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Chapter 1
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Chapter 1

1.1 Introduction
The relationship between architecture and functionality lies at the heart of all natural
systems, one of the most inspiring examples being the chromophoric arrays found in the
chlorophyll and bacteriochlorophyll photosynthetic systems which are organised in such a
precise manner that the transfer of excitation energy and electrons occurs with a
phenomenally

high

efficiency

over

large

distances.

The

purple

bacteria

Rhodopseudomonas acidophilia which contains a circular antenna complex, named LH2,

[1]

is a perfect example of a system with a clear architecture–function relationship. In the LH2
it is the peptidic alpha helices that fix the chlorophyll chromophores in a precise
[2]

orientation that allows for an efficient energy transfer process. This natural use of a rigid
biomolecular scaffold to organise functional units has inspired many researchers, to mimic
[3]

the positioning of chromophores, using artificial scaffold systems, such as dendrimers ,
supramolecular systems

[4]

or covalent systems.

[5]

Recently, the application of other rigid

scaffolds, such as carbon nanotubes, DNA or helical polymers has extended this approach
to give excellent spatial organisation of chromophores in functional arrays.
This thesis will discuss the use of such rigid polymer scaffolds for the organisation of
metals, metal complexes of functional groups along a defined backbone. In this chapter
we will look further into how architecture can be used to obtain new functional materials
and how they can be used in devices.
Carbon nanotubes (CNTs), which can be envisaged as polymeric carbon arrays, have been
used to immobilise chromophores by grafting them on the nanotube, directly resulting in
a systems that combine the favourable properties of the conducting CNTs, with the optical
properties of the chromophores.

[6]

The disadvantage of this approach is that the scaffold,

although rigid, has no defined structural information built-in and hence the resulting
arrays are more randomly decorated and thus have a less controlled architecture. DNA by
contrast has a very high level of structural information encoded in the polymer, being
built-up from two programmable self-assembled strands based on four basic building
blocks, and can be readily prepared using automated synthesis procedures. The distance
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between two base pairs amounts to 3.3 Å which agrees well with the typical – distance
[7]

in chromophoric arrays. A clear advantage of such systems is the controlled or
(purposefully) random
scaffold.

[9]

[8]

introduction of a variety of chromophoric moieties on the same

Additionally, many systems that employ the DNA scaffold are water soluble,

which allows their application as sensors in biological systems. Although various aspects of
using DNA as a rigid scaffold for chromophore organisation have been touched upon, the
field is still in its infancy. When its main advantage, i.e. the exact programmability of the
building blocks, can be used to its full extent, many exciting applications will certainly
emerge.

Figure 1: Examples of polymers that form helical structures: A) polyisocyanates, B) polysilianes and
C) polyguanidines.

Numerous examples in literature show that synthetic polymers can be readily
functionalised with chromophores. The dynamic character of the polymer main chain,
however, often causes severe disorder in the chromophore architecture, which renders
such systems unsuitable for many optoelectronic applications, for which structural
definition is essential. In synthetic ‘helical polymers’ the chain dynamics are restricted by
the helical structural motive that result in well-defined rigid scaffolds similar in persistence
length to that found for DNA and α-helices in proteins. Such synthetic polymers are
therefore ideal candidates for a controlled organisation of chromophores in side chain
arrays, the helical polymers of choice being polyisocyanates, polysilanes, polyguanidines
and polyisocyanides.
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Polyisocyanates

[10]

(Figure 1A) are characterised by an N-substituted amide repeating unit

and fold in a 83 helical conformations. These resultant helical polymers are dynamic in
nature, as a result of a low inversion barrier. Due to the harsh conditions for the
preparation of the monomer and anionic nature of the polymerisation, there are not
many examples of functionalised polyisocyanates. An azobenzene chromophore could be
introduced in a post-functionalisation approach by the trans-esterification of the methyl
ester resulting in a 30% degree of functionalisation. Despite the incomplete substitution
reaction the optical rotation value showed a tenfold increase, which indicated that the
chromophores experienced the helical environment of the polyisocyanate.
Another class of dynamic helical polymers are polysilanes (Figure 1B).

[11]

Similarly to

polyisocyanates the rigorous reaction conditions in the polysilane synthesis impede the
introduction of various functionalities. Post-functionalisation of the polymer allowed for
the introduction of azobenzene-based chromophores. The chromophore-loaded polymer
showed a three orders increase in photoconductivity compared to simple polysilanes.
[13]

Polyguanidines (Figure 1C)
length.

[14]

[12]

also form very stable helical structures with high persistence

The polymer is obtained by a controlled polymerisation of carbodiimides in the

presence of a titanium(IV) or a copper(II) catalyst

[15]

where the copper catalyst has a

higher tolerance to impurities such as water and air than the titanium catalyst. An
advantage of these polymers is that the functional groups do not hinder the
polymerisation, resulting in a fully covered polymer. For instance, anthracene-decorated
polyguanidines have been used as a chiroptical switch in display technology.

[16]

1.2. Polyisocyanide Materials
An alternative class of stable helical polymers are polyisocyanides,

[17,18]

which allow a

facile introduction of chromophores as a result of the mild polymerisation conditions.
Isocyanides were first polymerised in 1965 in a catalytic system by Millich,
α-phenylethyl isocyanide. Nolte

[20]

[19]

starting from

and co-workers discovered that isocyanides could also

be polymerised with simple nickel (II) salts, such as nickel(II) perchlorate, that polymerises
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the isocyanides in high yields at room temperature. The polymerisation is believed to
proceed via the ’merry-go-round’ mechanism, in which the first step is the formation of a
square-planar nickel complex, as can be seen in Scheme 1. Deming and Novak

[21]

suggested that the mechanism is slightly more complex and probably involves Ni(I).
The polymerisation is initiated when a nucleophile, commonly an amine, attacks one of
the isocyanides coordinated to the nickel centre. This nucleophile coordinates to the
nickel centre (a) and migrates into one of the isocyanides forming a carbene complex (b).
The carbene ligand attacks a neighbouring nickel (II) coordinated isocyanide, forming the
first C-C bond. The resulting vacant site is re-occupied by an isocyanide monomer from the
solution (c). With a chiral bias in the system (from the monomer, the nucleophile or the
solvent) there is a preference for one of the two neighbouring isocyanides, which results
in helices with only the preferred handedness. The helicity results in part from the
repulsive interaction between the nitrogen atoms and the steric repulsion between the
substituents. Therefore the helices of the polyisocyanides are only stable in solution when
the side groups are sufficiently bulky. For less sterically demanding side chains, such as
polyphenylisocyanides, the initially formed helical backbone slowly uncoils after standing
in solution.

[22]

Scheme 1: Merry-go-round mechanism.

[20]
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Cornelissen and co-workers found that when optically active polyisocyanides derived from
dipeptides (alanine-alanine and alanine-glycine) were used (Figure 2A), the helical form is
stabilised as a result of hydrogen bonding arrays between the peptide side groups.

[23]

In case of PIGAOMe (3) and PIAGOMe (4) a methylene group (achiral) is present, instead
of a stereocenter. This methylene group leads to a reduction of the steric interactions and
thereby to a smaller preference for a specific conformation of the side chain.
In LL-PIAAOMe (1) and de LD-PIAAOMe (2) also the sterically demands of the alanine
methyl group stabilise the helix. To accommodate the hydrogen bonding array, the
distance between the amide groups is 4.7 Å in the peptide polyisocyanides. The imine –
imine distance is thought to remain 4.2 Å.
a

a

Figure 2: a) Dipeptide derived polyisocyanides LL-PIAAOMe (1), LD-PIAAOMe (2), L-PIGAOMe (3)and
L-PIAGOMe (4). b) Hydrogen bonding interactions between side chains in L-PIAAOMe.

Initial work on the application of stiff polyisocyanides as chromophoric templates involved
a grafting strategy. The commonly incomplete grafting reaction, however, resulted in
inhomogeneous polymer stacks.

[24]

In addition, the chromophore-functionalised

polyisocyanides lacked structural stability. The discovery of the peptide-based
polyisocyanides offered a significant improvement in the application of the polymers as
macromolecular scaffolds. An additional benefit of these very rigid polymers (persistence
length of ~76 nm) is that they can be synthesised with lengths of hundreds of
nanometres.
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Scheme 2: Polymerisation of a porphyrin functionalised isocyanide with Ni(ClO4)2

Scheme 2 shows the Ni(II) catalysed polymerisation of a porphyrins isocyanide.

[27]

Atomic

Force Microscopy (AFM) measurements showed porphyrin polymers with average lengths
of approximately 100 nm. This corresponds to a degree of polymerisation of ~830. The
UV/Vis absorption spectrum of the polymer changed dramatically in comparison to that of
the monomer (5). The latter displays a Soret band at 421 nm, whereas, in the polymer (6)
this band has disappeared and two new Soret bands are present at 413 and 437 nm. The
absorption at 437 nm is indicative of porphyrin molecules that are arranged as Jst

th

aggregates and is attributed to an offset stacking of the 1 and the 5 porphyrin. The
st

blue-shifted peak is attributed to a combination of interactions between the 1 and the 4
st

th

nd

porphyrin and the 1 and the 2 porphyrin. λ (nm)
The circular dichroism (CD) spectrum of the porphyrin polyisocyanide in CHCl 3 showed a
strong bisignate Cotton effect at 437 nm; its intensity changes reversibly with temperature
th

(Figure 3a). The spectrum signals the presence of chiral interactions between n and
th

(n+4) monomer in a slipped conformation that closely resembles the organisation of
porphyrins in natural antenna systems. Their strong CD spectra are associated with the
energy transfer processes and are ascribed to exciton delocalisation over large distances.
Resonance light scattering (RLS) experiments confirm that upon excitation the excited
state is delocalised over at least 25 porphyrin molecules in one stack; a delocalisation
distance of ~100 Å. Depolarised RLS studies revealed that the slip angle between the first
and the fifth porphyrin amounted to 30° (Figure 3), which results in a helical twist angle of
22° and an overall helical pitch of ~68–71 Å.

7

Chapter 1

α = 30˚

c
a
β = 22˚

b

d

Figure 3: a) circular dichroism spectrum of the porphyrin polyisocyanide. b, c, d) Schematic drawings
of a porphyrin polyisocyanide and the proposed orientation of the chromophores obtained from DLS
and fluorescence anisotropy measurements.

Fluorescence anisotropy studies yielded additional information concerning the orientation
of the porphyrins along the polymer scaffold. Subsequent calculations showed that the
porphyrin moieties are tilted by approximately 25° with respect to the helical axis of the
polyisocyanide. The anisotropy measurements, in combination with the RLS studies,
showed a model architecture in which the chromophores form a four-fold “helterskelter”

[28]

arrangement along the polymer scaffold (Figure 3).

Incorporation of metals in the porphyrin was employed to modify the organisation and
optoelectronic properties of the polymer. Zinc insertion required forceful conditions as a
result of the well-defined organisation of the free-base porphyrin in the polymer stack.
UV-vis experiments indicated a near complete insertion of the metal.

[29]

When this

polymer, decorated with Zn (II) metal ions, is visualised by transmission electron
microscopy (TEM) a network of fibres can be seen without any staining technique
required.
Additionally, these metal-porphyrin arrays are interesting as supramolecular building
block since they can bind axial ligands, such as 1,4-diazabicyclo[2.2.2]octane (DABCO).
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Upon the addition of 0.1 – 0.2 equivalents of the bifunctional ligand to this zinc-decorated
polymer, the CD spectrum changed dramatically. The large effect with even small amounts
of DABCO can be explained by the fact that the porphyrins are covalently bound to the
polymer backbone. In order to bind the DABCO, one of the porphyrins needs to rotate,
which has an influence on the neighbouring porphyrin that need to rotate as well. The
change in CD signal was explained such that the porphyrins substituents are originally in a
left-handed helical organisation, which becomes right-handed upon the addition of
[29]

DABCO.

This is in agreement with the infra-red and CD spectra of the polyisocyanide

backbone which remained unaltered by the addition of DABCO.

The group of Amabilino developed (chiral) electroactive polyisocyanides bearing TTF
(tetrathiafulvalene) derivatives.

[30, 31]

The polymer has three extreme univalent states

(UVSs) and two very wide mixed-valence states (MVSs), which are fully interconvertible
due to fully reversible redox processes (Figure 4). It was shown using CD spectroscopy that
the polymer has, in contrast to the monomer, very surprisingly different chiroptical
properties which are induced by the stereocentre located at ~18 Å from the isocyanide
backbone. The different redox states of the polymer were investigated by cyclic
voltammetry (CV) and UV-Vis spectroscopy. These findings showed that by using a rigid
scaffold, redox systems can be incorporated in a well-defined manner and this allows to
use these polymers as a multistate redox-switchable organic system in molecular
devices.

[31]

More recently, the same group synthesised a related TTF-derivatised

polyisocyanide and based on various spectroscopic techniques concluded that due to the
precise arrangement of the π-electron-rich units, a charge transfer between the TTF
moieties is observed upon oxidation.

[30]

9

Chapter 1

Figure 4: Schematic representation of the redox properties of the TTF unit showing the three
univalent states (UVSs) and the two mixed-valence states (MVSs) and the corresponding colour of
the polymer solutions.

Perylene diimides (PDIs) have unique properties, such as strong absorptivity in the visible
part of the spectrum, high thermal and photochemical stability and high electron
affinity,

[32]

which makes them promising components as n-type semiconductors in organic

photovoltaic cells. To further explore the concept or organising chromophores on rigid
polymer scaffolds, polyisocyanides 7-9 with pendant PDI groups (Figure 5), were explored.
[28, 33, 34, 35, 36]

The combination of the hydrogen bonding arrays together with the additional

π-π stacking interactions of the perylene side groups resulted in very stable helical
polymers. Even when heated, the arrangement of the perylenes stayed intact.
Three polymers were studied that differed in the size of lateral and terminal substituents.
Compared to the PDI monomer, the absorption spectra of the polymers 7 and 8 were
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broadened, red-shifted and the relative intensities had changed, all indicative of strong
chromophore-chromophore interactions. Fluorescence spectroscopy studies showed also
broad, structureless, and red-shifted bands in the emission spectra confirming
aggregation. The emission spectra were concentration independent pointing towards
solely intramolecular stacking.

Figure 5: Chemical structures of polymers 7-9.

Polymer 9 has bulky phenoxy substituents in the perylene bay area, which prevents good
π-π stacking of the PDIs. In contrast 7 and 8 the absorption spectrum of 9 closely
resembles that of its monomer. Also, the emission of 9 gave no evidence for the formation
of excimers, which is consistent with the conclusion that by the introduction of steric bulk,
the degree of chromophore assembly can be fine-tuned.
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Figure 6 Example of a CD spectrum of a polyisocyanide, with the strong postitive Cotton effect
clearly visible at 310 nm.

The CD spectrum of 7 showed several positive Cotton effects in the absorption region of
*

the perylene π-π transitions, besides the Cotton effect around 310 nm, which is typically
assigned to the imines connected to the backbone.
Fluorescence decay measurements revealed the presence of species with a long lifetime
of 19.9 ns -a monomeric perylene typically has one around 4 ns- which further supports
the idea that emission from this polymer is through an excimer species.
A combination of confocal fluorescence microscopy and AFM made it possible to
distinguish two species obtained from the polymerisation reaction: ill-defined oligomeric
species and well-defined polymeric species (Figure 7).

[33]

The oligomeric species (green

arrow) could not be visualised by AFM since they are too short. They display monomerlike fluorescence. The polymer species (red arrow) have a well-defined rigid structure and
could be visualised as independent fibres with AFM. These longer fibres were found to
primarily exhibit excimer emission. It could be concluded from these experiments that
upon excitation of the longer rods, the emission is moved along the isoelectronic perylene
array and is quenched at perylene dimer sites, which results in excimer-like emission.
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2

a

2

b

1
1

c

d

Figure 7: a) confocal fluorescence and b) AFM image from the same area of a solution of perylene
polyisocyanide spin-coated on glass, the white circles show the position of the polymer species; c)
corresponding fluorescence intensity trajectory for an emitting species, with and without
topographic features in AFM; d) Idem for emission spectra.

The absence of a bulky tail (polymer 7) renders the polymers insoluble, however polymer
8 showed a combination of good processability with desired electronic properties.
Extensive dynamic, molecular modelling studies,

[37]

suggest that the most probable

conformation for the helical arrays in solution and in the solid state is the architecture
depicted in Figure 8b. This model combined with the observed spectroscopic properties,
indicated that polymer 8 is an ideal system for electron or energy transfer. This hypothesis
was further strengthened by transient absorption spectroscopy studies, which indicated
extremely rapid exciton migration rates and high charge densities. The modelled
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architecture as depicted in Figure 8b shows the calculated PDI ordering, which accounts
for all the physical observations (UV-Vis and CD) observed.
a

b

c

Figure 8: Top-view of the low energy conformations of the perylene polyisocyanide with the relative
orientation of the perylene molecules. In 6b, the calculated spectra overlap best with the
experimental spectra. (Figures reproduced from ref 37)

1.3.1. Perylene polyisocyanides in devices
Perylene polyisocyanide 8 has shown to be a macromolecular system with high rigidity,
good processability and the capacity to generate and transport charges, and thus is
potentially an ideal candidate for photovoltaic devices. These devices were prepared from
a mixture of the perylene polyisocyanide (8) as the n-type material and poly(3hexylthiophene) (P3HT) as the p-type material. Solutions of different donor-acceptor
ratios were spin coated on an indium tin oxide (ITO)/ polyethylenedioxythiophene:
polystyrenesulfonate (PEDOT:PSS) electrode, after which an electrode of lithium fluoride
and aluminium was deposited on top. The best performance was obtained for the thin film
with a 1:1 ratio.

[35]

This device gave an external quantum efficiency (EQE) of 8.2 % at 500

nm. Although the overall efficiency of ~0.2% is far from the state-of-the-art for organic
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solar cells, there was a 20-fold efficiency improvement for the thin film when the polymer
was used instead of the monomeric species. This improvement in efficiency is probably
because the polymeric backbone hinders the formation of crystals, which increases the
interpenetration of P-PDI and P3HT, favourable for efficient charge separation between
the donor and acceptor. Also the linear structure of the P-PDI wires is expected to
preserve the percolation continuity of the electron accepting phase, forming a continuous
network and thus decreasing the presence of dead ends and bottlenecks.
In order to visualise the relationship between the architecture and the photovoltaic
efficiency, AFM and Kelvin Probe Force Microscopy (KPFM)

[38]

measurements were carried

out on polymer films (Figure 9). This allowed the direct visualisation of the photovoltaic
activity occurring in polymeric bundles of electron-accepting PDI wires and bundles of
electron-donating P3HT chains with true nanoscale spatial resolution.

2 m

2 m

Figure 9: AFM (top left) and KPFM (top right) images of perylene polyisocyanide/P3HT films spincoated on PEDOT:PSS. Time trace of the surface potential (bottom) under illuminated (white
background) and dark conditions (gray background).
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Thick layers of P-PDI/P3HT were spin coated on PEDOT:PSS and were measured with AFM
revealing a surface consisting of intertwined yet elongated bundles of fibres with cross
sections of ~200 nm. The corresponding KPFM image showed that when the sample was
illuminated with white light the blend has a significant photovoltaic activity, with the
average surface potential (SP) becoming more negative. The change in the average SP as
the illumination was turned on and off is shown in Figure 9.

Figure 10: (a) AFM image of an ultrathin blend of P-PDI 8 and P3HT deposited on silicon. (c, e)
Surface potential images of the same area as in (a), under (c) no illumination and (e) illumination
-2
with white light (~60 mW cm ). (b, d, f) Measured profiles obtained by tracing the arbitrary lines in
the corresponding images (a), (c) and (e).

Submonolayer-thick films of donor/acceptor blends were made to gain more insight into
the process of charge separation at the nanoscale level. Figure 10 shows the results for
ultrathin blends of P-PDI with P3HT. The thick fibres have an average width of 190 ± 50 nm
and a height of 17 ± 4 nm and the thin fibres have an average width of 70 ± 24 nm and a
height of 3.5 ± 1.0 nm, both are much larger than either of the polymers diameter
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suggesting that they are composed of bundled polymer chains. When measuring these
bundles with KPFM a clear difference in contrast can be seen. The SP of the thick bundles
appears much more negative (darker in the image) and the thin bundles appear more
positive than the silicon substrate. These differences indicate that the thick fibres are
composed of electron-accepting 8 and the thin fibres of electron-donating P3HT. The
results also show that 8 and P3HT form effectively phase-separated yet interdigitated
architectures on a hundred nanometre scale, resulting in a high contact area between the
materials and defined percolation paths for the charges.
Results from monomeric-PDI/P3HT blends showed that the difference between the two
phases with the light off was much smaller than when 8 was used. The KPFM images of
these blends also show that a part of the monomeric-PDI cluster that interfaces the P3HT
has a higher negative charge, while the other part of the same cluster has a lower charge,
indicating that the charges generated at the M-PDI/P3HT interface, do not diffuse very far
from the accepter-donor interface.

1.3.2. TFT devices
Polyisocyanides with the perylene 8, the bulky perylene 9 and a model polyisocyanide
without the perylene chromophore (1) were used as the active layer of a transistor.

[36]

Thin Film Transistor (TFT) measurements with the polyisocyanides with the perylene
functionality showed that these films had a much better transconductance than 1.
Working transistors with very low n-type mobilities were obtained for 9, because the
sterically hindered perylenes prevented the required chromophore-chromophore
-6

interactions. As expected, 8 gave the best results with mobilities between 10 and 10

-5

2 -1 -1

cm V s .

17

Chapter 1

Figure 11: logarithmic plot of linear-regime mobility as a function of reciprocal temperature for 8
TFTs (the cycle was down from 360K to 210K [crosses], then back up from 210K to 360K [pluses])
and also for 9 TFTs (circles). The lines of best-fit assume a simple Arrhenius behaviour, yielding low
temperature activation energies of e ≈ 200 meV in the case of 8 and e ≈ 100 meV for 9.

The charge can be transported by two mechanisms: intra-chain hopping (along the
backbone) and inter-chain hopping (to adjacent polymers). To understand the relative
contributions of these processes, the carrier mobility as a function of temperature was
studied. Significant differences were observed in the Arrhenius plots of the field-effect
mobilities for 8 and 9. In the case of 8, two distinct regimes of temperature dependence
are observed. At low temperature activation energy of ~200 meV is observed, whereas at
higher temperature a rapid increase in mobility with temperature was measured (~2
orders of magnitude between room temperature and T = 360 K), albeit with some
hysteresis between the upward and downward sweep. By contrast, in the case of 9, only a
single non-hysteretic activation process with a characteristic energy of around 100 meV
could be observed. Qualitatively, the temperature dependence in the mobility of 8 at low
temperature is broadly consistent with variable-range transport phenomena,

[39]

where

long-range tunnelling over small energy barriers (intra-chain) predominates. An activated
hopping mechanism over larger energy barriers (inter-chain) is significant at higher
temperatures. It has been speculated that the hysteresis may be due to the partial
unwinding and rewinding of the polyisocyanide helix with temperature, leading to some
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small changes in the conformal arrangement of adjacent chains. A measured mobility of
-3

2 -1 -1

order 10 cm V s is reached at 360 K, which indicates that the mobilities for purely intrachain transport will be significantly larger than those in the present case where inter-chain
hopping is a limiting factor.

1.3.3. Morphology control in perylene/crystal systems
Although the well-defined polyisocyanide chromophoric systems have promising
characteristics when arranged in their helical environments the absolute value for their
mobilities remain small compared to single crystal devices. Typical devices, however, are
based on nanocrystalline or microcrystalline layers. In these systems the interface
between different crystals act as a bottleneck for charge transport. To improve contact
between monomeric PDI nanocrystals, the perylene polyisocyanide could be used as a
kind of bridge.

[40]

When 8 and monomeric PDI are used together in a blend, three different

outcomes are anticipated (Figure 12).

Figure 12: Possible outcomes of 8 / monomeric PDI blends.

When the monomer and polymer do not interact with each other, a simple
superimposition of the individual deposition patterns will be visible (a). Alternatively, the
monomer self-assembles in large crystal domains and the polymer adapts its
conformation to this morphology, connecting to one or more monomer crystals (b). The
last possible outcome is that the monomers are forced to crystallise on the polymer
network (c). These different morphologies can be obtained by changing the deposition
conditions, such as the solvent and the substrate. When CHCl3 is used as solvent and mica
as substrate, the monomeric PDI and 8 do not influence each other’s morphology. The
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nanocrystals rule the morphology when THF is used as the solvent and Si/SiO x as
substrate. And when THF and mica are used, the polymer is first absorbed on the surface
with the M-PDI crystallizing on these chains. This is also the case when the polymer is
deposited from THF on Si/SiOx, followed by the deposition of the monomer.
c

b

a

Figure 13: AFM images of 8 and monomeric PDI deposited a) from CHCl3 on mica b) from THF on
[35]
Si/SiOx c) 8 from THF, followed by monomeric PDI from MeOH on Si/SiOx.

1.4. Post-modification of polyisocyanopeptides
Although promising candidates for electron transfer, the syntheses of 7–9 are demanding
and laborious. A modular post-modification method to the polyisocyanide backbone
would be favourable, if only the grafting reactions could be guaranteed to proceed
completely. An efficient method based on click-chemistry

[41,42]

was recently developed.

A peptide polymer scaffold containing a terminal acetylene functionality (10, Scheme 3),
was coupled to dodecyl azide to demonstrate the potential of the postmodification
approach.

[43]

Analysis by NMR and IR spectroscopy as well as AFM showed complete

conversion of the acetylene moieties. The wide variety of azides available could give rise
to the accessibility of a vast array of functionalised polymers with varying properties.
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Scheme 3: Polyisocyanide containing an acetylene functionality.

When an azide-functionalised perylene was grafted onto 10, its absorption spectrum
showed the same features as the perylene polyisocyanide 8.

[44]

Also the fluorescence-

spectrum showed the red-shifted peak, consistent with the formation of an excimer-like
species (Figure 14). However comparing this peak with the same peak in the spectrum of
8, it has a much lower intensity and also monomer emission is observed. These differences
with 8 are likely due to minor defects in the grafting reaction of the azide onto the
polymers. The CD spectrum of the clicked polymer shows the typical peak for the imines
around 310 nm, but does not exhibit any effect reminiscent of that observed for 8 in the
region of 450 to 550 nm. This absence of signal may be due to increased distance between
the chiral backbone and the chromophore. This reduced definition in ordering of the
perylenes may also be responsible for the difference in fluorescence.
The click-approach is suitable to introduce different functional groups on the polymer
scaffolds. This was demonstrated when random copolymers were prepared by co-clicking
perylene azides and ethylene glycol azides to 10. This approach yielded, for the first time,
chromophoric water-soluble peptide polyisocyanides, which exhibited the same CD
spectrum in water as in dichloromethane. For a sample containing minimal amounts of
perylene, only monomer-like emission was observed in fluorescence experiments.
Increasing the perylene fraction, first increases the intensity of the monomer emission.
However, after increasing the perylene content further, excimer emission is starting to
dominate (Figure 14).
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Figure 14: UV-Vis and fluorescence spectra of randomly clicked polymers (with an increasing
percentage of perylene) in CH2Cl2.

Even more complex systems are feasible when multiple chromophores are grafted
simultaneously. For instance copolymers based on a coumarin dye and a perylene dye
were formed in which the absorption and emission from both chromophores could be
seen. Interactions between the chromophores in close proximity were observed,
evidenced by a quenched and blue-shifted emission of the coumarin dyes. This shows that
two different chromophores can now be readily incorporated into the polymers and opens
the way to polymeric materials with tuneable properties.
Another approach which can be used for postmodification of the polyisocyanide is the
incorporation of a cysteine molecule, which is shown by le Gac et al.

[45]

, using thio-specific

reactions to incorporate the functionalities (see Scheme 4)
The post-modification of polyisocyanides in which rigid polymer chains are used as
scaffolds in order to control the position of dyes within a macromolecular structure allows
for the construction of a whole class of stiff, chromophore-appended nanowires. The
rigidity of the wire on the nanometre scale, the linker flexibility and the stacking of the dye
molecules on the molecular level can be adjusted by chemical modification and therefore
allows for a readily accessible preparation route towards novel materials. Recently,
polyisocyanides were even functionalised with biomolecules, expanding the application
field from molecular electronics to therapeutics.
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Scheme 4: Post-modification of cysteine-functionalised polyisocyanides.

1.5. Towards larger length scales: polyisocyanopeptides
brushes
For application of the helical polymers in actual devices, the precise organisation of the
chromophores in arrays is a prerequisite but not sufficient. Also, their organisation at
much larger length scales, typically micrometres, needs to be controlled. A way to control
the morphology on a macroscopic scale is to grow polyisocyanides from a surface. These
brushes have several advantages over conventionally processed polymers. By tethering
the polymers to the surface at high grafting densities the chains are forced to stretch away
from the surface resulting in unidirectional alignment. Besides the higher grafting
densities that are obtained, the alignment of the polymer will result in improved charge or
energy transport properties. For responsive polymers sensitive to changes in pH, salt
concentration, temperature and solvent conditions, this will give rise to a unidirectional
response. Moreover, conventional patterning techniques allow for more complex spatially
controlled surface morphologies.
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Polyisocyanide brushes can be grown from the surface by anchoring the catalyst to the
surface.

[47]

Two strategies can be followed, the first one is to immobilise (tBuNC)4Ni(ClO4)2

on an amino-terminated monolayer. The second uses presynthesised triethoxysilane Ni(II)
complex to form the activated Ni-functionalised monolayers in a single step (Scheme 5).
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Scheme 5: Functionalizing the surface with a nickel catalyst and an AFM image of the obtained
surface morphology.

The first method results in the formation of rather thin brushes. This, tentatively, is
attributed to the challenging formation of high-quality 3-aminopropyltrimethoxysilane
(APTS) self-assembled monolayers, causing an insufficient surface density of the Ni(II)
catalyst to provide efficient brush growth. Using the second method, brushes up to 200
nm could be grown in three hours. The surface growth could readily be controlled by
changing the polymerisation time as well as the monomer concentration. The high
tolerance to impurities, oxygen and water is an additional advantage of the procedure.
Analysing these brushes with CD spectroscopy showed the characteristic strong positive
Cotton effect centred at 315 nm and IR spectroscopy showed the same peaks as for the
corresponding bulk polymer, implying that the stabilised well-defined helices are formed.
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The polyisocyanide brushes could serve as a rigid and well-aligned backbone for functional
polymer thin films. Isocyanides containing electroactive groups, such as carbazole, have
been prepared for the use in field effect transistors (FETs) and photovoltaic devices.
Alternatively the modular concept of click-chemistry can be applied: in the first step the
(patterned) surface is functionalised with the catalyst, which is used to grow the azide or
acetylene functionalised polyisocyanide. In the final step one or more desired
chromophores can be attached to the rigid helical scaffold.

1.6. Outline of the thesis
The aim of the research described in this thesis is to further investigate whether the rigid
polymers with their defined architecture can be functionalised such that they can act as
electro conduction nanowires. Chapter 2 discusses the metal complexation of
polyguanidine scaffolds. Metal complexation would be possible to the nitrogen atoms in
the backbone of the polymer. A similar approach is described in chapter 3, the only
difference being that not the polyguanidine is used as scaffold, but that the polymer of
choice is a polyisocyanide.
A different approach to obtain polymers combining the scaffolding properties with the
optical properties of iridium complexes will be described in chapter 4. The metal
chromophore is attached to the periphery of the polymer. Where iridium complexes are
highly interesting for their use in organic light emitting diodes (OLED) devices, another
option is the arrangement of fullerene molecules along the backbone for their use in
photovoltaic devices. The synthesis of such polymers is the focus of chapter 5. Chapter 6
takes the organisation one step further, in which the functionalisation of the side groups
of the polyisocyanide is combined with block copolymerisation, which can lead to selforganisation.
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Chapter 2

2.1 Introduction
As was described in Chapter 1, polymers with a defined architecture are very interesting
as building blocks in molecular devices. Complexation of metals that use this architecture
as a scaffold can result in a defined and aligned array of metals ions along which energy or
electron transport is possible. The combination of organic molecules and ions to generate
high structural definition was already demonstrated in, for instance, coordination
[1]

polymers

or alternatively in materials wherein the entire polymer backbone acts as a

ligand for metal binding. The use of a scaffold for metal binding through ligands will be
described in Chapter 4 of this thesis.
Very little is known of systems where the entire backbone acts as a ligand, or better, as an
array of ligands that can bind multiple metal ions. A polymer that can be used in such
study should have a well-defined structure and possess binding sites along its backbone.
This chapter studies the use of polyguanidines as backbone ligand, whereas Chapter 3
focuses on polyisocyanides as ion binding scaffold.
[2]

Polyguanidines

(or more appropriately named polycarbodiimides) form stiff helical

polymers, and possess N-atoms in the backbone that are available as metal-binding sites.
Metal coordination at these sites can yield different structures: a) where the polymer
structure stays intact and the metal atoms simply coordinate to the helical polymer; or b)
where metal coordination forces an alternative conformation of the polymer backbone.
This chapter will discuss the preparation and properties of rigid nanowires, based on
polyguanidine backbones.

2.1.1 Polyguanidines
Polyguanidines, investigated by Novak and coworkers
polyisocyanates

[4]

combine the persistence length of

(600 Å) with a helix inversion barrier that is comparable to that of the
[5]

standard polyisocyanides (≥27 kcal/mol).
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Figure 1: Structure of different polymers and their corresponding monomers: polyisocyanides (lefts),
polyisocyanates (middle) and polyguanidines (right).

Polyguanidines have been synthesised previously, but only in low molecular weight and in
low yields using ill-defined, non-living polymerisation techniques.

[6]

In isocyanate

polymerisations Novak and co-workers already found that by covalently binding the
propagating amide end group to an organotitanium centre, the unwanted side-reactions
were eliminated.

[7]

In an analogous approach, polyguanidines were obtained by a

controlled polymerisation of carbodiimides, where a copper(II) catalyst

[8,9]

has a higher

tolerance to impurities such as water and air than the titanium catalyst.

Scheme 1: Polyguanidine polymerisation mechanism.

Polyguanidine polymerisation, outlined in Scheme 1, is initiated by insertion of the
monomer into the Ti-N(Me)2 bond to form an intermediate amidinate complex.
Propagation then proceeds through monomer insertions into the metal-amidinate bond,
resulting in a 61 (6 repeating units per turn) helical polyguanidine. All steps are reversible
and to shift the equilibrium to the side of the polymer, the reactions need to be
performed in a minimum amount of solvent or in bulk. The polymerisation is living,
meaning that chain growth polymerisation proceeds in the absence of chain termination
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or chain transfer. As a result, a very narrow molar mass distribution can be obtained. In
their work, Novak and co-workers made well-defined polymers and investigated the
chiroptical switching properties of the helix formed by the polyguanidines.

[10]

The polyguanidine N=C-N-C=N skeleton of the backbone may also act as a ligand. The
chemistry of the ligation can be compared to common transition metal ligands as
triazapentadienyl or bipyridine. The triazapentadienyl ligand can coordinate to metals
such as lithium, copper, nickel, silver, iridium, palladium, mercury, etc.

[11]

(Scheme 2).

Scheme 2: Metal-coordinated triazapentadienyl ligand vs metal-coordinated polyguanidines.

The polyguanidine is different from the triazapentadienyl ligand, since the polymer
3

contains a sp hybridised nitrogen. The polymer can also act like the σ donating bidentate
ligand 2,2’-bipyridine, which has been extensively investigated in organometallic
chemistry.

[12]

An example is illustrated in Scheme 3.

Scheme 3: Palladium coordination to bipyridine.

The ligand properties of the helical polyguanidines will differ from bipyridine in both
geometric and electronic aspects. The donating nitrogen atoms of the polymer backbone
will be more sterically hindered than the two nitrogen atoms of bipyridine, depending on
the substituents of the polymer and the ligands of the incoming metal complex. The bite
angle of the almost linear bipyridine is more accessible for incoming metal complexes than
the bite angle of the helical polymer, making a substituted polyguanidine a weaker σ
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donating ligand than bipyridine. Keeping these differences in mind, several synthetic
routes for coordination of transition metal complexes to bipyridine could also be used for
coordination of the metals to the polyguanidines.
Upon coordination, the polyguanidine backbone is expected to become -delocalised,
resulting in a semi-conducting polymer backbone. The guanidine backbone probably acts
like a σ donating ligand, because of the lone pairs of the nitrogen atoms. Transition metal
complexes will be suitable electron accepting compounds, because of their partly filled dorbitals of the metal centres. As shown in Scheme 4, the C=N nitrogens are expected to
donate their lone pair electrons to the metal centre in a bidentate fashion. The C-N
nitrogens in the backbone are not expected to have great influence on the metal
coordination.

Scheme 4: Expected π-delocalised polyguanidine-backbone.

The helical geometry of the backbone could force the metal centres in close proximity,
thereby enabling their orbitals to overlap. Electrons and/or exited states will then be able
to migrate along the polymer backbone in a hopping mechanism from metal to metal
centre (Figure 2).
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Figure 2: Electron hopping from metal to metal centre.

2.2 Metal-coordinating polyguanidines
2.2.1 Carbodiimides
Carbodiimides are the main building blocks used for polyguanidines synthesis. They are
one of the several classes of unsaturated compounds with twinned double bonds, like
isocyanates and allenes. Preparation of the carbodiimides (aliphatic or aromatic) can be
done by three synthetic pathways (Scheme 5), starting from the corresponding ureas or
thioureas, or synthesised catalytically by reaction of the corresponding isocyanate with a
polystyrene diphenylarsine oxide catalyst.

[13]

Scheme 5: Synthetic routes for carbodiimides synthesis.

Aliphatic carbodiimides and some aromatic carbodiimides are liquids at room temperature
and can be readily purified by distillation.

[14]

Their stability depends on the substituents. A

study of a large number of aliphatic carbodiimides has shown that an increase in the chain
length of the alkyl substituents has only a small stabilizing effect. The carbodiimide
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becomes more sterically encumbered by increasing the branching of the alkyl tails,
resulting in a further increase in stability.

[14]

Aromatic carbodiimides also vary in stability. N,N’-diphenylcarbodiimide, a clear oil when
freshly distilled, still decomposes after some days in argon atmospheres forming a solid
paste, while N,N’-di-m-tolylcarbodiimide is stable for months.

[14]

The most common

known decomposition products are ureas, formed by reaction with water. Other side
reactions are the formation of traces of isocyanates, guanidines and oligomers.

[14]

In this work both aliphatic and aromatic monomers have been synthesised, with the
aromatic polyguanidines expected to form stiff, rigid-rod polymers due to the additional  interactions between the aromatic rings. The behaviour and stiffness of the aliphatic
polymers is expected to mainly depend on the length and the branching of the alkyl tails.

2.2.2. Aromatic carbodiimides
N,N’-Diphenylcarbodiimide (1), N,N’-di-m-tolylcarbodiimide (2) were synthesised from
their corresponding isocyanates, using polystyrene triphenylarsine oxide (I) as catalyst
(Scheme 6).

13

Scheme 6: Synthesis of aromatic carbodiimides by heterogeneous catalysis.

The conversion from the isocyanates to the corresponding carbodiimides is a
heterogeneously catalysed reaction. When PS-AsPh2O was added to the isocyanate
mixture, a vigorous reaction occurred with evolution of CO2, indicating the progress of the
reaction.

Scheme 7 shows a possible mechanistic explanation for the carbodiimide synthesis
described above, starting with a [2+2] cycloaddition, yielding a four-membered ring. In a
second step, the unstable four-membered ring rearranges so that an intermediate was
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formed, along with carbon dioxide. Another [2+2] cycloaddition resulted in another fourmembered ring. This ring rearranged to give the carbodiimide, with regeneration of the
catalyst.

Scheme 7: Mechanistic explanation for carbodiimides synthesis with PS-triphenylarseneoxide
catalyst.

Typically, the reaction mixture was refluxed for 24 hours, because of the expected slow
formation of the second intermediate. The immobilised catalyst was readily removed by
filtration. Distillation under reduced pressure yielded compounds 1 and 2 as clear oils.

2.2.3 Aliphatic carbodiimides
Besides aromatic carbodiimides also aliphatic monomers were prepared. In a first
approach it was tried to combine the aliphatic spacer with an aromatic functional group,
the benzylic N,N’-dibenzylcarbodiimide (3). The carbodiimide was prepared in the same
way as the aromatic carbodiimides, but in the synthesis of 3 no CO2 evolution was
observed, probably due to β-elimination. Subsequent gas chromatography analysis
showed that no conversion took place, indicating that the catalyst is only reactive for a
limited number of aromatic isocyanate substituents.
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Scheme 8: Synthesis of a benzylic carbodiimide by heterogeneous catalysis.

In another approach, N,N’-di-n-butylcarbodiimide (5) was synthesised from its
corresponding urea (4), which was synthesised from commercially available n-butylamine
and n-butylisocyanate (Scheme 9).

[8]

The carbodiimide was prepared by reacting urea 4 with triphenylphosphine dibromide in
the presence of triethylamine, which acts as a base to capture the formed hydrogen
bromide.

Scheme 9: Urea and carbodiimides synthesis with PPh3Br2.

Scheme 10 shows a possible mechanistic explanation for the synthesis of the
carbodiimide. First the phosphine coordinates to the carbonyl of the urea, after which a
proton of one of the nitrogen atoms is abstracted, which results in the intermediate. The
other nitrogen is also deprotonated, giving triphenylphosphine oxide and the desired
carbodiimide.

Scheme 10: Proposed mechanistic explanation for carbodiimides synthesis.
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After work-up, the product still contained triphenylphosphine oxide. Attempts to remove
this oxide by precipitation and column chromatography yielded only decomposition of the
product. Because of these purification problems, another synthetic route

[9]

was used for

the synthesis of aliphatic carbodiimides.
N,N’-Di-n-butylcarbodiimide (5) and N,N’-di-n-octylcarbodiimide (8) were both synthesised
from their corresponding thioureas 6 and 7. A solution of the thiourea with an excess of
mercury(II)oxide in acetone, was refluxed for several hours. The reaction yielded the
carbodiimide and mercury(II)sulfide. Distillation under reduced pressure yielded
compounds 5 and 8 as clear oils.

Scheme 11: Thiourea synthesis and monomer synthesis with HgO.
Route

Product

1

Urea / PS-AsPh2=O
2

3
Urea / PPh3Br2
Thio urea / HgO
Thio urea / HgO

5

8

Table 1: Routes used to synthesise the carbodiimides discussed in this chapter.
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2.2.4 Polymerisation of the carbodiimides
Helical polyguanidines are commonly synthesised by living polymerisation of
carbodiimides initiated by an organotitanium(IV) pro-catalyst.

[1,15]

The conversion and the

molar mass distribution of the polymer product depends on the concentration of
monomer solution and the catalytic activity of the catalyst. Products with a low
polydispersity index can be obtained by using the carbodiimide monomers at their highest
concentration: as pure liquids. Small impurities in monomer, pro-catalyst or solvent will
drastically decrease the catalytic activity and terminate the polymerisation in an early
stage, yielding polymers with shorter chain lengths.
Several organotitanium(IV) catalysts are described in the literature.

[1,5,11]

Two of these

complexes, bischloro-5-cyclopentadienyl-dimethylamidinate titanium(IV) (9) and N,N’bis(trimethylsilyl)benzamidinato titanium(IV) (12), have been synthesised under Schlenk
conditions and were used for polymerisation of the previously described aromatic and
aliphatic carbodiimides.

Figure 3: Organotitanium(IV) pro-catalysts.

The activity of the organotitanium(IV) pro-catalyst is largely determined by the steric
demands of the monomer; larger substituents inhibit or prevent polymerisation. The
catalytic activity is also influenced by the ligands and Lewis acidity of the catalyst. The 5cyclopentadienyl ligand of 9, decreases the Lewis acidity of the titanium centre and
increases the steric encumbrance around the metal centre, resulting in a lower catalytic
activity. The complex is stabilised by σ donation from the amidinate ligand. The metal
centre of 12 is less sterically hindered and is stabilised by σ donation from the
benzenecarboximidamide ligand. Pro-catalyst 12 has shown to give the highest catalytic
activity.

[1]
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Scheme 12: Polymerisation of carbodiimide monomers with pro-catalysts 9 and 12.

The structure of the in-situ generated initiator depends on the ligand of the catalysts. The
polymerisation products will have an amidinate end group when catalyst 9 is used and a
benzenecarboximidamide end group when catalyst 12 is used. The polymerisation is
quenched by addition of a methanol/toluene mixture. Methanol removes the living
titanium centre from the backbone and protonates the polymer end group (Scheme 12).

[6]

2.2.5 Polymerisation of aromatic carbodiimides
N,N’-Di-m-tolylcarbodiimide (2) was polymerised (neat) with catalyst 9 (12.5 :1) and
catalyst 12 (500:1) at room temperature, yielding a white-yellow solid, moderately soluble
1

in acetone. The products were characterised with H-NMR showing sharp signals,
indicating that only short oligomers were formed.
The influence of the monomer-to-initiator ratio on the polymer chain length was
investigated by polymerizing freshly distilled monomer 1 with different equivalents of
catalyst 9. To keep the monomer concentration as high as possible, no solvents were
1

introduced during the polymerisation reactions. Figure 4 shows the H-NMR spectra of the
synthesised products.
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12.5: 1

100: 1

200: 1

Figure 4: N,N’-Diphenylcarbodiimide polymerisation products with different monomer-to-initiator
ratios. The chloroform peak is only observed in the 200:1 spectrum at 7.26 ppm.

Both starting and end group signals are still clearly visible in the 1:12.5 and the 1:100 NMR
spectra, indicating low molar weight compounds were synthesised. The chemical shifts
and integral values show that polymerisation of N,N’-diphenylcarbodiimide with
1

monomer-to-initiator ratio 12.5:1 and 100:1 yielded the same products. The H-NMR
spectrum of the 200:1 product shows very broad signals, which is characteristic for
polymers. The molar mass distributions of the products could not be determined by GPC,
because the products interacted too strongly with the GPC column. The molar mass
distribution of the 200:1 product was investigated with MALDI-TOF (Figure 5).

[16]

The spectrum in Figure 5 indicates that the synthesised N,N’-diphenylcarbodiimide
polymerisation product contains phenylguanidine trimers (n = 3, m/z = 627.31).
Tetrameric fragments (n = 4, m/z = 821.40) and lower molecular weight fragments with n
< 3 are also observed.

[16]

NB. We frequently observe M+14 peaks in the nitrogen-rich

1

compounds. From the H-NMR and MALDI-TOF data can be concluded that polymerisation
of N,N’-diphenylcarbodiimide with pro-catalyst 9 yielded at least oligoguanidines, it must
be realised that higher molecular weight polymers do not ionise as easily in the MALDITOF.
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calculated

Fragment

m/z

(n = 4)

821.40 (+ 14)

(n = 3)

627.31 (+ 14)

(n = 3)

627.31

(n = 3) –NMe2

583.26

(n = 3) -NHPh

535.26

Figure 5: Molar mass distribution of the 200:1 polymerisation product, determined with MALDI-TOF.
1

Polymerisation of freshly distilled 1 with pro-catalyst 12 ( /600 equiv.) in dry toluene gave a
white solid product, insoluble in most common organic solvent. Due to this insolubility this
13

product was only characterised by solid state C-NMR (Figure 6).
The measured
Novak.

[17]

13

C-NMR spectrum is almost similar to the spectrum as published by

The insolubility of the product and the similarity with the literature, indicate

that a phenylguanidine polymer was synthesised. The insolubility of the polymer makes
this product not ideal for metal coordination.

13

Figure 6: Solid state C-NMR polyphenylguanidine (spinning side bands indicated with an asterisk).
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2.2.6 Polymerisation of aliphatic carbodiimides
Aliphatic polyguanidines, in contrast to aromatic ones, are not stabilised by π-π
interactions and are therefore expected to have a higher solubility in organic solvents.
1

N,N’-Di-n-butylcarbodiimide (5) was polymerised with catalyst 12 ( /700 equiv.) in toluene,
yielding a white solid product. The product, moderately soluble in benzene and toluene,
1

13

was characterised with H-NMR (Figure 7) and solid state C-NMR (Figure 8).

polymer
monomer

1

Figure 7: H-NMR spectra of N,N’-di-n-butylcarbodiimide and polymerisation product.

The polymerisation product shows broad shifted peaks, compared with the sharp peaks of
the carbodiimide spectrum.
E

D

C + C’
B + B’

A

13

Figure 8: Solid state C-NMR of the N,N’-di-n-butylcarbodiimide polymerisation product.
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13

Solid state C-NMR shows the four signals from the n-butyl tail and one signal from the
quaternary backbone carbon.
The molar mass distribution of the product was determined with MALDI-TOF (Figure 9),
this indicates that the synthesised N,N’-di-n-butylcarbodiimide polymerisation product
contains n-butylguanidine from pentamers to nonamers. The measured m/z values of
these fragments are in close agreement with the calculated mass of the oligomer without
the endgroup of the initiator.

N

N
N

N

H
n

Fragment (n)

Calculated m/z

5

924.88

6

1079.03

7

1234.18

8

1388.33

9

1542.48

Figure 9: Molar mass distribution of N,N’-di-n-butylcarbodiimide polymerisation product determined
with MALDI-TOF.
1

13

It can be concluded from the H-NMR, solid state C-NMR and the MALDI-TOF data that
the synthesised N,N’-di-n-butylcarbodiimide polymerisation product is a n-butylguanidine
oligomer, which contains pentamers to nonamers. It is possible that only the low
molecular weight fragments of the polymer were ionised in the MALDI-TOF. Also this
polymer interacted strongly with the GPC column and could not be analysed, therefore
the molar mass distribution of the polymer remains unknown. The chain length and
solubility in both toluene and benzene make the synthesised n-butylguanidine oligomer a
good candidate for metal coordination.
To increase the solubility of the polyguanidines, n-octyl substituents were introduced. This
was done by polymerisation of N,N’-di-n-octylcarbodiimide (8) in toluene with catalyst 12
1

( /700 equiv.), which yielded a white solid. The product, soluble in acetone, chloroform and
1

benzene was characterised with H-NMR (Figure 10).
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polymer
monomer

1

Figure 10: H-NMR spectra of N,N’- di-n-octylcarbodiimide and the polymerisation product.

Figure 10 shows the

1

H-NMR spectra of the N,N’-di-n-octylcarbodiimide and the

polymerisation product. The broad shifted peaks again are suggestive of the formation of
a polymer.

Fragment

calculated m/z
671.68

686.89

799.82

Figure 11: Molar mass distribution of N,N’-di-n-octylcarbodiimide polymerisation product
determined with MALDI-TOF

The molar mass distribution of the synthesised product is shown in Figure 11. The figure
indicates that the synthesised N,N’-di-n-octylcarbodiimide polymerisation product
contains n-octylguanidine trimers (m/z = 799.82) and some low molecular weight
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fragments. Unfortunately, again the GPC measurements, as with the butylpolyguanidines,
failed for this polymerised product.

On this basis, it may be said that the polymerisation reactions yielded primarily oligomers.
Although there has been contact with the group of Novak, the synthesis of the polymers
could not be enhanced. The oligomers with the phenyl and butyl side groups have been
used in the metal-coordination experiments.

2.2.7 Metal coordination of the polyguanidines
In order to have metal coordinated polyguanidines the obtained phenylguanidine
tetramers (18) and oligomers, although low molecular weight, were studied for their
ability to bind metal ions. The initial complex studied was a rhodium complex, due to its
known affinity for imines. The reactive rhodium species was prepared from 19 and silver
tetrafluoroborate (20). After removal of the silver salt by filtration, 18 was added to the
reaction mixture, yielding a yellow solid reaction product (Scheme 13).

Scheme 13: Possible configuration of 21 coordinated to the backbone, yielding 22.
1

Unfortunately, no shifts were observed in the H-NMR (Figure 12) suggesting this reaction
was unsuccessful, yielding only a mixture of both compounds. The unshifted
cyclooctadiene peaks of 21 were also clearly visible in the spectrum of the reaction
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product (indicated with an asterisk). The reaction product was also characterised with
infrared spectroscopy, showing the same C=N vibration for both 18 and reaction product.

1

Figure 12: H-NMR spectrum of phenylguanidine tetramer (lower) and the reaction product (upper).
The cod signals were labelled with an asterisk (scale in ppm)

It is possible that coordination of 21 to the backbone of 18 is prevented by -
interactions between the phenyl substituents on the polymer. For this reason, the
previously described synthetic route for 22 was repeated with the oligobutylguanidine
mixture (14). Infrared spectroscopy also showed no shift in C=N vibration, indicating a
mixture of uncoordinated oligomer and rhodium(I)complex.

In another experiment the butylguanidine oligomers were used to prevent the side groups
from stacking. And another metal complex was used, bis(1,5-cyclooctadiene)di-iridium(I)
dichloride (13) was added to a toluene solution of oligobutylguanidine (14) and stirred for
two days at room temperature.

Scheme 14: Possible coordination of 13 coordinated to the backbone, yielding 15.
-1

The C=N vibration in the infrared spectrum of 15 closely resembles that of 14, the 2 cm

shift experimentally observed is insignificant compared to the relatively broad peaks of
the spectrum. A possible explanation can be steric hindrance between the butyl tails and
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the 1,5-cyclooctadiene group. Another possibility is that the chlorides of the iridium
complex are poor leaving groups, making coordination to the backbone difficult. This same
synthetic procedure was carried out under reflux conditions, also yielding starting
compounds.
It can be concluded that the steric hindrance between cod and the substituents from the
oligomer hampers the synthesis of metal-coordinated polymers.

In contrast to bis(1,5-cyclooctadiene)di-iridium(I) dichloride, iridium(III)chloride (16) is not
air sensitive and a less bulky complex. This salt is expected to coordinate to 14, forming a
complex with the oligomer backbone (17) (Scheme 15).

Scheme 15: Possible configuration of IrCl3 coordinated to the oligoguanidine backbone.
-1

Both 14 and the product show a C=N vibration at 1647 cm , indicating again that only
starting compounds were obtained. Maybe also the metal ion is not suitable to form a
complex with the polymer backbone. Another metal ion could be used to form the
polymer complex.
Bis(benzonitrile)palladium(II) chloride (23) could be this other appropriate metal complex
for coordination to the backbone of the oligoguanidine, because this complex is not
sterically encumbered by the ligands and the benzonitrile ligands are good leaving groups.
Bis(benzonitrile)palladium(II) chloride (23) was added to a solution of oligomer in toluene,
expected to yield a neutral metallated palladium(II) oligomer (24). (Scheme 16). Infrared
spectroscopy showed that a mixture of palladium(II)chloride and the oligomer was
-1

obtained, because both oligomer and product have their C=N vibrations at 1647 cm .
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Scheme 16: Possible configuration of 23 coordinated to the backbone of 14, yielding 24.

The synthesis was carried out again under reflux conditions, yielding a green reaction
-1

product. The metallated product had its C=N vibration at 1636 cm and the uncoordinated
oligomer at 1647 cm

-1

(Figure 13). The decrease in wavenumber indicates that the

electron density of the C=N bond became weaker, resulting in a delocalised C=N bond,
suggesting complexation.
coordinated

uncoordinated

Figure 13: Infrared spectra of 24 and 14.

The electron distribution of 24 influences chemical shifts in solid state NMR spectroscopy.
Solid state

13

C-NMR spectroscopy (Figure 14) showed that the signals were shifted

downfield after the reaction, indicating the palladium(II) chloride complex was successfully
coordinated to the backbone of 14.
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Δ ( ppm)
uncoordinated

C1 = 5.3
C2 = 7.8
C3 = 4.3
C4 = 3.1
C5 = 3.7

coordinated

13

Figure 14: Solid state C spectrum of the oligobutylguanidine hexamer and the metallated
compound.

Figure 15 shows the molar mass distributions of the palladium (II) metalated nbutylguanidine oligomer (24) and the uncoordinated oligomer (14). The n-butylguanidine
pentamers to nonamers were not observed in the spectrum of the metalated product.
This could be explained by 14 and 24 are different ionised, caused by
palladium(II)chloride.

Figure 15: Molar mass distribution of coordinated 24 (left) and the uncoordinated oligomer 14
(right).

The change in mass spectra after palladium addition only provides indirect evidence of
coordination; analogous to the IR and NMR spectra. However, no quantitative conclusions
on the degree of coordination can be subtracted.
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2.3 Conclusion
In order to prepare conducting metal-coordinated helical polymers several polyguanidines
were prepared and complexed with different metal centres.
The metallation of oligobutylguanidine (14) by bis(1,5-cyclooctadiene)di-iridium(I)
dichloride (13) and bis(1,5-cyclooctadiene)dirhodium(I) dichloride (19) yielded only
starting compounds instead of metallated oligomers. Coordination of 19 to the backbone
of the oligophenylguanidine trimer (18) also failed. The non-coordinative behavior of
these ligands is probably caused by steric encumbrance of the metal centre by the cod
ligand. A mixture of starting compounds was also obtained by coordination experiments at
room temperature with the less bulky iridium(III)chloride (16). Oligomer 14 was
successfully metallated with bis(benzonitrile)palladium(II) chloride (23) in toluene, as
13

concluded from infrared and solid state C-NMR.

Entry

R

Metal complex

conditions

ν (cm-1)

1

Phenyl

COD2Rh2Cl2

AgBF4, THF

1665

a

THF/toluene, rt

a

2

n-butyl

COD2Ir2Cl2

Toluene, rt, 2d

1645

3

n-butyl

IrCl3 3H2O

Toluene, rt, 4 d

1647

4

n-butyl

Pd(PhCN)2Cl2

Toluene, rt, 2h

1647

5

n-butyl

Pd(PhCN)2Cl2

Toluene, reflux, 1d

1636

polymer without the metal coordinated ν

= 1665 cm-1 .

Recently it has been shown by the group of Novak that it is possible to synthesise
18

polyguanidines containing pyridine moieties. It is described that this polymer can form a
complex with BH3.

51

Chapter 2

Figure 16: Polyguanidines containing pyridine moieties.

Test reactions with poly(N-phenyl-N’-hexylcarbodiimide) and poly(di-N-hexylcarbodiimide)
and BH3 showed the helical polymer was stable under these circumstances and was not
reduced. Pyridine is a known ligand, so this polymer can be used with for instance
palladium to form metal-functionalised wires.
Acetylene functionalised polyguanidines provide another option. These acetylenes can be
used to couple a metal complex to the backbone of the polymer by a Sonogashira or
“click” reaction. Novak has shown that it is possible to couple small molecules such as
benzyl azide, carboxylic acid azide, boc-amide azide and N-boc-L-phenyl alanine in this
way.

19,20

Figure 17: Acetylene functionalised polyguanidines.

However, the difficulty to obtain long polyguanidines compels us to look for another
polymer, this polymer could be the polyisocyanide which is well-studied and is already
used as scaffold for several chromophores. The next chapter will look into the use of
polyisocyanides as the complexing polymer for metals.
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2.4 Experimental
2.4.1 Methods and materials
Diethyl ether, tetrahydrofuran, heptane, and toluene were distilled over sodium with benzophenone under a
nitrogen atmosphere. Dichloromethane and acetonitrile were distilled over respectively Sicapent® and CaH 2 also
under a nitrogen atmosphere. Commercially available chemicals were used as received. NMR spectra were
recorded on a Varian Inova 400 (400 MHz), a Bruker DMX 300 (300 MHz) or a Bruker DPX 200 (200 MHz) NMR
spectrometer. IR spectra were recorded on a Bruker Tensor spectrometer; neat infrared spectra were recorded
on a Thermo Matson IR 300 spectrometer. UV/Vis spectra were recorded on a Varian Cary 50 conc spectrometer.
MALDI-TOF spectra were measured on a Bruker Biflex II mass spectrometer. Flash chromatography was
performed using silica gel (0.035 – 0.070 mm, 60 Å) purchased form Acros of (0.040 – 0.063 mm, 60 Å) purchased
from Silicycle and TLC-analyses were done on silica 60 F254 coated glass from Merck. CP/MAS

13

C-NMR

experiments were performed at Larmor frequency of 75.46 Hz. The samples were placed in the CP/MAS probe as
powders. The magic angle spinning rate was set at 6 kHz to minimise spinning sideband overlap. In the CP/MAS
13

C-NMR, the naturally rare 13C spins were polarised through dipolar coupling with the abundant 1H spins and the

magnetisation of the 1H was transferred to the 13C. The /2 pulse time was 5 s, corresponding to a spin-locking
field strength of 50 kHz.

Brominated polystyrene
The resin used in this preparation is a 2% divinylbenzenestyrene copolymer. Prior to use, the resin
was washed successively with mixtures of dichloromethane and methanol in ratios 9:1, 3:1, 2:3
and 1:9. Finally, the resin was washed with methanol and dried in a vacuum oven (80°C, 8h). A
suspension of the washed resin (25.0 g, 0.24 eq) in carbon tetrachloride was stirred at room
temperature and protected from light. Titanium tetrachloride (3.9 ml, 35 mmol) was added to the suspension
together with a solution of bromine (9.39 g, 59 mmol) in carbon tetrachloride. The mixture was refluxed for 2.5h.
After this an additional amount titanium tetrachloride (2.3 ml, 21 mmol) was added and the solution was
refluxed for another hour. The solution was cooled to room temperature and the reaction was quenched with a
small volume (10-20 ml) of methanol. The crude product was filtered off and washed with 200 ml portions of
methanol/water (1:1), methanol and finally toluene. The product was dried overnight in a vacuum oven at 80°C,
yielding 28.09 g product as yellow beads.

Polystyrene triphenylarsine oxide (I)
Lithium wire (4 cm x 3.2 mm, 0.16 g, 23 mmol) and triphenylarsine (3.18 g, 10.4 mmol)
were added to a suspension of brominated polystyrene (13.92 g, 10.44 eq. Br) in THF. The
solution was stirred at room temperature for 1h, during which time the lithium begins to
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react and the solution turns red. After this, the solution was refluxed for 2h and then stirred overnight at room
temperature. The polymer was filtered off and washed with successive 200-ml portions of mixtures of
dichloromethane and methanol in ratios 2:3, 3:1 and 9:1. Finally, the polymer was washed with
dichloromethane.
After this, the wet polymer is suspended in acetone and treated with hydrogen peroxide (6.0 g, 30% solution).
The resulting solution was stirred for 1h. The crude product was filtered off, washed with acetone and toluene
(100 ml portions) and dried overnight in a vacuum oven at 80°C, yielding 12.28 g as yellow beads.
IR (KBr, cm-1):  742 (As=O).

N,N’-diphenylcarbodiimide (1)
Polystyrene diphenylarsine oxide catalyst (I) (0.1 g) was added to a phenyl
isocyanate (21.4 ml, 0.197 mol) solution in benzene. After refluxing for 24 h, the
catalyst was removed by filtration. Distillation of the crude products under
reduced pressure (0.1 mbar, ~190°C) gave 16.82 g (0.087 mol, 88%) of the product as a clear oil. 1H-NMR (CDCl3,
500 MHz, ppm):  7.28 (t, 4H), 7.15 (t, 6H). 13C-NMR  (CDCl3, 125 MHz, ppm) : 138.6, 135.4, 129.6, 125.7, 124.3.

N,N’-di-m-tolylcarbodiimide (2)
N,N’-di-m-tolylcarbodiimide was synthesised according to the procedure described
for N,N’-diphenylcarbodiimide, using m-tolyl isocyanate (12.0 ml, 0.10 mol) as
starting compound to yield 9.8 g (44 mmol, 88%) as a clear oil. 1H-NMR (CDCl3, 200
MHz, ppm):  7.41 (t, J = 7.60 Hz, 2H), 7.24 (d, J = 7.85 Hz, 2H), 7.08 (d, J = 8.19 Hz, 4H), 2.54 (s, 6H). 13C-NMR
(CDCl3, 50 MHz, ppm):  139.8, 133.6, 129.4, 126.7, 125.5, 121.9, 21.0. IR (KBr, cm-1): ν 2142 (N=C=N).

N,N’-di-n-butylurea (4)
n-Butyl amine (3.3 ml, 33.8 mmol) was added drop wise to a solution of n-butyl
isocyanate (4.4 ml, 33.8 mmol) in chloroform. The mixture was stirred at 0°C and
after several minutes a white solid precipitated. The crude product was
recrystallised from ethanol to give 5.7 g (33.1 mmol, 98%) of product as a white solid. 1H-NMR (CDCl3, 200 MHz,
ppm):  4.74 (broad s, 2H), 3.16 (q, J = 6.27 Hz, 4H), 1.42 (m, 8H), 0.90 (t, J = 6.94 Hz, 6H).

N,N’-di-n-butylcarbodiimide (5)
An excess of mercury(II)oxide (20 g, 92.6 mmol) was added in 5 portions to a 50°C
solution of N,N’-di-n-butylthiourea ( 4.0 g, 21.3 mmol, synthesis described on
next page) in acetone. After refluxing for 3 hours the orange solution turned dark
green and the mixture was cooled to room temperature. After this, mercury(II)sulfide was filtered off and the
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filtrate was concentrated. The resultant solution washed with hexane (a little water was added for the separation
layer). The hexane layer was separated and the solvent was removed. Distillation of the crude products under
reduced pressure gave 2.3 g (14.7 mmol, 69%) of product as a clear oil (b.p. ~85°C). 1H-NMR (CDCl3, 200 MHz,
ppm):  3.14 (t, J = 6.69 Hz, 4H), 1.38 (m, 8H), 0.86 (t, J = 7.20 Hz, 6H). 13C-NMR (CDCl3, 50 MHz, ppm):  139.1,
45.3, 32.7, 19.1, 12.6. LCMS (m/z) 155.16 (M)+.

N,N’-di-n-butylthiourea (6)
n-Butyl amine (1.3 ml, 13.3 mmol) was added drop wise to a solution of n-butyl
isothiocyanate (1.6 ml, 13.3 mmol) in chloroform. The mixture was stirred at 0°C.
The solvent was removed and gave 2.3 g (12.0 mmol, 90.2%) of product as a
white solid. H-NMR (CDCl3, 300 MHz, ppm):  5.66 (broad s, 2H), 3.41 (m broad, 4H), 1.59 (m, 4H), 1.38 (m, 4H),
1

0.94 (t, J = 7.36 Hz, 6H). 13C-NMR (CDCl3, 50 MHz, ppm):  181.0, 44.0, 30.8, 19.8, 13.5.

N,N’-di-n-octylthiourea (7)
N,N’-di-n-octylthiourea was synthesised according to the procedure described for
N,N’-di-n-butylthiourea, using n-octyl amine (6 ml, 34 mmol) and n-octyl
isothiocyanate (6.5 ml, 34 mmol) as starting compounds to yield 10 g (34 mmol, 100%) as a white solid. 1H-NMR
(CDCl3, 300 MHz, ppm):  5.71 (broad s, 2H), 3.39 (broad, 3H), 1.59 (m, 4H), 1.26 (broad m, 24H), 0.87 (t, J = 6.76
Hz, 6H). 13C-NMR (CDCl3, 50 MHz, ppm):  181.3, 44.4, 31.7, 29.2, 29.1, 29.0, 26.9, 22.6, 14.0.

N,N’-di-n-octylcarbodiimide (8)
N,N’-di-n-octylcarbodiimide was synthesised according to the procedure
described for N,N’-di-n-butylcarbodiimide, using 7 (3.3 g, 11.0 mmol) as starting
compounds to yield 1.7 g (6.4 mmol, 58%) as a clear oil. 1H-NMR (CDCl3, 200
MHz, ppm):  2.96 (m, 4H), 1.34 (broad, 4H), 1.19 (broad, 20H), 0.68 (broad, 6H). 13C-NMR (CDCl3, 50 MHz, ppm):
 139.5, 45.9, 31.4, 30.9, 28.7, 26.4, 22.2, 13.4. IR (neat, cm-1): ν 2125 (N=C=N).

(Bischloro-5-cyclopentadienyl)titanium(IV)amidinate (9)
Trimethyl(dimethylamino)silane (0.5 g, 3.7 mmol) was added to a solution of (5cyclopentadienyl)titanium(IV)trichloride (0.7 g, 3.2 mmol) in THF using standard Schlenk
conditions. The mixture was stirred for 24 hours. After this the solvent was removed by
vacuum. The crude (red) product was purified by sublimation and gave 0.36 g ( 1.6 mmol, 52%) of product as
orange crystals. 1H-NMR (CDCl3, 200 MHz, ppm):  6.63 (s, 5H), 3.84 (s, 6H).
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Lithium(bis-trimethylsilyl)amide diethyl etherate (10)
Lithium(trimethylsilyl)amide (4.0 g, 23.9 mmol) was dissolved in 10 ml hexane. The mixture
was stirred for 15 minutes at 50°C. After this, diethyl ether (2.8 g, 38.1 mmol) was added
drop wise to solution using a reflux cooler to prevent evaporation of the ether. During the
addition the mixture was not stirred, because stirring decreases the quality of the formed
crystals. After the addition, the solution was stored at room temperature for several hours and the crude
product crystallised out. To complete crystallisation, the solution was stored at 0°C overnight. After this, the
solution was filtered and the residue was washed with hexane at 0°C (3 times 4 ml). The product was dried under
vacuum and gave 4.13 g ( 22.9 mmol, 96%) of product as white crystals. 1H-NMR (C6D6, 300 MHz, ppm):  3.28 (q,
J = 7.00 Hz, 4H), 1.12 (t, J = 7.06 Hz, 6H), 0.10 (s, 20H).

N,N,N’-tris(trimethylsilyl)-benzenecarboximidamide (11)
A benzonitrile solution (1.6 ml in 4 ml toluene) was added drop wise via an addition funnel
to a slurry of 10 (4.0 g, 18.8 mmol) in toluene. The yellow solution was stirred for 2 h at
50°C. After this, the solution was cooled to room temperature and a chlorotrimethylsilane
(1.7 g, 15.8 mmol and 2 ml toluene) solution was added drop wise via an addition funnel.
The mixture was refluxed for 2 h after which the formed lithiumchloride was filtered off. The solvent was
removed by vacuum and yielding 4.4 g (13.2 mmol, 84%) of product as a green solid. 1H-NMR (CDCl3, 200 MHz,
ppm):  7.29 (broad m, 5H), 0.07 (broad s, 27H). 13C-NMR (CDCl3, 50 MHz, ppm):  144.7, 129.8, 129.0, 128.4,
127.3, 3.4, 3.0.

N,N’- bis(trimethylsilyl)benzamidinato-titanium(IV)chloride (12)
A solution of 11 (1.8 g, 5.3 mmol, in 8 ml dichloromethane) was added drop wise via an
addition funnel to a 0°C titanium(IV)chloride solution (1.0 g, 5.3 mmol) in
dichloromethane using standard Schlenk conditions. The mixture was stirred for 30
minutes. Removal of solvent under vacuum yielded 2.0 g (4.9 mmol, 92%) of product as
a red solid. H-NMR (CDCl3, 200 MHz, ppm):  7.51 (broad m, 5H), 0.44 (s), 0.12 (s). 13C-NMR (CDCl3, 50 MHz,
1

ppm):  131.1, 128.9, 125.9, 3.4, 1.8.

Oligo(m-tolyl)guanidine
N,N’-di-m-tolyl-carbodiimide (2) (1.0 g, 4.5 mmol) was added to catalyst 9 (0.08 g, 0.36
mmol) using standard Schlenk conditions. The reaction mixture was stirred for 3 days at
room temperature. After three days, the polymerisation was quenched with wet toluene
and methanol was added to the mixture. After several hours, the crude product
precipitated as a yellow slurry. The solvents were evaporated and the crude product was
dried under vacuum. After this, it was dissolved in dichloromethane and the catalyst was
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filtered off, yielding 0.8 g as a yellow/white solid. 1H-NMR ((CD3)2CO, 200 MHz, ppm):  8.00 (broad s, 6H), 7.33
(m, 22H), 7.14 (t, J = 7.64 Hz, 10H), 6.82 (m, 10H), 2.82 (broad, 6H), 2.29 (broad s, 31H). IR (KBr, cm-1):  3298
(NH), 1635 (C=N).

Oligophenylguanidine
Monomer-to-initiator ratio 12.5 :1
N,N’-diphenylcarbodiimide (1) (1.0 g, 4.5 mmol) was added to catalyst 9 (0.08 g, 0.36
mmol) using standard Schlenk conditions. The reaction mixture was stirred for 3 days at
room temperature. After three days, the polymerisation was quenched with wet toluene
and methanol was added to the mixture. After several hours, the crude product
precipitated as a yellow slurry. The solvents were evaporated and the crude product was
dried under vacuum. After this, the slurry was dissolved in benzene and freeze dried (2-3 times), which promised
to be an effective purification method. The crude product was re-dissolved in dichloromethane and the catalyst
was filtered off, yielding 0.8 g (p = 0.8) of product as a white/yellow solid. 1H-NMR ((CD3)2CO, 200 MHz, ppm): 
8.09 (broad s, 6H), 7.52 (d, J = 7.51 Hz, 20H), 7.27 (t, J = 7.96 Hz, 21H), 6.98 (t, J = 7.51 Hz, 10H), 2.77 (s, 6H).

Monomer-to-initiator ratio 100:1
The product was synthesised according to the procedure for the 12.5:1 oligophenylguanidine, with only a slight
modification. After precipitation, the yellow slurry was washed with an excess toluene to remove the catalyst.
The product was dried under vacuum, yielding 0.8 g product as a white solid. 1H-NMR ((CD3)2CO, 200 MHz, ppm):
 8.08 (broad s, 5H), 7.52 (d, J = 7.81 Hz, 20H), 7.27 (t, J = 7.96 Hz, 21H), 6.98 (t, J = 7.51 Hz, 10H), 2.82 (s, 6H).

Monomer-to-initiator ratio 200:1
The product was synthesised, according to the procedure for the 12.5:1 oligophenylguanidine, with only a slight
modification. No precipitate was formed after methanol addition. The solvents were removed and the product
was dried under vacuum, yielding 0.8 g (p = 0.8) product as a white/yellow solid. 1H-NMR (CDCl3, 200 MHz, ppm):
 7.32 (broad), 7.04 (broad), 3.97 (s).

Polyphenylguanidine
N,N’-diphenylcarbodiimide (1) (0.5 g, 2.6 mmol) was added to a solution of 12
(0.002 g, 4.7 mol) in toluene (2 ml) using standard Schlenk conditions. The
reaction mixture was stirred for 2 days at roomtemperature and quenched with
wet toluene. The polymer immediately precipitated by addition of methanol.
After filtration, the crude product was washed with methanol, yielding 0.5 g (p =
1) of product as a white solid. 13C-CP/MAS ( (ppm)):  146.4 (CN), 142.1 (CN),
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137.5 (CN), 127.7 (broad, Ar-CH2), 121.9 (small, Ar-CH2). IR(KBr, cm-1):  1665 (C=N)

Oligo(m-tolyl)guanidine
N,N’-di-m-tolyl-carbodiimide (2) (0.5 g, 2.3 mmol) was added to 12 (2 mg, 4.7
mol) in toluene using standard Schlenk conditions. The reaction mixture was
stirred for 4 days at room temperature. After four days, the polymerisation was
quenched with wet toluene. Methanol was added to the mixture, but even after
several hours no precipitate was formed. The solvents were evaporated and the
crude pink solid was dissolved in chloroform. The resulting solution was washed
with water. The organic layer was separated and the solvent was removed,
yielding oligo(m-tolyl)guanidine as a white solid. 1H-NMR (CDCl3, 200 MHz, ppm):  7.29 (broad m, 3H), 6.98
(broad m, 1H) 6.74 (broad, 1H), 3.86 (s), 2.42 (s, 3H).

Oligobutylguanidine
Oligobutylguanidine was synthesised according to the procedure described for
polyphenylguanidine, using N,N’-di-n-butylcarbodiimide (5) (0.5 g, 3.2 mmol) and
12 (0.002 g, 4.7 mol) as starting compounds to yield 0.5 g as a white solid. 1HNMR (C6D6, 300 MHz, ppm):  3.26 (broad), 2.11 (broad), 1.55 (broad), 1.23
(broad), 0.88 (broad), 0.48 (broad), 0.29 (broad). 13C-CP/MAS ( (ppm)):  148.4
(broad, CN), 48.9 (broad, CH2), 34.2 (sharp, CH2), 31.2 (broad, CH2), 21.1 (sharp,
CH2), 14.4 (small, CH3). IR (neat, cm-1):  1645 (C=N)

Octylguanidine dimer
An octylguanidine dimer was synthesised according to the procedure described
for polyphenylguanidine, using N,N’-di-n-octylcarbodiimide (8) (1.0 g, 3.2
mmol) and 12 (0.002 g, 4.7 mol) as starting compounds to yield 0.5 g as a
white solid.
H-NMR (CDCl3, 200 MHz, ppm):  4.21 (broad), 3.15 (broad), 1.27 (broad), 0.88

1

(broad).

C-NMR (CDCl3, 50 MHz, ppm):  32.1 (broad), 30.3 (broad), 29.8

13

(broad), 28.2, 22.8, 14.1. IR (KBr, cm ):  1647 (C=N)
-1

Palladium(II)chloride-oligo-butylguanidine (24)
Bis(benzonitrile)palladium(II) chloride (23) (0.02 g, 0.06 mmol) was
added to a solution of 14 in toluene (20 mg). The solution was
refluxed for 24 hours. The crude product was precipitated by addition
of hexane. The benzonitrile supernatant was removed and the residue
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was washed with hexane, yielding 24 as a green solid. 13C-CP/MAS ( (ppm)):  153.7 (CN), 55.8 (CH2), 37.0 (CH2),
24.2 (CH2), 18.1 (CH3). MALDI-TOF (m/z): 796.00, 739.98, 684.92, 561.07. IR(KBr, cm-1):  1636 (C=N).
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3.1 Introduction
The previous chapter described an approach towards conducting nanowires using metalcoordinated helical polyguanidines. The challenging synthesis of the materials prompted
us to look at alternative materials of similar defined architecture: polyisocyanides.
Analogous to the polyguanidines, also in polyisocyanides metal coordination at the Natoms in the backbone can lead to two different structures: a) where the polymer
structure stays intact and the metal atoms simply coordinate to the helical polymer; or b)
where the metal coordination forces an alternative conformation of the polymer
backbone. The latter would mean a direct competition between the ion-dipole
interactions of the coordination bond and hydrogen bonds that maintain the helical
structure of the polymer
Polyisocyanides have been used as a scaffold for organic chromophores that gave
polymers and materials with good electronic properties,
mobilities,

[2]

[1]

including high charge carrier

see Chapter 1 for a detailed overview. Metal ion complexation is expected to

have a significant influence on the electronic properties of these stiff polymers. Upon
coordination, the polymer could reorganise from the cross-conjugated structure to a
completely delocalised backbone, which is anticipated to enhance charge carrier
mobilities several orders of magnitude. Alternatively, keeping the cross-conjugated
structure alive, the electrons may become more mobile through ion-ion hopping
mechanisms, where the polymer backbone merely acts as a scaffold, holding the metal
ions firmly in place (Scheme 1).

Scheme 1: Possible mechanisms for charge transfer.
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This chapter investigates the application of polyisocyanides as a scaffold towards
conducting nanowires. These polyisocyanides should combine the defined structure
obtained in coordination polymers
backbone.

[3,4]

together with coordination along a polymer

[5]

3.2 Polyisocyanides
Figure 1 shows that the polyisocyanides in their (kinetically defined) helical conformation
resemble the structure of a series of α-diimines. These α-diimines are expected to
coordinate to metals such as rhodium, iridium, palladium, platinum, etc. The mechanism
should be the same as for example bipyridine.

Figure 1: Possible positions for metal complexation (intramolecular) A) between neighbouring
imines, B) between imines after one helical turn and C) between imines skipping one imine.

However by considering the three-dimensional shape of the helical polymer, the
polyisocyanide backbone offers more potential binding sites to metal ions. One likely
option is complexation of the metal between the imines after one full helical turn, where
the metal bridges a gap of 4.2 Å. The last possibility is complexation of the metal to an
uncoiled helix, or suggested by Clericuzio et al.

[6]

the “syndio” conformation composed of

dimeric sections (Figure 2). They calculated that this conformation is also a stable form for
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the polyisocyanides. In this conformation the metal can bind to the polymer in a same way
as the metal is bound to the polyguanidines.

Figure 2 The syndio conformation proposed by Clericuzio et al.

3.3.1

Synthesis

of

2-(isocyanomethyl)pyridine

as

stabilising group
The introduction of a functional group in the side arms of the polyisocyanide, for instance
a pyridine group, can assist in metal ion binding, without interfering with the helical
polymer backbone.

Figure 3: Functionalisation of the polyisocyanide with pyridine side groups.

In order to prepare this pyridine polyisocyanide a monomer bearing the pyridine moiety
had to be synthesised. This can be done by reacting 2-picolylamine with ethyl formate and
sodium formate to form the formamide, yielding the product in good yields.

64

Metal coordinated polyisocyanides

Scheme 2: Synthesis of 2-(isocyanomethyl)pyridine.

The dehydration of the formamide required the use of non-standard reaction conditions
with tetrachloromethane triethylamine and triphenylphosphine.
Unfortunately during the work-up, the isocyanide proved to be very unstable. NMR
studies showed the formation of a new product that appeared within minutes. Preliminary
we attribute it to a rearrangement that yields the aromatic imidazo[1,5-a]pyridine.
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Figure 4: NMR spectra of 2-(isocyanomethyl)pyridine, direct after purification.
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Figure 5: NMR spectra of 2-(isocyanomethyl)pyridine after several minutes.

Scheme 3: Possible mechanism for conversion of 2-(isocyanomethyl)pyridine in imidazo[1,5a]pyridine.

An option to obtain the pyridine-functionalised polyisocyanide could be to protect the
pyridine moiety as a pyridine N-oxide, probably this isocyanide will not cyclise. Then when
the polymer is formed the pyridine N-oxide can be reduced, forming the functionalised
polyisocyanide.

[8]

To further investigate whether the metal complexation will result in conducting nanowires
with arrays of metals, polyisocyano alanyl alanine methyl ester (PIAAOMe) is used, one of
the workhorses of polyisocyanide research.

[9]

This polymer has the hydrogen bonding

units which firmly keep the helix intact and lacks bulky side groups that can interfere
sterically with the incoming metal ions.

66

Metal coordinated polyisocyanides

3.3.2 Metal coordination to polyisocyanopeptides
Iridium-based materials are of practical interest for their frequent use in organic light
emitting diode (OLED) devices and iridium salts were selected as a first complex forming
material with the polyisocyanide scaffold. In a first attempt to form a metal complex with
polyisocyanides (Scheme 4) chloro(1,5-cyclooctadiene) iridium (I) dimer ([Ir(cod)Cl]2) was
used. Different solvents were used, such as THF, CH2Cl2 and MeCN, but unfortunately,
during the complexation either at room temperature or under reflux conditions no
physical changes were observed.

Scheme 4: Polymerisation of isocyanoalanyl alanine methyl ester followed by metal complexation.

Iridium-functionalised polymers are highly interesting for their use in OLED devices,
Chapter 4 will further discuss the covalent functionalisation of the side groups of the
polyisocyanide in order to prepare a iridium-containing polyisocyanide.
Another metal complex was employed, a palladium complex ((PhCN)2PdCl2), it has smaller
ligands than the larger COD ligand and palladium is known to form complexes with
conventional α-diimines. Again when the complexation was performed at room
temperature and under reflux conditions no physical changes were observed.

Scheme 5: Metal complexation of PIAAOMe with (PhCN)2PtBr2

However when a solution of a platinum salt (Scheme 5), which is in the same column of
the periodic table as palladium but one row below, and the polyisocyanide was left for
several days a change in the circular dichroism (CD) was observed.
Circular dichroism spectroscopy is a powerful technique to analyse the arrangements of
larger molecules such as proteins. It has already been shown by Cornelissen et al. that
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polyisocyanides have an intense Cotton effect around 310 nm, which is attributed to the
*

n-π transitions of the C=N chromophore. A change of this Cotton effect indicates that the
metal alters this helical arrangement.
The CD signals of samples with different platinum to monomer ratios was followed in time
(Figure 6). At t = 0 days no change of CD signal was observed and the spectra were the
same as for the polyisocyanide without the use of platinum. In time, however, for example
after 31 days, a change in CD was observed. The signal dropped for the samples in which
the metal is present and the largest decrease in CD intensity can be seen in the sample
2+

with 0.38 equivalents Pt .

Figure 6: CD spectra of poly(L-isocyanoalanyl-L-alanine methyl ester directly after addition of
(PhCN)2PtBr2 (upper left), after 31 days (upper right), after 52 days (lower left) and after 87 days
(lower right).
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The CD spectra continued to change and after a period of t = 52 days the CD signal for
samples with 0.38 eq. platinum and 0.50 eq. platinum dropped further. At either very low
or very high concentration of platinum, the signal did appear to be constant. (Figure 7)
After t = 87 days, when the experiment was stopped, an even more remarkable change
was seen. Initially the CD signal for the sample with 1.00 eq. platinum remained constant,
but after 52 days, the signal “suddenly” decreased to reach the same level as the 0.38
equiv. sample.
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Figure 7: The intensity of the CD signal at 310 nm against time in days, for upper left 0.06 equiv.,
upper right 0.38 equiv., bottom left 1.51 equiv. and bottom right 1.01 equiv.

Plotting the CD intensity at 310 nm against the equivalents of platinum (Figure 8) the
steady signal at high and low platinum concentrations can be clearly seen. The figure also
clearly shows the delayed decrease in intensity for the samples 0.76 and 1.00 eq.
platinum.

69

Chapter 3

70

signal
constant

steady
decrease

delayed
decrease

signal
constant

60
50

CD @ 310 nm

40
30
20
10
0
-10

0,00

0,20

0,40

0,60

0,80

1,00

-20
-30

1,20

1,40

1,60

Day 0
Day 7
Day 10
Day 17
Day 21
Day 25
Day 31
Day 33
Day 38
Day 42
Day 52
Day 59
Day 66
Day 73
Day 87
Day 94

equiv. Pt

Figure 8 The intensity of the CD signal at 310 nm against added equivalents of (PhCN) 2PtBr2, as
function of time.

A possible explanation is that with no addition of the metal the helix is more or less stable
in solution. In the range of 0.13 – 0.76 eq. (i.e. an excess of the binding sites) the helix
slowly unfolds, induced by metal complexation, to form the most favoured complex
(Scheme 6: unfolded PI M-M). At very high metal concentration (higher than 1.5 eq.) the
helical polymer is so tightly bonded with metal ions that the unfolding reaction is
completely inhibited (Scheme 6: locked PI M-M). At intermediate metal concentration, the
helical shape of the polymer is locked, effectively preventing it from going to the unfolded
state. It strongly seems that the latter process, although being induced by the metal ions,
requires multiple empty coordination sites closely together. At increasing metal
concentration, the empty coordination sites decrease and, hence, the rate of the
conformation change quickly decreases. We speculate that as soon as a number of sites
with (partly) unfolded conformations have been formed, these sites preferentially bind
the metal ions, which reduces the effective concentration of the metal ions in the folded
polymer, which accelerates the unfolding reaction.
The drop in CD is most likely the summation of the unfolded and folded helical form of the
polymer.
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Scheme 6 Possible energy diagram for the locking and of unfolding of the helical polyisocyanide (PI)
X is a vacant place within the polymer. M is where the metal has filled the vacant place.

Scheme 7: Complexation of the metal to the polyisocyanide.

With these results in hand, the preliminary unsuccessful experiment with palladium salts
was revisited. Now the (PhCN)2PdCl2 was used as a palladium source, the experiment was
followed by CD for an extended time. The results are shown in Figure 9.
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Figure 9: CD spectra of poly(L-isocyanoalanyl-L-alanine methyl ester) L,L-PIAAOMe directly after
addition of (PhCN)2PdCl2 (upper left), after 24 days (upper right), after 46 days (lower left) and after
67 days (lower right).

Like with the platinum complex, the CD spectra at t = 0 days (Figure 9) were the same for
all samples, ranging from 0 to 2 equivalents. After 24 days a change in the spectra was
observed for 0.50 eq. palladium. At high palladium concentrations (>1 eq.) the CD spectra
remain unchanged (Figure 10). This agrees with the previous conclusion that the excess of
metal stabilises the helical form of the polymer. Also in this case, when the samples are
left for longer periods of time, the spectrum of, for example, 1.27 eq. palladium changed
again, reducing its intensity. So in the first days the CD spectrum of the 1.27 equiv. sample
changes a little, then it reaches a steady state and after a longer time the spectrum
changes again to look like the spectrum of 0.50 equivalents.
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Figure 10: The intensity of the CD signal at 310 nm against time in days, for upper left 0.00 equiv.,
upper right 0.96 equiv., bottom left 2.55 equiv. and bottom right 1.27 equiv.

The spectra of 1.50 and 2.00 eq. palladium remained more or less stable for the rest of the
time. This is clearly seen when plotting the CD intensity against the palladium
concentration (Figure 11). Also the intermediate area between 1.0 and 1.5 equivalents is
clearly visible. These results are very similar as for (PhCN)2PtBr2, where another metal and
another counter-ion were used. This should suggest the change of the CD signal can be
really attributed to the polyisocyanide conformation and is a further proof of our previous
statement, that a helix is stabilised when an excess of the metal is used.
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Figure 11: Graph of intensity CD signal at 310 nm plotted against added equivalents of (PhCN)2PdCl2.

These results indicate that in fact the goal to obtain metal-functionalised polyisocyanides
was reached, albeit not on a practical time scale. The metal forms a complex with the
polymer and if the metal concentration is high enough also the helical structure is
maintained.
Cornelissen

[9]

showed that when 34 eq. of AgBF4 are added to a copolymer containing 20

isocyanide units (1.75 eq. metal ions to monomer units) the CD signal changes within 30
minutes instead of the 94 days in the platinum experiment described in this chapter. A
possible explanation can be that silver binds only to one of the monomer units, making
the side group more bulky and destabilising the helix. Platinum or palladium however,
bind to two monomer units locking the helix in place.
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3.4 Conclusion and outlook
The route to obtain metal-coordinated polyisocyanides was started with the synthesis of a
polyisocyanide bearing a pyridine functionality, the resulting pyridine isocyanide was not
stable and formed a cyclised product within a few minutes after purification. A way to
circumvent this would be to protect the nitrogen of the pyridine group with an N-oxide.

[8]

This molecule cannot form the ring-closed product and after polymerisation of the
isocyanide the N-oxide can be reduced and the polyisocyanide bearing the pyridine
moieties can be obtained for complexation to metals.
Using the polyisocyano alanyl alanine methyl ester (PIAAOMe) with the complex
chloro(1,5-cyclooctadiene) iridium (I) dimer ([Ir(cod)Cl]2, we found no indication of
complexation either at room temperature or under reflux conditions, probably because of
the bulkiness of the ligands surrounding the iridium.
When Pt(PhCN)2Br2 was stirred with PIAAOMe for a day at room or elevated temperature,
initially no complexation was observed. When the mixture was tracked for prolonged
periods (i.e. months), however, clear changes in the CD spectra of the polymer became
visible, which are the result of the (slow) interaction of the metal complex with the
polyisocyanide main chain. The analogous Pd(PhCN)2Cl2 salt behaves similarly and also
only yields complexes after long reaction times. This behaviour is in contrast to earlier
studied silver complexation studies that showed a full response within two hours.
The CD studies pointed out that complexation is a hierarchical process that is dependent
on time and component concentration. At first, the metal salt forms a complex with the
polymer. This fast process cannot be traced by CD spectroscopy as the conformation of
the polymer backbone is unchanged. A subsequent much slower process is the metalinduced change in conformation of the polymer backbone, which is necessary to
accommodate the platinum of palladium salt near the main chain. This conformational
change gives rise to the change in the CD spectrum and can be readily followed in time.
The rate of this reaction depends non-isotonically on the metal salt concentration. In fact,
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at the highest platinum or palladium concentration, the conformational change of the
backbone is inhibited.
We can speculate that to change the backbone conformation two or more adjacent empty
sites (of the initially formed complex) are required. If, at high metal concentration, such
adjacent empty sites are absent, the polymer is kinetically trapped in its initial
complexation state. At low metal salt concentrations, adjacent empty sites are abundant
and the backbone conformation changes with a steady rate. At intermediate
concentrations, we find a delayed response. At first, the number of adjacent vacancies is
small and subsequently, the backbone changes its conformation slowly. But as the
converted backbone is a better complexation site, the metal salt migrates there, which
opens additional empty sites at the native polymer conformation. This autocatalytic
process results in an accelerated reaction after an initial lag time as is observed for
equimolar polymer/salt mixtures.
In a single polymer/metal salt system, dependent on their relative concentrations, we see
both mechanisms that were proposed in the introduction of this chapter: a) the polymer
stays intact and the metal ions simply coordinate to the polymer (at excess metal salt);
and b) the metal coordination forces an alternative conformation of the polymer (at
intermediate metal salt concentration). At low metal salt concentration, we believe that
we find blocks of polymer with the native backbone conformation and blocks that are
converted.
The structure of the alternative backbone conformation, after metal binding is unknown.
At this stage we cannot say if the fully delocalised structure has been reached. Further
studies (for instance conductive AFM) should point this out. Further work should also be
focussed on how to accelerate this complexation processes. Even though the products are
very interesting, a reaction time of several months is cumbersome. This needs revisiting of
reaction conditions such as heating, concentration and solvents. Metal-functionalised
polyisocyanides with only one equivalent of metal can alternatively be obtained by
inserting an entire metal complex on the side groups of the polyisocyanide, next chapter
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will focus on the introduction of a ruthenium of iridium complex as the side group
functionality.
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3.5 Experimental
3.5.1. Methods and materials
Tetrahydrofuran was distilled over sodium with benzophenone under a nitrogen atmosphere. Dichloromethane
and acetonitrile were distilled over respectively Sicapent® and CaH2 also under a nitrogen atmosphere.
Commercially available chemicals were used as received. NMR spectra were recorded on a Bruker DMX 300 (300
MHz) or a Bruker DPX 200 (200 MHz) NMR spectrometer. IR spectra were recorded on a Bruker Tensor
spectrometer. Flash chromatography was performed using silica gel (0.035 – 0.070 mm, 60 Å) purchased form
Acros or (0.040 – 0.063 mm, 60 Å) purchased from Silicycle and TLC-analyses were done on silica 60 F254 coated
glass from Merck. The CD spectra were recorded on a Jasco J600 CD spectrometer equipped with a Peltier
temperature control unit.
Poly(L-isocyanoalanyl-L-alanine methyl ester (L,L-PIAA) and Poly(D-isocyanoalanyl-L-alanine methyl ester were
prepared as reported previously.[10]

N-(2-Pyridylmethyl)formamide
The 2-picolylamine (10 ml, 97 mmol) was dissolved in 100 ml ethyl formate. To this mixture
sodium formate (28 g, 374 mmol) was added. This reaction mixture was heated to reflux
and stirred for 1 day. The reaction mixture was cooled down to room temperature, filtrated and concentrated in
vacuo. The crude product was further purified by column chromatography (silica 5% MeOH in DCM), which
resulted in the pure product (12.7 g, 93.2 mmol, Y: 96%) 1H-NMR (CDCl3, 200 MHz, ppm) δ: 8.53 (ddd, J = 4.9, 1.7,
0.9 Hz, 1H), 8.32 (s, 1H), 7.68 (dt, J = 7.7, 1.8 Hz, 1H), 7.59 – 7.00 (m, 3H), 4.60 (d, J = 5.3 Hz, 2H). 13C-NMR (CDCl3,
75 MHz, 161.2, 155.8, 148.9, 136.8, 122.4, 122.0, 42.9.

2-(isocyanomethyl)pyridine
The N-(2-pyridylmethyl)formamide (446.2 mg, 3.42 mmol), tetrachloromethane (0.33 ml,
3.41 mmol), triethylamine (0.48 ml 3.45 mmol) and triphenylphosphine (1.07 g, 4.10 mmol)
were dissolved in 10 ml DCM and this mixture was heated to reflux for 2,5 hours. The
reaction mixture was concentrated in vacuo and the product was purified by distillation (product was trapped in
a cold trap). Due to the instability the product could not be characterised correctly.
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Ruthenium and iridium complex
functionalised (poly)isocyanides

Chapter 4

4.1 Introduction
Chapter 3 described the early attempts to combine the scaffolding properties of the
polyisocyanide backbone with the optical properties of iridium complexes. In this chapter
we use an alternative approach where the metal chromophore is attached to the
periphery of the polymer. Polymer scaffolds functionalised with a phosphorescent group
can be used in the field of organic light emitting diodes (OLEDs), which is highlighted
further in this chapter, followed by the description of the synthesis, the analysis and
discussion of novel metal complex functionalised isocyanides and polyisocyanides.

4.1.1 Functionalisation of the polyisocyanide side groups
It has been shown that functionalising side groups of the stable rigid rod helical
polyisocyanopeptides yields arrays of functional groups in a defined architecture. In these
materials, the polyisocyanide functions as rigid scaffold and various functional groups
have been described in the literature, including dyes,

[1]

acetylenes,

[2]

and azides (Figure 1,

see also Chapter 1 of this thesis).

Figure 1: Schematic representation of a helical polyisocyanide with functional groups attached and
an overview of functional polyisocyanides.
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4.1.2 Organic light emitting diodes (OLEDs)
An active research field is devoted to organic light emitting diodes (OLEDs). Devices based
on OLEDs are very attractive for their application in flat panel displays in comparison to
LCD technology. Their first advantage is the low power consumption. Since the OLED is the
emissive species, no extra backlight is needed. Secondly, no extra colour filter is needed
since colours can be tuned by the chemical structure. And thirdly, because the layers are
very thin, flexible displays can be produced by printing the OLEDs on a flexible polymer
substrate.
Iridium(III) and ruthenium(II)-based dyes gained special attention for these devices,
because of their potential for attaining high efficiencies, resulting from emission from
singlet and triplet states. The dyes emit from these states as a result of the metal-toligand-charge-transfer (MLCT) transition, where the electrons are transferred from the
metal to the ligand. The emission from this state is formally phosphorescence, but due to
spin-orbit coupling of the heavy metal atom the luminescence is short lived (µs regime).
The spin-orbit coupling, results in mixing of the singlet and triplet excited states and
increases the probability of the transition to the ground state (formally forbidden).

cathode

electron transport layer (ETL)
TPBI

PVK

emission layer (EML)

hole transport layer (HTL)
ITO

Anode

PBD

Ir(CPC)3

Figure 2: Schematic representation of an organic light emitting diode.
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A schematic representation of an organic or polymer light emitting diode

[3]

is shown in

Figure 2. In a typical device, a hole transporting layer (PEDOT-PSS) is spin-coated on an ITO
covered glass substrate. Then, the actual emissive layer containing the matrix polymer,
poly(vinylcarbazole) PVK, the electron transporter, 2-tert-butylphenyl-5-biphenyl-1,3,4oxadiazole (PBD), and the dye, iridium tris(9-(4-(4-chlorophenyl)phthalazin-1-yl)-9H)carbazole (Ir(CPC)3), is spin-coated from solution followed by evaporation of the electron
transport layer (ETL) (1,3,5-tris(n-phenylbenzimidazol-2-yl)-benzene, TPBI) and the
counter electrode barium and aluminium layers.
This device has a maximum external quantum efficiency, defined as the light obtained
2

outside the device per incoming electron, of 20.2% at a current density of 0.18 mA/cm .
Unfortunately a decrease in efficiency is observed when the current density is increased,
the decreased efficiency is probably induced by aggregation of the molecules.

At this moment two methods for incorporating metal-ligand complexes in a polymer film
are commonly employed. In the first approach a matrix polymer film is blended together
[4]

with low molar mass luminescent molecules . The drawback is that phase separation and
crystallisation of the low molar mass molecules may lead to a reduction of the
luminescence within the polymer matrix. This is avoided in the second method when the
luminescent groups are covalently bound to a polymer. The luminescent groups can be
introduced in the main chain

[5]

or at the side groups.

[6]

Additional other advantages of

polymeric chromophores, typically are good processability, thermal stability and simple
fabrication by solution processes.

[7]

4.2. Synthesis of iridium and ruthenium isocyanide
monomers
Using the aforementioned approaches of covalent polymer-dye constructs and to take
advantage of the stiff polymer scaffolds that the polyisocyanides offer, isocyanides with
ruthenium and iridium complexes were designed that generate stiff polymers in which the
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luminescent groups are fixed in position, in comparison to the more flexible functionalised
polymers which are known in literature.

8

Figure 3: Polyisocyanides functionalised with ruthenium and iridium complexes.

A first design is to attach the ruthenium complex via a spacer to the peptide. This
procedure can also be used in an alternative iridium complex, which has no charge within
the complex in contrast to the ruthenium complex (Figure 3). Two possible routes are
suggested to obtain this polymer (Scheme 1): Route I involves making the monomer
containing the complex and route II post-functionalisation of the polymer. The monomer
can be synthesised with the iridium complex present during the whole synthesis or the
iridium complex and the spacer are functionalised in such a way that they can easily be
coupled in the last stages of the synthesis. In this approach the functional complex could
be easily altered, and only two synthetic steps are needed to transform this complex into
an isocyanide (Scheme 1 route I). This last approach can also be used in a postfunctionalisation reaction of a polyisocyanide (Scheme 1 route II). With post-modification
the functional group can easily be altered and only one step is needed to obtain the
functionalised polymer

Scheme 1: Schematic overview of strategies to obtain the iridium functionalised polyisocyanide.
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4.2.1 Synthesis of isocyanide containing bipyridine ligand.
In the first approach a polyisocyanide based on the tris(2,2’-bipyridine)ruthenium(II)
complex was designed. This complex was attached to the peptide-stabilised helical
backbone through a flexible spacer (Figure 4).

Figure 4: Designed polyisocyanide bearing ruthenium complexes.

To form the ruthenium complex, the synthesis was started from 4,4’-dimethyl-2,2’[9]

bipyridine (1), which was oxidised with SeO2 and AgNO3 to form the monocarboxylic acid
2 (Scheme 2). This monocarboxylic acid was coupled to boc-N-1,3-diaminopropane using
EDC as coupling agent. After deprotection with HCl in EtOAc, the product was reacted with
boc-protected alanine to give 4. Again the boc protection group was removed with HCl in
EtOAc which yielded 5∙HCl salt. We found that formylation of 5 required the free amine to
be available. Therefore, free-base 6 was obtained after bubbling 5∙HCl in solution with
ammonia. Subsequent reaction with sodium formate and ethylformate yielded the
formamide 7. The formamide was converted to the isocyanide 8 using diphosgene as the
dehydrating agent and N-methylmorpholine as base. Unfortunately, the polymerisation of
the isocyanide did not result in any polymer. We believe that the bipyridine moiety binds
the nickel catalyst resulting in precipitation of the catalyst. This was confirmed by a
polymerisation reaction of a non-functionalised monomer in the presence of one
equivalent bipyridine that yielded the precipitated nickel bipyridine complex and the
starting materials instead of the desired polymer.
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Scheme 2: Synthesis of (poly)isocyanide with bipyridine functionality. (i) SeO 2, 1,4-dioxane, reflux,
24h; AgNO3, NaOH(aq), EtOH; (ii) N-boc-1,3-diaminopropane, EDC, NMM, Et3N, EtOAc, rt. o/n; (iii)
HCl/EtOAc; boc-L-ala-OH, EDC, NMM, Et3N, HOBT, EtOAc, 0 °C -> rt., o/n; (iv) HCl/EtOAc; (v) NH3(g),
CH2Cl2/MeOH (9:1 v/v); (vi) HCO2Et, HCO2Na, reflux, o/n; (vii) diphosgene, NMM, CH2Cl2, -30 °C 
rt.; (viii) Ni(II)ClO4/ethanol, CH2Cl2

A route to prevent bipyridine deactivation of the catalyst first assembles the ruthenium
complex and then polymerise the isocyanide (Scheme 3).
Hence, formamide 7 was reacted with cis-bis(2,2’-bipyridine) ruthenium (II) chloride in
-

DMF and the complex formed was directly converted into the PF6 salt. This formamide did
not convert into the desired isocyanide during the dehydration step. A third attempt to
prepare the complex-isocyanide 11 from isocyanide 8 yielded the isocyanide, but in our
hands the product quickly decomposed, most likely as a result of interaction of the
charged isocyanide group with the charged complex.
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Scheme 3: Synthesis of ruthenium-functionalised isocyanide. (i) Ru(bpy)2Cl2, DMF, reflux, 3h; (ii)
Diphosgene, NMM, DCM, -30 °C -> rt.; (iii) Ru(bpy)2Cl2, MeCN, 70 °C, 3d/ion exchange.

4.2.2. Synthesis of isocyanide-containing phenylpyridine
ligand.
Complexes based on iridium tris(phenylpyridine) are likely to be more stable and have
excellent photophysical properties such as a high quantum yield, high photostability and in
contrast to the ruthenium complex this complex is not charged. The molecular design is
similar to that of the ruthenium-based polyisocyanide, that is, the attachment of the
complex via a flexible spacer to the peptide-stabilised helical backbone (Figure 5).

Figure 5: Polyisocyanide with Iridium complexes as functional group

For the synthesis of the iridium complex-containing isocyanide, 2-(p-tolyl)pyridine (12)
was oxidised according to literature procedures with KMnO4 in water,

[10]

giving 4-(pyridin-

2-yl)benzoic acid (12). The benzoic acid was coupled to 3-(boc-amino)propyl bromide
using K2CO3 as base to form 14. The boc group was removed using TFA in dichloromethane
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and the product was coupled to boc-alanine. This product was deprotected with HCl in
EtOAc to give 15∙HCl. Product 15 was formylated using ethylformate and sodium formate
to give formamide 16. Any attempt to convert this formamide into the iridium complex
(18) yielded only decomposition products, probably due to the harsh conditions for the
complex synthesis (200°C, K2CO3, glycerol, 24h). Isocyanide (17), however, could be
synthesised from the formamide.

Scheme 4: Synthesis of an isocyanide-iridium complex monomer derived from 2-(p-tolyl)pyridine. (i)
KMnO4, water, reflux, 5d.; (ii) N-Boc-3-aminopropylbromide, K2CO3, DMF; (iii) a) TFA, CH2Cl2; b) bocalanine, EDC, HOBT, DIPEA; c) HCl/EtOAc; (iv) HCO2Na, HCO2Et, reflux, o/n; (v) diphosgene, NMM, 30 °C  rt.; (vi) [Ir(ppy)2Cl], K2CO3, glycerol, 200 °C, o/n.

In an alternative approach the synthetic strategy was reversed, namely the complex was
synthesised which was then functionalised with a spacer and isocyanide. The complex was
2

synthesised from 4-(2-pyridyl)benzaldehyde and tetrakis(2-phenylpyridine-C ,N’)(μdichloro)diiridium [ppy2IrCl]2

[ 11 ]

with AgSO3CF3 to form fac-bis(2-phenylpyridyl)-2-(4’[12]

formylphenyl)pyridyliridium(III) [ppy2Irfppy] (20)

. Aldehyde 20 can be converted into

the corresponding imine 23 by reacting it to N-boc-1,3-diaminopropane, or alcohol 21 by
reducing it with LiAlH4. Due to foreseen difficulties of further functionalisation steps, this
route was abandoned and the so called “click” approach was started.

89

Chapter 4

Scheme 5 (i) [Ppy2IrCl]2, AgSO3CF3, 2-ethoxyethanol, 110°C o/n; (ii) LiAlH4, THF, rt. 12h; (iii) N-Boc-3aminopropylbromide, KOH, MeCN, reflux; N-Boc-3-aminopropylbromide, NaH, THF, -20 °C; 3Bromopropylamine hydrobromide, K2CO3, MeCN, reflux; 3-bromopropylamine hydrobromide,
NaOH, DMF, toluene (iv) N-boc-1,3-diaminopropane, MgSO4, toluene; (v) NaBH4, MeOH/CH2Cl2, 0 °C.

4.2.3. The “click” approach.
It was already shown in our group that polyisocyanides can be functionalised with
acetylene groups.

[ 13 ]

When the iridium complex is functionalised with an azide

functionality, this unit can be coupled to the acetylene moieties via the copper-catalysed
azido acetylene [3+2] cycloaddition (CuAAC), commonly referred to as “click reaction”.
This reaction is very tolerant to functional groups present in the molecule, the molecule
can be functionalised with the iridium complex and in a last step it can be coupled to the
formamide or polymer.
To make use of this method an azide or acetylene-functionalised dye has to be
synthesised. Azide 27 was simply made from the alcohol complex 21, by first converting it
into mesylate 26 and then substituting the mesylate with an azide using sodium azide.
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Acetylene 25 was synthesised from the same alcohol 21, which was coupled to hex-5ynoic acid using DCC and DMAP

[14]

.

Scheme 6: Functionalisation of the iridium complex with an acetylene of an azide. (i) Hex-5-ynoic
acid, DCC, DMAP, CH2Cl2 reflux, 2d.; (ii) MsCl, DIPEA, CH2Cl2, 0  20 °C, 16h; (iii) NaN3, DMF, 80 °C,
16 h.

The prepared azide and the acetylene functionalised iridium-complexes, were then
coupled to isocyanide precursor formamides bearing acetylene or azide moieties using
copper iodide and N,N,N’,N’,N”,N”-pentamethyldiethylene triamine (PMDETA) (Scheme
7), yielding two differently functionalised complexes: 29 with a long spacer between the
dipeptide block and the iridium complex and 31 with a shorter and much more rigid
spacer between the components.
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Scheme 7: i) Cu(I) catalysed cycloaddition to form formamide-iridium complex. CuI, PMDETA, THF,
rt., Ar atm., o/n. ii) diphosgene, NMM, CH2Cl2, -30 °C  rt.

Conversion of these formamides into their corresponding isocyanides was performed by
using diphosgene as dehydrating agent and N-methylmorpholine as a base, resulting in
stable products in good yield.

4.3 Synthesis of the polymer.
After obtaining the isocyanide functionalised with an iridium complex, this monomer
could be polymerised under standard conditions, using nickel perchlorate as catalyst in
dichloromethane (Scheme 8). The progress of the reaction was monitored by the
-1

disappearance of the isocyanide peak at 2138 cm in infra-red. These measurements
indicated full conversion, however the resulting precipitate could not be re-dissolved in
any of the common organic solvents, leaving further analysis rather impossible.
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Scheme 8: Homo-polymerisation of the iridium-functionalised isocyanide.

An alternative approach to obtain a functionalised polyisocyanide is to use postmodification, in which the iridium complex with the azide (27) is coupled to the
polyisocyanide bearing acetylene moieties (36) (Scheme 9), unfortunately the outcome of
this reaction was the same as the normal homo-polymerisation, an insoluble precipitate.

Scheme 9: Post-modification of an acetylene-functionalised polyisocyanide

Since the homo-polymerisation and the post-modification method did not result in a
soluble polymer, several things can be done for enhancing the solubility. First, other
complexes (including different counter ions) can be used, but as can be seen in section
4.2.1 this will lead to other issues obtaining the monomer. Another option is to modify the
ligands surrounding the iridium with alkyl-tails, which could lead to a more soluble
polymer. A better option will be using the monomers which are already prepared and
synthesise a copolymer. This copolymer was built from the iridium isocyanide and the
more common dipeptide isocyanides L-isocyanoalanyl-L-alanine methylester (L,L-IAAOMe)
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or D-isocyanoalanyl-L-alanine methylester (D,L-IAAOMe) in different ratios varying from
1:30 to 1:8 (Scheme 10). This copolymerisation did provide the polymers with iridium
complexes, which were soluble in dichloromethane.

Scheme 10: Copolymerisation of the iridium functionalised isocyanide with L-isocyanoalanyl-Lalanine methylester (yielding random copolymers 39 and 40) and with D-isocyanoalanyl-L-alanine
(yielding random copolymer 41).

In Figure 6 atomic force microscopy images can be seen of the copolymer (ratio 1:30) with
the short and long spacer between the polymer backbone and the iridium complex. The
images show polymers of the rigid rod type, which is expected for polyisocyanides. Even in
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diluted conditions AFM analysis showed bundles of up to 10 nm in height corresponding
to several polymers inside a bundle.

A).

C).

500 nm

500 nm

B).

D).

250 nm

100 nm

Figure 6: Atomic Force Micrograph images of iridium complex copolymer on mica. A). 39 highly
concentrated sample (height trace) B). 39 diluted sample (phase trace) C). 40 (height trace) D). Zoom
in of C.(height trace)

4.4 Analysis of the random copolymer
4.4.1 Absorption and fluorescence spectroscopy
To see if the iridium complex is incorporated into the polymer the copolymers were
analysed using absorption spectroscopy. In Figure 8 the absorption spectrum of the
copolymer with the short flexible spacer is displayed. Also the homopolymer of Lisocyanoalanyl-L-alanine methylester is shown. The spectrum of the copolymer is
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normalised in such a manner that the absorption which is only due to the iridium complex
(380 nm) is the same in every spectrum. From this spectrum it can be concluded that in
the copolymerisation, the iridium-functionalised monomer is built into the polymer, as the
peak at 230 nm decreases when the iridium complex ratio is increased. No peak shifts are
observed in the spectra and also in the fluorescence spectrum (Figure 8) no peak shifts are
observed between the polymer and monomer, indicating that there are no exciton
coupling interactions between adjacent chromophore complexes
10

1:30

9

1:15

norm abs.

8
7

1:08

6

IAAOMe

5
4
3
2
1
0
230

280
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480
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wavelength (nm)
Figure 7: Normalised UV-Vis spectrum of 39 The absorption spectra have been normalised to the
maximum absorption of the iridium complex at 370 nm.
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Figure 8: Fluorescence spectra of 33 and 39.

Circular dichroism spectroscopy
In the circular dichroism (CD) spectrum of the polyisocyanides Cotton effects are
displayed, in contrast to the isocyanide monomers in which no CD signal is observed.
Hence, this technique can be used to analyse the helical properties of the polymer and the
attached chromophores.

[15]

The CD spectra of iridium-functionalised polyisocyanides 39,

40 and 41 are shown in Figure 9. The spectrum of 40 with the longest spacer shows a
*

possible Cotton effect at 310 nm. This peak is assigned to the n-π transition of the imine
chromophores of the backbone and is indicative of a well-defined helical arrangement.

[16]

At higher wavelengths no specific signal of the iridium-containing chromophore is
observed.
The CD spectrum of the short-spacer polyisocyanide copolymers 39 do show, besides the
*

expected n-π transition of the backbone, a small bisignate Cotton effect at 365 nm
(Figure 9b). The intensity of the chromophore couplet increases as the ratio in the
polymer is increased. This additional signal is indicative of a helical environment of the
iridium chromophore. One should realise, however, that the chromophore used is not
enantiomerically pure , but that a racemic mixture (Δ, Λ) is formed during the synthesis
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(Scheme 5) and that the observed CD effect is a combination of the diastereomers that are
expected in a 1:1 ratio.
The spacer length has a significant effect on the chiral environment of the chromophore.
In 39 the spacer is short and the chiral information of the backbone is transferred to the
chromophore, in analogy to the perylenes and porphyrin-based polyisocyanides.

[17]

When

the spacer is longer, however, as in 40, the chiral information transfer is lost, in line with
previous results.

[18]

Co-polyisocyanide 41 is closely related to 39 but has a small difference. It was
copolymerised with D,L-IAAOMe, rather than L,L-IAAOMe for 39. This small, but significant
difference has a large impact on the Cotton effect associated to the backbone: it reverses
in sign.

[19]

Interestingly, we find for 41 that, indeed, the sign of the backbone is negative, but that the
signal associated to the chromophore remains unchanged (Figure 9c).
The unchanged couplet could point to an excess of one of the Δ or Λ diastereomers in the
polymers. Although we cannot exclude this explanation at this stage, we rate it unlikely,
since the synthesis is expected to yield a racemic mixture and also the chromophore is
silent in the CD spectrum of 40. Alternatively, the observed CD effect is assigned to the
amino acids directly attached to the chromophore, rather than those in the backbone.
Direct interpretation of the CD spectra is very difficult as the effect is strongly dependent
on the local dipole, and thus the conformation of the chromophore with respect to the
polymer.
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Figure 9: CD spectrum of the copolymer with the iridium complex (1:30, 1:15, 1:8, ratio iridium
isocyanide to IAAOMe) A) 39, B) 40 and C) 41.
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4.5 Conclusion
In the search for new materials for use in OLED devices, a method has been found to
produce a polyisocyanide bearing a triplet emitter substituent. First it was tried to
produce the isocyanide functionalised with a bipyridine group, however, polymerising this
isocyanide was difficult because the bipyridine binds to the nickel catalyst, preventing the
polymerisation from happening. The other method, first obtaining the ruthenium
complex, led to an instable compound. The isocyanide monomer with this complex quickly
decomposed, most likely as a result of interaction of the charged isocyanide group with
the charged complex.
Using an iridium phenylpyridine, the problem of having a charged complex could be
circumvented. But any attempt to convert the formamide bearing the phenylpyridine
moiety to the complex yielded decomposition products. The conditions for obtaining the
complex are probably too harsh (200 ˚C, K2CO3, glycerol, 24 h). The copper-catalysed azido
acetylene [3+2] cycloaddition provided a synthetic solution towards our goal, because it
was possible to obtain an iridium complex bearing an azide or acetylene. In this versatile
route, the azide- or acetylene-functionalised iridium complex was coupled to acetylene- or
azide-functionalised isocyanide precursor formamide, which could simply be converted
into the corresponding isocyanide. These functionalised iridium complexes can also be
used in a post-modification approach of polyisocyanides bearing azide or acetylene
moieties, although the reaction conditions then need to be optimised to reach full
conversion. In preliminary investigations the polymer precipitated from the solution and
could not be analysed because of solubility difficulties. However, this is not a big problem
because as stated in the introduction, phase separation and crystallisation of the
luminescent molecules may lead to a reduction of luminescence within the polymer
matrix.
A better option is to make a copolymer in which the iridium complex is still bound to the
polymer but no interaction between iridium complexes are present. In this way it was
possible to obtain a copolymer of the polyisocyano alanyl alanine methyl ester (PIAAOMe)
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and the isocyanide bearing the iridium complex in different ratios (1:30, 1:15 and 1:8
[iridium complex/IAAOMe]), still soluble in common organic solvents. Analysis of this
polymer by UV-Vis, fluorenscence showed that the complex is present in the polymer, and
no shifts in peaks are observed between the monomer and copolymer indicating no
exciton coupling is present between the chromophoric complexes.
The CD spectrum of 40 showed only the polyisocyanide typical Cotton effect at 310 nm.
But analysis of 39 showed two other Cotton effects. It could not be concluded if the
Cotton effect of 39 is induced by the polymer backbone, because when the backbone is
inverted, using the D,L-IAAOMe giving the opposite helix, the other signals did not.
Further studies could be to mix these copolymers with the polymer matrix, and once an
OLED device is made, we can evaluate if indeed the maximum external quantum efficiency
is improved and is more stable with increased current density.

4.6 Experimental
4.6.1 Methods and materials
Diethyl ether, tetrahydrofuran, heptane, and toluene were distilled over sodium with benzophenone under a
nitrogen atmosphere. Dichloromethane and acetonitrile were distilled over respectively Sicapent® and CaH2 also
under a nitrogen atmosphere. Commercially available chemicals were used as received. NMR spectra were
recorded on a Varian Inova 400 (400 MHz), a Bruker DMX 300 (300 MHz) or a Bruker DPX 200 (200 MHz) NMR
spectrometers. IR spectra were recorded on a Bruker Tensor spectrometer. UV/Vis spectra were recorded on a
Varian Cary 50 conc spectrometer. Flash chromatography was preformed using silica gel (0.035 – 0.070 mm, 60
Å) purchased form Acros of (0.040 – 0.063 mm, 60 Å) purchased from Silicycle and TLC-analyses were done on
silica 60 F254 coated glass from Merck. AFM )= were performed with a Nanoscope III instrument from digital
instruments operating in tapping mode at room temperature. Samples were prepared by spin coating (1600 rpm)
a polymer solution in chloroform (10-6 M) on freshly cleaved mica

4’-Methyl-2,2’-bipyridine-4-carboxylic acid (2)
A suspension of 4.87 g (26.4 mmol) 4,4’-dimethyl-2,2’-bipyridine and 3.64 g (32.8 mmol)
selenium dioxide in 250 ml 1,4-dioxane was heated to reflux for 24 hours. The mixture was
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filtrated while the solution was still warm and the filtrate was concentrated. The yellow solid was suspended into
150 ml 95% EtOH. A solution of 5.09 g (30.0 mmol) silver nitrate was added dropwise to this suspension while
stirring vigorously. A solution of 200 ml 1.0 M NaOH was added dropwise and the colour of the reaction mixture
turned completely black. After 20 hours the EtOH was evaporated and the resulting water mixture was filtrated,
the residue was washed with 1.3 M NaOH and with water. The water layers were combined and extracted with
four times 100 ml CH2Cl2, to remove the unreacted starting material. After the extraction the pH of the water
layer was adjusted to 3.5 by adding 1:1 (v/v) HCl/AcOH, forming a white/pink precipitate. The solution was
cooled down and filtrated. The residue was dried in vacuo and extracted with a soxhlet apparatus with acetone
for four days. The acetone was evaporated giving the product (2.69 g, 12.6 mmol; 48%).
1

H-NMR (dmso-d6, 400 MHz, ppm) δ: 8.82 (dd, J = 7.4, 0.9 Hz, 1H), 8.81 (t, J = 0.8 Hz, 1H), 8.56 (dd, J = 4.9, 0.6 Hz,

1H), 8.24 (dt, J = 1.6, 0.8 Hz, 1H), 7.84 (dd, J = 4.9, 1.7 Hz, 1H), 7.30 (ddd, J = 4.9, 1.7, 0.7 Hz, 1H), 2.41 (s, 3H), 13CNMR (dmso-d6, 75 MHz, ppm) δ: 166.9, 156.0, 154.7, 149.8, 149.2, 148.0, 142.5, 125.1, 123.1, 121.2, 119.8, 20.7,
MS (ESI): calculated for C12H11N2O2 (M+H+): 215.1, found: 215.3

N-(N-Boc-3-aminopropyl)-4'-methyl-[2,2'-bipyridine]-4-carboxamide (3)
To a solution of 494.4 mg (2.31 mmol) (2) in 10 ml DMF, 1.6 ml (9.68 mmol)
DIPEA, 553.2 mg (2.89 mmol) EDC, and 474.7 mg (3.51 mmol) HOBT were
added at 0°C. N-boc-1,3-diaminopropane was dissolved in 2 ml of CH2Cl2 and
was added dropwise to the reaction mixture. When all the N-bocdiaminopropane was added, the solution was allowed to warm to room temperature. After several hours the
reaction mixture was washed with 10 ml citric acid (10% aqueous solution), followed by four times washing with
10 ml Na2CO3 (10% aqueous solution). After these washing steps the organic layer was again washed with water
and brine. The organic layer was dried over Na2SO4 and concentrated in vacuo. The crude product was further
purified using silica column chromatography, which resulted the product in 381.1 mg (1.03 mmol; Yield 45%).
1

H-NMR (CDCl3, 200 MHz, ppm) δ: 8.79 (dd, J = 5.0, 0.8 Hz, 1H), 8.74 (br s, 1H), 8.54 (d, J = 5.0 Hz, 1H), 8.27 – 8.22

(m, 1H), 7.78 (dd, J = 5.0, 1.8 Hz, 1H), 7.60 (br t, 1H), 7.16 (ddd, J = 5.0, 1.6, 0.7 Hz, 1H), 4.94 (br t, 1H), 3.55 (dt, J
= 6.3, 6.2 Hz, 2H), 3.26 (dt, J = 6.5, 5.9 Hz, 2H), 2.45 (s, 3H), 1.81 – 1.69 (m, 2H), 1.46 (s, 9H). 13C-NMR (CDCl3, 75
MHz, ppm) δ: 165.8, 157.3, 157.1, 155.4, 150.1, 149.2, 148.4, 142.8, 125.2, 122.2, 121.6, 118.1, 79.8, 37.3, 36.5,
30.2, 28.5, 21.3

N-(N-(N-Boc-L-alanyl)-3-aminopropyl)-4'-methyl-[2,2'-bipyridine]-4carboxamide (4)
To a solution of 1.35 mg (3.63 mmol) 3 in CH2Cl2, a 2N HCl solution in
EtOAc was added dropwise. The suspension formed was concentrated
in vacuo and dissolved in t-BuOH and again concentrated to remove the
excess of HCl. The solid was dissolved in 100 ml CH2Cl2 and added to a
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mixture of 696 mg (3.68 mmol) boc-alanine, 918 mg (4.79 mmol), EDC, 1.99 g (14.7 mmol) HOBT, 3.5 ml (20.1
mmol) DIPEA in CH2Cl2. After several hours the reaction mixture was washed with 100 ml citric acid (10%
aqueous solution), followed by four times washing with 10 ml NaHCO3 (10% aqueous solution). After these
washing steps the organic layer was again washed with water and brine. The organic layer was dried over Na 2SO4
and concentrated in vacuo and recrystallised from hot MeCN, giving the product as a white solid (994 mg, 2.25
mmol, Y: 62%).
1

H-NMR (400 MHz, CDCl3, ppm) δ: 8.81 (d, J = 5.0 Hz, 1H), 8.71 (s, 1H), 8.55 (d, J = 5.0 Hz, 1H), 8.25 (s, 1H), 7.79

(dd, J = 5.0, 1.7 Hz, 1H), 7.55 (br. t, J = 6.2 Hz, 1H), 7.17 (ddd, J = 5.0, 1.6, 0.7 Hz, 1H), 6.79 (br. t, J = 6.2 Hz, 1H),
5.37 (br. s, 1H), 4.21 – 4.14 (m, 1H), 3.61 – 3.32 (m, 4H), 2.46 (s, 3H), 1.82 – 1.73 (m, 2H), 1.43 – 1.38 (m, 12H).
13

C-NMR (75 MHz, CDCl3, ppm) δ: 173.9, 165.7, 156.8, 155.5, 155.0, 149.7, 148.8, 148.2, 142.6, 125.0, 122.1,

121.2, 118.2, 79.8, 50.4, 36.5, 36.2, 29.3, 28.2, 21.1, 18.5

N-(N-(N-Formyl-L-alanyl)-3-aminopropyl)-4'-methyl-[2,2'-bipyridine]-4carboxamide (7)
In a flask 569 mg (1.29 mmol) of 4 was suspended in 10 ml EtOAc/HCl
and was stirred for 30 min. The solution was concentrated. This crude
deprotected product was dissolved in CHCl3/MeOH (9:1 v/v) and NH3(g)
was bubbled through the solution at a temperature of -10 °C. The
precipitate which was formed was removed by filtration and the filtrated was concentrated in vacuo. This
product (6) was suspended in ethylformate and to this suspension was added 450 mg sodium formate. The
resulting mixture was heated to reflux. After 1 day the solution was concentrated and the residue was dissolved
in CHCl3. Washed with water and again concentrated in vacuo resulted in a crude product 529 mg (1.34 mmol).
This crude product was recrystallised from CHCl3 resulting the product in 157.3 mg (0.42 mmol, Y: 33%).
1

H-NMR (CDCl3, 400 MHz, ppm) δ: 8.76 (dd, J = 5.0, 0.8 Hz, 1H), 8.56 (dd, J = 1.7, 0.8 Hz, 1H), 8.48 (dd, J = 5.0, 0.5

Hz, 1H), 8.22 – 8.19 (m, 1H), 8.07 (d, J = 0.7 Hz, 1H), 7.76 (dd, J = 5.0, 1.7 Hz, 1H), 7.19 (ddd, J = 5.0, 1.6, 0.7 Hz,
1H), 4.51 – 4.46 (m, 1H), 3.51 – 3.24 (m, 4H), 2.44 (s, 3H), 1.83 – 1.72 (m, 2H), 1.37 (d, J = 7.0 Hz, 3H). 13C-NMR
(CDCl3, 75 MHz, ppm) δ: 172.6, 166.0, 161.1, 156.9, 155.2, 150.1, 148.8, 148.7, 142.5, 125.2, 122.4, 121.7, 117.7,
47.9, 37.0, 36.7, 29.5, 21.2, 18.3. HRMS (ESI) m/z calculated for C19H23N5NaO3 (M+Na)+: 392.1699, found:
392.1683.

N-(N-(L-Isocyanoalanyl)-3-aminopropyl)-4'-methyl-[2,2'-bipyridine]-4carboxamide (8)
To a solution of formamide 7 (52.0 mg, 0.14 mmol) was dissolved in 1 ml
CH2Cl2 was added 31.0 μl (0.28 mmol) of N-methylmorpholine. This
mixture was cooled down to -30°C and over a period of 30 min. 8.5 μl
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(0.07 mmol) diphosgene in 1 ml CH2Cl2 was added. While stirring vigorously 5 ml saturated aqueous NaHCO3 was
added. The organic layer was separated and washed with water, dried over Na2SO4 and concentrated in vacuo.
The crude product was purified by flash column chromatography (5% MeOH in CH2Cl2) to afford 8 (30.8 mg, 88
μmol, Y: 63%).
1

H-NMR (CDCl3, 400 MHz, ppm) δ 8.79 (dd, J = 5.0, 0,8 Hz, 1H), 8.67 (dd, J = 1.6, 0.7 Hz, 1H), 8.52 (d, J = 4.9 Hz,

1H), 8.26 – 8.24 (m, 1H), 7.76 (dd, J = 5.0, 1.7 Hz, 1H), 7.30 – 7.25 (m, 2H), 7.16 (ddd, J = 4.9, 1.6, 0.6 Hz, 1H), 4.30
(q, J = 7.1 Hz, 1H), 3.56 – 3.50 (m, 2H), 3.44 – 3.38 (m, 2H), 2.44 (s, 3H), 1.85 – 1.79 (m, 2H), 1.67 (d, J = 7.1 Hz,
3H).

13

C NMR (CDCl3, 75 MHz, ppm): δ 167.0, 166.3, 161.2, 157.1, 155.0, 150.1, 149.0, 148.5, 142.3, 125.2, 122.2,

121.6, 117.6, 53.5, 36.6, 36.5, 29.5, 21.2, 19.8. FTIR (cm-1, KBr): 3305, 3067, 2940, 2141, 1662, 1597, 1552

N-(N-(N-Formyl-L-alanyl)-3-aminopropyl)-4'-methyl-[2,2'-bipyridine]-4carboxamide Ruthenium bis bipyridine (10)
A mixture of bpy2RuCl2 and AgBF4 was refluxed in acetone for 2 hours.
The mixture was cooled down to room temperature and filtrated. The
filtrate was concentrated and dissolved in 10 ml DMF. The formamide
5 was added and the temperature was raised to reflux for 3 hours.
Then the mixture was cooled down to room temperature a solution of
NH4PF6 in MeOH was added. The resulting mixture was extracted with
CH2Cl2, dried over Na2SO4 and concentrated in vacuo. The crude product was purified by flash column
chromatography (1% MeOH  10% MeOH in CH2Cl2). The product dissolved in acetonitrile and precipitated in
toluene yielding the product (158.9 mg, 0.15 mmol, Y: 78%)
1

H-NMR (MeOD-d4, 400 MHz, ppm) δ: 8.89 (dd, J =1.6 Hz, 1H), 8.59 – 8.57 (m, 4H), 8.54 (s, 1H), 8.05 – 7.98 (m,

5H), 7.87 (dd, J = 5.9, 0.4 Hz, 1H), 7.80 – 7.77 (m, 1H), 7.76 – 7.73 (m, 3H), 7.71 (dd, J = 5.9, 1.9 Hz, 1H), 7.56 (d, J
= 5.8 Hz, 1H), 7.43 – 7.38 (m, 4H), 7.28 (ddd, J = 5.9, 1.7, 0.7 Hz, 1H), 4.33 (q, J = 7.2 Hz, 1H), 3.44 – 3.38 (m, 2H),
3.28 – 3.23 (m, 2H), 2.51 (s, 3H), 1.81 – 1.75 (m, 2H), 1.32 (d, J = 7.0 Hz, 3H). 13C-NMR (DMSO-d6, 75 MHz, ppm)
δ: 159.0, 158.1, 158.1, 158.0, 158.0, 157.2, 153.4, 152.7, 152.6, 151.8, 139.0, 129.9, 128.9, 126.6, 125.7, 125.3,
122.4, 47.7, 36.0, 35.9, 35.4, 19.9, 17.1.

4-(Pyridin-2-yl)benzoic acid (13)
The 2-(p-tolyl)pyridine (0.50 ml, 2.93 mmol) was dissolved in 60 ml H2O, to this mixture
KMnO4 (2.79 g, 17.7 mmol) was added. The mixture was heated to reflux and after 5 days
the reaction mixture was cooled down to room temperature. The solution was filtrated over Celite and the
residue was washed with water. The waterlayers were concentrated and the residue was extracted by soxhlet
extraction with isopropanol, which gave the product (461.0 mg, 2.31 mmol, Y: 79%) 1H-NMR (D2O, 400 MHz,
ppm): δ 8.63 (ddd, J = 5.0, 1.7, 0.9 Hz, 1H), 8.02 – 7.92 (m, 5H), 7.89 (dt, J = 8.0, 1.0 Hz, 1H), 7.48 (ddd, J = 7.5, 5.0,
1.2 Hz, 1H). 13C-NMR (D2O, 75 MHz, ppm): δ 174.7, 155.9, 148.4, 140.7, 138.0, 136.3, 128.9, 126.5, 122.8, 121.9.
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N-(N-Boc-3-aminopropyl)-4-(pyridin-2-yl)benzamide (14)
The 4-(pyridin-2-yl)benzoic acid (13) (96.6 mg, 0.48 mmol) and boc-aminopropyl bromide (145.5 mg, 0.61 mmol) were dissolved in 5 ml DMF. To this
mixture K2CO3 (108.2 mg, 0.78 mmol) was added. The solution was heated to
50°C for 1 day. The solution was cooled to room temperature and diluted with
15 ml H2O and 30 ml EtOAc. The organic layer was washed with a saturated aqueous NaHCO3 solution, with
brine, dried over MgSO4 and concentrated in vacuo. The crude product was purified by flash column
chromatography to afford 14 (85.6 mg, 0.24 mmol, Y: 50%).
1

H-NMR (CDCl3, 400 MHz, ppm) δ: 8.73 – 8.71 (m, 1H), 8.15 – 8.12 (m, 2H), 8.08 – 8.05 (m, 2H), 7.79 – 7.76 (m,

2H), 7.31 – 7.25 (m, 1H), 4.86 (br. s, 1H), 4.42 (t, J = 6.2 Hz, 2H), 3.33 – 3.28 (m, 2H), 2.02 – 1.95 (m, 2H), 1.44 (s,
9H).

N-(N-L-Alanyl-3-aminopropyl)-4-(pyridin-2-yl)benzamide∙HCl (15)
The product 14 was deprotected with HCl/EtOAc. This deprotected
product (1.85 g, 6.33 mmol) was dissolved in CH2Cl2 together with bocalanine (1.43 g, 7.56 mmol). To this mixture the DIPEA (4.4 ml, 25.2
mmol), EDC (1.56 g, 10.0 mmol) and the HOBT (1.33 g, 9.84 mmol) were
added. The reaction mixture was stirred at room temperature. After one day the solution was washed with a
10% (v/v) citric acid solution, then washed with a 10% (v/v) Na2CO3 solution and washed with brine. The organic
layer was dried over Na2SO4 and concentrated in vacuo. The solid was taken up in a minimum amount of EtOAc
en precipitated in heptane, resulting in a white solid (1.25 g, 2.93 mmol, Y: 46%).
1

H-NMR (CDCl3, 400 MHz, ppm) δ: 8.73 (td, J = 4,8, 1.4 Hz, 1H), 8.16 – 8.13 (m, 2H), 8.10 – 8.07 (m, 2H), 7.80 –

7.79 (m, 2H), 7.31 – 7.28 (m,1H), 6.51 (br. s, 1H), 4.97 (br. s, 1H), 4.47 – 4.37 (m, 2H), 4.18 – 4.11 (m, 1H), 3.43 (q,
J = 6.5 Hz, 2H), 2.04 – 1.97 (m, 2H), 1.45 (s, 9H), 1.37 (d, J = 7.1 Hz, 3H). This product was deprotected with
HCl/EtOAc to form 15. 1H NMR (MeOD-d4, 400 MHz, ppm): δ 8.89 (ddd, J = 5.8, 1.6, 0.7 Hz, 1H), 8.67 (dt, J = 7.9,
1.6 Hz, 1H), 8.43 – 8.41 (m, 1H), 8.32 – 8.29 (m, 2H), 8.10 – 8.04 (m, 3H), 4.43 (t, J = 6.2 Hz, 2H), 3.92 (q, J = 7.0
Hz, 1H), 3.44 (dt, J = 6.8, 1.5 Hz, 2H), 2.09 – 2.02 (m, 2H), 1.51 (d, J = 7.1 Hz, 3H). 13C NMR (CDCl3, 75 MHz, ppm): δ
171.1, 166.6, 153.4, 147.8, 144.1, 137.1, 134.6, 131.7, 129.6, 127.5, 127.3, 64.0, 50.4, 37.4, 29.7, 17.7.

N-(N-(N-Formyl-L-Alanyl)-3-aminopropyl)-4-(pyridin-2-yl)benzamide (16)
The Ala-spacer-ppy (15) (480.4 mg, 1.32 mmol) and sodium formate
(454.7 mg, 6.69 mmol) were suspended in 40 ml ethyl formate. The
reaction mixture was heated to reflux. After one night the reaction
mixture was filtrated while still hot. The filtrate was concentrated in
vacuo yielding the product (296.4 mg, 83.4 mmol, Y: 63%)
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1

H NMR (CDCl3, 200 MHz, ppm): δ 8.75 – 8.72 (m, 1H), 8.18 (br s, 1H), 8.17 – 8.12 (m, 2H), 8.10 – 8.05 (m, 2H),

7.81 – 7.78 (m, 2H), 7.35 – 7.28 (m, 1H), 6.57 (br t, J = 5.2 Hz, 1H), 6.37 (br. d, J = 6.9 Hz, 1H), 4.57 (quint, J = 7.2
Hz, 1H), 4.42 (t, J = 6.1 Hz, 2H), 3.43 (q, J = 6.6 Hz, 1H), 2.01 (quint, J = 6.5 Hz, 2H), 1.42 (d, J = 7.0 Hz, 3H). 13C
NMR (CDCl3, 75 MHz, ppm): δ 160.9, 150.1, 137.1, 130.2, 127.1, 123.1, 121.2, 62.4, 47.9, 47.9, 36.6, 29.0, 18.6.

N-(N-(Isocyano-L-Alanyl)-3-aminopropyl)-4-(pyridin-2-yl)benzamide (17)
Formamide 16 (89.9 mg, 0.25 mmol) was dissolved in 1 ml CH2Cl2 and the
N-methylmorpholine (55 μl, 0.50 mmol) was added. The reaction mixture
was cooled down to -30°C. The diphosgene (14 μl, 0.12 mmol) in 1 ml
CH2Cl2 was added dropwise during 30 minutes. After 1 hour the solution
was allowed to warm up to room temperature. A saturated aqueous NaHCO3 solution was added to the reaction
mixture. The organic layer was washed with water and dried over Na2SO4, concentration of the reaction mixture
yielded a solid. This solid was dissolved in EtOAc and precipitated in heptane giving the product (32.7 mg, 0.10
mmol, Y: 38%).
1

H NMR (CD2Cl2, 400 MHz, ppm): δ 8.72 – 8.69 (m, 1H), 8.15 – 8.08 (m, 4H), 7.85 – 7.77 (m, 2H), 7.32 – 7.28 (m,

1H), 6.69 (br. s, 1H), 4.41 (t, J = 6.1 Hz, 2H), 4.25 (q, J = 7.1 Hz, 1H), 3.48 – 3.43 (m, 2H), 2.07 – 2.00 (m, 2H), 1.61
(d, J = 7.1 Hz, 3H). 13C NMR (CD2Cl2, 75 MHz, ppm): δ 150.1, 137.3, 130.3, 127.1, 123.3, 121.3, 62.7, 37.4, 29.1,
20.0. FTIR (KBr, cm-1): υ 3297, 3099, 2957, 2142, 1712, 1664, 1282, 1107, 752

Tetrakis(2-phenylpyridine-C2,N’)(μ-dichloro)diiridium [ppy2 Ir Cl]2
Iridium trichloride hydrate (3.89 g, 13.0 mmol) was dissolved in a degassed
mixture of ethoxy-ethanol (300 ml) and water (100 ml). 2-Phenylpyridine (5.57
ml, 52.5 mmol) was added after which the temperature was raised to 110°C and
kept at this temperature for 16 hours. The yellow reaction mixture was cooled to
room temperature and the precipitate was collected on a glass filter and washed
with 95% (v/v) ethanol and acetone. The product was obtained as a yellow solid
(4.85 g, 4.52 mmol, 68%).
1

HNMR (400 MHz, CD2Cl2, ppm) δ = 9.17 (d, J = 5,8 Hz, 4H), 7.93 (d, J = 7.8 Hz, 4H), 7.79 (ddd, J = 8.1, 7.5, 1.6 Hz,

4H), 7.55 (dd, J = 7.7, 1.3 Hz, 4H), 6.84 – 6.79 (m, 8H), 6.60 (ddd, J = 7.8, 7.2, 1.4 Hz, 4H), 5.87 (dd, J = 7.8, 0.9 Hz,
4H). 13CNMR (75 MHz, CD2Cl2, ppm): δ = 168, 152, 145, 144, 137, 130, 129, 124, 123, 122, 119.
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fac-5-Formyl-2-(pyridin-2-yl)phenyl bis(2-(pyridin-2-yl)phenyl) iridium (III)
[fppy ppy2 Ir] (20)
The [ppy2 Ir Cl]2 (500 mg, 0.47 mmol), 4-pyridyl benzaldehyde (350 mg, 1.91 mmol) and
silver triflate (253 mg, 0.99 mmol) were dissolved in degassed 2-ethoxy ethanol (20 ml).
This mixture was heated to 110°C and stirred at this temperature for 2 days. The
orange/red reaction mixture was cooled to room temperature. Water was added to the
mixture and the precipitate formed was collected by filtration. The orange/red sollid was
purified by flash column chromatography (CH2Cl2, silica) to afford the product (230 mg,
0.337 mmol, 36%).
1

HNMR (400 MHz, CD2Cl2, ppm) δ = 9.66 (s, 1H), 8.02 (d, J = 8.2 Hz, 1H), 7.93 (d, J = 8.2 Hz, 2H), 7.80 (d, J = 8.2 Hz,

1H), 7.73 – 7.63 (m, 6H), 7.57 – 7.52 (m, 2H), 7.38 (dd, J = 8.1, 1.8 Hz, 1H), 7.24 (d, J = 1.5 Hz, 1H), 7.04 – 7.01 (m,
1H), 6.95 – 6.87 (m, 4H), 6.85 – 6.81 (m, 1H), 6.79 – 6.75 (m, 2H), 6.67 (dd, J = 7.6 , 1.4 Hz, 1H). 13CNMR (75 MHz,
CD2Cl2, ppm) δ = 194.1, 166.8, 166.7, 165.4, 162.0, 160.5, 160.1, 150.6, 148.0, 147.5, 144.2, 144.1, 139.8, 137.2,
137.1, 136.9, 136.8, 130.3, 130.1, 124.6, 124.5, 123.9, 122.6, 122.5, 120.7, 120.6, 120.5, 119.4, 119.4. UV-VIS
(CH2Cl2, 1.61*10-5, nm) λ: 245 (4.39*104), 285 (5.10*104), 355(9.97*103). Fluores. (CH2Cl2, 1.61*10-5, nm) λ: 600
(exc. 355 nm). FTIR (KBr, cm-1) ν: 3431, 3032, 2922, 1683, 1599, 1473, 1414, 1260, 1032, 751.

(5-(((N-Boc-3-aminopropyl)imino)methyl)-2-(pyridin-2-yl)phenyl)
bis(2-(pyridin-2-yl)phenyl) iridium (22)
N-Boc-1,3-propanediamine (186.4 mg, 1.07 mmol) and 19 (601.2 mg, 0.88
mmol) were dissolved in 20 ml toluene, this mixture was heated to reflux.
Some MgSO4 was added. After one day the solution was allowed to cool
down to room temperature, filtrated and concentrated in vacuo to obtain
the product.
1

H-NMR (CDCl3, 200 MHz, ppm) δ: 7.97 – 7.86 (m, 4H), 7.69 – 7.49 (m, 10H),

6.94 – 6.83 (m, 9H), 5.27 (br s, 1H), 3.56 (br t, J = 6.4 Hz, 2H), 3.28 – 3.19 (m, 2H), 1.85 – 1.72 (m, 2H), 1.43 (s, 9H).

fac- (5-(Hydroxymethyl)-2-(pyridin-2-yl)phenyl) bis(2-(pyridin-2-yl)phenyl)
iridium (III) [ppy3 Ir]-OH (20)
The [ppy2 Ir fppy] (899,5 mg, 1.30 mmol) was dissolved in 30 ml THF, to this solution
LiAlH4 (331.5 mg, 8.74mmol) in 6 ml THF was added dropwise. The reaction mixture
turned from a red/orange color to yellow. After stirring for two hours at room
temperature, the reaction was quenched with 200 ml water. The aqueous layer was
extracted with CH2Cl2. The combined organic layers were washed with water, dried over
MgSO4, and concentrated in vacuo. The crude product was purified by flash column

107

Chapter 4

chromatography (silica, 3% MeOH in CH2Cl2,, Rf = 0.27) to obtain the product (851 mg , 1.24 mmol, 95%).
1

HNMR (400 MHz, CD2Cl2, ppm) δ = 7.92 (dt, J = 8.3, 1.1 Hz, 1H), 7.91 (dt, J = 8.2, 1.1 Hz, 2H), 7.68 – 7.62 (m, 6H),

7.54 (ddt, J = 5.7, 1.6, 0.8 Hz, 3H), 6.93 – 6.86 (m, 6H), 6.80 – 6.71 (m, 5H), 4.41 – 4.32 (m, 2H), 1.48 (t, J = 5.9 Hz,
1H). 13CNMR (50 MHz, solvent, ppm) δ = 166.9, 166.8, 166.5, 161.8, 161.3, 161.1, 147.5, 144.2, 144.2, 143.8,
142.7, 137.1, 137.1, 136.6, 135.4, 130.1, 130.0, 124.5, 124.5, 124.4, 122.4, 120.3, 119.3, 119.3, 119.3. UV-VIS
(CH2Cl2, 1.61*10-5, nm) λ: 245 (5.01*104), 284 (5.16*104), 376 (1.32*104). Fluores. (CH2Cl2, 1.61*10-5, nm) λ: 515
(exc. 375 nm). FTIR (KBr, cm-1) ν: 3430, 3031, 2918, 1599, 1472, 1414, 1261, 1031, 751.

fac-(5-((Hex-5-ynoyloxy)methyl)-2-(pyridin-2-yl)phenyl)
bis(2-(pyridin-2-yl)phenyl) iridium (III) (25)
The [ppy3 Ir]-OH (199.1 mg, 0.291 mmol), hexynoic acid (0.15 ml, 1.34
mmol), DCC (284 mg, 1.38 mmol) and DMAP (18.6 mg, 0.15 mmol) were
dissolved in 50 ml CH2Cl2. This mixture was heated to reflux. After two days
the reaction mixture was cooled down and filtrated. The residue was
washed with CH2Cl2 after the washing the combined organic layers were
concentrated in vacuo. The crude product was purified by flash colomn
chromatography (silica, 5% heptane in CH2Cl2, Rf = 0.41) to give the product (204.0 mg, 0.262 mmol, 90%).
1

HNMR (300 MHz, CD2Cl2, ppm) δ = 7.93 – 7.90 (m, 3H), 7.68 – 7.61 (m, 6H), 7.57 – 7.52 (m, 3H), 6.94 – 6.71 (m,

11H), 4.86 (s, 2H), 2.37 (t, J = 7.4 Hz, 2H), 2.21 (dt, J = 7.0, 2.7 Hz, 2H), 1.99 (t, J = 2.7 Hz, 1H), 1.75 (quint. J = 7.2
Hz, 2H). 13CNMR (75 MHz, CD2Cl2, ppm) δ = 173.0, 166.8, 166.8, 166.4, 161.7, 161.2, 160.9, 147.6, 147.5, 147.5,
144.2, 137.4, 137.1, 137.1, 136.6, 135.9, 130.1, 130.0, 124.4, 124.4, 124.3, 122.6, 122.5, 120.3, 120.3, 119.7,
119.3, 119.3, 119.2, 83.9, 69.1, 66.7, 33.3, 24.1, 18.2. UV-VIS (CH2Cl2, 1.28*10-5, nm) λ: 244 (4.91*104), 284
(5.16*104), 375 (1.27*104). Fluores. (CH2Cl2, 1.28*10-5, nm) λ: 517 (exc. 375 nm). FTIR (KBr, cm-1) ν: 3427, 3284,
3033, 2921, 1729, 1599, 1472, 1414, 1261, 159, 1032, 753.

fac-(5-(Azidomethyl)-2-(pyridin-2-yl)phenyl)

bis(2-(pyridin-2-yl)phenyl)

iridium (III) [ppy3 Ir]-N3 (27)
A suspension of [ppy3 Ir]-OH (500 mg, 0.73 mmol) and N-ethyldiisopropylamine (0.5 ml,
2.87 mmol) in 40 ml CH2Cl2 was cooled to 0°C. Methanesulfonyl chloride (0.3 ml, 3.8
mmol) was added dropwise over 20 minutes. The mixture was stirred one additional
hour at 0°C, then the cooling bath was removed and the clear solution was stirred at
room temperature overnight. The solution was poured into a mixture of methanol (200
ml) and dilute HCl (10 ml, 0.3 M) and the CH2Cl2 was removed under reduced pressure.
The residue was cooled to -20 °C and the crude product was filtered off. Column chromatography (silica, CH 2Cl2)
yielded the mesylate as a yellow powder (420 mg, 0.55 mmol, 75%). The mesylate and NaN3 (0.8 g, 10 mmol)
were dissolved in 15 ml DMF and were stirred at 80°C overnight. The mixture was cooled and precipitated in 0.3
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M HCl. The crude product was filtered off, dried and subjected to purification by column chromatography (silica,
CH2Cl2). Pure [ppy3 Ir]-N3 was isolated as a yellow powder (380 mg, 0.53 mmol, 97%).
FTIR (KBr): ν = 3440, 3037, 2095, 1560, 1581, 1472, 752 cm-1. 1HNMR (400 MHz, CDCl3, ppm) δ = 7.88 (br. d, J =
8.1 Hz, 3H), 7.66 – 7.64 (m, 3H), 7.62 – 7.57 (m, 3H), 7.55 – 7.50 (m, 3H), 6.93 – 6.81 (m, 10H), 6.72 (d, J = 1.8 Hz,
1H), 4.06 (s, 2H). HRMS (ESI) m/z calculated for C34H25IrN6 (M+): 710.1770, found: 710.1725. UV-VIS (CH2Cl2,
3.52*10-5, nm) λ: 245 (2.40*104), 285 (2.53*104), 375 (6.49*103). Fluores. (CH2Cl2, 3.52*10-5, nm) λ: 518 (exc. 375
nm). FTIR (KBr, cm-1) ν: 3433, 3032, 2094, 1599, 1472, 1414, 1261, 1032, 751.

N-Formyl-L-alanyl-L-alanine -azidopropyl ester (FAA) (28)
Boc-L-alanine (7.10 g, 37.5 mmol), 3-azidopropanol (3.12 g, 30.9 mmol), HOBt
(5.76 g, 37.5 mmol), DMAP (cat) and the DIPEA (6.5 ml, 37.4 mmol)) were
dissolved in 250 ml DCM/DMF (4:1). The EDC was added and the mixture was
stirred at room temperature overnight. The reaction mixture was washed with 10% citric acid, 10% Na2CO3(aqua).
The organic layer was dried with MgSO4 and concentrated. The intermediate was purified by column
chromatography (silica, heptanes/EtOAc (4:1)). The pure compound (4.82 g, 17.7 mmol) was dissolved in EtOAc
and was deprotected with HCl/EtOAc. The mixture was concentrated and co-evaporated with tBuOH to remove
the excess HCl. The residue was dissolved in CH2Cl2 together with boc L-alanine (3.72 g, 19.7 mmol), HOBt (3.00 g,
19.6 mmol), DIPEA (6.5 ml, 37.2 mmol). The EDC (3.82 g, 19.9 mmol) was added to the stirred mixture and was
stirred at room temperature overnight. The reaction mixture was washed with 10% citric acid, 10% Na2CO3(aqua).
The organic layer was dried with MgSO4 and concentrated. The intermediate was purified by column
chromatography (silica, heptanes/EtOAc (1:1)). The pure compound (4.93 g, 14.3 mmol) was deprotected with
HCl/EtOAc. The mixture was concentrated and co-evaporated with tBuOH to remove the excess HCl. The residue
was dissolved in 250 ml ethyl formate, the sodium formate (4.97 g, 73.1 mmol) was added and the mixture was
heated to reflux and stirred overnight. The mixture was cooled down to room temperature, filtrated and
concentrated. The crude product was purified by precipitation in diisopropyl ether, resulting in a white solid
(2.15 g, 7.93 mmol, Y: 21%).
1

H-NMR (400 MHz, CDCl3, ppm) δ = 8.15 (s, 1H), 7.26 (br. d, J = 7.2 Hz, 1H), 6.97 (br. d, J = 7.7 Hz, 1 H) 4.71 (quint.

J = 7.2 Hz, 1H), 4.53 (quint., J = 7.2 Hz, 1H), 4.24 (t, J = 6.2 Hz, 2H), 3.41 (t, J = 6.6 Hz, 2H), 1.94 (quint., J = 6.6 Hz,
2H), 1.42 (2xd, J = 7.1 Hz, 6H) 13CNMR (50 MHz, CDCl3, ppm) δ = 172.6, 171.9, 161.0, 62.4, 48.3, 48.0, 47.4, 28.1,
18.9, 17.8. MS (ESI) m/z calculated for C10H18N5O4 (MH+): 272.1, found: 272.1.

N-Formyl-L-alanyl-L-alanine prop-2-ynyl amide (L,L-FAAPA) (30)
Propargyl amine (2.5 ml, 39 mmol), Boc-Alanine (7.0 g, 37 mmol), EDC (6.8 g, 44
mmol) and triethyl amine (5.0 ml, 36 mmol) were dissolved in 75 ml CH 2Cl2 and this
mixture was stirred at room temperature overnight. The reaction mixture was
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washed with 10% citric acid, 10% Na2CO3(aqua). The organic layer was dried with MgSO4 and concentrated. The
product was recrystallised in EtOAc (3.5 g, 16 mmol, 42%).
1

H-NMR (200 MHz, CDCl3, ppm) δ = 6.70 (br s, 1H), 5.09 (br. d, J = 6.8 Hz, 1H), 4.29 – 4.10 (m, 1H), 4.03 (dd, J =

5.3, 2.5 Hz, 2H), 2.21 (t, J = 2.6 Hz, 1H), 1.45 (s, 9H), 1.37 (d, J = 7.1 Hz, 3H).13C-NMR (50 MHz, CDCl3, ppm) δ =
79.1, 71.5, 29.0, 28.2, 18.1
The product was deprotected with HCl/EtOAc, after one hour the mixture was concentrated to a small volume,
some t-butanol was added and evaporated to remove the excess of HCl. The resulting deprotected product was
dissolved in 100 ml CH2Cl2. Boc-alanine (3.1 g, 16 mmol), EDC (2.9 g, 19 mmol) and Et3N (2.6 ml, 19 mmol) were
added at the mixture was stirred overnight at room temperature. The solution was washed with 10 % citric acid
(aqua),

10% Na2CO3 (aqua) and water. The organic layer was dried and concentrated. Again this product was

deprotected with HCl/EtOAc and the excess of HCl was removed with t-butanol. This deprotection yielded Lalanyl-L-alanine prop-2-ynyl amide (1.8 g, 7,6 mmol, 47%).
MS (ESI) measured: 198.1 calculated for C9H16N3O2+: 198.1. 1H-NMR (boc protected) (200 MHz, d6-DMSO, ppm) δ
= 8.30 (br. t, J = 5.0 Hz, 1H), 7.84 (br. d, J = 7.5 Hz, 1H), 6.98 (br. d, J = 7.5 Hz, 1H), 4.29 – 4.16 (m, 1H), 4.00 – 3.82
(m, 3H), 3.10 (t, J = 2.3 Hz, 1H), 1.36 (s, 9H), 1.16 (pseudo t, J = 6.6 Hz, 6 H). 13C-NMR (boc protected) (50 MHz,
d6-DMSO, ppm) δ = 172.3, 171.9, 155.2, 80.9, 78.1, 73.1, 49.8, 47.9, 28.2, 28.0, 18.4, 18.0.
This HCl salt was taken up in 100 ml ethyl formate and sodium formate (2.1 g, 31 mmol) was added. The mixture
was heated to reflux and stirred for 2 days. The solid was filtered off and washed with acetone. The filtrated was
concentrated, which gave the product formamide (956 mg, 4.2 mmol, 56 %, overall yield: 11%).

N-Formyl-L-alanyl-L-alanine long spacer [Ir ppy3] (FAA long [Ir ppy3]) (29)
The formamide (51.0 mg, 0.18 mmol) and the Ir-complex
(143 mg, 0.18 mmol) were suspended in 10 ml degassed
THF. 20 mol% CuI/dmpeta in 2 ml degassed THF was
added. The reaction mixture was stirred overnight at
room temperature. Some CH2Cl2 was added and this
mixture was washed with water. The organic layer was dried over MgSO4 and concentrated in vacuo. The crude
product was further purified by flash column chromatography (silica, 1% -> 5% MeOH in CH2Cl2) and gave a
yellow solid (179 mg, 0.17 mmol, 95%). 1H-NMR (400 MHz, CDCl3, ppm) δ = 8.12 (d, J = 6.7 Hz, 1H), 7.88 – 7.85
(m, 3H), 7.66 – 7.55 (m, 6H), 7.53 – 7.49 (m, 3H), 7.29 (br. d, J = 1.8 Hz, 1H), 6.91 – 6.75 (m, 12H), 6.55 (br. t, J =
6.0 Hz, 1H) 6.41 (br. d, J = 6.5 Hz, 1H), 4.95 – 4.87 (m, 2H), 4.59 – 4.51 (m, 1H), 4.49 – 4.41 (m, 1H), 4.39 – 4.29
(m, 2H), 4.19 – 4.03 (m, 2H), 2.72 (t, J = 7.4 Hz, 2H), 2.31 (t, J = 7.3 Hz, 2H), 2.23 – 2.16 (m, 2H), 1.95 (m, 2H), 1.40
(m, 6H). FT-IR (KBr, cm-1): 𝜐 3296, 3036, 2934, 1735, 1666, 1600, 1472, 755.UV-VIS (CH2Cl2, nm) λ: 240, 281, 375,
452 molar extinction coefficient: 12632 (L/mol*cm). HRMS (ESI) m/z calculated for C50H50IrN8O6+ (M+H+):
1051.34825, found: 1051.34612.
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N-Formyl-L-alanyl-L-alanine short spacer [Ir ppy3] (FAA short [Ir ppy3]) (31)
The formamide (121 mg, 0.54 mmol) and the azide (377 mg, 0.53
mmol) were suspended in 25 ml degassed THF. 20 mol% CuI/dmpeta in
2 ml degassed THF was added. The reaction mixture was stirred
overnight at room temperature. Some CH2Cl2 was added and this
mixture was washed with water. The organic layer was dried over
MgSO4 and concentrated in vacuo. The crude product was further
purified by flash column chromatography (silica, 1% -> 5% MeOH in CH2Cl2) and resulted a yellow solid (407 mg,
0.44 mmol, 82%). 1H NMR (CDCl3, 400 MHz, ppm): δ 8.07 – 7.92 (2xs, 1H), 7.90 – 7.83 (m, 3H), 7.68 – 7.48 (m,
9H), 7.16 – 7.13 (2xs, 1H), 6.97 (br. s, 1H), 6.94 – 6.66 (12 H), 6.60 (br. s, 1H), 6.38 (br. s, 1H), 5.28 – 5.18 (m, 2H),
4.57 – 4.31 (m, 4H), 1.38 – 1.32 (m, 6H). HRMS (ESI) m/z calculated for C44H41IrN9O3 (M+H+): 936.2962, found:
936.2960.

L-Isocyanoalanyl-L-alanine long spacer [Ir ppy3] (32)
The product 29 (101.85 mg, 0.38 mmol) was suspended in
10 ml CH2Cl2. To this suspension N-methyl morpholine (81
μl, 0.74 mmol) was added. The reaction mixture was
cooled down to -30°C. Over a period of min. diphosgene
(22 μl, 0.18 mmol) in 5 ml CH2Cl2 was added dropwise
keeping the temperature at -30°C. After adding the diphosgene, the solution was stirred for an additional 30 min.
at this temperature. Then the solution was allowed to warm up to 0°C. Saturated NaHCO 3 was added. The
organic layer was separated and washed with water, then dried over MgSO4 and concentrated in vacuo. The
crude product was purified by column chromatography (silica, 5% MeOH in CH2Cl2). The product was precipitated
in iso-propyl ether yielding a yellow solid (50 mg, 0.20 mmol, 54%). 1H NMR (CDCl3, 400 MHz, ppm): δ 7.91 (d, J =
4 Hz, 3H), 7.67 – 7.62 (m, 6H), 7.56 – 7.52 (m, 3H), 7.27 (s, 1H), 6.94 – 6.84 (m, 6H), 6.81 – 6.71 (m, 6H), 4.85 (s,
2H), 4.53 – 4.46 (m, 1H), 4.35 (t, J = 6.9 Hz, 2Hz), 4.28 (q, J = 7.2 Hz, 1H), 4.18 – 4.08 (m, 2H), 2.68 (t, J = 7.5Hz,
2H), 2.28 (t, J = 7.5 Hz, 2H), 2.21 (p, J = 6.5 Hz, 2H), 1.89 (p, J = 7.5 Hz, 2H), 1.61 (br. d, J = 7.2 Hz, 3H), 1.43 (dd, J =
7.2, 1.7 Hz, 3H). UV-VIS (CH2Cl2, nm) λ: 245, 284, 375, 450. Fluores (CH2Cl2, nm) λ 520 (exc. 375 nm). FTIR (KBr,
cm-1) ν:IR (KBr,): υ 3437, 3036, 2140, 1734, 1684, 1600, 1473, 1263, 755. MS (ESI) m/z calculated for C50H48IrN8O5+
(M+H+): 1033.34 found: 1033.3
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L-Isocyanoalanyl-L-alanine short spacer [Ir ppy3] (33)
The product 31 (501 mg, 0.536 mmol) was suspended in 50 ml CH2Cl2.
To this suspension N-methyl morpholine ( 118 μl, 1.07 mmol) was
added. The reaction mixture was cooled down to -30°C. Over a period
of min. diphosgene (32 μl, 0.27 mmol) in 5 ml CH2Cl2 was added
dropwise keeping the temperature at -30°C. After adding the
diphosgene, the solution was stirred for an additional 30 min. at this
temperature. Then the solution was allowed to warm up to 0°C. Saturated NaHCO3 was added. The organic layer
was separated and washed with water, then dried over MgSO4 and concentrated in vacuo. The crude product
was purified by column chromatography (silica, 5% MeOH in CH2Cl2). The product was precipitated in iso-propyl
ether yielding a yellow solid. 1H NMR (CD2Cl2, 400 MHz, ppm): δ 7.95 – 7.88 (m, 3H), 7.69 – 7.61 (m, 6H), 7.58 –
7.52 (m, 3H), 7.20 (2x s, 1H), 7.02 (br d, J = 4 Hz, 1H), 6.96 – 6.87 (m, 5H), 6.81 – 6.76 (m, 2H), 6.73 – 6.67 (m, 4H),
6.39 (s, 1H), 5.23 (s, 2H), 4.46 – 4.42 (m, 2H), 4.39 – 4.35 (m, 1H), 4.26 – 4.21 (m, 1H), 1.57 – 1.55 (m, 3H), 1.38
(2xd, J = 7.0 Hz, 3H). UV-VIS (CH2Cl2, nm) λ: 245, 284, 375, 450. Fluores (CH2Cl2, nm) λ 520 (exc. 375 nm). FTIR
(KBr, cm-1) ν: 3392, 3036, 2138, 1668, 1600, 1473, 754. MS (ESI) m/z calculated for C44H39IrN9O2+ (M+H+): 918.3
found: 918.3

Poly (L-isocyanoalanyl-L-alanine long spacer [Ir ppy3])
To a stirring solution of 0.53 mg (1.25 µmol) Ni(ClO4)2∙(H2O)6 in 90 ml CH2Cl2 the 64.6 mg (62.6 µmol) Iridium
complex isocyanide was added. After 16 hours a solid was formed, IR analysis showed complete consumption of
the isocyanide. The 35.0 mg of solid was collected by filtration. The solid only dissolved slightly in NMP and DMF.

Copolymer

L-isocyanoalanyl-L-alanine

long

spacer

[Ir

ppy3])

and

L-

Isocyanoalanyl-L-alanine methyl ester (40)
To a stirring solution of iridium isocyanide (3.99 mg, 3.87 µmol) and IAAOMe (22.38 mg, 121.5 µmol) in 1 ml
CH2Cl2 a Ni(ClO4)2∙(H2O)6 solution (1/50 equiv.) was added. After 16 hours a solid the solution had become
viscous the mixture was precipitated in 10 ml MeOH/H2O (3:1) (3x) and resulted in the 24 mg of the polymer, IR
analysis showed complete consumption of the isocyanide.
The other copolymers were synthesised likewise, but with different iridium isocyanide and IAAOMe ratios. The
same procedure is used for the short spacer iridium isocyanide.
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Chapter 5

5.1. Introduction
In the previous chapter the synthesis of iridium functionalised polyisocyanides for their
use in OLED devices was introduced. Even stronger than in OLED technology the material
morphology in photovoltaics is of crucial importance and the scaffolding character of the
polyicocyanides may contribute well to this. This chapter focusses on the use of
polyisocyanides as scaffold material in solar cells. The operating principles of a solar cell
are not discussed here.

[1]

The material morphology (Figure 1) is of importance in the heterojunction concept, this
concept can be applied in two main types of setups. The first type is the bi-layer
heterojunction, where p-type and n-type semiconductors are sequentially stacked on top
of each other. Only excitons created within a distance of 10-20 nm from the interface can
reach it, and achieve the charge separated state, because of their limited lifetime. Thicker
layers do not contribute to the efficiency, but create additional disadvantages such as
filter effects and interference patterns.

[2]

Figure 1: Basic design principles in solar cells: bilayer cells, dispersed (bulk) heterojunctions and
molecularly organised cells.

In the second type, the bulk heterojunction (BHJ) a blend of the donor and acceptor
components in a bulk volume exhibits a donor acceptor phase separation on the desired
10-20 nm length scale. The interfacial area is increased by orders of magnitude thus
improving the solar cell efficiency.

[2]

Disadvantages of the BHJ are the difficulties that

charge carriers have to reach the correct electrode via percolation pathways through the

116

Fullerene Functionalised polyisocyanides

interpenetrating network and the losses by recombination of the wrong sign of charges at
the wrong electrode.

[2]

The electron transfer events between the donor and acceptor are ultrafast with high
quantum efficiencies.

[3]

The transport to the electrode and charge recombination are

important limiting steps. Some clear requirements for efficient heterojunction solar cells
can therefore be defined: Typical dimensions of phase separation have to be within the
exciton diffusion length (in the order of 10 nm). A continuous, undisturbed pathway has to
be ensured for transport of charge carriers to the electrodes.
This can be achieved when the two phases are interdigitated percolated highways. If a
pure donor phase is placed at the hole collecting electrode and a pure acceptor phase at
the electron collecting electrodes are placed the losses by recombination with the wrong
electrode is also minimised. For instance the commonly used acceptor material C60 can be
attached to a donor material (conjugated polymer) covalently, thus generating a so-called
double cable polymer,

[4]

the conjugated backbone as the donor-“cable” and the fullerene

moieties as the acceptor-“cable”. Both copolymerisation of fullerene functionalised
monomers as well as grafting pristine C60 to polymers can be used. These double cables
can undergo photo induced electron transfer, leading to long-lived, mobile charge carriers
and, since phase separation cannot occur, these materials are inherently a bulk
heterojunction. Despite their limited solubility, fabrication of solar cell prototypes has
already been demonstrated.

[4]

If one end of every polymer can be connected conductively

to the hole accepting electrode (anode) the criterion of an interdigitated percolation
pathways can be met.
A way to meet this criterion is by growing (supramolecular) polymers with either a donor
or acceptor character from a surface electrode. The other heterojunction material can be
added later in the spaces between the polymer strands. This organisation at a molecular
level ensures excitations always occur within close distance from the heterojunction
interface ensuring that charge transfer from donor to acceptor can take place. An example
of this organisation is shown by Kira et al.

[5]

were small porphyrin stacks are infiltrated

with C60-derivatives to form a material which generates a photocurrent.

117

Chapter 5

As already has been shown in chapter 4, polyisocyanides containing acetylene
[7]

azide

[6]

and

functionalities have a facile modular synthesis in the scope of click chemistry.

These long and stiff polyisocyanides are promising scaffolds for grafting C 60. A sufficiently
fullerene-covered polyisocyanide can function as an electron transporting wire, which can
be used as an acceptor component in a molecularly organised bulk heterojunction. The
possibility to grow polyisocyanides from an initiator linked to a surface

[8]

allows the next

step to fast electron pathways towards the electrode.
Scheme 1 displays two possible routes to obtain a functional polyisocyanide. In route I,
first the functionality is introduced followed by polymerisation; and in route II first the
polyisocyanide is obtained, followed by a grafting reaction to this polymer. The latter
route is an easy route towards new materials, because in only one step a new moiety can
be introduced. To use this route using the Huisgen cycloaddition, the polymer must either
contain an azide or an acetylene group. This chapter will discuss the functionalisation of
polyisocyanides with fullerenes, groups that are commonly used as electron acceptors for
solar cells, via ‘click’ chemistry. An additional advantage of route II is that difficult
chemistry of the fullerene derivatives is avoided as much as possible.

Scheme 1: Possible routes to obtain functionalised polyisocyanides.

5.1.1. Fullerene and its functionalisation
[60]Fullerene or Buckminster fullerene, named as homage to Richard Buckminster Fuller,
was produced for the first time on preparative scale in 1990, by resistive heating of
graphite.
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Several interesting physical properties have been discovered since, for
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example it can be reduced six times yielding a relatively stable hexaanion and it has a very
high absorption in the UV-region and weaker absorptions in the visible region. In materials
chemistry, C60 is seen as a versatile molecule because of its electronic and electrochemical
behaviour; however its limited solubility and processability have led to many problems
[3]

when used in electronic applications. Nowadays, C60 can be functionalised with virtually
any group, opening up the way for its incorporation into photovoltaic model systems,
and actual photovoltaic cells.

[2,10]

[9]

The functionalised fullerene becomes easier to process,

whilst retaining most of the original properties of C60.

[3]

2

Fullerene is composed of 60 sp hybridised carbon atoms, all organised into five and six
membered rings, the most stable polyenic structure has all double bonds inside the sixmembered rings, meaning the shorter bonds (1,38 Å) exist on the junction of two
hexagons [6,6] and the longer bonds (1,45 Å) are present between the hexagon and
pentagon [5,6]. The spherical structure of a fullerene causes the double bounds to deviate
from planarity, giving an excess of strain on these bonds which enhances their reactivity.
C60 can be compared with an electron-deficient olefin, it will react with nucleophiles and is
involved in cycloadditions. Its 30 double bonds are all equivalent and thus have the same
reactivity. The reaction with a nucleophile yields a mixture of the mono-addition product
together with several multiple addition products, of which in turn different isomers exist.
So far, research has focussed on mono-substituted fullerenes.

Figure 2: Reaction products on 6,6-heterojunctions a) open structure, b) three-membered ring, c)
four-membered ring, d) five-membered ring and e) six-membered ring.

Figure 2 shows possible reaction products of C60, the first one can be obtained by careful
hydrogenation or by addition of nucleophiles upon quenching with acid or an
electrophile.

[11]

The three-membered ring fused to [6,6]-bridge junctions can be generated
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cleanly electrochemically or by additions of nucleophiles, diazirines, carbenes or sulfonium
ylide. An example of such a reaction is the Bingel reaction, this reaction can be used to
synthesise acetylene and azide containing methanofullerenes, which can be attached to
each other using the [3+2] Huisgen cycloaddition.

[12]

[2+2] Additions can be used to create

four-membered rings. The five-membered ring can be obtained by a [3+2] addition of for
example diazomethane or azide derivatives to C60 which lead to [6,6]-bridged pyrazolino
or triazolinofullerenes. These products will rearrange upon heating to methanofullerenes
or aziridinofullerenes (closed [6,6]-bridged fullerene Figure 3b) and fulleroids
azafulleroids (open [5,6]-bridged fullerene, Figure 3c).

[13,14]

or

Classical [4+2] cycloadditions

can be used to synthesise six-membered rings.

Figure 3: Five-membered rings on 6,6-junctions can be prepared from the addition of azide or diazocompounds. Upon heating a (or a’) can react to b (or b’) and subsequently to c (or c’).

The addition of azomethine ylide to C60, commonly referred to as the Prato reaction,

[15]

is

probably the most widely used fullerene functionalisation since it conveniently employs
commercially available or easily prepared starting materials; frequently amino acids and
aldehydes are used to obtain these fulleropyrrolidines Scheme 2.
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Scheme 2: Synthetic possibilities by using the Prato reaction.

The incorporation of fullerenes in polymers can yield high fullerene content materials that
can be used for surface coating or photovoltaic devices. The simplest way of fullerene
incorporation is mixing a polymer and fullerene derivative as solids or in a common
solvent that is allowed to be evaporated; a method which is used for the OLED and
photovoltaic devices described in chapter 4. But in line with the OLED devices, also here,
C60 has the tendency to phase separate from the polymer and to crystallise. This problem
can be partially circumvented by the use of phenyl-C61-butyric acid methyl ester
(PCBM).

[16]

Fullerenes have also been linked covalently to polymers using various approaches

[3]

of

which three are highlighted here. The first way is mixing in fullerenes during the
polymerisation of a monomer. During the polymerisation, they can react with the growing
polymer chain, often leading to cross-linked materials (Figure 4a). Another method is
(co)polymerizing a fullerene containing monomer. This fullerene can be part of the main
chain

[17]

or attached to a third reactive location of the monomer. For example, the Prato

reaction was also used to synthesise a fulleropyrrolidine with a free amine which could be
reacted with acryloyl chloride monomers which was copolymerised with methyl acrylate
(Figure 4c).

[18]

Fullerene has also been functionalised with an acetylene group using the

Prato reaction, in order to be copolymerised with other acetylene derivatives; when chiral
co-monomers were used, chiral polymers are obtained (Figure 4b).

[19]
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a

b

c

d

Figure 4: Examples of a covalently bound fullerene to polymers. Fullerene a) within the backbone, b)
co-polymerised as side group, c and d) grafted on the polymer

A third way is grafting fullerene to a polymer with appropriate side chains. An example is
the reaction of an azide-containing poly(phenylene vinylene) with fullerene (Figure 4d).

[20]

A polymer can also be designed to react with a fullerene derivatised with a reactive
handle, the reaction with the polymer can be any reaction, for example the click reaction.

5.2. Synthesis of functionalised fullerene
To obtain fullerene-functionalised polyisocyanides via the click reaction, fullerene has to
be functionalised with either an azide or acetylene functionality. The attempts to
functionalise the C60 with an azide will be described, followed by the acetylene
functionalisation. As main method of functionalisation the Prato reaction was chosen,
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because of the ease of the reaction and because the resulting five-membered ring
contains three positions which can be independently varied with functional groups.

Figure 5: Summarising the synthetic approach: A fullerene is functionalised with an acetylene or
azide; a polyisocyanide is functionalised with the complementary component for click chemistry.

5.2.1 Azide-functionalised fullerenes
First the azide functionalisation will be described. Precursor N-hydroxypropyl-1-phenylfulleropyrrolidine (1) was readily synthesised and purified

[21]

(Scheme 3).

Scheme 3: Prato reaction with N-hydroxypropyl glycine.

Because several reaction steps are still needed to obtain the final product, the solubility
was tested. The product dissolved well in CS2, o-dichlorobenzene (o-DCB) and toluene. In
polar solvents it was hardly soluble. As it is slightly soluble in THF when heating was
applied, the click reaction, which commonly uses THF as a solvent, should not be
hampered.
By substituting the hydroxyl group with azide via tosylation, a short route to an azidecontaining fullerene derivative could have been obtained, however, the tosylation
reaction (Scheme 4) did not yield the desired product. The reaction which was performed
in CS2 resulted in a brown precipitate which could not be identified.
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Using iodination as an alternative, turned out to be unsuccessful as well, perhaps because
1 dissolved preferentially in CS2 and the activated iodine compound in THF. Furthermore,
MALDI-TOF mass analysis indicated many peaks, which could not be accounted for by
fragmentations, indicating the formation of byproducts.

Scheme 4: Attempted substitutions of the hydroxyl-group by a tosyl group or an iodine.

An alternative route towards the end product uses chlorination of the hydroxyl group of 1
to give 4 (Scheme 5). After successful chlorination, several conditions for azidation were
tried, summarised in Table 1. The reaction was carried out in mixed solvent conditions, the
different solvents used together with o-dichlorobenzene were water, DMF, NMP and
methanol. The temperature was elevated to 80 ˚C to force the azidation, despite the fact
that the azidated product can potentially react with another fullerene,

[9]

which may result

in byproducts and network formation. MALDI-TOF mass analysis, however, indicated no
conversion, nor the formation of byproducts. The difference in solubility of the reactants
in either solvent could cause these negative outcome, but no experimental observations
could confirm this.

Scheme 5: Attempts to obtain the azide after chlorination using various conditions.
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4

NaN3

equiv.

equiv.

X

equiv.

Solvent

Temp.

Time

1

1.0

1.4

F

cat.

DCB/MeOH

rt

24h

cat.

-

2

1.0

4.0

F

cat.

DCB/MeOH

rt

70h

cat.

-

3

1.0

4.0

KI

excess

DCB/MeOH

rt

6d

cat.

-

4

1.0

10.0

-

-

DCB

rt

4d

cat.

Ar

byproducts

5

1.0

3.5

I

0.2

DCB/H2O

rt

28h

cat

Ar

NR

6

1.0

3.0

I

0.7

DCB/NMP

80 to rt

3d

-

-

NR

7

1.0

4.6

-

-

DCB/DMF

80

1d

cat.

-

byproducts

8

1.0

6.2

-

-

DCB/DMF

80

1d

cat.

-

byproducts

Entry

TBAX

Conditions
Crown
ether

Atm.

Results

NR, few
byproducts
NR, few
byproducts
NR, few
byproducts

Table 1: Conditions used for azidation reaction (NR = no reaction).

A third synthetic pathway to obtain the azide-functionalised fullerene derivative was via
an ether linkage (Scheme 6). Unfortunately no reaction took place, even after addition of
more equivalents of 7 and NaH, plus heating to 50˚ C, yielded no product. Substitution of
the tosyl-group by water could only have been a minor effect because an excess of 7 was
used. Also decreased acidity of the hydroxyl-group attached to a fullerene is not known, so
solubility problems are probably the only explanation for the negative results.

Scheme 6: Attempted azide functionalisation via ether linkage.

To obtain tosyl-C60-derivative, 7 was reacted with virgin C60 to form an azafulleroid.

[13,14]

This reaction could also yield the useful hydroxypropyl-azafulleroid, when the tosyl is lost
due to the forcing reaction conditions (Scheme 7). MALDI-TOF analysis indicated that the
azide attack proceeded very slowly, and resulted in a significant amount of byproducts,
hence this route was abandoned.
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Scheme 7: Attempted formation of tosyloxypropyl-azafulleroid.

An alternative route towards an azide functionalised fullerene starts from the
commercially available phenyl-C61-butyric acid (PCBA) and azidopropanol (6) (Scheme 8).
PCBA was chlorinated successfully using SOCl2 in CS2. The resulting acyl chloride of PCBA
(10) was reacted with 6 in CS2. MALDI-TOF analysis did not indicate the product, probably
the reaction was hindered by the poor solubility of 10.

Scheme 8: Esterification route of PCBA functionalisation.

5.2.2. Acetylene-functionalised fullerenes
Since the functionalisation of C60 with an azide proved to be difficult and azide containing
polyisocyanides can be readily synthesised, acetylene-containing C60-derivatives were
studied as an alternative approach to the grafting reaction. A Prato reaction with
benzaldehyde and propargylglycine was found to be an efficient route to the acetylenecontaining C60-derivative (Scheme 9) 12a, 1-propargyl-4-phenyl-fulleropyrrolidine. The
yield is similar to the synthesis of 1, and the compound had a similar solubility. NMRstudies indicated that the product had been formed in different diastereomers, which
were not separated.

126

Fullerene Functionalised polyisocyanides

Scheme 9: Prato reaction to obtain an acetylene functionalised C60-derivate.

Another method to obtain a more soluble product was tried, by alkylating 12a at the
secondary amine (Scheme 10). Unfortunately this reaction yielded multiple products
which were more polar than the starting material according to TLC. After evaporation of
the solvent, the product was insoluble in CS2, DCM or H2O. Since only one equivalent of
citronellylbromide was used, the formation of a quaternary ammonium salt is thought not
to occur. After a second attempt with the same results, this route was discontinued.

Scheme 10: Alkylation of fulleropyrrolidine 12a

5.3. Grafting the polyisocyanides with C60
Having obtained the acetylene-functionalised fullerene after the successful synthesis of 1propargyl-4-phenyl-fulleropyrrolidine (12a), this compound can be used to study the
grafting reaction with azide containing polyisocyanides, following route II of Scheme 1
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The conversion of the click reaction was estimated on the basis of IR-spectroscopy, which
was often the only reliable characterisation technique for the product. A detailed
description of the approach is given in the experimental section.

5.3.1 Clicking a fullerene functionality to polyisocyanides
The first attempt to obtain fullerene functionalised polyisocyanides using the click reaction
was performed with 12a together with polyisocyanide 13, a copolymer of
isocyanodipeptides capped with a methyl ester or with tetraethylene glycol azide (Scheme
11). The copolymer contains one azide in every eleven monomers, which keeps the
maximum fullerene content relatively low. In this way, the click reaction could be studied
and methods for characterisation could be devised, with a decreased risk of solubility
problems.

Scheme 11: Click reaction of 12a with azide functionalised polyisocyanide 13.

Despite the low C60 concentration on the polymer backbone, the reaction yielded gel-like
flakes, which separated from the solvent. The flakes were separated from the solution and
both fractions were investigated with IR and CD spectroscopy. Infra-red spectroscopy
indicated the presence of the polyisocyanide in the supernatant, and no azide peak could
be observed. Together with the lack of signal on CD this probably means that only short
and unfunctionalised polymers are left in solution. FT-IR spectroscopy of the gel flakes,
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dried in vacuo, indicated that 60% of the azides reacted with 12a, corresponding to six
fullerenes on every 110 monomers, unfortunately the gel was insoluble in a broad range
of solvents after drying (CS2, toluene, DCM, CHCl3, NMP, DMF, DMSO), which hampered
further characterisation. TEM of the wet gel showed a fibrous, “cotton wool”-like
structure, greatly different from the starting material 13. Both are depicted in Figure 6.
The TEM image of blank 13 (drop of 13 in toluene was laid on TEM-grid) showed fibres
with spherical contaminations (Figure 6B).
The TEM image of the grafted polymer (TEM-grids were laid on top of gel-like flakes and
removed, or rolled over a flake): Cotton-wool like fibrous networks (loosely entangled) are
observed. Different layers of flakes seem to be laying on top of each other (Figure 6A).

A

B

Figure 6: TEM images of A) 14 and B) the starting polymer 13 (inset is a zoom-in of the image)

When the alkylated fulleropyrrolidine 12b was clicked to polyisocyanide 13, this also
yielded gel-like flakes.

[22]

FT-IR of the gel, dried in vacuo, indicated that also here 60% of

the azides reacted. This gel was similar to the previous grafted polymer and was insoluble
in most solvents.
C60-derivative

equiv.

Cu species

Conversion (IR)

Precipitate

12a

1.2

I

60%

Gel

12a

3.0

I

No

No

12a

1.2

I

0-20%

No

12b

1.2

I

60%

Gel

12b

1.2

I

No

No

Table 2: Overview of the click reactions with azide-containing polyisocyanide 14.
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5.3.2 Clicking to fully azide-covered polyisocyanides
To investigate the possibilities for higher C60-coverage on polyisocyanides, a different
polyisocyanide was used: a homopolymer of isocyano-alanine-alanine azidopropyl ester
15, in which every monomer contains an azide. Acetylenes 12a and 12b were clicked to
this polymer (scheme 11), yielding a precipitate in both cases. FT-IR showed that this
precipitate was polyisocyanide, of which 40% of the azides had reacted with the C60
derivative. Considering that only 0.5 equivalents of acetylene were used, this results in a
80% conversion. FT-IR and CD experiments showed that no polyisocyanide was left in both
of the supernatants, and C60 was observed by FT-IR in the supernatants. A blank reaction
with C60 rather than 12a or 12b remarkably yielded a precipitate as well. The precipitate
did contain C60 and polyisocyanide, but IR indicated no azide conversion, which excludes
the formation of triazolinked fullerenes (Table 3).

Scheme 12: Clicking 12a and homopolymer 15.
C60-derivative

equiv.

Cu species

Conversion (IR)

Precipitate

12a

0.5

I

40%

Solid

12b

0.5

I

40%

Solid

C60

0.5

I

0%

Solid

Table 3: Summary of click reactions involving polyisocyanide homopolymer 15.

In order to investigate how many fullerene moieties can be accommodated along the
polyisocyanide backbone some basic modelling studies were carried out. These studies of
the homopolymer of isocyanoalanyl-alanine azidopropyl ester with a low coverage degree
(25%), an average coverage (50%) and a maximal coverage (100%) of fullerene (12a)
indicated that at 50% fullerene coverage, azides are still accessible, potentially allowing for
higher fullerene coverage when more equivalents of 12a are used. Although full coverage
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did fit on the polyisocyanides, it is not likely, modelling suggests that some azides will
become inaccessible as the levels of coverage increase. The alkylated fullerene derivative
12b was also modelled on the polyisocyanide with a 50% coverage, no difference could be
seen with respect to the accessibility of the remaining azides (Figure 7).

Figure 7: Top view and side view snapshots of modelling studies of a polyisocyanide with alaninealanine ester side chains functionalised with: Top left 8 fullerenes (12a), Top right 16 fullerenes (12a)
, bottom left 32 fullerenes (12a) and bottom right 16 fullerenes (12b) on 32-mer.

5.3.3

Creating

soluble

polyisocyanides

covered

with

fullerenes
Solubility problems of the resulting fullerene polymers hampers further proccesability. In
order to circumvent this issue fullerenes with longer alkyl tails were synthesised. More
soluble C60-derivatives can be obtained from the Prato reaction with more alkylated
benzaldehydes as shown in Scheme 13.
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Scheme 13 Synthesis of alkylated benzaldehyde. i). 1-bromododecane, K2CO3, KI, DMF, 70 ˚C, 24 h;
ii) step 1. LiAlH4, THF, r.t. 20 h, step 2. DDQ, THF, r.t. 3 h.

With these alkylated benzaldehydes the fullerenes are functionalised with an acetylene
and one or more alkyl tails for better solubility (Scheme 14).

Scheme 14: Synthesis of alkylated fulleropyrrolidines.

Optimisation reactions with a polyisocyanide with a longer spacer between the polymer
backbone and the azide, showed that the optimal reaction conditions were performed
with CuI, TBTA, DCM at room temperature for 72 hours.
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Scheme 15: Synthesis of polyisocyanides bearing alkyl functionalised fullerenes.

The solubility of the polymer was clearly limiting the conversion to the functionalised
polymer, since the reaction yielding 21b gave brown flakes whereas 21c or 21d having
more solubilising alkyl tails, remained clear brown solutions.
In addition, compound 12d was coupled to polyisocyanide 20 of different lengths
(obtained by polymerisations with catalyst to monomer ratios of 1:500, 1:1000, 1:50000)
with quantitative conversions. Figure 8 shows an AFM picture of the 1:500 ratio polymer,
showing many linear polymers with lengths up to several hundred nanometres.

Figure 8: AFM image of fullerene functionalised polyisocyanide 21d spin coated from a CH2Cl2
-6
solution (~10 M) with few drops of CS2 on freshly cleaved mica.
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5.4. Conclusion and Outlook
The focus of this chapter was on the preparation of fullerene-functionalised
polyisocyanides. It has been shown in the first experiments that in one step acetylenefunctionalised C60-derivatives could be obtained using the Prato reaction.
Grafting the obtained acetylene-functionalised fullerenes 12a or 12b to copolyisocyanide
14, gave 60% conversion and a gel was formed with a significantly different structure than
the unreacted polymer 14 in both cases. Grafting the fullerenes to homopolymer 15 gave
40% azide conversion, but an insoluble solid was formed, which leaves an unprocessable
product.
Preliminary basic molecular modelling studies indicated a fullerene coverage exceeding
50% could be readily achieved. There are several possibilities to increase solubility and
fullerene coverage. By making the fullerene-grafted polyisocyanide more soluble, more
fullerenes can be attached to the polymer before it precipitates. Heating during the click
reaction may postpone the precipitation and therefore increase fullerene coverage,
however, this does not increase solubility of the final products.
To circumvent the solubility problem two or three alkyl substituents are introduced to the
fullerene (12c, 12d), which leads to soluble polymers when reacted with the
polyisocyanides.
After optimisation of the grafting reaction, the azide-functionalised polyisocyanide might
be grown from a surface patterned with initiator and C60 will be clicked to this
polyisocyanide. Another option is to use thiophene as solvent for the click reaction, which
can be polymerised subsequently. This method would create a structured heterojunction
blend on an unprecedented small length scale, comparable to the columnar grain films of
[23]

Charas

and the photovoltaic devices prepared by double imprinting of Huck.

[24]

Ultimately, when a suitable material could be obtained it could be incorporated and
tested in an actual heterojunction photovoltaic device to see if the power conversion is
more efficient than the planar and bulk heterojunctions.
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5.5. Experimental
5.5.1 Methods and materials
Chemicals were used as purchased, except the following, which were synthesised by others:
hydroxypropylglycine, propargylglycine, the 1/10 azide containing copolymer 14 and its variant with a 1/100
azide ratio, formyl-alanine-alanine propylazide ester 13, propylazide homopolymer 15. Column chromatography
was performed using silica gel (40-63 μm) purchased from Silicycle or silica gel (35-70 μm) purchased from Acros
Organics. TLC analyses were carried out on silica 60 F254 coated glass from Merck and the compounds were
visualised using UV-light.
When MALDI-TOF and CD were performed on a sample from the supernatant, separated by centrifugation, the
concentration was unknown. MALDI-TOF measurements were performed on a Bruker Omniflex. CD spectra were
recorded in a 290-500 nm range on a Jasco 810 instrument equipped with a Peltier temperature control unit.
Measurements on a lower wavelength were impossible due to the strong UV absorption of the solvent (toluene).
Polyisocyanide can be identified in CD-measurements by a moderate but clear Cotton effect observed around λ =
350 nm and an onset of a stronger peak at 290 nm end of the spectrum. 200 MHz 1H-NMR spectra were recorded
on a Bruker Avance dpx. 400 MHz 1H-NMR spectra were recorded on a Bruker Inova 400. FT-infrared spectra
were recorded on a ThermoMattson IR300 spectrometer equipped with a Harrick ATR unit. For FT-IRmeasurements, the solvent was removed in vacuo from a sample, and the resulting solid (more paste-like when
dodecyl-azide was used) was laid on the crystal of the apparatus. TEM micrographs were recorded on a JEOL
JEM-1010 Electron Microscope. No staining was used. The sample preparation is described separately for every
imaged substance.

N-hydroxypropyl-1-phenyl-fulleropyrrolidine (1)
N-Hydroxypropyl glycine (0.5 mmol), benzaldehyde (0.5 mmol) and C60(0.5 mmol) were
dissolved in toluene (200 mL/1 mmol C60) by heating. The solution was refluxed for
several hours. The reaction was monitored by TLC (toluene with 10% EtOAc or THF and
optionally 10% CS2) and MALDI-TOF, and stopped when a substantial amount of bisadduct arises. The solvent was removed by rotary evaporation in the presence of Celite or Silica. The product was
purified by flash chromatography (2x) in toluene and 0-5% THF. The yield was typically 20 %; when the recycling
of C60 is taken into account, the yield was 40 %. 1H-NMR (400 MHz, CS2/CDCl3): δ=7.81 (br, 2H, m-H-Ar), 7.45 (t,
2H, o-H-Ar), 7.34 (tt, 1H, H-Ar, p-CH), 5.33 (d, 1H, CH2C60α), 5.09 (s, 1H, CHPhC60), 4.13 (d, 1H, CH2C60β), 4.11
(br/m/t, 2H, NCH2), 3.50 (br/t, 1H, CH2OHα), 2.89 (br/t, 1H, CH2OHβ), 2.44 (br, 1H, CCH2Cα), 1.92 (br, 1H,
CCH2Cβ), MS(MALDI-TOF, dithranol): 897(100, M)
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N-chloropropyl-1-phenyl-fulleropyrrolidine (4)
Alcohol 1 (50 μmol, 45 mg) was dissolved in 25-50 mL CS2 or o-dichlorobenzene and thionyl
chloride (1-5 mL, large excess) was added. During addition of thionyl chloride, a black
precipitate appeared. The mixture was stirred at 45˚̊ C for 18 hours under an argon
atmosphere. The suspension and the precipitate sticking to the flask are washed with
methanol separately and the solvents were evaporated. MALDI-TOF of both fractions showed M=913, M-35 (loss
of chlorine) and the starting material. TLC in toluene/CS2/EtOAc showed an additional C60 containing product. The
compound was too insoluble for flash chromatography. The reaction mixture of subsequent batches was used
directly as the starting material for further synthesis, with MALDI-TOF as the only intermediate characterisation
method. A 100% yield was assumed.

3-Azido-1-propanol (6)
3-Bromo-1-propanol (7.2 mmol, 1 g, 1 eq) and sodium azide (21.6 mmol, 1.4 g, 3 eq) were
refluxed for 1 day in 40 mL acetonitrile. Water (50 mL) was added after filtration of the reaction
mixture and the organic fraction was extracted with diisopropyl ether. The organic fraction was
dried with MgSO4 and the solvent was evaporated. The yield was 89%, 643 mg. 1H-NMR (200 MHz, CDCl3): δ=
3.52 (t, HOCH2), 3.45 (t, 2H, N3CH2), 1.83 (quintet, 2H, CCH2C).

3-Azido-1-tosyloxy-propane (7)
Alcohol 7 (4.6 mmol, 460 mg, 1 eq) was dissolved in 60 mL acetonitrile and cooled to 0˚̊C.
Triethylamine (9.2 mmol, 1.28 mL, 2 eq) was added slowly. Tosyl chloride (5.5 mmol, 1.048 g,
1.2 eq) was added while allowing the mixture to reach room temperature. The mixture was
stirred for 1 day, the solvent was evaporated and flash chromatography (DCM and 25-20% heptane) was
performed. After drying in vacuo, the yield was 42 %, 495 mg. 1H-NMR(200 MHz, CDCl3): δ=7.78 (d, 2H, Ar-H osulfonyl), 7.39 (d, 2H, Ar-H m-sulfonyl), 4.11 (t, 2H, CH2SO2), 3.39 (t, 2H, CH2N3), 2.46 (s, 3H, ArCH3), 1.89 (quintet,
2H, CCH2C).

(6-6)-Phenyl-C61-butiric acid chloride (10)
(6-6)-Phenyl-C61-butyric acid (PCBA, 56 μmol, 50 mg, 1 eq) was dissolved in CS2 (25 mL). SOCl2
(2 mL, large excess) was added gently via a syringe. The mixture was stirred at 45 ˚C for 1
day. TLC in CS2 indicated an almost full conversion with a trace of starting material. The
excess SOCl2 and the solvent were removed by repeated co-evaporation with toluene. 1HNMR (400 MHz, CS2/CDCl3) of the test reactions added together: 7.85 (d, 2H, m-H-Ar), 7.48 (t,
2H, o-H-Ar), 7.42 (d, 1H p-H-Ar), 3.05 (t, 0,4H, CH2COCl), 2.87 (t, 1,7H, PhCCH2), 2.15 (t, 1.24H, CH2CCOCl).
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1-Propargyl-4-phenyl-fulleropyrrolidine (12a)
Benzaldehyde (0.5 mmol, 53 mg), propargylglycine (0.5 mmol, 56 mg), C60 (0.5 mmol, 360 mg)
and diisopropylethylamine (0.5 mmol, 65 mg) were dissolved in 100 mL of toluene. The
solution was refluxed for several hours. The reaction was monitored by TLC (1:2 DCM:CS2) and
MALDI-TOF, and stopped when a substantial amount of bis-adduct arises. The mixture was
cooled to room temperature and concentrated. Purification by column chromatography
(silica) started out with eluting and recovering C60 with toluene. Then, the adduct mixture was separated using a
solvent gradient from toluene:CS2:EtOAc 9:1:0 to 6:1:3. Yield of product was 120.1 mg (0.14 mmol, 28%). 1H-NMR
(400 MHz, CS2/CDCl3): 7.81 (d, 2H, o-H-Ar), 7.35 (t, 2H), 7.27 (t, 1H), 5.80 (s, 1H), 4.99 (dd, 1H), 3.50 (dd, 0.4H),
3.46 (dd, 0.6H), 3.34 (br, 1H), 3.21 (dd, 0.6H), 3.17 (dd, 0.4H), 2.19 (t, 1H). MS(MALDI-TOF, dithranol): 720 (100,
C60, fragmentation), 877 (variable, M). FT-IR(cm-1, ATR): 3300 (v, NH), 2922 (s, CH) , 526 (s, C60)

(3,4)-Fullero-2-(4-dodecyloxy)phenyl-4-propargylpyrrolidine (12b)
4-(Dodecyloxy)benzaldehyde (16) (0.5 mmol, 145 mg), propargylglycine (0.5 mmol, 56
mg), C60 (0.5 mmol, 360 mg) and diisopropylethylamine (0.5 mmol, 65 mg) were
dissolved in 100 mL of toluene in equimolar amounts. Afterwards the clear purple
reaction mixture was refluxed for 48h, during which it turned dark brown. The reaction
progress was followed by TLC (1:2 DCM:CS2), and was stopped as soon as the product
spot (brown spot with highest Rf) became larger than the C60 spot (purple spot at Rf=0.9). The mixture was cooled
to r.t. and concentrated. Purification by column chromatography (silica) started out with eluting and recovering
C60 with toluene. Then, the adduct mixture was separated using a solvent gradient from toluene:CS 2:EtOAc 9:1:0
to 7:1:2. Yield was 206.0 mg (0.19 mmol, 38%). 1H-NMR (400 MHz, CDCl3): δ 7.69 (d, 2H, J=8.8 Hz), 6.85 (d, 2H,
J=8.8 Hz), 5.81 (s, 1H), 5.04 (dd, 1H, J=9.6, 4.8 Hz), 3.88 (t, 2H, J=6.8 Hz), 3.49 (ddd, 1H, J=16.8, 4.4, 2.8 Hz), 3.31 (s
br, 1H), 3.23 (ddd, 1H, J=16.4, 9.6, 2.4 Hz), 2.19 (t, 1H, J=4.0 Hz), 1.68 (m, 2H), 1.39 (m, 2H), 1.21 (m, 16H), 0.82 (t,
3H, J=6.0 Hz) N.B.: The spectrum above is for the anti-isomers. There is also a small amount of syn-isomer
present, for which a similar spectrum is visible. 13C-NMR (100 MHz, CDCl3): δ 148-140, 129.1, 81.3, 74.1, 73.5,
71.2, 68.8, 67.5, 31.7, 29.5, 29.2, 25.9, 23.0, 22.6, 13.9; MALDI-TOF: m/z 720 (weak), 1062 (strong); FT-IR: cm-1
3303, 2920, 2849, 1610, 1510, 1463, 1428, 1383, 1301, 1246, 1171, 829, 641, 527

(3,4)-Fullero-2-(2,4-bis(dodecyloxy)phenyl)-4-propargylpyrrolidine (12c)
The

same

procedure

was

used

as

for

the

synthesis

of

12b.

2,4-

bis(dodecyloxy)benzaldehyde (17) (1.5 mmol, 1.87 g), was used instead of 4(dodecyloxy)benzaldehyde (16), yielding product (12c) 0.58 g (0.47 mmol, 31%). 1HNMR (400 MHz, CDCl3): δ 7.83 (d, 1H, J=8.8 Hz), 6.51 (dd, 1H, J=8.8, 2.4 Hz), 6.41 (d,
1H, J=2.4 Hz), 6.22 (s, 1H), 4.99 (dd, 1H, J=10.4, 4.8 Hz), 3.92 (tt, 4H, J=6.4, 4.4 Hz), 3.53
(ddd, 1H, J=16.0, 4.0, 2.4 Hz), 3.23 (ddd, 1H, J=16.4, 9.6, 2.4 Hz), 2.24 (t, 1H, J=2.4 Hz), 1.76 (q, 4H, J=7.6 Hz), 1.43
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(m, 4H), 1.27 (m, 32H), 0.89 (t, 6H, J=6.8 Hz) N.B.: The spectrum above is for the anti-isomers. There is also a
small amount of syn-isomer present, for which a similar spectrum is visible. MALDI-TOF: m/z 750 (strong), 1246
(weak) FT-IR: cm-1 3308, 2919, 2849, 1610, 1584, 1504, 1463, 1462, 1428, 1382, 1301, 1285, 1262, 1177, 1127,
1030, 831, 795, 741, 642, 529

(3,4)-Fullero-2-(3,4,5-tris(dodecyloxy)phenyl)-4-propargylpyrrolidine (12d)
The

same

procedure

was

used

as

for

the

synthesis

of

12b.

3,4,5-

tris(dodecyloxy)benzaldehyde (19) (1.5 mmol, 2.15 g), was used instead of 4(dodecyloxy)benzaldehyde (16). Yield of product (12d) was 0.62 g (0.44 mmol, 29%).
1

H-NMR (400 MHz, CDCl3): δ 7.07 (s, 2H), 5.73 (s, 1H), 5.03 (dd, 1H, J=9.6, 4.0 Hz), 3.99

(t, 6H, J= 6.0 Hz), 3.53 (ddd, 1H, J=17.2, 4.4, 2.4 Hz), 3.40 (s br, 1H), 3.25 (ddd, 1H,
J=13.6, 7.6, 2.4 Hz), 2.24 (t, 1H, J=2.8 Hz), 1.72 (m, 6H), 1.42 (m, 6H), 1.24 (m, 48H), 0.88 (m, 9H) N.B.: The
spectrum above is for the anti-isomers. There is also a small amount of syn-isomer present, for which a similar
spectrum is visible. MALDI-TOF: m/z 567 (weak), 708 (strong), 720 (strong), 750 (strong), 934 (strong), 1430
(weak) FT-IR: cm-1 3308, 2920, 2850, 1692, 1587, 1499, 1462, 1438, 1378, 1330, 1229, 1113, 823, 765, 721, 697,
630, 527

General method for click reactions 1
Acetylene- and azide-containing compound (later referred to as reactants) were dissolved (heating and sonicated
when necessary) separately in the solvent of choice and added in a Schlenk roundbottom flask. The solution was
degassed by bubbling argon through the solution.
The catalyst was prepared in a separate Schlenk flask by degassing the PMDETA in the solvent of choice. Cu(I) (in
the form of CuI or CuBr) was added and when the copper was dissolved a desired amount of this catalyst mixture
was added to the previous reaction mixture and was stirred for the reaction time of choice.

General method for click reactions 2
Same way as for General Method I except the solvent was degassed by the freeze-pump-thaw method.

Clicking 1-propargyl-4-phenyl-fulleropyrrolidine (12a) and tetraethylene glycol
azide copolymer (13)
Acetylene 12a (2.7 mg, 3.0 μmol, 1.2 eq) and 13 (10 mg, 2.5 μmol, 1 eq of azide) were reacted for 1 day in 15 mL
toluene using the General Method I and 0.22 eq CuBr. This yielded brown gel-like flakes. By centrifugation, the
flakes were separated from the solvent, which retained a brown colour. FT-IR (cm-1, ATR) of the solvent: 3313 (m,
NH), 2919 (m, CH), 1741 (s, ester C=O), 1655 (s, amide C=O), 1534 (s, C=N), 1121 (s, glycol); CD indicated no
signal. FT-IR(cm-1, ATR) of the gel: 3260 (m, NH), 2869 (m, CH), 2100 (w, N3, 40% left) 1738 (s, ester C=O), 1655 (s,
amide C=O), 1526 (s, C=N), 1105 (s, glycol), 525 (m, C60)
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Reproducing the click reaction between 12a and 13
Acetylene 12a (3.3 mg, 3.7 μmol, 3 eq) and 13 (5 mg, 1.3 μmol, 1 eq of azide) were reacted for 3 days in 10 mL
toluene using the General Method I and 0.6 eq CuI. After 1 day, 0.6-1.2 eq of CuI was added. After 2 days, 0.6 eq
of CuI was added. No gel was formed. The reaction was monitored with FT-IR, by measuring the reaction mixture
after drying in vacuo. Typical FT-IR (cm-1, ATR): 3261 (s, NH), 2870 (s, CH), 2099 (s, N3, C=C), 1738 (s, ester C=O),
1655 (s, amide C=O), 1528 (s, C=N), 1104 (s, glycol), 526 (m, C60)
FT-IR based conversion was found to be unreliable because the acetylene peak overlaps with the azide peak.
TEM was similar to the blanc (13), but more homogenous.
12a (0.9 mg, 1 μmol, 1.2 eq) and 13 (3.3 mg, 0.8 μmol, 1 eq of azide) were reacted for 1 day in 5 mL toluene using
the General Method I and 0.23 eq CuBr. No gel was formed. FT-IR showed 0-20% conversion. Although less
acetylene was used and less interference with the azide peak could be expected, this number remains uncertain.
FT-IR (cm-1, ATR): 3261 (s, NH), 2870 (s, CH), 2106 (m, N3), 1738 (s, ester C=O), 1655 (s, amide C=O), 1528 (s,
C=N), 1103 (s, glycol), 525 (m, C60) TEM was similar to the blanc (13).

Clicking 1-propargyl-4-phenyl-fulleropyrrolidine 12a and tetraethylene glycol
azide copolymer 1:100
Fulleropyrrolidine 12a (0.6 mg, 0.23 μmol, 1 eq) and a polyisocyanide with a 1:100 copolymer of
tetraethyleneglycolazide and methyl ester monomers (8.2 mg, 0.23 μmol, 1 eq) were reacted using the General
Method I in 10 mL Toluene with 0.26 eq CuBr. After stirring overnight, a clear solution remained. No azide peak
in the FT-IR spectrum was visible in spectra of both the reacted polymer and the unreacted polymer. CD
indicated the polymer was still present, but no characterisation methods were useful to assess whether the click
reaction proceeded.

Clicking

1-propargyl-4-phenyl-fulleropyrrolidine

12a

and

propylazide

homopolymer 15
12a (8.8 mg, 10 μmol, 0.5 eq) and 15 (5 mg, 20 μmol, 1 eq of azide) were reacted for 2 days in 15 mL toluene and
5 mL THF using the General Method I and 0.35 eq CuBr. This yielded a black precipitate, with a 40% azide
conversion according to FT-IR results. This implies a 80% conversion of acetylene 12a. The precipitate was
separated from the solvent, which retained a brown colour, by centrifugation. The precipitate was suspended in
diethyl ether and dried in vacuo. FT-IR and CD indicated no polyisocyanide was left in the supernatant. FT-IR (cm1

, ATR) of precipitate: 3300 (w, NH), 3000 (w, CH), 2095 (s, N3), 1739(s, ester C=O), 1646 (s, amide C=O), 1529 (s,

C=N), 1454 (s), 1198 (s), 1151 (s), 1051 (s), 698 (s), 526 (s, C60)
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4-(Dodecyloxy)benzaldehyde (16)
4-Hydroxybenzaldehyde (15 mmol, 1.83 g), 1-bromododecane (30 mmol, 7.48 g), K2CO3 (50
mmol, 6.91 g) and KI (1.80 mmol, 300 mg) were dissolved in 300 mL dry DMF. The mixture
was then stirred at 70oC for 24h. The reaction was followed by TLC (1:1 DCM:n-hexane) and only stopped upon
completion. For work-up, the reaction mixture was cooled to r.t. and mixed with water. The product was
extracted with 3*100 mL of chloroform, and these organic layers were combined and washed with 2*100 mL
brine, 100 mL water and then dried over Na2SO4. The product was purified by column chromatography (silica, 1:2
DCM:n-hexane) and recrystallised from CHCl3:MeOH. Yield 2.54 g (8.7 mmol, 58%). 1H-NMR (400 MHz, CDCl3): δ
9.86 (s, 1H), 7.87 (d, 2H, J=8.8 Hz), 7.03 (d, 2H, J=8.8 Hz), 3.99 (t, 2H, J=6.4 Hz), 1.79 (m, 2H), 1.43 (m, 2H), 1.24
(m, 18H), 0.86 (t, 3H, J=6.0 Hz)

2,4-Bis(dodecyloxy)benzaldehyde (17)
2,4-dihydroxybenzaldehyde (15 mmol, 2.07 g), 1-bromododecane (60 mmol, 15.0 g),
K2CO3 (50 mmol, 6.91 g) and KI (1.80 mmol) were dissolved in 300 mL dry DMF. The
mixture was then stirred at 70oC for 24h. The reaction was followed by TLC (1:1 DCM:nhexane) until completion, requiring extra care due to the complex mixture of mono- and bis-functionalised
species. For work-up, the reaction mixture was cooled to r.t. and mixed with water. The product was extracted
with 3*100 mL of chloroform, and these organic layers were combined and washed with 2*100 mL brine, 100 mL
water and then dried over Na2SO4. The product was purified by column chromatography (silica, n-hexane to 1:1
DCM:n-hexane) and recrystallise from acetone. Yield 3.17 g (6.7 mmol, 45%). 1H-NMR (400 MHz, CDCl3): δ 10.30
(s, 1H), 7.77 (d, 1H, J=8.8 Hz), 6.48 (d, 1H, J=8.8 Hz), 6.39 (s, 1H), 3.99 (t, 4H, J=6.4 Hz), 1.79 (m, 4H), 1.43 (m, 4H),
1.24 (m, 36H), 0.86 (t, 6H, J=6.0 Hz)

Methyl-3,4,5-tris(dodecyloxy)benzoate (18)
Methyl-3,4,5-trihydroxybenzoate (15 mmol, 2.76 g), 1-bromododecane (90 mmol, 22.5 g),
K2CO3 (100 mmol, 13.82 g) and KI (1.80 mmol) were dissolved in 300 mL dry DMF. The
mixture was then stirred at 70oC for 24h. The reaction was followed by TLC (1:1 DCM:nhexane) until completion, requiring extra care due to the complex mixture of mono-, bis- and tris-functionalised
species. For work-up, the reaction mixture was cooled to r.t. and mixed with water. The product was extracted
with 3*100 mL of chloroform, and these organic layers were combined and washed with 2*100 mL brine, 100 mL
water and then dried over Na2SO4. The solution was concentrated, product isolated by careful gradient column
chromatography (silica, n-hexane to 1:1 DCM:n-hexane) and recrystallised from acetone. Yield 4.34 g (6.3 mmol,
42%). 1H-NMR (400 MHz, CDCl3): δ 7.05 (s, 2H), 4.06 (t, 2H, J=6.4 Hz), 4.04 (t, 4H, J=6.0 Hz), 3.89 (s, 3H), 1.76 (m,
6H), 1.42 (m, 6H), 1.25 (m, 54H), 0.86 (t, 9H, J=6.0 Hz)
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3,4,5-Tris(dodecyloxy)benzaldehyde (19)
Methyl-3,4,5-tris(dodecyloxy)benzoate (18) (5.0 mmol, 3.45 g) was dissolved in 10 mL dry
THF, and this solution was added to a suspension of LiAlH4 (5.0 mmol, 190 mg) in 5 mL dry
THF drop wise at room temperature. After the entire solution had been added, the
mixture was reacted for 2 hours. Then, the reaction was quenched by adding water and stirring vigorously,
before dissolving any precipitate by adding 10% HCl (aq). The product was extracted using DCM, the extract dried
using MgSO4 and concentrated, yielding 2.65 g (4.0 mmol, 80%) of product. 1H-NMR (400 MHz, CDCl3): δ 6.52 (s,
2H), 4.55 (s, 2H), 3.96 (t, 2H, J=6.0 Hz), 3.93 (t, 4H, J=6.0 Hz), 2.30 (s br, 1H), 1.72 (m, 6H), 1.43 (m, 6H), 1.24 (m,
54H), 0.88 (t, 9H, J=6.0 Hz)
The intermediate (3.3 mmol, 2.20 g) was dissolved in 50 mL dry THF, and 2,3-dichloro-5,6-dicyano-pbenzoquinone (3.3 mmol, 749 mg) was added. After 10 min, precipitate started forming. After the reaction had
finished, solvent was evaporated, turning the solution from green to purple. The residue was dissolved in DCM
and filtrated. The filtrate was then concentrated and the product isolated by careful column chromatography
(silica, n-heptane to 1:1 DCM:n-heptane). Yield of (19) was 1.71 g (2.6 mmol, 79%). 1H-NMR (400 MHz, CDCl3): δ
9.85 (s, 1H), 7.10 (s, 2H), 3.99 (t, 2H, J=6.0 Hz), 3.95 (t, 4H, J=6.0 Hz), 1.72 (m, 6H), 1.42 (m, 6H), 1.24 (m, 54H),
0.86 (t, 9H, J=6.0 Hz)

IR experiments to determine the yield of the click reactions.
The estimated yield was based on IR experiments on the characteristic azide vibration at 𝜐 ≈ 2095 cm-1. To
quantify the yield, the intensity of the vibration was referenced to three other peaks, that did not significantly
change during the click reaction: ester carbonyl, amide carbonyl and imine peaks at 1739, 1646, 1529 cm-1.
As an example, two IR spectra before and after reaction, showing the decrease in azide absorption are shown
below.

v
Figure 9 FT-IR spectra can be used to estimate the azide-conversion in click reactions involving azide containing
polyisocyanides. In the unreacted polymer left and reacted polymer right, the azide peak and reference peaks
are indicated with squares.
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5.3 Modelling
A polyisocyanide 32-mer of isocyano-alanine-alanine-methyl ester was used as a starting point in Spartan. The
32-mer was prefolded into a helix with the appropriate hydrogen bonds. The ends of the helix were visibly
distorted before modelling activities, but this was taken for granted.
The fulleropyrrolidine 12a was drawn with an ethyl-triazole instead of an acetylene, to complete the side chain of
the polymer. This so-called C60-fragment was minimised to completion. Subsequent minimisations are all partial
(0,5 to 3 hours) because of the limited processing power and the complexity of the molecule. The fragment was
attached with its ethyl-end to several methyl-ester-ends of the polymer side chain, approximately on every 4th
end. Addition always includes twisting bonds between carbonyl and pyrrolidine ring in such a fashion that the
linker was stretched. The resulting macromolecule was minimised after additions of C60-fragments 1, 2, 3 and 8.
No more than eight fragments were added.
Of a “fresh” empty prefolded 32-mer, all ester carbonyls were fixed in space (e.g. “frozen” in Spartan), and 8
fragments were added on one side of the polymer, upon minimisation. Another 8 fragments were distributed
more or less equally over the polymer upon minimisation. Azido-ethyl groups were added to the remaining 16
methyl-ester-ends, upon minimisation. A fully covered 32-mer was also modeled and minimised.
A 32-mer covered with 16 fulleropyrrolidines 12b and 16 azides was also modelled and minimised, in the same
way. A 32-mer covered in the same way, but with undecyl-linkers instead of propyl, by adding nonyl groups upon
addition of 16 ethylazides and 16 C60-fragments. To give an impression of the maximum buckeyball density on
polymer 14 a 32-mer with 3 fulleropyrrolidines 12a with undecyl-linkers was modelled as well.
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Perylene polyisocyanide –
polythiophene as rod-rod
donor-acceptor block
copolymers for organic
photovoltaics
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Chapter 6

6.1 Introduction.
In the previous chapters the work was focussed on molecular organisation of functional
moieties templated by the polyisocyanide backbone, which results in order at the
nanometre length scale. In this chapter the assembly process will be taken one step
further: to the self-organisation of these polymers to generate order at even higher length
scales. Order at the 10 – 100 nm length scale is often difficult to obtain using the selfassembly approach, although the effects of macroscopic material properties are
1

significant. For instance, to improve the efficiency of organic solar cells control is needed
over the active layer morphology. This can be achieved by the use of donor (D) – acceptor
(A) block copolymers. This introduction briefly discusses common donor and acceptor
materials before giving an overview of block-copolymer approaches of donor-acceptor
polymers.

6.1.1 P-type materials (D)
The majority of donor materials are composed of conjugated polymers, which are typified
by their alternating double bond/single bond backbone. The first discovered conjugated
[2]

polymer, polyacetylene , see Figure 1, is only the most simple example.
For solar cell purposes many different types of conjugated polymers were designed of
which the most commonly used, like polythiophenes, polyfluorene, polycarbazole and
polyphenylenevinylenes, are shown in the top row of Figure 1. During the early
developments

of

the

research

field

a

lot

of

attention

was

drawn

to

poly(phenylenevinylene) (PPV) derivatives such as the poly(2-methoxy-5-(2’-ethylhexoxy)[3]

p-phenylene)-vinylene MEH-PPV
phenylene

vinylene)

and poly(2-methoxy-5-(3’,7’-dimethyloctyloxy)-1,4[4]

MDMO-PPV

that

showed

promising

efficiency

results.

Unfortunately these polymers exhibit low charge carrier mobilities which hamper the
efficiencies and did not yet surpass 3%, even for optimised cells.
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Figure 1: First row: Most commonly used conjugated polymers with p-type semiconducting
properties. In the second row some examples of small bandgap conjugated polymers that are
formed by incorporation of acceptor molecules with a lower LUMO level (in grey). On the third row:
different types of electron-withdrawing units that are incorporated to lower the bandgap.

Besides PPVs the class of poly(3-alkyl)thiophenes (P3ATs) has drawn much attention and
showed promising results when mixed with fullerene derivatives. Hole mobilities in poly(3–4

2

–1 –1

hexyl)thiophene (P3HT) solar cells were found to be as high as 2 × 10 cm V s after
[5]

-1

thermal annealing, while in organic field effect transistors mobilities were as high as 10
2

–1 –1 [6]

cm V s .

Thermal annealing increases the crystallinity of the P3HT domains, favouring

charge hopping between polymer chains, which is believed to be the predominant
transport mechanism.

[7]

More details on conductivity in organic materials can be found in

an extensive tutorial review by Tessler.

[8]
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Figure 2: Solar spectrum with the absorbance of MDMO-PPV (black) and P3HT (red) indicating the
relatively poor overlap of common conjugated polymers.

For a long time the poly(3-hexyl)thiophene (P3HT):PCBM gave the best results and pushed
the solar cell efficiencies to more than 5%.

[9]

One of the drawbacks of P3HT and many

other conjugated polymers is their poor overlap with the solar spectrum. The bandgap in
many of these materials exceeds 2 eV and their absorbance peak is often around 500 nm.
Since the solar spectrum under air mass 1.5 (AM1.5) has the highest intensity at 700 nm a
large part of the incoming photons cannot be absorbed by the photoactive layer, see
Figure 2. To further improve organic solar cell performances there is an on-going search
for small bandgap materials with energies lower than 2 eV in combination with high
charge carrier mobilities. This has resulted in all sorts of conjugated polymers that
incorporate an electron withdrawing unit (acceptor) in the conjugated backbone.
These units have a lower LUMO level that combines with the molecular orbitals (MOs) of
the polymer resulting in new molecular orbitals with a significant lower bandgap. In Figure
3 this is schematically illustrated.
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Figure 3: Recombination of MOs of a standard conjugated polymer with an acceptor molecule
incorporated in the conjugated backbone. The result is a small bandgap material. Note that the
energy difference in this picture is heavily exaggerated.

Optimizing this bandgap by using different types of acceptor units in a usually thiophenebased polymer took a lot of effort but clearly showed that the LUMO level of these
polymers could easily be tuned.
to

now

is

[10]

One of the best performing small bandgap materials up

poly(N-9’’-hepta-decanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-

benzothia diazole) (PCDTBT) (Figure 1 second row). This polymer in combination with C70
PCBM

[11]

has shown a device efficiency of 6.1%. Recently, for other low bandgap polymers

even 8% was reported.

[12]

The other examples in Figure 1 show that a lot of combinations

have been made with thiophene, carbazole and fluorene derivatives at the core.

[13]

Some

of the different acceptor units that are incorporated in the polymers are depicted at the
bottom row of the same figure. All of them result in slightly different HOMO and LUMO
levels which makes it possible to tailor a polymer to the specific needs of the acceptor
material such as PCBM or perylenediimide. When it comes to further decreasing the
bandgap in conjugated polymers, many more strategies can be considered as reviewed by
Roncali

[14]

which are, although interesting, beyond the scope of this thesis.

In our approach the focus for the donor block will lie on P3HT since it is one of the most
studied donor materials and can easily be synthesised.
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6.1.2 N-type materials (A)
The search for suitable acceptor molecules is more problematic as many materials with
low HOMO and LUMO levels are not stable in air and are readily oxidised. This is one of
the reasons that n-type conjugated polymers are scarce and most organic solar cells use
small molecules as acceptor material.
From conjugated polymer acceptors only few examples can be given that are actually
interesting for solar cells. One of the first to be tested was the poly(2,5,2’,5’tetrahexyloxy-7,8’-dicyano-di-p-phenylenevinylene) or CN-PPV. The second example is the
fluorene derivative F8TBT (see Figure 4) made by McNeill et al.
incorporated in a solar cell

[16]

[15]

that was successfully

giving a moderate efficiency of 1.8%. This is a promising

result in itself but cannot compete with the efficiencies measured in solar cells with
fullerenes

as

acceptor

material.

Figure 4: Overview of n-type materials that are used in organic solar cells. The two on the left are
conjugated polymers with sufficiently low LUMO level to easily accept electrons. The two most
widely used acceptor materials, PCBM and PDI are shown in the middle. The two on the right are
examples of some polymers that have these acceptor molecules as pendant side groups.

Since the discovery of photo induced charge separation from a conjugated polymer to a
[3,17]

C60-fullerene

a lot of effort has been put into optimizing its solubility
[19]

easy synthesis routes for C60 derivatives

[18]

and designing

. While donor materials were changed all the

time, PCBM was used in most of the devices and showed superior performances. Lately,
the shift to higher fullerenes (mainly C70-based) was made because they show a higher
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extinction coefficient and therefore contribute more to the absorption and increase the
number of photons that can contribute to the photocurrent

[11]

. One of the reasons that

fullerenes such as PCBM are so successful is that they can easily accept electrons without
major reorganisation in the molecule.
-3

2

–1 –1 [21]

as high as 10 cm V s

[20]

Layers of PCBM show superior electron mobilities

which is an order of magnitude higher than the general hole

mobilities in conjugated polymers. Besides fullerenes, perylene diimide (PDI)

[22]

has often

been used as acceptor material. These relatively small molecules, in comparison to
fullerenes, can form interesting alternatives for polymer solar cells when attached to a
polymer backbone. In this way the excellent electronic properties of the small molecules
can be combined with the beneficial structural properties of polymer systems. Examples
of fullerenes attached to polystyrene

[23]

alkyl)thiophenes with pendant fullerenes

as depicted in Figure 4, but also poly(3-

[24]

or fullerene functionalised polyisocyanides

were described in chapter 5.
A very interesting acceptor polymer, the polyisocyanide with perylene side groups was
first synthesised by de Witte et al.
al.

[26]

[25]

and subsequently tested in solar cells by Otten et

. The unique template that is provided by the polyisocyanide backbone of these

polymers ensures optimal ordering of the perylenes for energy and charge transport.

[27]

This ordering gives this type of polymers a great advantage over random coil polymers
since the charge transport is not hampered along the polymer backbone.

[28]

6.1.3 Block copolymers
Since the charge separation only takes place at the D-A interface, the intimate contact
between donor and acceptor is of great importance for a photovoltaic device. This is why
in the development of materials a focus turned to controlling the nanoscale ordering in a
blend. It is easy to imagine that in a random blend, see Figure 2 of Chapter 5, not all donor
and acceptor areas are in contact with their respective electrodes. A direct percolation
path for electrons through the acceptor material or for holes though the donor material
will be present from every point in the blend. Therefore an intertwined, bicontinuous D –
A network is desired on the 10 nm scale to provide maximum D – A interface and direct
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conduction of free charges to the electrodes; this system represents the ideal bulk
heterojunction (BHJ) morphology. Block-copolymers can precisely provide structure at
these length scales.

[29]

The basic rules for phase formation in block copolymers

[29]

do not hold for active device

materials for two reasons. Firstly, the bulk morphology is not so relevant for most
electronic devices since these devices are composed of active layers with thicknesses of
the order of 100 nm in which substrate-polymer interactions play a major role.

[30]

Secondly the p-type polymers used in organic electronics are mostly classified as rigid,
rod-like polymers that give rod-coil or rod-rod block copolymers

[31]

as opposed to the

flexible coil-coil block copolymers that are generally considered. The rod-like structure
originates from the conjugated backbone that does not allow flexible movement. This has
significant implications for the thermodynamics as discussed by Segalman et al.

[32]

The use

of various conjugated polymers in rod-coil block copolymers is extensively reviewed by
Lynn McCullough

[33]

[34,35]

of which many are based on the p-type P3HT

or PPV

[36]

polymers

with all sorts of flexible counter blocks that, in many cases, are loaded with small molecule
acceptor side groups.

[37,38]

Figure 5: Schematic representation of the envisioned polythiophene-b-polyperyleneisocyanide. The
helical polyisocyanide block with the pendant perylenes is depicted on the left, the polythiophene
rod on the right. The chemical structures of the individual blocks are represented under.
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A combination of a polyisocyanide-based rigid-rod polymer with a conventional
polythiophene is expected to display an organised/controlled morphology at the 100 nm
length scale. Figure 5 schematically displays the structure of such block-copolymer with
perylene side groups, already known for their activity in solar cells

[39]

and the conventional

P3HT. The synthesis of block copolymers based on a polyisocyanide has some precedent
as polystyrene-b-polyisocyanides have been synthesised before.

[40]

With these interesting

perylene-thiophene block copolymers a lot of research could be done into the physical
properties and into device performance. Specifically the active layer morphology versus
performance would be one of the key factors to research.
This chapter first focuses on the synthesis and functionalisation of polythiophene, which
then will be used as a macro initiator for the polymerisation of the perylene functionalised
isocyanide. Also the option to couple both polymers, polythiophene and perylenefunctionalised polyisocyanide directly, is investigated.

Literature on di- and triblock copolymers with all rod-like blocks is more scarce and mainly
consists of two connected conjugated polymers such as alkoxy and sulfonyl PPV’s
[42]

poly(3-hexyl)thiophene-block-polyfluorene (P3HT-PF)

and small varieties

[43]

[41]

,

. Other rod-

like polymers can be helical polypeptides, polyisocyanates and polyisocyanides especially
when the helices are reinforced with a hydrogen bonded network. Thus far, these types of
rod-like polymers have not been used in rod-rod block copolymers for electronic
applications although with suitable side groups such as perylenes or fullerenes they
represent an interesting new class of materials.
Since rod-like polymers have a tendency to align, curved features are not readily
accessible. It is expected that rod-rod block copolymers have a wide range in which the
lamellar structure is the favourable thermodynamic state, ideal for the application in solar
cells and light emitting diodes. Keeping this in mind, the next paragraph will discuss the
synthesis of perylene functionalised isocyanides which one used to make one part of the
block copolymer.
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6.2 Perylene polyisocyanides
6.2.1 Synthesis of perylene isocyanides
One route to obtain the perylene-functionalised isocyanide is by first functionalising the
perylene with alkyl tails, see Scheme 1 route I. One of these alkyl tails is substituted by Nboc-1,3-propanediamine.

[44]

This route bared the disadvantage that in step ii the yield was

limited to 30-60% and many of the carefully synthesised alkyl tails were wasted.

Scheme 1: Two routes to synthesise asymmetric substituted perylene diimides. Route I: i) tridecan7-amine, imidazole/DMF, reflux ii) 1) KOH, tert-butanol, 30 min. 2) AcOH iii) 1) N-boc-1,3propanediamine, imidazole/DMF, reflux 2) TFA, chloroform. Route II: iv) 1) KOH, water, reflux 2)
AcOH v) 1) N-boc-1,3-propanediamine, water, 90°C 2) citric acid vi) 1) tridecan-7-amine,
imidazole/DMF, reflux 2) TFA, chloroform

In Route II the poor solubility of the perylene is used as an advantage by turning the dianhydride 1 into a potassium salt which is soluble in water. Closing one of the ring-opened
anhydrides renders the molecule insoluble in water with a high salt concentration.
Filtration yields the desired asymmetric perylene 5 with a single anhydride. The elegancy
of this route is that 5 is still soluble in pure water which makes it easy to make it react it
with the N-boc-1,3-propanediamine to form the potassium salt intermediate of product 6.
Acidification with citric acid yielded anhydride 6 and perylene diimide 4 was obtained in
good yield (72%) by refluxing 6 with tridecan-7-amine in imidazole/DMF and deprotection
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of the boc group. From product 4 the isocyanide is obtained in a few steps, outlined in
Scheme 2.

Scheme 2: i) 1) boc-L-alanine, EDC, DIPEA, HOBT, DCM 2) TFA, DCM ii) 2,4,5-trichlorohenylformate,
DCM or sodium formate, ethylformate iii) diphosgene, NMM, DCM, -30°C, inert atmosphere.

6.3 Polythiophenes
Since the discovery of conjugated polymers

[2]

a wide variety of conjugated polymers was

tested for electronic properties. Among them polythiophene stood out as it combines
many of the desired properties for devices like light emitting diodes, sensors, transistors
and solar cells. Polythiophene has excellent optical properties, shows high charge carrier
mobilities and is environmentally and thermally very stable. Considerable research has
been done to develop easy synthetic routes that allow for all sorts of chemical
modification to improve the processability. These modifications can be for instance the
introduction of alkyl tails for improving the solubility or the functionalisation of the end
group for coupling to other molecules or polymers.

Scheme 3: General structure of thiophene on the left, with the ring atoms numbered as will be used
in the nomenclature and on the right side the first synthesis of polythiophene.
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Non-substituted polythiophene was first synthesised from 2,5-dibromothiophene and
magnesium in 1980,

[45]

see Scheme 3. The synthesis is based on the Kumada reaction that

uses a nickel catalyst to condense a Grignard reagent to an aromatic halide.

[46]

These

(unsubstituted) polymers were rather insoluble and had low molecular weights. The
solubility of polythiophene was improved by introducing alkyl tails,

[47]

such as a butyl side

group. These poly(3-alkylthiophenes) (P3ATs) were synthesised by reacting 2-5-diiodo-3alkylthiophene or its bromo equivalent with one equivalent of magnesium to give a
mixture of Grignard species, which readily form polymers with higher molecular weights
and excellent processabilities using Ni(dppp)Cl2 as catalyst, see Scheme 4. Other
polymerisation types using metal cross coupling procedures have been applied such as
FeCl3 (Scheme 4), or demercurizaton

[48]

in which a thiophene is 2-5-functionalised with

mercury chloride and subsequently polycondensated, each with different results for the
molecular weights..

Scheme 4: Two different routes to soluble P3ATs resulting in region-irregular polymers.

With the introduction of a solubilizing alkyl tail on the 3-position, the symmetry of the
thiophene molecule is broken which impacts the structure of the polymer. The different
coupling types such as the 2,2’, the 5,2’ and 5,5’, also called head-to-head (HH), head-totail (HT) and tail-to-tail (TT) couplings (Figure 6), influences the properties of the resulting
polymer. As a result of HH or TT couplings the bulky alkyl side chains cause steric
hindrance disabling a flat, in-plane conformation of the thiophene rings

[49]

. The bigger the

torsion angle, the greater the conjugation loss, resulting in a reduction of the charge
carrier mobility along the chain. Furthermore these irregularities hamper the crystallinity
of the polymer by hampering stacking of multiple polymer chains on top of each other
which reduces conductivity via the so called ‘hopping mechanism’ in which a charge
carrier jumps from chain to chain.
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Figure 6: Steric hindrance as a result of non-head-to-tail (non-HT) coupling and the absence of such
steric factors in a regio-regular head-to-tail coupled P3AT.

To overcome this drawback a reliable synthetic route to so-called regioregular (rr) HT
polythiophene was needed and was provided by two different groups. The Rieke group
was the first to publish a selective polymerisation resulting in a rr-HT-P3HT.

[50]

They used

the selective formation of 2-bromo-5-bromozincio-3-hexylthiophene upon addition of zinc
to 2,5-dibromo-3-hexylthiophene which occurred with 90% regioselectivity. A more
reliable but also more elaborate method was published by McCullough, yielding rr-HTP3HTs with 98-100% regioregularity.

[51]

The synthesis starts with 2-bromo-3-

hexylthiophene and uses LDA to form an organolithium reagent with 99% selectivity on
the 5-position, as can be seen in Scheme 5. This can be converted to a Grignard reagent
using MgBr2•Et2O and subsequently polymerised with nickel to the fully regioregular HT
P3HT. During these reactions no rearrangements take place so the regioselectivity is
preserved.

Scheme 5: McCullough method for the synthesis of region regular HT-P3HT. The resulting polymers
are 98-100% region regular.
-1

2 -1 -1

For optimised devices mobilities up to 10 cm V s have been measured by multiple
[52]

groups

-3

-5

2 -

which is reasonably high compared to general mobilities around 10 – 10 cm V

1 -1

s for other conjugated polymers and disordered forms of P3HT.
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To incorporate these well-performing polymers into the desired block copolymers a
functional end-group must be present at the P3HT and, specifically, for the synthesis of a
P3HT based Ni(II) initiator for the polymerisation of polyisocyanides, an amine end group
is needed on the P3HT.

6.4 Towards block copolymers
As has already been described in the previous chapters, the polymerisation of the
[53]

isocyanides requires a nickel catalyst. Stable Ni(II) complexes

can be formed from tert-

butyl or other bulky isocyanides. Nucleophiles interact with the metal centre, react with
the isocyanides and initiate the polymerisation. Many different nucleophiles, often
primary amines, may be applied, including polymers that result in block copolymer
products (Scheme 6).

Scheme 6: General scheme for the formation of Ni(II) initiators, in which R can be a small molecule
or a polymer.

6.4.1 Amine-functionalised polythiophenes
Keeping the work of Vriezema et al.

[40]

in mind also polythiophene may be used as the

nucleophile in the initiator complex. The polythiophene has to be functionalised with a
nucleophile, for instance a primary amine group. Only a handful of papers have been
published considering end-group modification of P3HTs

[55,56,54]

of which only two have

succeeded to introduce an amine on the polymer. They all use the residual halogen, most
often bromide, on the polymer chain that is still present after the polymerisation. Using
Stille, Suzuki or Kumada coupling reactions different functional groups have been
introduced at the polymer terminus although the range is limited by the demanding
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reaction conditions of the polymerisation and coupling reactions, making exotic protection
groups almost a prerequisite. Next paragraph will look into synthetic ways to obtain amine
functionalised polythiophene.

6.4.2 Synthesis and analysis of poly(3-hexylthiophene)
(P3HT)
For the synthesis of regioregular (rr) head-to-tail (HT) P3HT-based block copolymers the
McCullough method was used. The synthesis of P3HT

[55]

started with 2-bromo-3-

hexylthiophene 11 and used freshly generated LDA to abstract selectively the proton at
the 2-position, the most acidic proton from the thiophene ring. Zinc chloride was added
under Schlenk conditions to form the organozinc compound by metal exchange and
subsequently Ni(dppp)Cl2 was added to catalyse the polymerisation (Scheme 7).

Scheme 7: The one-pot synthesis of P3HT-Br (dppp = 1,3-bis(diphenylphosphino)propane).

The reaction was terminated after 30 minutes yielding molecular weights around 5000
g/mol. To remove metal impurities and low molecular fractions, the crude polymer was
subjected to a series of Soxhlet extractions with subsequently methanol, hexane,
dichloromethane, chloroform and THF. Each of the resulting fractions had characteristic
molecular weights ranging from 1000 g/mol for the hexane fraction to around 7000 g/mol
for the THF fraction as determined by MALDI-TOF analysis. MALDI-TOF also allows for easy
end-group analysis and was used to check every step in the synthesis of P3HTs with
different end groups. The purified polymer consisted of three different species: the
desired population with one bromide and one hydrogen end group (H-Br) and two other
populations, one with two hydrogens (H-H) end groups and a small population with two
bromides (Br-Br), which appears as shoulders of the (H-Br) peaks, see Figure 7.
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Figure 7 MALDI-TOF spectrum of the THF fraction of P3HT-Br. The different populations of P3HT
with H-Br, H-H and Br-Br end-groups are indicated. The highest intensity is found at 6563.15, roughly
corresponding with a P3HT-Br with 39 monomers. The 6148.21 peak corresponds to a H-P3HT-H of
37 thiophene units.

The highest intensity was found at 6563.15 g/mol but considering the easier ionisation of
the shorter P3HT polymers, this value likely underestimates the true molecular weight.
The mixture with the different end groups will be regarded as P3HT-Br (12) in the
following sections.

6.4.3 Synthesis of an amine-functionalised thiophene for
incorporation in the polythiophene
Having obtained the bromide-functionalised polythiophene, the next step can be taken to
the amine functionalised polymer. The amine group has to be protected, because the
amine will inhibit the polymerisation.
Scheme 8 to Scheme 11 lists a couple of procedures which were tried to introduce the
protected amine as end group, unfortunately none of these procedures could be used.
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Scheme 8: i) Et3N, DCM, o/n ii) Mg, Et2O iii) Thiophene, n-BuLi, THF, -40°C, argon atmosphere.

Scheme 9 i) Et3N, DCM, o/n ii) NBS, CHCl3:AcOH
bis(chlorodimethylsilyl)ethane Et3N, DCM, stirring o.n.

1:1,

stirring

o.n.

iii)

1,2-

Scheme 10: i) 1). Boc2O, DCM, DIPEA, 0°C to rt, o.n. 2). Boc2O, DMAP, 80°C, 3h. ii) thiophene, -70°C,
LDA in THF, stirred o.n

Scheme 11: i) 1) THF, Thiophene, -40°C, n-BuLi, argon atmosphere, 30 minutes. 2) 20, -50°C to room
temperature, overnight.
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In the case of the silyl-based protection group, either the compound could not be
synthesised (13b, 14) (Scheme 8) or purified (17) or was not introduced in the polymer
(15) (Scheme 9). Also the double boc-protection did not survive the harsh conditions used
to couple it to the thiophene (Scheme 10).
The phthalimide protection was readily synthesised (Scheme 11), but ROESY and gHSQC
NMR analysis showed that the phthalimide is located above the thiophene ring and
probably bound by strong π-π stacking. Due to this conformation, the phthalimide is less
reactive towards standard and stronger deprotection conditions, rendering this route not
useful for our goal.
An interesting method to generate an amine end group on the P3HT-Br was published by
Liu and Frechèt

[56]

using a nitrile that, after the necessary coupling reaction, can be

reduced to an amine (Scheme 12).

Scheme 12 Reaction scheme for the Stille coupling of thiophene-2-carbonitrile to P3HT-Br and
subsequent reduction of the nitrile to an amine with LiAlH 4. i) 1. Thiophene-2-carbonitrile, LDA, THF,
-70°C, 2. Trimethyltin chloride. ii) P3HT-Br, 2-carbonitrile-5-trimethyltin-thiophene, Pd(Ph3P)4, 4:1
toluene:DMF, 120 °C, 24 h. iii) LiAlH4, THF, reflux 24 h.

Starting from commercially available thiophene-2-carbonitrile, a trimethyltin was
introduced at the 5-position by treating it with LDA and trimethyltin chloride, yielding
compound 22. This tin derivative was used in a Stille coupling with P3HT-Br using tetrakis
triphenylphosphine palladium(0) as a catalyst. MALDI-TOF analysis showed successful endgroup functionalisation to give polymer 23 (P3HT-CN) in excellent yield. Finally the
desired P3HT-NH2 seems within reach and 23 was readily reduced with LiAlH4 to give
polymer 24. Analysis with MALDI-TOF showed a slight change in the end-group as
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expected. Although a wide variation in peak shifts was observed the linear least mean
square analysis revealed a mass change by 4.2 unit mass, which is close to the expected
amount of 4.0. The different spectra are shown in Figure 8.

Figure 8 MALDI-TOF spectra of the two end functionalised polymers P3HT-CN (top) and P3HT-NH2
(below). Per peak the difference might deviate from 4 but linear analysis of these peaks reveals the
overall mass change which is 4.2, in good agreement with the expected value.

NMR analysis did not show the methylene protons at δ 4.1 ppm as reported by Liu et al.

[56]

To obtain additional proof for the presence of the amine and to prove that it is accessible
for initiation of the polymerisation some test reactions were performed. Standard tests to
probe the presence of primary amines are generally based on the addition of an amine
sensitive dye but since the concentration of amines is so low and the polymer itself is
already highly coloured these tests could not be applied. As an alternative, the polymer 24
was subjected to a number of electrophilic reaction conditions and the product was
analysed by NMR and MALDI-TOF, the latter being very sensitive to end group
functionalisation. Formylation of the amine, a reaction with acetylchloride and a DCC
coupling with pentynoic acid were tried, but no coupling was observed, neither with
1

MALDI nor HNMR analysis, raising serious doubts concerning the existence of the amine.
Several attempts to couple the amine were without success. Since a parallel route was
being developed, focus was directed to this new route
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6.5 Block copolymers using a Ni(II) initiator complex
Despite the doubts raised concerning the presence of an amine group in 24, it was used
nevertheless in the synthesis of a Ni(II) initiator complex (25a) for the polymerisation of
polyisocyanides. P3HT is not soluble in dichloromethane and was therefore dissolved in
chloroform although it is known that the initiator complex is not as stable in chloroform as
it is in dichloromethane.
To test the function of the Ni tert-butyl complex for initiation, the nickel initiator was
made, To check if the polymer substituent and the thiophene ring have a negative effect
on the formation of the complex. Nickel complexes were prepared with amine
functionalised polystyrene and amine functionalised thiophene.
The complex was formed by dissolving tetrakis tert-butylisocyanide nickel (II) perchlorate
in a DCM and addition of the respective amine. Stirring for half an hour was enough to
complete the formation of most of the nickel initiator complexes (Scheme 13).

Scheme 13: General scheme for the formation of Ni(II) initiators. R can be a small molecule like
propylazide, ethylthiophene or a macromolecule like poly(3-hexyl)thiophene or polystyrene.

The initiator complexes were analysed by IR, because the characteristic CN bond in 10
-1

shows a strong absorption in the 2252 – 2232 cm region and will shift when a carbene
species is formed with the amine. This shoulder at lower wavenumbers from the main
peak is used as a positive confirmation that the desired initiator is formed. For the P3HT
the isocyanide content is much lower as a consequence of the low concentrations used
due to the low solubility of the P3HT in dichloromethane or chloroform, rendering it
impossible to confirm the successful synthesis of complex 25a in this way.
13

This low solubility also hampers the analysis with C NMR, in which normally the carbene
carbon can be positively identified by a peak at 180 ppm,
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even when the number of
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scans was increased. Analysis by diffusion ordered spectroscopy (DOSY) NMR or MALDIToF also gave inconclusive results. Nevertheless the formation of block copolymers was
initially tried with this initiator

Scheme 14: Polymerisations onto the P3HT nickel(II) initiator complex 25a

The presumed P3HT nickel initiator 25a was taken as the starting point for the
polymerisation of peryleneisocyanide 9, see Scheme 14. For P3HT solubility reasons, the
reactions were carried out in CHCl3 despite the lower stability of the nickel initiation
complex. The disappearance of the isocyanide peak in the IR spectra showed the
polymerisation was successful. Also CD-spectroscopy (Figure 9) and NMR gave proof of the
formation of the polyisocyanide.
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Figure 9: CD spectra of polymers 26 and PIAAOMe-P3HT. Clearly visible are the positive Cotton
effect for the perylenes and the negative Cotton effect at 311 nm for the imines of the PIAAOMe
block

To prove that both blocks are connected, GPC measurements need to be carried out to
show the increased molecular weight of the P3HT block. An additional problem is that the
P3HT-NH2 used for the synthesis of the nickel initiator does not have 100% amine end
groups. Only 50-60% of the polymers has this amine end group and thus is capable to act
as a macroinitiator for polyisocyanides growth. As a result, GPC analysis will always show a
signal for the non-functionalised and unreacted P3HT blocks. It is not possible to
determine whether this fraction contains only the non-functionalised P3HT or also aminefunctionalised polythiophene blocks without a second polyisocyanide block attached.
A GPC study on the P3HT-PIAP block-copolymer was performed with the UV-vis detector
set to two wavelengths λ = 400 and 550 nm, which correspond to the maximum
absorption wavelengths λmax of the P3HT and PIAP blocks, respectively, see Figure 10. The
trace of the P3HT initiator peaks at an elution time of 7.5 minutes is visible in both the 400
nm (dash-dot line) and, at lower intensity, the 550 nm channel (long dashed line).
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Figure 10: GPC traces of P3HT-NH2 and P3HT-PIAP block copolymer at wavelengths 400 nm 500 nm

For both wavelengths, the same peak at 7.5 minutes is visible for the precipitated
polymerisation mixture, which suggests the presence of non-reacted P3HT polymer. Based
on the fraction of non-functional P3HT in the reaction mixture, this result is not
unexpected. In addition, a peak at lower elution times (5 minutes) is visible, which is
indicative of the presence of a longer polymer. The strong absorption in the λ = 550 nm
channel (dashed line) reveals the presence of the perylene chromophores in this polymer.
The GPC trace of the precipitated reaction product at λ = 400 nm (short dashed line)
shows both the P3HT and the extended polymer. Considering that the perylene
absorbance at 400 nm is very small

[27]

and that the polymer precipitate absorbs both at

400 and 550 nm, signatures of the P3HT and the PIAP blocks respectively, it is very likely
that, indeed, the desired block-copolymer has been prepared.

[58]

6.6 P3HT-block-PIAP via ‘click’ chemistry
Since the protection group for the amides to form a P3HT with an amine end group was
difficult, another route was investigated. Previous chapters described the use of the
Huisgen 1,3-dipolar cycloaddition, or click-reaction,

[59]

this could also be an alternative for
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the formation of block copolymers of P3HT-PIAP in which the two polymers are coupled
together.
To make use of this cycloaddition the polymers require functionalisation with an azide and
acetylene group. Creating an azide on the polyisocyanide block could be readily achieved
by using 3-azidopropan-1-amine together with the tert-butyl Ni(II) initiator ( Scheme 15)
which leaves the acetylene to be attached on the P3HT.

Scheme 15: Polyisocyanide synthesis, using an azide-functionalised Ni initiator

One article reports on the formation of P3HT-based block copolymers via the click reaction
functionalizing the P3HT with an acetylene.

[60]

Via this route a pentynyl moiety is coupled

to both ends of the P3HT, effectively making a triblock-copolymer precursor, which may
be similarly able to form desired lamellar structures.
First 5-chloropentyn was protected with trimethylsilane (TMS) using n-BuLi and trimethyl
chlorosilane to give (5-chloro-1-pentynyl)trimethylsilane (28) (Scheme 16). To incorporate
the functionality it needed to be converted to the corresponding Grignard reagent. Since
straightforward application of magnesium failed, the product was obtained by lithium
halogen exchange followed by a quench with magnesium bromide. Without
characterisation, the Grignard compound 29 was added in-situ to a polymerisation
reaction of P3HT which was already in progress for 15 minutes. After an additional 15
minutes the reaction was quenched to give P3HT with TMS-pentynyl on both polymer
ends (30). MALDI-TOF analysis showed excellent conversion and the polymer almost
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exclusively consisted of dicapped polymers. Small side peaks of the monocapped polymers
were visible.

Scheme 16 Synthesis of acetylene-dicapped P3HT as a precursor for a P3HT based triblock
copolymer. The different deprotection methods are i) K2CO3, THF, reflux, ii) different quantities TBAF
(0.5 – 10 eq.), -40 °C to r.t., THF, iii) Cs2CO3, THF, reflux and iv) K2CO3, 18-crown-6-ether, THF, reflux,
2 days.

Polymer 30 was deprotected with K2CO3 and 18-crown-6-ether in THF. Deprotection with
tetrabutylammonium fluoride (TBAF), which is soluble in organic solvents, gave only the
starting material or byproducts.
The polymer was precipitated from THF in methanol to remove the remaining salts and
subsequently precipitated from THF in dichloromethane yielding a polymer with a
molecular weight distribution centred around 5000 g/mol.
Polymers

27

and

31

were

coupled

to

each

other

using

CuI

and

1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) in THF under argon atmosphere and stirred for
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several days. The unreacted P3HT block was easily removed by dissolving the triblock
copolymer 39 (PIAP-P3HT-PIAP) in DCM; any residual starting material P3HT left will
precipitate in DCM. No precipitate was observed which could be an indication of
successful coupling. Although the results are promising, we have not positively confirmed
that this material indeed is a tri-block copolymer.

Scheme 17: Synthesis of an azide terminated PIAP block and subsequent addition to the acetylene
dicapped P3HT with i) CuI, DBU in THF under argon atmosphere.

6.7 Conclusion and outlook
The goal in this chapter was to obtain block copolymers of perylene functionalised
polyisocyanides and polythiophene for self-organisation to generate order at nano/micro
level length scale, unfortunately it has to be concluded that these block copolymers have
not been synthesised. It has been proven to be difficult to make a macro-initiator,
because no protection group was found to be stable or could be used during the endcapping with the protected amine to the P3HT. The method of Frechêt et al.

[56]

resulted in

the nitrile end-capped P3HT and mass analysis did suggest that this nitrile was converted
into the amine, no block copolymer could be formed when using it as a macro-initiator.
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For the work on P3HT with acetylene functionalities it can be concluded that end-capping
with an acetylene results in mono end-capped polymers whilst the reaction with (5(trimethylsilyl)pent-4-ynyl)magnesium bromide results exclusively in di-capped polymers.
This is in line with previously reported work on end-capping of P3HT.

[54]

The diacetylene

end-capped P3HT was successfully synthesised with the longer spacer between the
polymer and the acetylene as it would be most suited for the ‘click’ reaction.
The formation of an azide-functionalised PIAP was successfully done via the synthesis of
the nickel(II) initiator complex 25d. Coupling of this block to the diacetylene end-capped
P3HT to form an A-D-A triblock copolymer by means of the click reaction was performed
but no unambiguous conclusions could be drawn, as it was impossible to precipitate the
uncoupled P3HT from the reaction mixture.
Some future research to achieve functionalities on every polymer would comprise the
following experiments based on recent literature. One interesting opportunity is the
external initiation of P3HT with a functionalised nickel catalyst. Bronstein showed that
stepwise change of a tetrakis triphenylphosphine nickel (0) with a benzylchloride and
dppp into a functional nickel(II) catalyst was possible and gave uniform endfunctionalisation and a narrow molecular weight distribution.

[54]

One drawback of this

approach is the requirement for an amine-functionalised P3HT, for which the protection
strategy remains a challenge, as we showed earlier this chapter.
Another experiment worth performing is the click reaction on the acetylene functionalised
polythiophene directly with 3-azidopropan-1-amine, since with these small molecules a
large excess of the azide can be provided driving the coupling to completion. This could
easily be monitored with MALDI-TOF as it induces only small and very distinct changes in
molecular mass of the polymer. When successful the tetrakis tert-butylisocyanide nickel
(II) can be added and a mono or difunctionalised macroinitiator can be formed as
originally planned. Subsequent polymerisation with isocyanides would lead to the desired
diblock or triblock copolymers.
Recently Wu et al.

[61]

revealed a remarkably simple and elegant solution to obtain a

polythiophene functionalised nickel catalyst. Using the fact that both P3HT and

171

Chapter 6

polyisocyanides are polymerised with a nickel(II) catalyst they developed a block
copolymer by sequential addition of monomers. The quasi-living polymerisation of P3HT
by nickel(II)(dppp) is an important key point in this method since every polymer is
connected with a nickel(II) catalyst during polymerisation. Upon addition of isocyanides
the connected polymer can act as nucleophile to initiate the second polymerisation.
Whether all ligands are replaced by isocyanides is not yet clear but the polymerisation
takes place and results in well-controlled block copolymers based on P3HT and
polyisocyanides. This opens the way for the formation of D-A block copolymers with
perylene polyisocyanide as an A block directly grown upon P3HT.

Scheme 18: Synthesis of the P3HT-polyisocyanide block copolymer by sequential addition of
monomer. i) 1) iPrMgCl, THF 2) Ni(dppp)Cl2; ii) CNPh-p-CO2C10H21.

6.8. Experimental
6.8.1 Methods and materials.
Diethyl ether, tetrahydrofuran, heptane, and toluene were distilled over sodium with benzophenone under a
nitrogen atmosphere. Dichloromethane and acetonitrile were distilled over respectively Sicapent® and CaH 2 also
under a nitrogen atmosphere. Commercially available chemicals were used as received. NMR spectra were
recorded on a Varian Inova 400 (400 MHz), a Bruker DMX 300 (300 MHz) or a Bruker DPX 200 (200 MHz) NMR
spectrometers. IR spectra were recorded on a Bruker Tensor spectrometer; neat infrared spectra were recorded
on a Thermo Matson IR 300 spectrometer. UV/Vis spectra were recorded on a Varian Cary 50 conc spectrometer.
MALDI-TOF spectra were measured on a Bruker Biflex II mass spectrometer. Flash chromatography was
performed using silica gel (0.035 – 0.070 mm, 60 Å) purchased form Acros of (0.040 – 0.063 mm, 60 Å) purchased
from Silicycle and TLC-analyses were done on silica 60 F254 coated glass from Merck
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Synthesis
Tridecan-7-amine,
tetracarboxylic

perylene-3,4,9,10-tetracarboxylic

monotridecan-7-imide-monoanhydride

bis(tridecan-7-imide),
and

perylene-3,4,9,10-

perylene-3,4,9,10-tetracarboxylic

tridecan-7-imide-1-aminopropan-3-imide of route 1 were synthesised according to literature.

44

Perylene-3,4-dicarbocylicanhydride-9,10-carboxylic acid potassium salt (5)
Perylene-3,4,9,10-tetracarboxylic dianhydride 1 (10.0 g, 25.5 mmol) and KOH (40.6 g, 724 mmol)
were dissolved in 1L water. The mixture was refluxed for 30 minutes and then slowly acidified with
AcOH until the fluorescence was quenched and a fine precipitate was visible when spotted on filtrate
paper. The mixture was then refluxed for another 5 minutes and subsequently cooled in an ice bath.
The precipitate was filtered, washed with water (2 x 50 ml) and then dried overnight at 150 °C to
yield 5 (11.5 g, 25.5 mmol, quantitative).

Perylene-3,4,9,10-tetracarboxylic

mono-boc-aminopropanimide-

monoanhydride (6)
To 20 ml water was added 5 (2.0 g, 4.5 mmol) and N-boc-1,3-propanediamine (1.58 g, 9.0 mmol). The
mixture was stirred at 90°C for 2 hours. Then 25% w/w K2CO3 aq. (200 ml) was added, stirred for 5
minutes and filtered. The residue was washed twice with 25% w/w K2CO3 aq (200 ml) until the filtrate
was colourless. Subsequently the residue was dissolved in a 5% v/v Et3N/water mixture and heated a
little to ensure that the product properly dissolved. Then the mixture was filtrated again to lose the
insoluble disubstituted perylene. The residue was washed until the filtrate was colourless. The filtrate
was then gently acidified with an aqueous 10% citric acid solution and filtrated, the residue was washed with
water and dried at 150°C to give 6 (2.0 g, 3.6 mmol, 80%).

Perylene-3,4,9,10-tetracarboxylic tridecan-7-imide-1-aminopropan-3-imide (4)
(Route II)
Tridecan-7-amine (1.8 g, 9.0 mmol), 6 (2.0 g, 3.6 mmol), imidazole (7.5 g) were dissolved in DMF
(30 ml) and refluxed overnight. The reaction was quenched in a 1:1 mixture of 1M HCl aq. and
methanol and filtered. The product was purified by column chromatography (eluent: 2.5% MeOH
and 0.5% Et3N in CHCl3) to afford the boc-protected amine. The intermediate was deprotected
using TFA in CHCl3. Concentration in vacuo gave the product 4 (1.6 g, 2.5 mmol, 71.5%). 1HNMR
(400 MHz, CDCl3, ppm) δ: 0.83 (t, 6H, J=6.9Hz), 1.23-1.32 (br, 16H) 1.87 (m, 2H), 1.97 (qn, 2H,
J=6.3Hz), 2.25 (m, 2H), 3.20 (q, 2H, J=6.3Hz), 4.30 (t, 2H, J=6.5Hz), 5.19 (m, 1H), 5.23 (t, 1H,
J=5.4Hz), 8.68 (br, 8H).
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Perylene-3,4,9,10-tetracarboxylic-monotridecan-7-imide-mono-L-alanylpropan-3-imide (7)
Boc-L-alanine (246 mg, 1.30 mmol, 1.1 eq.), 4 (743 mg, 1.18 mmol, 1 eq.), DIPEA (0.4 ml, 2.40
mmol, 2 eq.), 1-hydroxybenzotriazole (195 mg, 1.42 mmol, 1.2 eq.) and EDC (219 mg, 1.30 mmol,
1.1 eq.) were dissolved in freshly distilled DCM (150 ml). The mixture was stirred at room
temperature overnight. The mixture was washed with 10% citric acid (2 x 100 ml), saturated
Na2CO3 aq. (2 x 100 ml) and brine (100 ml), the organic layer was concentrated and dissolved in
DCM again. The solution was treated with excess TFA and stirred for 2 days. The mixture was
concentrated and then dissolved in minimum MeOH, precipitated in 5% w/w Na2CO3 aq. (500 ml)
and filtered. The residue was washed with water (3 x 200 ml) and filtered. The residue was
dissolved in a 10% v/v MeOH in chloroform mixture which was dried over Na2SO4 and filtered again. The filtrate
was concentrated to give 7 (789 mg, 1.12 mmol, 95%). 1HNMR (400 MHz, CDCl3, ppm) δ: 0.83 (t, 6H, J=6.9Hz),
1.24-1.31 (br, 16H), 1.39 (d, 3H, J=6.9Hz), 1.87 (m, 2H,), 2.00 (m, 2H, J=6.5Hz), 2.25 (m, 2H), 3.35 (m, 2H), 3.56 (m,
1H), 4.30 (t, 2H, J=6.6Hz), 5.18 (m, 1H), 7.75 (t, 1H, J=5.9Hz), 8.68 (br, 8H).

Perylene-3,4,9,10-tetracarboxylic

monotridecan-7-imide-mono-N-formyl-L-

alanyl-propan-3-imide (8)
2,4,5-Trichlorophenylformate (635 mg, 2.82 mmol 2.5 eq.) and 7 (789 mg, 1.13 mmol) were
dissolved in 100 ml freshly distilled DCM. The mixture was stirred at room temperature overnight
and concentrated and purified by silica column chromatography (eluent: 2% MeOH in CHCl3).
Evaporation of the solvent yielded 8 (741 mg, 1.02 mmol, 90%). 1HNMR (400 MHz, CDCl3, ppm) δ:
0.83 (t, 6H, J=6.9Hz), 1.24-1.31 (br, 16H), 1.55 (d, 3H, J=7.0Hz), 1.94 (m, 2H), 2.02 (m, 2H), 2.23
(m, 2H), 3.40 (m, 2H), 4.17 (t, 2H, J=6.6Hz), 4.76 (p, 1H, J=7.1Hz), 5.13 (m, 1H), 7.08 (d, 1H,
J=7.7Hz), 7.29 (t, 1H, J=5.7Hz), 8.15 (m, 8H), 8.30 (s, 1H).
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Perylene-3,4,9,10-tetracarboxylic monotridecan-7-imide-mono-isocyano-Lalanyl-propan-3-imide (9)
Under Schlenk conditions 8 (50 mg, 69 µmol, 1 eq.) and N-methylmorpholine (111 µL, 1.01 mmol,
15 eq.) were dissolved in freshly distilled DCM (20 ml). This mixture was cooled to -30°C prior to
drop wise addition of a solution containing diphosgene (75.5 µL, 864 µmol, 12.8 eq.) in freshly
distilled DCM (40 ml). The reaction was monitored with TLC, upon complete conversion of the
starting material, the addition of diphosgene was stopped. The reaction mixture was brought to
0°C and a 0°C saturated NaHCO3 aq. solution (20 ml) was added. After extraction the organic layer
was washed with 10% w/w Na2CO3 aq. and subsequently dried over Na2SO4. The product was
subjected to silica column chromatography (eluent 0.5% MeOH 1% Et3N in CHCl3) and the first
fraction was concentrated in vacuo to give 9 (39 mg, 55 µmol, 80%). 1HNMR (400 MHz, CDCl3, ppm) δ: 0.83 (t, 6H,
J=6.9Hz), 1.24-1.31 (br, 16H), 1.55 (d, 3H, J=7.0Hz), 1.94 (m, 2H), 2.02 (m, 2H), 2.23 (m, 2H), 3.40 (m, 2H), 4.17 (t,
2H, J=6.6Hz), 4.76 (p, 1H, J=7.1Hz), 5.13 (m, 1H), 7.50 (t, 1H, J=5.7Hz), 8.48 (m, 8H). FTIR (KBr, cm-1): 3347 (NH),
2925 + 2855 (CH), 2138 (CN), 1697+ 1655 + 1594 + 1577 (O=CN, amide, C=C aromatic), 809 + 745 (CH aromatic).

Nickel(II) tetra-tert-butylisocyanide (10)
Nickel(II)perchlorate (3,66 g, 10 mmol) was dissolved in 50 ml 1:1: ethanol:ether mixture at
0°C. To this stirring solution tert-butylisocyanide (4.5 ml, 40 mmol) was added and stirred
vigorously. The precipitate was filtered with a P3 glass filter and the residue was washed
twice with 0°C 1:1 ethanol:ether and finally also two times with 0°C pure ether. 1HNMR (400
MHz, CD2Cl2) δ: 1.58 (s, 36H, 1). 13CNMR (300 MHz, CD2Cl2) δ: 28.8 (CH3) other carbons where not observed. FTIR
(KBr, cm-1): 2994 + 2951 + 2885 (CH), 2247 (CN), 1093 (ClO).

3-Azidopropan-1-amine
A solution of sodiumazide (6.5 g, 100 mmol) in water (30 ml) was slowly added to a second stirring
solution of 3-bromopropan-1-amine hydrobromide (6.5 g, 29.7 mmol) in water (20 ml) and refluxed for
four days. Then the mixture was cooled to 0°C and ether (100 ml) was added. Than 8.0 g KOH pellets
were added and the bilayer mixture was stirred extensively prior to extraction with ether (2 x 100 ml).
The organic layers were combined, dried over Na2SO4 and subsequently concentrated in vacuo to give the
desired 3-azidopropan-1-amine (2.0 g, 20 mmol, 67%). 1HNMR (400 MHz, CDCl3, ppm) δ: 0.94 (s, 2H, 4), 1.51 (m,
2H, 2), 2.59 (t, 2H, J=6.8Hz, 1), 3.17 (t, 2H, J=6.8Hz, 3). 13CNMR (300 MHz, CD2Cl2) δ: 31.91 (s, 2), 38.78 (s, 3),
48.61 (s, 1). FTIR (KBr, cm-1): 3365 (NH), 2940 + 2871 (CH), 2099 (NN, strong peak), 1595, 1457, 1260, 848.
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Initiator complex with

P3HT-NH2 (25a) polystyrene with amine end group

(25b), 2-(thiophen-2-yl)ethanamine (25c), 3-azidopropan-1-amine (25d)
The tetrakis tert-butylisocyanide nickel(II) complex 10 (10.4 mg, 18 µmol) was dissolved in DCM (5 ml) by stirring
it for 20 minutes. Then one of the following amines; ω-methylamine-poly-3-hexylhiophene or P3HT-NH2 (24) for
25a polystyrene with amine end function (150 mg, 18 µmol) for 12b, 2-(thiophen-2-yl)ethanamine (2.3 mg, 18
µmol) for 25c or 3-azidopropan-1-amine (1.8 mg, 18mmol) for 25d was added at room temperature and stirred
for another 20 minutes. The resulting complex was dried in vacuo and stored in a fridge under argon
atmosphere.
25a: 13CNMR (300 MHz, CDCl3) δ: 13.65 (s, CH3), 22.19 (s, CH2CH3), 28.79 (s, CH2C3H7), 29.00 (s, CH2C4H9), 29.16 (s,
CH3 tBuNC), 30.04 (s, CH2C5H11), 31.23 (s, CH2C2H5), 128.12 (s, aromatic CH), 130.00 (s, aromatic CS), 133.22 (s,
aromatic CS), 139.41 (s, aromatic CC6H13).
25b: 13CNMR (300 MHz, CD2Cl2) δ: 27.98 (s, CH3, carbene tBuNC), 29.15 (s, CH3), 39.92 (br, CH2), 43.43 (m, CH),
125.17 (m, aromatic CH), 127.33 (m, symmetric aromatic CH2), 144.84 (m, aromatic CH2).
25c: 1HNMR (300 MHz, CDCl3/CD2Cl2) δ: 1.44 (s, 9H), 1.50 (s, 27H), 5.21 (d, 2H, J=5.1Hz), 7.01 (dd, 1H, J=3.5Hz,
J=5.1Hz), 7.35 (dd, 1H, J=1.2Hz, J=5.1Hz), 7.38 (dd, 1H, J=1.0Hz, J=3.4Hz), 7.49 (t, 1H, J=4.9Hz, NH), ppm 8.10 (m,
1H, NH). 13CNMR (300 MHz, CD3Cl/CD2Cl2) δ: 30.06 (s, carbene CH3), 30.98 (s, CH3), 32.28 (s, carbene CH3), 49.02
(s, CH2), 58.29 (s, C(CH3)3), 62.13 (s, C(CH3)3), 128.19 (s, aromatic CH), 128.93 (s, aromatic CH), 129.46 (s, aromatic
CH), 141.86 (s, aromatic CCH2NH2), 181.67 (s, NCN). Isocyanide carbons were not observed.
25d: 1HNMR (200 MHz, CD2Cl2) δ: 1.49 (s, 9H), 1.61 (s, 27H), 2.01 (m, 2H), 2.15 (m, 2H), 3.58 (td, 4H, J=6.4Hz,
J=27.8Hz), 4.21 (q, 2H, J=6.7Hz), 7.02 (s, 1H, NH), 8.02 (s, 1H, NH). 13CNMR (200 MHz, CD2Cl2) δ: 28.29 (s), 29.02
(s), 29.25 (s, CH3), 30.66 (s), 30.77 (s), 41.29 (s), 48.74 (s), 55.90 (s), 56.22 (s), 60.86 (br), 61.97 (s), 122.13 (br),
176.43 (s, NCN), 178.31 (s, NCN). FTIR (KBr, cm-1): 3314 (NH), 2987 + 2941 + 2880 (CH), 2229 (CN), 2099 (NN),
1096 (ClO).

Regioregular head-to-tail poly(3-hexyl)thiophene or P3HT-Br (12)
Freshly distilled diisopropylamine (0.8 ml, 5.5 mmol) was dissolved in THF (20 ml) and
cooled to -70°C under argon atmosphere. To this stirring solution 1.6 M n-BuLi (3.12
ml, 5.0 mmol) was added drop wise. The reaction was allowed to warm up for 5
minutes and then cooled to -78°C before addition of a degassed 2-bromo-3hexylthiophene (1.4 g, 5.4 mmol) THF (20 ml) solution. After stirring for 1 hour ZnCl2 anhydrous (0.75 g, 5.5
mmol) was added. When the zinc chloride was dissolved the reaction was warmed to room temperature and
finally Ni(dppp)Cl2 catalyst (40 mg, 0.27 mmol) was added. The reaction was stirred for another 30 minutes and
then quenched by pouring it into methanol (300 ml). The precipitated polymer was subjected to Soxhlet
extraction with subsequently methanol, hexane, dichloromethane and THF. The THF fraction was collected with
an average 50% yield over multiple reactions. 1HNMR (400 MHz, CDCl3, ppm) δ: 0.91 (t, 3H, J=7.0Hz), 1.35 (m, 4H,
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J=3.7Hz, J=6.6Hz), 1.44 (m, 2H), 1.71 (td, 2H, J=7.4Hz, J=15.0Hz), 2.80 (m, 2H), 6.98 (m, 1H). MALDI-TOF:
calculated value of 6566.7 g/mol, measured value of 6563.2 g/mol with 39 units incorporated.

1-(3-Bromopropyl)-2,2,5,5-tetramethyl-1,2,5-azadisilolidine (13)
To 3 ml freshly distilled DCM was added 3-bromopropan-1-amine hydrobromide (1.09 g, 5
mmol), Et3N (0.7 ml, 15 mmol) and 1,2-bis(chlorodimethylsilyl)ethane (1.08 g, 5 mmol).
The reaction was stirred overnight and slowly dried in vacuo. The white residue was
dissolved in n-heptane and washed with 5 % w/w NaOH aq. (3 x 20 ml), dried over MgSO4 and filtered. After
concentration in vacuo the remaining oil was distilled at 91°C at 3.3 mbar to give 1-(3-bromopropyl)-2,2,5,5tetramethyl-1,2,5-azadisilolidine (460 mg, 1.64 mmol, 33%). 1HNMR (400 MHz, CDCl3, ppm) δ: 3.34 (t, 2H,
J=6.6Hz), 2.88 (m, 2H), 1.88 (m, 2H), 0.65 (s, 4H), 0.01 (m, 12H).

2-(5-Bromothiophen-2-yl)ethanamine (16)
To thiophene-2-ethylamine (1.0 g, 7.86 mmol) in a 1:1 CHCl3:AcOH mixture (30 ml) was
added NBS (1.4 g, 7.86 mmol) in small portions and the reaction was stirred overnight.
An aqueous NaOH solution was added to quench the reaction and the product was
extracted subsequent washing of the water layer with chloroform (3x). Drying over MgSO4 and concentration in
vacuo resulted in a brown oil that was subjected to column chromatography with a 2.5:0.5:97 MeOH:Et3N:CHCl3
eluent to give the title compound 16 (1.37 g, 6.6 mmol, 84%) in good yield. 1HNMR (400 MHz, CDCl3, ppm) δ:
1.23 (s, 2H), 2.88 (t, 2H, J=6.4Hz), 2.96 (t, 2H, J=6.2Hz,), 6.60 (td, 1H, J=0.9Hz, J=3.6Hz), 6.88 (d, 1H, J=3.7Hz).

Thiophene-2-propylphthalimide (21)
Thiophene (0.51 ml, 6.5 mmol, 1.25 eq.) was dissolved in dry THF (4 ml) under argon
atmosphere and cooled to -40 °C. After drop wise addition of 1.6 M n-BuLi (3.6 ml,
5.96 mmol, 1.1 eq.) the mixture was stirred for 30 minutes and cooled to -50 °C.
Then N-(3-bromopropyl)phthalimide (1.39 g, 5.2 mmol, 1 eq.) in 3 ml dry THF was
added drop wise. The mixture was warmed to r.t. and stirred overnight. The reaction was quenched with water
(50 ml) and extracted with ether (3 x 50 ml). The organic layers were combined, dried over Na2SO4 and
concentrated in vacuo. The resulting brown oil was subjected to silica column chromatography (40:60
ethylacetate: heptane) to give N-(3-(2-thienyl)propyl)phthalimide (0.753 g, 2.78 mmol, 53%). 1HNMR (400 MHz,
CDCl3, ppm) δ: 7.84 (td, 1H, J=1.1Hz, J=7.2Hz), 7.49 (m, 3H), 7.36 (dd, 1H, J=1.3Hz, J=5.0Hz), 7.11 (dd, 1H, J=1.3Hz,
J=3.6Hz), 7.03 (dd, 1H, J=3.6Hz, J=5.0Hz), 4.51 (tdd, 1H, J=1.7Hz, J=5.2Hz, J=13.5Hz), 4.14 (m, 1H), 4.03 (tdd, 1H,
J=1.6Hz, J=4.6Hz, J=11.6Hz), 3.34 (dt, 1H, J=3.7Hz, J=13.1Hz), 1.88 (m, 1H), 1.53 (m, 1H).
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3-Bromo-N,N-diBOC-propan-1-amine (23)
To freshly distilled DCM (20 ml) was added Boc2O (4.37 g, 20 mmol) and the mixture
was cooled to 0 °C. Hereto was added a solution of DCM (20 ml), 3-bromopropan-1amine hydrobromide (4.37 g, 20 mmol) and DIPEA (3.4 ml, 20 mmol) drop wise. The
mixture was warmed to r.t. and stirred overnight. The mixture was washed with water (3 x 100 ml), dried and
concentrated. To this raw mono-boc product was added DMAP (0.4 g 3.3 mmol) and Boc2O (6.80 g, 30 mmol).
The mixture was heated to 80 °C for 3h and then cooled to r.t. Subsequently the mixture was subjected to silica
column chromatography (0.5:99.5 MeOH:CHCl3) to give compound 23 (3.3 g, 9.8 mmol, 49%). 1HNMR (400 MHz,
CDCl3, ppm) δ: 3.72 (m, 2H), 3.40 (t, 2H, J=6.7Hz), 2.15 (m, 2H), 1.51 (s, 18H).

5-(trimethylstannyl)thiophene-2-carbonitrile (22)
Diisopropylamine (3.0 ml, 21 mmol) was dissolved in THF (60 ml), cooled to -70°C and nBuLi (12.5 ml, 20 mmol) was added drop wise at this temperature. The mixture was
warmed at room temperature for 5 minutes and cooled again to -78°C. Then thiophene-2carbonitrile (2.18 g, 20 mmol) was added and stirred for 1 hour before chloro trimethylstannane (4.0 g, 20 mmol)
was added from a THF (20 ml) solution. After 30 minutes the mixture was warmed to room temperature and
stirred overnight. Addition of water and ether resulted in a grey precipitate that was filtered off before further
extraction with ether was done. After washing with water and brine the organic layer was dried over Na2SO4 and
concentrated in vacuo. Bulb-to-bulb distillation at 120°C and 1.3 mbar gave the title compound (1.6 g, 5.9 mmol,
29.5%) in poor yield. 1HNMR (400 MHz, CDCl3, ppm) δ: 0.43 (m, 1H), 7.16 (m, 1H), 7.70 (m, 9H).

ω-Carbonitrile-poly-3-hexylthiophene or P3HT-CN (23)
P3HT-Br (12) (175 mg) was dissolved in a 4:1 Toluene:DMF mixture at 80°C before
addition of 5-(trimethylstannyl)thiophene-2-carbonitrile (0.3 g, 1.1 mmol) and
Pd(PPh3)4 (60 mg, 52 µmol) catalyst. The mixture was refluxed for 24 hours and then
poured into methanol (200 ml) to precipitate the polymer. After Soxhlet extraction
with methanol and THF the last fraction gave almost quantitatively the desired P3HT-CN. MALDI-TOF: calculated
value of 6761.0 g/mol, measured value of 6760.5 g/mol with n = 39.

ω-Methylamine-poly-3-hexylhiophene or P3HT-NH2 (24)
P3HT-CN (23) (120 mg) was dissolved in THF (40 ml). To this solution was added
LiAlH4 (37.95 mg, 1.0 mmol) and the mixture was refluxed overnight. The reaction
was quenched with 1M HCl (1 ml) and after 5 minutes poured into methanol (150
ml) to precipitate the polymer. After Soxhlet extraction with methanol and THF
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the THF fraction was refluxed with Et3N for 5 minutes and precipitated in methanol again to give the reduced
P3HT-NH2 (106.6 mg, 89%). MALDI-TOF: calculated value of 6765.2 g/mol, measured value of 6764.6 g/mol with
n = 39.

(5-Chloropent-1-ynyl)trimethylsilane (28)
To freshly distilled ether (100 ml) was added 1-chloro-4-pentyne (10.6 ml, 0.1 mol)
under argon. The mixture was cooled to -78 °C and subsequently 1.6 M n-BuLi (62.5 ml,
0.1 mol) was added drop wise. At this temperature the mixture was stirred for 2 hours
before addition of chlorotrimethylsilane (16.5 ml, 0.13 mol). Then the reaction was warmed to room
temperature and stirred for another hour. Subsequently the mixture was filtered, the filtrate was concentrated
in vacuo and dissolved again in n-heptane to precipitate all remaining salts. After filtration and concentration
HNMR analyses showed that pure (5-chloropent-1-ynyl)trimethylsilane was obtained. (no quantitative yield was
determined). 1HNMR (400 MHz, CDCl3, ppm) δ: 3.49 (t, 2H, J=6.4Hz), 2.26 (t, 2H, J=6.8Hz), 1.81 (p, 2H, J=6.7Hz),
0.00 (s, 9H).

(5-(Trimethylsilyl)pent-4-ynyl)magnesium bromide (29)
To 28 (1.2 g, 7.0 mmol) in THF (7 ml) was added under Schlenk conditions lithium(0)
(832 mg, 12.0 mmol) and heated for a couple of minutes. The mixture turned yellow
but not all Li(0) was consumed. The mixture was poured over a Schlenk filter upon
MgBr2 and stirred for another 30 minutes turning grey. The product 29 was used without further characterisation
in the next reaction.

α,ω-Bis(pent-1-ynyl-trimethylsilane)-poly-3-hexylthiophene or TMS-C≡C-P3HTC≡C-TMS (30)
A polymerisation similar to the synthesis of P3HT-Br was
performed. After the addition of Ni(dppp)Cl2 catalyst the
reaction was allowed to stir for 15 minutes before the addition
of 29. (Complete reaction mixture of the previous reaction was
added under Schlenk conditions) After another 15 minutes of polymerisation the reaction was poured into
methanol (200 ml) and filtered. MALDI-TOF: calculated value of 2939.4 g/mol, measured value of 2939.0 g/mol
with n = 16.
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α,ω-Bispentynyl-poly-3-hexylthiophene or C≡C-P3HT-C≡C (31)
Polymer 30 (200 mg, ~0.1 mmol) was dissolved in THF (70 ml)
together with 18-crown-6-ether (264 mg, 1 mmol, 10 eq.) and
K2CO3 (1.38 g, 10 mmol, 100 eq.). To this mixture was added drop
wise approximately 15 ml ethanol before refluxing it until
complete deprotection of the acetylene groups. The mixture was then precipitated in methanol (200 ml) and
subsequently redissolved in a minimum amount of THF. This concentrated solution was poured into DCM (100
ml) to precipitate only the high molecular weight fraction that was filtered off. Flushing the residue with THF and
subsequent concentration in vacuo gave the desired polymer 31. MALDI-TOF: calculated value of 6786.2 g/mol,
measured value of 6785.1 g/mol with n = 40.

Block copolymers (27)
Propylazide nickel(II) (25d) initiator (0.7 mg, 1 µmol) was dissolved in DCM (1 ml) and the respective isocyanide
(40 µmol) was added while stirring. After 30 minutes small samples are subjected to IR spectroscopy to monitor
the consumption of isocyanide. Upon completion the mixture is precipitated in methanol or 1:1 methanol:water
and centrifuged until a pellet of solids has formed. This is repeated until the supernatant stays clear.

Block copolymers (26)
P3HT-NH2 nickel(II) initiator 25a (7.5 mg, 1 µmol) was dissolved in chloroform (1 ml) and the isocyanide
monomer (40 µmol) was added while stirring. After 30 minutes the reaction was monitored by IR spectroscopy
until all isocyanide monomer was consumed. The mixture was then precipitated in methanol and centrifuged to
give the pure block copolymer. The resulting polymer was dried in vacuo.

PIAP-P3HT-PIAP (32)
To C≡C-P3HT-C≡C (1.7 mg, 0.25 µmol) was added N3-PIAP (39 mg, 0.55 µmol). From a stock solution CuI (9.5 mg,
50 µmol) and DBU (900 mg, 6 mmol) in degassed THF (100.0 ml) was added 2 ml under an inert atmosphere to
the P3HT and PIAP and the solution was stirred under argon at 40°C for 3 days. The reaction was quenched by
precipitation in methanol and subsequently dissolved in minimum THF and precipitated in DCM to see if any
unreacted P3HT blocks would precipitate. After filtration the mixture was concentrated in vacuo.
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Hierarchical control of organisation is crucial to the function of many complex systems,
ranging all the way from Nature’s complex molecular machinery to functional materials,
such as organic electronics. On the smallest length scale, i.e. the molecular scale, order
can be introduced by the introduction of a molecular scaffold that is able to precisely
position individual molecules to optimise intermolecular interactions and communication.
Chapter 1 describes several examples of such scaffolds, focussing on polyisocyanides that
have been decorated with chromophoric moieties, such as porphyrins and perylenes,
where the improved intermolecular interactions led to increased energy and charge
transfer rates.

[1,2,3]

This thesis describes how one can use these scaffolds to introduce other functional
groups, ranging from small metal ions (Chapters 2 and 3) or complexes (Chapter 4), to
large functional groups such fullerenes (Chapter 5). In addition, the thesis considers how
one should approach the next level of hierarchical organisation (Chapter 6).
The approach to obtain functional architectures, in Chapters 2–5, follows two
independent pathways: (i) using the backbone of the polymer as the scaffold or,
alternatively, (ii) using the side groups grafted from the polymer backbone for this
purpose. The latter can be approached from two different angles. The functional side
groups can be (co)polymerised in the backbone or introduced by post-modification of a
pre-polymerised material. The different approaches are schematically summarised in
Figure 1.
This chapter reviews the different approaches considered in this thesis and evaluates their
principal mutual advantages and disadvantages. In the last part of the chapter, an outlook
to approach the next level of organisation is presented.
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Figure 1: Schematic overview of the different approaches towards functional architectures
described in the thesis. M represents a monomer, is the functional group to be introduced and
is the linking group between the polymer backbone and the functional group (including spacer).

Degree of functionalisation
In order to optimally benefit from scaffolding approaches, the polymers involved should
possess a high degree of structural definition. The different routes to synthesise the
polymer scaffolds, in fact, have a large impact on this definition. The most obvious
potential violations to structural definition lies in the post-functionalisation route (Fig. 7.1,
route 2a), where the efficiency of the grafting reaction to the pre-fabricated
polyisocyanide backbone determines the degree of functionalisation in the material. In
some cases, where the polymer merely acts as a rigid skeleton to physically separate the
functional groups and actively avoid interactions (Chapter 4), this approach may work very
satisfactorily. One has to consider, however, that this approach only allows control over
the (average) density of functional groups along the polymer backbone and not their
distribution. In order to yield fully or nearly fully functionalised polymers, one has to
resort to highly efficient chemical transformations in the post-modification step. In this
work, the well-known ‘click’ (Cu-promoted acetylene-azide cycloaddition, CuAAC) reaction
was used for this purpose and we demonstrated (Chapter 5) that this reaction can be
employed to reach (near) full functionalisation.
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Functionalisation of the monomer prior to polymerisation (route 2b) allows for an
additional purification step and will, automatically, result in full substitution of the
polymer backbone. A pre-requisite for this route is the compatibility of the functional
group with the following synthetic reactions towards the monomer (usually the
dehydration reaction), as well as compatibility with the polymerisation medium, i.e. the
catalyst and the solvent. Also, to obtain materials of sufficient molecular weight, the
resulting polymer should remain soluble in the polymerisation mixture. One route to
increase solubility of the polymer is to dilute the functional monomer with a (nonfunctional) co-monomer, which, after polymerisation, yields a more soluble random copolymer. Like with the post-functionalisation approach, the randomness of the
incorporation will result in a decreased structural definition.
Whilst the functional monomer route has the advantage of high purity and definition, the
post-modification route has also distinct advantages: It simplifies the synthesis. Only one
reactive (f.i. azide-containing) monomer needs to be prepared and polymerised. This
polymer can be reacted with a range of different (acetylene-containing) functional groups,
of which more and more become commercially available. Also the Novak group has
adopted this route in their polyguanidine work, as was shown in a more recent publication
(Scheme 1).

[4]

In addition, two or more different functional groups may be grafted to the

polymer backbone simultaneously. If mutual interactions (including steric interaction) play
a minor role in the reaction, one has to keep in mind that the distribution of the different
groups will be random.

Scheme 1: Grafting of acetylene functionalised polyguanidine.

188

Reflections

Ionic binding and characterisation
Even in the simple case where ions are complexed to the polymer backbone, structural
definition is important. Chapter 3 demonstrated that the concentration of added ions
impacts the degree of functionalisation, which, in turn, effects the rate of conformational
changes (unfolding) of the polymer backbone.
With direct backbone functionalisation (route 1), spatial requirements are more strict than
post-modification approaches at the side chains (route 2a) where the length of the spacer
can be tuned to accommodate spacious side groups such as (substituted) fullerenes. In the
case of Pd(II) and Pt(II) backbone substitution, as described in Chapter 3, it is anticipated
that both the counter ion as well as the metal ligands (that will be replaced by the
backbone) will have a severe impact on the binding characteristics and rates. Metal salts
with too bulky ligands, in fact, did not substitute to the backbone at all. Obviously, also the
metal itself proves important as we mention that an excess of Pt salts give a stable stiff
backbone whereas an excess of Ag salts induces a nearly immediate and complete
conformational change of the backbone. By better defining the metal ion binding site, for
instance using a multi-dentate approach with the pyridine-substituted isocyanides
described in Chapter 3, one would be able to further direct the assembly process.
Characterisation of the metal-complexed polymers remains challenging. Many techniques
give unsatisfying results. For oligomers (f.i. the polyguanidines in Chapter 2), NMR is an
1

appropriate solution, but at higher molecular weights the peaks broaden so much that H
13

nor C NMR will be able to quantify binding. This is further complicated by the fact that
upon binding conformational changes of the backbone may occur, which will also change
the spectra of the polymers. With other techniques it also proved difficult to quantify the
degree of binding/functionalisation, in particular since the final fully-substituted species
were not known.

Solubility
A recurring theme throughout the thesis was the solubility of the polymer end-products.
Although the rigid, unsubstituted polyisocyanide chain is relatively soluble in a variety of
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organic solvents, substitution may change this behaviour. Both highly substituted Iridium
and fullerene (poorly soluble by themselves) polymers precipitated from the
polymerisation reaction mixture and were unable to dissolve in any solvent after work-up,
disabling further characterisation or, one step further, processing and application of such
materials. Solubility improves by decorating the functional groups with aliphatic tails.
Later studies showed that fullerene-containing polyisocyanides are fairly stable when at
least two more C12-tails are added per fullerene moiety.

[5]

The alternative route towards

solubility is to dilute the functional group with a non-functional soluble monomer, but at
the cost of all disadvantages described above.

The next level in organisation
In devices, not only the organisation at the molecular length scales needs to be optimised,
also order at higher length scales needs to be addressed. In the last chapter we tried to
combine the defined architecture inside the polymer with self-assembly approaches of
this polymer. It combined the block copolymer architecture together with the defined
structure of the polyisocyanides. It is already know that such block copolymers can form
vesicles.

[6]

The introduction of functional groups, however, made the synthesis, but also

the characterisation difficult. Following traditional approaches, we were unable to prove
that such block-copolymers were actually synthesised. In the literature, however, Wu et
al.

[7]

showed that it could be possible to synthesise a block copolymer of polythiophene

and polyisocyanide by using a quasi-living polymerisation, where first the thiophene is
polymerised and subsequently the desired isocyanide is added to the reaction mixture
yielding the block copolymer (Scheme 2). In this example, Wu used a substituted aromatic
isocyanide, but could of course be replaced by the perylene-substituted isocyanide, or
alternatively, with an acetylene-functionalised isocyanides that is post-modified with an
azide-containing perylene group.
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Scheme 2 One pot reaction towards poly(thiophen-block-isocyanide) polymers.

In the future, all such approaches may be employed to yield highly defined polymer
systems that can find their way in plastic electronics or in other fields.
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Summary
The architecture of functional materials is of great importance as it organises the
molecular functionalities and defines how they can communicate with each other and
how properties change. Several examples combining architecture with functionalities are
giving in Chapter 1 that focuses particularly on polyisocyanides that acts as a rigid scaffold
to which chromophoric molecules are arranged. As prime examples, porphyrin and
perylene functional polyisocyanides are discussed, but also methods to generate these
fascinating class of materials is reviewed.
This thesis describes two approaches to obtain a functional architectures: 1) by using the
backbone of the polymer itself; and 2) by using the side groups of the polymer to
introduce functional groups. The latter was achieved using two different methods, where
the functional group was first introduced into the monomer that was subsequently
polymerised or where it was grafted to the pre-formed polymer through a postmodification approach.
Chapter 2 and 3 focus on the first method, using the polymer backbone itself as a
functional scaffold. In Chapter 2, the polymer of choice is polyguanidine, a stiff helical
polymer possessing nitrogen atoms in the backbone that are available as metal-binding
sites. Several polymers were prepared and complexed with different metal centres.
Unfortunately, the obtained polyguanidines were insoluble, which hampered the use of
this polymer by casting from solution. In Chapter 3, a different stiff helical polymer with
nitrogen atoms available for coordination, a polyisocyanide was used as a scaffold.
Although as first sight, no indication of complexation at room temperature or at reflux
conditions was found, tracking the polymer for prolonged periods (months) with CD
chromatography, interactions of the metal complex with the polymer main chain were
observed. We found that dependent on the polymer/metal ratio, the helical backbone
conformation can either be locked in place or be primarily unwound.
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Chapter 4 and 5 investigate the option to use the side groups of the polyisocyanide for the
introduction of functional groups, either by polymerisation of monomers bearing the
specific functionality or by a post-modification reaction of a pre-synthesized polymer. In
Chapter 4 ruthenium or iridium complexes have been introduced as functional groups
through both synthetic approaches. In chapter 5 a fullerene functionality was introduced.
The poor solubility of the fullerene intermediates required the use of the postmodification approach for this strong electron acceptor.
In all the chapters the work focused on the molecular organisation of functional moieties
scaffolded by the polymer backbone, which results in order at the nanometre length scale.
Chapter 6 describes our efforts in developing an approach to take the assembly one step
further by the self-organisation of the block-copolymers, combining an electron donating
polymer, such as a polythiophene with an electron accepting polymer, such as a perylenefunctionalised polyisocyanide.
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Samenvatting
De architectuur binnen functionele materialen is van groot belang aangezien het de
moleculaire functionaliteiten organiseert en bepaalt hoe deze met elkaar kunnen
communiceren en hoe de eigenschappen veranderen. Verschillende voorbeelden waar
architectuur wordt gecombineerd met functionaliteiten worden geven in hoofdstuk 1 die
zich met name richt op polyisocyanides, een star polymeer, waaraan chromofore
moleculen zijn aangebracht. Als belangrijkste voorbeelden worden met porfyrine en
peryleen gefunctioneerde polyisocyanides besproken en methoden om deze fascinerende
klasse van materialen te gebruiken.
Dit proefschrift beschrijft twee methodes om de functionele architecturen te verkrijgen:
1) via de hoofdketen van het polymeer zelf; en 2) introductie van functionele groepen via
de zijgroepen van het polymeer. Dit laatste werd bereikt op twee verschillende manieren,
de eerste waarbij de functionele groep eerst werd geïntroduceerd in het monomeer die
vervolgens werd gepolymeriseerd, bij de andere manier wordt de functionaliteit
gekoppeld aan het voorgevormde polymeer door post-modificatie.
Hoofdstuk 2 en 3 richten zich op de eerste methode, de hoofdketen van het polymeer zelf
als functionele scaffold. In hoofdstuk 2 is gekozen voor polyguanidine, een star
spiraalvormig polymeer die stikstofatomen in de hoofdketen bezit waar metalen zich
kunnen binden. Verschillende polymeren werden gemaakt en gecomplexeerd met diverse
metaalcentra. Helaas waren de verkregen polyguanidines onoplosbaar, waardoor het
gebruik en toepassen van deze polymeren werd bemoeilijkt. In hoofdstuk 3 werd een
andere star spiraalvormig polymeer met stikstofatomen in de hoofdketen gebruikt, een
polyisocyanide. Hoewel eerst geen aanwijzingen van complexering werd gevonden, zowel
bij kamertemperatuur als onder reflux condities, bleek dat na het volgen met CD
chromatografie van het polymeer voor een langere tijd (maanden), interacties van het
metaalcomplex met de hoofdketen werd waargenomen. We vonden dat, afhankelijk van
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de polymeer/metaal verhouding, de conformatie van de spiraalvormige hoofdketen werd
vergrendeld of hoofdzakelijk werd afgerold.
Hoofdstuk 4 en 5 onderzoeken de mogelijkheid om de zijgroepen van het polyisocyanide
te gebruiken voor de invoering van functionele groepen, door polymerisatie van
monomeren met de specifieke functionaliteit ofwel een post-modificatiereactie van een
voor gesynthetiseerd polymeer. In hoofdstuk 4 worden ruthenium of iridium complexen
geïntroduceerd als functionele groepen gebruikmakend van beide syntheseroutes. In
hoofdstuk 5 werd een fullereen functionaliteit gebruikt, de slechte oplosbaarheid van de
fullereen gefunctionaliseerde tussenproducten vereist het gebruik van post-modificatie
benadering voor deze sterke elektron acceptor.
In alle hoofdstukken is het werk gericht op het ordenen van de functionele groepen aan
de polymere hoofdketen, waardoor orde op nanometerschaal wordt verkregen.
Hoofdstuk 6 beschrijft de ontwikkeling van een methode om de ordening van de polymeer
ketens een stap verder te nemen door zelf-organisatie van de blok-copolymeren, het
combineren van een elektron donerend polymeer, zoals een polythiofeen met
elektronaccepterend polymeer, zoals een peryleen gefunctionaliseerde polyisocyanide.
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Wanneer je er lang over doet om je proefschrift te schrijven, groeit ook het aantal mensen
die je wilt gaan bedanken. Natuurlijk wordt er, zodra het boekje wordt afgegeven of
ontvangen, druk gebladerd tot het dankwoord wordt gevonden. En dan op zoek naar je
naam, sta ik erin? Wordt ik bedankt? Ik hoop dat ik niemand ga vergeten, maar mocht ik je
niet genoemd hebben, dan wil ik je bij deze bedanken.
Allereerst wil ik mijn begeleiders bedanken, mijn promotor Alan Rowan en copromotor
Paul Kouwer, zonder jullie had ik hier niet gestaan. Alan, jou onbeperkte enthousiasme en
je creatieve ideeën leiden vaak tot nieuwe projecten en startpunten. Toch vind ik het wel
een beetje vreemd dat je me na al die jaren nog steeds Braam noemt. Ik mocht aan het
begin en aan het eind staan van jouw groep in Nijmegen. Ik wens je heel veel succes met
je nieuwe carrière in Australië. Paul, ik denk dat ik van geluk mag spreken dat je mijn
copromotor wilde zijn. Ik denk zeker dat jij een grote invloed hebt gehad met de
totstandkoming van dit proefschrift, jij hield mij gemotiveerd door te gaan en niet op te
geven. Alan en Paul bedankt in het vertrouwen dat jullie in mij gehad hebben.
Natuurlijk wil ik ook mijn manuscriptcommissie bedanken. Roeland Nolte, niet alleen was
jij deel van deze commissie, maar ook gedurende het project was je ook zeer
geïnteresseerd in mijn project, polyisocyanides blijven altijd jouw kindjes. Bedankt voor de
hulp en suggesties die je me hebt gegeven. Ook Bert Klumperman en Hans Elemans
bedankt voor jullie kritisch oog bij het doorlezen van mijn manuscript. Allen bedankt voor
jullie suggesties om mijn proefschrift naar een hoger niveau te tillen.
Naast alle chemie zijn er tijdens mijn promotie project ook nog van allerlei andere zaken
te regelen. Gelukkig krijg je daarbij ook de nodige ondersteuning. Peter v D, Theo, Paul S,
Jan, Jacky, Desiree, Marieke en Paula, bedankt voor al jullie hulp. Paula, ik mag jou toch
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wel afzonderlijk bedanken, gezien het vele werk dat je in de laatste maanden door mij op
je bureau is beland.
Ook de mensen die verantwoordelijk zijn voor alle analyse apparatuur, Peter v G, Helene,
Ad, bedankt voor de hulp en analyses.
Tijdens dit project heb ik veel hulp gekregen van Master studenten. Christophe, Roel,
Daan en Gijs, jullie bijdrage in het onderzoek was zeer groot en is ook allemaal beschreven
in mijn proefschrift, daarvoor wil ik jullie van harte bedanken. Veel succes en geluk in jullie
verdere carrière.
Dan is het nu de beurt aan de collega’s. Allereerst Suzanne, wij zijn samen begonnen met
het doorstroom jaar aan de universiteit, daarna de stage in de groep van Rutjes, gevolgd
door beide een promotie project bij Rowan. Bedankt voor alle steun wanneer ik het
project niet meer zag zitten. Gelukkig is een promotie geen wedstrijd, want jij bent iets
eerder klaar dan ik. Onno, jou ken ik ook al een lange tijd, we komen samen vanaf
dezelfde HLO, ook jij was een bron van inspiratie om lastige chemie te takkelen, ik wens
jou zeer veel succes, zet hem op, jouw boekje verwacht ik dit jaar te krijgen. Hans en
Johan H, bedankt voor jullie idiote humor. Arend, bedankt dat jij voor mij de nodige AFM
plaatjes hebt willen maken. Verder collega’s van vleugel 2. Erica, Roy, Hans-Peter,
Madhavan, Femke, Jaap, Michael, Jan, Sjef, Dennis H., Quinten, Bram, Benjamin, Allister.
En de overige labs, Linda, Nico, Mark, Maaike, Inge, Victor, Stijn, Alexander, Marta, Erik,
Matthieu, Heather, Stephane, Richard, Paul T., Joost, Friso, Ton, Kaspar, Joris.
Na mijn promotie ben ik meteen het bedrijfsleven binnen gerold, allereerst bij Encapson.
Dennis V., Lee, Dennis L., Joost, David, Nancy en Alexandra bedankt voor jullie interesse en
motivatie om het allemaal af te maken. Daarna mocht ik beginnen bij GATT, Johan, Rosa,
Marcel, Maria Jose, bedankt voor het vragen wanneer nu mijn proefschrift toch eens af is.
Naast alle collega’s zijn er natuurlijk ook vrienden die ik graag wil bedanken. Het clubje dat
ik al ken vanaf de tijd van de HAVO, Eva, Maartje (jullie hoeven geen speurwerk te doen of
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ik al gepromoveerd ben, ik laat het jullie wel weten hoor), Bonnie (met jou heb ik de
eerste meeloopdag van de HLO gedaan), François, Jeroen, Emiel en Joep (de laatste drie
dan niet van de havo, maar ik reken jullie daar toch bij). De mensen van scouting, Sander
vD (bedankt voor je vriendschap en alle vakanties waarbij ik lekker mijn hoofd kon leeg
maken), Willem (waar blijven toch die bitterballen), Jolanda (echt super bedankt dat je
mijn cover hebt willen ontwerpen), Marleen, Niko, Monique, Sander J. (tijdens de
carpoolritjes heb je mij gemotiveerd om te blijven schrijven), Lienke, Thomas T, Thomas K,
Joost, Joyce, Johan, Bas, Patrick, Lisette, Igor, Marieke, Mitch, Sonja en Martijn bedankt
voor alle activiteiten, want er is ook nog een leven naast je promotie.
Marcel, jou wil ik toch even apart noemen, ik vind het echt fantastisch dat je je aversie
tegen het dragen van kostuums of pakken even opzij wilt zetten om mijn paranimf te zijn.
Ik ben benieuwd hoeveel foto’s er van jou gemaakt zullen worden, ha ha ha.
Dan ook nog mijn andere paranimf, Martina, mijn kleine zusje en ik denk wel mijn grootste
vriendin. Dankjewel dat je al jaren een van mijn steunpilaren bent, je bent er altijd en bent
ook altijd geïnteresseerd in wat ik nou toch allemaal aan het doen was. Heel veel succes
met Chique, ik heb er alle vertrouwen in dat het gaat lukken.
Oma, ook jij vraagt altijd hoe het er mee staat en wat ik allemaal doe. Ik hoop dat ik er in
geslaagd ben om het allemaal goed heb kunnen uitleggen. Helaas moet je het al een tijdje
zonder Opa doen, maar ik denk dat hij toch wel trots op me kan zijn nu er eindelijk een
boekje op tafel ligt.
Dan komen de beste paarden van stal, mijn ouders, Pap, Mam, zonder jullie had ik dit
zeker niet kunnen doen. Jullie hebben al mijn successen, tegenslagen, verdriet en
blijdschap van dichtbij meegemaakt. Jullie staan altijd klaar om mij te helpen, tuin, huis,
wijze raad, eten op woensdag. Ik ben trots dat jullie mijn ouders zijn.
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Curriculum vitae
Abraham (Bram) Reinier Keereweer werd geboren op 22 april 1980 te Grave. Na het
behalen van zijn Havodiploma in 1998 startte hij met een studie organische chemie aan de
Hogeschool Arnhem Nijmegen te Nijmegen, welke in 2002 werd afgerond met een
diploma. In september van datzelfde jaar werd begonnen met het scheikundedoorstroomprogramma aan de toenmalige Katholieke Universiteit Nijmegen. De
hoofdvakstage in de richting synthetische organische chemie werd uitgevoerd in de groep
van prof. dr. Floris Rutjes. Het masterdiploma van de Radboud Universiteit Nijmegen werd
behaald in 2005. Van 2005 tot 2009 was Bram werkzaam als junior onderzoeker op de
afdeling Moleculaire Materialen van prof. dr. Alan Rowan. Na dit onderzoek werd hij
betrokken bij een project voor de ontwikkeling van een glucose sensor, een
samenwerkingsverband tussen de groep bio-organic chemistry van prof. dr. Jan van Hest
en Encapson B.V. Waarna hij in dienst werd genomen bij Encapson B.V. van 2010 tot 2013.
Vanaf 2013 is Bram werkzaam bij GATT technologies waar hij zich bezig houdt met de
ontwikkeling en productie van een chirurgische tape.
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