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1.1. Introduction 

 

Supramolecular interactions are present in many examples in nature. From our DNA 

molecules, where the double strands are connected by complementary hydrogen bonds, to 

the formation of cell walls, enzymatic activity, photosynthesis or the forces that hold all 

these systems together and functioning. Our understanding that covalent bonds are not 

the determinant factor in the formation of these systems is relatively recent
1
 and it has 

certainly changed how researchers perceive new challenges and how solutions are 

addressed.
2
  

The classical chemist pursued the synthesis of discrete molecules by formation of 

covalent bonds between two or more atoms and then studied the new substance’s 

properties. Nature, on the contrary, owns a toolbox of bioactive building blocks and 

organizes them into active structures. If we mimic this procedure in the chemical lab, 

organizing relatively simple molecules into active architectures, we access a new level of 

structure-activity relationships.  

Nobel Price laureate Lehn
3
 described supramolecular chemistry as: “the chemistry 

beyond the molecule” and added that “[…] supramolecules are to molecules and the 

intermolecular bond what molecules are to atoms and the covalent bond”.
4
 New 

molecular properties come from a different molecular size range: supramolecules are 

measured in nanometers and not in Ångstroms. 

The formation of functional architectures through self-assembly has been an exploited 

topic among several groups for a long time,
2-5

 in solution and on surfaces.
5
 Especially 

when these assemblies are formed in water, cyclodextrins have been widely tested as the 

connectors that hold the supramolecular structure together.
6
 Cyclodextrins are water 

soluble, non-toxic, cost efficient, have well defined structures and most important, they 

can bind guest molecules in specific ways. This makes cyclodextrins attractive 

components in the construction of nano-structured functional materials, molecular 

devices, etc. 
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1.2. Nature self-assembles through non-covalent bonds  

 

Photosynthesis is probably the most elegant and sophisticated example of how solar 

energy can be captured and converted into storable forms and into organic matter. By far 

it is the most important chemical reaction, and it is the basic support of life as we know it. 

Angiosperms (green plants) are the most successful life forms on earth’s surface. 

In nature we find various examples of light harvesting systems used for conversion of 

solar energy, e.g. in photosynthetic organisms such as purple bacteria
7,8,9

, cyanobacteria
10

 

or green plants
11

. The light harvesting antennae, the complexes that turn the absorbed 

solar light into a charge separated state and the molecules in charge of transforming this 

potential energy into other forms of energy are all held together by non-covalent forces.
12

 

If we consider how difficult it is, for the synthetic chemist, to connect chromophores via 

covalent bonds, it is understandable how much attention has been focused on self-

assembled supramolecular systems. Functions performed by supramolecular structures 

based on non-covalent interactions that are exploited by nature have been in some cases 

artificially imitated
13

 and it has been shown that it is possible to observe in 

multicomponent synthetic systems energy and electron transfer processes. The use of 

simple predetermined building blocks that simultaneously assemble to a more complex 

supramolecular structure makes artificial processes much easier. This way the self-

assembly approach offers an efficient alternative to the classical synthetic route 

overcoming previous limitations.  

One of the approaches for non-covalent binding is the assembly of active units through 

hydrophobic interactions e.g. using cyclodextrin cavities. The properties of cyclodextrins 

that allow their use for this purpose will be explained below and throughout this thesis. A 

first example of an interesting photoactive molecule that incorporates cyclodextrins for 

self-assembly has been reported by Kano et al and is shown in figure 1.1.
14

 It contains a 

porphyrin, a molecule that has been widely used in photosynthesis imitating 

architectures. 
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Figure 1.1. Porphyrin appended with cyclodextrin as host system and Zinc-porphyrin as 

guest for the self-assembly of photoactive molecules through cyclodextrin cavities. 

 

Energy transfer was studied between the zinc-porphyrin guest and the cyclodextrin-

porphyrin host. The published data and results show that energy transfer occurs to the 

host after excitation of the guest. 

 

1.3. Light induced electronic transitions in molecules 

 

Molecules can have a determined color. This color is the first consequence of the 

absorption of visible light and electronic transitions associated to it. Molecules that do not 

absorb in the visible part of the spectrum will be colorless, molecules that absorb 

everywhere in the visible spectrum will be brown/black and molecules that absorbs only 

partially in the visible part of the spectrum will have the color complementary to the 

color of the radiation absorbed. A molecule will however only absorb energy if the 

incident radiation (h�) matches the energy gap between the ground state of the molecule 
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and one of the excited states. The absorbed photon leads to an electronic transition that 

brings the molecule into an excited state that differs from the ground state by its energy 

content, structure and electron distribution.  

If we consider the excited state of a molecule as formed by the transition of one electron 

in a paired electronic ground state into a state of higher energy where the electrons are 

unpaired we can have excited states of different multiplicity. The most common excited 

states in organic molecules have singlet multiplicity (2S+1 = 1, where S=0) or, if the 

electrons in the excited state have parallel spin, triplet multiplicity (2S+1 = 3, where S=1 

or 2*1/2). Electronic transitions must follow a number of selection rules: transitions 

between states of the same multiplicity are allowed while transitions between states of 

different multiplicity are forbidden.
15
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Figure 1.2.  Simplified molecular electronic energy level diagram in which the triplet 

manifold is displaced to the right respect to the singlet manifold, commonly referred to as 

Jablonski diagram.
16

 

 

Figure 1.2 indicates that only two emission processes are shown to occur between 

different electronic states, whereas many different electronic absorption processes may be 

observed. This defines Kasha’s rule that may be stated as follows: in organic molecules 

in condensed media, the emitting level of a given multiplicity is the lowest excited level 
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of that multiplicity.
17

 When a molecule is excited, several states can be populated and the 

highest excited states reached relax to the lowest (despite few exceptions) excited level S1 

through a radiationless process called internal conversion, IC. 

Fluorescence is a process that typically occurs in the 10
-9

-10
-12

 second time range while 

phosphorescence lifetimes are significantly longer and may range from 10
2
-10

-9 
seconds. 

This longer lifetime is due to the necessary and improbable spin reorientation that must 

accompany a triplet to singlet emissive transition. 

The multiplicity rule is not obeyed when heavy atoms are present in the molecules. In 

molecules containing heavier atoms the spin-orbit interaction (spin orbit coupling) for the 

electrons becomes more relevant and mixing of the states is possible allowing the 

population of triplet states. The radiationless passage from an electronic state in the 

singlet manifold to and electronic state in the triplet manifold is called intersystem 

crossing (ISC). In the presence of large atoms ISC is strong due to the internal heavy 

atom effect, this was first observed by McClure.
18

 The heavy atom induces mixing of the 

singlet and triplet excited states of a molecule because of strong coupling between the 

magnetic spin and orbit momenta of the electron. The internal heavy atom effect is also 

responsible for the fact that the luminescent organometallic complexes studied in this 

thesis are mainly phosphorescent or triplet state emitters, with a small singlet character, 

since intersystem crossing can be considered to have a quantum yield close to 100%. 

Kasha observed that similar effects could also be induced when molecules where 

dissolved in solvents containing heavy atoms and described this as the external heavy 

atom effect.
19

 

 

Polypyridine complexes as triplet state emitters 

 

For the ruthenium (II), iridium (III) and osmium (II) d
6
 octahedral complexes studied in 

this thesis electronic transitions fall in the visible and near ultra-violet regions of the 

electromagnetic spectrum. These complexes have a singlet ground state electronic 

configuration, corresponding to the 6 d electrons paired among the t2g states. Light 

emission occurs from the lowest excited state which is a triplet state. The efficiency of 

intersystem crossing is close to unity and therefore the most usual emission observed will 
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be phosphorescence, even at room temperature. Due to the strong coupling of singlet and 

triplet states, the lowest triplet state contains a certain character of singlet state (for 

ruthenium calculated to be close to 10%)
20

 and therefore the term luminescence is used to 

indicate the emission from this state. Also this triplet state has a much shorter excited 

state lifetime compared with phosphorescent organic molecules. 
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Figure 1.3. Molecular orbital diagram indicating the four types of transitions for an 

octahedral transition metal complex.  

 

The electronic transitions in these molecules besides the ligand transitions, involve the 

metal d orbitals which are split into two levels: t2g and eg when strongly � donating 

� accepting ligands are coordinated in an octahedral fashion. The possible transitions are 

therefore: 

 

1. metal-centered (MC) d-d transitions, i.e. from non-bonding ��(t2g) metal centered 

orbitals to anti-bonding �*(eg) metal-centered orbitals. 
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2. ligand-centered (LC) strongly allowed in the UV region of the spectrum: from 

bonding ligand-centered �L orbitals to ligand-centered anti-bonding ��L orbitals. 

3. Ligand-to-metal charge transfer (LMCT) transitions between bonding ligand 

centered �L orbitals and non-bonding �M(t2g) metal-centered or anti-bonding 

�*M(eg) metal-centered orbitals. 

4. Metal-to-ligand-charge-transfer (MLCT) d-�� transitions, these are allowed and 

occur between non-bonding �M(t2g) metal-centered or anti-bonding �*M(eg) metal-

centered orbitals to ligand-centered anti-bonding ��L orbitals.  

 

For complexes with easily reducible ligands (low lying LUMO orbitals) the MLCT levels 

are observed in the visible region and often posses rather high molar extinction 

coefficients (~10
4
 M

-1
cm

-1
). The molecules can thus be excited into their 

1
MLCT state. In 

some cases, e.g. in osmium complexes, also the weaker absorption of the 
3
MLCT state 

can be observed at lesser energy, for the spin forbidden direct transition from ground 

state to 
3
MLCT excited state. This is due, as already mentioned, to the strong spin orbit 

coupling present for heavy metals. After excitation in any of the absorption bands, 

intersystem crossing in sub-picosecond time-scale populates the 
3
MLCT state that decays 

to the ground state with emission of light with a lifetime typically between nano and 

milliseconds.  

It can be understood from figure 1.3 that upon excitation of a luminescent complex the 

excited states are not only deactivated by radiative decays but contribution of a series of 

pathways can be observed.
21

 Ruthenium complexes, for example, present a 
3
MC state that 

becomes thermally available at room temperature and will be populated immediately 

after 
3
MLCT formation. This state decays non-radiatively to the ground state shortening 

the lifetime and reducing the emission quantum yield of the complexes. In the case of the 

Ru(tpy)2

3+
 (tpy = terpyridine) analogues described in the following chapters this has 

dramatic consequences translated into a very short excited state lifetime and low 

luminescent quantum yield.
22

 

A competition of all the possible transformations of the excitation energy given to a 

molecule is depicted in figure 1.2. Two important quantities are the lifetime (	0) and 

emission quantum yield (
0) of the excited state that can be expressed as follows: 
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� 0 = 1
k f + kic + kisc

     (1) 

�0 =
k f

k f + kic + kisc

     (2) 

Where kf, kic, kisc are the rate constants of fluorescence, internal conversion and 

intersystem crossing, figure 1.2. 

 

1.4 Intra and intermolecular photoinduced processes 

 

There are several paths that energy can follow once the exciting photons have arrived at a 

molecule. The absorbed photons give rise to varied electronic transitions inside the 

molecule placing it in an excited state. Deactivation can then occur via emission of light 

(radiative decay) or via thermal or other non-radiative depopulation. In the presence of a 

second molecule in close proximity this excited species can undergo new processes, 

typically energy or electron transfer, leading to the formation of new excited states 

(energy transfer) or a charge separated state (electron transfer). 

As just discussed the emission quantum yields and excited state lifetimes are given by the 

inverse of the sum of the kinetics for all the processes and therefore in the presence of 

another quenching process we obtain for the lifetime and quantum yield of the quenched 

donor the following equations: 

� = 1
k f + kic + kisc + kq

     (3) 

� =
k f

k f + kic + kisc + kq

     (4) 

Where kq is the rate for the quenching process. If we now combine equations (1) and (3) 

we obtain expression (5) and that allows us to calculate the transfer rates for the 

quenching process when lifetimes or emission quantum yields are known for the 

quenched and unquenched species: 
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kq = 1
�
� 1
� 0

    or   kq = �0

� �1

� 

� 
� 

� 

� 
� 

1
� 0

  (5) and (6) 

In energy transfer processes the excitation energy of the donor is transferred to the 

acceptor, which has an energetically lower excited state, figure 1.4. As a result, the donor 

returns to the ground state while the acceptor reaches its excited state. Often the acceptor 

is a luminescent species so that energy transfer can be proven by the emission of the 

acceptor. Energy transfer processes can occur typically through two mechanisms: 1) 

Förster or coulombic and 2) Dexter or exchange.  
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Figure 1.4. Schematic representation of an energy or electron transfer process between 

donor (D) and acceptor (A) molecules. In an energy transfer process the excitation 

energy is transferred to the acceptor promoting it into its excited state, in an electron 

transfer process a charge separated state is created. 

 

For an electron transfer process the deactivation of the excited state of D (see figure 1.4) 

occurs via transfer of an electron to the acceptor A leading to a new excited state, the 

charge separated (CS) species. The CS decays to the ground state to reform the 

uncharged species (back electron transfer). 
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Förster-type energy transfer mechanism
23

 

 

This energy transfer mechanism takes place through the interaction of oscillating dipole 

of the excited donor with that of the acceptor. The most important condition to be 

fulfilled in order to have such a type of mechanism, is that there is a good spectral 

overlap between the emission spectrum of the donor and the absorption spectrum of the 

acceptor. In fact, since the electrons involved in the energy transfer are not exchanged 

between the two chromophores, this mechanism does not require overlap of the orbitals 

of donor and acceptor. Therefore, this interaction can take place at long distances (up to 

100 Å) and decays inversely with the sixth power of the interchromophore separation. 

The rate of energy transfer process can be expressed as: 

ken = 8.8�10�25K 2 �
n4� r6

� 
� 
	 


 
� 
� JF       with       JF = F(�)	(�)� �4d��     (6) and (7) 

Where 
 and 	 are respectively the luminescence quantum yield and lifetime of the 

excited donor in absence of the acceptor, K is the orientation factor and JF is the spectral 

overlap integral of the donor emission and the acceptor absorption. As mentioned above, 

the rate of energy transfer via the coulombic mechanism depends on the radiative decay 

rate constant (�, 
 and 	) of the excited donor and the oscillator strength of the acceptor.  

For this mechanism thus no change in spin is allowed and the most favored process will 

be singlet-singlet energy transfer. Triplet-triplet energy transfer is not likely to occur via 

Förster mechanism because the overlap integral (JF) approaches 0.
24

 

 

Dexter-type energy transfer mechanism
25

 

 

This mechanism often called the ¨exchange¨ mechanism can be visualized as a double 

electron transfer process where the excited electron in the donor is transferred to the 

lowest unoccupied molecular orbital (LUMO) of the acceptor and, simultaneously, an 

electron from the highest occupied molecular orbital (HOMO) of the acceptor fills the 

hole in the HOMO of the donor. This mechanism requires thus overlap of the orbitals 
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involved and can occur only at short distances (up to 10 Å). The rate constant for Dexter-

type energy transfer can be expressed as following: 

ken = KJ exp
�2rDA

L

� 
� 
� 

� 
� 
�      (8) 

Where K is related to the specific orbital interaction between donor and acceptor, J is the 

normalized spectral overlap integral, rDA is the separation from the donor to the acceptor 

and L is the sum of the van der Waals radii of donor and acceptor. Here J is normalized 

for the absorption coefficient of the acceptor and as a consequence does not depend on it 

(in the coulombic or Förster mechanism this is not the case). In the Dexter or exchange 

mechanism, only the spin of donor and acceptor as a whole should remain the same: 

therefore triplet-triplet energy transfer processes are allowed for this mechanism.  

 

Photoinduced electron transfer processes 

 

In general a process in which an electron is transferred from a donor (D) to an acceptor 

(A) producing an oxidized radical cation and a reduced radical anion, is called 

photoinduced electron transfer. The charge separated state can recombine to form again 

the starting molecules or it can be irreversible if a chemical reaction occurs. 

The first requirement for an electron transfer to occur is that the process is 

thermodynamically allowed (�GeT <0). In a first approximation the exoergonicity of the 

process can be evaluated by using the equation derived by Weller:
26,27 

�GeT = Eox � Ered � E00 = �Gredox � E00    (9) 

The driving force can be determined experimentally by determining the 

reduction/oxidation potentials of the intervening species (�Gredox), and the E00 (lowest 

excited state) of the donor molecule. Since the emphasis of this thesis is not on this type 

of processes further details will not be discussed. 
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1.5 Cyclodextrin: structure and properties 

 

Cyclodextrins are non-reducing cyclic glucose oligosaccharides constituted by D-

glucopyranosyl units. They result from enzymatic degradation of starch by 

cyclomaltodextrin glucanotransferase. Their structures are well known and they have 

been reviewed.
28

 There are three particularly common cyclodextrins with 6, 7 or 8 D-

glucopyranosyl residues (�-, �-, and �-cyclodextrin respectively) linked by �-1,4 

glycosidic bonds. The glucose residues have the 4C1 (chair) conformation. These three 

cyclodextrins have similar structures (that is, bond lengths and orientations) apart from 

the structural necessities of accommodating a different number of glucose residues. They 

present a bottomless bowl-shaped (truncated cone) shape stiffened by hydrogen bonding 

between the 3-OH and 2-OH groups around the outer rim.  

Cyclodextrins are water soluble due to their polyalcoholic nature just as their constituting 

glucose units. However, because of the special distribution of the hydroxyl groups and 

their disposition towards the upper an lower parts of the molecule, the more hydrophobic 

parts of the constituting glucose units are oriented towards the inside of the cavity. As a 

result, cyclodextrins in aqueous solution behave as small hydrophobic pockets in a 

hydrophilic medium that can act as hosts for guest molecules. 

In this thesis all organometallic complexes with cyclodextrins are appended with 

permethylated cyclodextrins: all of the hydroxyl groups have been transformed into 

methoxy groups. This gives a higher solubility for the �-cyclodextrin in water and makes 

purification with chromatographic techniques easier in all cases. The structure of 

permethylated cyclodextrins is somewhat different from the native analogues and does 

not have a circular shape due to the loss of the original rigidity. The derived cyclodextrin 

looses the capability of forming intramolecular hydrogen bonds and becomes more 

flexible. The cyclodextrin cavity has the same diameter but the depth increases about 1.5 

Å.
29

 Overall consequence towards binding of guests is translated into a higher binding 

constant, in many but not in all cases.  
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Figure 1.5. Models of the native �, � and �-cyclodextrins. It is clear from the picture that 

the depth of the cavities does not increase with increasing number of glucose units but 

the cavity becomes wider.  

 

Cyclodextrins are, as mentioned above, able to include guests in their central cavity. This 

property is the reason for the enormous interest put into cyclodextrin applications.
29

 The 

primary source of binding strength is the hydrophobic effect, the specific driving force for  

the association of apolar binding partners in aqueous (polar) solution, figure 1.6.  

Water molecules around the apolar surfaces of a hydrophobic cavity arrange to form a 

structured array. Upon guest complexation the water molecules are released and become 

disordered, resulting in a favorable increase of entropy. In addition there is believed to be 

an enthalpic component to the hydrophobic effect. The hydrogen bonds between water 

molecules are stronger than the interactions between the water molecules and apolar 

solutes, providing an enthalpic force for apolar guest coordination/complexation. 
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Figure 1.6. The complexation of hydrophobic guest is a thermodynamically favorable 

process. The entropic factor is favored by the disorder introduced in the solvent 

molecules around the two components. 

 

Hydrogen bonds, van der Waals interaction, electrostatic interaction, etc. have been 

mentioned as stabilizing interactions for cyclodextrin inclusion complexes, additionally, 

short-range interactions have been observed in crystal structures.
30

 Hydrogen bonds or 

charge stabilization coming from the interaction of the guest with the large number of OH 

groups can, however, also contribute to the strength and selectivity of the binding. 

Additionally, this property allows the coordination of more polar guests.
31

 

 

Complexation equilibria and Binding constants 

 

The most common stoichiometric ratio for cyclodextrin complexes is 1:1, and this claim 

is usually justified. Other ratios are known, the most common of these probably being 

1:2. More complicated systems have been observed with different organic molecules 

acting as guests e.g. pyrene.
32

 

Host-guest complexes are assumed to be formed in bimolecular processes; the simplest 

complexes according to these equilibria (S for substrate + H for host):  

S + H � SH      (10) 

SH + S � S2H      (11) 
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The binding constants for equilibrium (10), denoted K, is defined by equation (12). 

K =
SH[ ]

S[ ] � H[ ]
      (12) 

For the stepwise binding of two guests in one host with more than one binding site, K2, 

we can define the binding constant with equation (13). 

K2 =
S2H[ ]

SH[ ] � S[ ]
      (13) 

In these equations, brackets signify molar concentrations, and each of these constants has 

the unit M
-1

. Table 1 gives some examples of binding constants related to the complexes 

studied in this thesis. 

 

Methods for calculation of the binding constant
29

 

 

There are several physical and chemical methods available to the estimation or 

determination of the binding of a certain guest to a cyclodextrin host. Possibly the most 

accurate technique is isothermal titration calorimetry (ITC) because it allows a direct 

calculation of the equilibrium constant for the complex formation as well as calculation 

of thermodynamic parameters such as molar enthalpy of the process (�H
0
).  

The most wide spread technique is however nuclear magnetic resonance (NMR) because 

of its simplicity an availability. Through relatively simple NMR titration experiments the 

concentration of the components and complexation induced chemical shifts (CIS) a 

binding constant can be derived for the complex formation. It has to be noted however 

that CIS is not always observed or observable in cyclodextrin host-guest complexes. 

Molecules that present polarity dependent vibronic fine structure in their electronic 

spectra will show variations in the complexed-uncomplexed forms. This makes UV-Vis 

spectroscopy another technique applied to the study of formation of complexes in these 

type of systems because of the possible altered polarity of the cavity microenvironment. 

This technique gives only an estimation of the value of the binding constant and should 

be used a complimentary to NMR or ITC. Similarly, fluorescence or room temperature 
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phosphorescence (RTP) have been applied for this kind of estimations in luminescent 

molecules. 

Table 1.1 Examples of binding constants known from the literature. 

Host Guest Solvent Log K T/K Ref. 

octanoate H2O (pH = 6.9) 3.39 298 [33] 

octanoate H2O 2.96 298 [34] 

Octanoic acid H2O 3.26 298 [34] 

1-adamantanecarboxylate H2O 2.16 298 [35] 

��CD 

1-adamantaneammonium H2O 2.43 298 [36] 

octanoate H2O 3.10 298 [34] 

Octanoic acid H2O 2.75 298 [34] 

1-adamantanecarboxylate H2O (pH = 8.5) 4.51 298 [37] 

1-adamantanecarboxylate H2O (pH = 8.5) 4.26 298 [38] 

1-adamantanecarboxylate H2O (pH = 7.2) 4.51 298 [39] 

1-adamantanecarboxylate H2O (pH = 7.0) 4.60 298 [40] 

��CD 

1-adamantaneammonium H2O 5.04 298 [36] 

1-adamantylammonium H2O 1.76 298 [41] 

biphenyl appended metal 

complex 

10% 

MeCN/water 

4.30 298 [42]
 

biphenyl appended metal 

complex 

10% 

MeCN/water 

4.1 298 [42]
b
 

��CDMe

a
 

adamantane appended metal 

complex 

10% 

MeCN/water 

4.6 298 [42]
c
 

a
 The abbreviation ��CDMe

 
stands for permethylated ��cyclodextrin, all hydroxyl groups have 

been methylated to methoxy groups. In the case of the complexation experiments with 

organometallic guests, one of the hydroxyl groups was used to attach the CD to a ruthenium 

metal complex through an ether bond.
42

 
b 

The binding constant was estimated from the data given; [host]0: 1.8*10
 -5 

M, [guest]0: 3.8*10
 -4 

M. The amount of complex formed was deduced to be 1.5*10
-5

 M from the amount of fast 

component observed in the time resolved luminescence measurements (83%) of the mixture.K ~ 

14000. 
c 
The binding constant was estimated from the data given; [host]0: 1.8*10

 -5 
M, [guest]0: 1.4*10

 -4 

M. The amount of complex formed was deduced to be 1.5*10
-5

 M from the assumption of fast 

component observed in the time resolved luminescence measurements of approximately 83%. K~ 

40000. 
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1.6. Cyclodextrins in the formation of nano-scaled systems in solution  

 

Multistep reactions are usually required to link metallic building blocks together by 

means of covalent bonds; such multistep processes result in poor yields and synthetic 

complexity. A different way to create multicomponent architectures in which e.g. 

photoinduced processes are observed is the use of cyclodextrins and appropriate 

chromophores. The versatility of the cyclodextrin e.g. the size of �, � or � and their easy 

functionalization allows the selective binding of guests (size control) and the attachment 

of photo- redox units to their rim. In particular the use of metal complexes possessing 

long lived excited states covalently linked to the cyclodextrin and a variety of organic and 

organometallic guests able to donate or accept energy and charges have been recently 

investigated.  

For example Haider et al. described how control over the directionality of energy transfer 

can be achieved by simple change of guest in a self assembled system, figure 1.7.
42

 In 

this case efficient energy transfer was monitored from iridium bis-terpyridine derivatives 

to ruthenium tris-bipyridine centers when both units were conveniently functionalized to 

act as guest and host through �-cyclodextrin cavity assembly. When instead of iridium an 

osmium center was used as guest, the energy transfer occurred from the central ruthenium 

center to the outer guest metal center. 
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Figure 1.7. Self assembled “wheels” for energy transfer in aqueous medium from iridium 

guest to ruthenium host or from ruthenium host to osmium guest. 
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The authors described here a versatile system for communication between the inner metal 

core and the outer guest unit by triplet energy transfer. The influence of the guest tail’s 

nature was also examined, employing either species with biphenyl or adamantyl tails. 

Although biphenyl has a lower binding constant to the cavity, it favors the energy transfer 

because of it is a conjugated guest moiety. 

In a more recent report of Faiz et al
43

 the authors show a self-assembled triad formed 

after binding of three different photoactive components. A unidirectional two-step 

photoinduced energy transfer was shown to take place, due to the asymmetric 

functionalization of the central metal complex with two different sizes of cyclodextrins. 
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Figure 1.8. Energy transfer process in a self-assembled triad. Energy transfer from 

Anthracene to ruthenium and then subsequent energy transfer to osmium. 

 

The authors conclude that upon excitation of the anthracene moiety in the supramolecular 

assembly a vectorial energy transfer cascade occurs with rates of 1.8 � 10
10

 s
-1

 (from 

anthracene to ruthenium) and 0.9 � 10
9
 s

-1
 (from the ruthenium to the osmium) via the 

excited state of the Ru(II), leading to the population of the lowest excited state localized 

on the osmium complex.  

The design of luminescent cyclodextrin sensors, which are able to detect organic 

bioactive molecules e.g. steroids, has attracted much interest in fields related to 

diagnostics or analytics. These systems take advantage of changes in particular emission 

properties that occur when interaction with a molecule of interest takes place. 
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Nelissen et al described a luminescent tris(bipyridyl) ruthenium(II) complex bearing 6 �-

cyclodextrins that is completely quenched by the introduction of a viologen guest into the 

host cavities, figure 1.9.
44

 Upon addition of steroids, which have a much higher binding 

strength than the viologen, the luminescence was recovered as a function of steroid 

concentration and thus the presence of these molecules could be accurately detected. 

Different displacement strengths for various steroids were reported. These observations 

state a variable complementarity within the cavity along the steroid family. The highest 

reported binding constant was for ursodeoxycholic acid (at pH=7 in phosphate buffer; 

K~10
6
 M

-1
) also known as Ursodiol and used in medicine to dissolve a specific type of 

gall bladder stones. 
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Figure 1.9. Cyclodextrin appended ruthenium complex as luminescent steroid sensor. 

The added guest has a higher binding constant, displacing the quencher (viologen) and 

recovering the ruthenium luminescence. 

 

Linear wires based on cyclodextrins 

 

Cyclodextrins have been used for the formation of nano-scaled linear wires as well. 

These wires have the property to be formed in water or aqueous media in which 

cyclodextrin complexation can occur efficiently. In case of wires, application of external 

stimuli to one of the ends (for example a laser pulse in the case of photoactive molecules) 

has to lead to the communication with the other end of the wire. 
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The first electron transfer observed through a cyclodextrin cavity from a ruthenium metal 

center towards a guest bound in a covalently attached cyclodextrin cavity was reported by 

Armspach et al.  as shown in figure 1.10A.
45

 Shortly after Haider et al. reported similar 

experiments with analogous organometallic complexes and quinones as electron 

accepting guests, figure 1.10B. 

The main difference of the two wires presented in figure 1.10A and B is the nature of the 

donating ruthenium complex. In the first case we have a Ru(bpy)3

2+
 derivative 

characterized by a relatively long lifetime that allows this process to occur easily. In the 

case of 1.10B the lifetime of the donor is much shorter, however the authors observed it 

was long enough to measure the electron transfer process. If we think about a possible 

expansion in space of these systems with a larger number of building blocks, it is clear 

that the geometry of the compound presented in 1.10B is more favorable for the assembly 

of linear wires since it does not present isomers (Ru(bpy)3

2+
 and its derivatives present 

� and � isomerism) and its inherent axial symmetry. 
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Figure 1.10. Self assembled systems for electron transfer from a Ru(II) center to 

quinones in aqueous solution. The electron transfer was photoinduced after excitation of 

the ruthenium.  

 

Shukla et al. observed that inclusion of bridging ligands in cyclodextrins can be crucial to 

observe electron transfer processes between metal centers. 
46

 In the absence of the rigid 

cyclodextrin this system was short-circuited and no charge transfer bands could be 

observed in the UV-VIS spectra of the complexes. The cyclodextrin was in this case not 

the point of union between chromophores that where connected covalently, however, 

without the inclusion into the hydrophobic cavity no process was observed, figure 1.11. 

A B 

eT 

eT 
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Figure 1.11. A molecular wire as described by Shukla et al. for the electron transfer 

between two metal centers were cyclodextrin complexation showed to be necessary to 

maintain the structure active. 

 

In another publication Haider et al. report the formation of a semi-rotaxane for the 

efficient formation of a charge separated state between ruthenium (II) and osmium (III) 

polypyridine complexes, figure 1.12.
42
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Figure 1.12. Nano-scaled self-assembled wire through hydrophobic interaction with a 

cyclodextrin cavity as described by Haider et al. 

 

The isolation of a long organic conjugated spacer within several cyclodextrin cavities has 

also been described and offers another approach to the formation of nano-scaled wires in 

the form of a polyrotaxane. The inclusion renders chemical and physical stabilization of 

the structure and has been described as promising for molecular electronics and various 

applications.
47

 

A good example on how the cyclodextrin complexation protects the organic spacer from 

degradation was given by Stone et al. when they described the formation of a relatively 

simple rotaxane with an anthracene thread
48

: 

eT 
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Figure 1.13. Rotaxane described by Stone et al where the thread is encapsulated in a 

cyclodextrin cavity, stability and properties were significantly enhanced. 

 

In this case the thread is an anthracene molecule. It is well known that anthracene 

oxidizes or dimerizes easily after laser excitation or under UV light illumination due to 

formation of the highly reactive triplet state of anthracene. The encapsulation of a single 

anthracene as the thread in the cyclodextrin prevents these photochemical reactions from 

occurring. 

 

Cyclodextrins for the formation of giant structures and functionalization of surfaces 

 

As described above cyclodextrins present the possibility of derivatization especially by 

selective functionalization of their primary side due to the higher reactivity of the primary 

hydroxyl groups when compared to the secondary alcohols present on the wider 

(secondary) rim. Introduction of long hydrocarbon chains on the primary side together 

with the hydrophilicity of the secondary side has led to the formation of giant amphiphilic 

molecules that self-assemble in aqueous solution to nano-sized structures as the one 

shown in figure 1.14 as recently described by Felici et al.
49

 The water soluble 

cyclodextrin was in this case attached to a polystyrene chain through a copper catalyzed 

cycloaddition (“click chemistry”). The molecule was dissolved in THF and then injected 

into water spontaneously assembling to the structures shown by the authors.  
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Figure 1.14. Self assembled vesicles as described by Felici et al, the giant amphiphilic 

molecule is constituted by a cyclodextrin and a polystyrene strain. 

 

Other groups working in this direction are the group of Zhang with the formation of 

porous nano-spheres
50

; the group of Ravoo has studied the formation of vesicles derived 

from �-cyclodextrin poly-substituted with alkyl chains among other systems.
51

 

The primary side of the cyclodextrin cavity can be substituted with functionalities as far 

as synthetic processes allow. This approach has been utilized by Lagrost et al. in the past 

to introduce alkylic chains terminated in vinyl groups, highly reactive towards silicon 

surfaces. The synthetic scheme presented rendered functionalized semiconductor surfaces 

with possibility of application as recognition devices.
52

 

Metal surfaces have also been layered with cyclodextrins. In this case the ideal chemical 

function to act as anchor is a nitrogen atom, e.g. from a pyridine
53

, or the thiol group; the 

latter being the most widely studied. Thiols give the strongest attachment to noble metal 

surfaces and the attachment can be easily followed by IR spectroscopy by the 

disappearance of the SH vibrational mode. In some cases direct substitution of the 

hydroxyl groups on the primary side of the cyclodextrin cavity for thiols groups is 

employed
54

 for other applications a spacer of determined length or nature is preferred. An 
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example for the latter are the well known Molecular Printboards developed by Reinhoudt 

and co workers.
55

 

 

Figure 1.15. Formation of cyclodextrin monolayers on gold surface and use to bind multi 

functionalized “ink” molecules as described by Reinhoudt and co-workers.
56

 

 

Colloidal particles based on cyclodextrins 

 

The modification of metal
57

 and semiconductor
58

 nanoparticles with organic monolayers 

has become a very fruitful and active field of research in modern chemistry. An attractive 

aspect of recent developments in this area is that the final materials may exhibit 

combined properties from their inorganic and organic components.
59

 

 

Figure 1.16. Schematic representation of the nanoparticle-ferrocene dimer composite as 

described by Kaifer et al., the inset shows the molecular structure of the connector 

molecule. 
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Kaifer and co-workers described how metal particles stabilized with cyclodextrins can 

bind common cyclodextrin guest and form ordered nano-scaled systems connected by 

their guest molecules.
60

 Several metals were characterized such as gold, palladium or 

platinum. In the case of platinum colloids the most interesting characteristic are of course 

their catalytic properties. The formation of organic monolayers on the platinum surface 

normally passivates the catalytic center leaving as result a barren surface; the same group 

has shown however that this is not necessarily the case of cyclodextrin modified metal 

particles.
61

 

The stabilization by immobilization of cyclodextrins on metal nano-particles affords 

highly water compatible and stable colloids (an indispensable requirement to allow the 

formation of host-guest complexes in solution). A few research groups have described the 

inclusion of guests into such type of nanoparticles and the subsequent arrangement into 

ordered structures.
62

 The cavities can in this case also become a binding site for the 

attachment and growth of multichromophoric architectures as the ones described above, 

through self-assembly. If we combine the catalytic properties of a metal colloidal particle 

and functionalize a series of guest/host molecules, we can easily envisage the 

construction of linear wire like systems on particles and surfaces for photocatalytic 

applications. 

 

1.7 Scope of this thesis. 

 

This thesis describes the study of photoinduced processes in multichromophoric systems. 

The subunits (chromophores) assemble through cyclodextrin complexation in an ordered 

way by correct functionalization of the individual building blocks. The formation of wire-

like structures for the transmission of energy or electrons and the formation of charge 

separated states has been investigated. The understanding of these important 

photoinduced processes is the background for the use of these systems in more elaborate 

constructions for redox reactions. Our final goal is indeed the production of hydrogen. In 

order to achieve this ambitious target the thesis also includes the studies of colloidal 
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particles, the attachment of metal complexes and finally the full assembly for the 

hydrogen evolution. In particular the thesis is organized in the following chapters: 

 

Chapter 2 describes the experimental setups as well as the synthesis of various 

molecules and nanoparticles that were used in other Chapters. 

 

Chapter 3 of this thesis is divided in two parts. This chapter deals mainly with the 

formation of linear wires in solution (3A) and the study of energy transfer from one end 

of the wire to the other through multicomponent interaction; chapter 3B shows simpler 

components (dyads) in different assemblies and the intercomponent processes observed. 
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Chapter 4 presents the photophysical characterization of a family of ruthenium (II) and 

iridium (III) complexes that have been appended with cyclodextrins or possible guest 

tails for self-assembly experiments. The novelty relies not only in the synthetic procedure 

(click chemistry) to obtain one of the ligands but also in the observed photophysical 

properties, especially of the iridium complexes. 
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Chapter 5 reports on platinum and gold nano-particles stabilized with cyclodextrins. 

These cyclodextrins were used to study host-guest system formation with Raman and 
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surface enhanced Raman spectroscopy. As guest an adamantane functionalized viologen 

and a biphenyl appended ruthenium complex were used. 

 

Chapter 6 deals with the formation of composite materials between nano-particles and 

molecules attached to them. In detail, an osmium complex with a tripodal base and the 

interactions with platinum nanoparticles are studied. The osmium center transfers an 

electron to the platinum particle that then slowly is released into the medium, giving as a 

result a solvated electron in solution. The solvent dependence of this process is reported.  
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 Chapter 7 is the last chapter and the use of platinum nanoparticles for the assembly of 

nano-scaled systems and photoinduced production of H2 is presented. The systems 

described show the formation of arrays (wires) of photo- and electro-active 

chromophores that are energetically oriented for the transfer of electrons towards the 

platinum catalytic center. We use components from previous chapters to form the desired 

multichromophoric chains: as sensitizing dyes the compounds described in chapter 4, as 

catalytic reaction center the nanoparticles stabilized with cyclodextrins  
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described in chapter 5. Different sacrificial electron donors are studied such as methanol 

but others (EDTA, amines) are also studied. 

 

This thesis has been developed in the frame of one of the Marie Curie Actions Research 

Training Networks (RTNs) “UNI-NANOCUPS”. The EU (EU-FP MRTN-CT-2003-

504233) is therefore gratefully acknowledged for the financial support that made this 

work possible. 
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Experimental: Setups, Synthesis and Sample Preparation 

 

Abstract 

 

In this thesis, several different techniques were used in order to characterize e.g. ground 

and excited state properties of various molecular and nano systems. In this chapter these 

methods are briefly discussed. The setup as well as the location is specified. Furthermore 

the synthesis of various molecules and nanoparticles that were used in other chapters are 

described here as well as general aspects of sample preparation for the different studies. 
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2A  

 

 

Experimental setups  

 

 

Experiments were mainly performed at the Universiteit van Amsterdam (Amsterdam) but 

also at the Westfälische-Wilhelms Universität Münster (Münster), at the Dublin City 

University (Dublin) and in the National Center for High Resolution Electron Microscopy 

(Delft). As such the location of the equipment is specified where needed. 

 

2A.1 Steady State Spectroscopy Measurements 

 

Steady State UV-VIS (Münster) 

 

Absorption spectra were measured on a Varian Cary 5000 double-beam UV-Vis-NIR 

spectrometer in quartz cuvettes (1 cm Hellma) and were baseline corrected.  

 

Integrating Sphere for Quantum Yield Determination (Münster) 

 

For quantum yields, a Hamamatsu Photonics C9920-02 Absolute PL Quantum Yield 

Measurement system was used. The system consists of an excitation light source (L9799-

01 CW Xenon 150 W excitation source), monochromator, integrating sphere, C7473 

multi-channel spectrometer and U6039-05 PLQY Measurement Software designed 

specifically for this equipment. Luminescence quantum yields (�em) were measured in 

optically dilute solutions (O.D. < 0.1 at excitation wavelength). 
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Figure 2A.1. Schematic representation of the Integrating Sphere setup used for the 

measurement of absolute quantum yield values. 

 

Steady State and Time-Resolved Luminescence: Fluorolog (Münster) 

 

Steady-state emission spectra were recorded on a HORIBA Jobin-Yvon IBH FL-322 

Fluorolog 3 spectrometer equipped with a 450 W xenon arc lamp, double grating 

excitation and emission monochromators (2.1 nm/mm dispersion; 1200 grooves/mm) and 

a TBX-4-X single-photon-counting detector.  Emission spectra were corrected for source 

intensity (lamp and grating) and emission spectral response (detector and grating) by 

standard correction curves. 

Time-resolved measurements up to ~5 μs were performed using the time-correlated 

single-photon counting (TCSPC) option on the Fluorolog 3. NanoLEDs (295 or 431 nm; 

FWHM < 750 ps) with repetition rates between 10 kHz and 1 MHz were used to excite 

the sample. The excitation sources were mounted directly on the sample chamber at 90° 

to a double grating emission monochromator (2.1 nm/mm dispersion; 1200 grooves/mm) 

and collected by a TBX-4-X single-photon-counting detector.  The photons collected at 

the detector are correlated by a time-to-amplitude converter (TAC) to the excitation 
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pulse. Signals were collected using an IBH DataStation Hub photon counting module and 

data analysis was performed using the commercially available DAS6 software (HORIBA 

Jobin Yvon IBH).  The goodness of fit was assessed by minimizing the reduced chi 

squared function (�
2
) and visual inspection of the weighted residuals. 

 

Steady State Absorption and Emission Measurements (Amsterdam) 

 

Electronic absorption spectra were recorded in a quartz cuvette (1 cm, Hellma) on 

Hewlett-Packard 8543 diode array spectrometer (range 190 nm-1100 nm). Steady state 

fluorescence spectra were recorded using a Spex 1681 fluorimeter, equipped with a Xe 

arc light source, a Hamamatsu R928 photomultiplier tube detector and double excitation 

and emission monochromator. Emission spectra were corrected for source intensity and 

detector response by standard correction curves, unless otherwise noted. Emission 

quantum yields
1
 are measured in optically dilute solutions, using the indicated reference 

solution in the individual chapters, according to the following: 

 

�u= [(Ar Iu nu

2
) / (Au Ir nr

2
)]�r 

 

where u and r are the unknown and the reference respectively, � is the luminescence 

quantum yield, A is the optical absorbance at the excitation wavelength (� 0.1), I is the 

integrated emission intensity and n is the refractive index of the solvents. 

 

2A.2 Time Resolved Spectroscopy Measurements 

 

Nanosecond Transient Absorption (Münster) 

 

For nanosecond transient absorption spectra, a sample with optical density of around 0.8 

at the excitation wavelength (500 nm) was excited with a laser pulse from a MOPO 

pumped by a Q-switched beam locked Nd:YAG laser with a 10 ns pulse width and 10 Hz 

repetition rate. The excited state absorption was probed using a Xe flash lamp with the 

same repetition rate. The pulse energy was 2 mJ/pulse. The signal was recorded with a 
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CCD camera as the detector. The excited state spectra were obtained by DA = log(I/I0). 

The spectra were processed on an in house Lab View program. 

 

Nanosecond time resolved luminescence spectroscopy – streak camera (Amsterdam) 

 

Lifetimes of excited states were determined using a coherent Infinity Nd:YAG-XPO laser 

(2 ns pulses fwhm) and a Hamamatsu C5680-21 streak camera equipped with 

Hamamatsu M5677 low speed  single sweep unit. Streak cameras are high-speed light 

detectors, which enable detection of the fluorescence as a function of the spectral and the 

time evolution simultaneously. 

 

Picosecond time resolved luminescence spectroscopy (Amsterdam) 

 

Time resolved fluorescence measurements were performed using a picosecond time-

correlated single photon counting (SPC). The complete set-up (Figure 1) has been 

described elsewhere.
2
 A mode-locked Argon-ion laser (Coherent 486 AS Mode Locker 

and Coherent Innova 200 laser) was used to pump DCM dye laser (Coherent model 700). 

The output frequency was doubled with a BBO crystal and the 323 nm pulse was used as 

excitation. A microchannel plate photomultiplier (Hamamatsu R3809) was used as the 

detector. The instrument response (fwhm= 17 ps) was recorded using the Raman band of 

a doubly deionized water sample. Time windows (4000 channels) of 5ns (1.25 

ps/channel) – 50 ns (12.5 ps/channel) could be used allowing a window for measurements 

going from 5 ps to 40 ns. The recorded decay traces were deconvoluted with the system 

response and fitted using the computer program FluoFit (PicoQuant).  
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Figure 2A.2. Schematic representation of picosecond single photon counting (SPC) 

setup: 1 mode locker, 2 Ar
+
-ion laser, 3 dye laser, 4 cavity dumper, 5 autocorrelator, 6 

photodiode, 7 sample, 8 monochromator, 9 photomultiplier, 10 photoncounting system 

and 11 computer. 

 

Transient absorption (TA) measurements represent a form of differential spectroscopy. It 

relies on recording electronic absorption spectra of transient species (excited molecules 

or photoproducts) at selected time delays after the excitation pulse. The transient 

absorption signal can either be recorded over an extended wavelength range (full 

spectrum) or at a single wavelength. 

 

Nanosecond transient absorption spectroscopy (Amsterdam) 

 

Nanosecond transient absorption spectra were obtained by irradiating the samples with 2 

ns pulses (fwhm) of a continuously tunable (420-710 nm) Coherent Infinity XPO laser. 

The output power of the laser was typically less than 5 mJ/pulse at a repetition rate of 10 

Hz. Samples in a 1 cm quartz cuvette with ca. 0.8 optical density at the excitation 

wavelength. The probe light from a low-pressure, high-power EG&G FX-504 Xe lamp 

passed through the sample cell and was dispersed by an Acton Spectra-Pro-150 
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spectrograph, equipped with 150 g/mm or 600 g/mm grating and a tunable slit (1-500 

μm) resulting in 6 or 1.2 nm maximum resolution, respectively. The data collection 

system consisted of a gated intensified CDD detector (Princeton Instruments ICCD-

576EMG/RB), a programmable pulse generator (PG-200), and an EG&G Princeton 

Applied Research Model 9650 digital delay generator. With OMA-4 setup (see Figure 

2A.2), I and I0 values are measured simultaneously, using a double kernel 200 μm optical 

fiber. 

 

1

2345

6 7

Mi rror

I

I
0

 

Figure 2A.3. Schematic representation of the nanosecond transient absorption setup: 1 

laser, 2 Xe lamp, 3 sample, 4 spectrograph, 5 CCD camera, 6 pulser and 7 computer.  

 

Sub-picosecond time scale transient absorption spectroscopy (Amsterdam) 

 

The setup used for the sub-picosecond transient absorption measurements is shown in 

Figure 2A.4. The laser system is based on a Spectra Physics Hurricane Ti-sapphire 

regenerative amplifier system. The optical bench assembly of the Hurricane includes a 

seeding pump laser (Mai Tai), a pulse stretcher, a Ti-sapphire regenerative amplifier, a Q-

switched pump laser (Evolution) and a pulse compressor. The output power of the laser is 

typically 1 mJ/pulse (130 fs fwhm) at a repetition rate of 1 kHz. The pump probe setup 

employed a full spectrum setup based on two optical parametric amplifiers (Spectra-

Physics OPA 800) as a pump (depending on the excitation wavelength) and a residual 

fundamental light (150 μJ/pulse) from the pump OPA was used for the generation of 

white light, which was detected with CCD spectrograph. The OPA was used to generate 
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excitation pulses from 280 – 600 nm (fourth harmonic signal of the OPA or idler). The 

white light generation was accomplished by focusing the fundamental (800 nm) into a 

stirred water cell equipped with barium bisfluoride or sapphire windows. The pump light 

was passed over a delay line (Physik Instrumente, M-531DD) that provided an 

experimental time window of 1.8 ns with the maxima resolution of 0.6 fs/step. The 

energy of the probe pulses was ca. 5 x 10
-3

 mJ/pulse. The angle between the pump and 

the probe beam was typically 7 - 10°. Samples were prepared in quartz cuvette (l = 0.1 

cm) to have an optical density of ca. 0.8 at the excitation wavelength. For the white 

light/CCD setup, the probe beam was coupled into a 400 μm optical fiber after passing 

through the sample, and detected by a CDD spectrometer (Ocean Optics, PC2000). The 

chopper (Roffin Ltd., f = 10 – 20 Hz), place in the excited state spectra were obtained by 

DA = log (I / I0). Typically, 2000 excitation pulses were averaged to obtain the transient 

at a particular time. Due to the lenses, a chirp of ca. 1 ps is observed between 460 – 650 

nm. 

1

2 2

4

5

6

7

8

3

95%

5%

Flipping mirror

White light

Mirror

Lens

 

 



  Experimental:Setups 

 53 

Figure 2A.4. Schematic representation of the sub-picosecond transient absorption setup: 

1 Hurricane Laser, 2 OPA-800, 3. delay line, 4 white line generator, 5 Berek polarizer, 6 

chopper, 7 sample and 8 CCD camera.  

 

 

2A.3. Other techniques employed 

 

High Resolution Transmission Electron Microscopy (HR-TEM)(TU Delft) 

 

TEM (Transmission Electron Microscopy) is a method of producing images of a sample 

by illuminating the sample with electrons with energy between roughly 100 and 300 keV 

(in vacuum), and detecting the electrons that are transmitted through the sample. 

In Figure 2A.5, the comparison of light and electron microscopes is made. In both 

instruments, illumination from the source (lamp, filament in the electron gun) is focused 

by the condenser lens onto the specimen. A first magnified image is formed by the 

objective lens. This image is further magnified by the projector lens onto a fluorescent 

screen, CCD camera or photographic plates (electrons) instead of a ground glass screen 

(light). 

HR-TEM, Cross sectional TEM electron micrographs have been taken with a Philips 

CM30T, and a CM300UT-FEG, both operating at 300 kV. A drop of a dilute suspension 

of particles was placed on a copper grid with a carbon foil and the solvent was, 

subsequently, evaporated at room temperature and atmospheric pressure. 
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Figure 2A.5. Comparison of light and electron microscopes.  

 

Nuclear Magnetic Resonance (NMR, Amsterdam) 

 

1
H, 

13
C and 

19
F nuclear magnetic resonance (NMR) spectra were obtained using a Bruker 

ARX 400 (400 MHz), Bruker DRX 300 (300 MHz) or a Varian Inova (500 MHz). 

 

Mass spectra (Amsterdam) 

 

High-resolution electrospray ionization (ESI)  mass spectra were measured with a Bruker 

FTMS 4.7 T Bio APEXII spectrometer. Fast atom bombardment mass spectroscopy (MS-

FAB) was performed with a Vacuum Micromass VG 70/70E. 

 

Infrared Spectroscopy (Amsterdam) 

 

IR spectra were recorded on a Bruker Vertex 70 FTIR spectrometer. Samples were 

prepared in KBr pellets. 
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Raman Spectroscopy (Dublin) 

 

Raman spectra were recorded on an HORIBA Jobin-Yvon Labram HR 2000 confocal 

microscope using laser light excitation from a solid-state laser producing 4 mW of power 

at the sample. A 10x objective lens was used for SER spectra, and the spectra were 

acquired from accumulation of several spectra with a determined integration time each. 

The integration times varied depending on the nature of the molecules studied. 
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2B 

 

 

Synthesis and Sample Preparation 

 

2B.1 Materials 

 

K2PtCl4 (47% Nominal content, 99.9% purity) was purchased from H. Drijfhout & 

Zoon’s Edelmetaalbedrijven B.V., the gold acid HAuCl4xH2O (99.999% purity) was 

purchased from Aldrich. The rest of the chemicals were purchased from commercial 

sources and used without purification.  

The ruthenium compound Bpy2RuBpyPhBr (para-bromo) was synthesized according to 

literature procedures
3
. Perthiolated �-Cyclodextrin (TCD) was synthesized according to 

literature known procedures with slight variations using the per-6-iodo-�-cyclodextrin as 

intermediate.
4
 �-cyclodextrin was dried at 40

o
C for 24 hours under vacuum prior to use.  

All solvents were dried/distilled according to standard laboratory procedures. Thin layer 

chromatography was done on Merck silicagel plates 60 F254 or neutral alumina. Magic 

Mixture: 300 ml water, 300 ml methanol, 1200 ml acetonitrile, 32 g NaCl (1:1:4:0.1%). 

Glassware used in nano-particle synthesis was cleaned with aqua regia prior to use or in 

an Extran bath. Reactions carried out under inert gas atmosphere. 

 

2B.2 Synthesis of gold and platinum nanoparticles 

 

2B.2.1 Synthesis of the �-CD capped platinum nano-particles
5
 

 

90 mg of K2PtCl4 (0.220 mmol) were dissolved in 20 ml of DMF. 

The mixture was stirred until the platinum salt was completely 

dissolved. Then 30 mg of the stabilizing agent TCD (0.025 mmol) 

were added. Finally, 90 mg of sodium borohydride (2.4 mmol) were 

added at once. The reaction mixture was at room temperature for 48 hours. During the 
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last 12 hours the mixture became of a dark brown color, indicating the formation of Pt 

colloid. The crude product was separated into four portions and centrifuged precipitating 

a brown waxy substance. Each portion was re-suspended in 2.5 ml DMF and again 

centrifuged. This washing procedure was repeated 3 times to eliminate the excess of 

cyclodextrin stabilizer. The brown precipitate was then re-suspended in 10:1 

ethanol:water with 15 minutes ultrasonication and centrifuged again at 15000 rpm for 20 

minutes. The last procedure was repeated also 3 times to wash away the DMF. Finally the 

nanoparticles were transferred to a round bottom flask and dried under high vacuum for 

48 h at 40ºC. The nano-particles were characterized with IR spectroscopy 
1
H-NMR and 

HR-TEM (see Chapter 5). 

 

2B.2.2 Synthesis of the �-CD capped gold nano-particles
5
 

 

70 mg of HAuCl4 (0.21 mmol) were dissolved in 20 ml of DMF. The 

mixture was stirred until the gold salt was completely dissolved. Then 

30 mg of the stabilizing agent CD(SH)7 (0.025 mmol) were added. 

Finally, 90 mg of sodium borohydride (2.4 mmol) were added at 

once. The reaction mixture turned immediately dark red, and was 

allowed to stirr at room temperature for 24 hours, meanwhile the reaction mixture 

became dark purple. The crude product was separated into four portions and centrifuged 

at 5000 rpm for 10 minutes precipitating a dark purple waxy substance. The dark 

substance was re-suspended in 2.5 ml DMF and again centrifuged. This washing 

procedure was repeated 3 times to eliminate the excess of cyclodextrin stabilizer. The 

precipitate was then re-suspended in 10:1 ethanol:water with 15 minutes ultrasonication 

and centrifuged again at 5000 rpm for 10 minutes. The last procedure was repeated also 3 

times to wash away the DMF. Finally the nano-particles were transferred to a round 

bottom flask and dried under high vacuum for 12 h at 40ºC. The nano-particles were 

characterized with IR spectroscopy and HR-TEM (see Chapter 5). 
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2B.2.3 Synthesis of the citrate capped platinum nanoparticles
6
 

 

To an aged (7 d) aqueous solution of K2PtCl4 a sodium citrate 

solution in water was added to a final concentration of platinum 

salt of 4 mM and citrate 1.7 mM. Under efficient stirring the 

reaction mixture was heated to reflux. The reaction color 

changed from red-orange to brown once the oil bath reached 

70
o
C indicating the start of the formation of platinum colloid. 

The reaction was allowed to continue for 3 h during which the mixture turned dark brown 

and then allowed to cool down overnight while stirring under nitrogen. The nano-

particles were characterized with IR and HR-TEM and used without further purification 

(see Chapter 7). The particles could be isolated in solid state by removal of the solvent in 

vacuo and re-suspended without apparent decomposition. 

 

2B.3 Synthesis of Cyclodextrins 

2B.3.1 Synthesis of Per-6-iodo-�-cyclodextrin (1).
4
  

PPh3 (40 g, 150 mmol) was dissolved in 100 ml of dry DMF 

and then I2 (40 g, 160 mmol) slowly added to the solution with 

cooling in a water bath. To the resulting brown solution dry �-

cyclodextrin (11 g, 9.7 mmol) was added and the reaction 

temperature raised to 70
0
C for 22h. Heating was then 

discontinued and the solvent evaporated to approximately half 

the volume under a stream of nitrogen. A solution of sodium 

methoxide in methanol (3M, 60 ml) was then prepared by carefully dissolving Na (4.2 g) 

in methanol (60 ml) at 0
0
C. This solution was then slowly added to the reaction mixture 

with cooling and stirred for 40 minutes at 0
o
C. The mixture was poured onto 500 ml of 

ice to give a sticky brown precipitate. The precipitate was filtered off and Soxhlet 

extracted with methanol for 12 hours. The compound was removed from the Soxhlet 

extractor and allowed to air dry before being dried under high vacuum at 50
0
C. 

Compound 1 (3.4 g, 19%) was recovered as an off-white solid:  
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1
H-NMR (400 MHz) (DMSO-d

6
): 6.03 (7H, d , J = 6.7 Hz), 5.93 (7H, s), 4.99 (7H, d, J = 

3.5 Hz ), 3.82 (7H, d, J =9 Hz), 3.67-3.57 (14H, m), 3.27-3.47 (21H, m). 
13

C-NMR (75-

MHz) (DMSO-d
6
): 102.14, 85.95, 72.19, 71.94, 70.98, 9.78 

 

2B.3.2 Synthesis of Per-6-thiol-�-cyclodextrin (2) – TCD
4
. 

 

Compound 1 (1g, 0.52 mmol) was dissolved in 10 ml of dry 

DMF and thiourea was added (490 mg, 6 mmol). The reaction 

mixture was kept at 70
0
C for 24 h after which the solvent was 

removed in vacuo leaving a yellow oil. The oil was re-

dissolved in 50 ml of water and 300 mg of KOH were added. 

The mixture was heated to 100
0
C for 1 h without boiling and 

then allowed to cool to room temperature. The pH of the 

solution was set between 1-2 by addition of a saturated solution of KHSO4 with stirring 

during which a white precipitate formed. The precipitate was collected by centrifugation. 

To remove the last traces of DMF present the compound was suspended in water and 

solid KOH was added until the solution was clear. Then the solution was acidified to pH 

= 1-2 with a saturated aqueous solution of KHSO4 to form a white precipitate that was 

collected again by centrifugation (5-15 min at 5000 rpm). Compound 2 (623 mg, 95%) 

was recovered as an off white solid.  

1
H-NMR (400 MHz) (DMSO-d

6
): 5.89 (7H, d), 5.80 (7H, s), 4.87 (7H, d), 3.68 (7H, t), 

3.61 (7H, bt), 3.32-3.41 (14H, m), 3.16-3.22 (7H, m), 2.79-2.75 (7H, m), 2.14 (7H, t). 

13
C-NMR (75-MHz) (DMSO-d

6
): 102.54, 85.28, 72.83, 72.60, 72.32, 26.27 

For the characterization with FTIR and Raman spectroscopy see chapter 5. 
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2B.4 Synthesis of Viologen derivatives 

 

2B.4.1 Synthesis of 1-(2,4-dinitrophenyl)-4,4'-bipyridin-1-ium chloride (3)
7
  

 

4,4'-bipyridin (6.0 g, 38 mmol) was dissolved in 15 ml of dry 

ethanol. To this solution 2,4-dinitrochlorobenzene (3.8 g, 20 

mmol) in 15 ml of dry ethanol was added dropwise and the 

mixture kept at 400C for 4 d. The mixture was allowed to cool to room temperature and 

50 ml of dry ether were added to precipitate a solid that was filtered and recrystallized 

twice from ethanol. Compound 3 (6.3g, 88%) was recovered as brown needles.  

 

FAB-MS calculated [M-Cl-+H+]: 324.0859, observed: 324.0861. 1
H-NMR (400 MHz) 

(DMSO-d
6
): 9.66 (2H, d, J = 6.7 Hz), 9.15 (1H, d, J = 2.3 Hz), 9.01 (3H, d, J = 6.6 Hz ), 

8.94 (2H, d, J =5.8 Hz), 8.52 (1H, d, J = 8.7 Hz), 8.23 (2H, d, J = 5.9 Hz). 
13

C-NMR (75-

MHz) (DMSO-d
6
): 155.31, 151.48, 149.42, 146.96, 143.41, 140.65, 138.77, 132.42, 

130.54, 125.47, 122.48, 121.71 

 

2B.4.2 Synthesis of 1-(adamantyl)-4,4'-bipyridin-1-ium hexafluorophosphate (4) 

 

Compound 3 (1 g, 3 mmol) was dissolved in 10 ml of dry 

methanol and 1-adamantylamine (0.63 g, 4.2 mmol) added in one 

portion. The mixture was heated to reflux for 12 h. The solution turned bright yellow and 

then darker. After evaporating the solvent under reduced pressure the dark residue was 

subjected to column chromatography on silica using magic mixture as eluent. The desired 

fraction was collected and concentrated under reduced pressure, dissolved in the 

minimum amount of water and the compound precipitated by the addition of a saturated 

solution of ammonium hexafluorophosphate in water. The precipitate was collected by 

centrifugation, washed with three small portions of water and dried under high vacuum to 

afford 4 (770 mg, 60%) as an off white solid.  

 

N N

O2N

NO2 Cl-

3

N N .PF6
-
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FAB-MS calculated [M-PF6+H
+
]: 292.1939, observed: 292.1944. 

1
H-NMR (400 MHz) 

(acetone-d
6
): 9.47 (2 H, dt, J = 2 and 7 Hz), 8.87 (2 H, dd, J = 1.7 and 7 Hz), 8.6 (2H, d, J 

= 7 Hz), 7.99 (2H, dd, J = 1.7 and 6.2 Hz), 2.55 (6H, d, J = 3.3 Hz), 2.44 (3H, bt), 1.89 

(6H, bs). 
13

C-NMR (75-MHz) (acetone-d
6
): 153.40, 151.08, 142.06, 140.98, 125.57, 

121.68, 70.40, 41.66, 34.80, 30.06 

 

2B.4.3 Synthesis of 1-(adamantyl)- 1'-methyl-4,4'-bipyridinium 

dihexafluorophosphate (5)
7
 

 

To a solution of compound 4 (300 mg, 1.0 mmol) in 10 ml 

dry ethanol methyl iodide (2.2 g, 15 mmol) was added in 

one portion and the mixture stirred at room temperature 

overnight. The solvent was removed in vacuo and the residue purified by column 

chromatography on silica using magic mixture as eluent. The desired fraction was 

collected and the solvents removed in vacuo, then dissolved in the minimum amount of 

water and the compound precipitated by the addition of a saturated solution of 

ammonium hexafluorophosphate in water. The precipitate was collected by 

centrifugation, washed with three small portions of water and dried under high vacuum to 

afford 5 (90 mg, 28%) as an off white solid.  

 

FAB-MS calculated [M-2PF6]: 306.2096, observed: 306.2097 
1
H-NMR (400 MHz) 

(acetone-d
6
): 9.65 (2 H, d, J = 7.2 Hz), 9.35 (2 H, d, J = 6.7 Hz), 8.81 (4H, m), 4.75 (3H, 

s), 2.59 (6H, d, J = 0.9 Hz), 2.46 (3H, bt), 1.90 (6H, t, J = 4.8 Hz). 
13

C-NMR (75-MHz) 

(acetone-d
6
): 150.58, 150.45, 147.78, 143.85, 143.76, 143.63, 127.80, 127.73, 71.89, 

49.36, 42.58, 35.57, 31.13 

N N .2 PF6
-

5,  ada-MV
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2B.4.5 Synthesis of 1,1’-(2,4-dinitrophenyl)-4,4'-bipyridinium 

dihexafluorophosphate (6)
8
  

 

4,4'-bipyridine (6.0 g, 38 mmol) was dissolved 

in 30 ml of dry acetonitrile. To this solution 

2,4-dinitrochlorobenzene (9.0 g, 44 mmol) was 

added at once and stirred at room temperature for 48 hours until complete conversion to 

the mono-substituted product was observed (monitored with TLC on silica and magic 

mixture as eluent). The reaction was then heated to a gentle reflux for another 48 hours 

during which a white precipitate formed. After cooling down to room temperature 20 ml 

of cold dry acetonitrile were added. The precipitate was filtered off and washed with cold 

acetonitrile (2x10ml) and then with cold ethanol (2x10ml). The solid was dried under 

high vacuum for 12 h to afford compound 6 as a yellow solid (4.5g, 90%).  

 
1
H-NMR (300 MHz) (D2O): 9.55-9.47 (6H, br-m), 9.02-8.99 (6H, br-m), 8.39 (2H, d, J = 

8.7 Hz) 

 

2B.5 Synthesis of novel organometallic complexes 

 

2B.5.1 Synthesis of ruthenium complex Ru-(bpy)2(bpy-bph)
2+

(PF6

-
)2 (7) 

 

Bpy2RuBpyPhBr (50 mg, 0.049 mmol), Ph-BOH2 (15 mg, 

0.123 mmol) and cesium carbonate (81 mg, 0.247mmol) 

were mixed in DMF (15mL) and the solution was 

degassed with three freeze-pump-thaw cycles. A catalytic 

amount of Pd(PPh3)4 was added (6 mg, 0.005 mmol). The reaction was heated during 20 

hours at 105°C. The DMF solution was poured in a solution of 

water/hexafluorophosphate. The precipitate was filtered over celite and washed with 

water (5ml) and ether (5ml) and then eluted using acetonitrile. After removal of the 

solvent in vacuo the isolated solid was purified by column chromatography on silica 

N N

NO2

O2N

O2N

NO2
.2PF6

-

6

NN

NN

N N

RuII 2 PF6

7, Ru-bph
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using magic mixture as an eluent. The organic solvents were evaporated in vacuo and the 

complex precipitated by addition of a saturated aqueous solution of NH4

+
PF6

-
. The 

precipitate was filtered off, washed with water and diethyl ether. Finally, the solid was 

dried under high vacuum for 24 h and recovered as an orange solid (48 mg, 94 %). 

 

FAB-MS calculated [M-2PF6+H]
+
: 723.1810, observed: 723.1822; 

1
H-NMR (300 MHz) 

(CD3CN) : 8.18 (1H, d), 8.72 (1H, d), 8.56-8.52 (4H , q), 8.16-8.06 (5H, m), 8.04-7.98 

(2H, m), 7.94-7.88 (2H, m), 7.84-7.70 (10H, m), 7.6-7.5 (2H, m), 7.5-7.4 (5H, m); 
13

C-

NMR (75 MHz) (CD3CN) : 158.42, 158.80, 158.51, 153.10, 153.05, 150.36, 144.40, 

140.89, 139.22, 135.93, 130.49, 129.63, 129.29, 129.01, 128.42, 126.04, 125.87, 125.68, 

123.09  

 

2B.5.2 Synthesis of ruthenium complex Ru-(bpy)2(bpy-bph-F)
2+

(PF6

-
)2 (8) 

 

Bpy2RuBpyPhBr (50 mg, 0.049 mmol), F-Ph-BOH2 

(17 mg, 0.123 mmol) and cesium carbonate (81 mg, 

0.247mmol) were mixed in DMF (15mL) and the 

solution was degassed. A catalytic amount of 

Pd(PPh3)4 was added (6 mg, 0.005 mmol). The 

reaction was heated during 20 hours at 105°C. The DMF solution was poured in a 

solution of NH4

+
PF6

-
 in water. The precipitate was filtered over celite then washed with 

water, ether and then the solid eluted using acetonitrile. After removal of the solvents in 

vacuo the isolated solid was purified by column chromatography on silica using magic 

mixture as an eluent. The organic solvents were evaporated and the complex precipitated 

by addition of a saturated aqueous solution of NH4

+
PF6

-
. The precipitate was filtered off, 

washed with water and diethyl ether. Finally, the solid was dried under high vacuum for 

24 h. The product was recovered as an orange solid (40 mg, 82%). 

 

FAB-MS calculated [M-2PF6+H]
+
: 740.1638, observed: 740.1649; 

1
H-NMR (300 MHz) 

(CD3CN) : 8.81 (1H, d, J=3Hz), 8.73 (1H, d, J=7.8Hz), 8.55-8.51 (4H , q, J=3.9Hz), 8.14-

8.06 (5H, m), 8.01-7.98 (2H, m), 7.88-7.70 (11H, m), 7.46-7.41 (5H, m), 7.31-7.25(2H, t, 

NN

NN

N N

RuII 2 PF6

8, Ru-bph-F

F
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J=9Hz); 
13

C-NMR (75 MHz) (CD3CN) : 158.31, 158.05, 158.01, 157.95, 152.64, 152.57, 

149.88, 143.91, 140.41, 138.75, 138.67, 135.44, 130.01, 129.17, 128.83, 128.81, 128.57, 

128.53, 128.50, 127.94, 125.57, 125.40, 125.26, 125.20,122.63; 
19

F-NMR (470.4 MHz) 

(CD3CN) : -71.81, -74.31 

 

2B.6 Synthesis of organometallic complexes as control compounds 

 

2B6.1 Synthesis of 4’-(4Methylphenyl)-2,2’:6’2”-terpyridine-ruthenium trichloride 

(9)
9
 

 

4’-(4Methylphenyl)-2,2’:6’2”-terpyridine (200 mg, 0.620 mmol) was 

treated with one equivalent of RuCl3

.
3H2O (160 mg, 0.620 mmol) in 

20 ml of dry ethanol and refluxed for 24 h. A brown solid formed in 

the solution that was filtered off after cooling to room temperature. 

The solid was washed once with ethanol (5 ml) and once with methanol (2ml). The 

product was recovered as a brown solid (213 mg, 74%) and used without further 

purification. 

 

2B.6.2 Synthesis of bis-4’-(4Methylphenyl)-2,2’:6’2”-terpyridine-ruthenium-bis-

hexachlorophosphate (10) 

 

Mono substituted compound 9 (200 mg, 0.376 

mmol) was dissolved in 40 ml of dry MeOH and 4’-

(4Methylphenyl)-2,2’:6’2”-terpyridine (130 mg, 

0.380 mmol) was added in one portion together with 

1 ml of N-ethylmorpholine. The reaction mixture was degassed with three freeze-pump-

thaw cycles and then allowed to reach room temperature before heating to reflux for  24 h 

during which the solution turned intense dark red in color. After cooling to room 

temperature the solution was filtered over a path of celite. The celite was washed with 

extra 2x5 ml portions of methanol. Addition of a saturated solution of NH4

+
PF6

-
 in 

methanol gave a red precipitate that was washed with cold methanol (2x5ml), ether 

N

N

N

Ru

Cl

Cl

Cl

9

N

N

NN

N

N

Ru

2+

.2PF6-
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(2x5ml) and water (5ml). The isolated solid was subjected to chromatographic 

purification on silica using a mixture acetonitrile:magic mixture 1:1 as eluent. The 

organic solvents were removed in vacuo and a red precipitate formed by addition of a 

saturated solution of NH4

+
PF6

-
 in water. The solid was filtered off and dried under high 

vacuum for 12 h to afford compound 10 as a dark red solid (295 mg, 76%). 

 

1
H-NMR (300 MHz) (CD3CN) : 8.98 (4H, s), 8.64 (4H, d, J = 6Hz), 8.10 (4H, dd, J = 1.2 

and 3Hz), 7.94 (4H, dt, J = 1.2 and 6 Hz), 7.57 (4H, dd, J = 0.6 and 6.3 Hz), 7.42 (4H, 

dq, J = 0.6 and 2.4 Hz), 7.17 (4H, dt, J = 1.2 and 6 Hz), 2.74 (6H, s) 

 

2B.6.3 Synthesis of Ir(tpy)Cl3 (11)
10

 

 

2,2’:6’2”-terpyridine (tpy, 34 mg, 0.14 mmol) and IrCl3 (105 mg, 0.28 

mmol) were dissolved in 5 ml ethylene glycol and the reaction mixture 

degassed with 3 freeze-pump-thaw cycles. After allowing the mixture to 

warm up to room temperature it was heated up to 160
o
C in an oil bath in 

the dark. After 15 min reaction time the mixture was allowed to cool to 

room temperature. A red precipitate was filtered off, washed with water, ethanol and 

ether and dried overnight at high vacuum to afford compound 11 as a red solid (61 mg, 

40% yield). 

 

1
H-NMR (300 MHz) (DMSO-d

6
) : 9.20 (2H, d, J = 5.4 Hz), 8.76 (4H, dd, J = 8.1 and 4.2 

Hz), 8.28 (m, 3H), 7.97 (2H, t, J = 6Hz) 

 

2B.6.4 Synthesis of Ir(tpy)2(PF6)3 (12) 

 

Ir(tpy)Cl3 (61 mg, 0.11 mmol) was dissolved in 4.5 ml of 

ethylene glycol and tpy (35 mg, 0.15 mmol) added in one 

portion. The reaction mixture was degassed with three freeze-

pump-thaw cycles. After allowing it to reach room temperature 

it was refluxed in the dark for 20 minutes. The reaction was then cooled to room 

N

N

N
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Cl

Cl

Cl

11
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N

NN
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temperature and the solvent evaporated under a stream of nitrogen overnight. After re-

dissolving in the minimum amount of water a saturated solution of NH4

+
PF6

-
 in water 

was added to precipitate a solid that was filtered off and washed with water 3 times. The 

solid was then adsorbed on a path of alumina and washed subsequently with acetone, 

then acetone water mixtures 5-10% and finally the product was eluted with a mixture of 

acetone:water:methanol 10:2:1. The solvents were removed in vacuo to afford compound 

12 as a light yellow solid (64.5 mg, 0.055 mmol, 50%). 

 

1
H-NMR (300 MHz) (acetone-d

6
) : 9.22 (4H, d, J = 8.4Hz), 8.94 (4H, d, J = 6.9Hz), 8.39 

(4H, dt, J = 1.5 and 6.6 Hz), 8.13 (4H, d, J = 3.6 Hz), 7.64 (4H, m) 

 

2B.7 Synthesis of 8-(phenanthren-9-yloxy)octanoic acid (13) 

 

Phenanthrol (500 mg, 2.6 mmol) was dissolved in 20 ml of dry 

DMF. The solution was cooled in an ice bath and then NaH was 

added in one portion (140 mg, 5.8 mmol). The solution turned 

immediately from red to dark brown. The mixture was allowed to reach room 

temperature and stirred for 1.5 h during which a precipitate formed. To the stirred 

mixture a solution of 8-bromooctanoic acid (670 mg, 3.0 mmol) in 5 ml dry DMF was 

added drop wise. During the addition the solution turned again red. The mixture was 

allowed to react overnight, during this time the reaction medium turned into a brown 

emulsion. After 9 d no further variation could be observed in the component ratios 

according to TLC control. Water was added slowly to quench the reaction mixture (25 

ml) and dichloromethane (20 ml) and the phases separated. The aqueous layer was 

acidulated by addition of 1N HCl and extracted twice with 20 ml of dichloromethane. 

The combined organic phases were washed once with brine and dried over MgSO4. The 

drying agent was filtered off and the solvent removed in vacuo yielding a mixture of an 

oil and a solid. The solid was recrystallized from ethylacetate:pentane twice, washed with 

pentane and dried under high vacuum yielding spectroscopically pure 13 as a light yellow 

solid (246 mg, 30%). 

 

O

O

OH
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FAB-MS calculated [M+H]
+
: 337.1804, observed: 337.1804; 

1
H-NMR (300 MHz) 

(CD3OD) : 8.70 (1H, d, J = 7.8 Hz), 8.62 (1H, d, J = 7.5Hz), 8.34 (1H, dd, J = 1.2 and 6.6 

Hz), 7.80 (1H, d, J = 7.2 Hz), 7.69-7.57 (2H, m) 7.53 (2H, dq, J = 1.5, 1.8 and 2.4 Hz), 

7.06 (1H, s), 4.23 (2H, t, J = 6.5 Hz), 2.19 (2H, t, J = 7.4 Hz), 2.02 (2H, q, J = 7.1 Hz), 

1.70-1.39 (8H, m); 
13

C-NMR (75-MHz) (CD3OD) : 182.20, 153.08, 133.36, 127.413, 

127.13, 126.88, 126.19, 124.25, 122.57, 122.43, 102.55, 68.09, 38.30, 29.84, 29.48, 

29.39, 26.79, 26.48 

 

To increase the solubility of the compound in water the carboxylic acid was transformed 

into the carboxylate (sodium salt) by treatment with a quantitative amount of aqueous 

Na2CO3 with stirring until a completely transparent solution was obtained. The solution 

was filtered and the solvent removed in vacuo giving an off white solid as product. 

 

FAB-MS calculated [M+H]
+
: 359.1623, observed: 359.1623 

 

2B.8 Synthesis of the tripod complexes
11

 

 

2B.8.1 Synthesis of tert-Butyl(3-iodobenzyloxy)dimethylsilane (14)
11

 

 

To an efficiently stirred solution of 3-iodobenzyl alcohol (9.17 g, 39.2 

mmol) and imidazole (3.1 g, 47 mmol) in CH2Cl2 (200 ml), TBDMSCl 

(7.1g, 47 mmol) was added in one portion. The reaction medium turned 

white by the formation of a precipitate instantly. The reaction mixture was stirred at room 

temperature for 3 h and then 40 ml of water were added. The organic layer was separated 

and washed with water (3x40 ml) and dried over MgSO4. The drying agent was filtered 

off and the solvent removed in vacuo. The residue was filtered through a 3 cm path of 

silica gel. The silica path was washed with 2 portions of 20 ml of CH2Cl2. The solvent 

was removed in vacuo and the product isolated as a clear oil with a strong earthy odor 

(13.7 g, 100%).  

 

 

I

OTBDMS
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1
H-NMR (300 MHz) (CDCl3): 7.67 (1H, s), 7.58 (1H, dd, J =0.6 and 7.2 Hz), 7.30 (1H, 

d,), 7.09 (1H, t, J = 7.8 Hz), 4.68 (2H, s), 0.94 (9H, s), 0.10 (6H, s) 

 

2B.8.2 1-(tert-Butyldimethylsilanyloxymethyl)-3-trimethylsilanylethynylbenzene (15) 

 

Compound 14 (8.89 g, 25.5 mmol), TMSA (4.4 ml, 31 mmol), 

Pd(PPh3)2Cl2 (0.181 g, 0.258 mmol), CuI (0.097 g, 0.51 mmol) 

were dissolved in NEt3 (20 mL) and THF (40 mL). The yellow 

solution was degassed with three-freeze-pump thaw cycles and 

allowed to react for 48h during which the reaction turned dark brown. The reaction was 

diluted with 100 ml water and the phases separated. The aqueous layer was extracted 

with 3x50 ml ethyl acetate. The solvent was removed in vacuo, the isolated oil re-

dissolved in the minimum amount of dichloromethane and then filtered over a path of 8 

cm of silica gel. The path was washed with several portions of dichloromethane:hexane 

1:5 (total volume 350 ml). The organic solvents were removed in vacuo to afford a 

yellow oil (7.5g, 92%).  

 

1
H-NMR (400 MHz) (CDCl3) : 7.38-7.22 (4H, m), 4.68 (2H, s), 0.92 (9H, s), 0.23 (9H,  

s), 0.08 (6H, s);  

 

2B.8.3 tert-Butyl(3-ethynylbenzyloxy)dimethylsilane (16) 

 

Compound 15 (22.1 g, 70.7 mmol) was dissolved in a 1:1 mixture of 

CH3OH and THF (400 ml) and then K2CO3 (4.81 g, 34.8 mmol) was 

added in one portion with efficient stirring at room temperature. The 

suspension was stirred overnight, filtered and the solvent removed in 

vacuo. The crude product was purified by chromatography on silica using 

dichloromethane:hexane 1:5 as eluant. The product was isolated as a colorless oil. (16.98 

g, 98%).  

 

 

15

OTBDMS

TMS

16
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1
H-NMR (300 MHz) (CDCl3) : 7.39-7.20 (4H, m), 4.65 (2H, s), 3.00 (1H, s), 0.89 (9H, 

s), 0.04 (6H, s) 

 

2B.8.4 Ethoxytri(p-iodophenyl)silane (17) 

  

To a solution of p-diiodobenzene (13.2 g, 40.0 mmol) in ether (250 

mL) at -83.5 °C was added n-BuLi (19.25 mL, 31 mmol, 1.6 M in 

hexane) dropwise. After the addition, the pale yellow slurry was 

stirred for 1 h and added via cannula to a pre-cooled solution (-83.5 

°C) of tetraethyl orthosilicate (2.23 mL, 10.00 mmol) in ether (30 mL). The resulting 

clear solution was stirred for 30 min at -83.5 °C and then allowed to reach room 

temperature to continue stirring overnight. 1 M HCl (30 mL, 30 mmol) was added turning 

the solution turbid. The organic layer was separated and washed with water (2x30 ml) 

and brine (40 ml). The aqueous solution was extracted with ether (3x50 ml). The 

combined organic fractions were dried over magnesium sulfate and filtered. Removal of 

the solvent in vacuo gave a crystalline white solid. The solid was recrystallized three 

times from hexane to give 17 (3.6 g, 52%) as a white crystalline solid. 

 

 
1
H-NMR (CDCl3) (300 MHz) : 7.78 (6H, d, J = 6 Hz), 7.3 (6H, d, J = 6 Hz), 3.90 (2H, q, 

J = 6.9 Hz), 1.28 (3H, t, J = 7.0 Hz) 

 

2B.8.5 Tetrakis(4-iodophenyl)silane (18) 

 

p-diiodobenzene (17.6 g, 53.0 mmol) was dissolved in ether (250 mL) 

and cooled to -83.5 °C. n-BuLi (16.4 mL, 41 mmol, 2.5 M in hexane) 

was added dropwise over a period of 1 h. The yellow slurry was 

allowed to reach room temperature and stirred for another 2 h. The 

solution was cooled again to -83.5
o
C and tetraethyl orthosilicate (2.23 

mL, 10.00 mmol) dissolved in ether (30 mL) was added via syringe dropwise. The 

resulting clear solution was stirred for 30 min at -83.5 °C and then allowed to reach room 

temperature to continue stirring overnight. The reaction mixture was quenched by 

Si

OEt

I

II

17

Si

I

I

I

I
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addition of 1 M HCl (100 ml). The organic layer was then washed subsequently with 

saturated Na2S2O3 (100 ml), water (100 ml) and brine (100 ml). The organic phase was 

then dried over magnesium sulfate, filtered and the solvent removed in vacuo. The crude 

product was triturated twice with chloroform:ethanol and then subjected to flash 

chromatography on silica under inert gas atmosphere using hexane as eluent. The product 

18 was isolated as a white crystalline solid (4.05 g, 41%). 

 

1
H-NMR (CDCl3) (300 MHz) : 7.75 (8H, d, J = 6 Hz), 7.19 (8H, d, J = 6 Hz) 

 

2B.8.6 Ethoxytri{4-[3-(tert-butyldimethylsilanyloxymethyl)-

phenylethynyl]phenyl}silane (19) 

 

Copper iodide (26 mg, 0.13 mmol), 

triphenylphosphine (124 mg, 0.47 mmol) 

and Pd(dba)2 (81 mg, 0.140 mmol) were 

placed in a Schlenk, evacuated and back 

filled with nitrogen three times. Nitrogen 

flushed DIPEA was added to the solids 

(21.4 ml). A solution of alkyne 16 (1.37g, 

5.5 mmol) in THF and tri-substituted silicon 17 (0.655 g, 1 mmol) in THF were added via 

syringe to the previous solution (total volume of THF 65 ml). The reaction mixture 

turned from dark red to yellow by the in situ formation of the palladium catalyst 

Pd(PPh3)4. The solution was kept at 45
o
C for 5 days during which the color turned dark 

brown with the formation of a solid in suspension. The reaction mixture was poured into 

100 ml water in a separation funnel and the phases separated. The aqueous phase was 

extracted with ethylacetate (3x15ml). The combined organic phases were dried over 

MgSO4, the drying agent filtered off and the solvent removed in vacuo. The crude 

product was subjected to flash-chromatography under inert gas atmosphere on silica 

using hexane:dichloromethane 2:1 as eluent. The product was isolated as a light brown 

waxy solid (0.293 g, 28%):  

19

Si

OTBDMS

OTBDMSTBDMSO

OEt



Chapter 2B 

 72 

1
H-NMR (300 MHz) (CDCl3) 7.64 (6H, d, J = 9 Hz), 7.59 (6H, d, J = 9 Hz), 7.54 (3H, d, 

J = 1.4 Hz), 7.47 (3H, td, J = 4.5 Hz, 1.4 Hz), 7.36 (6H, m), 4.76 (6H, s), 3.95 (2H, q, J = 

7.5 Hz), 1.28 (3H, t, J = 15 Hz), 1.00 (27H, s), 0.14 (18H, s) 

 

2B.8.7 Tris{4-[3-(tert-butyldimethylsilanyloxymethyl)phenylethynyl]-phenyl}-4’-

iodophenylsilane (20) 

 

Copper iodide (11.4 mg, 0.06 mmol), 

triphenylphosphine (63 mg, 0.24 mmol) and 

Pd(dba)2 (55 mg, 0.06 mmol) were placed in a 

Schlenk, evacuated and back filled with nitrogen 

three times. Nitrogen flushed DIPEA was added to 

the solids (25 ml). Alkyne 16 (887 mg, 3.6 mmol) 

and tetra-substituted silicon 18 (1.0 g, 1.2 mmol) 

were added at once and the solution degassed with three freeze-pump-thaw cycles. After 

returning to room temperature 20 ml of THF were added to the reaction mixture to 

completely dissolve all reactants. The reaction mixture turned from dark red to yellow by 

the in situ formation of the palladium catalyst Pd(PPh3)4 while stirring at room 

temperature. The reaction was kept at room temperature for 5 days during which the 

solution turned dark brown. The mixture was poured into 100 ml of water and the phases 

separated. The aqueous phase was extracted with ethyl acetate (2x50 ml). The united 

organic phases were washed once with brine and dried with MgSO4, the drying agent 

filtered off and the solvent removed in vacuo. The crude product was subjected to flash-

chromatography on silica under inert gas atmosphere using hexane:dichloromethane 3:1 

as eluent. The product was isolated as a light brown sticky oil (170 mg, 15%). 

 

1
H-NMR (300 MHz) (CDCl3) : 7.79 (2H, d, J = 6 Hz), 7.59-7.51 (15H, m), 7.47 (3H, m), 

7.35 (6H, d, J = 3.0 Hz), 7.31 (2H, d, J = 6 Hz), 4.76 (6H, s), 0.97 (27H, s), 0.14 (18H, s) 

20

Si
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2B.8.8 Synthesis of 1,10-phenanthroline-5,6-dione (21) 

 

1,10-phenanthroline (3.0 g, 17 mmol) and KBr (18 g, 150 mmol) were placed 

in a three necked round bottom flask in an ice bath. Concentrated H2SO4 (60 

ml) was added drop wise with efficient stirring. During the addition Br2 

developed giving a brown solution in the flask that was stirred for 1 h at 0
o
C. 

After this time concentrated HNO3 (30 ml) was added drop wise at 0
o
C and the mixture 

allowed to warm up to room temperature and stirred overnight. The solution was then 

heated to 80
o
C for 2 h and then allowed to cool down to room temperature. After 

neutralization of the remaining bromine the brown solution was poured into ice water 

(400 ml) and a saturated solution of sodium bicarbonate (100 ml) added slowly with 

cooling. Then solid sodium carbonate was added until the acid was neutralized (pH=8), at 

this point the solution color turned from brown to bright yellow. The aqueous solution 

was extracted with dichloromethane (6x75 ml) and then dried over MgSO4, filtered and 

the solvent removed in vacuo to afford the product as a bright yellow solid (1.59 g, 45%). 

 

1
H-NMR (300 MHz) (DMSO-d

6
) : 9.00 (2H, dd, J = 3 Hz), 8.40 (2H, dd, J = 3 Hz), 7.68 

(2H, dd, J = 3 Hz) 

 

2B.8.9 Synthesis of 2-(4-((trimethylsilyl)ethynyl)phenyl)-1H-imidazo[4,5-

f][1,10]phenanthroline TMS-EPIP (22) 

 

1,10-phenanthroline-5,6-dione 21 (1.6 g, 7.6 mmol), 4-

((trimethylsilyl)ethynyl)-benzaldehyde (2.14 g, 11 mmol) and 

ammonium acetate (11.7 g, 152 mmol) were suspended in 50 

ml glacial acetic acid and heated to reflux for 4 h. The reaction 

was cooled to room temperature and diluted with 50 ml water. Ammonia (37%) was 

added drop wise until pH=8. A dark green precipitate formed that was filtered off and 

washed with water. The solid was eluted with methanol and then re-crystallized twice 

from methanol:chloroform 1:4. 

N

N

O

O

21

22

N

N

N

N
H
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1
H-NMH (300 MHz) (DMSO-d

6
) : 13.88 (1H, bs), 9.10 (2H, q, J = 3 Hz), 8.93 (2H, dd, J 

= 3, J = 6 Hz), 8.31 (2H, d, J = 9Hz), 7.86(2H, bm), 7.72(2H, d, J = 9 Hz), 0.27 (9H, s) 

 

2B.9 Sample preparation 

 

Sample preparation for Raman measurements 

 

The Raman measurements on solid samples such as the per-thiolated cyclodextrin and the 

small nanoparticles were carried out as follows: the compound was finely powdered in an 

agath mortar and then placed on a silicon wafer that had previously been cleaned several 

times with acetone and distilled water mixtures. The confocal microscope was then 

focused on the solid placed on the silicon wafer. Solution samples for Raman 

measurements were prepared by drop-casting an aqueous solution of the corresponding 

compound or compounds in the assemblies on a silicon wafer. The confocal microscope 

was then focused on the drop of solution prior to measurement. In some cases a co-

solvent was used such as acetonitrile. 

 

Sample preparation for HRTEM measurements 

 

HRTEM images were recorded by dissolving an amount of nanoparticles in water (about 

1 mg/ml) and ultra-sonicating the suspension for 20 min. The brown solution was then 

drop-cast on a copper grid covered with carbon foil and allowed to air dry before 

measurement. In some cases a co-solvent was used to improve solubility such as 

methanol or acetonitrile.  

 

Sample preparation for assemblies in solution 

 

The samples for assemblies of metallocyclodextrin compounds in aqueous solution were 

prepared in doubly distilled water. In some cases a mixture of doubly distilled water : 

acetonitrile (10%) or methanol was used to favor solubility of the components. In some 
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prepared solutions turbidity was observed. This was taken as an indication of formation 

of insoluble aggregates. To eliminate this aggregated drop-wise addition of co-solvent 

was used until the solution was clear or filtering through a cotton plug or nylon syringe 

filter. 
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3A  

 

 

Competitive Processes in Multicomponent Metallo-�-�-Cyclodextrin 

Complexes Studied With Fast Spectroscopy* 

 

Abstract 

 

This first part of Chapter 3 describes the photophysical processes induced in 

multichromophoric non-covalent assemblies. The organometallic host complexes are 

ruthenium bis-terpyridyl derivatives appended with �� and/or �-cyclodextrins as binding 

ports for the guests (��Ru��). These type of complexes present linear rod–like 

geometry. The first guest is an osmium bis-terpyridyl derivative appended with an 

adamantane tail (Os-tpy-ada) that selectively binds a �-cyclodextrin; the second guest is 

an anthracene derivative with and octanoate chain AntNa, designed to bind to the �-

cyclodextrin cavity. For comparison to the full assembly with osmium-ruthenium-

anthracene, we have also investigated fast singlet energy transfer occurring in the dyad 

AntNa Ru-� .   While singlet energy transfer was observed from AntNa to Ru-� when 

the anthracene is inserted via the tail, triplet energy transfer was observed from the 

ruthenium to the anthracene on a picosecond timescale when the anthracene head is 

bound to a �-cyclodextrin cavity. The triplet energy transfer from the ruthenium to the 

osmium is a slower process in the nanosecond time range and could not be clearly 

observed.  

 

* Costas Milios, Pablo Contreras-Carballada, Jon Faiz, Maria J. J. Pereira Silva, Ivo H. M. van Stokkum, 

Zoe Pikramenou, Luisa De Cola and René M. Williams
 
manuscript in preparation 
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3A.1. Introduction 

 

In the continuing quest for systems that harvest light and display efficient energy and 

electron transfer processes, the synthesis and photophysical properties of 

multichromophoric systems are of first importance. In particular ruthenium (II) 

complexes have been the subject of extensive investigations in this respect. Although 

many examples can be found of covalently bound systems, there are very few examples 

of energy transfer between photoactive centers organized via non-covalent bonds (see 

also Chapter 1). 

We have investigated an asymmetric system designed to bind non-covalently two 

different components. In particular a �-Ru-�  complex (see figure 3A.1) and AntNa and 

Os-tpy-ada guests are described. The chosen components possess different excited state 

energies and a variety of singlet and triplet states which can be addressed by direct 

excitation or by electronic energy transfer processes.  

It has to be noted that the Ru(II) metallo-cyclodextrin used here contains tolylterpyridyl 

(ttpy) ligands and that the �- and �-cyclodextrins used are permethylated. These types of 

cyclodextrins and their derivatives are more easily purified by chromatography. The �-

cyclodextrin, when permethylated, displays higher solubility in water and equal or better 

binding properties as compared to “native” cyclodextrins because of a higher flexibility 

introduced into the structure when the internal network of hydrogen bonds is broken by 

methylation. The hydrophobic cavity of the cyclodextrin is also considered to be 

extended by permethylation.
1
 

The synthesis of Os-tpy-ada, AntNa
2
, Ru-�3

 systems were reported before. The �-Ru-� 

and Ru-�  compounds were synthesized in the group of Dr. Z. Pikramenou. For synthesis 

of the reference compounds see chapter 2. 
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Figure 3A.1. Structures of compounds used in this study: (top: from left to right) guest 

system AntNa, the bimodal host �-Ru-� , the Os-tpy-ada guest, as well as the two 

reference hosts: Ru-�  and Ru-�  ((bottom: from left to right).  

 

3A.2 Results and discussion 

 

Steady state Photophysical Properties of the components 
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Figure 3A.2. UV/Vis absorption (a) and emission (b) spectra of the components. 

 

a) b) 
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Figure 3A.2 shows the characteristic absorption (a) and emission (b) spectra of the three 

investigated compounds. The photophysical properties of the components are not very 

different from their non-functionalized counterparts (Ru(ttpy)2, Os(tpy)2, and 

anthracene). For example the Ru(ttpy)2 with a quantum yield of 3.8 x 10
-5

 and a lifetime 

of 0.9 ns
4
 is comparable to the substituted cyclodextrin analogous complexes, see table 

3A.1. Thus the substituents that are introduced, to induce the supramolecular properties, 

do not strongly alter the photophysics of the chromophoric unit in our case.  

 

Table 3A.1. Photophysical properties of the components dissolved in water (unless 

indicated otherwise) counter-ion is also indicated 

Compound 

[ion, solvent] 

�max, Abs  

(�, M-1
cm

-1
) 

�max, Em �em 	 (ns, air) 	 (ns, Ar) 

Ru-� 

[2Cl
-
, H2O] 

282 (58258) 

310 (60100) 

490 (26000) 

644 4.1 x 10
-5

 1.9 2.0 

Ru-� 

[2Cl
-
, H2O] 

282 (58258) 

310 (60100) 

490 (26000) 

644 4.1 x 10
-5 

1.9 2.0 

�-Ru-� 

[2PF6

-
, ACN] 

285 (79800) 

310 (78600) 

490 (31500) 

644 4.1 x 10
-5

 1.9 2.0 

Os-tpy-ada 

[2NO3

-
, H2O] 

485 (21200) 

662 (5120) 

720 8 x 10
-4 

100 130 

AnthNa 

[Na
+
, H2O]

 

254 (112200) 

347 (4550) 

365 (6600) 

385 (6070) 

390 

410 

436 

0.25 3.5 3.9 
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The spectra of the anthracene derivative are characterized by the typical sharp absorption 

(at 347, 365, 385 nm) and emission features (at 390, 410 and 436 nm) corresponding to 

�-�
* 

transitions. The metal complexes display in the visible the characteristic broad 

1
MLCT absorption (at 490 nm for Ru and at 485 nm for Os), for the heavier metal also 

the weak 
3
MLCT absorption band at 662 nm is observed. The emission originates for 

both metal complexes from the lowest 
3
MLCT state and show maxima at 644 and 720 nm 

respectively. The excited state lifetimes were measured in aerated and oxygen free 

solutions (table 3A.1). The emission quantum yields were determined in deaerated 

(Argon saturated) aqueous solutions using Ru(bpy)3

2+ 
in acetonitrile as reference for the 

organometallic complexes and anthracene in ethanol for the anthracene analogue. 

In view of the photophysical properties of the components and of the possibility to 

assemble them in solution we expect a fast (if any) electronic energy transfer from the 

singlet excited state of the anthracene in the assemblies to the ruthenium host complexes 

and a possible triplet energy transfer from the ruthenium unit to the lower triplet state of 

the anthracene.
5
 

Furthermore in a more complex assembly containing both the AntNa and Os-tpy-ada 

components linked through a ruthenium moiety, several different pathways for energy 

and electron transfer are envisaged. As can be seen in table 3A.1 excited state lifetimes of 

the donor molecules (AntNa or �-Ru-�) are a few nanoseconds and therefore in order to 

follow any occurring process we need to have a fast time resolved spectroscopy, which 

indeed deals with picosecond timescales. For these reasons we will here mainly discuss 

sub-picosecond transient absorption spectroscopy. 

 

Femtosecond Transient absorption spectroscopy of the components 

 

The femtosecond transient absorption spectra give information on the excited state 

character of the separate units and are important for the identification of photoinduced 

processes between the components. In figure 3A.3 to 5 the characteristic femtosecond 

transient absorption spectra of the separate components are given. 
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The transient absorption spectrum of AntNa is characterized by a broad band at 600 nm 

that can be attributed to the singlet-singlet absorption
6, 7, 8

 (to higher excited states e.g. 

S1�S2 or S1�S3). Furthermore, at the blue side of the spectrum, the stimulated emission 

of the anthracene unit can be observed. Whereas the triplet excited state of anthracene has 

been very well documented,
9, 10

 less information is available on the transient absorption 

spectrum of the singlet excited state. The lifetime of the singlet excited state is in the ~5 

ns range.
9
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Figure 3A.3. Femtosecond transient absorption spectra of AntNa at the different 

incremental time delays indicated. Excitation at 345 nm, 200 fs FWHM. Decay trace 

(data and fit) at 600 nm are also shown. 

 

The transient absorption spectrum of Ru(ttpy)2 and its derivatives is characterized by a 

strong ground state bleaching at 470 nm and a broad absorption in the visible attributed to 

the reduced terpyridyl unit radical anion formed upon excitation into the lowest excited 

state in a metal to ligand charge transfer. Similar spectra have been reported before, 

figure 3A.4.
3, 11
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Figure 3A.4. Femtosecond transient absorption spectra of �-Ru-� at different 

incremental time delays. [�-Ru-� ] = 1 x 10
-4 

M.  Excitation at 490 nm, 150 fs FWHM. 

Decay trace (data and fit) at 600 nm are also shown. 
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Figure 3A.5. Femtosecond transient absorption spectra of Os-tpy-ada at different 

incremental time delays. Concentration = 8.7 x 10
-5

 M. Excitation at 490 nm, 150 fs 

FWHM. 

 

In figure 3A.5 are depicted the femtosecond transient absorption spectra of Os-tpy-ada 

in water. Ground state bleaching is observed at 660 and 490 nm. Furthermore, a broad 

absorption in the visible attributed to the reduced terpyridyl ligand is present but 

modified by the strong bleach. It is interesting to notice that the investigated complex 

shows some differences compared with the previously reported
3
 Os-tpy-bp (bp = 

biphenyl). The strong increase in the positive signals in the 600-900 nm region is due to a 

greater delocalization of the electron in the MLCT state caused by the presence of the 

biphenyl substituent. 

 

3A.3 Anthracene/Ruthenium-metallocyclodextrin interactions 

 

The interactions between ruthenium complexes and anthracene in many different 

covalent systems with bipyridyl
12

 and terpyridyl
13

 ligands have resulted in the 

observation of triplet energy transfer from the excited ruthenium to the lower anthracene 
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excited state with rates between 10
6
 to 10

10 
s

-1
, where the interchromophore distance and 

spacer-type are crucial factors determining the rates. 

Triplet energy transfer between ruthenium and anthracene in supramolecular systems has 

been reported for e.g. scandium ion associated diketonate species.
14

 An early report of 

metallo-cyclodextrin complexes with rhenium
15

 and their interactions with anthracene 

derivates was made by Nakamura et al.
16

 

Upon UV excitation (324 nm) singlet energy transfer from AntNa to Ru-�  can be 

observed with single photon counting, figure 3A.6, even though selective excitation of 

the AntNa is not possible. In fact the anthracene emission lifetime is reduced from 3.9 ns 

to 143 ps when complexed to the Ru-� . From the amplitude of the short component a 

complexation constant of 2000 M
-1

 can be inferred. A similar quenching rate has been 

observed before
2
 for a Ru-bpy-� system with AntNa as donor using femtosecond time 

resolved spectroscopy. 
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Figure 3A.6. TC-SPC traces of AntNa
 
(right) and of the mixture (left) of AntNa

 
and Ru-

� . Concentration of AntNa = 4.8 x 10
-5

 M; Concentration of Ru-�  = 2.1 x 10
4 

M. 

Excitation at 324 nm, detection at 430 nm (maximum of AntNa emission), under Argon. 

27 % of the signal shows a short 143 ps component (left). 

 

Upon excitation of Ru-�, in the presence of AntNa, femtosecond transient absorption 

displays the formation of a new absorbing species, very different from the spectral 

characteristics of Ru-�  itself with a clear maximum at 430 nm. The band at 430 nm is 

due to the triplet-triplet absorption of the anthracene and it is formed in a 55 ps timescale 
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(global analysis gives a value of 62 ps, see later). Interestingly, such behavior is not 

observed when the �-cyclodextrin is substituted for the smaller � cavity in Ru-�, 

indicating that the AntNa can bind to the �-cyclodextrin through its aromatic unit (see 

later) while the binding in AntNa Ru-�  is rather (K~2000 M
-1

) weak and occurs via 

the aliphatic chains of the anthracene derivative, figure 3A.7. 

   AntNa Ru-�    AntNa Ru-�  

 

Figure 3A.7. Possible inclusion complexes formed by the mixture of Ru-�  with AntNa 

and Ru-�  with AntNa that explain the observed differences in energy transfer processes 

according to different binding preferences. 

 

Once the situation was clear with the dyad system we investigated the �-Ru-�  system in 

combination with AntNa. In this case in fact two possible assemblies can be formed: 

AntNa �-Ru-�  or �-Ru-� AntNa and also two different binding mode, via the 

aromatic unit or the aliphatic chain as described for the reference compounds. In figure 

3A.8 we can see the sub-picosecond transient absorption spectrum of �-Ru-�  excited at 

470 nm in the presence of approximately a 20 fold excess of AntNa guest. We can 

clearly see that the recorded spectrum differs from the ruthenium spectrum shown in 

figure 3A.4 by the appearance of a band at 430 nm that corresponds to the triplet excited 

state of the anthracene. The rise time for this band is comparable to the rise measured in 

the experiments of Ru-�  with AntNa (55 ps). These results can be interpreted as a clear 

preference of the anthracene for the binding into the larger � cavity with the aromatic part 
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of the molecule rather than the binding into the smaller � cavity with the alkyl chain, 

because of the strong influence of the interchromophoric distance for these kind of 

energy transfer rates.  
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Figure 3A.8. Femtosecond transient absorption spectra of the mixture of AntNa
 
and �-

Ru-� . Concentration of AntNa = 21 x 10
-4

 M; �-Ru-�  = 1 x 10
-4 

M. Excitation at 470 

nm, 150 fs FWHM, under Argon. Two kinetic traces are given at wavelengths indicated. 

 

As an example a bimolecular control experiment is shown in figure 3A.9. The large 

difference in intensity of the 430 nm absorption band shows that the processes studied 

here are due to supramolecular complexation and that bimolecular processes give only a 

very minor contribution at the conditions used. 
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Figure 3A.9. Nanosecond transient absorption spectra. Left: supramolecular 

experiment; the mixture of AntNa
 
and �-Ru-� . Concentrations of components: AntNa = 

18 x 10
-4 

M
 
; �-Ru-�  = 1 x 10

-4 
M. Right: bimolecular control experiment the mixture of 

AntNa and Ru-(ttpy)2
2+

; concentrations of components: AntNa = 18 x 10
-4 

M; Ru-

(ttpy)2
2+

 = 1 x 10
-4 

M. Excitation at 470 nm, 2 ns FWHM, under Argon, incremental time 

delay: 1000 ns. 

 

 

3A.4 Os-tpy-ada/Ruthenium-metallocyclodextrin interactions: competitive 

quenching 

 

The interaction between Ru- and Os-ttpy systems connected by a conjugated bridge in 

covalent systems
17

 is well established. However, as reported by Sauvage et al. for 

covalent saturated alkane bridged systems
18

 it has been difficult to observe transfer 

processes at room temperature due to the very short lifetime of the Ru-ttpy systems. In a 

system containing a binding cyclodextrin site for the acceptor component, constituted by 

the same chromophoric units (Ru-(ttpy)2 and Os-(tpy)2 ) we have observed that 

conjugated biphenyl units used as a spacer, leads to fast intercomponent photoinduced 

processes in the sub-nanosecond domain.
3
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Figure 3A.10. Femtosecond transient absorption spectra of the mixture of Os-tpy-ada
 

and Ru-� . Concentration of the components: Os-tpy-ada = 9.7 x 10
-5 

M; Ru-�  = 6.1 x 

10
-5 

M. Excitation at 490 nm, 150 fs FWHM. 

 

Also for the systems with saturated alkane binding units studied here, the interaction 

between Ru and Os has been difficult to determine. The observed femtosecond transient 

absorption spectra are depicted in figure 3A.10. Comparison with figure 3A.4 and 3A.5 

shows the similarity of the spectra of the mixture to that of the separate chromophores. 

However, extensive analysis of the femtosecond transient absorption data (see global 

analysis of the transient absorption data) does show a component with a lifetime very 

similar to the intrinsic lifetime of Ru-�  unit that might be attributed to the energy transfer 

process. Considering the similarity of the intrinsic decay and transfer rate it has to be 

concluded that the combination of these chromophores is not very well suited for the 

development of efficient supramolecular energy transfer systems. The intrinsic decay of 

the Ruthenium chromophore competes extensively with the energy transfer step to Os-

tpy-ada.  

 

3A.5 Global analysis of the femtosecond transient absorption data 

 

The femtosecond transient absorption data-matrices were analyzed with spectrotemporal 

parameterization, an advanced global and target analysis method
19

 that has been 

developed in particular to elucidate photoinduced processes in complex biological 

systems such as photosystems. 
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The analysis of Os-tpy-ada indicates the immediate formation of the 
3
MLCT state, and 

only a 0.13 ps component due to pulse related phenomenon is observed, next to a long 

lived state. For �-Ru-�  two components are observed, where a slight red shift of the 600 

nm band occurs on a fast timescale due to solvation processes. 

For the AntNa/Ru-� system 60 % of the signal converts to the AntNa triplet with a time 

of 62 ps and the lifetime of this state is very long. 40 % of the signal leads to a typical 

Ru-(ttpy)2 signal with a 1.3 ns lifetime. The AntNa triplet state formation is thus on the 

same timescale as observed with single line fitting, and the ratio of the two signals 

confers with the amount of complex formed based on a complexation constant of 2000 

M
-1

. 

The Os-tpy-ada/�-Ru-� signals are difficult to analyze due to the fact that the signal for 

both chromophores are rather similar. Two species decay with slightly dissimilar spectra, 

but association of these differences to an energy transfer process is pure speculation. The 

analysis of the traces shown in figure 3A.11 indicate the formation of the excited sate of 

the Os-tpy-ada on a timescale that would not efficiently compete with the intrinsic decay 

of �-Ru-� (2 ns vs 1.9 ns). 

 

 

 

Figure 3A.11. Evolution Associated Difference Spectra EADS obtained from the 

femtosecond data of the mixture of Os-tpy-ada
 
and Ru-�  by using global analysis. Two 

spectrally distinct decay processes are observed (shown black and grey). The light grey 

spectrum is due to the coherent artifact. 
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3A.6 Competitive binding events 

 

The interaction of AntNa and Ru-� is characterized by a singlet energy transfer with a 

rate of 6.7 x 10
9
 s

-1 
from the Ant center to the Ru.  

Upon visible light excitation of the �-Ru-�  in the presence of AntNa triplet-triplet 

energy transfer is observed, as evidenced by the clear rise time of the triplet of anthracene 

at 430 nm which is complementary to the decay of the �-Ru-�  transient (see section 

anthracene-ruthenium interactions). Very similar behavior is however observed for the 

Ru-� AntNa dyad in the same experimental conditions. In an experiment where Ru-

�  and AntNa were mixed and the lifetime of the ruthenium center monitored at its 

emission maximum as already discussed, no quenching of the ruthenium lifetime could 

be observed under the used conditions. 

Upon addition of Os-tpy-ada to the �-Ru-� /AntNa mixture, no indication of any 
3
Ant 

formation is visible. Clearly anthracene, which is in absence of the Os-tpy-ada,  binds to 

the �-cyclodextrin in such as way that interchromophore distance allows energy transfer. 

In the presence of Os-tpy-ada it is displaced by the stronger binding adamantane unit. 

This competitive binding to the �-cyclodextrin, because of the more favorable 

adamantane inclusion, thus results in an eventual binding of the AntNa to the �-cavity 

through the octanoate tail in a mode that reduces dramatically the electronic interactions 

between the ruthenium and anthracene centers. 

The photoinduced processes that occur in the supramolecular complexes are 

schematically represented in figure 3A.12a and 3A.12b. The competitive binding can be 

rationalized by using literature data. Table 3A.2 displays a selection of complexation 

constants for the three native cyclodextrins from literature.
20

  

From Table 3A.2 it can be seen that the affinity of �-cyclodextrin to octanoate is similar 

to that of the Anthracene to �-cyclodextrin. When AntNa binds to �-Ru-�  the distance 

between the center of the anthracene chromophore and the Ruthenium center will be 

smaller when bound to a �-cyclodextrin cavity. Furthermore, the affinity of adamantane 
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for the �-cyclodextrin is much higher than that of Anthracene, indicating that competitive 

binding in favor of the adamantane will occur when both are present. 

 

Table 3A.2. Selection of complexation constants from literature that shows the similarity 

of binding strength of the octanoate chain to � and the Anthracene-moiety to �-

cyclodextrin cavities. 

“Tail” – guest � K / M
-1 � K / M

-1
 � K / M

-1
 

Octanoate 2455
a 

1258 24
b 

Anthracene 74 2042 223 

Ada-COO
- 

1230 32359 - 

Ada-NH3

+ 
269 8318 - 

a
Upper limit, the range of published constants starts at 912 M

-1
 

b 
ethyldecanoate 
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Figure 3A.12. Top: Energy scheme displaying the photoinduced processes occurring in 

the tri-component system, together with the observed rates upon excitation of the AntNa 

system. Bottom: Energy scheme displaying the photoinduced processes occurring in the 

two-component system, together with the observed rates upon excitation of the �-Ru-� 

system. 
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Finally, critical notes can be made regarding the stability of anthracene systems. It is well 

established (although not always recognized)
21

 that anthracene can undergo photoinduced 

oxidation
22

, dimerization
23

 or reaction with the solvent. It is our experience that the 

dimerization reaction is more likely to occur in aqueous solutions, induced by �-� 

interactions and hydrophobic effects. As such, a small change of the UV-Vis absorption 

spectrum taken before and after laser irradiation cannot be avoided even with thorough 

degassing (freeze-pump-thaw cycles). However, care was taken that this did not exceed 5 

%. Furthermore, the AntNa compound has the tendency to aggregate at concentrations 

close to mM in water forming what we suppose are micelle type structures due to its 

amphiphilic nature. Thus stock solutions were made in ethanol, methanol or acetonitrile. 

 

3A.7 Conclusions 

 

By using fast spectroscopy as a tool we have been able to establish energy transfer 

processes between components that are interacting in a supramolecular way. Singlet 

energy transfer from AntNa to �-Ru, as well as triplet energy transfer from Ru-�  to 

AntNa have been observed. Figure 3A.12 displays these processes together with the rates 

observed and the energies of the states involved. Competitive binding events between 

components and competitive decay channels of intrinsic and inter-component processes 

are highlighted. 
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3B 

 

Self Assembled Dyads with Photoactive Cyclodextrins* 

 

Abstract 

 

This second part of Chapter 3 describes the photophysical processes induced in non-

covalent self-assembled dyads. The first host system is a ruthenium tris-bipyridyl complex 

with three �-cyclodextrins for complexation of small molecules. The guest is AntNa, an 

anthracene functionalized with an octanoate chain. We observed two singlet energy 

transfer rates, attributed to two possible conformations or configurations. In both cases 

singlet energy transfer occurs from the anthracene to the ruthenium guest. Triplet energy 

transfer from the triplet state of the ruthenium center to the lower lying triplet state of the 

anthracene can also be monitored on a longer time scale.  

The second pair of compounds turn around the host-guest relationship: the anthracene is 

functionalized with a �-cyclodextrin where more voluminous guests can be hosted. In this 

second dyad a ruthenium tris-bipyridyl complex with a biphenyl tail acts as guest. Triplet 

energy transfer from the ruthenium 
3
MLCT to the energetically lower anthracene first 

excited triplet state can be monitored, again on a relatively long time scale. The 

reactivity of the anthracene leads however to decomposition of the host as evidenced by 

UV-Vis spectroscopy.  

 

* Jon A. Faiz, Pablo Contreras-Carballada, Zoe Pikramenou, Luisa De Cola and René M. Williams
 

manuscript in preparation 

 

* Jon A. Faiz, Lasse P.E. Kyllonen, Pablo Contreras-Carballada, René M. Williams, Luisa De Cola and
 

Zoe Pikramenou, Dalton Transactions, 2009, 3980-3987. 
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3B.1 Introduction 

 

In the second part of this chapter we report on two-component systems. These two 

component systems (dyads) behave in a much simpler way than three component systems 

described in chapter 3A. In figure 3B.1 we present schematically the separate 

components and the assembled systems.  

 

B-1 

       AntNa     Ru�3 

 

B-2 

         AntCD       Rubph 

 

Figure 3B.1. Molecular structure of the components used to form the dyads studied here 

and the self-assembled complexes formed. B-1 shows the Ru�3 and the AntNa guest for 

simplicity drawn here as a 1:1 complex. B-2 represents the components and assembly 

where the anthracene becomes host as AntCD and Rubph is the guest.  
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The first self-assembled dyad is constituted by a ruthenium complex functionalized with 

three �-cyclodextrins (Ru�3), and the AntNa guest known from the previous section 

3A. The ruthenium complex is a derivative of ruthenium trisbipyridyl that is 

functionalized in position 4 of the bipyridines with a permethylated �-cyclodextrin 

through a ether bond, and in position 4’ with a methyl group. We report here the 

photoinduced interactions between the ruthenium center and an anthracene guest. 

In figure 3B.1 B-2 the second dyad is represented. In this case we used a ruthenium 

trisbipyridyl complex that is functionalized with a biphenyl tail (Rubph) as adequate 

guest for the �-cyclodextrin cavity. As host we have probed an anthracene compound 

derived from anthracene-9-methanol and attached to a permethylated �-cyclodextrin 

through an ether bond in position 9 (AntCD). This systems turns around the host-guest 

relationship from the previous assembly and gives the possibility to study the versatility 

of our expanding molecular toolbox. The results are compared to the previous dyad 

studied (B-1) and literature examples. 

The Ru�3 and the AntNa were synthesized by Jon A. Faiz, the AntCD was synthesized 

by Lasse Kyllonen (Socrates-Erasmus scholarship) in collaboration with the group of Z. 

Pikramenou. For synthesis and characterization of Rubph guest complex see Chapter 2. 

 

3B.2 Self assembled dyad with Ru�3 as host and AntNa as guest. 

 

Steady state spectroscopy of the separate components 

 

Figure 3B.2 shows the UV-Vis absorption spectra of the two components together with 

the emission. The characteristic fine structure of the anthracene can be observed in the 

emission (maxima at 395, 410 and 440 nm) and absorption (maxima at 350, 365 and 385  

nm). Also for the ruthenium complex, the characteristic �-�* transition of the bpy units at 

290 nm and the typical 
1
MLCT absorption at 450 nm and 

3
MLCT emission at 630 nm can 

be identified. 
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Figure 3B.2. UV-Vis absorption (a) and emission (b) spectra of Ru�3 and AntNa. 

 

Triplet-Triplet energy transfer from Ru�3 to AntNa 

 

A first proof of the interaction between the two units comes form the Stern-Volmer 

quenching of the Ru-�3 emission by Ant
24

. The energy transfer process between Ru�3 

and AntNa was monitored by examining the luminescence of the ruthenium triplet 

emission at 610 nm after successive additions of AntNa. The ruthenium emission intensity 

was found to decrease and reached saturation when the concentration of the anthracene 

guest reached 5.5*10-4 M. The emission spectra and corresponding plot of 1-I/Io against 

guest concentration (Stern-Volmer plot), Io representing the initial unquenched emission 

intensity and I the intensity at a given concentration gave the estimated energy transfer rate 

using the Stern-Volmer equation k = (Io/I-1)/to. If the saturation value for the emission 

intensity was used a value of 3.3*106 s-1 was obtained, a relatively slow energy transfer rate. 

If, however, the ratio of intensities when the concentration of AntNa is 1*10-4 M (the 

concentration of the guest in the time resolved experiments) is used then a value of k = 0.86 

*106 s-1 is reached.  

 

Singlet-Singlet energy transfer from AntNa to Ru�3 

 

The characteristic anthracene absorption peaks in the UV (where the Ru�3 only has a 

typical minor absorption for Ru(bpy)3

2+
 derivatives) make it possible to study the energy 

transfer from the singlet state of the AntNa to the Ru�3. Stern-Volmer quenching 

experiments are less appropriate here due to the filter effects that will occur upon adding 

excess of Ru�3 while monitoring the anthracene emission. However, by using time 
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resolved emission and transient techniques, the amplitudes of the fast and “unquenched” 

components give direct indications of the transfer rate and the amount of complex. 

 

Time resolved emission: TC-SPC 

 

The decays corresponding to the AntNa chromophore alone and assembled with the 

Ru�3 host can be seen in figure 3B.3. The decay of AntNa fits to a monoexponential 

decay with a lifetime of 3.2 ns, the typical singlet excited state lifetime of anthracene and 

its derivatives. In the assembly with the ruthenium compound the profile shows clearly 

that the decay is not monoexponential in the self-assembled complex. 
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Figure 3B.3 Decay corresponding to the fluorescence of AntNa at 400 nm alone (left) 

and assembled with the ruthenium host Ru�3 (right). Concentration of ruthenium: 16x10 

-5
M, anthracene: 8x10 

-5
M. Bimolecular quenching under the same experimental 

conditions was not observed for the reference system. Excitation at 324 nm. 

The decay observed upon excitation of a supramolecular complex of Ru�3 and AntNa is 

clearly different form the decay of the anthracene alone. In this experiment a fast 

component of 100 ps (30% amplitude) could be observed which we attribute to singlet-

singlet energy transfer from AntNa to Ru�3. The bimolecular control experiment is 

virtually identical to AntNa by itself. 

From the lifetime of the anthracene alone and in the supramolecular assembly, a singlet 

energy transfer rate of 1.0x10
10

 s
-1

 can be calculated for non-covalent systems. This is 

about the same order of magnitude when compared with the previous published work
2
 

were an energy transfer rate of 1.8x10
10

 s
-1

 was calculated. The process is about 50 times 
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slower than what has been published
22

 for covalently linked systems where an energy 

transfer rate of 5x10
11

s
-1

 was calculated. 

Next to the fast component of 100 ps ascribed to singlet energy transfer from anthracene 

to ruthenium, a long component of 3.2 ns (30%) was observed which we attribute to 

uncomplexed AntNa present in solution. Also an intermediate component of 1.8 ns 

(30%) was observed. This indicates that in the excited state population of anthracene two 

types of molecules are present with a different distance to the ruthenium center, leading 

to two energy transfer rates. This can be due to a different binding mode in which the 

octanoate chain can penetrate only with the edge or with the full extended chain into the 

� cyclodextrin cavity. Such variety of conformations results in different distances 

between chromophores thus influencing the energy transfer rates which can vary between 

the largest distance (	 = 1.8 ns) and the shortest distance, with stronger electronic 

coupling (	 = 100 ps).
 25,26

 From the amplitude of the fast 100 ps component and the 

initial concentrations of the compounds a binding constant can be deduced of 3000 M
-1

. 

Similar K values have been reported in reference 25 determined with NMR and ITC. 

The energy transfer in this system is supported by the data obtained by sub-picosecond 

transient absorption spectroscopy. 

 

Femtosecond transient absorption spectroscopy 

 

In order to substantiate the time resolved emission results with an independent technique, 

the quenching of the AntNa singlet by Ru�3 was monitored using femtosecond transient 

absorption spectroscopy. Single components have been first investigated in order to 

understand the process occurring in the assembly. AntNa was measured in water 

containing 10% of acetonitrile. The transient absorption spectrum is shown in figure 

3B.4. 
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Figure 3B.4. Femtosecond transient absorption corresponding to AntNa alone after UV 

excitation and trace showing the decay of the singlet state at 590 nm. The lower trace 

shows the same experiment in the presence of Ru�3, it is clear from the decay that the 

ruthenium quenches the singlet state. 

 

In figure 3B.4 we show the transient absorption spectrum of the AntNa chromophore, 

also the decay traces at 590 nm of AntNa alone and of the supramolecular complex of 

Ru�3 and AntNa are given. The image shows the typical transient absorption spectrum 

of Anthracene and its derivatives in which we can identify the strong singlet-singlet 

absorption at 590 nm. The stimulated emission is observed at 410 and 440 nm as a 

negative signal superimposed on the excited state absorption of the singlet in that spectral 

region. The corresponding decay of the band at 590 nm ascribed to the singlet-singlet 

absorption of the first excited state of the molecule is also shown. The singlet excited 

state of the anthracene is populated (band at 590 nm) immediately after the laser pulse 

(0.2 ps) decaying with the same lifetime as shown by the time resolved luminescence 

experiments (3.2 ns). In the same figure the transient absorption spectrum of the 

assembly with the ruthenium is shown as well as the kinetics of the decay of the AntNa 
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singlet excited state in the assembly. For the supramolecular complex of Ru�3 and 

AntNa the spectra show some different features: the singlet-singlet absorption at 590 nm 

decays faster and the bleach of the 
1
MLCT state of Ru�3 at 450 nm is observed. This 

bleach partly overlaps with some residual AntNa luminescence, which prevents the 

observation of a rise time in this area.  After analysis we observed that the singlet excited 

state of the anthracene decays bi-exponentially with a fast component of 140 ps and a 

slow component that doesn’t decay completely within the time window. The fast 

component is ascribed to singlet energy transfer from the anthracene to the ruthenium and 

corresponds to the fast component observed in the picosecond time-resolved 

luminescence measurements. The longer component corresponds to the excess anthracene 

present in solution that remains uncomplexed and has an excited state lifetime of 3.2 ns. 

After singlet energy transfer from anthracene to Ru�3 rapid intersystem crossing from 

the Ru�3 singlet excited state to the triplet excited state occurs. We are not able to detect 

this process by transient spectroscopy. Once that the 
3
MLCT is populated, a relatively 

slow triplet-triplet energy transfer from the Ru�3 emissive 
3
MLCT to the first triplet 

state of the AntNa should occur and has been described before. The process takes several 

hundred nanosecond and cannot be observed here as it occurs far beyond the time 

window employed.
 12, 14, 22,24
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3B.3 Self assembled dyad with AntCD as host and Rubph as guest. 

 

Steady state spectroscopy of the AntCD host 

 

AntCD presents the characteristic absorbance and emission features of anthracene 

derivatives. The steady state spectra of the AntCD are characterized by the typical sharp 

absorption close to 250 nm, structured absorption bands between 340 and 400 nm and 

emission features (above 380 nm) corresponding to �-�
* 

transitions very similar to 

anthracene derivatives functionalized in the same position (see above). 
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Figure 3B.5. Absorption and emission spectra of the AntCD compound measured in 

aqueous solution using acetonitrile as co-solvent to improve solubility. 

 

The molar absorption coefficient has a value comparable to other related compounds (log 

� = 3.7 M
-1

cm
-1

). The quantum yield of this compound was measured to be 0.14 in 

deaerated water (maximum of acetonitrile 20% used as co-solvent) using anthracene in 

ethanol as reference with a quantum yield of 0.27.  

It has to be remarked that the AntCD compound showed solubility problems in water or 

water : acetonitrile mixtures below 10% content in acetonitrile. In order to obtain clear 

solutions and perfectly solvated components the amount of acetonitrile had to be raised to 

20%. This difficulty is clearly related to the amphiphilic properties of this molecule: one 

hydrophobic part (the anthracene) and a very water compatible part (the permethylated �-

cyclodextrin). Similar compounds have been used by Ravoo et al. for the formation of 

supramolecular vesicles and liposomes.
27

 Another possibility explaining the lower  
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solubility of AntCD in aqueous medium could be the intermolecular self-inclusion of the 

anthracene into the hydrophobic cavities with subsequent formation of wires in solution 

as reported before by Liu and co-workers for similar systems.
28

 

 

Triplet-Triplet energy transfer monitored with nanosecond transient absorption 

spectroscopy 

 

In order to study the likelihood of a possible energy transfer process a time resolved 

technique was applied. Nanosecond transient absorption was chosen as the first approach 

because it allows in this case the study of the appearance/disappearance of the relevant 

excited states.  

0.2

0.1

0.0

-0.1

-0.2

� 
O

.D
.

700600500400

wavelength / nm

-0.20
-0.15
-0.10
-0.05

200010000

Time (ns)  

-0.15

-0.10

-0.05

0.00

0.05

0.10

�  
O

.D
.

700600500400

wavelength / nm

-50x10
-3

0

50

� 
A

 

2000ns10000

 time / ns  

 

Figure 3B.6 Transient absorption spectra and kinetic analysis (at 425 nm) of the Rubph 

(top) and of the assembly with AntCD (bottom) in aqueous solution after excitation at 

460 nm (
1
MLCT band of the ruthenium complex). Concentration used ruthenium = 

3.2x10
-5

M; AntCD = 4.5x10
-5

M. Argon saturated solutions. 

 

Figure 3B.6 shows the transient absorption spectrum of Rubph where we can identify the 

strong bpy
•-
 absorption until 400 nm and above 500 nm. Between 400-500 nm a strong 
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bleaching of the ground state appears as a negative band. The 
1
MLCT excited state of the 

ruthenium is populated within the laser pulse and fast (femtosecond) intersystem crossing 

to the 
3
MLCT state occurs populating the emissive state which decays with a lifetime as 

shown by the time resolved luminescence experiments (about 460 ns in air equilibrated 

water and 736 ns in argon saturated aqueous solution). This shows that the same state 

responsible for the phosphorescent emission of this compound is responsible for the 

transient spectrum. Furthermore, the broad absorption band seen in the visible part of the 

spectrum indicates that the excited state is localized on the bipyridine carrying the 

biphenyl tail. Upon excitation of the ruthenium center the formally transferred electron to 

the ligand is delocalized on the aromatic rings. This assignment to the formally reduced 

ligand bearing the biphenyl tail is made since the broadening and the high absorption are 

characteristic of delocalized excited states. The first decay shown in figure 3B.6 (top 

right) corresponds to the decay to the ground state of the excited state, and shows a clear 

monoexponential behavior. For the supramolecular complex of Rubph and AntCD the 

spectra show different features (figure 3B.6, bottom left): the signals for the reduced 

bipyridine decay faster with a biexponential profile as does the recovery of the bleached 

1
MLCT state (figure 3B.6, bottom right). This spectral range presents as well the rise of a 

new band centered at 425 nm. The kinetic analysis shows that the growth of this new 

band is complementary with the faster decay of the ruthenium excited state indicating a 

triplet energy transfer process from the organometallic complex to the 
3
AntCD. In a 

control experiment where Ru(bpy)3

2+ 
was used instead of the Rubph complex only a 

negligible amount of 
3
AntCD was formed. In our assembly, the process is monitored in a 

region of the spectrum where two bands with opposite signs overlap making the 

interpretation rather difficult. The process occurs in a window of 110-190 ns depending 

on what region of the spectrum is analyzed, a relatively slow process with an energy 

transfer rate that can be calculated to lie between 4.2 and 7.9*10
6
 s

-1
, two orders of 

magnitude slower than in known covalently linked systems.
12, 13

 Such a slow process can 

be explained because of a weak coupling between donor and acceptor. When compared to 

the triplet energy transfer rate for the dyad (AntNa and Ru-�3) depicted in figure 3B.1 

(0.98*10
6
 s

-1
) we conclude that by changing the spacer from alkane to biphenyl an 
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increase in the transfer rate is observed making the process more favorable. This can 

again be accounted for by the coupling between donor and acceptor that should be more 

efficient in the biphenyl case because of the aromatic spacer. We cannot exclude the 

influence of the binding mode of the biphenyl to the �-cyclodextrin cavity that could be 

more favorable for the coupling than for an alkanoate binding to �-cyclodextrin. The 

influence of the nature of the spacer in the energy transfer rate has been studied before 

and the biphenyl spacer favored the process. If we use the initial concentration of 

components and the amplitude (12 %) corresponding to the faster decay process of the 

ruthenium bleach around 475 nm we can deduce a binding constant between components 

of 3500 M
-1

. 

It has to be noted at this point that no further experiments were carried out on this system 

due to the instability of the AntCD. Anthracene has a highly reactive triplet state and 

decomposition/dimerization of this compound and its derivatives is well known
22

 under 

UV or visible light irradiation in water or organic solutions. In our case the characteristic 

Anthracene features of the AntCD molecule in the UV-VIS spectra of the measured 

solutions were not stable after longer periods of irradiation indicating the conversion of 

the anthracene into another species through its triplet state. The variation in the UV-Vis 

spectrum of one of the measured mixtures is shown in figure B. It can be noted that the 

photodecomposition of AntCD is much more prominent than that of AntNa. 
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Figure 3B.7. UV-Vis absorption spectra before and after measurement of the AntCD 

assembled with Rubph. The upper trace shows the sample before irradiation and the 

lower trace shows the same sample after irradiation. 

  



                                                                         Self Assembled Metallocyclodextrin Dyads 

 107 

 

3B.5 Conclusions 

 

We have demonstrated energy transfer in two photoactive systems. These systems are 

self assembled dyads where the photoinduced processes can be understood by using time 

resolved emission and absorption spectroscopy. Binding constants have been estimated 

from the photophysical data and energy transfer rates calculated. The data obtained are 

summarized in table 3B.1. 

 

Table 3B.1. Summarized data obtained for the study of the three dyads presented in this 

part of chapter 3. 

 

Binding constant 

/ M
-1

 

Singlet energy 

transfer rate / s
-1 

Triplet energy 

transfer rate / s
-1 

Rua3 

AntNa 

3000 1.0*10
10 

0.86*10
6 

Host 

Guest 

systems 
AntCD 

Rubph 

3500 - 4.2-7.9*10
6 

 

From this table it is clear that the biphenyl guest and the octanoate are weaker binders 

compared with adamantane derivatives like the one that will be described in chapter 4. A 

factor that can contribute to the binding of the octanoate in our systems is the negative 

charge at the end of the chain that can interact electrostatically with the positively 

charged ruthenium when it comes out through the primary side of the cyclodextrin. We 

can also derive that although the octanoate is a reasonable binder as compared to the 

biphenyl, the triplet energy transfer process is somewhat faster in the case of the aromatic 

spacer. This could be due to a closer proximity of the chromophores in the second 

assembly or, as noted in previous publications, the aromatic spacer facilitates the energy 

transfer process when compared to saturated spacers.
3
 

In the case of assembly between AntNa and Ru3�  the supramolecular system shows a 

fast decay component of around 100 ps as well as a slow component (due to 
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uncomplexed AntNa). The fast component is ascribed to singlet energy transfer from the 

anthracene to the ruthenium in the supramolecular complex and corresponds well with all 

time-resolved techniques employed. 

Ru-Ant

1
nAnt*-Ru

100 ps

3
1Ant*-Ru

324 nm

3
1Ru*-Ant

1
1Ru*-Ant

N

N

N

N
N

N
Ru

O

O

O

II

O

O
O-

500 ns

ca 900 ns

 

By conveniently functionalizing the chromophores we could turn around host-guest 

donor-acceptor relationship. We observed the energy transfer from the Rubph center to 

the AntCD triplet state. The energy transfer rates are very similar to those measured for 

analogue systems showing that host-guest interactions are versatile and that by correct 

functionalization guests and hosts roles are interchangeable. The high reactivity of the 

triplet state of the AntCD prevents however long irradiation times. This makes a 

complete determination of the processes involved difficult.  

Ru-Ant

1
nAnt*-Ru

3
1Ant*-Ru

450 nm

3
1Ru*-Ant

1
nRu*-Ant

O
N N

N N

NN

RuII

ca 150 ns
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4 
Pyridyl-triazole Ru- and Ir-Complexes Appended with 

Cyclodextrins and Adamantanes 

 

Abstract 

 

In this chapter we describe the photophysical properties of a novel family of ruthenium 

and iridium complexes determined with steady-state and time-resolved 

spectrophotometric methods. The luminescence of the ruthenium complexes (at 610-615 

nm) is not affected by oxygen, has a low quantum yield (~0.005) and short life time (20-

30 ns). This is ascribed to the presence of a metal centered triplet state (
3
MC) which for 

complexes with the new pytl (pyridine-triazole) ligand is close in energy to the 
3
MLCT 

state and allows decay of the excited state via a non-radiative pathway. The luminescence 

of [Ir(ppy)2(pytl-ada)]Cl (at 475 nm) is oxygen sensitive and has a high quantum yield 

(0.23) and long life time (1000 ns); both are significantly enhanced (0.54, 2800 ns) when 

the pytl is appended with a cyclodextrin in [Ir(ppy)2(pytl-��CD)]Cl. There are significant 

differences between the quantum yields of the two separate diastereoisomers of this 

complex, attributed to a different interaction of the chiral cyclodextrin substituent with 

the � or � isomer of the metal complex (“chiral hat” effect). The longer lifetime for the 

iridium complexes indicates that the excited state is a mixture of 
3
LC and 

3
MLCT states 

in this case. The (formally negatively charged) phenyl and neutral pyridine parts of the 

ppy ligand are expected to contribute most to the HOMO and LUMO of the complex 

respectively. Substitution of the phenyl with fluorine as in [Ir(F2ppy)2(pytl-ada)]Cl shifts 

the emission of the complex to the blue (450 nm). 
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4.1 Introduction 

 

The Cu-catalyzed dipolar [3+2] cycloaddition, known as ‘click’ chemistry,
1
 involves the 

efficient formation of 1,2,3-triazole rings by coupling terminal alkynes and azides, and 

can be used to synthesize a bidentate pyridine-triazole ligand, 1-substituted 4-(2-

pyridyl)1,2,3-triazole (pytl, see scheme 1).
2,3

 This novel approach is extremely flexible; it 

allows in principle the functionalization of any azide-appended molecule with this ligand, 

as has been shown for 4-butoxyphenylazide
4
 as well as for relatively small

5
 and large 

carbohydrates, such as cyclodextrins.
6
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Scheme 4.1. Chemical structures of the ruthenium (II) complexes studied in this chapter 

with their abbreviations. 
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Scheme 4.2. Chemical structures of the iridium (III) complexes studied in this chapter 

with their abbreviations 

 

Cyclodextrins (CDs) are well-known cyclic oligosaccharides that can form inclusion 

complexes with a variety of hydrophobic substrates in aqueous solution, such as 
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adamantane-carboxylic acid, and have been widely applied as supramolecular building 

blocks in various areas
7,8,9,10,11,12

 including photoactivated energy and electron 

transfer.
13,14

 By applying click chemistry to 2-ethynylpyridine and monoazido �-CD the 

cyclodextrin-appended triazole-pyridine (pytl-�CD, scheme 4.3) could be readily 

prepared
15

 and complexed with metal ions. Complexes of Ru
16

 and Ir
17

 have received 

increasing attention in recent years because of their promising photophysical properties; 

they have been described as efficient photo-sensitizers, applied in the manufacture of 

optical devices, and as components for OLEDs. Because of our interest in such 

properties
15

 we prepared and characterized a series of heteroleptic octahedral complexes 

containing one substituted pyridine-triazole ligand. In particular we report the properties 

of such complexes with Ru and Ir in which the coordination sphere is completed by 

bipyridine (bpy) for Ru(II) and phenylpyridine (ppy) for Ir(III), giving the complexes  

[Ru(bpy)2(pytl-�CD)]X2 ([Ru(bpy)2(1)]X2, X = Cl, TFA) and [Ir(ppy)2(pytl-�CD)]Cl 

([Ir(ppy)2(1)]Cl), respectively and the corresponding adamantyl and methyl 

functionalized equivalents. 

There are only few examples in the literature of ruthenium complexes with 1,2,3-triazole 

ligands.
18

 As such, ruthenium complexes derived from ruthenium bis-terpyridine 

analogues in which one terpyridine ligand was substituted for a 2,6-(1,2,3-triazole)-

pyridine ligand were reported, maintaining the linear symmetry but altering the 

photophysical properties of the complex. These complexes show similar properties to the 

parent compounds but present higher energy excited states than for terpyridine 

derivatives.
19

 This effect has been attributed to the LUMO orbital of the molecule 

localized on the ligand core, being located at higher energies in the triazole complexes 

compared to the pure terpyridine compounds. 

A number of approaches to increase the emission energy of cyclometalated Ir complexes 

have focused on the decrease of the HOMO energy while keeping the LUMO energy 

relatively unchanged. The addition of electron withdrawing groups to the phenyl ring has 

been used as one way to achieve this goal. The most common withdrawing group used 

for this purpose is fluoride.
18

 For this reason, we prepared complexes of pytl-ada in 

which the coordination sphere of Ir was completed either with ppy or its 3,5-

bisfluorinated analogue F2ppy. 
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4.2. Results and discussion 

 

4.2.1. Synthesis of ligands and complexes – general scheme 

 

Applying click chemistry to 2-ethynyl-pyridine and the azide-appended adamantane or -

��CD, we prepared the adamantane/��CD-appended 1-substituted 4-(2-pyridyl)1,2,3-

triazole (pytl-��CD, 1 and pytl-ada, 2) and its Ru and Ir complexes. Starting from 

methyl azide, pytl-Me 3 was also prepared. The synthetic routes to the novel ligands and 

complexes are shown in scheme 4.3. 
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Scheme 4.3. Synthesis of the new ligands (pytl-R, with R=1,2 or 3) and subsequent 

synthesis of the novel ruthenium (II) and iridium (III) complexes. 

The synthesis of the ruthenium complexes was completed by reaction of the 

corresponding ligand (pytl-R) with Ru(bpy)2Cl2. In order to prepare the iridium 
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complexes the conveniently substituted ligand was reacted with the binuclear 

cyclometalated iridium precursor, scheme 4.3. 

The compounds were synthesized mainly by M. Felici in Nijmegen in the framework of 

the Uni-Nanocups network. 

 

4.2.2 Photophysical characterization in aqueous solution 

 

The photophysical properties of the iridium and ruthenium triazole complexes were 

determined with steady state and time resolved spectroscopic methods. It has to be noted 

that a mixture of diastereoisomers was used as well as separated diastereoisomers in case 

of the iridium cyclodextrin complexes. 

 

Steady state UV-VIS absorption spectra 

 

The absorption spectra of all complexes show intense bands in the UV region (290 nm) 

and moderately intense bands in the visible region (350-500 nm) that are typical for 

ruthenium and iridium polypyridyl complexes. 

By comparing the absorption spectra of the ruthenium complexes with that assigned to 

Ru(bpy)3

2+
 all bands for the ruthenium complexes can be interpreted. The bands at 

shorter wavelength than 300 nm belong to the allowed ���* transitions of the 

coordinated ligands an in particular to the bipyridine units, and the shoulder that appears 

at 280 nm appears due to the substitution of one of the pyridine rings for the triazole ring. 

All complexes present the typical 
1
MLCT band between 400 and 500 nm; however while 

Ru(bpy)3

2+ 
shows a clear maximum at 460 nm in our complexes the coexistence of 

different ligands at similar energies leads to a set of MLCT bands due to the transition 

from the metal to the bipyridines or to the pyridine-triazole ligand. This can be 

interpreted as the result of some influence of the triazole substituted ligand in the 
1
MLCT 

transition in the studied molecules. 

For the iridium complexes the absorption spectra are shown in the right part of figure 4.1 

and resemble those of triazole iridium complexes.
20

 The bands in the 250-300 nm region 

belong again to the allowed intra-ligand ���* transitions of the phenyl pyridine units and 
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of the pyridine triazole. The absorption spectra of these iridium complexes also show 

1
MLCT transitions at energies lower than the ligand ���* transitions, in the 300-350 nm 

region, partially overlapping with the spin forbidden 
3
MLCT which extends above 400 

nm.
21

 

 

Figure 4.1. UV-VIS absorption spectra in water of (left) Ru complexes (solid, 

[Ru(bpy)2(1)]Cl2; dotted, [Ru(bpy)2(2)]Cl2; dashed, [Ru(bpy)2(3)]Cl2) and (right) Ir 

(solid, [Ir(ppy)2(2)]Cl; dotted, [Ir(ppy)2(1)]Cl; dashed, [Ir(F2ppy)2(2)]Cl) complexes in 

water. 

 

Steady state luminescence spectra 

 

The luminescence spectra of the ruthenium complexes show a broad band centered 

around 610 nm typical for the radiative decay from a 
3
MLCT state (Figure 4.2, left). In 

the case of the iridium complexes with the phenyl-pyridine ligands and the substituted 

pyridine triazole we can see the resolved vibronic structure typical for these type of 

complexes. (Figure 4.2, right). The lowest excited state is also for iridium a 
3
MLCT state, 

however for such high energy emitting complexes a certain degree of mixing with the 

3
LC is present. Fluorination of the phenyl rings on the ppy ligands lowers the energy of 

the HOMO orbital in the molecules. The lowering of the LUMO energy is significantly 

less than for the HOMO, resulting in a widening of the HOMO-LUMO gap and leading 

to an increase in the excited state energy. This is translated to a blue shift of the emission 

when we go from the green emitters (non-fluorinated) to the blue emitters (fluorinated 

complexes). In the homoleptic complexes Ir(ppy)3 and the fluorinated homologue 

Ir(F2ppy)3 a blue shift of 39 nm occurs.  
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Figure 4.2. Room temperature emission spectra in water (left, �exc 445 nm) Ru complexes 

(solid, [Ru(bpy)2(1)]Cl2; dotted, [Ru(bpy)2(2)]Cl2; dashed, [Ru(bpy)2(3)]Cl2) and (right, 

�exc 380 nm) Ir complexes (solid, [Ir(ppy)2(1)]Cl; dotted, [Ir(ppy)2(2)]Cl; dashed/dotted, 

[Ir(bpy)3]Cl3; dashed, [Ir(F2ppy)2(2)]Cl)  complexes in water at room temperature.  

 

The quantum yields of emission as well as the emission lifetimes for both Ru and Ir 

complexes were determined in aqueous solutions under air-equilibrated and deaerated 

conditions (Table 4.1). It appears that the pytl ligand influences in a different way the 

excited state of the ruthenium and the iridium complexes. 

Ruthenium complexes exhibit rather short lifetimes and low quantum yields and their 

photophysical properties are therefore not affected by the presence of dioxygen (table 

4.1). The lowest excited state most likely involves the bipyridine ligands due to the fact 

that the LUMO of the triazole is more electron rich and therefore higher in energy than 

the pyridines. In ruthenium complexes containing 1,2,4-triazole-pyridine ligands, the 

lowest energy excited electronic states are predominantly bipyridine based.
22

 We believe 

that also in our case we have the same trend which however is affected by the nitrogen 

substitution of the triazole, which renders the substituted triazole a worse sigma donor 

than the 1,2,4 unsubstituted triazole. As a consequence the a smaller ligand field for the 

pyridine triazole is expected which would cause a lowering of the metal centered triplet 

states (
3
MC) which are known to be thermally populated and efficient non-radiative 

channels for the depopulation of the luminescent 
3
MLCT state.

23
 A similar behavior is 

also observed in ruthenium complexes with a 1,2,4-triazolepyridine ligand upon 

protonation of the nitrogen in position 4. Such electronic properties are reflected in the 

poor emitting properties of our complexes. 
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Table 4.1. Luminescence lifetimes and quantum yields of emission of the complexes. The 

solutions were measured in air equilibrated water (air) and argon saturated for 

degassing by bubbling argon for 20-30  minutes through the solutions (Ar). 1 = pytl-

�CD, 2 = pytl-ada, 3 = pytl-Me. 

Complex
a
 � (nm) �(air) �(Ar) 	 (ns, air) 	 (ns, Ar) 

[Ru(bpy)2(1)]Cl2 610 0.0056 0.0056 24.8 24.8 

[Ru(bpy)2(2)]Cl2 615 0.0048 0.0048 19.6 19.6 

[Ru(bpy)2(3)]Cl2 615 0.0062 0.0062 27.4 27.4 

[Ir(ppy)2(1)]Cl 475 0.14 0.54 690 2800 

[Ir(ppy)2(2)]Cl 475 0.076 0.23 435 1000 

[Ir(F2ppy)2(2)]Cl 450 0.071 0.16 480 1100 

a
For quantum yield measurements ruthenium was excited at 448 nm and iridium at 402. 

For lifetimes measurements ruthenium was excited at 420 nm and iridium at 380 nm. 

 

Different situation is with the iridium complexes which display excited state lifetimes in 

the microsecond range typical for similar iridium complexes, all decaying with 

monoexponential kinetics. They also show high emission quantum yields. Due to their 

long lived excited states, related to the triplet character of the emission they are very 

sensitive to dioxygen that can therefore quench their luminescent excited states. In 

general the emission energies of luminescent cyclometalated iridium complexes are 

strongly influenced by the triplet energy of the ligand.
24

 The highest occupied molecular 

orbital (HOMO) is principally composed of p orbitals of the phenyl ring and metal d 

orbitals of the Ir. The pyridine instead is more electronegative and therefore responsible 

for the lowest unoccupied molecular orbital (LUMO). In many cases and in particular for 

blue emitters, the lowest excited state of the complex is best described as an admixture of 

3
LC and 

3
MLCT states.

25
 

Very interestingly the substitution with a �-cyclodextrin strongly alters the photophysical 

behavior compared with the adamantyl derivative. In particular it is interesting to notice 

that even though the emission maximum is unchanged, indicating the same nature and 
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involvement of coordinated ligand, the emission quantum yield dramatically increases 

(�=0.54). Also the excited state lifetimes change, and in particular becomes longer for 

both air-equilibrated and deaerated solutions (see table 4.1). Such an elongation of the 

air-equilibrated lifetime point out to a shielding of the emitting core from dioxygen 

perhaps caused by the cyclodextrin, which could in some way interact with the phenyl-

pyridine ligands, partially retaining the water and the oxygen away from the iridium core. 

Such effects on phosphorescent molecules inside cyclodextrin complexes have been 

observed before.
13,26

 The per-methylated cyclodextrin has a very flexible structure when 

compared to the native cyclodextrin due to the breaking of the internal H bonds of the 

structure. The primary side of the cavity is very close to the metal center and, due to its 

flexibility, it could adapt to the complex covering part of the ligands involved in the 

lowest excited states, with a consequent reduction of non-radiative decays vide infra. 

 

Quantum yields and lifetimes for the separate � and � isomers of [Ir(ppy)2(pytl-�CD)]Cl 

 

The mixture of isomers and the individual diastereoisomers behave relatively similar in 

air-equilibrated solution with luminescence quantum yields close to 14%, table 4.1. In 

deaerated conditions however we observe clear differences among the mixture and the 

isomers. The mixture has an intermediate quantum yield relative to the separated 

diastereoisomers. Isomer B shows a much higher luminescence quantum yield, whereas 

isomer A shows ca. half of the emission intensity (table 4.2)  

Organometallic complexes with metal centers coordinated in a tris-bidentate nature, may 

inherently possess right- or left-handed chirality (designated � or � respectively). 

Although enantiomers should not have different photophysical properties, when chiral 

ligands/substituents are involved in the expansion of the molecular structure in three 

dimensional space, it is important to realize that the spatial relationship of the 

components can influence the nature of the intra- or intermolecular processes observed. 

Table 4.2. . Photophysical data for the mixture of isomers and the components from the 

chromatographic separation. The solutions were measured in air equilibrated solvent 

(air) and argon saturated for degassing by bubbling argon for 20-30 minutes through the 
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solutions (Ar). Alternatively degassing was also achieved with 3 freeze-pump-thaw 

cycles. 
a
 The optical density at the excitation wavelength was kept below 0.1 

complex �exc (nm)
a
 �(air) �(Ar) � (ns, Ar) 

[Ir(ppy)2(pytl-	CD)]Cl mixture 380 0.14 0.54 2800 

[Ir(ppy)2(pytl-	CD)]Cl isomer (A) 380 0.13 0.49 2700 

[Ir(ppy)2(pytl-	CD)]Cl isomer (B) 380 0.14 0.70 2900 

 

As we discussed in the previous section, the substitution of an aliphatic system with the 

	-cyclodextrin results in a strong elongation of the lifetime and a large increase of 

emission quantum yields. We have speculated that such effect could be due to a non-

covalent interaction of the ppy ligands coordinated to the iridium with the hydrophobic 

cavity of the covalently attached cyclodextrin. 

 

 

Scheme 4.4. Model structures of of [Ir(ppy)2(1)]Cl. The optimized molecular geometries 

of complexes show the interaction of the emissive center with the cyclodextrin primary 

side (top: left, lateral: right). The structures correspond to the � iridium complex isomer, 

modeling has shown an even more obvious interaction between the � complex and the 

cyclodextrin.
27

 

Indeed it is known that cyclodextrins can act simultaneously as first- and second-sphere 

ligands when covalently attached to a potential guest.
28

 This can enhance the 
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photophysical properties of the guest mainly in three ways: i) limiting the molecular 

degrees of freedom of the chemical bonds, thus reducing the non-radiative deactivation of 

the triplet excited state, ii) changing the micro-environmental polarity, and iii) preventing 

the excited state quenching from dynamic collision or oxygen energy transfer. 

The observed changes in guest phosphorescence in the presence of cyclodextrin provide 

clear evidence that the inclusion complex has formed but it gives limited structural 

information on the geometry and mode of inclusion. More data can be obtained from 

molecular modeling NMR studies, which can show specific interactions between specific 

part of the guest and host. Inspection of a molecular model (scheme 4.4) of our system 

reveals that a hydrophobic pocket is formed on the primary side of the cavity due to the 

methylation of the hydroxyl groups. Moreover the metal complex with the cyclodextrin 

appended is forced to be close to this substituted rim because the covalent link is 

relatively short. Preliminary HR-NMR investigations (not shown) on the A (�) 

diastereoisomer show that there is interaction between the iridium complex and the 

primary side of the attached cyclodextrin. The rather large size of the Ir complex 

compared to the diameter of �-cyclodextrin cavity, however, would not allow the 

formation of a real inclusion complex but instead a ‘semi-inclusion’, for example of the 

aromatic ligands. A full account giving the assignments and analyzing the ROESY 

contacts in terms of a 3-dimensional structure will be given elsewhere. 

An additional effect of the �-cyclodextrin is the large and unexpected difference in the 

quantum yields of the two diastereoisomeric forms of the complex [Ir(ppy)2(1)]Cl (Table 

4.2). This can be explained by a preferential interaction of the chiral cavity with one of 

the enantiomers of the attached metal complex. The inherent chirality of the octahedral 

tris-bidentate complex (scheme 4.4) is recognized by the cyclodextrin and probably leads 

to a stronger or deeper interaction in the case of one diastereoisomer compared to the 

other. One of the chiral complexes fits better into the chiral “hat”. This idea is 

corroborated by the example of chiral recognition of helical metal complexes by CD’s 

reported by Kano
29

 who has investigated the interaction of the Ru(phen)3 in water with 

cyclodextrins fully carboxylated  on their primary side. 
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Steady state luminescence spectra at low temperature (77K) 

 

Figure 4.3 shows the low temperature luminescence measurements for the ruthenium and 

iridium complexes at 77K in EtOH:MeOH glassy matrix. 
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Figure 4.3. 77 K luminescence spectra in glassy EtOH:MeOH (1:1) matrix of (left, �exc 

445 nm) ruthenium compounds (solid, [Ru(bpy)2(1)]Cl2; dotted, [Ru(bpy)2(2)]Cl2; 

dashed, [Ru(bpy)2(3)]Cl2) and (right, �exc 380 nm) iridium compounds (solid, 

[Ir(ppy)2(1)]Cl; dotted, [Ir(ppy)2(2)]Cl; dashed, [Ir(F2ppy)2(2)]Cl). 

 

A comparison of Figure 4.2 and Figure 4.3 clearly shows that the emission spectra 

become nicely structured for the iridium and the ruthenium compounds in the low 

temperature experiments. [Ir(ppy)2(1)]Cl and [Ir(ppy)2(2)]Cl have spectra that nearly 

overlap in peak position and relative peak intensities. As expected a difference arises with 

the fluorinated complex [Ir(F2ppy)2(2)]Cl which shows a blue shift in the emission. In 

the case of the ruthenium compounds all three emission spectra are clearly very similar. 

In the case of the iridium complexes the vibronic structure corresponds to 1200 cm
-1

 the 

ring vibrations of the phenylpyridine ligand, confirming the participation of the ligand in 

the emission.
30

 

For the ruthenium complexes the vibronic structure corresponds to 1400 and 1500 cm
-1

 

the ring breathing of the bipyridine ligand confirming as well the participation of this 

ligand in the excited state luminescence emission of the complex.
31

 This confirms the 

above assumption that the lowest emitting state involves the bipyridine ligands and that 

the triazole has little or no influence in the energy of the emissive state. The emission 
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maximum is blue shifted (relative to RT), as expected for charge transfer states and 

already observed for bipyridine complexes. 

From previous work in our group in model complexes [Ir(ppyFF)2(bpy)] the lowest 

excited state has mostly a metal to bipyridine charge transfer character. The 

[Ir(ppy)2(bpy)] has a behavior explained by two excited states lying close to each another, 

one 
3
LC and one 

3
MLCT

 
in nature. The energy of the latter is much more dependent on 

the polarity of the surrounding medium than the former
32

. By lowering the temperature 

the rigidity of the medium increases and the 
3
MLCT, being less stabilized by the lack of 

solvent mobility, moves up in energy. If the 
3
MLCT state is close enough to the 

3
LC state 

a possible inversion of the lowest excited state is observed. For completely 

cyclometalated and the [Ir(ppyFF)2(bpy)] complexes, we can certainly assign the low 

temperature emission to a predominant MLCT state.
33

  

Comparison of the homoleptic tris-ppy and heteroleptic complexes where one of the ppy 

has been substituted by a phenyl pyrazole has been made before. The authors observed a 

significant decrease in the phosphorescence quantum yield by introduction of the 

pyrazole ring. In our case we observe a similar decrease of the luminescence efficiency 

when compared to the tris-ppy complexes. However within our new family of complexes 

the quantum yield vary as the substituents on the third nitrogen of the triazol change 

giving to the Ir(ppy)2(1) the highest quantum yield (about 3 times higher) and longest 

lifetime.  
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Nanosecond transient absorption measurements 

 

Transient absorption of the iridium the complexes 

 

As discussed before, the excited state properties of the iridium complexes can be 

described by an admixture of 
3
LC and 

3
MLCT states. Transient absorption spectra of the 

complexes [Ir(ppy)2(1)]Cl, [Ir(ppy)2(2)]Cl, and [Ir(F2ppy)2(2)]Cl) were recorded to 

further investigate the exact nature of the excited state in air equilibrated water at room 

temperature. Complexes [Ir(ppy)2(1)]Cl and [Ir(ppy)2(2)]Cl present two absorption 

bands each at 360 and 450 nm. Both bands decay mono-exponentially with similar 

lifetimes as observed with time resolved emission suggesting that the emissive and 

absorbing states are identical. In the case of [Ir(F2ppy)2(2)]Cl a similar behaviour is 

observed; however in this case the transient is formed by only one less defined band 

between 300 and 500 nm with a maximum at 380 nm. All transient spectra for these 

complexes show an absorption band tailing into the infrared. 

 

Figure 4.4. Transient absorption spectrum (left) of [Ir(ppy)2(1)]Cl after laser light 

excitation at 380 nm, with decay kinetics at 360 nm (upper trace right) and 449 nm 

(bottom trace right). 250 accumulations per frame, 25 frames (only first and uneven 

numbered frames are shown in the transient spectrum for clarity), 100 ns increment in 

between frames. Decay at � = 360 nm, � = 754 ns. Decay at � = 449 nm, � = 723 ns.  
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Ichimura et al. reported for the ortho-metalated complex Ir(ppy)3 the transient spectrum 

characterized by a band centered at 370 nm with a shoulder around 480 nm and a 

featureless tail extending to the near infrared region.
34

 In our case similar bands appear, 

which could thus be ascribed to an excited state localized on the ppy ligands.  

 

 

Figure 4.5. Transient absorption spectrum (top) of [Ir(ppy)2(2)]Cl after laser light 

excitation at 380 nm, with decay kinetics at 357 nm (bottom left) and 449 nm (bottom 

right). 400 accumulations per frame, 20 frames (only first and uneven numbered frames 

are shown in the transient spectrum for clarity), 100 ns increment in between frames. 

Decay at � = 357 nm, � = 428 ns. Decay at � = 449 nm, � = 404 ns.  

 

For the ortho-metalated complex Ir(ppy)3 the transient spectrum characterized by a band 

centered at 370 nm with a shoulder at 480 nm and a featureless tail extending to the near 

infrared region has been reported.
34

 In our case similar bands appear, which could thus be 

ascribed to an excited state localized on the ppy ligands with a MLCT character and the 

lower energy tentatively assigned to T1-Tn transitions. In the case of [Ir(F2ppy)2(2)]Cl  

the presence of the fluorine atoms, which lower the HOMO level, the higher degree of 

mixing between the MLCT and LC states results in a featureless broad band, figure 4.6. 
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Figure 4.6. Transient absorption spectrum (left) of [Ir(F2ppy)2(2)]Cl after laser light 

excitation at 380 nm, with decay kinetics (inset) at 380 nm. 400 accumulations per frame, 

26 frames (only first and odd numbered frames are shown in the transient spectrum for 

clarity), 100 ns increment in between frames. Decay time at 427 nm, � = 580 ns. 

 

Transient absorption of the ruthenium complexes 

 

The transient absorption spectra of the ruthenium complexes were recorded in argon 

saturated water (degassed conditions), again to get more insight in the nature of the 

excited states. In all three cases the spectra are very similar indicating that the 

substituents attached to the triazole do not induce significant changes in the excited state 

absorption properties.  

The transient absorption spectrum of Ru(bpy)3

2+
 is very well known and the comparison 

with our systems can be very useful in assigning the observed bands.
35

 Transient 

absorption spectra show a strong bleaching of ground state absorption upon excitation 

with a recovery comparable to that obtained from emission lifetime measurements 

(between 25-30 ns). All of the studied complexes show a strong excited state absorption 

at about 380 nm that has been identified as the radical anion bpy
.-
 absorption, which 

confirms the assignment of a MLCT involving the bpy as the lowest excited state. We 

also observed a weak and broad absorption into the near IR region in the new type of 

complex indicating that the triazole ligand has little but no major contribution to the 
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excited state, a similar behavior was observed for the 1,2,4-triazolepyridine complexes 

before.
24

 

 

Figure 4.6. Transient absorption spectrum (top) of [Ru(bpy)2(1)]Cl2 upon 445 nm laser 

light excitation, with decay at 357 nm (bottom left) and rise at 412 nm (bottom right). 20 

frames, 50 accumulations per frame, 10 ns increment per frame. Decay time at 357 nm, � 

= 29 ± 2.3 ns; rise time at 412 nm, � = 25 ± 1.9 ns. 

 

The lifetime of this band corresponds well to the excited state lifetimes measured with 

time resolved luminescence indicating that the absorbing state in the transient spectrum is 

also responsible for the emission of the excited complex (
3
MLCT state). 

 

 

4.2.3. Inter-component interactions 

 

Self assembled dyads for energy transfer 

 

The individual compounds presented in the first part of this chapter can in principle be 

used for various purposes, like dye sensitized solar cells, LEDs or FETs. Another option 

is to use them as components in supramolecular systems for directional energy transfer. 

The formation of self-assembled dyads for photoinduced inter-component processes can 

be pursued with the systems presented here. Such assemblies formed in aqueous solution 
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are equivalent to those described in chapter 3 of this thesis and others known from the 

literature. Interestingly, we have only been able to detect intercomponent interaction in 

assembly 4, containing the ruthenium as donor and osmium as acceptor. The other three 

systems in which iridium is envisaged to be the energy donor, no clear signs for 

photoinduced interactions have been observed.  
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 Assembly 4.3      Assembly 4.4 

 

Scheme 4.5. Studied self-assembled dyads in aqueous solution. The properties of 

separate compounds are described in the first part of this chapter. 

 

Shown in scheme 4.5 are the dyads studied. The energy transfer from iridium to 

ruthenium polypyridine complexes has been studied in several examples. The iridium has 

a triplet state that lies approximately 150 nm (0.75 eV) higher in energy than the 

ruthenium, making the former the candidate for triplet energy transfer to the latter. 

It has to be said here that despite all our efforts we were not able to measure clearly such 

an energy transfer process from an iridium (III) center to a ruthenium (II) acceptor. In the 

case of assemblies 4.1 and 4.3 it can be deduced after reading previous sections of this 

chapter that there is a strong interaction between the iridium chromophoric center and the 

attached cyclodextrin cavity on the primary side. It is possible thus that the cyclodextrin 

is partially occupied by the attached iridium center and does not allow further guest 

complexation. The cavity has to consequently lose some of its hydrophobicity because of 
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the presence of the strong electrostatic charge on the complex. This in turn makes the 

driving force for binding of guest much lower. This effect is not unknown to chemists 

that work in the field of cyclodextrins, however it is rather difficult to find examples of 

such behavior in the literature for obvious reasons.
36

 

All iridium complexes studied here present very high luminescence quantum yield and 

very long lifetimes when compared to the ruthenium energy accepting counterparts 

present in the dyads. This characteristic property of the iridium complexes is very 

interesting for several applications but it introduces inherent experimental difficulties in 

the characterization of the energy transfer processes. 

Overlap of luminescence, even if only partial, of the emissive centers is clearly a 

disadvantage if the properties of the components differ greatly. In the present cases the 

iridium luminescence overpowers the ruthenium greatly. This makes that even at low 

concentrations overlap of signal coming from the iridium covers completely the emission 

from the ruthenium. The recording of signals from the ruthenium in the assembly is thus 

technically impossible or very difficult. Use of minimal concentrations of iridium and 

high concentration of ruthenium to favor complexation of the iridium and reduce the 

interference with the ruthenium luminescence has been studied, but at these 

concentrations the ruthenium concentration becomes too high for the excitation light to 

reach the iridium with enough intensity. When the ruthenium concentration is reduced to 

compensate for this effect, the dyad concentration is also reduced because we depend on 

the concentration of both components for complexation (see chapter 1). 

The experiments on assemblies 4.1-4.4 allow us to condense a summary of properties the 

individual components have to present as to make not only the energy transfer process 

but also the monitoring of such a process feasible; an example of this is given in the 

following section where energy transfer from ruthenium to an osmium complex 

(assembly 4.4) could be successfully measured. 

 

a) Chromophores emissive states should overlap only partially to allow 

interference free measurement. 
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b) The chromophores need to have similar lifetimes/quantum yields to minimize 

the interferences that arise from the overlap of the luminescent tails and free 

species in solution. 

c) The distance between cyclodextrin and chromophore attached to it has to have 

an equilibrium value between two factors: too close may change the binding 

strength to the cavity by exclusion of the hydrophobic effect and too far may 

prevent any interaction because of the distance. 

 

It is interesting in any case to note here that changes in the molecular structure, e.g. for 

the [Ir(ppy)2(1)]Cl, can induce very interesting properties as well. As consequence of 

making the compound less suitable for inclusion experiments because of the proximity of 

the cyclodextrin, we increase the chromophores quantum yield by a factor of 3, which is 

in turn interesting for other applications.  

 

Osmium metalloguest communication, triplet energy transfer from a ruthenium 
3
MLCT to 

an osmium 
3
MLCT state 

 

Properties of the osmium guest 

 

The absorption spectrum of osmium bis-terpyridine complexes is characterized by strong 

bands in the UV that correspond to ���* transitions within the aromatic ligands. Around 

480 nm the 
1
MLCT band is located. In this case the 

1
MLCT absorption band for Os-

adatpy-pytpy (see scheme 4.5 assembly 4.4) appeared at 486 nm with 
 = 5300 M
-1

cm
-1

 

a value relatively low for these kind of compounds. 
37

. Another characteristic band is 

centered around 670 nm and has a weak character. This band corresponds to the 

absorption of the 
3
MLCT state of the osmium complex. 
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Figure 4.7. Absorption spectrum for the Os-adatpy-pytpy complex in air equilibrated 

aqueous solution. 

 

The lifetime of this compound was measured in deaerated acetonitrile with a streak 

camera. The result obtained was � = 120 ns as shown in figure 3B.9. From the streak 

camera image also the emission maximum can be seen to be centered close to 775 nm. 

The properties of the ruthenium polypyridyl complex with the triazole ligand 

functionalized with cyclodextrin are described in this chapter (vide supra). 
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Figure 4.8. Luminescence decay profile for Os-tpyada-tpypy in deaerated acetonitrile 

(left), and luminescence spectrum from streak camera measurement and Infinity laser 

excitation at 485 nm. 

 

Steady state measurements in the assembly of Ru-(bpy)2-(1) with Os-tpyada-tpypy 

 

Figure 4.9 shows the UV-Vis absorption spectra of the individual components and the 

supramolecular assembly. It is clear that the spectrum corresponding to the assembly is 

the sum of the spectra of the individual components indicating no electronic interaction in 

the ground state. The absorption spectrum of the control experiment were Ru-(bpy)2-(1) 

was employed did not show a significant difference. The individual luminescence spectra 
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of the ruthenium and the osmium complexes are also shown. We can see that the position 

of the 
3
MLCT states give a proper pathway for energy transfer from the higher ruthenium 

triplet state to the lower lying osmium triplet state. 
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Figure 4.9. UV-VIS absorption (left) and steady state emission (right) spectra of the 

components of the assembly Ru-(bpy)2-(1) and Os-tpyada-tpypy. Excitation of the 

complexes at 464 nm. 

 

Figure 4.10 shows the luminescence spectra of the ruthenium and the osmium mixture 

together with the individual luminescence spectra. The concentration of the individual 

components is the same as in the mixture. Excitation was at 464 nm, an iso-absorptive 

point in the overlay of the absorption spectra of the individual ruthenium and osmium 

complexes. 
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Figure 4.10. Steady state luminescence spectrum of the mixture of Ru-(bpy)2-(1) and Os-

tpyada-tpypy in aqueous medium. Excitation at 464 nm. The reduction of the ruthenium 

emission is significantly stronger than the reduction in the osmium emission in the 

mixture.  
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The steady state luminescence spectra of separate components and mixture can give us 

information on the energy transfer process. First the spectra for the Ru-(bpy)2-(1) and 

Os-tpyada-tpypy were measured. Then a mixture containing the supramolecular 

assembly (50% of the ruthenium should be bound and 27% of the osmium) in the exact 

same concentrations as the previous measurement for the separated components was 

measured. We expect a difference between free components and the assembly shown as a 

reduction of the emission intensity for both complexes as due to an internal filtering 

effect of the solution as a consequence of the high concentration of chromophores 

present. The luminescence of the ruthenium can be used as an internal standard in the 

mixture because it has regions where no overlap with the osmium luminescence occurs. 

From the decrease in the ruthenium luminescence due to the filter effect at 615 nm, we 

calculate that approximately 30% of the luminescence disappears due to the mixture of 

chromophores (both chromophores absorb in the same regions of the visible spectrum so 

that no selective excitation is possible, at the employed concentration the optical density 

of the solution is too high to consider all molecules being excited by the light source for 

which we need optically diluted conditions). Thus, in the case of the osmium this 30% 

reduction in the luminescence should be observed as well. We have to account for the 

overlap of the ruthenium luminescence tail in the infrared. The difference between the 

calculated number (30% reduction in the luminescence plus the ruthenium tail overlap) 

and the real luminescence measured is the increase in luminescence due to a triplet 

energy transfer from the ruthenium to the osmium. From our data we estimate an increase 

in the osmium luminescence of 15% and that the emission of the ruthenium is quenched 

accordingly. It must be taken into account that these measurements include an 

interference coming from free ruthenium emitting in solution and free osmium emitting 

in solution that have not complexed through the cyclodextrin cavity 

 

Time resolved SPC measurements 

 

We have observed that the excited state of the Ru-(bpy)2-(1) complex is quenched in the 

presence of Os-tpyada-tpypy when the latter is used as guest for binding into the 

cyclodextrin cavity. The graph shown in figure 3B.12 clearly shows that the decay 
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corresponding to the Ru-(bpy)2-(1)  excited state becomes bi-exponential in the presence 

of the Os-tpyada-tpypy compound. A fast component can be observed of 1.22 ns (36%) 

for the process of 
3
ET Ru Os: it indicates triplet energy transfer from Ru-(bpy)2-(1)  to 

Os-tpyada-tpypy with a rate of ca 7.8 x 10
8
 s

-1
. From the amplitude of the fast 

component and the initial concentration of the components a binding constant can be 

deduced of 7000 M
-1

. 
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Figure 4.11. Comparison of the decay of the Ru-(bpy)2-(1) alone (left trace) and the 

ruthenium in the assembly (right trace). Concentration of components Ru-(bpy)2-(1) = 

7.1x10
-5

M; Os-tpyada-tpypy ~ 10
-4

M; self assembled complex (K=7000 M
-1

) = 3.5*10
-

5
M. As an estimation approximately 50% of Ru should be bound and 27% of Os. The 

decay profile becomes clearly biexponential indicating an energy transfer process. A fast 

component for the ruthenium decay can be observed with an amplitude of 36% (right). 

Excitation at 324 nm. 

 

The assembly of the Ru-(bpy)2-(1) compound with the osmium complex clearly shows a 

shortening of the ruthenium lifetime indicating an energy transfer process from Ru-

(bpy)2-(1)  to Os-tpyada-tpypy. This shortening of the lifetime is not observed in the 

control experiment where Ru-(bpy)2-(3) was used in the mixture with Os-tpyada-tpypy, 

indicating that this effect is induced by supramolecular interaction due to inclusion of the 

adamantane tail of the osmium complex in the cyclodextrin cavity of the ruthenium 

complex. The fast component of 1.22 ns indicates an energy transfer rate of k=7.8*10
9
s

-1
 

(for a free ruthenium lifetime of 25 ns in deaerated aqueous medium) similar to transfer 

rates described in the literature for similar systems
38

. 
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Our measurements did not show a clear rise time for the osmium excited state, due to 

overlapping of the emissions. The lower response of the detector in the near infrared 

when compared to the rest of the visible spectrum is also an important factor that 

complicates the recording of these processes at the ideal wavelengths. 

 

4.3 Conclusions 

 

We have fully characterized a new family of luminescent organometallic complexes with 

remarkable properties. The novelty lies in the introduction of pytl (pyridine triazole) as 

third coordinating bidentate ligand. This new ligand reduces significantly the lifetime and 

luminescence quantum yield in the ruthenium complexes. In the case of iridium 

cyclometalated complexes the luminescence quantum yield and lifetimes are greatly 

enhanced. When a 	�cyclodextrin is directly attached to the pytl ligand this enhancement 

is even greater. Moreover, the separation of the diastereoisomers of the Ir(ppy)2(pytl-

	CD) complex leads to the observation of marked different photophysical characteristics. 

This is due to an effect introduced by the cyclodextrin. A more favorable interaction 

between the primary side of the chiral cyclodextrin and one of the enantiomers of the 

iridium chromophoric unit (� or �) is responsible for this observed rim effect. The 

observed enhanced luminescent properties through the shown structural modifications 

opens the possibility for further studies in this direction. 

The short lifetime of the ruthenium complexes allows a good monitoring of energy 

transfer processes with other lowly emitting complexes such as Os(tpy)2

2+
 analogues. We 

have been able to observe the triplet energy transfer from Ru(bpy)2(pytl-	CD) to an 

osmium guest complex that is conveniently functionalized to attach to metal surfaces via 

chemisorption thanks to a pyridine anchoring group. 
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The energy transfer rate is in agreement with other systems that show photoinduced 

processes between ruthenium and osmium. The linearity of this assembly makes it clearly 

interesting for the formation of linear wires in solution. Furthermore, the possibility of 

chemisorption on a metal surface through the pyridine unit, opens the possibility of 

further investigations in the direction of surface/particle functionalization. 
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Nano-sized Cyclodextrin Systems for Self-Assembly 

Studied with Raman Spectroscopy* 

 

 

Abstract 

 

This chapter presents Raman Spectroscopy performed on metal nanoparticles interacting 

with compounds designed to assemble on the surfaces of the particles. The metal 

nanoparticles are stabilized with thiolated �-cyclodextrins. This stabilizer makes the 

metal particles water soluble in the form of a metal colloid (Pt or Au) and presents a 

binding site for appropriate guest compounds. We have studied the interactions with a 

viologen compound functionalized with adamantane, ada-MV, and a ruthenium tris-

bipyridyl complex functionalized with a biphenyl-tail, Rubph. For the combination of 

functionalized gold nanoparticles and the ada-MV compound we have determined 

strongly shifted Raman bands indicating interaction of the components with the surface 

of the metal particles. 

 

*We gratefully acknowledge Frans Tichelaar (TU Delft) for the recording of the HR-TEM 

images. Dr. Almut Czap and Prof. Robert Forster are gratefully acknowledged for the 

collaboration within the Nanocups network that made this chapter possible. 
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5.1 Introduction 

 

The supramolecular organization of chromophoric units self assembled on metallic 

nanostructures aims to introduce specific functions like the conversion of incident light 

into electricity or fuel such as hydrogen-gas.
1, 2, 3

 Many of these systems are inspired by 

the natural photosynthetic systems 
4
 in which, in order to harvest all the light energy, 

large numbers of chromophores self organize in arrays of determined geometry. The 

combination of active nanostructures and supramolecular organization of chromophores 

drives modern catalytic concepts 
5
 based on bio-mimetic function.

6, 7 

This chapter describes SERS (Surface Enhance Raman Spectroscopy) investigations of 

photo and electro-active compounds and their supramolecular organization on noble 

metal nanoparticles. In fact Raman spectroscopy could allow us to characterize the 

components and assemblies to reveal possible electronic interaction between the 

nanoparticle and the chromophoric unit. For this purpose thiol functionalized �-

cyclodextrin (TCD, all primary hydroxyl groups are substituted for thiol groups) and 

adamantane functionalized methyl-viologen (ada-MV) were used as well as a ruthenium 

tris-bipyridyl derivative with a biphenyl guest tail (Rubph). As metals gold was chosen 

for its excellent properties as substrate for SERS and platinum for its interesting 

properties when applied in catalysis. 

The TCD molecules have been reported by Reinhoudt et al.
8 

and have proven to be very 

interesting hosts for surface functionalization.
9
 Kaifer et al. first described the 

stabilization of metal colloids with these TCD molecules and the possibility of using 

them as building blocks in self assembled nano-structures.
10

 The ada-MV compound was 

reported previously
11

 by Park et al. Adamantyl compounds are know to form host-guest 

complexes with �-cyclodextrins
12

 with high association constants in the order of 10
3
-10

4
 

M
-1 

and also it is already known that methylviologen derivatives can be used for electron 

transfer processes as e.g. for the production of H2. Methylviologen (MV) was used as a 

control compound since it does not bind to the cyclodextrin with the same strength as 

ada-MV. For the ruthenium tris-bipyridyl complex with a biphenyl guest unit (Rubph) 

the biphenyl residue can also bind the cyclodextrin cavity due to hydrophobic interaction 
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and the ruthenium complex is an outstanding complex for its photophysical properties. 

The biphenyl tail has been used before in the study of photoinduced processes between 

hosts and guests
13

. The structures of the compounds used here are shown in figure 5.1. 
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Figure 5.1. Compounds used in this study. TCD, adamantane functionalized viologen 

(ada-MV) and a ruthenium tris-bipyridyl complex functionalized with a biphenyl guest 

tail (Rubph). The drawings are not on the same scale. 

 

SERS
14

 is a technique that has been applied to several systems on metal surfaces and 

colloids
15

. It allows the study of Raman signatures of molecules when they are in close 

proximity to a surface. When a molecule is immobilized on a SERS metal such as gold, 

silver or copper, the interaction of the surface plasmon band of the metal surface with the 

incoming/outgoing electromagnetic radiation has a cooperative effect enhancing the 

interaction of the exciting radiation with the substrate, amplifying the resulting Raman 

spectrum, sometimes by several orders of magnitude. The first observation of this effect 

was made during a study of the adsorption of pyridine on a silver electrode.
16

 The authors 

describe how the Raman signature of pyridine has a great intensity increase when the 

compound is adsorbed on the electrode surface. The enhancement intensity of the Raman 

signal depends among others on the shape of the substrate or the proximity of a molecule 

to one of the substrate’s “hot spots”. Calculations for the location of such “hot spots” on 

metal particles of different shapes and sizes show a higher intensity of electromagnetic 

NN

NN

N N

Ru

2+

.2Cl-

N N . 2 Cl-

 

Ru-bph 



Chapter 5                                     

 

 146 

field closer to irregularities/spikes of the particle surface or in between particles that are 

nearly touching.
17

 

A theoretical description of the enhancement of Raman scattering by molecules absorbed 

at the surface of isolated metal spheres and spheroids has been developed by Kerker and 

coworkers
18,19

. In this description the SERS effect owes its high intensity to an 

enhancement of the electromagnetic fields at the metal surface, due to resonant response 

of the particle to the incident light and further resonant response to the outgoing Raman 

scattered light. In the simplest case of spherical particles within the dipole limit (for 

particles much smaller than the wavelength, the particle behaves as if it were a 

polarizable dipole) the Raman enhancement factor G is given by equation (1): 

       G = 1+ 2(� i �1)

� i + 2

� 

� 
� 

� 

� 
� 1+ 2(� r 	1)

� r + 2

� 

� 
� 

� 

� 
� 

2

         (1) 

Where �i and �r are the values of the metal complex dielectric function relative to the 

surrounding medium at the incident and Raman scattered frequencies. In predicting the 

value of G we must bear in mind however that the values of these dielectric constants are 

commonly obtained from measurements on bulk samples and may not be valid for small 

particles because of quantum size effects.
20

 

The same formula can be expressed as: 

         
G = 1+ 2g( ) 1+ 2g

0( ) 2

           (2) 

where: 

         g = m2 	1
m2 + 2

 g0 = m0
2 	1

m0
2 + 2

         (3) and (4) 

These expressions are valid only when the particles are much smaller than the excitation 

wavelength.
21

 In a formal sense excitation of the dipolar surface plasmon, which results 

in SERS, takes place whenever there is a resonance as the denominators of g and g0 

become small. This happens whenever m0 and m  (refractive index of the particle for the 

arriving and reflected radiation respectively) approach the value 2i . For silver, in water, 

resonance occurs at 382 nm and at this excitation wavelength (for particles of 5 nm in 

diameter) a SERS enhancement factor G of 10
6
 is predicted.

20
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It should be noted here that it is most common in the studies of SERS active substrates to 

have the molecules directly attached to the metal surface. The molecules are bound to a 

metallic nano-structure which is a section of a cluster formed by aggregation of metal 

nanoparticles.
14

 This can lead to the formation of “hot spots” within the colloid 

aggregate. 

The application of SERS to cyclodextrin-functionalized macroscopic surfaces has been 

reported previously.
,22-26 

However, there have been only very few reports on the SERS 

properties of nanoparticles functionalized with cyclodextrins and their supramolecular 

host-guest complexes
23

 or these assemblies formed on electrode surfaces.
24

 Cyclodextrins 

hosts give a very weak Raman signal intensity,
25

 a property common to most sugars due 

to the very small Raman scattering cross section of the molecules.
26

 Thus, in principle 

this allows the virtually selective observation of Raman active guest molecules with good 

scattering properties especially those in close proximity to the surface plasmon “hot 

spots”. These spots on the particles (size and strength of electromagnetic enhancement) 

are determined by the geometry of the metal surface and the effect on the Raman 

signature by the accessibility to the Raman active molecule to this part of the metal 

surface.
27

 

 

5.2 Aim of this chapter 

 

In this chapter we apply the SERS effect to probe the interaction between nanoparticles 

of different nature (Au, Pt) conveniently functionalized with TCD as hosts for 

compounds that can be used for the study of photoinduced hydrogen evolution. The 

inclusion of the guests into the �-CD cavity on the metal surface can result in a strong 

interaction of the guests and the incident/outgoing light and the surface plasmon band of 

the metal particles. An example for such an assembly is shown in figure 5.2 where gold 

nanoparticles and ada-MV are allowed to self-assemble in aqueous medium. 

As a first approach we expect the vibrational modes corresponding to the adamantane 

functionality to be the most affected due to the inclusion. The passing from a freely 

vibrating molecule to a constrained environment within the CD cavity should give rise to 

changes in the vibrational spectra of this compound and translated into shifts in peak 
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positions (change in dielectric constant of the medium) as well as 

appearance/disappearance of bands (change of local symmetry, enhancement effect of 

previously weak bands). The assembly of this system is schematically represented in 

figure 5.2.  

 

 

 

 

 

 

 

 

Figure 5.2. Example of one of the systems studied. Displayed are gold nanoparticles (ca. 

30 nm diameter) stabilized with per-6-thiolated beta-cyclodextrin (TCD), and 

adamantane functionalized viologen (ada-MV). The small arrows on the adamantane 

indicate vibrational modes in the molecule that can be altered upon inclusion in the host. 

 

5.3 Experimental 

 

General procedures 

 

The synthesis of the compounds TCD, Ru-bph and ada-MV are described in Chapter 2. 

All Raman measurements were carried out on silicon wafer washed thoroughly with 

acetone, water/acetone mixtures and finally with water and allowed to air dry. All 

solutions prepared in milli-Q grade water. 

The smaller platinum nanoparticles were synthesized according to the procedure 

described by Kaifer
28

 (see Chapter 2). Platinum and gold nanoparticles of larger size 

(average diameter 30 nm) were purchased from Meliorum. The commercial nanoparticles 

(Pt and Au) are stabilized with ammonium salts and were delivered in aqueous solution 

(1 mg/ml concentration). The ammonium salts were exchanged with TCD, stabilizing the 
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particles through metal-sulphur bonds (more favorable than ammonium) and following 

the described procedure below. 

 

Exchange of the stabilizer for the large metal nanoparticles 

 

The solution of gold or platinum nanoparticles (20 ml of 1 mg/ml concentration) was 

mixed with 2.5 ml of a suspension of 1 mg/ml of TCD in water and stirred overnight at 

rt. The color of the gold colloid remained unchanged (purple) after the addition of the 

sulfur functionalized cyclodextrin. The deep purple color for this colloid is in general 

indication of a big particle size (tens of nanometers). It is also observed in the direct 

synthesis of gold colloid stabilized with TCD.
29

 On the other hand the platinum 

nanoparticles did show a color change during stabilizer exchange from grey to dark 

brown (typical for platinum colloids), the same color is observed for the direct synthesis 

of the platinum colloid (see Chapter 2). Color changes in metal particle colloids are 

generally ascribed to a change in particle morphology and size due to the adsorption of a 

molecule onto the particle surface. The change of color can be assigned to a shift in the 

position of the surface plasmon band in the order of a few nanometers.
14

 The 

nanoparticles were collected by centrifugation (5 min 15000 rpm). The nanoparticle 

pellet was re-suspended in DMF (HPLC grade) and isolated again through centrifugation 

(3 times) to remove the excess TCD. Then, with the same procedure they were washed 

with water to remove the DMF (3 times). Finally the nanoparticles were re-suspended in 

the minimum amount of water. 
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Characterization of the nanoparticles with HR-TEM 

 

                    

 

Figure 5.3. HR-TEM images of the large Au nanoparticles stabilized with ammonium 

salts. The images show the polycrystalline structure of the colloidal particles and a 

relatively broad size distribution. 

 

          

 

Figure 5.4. HR-TEM images of the large platinum nanoparticles stabilized with 

ammonium salts. The images show that the particles appear as several 100 nm sized 

clusters in solution rather than individual entities. 

 

50 nm 10 nm 

10 nm 100 nm 
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Figure 5.5. Platinum nanoparticles stabilized with TCD synthesized according to Kaifer 

et al. The left picture shows a detail with a scale bar that shows an average diameter for 

the particles of 1.5-2.5 nm. 

 

Characterization of the different particles with HR-TEM is shown in figures 5.3-5.5. In 

the presence of the guest molecules the colloidal particles are not stable in solution and 

precipitate within minutes. A possible explanation of this can be the formation of 

particles aggregates connected by the guests
30,29

.  

 

         

 

Figure 5.6. Agglomerates of platinum particles stabilized with TCD and Ru-bph were 

found on the carbon foil. Part of such an agglomerate is seen in 5.6 left. In figure 5.6 

right HR-TEM images were taken, Pt lattice spacings can be seen. The 2.27 Å {111} 

plane distance of Pt is seen often. 
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In a mixture of the colloidal particles with the ada-MV and Ru-bph guests described, a 

brown precipitate formed that could be re-suspended into solution by agitation. The 

brown precipitate can be isolated and characterized with HRTEM microscopy. The 

images show that the particles in the colloid do not coalesce or form bulk platinum but 

maintain their individual character, figure 5.6. 

In a control experiment where cyclodextrin stabilized nanoparticles were used and 

Ru(bpy)3

2+
 was added the precipitation was also observed. However in this case longer 

time was needed for the precipitation to occur (hours). The aggregation process can be 

understood as a destabilization of the colloid due to the presence of the added molecules. 

This destabilization is induced by the neutralization of the electrostatic repulsive 

(negative) forces between the particles that keeps them from aggregating in the original 

solution.
3132

 In the presence of the positively charged molecules the negatively charged 

surface of the metal is neutralized taking the particles out of solution. In the case of the 

cyclodextrin guests this precipitation should occur faster because of the inclusion in the 

cavity. 

 

Figure 5.7. EDS is shown of one of the agglomerates of platinum particles stabilized with 

TCD and Ru-bph found on the carbon foil, showing Pt as the major signal. The Cu 

signal is caused by the Cu grid. 

 

EDS (Energy Dispersive Spectroscopy) of the agglomerates found on the carbon covered 

copper grid clearly shows the presence of platinum from the colloidal metal particles. 

Signals corresponding to the sulfur can also be observed. Indication of ruthenium present 

in the sample is also observed however the signals are weak and long measuring times 

did not improve the signal to noise ratio, this probably due to the small concentration of 
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ruthenium complex in relation to the amount of platinum or copper present in the sample 

measured, figure 5.7. 

 

5.4. Results and Discussion 

 

IR vibrational spectra of the viologen compounds  

 

In figure 5.8 are shown the FTIR spectra recorded for the used viologens in KBr pellets.  
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Figure 5.8. IR vibrational spectra of ada-MV (dashed line) and MV (straight line) in 

KBr pellet.  

 

Around 3500 cm 
-1 

we observe a very broad band corresponding to the water molecules 

present in the sample probably from crystallization water. At 3000 cm
-1

 characteristic 

bands for C-H modes are present, at 812 cm
-1 

the out of plane bending for the same bond 

has a signal or for 4-substituted pyridines. The strong band centered at 1635 cm
-1 

corresponds to the C=C double bond stretching in an aromatic ring and is common of 

course in both compounds. 

Both spectra show clear differences in several parts of the spectrum. The band 

corresponding to the C-H vibrations at 3000 cm
-1

 appears to have two separated sub-

bands in the adamantane compound probably due to the existence of two kinds of C-H 

bonds (one from the methylene groups of the adamantane and one from the ternary 
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carbon). At 1454 cm
-1

 the ada-MV compound also presents a relatively much stronger 

band not present in the methylviologen.  

 

IR vibrational spectra of the stabilizer and colloid  

 

The spectra shown in figure 5.9 correspond to the IR spectra of TCD and platinum 

colloid stabilized with TCD. By comparison of the two spectra it is clear that both show 

very similar vibrational features indicating close interaction of the two components. The 

disappearance of the –SH vibrational mode at ca 2500 cm
-1

 shows the attachment of the 

stabilizer to the surface of the metal particles by formation of a –S-Pt bond. 
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Figure 5.9. IR vibrational spectra of the perthiolated cyclodextrin TCD (dashed line) and 

the platinum nano-particles stabilized with TCD (solid line). The arrow shows the band 

corresponding the SH vibrational mode. 
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5.4.2. Raman vibrational spectra of the studied compounds 

 

The free TCD stabilizing molecule and attached on the platinum nanoparticles 

 

The cyclodextrin with the seven SH groups on the primary side was studied in solution 

and solid state. As described in the literature
33

 the measurements in solution show no 

Raman spectrum due to the bad Raman scattering properties of the cyclodextrin 

constituting glucose units. The solid state spectrum is shown in fig 5.10. Excitation 

wavelength was 632 nm. 
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Figure 5.10. Raman spectrum of the TCD stabilizing molecule. Cyclodextrin measured in 

solid state with laser excitation at 632 nm. The SH band can be seen clearly at 2570 cm
-1

. 

 

The spectrum was recorded after long measuring times (8 hours). These measuring 

conditions gave a well resolved spectrum with a high signal to noise ratio allowing us to 

compare our signatures to published spectra. This very long measuring time is atypical 

for Raman spectroscopy where spectra are usually recorded in shorter times
34

. 

The 498 cm
-1

 band is located close to a strong unassigned band of cyclodextrins and their 

derivatives. Most fingerprint bands are comparatively broad, whereas a sharp C-S 

stretching band appears at 725 cm
-1

.
35

 At 2570 cm
-1

 we can see the stretching for the SH 

vibration. Just below 3000 cm
-1

 we observe a relatively broader band with three defined 

peaks characteristic for Raman signatures of sugar molecules. 
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The measurement of the platinum nanoparticles in aqueous solution lead to no 

recognizable Raman signature for the cyclodextrin stabilizer. The literature describes 

platinum nanoparticles as Raman substrates and gives a critical diameter value to observe 

surface enhancement effects when the size is at least 15 nm in diameter
36

. In our case the 

nanoparticles employed had a diameter far below this critical value (average 1.5-2.5 nm) 

to observe a significant surface enhancement effect. The small platinum nanoparticles 

were thus measured in the solid state. 

 

500

400

300

200

100

0

In
te

n
si

ty

30002500200015001000500

wavenumber / cm
-1

 Pt_MNP_CDSH7
 CDSH7

 

Figure 5.11. The solid line shows the Raman spectrum of solid (powdered) small 

platinum/TCD nanoparticles with excitation at 632 nm, the dashed line shows the 

spectrum of the TCD stabilizing molecule (see figure 5.10 for the complete spectrum). 

The sample was ground in an agatha mortar prior to measurement.  

 

Around 700 cm
-1

 a strong band can be observed that we ascribe to the C-S bond 

enhanced. The S-H band is not observed anymore indicating the attachment of the TCD 

to the surface of the metal. The appearance of a single C-S stretching band at a position 

typical for aliphatic thiols in the trans conformation shows that the sulfur groups are 

attached in a uniform conformation
22

. 
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Raman spectra of the viologen compounds 

 

The Raman spectra of the viologens were recorded in aqueous solution with laser 

excitation at 632 nm in some cases in the presence of a co-solvent such as acetonitrile 

(ca. 10%) to favor the solubility. Figure 5.12 shows the Raman signatures of the ada-MV 

used in the complexation experiments and the MV used as control compound, this 

spectrum is in excellent agreement with the literature.  The spectrum corresponding to the 

ada-MV is shifted upwards for better comparison. Both signatures are very similar 

except for some differences that arise for bands of medium intensity around 800 and 1100 

cm
-1

 that we to assigned to the adamantane tail of the ada-MV. 
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Figure 5.12. Raman spectra of the viologens with laser excitation at 632 nm. 

Methylviologen MV (
___

) and ada-MV (
......

) the spectrum for ada-MV is shifted upwards 

for clarity. The samples were measured in aqueous solution with 10% acetonitrile as co-

solvent. The band corresponding to acetonitrile can clearly be seen between 900 and 

1000 cm
-1

. 

 

The exact positions of these bands lie at 742, 775, 822, 1103 and 1121 cm
-1

 and these 

peaks are not present in the spectra of MV. At 840 cm
-1

 the MV shows a strong band that 
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can be assigned to a C-N or a C-C vibrational modes and has only a weaker character in 

the ada-MV. We also observe at 1200 cm
-1

 the MV compound shows a band that has 

been assigned to the stretching of the N
+
-CH3 bond.

37
 In the adamantyl-viologen 

compound this band is relatively weak. Asymmetrically substituted viologens have 

shown to behave rather similar to symmetrical viologens according to their Raman 

signatures.
38

 This means that there should not be big differences between the spectra of 

the two compounds. The differences that appear in the bands at 840 and 1200 cm
-1

 can be 

ascribed to a Fermi resonance. This effect is produced by overlap of overtones of 

vibrational modes (relatively weaker) of the molecule with other vibrational modes 

(relatively strong). The result is a splitting of the original bands into two bands of 

intermediate intensity. This occurs whenever two different vibrational states of a 

molecule transform according to the same irreducible representation of the molecular 

point group and have almost the same energy.
39

 

 

Raman spectra of the ruthenium complexes 

 

The ruthenium complexes were measured with laser light excitation at 458 nm in aqueous 

solution. This excitation lies close to the maximum of the 
1
MLCT absorption of the 

ruthenium chromophore. When a molecule is excited at a wavelength in resonance with 

its electronic absorption spectrum a strong resonance Raman effect (RR) is expected. 

Resonance Raman spectroscopy takes advantage of this effect by adjusting the energy of 

the incoming laser pulse to coincide with an electronic transition of the measured 

molecule. Once the molecule is excited in one electronic transition (resonance) the 

vibrational modes associated with that transition exhibit greater Raman scattering 

intensity. This effect usually overwhelms all other Raman signals from other transitions 

not “excited” by the resonant light. In the case of chromophores with charge transfer 

transitions resonance Raman generally enhances metal to ligand stretching modes. In the 

case of the ruthenium complexes we are most probably observing the Raman signature of 

the formally reduced bipyridine and in the case of the functionalized compound we are 

looking at the reduced biphenyl-bipyridine.
25, 26 
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In our case the compounds gave intense and sharp signals only after applying long 

measuring times (average time 3 hours per spectrum). The measurement was set to 

reduce the background noise in the spectrum with the inconvenience of very long 

measuring times. In comparison to shorter measuring times the S/N ratio increases 

significantly, figure 5.13. 
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Figure 5.13 Raman signatures for the ruthenium guest Rubph (
___

) and Ru(bpy)3
2+

 (
......

) 

used as control compound for the measurements. Clear differences between the two 

compounds are present. 

 

Figure 5.13 shows the Raman signatures for the Rubph guest and Ru(bpy)3

2+
 used as 

control compound. The assignments of vibrational bands were made tentatively by 

comparison with reported results for related compounds
40

. The spectrum for the parent 

compound Ru(bpy)3

2+
 corresponds perfectly with the spectra published in the literature.

41
 

This spectrum also surprises because of the similarity to bipyridine Raman spectra 

absorbed on gold electrodes at negatives potentials.
45

 This indicates that the Raman 

signature observed corresponds to the formally reduced bipyridine within the Ru(bpy)3

2+
 

complex after excitation at the 
1
MLCT band after a formal electron transfer form the 

metal to the ligand. Differences appear between 1200-1400 cm
-1

 and at 1500 cm
-1

. At 

these wavenumbers Rubph shows duplets where Ru(bpy)3

2+
 shows only a single peak. 

The splitting of these bands into two bands is of course assigned to the introduction of the 

biphenyl tail. These new bands can be assigned to a splitting of a previously existing 

band due to Fermi resonance or assigned directly to new bands arising from the 
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substitution with the biphenyl tail. Within each duplet the bands show similar but overall 

reduced intensity when compared to the original singlet. This makes us assign the 

splitting of these bands to Fermi resonances by overlap of overtones of vibrational modes 

of the biphenyl tail with vibrational modes of the reduced bipyridine. Except for the 

Fermi resonances above 1400 cm
-1 

both complexes show similar signatures with features, 

that have been assigned in the literature
42,43

 to 4,4
’
-bipyridine adsorbed on a gold or silver 

surface before.  

 

5.4.3 Host-guest interaction on MNP surface studied with SERS 

 

Host-guest interaction studied with SERS between ada-MV and TCD functionalized MNP 

 

Some authors have described how the direct excitation of the surface plasmon of metal 

particles can be favorable in order to enhance the SERS effect. The theoretical value for 

the platinum surface plasmon band has been predicted to be at 215 nm
44

. This band 

appears for gold colloids in the visible part of the spectrum making the direct excitation 

of the plasmon more accessible with common laser excitation wavelengths (532 or 633 

nm). However, we expected to be able to extend the results observed on the gold nano-

particles to platinum. We believe that similar supramolecular interactions can occur on 

the metal nano-particles independently of the nature of the metal.  

Figure 5.14 shows the Raman spectra of the ada-MV compound alone (A) and in the 

presence of gold and platinum MNP (B and C respectively) all with non-resonant laser 

excitation at 632 nm. The samples where measured as aqueous solutions (5 % acetonitrile 

as co-solvent can be present to favor solubility and complexation). The MNP diameter 

lies around 30 nm and the stabilizing agent was TCD. The concentration of ada-MV was 

kept constant in al three spectra shown (~ 5 x 10 
-4

 M). Spectrum A and C show the 

normal Raman signature for the ada-MV compound indicating no interaction. Spectrum 

B (in the presence of the Au-TCD MNP) showed however many new intense bands at 

new peak positions as well as bands that overlap with the original peaks corresponding to 

the ada-MV alone. 
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Figure 5.14. Raman spectra of ada-MV in the absence (A) and presence (B for gold and 

C for platinum) of MNP-TCD with non-resonant laser excitation at 632 nm. 

 

The assignment of the new bands is not straightforward since the extent of SERS 

enhancement depends not only on distance but also on the degree of communication 

between the adsorbate and substrate and the effect may not be uniform across the entire 

spectrum. Despite the challenges of formally assigning each vibrational mode, it is clear 

that the ada-MV interacts with the cyclodextrin cavity immobilized on the surface of the 

particle. 

As a control, similar experiments were performed with methyl-viologen. The Raman 

spectra of MV and its different redox forms have been well documented
45

 and there is 

excellent agreement between these previous reports and the spectra reported here. Figure 

5.15 shows the normal Raman spectrum of MV and the mixture of MV with the Pt and 

Au MNP stabilized with TCD. 

Figure 5.15 shows that the presence of cyclodextrin functionalized gold or platinum 

nanoparticles does not change the Raman signature of the MV as significantly as that 

found for the adamantyl derivative. However, upon closer inspection a slight increase in 

the 1400-1500 cm
-1 

region can be observed for the mixture with the gold MNPs 
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(spectrum E). This substantially weaker change is in principle in agreement with the 

much weaker binding of methyl-viologen (or “un-substituted” viologens) to the �-

cyclodextrin cavity.
46

 The concentration of MV was kept constant in al three spectra 

shown (~ 5 x 10 
-4

 M). 
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Figure 5.15. Raman spectra of MV (D) in aqueous solution and in the presence of the Au 

or Pt MNP stabilized with TCD (E and F respectively) after non resonant laser excitation 

at 632 nm. 

 

In a deeper analysis of the spectra we searched to study the real effect of the proximity of 

the ada-MV compound to the surface of the MNPs. Figure 5.16 shows the comparison of 

the spectra recorded for the mixtures of ada-MV and MV with the Au MNPs. From the 

spectrum of the mixture of MV with the Au MNPs we subtracted the corresponding 

strong contribution of Raman signature coming from the MV alone in aqueous solution. 

The result is the dashed spectrum shown in figure 5.16. Qualitatively the new bands 

observed for the mixture of ada-MV and Au MNPs can also be observed with similar 

shape and position indicating some interaction of the viologen MV with the cyclodextrin 

cavity. However it is clearly visible that even if the MV is bound or in close proximity to 

the MNP, for the ada-MV bound to the MNP the quality of the spectrum and the 

intensity of the peaks are very different. 
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Figure 5.16. Comparison of the SERS effect on the ada-MV and the MV sample mixed 

with the Au MNPs (the contribution of the free MV was subtracted using spectrum D in 

figure 5.15). The dashed spectrum is shifted upwards for clarity. 

 

As discussed before, we believe that it is very likely that the interactions between the 

functionalized particles and the viologen guest molecules are occurring for the gold and 

the platinum particles. However, clearly they are not observed for the platinum particles, 

since as discussed, these particles have no suitable properties as SERS substrates.  

  

Host-guest interaction studied with SERS between Rubph and TCD functionalized MNP 

 

Similar experiments were performed with a ruthenium complex that contains a biphenyl 

substituent as a guest moiety, using ruthenium trisbipyridyl as the reference compound 

(figure 5.17). In these conditions, no changes in the resonant Raman signatures could be 

observed. In all cases the concentration of ruthenium complex was kept constant (about 

10
-4

 M). 
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Figure 5.17. SERS study of the Ru-bph compound alone (G) and the same complex in the 

presence of Au and Pt MNPs functionalized with TCD (H and I respectively). Resonant 

excitation at 458 nm, the concentration of complex was the same in all three spectra. 

 

Apparently, the biphenyl unit is unable to give good complexation with the cyclodextrin 

when the latter is attached to a surface. It is possible that immobilization on the nano-

particle results in the cyclodextrin cavity having a substantial smaller penetration depth. 

This reduces the binding strength of the cavity towards relatively “longer” guests that 

need this complementarity for an appropriate host-guest interaction. 

It is also important to note that the SERS effect is normally observed following strong 

physisorption or chemisorption of the analyte (e.g. pyridine) onto aggregated silver 

colloids.  In contrast, here a not completely aggregated functionalized gold nanoparticle 

in aqueous solution is used.  Moreover, the analyte is interacting with the cyclodextrin 

stabilizer of the nanoparticle through host-guest complex formation based on weak 

hydrophobic interactions and does not bind directly to the metal surface of the particle. 



 Cyclodextrin Systems Studied with Raman Spectroscopy 

 165 

25x10
3

20

15

10

5

0

In
te

n
si

ty

18001600140012001000800600

wavenumber / cm
-1

 Ru(bpy)3

2+

 Ru(bpy)3

2+
 with Pt MNPs

 Ru(bpy)3

2+
 with Au MNPs

 

 

Figure 5.18. Control experiment corresponding to the studies carried out on the 

ruthenium complex Ru(bpy)3
2+

 with resonant excitation at 458 nm. 

 

Figure 5.18 shows the spectra of Ru(bpy)3

2+
 in aqueous solution and in the presence of 

the gold and platinum MNPs, in al three cases the concentration was kept constant. All 

three spectra are nearly identical except for the intensity that decreases when the 

concentration of nano-particles increases.  

To have a better insight also the peak positions corresponding to bands related to the 

biphenyl tail were analyzed more carefully. The position of the peaks corresponding to 

this part of the molecule did not show major variations and the peaks only shifted within 

the experimental error. 

 

5.5 Conclusions 

 

In the experiments where the ruthenium guest with the biphenyl tail was used we did not 

observe a significant change in the Raman signatures between the compound alone and 

the compound in the presence of the platinum or gold TCD nano-particles. 

We observed dramatic changes in the Raman spectrum only in case of a guest with an 

adamantane as binding tail and with gold as a substrate. This is most probably due to the 
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stronger cyclodextrin interaction of the adamantane compared to the biphenyl and the 

known qualities of gold as a substrate for SERS when compared to platinum.  

We can conclude that we have been unable to attain the ideal conditions in which a good 

comparison can be made between individual decorated functionalized particles (e.g. ada-

MV/Au-TCD) and particles where no supramolecular interaction is present (e.g. MV/Au-

TCD). Clearly the clustering of the platinum-TCD nano-particles occurs with the guests 

and with the reference molecules. In this clustered material ”hot spots” can be generated 

where the SERS effect is strongest and in both cases (MV and ada-MV) new signals 

emerge. There is however no specific signature of the guest moiety that is clearly 

enhanced. The new signals can be attributed to MV and ada-MV molecules that are 

present within the clustered metal particles, and vibrations over the entire molecule are 

enhanced. 

Clearly, a correlation should be present between the amount of clustering or the cluster 

size and the newly emerged signals. In order to get a better grip of these effects, dynamic 

light scattering could be combined with the SERS measurement. 

It would be preferable however to obtain conditions in which clustering does not occur, 

so that individual particles and their interaction with guest molecules can be studied. It 

has to be realized that clustering of metal nano-particles upon addition of ions or 

molecules is an often encountered phenomenon. 

The indication of non-covalent interaction of substances in aqueous solution with metal 

nano-surfaces with interesting catalytic properties, opens the possibility of future studies 

in this direction. 

Work is currently in progress to compare the described results using gold nano-rods, 

instead of particles, since it is known that the shape of nano-structure plays a determining 

role. Using thus the same components and assemblies presented here we should be able 

to render a final and clear answer to the open questions remaining here.  
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Tripodal Osmium Polypyridyl Complexes for Self-

Assembly on Platinum Nano-particles*,‡ 

 

Abstract 

 

In this chapter we present the photophysical characterization of new osmium polypyridyl 

complexes and their interaction with metal nano-particles. The main complex, Os-trip, 

carries a tripodal base functionalized with thioacetate groups. These groups are ideal 

candidates for the attachment on metal surfaces. The novelty lies in the geometry of the 

molecule that can in principle “stand” on the metal surface with the osmium center 

perpendicular to the surface. This avoids random orientation of the chromophore relative 

to the metal substrate. We present the study of the assembly and photophysics of this 

complex on platinum nano-particles in different solvents. The excitation of the osmium 

leads to an electron transfer to the platinum particle. This particle in turn then releases 

the electron into the surrounding medium and it becomes stabilized by solvation. The 

trapping of the long lived solvated electron by methyl-viologen is hampered by charge 

transfer interactions between the scavenger and Os-trip. 

 

*We gratefully acknowledge drs. Fabio Edafe and Prof. Peter Belser of the University of Fribourg for the 

synthesis of the osmium complexes that made this study possible and Frans Tichelaar (TU Delft) for the 

recording of HR-TEM images. 

‡
A manuscript on the results presented here is in preparation. 
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6.1 Introduction. 

 

Self-assembled systems such as organometallic complexes on metal nano-particles are 

very interesting, especially with respect to their photo-catalytic and photo-luminescent 

properties. The position of the chromophore, the orientation as well as the distance to the 

metal surface become important factors when it comes to predict the photophysical 

behavior of such molecules interacting with metals. In some cases the chromophores see 

an immediate quenching of the excited state by electron/energy transfer to/from the metal 

particle
1
 and in other cases there is an increase in the luminescence due to surface 

enhancement because of interaction of the surface plasmon of the metal surface.
2
 This 

effect has been described not only for fluorophores but also for triplet state emitters.
3
 

Studies of mono- or bis functionalized chromophores with anchoring groups which can 

bind to the substrates to obtain self-assembled monolayers, indicate that no real control 

over such molecular landscapes is achieved
4
 and that relatively aleatory geometries are 

adopted by the molecules upon deposition/attachment.
5
 One of the problems related to 

the packing of the molecules on surfaces is the dimension of the system vs the anchoring 

unit. In an ideal case the standing molecule should have a size comparable with the part 

attached to the surface. Also the number of anchoring groups can play an important role 

to stabilize the structure and assume a desired geometry on the surface. Tripodal 

molecules, also named molecular caltrops, are ideal candidates for these studies because 

of their very well defined molecular structure: three of the prongs naturally form a tripod 

on the “ground” while the fourth prong projects upwards.
6
 The tripodal structure can be 

based on a centered sp
3
 carbon atom with its four valencies substituted to give the 

appropriate structure as described by Gossauer and co-workers.
7
 Gallopini and co-

workers based their approach in the substitution of adamantane as core for the tripod.
8
 

The possibility of using silicon as the central atom that gives the tetrahedral geometry has 

been explored by Tour and co-workers.
4,6

 In our case we chose this last type of tripod 

based on a silicon center. At least two out of the three legs that stand on the metal particle 

are then forced to attach through chemisorption of thioacetate groups
9
 and the fourth 

prong bears the photo- and electro-active osmium center. 
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6.2 Compounds studied in this chapter 

 

In scheme 6.1 the structures of the studied complexes are shown. The osmium complexes 

have a chromophoric center similar to Os(bpy)3

2+
. One of the bpy ligands is however 

substituted by a imidazo-phenantroline ligand to assume an axial geometry, similar to a 

terpyridine system but with the photophysical properties of a bipyridine species. In the 

case of Os-trip this new ligand is one of the axis of a tetrahedron and perpendicular to 

the other three that are terminated with thioacetate groups for the attachment to metal 

surfaces. This tetrahedral geometry is determined by the presence of the central silicon 

atom.  
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Scheme 6.1. Chemical structures of the complexes studied in this chapter. The Os-trip 

complex is functionalized for the attachment to metal surfaces with three legs terminated 

with thioacetate groups. For control compounds Os-ph and Os-bpy were used. In the 

case of Os-ph also a binding to cyclodextrins can be expected. 
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One of the complexes used as control compound in our experiments is Os-ph. This 

compound presents the same phenantroline derived ligand as the tripod, but in this case it 

is not attached to the silicon base. The photophysical properties of the metal complexes 

were expected not to be altered to a large extend by the presence of the silicon atom vide 

infra. As second control compound the simpler Os-bpy was employed. This compound is 

well known from the literature and its photophysical properties have been studied 

extensively.
10

 

 

6.3 Experimental 

 

The osmium complexes 

 

The osmium complexes described in this chapter where synthesized  in the group of Prof. 

Peter Belser as part of the PhD dissertation of Dr. Fabio Edafe. The synthesis of the 

tripodal building blocks is described in chapter 2. 

The measurements were carried out in mixtures of water and co-solvents. Acetonitrile 

proved to be a better solvent than methanol for high concentrations of these complexes. 

The stock solutions were thus prepared in acetonitrile and then diluted in 

water:acetonitrile mixtures. 

In the time resolved SPC measurements scattering of the sample solutions was observed 

when low proportions of acetonitrile were employed in the solvent mixture. This 

scattering was assigned to some aggregation at the higher concentrations employed 

(compared to quantum yield or UV-Vis measurements) so that the amount of acetonitrile 

used as co-solvent was increased up to 50%. With these new solvent conditions no scatter 

was observed. 

 

Synthesis of the citrate stabilized platinum nano-particles  

 

One of our goals in this chapter is the study of the interaction of functionalized metal 

nano-particles with the osmium tripodal complex Os-trip. The metal chosen for these 

experiments was platinum because of its interesting catalytic properties. The platinum 
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source is a platinum salt (K2PtCl4) in an aged aqueous solution. Aging of the solutions 

has proven to favor the reduction process because of the exchange of the Cl
-
 ligands for 

H2O ligands. Platinum (II) partially coordinated to water is more easily transformed to 

platinum (0)
11

.  

As reducing and capping agent sodium citrate was chosen. The obtained colloids are in 

an aqueous phase and show a narrow size distribution.
12

  

The reduction process took place by mixing the two reaction components (aged platinum 

salt and citrate) and heating the obtained aqueous solution to a gentle reflux while 

stirring. The solution’s color changed from orange to dark brown as soon as reflux was 

reached but the beginning of colloid formation can be observed already around 70ºC. The 

reaction was allowed to take place for 3h to assure the complete reduction of platinum 

ions present in the solution. Longer refluxing periods did not show an influence on the 

stability of the colloids, no precipitation of platinum black could be observed. The 

concentrations employed in one typical experiment were 2*10
-3 

for platinum and 1.6*10
-3 

for citrate.  

After the reaction, the nano-particles were centrifuged in order to obtain a separation 

from the aqueous medium. To induce precipitation and favor the separation different 

organic solvents were added (MeCN, EtOH, MeOH, propanol or THF). Centrifugation up 

to 15000 rpm did not induce the desired precipitation indicating a very small particle size 

and high stability. Addition of MeCN gave partial precipitation of the particles but only 

in ratios of MeCN:particle solution 7:1 in volume. At this concentration of acetonitrile 

sodium citrate showed no apparent solubility making a purification process with this 

solvent mixture useless. The purification of the colloid to eliminate excess stabilizing 

molecule present was thus not further pursued. However, remains of citrate should be 

“transparent” to spectroscopy and should not influence possible measurements. 

For detailed information on the synthesis of the platinum nano-particles with citrate as 

the stabilizing and reducing agent see section 2B.2.3 of the experimental chapter (chapter 

2). 
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Formation of the tripod-nano-particle assemblies 

 

To 20 ml of a solution of the osmium tripodal complex in acetonitrile (concentration 

between 10
-4

 and 10
-3 

M) another 5 ml of aqueous solution of nano-particles stabilized 

with citrate was added (approximated concentration 1 mg/ml). The mixture was ultra-

sonicated for 1 h and then allowed to stir for 24 h during which a brown precipitate 

formed.
13

 The precipitate was collected by centrifugation. The precipitate was washed 

until no osmium tripod could be observed in UV- Vis spectrum of the washings (2x5ml). 

The solid was then dried under high vacuum overnight. The obtained sample was 

powdered and re-suspended in dioxane or ethylene glycol treating the mixtures first in an 

ultrasound bath and then stirring for 24 h under inert gas atmosphere. 

 

6.4 Results and Discussion 

 

6.4.1 Photophysical characterization of the Osmium complexes 

 

UV-Vis absorption spectroscopy 

 

The UV-Vis spectra of the complexes Os-trip and Os-ph are compared to each other and 

to the parent/reference compound Os-bpy and are shown in figure 6.1. The most 

characteristic feature for osmium complexes is the very broad absorption band of the spin 

forbidden ground state - 
3
MLCT in the red part of the spectrum centered at 630 nm. This 

band appears due to the strong heavy atom effect induced by the osmium. Both 

compounds Os-ph and Os-trip have similar absorption bands in the UV and visible 

regions, the former assigned to ���* transitions within the ligands and the latter to the 

1
MLCT transition.  
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Figure 6.1. UV-Vis absorption spectra of the compounds Os-trip, Os-ph and Os-bpy used 

in this study. The solvents were water:acetonitrile mixtures 10:1. 

 

The Os-trip compound shows a lower absorption coefficient (hypochromic effect) and a 

shift in the position of the 
1
MLCT band. The presence of the silicon atom breaks any 

possible electronic coupling (conjugation) between the osmium chromophore and the 

tripod base and the size and geometry of the molecule should prevent a steric distortion 

when the base is introduced. The observed red-shift (bathochromic shift) of the 
1
MLCT 

transition has to be a consequence of the presence of the silicon atom. A bathochromic 

shift in the UV-Vis spectrum indicates the donation of electronic density from the less 

electronegative silicon to the neighboring carbon atoms.
14

 This indicates that the 

introduction of the silicon can have photophysical consequences, with respect to e.g. 

luminescence maxima as well as electrochemical consequences. 

In particular we believe that for such complexes the lowest excited state involves the 

unsubstituted bipyridine ligands rather than the phenanthroline. The electron donating 

character of the silicon atom is therefore reflected in a higher electron density on the 

osmium ion which favors the MLCT d��bpy with a red shift of the spectra (vide infra). 

Due to the low solubility of the complexes in pure water the systems have been dissolved 

in acetonitrile or mixtures where acetonitrile constitutes at least 10% of the solvent 

mixture. 

The data from the UV-Vis absorption spectra are presented in table 6.1. 
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Table 6.1. UV-Vis absorption and emissive properties of the studied complexes. The 

stock solution were prepared in acetonitrile and then diluted in water:acetonitrile 

mixtures 10:1. 

Compound 

�  (� ,nm)/  

M
-1

 cm
-1

 

Emission 

�max 

Luminescence 

quantum yield 

(air) 

Luminescence 

quantum yield 

(Ar) 

Os-trip 

290 (77000) 

495 (12500) 

630 (4100) 

770 0.004 0.006 

Os-ph 

290 (89000) 

490 (17500) 

630 (6500) 

740 0.003 0.004 

Os-bpy 

244 (26000) 

290 (86500) 

 480 (12600) 

 600 (3400) 

740 0.0035
15

 0.005
15 

The quantum yields were measured following the procedure of the optically dilute method 

with excitation at 480 nm. The quantum yields are in the region of the well known 

corresponding reference compound Os-bpy, the quantum yield values for this compound 

are known from the literature. 

 

Steady state luminescence (RT) 

 

All compounds present the characteristic broad emission of a 
3
MLCT emissive state in 

the red part of the spectrum. The two reference compounds Os-bpy and Os-ph have the 

maximum of their emission at 740 nm while the tripodal complex Os-trip shows a shift 

in the luminescence maximum of ca. 30 nm, thus centered at 770 nm. This shift has to be 

assigned again to the electron donating properties of the silicon atom present in the 

molecule as has been discussed before for the bathochromic shift observed in the 
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electronic absorption spectra. Quantum yields are almost the same for all the complexes 

and reported in table 6.1. 
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Figure 6.2. Steady state luminescence spectra of the complex used in this study. 

Excitation was at 480 nm in water:acetonitrile mixtures 10:1. 

 

Low temperature measurements (77 K) 

 

In order to get a deeper insight into the excited states of these molecules we carried out 

low temperature steady state luminescence measurements at 77 K. These measurements 

were performed in butyronitrile as matrix. 
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Figure 6.3. Low temperature emission spectra of complexes Osph, Osbpy and Ostrip in 

rigid butyronitrile matrix at 77K. Excitation at 500 nm. 

 

Again all three osmium complexes exhibit similar emissive properties with 
3
MLCT 

character. From figure 6.3 it is clear that the emission becomes more structured at low 

temperatures showing the vibronic structure of the emissive state of the molecule. All 
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emissions show a blue shift, relative to RT. The blue shifts observed are mainly due to 

the nature of the emissive state. Dealing with CT states, at room temperature we observe 

a stabilization due to the rearrangement of the solvent molecules around the complex. In 

a rigid matrix at low temperature the stabilization of the solvent cannot be exerted and 

therefore a destabilization of the MLCT state is observed.
16

 Again the luminescence for 

Os-ph and Os-bpy is centered at shorter wavelengths (710 nm) while the Os-trip 

presents the maximum of emission centered at 730 nm.
17

  

 

Time resolved luminescence 

 

At room temperature all three complexes decay mono-exponential and have similar 

lifetimes in the range of 39-60 ns in de-aerated conditions measured using single photon 

counting, SPC. The lifetimes of the substituted complexes Os-ph and Os-trip (39 and 45 

ns respectively) are somewhat shorter when compared to the parent compound Os-bpy 

(60 ns at room temperature)
18

 indicating some influence on the excited state of the 

conjugated ligand.  
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Figure 6.4. Time resolved luminescence measurements for compounds Os-ph (left) and 

Os-trip (right) with laser light excitation at 324 nm. The optical density was ca A(324) = 

1.5 for all samples and the emission monitored at the maximum of emission. 
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Nanosecond transient absorption 

 

Figure 6.5 shows the nanosecond transient absorption spectrum of the tripod compound, 

Os-bpy and the compound Os-ph after excitation at 500 nm. The compound with the 

phenanthroline like ligand presents a longer lived transient signal than the reference 

compound confirming that the tripod base is influencing to some extent the excited state 

of the molecule.  
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Figure 6.5. Nanosecond transient absorption spectrum of Os-bpy (upper spectrum and 

trace) and Os-ph (middle spectrum and trace) and Os-trip (lower spectrum) in 

acetonitrile:water mixture 8:1 solution after 500 nm laser excitation. The increment per 

frame is 15 ns. A kinetic trace is also shown (right) showing the repopulation of the 

bleached ground state within the given time-window.  
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This is in agreement with the time resolved luminescence measurements. The shape of 

the transient signal also shows some differences for the two complexes when compared 

to the parent compound. 

More detailed information about the electronic nature of the lowest excited state can be 

obtained from a more elaborate interpretation of the time-resolved transient absorption 

spectroscopy. Upon excitation of the osmium tris-bipyridine complexes, the lowest 

excited state can be described as MLCT. A negative charge is formally localized on the 

ligand with the lowest reduction potential and the metal center is formally oxidized.  

In a transient spectrum this can be visualized by the appearance of the strong bleaching 

between 400 and 550 nm corresponding to the 
1
MLCT absorption band in the UV-Vis 

spectrum. In this case also the transient signal corresponding to the 
3
MLCT absorption 

can be seen at 630 nm, a characteristic feature for this type of osmium compounds 

because of the strong spin-orbit coupling due to the presence of the heavy osmium atom. 

The formally reduced ligand, for example the bipyridine radical anion or bpy
.- 

of the Os-

bpy complex, has positive absorption bands that appear below 400 nm and above 700 

nm. The absorption of this radical is rather low in intensity when compared to analogous 

ruthenium complexes. This difference can be explained by the presence of the 
3
MLCT 

bleach in the same region. 

In general the negative charge of the MLCT state will localize on the ligand with the 

lowest reduction potential because it can more easily take up the electron. If in fact the 

excited state of the tripod molecules studied here is on the more substituted ligand it is 

expected to result in different spectra for these complexes when compared to the parent 

complex Os-bpy. 

The differences could be due to the fact that in the Os-bpy the metal ion is coordinated to 

3 identical ligands while for the other complexes we are in the presence of slightly 

different chelating units. Therefore we expect for the reference complex only one 

possible MLCT dOs��bpy transition while for the heteroleptic complexes 2 possible 

MLCT transitions are possible at slightly different energies: dOs��bpy or dOs��phen. In 

particular, as we already discussed, the transition to the bpy in the tripod complex should 

occur at lower energy due to the more electron rich character of the osmium coordinated 

to the more donating substituted phenanthroline. 
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Femto second transient absorption 

 

In order to have more insight into the localization of the excited state in these molecules 

we decided to measure sub-picosecond transient absorption spectra. In this faster time-

scale the information gathered supports what we observed in the nanosecond transient. 

The spectra can be seen in figure 6.6. It is clear that the differences are not significant 

enough to indicate that parent compound and derived complexes have the excited MLCT 

state localized in a different ligand. 

In our case the similarities indicate that the excited state of these molecules comes from 

the formal transfer of one electron from the osmium center to one of the bipyridines. 
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Figure 6.6. Sub-picosecond transient absorption spectra of the complexes Os-bpy (upper 

spectrum), Os-ph (lower left) and Os-trip (lower right) after FWHM 130 fs laser pulse 

excitation at 480 nm. The laser pulse can also be seen in the spectra. The solvent used 

was water:acetonitrile 1:1. 
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The next step towards the formation of assemblies on surfaces is the investigation of the 

tripod system on platinum nanoparticles. After the synthesis of these nanoparticles (see 

experimental section) we have characterized the obtained nano-structures by IR and HR-

TEM. 

 

6.4.2 Characterization of the platinum MNPs 

 

Infrared spectroscopy 

 

The infrared spectrum of the particles stabilized with citrate is shown in figure 6.7. This 

figure also shows an IR spectrum of the sodium citrate stabilizer for comparison. The 

measurements were done as KBr pellets.  
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Figure 6.7. Infrared spectrum of the stabilized nanoparticles and sodium citrate in KBr 

pellet. The upper spectrum shows the citrate alone. Characteristic bands for the molecule 

can be identified. The lower spectrum shows a broadening of the bands corresponding to 

the carboxylate function and the division of the original band into two.  

 

The most important bands identified and used in the discussion are shown in table 6.2. 

This table shows the bands observed for the sodium citrate and the corresponding 
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equivalent observed in the metal nanoparticles. The assignment of the bands was done 

according to general infrared spectroscopy tables.
14

 

 

Table 6.2. IR bands of the citrate in KBr pellet and the nanoparticles stabilized with 

citrate in KBr pellets. 

Band / cm
-1 

in KBr pellet Sodium citrate Pt nanoparticles 

2500-3750 

CH bands, OH bands for 

hydrogen bonds 

Yes Yes, broadening 

1610-1550 

carboxylate 

Yes Broadening and double 

1450 

quaternary carbon 

Yes Broadening and shift 

1300 

C-O 

Yes Broadening and shift 

Below 1000 - broadening 

 

 

The infrared spectrum shows how the band corresponding to the carboxylate group (1550 

cm
-1

) of the citrate doubles into two bands (1610 and 1550 cm
-1

) when it stabilizes the 

platinum nano-crystals. A change, such as broadening or a shift of the original band, was 

expected for a tripodal attachment of the citrate molecule to the metal surface as 

described for models on gold
19

. A shift of the original carboxylate band is interpreted as 

an attachment to the metal surface that constrains the vibrational modes of the stabilizing 

molecule. To our knowledge no IR spectrum has been published for platinum nano-

particles stabilized with citrate so no comparison is possible. The appearance of two 

bands can mean that only one or two of the three carboxylates participate in the 

stabilization of the colloid by attachment to the nano-crystal surface, the other (or others) 

remaining free. The second interpretation could be the presence of some free citrate that 

has not participated in the reduction or stabilization process during synthesis, appearing 

thus at 1550 cm
-1

 in the colloid IR spectrum. Although this free citrate has shown to be 
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difficult to remove during purification, it does not interfere in principle with subsequent 

spectroscopic measurement. Finally it has to be noted that the actual mechanism of 

reduction and stabilization of particles by citrate has not yet been studied in depth, the 

observed bands could thus also be intrinsic to the molecules involved in the reduction and 

capping process.
20

 

Another strong band is a vibration associated to quaternary carbons. This vibration 

corresponds to the central carbon of the citrate molecule and appears at 1450 cm
-1

. For 

the carbon-oxygen bond the vibrational band is seen at 1300 cm
-1

. All of these bands can 

also be found again with the expected slight changes on the nano-particles. In general the 

bands show a broadening due to the presence of the metal surface or slight shifts in the 

order of a few wavenumbers.
21

 

 

High Resolution -TEM 

 

To further characterize the size and crystallinity of the platinum particles TEM was used. 

HR-TEM images are shown in figure 6.8 and 6.9.  

 

 

Figure 6.8. HR-TEM images of the platinum colloid on a carbon covered copper grid at 

low magnification. The particles appear in the form of clusters (in the center) in which 

the individual particles can be distinguished. Observed circles are due to the carbon-foil. 

0.5 μm 



 Tripodal Osmium Complexes on Platinum Nano-particles 

 187 

 

The image at low magnification in figure 6.8 show that the particles have a tendency to 

form clusters, these clusters are in general broken-up by treatment in an ultrasonic bath. 

In figure 6.9 the images for the samples at high resolution can be seen. Most of the 

observed particle sizes ranged from 1.2 to 3 nm in diameter. In some samples few 

particles of up to 5-10 nm were observed. The small average size of the particles is in 

agreement with the high concentration of stabilizing agent employed in the synthetic 

procedure. A higher concentration of capping agent stops the growth of the nano-crystal 

at small sizes preventing more Pt
0
 atoms from reaching the nano-particle core. For 

spectroscopic purposes small particles are of greater interest because they prevent the 

scattering of laser light in our experiments. 

 

  

 

Figure 6.9. HR-TEM of the nano-particles stabilized with citrate after pretreatment with 

ultrasound.  

 



Chapter 6   

 188 

 

6.5 Interaction of the tripod with the platinum nano-particles 

 

Characterization of the Os-trip MNP assembly with UV-Vis absorption spectroscopy 

 

The Os-trip complex was anchored in acetonitrile solution by mixing with citrate 

stabilized nanoparticle solution and stirred.  

The UV-Vis absorption spectrum of the particle-tripod nano-composite is shown in figure 

6.10. The spectra of the metal nano-particles alone and of the tripod alone are also shown. 

It is clear that the obtained spectrum for the composite is an overlap of the spectra of the 

individual components. This effect in the overlap of the spectra is comparable to other 

examples present in the literature.
22

 

The background of the composite results in a higher absorption all over the spectrum 

most probably due to formation of aggregates not visible by naked eye. 
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Figure 6.10. Absorption spectra of the composite formed by the tripod on the surface of 

the metal particles in dioxane (solid line), the nano-particle solution in water (dotted 

line) and the osmium tripod complex in acetonitrile (dashed line). 

 

Steady state luminescence 

 

The luminescence of the Os-trip complex was measured in acetonitrile solution. 

Addition of the platinum particles induced an immediate reduction of the luminescent 

signal. The luminescence was compared to an iso-absorptive solution in the exact same 
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concentration of the complex without particles as comparative standard. The 

luminescence of the Os-trip was followed over a period of 2.5 hours with a total decrease 

of the original luminescence of 52% at the end of the experiment (figure 6.11). In a 

control experiment a solution of Os-bpy with the same absorbance at excitation as in the 

previous experiment was prepared and platinum MNP were added in the exact same 

amount as before. This complex cannot attach to the metal particles while having the 

same photophysical properties as the tripod. The reduction in the Os-bpy luminescence 

observed, was only 19%, a reduction due to the presence of the solid particles interfering 

with excitation and emission radiation. The difference in these percentages is due to a 

quenching of the osmium excited state by the metal surface it is attached to, most 

probable due to a photoinduced electron transfer. 
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Figure 6.11. Steady state luminescence quenching of the Ostrip complex by attachment to 

platinum MNP. The luminescence was monitored over a period of 2.5 hours. [Ostrip] = 

5x10
-5

M; excitation at 495 nm, A(495) = 0.56 au. Argon saturated (degassed) conditions. 

The spectra are uncorrected for the detector response in the infrared. 

 

IR spectroscopy 

 

The assembly of the components in the nano-composite was further characterized with IR 

spectroscopy. The Os-trip complex was anchored in acetonitrile solution by mixing with 

citrate stabilized nanoparticle solution and stirred overnight. After purification the 
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osmium coated particles were isolated as a brown solid and analyzed. Our tripodal 

complex, Os-trip, presents as attaching anchors thioacetate groups. In the case of thiol 

functionalized compounds the attachment can be easily followed by the disappearance of 

the –SH bond stretching (see also Chapter 5). In the present case we expected to observe 

a shift of the thioacetate band. The infrared spectra of tripod and nano-composite can be 

seen in figure 6.12. 
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Figure 6.12. Infrared spectra of the tripodal osmium complex Os-trip, the platinum 

nanoparticles stabilized with citrate and the nano-composite in which the complex is 

attached to the surface of the nano-particles and the citrate has been displaced. 

 

The carbonyl bond of the thioacetate group has a characteristic absorption between 1675 

and 1720 cm
-1

. In the case of the osmium tripod the band corresponding to this bond 

appears at 1690 cm
-1 

with medium intensity. In the assembled nano-composite system 

this band is not visible since the structure of the vibrational band changes from two 

adjacent peaks to only one broad vibration (arrow in figure 6.12). This could also indicate 

that during the attachment of the thioacetate to the rigid metal surface a hydrolyzed 

species is formed resulting in a platinum-sulfur bond. Another striking difference is the 

band at 850 cm
-1

 for Os-trip. This band can be assigned to vibrations of the hydrogens in 

para-substituted benzene rings
14

. After attachment to the particles this band becomes 

weak showing that in the assembled system distortions are introduced into the tripod 
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structure. A similar very strong band is also observed in the IR spectrum of 

diphenylacetylene.
23

 

 

Time resolved spectroscopy on the composite – nanosecond transient absorption 

 

Performing time resolved measurements on colloidal particles is difficult. The particles 

can introduce a high amount of scattering in the measurements. Less laser excitation 

arrives at the molecules on which we like to monitor the photophysical processes. 

Another factor influencing the quality of the signal recorded will be the presence of the 

particles interfering with the probe pulses. In order to obtain good quality spectra the 

number of accumulations per frame had to be increased significantly (in general 50 

accumulations are enough for good quality spectra, in this case 150 accumulations was 

the minimum required). 

To understand the results from the assembly we have also performed the nanosecond 

transient absorption spectra of the platinum nanoparticles and free Os-trip complex. 

These spectra are all shown in figure 6.13. As can be seen the particles show no feature in 

their transient spectrum. The osmium complex on the other hand exhibits a typical 

spectrum for the polypyridine complexes (figure 6.5). The assembly of Os-trip on the 

platinum shows a very different behavior. All the features of the osmium complex are not 

present and a broad band over the whole spectral region grows within ca 43 ns. This band 

then decays in 250 ns, having however a longer component (in the microsecond range). 

We tentatively attribute this process to a photoinduced electron transfer from the osmium 

(II) to the platinum nanoparticle. The transferred electron is then trapped on the metal 

surface and solvated accordingly to a behavior reported in the literature for solvated 

electrons.
24

 

In the literature not a lot of examples can be found where the photophysical behavior of 

chromophores in the presence of platinum nano-particles are analyzed. The characteristic 

spectra of these particles are not clearly assigned.
24
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Figure 6.13. Transient absorption spectrum of the Os-trip and platinum MNP (above left 

and right respectively) and the nano-composite (below left) in de-aerated dioxane or 

dioxane-methanol mixtures, the arrow indicates the growth and decay of the band. The 

kinetics for this broad band (below right) show the formation and decay of the signal for 

the assembly that we ascribe to a solvated electron; the excitation was at 500 nm, the 

maximum in the UV-VIS absorption for the 
1
MLCT of the osmium. 20 frames recorded 

with 150 accumulations per frame. Incremental time delay is 15 ns. 

 

When compared to the absorption spectra found for hydrated or solvated electrons 

similarities can clearly be found with our resulted presented in figure 6.13.
25

 Hydrated 

electrons present very broad absorption features in the visible part of the spectrum with a 

maximum in the infrared region of the spectrum.
26

 If the solvent is other than water, the 

maximum of this very broad band is shifted further into lower energies.
27,28,29

 The higher 

the water content in the organic solutions the higher the energy of this maximum.
30

 We 

cannot observe this maximum in the solvent used (dioxane) because it is too far in the red 

to be measured with our setup. Our setup only registers the spectrum until 800 nm, the 
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near infrared. Because of the low solubility of the composite in water we are also limited 

in the choice of solvents that can be used to characterize the transient signal. However, 

solubility in ethylene glycol was acceptable. The signal for the solvated electron in 

alcoholic solutions is known and lies in our spectral range.
31

 

 

 

Figure 6.14. Transient absorption spectrum of the Os-trip - platinum MNP assembly 

after excitation at 500 nm (left). The broad band is centered at 600 nm and has a rise 

time of 60 ns (right). 15 ns increment per frame with 500 accumulations per frame. 

 

Figure 6.14 shows the transient absorption spectrum of the composite in ethylene glycol. 

The very broad band of the solvated electron has now an absorption maximum close to 

600 nm as we predicted from the literature data.
29,31 

In ethylene glycol the formation of the band corresponding to the solvated electron is 

formed slower than in dioxane (60 ns vs 43 ns). This is slower than the lifetime of the 

osmium complex itself that lies close to 40 ns. If we take into account this lifetime, the 

limiting step for the formation of the solvated electron has to be the release of the 

electron from the platinum surface into the solution. 

In attempts to trap the solvated electron from the solution with an electron scavenger, we 

employed a viologen. In the presence of such an electron trap we expected the solvated 

electron to preferably reduce this compound instead of remaining in the solution. 

Viologens are known to be good electron acceptors, forming a very stable positively 

charged radical. This radical has a characteristic absorption spectrum in the UV-Vis that 

can be detected with transient techniques.  
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Excitation of a solution containing Os-trip and methyl viologen lead to the formation of 

a luminescent charge transfer complex between the two components, introducing another 

complication in the study of these type of systems. The attempt of trapping the solvated 

electron was thus not further pursued. The formation of this luminescent state however, 

sets without a doubt a very interesting starting point for further research in this direction. 

 

6.6 Conclusions 

 

Self assembly of thioacetate functionalized tripodal molecules containing an osmium 

polypyridyl complex onto platinum nano particles has been accomplished. Photoinduced 

interactions between the two components indicate charge transfer from the osmium 

complex to the particle followed by surface detachment of the electron. A long living 

solvated electron is formed. 

We have fully characterized the photophysical properties of the osmium polypyridyl 

complex with tripodal surface attachment geometry and related compounds. This 

compound (Os-trip) shows similar photophysical properties to its reference compound 

Os-ph. The presence of the silicon atom in the tripodal base of the complex however, 

does induce changes in the absorption and emission spectra due to its electron donating 

character . When compared to Os-bpy the spectra show that the excited state for both Os-

trip and Os-ph lies on one of the (un-substituted) bipyridines.  

When attached to a platinum nano-particle, excitation of the Os-trip complex leads to the 

formation of a solvated electron in solution. The signal corresponding to this solvated 

electron has a rise time of 40 to 60 ns, and the lifetime lies in the 10-20 microsecond 

range. Trapping of the solvated electron with methyl-viologen proved un-successful in 

the experimental conditions used. 
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7 
Self assembled systems for the photoinduced hydrogen 

evolution from water‡ 

 

Abstract 

 

In this chapter we present a practical application of self-assembled cyclodextrin wires in 

aqueous solution. We show that by using a relatively simple approach we can induce 

“order” in systems where the efficiency is traditionally governed by diffusion. We 

observe increased yields due to the supramolecular effect. The catalytic center is a 

platinum nano-particle (Pt) stabilized with a perthiolated �-cyclodextrin (TCD). This 

molecule also acts as a binding port for guest molecules. We bring two photo- and 

electro-active units (a viologen and a cyclodextrin substituted polypyridyl complex) 

closer together for optimized interaction without covalent bond. Electrochemical methods 

show that the Pt/TCD particles are active towards hydrogen evolution from H
+
 ions in 

solutions with pH < 7. The relative efficiency for hydrogen evolution of the system was 

studied in a custom made photo-cell under continuous irradiation of the assembled 

species and the amount of hydrogen produced was monitored in situ with gas 

chromatography. 

‡
 Two manuscripts with the results presented here are currently in preparation 
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7.1. Introduction 

 

The necessity for development of future energy sources is a very hot topic in our society 

nowadays. The exhaustion of fossil fuels and the more and more tangible influence of the 

greenhouse effect in the environment have created a tendency among citizens to switch 

from carbon based fuels (coal, gas, oil) to renewable energy sources with less or no 

impact on the environment (solar, wind, wave power, biomass, wood
1
). Until recently 

nuclear power seemed the only answer to the “energy crisis” because renewable energy 

sources were considered not efficient enough. This has however changed and more 

studies are appearing with examples where application of e.g. photovoltaics can compete 

efficiently with nuclear energy in countries with relatively low solar irradiation.
2
 

Hydrogen (H2) has received increased attention because hydrogen as a fuel is high in 

energy yet burning hydrogen produces almost zero pollution.
3
 A variety of semiconductor 

metal oxides have so far been studied for water splitting as a means of producing H2 from 

water.
4,5

 Most of these photocatalysts are effective only under ultraviolet (UV) light 

because of their wide band gap. The development of new photocatalysts for water 

splitting to produce H2 has attracted much attention in order to make systems active over 

the whole visible spectrum.
6
 Molecular photocatalysts have long been explored for the 

hydrogen evolution using metal complexes as photosensitizers combined with hydrogen-

evolution catalysts.
7
 Although sacrificial donors have so far been required for the 

molecular photocatalytic hydrogen evolution under visible light irradiation, it is highly 

desired to improve the photocatalytic efficiency for the hydrogen evolution with electron 

donors in water. Such molecular photocatalytic hydrogen-production systems consist of a 

sacrificial electron donor,
8
 a photosensitizer, an electron carrier, and a hydrogen-

evolution catalyst. There is a wide range of molecules that can act as photosensitizer such 

as organic dyes, and inorganic systems as well as organometallic complexes.
9
 In 

combination with a colloidal Pt catalyst, methyl viologen (MV
2+

) is frequently employed 

as electron carrier between the sensitizer and the catalyst. The important steps in this 

system are photoinduced electron transfer from a photo-excited sensitizer to MV
2+

 and 

the subsequent electron-transport to colloidal Pt catalyst by the reduced MV
2+

 (MV
•+

).  
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Catalytic systems for the hydrogen evolution from water have been studied by several 

groups. Perhaps those based on colloidal metal or metal oxide particles are those that 

attract most attention because of the higher efficiency of the catalytic center. Among 

metal nanoparticles, Pt is well known to be particularly attractive towards the hydrogen 

evolution reaction.
 

 

 

Scheme 7.1. Representation of a system for hydrogen evolution based on colloidal 

platinum, viologen as electron relay and Ru(bpy)3
2+

 as sensitizing dye. 

 

Scheme 7.1 shows the general structure of systems characterized by the use of an 

organometallic complex as sensitizing dye. These complexes are photo and electro-active 

and possibly the best example is Ru(bpy)3

2+
. This compound is capable of absorbing light 

from the UV into to visible part of the spectrum creating a long lived excited state that is 

able to transfer one electron to the electron relay (viologen) in a reversible redox process. 

The reduced viologen is then a strong reductant which is capable of transferring electrons 

to the platinum particle surface where molecular hydrogen evolves. In these systems, 

light acts as a pump forcing the electrons in the direction of the catalytic center. Perhaps 

the two biggest drawbacks of these kind of catalytic cycles are the diffusion controlled 

efficiency of the electron transfer among the participants and the dimerization of the 

reduced viologen into an inactive species. 

Our choice represents an analogously constructed three components system containing a 

sensitizer Ru(bpy)2(pytl-�CD) or Ir(ppy)2(pytl-�CD) (organometallic complexes bearing 

cyclodextrins shown in chapter 4 of this thesis), and an electron relay (a symmetric bis-

adamantyl viologen) that creates a charge separated state and transfers the electrons to the 
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platinum catalyst, scheme 7.2. The photoinduced electron-transfer step may be improved 

by linking electron donor-acceptor molecules in a more strict fashion but without 

covalent bonds, mimicking photoinduced electron transfer processes in the natural 

photosynthetic reaction center.
10

  

    For M = Ir, n = 3 and X = C 

For M = Ru, n = 2 and X = N 

 

Scheme 7.2. Schematic representation of how the catalytic system arranges the three 

components for a more efficient photoinduced electron transfer towards the platinum 

particle.  

 

As for natural systems, in which a series of redox and photo-active molecules are closely 

packed and well organized in a non covalent fashion using electrostatic interactions with 

membranes as well as hydrophobic interactions, in our supramolecular architecture the 

components are hold together by the latter. For our purposes, cyclodextrins can provide a 

joint to assemble molecules of interest in a versatile way as shown throughout this 

Thesis. Moreover, in the literature there are examples of the use of cyclodextrins as 

protection agents against dimerization of the intermediates of the catalytic cycle (i.e. the 

highly reactive viologen radical cation MV
+� 11

) and against the in situ chemical reduction 

of MV
+�

 by the evolving hydrogen.
12,13

Cyclodextrins have also been used as “molding 

matrices” or “supports” for the platinum colloids in the groups of Shafirovich
14

 and 

Yonemitsu
15

 respectively, showing a great influence in overall hydrogen production 

probably due to the aforementioned reasons and stabilization of the platinum colloid in 

solution.  
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More than thirty years ago, separate work of Lehn and Grätzel
16

 on the now classic three 

component molecular photocatalytic hydrogen evolution system containing Ru(bpy)3

2+
, 

methylviologen and colloidal platinum was published. The renewed interest in this topic 

is mainly due to the current search for alternative energy sources. Since then many 

studies have been reported with different photosensitizers, sacrificial electron donors, 

differently substituted viologens or differently sized platinum colloids or particles. To our 

knowledge, no review of the results of this classic three-component molecular 

photocatalytic hydrogen evolution system is available and results are rather scattered, in 

terms of optimal conditions and e.g. platinum particle size. 

The typical total efficiencies are around or below 0.1 %, hydrogen evolution rates range 

from ~1 to 9 ml/hour ( ~40 to 375 �mol/hour), typical illumination sources are 150 W Xe 

lamps. Whereas in photovoltaics standard conditions are clearly defined, this is not the 

case in the photo-catalytic community. 

Our ambitious aim is to prove that the three component supramolecular system can 

generate hydrogen and even that the efficiency can be higher than in the diffusion 

controlled analogue. First an assessment of the individual components is presented. 

 

7.2 Electrochemistry on the platinum nanoparticles  

 

Scheme 7.3. Schematic representation of the platinum nanoparticles and the stabilizing 

molecule. The stabilizer is a perthiolated �-cyclodextrin (TCD), the sulfur atoms are 

represented as grey circles. 

  

In order to understand if our design could lead to the desired goal we have to study in 

detail the processes and their kinetics in the separate components. We have started with 

the investigation of the platinum nanoparticles covered with TCD as shown in scheme 
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7.3. It has been established that metal nanoparticles usually exhibit size-dependent 

catalytic reactivity: metal nanoparticles with diameters of few nanometers (<5 nm) 

possess a large fraction of metal atoms on their surface, thus increasing the efficiency 

during catalytic processes. However, aggregation and coalescence phenomena are indeed 

an obstacle for practical applications.
17

 Metal nanoparticles have been stabilized in 

solution by partial or complete coverage with organic ligands.

18

 In any case, to retain their 

catalytic properties, the surface of the metal nanoparticles must remain accessible to the 

substrates and at the same time must avoid passivation. Kaifer and coworkers reported 

the synthesis of metal nanoparticles stabilized with cyclodextrin receptors and their 

catalytic activity towards hydrogenation of olefins.
19  

The TCD stabilized Pt nano-particles (see Chapter 2 for their synthesis and 

characterization) were deposited on an indium tin oxide (ITO) substrate and their 

catalytic activity was examined, both with cyclic voltammetry (CV). Scans from positive 

to negative potentials using CV allowed the deposition of monodisperse Pt nanoparticles 

in a simple and regular fashion as evidenced by atomic force microscopy (AFM), figure 

7.1.  

 

Figure 7.1. AFM topography images (1 x 1 μm) of TCD protected platinum 

nanoparticles deposited a) by potential sweep and b) without, both on HOPG. The line 

profiles shown below the images correspond to the black line on the image. The z full 

grey scale corresponds to 26 and 9.5 nm respectively. 
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The results showed that Pt nanoparticles deposited using this procedure are active either 

toward hydrogen oxidation and reduction opening up interesting perspectives for catalytic 

applications (figure 7.2). 

The arrows in figure 7.2.a) indicate the peaks that are assigned to reduction and oxidation 

of protons in solution to hydrogen and back. These peaks are characteristic for absorption 

and desorption of hydrogen in aqueous solution.
20

 It is interesting to note that the current 

density increases linearly with the number of cycles and time (figure 7.2.b). This fact 

suggests that CV may be a suitable method for depositing and to control the Pt 

nanoparticles density on electrode surfaces in a controlled and uniform fashion.  

 

 

Figure 7.2. a) CVs (100 cycles) of perthiolated-�-CD-protected Pt nanoparticles 

deposited on ITO electrode substrate obtained in 0.1 M KCl supporting electrolyte (scan 

from +1 V to -0.8 V); scan rate 0.1 V s
-1

. b) Pt nanoparticle density vs time and vs 

number of voltammetric scans (upper x-axis. Sealed cell, exposed area 0.4 - 0.6 cm
2
. pH 

of the solution ~ 6. 

 

The electro-catalytic activity of Pt nanoparticles towards hydrogen reduction and 

oxidation is a well documented process.
21

 The catalyst functions as an 

condenser/capacitor of negative charge to provide the necessary electrochemical potential 

and the number of electrons for the reduction of the aqueous protons and serves as a gas 

evolution site.
22

 This process may occur by the following mechanism when the electron 

carrier is a reduced viologen:
23
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nMV�
+
 + Pt � Pt 

n- 
+ nMV

2+ 

Pt 
n-

 + H
+
 � Pt 

(n-1)-
 + Hads 

2 Hads � H2 � 

The results show that the platinum particles are active towards the reduction of protons to 

hydrogen and viceversa as expected even at these relatively high pH (~6) values. Our 

results also show that the particle size is ideal for application in this kind of catalytic 

reaction, allowing the diffusion of sufficient H
+
 ions to the surface of the catalyst for the 

reduction process to H2 to take place. 

 

 

7.3 Selection of the sensitizer and the electron relay. 

 

It is clear that the sensitizing dyes must have a number of characteristics to be able to use 

them as sensitizers for our purposes. Among others high photostability and a long excited 

state lifetime are a prerequisite. Also, the excited state of the photosensitizer has to be 

able to transfer an electron to the relay before it returns to the ground state, resulting in a 

charge separated state we can utilize further. Polypyridine complexes can be excited over 

a wide range of wavelengths along the visible spectrum, and they can be functionalized 

with cyclodextrins. Moreover, electron transfer from a, e.g. ruthenium polypyridine 

complex to viologen has been widely documented. 

Not every dye is adequate for the formation of the necessary charge separated state. 

Assembly 7.1 is a clear example of this where the ruthenium-bis-terpyridyl complex is 

not able to transfer an electron to the viologen even at high excess concentrations of the 

acceptor molecule. This is related to the unusually short lifetime (� < 2 ns) of the electron 

donor and its analogues as it is described in chapter 3A, due to the presence of the 
3
MC 

state through which the excited state decays non-radiatively to the ground state.
24

 The 

electron transfer process cannot compete efficiently with the deactivation process through 

the metal centered state that is thermally accessible at room temperature. Similar 

ruthenium complexes have shown the possibility of transferring electrons to quinones, 



 Self-assembled systems for hydrogen evolution 

 207 

however in the case of viologens as acceptors only low temperature processes have been 

described.
25

 Assembly 7.2 shows the use of a tris-bipyridine analogue functionalized 

with three �-cyclodextrins. In this case the lifetime is close to 1 μs in deaerated water and 

should allow enough time for the transfer to occur even at room temperature, processes 

that are well known from the literature.
26

 However in this case the dye has three 

cyclodextrins attached to the central metal core, which introduces a great number of 

synthetic difficulties especially in the purification processes. Furthermore, the 

compounds presents a geometry that is not totally desirable in the construction of wires 

since it will not necessarily favor the formation of linear wires oriented towards the 

catalytic center. 

 

  Assembly 7.1     Assembly 7.2 
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Assembly 7.3 

 

Scheme 7.4. Comparison of ruthenium polypyridyl complexes studied as possible 

sensitizing dyes in this study. The host compounds in assemblies 1 and 2 are related to 

the complexes described in chapters 3A and 3B of this thesis respectively; the host in 

assembly 3 comes from the family of complexes studied in chapter 4. 
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For assembly 7.3, derived from the family of compounds studied in chapter 4 of this 

Thesis, we found that synthesis and purification are greatly simplified when compared to 

the other two examples given, even in the presence of the cyclodextrin binding site. The 

lifetime of this ruthenium compound is significantly reduced compared to Ru(bpy)3

2+
 (ca. 

25 ns) however it is long enough to allow an efficient competition between a 

radiative/non-radiative decay to the ground state and the electron transfer process. 

The study of the electron transfer process is very complicated in these compounds 

because of the amphiphilic nature of the electron acceptor. The very hydrophobic 

adamantane attached to the positively charged viologen in ada-MV tends to form 

aggregates (possibly micelles) in solution. These aggregates have a strong effect on the 

photophysical properties of the metal complexes.
27

 In fact the emission quantum yields 

increase with increasing viologen concentration as well as the excited state lifetimes, 

figure 7.3.  
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Figure 7.3. Steady state titration (left) of ruthenium complex Ru(bpy)2(pytl-Me) with 

ada-MV, similar results were observed for Ru(bpy)2(pytl-�CD). From the spectra it is 

clear that the luminescence of the ruthenium complexes does not decrease when the 

concentration of quencher increases, however a band at 525 nm corresponding to the 

scattering increases with increase of the amphiphile concentration. In the time resolved 

measurements (right), strong scattering due do micellation/aggregation could be 

observed even at low concentrations of quencher. 

 

The confirmation of the electron transfer process comes from time resolved electronic 

spectra in the nanosecond time range where the signals corresponding to the reduced 

viologen can be clearly seen. These signals are characteristic for the viologen radical 
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cation and have been reported before.
26

 Figure 7.4 shows such a transient spectrum in 

which the reduced viologen can be seen as a strong absorption peak at 390 nm and a 

weaker and broad signal centered around 600 nm. The process occurs within the first 

frames of decay of the complex Ir(ppy)2(pytl-�CD) (see scheme 4.1 and 4.2 for the 

chemical structures) and is difficult to quantize because of the strong overlap of signals. 

Similar experiments were carried out for Ru(bpy)2(pytl-�CD). 

By comparison with the transient absorption spectra of the iridium complex alone we can 

assign the bands in the mixture of the iridium with the viologen as follows: i) the low 

energy absorption is due to the formation of the reduced viologen
28

 and a second band at 

390 nm is also related to the radical monocation of the viologen; ii) the bands at 350 and 

450 are clearly due to the iridium excited state and decay almost completely within the 

900 ns time window of the measurement (for lifetime see chapter 4). 
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Figure 7.4. Nanosecond transient absorption spectra of Ir(ppy)2(pytl-�CD) in absence 

(left) and presence (right) of viologen quencher showing photoinduced electron transfer 

from Ir(ppy)2(pytl-�CD) to ada-MV in aqueous solution. The signals for the viologen 

radical cation are clearly seen at 400 and 600 nm. 

 

The radical monocation of the reduced viologen is extremely long lived (> 5.5 μs). In fact 

using the redox potential of the Ir(ppy)2(pytl-�CD) (Eox = 0.880V) and viologen (Ered 

V
2+

/V
+
 = -0.95 V

29
) we can estimate a driving force for the forward electron transfer 

using the equation: 

�G = Eox – Ered – E00     (1) 

E00 is calculated to be 2.65 eV from the 77K luminescence spectra of the iridium complex 

(chapter 4). For the forward electron transfer we obtain a �Gfwd = -0.82 eV. The back 
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electron transfer has a driving force calculated to be �Gback = -1.83 eV, a very exergonic 

process. We attribute the slow back reaction to the high exoergonicity of the process. 

For the case of the Ru(bpy)2(pytl-�CD) we estimate an oxidation potential of Eox = 

0.93V
30

 and the E00 is measured to be 2.2 eV. These data give a forward driving force for 

the electron transfer of �Gfwd = -0.32 eV and a back electron transfer that is again very 

exergonic with a driving force of �Gback = -1.88 eV. The lifetime of the reduced viologen 

was also measured to be in the microsecond range. The driving forces for the forward and 

back electron transfers are schematically represented in scheme 7.5. 
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RuII-V2+

*
RuII-V2+

RuIII-V+

�Gback = -1.83 eV �Gback = -1.88 eV

�Gfwd = -0.82 eV
�Gfwd = -0.32 eV

 

 

Scheme 7.5. Driving forces calculated for the forward and back electron transfer 

processes. 

 

One of the problems related to the necessary high concentration of the electron accepting 

component is its tendency to aggregate. The possible solution for this observation could 

be the attachment of the cyclodextrin on the viologen and the adamantane on the 

ruthenium center. A similar procedure was recently described by Forster and co-

workers
31

 where no aggregation or micellation was reported by the authors. This agrees 

also with the data published by Park et al in reference to the dimerization of reduced 

viologens
32

. This viologen having a beta cyclodextrin attached to one nitrogen and a 

methyl group attached to the other nitrogen, show a protective role of the cyclodextrin 

towards dimerization and, thus, a role of preventing two reduced viologens from 

encountering in solution. A similar approach was used in the following experiments on 
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the assembled system, where micellation is reduced significantly due to the substitution 

of the viologen symmetrically with two adamantanes. 

 

7.4 Hydrogen evolution experiments. 

 

In the previous sections we have shown that the Pt nanoparticles are catalytically active 

and that the pyridine-triazole complexes together with viologen systems are good active 

components. The following scheme shows the chemical structures of the selected 

complexes used as photosensitizers, the viologen compound that acts as electron relay 

and the platinum catalyst where the catalytic reaction takes place assembled in one of the 

possible supramolecular architectures which will be investigated for the H2 production. 

 

      

Scheme 7.6. Chemical structures of the compounds studied in the hydrogen evolution 

process. Iridium and ruthenium complexes used as sensitizing dye, symmetrical viologen 

used as electron relay and schematic representation of the platinum nano-particle where 

the actual reduction process occurs. In the assembled system when M = Ir, n =3 and X = 

C; when M = Ru, n = 2 and X = N. The sacrificial donors tested were methanol, EDTA 

or TEA. 
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By mixing the components in aqueous solution we obtain the self assembled system 

represented at the bottom of scheme 7.6 as well as several combinations which are 

possible by combining the building blocks: the assembly is purely statistic.  

We are aware that only the first and perhaps the second (“dimer” of sensitizing dye) 

assemblies in scheme 7.7 are able to produce H2. Nevertheless, we believed that the 

approach should represent an improvement vs the pure diffusionally controlled redox 

process. 

 

 

 

 

Scheme 7.7. Possible assemblies formed in solution by the building blocks present in the 

experiments. When M = Ir, n = 3 and X = C; for M = Ru, n = 2 and X = N. 

 

As electron donors mainly three candidates were tested. Methanol because of its 

availability from biomass, triethanolamine (TEOA) because of its good electron donating 

properties and EDTA, a classical electron donor example. 
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TEOA was soon discarded because of the formation of insoluble decomposition products 

that turned the reaction mixtures heavily turbid. Experiments were carried out under 

constant irradiation. The system was studied in a home made cell constructed in the 

Radboud University of Nijmegen. A picture of this cell is shown in figure 7.5. 

In a typical experiment an aqueous solution was prepared with the sensitizing dye 

((Ru(bpy)2(pytl-�CD) or Ir(ppy)2(pytl-�CD)) with concentration in the millimolar 

range (0.1 mM) with 10 times excess of viologen relay ada-MV-ada (scheme 7.4) and 1 

mg of platinum nanoparticles stabilized with TCD. To this solution a sacrificial electron 

donor was added in 100 times excess towards the sensitizing dye. Finally to assure the 

presence of enough H
+
 ions the concentration of HCl was set to ca 200 equivalents. The 

solution was then carefully degassed. The total volume of the aqueous solution was 

always kept to 10 ml in a cell with capacity for 36 ml.  

 

 

 

Figure 7.5. Picture of the reaction vessel employed in the hydrogen evolution 

experiments. The photograph shows the actual cell with a total volume 50 ml in the 

center of the image. The cell was covered with a quartz glass lid that was hold air tight 

with three metal screws. The Xenon lamp of 150 W of power continuously irradiated the 

cell from above. The cell has one inlet for vacuum/nitrogen connected to a Schlenk line 

and another inlet to take the samples of gas with a microsyringe. The whole system was 

thermostatted with a water cooling system. 
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Solutions were monitored for molecular hydrogen evolution by directly measuring the 

amount of molecular hydrogen contained in the gas phase inside the reaction cell 

(Vcell=36 ml) through GC analysis. In order to convert the chromatographic peak areas 

into moles of hydrogen gas, a calibration curve was constructed by preparing different 

mixtures of N2 and H2 of known ratios and measuring their H2 peak integrations. The gas 

mixing and injecting processes, as well as the illumination experiment itself, were 

performed at T=20ºC (where R=24.055), meaning that 1 mol of gas occupies 24.055 L. It 

is important to notice that all the H2 amounts mentioned from now on are determined by 

analyzing only the gas phase. The H2 which remains dissolved in the solution - or even 

entrapped inside bubbles on the solution surface - cannot be measured. 

The most efficient combination examined was Ir(ppy)2(pytl-�CD)/MV/Pt-�CD/EDTA 

and it will be shown here as example for the response of the systems to the variations 

introduced by us in the chemical structure of the components. During the first 15 minutes, 

4.6 μmoles of H2 were produced and the gas evolution was apparent by small bubble 

formation on the surface of the solution, figure 7.6. After 3 hours of constant irradiation, 

the EDTA electron source was depleted and the reaction stopped as a consequence of the 

lack of regeneration of the oxidized photosensitizer. The total amount of H2 produced 

was 137 μmoles.  
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Figure 7.6. Hydrogen evolution measurements using EDTA as sacrificial electron donor 

and iridium as sensitizing dye. 
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During the experiment were ada-MV-ada was employed as electron relay instead of the 

simpler MV, we observed blue coloration of the reaction mixture. This coloration must 

come from the [ada-MV-ada]
+•

 for it is generally known that the reduced form of 

viologen gives a strong blue color to solutions. Apparently, the ada-MV-ada 

compound associates in solution in its reduced form interrupting the directional 

flow of electrons towards the catalytic center partially if not completely, this 

accounts for the very low hydrogen produced as shown in figure 7.6. 

In the case of the iridium complexes studied as sensitizing dyes (chapter 4), our data also 

indicate that the efficiency of the system is directly related to the quantum yield of the 

photosensitizer. This is again given as an example in figure 7.6 where an experiment is 

shown with Ir(ppy)2(pytl-Me) as sensitizing dye. As just explained the compound with 

the significantly lower quantum yield (shorter lifetime), translated this to a lower 

efficiency in hydrogen production. 

In order to have complete selectivity or a preference in the binding we would need an 

asymmetrically substituted electron relay with stronger affinity towards one of the 

cyclodextrin binding sites. A viologen substituted with a cholesterol derivative seems to 

be the most promising candidate and work is currently being developed in this direction. 

Non-symmetrically substituted viologens and various conveniently functionalized 

cyclodextrins systems (with two sizes of cyclodextrins) would open up new opportunities 

for future developments. 

 

7.5 Conclusions  

 

The nanoparticles synthesized with cyclodextrins as stabilizers are highly active towards 

catalytic reactions of different kinds. The activity of the metal surface is not passivated 

by the attachment of the stabilizer. Electrochemistry is a promising technique to deposit 

this type of water soluble nanoparticles onto electrodes in a homogeneous fashion, giving 

highly active surfaces of monodispersed reactive sites.  

In the hydrogen evolution experiments, we can state that our platinum colloids in 

combination with metallocyclodextrins work best with methyl-viologen as electron relay. 
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The substitution of the viologen with cyclodextrin binders leads to detrimental 

micellation and viologen radical cation stabilization effects. The cyclodextrin substituted 

Iridium complex is the most efficient photosensitizer for our purposes. Hydrogen 

evolution rates obtained with this system are (0.75 ml/hour; 32 �mol/hour), and an 

absolute lower limit of the turn-over number is 275, as 1 �mole of metal complex can 

generate 137 �moles H2 gas (~3.3 ml). 

As such, the envisaged supramolecular organization works different from what we 

anticipated. It appears that the long lifetime (and correlated high quantum yield) of 

emission and the high energy of the Iridium complex are beneficial factors. It has to be 

realized that binding events with this complex are not straightforward (see Chapter 4).  

 

Experimental  

 

Cyclic voltammograms and chronoamperometry characteristics were recorded using an 

electrochemical analyzer (CH Instruments, model CHI730A). A conventional three-

electrode configuration was used, where the working electrode was an ITO glass plate on 

which a Pt-CD were deposited, a platinum coil was used as a counter electrode and either 

an Ag/AgCl or a KCl-saturated calomel electrode (SCE) were used as reference 

electrodes.  The area of the working (typically between 0.2-0.3 cm
2
) electrode was kept 

constant during all measurements. 
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Summary 

The interaction of light and matter is essential to our existence. Light that is absorbed 

triggers processes between molecular components that interact. In natural systems, like in 

photosynthesis, these components are organized by non-covalent bonds. A specific type 

of the non-covalent bond is the main theme of this thesis: the supramolecular bond 

provided by the cyclodextrins (cyclic glucose oligomers). This non-covalent bonding is 

used to construct various types of systems that can perform photo-induced functions: 

directional energy and electron transfer, photo-catalytic processes and photo-induced 

hydrogen evolution. In this thesis we have presented studies on the photoinduced 

processes in nano-scaled systems. These systems are constituted by associations of 

photoactive (chromophores) or electroactive molecules and components that associate in 

solution through self-assembly approaches. 

In chapter 2 we present an overview of all spectroscopic techniques and a description of 

all experimental set-ups, summarizing the methods employed. The synthesis of several 

compounds such as organometallic complexes, stabilizing molecules for nano-particles 

and synthesis of metal particles themselves is described. 

Chapter 3 deals with self assembled wires in aqueous solution. In a first part we show 

the studies on a linear system based on a ruthenium bis-terpyridyl complex appended 

with two different sizes of cyclodextrins (��-Ru-�) as central part of the assembly (triad). 

Guests for this bimodal metallocyclodextrin are an anthracene compound (AntNa) for the 

� cavity and a conveniently functionalized osmium bis-terpyridyl complex (Os-tpy-ada) 

for the bigger � cavity. The second part of this chapter shows studies on simpler 

assemblies (dyads). We show the possibility of electronic interactions between 

anthracene and ruthenium tris-bipyridyl analogues that have been substituted to act as 

host or guests. 

We report in chapter 4 the studies on a new family of complexes developed in 

collaboration with the Radboud University of Nijmegen. The novelty relies in the 

introduction of pytl (pyridine triazole) as third coordinating bidentate ligand. This new 

ligand reduces significantly the lifetime and luminescence quantum yield in the 
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ruthenium complexes. In the case of iridium cyclometalated complexes the luminescence 

quantum yield and lifetimes are greatly enhanced. When a �-cyclodextrin is directly 

attached to the pytl ligand this enhancement is even greater. Moreover, the separation of 

the diastereoisomers of the Ir(ppy)2(pytl-��CD) complex leads to the observation of 

marked different photophysical characteristics. This is due to an effect introduced by the 

chiral cyclodextrin. A more favorable interaction between the primary side of the 

cyclodextrin and one of the enantiomers of the iridium chromophoric unit (� or �) is 

responsible for this observed rim effect.  

We have been able to observe the triplet energy transfer from Ru(bpy)2(pytl-�CD) to an 

osmium guest complex that is conveniently functionalized to attach to metal surfaces via 

chemisorption thanks to a pyridine anchoring group. The energy transfer rate agrees well 

with previously published data for similar systems. 

In Chapter 5 we present the study of the interaction of guest molecules with noble metal 

nano-particles (Au/Pt) conveniently functionalized with per-thiolated cyclodextrins 

(TCD). As guests we used ruthenium complex (Ru-bph) and a viologen (ada-MV) that 

can bind to the cyclodextrin cavity through the biphenyl or adamantane tail respectively. 

In the experiments where the ruthenium guest with the biphenyl tail was used we did not 

observe a significant change in the Raman signatures between the compound alone and 

the compound in the presence of the platinum or gold TCD nano-particles. We observed 

dramatic changes in the Raman spectrum only in case of a guest with an adamantane as 

binding tail and with gold as a substrate. This is most probable due to the stronger 

cyclodextrin interaction of the adamantane compared to the biphenyl and the known 

qualities of gold as a substrate for SERS when compared to platinum.  

In chapter 6 we completely characterized the photophysical properties of a thioacetate 

functionalized tripodal molecules containing an osmium polypyridyl complex as 

chromophore, together with its parent and control compounds. The grafting of the 

tripodal complex onto platinum nano-particles has been accomplished. Photoinduced 

interactions between the two components indicate charge transfer from the osmium 

complex to the particle followed by surface detachment of the electron forming a long 

living solvated electron in solution. When attached to a platinum nano-particle, excitation 
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of the Os-trip complex leads to the formation of a solvated electron in solution. The 

signal corresponding to this solvated electron has a rise time of 40 to 60 ns, and the 

lifetime lies in the 10-20 microsecond range.  

Finally in chapter 7 we proved the activity of the platinum nano-particles stabilized with 

TCD with electrochemical methods. It is interesting that the metal surface is not 

passivated by the attachment of the stabilizer. On the other hand, we also observed that 

electrochemistry (cyclic voltammetry) is a promising technique to deposit this type of 

water soluble nanoparticles onto electrodes in a homogeneous fashion, giving highly 

active surfaces of monodispersed reactive sites.  

In the hydrogen evolution experiments, we can state that our platinum colloids in 

combination with metallocyclodextrins work best with methyl-viologen as electron relay. 

The substitution of the viologen with cyclodextrin binders leads to detrimental 

micellation and viologen radical cation stabilization effects. The cyclodextrin substituted 

Iridium complex is the most efficient photosensitizer for our purposes. Hydrogen 

evolution rates obtained with this system are (0.75 ml/hour; 32 �mol/hour), and an 

absolute lower limit of the turn-over number is 275, as 1 �mole of metal complex can 

generate 137 �moles H2 gas (~3.3 ml). The supramolecular organization works different 

from what we anticipated. 
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Samenvatting 

De interactie tussen licht en materie is essentieel voor ons bestaan. Geabsorbeerd licht 

initieert processen tussen moleculaire componenten die een wisselwerking kunnen 

vertonen. In natuurlijke systemen, zoals fotosynthese, zijn deze componenten 

georganiseerd door niet-covalente bindingen. Een specifieke klasse van niet-covalente 

bindingen is het hoofdthema van dit proefschrift: de supramoleculaire binding die 

ontstaat door gebruik van cycloldextrine (een cyclische glucose oligomeer met een 

hydrophobe holte). Deze niet-covalente binding wordt gebruikt om verschillende types 

van systemen samen te houden die fotogeïnduceerde functies kunnen uitvoeren, zoals 

gerichte energie en elektronen overdracht, licht geïnduceerde katalytische processen en 

fotogeïnduceerde waterstof productie. In dit proefschrift wordt onderzoek naar de 

lichtgeïnduceerde processen aan systemen in de nano-schaal gepresenteerd. Deze 

systemen worden samengesteld door de samenvoeging van foto- en elektro-actieve 

componenten die in oplossing door middel van zelfassemblage zijn georganiseerd. 

Hoofdstuk 2 geeft een overzicht van alle spectroscopische methodes en een beschrijving 

van alle experimentele opstellingen. De synthese van de verschillende verbindingen zoals 

organometaal complexen, stabiliserende moleculen voor nano-partikels en de synthese 

van de nano-deeltjes zelf wordt beschreven.  

Hoofdstuk 3 behandelt zelfassemblerende draadjes in waterige oplossing. In het eerste 

deel wordt het onderzoek beschreven van een lineair systeem dat gebaseerd is op een 

ruthenium bis-terpyridyl complex met 2 verschillende grootten van cyclodextrines (��-

Ru-�) als centraal deel van het complex. Gasten voor dit bimodale metallo-cyclodextrine 

zijn een anthraceen verbinding (AntNa) voor de � holte en een passend 

gefunctionaliseerd osmium bis-terpyridyl complex (Os-tpy-ada) voor de grotere � holte. 

Het tweede deel van dit hoofdstuk laat de experimenten zien waar simpelere systemen 

(diaden) zijn gebruikt. De mogelijke elektronische interacties tussen anthraceen en 

ruthenium tris-bipyridyl analoge verbindingen die zijn gesubstitueerd om zich te 

gedragen als gast of gastheer worden gepresenteerd.  
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Een nieuwe familie van verbindingen ontwikkeld in samenwerking met de Radboud 

Universiteit Nijmegen wordt in hoofdstuk 4 besproken. De nieuwigheid is de introductie 

van het pytl (pyridine triazool) als het derde coördinerende bidentaat ligand. Dit nieuwe 

ligand reduceert de levensduur en luminescentie kwantumopbrengst in de ruthenium 

complexen significant. In het geval van de iridium ge-cyclometaleerde complexen is 

zowel de luminescentie kwantumopbrengst verhoogd als de levensduur enorm verlengd. 

Wanneer �-cyclodextrine direct is verbonden aan het pytl ligand, is dit effect nog groter. 

Bovendien leidt de scheiding van diastereoisomeren van het Ir(ppy)2(pytl-��CD) 

complex tot de observatie van sterk verschillend fotofysische karaktereigenschappen. Dit 

wordt veroorzaakt door een effect dat wordt geïntroduceerd door het chirale 

cyclodextrine. Een gunstigere interactie tussen de primaire kant van het cyclodextrine en 

één van de enantiomeren van het iridium chromofoor (� of �) is verantwoordelijk voor 

dit geobserveerde “chirale hoed” effect.  

Ook hebben we de triplet energie overdracht geobserveerd van Ru(bpy)2(pytl-�CD) naar 

een osmium gastcomplex dat is gefunctionaliseerd om zich aan metaal oppervlakken te 

hechten via chemische adsorptie met behulp van een pyridine aanknopingsgroep. De 

energie overdrachtsnelheid komt uitstekend overeen met eerder gepubliceerde data voor 

vergelijkbare systemen. 

Hoofdstuk 5 behandelt de interactie van gastmoleculen met edelmetaal nano-deeltjes 

(Au/Pt) die zijn gefunctionaliseerd met per-thio cyclodextrines (TCD). Als 

gastmoleculen hebben we zowel een ruthenium complex (Ru-bph) als een viologeen 

(ada-MV) gebruikt, die kunnen binden aan de cyclodextrine holte via de bifenyl of de 

adamantaan eenheid. In de experimenten waar de ruthenium gast met een bifenyl staart is 

gebruikt, werden geen significante veranderingen in de Raman patronen gevonden tussen 

de verbinding alleen of in aanwezigheid van platina of goud TCD nano-deeltjes. 

Dramatische veranderingen in het Raman spectrum zijn alleen waargenomen wanneer 

adamantaan als staart is gebruikt samen met goud als substraat. Dit komt waarschijnlijk 

door de sterkere cyclodextrine interactie van adamantaan vergeleken met bifenyl, en de 

welbekende kwaliteiten van goud als SERS substraat.  
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De karakterisatie van de fotofysische eigenschappen van een met thioacetaat 

gefunctionaliseerd tripodaal molecule met een osmium polypyridyl complex als 

chromofoor wordt gepresenteerd in hoofdstuk 6, samen met zijn referentie verbindingen. 

Het bevestigen van het driepoot complex op de platina nano-deeltjes is gelukt. De licht 

geïnduceerde interacties tussen de twee componenten suggereert ladingsoverdracht van 

het osmium complex naar het nano-deeltje, gevolgd door het vrijkomen van een elektron 

van het oppervlak resulterend in een lang levend gesolvateerd elektron in oplossing. 

Wanneer verbonden aan een platina nano-deeltje, resulteert de excitatie van het Os-trip 

complex in de vorming van een opgelost gesolvateerd elektron. Het signaal 

corresponderend met dit gesolvateerde elektron heeft een ingroei-tijd van 40-60 ns en een 

levensduur die ligt op de 10-20 microseconde tijdschaal.  

Tenslotte, in hoofdstuk 7, wordt de katalytische activiteit van platina nano-deeltjes 

gestabiliseerd met TCD bewezen met elektrochemische methodes. Een interessant 

gegeven is dat het metaal oppervlak niet is vergiftigd door het hechten van de stabilisator. 

Aan de andere kant, hebben we ook waargenomen dat elektrochemie (cyclische 

voltammetrie) een veelbelovende techniek is om dit type wateroplosbare nano-deeltjes 

homogeen aan te brengen op elektrodes, resulterend in zeer actieve oppervlakken met 

mono-disperse reactie plaatsen. 

De waterstof productie experimenten laten zien dat de platina colloïden in combinatie 

met metallo-cyclodextrines het beste werken met methylviologeen als een elektron relais. 

De substitutie van viologeen met cyclodextrine binders leidt tot nadelige micel vorming 

en viologeen radicaalkation stabilisatie effecten. Het met cyclodextrine gesubstitueerde 

Iridium complex is het meest efficiënte fotosensitiever makende systeem (voor onze 

doeleinden). 

De waterstof productiesnelheid verkregen met dit systeem is 0.75 ml/uur; 32 �mol/uur, en 

het absolute laagste limiet voor het aantal katalytische cycli is 275, 1 �mol van het metaal 

complex kan 137 �mol H2 gas (~3.3 ml) maken. De supramoleculaire organisatie werkt 

anders dan we hadden verwacht.  
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