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1. Introduction

One of the most important advantages of homogeneous

catalysis is the possibility to control conversions and selectivity

towards the desired products. The ambition to transfer these

properties to supported catalysts has not been achieved in a

satisfactory way. The known problems of leaching of the catalysts

from the polymer backbone have not been solved yet.1 In addition,

the knowledge about the nature of reactive centers is mostly

empirical. A considerable improvement of the benefits in the

combination of homogeneous and heterogeneous catalysis was

obtained by introducing the concept of the interphase, which is

derived from reversed phase chromatography.2–4

Interphases are systems in which a stationary phase and a

mobile component penetrate each other on a molecular level

without forming a homogeneous phase (Scheme 1). In an ideal

interphase the reactive centers remain highly mobile and simulate

properties of a solution. Simple recovery of catalysts by filtration

and a control of activity and selectivity are guaranteed, the

leaching is largely reduced, and the reactivity can be modified by

the employment of copolymers.5
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Scheme 1. Schematic representation of an Interphase.

The sol−gel process6 (Scheme 2) is a versatile method

capable to generate chemically and thermally inert

inorganic−organic hybrid polymers with excellent swelling abilities

and high accessibility for even large substrates such as e.g.

anthracene. If transition metal complexes are provided with T−silyl

functionalities they can be subjected to a sol−gel process to yield

stationary phases.7 They consist of an inert polysiloxane matrix

(widely modifiable by the selection of monomeric silanes), a flexible

spacer (PEG, alkyl chains, combined alkyl−phenyl systems) and a

reactive center (ligand or a reactive center). 
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Monomeric Silanes
Hydrolysis

(Sol)
Silanoles

Polycondensation

(Gelatation)
Polysiloxanes

Scheme 2. Main steps of the sol−gel process.

The mobile phase is a gaseous, liquid or dissolved reactant or

simply a solvent. The matrix located transition metal complexes are

securely incorporated into the hybrid polymer and sufficient

swelling allows the accessibility of the reactive centers.

T−functionalized silanes of the type Fn−Si(OMe)3 serve for the

generation of stationary phases, which were subjected to the

sol−gel process with or without co−condensation agents.6–11 The

functional group Fn generally represents either a ligand or a

complex distributed statistically across the entire carrier matrix.

Co−condensation agents are taking over the task of control

the density and distance of the reactive centers, the polarity of the

matrix, and eventually avoid leaching.6,10,12,13 They are the

components which modulate the stationary phase in type (e.g.

TiO2, polysiloxane, organic polymer or inorganic−organic hybrid

polymer) and mobility from rigid to highly mobile and are

responsible for the porosity and swelling ability of the materials.
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Frequently applied co−condensation agents are siloxanes such as

Si(OEt)4 (Q0),14–16 RSi(OMe)3 (T0),14,15 or Me2Si(OMe)2 (D0).14,15,17

Although the copolymers with D−groups reveal the desired high

mobility in interphases, they have the disadvantage to be washed

out during the sol−gel process. However, Q type copolymers are

characterized by complementary properties. They are rigidly

anchored within the matrix and hence cannot be washed out, but

they are lacking of the necessary mobility and accessibility. By

employing D−functionalized silanes of the type

R(MeO)2Si(CH)zSi(OMe)2R (D0−Cz−D0) recently the combination of

the advantages of D and Q co−condensing agents was successful.

The resulting copolymers revealed an optimum of cross−linkage

and swelling abilities and cannot be washed out of the polymer

matrix.18–22 Similar results can be achieved by the use of the

alternative co−condensation agent (MeO)3Si(CH)zSi(OMe)3

(T0−Cz−T0).

As the non−ordered polymers described above are of

completely amorphous nature X−ray crystal structural analysis is

not applicable to characterize their structures. The main tool to

investigate, characterize and quantify the inorganic−organic hybrid

polymers is solid−state NMR spectroscopy, also elemental analyses,
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infrared spectroscopy, scanning electron microscopy, BET

measurements, or UV/VIS spectroscopy.

This tool is as well available for ordered sol−gel polymers but

they can also be characterized by XRD−measurements to reveal

their ordered structures.

The edge of sol−gel materials is the high range of variations

which can be attained by the use of several silane monomers and

the variation of the reactive center. The density of active centers is

easily assessable. Another advantage is the easy covalent

attachment of the fluorophores. In order to analyze the mobility

and accessibility of fluorophores covaltently attached to the

polymer in very low concentrations fluorescence spectroscopy is a

powerful tool. The method is profitably used to get new

informations about the microenvironment of the fluorophores. It is

thus helpful to find polymers with favorable characteristics for

catalysis in interphases where small concentrations of catalysts are

used and high mobility and accessibility of the catalyst is

necessary. The influence of the polymer backbone and the behavior

of the fluorophores can be noticed. In this thesis the behavior of

covalently attached fluorene in different non−ordered sol−gel

polymers is discussed investigating the rotational mobility.
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The precursor molecule of a luminescent ruthenium complex

was synthesized and separated into ist enantiomers, further

modification reveals a covalently attachable luminescent ruthenium

complex which gives a more detailed prediction of non−ordered

sol−gel polymers concerning the translational mobility of oxygen

and anthracene by the reduced metal complex luminescence. 

The synthesis in the presence of template molecules reveals

ordered sol−gel polymers and they are synthesized for application

in HPLC.

A further characterization of sol−gel modified silicon and gold

surfaces was carried out by the use of several microscopic

techniques and QCM measurements in liquid and gaseous phase.

QCM measurements in the gaseous phase allow a classification of

the sol−gel materials on the surface concerning solvent affinity of

these materials. These measurements can be used for some

sensing applications as well as for the design of polymer backbones

fitting for the respective reactive center embedded into the sol−gel

polymers for catalysis or solid phase synthesis. 
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2. General Section

2.1 Synthesis, Characterization, and Fluorescence

Spectroscopic Mobility Studies of Fluorene Labeled

Inorganic−Organic Hybrid Polymers

2.1.1 Introduction

Sol−gel processed polysiloxanes are widely investigated as

potential supports for reporter molecules in chemical sensors.23,24

However, only little use has been made of sol−gel processed

polymeric materials as supports for catalytically active transition

metal complexes.5,25 Upon swelling of the polymer in appropriate

solvents, an interphase is formed, where solid and liquid phase

interpenetrate on the molecular level without forming a

homogeneous solution. Ideally, these materials combine the

convenient handling of solids with the molecular dispersity of the

active sites encountered in homogeneous solutions. Real samples

suffer from several problems, among which chemical stability and

accessibility of the active centers are the most serious ones.

Decomposition of the matrix is reduced by increasing the

cross−linking of the polymer, i.e., by using tri− (T) or quater− (Q)

functionalized silanes. Leaching of the active centers is impeded by
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covalently binding them to the matrix via long−chain T−silyl

functionalized spacers and by the employment of polyfunctionalized

ligands. However, by increasing the cross−linking of the material,

the swelling of the polymer in liquids is reduced, which leads to

diffusion problems and greatly diminished accessibility of the active

centers for reactant molecules dissolved in the liquid phase. A

possible approach to resolve this dilemma is to employ hybrid

polymers instead of pure polysiloxanes. In these hybrid polymers,

which are employed by our group as solid supports for tethered

transition metals complex catalysts, the functionalized silanes 3 [=

2(T0)] (Schemes 3 and 4) are subjected to the sol−gel process

together with the co−condensation agents 4 [= Me−T0], 5 [=

T0−C6−T0], and 6 [= D0−C6−D0] (Scheme 4). The siloxane groups

provide the desired degree of cross−linking, while the organic

substituents of the co−condensation agents are supposed to

enhance the swelling ability of the hybrid polymers. 



9
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Scheme 3. Synthesis of the sol−gel polymerizable fluorene 3.
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3  [= 2(T0)]

4  [= MeT0]

5  [= T0C6T0]

6  [= D0C6D0]

hybrid

polymer

7 = 2(Tn)
8 = 2(Tn)(MeTm)y
9 = 2(Tn)(TmC6Tm)y
10 = 2(Tn)(DiC6Di)y

y = 104

T = T type silicon atom (three oxygen neighbors)
D = D type silicon atom (two oxygen neighbors)
n, m, i = number of Si-O-Si bonds (n = 0-3; m = 0-3; i = 0-2)
y = molar ratio of co-condensate and 2(Tn)

OCH3

OCH3

CH3

Si
H3CO

H3CO
H3CO

OCH3

Si
Si

OCH3

OCH3

OCH3

H3CO
H3CO

CH3

Si
Si

CH3

OCH3

OCH3

OCH3
OCH3

OCH3

Si

O

O O
Si

R

= transition dipole momentR

Scheme 4. Sol−gel process with different co−condensation agents.
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Optimization of stationary phases requires quantification of

the accessibility of the active centers bound to the matrix and of

the diffusional mobility of reactants dissolved in the liquid phase. A

variety of spectroscopic techniques, including NMR and UV/VIS

spectroscopy, has been applied for this purpose. NMR spectroscopy

provides mainly information on the polymeric matrix and highly

concentrated active centers.9,18 For the investigation of species

present in the interphase at low concentrations, the highly

sensitive UV/VIS fluorescence spectroscopy is more appropriate.

Ample use has been made of fluorescent probes to characterize the

microenvironment in sol−gel processed materials.26-39 The vast

majority of these publications deals with probe molecules

sequestered within the matrix, while only few studies employ

covalently attached probes.40-52

In this work, fluorene is attached covalently to

organic−inorganic hybrid polymers as a fluorescent model

compound for matrix bound active centers. We are thus able to

investigate quantitatively the mobility in the interphase by

fluorescence spectroscopic methods. The rotational mobility of the

fluorene labels is probed by steady−state and time−resolved

fluorescence depolarization. The translational mobility of low
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molecular weight species dissolved in the mobile component is

probed by the kinetics of exciplex formation between fluorene and

triethylamine. These experiments provide a detailed picture of the

factors affecting the accessibility of matrix bound active centers by

molecules dissolved in the mobile phase. The insight thus gained

will be useful in the synthesis of new hybrid catalysts with

improved turn over rates.

2.1.2 Results

2.1.2.1 Synthesis of the T−Silyl Functionalized Fluorene 3 

To bind fluorene in 9−position to a hydrocarbon spacer with a

terminal T−silyl function, it is derivatized with butyl lithium to the

corresponding lithium compound (Scheme 3). Subsequently

follows a coupling reaction with 1−bromo−5−hexene to give the

unsaturated intermediate 1.53 In the presence of H2PtCl6 as

catalyst a hydrosilylation reaction takes place between 1 and

HSiCl3 to give the trichlorosilane 2 which is immediately

transformed to 3 with trimethyl orthoformate. After column

chromatographic purification 3 represents a yellow oil which is

sensitive to moisture and dissolves readily in organic solvents of

medium polarity. The composition of 3 was verified by its EI mass
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spectrum showing the expected molecular peak. Analytical data

are summarized in the Experimental Section.

2.1.2.2 Synthesis of the Polymeric Fluorenes 

Stationary phases containing fluorene have to be

investigated by fluorescence spectroscopy in a highly diluted form.

Therefore the sol−gel process of 3 was carried out in the presence

of high amounts (1:104) of the mono− and bifunctional

co−condensation agents 4, 5, and 6 (Scheme 4) influencing the

properties of the resulting polymeric materials essentially. For

reasons of comparison also the fluorene 3 without any

co−condensation agent was subjected to a sol−gel procedure. The

properties of sol−gel processed materials strongly depend on the

applied reaction conditions such as concentration of the starting

materials, amount and type of solvent, temperature, reaction time,

drying conditions of the wet gel, and type of catalyst. To ensure

the same reaction kinetics for the synthesis of each polymer as a

prerequisite for comparable results, the adherence to uniform

reaction conditions has to be maintained during the entire

hydrolysis and polycondensation procedure.5,8,53 Methanol was

added during the sol−gel process to homogenize the reaction
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mixture. Ammonia (7, 8, 9) and hydrogen chloride (10) were

appropriate catalysts, which do not interfere with fluorene.14 

The 1H and 13C{1H} NMR spectra of the polymer 7

(suspension in CDCl3) reveal broadened 1H and 13C resonances,

respectively. However, the pattern of these 1H and 13C signals is

similar to that of the respective high resolution 1H and 13C{1H}

NMR spectra of the monomeric precursor 3 which is an evidence

that fluorene remained intact during the sol−gel process.

The 29Si and 13C CP/MAS NMR spectra of the polymeric

materials 8, 10, and 9 (y = 104) are dominated by the polymeric

parts Me−Tm, Di−C6−Di, and Tm−C6−Tm. Hence no 29Si signals for

the Tn functions of 7 are observed. The 29Si CP/MAS NMR spectrum

of 8 is characterized by two resonances of different intensity which

are assigned to T2 (small) and T3 (intensive) silyl species. In the

case of 10 two signals are observed for D1 silyl groups, probably

because of diastereotopic effects. An intense signal occurs for the

completely hydrolyzed D2 functions. The 29Si CP/MAS NMR

spectrum of 9 shows all resonances for T0− ,T1− ,T2−, and T3−silyl

groups. Obviously also non−cross linked T−silyl species are present

in the polymer. Both spectra are similar to those of the pure hybrid

polymers Di−C6−Di and Tm−C6−Tm which were reported



15

recently.14,18 The 13C CP/MAS NMR spectra of the stationary phases

8, 10, and 9 show resonances at δ 50.0 which are attributed to

the carbon atoms of silicon bound methoxy groups. This is

consistent with an incomplete hydrolysis and thus a reduced cross

linkage of the polymers. Because of steric effects the fraction of

non−hydrolyzed methoxy residues is higher in the case of the

polymer 9. However, the concentration of residual methoxy groups

is rather small, because hydrolysis and condensation of the

materials must be fairly complete as is obvious from the similarity

of experimental elemental analysis data and the values calculated

for fully reacted materials.

2.1.2.3 Fluorescence Spectroscopic Investigations

2.1.2.3.1 Fluorescence and Fluorescence Excitation Spectra

of 3 

Figure 1 presents the UV/VIS absorption and fluorescence

spectra of 3 in solution. The vibrationally structured low−energetic

absorption band is assigned to the A → La transition,54 while the

strong and structureless absorption band at 38500 cm-1 is assigned

to the A → Bb transition.54 Upon binding 3 to the hybrid

polysiloxanes, fluorescence and fluorescence excitation spectra do
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not change noticeably (see Figure 2). No aggregation of the

fluorophorees is observable in the spectra. 
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Figure 1. Absorption (Abs), fluorescence (F) and fluorescence anisotropy

spectra (r) of 3 in PMMA glass. 
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Figure 2. Fluorescence and fluorescence excitation spectra of 10 in THF

as well as the anisotropy spectra of 10 in water and in THF. The

maximum at 34000 cm-1 in the anisotropy spectrum in water is due to

the Raman peak of water. 

2.1.2.3.2 Fluorescence Decay Curves of 3

The fluorescence decay curves of 3 dissolved homogeneously

in low viscous solutions are single exponential with decay times of

ns6F ≈τ  (Table 1). Only in dichloromethane, the fluorescence

lifetime is reduced to ns3F ≈τ , indicating that this liquid partially

quenches the excited singlet state of 3, due to the heavy atom 
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Table 1. Mean fluorescence decay time Fτ  of 3 in homogeneous

solutions and of the polysiloxane hybrid polymers suspended in different

liquids

nsFτ Cy THF DCM MeOH

Solutiona 6.4 6.0 3.6 6.5

8b 6.0 5.3 4.0 6.2

9b 6.0 5.5 4.2 6.2

10b 6.0 5.6 4.3 6.2

a The values in solution are obtained from exponential fits to the decay curves. 

b The values in the polysiloxane matrices are calculated by eq. (1), inserting the

data obtained from biexponential fits.

effect of chlorine. For suspensions of the fluorene−labeled

polysiloxanes in all investigated solvents, slightly non−exponential

decay curves are observed. This type of decay curve is best

described by narrow distributions of decay times, but can also be

fitted by sums of two exponentials without loss of accuracy. The

deviation from exponentiality implies that the fluctuations of the

microenvironment of the fluorophores are slow on the time scale of

fluorene fluorescence. The mean fluorescence decay times of the

fluorene labeled polymer suspended in, e.g., cyclohexane, THF, and
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methanol are close to the values obtained for the corresponding

homogeneous solutions of 3 (Table 1). The decay curves of

suspensions of the polymers in dichloromethane show two clearly

distinct lifetime components of ns5F ≈τ  and ns3F ≈τ  of about

equal weight, which result in mean decay times which are

significantly longer than those of 3 in dichloromethane solution

(Table 1). The existence of the long lifetime component indicates

that a considerable fraction of the matrix bound probes is quenched

less than in bulk solution, and thus is partly protected from

dichloromethane by the matrix.55,56

2.1.2.3.3 Steady State Measurements of Fluorescence

Anisotropy

Fluorene, for which R = H (see Scheme 3), belongs to the

point group C2v, and both of the transitions corresponding to the

Lb− and Bb−bands are of A1 → B2 type in terms of symmetry.

Hence, the transitions are polarized along the molecular y−axis.30,57

Upon introduction of an alkyl group for R, as in 3, the local

symmetry of the π−electron system is hardly affected and

consequently the orientation of the transition dipole moments

remains practically unchanged. The fluorescence anisotropy

excitation spectrum of 3 embedded in a rigid
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polymethylmethacrylate (PMMA) resin (Figure 1) shows a

steady−state anisotropy of 30.0r0 ≈  for the lowest energy

transition. The steady state fluorescence anisotropy decreases with

decreasing excitation wavelength due to increased light scattering

by the PMMA matrix. 

In homogeneous solutions of 3 in low viscosity solvents, the

steady state fluorescence anisotropy, rss, is not significantly

different from zero. Upon binding 3 to the polymer matrix, much

higher values of rSS are obtained. In Figure 2, the fluorescence

anisotropy excitation spectra of 10 in THF and water are shown as

typical examples. By inserting r into eq. (1) 

1
r
r

ss

0

F
R

−

τ
≈τ (1)

which is valid for small deviations of fluorescence decay curves

from exponentiality, the mean rotational correlation time, Rτ , is

obtained. As the mean fluorescence decay times, Fτ , are similar

for all solvents (except for dichloromethane), the steady−state

values of r already give a rough measure of the mobility of the

probe. The values of Rτ  for matrix bound 7, calculated by eq.

(16), are about one to two orders of magnitude larger than the
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value of ps30R ≈τ , obtained for fluorene in solution (Table 2). A

more detailed picture of the microenvironment of the probe can be

obtained by time−resolved measurements of the fluorescence

anisotropy.

Table 2. Steady state fluorescence anisotropies, rss, and mean rotational

correlation times, Rτ , of fluorene–labeled polysiloxane hybrid polymers

suspended in different liquids 

nsFτ Cy Et2O THF DCM MeOH H2O

8 rss 0.14 0.005 0.005 0.025 0.06 0.12

nsRτ
a 3.8 0.07 0.08 0.30 1.20 3.20

9 rss 0.06 0.025 0.02 0.025 0.06 0.11

nsRτ
a 1.2 0.45 0.30 0.30 1.20 2.80

10 rss 0.14 0.045 0.045 0.08 0.13 0.16

nsRτ
a 3.8 0.90 0.80 1.20 3.50 4.50

a The values of Rτ  are calculated by eq. (3) from steady state fluorescence

anisotropies, rss, and mean fluorescence decay times, Fτ .
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2.1.2.3.4 Time Resolved Measurements of Fluorescence

Anisotropy 

Figure 3 shows typical decay traces of fluorescence

anisotropy after pulsed laser excitation of the samples. The

fluorescence anisotropy decay of fluorene dissolved in THF is faster

than the instrument response time of τ = 70 ps. For matrix bound

7, strongly non−exponential fluorescence anisotropy decay curves

are obtained. Fitting them to sums of three exponentials yields

correlation times, which fall into three distinctly different time

ranges, namely τR1 = 100 − 200 ps, τR2 = 1 − 3 ns, and τR3 = 10 −

50 ns. No residual anisotropies are obtained from fitting the decay

curves in the accessible time range (0 ns < t < 15 ns). Even the

fastest component, τR1, is significantly slower than the anisotropy

decay of fluorene in homogeneous solution, due to the reduced

mobility of the probe molecules. The mobility is affected by both

the type of the polysiloxane matrix and the liquid in which the

polymer is suspended. Figure 4 gives a graphic representation of 
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Figure 3. Theoretical fluorescence anisotropy decay curve of fluorene in

THF (curve 1 in Figure 3a), calculated from the data of ref. 33 by eq. (2),

and examples of experimental fluorescence anisotropy decay traces after

pulsed laser excitation (λex = 295 nm, ∆t = 10 ps fwhm). (a) 9 (2) and

10 (3) suspended in THF. (b) 8 suspended in cyclohexane (1) and in

dichloromethane (2). Points – experimental data, lines – three–

exponential fits.
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the amplitudes of the three components of τR for the three 
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Figure 4. Relative amplitudes of the three components of the

fluorescence anisotropy decays for the hybrid polymers in different

liquids. Points: short component ( ns2.01.01R −=τ ), open circles:

medium component ( ns0.30.12R −=τ ), diamonds: long component

( ns50103R −=τ ). In DCM – dichloromethane, THF – tetrahydrofuran,

Tol – toluene, MeOH – methanol, and CH –cyclohexane.
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polymers suspended in different liquids. For 9, a clear trend of the

amplitudes with the suspending solvent is observable. In

dichloromethane and in THF the short component, τR1, is

dominating, indicating a high mobility of the fluorophore. In

cyclohexane, almost no contribution of the short component is left,

which is due to strongly hindered motions of the probe molecule. In

10, the contribution of the short component is small in all solvents,

corresponding to solvent independent low mobility of the

fluorophore. In the case of 8 , an intermediate situation is found.

2.1.2.3.5 Investigation of the Translational Mobility by

Exciplex Formation Between Triethylamine and

Fluorene in 7

The translational mobility of low molecular weight species

dissolved in the mobile component is available from the analysis of

bimolecular processes such as exciplex formation. Upon electronic

excitation, fluorene forms an exciplex with triethylamine (TEA).58

This holds also true for fluorene in 7. These exciplexes exhibit

structureless fluorescence spectra (Figure 5), which are red−shifted

against the emission of molecular fluorene. The spectral position of

the exciplex band shifts to longer wavelengths with increasing 
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polarity of the environment, due to the large dipole moment of the

exciplex of µ = 13 D.58 In homogeneous solutions of fluorene in

mixtures of TEA and n−hexane, the maximum of the exciplex 
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Figure 5. Fluorescence spectra of the system fluorene / triethylamine

(TEA). (1) solution of fluorene (10-5 M) and TEA (0.1 M) in n–hexane. (2)

Suspension of 10 in 1 M solution of TEA in THF. Excitation wavelength λex

= 280 nm. F – Fluorene fluorescence, Exc – Exciplex fluorescence.

emission is found at 1
max cm26000~ −≈ν . In suspensions of 10 in

THF/TEA mixtures, the emission maximum is shifted to

1
max cm23000~ −≈ν , indicating that the exciplex is at least

partially solvated by THF. 
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For suspensions of the hybrid polymers in dichloromethane,

THF, diethyl ether, and toluene sufficient amounts of exciplex are

formed, whereas in methanol and cyclohexane no significant

exciplex formation is observed. Figure 6 shows the fluorescence

decay curves of a suspension of 10 in a diethyl ether/TEA mixture.

In this example, the mean fluorescence decay time of 7 is reduced

to ns5.4F =τ , against ns0.6F =τ  before addition of TEA. The

time−resolved intensity trace of the exciplex fluorescence reveals

two rising components, one of which is instantaneous on the time

scale of our experiment. The instantaneous component is due to

"static" exciplexes, which are formed upon excitation of ground

state aggregates of 7 and TEA. The slow rising component has a

rise time of ns5.3F =τ . Considering the inhomogeneity of the

sample and the non−exponentiality of the decay traces, this rise

time may be regarded as being approximately equal to the decay

time of 7 and is thus ascribed to the dynamic formation of the 
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Figure 6. Fluorescence decay curves of suspensions of 10 in diethyl

ether after pulsed laser excitation (laser pulse width ∆t = 10 ps fwhm).

(1) fluorene fluorescence without TEA. (2) fluorene fluorescence for cTEA

= 1 M. (3) exciplex fluorescence for cTEA = 1M. Excitation wavelength λ =

290 nm, detection of fluorene and exciplex fluorescence at λ = 340 nm

and λ = 410 nm, respectively. 

exciplex. The decaying component of the exciplex trace, with

ns3.16F =τ , is assigned to the deactivation of the exciplex to the

ground state complex. 
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2.1.3 Discussion

2.1.3.1 Rotational Mobility of Fluorene and 7 

In the case of fluorene in bulk solutions, i.e. R = H (see

Scheme 3), fluorescence will be depolarized by rotational diffusion

around the principal x− and z−axes, as the transition dipole

moment of emission is oriented parallel to the principal y−axis of

rotation to a good approximation. These two diffusional motions

result in a biexponential decay of the fluorescence anisotropy59
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The rotational diffusion constants of fluorene in CDCl3 at T =

310 K have been determined by T1 relaxation measurements of 13C

NMR signals as 110
x s108.2D −⋅= , 110

y s101.2D −⋅= , and

110
z s1073.0D −⋅= .60 These values are in agreement with results

obtained by depolarized Raman scattering, which yield

( ) 1smPaps27C −⋅⋅=  for the viscosity dependent part of the

rotational correlation time, τR = C + τ0.
61 Inserting the diffusion
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constants Dx, Dy, and Dz into eq. (2) yields the theoretical

fluorescence anisotropy decay curve of fluorene in CDCl3 shown in

Figure 3a. The rotational correlation times and their respective

amplitudes are calculated as ps4.131R =τ  (A1 = 0.24) and

ps8.62R =τ  (A2 = 0.16). Very similar parameters are expected for

fluorene in THF at T = 293 K, because the viscosity of THF at T =

293 K ( smPa48.0 ⋅=η ) is practically identical to that of CHCl3 at

T = 310 K ( smPa47.0 ⋅=η ).62 Thus, the theoretical decay curve

of fluorene in THF cannot be obtained experimentally with our

setup, due to its limited time resolution. 

When the fluorophore is attached to the hybrid polymer

matrix, the mobility of the fluorene moiety is strongly reduced by

the alkyl spacer and by the geometry of the environment, resulting

in slow and strongly non−exponential fluorescence anisotropy decay

curves. Although the inhomogeneity of the environment leads to a

broad distribution of rotational correlation times, three significantly

different ranges of correlation times are obtained, which can

tentatively be assigned to characteristic motions of the fluorophore.

Each of these motions may be associated with a specific site of the

probe molecules.26 The short correlation time component of
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ps200100R −=τ  is ascribed to fast, practically unimpeded

motions of the fluorophore. The most important of these motions is

fast rotation of the fluorene moiety around the C9−C10−bond of the

alkyl spacer (see Schemes 3 and 4). This motion is only weakly

hindered if the pores in the polymer matrix are large compared to

the fluorophore size. According to eq. (2) and similar treatments

described in refs.,63-65 this rotation leads to a single exponential

decay 

( ) tD4 '
ze3.01.0tr −⋅+= (3)

which does not decay to zero, even for infinitely long times after

the laser pulse. The diffusion coefficient, Dz
' , for rotation around

the C9−C10 bond, adopts values in the range

19'
z

19 s105.2Ds106.0 −− ⋅≤≤⋅ . Motions of larger segments of the

alkyl spacers, with correlation times in the medium time range of

1−3 ns, eventually lead to complete depolarization, because they

make the whole solid angle accessible to the transition dipole

moment. As these motions involve different conformations of the

alkyl spacers, they require relatively large free volumes. The long

correlation time components of ns10R >τ  comprise motions which

are slow compared to the fluorescence lifetime of 7 of
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ns65F −≈τ  and correspond to almost complete immobilization of

the fluorophore caused by very small free volumes or strongly

attractive interactions between 7 and the polymeric backbone.

2.1.3.2 Translational Mobility of 7 and TEA

For suspensions of the hybrid polymers in dichloromethane

and diethyl ether the rate constants of formation; kMD, of the

exciplexes are calculated by eq. (4) from the dynamic portion of

the quenching of fluorene fluorescence 

TEA
0
FF

MD c
111

k 



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



τ
−

τ
= (4)

where Fτ  and 0
Fτ  are the fluorescence decay times of fluorene at

the given concentration of TEA, cTEA, and without TEA, respectively.

The results summarized in Table 3 are obtained under the

assumption that the concentration of TEA in the polymer is the

same as in the bulk solution. They must be considered as mean

values, from which considerable deviations may occur in different

regions of the polymer.26 The rate constants, kMD, in the

interphases are reduced by an order of magnitude against the

values in homogeneous solutions. The latter are known to be close
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to the diffusion limit, e.g., 119
MD sM101.1k −−⋅=  has been

obtained in cyclohexane.58 It is thus inferred that the translational

mobility in the three hybrid polymers under investigation is greatly

reduced compared to that observed in bulk solution. The

translational mobility decreases by a factor of two in the series 8 ≥

9 > 10 (Table 3). 

Table 3. Rate constants kMD  of exciplex formation between 7 and

triethylamine in the hybrid polymers, suspended in dichloromethane and

in diethyl ethera

polymer in dichloromethane

118
MD sM10k −− ⋅

in diethyl ether

118
MD sM10k −− ⋅

8 2.4 2.3

9 2.1 1.8

10 1.4 1.1

a The values of kMD are calculated by eq. (6).

2.1.4 Conclusion

The fluorescence spectroscopic investigations of rotational

and translational mobility in organic−inorganic hybrid polymers

show clearly that both, the rotational mobility of the matrix bound
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active centers and the translational mobility of low molecular

weight species dissolved in the liquid phase are reduced by one to

two orders of magnitude compared to homogeneous solutions.

Obviously, diffusion processes in the interphase are appreciably

hindered by the polymer matrix. This observation is in agreement

with the small swelling volumes of the polymers in liquids. The

largest diffusion coefficients are obtained in dichloromethane, THF

and diethyl ether, in which the swelling volumes reach almost 10%

of the original volumes. In all other solvents, in which no swelling

of the polymers is measurable, the diffusion coefficients are

significantly smaller. In polar liquids, the mobility of the probe

molecules is further reduced due to their low solubility in these

solvents, which leads to adsorption of the probe molecules to the

polymer backbone.

In all liquids, the translational and rotational diffusion

coefficients found in 8 and 9 are significantly larger than those

obtained in 10. As swelling does not substantially increase the free

volumes of the materials, this dependence of mobility on the type

of material is probably due to the inherently larger pore volumes of

materials based on co−condensation agents with T−silyl groups

compared to those built from co−condensation agents carrying
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D−silyl groups. It is known that in materials which are prepared

from monomers with D−silyl functions less rigid pore structures are

formed than in materials consisting of monomers with T−silyl

functions. Actually, the BET surface area for 9 exceeds that of 10

by a factor of almost twenty. However, the extremely small BET

surface area found for 8 does not fit into this concept. The

non−polar nature of 7 may offer a possible explanation for the high

mobilities observed in both T−silyl based materials compared to

those found in the D−silyl based polymer. The relatively polar

silanes, mainly those with T−silyl functions, tend to avoid the

vicinity of 7 during the sol−gel process, thus forming pores large

enough to allow unimpeded diffusional motions of the fluorene

moiety. As D−silyl functions do not form rigid pore structures, only

pores formed by T−silyl moieties are persistent. The pores caused

by this template effect54,55 do not show up in the BET

measurements because the mole fraction of 7 is only 10-4.

In order to reach the goal of combining high chemical

stability of the interphases with solution−like accessibility of the

active centers, the swelling capability of the polysiloxane backbone

has to be improved appreciably, e.g. by introducing phenyl groups

into the organic parts of the co−condensation agents. An
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alternative approach is the synthesis of highly micro− or

mesoporous materials, making use of the template effect.66,67

2.2 Synthesis and Enantiomer Separation of a Modified

Tris(2,2´−bipyridine)ruthenium(II) Complex

2.2.1 Introduction

Enantioselective chromatography (GC, SFC, HPLC)68-70 and

capillary electrophoretic methods (CE, EKC, MEKC, OTCE, CEC)71-76

employing chiral stationary phases (CSP) or chiral mobile phase

additives (CMPA) are an effective tool for the separation of

enantiomeric mixtures. Due to its high efficiency, capillary

electrophoretic methods have become increasingly important for

the separation of pharmaceutical products, biological samples and

other charged and uncharged chiral compounds in recent years. CE

methods have the advantage of easily changing the separation

conditions by varying the type and concentration of the background

electrolyte (bge) or the type of chiral mobile phase additive

(CMPA). A large variety of CMPAs such as cyclodextrins, proteins,

antibiotics, polysaccharides, cholic acids and supramolecular

structures, are commonly employed for the separation of chiral

compounds.71-76 In spite of the widespread use of chromatography
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and capillary electrophoretic methods for the enantioseparation of

conventional organic substances, relatively little effort has been

made to find suitable separation conditions for racemic transition

metal complexes such as tris(diimine)ruthenium(II) complexes.77,78

Tris(diimine)ruthenium(II) complexes were extensively

investigated because of their unique photochemical, photophysical,

and molecular recognition properties.79-81 Diastereoselective

interactions are often observed between these chiral transition

metal complexes and organized biological media such as nucleic

acids or sugars. Tris(diimine)ruthenium(II) complexes are a

powerful tool in the elucidation of structural requirements,

energetics and dynamics of DNA recognition and also very useful in

immunoassays due to their well defined, stereostable

three−dimensional structure and their emissive properties.82 It is

known from several studies that the ∆ and Λ enantiomers of

tris(diimine)ruthenium(II) complexes bind with different affinities

and geometries to DNA.83-92 Herein the synthesis and the first

analytical electrokinetic chromatographic (EKC) separation of

racemic tris(diimine)ruthenium(II) complex 11 is described, which

contains a hydroxyl−functionalized spacer group, in its enantiomers
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by the use of a negatively charged cyclodextrin chiral mobile phase

additive.

Complexes containing spacer groups, such as 11, are of

interest because they have the propensity to bind to biopolymers.

Complex 11 bearing a spacer in meta−position offers a wide

spectrum of binding reactions, while the favorable substitution

position allows unhindered complexation and mobility of the

complex itself.

2.2.2 Results and Discussion

2.2.2.1 Synthesis of the Modified Tris(2,2´−bipyridine)

ruthenium(II) Complex 11

Silverhexafluoroantimonate was added to a suspension of

cis−(bpy)2RuCl2 . 2 H2O in acetone to remove both chlorides at

ambient temperature. Silverchloride was removed by careful

filtration and the modified bipyridine ligand [(5−(4−hydroxybutyl)−

5´−methyl−2,2´−bipyridine] was added at an equivalent ratio, the

solution was then refluxed to form the product (Scheme 5).

Complex 11 was obtained by precipitation with diethyl ether as an

orange fine powder and was additionally purified by column

chromatography. It is readily soluble in organic solvents of high

polarity. The composition of 11 was verified by its EI mass
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spectrum showing the expected molecular peak. Analytical data are

summarized in the Experimental Section.

N
N

NN
Ru

Cl

Cl

N

N

N
N

N
N

Ru

OH

N

N
OH

1.) 2 AgSbF6
2.)  1

 acetone
  - AgCl

2+

+ [SbF6
- ]2

11

11b11a

a

a´ b´ d´

c´

2 3
456

2´
3´
4´

5´6´
6

5
43
2

2´

3´4´

5´
6´

Scheme 5. Synthesis of complex 11.

The assignments93 of most of the proton and carbon signals

in the 1H and 13C{1H} NMR spectra of 11 were achieved by using

two−dimensional techniques (COSY and HMQC). The integration of

the aromatic protons show clearly the presence of one

5−(4−hydroxybutyl)−5´−methyl−2,2´−bipyridine and two native

2,2´−bipyridine ligands. By a 2D COSY spectrum the correlation
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between the aromatic protons could be easily recognized. The

HMQC experiment allows the assignment of the 13C signals with the

exception of the quaternary carbon atoms. The NMR data are

summarized in the Experimental Section.

2.2.2.2 Electrokinetic Chromatography of Complex 11

EKC trials were carried out using 20, 40, and 60 mM borate

buffer solutions at a pH of 9.5 as background electrolytes (bge).

Carboxymethyl−β−cyclodextrin dissolved in the respective buffer

(7.5 mg/ml) was used as anionic chiral mobile phase additive

(CMPA). Resolution Rs, selectivity α and the mean plate numbers N

were calculated using the following equations:
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where A
Rt  and B

Rt  are the migration time of the first and second

eluted enantiomer, A
hw  and B

hw  the respective peak widths 
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(Figure 7). 

 

Figure 7. Chromatograms of the enantiomer separation of 3. Conditions:

fused silica capillary, 95 cm effective length (112 cm total length), bge:

20 mM borate buffer pH 9.5, CMPA: 7.5 mg/ml of carboxymethyl–β–

cyclodextrin, applied voltage: 30 kV, UV detection: 254 nm;

temperature: 20°C (left) and 50°C (right).

As evident from the data given in Table 4,

carboxymethyl−β−cyclodextrin is able to separate the two

enantiomers of 11. As the selectivity α is almost independent on

temperature T and background electrolyte (bge) concentration cbge,

the mean plate number N  as well as the resolution Rs greatly

improves with increasing concentration of the background
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electrolyte from 20 to 40 mM. At a bge concentration cbge of 60 mM

the separation deteriorates and also strong peak tailing is

observed. At lower temperatures a better separation of the two

enantiomers is obtained, but also the migration time is significantly

increased.

Table 4. Effect of background electrolyte (bge) concentration and

temperature on the resolution Rs, selectivity α and mean plate number

N . Chromatographic conditions c.f. Figure 7.

T [°C] cbge [mM] a
Rt  [min] b

Rt  [min] α Rs N

20 20 17.35 17.96 1.04 1.6 41 000

50 20 11.55 11.83 1.02 2.3 164 000

20 40 18.39 18.89 1.03 2.9 216 000

50 40 11.33 11.52 1.02 1.56 176 000

20 60 24.53 25.23 1.03 2.5 152 000

50 60 11.09 11.27 1.02 1.1 100 000

2.2.3 Conclusion

In recent years there has been an extensive growth in the

use of chiral transition metal complexes for asymmetric catalysis,

chiral recognition phenomena, and electron transfer studies.

Therefore an increasing demand arises for reliable measurements

of the enantiomeric purity of these complexes. The described EKC
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separation offers the possibility of determining enantiomeric ratios

with minute sample consumption. This is important for purity

control in stereoselective synthesis of spacered UV−active transition

metal complexes which are commonly employed for biopolymer

characterization because of the unique binding properties of the

enantiomers to biomolecules e.g. DNA. The carbon chain in

meta−position offers free and unhindered rotational mobility

without disturbing interactions of heteroatoms. The OH group is an

ideal linkage function for the attachment of the transition metal

complex to a biomolecule or any other surface.

2.3 Synthesis, Characterization, and Luminescence

Spectroscopic Accessibility Studies of

Tris(2,2´−bipyridine)ruthenium(II)−Labeled

Inorganic−Organic Hybrid Polymers

2.3.1 Introduction

Sol−gel processed polysiloxanes are widely investigated as

potential supports for reporter molecules in chemical sensors.94,95

However, only little use has been made of sol−gel processed

polymeric materials as supports for catalytically active transition

metal complexes.5,14 Upon swelling of the polymer in appropriate
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solvents, an interphase is formed, in which solid and liquid phase

interpenetrate on a molecular level without forming a

homogeneous phase. Ideally, these materials combine the

convenient handling of solids with the molecular dispersity of the

active sites encountered in homogeneous solutions. Real samples

suffer from several problems, among which chemical stability and

accessibility of the active centers are the most serious ones.

Decomposition of the matrix is reduced by increasing the

cross−linking of the polymer, i.e. by using tri− (T) or quater− (Q)

functionalized silanes. Leaching of the active centers is impeded by

covalently binding them to the matrix via long−chain T−silyl

functionalized spacers and by the employment of polyfunctionalized

ligands. However, by increasing the cross−linking of the material,

the swelling of the polymer in liquids is reduced, which leads to

diffusion problems and to markedly reduced accessibilities of the

active centers for the reactants dissolved in the mobile phase. A

possible approach to solve this dilemma is to use hybrid polymers5

instead of pure polysiloxanes. In these hybrid polymers,5 the

functionalized silanes 12 (Schemes 6 and 7) are subjected to the

sol−gel process together with the co−condensation agents 13, 14,

15, 16, and 17 (Scheme 7). The siloxane groups provide the
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desired degree of cross−linking, while the organic substituents of

the co−condensation agents are supposed to enhance the swelling

ability of the hybrid polymers. 

The intention of this study is the optimization of organically

modified polysiloxanes as supports for tethered transition metal

complexes, which are employed as catalysts in the hydrogenation

or hydroformylation of unsaturated organic substrates. In catalytic

reactions in heterogeneous systems, turnover rates are determined

by the activity of the complex itself, but also by its accessibility for

the organic and gaseous reactants. 
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Scheme 6. Synthesis of complex 12.

A variety of spectroscopic techniques, including NMR and

UV/VIS spectroscopy, has been applied to determine the

accessibilities and mobilities of reactive centers in polymeric

phases. NMR spectroscopy provides mainly information on the

polymeric matrix and highly concentrated active centres.9,18 For the

investigation of species present in the mobile phase at low
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concentrations, the highly sensitive UV/VIS luminescence

spectroscopy is more appropriate. Ample use has been made of

luminescent probes to characterize the microenvironment in sol−gel

processed materials.26-39 The vast majority of these publications

deals with probe molecules sequestered within the matrix, while

only few studies employ covalently attached probes.40-55,96

In this work we investigate the bimolecular quenching of the

long lived luminescence of the ruthenium(II) complex 12 by energy

transfer to dioxygen and anthracene, respectively. The ruthenium

complex is either dissolved in solution or covalently bound to the

siloxane polymers 18−22 (Scheme 7) which are suspended in

different liquids. 
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Scheme 7. Co−condensation of complex 12 with the silanes 13−17.
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Complexes of the ruthenium(II)−polypyridine family have

attracted great attention since they proved to be useful for the

design of excitation energy transfer schemes and the storage of

excitation energy.97-99 Ruthenium(II)−polypyridine complexes were

also interesting in the development of various sensing devices

based on luminescence.100 Light absorption by [Ru(bpy)3]2+ results

in the Franck−Condon singlet metal to ligand charge transfer 1MLCT

excited state which undergoes subpicosecond intersystem crossing

to a long lived 3MLCT excited state ∗∗
ν

→→ RRR 31
h

1 .101,102 The

triplet state decays by nonradiative deactivation and luminescence.

Due to their long lifetimes, 3MLCT excited states are quenched

efficiently by electron or energy transfer to appropriate molecules,

such as dioxygen and anthracene.103−106 Energy transfer takes place

by an electron exchange mechanism107 upon close contact of 12

and the quencher molecules, according to the reactions

2
11

2
33 OROR +→+∗  and ARAR 3113 +→+∗ , respectively

(Schemes 8 and 9). 

The analysis of the kinetics of luminescence quenching

presented in this work will provide a detailed picture of the factors

affecting the accessibility of matrix−bound transition metal
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catalysts by organic and gaseous reactants dissolved in the liquid

phase. The insight thus gained will be useful in the design of new

polysiloxane matrices with improved turnover rates in transition

metal complex catalyzed hydrogenations and hydroformylations of

unsaturated organic compounds.

N

N

N
N

NN
Ru

O

NHO

Si
O

O
O

Si

Si
D trans

energy transfer

hνabs

hνFl

polysiloxane backbone

Scheme 8. Energy transfer Energy transfer takes place by an

electron exchange mechanism upon close contact of 12 and the quencher

molecules, according to the reactions 2
11

2
33 OROR +→+∗  and

ARAR 3113 +→+∗ , respectively.
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Scheme 9. Reaction scheme of the quenching reaction between the

excited ruthenium complex in the polymers 18−22 and singlet

anthracene and triplet atmospheric oxygen.
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2.3.2 Results

2.3.2.1 Synthesis of the T−Silyl Functionalized

Tris(2,2´−bipyridine)ruthenium(II) Complex 12

To furnish the starting material 11 with a spacer unit

equipped with a terminal T−silyl function, a solution of

triethoxysilyl(propyl)− isocyanate in DMF was added in a molar

ratio (Scheme 6). An addition reaction takes place, binding the

spacer with its isocyanate substituent to the hydroxy group of the

5−(4−hydroxybutyl)− 5´−methyl−2,2´−bipyridine moiety of 11.

After column chromatographic purification 12 represents a red

solid which is sensitive to moisture and dissolves readily in organic

solvents of high polarity due to the ionic character. The

composition of 12 was verified by an EI mass spectrum showing

the expected molecular peak. Detailed analytical data are

summarized in the Experimental Section.

2.3.2.2 Synthesis of the Polymeric Tris(2,2´−bipyridine)−

ruthenium(II) Complexes 18−22

Stationary phases containing tris(2,2´−bipyridine)

ruthenium(II) as a reactive center have to be investigated by

luminescence spectroscopy in a highly diluted form. Therefore the

sol−gel process of 12 was carried out in the presence of high

amounts (1:104) of the mono− and bifunctional co−condensation
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agents 13, 14, 15, 16, and 17 (Scheme 7) influencing the

properties of the resulting polymeric materials essentially. The

properties of sol−gel processed materials strongly depend on the

applied reaction conditions such as concentration of the starting

materials, amount and type of solvent, temperature, reaction time,

drying conditions of the wet gel, and type of catalyst. To ensure

the same reaction kinetics for the synthesis of each polymer as a

prerequisite for comparable results, the adherence to uniform

reaction conditions has to be maintained during the entire

hydrolysis and polycondensation procedure.5,8 THF/Methanol (1/5

v/v) was added during the sol−gel process to homogenize the

reaction mixture. (n−Bu)2Sn(OAc)2 is an appropriate catalyst, which

does not interfere with 12.14

1H and 13C{1H} NMR spectra of 12 reveal the expected

resonances. The 29Si solid state and 13C CP/MAS NMR spectra of

the polymeric materials 18−22 (y = 104) are dominated by the

polymeric parts of 13−17. Hence no 29Si signals for the

polycondensed Tn−functions of 12 are observed. In the case of 18

two very small signals are observed for D0− and D1− silyl species,

and an intense resonance occurs for the nearly complete

hydrolyzed co−condensation agent. The 29Si CP/MAS NMR
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spectrum of 19 reveals resonances for T2− and T3− silyl groups, in

which the T2− signal is more intense than that one of T3. This

observation is in agreement with former results and points to a

medium cross linkage of the polymer. Both spectra are similar to

those of the single hybrid polymers Di−C6−Di and Tm−C6−Tm which

were reported recently.14,16 Because of the long distance to the

next proton the 29Si CP/MAS NMR spectrum of 20 was not

measurable. In the case of the polymer 21 the 29Si CP/MAS NMR

spectrum is characterized by two resonances of different

intensities which are assigned to T2− (small) and T3− (intensive)

silyl species. The 13C CP/MAS NMR spectra of the stationary phases

18, 19, and 22 show resonances at δ 50.0 which are attributed to

the carbon atoms of the silicon bound methoxy groups. Because of

steric effects the portion of non−hydrolyzed methoxy residues is

higher in the case of the polymer 19. All polymers 18−22 were

aged at 90°C to increase the cross linkage. However, the

concentration of residual methoxy groups is rather small, because

hydrolysis and condensation of the materials must be fairly

complete as is obvious from the similarity of the experimentally

determined elemental analyses and the values calculated for fully

reacted materials. 
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2.3.2.3 Scanning Electron Micrographs

The scanning electron micrographs of the polymers 18−22

show irregularly shaped particles with broad size distributions, the

diameters ranging from several hundred nanometers to some ten 

a.) b.)

c.) d.)

Figure 8. Scanning electron micrographs of polymers 20 (a), 22 (b), 21

(c), and 18 (d). The samples have been ground and sputtered with

carbon. Magnification 3000 fold, acceleration voltage U = 5 kV. 

micrometers. The Q type polymer 22 shows the sharp edges and

conchoidal fractures which are typical for brittle, amorphous
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materials. The same is true for the hybrid polymers 18, 19, and 21

(Figure 8). 

In samples of polymer 21, the irregular particles are

accompanied by fibers, whose diameters are between some 100

nm and some 1µm. In polymer 20, particles of nearly globular

shapes are observed, which are connected by fibers with diameters

of some 10 nm to 100 nm. Obviously polymers 18, 19, and 22

form three−dimensional networks, whereas in polymers 20 and 21

considerable fractions of low−dimensional structures are found.

2.3.2.4 Luminescence Spectroscopic Investigations

2.3.2.4.1 Luminescence and Luminescence Excitation

Spectra of 11 

Figure 9 presents the UV/VIS absorption and luminescence

spectra of the ruthenium complex 11 in acetonitrile solution. The

maxima of the 1MLCT absorption and the 3MLCT luminescence

bands of 11 are found at 22000~MLCT
abs =ν cm−1 and

cm15700~max
em =ν −1, respectively. These spectral positions are very

similar to those observed for the unsubstituted

tris(2,2´−bipyridine)ruthenium(II) complex ( 22000~MLCT
abs =ν and
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cm16600~max
em =ν −1).108 Whereas the 1MLCT absorption band does

LEL

b

a

 

 

LEL   IF

15000 20000 25000

L LE
b
a

 ν / cm-1

 

Figure 9. Luminescence (L) and luminescence excitation spectra (LE) of

11 in acetonitrile solution (top panel), of 22 (middle panel) and 18

(bottom panel), both polymers suspended in acetonitrile, (a) under

nitrogen atmosphere, (b) quenched by anthracene. Excitation at

1cm22000~ −=ν , luminescence observed at 1cm15700~ −=ν .
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not show a noticeable solvent dependence, the spectral positions of

the luminescence maxima vary significantly, due to the different

extents of the stabilization of the 3MLCT excited state by the

various solvents.109 Whereas in methanol, acetone, and acetonitrile 

Table 5. Spectral positions of the luminescence maxima (ν~  in cm−1)a of

11 in solutions and of 12 in polymers 18−22, suspended in a series of

liquids. 

Sample

Solvent
18 19 20 21 22 11

MeOH 15300 15710 15750 15490 16040 15740

MeCN 15300 15650 15330 15410 15970 15695

Acetone 15270 15650 15360 15490 16050 15730

THF 15090 15650 15240 15360 16010 15510

DCM 15380 16050 15480 15500 16020 16330

a Statistic error is about 5 %.

the luminescence maxima are found at approximately

cm15700~max
em =ν −1, the maximum in THF is red−shifted by

1cm200~ −=ν∆ . In DCM where the luminescence spectrum is

remarkably structured, the maximum is observed at
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cm16300~max
em =ν −1 (see Table 5). Upon co−polycondensation of the

T−silyl functionalized ruthenium complex 12 with the silanes 13−17

and swelling the resulting polymers 18−22 (Scheme 7) in different

solvents, the spectral positions of the luminescence maxima

undergo slight, but noticeable changes against the values observed

for 11 in solution. The spectral shifts correlate with the extent of

solvation of the ruthenium complexes by the liquids. In Q type

materials, the luminescence maxima are located at 1cm16000~ −≈ν

(Figure 9) independent on the solvent (Table 5). This blue−shift,

1cm500~ −=ν∆  in the case of THF, is due to the rigidity of the

immediate environment of the luminescence probe, i.e., the

absence of significant solvent relaxation during the excited state

lifetimes of the ruthenium complex.109 In the swollen hybrid

polymers 18−21, efficient solvent relaxation is observed, i.e. the

luminophores are well solvated by the solvent molecules, whose

mobility is comparable to that in bulk liquids.110 In the suspended

polymer 19, the spectral positions are very close to those in

homogeneous solutions. In 18, 20, and 21 the luminescence

maxima are red shifted by 1cm500100~ −−≈ν∆ compared to the

spectral positions of 11 in solutions of the respective solvents
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(Figure 9). However, in the case of 20 in methanol, where the

polymer is not wetted by the solvent, the luminescence maximum

is slightly blue shifted against solution.

2.3.2.4.2 Kinetic Analysis of Luminescence Decay Curves

An ideal interphase represents a solution−like state. With the

simple assumption of such an ideal interphase, the deactivation

rate –d[R*]/dt of photoexcited ruthenium(II) complexes can be

described by conventional kinetics for homogeneous systems

(Scheme 8 and 9):

]R[])S[kk(
dt

]R[d
q1

∗
∗

⋅⋅+=− (9)

Here [R*] is the concentration of 3Ru complexes in the materials 11

and 18−22, and [S] is the concentration of a potential reactant

that is dissolved in the mobile liquid compound of the interphase.

The rate constant k1 describes spontaneous deactivation of R* to

the inactive electronic ground state, and kq the deactivation by

interaction with S. The larger kq the more mobile is S in the

interphase. As model reaction we chose intermolecular transfer of

excitation energy accompanied by double spin flip, namely 

∗∗ +→+ anthraceneRanthraceneR 3113 (10)
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∗∗ +→+ 2
11

2
33 OROR (11)

These reactions are possible only by an exchange mechanism after

close contact between 3R* and S or after formation of an exciplex

1,3(RS)* (Scheme 9).

In a pulsed laser experiment followed by single photon

counting of R* luminescence, the concentration of [R*] is always by

orders of magnitude lower than S, [R*] << [S] ≈  const., so that

equation (9) can be integrated according to 

t)kk(
0

21e]R[]R[ +−∗∗ ⋅= (12)

where [ ∗R ]0 is the concentration of the excited 3ruthenium

complexes at t = 0, and ]S[kk q2 ⋅= . In a semi−logarithmic plot,

equation (12) should give a straight line of 3ruthenium

luminescence intensity versus time. This behavior is observed for

11 in homogeneous solution over 2−3 intensity decades and a large

range of anthracene and oxygen concentrations so that k2 and − if

[S] is known − also kq can directly be determined from equation

(12). However, in interphases formed from 18−22 with a variety of

liquids, almost all quenching experiments yield strongly

non−exponential decay curves. In order to approximately eliminate
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the contribution of fluctuations in k1 to non−exponentiality (see

section 2.3.2.4.3) the decay curves in the presence of S are

divided by the decay curves for [S] = 0. As long as equation (12) is

valid, one obtains for the relative luminescence quenching

efficiency at a given time t after the laser flash

tk

0S

2e1
]R[

]R[
1 −

∗
=

∗

−=− (13)

i.e. a straight line in the semi−logarithmic presentation. In real

systems the curves bend, and very often a constant plateau at 

t → ∞ reveals. This type of curves can be approximated with good

accuracy by

]e1[
]R[

]R[
1 tk

0S

2−
∗

=

∗

−⋅α=− (14)

where 0 ≤  α ≤  1 defines an accessibility factor α, i.e. the fraction

of excited 3ruthenium complexes that are able to convert S into P

whereas the fraction (1−α) is non reactive (k2 → 0). From the

product point of view, the accessibility factor α gives the ratio of

actual product yield to the maximum possible product yield at 

t → ∞, 
)kk(

k
]R[]P[

21

2
0max +

= ∗ ,



63

)e1(

]R[

]R[
1

)t](P[
)t](P[

tk
0S

max
2−

∗
=

∗

−

−

=
∞→

∞→
=α (15)

All time−resolved experiments of this study were evaluated

according to equation (15).

2.3.2.4.3 Luminescence Decay Curves of 11 and 18−22

without Quencher

The luminescence decay curves of 11 dissolved in low viscous

solutions are single exponential with decay times of

ns950750F −≈τ . For suspensions of the labeled polysiloxanes

18−22 in all investigated solvents, slightly non−exponential decay

curves are observed.

This type of decay curves is best described by narrow

distributions of decay times, but can also be fitted by sums of two

exponential functions without loss of accuracy. In polymer 22, both

components are longer lived than the corresponding lifetime of 11

in solution, due to the rigidity of the matrix which reduces

non−radiative deactivation rates.109 For suspensions of 22 in all

liquids, almost identical values of τ1 ≈ 1.0 µs and τ2 ≈ 1.8 µs were

found for short and long components, respectively. The same

values are obtained in the case of 20 in methanol, where the
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polymer is not swollen by the solvent. In all other cases the

polymers 18−21 exhibit short lifetime components which are close

to the decay time of 11 in the corresponding homogeneous

solutions, while the long components vary between τ2 ≈ 1.1 µs −1.3

µs, depending on the polymer and the suspending liquid.

The short lifetime component is ascribed to ruthenium

complexes which are solvated by the liquid phase, whereas the

long lifetime component is due to complexes whose primary

“solvation shell” is formed by the rigid polymer network.109

2.3.2.4.4 Luminescence Decay Curves of 11 and 18−22 in

the Presence of Oxygen 

Quenching of ruthenium luminescence by energy transfer to

dioxygen111 is a bimolecular process, which requires close contact

between donor and acceptor.

The efficiency of luminescence quenching thus depends on

both the mobility of oxygen in the interphase and the accessibility

of the transition metal complex. The steady state luminescence

spectra shown in Figure 9 demonstrate that the quenching

efficiency in organically modified polysiloxanes is significantly

enhanced compared to unmodified Q type materials. Evaluation of
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the time−resolved luminescence decay curves according to

equation (15) yields values for k2 and α, which describe the 

Table 6. Quenching rate constantsa 16
2 s10/k −  and accessibility factors,

α (in parentheses), for the luminescence quenching by oxygen

)bar21.0)O(p( 2 =  in solutions of 11 and suspensions of polymers

18−22 in a series of solvents. The values of k2 and α are obtained by

evaluation of the corresponding luminescence decay curves according to

eq. (15) 

Sample

Solvent
18 19 20 21 22 11

MeOH 4.1

(0.71)

3.8

(0.71)

2.4

(0.45)

3.4

(0.88)

1

(0.03)

3.9

(1)

MeCN 4.2

(0.73)

4.2

(0.71)

3.0

(0.89)

3.9

(0.91)

1.7

(0.10)

4.7

(1)

Acetone 4.1

(0.77)

3.1

(0.83)

3.9

(0.98)

3.6

(0.90)

3.9

(0.06)

4.3

(1)

THF 2.8

(0.53)

2.8

(0.67)

2.8

(0.95)

3.0

(0.85)

1

(0)

3.4

(1)

DCM 1.6

(0.66)

1.4

(0.67)

1.5

(0.98)

1.6

(0.89)

4.8

(0.08)

1.4

(1)

a Statistic error is about 5 %.
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mobility of oxygen and the fraction of accessible ruthenium

complexes, respectively (Figure 10 and Table 6). In homogeneous

solutions of 11, α ≈ 1, i.e. all ruthenium complexes are equally

accessible by oxygen (Figure 11 and Table 6). The rate constants 
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Figure 10. Relative efficiencies, 
0S]R[

]R[
1

=
∗

∗

− , for the quenching of

ruthenium luminescence by oxygen. The curves are calculated from the

corresponding luminescence decay curves according to eq. (15). (1) 11

in dichloromethane solution, (2) 20, (3) 21, (4) 18, and (5) 22, all

polymers suspended in dichloromethane. The concentration of oxygen in

the liquid phases is M102)O(c 3
2

−⋅≈ .
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k2 are far below the diffusion controlled limit for all solvents.112 The

ratios between the quenching rate constant kq, calculated from k2 

MeCN MeOH Acetone DCM THF
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Figure 11. Accessibility factor α for luminescence quenching by oxygen

in the polymers 18−22, suspended in a series of solvents. The values of

α are obtained by evaluation of the corresponding luminescence decay

curves according to eq. (15).

and the concentration of oxygen by kq = k2/ c[O2], and the rate

constants of diffusion kd, are approximately 05.0
k

k

d

q ≈  for all

solvents, except for dichloromethane for which 02.0
k

k

d

q ≈  is found.



68

These values are in close agreement with literature data for

[Ru(bpy)3]2+.112

In the polymers 18−22, the fraction of accessible ruthenium

complexes α varies considerably with both the type of the polymer

and the suspending liquid (Figure 10 and 11). In polymer 22 only a

minor fraction of the tethered complexes is accessible to oxygen,

due to the high degree of cross linking in this material. The

polymers 18 and 19, which are prepared from bifunctional

monomers, behave very similarly with respect to the accessibility

by oxygen. The fraction of accessible groups α in these polymers is

around 0.5 − 0.8, the lower values being found in liquids of medium

and large dielectric constants. In polymer 21, the fraction of

accessible complexes is α ≈ 0.9, regardless of the suspending

liquid. In contrast to all other polymers, material 20 shows a

strong dependence of the accessibility on the solvent. Whereas α →

1 in less polar solvents like THF, DCM or acetone, in acetonitrile

and methanol values of α ≈ 0.9 and α ≈ 0.45 are found,

respectively. Obviously, the replacement of the methyl group by a

phenyl substituent in the silane monomers imparts a strongly

hydrophobic nature to the polymer, which impedes its penetration

by hydroxylic solvents. 
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For nearly all polymers in most liquids, the quenching rate

constants k2 are close to the values observed for 11 in the

corresponding solutions (Table 6). This indicates that those

ruthenium complexes whose luminescence is quenched by

dioxygen are well solvated by the liquid phase.

In cases where the solvent does not penetrate the polymer

(e.g. 20 in methanol), k2 is significantly lower than for 11 in

solution. For all polymers in DCM k2 is slightly larger than the

corresponding solution value. This indicates that the factors which

lead to the unusually low value 
d

q

k

k
 in dichloromethane solution are

not fully effective in the polymers. The ruthenium complexes are

either not completely solvated by DCM or the reorientational

motions of dichloromethane molecules are impeded by the polymer

matrix.110 

In summary, two types of ruthenium complexes can be

distinguished in organically modified polysiloxanes. The first type is

not accessible to oxygen dissolved in the liquid phase. The

luminescence of the second type is quenched by oxygen with rate

constants which are close to those obtained for ruthenium

complexes dissolved in solvents. In liquids of low and medium
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polarity, polymer 20 provides solution like accessibilities, whereas

in highly polar solvents polymer 21 shows the best results.

Acetone represents an all purpose solvent, with α values ≥ 0.7 for

all polymers.

2.3.2.4.5 Luminescence Decay Curves of 11 and 18−22 in

the Presence of Anthracene as Quenching

Substrate 

In order to determine the accessibility of tethered ruthenium

complexes for organic molecules, anthracene is added to the liquid

phase of polymer suspensions. Energy transfer from the 3MLCT

excited state of the ruthenium complex to anthracene leads to the

quenching of ruthenium luminescence. In solution, quenching

results in the reduction of luminescence lifetimes, the decay curves

remaining single exponential (Figure 12). In the polymers,

luminescence decay curves reveal two components, each

representing a narrow distribution of decay curves with distinctly

different mean decay times. The lifetime of the long component is

approximately the same as the mean lifetime in the unquenched

case. The lifetime of the short component decreases with

increasing anthracene concentrations. From the luminescence

decay curves the rate constants k2 and accessibility factors α for

the quenching process are calculated according to eq. (15). In
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solutions of 11, α = 1 is obtained, i.e., all ruthenium complexes

are equally accessible by anthracene (Table 7). From the observed 
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Figure 12. Relative efficiencies, 
0S]R[

]R[
1

=
∗

∗

− , for the quenching of

ruthenium luminescence by anthracene. The curves are calculated from

the corresponding luminescence decay curves according to eq. (15). (1)

11 in dichloromethane solution, (2) 20, (3) 21, (4) 18, and (5) 22,

suspended in dichloromethane. The concentration of anthracene in the

liquid phases is M105)anthracene(c 4−⋅≈ .
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Table 7. Quenching rate constantsa 16
2 s10/k −  and accessibility factors,

α (in parentheses), for the luminescence quenching by anthracene

( M105)anthracene(c 4−⋅≈  in the liquid phases) in solutions of 11 and

suspensions of polymers 18−22 in a series of solvents. The values of k2

and α are obtained by evaluation of the corresponding luminescence

decay curves according to eq. (15) 

Sample

Solvent
18 19 20 21 22 11

MeOH 5.6

(0.80)

3.0

(0.62)

8.6

(0.45)

3.9

(0.78)

1

(0.22)

5.1

(1)

MeCN 3.8

(0.69)

7.0

(0.66)

3.4

(0.77)

8.6

(0.81)

−

(0)

7.0

(1)

Acetone 4.6

(0.60)

4.4

(0.51)

3.2

(0.96)

5.3

(0.79)

6.3

(0.04)

5.1

(1)

THF 3.1

(0.46)

2.9

(0.50)

1.5

(0.88)

5.1

(0.69)

−

(0)

9.4

(1)

DCM 4.6

(0.60)

9.9

(0.57)

3.2

(0.96)

5.1

(0.79)

6.3

(0.04)

5.1

(1)

a Statistic error is about 5 %.

k2 values, the quenching constants kq are obtained by A2q c/kk = ,

where cA is the concentration of anthracene ( M105c 4.
A

−= ). The
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quenching rate constants kq are close to the diffusion rate

constants kd which are calculated by RDN4k Ad π= , where NA is

Avogadro’s number, R represents the encounter radius (R = 0.8

nm), and D is the diffusion coefficient of anthracene in the 

respective solvent. The fraction of successful encounters is found to

be kq/kd ≈ 0.5 – 1 for the solvents used in this study. In the

polymeric materials, the kinetics of quenching by anthracene are in

close analogy to the quenching by oxygen. Two kinds of ruthenium

complexes can be distinguished. One of these populations is not

quenched by anthracene, whereas the other one is quenched with

the rate constant k2. In the hybrid polymers 18−22 the k2 values

reach approximately 80 – 90% of the values observed for 11 in

homogeneous solutions. Remarkably low values are observed for

polymers suspended in THF. The accessibility factors α found for

anthracene are slightly smaller than those observed for oxygen

(Figure 13 and Table 7). However, the dependence of α on polymer

and suspending liquid observed for anthracene and oxygen are

similar. In the Q type material 22, the ruthenium complexes are

practically not accessible by anthracene. Only in methanol a

significant fraction of complexes is reached by the organic

quencher. In the polymers 18 and 19, formed from bifunctional
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monomers accessibilities vary between α ≈ 0.4 for less polar

solvents and α = 0.8 for highly polar solvents. In polymer 21,

accessibility factors are α ≈ 0.7 – 0.8, practically independent on

the liquid phase. Maximum accessibilities of α ≈ 0.9 – 0.95 are 
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Figure 13. Accessibility factor α for luminescence quenching by

anthracene in the polymers 18−22, suspended in a series of solvents.

The values of α are obtained by evaluation of the corresponding

luminescence decay curves according to eq. (15).
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achieved for polymer 20 in solvents of low and medium polarity,

whereas in acetonitrile and methanol only values of α ≈ 0.8 and α ≈

0.45 are obtained, respectively. 

2.3.3 Conclusion

The triethoxysilane modified ruthenium(II)−tris(bipyridyl)

complex 12 was synthesized and sol−gel−processed with a series of

different silane monomers to give the new organically modified

polysiloxanes 18−22, which serve as model systems for inorganic–

organic hybrid catalysts employed in hydrogenation and

hydroformylation reactions. The materials were characterized by

solid–state NMR spectra, BET measurements, elemental analysis,

scanning electron microscopy, as well as steady−state and time–

resolved luminescence spectroscopy. With the exception of polymer

19, all materials have small BET surface areas (A < 5 m2/g). This

result is supported by the absence of visible pores in SEM pictures.

The appearance of polymer particles in the SE micrographs suggest

that polymers 18, 19, and 22 are brittle particles with highly cross

linked three–dimensional structures, whereas 20 is a soft material

with low–dimensional cross linking. Polymer 21 shows an

intermediate behavior. 
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Steady−state and time−resolved luminescence spectroscopy

provides a detailed picture of the materials on the molecular level.

Spectral shifts of the luminescence spectra and long luminescence

decay times reveal that ruthenium complexes in the unmodified

polysiloxane are solvated by a rigid solvation shell, which is

probably formed by the polymer matrix itself. Ruthenium

complexes in the organically modified polysiloxanes 18, 19, and

21 are preferentially solvated by the liquid phase. In the phenyl–

modified polymer, the degree of solvation by the liquid depends

strongly on the polarity of the liquid. Liquids of low and medium

polarity provide high degrees of solvation, whereas highly polar,

hydroxylic solvents like methanol do not even wet the particles.

The non−exponential luminescence decay curves observed in all

polymers indicate that complexes with distinctly different solvation

conditions are existent.

Time−resolved studies of luminescence quenching by oxygen

and anthracene reveal that the tethered ruthenium complexes can

be divided into two populations. One of these populations is not

accessible by the quenchers, while the other one is quenched with

rate constants which approach the values observed in

homogeneous solutions. The accessibilities established for
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anthracene fall slightly below those obtained for oxygen, which is

mainly due to the larger size of the organic molecule. In the

unmodified Q type material, the fraction of accessible ruthenium

complexes is close to zero, irrespective of the suspending liquid.

Solution–like accessibilities are found for the hybrid polymers 20

and 21 in solvents of low and medium polarity. In polar solvents,

especially in methanol, the accessibility in the phenyl–containing

polymer is poor, due to the reduced penetration of the polymeric

networks by these solvents. In polar solvents, polymer 21 and to a

lesser extent polymers 18 and 19, provide good accessibilities for

both oxygen and anthracene.

2.4 Novel Mesoporous Stationary Phases

Incorporating Anthracene as Interaction Centers

and their Application in HPLC

2.4.1 Introduction

The preparation and application of mesoporous materials

using surfactants as templates have attracted great attention since

the discovery of the M41S family as mesoporous molecular sieves

by the Mobile Corporation.113,114 So far, most synthetic methods

typically yield products in form of fine powders used in catalysis
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and in separation technologies. In this communication we combine

the advantage of an easy template synthesis for mesoporous

materials with the incorporation of an anthracene derivative as an

interaction center. Variation of the anthracene concentration in

these new materials determines the column properties. Thus,

shape selectivity of these stationary phases and conclusively their

separation efficiency in HPLC applications can be controlled.

N
H

N
H

Si(OEt)3

O

23

24, silica modified with 23 
25, 23 : Si(OEt)4 1: 30
26, 23 : Si(OEt)4 1: 40

1
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3
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14 15, 16
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Scheme 10. Synthesis of the mesoporous polymers.

2.4.2 Results

For the access to the ordered mesoporous hybrid materials

25 and 26 (Scheme 10) a template synthesis was necessary.115,116

Spacered interaction centers such as N−2−anthracenyl−N'−

[3−(triethoxysilyl)propyl]urea117 23 which are latterly used for

liquid chromatography were introduced into the starting

materials.118-124 The modified silica gel 24 was synthesized

according to literature methods and afforded a novel reversed
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phase separation material.53 The mesoporous materials 25 and 26

were obtained in the presence of n−hexadecylamine as template

which concomitantly serves as a catalyst. The precursors and the

co−condensation agent Si(OEt)4 (TEOS) were sol−gel processed in

different ratios (Scheme 10). A mixture of EtOH and H2O was

employed to improve the solubility of the template. The properties

of the polycondensation products strongly depend on boundary

conditions, such as concentration of the monomers, type of

solvents, temperature, reaction time, and kind of catalyst. To

ensure comparable results, uniform reaction conditions throughout

hydrolysis and the sol−gel transition must be maintained. After

sol−gel processing at ambient temperature the amine was removed

from the xerogels by Soxhlet extraction with ethanol. The purity of

all materials after removing the template was proved by using

CP−MAS (cross polarization−magic angle spinning) solid−state NMR

techniques. The 13C CP−MAS NMR spectra of the materials 24−26

show the expected peaks for the respective carbon atoms: δ 127

(anthracene), δ 157 (carbonyl), δ 43, 23, and 9 (spacer). The

resonances for the carbon atoms of the non−hydrolyzed Si−O−Et

groups are found at δ 59 and 15. No relevant 13C signals for the

template could be found. All 29Si CP−MAS NMR spectra of 24−26
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show resonances for Si(OSi)4 (Q4 δ −110), (HO)Si(OSi)3 (Q3 δ

−101), RSi(OSi)3 (T3 δ −66), and R(HO)Si(OSi)2 (T2 δ −56) groups.

In the case of the modified silica gel 24 the 29Si CP−MAS NMR

spectrum indicates more hydrolyzed T−groups which is in

agreement with the 13C CP−MAS NMR spectrum. Further

characteristics of the materials 24−26 were gained by elemental

analysis, scanning electron microscopy (SEM), and HPLC separation

technology. Typical elemental analyses for 24−26 in wt% are: C,

10.40; H, 1.17; N,1.51 for 24. C, 14.92; H, 2.81; N, 1.61 for 25.

C, 13.57; H, 1.94; N, 1.10 for 26. The N values for 25 and 26

demonstrate that the surfactant was successfully removed. 

Figure 14. SEM micrographes of 25 and 26. Magnification 30000 fold,

acceleration voltage U = 10 kV. 

From the SEM micrographs depicted in Figure 14 [recorded

on a Zeiss DSM 962 with a tungsten cathode (4.5 nm diameter)] it

can be derived that the particle size is around 1 µm for 25 and 26.
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The chromatographic performance of each stationary phase was

investigated with SRM 869a,125 which is a shape selectivity test

mixture consisting of 1,2−3,4−5,6−7,8−tetrabenzonaphthalene

(TBN), phenanthro[3,4−c]phenanthrene (PhPh), and

benzo[a]pyrene (BaP) in acetonitrile. Depending on the elution

order of the three components, column selectivity can be predicted

for complex polyaromatic hydrocarbon (PAH) mixtures and even

helps to characterize the column selectivity for other classes of

compounds such as carotene isomers.126,127 The mentioned test

mixture served to characterize the column selectivity when the new

materials 24−26 were employed as stationary phases. Figure 15

depicts HPLC runs with the xerogles 24, 25, and 26 leading to an

elution order of BaP < TBN. This behavior points to a limited shape

selectivity which is in agreement with a reduced recognition

towards geometric isomers. With an increasing amount of

anthracene (24 > 25 > 26) BaP is shifted to longer retention times

indicating a higher shape selectivity of these stationary phases.

However, the highest selectivity for geometric isomers is observed 
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Figure 15. Chromatograms of the materials 24−26.
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in the case of the modified silica particles 24. The retention time of

BaP is increased to more than 19 min and results in an elution

order of TBN > BaP.

The ordered mesoporous structure of the novel HPLC

materials 25 and 26 was investigated by gas adsorption

measurements. The Brunauer−Emmett−Teller (BET) surface areas

and pore parameters of the template−free samples were

determined by nitrogen adsorption−desorption isotherm

measurements on a Coulter SA 3100 analyzer. The mesopore size

distributions were calculated by Barrett−Joyner−Halenda (BJH)

method using the Halsey equation. The BET surface area data and

pore parameters are summarized in Table 8. The surface areas of

the mesoporous materials 25 and 26 with more than 950 m2/g are

significantly higher than that of the modified silica gel 24 with a

surface area of 102 m2/g. Nitrogen adsorption/desorption

isotherms of the mesoporic polymers exhibit type IV, which is

characteristic for mesoporosity.128 The isotherms of the modified

silica gel 24 reveal no mesoporic characteristics. 25 and 26 show

BET total pore volumes of around 0.8 cm3/g like the modified silica

gel 24. This is in agreement with the BJH pore size (Å) shown in

Table 8. The BET total pore volume of 24 is not significantly
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smaller than that of the materials 25 and 26. The BJH total pore

volume of 25 and 26 is around 0.2 cm3/g which is in agreement

with the BJH average pore diameters (nm). The modified silica gel

24 shows a BJH total pore volume of 0.83 cm3/g and an average

pore diameter of 30.71 nm. The XRD measurements of polymers

25 and 26 reveal the typical 2 Θ scattering angels of mesoporous

materials. The scattering angels are in both cases 2.16°. The

investigated modified silica gel show no reflex in the small angle

powder X−ray measurements (Figure 16). 
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Figure 16. XRD− measurements of the polymers 24−26.
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Table 8. BET and BJH characteristics of the materials 24−26 (ps/p0 =

0.9814)

Sample BET surface
area/
m2/g

BET total
pore

volume/
cm3/g

BJH total
pore

volume/
cm3/g

BJH pore
size (Å) 

Average
pore

diameter
BJH/nm

24 102.1 0.78 0.83 24.7 30.7

25 967.7 0.80 0.23 26.1 3.7

26 954.4 0.82 0.22 26.3 3.7

2.4.3 Conclusion

With the simple synthesis of the new stationary phases

24−26 incorporating aromatic groups as recognition centers in the

presence of a surfactant and their first application in HPLC we have

pursued a consequent step in the further development of RP

materials. For the reproducible access to the novel mosoporous

stationary phases 25 and 26 a simple one step process has been

established. These new materials can be optimized and further

promising investigations are considered.
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2.5 Sol−Gel Process on Surfaces for the Application as

Chemical Sensors in Liquid Phase

2.5.1 Sol−Gel Layers on Sensors for Liquid Phase

Normally the polymers used for sensing application were

synthesized and purified and then brought on the sensor, mainly by

air−brush techniques. Another possibility to immobilize the

respective polymer on the sensor surface is to synthesize the

polymer layer directly on the surface of the sensor. This technique

is applied to sensing in liquid phases. The advantage of the

synthesis of this type of polymer layers is the easy synthesis

without using extreme conditions or purifications. The polymer

layers were generated through the sol−gel process. The respective

silane monomers were fixed on the sensor surface by cross−linking.

The monomers are available in different functional groups and

chain length resulting in a broad variety of polymer properties

(polarities and functionalities, hydrophilic, hydrophobic rigidity,

viscous elastically). 

Here the sol−gel process starts with a mixture of alkoxysilane

with water in ethanol. If the reaction time is not fast enough

(n−Bu)2Sn(OAc)2 as catalyst was added. The silanols (sol) were

polycondensed and afford the respective polysiloxanes. This
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reaction was carried out in the presence of a silane modified gold

surface of the sensor. Thus on the sensor surface covalent bound

polysiloxanes were formed.

The cross linkage increases during the polycondensation and

solvent molecules are encapsulated in the resulting polymer layer.

The following drying step allows the shrinkage of the polymer layer

by the loss of solvent molecules and unreacted silane molecules.

The sensor is coated with a xerogel layer (Figure 17). 
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Figure 17. Schematic representation of the sol−gel process on a gold

surface.

Such kind of xerogels are used in catalytic processes to bind

catalysts if not immobilized on sensor surfaces. For catalytic
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reactions like hydrogenation, hydroformylation or other polymer

supported catalysis it is necessary to know, how good the solvent

molecules diffuse into the carrier polymers. The solvent polymer

interactions have an important contribution to the product yield in

polymer supported reactions. To get information about the solvent

affinity to the respective polymer QCM (Quartz Crystal

Microbalance) measurements in liquid phase are helpful. 

2.5.2 Preparation of Sol−Gel Layers on Gold and Silicon

Surfaces

2.5.2.1 Sol−Gel Layers on Gold Surfaces

To bind the sol−gel polymers on the surface of gold

electrodes the gold surface has to be modified by the respective

functionalized linkers. First a mono−layer of mercaptopropyl−

trimethoxysilane in dried ethanol solution (5 mM) was immobilized

via the thiol−function on the gold surface. The reaction time was

about 24 hours and the preparation follows directly on the sensors

synthesized in the sensor support. Through this step the covalent

attachment of the polymerized sol−gel polymer layer is guaranteed.

The initially prepared mono−layer provides a source for any sol−gel

polymerizable layer. 
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After several purification steps of the gold surface of the

sensor, the whole gold surface was directly brought into the

reaction solution. This reaction solution contains 4 ml of ethanol

and 30 mg of the respective silane monomer and 10 µl of the

catalyst (n−Bu)2Sn(OAc)2. To synthesize the monolayer on the

sensor surface 50 µl of this solution was taken and directly brought

onto the sensor surface. To start the sol−gel process some water

was added. After the reaction was finished after approximately 16

hours the surface was purified several times with ethanol and

water. To ensure a complete cross−linking of the polymer and to

get an uniform sensing polymer surface the sensor was tempered

for 20 h at 40°−50°C. 

2.5.2.2 Sol−Gel Layers on Silicon Surfaces

If the sol−gel polymerization was carried out on silicon

surfaces a modification of the surface with linkers is not necessary.

It is sufficient to activate the surface with piranha solution and then

the sol−gel process with the respective silane monomer can be

directly started. The silicon wafers were brought into the above

described reaction solution. 
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2.5.3 Characterization of the Sol−Gel Polymer Modified

Surfaces

The respective sol−gel polymers on silicon surfaces were

characterized by light microscopy. Figure 18 and 19 show the

micrographs of these surfaces.

The influence of the reaction time on the cross linkage and

thus the structure of the polymer chains formed out of silane 14 on

the silicon surface is depicted in Figure 18. The dark regions are

thick polymer chains while the pale parts show regions with not

much cross−linked polymer. This can be much better illustrated by

light−scattering micrographs. The light parts of the Figure show the

cross−linked polymer. The increasing reaction time smoothes the

structure of the polymer on the surface. At the beginning of the

reaction thread−like polymer chains disappear with the reaction

time. Dark and pale regions are uniformly distributed over the

whole surface. If the reaction was not allowed to run ten hours no

stable polymer layers were formed. The resulting layers can be

washed out by a following purification step.
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a.) b.)

c.) d.)

Figure 18. Light microscope pictures. Sol−gel polymers after 13, 14, 16h

reaction time magnification 100 fold, light scattering picture after 13

hours reaction time magnification 1000 fold.

A more detailed picture of the different structures of the

surface immobilized sol−gel polymers can be depicted by SEM

pictures (Figure 19).

These pictures illustrate the influence of the reaction time of

the polymer structure on the surface. The difference between 13

and 16 hours reaction time is depicted. The polymer chains
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visualized by light microscopy show small polymer globes in the

SEM micrographs. The spatial separation of the polymer chains

after 13 hours reaction time are transformed into a cross−linked

network after 16 hours (part b of Figure 19). If one polymer chain

is 

a.) b.)

c.) d.)

Figure 19. SEM pictures after 13 hours (a, b, and c) and 16 hours

reaction time. In part d.) of the figure one part of the polymer layer was

removed. Magnification 5000 fold (a and b), magnification 20000 fold (c

and d), acceleration voltage U = 5 kV. 
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investigated by a higher resolution it appears that chains of very

small polymer globes are formed, leading to a high porosity of the

polymer layer. Part c of Figure 19 shows the surface between the

polymer chains. In the left side of the micrograph the polymer

layer was scratched, demonstrating that the polymer layer is

uniformly distributed over the surface. It seems that the

“polymer−free” regions are coated with thinner polymer layers. An

explanation of this phenomenon can be found in the different

development of the polymer chains. On one hand the polymer

chains built in solution deposit on the surface and grow their on the

existing polymer layer or on the other hand polymer growth starts 

a.) b.)

Figure 20. Light microscope pictures of the polymer layers formed out of

monomer 15 a.) magnification 500 fold, b.) 1000 fold.

at certain places on the sensor surface. In Figure 20 the light

microscope pictures are depicted from sol−gel layers formed out of
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silane 15 with a reaction time of 16 hours. Compared to polymer

layers out of silane 14 there are many sol−gel polymer clusters

with a different size. Between the big polymer clusters are a lot of

small polymer globes. 

a.) b.)

Figure 21. SEM pictures of the polymer layers formed out of monomer

15. Magnification 1000 fold (a), and 20000 fold (b), acceleration voltage

U = 5 kV. 

In Figure 21 SEM micrographs point to the surface structure

of sol−gel polymers formed of the silane monomer 15. The polymer

globes are approximately five times bigger than the polymer globes

which form the polymer chains of the polymer layers composed of

silane 14. In the case of silane 15 no closed polymer layer is

formed. The layer is more like single polymer clusters formed out

of some small sol−gel polymer globes.

Both sol−gel polymers generate stable polymer layers after a

reaction time of 10 hours. The polymer growth starts with formed
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islands and with an increasing reaction time a layer is formed in

the case of silane monomer 14. Closed layers are found in the case

of silane monomer 15. Layers with island like structures are

formed. If the AFM graph (Figure 22) of a polymer layer made from

monomer 14 is investigated after a reaction time of 20 hours the

polymer layer shows a high porosity of approximately 60 nm (rms).

This shows clearly an inhomogeneous polymer layer thickness.

Figure 22. AFM picture of a 2.5 µm thick sol−gel layer after 20 hours

reaction time (trapping method).
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A classification of these sol−gel polymers was achieved by

QCM measurements. This classification is helpful to optimize the

reaction conditions of the sol−gel process and allows also a

qualitative proposition of the solvent affinity of these polymers.

Sol−gel polymers are widely applied for sensing investigations and

if a covalent attachment is ensured a further application in the

liquid phase can be derived, also with respect to encapsulated

reporter molecules. If the respective polymer layers are prepared

on a gold electrode of a mass sensitive QCM as described above

the solvent affinity behavior results as described in Figure 23.

Water was offset with 50 ppm of different organic solvents like

toluene, THF, DCM, and chloroform. 
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Figure 23. QCM measurements of the compared polymer layers formed

of the monomer silanes 14 and 15.

The frequency shift of the QCM was 8.0 kHz (14) and 11.6

kHz (15). This shows that the polymer layer in the second case

was slightly thicker. The static contact angle measurements

wetting the sol−gel polymers covalently bound on the sensor

surface with a water drop point out that polymer built with

monomer 15 (115.9° ± 1.1°) is more non−polar than the static

contact angle for polymers made from 14 (158.2° ± 7.5°), which

itself is rather non−polar. Despite of the different layer thickness it

is clear recognizable that the sensor coated with the sol−gel
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polymer formed of silane monomer 15 shows a remarkably higher

sensor response signal. Due to the higher interaction with the

polymer a reduced adsorption and desorption kinetics results. This

is probably due to the interactions between the phenyl groups in

the polymer. The sensor which is coated with the polymer layer

made from the silane monomer 14 reveals the half sensor

response with a fast kinetics. If more polar solvents like THF were

investigated the sensor response is different and smaller signals

with an opposite behavior are observed for polymer layers made

from 14. Due to the higher polarity of THF compared to toluene the

attempt of THF to diffuse into the very non−polar sol−gel polymer

layers is very low. This reveals a much smaller sensor response.

Halogen containing solvents like DCM and chloroform behave

similar and in the case of chloroform a higher signal was received

due to its non−polar character compared to DCM. 

Commercial available polysiloxanes are scarely capable for

application in liquid phase, because they are not stable. A stable

polymer layer is achieved via covalent linking of the silanes on the

gold surface. Through thiol groups a covalent attachment of the

silane linker can be derived. By the use of covalent cross−linking

co−condensation agents further stability is achieved due to
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increased cross−linking avoiding displacement of the polymer

layers. The character of the polymer layer is easily tunable by the

choice of the silane monomer with a low synthetic effort. By the

use of two different monomers the different behavior of the

polymers was investigated by a direct synthesis on the sensor

surface. These polymer layers show a high chemical stability,

because they are much more cross−linked than commercially

available polysiloxanes. With the aid of QCM measurements its

possible to characterize sol−gel polymers and to develop the

reaction conditions for the sol−gel process.

3. Experimental Section

3.1 Fluorescence Measurements 

All measurements on the hybrid polymers were obtained by

suspending 3 − 4 mg of the powders in 3 ml of solvent and

vigorously stirring the samples with a magnetic stirrer to avoid

sedimentation. The temperature during the measurements was

kept constant at T = 293 K. For exciplex experiments, 0.5 − 1.5 ml

of freshly distilled triethylamine were added to the liquid phase.
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Fluorescence depolarization by light scattering has not been

observed at the concentrations of polymeric material in the liquid

phase used in the present study. Also, fluorescence depolarization

by energy transfer between fluorene moieties did not occur. At the

employed molar ratio of 10-4 between 3 and co−condensation

agents, corresponding to a local concentration of fluorene in the

polysiloxane matrix of M104c 4−⋅≈ , the mean distance between

two fluorene molecules of nm16R =  is much larger than the

critical distance of nm2.2RC =  calculated for homo transfer

between fluorene molecules. This consideration is confirmed by

experiment. The observed values of fluorescence anisotropy for

local concentrations of fluorene of M104c 4−⋅≈  and M104c 5−⋅≈

are identical within experimental error. 

Steady−state fluorescence, fluorescence excitation, and

fluorescence anisotropy spectra were obtained on a SPEX Fluorolog

222 fluorometer, equipped with Glan−Thompson polarizers.

Fluorescence and fluorescence anisotropy decay curves were

acquired by the single−photon counting method. Where

nanosecond time−resolution was sufficient, a thyratron−controlled

hydrogen/nitrogen flashlamp (Photochemical Research Associates,
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Model 510B) was used for excitation and a R928 photomultiplier

tube (Hamamatsu) for detection. The signal from the

photomultiplier tube was fed into a multichannel analyzer via a

picosecond amplifier/discriminator and a time to amplitude

converter (EG&G ORTEC). The time resolution of this setup is

limited to ∆t = 0.5 ns. 

Where picosecond time resolution was required, the

instrument for time−domain fluorescence experiments at the

"Center for Fluorescence spectroscopy", Baltimore/Md., USA, was

used. It comprised a frequency doubled rhodamin dye laser

synchronously pumped by a mode−locked argon ion laser. The

laser system provided trains of 290 nm light pulses at a repetition

frequency of 3.77 MHz and a pulsewidth of about 7 ps FWHM. The

collected fluorescence light passed through a polarizer, low−pass

filter, and monochromator and was detected by a MCP

photomultiplier (Hamamatsu). The time−correlated single photon

counting detection system was based on standard NIM modules

purchased from EG&G Ortec or Tennelec, and Norland 5700 MCA.

The impulse response function of the instrument had a width of

70ps FWHM. The time resolution was comparable with the width of
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the response function for experiments analyzed by a direct fitting

of the experimental data without deconvolution.

The experimental non−polarized fluorescence decay curves,

I(t), were fitted to sums of n exponentials (n = 1 – 3),

( ) ∑ =
τ−⋅=

n

1i
t

i
ieAtI . The quality of the fit was assessed by the

values of χ2 and the Durbin−Watson parameter, as well as from the

plots of residuals and autocorrelation functions. Fits obtained with

n+1 exponentials where preferred to those with n exponentials

only if χ2 was reduced significantly. The mean fluorescence decay

times were calculated by 

∑∑
==

ττ=τ
n

1i
ii

n

1i

2
iiF AA (16)

Anisotropy decay curves, r(t), were obtained from polarized

fluorescence decay curves ( )tIvv  and ( )tIvh

( ) ( ) ( )
( ) ( )tIg2tI

tIgtI
tr

vhvv

vhvv

⋅+
⋅−

= , (17)

where hhhv IIg =  accounts for the polarization dependent

sensitivity of the detection system. All polarized decay curves were

recorded with picosecond time resolution. The r(t) curves were also

fitted to sums of exponentials, allowing for constant offsets. Steady
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state anisotropies, rss, were obtained with the corresponding steady

state fluorescence intensities.

3.2 Electrokinetic Chromatography

The separation of the enantiomers of 11 was carried out with

a Prince Unicam Crystal 300/31 capillary electrophoresis system

equipped with an on−column UV−detector (Bischoff Lambda 1000,

Leonberg, Germany) and a thermostated laboratory−built129 water

cooling system with integrated temperature control (Haake D8−GH,

Haake, Karlsruhe, Germany). The effective length of the fused

silica capillary (Microquartz, Munich, Germany) was 95 cm (total

length 112 cm), the temperature regulated length was 76 cm, and

the inner diameter was 50 µm. Sample solutions (1 mg/ml in

methanol) were stored at room temperature. Prior to use, sample

and buffer solutions were passed through a 0.45 µm disposable

filter cartridge (Chromafil, Macherey & Nagel, Düren, Germany).

UV On−column detection was performed at 254 nm. Peak

integration was carried out with a Chromatopak C−R6A integrator

(Shimadzu, Kyoto, Japan).
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The borate (Na2B4O7 ⋅ 10 H2O 99.5 %) buffer salt was

purchased from Fluka (Deisenhofen, Germany).

Carboxymethyl−β−cyclodextrin was received from Wacker Chemie

(Burghausen, Germany). Methanol was purchased from Merck

(Darmstadt, Germany) and was of HPLC quality. 18.2 MΩ high

purity water obtained from a Millipore−Q System (Millipore,

Marlborough, Massachusetts, USA) was used to prepare the borate

buffer solution.

Untreated fused silica capillaries were conditioned for 30 min

with 0.1 M sodium hydroxide solution. Afterwards the capillary was

purged with the respective buffer solution for 20 min. Between

injections, the capillary was rinsed with 0.1 M sodium hydroxide

solution for two min, followed by water for five min and finally

buffer solution for 20 min, all at 1 bar. Injections were performed

hydrodynamically at the anodic side by applying a pressure of 100

mbar for three seconds. A voltage of 30 kV was used.

3.3 Luminescence Measurements

All measurements on the hybrid polymers were obtained by

suspending 3−4 mg of the powders in 3 ml of the respective liquid

and vigorously stirring the samples with a magnetic stirrer to avoid



105

sedimentation. The temperature during the measurements was

kept constant at T = 293 K. For quenching experiments,

anthracene in concentrations of c = 5 ⋅ 10-4 − 5 ⋅ 10-3 M was

dissolved in the liquid phase. Air saturated liquids contain about

 103c 3−⋅≈ M of dioxygen. The employed molar ratio of 10-4

between 12 and the co−condensation agents corresponds to a local

concentration of 12 in the polysiloxane matrix of  104c 4−⋅≈ M.

Steady−state luminescence, luminescence excitation spectra,

were obtained on a SPEX Fluorolog 222 fluorometer, equipped with

Glan−Thompson polarizers.

Luminescence decay curves were acquired by the

single−photon counting method. A picosecond diode laser (PICO

QUANT GmbH, Berlin, Model LDH 400) was used for excitation

(wavelength 392 nm) and a R928 photomultiplier tube

(Hamamatsu) for detection. The signal from the photomultiplier

tube was fed into a multichannel analyzer via a picosecond

amplifier/discriminator and a time to amplitude converter (EG&G

ORTEC). The time resolution of this set up is limited to decay times

of τ ≥ 0.5 ns.
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3.4 Syntheses

Elemental analyses were carried out on a Vario EL analyzer

(Fa. Elementar Analytische Systeme, Hanau). Solution and

suspension nuclear magnetic resonance spectra (NMR) were

recorded on a Bruker DRX 250 spectrometer at 298 K. Frequencies

and standards were as follows: 1H NMR, 250.13 MHz; 13C{1H}

NMR, 62.90 MHz. All NMR spectra were calibrated relative to

partially deuterated solvent peaks which are reported relative to

tetramethylsilane (TMS). EI mass spectra were acquired on a

Finnigan TSQ 70 instrument and are reported as mass/charge

(m/z). IR data were obtained on a Bruker IFS 48 FT−IR

spectrometer. BET surfaces and pore volumes were obtained with a

Coulter SA3100 (Beckman Coulter GmbH), measuring the

adsorption and desorption isotherms after drying the samples for

12 h at T = 50 °C under vacuo. Measurements of fluorescence

anisotropy before and after the BET experiments yield the same

results and thus exclude major changes of the pore structure by

the drying procedure. SEM micrographes were recorded on a Zeiss

DSM 962 with a tungsten cathode (4.5 nm diameter). CP/MAS solid

state NMR spectra were recorded on Bruker DSX 200 (4.7 T) (29Si)

and ASX 300 (7.05 T) (13C) multinuclear spectrometers equipped
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with wide−bore magnets. Magic angle spinning was applied at 3.5

kHz (29Si) and 10 kHz (13C), respectively. All samples were packed

under exclusion of molecular oxygen. Frequencies and standards:

29Si, 39.75 MHz (Q8M8); 13C, 75.47 MHz [TMS, carbonyl resonance

of glycine (δ 170.09) as the second standard]. No relative

intensities are given for 29Si NMR spectra, due to the different

efficiencies of magnetization transfer to inequivalent 29Si nuclei. 

All manipulations were performed under an atmosphere of

dry argon by employing usual Schlenk techniques. The solvents

were dried according to common methods, distilled, and stored

under argon. 9−(5’−Hexenyl−9H−fluorene (1)53 and the

co−condensation agents 5,130 and 68 were synthesized according to

literature methods. 4 was purchased from Fluka.

3−Iodopropanol, 1−iodo−3−(tetrahydrpyrayloxy)propane,

5−(4−hydroxybutyl)−5´−methyl−2,2´−bipyridine (11a),131

cis−(bpy)2RuCl2 . 2 H2O (11b),132 and the modified

tris(2,2´−bipyridine)ruthenium(II) complex (11)133 were

synthesized according to literature methods.

5,5´−Dimethylbipyidine was purchased from Aldrich.

3−Chloropropanol, 3,4−dihydro−2H−pyrane, n−butyllithium, TMEDA,

triethylamine, and diisopropylamine were purchased from Merck.
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Complex 11134 and the co−condensation agents 138 and

14,130 were synthesized according to literature methods.

Compounds 15, 16, and 17 were purchased from Fluka.

3.5 Preparation of the Compounds

3.5.1 6−(9H−Fluorenyl)hexyltrimethoxysilane 3

9−(5’−hexenyl)−9H−fluorene (1) (8.00 g, 32.0 mmol) was

treated with trichlorosilane (4.0 ml, 40.00 mmol) and a suspension

of hexachloroplatinic acid (15.0 mg, 2.9 ⋅ 10-2 mmol) in 25 ml of

THF. The mixture was stirred for 48 h at 20oC and a dark brown

solution was formed. This solution was added dropwise to trimethyl

orthoformate (11.5 ml, 105.00 mmol) and the mixture was stirred

overnight at room temperature. The volatile components of the

solution were removed in vacuo and the residual oil was purified on

a silica gel column (length 15 cm, diameter 4 cm, solvents:

n−hexane, toluene, and THF). Yield 8.52 g (71.8 %); 13C{1H} NMR

(CDCl3, for labeling and assignment see Scheme 3 and ref.53) δ =

148.5 (s, C9a, C8a), 142.0 (s, C5a, C4a), 127.8 (s, C3, C6), 127.7

(s, C2, C7), 125.2 (2, C1, C8), 120.7 (s, C4, C5), 51.4 (s, C16),

48.4 (s, C9), 34.0 (s, C10), 33.7 (s, C13), 30.4 (s, C12), 26.4 (s,
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C11), 23.4 (s, C14), 9.9 (s, C15); 1H NMR (CDCl3, for labeling and

assignment see Scheme 3 and ref.53) δ = 7.74 (d, 2JCH = 6.6 Hz,

2H, C1H, C8H), 7.50 (d, 2JCH = 6.9 Hz, 2H, C4H, C5H), 7.34 – 7.10

(m, 4H, C2H, C3H, C6H, C7H), 3.95 – 3.92 (m, 1H, C9H), 3.41 (s,

9H, C16H), 1.99 – 1.95 (m, 2H, C10H), 1.60 (m, 2H, C11H), 1.32

– 1.17 (m, 6H, C12H, C13H, C14H), 0.60 – 0.54 (m, 2H, C15H);

EI−MS m/z 370.2 [M+]. Anal. Calcd for C22H30O3Si: C, 71.31; H,

8.16. Found: C, 71.29; H, 6.72%.

3.5.2 Sol−Gel Processing of 3 with Different

Co−condensation Agents – General Procedure

The silane 3 was polycondensed by itself and with the

co−condensation agents 4, 5, and 6 (Scheme 4) in a molar ratio of

1 : 104. An appropriate mixture of the respective T0 and D0

functionalized monomeric silanes with water, methanol and a

catalyst was stirred for 12 h at 30oC until the gels precipitated.

Subsequently the solvent was removed under reduced pressure

and the resulting gels were dried for 4 h in vacuo. Solvent

processing was performed by vigorously stirring the large gel

particles in 10 ml of n−hexane overnight. The wet gels were

triturated and washed twice with 20 ml of n−hexane, methanol,
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and dichloromethane and dried in vacuo for 4 h. Before starting the

fluorescence measurements on these samples, they were allowed

to sit for two weeks at room temperature.

3.5.2.1 Preparation of the Polysiloxane 7 

A mixture of 3 (560 mg, 1.51 mmol), methanol (2.5 ml),

water (250 µl), and ammonia (250 µl of a 0.1 m solution) as

catalyst was sol−gel processed. Yield 400 mg (71.4 %); 13C{1H}

NMR (suspension in CDCl3, for labeling and assignment see Scheme

3 and ref.53) δ = 146.5 (s, C9a, C8a), 140.0 (s, C5a, C4a), 125.8

(s, C3, C6), 125.7 (s, C2, C7), 123.3 (s, C1, C8), 118.7 (s, C4,

C5), 46.4 (s, C16), 43.8 (s, C9), 32.2 (s, C10), 32.1 (s, C13), 28.6

(s, C12), 23.9 (s, C11), 22.1 (s, C14), 10.6 (s, C15); 1H NMR

(suspension in CDCl3, for labeling and assignment see Scheme 3

and ref.53) δ = 7.56 (m, 2H, C1H, C8H), 7.30 (m, 2H, C4H, C5H),

7.14 (m, 4H, C2H, C3H, C6H, C7H), 3.92 (m, 1H C9H), 3.32 (m, H,

C16H), 1.80 (m, 2H, C10H), 1.53 (m, 2H, C11H), 1.05 (m, 6H,

C12H, C13H, C14H), 0.58 (m, 2H, C15H); IR (KBr, cm-1) 3445 m

[υ(OH)], 3064 w, 3039 w [υ(C−H)aromat.], 2931 sst [υ(CH2)], 2858

st [υ(OCH3)], 1739 w, 1611 w [υ(C=C)aromat.], 1477 m, 1449 s
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[δ(CH2)], 1262 m, 1193 m [υ (SiCH2)], 1111 sst [υ (Si2O)], 917 w

[υ (SiOCH3)]. 

3.5.2.2 Preparation of the Polysiloxane 8

A mixture of 3 (0.4 mg, 1.08 . 10-3 mmol), 4 (1.36 g, 10.02

mmol), 5ml of methanol, 500 µl of water, and 500 µl (0.1 mol) of

ammonia was sol−gel processed. Yield 1.20 g (88.2 %); 13C

CP/MAS NMR δ = 49.5 (SiOCH3), −0.4 (SiCH3); 29Si CP/MAS NMR

(silicon substructure) δ = −56.2 (T2), −65.6 (T3). Anal. Calcd for

C19H21O1.5Si(CH3O1.5Si)10000: C, 17.93; H, 4.51. Found: C, 13.84; H,

4.60 %. BET surface ABET = 0.56 m2/g.

3.5.2.3 Preparation of the Polysiloxane 9

A mixture of 3 (0.8 mg, 2.16 ⋅ 10-3 mmol), 5 (3.37 g, 10.30

mmol), 5 ml of methanol, 500 µl of water, and 500 µl (0.1 mol) of

ammonia was sol−gel processed. Yield 3.25 g (96.4 %); 13C

CP/MAS NMR δ = 49.8 (SiOCH3), 33.1 (Si(CH2)2CH2CH2(CH2)2Si),

23.0 (SiCH2CH2(CH2)2CH2CH2Si), 11.4 (SiCH2(CH2)4CH2Si); 29Si

CP/MAS NMR (silicon substructure) δ = −41.7 (To), −49.9 (T1),

−58.7 (T2), −67.4 (T3). Anal. Calcd for C19H21O1.5Si(C6H12O3Si2)10000:
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C, 41.82; H 7.02 Found: C, 40.46; H, 6.85%. BET surface ABET =

63.0 m2/g.

3.5.2.4 Preparation of the Polysiloxane 10

A mixture of 3 (0.75 mg, 2.02 . 10-3 mmol), 6 (2.95 g, 10.20

mmol), 5 ml of methanol, 500 µl of water, and 500 µl (0.1 m) of

hydrochloric acid was sol−gel processed. Yield 2.65 g (89.8 %); 13C

CP/MAS NMR δ = 49.6 (SiOCH3), 33.4 (Si(CH2)2CH2CH2(CH2)2Si),

23.2 (SiCH2CH2(CH2)2CH2CH2Si), 17.7 (SiCH2(CH2)4CH2Si), −0.1

(SiCH3); 29Si CP/MAS NMR (silicon substructure) δ = −9.7, −13.3

(D1), −22.2 (D2). Anal. Calcd for C19H21O1.5Si(C8H18O2Si2)10000: C,

47.48; H, 8.96, Found: C, 47.19; H, 8.82 %. BET surface ABET =

3.68 m2/g.

3.5.3 5−(4−Hydroxybutyl)−5´−methyl−2,2´−bipyridine (11a)

A solution of diisopropylamine (2 ml, 14.25 mmol) in THF (25

ml) was cooled to −18°C and was treated slowly with a solution of

n−butyllithium in n−hexane (1.6 M, 8.5 ml, 13.6 mmol). This

solution was added dropwise to a cold (0°C) solution of

5,5´−dimethylbipyidine (2.5 g, 13.6 mmol) and TMEDA (4.5 ml,

30.2 mmol) in THF (75 ml). After stirring the resulting green−black
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solution at this temperature for 1 h, freshly distilled 1−iodo−3−

(tetrahydroxypyranoyloxy)propane (3.7 g, 13.7 mmol) was added

drop wise. After warming to ambient temperature, the mixture was

stirred for 24 h. The almost colorless mixture was cooled (0°C),

subsequently 10 ml of distilled water and 50 ml of an aqueous

hydrogen chloride solution (18%) were added. THF was removed

under reduced pressure and the resulting aqueous solution was

extracted two times with CH2Cl2 (20 ml). The extract was

neutralized to pH 7 with NaHCO3 and an orange solid precipitated.

The remaining aqueous solution was extracted five times with ethyl

acetate (20 ml). The solid and the combined organic layers were

dried over Na2SO4 and filtered. The solvent was removed under

reduced pressure to give a crude product which was purified by

column chromatography (ethyl acetate MeOH 6:1, silica gel

column, length: 50 cm, diameter: 7 cm). Yield 1.49 g (45.3 %);

mp 69.9−72.2°C; 13C{1H} NMR (CD3CN, for labeling and

assignment see Scheme 5): δ = 17.0 (Ca), 26.9 (Cb´), 31.5 (Cc´),

31.6 (Ca´), 60.9 (Cd´), 119.4 (C3´), 119.5 (C3), 133.1 (C5´),

136.3 (C4´), 136.9 (C4), 137.7 (C5), 148.8 (C6´), 149.1(C6),

153.0 (C2´), 153.3 (C2); 1H NMR (CD3CN, for labeling and

assignment see Scheme 5): δ = 1.51 − 1.73 (m, 4H, c´, b´), 1.96
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(OH), 2.33 (s, 3H, a), 2.65 (t, 3J(HH) = 7.4 Hz, 2H, a´), 3.66 (dt,

3J(HH) = 6.6 Hz, 3J(HH) = 4.7 Hz, 2H, d´), 7.70 (m, 2H, 4,4´),

8.27 (m, 2H, 3,3´), 8.48 (m, 2H, 6,6´); IR (KBr): 3351, 3173

(OH), 3029, 2923, 2858 (CH), 1598, 1555 (C=C and C=N); MS

(EI) m/z: 241.9 [M+]. Anal. Calcd for C15H18N2O: C, 74.35; H,

7.49; N, 11.56. Found: C, 73.68; H, 7.59; N 11.03%.

3.5.4 cis−(bpy)2RuCl2 . 2 H2O (11b)

This complex was prepared by a published method with a

little modified procedure. A suspension of RuCl3 . n H2O (16 mmol,

3.31 g), 2,2´−bipyridine (32.01 mmol, 5.0 g) and LiCl (106.7

mmol, 4.52 g) in DMF (30 ml) was refluxed for 12 h. The reaction

mixture was allowed to cool to 20°C and 125 ml of acetone was

added. Finally the mixture was stored in the refrigerator overnight

to yield crude black−green crystals. After filtering and washing with

water until the filtrate was colorless and repeated washing with

diethyl ether (20 ml) the complex was obtained in form of pure

black−green crystals. The crystals were well dried under removing

solvent molecules under reduced pressure. All experimental data

are as expected.
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3.5.5 Spacered Ruthenium(II) Complex 11

A suspension of cis−(bpy)2RuCl2 . 2 H2O (11b) (0.83 mmol,

0.4 g) and AgSbF6 (1.65 mmol, 0.57 g) in acetone was stirred for

48 h, followed by filtration of AgCl. 5−(4−Hydroxybutyl)−5´−

methyl−2,2´−bipyridine (0.83 mmol, 0.2 g) was added to the

filtrate and the mixture was refluxed for 24 h. The solvent was

removed under reduced pressure. The crude product was dissolved

in CH2Cl2 (5 ml) and precipitated with diethyl ether. The precipitate

was stirred overnight and then filtered. To remove some silver

impurities the complex was again purified by column

chromatography (acetone, neutral aluminiumoxide column, length:

4 cm, diameter: 2 cm). The solvent was removed under reduced

pressure and the resulting orange powder was washed with

n−hexane. Yield 0.71 g (75.9 %); 13C{1H} NMR (CD3CN, for

labeling and assignment see Scheme 5): δ = 17.2 (Ca), 26.0

(Cb´), 31.1 (Cc´), 31.3 (Ca´), 60.7 (Cd´), 122.9, 123.1 (C3,3´),

123.9 (bpy−C3,3´), 127.1, 127.2 (bpy−C5,5´), 137.3 (bpy−C4,4´),

138.0 (C4,4´), 142.1, 149.2 (C5,5´), 150.4, 151.1 (C6,6´), 151.3

(bpy−C6,6´), 154.0, 154.4 (C2,2´), 156.7, 156.8 (bpy−C2,2´); 1H

NMR (CD3CN, for labeling and assignment see Scheme 5): δ = 1.26

− 1.49 (m, 4H, c´, b´), 1.99 (OH), 2.23 (s, 3H, a), 2.59 − 2.92 (m,
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2H, a´), 3.39 − 3.44 (m, 2H, d´), 7.41 − 7.46 (m, 4H, bpy−5,5´),

7.53 (s, 1H, 6´), 7.73 (s, 1H, 6) 7.75 − 7.87 (m, 4H, bpy−6,6´)

7.87 − 7.92 (m, 2H, 4,4´), 8.04 − 8.13 (m, 4H, bpy−4,4´), 8.36 −

8.51 (m, 2H, 3,3´), 8.52 − 8.56 (m, 4H, bpy−3,3´); IR (KBr, cm−1):

3097, 2931, 2863, 1605, 1475, 1476, 1425, 763, 657; MS (EI)

m/z: 1125.8 [M+]. Anal. Calcd for C35H34N6ORuSb2F12: C, 37.29; H,

3.04; N, 7.46. Found: C, 37.46; H, 2.96; N, 7,01%.

3.5.6 Preparation of Complex 12 

The orange [bis(2,2−bipyridyl)(5−(4−hydroxybutyl)−5´−

methyl−2,2´−bipyridyl)−ruthenium(II)]−bis(hexafluoroantimonate)

(11) (0.71 g, 0.629 mmol) was dissolved in 25 ml of DMF. A

solution of triethoxysilyl(propyl)isocyanate (155 µl, 0.629 mmol) in

5 ml of DMF was added dropwise. The mixture was stirred for 48 h

at 130oC until a red solution was formed. The volatile components

of the solution were removed in vacuum and the residual red solid

complex was purified by column chromatography (acetone, neutral

and water−free aluminium oxide column, length: 4 cm, diameter: 2

cm). The solvent was removed under reduced pressure and the

resulting red solid was washed with 10 ml of n−hexane. Yield 0.78

g (90.1 %); 13C{1H} NMR (CD2Cl2, for labeling and assignment see
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Scheme 6): δ = 6.8 (Ch´), 14.9 (Cg´), 18.5 (Cj´), 18.8 (Ca), 19.5

(Cb´), 34.6 (Cc´), 36.3 (Ca´), 45.5 (Cf´), 58.8 (Ci´), 60.2 (Cd´),

124.4 (C3,3´), 124.6 (bpy−C3,3´), 128.4 (bpy−C5,5´), 138.4

(bpy−C4,4´), 139.9 (C4A, 4´A), 145.5 (C5A, 5´A), 150.9, 151.0

(C6A, 6´A), 151.7 (bpy−C6,6´), 155.5, 155.6 (C2A, 2´A), 157.2

(bpy−C2,2´); 160.0 (Ce´);1H NMR (CD2Cl2, for labeling and

assignment see Scheme 6): δ = 0.55 (m, 2H, h´), 1.13 (m, 2H,

j´), 1.31 − 1.47 (m, 4H, c´, b´), 2.18 (s, 3H, a), 2.46 (m, 2H, g´),

2.75 − 2.84 (m, 2H, a´), 3.03 (m, 2H, f´), 3.72 (m 6 H, i´), 3.97

(m, 2H, d´), 7.31 − 7.36 (m, 5H, bpy−5,5´, 6´A), 7.79 (m, 5H,

bpy−6,6´, 6A) 7.87 − 7.92 (m, 2H, 4A, 4´A), 7.96 (s, NH), 8.02 −

8.19 (m, 4H, bpy−4,4´), 8.19 − 8.22 (m, 2H, 3A, 3´A), 8.36 − 8.39

(m, 4H, bpy−3,3´); FD−MS m/z 451.5 [M2+], 1140.75 [M+]. Anal.

Calcd for C45H55N7O5SiRuSb2F12: C, 39.32; N, 7.13; H, 4.03. Found:

C, 39.31; N, 7.77; H, 4.57%.

3.5.7 Sol−Gel Processing of 12 with Different

Co−condensation Agents – General Procedure

The T−silane 12 was polycondensed with the co−condensation

agents 13, 14, 15, 16, and 17 (Scheme 7) in a molar ratio of 1 :

104. An appropriate mixture of the respective T0− and D0−
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functionalized monomeric silanes with water, methanol / THF (1/5,

v/v), and (n−Bu)2Sn(OAc)2 as catalyst was stirred for 12 h at 30oC

until the gels precipitated. Subsequently the solvent was removed

under reduced pressure and the resulting gels were dried for 4 h in

vacuo. Solvent processing was performed by vigorously stirring of

the large gel particles in 10 ml of n−hexane overnight. The wet gels

were triturated and washed twice with 20 ml of n−hexane and

dichloromethane and dried in vacuo for 4 h. Prior to luminescence

measurements the samples were aged artificially for one week at

90°C to ensure complete cross−linking.

3.5.7.1 Preparation of the Polysiloxane 18

A mixture of 12 (0.6 mg, 4.36 .10-4 mmol), 13 (1.45 g, 4.99

mmol), 1 ml of methanol, 5 ml of THF, 500 µl of water, and

(n−Bu)2Sn(OAc)2 (25 mg, 0.073 mmol) was sol−gel processed.

Yield 0.86 g (59.3 %); 13C CP/MAS NMR δ = 50.2 (SiOCH3), 33.6

(Si(CH2)2CH2CH2(CH2)2Si), 23.5 (SiCH2CH2(CH2)2CH2CH2Si), 18.1

(SiCH2(CH2)4CH2Si), −0.1 (SiCH3); 29Si CP/MAS NMR (silicon

substructure) δ = −11.7 (D1), −22.4 (D2). Anal. Calcd for

C45H55N7O5SiRuSb2F12(C8H18O2Si2)10000: C, 47.40; H, 8.93, Found:

C, 47.30; H, 8.86%. BET surface ABET = 1.25 m2/g.
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3.5.7.2 Preparation of the Polysiloxane 19

A mixture of 12 (0.90 mg, 6.54 . 10-4 mmol), 14 (1.63 g,

4.99 mmol), 1 ml of methanol, 5 ml of THF, 500 µl of water, and

(n−Bu)2Sn(OAc)2 (25 mg, 0.073 mmol) was sol−gel processed.

Yield 0.91 g (55.83 %); 13C CP/MAS NMR δ = 50.4 (SiOCH3), 33.3

(Si(CH2)2CH2CH2(CH2)2Si), 23.2 (SiCH2CH2(CH2)2CH2CH2Si), 13.0

(SiCH2(CH2)4CH2Si); 29Si CP/MAS NMR (silicon substructure) δ =

−58.5 (T2), −67.5 (T3). Anal. Calcd for

C45H55N7O5SiRuSb2F12(C6H12O3Si2)10000: C, 38.25; H 6.40 Found: C,

37.10; H, 6.85%. BET surface ABET = 21.18 m2/g.

3.5.7.3 Preparation of the Polysiloxane 20

A mixture of 12 (1.8 mg, 1.31 ⋅ 10-3 mmol), 15 (2.01 g,

10.13 mmol), 1 ml of methanol, 5 ml of THF, 500 µl of water, and

(n−Bu)2Sn(OAc)2 (25 mg, 0.073 mmol) was sol−gel processed.

Yield 0.96 g (47.76 %); 13C CP/MAS NMR δ = 134.5, 130.7, 127.9

(aromatic ring); 29Si CP/MAS NMR (silicon substructure) not

measurable. Anal. Calcd for C45H55N7O5SiRuSb2F12(CH3O1.5Si)10000:

C, 55.59; H, 3.89. Found: C, 50.06; H, 3.18%. BET surface ABET =

2.08 m2/g.
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3.5.7.4 Preparation of the Polysiloxane 21

A mixture of 12 (1.7 mg, 1.23 ⋅ 10-3 mmol), 16 (1.36 g, 9.98

mmol), 1 ml of methanol, 5 ml of THF, 500 µl of water, and

(n−Bu)2Sn(OAc)2 (25 mg, 0.073 mmol) was sol−gel processed.

Yield 0.49 g (36.02 %); 13C CP/MAS NMR δ = 49.8 (SiOCH3), −3.1

(SiCH3); 29Si CP/MAS NMR (silicon substructure) δ = −56.8 (T2),

−65.3 (T3). Anal. Calcd for C45H55N7O5SiRuSb2F12(C6H5O1.5Si)10000:

C, 18.24; H 4.48 Found: C, 17.01; H, 4.86%. BET surface ABET =

3.51 m2/g.

3.5.7.5 Preparation of the Polysiloxane 22

A mixture of 12 (1.30 mg, 9.45 ⋅ 10-4 mmol), 7 (1.56 g,

10.24 mmol), 1 ml of methanol, 5 ml of THF, 500 µl of water, and

(n−Bu)2Sn(OAc)2 (25 mg, 0.073 mmol) was sol−gel processed.

Yield 0.99 g (63.46 %); 29Si CP/MAS NMR (silicon substructure) δ =

−110 (Q4), −101 (Q3). Anal. Calcd for

C45H55N7O5SiRuSb2F12(O4Si)10000: C, 0.76; H 0.07 Found: C, 9.47;

H, 2.13%. BET surface ABET = 4.89 m2/g.
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3.5.8 N−2−anthracenyl−N’−[3−(triethoxysilyl)propyl]urea 23

2–Aminoanthracene (193.3 mg, 1 mmol) was dissolved in 10

ml of methylene chloride. 3–(Triethoxysilane)propylisocyanate

(494.7 mg, 2 mmol) was added dropwise and the reaction mixture

was refluxed for 24 h. The solvent of the brown solution was

removed under reduced pressure and the residue was again

dissolved in 5 ml of methylene chloride. To obtain crystals of the

brown product n−hexane was added. For a complete crystallization

the mixture was cooled to 0°C over night. The brown crystals were

filtered and washed with 20 ml of cold n−hexane. The brown

crystals were dried under vacuo. Yield 330 mg (74.0 %); 13C{1H}

NMR (CD2Cl2, for labeling and assignment see Scheme 10) δ =

158.4 (s, C11), 143.7 (s, C2), 129.6 (m, C8a, C9a), 128.1 (m, C4,

C10a, C5, C8, ), 124.5 (m, C4a, C10, C6, C7, C9), 119.4 (m, C3,

C1), 55.4 (s, C12), 50.3 (s, C15), 43.5 (m, C13, C16), 15.9 (m,

C14); 1H NMR (CD2Cl2, for labeling and assignment see Scheme

10) δ = 8.04 (m, 5H, C4H, C10H C5H, C8H, C9H), 7.48 (m, C6H,

C7H), 7.10 (m, 2H, C1H, C3H), 5.92 (m, 2H, NH), 3.90 (m, 6H,

C15H), 3.41 (m, 2H, C12H), 1.85 – 1.78 (m, 2H, C13H), 1.60 (m,

9H, C16H), 0.60 (m, 2H, C14H); EI−MS m/z 440.1 [M+]. Anal.
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Calcd for C24H32N2O4Si: C, 65.42; N, 6.36; H, 7.32. Found: C,

64.43; N, 6.47; H, 7.41%.

3.5.8.1 Modified Silica Gel 24

A mixture of 881.2 mg (2.0 mmol) of

N−2−anthracenyl−N’−[3−(triethoxysilyl)propyl]urea (23) and 3.50 g

of silica gel in 20 ml of toluene was allowed to react for 3d. The

modified silica gel was washed with n−hexane and dried under

vacuo. Yield 2.95 g (84 %); 13C CP/MAS NMR: δ = 9.4 (SiCH2),

23.4 (CH2), 42.3 (CH2), 59.4 (OCH2CH3), 127.4 (m, CH) 157.4

(OCNH); 29Si CP/MAS NMR: δ = −56.6 (T2), –66.1 (T3),–102.2 (Q3),

–110.7 (Q4). Anal. Found for silica gel modified with C24H32N2O4Si:

C, 10.40; N, 1.52; H, 1.17%. BET surface ABET = 102 m2/g.

3.5.9 Sol−Gel Processing of 23 with Different

Concentrations of Co−condensation Agent – General

Procedure

To a 0.27 M solution of n–hexadecylamine in a 55:45

EtOH(95 %)/H2O mixture the monomeric precursors were added.

This mixture was stirred for 24 h at room temperature until a gel

was formed. Then the solvent was removed under reduced
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pressure. For the removal of n–hexadecylamine the crude xerogels

were placed in a Soxhlet extractor containing 300 ml of ethanol

and the mixture was refluxed for 3 d. Subsequently the gels were

washed three times with n–hexane (10 ml) and dried under

vacuum for 12 h.

3.5.9.1 Mesoporous Polysiloxane 25

A mixture of of N−2−anthracenyl−N’−[3−(triethoxysilyl)

propyl]urea (23) (881.2 mg, 2.0 mmol) and TEOS (12.50 g, 60.0

mmol) in 32 ml of a 0.27 M solution of n–hexadecylamine in an

ethanol/water mixture was sol–gel processed to yield a colorless

swollen gel. After purification and drying of a colorless powder was

formed. Yield 11.0 g (88 %); 13C CP/MAS NMR: δ = 15.6 (SiCH2),

23.2 (CH2), 43.2 (CH2), 59.3 (OCH2CH3), 127.9 (m, CH) 157.9

(OCNH); 29Si CP/MAS NMR: δ = −57.6 (T2), –64.3 (T3),–101.5 (Q3),

–109.9 (Q4). Anal. Found for silica gel modified with C24H32N2O4Si:

C, 14.92; N, 1.61; H, 2.81%. BET surface ABET = 968 m2/g.

3.5.9.2 Mesoporous Polysiloxane 26

A mixture of N−2−anthracenyl−N’−[3−(triethoxysilyl)

propyl]urea (23) (881.2 mg, 2.0 mmol) and TEOS (16.67 g, 80.0
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mmol) in 40 ml of a 0.27 M solution of n–hexadecylamine in an

ethanol/water mixture was sol–gel processed to yield a colorless

swollen gel. After purification and drying of a colorless powder was

formed. Yield 14.2 g (85 %); 13C CP/MAS NMR: δ = 8.3 (SiCH2),

23.2 (CH2), 41.9 (CH2), 59.3 (OCH2CH3), 125.2 (m, CH) 156.2

(OCNH); 29Si CP/MAS NMR: δ = −56.6 (T2), –65.9 (T3),–101.2 (Q3),

–109.5 (Q4). Anal. Found for silica gel modified with C24H32N2O4Si:

C, 13.57; N, 1.10; H, 1.94%. BET surface ABET = 954 m2/g.
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5. Summary

The anchoring of reactive centers, in particular active

transition metal complexes to an inert support is a field of

increasing interest in terms of academic as well as commercial

research. Such materials are able to combine the advantages of

homogeneous and heterogeneous catalysis: the catalyst becomes

easily separable from the reaction products and can be reused in

several runs, but sometimes with an essential loss of activity

because of leaching. In addition very often the reactive centers are

not well defined and the activities and selectivities decrease. So far

these drawbacks prevented a commercial application of

heterogenized catalysts.

A versatile approach to reduce or even eliminate the

mentioned problems is the introduction of the concept of an

interphase. In the presence of a stationary phase (e.g. an anchored

organic compound or a transition metal complex) and a mobile

phase (solvent, gaseous, liquid, or dissolved organic compound)

both phases penetrate on a molecular level. This state is

designated as “interphase” since no homogeneous phase is formed.
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However, interphases are able to imitate homogeneous conditions

providing favorable activities in different types of catalytic reactions

without any essential metal leaching. A typical approach for the

generation of stationary phases in interphase chemistry is the

sol−gel process, which offers a convenient route for the preparation

of suitable polysiloxane networks under mild reaction conditions.

The co−condensation of T−silyl functionalized metal complexes or

ligands with various alkoxysilanes or organosilanes provides

materials, in which the reactive centers are nearly homogeneously

distributed across a chemical and thermal inert carrier matrix. It

was established that the catalytic activity of such systems

markedly depends on the mobility of the entire polymer.

The objective of the present work is the synthesis and

systematic investigation of stationary phases used in “Chemistry in

Interphases”. Thereby structural and dynamic parameters were

discussed and the rotational mobility as well as the accessibility of

reactive centers was probed by a model for catalytic reactions. Also

some ordered sol−gel polymers were synthesized and their

application for HPLC was improved.
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At the beginning of this thesis the rotational mobility of a

fluorene label covalently attached on several sol−gel polymers was

investigated. First a T−silyl functionalized fluorene label was

synthesized and sol−gel processed with the co−condensation agents

Me−T, T−C6−T, and D−C6−D. Subsequently the non−ordered sol−gel

polymers were characterized by 13C and 29Si CP/MAS NMR

spectroscopy, elemental analyses, and BET measurements. The

behavior of the fluorene label was characterized by UV/VIS

spectroscopy e.g. fluorescence and fluorescence excitation spectra.

To determine the mean fluorescence decay time τF steady state

fluorescence anisotropies rSS and the mean rotational correlation

time τR of the sol−gel materials were probed by swelling the

materials in cyclohexane, diethyl ether, tetrahydrofuran,

dichloromethane, methanol, and water. The sol−gel polymers were

also suspended in these solvents to study time resolved

fluorescence anisotropy and the accessibility of the reactive

centers. The translational mobility of TEA was observed by

determining the fluorescence decay curves of an exciplex between

the immobilized fluorene and TEA. Both the rotational mobility of

fluorene and the translational mobility of TEA are reduced by one
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or two orders of magnitude compared to homogeneous solutions,

due to diffusion problems. The largest diffusion coefficients are

observed in solvents of medium polarity, like dichloromethane,

diethyl ether or tetrahydrofuran, because of the good solubility of

the fluorescence label in these solvents.

In another part of this thesis a luminescent

polypyridylruthenium(II) complex was synthesized as a precursor

to obtain a sol−gel processable luminescent material. It was

possible to successfully separate this complex into its enatiomers

by the use of electrokinetic chromatography if a

carboxymethyl−β−cyclodextrin dissolved in a borate buffer was

used as chiral mobile phase additive. Enantiomer separation is not

well developed in the field of transition metal complexes but is

important to control the stereoselectivities of complexation

reactions. By the use of EKC a fast analytical method was achieved

the improve these stereoselectivity.

In a third chapter the generation of a further luminescent

T−silyl functionalized polypyridylruthenium(II) complex and its

copolycondensation with Me−T, Ph−T, T−C6−T, Q, and D−C6−D was

described. The resulting non−ordered materials were characterized
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by 13C and 29Si CP/MAS NMR spectroscopy, elemental analyses,

BET measurements, and SE micrographs. To get information about

the mobility of the transition metal complex, the polymers were

swollen in acetonitrile, methanol, acetone, tetrahydrofuran, and

dichloromethane. With these interphase systems luminescence and

luminescence excitation spectra in the absence and in the presence

of dioxygen and anthracene as quencher molecules were recorded.

Quenching reactions occur only in the case of close contact

between the excited ruthenium complex and the quencher

molecule. Investigations of this type serve as a model for the

accessibility of sol−gel processed complexes used as catalysts in

interphases. Translational mobilities of dioxygen and anthracene in

the mentioned polymers were probed by measuring the

luminescence decay curves without quencher molecules and in the

presence of dioxygen and anthracene. Therefore the rate constants

of diffusion and the accessibility factors of the quencher molecules

were analyzed. The ruthenium complex in the organically modified

polysiloxanes is preferentially solvated by the liquid phase. In the

phenyl modified polymer, the degree of solvation strongly depends

on the polarity of the employed solvent. Two types of immobilized
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ruthenium complexes were found. One type is not accessible for

quencher molecules. For other ruthenium complexes the rate

constants approach values observed for respective complexes in

solution. Due to the larger size of the molecules the accessibility for

anthracene is slightly below the accessibility for oxygen. In both

cases Q type materials are almost not accessible, but a

solution−like accessibility was found in particular hybrid polymers in

solvents of low and medium polarity. In polar solvents other

polymers provide good accessibilities for both oxygen and

anthracene.

If the above mentioned sol−gel process is carried out in the

presence of a template molecule like n−hexadecylamine ordered

structures are obtained. These materials were characterized by

several methods: 13C and 29Si CP/MAS NMR spectroscopy,

elemental analyses, BET, small angle XRD measurements, and SE

micrographs. A further characterization of the materials was carried

out by HPLC runs.

In the last chapter of this thesis modified sol−gel layers for

some sensing applications in the liquid phase are described. The

sol−gel polymer layers were synthesized on gold− and silicon
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surfaces. These layers were characterized by light microscope, SEM

as well as by static contact angle measurements, and by QCM’s.

The use of AFM allows the determination of the thickness of the

layer. QCM measurements enable the classification of the sol−gel

polymers to their solvent affinity. This insight is also important for

catalysis in interphases.
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