chemical oxidation with ferric chloride at !30 °C using nitromethane as a solvent and it focuses 

on the M!+ peak for the oligomer n = 6.  The overlays shown in various colors are the calculated 

isotopic patterns for the representation of the given species, which were produced by the Bruker 

Xmass software.  The calculated peaks are labeled in their respective color denoting the chemical 

composition of the calculated patterns, where HTn indicates the repeat unit, which is a 3-n-

hexylthiophene monomer unit minus 2 hydrogen atoms and has a molar mass of 166.3 amu.  

These are shown in comparison to the experimental peaks observed for the polymer sample in 

the background.  The spectrum shows excellent agreement with oligomers representing the 

hydrogen terminated molecular radicalcations [H-(C10H14S)n-H], as well as ion patterns 

indicating oligomers possessing one chlorine termination and one hydrogen endgroup [H-

(C10H14S)n-Cl].  There is extremely limited chlorination as compared to materials formed at !30 

°C using the other solvents employed for the studies within this Chapter.  All chlorination to 

P3HT formed at !30 °C using nitromethane as a reaction solvent is in the form of the addition of 

one chlorine atom and the relative abundance as observed by MALDI-ToF-MS of this species is 

approximately 1/24th that of the hydrogen-terminated oligomers.  Whereas, the ion signal for 
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singly-chlorinated P3HT formed at room temperature using nitromethane is approximately 1/8th 

that of the signal for oligomers possessing solely hydrogen-teminated oligomers as shown in 

Figure 2.15. 

The 1H-NMR analysis of P3HTs formed by chemical oxidation with ferric chloride at 

!30 °C using nitromethane is shown in Figure 4.11.  The inset shows the peaks for signals 

arising from the !-methylene (aryl methylene) groups found at chemical shifts of " ~ 2.8 ppm 

and " ~ 2.58 ppm, indicating signal response from regioregular and regioirregular material, 

respectively (cf. Section 1.2.3).  The analysis of structural regularity by integration and relative 

comparison of these peaks is discussed in Section 1.2.4.  From integration of the peak found at " 

~ 2.8 ppm normalized as one (1.0) and integration of the peak found at " ~ 2.58 ppm, which was 

determined to be 0.9 as compared to the normalized peak, the percentage of the peak at " ~ 2.8 

ppm is found to be 53% of the combined areas of the two peaks.  Therefore, the regioregularity 

of P3HT formed by this chemical oxidative polymerization at !30 °C (cf. Section 4.2.2) using 

 
 
Figure 4.11 1H-NMR spectrum of P3HT formed at !30 °C in nitromethane.  The inset shows 
the $-methylene region used to determine the material’s regioregularity of 53%. 
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nitromethane as a solvent can be regarded as 53% regioregular material.  The regioregularity of 

the P3HT formed at !30 °C using nitromethane decreased 14% compared to those formed under 

similar conditions at room temperature, which was shown to be 67% regioregular (cf. Figure 

2.16). 

In Figure 4.12 is shown the chromatogram from the analytical GPC analysis of P3HT 

formed at !30 °C in nitromethane; light scattering (LS) data is represented by the solid line trace, 

differential refractive index (DRI) data is traced with a dotted line, and the logarithm base 10 of 

the distribution of molecular weight data is shown by a dashed line. The number-average 

molecular weight (MN) for this material as determined from the DRI data was found to be 5,420 

Da compared to P3HT formed under similar conditions at room temperature, which was 

calculated to be 38,100 Da (cf. Figure 2.17).  The weight-average molecular weight, MW, 

calculated from light scattering (LS) data for P3HT formed at !30 °C is 8,600 Da compared to 

 
 
Figure 4.12 Plot of elution volume vs. Log10 of molar mass (dashed) and LS (solid) and DRI 
(dotted) chromatograms of P3HT formed at !30 °C in nitromethane. 
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those formed at room temperature that was determined to be 48,800 Da (cf. Figure 2.17).  Thus, 

the PDI for P3HTs formed by oxidative polymerization with iron(III) chloride at !30 °C using 

DCE as a solvent is calculated to be 1.59, whereas those formed under similar conditions at room 

temperature had a PDI of 1.28 (cf. Figure 2.17). 

4.6  Discussion 

The most obvious and dramatic effect of low-temperature synthesis of P3HTs by means 

of chemical oxidation with ferric chloride!regardless of the solvent employed for the 

reaction!was the minimization to the extent of chloride addition to the resulting P3HTs. This 

phenomenon is still not fully understood.  It was thought that possibly chloride anions were 

being sequestered via water remnants within the reaction mixtures, although extreme care was 

taken to conduct these experiments in the driest conditions.  Therefore more experiments were 

conducted in order to attempt to eliminate possibility.  Specifically, an experiment was 

performed where the solvent (nitromethane)!along with the monomer!was distilled immediately 

prior to the reaction.  The solvent was then put over activated molecular sieves and examined via 

1H-NMR, which gave no indication to the presence of water in the solvent.  The glassware used 

in the experiment was baked at 120 °C overnight before the polymerization reaction was 

conducted.  The polymerization was performed inside a glove bag in an argon atmosphere. 

Finally, the sealed ampule of ferric chloride employed (#451649, anhydrous, powder, "99.9%, 

trace metal basis) for the experiment was opened and measured inside a glove bag under argon 

atmosphere immediately prior to the experiment.  The results of this polymerization yielded the 

conclusion that water was not responsible for the decrease in chlorine addition during low-

temperature polymerizations. 

It is likely that a simple answer to this phenomenon may be found by examining the 

factors proposed for the chlorination of these materials at room temperature (cf. Section 2.6.1).  
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This explanation is based upon the conclusion that the extent of chlorination is dependent upon 

the species (physical state) of ferric chloride found in the reaction mixture that is dependent on 

the physical properties of the solvent employed for the reaction (cf. Section 2.1.3).   The 

interaction between the solvent and oxidant are influenced by the physical properties of the 

solvent such as the dielectric constant and the acceptor and donor ability of that solvent (cf. 

Section 2.1.2 and 2.1.3).  Therefore, the low temperatures employed for the reactions in 

experiments presented in Chapter 4 must affect the physical state of the oxidant in some manner.  

A minor influence may stem from the slight increase of dielectric constant at low 

temperatures, although this in itself is probably not sufficient enough to significantly alter the 

physical state of ferric chloride in the low-temperature reaction mixtures (cf. Section 2.1.2 and 

2.1.3).  Next, the extended reaction time (24 hours) may allow for either: (i) more oxidant to 

dissolve and go into solution taking on the monomeric state (tetrachloroferrate, cf. Section 

2.1.3); or (ii) the larger crystals of solid oxidant to break apart into smaller pieces!although 

remaining predominantly in a crystalline form!that increases the overall surface area of solid 

oxidant in suspension where oxidation occurs and decreases the probability that oxidation of 

reacting 3-n-hexylthiophene species occurs directly on the surface of large pieces of solid 

oxidant where chlorination of the resulting polymer is more likely to occur (cf. section 2.1.1).8 

Finally, the reduction of temperature removes energy from the reacting system and slows the 

kinetics of the polymerization sufficiently in order to allow the former factors to occur before 

nucleophilic chlorination (cf. Section 1.2.9) of the resulting polymer.  However, it is likely that 

the minimization of chlorine addition to P3HTs formed at low temperatures via chemical 

oxidation with ferric chloride is the result of a combination of all of these factors. 

The 1H-NMR studies provided interesting results as to the effect of lower temperatures to 

the regioregularity of P3HTs formed by chemical oxidation with ferric chloride as shown in 
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Table 4.1.  P3HTs formed under these conditions using the nonpolar solvents chloroform and 

carbon tetrachloride were observed to have increased regioregularity compared to those P3HTs 

formed under similar conditions at room temperature.  The regioregularity of P3HT formed in 

chloroform at !30 °C was observed to increase to 83% from 77% for the polymer formed at 

room temperature.  Similar results were observed for polymer formed in carbon tetrachloride.  

These results lend credence to reports by Amou et al.1 that regioregularities upwards of 88% are 

achievable for P3HTs formed by chemical oxidation with ferric chloride at !45 °C.  For P3HT 

formed by chemical oxidation at low temperatures using 1,2-dichloroethane as a reaction solvent 

there was no change in regioregularity compared to P3HT formed under similar conditions at 

room temperature.  Interestingly, the regioregularity of P3HT formed by chemical oxidation with 

ferric chloride at low temperature using nitromethane as a reaction solvent dramatically 

decreased from 67% for polymer produced at room temperature to 53% for those produced at 

low temperatures.  

Solvent 
Dielectric 
Constant           
@ 25 °C 

AN3 DN4 MN  (Da)  
RT2 

MN (Da) 
!30 °C* 

PDI    
RT2 

PDI  
!30 °C* 

RR1                    
RT2 

RR1   
!30 °C* 

chloroform 4.8 23 negligible 19,500 36,600 1.88 1.29 77% 83% 
carbon 

tetrachloride 2.2 8.6 negligible 56,600 119,000 2.1 1.4 74% 80% 

1,2-
dichloroethane 10.4 100a ! 53,500 86,100 1.61 1.36 81% 81% 

nitromethane 37 20.5 2.7 38,100 48,800 1.28 1.59 67% 53% 
*Reactions using carbon tetrachloride were performed at !25 °C. 
a1,2-dichloroethane is used as a reference solvent with SbCl5 for empirical DN measurements.  
1Regioregularity 
2Room temperature 
3acceptor number 
4donor number 
Table 4.1 Solvents employed for the production of P3HTs by chemical oxidation with ferric 
chloride at low temperatures. The physical properties of solvents are included, along with 
physical properties of polymers resulting from polymerizations performed in each solvent at 
room temperature and low temperature. 
!
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It is reported that low temperatures9 and more nonpolar solvents10,11 stabilize the lifetimes 

of radical species.  Also, reports in the literature demonstrate that the oxidation potential for the 

thiophene monomer (1.55 V versus Ag/AgCl)12 is much greater than the oxidation potential for 

small thiophene oligomers having n = 2!4 (1.17 V for n = 2, 0.96 V for n = 3, and 0.90 V for n = 

4 versus Ag/AgCl)12.  Furthermore, the oxidation potential of longer 3-alkylthiophene oligomers 

has been reported to decrease as a function of increasing chain length.13  With all of this in mind, 

transition-state calculations by Lacroix et al.4!regarding the coupling reactions involved in the 

polymerization of poly(pyrrole)!indicated that in nonpolar solvents the calculated energy barrier 

for the formation of a longer pyrrole oligomers was 2!10 times smaller for the coupling between 

a pyrrole oligomer radical cation and a pyrrole monomer radical cation than the energy barrier 

calculated for coupling between two pyrrole oligomer radical cations.   

In regards to the improvement to the regioregularity observed for P3HTs formed by 

chemical oxidation at low temperatures!using chloroform and carbon tetrachloride as reaction 

solvents!it is possible that presence of monomer radical cations in the reacting mixture is 

increased due to their increased lifetime stability at low temperatures!as well as the similar 

influence from the polarity of the solvent!providing a sufficient population of reacting species to 

propagate by the preferred route outlined by Lacroix et al; the coupling route that has been 

reported to produce more regioregular P3ATs.2-4   

In the case of P3HTs formed at low temperatures using nitromethane as a reaction solvent 

it may be the case that less thiophene monomer radical cations are present in the reacting mixture 

because of the combined effects of the higher oxidation potential of the monomer and the shorter 

lifetimes for monomer radical cation species that are formed, due to the greater polarity of the 

solvent.  Therefore, although the low temperature may somewhat increase the lifetime of the 

monomer radical cations that are formed, less of these species are present in the reacting mixture.  
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It is obviously apparent that some monomer radical cations survive to form oligomers by the fact 

that polymer is formed.  However, it is likely that the majority of reacting thiophene species 

present in the reaction mixture at some point during the polymerization becomes oligomeric 

species for which the lifetimes are stabilized because of their lower oxidation potential and the 

low-temperature effects.  Thus, the coupling of oligomeric radical cation species with other 

oligomeric radical cation species would become the primary coupling route to form longer 

polymer chains, as these species are the predominant species in the reacting solution.  The 

extreme decrease in regioregularity for the P3HT formed at low temperature using nitromethane 

may indicate a shift to primarily oligomer-to-oligomer radical cation coupling, whereas during 

the polymerization reaction conducted at room temperature there exists a competition during 

polymer chain growth between oligomer radical cation-to-monomer radical cation coupling and 

oligomer radical cation-to-oligomer radical cation coupling. 

This scenario outlined for the formation of P3HTs formed at low temperatures using 

nitromethane as a reaction solvent may provide an insight into the diminished number average 

molecular weight for P3HTs formed at low temperature using nitromethane (MN~5,400 Da).  

Whereas, the MN for P3HT formed by chemical oxidation with ferric chloride at room 

temperature using nitromethane as a reaction solvent was calculated by SEC-MALLS to be 

roughly 38,000 Da.  It is very likely that the coupling between monomer radical cations and 

oligomer radical cations not only is the pathway to forming more regioregular materials but also 

the route necessary for the formation of very long P3HT polymer chains. 

The results presented for the P3HT formed by chemical oxidation with ferric chloride at 

low temperatures using 1,2-dichloroethane, DCE, indicate the difficulty in correctly assessing the 

experimental factors!such as solvent properties and temperature!that influence the physical 

properties of P3HT formed in this manner.  For instance, the regioregularity of P3HTs formed at 
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a low temperature and those formed at room temperature using DCE as a reaction solvent did not 

differ; both methods produced material that was 81% regioregular.  This might be explained by 

the fact that DCE possesses an intermediate polarity compared to either chloroform or carbon 

tetrachloride and nitromethane.  However, the MN of material formed in DCE at a low 

temperature decreased dramatically from 53,500 Da for P3HT formed at room temperature to 

18,800 Da; this was similar to the decrease in MN observed for materials formed in the polar 

solvent nitromethane, which also displayed a large decrease in regioregularity. Whereas, P3HT 

formed at low temperatures in nonpolar solvents where an increase in regioregularity was 

observed exhibited either an increase in MN as compared to polymer formed under similar 

conditions at room temperature!such as is the case with chloroform!or a small decrease in MN, 

such as is the case for carbon tetrachloride.  In other words, if the regioregularity and the average 

molecular weights of the P3HTs presented within this work are both functions of the specific 

coupling route involved during chain growth then the regioregularity of those P3HTs formed at a 

low temperature using DCE would be expected to decrease as there was an observed decrease in 

the MN of the material.  Unfortunately, this anomaly is still not understood.  

4.7  Conclusions 

 The use of low temperatures to form P3HTs by means of chemical oxidation with ferric 

chloride has proven to be a useful means to tailor the physical properties of the resulting 

polymers.  The structural characteristics of P3HTs have been shown to directly impact their 

unique optical and electrical properties14-16, which directly impacts their applicability in modern 

technological applications (cf. Section 1.2.2).  Most striking is the diminishment to the extent of 

chlorination observed to the materials produced at low-temperatures regardless of the specific 

solvent employed for the polymerization.  The nucleophilic addition of chlorine to P3ATs has 
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been reported to dramatically increase their oxidation potentials,16 which has been shown to have 

a marked impact on their conductivity and optical properties as well.15   

 It has also been shown that the regioregularity of P3HTs may be increased by the use of 

low-temperature chemical oxidation with ferric chloride in certain nonpolar solvents.  These 

findings are in good agreement with other reports for similar low-temperature polymerizations to 

form P3HTs by these means.1  Therefore, it has now been shown that P3HTs can be formed by 

chemical oxidation with ferric chloride having sufficient structural regioregularity and 

possessing limited chlorination making them well-qualified candidates for application in 

contemporary devices.17,18  The ability to employ chemical oxidation with ferric chloride as a 

means to produce P3ATs that are beneficial for use in modern technological applications is 

extremely important because of the ease and affordability of the polymerization technique. 

 The experiments performed within this Chapter employing low-temperature 

polymerizations using different solvents that possess different physical properties gave some 

further insight into the coupling mechanisms involved in chain growth during the polymerization 

of P3HT that were outlined in Chapter 2 (cf. Section 2.6.2).  It seems likely that the influence to 

the selective coupling pathway to form P3HTs may stem primarily from the effects provided by 

the specific solvent employed for the reaction (cf. Section 2.6.2).  For instance, evidence exists 

that indicates the primary coupling route to form longer polymer chains in nonpolar solvents 

involves the coupling between thiophene monomer neutrals or radical cations and 

oligo(thiophene) radical cations (cf. Section 2.6.2); this route is reported to form more 

regioregular materials.2-4  Whereas, there is evidence that the primary coupling route to form 

longer polymer chains in polar solvents involves the coupling between oligo(thiophene) radical 

cations with other oligo(thiophene) radical cations (cf. Section 2.6.2).  It is very likely that the 

effect of low temperatures employed during the chemical oxidation with ferric chloride is to 
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intensify the influence to the primary coupling route that is mainly directed by the physical 

properties of the solvent employed as opposed to the low temperatures directly directing the 

coupling route. 

4.8 References 

(1) Amou, S.; Haba, O.; Shirato, K.; Hayakawa, T.; Ueda, M.; Takeuchi, K.; Asai, M. Head-
to-Tail Regioregularity of Poly(3-Hexylthiophene) in Oxidative Coupling Polymerization 
with Fecl3. Journal of Polymer Science, Part A: Polymer Chemistry. 1999, 37, 1943-
1948. 

(2) Barbarella, G.; Zambianchi, M.; Toro, R. D.; Colonna, M., Jr.; Iarossi, D.; Goldoni, F.; 
Bongini, A. Regioselective Oligomerization of 3-(Alkylsulfanyl)Thiophenes with Ferric 
Chloride. Journal of Organic Chemistry. 1996, 61, 8285-8292. 

(3) Roncali, J.; Garnier, F.; Lemaire, M.; Garreau, R. Poly Mono-, Bi-, and Trithiophene: 
Effect of Oligomer Chain Length on the Polymer Properties. Synthetic Metals. 1986, 15, 
323-331. 

(4) Lacroix, J.-C.; Maurel, F.; Lacaze, P.-C. Oligomer-Oligomer Versus Oligomer-Monomer 
C2-C2' Coupling Reactions in Polypyrrole Growth. Journal of the American Chemical 
Society. 2001, 123, 1989-1996. 

(5) Stanke, D.; Hallensleben, M. L.; Toppare, L. Oxidative Polymerization of Some N-
Alkylpyrroles with Ferric Chloride. Synthetic Metals. 1995, 73, 267-272. 

(6) Sugimoto, R.; Takeda, S.; Gu, H. B.; Yoshino, K. Preparation of Soluble Polythiophene 
Derivatives Utilizing Transition Metal Halides as Catalysts and Their Property. 
Chemistry Express. 1986, 1, 635-638. 

(7) Brauch, R. M. Structural Characterization of Poly (Heterocycle)S Formed Using 
Oxidative Methods. Ph.D. Dissertation, Louisiana State University and A&M College, 
Baton Rouge, 2006. 

(8) Niemi, V. M.; Knuuttila, P.; Osterholm, J. E.; Korvola, J. Polymerization of 3-
Alkylthiophenes with Ferric Chloride. Polymer. 1992, 33, 1559-1562. 

(9) Van Duyne, R. P.; Reilley, C. N. Low-Temperature Electrochemistry. III. Application to 
the Study of Radical Ion Decay Mechanisms. Analytical Chemistry. 1971, 44, 158-169. 



! 285 

(10) Lund, H. Organic Electrochemistry;  Lund, H., Baizer, M. M.; 3rd ed.; Marcel Dekker: 
New York, 1991, 302. 

(11) Hapiot, P.; Gaillon, L.; Audebert, P.; Moreau, J. J. E.; Lere-Porte, J. P.; Wong Chi Man, 
M. Solvent Effects on the Polymerization Kinetics of Some !-Silylated Thiophene 
Oligomers. Special Influence of the !-Silyl Group. Synthetic Metals. 1995, 72, 129-134. 

(12) Camarada, M. B.; Jaque, P.; Diaz, F. R.; del Valle, M. A. Oxidation Potential of 
Thiophene Oligomers: Theoretical and Experimental Approach. Journal of Polymer 
Science, Part B: Polymer Physics. No pp yet given. 

(13) Ten Hoeve, W.; Wynberg, H.; Havinga, E. E.; Meijer, E. W. Substituted 
2,2':5',2'':5'',2''':5''',2'''':5'''',2''''':5''''',2'''''':5'''''',2''''''':5''''''',2'''''''':5'''''''',2''''''''':5''''''''',2''''''''''-
Undecithiophenes, the Longest Characterized Oligothiophenes. Journal of the American 
Chemical Society. 1991, 113, 5887-5889. 

(14) McCullough, R. D.; Lowe, R. D.; Jayaraman, M.; Anderson, D. L. Design, Synthesis, and 
Control of Conducting Polymer Architectures: Structurally Homogeneous Poly(3-
Alkylthiophenes). Journal of Organic Chemistry. 1993, 58, 904-912. 

(15) Trznadel, M.; Pron, A.; Zagorska, M.; Chrzaszcz, R.; Pielichowski, J. Effect of Molecular 
Weight on Spectroscopic and Spectroelectrochemical Properties of Regioregular Poly(3-
Hexylthiophene). Macromolecules. 1998, 31, 5051-5058. 

(16) Qi, Z.; Pickup, P. G. Reactivation of Poly(3-Methylthiophene) Following Overoxidation 
in the Presence of Chloride. Journal of the Chemical Society, Chemical Communications. 
1992, 1675-1676. 

(17) Kline, R. J.; McGehee, M. D.; Kadnikova, E. N.; Liu, J.; Frechet, J. M. J.; Toney, M. F. 
Dependence of Regioregular Poly(3-Hexylthiophene) Film Morphology and Field-Effect 
Mobility on Molecular Weight. Macromolecules. 2005, 38, 3312-3319. 

(18) Woo, C. H.; Thompson, B. C.; Kim, B. J.; Toney, M. F.; Frechet, J. M. J. The Influence 
of Poly(3-Hexylthiophene) Regioregularity on Fullerene-Composite Solar Cell 
Performance. Journal of the American Chemical Society. 2008, 130, 16324-16329. 

 
 



! 286 

Chapter 5 

Summary and Future Outlook 

5.1  Summary and Conclusions 

The purpose and primary focus of the work presented within this Dissertation was to 

garner a better understanding as to the effects of experimental conditions on the structure of 

poly(3-hexylthiophene), P3HT, formed by chemical oxidative coupling using FeCl3 as an oxidant 

in hopes of improving the ability to tailor the physical properties of P3HTs formed via 

manipulation of oxidative coupling routes.  Poly(3-alkylthiophene)s, P3ATs, are highly-valued 

materials and their molecular structure is of main concern when assessing and developing their 

applicability for realistic and relevant use in contemporary technologies as both microscopic and 

macroscopic structure directly impacts the electrical and optical properties of the polymer.1-5 

Specifically, the aim of this research was to determine the dependence of structural 

characteristics, such as endgroups, molecular weights, and regioregularities on the solvent 

employed for the reaction and the temperature the reaction was performed.  In doing so, much of 

the research conducted herein was done with the application of matrix-assisted laser 

desorption/ionization time-of-flight mass spectrometry, MALDI-ToF-MS.  Consequently, a large 

portion of this study was also focused on uncovering the factors, such as sample preparation and 

instrumental issues, that contribute to the high molecular weight mass discrimination observed in 

the MALDI-ToF-MS analysis of these materials and the inconsistency of other traditional 

methods, such as size-exclusion chromatography, SEC, to correctly characterize the molecular 

weights of poly(3-alkylthiophene)s.   

Chemical oxidative polymerization of these materials remains the most popular and 

wide-spread method for the preparation of P3ATs, due to the method’s affordability, ease, and 

ability to form large yields of high mass polymer.  Therefore, the ability to utilize this synthetic 
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route with a better understanding of the effects of the experimental conditions that may be 

employed in order to augment the materials characteristics is of utmost importance.  The work 

presented in this Dissertation has demonstrated that through the proper selection of solvent 

and/or adjustment to temperature this simple and convenient synthetic method can be employed 

to modify the properties of the resulting P3ATs.  Furthermore, this study has provided enormous 

insight as to the necessary methodology required in order to obtain accurate molecular weight 

measurements for these materials both by MALDI-ToF-MS and SEC. 

P3HTs having different structural characteristics were synthesized by chemical oxidation 

with ferric chloride using a variety of solvents possessing different polarites and Lewis acidities 

and basicities.  It was demonstrated that P3HTs formed in very polar solvents having strong 

Lewis acidity with little Lewis basicity possess limited chlorination to their !-terminals.  

Whereas, P3HTs formed in very nonpolar solvents having strong Lewis acidity with little Lewis 

basicity exhibited much more chlorination to their !-terminals as well as perhaps chlorination 

extended to "-positions.  This phenomenon is likely attributed to the active species of oxidant 

that is dependent on the polarity of the solvent and the interaction of the oxidant species with the 

solvent, depending on the Lewis acidity of that solvent.  It was further demonstrated that the 

regioregularity of P3HTs formed in very nonpolar solvents improves as compared to those 

formed in polar solvents, which possibly results from differences in the coupling mechanism of 

the reactive thiophene species that propagates chain growth during the reaction and is dependent 

on the polarity of the solvent employed.  However, there is some evidence that the Lewis acidity 

and basicity of the solvent does play a role in directing the coupling pathway. 

Incidentally, it was also demonstrated that the methanol-soluble portion of P3HT 

remaining in the filtrate after vacuum filtration of the solid polymer produced during the 

chemical oxidation procedure contained very small (n = 5-7), very regioirregular (~50% 
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regioregular) oligomers that contribute to erroneous data during endgroup and molecular weight 

analysis of P3HTs by MALDI-ToF-MS and 1H-NMR when this portion was included with the 

solid polymer for assessment.   It was thus concluded that this soluble portion of polymer should 

not be included as recovered product from the chemical oxidation of P3HTs with ferric chloride, 

which is in good agreement with other reports in the literature.6   

P3HTs having different structural characteristics were synthesized by chemical oxidation 

with ferric chloride at very low temperatures (!25 to !30 °C) using a variety of solvents 

possessing different polarites and Lewis acidities and basicities.  It was demonstrated at low 

temperatures P3HTs are formed with very limited chlorination compared to those formed under 

similar conditions at room temperature regardless of the solvent used for the reaction.  Although 

the exact reasons for this phenomenon are still not understood, it is likely that the combination of 

low temperatures, extended polymerization time, and the slow kinetics of the polymerization 

afforded by the low temperature are responsible.   

It was further demonstrated that the regiorgularity of P3HTs formed at low temperatures 

by chemical oxidation improved compared to those formed under similar conditions at room 

temperature when the reaction was performed using very nonpolar solvents having strong Lewis 

acidity with little Lewis basicity.  However, the regioregularity of P3HTs formed at low 

temperatures by chemical oxidation diminished compared to those formed under similar 

conditions at room temperature when the reaction was performed using a polar solvent having 

strong Lewis acidity with little Lewis basicity.  The mechanisms influencing these results are not 

fully understood, although it is likely that low temperature may intensify the forces influencing 

the primary coupling routes of the reactive thiophene species that propagates chain growth 

during the reaction, which are more so dependent on the physical properties of the solvent 

employed for the reaction than the temperature at which it is performed. 
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During the MALDI-ToF-MS analysis of P3HTs formed by chemical oxidation with 

iron(III) chloride, it was unequivocally shown that multiply-charged P3HT species are formed 

during the MALDI event.  It was further demonstrated that the presence of multiply-charged 

species strongly contribute to the mass discrimination of higher molecular weight distributions 

during the MALDI-ToF-MS analysis of broadly disperse P3HT samples because of extensive 

detector saturation stemming from these species.  This work clearly proves the necessity of 

prefractionation of polydisperse P3HTs before accurate molecular weight and molecular weight 

distribution measurements can be obtained by these means.  This works also provided evidence 

that some high mass discrimination occurs during the MALDI-ToF-MS anaylsis of P3HTs 

because of the lack of ionization efficiency and/or entanglement issues for very long chain 

polymers. 

Furthermore, the comparison of average molecular weights for P3HT samples!that have 

been fractionated offline using semipreparative SEC!obtained by both MALDI-ToF-MS and 

analytical SEC analysis has shown that analytical SEC coupled with MALLS and DRI detection 

provides calculated molecular weight data for these materials that is overestimated by a factor of 

3!4 times the estimations yielded by MALDI-ToF-MS.  The overestimations of molecular 

weight data obtained by SEC-MALLS/DRI likely result from several factors including: (i) the 

inconsistent extrapolation of sin2(#/2) = 0 in the plot of R#/KC versus sin2(#/2) due to poorly fit 

shape factors; (ii) the changes in the $n/$c of P3HTs as a function of molecular weight; (iii) 

enthalpic interactions between P3HTs and the SEC column bed;  (iv) aggregation of P3HTs 

during the separation process that result directly in overestimations to the extent of scattered light  

from the aggregates, and/or changes in the shape of the material that impact the correct 

extrapolation of sin2(#/2) = 0 because of poorly fit shape factors. 
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Overall, the work described in this Dissertation has offered a greater insight into the 

means to produce P3ATs possessing tailored functionality by the facile and affordable method of 

chemical oxidation.   These studies have also elucidated some of the challenges encountered 

during the analytical assessment of these materials and aided in providing the means to overcome 

these difficulties and accurately characterize P3ATS so that they may be better utilized in 

modern applications.  The results I have made available within this Dissertation lay a strong 

foundation for future efforts to better understand the structural properties of P3ATs made by 

chemical oxidation, which will aid in the development of their use in relevant and purposeful 

technologies. 

5.2  Future Work 

 In order to better understand the mechanisms driving the coupling of the reactive 

thiophene species that propagate chain growth during polymerization, which have been proposed 

to depend on the physical properties of the solvent and the temperature employed for chemical 

oxidation, the in-depth characterization of product species that evolve as a function of time 

during chemical oxidation could be conducted.  Polymerizations could be performed using 

solvents employed for the studies presented in this Dissertation and aliquots of the reaction 

mixtures retrieved in sequence at different intervals of the reaction.  The aliquots would then be 

quenched and processed for analysis, which would include the techniques outlined in this 

Dissertation. 

 Polymer chain formation via coupling between thiophene oligomers and thiophene 

monomers or, on the other hand, between thiophene oligomers and other thiophene 

oligomers!which have been speculated in this Dissertation to be the two pathways resulting in 

the differences observed for structural regioregularity and molecular weights of the P3HTs 

investigated!could be monitored using MALDI-ToF-MS and GC-MS.  The two different 
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coupling routes should yield oligomer patterns at different times during the polymerization that 

are unique for one pathway or the other.  For instance, polymer chain growth via oligomer-to-

monomer coupling would be apparent by means of mass spectrometry from ion series signals 

resulting from incremental progression of growth (i.e. n = 6, 7, 8, 9…) differing by m/z 166.  

Whereas, polymer chain growth via oliomer-to-oligomer coupling could be evidenced by ion 

signals differing in repeating ion signal patterns indicative of oliomer-to-oligomer coupling (i.e. 

n = 5, 6, 10, 11, 12…).  The reaction aliquots characterized by mass spectrometry could then be 

characterized by 1H-NMR for structural determination and conclusions could be drawn as to the 

effects of coupling and therefore the effects of solvent and temperature to the regioregularity of 

the material.  Once information as to the differences between coupling mechanisms and 

regioregularity stemming from solvent and temperature has been correlated, the effect of these 

experimental conditions to the molecular weight of the materials produced by chemical oxidation 

with ferric chloride at different temperatures using various solvents can be better determined. 

 Also, much effort should be placed on the in-depth characterization of fractions of P3HT 

obtained by semipreparative size-exclusion chromatography.  These fractions should first be 

collected in smaller increments as they elute from the SEC column.  Although the fractions 

examined within this dissertation were collected every ten seconds and possessed relatively 

narrow distributions, the MALDI-ToF-MS analysis indicated that there was still a large overlap 

of molecular weight distributions between polymer fractions; this is always the case with SEC 

but smaller fractions would allow better analytical evaluation of very narrowly-distributed 

fractions with distinct molecular weight ranges.  Semipreparative SEC affords the ability to 

inject rather large concentrations (up to 10 mg) of polymer onto the column bed and therefore 

very small fractions (i.e. collected every 5 seconds) yield abundant amounts of fractionated 

material for analysis. 
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 The fractions of P3HT obtained by semi-preparative size-exclusion chromatography used 

for MALDI-ToF-MS studies in this work afforded the observation of P3HT ion series signals 

only up to roughly m/z 35,000, albeit very little signal was achieved for the earlier eluting P3HT 

fractions between m/z 30,000!35,000.  However, the MALDI-ToF-MS analysis of polymer 

above m/z 20,000 provided spectra wherein the ion series signals were not well resolved and 

displayed very broad ion series signals that indicate the fractions of these earlier eluting material 

were perhaps comprised of broad molecular weight distributions.  This may be due to higher 

concentrations of P3HT within the earlier eluting fractions.  Furthermore, the absence of 

observable ion signals for fractions from the earliest eluting material by MALDI-ToF-MS 

examination indicates a lack of ionization efficiency for these materials that may be caused by 

the broad range of molecular weight distributions within the fraction and/or entanglement of long 

polymer chains.  In either case, collecting smaller fractions with more narrow distributions may 

assist in overcoming the difficulties encountered during the MALDI event and aid to promote 

ionization of the earlier eluting fractions of P3HT; it will at least better the resolution of the 

observable P3HT ion series signals in higher m/z ranges that are presented within this document. 

 Furthermore, P3HT fractions obtained by semipreparative SEC should be used to 

determine the differences in $n/$c of P3HTs as a function of molecular weight.  The preliminary 

studies concerning the change in $n/$c for P3HTs as a function of molecular weight discussed in 

this Dissertation involved the fractionation of bulk polymer by means of soxhlet extraction using 

different organic solvents.  The soxhlet-extracted fractions examined exhibited tremendous 

differences in $n/$c for acetone- and n-hexane-extracted samples.  However, the molecular 

weight distributions for these soxhlet-extracted fractions were very broad and overlapped 

considerably.  As it has been previously discussed in this Dissertation, the impact that the $n/$c 

has on the correct determination of molecular weight data by means of SEC-MALLS/DRI 
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necessitates that the accurate $n/$c for the appropriate molecular weight distribution be 

employed for such analysis, as very small changes in $n/$c result in large differences in the 

calculated molecular weight data.  The correct determination of the $n/$c for a particular 

molecular weight distribution may only be unquestionably accomplished using very narrow 

distributions of polymer that may be acquired via semi-preparative SEC. 

 Further studies should also be performed on the collected polymer fractions to obtain 

more detailed information about the electronic properties of the various molecular weight 

distributions.   Fractionation by semipreparative SEC should be performed on polymers made 

under different experimental conditions in order to correlate the electronic properties for 

polymers with different degrees of regioregularity and endgroup substitution with their 

molecular weight distribution.  Electrochemical studies could be performed to evaluate the 

electronic properties of different P3HT molecular weight distributions having different 

regioregularities and endgroup substituents in order to determine their oxidation and reduction 

potentials, as well as their conductivities.  Electrochemical studies could be corroborated with 

UV-Vis spectrometric analysis.  These studies would provide insight into the energy band levels 

(HOMO and LUMO) of P3HTs of different molecular weight distributions possessing different 

chemical structures and compositions. 

 Finally, much effort should also be placed towards outlining and implementing 

procedures in order to obtain accurate molecular weight information about P3ATs by use of 

analytical size-exclusion chromatography.  Narrowly-dispersed fractions of P3HT collected by 

semipreparative SEC that have been well-characterized using MALDI-ToF-MS could be used as 

molecular weight standards for the determination of the average molecular weights of unknown 

P3AT samples using conventional-analytical SEC employing solely colligative detection 

methods.  This would be useful for unknown P3AT samples that did not possess very large 
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average molecular weights, unless P3AT fractions of higher molecular weight distributions used 

as molecular weight standards could be successfully characterized by MALDI-ToF-MS. 

 However, the P3HT fractions collected by semipreparative SEC could also be used to 

modify the methods employed for the SEC-MALLS/DRI analysis of unknown polydisperse 

P3HT samples possessing large average molecular weights as well.  As mentioned above, the 

correct determination of the $n/$c for P3HTs as a function of molecular weight is the first 

crucial step required in order to accomplish this task.  Once the correct $n/$c has been 

established for a particular weight distribution, that weight distribution could be analyzed by 

analytical SEC-MALLS/DRI.  For each weight fraction evaluated, careful examination of the 

Debye plots for each slice of the chromatogram for each weight fraction would allow a better 

determination of the best-fit shape function for that fraction!as well as offering information to 

conformational changes between different molecular weight fractions!and provide better 

extrapolated light scattering data from the Debye plot.  The combination of the correct $n/$c and 

fit function would enable more accurate determination of molecular weight data for future 

unknown P3AT samples possessing large average molecular weights, although the analysis of 

future samples would possibly require some degree of fractionation as well.  

 Issues concerning enthalpic interactions between P3HT and the column bed, along with 

aggregration of P3HT, during SEC analysis of these materials should also be addressed.  In order 

to examine the effects of enthalpy between P3HT and the column material experiments could be 

performed using a SEC column wherein the bed material has a degree of hydrophilic 

composition incorporated.  To examine the effects of the aggregation of P3HTs during SEC 

analysis experiments could be performed while elevating the temperature of the column and 

mobile phase. 
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