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1.1 ——  Supramolecular Chemistry  
 
Over a period of 175 years, classical synthetic organic chemistry has learned how to 
build up molecules with the help of strong covalent bonds. More recently, 
supramolecular chemistry1-5 has introduced the use of non-covalent or secondary 
interactions to construct molecular systems, which can now exceed the complexity 
attainable via classical synthetic chemistry. The instruments in a supramolecular 
toolbox include hydrogen bonding, dipole-dipole interactions, hydrophobic 
interactions, van der Waals interactions, etc. Nature has used the same weak bonds to 
build extremely complex systems like the DNA duplex, the Tobacco Mosaic Virus, 
and enzymes to mention a few. It is the challenge of supramolecular chemistry to 
control the forces between molecules and to use them to construct new architectures 
with special properties. 
One area within supramolecular chemistry is host-guest chemistry.6 It involves the 
design of receptors that can recognise a specific species from a series of molecules, in 
a similar way as an enzyme does when it selects a substrate by molecular recognition.7,8 
This research started off with the crown ethers that were designed and synthesised by 
Nobel prize winners Lehn,9 Cram10 and Pedersen.11-13 It has led to the development of 
many synthetic receptors for the selective complexation of cations and anions. The 
design of synthetic receptors for non-ionic, organic molecules is much more difficult 
yet also more challenging, because these molecules possess a wider scope of potential 
applications. Since the binding of neutral molecules has to rely on weaker forces than 
the strong electrostatic interactions involved in the binding of ions, these types of 
receptors are more difficult to design. 
Typical receptors for organic molecules make use of recognition processes in which 
arrays of hydrogen bonds and solvophobic binding forces in combination with a cleft 
structure are deployed. Cyclodextrins14-18 represent a well-known class of natural host 
molecules in this area; they are able to bind a wide variety of neutral organic 
molecules.  
 

1.2 ——  Chemical Sensors 
 
The increased concern about environmental issues has prompted the search for 
sensors that are able to qualitatively or quantitatively detect a certain chemical 
compound. Another impulse to sensor technology has come from industry, where on-
line monitoring of parameters to control and optimise processes is required. 
A chemical sensor19,20 usually consists of two parts: (i) a chemical interface that takes 
care of the binding of a specific analyte of interest and (ii) a so-called transducer that 
translates this binding event into a measurable signal. Several transducer principles are 
available such as optical, electrochemical, and mass-sensitive detection, each having its 
own advantages and disadvantages. 
Host-guest chemistry can play an important role in the development of new chemical 
sensor systems. The chemical interface usually contains receptors of which the 
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properties change upon binding. The binding event to the receptor should be 
reversible in order to allow regeneration of the sensor, rather than producing just a 
single use disposable dosimeter. For a chemical sensor to be of interest to industry it 
should be cheap, selective, give a quick response, and be applicable on-line.  
 

1.3 ——  Outline of this Thesis 

 
This thesis deals with the development of chemical sensor systems for organic 
molecules based on cyclodextrins. In Chapter 2 a literature survey is given of the 
topics to be covered in the subsequent chapters. Chapter 3 describes the synthesis and 
conformational behaviour of two 2,2’-bipyridine-spaced cyclodextrin dimers, which 
are designed to bind large molecules with high binding constants. In aqueous solution, 
these dimers adopt a conformation in which part of the aromatic spacer is self-
included into one of the two cyclodextrin cavities. The 2,2’-bipyridine spacer between 
the cyclodextrins can interact with metal ions, such as Ru2+ leading to larger 
assemblies of cyclodextrins, which are luminescent. The synthesis and structural 
characterisation of these assemblies and their photophysical properties are described 
in Chapter 4. Due to their excellent emission properties, the tris(bipyridyl) 
ruthenium(II) cyclodextrin complexes could be used as sensor molecules for steroids; 
they turn ‘On’ their emission when the latter molecules are detected. The sensor 
properties of the complexes and a detailed study of the binding of a set of related bile 
acids in the cavities of these molecules are presented in Chapter 5. The binding 
properties of the bipyridine-spaced dimers, as well as of their ruthenium complexes, 
towards multitopic guests like porphyrins are described in Chapter 6. In Chapter 7 
studies towards a mass-sensitive sensor device incorporating cyclodextrin receptors are 
described. Using a Surface Acoustic Wave (SAW) device, based on the so-called Love 
Waves, a chemical sensor for organic vapours has been developed. An initial study 
towards the application of this SAW device for the detection of organic molecules in 
aqueous solution is also described in this chapter. 
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2.1 ——  Cyclodextrins 

 

2.1.1 ——  History 
 
The first reference to cyclodextrins dates back to 1891 when Villiers1 studied the 
degradation of starch by the action of Bacillus amylobacter. Apart from other products, 
he isolated small fractions of two crystalline products which were later identified as α- 
and β-cyclodextrin. It was Schardinger2-4 who in the period 1903-1911 studied their 
physical properties and isolated the bacterium (Bacillus macerans) which would become 
the most important source of glycosyl transferase, the enzyme that converts starch 
into cyclodextrins. Because of his pioneering role, cyclodextrins are sometimes called 
Schardinger dextrins. The cyclic structure of cyclodextrins was discovered by 
Freudenberg5 in 1938; he proposed that α- and β-cyclodextrin are composed of five 
and six glucopyranose moieties, respectively. These numbers, however, were proven 
incorrect and it was French6, another pioneer, who determined the correct values of 
six and seven.  
Later on, it was discovered that cyclodextrins can bind a large variety of organic and 
inorganic molecules inside their cavities, which made them part of the field of 
supramolecular chemistry. This finding has led to an enormous number of papers 
dedicated to the complexation properties of cyclodextrins. Many new derivatives were 
synthesised to modify the complexation behaviour and to introduce functionalities like 
catalytically active centres to create enzyme models.7,8  
The development of cyclodextrin chemistry and technology is reflected by the number 
of reviews, totalling 400, that has appeared on this subject over time.9 Since 1985 a 
monthly abstracting service, Cyclodextrin News, has been collecting and publishing the 
abstracts of cyclodextrin related papers and patents. By 1988 about 2000 papers had 
been published, by 1998 this number had grown to a total of 13,500 and presently 
about 17,500 papers, abstracts and patents are available.10 
 

2.1.2 ——  Structure and Properties of Cyclodextrins 

 

Cyclodextrins11-14 are cyclic oligosaccharides built up from α-D-glucopyranose 
moieties that are connected by α-1,4 glycosidic linkages. Three different 
representations of cyclodextrins are shown in Figure 1. Of these, the schematic 
structure on the right will be used throughout this thesis for reasons of simplicity.  
The most common cyclodextrins are α-, β- and γ-cyclodextrin having 6, 7 and 8 
glucopyranose moieties in the ring, respectively. A smaller cyclodextrin having five 
glucose units cannot be made enzymatically15 but is available through synthesis.16 
Higher analogues with up to 17 glucose units have also been isolated and have been 
named δ−, ε−, ζ−, η−, θ−, ι−, κ−, λ−, and µ−cyclodextrin by analogy.17-19 Rather than 
being ring-shaped, these large cyclodextrins have a tendency to adopt a more elliptic 
shape and are less suited for complexation of guests. 
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Of this collection of cyclodextrins, β-cyclodextrin is most frequently used since its 
dimensions are best fit for the binding of six-membered ring molecules, like 
cyclohexanes and benzenes (Figure 2). It is also the cheapest cyclodextrin available 
because it is the main product that results from the enzymatic degradation.  

The three dimensional shape of β-cyclodextrin is that of a truncated cone, where all 
the primary OH-groups (at C-6) are located on the narrow rim and the secondary 
hydroxyls (at C-2 and C-3) are on the wider rim of the cone. Because of the presence 
of the OH-groups at the rims, cyclodextrins are readily soluble in water. The solubility 
of β-cyclodextrin is less than that of the other cyclodextrins because of the formation 
of a seam of intramolecular hydrogen bonds between the C-3 OH of one glucose 
moiety and the C-2 OH of a neighbouring moiety20,21 (Figure 3). This renders the 
structure of β-cyclodextrin rather rigid. For γ-cyclodextrin the structure is more 
flexible despite the presence of the intramolecular hydrogen bonds.22 From variable 
temperature NMR experiments it was established for β-cyclodextrin that the C-3 OH 
is the predominant hydrogen donor in this process.21,23 
The 21 hydroxyl groups of β-cyclodextrin can be divided into three groups, each with 
their own reactivity. The primary OH-groups at C-6 are the most nucleophilic OHs. 
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Figure 1 : Three different representations of the structure of cyclodextrins. 
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Figure 2 : Dimensions of β-cyclodextrin and benzene. 
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The secondary hydroxyls at C-2 are the most acidic OHs, due to both the 
intramolecular hydrogen bond (vide supra) and the presence of the electron 
withdrawing acetal function at C-1. In general the C-3 OH groups are the least 
reactive. This difference in reactivity can be used in the selective functionalisation of 
cyclodextrins which will be described in Chapter 3. 
The most important and characteristic feature of cyclodextrins is the presence of a 
cavity in which other molecules can be encapsulated. When dissolved in water the 
cavity is relatively hydrophobic and the main driving force for the binding of 
molecules is the hydrophobic effect.24,25 An important factor in the binding are the 
highly structured water molecules present in the cyclodextrin cavity. The release of this 
so-called ‘high energy’ water gives a large positive entropic contribution to the 
binding.26,27 This increase in entropy is more than enough to compensate the loss of 
entropy due to the reduced mobility of the host and the guest after complexation. 
These forces, however, are not the only ones which contribute to the binding. Other 
factors, like van der Waals28 and electrostatic interactions,29,30 formation of hydrogen 
bonds,28 and release of strain in the cyclodextrin rings have also been invoked to play a 
role.31  
 

2.1.3 ——  Detection of the Binding Process 

 
A number of techniques is available for studying the complexation of guest molecules 
into cyclodextrins. Perhaps the most revealing technique is NMR, since this gives 
direct structural information about the complex formed.32 Usually, either the shifts of 
guest protons, or shifts of cyclodextrin host protons located at the inside of the cavity 
(H-3 and H-5) are used to study the binding. The latter method is only applicable to 
cyclodextrins which still possess the seven-fold axis of symmetry (C7), i.e. non-
functionalised or per-functionalised derivatives. When a cyclodextrin is mono-
functionalised, i.e. having one functionality on one of its OH-groups, the symmetry of 
the CD-ring is disrupted and the proton NMR spectra of the host itself become 
extremely complicated to such an extent that high frequencies (≥ 500 MHz) and two 
dimensional techniques are needed to study the inclusion of guests.33 
Inclusion can also be studied by a variety of optical techniques, like UV-Vis, 
fluorescence and circular dichroism. Since cyclodextrins are optically transparent only 

 
 

O

OH

O
O

HO

OOH

OH

O
O
H

H

 
 
Figure 3 : Intramolecular hydrogen bond formed between C-3 OH and C-2 OH of a 

neighbouring glucopyranose moiety. 
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changes in the optical properties of the guest molecules have to be considered. When 
a chromophoric guest molecule like methyl orange34 or p-nitrophenol35 is included in a 
cyclodextrin cavity its absorption coefficient changes and sometimes a shift in the 
absorption maximum is observed.  

A more sensitive detection can be reached by fluorescence, since the exited state of a 
molecule is much more sensitive to changes in the environment than the ground state. 
A well studied probe in this case is the so-called polarity probe p-toluidino 
naphthalene sulfonate (TNS) whose emission intensity and wavelength depend on the 
polarity of its micro-environment.36-38 The fluorescence of TNS is quenched in the 
polar aqueous solution but when the probe enters the hydrophobic cyclodextrin cavity 
it is protected from the quenching water molecules and shows a bright emission. In 
addition, other types of excited state processes can be used to study the binding. For 
instance, when two fluorescent molecules are co-included in the cavity of γ-
cyclodextrin there is a clear increase in their excimer emission.39,40 For certain probes 
the restricted rotation upon inclusion causes a shift in the ratio between their normal 
planar (NP) and twisted intramolecular charge transfer (TICT) emission.41 The 
reduced mobility of the fluorophore also results in an increase in the polarisation of 
fluorescence, offering an alternative way to detect the binding.42 
In some cases the inclusion of an achiral chromophore in the chiral cyclodextrin cavity 
gives rise to an induced circular dichroism (ICD) signal.43 The sign (+ or -) and 
magnitude of the ICD signal depends on the orientation of the chromophore in the 
cyclodextrin cavity.44,45 
A more universal technique to look at the binding of guest molecules is 
microcalorimetry, which measures the minute heat exchanges upon inclusion.46,47 
Technological advancements have made this technique a true competitor for optical 
techniques. A major drawback was the long waiting time for thermal equilibration of 
the setup at every step, but increased automation has helped to overcome this 
problem. A clear advantage of microcalorimetry is that in a single experiment the 
complete thermodynamic parameters of inclusion, including ∆H and ∆S of 
complexation, are obtained, whilst with other techniques these are only available by 
performing binding studies at different temperatures. 
Finally, the redox properties of guest molecules may change upon binding, thus 
allowing the detection via electrochemical techniques such as cyclic voltammetry.48 
Usually cyclodextrins show an enhanced binding of the uncharged species of a redox 
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couple, thereby shifting the half-wave potentials to more positive values. Due to a 
decrease in the diffusion rate of the probe upon complexation the current associated 
with a redox step also decreases in magnitude. The inclusion of ferrocene carboxylate 
offers a nice example of the application of this electrochemical technique.49 
 

2.1.4 ——  Industrial Applications of Cyclodextrins 
 
Because of their ability to from inclusion complexes, cyclodextrins have attracted the 
attention of various companies.9,50 The starting product, starch, is ready available and 
the production of cyclodextrins via enzymatic conversion is relatively easy, both 
factors making cyclodextrins cheap to use. Furthermore, cyclodextrins are non-toxic 
(when administered orally), and biodegradable. All these qualities make these 
molecules one of the few examples of supramolecular building blocks that are being 
used in industry. 
In food industry cyclodextrins enhance the stability of flavour additives. Inclusion 
protects additives like limonene from premature oxidation. An important advantage is 
that upon complexation the ethereal oil is transformed into a solid which makes the 
additive much easier to handle and to dose. Because of their high affinity for 
cholesterol, cyclodextrins are also used to produce low-cholesterol butter, milk and 
even egg.  
Another nice example of an industrial application is the use of various cyclodextrin 
derivatives to absorb a broad spectrum of organic odoriferous compounds from 
fabrics and clothes in order to restore the freshness of the materials or to reduce the 
malodour without the need for washing or dry cleaning.51 
Covalent attachment of cyclodextrins to fibres like cotton open up routes to improve 
the adsorption of dye molecules to textile. This technique can also be used for the 
preparation of perfumed textiles which show slow release of the perfume. Reactive 
mono-chlorotriazinyl cyclodextrins are most often used for these type of 
applications.52  
Also the analytical industry makes use of cyclodextrins, for example as stationary 
phases for chiral separations via GC or HPLC, and, more recently, via Capillary 
Electrophoresis.53,54 
By far the biggest industry that uses cyclodextrins is the pharmaceutical industry. 
Applications involve the improvement of drug stability, solubility, dissolution rate, 
bio-availability and the reduction of side effects. More recently, cyclodextrins have also 
been used in drug delivery systems. A number of pharmaceutical products containing 
cyclodextrins has already been approved of and this number is expected to rise 
spectacularly in the next years.9 In most cases, derivatised cyclodextrins are used 
instead of the native β-cyclodextrin because the latter is nephrotoxic upon parenteral 
administration, due to its formation of precipitates with cholesterol in the kidneys. 
Methylation of the hydroxyl groups of β-cyclodextrin increases the affinity for 
cholesterol but the complexes remain soluble. However, the binding is so strong in 
this case that it causes haemolysis through the extraction of cholesterol from the 
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membranes of blood cells. Hydroxypropylated β-cyclodextrin is most frequently used 
because of its low affinity for cholesterol. 
The increased industrial interest for cyclodextrins has reduced the price of the ‘normal’ 
β-cyclodextrin and many cyclodextrin derivatives are now commercially available. 
 

2.1.5 ——  Cyclodextrin Dimers 

 
β-Cyclodextrin usually forms 1:1 complexes with small organic molecules with typical 
binding constants in the order of 102-104 M-1.55 Larger molecules like the afore-
mentioned probes TNS and methyl orange, but also porphyrins, behave as di- or 
multitopic guests since their hydrophobic surface is too large to be covered by a single 
cyclodextrin. This creates a driving force for the binding of more cyclodextrins and 
thus complexes of higher stoichiometry such as 2:1 (CD:guest) are formed.36,56  
When two cyclodextrins are covalently linked via a spacer to form a dimer the binding 
of multitopic guest molecules can be selectively enhanced over the binding of 
monotopic guests. Due to the proximity of two binding sites in one molecule these 
dimers show cooperative binding of large guests via a so-called chelate effect.57,58 
Binding constants for cyclodextrin dimers have been reported to be as high as 1011   
M-1, making these complexes as strong as antigen-antibody complexes.59 The high 
binding constants make it much easier to differentiate between a range of guests. 
Cyclodextrin dimers, therefore, hold more promise in generating a selective sensor 
response than monomeric cyclodextrin species. 
Critical factors that govern the binding strength of cyclodextrin dimers are the nature 
and length of the spacer. If the spacer is too long, the binding sites are too far apart 
and cannot cooperate. Hydrophobic spacers can be self-included into one of the two 
cyclodextrin cavities, thereby blocking one binding site.60-63 This takes away part of the 
advantage of having two cavities in close proximity. The energy involved in releasing 
the spacer will be reflected in a lower binding constant for guest molecules. The 
process of self-inclusion can be overcome by either using short spacers, hydrophilic 
spacers such as oligoethylene glycols64 or rigid spacers such as bipyridines. 
The first cyclodextrin dimers that were synthesised were connected through their 
primary sides. Some examples are shown in Figure 4. The dimers synthesised via the 
phosphinimine approach which was introduced by Kovacs and co-workers 
(compounds 7 and 14) are perhaps the most elegant compounds because they can be 
easily synthesised.67,68 This method uses the readily available mono-6-O-azido-
functionalised β-cyclodextrin as starting material and gaseous CO2 (for 7) or CS2 (for 
14) as the reactant in the presence of triphenylphosphine as a catalyst. Moreover, it 
introduces a (thio)urea functionality in the spacer which can be used as an additional 
recognition site. 
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Since mono-functionalisation is much more difficult to achieve at the secondary side, 
the synthesis of dimers connected via their secondary sides is synthetically more 
demanding. Several routes for the selective functionalisation of C-2 OH groups have 
been published over the years13,14,79,80 and these have also resulted in the synthesis of 
some cyclodextrin dimers connected via their secondary sides (Figure 5). 
The binding of guest molecules in cyclodextrins usually takes places via their wider 
secondary side and it therefore seems more logical to connect the latter molecules via 
this side in order to achieve optimum cooperativity. Only recently a direct comparison 
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Figure 4 : Some typical examples of β-cyclodextrin dimers, connected through their 

primary sides via various spacers: 1+9+10,65 2+3+8+11,66 4-6,63 
7,67,68 12+13,69 14,70 15,71 16,72 17,73 18+19,74 20+21,75 22-24,76 
25,77 26.78 
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between dimers connected either via the primary and the secondary side has become 
possible by the synthesis of three bipyridine-spaced dimers 43-45 with different 
relative cyclodextrin orientations by the group of Breslow (Figure 6).83 They studied 
the hydrolytic activity of the Cu2+ complexes of these dimers using ester 46 as a 
substrate. The results clearly show that linkage via the secondary side is more 
favourable than via the primary side. Even the presence of only one secondary side 
linked cyclodextrin as in dimer 44 already caused an increased activity compared to the 
primary side linked dimer 45. Another example comes from Inoue and co-workers 
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Figure 5 : Some typical examples of β-cyclodextrin dimers, connected through their

secondary sides via various spacers: 27+40,65 28,57 29+30+41,81

31+32+35+36+37+42,66 33+39,82 34,75 38,64 39,65. 
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Figure 6 : Comparison of the hydrolytic activity of the Cu2+ complexes of β-

cyclodextrin dimers 43-45 which contain cyclodextrins linked via their
primary or secondary side in the hydrolysis of ester 46. (adapted from
ref. 83) 
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who compared two selenium bridged dimers (21 and 34) as model systems for the 
antioxidant enzyme glutathione peroxidase.84,85 It was shown that also in this case the 
dimer which had the cyclodextrins connected via their secondary sides was the most 
efficient catalyst.  
Much research is devoted to make the binding of cyclodextrin dimers more selective. 
For this purpose an asymmetric dimer having one α- and one β-cyclodextrin linked via 
the secondary sides was synthesised in our group and shown to display site-specific 
binding of a number of TNS derivatives.61,86 The large naphthalene unit was proposed 
to be included in the β-cyclodextrin, whereas the smaller toluene part of the molecule 
was supposed to reside in the cavity of the α-cyclodextrin.  

Another way to increase the selectivity of the binding is to introduce extra recognition 
sites in the spacer. One example is the previously mentioned urea containing dimer (7) 
which offers the possibility to form additional hydrogen bonds with a bound guest 
molecule. The group of Inoue87 introduced metal ligation to triethylenetetraamine-
tethered β-cyclodextrin dimers as a tool to modify the binding behaviour either by 
offering multi-point interactions or by shortening the distance between the binding 
sites upon coordination of the metal ion (Figure 7). Although the authors have 
proposed this concept in a number of papers,87-89 they only studied the binding with 
chromophores, such as TNS and Methyl Orange, which are unlikely to benefit from 
these extra interactions. However, the binding constants do increase upon addition of 
Cu2+ ions.  
A similar effect was observed by the same research group in the case of the platinum 
complexes of the selenium-bridged dimers 21 and 38.75 In this case the distance 
between the dimers is not expected to decrease but, alternatively, metal coordination 
rigidifies the structure of the dimer, thereby reducing the number of degrees of 
freedom and increasing the binding strength.  
 

2.2 ——  Optical Sensor Devices 

 
Sensors with optical read-out of the recognition event have a number of advantages 
over those using other detection techniques, of which the high information capacity of 
light (intensity, wavelength, polarisation and phase) is probably the most important 
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Figure 7 : Modification of the binding properties through metal coordination. 

(adapted from ref. 87) 
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one. They also benefit from various technological advances such as miniaturisation of 
components, which reduces costs. In this paragraph some examples of optical sensor 
systems involving cyclodextrins and tris(bipyridyl) ruthenium(II) complexes will be 
described. 
 

2.2.1 ——  Chromophore Appended Cyclodextrins 

 
Since cyclodextrins are optically transparent they have to be transformed into 
spectroscopically active molecules in order to be used as optical chemical sensors. One 
way to achieve this is to covalently link a chromophore to the cyclodextrin. The same 
changes in optical properties that can be used to study the binding of the 
chromophore itself, can now be employed to study the binding of neutral organic 
molecules. Upon binding of a guest molecule the chromophore, which originally 
resides in the cyclodextrin cavity, is released into the aqueous solution with a 
concomitant change in its optical properties. 

This principle was first demonstrated by Ueno et al.90,91 by covalently linking the pH-
indicator dye methyl red to β-cyclodextrin (Figure 8). When the chromophore resides 
in the cavity it has a yellow colour but upon guest addition it changes its colour to red. 
This colour change is not primarily caused by the change of the polarity of the micro-
environment but is due to the change in pKa upon displacement. In the cavity, the 
chromophore is protected from protons and therefore has a lower pKa than in 
solution. Since the sensor properties are highly dependant on the pKa value of the 
chromophore, this limits the use of these systems. The methyl red appended 
cyclodextrin for instance only works in acidic solutions. Other systems that possess an 
appending nitrophenol moiety92 have been developed which work in neutral solution 
and systems containing an alizarin yellow93 or phenolphthalein94 moiety, which both 
are active under basic conditions.  
In addition to using colour changes, one can also study the variations in the induced 
circular dichroism of the chromophore upon binding of guests.95,96 Since the ICD 
signal depends on the orientation of the probe in the cyclodextrin cavity, this 
technique gives additional information about the displacement mechanism of the 

 

N
N N

O
NH

=

Methyl Red

Yellow Red
= Guest

N
N N

O
NH

=

Methyl Red

N
N N

O
NH

=
N

N N
O

NH

=

Methyl Red

Yellow Red
= Guest= Guest

 
 
Figure 8 : Schematic representation of the Methyl Red appended β-cyclodextrin
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chromophore from the cavity, which can be very useful for the detailed analysis of the 
sensing mechanism. The intensity of the ICD signals, however, is usually very small so 
this offers no possibility to increase the sensitivity of this type of sensor molecules. 
A more straightforward approach would be to covalently link a fluorophore to a 
cyclodextrin molecule, since the excited state is much more sensitive to environmental 
changes than the ground state of a molecule. Another advantage is that fluorescence 
can be detected more sensitively, allowing experiments to be performed at much lower 
concentrations, thus enhancing the detection limits of these systems. Again the group 
of Ueno pioneered this field with the synthesis of pyrene,97-102 naphthalene,103,104 
anthracene,105 anthranilate,106,107 tryptophan,108,109 and dansyl107,110-132 appended 
cyclodextrin sensor systems. Particularly the latter systems have attracted much 
attention because of the high sensitivity of the emission of the dansyl group to the 
polarity of its environment, its high quantum yield, the large Stokes shift, and its 
favourable excitation wavelength of 350 nm where most simple organic species do not 
absorb. Rather than a colour change, these systems show a guest-induced reduction of 
the emission intensity. In the ground state the emission is termed ‘On’ and upon guest 
binding the emission is switched ‘Off’ (Figure 9). 

All these examples suffer from one serious complication, which is that the sensor 
response depends on the outcome of the competition between the guest molecule and 
the covalently linked fluorophore. Work from our own laboratory122 has shown that 
the presence of a long spacer between the fluorophore and the cyclodextrin enhances 
the binding of the probe in the cavity, thereby blocking the sensor response. A short 
spacer, which prevents an optimal binding of the fluorophore, might provide a 
solution. However, if the binding in its own cavity is too weak, the system can form 
dimers40,105 or oligomers where the fluorophore of one cyclodextrin is bound in the 
cavity of another. One example of a pyrene appended γ-cyclodextrin has been 
published40 where the sensor response purely depends on the dissociation of such a 
dimer, which results in a shift in the ratio between monomer and excimer emission 
(Figure 10). The major drawback is that the signalling behaviour now depends on the 
concentration of the sensor molecule. 
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Figure 9 : Schematic representation of a dansyl appended β-cyclodextrin sensor 

system with ‘On’ – ‘Off’ signalling. 
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Ueno et al. have introduced a sensitivity factor Sf to characterise the response of their 
sensor systems: 
 

0I
IS f

∆=  

 
where ∆I is the guest-induced change in the emission and I0 is the original emission. 
Much care should be taken in comparing these values from different sources. Usually 
the Sf values are reported at a certain host:guest ratio, e.g. 1:10 or 1:100, and the change 
in emission (∆I) obviously depends on this. A much more reliable value would be 
obtained if one uses the maximum change of emission (∆Imax) upon guest binding, 
comparable to the Complexation Induced Shift (CIS) value in NMR binding studies, 
to determine Sf. A simple calculation with the binding constant (Kb) and ∆Imax as input 
will then allow the extrapolation of the Sf-value to any host:guest ratio. 
To modify the response pattern, several groups have introduced additional groups to 
the cyclodextrin scaffold. Ueno et al. synthesised a cyclodextrin derivative carrying 
both a dansyl group and a monensin moiety.116,126 The latter is a natural ionophore 
which in this case functions as a hydrophobic cap on the cyclodextrin cavity (Figure 
11). Due to the enlarged hydrophobic surface, the binding affinity for guest molecules 
increases. In the presence of sodium ions the monensin molecule wraps around the 
metal ion, forming a more rigid cap. Despite the presence of the positively charged ion 
this enhances the binding strength even further.  
Another example from the same group is a biotin and dansyl-modified β-
cyclodextrin123 (Figure 12). Binding of the protein avidin to this compound causes the 
emission intensity of the dansyl group to increase, suggesting that the protein provides 
a hydrophobic environment for the probe. Concomitantly, the binding affinity for 
guest molecules increases but this does not result in a higher sensitivity (Sf) of the 
system because of a reduction in the maximum change in emission (∆Imax). This is 
most probably related to the fact that after expulsion from the cavity the dansyl group 
resides near the hydrophobic protein surface, rather than in the aqueous solution. 
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Figure 10 : Schematic representation of a dimeric pyrene appended γ-cyclodextrin

sensor. 
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Figure 11 : Schematic representation of a dansyl appended β-cyclodextrin sensor 

system containing an additional appending monensin moiety as a metal 
responsive hydrophobic cap. (adapted from ref. 116 and 126) 
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Figure 12 : Schematic representation of a biotin and dansyl-modified β-cyclodextrin 

sensor system which binds the protein avidin as an additional 
hydrophobic cap. (adapted from ref. 123) 
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Narita et al. have investigated the use of bis-functionalised β- and γ-cyclodextrins to 
modify the response pattern of their sensor systems.107,124,125,130,131 The synthesis of 
these compounds is difficult since few reliable methods for the selective bis-
functionalisation of a cyclodextrin are available.133-139 These syntheses usually result in 
a mixture of regio-isomers which requires tedious separations by HPLC. For example,  
all three regioisomers of bis-dansyl modified β-cyclodextrin (β-1, β-2 and β-3) have 
been synthesised and separated in 10, 7 and 30 % overall yield, respectively.125 (Figure 
13) Although none of these compounds is completely selective for one particular guest 
molecule, an array of sensors with only slightly different responses can be constructed 
which is envisioned to result in a selective sensor via pattern recognition. 

As was described in paragraph 2.1.5, cyclodextrin dimers show a more selective 
binding towards guests than their monomeric counterparts. Therefore, some 
chromophore appended cyclodextrin dimers have been synthesised.115,127,129,140 
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Figure 14 : Schematic representation of a dansyl appended β-cyclodextrin dimer

sensor system. 
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Recently, it was shown by the group of Reinhoudt127 that dimers with an appending 
dansyl group possess a completely different selectivity pattern when compared to the 
corresponding monomeric species (Figure 14). 
The latest progress in this area is the use of stable α-helical peptides as scaffolds for 
the grafting of cyclodextrins and chromophores.128,141 Excellent control of this process 
has allowed Ueno and co-workers to put the appending cyclodextrin and 
chromophore moieties on very specific amino acid residues in the helix. By doing so, 
they were able to demonstrate that the chromophore could still reside in the cavity of 
the cyclodextrin and that these hybrid systems could be used as sensor molecules 
(Figure 15). The present structures are elegant examples of the creation of synthetic, 
hydrophobic binding pockets in a protein environment. 

2.2.2 ——  Cyclodextrin Based Sensors with ‘On’ – ‘Off’ Signalling 

 
Most examples discussed in the previous paragraph show either a colour change or a 
reduced emission intensity upon detection of the guest. It would be more rational to 
design a system which emits light when the detection event takes place, because this 
would allow the use of very sensitive detectors which can measure the switching ‘On’ 
of the sensor against a dark background. There are only a few examples of these types 
of systems and these will be discussed in the following section. 
A very elegant approach was published by the group of Nocera,142-144 who synthesised 
a β-cyclodextrin with an appending azacrown ether swing. When lanthanide ions such 
as Eu3+ are bound in the crown ether moiety, the binding of aromatic guest molecules 
in the cyclodextrin cavity is detected by their sensitisation of the lanthanide emission 
via the so-called Absorption Energy Transfer Emission (AETE) mechanism (Figure 
16). 
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Figure 15 : Schematic representation of a dansyl appended β-cyclodextrin dimer 

sensor system on an α-helical protein scaffold. 
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The efficiency of this system is rather low because it depends upon the energy transfer 
from the bound sensitiser to the europium ion, which in turn depends on the distance 
between the two. This distance can be shortened by attaching the crown ether ring via 
two legs through a selective bis-modification of the cyclodextrin, resulting in a more 
efficient energy transfer and thus a more sensitive sensor.143 
Also the dansyl appended cyclodextrins from the last paragraph show in some cases a 
switch-on signalling. For instance if γ-cyclodextrin is used, co-inclusion of a guest and 
the fluorophore causes an increase of the emission intensity.111 Corradini et al.119,145 
synthesised a β-cyclodextrin derivative carrying a dansyl group which is linked via an 
oligoethyleneamine spacer. Binding of Cu2+ ions in the spacer causes a quenching of 
the dansyl emission through a photoinduced electron transfer (PET) process. 
Subsequent binding of amino acids, such as alanine and tryptophan, which remove the 
copper ion from the spacer, results in a disruption of the PET process and a recovery 
of the original emission.  
A similar approach was chosen by Santra et al.146 who made a complex of pyrene with 
two β-cyclodextrins in the presence of copper(II) ions. The Cu2+ ions bind to the OH 
groups of the cyclodextrin and hold the ternary complex together. They additionally 
quench the pyrene emission via a PET mechanism. Addition of glutamate restores the 
original emission because it disrupts the PET process by removing the Cu2+ ions from 
the complex. 
A recent example by Tong et al.147 (Figure 17) involves the detection of sugars by a 
boronic acid functionalised pyrene derivative. In aqueous solution this compound 
forms aggregates but this process can be overcome by the addition of β-cyclodextrin, 
which forms an inclusion complex with the pyrene moiety. In the ground state the 
emission is quenched by a PET mechanism. Upon binding of fructose to the boronic 
acid, it obtains a negative charge thus prohibiting the electron transfer and allowing 
the pyrene to show its bright emission. 
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Figure 16 : Sensor molecule with ‘Off’ – ‘On’ signalling based on the Absorption

Energy Transfer Emission (AETE) mechanism. 
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2.2.3 ——  Tris(bipyridine) Ruthenium(II) Complexes 

 
Tris(bipyridine) ruthenium(II) complexes have become attractive building blocks in 
supramolecular chemistry and in the field of chemical sensors because of their 
interesting photophysical properties. An excellent review of the properties of these 
compounds by the groups of Balzani, Belser and von Zelewsky appeared in 1988 and 
includes a comprehensive database of derivatives.148 From this review and other 
reviews149 some topics that are relevant to this thesis are taken and summarised in this 
paragraph with complementary results from more recent publications.  
Tris(bipyridine) ruthenium(II) complexes are D3 symmetric coordination compounds 
synthesised from bipyridine (bpy) ligands and RuCl3. In contrast to metal ions such as 
Cu2+, Zn2+, or Fe3+, the bond between the bpy and the ruthenium ion is quite strong 
and the resulting complexes are kinetically stable. This enables the synthesis of 
heteroleptic complexes bearing different bpy ligands, making these types of complexes 
interesting scaffolds for the assembly of different functional groups in one 
compound.150 
The octahedral arrangement of the bipyridine ligands around the metal ion makes the 
complex chiral and as a result, the complexes normally exist as a racemic mixture of 
two enantiomers which are named ∆ and Λ for the right- and left-handed species, 

 

 
 

 
Figure 17 : Boronic acid based sensor molecule for the detection of sugars. Upon 

binding of the analyte the Photoinduced Electron Transfer (PET) from the 
pyrene moiety to the boronic acid is inhibited. 
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respectively (Figure 18). Separation of the enantiomers is possible by the formation of 
diastereomeric salts with chiral anions such as tartrate or TRISPHAT.151 
The ruthenium complexes are characterised by specific absorptions in the UV-Vis 
spectrum (Figure 19). The most striking one is the Metal-to-Ligand-Charge-Transfer 
(MLCT) absorption around 465 nm. Furthermore, there is a strong ligand centred 
(LC) absorption around 290 nm which is associated with the π-π* transition of the 
bipyridine and a weak metal centred (MC) absorption around 350 nm. The most 
interesting property of tris(bipyridyl) ruthenium(II) complexes, however, is their bright 
orange-red emission (~600 nm) which arises from the MLCT absorption. This 
luminescence has been frequently used to develop sensor devices as will be discussed 
in the next section. 

Since the ruthenium complex is a much stronger reductor in its excited state, electron 
transfer processes frequently occur. Tris(bipyridyl) ruthenium(II) complexes have 
therefore been used as the antenna molecules in photovoltaic cells, where the energy 
collection depends upon their ability to use the energy of the absorbed sunlight to 
transfer electrons to TiO2.152,153 Electron transfer is also a pivotal process in biological 
systems, e.g. in the photosynthetic pathway of bacteria and green plants. Although 
much progress has been made to unravel this process, the underlying mechanisms still 
remain covered. Many synthetic models have been made to obtain a better 
understanding of the photophysical properties of these natural systems.154 Most of 
these are focused on the generation of charge-separated species through photoinduced 
electron transfer. Covalently linked donor-acceptor dyads have given more insight into 
the processes that influence the transfer of the electron, such as the distance, the 
orientation of the chromophores, and the nature of the solvent.155-157 Ruthenium 
complexes with appending alkylated viologens on the bpy-ligands are nice examples of 
such systems (Figure 20).158,159 
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Figure 19 : Absorption and emission spectrum of Ru(bpy)3

2+ in aqueous solution.
Types of absorption bands: LC = Ligand Centred, MC = Metal Centred,
MLCT = Metal-to-Ligand Charge Transfer. 
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The excited state of Ru(bpy)32+ is a triplet state, which means that it is sensitive for 
quenching by oxygen. The complex can be protected from quenching by putting a 
protective shell around the centre, for example by putting dendritic wedges on the 
ligands.160,161 
 

2.2.4 ——  Sensors Based on Tris(bipyridine) Ruthenium(II) Complexes 

 
The bright luminescence of Ru(bpy)32+ has been frequently used to develop optical 
sensors162-166 for cations, anions, protons, oxygen, and other neutral molecules 
although the latter area is relatively underdeveloped. The signalling event can occur in 
different ways, some of which will be described henceforward.  
For example, the sensitivity of the ruthenium luminescence for oxygen has led to the 
development of O2 sensors, which are based on the decrease in emission lifetime of 
the metal complex.167,168 A determination of the emission intensity at two points in 
time provides an easy and reliable detection technique. The relatively long lifetimes of 
tris(bipyridine) ruthenium(II) complexes (typically 0.1 – 100 µs) allow efficient time 
discrimination of the short-lived ubiquitous background fluorescence of for example 
tryptophan residues in biological systems.166 
The excited state of Ru(bpy)32+ can also be generated electrochemically and be used as 
such in electrochemiluminescent sensors.169,170 A general scheme (Figure 21) involves 
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Figure 20 : Electron transfer in a covalently linked ruthenium – viologen dyad. Upon 

increasing the distance between the donor and the acceptor, by 
increasing the number of linking methylene groups, the rate of the 
forward electron transfer (ket) decreases. (adapted from ref. 159) 

 

 
 
Figure 21: Schematic representation of the reaction between tripropylamine (TPA) 

and Ru(bpy)3
2+ leading to electrochemiluminescence. 



Literature Survey 

- 25 - 

the reduction of both tripropylamine (TPA) and Ru(bpy)32+ at an electrode surface 
forming respectively a radical cation (TPA+•) and Ru(bpy)33+. These two species then 
collide and react to generate Ru(bpy)32+ in its excited state. This species falls back to 
its ground state, which is accompanied by emission of light. A recent review sums up 
the applications of this technique in analytical chemistry.170 
Luminescent sensors for cations and anions based on the Ru(bpy)32+ luminophore 
have been developed in particular by the group of Beer.171-179 Binding of sodium ions 
to heteroleptic complexes bearing crown ethers on one of the bipyridine ligands (47) 
shows an enhanced emission.171 This process is also accompanied by a red shift of the 
emission, which is the result of the stabilisation of the negative charge (after charge 
transfer from the metal centre) of the bpy-ligand by the cation. This negative charge is 
believed to be localised on the ligand with the lowest oxidation potential, i.e. the one 
bearing the crown ether in this case. In these types of heteroleptic complexes, the 
deviating bipyridine moiety is also called the spectator ligand, because it is this ligand 
which causes the changes in optical properties. 

Ziessel and co-workers have synthesised a ruthenium complex with an appending 
benzoquinone functionalised calix[4]arene (48), which shows ‘Off’ – ‘On’ signalling.180 
In the ground state the luminescence is quenched by electron transfer to the quinones 
but, upon binding of monocations, the rate of electron transfer is diminished by a 
factor 30 and the original emission is restored. For dications the decrease in electron 
transfer rate is 300-fold and exposure to tripositive ions even resulted in a 1700-fold 
reduction. The mechanism for restoration is believed to be a conformational change 
caused by electrostatic repulsion between the encapsulated cation and the positively 
charged metal complex, which prevents an efficient electron transfer. The scaling of 
the response with the charge of the bound cation supports this hypothesis. 
Sensors for anions usually contain hydrogen bond donating amide groups such as in 
the example published by Beer et al. (49).173,176,177 Binding of Cl- or H2PO4- ions to this 
complex is visible by an increase in emission intensity and a blue-shift of the emission 
spectrum. The latter can be ascribed to a destabilisation of the negatively charged 
ligand by the anion (vide supra). 
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Although many systems for the detection of ions have been developed, there are few 
examples of ruthenium complexes that signal the binding of neutral organic molecules. 
One recent example discusses the binding of neutral phosphodiesters to a complex 
bearing a bis(acylamino-imidazoline) binding site (50).181 Upon binding of the ester the 
emission intensity of the metal complex decreases, presumably by a proton transfer 
from the phosphoric acid to the ruthenium complex. 
 

2.2.5 ——  Luminescent Bipyridine Appended Cyclodextrins 

 
Since cyclodextrins are known for their ability to bind organic molecules, the synthesis 
of bipyridine appended cyclodextrins and luminescent metal complexes seem to be an 
interesting possibility to construct optical sensors. Although some of these systems 
have been described in the literature, none of them has been used as a sensor to signal 
the binding of guests. 
Deschenaux and co-workers synthesised a bpy-appended β-cyclodextrin derivative and 
converted this into a luminescent ruthenium complex (51) and a related, also 
luminescent, rhenium complex (52).182-184 Both compounds were designed to study 
energy or electron transfer from the metal complex to an acceptor guest, which is 
bound in the cyclodextrin cavity. The photophysical and electrochemical 
characteristics of these compounds were thoroughly studied, but no experiments 
involving the binding of guests were reported. The emission of the rhenium complex 
(52) showed no changes in comparison with a reference compound lacking the 
cyclodextrin. The ruthenium complex (51), however, showed a much smaller quantum 
and emissive lifetime than Ru(bpy)32+. This was ascribed to the fact that the bpy-ligand 
is connected to the cyclodextrin through its 6-position. This imposes strain upon the 
ruthenium complex and prevents an optimal bite angle of the ligand. 
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The same group also synthesised a bipyridine-spaced cyclodextrin dimer and 
converted it into a rhenium complex (53) with similar luminescent properties as the 
monomeric species (52).185 Again the compound was well characterised but no 
electron or energy transfer was studied.  
The group of Pikramenou have reported a similar bipyridine appended β-
cyclodextrin.186 To prevent steric crowding upon coordination to a metal ion, the 
cyclodextrin was connected to the 4-position of the bpy-ligand. The OH-groups of the 
cyclodextrin were methylated to enhance the solubility in organic solvents, which 
simplified its isolation. This particular compound was used to synthesise a luminescent 
tris(bipyridine) iron(II) complex (54) with the same idea of electron or energy transfer 
to a bound guest in mind, but again only the synthesis was described.  
A related terpyridine  appended cyclodextrin (55) was also synthesised by the group of 
Pikramenou and converted into luminescent complexes by reaction with Fe3+ and 

Eu3+ to make assemblies with two and three cyclodextrins respectively.186 The 
lanthanide complex however was not stable in aqueous solution and therefore not 
suitable for binding experiments. The same terpyridine ligand was also used to 
construct two ruthenium complexes (56 and 57), each having one cyclodextrin binding 
site.187,188 For one of these compounds (57) the transfer of electrons to a bound 
anthraquinone-2-carboxylic acid was observed leading to a 20% reduction of the 
emission intensity upon addition of the guest. 
An α-cyclodextrin capped with a bipyridine moiety (58) was synthesised by Armspach 
et al.189 using the selective (6A,6D) difunctionalisation of the cyclodextrin.190 This 
rather rigid ligand was chosen to make the distance between the binding site and a 
coordinated metal ion fixed and as short as possible. By allowing this ligand to react 
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with Ru(bpy)2(Me2CO)2(BF4)2 a luminescent compound was obtained that showed 
vectorial electron transfer to 1,4-benzoquinone which was bound in the cyclodextrin 
cavity. Following up on this work the group synthesised the endo-analogue 59 where 
the nitrogens of the bipyridine are directed towards the cavity. This compound was 
shown to bind silver and palladium ions which are thus encapsulated by the 
cyclodextrin. 

Very recently a β-cyclodextrin with seven pendant bipyridine moieties (60) was 
synthesised by Charbonnier et al..191 Binding of Eu3+ and Tb3+ to the bpy binding sites 
in methanol solution caused an enhanced emission of the lanthanide ions via the 
Absorption Energy Transfer Emission (AETE) mechanism. The bipyridine ligands 
function as antenna molecules in this case. No further binding experiments for this 
interesting compound were described. 
 

2.3 ——  Mass Sensitive Sensor Devices 

 
Being completely different from systems relying on the optical transduction of signals, 
mass sensitive sensor devices192-196 measure the change in mass when a molecule is 
bound to a receptor surface. The underlying principle to transfer the minute mass 
increases into a measurable signal is piezoelectricity. This effect was discovered by 
Pierre and Jacques Curie in 1880 when they generated an electric potential upon 
applying pressure on a specifically cut quartz crystal. After the Greek verb for to press 
(πιεζω) they called this the piezoelectric effect. The reverse effect takes place when 
one applies a voltage over the crystal which then changes its shape. 
In solid state chemistry piezoelectricity is a well know effect and it has revolutionalised 
several applications such as record players where it transfers the motion of the needle 
in the grooves into music. In modern scanning probe microscopy techniques, such as 
Atomic Force Microscopy (AFM), the position of the scanning tip is controlled by the 
change in shape of several piezoelectric crystals upon applying a voltage over them. 
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2.3.1 ——  Quartz Crystal Microbalance 

 
In sensor development the application of piezoelectricity was introduced by Sauerbrey 
in 1959. He created a device called a Quartz Crystal Microbalance (QCM), which 
consisted of a small circular quartz crystal that had silver electrodes evaporated on 
each side (Figure 22). When an alternating current of the right frequency was applied 
over the crystal, it started oscillating with a characteristic frequency, which depended 
on the mass of the crystal according to: 
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This formula is known as the Sauerbrey equation, where ∆F represents the measured 
frequency change, F0 is the resonance frequency of the crystal, N is a constant, ρq is 
the density of the quartz, A is the surface area of the crystal coating and ∆m is the 
mass deposited onto the crystal. This equation only holds when the viscoelastic 
properties of an applied film do not change during the sensing event. In practice, this 
requirement cannot always be met, which can lead to large deviations. Since the 
frequencies generated (typically 9-12 MHz) are in the acoustic range, this type of 
sensor is also called acoustic wave sensor. The frequency changes are high enough to 
be measured accurately (± 1 Hz) by commercial frequency counters. 
Although a QCM can also be used to measure physical parameters, a chemical 
interface applied to the surface is required to transfer it into a chemical sensor. QCMs 
are mainly used to detect gasses or chemical vapours and several commercially 
available sensors have been developed.195 
The adsorption of molecules in the gas phase is mainly governed by a partitioning 
process between the gas phase and the sensor surface and hence by the polarity of the 
latter surface.197-199 Selectivity, therefore, is hard to obtain for this type of gas sensor 
without creating very specific interactions with the thin film coating. This was recently 
demonstrated by Grate et al.200 who compared the responses of different types of 
coatings with their polarity data. An array of sensors with slightly different response 
patterns would solve this problem of selectivity.201 
The use of (functionalised) cyclodextrins as receptors for a QCM was already 
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published in 1988 by Lai et al.202 who showed that coatings of 2,6-per-O-(t-
butyldimethylsilyl)-α-cyclodextrin were able to detect benzene vapour at 
concentrations of 22 ppm. 
In solution, dissipation of the acoustic waves rapidly takes place and these 
microbalances, therefore, can only be used for large mass adsorptions such as in 
biosensors where proteins or antibodies bind to the surface.196,203,204 For small 
molecules the sensitivity is too small to be used in solution. To increase the sensitivity 
of the device, one has to go to higher frequencies which entails a thinner cut quartz 
crystal. Robustness of the sensor, however, puts a limit to making the crystal thinner. 
 

2.3.2 ——  Surface Acoustic Wave 
 
In a Surface Acoustic Wave (SAW) device the wave energy in concentrated at the 
surface of the piezoelectric substrate, rather then in the whole crystal as in the case of 
a QCM. This enables the use of much higher oscillation frequencies (F0, typically 10-
150 MHz) and according to the Sauerbrey equation, a doubling of F0 should lead to a 
fourfold increase in the frequency response and hence the sensitivity. These types of 
acoustic wave devices are also used as frequency filters in mobile phones205 and have 
therefore become cheaper to use in recent years. 
The surface acoustic waves are generated on one side of the crystal by an 
Interdigitated Transducer (IDT, Figure 23) and then travel across the surface towards 
another IDT, which converts the acoustic waves back into an electric signal. Such a 
setup is often referred to as a delay line. Use of a SAW as a frequency determination 
element in an amplifier loop forms an oscillator with a characteristic frequency. A 
chemical interface located at the surface between the IDTs that interacts with an 
analyte causes a change in the delay time and thus a change in the frequency of the 
device. The IDTs can be applied to the surface by standard photolithography and 
etching techniques. 
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Figure 23 : Schematic drawing of a Surface Acoustic Wave (SAW) device. (a) front 

view, (b) side view. 
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The group of Swanson206-209 used cyclodextrins as chemical interfaces on a SAW 
device. For their first experiments206 they used a multilayer approach by alternating 
adsorption of oppositely charged polyelectrolytes on a charged surface. In this 
particular case negatively charged sulfonated cyclodextrins and positively charged 
poly(diallyldimethylammonium chloride) were used. Their second series of 
experiments207 involved the use of siloxane functionalised cyclodextrins incorporated 
in a sol-gel film. Both approaches have the advantage of giving a uniformly distributed 
film of receptor molecules with a high surface coverage. Both systems are able to 
detect toluene vapours in the 10-100 ppm concentration range. 
In a number of papers Li et al.210,211 described the covalent linking of cyclodextrins to a 
SAW surface to generate a sensor which gives a response of 18 Hz per ppm of 
toluene.  

A relatively new type of acoustic waves are the so-called Love waves.196,204,212-217 
Contrary to the ‘normal’ acoustic waves (also referred to as Rayleigh waves) Love 
waves display no moving particles perpendicular to the surface (Figure 24). 
Accordingly, no compressional waves are directed into a contacting fluid.218 Because 
of the high energy concentration at the surface, Love wave devices theoretically have a 
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Figure 25 : Schematic drawing of a Love Wave device. (a) front view, (b) side view. 

The acoustic energy is confined in a thin layer of SiO2 on top of the 
piezoelectric quartz substrate. 
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Figure 24 : Comparison of a Rayleigh type wave (a) and a Love wave (b).  
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higher sensitivity than Rayleigh waves, also when used in gas phase sensing. 196,219-222 
All the acoustic energy is confined in a small layer (for example SiO2, see Figure 25) on 
top of the piezoelectric substrate that guides the acoustic wave. Another advantage is 
that the guidance layer isolates the electrical contact form the solution. 
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3   
Synthesis and Self-inclusion  

of  

Bipyridine-Spaced Cyclodextrin Dimers 
 

3 Chapter 3

 
Abstract 

 
The synthesis of two cyclodextrin dimers containing aromatic bipyridine spacers is presented, along 
with studies of their conformational behaviour in solution. The proton NMR spectra of these dimers
in aqueous solution show a doubling of signals in the aromatic region due to complete or partial self-
inclusion of the spacer. The degree and the strength of self-inclusion is dependent of the substitution 
pattern of the bipyridine unit. This unexpected difference in the self-inclusion behaviour is revealed by 
2D NOESY and Circular Dichroism spectra. 
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3.1 ——  Introduction 

 
Over the years CDs have proven to be very efficient host molecules for the binding of 
a large number of organic guest molecules in aqueous solution.1 This makes them very 
interesting candidates for use as receptor molecules in, for instance, sensor devices.2 
Selectivity is an important issue for this application, however, and monomeric 
cyclodextrin hosts are usually not very selective in their choice of guest molecules.3  
Connecting two cyclodextrins via a spacer results in dimers, which have the advantage 
of possessing two binding sites in one molecule. As a result, cooperative interactions 
between the two cavities may occur, leading to significantly higher binding constants 
compared to the monomeric species.4 The binding of ditopic guests, i.e. molecules 
which possess two moieties each of which can be bound by a cyclodextrin, can be 
expected to be favoured over the binding of monotopic ones. This provides a tool to 
increase the selectivity of a potential sensor for ditopic guest molecules. Recently, it 
was reported that a cyclodextrin dimer with an appending fluorophore in the spacer 
indeed shows markedly enhanced binding of ditopic steroids compared to a 
monomeric analogue.5 
To make the binding of cyclodextrin dimers even more selective one can think of 
introducing additional recognition sites in the spacer. Inoue and co-workers have 
synthesised oligoethyleneamine tethered β-CD dimers which show an enhanced 
binding of guests upon coordination of Cu2+ ions.6 A similar effect was described by 
the same group for selenium-bridged dimers which bind platinum ions in their spacer.7 
An attractive building block in this respect are bipyridines which can coordinate to a 
variety of metal ions and in fact this property has been used to mimic the action of 
esterases.8 Recently, Liu et al. have studied the multipoint recognition of bipyridine-
spaced cyclodextrins connected through their primary sides.9,10 We have previously 
reported on the synthesis and binding behaviour of cyclodextrin dimers connected at 
their secondary rims through alkyl11-13 and bipyridine (bpy) spacers.14 Complexation of 
guest molecules usually takes place via the broader secondary side and it has been 
shown that dimers connected via this side display higher binding affinities.15,16 It offers 
advantages, therefore, to connect the cyclodextrins of a dimer through this side, even 
though this is synthetically more difficult. These dimers display self-inclusion of their 
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spacer into one of the cyclodextrin cavities in aqueous solution and this partial 
blocking of one binding site affects the binding behaviour and can either enhance or 
impair the selectivity. In this chapter the synthesis of two related bpy-bridged dimers, 1 
and 2, will be described and evidence for the self-inclusion of the spacer into the 
cyclodextrin cavity will be presented. 
 

3.2 ——  Results and discussion 

 

3.2.1 ——  Synthesis 

 
Dimers 1 and 2 were synthesised following the same strategy as we described before.14 
The synthetic route requires the preparation of a monofunctionalised cyclodextrin, 
containing a propylamine group on one of its C2-OH groups (Scheme 1). This can be 
achieved using the well-known route via a cyclodextrin intermediate that has tert-
butyldimethylsilyl (TBDMS) protecting groups on its primary C6-OH functions.17  

β-Cyclodextrin was converted into 3 by reaction with TBDMSiCl in pyridine (yield 
79%) In the next step the C2-OH groups of this compound, which are more acidic 
than the C3-OH groups, were selectively deprotonated with NaH and reacted with 1-
azido-3-tosyloxypropane.18 This reaction gives a statistical mixture of non-, singly-, 
and doubly reacted species, which was separated by column chromatography (yield 20 
%). The resulting azide (4) was reduced to the corresponding amine by catalytic 
hydrogenation (yield 100 %). 
Synthesis of the spacer groups started with the oxidation of 4,4’- (6a) or 5,5’-dimethyl-
2,2’-bipyridine (6b) to the corresponding di-acids 7a,b (Scheme 2). These compounds 
were converted to the di-acid chlorides 8a,b, which were not isolated but directly 

 
Scheme 1 
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reacted with N-hydroxysuccinimide (NHS) in acetonitrile to yield the di-active esters 
9a,b. This procedure gave increased yields compared to the route using the potassium 
salt of NHS and dichloromethane as the solvent, described previously.14 

Coupling of the monofunctionalised cyclodextrin 5 with the diactivated esters resulted 
in the protected cyclodextrin dimers 10a,b (Scheme 3). Deprotection of the silyl 
groups with tetrabutylammonium fluoride (TBAF) led to the desired water soluble 
dimers 1 and 2 in yields of 57 and 41 %, respectively. 
 

3.2.2 ——  NMR Experiments 

 
The NMR spectra of dimers 1 and 2 showed interesting solvent dependent behaviour. 
The bipyridine unit is C2 symmetric and therefore only three signals are expected. The 
spectra of 1 and 2 in DMSO-d6 indeed showed these three peaks, with the correct 
multiplicity (Figure 1a,b). Additional triplets were observed for the amide protons at 
9.02 and 8.84 ppm, respectively. In the anomeric region (4.8-5.2 ppm, not shown) two 

Scheme 2 
 

 
 

 
Scheme 3 
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peaks were observed in the ratio 2:12, reflecting the mono-functionalisation of the 
cyclodextrins at their secondary sides, which gives rise to a downfield shift of the 
anomeric protons of the modified glucopyranose units.17  
The spectra of compounds 1 and 2 in D2O showed a different picture (Figure 1c,d). In 
the aromatic region of 1 six signals were now observed, instead of the expected three, 
all with the same intensity. The number of peaks in the anomeric region had also 
increased, viz. from two to a total of 5 separated peaks in the ratio 1:1:1:1:10. 
Apparently, the dimer had lost its C2 symmetry in aqueous solution, which can be 
explained by assuming that part of the aromatic spacer is self-included into a 
cyclodextrin cavity. In D2O solution hydrophobic effects provide a driving force for 
this process. In DMSO-d6, however, this force is absent and the symmetric structure is 
adopted. Intermolecular inclusion of the bipyridine moiety of one dimer into the 
cavity of another dimer might also explain this behaviour. However, CPK models 
indicate that this is not possible. 
The phenomenon of self-inclusion has been observed by us before,11-14 viz. in the case 
of cyclodextrin dimers with alkyl spacers, and this appears to be a general feature for 
these type of compounds. Inspection of the CPK models for 1 and 2 revealed that the 
propyl spacers are long and flexible enough to allow self-inclusion of the aromatic 
groups, in spite of the rigidity of the bpy-moiety and the transoid configuration of the 
amide bonds. It is of interest to compare these results with those for a cyclodextrin 
dimer with an o-phenantrolin spacer linked by ethylene chains, where it was concluded 
that the spacer is sandwiched between the two cyclodextrins, rather than self-included. 
The difference with our present results is most likely due to the larger size of the 
aromatic moiety combined with the shorter alkyl chains.19 

 
 
Figure 1 : Aromatic region of the 500 MHz proton spectra of dimers 1 (a) and 2 (b)

recorded in DMSO-d6, and of 1 (c) and 2 (d) in D2O at 25 °C. 
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In the case of the previously reported alkyl bridged cyclodextrin dimers, the self-
inclusion complexes appeared to be extremely stable. Heating up to 90 °C in D2O or 
addition of 50% DMSO-d6 did not break up the structure. Dimer 1, however, adopts 
almost completely the C2-symmetric structure in a DMSO-d6/D2O mixture (1:1 v/v), 
proving that the self-inclusion in this case is much weaker. 
The anomeric region of dimer 1 in D2O was relatively well resolved and could be used 
as a starting point for the assignment of all signals by 2D NMR techniques.14,20 Upon 
mono-functionalisation the cyclodextrin itself loses its C7 symmetry and the non-
anomeric region of the spectrum (3.4 – 4.6 ppm) becomes extremely complex. In our 
dimers the situation is even more complicated, since due to the self-inclusion the two 
cyclodextrin units are no longer equivalent. Spectral overlap in the 1D proton and the 
2D COSY spectra only allowed the assignment of H1, H2, and H3 of the glucose 
moieties which have a resolved H1 signal (the 5 separated signals observed in the 1D 
spectrum, vide supra). The H3 protons are very interesting in this case, since they are 
located at the inside of the cavity and act as spectator protons.17 They were identified 
at 4.17, 4.00, 3.98, 3.79, and 2.82 ppm. 
In the NOESY spectrum of dimer 1 in D2O 7 cross-peaks were found between the 
aromatic protons and the non-anomeric cyclodextrin protons (Figure 2). Further 
analysis indicated that 5 out of 7 of these cross-peaks were related to H3 cyclodextrin 
protons that were identified with the help of COSY experiments (vide supra), which 
unambiguously shows the inclusion of the spacer into the cyclodextrin cavity. Since β-
cyclodextrin has seven glucose moieties, the two remaining cross-peaks must be 
assigned to the H3 signals of the other two glucose moieties, whose anomeric signals 
could not be identified due to spectral overlap. Since the H3 protons are located at the 
secondary side of the cavity, we may conclude that the bipyridine unit enters the 
cyclodextrin via this side. One of the H3 signals showed a large upfield shift, up to 

 
 
 
Figure 2 : Part of the 500 MHz 2D NOESY spectrum of dimer 1 in D2O at 25 °C (for 

numbering see Figure 1). 
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2.82 ppm. This is probably related to the proximity of the carbonyl moiety of the 
amide, which is likely to reside in the cavity as well, given the fact that the 3,3’-bpy 
protons also give dipolar interactions with the cyclodextrin protons. 
It is interesting to note that no cross-peaks were visible between the 5,5’-protons of 
the bipyridine unit of 1 and the cyclodextrin protons. Apparently, the bipyridine 
moiety is included with its long axis parallel to the cyclodextrin C7 axis, rendering the 
5,5’-protons in the centre of the cavity and too far away to experience dipolar 
interactions with the cavity protons (Figure 3). Another interesting observation is that 
the aromatic protons show cross-peaks only to one or two neighbouring H3 protons, 
rather than all seven. This implicates a fixed position of the included bpy moiety with 
no rotational flexibility. 
Dimer 2 displayed similar behaviour in aqueous solution as 1 (Figure 1d). The 
aromatic region of the spectrum in D2O, however, showed a total of nine signals 
instead of six. The COSY spectrum (Figure 4a) revealed that these can be divided into 
two sets, one of 3 signals (8.91, 8.21 and 8.18 ppm) and another set of 6 signals (9.15, 
8.97, 8.53, 8.41, 8.34, and 8.25 ppm). The first set was assigned to the C2 symmetric, 
non-included structure and the second to the self-included conformer. This 
assignment could be easily verified with the help of a NOESY spectrum (Figure 4b) 
which only showed cross-peaks between the cyclodextrin protons and the aromatic 
protons of the self-included structure. Contrary to 1, the aromatic protons of 
compound 2 showed dipolar couplings with more than two H3 cyclodextrin protons 
indicating a higher degree of rotational flexibility of the included bipyridine spacer. 

Since separate signals were observed, the exchange between the non-included and self-
included structure must be slow on the NMR time-scale, implicating a high kinetic 
barrier. This is surprising, since most reported examples of inclusion of guests in 
cyclodextrins appear to involve fast processes.21 From the integrals, the ratio of the 
non-included conformer (peak at 8.91 ppm, Figure 2b, representing two protons) and 
the self-included conformer (peaks at 9.15 and 8.97, Figure 2b, each representing one 
proton) was determined to be 1:2. This ratio appeared to decrease, leading to a 
predominance of the non-included conformer at higher temperature (up to 85 °C). 
This variation was used to determine the thermodynamic parameters for the self-

 

 
 
 
Figure 3 : Schematic drawings of the proposed structure of the self-inclusion

conformer of dimer 1 (I) and dimer 2 (II). 
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inclusion process: ∆H° = -9.0 ± 0.3 kcal mol-1 and ∆S° = -25.8 ± 0.6 cal mol-1 K-1. The 
process has a very unfavourable entropy, suggesting the formation of either a rather 
rigid structure or a structure with many organised water molecules. In view of the 
dynamic flexibility that is apparent from the multitude of NOE contacts with various 
CD cavity protons, a structure with organized water appears to be more likely. The 
dynamic inclusion of the spacer and the presence of organized water apparently do 
not prevent favourable van der Waals contacts from occurring, as such contacts are 
the most likely explanation for the favourable enthalpy of inclusion.  
The observation that in the case of dimer 2 both conformers are present in solution, 
whereas in the case of 1 only the self-included species is observed, indicates that the 
inclusion of the spacer in 1 is stronger than in 2. This is probably a steric effect; the 
connection of the spacer at the 5,5’-positions in 2 is more likely to hinder the entrance 
of the bipyridine unit in the cyclodextrin cavity than at the 4,4’-positions. We therefore 
propose that dimer 2 adopts a structure similar to conformation II in Figure 4. 
 

3.2.3 ——  Induced Circular Dichroism Studies 

 
Information about the self-inclusion process can also be obtained from Circular 
Dichroism studies since the proximity of an achiral chromophoric guest to the 
cyclodextrin cavity can give rise to Induced Circular Dichroism (ICD).22 The sign of 
this ICD signal depends on the orientation of the transition dipole moment of the 
chromophore with respect to the dipole moment of the cyclodextrin; the latter is 
directed along the C7 axis. The generally accepted sector rule23,24 predicts that 
electronic transitions parallel to the cyclodextrin axis give a positive ICD signal, 

 
 
Figure 4 : Parts of the 500 MHz 2D COSY (a) and NOESY (b) spectrum of dimer 2 in 

D2O at 25 °C (for numbering see Figure 1). 
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whereas perpendicular transitions give a negative signal. For a guest located just 
outside the cavity this situation is reversed: parallel transitions give a negative sign, 
perpendicular transitions a positive one. 

The ICD spectra of cyclodextrin dimers 1 and 2 in D2O are presented in Figure 5. As 
can be seen form this figure, both dimers only give positive Cotton effects. This could 
either mean that the bipyridine units are self-included with their long axis parallel to 
the cyclodextrin axis or that they are lying flat on the surface of the cyclodextrin. Since 
our NOESY experiments indicated self-inclusion we can conclude that the former 
explanation is the most likely one. 
Figure 5 also shows that the ICD signal of 1 is much stronger than that of 2. Theory 
predicts20 that the ICD signal will be at a maximum in the centre of the cavity, so a 
deep self-inclusion will give a stronger signal. The data in figure 5, therefore, support 
our conclusion from the NMR data that the aromatic spacer of dimer 2 is only 
shallowly self-included, whilst that of dimer 1 is much stronger included. 
 

3.3 ——  Conclusions 

 
We have demonstrated by a combination of NMR and Circular Dichroism studies that 
the spacers of dimers 1 and 2 are included in one of the two cyclodextrin cavities of 
these molecules. The degree and the strength of self-inclusion is dependent of the 
substitution pattern of the bipyridine unit. This self-inclusion takes away part of the 
advantage of having two binding sites in close proximity to each other. If one of the 
cavities is blocked by the spacer the energy required to remove it will be reflected in a 
lower binding constant for ditopic guests. This, however, can also be seen in a positive 
sense, viz. as a tool to introduce selectivity, since only ditopic guests with a sufficiently 
high binding constant will be able to remove the spacer and take advantage of the 
second binding site. Others with low binding constants will only show a marginal 
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Figure 5 : Circular Dichroism spectra of dimer 1 (full line) and 2 (dashed line) in

D2O at 25 °C, c = 1×10-4 M. 
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benefit from the presence of two cavities. As we have shown, a subtle change of the 
substitution pattern of the bipyridine unit changes the strength of the self-inclusion 
and this will have a marked effect on the binding affinities towards guests. 
 

3.4 ——  Experimental 

 

Materials 
The compounds 4,4’- and 5,5’-dimethyl-2,2’-bipyridine were purchased from Aldrich. THF was 
distilled from sodium and benzophenone. Ethyl acetate was distilled in vacuo, acetonitrile was distilled 
from sodium hydride. All other solvents were used as received. Flash column chromatography of 
cyclodextrin derivatives was performed on silica gel (particle size < 0.063 mm). The eluent was a 
mixture of ethyl acetate, ethanol and water, 50:2:1 (v/v). Addition of 0.4 % toluene to this eluent gave 
a much better separation, presumably because of inclusion of the toluene which expels the appended 
moiety from the cavity, thus increasing the difference between a functionalised and non-functionalised 
cyclodextrin. TLCs were taken on precoated silica gel 60 F254 on glass plates (Merck). Compounds 
containing cyclodextrins were detected by spraying with a 10% H2SO4 solution in ethanol followed by 
heating. The cyclodextrin containing products showed no melting points, but degraded at 
approximately 300 °C. 

Apparatus 
NMR spectra were taken on a Bruker AC-300 or a Bruker DRX-500 instrument. Chemical shifts are 
reported in ppm downfield from the internal standard tetramethylsilane (TMS) or relative to the 
solvent reference (DMSO-h,d5, 2.54 ppm; HOD, 4.72 ppm). Abbreviations used are (s = singlet, d = 
doublet, t = triplet, q = quartet, qui = quintet, br = broad). Mass spectra were taken on a VG 7070E 
(FAB, EI, CI) or a Finnigan MAT 900S (FAB, ESI) instrument. For FAB measurements m-
nitrobenzyl alcohol was used as the matrix for silylated cyclodextrins and glycerol for desilylated 
cyclodextrin derivatives. Circular Dichroism spectra were taken on a JASCO J-810X instrument at 25 
°C in a standard quartz cuvette (2×10×45 mm).  

N,N'-Bis[mono-(2-O-(3-aminopropyl)-β-CD]-4,4'-dicarboxamide-2,2'-bipyridine (1) 
In 15 mL of THF 210 mg (0.05 mmol) of 10a was dissolved and 1.0 mL of a 1.0 M solution of 
tetrabutylammonium fluoride (TBAF) in THF was added. This solution was refluxed for 18 hrs after 
which the solvent was evaporated. The residue was dissolved in a minimum amount of water and 
added drop wise to ethanol (analytical grade). The resulting precipitate was isolated by centrifugation. 
Repeating this procedure twice afforded the pure dimer. Yield 78 mg (0.03 mmol, 57 %). IR (KBr): ν 
= 1664 cm-1 and 1540 cm-1 (amide I and II). 1H NMR (500 MHz, DMSO-d6): δ = 9.02 (br. t, 2H; 
NH), 8.91 (d, 3J(H,H) = 4.9 Hz, 2H; bpy-H-6,6’), 8.89 (s, 2H; bpy-H-3,3’), 7.88 (d, 3J (H,H) = 4.9 Hz, 
2H; bpy-H-5,5’), 5.07 (br.s, 2H; H-1A), 4.87 (br.s, 12H; H-1B-G), 3.92-3.19 (m, 92H; H-2, H-3, H-4, 
H-5, H-6, CH2-NH, CH2-O), 1.88 (br. quasi qui, 4H; CH2-CH2-NH). MS (FAB, glycerol, m/z) : 2592 
[M+2H]+. C102H158N4O72.16H2O: calcd C 42.51, H 6.65, N 1.95; found C 42.25, H 6.19, N 2.06. 

N,N'-Bis[mono-(2-O-(3-aminopropyl)-β-CD]-5,5'-dicarboxamide-2,2'-bipyridine (2) 
This compound was synthesised analogous to 1 from 40 mg 10b (9.5 µmol) and 0.15 mL of a 1M 
TBAF solution in THF. Yield: 10 mg (3.9 µmol, 41 %). 1H NMR (500 MHz, DMSO-d6): δ = 9.16 (s, 
2H; bpy-H-6,6’), 8.84 (br. t, 2H; NH), 8.56 (d, 3J(H,H) = 8.1 Hz, 2H; bpy-H-3,3’), 8.40 (d, 3J(H,H) = 
8.2 Hz, 2H; bpy-H-4,4’), 5.06 (br.s, 2H; H-1A), 4.87 (br.s, 12H; H-1B-G), 3.87-3.18 (m, 92H; H-2, H-3, 
H-4, H-5, H-6, CH2-NH, CH2-O), 1.85 (br. quasi qui, 4H; CH2-CH2-NH). MS (ESI+, H2O/MeOH, 
1:1, v/v, m/z) : 1318 [M+2Na]2+. C102H158N4O72.14H2O: calcd C 43.05, H 6.54, N 1.97; found C 
43.28, H 6.24, N 1.86. 
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Mono-(2-O-(3-azidopropyl))-heptakis-(6-O-tert-butyldimethylsilyl)-β-CD (4) 

In a 500 mL Schlenk tube 10 g (5.18 mmol) of silylated β-cyclodextrin 3 was thoroughly dried in vacuo 
(0.2 mbar, 80 °C, 5 hrs) and dissolved in 250 mL of freshly distilled THF. After addition of 410 mg 
(2.1 eq) of sodium hydride (60% w/w dispersion in mineral oil) the turbid reaction mixture was 
refluxed for 18 hrs after which it became homogeneous. To the refluxing solution 1.4 g (1.1 eq) of 1-
azido-3-tosyloxypropane was added and after 4 hrs the solvent was removed. The residue was taken 
up in ethyl acetate (250 mL) and washed with water (2 x 100 mL) and brine (100 mL). The organic 
layer was dried over MgSO4 and after evaporation of the solvent the crude product was purified by 
column chromatography (1.5 kg silica). Yield 2.1 g (1.02 mmol, 20 %). In this way also 2 g of pure 
silylated cyclodextrin 3 could be recovered. IR (KBr): ν = 2099 cm-1 (N3). 1H NMR (500 MHz, 
CDCl3/CD3OD, 80:40 v/v): δ = 4.86 (d, 3J(H,H) = 3.3 Hz, 1H; H-1), 4.82 (m, 6H; H-1), 3.86-3.12 
(m, 46H; H-2, H-3, H-4, H-5, H-6, CH2-NH, CH2-O), 1.78 (quasi qui, 2H; CH2-CH2-NH). MS (FAB, 
NBA, m/z) : 2040 [M+Na+H]+.  

Mono-(2-O-(3-aminopropyl))-heptakis-(6-O-tert-butyldimethylsilyl)-β-CD (5) 
Cyclodextrin derivative 4 (560 mg, 0.28 mmol) and a catalytic amount of Pd(OH)2/C were slurried in 
50 mL of ethanol. A balloon filled with H2 gas was attached to the 100 mL flask and the reaction 
mixture was stirred at ambient temperature for 72 hrs. The solid Pd(OH)2/C was filtered off and the 
filtrate was evaporated to dryness to yield the white crystalline product. Yield 557 mg (0.28 mmol, 
100%). 1H NMR (500 MHz, CDCl3/CD3OD, 80:40 v/v): δ = 4.86 (d, 3J(H,H) = 3.3 Hz, 1H; H-1), 
4.82 (m, 6H; H-1), 3.89-3.15 (m, 46H; H-2, H-3, H-4, H-5, H-6, CH2-NH, CH2-O), 1.79 (quasi qui, 
2H; CH2-CH2-NH). MS (FAB, NBA, m/z) : 2035 [M+2Na] +. 

(2,2’-Bipyridine)-4,4’-dicarboxylic acid (7a) 
In 200 mL of water 1.5 g (8.4 mmol) of 4,4’-dimethyl-2,2’-bipyridine (6a) and 8.26 g (6.2 eq) of 
KMnO4 were dissolved and the mixture was refluxed for 24 hrs. The brown precipitate which formed 
was filtered over Celite and washed twice with 50 mL of aqueous NaOH. The filtrate was 
concentrated in vacuo and acidified with aqueous HCl to pH 5. The product precipitated and was 
isolated by centrifugation, washed with ethanol and dried in a desiccator to yield the white crystalline 
product. Yield 1.5 g (6.2 mmol, 75%). IR (KBr): ν = 1720 cm-1 (C=O). 1H NMR (300 MHz, 
D2O/NaOD): δ = 8.65 (d, 3J(H,H) = 5.1 Hz, 2H; bpy-H-6,6’), 8.27 (s, 2H; bpy-H-3,3’), 7.74 (dd, 
4J(H,H) = 1.4 Hz, 3J(H,H) = 5.1 Hz, 2H; bpy-H-5,5’).  

(2,2’-Bipyridine)-5,5’-dicarboxylic acid (7b) 
This compound was synthesized from 5,5’-dimethyl-2,2’-bipyridine (6b) in an analogous way as 7a. 
The product was a white solid. IR (KBr): ν = 1680 cm-1 (C=O). 1H NMR (300 MHz, D2O/NaOD): δ 
= 8.96 (d, 4J(H,H) = 1.8 Hz, 2H; bpy-H-6,6’), 8.28 (dd, 4J(H,H) = 2.1 Hz, 3J(H,H) = 8.2 Hz, 2H; bpy-
H-4,4’), 8.05 (d, 3J(H,H) = 8.2 Hz, 2H; bpy-H-3,3’).  

(2,2’-Bipyridine)-4,4’-dicarboxylic acid bis(N-hydroxysuccinimide) ester (9a) 
The di-acid 7a (500 mg, 2.05 mmol) was added to 20 mL of SOCl2 and the resulting mixture was 
refluxed for 24 hrs. The excess SOCl2 was removed in vacuo and 20 mL of freshly distilled acetonitrile 
was added. Then 481 mg (2.04 eq) of N-hydroxysuccinimide was added and after this 625 µl (2.1 eq) 
of Et3N via a syringe. The reaction mixture became turbid and after 6 hrs an off-white precipitate was 
isolated which was washed with acetonitrile. Yield: 484 mg (1.11 mmol, 54 %). IR (KBr): ν = 1737 cm-

1 (C=O). 1H NMR (300 MHz, DMSO-d6): δ = 9.13 (d, 3J(H,H) = 4.8, 2H; bpy-H-6,6’), 8.96 (s, 2H; 
bpy-H-3,3’), 8.16 (d, 3J(H,H) = 4.6 Hz, 2H; bpy-H-5,5’), 2.97 (s, 8H; CH2).  

(2,2’-Bipyridine)-5,5’-dicarboxylic acid bis(N-hydroxysuccinimide) ester (9b) 
This compound was synthesized from 7b in the same way as 9a. IR (KBr): ν = 1734 cm-1 (C=O). 1H 
NMR (300 MHz, DMSO-d6): δ = 9.44 (s, 2H; bpy-H-6,6’), 8.78 (d, 3J(H,H) = 8.2 Hz, 2H; bpy-H-4,4’), 
8.74 (d, 3J(H,H) = 8.4 Hz, 2H; bpy-H-3,3’), 2.97 (s, 8H; CH2).  
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N,N'-Bis[mono-(2-O-(3-aminopropyl)-heptakis-(6-O-tert-butyldimethylsilyl)-β-CD]-

4,4'-dicarboxamide-2,2'-bipyridine (10a) 

In a 100 mL Schlenk tube 780 mg (0.39 mmol) of 5 was dried in vacuo (0.2 mbar, 80 °C, 2 hrs) and 
dissolved in 50 mL THF. After addition of 80 mg (0.45 eq) of di-active ester 9a the mixture was 
refluxed for 18 hrs. The solvent was evaporated and the residue dissolved in ethyl acetate (100 mL). 
After washing with aqueous sodium hydroxide (2 x 50 mL) and brine (50 mL) the organic layer was 
dried over MgSO4 and evaporated to dryness. The crude product was purified by column 
chromatography (100 g silica, eluent A). Yield 520 mg (0.12 mmol, 63 %). MS (FAB, NBA, m/z) : 
4213 [M+Na+2H]+. 

N,N'-Bis[mono-(2-O-(3-aminopropyl)-β-CD]-heptakis-(6-O-tert-butyldimethylsilyl)-

5,5'-dicarboxamide-2,2'-bipyridine (10b) 
This compound was synthesized from 9b and 5 as described for 10a from 9a and 5. Due to a limited 
amount of this product it was not characterised but directly transformed into product 2. 
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Abstract 

 
Three novel tris(bipyridyl) ruthenium(II) complexes are synthesised bearing two (1), or six (2 and 3) β-
cyclodextrins binding sites on their ligands, respectively. Complex 1, bearing two cyclodextrins, adopts 
a conformation in D2O solution where parts of the aromatic ligands are self-included into the 
cyclodextrin moieties. This results in a loss of symmetry of the complex and gives rise to a much more 
complicated 1H NMR spectrum than expected. Photophysical studies indicate that the appended 
cyclodextrins protect the luminescent ruthenium core from quenching by oxygen, resulting in longer
excited state lifetimes and higher emission quantum yields compared to the reference compound, the 
unsubstituted tris(bipyridyl) ruthenium(II). Inclusion of suitable guests, such as dialkyl-viologens, into 
the cyclodextrins, leads to a quenching of the luminescence of the central unit. In these supramolecular 
donor-acceptor dyads an efficient photoinduced electron transfer from the excited ruthenium moiety
(the donor) to the viologen unit (the acceptor) is observed. The chain length of the acceptor plays an
important role on the binding properties; when the alkyl chain length exceeds a certain limit the 
binding becomes strong enough for the electron transfer to occur. Interestingly, a viologen with only
one long alkyl tail, instead of two, shows no efficient quenching, indicating that cooperative 
interactions between two cyclodextrins binding one viologen are essential to raise the binding constant
of the supramolecular dyad to a sufficiently high level. 
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4.1 ——  Introduction 

 
Coordination chemistry has long been regarded as a special field within inorganic 
chemistry, but since the bond between a metal and a ligand is noncovalent, the field is 
nowadays also recognised as a part of supramolecular chemistry. Indeed, metal 
coordination has proven to be a very powerful tool for the construction of large 
assemblies of molecules.1,2 The difference in preferred coordination geometry of 
frequently used metal centres such as Cu2+, Cu+ and Zn2+ offers routes to tune the 
spatial organisation of functional groups placed on the ligands coordinating to these 
metals.3,4 
Tris(bipyridyl) ruthenium(II) complexes are well known in this field because they have 
the additional advantage of allowing the introduction of a function into the assemblies 
through their excellent photophysical properties and excited state reactivities.5 This 
has for instance led to the construction of light driven molecular machines6,7 and 
chemical sensors8 based on these complexes. Ruthenium(II) is particularly interesting 
since it forms kinetically stable bonds with bipyridines. This makes the synthesis of 
heteroleptic compounds possible, allowing for further tuning of the properties.9 
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In the excited state Ru(bpy)32+ complexes are much stronger reductors than in the 
ground state and, therefore, electron transfer processes involving these compounds 
frequently occur. Since electron transfer is a pivotal step in the photosynthetic 
pathway, some of these compounds have been used as synthetic model systems to 
unravel the mechanism of photosynthetic processes.9,10 Covalently linked donor–
accepter (DA) dyads have given much insight into the factors that influence the 
transfer of the electron, such as the distance and orientation of the donor and the 
acceptor, and the nature of the solvent.11,12 
In this chapter one of the bipyridine-spaced cyclodextrin dimers described in the 
previous chapter is used for the synthesis of three tris(bipyridyl) ruthenium(II) 
complexes bearing two (1) or six (2 and 3) cyclodextrin moieties. These multiple host 
assemblies can function as supramolecular DA dyads, in which the ruthenium 
complex is the donor and a guest bound in the cyclodextrins the acceptor. 
Cooperative effects between the cyclodextrin binding sites in 1-3 can lead to higher 
binding constants and hence to more efficient electron transfer reactions.  
The conformational behaviour of compounds 1-3 in D2O solutions will be described 
and, additionally, an investigation of the photophysical properties of these compounds 
will be presented, including electron transfer reactions to a bound viologen acceptor as 
studied by steady-state and time-resolved fluorescence spectroscopy. In the next 
chapter the results of these investigations will be used to construct a cyclodextrin-
based sensor with switch-on signalling behaviour. 
 

4.2 ——  Results and discussion 

 

4.2.1 ——  Synthesis 

 
The synthesis of the cyclodextrin appended 2,2’-bipyridine 4 is described in Chapter 3. 
Ligand 5 was still available in our laboratory and its synthesis has been described 
elsewhere.13,14 These bipyridine ligands were used to construct the three ruthenium(II) 
complexes 1-3. Compounds 2 and 3 were synthesised by reacting three equivalents of 
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the appropriate ligand (4 or 5) with RuCl3 in a refluxing ethanol-water mixture (1:1, 
v/v). The heteroleptic complex 1 was formed by reaction of ligand 4 with Ru(bpy)2Cl2 
(1 equiv.) in the same solvent system. Complexes 1-3 were isolated as their chloride 
salts by pouring the respective reaction mixtures in acetone and collecting the 
precipitates. Minor impurities were removed by size exclusion chromatography. All 
compounds were fully characterised by 1H NMR, mass spectrometry, and elemental 
analysis. For all three complexes two diastereoisomers are formed, as a result of the 
chirality of the octahedral coordination geometry around the ruthenium centre. No 
efforts were made to separate these isomers. 
 

4.2.2 ——  NMR Experiments 

 
Compound 1 showed interesting conformational behaviour in aqueous solution which 
became clear from its proton NMR spectrum (Figure 1). When recorded in DMSO-d6 
the aromatic region showed the expected chemical shift pattern for a heteroleptic 
complex with general formula Ru(bpy)2L2+, where L is the ligand that differs from the 
unsubstituted bpy. The spectrum (Figure 1a) is roughly the sum of the resonances 
belonging to the cyclodextrin ligand 4 – a singlet at 9.37 ppm (3,3’-H), a doublet at 
7.81 ppm (6,6’-H) and a doublet at 7.74 ppm (5,5’-H) – and those of the unsubstituted 
bipyridine ligands, i.e. a doublet at 8.87 ppm (3,3’-H), a double doublet at 8.22 ppm 
(4,4’-H), a doublet at 7.92 ppm (6,6’-H) and another double doublet at 7.57 ppm (5,5’-
H). The resolution of the spectrum was not high enough, even at 500 MHz, to resolve 
the small couplings between the meta-protons.  
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Figure 1 : Aromatic region of the 500 MHz proton spectrum of ruthenium complex 1 

in (a) DMSO-d6 and (b) D2O at 25 °C. 
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When the spectrum was recorded in D2O (Figure 1b), however, the aromatic region 
was transformed into a multitude of signals. The same phenomenon was observed for 
the non-coordinated dimer 4 described in Chapter 3 (page 43, Figure 1) and this effect 
was ascribed to the formation of a self-inclusion complex in water, in which the 
aromatic spacer is partly included into one of the two cyclodextrin cavities. For the 
bipyridine unit, which normally has C2-symmetry, this inclusion leads to a loss of 
symmetry, so that every pyridine ring has its individual set of chemical shifts, resulting 
in a doubling of the aromatic signals. In aqueous solution hydrophobic effects provide 
the driving force for this process, whereas in DMSO these are absent and the 
symmetric structure is adopted. 
Self-inclusion also explains the increase in the number of signals of complex 1. In this 
case, however, the process not only leads to a loss of symmetry of the ligand bearing 
the cyclodextrins, but it also induces asymmetry in the other two bipyridine ligands, 
since one pyridine ring will be closer to the self-inclusion site than the other. Overall, 
this will lead to a doubling of the aromatic signals in the D2O spectrum in comparison 
with the DMSO spectrum. Given the complexity of the spectrum in aqueous solution, 
this alone is not enough to explain the observed pattern. This becomes clearer if we 
look at the signal at 8.5 ppm, which belongs to the H3 protons of the non-
cyclodextrin bipyridines. This peak appeared to be split into four doublets rather than 

 
 

 
 
Figure 2 : Part of the 500 MHz 2D COSY spectrum of ruthenium complex 1 in D2O at

25 °C (For numbering see Figure 1). 
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into two. In the 2D COSY spectrum (Figure 3a), the coupling of these H3-protons 
with the H4 bpy-protons were visible, which resonate around 8 ppm. Although badly 
resolved, four cross-peaks were present. Looking subsequently at the coupling of the 
H4 protons with the H5 bpy-protons, again four cross-peaks could be identified and 
also four peaks appeared for the coupling between the H5 and H6 protons (Figure 3a). 
This indicated that not only the cyclodextrin bearing ligand, but also the other 
bipyridine ligands in the complex, had lost their C2-symmetry and therefore have their 
own set of eight individual peaks. The loss of symmetry of the structure can be 
explained by assuming that the cyclodextrin which is involved in the inclusion process 
is closer to one of the bpy-ligands than to the other. This would make them chemically 
inequivalent and give them different sets of chemical shifts. In summary, the relatively 
simple DMSO spectrum of seven resonances is transformed into a complicated 
spectrum due to the formation of a self-inclusion complex, which removes all 
symmetry.  

In addition to the aromatic region, the anomeric (4.8-5.2 ppm) and non-anomeric (3.4-
3.8 ppm) regions of the spectrum were also affected. Mono-functionalisation of a 
cyclodextrin results in a loss of its C7 symmetry, which make both regions already 
quite complicated to interpret.15 In the self-included structure the cyclodextrins of 1 

 
 

 
 
Figure 3 : Part of the 500 MHz 2D NOESY spectrum of ruthenium complex 1 in D2O 

at 25 °C (For numbering see Figure 1). 
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are no longer equivalent, leading to a further increase in complexity of the spectrum, 
which makes it virtually impossible to assign the signals.  
The presence of a self-included conformer was further supported by NOESY 
experiments which clearly showed cross-peaks between aromatic protons and non-
anomeric cyclodextrin protons (Figure 3). Unfortunately, the complexity of the 
cyclodextrin part of the spectrum (vide supra) did not allow us to further assign the 
structure of the self-inclusion complex. Since mainly cross-peaks appear between 
protons of the non-cyclodextrin bipyridines, we may tentatively conclude that these 
are the ligands that are predominantly involved in the self-inclusion process. 
The spectrum of compound 2 in D2O did not show an increase in signals in its 
aromatic region compared with its spectrum in DMSO. Instead, a slight broadening of 
the resonances was observed, suggesting some dynamic behaviour. Apparently, steric 
crowding of the six cyclodextrins around the ruthenium complex blocks the self-
inclusion process in this compound.  

Compound 3 showed virtually the same spectrum both in D2O and DMSO-d6 (Figure 
4). The aromatic region of the spectrum in D2O showed a total of 8 signals which 
were assigned with the help of a 2D COSY experiment (not shown). The two broad 
signals at 8.31 and 9.06 ppm belong to amide NH protons which appear as much 
sharper signals in the DMSO spectrum since in this solvent exchange will be slower. 
The other peaks belong to two sets of aromatic bipyridine protons which are present 
in a 1:2 ratio. In this case, however, the presence of multiple sets of peaks cannot be 
explained by self-inclusion as observed for complex 1. This was clearly evidenced by 
the absence of cross peaks between aromatic protons and non-anomeric cyclodextrin 
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Figure 4 : Aromatic region of the 500 MHz proton spectrum of ruthenium complex 3

in (a) D2O and (b) DMSO-d6 at 25 °C. 
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protons in a 2D NOESY spectrum of 3 in D2O. This seems reasonable, since in the 
proton spectrum of dimer 5 in D2O no self-included conformer was observed either.  
For compound 3 the presence of multiple peaks is probably caused by the occurrence 
of a structure in which one of the three ligands is in a conformation that is different 
from the other two ligands. This is not unlikely since the attachment of the bulky 
cyclodextrins to the 5,5’- instead of 4,4’-positions of the bipyridine ligands exerts steric 
strain upon the octahedral arrangement around the ruthenium ion. One of the ligands 
probably has to adopt a different conformation in order to enable all three ligands to 
coordinate to the metal centre. This hypothesis may explain why the two sets of peaks 
appear in a ratio of 1:2 and that they are present both in D2O and in DMSO-d6.  
 

4.2.3 ——  Photophysical Properties 

 
The UV-VIS spectra of compounds 1-3 showed the characteristic metal to ligand 
charge transfer (MLCT) bands centred at around 465 nm and the intense ligand 
centred (LC) absorptions around 300 nm (Figure 5).  

An overview of the spectroscopic data is given in Table 1, which also includes the data 
measured for the reference compound Ru(bpy)32+. The MLCT absorptions of 
complexes 1-3 show a red shift in comparison with Ru(bpy)32+ due to the presence of 
the electron withdrawing amide groups on the bipyridines. The red shift of compound 
2 is less pronounced since it is compensated by a blue shift caused by the reduced σ-
donor capacity of the three amide-functionalised bpy ligands.5 The shoulder in the LC 
band of compound 1 nicely reflects the fact that one of the 2,2’-bipyridine ligands is 
replaced by a more electron poor bipyridine, resulting in a bathochromic shift of 
almost 20 nm. Also observable is the reduced oscillator strength of the substituted 
bipyridine, which is reflected in the lower LC band intensity of compound 2. 
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Figure 5 : Absorption and emission (inset) spectra of compounds 1 (dashed line), 2 

(dotted line), and Ru(bpy)3
2+ (full line) in aqueous solution at 25 °C (c = 

1×10-5 M). 



Tris(bipyridyl) Ruthenium(II) Complexes: Synthesis and Characterisation 

- 59 - 

The fluorescence spectra of compounds 1-3 showed the same trends as the absorption 
spectra. Red-shifts of the emission maxima compared to Ru(bpy)32+ were observed for 
all three complexes (Table 1, Figure 5 inset). Compound 3 only showed a very weak 
emission that coincided with the baseline in Figure 5. This is probably related to the 
way the cyclodextrins are attached to the bipyridines, viz. at the 5,5’-positions. The 
NMR studies (vide supra) have shown that one of the ligands of 3 adopts a 
conformation that is different from the other two to enable the coordination. Since 
the coordination to the ruthenium ion will not be optimal in this case, this probably 
creates pathways for non-radiative decay. Due to its weak emission properties, 
compound 3 was not studied any further. 
We measured the excited state lifetimes τ of compounds 1 and 2 and the results (Table 
1) revealed a remarkably high value for 2, which was more than twice as high as that of 
the model compound Ru(bpy)32+. Since it is known that the triplet MLCT emission 
can be quenched by oxygen, we also measured the lifetimes in deaereated solutions. 
These experiments showed that the excited state lifetime of complex 2 is much less 
affected by the presence of oxygen than the lifetimes of the other compounds. A 
similar phenomenon was observed for ruthenium complexes bearing dendritic wedges 
on their bipyridine ligands.16,17 These compounds showed an increasing lifetime when 
the dendrimer size was increased, which was ascribed to the formation of a densely 
packed shell around the metal centre. Apparently, in the present case, the six 
cyclodextrins in complex 2 form a similar shell that protects the ruthenium core from 
quenching by oxygen.  
The effect of oxygen quenching can best be quantified by calculating the rate constant 
(kq) for this process from the Stern-Volmer equation:  
 

]O[ 20
0 1 ττ

τ
qk+=  

 
where τ en τ0 represent the respective lifetimes in aerated and deaerated solutions at 25 
ºC and [O2] is the saturated concentration of oxygen in water (2.9 × 10-4 M at 25 ºC).18 
The calculated values (Table 1) reveal that the complexes bearing cyclodextrins indeed 
have a lower quenching rate (kq) than the reference compound Ru(bpy)32+. Complex 2 

 
Table 1 : Spectroscopic and photophysical data for the ruthenium complexes 1-3 in 

aqueous solution at 25 °C.a 
 

 Abs λ-max 

(nm) 

ε 
(M-1cm-1) 

Em λ-max 

(nm) 

τdeaerated 

(ns) 

τaerated 

(ns) 

Φaerated 

 × 10-2 

kq 

(M-1s-1) 

Ru(bpy)3 451 13000 605 608 390 2.8b 3.2 × 109 

1 477 14600 658 480 400 1.8 1.4 × 109 

2 464 17200 625 960 811 7.2 0.7 × 109 

3 491 9000 627 - - - - 
a For exact conditions see experimental. b Taken from ref. 5 
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which has six cyclodextrins displays the lowest value (about four times smaller). For 
compound 1, having less protecting cyclodextrins, the quenching rate is only twice as 
small. 
The reduced rate of oxygen quenching of compound 2 leads to a clear increase of the 
quantum yield (Φ) when compared to Ru(bpy)32+ (Table 1). Complex 1, on the other 
hand, has a reduced quantum yield despite the fact that its kq value is lower than that 
of the reference compound. This is related to its low energy emission (Energy Gap 
Law19) which  favours non-radiative processes over radiative ones, leading to a smaller 
quantum yield.  
 

4.2.4 ——  Electron Transfer to a Bound Viologen Guest 

 
The quenching of the ruthenium emission by N,N’-dialkyl-4,4’-bipyridinium ions 
(viologens) is well documented.20 This process operates via a photoinduced electron 
transfer mechanism and it can occur both intermolecularly and intramolecularly. 
Intramolecular electron, for instance, occurs in dyad molecules, where the ruthenium 
complex and the viologen are covalently linked.9,10,21 The systems discussed in this 
chapter are supramolecular analogues of these dyads. The cyclodextrin hosts can bind 
the viologen guest, bringing it close to the luminescent metal centre, thereby 
promoting electron transfer reactions, which would not occur otherwise (i.e. 
bimolecularly) at the diluted conditions used for the supramolecular assembly of the 
dyad. 

As the viologen guests, N,N’-dialkylbipyridinium salts 6-8 were selected. Long alkyl 
tails are needed to secure their binding to the cyclodextrins, since the doubly charged 
bipyridinium unit is too hydrophilic to show a strong interaction with the CD cavity.22 
The binding of the viologens to compounds 1 and 2 was studied by fluorimetric and 
microcalorimetric titrations. 
Addition of viologen 6 to an aqueous solution of 1 resulted in a gradual quenching of 
the emission. The decrease in emission intensity was plotted versus the concentration 
of 6 and the resulting binding curve was fitted to a 1:1 model using a non-linear least 
square minimisation method (Figure 6a). The binding constant was calculated to be 
Kb=2.4×104 M-1 (Table 2). 
Compound 1 can be considered to be a cyclodextrin dimer, in which the two CD-
cavities can cooperate in the binding of so-called ditopic guest molecules, i.e. 
molecules which have two parts that can be complexed by a cyclodextrin. With its two 
alkyl tails, the viologen guest is ditopic in nature and the binding constant of its 
complex with 1 can be expected to be much higher than the value reported for the 
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complex with monomeric β-cyclodextrin (Kb=2×102 M-1).22 Table 2 shows that this 
indeed is the case. This increase in binding clearly is the result of cooperative 
interactions between the two cyclodextrin cavities. 
The binding of the viologen guest to compound 2 was initially also studied by a 
fluorimetric titration. Having six cyclodextrins, this compound in theory could bind 
three equivalents of the viologen. Again the emission gradually dropped upon addition 
of 6 to an aqueous solution of 2, resulting in 92% quenching at saturation (Figure 6b). 
Analysis of the complex stoichiometry by constructing a Job-plot suggested that a 1:1 
complex was formed. The observed binding curve was fitted to a 1:1 binding model 
and this gave an apparent association constant of Kb=2.8×105 M-1. 

Since compound 2 was expected to form complexes with higher stoichiometry, the 
binding was also studied with the help of microcalorimetry. This study revealed a 
different picture (Figure 7). This time the observed titration curve could not be fitted 
to a 1:1 model; instead, a second (2:6 = 1:2) equilibrium was needed to give a 
satisfactory fit. The thermodynamic data calculated by applying the latter model are 

Table 2 : Step-wise binding constants and thermodynamic parameters for 
complexes between N,N’-dinonylviologen 6 and compounds 1a and 2b. 

 
 Kb  

(M-1) 
∆H 

(kcal mol-1) 
-T∆S  

(kcal mol-1) 
1 2.4 × 104 - - 
2 (1:1) 2.4 × 105 

(2.8 × 105)c 
-2.4 -4.8 

2 (1:2) 4.0 × 104 -1.4 -4.9 
a Obtained from fluorimetric titrations b Obtained from 
microcalorimetric titrations. c Apparent binding constant 
determined from fluorimetric titrations. All titrations 
were performed at 25 ºC in an aqueous 0.1 M Tris-HCl 
buffer of pH 7.0.  
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Figure 6 : Fluorimetric titration curves describing the binding of viologen 6 to

ruthenium complexes 1 (a) and 2 (b). Lines are curve fits according to a
1:1 binding model. 
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shown in Table 2. As can be seen from this table the binding constant for the 1:1 step 
matches within experimental error (15%) the value obtained from the fluorimetric 
titration. Apparently, with the latter method, only the formation of the 1:1 complex 
can be detected. This implies that the binding of the first viologen moiety results in 
almost complete quenching of the emission of 2 and that the second viologen unit has 
no detectable effect on the luminescence. 
Table 2 shows that –T∆S of binding is the same for the 1:1 and the 1:2 step. This 
parameter is most probably related to the breaking up of solvent shells around the 
alkyl tails of the viologen guest, which will be the same for the first and the second 
viologen unit. By contrast ∆H of binding is different, being 1 kcal mol-1 smaller for the 
second binding step.  
If the binding sites in 1 and 2 are considered to be identical, i.e. two cyclodextrins on 
one ligand are involved in the binding of one viologen molecule, the formation 
constant for the 1:1 complex with 2 should be higher by a factor of three compared to 
1 on pure statistical grounds (see Appendix, p. 121). By the same argument it can be 
rationalised that the step-wise formation constant for the 1:2 complex should be the 
same as that for the formation of the 1:1 complex with compound 1.  
Comparison of the binding constants for the 1:1 equilibria (Table 2) shows that the 
value for 2 is ten times larger than the value for 1 instead of the expected three. Also, 
the binding of the second viologen to 2 is about two times stronger than to 1, meaning 
that the binding sites in both complexes are not the same. This can be explained by 
assuming that more than two cyclodextrin moieties are involved in the binding of the 
first viologen to 2, which is not unlikely given the length of the alkyl tails. These will 
thread through one cyclodextrin cavity as in a rotaxane and then enter a second cavity 
if it is nearby. This also explains why no evidence is found for the formation of a 1:3 

 

 
 

Figure 7 : Microcalorimetric titration of viologen 6 to 2. The left graph shows the 
heat flow for sequential injections of the guest solution into the host 
solution (1.0×10-4 M). The right graph shows the integrated heat pulses 
corrected for dilution experiments, the solid line represents the fit 
according to a sequential 1:2 (2:6) binding model. 
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(2:viologen) complex, simply because there are no empty cyclodextrin cavities available 
for the host-guest binding, indicating a negative allosteric effect. Another explanation 
can be the self-inclusion of the spacer which – according to NMR – occurs in complex 
1 (vide supra) but is absent in 2. This process blocks one of the two cyclodextrin cavities 
and takes away part of the advantage of having two cyclodextrins in close proximity. 
The energy lost by the release of the spacer will be reflected in a lower binding affinity 
of the dimer towards ditopic guests. 
The steady-state fluorimetric titration of the viologen to 2 already showed that the 
viologen quenches the emission of the ruthenium complex. To study the quenching 
process in more detail, we also performed time-resolved measurements. 
Intercomponent photoinduced electron transfer was investigated in aqueous solution 
where the concentration of the complexes was maintained constant (c = 5×10-6 M) 
and increasing amounts of the viologen were added to the solution (up to 5 molar 
equivalents). Under these dilute conditions bimolecular processes can be neglected and 
the observed quenching can only be ascribed to intercomponent electron transfer 
between the excited ruthenium moiety (donor) and the bound viologen (electron 
acceptor).  
The decrease in emission intensity for complexes 1 and 2 by addition of 6 was 
accompanied by a decrease of the excited state lifetime (Figure 8). However, a 
biexponential decay was observed for both complexes due to the fact that the 
assembly of the supramolecular dyad is not 100% complete at these dilute conditions. 
The decay resolved into a long component - corresponding to the unquenched 
ruthenium species (i.e. the values reported in Table 1, column 6) - and a short 
component due to the electron transfer reactions. The lifetimes of these short 
components were determined to be 22 ns and 88 ns for complexes 1 and 2, 
respectively. 
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Figure 8 : Emission spectra of 2, upon addition of 0, 0.5, 1, 2, and 5 equivalents of
6 in aerated aqueous solution. Inset: Lifetime decay traces of (a) 2 and
of (b) 2 in the presence of two equivalents of 6. 
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In the transient absorption spectrum no evidence was found for the mono-reduced 
viologen species (V+•) which has a characteristic absorption around 600 nm.23 This is 
not particularly surprising, since the forward electron transfer is considerably slow. 
From the lifetime values, the rate constants of the forward electron transfer (ket) can 
be calculated according to: 
 

0

11
ττ

−=etk  

 
where τ and τ0 are the respective lifetimes in the presence and absence of the viologen 
guest. The calculated values are ket = 4.3×107 s-1 and ket = 1.0×107 s-1 for compounds 1 
and 2, respectively. We observe the electron transfer indirectly as the short-lived 
component in the luminescence lifetime measurements.  
Within the framework of the Marcus theory,24,25 a standard Weller-type analysis allows 
the calculation of the driving force (∆G0et) for the electron transfer process: 
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In this equation Eox(D) and Ered(A) represent the redox potentials (in eV, for example 
vs. SCE) of the donor and the acceptor, respectively. E00 is the excitation energy of 
the donor, Rc represents the centre-to-centre distance between the donor and the 
acceptor and εs is the dielectric constant of the solvent. When the distance is large 
and/or the solvent is very polar, such as water in our case, the last term can be 
neglected.  
Using Cyclic Voltammetry (CV) we tried to determine the redox potentials of both the 
ruthenium complex 2 and of the viologen guest in aqueous solution, which are needed 
for the Weller-type analysis. There were severe complications in both measurements. 
Due to its high molecular weight (~7800 amu), the diffusion speed of 2 is low and, as 
a result, this compound displayed very weak oxidation and reduction currents. 
Additionally, the electroactive centre is located within a shell of cyclodextrin moieties, 
which makes the transfer of an electron via the electrode much more difficult. Also 
adsorption to the electrode surface will be significant with molecules of this size, 
resulting in non-reversible processes which hinder an accurate determination of the 
E1/2 potential by cyclic voltammetry. Differential Pulse Voltammetry (DPV), instead 
of CV, was tried to overcome these problems, but still no significant signals could be 
observed to allow the determination of the redox potentials. For the bipyridinium 
compound the redox behaviour was complicated by aggregation phenomena and 
precipitation of the mono-reduced species, which gives rise to non-reversible 
reduction waves.22 No reliable data could, therefore, be obtained. 
A value of ∆G = -0.5 eV for the forward electron transfer and of ∆G = -1.6 eV for 
the back electron transfer were estimated from the E00 value and the redox properties 
of related components.26,27 We would, therefore, expect a fast backward electron 
transfer due to the larger exergonicity of this process. Furthermore, it is known that 
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the reduced viologen, being less hydrophilic than the doubly charged viologen (V2+) is 
binding more strongly to the cyclodextrin cavity.28 This may lead to an even deeper 
penetration of the viologen into the cavity of the β-cyclodextrin. Since it has been 
proven that electron transfer can occur through the cavity of a cyclodextrin,29 the 
closer proximity of the viologen to the ruthenium complex will enhance the 
probability of the back electron transfer and thus make it faster. By that means, no 
accumulation of the reduced viologen can be observed in the transient absorption 
experiments. 
A viologen having shorter alkyl chains (7) was also studied to investigate the chain 
length dependence of the binding and the electron transfer. Addition of this viologen 
to complex 2, however, did not lead to a decrease in the emission intensity of the 
ruthenium complex and no short-lived component was detected in its decay curve. 
Apparently, an alkyl chain of five methylene units is too short to give reasonable 
binding of the viologen to the cyclodextrins and, therefore, no efficient quenching can 
occur. From this we can conclude that a minimum number of methylene groups is 
needed to make the binding efficient. A similar effect has been described in the 
literature for the binding of alkanoates to β-cyclodextrins in aqueous solution: the 
binding constants for hexanoate, octanoate, and decanoate increase from Kb=67 M-1, 
to Kb=1250 M-1, and Kb=6600 M-1, respectively.30 The same trend has been observed 
for other guests with hydrophilic head groups and hydrophobic alkyl chains of varying 
length.30  

To study the effect of cooperativity we used the asymmetrically substituted viologen 8, 
which has one methyl and one nonyl substituent. A comparison of the quenching 
abilities of viologens 6 and 8 on the emission of ruthenium complex 1 showed that the 
asymmetrically substituted viologen 8 was not able to quench the luminescence as 
efficient as 6 (Figure 9a). This effect was even more pronounced in the case of 
complex 2, as shown in Figure 9b. The methyl group of 8 obviously is shorter than the 
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Figure 9 : Single wavelength decay traces recorded for compound 1 (a, 650 nm)

and 2 (b, 620 nm) in aereated aqueous solutions in the presence of
varying amounts of viologens 6 and 8. 
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critical chain length needed for an efficient binding into the cavity of the cyclodextrin 
and this compound, therefore, should be considered a mono-topic guest. We 
performed a microcalorimetric titration to determine the binding constant of the 
complex between 2 and 8. The results are summarised in Table 3. As in the case of the 
symmetric viologen 6, the binding of 8 to 2 appeared to be a two step process and 
both 1:1 and 1:2 (2:8) complexes are formed. Complexes of higher stoichiometry were 
not observed, presumably because they have too low a binding constant to produce a 
measurable signal. A comparison of the data in Tables 2 and 3 shows that viologen 8 
displays a much weaker binding to complex 2 than the dinonylviologen 6, which is not 
surprising considering that it behaves as a monotopic guest. From the results above 
we may conclude that the strong cooperative binding of viologen 6 to complex 2 is 
essential to make the electron transfer an efficient process. 
 

4.3 ——  Conclusions 

 
NMR spectroscopy has provided valuable insights into the conformational behaviour 
of compounds 1-3 in aqueous solutions. A detailed knowledge of the adopted 
conformations in water is essential for understanding the binding behaviour of these 
compounds. It was shown that hydrophobic effects force complex 1 to adopt a 
conformation in water in which parts of the aromatic ligands are self-included in a 
cyclodextrin cavity. In complex 2 a similar process could in principle occur but this is 
not observed, probably because steric crowding of the six cyclodextrins prevent it. 
One of the ligands of the very sterically hindered complex 3 was found to adopt a 
conformation that is different from the other two cyclodextrin containing ligands to 
enable an octahedral coordination geometry around the ruthenium centre. The steric 
congestion leads to a very low quantum yield for this compound, probably because 
pathways for non-radiative decay are created.  
Time-resolved luminescence experiments have shown that the cyclodextrins protect 
the ruthenium centre from quenching by oxygen. This is particularly evident for 
complex 2 which has six cyclodextrins. The resulting high quantum yield and emission 
lifetime make this compound very interesting for the use in sensor devices as will be 
shown in Chapter 5. 
Steady-state fluorimetric binding studies show that binding of N,N’-dinonylviologen 6 
to the ruthenium complexes 1 and 2 results in quenching of the emission due to 

Table 3 : Step-wise binding constants for the complexation of N-methyl-N’-
nonylviologen 8 to ruthenium complex 2.a 

 
Complex Kb 

(M-1) 
∆H 

(kcal mol-1) 
-T∆S 

(kcal mol-1) 
1:1 1.2 × 104 -0.97 -4.59 
1:2 3.5 × 103 -1.29 -2.18 

a Obtained from a microcalorimetric titration in an 
aqueous 0.1 M Tris-HCl buffer of pH 7.0 at 25 ºC. 
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electron transfer processes. Fluorimetric titrations could not give all the information 
with respect to the binding steps involved. The more universal technique of 
microcalorimetry proved to be better suited to unravel the binding process. The 
presence of multiple cyclodextrin binding sites in one molecule appears to enhance the 
binding of ditopic guest molecules like the abovementioned viologen. The electron 
transfer process was studied in more detail using time-resolved fluorescence 
spectroscopy. It was shown that the electron transfer from the metal to a bound 
viologen depends on the chain length of the alkyl group attached to the viologen. A 
pentyl chain appears to be too short to give an appreciable binding to the 
cyclodextrins and as a result hardly any electron transfer occurs. Furthermore, it was 
proven that two long alkyl chains instead of only one are needed to secure a strong 
cooperative binding to complex 2. This then facilitates the electron transfer, making it 
an exergonic process. 
 

4.4 ——  Experimental 

Materials and Apparatus 
Acetonitrile was distilled from CaH2 prior to use. For all binding experiments ultra pure water 
(Millipore Q2) was used. RuCl3•3H2O and Ru(bpy)2Cl2 were purchased from Aldrich and used as 
received. The viologens 7 and 8 were kind gifts of Mike Kercher (University of Amsterdam). 
NMR spectra were taken on a Bruker AC-300 and a Bruker DRX-500 instrument. Chemicals shifts 
are reported relative to the solvent reference (DMSO-h,d5, 2.54 ppm; HOD, 4.72 ppm). Electron 
spray (ESI) and FAB mass spectra were taken on a Finnigan MAT 900S instrument. Elemental 
analyses were carried out on a Carlo Erba 1108 instrument. Luminescence spectra were measured on a 
Perkin Elmer LS-50B or a SPEX Fluorolog I instrument. UV-Vis spectra were taken on a Varian Cary 
50 or a diode-array HP8453 instrument. Microcalorimetric Titrations were performed on a Microcal 
VP-ITC titration microcalorimeter. 

Size exclusion chromatography 
Size exclusion chromatography was performed on a Sephadex G75 column with a bed volume of 100 
mL and an elution speed of 25 mL/h. Compounds were detected by their UV-Vis absorption. Water 
was used as the eluent and product containing fractions were collected and lyophilised. 

Fluorimetric titrations 
Fluorimetric titrations were performed at a constant concentration of the fluorophore by making a 
stock solution of the respective ruthenium complex (1×10-5 M) and using this solution to make a 
stock solution of the appropriate N,N’-dialkyl-4,4’-bipyridinium salt (approximately 2×10-4 M). All 
measurements were carried out in a 1.00 cm quartz cuvet (4 mL) at 25 ºC in an aqueous 0.1 M Tris-
HCl buffer of pH 7.0. Excitation wavelengths were 458 nm for 1 and 425 nm for 2 with excitation 
slits of 5 nm and emission slits of 10 nm. Small aliquots of the bipyridinium solution were added to a 
cuvet filled with 2.00 mL of the ruthenium solution. After every addition an emission spectrum was 
recorded and the intensity at a fixed wavelength was determined. These intensities were plotted as a 
function of the bipyridinium concentration and the data points were analysed assuming a 1:1 
equilibrium using a non-linear least-squares curve fitting procedure. See Appendix (p. 121) for a more 
detailed description of the fitting procedures. 

Microcalorimetric titrations 
Titrations were performed by adding aliquots of a sample solution of the guest to the host solution 
(cell volume = 1.415 mL). All measurements were carried out at 25 ºC in an aqueous 0.1 M Tris-HCl 
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buffer of pH 7.0. Since viologens are known to aggregate in aqueous solution a control experiment 
was performed by diluting the same guest solution, showing a constant heat flow per injection. This 
proved that no aggregation occurred at the concentrations used. The final titration curves were 
corrected for the heat of dilution of the guest and the host in the buffer and analysed using a non-
linear least-square minimisation method with an appropriate model. See Appendix (p. 121) for a more 
detailed description of the fitting procedures. 

Time-resolved Photophysical Experiments 
The electron transfer experiments with the viologens were carried out using freshly prepared solutions 
of ruthenium complex 2 (1×10-5 M-1) in distilled water. The viologen was added in aliquots from a 
stock solution. The observed curve was fitted to a bi-exponential decay assuming a constant value of 
811 ns for the unquenched lifetime of 2. The sample was excited with a Coherent Infinity ND:YAG-
XPO laser (1 ns pulses FWHM). For detection a Hamamatsu C5680-21 streak camera with a 
Hamamatsu M5677 Low-Speed Single-Sweep Unit was used. Where necessary single wavelength 
emission decay traces were recorded with a Tektronix Oscilloscope (TDS 468) coupled to a 
photomultiplier. A photodiode was employed for triggering. The emission was observed through an 
Oriel 77250 monochromator at 90 degrees of excitation, with a 500 nm cutoff filter. 
The quantum yields were determined by comparison of the emission intensity of isoabsorbing 
aereated aqueous solutions of 1 and 2 with Ru(bpy)32+.31 

Ruthenium complex 1 
This compound was synthesised as described for complex 2 by mixing equimolar quantities of 4 (50.4 
mg, 19.5 µmol) and Ru(bpy)2Cl2 (9.3 mg, 19.5 µmol). Yield 56 mg (18.2 µmol, 94 %). 1H NMR (500 
MHz, DMSO-d6) δ 9.37 (s, 2H; bpyCD-H-3,3’), 8.87 (d, 3J(H,H) = 6.5 Hz, 4H; bpy-H-3,3’), 8.22 (dd, 
3J(H,H) = 13.4 Hz, 3J(H,H) = 7.0 Hz, 4H; bpy-H-4,4’), 7.92 (d, 3J(H,H) = 14.0 Hz, 4H; bpy-H-6,6’), 
7.81 (s, 2H; bpyCD-H-6,6’), 7.74 (d, 3J(H,H) = 7.0 Hz, 2H; bpyCD-H-5,5’), 7.57 (dd, 3J(H,H) = 16.4 
Hz, 3J(H,H) = 6.4 Hz, 4H; bpy-H-5,5’), 5.04 (s, 2H; H-1A), 4.87 (s, 12H; H-1B-G), 3.80-3.38 (m, 92H; 
H-2, H-3, H-4, H-5, H-6, CH2-NH, CH2-O), 1.86 (br.s, 4H; CH2-CH2-NH). ESI-MS: m/z 1502 [M-
2Cl]2+. Anal. Calcd for C122H174N82O72RuCl2•65H2O: C = 41.73; H = 7.01; N = 3.19. Found: C = 
41.53; H = 6.88; N = 3.02. 

Ruthenium complex 2 

In 4 mL of a 1:1 (v/v) mixture of ethanol and water, cyclodextrin dimer 4 (60 mg, 23.2 µmol) and 
RuCl3•3H2O (2.0 mg, 0.33 equiv.) were mixed and refluxed for 36 hrs. The dark orange solution was 
poured into acetone and the precipitate was isolated by centrifugation. The crude product was purified 
by size exclusion chromatography (Sephadex G75, eluent water). After lyophylisation the yield was 
55.8 mg (7.0 µmol, 90 %). 1H NMR (500 MHz, DMSO-d6) δ 9.25 (br.s, 6H; bpy-H-3,3’), 7.94 (br.s, 
6H; bpy-H-6,6’), 7.85 (br.s, 6H; bpy-H-5,5’), 5.04 (br.s, 6H; H-1A), 4.86 (br.s, 36H; H-1B-G), 3.75-3.08 
(m, 252H; H-2, H-3, H-4, H-5, H-6, CH2-NH, CH2-O), 1.84 (br.s, 12H; CH2-CH2-NH). Maldi-TOF 
MS: m/z 7950.6 [M]+ calc. 7949.1. Anal. Calcd for C306H474N12O216RuCl2•24H2O: C = 40.28; H = 
6.68; N = 1.84. Found: C = 39.61; H = 6.01; N = 1.83. 

Ruthenium complex 3 
This compound was synthesised as described for complex 2 by mixing three equivalents of dimer 5 
(22.9 mg, 8.8 µmol) and RuCl3 (0.6 mg, 2.9 µmol). Yield 21 mg (2.7 µmol, 96 %). 1H NMR (500 MHz, 
D2O) δ 9.06 (br.s, 1H; NH), 8.77 (d, 3J(H,H) = 8.5 Hz, 4H; bpy-H-3,3’), 8.72 (d, 3J(H,H) = 8.5 Hz, 
2H; bpy-H-3,3’), 8.51 (d, 3J(H,H) = 7.5 Hz, 2H; bpy-H-4,4’), 8.48 (d, 3J(H,H) = 8.0 Hz, 4H; bpy-H-
4,4’), 8.31 (br.s, 2H; NH), 8.16 (s, 2H; bpy-H-6,6’), 8.05 (s, 4H; bpy-H-6,6’), 5.39 (s, 6H; H-1A) 5.14-
4.94 (m, 36H; H-1B-G), 4.37-3.68 (m, 252H; H-2, H-3, H-4, H-5, H-6). Maldi-TOF MS: m/z 7540.1 
[M-2Cl]+. Anal. Calcd for C288H438N12O210RuCl2•59H2O: C = 39.89; H = 6.47; N = 1.94. Found: C = 
39.59; H = 5.73; N = 1.94. 
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N,N’-dinonyl-4,4’-bipyridinium dibromide, 6 
In 100 mL acetonitrile, 4,4’-bipyridine (1.5 g, 8.93 mmol) and 1-nonylbromide (8.8 g, 4 equiv.) were 
mixed and refluxed for 18 hrs. The bright yellow precipitate was isolated by filtration and washed with 
acetonitrile. Yield 4.2 g (7.12 mmol, 77%). 1H NMR (300 MHz, D2O) δ 9.08 (d, 3J(H,H)=6.7 Hz, 4H; 
Ar-H), 8.51 (d, 3J(H,H) = 6.7 Hz, 4H; Ar-H), 4.69 (t, 3J(H,H)=7.3 Hz, 4H; CH2-N), 1.32 (br.s, 4H; 
CH2-CH2-N), 1.22 (br.s, 20H; CH2), 0.80 (t, 3J(H,H)=6.9 Hz, 6H; CH3). FAB-MS (glycerol) m/z : 410 
[M-2Br]. 
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5 Chapter 5

Abstract 
 

The binding of a series of five bile acid salts to two luminescent tris(bipyridyl) ruthenium(II) 
complexes, having either two or six cyclodextrin binding sites on their ligands is discussed, as
studied by fluorimetric and microcalorimetric titrations. A clear difference in complex
stoichiometry is observed, which is related to the presence of an OH-group at the C12 position of 
the steroid skeleton. Steroids which have this hydroxyl group behave as ditopic guests, whereas
those who lack it behave as monotopic guests. 
Using the quenching ability of N,N’-dinonylviologen, a sensor system for these steroids is 
constructed with switch-on signalling behaviour. When the viologen in the cyclodextrin cavity is 
displaced by the steroid, the quenching process is inhibited and the original emission of the
ruthenium complex is partly or completely recovered. One of the ruthenium complexes is able to
differentiate between the series of bile acids, which is a prerequisite for the development of a
selective sensor. The differentiation arises mainly from differences in binding stoichiometry, rather 
than from differences in binding constants of the bile salts. 
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5.1 ——  Introduction 

 
The excellent binding affinities of cyclodextrins for various organic compounds in 
aqueous solution have made them interesting candidates for the construction of 
sensor systems based on host-guest recognition interactions. Ueno et al. have 
demonstrated this over the past decades with numerous examples of fluorophore 
appended cyclodextrins which experience guest-induced changes in their emission 
properties, thereby generating an optical sensor response.1-3  
Most of these systems show a decrease in emission intensity and only a few 
cyclodextrin based sensor molecules are known to switch on their emission when a 
guest is bound.4-9 Of the latter, the crown ether appended cyclodextrins of Nocera et 
al.5,6 which show a sensitisation of lanthanide emission upon binding of an aromatic 
guest molecule are perhaps the most elegant examples. 
Recently, it was shown that a cyclodextrin dimer with an appending dansyl group on 
its spacer possesses a remarkably different selectivity pattern when compared to its 
monomeric analogue.10 Through cooperative interactions, this compound was found 
to favour the binding of ditopic guests over monotopic ones. These results show that 
multitopic hosts can be attractive components in sensor devices since they offer the 
possibility to selectively detect large guests through cooperative processes.  
An easy route to the construction of multitopic cyclodextrin hosts is metal 
coordination, as has been demonstrated by Pikramenou et al.11-13 for a β-cyclodextrin 
functionalised at its primary face with a bipyridine or a terpyridine moiety. 
Coordination of these cyclodextrin containing ligands to FeII, EuIII, or RuII resulted in 
luminescent hosts. The RuII complex was used to study electron transfer processes 
from the metal centre to a cyclodextrin bound guest but it suffered from a low 
quantum yield at room temperature.11 
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In Chapter 4 the synthesis and characterisation of three luminescent metal coordinated 
assemblies of three bipyridine bridged cyclodextrin dimers around a central ruthenium 
ion was described. In this chapter a detailed study is presented of the sensor properties 
of two of these assemblies (1 and 2) which differ in the number of binding sites. After 
a description of the binding behaviour of the ruthenium complexes towards a series of 
bile acids, we will show that these sensor systems are able to discriminate between the 
different steroids through differences in binding affinities and binding stoichiometry. 
 

5.2 ——  Binding of Bile Acids 

 
As our analytes we chose a series of related bile acids whose binding affinities toward 
cyclodextrins have been well studied by many researchers.14-27 Bile acids are important 
biological compounds, because they play a role in the excretion of cholesterol from 
the body of mammals.28 The only difference between the members of this group of 
compounds is the number, the position, and the stereochemistry of OH-groups on the 
steroid skeleton at positions C7 and C12. NMR-studies have shown that the steroids 
enter the cyclodextrin cavity with their aliphatic side chain via the secondary side of 
the cyclodextrin.15,18,23  

Cholic acid and deoxycholic acid bind more weakly to β-cyclodextrin than the other 
steroids, e.g. ursodeoxycholate, because they possess a hydroxyl group at C12 which is 
closely positioned near the complexation side as has been indicated by 2D NMR 
studies.23 This OH group blocks a further penetration of the cavity either because it 
creates a steric barrier or a higher local hydrophilicity (Figure 1). Lithocholic acid – 
having only one hydroxyl group – is the most hydrophobic steroid from the series and 
this explains why its binding constant is usually the highest.21 
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5.2.1 ——  Fluorimetric Titrations 

 
We initially tried to study the binding of the steroid guest molecules by directly 
monitoring the effects of this process on the emission intensity of the ruthenium 
complexes. However, addition of the bile acid salts to an aqueous solution of complex 
1 did not induce a change in its emission properties. This means that there is no direct 
or indirect communication between this ruthenium complex and these steroids when 
they are bound. Compound 2, on the contrary, did show a change in emission upon 
addition of the bile acids, i.e. its luminescence was quenched (Figure 2a). Apparently, 
in this case, signal transduction of the binding is possible and the change in emission 
was used to determine the binding constants. The results are given in Table 1, together 
with reference data for the binding of the same steroids in native β-cyclodextrin, 
which have been published by other researchers.10 The binding of cholate was too 
weak to produce a significant quenching of the emission of 2 and its binding constant, 
therefore, could not be determined using this technique. 

 

            
 

Cholate Ursodeoxycholate 
 

Figure 1 : Schematic drawings of the difference in binding geometry of cholate and 
ursodeoxycholate. The absence of an OH-group at C12 of the steroid 
skeleton allows a deeper penetration of the latter bile acid into the 
cyclodextrin cavity. 
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Figure 2 : (a) Fluorimetric titration curve describing the binding of ursodeoxycholate 

in 2. The solid line represents the calculated curve fitted according to a 1:2 
host-guest complex. (b) Job-plot showing the difference in binding 
stoichiometry of deoxycholate (■) and ursodeoxycholate (●) with 2. 



Tris(bipyridyl) Ruthenium(II) Complexes: Sensor Properties  

- 75 - 

Ruthenium complex 2 can be considered a luminescent cyclodextrin dimer that has 
two binding sites which can cooperate in the binding of these large steroids. Analysis 
of the fluorimetric titration curves showed that deoxycholate only forms a 1:1 host-
guest complex with 2. The binding constant of this complex was considerably higher 
than the binding constant of the complex with native β-cyclodextrin and it can thus be 
concluded that this guest is cooperatively bound by the ruthenium complex. Since this 
steroid cannot deeply penetrate into the cyclodextrin cavity – due to the presence of a 
hydroxyl group at position C12 (vide supra) – it still has a large exposed hydrophobic 
surface, which is available for binding to a second cyclodextrin. Apparently, this bile 
salt behaves as a ditopic guest. This feature has also been recently recognised by other 
researchers,10,23,29 for instance, by Tato and co-workers. They have found it to be 
responsible for the formation of a supramolecular polymer of deoxycholate with a 
cyclodextrin dimer having a rigid spacer (see 4, next page), which prevents the 
cyclodextrins from cooperating intramolecularly.23 Similar arguments have been used 
by the same group to explain the formation of dendritic structures upon the 
complexation of deoxycholate by a β-cyclodextrin trimer (5).29 
The other three steroids in Table 1 form both 1:1 and 1:2 (2:steroid) host-guest 
complexes with 2, as can be concluded from the titration curves. The difference in 
complex stoichiometry could also be visualised by the construction of Job-plots for 
the binding of deoxycholate and ursodeoxycholate with 2 (Figure 2b). These showed 
maxima at molar ratios of respectively 0.5 and 0.33, implicating the formation of a 1:1 
complex for deoxycholate and eventually a 1:2 complex in the case of 
ursodeoxycholate. Apparently, contrary to deoxycholate, these three bile acid salts 
behave as monotopic guests and do not take much advantage of the potential 
cooperative binding effects of the two cavities. The absence of an OH-group at C12 
of the steroid skeleton allows these molecules to deeply penetrate the cyclodextrin 
cavity and this leaves very little hydrophobic surface for a second cyclodextrin to bind. 

 
Table 1 : Binding constants of host-guest complexes between bile salts and 

cyclodextrins.a 
 

Guest Kb (M
-1) 

2 (1:1)b 

Kb (M
-1) 

2 (1:2)c  

  Kb (M
-1) 

β-CD (1:1)d 

Cholate -e -f   4.1×103 

Deoxycholate 1.9×104 -f   3.6×103 

Chenodeoxycholate 9.5×105 2.3×105   1.8×105 

Ursodeoxycholate 1.9×106 3.9×105   7.8×105 

Lithocholate 4.3×106 7.8×104   1.9×106 
 

a Determined from fluorimetric titrations in a 0.1 M Tris-HCl 
buffer of pH 7.0 at 25 °C. b Kb=[HG]/{[H][G]}, H=2, G=bile 
salt. c Kb=[HG2]/{[HG][G]}, H=2, G=bile salt. d 
Microcalorimetric data, taken from ref. 10. e Binding constant 
was too low to be determined. f Not present, only 1:1 binding. 
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Support for this assumption comes from a further analysis of the Kb-values (Table 1) 
of the complexes of 2 with chenodeoxy-, ursodeoxy- and lithocholate. These show 
that for both binding steps in the formation of the 1:2 complex the binding constants 
are of the same order of magnitude as those for the corresponding 1:1 binding to 
native β-cyclodextrin. The higher Kbs for the formation of the 1:1 complexes 
compared to the 1:2 complexes can be seen as an indication that there is a small 
contribution of the second cyclodextrin binding site to the complexation of the first 
steroid. The effect is most noticeable for lithocholate where the binding of the second 
steroid molecule is 50 times weaker than the binding of the first one. The partial 
blocking of the second binding site by the first guest molecule is reflected in the fact 
that the Kb-values for the second binding step (1:2) of ursodeoxy- and lithocholate to 
2 are lower compared to their binding to native β-cyclodextrin. Alternatively, the lower 
binding of the second bile salt could also be caused by the self-inclusion of the spacer 
which was shown to occur for this particular ruthenium complex in Chapter 4. The 
energy required to remove the spacer and open up the binding site will also reduce the 
binding strength. 
 

5.2.2 ——  Microcalorimetric Titrations 

 
Although the binding of the bile acid salts to 1 could not be studied using 
fluorescence, microcalorimetry proved to be a valuable alternative for this technique. 

 

 



Tris(bipyridyl) Ruthenium(II) Complexes: Sensor Properties  

- 77 - 

The binding of each bile acid was analysed by a non-linear least-squares fitting 
procedure to an appropriate model. Since in principle six binding sites for monotopic 
guests (or three for ditopic guests) are present in complex 1, a sequential binding 
model would generate a set of twelve independent variables (for each individual step a 
Kb and a ∆H value). Curve fitting using this number of parameters would not give 
meaningful results. To reduce the number of variables, a different binding model was 
chosen which assumes that all binding sites of the ruthenium complex are equivalent, 
i.e. independent of the occupancy of other binding sites and therefore having the same 
intrinsic Kb and ∆H value. Although it is hard to imagine that in practice the binding 
sites will not influence each other, this model now has an acceptable number of 
variables and therefore will give much more reliable results. The step-wise binding 
constants for each individual complexation step can be calculated from the intrinsic 
Kb by multiplication with a statistical factor which accounts for the number of 
possibilities to form the complex of interest. (see Appendix, p. 121, for a more 
elaborate description of the curve fitting procedures). 
The thermodynamic data from the microcalorimetric study are collected in Table 2. 
The binding constants (Kb), ∆H and T∆S values reported in this Table represent the 
intrinsic binding parameters. The values for n indicate the number of steroid units that 
are bound by 1 under the conditions of the titration. A comparison of the 
thermodynamic data for the binding of the complete set of steroids shows that the 
complexation is mainly driven by enthalpy. The only deviation in the series is cholate, 
of which the binding appears to be driven by entropy. 
It becomes immediately clear from Table 2 that also for ruthenium complex 1 a 
difference in complexation stoichiometry is present, similar to what was observed for 
complex 2. Both cholate and deoxycholate bind with only one equivalent, whereas the 
other steroids form 1:4 and even 1:5 host-guest complexes. This distinctive binding 
behaviour already was obvious when the measurements were carried out, viz. from the 
inflection points in the enthalpograms, which occurred at different molar ratios of 1 
and steroid, as is shown for deoxycholate and ursodeoxycholate in Figure 3.  

 
Table 2 : Thermodynamic data for the binding of a series of bile acid salts to 1.a 
 

 Kb  

(M-1) 

nb ∆H 

(kcal mol-1) 

T∆S 

(kcal mol-1) 

Cholate 8.7×104 1 -2.3  4.5 

Deoxycholate 3.4×105 1  -7.5 0.1 

Chenodeoxycholate 4.6×105 4  -5.7 2.0 

Ursodeoxycholate 8.7×105 4  -7.5 0.5 

Lithocholate 1.4×106 5  -5.7 2.6 
a Determined from microcalorimetric titrations in 0.1 M Tris-HCl 
buffer of pH 7.0 at 25 °C. b Number of steroid molecules bound by 1 
under the conditions of the titration. 
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The formation of a complex with 1:1 stoichiometry coincides with the presence of an 
OH-group at position C12 of the steroid skeleton. As we have seen for the 
complexation of the bile salts to 2, the steroids that have this group (cholate and 
deoxycholate) behave as ditopic guests, whereas those lacking this group 
(chenodeoxy-, ursodeoxy- and lithocholate) display monotopic binding. 
Cholate and deoxycholate are ditopic guests and, as can be seen from the data in Table 
2, their binding constants to 1 are considerably higher compared to the values reported 
for native β-cyclodextrin (see Table 1). For cholate the increase is more than 20-fold, 
while for deoxycholate the effect is even bigger (> 90-fold). These results indicate that 
both compounds are cooperatively bound by complex 1, presumably – but not 
necessarily – by the action of two cyclodextrins on the same ligand. 
Since these bile acid salts behave as ditopic guests, a complex stoichiometry with 1 of 
1:3 (1:steroid) can be expected. The data in Table 2, however, show that under the 
applied conditions – low concentration of 1 (c=1×10-5 M) – only one steroid molecule 
appears to be bound. We have chosen these conditions in order to be able to compare 
the data from this study with the results of a study aimed at the application of 1 as a 
switch-on sensor for steroids (vide infra). It is hard to imagine that only one binding site 
is available for these two bile acids and that the other two are blocked. 

 
 
Figure 3 : Microcalorimetric titration curves describing the binding of deoxycholate (a) 

and ursodeoxycholate (b) to 1; the solid lines in the bottom graphs are 
obtained by curve fitting using a 1:1 and a 1:4 binding model, respectively. 
The difference in binding stoichiometry can already be deduced from the 
inflection points. 
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Figure 4 shows simulations of the effect of different host concentrations on the 
observed binding curve for a system with three independent binding sites, i.e. 
comparable to 1 with a ditopic steroid, such as deoxycholate. As can be seen from this 
figure, the titration curve adopts the expected sigmoidal shape with an inflection point 
at a molar ratio (steroid/1) of three, if a higher host concentrations of 1×10-4 M is 
chosen, instead of 1×10-5 M, which was used to perform the actual microcalorimetric 
titrations. We therefore propose that all three binding sites in 1 are available, but that 
on average, in the chosen concentration range only one of these is occupied by a 
ditopic steroid. 
Contrary to cholate and deoxycholate, the salts of chenodeoxy-, ursodeoxy-, and 
lithocholic acid behave as monotopic guests. This follows from Table 3 and is also 
indicated by the binding constants in Table 2, which are roughly the same as those 
reported for the complexation to monomeric β-cyclodextrin (Table 1). Because of the 
monotopic nature of the binding, compound 1 in principle has six binding sites 
available for these guest molecules. Although complexes with higher stoichiometries 
(1:4 and 1:5) are formed in comparison with cholate and deoxycholate, none of the 
three steroids reaches the theoretical maximum of six under the chosen conditions. 
This could again be due to the fact that the experiments were conducted at rather low 
host concentrations. On the other hand, the complexation studies with 2 have 
indicated that these three steroids might not behave entirely as monotopic guests and 
can experience a small additional binding interaction with a second cyclodextrin 
binding site. This process would block potential binding sites and would be an 
alternative explanation for the measured lower complex stoichiometry. Again, we 
tentatively conclude that at the chosen host concentration, four steroids are bound in 
a monotopic fashion in the case of cheno- and ursodeoxycholate, and five in the case 
of lithocholate. 
 

 
 

 
 
Figure 4 : Simulated binding curves showing the effect of varying the host (H)

concentration for a system having three independent binding sites with an
intrinsic binding constant of Kb=1×105 M-1. 
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5.3 ——  Switch-On Detection of Steroids 

 
Although compound 2 is able to directly sense the binding of steroids by a decrease in 
its emission intensity, this is not our desired method of signalling. It would be more 
elegant to design a sensor which switches on its emission upon binding of a guest. 
This is also a more efficient approach from a technological point of view, since the 
luminescent signal is then produced against a dark background, allowing a more 
sensitive detection of the analyte. 
Since a communication between the host and the bound guest is essential in order to 
use the system as a sensor we decided to turn our attention again to the viologen guest 
compound 3 (N,N-dinonyl-4,4’-bipyridinium dibromide), which – as we have shown 
in Chapter 4 – is able to efficiently quench the emission of tris(bipyridine) 
ruthenium(II) complexes via an electron transfer process. We anticipated that a 
displacement of the viologen in the cyclodextrins by the steroid would inhibit the 
quenching process and thereby recover the original luminescence of the ruthenium 
complex. 

We first studied the viability of this competition assay on compound 2 by making an 
aqueous buffered solution of this host in the presence of the viologen 3. The 
concentration of the viologen was chosen such that the luminescence of 2 was 
completely quenched. When ursodeoxycholate was added to this solution, indeed an 
increase in the emission intensity was observed, proving that a competition between 
the viologen and the steroid for the host had occurred (Figure 5).  
The shape of the binding curve in Figure 5 is sigmoidal. At the beginning of the 
titration the emission does not increase; only when the steroid concentration reaches a 
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Figure 5 : Fluorimetric titration curve describing the binding of ursodeoxycholate to 2 

(1.0 ×10-5 M) in the presence of N,N’-dinonylviologen (5.5×10-4 M) in an 
aqueous 0.1 M Tris-HCl buffer of pH 7.0 at 25 °C. 
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certain value it starts recovering. This can be explained from the fact that 
ursodeoxycholate is a monotopic guest, whereas the competing viologen is ditopic. 
The binding of one steroid, therefore, will still leave one single cyclodextrin cavity 
available for the viologen to occupy. Although the bipyridinium guest probably will 
have a lower affinity for this binding site – since it can no longer benefit from 
cooperative interactions – its binding still will cause a quenching of the ruthenium 
emission. For deoxycholate the competition with the bound viologen should be a one-
step process, since both guests are ditopic. Consequently the sigmoidal shape of the 
binding curve should be absent in this case.  
As was shown in § 5.2.1 the emission of 2 is also quenched by the binding of the 
steroid itself, viz. to an extent of approximately 40%. The use of complex 2 as a sensor 
is thus limited by the fact that its original emission can never be completely recovered, 
but will reach a plateau at 60% of the initial emission intensity. This made us decide to 
not further study this compound.  
Since compound 1 has a much higher emission intensity than 2 (see § 4.2.3) and does 
not show quenching due to the binding of steroids, this complex was thought to hold 
more promise as a switch-on sensor. To study the sensor properties of 1, again a 
solution was made of the ruthenium complex in buffered water, in the presence of 
enough viologen to fully quench its emission. We then added steroid to this solution 
and this indeed resulted in the recovery of the emission of 1, in some cases even to its 
original value (Figure 6). 
A closer examination of the observed binding curves showed that also this time a 
sigmoidal shape occurred in the case of steroids that behave as monotopic guests, i.e. 
chenodeoxy-, ursodeoxy-, and lithocholate. As was explained above, the competing 

 
 

 
 
Figure 6 : Fluorimetric titration curves describing the binding of ursodeoxycholate (■),

chenodeoxycholate (∆), lithocholate (□), deoxycholate (●) and cholate (▲)
to 2 (c=1.0 ×10-5 M) in the presence of N,N’-dinonylviologen (c=5.7×10-4

M). All titrations were performed in an aqueous 0.1 M Tris-HCl buffer of pH
7.0 at 25 °C. 
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viologen guest is ditopic in nature and therefore two monotopic steroids have to be 
bound on neighbouring cyclodextrins in order to block one binding site of the 
viologen. Consequently, the emission will not immediately recover upon addition of 
the bile salts, since binding sites remain available for the quenching viologen. An 
alternative explanation for the occurrence of the sigmoidal binding curve might be 
that these steroids first displace one viologen, which will not result in a significant 
increase of the luminescence since – as has been shown in Chapter 4 – a second 
viologen is still present to quench. Only when this second viologen becomes displaced 
the emission will be recovered. 

To distinguish between these two possibilities the binding curve was simulated using 
the binding data of the viologen (1:2 host-guest complex with binding constants of 
2.4×105 and 4.0×104 M-1 for the first and the second guest, respectively, see Chapter 
4) and ursodeoxycholate (1:4 host-guest complex with an intrinsic binding constant of 
8.7×105 M-1 for each steroid). This model was found to predict the observed sigmoidal 
shape of the binding curve (Figure 7). When the binding constant of the second 
viologen in this model was set to 0, the simulated curve still showed a sigmoidal shape. 
This implies that the shape of the binding curve is mainly caused by a difference in 
topicity of the competing guest molecules. This explanation is further supported by 
the fact that the sigmoidal curve is absent in the case of the luminescence recovery of 
the ditopic guests cholate and deoxycholate. In these cases binding of one bile acid 
immediately blocks one binding site of the viologen. 
Apart from a difference in shape, there is also a difference in response between the 
bile acid salts. Cholate has the lowest binding affinity for 1 (Table 2) and as a result 
also shows the smallest response, with an increase in emission by a factor of only 1.8. 
Deoxycholate and chenodeoxycholate have almost the same binding constant, but 
their response is quite different. For the latter steroid the emission completely 
recovers, i.e. an increase by a factor of 14 is observed as compared to the intensity at 

 
 

 
 
Figure 7 : Simulated luminescence recovery curve for the binding of ursodeoxycholate 

to compound 1 in the presence of the viologen 3. For conditions see text. 
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the start of the titration, whilst the maximum increment in the case of deoxycholate is 
only 4-fold. For deoxycholate this is a weak response, especially when its high binding 
constant is taken into account and the fact that, as a ditopic guest, it should be a better 
competitor for viologen (which is also ditopic). The weak response is explained by the 
fact that under the chosen conditions this guest only occupies one binding site, 
whereas chenodeoxycholate occupies four (vide supra, Table 2). Thus, the sensor 
response is not only governed by the binding constant of the respective analyte, but 
also by the complex stoichiometry. Lithocholate is the only exception, since it shows 
only a weak response, although it has the highest binding constant and complex 
stoichiometry of all steroids. The reason for this remains unclear. 
 

5.4 ——  Conclusions 

 
The ruthenium complexes 1 and 2 appear to be excellent receptors for bile acid salts. 
There is a clear difference in topicity between these steroids, which is related to the 
presence of a hydroxyl group at the C12 position of the steroid skeleton, which is 
close to the complexation site. This OH-group prohibits a deep penetration of the 
compound in the cyclodextrin cavity and therefore leaves a large hydrophobic surface 
of the steroid available for complexation in a second cyclodextrin. Both cholate and 
deoxycholate have this hydroxyl group and consequently behave as ditopic guests; 
they are bound cooperatively by both 1 and by 2, as is reflected by higher binding 
constants when compared to native β-cyclodextrin. In chenodeoxy-, ursodeoxy-, and 
lithocholate the extra hydroxyl group is absent and these steroids are perfectly 
accommodated in one cyclodextrin cavity and thus behave as monotopic guests. This 
results in the formation of complexes that have higher stoichiometries with 1 and 2, 
possessing six and two binding sites for these guests, respectively. Although all these 
binding sites are theoretically available, not all of them are occupied under the chosen 
conditions. 
Using the quenching ability of N,N’-dinonylviologen we have constructed a sensor 
system that switches on its emission when a steroid is present. When the viologen in 
the cyclodextrin cavity is displaced by the steroid, the quenching process can no longer 
occur, and the original emission is partly or completely recovered. Compound 2 has 
only limited applicability as a sensor since its emission is also quenched by the 
presence of a steroid. Complex 1 does not change its emission properties upon 
binding of a steroid and thus can completely recover its initial emission. An additional 
advantage is that complex 1 has a much higher emission than 2. 
Complex 1 is able to differentiate between the series of bile acids which is a 
prerequisite for developing a selective diagnostic test. The differentiation appears to 
arise mainly from a difference in binding stoichiometry of the bile salts to 1, rather 
than from differences in binding constants. 
Since the sensor response depends on the relative ratio of viologen to steroid, the 
concentration of viologen can be chosen to adjust the sensitivity of the sensor system. 
A lower viologen concentration will increase the detection limit, but if it is chosen too 
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low, the emission of the ruthenium complex will not be switched off completely and 
this will increase the background luminescence. 
 

5.5 ——  Experimental 

 
For all binding experiments ultra pure water (Millipore Q2) was used to make a 0.1 M Tris-HCl buffer 
of pH 7.0 which was subsequently used as the standard solvent for all stocks. All titrations were 
performed at 25 °C. 

Fluorimetric titrations 
Fluorimetric titrations were performed using a Perkin Elmer LS 50B spectrophotometer. Excitation 
wavelengths were 468 nm for 1 and 478 nm for 2. Slit widths of 5 nm were chosen for the excitation 
and 10-20 nm for the emission, depending on the intensity. 
For the direct monitoring of the binding of the steroids to 2 a host stock solution with a 
concentration of 1.0×10-5 M was made and this solution was used to prepare the steroid solutions, 
which had concentrations ranging from 3-9×10-4 M depending on the binding constant. In this way 
the host concentration remained constant during the titration. 
The competition experiments involving the viologens were performed using a stock solution 
containing 1.0×10-5 M of the ruthenium complex and 5.7×10-4 M of viologen 3. This solution was 
subsequently used to prepare the steroid guest solutions which had typical concentrations of 5×10-4 
M. This ensured that during the titrations the concentrations of both the host and the viologen 
remained constant. Small aliquots of the steroid solution were added to a cuvet filled with 2.00 mL of 
the ruthenium/viologen solution. After every addition an emission spectrum was recorded and the 
intensity at a fixed wavelength was determined. These intensities were plotted as a function of the 
steroid concentration and the data points were fitted to an appropriate model using a non-linear least-
squares curve fitting procedure. See Appendix (p. 121) for a more detailed description of the fitting 
procedures. 

Microcalorimetric titrations 
Titrations were conducted with the help of a Microcal VP-ITC microcalorimeter with a cell volume of 
1.415 mL. Host concentrations were 1.0×10-5 M in all cases. Guest concentrations typically were 
3.0×10-4 M. Dilution experiments were performed to ascertain that the bile salts were not aggregated 
in the chosen concentration range. The obtained enthalpograms were corrected for the heat exchanges 
due to the dilution of both the host and the guest and analysed using a non-linear least-square 
minimisation method with an appropriate model. See Appendix (p. 121) for a more detailed 
description of the fitting procedures. 
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6  
Strong Porphyrin Binding 

by 

Bipyridine-Spaced Cyclodextrin Dimers 

and  

their Ru(II) Complexes 

6 Chapter 6

Abstract 
 
The binding of porphyrin guest molecules to two bipyridine-spaced cyclodextrin dimers and their 
corresponding tris(bipyridyl) ruthenium(II) complexes is described. The binding experiments with
the dimers reveal that introduction of a short flexible propyl tether between the bipyridine unit and
the cyclodextrins increases the binding affinities of the dimers towards porphyrins. Both dimers 
form strong 1:1 complexes (Kb>108 M-1) with tetrakis(4-sulfonato)phenyl porphyrin (TsPP). 
Moreover, the binding appears to be truly cooperative in comparison with native β-cyclodextrin. 
The ruthenium complexes also display strong porphyrin binding. As in the case of the dimers, the 
introduction of a propyl tether has a marked effect on the binding behaviour. The ruthenium
complex lacking the tether binds only one porphyrin, although more binding sites are in principle 
available. This is probably due to the rigidity of the Ru-complex, which prevents the cyclodextrins 
from cooperating. The ruthenium complex possessing the spacer has an increased flexibility and
binds two porphyrin moieties. Apparently, in this compound the cyclodextrins can cooperate in the 
binding of the porphyrin. The cyclodextrin-porphyrin complexes described here display binding 
constants that are among the highest ones reported in literature for cyclodextrin inclusion
compounds. 

 
 
 
 



Chapter 6 

- 88 - 

6.1 ——  Introduction 
 
In the previous chapters the binding of mono- and ditopic steroid molecules to 
ruthenium complexes of bipyridine-spaced cyclodextrin (CD) dimers has been 
presented. To get a better understanding of the potential cooperative interactions in 
these multiple cyclodextrin hosts, it is of interest to study the binding of large 
multitopic guest molecules. One appealing group of molecules in this respect is that of 
porphyrins, whose binding to cyclodextrins has been studied by many researchers.1-21 
These studies have shown that native β-cyclodextrin forms a 1:2 (porphyrin:CD) 
complex with porphyrins like meso-tetrakis(4-sulfonatophenyl) porphyrin (TsPP). The 
complex has an anti-structure, with the phenyl rings entering the cavity via the 
secondary sides.5,9,14 A syn-arrangement of cyclodextrins can also occur but is sterically 
more demanding. It is not possible, however, for additional cyclodextrins to bind to 
the remaining phenyl groups of the same porphyrin in both syn- and anti-
arrangement. The formation of a 1:4 (porphyrin:CD) complex has been proposed by 
Mosseri et al., but their experimental evidence for this structure is weak.1 

Porphyrins play an important role in various types of enzymes, for instance in 
cytochrome P450, which oxidises xenobiotics to facilitate their excretion from the 
body.22 There are several reports in literature, in particular by the group of Breslow23-

25, but also others,26-33 describing covalently linked cyclodextrin-porphyrin systems, 
which can be used as models for these enzymes. A metallated porphyrin functions as 
the catalytically active centre, while the cyclodextrins provide a hydrophobic binding 
pocket.  
Another area where porphyrins and cyclodextrins meet is that of photodynamic cancer 
therapy, as described by Moser and coworkers.34-38 In this therapy, porphyrins are used 
as sensitisers to generate singlet oxygen at the tumour site upon irradiation. Since the 
porphyrins that are best suited for this purpose are not soluble enough in water and 
thus the blood, cyclodextrin monomers and dimers have been used to enhance their 
solubility. Especially cyclodextrin dimers have proven to be valuable because of their 
high binding affinity to porphyrins.34-36 It is therefore important to further investigate 
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the binding behaviour of cyclodextrin dimers and multimers towards porphyrins, since 
this can produce important data for the development of new carrier systems for 
photodynamic therapy. 
Previous research from our group has indicated that the bipyridine-spaced dimer 1 (see 
page 91) forms a 2:2 complex with TsPP. The complex has an extremely high binding 
constant of over 5×107 M-1,18-20 which was proven by the combination of 
fluorescence, NMR and size exclusion chromatographic studies. The most striking 
observation was the appearance of a sigmoidal binding curve in the fluorimetric 
titration of the porphyrin guest with the dimer (Figure 1), which did not fit with the 
formation of a 1:1 host-guest complex, although the inflection point occurred at a 
molar ratio of 1. 

It was proposed that a 2:2 host-guest complex was formed, presumably via the three-
step mechanism shown in Figure 2. In the first step, one dimer binds to one porphyrin 
via a single cyclodextrin. Since only one cavity is involved, the binding strength for this 
step should be of the same order of magnitude as that of native β-cyclodextrin, i.e. 
1.4×103 M-1,18 and therefore the porphyrin emission will only be marginally quenched 
at the beginning of the titration.  
The bipyridine spacer is too rigid to enable the second cyclodextrin to bind to a 
neighbouring phenyl group of the porphyrin in a syn-geometry. Additionally, CPK-
models have shown that the aromatic spacer is too short to allow the formation of a 
1:1 (porphyrin:dimer) complex with the cyclodextrins in an anti-arrangement and the 
bipyridine moiety bridging over the porphyrin face. In the second step, therefore, a 
second dimer binds to the same porphyrin, again using only one of its cyclodextrins, 
to form a 2:1 complex. Also in this step the binding is realised by a single cavity 
encapsulating one phenyl ring and the binding constant of this step should be of 
similar magnitude as that of the first step. In the 2:1 complex the remaining two 

 

 
 
Figure 1 : Fluorimetric titration curve for the binding of TsPP (2.6×10-7 M) to dimer

1 in the presence (□) and absence (●) of Zn2+ ions in an aqueous
phosphate buffer of pH 7.0 at 25 ºC. (adapted from ref. 18) 
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cyclodextrins are empty and pre-organised to bind a second porphyrin. Since now two 
cavities are involved in the binding, it is expected that this – in combination with the 
pre-organisation – strengthens the binding of the second porphyrin and causes the 
sudden enhancement in the quenching of the TsPP emission at higher concentrations 
of the cyclodextrin dimer. In the proposed mechanism, all cyclodextrin cavities are 
fully occupied and the system therefore optimally utilises all potential binding 
interactions.  
The 2:2 complex can be formed in two ways, either in a planar fashion (2:2A) or in a 
twisted arrangement (2:2B). Molecular modelling showed that in the latter 
conformation the bipyridine nitrogens are in the perfect position for the tetrahedral 
coordination of a metal ion. Indeed, when the fluorimetric titration was performed in 
the presence of 0.5 equivalents of Zn2+ ions the sigmoidal shape of the binding curve 
disappeared and instead a ‘normal’ titration curve was observed (Figure 1). This 
indicates that each metal ion coordinates to two bipyridine units and thus facilitates 
the formation of the 2:2 complex by pre-organising the binding sites. It moreover 
suggests that 2:2B is the most likely structure, in agreement with the NMR spectra of 
the complex.  
In this chapter we present a study of the binding of TsPP in two bipyridine-bridged 
dimers (2 and 3) whose syntheses were described in Chapter 3. Since these dimers 
have longer and more flexible spacers in comparison with dimer 1, they are expected 
to show different types of complexes with the porphyrin. It is more likely for these 
dimers to form a 1:1 complex, with cooperative binding by the cyclodextrin moieties 
within a single dimer molecule, rather than a 2:2 complex, where each porphyrin is 
bound cooperatively by two cyclodextrins from different dimers. Additionally, we 
have investigated the binding of TsPP to ruthenium(II) complexes 4 and 5. Both 

 

 
 
 
Figure 2 : Mechanism for the formation of a 2:2 complex between TsPP and 

cyclodextrin dimer 1. (adapted from ref. 20) 
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complexes have six cyclodextrin binding sites and are anticipated to bind more than 
one porphyrin molecule with high cooperativity. 

 

6.2 ——  Results and Discussion 
 

6.2.1 ——  Binding by Bipyridine-spaced Dimers 
 
The binding of TsPP to the bipyridine-bridged dimers 2 and 3 was initially studied by 
making use of the fact that the porphyrin emission is quenched upon binding to a 
cyclodextrin. It is important to note that these fluorimetric titrations have to be 
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performed at low concentrations of porphyrin (< 5×10-7 M) in order to prevent their 
aggregation, which would also result in quenching.18,19 At high porphyrin guest 
concentrations sometimes an increase in emission intensity is observed upon addition 
of CDs. This is due to the breakdown of the porphyrin aggregates, caused by the 
binding of the cyclodextrins.21 In the latter case the emission intensity can no longer 
be used to study the binding process. 

Figure 3 shows the fluorimetric titration curves for both dimers. As can be seen from 
this figure, the binding curves show a very sharp inflection point indicating strong 
binding. The occurrence of the inflection point at a molar ratio of 1 implies the 
formation of a 1:1 complex. 
The curves display a slight sigmoidal shape which is much less pronounced than in the 
case of dimer 1 (vide supra). This shape did not change upon addition of Zn2+ ions to 
the solution, although the binding of these ions to the bipyridines was evident from 
the shifts in the n-π* transition in the UV spectrum at 300 nm and the increased 
emission at 350 nm upon excitation in the latter band. This emission was much weaker 
in the non-coordinated bipyridines. Coordination of metal ions to dimers 2 and 3 
apparently does not result in a pre-organisation of the binding sites as was the case for 
dimer 1. Due to the flexible spacers, the cyclodextrin moieties in dimers 2 and 3 
perfectly cooperate to jointly bind a single porphyrin, whilst the rigid spacer in dimer 1 
prevents the two binding sites from binding to the same porphyrins, resulting in a 
different, more complex, binding process for the latter dimer, as described above. 
CPK models support these conclusions. We can tentatively conclude, therefore, that 
dimers 2 and 3 form 1:1, rather than 2:2 host-guest complexes. 
To obtain further evidence for the binding stoichiometry we also performed 
Electrospray Ionisation Mass Spectrometry (ESI MS) experiments. This mild 
ionisation technique allows the detection of cyclodextrin inclusion complexes, as has 
been demonstrated before.39-44 We anticipated that the high binding affinities of our 
dimers for TsPP would facilitate the detection of the complex.  

 
 

 
 
Figure 3 : (a) Fluorimetric titration curve for the binding of TsPP to dimer 2 in an 

aqueous 0.1M Tris-HCl buffer of pH 7.0 at 25 ºC. (b) idem to dimer 3. 
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In our first attempts we tried to use the negative charge of the sulfonate groups of the 
porphyrin to measure the complex directly, i.e. without the need of an external 
charging agent. A 1:1 complex would have an overall charge of -4 and, therefore, its 
peak would appear at a m/z value of 1/4 of the molecular weight of the inclusion 
complex and the distance between the isotope peaks would be 0.25 amu. On the other 
hand, the 2:2 complex, having a charge of -8, should give a peak at 1/8 of the 
molecular weight with a peak separation of 0.125 amu. This then would enable us to 
distinguish between the two types of complexes but unfortunately, no signals could be 
observed in the negative mode, not even for the uncomplexed porphyrin in the 
absence of the dimer.  
We then switched to positive mode detection, since it is known that cyclodextrins can 
be detected in this way by the adsorption of Na+ ions to their hydroxyl groups.40 
Indeed, the spectrum of dimer 3 in the absence of the porphyrin showed a peak at a 
m/z value of 1318 amu with isotope peaks at 0.5 amu distance indicating a doubly 
charged species. This peak corresponds with a doubly charged complex of the dimer 
with two sodium ions.  
When the porphyrin was added to the cyclodextrin dimer solution, a small peak arose 
at 1833 amu, which was assigned to the 1:1 complex of 3 with TsPP and two sodium 
ions. The intensity of the peak was rather weak and as a result the resolution in this 
area was too small to determine the distance between isotope peaks. These 
experiments do not exclude the formation of a 2:2 complex. Nevertheless, we felt that 
the formation of a 1:1 host-guest complex was more likely and decided to fit the 
fluorimetric titration curves to a 1:1 model. The resulting binding constants are given 
in Table 1.  

The inflection points in Figure 3 are rather steep and, as a consequence, the curve 
fitting was troublesome, leading to quite large errors (50 %) in the reported values of 
Kb. A solution would be to perform the experiments at lower concentrations of 
porphyrin, but this was not possible due to the detection limit of the 
spectrophotometer.  
The complexation strength displayed by each of the dimers is remarkably high 
compared to that of native β-cyclodextrin to TsPP (Kb=1.4×103 M-1).18,19 The 
measured Kb-values are more than the square of the binding constant of β-

 
 
Table 1 : Thermodynamic parameters for the binding of TsPP to dimers 2 and 3.[a] 
 

 Kb
[b] 

(M-1) 
 Kb

[c] 

(M-1) 
∆H[c] 

(kcal mol-1) 
T∆S[c] 

(kcal mol-1) 
2 1.1×108   3.4×108 -22.4 -10.8 

3 1.3×108   4.8×108 -28.2 -16.3 
[a] Experiments were performed in a 0.1 M Tris-HCl buffer of 
pH 7.0 at 25 °C. [b] From fluorimetric titrations. [c] From 
microcalorimetric titrations. 
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cyclodextrin, which means that the free energie of the binding by the two 
cyclodextrins in the dimer is more than the sum of the free energies of a single 
cyclodextrin. The binding can therefore can be considered as being truly cooperative. 
The complexation is also stronger than for dimer 1, although the processes are not 
completely comparable due to the difference in complex stoichiometry. 
The Kb of dimer 3 is slightly higher than that of 2, although the distance between the 
cyclodextrins in the latter dimer is shorter and seems to be better matched with the 
dimensions of TsPP, according to CPK models. The same models, however, indicated 
that in dimer 3 the bipyridine spacer is more optimally placed to benefit from π-π 
interactions with the aromatic porphyrin core than in 2, due to the fact that the 
cyclodextrins are attached at the 5,5’- rather than the 4,4’-position as in 2. This 
probably accounts for the enhanced binding strength displayed by dimer 3. 

The binding of TsPP was also studied with the help of microcalorimetry yielding the 
enthalpograms shown in Figure 4. Again an inflection point was observed at a molar 
ratio of 1 and the curves were therefore fitted to a 1:1 model in order to determine the 
binding constants (Table 1). The curve fitting additionally revealed the thermodynamic 
parameters ∆H0 and T∆S0 which are given in the same table.  
The data in Table 1 show that the Kb-values determined by this technique are of the 
same order of magnitude as the values determined by fluorescence. This proves that 
the binding affinities of both dimers for TsPP indeed are exceptionally high, even 
when the large errors (~50%) in the reported values are taken into account.  

 
 

 
 

Figure 4: Microcalorimetric titration curves for the binding of TsPP to dimers 2 (a) 
and 3 (b). The upper panels represent the heat flow for every injection of 
guest into host. The bottom panels show the integrated data points 
(squares) and the fit (solid line) according to a 1:1 host-guest model. 
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Another remarkable feature is that the complexation is associated with very high 
changes in enthalpy. By comparison, the binding of a single cyclodextrin to one phenyl 
ring of a porphyrin is characterised by a ∆H0-value of –5.8 kcal mol-1 and a T∆S0-value 
of 2.3 kcal mol-1.17 A possible explanation for the higher values observed for dimers 2 
and 3 compared to a single β-CD is that π-π interactions between the porphyrin and 
the aromatic bipyridine spacer may play a role. The high negative entropy values are in 
line with this explanation, since these extra π-π interactions will further reduce the 
number of degrees of freedom of the complex. 

To get more insight in the geometry of the porphyrin-dimer complexes, an NMR 
spectrum was taken from a 1:1 mixture of TsPP and dimer 3 in D2O. The aromatic 
region of this spectrum was the most revealing part of this spectrum and is shown in 
Figure 5. The presence of sharp signals indicate a slow exchange process at this 
temperature, which is remarkable since inclusion processes with cyclodextrins usually 
display fast exchange.45 
A 2D COSY spectrum was recorded to establish which peaks belonged to the 
porphyrin and which to the bipyridine spacer of the cyclodextrin dimer. For the latter 
compound, peaks were observed at 7.69, 8.79, and 9.05 ppm, which were assigned to 
the bipyridine 6,6’-, 3,3’-, and 4,4’-protons, respectively. When these values are 
compared to the chemical shifts of the uncomplexed dimer in DMSO-d6 (9.1, 8.4 and 
8.6 ppm for the 6,6’-, 3,3’-, and 4,4’-protons, respectively, see Chapter 3), all peaks 
appear to have shifted upfield, suggesting that the bipyridine spacer is lying on top of 
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Figure 5: Aromatic region of the 500 MHz protons spectrum at 298K of a 1:1
mixture of 3 and TsPP in D2O. The peaks labelled with an asterisk are
assigned to the β-pyrrole porphyrin protons. Those labelled with AB are
the AB patterns of the phenyl rings of the porphyrin. The remaining
signals belong to the bipyridine spacer of compound 3. 
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the porphyrin ring as depicted in Figure 6. Since the shifts are most pronounced for 
the 6,6’-protons it is very likely that the plane of the bipyridine is in an orthogonal 
position with respect to the porphyrin ring like in conformation B, rather than being 
parallel as in conformation A. The arrangement of the bipyridine unit in conformation 
B is also the best for optimal π−π interactions with the porphyrin face. 
For the porphyrin, AB-patterns belonging to the phenyl ring protons were clearly 
visible at 8.13/8.43 ppm and at 8.21/8.33 ppm. A 2D NOESY spectrum revealed that 
the inclusion of the porphyrin by the cyclodextrin dimer only involved the phenyl 
rings of the former compound, since cross-peaks were observed between the AB-
protons (Figure 5) of TsPP and the non-anomeric cyclodextrin protons. It is 
remarkable that the phenyl protons in the 1D spectrum give sharp signals, whilst the 
other peaks appear to be much broader. 
The remaining peaks in the 1D spectrum at 7.99, 8.69, 8.84, and 9.42 ppm, and two 
less evident signals at 8.15 and 8.37 ppm (both masked by the AB patterns) were 
assigned to the β-pyrrole protons of the porphyrin.  
Symmetry arguments can now be used to further analyse the complex geometry. For a 
complex with an anti-arrangement of the cyclodextrins around the porphyrin two AB 
patterns are expected for the phenyl ring protons of the porphyrin and two doublets 
for its β-pyrrole protons, each peak having the same intensity. In a syn-configuration 
the situation is different with again two AB patterns for the phenyl ring protons but 
now two doublets and two singlets for the β-pyrrole protons should be observed, each 
having an intensity that is half that of a single peak of the AB pattern.  
In our case a total of six β-pyrrole signals appeared, labelled with asterisks  in Figure 5. 
Unfortunately, we could not verify their multiplicity, due to the low resolution of the 
1D spectrum. Also the 2D COSY spectrum lacked the required resolution for these 
small peaks and the absence of cross-peaks between the β-pyrrole protons, therefore, 
cannot be seen as evidence that they are singlets. Consequently, we were unable to use 
multiplicity arguments to distinguish between syn and anti-arrangements.  
The six signals were tentatively divided into two sets, based on their chemical shifts. 
One set involved the protons at 8.15 and 8.36 ppm (masked by the phenyl signals), 
which appeared at almost the same chemical shift as that of the β-pyrrole protons of 
uncomplexed TsPP in D2O. These two signals were assigned to a complex with an 
anti-arrangement of the cyclodextrins, in which the bipyridine unit is oriented as 
depicted in Figure 6B. In this arrangement, aromatic ring currents of the bipyridine 
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Figure 6 : Two possible conformations for the porphyrin complexation by dimer 3. 
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moiety can hardly affect the chemical shifts of the β-pyrrole protons, because they are 
too far away.  
The four remaining signals represent the other set of β-pyrrole protons. Although four 
is the required number of peaks for a syn-arrangement of the cyclodextrins around the 
porphyrin, it seems very unlikely that such a syn-complex will be formed, since it is 
sterically more demanding than the anti-complex. The spectrum is better explained 
when it is assumed that the bipyridine spacer is not positioned symmetrically over the 
porphyrin face, but tilted towards one side. This removes one of the two symmetry 
axes in the anti-arrangement and the β-pyrrole protons, therefore, are no longer 
equivalent, giving rise to four peaks instead of two. This also explains the upfield and 
downfield shifts of these β-pyrrole protons compared to uncomplexed TsPP, because 
in the non-symmetric arrangement the bipyridine moiety is close enough to these 
protons to affect their chemical shifts by shielding effects.  
It is likely that the non-symmetric and symmetric conformations of the anti-
arrangement exchange with each other. This is also indicated by the appearance of 
additional cross-peaks between the β-pyrrole protons in the 2D NOESY spectrum, 
which cannot be caused by spatial proximity. Confirmation that these extra cross-
peaks are due to an exchange process could have come from ROESY experiments, 
which however were not carried out. Some support for the exchange comes from the 
fact that the β-pyrrole signals are less sharp than the signals of the phenyl protons of 
the porphyrin, indicating a difference in dynamic behaviour. An exchange process is 
not unlikely, since the twisting of the bipyridine unit will be faster than the 
decomplexation of a phenyl ring from the cyclodextrin cavity. 
 

6.2.2 ——  Binding by Ruthenium(II) Complexes 

 
After having established the binding of the porphyrins in the cyclodextrin dimers, we 
set out to study their binding in the cavities of ruthenium complexes 4 and 5. Due to 
the presence of multiple binding sites in these compounds, more than one porphyrin 
can be bound within one ruthenium complex. These porphyrin-ruthenium complexes 
in their turn could be interesting for catalytic purposes. 
We first studied the binding in complex 5 by adding a solution of this compound to an 
aqueous solution of TsPP. The luminescence of the porphyrin was quenched, 
indicating binding (see Figure 7a). A Job-plot revealed that a complex with a 1:1 
stoichiometry was formed (maximum at molar fraction of 0.5, see Figure 7b). 
As was shown in Chapter 4 for the binding of viologens to complex 4, fluorimetric 
determinations can be misleading. In the viologen case, the inflection point and a Job-
plot indicated a 1:1 stoichiometry, but microcalorimetry revealed that a 1:2 complex 
was formed. This could not be observed by the fluorescence titration experiment 
because the emission of 4 was already completely quenched after the binding of the 
first viologen unit. In the present case the luminescence of the guest is used, rather 
than that of the host and, therefore, this titration is not affected by these effects and it 
can be concluded that 5 indeed binds only one porphyrin molecule. 
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The binding curve was fitted to a 1:1 host-guest complex, yielding a Kb-value of 
1.6×106 M-1, which is a high value. The cyclodextrins in complex 5 apparently cannot 
easily cooperate because only one porphyrin is bound, despite the presence of multiple 
binding sites. This is not unlikely, given the fact that compound 5 is sterically very 
congested. Moreover, as we have seen in Chapter 4, NMR experiments have indicated 
that one of the three ligands has a conformation that is different from the other two. 
Furthermore, the binding experiments with dimer 1 showed that the bipyridine spacer 
is too rigid to enable both cyclodextrins of this compound to cooperate in the binding 
of one guest. In the ruthenium complex, therefore, cyclodextrins on different ligands 
have to be involved in the binding of the single porphyrin, thereby further restricting 
the binding possibilities. 
In comparison with 5, ruthenium complex 4 is less sterically crowded, since it has 
flexible propyl spacers. Moreover, the cyclodextrins are directed more towards the 
periphery of the complex, because they are connected via the 4,4’- instead of the 5,5’-
positions of the bipyridine ligand. 
The binding of porphyrins in 4 could not be studied by monitoring the porphyrin 
emission because the broad MLCT absorption (460 nm) of compound 4 was found to 
overlap with the Soret band of the porphyrin (420 nm) and also the emissions of both 
compounds were in the same wavelength region (650 and 600 nm for 4 and TsPP, 
respectively). A solution was found by looking at the emission of the ruthenium 
complex, which can be selectively excited because the Soret band is very narrow. The 
luminescence of 4 is quenched, presumably by energy transfer to the bound porphyrin, 
rather than via electron transfer as was observed for the binding of viologens (see 
Chapter 4). 
Figure 8a displays the titration data for the binding of TsPP to 4. As can be seen from 
this figure, the inflection point occurs at a molar ratio of 1:2 (4:TsPP) which is 
confirmed by a Job-plot showing a maximum at a molar fraction of 0.66 (Figure 8b). 
Due to the flexibility of 4 compared to 5, the binding sites are no longer blocked and, 
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Figure 7 : Fluorimetric titration curve (a) and Job-plot (b) for the binding of TsPP to 

ruthenium complex 5. 
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therefore, more than one porphyrin guest can bind to 4, whereas only one binds to 5. 
Curve fitting to a sequential 1:2 binding model yielded binding constants of 
Kb=1.3×108 M-1 for the binding of the first porphyrin unit and Kb=8.3×104 M-1 for 
the second one. The value of Kb for the first guest is the same as that observed for the 
binding to the related dimer 2. From this we can tentatively conclude that the binding 
of porphyrins to 5 takes place in a similar fashion as in 2, i.e. two cyclodextrins of one 
ligand bind the porphyrin via the phenyl rings of the latter compound in an anti-
arrangement. Apparently, this binding mode is not restricted by the presence of the 
ruthenium complex. The binding of the second porphyrin is much weaker, and this 
reflects the blocking of the remaining binding sites by the binding of the first guest, i.e. 
a negative allosteric effect is operative. Since the binding constant of the second guest 
is already 1500 times smaller than that of the first one, the binding of a third 
porphyrin moiety to 4 will be very unlikely. 
 

6.3 ——  Conclusions 

 
The cyclodextrin–porphyrin complexes described in this chapter are extremely stable 
and display binding constants that are among the highest ones reported in the 
literature for cyclodextrin inclusion compounds. 
The binding experiments with the bipyridine-spaced cyclodextrin dimers 2 and 3 
reveal that the introduction of a small flexible propyl spacer between the cyclodextrins 
and the bipyridine unit increases the binding affinity towards porphyrin guest 
molecules in comparison with dimer 1. In addition, complexes with a different 
stoichiometry are formed, because both cyclodextrins in 2 and 3 are able to act 
cooperatively in the complexation of the same porphyrin, whereas this was impossible 
for dimer 1, as a result of the rigidity of the latter molecule. Dimer 1 forms a more 
complicated 2:2 complex, instead of a 1:1 complex. The binding constants of 
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Figure 8 : Fluorimetric titration curve(a) and Job-plot(b) for the binding of TsPP to

ruthenium complex 4. 
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porphyrins to dimers 2 and 3 are extremely high and the binding appears to be truly 
cooperative. Because of their strength, these systems resemble the binding of antigens 
to antibodies. 
The same argument of rigidity can also be used to explain the difference in binding 
behaviour of the ruthenium complexes 4 and 5. The latter compound only binds one 
porphyrin molecule, although more than one binding site is available. Complex 5 is 
sterically too congested and, as a result, the cyclodextrins in this compound cannot 
cooperate easily in the binding process; this is also reflected in the observed low 
binding constant for the porphyrin compared to compound 4, even though this 
binding constant is still very high in comparison with the binding to native β-
cyclodextrin. The increased flexibility of compound 4 in comparison with 5 allows the 
former one to better use its potential binding sites and, consequently, two porphyrin 
guests are bound by the latter complex instead of only one. The Kb-value for the 
binding of the first porphyrin moiety to 4 is the same as that for the binding to the 
related dimer 2 and thus we may tentatively conclude that the binding sites, and 
therefore the binding geometry, are the same. Since the binding of the second 
porphyrin is much lower, the system is characterised by a negative allosteric effect.  
The present studies have shown that neither compound 4 or 5 fully utilises all its 
potential binding sites for the binding of the large porphyrin guests. The remaining 
cyclodextrin moieties might still be available for the binding of smaller guest molecules 
and this offers interesting opportunities for the use of the porphyrin complexes as 
synthetic enzyme mimicks 
 

6.4 ——  Experimental 
 
For all binding experiments ultra pure water (Millipore Q2) was used to make a 0.1 M Tris-HCl buffer 
of pH 7.0 which was subsequently used as the standard solvent for all stock solutions unless otherwise 
indicated. All titrations were performed at 25 °C. Tetrakis(4-sulfonatophenyl) porphyrin (TsPP) was 
purchased from TCI. 

Electrospray Experiments 
Mass spectra were recorded on a Finnigan Mat 900S mass spectrometer. A solution was made of 3 
and TsPP in a 1:1 molar ratio, both having a concentration of 1×10-5 M, in a mixture of H2O and 
MeOH (1:1, v/v). No additional charging agents were used. 

Fluorimetric titrations 
Fluorimetric titrations were performed using a Perkin Elmer LS 50B spectrophotometer. Excitation 
wavelengths were 418 nm for TsPP and 468 nm for 4. Slit widths of 5 nm were chosen for the 
excitation and 10-20 nm for the emission depending on the intensity. 
For the study of the binding of TsPP to 2, 3, and 5 a porphyrin stock solution with a concentration of 
2.0×10-7 M was made and this solution was used to make the host solutions, which had 
concentrations ranging from 2-20×10-6 M depending on the binding constant. In this way the guest 
concentration was kept constant during the titration. The binding of TsPP to 4 was studied by making 
an aqueous solution of 4 (1.0×10-5 M) and preparing the porphyrin stock of 1.0×10-4 M from this 
stock solution. 
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Microcalorimetric titrations 
Titrations were conducted on a Microcal VP-ITC microcalorimeter with a cell volume of 1.415 mL. 
Host concentrations were 2.5×10-6 M in all cases, TsPP concentrations were 4.5×10-5 M. Dilution 
experiments on the porphyrins indicated that they are aggregated under these conditions, but the 
associated heat changes were too small to be of influence on the titrations.17 The obtained 
enthalpograms were corrected for the heat exchanges due to the dilution of both the host and the 
guest. 

NMR experiments 
NMR spectra were taken on a Bruker DRX 500 machine. The experiments were conducted in D2O at 
298 K with a 1:1 molar mixture of TsPP and 5 at a concentration of 1×10-4 M for each component. 
At this concentration we can assume that complex formation is virtually 100%. 
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7  
Cyclodextrins  

as Coatings  

on a  

Surface Acoustic Wave  

Sensor Device 

Abstract 
 

A gas phase surface acoustic wave sensor device employing Love Waves is described. Three
cyclodextrin based coatings, having different substituents on their OH-groups, show markedly 
different sensing behaviour due to differences in hydrophobicity. A hydrophilic coating is shown to be 
very sensitive to water vapour. As the hydrophilicity is gradually reduced, by having more hydrophobic
substituents on the cyclodextrins, the coatings become less sensitive to water and at the same time
their sensitivity towards organic vapours such as toluene is increased. Rather than by supramolecular 
host-guest interactions, the response is governed by partitioning of the analyte between the gas phase
and the chemical interface of the sensor.  
Experiments in water indicate that the devices also show good stability in this medium. Binding of the 
large protein streptavidin to a biotin-covered sensor having a sensitivity of 27 Hz/(cm2/ng) is 
demonstrated to give a large response of 7 kHz. This holds much promise for the use of these devices 
for the detection of small organic molecules in solution. 
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7.1  ——  Introduction 

 
Piezoelectric devices have received increasing interest in recent years since they offer a 
simple and inexpensive alternative for systems currently used in sensors.1-4 Acoustic 
sensors have proven to be very well suited for measuring physical parameters such as 
viscosity and temperature. To convert them into chemical sensors a chemical 
interphase has to be applied to the sensor which interacts with analytes.  
Bulk acoustic wave (BAW) devices such as the well known Quartz Crystal 
Microbalance (QCM, see § 2.3.1) have been used in a number of applications.5-7 The 
resonance frequency of a QCM is related to the mass loading on the surface of the 
sensor via the Sauerbrey equation: 
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In this equation ∆F represents the measured frequency change, F0 is the operating 
frequency of the crystal, N is a constant, ρq is the density of the quartz, A is the 
surface area of the crystal coating and ∆m is the mass loading onto the crystal. The 
sensitivity of microbalances, however, is limited by the thickness of the quartz crystal, 
which cannot be reduced below certain values without affecting the durability and 
robustness of the sensors. 
An alternative to BAW devices, are Surface Acoustic Wave devices (SAW) that use 
interdigitated transducers (IDTs) to electrically excite acoustic waves, which are 
confined to the surface of the sensor. SAW devices usually show a higher sensitivity 
because they can operate at higher frequencies than BAWs. According to the 
Sauerbrey equation, a doubling of F0 will result in a fourfold increase in sensitivity.  
Among the commonly used devices, Rayleigh type wave sensors have proven to 
possess high sensitivities because they concentrate the acoustic energy at the surface 
without penetration into the bulk of the device. In liquids, however, they have a 
serious disadvantage since they display a particle displacement perpendicular to the 
surface. As a consequence, compressional waves are excited in the liquid, leading to 
damping of the acoustic waves. Polarisation of the waves is essential to obtain a device 
with sufficient sensitivity in solution. Shear horizontal wave modes offer an elegant 
solution to this problem, of which the so-called Love waves have been shown to be 
theoretically8 and practically9-12 the most sensitive ones. Love waves propagate in a 
thin guiding layer, which is deposited on a piezoelectric substrate. They offer the 
advantage of being applicable in solution, as well as of having a higher sensitivity than 
Rayleigh type sensors in gas phase sensing. 
In this chapter, the studies towards the development of a Love Wave sensor device 
with cyclodextrins as the chemical interphase are presented. After a description of the 
properties of the device, which was developed by the group of Dr. Michiel Vellekoop 
at the Delft University of Technology, we present the response data for three different 
cyclodextrin coatings, 1-3, for both water and toluene vapour. Although the coatings 
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have the same β-cyclodextrin as their basis, their response to these vapours is rather 
distinctive due to the different hydrophobic substituents present in these molecules. 
As we will show, the best of these coatings, viz. 3, allows detection of toluene vapour 
at concentrations as low as 10 ppm. In the last paragraph we present an initial study 
towards the use of this device for sensing in aqueous solution. For this we used a 
coating of biotin-endcapped polystyrene and relied on the well known strong biotin–
streptavidin interaction to generate a sensor response. 

7.2 ——  Setup of the Love Wave Device 

 
A schematic representation of the Love Wave device that was used in these studies is 
given in Figure 1. The devices consist of two delay lines. One contains the chemical 
interphase and the other delay line is a reference, which is introduced to correct for 
changes in physical parameters such as temperature, pressure and flow speed. The 
response of the reference line is subtracted from the response of the sample delay line 
which contains the coating. 
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Figure 1 : (a) Schematic drawing of the Love Wave SAW device, with top (b) and
side views (c). The thickness of the layer of SiO2 is represented by h and
d is the centre-to-centre distance between the IDTs. 
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The characteristics of the devices are collected in Table 1. Five different devices 
(Kun1-5) with different properties were engineered to find out which configuration 
showed the best sensor properties. Devices Kun4 and Kun5 are the same so these can 
be used as a test for the reproducibility of the fabrication process. The thickness of the 
layer of SiO2 is represented by h, and λ is the acoustic wavelength, which is related to 
the centre-to-centre distance between the Interdigitated Transducers (IDTs) (see 
Figure 1). The ratio of these two values (h/λ) is an important parameter for the 
theoretical sensitivity of the device. It has been shown that for a SiO2 / ST-quartz 
configuration a ratio of 0.18 gives the most sensitive devices.9 Devices Kun4 and 
Kun5 approach this value best and are therefore expected to generate the highest 
responses. 
The reported sensitivity of each device is a theoretical maximum; the value observed 
in practice will probably be lower. The values refer to the frequency change upon a 
mass loading of 1 ng on a surface of 1 cm2. With an estimated active sensor surface of 
9 mm2 this means for instance that a mass loading of 1 ng to a fully coated Kun1 
device will result in an overall frequency response of 133 Hz (see also equation 2, page 
108). These values are well in the measurable range of commercially available 
frequency counters. 
The temperature coefficient represents the sensitivity of the device for changes in 
temperature. An integrated temperature sensing element registers the changes in this 
parameter and these can in principle be used to correct the actual response of a delay 
line for temperature fluctuations. A negative value indicates a decrease in frequency 
upon raising the temperature. 
 

7.3 ——  Sensing of Organic Vapours 

 
Most acoustic wave sensors for volatile organic compounds use a polymer coating as 
the chemical interface.13-17 The introduction of cavity compounds in these coatings, 
such as calixarenes18-25 and cyclodextrins,6,17,26-32 has already been reported and these 
sensors are claimed to be much more selective through their ability to recognise 
certain analytes by supramolecular host-guest interactions.33-39 Recently, however, 
Grate et al. demonstrated that in organic vapour sensing, partitioning of an analyte 
between the gas and the condensed phase (i.e. the material adsorbed to the sensor 

 
Table 1 : Physical properties of the Love-Wave devices Kun1-5. 
 

 Kun1 Kun2 Kun3 Kun4 Kun5 
h (µm) 4 4 6 6 6 
λ (µm) 52 40 52 40 40 
h/λ 0.08 0.10 0.12 0.15 0.15 
Foperating (MHz) 92 115 88 110 110 
Temperature coefficient (ppm/K) -6 +2 +4 +10 +10 
Sensitivity Factor (Hz/(cm2/ng)) 12 24 15 27 27 
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layer) is the most important factor that determines the selectivity of the sensor. They 
showed that the selectivity patterns of an SAW sensor coated with α-cyclodextrins was 
virtually the same as that of a sensor with either a poly-epichlorohydrin or 
polysiloxane coating, independent of the potential for the cyclodextrin to include the 
analyte.40 
In general, complete selectivity of a chemical interface for one specific analyte will be 
very hard to accomplish. However, it is still possible to perform a complete analysis of 
a mixture of organic vapours by using an array of sensors with several coatings, each 
of which responds differently to the mixture. By means of pattern recognition and 
neural networks the composition of the mixture can be determined as has been 
demonstrated by Nakamoto et al.41 who developed an QCM array to differentiate 
between several whisky aromas with a recognition probability of 94%.  
For such an array, it is essential to have coatings of various compositions. 
Cyclodextrins are interesting in this respect, because their OH-groups can be easily 
functionalised with various substituents, thereby generating sensor surfaces with 
specific polarisability, hydrogen bond donor - acceptor properties, etc. Thus, rather 
than using their host-guest properties, we chose to use the chemistry of cyclodextrins 
to fine-tune the properties of the chemical interface.  
 

7.3.1 ——  Deposition of the Cyclodextrin Coating 

 
For our experiments we chose three different cyclodextrin coatings (1-3), varying in 
hydrophobicity. Coating 1 is a commercially available cyclodextrin polymer where the 
individual cyclodextrins are crosslinked with epichlorohydrin. Although some of the 
free hydroxyls of the cyclodextrins are used to create the connections between the 
CDs, this coating is still relatively hydrophilic due to the presence of the remaining 
OH groups, e.g. on these crosslinks. In coating material 2 the primary hydroxyl 
functions are protected by bulky apolar tert-butyldimethylsilyl groups, which makes 
this coating more hydrophobic. The last coating (3) has all its C2 and C6 hydroxyls 
derivatised by methylation, rendering only the C3 OH groups free. Of all three coating 
materials, coating 3 is expected to be the most hydrophobic one. 
The coatings were deposited by putting a drop of a stock solution of the cyclodextrin 
derivative in a suitable solvent on the active sensor surface, i.e. the square between the 
two IDTs. Only this surface ‘feels’ the acoustic waves and thus takes part in the 
sensing event. Coating deposited outside this surface will not generate a sensor 
response. After evaporation of the solvent, a thin film of the coating will form on the 
sensor surface. Spincoating would have given a much more homogenous film but the 
vulnerability of the device and especially the very thin connection wires prevented the 
use of this technique.  
After the coating was deposited, the resonance frequency of the sample delay line 
appeared to have decreased in accordance with the increased mass of the surface, 
while the reference line remained unaffected. The mass loading of the surface can be 
calculated with equation 2, which is derived from the Sauerbrey equation: 
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In this formula ∆m is the mass loading in ng, |∆F| is the absolute value of the 
associated frequency change in Hz, S represents the sensitivity factor of the respective 
device in Hz/(cm2/ng)) (reported in Table 1) and 0.09 is the area of the active sensor 
surface in cm2.  

The measured frequency changes and the calculated mass loadings are given in Table 
2. The mass of the deposited coating theoretically should be 580 ng. As can be seen 
from the data in Table 2 the observed mass loadings are in the same order of 
magnitude but always fall below this value. This could arise either from the fact that 
the sensitivity factor is lower than the theoretical maximum value (vide supra) or from 
the fact that coating material is deposited outside the active sensor surface. Since the 
values for devices Kun3 and Kun4 approach the calculated maximum mass loading 
very well we can conclude that the error is mainly caused by deposition inaccuracies. 
To test the reproducibility of the deposition procedure of the coating of the sensors, 
device Kun5 was selected and coated and cleaned four times with the same stock 
solution of cyclodextrin polymer 1. The resulting mass loadings of the coating were 
determined and they turned out to be very well reproducible with an accuracy of 
approximately 10%. 
 

7.3.2 ——  Response to Water Vapour 

 
To test whether the selected coatings indeed had different hydrophobicities, we first 
studied their response to water vapour. The measurements were conducted with a so-
called ‘bubbler’ setup, which generates a saturated water vapour in a stream of 
nitrogen. A schematic drawing of this setup is shown in Figure 2. To generate a 
constant flow of gas of 150 mL/min over the sensor a mass flow controller was used. 
Since the SAW device is very sensitive to temperature changes, the flow cell was 
thermostated by placing it on a temperature controlled electrical heater.  
The actual ‘bubbler’ – consisting of a vessel of water immersed in a thermostated 
water bath – was operated by a six-way valve. This enabled switching between a 

 
Table 2 :  Observed frequency changes and calculated mass loadings due to the 

deposition of a coating of compound 1 onto sensor devices Kun1-5. 
 

 Kun1 Kun2 Kun3 Kun4 Kun5 

∆F (kHz) 48.1 80.2 96.2 172.2 128.3 

∆m (ng) 360 300 577 574 427 
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stream of pure nitrogen (cleaning mode, Figure 3) and a stream of nitrogen saturated 
with water vapour (measuring mode). To generate a gas stream with a constant 
concentration of water, it is very important to control the temperature of the water 
vessel, since the evaporation of a liquid is very temperature dependent. A change in 
temperature of the gas stream will also affect the resonance frequency of the SAW 
device and, therefore, the temperature of the evaporation vessel was kept the same as 
that of the SAW device (25 °C). 
A typical example of an experiment is shown in Figure 4 in which the response to 
water is measured. The two lines in the left graph represent the responses of the 
reference delay line (grey line) and the delay line coated with cyclodextrins (black line) 
to four consecutive exposures to water vapour. The response time of the sensor 
system is very short, i.e. immediately (< 1 s) after switching to water vapour a change 
in the resonance frequency is observed and immediately after switching back to a pure 
nitrogen stream the desorption process starts. The resonance frequencies of both 
delay lines return to their original values, proving that the vapour adsorption is 
completely reversible. 
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Figure 2 :  Schematic representation of the sensor setup. 
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Figure 3 :  Schematic representation of the six-way valve which controles the
bubbler and enables switching between a cleaning mode and a measuring
mode. 
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The right graph (Figure 4b) shows the relative response, which is obtained by 
subtracting the response of the reference delay line from the response of the delay line 
with the coating.  
It is evident from Figure 4 that the delay line without the cyclodextrin coating also 
responds to water vapour. This could either be caused by non-specific adsorption to 
the surface of the sensor or by changes in temperature and pressure of the gas stream 
that occur upon switching. In some cases the switching was accompanied by small 
temperature changes of the sensor (less than 1 K), as detected by the built-in 
temperature sensing element of the SAW device. These changes, however, are too 
small to explain the relatively large response of approximately 1 kHz of the reference 
delay line. According to the temperature coefficient reported in Table 1, a response of 
this size would have to be caused by a temperature increase of 10 K. Moreover, the 
devices respond to changes in physical parameters much faster than observed here. 
The response therefore seems to be related to mass loading on the surface of the 
reference delay line. From the difference in shape of the curves of the reference and 
the sample delay lines it can be deduced that the mass loadings have different kinetics. 
These processes, therefore, appear to be caused by two different mechanisms, which 
supports our tentative conclusion that non-specific water binding causes the response 
of the reference line. 
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Figure 4 :  Absolute (a) and relative (b) response curves for device Kun5 towards 

saturated water vapour in a nitrogen stream. The response of the sample 
delay line is given in black, that of the reference delay line in grey. 
Downward arrows indicate switching to measuring mode and upward 
arrows indicate switching to cleaning mode. 

Table 3 : Mass loadings of all SAW devices coated with 1 and frequency responses 
towards water vapour. 

 
 Kun1 Kun2 Kun3 Kun4 Kun5 

∆F (kHz) 8 17 7 25 17 

∆m (ng) 56 65 42 83 57 

Mass of the coating 360 300 577 574 57 

Percentage water adsorption 15 22 7 14 13 
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In Table 3 the results of the water sensitivity tests of the SAW devices containing a 
coating of 1 are summarised. At first sight the frequency responses appear to show a 
large variation. The devices, however, possess different sensitivities and the changes in 
frequency, therefore, have to be converted to mass loadings before a comparison can 
be made. Once converted, the responses of the different devices appear to be of the 
same order of magnitude. It is interesting to note that the amount of absorbed water is 
7-22 % of the mass of the cyclodextrin coating (see Table 3). Although they apply to 
different compounds, the present values are roughly the same as the water content of 
natural cyclodextrins under ambient conditions, which is reported to be approximately 
10 %.42  

To test also the water sensitivity of coatings 2 and 3, device Kun4 was selected and 
coated with 2 and 3, respectively, by applying a drop of a solution of these compounds 
in dichloromethane. Both coatings showed a response of approximately 500 Hz 
towards a nitrogen stream saturated with water vapour (Figure 5). This small response 
is in clear contrast with the large response of 25 kHz observed for coating 1. As 
expected coatings 2 and 3 – having part of their hydroxyl functions protected with 
apolar groups – are more hydrophobic than 1 and therefore have a lower capacity to 
adsorb water molecules. 
 

7.3.3 ——  Response to Toluene Vapour 

 
Having established the sensitivity of the coatings to water, we set out to evaluate their 
potential to detect organic vapours. As the analyte we selected toluene, since this is a 
well known guest molecule for cyclodextrins and has been tested before in acoustic 
sensor systems by other researchers.31,37,43 We used the same bubbler setup as we used 
for the experiments with water vapour. To ensure that the gas stream reaching the 
sensor was sufficiently dry, a standard dry-tower containing successive layers of 
calcium chloride (CaCl2), potassium hydroxide (KOH), and blue silica was 
incorporated in the setup between the mass flow controller and the bubbler. 
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Figure 5 :  Relative response curves of device Kun4, coated with 2 (a) and 3 (b)

respectively, towards a nitrogen stream saturated with water vapour. 
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A typical experiment is shown in Figure 6 for device Kun3 with a coating of 1. 
Analogous to the water vapour studies, the response developed fast and both delay 
lines showed a mass loading effect. The difference in kinetics of the mass loading of 
the reference and sample delay lines can, similar to what was observed for the water 
vapour experiments, be seen as evidence for non specific absorption of gas molecules 
to the surface of the reference delay line. 
The data in Figure 6b show that the initial toluene response amounts to approximately 
800 Hz and that this response gradually decreases to a value of 100 Hz after 4 
successive exposures. This effect is probably related to residual water vapour present 
in the setup, to which this coating is particularly sensitive (vide supra). Although we 
used analytical grade toluene, the filling of the bubbler was done under ambient 
conditions, under which the introduction of water could not be avoided. When the 
system was thoroughly purged with toluene vapour before each measurement a 
constant response of 100 Hz for each exposure to toluene was observed. All other 
devices showed similar response behaviour towards toluene with frequency changes of 
approximately 100-200 Hz. Compared to the frequency changes observed for the 
exposures to water vapour, these values are rather small and this raises the question 
whether the observed responses are genuinely due to toluene or must be ascribed to a 
small amount of water which might still be present in the system.  
Coatings 2 and 3 have proved to be much less sensitive to water vapour and therefore 
their response towards toluene was also investigated. Again device Kun4 was selected 
and after application of the respective coatings the response to saturated toluene 
vapour was measured (Figure 7). Coating 2 showed a maximum frequency change of 
300 Hz, which is equal to a mass loading of 1 ng of toluene. The response of coating 3 
was much bigger and amounted to 9 kHz. This value corresponds to a mass loading of 
30 ng. Both responses are significantly higher than the response of coating 1.  
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Figure 6 :  Absolute (a) and relative (b) responses of device Kun3 containing a 

coating of 1 towards a nitrogen stream with saturated toluene vapour. 
The response of the sample delay line is given in black and that of the 
reference in grey. Arrows indicate switching events.  
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In general, the response of a gas sensor is governed by partition of the analyte 
between the gas phase and the chemical interphase. The partition factor itself is related 
to the volatility of the analyte, viz. compounds having a low boiling point will show a 
low sensor response, since they are less prone to adsorb to the surface. Water and 
toluene have roughly the same boiling point and should, therefore, generate a similar 
sensor response. If there are specific interactions of the analyte with the coating 
material, deviations from this general behaviour can be expected. Our experiments 
showed that coating 1 is very sensitive towards water vapour, but displays a rather 
small response to toluene. Coating 3 on the other hand displays the reverse behaviour: 
it is very sensitive for toluene but not to water. Coating 2 is the intermediate film, 
which can hardly differentiate between water and toluene.  

Since all coatings have the same β-cyclodextrin as their base, it is remarkable that they 
show such a large variation in response towards toluene in the gas phase, whereas in 
aqueous solution their binding behaviour would not have displayed such a large 
difference.44 From these findings we can conclude that the forces which govern the 
binding to cyclodextrins in solution, i.e. hydrophobic interactions, are not valid in the 
gas phase. Apparently, the idea of host guest binding to cyclodextrins in these types of 
sensors has to be abandoned, and this conclusion was also recently drawn by other 
researchers.40 The specific interactions that we observe here can be explained by 
taking into account the polarity of the coatings. Coating 1 is the most hydrophilic 
material and therefore more selective towards polar compounds such as water. Being 
the most hydrophilic of all three coatings, coating 3 is more sensitive to the apolar 
analytes, such as toluene. 
To test the detection limit of the sensors, we changed the vapour generation setup to a 
more advanced setup, in which nitrogen gas can be mixed with a commercially 
available gas-mixture of 100 ppm of toluene in nitrogen (Figure 8). This setup 
generated toluene vapours of 10-100 ppm with nitrogen as the carrier gas. The 
concentration was controlled by the ratio of flows of the two mass flow controllers 
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Figure 7 :  Relative responses of device Kun4, coated with 2 (a) and 3 (b)

respectively, towards a nitrogen stream with saturated toluene vapour. 
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(MFCs). It is important to note that the overall flow should be kept constant, since the 
SAW devices appeared to respond very sensitively to flow changes. 
Coating 1 only showed a marginal response to saturated toluene vapour and in this 
new setup no response was detected at all. This coating responded the most sensitively 
to the presence of water and, therefore, this result indicated that the setup generated a 
gas flow which was sufficiently dry. Coatings 2 and 3 were more sensitive towards 
toluene and showed a response of approximately 30 and 50 Hz, respectively, to a gas 
stream containing 100 ppm of toluene (Figure 9).  

Since coating 3 was the most sensitive one, it was further studied and exposed to three 
different concentrations of toluene vapour (Figure 10a). Concentrations as low as 10 
ppm still gave a measurable sensor response of 5 Hz, corresponding to a toluene up-
take of 16 pg. The latter values approach the detection limit of the system. Small 
fluctuations in the baseline of the experiment in Figure 10a can be ascribed to 
temperature instabilities of the system. When the response was plotted versus the 
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Figure 8 :  Schematic drawing of the gas mix setup to generate gas streams with 10 

– 100 ppm of toluene. The concentration is determined by the ratio of 
flows controlled by the two Mass Flow Controllers (MFC’s). 
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Figure 9 :  Relative response curves recorde for device Kun4, coated with 2 (a) and 
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concentration of toluene (Figure 10b), a straight line was obtained, indicating a linear 
relationship in this domain. The selected region however is too small to allow 
extrapolation of this relationship to higher concentrations of toluene vapour. 

7.4 ——  Sensing in Aqueous Solution 

 
Love Wave devices are especially designed for sensing in solution9,11,12,45 and some 
examples of biosensors based on these type of acoustic wave sensors have already 
appeared in the literature.10,46,47 For the detection of low molecular weight analytes the 
question remains open whether the sensitivity of Love Waves is sufficient. 
To test our devices in aqueous solution we decided to rely on the well-known, strong 
biotin–streptavidin interaction (Kb~1015 M-1) to generate a sensor response, since this 
combination has been used before by other researchers using QCM48,49 and SAW47 
devices. Streptavidin is a protein with a mass of 6.0 kD that consists of four identical 
subunits, each of which can bind one biotin molecule.49-51 A single binding event will 
therefore give a significant mass loading on the surface, which should be easily 
detected. The binding sites can be divided into two pairs which are located on 
opposite sites of the protein.51 A schematic representation of the setup of this sensing 
experiment is given in Figure 11. 
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Figure 10 :  (a) Relative responses of device Kun 4 coated with 3 towards three

concentrations of toluene vapour. (b) Concentration dependence of the
response for this device. 

 

 

 
 

Figure 11 : Schematic drawing of the sensing experiment involving biotin and
streptavidin. 
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7.4.1 ——  Deposition of the Coating 

 
As a coating we used biotin endcapped polystyrene (Mn = 9147; Mn/Mw = 1.03), 
which was synthesised in our laboratory. From this compound, a stock solution was 
made and a drop was placed on the active sensor surface, after which the solvent was 
allowed to evaporate. Since device Kun5 has the highest theoretical sensitivity, this 
device was selected for this study.  
After coating, the frequency of the sample delay line had dropped and a mass loading 
of 443 ng was calculated using equation 2. This corresponds very well with the 
expected theoretical value of 436 ng and implies that the reported sensitivity values in 
Table 1 are also valid in solution. The device was put in the flow cell and was exposed 
to water which was circulated via a peristaltic pump. The coating appeared to be very 
stable and gave a good baseline which was only affected by changes in temperature of 
the device and changes in the flow-rate. 
 

7.4.2 ——  Binding of Streptavidin 

 
The binding of streptavidin was studied by adding small aliquots of a stock solution of 
this protein to the circulating sample solution. Immediately after addition of 
streptavidin the frequency of the sample delay line decreased. This appears as a rising 
signal in the graph presented in Figure 12 which shows the normalised frequency 
change, after subtraction of the signal of the reference delay line, which has no 
coating. After the first addition the sensing layer already seemed to be saturated as 
subsequent additions of equal volumes of streptavidin only showed a small further 
increase of the response. This could be caused by the fact that still a few binding sites 
are available for streptavidin after the first addition, or be due to non-specific 
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Figure 12 : Normalised response of device Kun5, coated with biotin-endcapped 
polystyrene, towards.streptavidin. Upward arrows indicate consecutive 
additions of streptavidin, downward arrows indicate additions of free 
biotin. 
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adsorption of proteins to the sensor surface which is already covered by streptavidin 
molecules. To distinguish between the latter two processes we added an excess of 
biotin to the sample solution. If non-specific adsorption takes place, the frequency 
should be unaffected by this. The additions, however, resulted in a loss of adsorbed 
mass, indicating the release of streptavidin molecules which were previously bound to 
surface-confined biotins. The fact that the frequency of the device does not return to 
its original value even after three additions of a large excess (>20.000 equivalents) of 
biotin (Figure 12) indicates that most of the streptavidins remain bound to the surface, 
which is not unlikely given the strong binding of streptavidin to biotin.  
To further ascertain the specific binding of the protein, we performed another 
experiment with the same coating but this time we added a solution of inactivated 
streptavidin, i.e. streptavidin which has already a biotin in each of its four binding 
pockets. As expected, addition of this solution did not generate a sensor response. We 
can, therefore, conclude that the responses observed earlier were indeed due to 
selective binding of streptavidin to the biotinylated sensor surface. 
At saturation, the total mass loading was determined to be 21 ng. With a molecular 
weight of 6.0 kD, this means that 3.6×10-13 mole of streptavidin molecules are bound 
to the surface. From the mass of the applied coating we can calculate that 4.8×10-11 
mole of biotin molecules are present on the surface of the sensor. Since this value is 
more than a hundred times higher than the number of bound proteins, we can 
conclude that the degree of organisation of the biotin coating is rather poor and that 
only a few molecules are available for binding streptavidin.  
The estimated molecular area of the protein is 25 Å2 and thus the total area covered by 
streptavidin is 5.4 mm2. Since the active sensor surface is 9 mm2, this implies that a 
layer of streptavidin is formed, which covers 60 % of the sensor surface.  
Since the biotin binding sites are located on opposite sites of the protein, the layer of 
streptavidin can be used as a new sensor surface for all kinds of biotinylated species 
and therefore offers new possibilities for using this setup as a generic biosensor. 
 

7.5 ——  Conclusion 

 
The Love Wave devices we used show excellent stability for gas phase sensing. By 
selecting three β-cyclodextrin coatings, which vary in their polarity, we have 
demonstrated that we can create sensor surfaces which respond very differently 
towards water and toluene vapour. Coating 1 is the most hydrophilic coating and 
shows selectivity for water. Coating 3 is the most hydrophobic coating material and is 
selective towards toluene vapour. It can detect toluene at concentrations as low as 10 
ppm. Rather than by supramolecular host-guest interactions, the response is governed 
by partitioning of molecules between the gas phase and the chemical interface of the 
sensor. With these results we think to have laid the foundations for the development 
of an array of sensors for the analysis of a mixture of vapours. 
Our experiments in water indicate that the devices also show good stability in this 
medium. Although we have not tested the binding of low molecular weight analytes, 
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the binding of the streptavidin proteins generates such a large response, viz. of almost 
7 kHz, that detection of smaller molecules with cyclodextrin coatings appears feasible. 
This however will require an efficient immobilisation of the CDs to the sensor surface 
since they are very soluble in aqueous solution and therefore will not give a stable 
coating. 
 

7.6 ——  Experimental 

Apparatus 
The Love Wave devices were developed in the group of Dr. Michiel Vellekoop from the Delft 
University of Technology. The devices consists of a layer of ST-cut quartz with a pattern of 
interdigitated aluminium electrodes, which was applied by photolithography. On top of the device a 
thin layer (4-6 µm) of SiO2 was deposited via plasma enhanced chemical vapour deposition (PECVD), 
as a guiding layer for the Love Waves. Since the bond pads are also covered in this process they have 
to be liberated by etching to enable the electrical contacts to be made. The devices are mounted on a 
circular Printed Circuit Board (PCB) which can be plugged into the wet cell. All oscillator electronics 
is located on the back of the PCB and available for readout by a frequency counter (HP 53132A with 
option 010) and a digital multimeter (HP 34970A with a HP34901A module). The latter apparatus 
registers the control voltage of both the reference and sample delay lines, which can be used to 
monitor the damping of the Love Waves. The multimeter also reads the temperature of the device via 
the built-in temperature sensor. The multimeter and frequency counter are linked to a PC via a IEEE-
488 interface, which allows data acquisition using a commercial software package (HP-VEE 4.01). 

Application of the coating 
The β-cyclodextrin polymer (1) was purchased from Cyclolab, the 2,6-permethylated β-cyclodextrin 
derivative (3) was obtained from Aldrich, and the silylated β-cyclodextrin (2) was synthesised as 
described by us before.52 
For the vapour sensor experiments, stock solutions of approximately 1 mg/10 mL of the cyclodextrin 
derivatives were made in a suitable solvent. The cyclodextrin polymer was dissolved in water, for the 
other two coatings the solvent was dichloromethane. A 5 µl drop of each solution was carefully placed 
on the SAW surface in between the two electrodes of one delay line using a syringe. Only the surface 
between the electrodes is sensitive to the effects of the coating and therefore reproducible results are 
only obtained if all the coating material is on the right spot. After evaporation of the solvent in vacuo, a 
thin film of the coating remained.  
The calculated mass loading upon coating was approximately 580 ng according to the strength of the 
stock solution. The active surface of the sensor was estimated to be 9 mm2. With an estimated density 
of the coating material of 1 g/mL and assuming that a homogenous film will be formed, a tentative 
thickness of the sensing layer of 65 nm was calculated. 

Gas mix setup (Figure 8, page 114) 
The cylinder containing 100 ± 2 ppm toluene in nitrogen was purchased from Praxair. The water 
content of this mixture was estimated to be < 5 % as stated by the manufacturer. Since coating 1, 
which is very sensitive towards water vapour, gives no response to this mixture, the actual water 
content is probably much lower than 5 %. The gas flow was kept constant at 100 mL/min using two 
mass flow controllers supplied by Bronkhorst. Teflon tubes were used to connect the gas mix setup to 
the flow cell, to minimise gas adsorption to the walls of the tubing, which becomes especially 
important with these low concentrations of toluene.  

Solution experiments 
To apply the coating of biotin-endcapped polystyrene (Mn = 9147; Mn/Mw = 1.03) a solution of the 
polymer was made (9.5×10-6 M) in THF and 5 µl of this solution was carefully deposited on the active 
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sensor surface after which the solvent was allowed to evaporate. 
The sample solution was buffered at pH 6.8 using a Tris buffer with additional NaCl to secure the 
stability of the protein. This solution was circulated using a peristaltic pump with a flow rate of 100 
mL/min. 
Small aliquots of 20 µl of a streptavidin solution (7.8×10-6 M) in the same buffer were added to the 
sample solution. The volume of the circulating solution was kept as small as possible (<15 mL) to 
ensure a fast equilibration.  
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A.1 ——  Introduction 
 
A general description for the determination of binding constants can be found in the 
literature.1 In this Appendix the equations are derived which were used to determine 
the binding constants by curve fitting procedures. 
 

A.2 ——  Host-Guest Complexes of 1:1 Stoichiometry 

 
The simplest system of molecular association is that between a single host and a single 
guest. The binding constant (Kb) for such a 1:1 host-guest complex is defined as: 
 

[H][G]
[HG]

K =b  (1) 

 
In this equation [HG] is the concentration of host-guest complex and [H] and [G] are 
the free concentrations of host and guest, respectively. According to the mass-
balances, the latter two components can be represented as: 
 

[HG][G][G] t −=  (2) 
[HG][H][H] t −=  (3) 

 
where [G]t and [H]t are the total concentrations of guest and host, respectively, at 
every point of the titration. Substitution of (2) and (3) into equation (1) gives: 
 

( )( )[HG][G][HG][H]
[HG]

K
tt −−

=  

 (4) 
 
which can be rewritten as : 
 

( ) 0[G][H]K[G][H][HG][HG] tt
1

btt
2 =+++− −  (5) 

 
This quadratic equation can be solved analytically and the concentration of the host-
guest complex can be calculated according to: 
 

( ) ( )
2

[G]4[H]K[G][H]K[G][H]
[HG] tt

1
btt

1
btt −++−++

=
−−

 (6) 

 
The binding curve can now in principle be calculated from the starting concentrations 
of host and guest by choosing a certain binding constant. Before curve fitting is 
possible, however, the concentration of complex has to be related to the change of a 
certain parameter, depending on the technique which is used to study the binding 
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equilibrium. For example, when fluorescence is used, the total emission intensity I is 
given by: 
 

[HG][G][H]I HGGH φφφ ++=  (7) 
 
where φH, φG, and φHG represent the quantum yields of the host, the guest, and the 
host-guest complex, respectively. If a non-fluorescent guest is used, as in all our cases, 
the middle term of this equation equals zero and using the mass balance for [H] 
(equation 3) the formula can be rewritten as: 
 

( )[HG][H]I HGtH Hφφφ −+=  (8) 
 
or, even more simplified, as: 
 

[HG]ΔII 0 φ+=  (9) 
 
For microcalorimetric titrations, the total heat Qt which evolves upon injection of the 
titrant into the cell solution is given by: 
 
 ( )Δ[HG]VΔHQQ celldilt

0 ××+=  (10) 
 
In this equation Qdil is the heat caused by the dilution of the titrant, ∆H0 is the 
complexation enthalpy, Vcell is the volume of the sample cell, and ∆[HG] is the change 
in the concentration of the host-guest complex during the injection. The latter is 
determined by the difference in concentration before and after equilibration. 
Having related the change in concentration of the host-guest complex to an 
observable parameter, curve fitting is now possible by using a non-linear least-square 
minimisation method which minimises the absolute difference between the 
experimental and the calculated binding curve upon changing the relevant parameters. 
In the case of fluorimetric titrations these are Kb and ∆φ while for microcalorimetric 
titrations Kb and ∆H0 have to be varied. In our case the curve fitting was performed 
using a spreadsheet methodology developed by J. Huskens et al..2 
 

A.3 ——  Host-Guest Complexes of Higher Stoichiometries 

 
Host-guest complexes with higher stoichiometries than 1:1 are difficult to solve 
analytically, because equations of the third degree or higher are obtained. Instead, 
iteration can be used to solve the problem numerically. For a system of a host with 
more than one binding site, two approaches can be chosen. The first one considers 
the binding sites to be non-degenerate, i.e. each has its own set of binding parameters 
(Kb and ∆H0). In the second approach the sites are degenerate and behave 
independently. This means that each binding has the same intrinsic binding constant 
and ∆H0-value. Statistical factors which take into account the number of possibilities 
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to form the respective complex link the intrinsic binding constant to the stepwise 
constants for each individual binding event. In the next paragraph we will start by 
giving a derivation of the equations for a host having two non-degenerate binding sites 
where the binding occurs in a stepwise manner. We will then proceed by giving the 
same analysis for a system with two degenerate sites. 
 

A.3.1 ——  A 1:2 Host-Guest Complex with Non-Degenerate Binding 
Sites 
 
For a host with two non-degenerate binding sites the step-wise binding constants K1:1 
and K1:2 are defined as: 
 

[H][G]
[HG]

K 1:1 =  (11) 

[HG][G]
][HG

K 2
2:1 =  (12) 

 
These equations can be rewritten to express the concentrations of the host-guest 
complexes in terms of the free host [H] and guest [G] concentrations and the stepwise 
binding constants: 
 

[H][G]K[HG] 1:1=  (13) 
2

1:12:12:12 [H][G]KK[HG][G]K][HG ==  (14) 
 
The mass balances for the host and the guest are given by: 
 

][HG[HG][H][H] 2t ++=  (15) 
]2[HG[HG][G][G] 2t ++=  (16) 

 
where [H]t and [G]t are the total concentration of host and guest, respectively. 
Substitution of equations (13) and (14) into (15) and (16), respectively, results in: 
 

( )2
1:12:11:1

2
1:12:11:1t [G]KK[G]K1[H][H][G]KK[H][G]K[H][H] ++=++=   (17) 

2
1:12:11:1t [H][G]KK2[H][G]K[G][G] ++=  (18) 

 
Liberation of both [H] and [G] from these equations results in: 
 

2
1:12:11:1

t

[G]KK[G]K1

[H]
[H]

++
=  (19) 

[H][G]KK2[H]K1
[G]

[G]
1:12:11:1

t

++
=  (20) 

 
Equations (19) and (20) link the free host [H] and guest [G] concentrations to the 
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parameters K1:1, K1:2, [H]t and [G]t. For a given set of these variables equations (19) 
and (20) can be solved numerically to determine the values for [H] and [G], which can 
then be used to calculate [HG] and [HG2] using equations (13) and (14), respectively. 
These have to be related to an observable parameter – for example fluorescence (21) 
or heat changes (22) – to allow curve fitting, similar to what was described in § A.2:  
 

][HGΔ[HG]ΔII ::0 22111 φφ ++=  (21) 
( ) ( )]Δ[HGVΔHΔ[HG]VΔHQQ cell:cell:dilt 2

0
21

0
11 ××+××+=  (22) 

 
This system now has four independent fitting parameters, which, for fluorimetric 
titrations, are K1:1, K1:2, ∆φ1:1, and ∆φ1:2. For determinations by microcalorimetry the 
latter two parameters change into ∆H1:1 and ∆H1:2, which reflect the enthalpy of 
complexation for the first and the second guest, respectively. 
The methodology for curve fitting of complexes with stoichiometries higher than 1:2 
(host:guest) is easily extended by incorporating equations for the additional binding 
steps by analogy to (12) and (14).1,3 However, one should realise that the amount of 
independent parameters increases very rapidly and, therefore, curve fitting can give 
meaningless results. 
 

A.3.2 ——  A 1:2 Host-Guest Complex with Degenerate Binding Sites 

 
For this system each binding site is considered equal and thus has the same intrinsic 
binding constant Ki. The stepwise constants K1:1 and K1:2 are related to Ki via the 
following equation which takes into account the statistical factors for the number of 
possibilities to form a complex of 1:j stoichiometry, i.e. the degree of degeneracy: 
 

ij:1 K
j

1jn
K ×+−=  (23) 

 
In this equation n represent the maximum number of binding sites available. 
In case of a complex with 1:2 stoichiometry there are two possibilities to form the 1:1 
complex from the free host and guest, but there is only one way to from the 1:2 
complex from the 1:1 complex. According to equation (23) the binding constant for 
the first step K1:1 is twice the intrinsic constant, while K1:2 equals half Ki. The binding 
constants are now defined as: 
 

[H][G]
[HG]

K2K i1:1 ==  (24) 

[HG][G]
][HG

KK 2
i2:1 == 2

1  (25) 

 
These equations can be rewritten as: 
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[H][G]K2[HG] i=  (26) 

22
ii2 [H][G]K[HG][G]K][HG == 2

1  (27) 
 
Substitution of these formulas in the mass balance equations (15) and (16), 
respectively, yields: 
 

22
ii

t

[G]K[G]K21
[H]

[H]
++

=  (28) 

[H][G]K[H]K21
[G]

[G]
2
ii

t

++
=  (29) 

 
With these equations, curve fitting proceeds in the same way as for the 1:2 host-guest 
complex with non-degenerate binding sites. In this case, however, only two 
independent variables are needed for the fit. For microcalorimetric titrations these are 
the intrinsic binding constant Ki and ∆Hi0. The latter is the intrinsic enthalpy of 
complexation, which is also the same for each binding site. 
 

( )]Δ[HGΔ[HG]VΔHQQ celldilt 2
0 +×+= i  (30) 

 
The above derivation can also be easily extended to complexes of higher stoichiometry 
than 1:2, by incorporating the additional stepwise binding steps and changing the 
statistical multiplication factors. The stoichiometry of the complex can be easily 
derived from the inflection point of the titration curve. Contrary to the system with 
non-degenerate binding sites, the number of independent variables in this case will 
always remain two, which makes the results of the curve fitting more reliable.  
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Cyclodextrin are cyclic oligomers of α-D-glucose, which are produced by bacteria 
upon the degradation of starch. The main product of this process is β-cyclodextrin 
which contains seven glucose moieties in its ring. Other products include α- and γ-
cyclodextrin with six and eight glucopyranose units, respectively. In three dimensions, 
cyclodextrins have the shape of a truncated cone. The cavity is relatively hydrophobic, 
while the hydroxyl groups at both rims render the exterior rather hydrophilic. In 
aqueous solution cyclodextrins can form inclusion compounds with a wide variety of 
organic and inorganic compounds. It is this interesting property of cyclodextrins, 
which makes them interesting candidates as receptor molecules for the development 
of chemical sensors, as is clarified in Chapter 1. The main driving forces for inclusion 
are hydrophobic effects. 
Chapter 2 elaborates on the chemical and physical properties of cyclodextrin 
monomers and dimers, and a couple of cyclodextrin-based sensor systems. 
Additionally, an introduction is given on the chemistry of tris(bipyridyl) ruthenium(II) 
complexes and on mass-sensitive detection systems, such as Surface Acoustic Wave.  
In Chapter 3 the synthesis of two bipyridine-spaced cyclodextrin dimers is described. 
Both dimers show remarkable conformational behaviour in aqueous solution. This 
becomes clear from the aromatic parts of the proton NMR spectra. In D2O a 
doubling of the number of signals is observed in comparison with the spectrum in 
DMSO-d6. This is caused by self-inclusion of the spacer into one of the two 
cyclodextrin cavities, which removes the intrinsic C2-symmetry of the bipyridine unit. 
In D2O hydrophobic effects provide a driving force for this process, while in DMSO-
d6 these are absent and the symmetric non-included conformation is adopted. The 
inclusion of the spacer also causes an Induced Circular Dichroism of the bipyridine. 
The sign and the size of this signal provides information about the orientation of the 
bipyridine with respect to the cyclodextrin cavity. The different attachment of the 
cyclodextrins to the bipyridine spacer (4,4’- vs. 5,5’-) causes a marked difference in the 
strength of the self-inclusion. If the cyclodextrins are attached via the 4,4’-positions 
the inclusion is strong. If, on the other hand, the attachment is via the 5,5’-positions 
the entering of the bipyridine into the cyclodextrin is more sterically hindered, and the 
resulting self-inclusion complex is weak. The difference in self-complexation 
behaviour provides a route to increase the selectivity of the binding of these dimers, 
which is beneficial for the development of sensors based on these compounds. 
One of the dimers described in Chapter 3 has been used to construct two luminescent 
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tris(bipyridyl) ruthenium(II) complexes containing two and six cyclodextrin binding 
sites, respectively. A complete photophysical characterisation of both compounds is 
presented in Chapter 4. Time-resolved luminescence experiments have shown that the 
cyclodextrins protect the ruthenium core from quenching by oxygen. This results in 
longer excited state lifetimes and a higher quantum yield in comparison with the 
reference compound Ru(bpy)32+. Additionally, a study of the photoinduced electron 
transfer from the excited state of the ruthenium complex to a N,N’-dialkylviologen 
molecule that is bound in the cyclodextrin is described. The efficiency of this process 
depends on the length of the N,N’-alkyl chains on the viologen and the presence of 
two rather than one alkyl chain. Both guarantee a sufficiently strong binding of the 
viologen to the cyclodextrins and thus promote electron transfer. 
Chapter 5 describes the application of the ruthenium complexes described in Chapter 
4 as optical sensors for steroids with switch-on signalling behaviour. The binding of 
N,N’-dinonylviologen to the ruthenium complex turns off the emission. When a 
steroid is added subsequently the viologen is displaced from the cyclodextrins and can 
no longer quench the emission. As a result, the binding of the steroid is accompanied 
by a switching on of the emission. Optical sensors with this type of switch-on 
signalling are very interesting from a technological point of view, since the sensor 
response is produced against a dark background, allowing for a much more sensitive 
detection of the signal. 
Microcalorimetric titrations reveal that the ruthenium dimer complexes show a clear 
difference in binding stoichiometry of five related bile acids. This is related to the 
presence of an OH-group at the C12 position of the steroid skeleton. Steroids who 
have this hydroxyl group behave as ditopic guests, whereas those who lack it behave as 
monotopic guests. The difference in binding stoichiometry has a marked effect on the 
sensor response of the ruthenium complexes and this can be used to distinguish 
between the series of bile acids. 
To study the cooperative action of the cyclodextrins in the dimers of Chapter 3 and 
the ruthenium complexes of Chapter 4 in more detail we performed binding 
experiments with tetrakis(4-sulfonatophenyl) porphyrin (TsPP). The results are 
described in Chapter 6. The bipyridine-spaced dimers have a remarkably high affinity 
for the porphyrin with binding constants as high as 1×108 M-1, which are among the 
highest ones reported in literature for cyclodextrin inclusion compounds. The 
introduction of a short flexible propyl tether between the bipyridine unit and the 
cyclodextrins increases the binding affinities of the dimers towards porphyrins. 
Moreover, the binding appears to be truly cooperative in comparison with native β-
cyclodextrin. The ruthenium complexes also display strong porphyrin binding and, as 
in the case of the dimers, the introduction of a propyl tether has a marked effect on 
the binding behaviour. The ruthenium complex lacking the tether binds only one 
porphyrin, although more binding sites are in principle available. This is probably due 
to the rigidity of the Ru-complex, which prevents the cyclodextrins from cooperating. 
The ruthenium complex possessing the spacer has an increased flexibility and binds 
two porphyrin moieties. Apparently, in this compound the cyclodextrins can 
cooperate in the binding of the porphyrin.  
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An alternative for optical detection of a binding event is a system which detects the 
binding by a change in weight. In collaboration with the Technical University of Delft 
a mass-sensitive Surface Acoustic Wave (SAW) sensor setup was built in Nijmegen, 
which was based on the so-called Love Wave. The advantage of this type of SAW is 
that it can operate both gases and liquids. Initially the setup was used as a gas sensor 
for the detection of water and toluene vapour. Three cyclodextrin based coatings, 
having different substituents on their OH-groups, show markedly different sensing 
behaviour due to differences in hydrophobicity. A hydrophilic coating is shown to be 
very sensitive to water vapour. As the hydrophilicity is gradually reduced, by having 
more hydrophobic substituents on the cyclodextrins, the coatings become less 
sensitive to water and at the same time their sensitivity towards organic vapours such 
as toluene is increased. Rather than by supramolecular host-guest interactions, the 
response is governed by partitioning of the analyte between the gas phase and the 
chemical interface of the sensor. The most hydrophobic coating is able to detect 10 
ppm toluene.  
The same setup was also used to perform a preliminary study of the applications in 
water. For this we applied a coating of biotin-endcapped polystyrene to the sensor and 
studied the binding of the protein streptavidin. The device is stable also in aqueous 
solution and the results show a high response of 7 kHz upon the binding of 
streptavidin. This holds much promise for the development of a cyclodextrin-based 
sensor for the detection of small organic molecules in aqueous solutions.  

Cyclodextrines zijn cyclische oligomeren van α-D-glucose, die ontstaan bij de afbraak 
van zetmeel door bepaalde bacterien (o.a. Bacillus macerans). Bij dit proces ontstaan 
voornamelijk β-cyclodextrines, die bestaan uit een ring van zeven glucose eenheden. 
Daarnaast worden α- en γ-cyclodextrines gevormd, met respectievelijk zes en acht 
glucoses in de ring. Ruimtelijk gezien hebben cyclodextrines de vorm van een emmer 
zonder bodem. De binnenkant van de emmer is hydrofoob, terwijl de randen hydrofiel 
zijn. In water kunnen cyclodextrines zogenaamde insluitingscomplexen vormen met 
organische moleculen. De drijvende kracht hiervoor zijn hydrofobe interacties tussen 
de holte van het cyclodextrine en het organische molecuul. Juist deze bijzondere 
eigenschap van cyclodextrines maakt deze klasse van verbindingen erg interessant 
voor toepassingen in sensoren voor organische verbindingen, zoals in Hoofdstuk 1 
beschreven staat. 
In Hoofdstuk 2 wordt dieper ingegaan op de chemische en fysische eigenschappen 
van cyclodextrines. Daarnaast wordt in dit hoofdstuk een aantal literatuurvoorbeelden 
uitgelicht van toepassing van cyclodextrines als sensoren. Tevens vormt dit hoofdstuk 
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een inleiding op de chemie van ruthenium tris(bipyridine) complexen en op de 
technische achtergrond van massa-gevoelige detectie systemen. Beide onderwerpen 
komen in latere hoofdstukken nader aan de orde. 
Hoofdstuk 3 behandelt de synthese van twee cyclodextrine dimeren die een bipyridine 
eenheid als spacer hebben. Beide dimeren vertonen een opmerkelijk gedrag in waterige 
oplossingen, wat duidelijk naar voren komt uit het aromatische gedeelte van hun 
proton NMR spectra. In D2O treedt een verdubbeling van het aantal signalen op ten 
opzichte van het spectrum in DMSO-d6. Dit wordt veroorzaakt door het feit dat de 
bipyridine eenheid in water in een van de twee cyclodextrine holtes gebonden wordt, 
wat gepaard gaat met een verlies van de C2 symmetrie van het bipyridine. In DMSO-d6 
treedt dit proces niet op aangezien in dit oplosmiddel geen hydrofobe interacties 
optreden en er dus geen drijvende kracht is voor inclusie. De binding van de spacer 
veroorzaakt een geïnduceerd circulair dichroisme (ICD) in de absorptiebanden van het 
bipyridine. De grootte en het teken van dit ICD-signaal geeft extra informatie over de 
orientatie van het bipyridine in de holte. Het verschil tussen de beide dimeren is de 
aanhechting van de cyclodextrines op de bipyridine eenheid (4,4’- vs. 5,5’-positie). 
Wanneer de cyclodextrines op de 4,4’-posties verbonden is, is de inclusie van de 
spacer sterk. Als echter de cyclodextrines zich op de 5,5’-posities bevinden wordt de 
inclusie sterisch gehinderd en is het gevormde complex zwak.  Het verschil in sterke 
van zelf-inclusie kan gebruikt worden om de selectiviteit van deze dimer te verhogen 
en dit kan gunstig zijn voor de toepassingen van deze verbindingen in sensoren. 
Een van de dimeren uit Hoofdstuk 3 is gebruikt om een tweetal luminescente 
ruthenium tris(bipyridine) complexen te synthetiseren met respectievelijk twee en zes 
cyclodextrines. De fotofysische karakterisering van deze complexen staat beschreven 
in Hoofdstuk 4. Uit tijdsopgeloste luminescentie studies is gebleken dat de 
cyclodextrines het ruthenium complex afschermen van de uitdovende werking van 
zuurstof. Dit resulteert in langere levensduren van de luminescentie en een hogere 
kwantum-opbrengst. In dit hoofdstuk wordt tevens de lichtgeinduceerde 
electronoverdracht van het ruthenium complex beschreven naar een viologeen 
molecuul dat gebonden is in de cyclodextrines. Belangrijke randvoorwaarden voor dit 
proces bleken te zijn een voldoende lange N-alkylsubstituent op het viologeen en de 
aanwezigheid van twee N,N’-alkylketens in plaats van één. Deze zorgen ervoor dat het 
viologeen sterk gebonden wordt in de cyclodextrines en maken een efficiente 
electronoverdracht mogelijk. 
Hoofdstuk 5 beschrijft de toepassing van de rutheniumcomplexen uit Hoofdstuk 4 als 
optische sensoren voor steroiden. Hierbij wordt gebruik gemaakt van de 
elektronoverdracht naar een gebonden viologeen, die er voor zorgt dat in deze 
toestand de luminescentie van het ruthenium uitgedoofd is. Als vervolgens steroiden 
worden toegevoegd, wordt het viologeen verdrongen uit de cyclodextrines en kan het 
zijn uitdovende werking niet meer uitvoeren. Het gevolg is dat de binding van het 
steroid gepaard gaat met het afgeven van een lichtsignaal. Dergelijke systemen zijn erg 
interessant voor sensortoepassing, omdat ze een zeer gevoelige detectie van de te 
analyseren verbinding mogelijk maken. Het sensorsignaal wordt namelijk 
geproduceerd tegen een donkere achtergrond.  
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Microcalorimetrische titraties laten zien dat er binnen een serie van vijf gerelateerde 
steroiden duidelijke verschillen optreden in de stoichiometrie van het complex met 
cyclodextrines. Dit is gerelateerd aan de aanwezigheid van een OH-groep op de C12 
positie van de steroiden. Verbindingen die deze groep bezitten gedragen zich als 
ditope gast, omdat deze hydroxyl groep een diepe inclusie van het steroid hindert. In 
afwezigheid van deze OH-groep, gedragen de steroiden zich als monotope gast. et 
gevonden verschil in bindingstoichiometrie heeft ook een duidelijke invloed op de 
sensorrespons en dit kan gebruikt worden als selectiviteitscriterium. 
Om de coöperatieve werking van de cyclodextrines in de dimeren uit Hoofdstuk 3 en 
de rutheniumcomplexen uit Hoofdstuk 4 nader te bestuderen zijn bindings-
experimenten met een porfyrine uitgevoerd. Deze staan beschreven in Hoofdstuk 6. 
De dimeren vormen bijzonder sterke complexen met het porfyrine met 
bindingsconstanten van zo’n 1×108 M-1. Dergelijke hoge bindingsconstanten zijn 
vergelijkbaar met de binding van een antigen door een antilichaam en geven aan dat er 
een sterk coöperatief effect optreedt tussen beide cyclodextrines in het dimeer. De 
introductie van een flexibele propylspacer tussen cyclodextrines en bipyridine 
verhoogt de bindingsaffiniteit van de dimeren voor porfyrines. Ook de 
rutheniumcomplexen vertonen een sterke binding van porfyrines. Net als bij de 
dimeren heeft de introductie van een propylspacer een duidelijk effect. Een ruthenium 
complex zonder deze spacer bindt slechts één porfyrine, terwijl meerdere 
bindingsplaatsen aanwezig zijn. Dit is waarschijnlijk te wijten aan de rigiditeit van dit 
Ru-complex, wat er voor zorgt dat de cyclodextrines niet goed kunnen samenwerken. 
Een ruthenium complex voorzien van de spacer heeft een grotere flexibiliteit en bindt 
twee porfyrines. In dit geval kunnen de cyclodextrines beter samenwerken. 
Een alternatief voor optische detectie is een sensor systeem op basis van  
massagevoelige detectie. In samenwerking met de Technische Universiteit Delft is in 
Nijmegen een Surface Acoustic Wave (SAW) sensoropstelling gebouwd die gebaseerd 
is op zogenaamde Love Waves. Dit type SAW is ook geschikt voor metingen in water. 
De resultaten van dit onderzoek staan beschreven in Hoofdstuk 7. Een drietal 
cyclodextrine coatings met verschillende substituenten op de hydroxyl groepen en dus 
verschillende hydrofobiciteit werd getest op de detectie van water- en tolueen-damp. 
De meest hydrofobe coating vertoont een sterke respons op waterdamp. Naarmate de 
coating hydrofober wordt, neemt de gevoeligheid voor water af en wordt tolueen 
sterker gebonden. Aangezien in beide gevallen cyclodextrines aanwezig zijn geeft dit 
aan dat de sensorrespons voornamelijk bepaalt wordt door partitie van het analiet 
tussen gasfase en coating en niet door binding in de cyclodextrine-holtes. De meest 
hydrofobe coating is in staat om 10 ppm tolueendamp te detecteren. 
Met dezelfde opstelling zijn ook een aantal experimenten uitgevoerd in water. Hierbij 
is gebruik gemaakt van de sterke interactie tussen biotine en streptavidine. Deze 
experimenten laten zien dat de sensor uitstekend werkt in oplossing en het legt de 
basis voor de ontwikkeling van een op cyclodextrines gebaseerde massagevoelige 
sensor voor de detectie van kleine organische verbindingen in water. 
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Het schrijven van een proefschrift is een eenzame taak. Het uitvoeren van onderzoek 
in een chemisch laboratorium daarentegen is een sociale belevenis bij uitstek. Het past 
mijns inziens dan ook uitstekend om aan het eind van dit proefschrift een aantal 
mensen te bedanken die erg belangrijk zijn geweest bij de totstandkoming ervan. 
 
Allereerst wil ik mijn promotor Roeland Nolte bedanken voor het gestelde vertrouwen 
om mij als promovendus in zijn groep aan te nemen. Ik hoop dat ik bij mijn 
toekomstige werkplekken net zo veel onderzoeksvrijheid krijg als ik tijdens mijn 
verblijf in jouw groep heb genoten. Hoeveel ik geleerd heb wordt eigenlijk pas 
duidelijk nu ik weg ben.  
Mijn co-promotor Martin Feiters ben ik veel dank verschuldigd voor duwtjes in mijn 
rug tijdens de moeilijke dagen van de promotie en voor je kritische blik op alles wat ik 
op papier zet. Daarnaast dank ik je voor je geweldige verhalen over Engeland. Je hebt 
niets te veel gezegd, het is hier fantastisch! 
 
Het onderzoek in dit proefschrift is mede uitgevoerd door een aantal studenten. Toen 
ik ongeveer een jaar op weg was kwam Arno Schut voor een hoofdvakstage de 
ruthenium complexen synthetiseren die nu beschreven staan in Hoofdstuk 4 en 5. 
Aanvankelijk leek je wat moeite te hebben met mijn instelling om zonder een goed 
gedefinieerde toepassing gewoon aan de slag te gaan. Echter, naarmate de 
toepasbaarheid van je complexen als sensoren voor steroiden dichterbij kwam, nam 
ook je enthousiasme toe en uiteindelijk heb je tijdens je eindpraatje als een ware 
zakenman je resultaten verkocht aan een publiek van organisch chemici. Ik bewonder 
je doorzettingsvermogen om je zware taken bij de organisatie van de beta-
bedrijvenbeurs te combineren met het onderzoek. Arno, jouw werk vormt de solide 
basis van mijn proefschrift, waarvoor mijn dank. 
Met nog zo’n half jaar promotie te gaan verscheen daar ineens Onno van den Boomen 
op het lab om mij te helpen bij de afronding van mijn laatste experimenten in het 
kader van zijn HLO-stage. Voortvarend ging je aan de slag en binnen recordtijd had je 
een nieuw cyclodextrine dimeer in handen en konden de metingen beginnen. Onno, 
jouw onevenaarbare enthousiasme voor organische chemie is veel te gevaarlijk voor je 
gezondheid, wees voorzichtig!  
Sandy Verhaegen ben ik erg veel dank verschuldigd voor het schrijven van een scriptie 
over massagevoelige sensoren, die uitermate handig is gebleken bij het schrijven van 
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Hoofdstuk 2 en 7. Geoffrey Schouten, jou wil ik bedanken voor de efficiente manier 
waarop je de bouw van de gasmengopstelling geregeld hebt. Aan het eind van je 
project was er helaas geen tijd meer over om hem te testen, maar ik kan je nu uit eigen 
ervaring zeggen dat hij prima werkt. Er zijn waardevolle resultaten mee behaald.  
In het kader van het BTS-project was ik ook betrokken bij de begeleiding van 
projecten van Sandra Middelbeek en Mike Relou. Hoewel ik jullie resultaten niet in 
mijn proefschrift kon opnemen, heb ik toch weer een aantal waardevolle leermoment 
overgehouden aan de  begeleiding van jullie. 
 
Het project waaraan ik gewerkt heb was een door CW-STW gefinancierde 
samenwerking met de Universiteit van Twente. Mijn collega-oio aldaar Menno de 
Jong, Dr. Jurriaan Huskens en Prof. David Reinhoudt bedank ik voor de prettige 
samenwerking. Menno in het bijzonder voor de hulp bij de uitvoering van 
microcalorimetrische titraties en Juriaan voor hulp bij de analyse daarvan. Daarnaast 
wil ik graag alle leden van de gebruikerscommissie bedanken voor hun nuttige 
bijdragen tijdens de halfjaarlijkse bijeenkomsten. Een speciaal woord van dank gaat uit 
naar Fokke Venema voor het creeren van de mogelijkheid om een kijkje te nemen in 
de wereld van Organon Teknika. 
 
Gedurende het project werd duidelijk dat we niet zonder de expertise konden van de 
groep van Dr. (inmiddels Prof.) Michiel Vellekoop (TU Delft) op het gebied van 
massagevoelige sensoren. Bijzondere dank gaat uit naar Jeroen Bastemeijer voor het 
opzetten van de benodigde meetapparatuur in Nijmegen. Ik ben als analfabeet in 
electronicaland nog steeds onder de indruk van het feit dat we binnen twee dagen een 
geheel werkende opstelling in elkaar hebben gesleuteld. Ook ben ik je erg dankbaar 
voor je kritische noten op de meetresultaten. 
 
Henk de Haas en zijn collega’s van de afdeling Technische Zaken dank ik voor zijn 
geduld en vakkennis bij de bouw van de al eerder genoemde gasmengopstelling. 
 
I would like to thank Michael Kercher and Prof. Luisa De Cola (University of 
Amsterdam) for a very pleasant and fruitful cooperation on the complete 
photophysical characterisation of my compounds. Mike, thank you for shooting laser 
beams at my ruthenium complexes to reveal the world of the nanosecond to me. 
Good luck with the last months of your PhD! Futhermore, I am indebted to Taasje 
Mahabiersing and Prof. František Hartl (University of Amsterdam) for their help with 
the electrochemical characterisation of my ruthenium compounds. Although most of 
the results were negative, I am grateful for the crash course in electrochemistry and 
the problem solving sessions to analyse my results. 
 
De afdeling Organische Chemie zou een stuk minder soepel draaien zonder de 
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