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Chapter One

Band Gap Control in Conjugated
Polymers

Abstract: This chapter includes a historical
background and a general introduction to the field
of conjugated polymers. Further, in the
framework of Jlow band gap polymers, a
comprehensive overview of "band gap
engineering” is given followed by an overview of
thiophene based low band gap polymers. Finally,
since all the polymers in this work were developed
to serve in plastic solar cells, a more detailed
explanation of this application will be given at the
end of this chapter.

1.1 Organic conductive polymers: a historical
background

1.1.1 Three generations of polymeric materials

Polymeric materials in the form of wood, bone, skin and fibers
have been used by man since prehistoric time. Mankind gradually
invented techniques to modify these materials, e.g. to make leather
from hides, do dye fibers, to prepare paints and glues. Although organic
chemistry as a science dates back to the 1700s, the development of
polymer science has only occurred during the last 80 years. According to
Ranby the polymeric materials developed since can be divided into four
generations!. The first generation are polymeric materials introduced on
the market before 1950. These are simple plastics like polystyrene,
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Chapter One

poly(vinyl chloride) or PVC, polyacrylates and polymethacrylates, the
first synthetic fibers of aliphatic polyamides or nylon and many more.
The second generation, introduced in 1950-65, are polymers of better
properties as construction materials, e.g. high-density polyethylene,
isotactic polypropylene, polycarbonates and linear polyesters for fibers
and films. They have higher mechanical strength and higher softening
temperature than the first generation materials. Since 1965 a third
generation of specialty polymers have been synthesized and brought on
the market. They are usually of more complex chemical structure, have
high mechanical strength, very high softening temperature and high
chemical resistance. Some commercial examples include Kevlar®,
Teflon® and Kraton®.

1.1.2 The fourth generation of polymeric materials - electrically
conducting polymers

Since their discovery in 19772, by Alan J]. Heeger, Alan G.
MacDiarmid and Hideki Shirakawa, for which they were awarded the
Nobel Prize in chemistry in 2000, a new generation of polymeric
materials has been developed: the organic semiconductors, i.e.
polymers with electric conductivity. The earliest work on semiconducting
polymers was focused on doping semiconducting polymers to form
conductors; this work developed much of our understanding of the
mechanisms of electrical transport and methods for synthesis of
semiconducting polymers. Despite that progress, the field languished
because few practical applications were developed beyond electrostatic
coatings®. Within the last fifteen years, however, a number of potentially
lucrative applications, such as flat-panel displays* and photovoltaic
devices®®, have emerged. These applications can take advantage of the
unique features of semiconducting polymers relative to vacuum-
deposited inorganic materials. For example, their ability to be coated
into thin films over large areas in the ambient using simple techniques,
such as screen and inkjet printing, provides practical advantages for
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displays and photovoltaic cells, both of which are cost-driven
applications’®. Further the power of synthetic chemistry allows one to
readily tune the HOMO-LUMO gap of semiconducting polymers providing
a tool to tailor the optical and electrical properties of light emitting
diodes and photovoltaic cells. In addition, polymeric materials have the
promise of enabling mechanically flexible electronics. Thus, as with most
electronic materials, the needs of industry help drive scientific
development.

1.2 Conjugated polymers as semiconductors
1.2.1 Electronic structure of conjugated polymers

The distinguishing feature of all conjugated polymers is the
unsaturated carbon-based alternating single and double bond structure
of the polymer backbone, the so-called conjugated carbon chain. Some
common conjugated polymers are listed inn Figure 1-1.

Poly(acetylene)  Poly(p-phenylene vinylene) Poly(thiophene)

(PA) (PPV) (PT)
Hy ]
n N n S \
H n
Poly(p-phenylene) Poly(pyrrole) Poly(thienylene vinylene)
(PPP) (PPy) (PTV)

Figure 1-1: Molecular structure of a few conjugated polymers.
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The conjugated polymer trans-polyacetylene (PA) will be taken as
a model, as it has the simplest chemical structure of this group and
because it was the starting point for research into conducting polymers.
In PA each CH unit is linked by o-bonds formed by three equivalent,
triangular sp? hybrid orbitals, thus leaving a free fourth-orbital (2p,).
These remaining out-of-plane p, orbitals on the carbon atoms overlap
with neighboring p, orbitals to give n-bonds. According to the molecular
orbital theory the overlap of the p, orbitals yields lower energy bonding
(nr) and higher energy anti-bonding (n*) molecular orbitals. This is
exemplified in Figure 1-2 where the energy levels of PA with n ranging
from 1 to infinity are shown as a function of the polymer length.
Addition of every new acetylene unit causes hybridization of the energy
levels yielding more and more levels until a point is reached at which
there are bands rather than discrete levels'®. The n-orbitals form the
occupied valence band (VB) and the n*-orbitals generate the conduction
band (CB).

A _
E =
LUMO —-..  —
— Conduction band
E
[¢]
_ —_— Valence band
HOMO — " —
n= 1 2 8

Figure 1-2: Band model for polyacetylene, where Eg is the band gap.
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If the carbon-carbon bond lengths were equal PA would behave
as a metal (Eg = 0 eV) since in this situation the double bonds are really
delocalized along the polymer chain resulting in one =m-electron per
formula unit. (Figure 1-3; left) In this case no energy difference
between the “bonding” valence band and the “anti-bonding” conduction
band can occur due to the equivalency of both geometries. However, in
real PA, the Peierls distortion'! needs to be considered which gives rise
to an energetically more favorable dimerization of the polymer backbone
in longer single bonds and shorter double bonds. This “bond length
alternation” makes both geometries not equivalent anymore. The result
is a finite band gap (Eg) which is the energy difference between the
highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO).

woimirs 313 812 8la- 9614319
bonding 8\\8/8\

Figure 1-3: Band gap formation by localization of double bonds in PA!?.

This band gap determines whether we are dealing with an
insulator (Eg > 4 eV), a semiconductor (Eg < 4 eV) or a metal (Eg =0
eV). Since the band gap of most conjugated polymers lies between 0.5
and 4 eV they belong to the class of semiconducting materials. Within
this framework of the band model of conjugated polymers, a low band
gap (LBG) polymer can be defined as a conjugated polymer with Eg < 2
eV. Since Eg depends upon the molecular structure of the repeat unit,
synthetic chemists are provided with the opportunity and the challenge
to control the energy gap through design at the molecular level as will
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be shown later. Compared with the traditional inorganic semiconductors,
conjugated polymers have a number of advantages. As organic
polymeric materials, conjugated polymers can be processed from
solution to give large area polymer films; they are also flexible and have
low density which are distinct advantages compared to the brittle and
heavy inorganic materials. For inorganic semiconducting materials as
well as for conventional conjugated polymers, conductivity is only
possible when there are partially empty valence bands or partially filled
conduction bands which implies the introduction of charges onto the
polymer chain. These charges can be introduced either by electron
removal (oxidation or p-doping) or electron injection (reduction or n-
doping). This can be realized by several methods like electrical
stimulation (applying a bias), photodoping (photoinduced charge
transfer) or chemical doping (addition of oxidizing or reducing agents)?.
The majority of the known conjugated polymers today is built of electron
releasing units, making them p-type semiconductors. A detailed study of
the charge formation and behavior lies beyond this thesis but the
interested reader can consult other sources*®,

1.2.2 Optical absorption properties of conjugated polymers

Optical properties are usually related to the interaction of a
material with electromagnetic radiation in the frequency range from
infrared (IR) to ultraviolet (UV)!’. Since conjugated polymers are
semiconductors with a band gap ranging from 0.5 eV to 4 eV most of
them interact with visible light. When light with sufficient energy is
absorbed by the material an electron is promoted (or excited) from the
valence band into the conduction band creating an exciton (or electron-
hole pair) as shown in Figure 1-4 (left).

The lowest energy (i.e. light with the highest wavelength)
necessary to excite an electron has an energy equal to Eg thus exciting
an electron from the HOMO into the LUMO. A decrease of Eg results in a
red shift of the absorption spectrum. The exciton can eventually decay
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to the ground state radiatively (i.e. photoluminescence) or non-
radiatively. To determine Eg from a UV-Vis spectrum, the tangent on the
low energetic side of the absorption spectrum is drawn (Figure 1-4,
right). The intersection of this tangent and the abscissa gives a value for
the band gap.

Energy

cB A
LUMO ~a.

HOMO
n ‘ by ['nm]

P

Density of states

hv

Figure 1-4: Density of states band structure (left); corresponding absorption

spectrum (right).

Normally, in a UV-Vis spectrum, the absorbance is plotted as a
function of the wavelength. To make the conversion from nanometer to

electron-volt (eV), one can use the equation of Planck:

E=hv =h—c

A
In this equation, E is the energy (in J), h is the Planck constant
(6.626 107* Js), c is the speed of light (3 10® ms™), v is the frequency
(in s or Hz) and A is the wavelength (in m). Since 1 eV equals 1.602

10°%° J, a simple conversion equation can be derived:

1240.8

E@EV)= x o)
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It is clear now that the band gap of a conjugated polymer not
only has a large influence on the electronic properties but also
determines the optical properties such as absorbance (color),
photoluminescence and electroluminescence (conversion of electrical
energy into light). The ability to change these properties via chemical
modification gives us a tool to make custom-made materials.

1.3 Band gap engineering

Since n-conjugated polymers allow virtually endless manipulation
of their chemical structure, control of the band gap of these
semiconductors is a research issue of ongoing interest. This so-called
“band gap engineering” can give the polymer its desired electrical and
optical properties. First of all, reduction of the band gap enhances the
thermal population of the conduction band and thus increases the
number of intrinsic charge carriers. Apart from immediate implications
for electronic and optoelectronic devices, in the long term the decrease
of Eg can lead to true “organic metals” showing intrinsic electrical
conductivity without resorting to oxidative or reductive doping. The red
shift of the absorption and emission spectra resulting from a decrease of
Eg will make conjugated polymers excellent candidates for the
absorption of light in plastic solar cells and potentially useful for the
fabrication of LEDs operating in the near IR.

In the field of “band gap engineering” Roncali® did some
excellent work on revealing the relationship between the structure and
the band gap. According to him, the band gap of polyaromatic
conjugated polymers is the sum of five contributions i.e. the energy
related to the bond length alternation (E*"), the mean deviation from
planarity (E®), the aromatic resonance energy (E™°), the inductive or
mesomeric  electronic effects of substituents (ES“®) and the
intermolecular or interchain coupling in the solid state (E™). The
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different parameters determining the band gap of conjugated polymers
are depicted in Figure 1-5.

Eg = EA" + E® + E™S 4 ESUb 4 EiNt

Figure 1-5: Different parameters determining the band gap of conjugated

polymers.

Bond length alternation, E

As pointed out in Chapter 1.2.1, the degree of bond length
alternation (Ar), which depends on Peierls instability, in the conjugated
path represents a major contribution to the existence of a finite band
gap. The larger Ar, the larger Eg. For PA Ar is related to the difference
between a single and a double bond. Polyaromatic polymers differ from
PA by their non-degenerate ground state i.e. the two limiting mesomeric
forms, aromatic vs. quinoid, are not energetically equivalent. The “real”
structure of polyaromatic polymers lies somewhere in between with
more or less aromatic (quinoid) contribution. Therefore a slightly
different definition of Ar was introduced by Brédas!® 2°, He defined Ar for
polyaromatics as the maximum difference between the length of a C-C
bond inclined relative to the chain axis and a C-C bond parallel to the
chain axis. From Figure 1-6 it is clear that aromatic poly(thiophene) (PT)
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has a lower potential energy than quinoid PT. Thus, since the most
stable form is normally adopted, PT preferentially occurs in a more

aromatic structure.
E A

nan
S n

Figure 1-6: Potential energy diagram of PT.
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Brédas calculated the evolution of the band gap of PT as a
function of the geometry. First he considered the neutral polymer and
than he altered the geometry from aromatic to quinoid. For each
geometry, the degree of bond length alternation, Ar, was calculated.
Starting from the aromatic geometry, the evolution of the Eg as a
function of increasing quinoid contribution is depicted in Figure 1-7. His
conclusion was that the band gap decreases as a function of increasing
quinoid character of the backbone.

One of the reasons for the “high” band gap of PT (~2 eV) is the
relatively small contribution of the energetically unfavorable quinoid
structure to the ground state of the polymer resulting in a large single
bond character of the thiophene-thiophene linkage and hence a large
bond length alternation. Increasing the double bond character of the
thiophene-thiophene linkage can be accomplished by making the
quinoidal structure energetically more favorable as will be shown later.

10
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Aromatic Quinoid
2.0+ Structure |  Structure
—~ 15- |
W 10
0.5 - //
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INCREASING QUINOID CHARACTER

Figure 1-7: Evolution of the band gap of PT as a function of Ar. (Figure adapted

from ref?°)

The mean deviation from planarity, E°

Although the band gap of conjugated polymers depends mainly
on E*, several other parameters play a crucial role. One of them is the
occurrence of rotational disorder around the single bonds between the
monomeric units. The orbital overlap (and hence Eg) varies
approximately with the cosine of the twist angle (0)?!, so that any
departure from coplanarity will result in an increase of Eg (Figure 1-8).

Essentially, the deviation from coplanarity reduces the p,-orbital
overlap and hence reduces the double bond character i.e. conjugation
between the monomeric units. As shown above, reduction of the double
bond character implies an increase in bond length alternation.

11
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Figure 1-8: Torsion angle 6 and evolution of Eg as a function of 0for PT.

Aromatic resonance energy, E™s

A third factor influencing the band gap is the aromatic resonance
energy, E™. The aromaticity of polyaromatics results in a competition
between n-electron confinement within the ring and delocalization along
the polymer backbone??. It is obvious that molecules with a large
resonance energy i.e. highly aromatic will have a higher band gap since
this high E™ prevents the delocalization. This can be noticed when
comparing the resonance energy per electron (REPE) with the Eg®. A
high REPE results in a high Eg. For REPE (benzene) = 0.065 and Eg
(PPP) = 3 eV, REPE (pyrrole) = 0.039 and Eg (PPy) = 2.5 eV, REPE
(thiophene) = 0.032 and Eg (PT) = 2 eV, etc. In terms of bond length
alternation, it is clear that a molecule with high resonance energy has a
low quinoid contribution and thus a large bond length alternation i.e. a
small double bond character between the monomeric units.

12
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Electronic effects of substitution, Es“?

The three parameters discussed up till now are intrinsic factors of
the polymer backbone which minimize the band gap. The parameter
discussed here, the electronic effects of substitution, is more a tool to
fine-tune the HOMO and LUMO energy levels rather than a large
minimization of Eg. The addition of an electron donating group implies a
larger increase of the HOMO than of the LUMO i.e. lowering the
oxidation potential of the polymer. When introducing an electron
accepting group the LUMO decreases more than the HOMO and hence
the reduction potential is lowered?*2°> (Figure 1-9). The change of the
energy levels is proportional to the electron donating or acceptor
strength of the substituents.

o0— CN
B er B
s” s” In s In
-
Z

Figure 1-9: The effects of substitution on the energy levels.

Interchain coupling in the solid state (E'™)

The above four factors determine the magnitude of the HOMO-
LUMO gap of an isolated chain. However, the interactions between
individual molecules which are responsible for their organization into a
condensed phase can also represent an important contribution to the
band gap. The ordering of molecules, which is strongly influenced by the
nature and regiochemistry of the substituents, plays an important role in
this context?®. The n—n interactions between the chains will force the

13



Chapter One

molecules into a more planar structure and as a consequence a decrease
of Eg is seen due to a better delocalization of the electrons.

In conclusion, one can say that the increase of the double bond
character between the monomeric units is of crucial importance in
lowering the band gap. The introduction of substituents gives us an
excellent tool to further fine-tune the energy levels. It is important to
stress out that the above 5 factors are interconnected with each other.
For instance the introduction of an alkyl side chain will affect Es“®, E° and
Eint.

1.4 Overview of thiophene based low band
gap polymers

The use of the above mentioned factors led to different
approaches toward the development of low band gap (LBG) polymers.
Since all polymers synthesized in this work are generally based on
thiophene, this chapter will only deal about the thiophene based LBG
polymers. Readers interested in other types of LBG materials can refer
to some excellent reviews!? 18, 27-29,

Basically two major approaches toward conjugated polymers can
be distinguished. The first one is the direct synthesis toward the
conjugated polymer via oxidative or reductive coupling. In this case the
polymer consists out of a chain of aromatic molecules. The second
approach, often referred to as precursor route, is an indirect way to
obtain conjugated polymers. In this approach a non conjugated
precursor polymer is converted into its conjugated form in such a way
that the aromatic cores are connected via ethylene or ethyne linkages.
Both approaches will be discussed in detail in chapters 2 and 3.

14
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1.4.1 Poly(thiophene) and derivatives

Poly(thiophene) (1) and derivatives are not really considered as
LBG polymers but they have triggered the research toward conjugated
polymers with band gaps below 2 eV. Most of the LBG polymers are in
fact based on thiophene so a short overview of this class of conjugated
polymers is appropriate. In 1980 the first chemical preparation of PT
was reported independently by two groups®®3! and ever since a large
number of articles concerning the synthesis and properties of PTs have
been published. For the synthesis of PTs three main synthetic strategies
have been employed, namely: electrochemical coupling, oxidative
coupling and organometallic cross-coupling. These three routes will be
discussed in detail in chapter 2.

Figure 1-10: PT (1), PAT (2) and PEDOT (3).

PTs, like many other polyaromatic compounds, are insoluble in
organic solvents due to their rigid backbone. This lack of solubility and
processability is tackled by the introduction of flexible alkyl side chains3?
33 at the 3- and/or 4-position creating poly(alkylthiophene)s (PATs) (2).
Because of the introduction of substituents at the 3-position of PTs, a
number of regioisomers are possible, namely head-to-tail (HT), head-to-
head (HH) and random configurations®* (Figure 1-11). Head-to-head
coupling is sterically unfavorable for coplanarity and hence causes a
significant loss of conjugation; however head-to-tail coupling does not
limit conjugation.

15
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head-to-tail

head-to-head

random

Figure 1-11: Different regioisomers in PAT.

Studies on regioregular HT-PATs, recently accessible via a
number of elegant routes3* 36, have shown that the Eg of these
polymers ranges from 1.7 to 1.8 eV which is 0.3 eV lower than the Eg of
PT. In this aspect, regioregular poly(3-hexylthiophene) (P3HT) (4), one
of the most studied conjugated polymers nowadays, is a nice example
on fine tuning the band gap with the introduction of a side chain.
Normally one would expect that the introduction of long flexible side
chains would induce rotational disorder and prevent interchain coupling
in the solid state. In HT-P3HT however, the hexyl side chains induce a
low energy planar conformation, leading to highly conjugated
polymers®’. Besides this, one of the most fascinating physical properties
of regioregular HT-P3HT is the occurrence of supramolecular ordering3®
in the solid state as shown in Figure 1-12. The combination of both
factors causes the lower band gap in HT-P3HT as compared to PT.

16
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Figure 1-12: Self-assembled regioregular HT-P3HT superstructure.

During the second half of the 1980s, scientists at the Bayer AG
research laboratories in Germany developed a new poly(thiophene)
derivative®°, poly(3,4-ethylenedioxythiophene) 3 (PEDOT). It exhibits a
band gap of 1.6-1.7 eV and is a nice example of how the introduction of
electron rich substituents lowers the band gap>“°. In the field of plastic
solar cells, the PEDOT:PSS*! blend (5) (trade name BAYTRON® P) has to
provide a selective contact between the cathode and the active layer.

So, SOH SOH SO, SOH SOH

Figure 1-13: PEDOT:PSS blend (BAYTRON® P).
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1.4.2 Poly(isothianaphtene) and derivatives

The first real LBG polymer  ever reported was
poly(isothianaphtene) (PITN) 6 in 1984 by WudI*?. PITN is an elegant
example of lowering the band gap by increasing the double bond
character of the thiophene-thiophene linkage. For PITN this is
accomplished by making the quinoidal structure energetically more
favorable. Both experimental measurements and theoretical calculations
have revealed that PITN has a quinoid ground state structure?%4344, The
reason for this behavior is the gain in aromaticity in its fused 6-
membered ring, which is larger than the loss of aromaticity in the
thiophene ring upon going from the aromatic state to the quinoid state.
The band gap of PITN is 1.1 eV which is roughly one full eV lower than
that of PT.

/ V] <~
S n S n

aromatic 6 quinoid

Figure 1-14: PITN in its aromatic and quinoid state.

Motivated by the desire to further reduce the band gap and at the
same time increase the solubility, a wide variety of derivatives of PITN
were synthesized in the years after the discovery. These include
substituted PITN 7%4¢, poly(thienopyrazine)s 8*%® and fused
poly(thienothiophene)s 9%°. This resulted indeed in soluble materials,
but only of low molecular weight.

18
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Figure 1-15: Overview of some PITN derivatives.

A somewhat different approach than that of PITN and derivatives
was introduced by using terthienyls as precursors for polymerization.
Poly(1,3-dithienylisothianaphtene) 10 is shown in Figure 1-16 as an
example. A lot of work regarding these structures was performed in our
lab?®. In spite of showing low band gap properties one of the major
disadvantages was a very difficult polymerization yielding only very low
molecular weight polymers. This was explained by the rapid loss of
reactivity of the radical cations involved in the polymerization.

Figure 1-16: Poly(1,3-dithienylisothianaphtene) derivative.
1.4.3 Bridged poly(bithienyl)s

Another approach toward lower band gap materials concerns
bridged bithienyls (Figure 1-17). In the simplest derivative (11) the
bridge forces the molecule into a more planar conformation which
enhances a better delocalization. The band gap of 11 is 1.8 eV*°. An
even further reduction of the band gap is shown when an electron-
withdrawing group (12, 13) is introduced at the carbon of the bridge. It

19
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is believed that these groups introduce some anti-aromatic character.
This increases the quinoid contribution and hence reduces the band gap
(1.2 eV for 125t and 0.9 eV for 13%?).

R. R e
{(/ \é é/ \3} [(/ \; 2/ \3}
S S n S S n
11 12

Figure 1-17: Some bridged poly(bithienyl)s.

1.4.4 Poly(dithienylethylene)s

Conjugated polymers obtained by the chemical or
electropolymerization of dithienylethylene derivatives are in particular
interesting since these polymers are excellent models for the
corresponding poly(thienylene vinylene)s (see next section). Reported
band gaps for these polymers were 1.8 eV for 14°3, 1.7 eV for 15°* and
even as low as 1.4 eV for polymer 16°°. These low band gaps are
related to the presence of ethylene linkages of defined trans-
configuration. They limit the statistical rotational disorder associated
with the interring bonds and decrease the overall aromatic character of
the m-conjugated backbone. The latter contributes to a lowering of the

n-electron confinement in the aromatic thiophene rings>®.

Figure 1-18: Overview of some poly(dithienylethylene) derivatives.

20
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1.4.5 Poly(thienylene vinylene)s

In order to circumvent the problem of insolubility of most
(unsubstituted) conjugated polymers, several precursor routes have
been introduced over the past decades®’>°. Two of these precursor
routes were developed in our group, namely the sulphinyl®® and the
dithiocarbamate®! precursor route. These precursor routes involve the
formation of an intermediate non-conjugated, soluble and thus
processable, precursor polymer which can be converted into the fully
conjugated polymer  after processing. The discovery of
electroluminescence in poly(p-phenylene vinylene)s®? triggered the
development of these routes, which were later adapted to deal with the
synthesis of poly(thienylene vinylene)s (PTV). As mentioned earlier for
poly(dithienylethylene)s, PTVs have lower band gaps as compared to
PTs because of two effects: a decrease in the overall aromatic character,
allowing better =-electron delocalization due to less electron
confinement and a limitation of the rotational disorder due to the
presence of ethylene linkages of defined configuration. For PTV (17) a
band gap of 1.7 eV®3 is reported and various structural modifications of
PTV led to materials with band gaps as low as 1.2 eV for 19%. A more
detailed overview on the synthesis of PTV is given in chapter 3.

R R RO OR

/I \_ /I N\ / \_

n n n
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Figure 1-19: Three examples of PTVs
1.4.6 Donor-acceptor systems

A last class of LBG materials discussed in this chapter are LBG
polymers with donor-acceptor alternation along the polymer chain. It
was shown with PITN 6 that reduction of the bond length alternation by
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increasing the double-bond character between the repeating units of a
conjugated polymer, results in a decreased band gap?°. The driving force
for such a process in PITN is the gain in aromaticity of the fused
benzene ring. The interaction between a strong electron-donor (D) and a
strong electron-acceptor (A) may also give rise to an increased double-
bond character between these units, since they can accommodate the
charges that are associated with such a mesomerism (D-A < D*=A").
Hence, a conjugated polymer with an alternating sequence of the
appropriate donor- and acceptor-units in the main-chain may show a
decreased band gap.

The donor-acceptor (D-A) repeating unit strategy was first
introduced by Havinga and coworkers in 1992%. They described the
synthesis of poly(squaraine)s (20) and poly(croconaine)s (21) made out
of various donor molecules with strong electron accepting molecules like
squaric acid (22) or croconic acid (23) as shown in Figure 1-20. The
resulting polymers have band gaps down to 0.5 eV.
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Figure 1-20: Poly(squaraine) (20) and poly(croconaine) (21).
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In the following part, the two most important classes of low band
gap donor-acceptor conjugated polymers based on thiophene will be
discussed. As electron-donating moiety, thiophene often represents the
best choice since it is an electron rich subunit that allows numerous
chemical transformations.

Acceptor-units based on cyano- or nitro-substituents

The most obvious choice for the design of an electron-
withdrawing subunit would be an aryl unit substituted with a cyano- or
nitro-group, since the latter two are among the most widespread
electron withdrawing groups in organic chemistry. Various literature
reports exist in which low band gap polymers containing cyanovinylene
spacers as the acceptor units and thiophene derivatives as the donor are
made via electrochemical polymerization. Band gaps ranging from 1.1
eV (27) to 1.6 eV (24) were reported® 7!, The monomers could be
prepared by applying a Knoevenagel condensation between the
corresponding acetonitrile function and an appropriate carboxaldehyde.
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Figure 1-21: Some examples of D-A polymers containing cyanovinylene spacers.
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Examples of conjugated polymers containing nitro-groups are
shown in Figure 1-22. The band gaps for polymers 28 and 29 are 1.1
eV’? and 1.5 eV’3 respectively.

Figure 1-22: D-A conjugated polymers containing nitro-substituents.

Acceptor-units based on electron-deficient heterocycles

Another class of acceptor-units is based on an aryl unit bearing
one or more electronegative atoms in the ring. Pyrazine and thiadiazole,
fused onto phenyl (Figure 1-23) or thiophene (Figure 1-24) rings,
contain two imine nitrogens which make them efficient electron

withdrawing units. Electrochemically polymerized 30 and 31 show band
74,75

gaps of 1.4 eV and 1.2 eV respectively

N// A\

30 31

Figure 1-23: Pyrazine (30) and thiadiazole (31) fused on a phenyl! ring.
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The polymers (32 and 33) in which the electron acceptor
moieties are attached to thiophene are also known to have lower band
gaps’®. Polymer 32 has a band gap of 1.1 eV, polymer 33 0.9 eV, which
made it the first donor-acceptor type polymer below 1 eV.

/S\
N// \\N NG
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32 33

Figure 1-24: Pyrazine (32) and thiadiazole (33) fused on a thiophene ring.

In an attempt to further fine-tune the optical and electrochemical
properties a lot of pyrazine- and thiadiazoloderivatives were
synthesized. In Figure 1-25 a few examples are gathered. However, due
to rotational disorder and sterical hindrance the band gaps of 34’ (1.6
eV), 36’% (1.7 eV) and 37”° (1.9 eV) were somewhat disappointing. 35
however showed a band gap of 1.3 eV®®. Examples of thieno[3,4-
blpyrazine based polymers with a substituted thiophene unit as donor
are polymers 38 and 39, 38 is electrochemically synthesized and has a
very low band gap of 0.36 eV®. The soluble 39 has a band gap of 1.56
eV®, Although this type of polymers are promising toward minimization
of the band gap, their low solubility, difficult synthesis (low overall yield)
and low molecular weight are still problems to be tackled and hinder
further development toward device fabrication.
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Figure 1-25: Some pyrazine- and thiadiazoloderivatives.

1.5 Plastic solar cells
1.5.1 Applications of conjugated polymers

Semiconducting polymers have now been used as active layers in
most types of thin film electronic devices e.g. thin-film transistors
(TFTs)®¥®®, light emitting diodes (LEDs)*®%®%%” biosensors®®®°, smart
windows®*°!, lasers?*®®> and photovoltaics (PVs)>®°?*®°  Many
fundamental challenges remain to be studied before the widespread
adoption of semiconducting organic materials in these applications is to
be expected®. Although these devices operate quite differently, increases
in their respective figures of merit have depended critically on the
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synthesis of hew materials and the improvement of processing methods
using these materials.

Thin-film transistors (TFT) using semiconducting polymers are
most likely to be used in low-performance applications such as
displays!® and potentially for low-performance radio-frequency
identification tags!®’. These applications are considered “low
performance” due to the low field-effect mobility of transistors in these
devices relative to that of single crystalline silicon. The mobility defines
the electrical resistance of a TFT and thereby the speed at which it can
operate in a circuit. The mobility of semiconducting polymers is
controlled both by molecular structure and by their microstructure in a
thin film. It has been shown that semiconducting polymers can have a
field-effect mobility that approaches that of amorphous silicon, which is
used in most liquid crystal flat panel displays°2.

Polymer light emitting diodes are reserved for applications both
in light-emitting displays* and in solid-state lighting'®31%4, Two of the
most challenging performance requirements for these applications are
coverage of the color spectrum and stable electrical performance. A
reasonable value for the lifetime of a display is ~10,000 hours of use
over five years; this target has nearly been achieved in prototype
displaysi®®. The synthesis and development of new, in particular blue,
light-emitting polymers in parallel with the development of optimized
device structures will help to address the requirements in performance
for both of these applications.

Semiconducting polymers could perhaps have the greatest
impact upon society through the development of polymer photovoltaic
cells for power generation. The demand of energy has increased
worldwide, mainly due to the development in areas like Asia and
Africal®, Currently this demand in energy is satisfied mainly by fossil
fuels and nuclear power. However, these energy sources are limited and
their use has a serious environmental impact. Therefore research toward
renewable energy sources has increased in last decades. Among others,
photovoltaics offer great technological potential as a renewable,
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alternative source for electrical energy. Since all polymers in this work
were developed to serve in plastic solar cells, a more detailed
explanation of this application will be given in this chapter.

In 1954, Chapin, Fuller, and Pearson developed the first
photovoltaic cell based on a silicon p-n junction with an efficiency of 6
%197, Since then, solar cells have been made from many other
semiconductors, using various device configurations and employing
single-crystal, poly-crystalline, and amorphous thin-film structures®s,
Over the years the efficiency has reached 24 % for crystalline Si solar
cells in the laboratory!®®. Today Si-based solar cells are by far the most
dominating type of PVs used and account for 99 % of all PVs!i0,
However, to improve processability, lower manufacturing costs, and
create flexibility, solar cells based on conjugated polymeric materials are
extensively investigated during the last years. Before discussing the
development of plastic PVs, the basic principles of the photovoltaic effect
are outlined.

1.5.2 The photovoltaic principle in plastic solar cells

Almost all plastic solar cells have a planar-layered structure,
where the organic light-absorbing layer is sandwiched between two
different electrodes. One of the electrodes must be transparent, often
indium-tin-oxide (ITO). The other electrode is very often aluminum. In
general, in a plastic photovoltaic cell three processes occur in the
conversion of solar energy into electrical energy®°.

e Absorption of light
e Charge transfer and separation of the opposite charges
e Charge transport and collection at the electrodes

When light is absorbed an electron is promoted from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied molecular

orbital (LUMO) forming an exciton (1) (Figure 1-26). In a PV device this
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process must be followed by the dissociation of the exciton upon which
the charges are created (2).
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Figure 1-26: Schematic drawing of the working principle of a plastic solar cell.

This is one of the key steps in the conversion of solar light into
electrical energy in photovoltaic devices. In most plastic solar cells,
charges are created by photoinduced electron transfer. In this process
an electron is transferred from an electron donor, a p-type
semiconductor, to an electron acceptor, an n-type semiconductor. For
efficient charge generation, it is important that the charge-separated
state is the thermodynamically and kinetically most favorite pathway
after photo-excitation. It only occurs when it is energetically favorable
for the electron in the excited state of the donor to be transferred to the
much more electronegative acceptor. Therefore, it is important that the
energy of the absorbed photon is used for generation of the charge-
separated state and is not lost via competitive processes (4) like
fluorescence, non-radiative decay, internal conversion or intersystem
crossing. In addition, it is of importance that the charge-separated state
is stabilized, so that the photogenerated charges can migrate to one of
the electrodes (3). Therefore, the back electron transfer (5) should be
slowed down as much as possible. The electron must than reach the
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anode (Al) while the hole must reach the cathode (ITO). In order to
achieve charge separation, an electrical field is needed, which is
provided by the asymmetrical workfunctions of the electrodes. This
asymmetry is the reason why the electron-flow is more favored from the
low-workfunction electrode to the high-workfunction electrode. The light
harvesting process along with the positioning of energy levels is
depicted in Figure 1-26.

Much terminology surrounds photovoltaic devices. Below are
some of the important terms defined and discussed in light of plastic
solar cells. This section by no means gives a full description of all
details; the interested reader can find a very comprehensive work in
ref. It is more intended to give the (chemical) reader a basic
understanding of (the physics of) plastic photovoltaic devices. A graph of
current (I) versus voltage (V) is a common way to illustrate the
properties of solar cells. In the dark, the I-V curve passes through the
origin - with no potential, no current flows. But when the device is
exposed to light, the I-V curve shifts downward, as illustrated in Figure
1-27. The following terms are often used to characterize solar cells;
some items are also shown in Figure 1-27.

Voltage V (V)
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Current | (A)
o
]
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Figure 1-27: Typical I-V curve for a solar cell in the dark (dotted line) and under

illumination (solid line). Some important photovoltaic parameters are indicated.
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Air Mass (AM) - A measure of how much atmosphere sunlight
must travel through to reach the earth’s surface. This is denoted
as “"AM(x)”, where x is the inverse of the cosine of the zenith
angle of the sun. A typical value for solar cell measurements is
AM 1.5, which means that the sun is at an angle of about 48°. Air
mass describes the spectrum of radiation, but not its intensity.
For solar cell purposes, the intensity is commonly fixed at 100
W/cm?2.

Open-Circuit Voltage (V,.) - The maximum possible voltage
across a photovoltaic cell; the voltage across the cell in sunlight
when no current is flowing.

Short-Circuit Current (I..) - This is the current that flows
through an illuminated solar cell when there is no external
resistance (i.e., when the electrodes are simply connected or
short-circuited). The short-circuit current is the maximum current
that a device is able to produce. Under an external load, the
current will always be less than I..

Maximum Power Point (P,,;) - The point (I.,,, V,,) on the I-V
curve where the maximum power is produced. Power (P) is the
product of current and voltage (P = IsV) and is illustrated in the
figure as the area of the rectangle formed between a point on the
I-V curve and the axes. The maximum power point is the point
on the I-V curve where the area of the resulting rectangle is
largest.

Fill Factor (FF) - The ratio of a photovoltaic cell’s actual
maximum power output to its theoretical power output if both
current and voltage were at their maxima, I,. and V.,
respectively. This is a key quantity used to measure cell
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performance. It is a measure of the “squareness” of the I-V
curve. The formula for FF in terms of the above quantities is:

FF:Imp.Vmp
.-V

sC oc

Power Conversion Efficiency (PCE or n.) - The ratio of power
output to power input. In other words, PCE measures the amount
of power produced by a solar cell relative to the power available
in the incident solar radiation (P;;,). P, is the sum over all
wavelengths and is generally fixed at 100 W/cm? when solar
simulators are used. This is the most general way to define the
efficiency. The formula for PCE, in terms of quantities defined
above, is:

In the remainder of this section a short historical overview is
given of the most successful approaches toward plastic solar cells to
date. (Note: unless otherwise stated all efficiencies are PCE given under
AM 1.5 conditions.)

Single layer devices

The first generation of organic photovoltaic cells was based on
single organic layers sandwiched between two metal electrodes of
different work functions!t! 112, The difference in work function provides
an electric field that drives separated charge carriers toward the
respective contacts. This electric field is seldom sufficient to break up
the photogenerated exciton. Instead the exciton diffuses within the
organic layer until it reaches a contact, where it may be broken up to
supply separate charges, or recombine. Since exciton diffusion lengths
are short, typically 1-10 nm for organic materialst!3, only those excitons
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generated in a small region within <10 nm from the contacts contribute
to the photocurrent. The exciton diffusion limits the charge carrier
generation in such a device. Single layer solar cells of this type made
with PPV delivered power conversion efficiencies of less than 0.1 %
under white light illumination*,

Bilayer heterojunction devices

The next breakthrough was achieved in 1986 by introducing the
bilayer heterojunction concept!!®>. In the first device a copper
phthalocyanine and a tetracarboxylic derivative were placed between the
electrodes and yielded a power conversion efficiency of 0.95 %.
Following this discovery, conjugated polymers were also investigated in
such devices and in 1993, Sariciftci et al., triggered by their discovery of
the ultra fast photoinduced charge transfer from conjugated polymers
onto fullerenes!!®, first applied this two-layer technique to a conjugated
polymer solar cell by evaporating C4, on top of a spin-cast poly(2-
methoxy-5-(-2'-ethyl-hexyloxy)-1,4-phenylene vinylene) (MEH-PPV)'’,
In this cell, the MEH-PPV was used to absorb visible light and transport
holes to the ITO electrode following exciton dissociation at the interface.
The GCg, with an electron affinity about 0.7 eV larger than the
conjugated polymer was used to accept electrons and transport them to
the aluminum electrode. The first devices based on these materials
yielded efficiencies of 0.1 %3, However after optimization, efficiencies
of 1.9 % were reached!!8,

Bulk heterojunctions devices

From the previous devices it was clear that the exciton
dissociation is most effective at the interface of the p- and n-type
material in heterojunction cells, thus the exciton should be formed
within its diffusion length of the interface. Since typical diffusion lengths
are in the range of 10 nm'!3, this limits the effective light-harvesting
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layer. However, for most organic semiconductors the film thickness
should be more than 100 nm in order to absorb enough of the light. The
paradox is that thicker film layers increase light absorption but only a
small fraction of the excitons will reach the interface and dissociate. A
revolutionary development in plastic photovoltaics came in the mid-
1990s with the introduction of a dispersed heterojunction, where an
electron accepting and an electron donating material are blended
together and in this way a large increase of the interface region was
obtained. Yu first reported on solar cells made out of a mixture of MEH-
PPV and Cg, with a reported monochromatic conversion efficiency of 2.9
%?1°, By changing the acceptor material into [6,6]-phenyl Cq; butyric
acid methyl ester (PCBM), optimization of the device fabrication and
changing the donor into another PPV derivative, namely poly-[2-(3,7-
dimethyloctyloxy)-5-methyloxy]-p-phenylene vinylene (MDMO-PPV)
power efficiencies of 3 % under AM1.5 illumination were reached!?°,

Evaporated metal cathode \

Active layer

PEDOT dayer

Glass with ITO ~

as anode
= -
n-type 3-} - \
Bilayer heterojunction Bulk heterojunction

Figure 1-28: Diagram of the layered structure of a plastic solar cell. The
difference between a bilayer heterojunction and a bulk heterojunction is depicted

as well.

At the same time the first reports of polymer/polymer bulk
heterojunction PV were published with poly(2,5,2’,5"-tetrahexyloxy-7,8’-
dicyanodi-p-phenylenevinylene) (CN-PPV) as acceptor and MEH-PPV as

121,122

the donor polymer Afterwards several other polymer:polymer
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combinations were examined, but performances remained rather low,
mainly because of the lack of suitable acceptor polymers!?3-126 This
points out that research toward suitable acceptor polymers is still
necessary in order to once make a real all-polymer solar cell.

It is clear that control of the morphology in dispersed
heterojunction devices is a critical point'?’1?®, The degree of phase
separation and domain size depend on solvent choice, speed of
evaporation, solubility, miscibility of the donor and acceptor, etc. The
most promising results in optimizing the morphology, again in
combination with fullerene derivatives have been obtained with P3HT
(Eg = 1.8 eV). Apart from having a lower band gap than MDMO-PPV (Eg
= 2.2 eV), this material has the ability to form well-structured layers
inducing ordering and hence a better morphology of the active layer
after an additional annealing step!?®. Efficiencies of 5 % for such
P3HT:PCBM-bulk heterojunction solar cells were recently reached**°,

1.5.3 Band gap tuning of polymers for solar cells

Another critical issue is the rather narrow absorption of the active
layer in the bulk heterojunction. Since most of the available conjugated
polymers were originally developed for visible-LEDs, they exhibit band
gaps > 2 eV. Hence, there is a clear mismatch between the absorption
spectrum of these materials and the terrestrial solar spectrum, which
extends into the near infrared (Figure 1-29). As already shown for P3HT,
new low band gap materials with absorption extending to the 700-900
nm (Eg = 1.7 - 1.3 eV) region are needed for efficient photon
harvesting.

In 2001 the first report of a low band gap polymer used in a
photovoltaic device was published by Shaheen et al.*3!. He incorporated
poly(1,3-dithienylisothianaphtene) derivatives (10), synthesized by
Vangeneugden?®, into a bulk heterojunction solar cell. A PCE of 0.4 %
was reached. This report triggered other groups to focus on low band
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gap polymers for solar cells’880 132-13% 'and currently, Konarka holds the
record with a low band gap solar cell of 3.2 % 4°,

16

14 - —AM15
{ | VN @ MDMO-PPV
';:' 12 4 -~ --LOW BAND GAP
s ]
8 1.0 :'.. P
c 1 ! Al
8 o8 s !
S ! oo '
@ 1 ot ‘]
2 i D0
2 0.6 -: : ,f . \
| L !
0.4 Mg | |

021" . .

00 . : .

Wavelength [nm]

Figure 1-29: Standard AM1.5 terrestrial solar spectrum (solid) compared to the
absorption spectrum of MDMO-PPV (dot) and a low band gap polymer (dash).

However one must be careful in just lowering the band gap. A
good low band gap polymer has two challenges to overcome. One is the
unavoidable reduction of the open-circuit voltage (Vo) compared with
high band gap polymers, because the V. is related to the energy
difference between the lowest unoccupied molecular orbital (LUMO) of
the electron acceptor and the highest occupied molecular orbital
(HOMO) of the electron donor. The other challenge is to have a large
enough driving force for electron transfer from the polymer to the
electron acceptor. This means that the LUMO of the electron donor must
be closer in energy to vacuum than the LUMO of the electron acceptor in
order to have enough driving force for exciton dissociation at the
interface of the electron donor and acceptor. When decreasing the band
gap of a polymer, both the LUMO level and the HOMO level are affected.
The LUMO position of the polymers might be shifted away from the
vacuum level so much that the use of new electron acceptors with lower
LUMO levels than the commonly used PCBM are needed for preparing an
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efficient solar cell. In a recent publication, Scharber!*! describes some
design rules for electron donor materials. Based on his model the ideal
material parameters for a conjugated polymer-PCBM device were
determined. He claims that the efficiency of a solar cell can be predicted
solely as a function of the band gap and the LUMO level of the donor. So
besides a reduction of the band gap, new donor materials must be
designed to optimize the LUMO as this parameter dominantly drives the
solar cell efficiency.

Power Conversion Efficiency [ % ]
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11.00

LUMOD

LUMO Level Donor [ eV ]

—
AE I LUMO -4.3 eV

HOMO 6.0 ¢V
30 27 24 241 1.8 1.5 1.2 Donor  PCBM
Band Gap Donor [ eV ]

Figure 1-30: Contour plot showing the calculated energy-conversion efficiency
(contour lines and colors) versus the band gap and the LUMO level of the donor
polymer according to the model described by reft*!, Straight lines starting at 2.7
eV and 1.8 eV indicate HOMO levels of -5.7 eV and -4.8 eV, respectively. A
schematic energy diagram of a donor PCBM system with the band gap energy

(Eg) and the energy difference (AE) is also shown. (Figure adapted from ref#!).

Figure 1-30 shows a contour plot where the x- and y-axes are
the band gap and the LUMO level of the donor, respectively, and the
contour lines indicate constant power-conversion efficiencies. The
straight lines in Figure 1-30 define lines of constant donor HOMO levels
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of =5.7 and -4.8 eV. In this aspect, it is clear that a very important task
lies in the hands of synthetic chemists. Through a better understanding
of band gap engineering, the HOMO and LUMO levels of the materials
can be tailored and the mythical 10 % efficiency border can be reached.

1.6 Aim and outline

The aim of the research described in this dissertation is to
discover well defined and reliable synthetic pathways toward new low
band gap materials. The reason for the need of these low band gap
polymers is their application in plastic solar cells in which these
materials are responsible for the capturing of light. Basically two major
approaches toward conjugated polymers can be distinguished. The first
one is the direct synthesis toward the conjugated polymer via oxidative
or reductive coupling. The second approach, often referred to as
precursor route, is an indirect way to obtain conjugated polymers. In
this approach a non conjugated precursor polymer is converted into its
conjugated form.

In chapter 2, a family of 6 polymers based on bis-(1-cyano-2-
thienyl vinylene)phenylene is synthesized via the first approach. The
structure consists of a central dialkoxyphenylene core (donor) p-
disubstituted by two thiophene derivatives (donor) through a
cyanovinylene linker (acceptor). The polymers are prepared by chemical
oxidation of the monomers using FeCl;. By changing the thiophene
moiety we are able to tune the polymers electronic and solubility
properties. Moreover, our approach to keep the central core constant
leads to a toolbox to create a whole range of monomers, and thus
polymers, with different heteroaromatic rings linked to the central core.
Further, a more polar polymer with a dioligo(oxyethylene)phenylene
central core is discussed as well as a polymer bearing a push-pull
molecule. All polymers are tested in solar cells.
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A second way to come to processable polymers is the precursor
approach, described in chapter 3. This involves the formation of an
intermediate non-conjugated, soluble and thus processable, precursor
polymer which can be converted into the fully conjugated polymer after
processing. The use of such a precursor approach implies the formation
of a double bond between the aromatic parts. Based on earlier
successful results, of all known precursor routes, the dithiocarbamate
route has been picked as the method of choice. In the first part of this
chapter, two particular dithiocarbamate precursor polymers and the
corresponding conjugated polymers, poly(3,4-diphenyl-2,5-thienylene
vinylene) and poly(3,4-bis(4-butylphenyl)-2,5-thienylene vinylene), are
successfully synthesized. These polymers are also tested in solar cells.
In the second part, the thiophene unit is replaced by a thiazolo[5,4-
d]thiazole unit. It is reported that this replacement is effective to reduce
the sterical interactions due to the absence of hydrogen atoms.

For future reference, a comprehensive experimental procedure of
the purification of FeCl; is given in the appendix and the dissertation is
completed with two summaries: one in English, followed by one in
Dutch, a list of publications and the acknowledgements.
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Chapter Two

Low Band Gap Polymers based on the
Donor — Acceptor Approach?' 2

Abstract: This chapter focuses on the design of
low band gap polymers via the donor-acceptor
approach. First an overview of the known
polymerization routes toward poly(thiophene)
analogues is given. Subsequent, a family of six
polymers  based on  bis-(1-cyano-2-thienyl
vinylene)phenylene is synthesized using the
chemical oxidation method with FeCls. The
polymers deviate in side chains and thiophene
derivatives. All polymers show low band gap
behavior and are tested in bulk heterojunction
plastic solar cells.

2.1 Introduction
2.1.1 Structures

As been pointed out in chapter 1, one of the most promising
strategies to tailor the energy levels of conjugated polymers is the
donor-acceptor route®. The central concept forming the basis of this
route is that the interaction between alternating electron rich donors and
electron deficient acceptors will result in a compressed band gap.
Furthermore, by changing the substituents of the polymer, the band gap
can be fine-tuned. Various literature reports exist in which this route is
used to electrosynthesize low band gap polymers containing
cyanovinylene spacers as the acceptor units and thiophene derivatives
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as the donor. Band gaps ranging from 1.1 to 1.6 eV were reported*”.
However, for photovoltaic devices soluble low band gap polymers are
needed since the conjugated polymer must be blended with a
complementary acceptor to achieve a bulk heterojunction. In this
chapter we present a family of conjugated polymers based on bis-(1-
cyano-2-thienyl vinylene)phenylene®!3, The structure consists of a
central dialkoxyphenylene core (donor) p-disubstituted by two thiophene
derivatives (donor) through a cyanovinylene linker (acceptor) as shown
in Figure 2-1. By changing the thiophene moiety we were able to tune
the polymers electronic and solubility properties. Moreover, our
approach to keep the central core constant leads to a toolbox to create a
whole range of monomers, and thus polymers, with different
heteroaromatic rings linked to this central core. A more polar polymer
P5 with a dioligo(oxyethylene)phenylene central core will be discussed
in section 2.6. In part 2.7, a push-pull molecule P6 is introduced as a
side chain in order to study the molecular orientation concept for plastic
solar cells!*!>17  Essentially, the polymerization toward these materials
consists of the creation of a thiophene-thiophene linkage and in the next
part some methods to polymerize thiophene-derivatives are discussed.

2.1.2 Synthesis of poly(thiophene) derivatives

Poly(thiophene) (PT) and derivatives have been prepared by
three main methods'®??, namely, electrochemical polymerization,
organometallic cross-coupling and oxidative coupling methods.

2.1.2.1 Electrochemical polymerization

Since the first reports, the synthesis of PTs by electrochemical
oxidation has been widely used?3. Although the mechanism is not fully
understood, it is proposed that the polymerization proceeds via the
coupling of two radical cations, formed by the oxidation of the monomer
as outlined in Figure 2-2. Aromatization of the bithiophene intermediate
is the driving force for the transformation of the dihydro-dimer.
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H17C8

Figure 2-1: Overview of the materials prepared in this study.

The dimer, having a lower oxidation potential than the monomer,
is readily oxidized and undergoes further coupling with the monomeric
radical cation. The polymer is deposited in its oxidized conducting form
onto the electrode, allowing the polymerization to proceed. The
electrochemical polymerization of substituted thiophenes has also been
used to synthesize a variety of functional polymers*”-?*?8, This method
is straightforward and has the advantages that during the
polymerization homogeneous, stable films are formed and, since no
catalyst is required, this method leads to materials with high purity. The
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main drawbacks are the formation of 2,4-couplings between thiophene
units and the very wide molecular weight distributions.
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Figure 2-2: Electrochemical polymerization of thiophene®>.

2.1.2.2 Organometallic cross-coupling methods®®

Kumada cross-coupling

The cross-coupling of organomagnesium compounds with
arylhalides was first discovered by Kumada et al. in 1972°°. In 1980 the

first PTs were prepared via this route?!*?

. The reaction is normally
carried out with a Grignard compound and the corresponding aryl halide
in the presence of either a Ni catalyst, e.g. NiClx(dppp) (dppp = 1,3-
bis(diphenyl-phosphino)-propane), or, less frequently, a Pd catalyst
employing dry diethylether or THF as the solvent’®>. An elegant example
of the Kumada cross-coupling polymerization is described by
McCullough?*?° for the synthesis of regioregular poly(3-alkylthiophene)s
or P3ATs (Figure 2-3). This synthetic method regiospecifically generates
2-bromo-5-(bromomagnesio)-3-alkylthiophene, which is polymerized
with catalytic amounts of Ni(dppp)Cl, to give P3ATs with 98-99 % HT
couplings. In this approach, HT-P3ATs were prepared in yields of 44-69
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% (chloroform-soluble solids only) in a one-pot, multistep procedure.
Molecular weights for HT-P3ATs are typically in the range of M, = 20k to
40k (PD = 1.4).

R R
<_ﬁ\Br /L_ﬁ\ Bng/lzﬁ\BrL> /@?

Figure 2-3: Regioregular poly(alkylthiophene)s via Kumada cross-coupling
(McCullough route): (i) LDA; (ii) MgBr,*Et,0; (iii) Ni(dppp)Cl,.

Recently, the same group has reported a simplified procedure,
the Grignard Metathesis (GRIM) method, for the synthesis of P3AT3638
and poly(3-alkoxythiophene)s4%,  Treatment of 2,5-dibromo-3-
alkylthiophene with a Grignard reagent yields two regioisomers. After
the addition of a catalytic amount of Ni(dppp)Cl, only one of the isomers
is consumed, forming P3AT with 98-99 % HT couplings3®. However, a
major disadvantage of the Kumada cross coupling is the limited
functional group compatibility of Grignard reagents.

R R R R
Br/lzﬁ\Bri—> Bng/lzﬁ\Br+ Br/@MgBr ii /P@“\

Figure 2-4: Regioregular poly(alkylthiophene)s via the Grignard Metathesis
method: (i) RMgBr, THF; (ii) Ni(dppp)Cl,.

Negishi cross-coupling

A second important route is the Negishi cross-coupling between
an organozinc intermediate and an arylhalide. Rieke first described the
synthesis of HT-P3AT via this coupling method****3, In the Rieke method,
2,5-dibromo-3-alkylthiophene is added to a solution of highly reactive
“Rieke zinc” (Zn*)*. This metal reacts quantitatively to form a mixture
of the isomers 2-bromo-3-alkyl-5-(bromozincio)thiophene (a) and 2-
(bromozincio)-3-alkyl-5-bromothiophene (b). The ratio between these
two isomers is dependent upon the reaction temperature and, to a much
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lesser extent, the sterical influence of the alkyl substituent. The addition
of a Ni cross-coupling catalyst, Ni(dppe)Cl, (dppp = 1,3-bis(diphenyl-
phosphino)-ethane), leads to the formation of a regioregular HT-P3AT
(Figure 2-5). The yields for these reactions are reported to be ~75 %.
Molecular weights for polymers prepared by this method are M, = 24k to
34k (with a PD = 1.4). One advantage of the Rieke method over the
McCullough method is that highly reactive Rieke zinc affords a
functional-group-tolerant synthesis*.

R R R R
Br/@Bri—’Br/@ZnBﬁ Ban/@Br - /@ﬂ\
a b

Figure 2-5: Regioregular poly(alkylthiophene)s via Negishi cross-coupling (Rieke
route): (i) Zn*/THF; (ii) Ni(dppp)Cl,

Suzuki cross-coupling

The name Suzuki cross-coupling*® or Suzuki-Miyaura cross-
coupling refers to the cross-coupling of organoboron compounds and
aryl halides. The reaction is generally catalyzed by Pd(PPh3), or
Pd(OAc),. The broad availability of organoboron compounds and a high
functional group tolerance make the Suzuki cross-coupling particularly
attractive. Drawbacks however, are low molecular weight polymers and
low yields*’>!, As an example the synthesis of regioregular poly(3-
octylthiophene) is presented in Figure 2-6°2

750?3' s” I

Figure 2-6: Regioselective synthesis of poly(3-octylthiophene) via Suzuki cross-
coupling: (i) Pd(OAc),, KCO3.
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Stille cross-coupling

The cross-coupling reaction of arylstannanes and arylhalides was
extensively studied by Stille and was named after him®3. The main
advantage of the Stille cross-coupling is its compatibility with a wide
variety of functional groups. However, this coupling requires a higher
temperature (about 100 °C) to facilitate the transmetalation step from
the weakly nucleophilic stannane to the intermediate aryl palladium
halide. A typically used catalyst is Pd(PPh3), or Pd(PPh;),Cl,. An example
of the Stille cross-coupling® is shown in Figure 2-7, however only low
molecular weight polymers are obtained®®.

.S. .S
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Figure 2-7: Example of the Stille cross-coupling: (i) Pd(PPhs),Cl, DMF.

Despite these advances, the above synthetic procedures have
some drawbacks. In comparison with the oxidative and electrochemical
coupling methods extra modifications on the level of the monomer are
necessary. The McCullough method requires highly purified starting
materials, most important of which is the monomer, 2-bromo-3-
alkylthiophene. In addition, this method requires cryogenic
temperatures. Another disadvantage is the limited functional group
compatibility of the Grignard reagents3*. The Rieke method starts with
the easy-to-purify 2,5-dibromo-3-alkylthiophene (since the compound is
the highest boiling fraction in the crude mixture in its preparation),
however, it requires the non-trivial preparation of Rieke zinc via alkali
metal reduction of zinc halides, employs cryogenic temperatures, and
necessitates long reaction times*?. Both Suzuki*? and Stille coupling
methods also suffer from many of the above drawbacks. In addition,
there have been no reports of using the above methods for the large-
scale synthesis of HT-P3ATs and mostly the molecular weights of, other
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than P3AT, derivatives are rather low. However, these high molecular
weight polymers are necessary for better processability and higher
mobilities®® 57,

2.1.2.3 Oxidative coupling methods

Conducting PTs are formed upon the oxidation of thiophene with
arsenic(V)pentafluoride (AsF5)°®. However, due to the poisonous
properties of AsFs this method has not been widely adopted. A more
convenient method was developed by Sugimoto in 1986°°. He used
iron(III)trichloride (FeCl;) as the oxidizing agent and chloroform as the
solvent under anhydrous conditions to synthesize P3AT. Subsequent
reduction with ammonia provided the neutral polymer in good vyields.
Niemi has reported on the mechanism of the FeCl; synthesis of P3ATs®C,
According to him, the FeCl; initiates an oxidation of the alkylthiophene
to produce a radical center predominantly at the 5-position of thiophene
which than reacts with a neutral thiophene, upon propagation the
polymer is formed (Figure 2-8). However Barbarella et al.® and
Andersson et al.®? proposed a slightly different mechanism in which two
radical cations react, similar to the mechanism for the electrochemical
polymerization (Figure 2-2). Despite the large number of papers
concerning the polymerization of thiophene derivatives with FeCl;, the
reaction mechanism is still unclear and subject to controversial
interpretations.

Materials prepared by the FeCl; method produce P3ATs with
molecular weight ranging from M, = 30k to 300k and with
polydispersities ranging from 1.3 to 5%%% The oxidative coupling of
thiophenes provides materials with higher molecular weights than the
routes described above and it does not appear to generate 2,4-couplings
in P3ATs. The main disadvantage of this method is the Ilow
regiospecificity (discussed in detail in chapter 1) which leads to about 20
% regiochemical defects for P3AT that are polymerized in this way?®.
The need to remove large quantities of iron salts after polymerization is
another drawback®®. The Fe impurity level affects device performance of
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PT in field effect transistors®® and in LEDs®®. However, rigorous
purification can reduce the Fe-impurities to only 0.008 %°®’. This
coupling reaction is simple and has now been widely employed for the
synthesis of all kinds of poly(thiophene)s from thiophene with
alkyl6364.68 = 3lkoxy®®7°, functionalized alkyl’*””” and other thiophene
derivativest? 7881,

0o d o0

S CHCl,
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Figure 2-8: Proposed mechanism of the oxidative polymerization toward P3AT
with FeCl; by Niemi®.

2.2 Monomer synthesis

The starting compound for the central core, 1,4-bis[3’,7'-
dimethyloctyl)oxy]lbenzene (2) is synthesized using a Williamson
etherification with p-hydroquinone and 1-chloro-3,7-dimethyloctane (1).
This chloride is prepared from the corresponding alcohol in high yield. In
the second step compound (22), according to an adapted literature
procedure® using concentrated HCI and p-formaldehyde in acetic
anhydride, vyields 1,4-bischloromethyl-2,5-bis[3’,7'-dimethyloctyl)oxy]-
benzene (3). The aromatic acetonitrile (4) was prepared from 3 via
nucleophilic substitution with sodium cyanide in DMF. The overall yield
of the four steps is 40 %.
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OC,H,,
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OC,H,, 1021
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Figure 2-9: Synthesis of the central core: (i) SOCl;, Py, 100 °C, (ii)
hydroquinone, KOH, Nal, EtOH, reflux, (iii) p-CH>0, Ac;O, HCI, 90 °C, (iv) NaCN,
DMF, reflux.

The thiophene carboxaldehydes (5a-d) were either commercial
available (5a) or prepared via a Vilsmeier formylation with POCl; and
DMF from the respective thiophene derivatives. For 3-octyl-2-
thienylaldehyde (5b) a ratio of 9/1 (as determined by H-NMR) of 2- to
5-formyl isomers was found which is a ratio similar to literature data®3.

R1 R2 R1 R2
R
S 83-95 % S \
(0]
5a-d
a:R1=R2=H

b: R1=H, R2 =n-octyl
C: Rl, R2 = O-CHz'CHz'O
d: R1, R2 = O-CH,-CH(n-tetradecyl)-O

Figure 2-10: Synthesis of the thiophene carboxaldehydes: (i) POCl3, DMF, 55 °C.

The aryl unit with a cyanogroup is among the most widespread
electron withdrawing groups in organic chemistry and can be easily

4,84

obtained by applying a Knoevenagel condensation of a thiophene

carboxaldehyde (5a-d) with an aromatic acetonitrile moiety (4) in
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refluxing methanol containing sodium t-butoxide. Yields of this
Knoevenagel condensation are in the range of 46-72 %.

OC H,y
NC / \
S

| ) CN

H,C.0 M1

Figure 2-11: Knoevenagel condensation: (i) Na-tBuO, MeOH, reflux.

By this synthesis method four monomers were prepared which
structure consists of a central dialkoxyphenylene core p-disubstituted by
two thiophene derivatives through a cyanovinylene linker. The long
alkoxychains on the central core enhance the solubility of the final
polymer. By keeping both the central core and the acceptor strength
constant, the influence of thiophenes with different donor characteristics
was studied. Furthermore the influence of extra solubilizing chains on
the thiophene part was studied.

Structural characterization of M3

As an example the NMR spectra of monomer M3 will be analyzed
in detail. For the proton and carbon chemical shift assignment, we made
use of one dimensional techniques like *H-NMR (Figure 2-13) and !3C-
NMR (Figure 2-17) in combination with 2D-NMR techniques like direct
coupling HETCOR (J = 140 Hz) (heteronuclear chemical shift correlation)
(Figure 2-14 and Figure 2-15) and long range HETCOR (J = 8 Hz)
(Figure 2-16). A direct coupling HETCOR indicates which proton is
attached to the corresponding carbon atom. So a clear distinction
between all proton resonances can be made. For the determination and
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assignment of the quaternary carbon resonances a long range HETCOR
experiment was set up. In such experiment a correlation is made
between a carbon atom shift and a proton shift 2 and/or 3 bonds
further. For reasons of clarity the atomic numbering of the protons and
carbons were made separately (Figure 2-12).

Figure 2-12: Atomic numbering of M3, H (left) and *3C (right)

1H NMR chemical shift assignment

In the 'H-NMR spectrum of M3 a clear distinction can be made
between the aliphatic, the etheric and the aromatic/olefinic protons.
Since the C;y, side chain is identical to the side chain in MDMO-PPV, the
assignment was already accomplished® and identical chemical shift
values were observed (inset of Figure 2-13). By means of integration,
the assignment of the etheric protons H;;-H;, could be made. Two
aromatic signals, H;; and H;, can be assigned by comparing their
chemical shift values with those of the starting compounds and as
expected, the remaining vinylic proton H;s is assigned to the most
downfield signal. An overview of the *H chemical shift values is given in
Table 2-1.
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1,3

w .

Figure 2-13: *H-NMR of M3 in CDCl .

Table 2-1:'H NMR chemical shift values of M3.

Proton S (ppm) Proton S (ppm) Proton 3 (ppm)
1-3 0.82 8 0.92 13 6.59
2 1.47 9 1.86 14 7.07
4-5-6 1.30-1.10 10 4.06 15 8.16
7 1.67 11-12 4.28-4.23
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13C NMR chemical shift assighment

After assigning the proton chemical shifts, the assignment of the
corresponding carbon signals is straightforward by means of direct
HETCOR. In Figure 2-14 the aliphatic part of the direct coupling HETCOR
spectrum is shown. From this spectrum, carbons C,-C; can be assigned.
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Figure 2-14: Aliphatic part of the direct HETCOR spectrum of M3.

From the etheric and aromatic part of the direct coupling HETCOR
spectrum (Figure 2-15) carbons C;-C, can be assigned. By this method,
also the aromatic and olefinic carbons C,, C, and C; are determined. This
still leaves 7 quaternary aromatic carbon signals unassigned.
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Figure 2-15: Aromatic and alkoxy part of the direct HETCOR spectrum of M3.

In long range HETCOR experiments of phenylic systems mainly
(vicinal) *Je-n couplings are visualized. This means *Jen couplings
between His and the carbons C: and Cs, between Hi4 and Cn, C, and C,
and between His and C,, C: and C,. According to the correlations
observed in Figure 2-16, the resonance at 123.8 ppm correlates with Hia
and His and thus can be assigned to C,. Further His correlates with a
resonance at 101.2 ppm and a resonance at 150.5 ppm. It is clear that
the signal at 150.5 ppm can be assigned to Cy, since it is more downfield
(next to O atom) than C, (next to C atom) which, as a consequence, can
be assigned to the signal at 101.2 ppm. The resonance at 114.2 ppm
correlates with Hiz and His which means that this signal should be
allocated to C.. However, it is unlikely that an aromatic carbon atom
next to an oxygen atom gives a signal that far upfield. A more plausible
explanation is found if a 2Jc.n coupling is considered between His and G
and to assign the signal at 144.2 ppm to C.. The last correlation
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between the signal at 118.9 ppm and H;s; originates from C,. All
assignments but one are made, which automatically means that C, can

be allocated to the signal at 141.3 ppm. An overview of the *H chemical
shift values is given in Table 2-2 and Figure 2-17.

]

. L -

110%
115—2—
12|1—fm'=

125 -
130%

135

140
1455 —
150 J—

F1 (ppm)

Figure 2-16: Aromatic part of the long range HETCOR spectrum of M3.

Table 2-2: 13C NMR chemical shift values of M3.

Carbon 5 (ppm) Carbon 5 (ppm) Carbon S5 (ppm)

a-c 22.6-22.7 i 36.2 q 144.2
b 27.9 j 67.87 r 141.3
d 39.21 k-1 64.5-65.1 s 114.2
e 24.6 m 150.5 t 134.6
f 37.2 n 113.9 u 118.9
g 19.6 o} 123.8 Y% 101.2
h 29.7 p 105.0
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Figure 2-17: 3C-NMR of M3 in CDCl;.

2.3 Polymerization

The chemical oxidative polymerization with FeCl; is a convenient
way to polymerize these monomers. It is the most straightforward
method since no further modifications of the monomers are required.
The main disadvantage of this method is the low regiospecificity which
leads to about 20 % regiochemical defects for P3AT polymerized in this
way®3. These defects involve head-to-head (HH) and head-to-tail (TT)
couplings besides the wanted head-to-tail (HT) couplings as shown in
chapter one. However, since all synthesized monomers are
symmetrically substituted, the resulting polymers will always be
completely regioregular, both in substitution and in composition of the
aromatic units. Our aim was to find the best possible polymerization
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conditions leading to the maximum amount of soluble neutral polymers
with the highest molecular weights. This is relevant for the
processability and mechanical properties of films made of these
conjugated polymeric materials. To meet this goal, several parameters
were investigated.

OCyHy OC,oH,,
/ Ar i NC / Ar%

Ar CN +Ar / CN

Figure 2- 18: Oxidative polymerization: (i) FeCl;, CHCI3, RT.
2.3.1 Influence of time

The polymers were prepared by chemical oxidation of the
monomers using FeCl; according to a procedure similar to that of
Sugimoto et al.>® (Figure 2-18). Polymerization of the monomers has
been performed using three different reaction conditions (Table 2-3),
deviating in the reaction times employed. The reaction proceeds with
the formation of an initial dark-blue color and a subsequent black

72



Low Band Gap Polymers based on the Donor — Acceptor Approach

precipitate. After the polymerization, the polymers contain residual
iron(III)salts which can be reduced in concentration with rigorous
purification. A first precipitation in MeOH and a second in
MeOH/Hydrazine not only removes residual FeCl;, the latter also
dedopes the polymers. Further traces of iron(Ill)salts are removed by
Soxhlet extraction with methanol. During this step the polymer is also
purified from unreacted monomer. Further extraction with acetone
removes oligomeric and low molecular weight fractions from the polymer
and the soluble fraction is eventually collected by extraction with
chloroform.

Table 2-3: Polymerization results for monomers M1 - M4.

Time M2 M2 pD v1® Y2

[h] [%] [%]

24 136000 53000 2.5 52 26

P1 48 32000 5500 5.8 24 35
72 18000 5600 3.1 22 57
24 35000 15000 2.3 82 91

P2 48 43000 7000 6.2 28 80
72 7900 2500 3.2 30 85

24 189000 65000 2.9 56 20

P3 48 33000 7700 4.3 31 43
72 33000 10000 3.3 37 41

24 40000 14000 3.0 76 82

P4 48 21000 7000 3.0 14 90
72 24000 3500 6.7 18 93

@Determined by means of SEC in THF against polystyrene standards.
boverall yield.
‘Soluble polymer yield with respect to the overall yield.
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Polymerization results are shown in Table 2-3 where the
characteristics of the different polymers from the different
polymerizations are summarized. The weight-average molecular weights
(M), the number-average molecular weights (M,) and molecular weight
distribution (PD) of the polymers have been determined by analytical
SEC in THF against polystyrene standards. The reported overall yields
(Y1) were determined after extraction with acetone and the soluble
polymer yield (Y2) indicates the soluble fraction of the polymer in
chloroform.

It is clear that, for all polymers, longer reaction times cause
lower molecular weights and lower overall yields (Y1). This is probably
due to the presence of HCl in the reaction medium, although most of the
HCI, formed during the reaction, is removed by the argon flux. The small
amount that is left, in combination with very long reaction times induces
degradation of the polymer chains, vyielding highly dispersed, low
molecular weight polymers. Our attempt to increase the solubility of the
polymers by introduction of long alkyl side chains (P2 and P4) was
successful as indicated by the high soluble polymer yield (Y2) comprised
between 80 and 93 %. Another surprising observation for these alkyl
substituted polymers (P2 and P4) is that the molecular weights are
much lower than for the non-alkylated polymers (P1 and P3). Possibly,
the sterical hindrance induced by the alkyl side chains on the thiophene
units makes the monomers less reactive and causes the lower molecular
weights.

2.3.2 Reproducibility

One of the problems regarding this polymerization is that, under
the same conditions, the method often gives variable results in yield,
molecular weight and polydispersity. However, to improve the
reproducibility of the polymerizations, anhydrous FeCl; was freshly
prepared from commercial FeCl;. A detailed procedure for the
purification of FeCl; is given in the appendix. During the polymerization,
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fast stirring and a strong argon flow ensures that the HCI, formed during
the reaction, is removed from the reaction vessel. This is an important
issue since the evolved HCl consumes FeCl;, probably by complexation
(FeCl,) and this results in lower vyields and polymers with lower
molecular weights®. As an example the results of experiments in duplex
of P3 are compared in Table 2-4. In method 1 commercial FeCl; was
used without further purification and no Ar flow was used. In method 2
purified FeCl; was used as well as an Ar flow. All other parameters were
kept the same. It is clear that by using optimized reaction conditions a
substantial better reproducibility can be achieved. Furthermore higher
M, and overall yields were obtained.

Table 2-4: Reproducibility of the oxidative polymerization of P3

Method 1° Method 2°
Batch 1 Batch 2 Batch 1 Batch 2
Yield 20 37 50 56
M,, 80000 39500 175000 189000
PD 6.8 2.1 2.5 2.9

dCommercial FeCl; and no Ar flow
bpurified FeCl; and Ar flow

2.4 Characterization

The following characterization of electronic properties has been
carried out on the samples prepared with a polymerization time of 24 h,
since they have the highest molecular weights and the lowest
polydispersities.
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2.4.1 Optical absorption

The electronic absorption data of the various polymers are listed
in Table 2-5. All spectroscopic properties were measured both as thin
film on quartz (Figure 2-19a) and in chloroform solution (Figure 2-19b).

Table 2-5: Optical data of the polymers P1 - P4 measured both in CHCl3

solution and as thin film.

CHCI: solution Film
Amax[PM]  Agpeee[PM] | Apo [PM] Aot [PM] Eg[eV]®
P1 500 650 520 700 1.77
P2 490 600 540 720 1.72
P3 580 710 630 780 1.59
P4 560 680 570 720 1.72

dCalculated from the intersection of the tangent on the low energetic edge of the

absorption spectrum with the abscissa.

Figure 2-19a shows that the absorption maximum (A...) of P2
exhibits a 20 nm red shift as compared to P1. This shift is also observed
for the band gap. The low energetic edge of the absorption spectrum of
P1 is at 700 nm which corresponds to a band gap (Eg) of 1.77 eV, while
for P2 the absorption onset is at 720 nm corresponding to a Eg = 1.72
eV. This behavior is a result of the electron-releasing effect of the octyl
chains. Apparently, the electronic substituent effect created by the
introduction of the alkyl side chains is larger than the possible effect of
reduced electronic interchain interactions as well as the increased
disorder in the conjugated system due to sterical hindrance imparted by
the octyl side chains. The effect of sterical hindrance can be seen in P3
when compared to P4. Here there is a blue shift of 60 nm. This is due to
the larger interchain distances imposed by the substituents attached at
a sp? carbon which leads to a bigger decrease of n-stacking interactions

in the solid-state. The low energy shoulder, seen for P1 (630 nm) and
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P3 (720 nm) and the absence hereof for P2 and P4 is a further
evidence of strong m-stacking interactions for the former two polymers
and more disorder for the latter two. When comparing P3 with P1, P3
shows a bathochromic shift of 100 nm compared to P1 and the band
gap of P3 is 0.2 eV lower than the band gap of P1. Here, as it is also
observed by comparing the optical data of poly(thiophene) (A,.x = 480
nm, Eg = 1.9 eV) with poly(3,4-ethylenedioxythiophene) (Am.x = 610
nm, Eg = 1.6 eV), the strong electron releasing ethylenedioxy groups in
P3 causes this shift.
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Figure 2-19: Normalized UV-Vis absorption spectra of P1 - P4 as thin film (a)
and in CHCI; solution (b).

Due to the absence of n-stacking in solution (Figure 2-19b; Table
2-5), overall, the Amax and Aonset Values are lower than in the solid state
although all trends mentioned above are also observed in solution. For
P4, when measured in solution the optical spectrum remains practically
identical to the the spectrum measured in film, with however a small
(ca. 10 nm) hypsochromic shift of the absorption maximum. This again
confirms that for P4 almost no additional m-stacking interaction is
observed when going from solution to a thin film.

Overall, as we expected, all four polymers show low band gaps
and by increasing the electron-releasing effect the band gap of the
polymers decreases from P1>P2>P3. For P4, the introduction of alkyl
substituents gives rise to a higher band gap compared to P3. The

77



Chapter Two

reason for this behavior is related to the sterical hindrance imparted by
the tetradecyl substituents that affect the planarity of the molecule.

It is noteworthy that no significant degradation of the conjugated
system is observed in the temperature dependent UV-Vis spectrum
during the heating process until 225 - 250 °C®: 8, Notwithstanding,
thermal stability up to 225 - 250 °C is sufficiently high for potential
device applications.

Normalized Absorbance [a.u.]

T T T T T T T T T T
50 100 150 200 250 300
Temperature (°C)

Figure 2-20: UV-Vis absorbance profiles at Amax as a function of temperature for
P1-P4.

2.4.2 Electrochemistry

Cyclic voltammetry (CV) using 0,1 M TBAPFs as a supporting
electrolyte in anhydrous acetonitrile (ACN) was employed to study the
electrochemical behavior of the polymers and to estimate their highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) energy levels. The cyclic voltammograms display quasi
reversible oxidation and reduction processes (Figure 2-21) for all the
polymers.
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Therefore, electrochemically determined band gaps derived from
the difference between onset potentials for oxidation and reduction of
polymers can be deduced using following equation:
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Figure 2-21: Cyclic voltammograms of the oxidation and reduction behavior of
thin films of P1 - P4.

The CV data of the various polymers is gathered in Table 2-6.
With an ethylenedioxy group incorporated (P3), a decrease in band gap
of ca. 0.7 eV was found going from P1 to P3. Due to the introduction of
the ethylenedioxy group attached on the thiophene ring, the oxidation
onset of P3 decreases, i.e. the HOMO level increases, where there is
only a minimal effect on the reduction onset, ie. the LUMO level
remains comparatively unchanged. As a result, an electron donating
group like an ethylenedioxy group lowers the band gap energy
significantly.

The effect of alkyl chain substitution on the oxidation and
reduction process of the polymers can also be compared by using the
values of P1 and P2 reported in Table 2-6. The onset oxidation and
reduction potentials do not change when an octyl side chain is attached
onto the thiophene ring, i.e. the HOMO and LUMO energy levels remain
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unchanged. The redox potentials of P3 and P4 can also be compared.
P4 has an additional alkyl substitution on the ethylenedioxy group of
P3. This increases the oxidation potentials as compared with their non-
substituted analogue P3, i.e. HOMO level decreases, as a result of the
decreased coplanarity of the molecules imparted by the alkyl chains.
Also in this case, the alkyl substitution has no influence on the reduction
potential. This results in an increase of the electrochemical band gap.
Important to note is that it is impossible to understand the influence of
the cyanovinylene linkage when this series of polymers is used.
However, it is suggested that the reduction is mainly dominated by the
presence of the cyanovinylene bound since the LUMO energy levels of
the four polymers do not significantly change. The variations of the band
gap are mainly determined by the HOMO of the polymer.

Table 2-6: Electrochemical data of the polymers P1 - P4.

Eonset E orset HOMO LUMO Eg
[V] [V] [eV] [eV] [eVv]
PL  +0.62 -1.46 -5.50 -3.42 2.08
P2 +0.57 -1.55 -5.48 -3.36 2.12
P3  -0.04 -1.60 -4.83 -3.27 1.56
P4 +0.40 -1.63 _5.34 -3.31 2.03

The oxidation process can also be observed visually. A color
change of the films from blue to light yellow was observed upon
oxidation. Subsequently, in the reverse process, upon dedoping the
color of the film returned to blue. This observation further confirms the
reversibility of the p-doping process.

From these results, it is clear that changing of the substituents
on the thiophene unit allows the modulation of the HOMO/ionization
potential. This should be useful to enhance the absorption of photons in
the active layer of a plastic solar cell and to facilitate efficient charge
collection at the electrodes.
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Figure 2-22 exhibits the resulting energy band diagram in
relation to the relative energy levels of the most frequently employed
acceptor in organic solar cells, PCBM, and the workfunctions of indium
tin oxide (ITO) and aluminum (Al), which are usually applied as
electrodes in polymer solar cells. The HOMO of the polymers P3 and P4
is distinctively higher in energy than that of PCBM. However, not the
HOMO energy levels but the relative positions of the donor LUMO and
the acceptor LUMO are important for the intended charge transfer. The
difference between the LUMOs of P1 - P4 and PCBM is in the range of
0.6 eV, which is sufficiently high to enable an unrestricted and directed
charge transfer.
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Figure 2-22: Energy band diagram with HOMO/LUMO levels of P1 - P4 and
PCBM in relation to the work function of the common electrode materials ITO
and Al.

2.4.3 Charge-Transfer processes

Charge-Transfer processes were studied in close collaboration
with Aranzazu Aguirre and Griet Janssen from the group of Etienne
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Goovaerts at the physics department of the University Antwerp® and Le
Huong Nguyen and Helmut Neugebauer from the group of Serdar
Sariciftci at the Linz Institute for Organic Solar Cells (LIOS) in Austria®.

Photoluminescence (PL) of the polymers (P2 or P3) and their
blend with PCBM was measured to check if there is an interaction of the
two components in the excited state. PL quenching is often indicative of
a charge transfer for many donor-acceptor blends®. The occurrence of
charge transfer is confirmed by the quenching of the PL-emission (by a
factor of ~5) when going from the pristine P2 to the P2/PCBM film
(Figure 2-23a) and, correspondingly, with the drastic decrease of the
decay time (Figure 2-23b). It should be mentioned that the PL
efficiency, even in the pure P2 polymer film, is much lower than usually
observed in MDMO-PPV. This points to a competition with an efficient
non-radiative decay process. Further, one notices the large Stokes shift
between the absorption maximum of the P2 film (Figure 2-19) and the
PL emission (Figure 2-23a). (~200 nm compared to a Stokes shift of
~100 nm for MDMO-PPV). This relatively large Stokes shift indicates an
important configurational relaxation in the excited state.
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Figure 2-23: a) Photoluminescence spectra of thin spin coated films of P2 and of
the blend P2/PCBM. b) Time decay (normalized) of the PL emission of P2 and
P2/PCBM films. The decay of the P2/PCBM blend is resolution limited by the

response of the streak camera detector.
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Figure 2-24 shows PL (solid lines) of pristine P3. As can be
noticed, P2 shows stronger PL compared to P3. Also for this polymer,
when adding PCBM as an acceptor at a ratio 1:2 wt, the PL of the
pristine polymer is quenched by a factor of 5, implying that there is an
interaction between the two components in the excited state.
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Figure 2-24: Photoluminescence spectra of thin spin coated films of P3 (solid
line) and of the blend P3/PCBM (dashed line).

Photoinduced absorption (PIA) spectra of pristine P2 and a blend
of P2:PCBM (1:2 wt) films are shown in Figure 2-25 (left). Two PIA
features of pristine P2 are observed at 1.10 and 1.5 eV with an
additional shoulder at 1.64 eV (solid line). The photoexcitation pattern of
P2 is more complicated compared to that of P3 (Figure 2-25 right). This
could be the results of the disorder effect introduced by the long alkyl
side chain (CgHi7) in P2. The PIA of the composite of P2 with PCBM (1:2
wt) (dashed line, Figure 2-25 left) shows analogous absorption features
at 1.2 and 1.7 eV. Additionally, observation of a weak absorption is
obtained at < 0.7 eV which is assigned to low-energy absorption. The
broad absorption centered at 1.2 eV is designated to the contribution of
the overlapping between the shifted peak at 1.1 eV and the PCBM
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radical anion band (expected at 1.2 eV). Hence, there is indication of

photoinduced charge generation in this composite system.
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Figure 2-25: PIA spectra of pristine polymer (solid line) and the polymer/PCBM
blend at 1:2 wt. (dashed line) recorded at 80 K following chopped cw excitation
at 514 nm, 218 Hz: left for P2; right for P3.

The PIA spectra of a pristine P3 film and a blend of P3:PCBM
(1:2 wt) are shown in Figure 2-25 (right). The PIA spectrum of the
pristine P1 exhibits a pronounced single absorption peak at 1.5 eV (solid
line), which is attributed to a Tn « Ti transition of the T triplet excited
state. In the mixture with PCBM three new peaks are observed at < 0.8,
1.05 and 1.2 eV (dashed line). We propose the weak PIA bands around
<0.8 and 1.05 eV are attributed to
polaronic absorptions. A PIA band around 1.2 eV is assigned to the

low-energy and high-energy

known absorption of the methanofullerene radical anion which was often
observed at 1.15 to 1.2 eV®” °', The obtained PIA results supported by
PL quenching are an evidence for charge transfer in the composite upon
photoexcitation.

Further proof for photoinduced charge transfer is given by Light-
induced Electron Paramagnetic Resonance (LI-EPR) measurements,
showing the creation of two radicals upon illumination of the blends
(Figure 2-26).
Aguirre and Griet Janssen from the group of Etienne Goovaerts at the

LI-EPR measurements were performed by Aranzazu

physics department of the University Antwerp. P2 was used as a model
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system for these measurements. The two light induced EPR features,
shown in Figure 2-26, are comparable to those commonly found in the
EPR analysis of the charge transfer process in donor/acceptor blends like
the standard MDMO-PPV/PCBM blend®?. The signal at 3.3582 T
corresponding to a g-value of g = 2.0000 is assigned to the negative
PCBM —radical. The signal at lower field values (around 3.354 T) is
assigned to the positive polaron (P*) on P2, at g-values slightly larger
than 2, close to that of the polaron in MDMO-PPV. Instead of the
normally expected first derivative signal, an absorption-like shape of the
P* radical was observed which is an indication of saturation effects and
has been observed before for other blends®?. It is also important to
notice that radicals are formed previous to illumination, probably due to
the presence of impurities in the polymer, despite rigorous purification.

—— Light-induced signal
- - - Dark signal

EPR Intensity [a. u.]

3.350 3.355 3.360 3.365
Field [T]

Figure 2-26: EPR spectra of the P2/PCBM blend (T = 100 K). The dashed and

solid line show the spectrum without and under illumination (Aexc = 488 nm),

respectively. The signal at low field values is assigned to the positive polaron
(P*) and the one at high field values to the PCBM~ radical.
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2.5 Photovoltaic devices

Photovoltaic studies on solar cell devices were performed by Le
Huong Nguyen and Helmut Neugebauer from the group of Serdar
Sariciftci at the Linz Institute for Organic Solar Cells (LIOS) in Austria®.

Typical I-V characteristics of ITO/PEDOT:PSS/P2:PCBM/LIiF/Al
(named P2 device) and ITO/PEDOT:PSS/P3:PCBM/LiF/Al (named P3
device) devices are shown, both in dark (dashed line) and under AM 1.5
illumination (solid line), in Figure 2-27a and Figure 2-27b respectively.
The P2 device performance shows open circuit voltages (Voc) of 650
mV, short circuit currents (Isc) of 0.5 mA/cm?, fill factors (FF) of 0.42
and a conversion efficiency (n) of about 0.14 % while the P3 device
exhibits lower Vo (400 mV), lower FF (0.22) but significantly higher I¢
(1.64 mA.cm™) leading to the same value of 1 = 0.14 %. Optimization
of the device parameters by thermal annealing shows a slight increase
in the final photovoltaic performance for the P3 device with the
following characteristics: Voc = 350 mV, Igc = 1.87 mA.cm™, FF = 0.29
(grey line in Figure 6b) which results in n = 0.19 % while annealing did
not show improved effects on the P2 device.
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Figure 2-27: Semilogarithmic and linear (inset) representations of I-V
characteristics of a) ITO/PEDOT:PSS/P2:PCBM/LiF/Al and b)
ITO/PEDOT:PSS/P3:PCBM/LiF/Al cells before (black line) and after (grey line)
annealing. The solid line represents data obtained under illumination, while the

dashed line is measured in the dark.
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Figure 2-28 shows the incident photon-to-current efficiency
(IPCE) spectra (black lines) of the P2 (Figure 2-28a) and the P3 device
(Figure 2-28b) with the normalized absorption of the corresponding
pristine polymer films (dashed lines). With this technique the number of
electrons produced from the cell under short-circuit conditions is related
to the number of incident photons.

The photocurrent spectrum of the P2 device shows an onset at
about 710 nm (1.75 eV), close to the optical band gap and exhibits a
maximum of 3 % at 600 nm (Figure 2-28a) while the IPCE spectrum for
P3 device extends its onset to higher wavelength at about 780 nm (1.54
eV) with a maximum absorption of more than 12% at 550 nm. P3
possesses a quite low band gap (Eg = 1.59 eV) resulting in an increase
in absorption of light. As a consequence the I increases but at the
same time Vg is lowered. The lower band gap of the polymer resulting
from a decrease in the oxidation potential (i.e. increasing the HOMO
level) may therefore reduce the Vg since the Vo of polymer/fullerene-
based solar cells depends on the energy difference between the HOMO
of the donor and the LUMO of the acceptor®3. The octyl substitution in
P2 decreases the HOMO level as compared to P3. This leads to an
increase in Vo for the P2 device.
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Figure 2-28: Photocurrent spectrum of photovoltaic devices a)
ITO/PEDOT:PSS/P2:PCBM/LiF/Al; b) ITO/PEDOT:PSS/P3:PCBM/LiF/Al (solid
line) and the normalized optical absorptions for the corresponding pristine

polymers (dashed line).
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To gain more insight into the effects of alkyl side chains on
photoinduced charge transfer and photovoltaic performance, the
morphology of the active layers was investigated using atomic force
microscopy (AFM). Figure 2-29 shows the nanomorphology of the active
layers of the P2 and P3 devices.

0 1.

Figure 2-29: AFM nanomorphology of the active layer of photovoltaic devices
ITO/PEDOT:PSS/P2:PCBM/LiF/Al (left) and ITO/PEDOT:PSS/P3:PCBM/LiF/Al

(right).

Going from P3 to P2 with the introduction of the long alkyl side
chains the surface roughness is increased which points directly to an
increased nanoscale phase-separation within the film blend. Both
polymer structures have long alkoxychains on the central core to
provide solubility of the polymers. A P3 device film shows a flat surface,
no significant phase separation while dramatically larger phase
separation was observed in the case of P2 which may point to an alkyl
side chain effect. Consequently the interfacial area in the active layer P2
blend is reduced (compared to P3) leading to insufficient charge
generation and separation in the P2 blend. As a result Isc of P2 device
is reduced significantly. It is important to note that the morphology can
be influenced by other parameters as different solvents, etc. However in
this case, the strong phase separation obtained for P2 appears rather as
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an issue of the alkyl side chain effect than as a solubility problem
because the introduction of extra solubilizing chains for P2 on the
thiophene unit additionally increases the solubility.

The results for solar cell performance are disappointing in spite of
both the lower band gap of the polymer and the efficient charge transfer
in the blends with PCBM. Also, the electrochemical potentials are
compatible with the requirements for this type of solar cells®®, with
reasonable Ve values although lower than in optimal devices. The low
Isc values observed for these devices eventually point to a low mobility
of the charge carriers. Indeed, the hole mobility in the pure polymer
films measured in a field effect transistor was found to be below 10°
cm?/Vs for all polymers.

2.6 Low band gap polymer with more polar
side chains

2.6.1 Introduction

In an attempt to study the influence of the side chain on the
central core, polymer P5 is synthesized. P5 has a similar structure as
P3 accept for the side chains on the benzene unit. In P3 an alkoxy side
chain was introduced while in P5 a more polar oligoethylene side chain
is used. The influence on the polymerization, solubility and electronic
properties are examined and compared with the values of P3.

2.6.2 Synthesis

The synthesis strategy is similar to the synthesis of the previous
polymers with only some small adaptations (Figure 2-30). The starting
compound 1,4-bischloromethyl-2,5-bis{2-[2-(2-methoxy-ethoxy)-
ethoxy]-ethoxy}benzene 6 is synthesized according to a literature
procedure®. The aromatic acetonitrile (7) is then prepared from 6 via
nucleophilic substitution with sodium cyanide in DMF. Subsequent

89



Chapter Two

Knoevenagel condensation*® of 3,4-ethylenedioxy-2-thienylaldehyde
(5c) with 6 in refluxing methanol containing sodium t-butoxide gives
the monomer M5 in 88 % vyield.
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Figure 2-30: Synthetic route toward the synthesis of monomer M5 and polymer
P5. (i) NaCN, DMF, reflux; (ii) 5c, Na-tBuO, MeOH, reflux; (iii) FeCls, CHCls.

The polymer iss prepared by chemical oxidation of the monomers
using FeCls. The results of the polymerizations are shown in Table 2-7.
The reported overall yields (Y1) were determined after extraction with
acetone and the soluble polymer yield (Y2) indicates the soluble fraction
of the polymer in chloroform. Since previous data revealed that shorter
reaction times increase the molecular weights an experiment with a
reaction time of only 3 h was carried out. However, with a short reaction
time, only oligomers were obtained. The results of the polymerization for
24 h were somewhat better, but still way below the molecular weight
obtained for P3. However one must be careful when interpreting these
data. In view of the differences in solubility, molecular weights of both
polymers were measured in different solvents. Hence, a straightforward
comparison is impossible. Notwithstanding, these observed molecular
weights suggest that the introduction of the more flexible
oligo(oxyethylene) side chains makes the monomer significantly less
reactive. This may be the result of a difference in sterical hindrance or
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solvation/aggregation effects. The same trend was observed when
adding long alkyl side chains in polymers P2 and P4. It is also
impossible to say whether the higher soluble polymer yield (Y2) is
related to the more flexible oligo(oxyethylene) side chains or rather to
the lower molecular weight.

Table 2-7: Polymerization results for monomer M5.

Time M2 M,2 PD? v1® Y2° [%]
[h] [%]
p5 3 7900 6900 1.2 34 72
24 28000 18900 1.4 70 70

@Determined by means of SEC in DMF against polystyrene standards.
boverall yield.

‘Soluble polymer yield with respect to the overall yield.
2.6.3 Characterization

2.6.3.1 Optical absorption

All spectroscopic properties were measured both as thin film on
quartz substrates and in chloroform solution (Figure 2-31). UV-Vis
absorption spectroscopy shows that the absorption maximum of P5 in a
thin film (AL.x = 570 nm) exhibits a 60 nm blue shift as compared to P3
(Amax = 630 nm, Figure 2-19). In solution this difference is only 10 nm
(Amax = 570 nm for P5 and A,.x = 580 nm for P3). Another surprising
fact is that A,.x of P5 in a thin film is the same as in solution. The
reason for this behavior is related to the difference in conformation of
the conjugated backbone imparted by the oligo(oxyethylene) side
chains, i.e. the planarity of the conjugated backbone is modified. The
high energy shoulder, seen for P3 in film (A, = 720 nm) and the
absence thereof for P5 provides further evidence of strong m-stacking
interactions for the former polymer and more disorder for the latter.
Apparently the flexible oligo(oxyethylene) side chains prevent P5 from
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closely packing in a thin film. The band gap for P5 as derived from UV-
Vis spectroscopy is 1.6 eV.

—P5infilm
------ P5 in solution
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Figure 2-31: Normalized UV-Vis absorption spectra of P5 as thin film (solid) and
in CHCI; solution (dash).

2.6.3.2 Electrochemistry

An estimation of the relative position of HOMO/LUMO levels was
determined with cyclic voltammetry (CV). The HOMO/LUMO levels are
determined from the onsets of oxidation and reduction, respectively. In
the anodic scan, the onset of oxidation of P5 starts at -0.02 V vs.
Ag/Ag™; reduction at -1.46 V vs. Ag/Ag”. This means a HOMO energy
level of -4.82 eV and a LUMO energy level of -3.38 eV. Changing the
side chains from alkoxy to oligoether on the central core does not affect
the HOMO and LUMO energy levels (P3: HOMO = -4.83 eV and LUMO =
-3.27 eV). Apparently, the influence of the exact nature of the alkoxy
side chain has no significant effect on the HOMO and LUMO energy
levels.
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Figure 2-32: Cyclic voltammograms of the oxidation and reduction behavior of
thin films of P5.

2.6.4 Photovoltaic device

A first attempt was made to construct a bulk heterojunction solar
cell with polymer P5 as a donor and PCBM as an acceptor at Konarka by
David Muhlbacher from the group of Christoph Brabec. Preliminary solar
cell characteristics for the P5 device are: I,. = 0.67 mA/cm?, V,. = 0.20
V, FF = 42 %, n = 0.07 %. The charge carrier mobility measurements
were carried out in a field effect transistor. However, the observed hole
mobility was below 10® cm?/Vs, which may well be an explanation for
the low efficiency. These results are in line with the results obtained with
polymers P2 and P3.
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Figure 2-33: Linear representation of I-V characteristics (AM 1.5, 100 mW/cm?)
of ITO/PEDOT:PSS/P5:PCBM/LIiF/Al.

2.7 Low band gap polymer bearing a push-pull
molecule

2.7.1 Introduction

In order to improve solar cell efficiencies, the low mobility of the
charge carriers must be improved significantly. One of the reasons of
this low mobility is the large degree of disorder inherent to organic films
deposited by the techniques available at industrial scale. Classical
approaches to induce structural order at the nanoscale or molecular
level are regioregularity®®, hydrogen bonding®®, liquid crystal groups’?,
etc. An alternative principle is based on polar order'*. When molecules
with a large ground-state dipole are grafted onto a conjugated polymer,
orientation can be introduced by applying a static electric field. This field
can order the so-called DrA-molecules that have electron donor and
acceptor groups which are part of the conjugated system via a =n-
conjugated bridge (also called push-pull molecules). If the polymer is
heated near the glass transition temperature (T4), the molecules with a
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large ground-state dipole are free to rotate and are oriented in the field.
Upon cooling the orientation is frozen and an internal field is stored in
the polymeric semi-conductor>?’,
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Figure 2-34: Mechanism of the dc-field ordering of the polar molecules

covalently linked to a polymer.

The storage of an internal field in a polymeric semi-conductor
should be of significant interest for solar cell applications as it will
facilitate exciton dissociation. The depletion zone, in which the majority
of charge separation or recombination processes take place, extends
over the whole polymer film thickness, as opposed to classical p-n
junction devices which are limited by a weak extension of the depletion
zone (typically 10 to 50 nm). In this work the introduction of a push-pull
molecule, p-(N-butyl-N-2-hydroxyethyl)-nitrobenzene (Figure 2-35) as
side chain on a bis-(1-cyano-2-thienyl vinylene)phenylene derivative is
described in order to study the molecular orientation concept for plastic
solar cells. This study was done in collaboration with the CEA Saclay,
France.
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OH

Figure 2-35: Push-pull molecule: p-(N-butyl-N-2-hydroxyethyl)-nitrobenzene.
2.7.2 Synthesis

The synthesis strategy is similar to the synthesis of the previous
polymers with only some small adaptations (Figure 2-36). In the first
step p-(N-butyl-N-2-hydroxyethyl)-nitrobenzene and p-hydroxyanisol
are coupled using the mild and neutral conditions of the Mitsunobu

reaction®’1%,

The subsequent compound [2-(2,5-bis-chloromethyl-4-
methoxy-phenoxy)-ethyl]-butyl-(4-nitro-phenyl)-amine (9) is prepared
according to a literature procedure®. The aromatic acetonitrile (10) is
then prepared from 9 via nucleophilic substitution with sodium cyanide
in DMF. Subsequent Knoevenagel condensation*3* of 3-octyl-2-
thienylaldehyde (5b) with 10 in refluxing methanol containing sodium ¢-
butoxide yields the monomer M6.

The polymer P6 is prepared by chemical oxidation of the
monomers using FeCls. The result of the polymerization is shown in
Table 2-8. The reported overall yield (Y1) was determined after
extraction with acetone and the soluble polymer yield (Y2) indicates the
soluble fraction of the polymer in chloroform. The polymerization was
allowed to continue for 24 h after which the rigorous purification was
carried out. The obtained molecular weight is comparable to P2.
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Figure 2-36: Synthetic route toward the synthesis of monomer M6 and polymer
P6. (i) DEAD, PPh;, Et;0; p-CH>0, Ac,O, HCI, 70°C; (iii) NaCN, DMF, reflux; (iv)
5b, Na-tBuO, MeOH, reflux; (v) FeCl;, CHCI;.

Table 2-8: Polymerization results for monomer M6.

Time M,? M,? PD? el Y2 [%]
(0]
[h] v " [Y%]
P6 24 36000 8000 4.4 46 85

Determined by means of SEC in DMF against polystyrene standards.

boverall yield.
‘Soluble polymer yield with respect to the overall yield.
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2.7.3 Characterization

2.7.3.1 Optical absorption

The spectroscopic properties were measured both as thin film on
quartz substrates and in chloroform solution (Figure 2-37). UV-Vis
absorption spectroscopy shows that the absorption maximum of P6 in
thin film is 504 nm. In solution the A,., = 481 nm. The absorptionband
at 395 nm, both in thin film as in solution, is originating from the
absorption of the push-pull molecule. The band gap for P6 as derived
from UV-Vis spectroscopy is 1.8 eV.

1.0 —P6in fim
= = —P6 in solution

Normalized absorbance [a.u.]

300 400 500 600 700 800
Wavelength [nm]

Figure 2-37: Normalized UV-Vis absorption spectra of P6 as thin film (solid) and
in CHCI; solution (dash).

2.7.3.2 Electrochemistry

The electrochemical behavior of P6 was studied using cyclic
voltammetry (CV). Figure 2-38 shows the quasi-reversible electroactivity
of P6 both in oxidation and reduction ranges. The HOMO/LUMO levels
are determined from the onsets of oxidation and reduction, respectively.
In the anodic scan, the onset of oxidation of P6 starts at 0.72 V vs.
Ag/Ag™; reduction at -1.45 V vs. Ag/Ag*. This means a HOMO energy
level of -5.62 eV and a LUMO energy level of -3.45 eV. The incorporation
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of a bulky push-pull molecule apparently changes the HOMO energy
level as compared to P2 (HOMO = -5.48 eV, LUMO = -3.36 eV). The
LUMO, as seen for all the polymers of this family, is less affected by an
adaptation on the central core.
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Figure 2-38: Cyclic voltammograms of the oxidation and reduction behavior of
thin films of P6.

2.7.4 Photovoltaic device

In order to study the effect of orientation by applying a static
electric field, an attempt to construct a bulk heterojunction solar cell
with polymer P6 as a donor and PCBM as an acceptor before and after
orientation was done by Alexandra Apostoluk from the group of Carole
Sentein at the CEA in France. However no photovoltaic effect was
observed within the limits of the measurement technique. It was also
impossible to orient the polymer layer between the two electrodes.

The photocurrent spectrum of the P6 device shows an onset at
about 700 nm (1.77 eV) close to the optical band gap and exhibits a
maximum of 0.4 % at 370 nm (Figure 2-39).
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Figure 2-39: Photocurrent spectrum (solid line) of photovoltaic device
ITO/PEDOT:PSS/P6:PCBM/LiF/Al and the normalized optical absorption for the

corresponding pristine polymer (dashed line).

2.8 Conclusions

In conclusion, the synthesis of six different soluble low band gap
polymers (1.6-2.0 eV) has been demonstrated. The polymers were
synthesized by FeCl;-oxidative polymerization. The influence of time on
the polymerization was studied. Long reaction times give rise to lower
molecular weights and lower yields. The introduction of extra solubilizing
chains (P2 and P4) on the thiophene unit or changing the alkoxy side
chain on the central core into an oligo(oxyethylene) side chain (P5)
increases the solubility of the final polymers but also lowers their
molecular weights as a result of sterical hindrance during the
polymerization. The influence of the electron donor strength of the
thiophene units was studied with UV-Vis absorption spectroscopy and
cyclic voltammetry. It is shown clearly that in going from P3 over P2 to
P1 the HOMO energy level decreases due to a decrease of the electron
donor strength in the polymer. As a result hereof the band gap
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increases. The introduction of alkyl substituents in P4 gives rise to a
higher band gap. The reason for this behavior is related to the sterical
hindrance imparted by the tetradecyl substituents that affect the
planarity of the molecule. In this work we were able to show that
changing the substituents on the thiophene unit allows the modulation
of the HOMO/ionization potential while changing the substituent on the
central core has only little effect on the electronic properties. Efficient
charge transfer is demonstrated in blends of P2 and P3 with PCBM by
PL, PIA and LI-EPR measurements. However all solar cells made of the
polymers showed only low efficiencies, which is related to the low hole
mobilities observed in the pure polymer films. The introduction of a
push-pull molecule as side chain on the P6 derivative is described in
order to study the molecular orientation concept for plastic solar cells.
Unfortunately, it was impossible to orient the polymer layer between the
two electrodes.
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2.9 Experimental part

Chemicals

All reagents and chemicals were obtained from commercial sources
(Acros, Aldrich and Merck) and used without further purification unless
otherwise stated. SOCI, is distilled prior to use. 3,4-
ethylenedioxythiophene, distilled under reduced pressure prior to use,
and poly(3,4-ethylenedioxy-thiophene):poly(styrenesulfonate)
(PEDOT:PSS) (Baytron® P) were provided by Bayer AG. 2-tetradecyl-
2,3-dihydro-thieno[3,4-b][1,4]dioxin was kindly donated by Agfa-
Gevaert N.V.. p-(N-butyl-N-2-hydroxyethyl)-nitrobenzene was received
from CEA, Saclay France. 1,4-bischloromethyl-2,5-bis{2-[2-(2-
methoxy-ethoxy)ethoxy]-ethoxy}benzene 6 is synthesized according to
a literature procedure®. Tetrahydrofuran (THF), acetonitrile, and
chloroform were dried by distillation from sodium/benzophenone, CaH,
and P,Os5 respectively. Commercial FeCl; was purified and treated to
obtain anhydrous FeCl;'°* and was stored in a Schlenk-type flask under
inert atmosphere (Appendix).

Instrumentation

NMR spectra were recorded on a Varian Inova 300 spectrometer at 300
MHz for *H NMR and at 75 MHz for 3C NMR using a 5 mm probe. H and
13C chemical shifts are reported in ppm downfield from tetramethylsilane
(TMS) reference using the residual protonated solvent resonance as an
internal standard.

Melting points (uncorrected) were measured on an Electrothermal
IA9100 digital melting point apparatus.

Gas chromatography/mass spectrometry (GC/MS) analyses were
carried out on TSQ-70 and Voyager mass spectrometers
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(Thermoquest); the capillary column was a Chrompack Cpsil5CB or
Cpsil8CB. DIP-MS measurements were performed at a heating rate of
10 °C/min up to 600 °C. In this technique the material is brought
directly on the heating element of the probe as a thin film and this
enables to study the products that are liberated in the high vacuum
(4.10* Pa) inside the spectrometer. Liberated products were ionized by
electron impact.

Elemental analysis was performed with a Flash EA 1112 Series CHNS-
O analyzer.

Analytical Size Exclusion Chromatography (SEC) was performed using a
Spectra series P100 (Spectra Physics) pump equipped with two mixed-B
columns (10 um, 2 x 30 cm, Polymer Labs) and a Refractive Index
detector (Shodex) at 40 °C (THF) or 70 °C (DMF). THF or a DMF solution
of oxalic acid (1.1x10°3 M) was used as the eluent at a flow rate of 1.0
mL/min. Molecular weight distributions are given relative to polystyrene
standards.

Unless stated otherwise, all thin films in the following characterization
methods were prepared by spin coating from a CHCI; solution (10
mg/mL).

UV-Vis spectroscopy was performed on a Varian CARY 500 UV-Vis-NIR
spectrophotometer. Samples for thin film UV-Vis characterization were
prepared by spin-coating the polymer onto quartz disks. For
temperature dependent thin film UV-Vis characterization the disks were
heated in a Harrick high temperature cell (heating rate: 2 °C/min),
which was positioned in the beam of the UV-Vis spectrometer to allow
in-situ  measurements. Spectra were taken continuously under a
continuous flow of N, during which the samples were in direct contact
with the heating element.

Thin film electrochemical properties were measured with an Eco
Chemie Autolab PGSTAT 20 Potentiostat/Galvanostat using a
conventional three-electrode cell (electrolyte: 0.1 mol/L TBAPF¢ in
anhydrous CH5;CN) with an Ag/Ag* reference electrode (0.01 mol/L
AgNO3;, 0.1 mol/L TBAPFs and CH;CN), a platinum counter electrode and
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a platinum wire as working electrode. Cyclic voltammograms were
recorded at 50 mV/s under N, atmosphere and all potentials were
referenced using a known internal standard ferrocene/ferrocinium, which
in acetonitrile solution is estimated to have an oxidation potential of -
4.98 eV vs. vacuum. The polymers were directly spin coated onto the Pt
working electrode.

A Varian Cary Eclipse fluorometer was used for the photoluminescence
(PL) measurements.

Time-resolved PL spectra were obtained by streak camera detection
after excitation with 400 nm laser pulses (1.5 kHz, <2 ps) from the
frequency-doubled output of a Ti-sapphire laser amplifier (Spectra
Physics Spitfire). These experiments were performed on solutions of
either the pure polymer or a mixture of the polymer and PCBM in a 1:1
ratio by weight and on spin-coated films (thickness ~100 nm) prepared
from these solutions.

Photoinduced absorption (PIA) measurements were performed on the
pristine and the blend films with 1:2 weight ratio of polymer/PCBM. The
sample film was mounted in a cryostat (Oxford CF 204) and held at 80 K
under vacuum higher than 10~° mbar. Photoinduced changes in the
absorption spectra were recorded by mechanical chopping the pump
beam of an argon laser (514 nm, 40 mW, INNOVA 400) at 218 Hz. The
transmission T and the photoinduced changes AT in the spectral range
of 600-2200 nm were measured using a detector and lock in amplifier
technique.

A Bruker ELEXSYS E680 spectrometer in conjunction with a split-coil 6-T
superconducting magnet was used for W-band (95 GHz) Light-Induced
Electron Paramagnetic Resonance (LI-EPR). These measurements were
performed at 100 K using an Oxford flow cryostat and with a Bruker
cylindrical cavity which allows optical access to the sample via an optical
fiber. Optical excitation was performed with the 488 nm line of an Ar*
laser. The results presented here are recorded with a modulation
frequency and amplitude of 100 kHz and 3 G respectively and a
microwave frequency and microwave power of 94.0795 GHz and 7x107
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mW. The samples were prepared from dried drop cast films of the 1:1
ratio polymer/PCBM solution.

Atomic force microscopy (AFM) studies were performed by using a
Digital Instruments Dimension 3100 in the tapping mode. The AFM
characterization was performed in an area of the active layer of the
photovoltaic device where the electrode was not deposited.

Solar Cells

Using the bulk heterojunction concept, photovoltaic devices were
fabricated from a blend of the polymer as a donor and PCBM as an
acceptor. A solution of the polymer and PCBM in a 1:2 ratio (by weight)
was prepared in chloroform with a total concentration of 10 mg/mL.
Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
(Baytron® P) was spincoated on top of an indium-tin oxide (ITO) coated
glass substrate (~25 Q/sq) which had been cleaned in an ultrasonic bath
with acetone and isopropyl alcohol. Then the active Ilayer
(polymer:PCBM blend) was spin coated on the PEDOT:PSS layer (about
80 nm thick). 6 A of lithium fluoride (LiF) and an 80 nm thick Al
electrode were deposited on the blend film by thermal evaporation at
~5x 107® mbar. Device annealing was carried out inside a glove box at
120 °C for 4 min. All current-voltage (I-V) characteristics of the
photovoltaic devices were measured using a Keithley SMU 2400 unit
under inert atmosphere (argon) in a dry glove box. A Steuernagel solar
simulator under AM 1.5 conditions was used as the excitation source
with an input power of 100 mWcm™ white light illumination. A lock-in
technique was used to measure the incident photon-to-current efficiency
(IPCE). With this technique the number of electrons produced from the
cell under short-circuit conditions are related to the number of incident
photons. Light intensity correction was performed using a calibrated Si
photodiode.
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Field Effect Transistors

The hole mobility of the polymers was measured in thin film field effect
transistor (TF-FET) devices. The measurements were performed on a
top-contact parallel transistor (L = 60 um; W = 9000 um). It consisted
of a highly doped Si substrate on which an isolating oxide (SiO,) of 100
nm was grown thermally on one side and of which the backside was
covered with an aluminum layer as gate electrode. The polymers were
spin coated on top of the oxide. Subsequently the gold contacts (source
and drain) were evaporated on top of the device.

Synthesis

1-Chloro-3,7-dimethyloctane (1)

To a mixture of 3,7-dimethyl-1-octanol (62 g, 0.39 mol) and pyridine (2
mL) as a catalyst at 15 °C, freshly distilled SOCI, (62 g, 0.52 mol) is
added drop wise over a period of 2 hours, keeping the internal
temperature below 30 °C. This mixture is heated at 100 °C for 1.5
hours. After cooling to room temperature, 30 mL of water is carefully
added. The organic layer is washed 2 times with water (30 mL) and 2
times with an aqueous solution of NaHCO; (10 %, 30 mL), after which it
is dried over MgSO,. After distillation under reduced pressure (80 °C/10
mbar) a colorless liquid was obtained (62.3 g, 90 % vyield); 'H NMR
(CDCl3): 3.55 (m, 2H), 1.77 (m, 1H), 1.53 (m, 3H), 1.30-1.10 (m, 6H),
0.86 (t, 9H); MS (EI, m/e): 176 (M*), 133, 113, 105.

1,4-Bis[3’,7'-dimethyloctyl)oxy]benzene (2)

Hydroquinone (11 g, 0.1 mol), potassium hydroxide (12.3 g, 0.22 mol)
and sodium iodide (3.3 g, 0.022 mol) are dissolved in 50 mL absolute
ethanol. Compound 1 (39 g, 0.22 mol) is added drop wise and the
resulting mixture is stirred for four days at reflux temperature. After
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evaporation of the solvent the resulting brown mixture is washed 3
times with an aqueous solution of NaOH (10 %, 50 mL) and 3 times with
water (50 mL). The organic layer is dried over MgSO, and concentrated.
The crude mixture is purified by column chromatography (silica, n-
hexane/ethylacetate 9/1) yielding a light yellow oil (22.6 g, 58 % yield);
!H NMR (CDCl5): 6.81 (s, 4H), 3.92 (m, 4H), 1.77 (m, 2H), 1.53 (m,
6H), 1.30-1.10 (m, 12H), 0.91 (d, 6H), 0.85 (d, 12H); MS (EI, m/e):
390 (M%), 250 (M* - CygHyg), 110 (M* - 2 x CygH50).

1,4-Bischloromethyl-2,5-bis[3’,7'-dimethyloctyl)-oxy]benzene
(3)

To a mixture of 2 (20 g, 0.051 mol) and p-formaldehyde (12.6 g, 0.42
mol) placed in an ice bath under argon atmosphere, HCI (37%) (36 g,
0.36 mol) is added drop wise. Afterwards acetic anhydride (156 g, 1.53
mol) is added at such a rate that the internal temperature does not
exceed 70 °C. The mixture is than stirred overnight at 90 °C and poured
into 500 mL water. The resulting white precipitate (22.45 g, 90 % vyield)
is collected by filtration and dried under vacuo; 'H NMR (CDCl5): 6.90
(s, 2H), 4.61 (s, 4H), 4.00 (m, 4H), 1.81 (m, 2H), 1.53 (m, 6H), 1.30-
1.10 (m, 12H), 0.91 (d, 6H), 0.85 (d, 12H); '3C NMR (CDCl;): 150.72,
118.55, 116.69, 67.51, 40.90, 39.66, 37.12, 35.86, 29.70, 27.56,
24.85, 22.62, 22.55, 19.48; MS (EI, m/e): 486 (M*), 346 (M* - CyoH,),
206 (M*- 2 x CygH50), 170 (M* - 2 x CigH0 - CI).

1,4-Biscyanomethyl-2,5-bis[3’,7'-dimethyloctyl)oxy]benzene (4)

Fine crushed sodium cyanide (8.0 g, 0.164 mol) and 1,4-
bischloromethyl-2,5-bis[3’,7’-dimethyloctyl)oxy]benzene (3) (20 g,
0.041 mol) are dissolved in 100 mL of anhydrous DMF. This mixture is
heated at 110 °C for 1 hour. After cooling, the mixture is poured in 150
g of crushed ice upon which a brown solid precipitates. The solid is
collected via filtration and washed on the filter with hexane.
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Recrystallization from hexane yields an off white solid (15.9 g, 83 %
yield; mp 83-84 °C); H NMR (CDCl5): 6.90 (s, 2H), 4.00 (m, 4H), 3.67
(s, 4H), 1.80 (m, 2H), 1.52 (m, 6H), 1.29-1.15 (m, 12H), 0.92 (d, 6H),
0.85 (d, 12H); 3C NMR (CDCl;): 149.82, 118.85, 117.68, 112.37,
67.08, 39.04, 37.08, 36.01, 29.69, 27.80, 24.52, 22.54, 22.45, 19.51,
18.49; MS (EI, m/e): 468 (M%), 328 (M* - C;gH5p), 188 (M* - 2 x C;oH>0).

3-0Octyl-2-thienylaldehyde (5b)

Phosphorusoxychloride (5.15 g, 0.033 mol) was added drop wise to ice-
cold DMF (35 mL), followed by the addition of 3-octylthiophene (6 g,
0.031 mol). The resulting brown mixture was heated to 55 °C and
stirred at this temperature for two hours. Afterwards the reaction
mixture was poured into 100 g of crushed ice and the pH of the solution
was brought to 14 by adding a concentrated aqueous NaOH-solution (10
N). This mixture is extracted 3 times with 50 mL of CH,Cl,. The organic
layer is dried over MgS0O, and the solvent evaporated. 5b was obtained
as a yellow oil. The crude mixture was purified by column
chromatography (silica, CH,Cl,/n-hexane 1/1) and a pale yellow oil was
obtained (5.88 g, 86 % yield); *H NMR (CDCl;): 10.01 (s, 1H), 7.62 (d,
1H), 6.98 (d, 1H), 2.93 (t; 2H), 1.64 (qu, 2H), 1.38-1.15 (br, s, 10H),
0.85 (t, 3H); MS (EI, m/e): 224 (M*), 195 (M* - CHO).

3,4-Ethylenedioxy-2-thienylaldehyde (5c)

Compound 5c was obtained in an analogous way as described for 5b,
starting from 3,4-ethylendioxythiophene (16.76 g, 0.118 mol),
phosphorusoxychloride (16,87 g, 0.11 mol). Fine white-gray crystals
were filtered off after the addition of NaOH and washed several times
with water (19.12 g, 95 % vyield); *H NMR (CDCl;): 9.87 (s, 1H), 6.77
(s, 1H), 4.34 (m, 2H), 4.25 (m, 2H); MS (EI, m/e): 170 (M*), 141 (M* -
CHO).
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3 or 4-Tetradecyl-2,3-dihydro-thieno[3,4-b][1,4]dioxine-5-
carbaldehyde (5d)

Compound 5d was obtained in an analogous way as described for 5b.
Starting from 2-tetradecyl-2,3-dihydro-thieno[3,4-b][1,4]dioxine (2 g,
5.9 mmol), phosphorusoxychloride (1 g, 6.5 mmol) 8 was obtained as a
sticky brown solid. The crude mixture was purified by column
chromatography (silica, CH,Cl,/n-hexane 3/7) and a pale yellow solid
was obtained (1.7 g, 83 % yield); 'H NMR (CDCl): 9.90 (d, 1H), 6.75
(s, 1H), 4.24 (m, 2H), 3.94 (m; 1H), 1.76-1.50 (br, s, 6H), 1.50-1.05
(br, s, 20H), 0.86 (t, 3H); MS (EI, m/e): 367 (M*), 338 (M* - CHO).

1,4-Biscyanomethyl-2,5-bis{2-[2-(2-methoxy-ethoxy)ethoxy]-
ethoxy}benzene (7)

Fine crushed sodium cyanide (3.15 g, 0.064 mol) and 1,4-
bischloromethyl-2,5-bis{2-[2-(2-methoxy-ethoxy)ethoxy]-ethoxy}-
benzene (6) (8 g, 0.016 mol) are dissolved in 50 mL of anhydrous DMF.
This mixture is heated at 110 °C for 1.5 h. After cooling, the mixture is
poured in 150 g of crushed ice to stop the reaction. This mixture is
extracted 3 times with 50 mL of CH,Cl,. The organic layer is dried over
MgSO, and the solvent evaporated. 7 was obtained as a brown oil. The
crude mixture was purified by column chromatography (silica,
Ether/MeOH 9/1) and a pale yellow oil was obtained (5.39 g, 69 %
yield); 'H NMR (CDCl;): 6.91 (s, 2H), 4.12 (t, 4H), 3.79 (t, 4H), 3.70 (s,
4H), 3.69-3.58 (m, 12H), 3.50 (m, 4H), 3.34 (s, 6H); GC MS (EI, m/e):
480 (M%), 450, 147.

Butyl-[2-(4-methoxy-phenoxy)-ethyl]-(4-nitro-phenyl)-amine
(8)

In a three-necked flask, a mixture of p-(N-butyl-N-2-hydroxyethyl)-
nitrobenzene (3.6 g, 0.015 mol), p-hydroxyanisol (2.8 g, 0.023 mol)
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and triphenyl phosphine (4.7 g, 0.018 mol) in diethyl ether (120 mL) is
stirred for 1 h under Ar atmosphere. The temperature is decreased to 0
°C and diethyl azodicarboxylate (DEAD; 40 wt. % in toluene) (8.2 mL,
0.018 mol) is added drop wise. The mixture is stirred for 24 h at room
temperature after which water is added (150 mL) and an extraction with
CH,CIl, is performed (3 x 150 mL). The organic layers are combined and
dried over MgS0O,. The solvent is evaporated under vacuum to yield
crude 8. After purification by column chromatography (silica, CH,Cl,), 8
is obtained as a yellow solid (4.9 g, 95 % vyield); 'H NMR (CDCl;): 8.06
(d, 2H), 6.79 (s, 4H), 6.62 (d, 2H), 4.08 (t, 2H), 3.78 (t, 2H), 3.73 (s,
3H), 3.46 (t, 2H), 1.62 (m, 2H), 1.39 (m, 2H), 0.96 (t, 3H); GC MS (EI,
m/e): 344 (M™).

[2-(2,5-Bis-chloromethyl-4-methoxy-phenoxy)-ethyl]-butyl-(4-
nitro-phenyl)-amine (9)

To a mixture of 8 (5.0 g, 0.014 mol) and p-formaldehyde (1.19 g, 0.040
mol) concentrated HCl (7.2 mL) was added drop wise under N,
atmosphere. Subsequently, acetic anhydride (15.0 mL) was added at
such a rate that the internal temperature did not exceed 70 °C. After
the addition was complete, the resulting solution was stirred at 70 °C for
12 h after which it was allowed to cool to room temperature and poured
into water (100 mL). The pH is adjusted to 7 with an aqueous solution of
sodium t-butoxide. The product was extracted with CH,CI, (3 x 75 mL).
The organic layers were combined, dried over MgS0O, and the solvent
was evaporated to give the crude product, which was purified by column
chromatography (silica, CH,Cl,). 9 is obtained as a yellow solid (2.55 g,
40 % yield); 'H NMR (CDCl;5): 8.12 (d, 2H), 6.93 (s, 1H), 6.87 (s, 1H),
6.71 (d, 2H), 4.56 (d, 4H), 4.18 (t, 2H), 3.89 (t, 2H), 3.78 (s, 3H),
3.49 (t, 2H), 1.63 (m, 2H), 1.41 (m, 2H), 1.01 (t, 3H); GC MS (EI,
m/e): 441 (M%), 392 (M* - CH,CI), 207.
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[2-(2,5-Bis-cyanomethyl-4-methoxy-phenoxy)-ethyl]-butyl-(4-
nitro-phenyl)-amine (10)

Fine crushed sodium cyanide (2.0 g, 0.040 mol) and 9 (3.9 g, 0.009
mol) are dissolved in 80 mL of anhydrous DMF. This mixture is heated at
110 °C for 2 h. After cooling, the mixture is poured in 150 g of crushed
ice to stop the reaction. This mixture is extracted 3 times with 50 mL of
CH,Cl,. The organic layer is dried over MgSO, and the solvent
evaporated. 10 was obtained as a brown slurry. The crude mixture was
purified by column chromatography (silica, CH,Cl,) and a pale yellow
solid was obtained (2.73 g, 72 % vyield); 'H NMR (CDCl5): 8.10 (d, 2H),
6.90 (s, 1H), 6.84 (s, 1H), 6.69 (d, 2H), 4.18 (t, 2H), 3.87 (t, 2H), 3.81
(s, 3H), 3.66 (s, 2H), 3.55 (s, 2H), 3.48 (t, 2H), 1.63 (m, 2H), 1.39 (m,
2H), 0.97 (t, 3H); GC MS (EI, m/e): 422 (M*), 379, 207.

2-(4-(1-Cyano-2-thiophen-2-yl-vinyl)-2,5-bis-(3,7-
dimethyloctyl-oxy)-phenyl)-3-thiophen-2-yl-acrylonitrile (M1)

A mixture of 4 (5 g, 11 mmol) and 2-thiophenecarboxaldehyde (5a)
(2.9 g, 26 mmol) is dissolved in 50 mL MeOH. Sodium t-butoxide (10 g,
110 mmol) is added as a solid and this mixture is stirred for 24 hours at
reflux temperature. Upon cooling, a bright yellow solid (3.3 g, 46 %
yield) precipitates, which is filtered and washed with cold methanol; mp
109-110 °C; H NMR (CDCI5): 8.00 (s, 2H), 7.64 (d, 2H), 7.54 (d, 2H),
7.14 (t, 2H), 7.10 (s, 2H), 4.08 (m, 4H), 1.89 (m, 2H), 1.58 (m, 6H),
1.30-1.10 (m, 12H), 0.93 (d, 6H), 0.82 (d, 12H); *C NMR (CDClI5):
150.53, 138.80, 138.15, 130.12, 129.82, 127.80, 124.05, 118.37,
114.09, 104.67, 67.91, 39.17, 37.29, 36.27, 29.88, 27.91, 24.69,
22.67,22.51, 19.51; DIP MS (EI, m/e): 656 (M*), 375 (M* - 2 x CyoHy);
Anal. Calcd. for C4H5:N,0,S,: C 73.13; H 7.98; N 4.26; O 4.87; S 9.76.
Found: C 73.26; H 8.38; N 4.01; O 5.03; S 8.85; UV-Vis (film) Apax:
344, 407 nm.
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2-(4-(1-Cyano-2-(3-octylthiophen-2-yl)-vinyl)-2,5-bis-(3,7-di-
methyloctyloxy)-phenyl)-3-(3-octylthiophen-2-yl)-acrylonitrile
(M2)

M2 is prepared in an analogous way as described for M1. Starting from
4 (1 g, 2 mmol), 3-octyl-2-thienylaldehyde (5b) (1.1 g, 5 mmol) and
sodium t-butoxide (2 g, 20 mmol). After cooling, 50 mL of water is
added and the mixture is extracted 3 times with 50 mL of CH,Cl,. The
organic layer is dried over MgS0O, and the solvent evaporated. M2 is
obtained as a sticky oil. After purification by column chromatography
(silica, CH,Cl,/n-hexane 1/1) a vyellow oil is obtained (1.1 g, 60 %
yield); 'H NMR (CDCl): 8.10 (s, 2H), 7.45 (d, 2H), 7.13 (s, 2H), 6.60
(d, 2H), 4.08 (m, 4H), 2.70 (t, 4H), 1.86 (m, 2H), 1.72-1.42 (br, m,
8H), 1.38-1.00 (br, m, 36H), 0.96-0.74 (br, m, 24H); 3C NMR (CDCI5):
150.39, 148.62, 144.08, 137.67, 131.89, 128.88, 124.36, 118.63,
114.08, 102.98, 68.03, 39.07, 37.17, 36.19, 31.72, 31.06, 29.75,
29.32, 29.12, 28.81, 27.80, 24.52, 22.52 , 19.47, 13.96; DIP MS (EI,
m/e): 881 (M*) 600 (M* - 2 x CioHyo); Anal. Calcd. for CsgHguN,0,S,: C
76.31; H 9.61; N 3.18; O 3.63; S 7.28. Found: C 76.46; H 10.11; N
3.01; 0 3.32; S 6.61; UV-Vis (film) Amax: 337, 392 nm.

2-(4-(1-Cyano-2-(3,4-ethylenedioxythiophen-2-yl)vinyl)-2,5-bis-
(3,7-dimethyloctyloxy)-phenyl)-3-(3,4-ethylenedioxythiophen-2-
yl)acrylonitrile (M3)

Monomer M3 is prepared in an analogous way as described for M1.
Starting from 4 (8 g, 17 mmol), 3,4-ethylenedioxy-2-thienylaldehyde
(5¢) (6.4 g, 38 mmol) and sodium t-butoxide (16.3 g, 170 mmol), M3 is
obtained as a bright orange solid (8.3 g, 63 % yield), which is filtered
and washed with methanol; mp 157-158 °C; 'H NMR (CDCl;): 8.16 (s,
2H), 7.07 (s, 2H), 6.59 (s, 2H), 4.28 (m, 4H), 4.23 (m, 4H), 4.06 (m,
4H), 1.86 (m, 4H), 1.67 (m, 2H), 1.47 (m, 2H), 1.30-1.10 (m, 12H),
0.92 (d, 6H), 0.82 (d, 12H); 3C NMR (CDCl5): 150.46, 144.24, 141.33,
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134.61, 123.82, 118.94, 114.16, 113.90, 104.95, 101.19, 67.87, 65.10,
64.49, 39.21, 37.20, 36.24, 29.70, 27.93, 24.57, 22.68, 22.55, 19.61;
DIP MS (EI, m/e): 772 (M*), 632 (M* - C;gH20), 491 (M* - 2 X CyoHa0);
Anal. Calcd. for C4H56N,05S,: C 68.36; H 7.30; N 3.62; O 12.42; S
8.30. Found: C 68.76; H 7.51; N 3.88; O 11.85; S 8.04; UV-Vis (film)
Amax: 348, 425 nm.

2-(4-(1-Cyano-2-(3 or 4 tetradecyl-2,3-dihydro-thieno(3,4-
b)(1,4)dioxin-5-yl)-vinyl)-2,5-bis-(3,7-dimethyloctyloxy)-
phenyl)-3-(3 or 4 tetradecyl-2,3-dihydro-thieno(3,4-
b)(1,4)dioxin-5-yl)-acrylonitrile (M4)

Monomer M4 is prepared in an analogous way as described for M2.
Starting from 4 (1 g, 2 mmol), 3 or 4-tetradecyl-2,3-dihydro-thieno[3,4-
b][1,4]dioxine-5-carbaldehyde (5d) (1.7 g, 5 mmol) and sodium ¢-
butoxide (2 g, 20 mmol), M4 is obtained as a sticky oil. After
purification by column chromatography (silica, CH,Cl,/n-hexane 9/1) a
yellow-orange oil is obtained (1.7 g, 72 % yield); *H NMR (CDCl;): Very
complex mixture of 4 isomers and thus very difficult to analyze in detail;
Anal. Calcd. for C,5H;15N506S,: C 74.18; H 9.68; N 2.40; O 18.23; S
5.50. Found: C 74.64 H 9.90; N 2.06; O 8.33; S 4.89; DIP MS (EI,
m/e): 1165 (M*); UV-Vis (film) Ay 334, 397 nm.

2-(4-(1-Cyano-2-(3,4-ethylenedioxythiophen-2-yl)vinyl)-2,5-
bis{2-[2-(2-methoxy-ethoxy)ethoxy]-ethoxy}phenyl)-3-(3,4-
ethylenedi-oxythiophen-2-yl)acrylonitrile (M5)

Monomer M5 is prepared in an analogous way as described for M1.
Starting from 7 (4.6 g, 9.6 mmol), 3,4-ethylenedioxy-2-thienylaldehyde
(5¢) (3.6 g, 21 mmol) and sodium t-butoxide (9,2 g, 96 mmol), M5 is
obtained as a bright orange solid (6.6 g, 88 % yield), which is filtered
and washed with methanol; mp 137-138 °C; 'H NMR (CDCl;): 7.96 (s,
2H), 7.03 (s, 2H), 6.59 (s, 2H), 4.30 (m, 4H), 4.22 (m, 8H), 3.90 (t,
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4H), 3.71 (m, 4H), 3.66-3.58 (m, 8H), 3.49 (m, 4H), 3.33 (s, 6H); 13C
NMR (CDCl5): 150.49, 144.37, 141.36, 134.60, 124.79, 118.72, 114.45,
113.93, 105.21, 101.02, 71.83, 70.86, 70.48 (2C) 69.54, 69.33, 65.12,
64.50, 58.95; DIP MS (EI, m/e): 784 (M*).

2-{5-{2-[Butyl-(4-nitro-phenyl)-amino]-ethoxy}-4-[ 1-cyano-2-
(3-octyl-thiophen-2-yl)-vinyl]-2-methoxy-phenyl}-3-(3-octyl-
thiophen-2-yl)-acrylonitrile (M6)

M6 is prepared in an analogous way as described for M1. Starting from
10 (1 g, 2,4 mmol), 3-octyl-2-thienylaldehyde (5b) (1.2 g, 5,3 mmol)
and sodium t-butoxide (2,3 g, 24 mmol). After cooling, 50 mL of water
is added and the mixture is extracted 3 times with 50 mL of CH,CI,. The
organic layer is dried over MgSO, and the solvent evaporated. M6 is
obtained as an oil. After purification by column chromatography (silica,
CH,Cl,) a yellow oil is obtained (1.26 g, 63 % yield); *H NMR (CDCI5):
8.12 (s, 2H), 8.00 (d, 2H), 7.48 (d, 2H), 6.97 (d, 2H), 6.95 (s, 1H),
6.86 (s, 1H), 6.60 (d, 2H), 4.24 (t, 2H), 4.10 (t, 2H), 3.90 (s, 3H), 3.45
(t, 2H), 2.66 (m, 4H), 1.66-1.48 (br, m, 6H), 1.38-1.16 (br, m, 22H),
0.87 (m, 9H); DIP MS (EI, m/e): 835 (M"); UV-Vis (film) Amax: 394 nm.

General procedure of polymerization

The polymers are prepared by chemical oxidation of the monomers
using FeCl; according to a procedure adapted from Sugimoto et al..>®
Anhydrous FeCl; (4 mmol) is suspended in 50 mL of dry CHCI; under Ar
atmosphere to which a solution of the monomer (1 mmol M1, M2, M3,
M4, M5 or M6) in 20 mL of dry CHCI; is added drop wise under fast
stirring. The mixture is further stirred for 3h, 24h, 48h or 72h at room
temperature under a gentle Ar flow. The dark solution is poured into
methanol (1 L) and the black precipitate is collected on a 0,45 micron
Teflon® filter. The precipitate is then immersed into 1 L of a 1 v/v%
solution of hydrazine in methanol and stirred for 12 h. The polymer is
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then filtered and washed with methanol. The polymer is transferred into
a Soxhlet extraction apparatus and than extracted two times for 72 h,
first with methanol and than with acetone to remove residual monomer
and oligomer fractions. After this step the solvent is changed into CHClI;
and the soluble fraction is collected. The CHCI; solution is than
concentrated and precipitation into methanol yields the polymer as a
black, shining powder. The polymer is then redissolved in CHCl; and
filtered over a 0,45 micron Teflon® filter to remove dust and other solid
particles, the solvent is than removed and the product is dried under
vacuum. The yields of the polymers are reported in Table 2-3, Table 2-7
and Table 2-8.

Polymer P1. 'H NMR (CDCIl5): 8.20-8.05 (br, 1H); 8.00-7.80 (br, 2H);
7.60-7.30 (br, 1H); 7.20-7.00 (br, 2H); 7.00-6.55 (br, 2H); 4.22-3.75
(br, 4H); 2.02-1.00 (br, 16H); 1.00-0.68 (br, 18H); Anal. Calcd. for
C4oHsoN50,S,: C 73.36; H 7.70; N 4.28; O 4.89; S 9.77. Found: C
72.45; H 8.22; N 3.76; 0 5.15; S 9.13.

Polymer P2. 'H NMR (CDCl;): 8.20-8.05 (br, 1H); 8.00-7.80 (br, 1H);
7.60-7.30 (br, 1H); 7.20-7.00 (br, 2H); 7.00-6.55 (br, 1H); 4.22-3.75
(br, 4H); 2.98-2.28 (br, 4H); 2.02-1.00 (br, 36H); 1.00-0.68 (br, 24H);
Anal. Calcd. for C5Hg:N,0,S,: C 76.49; H 9.41; N 3.19; O 3.64; S 7.28.
Found: C 76.01; H 9.68; N 3.28; O 3.59; S 7.39.

Polymer P3. 'H NMR (CDCl5): 8.2 (br, 2H), 7.1 (br, 2H), 4.3 (br m,
8H), 4.1 (br, 4H), 1.9 (br, 2H), 1.6 (br, 6H), 1.4-1.0 (br, 12), 0.9 (br,
6H), 0.8 (br, 12H); Anal. Calcd. for C44HssN,06S,: C 68.54; H 7.07; N
3.64; O 12.46; S 8.30. Found: C 67.17; H 7.49 N 3.24; O 12.92; S
7.52.

Polymer P4. 'H NMR (CDCl;): As this polymer comes from a
polymerization of a mixture of 4 isomers, the material has a very
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complex spectrum; Anal. Calcd. for C;,H;19N,06S,: C 74.30; H 9.54; N
2.41; 0 8.25; S 5.50. Found: C 73.15; H 10.12; N 1.99; 0 8.97; S 4.70.

Polymer P5. 'H NMR (CDCl5): 8.1 (br, 2H), 7.0 (br, 2H), 4.4 (br, 4H),
4.2 (br, 8H), 3.90 (br, 4H), 3.7 (br, 4H), 3.6 (br, 8H), 3.5 (br, 4H), 3.3
(br, 6H).

Polymer P6. 'H NMR (CDCl;): 8.23-8.08 (br, 2H), 8.08-7.90 (br, 2H),
7.57-7.38 (br, 2H), 7.13-6.91 (br, 2H), 6.72-6.56 (br, 2H), 4.31-4.09
(br, 2H), 3.99-3.71 (br, 2H), 3.54-3.42 (br, 3H), 3.39-3.28 (br, 2H),
2.78-2.47 (br, 4H), 1.80-1.45 (br, 6H), 1.35-1.00 (br, m, 22H), 1.00-
0.80 (br, 9H).
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Chapter Three

Low Band Gap Polymers based on the
Precursor Approach'

Abstract: The precursor approach is discussed
in this chapter and in particular the new
dithiocarbamate precursor route. Two poly(2,5-
thienylene vinylene) derivatives are synthesized.
Several polymerization conditions have been
studied, including the change of base from LDA to
LHMDS. Both polymers have a low band gap (1.7-
1.8 eV) and primary solar cell measurements
gave promising results. An effort to synthesize the
electron poor poly(thiazolo[5,4-d Jthiazole
vinylene) was made. Unfortunately, for this
material, the polymerization via the
dithiocarbamate precursor route failed.

3.1 Introduction
3.1.1 The precursor approach

In chapter two the direct synthesis toward low band gap
polymers was described. Introduction of side chains was necessary to
keep the final polymers soluble and thus processable. A second route
toward processable polymers is the precursor approach, which involves
the formation of an intermediate non-conjugated, soluble and thus
processable, precursor polymer which can be converted into the fully
conjugated polymer after processing?®. The use of such a precursor
approach implies the formation of a double bond between the aromatic
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parts. In this aspect, poly(2,5-thienylene vinylene) (PTV) can be seen as
the alternating copolymer of thiophene and acetylene and thus should
have properties of both PT and PA’. Due to the extra vinylene double
bond in PTV, compared to PT, the band gap of PTV is smaller. This is the
result of two effects (i) a decrease in the overall aromatic character of
the m-conjugated system, allowing a better delocalization of n-electrons
over the whole polymer chain, and (ii) a limitation in rotational disorder
due to the presence of ethylenic linkages of defined configuration®. Since
these routes were already well reviewed for poly(p-phenylene vinylene)
derivatives®!!, only PTV will be discussed here.

L \/Q\/P Base L \/@\//_P

premonomer

N/ T\ AN
/Q\Z_PH/AQ\/P<—> /Q\./P

S n S n
P
precursor

Figure 3-1: General reaction scheme of a precursor route toward PTV.

In Figure 3-1 the general reaction scheme toward PTV via a
precursor route is depicted. The first step is a base induced 1,6-
elimination from the premonomer leading to the in situ formation of the
actual monomer, a quinodimethane system. This quinodimethane
system can be drawn both under its diamagnetic and paramagnetic
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resonance form. The polymerization of the highly reactive
quinodimethane intermediate toward the precursor polymer occurs
spontaneously. The mechanism (either radical or anionic) is still subject
to an ongoing discussion, however, the high molecular weights suggest
that a radical mechanism is more favorable. In the last step the
precursor polymer is converted to its conjugated analogue via thermal
treatment.

The first reports on the synthesis of PTV via a precursor route
were published in 1987 by Elsenbaumer et al.'?'**, They polymerized, in
a Wessling type of polymerization, 2,5-bis(tetrahydrothiophenonium
methyl)thiophene dichloride in water. However the obtained precursor
polymer was not stable and a spontaneous elimination to the conjugated
form could occur. To overcome this problem, an adaptation of this route
was independently reported by Saito et al.}>'® and Murase et al.'’. They
treated the water soluble precursor with MeOH to obtain a precursor
polymer bearing methoxy leaving groups. (Figure 3-2)

_ - cl~
cl cl .
SN T O WA B W e

s s s s” N\

Figure 3-2: Synthesis of PTV via the Wittig precursor route (R = Me, or (CH,),):
(i) NaOH, H,0; (ii) MeOH, H,0O; (iii) AT, HCI.

This adapted Wessling route is not ideal however. The synthesis
is difficult and the reproducibility is rather poor. Due to the high
reactivity, originating from the electron rich thiophene ring, monomer
and thus polymer synthesis is difficult. Additionally, an alkoxy leaving
group precursor polymer requires acid catalysis for the conversion
process. Since this is incompatible with device fabrication, this PTV is
not a suitable candidate for device applications.

This high reactivity of (substituted)-2,5-bis(chloromethyl)-
thiophene derivatives makes also a @Gilch type polymerization

impossible®® *°,

131



Chapter Three

o f Ve _,M_, [
S S S

Figure 3-3: Synthesis of PTV via the Gilch precursor route: (i) t-BuOK, THF; (ii)
t-BuOK, AT.

To overcome these problems, an effort to develop the synthesis
of PTV via the sulphinyl precursor route was made in our lab?°.
However major difficulties in the synthesis of the sulphinyl monomer
were encountered. Solvent substitution and instability of the
intermediary products, caused by the high reactivity of the “benzylic”
chlorine atoms, were the main problems. Due to these synthetical
problems it was almost impossible to apply the sulphinyl route in the
synthesis of PTV. Only derivatives with electron withdrawing groups at
the 3 and 4 positions were accessible??.

X X X X

X X
C|\/Z_§\/S(O)R i TN SOR i /\ .

S S S

n n

Figure 3-4: Synthesis of PTV via the sulphiny! precursor route (R = octyl and X
= Bror Cl): (i) Na-tBuO, s-BuOH; (ii) AT.

The xanthate route was another option to obtain this polymer
but very high polydispersities of the precursor polymers and a quite low
Amax Value (520 nm) for the corresponding conjugated polymers were
found. This resulted in developing another precursor route for PTV
synthesis. Given that substituted PTV derivatives could be synthesized
via the xanthate precursor route?, a small change on the level of the
leaving group was made. The xanthate group was changed into a
dithiocarbamate group!®22, The first results were very promising for
PTV; high molecular weight polymers with a high .., value (570 nm)
were obtained. This is an indication of an improved conjugation of the =-
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electron system, which means less defects in the polymer chain. The
next challenge in further developing this dithiocarbamate route is to try
to polymerize more electron rich PTV derivatives and expanding the
scope of this polymerization toward other conjugated systems as shown
in this chapter.

EtO(S)CS\/U\/SC(S)OEt_i,M)OEt i M

s S s

EtN(S)CS \/U\/SC(S)NEtz i M)NEQ i M
s s s

Figure 3-5: Synthesis of PTV via the xanthate (above) and dithiocarbamate
(below) precursor route: (i) LDA, THF; (ii) AT.

3.1.2 Structures

Of all heteropolymers, thiophene derivatives seem to be the most
promising as semi-conducting materials in photovoltaic devices. When
looking into literature the majority of the research toward materials for
plastic solar cells involves thiophene based conductive polymers and the
record efficiency of 5 % was reached with solar cells made of poly(3-
hexylthiophene) (P3HT)?. In this aspect PTV and especially substituted
derivatives can be suitable candidates for the next generation of
polymeric solar cells. An example of such a substituted PTV derivative is
poly(3,4-diphenyl-2,5-thienylene vinylene) (DP-PTV, Ba). It s
anticipated that in this particular derivative, the sterical hindrance of the
reactive 3- and 4-position by the two phenyl rings will lead to a higher
stability than its unsubstituted analogue, which is advantageous for
applications. Additionally, it is expected that the introduction of phenyl
substituents will lead to a decrease in the band gap yielding an even
broader absorption of visible light, which would increase the applicability
of this class of conjugated materials in photovoltaic applications. In spite
of these promising features, surprisingly only limited reports exist on the
synthesis and use of DP-PTV. These few reports focus on the
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modification of the optical properties of DP-PTV via near-field optical
microscopy?*?>, However, the DP-PTV employed in those studies was
synthesized via the chlorine precursor or Gilch route®® 27, a route which
inherently is characterized by gel formation and the instability of the
precursor polymer. Hence, a pathway toward DP-PTV via a more
suitable route is desirable. One of the major factors causing the limited
processability of PTV is the general insolubility of this type of polymers.
This problem can be partially circumvented by working via a soluble
precursor polymer. Notwithstanding, the synthesis of a soluble,
conjugated PTV derivative could be a substantial additional advantage.
Therefore in a second derivative additional alkyl side chains onto the DP-
PTV were introduced leading to a novel soluble derivative of DP-PTV,
poly(3,4-bis(4-butylphenyl)-2,5-thienylene vinylene) 5b.

Bu Bu

L) ¢ Q) §D
/ \ / \

<~ \ s~ \

n n

5a 5b

Figure 3-6: Poly(3,4-diphenyl-2,5-thienylene vinylene) (DP-PTV, 5a) and
poly(3,4-bis(4-butylphenyl)-2,5-thienylene vinylene) 5b.

In the second part, the thiophene unit is replaced by a
thiazolo[5,4-d]thiazole unit. It is reported that this replacement is
effective to reduce the sterical interactions due to the absence of
hydrogen atoms®®. In addition, thiazole is an electron-withdrawing
heterocycle and the replacement enhances stability to oxygen.
Furthermore, the planar geometry induces efficient intermolecular n—n
interactions®*3!, Recently, Ando et al.?*>* have found that field effect
transistors fabricated from thiazolothiazole-thiophene co-oligomers
show good p-type characteristics with high stability to oxygen and high
field-effect mobilities (2 x 102 cm? V! s') which are comparable with
those of the corresponding alpha-sexithiophenes®. This result implies
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that the thiazolothiazole ring is a promising candidate as a core unit for
high performance semiconductors. Earlier Catellani et al.*® tried to
polymerize thiazolo[5,4-d]thiazole via oxidative coupling which resulted
in brown insoluble powders. In this context, and to circumvent the
solubility problem (there are no flexible side chains), an attempt was
made to synthesize poly(thiazolo[5,4-d]thiazole vinylene) 14 via the
dithiocarbamate precursor route (Figure 3-7).

N S
[ g I m
S N N
14
Figure 3-7: Poly(thiazolo[5,4-d]thiazole vinylene) 14.

3.2 Poly(3,4-diphenyl-2,5-thienylene
vinylene) and poly(3,4-bis(4-butylphenyl)-
2,5-thienylene vinylene)

3.2.1 Monomer synthesis

In view of the advantages compared to the other routes, the
dithiocarbamate precursor route has been picked as the precursor
method of choice to obtain the PTV derivatives. The monomers used in
the dithiocarbamate precursor route are synthesized from a
dihalogenide in a single step reaction®. In the past, two different
synthetic pathways toward the required dihalogenide, i.e. 3,4-diphenyl-
2,5-bischloromethylthiophene 2a, have been described®’. The first route
involves the reduction of two carboxylic groups with lithium aluminum
hydride (LiAIH4) followed by chlorination of the diol with thionyl chloride
(SOCIy) to yield the desired dichloride 2a. Upon purification by column
chromatography of 2a prepared via this first route, degradation
occurred as a result of its instability.

In the second route toward dichloride 2a, first 3,4-
diphenylthiophene 1a has been synthesized via the method developed
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by Nakayama et al.3® 3°, The latter involves a three step synthesis of
thiophenes with two substituents on the 3- and 4-positions. However the
yield over the three steps to obtain 1a is only 30 %.

Upon the commercialization of a lot of boronic acid compounds, a
new route to obtain the monomer was accessible. Compound 1 is now
directly synthesized via a Suzuki coupling reaction between the
commercially available phenylboronic acid and 3,4-dibromothiophene in
77 % vyield. Having obtained 1a via this Suzuki coupling, the desired
dichloride 2a is prepared via a typical chloromethylation reaction®®. It
should be noted that 2a prepared via this route does not require
purification by column chromatography which can lead to degradation.
Instead, the dithiocarbamate monomer 3a forms directly from the
bischloromethyl compound 2a by reaction with sodium

R
WA
= )eom, + Z/Zﬁ —= () s

diethyldithiocarbamate trihydrate.
R

1a,b
R R R R
cl I N\ o i enses. [ N\ sceNE
S S
2a,b 3a,b
a.R=-H
b: R = -butyl

Figure 3-8: Synthetic route toward the dithiocarbamate monomers 3a,b. (i)
Pd(PPhs)4, KF, toluene/H>0; (ii) CH>O, HCI, Ac;0O; (iii) NaSC(S)NEt;.3H.0, MeOH.

In view of the better overall monomer vyields, the straightforward
preparation and conversion of 2a without degradation as well as the
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lowest number of reaction steps, the third route involving the Suzuki
coupling of the phenyl with the thiophene ring has been chosen to
prepare 3a. The overall yield from the starting compounds toward 3a is
53 %. Similar considerations have motivated our choice to prepare the
butyl substituted monomer 3b via this route. This synthesis is
straightforward and the overall yield from the starting compounds
toward 3b is 39 %.

Structural characterization of the monomers
Structural characterization of the monomers 3a and 3b was

performed using standard 'H and '3C NMR techniques. Chemical shift
assignment can be found in Table 3-1 and the spectra (Figure 3-9).

EtaN(S)CS s S Et,N(S)CS S s
3a 10 3b 10
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Figure 3-9: 'H and 1°C NMR spectra of monomers 3a (left) and 3b (right)

Table 3-1: 'H and *3C chemical shift values of 3a and 3b.
#3a | *HS (ppm) | *3C 8 (ppm) | #3b | *H & (ppm) | *3C5& (ppm)
1.26 11.4-12.4 1.27 11.4-12.4
3.69-4.01 46.6-49.3 3.71-4.01 46.6-49.2
4.62 35.8 4.63 35.9
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Table 3-1: 'H and 13C chemical shift values of 3a and 3b (con't.).

#3a | 'Hs (ppm) | *3C s (ppm) | #3b | *H§ (ppm) | **C§ (ppm)
4 1.47 4
127.8-130.0 6.97-6.90 127.7-129.8
5 5
7.02-7.19
6 126.7 6
141.1-141.2
7 133.4- 8
8 135.3- 7
132.5-132.8
9 141.14 9
10 194.2 10 194.2
11 11 2.52
33.1-35.1
12 12 1.53
13 13 1.27 22.1
14 14 0.88 13.8

3.2.2 Polymerization

3.2.2.1 Influence of temperature

The polymerization of monomer 3a has been performed using
three different reaction conditions (cf. entries 1-3, Table 3-2), deviating
in the temperatures employed. For monomer 3b only one procedure has
been selected (cf. entry 4, Table 3-2). For all reactions, lithium
diisopropyl amide (LDA) is used as the base and dried THF as the
solvent (Figure 3-10).

After the polymerization was allowed to proceed for 90 minutes,
termination of the reaction is achieved by pouring the polymerization
mixture in ice water followed by acidification with hydrochloric acid (1
M) to pH = 7. To avoid possible side reactions, the polymerizations
performed at -78 °C are first quenched with ethanol at -78 °C prior to
this acidification step (only entries 2 and 4, Table 3-2). After extraction,
the polymers are purified using reprecipitation. The isolated yields range
from 20 to 40 % (Table 3-2), with the highest yields being associated
with the low polymerization temperatures.
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Figure 3-10: Polymerization of the monomers 3a,b toward the precursor
polymers 4a,b. (i) LDA, THF.

The weight-average molecular weights (My) of 4a and 4b have
been determined by analytical SEC in DMF and THF respectively against
polystyrene standards. The observed molecular weight distributions for
4a are monomodal with M,, values ranging from 24.6 x 10> to 50.4 x 10°
and low polydispersities (cf. entries 1-3, Table 3-2). In contrast,
polymer 4b exhibits a bimodal weight distribution with a lower apparent
Mw (Mw = 16.2 x 10% and 3.3 x 10%; cf. entry 4, Table 3-2). However, it
should be noted that since all molecular weights are referenced to
polystyrene standards, the actual value for M, will differ from the
apparent M,, observed with analytical SEC.

Table 3-2: Polymerization results for monomer 4a (entry 1-3) and 4b (entry 4).

Polymerization M,, Yield
Entry
temperature [x 1037 [%]
1 0°C 50.4 1.4 20
4a° 2 -78°C 29.8 1.2 40
3 -78°C —» 0°C 24.6 1.2 35
b c 1.2,
4b 4 -78°C 16.2, 3.3 b 38
1.1

2Determined by means of SEC in DMF against polystyrene standards.
bpetermined by means of SEC in THF against polystyrene standards.

‘Bimodal molecular weight distribution
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3.2.2.2 Influence of the base used

The molecular weights of the polymers obtained via the
polymerization with LDA were promising but still rather low.
Furthermore, polymerization of the soluble derivative proved to be very
difficult. Since LDA is a very reactive compound the decision was made
to use a less reactive base but still with a similar structure. Therefore
lithium hexamethyldisilazane (LHMDS) was chosen. LHMDS is less basic,
more stable and much less sensitive to air as compared to LDA.

il e

N —Si-N-Sj—

. A
Li

Li

Figure 3-11: Lithium diisopropyl amide (LDA) (left) and lithium
hexamethyldisilazane (LHMDS) (right).

In Table 3-3 the polymerization results are summarized. The
weight-average molecular weights (My) of 4a and 4b have been
determined by analytical SEC in DMF and THF respectively against
polystyrene standards. The observed molecular weight distributions for
4a are monomodal with M, values ranging from 82.9 x 10° to 708.3 x
10° for polymerization with LHMDS. The same trend is observed for the
soluble analogue 4b with M,, values ranging from 138.2 x 10> to 592.3 x
10°,

It is clear from these values that polymerization with LHMDS as
base gives rise to polymers with much higher molecular weights as
compared to the results obtained with LDA. As a result, even at 25 °C
polymerization occurred where polymerization at ambient temperatures
with LDA did not yield any polymer. Both the higher polymerization
temperature and the higher molecular weights are significant
advantages from an industrial application point of view. High My
polymers have better film forming properties which is crucial for device

preparation. Furthermore, recent papers*"*?

correlate the charge carrier
mobility in devices to the molecular weight of the polymer. It has been

shown that high molecular weight polymers exhibit better mobility.
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Table 3-3: Polymerization results for monomer 4a and 4b with LHMDS as base.

- 4a° 4b®
Polymerization

Entry Yield M,, Yield M.,

Temperature PD PD
[%] [x 103] [%] [x 1073]

1 -78°C 60 708.3 3.3] 74 592.3 2.5
2 -78°C > 0°C 55 625.7 3.1] 66 402.7 2.4
3 0°C 68 82.9 34| 67 241.8 2.2
4 25°C 56 89.8 3.5] 63 138.2 2.1

@Determined by means of SEC in DMF against polystyrene standards.

bpetermined by means of SEC in THF against polystyrene standards.
3.2.3 Conversion of the polymer into the conjugated structure

The synthesized precursor polymers can be transformed into the
conjugated polymer by a thermal treatment. Upon heating, the
dithiocarbamate group of polymer 4a,b is eliminated to form the
corresponding conjugated polymer 5a,b (Figure 3-12). The thermal
conversion can be performed in a thin film or in solution, depending on
the type and solubility of the polymer used. Thin film processes have the
extra advantage that the thermal elimination reaction and the thermal
stability of the polymer can be followed by means of in-situ UV-Vis and
in-situ FT-IR spectroscopy. In this way one can deduce a reproducible
protocol to convert the precursor into the conjugated form, which is
essential for device applications.

The thin film conversion process was used to obtain both 5a and
5b. In contrast to the thin film elimination, the solution elimination
process can be accomplished on a large scale, although this is only of
interest when the conjugated polymer obtained is soluble. Hence, the
solution elimination was only performed to obtain the butyl substituted
DP-PTV 5b.
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Figure 3-12: Formation of the conjugated polymers 5a,b. (i) AT in film or

dichlorobenzene.

3.2.3.1 Formation of Ba in a thin film

The results shown in this part are originating from films made of
the polymer with characteristics shown in Table 3-2, entry 2. Films of
the other polymers showed exactly the same optical properties. Upon
heating a thin film of 4a, the gradual formation of the conjugated
structure of polymer B5a is observed. This is well visible in the
temperature dependent UV-Vis absorption spectrum by the development
of a band with A, = 550-600 nm and the decrease of the absorption of
4a at A, = 247 nm (Figure 3-13, left). The thermal process can be
better analyzed using the absorbance profiles (Figure 3-13, right). In
these profiles, an increase in the absorbance at 590 nm can be seen
between 110 and 160 °C, reflecting the formation of the conjugated
system. Furthermore, in the region between 80 and 160 °C, the
formation and disappearance of partially conjugated segments (An.x =

403 nm) is visible.

143



Chapter Three
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Figure 3-13: Temperature dependent UV-Vis spectra of the elimination of 4a
giving 5a (left). UV-Vis absorbance profiles at 247, 403 and 590 nm as a

function of temperature during the elimination of 4a (right).

The conversion process is also readily observed using
temperature dependent FT-IR spectroscopy (Figure 3-14, left). The
absorption bands at 1486, 1416, 1267 and 1206 cm™ all arise from the
dithiocarbamate group. From the profiles in Figure 3-14 (right), it is
clear that the increase in double bond absorption (934 cm™) starts just
above 100 °C and the conversion process is complete around 130 °C for
the applied temperature program (heating rate at 2 °C/min).

This small difference as compared to the temperature dependent
UV-Vis data is a result of the increased sensitivity of FT-IR, viz. any
double bond formed will be visible in FT-IR, whereas only longer
conjugated systems will be visible in the UV-Vis spectra. Hence,
temperature dependent FT-IR spectroscopy is an excellent method to
study the start and nature of the elimination process, whereas
temperature dependent UV-Vis spectroscopy is the most suitable
method to determine the end-point of the elimination process. It is
noteworthy that the thermal stability of 5a is 300 °C. This is higher than
unsubstituted PTV, which already displays a notable decrease in
intensity of the UV-Vis absorption maximum around 275 °C°.
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Figure 3-14: Temperature dependent FT-IR spectra of the elimination of 4a
giving 5a (left). IR absorption profiles at 934 and 1267 cm™* as a function of

temperature during the elimination of 4a (right).

The room temperature absorption maximum Amax of a thin film of
5a is 600 nm (Figure 3-15). This is notably higher than Amax observed by
previous researchers for thin films of the same polymer (i.e. 546°° and
540 nm?’). These anomalous results are possibly the result of either the
presence of polymer defects or the occurrence of incomplete conversion
in the previous studies; viz. only comparatively short conjugated
systems were present. This is in agreement with our observations in the
temperature dependent UV-Vis measurements (Figure 3-13, left), in
which the Amax Of a thin film of 5a gradually shifts to higher wavelength
upon increase of temperature. In our experiments, all films are heated
until no increase of Amax Occurs, i.e. full conjugation is achieved. Upon
heating 5a, a blue-shift of Amax is observed as a result of the
thermochromic effect (175°C: Amax = 590 nm). This thermochromic shift
of 10 nm is smaller than the shift observed for unsubstituted PTV (i.e.
25 nm), possibly reflecting the reduced mobility of the phenyl
substituted PTV main chain®. The band gap of 5a at room temperature
can be derived from its UV-Vis characteristics by drawing the tangent on
the low energetic edge of the absorption spectrum. The intersection with
the abscissa is at 730 nm which corresponds to a band gap of 1.70 eV.
This is almost identical to the band gap observed for PTV, i.e. 1.67 eV®.
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Apparently, no reduction in band gap is observed as a result of phenyl
substitution, possibly as a result of competing sterical effects. In
agreement to unsubstituted PTV as well as other substituted PTV
derivatives*®, thin films and solutions of polymer 5a do not exhibit
photoluminescence at room temperature.

600

N
1

Absorbance [a.u.]

-
1

T T T T T
300 400 500 600 700 800
Wavelength [nm]

Figure 3-15: Room temperature absorbance spectrum of 5a.

3.2.3.2 Formation of 5b in a thin film

Precursor polymer 4b was converted in a thin film toward 5b
under similar conditions as 4a. Temperature dependent UV-Vis and FT-
IR measurements (Figure 3-16 and Figure 3-17) indicate that the
introduction of butyl groups surprisingly has only a small impact on the
elimination process, i.e. the elimination process starts at circa 90 °C.
However, it should be noted that the profiles (Figure 3-16, right and
Figure 3-17, right) indicate that degradation of the conjugated system
commences around 275 °C. Apparently the introduction of the butyl side
chains somewhat reduces the thermal stability. Notwithstanding,
thermal stability up to 275 °C is sufficiently high for virtually all
applications. The shoulder observed in the profile at 1266 cm™ of the in
situ FT-IR measurement is inherent to the measurement technique.
Since the profile is measured at a fixed wavenumber, even a slight shift
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of the absorption peak results in a shoulder in the profile, especially for
the rather narrow peaks in the FT-IR spectra. In this particular case the
original peak at 1266 cm™ shifts toward 1264 cm™ at higher

temperature.

Absorbance [awu.]
Absorance [a.u.]

0.0 0.0

T T T T T T T
200 300 400 500 600 700 800 50 100 150 200 250 300
Wavelength [nm] Temperature [°C]

Figure 3-16: Temperature dependent UV-Vis spectra of the elimination of 4b
giving 5b (left). UV-Vis absorbance profiles at 247, 403 and 590 nm as a

function of temperature during the elimination of 4b (right).
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Figure 3-17: Temperature dependent FT-IR spectra of the elimination of 4b
giving 5b (left). IR absorption profiles at 936 and 1266 cm™ as a function of

temperature during the elimination of 4b (right).

The introduction of alkyl side chains has also an impact on the
room temperature UV-Vis absorption properties (Figure 3-18). In this
case however, in contrast to the elimination process, there is a
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significant difference between the low M,, polymer (Entry 4; Table 3-2)
and the higher M, polymers obtained from the polymerization with
LHMDS (Entry 1; Table 3-3).

Low M,, polymer 5b

The room temperature absorption maximum A, of a thin film of
low M,, 5b is 590 nm (Figure 3-18, dashed line). This is slightly blue-
shifted with respect to the absorption maximum observed for 5a (An. =
600 nm, Figure 3-15). This shift is also observed for the band gap. The
low energetic edge of the absorption spectrum of low M,, 5b is at 701
nm which corresponds to a band gap of 1.77 eV.

124 -~ ---LowM_5b
L ——High M, 5b

Norm alized Absorbance [a.u.]

300 400 500 600 700
Wavelength [nm]

Figure 3-18: Room temperature absorbance spectrum of low M,, 5b (dashed
line) and high M,, 5b (solid line).

High M,, polymer 5b

For thin films of higher M,, 5b the room temperature absorption
maximum Amax is 620 nm (Figure 3-18, solid line). This is a red shift of
30 nm as compared to low M, 5b. This is a strong evidence that,
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besides the increase in M,, of the polymers, also the quality of the
conjugated system, i.e. less defects, is much better when polymerizing
with LHMDS as base. Furthermore this high M, 5b exhibits a distinct
shoulder at 674 nm which could be related to strong n—n interactions in
the solid state inducing ordering. The low energetic edge of the
absorption spectrum of high M,, 5b is at 730 nm which corresponds to a
band gap of 1.70 eV which is the same as the band gap of 5a.

3.2.3.3 Formation of 5b in solution

In addition to the thin film conversion, highly soluble 4b has also
been converted into 5b in solution. Dichlorobenzene was used as the
solvent and the solution was heated to 150 °C. It is noteworthy that
conjugated 5b is soluble in a wide variety of common organic solvents,
including CHCIl;, CH,Cl,, toluene and (di)chlorobenzene. Hence, 5b can
be analyzed in solution as well as spin-coated from a solution, thus
considerably increasing the applicability of this polymer for electronic
applications. The apparent molecular weight (M,) observed with
analytical SEC of low M,, 5b prepared in this way is 9.0 x 10° (solvent
THF; polydispersity PD = 1.7). For high M,, 5b this is 23 x 103 (solvent
THF; polydispersity PD = 2.6). These molecular weights are low as
compared to the precursor polymer. This is probably due to the (lack of)
solubility of the polymers in THF. Apparently, only the lower molecular
weight fraction passes through the filter prior to the SEC measurement.

Low M, polymer 5b

The observed absorption maximum (Amax) of a thin film of low My
5b spin-coated from a CHCI; solution is 592 nm. The UV-Vis absorption
spectrum of a solution of low M, 5b in CHCIl; exhibits an absorption
maximum Amax = 577 nm (Figure 3-19, left). This is 15 nm blue shifted
with respect to the absorption maximum of a thin film of 5b as a result
of electronic interchain interactions in the solid state.
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High M,, polymer 5b

The same difference between high and low M,, 5b, as seen for
the conversion in film, is noticed in the absorption spectra obtained from
the conversion in solution. In thin film, the observed absorption
maximum (An.x) of high M, 5b is 620 nm. In CHCI; solution, high M, 5b
exhibits an absorption maximum A,,.x of 593 nm (Figure 3-19, right). In
this case, there is a 27 nm blue shift with respect to the absorption
maximum of a thin film of 5b.

14 i
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\

Absorbance [a.u]
°
®

Absorbarce [a.u]

T T T T T T T T
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength [nm] Wavelength [nm]

Figure 3-19: UV-Vis absorption spectra of low M,, 5b (left) and high M,, 5b
(right) in a CHCIz solution (solid) and as a thin film spin coated from a CHCl3
solution (dashed).

Similarly to 5a, solutions and thin films of polymer 5b do not
exhibit photoluminescence at room temperature. The thermal stability of
the conjugated system of spin-coated thin films of 5b formed in solution
was investigated using temperature dependent UV-Vis spectroscopy
(Figure 3-20). The onset of degradation occurs around 180 °C as
compared to 275 °C in the films of 5b formed directly in a thin film. The
origin of this difference is not certain, but may be related to the
exposure of the, in solution formed, 5b to ambient conditions after
conversion and during spin-coating.
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Figure 3-20: UV-Vis absorbance profile of 5b at Amax as a function of

temperature.
3.2.4 Electrochemistry

Cyclic voltammetry (CV) was employed to investigate the
electrochemical behavior of polymers 5a and 5b and to estimate their
energy levels. No significant difference was observed between the high
and low M,, polymers. The cyclic voltammograms of 5a and 5b display
distinct quasi reversible oxidation and reduction processes (Figure
3-21). The oxidation potential of 5a is 0.43 V vs. Ag/Ag*. However, the
HOMO energy level is more accurately determined from the onset of
oxidation. In the anodic scan the onset of oxidation of 5a occurs at 0.24
V vs. Ag/Ag”, which corresponds to a HOMO energy level of -5.19 eV.
The reduction potential of 5a is -1.91 V vs. Ag/Ag”, but the onset of
reduction is at -1.62 V vs. Ag/Ag*. This corresponds to a LUMO energy
level of -3.33 eV. The p-doping for 5b is also reversible (oxidation
potential is 0.63 V vs. Ag/Ag"), although not as well defined as for 5a.
The onset of oxidation of 5b occurs at 0.29 V vs. Ag/Ag*, which
corresponds to a HOMO energy level of -5.24 eV. The LUMO energy
level of -3.26 eV was determined from the onset of reduction (-1.69 V
vs. Ag/Ag”, reduction potential -1.8 V vs. Ag/Ag™). For comparison, the
oxidation potential of PTV is 0.39 V vs. Ag/Ag* with an onset of

151



Chapter Three

oxidation at 0.15 V vs. Ag/Ag*, which corresponds to a HOMO energy
level of -5.08 eV.
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Figure 3-21: Cyclic voltammograms of the oxidation and reduction behavior of
thin films of 5a (left) and 5b (right).

It should be noted that the oxidation process can also be
observed visually. For both 5a and 5b a color change of the films from
blue to light yellow was observed upon oxidation. Subsequently, in the
reverse process upon dedoping, the color of the film returned to blue.
This observation further confirms the reversibility of the p-doping
process. It is noteworthy that upon application of increased bias (i.e.
scanning to 1.0 V vs. Ag/Ag™), a second and a third oxidation process
can be observed for 5a (Figure 3-22). Similarly to the first oxidation
process, which is associated with the HOMO energy level, the second
oxidation process with an oxidation potential of circa 0.7 V vs. Ag/Ag™ (-
5.4 eV) is reversible. This process is possibly associated with the
oxidation of the phenyl rings. In contrast, the third oxidation process
with an oxidation potential of circa 0.9 V vs. Ag/Ag” (-5.6 eV) is
irreversible and results in the irreversible degradation of the conjugated
system.
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Figure 3-22: Cyclic voltammogram of the oxidation behavior of a thin film of 5a.

Figure 3-23 exhibits the resulting energy band diagram in
relation to the relative energy levels of the most frequently employed
acceptor in organic solar cells, PCBM, and the workfunctions of indium
tin oxide (ITO) and aluminum (Al), which are usually applied as
electrodes in polymer solar cells. The HOMO of the polymers 5a and 5b
is distinctively higher in energy than that of PCBM. However, not only
the HOMO energy levels but also the relative positions of the donor
LUMO and the acceptor LUMO are important for the intended charge
transfer. The difference between the LUMOs of 5a, 5b and PCBM is in
the range of 0.6 eV, which is sufficiently high to enable an unrestricted

and directed charge transfer.
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Figure 3-23: Energy band diagram with HOMO/LUMO levels of 5a, 5b and PCBM

in relation to the work function of the common electrode materials ITO and Al.
3.2.5 Photovoltaic device

Exploratory photovoltaic studies on solar cell devices were
performed by Le Huong Nguyen and Helmut Neugebauer from the group
of Serdar Sariciftci at the Linz Institute for Organic Solar Cells (LIOS) in
Austria.

Typical I-V characteristics of ITO/PEDOT:PSS/5b:PCBM/LiF/Al
(named 5b device) is shown in Figure 3-24, both in dark (dotted line)
and under AM 1.5 illumination (solid line). The 5b device performance
shows open circuit voltages (Voc) of 650 mV, short circuit currents (Isc)
of 0.97 mA/cm?, fill factors (FF) of 0.34 and the conversion efficiency (n)
of about 0.27 %. The polymer used in this device was the low M,, 5b.
The high My 5b was still under investigation at the time of writing.
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Figure 3-24: Linear representations of I-V/ characteristics (AM 1.5, 100 mW/cm?)
of ITO/PEDOT:PSS/5b:PCBM/LiF/Al. The solid line represents data obtained

under illumination, while the dotted line is measured in the dark.

3.3 Poly(thiazolo[5,4-d]thiazole vinylene)
3.3.1 Monomer synthesis

Two different synthetic routes toward the required intermediate
diethyl thiazolo[5,4-d]thiazole-2,5-dicarboxylate (10) have been
successfully tested**4>, The first route (Figure 3-25, A) starts with the
formation of N-formylglycine ethyl ester (6) in good yield (73 %) from
the commercial available glycine ethyl ester hydrochloride and methyl
formate under basic conditions. Next, 6 is reacted with phosphorus
oxychloride to vyield ethyl isocyanoacetate (7) (yield: 82 %). The
synthesis toward 7 is adapted from a literature procedure*®. In the next
step the thiazolo[5,4-d]thiazole-2,5-dicarboxylate (10) is formed from 7
and dichlorodisulfane. A possible reaction mechanism of this step,
proposed by Bossio et al.**, is depicted in Figure 3-26. The yield
obtained in literature was 52 %, however in our case only 19 % was
achieved.
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Figure 3-25: General scheme of the monomer synthesis. (i) EtsN; (ii) EtsN,
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Figure 3-26: Possible reaction mechanism toward 10%*.
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In the second route (Figure 3-25, B) toward diester 10, first the
thiazolo[5,4-d]thiazole ring has been synthesized via the method
developed by Johnson et al*%’. The latter involves the condensation
between commercially available dithiooxamide and furfural at high
temperature (180 °C) in moderate yield (51 %). Subsequently, 2,5-
bis(2-furyl)thiazolothiazole (8) is oxidized using KMnO, to yield the
corresponding acid 9 which is esterified with ethanol to yield the desired
thiazolo[5,4-d]thiazole-2,5-dicarboxylate (10). The overall yield from
the starting compounds toward 10 is 11 % for route A and 30 % for
route B. In view of the better overall yield and the straightforward
preparation, the second route, involving the condensation between
dithiooxamide and furfural is the preferential route toward 10.

In the next step the obtained diester 10 is reduced to its alcohol
derivative 11 with NaBH,. It is generally accepted that NaBH,, a
powerful reducing agent for aldehydes and ketones, will not reduce
carboxylic esters for which normally LiAIH, is used. However in this case,
and in some others®#8, esters of heterocyclic compounds can be reduced
by a large excess of NaBH, in methanol, especially with electron poor
ring systems. First trials revealed that reduction with LiAIH, leads to
simultaneous reduction of the thiazolo[5,4-d]thiazole ring. With NaBH,
however a yield of 70 % was achieved.

The bishydroxymethyl 11 is than converted into the
bischloromethyl 12 via nucleophilic substitution with thionyl chloride.
Without further purification, the dithiocarbamate monomer 13 is formed
directly from the bischloromethyl compound 12 by reaction with sodium
diethyldithiocarbamate trihydrate. The yield from 11 to 13 is 44 %.
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Structural characterization of monomer 13

Structural characterization of the monomer 13 was performed
using standard 'H and !3C NMR techniques. Full chemical shift
assignment can be found in the spectra (Figure 3-27) and confirm the
expected structure.
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Figure 3-27: *H and **C NMR spectra of monomer 13.

Table 3-4: H and *3C chemical shift values of 13.

Hs 13¢s
#13

(ppm) (ppm)

1 1.28 11.4-12.5

2 3.72-4.01 | 46.8-50.1
3 5.02 39.4
4 192.6
5 168.6
6 149.5
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3.3.2 Polymerization

The polymerization of monomer 13 has been performed using
four different reaction conditions, deviating in the base used (LDA,
LHMDS, Na-tBuO and 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU)). pK,
values of the conjugate acids are given in Table 3-5. All polymerizations
were performed at room temperature since monomer 13 is not soluble
in THF at lower temperatures.

S N SC(S)NET,
\
>~S N S S%
O G
Figure 3-28: Polymerization of the monomer 13 toward the precursor polymer
14. (i) LDA, LHMDS,; Na-tBuO or DBU, THF.

Upon addition of the base, the solution immediately becomes
black. After the polymerization was allowed to proceed for 90 minutes,
termination of the reaction is achieved by pouring the polymerization
mixture in ice water followed by acidification with hydrochloric acid to
pH = 7. After extraction, the polymers are precipitated in MeOH.
Purification of the polymers was done using a Biobeads® separation
column and this yielded the “polymers” as black solids. The isolated
yields range from 10 to 27 %, with still a large fraction of unreacted
monomer left.

The weight-average molecular weights (M) of 14 have been
determined by analytical SEC in DMF using polystyrene standards. The
observed molecular weight distributions for 14 are monomodal with My,
values ranging from 6.6 x 10° to 27.6 x 10°. Unfortunately only very low
molecular weight polymers were obtained. The reaction with DBU did
not yield any polymer at all, only unreacted monomer was found.
Furthermore, structural characterization revealed partial degradation of
the precursor polymer possibly by ring opening®®
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Table 3-5: Polymerization results for monomer 13.

Entry Base (pKa)? Mw3 b PD" Yield
[Xx 10°] [%]
1 LDA (35) 6.6 2.2 22
14 2 LHMDS (26) 27.6 3.9 27
3 Na t-BuO (19) 3.2 1.7 10
4 DBU (12) / / /

“pKa values measured in DMSO, except for LDA in THF.

bDetermined by means of SEC in DMF against polystyrene standards.
3.3.3 Conversion of the polymer into the conjugated structure

The synthesized precursor polymer can be converted into the
conjugated polymer by a thermal treatment. Upon heating, the
dithiocarbamate group of polymer 14 is eliminated to form the
corresponding conjugated polymer 15 (Figure 3-29). The thermal
elimination reaction and the thermal stability of the polymer can be
followed by means of in-situ UV-Vis spectroscopy.

I %@)a I N

Figure 3-29: Formation of the conjugated polymer 15 (i) AT in film.

Upon heating a thin film of 14, a small increase of absorbance is
seen at 500 nm, which is related to the formation of the conjugated
structure 15. Simultaneously, there is a decrease of the absorption at
284 nm j.e. the precursor polymer 14. However, from the start of the
measurement there is an absorption peak at 410 nm which remains
unchanged during the conversion process (Figure 3-30, left). The origin
of this absorption is not completely clear but is most likely related to
degradation products. The thermal process can be better analyzed using
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the absorbance profiles (Figure 3-30, right). In these profiles, an
increase in the absorbance at 500 nm can be seen between 110 and
160°C, reflecting the formation of some conjugated system.
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Figure 3-30: Temperature dependent UV-Vis spectra of the elimination of 14
giving 15 (left). UV-Vis abs