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Abstract 

Oligofluorene Molecular Wires in Donor-Acceptor Conjugates 

Cornelia van der Pol, University of Durham, 2007 

R 

51a,b,c n = 2, 3, 4 R = H 
53a,b,c n = 2, 3, 5 R = N-methyl pyrrolidinofullerene 

57a,b n = 1, 2 R = exTTF 
68a,b n = 1, 2 R = Ph~ZnP-(tBuPh)3 

74a,b n = 2, 3 R = ZnP-(tBuPh)3 
80a,b n = 1, 2 R = yne-Fc 
96a,b n = 1, 2 R =Ph-SAc 

88 DTPY-C60 

The molecular wire behaviour of oligofluorenes has been investigated by the synthesis of 

novel covalently bound fluorene-C60 derivatives. Firstly, oligofluorene derivatives 

containing one or two pyrrolidinofullerene units at their termini (51 and 53) were 

synthesized and their electronic properties investigated. This was followed up by the 

preparation of donor-acceptor conjugates - using C60 as acceptor - whereby fluorene is 

utilised as connecting unit. Triads containing different electron donors such as p-quinonoid 

n-extended tetrathiafulvalene (exTTF), zinc(II) porphyrin (ZnP) and ferrocene (Fe) were 

synthesised, i.e. 57, 68, 74 and 80 respectively. The electrochemical and photophysical 

behaviour of 57 has been discussed, together with the electrochemical studies of 68, 74 and 

80. Photophysical studies for the latter three are currently being undertaken. Additiomi.lly, 

we herein report the investigation of novel DTPY -C6o dyad 88 and the synthesis of two 

thiol terminated fluorene-pyrrolidinofullerene derivatives 96a,b. 
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Chapter 1 

Chapter 1: Introduction 

1.1 Molecular Electronics 

"I don't know how to do this on a small scale in a practical way, but I do know that computing 

machines are very large; they fill rooms. Why can't we make them very small ... the wires should be 

I 0 or I 00 atoms in diameter, and the circuits should be a few thousand angstroms across ... there is 

plenty of room to make them smaller. There is nothing that I can see in the physical laws that says 

the computer elements cannot be enormously smaller than they are now. " 

Quote from physicist R.P. Feynman's lecture. 

Moore's Law 

Research towards electronics has grown rapidly since the beginning of the 20th century. 

This was largely due to the increasing interest in radio, telephone and radar. The first 

transistor was developed in 194 i and in less then twenty years new techniques were 

developed to make fabrication easi~r.2 The circuits were in comparison to today quite 

large, e.g. around 1965 Gordon Moore was able to integrate approximately sixty 

· components on a chip set against 60,000 in 197 5. 3' 
4 The idea of scaling the integrated 

circuits down to a molecular level was first suggested by Richard Feynman in 1959 (see 

quote above).5 At this time the capability of working on the molecular scale had not been 

realised. A few years later, Gordon Moore was asked to report on how integration 

technology would develop and he predicted that the number of transistors per cm2 of 

silicon would double every year for the following ten years. 3 Ten years onwards his 

statement was remarkably close to the truth and was revised to state that the density on a 

chip would double every two years.4 Currently known as Moore's Law, it should be 
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accurate for another ten to fifteen more years, at most, before components reach the 

molecular scale. Current techniques can only be scaled down to a certain level and in order 

to produce electronic circuits on a molecular scale new techniques will have to be 

developed. 

Bottom-up Approach 

Scaling down conventional electronics is easier said than done, since several problems will 

have to be addressed before electron transfer on a molecular scale can be controlled. One 

of the challenges will be to tackle electromigration, which occurs as a current passes 

through a wire.2 Electromigration can eventually lead to a failing connection, as it means 

that the current can pass its momentum onto the atoms in thy framework. This is very 

likely to occur when high current densities are passed through the wire or at elevated 

temperatures, e.g. due to resistance produced by defects. Another problem that increases as 

size decreases is tunnelling, as there is less space between device components current can 

tunnel between them instead of travelling along them.2 Advances in scaling down 

integrated circuits are made daily, but this does not change the fact that fundamental limits 

will be reached before achieving electron transport within molecular devices. 

1 

Therefore, research is focusing on obtaining a better understanding of electronics on a 

molecular scale. Molecules containing a function are synthesised, characterised and even 

assembled with other components to build an electrical device. The first efforts towards 

molecular electronics were made in the early 1970s. In a visionary theoretical paper 

Aviram and Ratner proposed the preparation of the famous compound 1 as a molecular 

rectifier to predict and characterise an electronic phenomenon on a molecular scale.6 The . 

use of single molecules as rectifiers was suggested and complex device ideas involving 

2 
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molecular logic structures were discussed. This article was perhaps a bit premature, since 

some of the results were retracted in time.7 Although this article has been repeatedly 

referenced as the earliest paper published in this field, the group of Hans Kuhn had 

published reproducible electrical transport measurements through organic molecules in 

1971. 8' 
9 A lack of analytical techniques had held research back until renewed focus onto 

molecular electronics was stimulated by the development of scanning probe microscopy 

(SPM), as this technique expanded the manipulation and measurement possibilities on a 

molecular scale. 10 

Molecular Electronics 

Research within the field of molecular electronics is focused on the question whether it is 

possible to control electronic devices on a molecular scale. Molecular electronics can be 

seen as technologies using only single molecules, but a slightly broader view such as 

devices using molecular properties is currently more appropriate. A generally accepted 

definition of molecular electronics is technology utilising single molecules, a small group 

of molecules, nanoscale metallic/semiconductor wires or carbon nanotubes to perform 

electroni~ functions? In order to prepare a molecular electronic device there are some 

terms that should be complied with, e.g. for long-term use the molecules used are required 

to be chemically stable and show reversible electron transfer. The device units must be 

inert to other local molecules to avoid electromigration or tunnelling and they need to 

remain at the desired position. External interaction with the device in order to exchange 

information will also provide an interesting challenge. 

Since the field is still relatively new, solutions are not readily available. Critics might ask 

whether a device of molecular dimensions wiil ever be, of practical use, 11 but as research 

moves forw;:trd each day new discoveries are made. With time a better understanding of 

processes on a molecular scale is obtained and synthetic/analytical methods will be 

improved, which makes predicting the whereabouts of science in a hundred years time 

nearly impossible. Already organic materials of macroscopic proportions are utilised in 

devices, e.g. liquid crystalline materials in displays. 12 

3 



Chapter 1 

1.2 Molecular Wires 

Approximately a decade after the development of SPM the field of molecular electronics 

started to evolve rapidly. Currently, roughly fifteen years onwards, the field has expanded 

so vastly that this thesis can only focus on a small aspect. As photoinduced electron­

and/or energy transfer processes already play vital roles in biological processes (e.g. in 

photosynthesis), it is a topic of great scientific interest in the field of molecular electronics. 

In this field we will mainly focus on molecular wires, which can allow and influence the 

transport of electrons or energy between two electron resevoirs. 

Electron- and Energy Transfer 

Molecular wires are employed as a bridge (B, i.e. connecting unit) between two 

chromophoric units - e.g. an electron 'donor (D) and an electron acceptor (A) - and should 

enable efficient long-distance photoinduced electron transfer or energy transfer. 13 In aD­

B-A system photoinduced electron- and energy transfer can be indicated as: 

-1-

-2-

-3-

photoexcitation · 

(oxidative) electron transfer 

(electronic) energy transfer 

D-B-A+ hv ~ *D-B-A 

*D-B-A~ D+-B-k 

*D-B-A ~D-B-* A 

Photoinduced electron transfer processes are followed by a charge-recombination process, 

which regenerates the initial ground state of the system, provided no chemical 

complications occur: 

-4-

-5-

back electron transfer 

excited state dec').y 

4 

D+-B-k ~D-B-A 

D-B-* A~ D-B-A 
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1t-Conjugated Wires 

The bridge linking the photoactive units plays a vital role in the transfer process as its 

structural and chemical nature controls the electronic communication between the selected 

terminal moieties. 14
• 

15 An electron can move from the donor to the acceptor via the 

· superexchange mechanism, where the electron jumps/hops through space to the acceptor. 

/ 

The rate of electron transfer (ke1) depends on the link between the electroactive substances, 

e.g. the electron would have to jump through space when the species are not linked. A a­

bridge would separate the donor and acceptor in such a way that the species do not interact 

or need a lot of energy to transfer to electron. In the majority of donor-acceptor systems the 

electron transfer rate will be closely related to the donor-acceptor distance. 

A molecular wire will allow long-range hole- or electron-transfer along its conductive path 

of atomic orbitals for which a lower energy boost is required than for the superexchange 

mechanism (Figure 1.1 ). This is possible because the virtual bridge states are energetically 

comparable to the donor level. Through thermal injection into the conduction band of the 

bridge, the electron becomes localised within the bridge and is transported through the 

bridge towards the acceptor by an incoherent scattering mechanism, such as a polaron. 

A 

polaron 

B -· 
E E 

. I B D.,... __ 
A 

decreasing !'J. 

-A 

superexchange mechanism molecular wire 

Figure 1.1: Schematic illustration of the difference between the superexchange mechanism and 

molecular wire behaviour. As the virtual bridge state becomes energetically comparable to the 

donor level the D-B-A ensemble will start expressing molecular wire behaviour. 

5 
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Donor and acceptor moieties covalently attached by a rigid rodlike n-conjugated bridge 

have received substantial interest as dipolar chromophores due to their unique electroactive 

and non-linear optical properties. 16 A major advantage of these molecular systems is the 

possibility of tailoring the organic materials for specific applications. A conjugated 

oligomer bridge can be considered as a giant chromophore whose molecular orbitals are 

essentially delocalised over the entire bridge. The extended n-systems of conjugated 

oligomers qualify them as chromophores with a broad range of optical properties and as 

electrophores with the ability to accept or donate charges. 17 Conjugation within the 

oligomers with a rigid structure can limit the solubility severely, hindering sample 

preparation and processing. Improved solubility can be achieved by the attachment of alkyl 

substituents onto the chain. These alkyl chains provide a solvation shell, but any 

solubilising chains that do not possess extended n-systems will dilute the electronically 

active function of the oligomer bridge. Alkyl substitution weakens n-conjugation by 

inducing torsion about formal single bonds and can inhibit a tight packing of molecules in 

solid state. 

1.3 Molecular Wire Efficiency 

The efficiency of a molecular wire in electrochemically active systems can be determined 

through a range of different techniques and the method used to characterise triads is 

dependent upon the research group investigating their properties. Purity of the desired 

·systems is essential before commencing any analytical, electrochemical and optical 

measurements. In theory any defects or impurities can affect the results and reproducibility 

should always be investigated. It should .be noted that in this thesis covalently linked 

donor-acceptor systems are referred to as dyads. Donor-bridge-acceptor (D-B-A) and 

acceptor-bridge-acceptor (A-B-A) assemblies will herein be classified as triads. 

The conductivity of molecular wires in the, herein discussed, triads will be subjected to 

electrochemical measurements 18
-
20 and photo-induced electron transfer experiments. 13

' 
20

-
24 

. 

Determination of the attenuation factor (~) will provide an indication of the wire-like 

behaviour of the bridge connecting the donor and acceptor moieties. Computational 

6 
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chemistry25
' 

26 (e.g. DFT calculations) can be used to aid the prediction and/or 

interpretation of experimental observations. 

1.3.1 Electrochemical Measurements 

Cyclic voltammetry is often used for the characterisation of electrochemically active 

systems, since it. provides information on thermodynamic and kinetic data of electron 

transfer reactions and allows a precise analysis of multistep redox mechanisms. 18
' 

20 The 

electrochemical technique uses microelectrodes and an unstirred solution so that the 

measured current is limited by analyte diffusion at the electrode surface. Cyclic 

voltammetry consists of the same principles as linear sweep voltammetry, but with the 

main difference that a reverse scan is included in the experiment. In linear sweep 

voltammetry the potential of the working electrode is varied over time linearly between 

two values. While the potential changes continuously an uninterrupted level of current 

flows. Faradaic current will flow when the potential reaches values at which the analytes 

can undergo electrochemical conversions. This will result in a current peak for the reduced 

species on the forward scan, which falls off as the concentration of the analyte is depleted 

close to the electrode surface. 

-30 

-20 

< 
.::- -10 

0 

1t-.o--.--o..-.s~-o ..... o ........... - ....... o.s~--"'T1.o~--...,.1.-s ....,......_ ..... 2.-o ....,..........,-2.s [ R = (CH2CH20)3CH3 ) 

EIV 

2 

Figure 1.2: An example of a cyclic voltammogram (CV). CV of2 with oDCB/CH3CN ( 4/1 v/v) as 

solvent mixture and a scan rate of200 mY s· 1
• (Taken from the literature27

). 

7 
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As for cyclic voltammetry, when the applied potential is reversed, a potential will be 

reached which can reoxidise the product formed in the forward scan and produce a current 

of the reverse polarity to the first reduction reaction. Therefore, stable species should have 

an oxidation peak with a similar shape to the reduction peak. With the use of cyclic 

voltammetry the reverse scan can. even be swept past the initial potential and taken back to 

the initial value with a third linear sweep. Figure 1.2 illustrates an example of a cyclic 

voltammogram. Cyclic voltammetry can be used to obtain a vast amount of information, 

because it indicates the number of different redox states and gives qualitative information 

about the stability of these oxidation states and the electron transfer kinetics. For example, 

donor-acceptor species will display an oxidation potential shifting towards more positive 

values as there is a stronger interaction between donor and acceptor. Use of identical 

experimental conditions will ensure that redox features in related analogues can be 

compared. 

1.3.2 Photophysical Measurements 

Fluorescence 

The photo-induced electron transfer measurements use conjugates in which irradiation 

leads to the transport of an electron from the donor to the acceptor (Figure 1.3). Figure 

hv hv hv 

e· donor 

e- transfer 

Figure 1.3a 

e- acceptor 

E 
(eV) 

*D-B-A 

1 

D-B-A 

Figure 1.3b 

Figure 1.3: Schematic representation (left) of the formation of a charge-separated state in a triad 

and its simplified schematic energy-level diagram (right). 

8 
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1.3b is a simplified schematic energy-level diagram for a triad and although it is slightly 

more complex than herein presented, it can be used to explain the basic principle. Upon 

excitation of the chromophoric donor unit in a dyad to its singlet excited state S1 (process 

I) a rapid electron transfer to the acceptor moiety follows to form the charge-separated 

state (process 2 and 3), which will undergo charge-recombination (process 5) and allow the 

dyad to return back to the ground state (S0).
13 Excitation of either the electron donor or the 

bridge (molecular wire) in the triad to the singlet excited state can lead to the charge­

separated state. Upon transition of the electronically excited molecule to the ground 

electronic state light is emitted, i.e. luminescence. Luminescence emitted by the molecule 

during transitions between states of the same spin multiplicity is defined as molecular 

fluorescence (F). 

Apart from emission of light, the excess energy can be released as heat and the two major 

nonradiative transitions are internal conversion (I C) and intersystem crossing (ISC), which 

involves transitions between states of, respectively, the same or different spin 

multiplicity.21 Besides these unimolecular decay processes, the presence of a second type 

of molecule - able to remove the excess energy of the fluorescence species -can introduce 

a bimolecular decay process, i.e. quenching.21 

' 

Molecular fluorescence is recorded as a plot of fluorescence intensity versus emission 

wavelength. Fluorescence spectra are generally broad and cover a range of emission 

wavelengths, due to the existence of various vibrational (and rotational) levels in each 

electronic state. Fluorescence spectroscopy is an extremely sensitive technique and has a 

low background signal. This characterisation method will provide several physical 

parameters describing the performance of a triad: 

-1- wavelength(s) of maximum emission ),max 

-2- quantum yield of charge separation <I> 

-3- lifetime of charge separation T 

-4- efficiency of energy conversion 11 

~5- attenuation factor p 

9 
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The fluorescence quantum yield is the fraction of molecules excited to the charge­

separated state that decays by fluorescence. The lifetime of charge separation depends on 

the rate on the final charge-recombination process and the efficiency of energy conversion 

depends on the quantum yield and the fraction of excited state energy conserved in the 

final charge-separated state. 

Attenuation Factor (p) 

The attenuation factor (~) is a key parameter often used as a benchmark to evaluate the 

wire-like behaviour of the bridge connecting the donor and acceptor units. 28 Both charge­

separation and charge-recombination processes occur with kinetics defined by the electron 

transfer rate constant: kEr = k0e·Pro\ where k0 is a kinetic prefactor and roA (A) represents 

the donor-acceptor distance. The electron transfer rate is determined largely by the distance 

and the medium between the two electroactive sites, i.e. ~ (k1
). The smaller the ~ factor, 

the longer the distance over which charge can be efficiently conducted. The ~ factor is 

primarily dependent on the nature of the bridge unit and typical values range between 1.0 

and 1.4 A-1 for proteins and between 0.01 and 0.04 A-1 for highly efficient n-conjugated 

oligomers. 

The molecular wire behaviour can be strongly affected by other factors such as the 

matching energy levels of the bridge and the donor and therefore it is important to refer to 

the same donor and acceptor moieties in order to obtain a reliable comparison between the 

different n-conjugated bridges. As the wires become more and more efficient, a slight 

problem with this method to analyse the conjugated bridge becomes obvious. While 

efficient wires increase the electron transfer rate almost towards the limit for the redox 

moiety in question, the attenuation. factor ~ approaches the theoretical minimum from an 

electrochemical conversion standpoint. As this occurs the transfer rates exceed a level that 

can b~ measured by common electrochemical methods. 19 

10 
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Steady-State Fluorescence Spectroscopy 

Steady-state fluorescence is the most-commonly used fluorescence technique, in which the 

solution containing the fluorescence species (e.g. a triad) is continuously illuminated by a 

stable excitation light source. Due to the constant intensity of the excitation light, the rate 

of photoexcitation and of charge-recombination is constant and the steady-state 

concentration of charge-separated molecules can be established. The fluorescence intensity 

is constant and is plotted in a fluorescence spectrum as a function of the emission 

wavel~ngth (.i). 

Time-Resolved Fluorescence Spectroscopy 

Time-resolved fluorescence allows for the determination of the fluorescence lifetime of the 

system. As it also provides an independent determination of some of the information 

obtained from steady-state fluorescence the two overlapping and complementary . 

techniques should both be used to provide a complete profile of the investigated system. 

Time-resolved pulse techniques, unlike steady-state techniques, employ a short flash of 

excitation light to· generate an initial population of the excited state. This population 

immediately begins to decay and as this population is directly proportional to the 

fluorescence intensity it decays with the same kinetics. The fluorescence intensity is 

measured as a function of wavelength at several given times after the excitation pulse, 

providing time-resolved fluorescence spectra. This technique requires a fast excitation 

pulse and fast electronics, as fluorescence decays occur mostly in the order of ns or ps. 

1.4 Organic Solar Cells 

Fullerene C6o 

Fullerene C6o 3 was discovered by Kroto et a!. in the laser vaporisation of graphite in 

1985 .Z9 The demonstration of the large-scale synthesis30 of fullerenes soon afterwards 

initiated extensive research efforts towards exploring their properties and applications. 17
' 

31
-

11 



37 The delocalisation of charges- both electrons and holes -within 

the spherical carbon framework together with the rigid, confined 

structure of the aromatic n-sphere, offers unique opportunities for 

stabilising charged entities. Multi-electron reduction (i.e. up to six 

electrons) can be observed for fullerenes, which is illustrated in 

Figure 1.4. For unsubstituted C60 the six reversible reduction steps 

are all equally separated from each other by ca. 450 mV.32· 38-40 As 

Chapter I 

3 

for some photochemical features, pristine C60 shows we·ak fluorescence at 700 and 660 

nm41 and its fluorescence lifetime has been reported as 1.2 ns. 42 The quantum yield of C6o 

is as low as 3.2 x 10-4, which can be attributed to the forbidden transition due to the closed 

shell with high symmetry.42 The fluorescence quantum yield increases roughly threefold 

when the symmetry is broken by the introduction of a functional group.43 Upon 

nanosecond laser irradiation, pristine C60 shows a clear absorption band at 750 nm as the 

triplet excited state is formed almost quantitatively. 33 

0 c60 at -10 c 

• I I t I t ' I I I I I I I I I I I I I I I I ' I I I I 
-1.0 -2.0 -3.0 

Potential (Volts vs Fe/Fe+) 

Figure 1.4: CV (top) and differential pulse voltammograms (bottom) of pristine C60 in 

CH3CN/toluene. (Taken from the literature40
). 
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7t-Conjugated Polymer-C60 Approach 

It is the uniquely small reorganisation energy that fullerenes exhibit in electron transfer 

reactions (i.e. compared to planar acceptors), which renders this carbon allotrope 

particularly suitable for photovoltaic applications.44
-
46 An ultimate goal is to design and 

assemble artificial systems· which can efficiently process solar energy, replicating the 

natural analogue. Considering the limited absorption cross-section of C60 in the visible 

range of the solar spectrum, the integration of larger light harvesting arrays is needed to 

store eventually larger fractions of photonic energy in the charge-separated state.47 

Towards this goal, blends of semiconducting n-conjugated organic polymers, including 

poly-p-phenylenevinylenes (PPVs) and polythiophenes (PTs) with C60 afford new types of 

plastic solar cells with energy transformation efficiencies which are promising although the 

values are comparatively moderate (i.e. relative to silicon-based solar cells).31 It is crucial 

to realise that electron transfer events between the electron donating polymers and the 

electron accepting fullerenes within these composite materials evolve with ultrafast 

dynamics and high quantum efficiencies. However, the tendency of C6o to phase separate 

from the polymer and to crystallise is one of the prime concerns: it imposes unrealistic 

measures for its solubility in conjugated polymer matrices. 48
' 
49 

7t-Conjugated Oligomer-C60 Approach 

The reported ultrafast photoinduced electron transfer results of electron donating polymer 

and C60 blends have initiated efforts to replace the polymers with different well-defined 7t­

conjugated oligomers.37 Fullerenes blended with monodisperse n-conjugated oligomers 

that function as integrative photoexcited state electron donors have provided new types of 

plastic solar cells with promising energy transformation efficiencies. 

M n 

OPV OT OPE 
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More recently, the "oligomeric" approach 16
' 

50
' 

51 (i.e. construction of n-conjugated 

oligomer functionalised fullerene derivatives) has received increasing interest as a result of 

the breakthroughs in metal-catalysed cross-coupling synthetic methodologies.52 Important 

in this context is that n-conjugated monodispersed oligomers combine the following 

features: suitable size, electronic and optical properties of the more complex polymer 

structures, excellent solubility and structure-function relationships. Not surprisingly, 

systems such as oligo-p-phenylenevinylenes (OPVs), oligothiophenes (OTs), oligo-p­

phenyleneethynylenes (OPEs), etc., have been used as donor components in a wide range 

of electron donor-:-acceptor systems.37
' 

53
' 

54 Used as artificial photosynthetic systems to 

produce chemical energy from sunlight,55
' 

56 these olig?mer functionalised fullerene 

derivatives can be terminated with a thioacetate group or an electroactive donor species, 

e.g. TTF.36, 57 

1.5 Reported Conjugates 

The aim of this thesis is to investigate oligofluorene molecular wires in donor-acceptor 

conjugates using C60 as the accepting moiety. Hitherto, derivatives in which oligofluorene 

is covalently bound to C60 had, to the best of our knowledge, not been investigated. 

Therefore, in this section we will discuss cpnjugates reported in the literature utilising 

alternative oligomers. As some excellent reviews already exist,36
-
38

' 
51

' 
53

' 
58

-
62 the primary 

aim here is to discuss ensembles that are of interest in the scope of this thesis. 

1.5.1 Oligomer-C60 Dyads 

Oligo-p-phenylenevinylene Derivatives 

The first examples of OPV-functionalised fullerene derivatives were compounds 4a,b and 

5 reported by Nierengarten et al. in 1999.63
-
65 Upon excitation of 4 and 5 on the fullerene 

fragment the typical pyrrolidinofullerene fluorescence and triplet-triplet transient 

absorption spectra were observed, which indicates that the excited state properties of the 

14 
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are 

not affected by the presence of nearby OPV moieties.64
' 

65 Excitation of 4 and 5 on the 

OPV allowed the observation of intercomponent processes. The typical fluorescence band 

of the pyrrolidinofullerene fragment (at ca. 710 nm) was observed instead of the intense 

fluorescence band of the OPV moiety. Nierengarten et al. observed quantitative occurrence 

of singlet-singlet energy transfer from the OPV unit to the C6o core in 4 and 5. The 

formation of the competing charge separating state is not observed and model calculations 

suggested that the rate of the energy transfer step is too fast for the electron transfer step to 

occur.64
' 

65 This has important consequences for the efficiencies of photovoltaic devices 

prepared from 4 and 5. The main part of the light energy absorbed by the OPV moiety is 

conveyed to the fullerene by energy transfer and 

not electron transfer, which means that electron­

hole pairs cannot be generated any more. Thus, 

only a small part of the absorbed light is 

effectively contributing to the photocurrent.63
, 
65 

Similar results for 4 and 5 were observed in 

toluene, DCM and PhCN. The photophysical 

. properties of 6 have been systematically 

15 
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investigated with solvents of different polarities (Figure 1.5).66 Ultrafast energy transfer 

from OPV towards C60 was observed, followed by a nearly quantitative intersystem 

crossing (ISC) to the C60 triplet state in the non-polar solvent toluene. However, the 

photoexcitation of the OPV moiety in a more polar solvent (oDCB) resulted in electron 

transfer from OPV to C60 and, thus, formation of the charge-separated state. Calculations 

suggest that in toluene the charge-separated state is· higher in energy than the fullerene 

singlet and triplet excited states. In a more polar solvent the energy of the charge-separated 

state drops below the first fullerene singlet excited state, this allows the occurrence of 

electron transfer after the initial singlet energy transfer event. Similar photophysical 

behaviour was observed for 7.67 
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Figure 1.5: Fluorescence spectra of 6 in toluene (solid spectra) and oDCB (dash-dotted spectra), 

recorded at 295 K: (a) 6a, Aex = 330 nm; (b) 6b, Aex = 366 nm; (c) 6c, },ex= 415 nm; (d) 6d, Aex = 

443 nm. All fluorescence spectra were normalised to the fullerene emission at 715 nm. For 6b-d 

the residual OPV emission can be seen in the 400-600 nm range and a nearly complete quenching 

of the fullerene emission is observed in oDCB, whereas the OPV emission decreases only slightly. 

(Taken from the literature66
). 
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The excited-state properties of 8 and 9a,b are more complex due to the electron donating 

ability of the pyrazoline ring.67
-
69 For these compounds quantitative singlet-singlet energy 

transfer from OPV to C60 was observed, which was followed by an efficient electron 
1 

transfer from theN lone pair of the pyrazoline ring. 

OHC 

0 
I 
CaH17 

9a n = 1 
9b n = 3 

Oligothiophene Derivatives 

8 

The first examples of OT-functionalised fullerene derivatives were compounds lOa-d 

reported by Yamashiro et al. in 1999.70 No interaction between OT and C60 was observed 

in the ground state and, similar to 4, photoinduced energy transfer (i.e. OT ---+ C60) in the 

excited state was observed for 10 in toluene. Interestingly, dual fluorescence was observed 

for lOb,c from both the C60 core and the OT chain. Due to increased separation between 

the two component centres (i.e. OT and C6o) retardation of energy transfer was observed, 

resulting in additional OT fluorescence, although energy transfer is still predominant. 

Similar to 6, the photophysical decay process associated with 10 is solvent-dependent and 

electron transfer - and thus charge-separated state formation - was observed in more polar 

17 
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lla n = 3 
llb n = 7 

solvents, such as PhCN and THF. 71
' 

72 Different from energy transfer, the electron transfer 

occurs rapidly as the OT chain length increases in lOb, because the lower oxidation 

potential of the longer OT is more effective in lowering the energy level of the charge­

separated state. 72 
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Figure 1.6: Electronic absorption spectra of12a (solid line), the corresponding OTE oligomer 

(dotted line) and N-methylpyrrolidine-C60 54 (structure shown in Chapter 2, dashed line). Slight red 

shifts ofthe absorption bands are observed in the 600-750 nm range compared to 54, which 

indicates the presence of a weak through-space electronic interaction between the OTE and C60 

units. (Taken from the literature74
). 
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The same groups who investigated 10, studied the photophysical behaviour of 

oligo(thienylene-ethynylene) (OTE) dyads 11 and 12.73
' 

74 The electronic interaction in the 

ground state for 11 was quite weak. The absorption spectra indicated a stronger through-

, space electronic interaction between OTE and C60 for 12 than for 11, due to the closer 

arrangement as a result of the zigzag structure of OTE in 12 (Figure 1.6). For both systems 

the formation of charge-separated states was observed, even in toluene. They found that 

the charge recombination rate constant (kcR) was larger for the linear oligomer chain (11) 

than for the zigzag structure of 12, indicating the influence of the molecular structure.73 

0 0 

0/----. 

14 

The influence of structure was also investigated with quaterthiophene dyads 13 and 14.75 

Indirect charge transfer leading to the charge-separated state, following the singlet-energy 

transfer reaction, was in both cases observed in toluene. In a more polar solvent Ue. 
oDCB) both indirect and· direct charge transfer was observed, the latter can now occur due 

to the reduced activation energy barrier. It was showri that the intramolecular energy- and 

electron transfer occurs faster for 14, compared to 13, as a consequence of the imposed 

face-to-face orientation of the donor and acceptor moieties. In solution, the kcR of both 

dyads are higher than the rate of their formation. However, the lifetime of some charges 

created in the solid state increase into the micro- and millisecond time domain, due to the 

avoidance of intramolecular recombination of positive and negative charges and their 

migration to adjacent dyad molecules.75
_' 

76 
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Guidi et al. investigated the photophysical behaviour of 15, 16 and 17.77
' 

78 Energy transfer 

was found for all four dyads in toluene. In polar PhCN, direct electron transfer was 

observed for 16 and for 17, where the oxidation potential is raised (i.e. the charge­

separated state energy is close to that of the C60 singlet excited state) and both electron and 

energy transfer was observed. In sharp contrast, instantaneous formation of the singlet 

excited state was observed for 15 and followed by subsequent ISC, possibly due to 

unfavourably raised energies of the charge-separated state. Photovoltaic devices of 16 

showed white light efficiencies up to ~0.2%.78 The synthetic and electronic properties of 

oligo(phenothiazine)-ethynyl-hydro-C60 series 18 was reported in 2006 and photophysical 

studies are currently in progress.79 Upon UV excitation the phenothiazinyl fluorescence is 

considerably quenched, something presumed to indicate charge separation by an 

intramolecular photo-induced electron transfer from phenothiazine to c60· 

CsH130 

CsH130 
15a n = 0 

OCsH13 15b n = 2 s -....::::: 16 
Br ~ 

CN 

s \ 
~ 

H 

H~S ~ ~I I 
N ~ 
I 
CsH13 n 18a n = 1 

17 18b n = 2 
18c n = 3 

An alternative thiophene-containing oligomer-C6o dyad series 19 was prepared by Roncali 

and co-workers in 2002.80' 81 The dyad series - containing two fullerene units - 20 was 

simultaneously investigated. In oDCB the intramolecular charge-separated state is formed 
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in a two-step mechanism involving a fast singlet energy transfer followed by electron 

transfer (observed for 19a,b and 20c). In toluene ISC followed by triplet energy transfer 

was observed in a competing manner next to the electron transfer for 19b. Dyad 19a 

showed no electron transfer, while triad 20c showed the same behaviour as in oDCB. 

19a n = 1 
19b n = 2 
19c n = 3 
19d n = 5 

1.5.2 C60-0ligomer-C60 Triads 

Oligothiophene Derivatives 

20a n = 1 
20b n = 2 
20c n = 3 
20d n = 5 
20e n = 7 

The first C6o-based dumbbell (i.e. C60-0T-C60 triads) ensembles 21 were reported by 

Janssen in 2000.82 The formation of its radical pair whose lifetime - in the range of 

21a n = 1 
2lb n = 2 
21c n = 3 

21 

22a n = 1 
22b n = 2 
22c n = 3 
22d n = 4 



Chapter 1 

subnanoseconds - was shown by photophysical studies to strongly depend on the solvent 

polarity. Significantly higher values - milliseconds in an intermolecular fashion - for the 

lifetimes of 21b,c were observed during the photoexcitation in solid state .. Oligothiophene 

triads 22 were also prepared by Otsubo et al. 83 and the increased number of pendant C6o 

cages increases the quenching of the OT emission, compared to 10. Photovoltaic devices 

based on 22 demonstrated that the presence of a second C6o enhances the interactions 

among the fullerene units creating a more ordered network, which increased the power 

efficiencies. Comparing series 10 and 22, the photovoltaic cell with the highest 

performance was prepared from 22d. 58 

Oligo-p-phenyleneethynylene Derivatives 

23a n = 1 m = x = 0 
23b n = 2 m := x = 0 
23c n = 3 m = x = 0 
23d n = 5 m = x = 0 

24a n = x = 1 m = 1 
24b n = x = 2 m = 1 

Tour and co-workers published two articles on OPE bridged fullerenes 23 (synthetic 

procedure reported by Komatsu et a/.),84 which provided evidence of a synergistic 

interaction between the conjugated OPE backbone and the terminal fullerenes. 85
'. 

86 This 

R 

25a n = 0 R = CH 3 
25b n = 5 R = CH 3 

22 

26a n = 0 R = C8H 17 
26b n = 1 R = C8H 17 
26c n = 3 R = C8H 17 
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Figure 1.7: Schematic illustration of the reaction pathways in photoexcited compounds 25b and 

26b,c. (Taken from the literature5~. 

suggests the formation of a charge-transfer species in which excited electrons are passed 

from OTto C60. Similar species (25 and 26) were also prepared Martin and co-workers,87 

whose transient absorption spectroscopy experiments demonstrated an efficient 

intramolecular energy transfer from the photoexcited oligomer to the covalently linked C6o 

(Figure 1.7). However, they did note that a weak competitive electron transfer could also 

operate ,the deactivation process (Figure 1.7). Preliminary results on the photophysical 

properties of the related OPE-C6o dyads (structures not shown) indicated the occurrence of 

an intramolecular decay process.88
"
90 Interestingly, most systems discussed so far showed 

no (or only weak) electronic interaction in the ground state, but triads 24a,b showed quite 

different electrochemical properties.91 The origins of the observed irreversible reduction 

processes are not well understood, but are suggestive of electronic interactions between the 

cruciform oligomer and C6o. Substantially quenched fluorescence does indicate rapid 

photoinduced intramolecular energy/electron transfer. 

The dumbbell equivalent of 15, 16 and 17 (i.e. the Br- and CN- functionalities were 

replaced with pyrrolidinofullerene, stru'(tures not shown) were also synthesised by the 

same group. 92, 
93 The main advantage of the photophysical behaviour of the Cwoligomer­

C6o series over the behaviour of the mono-fullerene substituted derivatives is the increased 

stability of the product and enhanced yield of charge-separation. 92 
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~ Pt2ThC60 

~ ~ PEDOT:PSS 

~:: .. 

Figure 1.8: Example of a photovoltaic device configuration based upon 27 and an illustration of 

intra- and intermolecular charge transfer in the active layer. (Taken from the literature94
). 
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Recently, pyrrolidinofullerene end-capped platinum-acetylide triad 27 was published.94 

The novel triad was subjected to photophysical methods and photovoltaic device testing. 

Although quantitative assessment of the contributions of the singlet and triplet electron 

·transfer pathways was not possible, the authors believe that the photoinduced charge 

transfer occurs mainly from the triplet state. Despite the suggestion that the radical ion pair 

is in a triplet spin state, the charge-separated state decays rapidly. The organic voltaic 

devices of27 operated with modest efficiency (Figure 1.8). 

1.5.3 Donor-Oligomer-C60 Triads 

Tetrathiafulvalene Derivatives 

28a n = 0 m = 1 R = C8H 17 
28b n = 1 m = 1 R = CH3 
28c n = 2 m = 2 R = (CH2CH20)3CH3 

Several C60-TTF derivatives have been synthesised36' 59
' 

61 and emphasis on the oligomer 

aspects of this field brings us to the first exTTF-oligomer-C60 triads synthesised in 2004, 

namely a series of oligo~p-phenylenevinylene bridged ensembles (28).27
' 

95
' 

96 The 

investigation revealed a lack of significant ele.ctronic communication in the ground state 

and formation of the photoinduced charge-separated state (i.e. exTTF+-OPV-C6ol For 

these compounds wire-like behaviour was observed over distances of up to 50 A. The 

matching HOMO energies of C60 and OPV result in an exceptionally small attenuation 

factor (~ = 0.01 ± 0.005 A-1). Paraconjugation of the n-conjugated oligomer into the 

exTTF-donor - with coupling constants (V) of ~5.5 cm-1 - was realised by the strong 

25 
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electronic coupling between the donor and acceptor moieties. Electron/hole transfer is here 

limited by distance and the nature of the C60/0PV linkage. 

28d n = 0 R = (CH2CH20hCH3 
28e n = 3 R = CgH 17 

Subsequently, the same groups studied exTTF-C60 triads linked by an OPE bridge (29).97 

With this series, the influence of the bridge on the electron transfer becomes clear. The 

structure of 28 and 29 is essentially the same (i.e. donor, acceptor, solubilising chains and 

linkage to C6o) and the main difference is the exchange of C=C double bonds with C=C 

triple bonds. However, the photoinduced excited state behaviour was very different, as the 

attenuation factor (p) for 29 was reported to be 0.2 ± 0.05 A-1
• Thus, mere weak molecular 

wire behaviour was observed for the OPE bridge, which could be attributed to different 

factors. The HOMO energy of OPE (i.e. between -8.9 and 8.4 eV) is slightly lower than 

those of OPV (i.e. between -8.4 and 7.9 eV), which might diminish interactions with C6o· 

DFT calculations revealed that the HOMO of the OPE triad is localised on the exTTF 

moiety, while in the OPV system the HOMO reaches into the bridge (Figure 1.9). It is 

believed that the injection of an electron into the bridge is facilitated through better orbital 

overlap. 
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Figure 1.9: Electron affmity maps of exTTF-OPV-C60 (left) and exTTF-OPE-C60 (right) as 

computed with Parasurf A0798 and viewed with Tramp l.ld99
; from blue to red: low to high. 

(Taken from the literature97
). 

The influence of the bridge was further investigated with the use of triads 30 and 31.100 For 

these two triads, whose main difference is the degree of conjugation, the charge­

recombination dynamics in both solution phase and solid film were explored. The process 

was found to be slower for 30 ('t = 25 ~) in solution, which is consistent with the expected 

stronger electronic coupling in 31 ('t = 0.7 ~). In contrast, solid films demonstrated faster 

recombination dynamics for 30 ('r = 2.1 ~)than for 31 (t = 7 JlS). The faster dynamics of 

30 were assigned to the enhanced electronic coupling between the exTTF-+ and C6o·­

radical pairs in the solid film. The increase of lifetime for 31 is attributed to 7t-orbital 

stacking favouring efficient radical pair dissociation to yield free carriers, which requires 

favourable intermolecular acceptor-acceptor and/or donor-donor interactions. 
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In the series of oligothiophene-C60 assemblies (i.e. 10, 21 and 22), TTF derivative 32 was 

published in 2006.58
' 

101 The results indicated efficient intramolecular ~harge transfer 

leading to long-range charge-separation, i.e. TTF+ -OT -C60-. Their photovoltaic cells 

showed somewhat higher photocurrents in comparison with the OT-C60 series (10), 

indicating that a covalently attached TTF moiety can enhance the photoinduced charge 

separation and/or charge migration. 

32a n = 1 
32b n = 2 
32c n = 3 

Ferrocene Derivatives 

The investigation into oligothiophene molecular wires (i.e. 10, 21, 22 and 32), was 

followed up with the preparation of two series of ferrocene derivatives (33 and 34). 102
• 

103 

Similar to compound 30, for 34 the conjugation was broken by the insertion of a 

trimethylene unit. In non-polar solvent (i.e. toluene) energy transfer from the OT chain to 

C60 was observed for both dyads. In PhCN electron transfer was observed together with 

different behaviour for the two triads. The charge-separated state for 33 was formed 

immediately upon photoexcitation of the OT unit and the radical cation was delocalised on 

'both donor moieties (i.e. (Fc-OTt-C60} The lifetimes increased as the length of the 
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oligomer increased, that is 33a ('r = 0.08 ns) ~ 33b ('r = 2.7 ns) ~ 33c ('r =50 ns). As the 

conjugation between Fe and OT is broken, the three units act independently. This means 

that the formation of the charge-separated state Fc+-spacer-OT-C60- occurs via radical 

cation delocalisation on the OT chain state (i.e. Fc-spacer-OT+-C60-), which was formed 

via an energy transfer process. The prevention of n-conjugation between the donor and 

bridge moiety was more effective in the extension of the lifetime of the charge-separated 

state - 34a ('r = 22 ns) ~ 34b (t = 240 ns) ~ 34c (1 = 330 ns) - than the positive-charge 

delocalisation obtained by n-conjugation extension. Regrettably, the attenuation factor of 

33 was not published, while for 34 ~was evaluated to be 0.10 A-1
• 

That the lifetime of a charge-separated state 

increases with the length of the oligomer 

and the positive influence of an electron 

donor on the charge-separated lifetime and 

efficiency was also demonstrated by studies 

on 35. 104 The observed lifetime of 35a in 

PhCN was < 6ns and for 35b was 50 ns. 

Porphyrin Derivatives 

35a n = 1 
35b n = 3 

In continuation of the oligothiophene theme, we now look towards the predecessor of 32, 

33 and 34, namely porphyrin containing derivatives 36 and 37.58
' 

105
-
108 Interestingly, the~ 

factor for 36 was found to be significantly different depending upon the strength of 

polarity of the solvent, i.e. PhCN (~ = 0.03 A-1
) and oDCB (~ = 0.11 A-1

). The attenuation 

factor for 37 was not calculated. The positive influence of metal in the porphyrin moiety 
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37a n =I M = Zn 
37b n = 2 M = Zn 
37c n=3 M=Zn 

could be established by a comparison of the lifetime ofthe charge-separated state of36 and 

37. In oDCB the lifetimes increase with length up to a maximum and decrease afterwards; 

36a ('r = I4 J.tS) - 36b ('r = 27 J.tS) - 36c ('r = 20 J.tS). The lifetimes are dramatically 

increased by the presence ofzinc(II), i.e. 37a ('r = 450 J.tS) and 37b ('r = 910 J.tS). Not only 

the lifetime, but also the final charge-separated state is affected by the presence of zinc. 

The charge-separated state of 36 was - independent of solvent - H2P-OT+-C60-. Charge­

recombination processes of 37 occur via ZnP+-OT-C60- in PhCN and are in equilibrium 

between two states (i.e. ZnP+-OT-C60- and ZnP-OT+-C6o-) for oDCB. It is interesting to 

note that Aso and co-workers have also investigated switching behaviour on similar 

ensembles by insertion of a moiety which can either be oxidised to the cation radical or for 

a complex with a cation. 109' 110 The photoinduced intramolecular electron transfer in 

controllable by displacing the counter ion. 

38a n =I 
38b n = 2 

30 



Chapter 1 

Earlier we discussed exTTF~C6o ensembles (28, 29 and 30) investigated by Guidi, Martin 

and co-workers, who also reported similar triads (38, 111 39 112 and 40 113
) wherein the exTTF 

donor is replaced with a porphyrin moiety. The photophysical behaviour of 38 is similar to 

28 with wire-like electron transfer observed over distances of up to 40 A. Electron/hole 

injection is facilitated by matching HOMO energies of C60 and OPV. Donor-acceptor 

coupling constants (V) of ~2.0 em·' and a small attenuation factor (~ = 0.03 ± 0.005 A-1
) 

were observed. Although results of 39 are still forthcoming, the ~ factor- which is 0.32 A-1 

- has been published. 113 These results also indicate that OPV shows stronger molecular 

wire behaviour and thus they complement the previous study (28 and 29). Furthermore, it 

illustrates that the molecular wire behaviour is stronger when an exTTF moiety is utilised 

as electron donor, ~.g. 28 (~ = 0.2 A-1
) vs. 38 (~ = 0.32 A-1

). 

39a n = 1 
39b n = 2 
39b n = 3 

Electrochemical measurements indicated electronic communication between the different 

units in the ground state of 40, which was not observed for 30. The electronic 

communication of triad 40 results from the geometry which favours donor-acceptor and n-
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1t interactions. This through-space interaction was supported by excited-state studies and 

resulted in a dramatic difference in lifetimes, i.e. 165 ~ (30) and 730 ns (40) in PhCN. 

41a n = 1 
41b n = 2 
41b n = 3 

1.0 0.5 0.0 .0.5 ·1 .0 -1.5 -2.0 

Potential (V) vs Fe I Fe• 

Figure 1.10: CV of 41a (bottom spectrum), 41b (middle spectrum) and 41c (top spectrum). 

(Taken from the literature114
) . 

Finally, compound 41 was reported by Vail eta/. in 2005.114 Cyclic and differential pulse . 
voltammetry studies indicated electronic coupling between the donor and acceptor and that 

the degree of this coupling decreases with the length of the alkyne bridge (Figure 1.10). 

Similar to most triads described above, energy transfer was observed in toluene, while 
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rapid photoinduced electron transfer was observed in THF and PhCN. Electronic 

interaction is effectively mediated by the alkyne bridge, which is reflected by ~ = 0.06 ± 

0.005 A- 1
. Comparison of 41a with 42 indicates that the linkage of the bridge to the 

porphyrin donor influences the lifetime of the charge-separated radical pair, i.e. in THF 

100 ps ( 42) vs. 550 ns ( 4la). 115 

1.6 Conclusions 

This chapter has aimed to provide a brief introduction into molecular electronics and 
'!> 

molecular wires with the emphasis on relevant dyads and triads reported in the literature 

with C6o as the end group in all cases. This overview has highlighted that most reported 

examples concern OPV, OT and OPE bridges and these moieties can significantly modify 

the wire behaviour depending on oligomer length and details of the mode of attachment to 

the end-groups. There is, therefore, clear scope and interest in the synthesis of alternative 

molecular wires and studies of their redox and photophysical properties. 

33 



Chapter 2: 

Chapter 2 

Oligofluorene-C60 and C60-0ligofluorene­

C60 Conjugates 

2.1 Introduction 

In the previous chapter an account of the literature has been presented, which focused on 

the research field of oligomeric molecular wires in dyads or triads containing fullerene. 

Oligo- and poly-fluorenes are currently receiving considerable attention due to their 

excellent optical and electronic properties as materials for the preparation of organic light 

emitting diodes (OLEDs). 116
-
118 Recently, low-bandgap fluorene copolymers have also 

been combined with a variety of chemically modified fullerenes to form new plastic solar 

cells showing power conversion efficiencies as high as 2.2%. 119
-
122 However, to the best of 

our knowledge, fluorene oligomers have not been employed as the electron donor 

constituent in dyads or triads in the search for photo-generated charge-separated states for 

bt 
0 

43a n = 1 
43b n = 2 
43c n = 3 
43d n = 4 

photovoltaic purposes. In this regard, Wasielewski et al. have recently shown that the 

length of oligofluorenes used as a bridge component between a phenothiazine (PTZ) donor 

unit and perylene bis(dicarboximide) (PDI) as an acceptor (43), could be modified without 
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significantly changing the energies of the relevant bridge states; this was a consequence of 

the charge localisation on the two terminal fluorene units of the oligomeric bridge. 123 

Encouraged by the findings, we have carried out a systematic study of new C60-oligomer 

dyads and C60-oligomer-C60 dumbbell-type triads endowed with oligofluorene moieties of 

different lengths (i.e. dimer, trimer, tetramer and pentamer). This chapter will discuss the 

synthesis, electrochemical behaviour (studied by cyclic voltammetry) and the 

photophysical behaviour of these conjugate systems. 

2.2 Results and Discussion 

Synthesis 

Oligofluorenes with well-defined end-groups and chain length are predominantly made 

utilising the Suzuki-Miyaura reaction. 124
-
127 The mechanism of this reaction is generally 

described as a catalytic cycle involving oxidative addition-transmetalation-reductive 

elimination sequences in which the rate-limiting step is often the oxidative addition (Figure 

2. i ), but is under continuous investigation. 128
-
130 The relative reactivity of aryl halides 

decreases in the order I > Br > Cl and is influenced by the proximity of electron-donating 

or withdrawing groups. 131 This cross-coupling reaction proceeds smoothly when activated 

with suitable bases, since the reaction rate is influenced by the pH. 132 

R-R' r Pd(O) ~RX 

R-Pd(II)-R' 

MOB~ 
R'M 

R-Pd(II)-X 

~ os­
R-Pd(II)-OB A 

x-

Figure 2.1: Reaction mechanism of the Suzuki-Miyaura cross-coupling reaction. 
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44 Fl-BA 45 Br-Fl-Br 46 BE-Fl-BE 

Palladium catalysed aryl-aryl bond formation was dramatically improved by using boronic 

acids as the nucleophilic part of the reaction. 124 Although the preparation of boronic 

derivatives can be difficult, there are several advantages presented by boronic derivatives 

over other organometallic counterparts. 125 The compounds are easy to handle and involve 

lower toxicity reagents an_d byproducts in the reaction. The OH protons of arylboronic 

acids are often not visible in their 1H NMR spectra. This phenomenon occurs due to the 

ability of the acids either to form dimers through intermolecular hydrogen bonding or to 

lose water enabling the formation of tricyclic anhydrides, also known as boroxines. 133 

Arylboronic esters can be prepared through lithiation, like arylboronic acids, or through a 

palladium catalysed reaction, 134 and can be more easily identified from their NMR spectra. 

Both boronic species possess a similar reactivity in the Suzuki methodology and are 

Br-Fl-Br 

45 

.47a Br-Fl-CHO 

48b BE-FlrCHO 

B2Pin2, KOAc 
Pd(OAc)2 
DMF, 90°C 

68% 

48a BE-Fl-CHO 

Br-Fl-Br (45), 
PdCl2(PPh3)2, K2C03 
H20, toluene, L1 

B2Pin2> KOAc 
Pd(OAc)2 

54% 

0 DMF, 90°C o 
Br 

47b Br-FlrCHO 

Scheme 2.1 
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PdCI2(PPh3)2 
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50 a n=2 Flz-CHO (79%) 
50b n=3 FlrCHO (94%) 
50c n=4 Fl4-CHO (28%) 

C60, sarcosine 
Cl-Ph, L1 

51 a n=2 Fl2-C60 (60%) 
5lb n=3 FlrC60 (57%) 
51c n=4 Fl4-C60 (41 %) 

Scheme 2.2 

therefore exchangeable between each other. First, fluorene monomers with two solubilising 

hexyl chains ( 44-46) were prepared in accordance with the literature. 126' 135' 136 Next, the 

oligofluorene building blocks were appended with formyl groups, to enable in the final 

stage the Prato reaction with C60. Thus, monolithium-halogen exchange of 45 136 in diethyl 

ether at -78 oc and subsequent quenching with_ DMF led to bromofluorene aldehyde 47a in 

81% yield (Scheme 2.1 ). The Suzuki coupling reaction has a wide tolerance towards a 

variety of functional groups, which includes aldehydes. Boronic acids I esters are 

conventionally prepared through treatment with butyllithium, which is not suitable to 

prepare a formyl containing arylboronate. Formylfluorene boronic ester 48a was 

synthesised by heating 47a in DMF at 90 oc with an excess of bis(pinacolato )diboron 

(B2Pin2) in the presence of a catalytic amount of palladium acetate (Scheme 2.1 ). 137 
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Although not previously utilised in the presence of an aldehyde, this palladium catalysed 

route had been successfully used to boronate arylbromides containing electron­

withdrawing groups, such as -COMe, -CN and -C00Me. 138 The literature reports that with 

one equivalent of the diboron ester only I 0% dimer will be produced by the cross-coupling 

between the product and starting material, 138 but we found that for aldehyde 47a the dimer 

was produced in 40-50% yield. An excess of bis(pinacolato )diboron (2.5 eq) prevented this 

side-reaction from occurring. Difluorene building blocks (Scheme .2.1) were prepared 

through the Suzuki reaction of 48a and an excess of 45 under argon atmosphere in a 

mixture of H20 and toluene overnight at 110 °C together with K2C03 and catalytic 

amounts of PdCh(PPh3)2. The bromofluorene aldehyde dimer 47b, obtained in 54% yield, 

was then converted into the formylfluorene boronic ester dimer 48b in 49% yield in similar 

manner as 48a. 

The fluorene building blocks were assembled into functionalised and well-defined 

oligomers using standard Suzuki conditim1s. 124' 126' 128' 135' 136' 139 In order to obtain two 

complementary series of oligofluorene-C60 and C6o-oligofluorene-C6o, oligofluorenes 

containing one or two formyl groups at the termini, respectively, have been synthesised. 

Firstly, for the monoaldehyde precursors, reaction of 44126 with 47a yielded dimer SOa 

(Scheme 2.2) in 79% yield. Trimer SOb and tetramer SOc were subsequently obtained, in 

the same way, from the reaction between bromo difluorene 49 136 and either 48a or 48b 

(Scheme 2.2). Secondly, for the dialdehyde precursors, dimer 52a was obtained from 47a 

and 48a in 68% yield (Scheme 2.3). The Suzuki reaction of 46 135 with 47a,b gave trimer 

52b and pentamer 52c, respectively in 59% and 41% yields (Scheme 2.4). 

+ ~0 - -
HO 

R = oligomer} 

Scheme 2.3: Reaction mechanism of the 1,3-dipolar cycloaddition between an aldehyde, sarcosine 

and c60· 
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K2C03, H20 
PdC12(PPh3)z 
Toluene, .!1 

Scheme 2.4 

52a n=2 CHO-FI2-CHO (68%) 
52b n=3 CHO-FlrCHO (59%) 
52c n=5 CHO-FI5-CHO (41%) 

C60, sarcosine 
Cl-Ph, .!1 

53a n=2 C60-FlrC60 (77%) 
53b n=3 C60-FlrC60 (81 %) 
53c n=5 C60-Fl5-C60 (26%) 

Attachment of the [60]fullerene to the oligofluorenes has been achieved by a 1,3-dipolar 

cycloaddition, also known as the Prato reaction (Scheme 2.3). 140
' 

141 Azomethine ylides 

were formed in situ by reaction of aldehydes 50a-c with sarcosine in refluxing 

chlorobenzene. Cycloadditions of these azomethine ylides with C60 Jed to the formation of 

pyrrolidinofullerenes 51a-c in moderate yields (Scheme 2.2). Enantiopure oligomers will 

yield an inseparable mixture of diastereoisomers as a stereocentre is introduced by this 

reaction in the pyrrolidine ring. Photophysical and analytical measurements are, however, 

not influenced by this stereocentre. Finally, Prato reaction of the diformyl oligofluorenes 

(52a-c) with sarcosine and an excess of C60 afforded dumbbell-like compounds 53a,b in 

good yields; pentameric analogue 53c was obtained in lower yield (Scheme 2.4). For all 

Prato reactions (reported in this thesis) fullerene C60 was used in excess, as this produces 
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less side-products and C6o is readily available commercially. Unreacted Cw is ea5ily 

recovered at the end of the reaction and can be re-used in subsequent cycloadditions. NMR 

spectroscopy e H and 13C) was used to characterise these fullerene containing materials. 

MALDI-TOF MS was used where possible. 

Electrochemical Studies 

The electrochemical properties of 51a-c and 53a-c were probed by room temperature 

cyclic voltammetric measurements in an oDCB-CH3CN solvent mixture (4:1 v/v) with a 

glassy carbon working electrode, Bu,.NC104 as supporting electrolyte correlation and a 

scan rate of 100 m V s·1. The redox potentials are collated in Table 2.1 together with those 

of 50a-c, 52a-c, pristine [60]fullerene and N-methyl pyrrolidinofullerene (54)141 as 

references. At this point it should be noted that we describe the redox processes for our 

dyads and triads as quasireversible, since the redox process is chemically reversible for the 

systems discussed in this thesis (i.e. stable to repeated recycling). However, full agreement 

with the Nernst equation is not obtained, as the peak potential separation for the systems 

discussed in this thesis is on average 100 m V. The Nemst equation states that the peak 

potential separation of the reduction and oxidation wave should be equal to 59/n mV (n is 

the number of electron equivalents transferred during the redox process ).142 

Figure 2.3: 

- Compound 54 
- Fl

2
-C

60 
(5la) 

-to - c -Fl -C (53a) 
60 2 60 

- c60 

-5 

0 -500 -1000 

Potential (m V) 

-1500 -2000 

CVs ofC60, 51 a, 53a and 54. For conditions see Table 2.1. 
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Table 2.1: Redox potential values of C60 derivatives Sla-c and 53a-c, together with aldehyde intermediates 50, 52 and reference 

compounds (pristine C60 and 54). a 

Compound E
1

red E
2

v,, red EVz, red Fred Elox E2ox Eox 

Fh-CHO (SOa) -2029b 1295 1608 1873 

FlrCHO (SOb) -2080 1114 1332 1800 

FI4-CHO (SOc) -2083 1045 1095 1572 

CHO-Fh-CHO (52a) -2102 1411 (1353)b 1686 

CHO-Fh-CHO (52b) -2058 1179 (1126)b 1368b 

CHO-FI 5-CHO (52c) -2078 1087 (1061)b 1262b 1612 

..j::,. C6o -795b -1191 -1649 -2122b 

54 -885b -1280 -1813 -2313 1116 1687 

Fh-C6o (Sla) -882b -1293 -1843 -2333 1170 1345 1623 

Fh-C6o (Slb) -880b -1292 -1839 1096 1394 1809 

Fl4-C60 (Slc) -879b -1293 -1848 1032 1195 1555 

C6o-Fh-C6o (53a) -882b -1294 -1839 -2315 1182 1545 

C6o-Fl3-C6o (53 b) -884b -1294 -1839 -2344 1123 1473 

C6o-Fls-C6o (53c) -883b -1293 -1838 1125 1477 1641 

•Potentials in m V; scan rate 100 m V s·'; glassy carbon working electrode, Ag/ AgN03 reference electrode, Pt counter electrode; 0.1 M Bu4NC104 
(j 
;::;... 
.g 

in oDCB/CH3CN (4:1 v/v). b Halfwave potential values (Ey,). .... 
(1;> 
"'; 
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As a general feature, 51a-c and 53a-c give rise to amphoteric redox behaviour. On the 

reduction side, at least three consecutive quasireversible reduction waves have been 

observed. Since a particularly good agreement was found with 54, we assign these waves 

to the reduction steps of the fullerene core (Figure 2.3). Moreover, they corroborate the 

lack of electronic communication between the fullerene core and the oligomer moieties in 

the ground state of 51a-c and 53a-c.78
' 

87
' 92, 

143 When contrasting 51 and 53 with pristine 

[ 60]fullerene, cathodic shifts to more negative values are observed. This is a clear 

reflection of saturating a double bond of the C6o core as a consequence of the 

functionalisation and raising the LUMO energy in 51a-c and 53a-c.39 A one-electron 

process is allocated to each reduction wave of C6o, 51 and 54. The two C6o units in 53 act 

independently: each reduction wave is, therefore, assigned to a two-electron process. 

Figure 2.4: 

- Fl
2
-CH0 (50a) 

-CHO.FI
2
-CHO (52a) 

- Fl
2
-C

60 
(Sla) 

60 - C
60

-Fl
2
-C

60 
(53a) 

0 500 1000 

Potential (mV) 

1500 2000 

CVs of50a, 51a, 52a and 53a. For conditions see Table 2.1. 

On the oxidation side, derivatives 50, 51, 52 and 53 display two or, in some cases, three 

oxidation waves - most of them irreversible- ascribed to the oligofluorene system (Figure 

2.4). The first oxidation step is subject to a notable electron withdrawing effect exerted by 

the aldehyde group(s). This is particularly pronounced in 50a (i.e. , dimer with one -CHO 

functionality) and 52a (i.e., dimer with two -CHO functionalities) with anodic shifts up to 

1295 m V and 1411 m V, respectively. The electron withdrawing influence of the aldehyde 

group decreases as the length and donor character of the oligomer increases. Figure 2.4 

illustrates that substituting the formyl groups in 50a and 52a by C6o shifts the anodic 
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oxidation to less positive values in 51a and 53a. This is less clearly observed for the longer 

oligofluorene in these series as the effect of the -CHO functionality is less pronounced to 

begin with. Implicit here is the loss of conjugation between the electron withdrawing 

formyl groups and the oligomer moieties. At the same time, going from the dimer to the 

trimer and pentamer (50a-+ 50b--+ 50c) sequentially raises the donor character due to a 

more extended 1t-conjugation. Consequently, the oxidation values shift cathodically: e.g. 

E1
ox 1170 mV (51a), 1096 mV (51b), 1032 mV (51c). A similar trend evolves for 52a-c 

where the first quasireversible waves shift between E1
ox 1411 and 1087 mV (see Table 

2.1). This trend is also observed for 53a and 53b, although a further cathodic shift is not 

seen for 53c. 

Photophysical Studies 

The photophysical properties were studied in Dirk Guidi's laboratory at University 

Erlangen-Niirenberg. First, the steady-state fluorescence spectra of 50a-c and 52a-c were 

recorded upon 345 nm photoexcitation. In general, all oligofluorenes fluoresce strongly 

throughout the visible region, which renders this particular feature extremely valuable to 

dissect excited state interactions with C60 in 51a-c and 53a-c. Not surprisingly, when 

inspecting the oligofluorene fluorescence in 51a-c and 53a-c under identical experimental 

510 4 

310 4 

Emission 
I a.u. 4 210 

700 750 

Wavelength I nm 

800 850 

Figure 2.5 : Fluorescence spectra of 54 (black line), 53c (red line), 53a (green line) and 53b (orange 

line) in THF, with matching absorption of0.2 at the 370 nm excitation wavelength. 
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Figure 2.6: Differential absorption spectra (visible and near-infrared) obtained upon femtosecond 

flash photolysis (3 87 run) of 52b in nitrogen saturated THF solutions with several time delays 

between 0 and 20 ps at room temperature. 

conditions a marked fluorescence quenching is seen. The quenching, for example, in 

toluene is as high as 103 (i.e., 53a: 0.30 x 103
; 53b: 1.47 x 103

; 53c: 0.51 x 103
) and these 

values tend be higher for 53a-c than for Sla-c. Nevertheless, it is important that the 

fluorescence pattern of the oligofluorenes is still preserved, despite the presence of one or 

two C6o units. 

Turning to the near-infrared region of the fluorescence spectrum (Figure 2.5) the observed 

0.03 

0.02 

AOD 0.01 
I a.u. 

0 

-0.01 
400 600 800 

Wavelength I nm 

1000 1200 

Figure 2.7: Differential absorption spectra (visible and near-infrared) obtained upon femtosecond 

flash photolysis (3 87 run) of 52b in nitrogen saturated THF solutions with several time delays 

between 0 and 1600 ps at room temperature. 
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Figure 2.8: Time-absorption profiles ofthe spectra shown in Figure 2.7 and 2.8 at 645 and 755 nm, 

monitoring the formation of the singlet excited state. 

features resemble those known for 54.27 Notably a 370 nm photoexcitation directs the light 

nearly quantitatively to the oligofluorenes and not to C60 . A reasonable explanation implies 

transduction of singlet excited state energy from the oligofluorenes (2.70 eV) to C60 (1.76 

e V). Independent confirmation for this hypothesis was obtained from excitation spectra, 

where the fluorescence wavelength was kept constant at 715 nm and the excitation 

wavelength was systematically varied (not shown). An exceptionally good agreement with 

the ground state absorption spectrum confirms that the C60 fluorescence evolves, largely, 

from singlet energy transfer and, to a minor extent, from direct excitation .. Quantification 

of the energy transfer reaction was possible through comparing the C6o fluorescence 

quantum yields in solutions of 51a-c and 53a-c in toluene with that of 54 as an internal 

reference under exactly the same experimental conditions. Quantum yields of nearly 6.0 x 

1 o·4 in all samples speak for a quantitative energy transfer in 51a-c and 53a-c. 

In parallel with the steady-state experiments, the .fluorescence lifetimes of Sla-c and 53a-c 

were compared to references, namely, oligofluorenes (i.e. SOa-c and 52a-c) and C60 (i.e. 

54), which possessed lifetimes of the order of a few ns in the visible and near-infrared 

regions, respectively. In contrast, Sla-c and 53a-c lack any fluorescence with appreciable 

lifetimes in the visible range, i.e. the oligofluorene part. Only the near-infrared range (the 

C60 part) gave rise to a detectable fluorescence with a lifetime of 1.4 ns. The rise of the C60 
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fluorescence is, however, instantaneous and is masked by the instrumental time resolution 

of ca. 100 ps, preventing an accurate determination of the energy transfer dynamics. 

In the final part of this investigation the oligofluorenes were studied in femto- (i.e. 387 run) 

and nano-second (i.e. 355 nm) transient absorption measurements, where both constituents 

are nearly equally photoexcited. First, consider compounds 52a-t:. They revealed, upon 

photoexcitation, the nearly instantaneous generation (i.e. < 0.5 ps, Figure 2.6) of 

metastable singlet excited state transients (i.e. 0.8 ns, Figure 2.7). The spectral 

characteristics of these transients are ground state bleaching in the 400 - 450 nm range and 

new transient absorption in the 600 - 1200 nm range. The transient maxima vary with the 

length of the oligofluorene unit: 670 nm (dimer 52a), 725 run (trimer 52 b) and 725 nm 

(pentamer 52c). Interestingly, the exciton appears to be confmed in a very short 

conjugation length. The product of the aforementioned decay (i.e. 0.8 ns) is the 

corresponding triplet excited state of 52a-c. 

Initially upon photoexciting 51a-c and 53a-c transient species evolve which disclose 

features commonly seen in the oligofluorene references (52a-c), namely, transient bleach 

(i.e. below 450 nm) and transient maxima (i.e. around 700 nm), which can be seen in 
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Figure 2.9: Differential absorption spectra (visible and near-infrared) obtained upon femtosecond 

flash photolysis (387 nm) of53b in nitrogen saturated THF solutions with several time delays 

between 0 and 2 ps at room temperature. 
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Figure 2.10: Time-absorption profiles of the spectra shown in Figure 2.10 at 645 and 745 nm, 

monitoring the formation ofthe singlet excited state. 

Figure 2.9 and 2.10. Such an observation is important, since it attests- in close agreement 

with the ground state absorption at Aexc 387 nm - the successful excitation of the 

oligofluorene moieties. However, the oligofluorene singlet excited state features decay 

much faster than that observed for the intersystem crossing process in 52a-c. Typical rate 

constants for this decay are on the order of~ 10 12 s-1
. Such values confirm the quantitative 

quenching of the oligofluorene fluorescence in 5la-c and 53a-c. Interestingly, comparing 

the rate constants of oligofluorene deactivation between the 51a-c series and the 53a-c 
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Figure 2.11: Differential absorption spectra (visible and near-infrared) obtained upon femtosecond 

flash photolysis (387 nm) of 53b in nitrogen saturated THF solutions with a time delay of 3000 ps 

at room temperature, indicating the fullerene triplet..:triplet features. 
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series a two-fold acceleration is seen for the latter series (i.e. 51a: 0.9 ps; 51b: 1.3 ps; 51c: 

1.9 ps; 53a: 0.6 ps; 53b: 0.7 ps; 53c: 1.0 ps). In other words, placing two C60 instead of one 

C6o on the oligofluorene assists in accelerating the excited state decay. At the conclusion 

of the oligofluorene decay only the C60 singlet excited state features are discernable, that is, 

a transient maximum at 880 nm. · 
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Figure 2.12: Time-absorption profiles ofthe spectra shown in Figure 2.12 at 645 and 745 nm, 

monitoring the decay of the singlet excited state and formation of the triplet excited state. 
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Figure 2.13: Differential absorption spectra (visible and near-infrared) obtained upon femtosecond 

flash photolysis (355 nm) of 53b (2.0 x 10-5 M) in nitrogen saturated THF solutions with a time 

delay of 100 ns at room temperature, indicating the fullerene triplet-triplet features. 
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On a time-scale of up to 3.0 ns the C6o singlet excited state intersystem crosses to the 

corresponding triplet manifold. Importantly, the kinetics of the singlet decay and the 

triplet growth match each other reasonably well to yield intersystem crossing rates in 51a-c 

and 53a-c of 6.5 x I 08 s- 1 (Figure 2.II ). The most prominent feature of the C60 triplet 

excited state is a 700 nm maximum as it evolves towards the end of the time-scale of the 

femtosecond experiments (i.e. 3.0 ns), which is depicted in Figure 2.I2. In complementary 

nanosecond experiments with Sla-c and 53a-c the same triplet transient is seen, which in 

the absence of molecular oxygen, decays with multiexponential kinetics. An illustration is 

given in Figure 2.13. 

2.3 Conclusions 

We have carried out the rational design and synthesis of C60-(Fl)n derivatives 51a-c and 

C60-(Fl)n-C60 derivatives 53a-c in which 9,9-dihexylfluorene oligomers of well-defined . 
length are attached to N-methyi pyrrolidinofullerene termini. The new compounds were 

prepared using Suzuki cross-coupling methodology to assemble oligofluorenes with 

terminal aldehyde units, followed by Prato I ,3-dipolar cycloaddition reactions of in situ 

generated azomethine ylides with C60. The solution electrochemical data show amphoteric 

behaviour (three one-electron reduction waves of each C60 core) and irreversible oxidations 

of the oligofluorene chains with no significant interaction between these electroactive 

partners in the ground state. Fluorescence time-resolved and steady-state experiments were 

carried out to determine the photophysical behaviour of the new compounds. In particular, 

an efficient transduction of singlet excited state energy transfer prevails from the 

photoexcited oligofluorene to the energy accepting fullerene. Importantly, no spectral 

evidence has been found that would suggest the presence of competing electron transfer 

reactions that would evolve from the energetically high lying singlet excited states of the 

oligofluorenes. The next two chapters will address D-(Fl)n-C6o ensembles where D is a 

strong electron donor group designed to further probe the effect of integrating 

oligofluorene molecular wires into donor-acceptor pairs. 
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Chapter 3: exTTF -Oligofluorene-C60 Triads 

3.1 Introduction 

In Chapter 2 the synthesis and properties of oligofluorene-C60 (51a-c) and C60-

oligofluorene-C60 (53a-c) were discussed. In Chapters 3 and 4 we extend this work and 

address D-(Fl)n-C60 ensembles where D is a strong electron donor group designed to 

further probe the effect of integrating fluorene molecular wires into donor-accepter pairs. 

Initial efforts will focus on the insertion of oligofluorene in between a p-quinonoid n:­

extended tetrathiafulvalene (exTTF) donor and fullerene. The TTF derivative with n:-

d d . . d h . 'I . TTF 144-146 exten e conJugatiOn possesses a strong onor c aracter, s1m1 ar to 1ts parent . 

The ability of the quinonoid structure to form a new aromatic (anthracene) ring system 

upon oxidation rationalises the decrease of the on-site Coulombic repulsions in the charged 

species. 144-148 Stable dication species are produced by exTTF analogues forming charge­

transfer complexes with interesting electrical and magnetic properties. 144-146 Examples of 

exTTF donors covalently linked to C6o, some including an oligomeric bridge, have been 

discussed in Chapter 1. 

The exTTF-(Fl)n-C60 triad structure we aimed to create was inspired by similar ensembles 

from the literature.27
' 

95' 97' 149 By maintaining the basic structure and changing only the 

oligomeric bridge the efficiency of charge-transfer between the electron donor and 

acceptor by different molecular wires can be more easily compared. Therefore this chapter 

will discuss the synthesis of ~xTTF -(Fl)n-C60 assemblies wherein the oligofluorene bridge 

is covalently linked to the fullerene cage through a pyrrolidine ring and full conjugation is 

obtained between the donor and the wire. These systems have been subjected to 

electrochemical and photophysical studies. Determination of the attenuation factor (p, 

Chapter 1) allowed us an insight into the molecular wire behaviour of the fluorene based 

bridge. 
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3.2 Results and Discussion 

Synthesis 

The coupling of the exTTF moiety to the oligofluorene bridge should allow extended 

conjugation to be achieved, to facilitate the eh~ctronic coupling between the donor and 

acceptor. A Suzuki cross-coupling reaction between exTTF and fluorene would yield such 

a triad, 124
' 

128 where the donor is directly linked to the oligomeric bridge. In Chapter 2 the 

syntheses of the fluorene monomer and dimer 48a,b, featuring two solubilising hexyl 

chains, a formyl group as a link to the C60 and a boronic ester, were discussed. The 

palladium-catalysed reaction of these fluorene building blocks with 2-iodo-9, 1 0-bis(l ,3-

dithiol-2-ylidene )-9, 1 0-dihydroanthracene (55) 150 afforded compounds 56a and 56b in 

good yields (Scheme 3.1). Subsequently the presence of the formyl group 

+ 

55 exTTF-I 

48a n=l 
48b n=2 

K2C03, H20 
PdCliPPh3)z 
Toluene, ,1 

Scheme 3.1 

51 

56a n=l exTTF-Fl-CHO (52%) 
56b n=2 exTTF-Fl2-CHO (66%) 

C60, sarcosine 
Cl-Ph, .1 

57a n=l exTTF-Fl-C60 (27%) 
57b n=2 exTTF-FirC60 (24%) 
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allowed the in situ generation of the corresponding azomethine ylides by reaction with 

sarcosine in refluxing chlorobenzene (see Chapter 2), which provided the cycloadducts 

57a,b by cycloaddition to C60 following Prato's protocol (Scheme 3.1). 140 During the 

work-up of 57a,b it was noted that these triad ensembles decompose upon exposure to 

light and air. Characterisation of decomposed 57b (58, structure shown in experimental 

section) revealed oxidation of the exTTF unit (see Chapter 6); this sensitivity of the donor 

unit is observed only after the addition of C60 . Decomposition was not observed for 56a,b 

and the formation of the pyrrolidine ring was not affected. For this reason, the Pra~o 

reaction was conducted under argon and in a dimly lit laboratory as a precaution. 

Compounds 57a,b were obtained by purification in dim light and afterwards were perfectly 

stable in the solid state when stored under argon and in the dark. 

. In a second step we have investigated increasing the length of the fluorene wire bridging 

the exTTF and C60 units. As discussed in Chapter 2, dimer 48b was prepared from 

monomer 47b in two steps (Scheme 2.1 ). A similar method could not be employed to 

produce a formyl andboronic ester functionalised trimer, due to limited availability of 48b. 

55 exTTF-1 

B2Pin2, KOAc 
Pd(OAc)2 
DMF, 60°C 

60% 

Scheme 3.2 

59 exTTF-BE 

Purification of these oligofluorenes becomes more delicate as the length increases, which 

affects yields and this was particularly apparent during the purification of 48b. As no 

oligofluorene trimer, containing both a boronic ester and a formyl group, could be 

synthesised, a boronic ester functionalised exTTF (59) was synthesised, utilising the same 

procedure as for 48a, in good yield from exTTF-1 (Scheme 3.2). 

Lithiation of monomer 45 yielded monomer Br-Fl-CHO (47a) and we found that using 2-3 

equivalents butyllithium yielded the same product, as the lithiation at one terminus affects 
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the reactivity of the remammg bromine. 7,7"-Dibromo-9,9,9' ,9' ,9",9"-hexahexyl-

9H,9'H,9"H-[2,2',7',2"]terfluorene (60) was prepared in accordance with the literature. 151 

The ample distance between the bromines at both termini of this trimer ensures that the 

reactivity of both bromines is the same throughout a lithiation process. Thus, monolithium­

halogen exchange of 60 in diethyl ether at -78 oc and subsequent quenching with an excess 

of DMF led to the formation of multiple side-products and this mixture could not be 

successfully separated. 

60 Br-FlrBr 

BE-FI:CHO (48a), 
PdCI2(PPh3)2, K2C03 
H20, toluene, ,0. 

15% 

Scheme 3.3 

Br 

61 Br-Fl4-CHO 

In an alternative attempt to prepare a longer oligofluorene bridge for our exTTF-wire-C60 

triads we reacted 48a with 60 via Suzuki reaction and obtained the desired tetramer 61 in 

low yield (Scheme 3.3). Subsequent palladium-catalysed cross-coupling between 59 and 

61 yielded a multi component mixture, which provided no product after purification. 

Finally, cross-coupling between 45 and 59 to produce exTTF-Fl-Br which could have then 

been reacted with 48b to provide a terfluorene bridge, was not undertaken due to the 

limited availability of exTTF-I (55). 

Electrochemical Studies 

The electrochemical properties of 57a,b were probed by room temperature cyclic 

voltammetric measurements in an oDCB-CH3CN solvent mixture ( 4:1 v/v) with a glassy 

carbon working electrode, Bu4NC104 as supporting electrolyte and a scan rate of 100 m V 

s·'. The redox potentials are collated in Table 3.1 together with those of 48a,b, 50a, 51a, 

53 a, 56a,b, exTTF -I, pristine [60]fullerene and N-methyl. pyrrolidinofullerene (54) as 

references. 

53 



Table 3.1: Redox potential values of triads 57a and 57b, together with aldehyde intermediates 48a,b, 56a,b and reference compounds 

(pristine C60, exTTF-I, 50a, 51a, 53a and 54). 3
' b 

Compound E
1
red 

2 
E.~' red E

3 
Y,, red ~red Elox E

2
ox E

3
ox 

BE-Fl-CHO (48a) -1848 1380 

BE-FlTCHO (48b) 1250 

Fh-CHO (50a) -2029c 1295 1608 1873 

exTTF-1 (55) 232 1643 

exTTF-Fl-CHO (56a) -1978 234 1458 

Vl exTTF-FlTCHO (56b) 259 1280 
~ 

C6o -761 c -1171 -1632 -2098c 

54 -863c -1263 -1802 1140 1710 

Fh-C6o (51a) -882c -1293 -1843 -2333 1170 1345 1623 

C6o-FlTC6o (53a) -882c -1294 -1839 -2315 1182 1545 

exTTF-Fl-C60 (57a) -874c -1291 -1834 215 1091 1665 

exTTF-FlrC60 (57b) -889c -1287 -1787 281 1277 1682 

a Potentials in mY; scan rate 100 mY s- 1
; glassy carbon working electrode, Ag/AgN03 reference electrode, Pt counter electrode; 0.1 M Bu4NC104 

in oDCB/CH3CN (4:1 v/v). b See also Table 2.1, Chapter 2. c Half wave potential values (Ey,). (j 
~ 

-§ 
...... 
~ 
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Amphoteric redox behaviour was observed for both triads 57a and 57b. Electrochemical 

measurements provide information about the donor and acceptor strength of the different 

components within the synthesised triads. On the reduction side (Figure 3. 1 ), C6o is by far 

the best electron acceptor with a first one-electron reduction potential of -874 (57 a) and -

889 mY (57b). The three consecutive one-electron reduction waves can be allotted to the 

C60 core, since good conformity with the reduction behaviour of reference compounds 51 a 

and 54 is observed. The good agreement of these quasireversible waves suggests the 

absence of significant electronic interactions. 78
' 

87
' 92, 

143 Compared to pristine C60, cathodic 

shifts have been noted for 57a,b, which were also observed for 51a-c and 53a-c. Again this 

is consequence of the saturation of a double bond on the fullerene core and the raised 

LUMO energy in 57a,b.39 

- 12 -E~XTTF-Fl-C60 (57 a) 

- 10 -E~XTTF-FliC60 (57b) 
- Compound 54 

,'! - c 60 

~ 

4 

6 

8 

0 -500 -1000 -1500 -2000 

Potential (m V) 

Figure 3.1: CVs ofC6o, 54 and 57a,b. For conditions see Table 3.1 . 

Two or three irreversible oxidation waves are observed during the oxidation of 57a,b and 

the various reference compounds (Figure 3.2). As established for 50a (Chapter 2), the 

aldehyde group subjects the oligofluorene system to a notable electron withdrawing effect, 

which can also be observed in Table 3.1 for 48a,b and 56a,b. The first oxidation wave of 

the oligofluorene system in dimer 50a had shifted to 1295 mV, due to the electron 

withdrawing effect exerted by the aldehyde moiety. Similarly, the same wave is observed 

at 1280 mV in 56b showing that the addition of exTTF has a negligible effect on the 

oxidation of the oligofluorene. As discussed in Chapter 2, the influence of the formyl 

group increases as the oligomer decreases in length and donor character, e.g. 48a (1380 
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mV) compared to 48b (1250 mV) and 56a (1458 mV) versus 56b (1280 mV). 

Interestingly, a noteworthy cathodic shift is observed for 57 a and to a lesser extent for 57b, 

which can be assigned to the boronic ester group. Comparison between 50a, 56a,b and 

57a,b suggests that the electron donating effect of this functional group decreases as the 

length of the oligofluorene increases. 

10 

20 

1 
Ti 30 

§ 
u 40 

50 -f\-CH0 (50a) 
- f\-C

60
(51a) 

60 - exTIF-Fl-C
60 

(57 a) 
- exTIF-Fl

2
-C

60 
(57b) 

0 500 1000 

Potential (mV) 

1500 2000 

Figure 3.2: CVs of50a, 51 a, 57a,b. For conditions see Table 2.1. 

Finally, three irreversible oxidation waves were observed for 57a,b. The first oxidation 

wave can be ascribed to the formation of an exTIF dication, 144-
146 indicating that exTIF is 

the strongest donor in this triad. The two one-electron processes coincide leading to the 

observance of one two-electron process as the presence of the qu.inonoid structure leads to 

unstable, highly distorted, non-planar, radical cations.15
2, 

153 Our reference compound 55 

has a slightly poorer oxidation potential than its parent exTIF, due to the electronegative 

iodine atom.150 Therefore, no notable anodic shift due to the formyl group is observed for 

56a,b in ·comparison to 55. As the length of the oligofluorene is increased from 56a to 56b, 

the more positively shifted oxidation of 56b cannot be allocated to the -CHO functionality. 

Moreover, this anodic shift to more positive values for the exTTF dication is even more 

potent in 57b, which was unanticipated. Interestingly, monomer 57a did behave as 

expected, with the oxidation of both the exT1F and oligomer moieties being at less 

positive values relative to 56a, due to the loss of the electron withdrawing formyl group. 
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Absorption Spectra and Theoretical Calculations 

The absorption spectra of 57a,b in toluene, THF and benzonitrile (not shown) are best 

described as the linear sums of the three individual constituents: exTTF, fluorenes, and C6o 

with the most dominant absorptions at 430 nm (i.e. exTTF), at 345 nm (i.e. mono- and 

bifluorene) and 300 nm (i.e. C60). This suggests that there is only little, if any, electronic 

communication in the ground state between exTTF, fluorenes and C6o in 57a,b. 

Figure 3.3: Electron affinity maps of exTTF-Fh-C60 (57b) as computed with Parasurf A0798 and 

viewed with Tramp 1.1d99
; from blue to red: low to high. 

Prior to photophysical investigations we assessed the donor and acceptor features in the 

exTTF-Fln-C60 conjugates by using DFT calculations (B3LYP/6-31G*) as a reference 

point. The DFT calculations on the HOMO and LUMO energies of exTTF, N-methyl 

pyrrolidinofullerene, the pristine fluorene oligomers and the oligofluorene-C6o dyads reveal 

that the HOMO and LUMO energies in vacuo of exTTF (-4.7 eV and -1.2 eV) closely 

match the energies of the oligomeric building blocks (-5.1 eV and -1.1 eV), providing good 

orbital overlap between the donor and the bridge, which is essential for electron transfer 

between the two units. Interestingly, in the oligofluorene-C60 dyads the LUMO is lowered 

to an energy (-3 .0 eV) that is equal to the energy of the LUMO of N-methyl 

pyrrolidinofullerene, while the HOMO (-5.1 eV) remains energetically unchanged in 

comparison to pristine fluorenes . Hence, this proves the electron-accepting features of C6o 
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and neglects electronic communication between the donor, bridge and acceptor in the 

ground state. Furthermore, electron affinity calculations confirm the electron-transfer 

pathway from the donor over the bridge to the fullerene acceptor. Figure 3.3 represents the 

local electron affinity map of the exTTF-bridge-C6o system 57b. A homogenous 

distribution of the electron density (surface) throughout the whole molecule followed by a 

channel of high electron affinity through the bifluorene bridge resulting in a maximum at 

C6o proves the charge-transfer features of these systems. 

Photophysical Studies 

To determine the rates of charge separation and charge recombination and eventually the 

corresponding ~ factor, 57a,b were tested in a series of photophysical assays (i.e. steady­

state/time-resolved fluorescence and time-resolved transient absorption measurements) in 

Dirk Guidi's laboratory. The first insight into electron-transfer interactions came from 

fluorescence experiments (Figure 3.4 and 3.5). Here, in line with the earlier investigations 

of oligofluorene-C60 conjugates (Chapter 2), a nearly quantitative fluorescence quenching 

of the oligofluorene units was observed. This is a result of an efficient transduction of 

singlet excited state energies to C60. In stark contrast to the behaviour seen for 

oligofluorenes-C60 (51a-c) and C60-oligofluorenes-C60 (53a-c), 57a,b give rise to a number 

180000 

12()()()() 

Emission 
/a.u. 

60000 

fv\ . . . 
• . . 
• . 
• . . . . • . 

; 

0--~--~----~----~--------~ 350 450 500 550 600 

Wavelength I nm 

Figure 3.4: Room temperature fluorescence spectra of difluorene 50a (black line) and exTTF-Fh­

C60 57b (brown line) in THF recorded with solutions that exhibit optical absorptions of0.45 at the 

360 nm excitation wavelength. 
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of interesting trends. Firstly, the C>o fluorescence is not quantitative with quantum yields 

that are typically only of the order of0.07 x 104 for the monomer 57a and 0.90 x 104 for 

the dimer 57b (note that the quantum yield is 6.0 x 104 for comparable 4 0 references). 

Secondly, a strong solvent dependence emerges, i.e. the C6o fluorescence quenching 

intensifies gradually with increasing solvent polarity from, for example, toluene to 

benzonitrile. Finally, a marked distance dependence is seen. In particular, the C6o 

fluorescence quenching tends to be stronger in 57a than in 57b. Summarising the above 

observations, we postulate charge transfer between the transiently formed c60 singlet 

excited state and the electron accepting oxidised exiTF. 

1,2 10 
5 

Emission 
/ a.u. 

650 700 750 800 850 900 

Wavelength I nm 

Figure 3.5: Room temperature fluorescence spectra of pristine C60 (black line) and exTTF-Fl-C60 

57 a (brown line) in THF recorded with solutions that exhibit optical absorptions of0.22 at the 435 

nm excitation wavelength. 

Conclusive evidence in support of the electron-transfer hypothesis was found in transient 

absorption measurements (Figure 3.6 and 3.7). Triads 57a,b were photoexcited with short 

387 nm (150 fs) and long 355 nm (5 ns) laser pulses. The short laser pulses, at a 

wavelength that is absorbed by both oligofluorenes and C6o, resulted in a discemable 

transient absorption spectrum (i.e. 880 nm maximum) that is attributed to the C6o singlet 

excited state. Again, this results from a rapid singlet excited state transfer. This transient 

species intersystem crosses in the corresponding oligofluorenes-C60 (51a-c) and C60-
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oligofTuorenes-C60 (53a-c) to form the triplet manifold on a time-scale that is typically ca. 

1.5 ns. In 57a,b, however, the C60 singlet excited state features decay much faster. 

0.0015 

0.001 

L\OD 0.0005 
I a.u. 

0 

-0.0005 
400 500 600 700 800 900 1000 1100 1200 

Wavelength I nm 

Figure 3.6: Differential absorption spectrum (visible and near-infrared) obtained upon femtosecond · 

flash photolysis{387 nm) of57a in nitrogen saturated THF (1.0 x 10'5 M) with a time delay of 155 

ps at room temperature. 

Interestingly, the decay behaviour is an exact reflection of the fluorescence experiments, 

that is, a notable dependence on the solvent polarity and the distance (RoA) is observed. 

More important is the spectroscopic characterisation of the transient species that develops 

synchronously with the C60 singlet excited decay. Two features, a maximum in the visible 

0.05 

0.04 

0.03 

L\OD 
I a.u. 

0.02 

0.01 

0 ~~~~~~~~~~~~~~~~ 
400 500 600 700 800 900 1000 1100 1200 

Wavelength I nm 

Figure 3.7: Differential absorption spectrum (visible and near-infrared) obtained upon nanosecond 

flash photolysis (355 nm) of 57 a in nitrogen saturated THF ( 1.0 x 1 o·5 M) with a time delay of 100 

ns at room temperature. 
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region (i.e. 680 nm) and another maximum in the near infrared region (i.e. 1000 nm) 

confirm the intramolecular formation of the one-electron oxidised exTTF radical cation 

(i.e. exTTF"+) 152
• 

153 and the one-electron reduced C60 radical anion (i.e. C6o'-), respectively. 

Fitting the singlet excited state decay and the radical ion pair formation kinetics enabled us 

to derive the charge separation rates, which are summarised in Table 3.2. 

Table 3.2: Charge-separation and charge-recombination dynamics as determined by femtosecond 

and nanosecond time-resolved spectroscopic measurements for 57a and 57b in THF. RoA is the 

distance between the donor and acceptor. 

Compound 

exTTF-Fl-C60 (57a) 

exTTF-FlrC6o (57b) 

16.7 A 

24.9 A 

kcharge separation 

8. 9 X 1 09 
( S -I] 

4.0 x 109 [s- 1
] 

kcharge recombination 

7.2 x 105 [s- 1
] 

4.4 x 105 
[ s- 1

] 

Notably, the radical Ion pair states are stable on the time-scale of our femtosecond 

experiments and only exhibit a detectable decay in the complementary" nanosecond 

experiments. The decays of the exTTF'+ and the C60'- features are strictly first order when 

plotted, for example, as In ~OD versus time, and lead to the quantitative reconstitution of 

the singlet ground state without any appreciable triplet features. 

Finally, the~ factor was determined by analysing the rate constants (i.e., charge separation 

and charge recombination) as a function of donor-acceptor distance. For this the value 

determined for directly linked exTTF-C60 (62). 149 Common to both relationships is a linear 
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dependence from which an attenuation factor (j3) of 0.09 A-1 (± 0.005 A-1
) emerged. In 

other words, the ability of oligofluorenes to conduct charges lies between that of oligo-p­

phenylenevinylenes (~ = 0.01 ± 0.005 A- 1
)

95 and that of oligo-p-phenylenethynylenes (~ = 

0.2 ± 0.05 A-1
).

97 Figure 3.8 represents the charge-separation and charge-recombination 

dynamics as a function of donor-acceptor distance in the exTTF-Fln-C60 series 57a,b and 

62. Our attenuation factor for fluorene molecular wires matches the attenuation factor 

found by Wasielewski and co-workers for 43 (i.e. PTZ-Fln-PDI), which was 0.093 A- 1
• 

1n k 
CR/CS 

25 f 
-~ - - charge separation -- ----- --

20 

charge recombination 

10 5~---,~0----~,5~--~2~0----~25~--~30 

distance/ A 

Figure 3.8: Centre-to-centre distances (Rcc) dependence of charge-separation (In kcs) and charge­

recombination (In kcR) rate constants in exTTF-Fln-C60 (n = 0, I, 2) in nitrogen saturated THF at 

room temperature. The slope represents ~-

3.3 Conclusions 

The synthesis of D-Fln-C60 (n = 1, 2) ensembles was discussed in this chapter, whereby D 

is an n:-extended tetrathiafulvalene electron donor. This strong electron donor in these 

novel triads is covalently attached to a 9,9-dih~xylfluorene monomer or dimer with anN­

methyl pyrrolidinofullerene terminus. Compounds 57a,b were synthesised utilising the . 

Suzuki cross-coupling methodology to assemble exTTF-fluorenes with terminal formyl 

groups (56), followed by Prato's 1,3-dipolar cycloaddition reactions with C60 on in situ 

generated azomethine ylides. We have discussed (unsuccessful) synthetic attempts to insert 

a longer oligofluorene bridge in between the exTTF-C60 conjugate for which a novel 
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boronic ester functionalised exTTF (59) was prepared. The solution electrochemical data 

showed amphoteric behaviour (three one-electron reduction waves of the C60 core and one 

two-electron oxidation wave of exTTF) and irreversible oxidations of the oligofluorene 

chains with no significant interaction between these electroactive partners in the ground 

state. Fluorescence time-resolved and steady-state experiments were carried out to 

determine the photophysical behaviour of the novel triads. These data demonstrated that 

fluorene-based bridges exhibit molecular wire-like behaviour in exTTF-wire-C60 donor­

acceptor systems, showing a remarkably low p value (0.09 A-1
). 
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Chapter 4: ZnP-Oligofluorene-C60 . and Fc-yne-Flu-C6o 

Triads (n = 1, 2) 

4.1 Introduction . 

In Chapter 3 the synthesis and behaviour of exTTF-(Fl)n-C60 (57a,b; n = 1, 2) were 

discussed. To further investigate D-(Fl)n-C60 ensembles this chapter will focus on the 

synthesis and electrochemistry of metal-centred electron donors, i.e. porphyrin and 

ferrocene (Fe). The compounds discussed in this chapter will be subjected to photophysical 

studies in the near future. A discussion of zinc(II) porphyrin (ZnP) ensembles will 

commence this chapter, to be followed by Fc-(Fl)n-C60 triads. 

4.2 ZnP-Oligofluorene-C6o 

4.2.4 Introduction 

Four pyrrole-type heterocycles interconnected by four methane groups at position 2 and 5 

make up the basic skeleton of a series of deep purple or red macrocycles designated as 

porphyrins. These macrocycles occur naturally and play essential roles in various 

biological processes, e.g. electron transfer, oxygen transfer and light harvesting. 154
-
159 Rich 

and extensive absorption features (i.e. n-n* transitions) of the porphyrinoid systems result 

in increased absorptive cross-sections and thus an effective use of the solar spectrum. 157 

The substituents at the peripheral meso or p positions and variations of the central metal 

ion can be used to fine-tune the excited-state properties of porphyrins. 160 Porphyrins have 

been frequently used as electron donors for linkage to fullerene C60 (see Chapter 1), 

because they contain an extensively conjugated two-dimensional system. They are also 

suitable for efficient electron transfer due to the minimal structural and solvation changes 
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upon electron transfer. 157
· 

160 Some examples of ZnP-wire-C60 ensembles have been 

discussed in Chapter 1. 

Inspired by these findings, we decided to investigate a ZnP donor as a second strong 

electron moiety in our investigation towards D-(Fl)n-C60 ensembles. In the first part of this 

chapter we will address the synthesis and electrochemistry of novel oligofluorene-bridged 

zinc(II) tetraphenylporphyrin and fullerene conjugates. These triads will be subjected to 

photophysical studies in the near future and the determination of their attenuation factor 

W) will provide us with an insight into both the molecular wire behaviour of the 

oligofluorene bridge and the effect of different electron donors on the electron transfer. 

4.2.5 Results and Discussion 

Synthesis 

A frequently employed porphyrin synthesis involves the tetramerisation of aldehydes and 

pyrroles under acid catalysed conditions. 161 The one-pot condensation in propionic acid at 

reflux can exhibit limitations for the preparation of sterically hindered porphyrins and 

Lindsey has improved the methodology for these derivatives. 162
• 

163 As the first porphyrin 

we aimed to prepare was not particularly sterically hindered, we decided to employ the 

classical method. 161 The non-porphyrin side-products obtained during the 

_____/\;? 
Br~, 

H 

4-bromobenzaldehyde pyrrole, ~ 
propionic acid 

+ 
3-4% 

(mixture) 

4-t-buty !benzaldehyde 

R 
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R 

R 

[ R = 4-t-butylphenyl) 

Br 

64 

63a (tBuPh)J-H2P-Ph-Br 

Scheme 4.1 
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condensation in propionic acid are slightly easier to separate from the porphyrin mixture 

compared to the "Lindsey condensation". The mono-functionalised porphyrin building 

block 63a was synthesised by a mixed aldehyde condensation of 4-bromobenzaldehyde 

and 4-t-butylbenzaldehyde (1 :3 mixture) with four equivalents of pyrrole in refluxing 

propionic acid (Scheme 4.1 ). This condensation resulted in the formation of a mixture of 

six porphyrins and analysis of this porphyrin-mixture 63 by MALDI-TOF MS indicated 

thafthe two main components are our desired product (A3B-type porphyrin 63a) and the 

A4-type porphyrin 64 (Scheme 4.1 and 4.2). Unfortunately, this porphyrin mixture could 

not be separated by column chromatography, due to the similarities in structure and 

polarity of the different porphyrins. The mixture was used as obtained in the next reaction 

step (Scheme 4.3). Porphyrin 64 was synthesised separately as a reference compound from 

4-t-butylbenzaldehyde and pyrrole in refluxing propionic acid (Scheme 4.2). Treatment of 

porphyrin 64 with zinc acetate gave zinc(II) complex 65 in high yield (Scheme 4.2). 

4-t-butylbenzaldehyde 

[ R = 4-t-butylphenyl ) 

pyrrole, L'l 
propionic acid 

M=2H 
64 (tBuPh)4-H2Pr (5%) 

Zn(0Ac)2 
CHC13, 62°C 

M=Zn 
65 (tBuPh)4-ZnP (98%) 

Scheme 4.2 

Next, porphyrin mixture 63 was subjected to a Suzuki reaction with fluorene monomer or 

dimer 48a,b (Scheme 4.3), as the porphyrin core does not need to be protected from 

palladium by the formation of the zinc(II) complex. 137
' 

164
-
166 We reasoned that as 

porphyrin 64 contains no bromine functionalities, it would be inert to this reaction and 
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purification of the porphyrin product mixture should become possible. Pd-catalysed cross­

coupling conditions for the joining of aromatic compounds to porphyrins need substantial 

alterations from those employed for coupling small molecules. 166
-
168 Porphyrins typically 

have low solubility and as a consequence Pd-coupling methods, which work very well with 

smaller molecules at high concentrations, tend to give poor results in more dilute solutions. 

Unfortunately, optimisation of the Suzuki cross-coupling for our use was hampered by the 

fact that 63 is a porphyrin mixture. The most commonly used catalyst for Suzuki cross­

couplings is Pd(PPh3) 4, 
137

' 
164

-
166 but several attempts (inspired by previous results from 

within our group165
) utilising this catalyst (I 0-30 mol%) for couplings between porphyrin 

R 

R 

BE-Fl -CHO n 

48a n=l 
48b n=2 

R + 

K2C03, H20 
PdCl2(PPh3)2 
toluene, 11 R 

R 

R 

Br 
M=2H 

R 

63a (tBuPh)J-H2P-Ph-Br 

R 

66a n=l (tBuPh)rH2P-Ph-Fl-CHO (32%) 
66b n=2 (tBuPh)J-H2P-Ph-FlrCHO (6%) 

Zn(OAc)2 
CHCI3, 62°C 

M=Zn 
67a n=l (tBuPh)3-ZnP-Ph-Fl-CHO (98%) 
67b n=2 (tBuPhh-ZnP-Ph-Fl2-CHO (96%) 

C60, sarcosine 
Cl-Ph, 11 

68a n=l (tBuPh)rZnP-Ph-Fl-C60 (59%) 
68b n=2 (tBuPhh-ZnP-Ph-FlrC60 (84%) 

[ R = 4-t-butylphenyl) 

Scheme 4.3 
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mixture 63 and fluorene building block 48a yielded no product. A return to the conditions 

used in Chapters 2 and 3 gave product 66a,b in low yield and further optimisation was not 

attempted (Scheme 4.3). Compounds 66a,b were obtained containing no impurities from 

previous reactions and treatment with zinc acetate yielded the zinc(II) complexes 67a,b in 

nearly quantitative yields (Scheme 4.3). The presence of the aldehyde functionality 

allowed in situ generation of the corresponding azomethine ylides by reaction with 

sarcosine in refluxing chlorobenzene (see Chapter 2), which by cycloaddition to C6o 

provided cycloadducts 68a,b (Scheme 4.3). 

Br-Fl-CHO 

47a 

+ 

4-t-butylbenzaldehyde 

[ R = 4-t-butylphenyl) 

pyrrole, L1 
propionic acid 

R 

R 

R 

M=2H 
69 (tBuPh)rH2P-Fl-Br (9%) 

Zn(OAc)2 
CHCJ3, 62°C 

M=Zn 
70 (tBuPh)rZnP-Fl-Br (98%) 

Scheme 4.4 

Br 

The fact that 63 is a porphyrin mixture provided an obstacle during optimisation of 

reaction conditions and difficulties preparing ZnP-C60 conjugates containing longer 

oligofluorene bridges. Therefore an attempt to design a novel porphyrin, which could be 

more easily purified, was undertaken. Fluorene-containing A4-type porphyrins have been 

previously reported, 137' 164' 165 but to the best of our knowledge no A3B-type porphyrins, 

where B is fluorene and A is an alternative moiety, have been previously reported. The 

tetramerisation of Br-Fl-CHO 47a, 4-t-butylbenzaldehyde (1 :3 mixture) and pyrrole under 

the traditional acid-catalysed conditions gave a mixture of at least 4 porphyrins 
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(determined by TLC), which was easily purified and the desired mono-functionalised 

porphyrin 69 was isolated in 9% yield (Scheme 4.4). The n-hexyl chains at the 9 position 

ofthe fluorene units ensure good solubility in organic solvents. The yield and solubility of 

the desired porphyrin in propionic acid are considerably increased compared to porphyrin 

mixture 63. Evidence for the substantially higher reactivity of 47a compared to 4-

bromobenzaldehyde and 4-t-butylbenzaldehyde can be found not only in the increased 

yield but also from a closer look at the main side-product. 

71a 71b 

The MALDI-TOF MS spectrum of the initial porphyrin mixture (before column 

chromatography) indicated that two main porphyrin products were formed. Interestingly, 

this time the main side-product was characterised as a A2B2-type porphyrin 71 containing 

two fluorene units and not the A4-type porphyrin 64. As efforts concentrated on the 

purification of the desired porphyrin 69, the main side-product was not obtained pure and 

no further purification attempts were undertaken. However, the side-product was formed in 

ca. 6-8% yield and initial 1H-NMR spectra did support the A2B2-type characterisation. For 

clarity the side-product was indicated above as one porphyrin, but naturally an A2B2-type 

porphyrin has two possible structures (i.e. 71a and 71b). The A2B2-type porphyrin 71 

should be considered a mixture of 71a and 71b, until further purification and 

characterisation has been carried out. 
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BE-Fln-CHO R 

48a n=l Pd(PPh3)4 

48b n=2 K2C03, DMF 
toluene, I 05°C 0 

N 
~I 

R + 

R 

69 (tBuPh)J-H2P-Fl-Br 

R 

Br 

74a n=2 (tBuPh)rZnP-FlrC60 (70%) 
74b n=3 (tBuPh)J-ZnP-FlrC60 (73%) 

R 

M=2H 
72a n=2 (tBuPh)J-H2P-Fl2-CHO (64%) 
72b n=3 (tBuPh)J-H2P-FlrCHO (45%) 

Zn(OAc)2 
CHC13, 62°C 

M=Zn 
73a n=2 (tBuPh)J-ZnP-Fl2-CHO (100%) 
73b n=3 (tBuPh)3-ZnP-FlrCHO (100%) 

_j 
C60, sarcosine· 
Cl-Ph, !J. 

( R = 4-t-butylphenyl) 

Scheme 4.5 

Mono-functionalised porphyrin 69 ·was reacted with fluorene monomer or dimer 48a,b 

utilising Suzuki methodology (Scheme 4.5). 124
' 

166 As porphyrin 69 was obtained pure, the 

Pd-catalysed cross-coupling became less complicated. However, the limited supply of 

porphyrin and time constraints did mean that the procedure was not optimised beyond the 

first reaction, which provided an acceptable yield. Toluene and DMF were chosen as the 

solvent mixture, since porphyrin 69 is soluble in toluene and has some solubility in DMF. 

The base K2C03 has good solubility in DMF and it was found that a large excess of base 

(32 equivalents) is important. A fresh batch of catalyst [Pd(PPh3)4] was acquired and 
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utilised initially in 100 mol%, as previous attempts with 10-30 mol% Pd(PP.h3)4 used in a 

Suzuki reaction to obtain 66a,b were unsuccessful. Utilising this methodology bi~ and 

terfluorene compounds 72a,b were obtained in moderate yields (Scheme 4.5). The zinc 

derivatives 73a,b were obtained upon reaction with zinc acetate in quantitative yields 

(Scheme 4.5). Cycloaddition to C60 of in situ generated azomethine ylides from the 

reaction of73a,b with sarcosine provided cycloadducts 74a,b (Scheme 4.5). 

In summary - we have synthesised four ZnP-C60 triads, i.e. 68a,b and 73a,b. In Chapter 3 

we investigated the possibilities of lengthening the oligofluorene bridge in between the 

donor-acceptor conjugates. We have previously established that the synthesis of BE-Fln­

CHO oligomers (n = 3 or more) is problematic, due to purification issues. Therefore any 

attempt to lengthen the bridge will have to be a step-wise approach, gradually adding 

fluorene units onto the porphyrin moiety, and for this we have attempted to replace the 

bromine with a boronic ester. As discussed earlier, Pd-coupling conditions used for smaller 

compounds (e.g. the methodology used for 48a,b or 56a,b) need adjusting before they can 

be applied to porphyrins. Due to limited time and availability of starting material 69, the 

decision was made to try the Suzuki methodology used for 72a,b to prepare the boronic 

acid species instead of trying to optimise the methodology used for 48a,b. In the literature 

the highest amount of catalyst used for a Pd-coupling with porphyrins is, to the best of our 

knowledge, 60 mol%.166 In this light, we reduced the amount of catalyst to 50 mol%. The 

reaction of 69 with 10 equivalents of bis(pinacolato )diboron yielded the desired boronic 

[ R = 4-t-butylphenyl) 

B2Pin2, Pd(PPh3)4 
K2C03, DMF 
toluene, 1 05°C 

Scheme 4.6 
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ester species 75 in 32% yield (Scheme 4.6) and unfortunately this was not sufficient for a 

reaction with dibromofluorene 45, to be subsequently followed by another Suzuki coupling 

with Be-Fb-CHO 48b to produce the tetrafluorene equivalent of 72a,b, which in the end 

could have been converted into a ZnP-Fl4-C60 triad. 

Fl-BA 

44 
R 

R 

[ R = 4-t-butylphenyl) 

Br 

Pd(PPh3)4 
K2C03, DMF 
toluene, 105°C 

Scheme 4.7 

R 

R 

M=2H 
76 (tBuPh)3-H2P-Fl2 (51%) 

Zn(0Ac)2 
CHC13, 62°C 

M=Zn 
77 (tBuPh)J-ZnP-Fl2 (99%) 

Although the synthesis of 75 needs to be improved to provide more material, the fact that· 

the boronic ester species can be prepared is interesting, not only for our systems, but it also 

opens up interesting alternative possibilities. An example of this would be the cross­

coupling of 69 and 75 (or 45 with an excess of 60 or 75) to yield two porphyrins linked 

together by an oligofluorene bridge. Multiporphyrin arrays are attractive constructs for 

light-harvesting applications. 160 

Apart from lengthening the bridge 69 also introduced the question of whether the bromine 

functionality could be replaced with a formyl group. If so, this would offer the possibility 

of a ZnP-C60 conjugate separated by merely one fluorene unit. As this involves the use of 

butyllithium, the porphyrin core of 69 was protected by the formation of the zinc(ll) 

complex 70 in 98% (Scheme 4.4). Unfortunately, monolithium-halogen exchange of 70 in 
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diethyl ether or THF and subsequent quenching with an excess of DMF yielded only 

starting material. Although these reactions were done on a small scale, all possible 

precautions were taken to ensure dry .and inert conditions. Further attempts towards the 

preparation of this ZnP-Fl-C60 conjugate were not carried out. 

Finally, we have prepared a second reference compound, which consists of a porphyrin 

covalently linked to bifluorene and containing no functionality at the other terminus. Pd­

catalysed cross-coupling between 44 and 69, utilising the same methodology used for 

72a,b (again using 100 mol% catalyst) yielded 76 in 51% yield and subsequent reaction 

with zinc acetate gave reference compound 77 (Scheme 4.7). 

Electrochemical Studies 

The electrochemical properties of 68a,b and 74a,b were probed by room temperature 

cyclic voltammetric measurements in an oDCB-CH3CN solvent mixture (4:1 v/v) with a 

glassy carbon working electrode, Bu~Cl04 as supporting electrolyte and a scan rate of 

100 mV s·1. The redox potentials are collated in Table 4.1 together with those of 50a,b, 

51a,b, 65, 73a,b, 77, pristine C60 and N-methyl pyrrolidinofullerene (54) as references. 

--(tBuPh)
3
-ZnP-Ph-Fl

2
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60 
(68b) 

--(tBuPh)
3
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-6 - Fl-C (5la) 
2 60 

~ -4 
"--' 

~ 

8 -2 

0 

2 

0 -500 -1000 -1500 -2000 

Potential (m V) 

Figure 4.1 : CVs of difluorene compounds 51 a, 68b, 74a and 77. For conditions see Table 4.1. 
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Table 4.1: Redox potential values of triads 68a,b and 74a,b, together with aldehyde intermediates 73a,b, and reference compounds 

(pristine C60, 50a,b, 51a,b, 54, 65 and 77).·· b 

Compound E
1

red E
2

red Ev2,red .£"red E
5 

v,, red Elox E2ox E3ox .£"ox Fox 

Fh-CHO (50 a) -2029c 1295 1608 1873 

FlrCHO (SOb) -2080 1 1 14 1332 1800 

(R)4-ZnP (65)" -1691 c -2045c 503 (455)"·d 884 (840)"•d 

(R)rZnP-Fh (77)" -1684c -2042c 518 ( 459)"·d 903 (847)"•d 1282 (121 7)"•d 1563 1803 

(R)rZnP-F}z-CHO (73b)" -1698c -2158 . 519 (454)"·d 908 (837)"'d 1394 (1323)"'d 1726 

(R)rZnP-Fh-CHO (73c)" -1693c -21 10 515 (454)"•d 933 (837)"·d 1145 (1098)"·d 1401 

-.l C6o -795c -1191c -1649 -2122c · -+:>. 

54 -912c -131 oc -1849 1094 1545 

Fl2-C6o (51a) -882c -1293c -1843 -2333 1170 1345 1623 

Fh-C6o (Slb) -880c -J292c -1839 1096 1394 1809 

(R)rZnP-Ph-Fl-C60 (68a)e -911 c -1325c -1675 -1877c -2026 543 ( 480)"·d 914 (851t'd 1212 1480 1670 

(R)rZnP-Ph.:. Fh-C6o ( 68b )" -917c -1333c -l674 -1881 c -2026 528 (477)"•d 915 (852)"'d 1131 1286 1597 

(R)rZnP-F}z-C60 (74b)" -922c -1336c -1695 -1884c -2042 503 (461)"'d 885 (843)"·d 1160 1492 1759 

(R)3-ZnP-Fh-C6o (74c)" -921 c -1338c -1696 -1893c -2065 520 (463t'd 899 (843)"·d 1198 1557 

a Potentials in mV; scan rate 100m V s·'; glassy carbon working electrode, Ag/AgN03 reference electrode, Pt counter electrode; 0.1 M Bu4NC104 

(j 
:::.--
-§ 

in oDCB/CH3CN ( 4:1 v/v). b See also Table 2.1, Chapter 2. c Half wave potential values (Ev,). d Ey, observed in partial scans. e R = tBuPh. ~ .... 
-1:>.. 
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Analogous to triads discussed earlier, 68a,b and 74a,b possesses the desired bipolar 

character generating stable cation radicals and anion radicals, when the scan was repeated 

in the region between -2300 and 1100 mV. Firstly, five consecutive one-electron reduction 

waves (all quasireversible) have been observed on the reduction side. A good correlation 

with reference compounds 51a,b and N-methyl pyrrolidinofullerene (54) allows us to 

assign the first, second and forth reduction waves to the reduction steps of the [60]fullerene 

core. The third and fifth reduction waves can be assigned to the reduction of the ZnP core, 

due to correspondence with reference compounds 65 and 77. The satisfactory similarity 

with all reference compounds confirms the lack of substantial electronic interactions in the 

ground state of the zinc(ll) porphyrin triads. 78
' 

87
' 

94 143 As the first two, one-electron, 

reduction waves of 68a,b and 74a,b can be assigned to the ~o core, the stronger electron 

accepting moiety in the triads is C60. Similar to 51a-c and 53a-c (see Chapter 2), cathodic 

shifts of the C60 reduction waves to more negative values, relative to pristine [60]fullerene, 

are observed for 68a,b and 74a,b. This is due to the saturation of a double bond on the 

fullerene core and the raised LUMO energy in ZnP-C60 triads 68a,b and 74a,b.39 As there 

is no alteration to the ZnP core in 68a,b and 7 4a,b compared to reference compound 65 no 

cathodic or anodic shifts are observed for its reduction or oxidation waves. 

The data within Table 4.1 indicates that the second reduction wave of 73a,b is irreversible, 

while the second waves of all the other compounds containing a porphyrin unit are 

quasireversible. For 73a,b the reduction of the aldehyde group overlaps with the second 

·3 

,....., ·2 

1 
] -1 

0 

0 -500 -1000 -1500 -2000 

Potential (m V) 

Figure 4.2: Three consecutive CVs of each reduction wave of74b. For conditions see Table 4.1. 
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reduction wave of the porphyrin moiety. On the reverse scan in the region of -2300 to 0 

m V three (instead of two) one-electron oxidation waves are observed. The oxidation waves 

of the aldehyde functionality and the porphyrin moiety were smaller (less current) than the 

overlapping reduction waves and were observed separately at Eox -1870 and -1982 m V for 

73a and at Eox -1845 and -1988 m V for 73b. Therefore, the second reduction wave of 

73a,b is observed as an irreversible two-electron process. The quasireversibility of triads 

68a,b and 74a,b was investigated by performing several consecutive scans, e.g. three 

consecutive scans of 74c are shown in Figure 4.2. 
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Figure 4.3: CVs of compounds 65, 68b, 73a, 74a, and 77. For conditions see Table 4.1. 

On the oxidation side, several irreversible oxidation waves are observed during the 

oxidation of 68a,b, 74a,b and the various reference compounds. Partial scans in the region 

of 0 - 1000 m V clearly indicate the quasireversibility of the first two waves observed in the 

ZnP containing compounds. These initial oxidation waves of 68a,b and 74a,b can be 

assigned to the porphyrin moiety, because a good agreement with reference compounds 65, 

77 and 73a,b is observed. Similar to the reduction of the porphyrin moiety, no shifts in the 

oxidation potential were observed for 'the first two waves. The cation radical and dication 

formation of the triads are unaffected by the covalent link to oligofluorene. The additional 

phenyl unit in 68a,b leaves the strongest electron donating moiety unaffected, which can 
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also be noted for the functionalisation of oligofluorene at the opposite termini with C60 or a 

formyl group. 
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Figure 4.4: CVs of difluorene compounds 51 a, 68b, 74a and 77. For conditions see Table 4.1. 

Finally, the first oxidation step of the oligofluorene system in 73a,b is subject to a notable 

electron withdrawing effect from the formyl group, which was first discussed in Chapter 2. 

Similar to previous observations, this electron withdrawing influence decreases as the 

length and donor character of the oligofluorene increases. Interestingly, the fluorene 

system of 73a is subject to a greater electron withdrawing effect than its reference 

compound 50a (Eox 1394 mV for 73a versus Eox 1295 mV for 50a). A closer look at 

reference compound 77 reveals that the oligofluorene system is subject to an electron 

withdrawing effect exerted by the p~rphyrin moiety. Similar to the influence of the 

aldehyde group, this effect increases as the length of the oligomer decreases. Substitution 

of the -CHO functionality in 73a,b with C60 shifts the anodic oxidation to less positive 

values in 74a,b. Although still shifted to slightly higher oxidation potentials, the presence 

of the fullerene unit balances the electron withdrawing influence of the porphyrin unit. The 

raised donor character of the fluorene system, which comes from the more extended 7t­

conjugation, compared to the monomer 68a (Eox 1212 mV) shifts the oxidation potential to 
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less positive values in 68b (Eox 1131 m V). However a similar trend is not observed as the 

fluorene length is increased between dimer 7 4a (Eox 1160 m V) and trimer 7 4b (Eox 1198 

mV). 

4.2.6 Conclusions 

In the first part of this chapter we have discussed the synthesis of D-Fln-C60 assemblies (n 

= 1, 2, 3), whereby D is an electron donating ZnP moiety. This strong donor is in these 

novel triads covalently attached to 9,9-dihexylfluorene oligomers of well-defined length 

with an N-methyl pyrrolidinofullerene termini. For this we have synthesised two different 

asymmetrical porphyrins both containing merely one bromine moiety (63a and 69), which 

were reacted with formyl fluorene boronic ester via the Suzuki methodology to give 67a,b 

and 73a,b. These molecules with terminal aldehyde units were subjected to the Prato 1,3-

dipolar cycloaddition reactions of in situ generated azomethine ylides with C60 yielding the 

desired novel conjugates 68a,b and 74a,b. The solution electrochemical data showed 

amphoteric behaviour and no significant interaction between the electroactive partners in 

the ground state have been observed. Three. one-electron reduction waves of the C60 core 

and two reduction waves of the porphyrin have been observed. On the oxidation side, two 

one-electron oxidation waves of the ZnP core and irreversible oxidations of the 

oligofluorene chains were observed. Fluorescence time-resolved and steady-state 

experiments will be carried out in the near future to determine the photophysical behaviour 

of the new compounds'. 

4.3 Fc-alkyne-(Fluorene )u-C6o 

4.3. 7 Introduction 

Ferrocene is a metallocene (sandwich compound) with the metal atom (Fe) in between two 

cyclopentadienyl ligands and is an extremely stable complex. 142 Electron donating 
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ferrocene has been frequently used in electron-transfer systems and some examples of Fe 

donors covalently linked to C60, including those with an oligomeric bridge, have been 

discussed in Chapter 1. 

In this second part of Chapter 4 we will now address the synthesis and electrochemistry of 

novel oligofluorene bridged Fc-C60 conjugates These triads will be subjected to 

photophysical studies in the near future and the determination of their attenuation factor 

(~). It is anticipated that these results will complement those obtained for the exTTF-(Fl)n­

C6o (57a,b) and ZnP-(Fl)n-C6o (68a,b and 74a,b) ensembles. 

4.3.8 Results and Discussion 

Synthesis 

R- R' RX 
Pd(O) 

~ 
R- Pd(II) - R' R-Pd(II)-X 

Figure 4.5: Reaction mechanism of the Sonogashira cross-coupling reaction. 

Ethynylferrocene 78 169 was used to prepare the Fc-yne-Fln-C6o triads (n = 1, 2) as a small 

.amount of 78 was available within our group. Due to limited time fluorene-C6o systems 
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directly linked to ferrocene without the use of an alkyne moiety were not prepared. 

Photophysical results for the prepared triads will determine whether Fc-Fln-C60 triads (n = 

1, 2) should be prepared in the future. 

~ 
Fe + 
~H 

78 Fc-yne-H 

Br-Fl ~CHO n 

47a n=l 
47b n=2 

PPh3, Cui 
Pd(OAc)z 
iPr2NH, ~ 

Scheme 4.8 

rW 
F.e 

79a n=l Fc-yne-Fl-CHO (78%) 
79b n=2 Fc-yne-Flz-CHO (23%) 

c60• sarcosine 
Cl-Ph, 11 

80a n=l Fc-yne-Fl-C60 (64%) 
SOb n=2 Fc-yne-Flz-C60 (56%) 

In Chapter 2 the synthesis of the fluorene monomer and dimer 47a,b, featuring two 

solubilising hexyl chains, a formyl group as a link to the C60 and bromine, was discussed. 

Sonogashira coupling of these fluorene building blocks with ethynylferrocene provided 

compounds 79a and 79b (Scheme 4.8). The Sonogashira reaction is the most commonly 

used method for alkyne cross-coupling, due to mild coupling conditions and its tolerance 

to a large variety of functional groups. 170
-
173 Although continuously under investigation 

the generally accepted mechanistic pathway involves oxidative addition-transmetalation-
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reductive elimination sequences (Figure 4.5). 170-173 The majority of Sonogashira cross­

couplings proceed smoothly utilising the standard Pd(PPh3)4 or PdCh(PPh3)2 catalysts. 

Although PdCh(PPh3)z is more stable and less expensive than Pd(PPh3)4, it is known that 

the use of the latter will decrease the formation of some side-products. 172 

Triphenylphosphine (PPh3) is the most universally used ligand as it works well in the 

majority of cases and is relatively inexpensive. For the Sonogashira reaction between 78 

and 47a,b the Pd-catalyst was generated in situ from PPh3 and Pd(0Ac)2 . 

The conditions for our Sonogashira reaction were inspired by good results obtained by 

Wong et al. for the coupling of 78 with dibromofluorene (containing no alkyl chains at the 

9 position). 174 For the preparation of 79a these conditions worked well and the product was 

obtained in 78% (Scheme 4.8). Unfortunately, dimer 79b was obtained in low yield 

(Scheme 4.8), suggesting that optimisation is needed for reactions of 44 with 

oligofluorenes. This was not further investigated as sufficient material of79b was obtained 

for our purposes. Reaction of 79a,b with sarcosine in chlorobenzene at reflux (see Chapter 

2), which generated corresponding azomethine ylides in situ, afforded cycloadducts 80a,b 

by cycloaddition to C60 following Prato's protocol (Scheme 4.8). 140 Due to limited 

availability of ethynylferrocene and previous experiences, no attempts were made to 

synthesise Fc-C60 triads connected by a longer oligofluorene bridge. 

Electrochemical Studies 

The electrochemical properties of 80a,b were probed by room temperature cyclic 

voltammetric measurements in an oDCB-CH3CN solvent mixture ( 4:1 v/v) with a glassy 

carbon working electrode, Bu4NCl04 as supporting electrolyte and a scan rate of 100 m V 

s-1. The redox potentials are collated in Table 4.2 together with those of 78, 79a,b, 50a, 

51a, 53a, ferrocene (Fe), pristine [60]fullerene and N-methyl pyrrolidinofullerene (54) as 

references. 

Analogous to triads discussed earlier, 80a and SOb give nse to amphoteric redox 

behaviour. Firstly, three consecutive one-electron reduction waves (all quasireversible) 
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Table 4.2: Redox potential values of triads SOa and SOb, together with aldehyde intermediates 79a,b and reference compounds (pristine 

C6o, F c, 50a, 51 a, 53 a, 54 and 7S). a, b 

Compound E
1

red E
2
v,, red E

3
v,, red Fred E 1ox E2ox E

3
ox 

Fh-CHO (50a} -2029 1295 1608 1873 

Fe 440 (236t'd 

Fc-yne-H (7S) 480 (356)c.d 1534 

Fc-yne-Fl-CHO (79a) -2058° 498 (344 )"'d 1228 

Fc-yne-Fh-CHO (79b) 402 (327t'd 1505 
00 
N 

.C6o -795° -1191 -1649 -2122° 

54 -912° -1310 -1849 1094 1545 

Fh-C6o (51a) -882° -1293 -1843 -2333 1170 1345 1623 

C6o-Fh-C6o (53a) -882° -1294 -1839 -2315 1182 1545 

Fc-yne-Fl-C6o (SOa) -922° -1340 -1888 380 (328)"'d 1443 

Fc-yne-F1rC6o (SOb) -923° -1344 -1901 395 (324)"'d 1488 

a Potentials in mV; scan rate 100 mV s- 1
; glassy carbon working electrode, Ag/AgN03 reference electrode, Pt counter electrode; 0.1 M Bu4NC104 

in oDCB/CH3CN ( 4:1 v/v). b See also Table 2.1, Chapter 2. c Half wave potential values (Ey,). dEy, observed in partial scans. Q 
{j 
~ ...., 
~ 
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Figure 4.6: Cyclic voltammograms of C6(), 54 and 80a,b. For conditions see Table 3.1 . 

have been observed on the reduction side. A good agreement with reference compounds 

51 a and 54 allows an assignment of these waves to the reduction steps of the fullerene core 

and confirms the lack of substantial electronic interactions. As the first one-electron 

reduction potential of 80a ( -922 m V) and 80b ( -923 m V) can be assigned to the C60 core, 

the strongest electron accepting moiety in the triads is C6o. Similar to 51a-c and 53a-c (see 

Chapter 2), cathodic shifts to more negative values, relative to pristine [60]fullerene, are 

observed for 80a,b. 

-20 - Fc-yne-H (78) 

-15 
- Fc-yne-FI

2
-CHO (79a) 

- Fc-yne-FI
2
-CHO (79b) 
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2
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60 
(SOb) 

-5 
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Figure 4.7: Cyclic voltammograms of78, 79a,b and 80a,b. For conditions see Table 3.1. 
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Several consecutive partial scans of the oxidation side in the region of 0 to 750 m V 

revealed that the first oxidation wave is a quasireversible one-electron process (Figure 4.7). 

This wave is assigned to the ferrocene donor moiety (F e213l in the triad, due to good 

agreement with ethynylferrocene. The effect of the formyl group on the strongest donor is 

negligible in 79a,b, which was also observed for exTTF-Fln-CHO (56a,b, n = 1, 2) and 

(tBuPh)3-ZnP-Fln-CHO (73a,b, n = 2, 3). Reference compounds 78 and ferrocene show 

that functionalisation of the ferrocene donor with an alkyne moiety shifts the oxidation of 

the donor to more positive values (i.e. reduced donor ability). Introduction of the fluorene 

units results in a minor cathodic shift, i.e. E\ (ox) 356 mV (78) to 327 mV (79b). After 

substitution of the formyl group with C60 the formation of the cation species remained at 

analogous potentials, which is 328 mV (E\ , ox) for monomer 80a and 324 mV for dimer 

SOb. 

20 

-Fl;C
60 

(51a) 

25 
- Fc-yne-Fl-C

60 
(80a) 

- Fc-yne-Fl
2
-C

60 
(SOb) 

0 1000 

Potential (mV) 

1500 

Figure 4.8: Cyclic voltammograms of 51 a and 80a,b. For conditions see Table 3.1. 

Full scans on the oxidation side illustrate that an irreversible process occurs as the 

oligofluorenes are oxidised (Figure 4.8); this was also observed for the ZnP triads 68a,b 

and 74a,b. The first oxidation wave of substituted fluorenes - normally between 1000 and 

1300 mV (e.g. 50, 51, 53, 56) - is not found for 80a,b and alternatively only a broad 

oxidation peak is observed, which was also observed for the exTTF-Fln-C60 (57) triads 

(Chapter 3 ). 
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4.3.9 Conclusions 

In the second part of this chapter we have discussed the synthesis of D-Fln-C60 (n = 1, 2) 

assemblies, wherein D is an electron donating ferrocene unit. In these triads 

ethynylferrocene is a key unit, covalently attached to a 9,9-dihexylfluorene monomer or 

dimer with an N-methyl pyrrolidinofullerene terminus. The new compounds (80) were 

synthesised utilising Sonogashira cross-coupling methodology to assemble ferrocene­

alkyne-fluorenes with terminal aldehyde units, followed by Prato's 1,3-dipolar 

cycloaddition reactions of in situ generated azomethine ylides with C60. The solution 

electrochemical data showed amphoteric behaviour (three, one-electron, reduction waves 

of the C6o core and one, one-electron, oxidation wave of ferrocene) and irreversible 

oxidations of the oligofluorene chains with no significant interaction between these. 

electroactive partners in the ground state. Fluorescence time-resolved and steady-state 

experiments will be carried out in the near future to determine the photophysical behaviour 

of the new compounds. 
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Chapter 5: DTPY-C60 and Pyrene-C6o Dyads 

5.1 Introduction 

In the previous chapters D-(Fl)n-C60 ensembles were addressed where D is a strong 

electron donor group, i.e. extended tetrathiafulvalene, zinc porphyrin and ferrocene. 

Following the previous results we now report an investigation into similar triads containing 

a less explored electron donor, i.e. dithiapyrene (DTPY). In the time available for this 

project we were unable. to synthesise DTPY -(Fl)n-C60 triads, but we have successfully . 

synthesised and investigated the novel DTPY-C60 conjugate. Therefore, this chapter will 

discuss and compare results from the DTPY~C60 dyad with the corresponding pyrene-C60 

conjugate. 

As reviewed in Chapter 1, covalently linked donor-acceptor conjugates including fullerene 

C60 have attracted much attention because electron transfer reactions to C6o are highly 

efficient due to the minimal changes of structure and solvation that are associated with the 

electron-transfer reduction.32
' 

175
-
178 Such conjugates have been widely used in 

photoelectronic devices such as photovoltaic cells. 179
-
181 1 ,6-Dithiapyrene (DTPY) is 

known to act as an excellent Weitz-type electron donor with a oxidation potential 

comparable to that of TTF. 182
' 

183 A key difference between DTPY and TTF is that DTPY 

is aromatic (18 n-electrons) in the neutral state, whereas TTF has a non-aromatic neutral 

state (two 7 n-electron rings) and gains aromaticity (formation of 6 n-electron dithiolium 

cations) upon oxidation. 1,6-Dithiapyrene has more extensive absorption in the visible 

region, acting as a better chromophore than TTF. However, at the outset of our work 

donor-acceptor dyads composed of dithiapyrene and C60 had not been reported, despite the 

evident interest in combining these moieties. 

We report herein the synthesis and photodynamics of a novel DTPY -C60 dyad. The 

corresponding pyrene-C60 conjugate with virtually. the same geometry was synthesised to 
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compare the photodynamics between dithiapyrene-C60 and pyrene-C60 dyads. In order to 

confirm the photoinduced charge separation and subsequent charge recombination 

processes, Professor Guidi's group employed time-resolved fluorescence measurements on 

the picosecond timescale and transient absorption measurements on the picosecond and 

microsecond timescale with detections that range from the visible to the near-infrared 

regions. The present study provides deeper insight into the control of the electron-transfer 

processes by subtle changes in the redox potentials and/or solvent polarity. 

5.2 Results and Discussion 

Sylllthesis 

The synthesis of 1 ,6-dithiapyrene (DTPY) is reported in the literature. 182
' 

184 However, 

some significant changes we made to the literature methodology have persuaded us to 

include our procedure to prepare DTPY in detail in the experimental section. 

Commercially available 1 ,5-dihydroxy-naphthalene was reacted with 1,4-

diazabicyclo[2,2,2]octane (DABCO) and N,N-dirriethylthiocarbamoyl chloride to yield 81 

in 66% (Scheme 5.1). This was subsequently subjected to a Kwart-Newmann 

rearrangement to obtain 82, which was easily separated from the starting material by 

column chromatography (Scheme 5.1 ). Some impurities ( < 5%) are difficult to remove 

from 82 when the reaction is done on a large scale, but these impurities do not affect the 

next reaction step and can then be easily removed. 

In the literature182 1,5-bis(2,2-diethoxyethylthio )naphthalene (84) is obtained in an overall 

high yield by the hydrolysis of 82, which provides naphthalene-} ,5-dithiol 83 (Scheme 

5.1), and subsequent reaction with bromoacetaldehyde diethylacetal, sodium iodide and 

sodium ethoxide. We have found that the hydrolysis is unnecessary and that heating 82 to 

reflux with bromoacetaldehyde diethylacetal, sodium iodide and sodium ethoxide over the 

weekend in ethanol will yield 84 in 85% yield (Scheme 5.1 ). Although we have not 

optimised this reaction, we did notice that an overnight stir yielded mostly a half-converted 

product(determined by TLC and 1H-NMR). 
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The last and most vexatious step in the synthesis of DTPY proved to be the acid-catalysed 

cyclisation of 84 (Scheme 5.1 ). The literature originally reported a 22% yield, 182 which 

was later improved to 42% by the same group. 184 We have found that a Jot of practise will 

eventually increase the yield from 0% to 25%. The key to obtaining any product is the 

addition of triethylamine to keep weakly basic conditions during purification and the 

avoidance of complete concentration of the crude reaction mixture. It is crucial that the 

product is cleared from all impurities produced during the reaction as quickly as possible 

to provide the highest yield. To obtain DTPY (85) in 25% yield (Scheme 5.1 ), this meant 

that the reaction and purification were completed (from start to finish) within 2 h. 

Functionalisation of 1,6-dithiapyrene is essentially unexplored 182
-
187 and no DTPY­

acceptor dyads have been reported. Derivatives of 85 functionalised only at positions 2-
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and 7- are known from the literature, which are accessible through lithiation chemistry 

[reaction with n-BuLi followed by quenching with an electrophile, e.g. C6F131
184 or 

DMF 185 resulting in 2-iodo-, 2,7-diodo- or 2-formyl- derivatives, respectively]. We have 

found that electrophilic substitution in DTPY opens access to 1 ,6-dithiapyrenes 

functionalised at po.sition 5: specifically, reaction of 85 with phosphorus oxychloride and 

DMF under Vilsmeier conditions gave 5-formyl derivative 86 in 68% yield (Scheme 5.2). 

A proposed reaction mechanism is illustrated in Figure 5 .1. 

\N---{0 
0 \+ Cl II 

+ CI-P-CI N~ + O=POCI2 
I H I I H Cl 

I 
-:-;-N) 

s" \~ 0 
rc~ H H H H20 ~ H - - -

Figure 5.1: Proposed reaction mechanism for the reaction of 86. 

The new 5-formyl derivative 86 has a melting point of 255~257 °C, which is substantially 

different from the known 2-formyl-1 ,6-dithiapyrene (m.p. 215-216 °C). 185 Considering that 

other physical data for these two isomers are similar (e.g. elemental analyses, MS, number 

of signals in 1H and 13C NMR, and splitting in 1H NMR spectra) and routine one-

85 DTPY 

POC13, DMF 
C2H4Cl2, L1 

66% 

0 

H 

86 DTPY-CHO 

Scheme 5.2 

89 

c-HexNH2 
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100% 
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dimensional NMR spectroscopy did not confirm unambiguously the position of 

functionalisation in the 1 ,6-dithiapyrene ring, the structure of 86 was proved by 20-NMR 

spectroscopy studies (COSY, NOESY techniques; Figure 5.2 and Appendix A). Due to the 

low solubility of 86 other 20-NMR techniques, i.e. HSQC and HMBC were not possible. 

In order to provide further confinnation of this structure, aldehyde 86 was converted into 

the aldimine 87 (Scheme 5.2). The increased solubility introduced by the cyclohexyl 

moiety of 87 enabled more detailed NMR spectroscopic studies (COSY, NOESY, HSQC, 

HMBC techniques; Appendix B) to be prefonned to unambiguously assign the structure, 

although 87 was not obtained analytically pure. The structure of DTPY (85) was assigned 

by 20-NMR spectroscopy (COSY, HSQC, HMBC techniques; Appendix C) to 

complement the NMR studies of 86 and 87. 

I I l 

~ -

10.0 9.5 9.0 &5 ao ~5 ~o 6.5 6.0 5.5 
F1 Chemical Shift (ppm) 

Figure 5.2: 1H-1H-NOESY NMR spectrum of86; 500MHz, CDCh containing traces ofEt~. 

Reaction of 86 with C6o via Prato's 1,3-dipolar cycloaddition protocol140 with an 

azomethine ylide generated in situ afforded the mono-adduct 88 in 64% (Scheme 5.3 ). A 

similar Prato reaction of pyrene-1-carboxaldehyde gave C60-pyrene dyad 89 in 56% yield 

(Scheme 5.4). Electrochemical investigations on dyad 89 have recently been reported, but 

without any details of its synthesis or characterisation.188 Moreover, the authors mention 

that additional peaks observed in the reduction region of their CV are most likely due to 

the presence of di- or multi-substituted C60 side products.188 
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pyrene-1-carboxaldehyde 

C60, sarcosine 
CI-Ph, L1 56% 

89 Pyrene-C60 

Scheme 5.4 

Both donor-acceptor conjugates were assigned from their 1H NMR spectra, MALDI-TOF 

MS. Dyad 89 was additionally characterised by 13C NMR spectroscopy. The solubility of 

dyad 88 is too low for 13C NMR spectroscopy, but a satisfactory elemental analysis was 

obtained. A second rotamer is clearly visible in the 1H-NMR spectrum of dyad 89 as minor 

signals (Appendix D). The two rotamers are formed in a ratio of ca. 10:1 and are not 

separable by colurim chromatography. Due to the restricted rotation around the exocyclic 

C-C bond between the pyrrolidine ring and the bulky pyrene, two thermodynamically 

stable (at ambient conditions) rotamers are possible for dyad 89, which according to OFT 

calculations are of similar energies (Appendix E). 

As described in previous chapters, we aimed to investigate oligofluorene molecular wire 

behaviour through the preparation of D-Fln-C60 ensembles, wherein D is a strong electron 
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donor. Naturally, after creating the novel DTPY -C60 dyad we also set out to create a novel 

DTPY -wire-C60 triad. Similar to the previous synthesised D-wire-C60 assemblies, we 

aimed to utilise the Suzuki reaction to provide DTPY-fluorenes with terminal aldehyde 

units, which could then be reacted onwards with sarcosine and C60. Therefore, a target was 

a halide containing 1 ,6-dithiapyrene derivative. As mentioned previously, the synthesis of 

2-iodo-1 ,6-dithiapyrene has been published previously together with the synthesis and· 

crystal structure of 2, 7 -diiodo-1 ,6-dithiapyrene. 184 The iodo functionalisation was achieved 

through a reaction of DTPY with n-butyllithium followed by quenching with C6F 13l. 

However, in our hands, following the literature procedure gave only starting material and 

not the desired mono iodo-functionalised product. 

We investigated some alternative methods in order to prepare a halide containing DTPY 

compound. Firstly, we attempted direct bromination by dissolving DTPY in DCM and 

adding one equivalent of bromine to the solution at 0 °C. Unfortunately mostly 

decomposition was observed and the trace amount of product that was obtained could not 

be identified by 1H-NMR spectroscopy. Another method of bromination which was 

explored was the use of n-bromosuccinimide (NBS). Thus DTPY was dissolved in DCM 

containing a trace of diisopropylamine and one equivalent of NBS was added at room 

temperature. Analysis of the obtained product by 1H-NMR spectroscopy revealed that it 

was a mixture of several different products (including some starting material), which could 

not be separated due to the small scale. 

At this point it should be noted that due to the limited availability of DTPY, investigations 

towards the synthesis of a mono halide-substituted DTPY substance had to be done on a 

small scale (50-75 mg) and would be worth reinvestigating when DTPY can be more 

easily prepared and on a larger scale. It was noted that in the literature examples of the 

bromine functionality surviving the acid-catalysed cyclisation can be found. 189· 190 

Therefore we decided that it might be worth investigating the bromination of the starting 

materials of DTPY (81, 82 or 84). Bromination of 82 was investigated as this functionality 

on the naphthalene core would be less likely to react with the brominating agent than the 

functional group on 84. Lithiation of 82 (500 mg) with n-butyllithium in dry ether at -78 °C 

and subsequent quenching with 1 ,2-dibromoethane yielded unreacted starting material. 

Starting material was also obtained after the attempted reaction of DTPY in DCM 
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containing some pyridine with NBS at 0 °C. Due to limited availability ofDTPY and time, 

we had to abandon further attempts to prepare DTPY-Fln-C60 ensembles. 

Theoretical Calculations and Absorption Spectra 

88, LUMO, -3.05 eV 89, LUMO, -3.06 eV 

88, HOMO, -4.58 eV 89, HOMO, -5.39 eV 

Figure 5.3: Localisation of HOMO and LUMO orbitals in dyads 88 (left) and 89 (right) according 

to DFT B3LYP/6-31G* (d) calculations. 

DFT B3LYP/6-31G* (d) calculations have been employed by Dr. I. Perepichka in our 

group to test donor and acceptor features in DTPY-C6o (88) and pyrene-C60 (89). The 

calculations reveal that in fully optimised geometries the HOMO is exclusively delocalised 

over the DTPY moiety (-4.58 eV) and the LUMO over the C6o core (-3 .05 eV) in 88. 

Similar delocalisation is observed in 89 with the HOMO delocalised over the pyrene 

moiety (-5.39 eV) and the LUMO over the C60 core (-3.06 eV) (Figure 5.3 and Appendix 

E). This speaks for the lack of electronic interactions between the donor and acceptor 

fragments in both donor-acceptors systems, despite imminent close centre-to-centre 
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distances between the donor and the acceptor moieties of 8.17 and 8.30 A in 88 and 89, 

respectively. 

The small effects ofthe donor units on the LUMO (0.17-0.18 eV) and the acceptor unit on 

the HOMO energy levels (0.14 eV) in DTPY-C60 (88) and pyrene-C60 (89)- as evident 

from comparison with parent DTPY (85) and C60 (Figure 5.4)- are in good agreement with 

the lack of electronic interaction between the donor and acceptor moieties. Considering the 

energies of the two HOMO and LUMO levels we estimate energy gaps in the gas phase of 

1.53 eV for DTPY-C60 and 2.34 eV for pyrene-C60 (Figure 5.4). 
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Figure 5.4: Energy levels of frontier orbitals of dyads 88 and 89 in comparison with those for 

DTPY (85) and C60 from DFT B3L YP/6-31 G* (d) calculations in the gas phase. 

The absorption spectra of 88 in toluene, THF, DCM and PhCN are best described as the 

superposition of that of each individual component: DTPY and C60 with the most dominant 

absorptions at 430 nm (i.e. DTPY) and 300 nm (i.e. C60). This suggests that there is only 

little, if any, electronic communication between DTPY and C60 in 88. The UV-visible 

spectrum of 88 is presented in Appendix G, where the spectrum of pyrene-C60 89 is given 

for comparison. 
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Electrochemical Studies 

The electrochemical properties of DTPY -C60 (88) and pyrene-C60 (89) were probed by 

room temperature cyclic voltammetric measurements in benzonitrile (PhCN), a­

dichlorobenzene ( oDCB) br their 1:1 v/v m'ixture with a glassy carbon working electrode, 

Bu4NPF6 as supporting electrolyte ·and various scan rates. The redox potentials are collated 

in Table 5.1 together with those of DTPY (88), pristine [60]fullerene and N-methyl 

pyrrolidinofullerene (54) as references. 

Table 5.1: Redox potential values for Compounds 54, 85, 88, 89 and C60.a 

Compound E Y:z,ox ft5cv 

DTPY SSe -0.06 0.41 

DTPY S5d -0.11 0.39 

C6oe -0.92 -1.33 

C6o 
d -0.97 -1.38 -1.62 

DTPY -C6o SSe 0.01 0.45e -1.03 -1.45 0.87 

Pyrene-C6o 89e 0.95e -1.02 -1.43 -1.8i 1.62 

54e -1.01 -1.43 

a Potentials in Y; scan rate 100 mY s-1 (for 85, 89 and C60) and 500 mY s-1 (for 88); 0.1 M 

Bu4NPF6; Ag/Ag+ reference electrode and standardised to Fe/Fe+ couple [EFc!Fc+= +0.20 Y vs. 

Ag/Ag+ (PhCN); +0.24 Y (PhCN:oDCB, 1:1 v/v)]. bHOMO-LUMO gap, estimated from the onsets 

of oxidation and reduction processes in CY. c CY in PhCN. d CY in PhCN:oDCB, 1:1 v/v. e 

Irreversible peak (E1ox). f Irreversible peak (E1
red)· 

DTPY (S5) displayed two reversible, one-electron, oxidation waves at low potentials 

(Figure 5.4), due to sequential cation radical and dication formation, as described 

previously. 182 DTPY -C60 (SS), on the other hand, is highly redox amphoteric, displaying 

two single-electron oxidation waves from the DTPY moiety and two single-electron 

reduction waves from the C60 core (Figure 5.5). Small donor-acceptor interactions in S5 

result in slightly anodic shifts of the oxidation potentials of the DTPY moiety compared to 
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85 (by 0.07 V forE\.,, ox and 0.02 V for E2v2, ox) and little cathodic shifts of the reduction 

potentials of the C6o moiety compared to 54 (by 0.02 V for both E\, red and E\,.,, red in 

PhCN, Table 5.1). 

-1.5 -1.0 -0.5 0.0 0.5 

Potential (V) [ vs. F elF c +] 

Figure 5.5: CV ofDTPY-C60 88 (scan rate 500 mV s-1
) dyad in benzonitrile, 0.1 M Bu4NPF6. 

These results are in good agreement with theoretical predictions from DFT calculations 

discussed above for the evolution of HOMO-LUMO energies in 88 compared to 85 and 

C6o· The main contribution to the cathodic shift of E1
v,, red in 88 compared to pristine C6o 

arises from breaking a double bond on. the C60 core; thus, a 90 m V cathodic shift of E 1 
v2, red 

compared to C60 .Z7 Reduction of pyrene-C60 (89) occurs at almost the same potentials as 

for 54 and 88 thus confirming a negligible effect of the donor units on the LUMO energy 

level. In contrast, the oxidation of the pyrene unit in 89 is anodically shifted by 0.91 V 

(from comparison of their E\x potentials) compared to the oxidation of the DTPY moiety 

in 88 and the process is electrochemically irreversible (Figure 5.6). 

Cyclic voltammetry of dyad 88 in benzonitrile at a high scan rate of 500 m V s-1 revealed 

two single-electron oxidation waves from the DTPY moiety (E1
v,, ox and E2v2, ox; the first 

oxidation is reversible and the second oxidation is a quasi-reversible process) and two 

reversible single-electron reduction waves (E 1
v,, red and E\, red) from the C6o moiety 

(Appendix F). When the scan rate was decreased to 100 m V s -I the second reduction wave 

(E
2
red) became broader and revealed two overlapping redox processes (Appendix F). 
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Further decrease in the scan rate to 20 and 10 m V s -1 improved the separation of these two 

waves demonstrating the appearance oftwo closely-spaced reduction processes (Appendix 

F). This is clearly seen from the deconvoluted CV (Appendix F). This unexpected 

observation is not understood at present, and we have not studied the origin of these split 

redox processes, which probably include some intermolecular interactions during the CV 

experiments at low scan rates. It is well known that pristine C6o undergoes multistep (up to 

six) single-electron reduction processes to form radical anion ~ dianion ~ radical trianion 

~ ... ~ hexaanion species, with relatively constant separation between any two successive 

reductions of ca. 450 ± 50 mV.39
' 

191 This is not always the case for substituted C6o 

derivatives: (E 1 
red - E2 

red) and (E2 
red - E3 

red) gaps vary somewhat depending on the 

molecular structure, but generally both gaps are quite large, ~350-650 m V, i.e. much 

higher that the difference between the two overlapped waves for dyad 88 at low scan rates 

(100 mV, Appendix F). 192
-
201 
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Figure 5.6: CV ofpyrene-C60 89 (scan rate 100 mY s-1
) dyad in benzonitrile, 0.1 M Bu4NPF6. 

Photophysical Studies 

Preliminary insights into conceivable donor-acceptor implications were gained from 

steady-state fluorescence experiments (Figure 5.7 and 5.8). Hereby, the fluorescing 

features of DTPY and pyrene are particularly useful, since they enable the deactivation of 
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the DTPY (2.43 eV) and pyrene (3.22 eV) singlet excited states in the references, as well 

as in DTPY-C6o 88 and in pyrene-C60 89, to be followed with ease. Specifically, 

fluorescence quantum yields of close to unity and fluorescence lifetimes of the order of 

tens of nanoseconds are sensitive markers. Notably, both sets of systems, i.e. 88 and 89, 

exhibit dual fluorescence. Besides the strong fluorescence of DTPY and pyrene in the 

visible part of the spectrum, C60 derivatives exhibit weak fluorescence in the near-infrared 

part of the spectrum (650 - 850 nm). In fact, the C60-reference compound 54 (1.78 eV) 

reveals nearly solvent-independent fluorescence quantum yields of 6.0 x 104 and 

fluorescence lifetimes of 1.5 ns. 
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Figure 5.7: Fluorescence spectra (left) ofDTPY (solid line) and DTPY-C60 88 (dashed line) in 

toluene with matching absorption at the 460 nm excitation and fluorescence spectra (right) of 

pyrene (solid line) and pyrene-C60 89 (dashed line) in toluene with matching absorption at the 335 

nm excitation. 

Relative to the strong fluorescence of the reference (0.75), the pyrene fluorescence in 89 is 

nearly quantitatively quenched. Notably, the quenching is stronger in THF (i.e. 0.003) than 

in toluene (i.e. 0.005). Instead, the familiar fullerene fluorescence spectrum was found with 

a characteristic *0-0 transition around 715 nm, despite exclusive excitation of the pyrene 

moiety. To unravel the mechanism of producing the C60 fluorescence, an excitation 

spectrum was taken. The excitation spectrum of pyrene-C60 was an exact match of the 

ground state absorption of the pyrene reference with maxima at 360 nm and 412 nm, 

respectively. This implies that there is a rapid transfer of singlet excited state energy from 

the photoexcited pyrene to the covalently linked c60· Determining the quantum yield (6.0 X 
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1 0-4) of the C60 fluorescence shows that its formation is quantitative, despite the exclusive 

excitation of the pyrene moiety. 
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Figure 5.8: Fluorescence spectra of compound 54 (dotted line), DTPY -C60 88 (dashed line) and 

pyrene-C60 89 (solid line) in toluene witp matching absorption at the 325 nm excitation. 

Like in pyrene-C60 89, the DTPY fluorescence (i.e. 0.023) in DTPY-C6o 88 is subject to a 

marked fluorescence quenching that intensifies with the solvent polarity (e.g. toluene: 

0.003; THF: 0.002). However, for 88 no particular C60 fluorescence (i.e. << 10-5
) was seen 

in the near-infrared region at all. 

To complement the fluorescence studies, the photophysics of DTPY -C6o 88 and pyrene-C6o 

89 were probed by means of time-resolved transient absorption spectroscopy. Femtosecond 

laser flash photolysis allowed for the characterisation of the dynamic processes, which are 

associated with the generation and the fate of photoexcited states in these novel donor­

acceptor conjugates, but more importantly, these data helped to shed light on the nature of 

the photoproduct, that is, an excited state or charge-separated state evolving from an 

. intramolecular energy or electron transfer process, respectively. 

First, the reference compound.s should be discussed. In femtosecond-resolved transient 

absorption measurements, the pyrene reference gave rise to an instantaneously formed (i.e. 
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within ~2 ps), broadly absorbing transient with a maximum around 475 nm (Figure H.1 in 

Appendix H). On the timescale of up to 3000 ps no significant decay of the excited state 

absorption was observed. It is only on the hundreds of nanosecond timescale that the 

pyrene singlet excited state converts slowly (i.e. 4.3 x 106 s-1
) to the corresponding triplet 

manifold, for which the following features were determined in our experiments: a transient 

maximum at 430 nm. 

Similarly, DTPY reveals on the femtosecond timescale the rapid formation (i.e. within ~2 

. ps) of a singlet excited state, for which a maximum evolves at 530 nm (Figure H.2 in 

Appendix H). This state is metastable and another process follows, whose outcome on a 

timescale of 1500 ps is the formation of a distinct, new species, which is characterised by 

bleaching around 4 75 nm and a set of maxima at 515 and 550 nm. This absorption is in 

excellent agreement with that found upon nanosecond excitation, from which we infer that 

the underlying reaction is an intersystem crossing (i.e. 2.3 x 109 s-1
) from the DTPY singlet· 

to the energetically lower lying triplet excited state. The triplet decays (i.e. 3.6 x 105 s-1
) to 

the ground state. 

Lastly, C60-reference compound 54 should be discussed (Figure H.3 in Appendix H). The 

singlet excited state of compound 54 displays a distinctive singlet-singlet transition around 

880 nm. The lifetime of the singlet-singlet intermediate state is relatively short, as C60 and 

rriost of its derivatives convert rapidly to the much longer-lived triplet excited state with 

nearly unit yield. The process is a spin-forbidden intersystem crossing (ISC) with a high 

rate of 5.0 x 108 s-1 driven by an efficient spin-orbit c.oupling. The spectral characteristics 

of the triplet excited state are maxima at 360 and 700 nm, followed by a low-energy 

shoulder at 800 nm.202 

In the context of the current investigations, important features of the electron donors (i.e. 

DTPY and pyrene) and the electron acceptor (i.e. C60) are their corresponding radical 

cation and radical anion spectra, respectively. Thus, we have employed radiation chemical 

means to determine the spectral characteristics of the DTPY radical cation, the pyrene 

radical cation and the fullerene radical anion. The following peaks evolve for the pyrene 

radical cation: 450, 500 and 575 nm.203 For the DTPY radical cation, on the other nand, 

peaks were noted at 560, 630 and 770 nm. 
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Figure 5.9: Differential absotption spectra (visible and near-infrared) obtained upon femtosecond 

laser flash photolysis (355 nm) of -1.0 x w-s M solutions of pyrene-C60 89 in deaerated THF at 

different delay times; excitation at 380 nm with OD = 0.6. 

Following the conclusion of the femtosecond excitation (i.e. 355 nm) of pyrene-C6o 53 a 

transient intermediate is seen that - at first glance - resembles mostly that of the C6o 

reference. As Figure 5.9 shows the same broad maximum around 880 nm, which is 

indicative of the C6o singlet excited state, is seen regardless of the solvent (i.e. toluene and 

THF). This singlet excited state decays over the time course of 3000 ps and concomitant 

with this decay a maximum at 700 nm grows in. The latter is a clear attribute of the C6o 

triplet excited state. A closer inspection reveals, however, features that the C60 reference 

does not exhibit: maxima in the visible at 450, 510 and 575 nm and in the near-infrared at 

1010 nm. Upon referral to the pulse radiolytic section we conclude that the 450, 510 and 

575 nm features correspond to the pyrene radical cation, while the 1010 nm feature relates 

to the C6o radical anion. Hence, we see besides singlet and triplet excited states, the 

formation of an intermediate radical ion pair state. 

Considering the aforementioned analysis of the spectral evolution it is hardly surprising 

that the best global ftt of the absorption time profiles comprise a hi-exponential fitting 
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function. In particular, in both solvents, namely toluene and THF, a short-lived and a long­

lived component were found. Interestingly, the relative weight of the two contributions 

changes with solvent polarity. While, for example, in toluene the short-lived contribution is 

on the order of 5% it is nearly 500/o in THF. The short lived component changes only 

slightly in the two solvents with values of 46 ± 6 ps and 53 ± 9 ps in toluene and THF, 

respectively. Contrasting these results, the long-lived component is solvent independent 

and, more importantly, resembles the kinetics seen in the C60-reference 54. This leads us to 

conclude that the short-lived component must reflect the charge recombination, while the 

long-lived component is the intrinsic intersystem crossing affording the triplet excited state 

(vide supra). From such dependence we must assume that the charge recombination 

dynamics in pyrene-C60 89 are located in the normal region of the Marcus parabola. 

0.02 
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~OD 0.01 
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Figure 5.10: Differential absorption spectra (visible and near-infrared) obtained upon femtosecond 

laser flash photolysis (380 nm) of -1.0 X w-s M solutions ofDTPY-C(X) 88 in deaerated toluene at 

different delay times; excitation at 380 Ii.m with OD = 0.4. 
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Figure 5.11: Time profiles of the transient absorption at 670 (left) and 1014 (right) nm monitoring 

the charge separation and recombination in DTPY-C60 dyad 53. Upper part in THF and lower part 

in toluene. 

The behaviour for DTPY -C60 88 is very different. Most importantly, with the help of 

spectroscopic and kinetic analysis we identified only one photoproduct. Immediately upon 

380 nm photoexcitation the DTPY singlet excited state features evolve, which attest to the 

successful DTPY excitation despite the presence of C60. C60 exerts, nevertheless, a 

profound impact on the singlet excited state decay. In particular, a rapid conversion (1.3 x 

10 12 s -1
) into a new transient is registered. Once the rapid disappearance of the excited 

DTPY absorption comes to an end (i.e. ~ 1.0 ps after the laser pulse), the following 

characteristics remain: maxima at 560, 630, 770 and 1010 nm (Figure 5.1 0). The visible 

maxima are ascribed to the radical cation of DTPY, because the DTPY radical cation, 

produced by the one-electron oxidation of DTPY 85 has absorption bands at 560, 630 and 

770 nm. The absorption maximum in the near-infrared region, on the other hand, is an 

excellent match to the one-electron reduced fullerene. We therefore conclude that · 

photoexcitation of DTPY -C60 88 yields in THF a radical ion pair state that evolves from 
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the DTPY and I or C6o singlet excited state. A similar radical ion pair state is also obtained 

in cyclohexane, toluene and DMF. Please note that no C60 singlet excited state features are 

discernable, neither in toluene nor THF, at any given time delay after the photoexcitation. 

On this basis we rule out any significant contribution that might evolve from a transduction 

of singlet excited state energy between DTPY (85) (2.43 e V) and C60 (1. 78 e V). The time 

profiles of the absorbance at 670 nm and 1014 nrn in THF and t<?luene are shown in 

Figures 5.11 . The lifetime is determined as -res= 0.5 ps (2.0 x 1012 s-1) in DMF, 'tcs = 2 ps 

(5.0 x 1011 s-1) in THF, 'tcs = 27 ps (3 .9 x 1010 s-1) in toluene and 'tcs = 1011 ps (9.8 x 108 

s -1) in cyclohexane. 

The slower charge-recombination rate in toluene than that in a more polar solvent (THF) 

suggests that this process is in the Marcus inverted region, where the electron-transfer rate 

becomes slower with increasing driving force of electron transfer as the solvent polarity 

decreases.204
"
206 This is demonstrated in Figure 5.12, which displays the driving force 

dependence (-L\G} for the charge recombination on the rate constant for both donor­

acceptor conjugates (i.e. DTPY-C6o 88 and pyrene-C60 89). The parabolic fitting affords a 

reorganisation energy (A.) of 0.89 eV and an electronic coupling (V) of 32 cm-1. Both of 

these values are well in line with recently published donor-acceptor conjugates including 

fullerene ~o. 32, 138, 175-181 
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Figure 5.12: Driving force ( -AG0
) dependence of intramolecular charge recombination in DTPY­

C60 88 (red diamonds) and pyrene-C60 89 (black diamonds). 
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In the corresponding nanosecond experiments DTPY -C60 88 and pyrene-C60 89 give rise to 

contrasting behaviour. While in the former case no appreciable changes were monitored on 

the nanosecond scale at all, in the latter case triplet characteristics were found that 

resemble those of the C60 reference. A high triplet quantum yield - with a value of 0.75 ± 

0.05 in toluene and THF - corroborates the efficiency of the overall energy transfer. At the 

same time it points to the competition between energy and electron transfer when 

photoexciting pyrene. The triplets in the C60 reference and in the pyrene-C6o donor­

acceptor conjugate 89 decay similarly slowly on a time scale of up 100 microseconds to 

afford quantitatively the singlet ground state. 

5.3 Conclusions 

We have reported the synthesis and photodynamics of DTPY -C60 conjugate 88 dyad. 

Dyads 88 and pyrene-C60 (89) were synthesised through Prato's 1,3-dipolar cycloaddition 

reactions with C6o on in situ generated azomethine ylides made from aldehyde containing 

DTPY (86) and pyrene, respectively. For this we had created and fully characterised the 

new 5-formyl derivative of DTPY utilising Vilsmeier conditions. Orbital analysis using 

OFT calculations of DTPY-C60 (88) dyad· confirmed the expected localisation of the 

HOMO on the DTPY donor moiety and the LUMO on the C60 core. Little orbital 

interaction between the donor and acceptor moieties in the ground state was observed by 

electrochemical measurements and this was confirmed by the UV-visible absorption 

spectrum. The photoinduced charge separation and subsequent charge recombination 

processes were examined by time-resolved fluorescence measurements on the picosecond . 

timescale and transient absorption measurements on the picosecond and microsecond 

timescales with detection in the visible and near-infrared regions. Quite long lifetimes (i.e. 

up 1.01 ns) were observed for the photogenerated charge-separated state in the DTPY-C60 

88 dyad without the need for (i) a long spacer between the two moieties, or (ii) gain in 

aromaticity in the radical ion pair. This unexpected result raises issues of topology and 

aromaticity, which challenge the current views on designing C60 derivatives with long 

lifetimes for charge-separated species. 
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Cha]pter 6: Thiol Terminated Derivatives 

6.1 Introduction 

The preparation of C60-derivatised n-conjugated ensembles that can be used to create self­

assembled monolayers (SAMs) on metal surfaces is of fundamental interest and could 

potentially lead towards nanoscale photovoltaic devices.207 Some thiol-terminated linear 

s 
I ~ 

90a n = 1 
90b n = 2 

n-conjugated C60 derivatives have been synthesised and their SAMs have been investigated 

(e.g. 90,208 91209 and 92210
). The highest photocurrent- out of these three compounds- was 

observed for 92,210 which exhibited a current density of 3200 nA cm-2 under 400 nm 

91a n = 1 
9lb n = 2 
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irradiation with 0.85 mW cm-2 and a bias voltage of -0.10 V vs. Ag/AgCI. 

II 

92 

6.2 · Results and Discussion 

Synthesis 

Intrigued by these findings we have 

synthesised two thiol-terminated 

fluorene-C60 derivatives. At this point, 

we should note that recently Tour et al. 

reported on the complications that occur 

during the self-assembly of fullerene 

derivatives, such as multilayer formation 

and head-to-tail assemblies.211 These 

anomalies in the SAM result from the 

competing strong fullerene-fullerene and 

fullerene-gold interactions. Considering 

this new finding we are currently not 

undertaking ·any investigation towards 

the properties of the new compounds we 

now report. 

Introduction of a thiol moiety onto our formyl fluorene species is not straightforward, since 

the thiol group has a strong affinity for late transition ·metals. We recognised that to obtain· 

an efficient coupling reaction more than stoichiometric amounts of the palladium species 

would be necessary as the thiol poisons the catalyst. It was decided to protect the free-thiol 

with a tert-butyl moiety, which is resistant towards bases and has been previously utilised 

in the Suzuki cross-coupling reaction.212 Since t-butyl( 4-bromophenyl)sulfide (93) is 

rapidly prepared from the commercially available 4-bromothiophenol,213 no attempt was 

made to produce a fluorene building block with a protected thiol directly attached to it. 
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X· s-o-sr + BE-Fl-CHO 

48a 

93 tBuS-Ph-Br 94a tBuS-Ph-Fl-CHO (67%) 

Scheme 6.1 

Thiol-formyl terminated monomer 94a was created by a ·suzuki coupling of t-butyl(4-

bromophenyl)sulfide (93)213 and 48a in 67% yield (Scheme 6.1). As 48b had not yet been 

synthesised at the time of the preparation these thiol terminated compounds, the thiol­

formyl terminated dimer (94b) was created - together with 52b - in a multicomponent 

Suzuki cross-coupling between 93, 47a and 46 (Scheme 6.2). As expected, the separation 

was cumbersome and yields were not optimised as a sufficient amount of material was 

obtained for our purposes. Attempts to prepare longer thiol-formyl terminated oligomers 

were not undertaken. 

tBuS-Ph-Br. 

93 

+ 

BE-Fl-BE 

46 

+ 

Br-Fl-CHO 

47a 

K2C03, H20 
PdC12(PPh3)2 
Toluene, 11 

X 
94b tBuS-Ph-FlrCHO (24%) 

+ 

52b CHO-FlrCHO (24%) 

Scheme 6.2 
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Azomethine ylides were formed in situ by the reaction of aldehyde 94a,b with sarcosine in 

benzene at reflux. Cycloadditions of these azomethine ylides with C60 led to the formation 

of pyrrolidinofullerenes 95a,b in moderate yields. The tert-butyl protecting group is very 

resistant and needs to be removed before the properties of these compounds can be 

investigated. The protecting group can readily be converted into the acetyl group214
' 

215 and 

this labile moiety will protect the conjugated thiol against oxidation by air, while it can 

easily be removed in situ prior to experiments, e.g. during preparation of self-assembled 

mono layers. The tert-butyl/acetyl exchange of95a,b yielded 96a,b in 68-84% yield. 

94a tBuS-Ph-Fl-CHO 
94b tBuS-Ph-Fl2-CHO 

96a n=l tBuS-Ph-Fl-C60 (84%) 
96b n=2 tBuS-Ph-FlrC60· (68%) 

C60, sarcosine 
Cl-Ph, f.. 

Scheme 6.3 
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6.3 Condusions 

In this chapter we have briefly discussed the synthesis of two acetyl-thiol terminated 

fluorene-C 60 derivatives. Thiol-terminated fluorene aldehydes 94a,b were synthesised via a 

Suzuki reaction and converted into azomethine ylides, which were subsequently reacted 

with C60 via the 1,3-dipolar cycloaddition. The thiol protecting group of the obtained C60 

derivatives 95a,b was subjected to an tert-butyl/acetyl exchange, which provided the 

desired products 96a,b. Although we are currently not undertaking any investigation 

towards the properties of these compounds, this remains a possibility for the future. 
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·Chapter 7: Experimental Section 

7.1 General Methods 

All reactions which required inert or dry atmosphere were carried out under a blanket of 

argon, which was dried by passage through a column of phosphorus pentoxide. Fullerene 

C6o was purchased from MER Corporation Nanotubes (Tucson, USA). All reagents 

employed were of standard reagent grade and purchased from Aldrich, Alfa Aesar, Merck 

or Acros and used as supplied. Dry solvents were obtained from an Innovative Technology 

Inc. solvent purification system. Analytical thin layer chromatography (TLC) was 

performed on Merck DC-Alufolien Silica gel (60 F254 0.2 mm thickness) precoated 

aluminium plates. Column chromatography was carried out using Prolabo silica (70-230 

mesh) or basic aluminium oxide (~150 mesh). Solvents for chromatography were used as 

supplied. 

13C and 1H NMR spectra were recorded on 200, 300, 400 500 and 700 MHz spectrometers 

operating at 300, 400 500 or 700 MHz for 1H-NMR spectra and 50, 75, 100, 125 or 175 

MHz for 13C-NMR spectra. Chemical shifts are reported in ppm and TMS or the residual 

solvent was used as an internal reference. Elemental analyses were obtained on an Exeter 

Analytical Inc. CE-440 elemental analyser. Melting points were determined using a Stuart 

Scientific SMP3 melting point apparatus. 

Cyclic voltammetry experiments were carried out with either a potentiostat/galvanostat 

AUTO LAB with POST AT30 equipped with a software OPES for Windows version 4.8 or 

a BAS-CV50W electrochemical workstation with positive feedback compensation. The 

electrochemical analyses (AUTOLAB) were carried out using a OCE (glassy carbon) as 

working electrode, SCE (standard calomel) as reference electrode, tetra-n-butylammonium 

perchlorate (Bu4NC104) as supporting electrolyte, and a-dichlorobenzene/acetonitrile (ratio 

4:1 v/v) as solvent at a scan rate of 100 mV/s. Cyclic voltammetry (BAS-CV50W) was 

performed in a three-electrode cell equipped with a platinum disk (0 1.6 or 1.0 mm) as 

working electrode, platinum wire as a counter electrode and a non-aqueous Ag/ Ag + 
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reference electrode (0.0 1 M AgN03 in dry CH3CN). Tetra-n-butylammonium 

hexafluorophosphate (Bu4NPF6) was used as supporting electrolyte and all experiments 

were performed under an argon atmosphere. Electrochemical experiments were carried out 

in benzonitrile (PhCN), o-dichlorobenzene (oDCB) or their 1:1 v/v mixture. The potential 

of the reference electrode was checked against the ferrocene/ferricinium couple (Fe/Fe+) 

before and after each experiment, which showed the following average potentials against 

the reference electrode: +0.201 V (vs. Ag/Ag+ in PhCN), +0.243 V (vs. Ag/Ag+ in 

PhCN/o-DCB, 1:1 v/v), and the values of potentials were then re-calculated versus Fe/Fe+ 

couple. 

The pulse radiolysis experiments (Chapter 5) were performed by utilising either 500 ns 

pulses of 1.55 MeV electrons or about 100 ns pulses of 3.8 V electrons from two different 

Van de Graff accelerator facilities. Details of the equipment and the analysis of data have 

been described elsewhere.216 

Femtosecond transient absorption studies were performed with 387 nm laser pulses (1 kHz, 

150 fs pulse width) from an amplified Ti:Sapphire laser system (Clark-MXR, Inc.). For all 

photophysical experiments an error of 10% must be considered. Fluorescence spectra were 

recorded with a FluoroMax. The experiments were performed at room temperature. Each 

spectrum was an average of at least 5 individual scans and the appropriate corrections were 

applied. Pulse radiolysis experiments were accomplished using 50-ns pulses of 8 MeV 

electrons from a Model TB-8/16-1 S electron linear accelerator. Nanosecond transient 

absorption measurements were carried out using a Nd:Y AG laser (Continuum, SLII-1 0, 4-

6 ns fwhm) at 355 nm with the power of 10 mJ as an excitation source. Photoinduced 

events were estimated by using a continuous Xe-lamp (150 W) and an InGaAs-PIN 

photodiode (Hamamatsu 2949) as a probe light and a detector, respectively. The output 

from the photodiodes and a photomultiplier tube was recorded with a digitising 

oscilloscope (Tektronix, TDS3032, 300 MHz). The transient spectra were recorded using 

fresh solutions in each laser excitation. All experiments were performed at 298 K. 

Fluorescence spectra were measured on a Shimadzu spectrotluorophotometer (RF-5000). 

The excitation wavelength was 422 nm in PhCN. The monitoring wavelength was 
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corresponding to the maximum of the emission band at Arnax = 435 nm. Typically, a PhCN 

solution (3.0 mL) was deaerated by argon purging for 8 min prior to the measurements. 

The ab initio computations were carried out with the Gaussian 03 217 package of programs 

at density-functional theory (DFT) level. The geometries were optimised using Pople's 6-

31 G split valence basis set supplemented by d-polarisation functions on heavy atoms. In 

the DFT calculations Becke's three-parameter hybrid exchange functional218' 219 with Lee­

Yang-Parr gradient-corrected correlation functional (B3L YP)220 were employed. No 

symmetry restrictions and no constraints of bonds/angles/dihedral angles were applied and 

all atoms were free to optimise. Electronic structures were calculated at the same 

B3L YP/6-31 G( d) level of theory. Contours of HOMO and LUMO orbitals were visualised 

using Molekel v.4.3 program.221
' 
222 

7.2 General Experimental Procedures 

These general procedures have been used throughout the remainder of the experimental 

section, unless stated otherwise. 
~ 

' 

- General Protocol for the Suzuki-Miyaura Cross-Coupling 

A mixture of the specific bromofluorene and fluoreneboronic acid derivatives was stirred 

under argon in H20 (5 mL, degassed) and toluene (10 mL, degassed) overnight at 110 oc 
together with K2C03 (8.0 equiv.) and a catalytic amount of Pd(PPh3)2Cb. The organic 

layer was washed with brine, dried over MgS04 and the solvent was evaporated in vacuo. 

The crude product was purified by column chromatography over silica gel. 

- General Protocol for the 1,3-Dipolar Cycloaddition (Prato Reaction) 

Fullerene (C6o, 4.0 equiv.) was heated to reflux in chlorobenzene (100 mL for 200 ing C60). 

The desired fluorene-aldehyde (1.0 equiv.) and sarcosine (2: 4.0 equiv.) were added after 

10 min. The mixture was heated at reflux for 4-15 h. The reaction was stopped by the 

evaporation of solvent in vacuo. The crude product was purified by column 
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chromatography over silica gel. Final trace impurities were removed by dissolving the 

product in a small amount of carbon disulfide (CS2), precipitation with diethyl ether and 

collection of the product by centrifugation. CS2 should be handled with care at all times, as 

it is highly flammable and toxic. C60-derivatives were stored in the dark and under air, 

unless stated otherwise. 

7.3 Experimental Procedures for Chapter 2 

- 7-Bromo-9,9-dihexyl-9H-fluorene-2-carbaldehyde (47a) 

Br 

n-Butyllithium (4.0 mL, 2.5 Min hexane, IO mmol) was added dropwise under argon to 

2,7-dibromo-9,9-dihexyl-9H-fluorene136 45 (5.2 g, II mmol) in dry diethyl ether(60 mL) 

at -78 °C. After stirring at -78 °C for 30 min, the mixture was stirred at room temperature 

for 30 min. The mixture was cooled to -78 °C and DMF (1.1 mL) was added. The reaction 

was stirred overnight, while slowly being allowed to reach room temperature. HCl (2 M, 

50 mL) was added and the mixture was stirred for ari additional 2 h. The organic layer was 

separated and the acid layer was extracted with ether. Both organic layers were combined, 

dried over MgS04 and solvent was removed in vacuo. Purification by column 

chromatography (silica gel eluted by 0-25% DCM in hexane) yielded 47a (3.80 g, 8I%) as 

clear oily crystals, which in time turned into a white solid. 

M.p.: 43-44 °C. 1H NMR (400 MHz, CDCh): 8 10.06 (lH, s), 7.88-7.85 (2H, m), 7.8I (IH, 

d, J= 8.0 Hz), 7.64 (lH, d, j= 8.4 Hz), 7.52-7.49 (2H, m), 2.07-1.9I (4H, m), 1.14-0.98 

(12H, m), 0.76 (6H, t, J = 7.0 Hz), 0.63-0.49 (4H, m). 13C NMR (75 MHz, CDCh): 8 

192.2, 154.2, 15l.I, 146.3, I38.5, I35.6, I30.5, I30.4, I26.4, I23.I, 122.2, I20.I, 55.6, 

40.I, 31.4, 29.5, 23.7, 22.5, 13.9. HRMS, calc. for C26H33BrO 440.1715; found 440.17I4. 

C26H33BrO: calc. C 70.74, H 7.6I; found C 70.97, H 7.61. 
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- 7 -( 4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dihexyl~9H-fluorene-2-

carbaldehyde ( 48a) 

-J;d"~o 
C5H13 C5H13 

Br-Fl-CHO 47a (0.50 g, 1.2 mmol) and bis(pinacolato)diboron (0.73 g, 2.9 mmol) were 

degassed in DMF (10 mL) together with KOAc (0.9 g, 9.2 mmol) for 30 min. A catalytic 

amount of Pd(OAc )2 (ca. 15 mg) was added and the reaction mixture was stirred overnight 

at 90 °C under argon. The black precipitate was removed by filterati<?n and ethyl acetate 

(40 rriL) was added to the mixture. The organic layer was washed twice with H20, dried 

over MgS04 and the solvent was evaporated in vacuo. Purification by column 

chromatography (silica gel eluted by 0-50% DCM in hexane) yielded 48a (0.30 g, 68%) as 

a clear viscous oil, which in time turned into a white solid. 

M.p.: 87-88 °C. 1H NMR (400 MHz, CDCh): 8 10.06 (lH, s), 7.88-7.85 (4H, m), 7.78 (2H, 

d, J= 7.6 Hz), 2.06-1.99 (4H, m), 1.40 (12H, s), 1.11-0.97 (12H, m), 0.74 (6H, t, J= 7.0 

Hz), 0.60-0.48 (4H, m). 13C NMR (100 MHz, CDCh): 8 192.3, 152.1, 151.3, 147.3, 142.4, 

135.7, 133.9, 130.3, 129.1, 123.2, 120.4, 120.2, 83.9, 55.4, 40.0, 31.4, 29.5, 24.9, 23.7, 

22.5, 13.9. HRMS, calc. for C32H45B03 488.3462; found 488.3459. C32H4sB03: calc. C 

78.68, H 9.28; found C 78.39, H 9.57. 

- Br-Fl2-CHO (47b) 

Br 

2,7-Dibromo-9,9-dihexyl-9H-fluorene136 45 (1.2 g, 2.4 mmol), BE-Fl-CHO 48a (0.4 g, 0.8 

mmol), K2C03 (0.9 g, 6.5 mmol) and PdCh(PPh3)2 (0.02 g) were reacted via standard 

Suzuki-Miyaura cross-coupling and purified using 0-100% DCM in hexane as eluent to 

yield 47b (0.34 g, 54%) as a white solid. 

M.p.: 124-125 °C. 1H NMR (400 MHz, CDCh): 8 10.08 (lH, s), 7.91-7.84 (4H, m), 7.76 

(lH, d, J= 8.0 Hz), 7.69-7.57 (5H, m), 7.50-7.46 (2H, m), 2.12-1.92 (8H, m), 1.18-0.98 

(24H, m), 0.80-0.58 (20H, m). 13C NMR (100 MHz, CDCh): 8 192.3, 153.3, 153.0, 151.8, 

151.2, 147.2, 142.2, 140.5, 139.7, 139.7, 138.8, 135.3, 130.6, 130;1, 126.5, 126.4, 126.3, 
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123.2, 121.6, 121.5, 121.3, 121.2, 120.1, 120.0, 55.6, 55.5, 40.3, 40.2, 31.4, 29.60, 29.57, 

23.80, 23.75, 22.54, 22.51, 13.98, 13.95. HRMS, calc. for C51 H65Br0 772.4219; found 

772.4221. C51 H65Br0: calc. C 79.14, H 8.46; found C 79.19, H 8.51. 

Br-Fh-CHO 47b (0.50 g, 0.7 mmol) and bis(pinacolato)diboron (0.42 g, 1.7 mmol) were 

degassed in DMF (10 mL) together with KOAc (0.50 g, 5.1 mmol) for 30 min. A catalytic 

amount of Pd(OAc )2 (ca. 15 mg) was added and the reaction mixture was stirred overnight 

at 90 oc under argon. The black precipitate was removed by filtration and ethyl acetate ( 40 

mL) was added to the mixture. The organic layer was washed twice with H20, dried over 

MgS04 and the solvent was evaporated in vacuo. Purification by column chromatography 

(silica gel eluted by 25% hexane in DCM) yielded 48b (0.26 g, 49%) as a yellow viscous 

oil. 
1H NMR (400 MHz, CDCh): o 10.08 (lH, s), 7.92-7.58 (12H, m), 2.11-1.99 (8H, m), 1.40 

(12H, s), 1.18-0.98 (24H, m), 0.79-0.58 (20H, m). 13C NMR (100 MHz, CDCh): o 192.3, 

153.0, 152.2, 151.8, 150.2, 147.3, 143.6, 142.4, 140.6, 140.5, 138.7, 135.3, 133.8, 130.6, 

129.0, 126.5, 126.2, 123.2, 121.7, 121.6, 121.2, 120.4, 120.0, 119.1, 83.7, 55.4, 55.3, 40.2, 

31.4, 29.60, 29.56, 25.0, 23.8, 23.7, 22.52, 22.49, 14.0, 13.9. HRMS, calc. for C57HnBr03 

820.5966; found 820.5967. C57HnBrOr~H20: calc. C 82.48, H 9.47; found C 82.45, H 

9.58. 

- Fh-CHO (50a) 

9,9-Dihexyl-9H-fluorene-2-boronic acid 126 44 (150 mg, 0.40 mmol,), Br-Fl-CHO 47a (184 

mg, 0.42 mmol), K2C03 (392 mg, 2.85 mmol) and PdCh(PPh3)2 (40 mg) were reacted via 
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standard Suzuki-Miyaura cross-coupling. Purification using hexane/DCM (1: 1 v/v) as 

eluent yielded SOa (220 mg, 79%) as a yellow solid . 

. M.p.: 55-58 °C. 1H NMR (400 MHz, CDCh): o 10.08 (lH, s), 7.91-7.60 (lOH, m), 7.39-

7.30 (3H, m), 2.11-1.94 (8H, m), 1.15-1.00 (24H, m), 0.79-0.60 (20H, m). 13C NMR (100 

MHz, CDC13): 8 192.4, 152.9, 151.7, 151.5, 151.0, 147.3, 142.4, 140.7, 140.6, 139.9, 

138.6, 135.2, 130.6, 127.1, 126.8, 126.5, 126.1, 123.0, 122.9, 121.6, 121.4, 121.2, 120.0, 

119.9, 119.8, 55.4, 55.2, 40.3, 40.2, 31.4, 29.7, 29.6, 23.7, 22.54, 22.51, 14.00, 13.97. 

HRMS, calc. for Cs1H660 694.5114; found 694.5111. C51H660·H20: calc. C 85.90, H 9.61; 

found C 86.17, H 9.72. 

7-Bromo-9,9,9' ,9' -tetrahexyl-9H,9' H-[2,2']-bifluorenyl 126 49 (200 mg, 0.27 mmol), BE­

Fl-CHO 48a (130 mg, 0.27 mmol), K2C03 (300 mg, 2.17 mmol) and PdCh(PPh3)2 (0.01 g) 

were reacted via standard Suzuki-Miyaura cross-coupling and purified using 25-75% DCM 

in hexane as eluent to yield SOb (260 mg, 94%) as a yellow viscous oil. 
1H NMR (400 MHz, CDCh): o 10.08 (lH, s), 7.95-7.59 (16H, m), 7.40-7.28 (3H, m), 2.18-

1.97 (12H, m), 1.30-1.00 (36H, m), 0.98-0.60 (30H, m). 13C NMR (100 MHz, CDCh): o 
192.3, 153.0, 152.0, 151.8, 151.5, 151.0, 147.'3, 142.4, 140.8, 140.5, 140.4, 140.0, 139.8, 

138.7, 135.3, 130.6, 127.0, 126.8, 126.5, 126.3, 126.2, 126.1, 123.2, 122.9, 121.63, 121.57, 

121.5, 121.2, 120.03, 119.98, 119.9, 119.7, 55.43, 55.36, 55.2, 40.4, 40.3, 40.2, 31.5, 31.4, 

29.7, 29.63, 29.58, 23.8, 22.54, 22.51, 13.98, 13:95. HRMS, calc. for C76H980 1026.7618; 

found 1026.7620. C16H9sO: calc. C 88.83, H 9.61; found C 88.24, H 9.82. 
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7-Bromo-9,9,9' ,9' -tetrahexyl-9H,9' H-[2,2']-bifluorenyl 126 49 (115 mg, 0.15 mmol), BE­

Flz-CHO 48b (115 .mg, 0.14 mmol), K2C03 (155 mg, 1.12 mmol) and PdC!z(PPh3)2 (0.01 

g) were reacted via standard Suzuki-Miyaura cross-coupling and purified using 

hexane/DCM (1: 1 v/v) as eluent to yield 50c (53 mg, 28%) as a light yellow solid 

containing some impurities (:S·5%). Due to the low yield, compound 50c was used without 

further purification. 
1H NMR (300 MHz, CDCh): i5 10.12 (lH, s), 7.96-7.59 (22H, m), 7.40-7.28 (3H, m), 2.21-

. 13 
1.97 (16H, m), 1.38-1.00 (48H, m), 0.98-0.60 (40H, m). C NMR (75 MHz, CDCh): i5 

192.3, 153.0, 151.9, 151.8, 151.5, 151.0, 147.3, 142.4, 140.8, 140.7, 140.6, 140.49, 140.46, 

140.3, 140.1, 140.0, 139.9, 139.8, 138.7, 135.3, 130.6, 128.8, 127.2, 127.0, 126.8, 126.5, 

126.2, 126.0, 123.1, 122.9, 121.5, 121.4, 121.2, 120.04, 119.97, 119.9, 119.7, 55.41, 55.36, 

. 55.3, 55.2, 40.4, 40.2, 31.6, 31.4, 29.7, 29.6, 29.4, 23.8, 22.7, 22.6, 22.5, 13.99, 13.96. 

C60 (200 mg, 0.28 mmol), Fh-CHO 50a (49 mg, 0.07 mmol) and sarcosine (36 mg, 0.40 

mmol) were reacted via the general 1,3-dipolar cycloaddition procedure for 4 h. 

Purification using 30-100% CS2 in cyclohexane as eluent, followed by centrifugation 

yielded 51a (60 mg, 60%) as a black solid. 
1H NMR (300 MHz, CDCh): i5 8.10-7.95 (lH, s, br), 7.83-7.47 (9H, m), 7.38-7.29 (3H, 

m), 5.07 (2H, d, J= 10.0 Hz), 4.35 (lH, d, J= 9.5 Hz), 2.90 (3H, s), 2.32-1.80 (8H, m, br), 

0.77 (12H, t, J = 7.0 Hz), 1.30-0.12 (32H, m). 13C NMR (75 MHz, CDCh): i5 156.6, 154.4, 

154.10, 154.05, 152.2, 152.1, 151.4, 147.7, 146.8, 146.69, 146.66, 146.59, 146.56, 146.5, 

146.4, 145.96, 145.94, 145.80, 145.75, 145.71, 145.66, 145.6, 145.1, 144.83, 144.81, 

143.0, 142.7, 142.61, 142.59, 142.51, 142.47, 142.2, 142.1, 141.2, 140.77, 140.75, 140.63, 

140.58, 140.3, 127.2, 126.51, 126.45, 123.3, 121.8, 121.7, 120.5, 120.3, 120.1, 84.3, 70.4, 
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69.5, 55.7, 55.6, 40.8, 40.5, 32.0, 31.9, 30.1, 24.29, 24.25, 24.2, 23.1, 23.0, 14.6, 14.51, 

14.46. MALDI-TOF MS (mlz): 1443.1 (M++1). 
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- Fh-C6o (Slb) 

H 

C60 (175 mg, 0.24 mmol), Fb-CHO SOb (62 mg, 0.06 mmol) and sarcosine (25 mg, 0.28 

mmol) were reacted via the general 1 ,3-dipolar cycloaddition procedure for 4 h. 

Purification using 20-100% CS2 in cyclohexane as eluent, followed by centrifugation 

yielded Slb (60 mg, 57%) as a black solid. 
1H NMR (300 MHz, CDCh): 8 8.08-7.98 (lH, s, br), 7.85-7.45 (15H, m), 7.38-7.29 (3H, 

m), 5.07 (2H, d, J= 8.2 Hz), 4.36 (lH, d, J= 9.5 Hz), 2.91 (3H, s), 2.30-1.95 (12H, m, br), 

0.79 (18H, t, J = 6.4 Hz), 1.40-0.10 (48H, m). 13C NMR (75 MHz, CDCh): 8 152.20, 

152.16, 152.1, 151.9, 151.4, 147.7, 146.9, 146.74, 146.68, 146.64, 146.58, 146.55, 146.5, 

146.4, 146.2, 146.00, 145.95, 145.93, 145.88, 145.8, 145.74, 145.70, 145.66, 145.6, 145.1, 

144.82, 144.80, 143.5, 143.4, 143.1, 143.0, 142.7, 142.6, 142.49, 142.47, 142.3, 142.2, 

142.1, 141.2, 140.94, 140.87, 140.8, 140.7, 140.62, 140.57, 140.4, 140.3, 139.9, 136.3, 

136.2, 127.4, 127.2, 126.5, 126.4, 123.3, 121.9, 121.8, 121.7, 120.5, 120.4, 120.3, 120.1, 

84.3, 70.4, 69.4, 55.7, 55.6, 40.8, 40.7, 31.9, 31.8, 30.11, 30.05, 24.22, 24.18, 22.98, 22.96, 

14.6, 14.5. MALDI-TOF MS (m/z): 1774.8 (M++ 1). 

C6o (100 mg, 0.14 mmol), Fl4-CHO SOc (47 mg, 0.035 mmol) and sarcosine (20 mg, 0.22 

mmol) were reacted via the general 1,3-dipolar cycloaddition procedure for 4 h. 
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Purification using 50-100% CS2 in cyclohexane as eluent, followed by centrifugation 

yielded Slc (30 mg, 41 %) as a black solid. 
1H NMR (300 MHz; CDCh + CS2): 8 8.09-8.00 (lH, s, br), 7.85-7.55 (21H, m), 7.35-7.30 

(3H, m), 5.07 (2H, d, J= 9.0 Hz), 4.36 (lH, d, J= 10.1 Hz), 2.91 (3H, s), 2.31-1.97 (16H, 

m, br), 0.81 (24H, t, J = 6.5 Hz), 1.45-0.15 (64H, m). 13C NMR (75 MHz, CDCh + CS2): 8 

152.2, 151.8, 151.4, 147.7, 147.2, 146.9; 146.8, 146.72, 146.67, 146.61, 146.57, 146.56, 

146.4, 146.2, 146.1, 145.97, 145.95, 145.83, 145.75, 145.71, 145.68, 145.6, 145.1', 144.9, 

144.8, 143.6, 143.4, 143.1, 143.0,142.7, 142.6, 142.5, 142.4, 142.2, 142.1, 142.0, 141.3, 

141.2, 141.0, 140.9, 140.8, 140.73, 140.65, 140.6, 140.5, 140.43, 140.37, 140.3, 139.9, 

137.2, 136.3, 136.2, 127.4, 127.2, 126.6, 126.5, 123.3, 121. 9, 121.8, 121.7, 120.6, 120.43, 

120.35, 120.2, 84.3, 70.4, 69.3, 55.7, 55.6, 40.9, 40.5, 32.3, 32.1, 32.0, 30.2, 24.4, 24.3, 

23.1, 14.7, 14.5. MALDI-TOF MS (m/z): 2107.9 (M++1, 9%), 1387.6 (M+-C60+1, 100%), 

1302.4 (34%). 

- CHO-Flz-CHO (52a) 

Br-Fl-CHO 47a (350 mg, 0.79 mmol), BE-Fl-CHO 48a (370 mg, 0.76 mmol), K2C03 (830 

mg, 6.01 mmol) and 0.01 g PdCb(PPh3)2 (0.0 1 g) were reacted via standard Suzuki­

Miyaura cross-coupling. Purification using 50-100% DCM in hexane as eluent yielded 52 a 

(370 mg, 68%) as a pale yellow solid. 

M.p.: 126-127 °C. 1H NMR (400 MHz, CDCh): 8 10.09 (2H, s), 7.93-7.81 (8H, m), 7.70 

(2H, dd, J = 1.6 & 8.0 Hz), 7.65 (2H, d, J =. 1.2 Hz), 2.13-2.04 (8H, m), 1.15-0.99 (24H, 

m), 0.76 (12 H, t, J= 7.0 Hz), 0.79-0.59 (8H, m). 13C NMR (100 MHz, CDCh): 8 192.3, 

153.1, 151.8, 147.1, 141.9, 139.1, 135.4, 130.6, 126,6, 123.2, 121.7, 121.3, 120.1, 55.5, 

40.2, 31.4, 29.5, 23.8, 22.5, 13.9. HRMS, calc. for C52H6602 722.5063; found 722.5070. 

Cs2H6602: calc. C 86.37, H 9.20; found C 86.52, H 9.34. 
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- CHO-Fl3-CHO (52b) 

K2C03 (140 mg, 1.01 mmol), 2,7-bis(4,4,5,5-tetramethyl-1 ,3,2-dioxaborolan-2-yl)-9,9-

dihexyl-9H-fluorene135 46 (75 mg, 0.13 mmol), Br-Fl-CHO 47a (140 mg, 0.32 mmol) and 

PdCh(PPh3)2 (0.0 I g) were reacted via standard Suzuki-Miyaura cross-coupling. 

Purification using I 0% ethyl acetate in PE 40-60 as eluent yielded 52b (80 mg, 59%) as a 

yellow solid. 

M.p.: 65-67 oc. 1H NMR (400 MHz, CDCb): 8 I0.09 (2H, s), 7.93-7.82 (IOH, m), 7.75-

7.62 (8H, m), 2.15-2.03 (12H, m), 1.18-1.01 (36H, m), 0.93-0.62 (30H, m). 13C NMR (100 

MHz, CDCh): 8 192.3, I53.0, I51.9, 151.8, I47.3, 142.3, 140.3, I40.2, 138.7, 135.3, 

I30.6, I26.5, I26.3, 123.2, I21.63, 121.60, 121.2, 120.1, I20.0, 55.4, 40.3, 40.2, 31.43, 

31.4I, 29.60, 29.57, 23.8, 22.5, 13.96, I3.93. HRMS, calc. for C77H980 2 I054.7567; found 

1054.7566. CnH9s02: calc. C 87.6I, H 9.36; found C 86.97, H 9.39. 

- CHO-Fl5-CHO (52c) 

K2C03 (140 mg, 1.01 mmol), 2, 7 -bis( 4,4,5,5-tetramethyl-1 ,3 ,2-dioxaborolan-2-yl)-9,9-

dihexyl-9H-fluorene135 46 (75 mg, 0.13 mmol), Br-Fh~CHO 47b (250 mg, 0.32 mmol) and 

PdCh(PPh3)2 (0.0 1 g) were reacted via standard Suzuki-Miyaura cross-coupling. 

Purification using I 0% ethyl acetate in PE 40-60 as eluent yielded 52c (90 mg, 41%) as a 

light yellow viscous oil. 
1H NMR (400 MHz, CDCh): 8 I0.08 (2H, s), 7.93-7.56 (26H, m), 7.50-7.25 (4H, m), 2.I6-

1.92 (20H, m), 1.20-0.96 (60H, m), 0.89-0.58 (SOH, m). 13C NMR (100 MHz, CDCh): 8 

129.3, 153.3, 153.0, 151.8, 151.2, 147.2, 142.2, 140.6, I39.7, 138.8, I35.4, I30.6, .I30.I, 

126.5, I26.4, 126.3, 123.2, 121.6, 121.5, I2I.3, I21.2, 120.1, 55.6, 55.5, 40.3, 40.2, 31.4, 

3l.I, 29.7, 29.60, 29.57, 23.8I, 23.75, 22.54, 22.51, 13.98, I3.95. HRMS, calc. for 

CmH16202 1719.2575; found 1719.2660. 
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C6o (775 mg, 1.08 mmol), CHO-Fh-CHO 52a (1 08 mg, 0.15 mmol) and sarcosine (96 mg, 

1.08 mmol) were reacted via the general 1,3-dipolar cycloaddition procedure for 15 h. 

Purification using 0-100% CHCh in CS2 as eluent, followed by centrifugation yielded 53 a 

(230 mg, 77%) as a black solid. 
I H NMR (300 MHz, CDCh + CS2): 8 8.10-7.90 (2H,s, br), 7.90-7.40 (lOH, m), 5.04 (4H, 

d, J = 9.2 Hz), 4.35 (2H, d, J = 9.6 Hz), 2.90 (6H, s, br), 2.35-1.85 (8H, m, br), 1.30-0.10 

(44H, m, br). 13C NMR (75 MHz , CDCh + CS2): 8 156.6, 154.4, 154.0, 153.9, 152.0, 

147.7, 147.2, 146.9, 146.8, 146.72, 146.69, 146.64, 146.58, 146.56, 146.4, 146.2, 146.1, 

146.01, 145.97, 145.9, 145.8, 145.72, 145.69, 145.6, 145.2, 144.94, 144.87, 144.8, 143.6, 

143.5, 143.2, 143.1, 142.7, 142.63, 142.58, 142.5, 142.3, 142.2, 142.0, 141.8, 141.2, 

140.72, 140.66, 140.4, 139.9, 137.1, 136.4, 136.3, 136.2, 126.8, 121.7, 120.7, 84.3, 70.5, 

69.4, 55.6, 41.4, 40.5, 32.6, 32.5, 30.9, 30.6, 24.7, 24.6, 23.8, 23.6, 15.04, 14.96. 

C60 (278 mg, 0.39 mmol), CHO-Fl3-CHO 52b (47 mg, 0;045 mmol) and sarcosine (37 mg, 

0.42 mmol) were reacted via the general 1 ,3-dipolar cycloaddition procedure for 15 h. 

Purification using 0-50% CHCh in CS2 as eluent, followed by centrifugation yielded 53b 

(92 mg, 81 %) as a black solid. 
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1H NMR (300 MHz, CDC13): & 8.14-7.92 (2H, s, br), 7.92-7.40 (16H, m), 5.07 (4H, d, J= 

9.6 Hz), 4,36 (2H, d, J= 8.0 Hz), 2.92 (6H, s, br), 2.35-1.80 (12H, m, br), 0.79 (18H, t, J= 
13 . 

6.4 Hz), 1.35-0.10 (48H, m, br). C NMR (75 MHz, CDCh): & 156.6, 154.4, 154.0, 153.9, 

152.1, 152.0, 147.7, 147.3, 147.0, 146.8, 146.72, 146.69, 146.63, 146.58, 146.56, 146.4, 

146.2, 146.1, 146.0, 145.92, 145.86, 145.8, 145.73, 145.69, 145.66, 145.6, 145.2, 144.93, 

144.87, 144.8, 143.6, 143.5, 143.2, 143.1, 142.74, 142.65, 142.62, 142.57, 142.5, 142.4, 

142.21, 142.17, 142.0, 141.8, 141.2, 140.9, 140.7, 140.6, 140.4, 140.3, 139.9, 137.1, 136.4, 

136.3, 136.1, 126.7, 121.8, 121.7, 120.6, 120.5, 84.3, 70.5, 69.5, 55.7, 41.2, 41.1, 40.5, 

32.4, 32.3, 32.2, 30.4, 24.5, 23.6, 23.4, 23.3, 14.84, 14.75, 14.7. 

C6o (200 mg, 028 mmol), CHO-Fl5-CHO 52c (60 mg, 0.04 mmol) and sarcosine (25 mg, 

0.28 mmol) were reacted via the general 1,3-dipolar cycloaddition procedure for 15 h. 

Purification using 0-100% CHCh in CS2 as eluent, followed by centrifugation yielded 53c 

(29 mg, 26%) as a black solid. 
1H NMR (300 MHz, CDCh): & 8.10-7.90 (2H, s, br), 7.90-7.40 (28H, m), ~.05 (4H, d, J= 

7.8 Hz), 4.34 (2H, d, J = 9.5 Hz), 2.90 (6H, s, br), 2.35-1.90 (20H, m, br), 0.78 (30H, t, J = 

6.8 Hz), 1.30-0.10 (SOH, m, br). 13C NMR (75 MHz, CDCh): 8 154.4, 153.9, 153.6, 152.1, 

151.5, 147.7, 147.2, 146.9, 146.74, 146.68, 146.64, 146.58, 146.55, 146.5, 146.4, 146.2, 

145.99, 145.95, 145.92, 145.87, 145.8, 145.74, 145.70, 145.65, 145.6, 145.1, 144.82, 

144.79, 143.5, 143.4, 143.1, 143.0, 142.7, 142.6, 142.49, 142.46, 142.3, 142.2, 142.0, 

141.7, 141.3, 140.61, 140.57, 140.5, 140.3, 140.2, 139.8, 139.6, 137.0, 136.3, 136.2, 130.4, 

126.7, 126.6, 126.5, 121.8, 121.7, 121.5, 121.4, 120.5, 120.4, 84.3, 70.4, 69.4, 55.9, 55.7, 

40.9, 40.7, 40.5, 32.0, 31.8, 30.1, 30.0, 24.2, 24.1, 23.2, 23.02, 22.97, 14.6, 14.5, 14.4. 
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7.4 Experimental Procedures for Chapter 3 

- exTTF-Fl-CHO (56a) 

2-Iodo-9, I 0-bis(l ,3-dithiol-2-ylidene)-9, I O-dihydroanthracene150 55 (112 mg, 0.2 mmol), 

BE-Fl-CHO 48a (98 mg, 0.2 mmol), K2C03 (2IO mg, 1.6 mmol) and PdCh(PPh3)z (O.OI 

g) were reacted via standard Suzuki-Miyaura cross-coupling. Purification using toluene as 

eluent yielded 56a (77 mg, 52%) as an orange solid. 
1H NMR (300 MHz, CDCb): 8 I0.08 (lH, s), 8.02 (IH, d, J= 1.8 Hz), 7.9I-7.82 (5H, m), 

7.77- 7.68 (4H, m), 7.65-7.6I(lH, dd, J = 1.8 & 8.2 Hz), 7.33-7.29 (2H, m), 6.34 (2H, s), 

6.33 (2H, s), 2.08 (4H, dd, J = 7.3 & 9.0 Hz), l.I4- 1.06 (12H, m), 0.78-0.65 (12H, m). 
13C NMR (75 MHz, CDC13): 8 I92.8, 153.3, 147.7, I41.8, I39.2, I39.0, I36.4I, I36.37, 

136.3, 135.0, 131.1, 126.7, 126.50, 126.46, 125.9, 125.4, 125.0, 124.1, 123.5, 122.6, 122.3, 

122.0, 121.8, 120.4, 117.8, I17.7, 117.6, 117.5, 55.8, 40.7, 31.9, 30.1, 30.0, 24.2, 23.0, 

14.4. ESI-MS (mlz): 765 (M++ Na+). 

- exTTF-Fl2-CHO (56b) 

2-Iodo-9, 1 0-bis(l ,3-dithiol-2-ylidene )-9, I 0-dihydroanthracene 150 55 ( 43 mg, 0.09 mmol), 

BE-Fh-CHO 48b (70 mg, 0.09 mmol), K2C03 (100 mg, 0.72 mmol) and PdCb(PPh3)2 

(0.0 1 g) were reacted via standard Suzuki-Miyaura cross-coupling. Purification using 20% 

cyclohexane in toluene as eluent yielded 56b (60 mg, 66%) as an orange solid. 
1H NMR (300 MHz, CDCb): 8 10.09 (lH, s), 8.03 (lH, d, J= 1.9 Hz), 7.94-7.80 (7H, m), 

7.78-7.6I (9H, m), 7.36-7.30 (2H, m), 6.35 (4H, s, br), 2.15-2.05 (8H, m, br), 1.20-1.02 
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(24H, m, br), 0.77 (12H, t, J= 6.8 Hz), 0.84-0.64 (8H, m, br). 13C NMR (75 MHz, CDCh): 

() 192.8, 153.4, 152.4, 152.2, 152.1, 147.7, 142.8, 140.8, 140.4, 140.2,-139.5, 139.1, 136.3, 

135.6, 131.1, 126.9, 126.7, 126.4, 125.8, 125.4, 124.9, 123.5, 121.9, 121.6, 120.6, 120.4, 

117.7, 117.6, 55.8, 55.7, 40.6, 31.90, 31.85, 30.1, 30.0, 24.3, 24.2, 23.0, 22.9, 14.43, 14.40. 

MALDI-TOF MS (m/z): 1072.5 (M+). 

- exTTF-Fl-C60 (57a) 

C6o (400 mg, 0.55 mmol), exTTF-Fl-CHO 56a (100 mg, 0.13 mmol) and sarcosine (90 mg, 

1.0 mmol) were reacted via the 1,3-dipolar cycloaddition procedure (under argon and 

protected against light) for 4 h. The reaction mixture was purified in the evening under 

dimmed light. During purification it was protected with aluminium foil against light and 

kept under argon as much as possible. Column chromatography using CS2/cyclohexane 

(1: 1 v/v) as eluent yielded 57 a (53 mg, 27%) as a black solid. 
1H NMR (500 MHz, CDC13): 8 8.02 (2H, s, br), 7.81 (lH, d, J= 8.1 Hz), 7.77 (lH, d, J= 

7.9 Hz) 7.75 (2H, dd, J = 3.1 & 5.6 Hz), 7.65 (lH, d, J = 8.1 Hz), 7.62 (2H, m), 7.37 (lH, 

m), 7.32 (3H, m), 6.34 (4H, s, br), 5.06 (2H, d, J= 10.0 Hz, br), 4.34 (lH, d, J= 9.4 Hz), 

2.91 (3H, s), 2.03 (4H, s, br), 1.3-0.5(22 H, m, br). 13C-NMR (125 MHz, CDC13): 8 156.2, 

153.5, 151.6, 147.3, 146.8, 146.5, 146.3, 146.23, 146.20, 146.14, 146.11, 146.08, 145.9, 

145.7, 145.6, 145.51, 145.49, 145.4, 145.34, 145.29, 145.25, 145.2, 145.1, 144.7, 144.4, 

143.1, 143.0, 142.7, 142.5, 142.2, 142.14, 142.13, 142.05, 142.0, 141.9, 141.8, 141.7, 

141.5, 141.3, 140.2, 140.1, 140.0, 139.8, 139.4, 139.0, 136.6, 135.91, 135.85, 135.8, 135.5, 

135.32, 135.29, 134.2, 129.7, 128.6, 126.01, 125.98, 125.9, 125.4, 125.0, 124.4, 123.6, 

122.3, 122.0, 121.3, 120.1, 117.2, 117.1, 83.9, 70.0, 69.0, 55.3, 40.6, 40.0, 31.7, 31.6, 29.8, 

23.9, 22.8, 22.6, 14.1. MALDI-TOF MS (m/z): 1504.3 (M++ 1). 
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- ex'fTF-Fh-C60 (57b) 

exTTF-Fh-C6o (57b) 

· C6o (280 mg, 0.4 mmol), exTTF-Fb-CHO 57 (107 mg, 0.1 mmol) and sarcosine (40 mg, 

0.5 mmol) were reacted via the 1,3-dipolar e:ycloaddition procedure (under argon and 

protected against light) for 4 h. The reaction· mixture was purified in the evening under 

dimmed light. During purification it was protected with aluminium foil against light and 

kept under argon as much as possible. Column chromatography using CS2, followed by 

toluene as eluent yielded 57b (44 mg, 24%) as a black solid. 
1H NMR (500 MHz, CDCh): 8 8.03 (2H, d, J= 1.7 Hz), 7.91-7.52 (15H, m, br), 7.35-

7.29 (2H, m), 6.33 (4H, m), 5.06 (1H, s), 5.04 (lH, d, J= 10.5 Hz), 4.33 (lH, d, J= 10.5 

Hz), 2.90 (3H, s, br), 2.08 (8H, s, br) 1.25- 0.98 (22H, m, br), 0.95-0.60 (22H, m, br). 13C 

NMR (125 MHz, CDCl3): 8 154.4, 154.1, 153.9, 152.3, 152.13, 152.09, 147.7, 147.2, 

146.9, 146.73, 146.67, 146.63, 146.57, 146.53, 146.50, 146.3, 146.2, 146.0, 145.94, 

145.91, 145.88, 145.8, 145.72, 145.68, 145.64, 145.55, 145.1, 144.9, 144.81, 144.78, 

143.5, 143.4, 143.1, 143.0, 142.7, 142.57, 142.55, 142.5, 142.4, 142.3, 142.2, 142.1, 142.0, 

141.7, 141.1, 140.8, 140.60, 140.56, 140.5, 140.4, 140.33, 140.28, 140.0, 139.8, 139.6, 

137.1, 137.0, 136.33, 136.31, 136.25, 136.1, 136.0, 135.8, 135.7, 134.6, 129.2, 127.6, 

126.6, 126.51, 126.47, 126.4, 125.9, 125.4, 125.2, 124.9, 124.1, 122.7, 122.4, 122.0, 121.9, 

121.8, 121.7, 120.5, 120.4, 117.7, 117.6, 84.3, 70.5, 69.5, 68.4, 55.73, 55.68, 41.0, 40.8, 

40.5, 32:1, 32.0, 31.9, 30.2, 26.1, 24.3. 
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Compound 58 was obtained when the reaction was exposed to light and air during the 

reaction and purification. 
1H NMR (300 MHz, CDCh): 8 8.63 (lH, d, J= 1.9 Hz), 8.43-8.31 (3H ,m), 8.10 (lH, d, J 

= 3.0 Hz), 7.87-7.60 (14H, m), 5.05 (2H, d, J= 9.0 Hz), 4.34 (1H, d, J= 9.0 Hz), 2.89 (3H, 
. 13 

s, br), 2.17-2.00 (8H, m, br), 1.25-0.10 (24H, m, br), 0.74 (12H, t, J= 6.0 Hz). C NMR 

(75 MHz, CDCh): 8 193.0, 183.9, 183.3, 156.6, 154.4, 154.0, 152.5, 152.4, 147.8, 147.7, 

146.74, 146.68, 146.64, 146.58, 146.55, 146.5, 146.4, 145.99, 145.95, 145.9, 145.8, 

145.73, 145.70, 145.65, 144.82, 144.79, 143.1, 143.0, 142.7, 142.59, 142.57, 142.49, 

142.46, 142.3, 142.2, 141.8, 141.4, 140.6, 139.9, 138.3, 138.0, 134.5, 134.3, 134.13, 

134.06, 132.8, 132.3, 128.5, 127.73, 127.67, 126.5, 125.9, 122.0, 121.9, 120.8, 84.3, 70.5, 

69.5, 55.9, 55.8, 40.8, 40.5, 32.0, 31.9, 30.1, 24.2, 23.04, 22.97, 14.6, 14.5, 14.4. MALDI­

TOF MS (m/z): 1647.6 (M+). 

- 2-( 4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-9,1 O-bis(1,3-dithiol-2-

ylidene )-9,1 0-dihydroanthracene (59) 

2-Iodo-9,10-bis(1,3-dithiol-2-ylidene)-9,10-dihydroanthracene150 55 (75 mg, 0.15 mmol) 

and bis(pinacolato)diborori. (216 mg, 0.85 mmol) were degassed in DMF (15 mL) together 

with KOAc (125 mg, 1.28 mmol) for 30 min. A catalytic amount of Pd(OAc)2 (ca. 5 mg) 

was added and the reaction mixture was stirred for 1 h at 60 oc under argon. The black 

precipitate was filtered off and ethyl acetate ( 40 mL) was added to the mixture. The 

organic layer was washed twice with H20, once with brine, dried over MgS04 and the 

solvent was evaporated in vacuo. Purification by column chromatography (silica gel eluted 

by 0-9% ethyl acetate in toluene/cyclohexane [4:1]) yielded 59 (45 mg, 60%) as a yellow 

solid containing some impurities (:S 5%). Due to the small quantity of product, compound 

61 was used without further purification. 
1H NMR (400 MHz, CDCh): () 8.18 (lH, s), 7.75-7.65 (4H, m), 7.32-7.25 (2H, m), 6.32-

6.26 (4H, m), 1.36 (12H, d, J = 4.0 Hz). 13C NMR (125 MHz, CDC13): 8 137.8, 136.4, 
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135.5, 135.4, 135.2, 134.6, 132.5, 131.3, 129.0, 128.2, 125.9, 125.3, 124.9, 124.2, 122.2, 

122.1, 117.4, 117.3, 117.1, 116.9, 83.7, 25.0, 24.8. HRMS, calc. for C26H23B02S4 

506.0674; found 506.0677. 

- Br-Fl4-CHO (61) 

7 7"-Dibromo-9 9 9' 9' 9" 9"-hexahexyl-9H9'H9"H-[2 2' 7' 2"]terfluorene151 60 (360 
' ' ' ' ' ' ' ' ' ' ' 

mg, 0.31 mmol), BE-Fl-CHO 48a (135 mg, 0.28 mmol), K2C03 (305 mg, 2.21 mmol) and 

PdCb(PPh3)2 (0.02 g) were reacted via standard Suzuki-Miyaura cross-coupling and 

purified using 0-100% ethyl acetate in hexane as eluent to yield 61 (60 mg, 15%) as a light 

yellow viscous oil containing some impurities (:S 5%). Due to the low yield, compound 61 

was used without further purification. 
1H NMR (400 MHz, CDCh): 8 10.10 (lH, s), 7.96-7.34 (24H, m), 2.22-1.88 (16H, m), 

1.25-0.50 (88H, m). 13C NMR (125 MHz, CDCh): 8 192.4, 153.0, 152.3, 151.8, 147.3, 

142.3, 141.9, 141.7, 141.4, 140.7, 140.5, 140.2, 140.1, 140.0, 138.7, 135.2, 132.2, 132.1, 

131.9, 130.7, 128.8, 128.5, 128.4, 127.2, 126.7, 126.5, 126.3, 126.2, 123.1, 12!.'6, 121.5, 

121.2, 120.0, 55.4, 55.3, 40.3, 40.2, 31.4, 29.63, 29.57, 23.8, 22.5, 14.0. HRMS, calc. for 

C10 1H129Br0 1436.9227; found 1436.9225. 
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7.5 Experimental Procedures for Chapter 4 

- 5-( 4-Bromophenyl)-1 0,15,20-tris( 4-t-butylphenyl)porphyrin (63a) 

Br 

(tBuPh)J-H2P-Ph-Br 

Pyrrole (5.5 mL, 80 mmol), 4-t-butylbenzaldehyde (9.7 g, 60 mmol) and 4-, 

bromobenzaldehyde (3.7 g, 20 mmol) were heated at reflux in propionic acid (200 mL) for 

3 h. The mixture was allowed to cool to room temperature and the precipitate obtained was 

isolated by filtration. The crude product was purified by column chromatography (silica 

gel eluted by 50% DCM in hexane) to yield porphyrin-mixture 63 (2.5 g, 3-4%) as a dark 

blue/purple solid. Porphyrin-mixture 63 contained 5-( 4-bromophenyl)-1 0, 15,20-tris( 4-t­

butylphenyl)-porphyrin (63a) and 5, I 0, 15,20-tetrakis( 4-t-butylphenyl)porphyrin (64, ratio 

:::: 1: 1) and traces of other porphyrin side-products. 63a could not be separated from the 

side-products by column chromatography; therefore the mixture was used as obtained 

without further purification. 

M.p.: > 300 °C. MALDI-TOF MS (m/z): 884.1 (32%), 862.3 (M++2, 63a, 98%), 838.5 

(M+, 64, 100%). 
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- 5,10,15,20-Tetrakis( 4-t-butylphenyl)porphyrin (64) 

Pyrrole (0.5 mL, 7.2 mmol) and 4-t-butylbenzaldehyde (1.2 mL, 7.2 mmol) were refluxed 

in propionic acid (1 0 mL) for 3 h. The mixture was allowed to cool to room temperature 

and the obtained precipitate was filtered off. The crude product was purified by column 

chromatography (silica gel eluted by 50% DCM in hexane) to yield 64 (310 mg, 5%) as a 

dark blue/purple solid. 

M.p.:> 300 °C. 1H NMR (700 MHz, CDCh): 8 8.88 (8H, s), 8.16 (8H, d, J= 8.1 Hz), 7.77 

(8H, d, J = 8.3 Hz), 1.62 (36H, s), -2.72 (2H, s). 13C NMR (175 MHz, CDCI3): 8 150.4, 
+ 139.3, 134.5, 123.6, 120.1, 34.9, 31.7. MALDI-TOF MS (m/z): 838.6 (M ). C6oH62N4: 

calc. c· 85'.88, H 7.45, N 6.68; found C 85.36, H 7.49, N 6.62. 

- 5,10,15,20-Tetrakis( 4-t-butylphenyl)porphyrin zinc(II) complex ( 65) 

Zinc acetate dihydrate (150 mg, 0.68 mmol) and 5,10,15,20-tetrakis(4-t­

butylphenyl)porphyrin 64 (11 0 mg, 0.13 mmol) were stirred together in degassed 

anhydrous chloroform (15 mL) at 62 °C for 3 h. The reaction mixture was filtered through 
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silica (eluent DCM) and removal of the solvent in vacuo gave 65 (115 mg, 98%) as a 

reddish-purple solid. 

M.p.:> 300 °C. 1H NMR (500 MHz, CDCb): 8 8.99 (8H, s), 8.16 (8H, d, J= 8.3 Hz), 7.76 

(8H, d, J= 8.3 Hz), 1.63 (36H, s). 13C NMR (125 MHz, CDCb): 8 150.3, 150.2, 139.8, 

134.3, 131.9, 123.4, 121.1, 34.9, 31.7, 31.6. MALDI-TOF MS (m/z): 900.5 (M+). 

C6oH6oN4Zn: calc. C 79.85, H 6.70, N 6.21; found C 79.68, H 6.86, N 6.12. 

- (tBuPh)rH2P-Ph-Fl-CHO (66a) 

0 

Porphyrin-mixture 63 (250 mg, excess), BE-Fl-CHO 48a (60 mg, 0.12 mmol), K2C03 (135 

mg, 0.96 mmol) and PdCb(PPh3)2 (0.01 g) were reacted via standard Suzuki-Miyaura 

cross-coupling. Purification using hexane/DCM (1:1 v/v) as eluent yielded 66a (45 mg, 

32%) as a dark blue/purple solid. 

M.p.: 146-149 °C. 1H NMR (700 MHz, CDCb): 8 10.13 (1H, s), 8.97-8.90 (8H, m), 8.36 

(2H, d, J= 7.8 Hz), 8.18 (6H, d, J= 7.8 Hz), 8.09"(2H, d, J= 7.8 Hz), 7.99-7.91 (6H, m), 

7.79 (6H, d, J= 7.8 Hz), 2.23-2.17 (4H; m), 1.63 (27H, s), 1.22-1.10 (12H, m), 0.82 (6H, t, 

J = 7.2 Hz), 0.80-0.69 (4H, m), -2.67 (2H, s). 13C NMR(175 MHz, CDCI3): 8 192.4, 

153.2, 151.8, 150.5, 147.3, 141.7, 141.4, 140.2, 139.2, 139.1, 135.3, 135.2, 134.51, 134.48, 

130.7, 126.6, 125.4, 123.61, 123.59, 123.1, 121.7, 121.5, 120.4, 120.3, 120.1, 119.3, 55.6, 

40.4, 34.9, 31.7, 29.7, 23.9, 22.6, 14.0. MALDI-TOF MS (mlz): 1142.7 (M+, 100%), 1086.6 

(39%). Cs2Hs6N40·2C6H14: calc. C 85.79, H 8.73; found C 85.30, H 8.21. 
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Porphyrin-mixture 63 (650 mg, excess), BE-Fh-CHO 48b (200 mg, 0.24 mmol), K2C03 

(300 mg, 2.17 mmol) and PdCh(PPh3)2 (0.01 g) were reacted viastandard Suzuki-Miyaura 

cross-coupling. Purification using hexane/DCM (1: 1 v/v) as eluent yielded 66b (20 mg, 

6%) as a dark blue/purple solid. 
1H NMR (500 MHz, CDCh): 8 10.11 (lH, s), 9.01-8.90 (8H, m), 8.37 (2H, d, J= 8.0 Hz), 

8.21-8.16 (6H, m), 8.11 (2H, d, J= 8.2 Hz), 7.99-7.87 (8H, m), 7.81-7.72 (10H, m), 2.26-

2.20 (4H, m), 2.15 (4H, t, J= 8.2 Hz), 1.64 (27H, s), 1.27-1.05 (24H, m), 0.90-0.66 (20H, 
13 . 

m), -2.66 (2H, s). C NMR (125 MHz, CDCb): 8 192.7, 153.3, 152.2, 152.0, 150.7, 147.6, 

142.6, 141.5, 140.8, 140.7, 140.6, 140.4, 140.0, 139.4, 139.0, 136.2, 135.5, 134.8, 134.7, 

130.9, 130.1, 126.8, 126.6, 125.6, 123.9, 123.3, 121.9, 121.8, 121.5, 120.63, 120.60, 120.5, 

120.4, 120.3, 119.7, 55.5, 55.4, 40.5, 40.2, 34.9, 31.7, 31.5, 29.8, 29.7, 29.6, 23.9, 23.8, 

22.6, 22.5, 14.1, 14.0. MALDI-TOF MS (m/z): 1475.8 (M+,100%), 1418.7 (49%). 
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- (tBuPh)J-ZnP-Ph-Fl-CHO (67a) 

tBu3Ph-H2P-Ph-Fl-CHO 66a (52 mg, 0.05 mmol) and zinc acetate dihydrate (60 mg, 0.27 

mmol) were stirred together in degassed anhydrous chloroform (15 mL) at 62 oc for 3 h. 

The reaction mixture was filtered through silica (eluent DCM) and removal of the solvent . 

in vacuo gave 67a (54 mg, 98%) as a reddish-purple solid. 

M.p.: 198-201 °C. 1H NMR (700 MHz, CDCh): 8 10.08 (lH, s), 9.09-8.93 (8H, m), 8.36 

(2H, d, J= 7.1 Hz), 8.19-8.07 (8H, m), 7.98-7.90 (6H, m), 7.78 (6H, d, J= 7.3 Hz), 2.22-

2.15 (4H, m), 1.64 (27H, s), 1.20-1.08 (12H, m), 0.81 (6H, t, J= 7.1 Hz), 0.79-0.70 (4H, 

m). 13C NMR (175 MHz, CDCb): 8 192.4, 153.2, 151.8, 150.4, 150.33, 150.28, 150.0, 

147.3, 142.3, 141.5, 134.0, 139.8, 139.1, 135.3, 135.1, 134.3, 132.2, 132.1, 131.7, 130.6, 

126.6, 125.3, 123.5, 123.1, 121.7, 121.5, 121.3, 120.1, 55.6, 40.4, 34.9, 31.7, 29.7, 23.9, 

22.6, 14.0. MALDI-TOF MS (m/z): 1228.4 (M++Na++ 1, 26%), 1204.8 (M+,100%), 1150.6 

(19%). 
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- (tBuPh)J-ZnP-Ph-Fh-CHO (67b) 

tBu3Ph-H2P-Ph-Fh-CHO 66a (20 mg, 0.01 mmol) and zinc acetate dihydrate (15 mg; 0.07 

mmol) were stirred together in degassed anhydrous chloroform (15 mL) at 62 oc for 3 h. 

The reaction mixture was filtered through silica (eluent DCM) and removal of the solvent 

in vacuo gave 67b (20 mg, 96%) as a reddish-purple solid. 
1H NMR (500 MHz, CDC h): o 10.07 (lH, s), 9.09-8.92 (8H, m), 8.36 (2H, d, J = 7.3 Hz), 

8.22-8.09 (8H, M), 7.98-7.85 (8H, m), 7.82-7.68 (lOH, m), 2.27-2.17 (4H, m), 2.13 (4H, t, 

J= 8.2 Hz), 1.64 (27H, s), 1.27-1.05 (24H, m), 0.89-0.67 (20H, m). 13C NMR (125 MHz, 

CDCb): o 192.4, 153.0, 152.0, 151.9, 151.8, 150.4, 150.3, 150.1, 147.3, 142.4, 141.9, 

140.5, 140.4, 140.2, 140.1, 139.8, 138.7, 135.2; 135.1, 134.3, 132.14, 132.05, 131.7, 130.6, 

126.5, 126.3, 125.2, 123.5, 123.1, 121.6? 121.2, 120.5, 120.3, 120.2, 120.0, 55.5, 55.4, 

40.5, 40.2, 34.9, 31.7, 31.5, 29.74, 29.70, 29.6, 23.9, 23.8, 22.6, 22.5, 14.1, 14.0. MALDI­

TOF MS (m/z): 1538.9 (M++2, 100%), 1482.8 (46%). 
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- (tBuPh)3-ZnP-Ph-Fl-C60 (68a) 

C6o (120 mg, 0.17 mmol), tBu3Ph-ZnP-Ph-Fl-CHO 67a (50 mg, 0.04 mmol) and sarcosine 

(20 mg, 0.22 mmol) were reacted via the general 1,3-dipolar cycloaddition procedure for 4 

h. Purification by column chromatography using CS2, followed by CS2/DCM (I: 1 v/v) as 

eluent and precipitation from hexane, yielded 68a (50 mg, 59%) as a dark brown solid. 
1H NMR (700 MHz, CDCh + 3 drops CS2): 8 9.07-8.90 (8H, m), 8.27-8.08 (8H, m), 8.02 

(2H, d, J= 7.6 Hz), 7.98-7.89 (3H, m), 7.85-7.82 (IH, m), 7.81-7.76 (7H, m), 7.49 (IH, s, 

br), 4.78 (2H, s, br), 4.07 (IH, s, br), 2.83 (3H, s, br), 2.34-2.00 (4H, m, br), 1.65 (27H, s), 

1.34-0.75 (16H, m, br), 0.67 (4H, s, br), 0.51 (IH, s, br), 0.24 (1H, s, br). 13C NMR (175 

MHz, CDCb + 3 drops CS2): 8 153.3, 153.2, 153.1, 151.8, 151.7, 150.4, 150.3, 150.14, 

150.05, 146.5, 145.8, 145.5, 145.4, 145.3, 145.1, 144.8, 144.6, 144.4, 144.3, 143.9, 143.7, 

142.0, 141.9, 141.84, 14L76, 141.6, 141.4, 141.3, 141.0, 140.9, 140.3, 140.1, 139.9, 139.7, 

139.5, 139.0, 135.7, 135.0, 134.3, 132.1, 132.0, 131.7, 126.2, 125.1, 123.5, 121.3, 121.2, 

120.5, 120.3, 83.7, 69.8, 68.5, 55.4, 40.0, 34.8, 31.7, 29.9, 24.0, 22.9, 22.7, 14.2, 14.1. 

MALDI-TOF MS (m/z): 1953.7 (M++2, 24%), 1233.8 (M+-C60+2, 46%), 1046.6 (28%), 

900.5 (100%). 

136 



Chapter 7 

- (tBuPh)3-ZnP-Ph-Fh-C60 (68b) 

C6o (40 mg, 0.06 mmol), tBu3Ph-ZnP-Ph-Fb-CHO 67b (20 mg, 0.01 mmol) and sarcosine 

(10 mg, 0.11 mmol) were reacted via the general 1,3-dipolar cycloaddition procedure for 4 

h. Purification using CS2, followed by CS2/DCM (1: I v/v) as eluent yielded 68b (25 mg, 

84%) as a dark brown solid. 
1H NMR (700 MHz, CDCh + 3 drops CS2): 8 9.12-8.91 (8H, m), 8.36-8.29 (2H, m), 8.27-

8.22 (lH, m), 8.21-8.07 (7H, m), 7.98-7.89 (4H, m), 7.86 (1H, d, J= 5.6 Hz), 7.81-7.75 

(7H, m), 7.74-7.59 (5H, m), 7.46 (lH, s, br), 4.87-4.76 (2H, m, br), 4.09-4.01 (lH, m, br), 

2.83 (3H, s, br), 2.27-1.96 (8H, m, br), 1.65 (27H, m), 1.33-0. 57 (42H, m, br), 0.42 (lH, s, 

br), 0.21 (lH, s, br). 13C NMR (175 MHz, CDCb + 3 drops CS2): 8 155.7, 153.4, 153.2, 

153.0, 151.9, 151.7, 151.6, 150.3, 150.2, 150.1, 146.5, 146.4, 145.9, 145.7, 145.6, 145.5, 

145.39, 145.36, 145.3, 145.2, 144.8, 144.6, 144.4, 144.0, 143.7, 142.0, 141.8, 141.71, 

171.68, 141.5, 141.43, 141.36, 141.2, 141.1, 141.0, 140.7, 140.5, 140.4, 140.0, 139.8, 

139.7, 139.5, 139.4, 139.1, 136.3, 136.1, 135.7, 135.6, 135.2, 135.1, 135.0, 134.6, 132.1, 

132.0, 131.8, 129.7, 126.3, 126.2, 126.1, 125.2, 123.5, 121.5, 121.4, 121.3, 120.5, 120.2, 

120.1, 83.6, 69.8, 68.6, 55.4, 55.2, 40.6, 39.9, 34.8, 31.7, 31.6, 29.9, 24.0, 22.7, 14.2, 14.1. 

MALDI-TOF MS (m/z): 2285.9 (M++2, 18%), 1587.8 (20%), 1565.1 (M+-C6o+1, 100%), 

1508.9 (45%). 
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- 5-(7-Brom o-9 ,9-dihexyl-9 H-fluoren-2-yl)-1 0, 15,20-tris( 4-t-butylphenyl)­

porphyrin (69) 

Br 

Pyrrole (2.8 mL, 40 mmol), 4-t-butylbenzaldehyde (5.0 mL, 30 mmol) and Br-Fl-CHO 47a 

(4.4 g, 10 mmol) were heated at reflux in propionic acid (150 mL) for 3 h. After 

evaporation of the solvent in vacuo, the reaction mixture was filtered through silica (eluent 

DCM) to yield a crude product mixture. Purification by column chromatography (silica gel 

eluted by 33% DCM in hexane) yielded (tBuPh)3-H2P-Fl-Br 69 (0.95 g, 9%) as a dark 

blue/purple solid. 

M.p.: 299-301 °C. 1H NMR (500 MHz, CDCh): 8 8.94-8.84 (7H, m), 8.62-8.49 (lH, m), 

8.23-8.00 (9H, m), 7.84-7.74 (7H, m), 7.64-7.58 (2H, m), 2.19-2.04 (4H, m), 1.67-1.62 

(27H, m), 1.26-1.13 (12H, m), 1.07-0.96 (2H, br, m), 0.96-0.86 (2H, br, m), 0.80 (6H, t, J 

= 6.9 Hz), -2.70 (2H, s). 13C NMR (125 MHz, CDCb): 8 153.5, 150.5, 148.7, 141.6, 140.0, 

139.5, 139.1, 136.8, 134.4, 133.8, 130.2, 129.6, 126.3, 123.6, 121.42, 121.35, 120.32, 

129.27, 120.1, 117.9, 55.7, 40.4, 34.9, 31.69, 31.67, 31.6, 29.7, 24.0, 22.6, 14.1. MALDI­

TOF MS (m/z): 1118.6 (M++2). C7sHs1BrN4: calc. C 80.55, H 7.30, N 5.01; found C 80.39, 

H 7.31, N 4.88. 
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- 5-(7-Bromo-9,9-dihexyl-9H-fluoren-2-yl)-1 0,15,20-tris( 4-t-butylphenyl)­

porphyrin zinc(II) complex (70) 

(tBuPh)3-H2P-Fl-Br 69 (122 mg, 0.11 mmol) and zinc acetate dihydrate (120 mg, 0.55 

· mmol) were stirred together in degassed anhydrous chloroform (15 mL) at 62 oc for 3 h. 

The reaction mixture was filtered through silica (eluent DCM) and removal of the solvent 

in vacuo gave 70 (126 mg, 98%) as a reddis~ purple solid. 

M.p.: > 300 °C. 1H NMR (500 MHz, CDCh): 8 9.06-8.98 (8H, m), 8.24-8.15 (8H, m), 

8.02-8.00 (lH, m), 7.82-7.76 (8H, m), 7.64 (lH, d, J= 1.6 Hz), 7.60 (lH, dd, J= 1.6 & 8.0 

Hz), 2.19-2.07 (4H, m), 1.69-1.59 (27H, m), 1.28-1.15 (12H, m), 1.10-1.00 (2H, br, m), 

0.98-0.88 (2H, br, m), 0.83 (6H, t, J = 6.7 Hz). 13C NMR (125 MHz, CDCb): 8 153.5, 

150.5, 150.32, 150.25, 150.1, 148.6, 142.2, 140.1, 139.8, 139.3, 134.3, 133.6, 132.11, 

132.08, 131.7, 130.2, 129.5, 126.3, 123.5, 121.4, 121.34, 121.27, 121.1, 117.8, 55.6, 40.4, 

34.9, 31.7, 31.6, 29.7, 24.0, 22.7, 14.1. MALDI-TOF MS (m/z): 1180.4 (M++2). 

C75H79BrN4Zn: calc. C 76.23, H 6.74, N 4.74; found.C 76.06, H 6.89, N 4.50. 
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(tBuPh)3-H2P-Fl-Br 69 (75 mg, 0.07 mmol), BE-Fl-CHO 48a (67 mg, 0.14 mmol), K2C03 

(310 mg, 2.25 mmol) and Pd(PPh3)4 (80 mg, 0.07 mmol) were stirred under argon in 

toluene (1 mL, degassed, dry) and DMF (2 mL, degassed, dry) at 105 oc for 6 h. The 

reaction mixture was filtered through silica (eluent DCM) and the solvent was evaporated 

in vacuo. Purification by column chromatography (silica gel eluted by 33-50% DCM in 

hexane) yielded 72b (60 mg, 64%) as a dark blue/purple solid. 

M.p.: 295-297 °C. 1H NMR (500 MHz, CDC13): 8 10.11 (lH, s), 8.95-8.86 (8H, m), 8.27-

8.23 (2H, m), 8.21-8.14 (6H, m), 8.12 (lH, d, J= 7.3 Hz), 8.07 (lH, d, J= 7.7 Hz), 7.96-

7.90 (4H, m), 7.84-7.74 (lOH, m), 2.22 (4H, t, J= 8.2 Hz), 2.15 (4H, t, J= 8.6 Hz), 1.66-

1.59 (27H, m), 1.26-0.65 (44H, m), -2.69 (2H, s). 13C NMR (125 MHz, CDCb): 8 192.7, 

153.3, 152.4, 152.1, 150.7, 149.7, 147.6, 142.6, 141.5, 140.9, 140.6, 140.3, 139.45, 139.43, 

139.0, 135.5, 134.7, 134.1, 130.9, 130.1, 126.8, 126.7, 123.9, 123.4, 121.9, 121.6, 120.7, 

120.6, 120.53, 120.52, 120.3, 118.2, 55.49, 55.45, 40.5, 40.2, 34.9, 31.7, 31.6, 31.5, 29.7, 

29.6, 24.1, 23.8, 22.61, 22.55, 14.1, 14.0. MALDI-TOF MS (m/z): 1398.9 (M+). 

CIOIHI14N40: calc. C 86.65, H 8.21, N 4.00; found C 86.63, H 8.44, N 3.77. 
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(tBuPh)3-H2P-Fl-Br 69 (75 mg, 0.07 mmol), BE-Fh-CHO 48b (220 mg, 0.27 mmol), . 

K2C03 (31 0 mg, 2.25 mmol) and Pd(PPh3)4 (80 mg, 0.07 mmol) were stirred under argon 

in toluene (1 mL, degassed, dry) and DMF (2 mL, degassed, dry) at I 05 °C for 3 h. The 

reaction mixture was filtered through silica (eluent DCM) and the solvent was evaporated 

in vacuo. Purification by column chromatography (silica gel eluted by 40% DCM in 

hexane) yielded 72c (52 mg, 45%) as a dark blue/purple solid. 

M.p.: 260-263 oc. 1H NMR (500 MHz, CDCh): () 10.10 (lH, s), 8.96-8.88 (8H, m), 8.28-
, . 

8.23 (2H, m), 8.22-8.15 (6H, m), 8.12 (lH, d, J= 7.5 Hz), 8.07.(1H, d, J= 7.8 Hz), 7.95-

7.82 (7H, m), 7.82-7.67 (13H, m), 2.30-2.05 (12H, m), 1.66-1.59 (27H, m), 1.26-1.00 

(36H, m), 0.87-0.65 (30H, m), -2.67 (2H, s). 13C NMR (175 MHz, CDCb): 8 192.4, 153.0, 

152.1, 151.92, 151.87, 151.8, 150.5, 149.4, 147.3, 142.4, 141.1, 140.8, 140.7, 140.5, 140.3, 

140.2, 140.0, 139.9, 139.23, 139.21, 138.7, 135.3, 134.5, 133.9, 130.6, 129.8, 127.9, 126.5, 

126.4, 126.3, 125.8, 123.6, 123.1, 121.62, 121.58, 121.2, 120.5, 120.34, 120.25, 120.12, 

120.08, 120.0, 117.9, 55.5, 55.43, 55.41, 40.5, 40.4, 40.2, 34.9, 31.71, 31.69, 31.6, 31.47, 

31.46, 29.8, 29.70, 29.67, 29.6, 24.1, 23.9, 23.8, 22.62, 22.56, 22.5, 14.1, 14.04, 13.99. 

MALDI-TOF MS (m/z): 1732.1 (M++1). C126H146N40·C6HI4: calc. C 87.17, H 8.87, N 

3.08; found C 86.88, H 8.73, N 2.88. 
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Chapter 7 

- (tBuPh)3-ZnP-Fh-CHO (73a) 

0 

(tBuPh)3-H2P-Fh-CHO 72b (73 mg, 0.05 mmol) and zinc acetate dihydrate (57 mg, 0.26 

mmol) were 'stirred together in degassed anhydrous chloroform (15 mL) at 62 oc for 3 h. 

The reaction mixture was filtered through silica (eluent DCM) and removal of the solvent 

in vacuo gave 73b (76 mg, 100%) as a reddish-purple solid. 

M.p.: 300-302 °C. 1H NMR (500 MHz, CDCh): 8 10.04 (1H, s), 9.09-9.01 (8H, m), 8.31-

8.26 (2H, m), 8.23-8.16 (6H, m), 8.13 (lH, d, J= 7.6 Hz), 8.07 (lH, d, J= 7.8 Hz), 7.97-

7.86 (4H, m), 7.84-7.76 (lOH, m), 2.25 (4H, t, J= 8.1 Hz), 2.21-2.10 (4H, m), 1.70-1.60 

(27H, m), 1.30-0.65 (44H, m). 13C NMR (125 MHz, CDCI3): 8 192.4, 153.0, 152.1, 151.8, 

150.40, 150.37, 150.3, 150.24, 150.20, 149.3, 147.3, 142.4, 141.9, 140.8, 140.2, 139.9, 

139.8, 138.7, 135.2, 134.33, 134.27, 133.6, 132.09, 132.05, 131.8, 130.7, 129.7, 126.6, 

126.4, 123.5, 123.1, 121.6, 121.4, 121.31, 121.27, 120.4, 120.0, 117.8, 55.49, 55.45, 40.5, 

40.2, 34.9, 31.7, 31.6, 31.5, 29.8, 29.7, 29.6, 24.1, 23.8, 22.64, 22.65,_14.1, 14.0. MALDI­

TOF MS (m/z): 1461.7 (M++1). C101 H112N40Zn·H20: calc. C 81.89, H 7.76, N 3.78; found 

C 82.12, H 8.08, N 3.49. 
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- (tBuPh)J-ZnP-FlrCHO (73b) 

(tBuPh)3-H2P-Fb-CHO 72c (52 mg, 0.03 mmol) and zinc acetate dihydrate (33 mg, 0.15 

mmol) were stirred together in degassed anhydrous chloroform (15 mL) at 62 oc for 3 h. 

The reaction mixture was filtered through silica (eluent DCM) and removal of the solvent 

in vacuo gave 73c (54 mg, 100%) as a reddish-purple solid. 

M.p.: 263-265 °C. 1H NMR (500 MHz, CDCb): 8 10.05 (1H, s), 9.09-9.02 (8H, m), 8.30-

8.26 (2H, m), 8.23-8.17 (6H, m), 8.13 (lH, d, J = 7.6 Hz), 8.08 (1H, d, J = 7.8 Hz), 7.94-

7.70 (20H, m), ,2.29-2.10 (12H, m), 1.68-1.61 (27H, m), 1.29-1.01 (36H, m), 0.95-0.65 

(30H, m). 13C NMR (125 MHz, CDCb): 8 192.4, 153.0, 152.1, 151.90, 151.86, 151.8, 

150.39, 150.36, 150.2, 149.2, 147.3, 142.4, 141.7, 140.72, 140.68, 140.5, 140.4, 140.02, 

139.98, 139.9, 139.8, 138.7, 135.2, 134.33, 134.27, 133.6, 132.1, 132.0, 131.8, 130.6, 

129.7, 126.5, 126.33, 126.28, 123.5, 123.1, 121.6, 121.5, 121.3, 121.2, 120.3, 120.12, 

120.07, 120.0, 117.8, 55.5, 55.4, 40.6, 40.4, 40.2, 34.9, 31.7, 31.6, 31.5, 29.8, 29.70, 29.68, 

29.6, 24.1, 23.9, 23.8, 22.7, 22.6, 22.5, 14.10, 14.06, 14.0. MALDI-TOF MS (m/z): 1794.2 

(M++ 1). C126H144N40Zn·C6H14: calc. C 84.24, H 8.46, N 2.98; found C 84.27, H 8.56, N 

2.59. 
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- (tBuPh)rZnP-Fh-C60 (74a) 

C6o (171 mg, 0.24 mmol), (tBuPh)3-ZnP-Fh-CHO 73b (58 mg, 0.04 mmol) and sarcosine 

(25 mg, 0.28 mmol) were reacted via the general 1,3-dipolar cycloaddition procedure for 4 

h. Purification by column chromatography using CS2, followed by CS2/DCM (3: 1 v/v) as · 

eluent yielded 7 4b ( 61 mg, 70%) as a dark brown solid. 
1H NMR (500 MHz, CDC13): 8 9.06-8.93 (8H, m), 8.24 (lH, d, J= 7.3 Hz), 8.21-8.11 (7H, 

. m), 8.10 (lH, d, J= 7.6 Hz), 8.02 (lH, d, J= 7.8 Hz), 7.89 (lH, s, br), 7.84-7.64 (12H, m), 

7.39 (lH, s, br), 4.65 (2H, d, J = 8.2 Hz, br), 3.87 (lH, d, J = 8.9 Hz), 2.79 (3H, s, br), 

2.31-1.90 (8H, m, br), 1.72-1.58 (27H, m), 1.34-0.52 (42H, m, br), 0.40 (lH, s, br), 0.17 

(lH, s, br). 13C NMR (125 MHz, CDCb): 8 155.5, 153.11, 153.05, 152.80, 152.77, 152.0, 

151.7, 150.3, 150.24, 150.16, 149.1, 146.2, 146.13, 146.11, 145.8, 145.3, 145.1, 144.9, 

144.8, 144.5, 144.4, 144.3, 144.2, 144.0, 143.9, 143.7, 143.4, 143.3, 142.4, 141.8, 141.7, 

141.6, 141.4, 141.3, 141.2, 141.1, 141.00, 140.96, 140.9, 140.7, 140.6, 140.3, 139.9, 139.2, 

139.1, 138.9, 136.2, 135.9, 135.6, 135.0, 134.7, 134.2, 133.3, 132.1, 132.0, 131.8, 129.7, 

126.3, 126.1, 123.5, 121.5, 121.3, 120.2, 120.0, 117.7, 83.5, 69.7, 68.4, 55.4, 55.3, 40.5, 

40.0, 34.9, 31.7, 31.63, 31.59, 29.8, 29.4, 24.1, 23.9, 23.8, 22.8, 22.7, 14.14, 14.07. 

MALDI-TOF MS (m/z): 2209.1 (M++1, 100%), 1570.6 (70%), 1488.0 (~-C6o, 42%). 
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- (tBuPh)J-ZnP-FlrC60 (74b) 

C60 (90 mg, 0.13 mmol), (tBuPh)3-ZnP-Fh-CHO 73c (37 mg, 0.02 mmol) and sarcosine 

(15 mg, 0.17 mmol) were reacted via the general 1,3-dipolar cycloaddition procedure for 4 

h. Purification by column chromatography using CS2, followed by CS2/DCM (3:1 v/v) as 

eluent yielded 74c (38 mg, 73%) as a dark brown solid. 
1H NMR (500 MHz, CDC13): 8 9.01 (8H, s, br), 8.26 (lH, d, J= 7.3 Hz), 8.24-8.10 (8H, 

m), 8.06 (lH, d, J= 7.6 Hz), 7.96-7.58 (19H, m), 7.40 (lH, s, br), 4.75-4.60 (2H, m, br), 

3.88 (lH, d, J= 8.8 Hz), 2.80 (3H, s, br), 2.30-1.90 (12H, m, br), 1.74-1.58 (27H, m), 1.34-

0.52 (64H, m, br), 0.39 (lH, s, br), 0.17 (lH, s; br). 13C NMR (125 MHz, CDCb): 8 155.5, 

153.1, 152.8, 152.1, 151.8, 151.6, 150.4, 150.3, 150.2, 149.2, 146.23, 146.19, 145.8, 145.6, 

145.4, 145.1, 145.04, 144.97, 144.84, 144.77, 144.6, 144.4, 144.3, 144.1, 143.9, 143.8, 

143.5, 143.3, 142.4, 141.84, 141.79, 141.6, 141.5, 141.33, 141.29, 141.25, 141.1, 140.99, 

140.96, 140.7, 140.6, 140.5, 140.4, 140.3, 140.0, 139.9, 139.2, 139.1, 139.0, 136.2, 136.0, 

135.6, 135.0, 134.7, 134.2, 133.4, 132.1, 132.0, 131.8, 129.7, 126.3, 126.2, 126.14, 126.07, 

123.5, 121.5, 121.3, 120.3, 120.0, 117.7, 83.6, 69.7, 68.4, 55.42, 55.35, 55.3, 40.6, 40.4, 

39.9, 34.9, 31.73, 31.66, 31.5, 29.8, 29.7, 24.1, 23.9, 23.8, 22.7, 22.6, 14.2, 14.1. MALDI­

TOF MS (m/z): 2542.4 (M++2, 100%), 1900.6 (36%), 1822.3 (~-C6o+2, 53%), 771.3 

(61%). 
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(tBuPh)3-H2P-Fl-Br 69 (200 mg, 0.18 mmol), bis(pinacolato)diboron (0.46 g, 1.81 mmol), 

K2C03 (790 mg, 5.72 mmol) and Pd(PPh3)4 (105 mg, 0.09 mmol) were stirred under argon 

jn toluene (2.6 mL, degassed, dry) and DMF (5.4 mL, degassed, dry) at 105 oc for 3 h. The 

reaction mixture was filtered through silica (eluent DCM) and the solvent was evaporated 

in vacuo. Purification by column chromatography (silica gel eluted by 50% DCM in 

hexane) yielded 75 (66 mg, 32%) as a dark blue/purple solid. 

M.p.: > 300 °C. 1H NMR (500 MHz, CDCh): 8 8.94 (8H, s, br), 8.27 (IH, s), 8.26-8.16 

(7H, m), 8.11 (lH, d, J = 7.6 Hz), 8.00 (2H, s, br), 7.95 (lH, s), 7.80 (6H, d, J = 7.6 Hz), 

2.27-2.15 (4H, m), 1.65 (27H, s, br), 1.49 (12H, s), 1.30-0.77 (22H, m), -2.64 (2H, s). 13C 

NMR (125 MHz, CDCb): 8 150.5, 149.7, 144.0, 141.6, 140.4, 139.2, 134.5,· 134.0, 133.7, 

131.1, 129.8, 129.0, 127.7, 123.6, 120.4, 120.3, 119.4, 118.2, 83.8, 55.4, 40.4, 34.9, 31.7, 

31.6, 29.7, 25.0, 24.0, 22.7, 14.1. MALDI-TOF MS (m/z): 1164.7 (M+). Cs1H93BN402: 

calc. C 83.48, H 8.04, N 4.81; found C 83.41, H 8.21, N 4.25. 
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- 5-(9,9,9' ,9'-Tetrahexyl-9H,9' H-[7,2']-bifluoren-2-yl)-10,15,20-tris( 4-t­

butylphenyl)-porphyrin (76) 

(tBuPh)3-HzP-Fl-Br 69 (100 mg, 0.09 mmol), 9,9-dihexyl-9H-fluorene-2-boronic acid 44 

(101 mg, 0.27 mmol), K2C03 (395 mg, 2.86 mmol) and Pd(PPh3)4 (103 mg, 0.09 mmol) 

were stirred under argon in toluene (1.3 mL, degassed, dry) and DMF (2.7 mL, degassed, 

dry) at 105 oc for 3 h. The reaction mixture was filtered through silica (eluent DCM) and 

the solvent was evaporated in vacuo. Purification by column chromatography (silica gel 

eluted by 33% DCM in hexane) yielded (tBuPh)3-H2P-Fb 76 (62 mg, 51%) as a dark 

blue/purple solid. 

M.p.:> 300 °C. 1H NMR (500 MHz, CDCh): 8 9.05-8.91 (8H, m), 8.33 (lH, s), 8·.28 (lH, 

d, J = 7.6 Hz), 8.27-8.19 (6H, m), 8.13 (lH, d,· J = 7.6 Hz), 8.06 (lH, d, J = 8.2 Hz), 7.88 

(lH, d, J= 7.8 Hz), 7.87-7.76 (llH, m), 7.47-7.37 (3H, m), 2.28 (4H, t, J= 7.7 Hz), 2.22-

2.08 (4H, m), 1.67 (27H, s), 1.30~0.78 (44H, m), -2.59 (2H, s). 13C NMR (125 MHz, 

CDClj): 8 152.1, 151.5, 151.0, 150.5, 149.4, 141.1, 140.9, 140.8, 140.5, 140.4, 140.3, 

140.2, 139.2, 134.5, 133.8, 129.8, 127.0, 126.8, 126.3, 126.1, 123.6, 122.9, 121.6, 121.5, 

120.5, 120.3, 119.9, 119.7, 117.9, 55.5, 55.2, 40.5, 40.4, 34.9, 31.7, 31.6, 31.5, 29.8, 29.7, 

24.1, 23.8, 22.7, 22.6, 14.11, 14.06. MALDI-TOF MS (m/z): 1372.0 (M++ 1). CtooHtt4N4: 

calc. C 87.54, H 8.37, N 4.08; found C 86.41, H 8.43, N 3.69. 
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- 5-(9,9,9' ,9'-Tetrahexyl-9H,9' H-[7,2']-bifluoren-2-yl)-10,15,20-tris(4-t­

butylphenyl)-porphyrin zinc(II) complex (77) 

H 

(tBuPh)3-H2P-Fh 76 (65 mg, 0.05 mmol) and zinc acetate dihydrate (52 mg, 0.24 mmol) 

were stirred together in degassed anhydrous chloroform ( 15 mL) at 62 oc for 3 h. The 

reaction mixture was filtered through silica (eluent DCM) and removal of the solvent in 

vacuo gave 77 (67 mg, 99%) as a pink solid. 

M.p.: > 300 °C. 1H NMR (500 MHz, CDCh): () 9.09-9.00 (8H, m), 8.31-8.24 (2H, m), 

8.24-8.16 (6H, m), 8.12 (lH, d, J= 7.3 Hz), 8.06 (lH, d, J= 7.6 Hz), 7:88-7.72 (12H, m), 

7.45-7.33 (3H, m), 2.24 (4H, t, J= 7.6 Hz), 2.19-2.04 (4H, m), 1.70-1.60 (27H, m), 1.30-

0.65 (44H, m). 13C NMR (125 MHz, CDCh): () 152.0, 151.5, 151.0, 150.39, 150.35, 150.2, 

149.2, 141.7, 140.80, 140.78, 140.5, 140.4, 140.3, 140.1, 139.8, 134.33, 134.27, 133.6, 

132.1, 132.0, 131.8, 129.7, 127.0, 126.8, 126.3, 126.1, 123.5, 122.9, 121.6, 121.52, 151.45, 

121.3, 120.3, 119.9, 119.7, 117.8, 55.5, 55.2, 40.6, 40.4, 34.9, 31.7, 31.6, 31.5, 29.8, 29.7, 

24.1, 23.8, 22.7, 22.6, 14.10, 14.05. MALDI-TOF MS (m/z): 1432.9 (M+). C100H112N4Zn: 

calc. C 83.68, H 7.86, N 3.90; found C 83.61, H8.19, N 3.44. 
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- Fc-yne-Fl-CHO (79a) 

~ 
F.e 

Ethynylferrocene 169 78 (90 mg, 0.43 mmol) and Br-FI-CHO 47a (200 mg, 0.45 mmol) 

were degassed in diisopropylamine (10 mL). Pd(OAc)2 (ca. 2 mg), Cui (ca. 2 mg), PPh4 

(ca. 4 mg) were added and the reaction mixture was stirred overnight at reflux under argon. 

The reaction mixture was filtered through silica (eluent DCM) and the solvent was 

evaporated in vacuo. Purification by column chromatography (silica gel eluted by 40% 

DCM in PE 40-60) yielded 79a (142 mg, 78%) as a red viscous oil. 
I . 
H NMR (500 MHz, CDCb): 8 10.06 (lH, s), 7.88-7.82 (3H, m), 7.73 (lH, d, J= 8.1 Hz), 

7.53-7.49 (2H, m), 4.57 (2H, s), 4.31 (7H,s), 2.09-1.95 (4H, m), 1.18-0.97(12H, m), 0.77 

(6H, t, J= 7.2 Hz, CH3), 0.68-0.50 (4H, m). 13C NMR (125 MHz, CDCb): 8 192.3, 152.2, 

151.7, 146.9, 139.1, 135.4, 130.7, 130.6, 125.8, 124.1, 123.0, 120.8, 120.2, 89.6, 86.5, 

71.5, 70.1, 69.1, 55.3, 40.2, 31.5, 29.6, 23.7, 22.6, 14.0. MALDI-TOF MS (m/z): 570.3 

(M+). C3sH42FeO: calc. C 79.99, H 7.42; found C 80.17, H 7.68. 

- Fc-yne-Fh-CHO (79b) 

Ethynylferrocene 169 78 (45 mg, 0.21 mmol) and Br-F)z-CHO 47b (250 mg, 0.32 mmol,) 

were degassed in diisopropylamine (15 mL). Pd(OAc)2 (ca. 2 mg), Cui (ca. 2 mg), PPh4 

(ca. 4 mg) were added and the reaction mixture was stirred overnight at reflux under argon. 

· The reaction mixture was filtered through silica (eluent DCM) and the solvent was 

evaporated in vacuo. Purification by column chromatography (silica gel eluted by 40% 

oc·M in PE 40-60) yielded 79b (45 ~g, 23%) as a red viscous oil. 
1H NMR (500 MHz, CDCb): 8 10.09 (lH, s), 7.91-7.87 (4H, m), 7.79 (lH, d, J= 8.1 Hz), 

7.72-7.62 (5H, m), 7.53-7.49 (2H, m), 4.57 (2H, s), 4.31 (5H, s), 4.29 (2H,s), 2.15-2.00 

(8H, m), 1.18-1.00 (24H, m), 0.81-0.60 (20H, m). 13C NMR (125 MHz, CDCb): 8 192.4, 

153.0, 151.80, 151.76, 151.0, 147.2, 142.2, 140.34, 140.26, 140.2, 138.7, 135.2, 130.63, 
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130.59, 126.5, 126.3, 125.7, 123.1, 122.3, 121.6, 121.5, 121.2, 120.2, 120.0, 119.7, 88.4, 

86.8, 71.4, 70.1, 68.9, 55.4, 55.3, 40.3, 40.2, 31.5, 31.4, 29.7, 29.6, 23.7, 22.6, 22.5, 14.02, 

13.97. MALDI-TOF MS (m/z): 902.7 (M+). C6jH74FeO·Yz(CH3CH2) 20: calc. C 83.04, H 

8.47; found C 83.16, H 8.49. 

- Fc-yne-Fl-C60 (80a) 

!W 
F.e 

C6o (300 mg, 0.42 mmol), Fc-yne-Fl-CHO 79a (61 mg, 0.11 mmol) and sarcosine (40 mg, 

0.45 mmol) were reacted via the general 1,3-dipolar cycloaddition procedure for 4 h. 

Purification by column chromatography using 0-1% DCM in CS2 as eluent, followed by 

precipitation yielded 80a (90 mg, 64%) as a black solid. 
1H NMR (700 MHz, CDC h): 8 7.99 (lH, s, br), 7.70 (1H, s, br), 7.63 (lH, d, J = 7.9 Hz), 

7.58 (1H, s, br}, 7.44 (lH, d, J= 8.1 Hz), 7.41 (lH, s), 5.04 (2H, t, J= 4.6 Hz), 4.55 (2H, 

s), 4.33 (1H, d, J= 9.5 Hz), 4.30 (5H, s), 4.28 (2H, s), 2.87 (3H, s), 2.18 (lH, s, br), 2.08-

1.88 (3H, m, br), 1.26-0.57 (20H, m, br), 0.34 (lH, s, br), 0.16 (lH, s, br). 13C NMR (125 

MHz, CDCb): 8 156.1, 153.5, 153.4, 147.3, 146.7, 146.5, 146.3, 146.23, 146.19, 146.16, 

146.13, 146.10, 146.07, 145.9, 145.7, 145.53, 145.50, 145.4, 145.34, 145.29, 145.24, 

145.20, 145.1, 144.7, 144.4, 144.3, 143.1, 143.0, 142.7, 142.5, 142.2, 142.14, 142.11, 

142.05, 142.0, 141.9, 141.72, 141.67, 140.2, 140.1, 139.4, 136.5, 135.8, 130.5, 125.6, 

119.7, 88.4, 86.8, 83.8, 71.5, 70.1, 70.0, 69.0, 55.2, 40.0, 31.7, 29.8, 23.8, 22.7, 14.14, 

14.05. MALDI-TOF MS (m/z): 596.4 (M+-C6o-1, 100%), 517.9 (38%). 
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C6o (250 mg, 0.35 mmol), Fc-yne-Fh-CHO 79b (65 mg, 0.07 mmol) and sarcosine (40 mg, 

0.45 mmol) were reacted via the general 1,3-dipolar cycloaddition procedure for 4 h. 

Purification by column chromatography using CS2 as eluent, followed by precipitation 

yielded SOb (67 mg, 56%) as a black solid. 
1H NMR (700 MHz, CDCh): & 8.09 (lH, s, br), 7.84-7.71 (3H, m), 7.71-7.53 (6H, m), 

7.53-7.45 (2H, m), 5.09-5.03 (2H, m), 4.57-4.54 (2H, m), 4.34 (lH, d, J= 9.5 Hz), 4.31-

4.26 (7H, m), 2.89 (3H, s), 2.23 (lH, s, br), 2.16-1.94 (7H, m, br), 1.28-0.57 (30H, m), 

0.78 (12H, t, J = 7.2 Hz), 0.43 (1H, s, br), 0.26 (lH, s, br). 13C NMR (125 MHz, CDC b): & 

156.2, 154.0, 153.6, 153.5, 151.7, 151.0, 147.3, 146.8, 146.5, 146.3, 146.23, 146.20, 

146.13, 146.10, 146.07, 145.9, 145.7, 145.54, 145.51, 145.48, 145.4, 145.34, 145.29, 

145.25, 145.2, 145.1, 144.7, 144.38, 144.35, 143.1, 143.0, 142.7, 142.5, 142.2, 142.14, 

142.12, 142.06, 142.0, 141.9, 141.73, 141.67, 140.7, 140.5, 140.2, 140.1, 140.0, 139.7, 

139.4, 136.60, 136.58, 135.9, 135.8, 130.5, 129.9, 128.8, 127.1, 126.2, 126.1, 125.7, 122.1, 

121.37, 121.33, 120.1, 120.0, 119.6, 88.3, 86.8, 83.8, 71.4, 70.0, 69.0, 68.8, 55.3, 55.2, 

40.5, 40.3, 40.1, 31.6, 31.49, 31.47, 31.4, 29.69, 29.67, 23.9, 23.8, 23.7, 22.58, 22.55, 22.5, 

14.1, 14.04, 14.02, 14.00. MALDI-TOF MS (m/z): 929.6 (M+-C60, 100%), 862.1 (16%), 

850.1 (39%). 
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7.6 Experimental Procedures for Chapter 5 

- 0,0-Naphthalene-1,5-diyl bis(N,N-dimethylcarbamothioate) (81) 

1,5-Dihydroxynaphthalene (15 g, 0.09 mol) in DMF (200 mL) was cooled to 0 °C. 1,4-

diazabicyclo[2,2,2]octane (40 g, 0.36 mmol) was slowly added, then N,N­

dimethylthiocarbamoyl chloride (29 g, 0.24 mmol) was added and the mixture was stirred 

for 10 min at room temperature. The reaction mixture was then heated at 80 °C for 2 h and 

subsequently quenched on crushed ice. After filtration, the filtrate was extracted with 

DCM, the organic layer was washed with H20, dried over MgS04 and the solvent was 

evaporated. The residue was dissolved in DCM (50 mL) and poured into hexane (400 mL). 

The resulting precipitate was isolated by filtration and washed with hexane to provide the 

slightly brownish product (ca. 21 g). It was purified on a short column (silica gel; DCM), 

hexane (ca. 50 mL) was then added to the DCM solution, and the solution was 

concentrated to a volume of ca. 30-40 mL by removing the solvents on a rotary evaporator. 

The product was precipitated by adding hexane (ca. 50 mL) and filtered off to yield 81 

(20.8 g, 66%) as a pale yellow solid. 

M.p.: 250-251 °C. 1H NMR (400 MHz, CDCb): 8 7.74 (2H, d, J= 9.0 Hz), 7.51 (2H, t, J = 

8.0 Hz), 7.24 (2H, d, J= 8.0 Hz), 3.53 (6H, s), 3.51 (6H, s). 13C NMR (100 MHz, CDCb): 

8 188.0, 150.3, 129.1, 126.1, 120.4, 120.0, 43.7, 39.1. El-MS (m/z): 334 (M+). 

C16H1sN202S2: calc. C 57.46, H 5.42, N 8.38, S 19.17; found C 57.44, H 5.40, N 8.43, S 

19.14. 

- S,S-Naphthalene-1,5-diyl bis(N,N-dimethylcarbamothioate) (82) 

0,0-Naphthalene-1,5-diyl bis(N,N-dimethylcarbamothioate) 81 (in two separate batches: 

3.89 g and 5.28 g, total 27.4 mmol) was heated in a Buchi Glass Oven to 280-300°C and 
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kept at this temperature for 5 min after all the material was melted. The two separate 

batches were cooled and combined. The product was separated from starting material and 

half-converted compound by a column (silica gel) using 0-10% diethyl ether in DCM as 

eluent. The obtained crude product (6.5 g) was used without further purification in the next 

reaction step. Pure product was obtained after column chromatography from a small-scale 

reaction (200 mg of81), which yielded 82 (132 mg, 66%) as a white solid. 

M.p.: 216-217 °C. 1H NMR (400 MHz, CDCh): 8 8.48 (2H, d, J= 8.5 Hz), 7.80 (2H, d, J= 

7.5 Hz), 7.56 (2H, t, J= 8.0 Hz), 3.24 (6H, s, br.), 3.02 (6H, s, br). 13C NMR (100 MHz, 

CDCh): 8 166.6, 136.8, 136.2, 128.9, 127.0, 126.7, 37.3. El-MS (m/z): 334 (M+). 

C16H1sNz02S2: calc. C 57.46, H 5.42, N 8.38, S 19.17; found C 57.42, H 5.39, N 8.39, S 

19.13.· 

- 1,5-Bis(2,2-diethoxyethylthio )naphthalene (84) 

EtO S-s/; OEt r .r-< 
EtO ~ /; S OEt 

Bromoacetaldehyde diethylacetal (13.5 mL, 90 mol) was added to a mixture of S,S­

naphthalene-1 ,5-diyl bis(N,N-dimethylcarbamothioate) 82 (1 0.0 g, 30 mmol), Nal (9.0 g, 

60 mol) and sodium ethoxide (45 mL, 21 wt.% in EtOH, 120 mmol) in EtOH (5mL). The 

mixture was heated at reflux for 65 h and subsequently quenched on crushed ice I DCM 

(2:1), extracted with DCM, and dried over MgS04. Solvents were evaporated and the 

crude product was purified by column chromatography (silica gel, 0-1% diethyl ether in 

DCM) to afford 84 (10.8 g, 85%) as a yellow solid. 

M.p.: 61-63 °C. 1H NMR (400 MHz, CDCb): 8 8.34 (2H, s), 7.50 (4H, m), 4.64 (2H, t, J= 

5.5 Hz), 3.56 (8H, m), 3.12 (4H, d, J= 5.5 Hz), 1.17 (12H, t, J= 7.0 Hz). 13C NMR (100 

MHz, CDCb): 8 135.9, 132.2, 131.8, 126.7, 126.5, 124.6, 124.4, 123.9, 123.6, 102.9, 

102.8, 55.1, 41.4, 15.4. El-MS (m/z): 424 (M+). C22H3204S2: calc. C 62.23, H 7.60, S 

15.10; found C 62.28, H 7.63, S 15.08. 
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- 1,6-Dithiapyrene (85) 

[NOTE. All materials needed for the purification were pre-prepared and work-up was done 

as quickly as possible (usually within two hours)]. P20 5 (10 g) and H3P04 (5 mL, 85% in 

H20) were heated at 130 °C in an open flask. After 30 min 1 ,5-bis(2,2-

diethoxyethylthio)naphthalene 84 (5.5 g, 12.9 mmol) was added and the mixture stirred for 

15 min. The mixture was quenched into a mixture ofice-water/DCM (1:1) (ca. 0.5 L) and 

to this NaOH (6 M, 100 mL) was added. The organic layer was washed with HzO, dried 

over MgS04 with Et3N (5 mL) added and flushed through a column (basic alumina, DCM). 

Toluene (50 mL) was added and this solution was concentrated in vacuo to ca. 5 mL 

volume. A few drops of Et3N were added and the mixture was cooled to yield 1,6-

dithiapyrene (775 mg, 25%, 85) as orange needles. 

M.p.: 227-229 °C. (M.p. lit.: 228-229 °C)182 1H NMR (500 MHz, CDCb + CSz + trace 

Et3N): 8 6.20 (2H, d, J= 7.6 Hz), 6.02 (2H, d; J= 7.7 Hz), 5.74 (2H, d, J= 10.1 Hz), 5.54 

(2H, d, J = 10.1 Hz). 13C NMR (125 MHz, CDCb + trace Et3N): 8 133.3, 130.6, 129.7, 

124.8, 123.9, 121.1, 120.1. El-MS (m/z): 240 (M+). C14HsSz: calc. C 69.96, H 3.36, S 

26.68; found C 69.92, H 3.34, S 26.74. 

- 1,6-Dithiapyrene-S~carboxaldehyde (86) 

0 

H 

DMF (0.18 mL, 2.3 mmol) was added to a solution of 1,6-dithiapyrene 85 (180 mg, 0.7 

mmol) in 1,2-dichloroethane (20 mL) under argon at 0 oc. Phosphorus oxychloride (0.10 

mL, 1.1 mmol) was added, the mixture was stirred at 0 oc for 5 min, at reflux (2 h) and 

then left to stir overnight at room temperature. Phosphate buffer solution (15 mL, pH = 

7.2) was added and after stirring for 1 h the mixture was diluted with ethyl acetate (150 

mL), washed with brine (2x 100 mL) and dried over MgS04. The mixture was filtered and 
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concentrated in vacuo to a volume of ca. 5-10 mL. This was chromatographed (silica gel, 

toluene) to yield 86 (110 mg, 55%) as a black (dark red/purple) solid. 

M.p.: 255-257 °C. 1H NMR (400 MHz, CDCh): 8 9.70 (s, 1H), 6.56 (d, J= 7.7 Hz, 1H), 

6.45 (s, 1H), 6.38 (d, J= 7.7 Hz, 1H), 6.19 (d, J= 9.9 Hz, 1H), 5.98 (d, J= 10.1 Hz, 1H), 

5.82 (d, J = 10.3 Hz, 1H), 5.63 (d, J = 10.3 Hz, 1H). 13C NMR (125 MHz, CDCh): 8 

189.0, 139.4, 134.9, 133.2, 131.6, 130.5, 129.7, 126.7, 126.0, 125.7, 124.9, 124.51, 124.48, 

121.42, 120.9. El-MS (m/z): 268 (M+). C15HsOS2: calc. C 67.14, H 3.00, S 23.90; found C 

67.10, H 3.02, S 23.89. 

- N-cyclohexyl-1,6-dithiapyrene-5-carboxaldimine (87) 

H 

One drop of cyclohexylamine (ca. 25 mg) was added to an NMR tube containing 1,6-

dithiapyrene-5-carboxaldehyde 86 (7 mg, suspension) in benzene-d6 (0.7 mL) and a trace 

of Et3N (one drop of Et3N was added to 0.5 mL of C60 6 and only a small drop of this was 

added to the NMR tube). During 96 hat room temperature the solution became bright red 

and all material completely dissolved. Completion of the reaction was monitored by 1 H 

NMR spectroscopy. Solvents were evaporated and residual red solid was dissolved in 

CDCh containing a trace of Et3N. Compound 87 was synthesised solely to provide 

additional spectroscopic proof for the structure of 86 and 87 was not further purified for 

these studies. 
1H NMR (500 MHz, CDCh): 8 8.14 (s, 1H), 6.59 (s,1H), 6.36 (d, J= 7.81 Hz, 1H), 6.19 

(d, J= 7.81 Hz, 1H), 5.95 (d, J= 10.01 Hz, 1H), 5.84 (d, J= 10.25 Hz, 1H), 5.73 (d, J= 

10.01 Hz, 1H), 5.60 (d, J = 10.01 Hz, 1H), 3.19-3.07 (m, 1H), 1.86-1.76 (m, 2H), 1.72-

1.61 (m, 4H), 1.58-1.47 (m, 2H), 1.41-1.28 (m, 2H). 13C NMR (125 MHz, CDCh): 8 

154.4, 133.5, 133.4, 132.6, 130.6, 130.2, 129.3, 127.3, 125.2, 124.9, 124.4, 123.2, 122.3, 

120.09, 120.05, 70.1, 34.5, 25.6, 24.6. ESI-MS (m/z): 350.2 (M++1). 
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~ 'Dithiapyrene-C60 dyad (88) 

C60 (190 mg, 0.26 mmol) was heated to reflux in toluene (80 mL). 1,6-Dithiapyrene-5-

carboxaldehyde (35 mg, 0.13 mmol, 86) and sarcosine (30 mg, 0.34 mmol) were added and 

the mixture was refluxed for 40 h. The solvent was removed in vacuo and the residue was 

purified by chromatography (silica, CS2 + 2% Et3N) to afford 88 (85 mg, 64%) as a black 

powder. 
1H NMR (700 MHz, C6D6): 8 5.94 (d, J= 7.7 Hz, 1H), 5.55 (d, J= 7.9 Hz, 1H), 5.46 (d, J 

= 10.3 Hz, 1H), 5.28 (d, J= 10.1 Hz, 1H), 5.02 (d, J= 10.1 Hz, 1H), 4.97 (d, J= 10.1 Hz, 

1H), 4.93 (s, 1H), 4.35 (d, J = 9.5 Hz, IH), 4.26 (s, 1H), 3.75 (d, J = 9.3 Hz, IH), 2.40 (s, 

3H). The solubility of 88 is too low to produce an accurate 13C NMR spectrum. MALDI­

TOF MS (m/z): 1015 (~). C77H13NS2: calc. C 91.02, H 1.29, N 1.38, S 6.31; found C 

91.08, H 1.34, N 1.32, S 6.26. 

~ Pyrene-C60 dyad (89) 

C60 (625 mg, 0.87 mmol), pyrene-1-carboxaldehyde (1 00 mg, 0.43 mmol) and sarcosine 

(77 mg, 0.86 mmol) were reacted via the general 1,3-dipolar cycloaddition procedure for 4 · 

h. Purification by column chromatography using CS2 as eluent, followed by precipitation 

from hexane yielded 89 (25 mg, 56%) as a black solid; 
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1H NMR (500 MHz, aDCB-d4 + CS2 (:S 10%) +trace C6H6): o 9.01 (d, J= 9.3 Hz, 1H), 

8.85 (d, J= 7.9 Hz, 1H), 8.35 (d, J= 9.7 Hz, 1H), 8.14-7.95 (m, 6H), 6.23 (s, 1H), 5.14 (d, 

J= 9.6 Hz, 1H), 4.54 (d, J= 9.2 Hz, lH), 2.91 (s, 3H). Due to restricted rotation around the 

exocyclic C-C bond between the pyrrolidine ring and the bulky pyrene ring, two 

thermodynamically stable (at ambient conditions) rotamers are possible for dyad 89, which 

according to OFT calculations are of similar energies (Appendix E). They are formed in a 

ratio of ca. 10:1 and are not separable by column chromatography. The second rotamer is 

clearly visible in the 1H NMR spectrum as minor signals (Appendix D): o 10.56 (d, J= 8.1 

Hz, 1H), 8.32 (d, J= 9.4 Hz, 1H),.8.24 (d, J= 8.2 Hz, 1H), 8.20-8.17 (m, 2H), 8.14-7.95 

(m, 4H), 5.71 (s, 1H), 5.18 (d, J= 9.4 Hz, 1H), 4.37 (d, J= 9.5 Hz, 1H), 2.96 (s, 3H). 13C 

NMR (125 MHz, aDCB-d4 + CS2 +trace C6H6): o 156.8, 154.22, 154.15, 153.8, 147.5, 

147.1, 146.9, 146.5, 146.42, 146.37, 146.3, 146.2, 146.1, 145.9, 145.84, 145.76, 145.72, 

. 145.69, 145.6, 145.5, 145.40, 145.39, 145.3, 144.9, 144.7, 144.6, 144.5, 143.3, 143.2, 

142.9, 142.8, 142.69, 142.68, 142.59, 142.56, 142.5, 142.4, 142.23, 142.18, 142.1, 142.0, 

141.9, 141.72, 141.65, 140.6, 140.5, 139.8, 137.0, 136.8, 136.2, 136.0, 131.7, 131.4, 131.1, 

128.3, 126.5, 126.0, 125.7, 125.5, 125.3, 123.7, 78.7, 70.5, 69.8, 40.4. MALDI-TOF MS 

(mlz): 976.1 (~-1). 
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7. 7 Experimental Procedures for Chapter 6 

- tBuS-Ph-Fl-CHO (94a) 

t-Butyl(4-bromophenyl)sulfide214 93 (140 mg, 0.57 mmol), BE-Fl-CHO 48a (220 mg, 0.45 

mmol), KzC03 (51 0 mg, 2.17 mmol) and PdClz(PPh3)2 (0.0 1 g) were reacted via standard 

Suzuki-Miyaura cross-coupling. Purification using 0%-50% DCM in hexane as eluent 

yielded 94a (160 mg, 67%) as a clear oil. 
1H NMR (400 MHz, CDCh): 8 10.07 (lH, s), 7.92-7.80 (4H, m), 7.71-7.56 (6H, m), 2.12-

1.99 (4H, m), 1.35 (9H, s), 1.14-0.96 (12H, m), 0.75 (6H, t, J= 7.0 Hz), 0.79-0.55 (4H, m). 
13C NMR (100 MHz, CDCh): 8 192.3, 153.0, 151.8, 141.5, 139.2, 137.9, 135.4, 132.1, 

130.6, 127.2, 126.4, 123.1, 121.6, 121.3, 120.1, 55.4, 46.2, 40.2, 31.4, 31.0, 29.6, 23.8, 

22.5, 13.9. HRMS, calc. for C36H460S 526.3269; found 526.3271. C36H460S·YzHzO: calc. 

C 80.70, H 8.84; found C 80.11, H 8.73. 

- tBuS-Ph-Fh-CHO (94b) 

t-Butyl(4-bromophenyl)sulfide214 93 (141 mg, 0.57 mmol), 2,7-bis(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl-9,9-dihexyl-9H-fluorene135 46 (402 mg, 0,68 mmol), Br-Fl-CHO 

47a (351 mg, 0.79 mmol), K2C03 (750 mg, 5.43 mmol) and PdCh(PPh3)2 (0.01 g) 

were reacted via standard Suzuki-Miyaura cross-coupling. Purification using 20% DCM in 

hexane as eluent yielded CHO-Fh-CHO 52b (170 mg, 24%) as a yellow solid and 94b 

(350 mg, crude, ca. 45%). tBuS-Ph-Fh-CHO (94b) was further purified using column 

chromatography over silica gel with 20-50% DCM in hexane used as eluent. Some product 

was lost due to a human error to yield 140 mg (24%) of tBuS-Ph-Fh-CHO (94b) as a 

yellow viscous oil. 
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I . 
H NMR (400 MHz, CDCb): 8 10.08 (lH, s), 7.91-7.79 (6H, m), 7.71-7.59 (lOH, m), 2.12-

2.05 (8H, m), 1.35 (9H, s), 1.15-1.02 (24H, m), 0.76 (12H, t, J= 7.0 Hz), 0.78-0.60 (8H, 

m). 13C NMR (100 MHz, CDCb): 8 192.3, 153.0, 151.9, 151.8, 147.3, 142.3, 141.9, 140.3, 

140.2, 139.3, 138.7, 137.8, 135.3, 130.6, 127.1, 126.5, 126.3, 126.1, 123.1, 121.6, 121.54, 

121.46, 121.2, 120.1, 112.0, 55.42, 55.37, 46.1, 40.4, 40.2, 31.4, 31.2, 31.0, 29.7,29.6, 

23.8, 22.52, 22.49, 14.0, 13.9. HRMS, calc. for C61HnSO 858.5773; found 585.5774. 

C61HnOS: calc. C 85.26, H 9.15; found C 85.13, H 9.15. 

- tBuS-Ph-Fl-C60 (95a) 

C60 (200 mg, 0.28 mmol), tBuS-Ph-Fl-CHO 94a (37 mg, 0.07 mmol) and sarcosine (50 

mg, 0.56 mmol) were reacted via the general 1,3-dipolar cycloaddition procedure for 4 h. 

Purification by column chromatography using 0-50% DCM in CS2 as elu~nt, followed by 

centrifugation yielded 95a (50 mg, 56%) as a black solid. 
1H NMR (300 MHz, CDCh): 8 8.08-7.92 (lH, s, br), 7.90 (2H, d, J= 9.0 Hz), 7.80-7.55 

(7H, m), 5.07 (2H, d, J = 8.5 Hz), 4.35 (lH, d, J = 9.0 Hz), 2.90 (3H, s, br), 2.25-1.90 (4H, 

m, br), 1.35 (9H, s), 1.30-0.10 (22H, m, br). 13C NMR (75 MHz, CDCh): 8 156.6, 154.4, 

154.1, 152.2, 152.1' 147.7, 146.9, 146.7, 146. 7, 146.64, 146.63, 146.58, 146.54, 146.52, 

146.4, 146.2, 145.99, 145.95, 145.92, 145.88, 145.8, 145.73, 145.69, 145.64, 145.57, 

145:1, 144.82, 144.79, 143.5, 143.4, 143.1, 143.0, 142.7, 142.59, 142.57, 142.49, 142.46, 

142.31, 142.25, 142.2, 142.1, 140.8, 140.61, 140.57, 139.8, 139.7, 138.3, 136.3, 136.2, 

131.9, 127.5, 126.4, 121.7, 120.6, 84.2, 70.4, 69.4, 55.7, 46.5, 40.5, 32.0, 31.4, 30.2, 24.3, 

23.1, 14.6, 14.5. MALDI-TOF MS (mlz): 1272.5 (M+-1) . 
\ 
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~ tBuS-Ph-Fl2-C60 (95b) 

C6o (200 mg, 0.28 mmol), tBuS-Ph-Fb-CHO 94b (60 mg, 0.07 mmol) and sarcosine (35 

mg, 0.39 mmol) were reacted via the general 1,3-dipolar cycloaddition procedure for 4 h. 

Purification by column chromatography using 0-20% DCM in CS2 as eluent, followed by 

centrifugation yielded 95b (87 mg, 77%) as a black solid. 
1H NMR (300 MHz, CDCh): ·() 8.10-7.85 (lH, s, br), 7.80 (4H, t, J= 7.5 Hz), 7.64 (11H, t, 

J= 7.9 Hz), 5.08 (2H, d, J= 9.0 Hz), 4.35 (1H, d, J= 9.6 Hz), 2.91 (3H, s, br), 2.15-1.90 

(8H, m, br), 1.37 (9H, s), 0.77 (12H, t, J= 6.6 Hz), 1:30-0.10 (32H, m, br). 13C NMR (75 

MHz, CDCh): 8 152.2, 152.1, 147.7, 147.2, 146.9, 146.74, 146.65, 146.59, 146.55, 146.5, 

146.4, 146.2, 146.00, 145.96, 145.93, 145.89, 145.8, 145.74, 145.70, 145.66, 145.6, 145.1, 

144.9, 144.83, 144.80, 143.5, 143.4, 143.1, 143.0, 142.7, 142.60, 142.58, 142.50, 142.47, 

142.4, 142.3, 142.2, 142.1, 142.0, 141.8, 141.1, 141.0, 140.9, 140.62, 140.58, 140.4, 140.3, 

139.8, 139.5, 138.3, 137.1, 136.31, 136.25, 131.9, 127.6, 126.6, 126.50, 126.47, 121.8, 

121.7, 120.5, 84.3, 70.5, 69.5, 55.7, 46.5, 41.0, 40.8, 40.5, 32.1, 32.0, 31.9, 31.4, 30.14, 

30.09, 24.2, 23.3, 23.04, 22.98, 14.6, 14.5, 14.4. MALDI-TOF MS (m/z): 1605.6 (M+, 

19%), 886.8 (M+-C60+1, 100%). 
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- AcS-Ph-Fl-C60 (96a) 

tBuS-Ph-Fl-C60 95a (30 mg, 0.02 mmol) was stirred in dry toluene (5 mL) and acetyl 

chloride (2 mL). BBr3 (0.4 mL, 1-.0 M in DCM, 0.4 mmol) was added to the mixture, 

which was subsequently stirred for 2 h. The mixture was quenched on crushed ice and 

extracted with DCM. The organic layer was washed with H20 and dried over MgS04. 

Purification by column chromatography (silica gel eluted by 40% hexane in DCM) yielded 

96a (25 mg, 84%) as a dark brown I black solid. 
1H NMR (500 MHz, CDCh): 8 8.09-7.95 (lH, s, br), 7.76 (2H, d, J= 8.0 Hz), 7.71 (2M, d, 

J = 8.5 Hz), 7.64-7.48 (5H, m), 5.06 (2H, d, J = 9.0 Hz), 4.34 (lH, d, J = 9.5 Hz), 2.90 

(3H, s, NCH3, br), 2.4 7 (3H, s, COCH3), 2.30-1.90 (8H, m, br), 1.40-0.10 (22H, m, br). 13C 

NMR (125 MHz, CDCh): 8 194.5, 156.4, 154.3, 153.8, 153.7, 152.0, 147.57, 147.56, 

147.1, 146.8, 146.6, 146.52, 146.48, 146.45, 146.42, 146.39, 146.37, 146.2, 146.0, 145.83, 

145.79, 145.77, 145.7, 145.63, 145.58, 145.54, 145.49, 145.4, 145.0, 144.71, 144.66, 

144.6, 143.4, 143.3, 143.04, 142.96, 142.8, 142.5, 142.43, 142.41, 142.33, 142.30, 142.2, 

142.01, 141.97, 141.8, 141.4, 140.8, 140.5, 140.4, 140.1, 139.7, 139.4, 136.91, 136.86, 

136.14, 136.07, 135.1, 128.2, 126.8, 126.3, 121.7, 120.4, 84.1, 70.3, 69.3, 55.6, 40.8, 40.3, 

32.0, 31.9, 30.5, 23.0, 24.11, 24.08, 23.1, 22.9, 14.4, 14.3. MALDI-TOF MS (m/z): 1260.3 

(M++ 1). 
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- AcS-Ph-Fl2-C6o (96b) 

tBuS-Ph-Fh-C6o 95b (43 mg, 0.03 mmol) was stirred in dry toluene (5 mL) and acetyl 

chloride (0.9 mL). BBr3 (0.05 mL, 1.0M in DCM, 0.05 mmol) was added to the mixture, 

which was subsequently stirred for 2 h. The mixture was quenched on crushed ice and 

extracted with DCM. The organic layer was washed with H20 and dried over MgS04. 

Purification by column chromatography (silica gel eluted by 40% hexane in DCM) yielded 

96b (29 mg, 68%) as a dark brown I black solid. 
1H NMR (400 MHz, CDCh): 8 8.07-7.94 (lH, s, br), 7.84-7.54 (13H, m), 7.54 (2H, d, J= 

8.0 Hz), 5.05 (2H, d, J = 9.2 Hz), 4.33 (lH, d, J = 9.6 Hz), 2.88 (3H, s, NCH3, br), 2.46 

(3H, s, COCH3), 2.15-1.96 (8H, m, br), 0. 75 (12H, t, 1 = 6.8 Hz), 1.30-0.10 (32H, m, br). 
13C NMR (100 MHz, CDCh): 8 194.5, 156.4, 154.3, 153.8, 152.1, 152.0, 151.9, 147.6, 

147.1, 146.8, 146.6, 146.51, 146.47, 146.41, 146.37, 146.35, 146.2, 146.0, 145.82, 145.78, 

145.76, 145.7, 145.62, 145.56, 145.52, 145.48, 145.4, 144.9, 144.7, 144.6, 143.4, 143.2, 

143.1, 142.9, 142.8, 142.5, 142.4, 142.33, 142.29, 142.2, 142.0, 141.9, 140.8, 140.44, 

140.40, 140.2, 140.0, 139.7, 139.1, 136.9, 136.13, 136.06, 135.1, 128.2, 126.7, 126.4, 

121.9, 121.6, 121.5, 120.3, 84.1, 70.3, 69.3, 55.6, 40.8, 40.6, 40.3, 31.8, 31.7, 31.2, 30.5, 

29.9, 24.0, 23.1, 22.9, 22.8, 14.4, 14.31, 14.26. MALDI-TOF MS (m/z): 1593.4 (M++2, 

37%), 1098.6 (86%), 1053.5 (50%) 872.6 (M+-C60+1, 100%), 786.6 (69%), 800.5 (47%), 

829.6 (40%). 
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Appendix A: NMR Spectroscopy of DTPY-CHO (86) 

Abbreviations used in Figure A.1 for proton signals: 
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Figure A.l : 1H-NMR spectrum (top and bottom) of 86; 400 MHz, CDCh containing a trace of 

EhN. 
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Figure A.2: 13C-NMR spectrum of86; 125 MHz, CDCh containing a trace ofEt3N. 
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Figure AJ: 1H-1H COSY NMR spectrum of86; 500/500 MHz, CDCh containing a trace ofEt~. 
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Figure A.4: 1H-1H NOESYNMR spectrum of86 at different thresholds; 500/500 MHz, CDCh 

containing a trace of EhN. 

Although the NOESY spectrum (top) does show an interaction between H-13 and H-15, 

the data is not conclusive. Lowering the threshold slightly provided a very different 

NOESY spectrum (bottom), which showed aggregation between the molecules. 
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Appendix B: NMR Spectroscopy of 87 
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Figure B. l: 1H-NMR spectrum (top and bottom) of 87; 500 MHz, CDCh. 
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Figure B.3: 1H-1H COSY NMR spectrum (top and middle) of87; 500/500 MHz, CDCh. 
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Figure B.4: 1H-1HNOESYNMR spectrum (bottom previous page and top) of87; 500/500 MHz, 

CDC~. 

17 2.1 J 107 14 16 61J8 15 9 115 

II I II J 
~ • 5.5 

"' s (·--r ~. 

... • r"; r ...... - • 6:0 .. e 
0' r ~r ~r --~7 • 1--=-:-g 
~ " KP ' 1f" • 6.5 ~ 

t. ~ !. 
~ 
U) 

"' "B 
~E . l 

0 

"' =-u"' 

t: 7.o 
ISO 145 140 135 130 125 120 

Fl Chemical Shift (ppm) 

I 

r 23 . ~ 
5 ,X :r E--o.s ( '~ N '-21l 

,\8 
a_....7~2/3~16"17'H 'Toj II I I 11 . . 9..__r ,: r'5 • 'l.sE 

~ .. (/) • Toi ''' 12/ .. .s:;; 

• Ts0 . "' u. 

• 
~ 

3.0 

• Ts 

72 64 56 48 40 32 24 16 8 0 
Fl Chemical Shift (ppm) 

Figure B.5: 1H-13C HSQC NMR spectrum (middle and bottom) of87; 500/125 MHz, 

CDC h. 

169 



2.1 .l 

~ 

N 

~ ,.., 

"" 

"' ~ 

"' .-
.,-, 

136 134 132 

-
152 144 136 128 

d~· -- &--- --: 

140 120 

10 7 14 16 6 13 8 15 9 

I I j l J 

... ~ 

--= ~ -... ..a ---~ ... -
- --~ -

130 128 126 124 122 
F 1 Chemical Shift (ppm) 

• 
~- i ---·--

120 112 104 
F1 Chemical Shift (ppm) 

I 

100 80 60 
Fl Chemical Shift (ppm) 

96 88 

I 

40 

12.5 

-

--._. 
...-.. 

120 

80 

" 20 

118 

72 

Appendix 

~ 
~ 
E 
<75 

6.0 (ij 
0 

E 
~ 
C) 

~ 

6.5 

0 

Figure B.6: 1H-13C HMBC NMR spectrum (top, middle and bottom) of87; 500/125 MHz, 

CDCh (HMBC contains satellite peaks). 

170 



~ 
c;; 
<: 
CD 

.£ 
"0 
CD 
N 
'iij 
E 
0 z 

Appendix 

Appendix C: NMR Spectroscopy ofDTPY (85) 
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Figure C.l : 1H-NMR spectrum of 85; 500 MHz, CDCh containing some cs2 and a trace ofEtJN. 
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Figure C.3 and C.4: 1H-1H COSY NMR (left, 500/500 MHz) and 1H-13C HSQC NMR (right, 

500/125 MHz) spectra of85; both in CDCb containing some CS2 and a trace ofEt~. 
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Appendix D: 1H-NMR Spectrum ofPyrene-C60 (89) 
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Figure D.l: 1H-NMR spectrum (top and bottom) of89; 500 MHz, o-DCB-d6 containing some CS2 

and a trace ofC6H6 (as internal reference). 

The second rotamer is clearly visible in the 1H NMR spectrum as minor signals. The ratio 

between the two thermodynamically stable (at ambient conditions) rotamers is ca. 10:1. 
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Appendix E: DFT Calculations 

Taking into account that DFT calculations predict a low HOMO-LUMO gap for dyad 88 

of - 1.5 eV (Figure E.1 ), we performed calculations on compound 88 at a spin-unrestricted 

level. The UB3LYP/6-31G(d) optimised geometry of the triplet state of 88 showed, 

however, higher energy than that for the singlet state. Due to the bulky donor moieties in 

DTPY -C6o and pyrene-C6o dyads being closely spaced to C6o, the rotation around the 

acyclic single C-C bond between the donor fragment and pyrrolidine ring is hindered. The 

large rotation barrier results in an existence of two rotamers, one of which differs from 

another by - 180° tum of the donor moieties. We optimised the geometries for both 

rotamers and data for the lower energy structures are discussed in Chapter 5. At B3L YP/6-

31G* (d) level of theory, the calculated difference in total energies between the rotamers 

are 2.96 kcal mor1 and 6.38 kcal mor1 for DTPY-C60 and pyrene-C60 dyads, respectively 

(please note that the lower energy rotamers are enumerated in Chapter 5 and here in 

Appendix E as 88 and 89, whereas higher energy rotamers as 88r and 89r). The optimised 

structures of both rotamers for both series of dyads (88, 88r and 89, 89r) are shown in 

FigureE.2. 
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Figure E.1: Frontier orbitals energy levels of dyads 88 and 89 in comparison with those ofDTPY 

(85) and C60 from DFT B3L YP/6-31 G* (d) calculations in gas phase. 
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88 88r 

Erotai = -3792.9360598 Hartree Brow= -3792.9313359 Hartree 

L1E (88r- 88) = +2.96 kcal mor1 

89 89r 

Etow = -3074.0246028 Hartree &otai = -3074.0144325 Hartree 

L1E (89r- 89) = +6.38 kcal mor1 

Figure E.2 : B3L YP/6-31G* (d) optimised geometries for two rotamers ofDTPY-C60 (88, 88r) and 

pyrene-C60 (89, 89r) dyads, their total energies and differences in the energies between the 

rotamers. 

Both rotamers in DTPY -C60 and pyrene-C60 dyads have very close total energies in their 

optimised geometries, and similar frontier orbital energies (Figure E. I) and orbital 

coefficients (Figure E.3 shows orbital coefficients for the lowest energy rotamers, 88 and 

89). Turning the donor moieties in rotamers almost has no effect on the LUMO energy 

levels (as the LUMOs are localised on C60 moiety), and slightly affect the HOMO energies 
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resulting in small differences in their HOMO-LUMO energy gaps (0.07 eV and 0.04 eV 

for DTPY-C60 and pyrene-C6o dyads, respectively; Figure E. I). 

HOMO, -4.44 eV LUM0,-1.27 eV 

HOMO-I HOM0-2 HOM0-3 HOM0--4 

LUMO+l LUM0+2 LUM0+3 LUM0+4 

Figure E.3 : Orbital contour plots for the five highest occupied MOs and the five lowest unoccupied 

MOs in DTPY (85). 

DTPY-C6o 88 Pyrene-C60 89 

LUM0+4, LUM0+4 
LUM0+4 
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LUM0+3 LUM0+3 
LUM0+3 

LUM0+2 LUM0+2 
LUM0+2 

LUMO+l LUMO+l 
LUMO+l 

LUM0,-3.05 eV LUMO, -3.06 eV 
LUM0,-3.23 eV 

HOM0,-4.58 eV HOM0,-5.39 eV 
HOMO, -5.99 eV 
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HOM0-1 HOM0-1 
HOM0-1 

HOM0-2 HOM0-2 
HOM0-2 

HOM0-3 HOM0-3 
HOM0-3 

HOM0-4 HOM0-4 
HOM0-4 

Figure E.4: Orbital contour plots for the five highest occupied MOs and the five lowest unoccupied 

MOs in dyads DTPY-C60 (88) and pyrene-C60 (89) and in C60. 
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Appendix F: CVs ofDTPY-C6o (88) 
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Figure F.l: CVs.of dyad DTPY-C60 (88) in PhCN, 0.1 M Bll4NPF6, at different scan rates (500, 

100, 20 and 10 mV s"1
) and deconvoluted cv (E\, OX= 0.204 V, E2i ox= 0.628 V, E\, red= -0.835 

V, E\,red = -1.151 V, E\,red = -1.250 V). 
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Appendix G: UV-Vis Spectra ofDTPY-C60 (88) 
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Figure G.l: UV-visible spectra ofDTPY 85 (dashed black spectnun), DTPY-C60 88 (solid black 

spectrum), pyrene (solid red spectrum) and pyrene-C60 89 (dashed red spectrum) in toluene. 
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Figure G.2: Electronic absmption spectra of dyad 88 in different solvents (magnified Vis and near­

infrared region is shown). The band at ca. 700 nm is consistent with an adduct at the more reactive 

[6,6]-ringjunction with a closed transannular bond. 
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Appendix H: Differential Absorption Spectra 
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Figure H.la (left): Differential absorption spectra (visible) obtained upon femtosecond flash 

photolysiS (355 run) Ofpyrene (~1.0 X 10'5 M) in nitrogen-Saturated toluene SOlUtiOns at different 

time delays between 0 and 10 ps at room temperature, indicating the pyrene singlet excited state 

formation. Figure H.l b (right): Time-absorption profiles of the spectra shown on the left at 430 and 

465 nm, monitoring the excited state. 
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Figure H.2a (left): Differential absOrption spectra (visible and near-infrared) obtained upon 

femtosecond flash photolysis (387 run) ofDTPY (--1.0 X 10"5 M) in nitrogen-saturated toluene 

solutions with time delays ofO ps (black line), 5 ps (grey line) and 1500 ps (brown line) at room 

temperature, indicating the DTPY singlet and triplet excited state features. Figure H.2b (right) : 

Time-absorption profiles of the spectra shown on the left at 590 nm, monitoring the singlet to 

triplet excited state transformation. 
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Figure H.3 : Differential absorption spectra (visible and near-infrared) obtained upon femtosecond 

laser flash photolysis (380 nm) of~ 1.0 x 10·5 M solutions ofN-methyl pyrrolidinofullerene (54) in 

deaerated toluene at different time delays between 0 and 3000 ps at room temperature. 
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