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1
Introduction

The meeting of two personalities is like the contact of two chemical substances:

if there is any reaction, both are transformed.

CA R L G. JU N G

1



1 1.1. Renewable Energy

The need for alternative renewable energy sources is self-evident. But new meth-
ods or materials that are under development for energy production, face a long
list of demands; they need to be stable, have high energy conversion efficiencies,
have a favorable economy of scale, and are capable to compete with existing
technologies. Solar power is a renewable energy source with orders of magnitude
lower greenhouse gas production (10.5–40 g CO2-eq./kW h) than fossil fuel energy
sources (490–820 g CO2-eq./kW h) and with reasonable energy payback times
(0.75–2.5 years).[1–3] To date, most commercial solar modules have efficiencies
of about 14–19% depending on the type of module. A majority of photovoltaics
(PV) are based on either crystalline silicon, cadmium telluride (CdTe), or copper
indium gallium selenide (CIGS) semiconductors; these technologies were created
in the mid-seventies and have been under development ever since.

One of the emerging solar power technologies from the last fifteen years
are organic photovoltaics (OPV). In OPV the semiconducting active layer (i.e.,
where absorbed photons generate charge carriers) consists of molecules that
are built-up mostly from carbon and hydrogen (and minor other elements from
group 4–6 of the Periodic Table). Often cited motivations for the use of OPV
are solution processibility (i.e., they can be printed) and the ability to tailor the
chemical structures of the active components to fit specific property requirements.
Furthermore, OPV has an order of magnitude greater specific power (∼ 10 W g−1)
than any other PV technology.[4, 5] Thus, OPVs can be extremely thin (2 µm
total), flexible, and have the potential to be mass-produced in a roll-to-roll (R2R)
manner, at lower costs, and with an even lower carbon footprint than wafer-based
or inorganic thin film technologies.

1.2. Organic Photovoltaics

Over the last two decades, research on OPVs showed an exponential yearly growth
in the number of publications. The most simple organic solar cell comprises a
transparent (patterned) substrate, a transparent electrode, the active layer, and
a top electrode. Chemically the most sophisticated materials are found in the
organic active layer. Generally, the active layer of an OPV device comprises π-
conjugated molecules that have a carbon framework of alternating single- (i.e., aσ-
bond; represented by a single line) and double bonds (i.e., a π-bond; represented
by a double line) (Scheme 1.1). In such a π-conjugated system the orbitals that
form the π-bonds (i.e., p-orbitals)–as long as they are spatially aligned–overlap
and become (partially) delocalized, giving rise to its semiconducting proper-

2
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Scheme 1.1. Chemical structures of the highly studied donor-acceptor pair P3HT:[60]PCBM; P3HT
is an electron-donating polymer, [60]PCBM is a small-molecule electron-acceptor, and PEDOT:PSS
is a permanent conductive polymer that is often used as a transparent electrode.

ties. Delocalization can extend over multiple repeat units (represented by n in
Scheme 1.1) or nearby molecules. Materials with an extended π-conjugation pos-
sess a narrow energy band gap. Organic semiconductors can be divided into two
main groups: small molecules and polymers. Conjugated polymers are unique in
that they can potentially combine the mechanical properties that are associated
with commodity plastics with semiconducting characteristics.[6]

The optical band gap (Eg ) of an organic semiconductor is defined as the dif-
ference between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO). If the energy of absorbed photons is larger
than Eg , an electron gets exited from the HOMO to the LUMO (if the energy is
too large, excited states relax back to the band-edge, which is the primary loss
mechanism). This electron-hole pair is tightly bound together by Coulomb forces
and needs to be separated to allow charge extraction at the electrodes. Separa-
tion is achieved with a donor-acceptor pair, consisting of two semiconducting
materials that have a small off-set between their HOMO and LUMO levels. At
the interface between the donor and acceptor materials, because of the off-set
in HOMO/LUMO levels, electron-hole pairs (or excitons) are dissociated into
charge carriers. The dissociated electrons and holes will then move towards the
electrodes through the acceptor and donor phases, respectively.

The “best seller in polymer photovoltaic research”[7] is the donor-acceptor
couple poly(3-hexylthiophene) (P3HT) and phenyl-C61-butyric acid methyl ester
([60]PCBM) and their structures are shown in Scheme 1.1. A popular transparent
electrode is poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)
(Scheme 1.1) and is by far the most commercially successful conducting polymer.

3



1 Ink formulations of PEDOT:PSS are water-based, relatively cheap, and smooth
conducting films can be easily cast, with high optical transparency, utilizing most
casting or printing techniques. What the above three materials have in common–
besides being (semi)conducting–is scalable (and reproducible) syntheses and
ease of processing; material properties that led to their scientific and commercial
success.

Reported efficiencies of OPVs comprising P3HT:[60]PCBM vary from marginally
above 0% to 6.5% with an average of 3–4%.[7] This relatively low efficiency could
potentially be compensated by lower production costs than inorganic PVs (i.e.,
beneficial economy of scale). However, despite their relative simplicity, scalability,
and easy processing, OPV modules comprising P3HT:[60]PCBM struggle to com-
pete with established inorganic PVs. The figure of merit for judging OPV materials
(to replace P3HT:[60]PCBM) or systems, has become power conversion efficiency
(PCE). PCE is defined as ratio of the electrical output to the incident energy of
sunlight. Strategies to improve OPV PCEs can be categorized in three main groups:
(1) development of new materials (e.g., polymers with internal donor-acceptor
units), (2) optimizing device architecture (e.g., tandem solar cells or adding inter-
facial layers), and (3) optimizing processing conditions (e.g., to tune morphology).
Laboratory PCE records of OPVs are gradually climbing past 12%; arguably more
than high enough to be competitive with inorganic PV technologies. The question
thus arises: what is holding back the commercialization of OPV technology?

1.3. The Challenges of Commercialization

Among the complexities of wide-spread commercialization are two major scien-
tific challenges to the transfer of laboratory results to large-scale printing tech-
nologies; mechanical compliance[6, 8] and processibility. The latter challenge
suffers from the well known problem that the morphology (and performance)
of films formed by spin-coating is not relatable to that formed by any viable
printing method.[9] Krebs and coworkers tested a large library comprising 104
conjugated polymers in roll coated solar cells. They indeed found a large discrep-
ancy between lab results and printed OPV modules; only 13 out of the 104 tested
polymers outperformed P3HT within the tested parameters (i.e., not only by PCE
but by “relative merit factor”).[10] This problem is exacerbated by the accessibility
of commercial printing equipment to academic researchers and the realities of
up-scaling the syntheses of conjugated polymers.[11]

In a thin-film device, the mass of the active layer comprising a conjugated
polymer is only a tiny fraction of the total mass of the completed module. However,

4
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a significant portion of the total material costs of, for example, a P3HT:[60]PCBM
module, comes from the active layer (20–27%)–not taking recycling or waste
streams into account.[12] The main focus of the last decade has been on the
development of new polymeric donor materials. A popular strategy to improve
charge separation in the donor material is to combine electron-donating and
electron-accepting monomers. As a result, the design of conjugated polymers
is becoming increasingly more sophisticated and requires multiple (5-15) syn-
thetic steps to produce, not unlike popular pharmaceuticals. While small-scale
reactions are adequate for synthesizing hundreds of milligrams of polymeric
semiconductors to demonstrate OPV performance on a laboratory scale, these
reactions eventually need to be scaled to a level similar to that of structurally far
simpler commodity plastics (i.e., thousands of kilograms). However, the costs of
a semiconducting polymer roughly scales linearly with the number of required
synthetic steps at a cost of ∼ 27e/gram×step, thus, even at a layer thickness of
200 nm, polymers or small molecules that require 5-10 steps significantly inflate
the costs-per-Watt-peak of a module.[13] In 2011 Nelson and coworkers made
an economic assessment of OPV modules and, at 5% device efficiency and 95%
module yield, they found e0.50 per Watt peak annual capacity; too high to be
competitive with existing technologies. By far the largest contribution to the OPV
module costs, are the costs of the materials.[12]

There is also the practical constraint of commercially viable solvents, which
are limited to notoriously poor solvents for conjugated polymers; for example,
halogenated solvents are categorically excluded.[14] In a typical ink formulation,
the mass of the semiconducting materials is insignificant compared to the mass of
solvent that is consumed during the deposition of the active layers as solvents.[12]
Thus, there are scientific, economic, and environmental reasons for eschewing
petroleum-derived solvents entirely. Krebs and co-workers asserted that the true,
full-scale production of optoelectronic devices can only be realized by processing
from environmentally benign solvents such as water, ethanol or methanol.[15]
The limited pallet of applicable processing solvents raises a difficult and intriguing
chemistry challenge; designing conjugated polymers for which water is a good
solvent.

The scientific challenges of commercialization thus are: development of new
materials with good synthetic accessibility (i.e., they need to be scalable), process-
ing solvents must be benign and renewable, and processing conditions must be
relatable with large-scale printing. Clearly, judging OPV materials merely on their
PCE performance does not warrant commercialization and more attention should
be paid on the costs-per-Watt-peak of OPV technologies under development.

5



1 1.4. Recent Advances in Organic Photovoltaics

A currently popular and successful donor polymer is poly(thieno[3,4-b]-thio-
phene-alt-benzodithiophene) (PTB7) (Scheme 1.2). PTB7 is a low band gap (Eg

∼ 1.64 eV) polymer with an internal donor-acceptor (D-A) architecture compris-
ing an electron-accepting thienothiophene (TT) unit, alternated by an electron-
donating benzodithiophene (BDT) moiety. This D-A architecture results in effi-
cient delocalization along the polymer backbone and narrow Eg . PTB7 has been
demonstrated to reach a PCE of ∼ 9%, with properly chosen electrodes and inter-
facial layers. To push the envelope further, the structure of PTB7 was modified
by coupling thiophene moieties orthogonal to the BDT unit, creating PTB7-Th as
shown in Scheme 1.2. PTB7-Th has a slightly smaller Eg than PTB7 (1.59 eV) and
slightly better OPV performance with PCE ∼ 10%.[16] These efficiencies for single
junction device architectures are promising, however, PTB7-Th requires twelve
synthetic steps and rigorous device engineering to bring the PCE up to ∼ 10%.
Furthermore, these laboratory scale devices were constructed using spin coating
from chlorobenzene with diiodooctane (DIO) as co-solvent. Krebs and coworkers
included both PTB7 and PTB7-Th in their library of 104 polymers that were tested
for viability in R2R printing. Unfortunately, neither polymers outperformed P3HT,
partly because of the poor synthetic accessibility of PTB7 and PTB7-Th.[10]

By carefully controlling the aggregation and morphology of mixtures of three
donor polymers based on benzothiadiazole (Scheme 1.3) with multiple fullerene
acceptors, Liu et al. demonstrated ten donor/acceptor combinations with average
(over twenty devices) PCEs of 9.2–10.3%. By adjusting the casting temperature,
high crystallinity and small domain sizes could be achieved, independent of the
used fullerene, which proved beneficial for charge extraction (i.e., high mobilities).
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Scheme 1.2. Chemical structures of the popular donor polymer PTB7 and the structurally similar
PTB7-Th.
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Scheme 1.3. Chemical structures of PffBT4T-2OD, PBTff4T-2OD, PNT4T-2OD, and PDTP-ffBT.

Part of the investigated polymers, PffBT4T-2OD and PBTff4T-2OD, had improved
synthetic accessibility compared to PTB7 (7-12 steps)[17] and structurally similar
polymers showed promising enhanced performance, compared to P3HT cast via
R2R printing.[10]

Multi-junction solar cells combine two or more sets of complementary active
layers. In a single junction device, only a finite part of the total amount of the
sunlight spectrum can be effectively absorbed. Photons with lower energy than
the Eg of the active material do not produce charge carriers (sans two-photon
absorption at high flux). Thus, by stacking donor-acceptor pairs with different
Eg , a broader fraction of incident light can be transformed into current. Li et
al. developed a tandem solar cell with a PCE of 7.7% on a glass substrate, by
employing doctor-blading in air–a R2R viable printing technique. As a proof-
of-concept, the authors also fabricated working devices on a large area (11×16
cm2, containing nine cells of 2.5×2.5 cm2) flexible (patterned) PET film, with
an average PCE of 5.6%.[9] Chen et al. managed to construct a triple junction
device comprising P3HT, PTB7-Th and poly(5H-dithieno[3,2-b:2’,3’-d]pyran-alt-
difluorobenzothiadiazole) (PDTP-ffBT) (Scheme 1.3) with a PCE of 11% on a
laboratory scale.[18] Although constructing multi-junction OPV devices via R2R
printing is technologically feasible[19], it adds complexity (and costs) and all
layers–including all inter-layers–are required to be processable in a R2R viable
manner. A schematic representation of a R2R printed module with a tandem
architecture, including photographs of one cell inside the module, are shown in
Fig. 1.1.

7
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Figure 1.1. Schematic representation of a typical tandem OPV device printed via R2R manufac-
turing also showing photographs of one cell inside the module. Reproduced from Ref. [19] with
permission of The Royal Society of Chemistry.
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Essentially all acceptor materials are fullerene based but, unfortunately, fulle-
rene derivatives have high costs, poor photochemical stability, and have limited
light absorption in the visible-near infrared region (C71 derivatives have improved
absorption over C61, but near-IR absorption remains limited). Thus, there is
a strong driving force to replace fullerene derivatives completely. The active
layer of all-polymer solar cells consists of a donor and acceptor polymer. In a
traditional bulk hetero-junction (e.g., P3HT:[60]PCBM) control of the domain
sizes is essential to achieve reasonable efficiencies. Likewise, in an all-polymer
device, the rate of crystallization/self organization of both phases is critical as
well. If the rate of crystallization of either one of the phases is too high, too large
domains will be formed and device performance is poor. Jenekhe and coworkers
showed that slow drying and “aging” at 25 ◦C of the cast films, resulted in improved
bulk morphologies compared to fast dried and thermally annealed films.[20] It is
questionable, however, if slow aging of a film is feasible in R2R printing, but more
work is required to find other all-polymer material combinations that combine
R2R printability with good synthetic accessibility.

A new design concept for materials for OPV is to increase the dielectric con-
stant of the active layer. Silicon semiconductors differ from their organic coun-
terparts in that they have high dielectric constants (∼ 11), leading to effective
charge screening (i.e., free charge-carriers are readily formed). In contrast, or-
ganic semiconductors typically have dielectric constants of below four, resulting
in the formation of bound electron-hole pairs (i.e., excitons) that have a finite
lifetime. Koster et al. demonstrated the effect of increasing the dielectric constant
of organic semiconductors by device modeling, and predicted a dramatic increase
in PCEs from 13% for an optimized device, to beyond 20%; showing that OPV can
be as efficient as wafer-based PV.[21, 22] The design rules to tune the Eg of organic
semiconductors are well established, but how the dielectric constant of a conju-
gated molecule can be affected, has not been widely studied yet. It is expected that
the incorporation of freely rotating dipoles and polarizable groups should increase
the dielectric constant. Jahani et al. demonstrated that installing ethylene oxide
groups on fullerenes results in a 46% increase in the dielectric constant compared
to [60]PCBM, without negatively influencing the optoelectronic properties.[23]
An increase in dielectric constant was also observed when ethylene oxide pendant
groups were used on poly(p-phenylene vinylene) and diketopyrrolopyrrole based
polymers.[24] Thus, it seems that ethylene oxide groups have a profound effect on
the dielectric constant of organic semiconductors, and more research is needed
to get a better understanding of how dielectric constants of conjugated molecules
can be modified.

9



1 1.5. Water as a Processing Solvent for Conjugated Polymers

In recent years much progress towards “green[5]”-processable conjugated poly-
mers has been made utilizing two main strategies: (1) functionalization with
ionic pendant groups, and (2) installing polar solubilizing groups.[25] Often used
polar solubilizing groups are ethylene oxides, offering good solubility in most
organic solvents, including polar solvents such as ethyl acetate and alcohols.[26]
Conjugated polyelectrolytes (CPEs) use ionic pendant groups to achieve water-
solubility.

To date, CPEs are mostly applied as interfacial layers to tune the work-function
of electrodes and/or as hole- or electron transporting layers. The formation of
interfacial dipoles results in the lowering of the work-function of the electrode,
which is beneficial for charge collection. Furthermore, the orthogonal solubil-
ity of CPEs allows for easy processing of multi-layer devices without risking re-
dissolving previously deposited layers. A popular cathode interfacial layer is the
water/alcohol-processable amino-functionalized polyfluorene (PFN) (Scheme 1.4),
where it mitigates the flow of electrons (i.e., an electron-transporting-layer; ETL).
PFN is soluble in non-polar solvents but can also be solubilized in alcohol by the
addition of a small amount of acetic acid. Quaternization of the amine groups
results in the formation of a methanol soluble derivative, for example, PFN-Br
(Scheme 1.4). The materials PFN, and its derivatives, were initially developed to
enhance the luminescence of organic light emitting diodes (OLEDs)[27] but were
later used as interfacial layers in OPVs comprising PTB7:[70]PCBM to successfully
improve PCEs from ∼ 8% to ∼ 9%.[28] Furthermore, Krebs and coworkers used

(CH2)7CH3H3C(H2C)7
(CH2)3(H2C)3
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Scheme 1.4. Chemical structures of selected CPEs.
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PFN-Br as an interfacial layer to construct a tandem OPV module by R2R printing
(see Fig. 1.1).[19]

Bazan and coworkers developed cationic narrow Eg CPEs, based on poly(cy-
clopenta-[2,1-b;3,4-b’]-dithiophene-alt-benzothiadiazole) (e.g., CPE-K, shown in
Scheme 1.4). Zhou et al. incorporated CPE-K as a hole-transporting-layer (HTL) in
a PTB7:[70]PCBM bulk hetero-junction OPV device and saw a slight improvement
in PCE compared to a control device (from 7.7% to 8.0%). However, the optimal
thickness of the CPE-K HTL was only 8 nm and is likely not continuous; at thicker
CPE layers, the performance gradually dropped.[29] A structurally similar CPE to
CPE-K, is CPEPh-Na in which the benzothiadiazole unit is replaced by a phenyl
group (Scheme 1.4). CPEPh-Na was used to increase the OPV performance in a
“homo”-tandem cell, where both active layers comprised PTB7:[70]PCBM, from
9.8%, for the control device, to 10.6%.[30] However, these CPEs are self-doped
and spontaneously form radical cations[31] (i.e., polarons) rendering them un-
suitable as the active layer of an OPV device, in which pristine semiconductors
are necessarily used.

The aforementioned examples demonstrate that the incorporation of a CPE
inter-layer can enhance OPV performance, however, it has been reported that
treatment of the deposited active layer with neat methanol can also result in higher
PCEs. Heeger and coworkers proposed that after depositing the PTB7:[70]PCBM
active layer, spin coating with methanol results in the passivation of surface
traps and an increase in surface charge density.[32] Thus, combined with the
typically ultra-thin CPE layer thicknesses, it is questionable if CPEs contribute to
the observed device enhancements.

Typically, CPEs have relatively low mobilities compared to their non-ionic
counterparts and, therefore, OPV device efficiencies are highly dependent on the
layer thickness of the used CPE. When a CPE layer is thick, ions can redistribute
within the CPE layer and holes accumulate at the CPE interface. Toreda et al.
investigated these effects in a thick CPE layer using PFN-BIm4 (Scheme 1.4). They
managed to decouple the effects of ionic movement from electronic contributions,
and found an initial hole mobility of 2×10−9 m2V−1s−1. This value is identical to
the mobility of the non-ionic, and structurally similar, poly(9,9-dioctylfluorene).
Under a constant applied voltage, part of the counter-ions migrate to the anode.
As the CPE gets oxidized by hole injection, radical cations are formed that are
stabilized by Coulomb interactions of the mobile counter-ions. Effectively, this
results in the formation of a doped region that grows over time until ∼ 70% of
the total device thickness. Furthermore, the stability of the CPE under these
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1 conditions highly depends on the counter-ion; from the studied counter-ions,
BIm4 was the most stable.[33]

Søndergaard et al. employed a completely different strategy to achieve water-
processibility and used polythiophene, with thermally cleavable water-soluble
polar pendant groups as the active layer. After depositing the active layer and
drying, the film was heated to 310 ◦C to perform the thermocleavage of the pen-
dant groups, to yield native polythiophene. Additionally, all layers (zinc oxide,
active layer, PEDOT:PSS, and silver) were screen printed from water, ensuring
compatibility with R2R fabrication.[34]

In this thesis we are taking an alternative chemistry approach, by synthe-
sizing low band gap semiconducting polymers, that not only are intrinsically
water-soluble, but also completely water-processable and build on scalable chem-
istry. Conjugated polyions (CPIs) are a new class of robust, semi-conducting
polymers in which cationic charges reside inside the conjugated main chain, ei-
ther transiently or permanently. Paired with anionic solubilizing groups, CPIs are
zwitterionic[35] and free of mobile anions. Furthermore, because of the carboca-
tions inside the backbone of CPIs, we expect that they have strong internal dipoles,
thus combining water-processibility with possibly high dielectric constants. Our
aim is to eventually be able to construct an OPV device completely from water
with an active layer comprising CPIs paired with a water-soluble acceptor.

1.6. Thesis Outline

In Chapter 2 we describe the transformation of a cross-conjugated ketone con-
taining polymer to a linearly conjugated, permanent conjugated polyion (CPI)
via spinless doping. The process of spinless doping results in a decrease of the
optical band gap from 3.3 eV to 1.6 eV while preserving the pristine semicon-
ducting properties. With time dependent density function theory calculations
we show that CPIs have completely predictable band gaps and behave as normal,
pristine, semiconducting polymers. Despite being highly charged, CPIs are not
doped and can still undergo normal redox to achieve a doped, and more con-
ducting, state. Interestingly, this involves the process of n-doping to obtain a
p-doped polymer. Furthermore, we show that the band gap of CPIs can be tuned
post-polymerization by modulating the number of charges in the backbone by
adjusting pH or by treatment with certain nucleophiles.

We hypothesize that for good water-processibility, the solubility of the pen-
dant groups needs to be matched with the solubility of the polymer backbone.
In Chapter 3 we test this hypothesis using atomic force microscopy to demon-
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strate that homogeneous films can be drop-cast when the pendant groups and
the polymer backbone are both ionic or aliphatic. When the solubility is mis-
matched, however, we observe deleterious precipitation and aggregation. By
comparing the film forming properties of in total six polymers, comprising three
non-water-soluble and three water-soluble polymers, we show that films of CPIs
are qualitatively superior to films from conjugated polyelectrolytes (CPEs).

In Chapter 4 we explore a new polymer backbone containing thiophene units
and show that, because of the improved polymerizability of the monomer, we
obtain a high molecular weight cross-conjugated aromatic polyketone, with high
solubility. Cross-conjugated aromatic polyketones have the same optoelectronic
tunability as traditional conjugated polymers but build on scalable chemistry.
We show that these materials have excellent thermal- and oxidative stability, and
become orders of magnitude more conductive upon reduction. With a proof-
of-concept organic light emitting diode device we show that cross-conjugated
aromatic polyketone can be used as an n-dopable semiconductor. Spinless doping
results in the formation of a permanent CPI with a narrow optical band gap of 1.4
eV.

We investigate the optoelectronic tunability of CPIs further in Chapter 5 and
show that the band gap of CPIs can be engineered both traditionally, by modifying
the polymer backbone, and non-traditionally through spinless doping, by utilizing
different donor groups. This unique property allows for easily tunable energy
levels of CPIs.

Finally, in Chapter 6 I provide a short outlook and recommendations for
future work.
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Abstract
We synthesized a cross-conjugated polymer containing ketones in the backbone
and converted it to a linearly-conjugated, cationic polyarylmethine via a process
we call “spinless doping” to create a new class of materials, conjugated polyions.
This process involves activating the ketones with a Lewis acid and converting them
to trivalent cations via the nucleophilic addition of electron-rich aryl moieties.
Spinless doping lowers the optical band gap from 3.3 to 1.6 eV while leaving the
intrinsic semiconductor properties of the polymer intact. Electrochemical reduction
(traditional doping) further decreases the predicted gap to 1.2 eV and introduces
radicals to form positive polarons; here, n-doping produces a p-doped polymer
in its metallic state. Treatment with a nucleophile (NaOMe) converts the cationic
polymer to a neutral, non-conjugated state, allowing the band gap to be tuned
chemically, post-polymerization. The synthesis of these materials is carried out
entirely without the use of Sn or Pd and relies on scalable Friedel-Crafts chemistry.
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2.1. Introduction
Devices like field-effect transistors and organic photovoltaics utilize conjugated
polymers in their undoped, semiconducting state,[1] while sensors and other
devices utilize their doped, metallic state(s).[2] Virtually all conjugated polymers
can be converted from neutral intrinsic semiconductors to charged, metallic states
by the addition (n-doping) or removal (p-doping) of electrons. These are redox
processes that create the radical anions/cations (polarons) that serve as charge-
carriers and that impart the dramatic increase in conductivity that is associated
with doping. This process also introduces unpaired spins that create mid-gap
states, significantly reducing the band gap, and red-shifting the optical absorption
(i.e., the optical properties are mainly affected by the creation of new states rather
than the energies of the bands being shifted by the presence of charges). One
exception is poly(aniline) (PANI), which can be converted to its metallic state(s) by
protonation; however, this process too is the result of the spontaneous formation
of unpaired spins.[3] We previously reported an n-dopable conjugated polymer in
which the influences of spin and charge could be separated.[4] This polymer was
based on a cross-conjugated polyketone that could be reduced (n-doped) into two
distinct states, a normal, metallic, doped state and a charged, but semiconducting
state. These states exhibited clear spectroscopic differences and differences in
conductivity, however, they were transient, existing only while held at cathodic
potentials in air-free conditions.

This chapter describes the stabilization of permanent charges via “spinless
doping,” a process in which a cross-conjugated polyketone is converted to a
linearly-conjugated polymer, a conjugated polyion (CPI), that is a charged, intrin-
sic semiconductor by the addition of nucleophiles during post-polymerization
modification. Unlike the previously reported cross-conjugated aromatic polyke-
tone, which was doped only transiently,[4] these CPIs are robust, air-stable, and
exhibit dynamic band gaps. They separate the influences of the unpaired elec-
trons, that result from traditional redox doping, from the inclusion of charges
and show dramatic physical changes, including solubility, yet the position of the
conduction band (determined electrochemically) remains almost unchanged
from their cross-conjugated precursors. Although the polymers presented in this
chapter represent a proof-of-concept and have not yet been optimized for device
applications, they are low band gap (∼ 1.5 eV) intrinsic semiconductors that are
synthesized entirely without Pd or Sn (Scheme 2.1). The monomers are prepared
by nucleophilic displacement and the polymers by the same Friedel-Crafts (F-C)
polycondensation that was initially used to prepare poly(ether ketone), an engi-
neering plastic, on a pilot scale.[5–7] (It was later replaced with a process allowing
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for better, higher-boiling solvents.[8]) Spinless doping is accomplished with Lewis
acid activation and treatment with N,N-dimethylaniline. Thus, CPIs are built
on scalable chemistry, which is an important feature of a conjugated polymer
in the context of technological applications as an optoelectronic material;[9, 10]
the lack of a scalable, industrially relevant synthetic route precludes commer-
cial/technological applications.

Structurally, the CPIs presented in this thesis are polyarylmethines (PAMs);
however, PAMs are traditional conjugated polymers that must be redox doped
and are, therefore, not related to CPIs beyond structural similarities.[11–16] Elec-
tronically, CPIs resemble conjugated polymers with trivalent atoms in the back-
bone such as boron[17–21] or nitrogen.[22] In fact, CPIs are isoelectronic with
boron-containing polymers in that the carbocations possess an empty p-orbital,
but they are charged because of the position of carbon on the Periodic Table.
Nitrogen-containing polymers, in which the lone pair of the nitrogen participates
in the conjugated pathway, can potentially undergo spinless doping by protona-
tion, however, protonation of a nitrogen with a full p-orbital will create an sp3

hybridized nitrogen, disrupting the conjugated backbone. There are also cation-
containing polymers with imidazollium units in the backbone, however, these
charges do not reside in the conjugation pathway of the backbone.[23, 24] Thus,
while CPIs are structurally and electronically similar to PAMs and boron/nitrogen-
containing polymers, they combine the properties of these different polymers
in a unique way to form a new class of conjugated polymers with dynamically
tunable band gaps in the semi-conducting state (i.e., the conjugation length can
be controlled post-synthetically and without redox) due to the presence of stable
cations in the conjugated backbone.

2.2. Spinless Doping
We define spinless doping as the introduction of charges into the band structure
of a conjugated polymer without redox and without the spontaneous formation of
unpaired spins. Spinless doping is not simply the addition of charges, but specif-
ically the introduction of charges in the conjugated backbone via closed-shell,
two-electron processes. Therefore, any unpaired electrons in the band struc-
ture must form spontaneously; for example, by spin un-pairing due to internal
redox.[3] We distinguish between two types of spinless doping; transient, where
charges are generated in situ and the resulting CPI cannot be isolated[4, 25, 26]
and permanent, where the charges are generated by stabilizing trivalent carboca-
tions via addition/dehydration.
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Figure 2.1. A cartoon depicting the mechanism of the change in band gap of CPIs as a function
of treatment with methoxide/acid compared to traditional doping. Circles indicate the methine
groups that separate the aromatic groups, which are represented by squares. Conjugation is indi-
cated in red and purple. Diagrams of the valence and conduction bands are drawn to the left or
right of each structure with an approximate band gap based on Fig. 2.6b. Increasing the concentra-
tion of nucleophiles (methoxide) traps the methine cations as sp3 hybridized ethers, lowering the
average conjugation length and producing a large band gap as indicated by the all-white structure.
Traditional (oxidative) doping introduces both cations and unpaired spins, leading to the creation
of mid-gap states and a low band gap as indicated by the bottom, all-purple structure.

Fig. 2.1 is a cartoon describing the differences between traditional redox
doping and spinless doping. The left and right column shows the band struc-
ture of a CPI as cations are introduced into the backbone, in this case by mask-
ing/unmasking the cations with methoxide/acid, as is depicted in Scheme 2.1. In
acidic conditions, when there are no nucleophiles present to trap the cations, the
polymer is fully conjugated and the band gap is minimized, as is shown by the red
structure in the middle column. As the concentration of nucleophiles (OCH –

3 )
increases, the cations are trapped as sp3 carbon centers (e.g., methyl ethers). This
process decreases the average conjugation length and increases the band gap until
the polymer is rendered completely non-conjugated, represented by the white
structure in the middle column. Traditional redox doping, by contrast, begins
from a semiconducting polymer. The purple structure in the middle column is
formed by reduction, which introduces radicals (i.e., spin) via the addition of
single electrons. This redox process also lowers the band gap, but not by affecting
the average conjugation length. Rather, as is shown in the right column, it creates
mid-gap states that typically lead to band gaps in the near-IR.

One of the most important differences between the CPI depicted in red and the
redox-doped polymer shown in purple, is that the CPI–despite bearing charges
in the band structure–can still be redox doped (by reduction). We previously
observed this process via spectroelectrochemistry in transient CPIs.[4] In this
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chapter, we rely on a combination of experiment and calculation to show that
the same effect is present in PFC. However, proving that spinless doping does
not induce spontaneous spin un-pairing and that CPIs are semiconductors is
not straightforward. We measured the electron paramagnetic resonance (EPR)
spectra of both PFK and PFC and both gave no detectible signal, however, it is
difficult to prove a negative. Likewise, conductivity alone is not evidence of semi-
conducting or metallic properties. Thus, the bulk of the remaining paragraphs in
this chapter describe the preparation and characterization of PFK and PFC and
the characterization of the influences of spinless doping, which vary considerably
from the well-known effects of traditional redox doping.[27]

2.3. Synthesis and Characterization

We synthesized PFC via a Lewis acid mediated polymer analogous reaction of
N,N-dimethylaniline on the cross-conjugated fluorene-based precursor polymer
PFK. This introduction of permanent cations is spinless doping; it is a nucle-
ophilic addition/dehydration, not a redox process. We prepared PFK via the F-C
polycondensation of fluorene 2.1 with terephthaloyl chloride mediated by AlCl3
and LiCl in dry CH2Cl2 according to Scheme 2.1 and described in more detail in
Section 2.A. A byproduct of the F-C polycondensation reaction is large quantities
of Al(OH)3, which is a known flocculant and which can be challenging to separate
from the desired polymer. Therefore, we attempted to minimize the AlCl3 loading
as much as possible and increase reaction times under highly inert conditions.
We varied the Lewis acid loading for PFK from three to ten equivalents without

(CH2)5CH3H3C(H2C)5

(CH2)5CH3H3C(H2C)5

O

O n

(CH2)5CH3H3C(H2C)5

n

OCH3

OCH3

NMe2

NMe2

H+

OCH3
-

(CH2)5CH3H3C(H2C)5

n

NMe2

NMe2

CH2Cl2
NaOCH3PFK

PFC

BF4

BF4

PFC-OMe

Ph(COCl)2

AlCl3, LiCl, 
CH2Cl2

PhN(CH3)2

AlCl3, LiCl

2.1

Scheme 2.1. Synthetic route used to synthesize PFK, PFC-OMe, and PFC.
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negatively affecting the degree of polymerization (Pn), provided the solvents and
reagents were dried and the reactions were performed under strict anhydrous
conditions. Lower Lewis acid loadings resulted in a better controlled reaction
and an easier isolation of PFK, because even with three equivalents a near-equal
amount of Al(OH)3 is formed per gram of polymer. Furthermore, we varied the
polymerization time from one to three days under an Ar atmosphere. The lower
Lewis acid loading and/or longer reaction times resulted in a trade-off between
the Pn and dispersity (Ð), where longer reaction times typically increase Ð and
peak-average molecular weight (M̄p ), but not the number-average molecular
weight (M̄n).

We determined M̄n = 4,000–5,200, M̄p = 8,000 g/mol, and Ð = 2.5–3.2 for PFK.
As is almost always the case, these polymers have lower values of M̄n than thermo-
plastics and block co-polymers and, thus, can be called oligomers by comparison.
We prefer the term polymer because the electronic properties of conjugated poly-
mers saturate after only a few repeat units.[28, 29] Thus, conjugated polymers,
in general, are optically and electronically equivalent from n ≈ 5−∞ and are,
therefore, more appropriately called polymers in the context of this thesis. (The
mechanical properties, which do vary with molecular weight, do not affect the
optical or electrochemical properties.) Moreover, our estimates of M̄n are conser-
vative and represent the lower bounds of the real molecular-weight distribution,
rather than directly reporting the number produced by gel permeation chromatog-
raphy (GPC) without interpretation. Section 2.B contains a complete discussion
on the determination of molecular weights of conjugated polymers by GPC.

The most common method for determining M̄n (using an optical detector)
relies on dn/dc values to relate concentration to changes in refractive index, which
are then compared against a standard calibration curve. Using the common
TriSEC method and dn/dc values calculated by the instrument, yielded values
of Mn ∼ 24,000 g/mol. Since dn/dc values are virtually unknown for conjugated
polymers, they cannot be verified against published values. Furthermore, volu-
metric/gravimetric errors, including material that is removed by filtration, that
precipitates during the measurement, or that aggregates in solution, causes a
large increase in the reported values of M̄n . This problem is exacerbated by rigid
conjugated polymers where simply measuring a GPC at elevated temperatures, to
reduce aggregation, can change M̄n by an order of magnitude[30] or introduce
bi-modality, which renders M̄n meaningless. From our conservative estimate of
M̄n and Ð, we determined Pn (the number of repeats) to be ∼ 9−25, which is
relatively low, but not atypical for a conjugated polymer.
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Figure 2.2. (a) Refractive index (RI) and (b) intrinsic viscosity (IV) GPC traces of four batches of
PFK; batch 1 (dotted line, THF), batch 2 (dashed line, CHCl3), batch 3 (solid line, CHCl3), and
batch 4 (dashed-dotted line, THF) (each injected twice), clearly demonstrating the batch-to-batch
variations in molecular weight and Ð. Overall the calculated M̄n is around 5,000 g/mol and a Ð
around 3.0, corresponding to number of repeats, Pn , of ∼ 8−25. The relatively broad molecular
weight distribution is caused by the low selective nature of the F-C polycondensation. PFK from
batch 3 was used for further characterization and for the polymer analogous reaction as discussed
in the main text.

Universal TriSEC
M̄n M̄w M̄p M̄n M̄w M̄p

PFK 1a 5,500 16,300 6,000 – – –
PFK 2a 5,700 11,100 9,000 16,400 28,600 25,800
PFK 3b 4,200 9,900 3,300 19,100 47,300 15,400
PFK 4c 5,200d 27,700d 31,700d 108,500d 278,500d 365,000d

aPolymerization performed at 40 ◦C, in CH2Cl2 with 10 eq. of AlCl3 for 24h
bPolymerization performed at 40 ◦C, in CH2Cl2 with 3 eq. of AlCl3 for 72h
cPolymerization performed at 80 ◦C, in 1,3,5-trichlorobenzene with 3 eq. of AlCl3 for 24h
dCalculated using a dn/dc value of 0.163 to match the experimental dn/dc values of PFK 1-3

Table 2.1. Summary of the GPC data obtained from four batches of PFK demonstrating the effect of
the reaction conditions such as reaction time, temperature, and Lewis acid loading on the molecular
weight distribution as calculated using either the Universal Calibration or TriSEC method. All units
are in g/mol.

In order to improve the molecular weight of PFK we set out to optimize the
polymerization conditions further. At lower Lewis acid loadings we achieved a
more controlled polymerization and a polymer that was easier to purify. However,
we did not observe a significant change in molecular weight, nor at extended
reaction times. It appears that the polymerization is limited by kinetics, thus, we
switched to a higher boiling solvent, 1,3,5-trichlorobenzene (TCB). The resulting
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PFK (batch 4) has a bimodal molecular weight distribution (with the first peak
close to M̄n) (see Fig. 2.2). Although dn/dc values are slightly dependent of molec-
ular weight, when comparing structurally identical polymers and in the same
eluent, the dn/dc should remain constant. However, we observed a relatively low
calculated dn/dc value of 0.068 for PFK batch 4 while in the other batches dn/dc

was on average 0.163 in THF and 0.185 in CHCl3. We do not suspect an error
during the sample preparation stage, since the sample was easy to dissolve and
filter and we found no material on the filter. This apparent error in the dn/dc value
demonstrates the large impact it has on the calculated molecular weights; with
dn/dc = 0.068 we obtained M̄n = 295,300 and M̄w = 853,800 with the TriSEC method.
We cannot rule out a significant error in the concentration, but, the Universal
Calibration method gave a more realistic result. Even these, in our opinion, are
still largely overestimated. To address this discrepancy, we manually set dn/dc to
0.163. These recalculated results are given in Table 2.1 together with data acquired
from the remaining three batches. The polymerization in 1,3,5-trichlorobenzene
clearly needs further optimization to improve yields and decrease Ð but it demon-
strates that the F-C reaction can yield high molecular weight polymers at elevated
reaction temperatures. The optoelectronic properties of PFK from batch 4 are in-
deed essentially identical to that of PFK from batch 3, suggesting that the effective
conjugation length saturates after Pn ∼ 10 (Fig. 2.6a).

To convert PFK to PFC, we redissolved the polymer in dry CH2Cl2 and per-
formed a Lewis acid mediated electrophilic substitution on N,N-dimethylaniline
of the activated ketones. However, when we performed the polymer analogous
reaction method on PFK with three equivalents of AlCl3 and five equivalents of
N,N-dimethylaniline for one day, the conversion was low. Therefore, we repeated
the polymer analogous reaction with five equivalents of AlCl3 and ten equivalents
of N,N-dimethylaniline for three days. Although polymer analogous reactions are
never quantitative, the quality of the resulting PFC was unambiguously higher
than the first attempt. This two-step conversion enabled us to qualitatively follow
the conversion of the polymer analogous reaction spectroscopically. To render
PFC sufficiently soluble in organic solvents, and to prevent overly strong binding
of counter-ions, we isolated PFC as the BF –

4 salt by first trapping free PFC with
methoxide, to form the non-conjugated methyl ether (i.e., with CH3O – as shown
in Scheme 2.1), dissolving it in aqueous HBF4, and repeatedly extracting it with
CH2Cl2.
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Figure 2.3. (a) The 1H-NMR spectra PFK (black line) and PFC (red line) clearly show the peak
broadening typical for polymers. The aromatic region of PFK integrates to 10 protons and the
aliphatic region to 26 protons which matches the proposed structure. The peaks at 0 ppm and 4
ppm originate from silicone grease and residual solvent, respectively. While PFK could be easily
characterized by 1H-NMR, we encountered difficulties obtaining clean spectra of PFC due to
problems with locking and shimming, possibly due to the combination of the ionic and polymeric
nature of CPIs driving aggregation in organic solvents (PFC is sparingly soluble in CDCl3), limiting

the usefulness of the spectrum. (b) In the 13C-NMR spectra of PFK (black line) and PFC (red line)
the conversion of a carbonyl (red arrow) to a methoxy carbon (blue arrow) can be recognized. Both
the aromatic and aliphatic regions contain multiple smaller peaks that we assign to carbons of the
statistical mixture of different polymer chain lengths.

We encountered difficulties obtaining clean nuclear magnetic resonance
(NMR) spectra of PFC due to problems with locking and shimming, possibly
due to the combination of the ionic and polymeric nature of CPIs driving aggre-
gation in organic solvents (PFC is sparingly soluble in CDCl3). A typical example
of 1H-NMR and 13C-NMR spectra of PFK and PFC are shown in Fig. 2.3. From
these spectra it is clear that a reaction has taken place but we cannot draw any
quantitative or qualitative conclusions. Thus, we followed the process of spinless
doping by Fourier transform infrared (FT-IR) analysis, which clearly shows two car-
bonyl modes present in PFK at 1654 cm−1 and 1725 cm−1. Fig. 2.4 compares the
FT-IR spectra of PFK to PFC. The intensities of these (presumed) ketone stretches
decreases markedly as the ketones of PFK are converted to cations in PFC. We
correlated these bands to absorption bands in the ultraviolet-visible (UV-Vis)
spectrum, allowing us to follow the process of spinless doping semi-quantitatively
and, importantly, proving that the post-polymerization modification proceeds in
high yield.
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Figure 2.4. FT-IR spectra showing the monomer (gray line) and PFK before (black line) and after
post-polymerization modification which converts it to PFC (red line) by spinless doping with near
completion, as indicated by the strong reduction of the carbonyl resonance mode at 1654 cm−1

and the complete disappearance of the carbonyl mode at 1725 cm−1, as highlighted by dashed
lines.

A blow-up of the relevant part of the FT-IR spectra and the UV-Vis absorption
spectra are shown in Fig. 2.5. We observe that at different degrees of conversion
the peak at 1654 cm−1 decreases in intensity by 67% and the peak at 1725 cm−1

diminishes by 83%, which we ascribe to a decrease in the number of carbonyl
groups. Furthermore, a new peak appears at 1519 cm−1, which we ascribe to
the inclusion of N,N-dimethylaniline into the backbone. These spectral changes
correlate to the absorption spectra of PFC under acidic conditions, at the same de-
grees of conversion. At very low levels of conversion the predominant absorption
originates from cations that are generated by protonation of the residual ketones,
however, a small peak can already be seen at ∼570 nm originating from cations
that are stabilized by N,N-dimethylaniline. The optical band gap of acidified
PFC is the result of maximizing the average conjugation length by protonation
of the small amount of residual ketones. The effect of the inclusion of transient
or permanent carbocations on the optoelectronic properties will be discussed
further in more detail in Section 2.4.
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Figure 2.5. (a) Blow-up of FT-IR spectra and (b) absorption spectra of PFC at different stages of
conversion during the polymer analogous reaction, demonstrating the gradual decrease of the
peaks at 1654 cm−1 and 1725 cm−1 and the development of a new peak at 1519 cm−1. These IR
spectral changes correlate to the changes in absorption spectra in acidic CH2Cl2 in which the peak
at 460 nm, originating from cations of protonated residual ketones, decreases in intensity and shifts
to a lower wavelength while a new peak appears at ∼570 nm and red shifts to ∼590 nm.

2.4. Band Gap Measurements
Fig. 2.6 shows the absorption spectra of PFK and PFC. The absorption spectra
of PFK are shown in the neutral, cross-conjugated, semiconducting form and in
the charged, transient spinless doped, protonated state (the solid and dashed
lines in Fig. 2.6a, respectively). Protonation shifts the band gap of PFK from 3.2
to 2.3 eV in a process analogous to that shown in Fig. 2.1 except that instead
of converting between sp2 methylium cations and sp3 alcohols, the cations are
converting cross-conjugation to linear conjugation as shown in Scheme 2.2. We
measured the absorption spectra of as-prepared PFC and in acidified CH2Cl2
(the dashed and dotted lines in Fig. 2.6b respectively). By comparing the FT-IR
spectra to the UV-Vis spectra, we ascribe the shoulder in the absorption spectrum
of PFC at ∼ 430 nm to cations resulting from the protonation of residual ketone
(similar to protonated PFK; Scheme 2.2). This peak only appears in acidified
CH2Cl2, which also has the effect of red-shifting λmax by 48 nm and lowering
the band gap from 1.8 to 1.6 eV. This shift is the result of maximizing the average
conjugation length by converting the small amount of residual ketones from cross-
conjugated carbonyls to conjugated methines and increasing the delocalization
of the permanent carbocations, as is depicted in Fig. 2.1 as the all-red structure.
We also measured PFC-OMe (the solid line in Fig. 2.6b) by trapping PFC with
methoxide, corresponding to the all-white structure in Fig. 2.1. The absorption
spectrum of PFC-OMe cuts off at 400 nm (∼ 3 eV) and shows no signs of residual
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Figure 2.6. (a) Absorption spectra of PFK from batch 3 (black lines) and batch 4 (red lines) in neutral
(solid lines) and acidic (dashed lines) CH2Cl2 depicting a bathochromic shift of λmax by 120 nm
upon transient acid doping, turning the color of the polymer from yellow to deep red. We ascribe
λmax of PFK in neutral CH2Cl2 to weakly interacting fluorene units through cross-conjugating
ketones. After the transient acid doping the polymer becomes fully conjugated resulting in the
observed bathochromic shift. Despite the nine-fold increase in Pn of PFK from batch 4 compared
to batch 3, the optoelectronic properties are saturated after ∼ 10 repeats. (b) Absorption spectra of
PFC as trapped as the methyl ether PFC-OMe (CH2Cl2; solid line), the BF –

4 salt (CH2Cl2; dashed
line), and the fully protonated state (acidic CH2Cl2; dotted line). We ascribe λmax of PFC-OMe to
the absorption of fluorene chromophores not conjugated to each other. The BF –

4 salt of PFC has a
λmax at ∼ 540 nm and a small shoulder at ∼ 435 nm, indicating that the residual ketones are only
sparsely protonated by HBF4. In acidified CH2Cl2 the residual ketones are protonated resulting in
an additional bathochromic shift of ∼ 48 nm, the appearance of an additional peak at ∼ 430 nm,
and broadening of the absorption tail (i.e., lowering of the band gap).

cations (or protonated residual ketone). These absorption spectra demonstrate
the dynamism of the band gap of PFC and its dependence on the number of
conjugating cationic methines. This tunability is a unique property of CPIs that
results in changes to the hybridization of carbon atoms in the backbone and
should not be confused with the protonic acid doping of PANI.

To further elucidate the effect of spinless doping, we measured cyclic voltam-
mograms (CV spectra) of spin-cast films of PFK and PFC on ITO, which served
as the (transparent) working electrode. We chose ITO as the working electrode
because of the larger contact area compared to Pt button-electrodes and because
it allows us to follow the redox states optically. We used Pt wire as a counter
electrode and a Ag/AgCl pseudo reference electrode calibrated with ferrocene.
Measurements of PFK were straightforward; we cast films from CHCl3 and mea-
sured them in degassed CH3CN. We chose LiClO4 as an electrolyte to facilitate the
movement of cations in and out of the films as they were cycled. Measurements
on PFC, by contrast, were confounded by wetting issues. PFC is only sparingly
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Scheme 2.2. Treatment of PFK with H2SO4 results in the formation of transient carbocations by
the protonation of the ketones. Likewise, treatment of PFC-OMe with HBF4 creates permanent
carbocations with BF4 counter-ions and can be isolated.

soluble in CHCl3, giving very thin films, while thicker films cast from THF did not
adhere to the electrode. Due to the ionic backbone, PFC is readily (and violently
exothermically) soluble in acetonitrile, thus we performed the CV measurements
in propylene carbonate (PC), however, LiClO4 is considerably less soluble in PC.
Worse, films of PFC tend to de-wet in PC and float off of the electrode, particularly
when reduced. These experimental complexities forced us to perform CV mea-
surements in different conditions for PFC and PFK, which can complicate direct
comparison.

The results of the CV measurements are shown in Fig. 2.7. PFK shows two
reduction waves at −1.7 V and −1.9 V (taken from the second scan) and a semi-
reversible re-oxidation wave at ∼−1.1 V with a shoulder at ∼−0.8 V. We could not
suppress charging effects sufficiently to resolve both re-oxidation waves clearly;
neutral PFK is insulating enough that upon re-oxidation, charges become trapped
in the film and their sudden expulsion gives rise to a small, aberrant peak (i.e.,
delayed re-oxidation). We observed the exact same effect in previous studies on
n-dopable polyketones.[4] The intensity of the redox waves appear to grow in
intensity upon increasing number of cycles suggesting delayed switching, which
we ascribe to the reorganization of the polymer film as counterions diffuse into
it. Larger shifts have been observed for n-type polymers,[31] but it is observed
in thin films of conjugated polymers more frequently than it is reported, as the
tendency is to show only one exemplary trace.
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(a) Cyclic voltammogram of PFK
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(b) Cyclic voltammogram of PFC

Figure 2.7. (a) Cyclic voltammograms of a thin film of PFK versus Ag/AgCl on an ITO working
electrode with a Pt wire counter electrode immersed in 0.1 mM LiClO4 in acetonitrile at 200 mV/s.
The two reduction waves (−1.65 and −1.90 V) are indicative of the cross-conjugated ketones being
reduced sequentially to form first a radical anion and then a closed-shell anion, i.e., a transient CPI.
The re-oxidation waves are partially obscured by the sudden release of trapped charge, the results
from the insulator-metal-semiconductor transition, and is typical of cross-conjugated polyketones.
(b) Cyclic voltammograms of a thin film of PFC versus Ag/AgCl on an ITO working electrode with
a Pt wire counter electrode immersed in 0.1 mM LiClO4 in propylene carbonate at 200 mV/s. The
broad, featureless reduction (∼−2 V) and re-oxidation (∼−0.7 V) waves are indicative of traditional
redox doping/de-doping of the band structure of a semiconducting conjugated polymer. In this
case, the polymer is being n-doped (reduced), to a p-doped (radical cationic) state because the
semiconducting form comprises closed-shell cationic charges.

The reduction wave of PFC (Fig. 2.7b), taken from the second scan, lies at
−1.7 V. The entire reduction wave gradually shifts to more negative potentials
and broadens to one feature upon increasing number of scans until it stabilizes
at ∼ −2.0 V. PFC re-oxidizes at a potential of ∼ −0.8 V. These results indicate
that the cations in PFC are more difficult to reduce than the neutral state of
PFK, demonstrating the remarkable stability of charges in CPIs. Not only are
they delocalized into a band structure, but the electron-donating nature of the
pendant dimethylaniline groups adds further stabilization. Qualitatively, the CV
spectra of PFK show the expected two-electron reduction of cross-conjugated
polyketones, while the CV spectra of PFC have the broad features that are typical
of the reduction (or oxidation) of a band structure. If PFC comprised isolated
cations in a “string of pearls,” we would expect sharp reduction peaks.

From the optical and electrochemical data, we calculated the positions of
the valence and conduction bands (i.e., the bands derived from the HOMO and
LUMO of the monomers, respectively) of PFK to be −5.8 and −2.6 eV, respectively.
The values of PFC are −4.1 and −2.6 eV, demonstrating that spinless doping–
in this case–slightly lowered the conduction band and significantly raised the
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valence band. This observation implies that the electron-rich dimethylaniline
moieties destabilize the valence band more than the charges (which reside in the
valence band) stabilize the conduction band. In other words, the dimethylaniline
moieties impart more donor character than the cations impart acceptor character.
The observed decrease in band gap in PFC as compared to PFK is, therefore,
principally a combination of the conversion from cross- to linear-conjugation
and the destabilization of the valence band. This result is in contrast to traditional
redox doping, which shifts the bands only slightly in energy and which instead
lowers the band gap by creating mid-gap states, that result from the presence of
unpaired spins.[27]

2.5. Small Molecule Model Ketone & Cation

To prove that the closed-shell cations are delocalized in the backbone of the
polymer and do not represent a string of isolated chromophores, we synthesized a
small molecule mono-cation (one repeat of PFC, sans one cation due to synthetic
constraints) as shown in Scheme 2.3 and described in Section 2.A. Qualitatively,
the mono-ketone 2.2 has very different physical (and optoelectronic) properties
than PFK and, furthermore, 2.2 is unstable towards acids and decomposes on a
silica column. After neutralizing the silica gel (with 5% triethylamine in heptane
solution) the product could be isolated from unreacted starting compounds in
good yield. We synthesized the mono-cation 2.3 in an one-pot synthesis applying
the same procedure to make 2.2 but then immediately converted the ketone to
a closed-shell cation. Unfortunately, we were unable to resolve a clear 1H-NMR
spectrum of 2.3. Therefore, to remove un-charged impurities, we washed the
crude product with heptanes by vigorous shaking, after which the compound
was collected by centrifugation. To isolate 2.3 we then fractionated it on a silica
plug. However, the material streaks heavily on the column and, at least partly,
turns color from deep purple to colorless to later reappear again as a purple band.

O

Cl

N

AlCl3 
LiCl

0 °C to rt
DCM

AlCl3 
LiCl

reflux
DCM

(CH2)5CH3H3C(H2C)5

2.1

(CH2)5CH3H3C(H2C)5
O

2.2

(CH2)5CH3H3C(H2C)5

2.3

N

Scheme 2.3. Synthetic route used to synthesize the mono-ketone and mono-cation model com-
pounds
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Figure 2.8. UV-Vis absorption spectra of the mono-ketone 2.2 (dotted line), mono-cation 2.3
(solid line), and PFC (dashed line) measured in CH2Cl2. While the absorption spectra of 2.3 and
PFC are qualitatively similar in shape, the maximum absorption of the low-energy band in 2.3 is
hypsochromic (38 nm) with respect to the absorption maximum of PFC. Furthermore, PFC has a
long absorption tail that is not present in 2.3. The difference in the maximum absorption of the
low-energy bands and the absence of an absorption tail in 2.3, implies that the closed-shell cations
are delocalized in the backbone of the polymer of PFC and are not isolated chromophores.

Nevertheless, we were able to isolate a fraction that showed one bright purple
spot with a faint spot above it by TLC (i.e., not analytically pure). By 1H-NMR we
could still not resolve the spectrum because of locking and shimming difficulties,
but, we no longer see obvious signs of residual 2.2 or unreacted starting materials.
With high-resolution mass spectroscopy we found the exact mass belonging to
the structure of 2.3 as the major peak along side three smaller peaks.

By comparing the absorption spectra of 2.3 and PFC in Fig. 2.8 we can clearly
see that they are qualitatively very similar but that the maximum of the low-energy
band of the mono-cation is hypsochromic compared to PFC. Furthermore, PFC
has a typical broad absorption tail that is common for conjugated polymers that
is not present in the small molecule 2.3. The shorter wavelength low-energy band
and the absence of an absorption tail in 2.3 compared to PFC, implies that the
closed-shell cations are delocalized in PFC along the polymer backbone.
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2.6. Time-dependent Density Functional Calculations

An ideal experiment to prove that PFC is an intrinsic semiconductor would be to
measure the absorption spectra as a function of reduction (i.e., spectroelectro-
chemistry). The expectation is for the absorption band to shift from the visible
into the near IR, exactly as most normal conjugated polymers behave.[4, 31] Un-
fortunately, the poor mechanical stability of films of PFC at cathodic potentials
precluded the collection of usable absorption data. Thus, we turned to density
functional theory (DFT) calculations for insight, in collaboration with H.D. de
Gier and R.W.A. Havenith. The experimental design is as follows; we have absorp-
tion data for PFK in the neutral and protonated form, absorption data for PFC,
and electrochemical data for PFK and PFC. From these data we calculated the
optical band gaps and reduction onsets, from which we estimate the absolute
positions of the valence and conduction bands. If we can replicate the optical
gaps using DFT calculations, we can conclude that they behave as “normal” con-
jugated polymers, in that their properties are predictable and that, for example,
PFC does not undergo proton-induced spin un-pairing (PISU). We then calculate
the expected optical band gap of the redox-doped state of PFC that is formed
upon reduction, i.e., we deliberately add an un-paired spin. (Interestingly, this is
a case of n-doping to produce a p-doped conjugated polymer.) If that band gap
is significantly red-shifted, it is strong evidence that PFC is both spinless and an
intrinsic semiconductor, because it means that our model systems are an accurate
reflection of the materials that we are measuring. The structures of protonated
PFK (PFK-H+) and the reduced form of PFC (PFC-Rad), which we measured, and
the isolated model dimers PFC2+, PFC-Rad+, and PFK-H2+, which we calculated,
are shown in Scheme 2.4. The isolated model dimer of PFK is the deprotonated
(neutral ketone) of PFK-H2+.

First we calculated HOMO, LUMO, and SOMO of the model systems of PFK,
PFK-H+ (PFK-H2+), PFC (PFC2+), and PFC-Rad (PFC-Rad+) and the results are
shown in Fig. 2.9. These results clearly indicate that the HOMO of PFK is localized
on one of the fluorene units and that the electron density of the LUMO is centered
on the phenylene dimethanone unit. For protonated PFK (PFK-H2+) the HOMO
electron density is now found on both fluorene units, albeit predominately on one
side. The LUMO seems practically unaffected by the inclusion of transient cations.
In the case of the permanent CPI PFC (PFC2+) and its redox doped state PFC-
Rad (PFC-Rad+) the HOMO and LUMO energy densities show a similar trend as
observed for the ketone model systems; the HOMO is positioned on the fluorene
units and the LUMO around the phenylene “linker” unit. In all model systems,
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(CH2)5CH3H3C(H2C)5

OH

HO n

HSO4

HSO4

(CH2)5CH3H3C(H2C)5

n

NMe2

NMe2

PFK-H+ PFC-Rad

H3C CH3

PFK-H2+ PFC-Rad+

OH

X =

PFC2+ X =

HO
CH3H3C

H3C CH3

CH3H3C

NMe2

Me2N

X

BF4

Scheme 2.4. Structures of protonated PFK (PFK-H+) and the reduced form of PFC (PFC-Rad)
together with the calculated model dimers PFC2+, PFC-Rad+, and PFK-H2+.

and especially in the case of PFC, the LUMO and the SOMO is delocalized onto
both fluorene units demonstrating conjugation across the molecule.

The calculated spectrum for PFK in neutral conditions comprise a minimum
band gap (E opt

g ) of 3.4 eV and a main peak (λmax ) at 3.6 eV. These calculated peaks
are blue-shifted from the experimental data by ∼ 0.3 eV because we performed the
calculations on isolated model dimers (without counterions), but they otherwise
fit the experimental data perfectly, with the exception of an under-estimation of
E opt

g for PFK-H+. When protonated, E opt
g and λmax decrease to 2.0 eV for PFK-

H2+, which underestimates the experimental values likely because, experimentally,
PFK-H+ is in equilibrium and never fully protonated (see Figs. 2.10a and 2.10b).
We calculated E opt

g = 1.8 eV and λmax = 2.3 eV for PFC2+ as a model for PFC in its
fully cationic state. These calculations correspond to the experimentally-derived
gaps in the fully protonated state of PFC (in acidified CH2Cl2), i.e., when all of
the residual ketones are protonated and the average conjugated length of PFC is
maximized. We calculated E opt

g = 1.2 eV for PFC-Rad+ as a model for PFC in the
redox-doped state, where one cationic site per repeat unit is replaced by a radical
(see Fig. 2.10c). That value corresponds to a maximum absorption of 1030 nm,
which is well into the near IR and in close agreement with our previous transient-
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Figure 2.9. Calculated HOMO, LUMO, and SOMO of PFK, PFK-H2+, PFC2+ and PFC-Rad+.
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Figure 2.10. TD-DFT calculated absorption spectra and experimental data of (a) PFK (black bars),
(b) PFK-H+ (red bars), (c) PFC (purple bars) and PFC-Rad (blue bars) show good overlap with
experimental data (gray lines). Quantitatively, the band gap of PFK-H+ is under-estimated, prob-
ably because the calculations were performed on the fully protonated structure. The predicted
spectrum for PFC-Rad shows the emergence of a band at 1050 nm, which is in close agreement with
the transient, open-shelled (redox doped) CPIs measured previously.[4] (d) The TD-DFT calculated
absorption spectra show a systematic decrease in band gap that is in agreement with experimental
values and a very large drop in PFC-Rad resulting from the inclusion of unpaired spins.

E opt
g exp. E opt

g calc. Evalence exp. Econducti on exp.
PFK 3.26 3.41 -5.83 -2.57
PFK-H+ (PFK-H2+) 2.30 2.04 – –
PFC (PFC2+) 1.55 1.83 -4.14 -2.61
PFC-Rad (PFC-Rad+) – 1.18 – –

Table 2.2. Experimental and predicted band gaps of PFK, PFK-H+, PFC, and PFC-Rad; all values
are in units of eV

doping study on a related polyketone.[4] The experimental and calculated data
are summarized in Table 2.2.

Fig. 2.10d shows a systematic decrease in band gap that is in agreement with
experimental values. The very large drop in band gap in PFC-Rad is the result
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from the inclusion of unpaired spins, creating mid-gap states. The close agree-
ment between DFT calculations and experimental values demonstrates that CPIs
behave as normal, intrinsic semiconducting polymers; their electronic properties
are completely predictable. Thus, based on these results, we expect that CPIs are
in fact simply intrinsic semiconductor polymers with charges in the valence band
(i.e., conjugated backbone). These data are very strong evidence that spinless dop-
ing does not lead to spontaneous spin un-pairing; if spontaneous spin un-pairing
occurred, the experimental and calculated band gaps would not be in such close
agreement. Moreover, the deliberate addition of unpaired electrons would not
lead to a dramatic lowering of the gap.

2.7. Conclusions

The polymers presented in this chapter are proofs-of-concept for the stabilization
of closed-shell cations in the backbones of conjugated polymers. These charges
are added via spinless doping, which chemically converts a cross-conjugated pre-
cursor polymer to a conjugated polyion; a conjugated, semiconducting polymer
bearing charges in the conjugated backbone. These polymers effectively disas-
sociate charge and spin. In traditional redox doping, polarons, which comprise
both spin and charge, are created in the band structure, shrinking the band gap
by creating mid-gap states. Similarly, the charges in CPIs have little effect on the
absolute positions of the valence and conduction bands, which are influenced
more strongly by the electron-rich groups used to stabilize the cations. However,
in absence of spin, no mid-gap states are created, thus CPIs can still undergo tradi-
tional redox doping to create (in principle) positive polarons (p-doping) through
electrochemical reduction. Although we were unable to observe this phenomenon
optically, DFT calculations show that, indeed, CPIs behave as normal conjugated
polymers and that traditional redox doping does lead to a p-doped polymer with
a significantly reduced band gap.

The key feature of CPIs is that their electronic states can be altered by chemical
modification and/or redox. Unlike PANI, they are readily processable and do not
undergo PISU. A fully cationic CPI can be rendered non-conjugated by treatment
with a base or nucleophile and the band gap tuned by exposure to acid. This
phenomenon is unique to CPIs and has implications for patterning, sensing,
tunable absorption, and any application that takes advantage of the dynamic,
post-synthetic modification of the band gap of a semiconducting polymer. The
conversion of the cross-conjugated precursor polymer to the CPI via spinless
doping also inverts the solubility by turning a hydrophobic backbone into a
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charged, hydrophilic backbone. In this case that transformation rendered the CPI
sparingly soluble in CHCl3 (and only as the BF –

4 salt), but further manipulation
of the pendant groups will allow for tunable orthogonal solubility.

Unlike virtually all light-harvesting polymers, CPIs are synthesized entirely
without the use of Sn or Pd, relying on inherently scalable chemistry. (The poly(3-
alkylthiophene)s and poly(alkoxy phenylene-vinylene)s are notable exceptions
and, not coincidentally, have been among the most commercially successful
conjugated polymers.) Yet, even PFC has a band gap of 1.6 eV, which can be
tuned further by altering the backbone and the aryl groups used to stabilize the
cations. While this chapter only characterizes the influences of spinless doping,
we are confident that, through the same synthetic tailoring that is commonplace
in traditional conjugated polymer chemistry, CPIs will afford a variety of new
conjugated materials with potential applications in organic-electronic devices.

2.A. Experimental

2.A.1. Materials and Methods

All reagents and solvents were purchased from commercial sources and used
without further purification unless otherwise indicated.

2.A.2. Monomer

9,9-Dihexyl-9H-fluorene (2.1).[32] Fluorene (2.5 g; 15.04 mmol) was dissolved in
150 mL THF in a dried three-necked round-bottom flask. The solution was then
cooled to −78 ◦C with stirring and n-BuLi in hexane (22.6 mL; 1.6 M) was added,
rendering the solution orange. After stirring for 2h, 1-bromohexane (6.2 g; 37.6
mmol) in 25 mL THF was added dropwise over 15-20 min after which the solution
was allowed to warm up to rt and stirring was continued for 24h. The reaction
mixture was quenched by pouring it over ice H2O before extracting with ether (2x
150 mL). The combined organic layers were washed with DI H2O, brine, dried
over Na2SO4 and the solvent removed by rotary evaporation, to yield the crude
product as a pale yellow oil. The product was then dissolved in a small amount
of ether and purified by column chromatography on silica gel and n-heptane as
the eluent, before being dried in vacuo for 24h at 200 mTorr to afford 2.1 as a
colorless/white semi-solid (4.04 g; 80% yield). 1H NMR (400 MHz, CDCl3) δ 7.70
(d, J = 6.2 Hz, 2H), 7.36 – 7.27 (m, 6H), 1.99 – 1.92 (m, 4H), 1.15 – 1.00 (m, 12H),
0.76 (t, J = 7.1 Hz, 6H), 0.66 – 0.55 (m, J = 11.3 Hz, 4H). FT-IR (ATR) 3064, 3039,
3013, 2954, 2925, 2855, 1940, 1902, 1866, 1794, 603, 1583, 1476, 1447, 1377, 1340,
1287, 1217, 1154, 1127, 1104, 1030, 1005, 932, 890, 863, 771, 733, 636, 620 cm−1.
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2.A.3. Unimers

(9,9-Dihexyl-9H-fluoren-2-yl)(phenyl)methanone (2.2) To a dried three-necked
round-bottom flask 2.1 (566 mg; 1.692 mmol), benzoyl chloride (237.82 mg; 1.692
mmol), and LiCl (10 wt% of AlCl3) were added to 20 mL dry CH2Cl2 in a dried
three-necked round-bottom flask. The solution was cooled to 0 ◦C and via a
solid addition arm AlCl3 (225.58 mg; 1.692 mmol) was slowly added, resulting in
a bright yellow color that slowly shifts to green after a couple of minutes. The
reaction mixture was allowed to warm up to rt and stirring was continued for 24h.
The now deep green reaction mixture was quenched by pouring it out over ice
H2O before extracting with 150 mL of CH2Cl2. The organic layer was next washed
with saturated NaHCO3 and brine after which the organic layer was concentrated
on a rotary evaporator. The crude product was then applied on a silica plug after
neutralizing the silica gel with 5% triethylamine in heptane. Unreacted 2.1 and
benzoyl chloride was removed by flushing the plug with heptane. By switching
the eluent to ethyl acetate 2.2 was obtained as a colorless oil (615 mg, 83%). 1H
NMR (400 MHz, CD3Cl) δ 7.85 – 7.74 (m, 6H), 7.61 (t, J = 7.3, 1H), 7.50 (t, J = 7.6,
2H), 7.38 (s, 3H), 2.04 – 1.92 (m, 4H), 1.17 – 0.98 (m, 12H), 0.76 (t, J = 7.1, 6H), 0.67
– 0.57 (m, 4H). 13C NMR (101 MHz, CD3Cl) δ 196.90, 151.92, 150.66, 145.54, 139.81,
138.33, 135.91, 132.13, 130.01, 129.92, 128.33, 128.19, 127.00, 124.57, 123.04, 120.64,
119.24, 77.32, 77.00, 76.68, 55.27, 40.15, 31.47, 29.61, 23.76, 22.54, 13.98. FT-IR
(ATR) 3064, 2955, 2925, 2852, 1655, 1605, 1571, 1467, 1445, 1417, 1377, 1344, 1316,
1270, 1220, 1175, 1143, 1098, 1074, 1027, 1004, 953, 905, 840, 778, 740, 722, 696,
634 cm-1. HRMS calculated for C32H39O: 439.299. Found: 439.2.

(9,9-Dihexyl-9H-fluoren-2-yl)(4-(dimethylamino)phenyl)(phenyl)methyl-
ium (2.3) The same procedure was applied for 2.2 but, instead of first isolating the
product, the reaction was continued in a one-pot reaction. Dimethylaniline (314.6
mg; 2.597 mmol) and AlCl3 (225.58 mg; 1.692 mmol) were added and the mixture
was refluxed for 24h resulting in a color shift from deep red to purple. Cooled
down to rt the now deep purple reaction mixture was quenched by pouring it
out over ice before extracting with 150 mL of CH2Cl2. The organic layer was next
washed with 1N HCl and next dried over Na2SO4 after which the organic layer
was concentrated. The crude product was then dispersed in 200 mL of heptane
by vigorous shaking and allowed to phase separate over night after which it was
collected by centrifugation at 4000 RPM for 20 min. The product was fractionated
on a silica plug by slowly increasing the polarity of the eluent (ethyl acetate in hep-
tane) until the desired spot on TLC was collected affording 2.3 as a purple tacky
solid (9 mg; 1%). FT-IR (ATR) 2959, 2928, 2858, 1706, 1598, 1520, 1445, 1405, 1345,
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1257, 1214, 1108, 1071, 1017, 898, 798, 750, 700, 665, 548 cm-1. HRMS calculated
for C40H48N+: 542.378. Found: 542.378.

2.A.4. Polymers

Poly((9,9-dihexylfluorene)-alt-(1,4-phenylene)dimethanone) (PFK). AlCl3 (6.0
g; 45.024 mmol) and LiCl (10 wt% of AlCl3) were added to 200 mL of freshly distilled
CH2Cl2 in a dried three-necked round-bottom flask. To a second dried flask was
added 2.1 (5.021 g; 15.008 mmol) and terephthaloyl chloride (3.047 g; 15.008
mmol), to 100 mL dry CH2Cl2. The Lewis acid solution was cooled to 0 ◦C and the
monomers solution slowly added by cannula, under vigorous stirring, resulting
in a deep red slurry and the reaction mixture was then refluxed for 72h under
argon. Cooled down to rt the reaction mixture was quenched by pouring it out
over stirring 1N HCl/ice in an Erlenmeyer flask before extracting with CH2Cl2 (200
mL). The organic layer was washed with aqueous NaOH and HCl solutions and
finally with brine. Any insolubles were removed by filtration. The organic phase
was concentrated to dryness, redissolved in a minimal amount of hot THF and
precipitated into a large excess of ice-cold CH3OH (1000 mL) and the precipitate
concentrated by centrifugation at 4000 RPM for 20 min and filtered over a Soxhlet
thimble. The product was purified further via continuous Soxhlet extraction with
CH3OH, acetone, and CHCl3 to afford PFK from the CHCl3 fraction, after removal
of the solvent by rotary evaporation, as a yellow powder (2.76 g; 40%). 1H NMR
(400 MHz, CDCl3) δ 8.37 – 7.27 (m, 10H), 2.28 – 1.74 (m, 4H), 1.36 – 0.81 (m, 12H),
0.86 – 0.39 (m, 10H). FT-IR (ATR) 3054, 2955, 2927, 2850, 1729, 1654, 1602, 1569,
1498, 1455, 1401, 1343, 1299, 1256, 1177, 1095, 1016, 968, 904, 864, 791, 725, 661
cm−1. GPC (THF) M̄n 4,000 g/mol, M̄w 12,000 g/mol, Ð = 3.2.

Poly((9,9-dihexylfluorene)-alt-(1,4-phenylene)dimethanone) (PFK). 2.1
(1.995 g; 5.96 mmol), terephthaloyl chloride (1.211 g; 5.96 mmol), and 1,3,5-trichlo-
robenzene (∼30 g) were added to a dried three-necked round-bottom flask. AlCl3
(2.385 g; 17.88 mmol) and LiCl (10 wt% of AlCl3) were added to a solid addition
arm and carefully attached to one of the necks of the flask. The entire set-up was
evacuated with several cycles of high vacuum and back-filling with dry N2. The
flask was then slowly heated to 80 ◦C resulting in a slight green monomer solution,
after which the Lewis acids were added under stirring, resulting in an immediate
color change to deep red. The reaction mixture was kept at 80 ◦C for 24h under
nitrogen atmosphere. The reaction mixture was allowed to cool down to ∼50 ◦C
before quenching the reaction by slowly adding 3 mL of CH3OH, resulting in a
color change from red to yellow. Next, a short-path vacuum distillation set-up was
attached and the CH3OH and 1,3,5-trichlorobenzene removed at 20 Torr, ∼120 ◦C,
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and without cooling. The set-up was regularly unclogged of crystallized 1,3,5-
trichlorobenzene using a heat-gun. The remaining product was then dissolved in a
minimal amount of hot THF and any insolubles were removed by filtration, before
precipitating into a large excess of ice-cold CH3OH (500 mL). The precipitate
was then concentrated by centrifugation at 4000 RPM for 20 min and filtered
over a Soxhlet thimble. The product was purified further via continuous Soxhlet
extraction with hexanes, CH3OH, acetone, and CHCl3 to afford PFK from the
CHCl3 fraction, after removal of the solvent by rotary evaporation, as an orange
powder (160 mg; 6%). 1H NMR (400 MHz, CDCl3) δ 8.37 – 7.27 (m, 10H), 2.28 –
1.74 (m, 4H), 1.36 – 0.81 (m, 12H), 0.86 – 0.39 (m, 10H). FT-IR (ATR) 3337, 3054,
2955, 2927, 2850, 1729, 1654, 1602, 1569, 1498, 1455, 1401, 1343, 1299, 1256, 1177,
1095, 1068, 1016, 968, 904, 861, 798, 742, 720 cm−1. GPC (THF) M̄n 5,200 g/mol,
M̄w 27,700 g/mol, Ð = 5.3.

2.A.5. Spinless Doping

Poly((9,9-dihexylflourene)-alt-(1,4-phenylenebis((N,N-dimethylaniline)meth-
ylium))) (PFC). AlCl3 (512 mg; 3.84 mmol) and PFK (369 mg; 0.768 mmol based
on the repeat unit) was added to 40 mL freshly distilled CH2Cl2 in a dried three-
necked round-bottom flask and cooled to 0 ◦C. To the now deep red slurry was
then added N,N-dimethylaniline (931 mg; 7.68 mmol) under vigorous stirring.
After complete addition, the solution was allowed to warm up to rt and stirring
was continued for 72h. The deep purple reaction mixture was quenched by pour-
ing it out over stirred 1N HCl/Ice (200 mL) before extracting with CH2Cl2 (3x 200
mL). The organic layer was then washed with aqueous HCl and brine. Any insol-
ubles were removed by filtration. The organic phase was washed with DI H2O,
concentrated, and precipitated into a large excess of alkaline CH3OH, trapping
the polymer as the poly(methyl ether) and turning the solution yellow. The precip-
itate was collected by centrifugation at 4000 RPM for 20 min and drying in vacuo
affording PFC-OMe as a yellow solid (315 mg; 60%). 1H NMR (400 MHz, CDCl3) δ
8.18 – 6.35 (m, 16H), 3.03 – 2.66 (m, 9H), 2.17 – 1.38 (m, 7H), 1.17 – 0.82 (m, 12H),
0.81 – 0.37 (m, 10H). FT-IR (ATR) 3293, 3033, 2955, 2924, 2854, 2794, 1657, 1607,
1562, 1518, 1464, 1403, 1347, 1258, 1201, 1095, 1013, 949, 796, 745, 723 cm−1.

2.A.6. Characterization

NMR spectra were measured using a Varian AMX400 (400 MHz) instrument at
25 ◦C. FT-IR spectra were recorded on a Nicolet Nexus FT-IR fitted with a Thermo
Scientific Smart iTR sampler. GPC measurements were done on a Spectra Physics
AS 1000 series machine equipped with a Viskotek H-502 viscometer and a Shodex
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RI-71 refractive index detector. The columns (PLGel 5m mixed-C) (Polymer Labo-
ratories) were calibrated using narrow disperse polystyrene standards (Polymer
Laboratories). Samples were made in THF or CHCl3 at a concentration of ∼ 2.5
mg mL−1. UV/Vis measurements were carried out on a Jenway 6715 spectrom-
eter in 1 cm fused quartz cuvettes with concentrations of 0.03-0.1 mg mL−1 in
CH2Cl2. PFK and PFC were also measured in acidic environment by dissolving
a few drops of H2SO4 in CH2Cl2. EPR spectra were recorded on a Magnettech
MiniScope MS400 using a quartz capillary at a concentration of 0.5−1 mM in THF
and dichloroethane.

2.A.7. Cyclic Voltammetry
Cyclic voltammetry (CV) was carried out with an Autolab PGSTAT100 potentiostat
in a three-electrode configuration where the working electrode was ITO-coated
glass (7 mm x 50 mm x 0.7 mm, 10Ω/sq., from PG&O), the counter electrode was
a platinum wire, and the pseudo-reference was an Ag wire that was calibrated
against ferrocene (Fc/Fc+). Polymer films of PFK and PFC were spin-coated at a
concentration of ∼ 20 mg ml−1 from CH3Cl on pre-cleaned (soap, sonicate in DI
H2O 2x 5 min., acetone 10 min, isopropanol 10 min., dry at 110 ◦C 10 min.) and
plasma oxidized (5 min) ITO-coated glass at 500 - 1000 rpm with 200 rpm ramp for
1 minute. Prior to spin coating, the solutions were filtered through a Gelman GHP
Acrodisc 0.45 µm membrane filter. Cyclic voltammograms were recorded at 200
mV s−1 with 0.1 M LiClO4 in either acetonitrile or propylene carbonate electrolyte
solutions.

2.A.8. DFT Calculations
Geometries of PFC, PFC-Rad+, PFK, and PFK-H2+ were optimized using Den-
sity Functional Theory (DFT) (B3LYP/6-31G**) with GAMESS-UK[33] without
any symmetry constraints. For the radical PFC-Rad+, unrestricted B3LYP was
used. Subsequently, the vertical excitation energies were calculated using Time-
dependent DFT (TD-DFT) (B3LYPg/6-31G**) with DALTON[34]. The lowest 15
excited states were calculated for each system.
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2.B. Molecular Weight Assessment of Conjugated Polymers
by GPC

Gel permeation chromatography (GPC) is a technique capable of separating
polymer mixtures based on hydrodynamic volume. A typical GPC consists of
pump, a column with a stationary gel phase (typically a cross-linked dextran
gel) and an eluent, a concentration sensitive detector (UV absorption, refractive
index (RI), IR absorption, or density detectors), and a molecular weight sensitive
detector (viscosity or light scattering detectors). Separation occurs as smaller
particles interact strongly with the stationary phase and, therefore, have a longer
elution time than bigger particles that cannot penetrate the gel.

Although high accuracy can be achieved with conventional polymers, sev-
eral aspects need to be taken into account when employing GPC on conjugated
polymers. First and foremost, the hydrodynamic volume, or radius of gyration,
of conjugated polymers scales differently than that of a random coil polymer (as
described by the Mark–Houwink equation). This is mainly because π-conjugated
backbones are more stiff than conventional polymers. As a result, conjugated
polymers typically do not represent perfect spheres in solution but, instead, are
more elongated and rod-like. Nevertheless, relative molecular weights of conju-
gated polymers can still be determined but, because of the different interaction of
rod-like structures with the stationary phase compared to perfect spheres, values
are generally overestimated by a factor of two to four.

Secondly, molecular weights are calculated based on the refractive index incre-
ment dn/dc that is measured with a concentration sensitive detector (e.g., refractive
index). However, for reliable results sample preparation must be done properly.
Any deviation in the real concentration, for example due to material that was not
completely dissolved, can result in a significant error in dn/dc. The light scattering
detector has a quadratic dependence to dn/dc. Thus, an error of -5% in dn/dc results
in an overestimation of the molecular weight by 10%. Unfortunately, dn/dc values
of conjugated polymers are typically unknown, preventing verification against
published data.

Several calibration techniques can be employed to calculate molecular weights.
The Universal Calibration method relies on the viscosity detector for which the
sensitivity to low molecular weight (as compared to thermoplastics) materials
exceeds that of the light scattering detector. The TriSEC method also includes
light scattering. Although light scattering is an “absolute” technique, the light
scattering detector has a quadratic dependency to dn/dc and, thus, is more prone
to errors than the Universal Calibration method. Any errors in sample preparation
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such as material that was not completely dissolved, material that is removed
during filtration, precipitates during sample preparation or aggregates in the
column, therefore, leads to a significant overestimation of the molecular weight.
Furthermore, the light scattering detector is incapable of detecting bi-modality
in polymer samples. Thus, conjugated polymers, in general, are better measured
using Universal Calibration. Table 2.1 shows the large discrepancies between
Universal Calibration and TriSEC. A good rule of thumb to assess different cal-
ibration techniques is that when there is a large difference between molecular
weight distributions, this typically indicates either non-exclusion effects (e.g.,
aggregation in the column) or a significant error in dn/dc (e.g., due to errors in the
sample preparation). Always report the obtained dn/dc values.

Lastly, conjugated polymers tend to be more prone to non-exclusion effects
because of the relatively stiff polymer backbones and potentially strong π–π
interactions. It is, therefore, wise to test several solvents for each conjugated
polymer, as results in molecular weight can vary dramatically between different
solvents.
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3
Water-Processable Conjugated

Polyions

Life is water,

dancing to the tune of macromolecules.

AL B E RT SZ E N T-GYO RG Y I

Ryan C. Chiechi

Parts of this chapter have been published in ACS Appl. Mater. Interfaces, 51, 28006 (2015), in
collaboration with the enlisted co-author.
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Abstract
This chapter compares the morphologies of films of conjugated polymers in which
the backbone (main chain) and pendant groups are varied between ionic/hydrophi-
lic and aliphatic/hydrophobic. We observe that conjugated polymers in which the
pendant groups and backbone are matched, either ionic–ionic or hydrophobic–
hydrophobic, form smooth, structured, homogenous films from water (ionic) or
THF (hydrophobic). Mis-matched conjugated polymers, by contrast, form inho-
mogeneous films with rough topologies. The polymers with ionic backbone chains
are conjugated polyions (conjugated polymers with closed-shell charges in the
backbone) which are semiconducting materials with tunable bad-gaps, not unlike
uncharged conjugated polymers.
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3.1. Introduction
Conjugated polyelectrolytes (CPEs) are semiconducting polymers made soluble
in water by installing ionic pendant groups.[1–4] A likely reason CPEs are not yet
widely applied as the active layer in optoelectronic devices is that, though they
are soluble in water, the polymer chains are amphiphilic, consisting of a rigid,
hydrophobic backbone chain cladded with hydrophilic, flexible ionic pendant
groups (not unlike polypeptides). This amphiphilic nature drives the polymer
chains to self-assemble such that, in polar solvents, the hydrophobic backbone
chains pack together and are shielded by a shell of ionic pendant groups, to min-
imize unfavorable solvent interactions.[5–7] The resulting aggregates resemble
insulated wires with a conducting (hydrophobic backbone) core and an insulat-
ing (hydrophilic pendant group) cladding, as depicted in Fig. 3.1. Once formed,
these nanometer sized particles then nucleate the formation of bigger aggregates.
And since aggregation states in solution nucleate and drive the morphology of
films,[8–13] CPEs are predisposed to place large insulating domains between con-
duction pathways (i.e., π−π interactions) in the solid state. These phenomena are
recognized collectively as the effects of processing from a poor solvent on film
morphology.

In field-effect transistors, charge-carriers are confined to the interface be-
tween the gate dielectric and the polymer film, thus these devices can show
reasonably high mobilities despite their manifestly rough, heterogeneous mor-
phologies.[14, 15] But most of the applications of CPEs leverage changes in the
aggregation states (in solution) to modulate fluorescence[16–21] to detect, for ex-
ample, DNA[22, 23] or bacteria,[24, 25] and function as drug delivery carriers.[26–
28] Only a few structures have been investigated in optoelectronic devices[29],
usually as ultra-thin interfacial layers to tune the work function of adjacent con-
tacts, serving mainly to mitigate the flow of charge from the active layer to the
electrode.[30–34] These layers are typically only a few nanometers thick and prob-
ably not continuous–i.e., they are not limited by hopping transport through the
film.

The strong tendency of individual polymer chains to aggregate in water is
common to polyelectrolytes[35] and is compounded in CPEs by the tendency
of π-π stacking interactions to scale with π surface area; it is a problem of ther-
modynamics. Thus, a truly water-processable conjugated polymer requires syn-
thetic strategies to allow for the solvation of the backbone as well as the pendant
groups (not unlike polysaccharides). In Chapter 2 we described the syntheses of
two conjugated polyions (CPIs); conjugated polymers with closed-shell charges
in the backbone (main) chains.[36] These charges are delocalized in the band
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CH3OH

R = N,N-dimethylaniline
PFSC

C4H8 C4H8 C4H8 C4H8
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C4H8 C4H8 C4H8 C4H8
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Figure 3.1. A comparison of the aggregation states of poly(fluorene sulfonate) (PFS), a conjugated
polyelectrolyte, with poly(fluorene sulfonate cation) (PFSC), a conjugated polyion, presented in
this thesis. The amphiphilic nature of CPEs drives the formation of nanometer sized aggregates, to
minimize unfavorable solvent interactions, that nucleate the formation of bigger aggregates. The
presence of charges both in the pendant groups and backbones of CPIs, by contrast, allows them to
be fully solubilized by polar solvents.

structure, giving the backbone ionic character while preserving the semiconduct-
ing properties of the polymer. We form CPIs by “spinless doping,” in which a
cross-conjugated polymer containing ketones in the backbone is converted to a
linearly-conjugated CPI (in this case a cationic polyarylmethine). In this chapter
we exploit the unique properties of CPIs to test the hypothesis that matching the
ionic/hydrophobic character of pendant groups to main chains removes the driv-
ing force for the unfavorable aggregation shown in Fig. 3.1. By replacing the hexyl
pendant groups of CPIs with ionic pendant groups the optoelectronic properties
are preserved, but the ionic nature of the backbone chains is matched with ionic
pendant groups. Moreover, the resulting structures are zwitterions (over a range
of pH), so there are no free salts present in the films (i.e., each sulfonate group is
the counterion of a backbone cation).
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3.2. Synthesis and Characterization
We synthesized six polymers of three fluorene-phenylene-based backbone chains,
each with either hexyl or butanesulfonate pendant groups; the parent poly(fluor-
ene-alt-1,4-phenylene); the cross-conjugated poly(fluorene-alt-1,4-phenylenebis-
methanone); the cationic poly(fluorene-alt-1,4-phenylenebis[(4-(dimethylamino)-
phenyl)methylium]). We abbreviate each polymer using the prefix “PF” to denote
polyfluorene, “K” for ketone, “S” for pendant sulfonates, and “C” for cation in
the backbone. Thus, PFSK is the fluorene-based polymer with sulfonate pendant
groups and ketones in the backbone. These six polymers and their abbreviations
are summarized in Scheme 3.1. The C polymers were prepared from the corre-
sponding K polymers via polymer-analogous reactions (spinless doping). Thus,
the degree of polymerization and dispersity (Ð) of the C polymers are identical to
their parent K polymers. We synthesized the six polymers and their corresponding
monomers following similar procedures as described in Chapter 2 and as depicted
in Schemes 3.2 and 3.3.[36–41]

The full characterization of PFK and PFC, including model compounds, is
described in Chapter 2.[36] Sulfonated fluorenes are typically synthesized by treat-
ing the parent di-bromofluorene with the corresponding sultone in a mixture of
DMSO and NaOH, but this procedure relies on the mass of the bromine groups
(that are required for Suzuki polymerizations) to precipitate the product from
DMSO. Thus, we prepared the non-brominated monomer for PFSK by reacting
it with BuLi in THF and then adding 1,4-butane sultone. We synthesized the sul-
fonated polymers, PFSK and PFSC, identically to PFK and PFC, but the sulfonate

R
R

O

O n
R

R
Ar

Ar

R R

n

R = (CH2)4SO3
-

PF PFS

PFK PFSK

PFC PFSC

Ar = p-Ph(NMe2)
n

R = (CH2)5CH3

Scheme 3.1. Structures and associated acronyms of the the six conjugated polymers studied.
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NMe2
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PF(S)C

R = (CH2)4SO3
-BU4N+, X = Nil

R = (CH2)5CH3, X = BF4

3.1 or 3.2

Ph(COCl)2,           
3-10 eq. AlCl3, 

10wt% LiCl

CH2Cl2, 0°C to 
reflux

CH2Cl2, 0°C to rt

10 eq. PhN(CH3)2, 
5-10 eq. AlCl3, 

10wt% LiCl

X

X

Scheme 3.2. General synthetic route used to synthesize CPIs and their associated ketone-
containing intermediates.

pendant groups rendered the monomers and PFSK insoluble in CH2Cl2, which
is the preferred solvent for the Friedel-Crafts (F-C) polycondensation. To make
these compounds soluble in CH2Cl2 we dissolved the corresponding monomer in
water, added NBu4Cl, extracted the resulting aqueous solution several times with
CH2Cl2, and then isolated the organic-soluble fraction by discarding the water
fraction and evaporating the remaining CH2Cl2.

The typical workup for F-C polycondensations is to pour the crude reaction
mixture into an ice bath, extract the quenched product into CHCl3 or CH2Cl2,
and then to pour this solution into cold methanol to precipitate the polymer.
The sulfonated polymers, PFSK and PFSC, however, are soluble in both water
and methanol and, thus, had to be isolated and purified differently from their
non-sulfonated counterparts. One of the biggest challenges was to separate the
polymers from the salts that form during the polymerization reactions. Rather
than using dialysis, a slow process at high dilution that is difficult to scale, we
found that these polymers could be dissolved in water and then titrated to a
precipitation point, leaving the salts in solution. While we do not know the exact
mechanism, we hypothesize that this point of precipitation occurs at or near
the isoelectric point of the polymers, where they are completely charge-neutral
(zwitterionic) and therefore less soluble in the high ionic strength, aqueous mother
liquor. It is known that, for polyelectrolytes with flexible backbones, changes in
pH induce dramatic changes in conformation and aggregation[35, 42]. However,
PFSC is rigid and probably cannot collapse into globular structures; though we
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HH

1) NaOH
Bu4NCl

DMSO

(CH2)4SO3NBu4Bu4NO3S(H2C)4

1) nBuLi (2.4 eq.)

2) CH3(CH2)5Br (2.5 eq.)
-78 °C to rt

THF

(CH2)5CH3H3C(H2C)5

3.1

3.2

HH

1) nBuLi (2.1 eq.)

2)
O

S
OO

-78 °C to rt
THF

3) Bu4NCl (2 eq.)

(CH2)4SO3NaNaO3S(H2C)4

1) KOH
Bu4NCl

2) CH3(CH2)5Br (2.3 eq.)
60 °C
DMSO

(CH2)5CH3H3C(H2C)5

3.3

3.4

Br Br

BrBr

BrBr

(HO)2B

B(OH)2

3.3
Pd(PPh3)4

K2CO3 (2.5 eq.)
reflux

DMF/H2O (2:1)

(HO)2B

B(OH)2

3.4
Pd(PPh3)4

K2CO3 (2.5 eq.)
reflux
DMF

(CH2)4SO3NaNaO3S(H2C)4

n

PFS

(CH2)5CH3H3C(H2C)5

n

PF

(2.5 eq.)

2)
O

S
OO

(2.5 eq.)

Scheme 3.3. Synthetic schemes of the monomers, PF, and PFS used in this study.
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Figure 3.2. 1H-NMR spectra of PFSK (red line) in D2O with Na and PFSC (black line) in D2O with
TFA-d. For PFSC, TMS was used as an internal reference to resolve the shift caused by TFA-d (the
small peak at 0.10 ppm is partly hydrolyzed TMS). In PFSK the aliphatic region clearly demonstrates
that NBu4 is the predominant counterion that we ascribe to the two larger peaks at ∼ 1.15 ppm and
∼ 0.70 ppm. The peaks at ∼ 2.90 ppm, ∼ 2.40 ppm, ∼ 1.85 ppm, and ∼ 0.45 ppm we ascribe to the
aliphatic protons of the sulfonate pendant groups and the set of broad peaks at ∼ 8.00−7.00 ppm
are from the aromatic protons. The counterion in PFSC is not NBu4 as evidenced by the absence
of the two strong peaks at ∼ 1.15 ppm and ∼ 0.70 ppm. The four peaks belonging to the aliphatic
protons are slightly shifted downfield because of deshielding by introduction the dimethylaniline
groups and/or carbocations. The multiple peaks at ∼ 3.70−3.10 ppm we ascribe to the protons of
dimethylaniline that are split because of the statistical mixture of all possible environments (i.e.,
these are polymers) and partial protonation by TFA-d.

cannot rule out the possibility that the precipitation occurs due to a similar pH-
induced change in aggregation. The only consequence of this uncertainty is that
we cannot say for certain that we precipitate PFSC as a charge-neutral polymer in
which the counterion of each methylium is a pendant sulfonate group (i.e., there
may be other counter-ions present in the solid).

A combination of the typical peak-broadening that occurs with polymers,
and difficulties finding suitable deuterated solvents (a particular challenge for
the polymers that required acidic or alkaline solutions) limited the information
content of the nuclear magnetic resonance (NMR) spectra of PFSK and PFSC (See
Fig. 3.2). We acquired 1H-NMR spectra of PFSK in D2O with Na and PFSC in D2O
with TFA-d. Unfortunately, TFA-d caused a shift of the peaks and, therefore, we
added TMS as an internal reference to PFSC. The 1H-NMR spectra are shown in
Fig. 3.2. As expected, the predominant counterion of PFSK is NBu4 as evident by
the strong peaks at ∼ 1.15 ppm and ∼ 0.70 ppm. These peaks are not present in
PFSC supporting our hypothesis that the sulfonate pendant groups are indeed the
counter-ions of the carbocations. The protons belonging to N,N-dimethylaniline
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are also clearly visible at ∼ 3.70−3.10 ppm as multiple peaks that we ascribe to the
statistical mixture of all possible environments of the dimethylaniline groups (i.e.,
the polymer analogous reaction does not yield full conversion). We also acquired
13C-NMR spectra of PFSK and PFSC, but were unable to obtain a good signal to
noise ratio in the case of PFSK and for PFSC the spectrum was dominated by
TFA. We followed the conversions of PFSK to PFSC (i.e., the polymer-analogous
reactions) by Fourier transform infrared (FT-IR) spectroscopy.[36]

Similarly, we were only able to acquire gel permeation chromatography (GPC)
data for PF and PFK due to the incompatibility of the instrument with acidic
and alkaline solutions (and the tendency of polyions to exhibit non-exclusion
effects). We measured the molecular weight distributions of the neutral polymers
PF and PFK by GPC in THF against PS standards. We measured (in g mol−1)
M̄n = 3,700, M̄w = 12,500, M̄p = 8,000 for PF and M̄n = 5,500, M̄w = 17,200,
and M̄p = 6,000 for PFK, which gives Ð of 3.4 and 3.5 respectively. Because we
were unable to characterize the molecular weight distributions of the sulfonated
polymers by GPC, we tentatively estimate the molecular weights of PFSK (which
was polymerized identically to PFK) and PFSC to be comparable with those of
PFK and PFC based on their similar optical and physical properties.

We performed thermal gravimetric analysis (TGA) and differential scanning
calorimetry (DSC) measurements on all six polymers. They behaved as expected
for conjugated polymers, except for the sulfonated polymers, which showed signs
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Figure 3.3. TGA and DSC traces of all six polymers showing that all polymers have a decomposi-
tion temperature (i.e., 10% weight-loss) above 350 ◦C except PFSC which has a 10% weight-loss
temperature of 274 ◦C. The sulfonated polymers show signs of dehydration. All six polymers show
expected glassy behavior but only PF, PFK, and PFC have a clearly distinguishable Tg at 137 ◦C
and 99 ◦C, respectively. PFS and PFC have a very strong melting endotherms at 215 ◦C and 186 ◦C,
respectively. PFSC has no thermal transitions and only an irreversible endotherm at around 200 ◦C.
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of water decomplexation. The TGA traces depicted in Fig. 3.3 show that all poly-
mers have a typical decomposition profile with a decomposition temperature
(i.e., 10% weight-loss) above 350 ◦C except PFSC which shows 10% weight-loss at
274 ◦C. The slightly skewed baseline in the sulfonated polymers suggest some mi-
nor dehydration. The sulfonated polymers also show a pseudo-step-wise weight-
loss profile that is not present in the polymers with hexyl pendant groups. This
suggests slow expulsion of the sulfonate groups or decomplexation. We next
scanned all six polymers with differential scanning calorimetry (DSC) to 50 ◦C
before their 10% weight-loss temperature and the results are shown in Fig. 3.3.
All polymers demonstrated glassy behavior typical for conjugated polymers but
only PF and PFK have a clearly distinguishable Tg at 137 ◦C and 99 ◦C, respec-
tively. Both PFS and PFC show very strong endothermic melting peaks at 215 ◦C
and 186 ◦C, respectively. Lastly, PFSC has no thermal transitions but only an
irreversible endotherm at around 200 ◦C which might indicate dehydration of the
polymer, which is consistent with the TGA analysis in Fig. 3.3. The differences in
the dehydration endotherms between PFC, PFS, PFSK, and PFSC are likely due
to the counter-ions. The counterion in PFS is Na and in PFSK it is NBu4. In PFC
the counterion is BF –

4 and in PFSC presumably the backbone of the polymer, the
behavior of which is unknown.

3.3. Thin Films of Conjugated Polymers with Ionic, Water-
Soluble Backbones

To ascertain the effect of matching the solubility of the backbone chains with the
solubility of the pendant groups, we dissolved the polymers with aliphatic pendant
groups (PF, PFK, and PFC) in THF (the counterion of PFC is BF –

4 ) and those with
ionic pendant groups (PFS, PFSK, and PFSC) in water. We adjusted the pH of the
S polymers with HCl (PFSC) or NaOH (PFS and PFSK) to improve solubility (up to
3 wt% PFSC in water with formic acid). (The addition of volatile acids to stabilize
aqueous solutions of polymers is routine.) We then drop-cast thin films of each
polymer on pre-cleaned glass slides and, after drying in vacuo, investigated the
morphologies of the resulting films by atomic force microscopy (AFM) at multiple
spots before and after annealing at 200 ◦C. We chose an annealing temperature
above the glass transition temperature (Tg ) but below the thermal decomposition
temperature (Td ) of the polymers (see Fig. 3.3). We chose drop-casting because
it is the least tolerant to aggregation (because the solvent evaporates slowly)
and has essentially no tunable parameters (unlike spin-casting), thus it is the
best reflection of thermodynamically-driven processes in film formation–it is
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Polymer Main Chain Pendant Groups Roughness (nm)
PF aliphatic aliphatic 8a

PFS aliphatic ionic 32b

PFK polar aliphatic 4a

PFSK polar ionic 106a

PFC ionic aliphatic 204a

PFSC ionic ionic 2a

See Section 3.B for a comprehensive table of AFM data.
a Over an area of 100 µm2

b Over an area of 25 µm2

Table 3.1. Combinations of aliphatic, polar, and ionic backbone and pendant groups in the six
conjugated polymers studied.

the worse-case scenario for thin-film morphology. It is also a better predictor of
the film morphology that would be obtained from R2R printing techniques (e.g.,
spray-, bar,- and slot-die coating, screen printing, etc.). We chose AFM because it
is the most direct method for examining film morphology, in particular roughness,
and because aggregation-driven morphologies are readily apparent.[14, 43, 44]
The combinations of backbones and pendant groups and the roughnesses of the
resulting films are shown in Table 3.1. The values of roughness are averages taken
from the edges of annealed films over an area of 100 µm2 save for PFS, which was
too rough to measure over more than 25 µm2 (see Section 3.B).

The ultimate goal of synthesizing sulfonated CPIs–namely PFSC–is to create
a polymer platform with the same tunability and performance of traditional
conjugated polymers in the solid-state, but that are cast from water or ethanol.
And although the backbone of PFSC comprises only fluorene and benzene units,
it is a low-band gap (∼ 1.6 eV) semiconducting polymer.[36] A detailed analysis
of the conformation of PFSC in solution and the crystalline order or transport
properties in the solid state is beyond the scope of this chapter. We can, however,
test the central hypothesis that PFSC will not form the undesirable aggregates
that are associated with CPEs (Fig. 3.1) by directly comparing a structurally similar
CPE to PFSC using AFM.

We cast films of all six polymers by drop-casting from THF or water (as de-
scribed above). Of the six polymers, PF and PFK are ordinary conjugated poly-
mers; PFS and PFSK are CPEs, PFC; and PFSC are CPIs. We imaged each film at
the center and the edge, as-cast (but after drying in vacuo) and after annealing
(see Section 3.B.) The height profile images at 10x10 µm and 1x1 µm (except for

59



3
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150 nm 

    0 nm 

  50 nm 

    0 nm 

1.1 μm 

    0 nm 

2.0 μm 

200 nm 

2.0 μm 

200 nm 

2.0 μm 

200 nm 

Figure 3.4. Tapping mode AFM height images of drop-cast films of PF (a), PFK (b), and PFC (c)
from THF (after annealing in vacuo at 200 ◦C for 18 h); the large images are 10x10 µm, the insets
are 1x1 µm, and the z-scales correspond to the large images. The effect of matching the aliphatic
nature of the polymer backbone and the pendant groups is unambiguous. The only polymer that
shows signs of regular ordering is the reference polymer PF (a), the films of which comprise fine
structure that is presumably due to regions of high crystallinity that form by self-assembly. The
films of PFK (b) are smooth, probably due to a higher degree of amorphism, but contain pinholes
that are likely formed during the drying of the film. The film of the cation-containing polymer
PFC (c) is very rough and contains large aggregates due to the mismatch in solubility between the
backbone and the pendant groups.

PFS which was too rough to image at 10x10 µm) for the annealed films at the
edges are shown in Figs. 3.4 and 3.5. The rest of the AFM data, including RMS
roughness calculations, are in Section 3.B. All of the films showed changes upon
annealing–in particular, the fine structure of the films of PF and PFSC was not
evident until after annealing. Fig. 3.4a shows the fine structure of the parent PF
polymer, which is an indication of the formation of ordered (semi-crystalline)
domains. Such domains contain fewer scattering sites (which generally arise
from disorder) and are generally indicative of (potentially) good charge-transport
properties. This order is not evident in PFK (Fig. 3.4b), which appears to be amor-
phous, possibly due to an increase in disorder in the backbone by the inclusion
of the ketones, the only structural difference between PF and PFK. In contrast,
the AFM image of PFC (Fig. 3.4c) clearly shows large aggregates of various sizes
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a 
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100 nm 

    0 nm 

1.0 μm 

    0 nm 

20 nm 

    0 nm 

200 nm 

2.0 μm 

200 nm 

2.0 μm 

200 nm 

Figure 3.5. Tapping mode AFM height images of drop-cast films of PFS (a), PFSK (b), from alkaline
water and PFSC (c) from acidic water (after annealing in vacuo at 200 ◦C for 18 h); the large images
are 10x10 µm except for PFS (a) where the larger image is 1x1 µm. The insets are 1x1 µm, and the
z-scales correspond to the large images. Films of PFS (a) were too rough and contained too many
large aggregates to image at 10x10 µm. The films of PFSK are also composed almost exclusively of
aggregates of varying size. In contrast, when the ionic character of the backbone and the pendant
groups are matched in PFSC, smooth, homogeneous films are formed and signs of self-assembly
are evident as fine structure comprising regular, ∼ 50 nm features in the inset.

presumably arising from the mismatched solubility of the ionic backbone and the
aliphatic pendant groups. The evidence for the aggregation of CPEs presented in
Fig. 3.1 comes largely from fluorescence experiments. The addition of THF to an
aqueous solution of a CPE causes the recovery of fluorescence intensity as THF
solubilizes the backbone, breaking up aggregates and reducing quenching.[5] The
same experiment on PFC (see Section 3.5; Fig. 3.9) reveals exactly the opposite
behavior; the fluorescence intensity of PFC in THF increases upon the addition of
H2O. Thus, the inclusion of cations inside the backbone of a conjugated polymer
has a profound–though in this case undesirable–effect on the morphology of the
film because the pendant groups and backbone are mis-matched.

The inclusion of pendant sulfonate groups has a pronounced effect on the
morphology, as is apparent in Fig. 3.5. The films of PFS, which pairs an aliphatic
backbone with ionic pendant groups, are not homogeneous or smooth. The 1x1
µm image (Fig. 3.5a) shows aggregates of various sizes. Other locations of the
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(a) (b)

Figure 3.6. (a) Tapping mode AFM images of drop-cast films of PF from THF and (b) PFSC from
water. These 1x1 µm images are blow-ups of the insets from Figure 2a and 3c (main text), showing
the fine structure of the two. PF appears to form lamellar structures, but the strands of the lamellae
comprise small spheroids on the order of 30-50 nm. PFSC appears to form amorphous films, but
they are actually composed of highly uniform spheroids of 30-50 nm. These spheroids appeared
only after annealing; the appearance of shear-alignment is an artifact of the AFM.

film contained large, micron-thick islands that prevented us from imaging films
of PFS at 10x10 µm. The films of PFSK (Fig. 3.5b) show similar signs of phase
segregation and large precipitates, as well as aggregates of various size; neither
of these polymers appear to form high-quality films from water. The images
of PFSC (Fig. 3.5c), which pairs an ionic backbone with ionic pendant groups,
appear smooth and homogenous, not unlike films of PF. The 1x1 µm images
reveal a fine structure comprising a regular pattern of spheroids that are ∼ 50
nm in diameter. (The apparent skew is an artifact of the AFM measurement and
not shear-alignment.) The spheroids are not precipitates, nor are they the result
of phase separation; they do not appear until after annealing and they are very
uniform. This observation is consistent with the formation of semi-crystalline
domains during the annealing of many conjugated polymers (including PF) when
cast from good solvents.

Full-size images of the insets of Fig. 3.4a and Fig. 3.5c (PF and PFSC) are
shown in Fig. 3.6. The fine structure of PF (Fig. 3.6a) comprises uniform spheroids
that are ∼ 30 nm in diameter, not unlike the ∼ 50 nm spheroids present in the films
of PFSC (Fig. 3.6b). While we cannot draw any firm conclusions from these AFM
data alone, the observation that the spheroids appear only after annealing and
are uniform in size is indicative of self-organization or self-assembly, which are
the processes that lead to the formation of semi-crystalline structures in polymers
when they are cast from good solvents. (We distinguish between self-organization,
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which is under kinetic control and self-assembly, which is under thermodynamic
control.) Therefore, we conclude that PFSC does not phase-separate or precipitate
from water, which is the quintessential poor solvent for organic polymers. The
effects of aggregation in water can be seen clearly in the AFM images of films of
PFS and PFSK (Fig. 3.5a-b). Further investigation is necessary to ascertain the
nature of the ordering in films of PFSC drop-cast from water. We can, however,
conclude that PFSC, a CPI, behaves completely differently–and qualitatively far
better–than PFS, a CPE.

3.4. A Tunable Optical Band Gap
A unique feature of CPIs like PFSC is that the degree of charge in the backbone
can be controlled by adjusting pH (or the concentration of nucleophiles in organic
solvents). In Chapter 2 we used this phenomenon to characterize the nature of
the charges in the backbone of PFC.[36] The same effect can be seen in ultraviolet-
visible (UV-Vis) spectra of PFSC at different acidities shown in Fig. 3.7a; as the
concentration of OH – increases, the cations are quenched by the reversible con-
version to tertiary alcohols. This shift in the optical band gap can be followed
by eye as shown in Fig. 3.8 in which the gradual change from yellow to purple
can be clearly seen. In addition to the ∼ 2.5 eV change in band gap, PFSC rapidly
precipitates at a particular combination of ionic strength and pH (∼ 4) that we
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(b)

Figure 3.7. Normalized (a) absorption and (b) emission (smoothed) spectra for aqueous solutions
of PFSC as a function of pH at a constant concentration. Alkaline (high pH) solutions quench the
cations in the backbone by the nucleophilic addition of hydroxide, reducing the intensity of the low-
energy absorption band (∼ 600 nm). This band re-appears as the solution is acidified (lower pH)
and the high-energy absorption band (∼ 325 nm) shifts to lower energy (∼ 380 nm). The emission
spectra follow a similar trend where at decreasing pH the absorption band gradually shifts to higher
wavelengths.
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Figure 3.8. Photograph of the six aqueous solutions of PFSC from left to right arranged in decreas-
ing pH at constant concentration. At high pH the solution is pale yellow and at low pH the solution
is deep purple.

interpret as an isoelectric point. We use this phenomenon to purify PFSC, but it
also reflects the role of ions, both in the pendant groups and the backbone chains,
on solubility in water. We did not observe this behavior for PFS, which indicates
that the ions in the backbone play a role in the dissolution/precipitation of PFSC
and therefore the solubility as well. Combined with the AFM data from the films,
these observations strongly support the hypothesis that the backbone chains of
CPIs are directly solubilized by water.

3.5. Solution Phase Aggregation Experiments
In typical conjugated polymers, the aggregation behavior in solution is well char-
acterized as a red shift in the absorption band edge, accompanied by fluores-
cence self-quenching due to π−π interactions. The aggregation behavior of CPEs
in water has also been thoroughly investigated[45–47] and for poly(9,9-bis(6-
N,N,N-trimethylammoniumhexyl)fluorene diiodide) two distinct states could
be assigned.[5] In water, the pendant groups are solubilized, but the polymer
backbones closely pack together to minimize unfavorable solvent-backbone in-
teractions. The strong increase in π−π stacking results in the quenching of the
fluorescence that can be recovered by the addition of a good solvent for the
polymer backbone (e.g., THF), thus breaking-up these aggregates and reducing
self-quenching. As the THF concentration is increased further, at a certain volume
fraction, the fluorescence intensity decreases again as new, “inverted”, aggregates
are formed in which the ionic groups are “buried” inside the aggregates. The
presence of these two distinct aggregation states as a function of the ratio of good
and bad solvent has been shown by others using 1H-NMR analysis.[5]
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Figure 3.9. Fluorescence spectra of PFC acquired at different volume fractions of H2O with 10%

formic acid (FA) (v/v) in THF at M = 3.7 x 10−7. As the fraction of H2O is increased, both the intensity
at ∼ 320 nm and at ∼ 620 nm increase, indicating that self-quenching decreases when aggregates
are broken-up. The sharp peak at 560 nm is due to second-order transmission.

Fig. 3.1 shows one of these two aggregation states in H2O as supported by
experimental data. In contrast to CPEs, we hypothesize that CPIs will not form
aggregates in polar solvents. To test this hypothesis further, we aimed to dupli-
cate the results from Bazan and coworkers[5] by measuring the self-quenching
behavior of CPIs. However, H2O is a good solvent for both the backbone and the
pendant groups of PFSC, hence, such experiment is impossible, as it is for PF and
all “normal,” non-ionic conjugated polymers. In the case of PFC THF is a good
solvent for the pendant groups and H2O a good solvent for the backbone. For
self-quenching to occur, however, the π-systems need to closely pack together.
In PFC delocalized carbocations are part of this π-system and, thus, Coulomb
repulsion would either prevent π−π stacking or the cations become localized on
the dimethylaniline groups, resulting in a loss of conjugation. Thus, the solution
phase aggregation behavior of CPIs is far more complex than that of CPEs. Never-
theless, we measured the emission spectra of PFC in solution at different volume
fractions of H2O with 10% (v/v) formic acid (FA) in THF at a fixed concentration,
and the results are shown in Fig. 3.9.

As the volume fraction of H2O in THF increases, the emission intensity at
∼ 320 nm and at ∼ 620 nm increase gradually, showing that the tight association
of the polymer backbones in THF is lifted by breaking up the aggregates, as the
backbones become solubilized by the addition of acidic H2O (Fig. 3.9). The peak
at ∼ 620 nm is not emission from aggregates since the position of this peak is
highly dependent on the concentration of the cations in CPIs. As cations in the
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backbone are quenched by the addition of nucleophiles (i.e., OH or OCH3) the
emission shifts hypsochromically, as demonstrated in Fig. 3.7b. Thus, we assign
the long wavelength emission peak to emission from the cations and the short
wavelength peak to emission from π−π∗ transitions in the fluorene units. From
these experiments we conclude that the inclusion of closed-shell cations in the
conjugated pathway of a polymer, indeed, imparts water solubility. We can also
conclude that PFC forms aggregates in THF by the quenching of fluorescence,
but that these aggregates are the inverse of normal CPEs; the tendency of CPIs to
aggregate is reduced by water and enhanced by THF.

3.6. Conclusions
The AFM data, taken together, show a clear trend. When cast from THF PF, an “or-
dinary” conjugated polymer with aliphatic backbone chains and pendant groups,
forms smooth and homogeneous films with fine structure that appears after an-
nealing. This polymer is uniformly hydrophobic and un-charged, thus, THF is
a good solvent. When cast from water PFSC, a CPI with ionic backbone chains
and pendant groups, forms smooth and homogeneous films with fine structure
that appears after annealing. It is uniformly charged, thus, water is a good sol-
vent. However, when cast from water, PFS and PFSK, which pair uncharged
backbone chains with ionic pendant groups, form rough and inhomogeneous
films with obvious signs of deleterious aggregation and precipitation. These poly-
mers mix hydrophobic backbones with charged pendant groups and become
amphiphilic, self-assembling (aggregating) to bury the hydrophobic cores and
expose the charged pendant groups in water. Likewise, when cast from THF, PFC,
a CPI with ionic backbone chains and aliphatic pendant groups, forms rough and
inhomogeneous films with obvious signs of deleterious aggregation and precipita-
tion. This polymer mixes charged backbone chains with uncharged, hydrophobic
pendant groups and exhibits exactly the inverse behavior in THF/H2O as CPEs.
Thus, to design conjugated polymers that are both soluble and processable from
water, one must match the solubility of the backbone chains to those of the pen-
dant groups. For the six polymers investigated in this work, installing charges
either in the backbone or the pendant groups predisposes the polymer chains
towards unfavorable aggregation in solution that is carried into the solid state.
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3.A. Experimental

3.A.1. Materials and Methods

All reagents and solvents were purchased from commercial sources and used with-
out further purification unless otherwise indicated. We synthesized monomers
3.2, 3.3, and 3.4; the polymers PFS, PF, PFK, and PFC according to literature
procedures or as described in Chapter 2.[36–41]

3.A.2. Monomers

(9H-fluorene-9,9-diyl)bis(butane-1-sulfonate) dilithium. Fluorene (659 mg;
3.97 mmol) was dissolved in 50 mL THF with stirring and the solution cooled
to −78 ◦C followed by the slow addition of 5.2 mL of n-BuLi in hexane (1.6 M)
rendering the solution deep red. After stirring for 30 min, 1,4-butane sultone (1.35
g; 9.914 mmol) in 10 mL THF was added dropwise and the solution was allowed
to warm up to rt under vigorous stirring for 24h, resulting in the formation of a
red precipitate. The reaction mixture was quenched by slowly adding CH3OH
and the solvents were then removed by rotary evaporation affording the crude
product as a green foam. The product was then dissolved in 20 mL of DI H2O
and precipitated in a large excess of stirred acetone (500 mL) and the precipitate
collected by centrifugation at 4000 RPM for 20 min and dried in vacuo affording
(9H-fluorene-9,9-diyl)bis(butane-1-sulfonate) dilithium as a white powder (3.81
g; 76%). 1H NMR (400 MHz, DMSO-d6) δ 7.83 – 7.73 (m, 2H), 7.47 – 7.37 (m, 2H),
7.37 – 7.20 (m, 4H), 2.16 – 2.07 (m, 4H), 2.02 – 1.86 (m, 4H), 1.41 – 1.21 (m, 4H),
0.56 – 0.35 (m, 4H).13C NMR (75 MHz, DMSO-d6) δ 150.38, 140.91, 127.68, 127.25,
123.29, 120.24, 54.89, 51.78, 40.21, 25.80, 23.49. FT-IR (ATR) 3432, 3064, 2924, 2855,
2238, 1951, 1711, 1648, 1605, 1500, 1477, 1485, 1447, 1415, 1358, 1298, 1250, 1188,
1053, 1005, 960, 935, 911, 866, 845, 799, 777, 740, 643, 618, 604 cm−1.

(9H-fluorene-9,9-diyl)bis(butane-1-sulfonate) tetrabutylammonium salt
(3.1). (9H-fluorene-9,9-diyl)bis(butane-1-sulfonate) dilithium (2.00 g; 4.44 mmol),
Bu4NCl (2.47 g; 8.88 mmol), and 25 mL DI H2O were added to 25 mL of CH2Cl2
before extracting three times with fresh CH2Cl2. The combined organic layers
were concentrated by rotary evaporation and stored in vacuo until further use
to afford 3.1 as a colorless hygroscopic tacky solid. 1H NMR (400 MHz, CD2Cl2)
δ 7.74 – 7.66 (m, 2H), 7.38 – 7.24 (m, 6H), 3.26 – 3.13 (m, 17H), 2.40 – 2.29 (m,
4H), 2.07 – 1.94 (m, 4H), 1.70 – 1.55 (m, 17H), 1.55 – 1.45 (m, 4H), 1.46 – 1.30 (m,
17H), 1.00 (t, 25H), 0.68 – 0.53 (m, 4H). 13C NMR (75 MHz, CDCl3) δ 150.19, 140.97,
127.03, 126.61, 122.80, 119.48, 77.46, 77.03, 76.61, 58.72, 54.73, 51.76, 40.19, 25.78,
24.00, 23.07, 19.69, 13.67.
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3.A.3. Polymers

Poly(9,9-bis(4-sulfanobutyl)fluorene-alt-(1,4-phenylene)dimethanone tetra
butylammonium salt) (PFSK). AlCl3 (1.333 g; 10.00 mmol) and LiCl (10 wt% of
AlCl3) were added to 30 mL dry CH2Cl2 in a dried three-necked round-bottom
flask. 3.1 (892 mg; 0.968 mmol) was put under positive dry nitrogen pressure,
dissolved with 20 mL dry CH2Cl2 and then transferred to a second dried flask
containing terephthaloyl chloride (197 mg; 0.968 mmol). The Lewis acid solution
was cooled to 0 ◦C and the monomers solution slowly added under vigorous
stirring by cannula, resulting in a deep red slurry. After complete addition, the
reaction mixture was refluxed for 24h. Cooled down to rt, half of the reaction
mixture was quenched by pouring it out over DI H2O. The CH2Cl2 phase was
removed and the precipitate collected by centrifugation at 4000 RPM for 20 min.
The polymer was re-dissolved in alkaline H2O and any insoluble solids removed
by vacuum filtration. HCl was slowly added until pH 7 after which the precipitate
was collected by centrifugation at 4000 RPM for 20 min and dried in vacuo to
afford PFSK as a yellow solid (183 mg; 35% relative yield). 1H NMR (201 MHz,
D2O, Na) δ 8.16 – 7.07 (m, 10H), 3.12 – 2.74 (m, 1H), 2.65 – 2.13 (m, 3H), 2.13 – 1.65
(m, 3H), 1.64 – 0.87 (m, 23H), 0.87 – 0.52 (m, 13H), 0.52 – 0.16 (m, 6H). FT-IR (ATR)
3402, 2935, 2858, 2231, 2211, 2191, 2160, 2135, 2109, 2049, 2027, 2015, 1979, 1645,
1601, 1499, 1463, 1413, 1401, 1347, 1298, 1252, 1166, 1040, 1005, 938, 867, 836, 714,
676, 638, 627, 617, 610 cm−1.

Poly(9,9-bis(4-sulfanobutyl)fluorene-alt-(1,4-phenylenebis((N,N-dime-
thylaniline) methylium) tetrabutylammonium salt)) (PFSC). 3.1 (3.518 g; 3.818
mmol) was put under positive dry nitrogen pressure, dissolved with 15 mL dry
CH2Cl2 and then transferred to a second oven and flame dried flask containing
terephthaloyl chloride (775 mg; 3.818 mmol). To a third dried three-necked round-
bottom flask AlCl3 (5.00 g; 38.00 mmol) and LiCl (10 wt% of AlCl3) were added to
30 mL dry CH2Cl2. The Lewis acid solution was cooled to 0 ◦C and the monomers
solution slowly added under vigorous stirring by cannula, resulting into a deep red
slurry and the reaction mixture was then refluxed for 24h. Cooled down to rt, one
third of the reaction volume was extracted as PFSK and the remaining two third of
the reaction mixture was then cooled to 0 ◦C. N,N-dimethylaniline (4.61 g; 38.00
mmol) was dissolved in 10 mL dry CH2Cl2 and added dropwise to the reaction
mixture. The solution was allowed to warm up to rt, and stirring was continued for
24h. The now deep purple reaction mixture was poured out into alkaline CH3OH
resulting in a color change to yellow. The polymer was precipitated by slowly
adding concentrated HCl to the stirred CH3OH until the color turnover point to
gray/green after which the precipitate was collected by centrifugation at 4000
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RPM for 20 min. The crude product was re-dissolved in alkaline H2O and any
insoluble solids removed by vacuum filtration. HCl was slowly added until pH 4
after which the precipitate was collected by centrifugation at 4000 RPM for 20 min
and dried in vacuo to afford PFSC as a purple solid (2.745 g; 85% relative yield).
1H NMR (400 MHz, D2O, TFA-d, TMS) δ 8.41 – 6.97 (m, 12H), 3.72 – 3.11 (m, 4H),
2.91 – 2.53 (m, 4H), 2.39 – 1.92 (m, 4H), 1.80 – 1.43 (m, 4H), 0.98 – 0.64 (m, 4H).
FT-IR (ATR) 3429, 2934, 2231, 2191, 2165, 2111, 2050, 2027, 2015, 1983, 1642, 1602,
1518, 1463, 1412, 1348, 1254, 1166, 1040, 1005, 929, 716, 659, 633, 626, 619, 605
cm−1.

3.A.4. Characterization
1H-NMR spectra were measured using a Varian Gemini-200 (200 MHz) or a Varian
AMX400 (400 MHz) instrument at 25 ◦C using D2O as the solvent. To improve
solubility, to PFSK was added a small piece of Na (to increase the pH) and to
PFSC a few drops of TFA-d (to lower the pH) and TMS (as internal reference).
13C-NMR spectra were measured using a Varian VXR300 (300 MHz) instrument at
25 ◦C. FT-IR spectra were recorded on a Nicolet Nexus FT-IR fitted with a Thermo
Scientific Smart iTR sampler. GPC measurements were done on a Spectra Physics
AS 1000 series machine equipped with a Viskotek H-502 viscometer and a Shodex
RI-71 refractive index detector. The columns (PLGel 5m mixed-C) (Polymer Labo-
ratories) were calibrated using narrow disperse polystyrene standards (Polymer
Laboratories). Samples were made in THF at a concentration of 2-3 mg mL−1

and passed through a Gelman GHP Acrodisc 0.45 µm membrane filter. Thermal
properties of the polymers were determined on a TA instruments DSC Q20 and a
TGA Q50. DSC measurements were carried out with a scan rate of 10 ◦C min−1

and after the first heating cycle the samples were equilibrated at −30 ◦C. Data was
selected from the second heating cycle. TGA measurements were done from 20 ◦C
to 700 ◦C with a heating rate of 20 ◦C min−1. Absorption spectra were acquired on
a Jenway 6715 spectrometer in 1 cm fused quartz cuvettes. The pH response of
PFSC was determined by mixing a 0.09 mg mL−1 polymer stock solution in H2O
(with a few drops of HCl to improve the solubility) with either 100%, 75%, 50%,
25%, or 0.3% aqueous H2SO4 solution in a 4:10 ratio by volume. Emission spectra
were acquired on a Horiba Jobin Yvon FluoroLog 3-22 spectrofluorometer in 1
cm fused quartz cuvettes. The pH response of PFC acquired at different volume
fractions of H2O with 10% formic acid (FA) from 0% to 80% (v/v) in THF at M = 3.7
x 10−7.
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3.A.5. Atomic Force Microscopy
Thin films were prepared by drop casting 20 µL of 1 wt% polymer solution from
either THF (PF, PFK, and PFC) or DI H2O (PFS, PFSK, and PFSC) and drying
in vacuo for 12h. To PFS and PFSK were added a few drops of concentrated
NaOH solution and to PFC and PFSC a few drops of fuming HCl. All samples
were filtered using a Gelman GHP Acrodisc 0.45 µm membrane filter and applied
on pre-cleaned and plasma oxidized glass slides (1 cm2). AFM tapping mode
measurements were carried out on a di Veeco Nanoscope IIIa Multimode AFM at
the center and at the edge of the films before and after annealing with a Budget
Sensors tip with a resonant frequency of 300 kHz, a force constant of 40 N m−1,
and a tip radius of <10 nm. The films were annealed in a glove box under nitrogen
atmosphere on a thermal coupled hot plate at 200 ◦C for 18h and subsequently
slowly allowed to cool to room temperature.
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3.B. AFM data

Annealed As cast
Polymer Size RMS Roughness Average RMS Roughness Average

(µm) roughness average height roughness average height
(nm) (nm) (nm) (nm) (nm) (nm)

PFSK 1:1 4 2 17 12 8 45
PFK 1:1 5 4 27 2 1 4
PFS 1:1 5 4 24 36 26 126
PF 1:1 6 5 20 17 13.5 60
PFC 1:1 7 5 24 140 119 439
PFSC 1:1 7 4 24 9 7 51
PFSC 10:10 9 7 32 9 7 41
PFSC 5:5 11 6 45 6 3 32
PF 2:2 & 5:5 17 13 95 35 27 116
PF 10:10 24 18 160 - - -
PFK 10:10 31 21 148 21 17 79
PFSK 5:5 61 44 251 39 30 167
PFS 5:5 67 32 329 214 160 1000
PFSK 10:10 94 70 389 100 73 384
PFC 10:10 282 226 588 565 501 934
PFS 10:10 - - - 163 110 680

Table 3.2. Roughness data of the polymer films measured at the center of the films computed from
the AFM data arranged on annealed RMS roughness.[48]

Annealed As cast
Polymer Size RMS Roughness Average RMS Roughness Average

(µm) roughness average height roughness average height
(nm) (nm) (nm) (nm) (nm) (nm)

PFK 1:1 0.4 0.3 1.7 2 1 11
PFSC 1:1 1 0.9 4 6 5 22
PFSC 10:10 3 2 6 5 3 27
PFK 10:10 5 4 30 12 8 36
PF 1:1 6 5 23 - - -
PFSC 5:5 6 4 38 26 13 85
PF 5:5 11 8 48 91 71 258
PF 10:10 14 11 83 24 18 73
PFSK 1:1 19 16 60 22 17 96
PFSK 5:5 80 63 270 92 72 291
PFC 1:1 83 63 148 82 61 313
PFSK 10:10 131 106 458 128 101 390
PFC 10:10 246 204 259 589 425 863
PFS 1:1 - - - 35 25 175

Table 3.3. Roughness data of the polymer films measured at the edge of the films computed from
the AFM data arranged on annealed RMS roughness.[48]
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Figure 3.10. Tapping mode AFM images of drop-cast films of all six polymers, as-cast (i.e., un-
annealed but after drying) from the centers of the films. The top row shows the parent polymers PF
(a-b) and PFS (c-d), the middle shows the ketone-containing polymers PFK (e-f) and PFSK (g-h),
and the bottom shows the cation-containing polymers PFC (i-j) and PFSC (k-l); the left image in
each panel (a, c, e, g, i, and k) is the height profile and the right image (b, d, f, h, j, and l) is the phase.
The z-scale goes from 0 (black) to the maximum value (white) written in the right corner of the
height images; clipping is not indicated. The large images are 10x10 µm and the insets are 1x1 µm
except for PF (a-b) where the larger image is 2x2 µm. The films in the left images (a, b, e, f, i, and
j) were cast from THF, and the films in the right images (c, d, g, h, k, and l) were cast from alkaline
H2O except for PFSC (k-l) which was cast from acidic H2O.
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Figure 3.11. Tapping mode AFM images of drop-cast films of all six polymers, after annealing under
nitrogen at 200 ◦C for 18 h from the centers of the films. The top row shows the parent polymers PF
(a-b) and PFS (c-d), the middle shows the ketone-containing polymers PFK (e-f) and PFSK (g-h),
and the bottom shows the cation-containing polymers PFC (i-j) and PFSC (k-l); the left image in
each panel (a, c, e, g, i, and k) is the height profile and the right image (b, d, f, h, j, and l) is the phase.
The z-scale goes from 0 (black) to the maximum value (white) written in the right corner of the
height images; clipping is not indicated. The large images are 10x10 µm and the insets are 1x1 µm
except for PFS (c-d) where the larger image is 5x5 µm. The films in the left images (a, b, e, f, i, and
j) were cast from THF, and the films in the right images (c, d, g, h, k, and l) were cast from alkaline
H2O except for PFSC (k-l) which was cast from acidic H2O.
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Figure 3.12. Tapping mode AFM images of drop-cast films of all six polymers, as-cast (i.e., un-
annealed but after drying) from the edges of the films. The top row shows the parent polymers PF
(a-b) and PFS (c-d), the middle shows the ketone-containing polymers PFK (e-f) and PFSK (g-h),
and the bottom shows the cation-containing polymers PFC (i-j) and PFSC (k-l); the left image in
each panel (a, c, e, g, i, and k) is the height profile and the right image (b, d, f, h, j, and l) is the phase.
The z-scale goes from 0 (black) to the maximum value (white) written in the right corner of the
height images; clipping is not indicated. The large images are 10x10 µm and the insets are 1x1 µm
except for PFS (c-d) where the larger image is 1x1 µm. The films in the left images (a, b, e, f, i, and
j) were cast from THF, and the films in the right images (c, d, g, h, k, and l) were cast from alkaline
H2O except for PFSC (k-l) which was cast from acidic H2O.
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Abstract
This chapter describes the synthesis and characterization of a high molecular
weight cross-conjugated polyketone synthesized via scalable Friedel-Crafts chem-
istry. Cross-conjugated polyketones are precursors to conjugated polyions; they
become orders of magnitude more conductive after a two-electron reduction and
demonstrate reversible spinless doping upon protonation with acids. Cross-conju-
gated polyketones are a new polymer platform that posses the same optoelectronic
tunability as conventional polymers but with excellent thermal- and oxidative
stability. We constructed a proof-of-concept organic light-emitting diode device
and demonstrate that a cross-conjugated polyketone can be successfully used as a
n-dopable semiconducting material.
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4.1. Introduction
Cross-conjugated polyketones are precursors to CPIs that are highly charged,
pristine semiconductors; they are charged but do not contain spin. Incorporating
cross-conjugated units in conjugated polymers is a known strategy to improve air
stability of doped semiconducting polymers.[1, 2] In fused ring systems, despite
reduced delocalization of charge carriers along the polymer backbones of such
materials, high field mobilities (0.08–0.15 cm2 V−1 s−1) can be achieved due to
effective π-π stacking.[3–7] The number of cross-conjugated ketone containing
polymers reported in the literature, however, is limited to only a few examples, two
of which, PTK[8] and PFK[9] (Scheme 4.1), were reported by us. To the best of our
knowledge, the only other cross-conjugated polyketones were reported by Hudson
and Stevens and Curtis and coworkers. They synthesized their cross-conjugated
aromatic polyketones via an Aldol condensation of cyclic ketones with aromatic
dialdehydes[10] and by copolymerization of bis(chloromercuri)thiophenes with
CO in hot pyridine with a Pd catalyst under 500 psi of CO[11, 12], respectively.
However, the materials form Hudson and Stevens suffered from low solubility
(they were partially cross-linked) and incomplete dehydration led to the inclusion
of alcohol groups in the main chain. The poly(thienylene ketone)s from Curtis and

H3C(H2C)5 (CH2)5CH3

S

S

O

O

nPTFK

PFK

(CH2)5CH3H3C(H2C)5
O

O n

H3C(H2C)5

(CH2)5CH3

S

S

O

O
n

PTK

H3C(H2C)5 (CH2)5CH3

S

S

Ph

Ph

nPTFC-Ph BF4

BF4

Scheme 4.1. Structures of the cross-conjugated ketones PTFK, PFK, and PTK, and the permanent
CPI PTFC-Ph obtained from PTFK as discussed in the main text.
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coworkers had good solubility and moderate degrees of polymerization (Pn) (9-15
repeat units) but were not reversibly n-dopable. We synthesize cross-conjugated
polyketones by Friedel-Crafts (F-C) acylation polycondensation which was ini-
tially employed to produce poly(ether ketone) on a pilot scale.[13, 14] Poly(aryl
ether ketones) (PAEKs) are well known for their high thermal stability, good solvent
resistance, and good mechanical properties, however, they are not conjugated (or
semiconducting).[15–18]

The optical band gap (Eopt
g ) of conjugated polymers typically saturate al-

ready at low Pn ,[19, 20] the excellent physical properties associated with com-
modity plastics (such as mechanical compliance and durability), however, are
significantly affected by molecular weight.[21, 22] Unfortunately, despite numer-
ous optimizations of the polycondensation reaction to synthesize CPIs based
on PFK, molecular weights remained relatively low (Pn ∼ 9).[9] To address this
shortcoming, we set out to optimize the polymerization conditions in order to
synthesize higher molecular weight cross-conjugated aromatic polyketones with
potentially interesting optoelectronic properties. The F-C acylation reaction is
sensitive to nucleophile strength; therefore, increasing the donor character of the
monomer should improve reactivity towards F-C acylation polycondensation, and
result in a higher molecular weight polymer. This chapter describes the synthesis
and full characterization of a high molecular weight and high thermally stable
ketone-containing conjugated polymer, poly(((thiophen-2-yl)fluorene(thiophen-
2-yl))-alt-(1,4-phenylene)di-methanone) (PTFK, Scheme 4.1), synthesized via
F-C chemistry. To test the application of a cross-conjugated, ketone-containing
polymer as a durable, n-dopable optoelectronic material, we additionally con-
structed a proof-of-concept organic light-emitting diode (OLED). To prove that
PTFK can serve as a precursor to a CPI, we converted it to a CPI both by treatment
with acid and a strong alkylating agent.

4.2. Synthesis and Characterization

The F-C polycondensation method is a straightforward route towards ketone con-
taining polymers that benefits over Stille or Suzuki-Miyaura coupling reactions
in that it does not require transition-metal catalysts, which greatly improves the
scalability of the reaction. Commonly used solvents that are inert towards F-C
acylation conditions include 1,2-dichloromethane (DCM), 1,2-dichloroethane
(DCE), carbon disulfide (CS2), and nitromethane (CH3NO2).[23] We have demon-
strated that a successful polycondensation can be performed in DCM to afford
PFK, however, the kinetics of polymerization seemed to be limited by the low
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4.2

Ph(COCl)2, 
3.5 eq. AlCl3, 
10wt% LiCl

ODCB, 0°C to 

70°C

H3C(H2C)5 (CH2)5CH3

S

S

H3C(H2C)5 (CH2)5CH3

S

S

O

O

n
PTFK

BrBr

2.5 eq. 
Br(CH2)5CH3

KOH (aq.), 

Bu4NCl, 

DMSO, 60°C

BrBr

H3C(H2C)5 (CH2)5CH3

(1 mol%) 
Pd(dppf)Cl2, 

THF

S MgBr
3 eq.

4.1

Scheme 4.2. Synthetic route towards PTFK.

boiling temperature and/or solubility of the product in DCM, resulting in low
Pn .[9] We also performed the polycondensation reaction in DCE, however, this re-
sulted in an intractable, black tar. It is intuitive that conjugated polymers–usually
consisting of rigid backbones–benefit from solvents that keep the propagating
chains solubilized longer at elevated reaction temperatures. However, the list of
alternative solvents is limited and aromatic solvents, in general, cannot be used
as they are reactive towards F-C acylation. The use of 1,3,5-trichlorobenzene
(TCB) was proposed in a patent in 1987 [24] and we were able to use it to poly-
merize PFK.[9] We observed a dramatic improvement in molecular weight, but
the polymer had a bimodal molecular-weight distribution. Furthermore, because
TCB is a solid at room temperature, it needs to be removed from the product by
distillation. Due to sublimation at reduced pressures and low polymer yields, we
eventually abandoned this route. Although chlorobenzene readily reacts under
F-C acylation conditions, ortho-dichlorobenzene (ODCB) is remarkably stable
and can even be separated from its isomers by reacting the mixture with strong
Lewis Acids.[18] Gay and Brunette reported that ODCB can indeed be used as a
F-C solvent with a large excess of AlCl3.[25] However, reacting 9,9-dihexylfluorene
and terephthaloyl chloride with AlCl3 at elevated temperatures in ODCB, did not
result in an increase in Pn of PFK. This is clearly a problem of thermodynamics;
fluorene is too deactivated for an efficient acylation polycondensation. To ad-
dress this problem, we installed two thiophene units adjacent to the fluorene, to
increase the electron-donating character, which should increase its reactivity and,
therefore, Pn .

We synthesized PTFK and the corresponding monomer 4.2 according to
Scheme 4.2 as described in Section 4.A. The F-C polycondensation reaction re-
quires anhydrous conditions, thus, we distill ODCB over CaH2 just before each
polymerization. Furthermore, we carefully purified and dried both monomers
and stored them in vacuo until use. Fig. 4.1a shows the proton nuclear magnetic
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Figure 4.1. (a) Assignment of all 1H-NMR peaks of monomer 4.2 in CDCl3, that is used alongside

terephthaloyl chloride to polymerize PTFK. (b) 1H-NMR spectrum of PTFK in CD2Cl2 in which the
peaks corresponding to polymer end-groups are indicated by an asterisk. Despite extensive pu-
rification, some minor impurities could not be completely removed and are presumably “trapped”
inside the polymer.

resonance (1H-NMR) spectrum of monomer 4.2 with all the peaks assigned to
the respective protons. We chose a polymerization temperature of 70− 75 ◦C
for 18-20h because at higher temperatures the polymerization yielded mostly
insoluble material. In fact, under these conditions approximately 10-20 wt% of
the polymer is consistently insoluble, suggesting that we reach the solubility limit
of the polymer in common organic solvents.

Thanks to the straightforward synthesis and purification of monomer 4.2 and
the ubiquity of terephthaloyl chloride in plastics, we were able to obtain multiple
grams of high molecular weight PTFK with Pn ∼ 14 at peak-average molecular
weight (M̄p ) and Pn ∼ 62 at weight-average molecular weight (M̄w ). PTFK is
soluble in common organic solvents at high enough concentrations to be able
to obtain free-standing films easily (Fig. 4.2). Characterization of the polymer
by 1H-NMR revealed extra peaks (and minor butylated hydroxytoluene and “H
grease” impurities) that probably correspond to polymer end-groups and are
highlighted by asterisks (Fig. 4.1b). It is unlikely that these peaks are from left-
over monomeric material, considering the excellent solubility of 4.2 in acetone
(which was used during Soxhlet extraction). Based on the 1H-NMR results as
shown in Fig. 4.1b and the assumption that potentially unreacted monomeric
material has been removed during the Soxhlet extraction and precipitation, we
calculated the number-average molecular weight (M̄n) via end-group analysis.
First we determined the integral per proton of the end-group signals using the
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isolated peaks corresponding to thiophene at 7.15, 7.34, and 7.44 ppm equaling
twelve protons ((0.30 + 0.30 + 0.25)/12 = 0.07). Next we calculated the number of
repeating monomer units, n, as a ratio of the integral per proton of the aromatic
signals of the repeating unit at 7.53–7.55, 7.72–7.85, and 8.05 ppm, and the integral
per proton of the end-group signals (((2.06 + 8.34 + 4.00)/14)/0.07 = 15); thus, Pn

∼ 15. Finally, we found M̄n via the sum of the molar mass of the end groups (i.e.,
twice the mass of 4.2) and the molar mass of the repeat unit times n ((498*2) +
(631*15) = 10,461); thus M̄n ∼ 10,500, which is in excellent agreement with the gel
permeation chromatography (GPC) results (see Section 4.B).

The inclusion of carbonyl units into the polymer is further confirmed by 13C-
NMR and Fourier transform infrared (FT-IR) spectroscopy, as evidenced by the
carbonyl peak at 187 ppm (Fig. 4.3a) and the two strong peaks at 1628 cm−1 and
1279 cm−1 that we ascribe to carbonyl stretching and bending modes, respectively
(Fig. 4.3b).

We characterized PTFK further by thermogravimetric analysis (TGA) and dif-
ferential scanning calorimetry (DSC) to elucidate the thermal properties of the
polymer. The results are shown in Fig. 4.4. PTFK exhibits a glass transition tem-
perature (Tg ) at 144 ◦C with no other visible thermal transitions, as is common for
conjugated polymers. The Tg roughly scales with molecular weight (up to a certain
threshold value). Assuming similar conformational freedom, the considerably
higher Tg of PTFK compared to PFK (Tg ∼ 97 ◦C) clearly demonstrates the effect
of the higher molecular weight on the thermal properties of these polyketones.[26]
Despite careful drying in vacuo at temperatures up to 100 ◦C the baseline of the
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Figure 4.3. (a) 13C-NMR spectrum of PTFK in CD2Cl2 clearly showing the ketone peak at 187
ppm. (b) Infrared spectra of PTFK (black), and PTFC-Ph (red) demonstrating two strong peaks,
highlighted with an asterisk, at 1628 cm−1 and 1279 cm−1 corresponding to carbonyl stretching and
bending modes, respectively. These peaks are no longer visible after the spinless doping polymer
analogous reaction to afford PTFC-Ph.

decomposition curve of PTFK is slightly skewed until 310 ◦C and 5% weight loss,
indicating expulsion of some volatiles. The polymer has a clear thermal decom-
position temperature (Td ) at 400 ◦C, which is similar to that of PFK (420 ◦C), and
at 495 ◦C a second decomposition step is visible. The first decomposition step
totals 25 wt% and likely corresponds to the loss of the hexyl pendant groups (i.e.,
∼ 27 wt%). At temperatures above 495 ◦C the rest of the polymer decomposes
completely.
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Figure 4.4. Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) plots of
PTFK showing typical glassy behavior with Tg at 144 ◦C and Td at 400 ◦C.
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1) 3.5 eq. Ph-
MgBr, THF, rt to 

reflux

H3C(H2C)5 (CH2)5CH3

S

S

O

O

nPTFK

H3C(H2C)5 (CH2)5CH3

S

S

Ph

Ph

nPTF(OMe)-Ph

2) 1N CH3ONa 
in CH3OH

H3C(H2C)5 (CH2)5CH3

S

S

Ph

Ph

nPTFC-Ph BF4

BF4

O
O

2.5 eq.

DCM, 0 °C to rt

O BF4

Scheme 4.3. Synthetic route towards PTFC-Ph

We convert PTFK to a permanent CPI (PTFC-Ph) according to Scheme 4.3 as
described in Section 4.A. For ease of handling and characterization we quench
the cations with sodium methoxide to generate PTF(OMe)-Ph. We follow the
conversion by spinless doping with IR spectroscopy and the result is shown in
Fig. 4.3b. The absence of the two strong carbonyl stretching and bending modes
in PTF(OMe)-Ph clearly demonstrates near quantitative conversion. Unfortu-
nately, the resulting 1H-NMR spectrum of PTF(OMe)-Ph is difficult to interpret
because the trapping with NaOMe is not quantitative, leading to residual peaks
from cations. To convert PTF(OMe)-Ph to its fully cationic state (PTFC-Ph) we
extract a solution of PTF(OMe)-Ph in CH2Cl2 with an excess of 50 wt% fluoroboric
acid, forming a gel that can be processed further. To form a meta-stable, homoge-
neous solution in CH2Cl2, we add two and a half equivalents of trimethyloxonium
tetrafluorborate to a solution of PTF(OMe)-Ph in CH2Cl2. Trimethyloxonium
effectively alkylates the methoxide groups, generating two equivalents of highly
volatile dimethyl ether per methoxide group, and leaves a trivalent carbocation
with tetrafluorborate as the counterion. The resulting solution began to aggregate
within 5 minutes, but persisted long enough to acquire the ultraviolet-visible
(UV-Vis) spectrum shown in Section 4.4. However it precluded the acquisition of
interpretable NMR spectra.

4.3. Towards High Mobility Conjugated Polyions
To further tune the optoelectronic properties of CPIs, we also explored alternative
cross-conjugated polyketones. A successful electron-deficient moiety that is
used in donor polymers is diketopyrrolopyrrole (DPP). Conjugated polymers
containing DPP typically show ambipolar charge transport with good mobilities
for both holes and electrons. Furthermore, the DPP unit induces high degrees of
crystallinity due to strong π–π stacking interactions, which is generally associated
with high film mobilities.[27] To test the effect of the incorporation of the DPP
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Scheme 4.4. Synthetic route towards PDPPK

unit in a cross-conjugated polyketone, we synthesized monomer 4.4 and PDPPK
according to Scheme 4.4 as described in Section 4.A.

Typically, F-C polycondensation reactions are rather facile and strong color
shifts are often observed at early stages of the reaction, combined with an in-
crease in viscosity. In this case, we only observed a darkening of the reaction
color to deep purple. Unfortunately, when we used the optimized F-C polycon-
densation conditions, we only isolated oligomers (as evidenced by a red shift in
the absorption band relative to the monomer) and unreacted monomer 4.4. A
possible reason is the relatively low solubility of 4.4 in ODCB. However, attempts
to couple DPP containing ethylene oxide solubilizing groups (which drastically
improves the solubility), with 2-thiophenecarbonyl chloride under standard F-C
conditions, failed also. Therefore, we have to conclude that the DPP unit is too
electron-deficient to undergo efficient F-C acylation and, thus, we abandoned
this cross-conjugated backbone.

4.4. Optoelectronic Characterization

With high molecular weight and thermally stable PTFK in hand, we set out to elu-
cidate its optoelectronic properties. First, we acquired absorption and emission
spectra of PTFK in solution, which are shown in Fig. 4.5a. The inclusion of thio-
phene units in PTFK results in an absorption that is red-shifted by 75 nm relatively
to PFK to λabs

max ∼ 415 nm with a band edge at ∼ 470 nm. This bathochromic shift
is attributed to the significantly larger cross-conjugated chromophore in PTFK
compared to the smaller chromophore in PFK, leading to a smaller optical band
gap (Eopt

g ) of 2.6 eV (vs. 3.3 eV for PFK). Interestingly, the large Stokes shift of 175
nm that we observed for PFK is considerably smaller (by 80 nm) for PTFK, which
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Figure 4.5. (a) Normalized absorption and emission (smoothed for clarity) spectra of PTFK mea-
sured in CH2Cl2 with λabs

max ∼ 415 nm and λems
max ∼ 510 nm, respectively. (b) Normalized absorption

spectrum of PTFK as synthesized (solid line) and when protonated with H2SO4 (dash-dotted line),
and PTFC-Ph (dotted line) in CH2Cl2. Protonation of the ketones results in the formation of tran-
sient carbocations and increases the conjugation length as evidenced by a large bathochromic
shift. By spinless doping, PTFK can be converted to PTFC-Ph–a permanent CPI–which results in a
further bathochromic shift due to stabilization of the cations.

emits at 510 nm. The fact that the bathochromic shift in absorption is not paired
with an equal shift in emission indicates that, either PTFK emits from a different
state than PFK or that the thiophene units introduce significant conformational
rigidity.

The effective conjugation length of CPIs can be tuned post-polymerization by
modulating the number of charges in the conjugated backbone. Likewise, PTFK
can be chemically “doped” by treatment with strong acids, as demonstrated before
in Chapters 2 and 3. Solutions of PTFK acidified with H2SO4 are deep blue and
revert back to yellow when neutralized. Protonation of the carbonyl units breaks
the cross-conjugation and, as carbocations are formed inside the conjugated
backbone, the conjugation is extended, leading to a decrease in the band gap
from 2.6 to 1.7 eV (Fig. 4.5b). However, these charges only exist transiently under
strong acidic conditions. Through spinless doping, we converted PTFK into a
proof-of-concept permanent CPI (PTFC-Ph) (Scheme 4.1). Due to stabilization
by resonance, PTFC-Ph has an even smaller band gap (1.4 eV; the polymer is
green) than protonated PTFK. Because of the combination of soft counterions
and hexyl pendant groups, PTFC-Ph is soluble in CH2Cl2, but forms gels in water.
Further manipulation of the pendant groups and counterions to obtain high
quality films[28] will be discussed in more detail in Chapter 6. All the absorption
and emission data are summarized in Table 4.1.
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λabs
max (nm) λems

max (nm) Stokes Shift (nm) Eopt
g (eV) a

PFK 340 515 175 3.3
PTFK 415 510 95 2.6
PTFK-H+ 620 – – 1.7
PTFC-Ph 684 – – 1.4
a From the band-edge tangent.

Table 4.1. Summary of optoelectronic properties of PFK, PTFK, and PTFC-Ph.

To gain insight into the (semi)conducting properties of PTFK, we acquired in
situ conductivity measurements of PTFK drop-cast on interdigitated microelec-
trodes (IMEs) (Fig. 4.6). As expected, we observe a fully reversible two-electron
reduction (Fig. 4.7a). The first reduction wave at −1.20 V is accompanied by a
re-oxidation wave at −1.02 V and the second reduction at −1.41 V is re-oxidized
at −1.23 V. As the polymer gets reduced, and the cross-conjugation gets broken,
the conductivity rapidly increases as radical anions are formed. The conductivity
increases monotonically, but several inflection points can be recognized. These
changes in slope are clearly visible in the derivative conductivity plot (Fig. 4.7b)
and coincide with the reduction waves, signifying several charged states. In
linearly conjugated polymers, the conductivity typically increases due to the for-
mation of charge carriers, until a certain maximum value after which it drops
rapidly again, as the polymer gets doped too heavily. In PTFK the first reduction
wave breaks the cross-conjugation and creates a radical anion. After the first wave,
a less conductive doubly charged state is formed, as seen by a slight change in
slope. At further reduction the polymer gradually becomes doped, creating radical
anions again, as seen by a second inflection point in the conductivity plot. The

(a) (b)

Figure 4.6. Drop-cast film of PTFK on interdigitated electrodes with (a) the complete electrode and
(b) a zoom-in showing the interdigitation.
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Figure 4.7. (a) In situ conductivity measurement (red line) of PTFK drop-cast on interdigitated
platinum electrodes scanned at 5 mV s−1 and 40 mV offset between the two working electrodes
with 0.1 mM Bu4NPF6 in propylene carbonate electrolyte solution, versus Ag/AgCl. In the conduc-
tivity scan, and more clearly in its derivative, multiple inflection points can be observed that we
correlate to the two reduction waves, resulting in distinct charged states in the polymer. The cyclic
voltammograms of the two independent working electrodes, measured at 50 mV s−1, (solid and
dashed black line) show negligible differences, demonstrating good coverage of PTFK across the
electrodes. (b) The derivative conductivity clearly shows the different slopes in the conductivity
trace that correlate to the redox states of the polymer.

proposed mechanism of the formation of transient charges in PTFK is shown
in Scheme 4.5. We observed similar, albeit more pronounced, doping behavior
in PTK.[8] A plausible reason why the reduction behavior in PTFK appears con-
cealed is the broad dispersity (Ð) and, consequently, large range of accessible
states leading to gradual changes in conductivity.
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Scheme 4.5. Schematic depicting the proposed doping mechanism of PTFK showing the three
states that can be distinguished in the in situ conductivity measurements.
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Figure 4.8. Cyclic voltammogram of PTFK versus Ag/AgCl at positive potential with 0.1 mM
Bu4NPF6 in CH2CL2 electrolyte solution at 200 mV s1. The Fc/Fc+ couple (at E1/2 = 0.42 V) was
used as an internal reference.

To test the oxidative stability, we also measured PTFK under positive poten-
tial in a cyclic voltammogram (CV), as can be seen in Fig. 4.8. We observe a
(semi)reversible oxidation at E1/2 1.60 V but the observed shift of the oxidation
peak strongly suggests (at least partial) polymer decomposition.

4.5. Device Performance
Device fabrication and characterization were done in collaboration with D. Barte-
saghi and L.J.A. Koster. We characterized the transport of charges in PTFK by
measuring the current-voltage (J–V ) of single carrier devices. These devices were
fabricated as described in Section 4.A by sandwiching a polymer layer between two
electrodes, chosen to suppress the injection of electrons in the conduction band
(hole-only devices) or the injection of holes in the valence band (electron-only
devices) of the polymer. The current flowing through such devices is space-charge
limited and it depends on the mobility of charges, the applied voltage, and the
thickness of the polymer layer.[29] We extracted the mobilities of electrons and
holes by fitting the experimental J–V curves with equation 1:[30]

J = 9

8
ε0εrµ0n(p) exp

(
0.891γn(p)

√
V

L

)
V 2

L3 , (4.1)

where J is the current density, ε0 is the permittivity of a vacuum, εr is the relative
dielectric constant of the polymer, µ0n(p) is the zero-field electron (hole) mobility,
γn(p) is the field activation factor, L is the thickness of the polymer layer, and
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Figure 4.9. (a) J–V curves of PTFK hole-only (black) and electron-only (red) devices. The symbols
represent experimental data and the solid lines are calculated using equation 1. (b) J–V curves of
PTFK electron-only devices, as cast (black) and annealed (red). The symbols represent experimen-
tal data and the solid lines are calculated using equation 1 in the main text.

V is the effective voltage obtained by correcting the applied voltage V a for the
series resistance of the substrate (14 Ω ä−1 for the hole-only devices, 10 Ω ä−1

for the electron-only devices) and for the built-in voltage. We measured the
relative dielectric constant by impedance spectroscopy, performed on a planar
capacitor (see Section 4.C), and we found for PTFK a value of 3.8, which is typical
for conjugated polymers and surprisingly low given the density of polar ketone
groups in the backbone.

The J–V characteristics of an electron-only device and of a hole-only device
are displayed in Fig. 4.9a, together with the fits (solid lines), and the fit parameters
µ0n(p) and γn(p) are listed in Table 4.2. We found that the transport of both elec-
trons and holes in PTFK are characterized by low zero-field mobilities (1.3x10−8–
5.2x10−7 cm2 V−1 s−1) and a slight dependence on the electric field. In an attempt
to improve the device characteristics, we also annealed the electron-only device
above the Tg of the polymer (at 170 ◦C) but, unfortunately, the electron mobility
actually decreased slightly (Fig. 4.9b).

Parameter Description Value
µ0n Electron zero-field mobility [cm2 V−1 s−1] 1.3x10−8

γn Electron field activation factor [cm1/2 V−1/2] 3.5x10−3

µ0p Hole zero-field mobility [cm2 V−1 s−1] 5.2x10−7

γp Hole field activation factor [cm1/2 V−1/2] 2.0x10−3

Table 4.2. Fitting parameters used to plot J–V curves.
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Figure 4.10. (a) J–V characteristics (black) and photodiode signal (red) for a PTFK light emitting
diode fabricated as described in the experimental section. The photodiode signal data have been
smoothed by applying the adjacent average method, including 10 points per each calculation. (b)
Emission spectrum of the PTFK light emitting diode.

Fig. 4.10a shows the room temperature J–V characteristics of a PTFK light
emitting diode (LED) where electrons and holes are injected in the polymer layer
via the Ba/Al and ITO/MoO3 contacts, respectively. We measured the light emis-
sion of the device with a silicon photodiode and plotted the photodiode signal as
a function of the applied voltage as shown in Fig. 4.10a. We then measured the
emission spectrum of the light emitting diode and, as shown in Fig. 4.10b, the
polymer emits yellow light, with an emission peak around 570 nm. The signal
measured by the silicon diode is rather weak; although holes and electrons are
injected into PTFK and recombine radiatively, the efficiency of the LED is poor.
The low mobilities and the weak emission of PTFK indicate non-optimal solid
state packing. The full characterization of the packing parameters of PTFK is
beyond the scope of this thesis; however, the DSC data clearly show that PTFK
is an amorphous polymer with a strong Tg and no melting temperature. This
glassy nature is probably also why annealing of the electron-only device above
Tg did not result in an increase in mobility. Despite the relatively poor device
performance, these results demonstrate that a scalable, robust, cross-conjugated
polyketone can be employed as the active material in organic devices. Further
optimization may yield more useful device performances.

4.6. Conclusions
The inclusion of thiophene units in the monomer has a clear, positive effect on the
polymerizability under F-C acylation polycondensation conditions. The resulting
polymer, PTFK, has a high degree of polymerization Pn ∼ 62 but also a quite high
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dispersity Ð ∼ 5.4. This polymer exhibits the expected properties of a CPI pre-
cursor; two-electron reduction coupled with step-wise increases in conductivity
and reversible spinless doping upon protonation with a strong acid. The proof-
of-concept organic LED device demonstrates that a cross-conjugated polyketone
can be successfully used as an n-dopable semiconducting material, albeit with
low efficiency. Nevertheless, PTFK is polymerized using scalable chemistry and
readily accessible monomers. In combination with their excellent thermal and
oxidative stability, cross-conjugated polyketones are an interesting, new polymer
platform that retains the facile optoelectronic tunability of conventional conju-
gated polymers. We expect that further structural optimization will eventually
lead to a cross-conjugated polyketone with improved crystallinity and higher
mobilities. Lastly, we expect that permanent CPIs derived from these polymers
will show increased performance over their predecessors.

4.A. Experimental

4.A.1. Materials and Methods

All reagents and solvents were purchased from commercial sources and used
without further purification unless otherwise indicated. Lewis acids were stored
in vacuo to prevent hydrolysis and used only for a limited time. Any complexed
water to the Lewis acids was removed under reduced pressure in the reaction
flask at 250 ◦C. Terephthaloyl chloride was recrystallized from n-hexane and
dried. The recrystallized terephthaloyl chloride and monomer 4.2 were stored in
vacuo at 50 ◦C until use and purged multiple times with nitrogen in the reaction
flask. CH3OH was dried over Na2SO4, filtered, and distilled over sodium metal.
Subsequently, approximately 1M sodium metal was slowly added and allowed
to react at 0 ◦C affording 1M CH3ONa in CH3OH. All reactions were carried out
under a small flow of N2.

4.A.2. Monomers

2,7-Dibromo-9,9-dihexyl-9H-fluorene (4.1).[31] 2,7-dibromofluorene (4.86 g; 15
mmol) and Bu4NCl (0.3 g; 1 mmol) were dissolved in DMSO (25 mL) under stirring
for 30 min at rt. 50 wt% aqueous KOH (7.5 mL) was added and the solution
heated to 60 ◦C rendering the solution deep red. To this reaction mixture 1-
bromohexane (5.8 g; 35 mmol) was added and heating was continued for 24h
at 60 ◦C after which the color steadily changed to purple. The reaction mixture
was quenched by pouring it over ice H2O (100 mL) before extracting twice with
ether (2x 150 mL); the combined organic layers were washed with 10% HCl, dried
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over Na2SO4 and the solvents removed by rotary evaporation. The crude product
was dissolved in CHCl3 (20 mL) and purified by column chromatography on
silica gel with petroleum ether as the eluent. The product was purified further
by recrystallization from hexane to afford 4.1 as white crystals (11.132 g, 76%).
1H-NMR (400 MHz, CDCl3) δ 7.52 (dd, J = 7.4, 1.4 Hz, 2H), 7.45 (dd, J = 7.4, 1.5
Hz, 2H), 7.44 (d, J = 1.5 Hz, 2H), 1.99 – 1.84 (m, 4H), 1.18 – 0.99 (m, 12H), 0.78 (t, J
= 7.1 Hz, 6H), 0.60 (m, 4H). 13C-NMR (75 MHz, CDCl3) δ 152.75, 139.26, 130.35,
126.37, 121.66, 121.34, 55.89, 40.42, 31.67, 29.79, 23.85, 22.79, 14.22. FT-IR (ATR)
3066, 2963, 2945, 2921, 2852, 1870, 1745, 1596, 1565, 1462, 1451, 1445, 1428, 1413,
1393, 1372, 1340, 1288, 1271, 1254, 1228, 1214, 1166, 1129, 1110, 1058, 1029, 1017,
1003, 981, 942, 896, 874, 843, 810, 782, 760, 745, 723, 663, 649 cm−1.

2,2’-(9,9-Dihexyl-9H-fluorene-2,7-diyl)dithiophene (4.2).[31] To a dried
flask containing magnesium turnings (372 mg; 15.2 mmol) and dry THF (20 mL)
was added 2-bromothiophene (2.48 g; 15.2 mmol) dropwise. After complete
addition the mixture was refluxed for an additional 3h. In a second dried flask,
4.1 (2.50 g; 5.08 mmol) was dissolved in dry THF (20 mL) and the solution purged
with bubbling nitrogen for 1 hour. Next, Pd(dppf)Cl2 (35 mg) was added and
the solution purged for an additional 30 min. The clear gray/brown Grignard
reagent was then transferred via cannula to a dropping funnel and slowly added
to the degassed solution containing 4.1. After complete addition, the reaction
mixture was refluxed for 20h. Cooled down to rt, the mixture was quenched by
pouring it over 1N HCl/ice (250 mL) before extracting twice with CH2Cl2 (2x 150
mL); the combined organic layers were washed with DI H2O (200 mL), brine (200
mL), dried over Na2SO4 and the solvents removed by rotary evaporation. The
crude product was purified on a short silica gel plug with petroleum ether:CH2Cl2
(10:1) as the eluent. The product was purified further by recrystallization from
methanol:isopropanol (1:3) to afford 4.2 as green crystals (1.92 g, 76%). 1H-NMR
(400 MHz, CDCl3) δ 7.68 (d, J = 7.9 Hz, 2H), 7.61 (dd, J = 7.9, 1.6 Hz, 2H), 7.56 (d,
J = 1.0 Hz, 2H), 7.39 (dd, J = 3.6, 1.0 Hz, 2H), 7.30 (dd, J = 5.1, 1.0 Hz, 2H), 7.12
(dd, J = 5.1, 3.6 Hz, 2H), 2.06 – 1.97 (m, 4H), 1.17 – 0.98 (m, 12H), 0.75 (t, J = 7.0
Hz, 6H), 0.73 – 0.63 (m, 4H). 13C-NMR (75 MHz, CDCl3) δ 151.66, 145.14, 140.17,
133.23, 128.04, 124.95, 124.51, 122.87, 120.11, 120.06, 55.26, 40.42, 31.44, 29.65,
23.70, 22.56, 13.99.

3,6-Di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (4.3).
Potassium tert-butoxide (4.04 g; 36 mmol) and tert-amyl alcohol (25 mL) were
added to a dried flask and heated to 100−110 ◦C. After stirring for 1 hour 2-thi-
ophenecarbonitrile (2.79 mL; 30 mmol) was added dropwise and stirring was
continued for another 30 min. Next, dibutyl succinate (3.53 mL; 15 mmol) in tert-
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amyl alcohol (10 mL) was added dropwise and after complete addition, stirring
was continued at 100−110 ◦C for an additional 2h. The reaction mixture was then
allowed to cool down to 50 ◦C before adding CH3OH (20 mL) and H2O (5 mL). The
reaction mixture was then refluxed for 45 min. Cooled down to rt the reaction
mixture was poured over ice, concentrated HCl (10 mL) and CH3OH (50 mL) were
added, and the mixture was stirred for another 45 min. The crude product was
filtered over a Büchner funnel, washed three times with CH3OH and H2O before
drying in vacuo at 50 ◦C to afford 4.3 as purple crystals (2.03 g; 45%). 1H-NMR
(400 MHz, (CD3)2SO) δ 11.23 (s, 2H), 8.21 (dd, 2H), 7.96 (dd, 2H), 7.30 (t, 2H).

2,5-Dihexyl-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-
dione (4.4). 4.3 (1.929 g; 6.422 mmol), K2CO3 (2.66 g; 19.267 mmol), and DMF
(50 mL) were added to a dried flask and heated to 120 ◦C for 1 hour. Next, 1-
bromohexane (2.3 mL; 16.05 mmol) was added dropwise and after complete
addition the reaction mixture was heated to 130 ◦C for 18h. Cooled down to
rt the reaction mixture was poured over DI H2O (400 mL) and the precipitate
collected by centrifugation at 4000 RPM for 20 min, decanting the supernatant,
washing with a minimal amount of CH3OH, and drying in vacuo at 50 ◦C. The
crude product was purified on a silica gel column with CHCl3 as the eluent before
recrystallizing from hot CH2Cl2 affording 4.4 as red crystals (837 mg; 28%). 1H-
NMR (400 MHz, CDCl3) δ 8.92 (d, J = 3.9 Hz, 2H), 7.64 (d, J = 5.0 Hz, 2H), 7.28 (t, J
= 4.5 Hz, 2H), 4.10 – 4.02 (m, 4H), 1.74 (dt, J = 15.7, 7.7 Hz, 4H), 1.48 – 1.37 (m, J =
7.7 Hz, 4H), 1.37 – 1.27 (m, 8H), 0.88 (t, J = 6.6 Hz, 6H).

4.A.3. Polymers

Poly((5-(9,9-dihexyl-7-(thiophen-2-yl)-9H-fluoren-2-yl)thiophen-2-yl)-alt-
((1,4-phenylene)dimethanone)) (PTFK). AlCl3 (2.758 g; 20.734 mmol) and LiCl
(10 wt% of AlCl3) were carefully heated at 250 ◦C in vacuo in a dried flask before
adding freshly distilled 1,2−dichlorobenzene (60 mL). To a second dried flask was
added 4.2 (3.000 g; 6.015 mmol) and freshly recrystallized terephthaloyl chloride
(1.203 g; 5.924 mmol), to freshly distilled 1,2−dichlorobenzene (40 mL). The Lewis
acid solution was cooled to 0 ◦C, the monomers solution transferred to a dropping
funnel, and slowly added under vigorous stirring, resulting in a deep purple
slurry. The reaction mixture was then heated at 70 ◦C for 20h under a flow of
nitrogen (with an outflow through an alkaline scrubber). Cooled down to rt
the reaction mixture was quenched by pouring it over stirring 1N HCl/ice (200
mL) before extracting four times with CH3Cl (4x 150 mL); the combined organic
layers were washed with DI H2O (250 mL), brine (250 mL), and the solvents
removed by rotary evaporation. The crude polymer was redissolved in hot THF
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(100 mL) and precipitated into ice-cold CH3OH (1 L) and the precipitate collected
by centrifugation at 4000 RPM for 20 min, decanting the supernatant, and drying
in vacuo at 50 ◦C. The polymer was purified further via continuous Soxhlet
extraction with CH3OH, n-hexane, acetone, and CHCl3. The CHCl3 fraction was
concentrated by rotary evaporation and the viscous solution re-precipitated (in
order to obtain pellet-like particles) into ice-cold CH3OH (1 L) and the precipitate
collected by centrifugation at 4000 RPM for 20 min, decanting the supernatant,
and drying in vacuo at 50 ◦C affording PTFK as yellow pellets (2.87 g; 76%). 1H-
NMR (400 MHz, CD2Cl2) δ 8.12 (d, J = 7.7 Hz), 8.04 (d), 7.91 (dd), 7.86 – 7.63 (m),
7.63 – 7.58 (m), 7.54 (dd), 7.44 (dd), 7.34 (dd), 7.15 (dd), 2.24 – 1.96 (m), 1.20 – 0.98
(m), 0.83 – 0.62 (m). 13C-NMR (75 MHz, CDCl3) δ 186.94, 154.30, 152.28, 152.02,
142.10, 141.64, 140.99, 139.72, 136.44, 133.85, 132.46, 131.87, 129.15, 128.99, 128.10,
125.54, 125.41, 124.94, 124.79, 124.11, 123.92, 123.11, 120.74, 120.69, 120.43, 120.26,
120.20, 55.61, 55.45, 40.24, 31.44, 29.55, 23.78, 22.50, 13.71. FT-IR (ATR) 3241, 3068,
2948, 2928, 2856, 2725, 1629, 1564, 1523, 1499, 1466, 1440, 1417, 1378, 1339, 1280,
1178, 1137, 1116, 1062, 1015, 981, 912, 899, 874, 849, 806, 774, 715, 694 cm−1. GPC
(THF) M̄n = 7,250 g/mol, M̄w = 38,800, M̄p = 8,900 g/mol, Ð = 5.4.

Poly(((thiophene-5,2-diyl)bis(2,5-dihexyl-3-(thiophen-2-yl)-2,5-dihydro
pyrrolo[3,4-c]pyrrole-1,4-dione))-alt-((1,4-phenylene)dimethanone))
(PDPPK). The same procedure was used as for PTFK but no polymer could be
isolated.

4.A.4. Spinless Doping

Poly((5-(9,9-dihexyl-7-(thiophen-2-yl)-9H-fluoren-2-yl)thiophen-2-yl)-alt-
(phenyl(4-(phenylmetheylium)phenyl)methylium)) (PTFC-Ph). PTFK (400 mg;
0.634 mmol per repeat unit) was added to dry THF (50 mL) in a dried flask and
allowed to dissolve, followed by the dropwise addition of phenylmagnesium bro-
mide (1.4 mL; 1.6M). After complete addition, the reaction mixture was refluxed
for 20h under strong stirring. Cooled down to rt, the now deep green suspension
was quenched by adding freshly prepared 1M CH3ONa in CH3OH (15 mL) result-
ing in a clear orange solution. All solvents were removed by rotary evaporation
before extracting three times with CH2Cl2 (3x 50 mL); the combined organic lay-
ers were washed with 0.1M HCl (100 mL) and brine (100 mL). The solvent was
removed by rotary evaporation and redissolved in a minimal amount of hot THF,
filtered, and precipitated in stirring n-hexane (200 mL). The precipitate was fil-
tered over a Soxhlet thimble and extracted with n-hexane over night. The polymer
was collected by extraction with CHCl3, removing the solvent, and drying in vacuo,
affording PTF(OMe)-Ph as an off-white solid (384 mg; 74%). FT-IR (ATR) 3428,
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3061, 3024, 2955, 2925, 2853, 1704, 1601, 1446, 1404, 1375, 1319, 1287, 1204, 1133,
1004, 882, 799, 752, 698, 650, 585, 545 cm−1. 1H-NMR (400 MHz, CDCl3) δ 7.60,
7.58, 7.54, 7.49, 7.47, 7.45, 7.43, 7.40, 7.38, 7.36, 7.34, 7.30, 7.28, 7.24, 7.21, 7.10,
6.95, 6.71, 3.75, 3.73, 3.71, 3.70, 3.31, 3.00, 1.97, 1.28, 1.26, 1.25, 1.23, 1.07, 1.05,
1.01, 0.73, 0.71, 0.62. Next, PTF(OMe)-Ph (75 mg; 0.092 mmol per repeat unit) was
added to dry DCM (20 mL) in a dried flask. The solution was cooled to 0 ◦C and
trimethyloxonium tetrafluorborate (43.7 mg; 0.23 mmol) was added in portions
under a flow of nitrogen. After complete addition, the mixture was allowed to
warm up to rt and stirring was continued for an additional 20h. The solvent was
removed by rotary evaporation and the product used without further purification
or characterization, affording PTFC-Ph as a deep green solid (92 mg).

4.A.5. Characterization

NMR spectra were measured using a Varian VXR300 (300 MHz) or a Varian AMX400
(400 MHz) instrument at 25 ◦C. FT-IR spectra were recorded on a Nicolet Nexus
FT-IR fitted with a Thermo Scientific Smart iTR sampler. GPC measurements
were done on a Spectra Physics AS 1000 series machine equipped with a Viskotek
H-502 viscometer and a Shodex RI-71 refractive index detector. The columns
(PLGel 5m mixed-C) (Polymer Laboratories) were calibrated using narrow disperse
polystyrene standards (Polymer Laboratories). Samples were made in THF at a
concentration of 3.5 mg mL−1 and filtered through a Gelman GHP Acrodisc 0.45
µm membrane filter before injection. Thermal properties of the polymers were
determined on a TA instruments DSC Q20 and a TGA Q50. DSC measurements
were executed with two heating-cooling cycles with a scan rate of 10 ◦C min−1

and from each scan the second heating cycle was selected. TGA measurements
were done from 20 ◦C to 700 ◦C with a heating rate of 20 ◦C min−1. UV/Vis
measurements were carried out on a Jenway 6715 spectrometer, in 1 cm fused
quartz cuvettes with concentrations of 0.02-0.1 mg mL−1. Emission spectra were
acquired on a Horiba Jobin Yvon FluoroLog 3-22 spectrofluorometer in 1 cm fused
quartz cuvettes with concentrations of 0.2 µg mL−1.

4.A.6. In Situ Conductivity Measurements

In situ conductivity measurements were carried out with an Autolab PGSTAT100
potentiostat in a four-electrode configuration where the two (independent) work-
ing electrodes were connected to a platinum IME, purchased from ABTECH Sci-
entific, inc. (USA). The IME (1025.3-M-Pt-U) consisted of 25 pairs of 10 µm digits
width, 10 µm interdigit space, and 0.3 cm length. The counter electrode was a
platinum wire, and the pseudo-reference was an Ag/AgCl wire that was externally
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calibrated against ferrocene (Fc/Fc+). Cyclic voltammograms were recorded at 50
mV s−1 and conductivity traces were measured at 5 mV s−1 with a 40 mV offset
between the two working electrodes in a 0.1 M Bu4NPF6 propylene carbonate elec-
trolyte solution. Polymer films were drop-cast at a concentration of 2.5 mg/mL on
the IME and allowed to dry. An average film thickness of 200 nm was determined
by atomic force microscopy (AFM) on scratches of four different samples.

4.A.7. Device Fabrication and Characterization
A light emitting diode was fabricated on a glass substrate prepatterned with in-
dium tin oxide (ITO). The substrate was thoroughly cleaned by washing with
detergent solution and ultrasonication in acetone and isopropyl alcohol, and
subsequent UV-ozone treatment. A 10 nm thick film of MoO3 was thermally
evaporated on the substrate. PTFK was spin cast from CHCl3 (15 mg/ml) in N2

atmosphere. After drying of the polymer film at room temperature, the device
was finished by thermal evaporation of Ba(5 nm)/Al(100 nm). Single carrier de-
vices were fabricated on cleaned glass substrates following the same procedure as
described before. The polymer films were sandwiched between Cr(1 nm)/Au(20
nm) and Pd(20 nm)/Au(80 nm) to create hole-only devices; for the fabrication of
electron-only devices, Al(20 nm) and Ba(5 nm)/Al(100 nm) were selected as bot-
tom and top contact, respectively. The device used for impedance spectroscopy
was fabricated with the structure Al(20 nm)/PTFK/LiF(1 nm)/Al(100 nm). All
the metal layers have been deposited via thermal evaporation. Annealing of the
electron-only device has been done at 170 ◦C for 10 min before evaporating the
top contact. Electrical measurements of the J–V characteristics of the PTFK LED
and single carrier devices were performed using a computer-controlled Keith-
ley 2400 source meter in N2 atmosphere. Electroluminescence of the LED was
recorded simultaneously to J–V measurement using a Hamamatsu S1336 silicon
photodiode. The emission spectrum of the LED was measured with an Ocean
Optic USB2000 spectrometer. Impedance spectroscopy was conducted in the
range 10 Hz – 1 MHz using a Solartron 1260 impedance gain-phase analyzer with
an AC drive voltage of 10 mV. All the measurements were performed at room
temperature in a N2 atmosphere.
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4.B. Gel Permeation Chromatography

� �� �� �� �� �� �� �� �	 �
 ��
���

���

���

���

��


���

�

�

��
��

��
�
��

���
	��

��
�
���

�
��

����������	�
���
��
Figure 4.11. Normalized refractive index traces (double injection) from GPC showing the broad,
monodisperse molecular weight distribution of PTFK and using the Universal Calibration method
we found for M̄n ∼ 7,250 g mol−1, M̄w ∼ 38,800 g mol−1, M̄p ∼ 8,900 g mol−1, and Ð ∼ 5.4 at dn/dc

= 0.283 mg mL−1 in THF.

4.C. Impedance Spectroscopy
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Figure 4.12. Impedance spectrum of PTFK electron-only device. The symbols represent the experi-
mental data and the solid line is calculated using the equivalent circuit shown in the inset, with Rs
= 93 ohm, Rp = 17970 ohm and C = 3.6x10−10 F.
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5
Tuning the Optoelectronic

Properties of Conjugated Polyions

How quick are we to learn, that is, to imitate what others have done or thought

before. And how slow to understand, that is, to see the deeper connections. Slowest

of all, however, are we in inventing new connections or even applying old ideas in a

new field.

FR I TS ZE R N I K E

Hans E. Smit

The experiments described in this chapter were done in collaboration with the enlisted co-author.
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Abstract
Conjugated polymers are built-up from abundant resources and benefit from other
semiconducting materials in that their physical, optical, and electronic properties
can be tailored by modification of their chemical structures. The band gaps of con-
jugated polyions can be tuned traditionally, by modifying their polymer backbones
synthetically, and non-traditionally, by spinless doping with different functional
groups. The post-polymerization modification of the optoelectronic properties
is unique to conjugated polyions and allows for quick energy-level tailoring to
match with a wider range of acceptor molecules than traditional conjugated poly-
mers. Furthermore, conjugated polyions are low band gap materials with excellent
synthetic accessibility, which is beneficial for industrial scalability.
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5.1. Introduction
Intensive research on the structure-property relationship of conjugated polymers
has led to a good understanding of how their physical and optoelectronic prop-
erties can be influenced. In the early days of the development of conducting
polymers, the main focus was directed towards the development of organic met-
als (i.e., zero band gap organic materials). However, applications such as organic
light emitting diodes (OLEDs), field-effect transistors (FETs), and organic photo-
voltaics (OPV) require tailored (opto)electronic properties. Strategies to control
the band gap (Eg ) of conjugated polymers can be divided in two (interconnected)
main categories: (1) controlling the bond-length alternation and (2) incorporating
internal charge-transfer systems.[1]

The Eg of organic semiconductors is determined by the level of delocaliza-
tion along the conjugation. Effects like out-of-plane bending and high levels of
aromaticity can result in a decrease in delocalization and an increase in Eg . By
bridging conjugated moieties (e.g., fluorene), the out-of-plane bending can be
greatly decreased and the Eg lowered. Fused ring systems are used to destabilize
aromaticity and promote a more quinoid state (i.e., quinone like structure; the
π-electrons are “outside” the aromatic moiety), enhancing delocalization and de-
crease the Eg . The energy levels can be tuned further by placing electron-donating
or withdrawing functional groups, to increase the highest occupied molecular
orbital (HOMO) and decrease the lowest unoccupied molecular orbital (LUMO),
respectively.[1]

Further development eventually led to internal charge-transfer systems, and
has become one of the most popular strategies to tailor the Eg of conjugated
polymers. Conjugated alternating donor-acceptor (D-A) polymers combine an
electron-rich unit with an electron-deficient moiety and because of “push-pull” ef-
fects, delocalization is promoted. A typical example of a D-A polymer is poly(thie-
no[3,4-b]-thiophene-alt-benzodithiophene) (PTB7-Th), discussed in Chapter 1.
Structurally, PTB7-Th combines several aspects of band-gap engineering, includ-
ing the placement of a strongly electronegative fluorine atom, to enhance the
overall electron-accepting character of the thienothiophene (TT) unit. Further-
more, both parts of the D-A polymer utilize fused ring systems to enhance the
quinoid contribution and promote delocalization. Lastly, the orthogonal place-
ment of 2-ethylhexyl thiophene on the benzodithiophene (BDT) unit enhances
its electron-donating character. Combined, these band gap engineering strategies
make PTB7-Th a successful, low Eg material with high mobilities.[2]

Although energy levels and Eg can be tuned over a large range of values, band
gap engineering strategies can significantly compromise solubility and synthetic
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Scheme 5.1. Structures of the CPIs PFC-dMA, PFC-Ph, PFC-Me, PTFC-Ph, PTFC-EH, and PTFC-
Me as discussed in the main text.

accessibility of conjugated polymers. Furthermore, tuning the energy levels of the
monomer building blocks of a D-A polymer can even render them synthetically
inaccessible due to low polymerizability.

In Chapter 2 we used time-dependent density functional theory (TD-DFT)
to predict the energy levels of PFC, a permanent conjugated polyion (CPI). We
observed that the electron-rich dimethylaniline moieties impart more donor char-
acter than the cations impart acceptor character. Thus, CPIs offer an additional
opportunity for band gap engineering by using different moieties during spinless
doping. In this chapter, we systematically investigate the effect of extending the
conjugated backbone (i.e., traditional band gap engineering), combined with
installing different donor groups, via spinless doping, on the optoelectronic prop-
erties of CPIs. The different combinations of polymer backbones with donor
groups are shown in Scheme 5.1.

5.2. Synthesis and Characterization
In Chapter 2 we used Friedel-Crafts (F-C) chemistry to convert a cross-conjugated
aromatic polyketone (PFK) to a permanent CPI (PFC) via electrophilic substi-
tution on dimethylaniline, mediated with Lewis acids. Dimethylaniline is an
electron-rich moiety and stabilizes the carbocations in CPIs, resulting in a small
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Scheme 5.2. Schematic representation of spinless doping using Grignard chemistry.

optical Eg . To test the band gap engineering possibilities of spinless doping, we
decided to exchange dimethylaniline with less electron-donating moieties. Un-
fortunately, the accessibility of different functional groups with F-C chemistry
is limited. An alternative method to convert carbonyl groups to carbon-carbon
bonds, is by Grignard reagents. The nucleophilic addition of a Grignard reagent
across a carbonyl, results in the formation of a magnesium alkoxy anion complex
which, upon treatment with sodium methoxide, is transformed to a methyl ether.
We chose phenyl and methyl as alternative substituents to dimethylaniline be-
cause of their relative electron-donating strengths: dimethylaniline > methyl ≥
phenyl. Methyl is roughly equally electron-donating as phenyl, but only by means
of induction and lacks the contributions of stabilization by resonance of phenyl.
Thus, by means of stabilization by resonance or induction, we expect that the
relative Eg s of the resulting CPIs are: dimethylaniline < phenyl < methyl.

We performed spinless doping with Grignard reagents according to Scheme 5.2
and as described in Section 5.A. The Grignard reagents phenylmagnesium bro-
mide and methylmagnesium chloride are commercially available, however, we
had to prepare the Grignard reagent of dimethylaniline ourselves. The typical
way of preparing a Grignard reagent is to mix a halide compound with mag-
nesium turnings or via halogen exchange with iso-propylmagnesium chloride.
However, when we used 4-bromo-N,N-dimethylaniline to generate the Grignard
reagent using both methods, despite strong color changes during the Grignard
formation, the spinless doping consistently showed low conversions. Likely expla-
nations could be that either, yields of the Grignard formation are low, or that the
formed Grignard reagent is too un-reactive. We also attempted to form the lithium
reagent by reacting 4-bromo-N,N-dimethylaniline with n-butyllitium (n-BuLi).
Although test reactions on a small molecule test substrate (i.e., di(thiophen-2-
yl)methanone) seemed promising, conversions on cross-conjugated aromatic
polyketones remained low and, therefore, we were forced to abandon this route.
Unfortunately, this means that we cannot directly compare the results of CPIs
with dimethylaniline with those obtained using Grignard reagents.
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Figure 5.1. Stack plot of the PFC CPIs on top of PFK to demonstrate the conversion of the carbonyl
functional groups, highlighted by two dashed lines (i.e., carbonyl stretching at 1655 cm−1 and
bending at 1244 cm−1). In all cases, both carbonyl vibronic modes decrease significantly but
spinless doping using Grignard chemistry (PFC-Me and PFC-Ph) clearly reaches higher levels of
conversion than the F-C method (PFC-dMA).

We again followed the conversion by Fourier transform infrared (FT-IR) spec-
troscopy and the results for the PFC CPIs are shown in Fig. 5.1. For comparison,
we also included the IR spectrum of PFC-dMA (previously abbreviated as PFC).
In Chapter 2 we assigned the bands at 1654 cm−1 and 1725 cm−1 of PFK to car-
bonyl vibronic modes. However, these additional experiments, in parallel with
results of PTFC CPIs, now clearly show that the two carbonyl vibronic modes in
cross-conjugated aromatic polyketones are found at 1625–1654 cm−1 and 1245–
1274 cm−1, for the stretching and bending modes, respectively. We observe the
strongest decrease of these two bands for PFC-Me and PFC-Ph which suggest
higher degrees of conversion than PFC-dMA.

Similarly, Fig. 5.2 shows the IR spectra of the PTFC CPIs and we observe nearly
identical degrees of conversion of the carbonyl groups, indicated by the dashed
lines. The carbonyl vibronic modes of PTFK are at slightly different wavenum-
bers than PFK due to the differences in conjugation length. Interestingly, the
conversion of PTFK to PTFC-Me results in the formation of a completely in-
tractable solid, which could not be processed further, presumably caused by the
relative higher molecular weight of PTFK compared to PFK. Thus, we exchanged
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Figure 5.2. Stack plot of the PTFC CPIs on top of PTFK to demonstrate the conversion of the car-
bonyl functional groups, highlighted by two dashed lines (i.e., carbonyl stretching at 1625 cm−1

and bending at 1274 cm−1). All CPIs show near quantitative conversion as indicated by the dimin-
ished carbonyl peaks, however, PTFC-Me turned out to be insoluble and could not be processed
further. 2-ethylhexyl has similar electron donating properties as a methyl group, thus, to obtain a
processable material, PTFC-EH was synthesized.

the methyl group for 2-ethylhexyl (using commercial (2-ethylhexyl)magnesium
bromide) which should have comparable optoelectronic properties, while main-
taining good solubility. The fact that PTFC-Me is completely insoluble, suggests
too strong π-π stacking, which is reduced in PTFC-EH as a result from the chiral
centers of the pendant groups. It also suggest that the carbocations in CPIs are,
indeed, delocalized into the polymer backbone and do not preclude high degrees
of crystallinity. Qualitatively, the IR spectra of both PTFC-Me and PTFC-EH are
identical, except for the two sharp bands at 1465 cm−1 and 1434 cm−1 in PTFC-
Me, that correspond to C-H bending modes. These peaks are less defined and
broadened in the case of PTFC-EH because of the higher number of C-H groups
and different possible orientations in 2-ethylhexyl. Because of the higher syn-
thetic convenience and the consistently high conversion via spinless doping with
Grignard reagents, we did not synthesize PTFC-dMA using F-C chemistry.

For all materials we additionally acquired proton nuclear magnetic resonance
(1H-NMR) spectra but, similarly as described in previous chapters, a combina-
tion of partially trapped carbocations, aggregation in solution, and typical peak
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broadening, resulted in spectra that were difficult to interpret. Thus, we are again
limited by to FT-IR, however, considering the high sensitivity of IR towards func-
tional groups, we conclude that spinless doping with Grignard reagents proceed
in higher conversions than with F-C chemistry.

5.3. Tuning the Optical Band Gap of Conjugated Polyions

To test the effect of changing the donor group in CPIs on their optical Eg , we
compared the absorption spectra of the different CPIs. For ease of handling, we
quench the carbocations of CPIs as methyl ethers, that can later be easily removed
by treatment with acid. Previously, we observed a counter-ion dependence in
ultraviolet-visible (UV-vis) spectroscopy of PFC-dMA, when treated with HBF4
or H2SO4. We observed a minimum Eg when H2SO4 was used, due to the maxi-
mization of the effective conjugation length, as residual ketones were protonated
by the strong acid. The effect of the relative lower conversion of PFC-dMA com-
pared to PFC-Ph on the Eg is clear; despite the less electron-donating phenyl
groups, PFC-Ph has a smaller Eg than PFC-dMA. However, when we treat the
as-synthesized PFC-Me with HBF4 we do not observe a decrease in Eg compared
to PFK, suggesting that no carbocations are formed (Fig. 5.3a). Treatment of PFC-
Me with H2SO4 does result in the formation of carbocations, as can be clearly
seen by the large red shift, but the CPI cannot be isolated (Fig. 5.3b).
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Figure 5.3. Absorption spectra of PFC-dMA (dash-dot-dotted line), PFC-Me (dotted line), and PFC-
Ph (solid line) under acidic conditions with either BF4

− or HSO4
− as the counterion. (a) Because of

the lower conversion with dimethylaniline, PFC-dMA has a wider Eg than PFC-Ph despite the less
electron-donating phenyl. Treatment of PF(OMe)-Me with HBF4 does not result in the formation of
stable carbocations and PFC-Me cannot be isolated. (b) Likewise, treatment of the as-synthesized
PFC CPIs with H2SO4 results in the smallest Eg for PFC-Ph, followed by PFC-dMA and PFC-Me.
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Figure 5.4. Absorption spectra of PTFC-EH (dash-dotted line) and PTFC-Ph (solid line) under
acidic conditions with either BF4

− or HSO4
− as the counterion. (a) Treatment of the as synthesized

PTFC CPIs with HBF4 only results in the formation of stable carbocations in PTFC-Ph, and for
PTF(OMe)-EH only a small bump in the baseline is observed at ∼ 750 nm. (b) As expected, with
H2SO4 the smallest Eg is observed for PTFC-Ph, followed by PTFC-EH.

Fig. 5.4 shows the UV-vis spectra of the PTFC CPIs. Similarly as with the
methyl groups in PFC-Me, we observe that HBF4 is not acidic enough to generate
carbocations in the case of PTFC-EH; the small bump at ∼ 750 nm indicates
minor amounts of cations. In contrast, carbocations readily form with HBF4
for PTFC-Ph. Thus, although we are able to generate CPIs using methyl or 2-
ethylhexyl donor groups, and carbocations are easily delocalized in the backbone
of the polymer, we could not isolate them. The positive effect of the resonance
stabilization of the phenyl groups can be clearly observed as a consistently smaller
Eg compared to methyl or 2-ethylhexyl. Furthermore, after treatment with HBF4
stable CPIs are formed in the case of PFC-Ph and PTFC-Ph, and we are able to
isolate and process them further. Thus, the additional stabilization by resonance
of the donor group is required to be able to isolate stable CPIs.
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λmax (nm) λed g e (nm) E opt
g (eV)

PFC-Me 584 729 1.7
PFC-Ph 644 772 1.6
PFC-dMA 588 806 1.5
PTFC-EH 645 861 1.4
PTFC-Ph 721 881 1.4

Table 5.1. Experimental optical band gaps of CPIs based on PFC and PTFC with HSO4 as the
counter-ion.

The optical data collected for the PFC and PTFC CPIs are summarized in
Table 5.1. Together, these UV-vis experiments support our hypothesis that the
Eg of CPIs can be tuned post-polymerization with spinless doping; a property
that is unique to CPIs. Despite the lower conversion in PFC-dMA, we still observe
the expected trend of decreasing Eg with increasing electron-donating strength.
This is mainly due to the large absorption tail of PFC-dMA, resulting in a red
shifted absorption band-edge. The higher conversion in PFC-Ph results in a well-
defined band-edge with essentially no tail. We expect that if PFC-dMA could be
synthesized with identical levels of conversion, PFC-dMA and PTFC-dMA could
potentially have Eg s in the near-IR.

5.4. Conclusions
Spinless doping offers a platform to obtain small band gap materials from eas-
ily accessible and scalable cross-conjugated aromatic polyketones. The band
gap of CPIs can be traditionally tuned by modifying the cross-conjugated poly-
mer backbone, and can be additionally tuned post-polymerization by means of
spinless doping. By choosing the electronegativity of the donor group, the band
gaps of CPIs can be tuned over ∼ 300 meV and can be adjusted further, by mod-
ulating the number of free charges using different counter-ions. However, the
additional stabilization by resonance of the used donor group is required to be
able to isolate stable CPIs. Spinless doping with Grignard chemistry affords higher
degrees of conversion than with the Friedel-Crafts method and, as a result, a more
red shifted band edge is achieved with phenyl than with the more electron-rich
dimethylaniline donor group.

Installing methyl donor groups via spinless doping, results in too strong
backbone interactions resulting in an intractable solid. Although additional syn-
chrotron studies are required to elucidate the solid state properties of CPIs further,

114



5

Tu
n

in
g

th
e

O
p

to
el

ec
tr

o
n

ic
P

ro
p

er
ti

es
o

fC
o

n
ju

ga
te

d
P

o
ly

io
n

s

we expect that with properly chosen donor and pendant groups, CPIs can be
excellent π-stackers. Furthermore, we anticipate that high quality films can be
cast from water or alcohol with CPIs bearing ionic pendant groups, which allows
us to investigate the semiconducting properties of CPIs further, in the solid state.

5.A. Experimental

5.A.1. Materials and Methods

All reagents and solvents were purchased from commercial sources and used
without further purification unless otherwise indicated. All reactions were carried
out under a small flow of N2. The cross-conjugated aromatic polyketones PFK
and PTFK were synthesized according to Chapters 2 and 4.

5.A.2. General Procedure for Spinless Doping

A cross-conjugated aromatic polyketone (1.0 eq. per repeat unit) was added to dry
THF in a dried flask and allowed to dissolve, followed by the dropwise addition
of Grignard reagent (3.5 eq.). After complete addition, the reaction mixture was
refluxed for 20h under strong stirring. Cooled down to rt, the now deeply colored
suspension was quenched by adding 1M CH3ONa in CH3OH, resulting in a clear
yellow/orange solution. All solvents were removed by rotary evaporation before
extracting three times with CH2Cl2; the combined organic layers were neutralized
with 0.1M HCl and brine. The solvent was removed by rotary evaporation and
redissolved in a minimal amount of hot THF, filtered, and precipitated in stirring
n-hexane (10 fold excess). The precipitate was filtered over a Soxhlet thimble and
extracted with n-hexane over night. The polymer was collected by extraction with
CHCl3, removing the solvent, and drying in vacuo, affording the methyl ether CPI
as an off-white to yellow solid.

PF(OMe)-Me. 1H-NMR (400 MHz, CDCl3) δ 7.79–7.15 (m, 10H), 2.22 (s, 1H),
1.94 (d, J = 22.9 Hz, 10H), 1.04 (d, J = 29.6 Hz, 12H), 0.71 (dd, J = 38.3, 31.5 Hz, 10H).
FT-IR (ATR) 3432, 2925, 2854, 1464, 1219, 1088, 1015, 916, 822, 741 cm−1.

PF(OMe)-Ph. 1H-NMR (400 MHz, CDCl3) δ 7.63–7.49 (m, 2H), 7.37–7.00 (m,
18H), 2.94–2.76 (m, 1H), 2.00–1.68 (m, 4H), 1.15–0.85 (m, 12H), 0.68 (dd, J = 40.1,
34.8 Hz, 10H). FT-IR (ATR) 3558, 3448, 3053, 2925, 2854, 1455, 1300, 1140, 1009,
886, 822, 755, 699 cm−1.

PTF(OMe)-Me FT-IR (ATR) 3064, 2926, 2853, 1724, 1631, 1605, 1572, 1505,
1456, 1434, 1275, 1251, 1206, 1170, 1126, 1034, 941, 884, 850, 802, 748, 659 cm−1.

PTF(OMe)-EH 1H-NMR (400 MHz, CDCl3) δ 8.01, 7.92, 7.63, 7.60, 7.58, 7.53,
7.49, 7.37, 7.20, 7.11, 6.90, 6.08, 2.30, 1.98, 1.51, 1.25, 1.08, 1.03, 0.86, 0.74, 0.65.
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FT-IR (ATR) 3418, 3066, 2925, 2854, 1699, 1606, 1507, 1454, 1416, 1376, 1275, 1204,
1134, 1046, 1005, 882, 798, 751, 626, 584 cm−1.

PTF(OMe)-Ph. 1H-NMR (400 MHz, CDCl3) δ 7.60, 7.58, 7.54, 7.49, 7.47, 7.45,
7.43, 7.40, 7.38, 7.36, 7.34, 7.30, 7.28, 7.24, 7.21, 7.10, 6.95, 6.71, 3.75, 3.73, 3.71,
3.70, 3.31, 3.00, 1.97, 1.28, 1.26, 1.25, 1.23, 1.07, 1.05, 1.01, 0.73, 0.71, 0.62. FT-IR
(ATR) 3428, 3061, 3024, 2955, 2925, 2853, 1704, 1601, 1446, 1404, 1375, 1319, 1287,
1204, 1133, 1004, 882, 799, 752, 698, 650, 585, 545 cm−1.

5.A.3. Characterization
NMR spectra were measured using a Varian AMX400 (400 MHz) instrument at
25 ◦C. FT-IR spectra were recorded on a Nicolet Nexus FT-IR fitted with a Thermo
Scientific Smart iTR sampler. UV/Vis measurements were carried out on a Jenway
6715 spectrometer, in 1 cm fused quartz cuvettes with concentrations of 0.02-0.1
mg mL−1.
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6
Outlook

Chemistry has been termed by the physicist as the messy part of physics,

but that is no reason why the physicists should be permitted to make a mess of

chemistry when they invade it.

FR E D E R I C K SO D DY
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6.1. Introduction

The synthesis of conjugated polymers for which water is a good solvent is a tough
chemistry challenge. In this thesis, I developed the synthetic methods that en-
able the stabilization of carbocations inside the conjugated main polymer chain.
With spinless doping, a ketone is converted to a carbocation, which renders the
backbone intrinsically water-soluble. I investigated the physical, optical, and
electronic properties of conjugated polyions (CPIs), largely employing aliphatic
solubilizing groups, to allow for easy characterization by spectroscopy in organic
solvents. These materials were proofs-of-concept, to elucidate the effects of in-
corporating stable carbocations on the semiconducting properties of conjugated
polymers. Furthermore, I showed that the band gap (Eg ) of CPIs can be tuned
traditionally, but also post-polymerization, by changing the electron-donating
strength of the groups installed through spinless doping. However, to obtain high
quality films when casting from water, the solubility of the pendant groups needs
to be matched with the solubility of the polymer backbone.

The physical properties of polymers typically scale with their molecular weight
(until a certain threshold). Likewise, the effects of incorporating carbocations
on the physical properties of CPIs are also greatly affected by the degree of poly-
merization. The first iteration of CPIs presented in this thesis were of relative
low molecular weight and could be easily isolated, including the CPIs with un-
matched solubilizing groups. However, when I synthesized CPIs using a high

Figure 6.1. Picture of the gel formed after treatment of a few milligrams of PTF(OMe)-Ph in CH2Cl2
with aqueous HBF4.
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molecular weight cross-conjugated aromatic polyketone with near quantitative
conversions, gels readily formed, as can be seen in Fig. 6.1. With unmatched
solubilizing groups, CPIs are inverted conjugated polyelectrolytes (CPEs) and
deleterious effects, such as aggregation in solution and the tendency to form gels,
dramatically scale with molecular weight. Thus, the formation of gels from CPIs
with aliphatic solubilizing groups further proofs our hypothesis; homogeneous
films can only be cast from water when both the backbone and pendant groups
are water-soluble.

We eventually want to construct an organic photovoltaic device (OPV) com-
pletely from water or alcohol, using CPIs in the active layer. In this last chapter
I present preliminary results towards high molecular weight water-soluble CPIs,
that incorporate the techniques and methods that were developed throughout
this thesis, and finalize with future recommendations.

6.2. High molecular Weight Water-Soluble Conjugated Poly-
ions

To prevent aggregation in solution and allow for the casting of high quality films, I
proceeded to synthesize CPIs based on PTFK with water-soluble pendant groups.
Our choice of sulfonate pendant groups was based on balancing the carboca-
tions with anionic charges in the pendant groups, to create a zwitterionic poly-
mer. A disadvantage of this strategy is that, unlike with cationic quaternized
ammonium pendant groups where charges are installed by post-polymerization
treatment[1], anionic sulfonate pendant groups are typically incorporated into
the monomer. Besides complicating the synthesis of water-soluble conjugated
polymers, it precludes characterization by conventional gel permeation chro-
matography (GPC). Ethylene oxides are popular (non-ionic) polar pendant groups,
offering good solubility in most organic solvents, including polar solvents such
as ethyl acetate, alcohols, and water.[2] Furthermore, ethylene oxide pendant
groups have been demonstrated to increase the dielectric constant of organic
semiconductors.[3, 4] Thus, to investigate the water-solubility of CPIs with ethy-
lene oxide pendant groups, and to elucidate the combined effect of closed shell
cations and ethylene oxide pendant groups on the dielectric constant, I synthe-
sized the cross-conjugated aromatic polyketone, PTFEK, according to Scheme 6.1
and as described in Section 6.A.

Although I could successfully synthesize monomer 6.1 in moderate yield, the
purification of the monomer 6.2 proved problematic, and I was unable to remove
partly coupled byproducts completely. To test the polymerizability of monomer
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6.2

Ph(COCl)2, 
10 eq. AlCl3, 
10 wt% LiCl

ODCB, 0°C to 
70°C

H3CH2C(OH2CH2C)3 (CH2CH2O)3CH2CH3

S

S

H3CH2C(OH2CH2C)3 (CH2CH2O)3CH2CH3

S

S

O

O

n
PTFEK

BrBr
NaOH (aq.), 

Bu4NBr, 
DMSO, 40°C

BrBr
(1-5 mol%) 
Pd(dppf)Cl2, 

THF

S MgBr
3 eq.

6.1

TsO (CH2CH2O)3CH2CH3

(CH2CH2O)3CH2CH3H3CH2C(OH2CH2C)32.5 eq.

Scheme 6.1. Synthetic route towards PTFEK.

6.2, I decided to continue the polymerization by compensating the stoichiometry
for impurities. After continuous Soxhlet extraction of the crude product with a
range of non-polar and polar solvents, a large fraction of unreacted monomer 6.2
was recovered. Characterization by proton nuclear magnetic resonance (1H-NMR)
of oligomeric PTFEK material, revealed a successful acylation reaction, however,
the recovered starting material clearly indicates poor conversion and low degrees
of polymerization. PTFEK had good solubility in polar organic solvents but was
not soluble in water. Despite the apparent low molecular weight (not charac-
terized), I decided to continue with spinless doping, using phenylmagnesium
bromide in THF. After treatment of the as-synthesized methyl ether PTFE(OMe)-
Ph with aqueous HBF4, a deep blue solution formed that, unfortunately, quickly
began to aggregate and precipitate. These results indicate insufficient water-
solubility of CPIs bearing ethylene oxide pendant groups, however, I cannot rule
out complexation of the ethylene oxide groups with metal salts (similar to crown
ethers), resulting in poor solubility.

Ethylene oxide pendant groups do not seem to interfere with the Friedel-Crafts
(F-C) polymerization, however, a larger excess of Lewis acids is required for the
polymerization to remain active. To increase the degree of polymerization of
PTFEK, the monomer needs to be purified further to improve the stoichiome-
try. Additionally, to exclude metal complexation, the monomer 6.2, PTFEK, and
PTFEC-Ph need to be treated with ethylenediaminetetraacetic acid (EDTA), or
other metal scavengers, to remove any complexed salts and to test the water-
solubility of CPIs with ethylene oxide pendant groups further. If water-soluble
CPIs can indeed be successfully synthesized with ethylene oxide solubilizing
groups, impedance spectroscopy should elucidate the combined effect of closed
shell cations and polar pendant groups on the dielectric constant.

Because of the synthetic difficulties encountered with ethylene oxide pen-
dant groups, I revisited the sulfonate solubilizing groups. I synthesized the
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6.4

Ph(COCl)2, 
10 eq. AlCl3, 
10 wt% LiCl

ODCB, 0°C to 
70°C

Bu4NO3S(H2C)4 (CH2)4SO3NBu4

S

S

Bu4NO3S(H2C)4 (CH2)4SO3NBu4

S

S

O

O

n
PTFSK

BrBr
(1 mol%) 

Pd(dppf)Cl2, 
THF

S MgBr
3 eq.

6.3
S

S

nBuLi 2.1 eq.

2) O

S
O

O
-78 °C to rt

THF
Bu4NCl (2 eq.)

2.5 eq.

1)

3)

Scheme 6.2. Synthetic route towards PTFSK.

ketone-containing polymer with sulfonate pendant groups PTFSK according
to Scheme 6.2 and as described in Section 6.A. Similar to the ethylene oxide
monomer 6.2, I encountered difficulties obtaining 6.4 in high yields. The starting
material 6.3 is sparingly soluble in THF but, during lithiation, a homogeneous
deeply purple reaction mixture is obtained. On a small scale test synthesis I found
that the product contained roughly 10% mono substituted material that could be
removed by column chromatography. However, when I scaled-up the reaction,
the ratio of mono-substituted product increased. I was able to remove most impu-
rities by column chromatography and after extraction with Bu4NCl and CH2Cl2,
analytically pure 6.4 was obtained, but in low yield. Following the general poly-
merization method, I ran a test polymerization to synthesize PTFSK. I again used
titration to induce precipitation of the polymer to afford a yellow/orange solid.
Characterization by Fourier-transform infrared (FT-IR) spectroscopy revealed the
presence of the product, but was too insoluble in deuterated solvents to acquire a
1H-NMR spectrum.

Previously, I was able to synthesize the CPI PFSC in an one-pot, directly after
the polymerization of PFSK. However, because of the relatively low conversions of
spinless doping using F-C chemistry, and the general incompatibility of Grignard
reagents with chlorinated solvents, I am forced to use a different route. Prelimi-
nary results indicate that PTFSK can be successfully extracted with excess Bu4NCl
and CHCl3. By using in total forty equivalents of Bu4NCl, I was able to extract
nearly all material (the water layer became colorless) to the organic phase. The
excess of Bu4NCl can then be removed by redissolving the material in water, fol-
lowed by dialysis for 5 days. Unfortunately, the amount of recovered product
was greatly reduced, indicating that the initial product comprised mostly salts;
for each gram of polymer synthesized using F-C chemistry, roughly one gram
of Al(OH)3 is formed. In the case of aliphatic pendant groups, these salts are
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easily removed during extraction, however, for ionic pendant groups this clearly
is not trivial. Al(OH)3 is a known flocculant and is used industrially to purify
water. Although I did not detect significant amounts of Al(OH)3 in PFSK or PFSC
spectroscopically, it appears to be more difficult to remove in the case of PTFSK. I
expected that dialysis of PTFSK with Bu4NCl would generate it soluble in organic
solvents but, unfortunately, I found that it requires a mixture of water with THF to
redissolve, rendering Grignard chemistry impossible.

Therefore, I recommend extracting the crude polymer immediately after
quenching, with a slight excess of Bu4NCl (3-4 equivalents) into organics, and
performing spinless doping with phenylmagnesium bromide. Although this ap-
proach precludes characterization of the intermediate polyketone, it prevents the
formation of insoluble salts and Al(OH)3 complexes, that require strong bases to
redissolve. Arylsulfonic acid salts can be cross-coupled with Grignard reagents
with the presence of nickel or cobalt catalysts.[5] However, to the best of my knowl-
edge, the tolerance of sulfonate solubilizing groups towards Grignard reagents,
without catalysts has not been tested. Thus, PTFSK needs to be resynthesized,
extracted into organics, and spinless doping with Grignard reagents tested.

6.3. Conjugated Polyions With Carboxylic Acid Solubilizing
Groups

The biggest challenge of developing CPIs that are completely water-processable
is the synthesis. Performing organic chemistry in water is extremely challeng-
ing. Thus, I use organic chemistry tools to create ionic water-soluble materials,
which often prevents simple purification techniques, such as extraction to re-
move salts that form during the synthesis. The methods that I developed in this
thesis to synthesize water-soluble cross-conjugated aromatic polyketones, are
highly dependent on exchanging the counterion of the sulfonate monomers with
tetrabutylammonium, to become soluble in organic solvents. These “tricks” work
sufficiently for the development of a proof-of-concept CPI, but it adds complexity
and difficult work-ups.

An alternative anionic pendant group could be carboxylic acids, which can
be easily converted to carboxylate ions by deprotonation. However, in order to
withstand Grignard conditions, the carboxylic acid groups need to be protected.
Oxazolines are carboxylic acid protecting groups that can withstand the harsh
Grignard conditions and can be easily removed by treatment with aqueous acid.[6]
McCullough et al. showed that the oxazoline protecting group can be successfully
used to synthesize polythiophene with carboxylic acid solubilizing groups.[7, 8]
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Scheme 6.3. Proposed retro-synthetic route towards PTFAC-Ph.

Thus, I propose to use oxazoline protecting groups to polymerize CPIs, completely
uncharged, and unmask both the carbocations and the carboxylic acid groups in
the last step, following the route depicted in Scheme 6.3.

First, the oxazoline pendant group needs to be synthesized, which can be
achieved using commercially available 2,4,4-trimethyloxazoline, following a lit-
erature procedure.[8] The monomer can then be obtained in two steps, using
standard fluorene alkylating methodologies with base, followed by a Grignard
addition with 2-thienylmagnesium bromide (or alternatively by Suzuki or Stille). I
expect good solubility of the monomer in common organic solvents, including
ortho-dichlorobenzene (ODCB). The F-C polymerization conditions are quite
acidic and could possibly affect the oxazoline protecting group. However, be-
cause the F-C reactions are performed under strict anhydrous conditions, I expect
that hydrolysis cannot take place, although tests are required first. If a cross-
conjugated aromatic polyketone can be successfully synthesized and isolated
with the oxazoline protected pendant groups intact, then spinless doping with
Grignard reagents and quenching over 1N NaOMe in CH3OH, should afford a
uncharged polymer. Subsequent treatment with acid and a non-nucleophilic
base will then afford PTFAC-Ph. The order of deprotection could affect aggrega-

125



6

tion, thus, a procedure must be developed. Treatment of the uncharged CPI with
trimethyloxonium tetrafluorborate and subsequent deprotection of the carboxylic
acid groups in aqueous acid at elevated temperatures, could be a viable procedure.
Any excess salts could be removed by dialysis, however, dialysis is difficult to scale.
The carboxylic acid pendant groups can perhaps also be deprotonated in situ
after unmasking the methyl ether groups by removing the counter-ions of the
carbocations. Alternatively, deprotection by acid followed by treatment with a
non-nucleophilic base should also afford the zwitterionic CPI.

I expect that via this route, the difficulties of working with sulfonate pendant
groups are circumvented, and higher quality CPIs can be made. Furthermore,
spectroscopy in organic solvents remains possible until the last deprotection step,
and the molecular weight of the resulting CPIs can be easily acquired with GPC.
Lastly, I expect that with a high molecular weight, and high quality CPI in hand,
homogeneous and smooth films can be easily cast from water or alcohol, the
dielectric constants can be determined, and proof-of-concept solid state devices
can be constructed.

6.4. Recommendations

Synthesis of Uncharged CPIs – The CPIs presented in this thesis are a new class
of semiconducting materials that have intrinsically water-soluble backbones.
The film-forming properties of CPIs bearing ionic pendant groups are promis-
ing and warrant further development of high performing CPIs via band gap
engineering. The difficulties of developing new CPIs lie in the synthesis of an
ionic backbone with ionic pendant groups. The proposed oxazoline protect-
ing group could offer easier access of anionic pendant groups and allows for
the synthesis of completely uncharged CPIs. The solubility of the uncharged
CPIs in organic solvents makes characterization of the molecular weights by
GPC and spectroscopy easier. Subsequent unmasking of the oxazoline and
methyl ether groups, affords zwitterionic CPIs that can be cast from alcohol or
water.

Synthesis of CPIs From Water – For a more green synthesis, CPIs can also be poly-
merized in water. This requires the development of new synthetic method-
ologies that tolerate aqueous conditions. By synthesizing a water-soluble
CPI macromonomer, the polymerization could potentially be performed in
water, using Suzuki chemistry. This strategy would involve the synthesis of
a ketone-containing monomer with anionic pendant groups–possibly pro-
tected carboxylic acid groups–and converting the ketone to a trivalent car-
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bocation, followed by polymerization of the unmasked water-soluble CPI
macromonomer.

6.A. Experimental

6.A.1. Materials and Methods

All reagents and solvents were purchased from commercial sources and used
without further purification unless otherwise indicated. All reactions were carried
out under a small flow of N2. 2-(2-(2-ethoxyethoxy) ethoxy)ethyl p-tosylate was
synthesized following a literature procedure.[9] Dialysis was performed using
Thermo Scientific SnakeSkin Dialysis tubing with 3.5K MWCO, 35 mm.

6.A.2. General Polymerization Method

AlCl3 (10 eq.) and LiCl (10 wt% of AlCl3) were carefully heated at 250 ◦C in vacuo
in a dried flask, before adding freshly distilled 1,2−dichlorobenzene (0.5 M). To a
second dried flask was added the monomer (1.00 eq.) and freshly recrystallized
terephthaloyl chloride (1.00 eq.), to freshly distilled 1,2−dichlorobenzene (0.05 M).
The Lewis acid solution was cooled to 0 ◦C, the monomers solution transferred to
a dropping funnel, and slowly added under vigorous stirring, resulting in a deeply
colored slurry. The reaction mixture was then heated at 70 ◦C for 20h under a flow
of nitrogen (with an outflow through an alkaline scrubber). The polymer was then
purified following the procedures as specified.

6.A.3. Monomers

2,7-Dibromo-9,9-bis(2-(2-(2-ethoxyethoxy)ethoxy)ethyl)-9H-fluorene (6.1).
[10] 2,7-dibromofluorene (4.21 mmol; 1.364 g) and tetrabutylammonium bromide
(0.42 mmol; 136 mg) were added to DMSO (40 mL), followed by the addition
50 wt% NaOH aqueous solution (2 mL) under strong stirring. Next, 2-(2-(2-
ethoxyethoxy) ethoxy)ethyl p-tosylate (10.53 mmol; 3.5 g) was added and the
reaction mixture was heated to 40 ◦C for 12h. Cooled down to rt, the reaction
mixture was poured over NH4Cl/ice (200 mL) before extracting three times with
diethyl ether (3x 100 mL); the combined organic layers were washed with brine
(100 mL), and dried over Na2SO4. The crude product was purified by column
chromatography on silica gel with hexane:ethyl acetate (3:1) and subsequent neat
ethyl acetate as the eluent to afford 6.1 as an orange oil (1.08 g, 40%). 1H-NMR
(400 MHz, CDCl3) δ 7.53 (d, J = 1.5 Hz, 2H), 7.50 (d, J = 8.0 Hz, 2H), 7.46 (dd, J = 8.1,
1.7 Hz, 2H), 3.54–3.51 (m, 8H), 3.49 (q, J = 7.0 Hz, 4H), 3.39 (dd, J = 5.6, 4.1 Hz, 4H),
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3.20 (dd, J = 5.6, 4.1 Hz, 4H), 2.76 (t, J = 7.4 Hz, 4H), 2.33 (t, J = 7.4 Hz, 4H), 1.18 (t, J
= 7.0 Hz, 6H).

2,2’-(9,9-Bis(2-(2-(2-ethoxyethoxy)ethoxy)ethyl)-9H-fluorene-2,7-diyl)di-
thiophene (6.2). To a dried flask containing magnesium turnings (113 mg; 4.655
mmol) and dry THF (10 mL) was added 2-bromothiophene (0.759 g; 4.655 mmol)
dropwise. After complete addition, the mixture was refluxed for an additional
1h. In a second dried flask, 6.1 (1.00 g; 1.552 mmol) was dissolved in dry THF (10
mL) and the solution purged with bubbling nitrogen for 1 hour. Next Pd(dppf)Cl2
(15 mg) was added and the solution purged for an additional 15 min. The clear
gray/brown Grignard reagent was then transferred via cannula to a dropping
funnel and slowly added to the degassed solution containing 6.1. After complete
addition, the reaction mixture was refluxed for 20h. Cooled down to rt, the mixture
was quenched by pouring it over 1N HCl/ice (30 mL) before extracting twice with
CH2Cl2 (2x 20 mL); the combined organic layers were washed with brine (60
mL), dried over Na2SO4 and the solvents removed by rotary evaporation. The
crude product was purified by column chromatography on silica gel with ethyl
acetate:hexane (1:1) and subsequent neat ethyl acetate as the eluent to afford 6.2
as a yellow oil (362 mg, 36%). 1H-NMR (400 MHz, CDCl3) δ 7.69–7.64 (m, 4H),
7.62 (dd, J = 7.8, 1.6 Hz, 2H), 7.39 (dd, J = 3.6, 1.1 Hz, 2H), 7.30 (dd, J = 5.1, 1.1 Hz,
2H), 7.11 (dd, J = 5.1, 3.6 Hz, 2H), 3.53–3.42 (m, 12H), 3.41–3.37 (m, 4H), 3.24–3.19
(m, 4H), 2.87–2.78 (m, 4H), 2.50–2.41 (m, 4H), 1.19–1.12 (m, 6H).

2,7-Di(thiophen-2-yl)-9H-fluorene (6.3). To a dried flask containing magne-
sium turnings (1.238 g; 50.92 mmol) and dry THF (25 mL) was added 2-bromothi-
ophene (4.5 mL; 46.29 mmol) dropwise. After complete addition the mixture was
refluxed for an additional 1h. In a second dried flask, 2,7-dibromofluorene (15.43
mmol; 5.0 g) was dissolved in dry THF (25 mL) and the solution purged with bub-
bling nitrogen for 1 hour. Next, Pd(dppf)Cl2 (113 mg) was added and the solution
purged for an additional 30 min. The clear gray/brown Grignard reagent was then
transferred via cannula to a dropping funnel and slowly added to the degassed
solution containing 2,7-dibromofluorene. After complete addition, the reaction
mixture was refluxed for 20h. Cooled down to rt, the mixture was quenched by
pouring it over 1N HCl/ice (200 mL). The crude product was collected by filtration
and washed with ethanol (2x 100 mL), hexane (100 mL), and acetone (100 mL).
The product was purified further by recrystallization from from CH3Cl (∼ 1 L) to
afford 6.3 as pale yellow needles (4.7 g, 92%). 1H-NMR (400 MHz, CDCl3) δ 7.80
(s, 2H), 7.77 (d, J = 8.0 Hz, 2H), 7.66 (d, J = 8.0 Hz, 2H), 7.37 (dd, J = 3.6, 1.0 Hz, 2H),
7.29 (dd, J = 5.1, 1.0 Hz, 2H), 7.11 (dd, J = 5.1, 3.6 Hz, 2H), 3.98 (s, 2H). 13C-NMR
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(101 MHz, CDCl3) δ 144.13, 143.14, 133.03, 128.63, 128.05, 124.93, 124.59, 122.90,
122.51, 120.22, 36.90.

4,4’-(2,7-Di(thiophen-2-yl)-9H-fluorene-9,9-diyl)bis(butane-1-sulfonate)
dilithium. 6.3 (2.0 g; 6.052 mmol) was added to THF (75 mL) and the solution
cooled to −78 ◦C with stirring, followed by the slow addition of n-BuLi in hexane
(5.45 mL; 2.5 M), rendering the solution deep purple. After stirring for 30 min,
1,4-butanesultone (3.0 mL; 30.3 mmol) was added dropwise and the solution was
allowed to warm up to rt under vigorous stirring for 24h, resulting in the formation
of a green precipitate. The reaction mixture was quenched by slowly adding
CH3OH and the solvents were then removed by rotary evaporation, affording
the crude product as a green solid. The product was then dissolved in CH3OH
(20 mL), any insolubles removed by filtration, and precipitated in a large excess
of stirred diethyl ether (500 mL) and the precipitate collected by centrifugation
at 4000 RPM for 20 min and dried in vacuo. The product was purified further
by column chromatography on silica gel with ethyl acetate:CH3OH (2:1) as the
eluent affording 4,4’-(2,7-di(thiophen-2-yl)-9H-fluorene-9,9-diyl)bis(butane-1-
sulfonate) dilithium as a pale green powder (570 mg; 15%). 1H-NMR (400 MHz,
CD3OD) δ 7.73 (d, J = 7.9 Hz, 2H), 7.68 (s, 2H), 7.62 (d, J = 7.9 Hz, 2H), 7.45 (d, J =
3.2 Hz, 2H), 7.36 (d, J = 5.0 Hz, 2H), 7.15–7.06 (m, 2H), 2.64–2.46 (m, 4H), 2.23–2.07
(m, 4H), 1.70–1.54 (m, 4H), 0.82–0.66 (m, 4H).

4,4’-(2,7-Di(thiophen-2-yl)-9H-fluorene-9,9-diyl)bis(butane-1-sulfonate)
tetrabutylammonium salt (6.4). 4,4’-(2,7-Di(thiophen-2-yl)-9H-fluorene-9,9-
diyl)bis(butane-1-sulfonate) dilithium (570 mg; 0.895 mmol), Bu4NCl (497.4 mg;
1.79 mmol), and DI H2O (25 mL) were added to CH2Cl2 (25 mL) before extracting
three times with fresh CH2Cl2 (3x 25 mL). The combined organic layers were
concentrated by rotary evaporation and stored in vacuo until further use to afford
6.4 as a pale yellow hygroscopic tacky solid. 1H-NMR (400 MHz, CDCl3) δ 7.61 (d,
J = 7.9 Hz, 2H), 7.54 (dd, J = 7.9, 1.5 Hz, 2H), 7.47 (s, 2H), 7.35–7.30 (m, 2H), 7.24 (d,
J = 5.1 Hz, 2H), 7.06 (dd, J = 5.0, 3.6 Hz, 2H), 3.27–3.11 (m, 20H), 2.53–2.44 (m, 8H),
2.04–1.95 (m, 4H), 1.67–1.49 (m, 25H), 1.40–1.28 (m, 20H), 0.91 (t, J = 7.3 Hz, 30H),
0.67 (s, 4H).

6.A.4. Polymers

Poly((9,9-bis(2-(2-(2-ethoxyethoxy)ethoxy)ethyl)-9H-fluorene-2,7-diyl)bis
(thiophene-5,2-diyl)-alt-((1,4-phenylene)dimethanone)) (PTFEK). The general
polymerization procedure was followed. Cooled down to rt, the reaction mixture
was quenched by pouring it over stirring 1N HCl/ice (200 mL) before extracting
four times with CH3Cl (4x 50 mL); the combined organic layers were washed with
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DI H2O (100 mL), brine (100 mL), and the solvents were removed by rotary evapo-
ration. The crude polymer was redissolved in hot THF (20 mL) and precipitated
into ice-cold hexane (200 mL) and the precipitate filtered over a Soxhlet thimble.
The polymer was purified further via continuous Soxhlet extraction with hexane,
CH3OH, acetone, and CHCl3. Both the CH3OH and acetone fraction contained
oligomeric material (82 mg; 20%, and 62 mg; 15%, respectively) affording PTFEK
as a tacky yellow solid. 1H-NMR (400 MHz, CD2Cl2) δ 8.04 (s, 2H), 7.86–7.56 (m,
8H), 7.53–7.45 (m, 1H), 7.40 (d, J = 3.1 Hz, 1H), 7.31 (d, J = 4.9 Hz, 1H), 7.14–7.08
(m, 1H), 3.53–3.45 (m, 8H), 3.46–3.41 (m, 6H), 3.40–3.34 (m, 4H), 3.26–3.17 (m,
4H), 2.93–2.78 (m, 4H), 2.53–2.42 (m, 4H), 1.14 (t, J = 7.0 Hz, 6H).

Poly(4,4’-(2,7-bis(5-thiophen-2-yl)-9H-fluorene-9,9-diyl)bis(butane-1-sul-
fonate)-alt-(1,4-phenylene)dimethanone tetrabutylammonium salt) (PTFSK).
The general polymerization procedure was followed. Cooled down to rt the sol-
vent was removed by rotary evaporation. The crude product was dissolved in hot
CH3OH (30 mL), any insoluble material removed by filtration, and precipitated
into acetone (500 mL). The precipitate was collected by centrifugation at 4000
RPM for 20 min, decanting the supernatant. The polymer was re-dissolved in
alkaline H2O and any insoluble solids removed by vacuum filtration. HCl was
slowly added until pH 8, after which the precipitate was collected by centrifuga-
tion at 4000 RPM for 20 min and dried in vacuo. The product was redissolved in
alkaline H2O and purified further by dialysis for 24h, replacing the water every
12h. Salts that formed inside the dialysis bag were removed by centrifugation at
4000 RPM for 20 min To the now clear yellow solution was added 40 equivalent
of Bu4NBr and extracted three times with CHCl3 (3x 100 mL). The organic layers
were combined and the solvent removed by rotary evaporation. The solid was
redissolved in DI H2O and subjected to dialysis for five days, replacing the water
every 12h. The solvent was removed by rotary evaporation affording PFSK as an
orange solid (20 mg; 3%). FT-IR (ATR) 3356, 2923, 2854, 1716, 1601, 1553, 1499,
1486, 1432, 1415, 1346, 1285, 1162, 1043, 913, 877, 809, 733, 720, 695 cm−1.

6.A.5. Characterization
NMR spectra were measured using a Varian AMX400 (400 MHz) instrument at
25 ◦C. FT-IR spectra were recorded on a Nicolet Nexus FT-IR fitted with a Thermo
Scientific Smart iTR sampler.
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Summary

Conjugated polyions
PO LY M E R S W I T H I O N I C , WAT E R-S O LU B L E B AC K B O N E S

Organic photovoltaics (OPV) is an emerging solar power technology in which
the active layer consists of molecules that are built-up mostly from carbon and
hydrogen. Motivations to use organic semiconductors include solution processi-
bility and relative ease of tuning the optoelectronic properties by chemical design.
OPV can also be extremely thin, flexible, and can potentially be mass-produced in
a roll-to-roll (R2R) manner. However, OPV technologies still face major scientific
challenges: high performance materials with good synthetic accessibility must be
developed, processing solvents must be benign and renewable, and processing
conditions must be relatable with large-scale printing.

This thesis presents the development of a new class of semiconducting poly-
mers, conjugated polyions (CPIs), that have small band gaps, are intrinsically
water-soluble, and build on scalable chemistry. CPIs are robust, semi-conducting
polymers bearing closed-shell cationic charges in the conjugated main chain, ei-
ther transiently or permanently. We synthesize cross-conjugated aromatic polyke-
tones using Friedel-Crafts chemistry and convert them to linearly-conjugated,
cationic polyarylmethines via a process we call “spinless doping”. Spinless doping
lowers the optical band gap from 3.3 to 1.6 eV, while retaining the intrinsic semi-
conductor properties of the polymer. Although we were unable to observe this
phenomenon optically, density functional theory (DFT) calculations show that,
indeed, CPIs behave as normal conjugated polymers and that traditional redox
doping does lead to a p-doped polymer with a significantly reduced band gap.

To test our hypothesis that intrinsic water-processibility is achieved by match-
ing ionic pendant groups with an ionic backbone, we systematically studied the ef-
fects of varying combinations of polymer backbones and pendant groups between
ionic/hydrophilic and aliphatic/hydrophobic, and compared film morphologies
by atomic force microscopy (AFM). We observe a clear trend; conjugated polymers
in which the pendant groups and backbone are matched, either ionic–ionic or
hydrophobic–hydrophobic, form smooth, structured, homogenous films from
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water (ionic) or THF (hydrophobic). The polymers with ionic pendant groups
and an ionic polymer backbone are CPIs and demonstrate a comparable film
morphology with conventional conjugated polymers, comprising hydrophobic
backbones and pendant groups. Mis-matched conjugated polymers, by contrast,
form inhomogeneous films with rough topologies, with obvious signs of deleteri-
ous aggregation and precipitation. This is caused by self-assembly (aggregation)
of the amphiphilic polymer to minimize unfavorable hydrophobic/hydrophilic
interactions with the solvent.

After establishing the core principles of CPIs, we were able to greatly increase
the polymerizability of cross-conjugated aromatic polyketones by increasing the
electron-donating character of the monomer, resulting in a dramatic increase
in the degree of polymerization (Pn) from Pn∼ 10 to Pn∼ 60. Cross-conjugated
polyketones are a new polymer platform that posses the same optoelectronic tun-
ability as conventional polymers but with excellent thermal- and oxidative stability.
They also become orders of magnitude more conductive after a two-electron re-
duction and demonstrate reversible spinless doping upon protonation with acids.
We constructed a proof-of-concept organic light-emitting diode (OLED) device
and demonstrate that a cross-conjugated polyketone can also be successfully
used as an n-dopable semiconducting material.

The band gaps of traditional conjugated polymers are typically only modifiable
by changing the chemical structures of the polymer building blocks. The band
gaps of conjugated polyions, by contrast, can also be tuned post-polymerization
through spinless doping. We have studied a series of electron-donating functional
groups that were installed via spinless doping using Grignard reagents. These
groups act as electron-donors and we found that increasing the donating strength
leads to a smaller band gap. This additional level of band gap engineering of CPIs
allows for easy tuning of energy levels.

The methods that are developed in this thesis form the groundwork towards a
new class of water-processable conjugated polymers. Oxazoline is a viable pro-
tecting group for carboxylic acids that enables the synthesis of uncharged CPIs in
organics, that can be converted in the very last step into a fully charged, zwitte-
rionic, and water-soluble state, through deprotection. We expect that with this
method high quality CPIs can be made, and will be eventually used to construct
OPV devices in a scalable and renewable manner.
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Samenvatting

Geconjugeerde polyionen
PO LY M E R E N M E T I O N I S C H E , WAT E R-O P LO S B A R E RU G G E G R AT E N

Organische zonnecellen (OPV) is een nieuwe zonne-energie technologie waarbij
de actieve laag bestaat uit moleculen die voornamelijk zijn opgebouwd uit kool-
stof en waterstof. Argumenten voor het gebruik van organische halfgeleiders zijn,
onder andere, verwerkbaarheid vanuit oplossing en de relatieve eenvoud van het
aanpassen van de optische- en elektronische eigenschappen middels ontwerp
van de chemische structuur. Daarnaast kan OPV ook extreem dun en flexibel zijn,
en heeft het de potentie om massaal geproduceerd te worden via rol-naar-rol
(R2R) productie. OPV technologieën worden echter nog steeds geconfronteerd
met grote wetenschappelijke uitdagingen: het ontwikkelen van hoogwaardige ma-
terialen met een goede synthetische toegankelijkheid, verwerkingsoplosmiddelen
moeten niet schadelijk en hernieuwbaar zijn, en de verwerkingscondities moeten
vertaalbaar zijn naar grootschalige productie.

Dit proefschrift beschrijft de ontwikkeling van een nieuwe klasse polymere
halfgeleiders, geconjugeerde polyionen (CPI’s), die een smalle bandkloof (de
verboden zone) bezitten, intrinsiek water oplosbaar zijn en gebaseerd zijn op
schaalbare chemie. CPI’s zijn robuuste, polymere halfgeleiders met gesloten-schil
kationische ladingen in de geconjugeerde hoofdketen, transiënt of permanent.
We synthetiseren kruis-geconjugeerde aromatische polyketonen met behulp van
Friedel-Crafts chemie en zetten deze om tot lineair geconjugeerde, kationische
polyarylmethines via een proces dat we “spinloze dotering” noemen. Spinloze
dotering verlaagt de optische bandkloof van 3,3-1,6 eV terwijl de intrinsieke half-
geleidereigenschappen van het polymeer behouden blijven. Hoewel we niet in
staat waren om dit fenomeen optisch te observeren, laten dichtheidsfunctio-
naaltheorieberekeningen (DFT) zien dat, inderdaad, CPI’s opereren als normale
geconjugeerde polymeren, en dat de traditionele redoxdotering leidt tot een p-
gedoteerd polymeer met een aanzienlijk verminderde bandkloof.

Om onze hypothese, dat intrinsieke water-verwerkbaarheid wordt bereikt door
het combineren van ionische zijgroepen met een ionische polymeer ruggengraat
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te testen, hebben we de effecten van verschillende combinaties van polymeer-
ruggengraten en -zijgroepen, tussen ionisch/hydrofiel en alifatisch/hydrofoob,
systematisch onderzocht, en de filmmorfologieën vergeleken met atoomkrachtmi-
croscopie (AFM). We zien hierin een duidelijke trend; geconjugeerde polymeren
waarin de zijgroepen en ruggengraat op elkaar zijn afgestemd, ofwel ionisch-
ionisch of hydrofoob-hydrofoob, vormen gladde, gestructureerde en homogene
films uit water (ionisch) of THF (hydrofoob). De polymeren met ionische zijgroe-
pen en een ionische polymeer ruggengraat zijn CPI’s en hebben een vergelijkbare
filmmorfologie als traditionele geconjugeerde polymeren, met hydrofobe zijgroe-
pen en ruggengraat. Ongelijke geconjugeerde polymeren, daarentegen, vormen
niet-homogene films met ruwe topologieën en zijn gekenmerkt door ongewenste
aggregatie en precipitatie. Dit wordt veroorzaakt door zelfassemblage (aggregatie)
van het amfifiele polymeer, om ongunstige hydrofoob-hydrofielinteracties met
het oplosmiddel te minimaliseren.

Na het vaststellen van de kernbeginselen van CPI’s, wisten we de polymeri-
seerbaarheid van kruis-geconjugeerde aromatische polyketonen te verbeteren
door de elektron-donerende aard van het monomeer te verhogen, wat resul-
teerde in een dramatische toename van de polymerisatiegraad (Pn) van Pn∼ 10 tot
Pn∼ 60. Kruis-geconjugeerde polyketonen vormen een nieuw polymeerplatform
met dezelfde optische afstelbaarheid als conventionele polymeren, maar met uit-
stekende thermische- en oxidatiebestendigheid. Ze worden ook ordes van grootte
meer geleidend na een twee-elektron reductie en ondergaan reversibele spinloze
dotering na protonering met zuren. Met behulp van een organische lichtgevende
diode (OLED) laten we zien dat een kruis-geconjugeerd polyketon ook succesvol
kan worden gebruikt als een n-doteerbaar halfgeleidermateriaal.

De bandkloof van traditionele geconjugeerde polymeren kan meestal alleen
worden aangepast door wijziging van de chemische structuur van de monomeren.
De bandkloven van CPI’s, daarentegen, kunnen ook post-polymerisatie worden
afgestemd met spinloze dotering. We hebben een serie van elektron donerende
functionele groepen bestudeerd, die via spinloze dotering met Grignard reagentia
werden geïnstalleerd. Deze groepen fungeren als elektron-donoren, en we ont-
dekten dat het verhogen van de donatiesterkte, leidt tot een smallere bandkloof.
Dit extra niveau van de bandkloofengineering van CPI’s maakt het afstemmen
van de energieniveaus eenvoudig.

De methodes die we in deze thesis hebben ontwikkeld vormen de grondslag
voor een nieuwe klasse water-verwerkbare geconjugeerde polymeren. Oxazo-
line is een geschikte beschermgroep voor carbonzuren die het mogelijk maakt
om ongeladen CPI’s te synthetiseren in organische oplosmiddelen, welke in de
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allerlaatste stap omgevormd kunnen worden naar een volledig geladen, zwitterio-
nische en water oplosbare staat, middels ontscherming. We verwachten dat met
deze methode hoge kwaliteit CPI’s gemaakt kunnen worden, en uiteindelijk ge-
bruikt zullen worden om OPV te construeren op een schaalbare en hernieuwbare
manier.
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