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Abstract

Abstract

This thesis, to the best of our knowledge, is the first report on the mechanical properties of

side chain free, high molecular weight poly(m,p-phenylene)s. For that purpose a precursor

polymer I bearing acid cleavable silyl side chains was synthesized by Suzuki polycondensa-

tion (SPC) with a molecular weight of up to 300 kDa. The side chains have two functions:

First they prevent early precipitation of the growing polymer chains from the reaction mix-

ture, which is a common issue in the synthesis of rigid polymers, secondly they render it

possible to obtain the parent polymer by acid treatment (Scheme I).
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Scheme I. Example of a polymerization towards an high molecular weight poly(m,p-
phenylene) and the subsequent removal of the solubilizing side chains for
achieving the parent polymer.

In order to achieve the aforementioned outstanding molecular weights for polymer I, a

reliable supply of pure monomers was essential. Therefore the present thesis also reports

on the synthesis of new monomers for SPC with purities exceeding 99.5%. Using these

monomers, the polymerization conditions were optimized concerning monomer concen-

tration, catalyst, stoichiometry and scale aiming at the highest molecular weights possible.

After optimization polymer I could be obtained in amounts of up to 14 g.

In all polymerizations cyclic oligomers were observed as byproducts. Such macrocycles

are known to occur during the synthesis of polyphenylenes containing meta connected re-

peating units due to intramolecular ring closure. In case of polymer I these low molecular

weight byproducts prevented the formation of mechanically stable films which were nec-

essary for tensile stress resistance tests. Therefore a purification process was developed

focusing on the efficient and selective removal of these cyclic oligomers.

Upon synthesis and purification, polymer I was processed into films by solution casting and
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Abstract

subsequent hot compression molding. Upon heating, these films demonstrate an extended

plasticity above their Tg of 180 °C. This plasticity enabled us to produce threads of different

draw ratios by hot drawing. Within the drawn samples, the polymer chains orient along

the direction of elongation. This results in an increased crystallinity, an increase of Young’s

modulus from 1 GPa to 5 GPa and an improved yield strength from 40 MPa to 140 MPa.

Finally it was shown by TGA as well as IR- and solid state NMR spectroscopy, that the acid

cleavable side chain can be removed quantitatively even from processed polymer films by

exposing them to TfOH. The resulting materials of undecorated polyphenylene II show an

increased tensile stress resistance with a Young’s modulus of up to 7.5 GPa and a maximum

strength of 300 MPa.
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Zusammenfassung

Die vorliegende Arbeit ist, soweit uns bekannt, der erste Bericht über die mechanischen

Eigenschaften von seitenkettenfreien, hochmolekularen poly(m,p-phenylen)en. Zu diesem

Zweck wurde ein Vorläuferpolymer I, welches säurespaltbaren Seitenketten trägt, mit

einem Molekulargewicht von bis zu 300 kDa synthetisiert. Die Seitenketten haben zwei

funktionen: Erstens verhindern sie ein frühzeitiges ausfallen der wachsenden Polymereket-

ten, was ein bekanntes Problem bei der Synthese von kettensteifen Polymeren ist; und

zweitens ermöglichen sie den Zugang zum seitenkettenfreien Polymer durch Säurebehand-

lung (Schema I).
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Schema I. Beispiel für eine Polymerisation von einem hochmolekularem Poly(m,p-
phenylen) sowie die darauf folgende Abspaltung der löslichkeitsfördernden
Seitenkette um das unfunktionalisierte Polymer zu erhalten.

Um Polymer I mit den oben erwähnten, außergewöhnlich hohen, Molekulargewichten

herzustellen, war eine verlässliche Versorgung mit reinen Monomeren unerlässlich. Die

Synthesen von neuen Monomeren für SPC, mit Reinheiten jenseits von 99.5% sind de-

shalb ebenfalls Bestandteil dieser Arbeit. Diese Monomere wurden dann verwendet um

die Polymerisationsbedingungen bezüglich Konzentration, Katalysator, Stoichiometrie und

Ansatzgrösse zu optimieren. Das Ziel war hierbei die höchst mögliche molare Masse zu

erzielen. Nach der Optimierung konnten bis zu 14 g von Polymer I hergestellt werden.

In allen Polymerisationen wurden zyklische Oligomere als Nebenprodukt beobachtet. Es ist

bereits bekannt, dass bei Polyphenylenen welche in meta Stellung verbundene Wiederhol-

ungseinheiten beinhalten, solche Makrozyklen durch intramolekulare Ringschlüsse entste-

hen können. Da solche niedermolekularen Nebenprodukte die Bildung von mechanisch

stabilen filmen, für die Bestimmung von Zugspannungseigenschaften verhindert, wurde
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eine Aufreinigungsmethode entwickelt welche gezielt und effektiv diese Makrozyklen ent-

fernt. Nach der Synthese und Aufreinigung wurde Polymer I, durch gießen aus Lösung und

anschließendes Heißpressen, zu filmen weiterverarbeitet. Anschließend wurde gezeigt,

dass dies Filme oberhalb ihres Tg von 180 °C eine große Dehnbarkeit besitzen. Diese

Dehnbarkeit wurde genutzt um Fasern mit verschiedenen Reckverhältnissen herzustellen.

Innerhalb dieser gezogenen Proben orientierten sich die Polymerketten entlang der Zu-

grichtung. Dies führte sowohl zu einer erhöhten Kristallinität also auch zu einem anstieg

des Youngschen Moduls von 1 GPa auf 5 GPa und der Zugfestigkeit von 40 MPa auf

140 MPa. Anschließend wurde sowohl mittels TGA als auch mittels IR- und NMR Spek-

troskopie gezeigt, dass die säureabspaltbaren Seitenketten sogar aus verarbeiteten Filmen

und Fasern quantitativ entfernt werden können. Die so erhaltenen Materialien aus dem

seitenkettenfreien Polymer II zeigten eine erhöhte Zugfestigkeit von bis zu 300 MPa sowie

ein Youngsches Modul von bis zu 7.5 GPa.
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1 Polymers

1 Polymers

Since the introduction of the polymer concept by Staudinger in 1920,[1] polymers have

become an essential part of our everyday life and therefore have great economical impor-

tance.[2] Due to their low price, light weight and great variability, the world market for

polymers and resulting materials has been growing rapidly since the 1950s (Figure 1.1).

The main fields of application for the global production of 311 megatons in 2015 were

packaging, building and construction as well as automotive. Aside from these established

markets the ongoing research on polymers and related materials continuously opens new

areas of application.
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Figure 1.1. Annual global production of polymers since 1950. The development shows
the increasing demand in polymers and related materials.

The term polymer (Greek: poly + meros, many parts) in general describes a macromolecule

which is composed of many small molecules, which are called monomers (Greek: mono +

meros, single part). The most general case is shown in Figure 1.2a, where all monomers

have several reactive sites which allow them to react with other monomers to a randomly

cross-linked three dimensional network[3]. The number of monomers incorporated into

a polymer is called the degree of polymerization (DP) and the monomers once incorpo-

rated into the polymer are referred to as repeating units. Such complex networks are

mostly insoluble, infusible and difficult to characterize in terms of their exact composition.

However, depending on the monomers, they show useful mechanical and thermal
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(a)

(b)

random copolymer

block copolymer

alternating copolymer

(c)

Figure 1.2. a)Randomly cross-linked polymer network consisting of different monomers.
b)Different types of linear copolymers. Their main difference is the sequence
of monomer incorporation. c) linar homopolymer consisting of a single type
of monomer.

properties and are therefore used as so called duroplasts for example to fabricate parts for

aviation and automotive.[4,5] A structurally simpler class of polymers are linear copoly-

mers as shown in Figure 1.2b. In this case, the monomers have only two reactive sites

under the applied polymerization conditions and thus react to chain like macromolecules.

Depending on the reactivity of the different monomers and the reaction conditions, the

sequence of monomer incorporation can vary. Prominent examples are random copoly-

mers[6], block copolymers[7,8] and alternating copolymers[9,10] the latter of which consist

only of two different repeating units. Depending on the type and ratio of monomers as

well as the sequence of incorporation, the properties of this class of polymers are highly

tunable and therefore they are of great interest for a broad field of academic and industrial
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research.[11–13]

Finally, the simplest and most explored and applied class of polymers are the linear ho-

mopolymers consisting only of one type of repeating unit (Figure 1.2c). A famous rep-

resentative of this class of polymers is for example polyethylene (PE), which is the most

produced polymer in the world with a annual amount of 80 megatons.[14] In addition

polypropylene(PP), polystyrene(PS) and polyvinyl chloride (PVC) are further representa-

tives, which commonly appear in everyone’s day-to-day life. One feature that is displayed

in all the polymers of Figure 1.2 are the unreacted sites at the boarders or chain ends of

the polymers. These groups can be functionalized[15,16] and therefore play an important

role in the modification of polymers for specific applications.[17,18]

An additional class of macromolecules, which should be mentioned for completeness, are

oligomers (Greek: oligo + meros, few parts). They are closely related to the above de-

scribed polymers and differ structurally solely in the amount of repeat units. While poly-

mers usually consist of several hundreds or thousands of repeat units, oligomers usually

comprise between 2 and 50 monomer units. Because the border between these two classes

is somewhat blurry, one common way of differentiation is the change of physical properties

that occurs upon the addition of additional monomers. While in the case of oligomers the

extension of the chain by a few repeating units has a significant impact on the properties,

in the case of polymers the impact is negligible.[19]

1.1 Polymerization reactions

There are plenty of different methods for the synthesis of polymers and an in detail treat-

ment of all of them would by far exceed the scope of this thesis. Therefore a brief overview

of two general concepts, on how a polymer chain growth can proceed, will be explained

in the following. All reactions which are used to obtain polymers can be divided into two

categories. In particular, there are polymerization reactions, which proceed according to a

chain-growth mechanism and such which proceed according to a step-growth mechanism.

Although each group comprises several different types of reactions, within each group the

reactions have common features.

5
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1.1.1 Chain-growth polymerizations

Famous representatives of chain-growth polymerizations are for example radical polymer-

ization[20], anionic polymerization,[21] cationic polymerization[22] and coordinating poly-

merizations like ring opening polymerization[23] or Zigler-Natta polymerization.[24] Al-

though they all follow their individual mechanisms, they all proceed along characteristics

steps.

1. Initiation: This is the first step of every chain growth polymerization. During Ini-

tiation an initiator molecule is generated which is reactive towards the monomers.

Depending on the type of polymerization, the initiation results in radicals, reactive

ions or an active metal catalyst. Because these are very reactive species, they are

usually generated in situ from a precursor molecule.

2. Propagation: Once the initiation has occurred the first monomer reacts with the

initiator leaving a reactive site at the just appended monomer to which the next

monomer can add. Thus more and more monomers are added to the reactive chain

end.

3. Termination: Depending on the type of polymerization, termination of the growing

chains can occur in different ways. Aside from reactions which quench a reactive

species ultimately, termination can also proceed via a chain transfer. In this case

the termination of one chain causes the initiation of another one, by a transfer of the

reactive functionality to a monomer or solvent molecule. At which stage of the chain-

growth a termination occurs is individual for each chain, and therefore a resulting

polymer always consists of a mixture of chains with different degrees of polymeriza-

tions.

For clarification the three steps are displayed in Figure 1.3a, where the reactive sites are

marked with *.
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(a)
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Figure 1.3. a) The three characteristic steps of an chain growth polymerization, initiation,
propagation and termination. The reactive sites are marked with *. For the
termination the recombination of two active chain was chosen as an example.
b)Development of degree of polymerization with conversion for chain-growth
polymerizations.

In Figure 1.3b the degree of polymerization in dependence of the monomer conversion for

a single polymer chain is shown. In the case of a conventional chain-growth polymeriza-

tion, only few active chains are present compared to the amount of monomers. Therefore

the length of an active chain increases rapidly until its termination occurs. After that ter-

mination the degree of polymerization stays constant and further conversion only leads to

the growth of more chains.

1.1.2 Step-growth polymerizations

In contrast to chain-growth polymerizations, the step-growth polymerizations do not re-

quire an initiation because a reaction can occur between all the monomers ideally with an

equal probability. A prerequisite for this to occur is that at least two complementary groups

per monomer are present in the reaction.[25] As shown in Scheme 1.1, this can be realized

either with a monomer carrying two complementary groups (AB-type) or by two different

monomers each carrying one of the complementary functionalities twice (AA/BB-type).

For completeness, it should be mentioned that of course also scenarios with more than

two functional groups per monomer are known.
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Scheme 1.1. First step of an AB-type (top) and AA/BB-type (bottom) step-growth poly-
merization. Both reactions lead to a dimer carrying again both complemen-
tary end groups.

In such cases, hyperbranched polymers result as products.[26] The fact that every monomer

and intermediate of a step-growth polymerization, has the chance to react with almost

every other molecule inside the reaction has direct consequences on the development of

the degree of polymerization with increasing conversion. As displayed in Figure 1.4a,

this for example means that at 50 % conversion the reaction mixture contains in average

only dimers. The average degree of polymerization DP for step-growth reactions with an

equimolar amount of both functional groups was mathematically described by Wallace H.

Carothers[27] and can be expressed according to Equation (1.1) in which p represents the

conversion.

DP =
1

1− p
(1.1)

The plot of the Carothers equations in Figure 1.4b illustrates that high degrees of polymer-

izations can only be achieved at very high conversions. Consequently, causes which limit

the maximum achievable conversions can either be used for tuning the polymer chain

length or need to be eliminated in order to obtain high degrees of polymerization.
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Figure 1.4. a) Schematic illustration of the step-growth process. b) Development of de-
gree of polymerization with conversion. Only at very high conversions large
degrees of polymerizations can be achieved.

A mismatch of the stoichiometry between the complementary groups can be a reason for an

incomplete conversion. Obviously, with one functionality in excess, the reaction stops after

the consumption of the minor one. This can be prevented by using the AB-approach, where

the stoichiometry of the functionalities is balanced naturally. However, other factors can

also lead to a stoichiometric mismatch. The presence of impurities, for example, can either

lead to uncertainties in measuring the amount of monomers or to capping reactions if the

impurity is reactive towards one of the relevant functionalities. Lastly, also side reactions

might prevent a high conversion and therefore procedures and conditions which reliably

result in the desired bond formation are preferred for step-growth polymerizations.

1.2 Molecular weights and molecular weight distribution

The molecular weight of a single polymer chain is calculated by multiplying the molar

mass of one repeating unit by the amount of repeating units in this chain. Thus, the

knowledge of the molecular weight gives direct access to the number of monomers incor-

porated into a polymer chain. Unfortunately, the above mentioned step- and chain growth

polymerizations all result in polymers consisting of many chains with different numbers

of repeating units. Consequently, the molar mass of polymers is commonly given as an

9
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average molecular weight of the different contributing chains.

In Figure 1.5, an exemplary number distribution of molar masses of a polymer is shown.

The average molecular weights are usually given as ratios of different moments of such a

distribution.[28] In particular, the ratio of the first and zeroth moment is called the number

average molecular weight Mn and is calculated according to Equation (1.2). In that case all

polymer chains with the same molar masses Mi are weighted by the amount of molecules

Ni that have that molar mass. The ratio of the second and first moment is called the

weight average molecular weight Mw. In this case, all contributing chains of the same

molar mass Mi are weighted by the mass mi they contribute to the overall polymer mass

(Equation (1.3)). Another important parameter which is used to describe the width of the

molecular weight distribution is the polydispersity index PDI. It is calculated according to

Equation (1.4) using Mn and Mw. In an ideal case were all the chains of a polymer batch

have the same molar mass, Mn would be equal Mw and thus the PDI would be 1.

nu
m

be
r o

f m
ol

ec
ul

es

Molar mass

Mn
Mw

Mn =
∑NiMi

∑Ni
(1.2)

Mw =
∑miMi

∑mi
=

∑NiM2
i

∑NiMi
(1.3)

PDI =
Mw

Mn
(1.4)

Figure 1.5. Typical number distribution of molecular weights for a polymer and the re-
sulting averages Mn and Mw.

The knowledge of the molecular weight and the distribution allows conclusions about the

progress and completion of a polymerization reaction. Furthermore, many properties of

polymers depend on their molecular weight. Hence, methods for its determination are

of utmost importance and various techniques have been developed.[29,30] A selection of

methods important for this work is presented in the following.
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1.2.1 Determination of molecular weights

Colligative properties

Colligative properties are characteristics of a solution, which solely depend on the number

of solvent and solute molecules and not on their chemical nature. Examples for such

properties are osmotic pressure, melting point and boiling point. Therefore the comparison

of one of theses values of a solution with the corresponding value of the pure solvent allows

the calculation of the number of solute particles.

Consequently, by dissolving a known amount of polymer, the number of chains within this

solution and thus the number average molecular weight Mn can be determined.[31–33]

Static light scattering (SLS)

The determination of molecular weight by static light scattering relies on measuring the

intensity of scattered light from very dilute polymer solutions (Figure 1.6a). The contribu-

tion of the dissolved polymers can be extracted, by subtraction of the scattering intensity

of the pure solvent. In an ideal solution and for a constant scattering angle Θ, the in-

tensity contribution from the dissolved polymers is proportional to their mass and can be

described by the Zimm equation (Equation (1.5)). Here R is the rayleigh ratio, which is an

absolute scattering intensity independent of the scattering volume and detector distance.

Further K is the scattering power of one individual particle and q corresponds to the scat-

tering vector, which is closely related to the scattering angle. Unfortunately, ideal solutions

are rare and only occur at theta conditions[34] or infinite dilution (c = 0). Further, with in-

creasing scattering angle Θ, the contribution of longer polymer chains gets underestimated

and only at a scattering angle of 0° this effect can be excluded.

Kc
R
=

1
Mw

(

1+
q2R2

g

3

)

+2A2c (1.5)

with

K =
4π2

λ 4NA
n2

D,0

(

∂nD

∂c

)2

(1.6)

and

q =
4π nD sin(Θ/2)

λ
(1.7)
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In order to determine the molecular weight of a real solutions, light scattering experiments

therefore have to be conducted at several concentrations and scattering angles. By a dou-

ble extrapolation to Θ= 0 and c = 0, this method gives direct access to the weight average

molecular weight Mw (Figure 1.6b).[35–37]

(a)

(b)

Figure 1.6. a) Schematic depiction of a light scattering setup. Only the scattered fraction
of the incident beam is detected. b) Data points for scattering intensities at
different angles and concentrations as well as the extrapolations to c = 0 and
and Θ = 0.

Gel permeation chromatography

The above described methods give direct access to the values of the average molecular

weights Mn and Mw and in combination ultimately also a conclusion about the width of

the distribution. However, they do not provide an exact picture of the distribution curve

of molecular weights. In contrast, gel permeation chromatography (GPC) can provide

Mn, Mw and the exact distribution like in Figure 1.5. Gel permeation chromatography

is based on the separation of particles in solution by hydrodynamic radii. The essential

part is the chromatographic column, which is filled with porous beads having a defined

12
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pore size.[38] If a mixture of small and large particles is subjected to this column, small

particles will diffuse further into the pores of the column material. Consequently, their

retention time gets prolonged and large particles elute first (Figure 1.7a).[39] Therefore,

a polymer solution containing polymer chains of different chain lengths will be separated

accordingly and high molecular weight chains will elute faster than short chains. In order

to gain information from this separation the eluting solution needs to be analysed by a

detector. The most popular detectors used are UV-Vis, refractive index, light scattering

and viscosimetry,[40] which need to be chosen depending on the polymer. By recording

the detector signal over retention volume, the distribution of the hydrodynamic radii can

be extracted. Finally, this information has to be translated into molecular weight, which

is done by using a calibration curve. For the calibration, several polymers from the same

species but with different known molecular weights and a very narrow distributions are

subjected to the GPC. By recording their retention volumes, a calibration curve between

molecular weight and elution volume can be generated. This calibration curve can now be

applied to the distribution of the unknown polymer to extract the molar mass data. The

advantages of this method are obvious, as in a relatively short time a very comprehensive

picture of the molecular weight distribution of a polymer sample can be generated.

(a) (b)

D
et

ec
to

r s
ig

na
l

Retention volume

Figure 1.7. a) Schematic depiction of a GPC column filled with porous beads. The blue
and yellow particles get separated by size during their way through the col-
umn. b) Elution curve of an GPC detector showing the distribution of hydro-
dynamic radii.
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On the down side, the results always rely on the quality of the calibration curve. Strictly

speaking, exact results can only be obtained by using the same type of polymer for the

calibration and for the measurement. However for a wide range of polymers it was shown

by Benoit et al. that there is a universal calibration,[41,42] which allows the use of one

calibration curve for various polymers.

1.3 Important thermal parameters

Like for other materials, also for polymers thermal parameters are important for a complete

description of the material. Further, the thermal properties determine the temperature

range in which a material can be used and processed. The most obvious parameter is of

course the melting point Tm, at which a material changes its state from a crystalline solid

to liquid. Although polymers are not purely crystalline materials, depending on structure

and processing, polymers can have a significant portion of crystallinity.[43] After melting,

the liquid state of polymers is still rather viscous and not comparable to the melt of small

molecules, the transition however fulfills all criteria for a first order phase transition. In

particular, this means that there are discontinuities in enthalpy and volume. In Figure 1.8

the specific volume (V/m) of an polyethylene sample is recorded during heating.

Figure 1.8. Specific volume of a polyethylene sample over temperature at constant pres-
sure. At the melting point, the volume shows a discontinuous course.[43]

As the mass does not change during the experiment, it directly displays the change in vol-
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1 Polymers

ume. At Tm of 130 °C it shows the typical discontinuous course for a first order transition.

As mentioned above, the crystallinity of polymers can vary to a large degree,[44,45] which

means that most polymers consist of crystalline and amorphous domains. Therefore below

the melting point many polymers show a glass transition temperature Tg. At this temper-

ature an amorphous material undergoes the transition from a brittle glassy state into a

softer rubbery state. From a thermodynamic point of view, this is a second order transi-

tion. Consequently, at Tg there are no discontinuities in volume or enthalpy but rather in

their temperature and pressure derivatives i.e. expansion coefficients α and heat capacities

Cp. Figure 1.9 shows the development of the volume and expansion coefficient as well as

enthalpy and the heat capacity around Tg.

α =
1
V

(

∂V
∂T

)

P
Cp =

(

∂H
∂T

)

P

Figure 1.9. Volume and Enthalpy and their temperature derivatives expansion coefficient
and heat capacity as a function of temperature around the glass transition
temperature.[46]

While for the volume and the enthalpy the transition only causes a change in the slope, for

their temperature derivatives α and Cp it causes a discontinuity. As mentioned the glass

transition leads to a softening of the polymer, which can be explained by an increased
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mobility of the polymer chains. It should be noted that in addition to the thermodynamic

description also other theories, based on free volume and kinetics, have been developed

to describe the glass transition.[46]

1.3.1 Differential scanning calorimetry

For the determination of phase transitions, differential scanning calorimetry (DSC) is an

important and widely used method. In a DSC experiment, a sample (pan with polymer)

and a reference (empty pan) are heated separately with the same heating rate. The differ-

ence in heat flow for heating the sample and for heating the reference at the same rate is

recorded. In case of a phase transition in the sample, e.g. melting, the enthalpy of tran-

sition (e.g. ∆Hm) adds to the heat flow in order to keep the heating rate constant. This

deviation in heat flow is recorded in a thermogram.

A typical thermogram for a semicrystalline polymer is displayed in Figure 1.10. Upon

heating, the first transition that occurs is the glass transition, which can be identified as

a change in the slope of the heating and cooling cycle. This change of the slope can

be attributed to the second-order nature of the glass transition. As mentioned above,

at Tg only the heat capacity changes, not the enthalpy itself. Upon further heating, an

exothermic peak can be observed, which in contrast to the glass transition shows a distinct

change of the enthalpy. This peak can be assigned to a crystallization process. Due to

the increased mobility above Tg, the polymer has the chance to partially rearrange into

the energetically more favourable crystalline state. Additional heating finally leads to the

melting of the polymer, which results in a clear endothermic peak in the thermogram.
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Figure 1.10. Typical DSC curve of a semicrystalline polymer schowing a glass transition
temperature, a crystallization peak and a melting point. The areas under the
peaks allow for the calculation of the transition enthalpies.
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Finally, it should be mentioned that in addition to the temperatures of the phase transi-

tions, also the energy of the transition can be determined from the peak area. This way the

degree of crystallinity of a polymer can be estimated, by comparing the found transition

energy with the theoretical value for a 100 % crystalline material.[47]

1.4 Mechanical properties of polymers

It is obvious that for most applications a polymeric material is chosen based on its mechan-

ical properties. Depending on the polymer and the conditions under which an experiment

is conducted, polymers can show different responses to mechanical stress. These range

from a glassy brittle behaviour over a rubber-like elastic behaviour to a viscous liquid like

behaviour. Because of this variability polymers are called viscoelastic materials.[48] Al-

though there are plenty of mechanical characteristics which can be determined by shear,

compression, impact or abrasion it is very common to determine the mechanical behavior

of polymers in tensile stress experiments. Here the tensile modulus also called Young’s

modulus (E) reflects how strong a material responds to tensile stress and defines the stiff-

ness at the given experimental parameters like temperature and rate of the experiment.

In Figure 1.11 three typical behaviours of polymers are displayed. In the case of a brit-

tle plastic, the resulting strain ε upon applying a tensile stress σ increases linearly and

the material fails already after a few percent of elongation. This is usually the case for

polymers well below their Tg. At a slightly increased temperature but still below Tg the

same polymer can show the behaviour of a though plastic. This means that after an initial

stiff response the sample yields and can be stretched up to several hundred percent before

its failure. The toughness of such a polymer is expressed by the area under the stress-

strain curve. Well above Tg, polymers usually behave like elastomers or rubbers and can

be stretched already at very low stress by up to over 1000 % in some cases. It should be

noted that plastic elongation of a sample is often referred to as draw ratios, which is the

final length of a elongated sample divided by its original length.
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Figure 1.11. Typical tensile stress behaviours of polymers. Depending on the temperature
and the rate of the experiment, polymers can show brittle, tough or rubber-
like performance.[49]
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2 Conjugated polymers – a special class of materials

2 Conjugated polymers – a special class of materials

Conjugated polymers are organic macromolecules, which consist of alternating single and

double bonds throughout the molecule’s backbone. The overlap of the π-orbitals along the

whole polymer chain brings about the conjugation and results in unique properties.[50,51]

The structurally simplest example for a conjugated polymer is polyacetylene 1.[52] This

and other famous examples for conjugated polymers are depicted in Figure 2.1. In addition

to the homopolymers, also copolymers of the depicted repeating units gained considerable

attention.[53,54] By far the most attention, in academia and industry, is devoted to ability

of conjugated polymers to serve as an electrically conducting material.[55] Although in the

neutral state conjugated polymers are usually insulators like most other polymers, upon

addition or withdrawal of electrons by reduction or oxidation, their electrical conductivity

can be tuned over a wide range.[56–58].

n S n

n

R1

R2

R2R1

n

n

R1

R2

R2

R1, R2 = H, alkyl, aryl

R1
d

1 2 3

4 5

Figure 2.1. Prominent examples of conjugated polymers are polyacetylene 1[52],
polyphenylenes 2[59], polythiophenes 3[60], polyfluorenes 4[61] and
polyphenylenevinylenes 5[62].

In most cases, conjugated polymers consist of directly linked aromatic units. As a re-

sult, the overall structure of such polymers is rigid. This high rigidity strongly influences

the chemical and physical properties such as solubility, fusibility and liquid crystalline be-

haviour.[63] Consequently, conjugated polymers also arouse interest as mechanically[64,65],

chemically and thermally[66] robust materials.
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2.1 Synthesis of conjugated polymers

Due to the great interest in conjugated polymers over the last decades, several strategies

have been developed for their synthesis. Aside from polyacetylene, which is usually synthe-

sized by a Ziegler-Natta type reaction of gaseous acetylene,[67] the syntheses of conjugated

polymers rely on C-C coupling chemistry between aromatic sp2 carbons. First approaches

by Kovacic et al. aimed at the synthesis of poylphenylene from benzene 6 or polyhalo-

genated benzenes 7 via oxidative procedures (scheme 2.1).[68,69] Unfortunately, most of

these approaches resulted in low molecular weight products with significant amounts of

structural irregularities and branching. In 1978, Yamamoto et al. were able to synthesize

poorly soluble polyphenylenes 2a and 8 with high structural perfection by using transition

metal catalyzed Kumada-coupling[70] with p-dibromobenzene 9a and m-dichlorobenzene

10 as starting materials.[71] Later, this method was applied by Schlüter and Wegner et al.

to dibromobenzenes 9b carrying solubilizing alkyl side chains, which led to soluble poly(p-

phenylene)s (PPP) 2b. While this was an important success for the field, the degrees of

polymerization did not exceed 15 repeating units. Further, the dihalogenated starting

compounds can react on both sides and thus a head-to-tail selectivity is not provided.

AlCl3
CuCl2

nKovacic

or

Br

Br

+ Mg NiCl2 (bpy)

na: R = H     Yamamoto
b: R= alkyl  Schlüter

d

Cl Cl
or

n
or

R

R

R

R

Br B(OH)2

Schlüter n

C6H13

C6H13

Pd(PPh3)4
Na2CO3

Cl

Cl

C6H13

C6H13

6 7 2a

9a,b 10 2a,b 8

11 12

Scheme 2.1. Different approaches for the synthesis of conjugated polymers. First attempts
predominantly aimed at polyphenylenes.
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Finally, in 1989, Schlüter et al. utilized the now famous Suzuki-Miyaura cross-coupling

(SMCC) chemistry[72] for the synthesis of polyphenylenes 12. The asymmetrically func-

tionalized monomer 11 provided a strict regioselectivity and the mild conditions under

which the reaction proceeded opened the field for a broad variety of functional groups

within the side chains. This so-called Suzuki polycondensation (SPC) is nowadays among

the most-used reactions for the preparation of conjugated polymers[73] and will be dis-

cussed in more detail in Chapter 2.3. Since the introduction of SPC, other cross-coupling

protocols like Stille-coupling,[74] Nigishi-coupling[75] and direct arylation[76] have also

been used for the synthesis of conjugated polymers. The last reaction has the advantage

of producing less toxic side products due to the absence of organometallic compounds. In

addition to the classical synthetic approaches, electrochemical polymerization procedures

are also known.[77]

2.2 Polyphenylenes

Amongst conjugated polymers, polyphenylenes have been on the radar of materials science

for several decades and were among the first aromatic polymers studied.[78–80] Initially,

electrical conductivity of these polymeric materials was in the focus. This focus then slowly

shifted towards optoelectronic applications in e.g. organic light emitting diodes or photo-

voltaics.[81–84] In addition to their unique electronic properties, their application as high

performance materials was also investigated.[85,86] For example, Friedrich et al. showed

that commercially available PPP[87] can be processed via injection molding resulting in

a material with outstanding stiffness, strength and abrasion resistance reaching into the

region of fibre reinforced materials.[88–90] Due to these properties, industrial interest in-

creased[91,92] and applications in prosthetics and aerospace were contemplated.[87,93,94]

The by far most investigated polyphenylenes are the all-straight poly(p-phenylene)s 2 in

which the phenylene units in the backbone are connected through the 1- and 4- positions.

The high main chain rigidity of PPP causes a melting point beyond its degradation tem-

perature and low solubility in common organic solvents (Figure 2.2).[95] Both of these

properties are caused by the high crystallization energy and the low entropy gain upon

dissolution or upon melting.[96,97]

The introduction of side chains attached to a polymer backbone is a common method for
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the enhancement of the solubility and fusibility of rigid-rod polymers. Further, side chains

are are useful to enhance solubility during polymer chain growth.[98,99]
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Figure 2.2. Solubilities a) and melting points b) of PPP with n repeating units.[98,100]

Already at a DP of 8 PPP becomes insoluble and degrades before its melting
point.

While decoration with flexible side chains is useful whenever solubility of a polymer is

an issue, side chains also have a downside: not only do they dilute the intrinsic back-

bone properties,[101] but they can also detrimentally affect the stability of polymers to-

wards thermal and chemical impact. In regard to polyphenylene, side chains further af-

fect the dihedral angle between two adjacent phenylene units. As shown in Figure 2.3,

the steric repulsion of the substituents can result in variation of the dihedral angle be-

tween 23° and 80°.[102,103] Unfortunately, this torsion reduces the overlap of the π-orbitals

and thus lowers the conjugation. In order to address the issues introduced by the sol-

ubilizing side chains, mainly two approaches were investigated. The first one concerns

the dihedral angle and thus the conjugation and the spectroscopic properties. In ladder-

type polyphenylenes 13(Figure 2.3), two adjacent phenylenes are connected with differ-

ent bridging groups X. Depending on the size of these groups, the torsion angle can be

tuned.[104–106] The second approach relies on the removal of the flexible side chains after

synthesis and processing of the material. A recent success in this regard was reported by
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2 Conjugated polymers – a special class of materials

Sakamoto et al.[107] using acid cleavable silyl side chains. Their approach is shown in

scheme 2.2. By treating a solution of 14a with trifluoromethanesulfonic acid (TfOH),the

side chains are cleaved and the parent insoluble polyphenylene 14 precipitates in a very

fast and quantitative manner. Thus this approach in principle facilitates access to side

chain-free polyphenylenes of high molar mass and is therefore an attractive addition to

the repertoire of polymer chemistry.

R R

Θ = 23° - 80°

X

X

d

13

Figure 2.3. The torsion angle between two adjacent phenylene units has an important
influence on the spectroscopic properties. It can be tuned by connecting the
rings with different bridges.

As indicated in Scheme 2.2 and Figure 2.4, in addition to the all-para PPP 2 also polyphenyl-

enes containing meta connected phenylene units (8) are known. On top of the increased

flexibility, which comes through the 1,3 connectivity, also the spectroscopic and electronic

properties change.[108–110] This change in properties can be explained by the interruption

of conjugation which occurs at every meta repeating unit.[111,112] In Figure 2.4 this lack of

conjugation is displayed by the missing mesomeric structure.

Synthetically poly(m-phenylene)s 8[113], poly(o-phenylene)s 15[114] as well as the mixed

species such as polymer 14[115] have been described in the literature. While reports about

poly(o-phenylene)s are scarce[116–118] due to their tedious synthesis, poly(m-phenylene)s

have been studied in greater detail.

n

Si

TfOH

n14a 14

Scheme 2.2. Cleavage of the solubilizing silyl side chains of a poly(m,p-phenylene) using
trifluoromethanesulfonic acid.[107]
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nn n

2 8 15

Figure 2.4. Different connection patterns in polyphenylenes and their influence on the
conjugation. Phenylenes connecte in meta-fashion do not allow for resonance
structures within the octet rule.

The kinked structure of 8 and 15 lends a certain degree of flexibility to the backbone,

which results in a decrease of glass transition temperature and melting point and also an

improved solubility as compared to PPP.[71,119] From a processing point of view, these

property changes are desirable, which is why poly(m-phenylene)s recently also were stud-

ied concerning their application as high performance materials.[120] In particular, for poly-

mer 16 it was found that at high degrees of polymerization the polymer is predominantly

amorphous with a Tg of around 165 °C. Upon hot compression molding of this polymer,

a homogeneous film formed, which at room temperature showed a tensile stress behav-

ior comparable to a though, commercially available polycarbonate (Figure 2.5).[120] Upon

heating above the glass transition, this material could be stretched up to 800%.[121]
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d
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Figure 2.5. Stress-Strain curves of polymer 16 (pink) and commercially available amor-
phous polymers. The behavior of polymer 16 is comparable to a though poly-
carbonate.

2.3 Suzuki polycondensation

Suzuki polycondensation is a widely used method for the synthesis of conjugated polymers

which was introduced by Schlüter and Wegner et al. in 1989.[122,123] As the name reveals,

it is based on the very famous Suzuki-Miyaura cross-coupling reaction (SMCC), which

takes place between an aryl halide and an aryl boronic acid derivative in the presence of a

base and a palladium catalyst.[72] Due to numerous investigations, the mechanism of the

SMCC is very well understood.[124,125] As shown in scheme 2.3, the catalytic cycle com-

prises three main steps: oxidative addition, transmetalation and reductive elimination.

The catalytic cycle starts with the formation of the active catalytic species Pd0L2 by dissoci-

ation of two ligands. The active catalyst subsequently undergoes oxidative addition, which

is an insertion into the C-X bond of the aromatic halogen, whereby the catalyst changes

its oxidation state. After the oxidative addition, the resulting palladium complex engages

in the transmetalation, in which the palladium complex replaces the boron group of the

aromatic boron compound. For the exact mechanism of this step, several pathways have

been proposed which depend on the combination of base, catalyst and substrates.[126,127]
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Scheme 2.3. Proposed mechanism for Suzuki cross-coupling between an aryl halogen and
aryl boronic compound (X = halogen, L = Ligand).

Nevertheless, an essential prerequisite for a transmetalation is the activation of the aro-

matic boron compound by the base. After both coupling partners are attached to the

same palladium, an isomerization occurs which allows for the reductive elimination to

occur.[128] In this step, the final product is released and the catalyst is recovered in its

original oxidation state. While this step proceeds very quickly, the rate determining step

of the catalytic cycle is usually the oxidative addition. This can change however towards

the transmetalation, depending on the substrates and reaction conditions.[129] Therefore,

usually these two steps need to be optimized in order to increase the reaction rate.

In order to utilize this reaction for the synthesis of polymers, Schlüter et al. in the be-

ginning used the difunctionalized starting material 12 bearing both necessary groups for

bringing about Suzuki coupling in one molecule (Scheme 2.1). More generally spoken,
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there are actually two approaches for the polymerization via SPC, which are presented

in Figure 2.6. First, there is the AB-type approach, in which both necessary functional-

ities (halogen and boronic acid derivative) are present in one molecule. Second, there

is the AA/BB-type approach, in which a dihalogen is employed into polymerization in

the presence of equimolar amounts of a bisboronic compound.[121] Both cases have their

advantages and disadvantages and both have been successfully applied in academia and

industry for the synthesis of polymers.[113,130–132]

B B
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XX

Pd cat.
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R = H, alkyl
X =Cl, Br, I, OTf

X B
OR

OR n

Pd cat.

Base
AB-type

AA/BB-type

Figure 2.6. The two approaches of Suzuki polycondensation. In analogy to a classical
polycondensation reaction they are named AB- and AA/BB-approach.

In the AB-type SPC, the obvious advantage is the built-in stoichiometric match of the func-

tional groups, which is essential for the synthesis of high molecular weight polymer in

polycondensation reactions (Chapter 1.1.2). While this appears to be ideal, the synthesis

of AB-type monomers involves tedious desymmetrization steps, which often have mono-

functionalized side products. As these side products would act as capping agents with a

detrimental effect on the degree of polymerization, very careful and often lengthy purifi-

cation is necessary to achieve the desired pure starting material.[133] In comparison, the

AA and BB-type monomers can often be synthesized easily and in large scales. Further, the

dihalogen monomer, usually dibromo, can be used as a starting material for the synthesis

of the boron compound. The downside of this approach is that several prerequisites have

to be fulfilled in order to guarantee for a exact stoichiometric ratio of the two monomers.

First, an quantitative transfer of an exactly determined amount of monomer into the re-

action vessel has to be accomplished. Second the purity of both monomers need to be

determined precisely in order to know exactly how much monomer is used.

Nevertheless, most of the reported SPCs are following the AA/BB-type approach. Not only
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because of the fast monomer synthesis but also because of the possible structural variety

that are associated with the use of two independent monomers. In particular the AA/BB-

type approach gives access to perfectly alternating copolymers.

While there is a vast amount of reported SPCs using all sorts of different monomers, only

a few take advantage of considering the above discussed aspects of stoichiometry and

monomer purity.[134,135]

2.3.1 Mechanistic Considerations

In general, SPC is presented as a step-growth polymerization, which means in theory that

after the first monomers are coupled by the catalyst, dimers with again two complimentary

end groups are formed. These dimers can then react with other dimers or monomers

to give higher oligomers always with two complementary end groups. However, it has

been shown that some palladium catalysts after reductive elimination undergo the next

oxidative addition, preferentially at the newly formed molecule.[136] This means e.g. that

a newly formed dimer is more likely to grow further than that the Pd involved, couples

two new monomers. As shown in Scheme 2.4, it does however not prevent the reaction

of two oligomers. This would liberate one of the catalyst molecules, which would then

be available for the coupling of two new monomers. Therefore SPC using exclusively

bifunctional monomers does not qualify for a mechanism in which every catalytic cycle

leads to a chain growth by one monomer unit.

Br B
OH

OH
Br B

OH

OH
'Pd' 'Pd' BBr

OH

OH

BBr
OH

OH

'Pd'
B'Pd'

OH

OH
Br

B'Pd'
OH

OH
Br

d

reductive
elimination

first 
coupling

oxidative
addition

Scheme 2.4. After reductive elimination the following oxidative addition preferentially
takes place at the same molecule. A coupling of oligomers however leads to
a liberation of a catalyst molecule. For clarity, the ligands at the palladium
are omitted.
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The effect of preferential oxidative addition however triggered some research groups to

design experiments which they describe as chain-growth SPC.[137–139] By using mono-

functionalized initiators (17 Scheme 2.5), the coupling of oligomers is prevented and only

monomers can add to the growing chain. End group analysis revealed that all polymers

bear the initiating group. Unfortunately the reported cases were limited to molecular

weights up to 30 kDa and to strictly defined polymerization conditions and monomers.[140]
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d
C8H17C8H17

C8H17
C8H17
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Scheme 2.5. AB-type SPC presented as a chain-growth polymerization. The mono-
functionalized initiatior 17 is crucial as it allows only for the addition of
monomers.

2.3.2 Side reactions

As mentioned above, the presence of equimolar amounts of complementary groups is es-

sential for a successful SPC. Consequently, all side reactions which could compromise this

prerequisite during the reaction need to be considered and ruled out.

Homocoupling of aryl boronic compounds

A very well-known side reaction for SMCC is the oxidative homocoupling of aryl boronic

compounds (Scheme 2.6), which takes place in the presence of oxygen and a palladium

catalyst.[141,142] Consequently, the exclusion of oxygen is of utmost importance when con-

ducting SPC, as otherwise a premature consumption of the boronic species would occur.

While the exclusion of oxygen is important for all Suzuki couplings when high yields are

desired, especially in SPC this can be a challenge due to long reaction times and the severe

impact the loss of coupling groups has on the achievable molar mass.

B B
OR

OR RO

RO

R = H, alkyl

Pd

[O2]

Scheme 2.6. Homocoupling of aryl boronic acids in the presence of oxygen. This side
reaction leads to a premature consumption of the boron species.
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Protodeboronation

Another known side reaction in SPC is protodeboronation. This occurs in the presence

of water and leads to the substitution of boron by hydrogen (Scheme 2.7). It has been

shown that especially in the presence of acids or strong bases this reaction can proceed

rapidly and quantitatively.[143,144] This is an important aspect as SMCC as well as SPC

are performed in the presence of a base. Luckily, under mildly basic conditions, protode-

boronation is retarded, which is in favor of SPC. Unfortunately, already minor loses of the

boron species already have a detrimental effect on the outcome of SPC. Therefore, it is

commonly understood that a small excess of the boron species in order to account for the

protodeboronation is beneficial for a successful polymerization.[145,146]

B
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OR
R = H, alkyl

-OH or H+

H + B
OR

RO
OHH2O

Scheme 2.7. Acid- or base- promoted protodeboronation of an aryl boronic compound. In
SPC this leads to a mismatch in stoichiometry.

Dehalogenation

While the two side reactions discussed above both concern the boron species, the aromatic

halogen can also be affected by side reactions in transition metal catalyzed cross-couplings.

In particular, it is known that dehalogenation can occur in the presence of primary or sec-

ondary alcohols due to β -hydride elimination at the catalyst (Scheme 2.8).[147] While

alcohols are not commonly used in SPC, they can result from the hydrolysis of boronic es-

ters;[148] aryl boronic esters are preferred substrates for SPC compared to the free boronic

acids for solubility reasons. In order to prevent dehalogenation triggered by hydrolyzation

products, tertiary alcohols like pinacol are used for esterification of the boron compounds.

Due to the absence of a β -hydrogen, dehalogenation can be prevented.

Pd HX

R2CHOH
base

Pd O
- HX

H

R
R

- R2CHO
β-elimination

Pd H

Scheme 2.8. Dehalogenation of the aryl halogen in the presence of an secondary alcohol.
The loss of the halogen is due to a β -hydride elimination.
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Ligand scrambling

Another side reaction that has been observed especially for transition metal catalyzed

cross-coupling reactions involving phosphine ligands is the exchange of aryls between the

transition metal center and the phosphine ligand.[149] As shown in Scheme 2.9, this so-

called ligand scrambling can impact SPC in several ways. Prior to reductive elimination,

the aryls at the palladium can perform an exchange with the aryls attached to the phos-

phine ligand. After a first ligand scrambling, a reductive elimination or a dissociation of

the ligand involved in the scrambling lead to end-capping of the polymer chain. In addi-

tion to these two options, another ligand scrambling can occur, which would finally result

in the incorporation of phosphorous into the polymer chain. It should be noted that the lig-

and dissociation is of course reversible and the released ligands shown in Scheme 2.9 can

participate in further ligand scrambling. This way, the incorporated phosphorous can even

serve as branching point with three polymeric arms.[150] Gratefully, it has been shown that

this side reaction only plays an minor role in SPC[151] and that it can be suppressed by

using bulky ligands or phosphine-free palladium sources.[150,152]

31



2 Conjugated polymers – a special class of materials

Br Br

(HO)2B B(OH)2

+

Pd0(PPh3)2

1. oxidative addition
2. transmetalation

+

Pd

P

P

Ph

PhPh

Ph

PhPh

Br B(OH)2

Pd

P

P

Ph

PhPh

Ph

PhBr

B(OH)2

B(OH)2Br

reductive elim
ination

Ph

ligand
scrambling

ligand scrambling

Pd

P

P

Ph

PhPh

Ph

Br B(OH)2

Ph Ph reductive
elimination

Ph B(OH)2

reductive
elimination

ligand
dissociation

P

Ph

Br B(OH)2

P
Ph

Ph
Br

ligand
dissociation

n

m

mn

m

n

mn

mn

m

n

Scheme 2.9. Aryl-aryl exchange between the phosphine ligands and the palladium center
can lead to incorporation of phosphorous into the polymer chain as well as
to chain termination.
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2.4 Cycle formation in Suzuki polycondensation

In a step growth polymerization 100 % conversion is reached if all end groups are con-

sumed. In a polymer chain there are always two chain ends left and therefore the the-

oretical state of full conversion can only be reached if exclusively cycles are formed dur-

ing polymerization. While this fact has been neglected in the first theories by Carothers

and Flory,[153,154] a few years later Jacobson, Stockmayer and others presented theories,

which consider cycle formation as a competing reaction during step-growth polymeriza-

tion (Figure 2.7).[155,156] In general, two different cases can be considered: One in which

the bond formation during polymerization is reversible and therefore a thermodynamic

equilibrium between open chains and rings can be reached (e.g. polyester formation),[157]

and one where the bond formation is irreversible and therefore the formation of cyclic

byproducts is kinetically driven (e.g. polyurethane formation or SPC).[158] For the latter

case, it has been shown by Kricheldorf and others that cyclization can occur throughout

the whole polymerization and even at high concentrations, given that solubility is main-

tained.[159,160] However, ring formation strongly depends on the chain stiffness and the

favoured conformations of the polymer.[161,162]

Figure 2.7. Cycle formation and linear chain growth are two competing reactions in step-
growth polymerization. The degree of cycle formation depends on chain stiff-
ness, preferred conformation and reaction conditions.

SPC predominantly uses monomers where the angles between the reactive sites are close

to 180° (see Figure 2.8 18 and 19). Furthermore, the growing chain with its directly

connected aromatic units is rather stiff. Both factors result in a low probability of two

chain ends of the same chain to meet and form a ring. For monomer 20 and other meta-

phenylene-containing monomers however, the angle between the functional groups differs
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from 180° and renders the formation of cyclic oligomers more likely.

Br B(OH)2

~180°

B(OH)2Br

~158°

Br B(OH)2

~120°

O O

d

18 19 20

Figure 2.8. Different monomers for SPC with varying angles between the reactive sites.

A representative GPC curve of a poly(m-phenylene) polymerized from monomer 20 is

displayed in Figure 2.9a and shows a typical bimodal distribution. By fractionation the

low molar mass fraction was isolated and subjected to MALDI-TOF analysis. Thus the

low molar mass signal in GPC could be assigned predominantly to cyclic byproducts (Fig-

ure 2.9b). From these and alike results Sakamoto and Schlüter concluded that cyclic

byproducts mainly occur in the low molecular weight range. Further their formation can

be controlled by concentration, choice of ligand and mode of monomer addition.[113,134]

(a) (b)

Figure 2.9. a) GPC curve of a poly(m-phenylene) showing a bimodal molar mass distribu-
tion due to the formation of macrocyclic byproducts. The MALDI-TOF spec-
trum of the isolated low molecular weight material b), shows predominantly
the presence of cyclic oligomers.
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3 Aim of the work

From the beginning the present work focused on two main goals.

First and foremost the aim was to establish a scalable Suzuki polycondensation procedure,

which reliably yields high molar mass polyarylenes. Through the example of poly(m,p-

phenylene)s the enormous potential of SPC as a method for the synthesis of structure

perfect aromatic polymers well above the threshold of 100 kDa should be proven.

Second, the goal was to create a novel material based on high molar mass side chain free

poly(m,p-phenylene)s which would exhibit properties attractive for applications as high-

performance fibers, strong films and the like.

These two main goals result in several milestones to be achieved. They include:

1. to devise and realize multigram access to appropriately designed monomers for SPC.

Thereby a particular focus had do be placed on the choice of side groups with respect

to their quantitative removability after polymerization.

2. to develop procedures that would allow to purify these novel monomers to a level

not commonly encountered in previous work.

3. to develop robust polymerization protocols which –despite the unavoidable need

for removal of cyclic side products– nevertheless provide access to high molar mass

products on scales of several grams.

4. to investigate the molecular structures of the novel polymers by state-of-the-art meth-

ods and determine the molar masses not only by routine GPC measurements but also

by advanced light scattering techniques.

5. to produce films and drawn fibers from the polymeric products still containing the

removable side chain.

6. to study the removal of the side chains from the polymers after processing into films

and drawn fibers and to prove that this important step can be performed virtually

quantitatively.

7. to investigate the mechanical properties of the specimen obtained under 6. after

removal of the side chains.
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4 Monomer synthesis

4 Monomer synthesis

The basis for the successful development of polymers is a solid and sufficient supply of

pure monomers. Uncertainties concerning purity result in uncertainties in the amount of

functional groups present in the polymerization. Due to the detrimental effect a stoichio-

metric mismatch has on the outcome of SPC, a reproducible high purity is particularly

important. In order to guarantee this prerequisite, a straight forward synthesis with a min-

imal amount of steps is needed. Most of the reported procedures for AB type monomers

involve multiple steps and lengthy purifications,[73,133] which is why an AA/BB type ap-

proach was chosen for the present thesis. In this case two monomers are necessary, one

bearing two halogen groups and one bearing two boron functionalities. In the following

section we describe several syntheses of AA- and BB type monomers. A characteristic of

the dibromo compounds is that they all bear acid cleavable side groups, which facilitate

solubility during polymerization but can be cleaved off afterwards. Different silyl side

chains were introduced and investigated concerning their solubility enhancement of the

resulting polymer.

4.1 Dibromo monomers

For the synthesis of the dibromo monomers 21a–d, 1,3,5-tribromobenzene 22 was chosen

as a starting material. In order to achieve a high degree of purity for the final product, im-

purities should be avoided from the very beginning. Therefore the commercially available

compound 22 was recrystallized from ethanol or acetic acid to give the pure starting ma-

terial as colorless crystals. According to Scheme 4.1 compound 22 was mono-metallated,

by a lithiation with n-butyllithium. The very reactive lithiated intermediate was finally

quenched in situ with one of the alkylated chlorosilanes 23a–d. Four different alkyl side

chains were introduced, in order to investigate their influence on the solubility of the re-

sulting polymer. The results of the syntheses are summarized in Table 4.1. The synthesis

of monomer 21a has already been reported[163] and could be reproduced on a scale of 7

g. The same procedure also led to satisfying yields (>70 %) for monomers 21c and 21d.

In the case of monomer 21c the synthesis was even scaled up to 40 g of product. In all

cases the raw product was distilled three times until no further increase of purity could be

observed by NMR. Although this purification procedure lowered the overall yields
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Scheme 4.1. Reaction scheme of symmetric dibromo monomers 21a–d with different
alkyl side chains.

somewhat, product purity was prioritized. For monomer 21b however, the chosen synthe-

sis turned out to be more difficult and the yields after distillation did not exceed 6 %. One

possible explanation for this poor result might be the use of a partially hydrolized batch of

compound 23b. The purchased hygroscopic[164] compound had already a gel-like, instead

of a solid appearance, which is the reason for that assumption. After first polymerization

tests with the resulting low amount of monomer 21b this compound was no longer of

interest due to the low solubility of the resulting polymers (see Chapter 5). Therefore the

optimization of its synthesis was not pursued.

Table 4.1: Results of the synthesis of different dibromo monomers

Monomer Scale [g] Yielda [%]

21a 7.20 67.4

21b 0.62 5.6

21c 40.0 72.7

21d 11.0 84.5

24 6.55 34.1

aOverall yields starting from 1,3,5-tribromobenzene 22

In order to broaden the scope of monomers and possible polymers, the monomer set

of symmetric dibromo compounds was extended by the biphenyl monomer 24 (Scheme

4.2). Compared to the monomers 21a–d the two brominated carbons in monomer 24 are

not equivalent, which is why they allow for a head-to-tail isomerism when incorporated

into a polymer. The synthesis comprises two additional steps starting from compound
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21c. After mono-lithiation and subsequent quenching with isopropyl pinacol borane, the

desymmetrized compound 25 was obtained in 77% yield. A final Suzuki coupling with

p-bromoiodobenzene yields monomer 24. Including the synthesis of 21c, the total three

step synthesis, starting from 22, has an overall yield of 34 %.

BrBr

Si

Br

Br

Si

BBr

Si

O

O

B

O

OO

n-BuLi+

I Br

77% 61%

Pd(PPh3)4
Na2CO3

21c 25 24

Scheme 4.2. Synthesis of biphenyl monomer 24. The two different halogenated sides of
this compound introduce a directionality into the resulting polymer.

4.2 Diboron monomers

For synthesis of the diboronated monomers different synthetic approaches were used. The

commercially available benzene-1,4-diboronic acid (26) was used as a starting material for

the synthesis of the para-substituted monomer 27. By a simple esterification reaction with

pinacol this monomer could be obtained in scales up to 50 g (Scheme 4.3).[165] In this

case the low yield of 51% can be explained by losses associated with the recrystallization

which had to be repeated in order to achieve the required high purities. However this yield

suggests that further investigations concerning the recrystallization conditions would be

beneficial before a further scale up is attempted.

BB
O

OO

O
BB

OH

OHHO

HO

HO

HO

+       2
51 %

reflux

26 27

Scheme 4.3. Esterification of 1,4-phenyldiboronic acid. The low yield is attributed to re-
peated recrystallization.

The other boron monomer, 28, was synthesized by a palladium catalyzed Miyaura boryla-

tion of monomer 21c with bis(pinacolato)diboron 29 (Scheme 4.4). The reaction proceeds

in situ via a stepwise borylation of the two brominated carbons. A competing SMCC of the
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mono borylated intermediate with the starting material is prevented by using KOAc. This

very weak base is not sufficient to activate an arylboronic compound for a SMCC.[166]

Monomer 28 could be obtained on a 8 g scale.

+
65 %

PdCl2(dppf)
KOAc

BrBr

Si

O
B

O
B

O

O

BB

Si

O

OO

O
21c 29 28

Scheme 4.4. Borylation of monomer 21c via palladium catalyzed Miyaura borylation with
bis(pinacolato)diboron 29.

4.3 Monomer purity

As mentioned above, Carothers equation implies that high molecular weights in Suzuki

polycondensation can only be achieved if a perfect stoichiometric ratio between the two

different monomers is achieved. Therefore the monomer purity is of crucial importance

in order to know the exact amount of functional groups present. NMR spectroscopy and

gas chromatography (GC) were utilized for determining the purity of the above described

monomers. In addition to these two methods all monomers gave correct values for ele-

mental analysis (Table 4.2).

After synthesis and purification, all monomers were subjected to high resolution NMR

spectroscopy. For determining the purity from the resulting spectra, the C-13 satellite

method was used.[73,167] This method exploits that due to the natural abundance of C-

13 of 1% and the nuclear spin quantum number of 1/2, the C-H coupling results in two

satellite signals with an intensity of 0.5 % of the corresponding main signal. An example

of such satellite signals are shown in the magnification in Figure 4.1 and are marked by

asterisks. By comparing the integrals of the C-13 satellite signals with the integrals of the

signal from an observed impurity it is possible to estimate the amount of impurity. Thus

for all monomers a purity of ≥99.5% was determined. It should be noted that for the

comparison of the integrals it was assumed that all impurity signals correspond to one
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Figure 4.1. 1H-NMR spectrum of 21c in deuterated chloroform with a magnification of
the aromatic region. C-13 satellites are marked with * and impurities with #.

proton. Therefore the determined purity values are expected to be the lower limit. The

downside of this method is that the peaks in the spectrum are not baseline separated and

the suggested impurity peaks overlap with the monomer peaks. Furthermore there could

be more signals hidden beneath the monomers peaks. Therefore gas chromatography

(GC) was chosen, to evaluate the reliability of the NMR method. For this purpose three

dilute solutions (0.156 M, 78 mM and 15.6 mM) of 21c in THF were subjected to GC. The

resulting chromatograms are shown in Figure 4.2a and show a decrease of the monomer

signal at around 16 minutes upon dilution. Further, it should be noted that aside from

the injection- and the solvent signal at around 2 minutes retention time, no additional

signals appear at these low concentrations even under high magnification. From these

chromatograms the calibration curve (Figure 4.2b) for the dibromo monomer 21c was

generated. For the purity determination subsequently the pure monomer 21c was injected

into the GC, which resulted in the chromatogram in Figure 4.2c. Besides the oversaturated

signal of the monomer, under strong magnification, some impurities can also be detected.

After determination of the peak areas of these impurities, the theoretical peak area for

the pure monomer was extracted from the calibration curve by extrapolation. The sum

of the areas for the impurities could thus be divided by the theoretical area for the pure

monomer. This procedure resulted in a purity of 99.96%, which is even higher than the one

determined by NMR. It should be mentioned that for the described method, we assumed
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Figure 4.2. a) Gas chromatograms of diluted solutions of 21c in THF. b) Calibration curve
for 21c. c) Oversaturated FID signal of the gaschromatographic analysis of
undiluted 21c.

the same sensitivity of the flame ionization detector (FID) towards the monomer and all

impurities. Due to this encouraging finding, from there on we relied on the NMR method

for all the other monomers. They were not used for polymerizations below a purity of

99.5%. In addition to the determined high purities, with one exception all monomers gave

correct values in elemental analysis (Table 4.2). While this is not a method for purity
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quantification, it nevertheless supports the high purities found by NMR spectroscopy and

GC and confirms the synthesized structures.

Table 4.2: Values for the elemental analysis of the synthesized monomers. Calculated
values in parenthesis.

Monomer C [%] H [%] Br [%]

21a 39.25 (39.31) 4.98 (4.80) 47.40 (47.54)

21ba - - -

21c 40.97 (41.16) 5.18 (5.18) 45.85 (45.64)

21d 57.64 (57.14) 8.65 (8.48) 28.49 (29.24)

24 50.97 (50.72) 5.48 (5.20) 37.39 (37.49)

27 65.36 (65.51) 8.50 (8.55) -

28 64.63 (64.88) 9.83 (9.53) -

aDue to the low yield an elemental analysis for 21b could not be obtained.
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5 Polymer synthesis

With the above described monomers in hand the next goal was to establish a method,

which allows for a reproducible synthesis of high molecular weight polyphenylenes with

acid cleavable silyl side chains. These polymers later should be used for investigating

their mechanical properties when processed into films. From reports on polymers 14a and

16[120,163] we concluded that for this class of polymers, molecular weights beyond 100

kDa have to be achieved in order to exhibit interesting mechanical properties. Therefore,

first polymerizations aimed at finding out whether the chosen silyl groups (23a–d) would

enhance solubility sufficiently for synthesizing such high molar mass polymers.

As a starting point monomers 21a–d were polymerized with the diboronic ester 27 under

the already reported conditions (Scheme 5.1).[107] For 14a the published results from

Sakamoto et al.[107] could be reproduced and the polymer precipitated from the reaction

mixture at a Mw of approximately 30 kDa. Next, polymer 14b was synthesized using

the same conditions. As expected, due to the fewer degrees of freedom of the tert-butyl

group, the solubility was even worse and the growing polymer 14b already precipitated at

a Mw of 5 kDa. On the contrary, solubility was not an issue for polymer 14c, which was

obtained with a Mw of 35 kDa. While this finding was of course not satisfying, the fact that

the obtained material stayed in solution caught our attention. We speculated that upon

optimization of the conditions higher degrees of polymerization could be reached. Finally,

we also polymerized 14d for which solubility was also not an issue. However the cleavable

side chain in this case makes up 67 % of the polymer’s mass.

BrBr
+ BB

O

OO

O

Si

n

Si 0.6 mol% Pd[P(p-tol)3]3

10 eq. NaHCO3

R R

THF / H2O
3/1

: R = : R =: R =

: R =

21a–d 27 14a–d

a b c

d

Scheme 5.1. Synthesis of poly(m,p-phenylene)s (PmpPs) with various side chains using
the conditions already reported for 14a.
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This was considered too much for a subsequent removal, not only from an atom efficiency

point of view but also because of the low chances to obtain an intact film after side chain

cleavage from the bulk material. From the above described results it was concluded that

an optimization of the reaction conditions using 21c and 27 would be the most promising

choice for both, a successful synthesis of high molar mass polyphenylenes as well as for

the subsequently planned processing and cleaving procedure.

5.1 Optimization of the reaction conditions

The aim of the optimization of the above mentioned polymerization reaction was the syn-

thesis of linear polyphenylenes of highest molecular weight possible. Therefore we relied

on GPC using conventional polystyrene calibration throughout the optimization process,

for the evaluation of the resulting polymers. The starting point for the optimization was

the above described polymerization of 14c using the reported conditions.[107] The result

of this polymerization, which was carried out on a 1 g scale, is listed in Table 5.1, entry 1.

It shows that the molar mass range remained practically the same (35 kDa) compared to

14a (33kDa), although the solubilizing side chain was extended by one CH2 group. The

molecular weight values refer to a raw GPC elution curve still containing cyclic oligomers

(see chapter 2.4). Interestingly though, the polymers 14c stayed in solution, while in the

case of 14a they precipitated, which indicates an increased solubility of 14c compared to

14a and therefore a potential for higher molar masses upon optimization.

5.1.1 Monomer concentration

As described in Chapter 2.4 cycle formation is a inherent problem of polycondensation

and can prevent the formation of long polymer chains by intramolecular ring closure of

oligomers. According to the Ruggli-Ziegler dilution principle[168] it was assumed that this

issue can be addressed by varying the monomer concentration. Therefore, that was the

first parameter we tried to optimize. By stepwise increasing the monomer concentration

in order to disfavour cycle formation, similar weight averages for the molar masses were

obtained (Table 5.1). The GPC curves of the resulting polymers, however, showed signifi-

cant differences (Figure 5.1). As described in Chapter 2.4 and 5.1.5 the macro cycles elute

at higher retention times, therefore the bimodal distributions allow conclusion concerning
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the ratio of linear to cyclic products. While in fact the ratio of cycles in the product could

be reduced (as judged by the GPC signal at around 17 mL of retention volume), the molar

mass of the linear material at a retention volume of around 14 mL somewhat decreased.

The reason for that is an upcoming solubility issue at higher concentrations. Therefore it

was concluded that under the given conditions there is a trade-off between reducing the

amount of macrocycles and increasing the molecular weight of the linear polymers.

Because the goal was the maximization of the molar mass, we opted for the minimum

concentration of 12g L−1 for all following polymerizations. Thereby we ignored the issue

of cycle formation in favor of an improvement of the linear fraction and relied on the

possibility of an efficient separation of the cyclic and linear products.

8 10 12 14 16 18

 36 mg/mL
 24 mg/mL
 18 mg/mL
 12 mg/mL

Retention volume (mL)

linear
polymer

macrocycles

Figure 5.1. GPC elution curves for polymer 14c obtained from polymerizations at differ-
ent monomer concentrations. The bimodal distribution is attributed to the
mixture of cyclic an linear products.
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Table 5.1: Synthesis results of polymerizations between 21c and 27 applying different
monomer concentrations. The concentration values refer to monomer 21c.
The experiments were performed on a 1 g scale regarding monomer 21c.

Entry Catalyst Conc. [g L−1] Base Mn [kDa] Mw [kDa] Yield [%]

1 Pd(30)3 12 NaHCO3 5.0 35 85

2 Pd(30)3 18 NaHCO3 4.4 32 83

3 Pd(30)3 24 NaHCO3 6.2 27 80

4 Pd(30)3 36 NaHCO3 8.8 32 75

5.1.2 Catalyst

The fact that the polymerization was terminated, although polymer 14c was still in so-

lution, led us to the conclusion that the reactivity of the reported catalyst, based on the

tris(p-tolyl)phosphine ligand, may not have been sufficiently high and thus leading to pre-

mature termination. Consequently, a different catalyst precursor, Pd(L-AC)3, was used

with K2CO3 as a base. For this combination Cheng et al.,[169] reported a particularly high

reactivity. This Pd-complex carries the phosphine ligand L-AC (Figure 5.2) which improves

the water solubility of the catalyst especially under basic conditions as is the case in SPC.

First experiments using this catalyst were performed without implementing other changes

and a representative result is shown in entry 3 of Table 5.2. As can be seen in Figure 5.3a,

a significant increase in molecular weight was observed (55 kg mol−1). A kinetic compar-

ison of both catalysts, Pd[P(p-tol)3]3 and Pd(L-AC)3, supported this finding. Figure 5.3b

displays the increase of Mw with reaction time for both catalyst/base combinations.

P P

COOH

P(p-tol)3 L-AC

Figure 5.2. Previously used tris(p-tolyl)phosphine ligand (left) and the new acidic 4-
diphenylphosphanobenzoic acid ligand (right).
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Table 5.2: Polymerization results of monomers 21c and 27 using different catalysts and
bases. The experiments were performed on a 1 g scale regarding monomer
21c.

Entry Catalyst Base Mn [kDa] Mw [kDa] Yield [%]

1 Pd(P(p-tol)3)3 NaHCO3 5.0 35 85

2 Pd(P(p-tol)3)3 K2CO3 5.6 17 87

3 Pd(L-AC)3 K2CO3 6.0 55 85

It should be noted, that the drop of molar masses at long reaction times is due to precipi-

tation of high molecular weight material, which was therefore not collected when taking

samples with a syringe. Further it should be noted that molecular weight values were de-

termined by GPC with a PMMA calibration, which explains the higher values as compared

to Table 5.2. That the improved reactivity was in fact due to the change in catalyst and not

the change in base (K2CO3 instead of NaHCO3) can be concluded from entry 2, where only

the base was changed but not the catalyst. The molar mass obtained in this case was even

lower than in the previous entries. This might be due to an increased protodeboronation

resulting from the stronger base K2CO3.

(a)

 Pd[P(p-tol)3]3 / NaHCO3

 Pd[P(p-tol)3]3 / K2CO3

 Pd(L-AC)3 / K2CO3

8 10 12 14 16 18
Retention volume (mL)

(b)

 Pd[P(p-tol)3]3 / NaHCO3

 Pd(L-AC)3 / K2CO3
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Figure 5.3. a) GPC curves of polymerizations using different base/catalyst combinations
showing the molecular weight increase using Pd(L-AC)3 /K2CO3. b) Devel-
opment of Mw over reaction time for both catalysts showing a much faster
increase using Pd(L-AC)3 /K2CO3.
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While the increased molar mass with the new conditions (Pd(L-AC)3/K2CO3) was attrac-

tive, the fraction of cyclic products had not decreased much as judged by GPC.

5.1.3 Stoichiometry

It is routine in SPC to use the boronic acid ester component in slight excess to meet the re-

quired 1:1 stoichiometry despite eventual deboronation reactions.[143] Typically 1.02-1.03

equivalents are employed.[135,145] In our case however a smaller excess was beneficial.

In a series of optimization experiments various monomer ratios were employed and the

results are summarized in Table 5.3. As can be observed in Figure 5.4, the highest molar

mass was obtained for 1.005 equivalents. This ideal monomer ratio was found for three

independent monomer batches, which confirms the reproducibility of our monomer and

polymer synthesis. This ratio was therefore considered reliable and used for all following

experiments. These findings indicate, the vital importance of stoichiometry in Suzuki poly-

condensation. The strong emphasis on monomer ratio in this series of experiments led to

the highest molecular weights achieved so far. The found combination of catalyst, base

and stoichiometry from now on will be referred to as ’optimized conditions’.
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Figure 5.4. Dependence of Mw on the excess of 27. The molecular weights show that also
on a 1 g scale high molecular weights can be achieved, when stoichiometry is
tuned very carefully.
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Table 5.3: Polymerization results of monomers 21c and 27 using different stoichiometric
ratios. The experiments were performed on a 1 g scale regarding monomer
21c.

Entry Amount of 21c [eq.] Amount of 27 [eq.] Mn [kDa] Mw [kDa] Yield [%]

1 1.000 1.000 7.3 98 93

2 1.000 1.004 11 120 n.d.

3 1.000 1.005 13 145 98

4 1.000 1.006 12 129 n.d.

5 1.000 1.007 7.8 117 91

6 1.000 1.008 10 105 96

5.1.4 Scale-up

Due to the previous findings the reaction scale also seemed to be an interesting target

of optimization. By increasing the scale, the relative error occurring during weighing

and monomer transfer should decrease and therefore the targeted stoichiometric ratio

can be met more accurately. Accordingly, the scale of the polymerization was gradually

increased from 1 g to 18 g of monomer 21c. The results of this series of polymerizations are

summarized in Table 5.4 and Figure 5.5a, both of which show a steady increase of molar

mass with polymerization scale. In the case where 18 g of monomer 21c was used the Mw

reached up to 151 kDa. In the case the molar masses are in fact so high, that aggregates

formed which could not easily be dissolved even after extended shaking in chloroform at

35 °C. This aggregation leads to the obvious broadening of signal at low retention volumes.

That the broadening is in fact due to aggregates can be seen in Figure 5.5b, were two

samples of the purified* material where prepared for GPC, one in chloroform and one in

toluene. In the case of toluene, the aggregates are predominantly dissolved after prolonged

shaking at 38 °C.

*For purification procedure see chapter 5.1.5
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(a)
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Figure 5.5. a)GPC elution curves for polymer 14c obtained of polymerizations at different
scales after macrocycle removal. Note that for the 18 g batch the signals at
low retention volume are due aggregates of high molar mass material. They
can be partially resolved by prolonged shaking in toluene at 38 °C b).

All in all, these results clearly indicate, that Suzuki polycondensation when prepared under

properly optimized conditions is a powerful tool for synthesizing conjugated polymers with

high degrees of polymerization on a large scale.

Table 5.4: Polymerization results of monomers 21c and 27 on different reaction scales.

Entry Amount of 21c Mn [kDa] Mw [kDa] Yield [%] Amount of 14c [g]

1 1 6.0 55 85 0.65

2 3 9.3 88 94 2.2

3 10 9.3 101 96 7.3

4 18 8.0 151 99 14.3
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5.1.5 Removal of Macrocycles

As described in Chapter 2.4 the formation of macro cycles is known as a competing re-

action to the growth of linear chains in step growth polymerizations.[155,156] Also Suzuki

polycondensation is prone to this side reaction when performed with kinked monomers

like 21a–d or 24.[113] More specifically, the formation of such cyclic products is the rea-

son for the observed bimodal molar mass distributions in all GPC elution curves of the

previous section. The probability that two chain ends of the same chain meet to form a

ring is especially high for low degrees of polymerizations, which is why the cyclic product

predominantly occur as oligomers and therefore elute at high retention volumes.

So far the focus has been on increasing the overall molar mass of the polymer 14c. There-

fore, it was necessary to find an efficient and selective purification method in order to

separate the low molecular weight macrocycles from the high molecular weight linear

polymer. We found that the low molar mass fraction, which contains the macrocycles, is

slightly soluble in acetone whereas the high molar mass fraction is completely insoluble

in this solvent. Consequently the cyclic oligomers can be extracted by soxhlet extraction

using acetone. Figure 5.6a shows the GPC results of the polymerization in Table 5.4 entry

3, before (black curve) and after soxhlet extraction (red curve). Although the better part

of the cyclic byproducts could be removed by that procedure, the GPC elution curve (Fig-

ure 5.6a, red curve) still shows a small residual low molecular weight signal even after 5

days of extraction. It was, however, possible to further improve this result by fractionating

precipitation in acetone (Figure 5.6a, blue curve).
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(a)

 as polymerized
 soxhlet extr.
 precipitated

8 10 12 14 16 18
Retention volume (mL)

(b)

8 10 12 14 16 18

 18 g
 10 g
   3 g

Retention volume (mL)

(c)

Figure 5.6. a) GPC curves of polymers after different purification steps aiming at the re-
moval of cyclic byproducts. b) Polymer 14c polymerized in different scales,
after soxhlet extraction and precipitation. c) MALDI-TOF spectra of the low
molecular weight fraction, showing the predominance of cycles.

Figure 5.6c shows the MALDI-TOF spectrum of the extracted low molar mass fraction.

The observed signals can be assigned to endgroup free oligomers, which indicates that

the extracted fraction contains nearly exclusively cyclic oligomers. Therefore we conclude,

that the applied purification selectively targets the undesired macrocyclic byproducts.

The described purification procedure consisting of soxhlet extraction and subsequent pre-

cipitation was applied to all batches of polymer 14c and showed reproducible success.

Three representative batches of different polymerization scales are shown in Figure 5.6b
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and Table 5.5. These results illustrate even more clearly than before the increase of molar

mass with polymerization scale. Once the undesired macrocycles are removed, the lin-

ear polymers reveal their exceptionally high molar masses of up to 304 kDa. However,

it should be mentioned that this molecular weight comes on the expense of yield. It was

found that the amount of removed cyclic byproduct was always around 30 % of the initial

mass.

Table 5.5: Polymerization results between monomers 21c and 27 using different reaction
scales before and after purification.

Entry Amount of 21c [g] Mn [kDa] Mw [kDa] Yield [%] Amount of 14c [g]

1 3 9.3 88 94 2.2

1aα 3 41 142 - -

2 10 9.3 101 96 7.3

2aβ 10 29 142 73 5.6

2bγ 10 42 147 53 4.1

3 18 8.0 151 99 14.3

3aβ 18 25 277 76 10.9

3bγ 18 46 304 64 9.2

α Several batches were combined and purified by soxhlet extraction and subsequent pre-
cipitation into acetone.
β After soxhlet extraction with acetone.
γ After precipitation into acetone.

5.2 Molecular weight determination

All molecular weight values reported above were determined by GPC using conventional

calibration with a polystyrene standard. For rigid polymers however using polystyrene

calibrations can be misleading because of the significant difference in chain rigidity and

therefore the hydrodynamic radii at a given molecular weight.[170] In order to confirm the

above found molecular weights, static light scattering (SLS) was used as an independent

and direct method for the determination of molecular weights. Therefore a fraction of

the polymer batch from entry 2b in Table 5.5 was isolated by preparative recycling GPC

(Figure 5.7a). This fraction showed a Mn of 105 kDa and a Mw of 241 kDa in analytical

GPC using conventional polystyrene calibration. Before the actual SLS measurement, the
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refractive index increment of the polymer 14c in chloroform had to be determined in order

 Entry 2b  Table 5.5
 Fraction used for SLS

8 10 12 14 16 18
Volume (mL)

Figure 5.7. a) GPC curves of polymer 14c (entry 2b, Table 5.5; black curve) and the
fractionated sample for static light scattering (blue curve). The SLS fraction
showed a Mw of 241 kDa by GPC 241 kDa. b) Zimm plot of polymer 14c in
chloroform. The black squares represent the measured data, while the blue
dots are the extrapolated data for c = 0 and q = 0. The plot suggests a Mw of
314 kDa.

to calculate the scattering power K. This was done with a Michaelson interferometer at

the scattering laser wavelength of 632.8 nm and resulted in a
∂n
∂c

of 0.1824 ml/g.Finally,

static light scattering was used for the generation of a Zimm plot. For that, the average

scattering intensity was measured for different scattering vectors q and concentrations c

(black squares, Figure 5.7b). By linear extrapolation of the resulting data, two lines can

be extracted. One at q = 0 and one at c = 0 (blue dots in Figure 5.7b). According to
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the Zimm-equation (Equation (1.5)) the molecular weight can be determined from their

y-intercept, which is at
1

Mw
. Thus a Mw of 314 kDa was found. Further, the second virial

coefficient and the radius of gyration can be calculated (A2 = 7.78 ·10−7 dm3 g−1, Rg =

30.9 nm). The positive value of A2 confirms chloroform as a good solvent for polymer 14c.

These results show that the molecular weights determined by GPC are not overestimated

and therefore confirm the outstanding molecular weights for 14c. Do to the error bars in

both methods we however refrain from interpreting the results in the way that the molec-

ular weights obtained from GPC are systematically underestimated. Rather these results

imply that hydrodynamic radii for a given molecular weight are similar for polystyrene

and polymer 14c. This can be explained by the meta substituted phenylene units within

the backbone, which give the polymer a high degree of flexibility.

5.3 Polymerization using biphenyl monomers

As a result of the previously achieved high molecular weight products the plan was to

broaden the scope of the cleavable side chain approach. Of particular interest was to find

out whether the intrinsic problem with cyclic contaminations could be circumvented. In

other SPC’s this issue was mainly addressed by varying the reaction conditions.[113] As

indicated above the kinked nature of monomer 21c is likely an important factor in cycle

formation. At the beginning of the growth process of each chain it increases the population

of conformations in which the two chain ends are close to one another. Therefore, if the

two reactive sites of 21c could be spaced out by the introduction of a para -phenylene unit

into the monomer, the propensity of cycle formation ought to decrease. This was realized

by the monomer 24 introduced in Chapter 4. By polymerization of this dibromomonomer

either with the diboronic acid ester 27 or 28 under the previously found conditions two

novel polymers 32 and 33 could be isolated (Scheme 5.2). These two polymers are both

composed of terphenylene repeating units and differ in the amounts of kinks within the

backbone as well as in the amount of side chains. While polymer 32 contains one meta-

phenylene group and one side chain per repeating unit, polymer 33 contains two meta-

phenylene groups and two side chains per repeating unit. The results of the conducted

polymerizations are summarized in Table 5.6. They show that also with monomers 24 and

28 the optimized SPC conditions result in molecular weights above 100 kDa.
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Scheme 5.2. Polymerization of monomer 24 with compounds 27 and 28 using the opti-
mized reaction conditions. The resulting polymers 32 and 33 differ in their
amount of kinks within the backbone as well as the amount of side chains.

It therefore confirms, that these conditions reliably deliver high molar mass polymers. The

GPC curves of polymers 32 and 33 before Soxhlet extraction are depicted in Figure 5.8

(black solid curves). According to the expectations, they show a significant difference

in the amount of formed macrocycles judged by the signal intensity between 15 and 18

mL retention volume. In particular, for polymer 33 the portion of formed low molecular

weight byproduct is significantly higher than for polymer 32. As described above this

reflects the number of meta substituted phenylene units within the polymers backbone.

The lower amount of meta-phenylene units in case of 32 as compared to polymer 33,

Table 5.6: Polymerization results between monomers 24, 27 and 28 using the optimized
reaction and purification procedure.

Entry Polymer Mn [kDa] Mw [kDa] Yield [%] Amount [g]

1 32 5.8 118 84 1.4

1aα 32 50 141 76 1.2

2 33 6.2 56 86 0.9

2aα 33 36 103 45 0.5

α After soxhlet extraction for 5 days.
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drastically decreases the number of conformations for which cycle formation is possible.

It should be noted that the concentration was kept constant for all polymerizations at 35

mmol l−1 regarding the bromo monomers. Therefore the difference in amount of cycles

formed is in fact due to the structural differences of the polymer and not due to differences

in concentration.

In summary, our findings are in line with earlier findings on cycle formation in classical

polycondensations with rigid molecules by Kricheldorf et al.[161,162] The rate of macrocy-

cles formation (νcy) decreases with increasing chain stiffness. In present case the amount

of meta-phenylene determines the chain stiffness.

According to the approach described in the previous chapter, the two polymers 32 and 33

were subjected to a soxhlet extraction with acetone for five days in order to remove the

formed macrocycles. In Figure 5.8 the GPC curves of the extracted residues (blue curves)

as well as of the extracted fractions (black dashed curves) are depicted. In case of polymer

32 (Figure 5.8a) the elution curves suggest that the extraction worked rather selectively

concerning the cyclic oligomers. Therefore it was possible to determine the mass fraction

of cyclic oligomers to around 10%. In case of polymer 33 (Figure 5.8a) there is a strong

overlap between the elution curves of the extracted fraction and the residue. This suggests

that the linear polymers also exhibit slight solubility in acetone and therefore

(a)

8 10 12 14 16 18

 32 as polymerized
 32 after soxhlet
 extracted fraction

Retention volume (mL)

(b)

8 10 12 14 16 18

 33 as polymerized
 33 after soxhlet
 extracted fraction

Retention volume (mL)

Figure 5.8. GPC elution curves of polymers 32 a) and 33 b). The black solid curves refer to
the polymers as obtained after polymerization. The black dashed curves refers
the soxhlet extracted fraction and the blue curves to the purified material.
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get partially extracted along with the macrocycles. This different behavior of polymer 32

and 33 during extraction could be corroborated by MALDI-TOF analysis. The spectra of

the extracted fractions for both polymers are shown in Figure 5.9 and Figure 5.10. They

reveal that the extracted fraction from polymer 32 (Figure 5.9) shows nearly exclusively

cyclic oligomers. The extracted fraction of polymer 33 (Figure 5.10) in contrast contains

significant amounts of ligand capped linear chains. Obviously the increased frequency of

meta-phenylene units and side chains in polymer 33 compared to polymer 32 improve

the solubility of the linear polymer 33 in acetone. Therefore, assigning the extracted

fraction of 47 wt.% to cyclic oligomers has to be considered an overestimation in the case

of polymer 33.

Figure 5.9. MALDI-TOF spectra of extracted fraction of polymer 32. The appearing signals
predominantly correspond to cyclic oligomers.
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Figure 5.10. MALDI-TOF spectra of extracted fraction of polymer 33. The spectra contains
considerable amounts of ligand capped low molecular weight linear polymer.
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6 Properties of polymers carrying solubilizing side chains

In order to evaluate the potential of the above described polymers in terms of applications

and processing, the knowledge of some basic physical parameters is indispensable. For

that purpose the synthesized polymers were investigated, concerning their glass transition

temperature (Tg), melting point (Tm), thermal stability, crystallinity and mechanical prop-

erties. Differential scanning calorimetry (DSC) is a common method for the investigation

of phase transitions and was therefore the method of choice. The results allowed for con-

clusions concerning Tg, Tm and the crystallization behavior of the polymers. In addition

TGA was used in order to draw conclusions about the thermal stability of the material. Of

special interest was whether the polymers could be processed above the found Tg or if they

would already start to degrade below that. Due to time constraints and the fact that we

had the most material of polymer 14c most of the experiments were conducted only with

this polymer.

In addition it was also shown that polymer 14c can be processed in to films by solution

casting. With a tensile tester these films were then investigated concerning their tensile

modulus, tensile strength and toughness.

6.1 Glass transition, melting point and crystallinity

During the optimization of the synthesis of polymer 14c several batches of different molec-

ular weights were obtained. As can be learned from Table 5.5 the purified polymers spread

over a molecular weight range from 142 kDa to 304 kDa. As it is known that phase tran-

sition temperatures of polymers are dependent on molecular weight,[49] it was of interest

to which degree the phase transition behavior changes over the molar mass range of the

available samples. For that reason the two extreme cases, Mw = 142 kDa at the lower end

and Mw = 304 kDa at the upper end were subjected to DSC after precipitation from chlo-

roform in methanol. The resulting thermograms are displayed in Figure 6.1. They show a

glass transition temperature between 175 °C and 180 °C for both samples. Although the

onset of the softening might be a little earlier for the 142 kDa sample, the differences are

only minor. This suggests that among the available samples, the dependence of Tg on the

molecular weight is negligible.
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Figure 6.1. Thermograms of polymers 14c of different molecular weights after purifica-
tion. The data show no significant difference in Tg.

Aside from the molar mass, it is known that the properties of polymers are also depend on

their processing history.[171,172] As mentioned the above described samples were prepared

by precipitation from chloroform solution. This method leads to an immediate solidifi-

cation, which could hinder the formation of larger ordered domains within the polymer

and thus influence its phase transition behavior. In order to gain insight into this matter,

new samples of polymer 14c were prepared. For that purpose a chloroform and a toluene

solution of polymer 14c were made. Out of each solution one sample was prepared by pre-

cipitation in methanol and one by slow evaporation of the solvents at room temperature

(rt) in covered petri dishes. Thus overall four samples were obtained two by precipita-

tion from chloroform and toluene and two as ≈ 0.1 mm thick films by slow evaporation

from the same solvents. All four samples were finally subjected to DSC and the results

are shown in Figure 6.2. Interestingly, the four curves exhibited marked differences. In

the case of the two precipitated samples, no melting point and a Tg of around 180 °C

was observed. It is therefore concluded that in the tested cases (chloroform and toluene),

the solvent influence on precipitated samples is negligible concerning the softening and

melting behavior.
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Figure 6.2. DSC in nitrogen atmosphere of 14c solidified under different conditions.

The two films generated by slow evaporation behave as follows: The chloroform film again

exhibits no melting point and a Tg at around 180 °C and thus behaves similar to the above

described precipitated samples. In contrast, the toluene film has no observable Tg, but

rather exhibits a distinct melting point at 335 °C. These data indicate that depending on

the solvent the crystallinity of the film can vary considerably.

Aside from the DSC results the different crystallinity also affects the turbidity of the two

studied films. While the film generated by chloroform evaporation is basically transparent,

the film obtained from toluene shows significant cloudiness, which is typical for semicrys-

talline polymers (Figures 6.3a and 6.3b). Another common method for investigating the

crystallinity of polymers is X-ray diffraction (XRD).[173] Therefore the aforementioned

films were subjected to this method. The resulting XRD pattern for the chlorofrom and

the toluene film are shown in Figures 6.3c and 6.3d respectively. For the toluene film the

XRD pattern shows more and sharper rings as compared to the chloroform film, whose XRD

pattern predominantly appears as one broad halo. This indicates that in the toluene film

there is an increased degree of order, which supports the existence of crystalline domains.

These results are in agreement with the DSC, which only shows melting and therefore

crystalline domains for the toluene film.

The investigation of the morphology and how it can be tuned is a common approach

when characterizing polymers.[174,175] Also polyphenylenes were partially covered by such

studies.[176]
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(a) (b)

(c) (d)

Figure 6.3. Photographs of films from polymer 14c on the ETH logo. a) solution cast
from chloroform and b) solution cast from toluene. They show a significant
difference in turbidity. XRD patterns of solution casted films from chloroform
c) and toluene d) confirming the higher crystallinity of the toluene film.

It is therefore commonly understood that the morphology of polymers can be tuned by

different solvents and solidification rates. With this in mind the above found results led

to the following conclusions concerning the different behavior of the toluene film. Either

the slower evaporation of toluene compared to chloroform leads to the formation of the

observed crystallinity, or rather the chemical difference between chloroform or toluene

causes the observed difference. In order to investigate to which degree the difference in

evaporation rate of the solvent plays a role in this regard, additional polymer films were

prepared. This time the evaporation rate was varied for chloroform as well as for toluene

by casting films at different temperatures. By DSC and XRD measurements it should thus

be possible to gain insight into the dependence of crystallization on evaporation rate.

First two chloroform were prepared by solution casting at 7 °C and 50 °C. The resulting

film cast at 7 °C shows a slight cloudiness, whereas the 50 °C cast film is highly transparent

(Figures 6.4a and 6.4b). This visual difference indicates a variation in crystallinity.
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Figure 6.4. Photographs of films from polymer 14c on the ETH logo cast from chloroform
at 7 °C a) and 50 °C b). A slight increased turbidity for the former can be
observed. XRD patterns of the same films from chloroform at 7 °C c) and 50
°C d) confirming the increased crystallinity due to slower evaporation at the
lower temperature. The DSC curves of both samples e) do not show a distinct
melting point, which is probably due to a still very low degree of crystallinity.
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Consequently, the two films were subjected to XRD. The resulting diffraction patterns are

shown in Figure 6.4c for the 7 °C cast film and in Figure 6.4d for the 50 °C cast film. The

XRD pattern of the former exhibits more distinct reflections, while the latter is dominated

by one broad signal. These results corroborate the visual impression and suggest an in-

crease in crystallinity upon slow evaporation of chloroform. It should, however, be noted

that the differences between the two samples in Figure 6.4 are less pronounced compared

to the differences between the chloroform and toluene film in Figure 6.3. Further, the DSC

results of both films still show a distinct Tg and no observable melting point (Figure 6.4e).

It is therefore assumed, that the crystallinity even in the case of the chloroform film cast

at 7 °C is still very low. To conclude this investigation, two further films were prepared.

This time from toluene solution cast at room temperature and at 80 °C. Both films showed

a cloudy appearance and were visually practically identical. These films were subjected to

DSC measurements and the resulting thermograms are displayed in Figure 6.5. They indi-

cate that the casting temperature did not have a significant influence on the crystallinity

of these films. In both cases a distinct melting point is observed whereas glass transitions

are absent.
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Figure 6.5. Thermograms of films of polymer 14c prepared by solution casting from
toluene solution at rt and at 80 °C. Both samples melt between 320 and 350 °C.

All in all, these results suggest that for polymer 14c the nature of the solvent has a sig-

nificant influence on the polymers morphology. Although the rate at which the polymer

solidifies might also have a minor impact, such influence is only observed for the extreme
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case, which is the immediate solidification by precipitation.

6.1.1 Aging

Finally, it was of interest whether over time an aging process occurs in which the predom-

inantly amorphous films start to build up crystalline domains. Therefore, the previously

used film which was solution cast from chloroform at 7 °C was studied by DSC after one

week, five weeks and nine weeks of storage at rt. The resulting data (Figure 6.6) show

that there is no change of the film within the observed time frame and sensitivity of DSC.

Considering the high glass transition temperature and the low chain mobility at rt this

reflects, this finding is not surprising.
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Figure 6.6. DSC curves of polymer 14c cast at 7 °C and stored at rt for several weeks show
no significant change in the observed time frame.

6.1.2 Glass transition and chain flexibility

In Chapter 5 we reported the synthesis of polyphenylenes 14c, 32 and 33 with different

rigidities due to a variation of the amount of kinks within the backbone. It is known that

chain rigidity has an important influence on the thermal parameters of polymers like the Tg

and melting point.[177] In our case, we focused on the investigation of the glass transition

temperature, because the melting point for 32 lies beyond its degradation temperature.

The polymers were subjected to DSC after precipitation from chloroform. The resulting

thermograms of the three polymers 14c, 32 and 33 are shown in Figure 6.7. They show
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that the Tg rises from 125 °C over 180 °C to 250 °C with decreasing amount of kinks in the

backbone. Therefore the density of meta substituted repeat units is a useful parameter in

order to tune the Tg according to a desired application.
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Figure 6.7. DSC thermograms of polymers 14c, 32 and 33 showing an increasing glass
transition with increasing chain stiffness.

6.2 Thermal stability

Thermal stability of polymers naturally is an important parameter for the choice of a poly-

mer for a specific application. Thermogravimetric analysis (TGA) determines thermal sta-

bility by recording the mass loss of a compound upon heating. In order to get an insight in

to the thermal stability of polymer 14c TGA was performed in an air as well as in an nitro-

gen atmosphere. The resulting curves are shown in Figure 6.8. The black curve represents

the polymer 14c heated in a nitrogen atmosphere. The red curve represents polymer 14c

heated in the presence of air. The results imply that under nitrogen atmosphere the ther-

mal degradation of the polymer starts at 425 °C. Upon further heating the decomposition

continues to a total mass loss of 33.8 %. In the presence of oxygen the degradation already

sets in at 300 °C and proceeds up to a mass loss of 78.7 %. Considering the structure of

14c, in the presence of oxygen full oxidation of the material is expected, which would

result in SiO2 as the only non-volatile residue. Therefore the expected mass loss is 77.6 %,

which is in good agreement with the measured result, especially considering the accuracy

of TGA, which lies in the range of ±3 %.[178]
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Figure 6.8. Thermogravimetric analysis data of polymer 14c measured in a nitrogen at-
mosphere (black curve) and in air (red curve).

6.3 Mechanical properties

Above it was described that the polymers show the tendency to form films upon solution

casting. As it was already reported that similar materials show very promising mechanical

properties,[120] the films from the above reported polymers were also investigated con-

cerning their mechanical properties. Exemplarily the results of polymer 14c are presented

here. The investigations concerning glass transition, melting point and crystallinity (Chap-

ter 6.1) showed that there is an influence of the solvent from which the film is solution

casted. Consequently, it was investigated if the found differences also reflect in the tensile

behavior.

6.3.1 Tensile behavior of films processed from toluene

As described above, the films of polymer 14c from toluene showed a significant turbid-

ity and no Tg in the DSC measurements. These findings also reflect in the tensile stress

resistance at different temperatures. In Figure 6.9 the tensile stress curves of polymer

films of 14c at different temperatures as well as the development of the mechanical pa-

rameters with temperature are shown. Although it can be observed that with increasing

temperature the yield strength decreases,
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Figure 6.9. a) Stress-Strain behavior at different temperatures of poly(m,p-

phenylene)films processed from toluene. b) Young’s modulus, yield strength
and maximum draw ratio as a function of temperature.

the Young’s modulus stays more or less constant up to 250 °C. While this might be an inter-

esting feature for high temperature applications, the polymer does not show an extended

plasticity at any temperature below degradation under ambient conditions. This could

become an issue if one wants to apply mold processing techniques.
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6.3.2 Tensile behavior of films processed from chloroform

Like in the DSC and X-Ray studies above also concerning the stress-strain behavior the

films of polymer 14c processed from chloroform showed different results as compared

to the toluene film. The tensile stress curves and the extracted parameters form a film

cast from chloroform at rt are shown in Figure 6.10. They represent a brittle (glassy)

behavior for temperatures below Tg, with similar moduli and strengths than the above

tested toluene film. As soon as the glass transition is reached however, the material’s

behavior changes drastically.

(a)

0 10 20 30 40 50 200 300 400 500
0

10

20

30

40

50

Te
ns

ile
 S

tre
ss

 (M
Pa

)

Tensile Strain (%)

 24°C
 50°C
 80°C
 100°C
 130°C
 150°C
 180°C
 230°C
 250°C

(b)

0 50 100 150 200 250 300
1E-3

0.01

0.1

1

 Y
ou

ng
's

 m
od

ul
us

 (G
Pa

)

Temperature (°C)

0

5

10

15

20

25

30

35

40

45

 M
ax

im
um

 S
tre

ng
th

 (M
Pa

)

1

2

3

4

5

6

 D
ra

w
 ra

tio

Figure 6.10. a) Stress-Strain behavior at different temperatures of poly(m,p-phenylene)
films solution cast from chloroform. b) Young’s modulus, yield strength and
maximum draw ratio as a function of temperature.
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The Young’s modulus drops by three orders of magnitude and the maximum draw ratio

raises significantly up to a value of 6. Further, it should be noted that above Tg no yield

points are observed. Therefore, the maximum strengths in these cases occur at the mate-

rial’s point of failure.

6.3.3 Crystallization of elongated samples

In polymer fiber production, the elongation of polymer threads is a common method for

increasing the strength of polymeric materials.[179] Therefore the extended ductility for

the films prepared from chloroform above their glass transition temperature, was of great

interest for improving their mechanical strength by orienting the polymer chains along a

drawing direction. By stretching dog bone shaped samples of polymer 14c at 220 °C and

subsequent cooling to rt elongated threads of different draw ratios (1.5, 3 and 6) were

prepared. These elongated samples were then subjected to XRD and DSC measurements

before investigating their mechanical properties. The diffraction patterns in Figure 6.12

show that with increasing draw ratio, the amount of reflexes increases. Further, the width

of the reflexes decreases, which indicates that the order within the elongated samples

increases. In Figure 6.12d the decrease of the width of the meridional reflex is shown in

dependence of the draw ratio. By stretching the samples crystallization of the polymer

chains is induced. This crystal formation can again also be observed in DSC. The resulting

curves in Figure 6.11 show a clear increase of the melting peak between 320 °C and 330

°C while the glass transition at 180 °C continuously vanishes.
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Figure 6.11. DSC curves of elongated samples of polymer 14c at different draw ratios.
The vanishing of the glass transition and the increase of the melting peak
indicate an increase of crystallinity.
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(a) (b)

(c) (d)

Figure 6.12. X-ray diffraction patterns of elongated films drawn at 220 °C to a draw ratio
of λ = 1.5 a), λ = 3 b) and λ = 6 c). d) Decrease of the meridional reflex
with increasing draw ratio.

6.3.4 Tensile behavior of elongated samples

The elongated samples were subsequently tested for their tensile behavior in the direction

of elongation. The results presented in Figure 6.13 and Table 6.1 show that the align-

ment of the polymer chains leads to an increase of the Young’s modulus as well as the

tensile strength. This effect is known and commercially exploited for example in ultra

high molecular weight polyethylene fibers.[180] With this in mind our findings show the

great potential of polymer 14c in the production for high performance materials. Because

of their thermal stability and their high Tg they might be especially interesting for applica-
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tions at elevated temperatures.
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Figure 6.13. Tensile behavior of elongated threats of polymer 14c at room temperature.
With increasing orientation due to the drawing, the strength and stiffness of
the samples increases.

All samples tested in this chapter still bear the acid cleavable silyl side chains. As men-

tioned above, it has already been shown for other rigid polymers, that solubilizing side

chains have a negative effect on their mechanical properties.[64,101] Therefor it is expected

that the reported mechanical properties can be improved by their removal. Consequently,

in the following chapter the side chain cleaving behavior upon acid treatment will be stud-

ied.

Table 6.1: Results of tensile stress tests for films of polymer 14c processed from chloro-
form and hot drawn to different draw ratios.

Draw ratio E [GPa] σ [MPa] ε [%]

1.0 1.1 42 7

1.5 1.2 52 34

3.0 3.2 160 24

6.0 5.0 140 3.6
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7 Removal of solubilizing side chains from bulk polymer

One of the goals of this project was to produce polymeric materials consisting exclusively of

aromatic units made of carbon and hydrogen. After the complete synthesis and structural

analysis of the polymers the attention consequently turned towards the removal of the

solubilizing silyl side chains. Therefore, first the progress of the side chain cleavage of

polymer 14c towards polymer 34 was investigated (Scheme 7.1). Later in this chapter this

approach will be extended towards polymer 32 and 33.

n

TfOH

Si

n14c 34

Scheme 7.1. Side chain removal from polymer 14c resulting in the parent polyphenylene.

It has been reported that the side chain removal works quantitatively for polymer 14a by

addition of trifluoromethanesulfonic acid (TfOH) to a toluene solution of the polymer.[107]

Unfortunately, the resulting side chain free polymer precipitates as an insoluble and in-

fusible powder which cannot be processed. Therefore, it was of interest to conduct the

side chain cleavage from the bulk material (Scheme 7.1) after the processing of the poly-

mer. In order to investigate whether this is a feasible approach, films from polymer 14c of

different thicknesses have been produced by solution casting from chloroform and subse-

quent hot compression moulding above Tg. A typical film of 0.1 mm thickness is shown in

Figure 7.1. Subsequently, the polymer films of different thicknesses were exposed to TfOH

and analyzed concerning the cleaving progress. For comparison, a cleaving experiment in

solution, as described above, was also carried out. For that, polymer 14c was dissolved in

boiling toluene and then exposed to TfOH, which resulted in a brownish precipitate. Both

experiments (cleaving from film and in solution) relied on the same analytical methods

which were TGA after exhaustive oxidation of all Si content into SiO2, IR-spectroscopy,

and 13C-CP/MAS NMR spectroscopy. While the latter two methods are common practice,

TGA had to be validated first. For this purpose, the starting polymer 14c was subjected to

TGA with full access to air.
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7 Removal of solubilizing side chains from bulk polymer

Figure 7.1. 0.1 mm thick film of polymer 14c, solution cast from chloroform and hot
compression moulded at 220 °C.

Assuming full oxidation of all Si-content to SiO2 takes place, the atomic ratio Si/C/H in

polymer 14c would suggest a residual mass of 22.5% solely due to SiO2. The experimen-

tally observed value was 21.3% (Figure 7.2a, black curve), which, taking into account the

accuracy of TGA,[178] was considered good enough to apply the method. Additionally, it

was confirmed by IR spectroscopy that the residue of the TGA experiments was in fact SiO2.

The IR spectrum in Figure 7.2b shows the typical Si-O-Si vibrations at 1030 cm−1 and 450

cm−1.[181] The solution cleaving experiment was conducted to create a reference point be-

cause post-polymerization modifications in bulk are always confronted with a potentially

hindered diffusion of reagents into the material. Upon addition of acid to a solution of

polymer 14c, immediate precipitation of a brownish material was observed. Quantitative

removal of the side chains was confirmed by subjecting the material to TGA under ambient

conditions: at 600 °C, a mass loss of approximately 98% was observed (Figure 7.2a, blue

curve).
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Figure 7.2. a)TGA curves of polymer 14c before acid treatment (black curve) and after
side chain cleavage from solution (34, blue curve). b) IR spectrum of residue
from TGA showing the typical Si-O-Si vibrations of SiO2 at 1030 cm−1 and
450 cm−1.[181]

7.1 Influence of film thickness

Having the benchmark of the solution cleaved material, films of 14c with thicknesses rang-

ing from 0.1 to 0.6 mm were prepared by solution casting from chloroform and subsequent

compression moulding at 220 °C. They were exposed in non-supported form to 10 wt%

TfOH in toluene for periods ranging from 10 seconds to 60 minutes. Thereafter, the films

were placed in a 10 wt% NEt3 toluene solution for 12 hours, and then washed and dried

at 75 °C under vacuum. A few general observations shall be mentioned: (a) with increas-

ing exposure time to acid, the films appear darker; (b) while all films remain largely in

their initial form, the treatment causes slight crumpling (Figure 7.6b); (c) thicker films
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7 Removal of solubilizing side chains from bulk polymer

(≥0.3 mm) show pronounced swelling. The TGA results in Figure 7.3 refer to the series of

films of different thicknesses, all exposed to acid for 60 minutes. The common feature is a

dramatic mass loss at around 600 °C. Differences indicate the exact point at which the loss

sets in and how exactly it proceeds. This series shows that differences in film thickness

from 0.1 mm to 0.6 mm cause differences in residual mass on the order of 1-3%, with the

0.1 mm film furnishing the best result. Given the accuracy of the method, which was esti-

mated to be on the order of ± 3%,[178] it can be concluded, that the tested samples behave

rather similar and that thicker samples might be somewhat inferior and might need longer

exposure times.
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Figure 7.3. a)TGA curves of films from polymer 14c of different thicknesses, after expo-
sure to TfOH. b) Magnification of the area between 500 °C and 900 °C of the
same TGA curves, showing small differences in residual mass.

7.2 Influence of acid exposure time

In a new experiment the dependence of the cleaving results on the exposure time was in

the focus. Therefore 0.1 mm thick films of polymer 14c were exposed to TfOH for dif-

ferent periods. After washing and drying the acid treated films were subjected to TGA.

The results are shown in Figure 7.4 and indicate a dependence of residual mass on the

acid exposure time for a constant film thickness. In particular it can be observed that the

maximum effect is reached already within the first 10 minutes. More complete removal

requires significantly increased exposure times. While there is an evident impact of the

cleaving conditions, the effects are subtle and the overall behavior is similar: already after
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7 Removal of solubilizing side chains from bulk polymer

10 seconds of exposure time most of the side chains are removed. Because of the relatively

large error bar in TGA, IR- and NMR spectroscopy was chosen in order to corroborate the

found results. Figure 7.5 shows the IR spectra of the reported time series as well as a mag-

nification of the high-frequency range of the spectra. It can be observed that the alkyl-CH

signals (2810 cm−1 < ν̃ < 2990 cm−1) as well as the Si-C signal (ν̃ =1245 cm−1)[182]

disappear upon extended exposure to TfOH. Further, the change of the aromatic C-H sig-

nals ( ν̃ > 3000 cm−1) reflects the change in substitution pattern. In agreement with the

TGA results, the IR spectra also suggest a virtually quantitative removal of the side chains

within 1 to 10 minutes.
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Figure 7.4. a)TGA curves of 0.1 mm thick films of polymer 14c exposed to TfOH for dif-
ferent periods. b) Magnification of the area between 500 °C and 900 °C of the
same TGA curves, showing the progress of the side chain removal over time.
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Figure 7.5. IR spectra with magnification into the area between 2700 cm−1 and 3200
cm−1 of 0.1 mm thick films of polymer 14c exposed to TfOH for different
periods. The vanishing of the alkyl C-H vibrations (2810 cm−1 < ν̃ < 2990
cm−1) and of the Si-C vibration (ν̃ = 1245 cm−1) indicate the progress of the
cleaving reaction.

In Figure 7.6a the 13C-CP/MAS NMR spectra of the starting material 14c and the side

chain free product 34 are compared. The two spectra show the disappearance of the

aliphatic signals upon acid treatment. The blue curve corresponds to a 0.1 mm thick film

which was exposed to diluted TfOH for 60 minutes. These findings additionally confirm

the virtually quantitative cleavage of the stabilizing side chain. Figure 7.6b refers to a 0.6

mm thick film before (left) and after (right) side chain cleavage. After drying the acid-

treated film, shrinkage is observed besides the vanished transparency. Mechanically, this
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7 Removal of solubilizing side chains from bulk polymer

film appears somewhat stiffer but still intact. That the film is still mechanical stable does

not go without saying considering the significant mass loss of 43 % due to the side chain

removal. A detailed investigation concerning the mechanical properties of the side chain

free films is described in chapter 8.

(a)

(b)

Figure 7.6. a) 13C-CP/MAS NMR spectra of polymer 14c at 25 °C with a spinning speed
of 20 kHz (black) and of polymer 14 at a spinning speed of 11 kHz (blue).
The spinning side bands marked with * are not visible in the black spectrum
because of the higher spinning speed. b) 0.6 mm thick film of polymer 14c

before (left) and after acid treatment (right).
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7 Removal of solubilizing side chains from bulk polymer

7.3 Side chain cleavage of films from polymers 32 and 33

In order to broaden the scope of the method, the above mentioned procedure for side

chain removal was also applied to 0.1 mm thick films of polymers 32 and 33. By TGA,

the progress of side chain removal over time of acid exposure was again investigated. The

resulting curves are shown in Figure 7.7. The first observation is that the TGA curves of the

untreated polymers 32 and 33 result in a residual mass of 16.8 % and 24.0 % respectively.

These values are in good agreement with the theoretical values of 17.5 % for 32 and

26.3 % for 33. The results confirm the validity of this fast and easy method.

n

TfOH

Si

n

n

TfOH

Si

n

Si

32 35

33 36

Scheme 7.2. Side chain removal from polymer 32 and 33 resulting in the parent
polyphenylenes 35 and 36.

For both polymers we observe a similar behavior concerning the dependence of cleaving

progress on acid exposure time. Within one minute most of the side chains are already

cleaved and after 10 minutes of acid exposure virtually no further progress can be ob-

served. Note that in case of polymer 33 the relative mass loss due to the side chain removal

is 50%, whereas for polymer 32 its only 33.4 %. The strong variations of the TGA curves

of polymer 33 might be an artifact of the high mass loss. It could be that the increased

amount of leaving groups would require longer washing times in order to diffuse out of

the polymer. It thus supports the initial assumption that keeping the amount of side chains
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as small as possible is beneficial.
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Figure 7.7. TGA results of 0.1 mm thick films from polymer 32 a) and 33 c) cast from
chloroform, hot compression molded and exposed to diluted TfOH for various
periods. Magnifications of the area between 500 °C and 900 °C (32 b) and 33

d)) of the same TGA curves showing the progress of the side chain removal
over acid exposure time.
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8 Properties of unsubstituted polyphenylene

One initial goal of this thesis was to obtain materials of side chain free polyphenylenes and

investigate whether they are superior concerning mechanical stress resistance as compared

to polyphenylenes still bearing the solubilizing side chain. After the previous studies which

showed that a quantitative removal of the solubilizing side chains from the bulk material

is possible, several samples of polymer 34 were prepared and studied for their stress-

strain behavior as well as their thermal stability. To our knowledge, no stress resistance

data have been reported so far for unsubstituted polyphenylenes. In order to reproducible

obtain measurable samples for the tensile tests, some experimental precautions had to be

taken.

In order to avoid a crumbling of the dogbone shaped specimens, a device from stainless

steel was built, which holds the samples straight during the cleaving process (Figure 8.1).

By turning the thread bar, the sample could be stretched by applying a strain through the

spring. It was taken care of that the applied strain is as small as possible such that no

elongation can occur during acid treatment of the sample.

Figure 8.1. Sample holder which prevents crumbling of dogbone shaped samples during
the treatment with TfOH.

Additionally it was found that it is favorable for the given setup to use pure TfOH for the

side chain removal instead of the 10% toluene solution as described above. The softening,

which occurs if the toluene solution is used, led to an elongation during the cleaving

process only due to the weight of the sample itself. While the simultaneous elongation

during the cleaving process could be a desired process in the future, for now this additional

parameter should be excluded and therefore pure TfOH was used. The residual mass in

TGA (Figure 8.2) shows that for the tested samples the treatment with pure acid also leads

to satisfying cleaving results and thus the samples qualify as side chain free polymer 34.
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Figure 8.2. TGA curves of film from polymer 34 cleaved with pure TfOH. The TGA mass
loss under ambient conditions shows that side chain removal proceeds to high
conversions.

8.1 Thermal stability

As has already been shown in Chapter 7 Figure 7.2a the thermal stability under ambient

conditions somewhat increases upon side chain removal. While the side chain bearing

polymer 14c starts to degrade at around 300 °C, the side chain free material 34 appears

to be stable up to 425 °C. The same trend can be observed in a nitrogen atmosphere. As

shown in Figure 8.3 the side chain free polymer 34 is stable up to 570 °C while the polymer

14c already degrades at 425 °C. It should be noted, that the exact temperature at which

the degradation sets in also appeared to be dependent on the type of the sample.
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Figure 8.3. TGA curve of films from polymer 14c and 34 in N2 atmosphere showing the
increase in thermal stability due to the side chain removal.
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Thus polymer films in general exhibited a higher thermal stability as samples used in

powder form.

8.2 Mechanical Properties

Finally the samples of side chain free polymer 34 were investigated concerning their tensile

strain behavior. For that several samples were used. One was a film which was subjected to

the cleaving procedure directly after solution casting from chloroform and subsequent hot

compression molding (λ = 1). And three others which were drawn at 220 °C to different

draw ratios prior to the side chain removal (see Chapter 6.3.4) The stress-strain curves of

these samples are depicted in Figure 8.4 (solid lines). For comparison the results of the

samples still carrying the side chains are also displayed in dashed lines. The stress-strain

curves as well as the summarized results in Table 8.1 show that in all samples the Young’s

modulus E as well as the strength σ increases upon side chain removal. Thereby it was

shown that the chosen cleavable side chain approach for achieving materials from purely

aromatic polymers is successful and that there is in fact a potential for producing strong,

chemical and thermal resistant materials following this approach.
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Figure 8.4. Stress-Strain curves of samples from side chain free polymer 34 (solid lines).
For comparison the results from the above tested polymer 14c still bearing the
solubilizing side chains are displayed as well (dashed lines).

88



8 Properties of unsubstituted polyphenylene

Additionally, the initial concerns of destroying the samples by the removal of the side chain

could be ruled out.

Table 8.1: Results of tensile stress tests for films of polymer 14c processed from chloro-
form and of polymer 14 still bearing the solubilizing side chains.

14c 34

Draw ratio E [GPa] σ [MPa] ε [%] E [GPa] σ [MPa] ε [%]

1.0 1.1 42 7 1.5 60 6.0

1.5 1.2 52 34 2.6 101 63

3.0 3.2 160 24 6.4 293 24

6.0 5.0 140 3.6 7.5 300 12
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9 Summary and conclusions

The present thesis describes significant progress in polymer synthesis based on Suzuki

polycondensation (SPC) and how this relatively novel polymerization technique can be

used as route towards high performance materials for film and fiber applications.

During the course this thesis new aromatic AA- and BB-type monomers for SPC were de-

signed and synthesized. More specifically, fast and scalable procedures leading to mono-

mers with purities exceeding 99.5% were established. Because the monomer purity is

crucial for SPC it was confirmed by means of NMR spectroscopy and gas chromatogra-

phy. The monomers were designed in order to enable access to polyphenylenes containing

meta-connected repeating units and bearing acid cleavable silyl side groups.

Subsequently these monomers were used in order to develop a robust procedure for the

synthesis of novel polyphenylenes with molecular weights above 100 kDa. This was

achieved by optimization of the reaction in terms of concentration, catalyst, stoichiometry

an scale. The found conditions enabled a soluble poly(m,p-phenylene) with a molecular

weight of 150 kDa on a scale of 14 g.

By GPC and MALDI-TOF analysis it was found that the obtained polymer contains consider-

able amounts of macrocyclic byproducts, which is a known phenomena for polyphenylenes

containing meta connected repeating units. It was discovered that by Soxhlet extraction

and subsequent precipitation these side products could be removed selectively to a large

degree. Thus the developed synthesis and purification procedures results in poly(m,p-

phenylene)s with up to 300 kDa on a 9 g scale.

As it is common standard, molecular weight determination relied on GPC using a conven-

tional polystyrene calibration. Because it has been shown that for some rigid polymers

this GPC method tends to overestimate the molecular weight, static light scattering was

selected as an independent method in order to evaluate the reliability of the GPC obtained

molar masses. It was found that in case of poly(m,p-phenylene)s the molecular weights

determined by GPC are not overestimated, which confirmed the outstanding DP’s obtained.

The high molecular weights could be reproduced using different monomers. Thus polyphen-

ylenes comprising different amounts of meta-connected repeating units were obtained.

Depending on the number of such kinks two observations were made. First, with an in-

creasing number of meta-connected phenylenes inside the backbone, the amount of formed
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macrocycles increases. This results from the higher number of conformations which allow

cycle formation. Second, the increased flexibility, which comes by the incorporation of

kinks, leads to a decrease of the glass transition temperature of the polymers.

The synthesized poly(m,p-phenylene)s were used for the production of films by solution

casting and subsequent hot compression molding. It was found that depending on the

solvent (chloroform or toluene) used for solution casting, the morphology of the film can

be tuned from predominantly amorphous to semicrystalline. This is also reflected in the

tensile behavior of the films and only the amorphous material showed an extended plastic-

ity above its glass transition temperature. This ductility was used for producing elongated

threads of poly(m,p-phenylene) with a draw ratio of up to 6. It was shown by XRD that

upon elongation, the orientation of the polymer chains within the sample increases, which

brings about an increase in tensile strength and modulus.

Finally, the cleaving reaction of the solubilizing side chain from the bulk material was un-

der investigation. Therefore films of thicknesses between 0.1 and 0.6 mm were produced.

These films were then subjected to an acid treatment and the degree of side chain cleavage

was determined by TGA, IR- and 13C-CP/MAS solid state NMR spectroscopy. The removal

occurs on a time scale of seconds and virtually complete removal was observed after max-

imally 60 minutes. Despite the mass loss associated with the side chain removal, films

subjected to this process remained largely in shape.

Motivated by those findings the elongated samples were also subjected to the cleaving

procedure and tested for their tensile behavior. It was found that the removal of the

side groups improves the strength as well as the stiffness of the material. The results are

therefore in line with earlier findings about the weakening effect of side groups on the

mechanical properties of rigid chain polymers. To the best of our knowledge, this is the

first time an unsubstituted polyphenylene was obtained in film form and investigated for

its mechanical properties. Thus, we see considerable potential to carry this research on

towards promising high performance materials.
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Chemicals

1,3,5-Tribromobenzene 22 was purchased from TCI and recrystallized either from ethanol

or acidic acid prior to usage. All other reagents were purchased from ABCR, Acros, Aldrich

or TCI, and used without further purification.

Dry solvents were distilled using a solvent drying system from LC Technology Solutions Inc.

SP-105 under nitrogen atmosphere (H2O content < 10 ppm as determined by Karl-Fischer

titration).

All reaction vessels were dried in an oven at 82 °C over night. For moisture sensitive

reactions the flasks were additionally dried under vacuum with a heat gun.

Tetrakis(triphenylphosphane)palladium(0) (Pd(PPh3)4) catalyst was prepared following

literature procedure.[183]

Tris(tri-p-tolylphosphine)palladium (Pd[P(p-tol)3]3) was synthesized according to the pro-

cedure reported by Tolman et al.[184] After synthesis all catalysts were stored in a glovebox

and used within one week.

Chromatography

Reactions were monitored by TLC, using a silica gel 60 F254 on aluminum foil from Merck

(particle size: 5-20 µm). Detection was done by UV light (λ= 254 nm and/or 366 nm)

for fluorescent / phosphorescent compounds.

Column chromatography for purification of products was performed by using Fluka silica

gel (pore size 60 Å, particle size 40-63 µm) as a stationary phase. The mobile phase

depended on the reaction and was carefully chosen and the process was monitored by

TLC.

GC analyses were carried out on an Agilent 7820A GC equipped with an HP-5 MS column

(30 m N × N 0.25 mm N × N 0.5 µm, 5% phenyl methyl-siloxane), FID detector, and

helium as the carrier gas. All runs were performed with an initial temperature of 150°C

and a gradient of 10°C/min after 8 minutes with a final temperature of 250°C.

Analytical GPC measurements were performed using a Viscotek GPC-system with chloro-

form as eluent, equipped with a pump and a degasser (GPCmax VE2001, flow rate 1.0 ml

min−1), a detector module (Viscotek 302 TDA), a UV detector (Viscotek 2500, λ = 254
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nm) and two columns (1 × PLGel Mix-B and 1 × PLGel Mix-C, 7.5×300 mm for each).

Conventional calibration was performed with polystyrene standards (Polymer Laborato-

ries) in the range of Mp 1480 to 4340000 g mol−1. Prior to injection, the sample solution

was filtered through a sintered stainless steel filter (pore size 2 µm).

Preparative recycling GPC was performed on a LC-9101 system from Japan Analytical In-

dustry Co., Ltd. (JAI) equipped with a pump (Hitachi L-7110, flow rate 4.0 mL/min), a RI

detector (Jai RI-7), a UV detector set at λ= 335 nm (Jai UV-3702) and two columns (1 x

JAIGEL-2H and 1 x JAIGEL-2.5H, 20 x 600 mm each), using chloroform as eluent at room

temperature.

NMR spectroscopy

Solution NMR measurements were performed on Bruker AM (1H: 300 MHz, 13C: 75 MHz)

spectrometers at room temperature using deuterated chloroform(CDCl3) or dimethyl sul-

foxide (DMSO-d6) as solvents. The solvent signal was used as an internal standard for the

chemical shift (1H: δ= 7.26 ppm, 13C: δ= 77.00 ppm for chloroform, 1H: δ= 2.50 ppm,
13C: δ= 39.5 ppm for dimethyl sulfoxide).

Solid state 13C CP/MAS NMR measurements were carried out on a Bruker AVANCE 400

spectrometer operating at 100.5 MHz for 13C under MAS conditions with 2.5 mm rotors

and a sample rotation frequency of 11 or 20 kHz and cross-polarization employing a con-

tact time of 1 ms and 1H high-power decoupling.

Mass spectrometry

High resolution mass spectroscopy analysis were performed by the MS-service of the lab-

oratory for organic chemistry at ETH Zürich using ESI- and MALDI-ICR-FTMS: IonSpec

Ultima Instrument spectrometers. Either 3-hydroxypicolinic acid (3-HPA) or trans-2-[3-(4-

tert-butylphenyl)-2-methyl-2-propenylidene]

malononitrile (DCTB) were used as matrix in the presence of silver triflate for the lat-

ter.

Thermal analysis

Differential scanning calorimetry (DSC) measurements were carried out using a DSC Q1000

differential scanning calorimeter from TA Instruments in a temperature range of 25 to
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250°C with a heating and cooling rate of 10°C/min. Samples of a total weight ranging

between 1 and 2 mg were closed into aluminum pans of 40µL, covered by a holed cap,

and analysed under a nitrogen atmosphere.

TGA analyses were performed under air with a TA Instruments Q500 thermogravimetric

analyser (heating rate: 20 °C min−1).

X-ray diffraction

Powder XRD measurements were carried out on a XCalibur single-crystal X-ray diffrac-

tometer (Oxford Diffraction, UK) using an Onyx CCD detector. The wavelength used was

Mo-Kα (λ = 0.71073 Å) using a graphite monochromator. Data evaluation was done with

FIT2D.[185]
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(3,5-dibromophenyl)dimethyl(propyl)silane [107] (21a)

BrBr

Si

In a dry 1 L three-neck flask 1,3,5-tribromobenzene (22) (10.0 g, 33.8 mmol) was dis-

solved in 400 mL of dry diethyl ether. The mixture was cooled to -78 °C with an acetone

dry ice bath and a 1.6 M hexane solution of n-butyl lithium (20.5 mL, 32.7 mmol) was

added dropwise during 1 h. The reaction was stirred for 2 h at -78 °C and then dimethyl-

propylsilyl chloride (4.78 g, 34.9 mmol) was added slowly. The mixture was heated to

room temperature overnight, quenched with water (100 mL) and diluted with diethyl

ether (100 mL). The organic phase was separated and washed with water (100 mL) and

brine (100 mL). The combined aqueous phases were extracted with diethyl ether and the

combined organic phases were dried over magnesium sulphate, followed by solvent re-

moval. The residual brown liquid was pre-purified by a short silica column which led to

a bright yellow liquid. Distillation at 155 °C and 0.1 mbar gave the product as colourless

viscous oil. In order to achieve the desired purity the distillation was repeated twice (7.20

g, 67.4%).
1H NMR (300 MHz, CDCl3, δ): 7.65 (t, J = 1.8 Hz, 1H), 7.52 (d, J = 1.8 Hz, 2H), 1.35

(m, 2H), 0.97 (t, J = 7.2 Hz, 3H), 0.75 (m, 2H), 0.27 (s, 6H) ppm.
13C NMR (75 MHz, CDCl3, δ): 145.35, 134.62, 134.12, 123.15, 18.18, 17.95, 17.23, -3.17

ppm.

HRMS (EI) m/z: calculated for C11H16Br2Si [M]+ 333.9383, found 333.9385; calculated

for C8H9Br2Si [M-C3H7]1 290.8840, found 290.8835.
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(3,5-dibromophenyl)tert-butyl(dimethyl)silane (21b)

BrBr

Si

In a dry 1 L three-neck flask 1,3,5-tribromobenzene (22) (10.0 g, 33.8 mmol) was dis-

solved in 400 mL of dry diethyl ether. The mixture was cooled to -78 °C with an ace-

tone dry ice bath and a 1.6 M hexane solution of n-butyl lithium (20.5 mL, 32.7 mmol)

was added dropwise during 1 h. The reaction was stirred for 2 h at -78 °C and then

tert-Butyldimethylsilyl chloride (5.27 g, 34.9 mmol) was added slowly. The mixture was

heated to room temperature overnight, quenched with water (100 mL) and diluted with

diethyl ether (100 mL). The organic phase was separated and washed with water (100 mL)

and brine (100 mL). The combined aqueous phases were extracted with diethyl ether and

the combined organic phases were dried over magnesium sulphate, followed by solvent

removal. The residual brown liquid was pre-purified by a short silica column which led to

a bright yellow liquid. Distillation at 170 °C and 0.2 mbar gave the product as colourless

viscous oil.(0.620 g, 5.6%).
1H NMR (300 MHz, CDCl3, δ): 7.66 (t, J = 1.8 Hz, 1H), 7.50 (d, J = 1.8 Hz, 2H), 0.88

(s, 9H), 0.27 (s, 6H) ppm.
13C NMR (75 MHz, CDCl3, δ): 143.55, 135.42, 134.19, 122.97, 26.35, 16.90, -6.26 ppm.

HRMS (EI) m/z: calculated for C12H18Br2Si [M]+ 347.9539, found 347.9542; calculated

for C8H9Br2Si [M-C4H9]1 290.8835, found 290.8829.

99



11 Synthesis

(3,5-dibromophenyl)butyl(dimethyl)silane (21c)

BrBr

Si

In a dry 6 L three-neck flask 1,3,5-tribromobenzene (22) (44.5 g, 0.141 mol) was dissolved

in 3 L of dry diethyl ether. The mixture was cooled to -78 °C with an acetone dry ice bath

and a 1.6 M hexane solution of n-butyl lithium (88.9 mL, 0.141 mol) was added dropwise.

The reaction was stirred for 2 h at -78 °C and then n-Butyldimethylsilyl chloride (21.32 g,

0.141 mol) was slowly added. The mixture was heated to room temperature overnight,

quenched with water (300 mL) and diluted with diethyl ether (300 mL). The organic

phase was separated and washed with water (300 mL) and brine (300 mL). The combined

aqueous phases were extracted with diethyl ether and the combined organic phases were

dried over magnesium sulphate, followed by solvent removal. The residual brown liquid

was pre-purified by a short silica column which led to a bright yellow liquid. Distillation

at 110 °C and 0.05 mbar gave the product as colourless viscous oil. In order to achieve the

desired purity the distillation was repeated twice (40.2 g, 81.2%).
1H NMR (300 MHz, CDCl3, δ): 7.64 (t, J = 1.8 Hz, 1H), 7.49 (d, J = 1.8 Hz, 2H), 1.32

(m, 4H), 0.90 (t, J = 6.9 Hz, 3H), 0.75 (m, 2H), 0.28 (s, 6H) ppm.
13C NMR (75 MHz, CDCl3, δ): 145.32, 134.62, 134.11, 123.16, 26.41, 25.83, 15.02,

13.72, -3.22 ppm.

HRMS (EI) m/z: calculated for C12H18Br2Si [M]+ 347.9539, found 347.9539; calculated

for C8H9Br2Si [M-C4H9]1 290.8840, found 290.8841.

Elemental analysis: calculated for C12H18Br2Si: C, 41.16; H, 5.18; Si, 8.02; Br, 45.64,

found: C, 40.97; H, 5.38; Br, 45.85
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(3,5-dibromophenyl)dimethyl(octadecyl)silane (21d)

BrBr

Si

In a dry 1 L three-neck flask 1,3,5-tribromobenzene (22) (7.50 g, 23.8 mmol) was dis-

solved in 300 mL of dry diethyl ether. The mixture was cooled to -78 °C with an acetone

dry ice bath and a 1.6 M hexane solution of n-butyl lithium (14.9 mL, 23.8 mmol) was

added dropwise during 30 minutes. The reaction was stirred for 2 h at -78 °C and then

dimethyloctadecylsilyl chloride (9.10 g, 26.2 mmol) was added slowly. The mixture was

heated to room temperature overnight, quenched with water (100 mL) and diluted with

diethyl ether (100 mL). The organic phase was separated and washed with water (100

mL) and brine (100 mL). The combined aqueous phases were extracted with diethyl ether

and the combined organic phases were dried over magnesium sulphate, followed by sol-

vent removal. The residual brown solid was distilled at 150 °C and 0.1 mbar to give the

product as colourless wax.(11.0 g, 84.5%).
1H NMR (300 MHz, CDCl3, δ): 7.64 (t, J = 1.8 Hz, 1H), 7.49 (d, J = 1.8 Hz, 2H), 1.26

(m, 32H), 0.88 (m, 3H), 0.72 (m, 2H), 0.27 (s, 6H) ppm.
13C NMR (75 MHz, CDCl3, δ): 145.48, 134.66, 134.12, 123.15, 33.41, 31.93, 29.67,

29.55, 29.36, 29.22, 23.62, 22.70, 15.29, 14.12, -3.19 ppm.
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1,4-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene (27)

[165]

BB
O

OO

O

A 3 L round bottom flask was charged with Phenylenedibornic acid (50.0 g, 0.302 mol),

pinacol (73.1 g, 0.618 mol) and 1.50 L of toluene. The flask was equipped with a Dean-

Stark apparatus and the suspension was heated to reflux overnight, which led to the for-

mation of a clear solution. The mixture was cooled to room temperature and the solvent

was removed under vacuum. The resulting crude product was recrystallized twice from

diethyl ether to obtain the pure product as colorless crystals. The crystals were pestled and

dried under vacuum (51.2 g, 51.4%).
1H NMR (300 MHz, CDCl3, δ): 7.80 (s,4H), 1.35 (s, 24H) ppm.
13C NMR (75 MHz, CDCl3, δ): 133.87, 83.83, 24.87 ppm (Carbon attached to boron was

not observed due to quadrupolar relaxations).

HRMS (ESI) m/z: calculated for C18H29B2O4[M+H]+ 331.2253, found 331.2258.

Elemental analysis calculated for C18H28B2O4: C, 65.51; H, 8.55; O, 19.39; B, 6.55,

found: C, 65.36; H, 8.50
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3-bromo-5-boropinacol-1-(dimethylbutylsilyl)-benzene (25)

BBr

Si

O

O

In a 2 L three-necked flask 21c (40.0 g, 0.114 mol) was dissolved in dry diethyl ether (1

L). The solution was cooled to -78 °C with an acetone dry ice bath and a 1.6 M solution

of n-butyl lithium in hexane (75.0 mL, 0.120 mol) was added dropwise over 40 minutes.

The reaction was stirred for 3h at -78 °C and then Isopropoxyboronic acid pinacol ester

(30.0 mL, 0.147 mol) was added slowly. The mixture was heated to room temperature

overnight and quenched with saturated NH4Cl aq. (200 mL) and water (100 mL). The

aqueous phases was separated and extract twice with diethyl ether (100 mL). The organic

layers were combined and dried over MgSO4 followed by solvent removal under vacuum.

The resulting colorless oil crystallized in the fridge. The solid was pestled and then washed

with cold MeOH to give the product as colorless crystals (35.0 g, 77.1%).
1H NMR (300 MHz, CDCl3, δ): 7.90 (s, 1H), 7.80 (s, 1H), 7.67 (s, 1H), 1.34 (s, 12H),

1.31-1.27 (m, 4H), 0.87 (t, J = 6.8 Hz), 0.79-0.70 (m, 2H), 0.26 (s, 6H) ppm.
13C NMR (75 MHz, CDCl3, δ): 142.35, 138.86, 138.01, 137.76, 122.83, 84.06, 26.45,

25.96, 24.84, 15.20, 13.73, -3.06 ppm.(Carbon attached to boron was not observed due

to quadrupolar relaxations);

HRMS (EI) m/z: calculated for C18H30BBr2O2Si [M]+ 396.1291, found: 396.1293; calcu-

lated for C17H27BBrO2Si [M-CH3]+ 381.1057, found 381.1062; calculated for C14H21BBrO2Si

[M-C4H9]+ 339.0587, found 339.0592.
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5,4’-dibromo-3-(dimethylbutylsilyl)-diphenyl (24)

Br

Br

Si

A 500 mL-Schlenk-flask was charged with 25 (10.0 g, 25.2 mmol), p-iodobromobenzene

(8.50 g, 30,0 mmol), THF (100 mL), Na2CO3 (15.0 g, 142 mmol) and water (35 mL). A

reflux condenser was attached and the mixture was degassed by 6 cycles of vacuum and

nitrogen backfilling. In a Schlenk-tube Pd(PPh3)4 (130 mg, 0.112 mmol) was dissolved in

degassed THF (10 mL) and transferred into the reaction mixture with a syringe. The re-

sulting yellow solution was heated at 80 °C overnight. After cooling to room temperature

the reaction was quenched with saturated NH4Cl aq. (50 mL) and the phases were sepa-

rated. The aqueous layer was extracted twice with diethyl ether (50 mL). The combined

organic phases were dried over MgSO4, filtered and concentrated under vacuum to yield

a yellow crude product. For purification the excess of p-iodobromobenzene was distilled

off under vacuum (170 °C, 0.30 mbar). The remaining distillation bottom was then puri-

fied by column chromatography with hexane to yield the product as a colorless (6.55 g,

61.0%).
1H NMR (300 MHz, CDCl3, δ): 7.67 (t, J = 1.8 Hz, 1H), 7.61-7.52 (m, 4H), 7.43 (d, J =

8.5 Hz, 2H), 1.37-1.24 (m, 4H), 0.90 (t, J = 6.9 Hz, 3H), 0.81-0.73 (m, 2H), 0.31 (s, 6H)

ppm.
13C NMR (75 MHz, CDCl3, δ): 143.68, 141.50, 138.99, 135.23, 131.96, 130.44, 130.25,

128.79, 123.30, 122.10, 26.45, 25.96, 15.19, 13.74, -3.07 ppm.

HRMS (EI) m/z: calculated for C18H22Br2Si [M]+ 423.9858, found 423.9861 calculated

for C14H13Br2Si [M-C4H9]+ 366.9153, found 366.9162.
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(3,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl(butyl)dimethyl-

silane (28)

BB

Si

O

OO

O

A 1 L Schlenk-flask was charged with 21c (10.0 g, 28.6 mmol), bis(pinacolato)diboron

(16.0 g, 63.0 mmol), KOAc (11.5 g, 117 mmol) and DMF (300 mL). This suspension was

degassed by 7 cycles of vacuum and nitrogen backfilling. Pd(dppf)Cl2 (63.0 mg, 86.1

µmol) was dissolved in degassed DMF (10 mL) and added to the mixture with a syringe.

The suspension was stirred at 130 °C for 3 hours until no starting material was observed

by TLC in hexane. After cooling to room temperature water (200mL) and diethyl ether

(300 mL) was added. The phases were separated and the aqueous phase was extracted

twice with diethyl ether (150 mL). The organic phases were combined, dried over MgSO4

and filtered. After solvent removal under vacuum, the remaining yellow oil crystalized in

the fridge within 4 days. After recrystallization in MeOH the product was obtained as a

colorless powder (8.20 g, 64.6 %).
1H NMR (300 MHz, CDCl3, δ): 8.27 (t, J = 1.5 Hz, 1H), 8.03 (t, J = 1.5 Hz, 2H), 1.34 (s,

24H), 1.32-1.25 (m, 4H), 0.87 (t, J = 6.8 Hz, 3H), 0.81-0.74 (m, 2H), 0.28 (s, 6H) ppm.
13C NMR (75 MHz, CDCl3, δ): 142.79, 141.88, 137.81, 83.64, 26.49, 26.10, 24.84, 15.35,

13.77, -2.90 ppm.

HRMS (ESI) m/z: calculated for C24H43B2O4Si [M+H]+ 445.3120, found 445.3114.
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4-(diphenylphosphino)benzonitrile (37)

[169]

P

NC

In a 500 mL Schlenk flask KOH (5.22 g, 93.0 mmol) was suspended in dry DMSO (260

mL) under nitogen atmonsphere for 30 minutes. Diphenylphosphan (9.63 g, 51.7 mmol)

was added and the mixture was stirred at room temperature for 2 hours. After the addition

of 4-Fluorobenzonitrile (6.26 g, 51.7 mmol) the reaction turned orange and was stirred

for additional 30 minutes. The mixture was poured into ice water (250 mL) and and

the precipitated solid was filtered off. After recrystallization from MeOH the product was

obtained as colorless crystals (8.50 g, 57.2 %).
1H NMR (300 MHz, CDCl3, δ): 7.58 (dd, J1 = 8.3 Hz, J2 = 1.5 Hz, 2H), 7.35 (m,

10H)ppm.
13C NMR (75 MHz, CDCl3, δ): 145.10 (d, JC−P = 16.8 Hz), 135.35 (d, JC−P = 10.5 Hz),

134.00 (d, JC−P = 20.3 Hz), 133.46 (d, JC−P = 18.5 Hz), 131.67 (d, JC−P = 6.0 Hz),

129.49, 128.83 (d, JC−P = 7.4 Hz), 118.69, 111.89 ppm.

HRMS (EI) m/z: calculated for C19H14NP [M]+ 287.0864, found 287.0859 calculated for

C12H10P [M-C7H4N]+ 185.0520, found 185.0518.
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4-(diphenylphosphino)benzoic acid (L-AC)

[169]

P

HOOC

In an 250 mL round bottom flask 37 (8.50 g, 29.59 mmol) was suspended in concentrated

HCl(aq.) (100 mL). The mixture was stirred under reflux for 1 hour in a nitrogen atmo-

sphere, which resulted in a clear solution. The crude product was precipitated in ice water

(500 mL), filtered and recrystallized from Methanol (6.50 g, 71.7%).
1H NMR (300 MHz, CDCl3, δ): 8.03 (dd, J1 = 8.3 Hz, J2 = 1.6 Hz, 2H), 7.36 (m,

10H)ppm.
13C NMR (75 MHz, CDCl3, δ): 171.26, 145.40 (d, JC−P = 14.8 Hz), 135.97 (d, JC−P =

10.4 Hz), 134.01 (d, JC−P = 20.1 Hz), 133.16 (d, JC−P = 18.6 Hz), 129.84 (d, JC−P = 6.3

Hz), 129.22, 128.98, 128.72 (d, JC−P = 7.4 Hz) ppm.

HRMS (EI) m/z: calculated for C19H14NP [M]+ 306.0810, found 306.0811 calculated for

C12H10P [M-C7H5O2]+ 185.0520, found 185.0518.

Catalyst Pd(L-AC)3

In a 50 mL Schlenk flask PdCl2 (56 mg, 0.318 mmol) and L-AC (487 mg, 1.59 mmol)

were dissolved in 2.8 mL of DMSO. The suspension was degassed by 5 cycles of vacuum

and nitrogen back-filling. During heating to 150 °C a red solution formed, which after 10

minutes at this temperature was allowed to cool down to 120 °C. After the addition of

hydrazine hydrate (62 µL, 1.27 mmol) the mixture was allowed to cool to room tempera-

ture. Upon addition of 25 mL degassed THF, the catalyst precipitated as yellow crystalline

solid. The crystals were filtered through a Schlenk frit and washed twice with THF. The

catalyst was dried overnight and finally stored in a glovebox.
1H NMR (300 MHz, CDCl3, δ): 7.56 (d, J = 7.9 Hz, 6H), 7.22 (t, J = 6.8 Hz, 6H),

7.02-7.13 (m, 30H).
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Typical procedure for Suzuki Polycondensation

In a 1 L Schlenk flask, a precise amount of 21c (10.028 g, 28.639 mmol) and 1.005 eq. of

27 (9.499 g, 28.782 mmol) were dissolved in a mixture of THF (600 mL) and water (200

mL). 25 mL of saturated K2CO3 (aq.) were added and the biphasic system was degassed

by applying five vacuum and nitrogen back-filling cycles. The catalyst Pd(L2)3 (88.10

mg, 85.93 µmol) was dissolved in THF, which had previously been degassed by three

freeze–pump–thaw cycles. The catalyst suspension was added under nitrogen counter

flow and the resulting mixture was heated to 85 °C for 48 h, during which time a colour-

less precipitate was formed. The reaction was quenched with 150 mL toluene and 100

mL water. As soon as the solid was dissolved, the phases were separated and the organic

phase was washed with 200 mL of saturated NaHCO3 (aq.). To remove the residual Pd,

the organic phase was washed with a solution of 40 mg NaCN dissolved in 100 mL water

by vigorous stirring of the biphasic mixture for 3 h. The phases were again separated and

the organic phase was washed twice with 100 mL of saturate NaHCO3 (aq.) followed by

solvent removal. The residue was dissolved in 70 mL of toluene and the product was pre-

cipitated by dropping this solution in 700 mL of methanol. After filtration the colourless

polymer was dried in a vacuum at 75 °C (7.30 g, 95.7%).

Poly[3-(dimethyl(propyl)silyl)-4’,5 biphenylene] 14a

Si

n

1H NMR (300 MHz, CDCl3, δ): 7.92 (s, 1H), 7.82 (m, 6H), 1.47 (m, 2H), 1.03 (t, J = 6.8

Hz, 3H), 0.89 (s, 2H), 0.40 (s, 6H) ppm.
13C NMR (75 MHz, CDCl3, δ): 141.21, 140.66, 140.62, 131.48, 127.84, 126.65, 18.46,

18.37, 17.52, -2.80 ppm.
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Poly[3-(t-butyl(dimethyl)silyl)-4’,5 biphenylene] 14b

Si

n

1H NMR (300 MHz, CDCl3, δ): 7.93 (s,1H), 7.81 (m, 6H), 1.01 (s, 9H), 0.42 (s, 6H) ppm.

13C NMR (75 MHz, CDCl3, δ): 140.64, 140.38, 135.31, 132.38, 127.86, 126.66, 26.60,

16.99, -6.01 ppm.

Poly[3-(n-butyl(dimethyl)silyl)-4’,5 biphenylene] 14c

Si

n

1H NMR (300 MHz, CDCl3, δ): 7.92 (s,1H), 7.82 (m, 6H), 1.41 (m, 4H), 0.92 (m, 5H),

0.39 (s, 6H) ppm.

13C NMR (75 MHz, CDCl3, δ): 141.22, 140.65, 140.63, 131.48, 127.84, 126.65, 26.57,

26.16, 15.47, 13.81, -2.84 ppm.

Elemental analysis: calculated for (C18H22Si)n: C, 81.14; H, 8.32; Si, 10.54, found: C,

81.31; H, 8.27

Poly[3-dimethyl(octadecyl)silyl)-4’,5 biphenylene] 14d

Si

n
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1H NMR (300 MHz, CDCl3, δ): 7.96 (s,1H), 7.85 (m, 6H), 1.28 (br-s, 32H), 0.92 (m, 5H),

0.43 (s, 6H) ppm.
13C NMR (75 MHz, CDCl3, δ): 141.23, 140.68, 140.64, 131.51, 127.84, 126.63, 33.64,

31.94, 29.72, 29.67, 29.37, 23.97, 22.70, 15.77, 14.13, -2.82 ppm.

Poly[(1,1’:4’,1”-terphenyl)-3-yl(butyl)dimethylsilane] 32

Si

n

1H NMR (300 MHz, CDCl3, δ): 7.92 (s,1H), 7.81 (s, 10H), 1.41 (m, 4H), 0.93 (m, 5H),

0.40 (s, 6H) ppm.
13C NMR (75 MHz, CDCl3, δ): 141.22, 140.60, 139.74, 131.43, 127.85, 127.48, 126.61,

26.58, 26.17, 15.48, 13.81, -2.84 ppm.

Poly[3,3”-bis(butyldimethylsilyl)-1,1’:4’,1”-terphenylene] 33

Si

n

Si

1H NMR (300 MHz, CDCl3, δ): 7.89 (s, 1H), 7.79 (m, 8H), 1.39 (s, 8H), 0.91 (m, 10H),

0.37 (s, 12H) ppm.
13C NMR (75 MHz, CDCl3, δ): 141.62, 141.20, 140.64, 131.84, 131.48, 127.87, 126.99,

26.58, 26.18, 15.46, 13.81, -2.84 ppm.
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12 Polymer processing

Removal of cyclic byproducts

The raw polymer 1c was placed in a Soxhlet apparatus and extracted with hot acetone for

5 d. During the extraction, the partially soluble macrocycles precipitated in the solvent

reservoir. The polymeric material was dried and re-dissolved in toluene (0.1 g mL−1). By

dropwise addition of this solution into acetone (10-fold volume) the linear polymer was

precipitated as a colourless solid. After filtration the material was dried in a vacuum for 3

d at 75 °C.

Film preparation

800 mg of the purified and fractionated polymer were dissolved in 7.20 g of chloroform

(10 % w/w). The viscous solution was filtered into a petri dish (∅ 9 cm) through a plug

of glass wool inside a pipette. The dish was covered and the solution was dried at room

temperature over 4 d. Thereafter, water was added, which helped lifting the film from the

glass dish. The film was removed from the water surface and dried under vacuum at 75 °C

for 5 d and subsequently hot compression moulded at 220 °C and 0.6 MPa pressure. The

resulting films were approximately 100 µm thick. For thicker films, either the amount of

polymer or the diameter of the petri dish was adjusted.

Side chain cleavage from solution

Polymer 14c (100 mg) was dissolved in 15 mL of toluene and heated to 110 °C. After 2 h,

TfOH (2 mL) was added dropwise, which led to the precipitation of a brownish powder.

The mixture was kept at 110 °C for 1 h, and then cooled to room temperature, followed by

the addition of NEt3 (2 mL). Upon addition of methanol (10 mL), the solid was filtered off

and washed with toluene. Polymer 34 was yielded as a brownish solid (30 mg, 52.8%).

Side from polymer films

A 10 wt% solution of TfOH in toluene was prepared in a glass vial and the polymer film

was immersed within. After the desired time (1, 10, 60 min), the film was transferred

into another glass vial containing a 10 wt% NEt3 solution in toluene. After 12 h, the film
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was transferred into another vial with pure toluene, where it was kept for 2 h to remove

residual NEt3. Finally, the sample was placed in a glass dish and dried first at 75 °C and

ambient pressure for 12 h, followed by drying for 5 d at 75 °C under vacuum.
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13 List of abbreviations

13 List of abbreviations

δ = chemical shift (in ppm) used in NMR spectroscopy

λ = wavelength

ν̃ = wavenumber

Ar = aryl

aq. = aqueous

CCD = charge-coupled device

CP/MAS = cross-polarization / magic angle spinning

Da = dalton

DCM = dichloromethane

DSC = differential scanning calorimetry

DIBAL = diisobutylaluminum hydride

DMF = N,N-dimethylformamide

DMSO = dimethyl sulfoxide

DP = Degree of polymerization

eq. = equivalents

EI = electron impact

ESI = electrospray ionization

EtOAc = ethyl acetate

et al. = et alii (=Latin for and others)

FID = flame ionization detector

FT = fourier transform

d = doublet

dd = doublet of doublets

GPC = gel permeation chromatography

IR = infrared

J = spin-spin coupling constant

KOAc = potassium acetate

m = multiplet

M = mol/L

m/z = mass-to-charge ratio
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13 List of abbreviations

MALDI = matrix-assisted laser desorption ionization

MAS = magic angle spinning

MS = mass spectrometry

n-BuLi = n-butyllithium

nm = nanometer

NMR = nuclear magnetic resonance

Pd(dppf)Cl2 = [1,1‘-bis(diphenylphosphino)ferrocene]dichloropalladium(II)

PMMA = polymethylmethacrylat

PmpP = poly(m,p-phenylene)

ppm = parts per million

PS = polystyrene

rt = room temperature

s = singlet

sat. = saturated

SLS = static light scattering

SMCC = Suzuki-Miyaura cross-coupling

SPC = Suzuki polycondensation

t = triplet

TfOH = trifluoromethanesulfonic acid

Tg = glass transition temperature

TGA = thermogravimetric analysis

THF = tetrahydrofuran

TLC = thin layer chromatography

TOF = time of flight

XRD = X-ray diffraction
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