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Prologue 
 
Before you lies my thesis, which is the result of four years of research in the field of 
fullerenes. Doing research in the “rat-race fullerene-fever area” as a PhD is both extremely 
fascinating and frustrating at the same time. The large amount of publications on fullerenes 
that has appeared since 1990 gives one the feeling that personal contribution is very minor. 
But, the enormous attention that is paid to the fullerenes, results in the fact that every 
experiment one conducts (and publishes) will be verified almost as soon as it is made public, 
and thus receive a large amount of attention.  
 
Realising that one’s ideas may not be “that original” and that it is even possible that 
somewhere in the world someone else could be doing the same or similar experiments, almost 
gives one the feeling that duplos are not necessary. The time-pressure thus created has to 
result in good planning and fast publication. Publish or perish.  
 
I hope that you (the reader) will sense some of the excitement that I have experienced during 
these four years, and that you will be fascinated by the most beautiful molecule in the 
universe: C60. 
 
 
 
 René Williams 
 Amsterdam, 8 April 1996 
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Chapter 1
Fullerenes

 - the Third Allotropic Form of Carbon - 
Electron Transfer

and Supramolecular Chemistry



-  unless one discovers today (why not?) the chemist-stylite who has dedicated his life to 
graphite or to the diamond. And yet it is exactly to this carbon that I have an old debt, 

contracted during what for me were decisive days. To carbon, the element of life, my first 
literary dream was turned, insistently dreamed in an hour and a place when my life was not 

worth much: yes, I wanted to tell the story of an atom of carbon. 
 

 Primo Levi, 1975 
 The Periodic System 
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Fullerenes 
 - the Third Allotropic Form of Carbon -  

Electron Transfer 
and Supramolecular Chemistry 

 
Abstract: This introductory chapter describes the three major subjects that are 
linked in this thesis: the fullerenes, electron transfer and supramolecular 
chemistry. The scope of the thesis is presented and an overview is given. 
 

1.1 The fullerenes, the third allotropic form of carbon 
 
1.1.1  General introduction 
In their quest for the structure of carbon in space that is expelled from the stars and an 
interpretation for the diffuse interstellar bands (an absorption that we can not account for with 
any material on earth) the astro- and chemical-physicists Harry Kroto, Rick Smalley, 
Wolfgang Krätschmer and Donald Hufmann serendipitously discovered a new form of 
carbon 1, 2. Their discovery added to the two known allotropic forms of carbon, diamond and 
graphite, a third form, named fullerenes as a tribute to Richard Buckminster Fuller, an 
architect and inventor, who already in the sixties used hexagon-pentagon structures as a low 
weight-high strength construction element. Next to the geodesic domes designed by 
R.B. Fuller and the soccer ball, the structure of Buckminsterfullerene (C60), a truncated 
icosahedron, is also found in many cultural objects. The aesthetic shape of this molecule most 
certainly gives it an extra appeal, and is mostly responsible for the huge media attention that 
the third allotropic form of carbon has attained in the past five years. 
 

           
Fig. 1.1.  The three allotropic forms of carbon, a diamond lattice, graphitic planes, and 
the fullerenes C70 and C60 . 
 
Diamond, the most well-known form of carbon, consists of sp3 hybridised carbon atoms, 
arranged in a tetrahedral fashion in which each carbon atom has four neighbours. In this way 
a very regular network is obtained. However, at the periphery of this network the carbon 
atoms do not have the possibility to bind to four neighbours, but only to three. Here, at the so-
called dangling bonds, another element is present, usually hydrogen. Thus at the “outside” 
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diamond contains a mono-molecular layer of hydrogen atoms. This makes the first allotropic 
form of carbon inherently “impure”. Diamond can not exist without containing another 
element. 
In graphite the carbon atoms are sp2 hybridised and have only three neighbours. This leaves 
per carbon atom one valence unfilled, i.e. available for the formation of double bonds within 
the structure of the “flat chicken-wire like” graphitic planes. Also the graphitic planes have, at 
their boundaries, so-called dangling bonds which makes them “need” other elements to fulfil 
their structural demands. 
In this (theoretical) respect the fullerenes can be called the purest form of carbon. Inherent to 
their structure is that no other elements are needed (however mostly they are present in a 
sample as low level contaminants). The fullerenes can be considered as graphitic planes that 
are curved so much that their dangling bonds meet. The curvature is made possible by the 
incorporation of pentagons. The fullerenes have sp2 hybridised carbon atoms, as in graphite, 
and their curved nature makes them the molecular equivalent of graphite, available in many 
sizes.  
C60, the most prominent member of the family of the fullerenes consists of 12 pentagons and 
20 hexagons arranged in such a way that never two pentagons meet sides. C70 can be 
constructed out of C60 by breaking this latter molecule in two equal halves, turning them 36 
degrees and inserting a belt of ten extra carbon atoms in between. C70 is more rugby ball like 
in shape. 
C60 contains a number of structural elements that can be described separately. First of all it 
contains the structural element of corannulene. This bowl shaped molecule was first 
synthesized in 1970 by Barth and Lawton 3 and is the first example of a curved molecular π 
system. Furthermore C60 contains six pyracyclene units, which in fact can be held responsible 
for the possibility of six-fold electrochemical reduction of C60 (see section 1.1.2). 
 

 
Fig. 1.2.  Corannulene, pyracyclene and C60. 
 
The presence of pentagons in curved π systems introduces an inequivalence with respect to 
the bond order of 6-6 and 6-5 bonds (see Fig. 1.3). 6-6 bonds contain more electron density, 
i.e. have more double bond character than 6-5 bonds and therefore fullerenes react more 
easily on 6-6 bonds. The curved nature makes the pentagons strained and therefore they have 
more single bond character. 
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6-5

6-6

 
Fig. 1.3.  6-6 and 6-5 bonds 
 
Although C60 certainly is an aromatic species 4, electron delocalisation is not as extensive as 
one would expect. Considering reactivity C60 can be thought of as an electron deficient 
polyene. As discussed before, the fullerenes are available in “many sizes”: besides C60 and 
C70 many other fullerenes exist, like C76, C84, C92, C266. 
In constructing hypothetical fullerene structures from graphite, one can also wrap up a 
graphitic sheet (like a sheet of paper). Closing both ends with a pentagon cap, this results in a 
bucky tube. This new type of molecular carbon fibers has indeed been made 5 and resulted in 
a separate research field. 
 

 
Fig. 1.4. A bucky tube. 
  
1.1.2  The chemistry and physics of the fullerenes 
Soon after the discovery of the bulk preparation of fullerenes in 1990 and the separation of 
C60 and C70, their physical properties were determined 6. In subsequent years the fullerenes 
were initially mainly the territory of physicists, physical chemists, and chemical 
spectroscopists.  
The first minute quantities of fullerenes were made by laser-evaporation of graphite in a 
helium flow, which was directly led into a mass-spectrometer. The fullerenes can be 
produced in bulk by creating an arc discharge between two graphite rods in a helium 
atmosphere of ca. 100 mbar. The soot produced in this way can contain 1 up to 44 % (w/w) 
fullerenes 7, which can be extracted with organic solvents like benzene, toluene, 1,2-
dichlorobenzene or carbondisulfide 8. Production yields depend on many parameters, such as 
the thickness and the quality of the graphite rods, application of AC or DC current, helium 
pressure, shape of and convection in the reactor 9. During the arc discharge between the 
graphite rods, mostly C2 and C3 fragments are formed, which condense and form clusters 
which, during the cooling process, form low energy structures. The size of the clusters is 
mainly determined by the length of the cooling period.  
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There is an interesting link between the mechanisms that play a role in flash vapour pyrolysis 
10, and the mechanism of formation of fullerenes. In both processes high energy clusters are 
created that can undergo exotic chemistry (like scrambling) 11 in the hot stage. 
Endohedral fullerenes 12, structures in which a metal atom is trapped inside a fullerene cage 
(e.g. Sc@C84: i.e. @ means inside the cage) can be produced if the graphite rods are 
immersed in a metal-ion containing solution prior to the production process. 
After fullerenes are extracted from the soot, they can be purified with a great variety of 
techniques. Separation of C60 from C70 and the higher fullerenes, can be performed by 
chromatography on neutral alumina 13, using n-hexane as an eluent, by chromatography on 
graphite-silica mixtures using toluene as an eluent 14, by several HPLC-techniques 15, by 
crystallisation from benzene 16, and by supramolecular encapsulation with 4-tert-
butylcalix[8]arene 17 (see also Chapter 6). 
After their discovery, the determination of the properties of the individual members of the 
family of fullerenes was one of the first scientific challenges.  
C60 is a brown black solid, which is mustard yellow if present in very thin films. In the 
dissolved state C60 displays a magnificent purple color, described as magenta. C70 is a grey-
black material, which is reddish brown in thin layers and port wine red in solution. The UV-
Vis absorption of both C60 and C70 extends over almost the whole visible region (see also 
Chapters 2 and 3 for UV-Vis spectra). The 13C-NMR of C60 displays, as expected from the 
chemical equivalence of each carbon atom, only one line (see also Chapter 6). C70 shows five 
lines in 13C-NMR spectra, with an intensity ratio of 1-2-1-2-1. Whereas the IR spectrum of 
C60 shows only four strong lines, C70 shows many more 18. 
In the first period of the extensive research on fullerenes, the photoexcited triplet state of C60 
was examined with EPR 19 and transient absorption 20. The electrochemical reduction of C60, 
which was predicted by theory to be possible in six successive steps, due to the fact that the 
LUMO of C60 is six-fold degenerate, also attained much attention. The electrochemistry 
revealed that both C60 and C70 are easily reduced, with a first reduction potential ranging 
between 0.23 and 0.45 V vs SCE depending on solvent and electrolyte.  
The electrochemical reduction of C60 can indeed occur in six successive waves 21. Upon 
reduction, the electron is centered on a pyracyclene-type unit. It can be said that every added 
electron gives one of the pentagons of the pyracyclene unit aromatic character (see figure 
1.5). 

one electron reduction

 
Fig. 1.5.  Reduction of a pyracyclene unit in C60 introduces one aromatic pentagon. 
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The facile reduction of the fullerenes C60 and C70, together with their UV-visible absorption 
which extends over almost the whole visible region, makes both fullerenes good candidates as 
photoexcitable electron acceptors which can be used in the study of photoinduced electron 
transfer (see Chapters 2, 4, 5, 7). One of the methods to determine electron transfer is 
fluorescence quenching (see section 1.2). Thus the emissive properties of C60 and C70 are a 
very useful tool in the determination of photoinduced electron transfer (see Chapters 2 and 3), 
besides the fact that they constitute a significant aspect of their basic photophysical properties. 
 
The chemistry 
 
If Kekulé would have been asked to predict the reactivity of fullerene-C60, he might have 
answered that it should be very similar to that of benzene. The reactivity of C60 is, however, 
much higher than expected. The first reactions reported for C60 were the addition of amines 22 
and the formation of the C60-osmiumtetraoxide adduct, yielding the first X-ray structure that 
confirmed the soccer ball shape 23. 
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Fig. 1.6.  Some examples of reactions with C60 (adapted from Taylor et al.)24. 
 
C60 can be partly hydrogenated 25, fluorinated 26, chlorinated 27, brominated 28, it easily reacts 
with radicals 29 and with organometallic reagents 30, it undergoes 1,3-dipolar additions (e.g. 
diazomethane derivatives 31 and azomethine ylides, see references in Chapter 4; also reactions 
with nitrilimines 32 have been reported), Diels Alder reactions 33 (it reacts as a dienophile; see 
also references in Chapter 5), it reacts with benzyne 34, after a reaction with sodium it can be 
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methylated, it can form epoxides 35, 36 (with O2 plus irradiation [hν], or with O3), it reacts 
with 37 SO3 and it can form polyhydroxy fullerenes 38 and several host-guest complexes (see 
Chapter 6).  
Several polymers can be made into which C60 is incorporated, by mixing monomers with C60 
and by using monomers functionalised with C60 

39. Relatively new is the dimerization of C60 
molecules 40 and the regioselective polyfunctionalisation which makes the fullerene a three 
dimensional building block 41. 
In general it can be said that any reaction that an electron-deficient alkene (like 
tetracyanoethylene or diethylfumarate) can undergo, is highly likely to be applicable to C60 as 
well. Organic mono-functionalisation of C60, the most interesting reaction if one wants to 
maintain the optical and electrochemical properties of the fullerene moiety, can be performed 
most conveniently with diazomethane derivatives, with 1,3-dipolar additions (see Chapter 4) 
or with a Diels Alder reaction (see Chapter 5). 
 
1.1.3  The applications of fullerenes 
During a debate on the question “What are they good for” at the British House of Lords in 
England, considering the usefulness of fullerenes, the following remark was heard 42:  
 
“Could it be said that it does nothing in particular and it does it very well?” 
 
The potential and the expectations for the applications of fullerenes are very high, but the 
expectations have not yet been lived upto. However, several applications are under intensive 
research and one application in medicine already existed before the fullerenes were actually 
discovered: in a Technegas lung ventilation unit 43, salts of the radioactive element technetium 
are heated by electrical current while deposited in a graphite sample holder. A human patient 
with a very serious lung disease (pulmonary embolism) is then supposed to inhale the cooled 
vapour. In this way, highly detailed lung photos can be made. The apparatus is also able to 
produce C60, C70 and higher fullerenes. It thus is highly likely that the active compounds in 
this process are technetium atoms wrapped in a carbon sheet, i.e. endohedral fullerene 
complexes. 
One of the first ideas regarding applications that were proposed for fullerenes was to fully 
fluorinate C60 to create C60F60. This would be a molecular ball of Teflon, i.e. a perfect 
lubricant 44. This, however, turned out not to be possible because C60 can not be fully 
fluorinated (the system becomes too crowded), and if partly fluorinated it reacts with water 45, 
which is not a good property for a lubricant. 
Fullerenes have been reported to be a good source for synthetic diamond 46. It is the precursor 
that can be turned into diamond with the least pressure and heat. C60 has a triplet state that 
absorbs light more strongly than the ground state. It thus can be used as an optical limiter 47, a 
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compound that absorbs more light if light intensity goes up. Optical limiting materials can be 
used for the protection of optical sensors. In addition, attempts are made to put C60 into 
glass 48, so that it would be possible to make purple sunglasses that absorb strongly, with a 
response time of ca. 1 nanosecond (see Chapter 4 for photophysical properties of fullerene 
C60). The optical properties of fullerenes represent one of their challenging commercial 
aspects: 10% of the US patents licensed since 1991 containing the term fullerene 49, deal with 
their optical properties. The optical properties of fullerenes and their adducts are highly 
interesting with respect to applications in solar energy conversion materials, photocopying 
devices (the photoactive layer in Xerox machines), and molecular opto-electronics (see also 
Chapters 4 and 5).  
There are a number of high-tech prospects for applications of fullerenes. The endohedral 
fullerenes are expected to represent a whole range of new materials with new properties. 
Endohedral radioactive fullerenes may find use in chemotherapy. Due to its form, fullerene 
C60 is expected to have a high biological potential: many active sites could be blocked by this 
ball shaped molecule 50. There is also a potential in photodynamic therapy, as fullerenes can 
sensitize singlet oxygen under the influence of light. For biological and biomedical 
applications, however, water solubility is an important aspect, which is not straightforward 
(see also Chapters 6 and 7). 
There have been reports of superconducting materials made of fullerene-C60, doped with 
metallic potassium or rubidium 51. These superconducting materials containing C60 are not 
only expected to lead to high-temperature superconducting organic materials but also, and 
maybe even more importantly, to give a better theoretical insight into the process of 
superconduction. There also have been reports of an organic ferromagnet consisting of C60 
and tetrakis(dimethylamino)ethylene 52. The ability of C60 and C70 to reversibly take up six 
electrons may find use in organic batteries. 
Being the molecular equivalent of a soccer ball, C60 should have a potential as a shock 
absorber. It has been shown that a fullerene can bump into a steel wall with a speed of 15000 
mph and just bounce back 53, like shooting a soccer ball into a brick wall. 
If one simply considers the fullerenes to be the molecular equivalent of graphite, this would 
mean that it would in principle be interesting to study the performance of fullerenes in 
applications in which it can be used as a substitute. This implies that there is a potential for 
fullerenes as a kind of active carbon (“norit”), as an absorbing material for gasses and as a gas 
filter (C60 easily reacts with ozone and sulfurdioxide), as pigment in paint, ink or in pencils, 
as carbon black in toners, or as a filler in polymers. Although the price of fullerenes at the 
moment (ca. 100 USD per gram) 54 is too high for such simple applications, it is expected that 
if industry would decide to start producing fullerenes, their prices would drop considerably.  
One of the aspects that should be resolved before any applications can be realized is the 
aspect of toxicity of the fullerenes. 
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1.1.4  The toxicological aspects of fullerenes 
The toxicity of fullerenes has not been studied systematically yet. There are, however, a 
number of aspects that can be discussed here. If we take a look at the structure of fullerenes 
and are asked to predict its toxicity, however questionable this may be, the answer must be 
that it will range in between the toxicity of benzene and active carbon. These would be the 
two extrema. It is clear, however, that the soot from which fullerenes can be extracted is a 
material that, like any soot, should not be present in the air we breathe. The soot is very light 
and fluffy and very easily flies into the air. The soot 55 also contains a number of polycyclic 
aromatic hydrocarbons (PAH’s) which may be carcinogenic. The exact danger that pure 
fullerenes themselves pose is difficult to predict. It is known that upon excitation C60 and C70 
display high triplet yields and, by means of triplet-triplet annihilation, can turn triplet ground 
state oxygen into singlet oxygen with a high yield. Singlet oxygen can destroy tissue, and is 
for instance important in photodynamic therapy, i.e. in destroying tumour cells. 
Furthermore, C60 and C70 behave as radical sponges. If present in human cells they may 
disturb many redox processes. It has to be noted also that due to its high reactivity C60 may 
easily be transformed into degradation products, which will most likely be PAH’s. 
It has been reported 56 that C60 does not give toxic results in the AMES test, but this is hardly 
surprising as C60 is not water soluble. Also, C60 has been fed to mice, which did not lead to 
short term toxicological effects. Nevertheless, with such novel compounds of course it is wise 
to take caution in handling them. Thus, the use of hand gloves and safety glasses is 
recommended. Skin contact should be avoided. When working with the soot, a fume-hood is 
essential and the use of an air-mask is recommended. 
 
1.1.5  The stability of fullerenes 
The stability of fullerenes depends very much on the “environmental” conditions and a 
number of partly contradicting reports have been made on this point 57. With respect to 
stability it is interesting to note that fullerenes have been detected in 500 million year old 
carbon-rich rock from Russia and in clay layers from the end of the Cretaceous period (65 
million years ago)58. This would mean that fullerenes are older than man-kind. It is clear that 
fullerenes react with radicals, with ozone, and with SO3. Thus if these species occur in the 
environment of fullerenes, this will influence their stability to a high degree. If for instance 
fullerenes are kept in solution under sunlight, they are rather unstable in a chlorinated 
hydrocarbon solvent, like chloroform. In benzene or toluene they, however, are rather stable, 
especially if no oxygen is present.  
One of the first encounters with the instability of fullerenes in our group was during flash 
chromatography of a fullerene mixture on alumina. Using pressurized air to increase the 
elution speed, resulted in a very fast degradation of the remaining C70 on the column. If 
nitrogen gas is used instead, this does not occur. 
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The best way to store samples of fullerenes and their adducts is in the solid form in the dark, 
at ca 5˚C in a glass vessel. Putting samples under argon or nitrogen gas is not essential, but is 
never superfluous. Material with high crystallinity will be less viable to oxidation, which may 
occur (too a slight degree) on the outside of particles. Highly crystalline material, however, is 
often difficult to redissolve. Sub milligram quantities that are isolated as solutions are best 
stored in the dark. Evaporation of the solvent may in this case lead to thin film formation, and 
thin films are much more easily oxidized than crystalline material. 
Samples stored in solution in the dark may deteriorate after a period of several months or 
years. One of the simple tests for integrity, is color change. If solutions of C60 become pink, 
or brown, they surely have deteriorated. A pink color is mainly attributed to oxidation to the 
epoxide. For C60-adducts or C70 this is less straightforward, due to their less distinctive color. 
For the adducts described in Chapters 4 and 5, the 430 nm absorption, however, is a clear 
indication of deterioration (i.e. if its intensity decreases). For C70 the 330, 360, 380 nm peaks 
are indicative, and for C60 the sharp 404 nm peak, as well as the whole 390-620 nm region. 
 
1.1.6  Origin of the fullerene samples used in this study 
In the studies presented in this thesis several samples of fullerenes have been used with 
distinctly different origin. The origin of each sample is reported in the experimental part of 
each chapter. In Chapter 2 a sample of high purity C70 obtained from SYNCOM (Groningen) 
was used. In Chapter 3 samples obtained from crude soot, a gift from Dieter Heymann (Rice 
University), purified with standard techniques, have been used. The adducts and complexes 
studied in Chapters 4, 5, 6, 7 have been synthesized or formed with C60 (>99.9%) obtained 
from MER corporation. 
The purity of all samples used is high. UV-Vis absorption, fluorescence, and fluorescence 
excitation spectroscopy are very good means to determine purity (i.e. the absence or presence 
of other chromophores). Note the discussion in Chapter 2 (reference 21) on the usefulness of 
UV-Vis absorption with respect to the presence of C60 contamination in C70 samples, an often 
occurring problem. Furthermore, HPLC, TLC, NMR, IR are useful methods. Regarding purity 
of fullerene samples it has to be noted that all fullerene samples may contain ca. one pro-mille 
of epoxide. This is hardly avoidable, as this can be formed during production and air contact. 
Furthermore, a very minor amount of material may incorporate helium inside the cage, which 
may also occur during fullerene production. This, however, is far below the one pro-mille 
level. Furthermore, fullerenes have a tendency to incorporate solvent molecules in their 
crystals. Thus, samples obtained from benzene may contain a significant amount of benzene, 
which is only removed after extensive heating (200 ˚C for 24 hours, at low pressure). If the 
presence of traces of a certain solvent cannot be permitted in a given experiment, these can be 
removed by crystallisation from a solvent that does not interfere with the experiment. 
 



Chapter 1 

10 

1.2 Electron transfer 
 
In the research described in this thesis, fullerenes are used as the electron accepting unit in 
photoinduced electron transfer. Therefore, electron transfer is discussed here, in this 
introductory chapter. 
 
1.2.1   Introduction 
Photoinduced electron transfer is one of the most pivotal processes in photosynthesis, photo-
imaging, organic reaction mechanisms and opto-electronic devices. Studying this process in 
well defined artificial systems may lead to further insight into the first events of the biological 
processes that are responsible for a major part of the energy on earth. Not only is all the 
energy in all “food and feed” on earth derived from the light induced conversion of carbon 
dioxide and water into carbohydrates, also all the energy in fossil fuels like oil, natural gas 
and coal was initially fixed by phototrophic organisms. 
Light induced electron transfer is a process in which an electron is transferred from an 
electron donating species (D) to an electron accepting species (A). Prior to electron transfer 
one of the components is excited with light: 
 

D + A D
*
 + A

h!

D
*
 + A D

  
 + A

electron 

transfer

excitation

 
 
Fig. 1.7.  Excitation of a donor followed by electron transfer. 
 
By this simple sequence, light energy is converted into electrochemical energy. Subsequent to  
the electron transfer a charge transfer state is created, which is a dipolar species, consisting of 
the radical cation of the donor (D+·) and the radical anion of the acceptor (A-·). 
The charge transfer state created can undergo many different processes. In the photosynthetic 
reaction center (after the energy transfer from the light harvesting system to the special pair) a 
first electron transfer from the special pair (SP) to the pheophytin P (in 3 ps) is followed by a 
second electron transfer from the P-· to ubiquinone QA (in 200 ps). Next, the electron is 
transferred from QA to a second quinone QB (in 100 µs ). 
Thus, the first electron transfer is followed by two consecutive steps. In the final state 
chemistry takes over: QB takes up two protons (after two electron transfer cycles) and leaves 
its site, traverses the membrane in which the system is embedded and releases its protons 
again. Thus a proton coupled electron transfer process is accomplished, by which light-energy 
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is converted into an electrochemical proton gradient, by which the biological synthesis of 
energy rich molecules like ATP (adenosine triphosphate) is driven. 
 

SP*-Ph-QA-QBlight harvesting system

energy transfer to Special Pair

sun

light

SP -Ph -QA-QB

SP -Ph-QA -QB

SP -Ph-QA-QB

three consecutive 
electron transfer steps

SP-Ph-QA-QB

excitation

creation of 
a proton 
gradient

excitation

Fig. 1.8.  Representation of the first events in photosynthesis. Light harvesting, followed 
by energy transfer to the special pair, and subsequently by three electron transfer steps. The 
charge separated state is used to created a transmembrane proton gradient. 
 
In a more trivial process, the taking of a photograph, the first step also is light induced 
electron transfer. The charge transfer state is now trapped by imperfections in the silver halide 
crystals and development leads to the generation of metallic silver clusters. Many other 
reactions exist in which electron transfer is followed by the formation or breaking of bonds or 
the trapping of a charge transfer state, followed by further chemical reactions. 
Another process that can follow charge separation (or forward electron transfer) is simply 
charge recombination (or back electron transfer) leading to the initial state. This is in fact a 
very common process, which is often the fate of a charge transfer state. 
This charge recombination can occur by a dark (non-radiative) process, but there exist many 
systems in which the charge transfer state undergoes a radiative charge recombination. The 
wavelength of the emission of this process (often called charge transfer fluorescence or, more 
accurately, charge recombination fluorescence) is very dependent on the environment of the 
dipolar charge transfer state. A polar environment stabilizes this state and thus lowers its 
energy and thereby shifts the emission to the red. These types of systems can be used as a 
polarity (and mobility) probe. 
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Fig. 1.9.  Representation of the several possibilities that a charge separated state can 
undergo. 
 
Also in silicon-based solar cells electron transfer from an n-type silicon to a p-type silicon 
layer is the first process after light excitation. In organic solar cells this process occurs 
between two solid layers consisting of electron donating and electron accepting molecules, 
respectively. In a photocopying machine light is used to create a charge transfer state in a 
solid, which is thereby converted into a conducting material (a photoconductor). Thus the 
charges put on a certain area, that attract the black toner, can leak away at places where the 
solid state photo-conductor is created by electron transfer, and at the places not reached by 
light the toner sticks and can be transferred to paper. 
It thus is clear that electron transfer is part of life itself and is routinely encountered in daily 
life. 
 
1.2.2  History of electron transfer 
The first electron transfer reactions that were studied were self-exchange electron transfer 
reactions of inorganic ions in aqueous solution. The inter valence absorption of metal 
complexes in solution and isotope effects were used. The understanding of organic charge 
transfer complexes 59 started in the late 1940’s, early 1950’s with the reports of Benesi and 
Hildebrand (1949), who observed new absorption bands in solutions of aromatic 
hydrocarbons and iodine and the idea of partial charge transfer in the ground-state of 
Brackman 60. The Mulliken model (1952) for electron- donor acceptor complexes, and the 
discovery of excimer formation by Förster and Kaspar in 1954 were essential steps that have 
led to the extensive developments in the field of electron- donor acceptor systems in the last 
decades. 
Early examples of a donor and acceptor that are covalently linked were reported by 
Verhoeven and co-workers in 1969 61. Linking donor and acceptor to each other by covalent 
bonding has proved to be an important step towards a better understanding of the electron 
transfer process. Studies on photoinduced intramolecular electron transfer in covalently linked 
donor-bridge-acceptor compounds that incorporate a hydrocarbon bridge of e.g. the steroid 62, 
cyclohexyl 63, or norbornylogous 64 type, to link two chromophores, have been numerous 
during the past decades. Thus, a lot of information about this process, regarding distance 
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dependence, symmetry effects, influence of the bridge configuration and the energetics has 
been obtained. The predictions made in the 1960’s by Nobel price winner R.A. Marcus 
regarding the Marcus inverted region (see section 1.2.3) were first confirmed by this type of 
donor-bridge-acceptor systems. These studies have also shown that photoinduced 
intramolecular charge separation can be accomplished in systems in which donor and 
acceptor are spaced upto 15 Å by a saturated hydrocarbon bridge. This bridge not only 
establishes exact inter chromophore distance, it also is strongly involved in the electronic 
coupling between donor and acceptor, that is required for photoinduced electron transfer. 
Mixing of the σ and σ* orbitals of the bridge with the donor and acceptor π orbitals, results in 
a mixing of the electronic wave functions of the latter two, resulting in electronic coupling. 
The electron accepting properties of fullerenes in photoinduced electron transfer, combined 
with the many methods of functionalization of fullerenes, indicate that they are very well 
suited for the study of bridge mediated photoinduced electron transfer (see Chapters 4 and 5).  
The functionalization of fullerenes with electron donating moieties may further lead to the 
development of advanced materials with new optical and opto-magnetic properties. One of the 
means to elucidate the properties of these materials is to investigate their photophysical 
properties in solution, to determine whether a charge transfer state can be populated by 
photoinduced (or optical) electron transfer. 
 
1.2.3  Theory and experiment 
 
A photoinduced electron transfer from D to A results in the formation of a charge separated 
state which consists of the corresponding radical cation and anion, and the process is in direct 
competition with the radiative and nonradiative processes that are present in the excited state 
of A (or D). Electron transfer can be regarded as an extra deactivation path of the locally 
excited (singlet) state that can exist next to internal conversion (ic), inter system crossing (isc) 
to the triplet manifold and emission (f). 
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Charge
Transfer
state
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Fig. 1.10.  Jablonski diagram that includes electron transfer as one of decay pathways of 
the first excited singlet state. 
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Thus the occurrence of electron transfer should diminish both the emission quantum yield and 
lifetime. There are, however, other mechanisms that can be responsible for fluorescence 
quenching: e.g. energy transfer, proton transfer, hydrogen bonding, external heavy atom 
effect. Only by careful examination of the experimental conditions, and chosen variations 
thereof, we can establish the cause of fluorescence quenching. 
Energy transfer can only proceed from a state of a certain multiplicity to a state with a lower 
energy with the same multiplicity. Thus, from the absorption and emission characteristics it 
can be predicted whether energy transfer is possible. Proton transfer can be a highly efficient 
and fast non-radiative decay channel, i.e. an intramolecular vibrational relaxation. The 
presence of hydrogen bonds can also introduce a non-radiative deactivation path, i.e. many 
compounds do not fluoresce in protic solvents. The heavy atom effect is caused by enhanced 
spin orbit coupling, which is more efficient in heavier atoms, by which the rate of inter system 
crossing is enhanced and thus the lifetime of the excited singlet state is reduced. 
Electron transfer depends on the redox properties of the donor acceptor couple together with 
the excitation energy. In polar solvents it can be said that the Gibbs free energy change for 
charge separation (ΔGcs), is given by ΔGcs = e(Eox (D) - Ered (A)) -E00. 
In other words, the energy put into the system by excitation (E00) should be more than the 
energy it costs to oxidize the donor and to reduce the acceptor. 
 
The fluorescence quantum yield (Φf) and the fluorescence lifetime (τf) of a certain species can 
be described, using the rates (k) of the processes (f, ic and isc) depicted in figure 1.10, by: 
 
!f =

kf

kf + kic + kisc
   !f =

1

kf + kic + kisc
 

 
If we now introduce an extra deactivation path by for instance making an electron transfer 
energetically favorable, these expressions become; 
 
!f =

kf

kf + kic + kisc + kcs
  !f =

1

kf + kic + kisc + kcs
 

 
The lifetime and quantum yield of the excited state in the absence of electron transfer can be 
regarded to be the reference value, and we can thus determine the charge separation rates (kcs) 

with the following equations: 
 
kcs = 1/τ − 1/τref   kcs = (Φref/Φ -1)/τref  
 
The rate parameters regarding charge separation and charge recombination processes can also 
be probed by using the radical cation and anion absorptions, resolved in time, i.e. the 
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absorption of the excited state by using (laser) flash photolysis. Also other techniques such as 
time resolved microwave conductivity, photoacoustic calorimetry, resonance Raman, electron 
spin resonance, chemically induced nuclear polarization (CIDNP) and time resolved infra red 
spectroscopy can give information regarding this process. 
 
A theoretical description of the energetics and rates of the electron transfer process is 
formulated in a Marcus-Weller type analysis: 
 
An estimate of the driving force for photoinduced charge separation (-ΔGcs) in a solvent with 
dielectric constant εs can be made using the standard Weller-type approach 64, 65.  
 

 ΔGcs = e(Eox (D) - Ered (A)) -E00- e2/4πεo εsRc - e2/8πεo (1/r+ + 1/r-)(1/37.5-1/εs) 
 
This requires, in addition to the donor and acceptor redox potentials (Eox (D) and Ered (A) [in 
e.g. V vs SCE]; i.e. e denotes the elementary charge) and the singlet or triplet state energy 
(1E00 and 3E00; using the 3E00 can give estimates for the energetics of the electron transfer 
process starting from the triplet state), knowledge about the center to center distance (Rc) and 
of the effective ionic-radii of the donor and acceptor radical cation and anion (r+ respectively 
r-). For Rc a value can be estimated using molecular modeling. The r+ and r- values can be 
calculated from the apparent molar volumes, using a spherical approach.  
 

4/3 π r3= M/Nρ  
 
Here M is the molecular weight, N is Avogadro's number and ρ is the density.  
 
Furthermore values for the barrier to charge separation (ΔG#) can be estimated via the 
classical Marcus equation.  
 
 

ΔG# = (ΔG + λ)2/ 4λ  with λ = λi +λs  
 
λs = e2/4πεo (1/r - 1/Rc)(1/n2 - 1/εs) 

 
For the estimation of the solvent reorganization term (λs) the Born-Hush approach can be 
used and the internal reorganization energy (λi) can be estimated using the charge transfer 
absorption maximum and the charge transfer emission maximum in a non-polar solvent 
(where λs = 0) of the electron donor-acceptor system studied (or one that shows great 
resemblance to the system). The energy difference between these two maxima equals 2λi. An 
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estimate of the Gibbs free energy change for charge recombination (ΔGcr = -ΔGcs-1E00) can 
also be given. 
The Marcus theory implies that barrierless electron transfer can occur if λ = − ΔGcs. This is 
called the optimal region. If λ > − ΔGcs the electron transfer rate increases with larger driving 
forces. However, in the socalled Marcus inverted region, if λ < − ΔGcs, the rate decreases 
with larger driving forces. The barrier is very thin in the inverted region. This facilitates 
nuclear tunneling and thus, in processes in the inverted region (charge recombination is often 
an inverted region process) the observed rates are higher than expected from the classic 
Marcus theory. 
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Fig. 1.11.  The different regions in the Marcus theory of electron transfer, together with 
the representations of the Gibbs free energy change, and the reorganization energy. 
  
The reorganization energy (λ) is the energy needed to distort the product state and its 
surroundings to reach the equilibrium configuration of the reactant state (i.e. while staying in 
the potential energy well of the product state; the point to which the product state has to be 
distorted is denoted with the dashed line in figure 1.11). 
When the barrier is known and the electronic coupling (V) between donor and acceptor is 
weak, the rate of charge separation can be obtained using the non-adiabatic expression for 
electron transfer processes 66 given by eqn. :  
 

  kcs =
2!3/ 2

h "kBT
V( )2 exp

#$Gcs
#

kBT

% 

& ' 

( 

) * 
      

 
Here, the electronic coupling matrix element (V) and the reorganization energy (λ) together 
with the Boltzman constant ( kB ) Planck’s constant (h) and the temperature (T) determine the 
pre-exponential factor.  



Fullerenes, electron transfer and supramolecular chemistry 

   17 

Apart from this, the rate equation is very similar to the well known Arrhenius equation 
 

  k = (A)exp
!"Gcs
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in which A is the pre-exponential factor. Reactions are non-adiabatic if the coupling matrix 
element V is smaller than kBT (~200 cm-1 at room temperature) 
Because V in general diminishes exponentially with distance, the distance dependence of the 
rate of electron transfer can be described by  
 
  kcs = k0 ! e

"#R
e  

 
in which β is a constant, scaling the distance dependence, and Re is the edge to edge distance 
between donor and acceptor and k0 is the rate at close contact (ca. 1013 s -1). 
 
The medium between donor and acceptor strongly influences the rate of the electron transfer 
process, through, for instance, the value of β. If donor and acceptor are separated by vacuum, 
the interaction (through space interaction) is much less than when a solvent like benzene is 
the medium (through solvent coupling). If donor and acceptor are linked by a hydrocarbon 
bridge the interaction (through bond interaction) is rather strong, and if a hypothetical 
graphite bridge would be the intervening medium, the interaction would be so strong that 
rates of charge separation and recombination would be vibrationally limited at any distance. 
The through bond interaction between D and A is an interaction between the electronic 
orbitals of D and A. Thus both the (cis, trans) stereochemistry and the presence of orbital 
coefficients at the interaction points are of crucial importance. 
 
 
 
Note 
_______________________ 
It is generally believed that the kcs is a time independent rate constant. However, recently a 
model that predicts non-exponential electron transfer kinetics 67 has been proposed, in which 
the electron transfer rate would change in time (i.e. be time dependent). This implies an 
electron transfer rate that decreases in time, after the excitation. This aspect may explain why 
the determination of time-resolved fluorescence quenching of a locally excited state by intra-
molecular electron transfer often fails to give one exponential decay component only. 
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How is the electron transferred from D to A? 
 
One of the questions that arises when electron transfer processes are studied, is: how are we 
supposed to view the actual transfer of the electron. What happens. In oral discussions 
electrons are often said to be jumping from D to A, to hop around or to be injected into an 
acceptor. It has to be realized that when we speak of electrons we have to consider the fact 
that we can only speak of the probability to find the electron in a certain area.  
Electron transfer in a system consisting of D and A, connected by a bridge (b), in which D has 
the lowest excitation energy is visualized in figure 1.12A and B. In figure 12A three positions 
on the potential energy curves representing the excited state (D*-b-A) and the charge 
separated state (D+·-b-A-·) are denoted with numbers (①, ②, ③). In the figure 12B, these 
three positions are described in further detail. 
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Fig. 1.12A.  Three positions on the potential energy surface representing the excited state 
and the charge separated state of a donor-bridge-acceptor system (ground state is also 
shown). 
 
① Upon excitation of D we get to a situation (D*-b-A) that we can describe with a 
potential energy curve by making use of the harmonic approximation. An electron is 
promoted from a low lying state to a state in which most of the electron probability density is 
located on D. However, as electronic coupling is present, there also is a very small chance of 
finding the electron on the acceptor site. After excitation, relaxation leads to the bottom of the 
first potential energy well and the barrier can be reached.  
② Having reached the barrier, two things can happen: crossing to the product state, or 
remaining on the initial state. At this point, at the top of the barrier, there is a 50 % change of 
finding the electron on the acceptor site: the orbital that is inherently linked with this situation 
has 50 % electron probability density on the donor site and 50 % electron probability density 
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on the acceptor site (this is often described as the situation where the electron is formally 
transferred as we now are present on the potential energy curve of the product).  
③ A crossing, going from the top of the barrier to the bottom of the potential energy well 
of the product state, leads to an orbital coefficient evolution which implies a reduction of 
electron probability density on the donor site and an increase of electron probability density 
on the acceptor site.  

Fig. 1.12B.  This figure gives a representation of several aspects that occur during electron 
transfer. On the left, the electron probability density (also referred to as electronic position) 
at the donor site and at the acceptor site and the evolution of the electron density during the 
process is displayed. On the right, the two parabola represent the initial reactant state and 
the final product state. As the process proceeds the position on the potential energy surface 
changes, and thereby the energy gap between the two states becomes smaller, until the barrier 
is reached, to increase again in the final state of the process (adapted from Marcus and 
Sutin) 68. 
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Thus, now we can visualize the events that occur between excitation and product formation: a 
travel across a potential energy surface (which involves nuclear and solvent reorganization), 
accompanied by an evolution of electron probability density on the donor and acceptor site. 
During these events we can see that the energy gap ΔE (the energy difference between the 
initial and the final state at a certain nuclear co-ordinate) changes drastically. In going to the 
top of the barrier it decreases to become zero at the top (now the mixing between the two 
states is strongest(!), like in an orbital interaction diagram). Descending into the D+·-b-A-· 
potential energy curve ΔE increases again. 
 
The electron transfer rate can thus be viewed as the time it takes for the wave function (or the 
time dependent Schrödinger equation) to evolve from one zero-order state to another. This 
time becomes longer if the electronic coupling between the two states becomes weaker. 
It has to be noted that the electron density is never highest on the bridge, i.e. the electron does 
not localize on the bridge. 
Besides photoinduced electron transfer the process called optical electron transfer also exists. 
In this process the charge transfer state is directly populated by excitation (in the charge 
transfer absorption band). The speed of this process obviously can not be measured, as it takes 
place during excitation. 
 
1.3 Supramolecular and membrane mimetic chemistry 
 
In Chapters 6 and 7, the interactions of fullerenes and fullerene adducts with other large 
molecules, like calix[8]arenes and clusters of amphiphilic molecules are studied. Therefore 
supramolecular and membrane mimetic chemistry are discussed here. 
 
Supramolecular chemistry, the chemistry beyond the molecule, was introduced by Nobel price 
winner Jean Marie Lehn in 1988 69. It can be described as the chemistry of the non-covalent 
bond. Whereas in molecular chemistry the formation and breaking of covalent bonds between 
atoms to create new molecules is the main topic (besides the spectroscopic study of 
molecules) supramolecular chemistry has the goal of creating new structures, or 
supramolecules, by non-covalent interactions of two or more different molecules. The 
character of the interactions that play a role in the non-covalent bond like hydrogen bonding, 
π-π interactions, van der Waals interactions, ion pairing, metal ion ligation or solvophobic 
effects, introduces a rather weak bonding that is very sensitive to slight changes in the 
conditions.  
Supramolecular chemistry is inspired by biological processes such as enzymatic catalysis, 
selective molecular transport across cell-membranes, genetic expression and reproduction and 
antibody-antigen interactions in immunological response. In these processes several 



Fullerenes, electron transfer and supramolecular chemistry 

   21 

components interact in a predefined manner to lead to association and self-organization to 
form larger functional aggregates. 
The enormous complexity and the great value of such biological processes makes it useful to 
study similar interactions in very simple and well defined systems, in order to increase 
understanding of the biological processes, and to produce synthetic analogues that can serve 
in similar non-biological processes. 
Concepts that play a major role in supramolecular chemistry are host-guest interactions and 
the lock and key principle. The synthetic analogue of a receptor or active site of a biological 
unit is called host molecule. The host interacts with a guest, which thus can be considered the 
equivalent of a biological substrate or inhibitor. As a key fits only into one lock, the 
specificity and complementarity of host and guest is believed to be required. An induced fit 
mechanism, by which the conformation of the host alters drastically during complex 
formation, however, is another possibility that has more recently been developed (see also 
Chapter 6). 
Crown ethers, which can interact with various types of metal ions, represent the first 
generation of host molecules and were discovered in 1967 by Pedersen 70. The second type of 
extensively studied host molecules are the cyclodextrins 71, which are cyclic glucose 
hexamers, heptamers or octamers and have a natural origin. The third generation of host 
molecules is represented by the calixarenes, which consist of aromatic (arene) units 
(separated by methylene groups) that make up the walls of the chalice (calix), in which many 
types of “molecular flowers” can be displayed (see Chapter 6). 
Three exponents of supramolecular host chemistry are depicted in figure 1.13. 
 

           
Fig. 1.13. Three examples of supramolecular host molecules, the crown-ether (18-crown-
6, left), an α-cyclodextrin (middle), and a calix[4]arene (right). 
 
The proximity of supramolecular chemistry and biology is exemplified by the work of Rebek, 
who has described a self-replicating system that displays autocatalytic activity 72. The original 
system itself is a template for its constituent components and catalyses their coupling.  
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Fig. 1.14. Autocatalytic self-replication claimed by Rebek et al. 
 
The beauty of supramolecular chemistry cannot be the sole justification of the extensive 
growth of this research field. Supramolecular systems find many uses in industry 73 and many 
patents exist in this area. Examples are the recovery of radioactive caesium from waste water 
with calixarenes, the use of host molecules as an adsorbent of heavy metal ions and as an 
ingredient in cyanoacrylate adhesives. 
 
Membrane mimetic chemistry 
 
A cell membrane is an essential aspect of the compartmentalisation and specialisation that is 
of crucial importance to all known life-forms. Membrane mimetic chemistry focuses on the 
creation of functional supramolecular assemblies of molecules from both biological and 
synthetic origin, and thus can be placed between supramolecular chemistry and biology. 
Amphiphilic molecules are the major component of a cell membrane and they can form 
membrane like structures spontaneously under the proper conditions. Some examples of such 
molecules, consisting of a hydrophobic tail and a hydrophilic head group are depicted in 
figure 1.15.  
SDS and TX100 are micelle forming agents and phosphatidyl ethanolamine (PE) is a 
liposome former. Micelles are mostly spherical clusters of amphiphilic molecules containing 
approximately 50 to 200 molecules. Larger and differently shaped (e.g. cylindrical) micelles 
are also found. 
Vesicles or liposomes are hollow, water containing spheres that are made out of the lipid-
bilayer membrane structure. Liposome forming agents mostly contain two hydrophobic tails. 
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Fig. 1.15. Three examples of amphiphilic molecules. The micelle formers sodium 
dodecylsulphonate (SDS), triton X-100 (TX100), and the vesicle former dioctadecyl 
phosphatidylethanolamine (PE). 
 
Figure 1.16 shows a three dimensional model of six PE molecules forming a lipid bilayer 
structure. This type of molecules can form such types of structure in water. After dissolution 
the system first consists of a multilamellar phase which can be converted into single walled  
liposomes, that contain a hollow aqueous interior, by sonication, a very specific way of 
energy supply to the system. 
 

 
 
Fig. 1.16. Representation of a bilipid membrane structure made out of dioctadecyl 
phosphatidylethanolamine (PE). 

  

internal aqueous
compartment

 
Fig. 1.17. A micelle (left) and a liposome consisting of a hollow sphere made up out of a 
bilipid membrane, that contains an interior aqueous phase. 
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The photochemical solar energy conversion, epitomized by the photosynthetic reaction center, 
is one of the focus points of membrane mimetic chemistry. 
A schematic representation of the photo-driven proton translocation by the photosynthetic 
reaction center of a bacterium is given in figure 1.18. 
After the first events in the reaction center, initiated by energy transfer from the light 
harvesting systems to the special pair and electron transfer steps (see section 1.2.1), the 
doubly reduced quinone takes up two protons, leave its site and traverses the membrane via 
the b/c1 complex. On the extracellular side of the membrane, the protons are released, 
cytochrome c reduces the special pair, and a new quinone is inserted into its site. Now the 
cycle of ca. 1 ms can begin again. The electrochemical proton gradient is converted into high 
energy molecules: ATP is formed from ADP. All the functional groups of the photosynthetic 
reaction center are fixed in protein matrices which are embedded in a lipid bilayer membrane.  
Without the compartmentalization by the membrane, the system would not be able to operate. 
 

   
 
Fig. 1.18. Schematic representation of the photosynthetic center. consisting of two light 
harvesting systems (LH1 and LH2), the reaction center (RC) where the electron transfer steps 
take place, and the b/c1 complex by which the reduced quinone and two protons (together 
with two electrons, eH) are transported to the outside of the membrane. 
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Mimicking part of the photosynthetic unit is a focus of many studies. 
In Chapter 7 an attempt is made to use a fullerene or a fullerene adduct as the unit that 
converts excitation energy into an electrochemical proton gradient. In the presence of 
cytochrome c and ubiquinone the spectroscopic properties of the system have been 
characterized. 
 
1.4 Scope of this thesis 
 
This thesis presents studies towards the potential of fullerenes as electron accepting 
chromophores in photoinduced electron transfer, in both covalently linked and in 
supramolecular systems. 
Intermolecular electron transfer interactions of C70 with various electron donating species are 
reported in Chapter 2. It is shown that the fluorescence of C70 can be quenched by 1,2,4-
trimethoxybenzene and aniline-type donors. Furthermore, an intermolecular electron transfer 
process can occur between C70 and an aniline type electron donor at a center to center 
distance of 16 Å, in benzene solvent. This exemplifies that C70 is a very interesting electron 
accepting chromophore. Chapters 2 and 3 furthermore describe some fundamental 
photophysical properties of C60 and C70, like their fluorescent properties studied with steady 
state fluorescence emission, fluorescence excitation and time resolved fluorescence 
spectroscopy. Chapter 3, in which it is shown that C60 obeys Kasha’s rule, can be considered 
as a response on reports made by various research groups that conveyed the contrary. 
In Chapters 4 and 5 the photophysical properties of five C60-adducts are reported. It is shown 
that intramolecular electron transfer occurs in three donor-bridge-fullerene (acceptor) 
systems. In C60[3]DMA and C60[11]DMA (see figure 1.19) intramolecular electron transfer 
occurs upon excitation with light in polar solvents like benzonitrile. Interestingly, the rate of 
electron transfer in C60[11]DMA is almost as high as in C60[3]DMA despite that fact that the 
distance between donor and acceptor is much longer for C60[11]DMA. The linear orientation 
of donor and acceptor in C60[11]DMA (compared to C60[3]DMA), together with special 
symmetry properties of the fullerene π-system, enable a rather strong electronic coupling 
between donor and acceptor, indicated by measurements of rates of electron transfer and 
semi-empirical AM1 calculations. 
Thus, C60[11]DMA is an “active” covalently functionalised donor-bridge-fullerene(acceptor) 
system in which donor and acceptor are separated by a hydrocarbon bridge with a center to 
center distance of 18 Å in which the charge separated state has a lifetime of ca. 0.25 µs in 
benzonitrile.  
The system C60[3]TMPD which incorporates a rather strong electron donor, is shown to 
display virtually solvent independent photoinduced intramolecular electron transfer. It is 
concluded that this compound operates in the Marcus optimal regime. The lifetime of the 
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charge transfer state for the three-bond systems C60[3]DMA and C60[3]TMPD is of a sub-
nanosecond scale. 
The fullerene adducts C60[3] and C60[11] are acceptor reference compounds and display 
solvent independent photophysical properties, that are quite similar to “native” C60. 
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C60[3]DMA
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C60[11]C60[3]

C60[3]TMPD

  
Fig. 1.19. The fullerene adducts studied in Chapters 4 and 5.  
 
It can be concluded that in Chapters 4 and 5 it is shown that fullerenes covalently 
functionalised with electron donating moieties are extremely interesting electron transfer 
systems, not only on behalf of their facile reduction and absorption characteristics, but also as 
a result of the unusual symmetry properties of the fullerene π-orbitals.  
In Chapter 6 the interactions of C60 and various calix[8]arenes are discussed (see figure 1.20).  
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Fig. 1.20. The various calix[8]arenes of which their complexation properties towards 
C60 are studied in Chapter 6. 
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It is shown that the two molecules can undergo an induced fit interaction, forming a complex 
in which the fullerene is encapsulated by the calixarene host-molecule. This novel type of 
supramolecular host-guest complexes is studied extensively by spectroscopic and 
computational methods. Thus, a method is reported by which “native” C60 can “in principle” 
be incorporated into a supramolecular electron transfer system. 
 
In the last chapter of this thesis C60 and the C60-adducts C60[3]DMA and C60[3] are 
incorporated into clusters of amphiphilic molecules such as micelles and liposomes. Both a 
method of incorporation into micelles and liposomes and a spectroscopic study of C60 and 
C60-adducts is presented. It is shown that by light excitation of a C60-adduct in micelles 
cytochrome c can be reversibly oxidized. 
It has to be realised that the order in which the chapters are presented here is not the 
chronological order of the concomitant publications (which is Chapter 2, 6(I), 3, 3A, 6(II), 4, 
7, 5). This explains why for instance compound C60[11]DMA is not discussed in Chapter 7.  
The chapters in this thesis differ slightly from the original publications. Besides some minor 
changes a final remarks section is added, in which new ideas, explanations and literature is 
presented. 
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Chapter 2
Fluorescence of Fullerene-C70 

and its Quenching by Long-Range Intermolecular Electron Transfer
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La fluorescence etait observée à travers un écran coloré opaque à la lumière excitatrice, 
 ce qui élimne toute lumière parasite. 

 
Jean Perrin, 1924 
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Fluorescence of Fullerene-C70  

and its Quenching by Long-Range Intermolecular Electron Transfer 
 

Abstract: The fluorescence spectrum and fluorescence quantum yield of C70 were 
determined in a number of solvents at room temperature. A well resolved 
fluorescence excitation spectrum, which matches the absorption spectrum, was 
furthermore obtained over a broad wavelength region (250 to 580 nm, in 
n-hexane). The fluorescence lifetime (627 ps in benzene) was determined thereby 
settling the existing uncertainty about the singlet lifetime of C70. Furthermore it is 
shown that the quenching of the fluorescence by organic electron donors involves 
both dynamic and static mechanisms. The contribution of the latter is much more 
pronounced than can be explained from the degree of ground-state charge transfer 
complexation. Analysis in terms of a Perrin model indicates that long range 
intermolecular electron transfer is important with a radius of action that increases 
sharply when the donor oxidation potential is lowered. 

 
2.1 Introduction 
 
The first detection 1 (by Kroto et al.) and the subsequent bulk preparation 2 (by Krätschmer et 
al.) of the exceptional spherical polycyclic aromatic carbon compounds C60 and C70, now 
conveniently named as "fullerenes", has opened a new field of chemistry. Fascinating data are 
continuously reported regarding such topics as : fulleride superconductivity 3, organo-metallic 
and organic fullerene derivatives 4-7 and photophysical properties of fullerenes 8-17. 
Although the photophysical properties of C60 are quite established, in case of C70 they are 
still a topic of discussion, especially regarding the lifetime of the first singlet excited state 
Thus 115 ps was measured by Wasielewski et al.11, while Tanigaki et al. reported 670 ps 14 
both via transient absorption spectroscopy. As reported by our group before 12, and recently 
confirmed by others 13,17, C70 shows fluorescence in solution at room temperature. From 
apparent differences between absorption and excitation spectra it has been concluded 13,17 that 
UV excitation in higher excited states is significantly less efficient in populating the emissive 
state. Here we report room temperature C70 fluorescence spectra, the fluorescence lifetime, 
fluorescence quantum yields and a fluorescence excitation spectrum from 250 to 580 nm, 
while we furthermore enhance our earlier 12 study on fluorescence quenching by electron 
donors.  
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2.2  Experimental 
 
HPLC pure C70 was obtained by the courtesy of Prof. Dr. R.M. Kellogg (SYNCOM, 
Groningen University). The absorption spectrum of this material as measured with a Hewlett-
Packard 8451A diode array spectrometer is shown in Fig. 2.1 together with a bargraph and 
numerical data representing the absorption spectrum reported in literature 8, 14,18. 
Fluorescence and excitation spectra were recorded on a SPEX Fluorolog 2 instrument 
equipped with a red sensitive GaAs photomultiplier (RCA C31034, Peltier cooled) of which 
the spectral response extends to ≤ 900 nm and is known to be quite flat from the UV to about 
860 nm. Fluorescence spectra were measured on dilute solutions ( 2.08 x 10-5 M in n-hexane, 
0.99 x 10-5 M in benzene and 2.18 x 10-5 M in dichloromethane) using 455 nm (excitation-
path) and 570 nm (emission-path) cutoff filters. Excitation and emission bandwidths of 9 nm 
were employed and no corrections were applied to the fluorescence spectra.  
For determination of the fluorescence quantum yield meso-tetraphenylporphine (5,10,15,20-
tetraphenylporphine) in non-degassed benzene (2 x 10-4 M, emission maxima at 650 and 719 
nm, Φfl = 0.11) 19 was used as a standard. Excitation wavelength was 470 nm, and the 
absorbance of both the reference and the sample was adjusted to 0.1 (1 cm) at this 
wavelength. Bandwidths and cutoff-filters used were 2.25, 455 nm (excitation-path) and 4.5, 
570 nm (emission-path). The fluorescence excitation spectrum in n-hexane ([C70] = 0.5 x 10-5 
M, bandwidths 9 nm (excitation-path) and 28.8 nm (emission-path) integration time 5 s) was 
recorded by monitoring the fluorescence at 770 nm and using a 665 nm cutoff filter. 
Correction of the excitation spectrum was achieved primarily by ratioing the emission signal 
and the signal of a Rhodamine B quantum counter (effective range 250-590 nm), which is 
operated by the light derived from the excitation beam via a quartz-plate beam splitter. 
Additional correction factors to compensate for the optical path difference between sample 
and quantum counter were determined by measuring the apparent excitation spectrum of a 
concentrated Rhodamine B solution (in right angle geometry).  
Fluorescence lifetime determination was performed by the time correlated single photon 
counting technique, using instrumentation extensively described elsewhere 20. Excitation 
pulses of 56 ps FWHM at 566.4 nm from an Argon-ion-laser pumped Rhodamine 6G dye-
laser were employed. Fluorescence was monitored at 660 nm and a 630 nm cutoff filter was 
used.  
 
2.2.1  Determination of the Stern-Volmer plots 
The following method was used to determine the fluorescence quenching curves. From a 
benzene solution of C70 with an absorption of 0.1 at 470 nm (1 cm) 3 ml was taken and put 
into a fluorescence cuvet. Absorption and emission was recorded. Integration of the 
fluorescence spectrum gives I0. Next, the cuvet was decapped, immediately put on an 
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electronic analytical balance and ca. 10 µl of liquid donor was added. The weight increase 
was recorded (and used to calculate the donor concentration). The cuvet was capped, and 
absorption and emission were recorded after mixing by shaking. The procedure described in 
the last three sentences was repeated a number of times to attain a final donor concentration of 
ca. 0.3 M. Integration of the fluorescence spectra gives the intensity I at a certain donor 
concentration. 
 
2.3 Results and discussion 
 
2.3.1  Emissive properties of C70 
Fig. 2.2 shows the fluorescence excitation spectrum of C70 in n-hexane, and the fluorescence 
emission in three solvents.  
The spectral distribution of the excitation spectrum very satisfactorily matches that of the 
absorption spectrum (see Fig. 2.1) over the spectral region investigated (250-580 nm). This 
confirms that the fluorescence observed stems from C70 and is not due to the presence of 
highly fluorescent trace impurities, a possibility left open in earlier studies 12,13.  
 

700600500400300

wavelength (nm)

! (nm) " (l/mol.cm)

268 (sh) 60255
313 17000
330 24000
359 19500
377 28200
468 14500
542 6025
590 (sh) 2950
599 (sh) 2400
609 2090
623 (sh) 1230
635 (sh) 1350
646 (sh) 630

 
 
Fig. 2.1.  Absorption spectrum of the C70 sample used in the present study together with 
literature 8, 14, 18 data (bargraph and numerical values, sh: shoulder), solvent n-hexane. 
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Furthermore, in contrast to earlier reports 13,17, we find that VIS and UV excitation do not 
show significant differences in efficiency to produce fluorescence, thus ruling out major dark 
deactivation of higher excited states, bypassing the S1 state. We have no explanation for this 
discrepancy, but it appears possible that a combination of incomplete correction of the 
excitation spectrum and of minor amounts of C60 acting as an inner filter 21 in the UV, 
contributed to the apparent difference between the absorption and excitation spectra.  
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Fig. 2.2.  Fluorescence spectrum of C70 in various solvents, together with the corrected 
excitation spectrum as determined in n-hexane. For comparison the absorption spectrum 
(scaled at the 377 nm peak) is also shown in the form of a bargraph. 
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Fluorescence-quantumyields were determined for 470 nm excitation in argon degassed 
benzene (Φfl = 7.0 x 10-4), n-hexane (Φfl = 5.0 x 10-4) and dichloromethane (Φfl = 5.4 x 10-4). 
This is in accordance with the estimate (8.5 x 10-4) made by Arbogast et al 13 and also agrees 
reasonably well with the value (2.2 x 10-4) reported by Wang 17 in methylcyclohexane at 
77 K. The latter comparison suggests that the fluorescence quantum yield must be virtually 
temperature independent. 
The fluorescence spectra show a modest change of vibrational structure and a slight shift upon 
change of solvent: n-hexane: 650, 685, 692 (sh), 707 nm; dichloromethane: 664, 692, 712 nm; 
benzene: 667, 696, 715 (sh). 
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Fig. 2.3.  Fluorescence decay of C70 in benzene as measured by time correlated single 
photon counting (see experimental). The continuous curve is the fit obtained for mono-
exponential decay with τ = 627 ps. The laserpulse is also shown. 
 
Fig. 2.3 shows the fluorescence decay of C70 in argon degassed benzene solution. The decay 
can be fitted monoexponentially, leading to an S1 lifetime of 627 ± 20 ps. From earlier 
measurements by transient absorption spectroscopy S1 lifetimes of 115 ps 11 and 670 ps 14 in 
solution have been reported. Our measurements clearly support the correctness of the latter. 
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2.3.2  Fluorescence quenching 
The S1 lifetime of C70 now being established, allows for a more complete interpretation of the 
dynamics of the fluorescence quenching by electron-rich aromatic species 12. Fig. 2.4 shows 
quenching curves as measured with three such species in benzene as a solvent 22. 
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Fig. 2.4.  Dependence of C70 fluorescence intensity on quencher concentration ([Q]) for 
Q = 1,2,4-trimethoxy benzene (TMB), N,N-dimethyl aniline (DMA) and N,N-dimethyl p-
toluidine (DMPT) in benzene as a solvent. An excitation wavelength of 470 nm was employed. 
The curves represent best fits obtained with a combined static and dynamic quenching model 
(eqn (1)) using the parameters indicated. 
 
A virtually linear Stern-Volmer type behaviour is found when 1,2,4-trimethoxybenzene 
(TMB, Eox = 1.12 V vs SCE, CH3CN)12 is employed as a quencher. From the slope of this 
quenching curve a Stern-Volmer constant kqτ = 7.2 l/mol is found. Assuming pure dynamic 
quenching the rate constant (kq) of this quenching can now be determined using the S1 
lifetime τ = 627 ps established above. The value of kq = 1.15 x 1010 s-1 thus found is 
compatible with a mechanism involving diffusion limited excited state electron-transfer 
quenching. Using less powerful electron donors like 1,4-dimethoxybenzene (Eox = 1.34 V vs 
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SCE, CH3CN)12 does not lead to fluorescence quenching. The quenching curves for more 
powerful electron donors such as N,N-dimethyl-p-toluidine (DMPT, Eox = 0.70 V vs SCE 
CH3CN)12 and N,N-dimethylaniline (DMA, Eox = 0.76 V vs SCE CH3CN)12 display an 
"upward" curvature indicative for a contribution of significant additional static quenching. 
Since it is known 12,15,17 that the fullerenes form ground state complexes of the charge-
transfer type with strong electron donors, one might assume that such complex formation is 
responsible for the static quenching. If 1:1 complex formation with an equilibrium constant 
Ks occurs, and this does not influence significantly the molar extinction at the excitation 
wavelength, the combined result of static and dynamic quenching on the ratio of the 
unquenched and quenched fluorescence (Io/I) is given by eqn. (1), where [Q] is the quencher 
concentration. The latter is assumed to be large in comparison to that of C70 (a condition 
fulfilled here). 
 
 Io/I = (1+Ks [Q])(1+kqτ [Q])       (1) 
  
It appears likely that for DMPT and DMA the value of kq will also be close to the diffusion 
limit, since this is already so for the weaker donor TMB and it is well known 23 that beyond 
the minimum donor strength where kq = kdiff the value of kq remains virtually constant. Thus, 
since also τ is now known accurately, the value of Ks can be evaluated from the overall 
quenching curve measured. As shown in Fig. 2.4 very good fits are obtained for Ks = 11.2 
l/mol (DMPT) and Ks = 4.2 l/mol (DMA). Interestingly, these Ks values are one to two orders 
of magnitude larger than the actual complex formation constants reported 15,17 for ground-
state charge-transfer complexes between anilines and fullerenes. Furthermore the sharp 
decrease of Ks in the series DMPT, DMA, TMB appears incompatible with a change in 
complex formation constant, if compared to other charge transfer complexes containing 
related electron donors 24. We therefore propose that the major contribution to static 
quenching derives from photoinduced electron-transfer between singlet excited C70 and 
ground-state donor species, separated by much longer distances than involved in an actual 
ground-state complex. Results of studies on the distance dependence of electron transfer 
processes in condensed media have amply revealed the possibility of such long range electron 
transfer 25. A useful model for treating such a situation is that provided by a Perrin type 
formulation 26 in which all excited species that have a quencher within a distance Δr undergo 
static quenching, whereas those for which the nearest quencher is beyond that distance do not. 
Because of their homogeneous surface and (nearly) spherical shape the fullerenes are quite 
amenable to such a description. If the effective radius of the fullerene is R, the Perrin model 
implies that for static quenching at least one quencher molecule must be available in an active 
shell with the volume:  

 (4/3)π{(R+Δr)3- R3}.  
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For a statistical distribution of the quencher molecules over the total volume of the solution 
and neglecting the chance that more than one quencher molecule is found within the active 
shell of a single fullerene this leads 27 to a quenching behaviour similar to that induced by 1:1 
ground state complexation but with an apparent formation constant Ks given by eqn (2) where 
N’ is the number of molecules in 10-27 mole (N’ is actually the number of molecules per Å3 at 
a concentration of 1 mol/l), Ks is in l/mol and R and Δr are in Å: 
 
 Ks = (4/3)πN’{(R+Δr)3-R3} = 0.0025{(R+Δr)3-R3}    (2) 
 
Assuming that for direct contact (Δr = 0) the minimum nuclear separation is 3.4 Å, the closest 
distance achievable between the center of C70 and that of a small aromatic molecule like 
DMA is 7 Å along the short axis of C70 and 7.4 Å along the long axis, (see Fig.2.5 ).  
 

7.0 Å

7.4 Å

 
Fig. 2.5.  Space filling model showing the closest center-to-center approach of an 
aromatic quencher along the long and short axis of C70. 
 
Substituting the average of this by taking R = 7.2 Å in eqn (2), the Ks values of 4.2 l/mol and 
11.2 l/mol found for DMA and DMPT then require Δr values of 5.5 Å and 9.7 Å respectively. 
These distances are sufficiently large to infer that even quencher molecules separated from the 
fullerene surface by one or two solvent (benzene) molecules can contribute to the quenching. 
In this context it appears interesting to point out that benzene has been found 28 to be 
particularly efficient in mediating long-range electron transfer by what is supposed to be a 
super exchange mechanism. Long-range electron transfer, however, not only requires 
sufficient electronic coupling (e.g. via super exchange) but also a sufficient driving force to 
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overcome the Coulomb destabilization of the charge separated state that occurs when the 
charge separation distance is increased. This factor provides a qualitative rationale for the 
sharp increase of Δr that occurs when the donor strength of the quencher is increased. Clearly 
both the efficiency of the super exchange coupling and the electron transfer thermodynamics 
may be expected to depend strongly on the nature of the solvent medium and studies to 
investigate the solvent dependence of the fluorescence quenching via both continuous and 
time resolved spectroscopy are therefore of interest. 
 
2.4 Final remarks 
 
2.4.1  New literature 
After the submission and publication of the original manuscript on which this chapter is 
based, a great number of publications have appeared that describe research on the topics 
presented in this chapter. Time resolved fluorescence 29, fluorescence excitation 
spectroscopy 30 and intermolecular electron transfer studies 31 published by different groups 
have resulted in very similar observations and conclusions regarding S1 lifetime, excitation 
wavelength independence of the fluorescence quantum yield and curved Stern-Volmer plots. 
The only aspect that still deserves discussion here is the application of the Perrin model to 
explain the curved Stern-Volmer plots. 
 
2.4.2  The Perrin formulation 
The Perrin formulation was derived in the 1930's by Jean Perrin and Francis Perrin 
(contemporaries of Einstein, Jean Perrin was also present at the famous Conseil de physique 
meeting in 1911) by studying concentration effects on the fluorescent behaviour of molecules 
in solution. Although it is not very well known, the Perrin model still attains regular attention 
in recent literature 32. 
The Perrin formulation can be clarified in two ways: 
- The energetics of electron transfer interactions can be described by a Weller type analysis: 
 

 ΔGcs = e(Eox (D) - Ered (A)) - E00 - e2/4πεo εsRc - e2/4πεo r (1/37.5-1/εs) 
 
If we substitute the values of the C70 - dimethylaniline system in benzene (Ered = - 0.4 V vs 
SCE, Eox = + 0.76 V vs SCE, E00 = 1.91 eV, r = (r+ + r-)/2, r+ = 3.7 Å and r- = 5.8 Å, 
εs = 2.28; see also Chapter 4) the only variable is Rc. If we now equate ΔGcs to zero, this leads 
to an Rc of 13 Å. 
This appears to indicate that the radius of the active sphere derived by application of the 
Perrin formulation to the experimental data, is governed by the ΔGcs derived via the Weller 
equation. For the other donor compounds a similar approach is consistent. 
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- A schematic representation using a potential energy surface of the system studied can be 
made (see figure 2.6). In this figure the potential energy of the system as a function of the 
donor-acceptor (D-A) distance is represented. Excitation of the acceptor at large D-A distance 
leads to local (acceptor) fluorescence. For a moderately strong donor D1 (e.g. 1,2,4-
trimethoxybenzene) at van der Waals contact (r1, at this distance the molecules begin to repel 
each other in the ground state) after excitation, charge transfer can occur leading to a dipolar 
D+. A-. state with a smaller D-A distance due to the coulombic attraction. Using a stronger 
electron donor D2 (e.g. N,N-dimethylaniline) leads to a larger ΔGcs and thus charge 
separation can occur at larger D-A distance (i.e. r2). Deactivation of the charge transfer state 
proceeds via a nonradiative path (see also note 22), as indicated by the wavy lines in fig. 2.6. 
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Fig. 2.6. Comparison of the potential energy as function of the donor-acceptor distance 
for two donor-acceptor pairs with different exergonicity of charge transfer (see text above, for 
clarification). 
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On the Applicability of the Kasha-Vavilov Rule to C60
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... it appears that C70, in contrast to C60, obeys Kasha's rule 
 and relaxes efficiently to S1 from higher Sn. 

 
 R.H. Hung, and J.J. Grabowski, 1992 
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On the Applicability of the Kasha-Vavilov Rule to C60  
 

Abstract: By full correction for the instrumental response function, the 
fluorescence excitation spectrum of C60 in methylcyclohexane between 240 and 
580 nm is shown to match the absorption spectrum. This proves that, in contrast to 
earlier reports, also after UV excitation into higher Sn states deactivation proceeds 
virtually completely via the S1 state, in accordance with the Kasha-Vavilov rule.  

 
3.1 Introduction 
 
During the recently emerging investigations regarding the photophysical properties of C60 
and C70 different research groups have occasionally reported data that can not be reconciled. 
A topical example is provided by the scatter in the reported singlet excited state lifetimes for 
both C60 1 and C70 2. The topic we would like to discuss here, however, is whether C60 and 
C70 undergo significant deactivation avoiding the S1 state after UV excitation into higher 
singlet excited states. Recent literature led to some contradiction on this point regarding both 
C60 and C70. Some groups have reported excitation wavelength dependent singlet oxygen 
quantum yields using C60 as a sensitizer (Φ(1O2) = 0.76 (355 nm),  
Φ(1O2) = 0.96 (532 nm))12 and wavelength dependent triplet quantum yields  
(ΦT = 0.77 (337 nm), ΦT ≈ 1.0 (510 nm))13 for C60. Wavelength dependent fluorescence 
quantum yields (Φfl = 3.8·10-6 (370 nm), Φfl = 1.9·10-5 (405 nm))14 have also been reported. 
Other groups, however, reported excitation wavelength independent singlet state lifetimes 
(for 265, 355 and 532 nm excitation), ΦT ≈ 1 (for 248, 337 and 351 nm excitation)9 and 
Φ(1O2) ≈ 1 (340 and 530 nm excitation) for C60 15. 
While it had been reported that also C70 shows an excitation wavelength dependent 
fluorescence quantum yield (Φfl = 6·10-5 (370 nm), Φfl = 1.3·10-4 (378 nm) and 
Φfl = 2.2·10-4 (471 nm))14, 16, and thus does not obey Kasha-Vavilov's rule, this has been 
convincingly contradicted by using time resolved photoacoustic calorimetry (ΦT = 0.97 for 
337, 464 and 510 nm excitation)13, transient absorption spectroscopy (ΦT ≈ 1 for 248, 337 
and 351 nm excitation)9 and by careful correction of the fluorescence excitation spectrum 11.  
In a recent report 13 it was concluded on the basis of the available data for C60 and C70 that: 
"it appears that C70, in contrast to C60, obeys Kasha's rule and relaxes efficiently to S1 from 
higher Sn".  
In 1950 Kasha stated that in most aromatic molecules emission occurs from the lowest 
excited electronic state of a given multiplicity (i.e. from S1 or T1). The most well known 
exception being azulene which shows fluorescence from S2.  
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The statement that fluorescence quantum efficiency is independent of the excitation 
wavelength (for non-ionizing radiation) is known as Vavilov's law, and is also called the 
Kasha-Vavilov rule 17,18. Both empirical rules imply that internal conversion (from Sn to S1 
or from Tn to T1) is so fast that other processes like fluorescence, intersystem crossing, or 
phosphorescence cannot compete significantly.  
Although C60 displays weaker fluorescence than C70 we now decided to test the Kasha-
Vavilov rule for C60, as we did earlier for C70 11 (see also chapter 2), by comparing its 
absorption spectrum with a carefully corrected excitation spectrum employing an excitation 
range extending from the visible into the UV. 
 
3.2 Experimental 
 
C60 19 was purified using literature procedures 20. Purity was checked by UV-VIS and HPLC 
(silica, n-hexane) and was >99 %. 
Fluorescence and excitation spectra were recorded on a SPEX Fluorolog 2 instrument 
equipped with a red sensitive GaAs photomultiplier (RCA C31034, Peltier cooled) of which 
the spectral response extends to ≤ 900 nm and is known to be quite flat from the UV to about 
860 nm. The fluorescence spectrum (see inset of Fig. 3.1A) was measured on a dilute solution 
([C60] = 3.8·10-4 M in methylcyclohexane, integration time 10 s) in a 1 cm fused silica cell 
using 490 nm (excitation-path) and a 570 nm (emission-path) cutoff filters. An excitation 
wavelength of 500 nm was used. Excitation and emission bandwidths of 9 nm were employed 
and no corrections were applied to the fluorescence spectrum.  
The fluorescence excitation spectra in methylcyclohexane (see Fig. 3.1) were measured on 
solutions sufficiently dilute to maintain an absorbance less than 0.2 over the excitation 
wavelength range ([C60] = 5.2·10-7 M (240-580 nm) and [C60] = 8.5·10-5 M (390-580 nm)) in 
1 cm fused silica cells with bandwidths of 4.5 nm (excitation-path) and 28.8 nm (emission-
path) and an integration time of 10 s. The fluorescence was monitored at 720 nm using a 665 
nm cutoff filter. Correction of the excitation spectrum was achieved primarily by ratioing the 
emission signal and the signal of a Rhodamine B quantum counter (effective range 220-590 
nm), which is operated by the light derived from the excitation beam via a quartz-plate beam 
splitter. Additional correction factors to compensate for the optical path difference between 
sample and quantum counter were determined (see Appendix to Chapter 3) by measuring the 
apparent excitation spectrum of a concentrated Rhodamine B solution (in right angle 
geometry). Fluorescence measurements were conducted at room temperature.  
Absorption spectra were recorded with a CARY 3 spectrophotometer (bandwidth 0.5 nm). 
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3.3 Results and discussion 
 
3.3.1  Excitation spectroscopy of C60 
Figure 3.1A shows an excitation spectrum from 240 to 580 nm using a very dilute solution of 
C60 in methylcyclohexane.  
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Fig. 3.1.  Three excitation spectra in different wavelength ranges of C60 in 
methylcyclohexane (detection wavelength: 720 nm). Bargraphs show scaled extinction 
coefficients from literature indicating that the fluorescence quantum efficiency is independent 
of wavelength. The inset in fig. 1A shows the room temperature fluorescence of C60 in 
methylcyclohexane. 
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Bargraphs indicate scaled extinction coefficients from literature 21. This spectrum shows that 
the maxima at 256 and 328 nm are reproduced and thus produce fluorescence with the same 
quantum efficiency (Φfl). Figure 3.1B shows an expansion of the > 300 nm region of Fig. 
3.1A. It is clear that shoulders at 357, 368, 376, 390 and 395 nm also show the same Φfl. At 
the concentration used ([C60] = 5.2·10-7 M) to record excitation spectra 1A and 1B the 
absorption in the visible region drops to A(1 cm) < 0.002 and the fluorescence signal to noise 
ratio becomes too small for reliable measurements. The noise level in this wavelength range 
reaches a signal intensity of circa 50 c.p.s. Increasing the concentration to [C60] = 8.5·10-5 M 
allowed us to record the 390-580 nm region (Fig. 3.1C). From this it is clear that the shoulder 
at 390 nm shows the same Φfl as the maxima at 492, 540 and 568 nm. Unfortunately the 
sharp absorption maxima at 404 and 408 nm are not well reproduced, which is due to the 
large bandwidth used (4.5 nm). 
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Fig. 3.2.  Absorption spectra of C60 in methylcyclohexane. Bargraphs indicate extinction 
coefficients from literature. 
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The inset in fig. 3.1A shows the room temperature fluorescence of C60 in methylcyclohexane 
with maxima at 655, 688 and 720 nm, in agreement with the fluorescence reported in 
literature 14. 
For comparison the characteristic UV-VIS absorption of C60 is shown in fig. 3.2A and B.  
The similarity between the excitation and absorption spectra is emphasized by indicating 
literature extinction coefficients in n-hexane 21 as bargraphs in all spectra. Clearly, upon UV 
excitation fluorescence is produced with an efficiency identical (within an experimental 
accuracy of ± 10%) to that produced by VIS excitation.  
These results prove that after UV excitation into higher Sn states deactivation proceeds 
virtually completely via the S1 state. In contrast to earlier reports 13, 14, 16 we thus find no 
indication of an upper excited state process. In conclusion our experiments prove 
unambiguously that C60 obeys the Kasha-Vavilov rule (under our experimental conditions)22. 
 
3.4 Final remarks 
 
3.4.1  New literature 
After the submission and publication of the original manuscript on which this chapter is 
based, a number of publications have appeared that describe research on the topic presented in 
this chapter. Several studies published by different groups have resulted in very similar 
observations and conclusions regarding excitation wavelength independence of the 
fluorescence quantum yield of C60 (see ref. 23 ). 
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Correction of Fluorescence Excitation Spectra 
 

Abstract: This appendix describes the generation of correction factors that should 
be used in fluorescence excitation spectroscopy, and exemplifies the importance 
of their application. 

 
3.A.1 Introduction 
 
At the start of the research project described in this thesis one of the objectives was the 
determination of the fluorescence excitation spectrum of C70 over a broad wavelength range 1 

(see Chapter 2) to conclusively attribute the previously reported fluorescence spectra 2 to this 
chromophore. After overcoming trivial problems concerning the spectrometer configuration, 
solvent choice and concentration range the routinely "corrected" excitation spectra obtained 
on our SPEX Fluorolog 2 instrument still presented an interpretational problem. It appeared 
that visible excitation of C70 produced fluorescence more efficiently than ultra violet 
excitation, as evidenced by differences in the peak intensity ratios in the absorption and 
fluorescence excitation spectra (at 340, 360, 380 and 470 nm). In fact wavelength dependent 
photophysical behaviour has been implied for both C60 and C70 by other investigators 3, 4, 5, 6 

using different instrumentation and this was interpreted to indicate incomplete internal 
conversion from higher excited Sn states to the fluorescent S1 state (see also Chapter 3). 
Upon further scrutiny, however, we found that not a wavelength dependent photophysical 
behaviour of C70, but incomplete correction for variation of the excitation photon flux with 
wavelength caused the apparent discrepancy between excitation and absorption spectra. 
(Recently it has been shown that also C60  has a wavelength independent fluorescence 
quantumyield, see Chapter 3 and reference 7 and 8). Thus, while "corrected" excitation 
spectra are on most commercial instruments now routinely obtained by ratioing the intensity 
of the emission signal to that of a quantum counter monitoring the excitation beam, additional 
correction is in general needed especially if the excitation spectrum has to be recorded over a 
broad wavelength range. This appendix gives a description of how these correction factors 
were obtained. Although manuals for spectrofluorimeters normally describe a procedure 9 to 
obtain such correction factors, an exemplified description seemed appropriate here because of 
the rather exceptionally large excitation range involved and the consequently rather dramatic 
effects of the additional correction, the omission of which seems to be a recurring source of 
poorly corrected excitation spectra inevitably leading to misinterpretation of the underlying 
mechanisms. 
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To clarify the problem a basic description of a steady state fluorimeter is useful. A typical lay-
out 9 of a modern spectrofluorimeter is given in Fig. 3.A.1.  
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RhB
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F
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Fig. 3.A.1.  Representation of a fluorimeter. L: lamp; M1: excitation monochromator;  
BS: beamsplitter; RhB: quantum-counter dye cell; PR: reference photomultiplier;  
R: quantum-counter reference output; S: sample; M2: emission monochromator;  
PF: emission photomultiplier; F: sample emission signal. Note the difference in optical path 
from the lamp to quantumcounter RhB and to the sample (S). 
 
In essence, the light from a lamp is dispersed by the excitation monochromator (M1) and 
directed to the sample (S) and partly to the reference quantum counter (which produces a 
signal R, proportional to the quantumflux impinging on it) by using a (quartz) beam splitter. 
The light directed to the sample is absorbed in part and emission is detected via M2 by a 
detector providing the emission signal F. 
In principle the excitation intensity is proportional to the lamp spectrum multiplied by the 
transmission of M1 and varies strongly as a function of wavelength (see Fig. 3.A.2).  
The most generally used quantum counter consists of a concentrated solution of Rhodamine B 
in 1,2-propanediol (8 mg/ml), that over a wide range of wavelengths absorbs all light derived 
from the beam splitter, and converts it with a constant quantum yield to a fluorescence signal 
of which the spectral distribution is independent of the excitation wavelength and is detected 
by a reference photomultiplier or photodiode (output signal R). If carefully designed, the 
signal R is thus proportional to the photon flux impinging on the quantum counter over the 
wavelength range in which the dye absorbs all light (~ 250-590 nm for Rhodamine B). Thus 
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in this range Rλ ~ Iλ where I stands for the photon intensity of the light impinging on the 
quantum counter and the subscript λ refers to its wavelength. 
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Fig. 3.A.2.  The spectrum of a Xenon lamp, i.e. the signal R from the quantumcounter. 
 
The main part of the excitation light is directed by the beam splitter to the sample solution, S, 
where it is converted into fluorescence detected as signal F (i.e. if M2 is set to a wavelength 
within the emission band of S and M1 is set to a wavelength within the absorption band).  
Neglecting reabsorption, the fluorescence is proportional to the number of quanta absorbed 
times the quantum yield (Φfl) i.e.: 
 
 F ~ Iλ (1-10-Aλ)Φfl  (1)  
 
In eqn (1) Aλ represents the absorbance of the sample.  
If care is taken to work at sufficient dilution so that Aλ ≤ 0.1 this can be simplified to: 
  
 F ~ IλAλΦfl  (1a) 
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Ideally the ratio F/Rλ then should be proportional to AλΦfl and thus a plot of F/Rλ as a 
function of λ (the "corrected" excitation spectrum) should reproduce the absorption spectrum 
unless Φfl is wavelength dependent. In practice, however, an extra correction is needed on 
most instruments for the difference in optical path between the sample and the 
quantumcounter. A rather accurate and quite convenient measure for this effect can be 
obtained by measuring two identical concentrated solutions of Rhodamine B in 1,2-
propanediol in quantumcounter and sample positions and record F/Rλ by scanning M1 with 
M2 set in the fluorescence band (~ 630 nm). In absence of an optical path difference F/Rλ 

should then be constant, in practice however it varies significantly with the excitation 
wavelength as demonstrated below.  
 
3.A.2 Procedure for obtaining the additional correction factors 
 
A SPEX Fluorolog 2 instrument in 211 configuration was used. A 10 ml solution of 
Rhodamine B in 1,2-propanediol (8 mg/ml) was divided over two quartz fluorescence cuvets. 
These were placed in sample and quantum-counter position. The emission monochromator 
(M2) was set at 630 nm, a cut off filter (500 nm) was placed in the emission path to suppress 
the second order effect expected to arise upon 315 nm excitation and right angle observation 
was chosen for the sample position (in case a "rear view" holder [i.e. the geometry used in the 
quantum counter] is present, this should be used). Appropriate slits and photomultiplier 
voltages were chosen to optimize both R and F signals without overranging. The latter can be 
checked by putting the excitation monochromator (M1) at 470 nm (highest excitation 
intensity, see Fig. 3.A.2). On our instrument the following slits were used: 0.5 mm (4.5 nm), 
excitation path; 1.25 mm (4.5 nm), emission path. The F/Rλ values were then measured 
between 240 to 590 nm. This range is limited at short wavelengths because the lamp emission 
becomes too small and at the high wavelength side because Rhodamine B does not absorb 
sufficiently beyond 590 nm. However, quantum counter dyes do exist that absorb at longer 
wavelengths (for instance HITC)10. 
The resulting excitation "spectrum" should be of the form depicted in Fig. 3.A.3. Inverting the 
spectrum (Rλ/ F) and normalising it by dividing it by the minimum value (in our case around 
540 nm) results in the correction factors plotted in Fig. 3.A.4 and these are to be applied to a 
routinely corrected excitation spectrum (F/R) in order to obtain a "fully corrected" excitation 
spectrum (i.e. corrected for the optical path difference between sample and quantumcounter).  
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Fig. 3.A.3.  Ratio of R and F signals obtained by placing two identical solutions of 
Rhodamine B in 1,2-propanediol at the quantum-counter and sample (right angle) positions. 
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Fig. 3.A.4.  Correction factors, obtained by inversion and normalisation of the "spectrum" 
in Fig. 3.A.3. 
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3.A.3 The importance of full excitation correction exemplified 
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Fig. 3.A.5.  Partly corrected (F/Rλ) (A) and fully corrected (B) fluorescence excitation 
spectra of C70 together with an absorption spectrum (C) in n-hexane. 
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The additional correction factors derived from Fig. 3.A.4 are minor as compared to the 
changes in excitation intensity with wavelength as derived from Fig. 3.A.2, thus indicating 
that the F/Rλ ratioing alone already provides a major correction. Nevertheless neglect of the 
additional correction factors may lead to severe problems especially if excitation scans are 
made over a broad spectral region11. This is exemplified by the fluorescence excitation 
spectrum of C70, with and without the application of the additional correction factors, and 
comparison with the absorption spectrum as given in Fig. 3.A.5. 
As can be seen from Figs 3.A.4 and 3.A.5 the influence of the correction factors is most 
prominent on the ratios of peaks in the UV versus peaks in the VIS. 
 
3.A.4 Conclusions 
 
If a correct representation of fluorescence quantum efficiencies as a function of excitation 
wavelength is to be obtained, not only a correction for the excitation (lamp) intensity is 
needed but also a correction for the difference in optical path between sample and quantum 
counter.  
 
3.A.5 Final remarks 
 
Besides correction of excitation spectra, an aspect that also deserves attention is Raman 
scatter. It has to be noted that the intensity of C60 and C70 fluorescence is in the range of 
Raman scatter intensity. This can lead to phenomena that may be confusing (see for example 
ref. 12 and the subsequent comment in ref. 13). It is of great importance to apply different 
apparatus configurations in both emission and excitation scans to identify possible Raman 
peaks. Furthermore it has to be noted that the broadness of Raman peaks depends very 
strongly on the solvent (e.g. compare cyclohexane and methoxybenzene) and that Raman 
scatter intensity is proportional to υ3 (i.e. excitation with shorter wavelengths leads to stronger 
Raman scatter). 
For a recent article on correction factors in emission and excitation spectroscopy see ref. 14. 
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Photoinduced Intramolecular Electron Transfer  
in a Bridged C60 (Acceptor)-Aniline (Donor) System. 

Photophysical Properties of the First "Active" Fullerene Diad 
 

Abstract: A covalently functionalized fullerene comprising an electron donating 
aniline group coupled to the fullerene unit by a saturated heterocyclic bridge is 
shown to undergo a photoinduced intramolecular electron transfer process that 
causes quenching of the fluorescence of the adduct and strong decrease of triplet 
population in polar solvents. VIS- absorption, fluorescence and phosphorescence 
at 77 K, triplet-triplet absorption, time resolved fluorescence and redox potentials 
of the fullerene adduct are presented. Analysis of the solvent dependence of the 
energetics of the intramolecular electron transfer is given and is in good 
agreement with the experimental results. 

 
4.1 Introduction  
 
The photophysical properties 1 of C60 and C70 and intermolecular electron transfer 
interactions 2 in solution of these remarkable molecules have been the topic of many recent 
investigations. Relevant photophysical properties are summarized in Table 4.1. 
 
Table 4.1.  Selected photophysical properties of C60 and C70.  
 

 Φfl a τs1 (ps) b 1E00 (eV) c ΦT d τT1 e 3E00 (eV) f 

C60 2·10-4 1245 ± 120 1.99  ≈1  325±20 ns to 0.4 ms 1.57 

C70 5·10-4 630 ±75  1.91  ≈1  790±20 ns to 50 ms 1.56  

 
 a Our results regarding fluorescence quantumyields for C70 2f and C60 are in excellent 
agreement with those of Sun et al 1o, q. Other values have been reported 1g, p, 2d. b Average 
value of the consistent data for the singlet excited state lifetime (τs1) for C60 reported in refs. 
1d, k-m, s, t.; for C70 reported in refs. 1h, k-m, s, t, 2f. c The singlet state energy (1E00) of C60 
1a, b, i, p, and C70 1a, g, p. Palewska et al. 1r reported 1.84 eV for C60.  
d Triplet yields are reported in refs. 1b-h, 2e. e Triplet state lifetimes (τT1 ) in non-degassed 
benzene 1b, g, l and in oxygen free matrices 1c have been reported. f Taken from ref. 1j. 
 
Besides a triplet yield near unity and a very low fluorescence quantum yield, it has also been 
shown that, in contrast to some of the earliest reports on their photophysics 1g, 2d, both 
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fullerenes display excitation wavelength independent photophysical properties and thus obey 
Kasha’s rule1n-r, 2f.  
Intermolecular electron transfer quenching of the S1 state of C60 and C70 in nonpolar media 
can be accomplished by donor molecules with an oxidation potential lower than 1.12 V (vs 
SCE in acetonitrile) like 1,2,4, trimethoxybenzene 2b,f or hexamethylbenzene 2a. Stronger 
donors like N,N-dimethylaniline or N,N,N',N'-tetramethyl-p-phenylenediamine also quench 
the T1 state of these fullerenes 2c, e, g, i.  
A representative first midpoint reduction potential of fullerene C60 and C70 is -0.4 V (vs 
SCE)3. 
 
From their electron acceptor properties it has been envisaged that functionalization of 
fullerenes with electron donating moieties can lead to the development of advanced materials 
with new optical and optomagnetic properties 4. 
 
Studies on photoinduced intramolecular electron transfer in various D(onor)-bridge-
A(cceptor) systems 5 in which a saturated hydrocarbon bridge covalently links D and A at a 
well defined distance have shown that photoinduced intramolecular charge separation can be 
feasible even when D and A are spaced up to 15 Å apart. Through bond interaction via the 
bridge contributes to the electronic coupling between donor and acceptor that is required for 
electron transfer 5, 6. However, although the synthesis of several systems of the donor-bridge-
fullerene (acceptor) type has been described 4b-d,5e, no photoinduced intramolecular electron 
transfer in these covalently functionalised fullerenes has been reported until now.  
Here we report on the synthesis, characterization and solvent dependence of the photophysical 
properties of a new donor-bridge-buckyball compound (C60[3]DMA, see Figure 4.1), that 
indeed displays photoinduced intramolecular charge separation. 
 

NN

N

C60[3]DMA C60[3]  
 
Fig. 4.1.  The compounds C60[3]DMA and C60[3] used in this study. 
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4.2 Experimental Section 
 
 4.2.1  Synthesis of C60[3]DMAThe bridged fullerene(acceptor)-aniline(donor) 
system C60[3]DMA (see Figure 4.1) was obtained by a 1,3 dipolar addition to C60 (MER 
corporation) of the decarboxylated iminium ion formed from 4-(N,N-
dimethylamino)benzaldehyde and N-methylglycine following a procedure slightly modified 
from the one described by Maggini et al 7. 
 

N

N

H
N COOH

H O
C

N

C60[3]DMA

+
+ C60

!, toluene 3 hrs
23-40 %
60-80 % based on 
recoverd C60  

 
Procedure: 100 mg (0.138 mmol) C60 is dissolved in 100 ml toluene, filtered, and 
subsequently 25 mg (0.276 mmol) N-methylglycine and 104 mg (0.69 mmol) 4-(N,N-
dimethylamino)benzaldehyde are added. The mixture is heated to reflux under nitrogen while 
stirring. The reaction can be followed by TLC (silica; toluene, Rf(C60) ≈ 0.8; Rf(product) ≈ 
0.4; Rf(polyadducts) ≈ 0). After 3 hours the reaction was stopped. After cooling, the solvent 
was reduced in vacuo to ca. 15 ml, filtered and purified by column-chromatography (silica; 
toluene). Subsequently, the product was crystallised from toluene by chamber-diffusion with 
pentane. Yield: 23 % (60 % based on recovered C60); 29 mg (0.032 mmol).  
  
1H-NMR (400 MHz Bruker ARX 400, CS2, C6D6 (3 to 1), 308 K) δ (ppm) = 2.63, 3H, s, 
NCH3; 2.71, 6H, s, N(CH3)2; 4.04, 1H, d, CH (exo), J = 9.24 Hz; 4.71, 1H, s, CH; 4.74, 1H, 
d, CH (endo), J = 9.24 Hz; 6.55, 2H, d, CH (arom), J=8.91 Hz; 7.51, 2H, d (br), CH (arom), 
J=7.43 Hz. 
13C-NMR (400 MHz, CS2, C6D6 (3 to 1), 300 K, APT) δ (ppm) = 40.75, NCH3; 40.79, 
N(CH3)2; 69.90, C sp3 (C60); 70.85, CH2; 78.74, C sp3 (C60); 84.39, CH; 113.35, CH (arom); 
125.05, Cq (arom); 131.08, CH (arom); 136.73, 136.86, 137.72, 137.75, 140.71, 141.01, 
141.12, 141.20, 142.57, 142.68, 142.87, 143.02, 143.03, 143.05, 143.12, 143.16, 143.18, 
143.30, 143.34, 143.56, 143.58, 143.61, 143.69, 144.03, 144.17, 145.40, 145.44, 145.71, 
146.21, 146.22, 146.24, 146.27, 146.39, 146.48, 146.49, 146.55, 146.6l, 146.81, 146.91, 
147.08, 147.12, 147.15, 147.22, 147.22, 147.32, 147.58, 147.72, 147.99, 148.23, 148.28, 
151.06, 155.07, 155.14, 155.18, 157.64, Cq (C60) and CqN (arom). 
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IR (KBr, Perkin-Elmer 1310): υ (cm-1) = 2940 (w), 2905 (w), 2830 (w), 2760 (m), 1605 (s), 
1515 (s), 1458 (m), 1438 (m), 1422 (m), 1352 (m), 1328 (m), 1180 (s), 815 (m). 
Mass spectra were obtained with a JEOL SX/SX 102A mass spectrometer using field 
desorption, positive ion: calcd. for C60[3]DMA: C71H16N2: 896.13134; found: 896.1 (and 
720 and 176.1). Extinction coefficients of C60[3]DMA in toluene (in M-1 cm-1) are 704 nm 
(320), 640 sh (377), 430 (3566), 327 (37370).  
 
The acceptor model C60[3] (see Figure 4.1) was obtained with a similar procedure as 
described above (see also ref. 7) using formaldehyde instead of 4-N,N-dimethylamino-
benzaldehyde and gave correct spectroscopic data.  
 
4.2.2  Photophysical and electrochemical measurements 
Fluorescence and excitation spectra were recorded on a SPEX Fluorolog 2 instrument 
equipped with a red sensitive GaAs photomultiplier (RCA C31034, Peltier cooled) of which 
the spectral response extends to ≤ 900 nm and is known to be quite flat from the UV to about 
860 nm.  
Fluorescence spectra were measured on dilute solutions (10-5 M) using a 570 nm (emission-
path) cutoff filter. Excitation and emission bandwidths of 4.5 nm were employed and no 
corrections were applied to the fluorescence spectra. Long integration times (10 s) and low 
increments (0.2 nm) were used. 
For determination of the fluorescence quantum yields C60 in non-degassed methylcyclo-
hexane (Φfl = 2 x 10-4, see Table 4.1) was used as a standard. Excitation wavelength was 470 
nm, and the absorbance of both the reference and the sample was adjusted to 0.1 (1 cm) at this 
wavelength. 
Cryogenic measurements were performed with an Oxford Instruments liquid nitrogen DN 
1740 cryostat, equipped with a ITC4 control unit. Samples were degassed with three freeze/ 
pump/thaw cycles at ca. 10-5 mbar. Bandwidths of 28 (excitation) and 2.5 nm (emission) were 
used. Absorption spectra were recorded on a CARY 3 spectrophotometer, using 0.5 nm 
bandwidth. 
 
Transient absorption spectra were obtained with a gated Optical Multichannel Analyzer of 
EG&G instruments described earlier 8. As excitation and white probe sources the third 
harmonic of a Nd-YAG laser (355 nm, nanosecond pulses) and a 450 W high pressure Xe arc 
(white light 300-880 nm) coupled to a Müller Elektronik MSP05 pulser were used 
respectively. The excitation beam is at a right angle to the probing beam. The probing path 
length is 1 cm. Samples were adjusted to an absorption of 1.5 (1 cm) at the excitation 
wavelength. Laserpower was 10 mJ per pulse (0.2 cm2).  
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Fluorescence lifetimes were measured with time correlated single photon counting using a 
Hamamatsu microchannel plate (R 3809) detector in a setup slightly modified from that 
previously described 9, employing a frequency doubled DCM dye laser which is 
synchronously pumped with a mode locked Argon ion laser resulting in 317 nm 20 ps FWHM 
pulses. Decays were analyzed with a home written deconvolution program. 
Cyclic voltammetry was performed with a Bank Electronic POS 73 Wenking Potentioscan, 
glassy carbon or Pt working electrodes, Pt gauze auxiliary electrode and a saturated calomel 
reference electrode with tetraethylammoniumtetrafluoroborate (0.1 M) in acetonitrile or 
acetonitrile/toluene mixtures as electrolyte.  
Spectroscopy grade solvents were used in all determinations (dried with alumina for 
electrochemistry). Benzonitrile was distilled over P2O5 before use. 
 
4.3 Results and discussion 
 
4.3.1  Photophysical and electrochemical properties  
Figure 4.2 shows the fluorescence and the VIS absorption of C60[3]DMA in 
methylcyclohexane.  
A beautiful symmetry of vibrational progressions is observed, a very minor Stokes shift 
(51 cm-1) and an 1E00 of 14207 cm-1 (704 nm, 1.76 eV). Absorption maxima are observed at 
(cm-1) 14225, 14468, 14671, 14952, 15175, 15708, 18416 (sh), 20886 (sh), 23256 and 24765. 
Fluorescence maxima are observed at (cm-1) 12715, 13504, 13966, and 14174. Furthermore a 
shoulder shows up at 14440 cm-1 (see Fig 4.2A) that probably is a "hot band" (it is absent in 
low temperature emission, see later) and a similar feature can be seen at 13970 cm-1 in the 
absorption spectrum.  
 
Vibrational spacings are in reasonable agreement with theoretical and experimental values for 
native C60 1i. Fluorescence excitation spectra are in excellent agreement with the UV-VIS 
absorption spectra, indicating "normal" photophysical behaviour (like C60 and C70, see ref. 
1n-r, 2f), and the absence of interfering impurities. 
 
Fluorescence quantum yields of C60[3]DMA in different solvents are given in Table 4.2. 
Interestingly, the adduct shows a sharp decrease of fluorescence intensity upon going to more 
polar solvents. A strong indication that the quenching process responsible for this decrease 
involves the electron donating substituent dimethylaniline is the fact that addition of 10 µl of 
trifluoroacetic acid (TFA) to a solution of C60[3]DMA in dichloromethane (dcm) results in a 
sharp increase in the fluorescence intensity restoring it to the level in non-polar solvents 
(fluorescence yield of 6 x 10 -4, see Table 4.2). 
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Fig. 4.2.  VIS absorption and fluorescence of compound C60[3]DMA in 
methylcyclohexane at room temperature. The symmetry relation of the emission and 
absorption is emphasized by the lines in part A. 
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Table 4.2.  Fluorescence quantum yields (absolute and relative) and relative triplet 
quantum yields of compound C60[3]DMA in various solvents of increasing dielectric constant 
(ε). Fluorescence quantum yields in dichloromethane and benzonitrile are near detection 
limit. Triplet yields in chloroform and dichloromethane (denoted with an asterisk) are 
estimates due to sample decomposition under laser irradiation. 
 

solvent ε Φfl   (relative) ΦT 
methylcyclohexane 2.07 6·10-4        (100)  1 
toluene 2.38 5·10-4           (83) - 
chloroform 4.70 2.8·10-4          (46) 0.85* 
dichloromethane 8.93 0.2·10-4             (3) 0.80* 
1,2-dichlorobenzene 9.93 0.6·10-4          (10) 0.34 
benzonitrile 25.20 0.2·10-4          (3) 0.03 
nitrobenzene   0.007 
dichloromethane/TFA - 6·10-4       (100) - 

 
Protonation of the nitrogens results in a slight hypsochromic shift of both the emission (713 
nm (in for example toluene) to 696 nm (dcm + TFA)) and absorption maxima (704 nm (dcm) 
to 686 nm (dcm + TFA). These shifts and the increase in luminescence can be reversed by 
addition of a few drops of pyridine.  
The observation that compound C60[3] does show fluorescence in benzonitrile, 
dichloromethane, benzene, and methylcyclohexane with a quantum yield of ca. 6 x 10-4 

indicates that the pyrrolidine "bridge" moiety is not involved in the quenching process in 
compound C60[3]DMA. 
 
Emission spectra of C60[3] at 77 K in methylcyclohexane and in a mixture of 
methylcyclohexane, methyltetrahydrofuran, ethyl iodide (2:1:1 (v/v)) are shown in Figure 4.3. 
Whereas in the former matrix fluorescence peaks are sharpened and two new emission 
maxima are observed at 825 and 880 nm (relative to room-temperature spectra), in the latter 
all fluorescence is absent, and only the maxima at 825 (1.50 eV) and 880 nm are observed. 
This is a clear indication that the external heavy atom effect caused by ethyliodide induces 
enhanced spin-orbit coupling and only phosphorescence is observed in the mixed matrix 1j. 
The triplet energy (3E00) of C60[3]DMA and C60[3] is thus determined to be 1.50 eV. 
Interestingly the singlet-triplet splitting of the C60-adducts (i.e. Δ(S1-T1) = 0.26 eV) is smaller 
than for "native" C60 (Δ(S1-T1) = 0.42 eV, see Table 4.1). 
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Fig. 4.3.  Emission spectra of compound C60[3] at 77 K, in methylcyclohexane (upper 
spectrum) and in methylcyclohexane, methyltetrahydrofuran, ethyliodide (2:1:1 (v/v)) mixture 
(lower spectrum). The upper spectrum is vertically shifted. Bandwidth is 2.5 nm. 
 
Representative triplet-triplet absorption spectra of C60[3]DMA and of C60 are depicted in 
Figure 4.4. Compared to C60 the adduct shows a slightly broader transient absorption 
spectrum with the strongest absorption maximum at a little higher energy and a pronounced 
T1-Tn absorption at 800 nm (shoulder) indicating a smaller T1-T2 energy gap for 
C60[3]DMA. Interestingly, the relative triplet yields of C60[3]DMA also show a solvent 
dependence (see Table 4.2). Whereas the fluorescence of C60[3]DMA is fully quenched in 
dichloromethane, the triplet is still populated for ca. 80 % in this solvent. In benzonitrile 
however also the triplet is strongly quenched. 
 
The solvent dependence of the fluorescence and triplet-triplet absorption of C60[3]DMA 
indicates that in polar solvents an extra deactivation path of the excited states (S1 or T1) of 
C60[3]DMA becomes available. As the population of a charge transfer state is energetically 
possible in polar solvents (according to the Weller equation, see below) we attribute this 
quenching path to an intramolecular electron transfer that deactivates the excited state.  
So far we can not attribute any transient to the radical cation and anion of the charge separated 
state, due to the time resolution of our flash photolysis apparatus. This indicates that the 
charge separated state has a very short (subnanosecond) lifetime. Preliminary picosecond 
resolved transient absorption spectroscopy confirms this indication. 
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Fig. 4.4. Comparison of triplet-triplet absorption of compound C60[3]DMA and C60 in 
methylcyclohexane. 
 
In contrast to adduct C60[3]DMA, the adduct C60[3] shows strong triplet-triplet absorption 
(ΦT ≈ 1) not only in low polarity but also in high polarity solvents (benzonitrile). 
The extinction coefficient of the triplet-triplet absorption (ε(T1-Tn)) of C60[3]DMA at 692 nm 
is estimated to be 16700 M-1·cm-1, on the assumption that C60[3]DMA has a triplet yield near 
unity in methylcyclohexane. This is obtained by comparison of C60[3]DMA and C60 under 
identical experimental conditions and application of  
 
(P1/A1(λex))/ε1(T1-Tn)·C1·l = (P2/A2(λex))/ε2(T1-Tn)·C2·l  
 
(P = peak intensity, A = absorbance, C = concentration, l = pathlength, subscript 1 refers to 
adduct C60[3]DMA, subscript 2 refers to C60. For C60 ε(T1-Tn) = 14500 M-1·cm-1, at 750 nm 
was used 1d, m. 
 
Fluorescence decays obtained with single photon counting in methylcyclohexane and 
benzonitrile are represented in Figure 4.5. Monoexponential deconvolution of the decay in the 
nonpolar methylcyclohexane (in which electron transfer quenching is not exergonic, see 
below) gives a fluorescence lifetime of 1280 ± 40 ps (i.e. comparable to native C60). In the 
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polar solvent benzonitrile, in which both luminescence and population of the triplet state are 
strongly quenched, the fluorescence decay is not monoexponential but displays three 
components: a long living component with a lifetime of 1750 ps and a very low amplitude 
(0.008) and two fast components of 481 ps and 78 ps with an equal amplitude of 0.032 10 a.  
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Fig. 4.5.  Fluorescence decays of compound C60[3]DMA in methylcyclohexane and in 
benzonitrile. Laserpulse is also shown. 
 
Single photon counting thus indicates that the quenching process in benzonitrile takes place 
with a rate between 1.3 x 109 and 1.2 x 1010 s-1 by applying one of the fast components as τ, 
and the lifetime of C60[3]DMA in methylcyclohexane as τref:  
 
  ket = 1/τ − 1/τref 
 
The decay in benzonitrile is clearly not monoexponential, which can be attributed to the 
presence of more conformations 10 b-e of the compound due to ring inversion of the 
pyrrolidine ring (see section 4.6.3). However, multiexponential behaviour seems to be a 
problem often encountered in the determination of the time resolved quenching of local 
fluorescence by intramolecular electron transfer (see note at the end of section 1.2.3). 
Cyclic voltammetry of the adduct C60[3]DMA in a toluene-acetonitrile mixture (3:1) using 
glassy carbon ((0 to -2 V vs SCE, ) shows three reduction waves at -0.76, -1.24, and -1.79 V 
and reoxidation waves at -1.30, -0.83, and -0.38 V vs SCE. The first midpoint reduction 
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potential of the fullerene adduct is thus estimated to be ca. -0.57 V vs SCE, i.e. in good 
agreement with literature reports for other fullerene adducts 11. A model of the donor  
(4-(dimethylamino)benzylamine from Aldrich) shows an irreversible oxidation wave of +0.74 
V vs SCE in acetonitrile leading to an estimated midpoint potential +0.71 V vs SCE (i.e. 
comparable to N,N- dimethylparatoluidine)12.  
 
The structure of the adduct C60[3]DMA, obtained by minimization with semi-empirical AM1 
calculations is shown in Figure 4.6. The aromatic ring of the donor is in an orthogonal 
relation to the plane that bisects the two sp3 carbons of the fullerene. Although the center to 
center distance of the two chromophores is estimated to be ca. 9 Å, the edge to edge distance 
is only ca. 5 Å. 
 

 
 
Fig. 4.6.  Structure of compound C60[3]DMA obtained with AM1. 
 
 
4.3.2  Energetic Considerations 
An estimate of the driving force for photoinduced charge separation (-ΔGcs) in compound 
C60[3]DMA was made using the standard Weller-type approach13, # :  
 

 ΔGcs = e(Eox (D) - Ered (A)) - E00 - e2/4πεo εsRc - e2/8πεo (1/r+ + 1/r-)(1/37.5 - 1/εs) 
 
This requires, in addition to the donor and acceptor redox potentials (+0.71 V and -0.57 V vs 
SCE, see above) and the singlet or triplet state energy (1E00 = 1.76 eV and 3E00 = 1.50 eV, see 
above), substitution of the center to center distance (Rc) and of the effective ionic radii of the 
donor and acceptor radical cation and anion (r+ respectively r-). For Rc a value of 9 Å was 
estimated from our modeling results (Fig. 4.6). The r+ and r- values were calculated from the 
                                                
# Note that e2/4πεo =  14.4 eV Å 
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apparent molar volumes of N,N-dimethylaniline (density = ρ = 0.956) and of C60 (density 
1.65)14 using a spherical approach 5c.  
 

4/3 π r3= M/Nρ  
 
Here M is the molecular weight and N is Avogadro's number. This gives r+= 3.7 Å and r-
 = 5.6 Å. Resulting ΔGcs values in various solvents are listed in Table 4.3, where furthermore 
values are given for the barrier to charge separation (ΔG#) as estimated via the classical 
Marcus equation: 
 

ΔG# = (ΔG + λ)2/ 4λ  with λ = λi +λs  
 
λs = e2/4πεo (1/r - 1/Rc)(1/n2 - 1/εs) 

 
For this estimation the solvent reorganization term (λs) was calculated using the Born-Hush 
approach 5c and the internal reorganisation energy (λi) was set at 0.3 eV. The latter value was 
estimated using the charge transfer absorption maximum of C60 in pure diethylaniline (550 
nm)15 and the charge transfer emission maximum of C60 in methylcyclohexane containing 0.1 
M diethylaniline (740 nm) 2d, h. The energy difference between these two maxima equals 2λi, 

resulting in λi ≈ 0.3 eV. An estimate of the Gibbs free energy change for charge 
recombination (ΔGcr = -ΔGcs - 1E00) in compound C60[3]DMA is also given in table 4.3.  
 

ΔGcr = e(-Eox (D) + Ered (A)) + e2/4πεo εsRc + e2/8πεo (1/r+ + 1/r-)(1/37.5 - 1/εs) 
 
For the triplet state, only the Gibbs free energy change (ΔGcs(T)) and the barrier for electron 
transfer (ΔG#(T)) differ from the values for the singlet state. 
Important conclusions from the data collected in Table 4.3 are as follows: (i) The driving 
force for charge separation (-ΔGcs) from the fullerene S1 state becomes positive in solvents 
more polar than toluene, in good agreement with the fluorescence data, and from the T1 state 
it requires solvents more polar than chloroform. The relatively high triplet yield and the 
absence of fluorescence of C60[3]DMA in dichloromethane (see Table 4.2) indicates that in 
this solvent of medium polarity charge recombination to the local triplet is a major decay path 
of the charge transfer state. (ii) Charge separation is in the normal region (-ΔGcs < λ) for 
every solvent. (iii) The barrier for electron transfer from S1 is always at least 0.08 eV lower 
than from T1 (the difference in the barrier is 0.23 eV (5.4 kcal /mol) in methylcyclohexane 
and 0.08 eV (1.9 kcal/mol) in benzonitrile). This indicates that electron transfer rates from the 
triplet should always be slower than from the singlet state, and this effect should be strongest 
in non-polar solvents, in agreement with the results of Caspar and Wang 2i. It has to be 
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realised that in our system the difference in rate between the two theoretically possible paths 
implies that electron transfer will only occur via the singlet state, and not via the triplet. 
 
Table 4.3.  Gibbs free energy change for charge separation (ΔGcs), barrier to charge 
separation (ΔG#) and Gibbs free energy change for charge recombination (ΔGcr) and the 
reorganisation energy (λ) in different solvents (given with dielectric constants (ε) and 
refractive indices (n)) for both the singlet and triplet (T) state, obtained for compound 
C60[3]DMA with Rc = 9 Å, r+ = 3.7 Å, r- = 5.6 Å, internal reorganisation energy (λi) is 0.3 
eV. 
solvent  ε n ΔGcs  

(eV) 
λ  

(eV) 
ΔG# 
(eV) 

ΔGcr 
(eV) 

ΔGcs (T) 
(eV) 

ΔG#(T) 
(eV) 

methylcyclohexane 2.07 1.423 0.22 0.32 0.22 -1.98 0.48 0.50 
toluene 2.38 1.497 0.12 0.34 0.16 -1.88 0.38 0.38 
chloroform 4.70 1.446 -0.22 0.70 0.08 -1.54 0.04 0.20 
dichloromethane 8.93 1.424 -0.38 0.87 0.07 -1.38 -0.12 0.16 
1,2-dichlorobenzene 9.93 1.552 -0.40 0.78 0.04 -1.36 -0.14 0.12 
benzonitrile 25.20 1.528 -0.50 0.88 0.04 -1.26 -0.24 0.12 

 
4.5 Conclusions 
 
The solvent dependence of the fluorescence and triplet-triplet absorption of C60[3]DMA 
indicates that in polar solvents an extra deactivation path of the excited states (S1 or T1) of 
C60[3]DMA becomes available. As the population of a charge transfer state is exergonic in 
polar solvents (according to the Weller equation) we attribute this quenching path to an 
intramolecular electron transfer that deactivates the locally excited states.  
Fluorescence decay data indicate that the singlet state electron transfer quenching process in 
benzonitrile takes place with a rate between 1.3 x 109 and 1.2 x 1010 s-1. 
Because, even at the relatively small edge-to-edge donor-acceptor distance present in 
C60[3]DMA, the charge transfer state can only be populated in rather polar solvents, our 
results also imply that fullerenes are not very well suited for use as electron accepting 
chromophores for long range electron transfer in bichromophoric donor-bridge-acceptor 
systems, unless a significantly stronger donor than N,N-dimethylaniline (e.g. N,N,N',N'-
tetramethyl-p-phenylenediamine) is used. One of our previous studies on the solvent 
dependence of intramolecular charge separation has already shown that optimal (in a Marcus 
sense) electron transfer interactions (at a given distance) can only be accomplished if already 
in a nonpolar solvent electron transfer is energetically favourable: 5d i.e. by applying polar 
solvents one can gain driving force (and make electron transfer energetically possible) but one 
will never obtain the highest electron transfer rates. Our results thus suggest that high rate 
photoinduced intramolecular electron transfer in the systems described in ref 4b, c and 5e will 
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not be possible due to the large separation distance or the small driving force, although the 
different spatial orientation of the donor and acceptor in these systems may be of influence (In 
Chapter 5 it is shown that the different spatial orientation is indeed of great influence for one 
of these systems). 
Furthermore our results indicate that functionalization of C60 is accompanied by a decrease of 
the 1E00 with ca. 0.23 eV and a shift to a more negative first reduction potential of ca. 0.17 V. 
Thus, under the same conditions (i.e. donor, distance and solvent), the driving force for charge 
separation for an adduct of C60, compared to "native" C60, would be ca. 0.40 eV less 
exergonic. This would mean that C60 adducts are less suited for photoinduced electron 
transfer systems than "native" C60. It thus would seem preferable to incorporate a C60 unit 
into an electron transfer system by a supramolecular method, such as complexation by 
calix[8]arenes 16 or γ-cyclodextrins 17, leaving the C60 unit intact. 
 
4.6 Final remarks 
 
4.6.1  New literature 
After the submission and publication of the manuscript on which this chapter is based a 
number of publications have appeared that describe the synthesis and the photophysical 
properties of fullerene adducts that incorporate an electron donating group. These publications 
are reported in chapter 5. 
 
4.6.2  Reaction pathways 
We can visualise the data presented in table 4.3 by making use of potential energy curves.  
In Fig. 4.7. it is illustrated that in methylcyclohexane the charge transfer state is in-accessible. 
In the polar solvent benzonitrile, the charge transfer state can be populated from the S1 state 
via a small barrier (and theoretically from the triplet state via a larger barrier). If we go to the 
bottom of the potential energy curve that represents the charge transfer state we see that it is 
strongly coupled to the ground state. It has to be noted that the representation in fig. 4.7. is a 
two-dimensional cross section taken from a multi-dimensional potential energy surface. 
4.6.3  Conformational aspects 
A conformational search performed on a model system of compound C60[3]DMA (a similar 
adduct of pyracyclene) revealed that two conformations can be found (see Fig. 4.8). The only 
relevant conformational freedom resides in the pyrrolidine ring and in nitrogen inversion. 
These conformations may explain the two short components of the fluorescence decay data 
presented above in the results section (see Fig. 4.5).  
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ground state

triplet state

singlet state

charge transfer  state in 
methylcyclohexane

charge transfer  state in 
benzonitrile

!G*(S1)

!G*(T1)

          h" 

 
Fig. 4.7. Representation of the photoinduced intramolecular electron transfer process 
occurring in compound C60[3]DMA in polar solvents, making use of the harmonic 
approximation. The figure represents the potential energy versus reaction coordinate. 
 

   
 
Fig. 4.8.  Representation of two conformations of a model compound for system 
C60[3]DMA (see Figure 4.1). Hydrogens and the amino group are omitted for clarity 



Chapter 4 

80 

In the two conformations the electronic coupling and the distance between donor and acceptor 
will be different and thus influence the electron transfer rate. The conformational search was 
performed with the mechanics force field Sybyl inside the SPARTAN package 18. 
 
4.6.4  Optimal driving force  
The driving force for charge separation that leads to optimal interaction between the S1 state 
and the charge transfer state can be calculated by 5d: 
 

ΔGopt = - λi - e2/4πεon2(1/r - 1/Rc) + e2/4πεo37r 
 
If we do this for compound C60[3]DMA we find that ΔGopt ≈ - 0.96 eV. As ΔGcs only 
depends on the Eox (D), Ered (A) and E00 and the latter two values are fixed if we use a 
fullerene adduct as the electron accepting unit, the oxidation potential of a donor unit that 
would lead to an optimal charge transfer interaction (Eox (D)opt ) can thus be deduced to be 
0.23 V (vs SCE in CH3CN). This indicates that an optimal charge transfer interaction leading 
to virtually barrierless electron transfer can be obtained in the compound (see also Chapter 5) 
shown in fig. 4.9 (Eox (TMPD) ≈ 0.16 V vs SCE). 
 

N N

 
 
Fig. 4.9. Fullerene adduct expected to undergo barrierless electron transfer (see also 
Chapter 5). 
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Photoinduced Electron Transfer to C60 Across Extended 

3- and 11-Bond Hydrocarbon Bridges:
Creation of a Long-lived Charge Separated State



Chemistry is to describe the perceived in terms of the imagined. 
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Photoinduced Electron Transfer to C60 Across Extended  
3- and 11-Bond Hydrocarbon Bridges: 

Creation of a Long-lived Charge Separated State 
 

Abstract Two new, rigid donor-bridge-C60(acceptor) dyads are presented. In one 
system (C60[3]TMPD) a three-sigma-bond bridge separates the fullerene from a 
powerful tetra alkyl-p-phenylenediamine donor; in the other (C60[11]DMA) the 
bridge comprises an extended array of eleven bonds, while the donor unit is a 
dimethylaniline group. Photoexcitation of the three–bond system induces fast (kcs 
≥ 1.6 x 1010 s-1) and virtually complete intramolecular charge separation, 
irrespective of solvent polarity. It is concluded that this charge separation occurs 
under nearly 'optimal' conditions. Charge recombination, however, is also very 
fast, preventing the detection of the charge-separated state on a nanosecond time 
scale. For the eleven–bond system, photoinduced charge separation only occurs in 
polar solvents, reaching kcs = 5.5 x 109 s-1 in benzonitrile, which still implies a 
charge separation yield of ~90%. Interestingly, charge recombination is now 
slowed down considerably, thereby allowing easy detection of the 'giant dipolar' 
charge–separated state of C60[11]DMA with a lifetime of ca. 0.25 µs. The 
experimental results, together with semi-empirical MO calculations indicate that 
the special symmetry properties of the fullerene π-system may cause it to enter 
into very strong electronic coupling with the hydrocarbon bridge to allow fast 
photoinduced charge separation, while at the same time the electronic coupling 
relevant for charge recombination remains small. . 

 
5.1 Introduction  
 
Fullerenes 1,2 are characterized by remarkably strong electron accepting properties 3. Stable 
multi-anions can been generated 4, in contrast to the corresponding cationic species, which are 
very unstable 5. The electron accepting properties of fullerenes, in combination with their 
electronic absorption characteristics 6 extending over most of the visible region, make them 
promising chromophores in photodriven redox processes. This has for example been 
demonstrated from the observation of intermolecular quenching of both the excited singlet 
and triplet state of fullerenes by various electron donor species 7, and by the observation of 
various photoreactions that can be formulated to emerge from primary electron transfer 8.  
The synthesis of several donor-bridge-fullerene(acceptor) systems has been reported 9, but 
only in a few cases has intramolecular photoinduced charge separation been reported to 
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occur 7a,10. In these cases, which all involve a relatively short bridge, the rate of (thermal) 
charge recombination is very high, which typically brings the lifetime of the charge–separated 
state in the sub-nanosecond regime, thereby severely limiting its possibility to enter into 
further redox processes. In the case of the system C60[3]DMA (see Figure 5.1), photoinduced 
charge separation and charge recombination both occur on a sub-nanosecond time scale (in 
benzonitrile) 7a. 
Because charge separation in C60[3]DMA is limited to polar solvents, we have investigated 
the C60[3]TMPD system, in which the DMA chromophore (DMA = N,N-dimethylaniline) is 
replaced by the considerably stronger TMPD donor (TMPD = N,N,N’,N’-tetramethyl-p-
phenylenediamine), in order to see whether it is possible to induce charge separation in non-
polar media. Furthermore, we have extended the length of the bridge from three to eleven 
bonds in C60[11]DMA 11, in an effort to increase the lifetime of the charge–separated state. 
This "norbornylogous" bridge comprises linearly fused norbornane and bicyclo[2.2.0]hexane 
units and is well known to be an efficient mediator of through–bond coupling 12. We have in 
fact demonstrated before 13 that separation of an electron donor and acceptor by longer 
extended hydrocarbon bridges can be applied as a tool to decrease the rate of charge 
recombination, while still maintaining a sufficiently high rate of charge separation.  
 

N

N

N

N N

N

C60[3]DMA

C60[11]DMA

C60[11]C60[3]

C60[3]TMPD

Fig. 5.1.  Structures of the dyads C60[3]TMPD and C60[11]DMA, the models C60[3] 
and C60[11] as well as the related dyad C60[3]DMA described earlier (see Chapter 4). 
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5.2 Experimental section 
 
 5.2.1  SynthesisThe syntheses of the systems C60[3]DMA, C60[3] 7a , C60[11]DMA 
and C60[11] 14 have been previously reported (see also Chapter 4). The system C60[11]DMA 
was made by the groups of Prof. Dr. Michael N. Paddon-Row (Sydney, Australia) and Prof. 
Dr. Yves Rubin (Los Angeles, USA) and was obtained with a Diels-Alder reaction. The diene 
was prepared in a straightforward manner from bicyclo[2.2.2]octane precursors by extending 
the bridges with linearly fused norbornane-bicyclo[2.2.0]hexane moieties through execution 
of the tandem Mitsudo-Smith series of reactions (details can be found in reference 14). 
 

NN !, toluene
    2-6 hrs
60 % based on 
recovered C60

Scheme 5.1. Diels-Alder reaction with C60 to obtain C60[11]DMA.  
 
The system C60[3]TMPD was synthesized in a similar manner as C60[3]DMA, using an in 
situ generation of N-(4-dimethylaminophenyl)glycine from its ethyl ester, followed by a two 
phase water/toluene reaction system for decarboxylation and addition to C60. The first part of 
the procedure was the synthesis of N-(4-dimethylaminophenyl)-glycine 33: 
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!
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Scheme 5.2.  Preparation of N-(4-dimethylaminophenyl)-glycine. 
 
Procedure: 7.51 g (35.9 mmol) N,N-dimethyl-p-phenylenediamine dihydrochloride was 
dissolved in as little as possible water. 2N aqueous NaOH solution (approximately 30 ml) was 
added until a brownish oil separated. The neutral diamine was extracted with chloroform 
(3x50 ml), dried with Na2SO4 and the solvent was removed using rotary evaporation giving a 
thin brown oil. After standing over night it solidified (4.67 g, 34.5 mmol). 
The solidified diamine was dissolved in 30 ml ethanol giving a red/brown solution. After 
adding 4.66 g (34.2 mmol) sodiumacetate and 5.4 ml (38.1 mmol) ethyl chloroacetate the 
mixture was allowed to reflux (85-95°C) for 6 hours under a nitrogen atmosphere. The yellow 
solution was allowed to cool and was poured into approximately 50 ml of ice-water and 
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brought to pH 10 by adding a 2N aqueous NaOH solution. After extraction with ether (1x100, 
2x50 ml) and drying with Na2SO4 the ether was removed using rotary evaporation giving a 
brown oil. Kugelrohr distillation yielded a yellow oil (2.8 gram, 13 mmol, 35%). 
1H NMR (400 MHz Bruker ARX 400, CDCl3) of N-(4-dimethylaminophenyl)-glycine 
ethylester: ∂ (ppm) = 1.17, 3H, t, J = 7 Hz, (OCH2)CH3; 2.68, 6H, s, N(CH3)2; 3.70, 2H, s, 
CH2; 3.82, 1H, s, NH; 4.07, 2H, q, J = 7 Hz, OCH2-; 6.32 - 6.67, 4H, aa’bb’, J = 9 Hz CH 
(arom) 
472 mg (2.13 mmol) of the yellow ester was boiled in 12 ml 2N aqueous NaOH solution for 2 
hours under a nitrogen atmosphere, giving a colourless solution of the sodium salt of N-(4-
dimethylaminophenyl)-glycine. 
The second part of the procedure was a two-phase iminium ion formation followed by in situ 
decarboxylation and a 1,3 dipolar cycloaddition step: 
 

NN

H
N COO

-
Na

+
H O

C
H

N

C60[3]TMPD

+
+ C60

!, toluene/water
    50 hrs

 
 
Scheme 5.3. Reaction scheme for the formation of C60[3]TMPD. 

 
Procedure: 112 mg (0.16 mmol) C60 (99.99%, MER corporation) was dissolved in 150 ml 
toluene giving a purple solution. This was filtered (12 mg C60 recovered) and the cooled-
down solution of the sodium salt of N-(4-dimethylaminophenyl)-glycine (see above) was 
added together with 5 ml 36% aqueous formaldehyde solution (60 mmol). This two-phase 
system was refluxed under a nitrogen atmosphere. The reaction was followed with TLC 
(alumina; n-hexane/toluene 1:1 (v:v); Rf(C60) ≈ 0.8; Rf(mono-adduct) ≈ 0.35; Rf(poly-
adducts) ≈ 0.05) and was stopped after increasing poly-adduct formation (50 hours). The 
water layer was removed and the brownish toluene phase was dried with Na2SO4. The toluene 
solution was reduced to 15 ml with rotary evaporation and 15 ml n-hexane was added. 
Purification was performed by column-chromatography (alumina; n-hexane/toluene 1:1 
(v:v)). A purple C60 fraction was collected first (78 mg recovered) , after which the eluent was 
replaced by toluene and the mono-adduct was eluted. The solvent was removed using rotary 
evaporation yielding 17.4 mg (0.02 mmol, 14% (65% based on recovered C60)) product . 
Further purification was found to be necessary and the product was crystallized from toluene 
by chamber-diffusion with pentane. 
Note: A two-phase reaction was chosen for the addition step because isolation of N-(4-
dimethylaminophenyl)-glycine from water was not accomplished due to unstability to air and 
acid. 
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1H NMR (400 MHz Bruker ARX 400, CS2, CDCl3 (1:1) of C60[3]TMPD ∂ (ppm) = 3.00, 
6H, s, N(CH3); 5.05, 4H, s, CH2; 6.90, 2H, d J = 9 Hz, CH (arom); 7.27, 2H, d, J = 9 Hz CH 
(arom). 
13C NMR (400 MHz Bruker ARX 400, CS2, CDCl3 (1:1) of C60[3]TMPD ∂ (ppm) 41.35; 
N(CH3)2; 64.50, CH2; 70.15, C sp3 C60; 114.63, 118.39, CH (arom); 136.37, CqN (arom); 
139.21, 140.33, 141.98, 142.16, 142,32, 142.72, 143.18, Cq C60; 144.63, CqN (arom); 145.35, 
145.60, 145.73, 145.78, 146.04, 146.13, 146.33, 147.38, 154.62, Cq C60. 
Mass spectrum: Field desorption positive ion: calcd for C70H14N2: 882.115; found 882. 
 
5.2.2  Photophysical measurements 
Fluorescence emission and excitation spectra were recorded on a SPEX Fluorolog 2 
instrument equipped with a red sensitive GaAs photomultiplier (RCA C31034, Peltier cooled) 
for which the spectral response extends to ≤900 nm and is known to be quite flat from the UV 
to about 860 nm.  
Fluorescence spectra were measured on dilute solutions (10-5 M) using a 570 nm (emission-
path) cutoff filter. Excitation and emission bandwidths of 4.5 nm were employed and no 
corrections were applied to the fluorescence spectra. Long integration times (10 s) and small 
increments (0.2 nm) were used. 
For the determination of the fluorescence quantum yields, C60 in non-degassed 
methylcyclohexane (Φfl = 2 x 10-4) was used as a standard 7a. The excitation wavelength was 
470 nm, and the absorbance of both the reference and the sample was adjusted to 0.1 (1 cm) 
at this wavelength. 
Temperature dependent fluorescence measurements were performed with an Oxford 
Instruments liquid nitrogen DN 1740 cryostat, equipped with an ITC4 control unit. Samples 
were degassed with three freeze pump thaw cycles at ca. 10-5 mbar. Relative fluorescence 
intensities were determined by spectral integration. 
Absorption spectra were recorded on a CARY 3 spectrophotometer, using 0.5 nm bandwidth. 
Transient absorption (TA) spectra were obtained using a gated Optical Multichannel 
Analyzer, from EG&G instruments, as described earlier 15. For excitation and white probe 
sources, the third harmonic of a Nd-YAG laser (355 nm, nanosecond pulses) and a 450 W 
high pressure Xe arc (white light 300-880 nm) coupled to a Müller Elektronik MSP05 pulser 
were used, respectively. The excitation beam is at right angles to the probing beam. The 
probing path length is 1 cm. Samples were adjusted to an absorption of 1.5 (1 cm) at the 
excitation wavelength. Laser power was 7 mJ per pulse (0.2 cm2). For the determination of 
the lifetime of the charge–separated state the sample was degassed with several freeze-pump-
thaw cycles. 
Fluorescence lifetimes were measured with time correlated single photon counting using a 
Hamamatsu microchannel plate (R 3809) detector in a setup slightly modified from that 
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previously described 16, employing a frequency doubled DCM dye laser which is 
synchronously pumped with a mode locked Argon ion laser resulting in 317 nm 20 ps FWHM 
pulses of 16 nJ. Decays were analyzed with a home written deconvolution program. 
Spectroscopy grade solvents were used in all determinations. Benzonitrile was distilled over 
P2O5 before use. 
Semi-empirical calculations were performed with a Silicon Graphics Indigo using the 
package Spartan 17. 
 
5.3 Results and discussion 
 
5.3.1  Photophysical properties of fullerene adducts 
 
5.3.1.1   The C60[3]TMPD system 
The UV-Vis absorption of C60[3]TMPD is very similar to that reported earlier 7a for 
C60[3]DMA. However, while the spectral shape of its fluorescence spectrum is also typical 
for fullerene adducts [see ref 7a (Chapter 4), and the next section] the quantum yield is 
strongly reduced, compared to that of e.g. C60[3] in all solvents investigated (see Table 5.1).  
 

Table 5.1. Fluorescence quantum yields (absolute and relative to acceptor 
reference system C60[3]) of C60[3]TMPD in various solvents of increasing dielectric 
constant (ε), and the rate of photoinduced charge separation (kcs) as estimated via 
eqn. (1). 

 
solvent ε Φfl  (relative in %) kcs (s-1) 
methylcyclohexane 2.07 1.3·10-5 (3) 2.5 x 1010 
toluene 2.38 1.6·10-5 (4) 1.9 x 1010 
dichloromethane 8.93 2.0·10-5 (4) 1.9 x 1010 
benzonitrile 25.20 3.2·10-5  (7) 1.0 x 1010 
dichloromethane/TFA - 4.4·10-4 (100) - 

 
As we reported earlier 7a , such a reduction in fluorescence quantum yield occurs for 
C60[3]DMA only in polar solvents. Intramolecular charge separation was implied as the 
quenching mechanism in the latter system and this mechanism also appears to be operating in 
C60[3]TMPD, irrespective of solvent polarity. In accordance with this deduction, the 
quenched local fluorescence of the fullerene chromophore in C60[3]TMPD is fully restored 
upon addition of trifluoroacetic acid (TFA) to a solution of C60[3]TMPD in 
dichloromethane. Protonation of the nitrogen atoms of the TMPD unit reduces its electron 
donating capacity, and thus prevents charge transfer (see Table 5.1).  
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From the relative fluorescence quantum yields in Table 5.1 and the fluorescence lifetime of 
C60[3] (τref = 1280 ps, see ref. 7a) an estimate of the charge separation rate constant (kcs) can 
be made via eqn. (1): 
 
   kcs = (Φref/Φ -1)/τref       (1) 
 
The results of this estimate are compiled in the last column of Table 5.1. 
Interestingly, in contrast to C60[3]DMA, the rate of photoinduced charge separation in 
C60[3]TMPD displays only a minor solvent dependence, and - if any - even tends to decrease 
in more polar solvents. As we have discussed before 13b, this implies that charge separation 
occurs under nearly optimal conditions in the sense of the Marcus theory. Under such 
conditions, the effect of increasing the driving force by moving to more polar solvents can be 
fully compensated, or even slightly overcompensated by the concomitant increase in solvent 
reorganization energy. 
While increasing the donor strength at constant bridge length resulted in optimization of the 
charge separation process, nanosecond time scale TA measurements performed on 
C60[3]TMPD in various solvents did not allow any transient to be observed. Thus in all 
solvents the lifetime of the charge–separated state is below the nanosecond time scale, as 
observed earlier for the C60[3]DMA system 7a, as well as for other donor-bridge-C60 systems 
involving a short bridge 10 in polar solvents.  
 
5.3.1.2  The C60[11]DMA and C60[11] systems 
The absorption and fluorescence spectra, as well as the T1-Tn absorption spectrum of 
C60[11]DMA in non-polar media are very similar to those reported earlier for the analogous 
system C60[3]DMA 7a. Figure 5.2 shows the fluorescence and the VIS absorption spectra of 
C60[11]DMA in methylcyclohexane.  
Absorption maxima are observed at 406 (sh), 434, 480 (sh), 548 (sh), 609, 614, 638, 670, 682 
(sh), 692, 703.8 and 717 nm (which is presumably a hot band). Fluorescence maxima are 
observed at 690 (hot band), 706.6, 718, 742, 787 nm. The system has a very minor Stokes 
shift (56 cm-1) and an 1E00 of 1.76 eV (705 nm). 
The fluorescence excitation spectra for C60[11]DMA are in excellent agreement with its 
absorption spectra, indicating "normal" photophysical behaviour and the absence of 
interfering impurities. 
Fluorescence quantum yields of C60[11]DMA in different solvents are given in Table 5.2. 
Interestingly, and in analogy to C60[3]DMA, the fluorescence intensity decreases markedly 
going to more polar solvents (see Table 5.2). 
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Fig. 5.2. VIS absorption and fluorescence emission spectra of compound C60[11]DMA 
in methylcyclohexane at room temperature. (A: full range, B: expansion above 550 nm).  
 
By contrast, C60[11] displays a virtually solvent independent fluorescence (quantum yield = 
4.05 x 10-4), analogous to the behaviour of C60[3]. Both the fluorescence of C60[11]DMA, 
and its TA spectrum show a marked solvent dependence. Thus, in non-polar solvents the 
nanosecond TA spectra of C60[11]DMA and C60[11] are identical and are very similar to that 
described earlier 7a for C60[3]. These spectra stem from the triplet state of the fullerene unit 
which is populated via the fast and almost quantitative intersystem crossing in the C60 
chromophore. While C60[11] and C60[3] still display the same TA spectra in polar media, the 
TA spectrum of C60[11]DMA changes drastically. Thus, in benzonitrile (see Figure 5.3) a 
characteristic absorption around 460 nm is observed, and this is attributed to the radical cation 
of the dimethylaniline chromophore, with a lifetime of 0.25 µs! 
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 Table 5.2. Fluorescence quantum yields (absolute and relative) of C60[11]DMA 
in  solvents with various dielectric constants (ε).  
 

solvent ε Φfl  (relative in %) 
methylcyclohexane 2.07 4.37·10-4   (100)  
toluene 2.38 4.26·10-4     (97) 
1,4-dioxane 2.21 2.32·10-4     (53) 
1,2-dichlorobenzene 9.93 1.35·10-4     (30) 
benzonitrile 25.20 0.56·10-4     (12) 

 
Furthermore, absorptions at 590 and 750 nm are attributed to the radical anion of the fullerene 
moiety since they possess the same lifetime as the radical cation of the dimethylaniline 
chromophore. The ratio of signal intensities for the C60[11]DMA samples in 
methylcyclohexane and benzonitrile (taken under similar conditions) is almost equal to the 
ratio of the extinction coefficients of, respectively, the triplet-triplet absorption of the 
fullerene moiety (16700 l mol-1 cm-1 at 692 nm) 7a and the dimethylaniline radical cation 
(4800 l mol-1cm-1 at 460 nm) 18. This indicates that the yield of charge transfer state formation 
in benzonitrile is ≥90%. 
The solvent dependence of the fluorescence and the TA spectra for C60[11]DMA clearly 
indicates that in polar solvents an intramolecular charge separation occurs that quenches the 
locally excited state, thereby creating a long–lived charge transfer state.  
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Fig. 5.3. Transient absorption spectra of C60[11]DMA in methylcyclohexane and in 
benzonitrile. 
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While earlier preliminary time–resolved fluorescence experiments 19 on C60[11]DMA, in 
which the DMA chromophore was excited, indicated that the UV emission emerging from this 
chromophore is strongly quenched by energy (or electron) transfer, the fluorescence decays 
now observed for the red emission at 707 nm of the fullerene, using single photon counting in 
methylcyclohexane give a fluorescence lifetime of 1344 ± 10 ps for both C60[11]DMA and 
C60[11]. In the polar solvent benzonitrile, in which both luminescence and population of the 
triplet state for C60[11]DMA are strongly quenched, fluorescence decay from the fullerene 
unit displays a major fast component of 160 ± 10 ps. 
The rate of charge separation for C60[11]DMA in benzonitrile is estimated from eqn (2) to be 
kcs = 5.5 x 109 s-1:  
 
  kcs = 1/τ − 1/τref        (2) 
 
In this equation, the lifetime of C60[11]DMA (or C60[11] ) in methylcyclohexane is taken to 
be equal to τref. Application of eqn (1) to the quantum yield data from Table 5.2 gives the 
quite similar value for kcs: 5.1 x 109 s-1. 
From these data the quantum yield for charge separation via the excited singlet state of the 
fullerene unit is estimated to be kcs/[1/τref + kcs]x100 = 87 to 88 %, which is in excellent 
agreement with the estimate made from the transient absorption spectra.  
In order to determine the barrier for electron transfer experimentally, the temperature 
dependence of the fluorescence quantum yield of C60[11]DMA in benzonitrile was 
investigated (see Table 5.3 for primary data).  
 
Table 5.3. Primary data used for the determination of the barrier to charge separation for 
C60[11]DMA in benzonitrile: the relative emission yield (Φrel) at temperature (T) together 
with the rate of electron transfer obtained via formula (1).  
 

T (K) Φrel kcs(s-1)) 
295 1 4.74 x 109  
290 1.05 4.47 x 109  
285 1.09 4.27 x 109  
280 1.14 4.04 x 109  
275 1.20 3.82 x 109  
270 1.26 3.59 x 109  
265 1.34 3.33 x 109  

 
As a reference, C60[11] was employed, for which the fluorescence quantum yield is virtually 
temperature independent. From these measurements, electron transfer rates were derived via 
eqn (1). Linear regression for a plot (see Figure 5.4) of the natural logarithm of the electron 
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transfer rates multiplied by the square root of T, as a function of 1/T, leads to an intercept of 
28.64 (= ln kopt (s-1K0.5)), and a slope of 1038.1 (= ΔG# / kB (K)). The barrier of electron 
transfer is therefore determined 20 to be ΔG# = 0.09 eV. 
 

25.1
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24.9

24.8

3.7x10-3 3.63.53.4
1/T  

Fig. 5.4. Modified 20 Arrhenius plot ln(kcs ! " T) = ln(kopt ) # ($G
#
/ kB ) ! 1 / T   

for C60[11]DMA obtained in benzonitrile.  
 
The conformation of the adduct C60[11]DMA obtained by energy minimization 21 with semi-
empirical AM1 calculations is shown in Figure 5.5. The center–to–center distance between 
the two chromophores is estimated to be ca. 18 Å, the edge–to–edge distance is ca. 12.6 Å. 
 

Fig. 5.5. Structure of C60[11]DMA obtained with AM1. 
 
With these geometrical data in hand, together with the electrochemical and photophysical data 
for the constituent chromophores, the barrier to photoinduced electron transfer can also be 
predicted, in principle, from the Marcus equation (3): 
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Here, ΔGcs is the Gibbs free energy change and λ the total reorganization energy. The former 
can be approximated as proposed by Weller et al. 22 via: 

 
ΔGcs = e(Eox (D) - Ered (A)) - E00 - e2/4πεo εsRc - e2/8πεo (1/r+ + 1/r–)(1/37.5 - 1/εs) (4) 
 
Calculation of ΔGcs from eqn. (4) requires, in addition to the donor and acceptor redox 
potentials (+ 0.71 V and -0.57 V vs SCE) and the singlet or triplet state energy (1E00 = 1.76 
eV and 3E00 = 1.50 eV) 7a, knowledge of the center–to–center distance (Rc) and the effective 
ionic radii of the donor and acceptor radical cation and anion (r+, respectively r–). A value of 
18 Å was estimated for Rc from our modeling results (Figure 5.5). Values for r+ and r– were 
calculated from the apparent molar volumes of N,N-dimethylaniline (density = ρ = 0.956) and 
of C60 (density 1.65), using a spherical approach.  
 

    4/3 π r3 = M/Nρ       (5) 
 
Here, M is the molecular weight and N is Avogadro's number. This gives r+ = 3.7 Å and  
r– = 5.6 Å. The calculated ΔGcs values in various solvents are listed in Table 5.4 for both 
singlet and triplet charge separation.  
The reorganization energy λ may be partitioned into internal (λi) and solvent (λs) 
contributions. The internal reorganization energy was set at λi = 0.3 eV 7a, while λs was 
calculated 13 using the Born-Hush approach (eqn (6)): 
   

  λs  = e2/4πεo (1/r - 1/Rc)(1/n2 - 1/εs)     (6) 
 
In agreement with the fluorescence data discussed above it is found that the driving force for 
charge separation (-ΔGcs) from the fullerene S1 state becomes positive in solvents more polar 
than diethyl ether 23. Furthermore the calculated barrier (0.11 eV) for electron transfer in 
benzonitrile is in reasonable agreement with the experimental value (0.09 eV). As we have 
shown earlier 20a, this agreement as well as the high linearity of the Arrhenius plot obtained 
(see Figure 5.4) are typical for electron transfer processes taking place in the 'normal' Marcus 
region if performed in polar media. 
It is important to note that, due to the relatively small S1-T1 energy gap of the fullerene 
chromophore, photoinduced charge separation from the T1 state can also become exergonic in 
sufficiently polar media such as benzonitrile (see Table 5.4). As discussed above however, 
charge separation from the S1 state is so rapid in this solvent that it accounts for ca. 90% of 
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the fullerene's S1 decay modes, thereby overwhelming the otherwise efficient intersystem 
crossing of the fullerene chromophore (kisc ~ 7.5 x 108 s-1). 
 
Table 5.4. Reorganization energy (λ = λs + 0.3 eV), Gibbs free energy change (ΔGcs), 
and barrier (ΔGcs#) for charge separation in various solvents (dielectric constant ε, refractive 
index n) from both the singlet and triplet (T) state, of the fullerene chromophore in 
C60[11]DMA, as calculated via eqns. (3), (4) and (6).  
 
    Charge separation 

from singlet state 
Charge separation  
from triplet state 

solvent ε n λ  

(eV) 
ΔGcs  
(eV) 

ΔGcs# 
(eV) 

ΔGcs(T) 
(eV) 

ΔGcs#(T) 
(eV) 

methylcyclohexane 2.07 1.423 0.33 0.61 0.58 0.87 1.09 
1,4-dioxane 2.209 1.422 0.36 0.53 0.40 0.79 0.80 
toluene 2.38 1.497 0.40 0.50 0.48 0.72 0.35 
diethyl ether 4.20 1.35 1.01 0.01 0.25 0.27 0.28 
1,2-dichlorobenzene 9.93 1.552 1.02 -0.32 0.12 -0.06 0.23 
benzonitrile 25.20 1.528 1.20 -0.47 0.11 -0.21 0.20 

 
 
5.4 Evaluation of the electronic coupling in C60[11]DMA 
 
The high rates of charge separation and recombination in C60[3]DMA and C60[3]TMPD are 
not surprising in view of the fact that bridges with an effective length of three sigma bonds are 
known to provide quite strong through–bond and though–space electronic coupling between 
the D and A units, which may even be sufficiently strong to bring the electron transfer 
processes into the adiabatic regime. 
The high rate of photoinduced charge separation, as opposed to the relatively slow 
recombination in C60[11]DMA is surprising because both the calculated and experimentally 
determined barrier to charge separation (0.11 and 0.09 eV, respectively) is significantly higher 
than in systems for which we have previously observed fast photoinduced charge separation 
across bridges of similar length 13. It is therefore interesting to compare the electronic 
coupling matrix element (V*) involved in the excited state charge separation process for 
C60[11]DMA with that determined earlier for other bridged systems. This can be done readily 
using the non-adiabatic expression for electron transfer processes 20a given by eqn. (7):  
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Substitution of kcs(5.5 x 109 s-1 at 300 K), and ΔGcs# (0.09 eV), together with an estimated 
total reorganization energy of 1.2 eV (see Table 5.4), leads to V* = 28 cm-1 24. Table 5.5 
presents a compilation of values of coupling matrix elements for excited state electron transfer 
(V*) and for thermal electron transfer (V) in a variety of donor–bridge–acceptor systems 
possessing effective bridge lengths ranging from four to ten sigma bonds. In Figure 5.6, the V 
and V* values are plotted semilogarithmically against the number, n, of sigma bonds in the 
bridge for each series of systems. The plots display the expected (approximate) exponential 
decay of V and V* with bridge length (n).  
 
In spite the fact that the data compiled in Table 5.6 refer to a variety of bridges and D/A 
chromophores, it is evident that the V* value of ca. 28 cm-1 derived for C60[11]DMA is 
exceptionally large, and in fact exceeds the expected value for an 11-bond bridge by about an 
order of magnitude. The only report of similarly large V values refers to the work of Penfield 
et al. 27, who measured the inter valence absorption bands in the anion radicals of the 
DMN[n]DCV series of molecules (Table 5.5), arising from through-bond electronic coupling 
between the 1,1–dicyanovinyl (DCV) radical anion and the 1,4–dimethoxynaphthalene 
(DMN) unit, across 4–, 6–, and 8–bond bridges. However, measurements of V*, for 
photoinduced charge separation in the neutral DMN[n]DCV compounds by Oevering et al. 13 
gave much smaller values, which are much more in line with results obtained for other 
systems (see Table 5.5 and Figure 5.6). In the context of the Penfield et al. experiment, it 
should be noted that the radical-anion of the DCV group is prone to distort by twisting about 
the C=C double bond, thereby concentrating the unpaired electron on the carbon atom of the 
vinyl group that is attached to the bridge. This may well enhance the magnitude of the 
electronic coupling, V, in the anion radicals of these systems and it is, therefore, even more 
striking that with the very diffuse C60 acceptor, such strong coupling in C60[11]DMA is 
achieved. 
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Table 5.5. Experimental values for the electronic coupling matrix element V(*) for excited 
state (V) or thermal (V*) electron transfer processes between electron donor and acceptor 
sites connected by extended arrays of n sigma bonds. 
 

Structure n V(*) (cm-1) 

Np
BP
-.

 
5 128a 

Np BP
-.

 6 54a 

Np
BP
-.

 7 30a 

Np

BP
-.

 
10 6.2a 

MeO

MeO
DMN[4]DCV

CN

CN

 

4 370b; 1300c 

MeO

MeO DMN[6]DCV CN

CN

 

6 112b; 484c 

MeO

MeO DMN[8]DCV CN

CN

 

8 40b; 242c 

MeO

MeO DMN[10]DCV CN

CN

 

10 17.6b; -- 

S S RuIII(NH3)5(H3N)5Ru
II

 
4 138d 

S S RuIII(NH3)5(H3N)5Ru
II

 
6 55d 

S S RuIII(NH3)5(H3N)5Ru
II

 
8 24d 

a) From the rate of electron transfer of an anion radical centered on the BP (biphenyl) to the 
naphthalene (Np) unit [ Closs and Miller 1988] 25  
b) From the radiative rate constant of charge transfer fluorescence [Oevering et al. 1989] 26 
c) From the inter valence absorption bands of the anion radical centered on the dicyanovinyl 
group [Penfield et al. 1987] 27 
d) From the inter valence absorption [Stein et al. 1982] 28 
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Fig. 5.6. Semilogarithmic plot of various data sets from Table 5.5, showing the 
approximate exponential decay of V(*) with bridge length (n) and the extraordinary large 
value of V* for the C60[11]DMA system. 
 
We tentatively propose that the large V* for C60[11]DMA is mainly related to the special 
orbital symmetry properties of the fullerene π−system. Preliminary semi-empirical MO 
calculations are presented in the next section which lend support to this view. 
 
5.5 Molecular orbital calculations 
 
A simple frontier molecular orbital (FMO) description of photoinduced electron transfer in a 
D/A system, in which the acceptor has the lowest excited state is given in Figure 5.7.  
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Fig. 5.7. FMO representation of charge separation and charge recombination following 
local excitation of the acceptor in a D/A system.  
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The HOMOs and LUMOs of D and A are labeled d, d* and a, a*, respectively. Local acceptor 
excitation (a → a*) is followed by electron transfer involving orbital interactions between d 
and a, while charge recombination involves interactions between a* and d. The FMO 
description is undoubtedly an oversimplification, which may, for example, neglect important 
interactions between charge transfer configurations and locally excited configurations 29. 
Nevertheless, it is a useful starting point for identifying important orbital interactions that 
contribute to the electronic coupling matrix elements involved in the photoinduced charge 
separation step, following local acceptor excitation (i.e. V* is related to d/a interaction), and in 
the subsequent thermal charge recombination step (i.e. V is related to a*/d interaction).  
The MOs a, a* and d of C60[11]DMA are shown in Figures 5.8-5.10. These were obtained 
from AM1 calculations. Although the frontier orbitals are mainly localized on D or on A, it 
turns out that the highest occupied orbital of A (i.e. a) is extensively delocalized into the 
bridge and tailing out all the way into the donor domain (see Figure 5.8). Importantly, such 
delocalization into the bridge is found to a much lesser extent for a* (see Figure 5.9) and for d 
(see Figure 5.10). 

Fig. 5.8. Visualization of orbital a of the donor-bridge-fullerene(acceptor) system in 
‘side’ (left) and ‘top’(right) view, obtained from AM1 calculations, using a value of 0.001 
electrons/au3. 
 

Fig. 5.9. Visualization of orbital a* of the donor-bridge-fullerene(acceptor) system in 
‘side’ (left) and ‘top’(right) view, obtained from AM1 calculations, using a value of 0.001 
electrons/au3. 
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Fig. 5.10. Visualization of d of the donor-bridge-fullerene(acceptor) system in ‘side’ (left) 
and ‘top’(right) view, obtained from AM1 calculations, using a value of 0.001 electrons/au3. 
 
Although the AM1 calculations were performed on the ground state molecule and the electron 
densities in certain areas will certainly change if UHF calculations on the excited states and 
anionic or cationic species are performed, we presume that the extensively delocalized 
character of a is a consequence of the special symmetry properties of the fullerene π−system. 
The relevant (pseudo) symmetry planes of the C60 π system are shown in Figure 5.11. 
 

PLANE I 

PLANE II

 
Fig. 5.11. Representation of the (pseudo)symmetry planes of the fullerene π system in 
C60[11]DMA. 
 
For planar π systems like that of naphthalene, plane II coincides with the nodal plane to 
which all π orbitals are antisymmetric. While this is a typical property of any 'normal' π-
system, the a orbital of the fullerene system behaves quite atypical in being symmetrical with 
respect to plane II. As schematized in Figure 5.12 this allows orbital a of the fullerene to 
interact with the first carbon-carbon bond sigma orbitals of the attached bridge (geminal 
bonds). By contrast, normal π orbitals, like those of naphthalene, cannot couple with the 
geminal carbon-carbon orbitals of the bridge but only with the next bonds of the bridge (i.e. 
the vicinal bonds).  
The fullerene-bridge coupling occurs through twelve π–σ interactions, as opposed to only two 
π–σ interactions for the case of planar π–chromophores. As indicated in the bottom part of 
Figure 5.12, there are a total of eight vicinal (v) interactions and four geminal (g) interactions. 
The latter are strongly influenced by the pyramidal character of the C60 carbon atoms. 
Together, these couplings might well amount to a sizeable overall coupling matrix element.  
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Fig. 5.12. Schematic representation of the coupling of the HOMO of a normal aromatic 
π-system like naphthalene (top) and the HOMO (a) of the fullerene π-system (bottom) with the 
sigma bonds of the attached bridge. Note that, because of symmetry restrictions, coupling 
with the geminal sigma bonds of the bridge is not possible for the normal π-system (top). For 
certain fullerene orbitals (e.g. the HOMO a, see Figure 5.8) coupling with the geminal sigma 
bonds is possible on account of the special symmetry properties of the fullerene π-system. 
Both the geminal (g) and the vicinal (v) interactions are indicated. 
 
This expectation is borne out by a preliminary Natural Bond Orbital analysis 30 which found 
that the strengths of the individual v and g couplings in the fullerene–bridge system are 1.0 
and 0.7 eV, respectively, and are only slightly smaller than the value of 1.1 eV for each of the 
v pathways in the naphthalene–bridge system 31. 
It seems important to note that whereas the fullerene HOMO a has the correct symmetry to 
mix with the bridge σ–HOMO, it cannot interact with the (symmetric) π orbital of the 
proximate double bond of the cyclohexene ring. Thus no contribution of the latter is found in 
a (see Figure 5.8) and the role of this double bond in mediating electron transfer appears to be 
minor, if any. 
While the combination of pyramidalization of the constituent carbon atoms of the fullerene 
moiety, together with the matching (pseudo)symmetry properties of the fullerene HOMO a 
and the bridge σ–HOMO, might explain the exceptionally large electronic coupling (V*) for 
photoinduced charge separation for C60[11]DMA, it should be noted that the orbitals 
involved in the charge recombination process, a* and d (Figure 5.7), do not delocalize as 
strongly into the bridge. Orbital d does extend into the bridge, in a very skewed way, but it 
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does not extend all the way to the fullerene acceptor. Although the fullerene LUMO a* is 
(pseudo)symmetric with respect to plane II, it is also symmetric with respect to plane I. The 
latter symmetry property enables it to mix with the bridge σ*–LUMO (which is symmetric 
with respect to plane I), but not with the bridge σ–HOMO (which is antisymmetric, Figure 
5.12). Since it is known 32 that π* orbitals couple strongly with the bridge σ orbitals, as well as 
with the bridge σ* orbitals, through–bond coupling involving the fullerene MO a* might be 
weaker than that involving the MO a. Consequently, charge recombination is not expected to 
be unusually fast and indeed, the long lifetime of the charge–separated state (0.25 µs) appears 
to substantiate this, making the C60[11]DMA dyad act in a 'photodiode' fashion. 
 
5.6 Concluding Remarks 
 
The results presented above clearly indicate that excitation of C60[11]DMA in a polar solvent 
(benzonitrile) gives rise to rapid charge separation, resulting in the formation of a long–lived 
charge–separated state. The ratio between the rates of charge separation and charge 
recombination for this system in is in fact more than three orders of magnitude (kcs/kcr = 
1400), where the estimated energy gap between the charge–separated state and the ground 
state (ΔGcr ~–1.29 eV) in benzonitrile solvent is comparable to the total reorganization energy 
(λ ~1.2 eV). Thus charge recombination cannot be slowed down significantly by 'inverted 
region effects' as it clearly is in systems like those studied by Oevering et al. (see ref. 26) in 
non-polar media.  
The exceptional 'photodiode' properties of the C60[11]DMA dyad thus seem to be mostly due 
to the a high ratio of the electronic coupling elements for charge separation and charge 
recombination (V*/V), which is attributed to a combination of the symmetry properties of the 
fullerene π-system and the pyramidal nature of the fullerene constituent carbon atoms. This 
may provide a new approach to the design of donor-bridge-acceptor systems with enhanced 
kcs/kcr ratios, irrespective of solvent polarity. This goal may be achieved, in part, by replacing 
the N,N–dimethylaniline donor group in C60[11]DMA with a more powerful donor moiety, 
such that the charge separation step takes place under essentially barrierless conditions. In 
view of the results presented for the C60[3]TMPD system, which contains the strong  

N

N

 
Fig. 5.13. Proposed fullerene adduct designed to display rapid photoinduced charge 
separation but slow charge recombination, irrespective of solvent polarity. 
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p-phenylenediamine donor, it is likely that systems utilizing the equally potent 
o-phenylenediamine donor group, such as the 12-bond dyad shown in Figure 5.13, might lead 
to systems that display fast and virtually barrierless charge separation, while at the same time 
maintaining a long lifetime of the charge–separated state, irrespective of solvent polarity. 
Such covalently functionalised donor-bridge-fullerene (acceptor) systems could then turn out 
to be interesting molecular building blocks in optoelectronic devices. 
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Chapter 6
Calix[8]arenes as Supramolecular Host Molecules for Fullerenes:

Host-Guest Interactions in the Aqueous Phase and in the Solid State
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Calix[8]arenes as Supramolecular Host Molecules for Fullerenes: 
Host-Guest Interactions in the Aqueous Phase and in the Solid State 

 
Abstract: This chapter describes the encapsulation of fullerene C60 by various 
calix[8]arenes, a process that can occur in aqueous medium and in organic 
solvents, in the latter case leading to the formation of a solid state complex.  
A short review of fullerene inclusion complexes is given. Next, the observations 
in the aqueous phase experiments with a water soluble calix[8]arene and the 
results of a 13C CP-MAS NMR study of the solid state complex of C60 and 4-tert-
butylcalix[8]arene are presented. In the latter, large effects on the resonances of 
both C60 and the calixarene are found. The T1 relaxation time of complexed C60 
was determined to be ca. 2 s (compared to 28 s for uncomplexed C60). The cross 
polarization curve obtained for C60 indicates rather efficient polarization transfer 
from the calixarene to C60 and a strong dipolar interaction. From the NMR data it 
is concluded that the complexed calixarene has a two-winged or alternate cone 
conformation with the 1 and 5 phenolic units "out" or "down".  
Molecular mechanics is used to get more insight in the relative energies of the 
possible structures of the complex and is combined with the spectroscopic results. 
Interestingly the complexation in aqueous medium and in organic solvents was 
found to be sufficiently size-sensitive to allow separation of C60 and C70.  
In the appendices, the conformational aspects of calixarenes and the 
functionalisation and synthesis of several calix[8]arenes are described. 

 
6.1 Introduction  
 
Functionalising fullerenes by using them as non-covalently bound building blocks in 
supramolecular constructs, leaving their extensive π systems and electrochemical properties 
essentially unimpaired, is a great challenge with a whole range of options to explore. Linking 
fullerene chemistry 1 with the wide field of the chemistry of the calixarenes 2 is one of the 
current challenges in this chemical research.  
Calixarenes are condensation products of para-substituted phenols and formaldehyde that 
mainly consist of 4, 6 or 8 phenolic units and, next to cyclodextrins and crown ethers, 
represent the third form of macrocyclic compounds that can be used as enzyme mimics, phase 
transfer catalysts and host molecules for metal ions and neutral molecules. Understanding the 
interactions between fullerenes and calixarenes may not only lead to water soluble fullerene 
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complexes (see section 6.3) with a potential biomedical application 3 but also to phase transfer 
purification of fullerenes 6b, c, d, self assembly of macroscopic fullerene structures using 
supramolecular architecture, solar energy conversion materials and new electronic devices 4. 
 
This chapter describes the aqueous phase and solid state interactions of several calix[8]arenes 
with C60. The calixarenes used are depicted in figure 6.1. Their synthesis is described in 
appendix II. 
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Fig. 6.1.  Differently substituted calix[8]arenes used in the C60 -complexation studies. 
 
6.2 Fullerene inclusion chemistry 
 
Since 1990 a number of inclusion complexes with fullerenes have appeared in literature. A 
subdivision of these complexes can be made if we define three inclusion possibilities (see 
fig.6.2.): 
-True host-guest complexes, consisting of one molecule that encapsulates the fullerene-guest, 
are relatively few. Only the macrocyclic cyclodextrins 5, calixarenes 6 and bis (ethylene-
dithio) tetrathiafulvalenes 7 have been reported to encapsulate fullerenes. 
-Clathrates, crystalline complexes in which the fullerene-guest is encapsulated in the crystal 
lattice of the host, represent the major part of the inclusion complexes. Fullerene clathrates 
have been reported with hydroquinone 8, ferrocene 9, sulphur 10, and tetrakis-dimethylamino-
ethylene11. 
-Two chelating complexes have been reported, in which covalently functionalised fullerenes 
display a crystal packing in which the fullerene shows a large interaction with the covalently 
attached host part12 , 13.  



Calix[8]arene C60 interactions 

115 

host guest complex clathrate chelate

host part of chelate

guest part of chelate

crystal lattice of host

host 

guest

guest

 
Fig. 6.2.  Representation of three types of inclusion complexes with fullerene: host-guest 
complexes, clathrates and chelates. 
 
6.3 The solubilisation of C60 in water by a calix[8]arene  
 
In 1992 it was reported by our group that C60 can be solubilized in water by using 
calix[8]arene 5. Changes in the UV-Vis absorption spectrum (relative to C60 in toluene) were 
at that time interpreted to be caused by charge transfer interaction. It is now believed that 
these changes are indicative for an intermolecular interaction between complexed C60 
molecules. Several experimental observations are consistent with a complexed species. 
 
6.3.1  Experimental and results 
In a typical solubilisation experiment 1 mg of powdered C60 was added to a colorless solution 
of 40 mg of 5 in 10 ml of demineralized water and this mixture was refluxed. Dissolution is 
evident from the yellowing of the mixture. Interestingly no solubilisation of C70 occurs under 
these conditions. After 32 hours solid particles were removed by centrifugation (3000 rpm) 
and filtration resulting in a clear yellow solution. C60 can not be extracted from this solution 
either by carbon disulphide or toluene. In fact, refluxing a solution of C60 in toluene with a 
solution of 5 in water allows one to extract C60 into the aqueous phase. On the other hand, 
C60 can be extracted with toluene (in unmodified form) from the solid residue which remains 
after full evaporation of the aqueous solution. 
After filtration using an HPLC filter (0.45 µm) a clear yellow solution was obtained with an 
absorption spectrum, showing absorption maxima at 340, 440, 620 and 680 (sh) nm (see fig. 
6.3).  
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Fig. 6.3.  UV-Vis absorption spectra of C60 solubilized in water by calix[8]arene 5, C60 
in toluene and C60 in 1,2-dimethoxybenzene (veratrole). 
 
The inset shows the absorption between 400 and 750 nm with the distinct fullerene 
absorption bands around 598-620 nm being clearly visible. For comparison the well known 
absorption spectra of a purple solution of C60 in toluene14 (maxima 336, 407, 418 (sh) 540, 
598 and 624 (sh) nm ) and a yellow solution of C60 in pure veratrole (1,2-dimethoxybenzene) 
(maxima 333, 406, 450 (sh), 540 (sh), 600 and 630 (sh) nm) are also shown in fig. 6.3. In the 
latter π-donating solvent a charge transfer absorption band around 450 nm is present. 
Although the 450 nm absorption band of C60 in veratrole appears very similar to the extra 
(and more intense one) of the C60-calixarene 5 complex, the 450 nm absorption band of the 
complex is unlikely to be a charge transfer absorption band (see below). Absorption spectra 
were recorded on a CARY 3 spectrophotometer, using 0.5 nm bandwidth.  
 
Our recent findings are that the obtained yellow aqueous phase consists of aggregates, as 
indicated by gel permeation chromatography (dead time elution) and light scattering 
experiments, and that the strong absorption around 450 nm in water is probably due to a 
resonant intermolecular transition, also found in the thin films 15 of C60 . The yellow aqueous 
solution however, is stable for periods longer than one year!  
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An indication of the size of the clusters was obtained by using different HPLC-filters with 
different pore-sizes. Micro-pore filtration (PVDF Gelman Acrodisc L.C.3 (0.45 µm) and 
Anotop membrane (0.02 µm) filters) indicates a cluster size between 4500 and 200 Å. The 
aggregation of a 1:1 complex of C60 and a water soluble calixarene is not only expected on 
behalf of the proposed amphiphilic structure of the complex (see section 6.3.2), also water 
soluble covalent monoadducts of C60 form aggregates 16 and are expected to show a strong 
absorption around 450 nm in water due to interaction between fullerene units.  
 
Using a solution of ca. is 2 x 10-5 M of calixarene 5 does result in similar observations as with 
higher concentrations and leads to C60 solubilisation of the same concentration (2 x 10-5 M). 
This is also indicative of a 1:1 complex. 
 
During centrifugation experiments with the C60-calixarene 5 complex it was found that the 
pelletation of the material is very dependent on centrifugation conditions. Centrifugation in a 
simple lab-centrifuge (3000 rpm) does not lead to pelletation, whereas at high speed (30000 
rpm) and longer time pelletation is observed. During centrifugation (35000 rpm,19 h) over a 
sucrose-solution with a density of 1.3 however a yellow band is observed on top of the 
sucrose. C60 aggregates can be separated from C60 incorporated into vesicles under these 
circumstances (see Chapter 7). This clearly indicates that the density of the C60-calixarene 5 
species present in the yellow aqueous is lower than that of C60. 
 
The water soluble calix[8]arenes with tert-butyl (4) or phenyl (6) groups on the upper ring 
behave very similar to 5 i.e. they can solubilise C60 in water. 
We would like to emphasize that refluxing C60 or C70 in water for 48 hours does not lead to 
observable degradation or dissolution (coloration). Nor do compounds 4, 5, or 6, lead to 
(yellow) degradation products after refluxing for 48 hours, in accordance with the known 
stability of calixarenes. 
In preliminary flash-photolysis experiments no transient has been observed (in contrast to C60 
in micelles, which show “normal” triplet absorption, see Chapter 7). 
 
6.3.2  Discussion 
 
6.3.2.1  Proposed structure of the complex 
Pending more complete structural determination by NMR (see section 6.4), the structure of 
the C60-calixarene 5 complex was investigated with molecular mechanics, via the Tripos 
Force Field 17 using Gasteiger-Hückel charges. Results suggest that the complexed calixarene 
does not have a full cone conformation. Starting optimization of the complex with the 
calix[8]arene 5 in a cone conformation results in a possible structure for the complex with 
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three aryl rings bending out of the cone (see fig. 6.4) (we can describe this as a 1,3,5-winged 
conformation; see appendix I). 
This suggests that the tendency of the eight aryl groups of the calixarene to complex with C60 
is hampered by steric factors thus leading to a sacrifice of π-interaction with three aryl-rings. 
 

 
 
Fig. 6.4.  Representation of the complex of C60 and the water soluble calix[8]arene 
obtained by molecular modeling. Top and side view. 
 
Optimization of the calixarene alone, starting with the same cone, leads to a conformation 
with every (plane of an) aryl ring making an edge of ca. 90˚ with its neighbours where 
through the annulus rotation of the benzene units is possible, in agreement with the broad 1H-
NMR signals of the compound (see appendix II). 
 
6.3.2.2  Proposed structure of the aggregates 
From our findings it is clear that the species created in the aqueous phase is of an 
aggregational type. In figure 6.5 three possible aggregational structures are represented  
The type in which a C60 cluster is surrounded by the amphiphilic calix[8]arene molecules is 
expected not to be possible in a 1:1 molar ratio, and is thus unlikely to be applicable. The 
other two types of structure are more likely, and here the bilipid membrane like structure 
appears most attractive. 
 
As many problems were encountered in trying to get more information on the molecular 
structure of the system, we decided to try and change the system into a more defined one, and 
succeeded in doing so by making a solid state complex. 
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C60

calixarene

 
 
Fig. 6.5.  Representation of three types of aggregational structures proposed. Left, a 
system where a cluster of C60 is solubilized by calixarenes on the outside of the cluster. 
Middle, a linear arrangement of complexes. Right, a bilipid membrane like structure 
composed of head to head complexes. 
 
6.4 Interactions of fullerenes and calixarenes in the solid state 
  studied with 13C CP-MAS NMR 
 
The previous section describes the solubilisation of C60 in water by water soluble calixarenes. 
Here the findings on the interactions of fullerenes with calixarenes forming a solid state 
complex between C60 and 4-t-butylcalix[8]arene 1 and solid state NMR of this complex are 
reported 
 
6.4.1  Experimental and solid state NMR results 
Calixarene 1 (Fig. 6.6) and C60 (MER Corp.) dissolved in a 1:1 stochiometry in 
carbondisulfide yield after an extended period at low temperature a greenish microcrystalline 
material. IR spectroscopy (KBr) indicates that the intramolecular hydrogen bonding normally 
present in the calixarene 2a is partly disrupted (indicated by a shift from 3200 to 3400 cm-1). 
Elemental analysis of the metallic green material is consistent with a 1:1 stochiometry ( Anal. 
calcd. for C148 H112 O8. 1.5 CS2: C,84.20; H, 5.29; Found: C, 84.54, H: 5.82).  
The material can be dissolved in carbondisulfide or chloroform in which dissociation occurs 
and the magenta color of "free" C60 reappears. Unexpectedly, the material does not dissolve 
in benzene but forms a greenish suspension.  
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Fig. 6.6.  The calix[8]arene 1 used to form a solid state complex with C60. 
 
The size specific complexation found in the aqueous phase experiments (see section 6.3) 

using a water soluble analogue of 1, reappears in complexation studies using fullerenes 
dissolved in benzene. Whereas addition of a benzene solution of 1 to a solution of C60 in 
benzene leads to discoloration of the magenta solution and formation of a green precipitate, 
addition to a benzene solution of a mixture of C60 and C70 leads to selective complexation of 
C60 leaving C70 in solution. 
13C solid state NMR spectra 18 of C60, the 4-t-butylcalix[8]arene 1 and the C60-1 complex are 
shown in figure 6.7.  

 
Fig. 6.7.  Solid state 13C NMR spectra of C60, the C60-1 complex and the free 
calix[8]arene. 
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The narrow line of C60 at 143.7 ppm is in excellent agreement with literature reports 19. 
Chemical Shift Anisotropy (CSA) is annihilated by fast isotropic rotation of the C60 
molecules. The rather broad aromatic resonances and the signals in the aliphatic region of the 
free calixarene (its solid state structure described as a pleated loop 2a) are in agreement with 
literature 20 and can be understood on the basis of the distorted solid state structure of 1 and 
the large unit cell found in the X-ray 2a (Z=4). The spectrum of the green powder consisting 
of C60 and 1 obtained from CS2 and washed with benzene however, shows rather narrow 
lines for the calixarene carbons.  
 
Changes occurring upon C60-1 complexation are a slight but significant upfield shift of the 
resonance of C60 of 1.43 ppm, sharpening of the calixarene signals, the appearance of a total 
of 5 signals ( plus 1 shoulder) in the 30-35 ppm region, splitting of the signals of the aromatic 
calixarene carbons in 4 and 3 lines (146 and 128 ppm region respectively), clearly indicating 
complex formation accompanied by a conformational change of the calixarene. Isotropic 
rotation of the C60 molecules is obviously still present in the complex, indicated by the sharp 
C60 signal (at static NMR conditions).  
Interpretation of the solid state NMR is facilitated by comparison with data from liquid NMR. 
In table 6.1 the shifts of the 4-tert-butylcalix[8]arene and of C60 are given in the liquid phase, 
in the solid state, and of the complex in the solid state. 
 
Table 6.1. 13C Chemical shifts (in ppm) of the 4-tert-butylcalix[8]arene in CDCl3 and of 
C60 in benzene, in the solid state and of the C60-1 complex in the solid state. Adamantane was 
used as a reference in the solid state NMR. 
 

 liquid solid  C60-1 complex solid 
CH3  31.45 31.20, 33.54 30.48 (w); 31.53 (vs) 
Cq 32.31 31.20, 33.54 33.96 (w); 35.36 (s) 

CH2 33.99 31.20, 33.54  31.09 (w, sh); 33.59 (m) 
C1 146.39  146.86 (br)  147.3; 149.13 
C2 128.68 128.68 (br) 125.53, 128.16, 129.37 
C3 125.50 125.57 (br) 125.53, 128.16, 129.37 
C4 144.69 144.69 (br) 144.21 ; 145.45  
C60 143 143.73  142.30  

 
 
The T1 relaxation time of complexed C60 was determined to be ca. 2 s (using inversion 
recovery technique), drastically shortened compared to 28 s reported 19 for uncomplexed C60.  
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The data were fitted with the formula 21: 
 
   

I t=I! 1"e
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It = signal intensity at time is t; I∞ = signal intensity at time is infinity; τ = time;  
T1 = longitudinal relaxation time 
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Fig. 6.8.  Sequence of solid state NMR spectra that were determined to obtain the T1 
relaxation time of C60 in the complex and the peak intensities as a function of time with the fit 
obtained with the formula represented above. 
 
Cross polarisation (cp) curves of the C60-1 complex are shown in figure 6.9. The cp curve 
obtained for C60 indicates rather efficient polarisation transfer from 1 to C60 and very slow 
depolarisation. The cp time of C60 in the complex (1.1 ms) is shorter than the cp time reported 
for C60 with impurities (3 ms) 22 indicating a stronger dipolar interaction. The short cp times 
of the aromatic and aliphatic carbons of 1 are in agreement with literature reports 23. 
Cp curves were fitted with the following expression 23: 
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I = signal intensity; tcp = contact time; Tch = time constant for cross polarisation (in growth 
of the signal); T1ρ(H) = proton spin lattice relaxation time (decay of the signal); C = constant 
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Fig. 6.9.  Cross polarisation curves (data and fits) of the signals of (A) the aromatic 
carbons of the calixarene at (in ppm) : 125.50 ( ■ ), 128.16 (.) 147.30 (o) (B): the aliphatic 
carbons of the calixarene: 31.53 (o), 33.59 ( ❏ ), 35.36 (.); (C) the fullerene: 142.30 (C60 ) 
obtained for the C60-1 complex. 
 
In table 6.2 the time constants for cross polarisation for the different signals are given. 
 
Table 6.2. The time constants for cross polarisation (in ms). 
 

ppm 31.53 33.59 35.36 125.53  128.16 142.30  145.45  
Tch 0.45 0.45 0.55 0.21 0.21 1.1 0.33 

 
6.4.2  Conclusions 
Complexation of C60 with calix[8]arene 1 can occur in CS2 and in benzene solution leading to 
the formation of a solid state complex. The experiments indicate a 1:1 stochiometry for the 
complex. C70 does not form similar complexes with calix[8]arenes, leading to the possibility 
of transferring C60 to the solid phase separating it from C70 remaining in solution 6c,d.. 
 
The solid state complexation in benzene, leading to precipitation, provides strong evidence 
for establishment of an interaction between C60 and 1. A change of the conformation of the 
calixarene upon complexation is indicated by the OH shift in the IR and the Solid-State CP 
MAS NMR data.  
Comparison of the signals in the 148-120 region with those of the complex of toluene 4-tert-
butylcalix[4]arene 24 leads to two conclusions. First, C1 and C4 of the calix[4]arene give one 
signal each as expected on behalf of the know crystal structure (cone). In the complex of 
fullerene-C60 and 4-tert-butylcalix[8]arene however both carbons show two signals in a 
intensity ratio of 2 to 6 indicative of two types of phenolic units in a 2 to 6 ratio.  
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Fig 6.10.  Solid state 13C NMR spectra of the C60-1 complex in the 140 to 150 ppm 
region. 
 
Secondly, the signals between 129 and 120 are very alike in both complexes, indicating that 
there is some structural resemblance: the calix[8]arene must display a cone-like structure. 
 
In the aliphatic region six signals are observed for the calix[8]arene fullerene-C60 complex. 
As we should expect the tert-butyl groups to be present in a 2 to 6 ratio, showing four signals 
in total, this leaves us two signals for the bridging methylene groups in a 1 to 1 ratio.  
 

 
Fig 6.11.  Solid state 13C NMR spectra of the C60-1 complex in the 30 to 40 ppm region. 
 
The difference between these bridging methylene groups should be their orientation relative 
to the phenolic units, which can be an anti or an syn relation (see also appendix 6.A.I). In the 
solid state the chemical shift difference between these two types of bridging methylene 
groups has been reported to be 2.5 ppm, in good agreement with our interpretation 20.  
Figure 6.12 summarises the interpretation of the NMR data of the calix[8]arene-C60 complex. 
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Fig. 6.12.  Summarized representation of the interpretation of the NMR data of the C60-1 
complex, given in ppm and in parentheses the signal intensity ratio's. 
 
These conclusions are in agreement with a “two-winged” or “alternate cone” conformation of 
the calixarene (with the 1 and 5 phenolic units out or down being most likely)(see also 
appendix 6.A.I for nomenclature of conformations). 
The shift of the C60 resonance of 1.43 ppm, the large effect of complexation on the T1 
relaxation time and the short cp time provide further proof that an interaction between C60 
and the (aromatic) units of the calixarene is established. 
For calixarene 2 we have found no complexation with C60 or C70 in any solvent. Also O-
methylated or O-alkylated calixarene 1 does not form complexes with C60 6d. However, for 
p-phenylcalix[8]arene 3 complexation with C60 does occur in pyridine. 
 
6.5 The molecular structure of a calix[8]arene-fullerene C60 complex  
 derived from experimental and computational chemistry 
 
 6.5.1  Introduction 
The combination of computational chemistry and spectroscopic techniques is a relatively new 
approach to structure elucidation, that can predict and visualize new molecular structures 25. 
An important aspect of doing computational chemistry is the link and feedback with chemical 
reality. Substantiating experimental results with computational outcome and vice-versa is the 
only way to use the new computational forces in a chemically useful way. Here we apply the 
promising combination of molecular mechanics and 13C solid state NMR to the elucidation of 
the molecular structure of the host-guest complex of fullerene-C60 and 4-tert-
butylcalix[8]arene 1. 
The NMR study of the complex of fullerene-C60 and 1 has shown that the induced fit 
mechanism has to be applied, as it is clear from the solid state NMR data that the calixarene 
in the complex has a totally different conformation as the parent host. 
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6.5.2  Molecular mechanics 
Doing molecular mechanics on large systems with many atoms introduces not only high 
demands on computer facilities, but also caution to the interpretation of the computational 
outcome (see reference 28). A number of mechanics programs are available but their out 
come is usually different. This introduces a reliability question that can hardly be resolved. 
Testing and optimizing programs using X-ray structures can give good results for only a 
certain type of compounds. Other classes of compounds may not be well described by a well-
tested and optimized force field.  
We have used the Tripos force field (Sybyl) , a force field that usually gives good results for 
organic molecules. No solvent was taken into account. Our choice is a practical one, and we 
have (sofar) not attempted comparison of different force fields.  
Theoretically our NMR data can, at first glance, be attributed to four possible conformations, 
in which a 2 to 6 ratio of the phenolic units is present, as schematically represented in figure 
6.13. Further inspection however reveals that the ratio of syn to anti bridging methylene 
groups (see appendix I) is not 1:1 in the 1,2-winged structure. 
In order to have a better insight in the energies of these possibilities we have performed 
molecular mechanics calculations using the Tripos force field on these possible complex 
conformers. The nomenclature we used for describing the different conformational 
possibilities of the calix[8]arenes is relatively simple. Using similar nomenclature as used for 
calix[4]arenes conformations with the addition of an out relation, described as winged (see 
also appendix I) we have obtained names for the conformers depicted in figure 6.13. 
 
 

aryl unit in plane

aryl unit out of plane
bridging methylene unit syn bridging methylene unit anti

 
Fig. 6.13. Schematic representation of the four possible conformations of the 
calix[8]arene 1 in which two types of aryl units are present in a 2 to 6 ratio. The aryl units in 
plane could also have a down orientation. The conformers can be described as (from left to 
right), 1,2-winged, 1,3-winged, 1,4-winged and 1,5-winged. 
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Results of these calculations are represented in figures 6.14 to 617. and in table 6.3. The 
fullerene was defined as an aggregate, and its energy contribution was 1923.434 kcal/mol. 
The main energy difference as compared to the separate compounds was a van der Waals 
energy which could be as high as - 83.205 kcal/mol (see table 6.3). 
 
Table 6.3.  Energy contributions (in kcal/mol) to the total energy of respectively C60, 4-
tert-butylcalix[8]arene (in a 1,5 winged conformation) and of the 1,5 winged conformer of 
the C60-1 complex, obtained with molecular modeling. 

 
 C60 calixarene C60 - calixarene complex 
Bond Stretch 104.974 7.742  7.742 
Angle Bending 103.681 17.503  17.503 
Torsional Energy 166.591 32.636  32.636 
Out-of-plane Bending 1570.062 0.917  0.917 
1-4 van der Waals -0.464 8.798  8.798 
van der Waals -21.410 -16.730  -83.205 
1-4 Electrostatic 0.000 7.287  7.782 
Electrostatic 0.000 -23.824  -23.824 
 C60 aggregate  - -  1923.434 
Total Energy 1923.434 34.329 1891.288 

 
 

  
 
Fig. 6.14.  The 1,5-winged conformation of the C60-1 complex. Calculated energy; 
1891.228 kcal/mol. Hydrogen bonds (not shown) are still present between the phenolic units 
2-3, 3-4, 6-7,7-8. 
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Fig. 6.15.  The 1,5-alternate conformation of the C60-1 complex. Calculated energy; 
1896.136 kcal/mol. 
 

   
 
Fig. 6.16.  The 1,4-winged conformation of the C60 calixarene complex. Calculated 
energy; 1900.492 kcal/mol. 
 

  
 
Fig. 6.17.  The 1,3-winged conformation of the C60-1 complex. Calculated energy; 
1909.979 kcal/mol. 
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Fig. 6.18.  The 1,3-alternate conformation of the C60-1 complex. Calculated energy; 
1909.979 kcal/mol. 
Table 6.4.  Energies (in kcal/mol) of the conformers of the C60-1 complex obtained with 
molecular modeling. 

conformation energy 
1,5-winged 1891.288 
1-winged 1893.394 
1,5-alternate 1896.136 
1,5-winged-3-alternate 1897.336 
1,4-winged 1900.492 
1,4-winged-2,5-alternate 1905.105 
1,3,5-winged 1908.000 
1,3-alternate 1909.979 
1,2-winged 1913.478 

 
As can be seen from table 6.4 some low energy conformers that do not agree with the ratio's 
obtained form the NMR data were also obtained. One example is given in figure 6.19. 
Although these low energy structures can not be attributed to the solid state complex, they 
may represent the complex in solution, or a transitionary state that leads to a more 
symmetrical structure such as the 1,5-winged depicted in figure 6.14. 
 

 
Fig. 6.19.  Representation of a strange conformer (1-winged) with extensive hydrogen 
bonding between the 1-2, 2-3, 3-4, 4-5, 5-6, 6-7,8-1 phenolic units. 
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From the molecular modeling results it can be concluded that the structure with the 1,5-
winged conformation is most likely to be in reasonable agreement with the real structure. 
Thus the induced fit complexation can be visualised as shown in figure 6.20. 

+ C60 →  

Fig. 6.20.  Representation of the conformational change that occurs upon complexation of 
4-tert-butylcalix[8]arene 1 in the pleated loop conformation and C60. Tert-butyl groups are 
omitted for clarity in the left structure. 
 
It has been shown that calix[6]arenes can adopt a socalled 1,4-winged structure. In 1983 this 
was demonstrated 26 by Gutsche et al. by using CPK models and NMR and more recent by 
Molins et al. who used symmetry restrictions obtained from their extensive NMR data to 
perform molecular mechanics to get their final structure 27.  
 
It has to be realised that molecular modeling can generate interesting structures, and influence 
ideas about further improvements or modifications, but that the results have to be viewed 
with a certain scepticism 28. An eventual single crystal X-ray determination should be the 
ultimate confirmation of the molecular structure of the complex of fullerene-C60 and 4-tert-
butylcalix[8]arene, but we hereby have made a highly likely structure proposal obtained by 
the combination of experimental and computational chemistry.  
 
6.6 General conclusions 
 
From the aqueous phase experiments together with the solid state NMR results and the 
reports by other groups on the separation methods using this complex, it is clear that 
calix[8]arenes are perfect host molecules for C60.  
It is in principle possible to incorporate C60 via a supramolecular method into any system 
desired. Separation methods for higher fullerenes (or for endohedral fullerenes) using a 
similar supramolecular approach with calixarenes (for instance calix[9]- or calix[10]-arenes) 
appears highly interesting. A new area of fullerene research lies open to explore. 
Another approach to confirm our results regarding the structure of the complex, is to modify 
the calix[8]arene in such a way that its conformation is partly blocked, or by regioselective 
partial alkylation at the lower rim. Such an approach is synthetically accessible as a 1,5-
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intrabridged calix[8]arene derivative 29, and a 1,5 dialkylated calix[8]arene 30 have been 
reported. 
C60 complexation studies of these compounds would be highly interesting. 
 
We recently were confronted with the observation that the solid state NMR of the C60-1 
complex depends on the solvent from which the material was obtained, and that the NMR 
spectrum can be influenced by heating the sample for a while at ca. 150˚C 31. Although this 
does not directly influence our conclusions it is worth noting this new finding. The NMR of 
the complex obtained form benzene, however, was virtually identical to the NMR presented 
here (our sample was obtained from CS2 and washed with benzene). 
 
6.6.1  Intermolecular forces 
As the complexation of C60 by calix[8]arenes is a very intricate process, exemplified by the 
solvent dependence of the C60-1 complexation, the intermolecular forces that dominate the 
process must be very sensitive to subtle changes in the complexation conditions. 
Although the intramolecular hydrogen bonding network present in the parent calix[8]arene is 
partly disrupted, hydrogen bonds still play a very important role. Not only are they still seen 
in the IR, also methylated tert-butylcalix[8]arene is incapable of complex formation 6d. In the 
1,5-winged structure intra-molecular hydrogen bonds can still be present (see section 6.5.2). 
Van der Waals interactions (or π-π interactions) must also play an important role, as can be 
concluded from the mechanics calculations, and of course from pure chemical intuition. 
 
Although the tert-butyl groups on the upper ring may extend the cavity and thus play a role as 
well, they are not likely to have an essential interaction with the π-system of the fullerene (a 
socalled π-CH interaction, as proposed by Atwood et al.6c). Calix[8]arenes substituted with 
phenyl groups on the upper ring can also form a complex with C60. Furthermore, recently the 
exigency of π-methyl interactions in the formation of stable calixarene-guest complexes was 
addressed and the prevalent concept of π-methyl interactions in calixarene complexes was 
questioned 32. 
In the aqueous phase hydrophobic interactions must play an important role. In this respect it is 
interesting to notice that the water soluble calix[8]arene 5 (without the tert-butyl groups on 
the upper rim) is found to complex C60 in the aqueous phase, whereas no complexation is 
found for the calix[8]arene 2 (with phenolic units at the lower rim) in organic solvents. It can 
be concluded that in organic solvents the cavity of this calix[8]arene is not deep enough to 
enable complexation, whereas in the aqueous phase hydrophobic interactions do make 
complexation energetically favourable. 
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6.A.I Conformational aspects of calix[8]arenes 
 
To clarify the conformations that calix[8]arenes can display this section describes the 
conformational aspects, gives some examples of X-ray-structures from literature and 
exemplifies the nomenclature used in Chapter 6. 
Calixarenes are condensation products of para-substituted phenols and formaldehyde that 
mainly consist of 4, 6 or 8 phenolic units and, next to cyclodextrins and crown ethers, 
represent the third form of macrocyclic compounds that can be used as enzyme mimics, phase 
transfer catalysts and host molecules for metal ions and neutral molecules (see also 
Chapter 1). In the onset of the phenol formaldehyde chemistry, of which calixarenes are a 
relatively new example, the manufacture of the first synthetic plastic named after its inventor 
Bakelite was achieved. Calixarene chemistry has been reviewed in two books and a great 
number of articles. Names inherently linked to the chemistry of calixarenes are those of C.D. 
Gutsche and S. Shinkai, who have dedicated a major part of their scientific research to this 
subject. 
The common conformations of calix[4]arenes are well documented 1, 2 and can be described 
as the cone-, partial cone- ,1,2-alternate cone-, and the 1,3 alternate cone-conformation (see 
fig. 6.A.1 ).  

  
 

           
Fig. 6.A.1.  Representation of four conformations of calix[4]arenes. From left to 
right:(above) cone-, partial cone- ,(below) 1,2-alternate cone-, and the 1,3 alternate cone-. 
The substituents on the upper rims are omitted form clarity. 
 
These conformations have been confirmed by single crystal X-ray crystallography of 
differently substituted compounds and thus represent the four common energetically stable 
conformations. The two aromatic rings attached to a bridging methylene units can have a syn 



Chapter 6 Appendix I  

136 

orientation (like for example in the cone conformation) or an anti relation (in for example the 
most forward CH2 groups of the partial cone conformation depicted in figure 6.A.1). This 
introduces two types of bridging methylene units named syn and anti (see section 6.4.2 and 
6.5.2) 
A conformation described as “semi cone” or “semi partial cone”, with one of the phenolic 
units in an "out" position is also found for some substituted calix[4]arenes. In view of our 
conformational nomenclature for calix[8]arenes would like to described this conformation as 
“1-winged” (fig. 6.A.2). 

 
 

Fig. 6.A.2.  Representation the conformation of a calix[4]arene described here as 
1-winged. The substituents on the upper rims are omitted form clarity. 
 
Whereas for calix[4]arenes no other stable conformations are usually obtained, the situation is 
quite different for calix[8]arenes. A number of X-ray structures of differently substituted, or 
complexed calix[8]arenes have been obtained. In fig. 6.A.3 and 6.A.4 four examples of these 
structures exemplify the large amount of conformational possibilities for calix[8]arenes. The 
high degree of conformational flexibility of the macrocyclic ring and its large size results in 
the possibility of through the annulus rotation of both the upper and lower sides of the 
phenolic units. If only "up" or "down" orientations are considered, 16 possible conformations 
for calix[8]arenes are obtained. Including an "out" and "in" orientation increases this number 
drastically. The structure of the parent 4-tert-butylcalix[8]arene 3 (fig. 6.A.3 left) is described 
as a “pleated loop” or “undulating loop”. Nomenclature for calix[8]arene conformations is 
not straight forward, and different methods have been suggested. Using “up, down, out” and 
“in” nomenclature (abbreviated as u, d, o, i) is most simple, but simple nomenclature can 
never fully describe the intricate structures.  
The description made by Ugozzoli et al 2 (using dihedrals) is complete but not easily 
instantaneously transposed into a three dimensional structure. We therefore choose here the 
“u, d, o, i,” nomenclature where “up” can also be described as “cone”, “down” as “alternate” 
and “out” as “winged”. In this simple nomenclature which is analogous to that used for 
calix[4]arenes we would call the structure of the parent 4-tert-butylcalix[8]arene a 
“1,2,3,4,5,6,7,8-winged” conformation (or an o, o, o, o, o, o, o, o-conformation, although 
distorted).  
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Fig. 6.A.3.  Representation of two X-ray structures of different calix[8]arenes, in top and 
side view (respectively upper and lower representations. Left: 4-tert-butylcalix[8]arene, 
right: octa-acetyl 4-tert-butylcalix[8]arene, Some substituents and atoms are omitted for 
clarity. Crystal structures were obtained from the Cambridge database. 

    

   
Fig. 6.A.4.  Representation of two X-ray structures of different calix[8]arenes, in top and 
side view (respectively upper and lower representations. Left: octa methoxy 4-tert-
butylcalix[8]arene, right: calixarene structure in the complex of Europium and 4-tert-
butylcalix[8]arene. Some substituents and atoms are omitted for clarity. Crystal structures 
were obtained from the Cambridge database. 
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The X-ray structures for the acetylated 4 and (the trimethylaluminum complex of) the 
methylated 5 calixarenes appear very alike (fig. 6.A.3 right and 6.A.4 left). This conformation 
could be described as “1,5-winged-2,4-alternate-3,7-in-8,6-up” conformation (or o, d, i, d, o, 
u, ,i, u.) The conformation of the europium complex of 4-tert-butylcalix[8]arene has been 
described as being “pinched”, i.e. consisting of two fused calix[4]arenes in cone 
conformation. We would describe this conformation as “1,5-winged” (or o, u, u, u, o, u, u, 
u,). Although the 2,3,4 and 6,7,8 phenolic units do not obtain a cone conformation, but a 3,7 
parallel orientation, a 1,5-winged conformation seems most appropriate.  
 
The high degree of conformational flexibility of calix[8]arenes exemplified by the various X-
ray structures shown in this appendix might appear as a detrimental factor for complexating 
properties, however, as has also been shown by other studies 6, it is a positive effect if the 
"induced fit" is the accompanying mechanism (see Chapter 6). 
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6.A.II  Functionalisation and synthesis of calix[8]arenes 
 
This appendix describes the functionalisation and synthesis of various calix[8]arenes and two 
other host molecules, which were used to study the complexation properties of C60. As can be 
seen in Chapter 6 this complexation has only been observed with three water soluble 
calix[8]arenes, 4, 5, 6, with the parent 4-tert-butylcalix[8]arene 1, and with p-phenyl-
calix[8]arene 3. Various other compounds however, have been made, whose syntheses will be 
described here as well. Figure 6.A.5 gives representations of the various compounds. 
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Fig 6.A.5.  The compounds 1 to 12. The fist ten compounds are differently substituted 
calix[8]arenes, the last two are other, smaller host molecules. 
 
4-tert-butylcalix[8]arene 1 and calix[8]arene 2 were obtained form commercial sources 
(Acros Chimica or Aldrich) and were used in the synthesis as received. 
 
p-phenylcalix[8]arene  (3)  
This compound was made with the method previously reported by Gutsche et al.1. 
34 g (0.20 mol) 4-hydroxybiphenyl (Aldrich) was dissolved in 80 ml 3 N NaOH/CH3OH 
(0.24 mol) in a 250 ml reaction flask with condenser, resulting in a colorless solution. 
Subsequent, 47 ml 36 % formaldehyde in water was added, and the mixture was refluxed for 
1.5 hours, resulting in a clear yellow solution. The solvent was removed in vacuo as far as 
possible, leaving a viscous brown-yellow mass. The residue was acidified with 250 ml 2M 
HCl, which resulted in a yellow precipitate, which was washed with water and dried 
overnight. To the yellow material 100 ml diphenylether and 0.53 ml 18.8 M NaOH was added 
and the mixture was heated quickly to 220˚ C under nitrogen using a mechanical stirrer and a 
condenser. The yellow material dissolved and the mixture became dark brown. After 1 h 45 
m, the mixture became a dark brow slurry. After cooling 300 ml diethylether was added and 
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stirred overnight. The non-dissolved material was collected on a fritt filter, and stirred for one 
hour with 300 ml boiling glacial acetic acid. The non-dissolved material was collected on a 
fritt filter, washed with water and stirred for 12 hours with 300 ml chloroform at room 
temperature. The non-dissolved material was collected on a fritt filter, dried, and subsequently 
dissolved in hot pyridine from which it was crystallised using 1,4-dioxane.  
Yield 1.9 g (1.5 mmol); 6 %.  
IR (KBr)3210-3240 (OH).  
1H-NMR (pyridine-d5) δ : 7.2-7.7 m, 56 H, ArH; 4.44, s, 16 H, bridging methylenes. 
 
calix[8]aryloxy-propane-3-sulphonate  (5) 
This compound was made with the method previously reported by Shinkai et al 2. 
309 mg (0.35 mmol) calix[8]arene (Acros Chimica) was dissolved in  150 ml freshly distilled  
dimethylformamide (DMF) by heating. After cooling  820 mg (11.2 mmol) 55% NaH in oil 
(washed with petroleum ether 60-80) was added to the yellow solution. The slightly foaming 
mixture became brown after 30 minutes of stirring at room temperature. After one hour. 0.3 
ml (0.427 g, 3.5 mmol) molten 1,3-propanesultone in a few ml of DMF was added via a 
addition funnel. Shortly after the addition the reaction mixture became orange. After 24 hours 
the reaction mixture was yellowish brown and methanol followed by a few ml of water was 
added to quench the reaction. The solvent was removed, and the yellowish white residue was 
dissolved in as little water as possible, filtered to remove un-dissolved material, and purified 
with the salting out method: a saturated solution of sodium acetate was added slowly to the 
dissolved product. After 24 hr’s at 5 ˚C a precipitate was collected on a fritt filter, yielding 
194 mg (0.094 mmol, 27 %, literature yield: 24 %) octasodium calix[8]aryloxy-49, 50, 51, 52, 
53, 54, 55, 56 octakis-(propane-3-sulphonate) as yellowish white amorphous material. 
1H-NMR (D2O, 200 MHz): δ: 2.11, (br), 2H, CH2-C-O; 2.91, (br), 2H, SCH2 ; 3.75, (br), 2H, 
OCH2; 4.01, s (br), 2H, bridging methylene; 6.87-6.75, m (br), 3H, CH (arom). 
13 C NMR: (APT, D2O, 400 MHz): δ: 26, CH2-C-O; 29, bridging methylene; 48, OCH2; 72, 
SCH2; 124, CH (arom, para rel. to O); 128, CH (arom, meta rel. to O); 134, C-CH2 (arom); 
154, C (arom, ipso rel. to O). 
IR (KBr): 3420 (m) (H2O), 2940 (m), 2880 (m), 1200 (s), 1110 (s). 
 
With the same procedure 4-tert-butylcalix[8]aryloxy-propane-3-sulphonate (4) (yield: 
60%) and p-phenylcalix[8]aryloxy-propane-3-sulphonate (6) (yield: 25 %) were also 
obtained starting with calixarenes 1 and 3. Their aggregational tendency in water however 
made their characterisation by NMR virtually impossible due to very broad signals. 
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p-(4-phenylpiperazinomethyl)calix[8]arene  (7) 
Several types of aminomethylated calix[4]arenes have been obtained by Mannich reactions 
and a similar synthetic method was used here 3, 4, 5, 6. 
Calix[8]arene (Acros Chimica) 790 mg (0.93 mmol) was dissolved in 25 ml 
dimethylsulfoxide (DMSO), to which 10 ml glacial acetic acid  was added. This resulted in a 
white suspension. After the addition of 1.4 ml 37% formaldehyde solution in water and 1,5 ml 
(9.8 mmol)1-phenylpiperazine (light yellow oil, Acros Chimica, used without further 
purification) a light yellow solution resulted. 
The reaction mixture was stirred for 16 hr’s at room temperature, after which it was poured 
into 100 ml of water. This resulted in a milk-like suspension, which was neutralised with a 
potassium carbonate-solution to pH 5.5, which resulted in more precipitation of product.  
The product was isolated on a fritt filter, dried, re-crystallised from chloroform-methanol and 
dried again. This resulted in 1,32 g (0.58 mmol, 63%) white product that decomposed at 
180°C.  
The product can be dissolved in chloroform, pyridine, carbondisulfide and tetrahydrofuran. 
but is insoluble in diethylether, cyclohexane, methanol, ethyl acetate and toluene. 
1H-NMR(CDCl3, 300 K): δ = 2.53, s, 32 H, CH2-N-(CH2-CH2)2; 3.14, s, 32 H, CH2-N-
(CH2-CH2)2; 3.40-3.50, m, 24 H, CH2-N-(CH2-CH2)2 plus bridging methylene endo or exo); 
4.38, s, 8 H, bridging methylene endo or exo; 6.80-6.90, m, 24 H, CH (arom, ortho and para 
rel. to N); 7.16-7.20, m, 32 H, CH (arom, meta rel. to N and to O); 9.54, s, 8 H, OH.  
At  318 K the 1H-NMR shows the signal around 3.40-3.50 ppm of CH2-N-(CH2-CH2)2 plus 
the bridging methylene endo or exo as separate signals.  
 
p-(4-benzylpiperazinomethyl)calix[8]arene  (8) 
p-(4-benzylpiperazinomethyl)calix[8]arene 8 was synthesised with the same procedure as the 
N-phenyl compound 7. 
The product was crystallised from chloroform-acetone yielding 356 mg (12%) yellowish 
product which decomposed at 146°C. The compound is soluble in pyridine, chloroform and 
DMSO but insoluble in benzene, toluene en CS2. 
1H-NMR (CDCl3, 300K) δ = 2.43, s, 64 H, N-(CH2-CH2)2; 3.34, s, 16 H, N-CH2-Ph, 3.48, ss, 
24 H, N-CH2-Ph-O plus the bridging methylene endo or exo; 4.31, s, 8 H, bridging methylene 
endo or exo; 7.07, s, 16 H, CH (arom, meta rel. to O); 7.2-7.3, m ,40 H, CH (arom); 9.46, s, 8 
H, OH).  
At slightly higher temperatures the 1H-NMR shows that the signals at 3.48 ppm separate. 
In d6-DMSO en d5-pyridine only one signal can be observed for the bridging methylene 
groups. 
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[(p-carboxyphenyl)azo]-calix[8]arene  (9). 
The synthetic method used here has been applied to calix[4]arenes before7. 
To a solution of p-aminosodiumbenzoate (5.5 mmol, 878 mg) in 10 ml of  water 19.2 mmol 
(702 mg), 2.3 ml 30% HCl was added. This resulted in a white precipitate (the ammonium 
chloride) which was stirred for 30 m at 60°C, and subsequently cooled in an ice bath. To this 
a cold solution of  5.5 mmol (380 mg) NaNO2 in 1 ml water was added, which resulted in a 
yellow solution. 
501 mg (0.59 mmol) calix[8]arene was dissolved in 45 ml DMF/MeOH 2:1 v/v. To this 2.38 
gram (17.7 mmol) sodium acetate was added and the solution was cooled. To this cooled 
solution the diazoniumsolution described above was added, which resulted in a orange red 
suspension. After 1 hour 100 ml 0,25 % HCl/H2O was added and the suspension was heated 
for 30 min, at 60 ˚C. This resulted in a wine red precipitate, which was isolated on a fritt filter 
The material was dissolved in 150 ml 3 % NaHCO3 solution to which 1 g of Norit was added. 
The material was stirred for 1.5 h, filtered to remove the Norit and acidified with  10 ml  25 % 
HCl to precipitate that product. After heating for 40 m at 60 ˚C the product was collected on a 
fritt filter and subsequently dried. yield 927 mg (82 %). 
1H-NMR (DMSO-d6), 300 K, δ : 4, 16 H, bridging methylene,; 7.5-8.1, 48 H, H-arom. 
 
4-tert-butylcalix[8]aryloxy-hexane (10) 
The synthetic method used here has been applied to calix[4]arenes before 8. 
1 g (0.76 mmol) calixarene 1, was dissolved in 50 ml freshly distilled DMF, to which 0.5 g 
(10 mmol) NaH was added. Subsequently 1.25 g (10 mmol) 1-bromohexane was added. 
The mixture was heated for 2 hours at 70 to 90 ˚C while stirring. The reaction was quenched 
with methanol, and the solvent was removed in vacuo and dried. The raw product was 
dissolved in pentane, filtered to remove un-dissolved starting material, and after the pentane 
was removed, the product was crystallised from ethyl acetate-acetone (2 to 1). 
yield 0.31 g (0.16 mmol) 20 %. 
IR (CHCl3): 2995, 2950, 2925, 2860. 
1H-NMR (CDCl3), δ = 6.94, s, 16 H, H arom; 4.04, s (br), 16 H, bridging methylene; 3.51, s 
(br) 16 H, OCH2; 1.57, s (br), 16 H, O-C-CH2; 1.35, s (br), 16 H, O-C-C-CH2; 1.158, s (br), 
16 H, O-C-C-C-CH2; 1.150, s (br), 16 H, O-C-C-C-C-CH2; 1.07, s, 72 H, CH3, t-Bu, 0.73-
0.69, t, CH3. 
 
Cyclotriveratrylene (11) 
Cyclotriveratrylene was first reported in 1915 9, and has attained much attention recently 10. It 
has also been shown 11 to form a “Ball and Socket” structure with C60. 
10.1 g (73 mmol) ortho-dimethoxybenzene and 34 g 70 % H2SO4 were mixed, resulting in a 
brown solution. Subsequently 14.1 g 36 % aqueous formaldehyde (0.169 mol) was added via 
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a addition funnel. While adding the mixture is vigorously stirred. After a few drops the 
mixture becomes purple, and after more addition the material solidifies. After the addition of 
all formaldehyde the material is left to stand for 1 hour. After this 75 ml of ethanol is added, 
and the mixture is heated. The purple material dissolves, and a white precipitate can be 
isolated. yield 15.2 g.(33.7 mmol) 46 %. The product can be crystallised from toluene or ethyl 
acetate.  
1H-NMR (CDCl3, 200 MHz): δ:  3.52-3.56, d, 3H, H(ps eq), J=13.8Hz; 3.84, s, 18H, OCH3; 
4.74-4.81, d, 3H, H (ps ax), J=13.8 Hz; 6.83, s, 6H, H (arom). 
IR (CHCl3): 3020 (w), 3000 (m), 2940 (m), 2960 (m), 2840 (m). 
mp: 230-232 ˚C (lit. 227 ˚C). 
 
Cyclotri-N-methylindolene  (12) 
This “hetero-cyclotriveratrylene” was previously reported 10, 12, but its instability with respect 
to light was not reported.  
7.21 g (55 mmol) N-methylindole is mixed with 350 ml ethanol and 9.8 ml 36% 
formaldehyde. Next 4 ml 98 % H2SO4 is added slowly. The mixture is heated on a water bath 
to 70 ˚C, and changes color from bright red to deep purple to brown, containing a 
purplish/white precipitate. The precipitate is collected on a fritt filter, and the material is 
extracted with ethyl acetate. The non-dissolved material was isolated and re-crystallised from 
pyridine/ethanol giving white needles. yield 115 mg (0.27 mmol) 4 %.  
The product is very sensitive to light and to oxidation. A large amount of a red side-product is 
formed during the reaction, which appears to be the oxidized product. If a solution of the 
product is irradiated with light also a dark red product is formed. It thus appears better to 
exclude oxygen and light form the reaction (and maybe to use less concentrated sulphuric 
acid). From the NMR it can be seen that the compound does not have a crown structure like 
cyclotriveratrylene, but probably a flexible saddle conformation, as the bridging methylenes 
give a singlet. It has to be noted that the structure (see figure 6.A.5) may also contain two 
methyl groups pointing towards each other. 
1H-NMR (CDCl3, 200 MHz): δ: 3.74, s, 3H, NCH3; 4.04, s, 2H, CH2; 7.06-7.29, m, 3H, 
CH(arom); 7.54-7.60, d, 1H, NCCH. 
IR (CHCl3): 3050 (m), 3000 (m), 2930 (m, very broad), 2820 (m), 1470 (s). 
mp: 260 ˚C (lit. 275 ˚C). 
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Incorporation of Fullerene-C60 and C60-adducts 

in Micellar and Vesicular Supramolecular Assemblies.
Introductory Flash Photolysis and Photoredox Experiments in Micelles



Each bit of life had to have some outer pellicle that would keep the molecular machinery of 
life together, and to separate it from the surrounding ocean. 

 
Isaac Asimov, 1987 
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 Incorporation of Fullerene-C60 and C60-adducts  
in Micellar and Vesicular Supramolecular Assemblies. 

Introductory Flash Photolysis and Photoredox Experiments in Micelles 
 
Abstract: The incorporation of fullerene-C60 and of C60 adducts into Triton X-
100 (TX100) micelles and into liposomes made of phosphatidyl-ethanolamine 
(PE) from Escherichia coli has been studied. Incorporation curves and UV-Vis 
absorption spectra for the liposomes are presented. Furthermore, flash photolysis 
experiments in TX100 micelles in the presence of the electron donors N,N,N’,N’-
tetramethyl-p-phenylenediamine (TMPD) and cytochrome c has resulted in the 
observation of oxidized transient species. 
 

7.1 Introduction 
 
Compartmentalization of components that constitute a photoinduced redox cycle, by using 
supramolecular assemblies such as micelles or liposomes (vesicles), is a very efficient way of 
combining the flexibility of choice of artificial redox mediators with systems of high 
biological interest. The study of micellar and vesicular supramolecular assemblies 1, 2, 3 which 
can be used for catalysis 4, proton motive force generation 5, solar energy conversion 6 and 
drug delivery 1, was initiated in the 1960's by Bangham and Fendler, and still is a topic of 
considerable interest 7. The incentive to the present study is the eventual use (as visualized in 
figure 7.1) of a fullerene based material, incorporated in liposomes, as the photoactive unit to 
induce (with illumination) a proton translocating redox cycle which uses mediators of 
biological origin: e.g. cytochrome c and ubiquinone, which thus leads to the light-induced 
generation of a proton motive force. 
In a liposomal environment only those dyads that are incorporated in the lipid membrane with 
their donor-side located to the outside can interact with the membrane impermeable 
cytochrome c. This than can lead to the vectorial translocation of protons over the lipid 
membrane and hence the generation of a proton gradient: reduction and subsequent 
protonation of the secondary ubiquinone acceptor occurs at the inside of the liposomes, 
ubiquinol can diffuse through the membrane and (re)reduction of cytochrome c and proton 
release can only occur at the outside (cf. ref. 5). The use of fullerenes as photosensitizer for 
electron transfer and as electron mediator across a black lipid (bilayer) membrane (containing 
lipid, toluene, and decane), formed across a hole in a Teflon sheet has been reported earlier 8, 

9, 10. The system we study, however, is a solution phase containing (virtually organic-solvent 
free) micellar or vesicular assemblies. 
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Furthermore, spectroscopic characterization of intermediate (excited) states in the process is 
being pursued. 

 
Fig. 7.1.  Visualization of a redox system in which excitation of a donor-bridge- fullerene 
(acceptor) system leads to the formation of a charge separated state which can accept an 
electron from cytochrome c and donate electrons to ubiquinone. Translocation of the doubly 
reduced and protonated quinone and electron transfer to the oxidized cytochrome completes 
the redox cycle. 
 
The incorporation of fullerenes C60 and C70 into systems of the micellar or vesicular type has 
recently attained a lot of attention. The incorporation of fullerenes into dioctadecyldimethyl-
ammoniumbromide 11, (dihexadecyl)hydrogen phosphate 11, lecithin 11, Triton X-100 11, 12, 13, 
phosphatidylcholine 12 and poly(vinylpyrrolidone) 14 has been reported. Comparison of C60 
and C60 adduct incorporability and photophysical behaviour, in such assemblies, however, 
has not attained any attention yet. 
Here we report on these aspects and on electron transfer from water soluble electron donors 
such as cytochrome c to intra-micellar fullerenes and fullerene-adducts. Furthermore a 
preliminary comparison is made between two adducts (see figure 7.2). One adduct (1) is 
covalently functionalised with an electron donating group, and a second fullerene adduct (2) 
lacks this unit. 
 

NN

N

1 2  
Fig. 7.2.  The fullerene adducts used in this study (see also Chapter 4). 
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7.2 Experimental 
 
7.2.1  Incorporation of fullerenes in micelles and liposomes 
Micelles C60 and its adducts were incorporated into TX100 micelles by dissolving C60 
in toluene, adding the required amount of TX100 and (after mixing) removing the solvent in 
vacuo. In this way a solution of C60 in pure TX100 was obtained, which after adding water / 
buffer and heating (50˚C for 1 min) resulted in a clear micellar solution. A final TX100 
concentration of 2 %(w/v) was used ([TX100] ~ 32 mM). A similar method has been reported 
in references 12 and 13.  
Liposomes Incorporation of C60 and the adducts into liposomes has been accomplished in 
the following way. The required amount of C60 was dissolved in benzene (solubility 1.7 mg 
/ml) 15 and a solution of PE in chloroform was added. The solvent was removed in vacuo to an 
amount where C60 crystallization does not yet occur. Subsequently a small amount of acetone 
was added. This resulted in the formation of very small clusters of C60 (see also reference 16). 
(Note that if the CHCl3/C6H6 mixture is further evaporated without acetone addition, C60 
crystallization occurred, resulting in a two phase system consisting of a black C60 crystal 
phase and a colorless phase of PE). 
From he mixture containing the small clusters of C60, PE and the acetone/CHCl3/C6H6 
mixture, the solvent was further removed in vacuo and dried over CaCl2 under reduced 
pressure. Next, the required amount of water or phosphate buffer was added, and the mixture 
was vigorously stirred with glass beads for ca. 15 min. A final concentration of 10 mg PE/ml 
water was used. Subsequent sonification (Branson sonifier 250, output 2, 30% duty cycle) for 
45 min of aliquots of 3 ml was performed thermostated at 37˚C (the lamellar gel to lamellar 
liquid crystalline phase transition temperature of PE from E. coli ranges between 20 en 
40˚C). Non-incorporated material was removed by 20 s centrifugation in an Eppendorf-
centrifuge at 14.000 rpm (i.e. approximately 20.000 g), whereby non-incorporated fullerene is 
pelleted. The supernatant consists of a homogeneous suspension of liposomes. These 
liposomes do not sediment at low-speed centrifugation. Samples were either used directly, or 
after storage at -20˚C, followed by thawing and another 10 min of sonication.  
For the fullerene adducts the same method was used, except for the solvent that induces 
fullerene aggregation: ethanol can be used for the adducts, but it's addition is not essential 
since phase separation during evaporation of the CHCl3/C6H6 solvent mixture does not occur 
(at low initial weight percentages). 
The method described here is similar to the one described in reference 12, except for the 
solvent- induced aggregation, which was found to be essential for reproducible incorporation. 
Isopicnic centrifugation Sucrose-density gradient centrifugation is an established method 
in biochemistry that separates different phases on density. As the density of non-incorporated 
fullerenes (density of C60 = 1.65; of the adducts ≈ 1.51 kg/dm3) 17 does not change with 
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particle size, this method is very well-suited for the separation of liposome-incorporated 
fullerenes from non-incorporated material. 
After tests with linear sucrose gradients the following method was found to be suitable. 
Centrifugation over a sucrose solution (with a density of 1.3 kg/dm3) of various samples was 
performed with an ultracentrifuge (Centrikon T-1055, Kontron Instruments) at 35.000 rpm in 
a swing-out rotor (type TST 41.14), for 19 h. After this treatment the non-incorporated 
fullerene material was present in the pellet, and the liposomal phase, containing the fullerenes, 
was on top of the sucrose solution. Extraction of the pellet with 1,2-dichlorobenzene and 
subsequent UV-VIS absorption allowed determination of the non-incorporated material. UV-
VIS absorption of the yellow band on top of the sucrose solution allowed determination of the 
(relative) amount of incorporated fullerene.  
 
7.2.2  Spectroscopy and materials 
UV-Vis absorption spectra were recorded on a CARY 3 spectrophotometer. Transient 
absorption spectra were obtained with a gated Optical Multichannel Analyzer of EG&G 
instruments as described earlier 18 . As excitation and white probe sources, a Nd-YAG laser 
(355 or 532 nm, nanosecond pulses) and a 450 W high-pressure Xe arc (white light of 300-
880 nm) coupled to a Müller Elektronik MSP05 pulser were used, respectively. The excitation 
beam was at a right angle to the probing beam. The probing path length was 1 cm. The 
volume through which the analytical light passes was 10 x 2 x 2 mm. Samples were adjusted 
to an absorption of ca. 1 (1 cm) at the excitation wavelength. Laserpower was between 10 and 
50 mJ per pulse (0.2 cm2). Samples were de-aerated by bubbling with argon for 20 min. 
Fullerene concentrations ranged from 10-4 M (for 355 nm excitation) to 10-3 M (for 532 nm 
excitation).  
C60 was obtained from MER corporation, the fullerene adducts 1 and 2 were synthesized as 
reported earlier 17 (see Chapter 4). Triton X-100 (TX100) was obtained from Merck. 
Liposomes were made from acetone washed L-α-phosphatidyl-ethanolamine (PE) type IX 
from E. coli (Sigma). Cytochrome c, from horse heart Type V (Sigma) was reduced with 
dithionite and purified using a Sephadex column; ubiquinone (UQ0, 2,3-dimethoxy-5-methyl-
1,4-benzoquinone) was obtained from Sigma. Stock solutions of 2.5 mM (cytochrome c in 
phosphate buffer pH = 7) and 100 mM (UQ0 in ethanol) were stored at - 70˚C. 
 
7.3 Results and discussion 
 
7.3.1  Incorporability of C60 and C60-adducts in liposomes 
Micelles In contrast to the reported 11 method of stirring solid C60 in an aqueous 
solution of TX100, the toluene method allows introduction of an exact (predetermined) 
amount of C60 into the micelles, as long as the system is not saturated with C60. 
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As reported by others 12, 13 we find that the state of aggregation in micelles changes at low 
C60 concentrations. However, incorporation of truly monomeric C60, which would be 
expected to give a purple solution and the characteristic 400 to 630 nm absorption with a very 
minor absorption between 420 to 450 nm, could not be accomplished. 
Liposomes Quantifying the incorporation of C60 and C60-adducts into liposomes is less 
straightforward as compared to incorporation in micelles. This is because during sonication at 
high initial weight percentages a phase separation tends to occur and also at lower 
concentrations the incorporation efficiencies are less than 100%. Thus a method is needed to 
determine the amount actually incorporated. The methods reported for establishing 
incorporation of fullerenes into vesicles 11, 12 mutually differ and appear not to be 
unequivocal. The sucrose-density centrifugation method described in the experimental section 
turns out however also to provide a very useful method for establishing incorporation 
unequivocally. Via this method the incorporation efficiencies were estimated to be 
approximately 90 % for C60 and 66 % for the adducts from the data presented in fig 7.3 (i.e. 
when starting the procedure with an initial weight percentage of 4 % fullerene-adduct this 
results in the incorporation of only 4 x 0.66 = 2.65 %). Furthermore the maximum 
incorporability of C60 and our adducts 1 and 2 in liposomes made of PE were determined in 
this way. Fig. 7.3 shows that maximum incorporability of C60 is about twice as high, 7 %(w), 
as obtained for the adducts, 3 %(w). Incorporability is expressed as weight percentage, based 
on the amount of lipid used. This implies that C60 can be incorporated into liposomes to a 
rather high amount. If an average liposome contains 1 x 10 5 lipid molecules, than one 
liposome can contain up to 6800 C60 molecules (i.e. a molecular lipid/C60 ratio of 15). For the 
adducts these numbers are 2300 molecules per liposome and a molecular ratio of 43. For 
reaction centers and light harvesting systems positioned in a liposome these numbers vary 
from 100 to 500 systems per liposome 19. As the diameter of C60 is only 1 nm, and the 
reaction and harvesting centra are ca. 10 nm in diameter 19, these numbers imply a quite 
reasonable structural resemblance. 
If we express the maximum incorporability reported by Yamakoshi et al 14 as a weight 
percentage of the amount of polyvinylpyrrolidone this leads to 8 % for C60 (and 4 % for C70, 
i.e. similar values as reported here).  
Interestingly, small amounts of the adducts (but not of C60) can be incorporated into 
liposomes by prolonged stirring with glass beads (without sonication). After 3 days an 
incorporation of ca. 1 %(w) can be accomplished. This implies that it is likely that a certain 
directionality of incorporation is obtained via a low energy path, as found for certain 
proteins 20. This directionality of incorporation of the donor-acceptor system in liposomes is a 
prerequisite for an efficient proton motive force generation (see introduction). 
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Fig. 7.3.  Representation of the incorporation curves of C60 and adduct 1 in PE. The 
x axis denotes the amount of fullerene with which the incorporation procedure was started, 
and the y-axis denotes the amount that is incorporated into liposomes after sonication and 
sucrose centrifugation (see experimental section). 
 
7.3.2  Spectroscopy of C60 and C60-adducts in micelles 
The UV-Vis absorption spectra of C60 in PE liposomes are shown in fig 7.4. The high 
similarity to spectra of C60 in micelles reported by others (see references 11-14) suggests that 
the systems contain a similar fullerene phase, consisting of aggregates, as indicated by a new 
absorption and characteristic band around 450 nm. 
Interestingly, however, flash photolysis of a solution of C60 in TX100 micelles (see also 
reference 21) results in a transient (see fig. 7.5) that has a great similarity to the transient 
obtained in organic solvents like benzene or hexane , where no ground-state aggregation 
occurs. A slight difference of the triplet-triplet absorption in micelles as compared to that 
obtained in organic solvents near the UV-region (at 380 nm) is however observed. The 
characteristic 750 nm absorption, however, is clearly present. The species generated 
obviously is the triplet state, which, in contrast to the aggregational state implied from the 
UV-Vis absorption, can be considered to be a molecular triplet. The lifetime of this triplet is 
48 µs. A lower limit of the triplet yield is 10 % (obtained by signal intensity comparison with 
C60 in toluene). Exact numbers are hard to determine as a reference compound for the 
determination of triplet yields in micelles lacks and the triplet yield may depend on the ratio 
of fullerene/TX100 (i.e. the degree of aggregation). Triplet-triplet annihilation and exciton 
formation in clusters is expected to be responsible for the reduction of the triplet yield. 
Nevertheless it is evident that the triplet yield in micellar solution is strongly reduced with 
respect to that in organic solvents, which amounts to approximately 100 % 17 (see Chapter 4). 
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Fig. 7.4.  UV-Vis absorption of C60 in PE liposomes at 6 %(w) and 1 %(w), and of 
adduct 1 in liposomes (4 %(w)). 
 
UV-Vis absorption of fullerene adducts 1 and 2 in TX100 and in liposomes (see fig 7.4) do 
not show the sharp features observed in organic solvents, but also no extra absorption band 
(expected around 450 nm as for C60) that might be attributed to aggregation is observed.  
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Fig. 7.5.  Representative transient absorption spectrum of C60 in TX100 micelles. 
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Flash photolysis of a solution of adduct 2 in TX100 micelles results in a transient (see fig. 7.6) 
that has again great similarity to the transient obtained in organic solvents like benzene or 
hexane 17 (see Chapter 4). The species generated obviously is a molecular triplet state. Triplet 
lifetime is 50 µs. A lower limit of the triplet yield again is approximately 10 %.  
While in non-polar organic solvents the adduct 1 produces a triplet transient spectrum 
identical to that of 2 17, the transient spectra of 1 and 2 were found to be significantly different 
in micellar solution, both in spectral shape (see fig. 7.6) and in lifetime (50 µs for 2 and 10 µs 
for 1). In a difference spectrum (see fig. 7.6) it appears that for the transient formed by 
excitation of 1 broad extra absorption bands are particularly present around 480 and 880 nm.  
We tentatively attribute this to partial (reversible) transformation of the fullerene triplet in 1 
into a charge transfer state 22 in which an electron has been transferred from the aniline-group 
to the fullerene unit. From studies in homogeneous solution 17 (see Chapter 4) it is known that 
this process becomes energetically accessible for 1 in more polar environment but under such 
conditions the lifetime of the charge separated state is very short.  
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Fig. 7.6.  Transient absorption spectra of fullerene adduct 1 and 2 in TX100 micelles. 
The difference spectrum between the two spectra (scaled at 700 nm) is also shown. 
 
Apparently the micellar environment not only energetically allows for charge transfer to take 
place, but also stabilizes the resulting dipolar state kinetically, making it available to 
participate in redox photo-chemistry. That the micellar environment allows for intramolecular 
charge transfer to take place in 1 is also supported by the observation that the fluorescence of 
1 in TX100 micelles is quenched for 80 % as compared to that of 2.  
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7.3.3  Redox photo-chemistry 
As has amply been demonstrated in organic solvents 23, a photoexcited fullerene can act as an 
electron accepting unit. Fig. 7.7 demonstrates that excitation of C60 in TX100, in the presence 
of TMPD (0.2 M TMPD + 0.15 M ascorbate (functions as electron pool), pH = 7) leads to a 
short lived (ns time scale) triplet state, producing a long lived radical cation of TMPD 
(lifetime of 1.6 ms). The radical anion can so far not be observed (it is expected to show 
strong absorption at 1100 nm).  
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Fig. 7.7.  Transient absorption spectra of C60 in TX100 micelles in the presence of 0.2 M 
TMPD at pH = 7. The first transient is taken in the laserpulse (532 nm) and clearly shows the 
triplet state of C60. The second transient is taken after 100 µs and is characteristic of the 
radical cation of TMPD. 
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Fig. 7.8.  Representative transient obtained on excitation (excitation wavelength is 532 
nm) of adduct 1 in TX100 micelles in the presence of reduced form of cytochrome c , together 
with the UV-Vis absorption difference spectrum of the reduced and oxidized form of 
cytochrome c (this spectrum is vertically shifted and has an absorption of zero at 700 nm). 
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Flash photolysis of a solution of 1 in TX100 micelles with cytochrome c (reduced form, 
concentration of 0.1 mM) results in a transient that not only contains the fullerene triplet but 
also a bleaching signal at 530 and 550 nm (see fig. 7.8), that shows a striking similarity to the 
difference spectrum of the reduced and oxidized form of cytochrome c (see fig. 7.8, upper 
spectrum). Clearly excitation of adduct 1 in micelles can lead to the oxidation of 
cytochrome c with a lifetime of ca. 10 µs. Addition of the oxidized form of ubiquinone (4 
mM) to this mixture leads to diminishing of the lifetime of the cytochrome c bleach signal to 
less than 0.5 µs, implying that the electron taken from the cytochrome by fullerene-adduct 
excitation is, via the quinone, returned to the cytochrome. These preliminary results strongly 
suggest that a photoexcited fullerene is capable of initiating a redox-cycle that has 
cytochrome c and ubiquinone as redox-mediators. Redox midpoint potentials 17, 24 (see also 
Chapter 4) of the compounds involved are given in table 7.1. 
 
Table 7.1. Redox data of the compounds used in this study. The number of electrons 
involved is denoted by n. 
  

 V vs SCE a V vs NHE b n ref 
E C60 ∅ C60- - 0.40 (- 0.16)c 1 17 
E 1 ∅ 1- - 0.57 (- 0.33)c 1 17 
E UQ ∅ UQH2 ( - 0.14)c + 0.10 2 24 
E cytc(ox) ∅ cytc(red) ( - 0.02)c + 0.22 1 24 
E TMPD ∅ TMPD+ + 0.16 (+ 0.40)c 1 17 
E 1 ∅ 1+ + 0.71 (+ 0.95)c 1 17 

(a ) in CH3CN or CH3CN/toluene mixtures 
(b ) in H2O at pH = 7, 25 ˚C 
(c ) calculated via E vs SCE = E vs NHE - 0.24. 
 
Excitation of cytochrome c and ubiquinone (separate compounds or a mixture) under similar 
circumstances does not lead to transients.  
 
Preliminary flash photolysis experiments in liposomes do not give transients, unless very high 
laserpower is used (ca. 50 mJ/pulse), and in the latter case this leads to very broad and 
uninformative signals, from which no conclusions can be drawn. This indicates that a 
different kind of experiments will have to be used to obtain information on the processes 
occurring in liposomes. 
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7.4 Conclusions 
 
The incorporation of fullerene-C60 and the adducts 1 and 2 into micelles and liposomes has 
been accomplished. The incorporability of the adducts in liposomes is lower than of C60. It is 
tentatively concluded that a reduced aggregational tendency of the adducts 25 1 and 2, 
compared to C60, reduces their incorporability in liposomes (i.e. C60 has more aggregational 
tendency and therefore can be incorporated up to higher levels). 
The excited state created in micelles for C60 and adduct 2 is spectroscopically similar to that 
created in (nonpolar) organic solvents, i.e. a molecular triple state. For adduct 1 in addition a 
state with charge transfer character appears to be populated. This implies that micellar bound 
C60 and adduct 2 can be used as singlet oxygen sensitizers, like in organic solvents, but that 
their efficiency will be less (lower estimate: 10 %). Micelle-incorporated fullerene-C60 and 
C60 adducts are thus expected to be phototoxic and might perhaps find use in phototherapy.  
Furthermore we have shown that C60 and the adducts 1 and 2 are able to enter into photo-
redox chemistry with biologically relevant redox partners in micellar solution.  
Further experiments will have to be carried out to establish whether this can also be 
accomplished in liposomal systems, and in how far the possibility of intramolecular charge 
transfer in 1 modifies its behaviour in this respect as compared to 2 and native C60. 
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Summary 
 
The fullerenes represent a new class of pure carbon compounds that can be produced on a 
macroscopic scale since 1990. The discovery of this new form of carbon by Kroto, Smalley, 
Krätschmer and Hufmann, has given chemistry an impact. The most important members of 
this new class of compounds, the fullerenes C60 and C70 are highly colored compounds that 
can take up an extra electron very facile. These properties make this new form of carbon, 
highly interesting as an electron accepting component in donor-acceptor systems, for the 
study of electron transfer. 
In photoinduced electron transfer one of the chromophores is excited with light and 
subsequently an electron is transferred from donor to acceptor. This process is essential to the 
conversion of light energy into electrochemical energy, and occurs in photosynthesis in 
plants, in solar cells and in various photochemical reactions. Also, all energy in fossil fuels, 
was once fixed by phototropic organisms. 
This thesis describes studies on the properties of the fullerenes C60, C70 and fullerene-
adducts, especially on the processes that occur in these molecules under the influence of light, 
in the presence of electron donating groups or molecules. 
 
In Chapter 1 the properties of the fullerenes are described. The chemistry and the physics, the 
applications and the stability of these compounds are discussed. In this chapter it is also 
exemplified why electron transfer is such an important process, and the theory of electron 
transfer is given. Supramolecular chemistry and membrane mimetic chemistry are shortly 
discussed. 
 
In Chapter 2 it is shown that C70 is a very good electron accepting chromophore. 
Intermolecular electron transfer between C70 and various electron donors (of various strength) 
is described. From a fluorescence quenching study it is concluded that at a center to center 
distance of 18 Å between C70 and a strong electron donor, electron transfer can occur. The 
fluorescent properties of C70 are studied with time resolved fluorescence and fluorescence 
excitation spectroscopy. 
 
In Chapter 3 it is shown that C60 obeys the Kasha-Vavilov rule, by using fluorescence 
excitation spectroscopy. This is one of the ground-rules of organic molecular spectroscopy. 
This chapter can be considered as a direct reaction on literature. Different research groups 
reported that excitation of C60 does not always lead to population of the lowest excited singlet 
state, implying that  C60 would not obey the Kasha-Vavilov rule. 
In the appendix of Chapter 3 the method to generate correction factors, that should be applied 
when conducting fluorescence excitation spectroscopy, is described. 
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One of the first systems in which C60 is covalently functionalised with an electron donating 
group, is described in Chapter 4. Both the synthesis and the properties under the influence of 
light are described. In polar solvents excitation of the C60 unit leads to rapid electron transfer 
(5 x 109 s-1). The charge separated state, that is populated by this process, however, is very 
short lived (< 1 ns). 
 
A fullerene adduct with a very long lived charge separated state (0.25 µs) is described in 
Chapter 5. In this compound the fullerene acceptor and the donor are separated by a very long 
and rigid hydrocarbon bridge, consisting of 11 sigma bonds. The experimental findings and 
semi-empirical calculations indicate that the fullerene moiety displays quite extensive 
electronic coupling with the bridge. 
 
In Chapter 6, the interactions between basket-shaped host molecules and fullerenes are 
described. Calix[8]arenes are shown to be a class of compounds that have very good 
complexating properties towards fullerene C60. C60 can be solubilized in water by a water 
soluble calix[8]arene. The most well known calix[8]arene, 4-tert-butylcalix[8]arene, is able to 
complex C60 in various organic solvents. C70 does not form similar complexes, allowing both 
fullerenes to be separated by this host molecule.  
On the basis of a 13C CP-MAS NMR study it is concluded that the complexed calixarene has 
a 1,5-winged structure. Molecular mechanics calculations are in agreement with this. 
In the appendices of Chapter 6 the nomenclature of the conformations of calix[8]arenes is 
described, as well as the synthesis of several substituted calix[8]arenes. 
 
In Chapter 7 the properties of C60 and C60 adducts in the presence of amphiphilic molecules 
in aqueous environment are described. The properties in micelles and liposomes are studied. 
C60 adducts can be incorporated into liposomes at higher levels than C60 itself. By using laser 
flash photolysis it is shown that C60 adducts incorporated in micelles are able to oxidize (the 
biologically relevant) cytochrome c. 
 



   

 

Samenvatting 
 
De fullerenen vormen een nieuwe klasse van zuivere koolstof verbindingen die sinds 1990 op 
macroscopische schaal gemaakt kunnen worden. De ontdekking van deze nieuwe vorm van 
koolstof door Kroto, Smalley, Krätschmer en Hufmann heeft de chemie een nieuwe impuls 
gegeven. De meest prominente leden van deze nieuwe klasse verbindingen, de fullerenen C60 
en C70 zijn beide sterk gekleurd en nemen zeer gemakkelijk een extra electron op. Deze 
eigenschappen maken deze nieuwe vorm van koolstof zeer interessant als electron 
accepterende groep in electron donor-acceptor systemen, voor de studie van electron 
overdracht. Fotogeïnduceerde electron overdracht is een proces waarbij na excitatie van één 
van de chromoforen een electron wordt overgedragen van donor (D) naar acceptor (A). Dit 
proces is van essentieel belang voor de conversie van lichtenergie in electrochemische 
energie, en speelt zich af tijdens de fotosynthese in planten, in zonnecellen en bij 
verscheidene fotochemische reacties. Ook alle energie in aardolie en aardgas is eens gefixeerd 
door fototrofe organismen, door middel van de fotosynthese. Dit proefschrift beschrijft 
studies naar de eigenschappen van de fullerenen C60, C70 en fullereen-adducten, met name 
naar de processen die zich afspelen in deze moleculen onder invloed van licht, bij 
aanwezigheid van electron donerende moleculen of groepen. 
 
In hoofdstuk 1 worden de algemene eigenschappen van de fullerenen beschreven. De chemie 
en de fysica, de mogelijke toepassingen en de stabiliteit van deze verbindingen passeren de 
revue. Tevens wordt in dit hoofdstuk een beeld gegeven van het belang van electron 
overdracht en wordt de theorie van electron overdracht weergegeven. Supramoleculaire 
chemie en membraan mimetische chemie worden als laatste belicht. 
 
In hoofdstuk 2 wordt experimenteel aangetoond dat C70 een zeer goede electron accepterende 
chromofoor is. Intermoleculaire electron overdrachts interacties tussen C70 en verschillende 
electron donoren (met verschillende donor-sterkte) worden beschreven. Uit de analyse van 
een fluorescentie dovings studie blijkt dat bij een afstand van 18 Å tussen (het centrum van) 
C70 en een sterke electron donor er reeds electron overdracht kan optreden.  
De fluorescentie eigenschappen van C70 worden met tijdsopgeloste fluorescentie en 
fluorescentie excitatie spectroscopie onderzocht.  
 
In hoofdstuk 3 wordt met behulp van fluorescentie excitatie spectroscopie aangetoond dat C60 

voldoet aan de Kasha-Vavilov regel. Dit is één van de grondregels van de organische 
molecuul spectroscopie. Dit hoofdstuk is eigenlijk een directe reactie op een uitspraak in de 
literatuur. Er waren verschillende onderzoeksgroepen die rapporteerden dat excitatie van C60 
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niet altijd leidt tot de populatie van (het laagste niveau van) de eerste aangeslagen singlet 
toestand, en dus dat C60 niet zou voldoen aan de Kasha-Vavilov regel.  
In de appendix van hoofdstuk 3 wordt de methode om correctie factoren te genereren, die 
moet worden toegepast bij het uitvoeren van fluorescentie excitatie spectroscopie, uitvoerig 
beschreven. 
 
Een van de eerste systemen waarin C60 covalent gebonden is aan een electron donerende 
groep wordt beschreven in hoofdstuk 4. Zowel de synthese van dit molecuul als de 
eigenschappen onder invloed van licht worden uitgebreid beschreven. In polaire 
oplosmiddelen leidt bestraling van de C60 eenheid met zichtbaar licht tot een zeer snelle 
(5 x 109 s-1) electron overdracht. De ladingsgescheiden toestand, die hierdoor wordt 
gepopuleerd, leeft echter zeer kort (< 1 ns).  
 
Een fullereen adduct dat een zeer langlevende ladingsgescheiden toestand vertoont (0.25 µs) 
wordt beschreven in hoofdstuk 5. In deze verbinding zijn de fullereen acceptor en de donor 
gescheiden door een zeer lange en starre alkaanbrug bestaande uit 11 sigma bindingen. 
De experimentele bevindingen en semi-empirische berekeningen duiden erop dat de fullereen 
eenheid zeer sterke electronische koppeling met de alkaanbrug vertoont. 
 
In hoofdstuk 6 worden interacties tussen mand-vormige gastheer moleculen en fullerenen 
beschreven. Het blijkt dat de calix[8]arenen een klasse van verbindingen vormen die 
uitstekend met C60 kunnen complexeren. C60 kan in water worden gesolubiliseerd door een 
water oplosbaar calix[8]areen. Het meest bekende calix[8]areen, 4-tert-butylcalix[8]areen, kan 
C60 complexeren in verschillende organische oplosmiddelen. C70 wordt echter niet (of 
nauwelijks) gecomplexeerd, en het is mogelijk om beide fullerenen met behulp van deze 
mand-vormige gastheer moleculen van elkaar te scheiden.  
Op grond van de resultaten van een 13C CP-MAS NMR studie kan worden geconcludeerd dat 
het calix[8]areen in gecomplexeerde vorm een zogeheten 1,5-winged conformatie bezit. 
Moleculaire mechanica berekeningen zijn hiermee in overeenstemming. 
De appendices van hoofdstuk 6 beschrijven de naamgeving van de verschillende conformaties 
die calix[8]arenen kunnen aannemen, en de synthese van verscheidene gesubstitueerde 
calix[8]arenen. 
In hoofdstuk 7 worden de eigenschappen van C60 en C60-adducten in waterig milieu bij de 
aanwezigheid van amfifiele moleculen onderzocht. De eigenschappen in micellen en in 
liposomen worden beschreven. Het blijkt dat C60-adducten in sterkere mate in liposomen 
kunnen worden geïncorporeerd dan C60 zelf. Met behulp van laser flits fotolyse wordt 
aangetoond dat C60-adducten geïncorporeerd in micellen na excitatie in staat zijn om het 
(biologisch relevante) cytochroom c te oxyderen.  
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