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Abstract.

This thesis involves the synthesis and characterisation of sol-gel monoliths doped
with Ru(ll) polypyridyl complexes. In Chapter 1 an overview of the chemistry of
the sol-gel process is given along with an introduction to the photophysical
properties of Ru(ll) complexes in solution.

In the first section of this thesis, the Ru(ll) dopants are employed as
spectroscopic probes of the sol-gel process, following the reactions as they
proceed from the initial sol to the final xerogel. Variations in the photophysical
properties of these immobilised complexes were found to accompany changes in
the sol-gel microenvironment. As such, these Ru(ll) dopants can be employed to
yield information on the evolution of the sol-gel reactions. On the one hand, the
blue shift in the emission energy of [Ru(bpy)32' and [Ru(phen)3]2+ associated
with the restrictive nature of the sol-gel matrix as compared to solution, was used
to probe the early stages of the sol-gel process. Investigations into a number of
parameters (i.e. pH, temperature and water/silane ratio) which effect these
reactions were carried out. On the other hand, the photophysical behaviour of the
immobilised [Ru(dpp)a]> was found to probe the final stages (the drying
reactions) of the sol-gel process. This section also investigates the potential
application of the acid/base chemistry of a pyridyltriazole complex as a probe of
changes in acidity which may occur during the sol-gel process.

The final section of this thesis involves using the known information of
the sol-gel system to examine the excited state processes of Ru(ll) polypyridyl
complexes under a novel environment. Chapters 5 and 6 investigate the
temperature dependence of the excited-state decay of a range of complexes in
solution and in the sol-gel matrix. Significant differences were found depending
on the individual complex and also on the nature of the host matrix. These
studies suggest that the population of the IMC state which is responsible for the
photodecomposition of these complexes in solution may be inhibited in the sol-
gel matrix and that as such, the photolability of a number of these complexes

decreases upon immobilisation.
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Chapter 1.

Introduction.



1.1 General introduction.

The sol-gel process is a method by which inorganic glasses, such as silicates or
aluminosilicates, can be prepared from solution by hydrolysis and polycondensation
of alkoxide precursors [1-2]. This method has received considerable attention in
recent years, because it possesses a number of desirable characteristics [3-6], Firstly,
it enables one to prepare glasses at temperatures far lower than those employed in
conventional melting techniques, In addition, the sol-gel process is a high-purity
process which leads to excellent homogeneity. Finally, the sol-gel approach is
adaptable to producing bulk monoliths as well as films and fibres

One of the major applications in this area is the ability to dope inorganic
glasses with photoactive molecules. Organic and biological molecules with poor
thermal stability can be encapsulated intact in the inorganic glass while retaining their
optical properties. The flexible solution chemistry and the ability to prepare an
essentially inorganic matrix with little or no heating means that the sol-gel process is
compatible with a wide variety of dopant molecules, leading to a constantly
increasing list of doped sol-gels of diverse applications. Room temperature
polymerisation of metal alkoxides has led to the preparation of materials of optical
interest, such as solid laser dye blocks and films [7], hole-burning materials [8],
photochromic glasses [9,10] and non-linear optical materials [11],

The prospects for using encapsulants for a new generation of highly specific
optical sensors are very promising [12-14], The dopant cannot be easily leached out
from the solid, but a significant fraction is exposed to the intrapore region of the
matrix where it can participate in a diverse variety of chemical reactions. The high
transparency of the sol-gel matrix allows this reactivity to be quantified
spectroscopically. These beneficial features together with the chemical inertness of
the matrix have led to the application of sol-gels in chemical sensor technology.

Another very active area in sol-gel technology, is the use of photoprobes to
gain a more comprehensive understanding of the sol-gel process [15], By this

approach, a low concentration of a probe molecule with the desired photophysical or



photochemical properties is added to the system under investigation. Changes in the
properties exerted by changes in the environment are then monitored. The ability to
observe the sol-gel-xerogel transitions by this method has produced and continues to

produce much needed information.



1.2 The sol-gel process.

The current status of sol-gel preparation [1,16], can be traced back to the work of
Dislich [17] in 1971 on the low temperature preparation of a borosilicate glass by
heating metal alkoxide-derived gel powder and that of Mazdiyashni and co-workers
[18] in 1969 on the low temperature preparation of ferroelectric ceramics by
sintering metal alkoxide-derived gel powder. Primarily, much attention was given to
the low temperature nature of the sol-gel process However, sol-gel researchers soon
became aware of the of the potential of the sol-gel method to provide new advanced
functional materials. The prospects of this novel glass forming technique to produce
new or improved glasses, glass-ceramics with superior and unique properties,
environmental insensitivity and reproducibility were realised [5],

For millennia, ceramics have been prepared with essentially the same
technology. Powders have been shaped into objects and subsequently densified at
extremely high temperatures. The technology of making glass has also remained
fundamentally the same since prehistory. Particles are melted, homogenised, and
shaped into objects from the liquid. The motivation for sol-gel processing is
primarily the potentially higher purity and homogeneity of the resulting glass and the
fore mentioned lower processing temperatures associated with sol-gels compared
with traditional glass melting or ceramic powder methods [19], Major advances in
the production of ceramics and glasses using the sol-gel method depends on an
approach which emphasises control of formation through chemistry [20], This
approach has been named “ultrastructure processing” and has been the subject of
several recent symposia [21-22], The goal of sol-gel processing in general is to
control the surfaces and interfaces of materials during the earliest stages of
production, Long term reliability of a material is usually limited by localised
variations in the physical chemistry of the surface and interfaces within the material.
The emphasis on ultrastructure processing is on limiting and controlling physical
chemical variability by the production of uniquely homogeneous structures and

achieving unique physical properties by combining inorganic and organic materials.



1.2.1 An overview ofthe sol-gelprocess.

Alkoxysilanes play an important role in the development of silicon-containing
materials. Perhaps the most investigated sol-gel method is that which employs
tetraalkoxysilanes for the preparation of silica glasses. The principal synthetic route
used by researchers to form sol-gels is through the hydrolysis and condensation

polymerisation of tetraalkoxysilanes [23], as shown in the following reactions:

3 Si-OR + H2 ~ s Si-OH + ROH (1.1)
=Si- OR + HO - Si = ~ s Si- O-Si= + ROH (1.2)
=Si- OH + HO- Si= " s Si- O-Sis + HD (1.3)

It is evident from these equations that the structure of the sol-gel glass evolves
sequentially as the product of successive hydrolysis and condensation reactions (and
the reverse reactions, esterification and alcoholic or hydrolytic depolymerisation).
The major variables in this reaction sequence include the type of alkoxysilane and its
functionality, the catalyst (OH or H+) and its concentration {i.e. pH), the reaction
temperature and finally, whether the system is open or closed to the atmosphere.
These variables control the polymerisation growth and aggregation of the silica
species throughout the transition from the sol to the gel state.

It is important to remember that the hydrolysis and condensation reactions
occur at different rates but concurrently and so once hydrolysis has begun it is
unlikely that the two reactions can be separated. However, in the following sections

these two reactions are reviewed separately to allow for a more clear explanation.



/. 2.2 Hydrolysis.

Hydrolysis occurs by the nucleophilic attack of the oxygen contained in water on the

silicon atom [24], Hydrolysis is most rapid and complete when catalysts are

employed [25].

1.2.2.1 Mechanisms involved in hydrolysis.

Solution pH affects the sol-gel process by modifying the relative rates of the
hydrolysis and condensation reactions. In effect, it controls the reaction mechanisms
involved. Under acidic conditions, the reaction sequence for hydrolysis is as follows:
the alkoxide is protonated by the acid, thus increasing the acidity of the group and

allowing the central silicon atom to be attacked from the rear by a water molecule

[24-26],
O
R oR 5
HOH =+ HO "_sI “-6R
H / \__H
RO / RO
RO RO
OR
HO—~ Si - + ROH + H
\ A~ OR
Vv

Figure 1.1 Reaction mechanism involved in the acid catalysed hydrolysis reaction

of tetraalkoxysilanes.
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The water acquires a partial positive charge and consequently partially reduces the
charge on the alkoxide thus making it a better leaving group. Under acidic
conditions, hydrolysis is rapid, producing a rapid increase of Si-OH containing
monomers. These monomers are then slowly polymerised by a cluster-cluster growth
mechanism into lightly branched polymers which entangle to form a cross-linked gel.
This type of gel is usually referred to as a "polymeric’ gel [27],

The base catalysed reaction proceeds with a hydroxyl anion directly attacking
the electropositive silicon, resulting in a partial negative charge developing on the
silicon atom. Redistribution of charge occurs with the partial negative charge
becoming accommodated by an alkoxy group. The alkoxy group is then able to leave
the reactive intermediate, a proton being extracted from a readily available water

molecule, with additional ions being generated in the process [28],

on
i
5
otr + si(ORM RO—— Si OR
OR \>R
OH OH
. 5 OR
RCT Si RO S Si(OR)30H RO"
N~ OR i
OR OR RO ™ or

Figure 1.2 Reaction mechanism involved in the base catalysed hydrolysis reaction of

tetraalkoxysilanes.

Under basic conditions, the condensation reaction is much faster than the hydrolysis

reaction. The reactions proceed by quickly polymerising the newly generated



monomers by a monomer-cluster growth mechanism Under such conditions, a
highly branched structure is produced. Eventually, the clusters aggregate to become

a network. This type of gel is termed *colloidal’ [27],

1.2.2.2 Steric and inductive effects in hydrolysis reactions.

The hydrolysis reaction is sensitive to both steric and inductive effects As the alkyl
substituent of the alkoxy group gets larger, the rate of the hydrolysis decreases. This
is a result of steric effects. Under acidic conditions the hydrolysis rate increases with
the degree of alkyl substitution (electron providing), whereas under basic conditions

the reverse trend is evident [24],

RO increasing
acidity (e- withdrawing;
Sio I OSi |
HO OH
RO’ Sl OR
R R
increasing OR

basicity
(e- providing)

Figure 1.3 Inductive effects ofsubstituents attached to silicon, R, OR, OH or OSi

Because increased stability of the transition state will increase the reaction rate, the
inductive effects are evidence for positively and negatively charged transition states
or intermediates under acidic and basic conditions, respectively. With this reasoning,
under acidic conditions the hydrolysis rate decreases with each subsequent hydrolysis
step, whereas under basic conditions the increased electron withdrawing capabilities
of OH (and OSi) compared to OR may establish a condition in which each
subsequent hydrolysis step occurs more quickly as hydrolysis and condensation

proceed.



1,2.2,3 Effect o f Water/Silane ratio (R~) on hydrolysis.

Hydrolysis of the alkoxide precursors is achieved with R values varying from usually
1 to over 25 [27], Figure 1.4 illustrates the effect of water concentration on the gel
time [16], The most obvious effect of increasing R, is the promotion of hydrolysis
according to Equation 1.1. However, Le Chatelier's principal states that the reaction
rate slows down after the water concentration exceeds the equilibrium value, since
water is also the product of the condensation reaction. Thus, as the water
concentration increases, the gelling time will at first decrease and then increase with

a minimum at the equilibrium concentration.

Figure 1.4 Effect ofR (water/silane ratio) on the relative

gel time (tg) [16].



Equations 1.2 and 1.3 suggest two further effects of the water/silane ratio. With
under-stoichiometric additions of water (R «4), the alcohol producing condensation
reaction is favoured, whereas the water producing reaction is favoured when R » 4.
Excess water, however, is expected to promote depolymerisation according to the

reverse of Equation 1.3, hydrolytic depolymerisation [24],

1.2.2.4 Solvent effects on hydrolysis.

The two most important characteristics of the solvent employed in the sol-gel
process are firstly its polarity and secondly the availability of labile protons. The
polarity of the solvent largely determines the solvating ability for the polar or
nonpolar species. The second characteristic determines whether anions or cations are
solvated more strongly and whether or not the solvent can participate in dissociative
reactions, namely alcoholysis and hydrolytic depolymerisation i.e. the reverse of
Equations 1.2 and 1.3 respectively. Because hydrolysis is both hydroxyl and
hydronium ion catalysed, solvent molecules which hydrogen bond to hydroxyl ions
or hydronium ions reduce catalytic activity under basic and acidic conditions
respectively. Therefore, aprotic solvents, which do not hydrogen bond to hydroxyl
ions, have the effect of making hydroxyl ions more nucleophilic, whereas protic

solvents make hydronium ions more electrophilic [29],

1.2.2.5 Reverse reactions in hydrolysis.

The hydrolysis reaction may proceed in the reverse direction in which an alcohol (or
protonated alcohol or alkoxide anion under acidic and basic conditions, respectively)
displaces a hydroxyl group to produce a water molecule. This is known as
reesterification. The extent of reesterification of polysiloxanes proceeds much further

under acidic conditions than under basic conditions [24,28],
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R'OH + Si(OR)4 Si(OR)30R' + ROH (1.4)

Transesterificaton occurs when an alcohol displaces an alkoxide to produce an
alcohol molecule (Equation 1.4). This can be used as a method of producing various

alkoxides.

11



1.2.3 Condensation.

Polymerisation to form siloxane bonds occurs by either an alcohol producing

reaction as in Equation 1.2, or a water producing condensation reaction as in

Equation 1.3.

1.2,3.1 Mechanisms involved in condensation.

OR OR
\ H H
I SI OH SI ______ OH
RO™ ] r(6 J
RO RO
OR ™~ HDH +
Si(OR)3(OH) +
> 5 Si *
™ J \ OR
R g WS
OR
R OR
<o [ O
RO OR

Figure 1.5 Reaction mechanism involved in acid catalysed condensation reactions.
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At low pH, the most basic silanols are protonated first (monomeric singly hydrolysed
species rather than oligomers). Protonation of the silanol increases the acidity of the
group and renders the silicon atom more susceptible to attack by a nucleophile.

The base catalysed condensation reaction occurs via a nucleophilic reaction
mechanism, and water or alcohol may be released. Water release is favoured unless
water concentrations are very low (R < 0.5) when alcohol liberation becomes
significant. The most widely accepted mechanism for the base -catalysed
condensation reaction involves the attack of a nucleophilic deprotonated silanol on a

neutral silicate species [23-26]:

=SiO- + Si(OH)4 sSi-O-Sis + OH 0 5)

This reaction pertains above the isoelectric point of silica where surface silanols may
be deprotonated depending on their acidity. The acidity of a silanol depends on the
other substituents on the silicon atom. When basic OR and OH groups are replaced
with OSi, the reduced electron density on the central silicon atom increases the
acidity of the protons on the remaining silanols. This mechanism, proposed by ller
[24], favours reactions between larger, more highly branched species which contain
acidic silanols, and smaller less branched species. It is generally believed that the
base catalysed condensation mechanism involves penta- or hexa-coordinated silicon
intermediates or transition states [24,26], It is suggested that a silanol is
deprotonated, the oxygen acquiring a formal negative charge and becoming the
nucleophile for attack on another silicon centre. As the acidity of the groups attached
to the silicon increases, the more stabilising effect on the expanded coordination
transition states,

According to Figure 1.6 , the overall condensation rate is maximised at
neutral pH and minimised at ~ pH 2 5 [24], Under highly basic conditions, non-
gelling systems are obtained. The minimum at pH 2.5 corresponds to the isoelectric

point of silica Surface silanol groups are protonated and deprotonated at lower and



higher pH, respectively. Silanols become more acidic with the extent of condensation

of the siloxane network to which they are attached.

vee() T —

pH

Figure 1.6 Effect ofpH on the relative gel time (tg) [L6].

Regardless of the cause, the pH dependence suggests that protonated and
deprotonated silanols are involved in the acid and base catalysed mechanisms, At
elevated pH where the gel times are observed to increase, condensation reactions
proceed but gelation does not occur. In this pH regime, particles are formed which

after reaching a critical size become stable due to mutual repulsion effects [24],

1.2.3,2 Steric and inductive effects in condensation reactions.

During the sol-gel process, condensation can proceed by two different reactions
which can occur between substantially different solution species (monomers,

oligomers etc.) which have undergone different extents of hydrolysis, therefore steric

14



and inductive effects are complicated and are not well documented for
tetraalkoxides. It is accepted that in tetra-functional alkoxides normally employed in
sol-gel processing, substituents which increase steric crowding in the transition state
will retard condensation. Voronkov and co-workers also state that the condensation

rate increases with an increase in the number of silanols on the silicon atom [30],

1 2.3.3 Solvent effects on condensation.

As mentioned in section 1.2.2.4, solvents may be either protic or aprotic and may
vary in their polarity. Depending on the pH, either protonated or deprotonated
silanols are involved in the condensation mechanism. Because protic solvents
hydrogen bond to nucleophilic deprotonated silanols and aprotic solvents hydrogen
bond to electrophilic protonated silanols, protic solvents are expected to retard base-
catalysed condensation and promote acid-catalysed condensation. Aprotic solvents
have the reverse effect.

In addition, the mechanism of particle aggregation as well as the extent of
condensation of the polymeric network have been shown to be dramatically affected
by the presence of organic additives [31], These observations can be explained in
terms of hydrogen bonding and electrostatic interactions which modulate the
nucleophilic substitution mechanism associated with the sol-gel condensation

process.

1.2.3.4 Reverse reactions in condensation.

Alcoholysis and hydrolysis of siloxane bonds (the reverse of Equations 1.2 and 1.3,
respectively) provide a method for bond breakage and reformation, allowing
continual restructuring of the growing polymers The hydrolysis reaction (dissolution
of silica) exhibits a strong pH dependence [24], It has been shown that alcoholysis
occurs under basic conditions, which leads to a redistribution of siloxane bonds:

15



ROH + (R0)3Si-0-Si(OR)3 - ~ ~ Si(OR)4 + Si(OR)30OH (1.6)

It has been proposed that this reaction accounts for the common observation that
under base catalysed conditions, unhydrolysed monomers persist past the gel point,

even with over-stoichiometric amounts of water.

1.2.4 Gelation.

In the sol-gel process, the condensed silica species in time link together to become a
three dimensional network. The physical characteristics of the gel depend greatly
upon the size of the particles and the extent of crosslinking prior to gelation. Acid
catalysis leads to a more polymeric form of gel with linear chains as intermediates
Base catalysis yields colloidal gels where gelation occurs by crosslinking of the
colloidal particles [27], At gelation, the viscosity increases sharply, and a solid object
results, taking the shape of the mould.

The gel point of any system, including sol-gel silica, is easy to observe
gualitatively and easy to define in abstract terms but extremely difficult to measure
analytically. A gelling solution represents a unique state of matter because it is neither
a liquid nor solid, but is in between these two states. The gelation process can be
viewed as the growth process of randomly multiconnected polymer clusters starting
from multifunctional monomer units, which can link together by chemical reaction. At
the gel point a giant cluster appears, having a macroscopic size. The sol becomes a gel
when it can support a stress elastically. It is extremely difficult to define the point at
which a distinct transition from sol to gel occurs. There is not an activation energy
that can be measured, nor can one precisely define the point where the sol changes
from a viscous fluid to an elastic gel. The change is gradual as more and more
particles become interconnected. However, the sharp increase in viscosity that

accompanies gelation essentially freezes in a particular polymer structure at the gel

16



point. At this point gelation may be considered a rapid solidification process. This
'frozen-in" structure may change appreciably with time, depending on the temperature,
solvent and pH conditions or upon the removal of solvent molecules, However, the
gelation time (tg is also known to be influenced by the size of the container, indicating
that tgis not solely an intrinsic property of the sol,

The amount of water for hydrolysis has a dramatic influence on the gelation
time. For low water content, generally an increase of the amount of hydrolysis water
{i.e. R) decreases the gelation time, although there is a dilution effect. The location of

the minimum in the curve tg versus R, depends on the experimental conditions, such

as the nature the chemicals, catalyst and temperature.

In conclusion, the extent to which the overall reactions proceed depend on the
detailed conditions used. The fact that gelation has occurred does not indicate that
these hydrolysis/condensation reactions have ceased [32], but merely that sufficient
network has been formed to hinder motion. Under basic conditions gelation occurs
rapidly but the majority of the precursors are at that point still unreacted. Under
acidic conditions most of the precursors have been partially hydrolysed and have

taken part in condensation, but they may still have M-OR bonds.

1.2.5 Ageing.

This process occurs when a gel is left in its mother liquid after gelation and reactions
continue such that the structure and properties of the material change significantly
[16], During this time, polycondensation continues along with localised solution and
reprecipitation of the gel network which increases the thickness of interparticle necks
and decreases the porosity. The strength of the gel thereby increases with ageing. The
reason for allowing a gel to age adequately, is to produce a gel of sufficient strength
to withstand the stresses encountered during drying. Gels shrink on drying to give

small pore volume and diameter. Ifthey are wet aged they increase in coalescence and

17



shrink little on drying and yield materials with larger pore sizes than materials that
have not been wet aged.

During ageing, three separate processes can occur, often simultaneously.
These include: polycondensation, syneresis and coarsening, and are dealt with

separately in the following sections.

1.2.5.1 Polycondensation.

Provided that silanol groups are close enough to react they will condense to increase
the connectivity of the network. The condensation reactions continues to occur
because of the large concentration of unreacted silanol groups present in a newly
formed gel. This process can be accelerated by hydrothermal treatment which in effect

increases the rate of the reactions [33],

1.2.5.2 Syneresis.

The shrinking of the gel and the resulting expulsion of liquid (water or alcohol) from
the pores is called syneresis. Syneresis in alcoholic gel systems is generally attributed
to formation of new bonds through condensation reactions, which increases the
bridging bonds and causes contraction of the gel network. In aqueous gel systems, or
colloidal gels, the structure is controlled by the balance between electrostatic
repulsion and attractive van der Waals forces. Therefore, the extent of shrinkage is
controlled by additions of electrolyte [24], The presence of organic solvents which
form hydrogen bonds with silanol groups inhibits condensation and as a result slows

the rate of syneresis,
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1.2 5.3 Coarsening.

This is the irreversible decrease in surface area due to dissolution and reprecipitation
events. Because small particles are more soluble than larger ones, and since not all the
small three-dimensional particles are the same size, the particles grow in average size
and diminish in numbers as the smaller ones are deposited upon the larger ones [24]
The result of dissolution/reprecipitation is to reduce the net curvature of the solid
phase: small particles disappear and small pores are filled in, so the interfacial area
decreases and the average pore size increases.

In summary, there are changes in most physical properties of the gel during
ageing. As well as changes to the surface area and porosity, the mechanical properties
of the gel are modified. Due to the increase in bridging bonds, the stiffness of the gel
network increases, as does the elastic modulus, the viscosity and the modulus of

rupture [24].

1.2.6 Drying.

During drying the excess liquid is removed from the interconnected pore network If
the pores are small (< 20 nm) large capillary stresses develop during drying, These
stresses cause the gels to crack catastrophically unless the drying process is
controlled by decreasing the liquid surface chemistry by the addition of surfactants
[34], or the elimination of very small pores by hypercritical evaporation, which
avoids solid-liquid interface and hence side-steps capillary stresses, The drying
process can be divided into a number of stages. During the first stage, the decrease
in volume of the gel is equal to the volume of the liquid lost by evaporation and the
rate of loss of solvent from the material is constant. The next stage of drying begins
when the strength of the network has increased, due to the greater packing density
of the solid phase, sufficient to resist further shrinkage. At this stage liquid is driven

to the surface by gradients in capillary pressure, where it evaporates due to the
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ambient vapour pressure being lower than inside the pores. The final stage of drying
occurs when the remaining liquid evaporates within the pores and is removed by
diffusion of its vapours to the surface. Cracking during the first stage of drying is
rare unless the gel has not been sufficiently aged and therefore does not possess the
dimensional stability to withstand the increasing compressive stress. Most failure
occurs during the early part of the second stage, the point at which the gel stops
shrinkage. The possibility of cracking at this stage is high due to the high stresses

and low strain tolerance of the material.

1.2.7 Dehydration and Chemical Stabilisation of Gels.

For a sol-gel material to be used in ambient environment, both thermal and chemical
stabilisation are often required. Chemical stabilisation involves removing the
concentration of surface silanols below a critical level so that the surface does not
rehydroxylate during use. Thermal stabilisation involves reducing the surface area
sufficiently to enable the material to be used at a given temperature without
reversible structural changes [16],

A major problem in producing silica gels suitable for optics is the removal of
surface hydroxyl groups and hydrogen bonded water. These entities give rise to
atomic vibrational energy absorption in almost the entire range of ultra-violet to
infra-red wavelengths (160-4500 nm) and as a result decreases the optical
applications of silica gel monoliths. Consequently, to accomplish the optimum
optical performance of silica, complete dehydration is imperative.

To achieve dehydration it is necessary to recognise that 'water' is present in
two forms. Firstly, free water within the ultraporous gel structure (i.e. physisorbed
water) and secondly, hydroxy groups associated with the gel surface (i.e.
chemisorbed water). The physisorbed water can be eliminated and surface silanol
(Si-OH) groups condensed starting at about 170°C The dehydration is completely

reversible, up to about 400°C. Above 400°C, the dehydration process is irreversible
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as a result of shrinkage and sintering across the pores. Thus, the amount of existing
hydroxyl groups on the gel surface is an inverse function of the temperature of
densification. UV-VIS-NIR absorption data also show that the reduction of surface
hydroxyl groups occurs above 400°C. Above 800°C only isolated silanol groups exist
and these can also be removed by extended thermal treatment [16], Heating the
porous gel at high temperature causes densification to occur The pores are
eliminated and the density ultimately becomes equivalent to fused quartz or fused
silica.

Dehydration can also be achieved using a variety of chlorinated compounds.
Compounds such as chloroform can completely react with surface hydroxyl groups
to form hydrochloric acid. This can then be desorbed from the gel at a temperature

range 400-800°C where the pores are still interconnected.

1.2.8 Densification.

Densification is the final treatment process of gels and occurs in the temperature
region of 1000-1700°C depending on the radii of the pores and their surface area
[24], Controlling the gel-glass transition is a difficult problem if one wants to retain
the initial shape of the starting material. It is essential to remove volatile species from
the pores prior to their closure. With successful stabilisation treatments however, it
is possible to manufacture monolithic dense gel-derived glasses by using furnaces. In
effect, densification is the increase in bulk density that occurs in a material as a result
of the decrease in volume fraction of the pores. It is widely accepted that despite the
complex manner in which the gel evolves towards a glass, once the gel has been
densified and heated above the glass transition temperature, its final structure and

properties become indistinguishable from those of a melt-derived glass.
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I.2.9 Luminescent species in sol-gel glasses.

The sol-gel technique offers a low temperature method for synthesising amorphous
materials which are either totally inorganic in nature or composed of inorganics and
organics [1]. This process, as described in the previous sections, is based on the
hydrolysis and condensation reactions of alkoxysilanes in alcoholic solutions. The
ability to synthesise inorganic polymers using sol-gel processing with little or no
heating makes it possible to dope these gels with a variety of organic, organometallic
and indeed inorganic compounds, especially dyes having desired luminescent
properties [6-9,15]. Prior to the employment of the sol-gel technique, the
incorporation of these compounds into solids was restricted to the use of frozen
solvents or organic polymer matrices. The present approach represents a totally new
type of composite material because the oxide matrix not only offers a significantly
more ionic environment but also it is thermally, chemically and dimensionally more
stable [2], Thus, studies of inorganic-, and indeed organic-doped sol-gels have begun
to develop substantial breadth, from investigation of doped sol-gels for
spectroscopic and matrix-isolation photochemistry, to the effect of solvent chemistry
on luminescence properties, to the development of laser and non-linear optical
materials [15],

Organometallic dyes, like transition metal complexes, can be used as
photosensitisers in the photochemical conversion of solar energy, and their
incorporation into solid matrices may be advantageous. In particular, the
photophysical behaviour of the ruthenium tris (2,2 ’-bipyridyl) cation, [Ru(bpy)3]2+ at
low temperatures in solids and in solutions at room temperature has been the subject
of extensive research [35-38], This thesis involves the photophysical behaviour of
ruthenium polypyridyl complexes in sol-gel matrices. We are primarily concerned
with two aspects of these doped gels. The first aspect concerns the information
which the Ru(ll) polypyridyl complexes relay about the sol-gel process while the
second involves the effect of the rigid matrix on the photophysical properties of the

immobilised complexes. Therefore it is subsequently necessary to give a review of
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Ru(ll) polypyridyl complexes. In the next section, detailed information concerning
the properties of [Ru(bpy)3]2+ the archetype of such complexes, in solution, will be

given.

1.3 The Photophysical properties of [Ru(bpy)s]2+in solution.

The photophysical and photochemical properties of ruthenium (1) polypyridyl
complexes have been studied extensively in the past fifteen years. They have
attracted the attention of several research groups because of a unique combination of
ground- and excited-state properties [35-37], The prototype of these complexes is
[Ru(bpy)3]2+ (bpy = 2,2’ bipyridine) which has been used as a photoluminescent
compound, an excited-state reactant in energy and electron-transfer processes, an
excited-state product in chemiluminescent and electrochemiluminescent reactions,

and also a mediator in the conversion of light and chemical reactions [37-38],

1.3.1. Absorption and emission properties.

Ru(ll) compounds are stable low-spin d6 species, which can be oxidised (removal of

a metal-localised electron), or reduced (addition of an electron into a ligand n
orbital) [37], The most important photophysical properties of [Ru(bpy)3]2+ are

depicted in Figure 1.7. The absorption spectrum of [Ru(bpy)3]2+ as seen in Figure
1.8, exhibits a number of distinguishing features. Transitions within the ligand 7t
bonding orbital to the 7t*-antibonding orbital, labelled k-k or ligand centred
transitions occur at high energies (185 and 285 nm) and have high extinction
coefficients. In addition, transitions such as promotion of an electron from the metal

tg orbital to an egorbital are possible, and give rise to weak absorption bands (322
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Figure 1.7 Schematic representation of the photophysical pathways of [Ru(bpy)3 *
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Figure 1.8 Absorption spectrum of[Ru(bpy)3 2" in aqueous solution, with the

assignmentsfor the various bands.
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and 344 nm) [37-38], However, the most significant feature of this spectrum is the
intense absorption band exhibited at 452 nm, which has a molar extinction coefficient
(e) of 14600 M'Itm'L This band has been assigned to a metal-to-ligand charge-
transfer transition (MLCT) [37-38], Fast intersystem crossing (ISC), estimated to
occur with a rate of 5 x 10'10s'1 [40], occurs from the singlet to the triplet MLCT
state with an efficiency of unity [41-42], The large spin-orbital coupling present in
this complex makes this spin-forbidden transition possible [43], Emission from the
triplet state to the ground state (AD) or radiationless deactivation to the ground state
(A can take place [37], It is widely accepted that the emitting state of [Ru(bpy)3]2+
consists of three closely spaced SMILCT levels, each with a different triplet character
and lifetime [39,44], The fast radiationless decay of the 3VILCT excited state to the
ground state results in a relatively short excited-state lifetime and a small
luminescence efficiency. Another deactivating pathway is the population of the metal
centred (3MC) excited state [45-47], This state is strongly distorted with respect to
the ground state nuclear geometry, and upon population, reduces the emission
guantum yield by causing rapid radiationless decay, or more destructively, cleavage

of a Ru-N bond, leading to photosubstitution [46,48-49],

1.3.2 Lifetime of the emitting state.

The large energy-gap between the lowest excited states and the ground state of
[Ru(bpy)3|2+ allows radiative processes (emission) to compete with non-radiative
ones (quenching), Consequently, luminescent decay is a competitive process
whereby the quantum yield of emission is a measure of the fraction of excited states

which undergo radiative decay, and may be expressed as follows:

o= VIV +IF (1.7)
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where  represents the radiative decay rate, the non-radiative decay rate of this
luminescent set of states, and Orthe quantum yield of emission [50], The lifetime of
many polypyridyl complexes of Ru(ll) in fluid solution is highly temperature
dependent and the lifetime can be expressed as the sum of a temperature independent

and several temperature dependent terms:

Ut = k0 + Tik?{T) (1.8)

where k0= + k™ (the sum of the temperature independent radiative and non-

radiative decays) and Z,£/n(T) are the temperature dependent rate constants.

The temperature-dependent terms can be associated, in a schematic way, either to:

(a) an activated surface crossing to another excited state, described by the Arrhenius

equation:

kj° = A, exp(-AE/RT) (1.9)

where, A, is the frequency factor and AE, is the activation energy for surface crossing

between states respectively or

(b) to the coming into play of vibrational modes that can favour the radiationless
decay that are prevented at low temperature because of the frozen molecular
environment. This second type of thermally activated process can be dealt with by

the following equation

kr=B;/ {1 +exp[Q(I/T - L/TbOJ} (1.10)

which describes the stepwise behaviour centred at a certain temperature TB8i. In this

equation Ci is a temperature related to the smoothness of the step and B; is the value
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attained by K\ at T » TBi . This equation is particularly useful for describing the
behaviour of a system in the glass-fluid transition region of a solvent matrix. The
In(I/x) vs. 1/T plots can usually be fitted by using Equation 1.8, with an appropriate
number of terms given by Equations 1.9 and 1.10.

The radiative rate constant can be obtained by measuring the luminescence quantum

yield and lifetime at room temperature:

(1.11)

The radiative rate constant is obtained at room temperature, because it is generally
accepted that is temperature independent above 77 K The temperature-
independent non-radiative rate constant can be obtained from the lifetime at low

temperature:

kom = UX77K - ~ (1.12)

At 77 K, no extra deactivating processes are present (like population of the 3MC
state) and the value of k™ is only governed by radiationless deactivation of the
3MLCT states.

At temperatures below 77 K, the temperature dependence of excited-state
lifetimes for [Ru(bpy)3]2 reveals that the luminescence of this complex originates
from three close lying MMLCT states whose populations are in thermal equilibrium
[51-54], A plot of In(I/x) Vs 1000/T for [Ru(bpy)3]2+ shows strong temperature
dependent behaviour particularly above 250 K, with luminescence lifetime decreasing
with increasing temperature [45], This has been assigned to the activated surface
crossing between SMMLCT and 3MC states. It is generally agreed that the ligand
photosubstitution reaction proceeds via this thermally-activated radiationless
transition from this luminescent AMLCT level to a distorted 3MC level, with
subsequent competition between radiationless decay to the ground state and
cleavage of a Ru-N bond with formation of an intermediate containing a
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monodentate bipyridyl ligand [46-47], Such an intermediate can undergo either loss
of the ligand or chelate ring closure with reformation of [Ru(bpy)3]2+

However, experimental evidence shows that the combination of a series of
three low-lying MLCT states and a thermally activated MLCT—>d-d transition is not
adequate to account for the temperature dependencies of all cases. For example,
more complex temperature dependent behaviour becomes evident at the glass-to-
fluid transition [55], In addition, there is direct spectroscopic and kinetic evidence
for the presence of an additional MLCT state for [Ru(bpy)3]2+in the solid state [44],
The presence of this fourth SMILCT state will be discussed in more detail in following

chapters.

1.3.3 Chemistry and quenching reactions of the [Ru(bpy) ¥ +excited state.

The first step in any photochemical and photophysical process is the absorption of a

photon by the molecule. The molecule is thereby promoted to an excited state. The

resultant excited state molecule is a high energy unstable species which must

undergo some type of deactivation process as shown in Figure 1.9.
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Figure 1.9 Schematic representation ofexcited state deactivation processes.

Deactivation may occur via:

(a) disappearance of the original molecule through photochemical reaction,
(b) emission of light (luminescence),
(c) radiationless decay (degradation ofthe excess energy into heat), and

(d) interaction of the excited state molecule with another species present

[37].

Processes which involve radiationless deactivation, quenching or photochemical
reactions are in direct competition with the luminescent decay of the excited state. In

view of the relatively long-lived excited state of *[Ru(bpy)a]2t, the complex may



partake in a range of bimolecular energy transfer processes. It is a versatile species

often acting as an energy donor, electron donor or an electron acceptor.

q(ox)
[Ru(bpy)32+ + Q - > [Ru(bpy)3 + Q (1.13)
*[Ru(bpy)32+ + Q — —V [Ru(bpy)3| &+ + Q+ (1.14)
ka(E)
*[Ru(bpy)32+ + Q > [Ru(bpy)d] + Q* (1.15)

where (1.13) represents oxidative quenching, (1.14) reductive quenching and (1.15)
energy transfer [35,37,50], The first two processes outlined above, involve electron
transfer from/to the excited state molecule and simultaneous oxidation or reduction
of another species in the proximity. The third process is a physical process where
through contact, the excited state molecule transfers its energy to another molecule.

Establishment of the actual quenching mechanism is by no means trivial. The
ability to undergo energy transfer is related to the zero-zero spectroscopic energy EC
0 of the donor-acceptor pair (spectral overlap) and that of electron transfer to their
respective redox potentials. The kinetic factors are associated with the activation
energy needed to reorganise the inner and outer shells before electron transfer can
occur [35],

The assignment of quenching processes to ‘energy transfer’ requires either
direct observation of the acceptor phosphorescence or at least photoreactions arising
from the excitation into the acceptor-excited sites. Bimolecular quenching of the
excited state of [Ru(bpy)3]2+ has been extensively studied employing metal ions such
as Eu3+and Cr2[56], amines [57], quinones [58], and particularly paraquats such as
methylviologen [59]

A useful parameter in considering an excited state is its mean lifetime given by;
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1/t = kds (1.16)

where t represents the lifetime and kd6the decay rate constant. This is the average
lifetime for an excited state, decaying through all possible decay mechanisms, each

with its own decay constant so that,

UT = ~ + r + AQ] (1.17)

where ” represents the emission rate constant, ffl the internal non-radiative constant
and £q the bimolecular quenching rate constant with [Q] the concentration of
guencher Q

The Stern-Volmer equation is derived from this;

UT = Uxo + £4Q] (118)

where t and To represent the observed lifetimes in the presence and absence of the
quencher respectively. This equation describes the effect of a quencher on the
lifetime in solution [60], The slope of the Stern-Volmer plot of 1/t Vs. [Q] yields the
value of k\

Compounds which contain unpaired electrons may act as efficient quenching
agents. Perhaps the most eminent of these agents is molecular oxygen which is well
recognised as a paramagnetic species. It is particularly effective in removing the
energy from triplet state molecules and consequently poses as an obstacle when
considering phosphorescence and also relatively long-lived fluorescent species.
Molecular oxygen is one of the few species which effectively quenches *[Ru(bpy)32*
with a kq of approximately 3.3 x 109 M'Y 1 Singlet oxygen formation by energy
transfer and electron transfer mechanisms have been proposed. The lifetime of
*[Ru(bpy)32+is reduced by about a third in aerated aqueous solutions. Bubbling with

nitrogen or argon reduces oxygen quenching to less than 1% [49],
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1.3.4 Fine tuning of the excited state.

Comparison with the requirements needed for photosensitisers and luminophores
[61], show that the main limitation of [Ru(bpy)3]2+ lies in the existence of low-lying
d-d states causing depletion of the relatively long-lived 3MILCT states and also
providing a pathway for photodecompostition. Because population of the d-d state is
thermally activated, there is an appreciable increase in the deactivation rate as the
temperature is raised. Thus, [Ru(bpy)3]2' shows a large decrease in lifetime above
room temperature, which limits its use at higher temperatures. In addition, the
narrow absorption band at 452 nm limits its potential use as a catalyst for solar
energy conversion, as only a small part of the solar energy spectrum can be utilised.
Typically, complications arising from d-d states can be avoided by changing to
analogous complexes of Os(Il). Since 10Dq is approximately 30% greater for Os,
the d-d states are no longer thermally accessible at or below room temperature.
However, ruthenium(ll) polypyridyl complexes are a preferred source of
photosensitisers for a number of reasons. Firstly, for equivalent cases where excited-
state energies are the same, Ru(ll) MLCT states are longer lived, by a factor of
approximately three, when compared to their Os(ll) counterparts [62], Secondly,
there exists a broad background synthetic chemistry for Ru(ll), and the preparative
conditions involved are less demanding [63], Finally, the background synthetic
chemistry to ligand-bridged dimers and oligomers is known, and the potential clearly
exists for designing complex systems where the Ru-bpy chromophore is attached to
catalytic sites [64],

Evidently, the understanding and the ability to control the factors which are
involved in the determination of the relative positioning of the d-d state and the
AMLCT states is extremely important. The spectroscopic properties of Ru(ll)
complexes are governed by the a-donor and ic-acceptor properties of the ligands
which surround the ruthenium centre [65], Therefore, by changing the ligand systems
around this centre it is possible to alter the ground state and excited state properties

of these metallic complexes. For a series of [Run(bpy)2(L)]nt complexes, variations in
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L can significantly affect the relative position of the d-d state. Through careful
selection of L, it is possible to increase the energy gap between the MLCT and the
3MC states, thereby preventing population of the deactivating state [65], Control of
the luminescence properties of complexes hinges on the control of the relative state
energies and the nature of the lowest excited-state [66],

When a class a type ligand (where L is a weaker o-donor but a better 7.-
acceptor than bipyridine) is introduced, this ligand may participate directly in the
excited state reactions. Such ligands alter the excited state properties by decreasing
the t2g3MLCT energy gap, since the % lowest unoccupied molecular orbital
(LUMO) will reside on this ligand. The objective of using these ligands, is to isolate
the MC state from the SMMLCT state, However, the weak a-donor properties of
class a ligands result in a reduced ligand field splitting (i.e. 10Dq will be reduced
compared with [Ru(bpy)3]20) and after excitation of the complex the IMIC state may
still be populated.

Alternatively, if a class b ligand is introduced, (where L is a stronger a-donor
and a weaker 7i-acceptor than bipyridine), then this ligand will act as a spectator
ligand and will not become directly involved in the emission processes. Because of
their strong a-donating ability, this class of ligands possess n* levels of much higher
energy than bpy. As a result, in mixed chelate complexes containing both bpy and
class b ligands, the excited state is always bpy based. This class of ligands donate
much electron density into the metal d orbitals thereby increasing 10Dg.
Unfortunately, the t2g level is destabilised and this may lead to a reduction in the
MC-3MLCT energy gap.

The effects of the introduction of different ligand types into ruthenium
polypyridyl complexes can be clearly observed in their electronic spectra, Specific
examples of class a ligands include 2,2’-bipyrazine (bpz) [67], 2-2’-bipyrimidine
(bpm) [68] and 2,2’-biquinoline (biq) [65], The structure of these ligands, and the

other ligands cited in this theses are displayed in Figure 1.10. The most attractive
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2.2'-biquinolinc (biq)

3-mcthyl-5-(pyridyn-2-yl)-1,2,4-triazole (H3Mptr) 4,7-diphenyl-1,10-phenantliroline (dpp)

2,2’-bipyrimidinc (bpm)

—N

3,5-bis(pyridyn-2-yl)-1,2,4-triazole (bpi) 3,5-bis(pyrazin-2>yl)1,2,4-Iriazole (bpzt)

Figure 1.10 Ligands cited in text.
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feature of complexes formed by replacing one bipyridine ligand of [Ru(bpy)3]2+ with
a strong 7i-acceptor lies in the red-shifted absorption and emission energies, thus
making the absorption range more accessible to the solar spectrum, However, as
mentioned previously, the smaller a-donation of these ligands, and also there
propensity for accepting 7r-backbonding from the drc orbitals, results in a smaller
10Dg thus making 3VIC thermally accessible at ambient temperatures and the
emission yield is diminished [65], There have, however, been some examples of
stable complexes containing class a ligands, In some cases, a large MMC-3MLCT
energy gap is maintained when the effect of decreasing 10Dq is mitigated by the
effect of very low energy ligand n levels [65],

Recently, there has been an increased interest in systems containing at least
one class b ligand. Such ligands include pyrazoles [69] and also triazoles [70],
Because of their strong a-donating ability of this class of ligand compared with
bipyridine, their % levels are much higher in energy, and as a result, in mixed chelate
complexes containing both bpy and class b ligands, the emission is always bpy based.
The measure of a and n donating abilities of these ligands may be modified by
introduction of substituents onto the ligand [70], In particular, the triazoles have
been an important contribution to the class b type ligands. These complexes show
interesting properties as a result of the electronic properties of the triazole ring [70],
The availability of different coordination sites on the triazole leads to variations of
the magnitude of the a-donation felt by the metal. Another important feature of the
triazole ring is that it can be deprotonated, leading to an extensive ground-state and

excited-state acid-base chemistry,

1.3.5 Dinuclear complexes.

Dinuclear transition metal complexes have received considerable attention in recent

years [72], Ruthenium(11) and osmium(l1) dimeric complexes are of interest because,
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if certain lifetime constraints are satisfied, they could in principle act as a two-
electron transfer reagent when excited by two photons. A very important feature of
these species, is that in a mixed-valence species containing M(Il) and M(III),
electron hopping from the M(I1) centre to the M(I11) centre can take place. Light-
induced electron hopping may be detected in the near-infrared absorption spectra
and is called the intervalence transition [73], Many types of binuclear complexes with
bridging ligand have been synthesised and utilised in the studies of electron-transfer
processes and metal-metal interactions. The selection of bridging ligand can change
the nature of metal-metal interactions. It has been suggested that preparation of
luminescent bimetallic Ru(Il) complexes demands a bridging ligand that correlates to
2,2’-bipyridine so that the coordination and field strength about each Ru(ll) centre is
in essence equivalent to that in [Ru(bpy)3]2+ Until quite recently, only two types of
bridging ligands had been studied. Firstly, those ligands which have low-lying n*
orbitals [74], For the most part, such bridging ligands will be directly involved in the
electrochemical reduction and emission processes. Thus, this ligand acts as an
electron-transfer or energy-transfer trap and may decrease the emission yield
Secondly, those bridging ligands which exhibit strong a-donation properties, and
function only as a building block for the synthesis of the dinuclear systems. The
bridging ligand has much less influence on the emission properties, because the
luminescence is now bpy based [75],

The 3,5-bis(pyridin-2-yl)-1,2,4-triazole (Hbpt) ligand (see Figure 1.10)
allows formation of dinuclear species which retain their luminescent properties [76-
77], The Hbpt is a class b type ligand, and due to the stronger a donation properties
of the ligand, the MC levels of the monomer species (i.e. [Ru(bpy)2(bpt)]H), are
expected to lie at higher energy than for [Ru(bpy)3]2+ Coupled with the lower
energy of the SMILCT state, this infers that the IMC-3VILCT energy gap for the
monomer is considerably larger than for [Ru(bpy)3]2+. Consequently, a highly
photostable monomeric species is formed. However, sharing of the negative charge
of the bpt' ligand between the two metal centres in the dimeric species results in

reduced ligand field strength of the ligand and furthermore results in the formation of
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a photoactive species [77], An advantage of employing this ligand as a link between
two metal centres is that it does not act as a trap for energy and electron transfer.
The LUMO is in all cases, located on the bpy ligands and not on the connecting bpt'
ligand. Consequently this ligand may be an appropriate bridge for polynuclear
complexes which can display photoinduced electron or energy migration properties
[76], Analogous mononuclear and dinuclear formed by replacing the ruthenium
centres with osmium, results in complexes which are both photostable. The greater
10 Dq value for Os(I1) as compared with Ru(ll), results in an augmentation of the of
the 3MLCT-3MC energy gap, causing the population of the d-d state to be
impossible at ambient temperatures [75],

It is widely known that by using bipyrazine instead of bipyridine as a ligand,
the LUMO of the resulting metal complex is lowered considerably. This is caused by
the strong 7c-acceptor properties of pyrazine [37,65,78], Replacing both pyridyl rings
of Hbpt with two pyrazine substituents, results in the formation of 3,5-bis(pyrazin-2-
yD-1,2,4-triazole (Hbpzt) (see Figure 1.10). The effect of employing Hbpzt, results
in complexes with quite unusual properties. The lowest absorption and emission
bands displayed by the monomeric species, [Ru(bpy)2bpzt)]lt+ are Ru->tc* (bpy)
transitions, Protonation of the triazole ring, or coordination of a second Ru(bpy)2
moiety results in a reduction of the 7t*(bpzf) level so that the emission is now Hbpzt
based [79], Furthermore, the nature of the MLCT band is altered, as the
Ru-»7i*(bpzt) transition is also observed. The uncommon features observed for
Hbpzt complexes are caused by a combination of the strong o-donor properties of

the triazole ring and the strong 7t-accepting properties of the two pyrazine rings [70],

1.4 Ruthenium(I1) polypyridyl complexes in heterogeneous environments.

Ruthenium complexes display interesting photophysical and photochemical

properties which make them attractive probes of their local microenvironment. In

particular, the emission of such complexes can reflect the nature of their



surroundings, or provide information about other quencher molecules close to it
[80], In general, the study of transition metal complexes in solids has progressed at a
much slower pace than that in fluid solution. However, because of the proliferation
of practical applications upon incorporation into a membrane or solid matrix, the
photophysics of such complexes in a solid environment now presents a formidable
challenge to the material scientist [81], For example, luminescence of species on or
in solid supports is becoming increasingly important, particularly in the area of fibre
optic sensors, which are frequently supported in polymers, in gels or on surfaces
[82], The photophysical aspects of such materials are by no means straight forward.
In contrast to more conventional homogeneous luminescence materials, these
supports are frequently heterogeneous on a microscopic scale, giving rise to complex
and poorly characterised decay kinetics (see section 4.1). This complexity may result
in obscure sensor response. In effect, heterogeneity makes the analysis of
photochemical and photophysical data much more complicated than in the gas phase
or even in fluid systems. However, their substantial presence in natural systems,
justifies focusing attention on such systems and attempting to cope with their

inherent complexity [81],

1.4.1 Photoprocesses ofruthenium(ll) complexes on surfaces.

The role played by surfaces in chemical reactions is a source of intrigue for
kineticists, colloid and polymer chemists, and indeed biochemists The exterior of a
material is of prime importance to industrial chemistry, as it is here that corrosion
chemistry begins or a selected feature of a chemical reaction is catalysed
Photoprocesses on solid surfaces have attracted increasing attention from a practical
viewpoint of uses. The crux of the matter with chemical reactions on surfaces is the
enhancement of a selected chemical change or catalysis of a reaction. The mimicry of
the photosynthetic process has been of major interest over the past 15 years due to

its association with storage of light energy, leading the development of the field of

38



photochemistry in nonhomogeneous media [83], Much of the effort in this area has
focused on the use of electron-transfer reactions, as the ionic products are likely
candidates for storage to convert and store solar energy. In particular, electron
transfer from the excited *[Ru(bpy)3]2+ to electron acceptors, e.g. methylviologen,

MV 2+ has received detailed attention [84]

*[Ru(bpy)3|2+ + MV2+ -> [Ru(bpy)3|3+ + MV+ (1.19)

The medium in which this process takes place is of extreme importance in
establishing the yield of photoions, the more polar media promoting larger ionic
yields [84], However, the subsequent back-reaction of [Ru(bpy)3]3t and MV" limits
the length of time during which charge separation and thus energy storage can be
maintained. The suppression of this energy wasting back reaction can be achieved by
a sacrificial repair agent, e.g. ethylenediaminetetraacetate, EDTA, which donates an
electron to [Ru(bpy)33tyielding [Ru(bpy)3]2 and the net reaction is electron transfer
from EDTA to MV2+ Another possibility is to mechanically restrict the motion of
these species in a rigid medium which promotes electron transfer to give
[Ru(bpy)3]3+and MV+ but decreases the probability of the back-reaction. Cellulose
provides such a medium, and it has been shown that MV+is formed upon excitation
of [Ru(bpy)3]2 and MV2+ in this medium [85], Similar photosensitised electron
transfer and charge separation have also been demonstrated in redox active
surfactant aggregates [86], The layered zirconium phosphates are heterogeneous
systems which could prove useful as media for solar energy conversion. Zirconium
phosphates are acidic, inorganic, ion-exchange materials having a layered structure.
These materials have potential applications as catalysts, ion-exchangers, solid
electrolytes and hosts for various intercalants [87,88], The microenvironment within
zirconium phosphates has been shown to restrain movement of ions through the
interlayer space, but diffusion leading to dynamic quenching can occur.

Hashimoto and co-workers have reported the photoinduced charge

separation from photoexcited ruthenium complexes chemically and physically
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adsorbed on powdered semiconductors by measuring the luminescence decays and
the time-resolved spectra [89,90], The interfacial charge-transfer process between
semiconductor and adsorbed molecule is a key mechanism in fundamental aspects of
powdered semiconductor photocatalysis and indeed photography, These studies
contribute to the understanding of the dye sensitisation process of semiconductors
because of the ability to obtain direct information for the rate of electron transfer
between the excited dye and the semiconductor that are free from complications
caused by various diffusion processes inevitable for experiments using solutions.

The search for efficient solar energy conversion devices continues to be an
important area of research [91], One approach is to make use of dye-sensitised, large
band-gap semiconductor films to absorb solar light [92], In such a device, a dye stuff
(sensitiser) absorbs visible light and, after excitation, injects electrons into the
conduction band of the semiconductor producing an electric current, The difficulties
in obtaining reasonable conversion efficiencies with such systems are notorious,
Apart from poor injection quantum vyields, the light absorption by a monolayer of
sensitiser adsorbed on a flat surface is at best a few percent. Multilayer deposition
has proved to be an unsuccessful approach to solve this dilemma due to the lack of
photoactivity and the filtering effect of the dye molecules which are not in direct
contact with the semiconductor. As such, a major problem with the application of
spectral sensitisation in photoelectrochemical devices for solar energy conversion has
been low efficiency.

Recently, an order of magnitude increase in solar energy conversion
efficiencies at dye sensitised photoelectrochemical cells has been realised [93-94],
This break-through was accomplished by attaching ruthenium polypyridyl complexes
to high surface area titanium dioxide, Ti02, electrodes The general accepted model
for dye sensitisation of wide gap semiconductors is illustrated in Figure 1.11 [95] In
this model, an excited dye injects an electron into the semiconductor conduction
band from a normal distribution of donor levels and becomes oxidised. The electron
is swept to the semiconductor bulk by the surface electric field and flows through an

external cell to perform useful work.
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Figure 1.11 Modelfor dye sensitisation ofwide gap semiconductors [96],

The oxidised dye is reduced by an electron donor present in the electrolyte, k4.
Reduction of the oxidised donor occurs at the counter electrode and the solar cell is
therefore regenerative. Radiative and nonradiative decay of the excited state, k.i, and
recombination of the photoinjected electron with the oxidised dye sensitiser or the
oxidised electron donor, k3, represent loss mechanisms. These TiC2 films have a
specific fractal-type surface texture [96], and can be sensitised with strikingly high
yields. When operating as anodes in a photoelectrochemical cell, these materials
efficiently convert visible light to electricity [93-97], Incident photon-to-current
efficiencies exceeding 70% have been obtained Since it is expected that most
inorganic charge transfer complexes possess unique ground state properties, it is not
surprising that solar energy conversion efficiencies are dependent on the nature of
the molecular dye sensitiser. Another important factor is to endow the sensitiser with

suitable interlocking groups which serve as electronic bridging function between its

41



chromophoric moiety and the conduction band of the Ti02 [98,99], Graetzel and co-
workers have recently reported on the performance of CN-bridged trinuclear
ruthenium complexes [100], These complexes show promising features when
adsorbed onto rough Ti02 films, both with respect to efficiency of light-energy
conversion as well as from their stability under long-term illumination. In effect,
research on artificial photosynthetic devices based on this technology provides an
opportunity to directly convert light into electricity on a molecular level.

Another prominent field in the area of immobilised luminescent ruthenium
polypyridyl complexes onto surfaces which has emerged during the past 10 years, is
that of modified electrodes. Much attention has been paid to polymer modified
electrodes where covalent attachment of the ruthenium metal centre to pendant co-
ordinating group on the polymer [101-102], Such metallopolymeric materials offer a
convenient way of creating an interface by physical adsorption onto particles in
solution. The extension of homogeneous solution chemistry to polymeric materials
also provides a facility for the incorporation of both catalytic and chromophoric
sites, in a fixed chemical matrix. Modified electrodes differ from conventional
electrodes in that a thin film of material is coated onto the electrode surface. In so
doing, greater control of the electrode characteristics and surface reactivity can be
achieved, thus enabling either the selective reaction of a particular analyte, or the
mediation of redox reactions which are slow or not possible at a bare, unmodified
electrode. The rapid charge transfer rates, the chemical and physical robustness, and
the synthetic flexibility of these metallopolymers make them ideally suited for

practical applications.
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1.4.2 Ruthenium(ll) complexes asprobes of the local microenvironment.

Excited states as probe molecules comment on their environment in two basic ways

leading to spectroscopic measurements commenting on:

(a) the nature of the environment of the excited state, and

(b) the relative ease of movement at the site.

Movement of other molecules (quenchers) to the excited state is also reflected in this
type of kinetic measurement. Most spectroscopic studies of molecules at interfaces
are obtained via emission spectroscopy of the excited state. This technique of
fluorescence or phosphorescence probing of the system is sensitive both to probe
environment and to low concentrations of the probe molecule, a necessity in order
not to disturb the system under study. In recent years the emission spectroscopy of
ruthenium(11) polypyridyl complexes has proven to be a sensitive and flexible tool for
the investigation of a number of different environments.

Colloidal silica (Si02) and clays (aluminosilicates) are two class of inorganic
colloids provide a particularly interesting challenge for fluorescence probing [103-
105], Solutions of colloidal silica with particles of radius in the range of 50-200 A
are commercially available today. The particles are spherical, possessing a negative
surface, consisting of SiO" groups and adsorbed OH" ions. The counterions in most
systems are Na+, and they are readily replaced by other cations such as [Ru(bpy)3]2+.
The silanol groups at the surface of Si02 particles are ionised at pH > 5.5 and
produce a diffuse double layer. The negative surface charges can aid quite
significantly in the separation of photoredox products.

Wheeler and Thomas have used [Ru(bpy)32° and 4-(I-pyrenyl)-
butyltrimethylammonium bromide (PN+), to investigate the nature of colloidal silica
particles in water [103], The fluorescence spectra of these probes show that the silica
surface is very polar and similar to water. Inefficient quenching of emission of these

probes by anionic quenchers (as compared to that in homogeneous solvents)
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confirms the presence of negative charges. Studies with cationic quenchers show that

the cations are strongly bound to the silica particles,

h3c N N— ch3 sg5x\ / XN( ;/ #cm1K X/I xsQ
\

m v 2+ pVvs

The presence of a negatively charged interface in these Si02 particles should
enable achievement of efficient charge separation. Calvin and co-workers have
demonstrated such processes using silica-bound sensitisers and viologen salts as
acceptor relays [104], With zwitterionic viologen, propyiviologen sulfonate (PVS),

on electron transfer, two oppositely charged photoproducts, [Ru(bpy)3]3*and PVS'
ks
[Ru(bpy)3|2+ + PVS [Ru(bpy)3]3+ + PVS' (1.20)
The former is strongly adsorbed to the silica particle, but the reduced form of the

electron acceptor is repelled by the negatively charged interface, hindering the

recombination process as illustrated by:

,[Ru(bpy)3]2 PVS

[Ru(bpy)3]3 PVS

The forward quenching rate kg is comparable in water and in Si02 colloids

However, the back electron transfer rate k2 is retarded by more than 100-fold over
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that observed in the homogeneous phase. In the case of dicationic methyl viologen,
MV 2+ the quenching rate is strongly enhanced on the silica surface (100-fold). The
importance of the surface potential of SiC>2 colloids in retarding the back reaction has
been demonstrated by varying the ionic strength and the pH of the medium.

Ruthenium(ll) probes have also been employed in the characterisation of
colloidal clay systems. Clay constitutes a unique class of inorganic colloids which
occur quite readily in nature with special structural features that make them versatile
as catalysts and catalyst supports [105], These aluminosilicate systems are negatively
charged containing aluminium in an octahedral configuration sharing oxygen atoms
with silicon, which is in tetrahedral configuration. Their ability to exchange cations
has been utilised to locate cationic probes, e.g. [Ru(bpy)3]2+ on such clays as
laptonite, which is a synthetic clay, and natural hectorite and montmorillonite. The
absorption and luminescence of [Ru(bpy)3]2+ undergo significant perturbations in
clays. The charge transfer absorption band shifts towards the red (maxima at 472,
462 and 465 nm in montmorillonite, hectorite, and kaolinite respectively) with about
50 % decrease in the absorption cross section. The intensity of the ... ..- band near
285 nm is dramatically reduced [106], The differences in the absorption spectra have
been attributed to the differences between the [Ru(bpy)3]2 complex and the clay
surface. Possible explanations include the distortion of the bipyridine ligands due to
steric constraints and an enhancement in the quasi-metal-to-ligand charge transfer in
the ground state.

In contrast to the absorption profile, the luminescence profiles are very
similar. Also the excitation spectra followed essentially the absorption spectral
profiles. However, there are significant differences in the relative magnitude of the
luminescent quantum yields and lifetimes. After correcting for the changes in the
ground-state absorption coefficients, the emission yield is about 30 % larger for
[Ru(bpy)3]2+ in hectorite, whereas it is almost six times lower in montmorillonite
The greatly reduced yield in montmorillonite has been attributed to the quenching by
Fe3tin the octahedral layers. The emission decay profiles in the presence of clays are

complex, but have been fitted to double exponential decays. It has been suggested
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that the double exponential is due to the presence of two different adsorption sites
on the clay particle: on the outer surface and intercalation between the phyllosilicate
sheets. In effect, the lifetime, quantum yield, and nature of the absorption spectrum
are dependent on whether [Ru(bpy)3]2+is adsorbed in layers as in the natural clays or
whether it is adsorbed at the surface as with laptonite [107], At low concentrations
of laptonite, [Ru(bpy)3 2+ is adsorbed on the outer layers and is in contact with the
aqueous phase. However, at higher clay concentrations or in the presence of calcium
chloride, layering of the clay occurs and the probe molecule is placed progressively
between the layers where its photophysics are altered,

Spectroscopic methods using ruthenium(ll) complexes as probes have also
been applied to the understanding of the interior structure and dynamics of micelles
and hemimicelles. This probe has been used to study the structure and evolution of
anionic surfactant aggregates in solution. Shifts in frequency and enhancements in
intensities of the excited-state Raman spectra of [Ru(bpy)3]2+ in sodium dodecyl
sulphate (SDS) micelles have proven remarkable in responding to the general course
of the aggregation process [108], In addition, ruthenium polypyridyl complexes have
also been used in DNA probe technology and their use as labels for proteins has also
been reported [109],

Ruthenium(Il) metal complexes have been incorporated into a number of
natural and synthetic polymer membranes such as silk fibroin [110,111], cellulose
[85,112], and indeed poly(ethyleneoxide) membranes [114] The incorporation of
ruthenium complexes into these particular matrices will be discussed in more detail in
Chapters 3 and 4. Membranes and membrane surface chemistry play a key role in
many biosystems and a more comprehensive understanding of their properties can be
obtained through these spectroscopic techniques.

The sol-gel process is continuously gaining acknowledgement in a number of
specific fields. One particularly intriguing application of the sol-gel science for solar-
energy conversion materials has recently been reported by Avnir and co-workers
[115-116], This current research is oriented towards the design of efficient

photoredox systems. In these studies, the donor is immobilised in a sol-gel matrix,
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and the mobile acceptor is located within the intrapore region of the gel. The mobile
acceptor can then shuttle redox energy to a secondary acceptor immobilised in a
different location within the gel. In this manner, the back electron-transfer rate is
inhibited by the long distance between the oxidised donor and the reduced acceptor.
Employing this methodology, charge separated pairs which live for hours have been
produced. In a particularly novel system, back-electron transfer rates of
approximately 7 orders of magnitude slower than in fluid solution were established
[117], It has been proposed that the sol-gel trapping technique offers several
advantages over other heterogeneous systems previously employed for the study of
such photosensitised reactions: This medium is completely transparent and the
method is simply applicable as compared to for example, the covalent attachment of
the reactant to the glass. With respect to adsorbed systems, sol-gel trapping is free of
disadvantages such as solvent-induced desorption by high ionic strengths and by low
pH. Compared to micelles, the purely inorganic glass medium minimises undesirable
side reactions with charge-separated species. Another area in which extensive
research has been carried out is in the development of luminescence-based optical
sensors involving the quenching of ruthenium complexes which have been
incorporated into a sol-gel matrix [14],

However, several fundamental questions remain before the application of
these advances to practical photocatalytic materials and optical sensors can be
realised. For example, how and to what extent are species immobilised within a sol-
gel? What fraction of immobilised species reside in regions where they can
participate in reactions with reactants in the intrapore region of the gel? How do the
preparation conditions of the sol-gel matrix affect immobilised species within this
matrix? These questions may be better addressed when a detailed knowledge of the
local environments of the dopant species is obtained. Luminescent dyes can be
employed as probes of both sol-gel transformation and the accompanying chemical
and matrix rigidity changes. Another interesting aspect of the dye-doped sol-gel
materials is the opportunity to use this approach for matrix-isolation purposes and to

investigate the fundamental spectroscopy of the molecule in the sol-gel environment,
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For these purposes, the spectroscopic properties of [Ru(bpy)3]2 within a sol-gel
matrix have been investigated by a number of authors and compared to those of the
molecule in low-temperature glasses and in water [118-121],

Reisfeld and co-workers have investigated the spectroscopic behaviour of
[Ru(bpy)3]2+ in sol-gel glasses, heavy fluoride glasses, polyvinylalcohol films and in
boric acid at room temperature. It was found that essentially the mechanism of
absorption, internal conversion, and intersystem crossing was similar for all of these
solids studied. All the absorption spectra show a maximum around 450 nm assigned
to the IMLCT. The fluorescence spectra of all the samples, peaking at approximately
600 nm, were assigned to the Stokes-shifted emission of the MLCT excited state to
the ground state. The lifetimes and quantum vyields of [Ru(bpy)52+ in polyvinyl
alcohol (PVA), boric acid, tin-lead fluoride glass and sol-gel glass indicate that in
dense matrices part of the quenching mechanisms, such as oxygen quenching and
freedom of motion, are absent. This also conforms to the theory of four levels by van
Houten and co-workers [45,46] in order to explain the high temperature behaviour
of [Ru(bpy)3]2+ in liquids. The slightly lower lifetime of the complex in the sol-gel
matrix as compared to the other fore mentioned glasses, indicates that this particular
matrix is still porous, permitting both some measure of oxygen quenching and
freedom of rotation. The fact that the quantum vyields are still much smaller than
unity can be rationalised by intersystem crossing to a quenching level, governed by
Boltzmann population of this level.

The behaviour of the luminescence decay profile was similar for different
types of glass, showing a double exponential dependence [118], An increase in
lifetime was found in all cases. This increase is the result of the fixation of the
ruthenium complex into a rigid solid matrix where a majority of bimolecular
deactivating mechanisms that can quench the excited states are removed e.g.
concentration quenching can be neglected due to isolation of the complex molecules
in the matrix. Increased lifetime of [Ru(bpy)3]2+in solids at room temperature, has
been attributed to decreased i.e. decreased interaction of the lowest triplet

manifold of the complex with the solid surroundings as compared to water and
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alcohol, These results are consistent with the scheme proposed by van Houten and
Watts [45-46],The non-radiative decay rate for the triplet level of [Ru(bpy)3]2+ is
dependent on the nature of the material. In these studies it was also found that the
more dense the material the lower the non-radiative rates. In addition, Matsui and
co-workers have employed [Ru(bpy)3]2+as a luminescent probe in order to follow
the sol-gel reaction system of tetraethoxysilane [122], The spectrum exhibited a blue
shift during the sol-gel stage, indicating that the probe molecule became entangled by
siloxane polymers and finally became tightly bound to the sol-gel silica. It was found
that the relative rates of the spectral shift of [Ru(bpy)3]2+ differed depending on the
preparation conditions thus suggesting the potential use of this complex as a

photoprobe of sol-gel systems.

1.5 Scope of thesis.

This thesis is concerned with the study of ruthenium(ll) complexes in a sol-gel
matrix. There are two complementary goals for these studies. The first objective is to
use the existing extensive knowledge on the photophysics of these complexes to
probe the sol-gel-xerogel reactions and hence, the factors which determine the
progress of these reactions. The second and indeed converse goal is to use the
known information on the sol-gel system to examine the excited state processes

under a novel environment.

In Chapters 3 and 4, particular emphasis is given to the way in which these
transition metal complexes can be employed as photophysical probes of the sol-gel
process. In condensed media, the solvent molecules constituting the medium (for
microheterogeneous systems the medium is referred to as “the environment”) can
intervene in some of the excited-state processes. Usually solvents interact strongly
with excited states that have higher dipole character compered to the ground state.
The solute-solvent interactions can affect the relative populations at various

vibrational levels of the excited state or the relative populations of the Franck-
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Condon envelope of the excited state with respect to the ground state. The former
manifests itself as variations in the vibronic band intensities and the latter in red or
blue shifts in the emission maxima, often accompanied by changes in the fluorescence
yields. The polarity and viscosity of the medium can influence the orientation and
mobility of the probe molecule in the medium. In effect, these two chapters are
primarily concerned with changes in the nature of the environment from an initial
fluid medium to the more restricted nature of the final xerogel on both the position

of the photoluminescence energy maximum and also the luminescent lifetime,

As mentioned in section 1.3.2, the lifetime of ruthenium complexes in
solution is highly temperature dependent above 250 K, with the luminescence
lifetime decreasing with increasing temperature. In Chapters 5 and 6, the effect of
the incorporation into a solid matrix on the temperature dependent nature of a
number of ruthenium(ll) complexes, both monomers and dimers and also
[Os(bpy)3]2+ have been investigated. The aim of these chapters is to further elucidate
the photophysics of these complexes in a sol-gel matrix at such temperatures above

which population ofthe 3MC state is prevalent in a solution media.

Finally, Chapter 7 serves to draw all the information gathered in the thesis
together and give an overview of the photophysical behaviour of these complexes in
a solid environment as compared to the well documented nature of these complexes

in solution media
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Chapter 2.

Experimental Procedures.
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2.1 Materials.

The synthetic procedures for the preparation of the sol-gel matrices and metal

complexes used during the course of this thesis are described in the following

section. All synthetic reagents and solvents were of commercial grade and no further

purification was employed.

2.2 Synthesis of complexes.

The following complexes were

procedures.

8.
9.

N oo o A~ WD e

[Ru(bpy)3|(PFG?2
[Ru(phen)3|(PF6§2
[Ru(dpp)3|(PF6)2
[Ru(phen>2(H3Mptr)](PF6?2
[Os(bpy)3](PF6)2
[Ru(bpy)2(dpp)](PF6)2
[Ru(dpp)Xbpy)](PF6)2
[Ru(bpy)2biq)](PF6)2
[Ru(bpy)2bpt)]PF6

10. [(Ru(bpy)2) Abpt)](PF6)3
11. [Ru(bpy)2Abpzt)]PF6
12. [(Ru(bpy)2)2Abpzt)](PF6)3
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2.2.1 Synthesis of [RufL-LW](PFfi)7 complexes.

The [Ru(L-L)3(PF6)2 complexes (where L-L = 2,2’-bipyridine (bpy), 1,10°-

phenanthroline (phen), or 4,7’-diphenyl,1,10-phenanthroline (dpp)) were all
synthesised according to the following general procedure. 2.0 mmol of RuC13.3H20,
6.2 mmol of the appropriate ligand (bpy, phen or dpp) and 1.5 g of LiCl were heated
under reflux in 50 ml of N,N-dimethylformamide (DMF) for 8 h. After cooling, 500
ml of acetone was added to the solution. After leaving the solution for 24 h at -20
°C, the precipitated complex, [Ru(L-L)3]CI2, was filtered and washed with 20 ml of
diethyl ether. The solid was then dissolved in 20 ml water and a few drops of-a
concentrated aqueous NH4PF6 solution were added. The precipitation
([Ru(L-L)3](PF6)2 was filtered and dried using diethyl ether. The product was then

recrystallised from 20 ml of an acetone/water (1/1 v/v) solution. Yields > 80 %.

2.2.2 Synthesis of [RuibpvWL-DIfPFfO? complexes

The [Ru(bpy)2(L-L)](PF6)2 complexes (where L-L = 2,2’-biquinoline (biq), or 4,7’-
diphenyl,l,10-phenanthroline (dpp)) were all synthesised according to the following
general procedure. 1.0 mmol of [Ru(bpy)2CI2].2H20 [10] was heated under reflux
with 1.2 mmol of the appropriate ligand for 5 h in 50 ml of ethanol/water (4/1 v/v).
The solvent was then removed by rotary evaporation, and the remaining solid
dissolved in 10 ml water. A few drops of a concentrated aqueous NH4PF6 solution
were added. The precipitation ([Ru(bpy)2(L-L)](PF6)2 was filtered and dried using
diethyl ether. The product was then recrystallised from 20 ml of an acetone/water

(1/1 v/v) solution. Yields > 75 %.
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2.2.3 Synthesis of rRufdppW bpvtliPF~b complex.

1.0 mmol of [Ru(dpp)2CI2] 2H20 [10], was heated under reflux with 1.2 mmol of
2,2’-bipyridine for 5 h in 50 ml of ethanol/water (4/1 v/v), The solvent was then
removed by rotary evaporation, and the remaining solid dissolved in 10 ml water. A
few drops of a concentrated aqueous NH4PF6 solution were added. The precipitation
was filtered and dried using 20 ml diethyl ether. The product was then recrystallised

from 20 ml of an acetone/water (1/1 v/v) solution. Yield 70 %.

2.2.4 Synthesis of rRu('phen)2<'H3MptriN(‘PFf,)7 complex.

1.0 mmol [Ru(phen)2CI2] .2H20 and an excess of ligand 1.2 mmol of H3Mptr ligand
were heated under reflux in ethanol/water (4/1 v/v) for 6 h. In order to ensure
complete protonation of the bound ligand, 1-2 drops of conc. HC1 were added. The
solvent was then removed by rotary evaporation, and the remaining solid dissolved in
10 ml water. A few drops of a concentrated aqueous NH4PF6 solution were added.
The precipitation was filtered and dried using 20 ml diethyl ether. The product was

then recrystallised from 20 ml of an acidified acetone/water (1/1 v/v) solution.

Figure 2.1 Possible coordination modesfor the pyridyltriazole ligand in the two

isomers of [Ru(phen)2(FI3M ptr)f+.
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Two isomers of [Ru(phen)2(H3Mptr)]2 were formed (in a ratio 5/1) during the
synthesis since chelation can take place through the N1 or the N4 nitrogen atom of
the triazole ring. The preferred site of coordination is anticipated to be the N1 site as
the methyl ring on the triazole ring causes steric hindrance at the N4 site. The two
isomers were separated using HPLC methods as described in section 2.6. The N1
coordinated isomer was used for the preparation of the of sol-gel samples in the

following section

2.2.5. Synthesis of Hbpt and Hbpzt complexes.

The following complexes [Ru(bpy)2(Hbpt)]2+ [(Ru(bpy)22(bpt)]3+
[Ru(bpy)2(Hbpzt)]2+, and [(Ru(bpy)22(bpzt)]3+ were synthesised by Dr. Helen
Hughes, Dublin City University [8,9],

2.2.6 Synthesis of [Os(bpv)jliPF?)?

[Os(bpy)3](PF6)2was synthesised by Dr. Helen Hughes, Dublin City University using

the literature procedure [5]

The purity of the complexes were established using the HPLC methods described
later in this chapter and also IH NMR. Figure 2 2 illustrates the '"H NMR spectra
obtained for the mixed ligand complexes [Ru(bpy)2(dpp)]2+ in CDsCN and
[Ru(bpy)(dpp)2+ in DMSO. These NMR spectra have been previously reported
[11].

The complexes were incorporated within a sol-gel matrix using initial
concentrations of 10'5M, unless otherwise stated. The structure, numbering, names,
and abbreviations of the ligands employed in this thesis have been previously

presented in Figure 1.10.
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Figure 2.2 'H-NMR of (a) [Ru(bpy)2(dpp)]2~and (b) [Ru(bpy)(dpp)Z
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2.3 Synthesis of sol-gel samples.

Monolithic sol-gel samples of varying water to silane ratio (R), were prepared by the
hydrolysis of tetraethoxysilane (TEOS) in water-ethanol solutions. The time required
to reach gel point was found to depend greatly on HC1 concentration, temperature
and the water to silane ratio employed. The undoped gels display high optical

transparency in the visible region.

Method 1: SampleR = 2. )

To a mixture of 3.6g (0.2 moles) of water (adjusted to the appropriate pH using
conc. HC1) and 13.8g (0.3 moles) of ethanol (containing the desired dopant
complex), 20.8g (0.1 moles) of TEOS was added dropwise. The mixture was stirred
for one hour in a sealed beaker before pouring into a plastic cell suitable for
spectroscopic measurements (1cm x 0 5cm x 4cm). The plastic cell was covered to
allow gelation and aging to occur in a closed environment. The initial concentration
of the complexes in the sols was 10'5 M unless otherwise stated. The samples were
aged for 500 h unless otherwise stated. The lid was then pierced to allow for the
evaporation of excess solvent. All samples were stored at 50 °C unless otherwise

stated.

Method 2: SampleR = 4.

These gel samples were prepared as described for (I) above using 3.6g (0.2 mole)

water, 13.8g (0.3 mole) ethanol and 10.4g (0.05 mole) of TEOS.

Method 3: Sample R = 8.

These gel samples were prepared as described for (I) above using 3.6g (0.2 mole)

water, 13.8g (0.3 mole) ethanol and 5.2g (0.025 mole) of TEOS.
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Method 4: Sample R —12.

These gel samples were prepared as described for (1) above using 3,6g (0.2 mole)

water, 13.8g (0.3 mole) ethanol and 3.67g (0.017 mole) of TEOS.

Method 5: Sample R = 15.

These gel samples were prepared as described for (1) above using 3 6g (0.2 mole)

water, 13.8g (0.3 mole) ethanol and 2.88g (0.013 mole) of TEOS,

2.4 Absorption and emission spectroscopy.

UV-vis spectra were obtained wusing a Shimadzu 3100 UV-vis/NIR
spectrophotometer interfaced with an Elonex PC-433 personal computer or a
Shimadzu UV240 instrument. The solvent used for obtaining solution absorption
measurements of the metal complexes was acetonitrile, unless otherwise stated. To
acquire spectra of the solid gel samples the UV-vis/NIR integrating sphere
attachment was used which employs the diffuse reflectance technique [12],

Emission measurements were obtained using an LS50B spectrometer
interfaced with an Elonex PC-466 personal computer which employs Fluorescence
Data Manager software. Room temperature measurements of solutions were carried
out in acetonitrile unless otherwise stated with excitation and emission slit widths of
10 nm. At 77K the slits were set to 5 nm and a 4/1 (v/v) ethanol/methanol mixture
was employed.

Quantum vyields of emission, <0em were carried out using optically dilute
measurements as described by Demas and Crosby [13] and are accurate to + 10 %.
The standard employed was [Ru(bpy)3]2+which has a known quantum yield of 0.028
in an air equilibrated water solution [14], Normalisation of absorbance intensity was

carried out prior to emission measurements.
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Ground and excited state pKa measurements were carried out in a Britton-
Robinson buffer solution (0.04 M H3BO3, 0.04 M H3PO4, 0.04 M H3CCOOH) using
the instrumentation described above. The pH of the solutions was adjusted using
concentrated H2SO4 or NaOH and monitored using a Phillips PW9421 pH meter
Ground state pKa values were determined monitoring the intensity changes in
absorption as a function of pH. The point of inflection of a plot of percentage change
in absorbance versus pH was used to determine this value. Excited state pKavalues
(pKa*) were determined by monitoring emission intensity at a specific wavelength as
a function of pH. These emission titrations were carried out using the isobestic point
(obtained from the absorption titration data) as the excitation wavelength. The pKa
value was calculated using the pH (point of inflection on percentage change in
emission intensity versus pH plot) in the Forster cycle equation [15],

Temperature dependent emission studies were carried out in a custom built
guartz sample holder using a variable temperature liquid nitrogen cryostat PE1704
equipped with a Thor 3030 temperature controller. The absolute error on the
temperature is estimated at £ 2 K. Excitation and emission slit widths of 5 nm were
employed for these studies. Samples were degassed for 30 minutes under nitrogen

prior to analysis.

2.5 Luminescent lifetime and temperature dependent luminescent lifetime

measurements.

The lifetime measurements were carried out using a Q-switched Nd-YAG spectrum
laser system. Room temperature measurements of solution samples were carried out
in ethanol, unless otherwise stated. Temperature dependent studies of solutions were
carried out in 4/1 (v/v) ethanol/methanol using samples of low concentration (i.e. <
10'4M). No solvent was employed for the gel samples. Samples (both solution and
solid sol-gel samples) were degassed for 30 minutes under nitrogen prior to

temperature dependent studies. A custom built quartz sample holder was employed
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inside a Thor C600 nitrogen flow cryostat equipped with a Thor 3030 temperature

controller. The absolute error on the temperature is estimated at £ 2 K,

2.5.1 Data Analysis.

The fluorescence lifetime of a substance usually represents the average amount of
time the molecule remains in the excited state prior to its return to the ground state.
The fluorescence lifetime is generally equated with the time required for the intensity
to decay to Me of its initial value One of the commonly accepted rules is the

exponential decay of isolated fluorescent molecules with lifetime X :
O(t) = exp(-?/x) (2.1)

However, the luminescence of molecules emitting from heterogeneous systems
frequently depart from first order kinetics. Thus, a plot of the logarithm of emission
intensity versus time is non-linear. In kinetic studies of these systems the non-linear
semi-logarithmic plot can be fitted to a multi-exponential decay model. For the delta
function excitation (i.e. zero duration) with independently emitting noninteracting

species the detector response is:

0(0 = NZi=i Kj exp(-t/l) (2.2)

r, = ki (2.3)
where N is the number of emitting components. For the /'th component, r, is the

lifetime and Kj is the preexponential factor contributing to the signal at zero time.

The Kj are functions of the spectral response of the detector, the concentration,
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emission and absorption characteristics of each component, the spectral transmission
properties of the filters and the spectral distribution of the exciting light [16],

For the studies reported in this thesis two different models were used to
calculate the emission lifetimes. The first was a simple monoexponential decay law

used to analyse those lifetimes conforming to single exponential decay behaviour:

0(0 = Aj(1- exp(-k/f)) (2.4)

whereby is the pre-exponential factor and kj is the decay rate constant.

A multi- exponential decay expression was used to analyse the data for the gelled

samples:

0(0 = LAWY - exp(-£/0) + (A2(1 - exp(-Ir20)] (2-5)

where A; and A2 are the components pre-exponential factors, ki and k2 are the
decay rate constants. This model above assumes two populations of emitters, one
which decays with a rate constant ki and another which decays with rate constant k2.

It was possible to add on more terms for higher exponential fit.

In order to ascertain which decay behaviour is indeed observed, it was
important to be able to judge the quality of the fit. From the best fit parameters, the
expected curve was calculated. Even for the correct model, the theoretical and
observed decays differed slightly due to noise. In order to visualise these
discrepancies, a plot of the weighted residuals (as percentage errors) versus time was

made.

% error = [(F(ti) - D(ti)) / D(ti)] x 100 (2.7)
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where D(ti) and F(ti) are the calculated best fit and observed decay data,

respectively For a good fit, the differences were small with a low % range (< 5 %)
and randomly distributed plot whereas a bad fit yielded a cosine wave distribution,
As mentioned earlier, the pre-exponential factors values depend on the experimental
set-up However, changes in the ratio of these factors Ai and A2 throughout an
experiment may be deemed as significant so long as the experimental conditions

remain constant throughout.

2.6 Chromatographic Techniques.

High performance liquid chromatography (HPLC) cation exchange experiments were
carried out using a Waters 990 photo-diode array HPLC system, equipped with an
NEC PAC Il computer, a Waters pump model 6000 A, a 20 )il injector loop and a
Partisil SCX radial PAK cartridge. The detection wavelength used was 280 nm. The
mobile phase used 80:20 CH3CN .H20 containing 0.08 M lithium perchlorate, unless
otherwise stated. A flow rate of 2 ml/min was employed.

Semi-preparative HPLC was carried out using an Applied Chromatography
service pump (model RR066) and ACS detector (model 353 / UV/vis) fitted with a 1
ml injection loop and a Magnum 9 Partisil cation exchange column (10 mm/ 25 cm).
The mobile phase employed was 80:20 CH3CN :H2 containing 1 M KNO3, the

flow rate used was 2-3 ml/min depending on the elution of the complexes.

2.7 Molecular modelling.
Basic modelling of complexes and ligands was carried out using Hyperchem
software. Molecular mechanics optimisation of ligand and complex structures was

carried out employing the Hyperchem Polak-Ribier algorithm,
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2.8 Nuclear Magnetic Resonance Spectroscopy.

Proton nuclear magnetic resonance (NMR) spectra were obtained using a Bruker
AC 400 MHz spectrometer. Measurements were carried out in deuterated

acetonitrile or DMSO.
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Chapter 3.

The influence of the sol-gel matrix on the emission maxima

of Ru(Il) polypyridyl complexes.
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3.1 Introduction.

Luminescence has been commonly used as a probe of porous materials for over a
decade. Luminescence methods are very sensitive and can also be quite selective. By
proper choice of excitation wavelength it is possible to selectively excite one species
present in a complicated system. Transient methods can also be used to obtain
information concerning luminescent solids. These lifetimes measurements can yield
information concerning the number and type of excited state species, kinetic rate
laws for the luminescence decay process, details of energy transfer mechanisms,
effects of impurity additives (quenchers), distances between absorbers and emitters,
and other kinds of information.

The basic concept of excited state techniques to characterise polymer
systems is to use the photophysical and photochemical properties exhibited by a
single probe molecule in the system to comment on its environment, its ease of
movement, and on access of other molecules to the probe. In section 1 4 the capacity
of ruthenium polypyridyl complexes to be employed as probes of their
microenvironment was described. In particular, section 1.4.3 deals with the
incorporation of such complexes in a sol-gel matrix. For the most part, these
investigations have involved the spectroscopic behaviour of the archetype,
[Ru(bpy)3]2+. In this chapter we have extended these studies to investigate the
various parameters affecting the sol-gel transition by incorporating three tris
ruthenium polypyridyl complexes [Ru(L-L)3]2", where L-L represents one of the
bidentate ligands 2-2’-bipyridine, 1,10-phenanthroline, or 4,7-diphenyl, 1,10-
phenanthroline. In addition, the sol-gel-xerogel transition is followed as a function of
time and pH using the acid-base properties of [Ru(phen)2(H3Mptr)]2+ The purpose
of these investigations is to gain improved understanding of the reactions which lead

to the final glass structure, and the parameters which affect these reactions.
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3.1.1 Understanding the sol-gelprocess.

An understanding of sol-gel processing has become increasingly important as the
number of applications have grown. The sol-gel process offers a number of distinct
advantages in many specific areas [1], Among the advantages which sol-gel matrix
offers in the area of laser material technology for example, include the photostability
of the glass matrix, trapping of the dye molecule and its isolation from undesired
interactions  with  its neighbouring dye molecules, impurities, and
photodecompostition products; nonleachability of the dye; the ability to reach stable
very high concentrations of the dye; reduction of translational, rotational, and
vibrational degrees of freedom of the trapped dye [2], The importance of the solid
matrix which hosts the laser dye cannot be over emphasised since the nature of this
matrix affects virtually all characteristics of the dye, i.e. it may cause spectral shifts
of both absorption and emission of the incorporated dopant, it can affect
photostability, and it may also alter the distribution between processes that the
excited state may undergo, such as intersystem crossing, collisional energy loss, and
consequently also the fluorescence lifetime Developments in this area require a
detailed knowledge of the overall reactions involved in the sol-gel process and how
alterations in the various parameters affect the structural evolution and hence the
form of the final gel.

Despite the numerous advantages this technology offers, the sol-gel process
is not without problems. The process has a number of disadvantages from the
standpoint of preparation of inorganic materials Some of the disadvantages, such as
the large shrinkage associated with the gelation process and shattering of gelled
samples during drying have been outlined by Mackenzie and co-workers [3], The
most serious problem in any application of the sol-gel process at the present time, is
the lack of scientific understanding of many complexities associated with the
process. Thus, although numerous potential applications in the area of doped glasses
exist [4], the development of these applications requires a good understanding of the

structure of the doped sol-gel matrices, the properties of the matrices on a molecular
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level, and the conditions that the oxide network imposes on the optical properties of
the dopant. Little is known thus far concerning the fundamental aspects of the
interaction between guest molecules and the inorganic host matrix, (whether for
example, the molecules are truly entrapped and not merely adsorbed on the surface
of the exterior of the pores), or about the parameters that control the luminescence
the luminescence of molecules embedded in these inorganic systems. Molecular
mobility, solvation, and reorientation processes have a dominant effect on
electronically excited states. As such, the fluorescent dye is likely to behave
differently in a solid matrix than in solution. Another interesting aspect is that the
sensitivity of dyes to chemical environment suggests the potential for using
luminescent probes during polymerisation, gelation and drying of the gels to
investigate the sol-gel chemistry and/or structural development. The following two
sections briefly reviews the use of spectroscopic probes employed to follow the

gelation process through its various stages.

3.1.2 Probing the sol-gel chemistry.

Understanding the reactivity of doped sol-gel glasses is intimately linked with
understanding the nature of the entrapment and the cage properties. Various
spectroscopic techniques have been employed to study the dopant cage properties
and their evolution with time along the sol->gel-*xerogel transition. The chemical
changes that occur during the polymerisation reactions are an important aspect of the
gelation process which has been studied using molecular probes. A particular change
which has been used to follow the rate of gelation is the change in the water:alcohol
ratio (R). As the hydrolysis reaction proceeds, alcohol is continuously being
produced and the amount of water to the amount of alcohol is steadfastly decreasing.
Perhaps one of the earliest investigations in optical probing of the sol-gel process
was that work carried out by Kaufman and co-workers [5], In these studies the

proton transfer from the excited state of pyranine, (8-hydroxy-1,3,6-trisulphonated
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3 = PyOH
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PYOH + H20 - m— PyO" + H30+

Figure 3.1 Chemical structure ofpyranine and its absorption-émission processes.

pyrene), to surrounding water molecules was used as a sensitive fluorometric
method for following directly and in detail the kinetics of water consumption during
the early stages of the tetramethoxysilane sol-gel polymerisation process. Absorption
and fluorescence spectra of pyranine are very sensitive to the proton-transfer
phenomena. In an ionic medium, the SC=3-Na+ groups are believed to be fully
dissociated. In the ground state, the protonated molecule PyOH is reported to be a
weak acid with a pKaof about 7.5. In the excited state, however, it is a more acidic
molecule, PyOH*, with a pKa of about 1 The protonated ground-state form is
stabilised in acidic solution (pH < 7,5) while the deprotonated form of the molecule
PyO' is present in basic conditions (pH >10), The two forms present a maximum

absorption at 400 and 450 nm, respectively.
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After excitation by light, the competition between the kinetics of the protonation-
deprotonation and the deactivation processes of the two forms controls the relative
intensity of the green emission peak at 515 nm (due to the PyO' form) and of the
blue emission peak at 430 nm (due to the PyOH*) form). In water solution, the
excited states have a fluorescence lifetime of approximately 10~1) s'land 3 x 10'7s",
respectively, The relative intensities of the blue and green emission are affected by
the proton donor-acceptor ability of the surrounding medium or by large changes in
the pH from neutral to very acidic conditions.

The studies carried out by McKieman and co-workers using this photoprobe
revealed that alterations in water/silane ratio and in pH markedly effected the kinetic
behaviour of water consumption [5], Since then, Pouxviel and co-workers have
extended these investigations to the emission and excitation of aluminosilicate sols
and gels by the hydrolytic condensation of a double alkoxide, (Bu0)2AIl-0-Si(OEt)3
doped with the pyranine probe [6], The sensitivity of pyranine to the internal solvent
chemistry and to the ambient acceptor/donor proton characteristics of the
surrounding matrix environment was further established. The chemical structure of
pyranine and the absorption and emission processes are given in Figure 3.1.

In water rich environments the green emission band dominates because water
acts as a proton acceptor. In alcoholic environments (specifically propanol rich
environments) the blue band is dominant, because the pyranine remains protonated.
The changes in the ratio of the intensity of the blue peak to that of the green that
accompany aging and drying of the pyranine-doped aluminosilicate gels are shown in
Figure 3.2. From the point of view of molecular scale structural characteristics, the
gelation point emerged as a relatively unimportant point compared to the overall
picture. These results are an indication that the changes in gel chemistry continue
well beyond the gelation period The macroscopic rigidity observed at the gel point
does not mean that the reactive entities are immobile at the microscopic level.

The initial increase in F, was assigned to the consumption of water and
production of alcohol which occurred during hydrolysis. Ultimately an equilibrium

was established as the aging process continued. The changes in emission which
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occurred during the drying of the gels can be explained as follows; Of the two
solvents, water and propanol, present in the pore system at this time, propanol is the
most abundant. The first step of drying corresponded to the vaporisation of propanol
(propanol has a higher vapour pressure than water) which gave rise to an increase in

the relative concentration of water in the remaining solvent. F decreased accordingly.

0 100 200 300 400
t(h)

Figure 3.2 Evolution of the emission intensity ratio (F) ofpyranine during gelation,

aging and drying processes [6],

Later, as the drying continued, the free water content approached zero and F
increased sharply. The most important result of these studies was the demonstration
that there is a slower decrease in water content at the higher pH values. This
conclusion was explained in terms of the gradual changes in the rates of the opposing
processes ofwater consumption and water release with pH [6]

In recent years, coumarin dyes have been used to probe the effects of pH on
sol-gel processing. In particular, the luminescence of coumarin 4 (7-hydroxy-4-

methylcoumarin) in aged and dried gels has been examined in detail [7],
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Figure 3.3 Molecular structure ofdifferentforms of Coumarin 4 and the

corresponding acid-base equilibria.

The neutral form of coumarin 4 is the dominant species in aqueous alcoholic
solutions for a wide range of pH and water contents. The various reactions leading
to the different species responsible for the varying fluorescence energies are shown
in Figure 3.3.

The luminescence spectra of coumarin 4 in the gels were found to be
different from those in solutions. The differences suggested that the dye was not
simply dissolved in solvent-filled pores in the gel. Consequently, changes in the

surface composition of the gel led to changes in the interactions between coumarin 4
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and the gel matrix and subsequently caused the luminescence of aged and dried gels
to differ substantially from the luminescence in solution. In these studies, it was
found that the luminescence of xerogels differs substantially from that of aged gels in
two important respects. Firstly, the luminescence intensity from xerogels was much
greater because gel shrinkage produced an increase in dopant concentration. The
second important spectral difference was that the relative intensities of specific
emission bands, caused by the formation of the different coumarin 4 species,
exhibited substantial changes as drying occurred. Drying the gels synthesised under
the most acidic conditions led to an increase in the intensity of the band from the
protic form of coumarin 4. Drying the gels synthesised under less acidic conditions
caused an increase in the intensity of the bands from the neutral and the anionic
forms.

Pyranine and coumarin 4 are only two examples of the numerous
photoprobes which have been employed in recent years to study the chemistry
involved in the sol-gel process. The effect of varying the preparation parameters on
the final xerogel has also been studied using such spectroscopic probes as oxazine-

170 [8-9], thymol blue [10], and fluorescein [11] to name but a few,

3.1.3 Probing the sol-gelrigidity.

The question of rigidity of the sol-gel cage is one which has been addressed since the
potential use of sol-gel materials was realised. One class of probes which have been
used for monitoring the rigidity changes during the transformation from the sol to
the dried glass are the ‘rigidochromic’ molecules [ReCI(CO)3L-L], where L-L
represents a bidentate diimine. The emission energy position of these complexes
depends substantially on the nature of L-L, and is associated with the lowest lying
metal to ligand absorption band [12], The emissive state is thought to possess a
substantial degree of triplet character . The luminescence of these molecules changes

markedly with changes in the rigidity of the medium into which they are
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incorporated. Specifically, the wavelength of the emission shifts to the blue (i.e.
higher energy), and the quantum yield increases in rigid media compared to the
values of these properties in fluid solutions [12], The term “luminescence
rigidochromism” has been used to describe the substantial dependence of the
emission maxima on environmental rigidity. This rigidochromic effect has been
employed by McKiernan and co-workers as a sensitive means of probing the
structural changes that occur in two sol-gel systems, namely, tetraethoxysilane
(TEOS), and a mixed aluminosilicate system [13-14] The idea behind these studies
is that if the internal changes which occur during gelation are enough to produce
measurable shifts in the emission energy of a rigidochromic molecule, then the
luminescence spectra could provide a direct measure of the rigidity of the system on
the molecular level. The magnitudes of the shifts of the luminescence maximum of
the rigidochromic probe molecule were established in relevant test systems by using
fluid and frozen solid ethanol and TEOS as test matrices. Large spectral shifts of
approximately 2500 cm’l in these systems were found. The changes in the
luminescence were then followed during the sol-gel-xerogel transformation of the
aluminosilicate and TEOS systems. In the former system, the emission maximum
monitored the initial partial rigidification during aging and further followed the
subsequent rigidification which occurred during drying. In the TEOS system, it was
found that the emission energy of the probe did not shift during aging but exhibited a
large change during drying. These contrasting results show that on a molecular level
the two systems have quite different structural properties. The aluminosilicate gel
contains small pores that trap the dye molecules and large pores that enable the
solvent to diffuse. The small pores partially contract during aging without
macroscopic changes of the gel. Further shrinkage occurs during drying. In contrast,
in the TEOS system the [ReCI(CO)3bpy] molecules are not encapsulated into the gel
and instead remain in the interstitial liquid phase of the system. The molecules adsorb
onto the silica surface of the pore walls at the very last stage of drying.

This rigidochromic probe has also been used in fluorescence depolarisation

experiments to probe the gelation, aging, and drying of silica and aluminosilicate sol-
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gel derived materials. The fluorescence depolarisation technique uses polarised light
to excite a fluorescent probe molecule The probe molecules in the proper
orientation will absorb the light and then luminesce at a later time which is dependent
on their emission lifetime. 1fthe molecule is held rigidly, the emission of these probes
is polarised, If the molecule rapidly tumbles, emission from many orientations is
observed and the polarisation is scrambled. The depolarisation provides a relative
measure of the microscopic viscosity if the probe interacts with its environment. This

scrambling of the emission polarisation is expressed as P, the degree of polarisation,

P = (Ift- 1)/ (1ff + D) (3.1)

where In and li are the emission intensities parallel and perpendicular to the
polarisation of the exciting light. When the probe is free to tumble, It = I+ and P
therefore equals zero. When the emitter is immobilised P can have a value up to 0,5.
The rigidochromic properties of the probe [ReCI(CO)3py] have been used in
probing the contribution of rigid and fluid environments to the total P in a sol-gel
matrix [15], These studies follow both the microviscosity of the matrix and the
restriction of the probe rotation due to pore collapse. They indicate that the local
environment of the probe is fluid until well after gelation has occurred. The
aluminosilicate gels experience large depolarisation changes in two distinct regions,
one after gelation and the second after drying had begun. During the aging stage the
gel is an open network filled with a viscous fluid phase. On the other hand, TEOS-
derived silica materials were also found to have a network which does not restrict
the probe motion, but the interstitial fluid is of lower viscosity. Upon drying these
gels display an increased interstitial viscosity which restricts the motion of the probe,
In both cases however, the changes in the degree of polarisation as a function of
gelation, aging and drying for each system follow the same trend as the changes in

the emission energy which occur with rigidity.
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The use of the sensitivity of photochromism to environmental parameters has
also been exploited in order to follow the structural and chemical changes that occur
along the formation of the trapping glass. Photochromism is defined as the reversible
light-induced colour change caused by absorption of a photon. The photochromie
molecules which have been doped into sol-gel glasses undergo large structural
changes after absorption of a photon. The rates of both the light-driven structural
changes and of the back reactions are sensitive to the environment in the matrix.
Both the rigidity and polarity of the sol-gel cage can be altered by changing the
monomer, by the incorporation of suitable additives, and by copolymerisation.
Investigations have recently been carried out by Levy and co-workers involving a
series of photochromie spiropyrans [16], When the entrapment was in pure SiC2, the
photochromism was observable only up to the wet-gel stage. Beyond this stage, the
cage became so rigid that the isomérisation between the closed spiro form
(colourless) and the open coloured zwitterion form stopped at the final dried xerogel
stage. A straight forward method to relax the rigidity is to use a three-dentate
monomer, rather than the normal tetraalkoxy monomer, thus reducing the degree of
cross-linking. Indeed, entrapment of the spiropyrans in a sol-gel matrix prepared
from ethyltriethoxysilane provided the needed flexibility for lasting photochromism.
These observations were rationalised in terms of a gradual change in the environment
of the photochromie molecule from solution environment encapsulated in a small
cage to adsorption on the surface of the gradually forming silica surface, and in
terms of the accompanying changes in the environmental polarity. In effect, a change

in the environment of the spiropyran from solution to surface adsorption occurred.

Finally, the chemical and physical changes that occur during the sol-gel-
xerogel transitions have been studied by using pyrene as a photophysical probe in
both TEOS and TMOS systems [17], This probe is a convenient and popular probe

employed for studies in colloids and surface science by virtue of three characteristics:
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(a) The ability to form an excimer, i.e. a complex between an excited-state
molecule and one in the ground state. The excimer has a characteristic

emission distinctive from the emission of a lone excited-state molecule.

(b) The luminescence spectrum of this molecule exhibits vibronic structure.
The ratio of the intensities of the first to fifth peaks in the spectrum (1¥/15) is
sensitive to the polarity of the environment. The ratio increases with increase

in polarity.

(c) The singlet lifetimes of both monomer and excimer are usually long,

exceeding in many instances 100 ns.

In the case of the TMOS gels, two general patterns were observed depending on the
water to silane ratio. At low ratios, geometric irregularity and porosity built up
gradually along the whole process, resulting first in an increase in excimer emission
intensity as aggregation became more pronounced, followed by a decrease in
excimer intensity (but an increase in the monomer band) as pyrene molecules became
isolated. At high water to silane ratios, a smooth surface was formed. These results
suggests that polymerisation-gelation occurs at low water to silane ratios whereas
formation of a colloid followed by its gelation occurs at high water to silane ratios.
Ethoxy groups slowed down the polymerisation reactions in comparison with
methoxy groups, but the reaction rates coincided once all of the alkoxy groups were
hydrolysed. Thus, the gel-xerogel transitions in both TEOS and TMOS systems
proceed at the same rate. The pyrene excimer disappeared at the final xerogel state,
proving that the sol-gel process is an effective method for isolating organic
molecules, This matrix isolation feature has also been demonstrated with the use of

the organic sulphorhodamine 640 [18],

The investigations carried out in this thesis involve a sol-gel system produced
by employment of tetraethoxysilane in an aqueous-alcoholic environment. Because

water and TEOS are immiscible, a mutual solvent such as alcohol, in this case
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ethanol, was employed as a homogenising agent. In the studies presented here, it was
important to choose a monomer which formed upon polymerisation Si-O-Si bonds,
with reaction by-products which could be easily removed from the system. The sol-
gel process consists of two main steps, the first of which falls into the domain of
surface science. During this first step, a high surface area microporous glass is
formed at room temperature by a complex sequence of polymerisation, sol
formation, gelation and gel desiccation The second step consists of annealing the
porous glass at elevated temperatures, in order to close the pores. This results in a
shrunken nonporous glass. The porous glass obtained at the first stage is the
precursor to the second stage and, as such, determines not only the properties of the
final glass but also the transition conditions from one to the other. This chapter is
concerned only with the porous glass formed, and the structural evolution of the
glass from its precursors, namely TEOS and water. The analytical approach
employed here is the use of a variety of Ru(ll) polypyridyl complexes as
photoprobes of the sol-gel transition. The structures of the Ru(ll) polypyridyl
complexes cited in this chapter are given in Figure 3.4. The gels discussed in this and
subsequent chapters have been prepared according to those appropriate methods
described in Chapter 2 (e.g. A “Method 1 (5)” gel has been prepared according to
method 1 as described in Section 2.2, i.e. R = 2, the number in parentheses indicates
the pH of the water employed in the preparation of the gel. The temperature at

which these samples are stored is 50°C).
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(Ru(bpy)3**

[Ru(dpp)3 2+ [Ru(phen);(H3Mptr)]2+

Figure 3.4(a) The structures of the Ru(ll) polypyridyl complexes cited in this
chapter.
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Figure 3.4(b) Computational model o f[Ru(bpy)32+ where pale blue = carbon,

dark blue = nitrogen, white = hydrogen and green = ruthenium.
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Figure 3.4(c) Computational model of [Ru(phen) ]2+, where pale blue = carbon,

dark blue = nitrogen, white = hydrogen and green = ruthenium.
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Figure 3.4(d) Computational model of [Ru(dpp)3 2+, wherepale blue = carbon,

dark blue = nitrogen, white = hydrogen andgreen = ruthenium.
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Figure 3.4(e) Computational model of [Ru(phen)2(H3Mptr)]2+, where pale blue =

carbon, dark blue = nitrogen, white = hydrogen andgreen = ruthenium.
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3.2 Results and discussion.

3.2.1 Electronic properties of fRu(L-L)F +in solution, (L-L = bpy, phen, dpp).

As mentioned in Chapter 1, the electronic properties of these ruthenium complexes
are governed by charge transfer states which involve both the organic ligand and the
metal. Metal-to-ligand charge-transfer involves promoting an electron from a metal
orbital to a ligand orbital. Taking [Ru(bpy)3]2+as an example, photoexcitation of the

complex generates the charge-separated excited state:

[Run(bpy)32+ +  hv > ‘[Ruffi(bpy)(bpy)Z2+ 3.2)

The absorption spectra of these [Ru(L-L)3 2+ complexes in solution are dominated by
a strong band at approximately 450 nm [20-21], In the UV region, very intense
ligand centred transitions are observed, most commonly k- k transitions. In the
IMLCT excited state, an excited state electron is localised on one bpy ligand so that
the dipole moment is much larger than that in the ground state. The solution
electronic properties of the [Ru(L-L)3]2+ complexes employed in this chapter are

given in Table 3.1,

Temperature influences the emission properties of the [Ru(L-L)3

complexes in solution, particularly around the solvent's glass-to-fluid transition

temperature, Tg When the medium is cooled below Tg the intensity increases

dramatically, the emission maximum shifts to higher energy, and the spectral peaks
sharpen (see Figure 3,5). Luminescence energy shifts with changes in environment
have been previously observed in MLCT excited states, and the effect was originally
termed “rigidochromism” [22], Detailed studies since that time have shown this to be

a general phenomenon due to dipole reorientation time scales [23],
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Figure 3.5 Emission spectra of [Ru(bpy)j]2* measured in 4/1 ethanol/methanol (v/v)

at (a) room temperature and at (b) 77K.

Table 3.1 Absorption and emission data of [Ru(L-L)3]2+ complexes in ethanol

solution.d
Complex Abs. Emission Lifetimes @eme
(nm) (nm) (ns)
Rr 77Kb Rr 77Kb

[Ru(bpy)3| 452 (452) 609 (610) 580 (581) 700 (720) 4500 (5000)  0.016
[Ru(phen)3|2+ 445 (446) 590 (589) 568 (567) 301 (290) 9100 (9800)  0.010

[Ru(dpp)3p 465 (465) 612 (610) 597 (595) 4200 (4680) 8900 (9580) 0.015
8 For lifetime measurements at room temperature, samples were degassed by purging with argon.
b At 77K the solvent employed was ethanol/methanol 4:1 v/v.
¢ Quantum yields measured in ethanol. d All measurements carried out in our laboratory.

Values in parentheses indicate literature values (from [20] and references therein)
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In alcohol glasses formed at 77 K the solvent dipoles are *“frozen” in averaged
orientations appropriate to the ground state electronic configuration of the complex.
In fluid solution the dipole orientation times are (usually) short on the scale of the
lifetime of the excited state. Whereas, in frozen matrix solvent dipoles reorient very
slowly with respect to the excited state, and may not reach equilibrium with the
electronic distribution of the polar excited state, [Run(bpy")(bpy)J2+ within its
lifetime. The result is an increase in the energy of the transition as manifested by the
blue shift observed in the emission. For [Ru(bpy)32+a shift in emission wavelength
from 609 nm (16420 cm']) at room temperature to 580 nm (17240 cm']) at 77 K was
observed in 4/1 ethanol/methanol. In comparison, the changes in the emission
spectrum of [ReCI(CO)dpy] in ethanol as a function of temperature exhibits a
similar, though more pronounced rigidochromic shift [14], At room temperature the
emission maximum was found to be 612 nm (16340 cm’]) while at 77 K the emission
maximum was 529 nm (18900 cm'). The overall shift in emission energy is greater
for [ReCI(CO)dpy] than for [Ru(bpy)32+(~2500 cm'lversus ~800 cm']). The more
the polarity of the excited state molecule is different from the polarity of the ground
state molecule, the more the reorganisation process is effective in stabilising the
excited state. This suggests that [ReCI(CO)3py] experiences a greater change in
polarity upon excitation than [Ru(bpy)3]2+

A second important influence of low temperature on the emission spectra of
[Ru(bpy)32+ is the increase in the intensity and lifetime of the emission observed.
This is associated with two factors, the first is solvent dependent. At low
temperature the complex and its surroundings are rigid, making it less susceptible to
vibronic coupling to low frequency, high amplitude Ru-N vibrations, which
contribute to K“. Solvent interactions which may also contribute to are also
reduced considerably in frozen matrix, as is oxygen quenching since diffusion of O2
to the excited sites is restricted The second factor is related to the MLCT-3VIC
transition. This transition is thermally activated At 77K there will not be sufficient
thermal energy to populate 3VIC, and as a result intensity and lifetime are observed

to increase. The blue shift in emission energy which accompanies the solution to
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glass transition in the alcohol glass for [Ru(dpp)3d2+ is less pronounced than for
[Ru(bpy)32* and [Ru(phen)32+ suggesting that this particular complex is less
sensitive to its environment. This is discussed in greater detail in the following

sections

3.2.2 Electronic properties of [Ru(L-L)3 2+in the sol-gel matrix.

3.2.2.1 General electronic properties of iRufbpv”~]2'in a sol-gel matrix.

Incorporation of [Ru(bpy)32+into silica gels shows that the inorganic sol-gel matrix
has an effect on the photophysical properties of the cation as compared to that of
alcoholic or water solutions. The emission from fluorophores generally occurs at
wavelengths which are longer than those of light absorption. This loss of energy
between absorption and reemission of light, or Stokes’ shift, is a result of several
dynamic processes. These processes include energy losses due to the dissipation of
vibrational energy, redistribution of electrons in the surrounding solvent molecules
induced by the altered dipole moment of the excited fluorophore and the solvent.
Specific interactions include hydrogen bonding and formation of charge transfer
complexes. Absorption of light occurs in about 135's, a time scale too short for
significant displacement of nuclei (Franck-Condon principle), but evidently adequate
for the redistribution of electrons. Generally, the electronically excited states of
transition metal complexes possess dipole moments which are larger than in the
ground state. As a result, the absorption of a photon by the fluorophore results in
essentially instantaneous creation of a dipole, which perturbs the environment
surrounding the fluorophore. Subsequent to excitation, the solvent responds by a
reorganisation of the solvent cage around the fluorophore. This process is called
solvent relaxation, the timescale of which is dependent on the physical and chemical
properties of the solvent. In most cases, spectral shifts in fluorescence maxima
observed are associated with the effects of solvent molecules having insufficient time
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Figure 3.6 Normalised absorption spectra of [Ru(bpy) if " in (a) the initial sol and

(b) thefinal xerogel.

to reorient themselves around an equilibrium excited state [23] The absorption
spectrum of [Ru(bpy)32+ incorporated into a sol-gel matrix immediately after
preparation and in the xerogel is given in Figure 3.6. As can be seen from this
diagram, the position of the IMLCT band is unaffected by the gel matrix, and
remains unperturbed even after a period of 6 months. The n-K* transitions of the
bipyridine ligands are obscured by gel absorption However, while the absorption
spectra of this ruthenium complex is largely preserved before and after gelation, the
photoluminescence properties are dramatically altered by the gel matrix. This
perturbation manifests itself in higher emission intensities, blue shifted emission

maxima, and the appearance of nonexponential emission decays with long average

lifetimes

It was noticed that as the reactions from the initial sol to the aging gel
proceed, the [Ru(bpy)32+ emission intensity from any given sample increased.

During the gelation stages, the most drastic chemical and physical changes of the sol-
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During the gelation stages, the most drastic chemical and physical changes of the sol-
gel system occur. The initial sol, which is completely fluid, is transformed into a solid
and brittle material. The augmentation of intensity which takes place during this time
is most likely due to the isolation of the trapped molecules from deactivating
bimolecular processes (specifically oxygen quenching). In addition, the luminescence
intensity from xerogels is much greater than that observed from the corresponding
aging gel. This is because of the massive gel shrinkage which accompanies the drying
stage as excess solvent is allowed to evaporate. Effectively, an increase in dopant
concentration and thus luminescence intensity is brought about. The isolation of the
guest molecules and the rigidity of the surroundings are also reflected in the
luminescence lifetime [24],

The emission spectrum of a luminescent species, provides a convenient
method of determining whether or not the molecule remains intact in the glass. As
mentioned previously, a blue shift in the emission of [Ru(bpy)i]2+ is induced when
the motion of the solvent molecules surrounding the excited state molecule is
restricted. Thus, incorporation of [Ru(bpy)s]2 into a sol-gel matrix causes the
position of the photoluminescence peak to move to a shorter wavelength. This
phenomena has been previously reported by Matsui and co-workers [25] and it has
been suggested that it is caused by the destabilisation of the MLCT excited state. In
effect, this excited state is not completely stabilised within its lifetime. As a direct
result of this, the energy gap between it and the ground state is widened, and a
corresponding increase in the emission energy is observed. Recent electrochemical
measurements of [Ru(bpy)s]2 doped sol-gel processed SiC?films demonstrate that
the ground state potential is unchanged from its solution value [26], This result
together with the unperturbed absorption spectra rule out the possibility of the blue
shift in emission being caused by a stabilisation of the ground state. Figure 3.7 shows
the emission spectra of [Ru(bpy)32+ as measured in the initial sol immediately after

preparation (Method 2 (5)), and in the final xerogel.
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"Figure 3 7 Normalised emission spectra of [Ru(bpy)¥ * in (a) jhe initial sol and (b) the
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Figure 3.8 Normalised emission spectra of [Ru(dpp)} ' in (a) the initial sol and (b) the

final xerogel, prepared atpH 5, R=4.
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The emission maximum shifted from 609 nm in the solution to 588 nm in the xerogel
(i.e. a total shift of ~ 590 cm'). This shift in emission energy is similar to that
observed upon going from room temperature to 77K for an alcoholic solution of

[Ru(bpy)J2+(i.e. 609 to 580 nm ~ 800 cm'l shift).

3.2.2.2 The effect of pH on the gel matrix.

It is this inability of the 3VILCT excited-state of [Ru(bpy)32+to fully relax within its
lifetime which forms the basis of the investigations described in the following
sections of this chapter. The sensitivity of the fore mentioned shift in emission energy
which occurs as the sol-gel-xerogel can be employed to relay information as to the
environment of the luminescent probe. Both the extent of this shift and the rate at
which it occurs provide information as to the final structure of the xerogel and the

parameters which effect the reaction mechanisms involved in its formation.

As can be seen from Table 3.2, the photoluminescence properties of [Ru(phen)3]2+
doped gels behave similarly to those doped with [Ru(bpy)32+ specifically a blue shift
in the emission energy is observed in all cases along the sol-gel transition. For both
of these complexes, the initial pH of the solution strongly influences the position of
the final ~max In this regard, it is important to recognise that the effect of the
variation of the initial pH on gel formation is essentially to change the kinetics of

polymerisation and to produce charging of the gel surface.
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Table 3.2 Emission data for [Ru(L-L)3]2+in sol-gel matrix,

Complex Method 2 (I)s Method 2 (5)J Method 2 (1)s Method 2 (5)J
Initial 1 mi(nni) Initial Amai(nm) Final Xmat(nm) Final ~nol(nm)
[Ru(bpy)3]2+ 610 610 597 588
[Ru(phen)]2+ 597 596 582 574
[Ru(dpp)3|2+ 612 611 611 611

s Values in parentheses indicates pH of water used in the sol-gel preparation.

Colloidal silica has an isoelectric point of pH 2.2 [27], Above this pH, the surface
charge of the silica is negative owing to the presence of =Si-0" groups on the
surface, while at pH less than 2.2 a positive charge is induced on the silica surface by
=SiOH2+. These surface charges are potential adsorption sites for ionic forms of
guest molecules as well as for water molecules [28], The results in Table 3.2 suggest
that the [Ru(bpy)a]2+ and [Ru(phen)32+ dications are more rigidly held to the
negatively charged silica polymers than to those which are positively charged,
through electrostatic interaction. Thus a more pronounced shift in
photoluminescence maximum is observed for those gels prepared at higher pH. On
comparison of the data observed in Tables 3.1 and 3.2, one can see that for these
two particular complexes, a rigidochromic effect is observed on passing from a sol to
a xerogel similar to that which was observed on passing from an alcoholic solution at
room temperature to a glass at 77K. However, the higher energy of the emission
energy peak observed at 77K suggests that the environment experienced by the
complex in this glass matrix is more restricted than that of the final xerogel at room

temperature.

While these two Ru(ll) polypyridyl complexes exhibit shifts in emission
energy during the initial sol-gel stages of this TEOS system, the emission maximum
of the [ReCI(CO)3dpy] complex employed by McKiernan and co-workers remained

fixed at approximately 600 nm from the initial liquid state to almost the end of drying
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[14]. A blue shift for this Re(l) complex in a TEOS system only occurs with the final
removal of the alcohol. The authors suggest that during the gelation and aging
phase, the Re(l) probe molecules are confined in the interstitial liquid phase and are
not incorporated into the silica polymer network. The adsorption of the of the active
dyes onto the surface of a pore once the water and ethanol are almost completely
evaporated may account for the evolution of the [ReCI(CO)dpy] fluorescence
toward the characteristic blue shift of the rigidified state This stage is also
accompanied by the shrinkage of pores. Therefore, while the Re(l) probe molecules
are unconstrained in a solvent-like environment until the drying phase, the emission
energy of [Ru(bpy)3|2+and [Ru(phen)32+ molecules suggest that these complexes are
more immediately affected by the initial sol-gel reactions. These differences reflect
the different nature of the Ru(ll) and Re(l) probes While the Ru(ll) dopants are

positively charged, the rhenium probe is a neutral molecule.

In contrast to [Ru(bpy)3 2+ and [Ru(phen)3]2+ no shift of the emission energy
peak is observed for those gels doped with [Ru(dpp)3]2+ The photoluminescence
maximum remains at approximately 612 nm and appears indifferent to the surface
charge of the silica sol-gel matrix (Figure 3.8). As mentioned earlier, on excitation a
molecule may no longer be in its most stable configuration. Because of electronic
rearrangement and especially because of changes in dipole moment, the organisation
of solvent molecules around the ground state molecule is not necessarily the most
stable one for the excited state If the excited state lifetime is long enough, the
solvent and the excited state molecules can rearrange and acquire a more stable
configuration for the excited state. With respect to [Ru(dpp)32, a possible
explanation for the unchanging photoluminescence is that upon excitation, the
excited state electron is localised on the phenanthroline moiety of one of the ligands
[29], the bulk of the two phenyl groups shielding the excited state from
‘experiencing’ the influence of the solvent. The polarity of the excited state may have
the same magnitude as the other two complexes studied, but the effect of solvent

reorientation is not as significant because the polar excited state is in effect
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internalised and hence shielded within the molecule. Therefore, the excited state
electronic distribution of the complex as seen by its surroundings does not differ that
much from the ground state and no shift in is observed. Another possibility is
that the [Ru(dpp)3]2+ molecules may be trapped in, or create, bigger pores. In this
thesis, the ruthenium dopants are introduced at the initial mixing stage. When
polymerisation is completed, the dopant molecules are entangled in the inorganic
network. It is possible that as the polymer network forms, it surrounds the dopant
molecules and, due to the large size of the [Ru(dpp)3]2 molecules, larger pores may

be formed.

It still remains uncertain as to what holds the Ru(ll) dopants within the final
sol-gel matrix. The nature and mechanism for such encapsulation are of considerable
interest because of the potential application of Ru(ll) doped glasses [24,30,31], It is
significant to note that these ruthenium dopants are dications, Above the isoelectric
point, when the silica surface is negatively charged, it could be argued that
incorporation of these guest molecules is primarily electrostatic in nature. However,
it is more likely that a number of factors are responsible for holding these guest
molecules within the matrix. For those gels doped with [Ru(dpp)3]2+ a concentration
gradient was noticed in the final xerogel with the surface which had been closest to
the external atmosphere being darker in colour. For the other Ru(ll) complexes
employed here, the colour of the entire xerogel appeared uniform. As the excess
alcohol and water molecules evaporate during the drying process, they are drawn up
through the gel towards the pierced lid through which they escape. [Ru(dpp)3J2"
molecules are more hydrophobic relative to those of [Ru(bpy)32+and [Ru(phen)3]Z:
Because the [Ru(dpp)3]2+ dopant molecules are less affected by electrostatic
interaction, it is likely that a proportion of these dopants will be drawn along with
the solvent, in which they are dissolved, to the exposed surface, thus leaving a
greater concentration at this surface. This suggests that, as was the case for
[ReCI(CO)Dpy], the [Ru(dpp)3]2+ molecules may remain dissolved in the interstitial

liquid phase of the TEOS derived silica gel until the final removal of the solvent. It is
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possible that the [Ru(dpp)32+ molecules which remain behind as the solvent
evaporates are physically entrapped or immobilised in pores within the inorganic

matrix.

In order to shed some further light on this subject, crude leaching
experiments were carried out. An aged sample, (Method 2 samples), of each
complex at the two extreme pH’s of 1 and 5 was placed into separate 5 cm3
scintillation vials containing deionised water which were then sealed and left to stand
for three days. The luminescence spectra of the surrounding solution was then
measured. Firstly, it should be noted, that in all cases only a small proportion of the
dye molecules leached out, with the vast majority remaining in the gel matrix.
Secondly, it was noticed for those samples containing [Ru(bpy)32+and [Ru(phen)32+
that the luminescence intensity of the solution surrounding those gels prepared at pH
1 was significantly stronger (by a factor of 5 for [Ru(bpy)32 and almost 7 for
[Ru(phen)3]2H than those prepared at pH 5. No notable difference between pH 1 and
5 was observed for [Ru(dpp)3]2+ samples, the photoluminescence intensity of both
solution being almost equal. These results further suggest that the effect of
electrostatic interactions of [Ru(dpp)3]2" within the gel matrix is less pronounced
than for the gels doped with [Ru(bpy)3]2+ or [Ru(phen)32+ Contrary to what was
expected, the concentration of the leached [Ru(dpp)32+ did not appear substantially
greater than the other two Ru(ll) complexes, suggesting that these molecules are
somehow immobilised within the gel. While the concentration gradient of these
samples appeared faded to the naked eye, it still remained present to a large extent.
These results indicate that electrostatics alone cannot explain dopant binding, and
that more than likely a combination of such interactions and different types of

physical immobilisation are responsible for dye incorporation.

Figures 3.9 and 3.10 show the changes in the emission maximum for
[Ru(bpy)32' and also [Ru(phen)3 2+ (Method 2 samples) during the sol-gel-xerogel
transition prepared under different pH conditions. The arrowheads in these diagrams
indicate the gel time (tg) for each particular sample.
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Figure 3.9 Maximum emission wavelength of (a) [Ru(hpy) j]2* and (b) [Ru(phen)jf" over
time during the sol-gelprocess atpH 1andpH 2 (where R = 4).
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Figure 3.10 Maximum emission wavelength of (a) [Ru(bpy)i]2r and (b) [Ru(phen)
over time during the sol-gelprocess atpH 3, pH 4 andpH 5 (where R = 4).
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The observations in these studies can be rationalised in terms of changes in the
kinetics of the hydrolysis and polycondensation reactions which accompany different
pH regimes [32-33], The structure of the sol-gel glass evolves sequentially as the
product of successive hydrolysis and condensation reactions (and the reverse
reactions: esterification and alcoholic or hydrolytic depolymerisation). In the case of
Si(OEt)4 which was employed in these studies presented here, the entire sol-gel

reaction is written as follows:

mSi(OE)4 + 2mlhQ - > (-0-Si-0-)m + 4WEtOH (3,3)

During the hydrolysis reaction, the water molecules are consumed by the hydrolysis
of the silicon alkoxide, and simultaneously, alcohol and silanol groups are generated.
The hydrolysis and condensation reactions for the sol-gel process can be written as

shown in the following equations:

Si(OEt)4 + wHX » Si(OH)NfOEt)<.m + mEtOH (3.4)
Kow

2(=SiOH) » sSiOSis + HX (3.5)
kca

=SiOH + =SiOR » =SiOSi= + ROH (3.6)

where kh, k7, and ka are the hydrolysis rate constant, the water producing
condensation and the alcohol producing condensation rates respectively [34-36]
Each alkoxy functional group is first hydrolysed to a silanol group and one alcohol
molecule is produced for each water molecule consumed. If condensation is
completed, an =Si-0-Si= linkage and two alcohol molecules are produced for each
water molecule consumed. The hydrolysis reaction forms silicic acid (m = 4) or

partially hydroxylated silicate intermediates (Equation 3.4), and is followed by
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condensation reactions (Equations 3.5 and 3.6). According to Her, polymerisation

occurs in three stages:

(a) Polymerisation of monomer to form particles,
(b) Growth of particles,
(c) Linking of particles into chains, then networks that extend throughout the

liquid medium, thickening it into a gel [27],

The degree of the sol-gel reaction most likely determines the position of the
photoluminescence peak. The effect of pH is complicated. At low pH the hydrolysis
rate is fast, producing monosilicic and disilicic acids which act as potential nuclei for
further particle growth [37], Due to the large number of equivalent nucleation
centres, the particles formed are large in number but small in size. At high pH, the
rate of hydrolysis is diminished and therefore far fewer nucleation centres are
produced. Since the condensation and hydrolysis reactions proceed on nearly the
same time scale, newly hydrolysed molecules, rather than nucleating into new
particles, attach to pre-existing polymer structures, and as a result, fewer but
significantly larger particles are formed The total rate of gelation is a function of
both the hydrolysis and the polymerisation reactions. ller has divided the
polymerisation process into three approximate domains: < pH 2, pH 2-7, and > pH
7. In the case of silica, pH 2 appears as a boundary, since the point of zero charge
(PZC), where the surface charge is zero, and the isoelectric point (IEP), where the
electrical mobility of the silica particles is zero, both occur at a pH quite close to 2.
In this respect, pH 2 represents a metastable region where the observed gel times are
quite long. Silanols become more acidic with the extent of condensation of the

siloxane network to which they are attached [27],

The influence of the initial preparation pH on the sol-gel process is reflected
both in the position of the photoluminescence peak and also the relative gel time, tg,

of the sample. Under acidic conditions the rate of hydrolysis is large compared to the
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rate of condensation. Firstly, below pH 2, the polymerisation rate is proportional to
the concentration of FT [27,36], In this respect, increasing the acidity causes an
increase in the rate of change of emission maximum (see Figure 3.9). It is not
surprising therefore, that the rate of change of emission and indeed the time to
gelation (as indicated by the arrowheads) is faster for the sample prepared at pH 1
than that at pH 2. The gel point of the solution was defined as the time at which the
solution loses its fluidity as determined by visual observation upon inverting the
sample. A prolonged gel time of approximately 700 hours was obtained for samples
prepared at pH 2 further indicating the slow nature of the sol-gel reactions at this
pH. However, the final change in the position of the emission maximum for the gel
prepared at pH 1 is less than that observed at pH 2, reflecting the positive charge of

the surface silanols at the lower pH.

As can be seen in Figure 3.10, above the isoelectric point, as the pH was
increased, the rate of change in the emission maximum also increased. This
observation is consistent with the predicted behaviour of hydrolysis and
condensation as a function of pH [36], As mentioned in the introduction, the relative
gel time of a given sample is minimised at neutral pH (see Figure 1.6). Above the
isoelectric point, the polymerisation process is catalysed by the hydroxyl ions and
proceeds by an entirely different mechanism. Depending upon the pH of the medium,
an ionisation equilibrium is established to produce deprotonated silicon anions, =Si-
O', which subsequently condense by reacting with silanol groups. The condensation
reaction is maximised near neutral pH, thus explaining the increased rate of change

of emission maxima on changing the pH from 3 to 5.

=Si-OH + OH fo& » =Si-0' + HXD (3.7)

=Si-Q- + HO-Si = - » =Si-0-Si= + OH (3.8)
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Therefore, it would be expected that a continuous decline in gelation time with
increasing OH concentration. A decrease in gelation time was observed for these
samples with tg of the sample prepared at pH 3 > pH 4 > pH 5 Above pH 7,
polymerisation occurs by the same nucleophilic mechanism (Equations 3.7 and 3.8).
However, because all the condensed species are more likely to be ionised and
therefore mutually repulsive, growth occurs primarily by the addition of monomers
to more highly condensed particles rather than particle aggregation. In this pH
regime, particles are formed that, after reaching a critical size, become stable
towards gelation due to mutual repulsion effects. As pH is increased beyond this
point (> pH 7), the size of the sol particles must correspondingly increase in order to

overcome this repulsive charge effect.

The [Ru(bpy)32+ and [Ru(phen)3]2+ molecules probe the microviscosity of
the microenvironment around the polymers onto which they are adsorbed [38], As
can be seen from Figure 3.10, the result of increasing the pH from 3 to 5 is
effectively, to increase the rate at which the position of the emission maximum of the
particular incorporated ruthenium complex changes occurs. The emission maximum
does not differ significantly beyond the gelation point, indicating [Ru(bpy)3]2+to be
so rigidly held to the polysiloxane polymers that further decrease in the energy gap

between the 3MLCT state and the ground state does not occur [25],

As mentioned previously, these two Ru(ll) polypyridyl complexes behave
dissimilarly to those rigidochromic probes employed by McKiernan and co-workers
[14], While the [Ru(bpy)32+ and [Ru(phen)3]2+ molecules probe the initial reactions
of the sol-gel process, the Re(l) probe monitors changes in the rigid nature of the gel
matrix during drying in a TEOS sol-gel system. This further implicates the
importance of electrostatic interaction as opposed to the trapping of the Ru(ll)
complex within pores as a reason for the shift in emission maximum. The Ru(ll)
complexes are dications, possessing a 2+ charge and as such they become involved in
electrostatic interactions early on in the sol-gel reaction. In effect the ionised silanols

produced in the early stages of the sol-gel process may act as potential adsorption
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sites for the [Ru(bpy)32+and [Ru(phen)J2 cations. The [ReCI(CO)dpy] is a neutral
molecule and remains dissolved in the solvent phase until the drying stage at which
time it is brought into direct contact with the surrounding sol-gel network. As such,
the Re(l) probe will be less sensitive to the initial sol-gel reactions. Our observations
are also in contrast to those investigations carried out using pyrene where spectral
changes of this particular probe molecule occur mainly after gelation. It is known
that although gelation has occurred and the sample appears rigid on a macroscopic
level, a fairly fluid-like micro-environment with an open structure still exists [17]
These differences can be ascribed to the different nature of these probe molecules.
Thus, through judicious choice of the spectroscopic probe, various aspects of the

sol-gel-xerogel transition can be investigated.

3.2.2.3 The effect of temperature on the sol-gel matrix.

In the previous section, all the samples were stored at 50 °C, as described in Chapter
2. Most chemical reactions, especially those occurring in liquid solution are
dependent on temperature. Frequently, the gelation process of a sol-gel system
requires very long times at room temperature. The effect of increasing temperature is
to effectively speed up the rate of hydrolysis and condensation, which reduces the
gelling time tg [39], This is reflected in Figure 3.11, where the effect of three
different temperature conditions on the shift in emission maximum for [Ru(bpy)3]2+
of otherwise identically prepared gels is displayed (Method 2 (1) samples). Again,
the arrowheads indicate the tgof each particular sample. It can be seen here that the
rate of change of the emission Xyaxis much faster at the higher storage temperature
of 50°C than at room temperature or 4 °C. The change in the photoluminescence
energy of the sample stored at 4 °C does not conclude until approximately 2000

hours, and is not shown in this diagram.
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Figure 3,11 Position of the maximum emission wavelength of [Ru(bpy)}]2' over

time during the sol-gelprocess at 3 different storage temperatures (where R = 4)

Importantly however, the final observed for each of the three gels prepared is
identical, which suggests that the final structure, as probed by [Ru(bpy)?]Z, of each
of the gels is the same. Similar results were obtained for, those geis doped with
[Ru(phen)?]2* Gels doped with [Ru(dpp)?J2~prepared under identical conditions and
stored under these various temperatures showed no change in the position of the

photoluminescence peak.

3 2 2 4 The effect of water to silane ratio {HR) on the sol-eel matrix

As can be seen from Figure 3.12, the rate of change in emission maximum is
increased as the water to silane ratio is increased from 2 to 8 all other parameters
kept constant The samples shown in these figures were all prepared according to

Method 1(1), Method 2(1) and Method 3(1), and stored at 50°C. Again, the number

108



in brackets indicates the pH at which the sample was prepared. Attempted
preparation of gels with over-stoichiometric R ratios (R > 4) at pH 5 failed. It was
found that under these high pH conditions, phase separation occurred. A possible
explanation is that alone, TEOS and water are immiscible. The function of ethanol in
the initial reaction vessel is to act as a mutual solvent for both of these reactants. At
pH 1, the rate of hydrolysis is veiy fast [27], Therefore, under these acidic
conditions, as the TEOS is added dropwise to the reaction vessel, it is at once
hydrolysed, with the result that water is immediately consumed with ethanol being
produced according to Equation 3 4. Therefore the R ratio decreases instantly, and
the ethanol concentration increases. This increase in ethanol concentration which
occurs almost instantaneously at low pH, ensures that sufficient alcohol is present
and prevents phase separation at these high R values. At pH 5 however, the rate of
hydrolysis is slow. In order for phase separation to be avoided at high R values, the
initial concentration of ethanol would have to be increased to an amount sufficient to
ensure homogenisation of the TEOS and water. Interestingly, on preparation of a gel
at pH 5 with an intermediate R value of 6, the initially immiscible solution became
clearly miscible after approximately 2 hours of vigorous stirring. This suggests that
adequate ethanol has been evolved only after this time. The sol-gel transition for
different starting compositions of TEOS, ethanol, and water mixtures under acidic

conditions has recently been reported by Chang and co-workers [40],

Because water is produced as a by-product of the condensation reaction, an
R value of 2 is theoretically sufficient for complete hydrolysis and condensation to
yield anhydrous silica as shown by the net reaction in Equation 3.3. However, even
when excess water is employed (R»2), the reaction does not go to completion.

Instead, a spectrum of intermediate species is generated.
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Figure 3.12 Position of the maximum emission wavelength of [Ru(bpy)}]’ * over time

during the sol-gel process at 3 water/silane ratios, R~2, R -4, R si8 (wherepH = 1).
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Figure 3.13 Position of the maximum emission wavelength of [Rufbpy) j]2* over time

during the sol-gelprocess at 2 water/silane ratios, R = 12 andR = 15 (wherepH = 1).
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When a water to silane ratio of 2 is employed, the rate of change in the emission
maximum of either [Ru(bpy)3 2+ or [Ru(phen)3]2+is extremely slow. From Equation
3.9, an increased value of R is expected to promote the hydrolysis reaction.
Theoretically increasing the water content will increase the hydrolysis rate to a point
after which Le Chatelier’s principle suggests that the reaction rate will slow down
i.e. after the water concentration has exceeded the equilibrium value, since water is

also a product of the condensation reaction.

«Si(ORM + 4ajHD N --mooeee- [2Si(OH)4  + 4/jROH (3.9)

The gelation time decreases as R is varied from 2 to 8 with the rate of change of
Araxincreasing with increasing R. Employing a water to silane ratio of 12 results in a
gel which does not significantly differ from that prepared using a ratio of 8.
Curiously, when R is increased from 12 to 15, the rate of change of emission
decreases (see Figure 3.13). This may be explained by assuming that although
increased values of R generally promote hydrolysis, when R is increased while
maintaining a constant solvent: silicate ratio, the silicate concentration is reduced (a
dilution effect). This in turn reduces the hydrolysis and condensation rates, causing
an increase in gel time. However, in all cases the position of the final emission
maximum is the same, 597 nm for [Ru(bpy)3]2+ doped gels and 582 nm for those
doped with [Ru(phen)3j2+

The spectral behaviour of those gels doped with [Ru(phen)3J2+is similar in
many respects to those observations seen for [Ru(bpy)32+ The results outlined in the
previous sections, demonstrate how these two Ru(ll) polypyridyl complexes can be
used as photophysical probes for studying the sol-gel-xerogel transition. Essentially,
they provide distinctive information about the matrix and the various effects of
altering specific parameters involved in gel growth, according to the excited state

electronic properties of the complexes.



3.2.3 [Ru(phen)2(H3Mptr)]2+as a luminescentprobe of the sol-gelprocess.

The triazole ring of this complex can be deprotonated and this leads to an extensive
ground-state and excited-state acid-base chemistry [19,41], Significant changes in
the absorption and luminescence spectra of this complex brought about by
protonation/deprotonation allows it to be employed as a spectroscopic probe in
order to monitor changes in the acidity of the surrounding environment, in this case
the sol-gel system. This complex is likely to behave differently in a solid matrix as
compared to solution because molecular mobility, solvation and reorientation

processes have the dominant effect on its electronic excited states.

3.2.3.1 Spectroscopic behaviour of [RufphenW'H3Mptr)]2+in solution.

The electronic properties of this complex are given in Table 3.3. Deprotonation of
the compound causes profound changes in its absorption. The negative charge that

can be introduced on the triazole ring by deprotonation results in the destabilisation

of the metal d orbitals. This destabilisation causes the d&- £ energy gap to decrease,
and therefore the IMLCT is shifted to lower energy This complex exhibits room
temperature emission in acetonitrile at neutral pH associated with decay from the
MLCT state. Again, as with the absorption spectra, the emission A™« is blue shifted
by protonation of the triazole ring, and for the same reasons. This blue shift is
associated with a marked decrease in emission intensity. Again, this is a result of the
lower CT-donation of the ligand. The ligand field splitting (1ODq) is decreased with
lower o-donation, resulting in thermal population of the IMC state, and faster
radiationless decay. Redox properties of this complex indicate that the % levels for
the pyridyltriazole ligand are at higher energy than those of the phenanthroline, and
therefore this ligand is harder to reduce [19], This implies that the phenanthroline
ligand acts as the emitting ligand while the pyridyltriazole acts as a spectator ligand
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As was described for the [Ru(L-L)3]2+ complexes, at low temperature in an
alcohol glass the emission is further blue shifted, in both the protonated and
deprotonated species. However, the protonated complex exhibited a radiative
lifetime which was considerably increased with respect to the deprotonated complex
This peculiarity is a result of the energy gap law [42], Protonation leads to a
stabilisation of the tZylevel and hence an increase in the tZy- MMLCT gap. According
to the energy gap law, the smaller the energy gap, the faster the rate of decay
between the two states. This implies that in the absence of sufficient thermal energy
to populate the 3MIC state, the lifetime of the protonated complex is longer than that

ofthe deprotonated complex.

Table 3.3 Electronic properties of pyridyltriazole complex in ethanol solution.

Abs. Emission X Aen
(nm)A (nm)A (ns)
RT RT 77K rea 77K RT
[Ru(phen)2(H3Mptr)]2+ 418 606(610f  568(568)c  —° 9800  3.39x10'4
[Ru(phen)2(3Mptr)]1+ 425 654(651)°  606(608)" 90 7200  1.21x10'3

ART measurements were carried out in ethanol degassed by purging with argon. At 77K the
solvent employed was ethanol/methanol 4/1.

B This value is outside the range of the instrumentation (i.e. < 20 ns).cFrom reference [47],

Considerable electronic redistribution occurs between protonation and
deprotonation of pyridyltriazole complexes, which is reflected in the absorption and
emission spectroscopy of the complexes As described, protonation/deprotonation
alters the a-donor and TT-acceptor properties of the ligand. In Ru-polypyridyl
complexes the Ru-N bond is mainly a in nature, but is stabilised by backbonding
between tyand n of metal and ligand. Determination of the pKaof a complex yields
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information about the extent of backbonding from the metal and cr-donor and 7i-
acceptor properties of the ligands [43,44], For most ruthenium complexes, the pKa
value of the ligand decreases on coordination, which is an electrostatic effect caused
by the Ru(Il) centre. Comparison of the pKaand pKa* for the one complex usually
reveal large differences. If in the excited state the pKaof the complex is lower, i.e.
more acidic, than in the ground state, this implies that the source of the protonation
site is a spectator ligand which is not directly involved in the excited state.
Alternatively, if the complex is more basic in the excited state, and the pKa> pKa

this implies that the site of protonation contains the LUMO

(i) Ground state behaviour: The ground state acid-base behaviour of
[Ru(phen)AH3Mptr)]2' is shown in Figure 3.14. The titration was carried out in
Britton Robinson buffer over the pH range 1to 10. All changes are fully reversible
and independent of the direction of the pH change. Using the titration values
obtained, a graphical analysis was carried out by plotting percentage change in
absorbance versus pH. The observed behaviour can be explained by deprotonation of

the pyridyltriazole ligand at higher pH to form [Ru(phen)Z3Mptr)]+ The pKawas

determined from the point of inflection of the curve as 5.03.

(if) Excited state behaviour: The effect of pH on the emission properties of this
complex was also investigated (Figure 3.15). The spectral changes observed are
typical of these type of complexes, with the emission intensity increasing with pH
and the Amax of emission shifting to lower energy upon deprotonation. The excited
state pKawas obtained using the Forster cycle as in Equation 3.10 [45], whereby the

excited state pKa*may be calculated from its ground state properties.

PKa = pKa+ 0.625(vb-va)/T (3.10)
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Figure 3.14 Absorbance of [Ru(phen)i(H3Mptr)f*solution (5 x 10"}M) in Britton-
Robinsm buffer atpH: (a)-(h): 2.7, 3.8, 4.2, 4.6, 5.1, 5.6, 6.3, 7,2.

Intensity (A_U.)

Figure 3.15 Emission of [Ru(phen)2(H3Mptr)f* solution (5 x 10:M) in Britton-Robinson
buffer atpH: (a)-(j): 2.2, 25, 3.1, 3.4, 3.7, 42, 4.7, 5.2, 5.9, 6.5.



where vaand  are the energies of the (0-0) transition involved in the deprotonation
equilibrium, for the protonated and deprotonated forms, respectively, obtained using
the Ajnax emission values measured at 77K, and pKais the ground state pKavalue.
From this equation a pKa™ of 2.7 was obtained. The pKa value is more acidic than

the ground state value. This indicates that the triazole is a spectator ligand and does
not become directly involved in the excited state. In other words, the MLCT is a

phenanthroline based state.

[Rum(phen")(phen)(3Mptr)]+ W [Rum(phen’)(phen)(H3Mptr)]**
X=425 nm X=654nm X - 418 nm X=603 iim
[Run(phen)2(3Mptr)]+ H *[Run(phen)ZH3Mptr)]**

Figure 3.16. Schematic ofthe acid-base absorption and emissionproperties of
[Ru(phen)2(H3Mptr)]2+

3.2.3.2 Spectroscopic behaviour of fRu(phenWH3Mptr)12~in sol-gel matrix

The fluorescence spectrum of the doped Ru(ll) polypyridyl complex changes

significantly during the progress of the sol-gel-xerogel reaction of the TEOS system.
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The effect of pH in the starting solution on the fluorescence of the sol-gel sample
was investigated on a series of Method 2 gels doped with this pyridyltriazole
complex. As in solution, the pH of the surrounding sol strongly influences the
position of the absorption and fluorescence peaks of the complex. Table 3.4 shows
the initial photoluminescence maximum of the doped gels directly after their

preparation.

Table 3.4 Initial electronic properties of [Ru(phen)2H3Mptr]2+in sol-gel after 1 hour

of stirring.

Sol-gel Sample* Absorption Xmetx (nm) Emission (nm)
Method 2 (1) 417 606
Method 2 (2) 418 621
Method 2 (3) 423 654
Method 2 (4) 425 655
Method 2 (5) 425 655

"The value in parentheses indicates the pH at which the sample was prepared. These samples were

all prepared at room temperature.

The values obtained in the table above correspond well with the values obtained for
the pyridyltriazole complex in solution. The absorption maxima of 417 nm and the
emission maxima of 606 nm found for those gels prepared at pH 1 are indicative of
the protonated form, while at pH > 3 the deprotonated species, identified by an
absorption maxima of 425 nm and an emission maxima of 655 nm, is present. At pH
2, an emission maximum with an intermediate value of 620 nm is observed testifying
to a substantial presence of both the protonated and deprotonated species. This is to
be expected since the pKa* of the complex in Britton-Robinson buffer is 2.7 These

results therefore indicate that the absorption spectrum of the fluorescent state in the
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625

Time (hours)
Figure 3,17 Maximum emission wavelength of [Ru(phen)¢(FI13Mptr)]2' over time during

the sol-gelprocess atpH 1andpH 2 (where R - 4).

mpH 3
mpH 5

Time (hour)

Figure 3.18 Maximum emission wavelength of [Ru(phen)2(H3Mptr)]2*over time during
the sol-gelprocess atpH 3 andpH 5 (where R - 4),
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initial sol-gel is similar to that in solution. Essentially, upon initial incorporation, no
substantial difference in the acid-base properties of the pyridyltriazole complex is
observed in the sol-gel.

Figures 3.17 and 3.18 illustrate the effect of time on the position of the
fluorescence maximum of this ruthenium complex in sol-gels prepared at different
pH values (where the arrowheads indicate tg. When considering the change in
emission energy which occurs during the sol-gel-xerogel reactions for these
pyridyltriazole doped samples two factors should be taken into account. The first
effect is that of increased rigidity leading to a destabilisation of the VILCT state.
The second effect involves the pH at which the sample was prepared and
consequently the protonation/deprotonation of this ruthenium complex. As
mentioned previously, protonation of the pyridyltriazole ligand results in a
stabilisation of the metal d orbitals and thus an increase in emission energy is
observed. Gels prepared at pH < pKa* of the pyridyltriazole, i.e. those gels prepared
at apH of 1and 2, exhibit a continuous blue shift in the luminescence emission until
gelation is reached. It is likely that this change to higher energy for these samples is
again due to the destabilisation of the IMLCT state resulting in an increase in the
MLCT-ground state energy gap. It has been previously established that for
[Ru(bpy)J2+and indeed [Ru(phen)32+ doped gels, the extent of the sol-gel reaction
most likely determines the position of the photoluminescence peak. The sample
doped with [Ru(phen)AH3Mptr)]2+ and prepared at pH 2 exhibited a significantly
longer time to gelation and hence, a slower rate of change in emission maxima than
the sample prepared at pH 1 This is in agreement with those results obtained for
[Ru(bpy)3 2+ and [Ru(phen)3]2+ and again, it reflects that below pH 2, the rate of
polymerisation is proportional to the hydrogen ion concentration [27,36] i.e.
increasing the acidity in this range, increases the kinetics of the sol-gel reactions.

For those gels prepared at pH > pKa* the band maximum of the emission
exhibits large shifts at various stages of the gelation and drying processes (see Figure
3.18). This evolution of emission energy as a function of time is composed of two

steps. While the emission band in the liquid state just after the mixing of the
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Absorbance Units

Wavelength (mu.)

Figure 3.19 Absorption profile of [Ru(phen)i(H3Mptr)  over time during the sol-
gel process at (a) zero time and (b) after 25 hours (where R = 4, pH = 5).

components is broad and centred at 655 nm, a significant decrease in wavelength is
noticed during the first 25 hours of the reaction. Figure 3.19 shows the change in
absorption profile of a gel doped with this pyridyltriazole complex prepared at pH 5,
measured during this time. The emission plateau value of 618 nm is maintained
throughout the gelling/aging processes even though the solution has turned to a solid
amorphous material that does not flow when the container is tilted. For the
remaining discussion, the term “aging” reflects changes in the structure and
properties of the sol-gel matrix after gelation. “Drying” denotes the removal of
solvent molecules from the sol-gel network. However, because aging and drying

normally occur simultaneously and are accompanied by shrinkage of the gel, they are
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somewhat difficult to decouple [36], After a long period of aging (approximately
500 hours) in a closed container, a small hole was pierced in the lid to allow slow
evaporation of alcohol and water. A further decrease in the emission was

noticed during the final stages of the drying process.

The evolution of the Ru(ll) pyridyltriazole luminescence prepared at pH >
pKa* can be separated into three distinct regions, each of them related to a specific
sequential step of the sol-gel transformation: gelation, aging and drying. During the
first stages of the sol-gel reaction, the emission jumps from 655 nm for a gel
prepared at pH 5 to 618 nm. In order to explain this initial decrease, the following

mechanisms were considered,

1 As discussed previously, relaxation of the solvent molecules around the
excited molecules, which have an increased dipole moment with respect to
the ground state, results in stabilisation of the excited state. In the case of
[Ru(bpy)32+ the blue shift in emission energy which occurs during the initial
stage of the sol-gel process is associated with a destabilisation of the MLCT
state, which thereby increases the t2yaVILCT energy gap. In the case of this
pyridyltriazole complex, the 3MLCT state is a phenanthroline based state.
The change in the absorption profile which accompanies the blue shift in
emission energy of this pyridyltriazole complex during this initial stage of the
sol-gel reaction, suggests that destabilisation of the IMLCT state with
respect to the ground state alone cannot explain this phenomena, (if this were
the case, the UV profile would remain unaffected since the absorption only

involves the ground state and the 'MLCT state).

2. Secondly, it is possible that the initial blue shift of the photoluminescence
Xraxis due to the deprotonated complex accepting a proton rather than the
destabilisation of the IMLCT state as was observed for the [Ru(L-L)3J2
complexes. The change in the absorption profile which occurs during this

time is consistent with this theory. This indicates an initial increase in the
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acidity of the overall system or that the surrounding matrix tends to be more

acidic than the pyridyltriazole complex.

During this time, much of the water will be consumed in hydrolysis The
environment surrounding the doped luminescent molecules is expected to become
more polar during the progress of the hydrolysis step because the -OH group is more
polar than the -OR group and the former tends to form hydrogen bonds. At pH
above 2.2, the isoelectric point, silanols formed through the hydrolysis reaction of
TEOS will be present as SiO' [27], The pKa of the pyridyltriazole complex is
approximately 5. It is possible that it is these protons which are accepted by the
deprotonated complex causing the observed blue shift in both the absorption and
emission maxima. In other words, the surface of the gel particles acts as a base
toward the pyridyltriazole complex at this reaction stage [10], These surface charges
are potential adsorption sites for the Ru(ll) polypyridyl complex molecules. It is
reasonable to suggest that the protonated form of this complex which has a net
charge of 2+would be stabilised to a greater extent by the electrostatic interaction
with SiO* groups present on the polymer network than the deprotonated form, which
has a net charge of 1+ Therefore, under the initial reactions of the sol-gel process at
higher pH, the majority, but not all the deprotonated species revert to the protonated
form as indicated by an emission maximum of 618 nm. The effect of the sol-gel

matrix on the lifetime of these samples is discussed in detail in Chapter 4.

Once reached, the plateau remains level until after the drying process has
begun. During this time, the polymerisation reactions proceed in sealed container
increasing the connectivity of the network and decreasing the porosity [32], In aged
gels it is important to recognise that the ethanol/water solvent system is still present
and little if any shrinkage occurs. Unlike pyranine in aluminosilicate gels, this probe
molecule is insensitive to changes of water and ethanol content during the
polymerisation process [6], Despite the increasing rigidity of the silica cage known
to accompany aging, no further increase in the emission energy of the pyridyltriazole

complex is observed during this time. One possible explanation for this observation
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could be that the complex experiences a screening effect due to the presence of the
interstitial liquid phase. One of the most significant features of gels kept in a closed
environment is that they continue to evolve structurally, long after gelation As
probed by the luminescence of this particular Ru(ll) complex, the evolution of the
oxide network during drying is as important as during the gelation process itself. At
the gel point the solution is macroscopically rigid due to interconnection of large
clusters. However, at a microscopic level, there is a likelihood for structural changes
which could be promoted by some flexibility and by possible condensation reactions.
Water is also able to diffuse in the gel, thus promoting further hydrolytic reactions.
These structural changes are expected to continue until the structure has reached a
stable state. Unlike the [Ru(L-L)32+dopants, the gelation point does not correspond
to the maximum blue shift of the pyridyltriazole complex. This indicates that the
microenvironment as experienced by the [Ru(phen)AH3Mptr)]2 dopant complex

molecules does not remain constant after the gelation point.

The third stage of the process, which is related to the final changes of the
Ru(ll) pyridyltriazole emission, is the drying of the gel. As indicated by the further
blue emission, this step is accompanied by the complete protonation of all the
complex molecules, and a progressive increase in electrostatic interaction between
the complex cations and the silica surface. Irrespective of the pH employed in the
preparation of these sol-gel samples (i.e. pH 1->5) it is the protonated form of the
complex which appears to exist in the final xerogel. When the solvents are removed,
the gel structure collapses and the gel shrinks continuously [28], From a surface
which is initially smooth on a molecular scale and partially reversed phase, there is a
gradual increase in irregularity, accompanied by an increase in the number of pores
and a decrease in their size [46], Both the increase in surface energy due to
modification of the interface between the oxide polymers and the liquid and the
capillary forces of the solvents provide the driving force for this partial densification.
The solvent which fills up the network and the cages changes its composition

through condensation from rich alcoholic aqueous solution (shortly after hydrolysis it
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is virtually pure alcohol) to a water interface and finally, through slow evaporation,
to a dry xerogel in which only a few water molecules may be trapped. This change in
the relative ethanol contents is an outcome of the different rates by which ethanol
and water leave the system. This in turn is due to three factors: first, ethanol
evaporates more quickly as it has a lower boiling point than water; second, water
molecules are held to the matrix silanols by more and stronger hydrogen bonds than
ethanol molecules [46], and thirdly, whereas the fast alcohol production stops at a
relatively early stage of the sol-gel process, water is released continuously by the
slower condensation reaction 2Si-OH —» Si-O-Si + H20, which takes place well into
the xerogel stage. New condensation reactions occur because some reactive groups
are in closer proximity. As a result, the oxide network becomes more compact. Its
flexibility drastically decreases with the departure of the solvating species. In effect,
the removal of the liquid phase ensures that the pyridyltriazole molecules loose their
solvation shell and therefore are forced into increased contact with the gel surface,
and the screening effect of the solvent is diminished. As a result of this, the
remaining deprotonated species of the complex appear to revert to the protonated
form, and a further blue shift in emission is observed. In addition, a final A™« of 585
nm (as opposed to 605 nm for the protonated [Ru(phen)2AH3Mptr)]2+ in solution)
suggests a destabilisation of the MLCT state. In this respect, the position of the
photoluminescence maximum of this complex is a sensitive probe of the structural
changes which occur during the sol-gel reaction. These observations can be
rationalised in terms of;
(a) creation of interfacial properties which induce strong adsorption onto the
polymer surface,
(b) elimination of solvent molecules (water and ethanol) from the immediate
environment of the trapped molecule, and

(c) an increase in the rigidity of the trapping matrix.
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3.3 Conclusion.

Sol-gels have been prepared by the hydrolysis and condensation of TEOS and doped
with a number of ruthenium polypyridyl complexes. The incorporation of
luminescent molecules into a liquid sol and subsequently, into an oxide gel can
modify the photophysical behaviour of the guest molecule. Because of their ionic
character, the Ru(ll) polypyridyl complexes tend to adsorb onto the surface of the
oxide network. Consequently, the photophysics of the molecule is influenced by the
characteristics of this surface and by the changes that occur to this surface during the
sol-gel transformation. From emission and absorption spectroscopy during the sol-
gel process, it was established that the blue shift noted for [Ru(bpy)32+ and
[Ru(phen)3|2+ indicates that the relaxation process which leads to an equilibrium
excited state configuration is prevented at a molecular level and hence the emission
energy increases. The ionic nature of these two ruthenium complexes keeps them in
intimate contact with the surface of the polymeric oxide network. An increase in the
microviscosity of the matrix around these dopant molecules is required for the
prevention of the possible electronic relaxation process from a Franck-Condon state
to an equilibrium state during the fluorescence lifetime. This phenomenon observed
for both of these complexes has been employed successfully as an analytical tool in
probing not only the factors which effect the kinetics of the sol-gel process but also
the charging of the surface. The introduction of two bulky phenyl groups on each of
the phenanthroline ligands ensures that [Ru(dpp)3l2+ within the sol-gel matrix
sustains a “screening effect”. As a result, the polar excited state is internalised within
the molecule and the excited state electronic distribution of the complex as seen by
its surroundings does not differ that much from the ground state, leading to no shift
in the emission energy.

Above its excited state pKa [Ru(phen)AH3Mptr)]2+ exhibits interesting
emission behaviour in the sol-gel matrix. The deprotonated complex reverted to the

protonated form during the initial stages of the sol-gel reactions, suggesting the
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proton-donating nature of the sol-gel environment. During the drying of these gels,
the Ru(l1) complex was brought into increased contact with the sol-gel surface, and

a final increase in emission energy was observed.
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Chapter 4.

The effect of the sol-gel matrix on the luminescent

lifetimes of Ru(ll) polypyridyl complexes.
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4.1 Introduction.

Organometallic dyes, like transition metal complexes, can be used as photosensitisers
in photochemical conversion of solar energy, and their incorporation into solid
matrices may be advantageous. Fluorescence and phosphorescence spectroscopy
provide a broad spectrum of tools for studying morphology and dynamics, and these
have obvious applications in the study of polymer interfaces and interphases. The
objective is to introduce a foreign element into a particular environment, hopefully
unobtrusively, to gather and report specific kinds of information about this
environment. Several different kinds of luminescence measurements are possible with
these tagged systems. Each of these various luminescence measurements provide
different information about the system, potentially offering information about
structure, local molecular order, interfacial characteristics and transport phenomena
[1], The most powerful information comes from applying a variety of techniques to
each system, In the previous chapter, useful information as to the environment of the
ruthenium complexes of the form [Ru(L-L)32+was obtained from the position of the
emission maximum wavelength for L-L = phen or bpy. For L-L = dpp, no change in
the photoluminescence peak was observed This chapter deals with the emission
lifetime decay of these complexes in the sol-gel matrix. The information reported
here, when coupled with that in the previous chapter, serves to provide a more
detailed account of the sol-gel process and also reinforces the previous findings with
regards to the nature of the final xerogel.

A common Kinetic problem arises when several species with different
lifetimes emit simultaneously and independently. The luminescence of molecules
emitting from heterogeneous systems frequently depart from first order Kkinetics. In
this chapter, the emission lifetime of ruthenium polypyridyl complexes of the form
[Ru(L-L)32+is studied with respect to the sol-gel-xerogel transition. In all cases, the
emission decay lifetime in the final xerogel was greater than that in the initial sol. For
[Ru(bpy)3 2+ and [Ru(phen)s]2+ doped samples the luminescence decay could be

described by a single exponential model only in the early stages of gel formation,
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after which time a double exponential model had to be employed. The introduction
of a second lifetime component was noticed much later for those samples doped with
[Ru(dpp)3H In addition, the initial pH of the samples effects these complexes in a

contrasti Ng manner.

4.1.1 Resolution offluorescencefrom micro-heterogeneous systems.

On a molecular scale, the ensemble of chromophore sites in any doped
system may be described as a distribution of site properties. Property distributions
exist in all unordered systems, but there is in this respect, a fundamental difference
between fluids and solids: in fluids, time averaging ensures the approximate
constancy of the distribution, so that these systems can be treated as if they consisted
of identical molecules of unchanging average properties. In solids, by contrast, the
distribution of site properties becomes evident due to the rigid nature of the medium.

Fluorescence spectroscopy has been widely used to provide detailed
information in regard to the structure and the nature of interactions between
molecules in the solid state [1], One of the commonly excepted rules is the

exponential decay of isolated fluorescent molecules with lifetime X :

0(7) = exp(-/I) (4.1)

However, as mentioned in section 2.4, this is not always the case. The relaxation of
fluorescent species embedded in a solid medium can be subject to spatial disorder.
Heterogeneous media frequently give rise to complex decay kinetics that can be
characterised as the sum of several exponentials or as the sum of distribution
functions of exponentials [2-4], Since decay data can frequently be fit equally well by
several widely different decay models, mechanistic interpretation is often hampered
by the lack of a unique solution. It has been proposed that fluorescence decay

profiles of isolated fluorescent species can be described by:
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0(0 = “Zme amexp(-//Tm (4.2)

where dmis the preexponential factor associated with the lifetime rm Equation 4 2
has been used to account for the differences in the local environments of which
interaction with fluorescent molecules could lead to different decay properties as
given by xm[4], For the purpose of this thesis, this equation has been employed in
fitting the emission decay data for Ru(ll) doped sol-gel samples reported here.

Although a satisfactory agreement of Equation 4.2 has been reported here,
and by other authors [2,3,5,6], it is important to recognise the physical limitations of
this approximation. The main issue associated with Equation 4.2 is that it neglects
the fact that the measured fluorescence decay profile is an average signal from all
molecules excited by the light. Thus, if a fluorescent molecule is embedded in the
nonuniform medium, one has to calculate the decay profile of fluorescence as an
average over the distribution of relaxation rates. A number of authors have
addressed this issue [4,7,8], but for the studies related here, a double exponential
equation was found to suffice.

This inherent complexity in dealing with multicomponent emission decay
from heterogeneous environments is carried over in the application of transition
metal complexes doped in solid matrices for use as optical sensors. Determination of
oxygen is most important in various fields of clinical analysis and environmental
monitoring, and is usually performed amperometrically using Clark-type electrodes.
Recently, optical sensors based on luminescence measurements have gained much
interest because of their high sensitivity and specificity [9-10], Various authors have
suggested the use of transition metal complexes, especially Ru(ll), Os(I1), and Re(l),
in developing oxygen sensors, since the luminescence of these complexes is strongly
guenched by oxygen [11-13], Another advantage is their relatively long

luminescence decay time, ranging from several hundreds of nanoseconds up to 10
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For molecules embedded in a polymer matrix the decay is influenced by
interactions between the fluorophores and the polymer. Most polymers are
nonuniform media in the sense that there is no long-range structural order. In
homogeneous media with only a single-component exponential decay, and under
circumstances of purely dynamic quenching, the variation in luminescence intensity
(1), or luminescence decay time (x), with externally applied oxygen partial pressure

PQis described by the Stem-Volmer equation:

10/1 = To/x = 1 + po2 (4.3)

with kv = ko (4.4)

where lo is the luminescence intensity and To the lifetime of the excited state in the
absence of oxygen, is the Stern-Volmer quenching constant, and Kk is the
bimolecular quenching constant. When dye molecules are incorporated into a
polymer matrix, deviations from linear intensity-based Stern-Volmer plot are
frequently  encountered. In  these  micro-heterogeneous  systems, the
multiexponentiality of the decay curves and the uncertainty of the fitting model
preclude evaluating a single exponential lifetime for use in Equations 4.3 and 4.4
The plots of 101 versus quencher concentration are downward curved, which makes
accurate calibration difficult. In addition, the question of the relative contributions of
static and dynamic quenching is difficult to address. In effect, a single time constant
is no longer sufficient to describe the luminescence decay. Since the Stern-Volmer
constant is the product of a bimolecular quenching constant and a lifetime, any
lifetime distribution is also reflected by a distribution of Stern-Volmer constants. In
essence, this micro-heterogeneity gives rise to complex decay kinetics and obscure
sensor performances.

The downward curvature of the Stern-Volmer plots necessitates a model

more complex than a single species quenched bimolecularly. A number of
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mechanistic models have been proposed in order to deal with this deviation. Among

the most widely accepted are:

(1) The complex exists in two distinctly different environments, with one
being quenchable and the other being unquenched.
(2) The complex exists in two distinctly different environments, with both

being quenchable but with different quenching rate constants.

Model 1 assumes two independent sites with only one site having significant
sensitivity to oxygen quenching. Model 2 is a two-site model that includes quenching
of both sites. MacCraith and co-workers have successfully employed Model 1 in
order to describe the luminescent quenching behaviour of [Ru(bpy)32+ or
[Ru(dpp)3]2 in sol-gel silica thin films [14], For each complex ruthenium
fluorescence was quenched in the presence of oxygen The optical decay times were
analysed in terms of one quenched and one unquenched component, the latter arising
from the fraction of complex molecules which are inaccessible to oxygen. In the
absence of oxygen, the decay was found to be single exponential. In the presence of
oxygen, plotting the extracted fast quenched decay (from the constant unquenched
background) versus oxygen pressure, yielded good Stern-Volmer plots.

In the case of Ru(ll) complexes in silicone rubber [11], model 1 gave
distinctly inferior fits compared to model 2 with chi-square values (%) that were 50-

100% larger than for Model 2. The basic equation for Model 2 is:

o/l - (/oi/(l +M QT]) +/02(1 +~[Q ]))-L (4.5)

where the/oi’s are the fraction of the total emission from each component under
unguenched conditions and the are the associated Stern-Volmer quenching
constants for each component. Model 1 is therefore a special case of Model 2 where

&2 equals 0.
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Recently Wolfbeis and co-workers carried out luminescence and decay time
measurements of ruthenium complexes in a number of different polymers [15], As
expected, these measurements resulted in multicomponent luminescence decays and
non-linear Stem-Volmer plots. This work includes a new model for describing the
nonexponential luminescence decay, which takes into consideration the interaction of
the fluorophore with the nonuniform environment provided by the polymer This
theory suggests that the luminescence decay profiles of molecules in a nonuniform
medium can be assumed as being an average over a distribution of relaxation rates
The relaxation probability of a single fluorophore molecule is determined by
interactions with the neighbouring regions of the polymer The influence of these
interactions on the decay time can be assumed to depend on the distance between the
fluorophore and the nearest interacting polymer site. The excited state of the
fluorophore then relaxes with a distance-dependent rate.

By taking into account the interactions with the medium, these studies
revealed that the luminescence decay profile of molecules embedded in a nonuniform
medium even in the absence of any quencher deviated from the usual exponential
form where the exponent is a linear function of time. The luminescence decay curves
were fitted by trial functions consisting of a sum of two or three exponentials. In
addition a preexponential weighted mean lifetime Tmwas shown for each membrane.
All the fits were of good quality, as judged by usual mathematical criteria (%2 and
residuals). However, the preexponential factors exhibited a dependence on the
oxygen pressure which could not be described by any reasonable physical model.
This suggested that the decay was due to a distribution of decay rates. The model
relating this distribution to a distribution of distances between fluorophores and
interaction sites on the polymer proved to be well-suited to describe the relaxation of
luminophores in nonuniform environments. Quenching of a luminophore by oxygen
proved to be a more difficult case. In principle a single quenching parameter is
sufficient for a full description, and in favourable conditions, this quenching

parameter varies linearly with oxygen pressure. These favourable conditions were
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found to prevail only in certain polymer matrices, while a non-linear dependence of

the quenching parameter on oxygen pressure was found in others

4.1.2 Heterogeneity in sol-gel systems.

The excited-state properties of Ru(ll) polypyridyl-doped sol-gels are
complex. Specifically, multicomponent emission decays are routinely observed [16-
19], Only in the early stages of gel formation can the temporal optical properties be
modelled by a single exponential. Previous studies carried out by Reisfeld and co-
workers describe the luminescence decay profile of [Ru(bpy)32+in the final xerogel
as a double exponential. In these studies, it was concluded that the increase in
lifetime of [Ru(bpy)32+in the glass was a result of the fixation of the ruthenium
complex into a rigid solid matrix, where a majority of the mechanisms that can
guench the excited states are removed. In addition, it was assumed that
concentration quenching could be neglected due to the isolation of the complex
molecules in the matrix [17], In this chapter, the lifetimes given for the immobilised
complexes are those obtained for the aerated samples. However, for these particular
complexes, degassing the sol-gel samples did not alter the lifetime data in any way.

Again, the fundamental question is, are the nonexponentials decays a result of
several discrete rates or is there an underlying distribution of rates. Castellano and
co-workers addressed this question [19] by fitting data, obtained from Ru(ll) doped
sol-gels, to a sum of two discrete rates and also to the Kohlrausch-Williams-Watts
model which can be derived from a distribution of rates. Statistically, however, it
was impossible to distinguish which model more accurately described the observed
data. In order to gain more insight into the fundamental nature of the complex decay
kinetics, the exponential series method was implemented. This method directly
recovers distributions of rates from complex fluorescence decays. Evidence for a
bimodal distribution of dopant sites was obtained from modelling the emission

decays with this series [19,20],
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In order to develop those optical sensors described in the previous section, or
indeed any sol-gel based device in general, it becomes important to understand the
effects of the surrounding sol-gel matrix on the photophysics and the dynamics of the
entrapped dopant. In particular the viscosity of a sol-gel material is an important
practical parameter because it dictates firstly the ability to cast thin films and draw
fibres and secondly the mobility and accessibility of chemically selective dopants
within the matrix. Thus, information on the local microviscosity surrounding a
dopant trapped within a sol-gel matrix becomes important to a material’s ultimate
end use. Several research groups have reported on the viscosity of sol-gel materials
during the early stages of the sol-gel transformation [21,22,23], Recently, Jonas and
co-workers carried out steady-state fluorescence anisotropy experiments with three
probes and concluded that gelation led to relatively small changes in the fluorophores
[23], This was attributed to the pore in the wet gel allowing substantial mobility of
the fluorescent probe even though the bulk viscosity remained quite high.

Unfortunately, much of the work in this field, including that of Jonas, has
been carried out just past gelation and does not explore the gel as it ages further.
Therefore, although there is some information on the microviscosity within a sol-gel
matrix versus ageing, it does not extend far into the ageing cycle. There is also little
direct information on how the ageing cycle influences the photophysics of inorganic
dopants within the sol-gel matrix. This latter issue is of especial importance as one
attempts to understand sol-gels in general and the chemistry of dopants entrapped in
a sol-gel matrix. In a recent paper by Narang and co-workers [24], this issue was
addressed by employing the static and dynamic fluorescence spectroscopy of
rhodamine 6G (R6G, Figure 4.1(a)), in a sol-gel matrix. The steady-state and time-
resolved fluorescence results for R6G in a tetramethoxysilane (TMOS) sol-gel were

reported as a function of ageing and pH.
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Figure 4.1(a) Chemical structure ofrhodamine 6G.

Upon excitation with polarised light the emission from fluorescent samples is
also polarised. This polarisation is a result of the photoselection of fluorophores
according to their orientation relative to the direction of the polarised excitation.
Rotational diffusion of fluorophores is one common cause of depolarisation of the
emission. The anisotropy measurements reveal the average angular displacement of
the fluorophore which occurs between absorption and subsequent emission of a
photon. This angular displacement is dependent upon the rate and extent of
rotational diffusion during the lifetime of the excited state. These diffusive motions in
turn depend upon the viscosity of the solvent and the size and shape of the diffusing
species. For example, for a fluorophore dissolved in a solvent, the rotational rate of
the fluorophore is dependent upon the viscous drag imposed on the fluorophore by
the solvent. As a result, a change in solvent viscosity will result in a change in
fluorescence anisotropy [24],

Fluorescent anisotropy experiments provide insight into the mobility of the
fluorescent probe within a given microdomain. The steady-state results indicated
four distinct regions in the ageing cycle (as shown in Figure 4,1(b)). The initial stage
represented the liquid to gel region which was found to be strongly pH dependent,
After gelation had taken place, the mean anisotropy plateaued and the sol-gel began

to age.

139



Aging Time (mln)

Figure 4.1(b) Recovered steady-state anisotropy (A) and average microviscosity (B)

for R6G ina TMOS sol-gel as afunction of time [24].

This result was consistent with the average dopant (R6G) having significant
reorientational mobility even after gelation with the mean pore size remaining large
and solvent still filling these pores. Thus it appeared that at this stage, the majority of
the R6G molecules were in a wet, low-viscosity environment. The third stage
noticed in the ageing cycle, was denoted by a fast increase in the anisotropy and
corresponded to the initial stages of sol-gel drying. During this time the solvent was

expelled from the siloxane network. In the final stage the anisotropy levelled off as

the sol-gel was dried.
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The time-resolved anisotropy experiments revealed that the observed
anisotropy resulted from two distinct reorientational motions throughout the entire
sol-gel ageing cycle. One of the rotational correlation times remained constant
throughout the sol-gel ageing cycle and the other varied with the ageing time. The
rotational correlation time data was transformed into microviscosity data and the
results were interpreted in terms of a two-microdomain model. One of the rotational
motions (the fastest component) remained constant throughout the sol-gel process
and was assigned to R6G in a wet sol-gel pore. The longer rotational reorientation
time increased substantially with ageing time. The fractional contribution of the
faster component was high during the initial stages of the sol-gel ageing process and
dominated even after gelation. However, its contribution decreased dramatically
during the drying process.

Figure 4.2 presents the simple model employed in this report by Narang and
co-workers, which is consistent with the microenvironments sensed by R6G during
the TMOS sol-gel ageing cycle. The key points noticed in these studies are as
follows. First, as mentioned, the RG6G probed simultaneously two distinct
microdomains during the sol-gel ageing process. Second, one rotational reorientation
time was invariant and the other changed with the sol-gel ageing process. For a
freshly prepared sol-gel solution the “constant” domain, corresponding to the faster
reorientation time, dominated the decay of anisotropy (upper panel in Figure 4.2).
The “variable” domain also contributed, but the average microviscosity sensed by
R6G was low, as most of the R6G molecules were in low viscosity constant domain.
Third, as the sol-gel ageing cycle proceeded to the gelation stage (central panel), the
variable domain about the R6G became more viscous, but its contribution to the
total decay of anisotropy still did not increase significantly. This suggested that a
fixed number of “free” R6G molecules, that rotationally diffuse independently, were
being observed as the pores were not yet emptied of solvent. Finally, during the
drying stage (lower panel), the number of constant domains decreased significantly,
the variable domain became extremely viscous, and the majority of the observed

R6G rotational reorientations were now from a highly viscous microevironment.
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This is consistent with the expulsion of solvent and shrinkage of the sol-gel pores
about the R6G probe which occurs at this final stage This picture is further
consistent with bimodal distribution of rates obtained by Castellano and co-workers
mentioned earlier [19], This work suggests that there was substantial mobility of
R6G dopants within a sol-gel matrix up to the drying stage. Beyond this point, the
contribution of the mobile species plummeted. These results indicate that, if mobility
of reagents is important to a sol-gel based device, it is critical that one control or
arrest the ageing process prior to drying.

Further work carried out by this particular research group includes probing
the microenvironment of the neutral molecule PRODAN (6-Propionyl-2-
(dimethylamino)naphthalene) in TMOS derived sol-gels. PRODAN (see Figure 4.3)
was chosen because it is a probe which is highly sensitive to the physicochemical
properties of its local environment (with emission ranging from 401 nm in
cyclohexane to 530 nm in water) [25], In addition, its excited-state decay kinetics
are a strong function of its local environment. The steady-state results of these
particular studies suggested that the microenvironment about the dopant remained
constant well beyond the gelation point. The interpretation of the recovered intensity
decay data which was suggested by the authors was a corresponding distribution of
microviscosities. The fluorescence emission characteristics of PRODAN indicated
that the expulsion of solvent was a stepwise process, in which the removal of ethanol
was followed by that of water. The studies carried out with R6G did not observe this
phenomenon because this probe was not nearly as sensitive to the sol-gel
environment compared to PRODAN. Significant rotational freedom of the entrapped
PRODAN was found even after the sol-gel was dried under ambient conditions. The
excited state decay was found to be best described by a unimodal continuous
Gaussian distribution throughout the entire sol-gel process. The width of the
Gaussian distribution was employed as a qualitative measure of the heterogeneity of
the microenvironment in the system. The expulsion of solvent was followed by
changes in the PRODAN lifetime distribution. The microenvironment of the sol-gels

was found to be heterogeneous immediately after the onset of gelation. The width of
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this distribution increased concurrently with the removal of ethanol This increase in
heterogeneity was attributed to the random removal of ethanol from the more
accessible domains, with varying amounts of water remaining. These domains,
containing different amounts of water and ethanol, accounted for the increased
matrix heterogeneity and, as a result, the increased width of the Gaussian
distribution. Upon the removal of water, the width of the distribution decreased as

the system became more homogeneous.
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4.2 Results and discussion.

4.2.1 The emission lifetime of [Ru(hpy) in solids as compared to solution.

Upon incorporation of [Ru(bpy)32+into a solid matrix, the observed lifetime
is seen to increase due to the elimination of a number of factors which in solution,
serve to quench the excited state. A double exponential model has been employed by
a number of authors to fit the luminescence decay of [Ru(bpy)3]2+in solid matrices
including silk fibroin membranes [26], cellulose [27], zirconium phosphate
sulfophenylphosphonate [6] and indeed in previous studies involving sol-gels [17],
Table 4.1 shows the emission lifetimes of excited [Ru(bpy)32+in various media or
matrices. In a liquid medium (i.e. a solution system), [Ru(bpy)32+ shows single
exponential decay according to Equation 4.1, and the lifetime seems to depend on
the affinity of the medium for the hydrophobic bpy ligand. When the affinity between
the medium and the ligand is high, molecular motion of the complex is reduced, the
emission lifetime increases (e.g. 980 ns in N, A-dimethylformamide (DMF) while 600
ns in water) by suppressing the non-radiative rate. Therefore, the emission lifetime
can be employed as an indicator of molecular motion [26],

The [Ru(bpy)3]2+ incorporated into a silk fibroin membrane exhibited, under
argon, a very long lifetime component of 1700 ns. It has been suggested by Kaneko
[26], that the shorter component of the [Ru(bpy)3]2+of this particular emission decay
profile, which has a lifetime of 433 ns, is due to the so-called concentration
guenching of the neighbouring excited state molecules since the value is shorter than
in aqueous solution. A similar double exponential behaviour was obtained in the
work of this thesis for those sol-gels doped with [Ru(bpy)32+at pH 1, with a longer
lifetime component of 1100 ns and a shorter component of 470 ns. It would seem
unlikely that the shorter component observed here is due to concentration
guenching, as the concentration of these samples is still quite low despite the

shrinking which accompanies ageing of the gel to form the xerogel.
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Table 4.1 Lifetime of the excited state of [Ru(bpy)32+in various media at room

temperature under argon.

Phase Sample Lifetime (ns) (% fraction)

liquid [Ru(bpy)3]2+ solution (H20)° 600 (100)
[Ru(bpy)3]2+ solution (EtOH)c 710 (100)
[Ru(bpy)3]2+solution (DMF)° 980 (100)

solid [Ru(bpy)32+in silk fibroin [26] 1700(94), 433(6)
[Ru(bpy)3]2+in nation [26] 1340(80), 480(20)
[Ru(bpy)32+in cellulose [26] 1010(80), 458(20)
[Ru(bpy)3]2+in polyethylene oxide [27] 1020(100)
|Ru(bpy)3]2+in sol-gel [19]a 1680(69), 580(39)
[Ru(bpy)3]2+in sol-gel [18]h 1600(10), 610(90)
[Ru(bpy)3]2+in sol-gel pH 1° 1100(70), 470(30)
[Ru(bpy)32+in sol-gel pH 5° 2100(70), 660(20)

0 Acid catalysed TMOS gel from reference 19.b Acid catalysed sol-gel from reference 18.

0Present work.

Furthermore, several research groups have reported on the matrix isolation
properties of sol-gel doped with [Ru(bpy)32+ [17], With the low concentrations
employed in this thesis (estimated final concentrations of approximately 6 x 10'5M),
it is expected that the majority, if not all of these Ru(Il) complex molecules will be
surrounded by the silicon oxide matrix, i.e. they are isolated within the pores of the
sol-gel. In support of this, Avnir and co-workers also found that, upon transition
from gel—xerogel, the presence of pyrene eximers is diminished due to the isolation
of the pyrene molecules within individual pores [28], Again, it must be emphasised
that the number of exponentials extracted from the experimental fluorescence raw-
data by means of multiexponential fitting procedures is very strongly determined by
the quality of the data and also by the given time domain over which the collection of
fluorescence photons is done, On the one hand, a certain degree of scepticism must

be maintained, and one cannot consider the values of the decay lifetime recovered
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through employing this double exponential model to be exact. However, since the
experimental conditions remain constant throughout each experiment, it is possible
to compare values within an experiment as an indication of the changing
environmental properties of the surrounding sol-gel matrix (see Section 4.2.3).

One interesting feature concerning Table 4.1, is that the emission decay from
all of the solid phases, with the exception of polyethylene oxide (PEO), is best
described by a double exponential model. This contrasting behaviour of [Ru(bpy)3]2+
in PEO has been largely explained by considering the microheterogeneous nature of
this matrix. PEO-600000 is a semicrystalline matrix, having both crystalline and
amorphous sites [27], It has been suggested that the crystalline sites cannot
reorganise around the excited state molecules within the timescale of the radiative
relaxation. On the contrary, a fast reorganisation process of the matrix around the
excited molecule could be possible for the amorphous sites. |If the complexes were
statistically distributed between crystalline and amorphous sites, a double exponential
would have appeared. Because the observed decay could be fitted by a single
exponential model, it was assumed that all the [Ru(bpy)3]2+ molecules immobilised in
the PEO matrix experienced the same environment, and were exclusively placed in
the amorphous sites. In essence, the amorphous region of solid PEO has the ability
to stabilise the polar excited species within the timescale of radiative relaxation.

In order to explain the spectroscopic behaviour of [Ru(bpy)3]2+ in sol-gel
glasses, Reisfeld and co-workers have adopted the four-level model proposed by
Van Houten and Watts, and by Demas and Crosby [16,17,29,30], As mentioned
previously, the luminescent first excited state of [Ru(bpy)3]2+is attributed to triplet
metal-to-ligand charge-transfer (3M LCT) states, having one of the six 4d-electrons in
the ground state transferred to the lowest empty orbital of a single bipyridyl ligand.
Weak interligand interactions seem to permit the migration of the excited state
electron from one ligand to another on a nanosecond timescale. The lifetime reveals
the quantum efficiency and nonradiative relaxation of the excited state due to triplet-
triplet quenching by atmospheric oxygen and temperature dependent interactions

with the solvent (or solid surroundings). The results and explanations outlined in
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these papers indicate that at low temperatures the lifetimes are dependent on the
Boltzmann population of three adjacent triplet levels, of which transitions to the
singlet level are spin forbidden [29,30], Each of these triplet levels is characterised
by different temperature independent radiative and nonradiative decay constants. At
higher temperatures (above 77 K) these levels can be dealt with as a single level
Following the population of the MM LCT state, three deactivating processes can
occur: by radiative decay (AO and radiationless decay (¢0, both of which return the
excited state complex to its ground state, or by thermal activation to a
spectroscopically unobservable ligand field (LF) excited state (Aexp(-AEi/RT)). A, is
an Arrhenius-type frequency factor which contains kinetic terms involving the
formation and subsequent decay of the LF excited state (see subsequent chapters).
Once formed, the LF excited state may undergo radiationless decay to the ground
state under nonphotochemical conditions. The simple schematic representation of the
model used to interpret the photophysics of Ru(ll) complexes has been previously
given in Chapter 1, Figure 1.7. The additional manifold of d-parentage is believed to
be placed at about 3600 cm'l above the first manifold and has a non-radiative decay
rate of the order 1013 s'L At 77 K its contribution to the total decay is negligible but
at room temperature it contributes significantly

The radiative rate of the d-a* triplet state is almost constant in different
media of the same refractive index as is reported in numerous works and equals
about 14-15 Ks when thermal equilibrium between the three components of the
triplet state exists [30], The radiationless rate constant i is strongly dependent on
the local environment [30], In addition, if1 generally increases with decreasing
excited-state energy, as expected on the basis of the energy gap law [31,32], The
guantum efficiency from the dTc* states at temperature T is the ratio of the
thermalised radiative rate (k) and the sum + N {exp(-AE,/RT)] where AEj is
the average energy difference between the 3(d-4*) state and the 3(d-d) states. Thus
comparing different hosts at the same temperature where all parameters are equal
with the exception of one may estimate the role of triplet quenching by

atmospheric oxygen and by the surroundings It has been suggested by Reisfeld [17],
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that one would expect that part of the quenching mechanisms present in solution
would be eliminated in sol-gels, and that the quantum yield should increase.

As mentioned in Chapter 3, it was found that while the position of the
emission maximum wavelength of [Ru(bpy)3]2+was altered in the gel, the mechanism
of absorption, intersystem crossing, followed by emission is essentially the same as in
solution [16-19], The absorption spectra of the doped xerogels show a maximum
around the 450 nm region assigned to the ‘MLCT. The fluorescence spectra of all
the samples, peaking in the 600 nm region were assigned to the Stokes-shifted
emission of the MLCT excited state to the ground state, as in solution. An increase
in lifetime of [Ru(bpy)32+upon incorporation into a sol-gel was found in all of these
studies [16-19], Previous reports have suggested that this increase is the result of the
fixation of the ruthenium complex into a rigid solid sol-gel matrix where a majority
of bimolecular deactivating mechanisms that can quench the excited states (such as
oxygen quenching) are removed. Increased lifetime of [Ru(bpy)32+in solids at room
temperature, has also been attributed to decreased k«, i.e. decreased interaction of
the lowest triplet manifold of the complex with the solid surroundings as compared
to water and alcohol. These results are consistent with the scheme proposed by van
Houten and Watts [30] in their study of temperature dependence of the luminescence
lifetimes of [Ru(bpy)32+ in water and with low temperature measurements. Our
lifetime results for [Ru(bpy)3d2 in the sol-gel matrix are consistent with those
previously reported in sol-gels [18,19], in so far as an increase in lifetime was
observed, and a double exponential was required to fit the data (see Table 3,1). An
important point to note here is that, the lifetimes of the sol-gel samples studied in
this chapter, were not affected by degassing,

In addition to the exclusion of oxygen and decreased interaction of the
lowest triplet manifold with the solid surroundings, the increase in lifetime observed
in the gel matrix is consistent with a decrease in the nonradiative rate constant of
[Ru(bpy)3 2+ due to the energy gap law, The energy gap law predicts an exponential
decrease in the nonradiative rate constant with increasing energy gap. As discussed

in Chapter 3, the incorporation of [Ru(bpy)32-within a sol-gel induces a blue shift in
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the emission energy of the excited state complex. Again, this blue shift in emission
wavelength corresponds to an increase in the energy gap between the MMLCT state
and the ground state, caused by the destabilisation of this excited state. This is
caused by the lack of mobility of the solvent dipoles on the timescale of the lifetime
of the excited state which as a result, cannot respond to the change in electronic
structure between the ground and the excited state.

Another possible cause for the detected increase in lifetime may be a result of
the term ,4,exp(-AEj/RT). Previous studies have revealed, that for [Ru(bpy)32 a
profound change occurs in the kinetic decay parameters between a cellulose acetate
matrix and solution [33], It has been suggested that, in the solid matrix, the
MLCT—dd transition is inhibited. A similar effect has been noticed in sol-gel
matrices doped with [Ru(bpy)3]2+in this thesis and will discussed in greater detail in
the following chapters. With the loss of this temperature dependence, decay via an
additional fourth MLCT state [34,35] becomes apparent in the temperature

dependent lifetime data.

In summary, at this stage, there appear to be four possible causes for the observed

increase in lifetime of [Ru(bpy)32+upon incorporation within the sol-gel matrix.

(1) the absence of quenching due to molecular oxygen and other bimolecular
guenching reactions.

(2) adecrease in  due to the inhibition of the molecular motion of the
complex caused by the rigid nature of the surrounding sol-gel matrix.

(3) adecrease in  via the energy gap law.

(4) a change in the term /i,exp(-AEj/RT) which describes the population of
the anti-bonding d-d state.

The contribution of each of these factors will be discussed throughout the following

sections of this chapter
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4,2.2 Luminescent decay as aprobe of the sol-gel process.

4 2 2 1Luminescent decay of |'Ru(bpv'hl2~and ['Ruiphenhl2+in the sol-eel matrix.

In this section, a comparison is made between the complexes of the form

[Ru(L-L)3A where L-L = bpy or phen, doped in sol-gel matrices (prepared by
Method 2, Chapter 2) prepared at different pH values (in the pH range 1-5). The
data for this section are presented in Tables 4.2 and 4.3. As in Chapter 3, similarities
between the interaction of the immobilised [Ru(bpy)3]2+and [Ru(phen)3]2+ molecules

with the host matrix were observed.
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Figure 4.4 The emission decay profile ofa [Ru(bpy)3 doped sol-gel (M ethod

2(1)) directly afterpreparation.
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Table 4.2 Luminescent decay data for [Ru(bpy)3]2+doped sol-gel samples prepared

Time [Ru(bpy)32+ [Ru(bpy)32+ (Ru(bpy)3J2+ (Ru(bpy)32+
) Method 2 (1) Method 2 (2)a Method 2 (3)° Method 2 (5)“
T, Tz (ns)* T, TI(ns)” T, T2(ns)* Xi, T2(ns)&
0 295(100) 280(100) 270(100) 260(100)

5 300(100) 300(100) 95(10),320(90) 280(80),400(20)
10 310(100) 325(100) 105(15),450(85) 300(70),505(30)
20 360(100) 340(100) 150(30),700(70) 330(65),620(35)
50 480(100) 380(100) 250(40), 1050(60) 400(65),620(35)*
100 450(70),800(30) 385(100) 300(55), 1400(45)* 455(30), 1900(70)
150 485(25), 1100(75) 400(85),200(15) 320(50), 1450(50) 555(40),2000(60)
300 465(30), 1100(70)$ 380(55),600(45) 310(40), 1500(60) 700(35),2100(65)
400 480(30), 1100(70)" 380(50),720(50) 300(35), 1480(65)* 680(35),2100(65)’
500 460(25), 1120(75) 370(55),840(45) 315(40), 1520(60) 650(20),2110(80)
600 440(30), 1125(70) 390(50),950(50) 320(35), 1500(65) 630(25),2150(75)
700 450(30),1100(70) 365(55),970(45)* 330(30), 1550(70) 650(20),2120(80)
800 460(30), 1100(70) 360(40), 1110(60)’ 320(25), 1500(75) 660(20),2150(80)
1000 470(30), 1100(70) 370(35), 1080(65) 310(20), 1500(80) 660(20),2100(80)

at various initial pH values.

* Indicates gel time (tg) of the sample. * Sample top pierced to allow for evaporation of solvent.3
Indicates the pH at which the gel was prepared. b Values in parentheses are the components pre-
exponential factors given in percent. Accuracy of measurements is + 10 %. Excitation wavelength

of 355 nm,

Firstly, the rate of increase in the overall lifetime of these two Ru(ll)
complexes is faster at pH 5 than at pH 1 This is consistent with those results
observed for the rate of change in the emission maximum at these two pHs, with the
rate being notably faster at pH 5 than at pH 1 (see Section 3.2.2.2). Again it is most
likely caused by changes in the kinetics of the polycondensation which are maximised

around neutral pH. We will return to this point shortly.
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Table 4.3 Luminescent decay data for [Ru(phen)s]2+doped sol-gel samples prepared

at various initial pH values

Time [Ru(phen)3]2+ [Ru(phen)3]2+ [Ru(phen)3]2+ [Ru(phen)3]2+
(h) Method 2 (1) Method 2 (2)“ Method 2 (3)a Method 2 (5)*
x1tx2 (ns)6 xi,x2(ns)* xi,x2(ns)* xi,X2(ns)6
0 190(100) 170(100) 160(100) 150(100)
5 210(100) 175(100) 215(100) 1800(80),250(20)
10 220(100) 185(100) 265(100) 2400(60),300(40)
20 250(100) 205(100) 50(20),360(80) 2800(55),340(45)
50 270(100) 200(100) 180(65),700(35) 660(30),4200(70)*
100 90(20),430(80) 230(100) 240(60), 1050(40)®  720(25),4200(75)
150 270(55),680(45) 180(30),440(70) 300(55), 1400(45) 800(20),4200(80)
300 260(45),730(55)s  250(40),550(60) 455(45), 1950(55) 920(20),4250(80)
400 250(45),690(55)* 240(50),690(50) 500(50),2050(50)*  990(25),4300(75)*
500 280(40),700(60) 220(40),750(60) 540(40),2100(60)  1050(20),4250(80)
600 260(35),720(65) 250(30),900(70) 535(35),2150(65)  1100(20),4300(80)
700 250(30),740(70)  240(50),1100(50)*  540(30),2100(70)  1100(25),4280(75)
800 255(35),730(65)  245(35),1115(65)*  535(35),2150(65)  1100(20),4300(80)
1000  240(40),720(60) 250(30), 1110(70) 550(35),2200(65)  1100(20),4300(80)

s Indicates gel time (tg) of the sample. * Sample top pierccd to allow for evaporation of solvent.
3 Indicates the pH at which the gel was prepared. b Values in parentheses are the components pre-
exponential factors given in percent. Accuracy of measurements is + 10 %. Excitation wavelength

of 355 run.

Secondly, as mentioned previously, while the sol-gel reactions proceed the decay
data can be more accurately described by a double exponential model. Deviation
from first-order decay for these complexes is due to the heterogeneity of the sol-gel
environment. For the lifetime studies of the ruthenium(ll) complexes reported here,
two separate models were used to fit the decay data. The first was a simple
monoexponential equation, the second a double exponential decay expression. This

approach was chosen for its simplicity, and because it had been used previously to

153



describe the decay profile of Ru(ll) polypyridyl complexes in a sol-gel matrix [17],
Figure 4.4 shows the emission decay profile of a [Ru(bpy)32 doped sol-gel directly
after preparation, i.e. at zero time. This sample, prepared at pH 1 obeys a single
exponential expression having a lifetime of 299 ns. This value is comparable to that
of [Ru(bpy)32+ in an aerated ethanol solution. This suggests that directly after
preparation, the [Ru(bpy)32+ molecules experience no significant change in their
environment. After 100 hours, the luminescent decay profile of this sample is best
described by a double exponential model. The final lifetime values of the xerogel in
this case when fit to this double exponential model, are 470 ns,(30%) and 1100 ns,
(70%). Figure 4.5(a) shows the final observed and theoretical (as obtained from the
double exponential model) decay profiles for this particular sample. Having
generated the best-fit parameters, it was then necessary to judge the quality of the fit
From the best fit parameters the expected curve was calculated. Even for the correct
model, the theoretical and observed decay profiles will differ because of noise. As
can be seen from Figure 4.5(b), an excellent fit was obtained, with the points being
randomly distributed above and below the X axis.

The introduction of a second lifetime component is noticed earlier for those
gels prepared at pH 5 than those at pH 1, and it would seem that the ruthenium
probe molecules partition themselves into two different environments. It would
appear from Tables 4.2 and 4.3, that for [Ru(bpy)32+and [Ru(phen)32+the lifetime
of these complexes probes the sol-gel reactions, from the initial sol up until gelation
of the sample. After gelation, no significant increase in lifetime was observed for
either of these Ru(ll) polypyridyl complexes. The lifetime of these two complexes
can therefore be used in conjunction with the shift in the photoluminescence peak in
order to probe the sol-gel formation in the early stages of these reactions. With
respect to the initial pH of the samples, similar trends were observed for the change
in lifetime as were observed for the change in emission energy. In particular, the rate
of growth in lifetime for each of these two complexes increased in the following
order pH 5> pH 3> pH 1> pH 2. The reasons for these different rates with respect

to the shift in emission energy as related to the sol-gel reactions has been previously
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Figure 4.5 (a) Emission decayprofile of[Ru(bpy)3 2" doped xerogel (R =4, pH =1),

(b) Weightedresidualplotfor this double exponentialfit.
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discussed in Section 3.3.2 2. It seems likely that the same arguments hold here.
Again, the kinetics of the sol-gel reactions most likely determines the lifetime of
these complexes, The dramatic increase in lifetime during the early stages of the sol-
gel reactions, which is specifically evident for those samples prepared at high pH (i.e.
pH 5), suggests that a specific interaction between the matrix and the complex. This
is presumably caused by the electrostatic interaction between the negatively charged
silanols and the positively charged complex.

The introduction of a second component in order to fit the decay profile of
these samples suggests the existence of a heterogeneous environment as seen by both
of these complexes, [Ru(bpy)3]2+ and [Ru(phen)32+ even before gelation has
occurred. As mentioned in the introduction, the heterogeneity observed by
rhodamine 6G has been attributed to this probe molecule reporting simultaneously
from two discrete microdomains, each having a different microviscosity [24],

It is possible that the ruthenium complexes are also experiencing the effect of
domains of varied viscosity, resulting in different i1r values. The greater the viscosity
of the domain, the lower the nonradiative decay rate for the ruthenium polypyridyl
complex in that domain will be. Therefore, a longer lifetime would be observed from
the domain of higher microviscosity. In all the above cases, the fractional
contribution to the total decay of the longest lived constituent is greater than for the
shorter component. In this respect, these results are consistent with the model used
to describe the observed rotational reorientation kinetics 0of R6G in a TMOS sol-gel,
the high microviscosity domain being dominant in the final xerogel. Unfortunately,
little information as regards the ageing and drying stages of the sol-gel process can
be deduced from the lifetimes data displayed in Tables 4.2 and 4.3.

When considering the consequence of pH on the final lifetimes of the doped
gels, two effects should be taken into account. The first effect is that of surface
charge, with the negatively charged surface impeding vibrational deactivation of the
excited state complex by electrostatic interaction to a greater extent than the
positively charged surface [21], The ruthenium polypyridyl complexes employed

here are dications and it seems likely that electrostatic interactions play an important
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role in their encapsulation. The second effect involves the density of the host gel.
The nonradiative decay rate (A™) for the triplet level of Ru(ll) complexes is
dependent on the nature of the host material, where there is an indication that the
more dense the material, the lower the nonradiative rates [17], It is known that
increasing the initial pH of the sol forms gels which are less dense and with increased

porosity [36], This would give rise to higher faTvalues and thus the observed lifetime

would decrease, Therefore the lifetimes observed at pH 5 would be smaller than
those observed at pH 1 For gels doped with [Ru(bpy)3]2+ and [Ru(phen)32 the
eventual lifetimes of the gels prepared at pH 5 are larger than those prepared at pH
1 This is in agreement with the fluorescent data obtained for these samples, and it
suggests that the extended lifetime results from the rigid microenvironment, with the

surface charge being the dominant factor in determining the final lifetime values.

4.2.2.2 Luminescent decay of [Ru(dppW]2+in the sol-gel matrix.

Significant differences were observed in the behaviour of the decay profile
for those gels doped with [Ru(dpp)3]2+as compared to the two complexes discussed
in the previous section. Table 4.4 displays the lifetime components of the sol-gel

samples prepared at various pH values for this complex as a function of time. Firstly,
the decay profile of both [Ru(dpp)3 samples could be fit to a single exponential

model even after 300 hours, regardless of the initial pH of the gel. It is likely that the
small increase in lifetime that occurs during this period is due to the slowing down of
diffusion controlled oxygen as the viscosity of the surrounding solution increases,
rather than the actual fixation of the dye molecules to the silicon polymer chains. A
second lifetime component arises only after approximately 600 hours of initial
preparation. At this stage, the plastic caps have been pierced and much of the excess
solvent has evaporated, causing the gel to shrink by an appreciable amount. We

believe that the jump in lifetime which occurs at this time may be caused by the
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increased exclusion of oxygen from the gel as the pores decrease in size [36], Finally,
the gels prepared at higher pH show a smaller increase in lifetime than those
prepared at low pH values. This is again in contrast to those results obtained for
[Ru(bpy)32 and [Ru(phen)3d2+ doped gels This suggests that the effect of
electrostatic interaction is less significant for [Ru(dpp)3]2+ doped gels, and that the
final lifetime of the gels is dominated by the density of the host material as mentioned
previously.

The results outlined above suggest that in the case of [Ru(dpp)32A the
excited state electron is localised on the phenanthroline component of one of the
ligands, the bulk of the two phenyl groups shielding the solvent from experiencing
the influence of the excited state, In effect, the polar excited state is internalised
within the molecule and the excited state electronic distribution of the complex as
seen by the surroundings does not differ that much from the ground state, leading to
no shift in the emission energy. A more detailed account of the behaviour of the
emission properties of [Ru(dpp>3]2+ as a function of temperature will be presented in
Chapter 5.

We have mentioned previously that the decay lifetime of the [Ru(dpp)32+
dopant increases only after gelation has occurred. Therefore, an important aspect of
this particular system is its potential use as a photophysical probe for studying the
final gel-xerogel transition and the structural changes which accompanies this
transition. It would appear that it is the final stages of the trapping of [Ru(dpp)3 2
molecules within the matrix which is responsible for this increase in lifetime
Therefore, this ruthenium complex when introduced into the sol-gel matrix can be
exploited to provide distinctive information about the ageing and drying procedures

according to the lifetime decay profile.
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Table 4.4 Luminescent decay data for [Ru(dpp)s]2+ doped sol-gel samples prepared

at various initial pH values.

Time [Ru(dpp)3J2+ [Ru(dpp)3|2+ [Ru(dpp)3z+
(h) Method 2 (1)a Method 2 (3)* Method 2 (5)“
Ti, T2(ns)t Ti,T2(ns)A Ti x2(ns)"
0 295(100) 295(100) 290(100)
50 310(100) 340(100) 370(100)$
100 335(100) 380(100)s 380(100)
300 355(100)* 385(100) 385(100)
800* 360(100) 380(100) 500(100)
850 380(100) 420(100) 700(100)
900 640(100) 620(100) 100(20),920(80)
950 300(35),820(80) 170(10),710(90) 250(15), 1200(85)
1000 420(40),1150(60) 225(15),805(85) 280(20), 1250(80)
1100 480(35),1500(65) 250(20),940(80) 290(15),1180(85)
1200 490(40), 1800(60) 275(15),1100(85) 285(20), 1200(80)
1300 470(30),2100(70) 280(20), 1200(80) 290(25), 1250(750
1400 490(35),2150(65) 290(25), 1200(75) 300(30), 1200(70)
1500 500(40),2100(60) 280(25), 1250(75) 300(30), 1200(70)

1Indicates gel time (tg) of the sample. * Sample top pierced to allow for evaporation of solvent.
3 Indicates the pH at which the gel was prepared b Values in parentheses are the components pre-
exponential factors given in percent, Accuracy of measurements is £ 10 %, Excitation wavelength

of 355 nm.

Previous studies [37] have shown that no drastic change in structure occurs
at the gelation threshold of the sol-gel system. On the one hand, macroscopic
properties, like the viscosity exhibit drastic changes during gelation. The viscosity is
known to diverge at the gel point [38], which shows that the solution is
macroscopically rigid at this point due to the interconnection of large polymer
clusters. However, at the molecular level, the rigidification of the gel is not

accompanied by rigidity at the microscopic level.
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Figure 4.6 Change o fthe emission lifetime of[Ru(dpp)}] 2~sol-gels with time,

preparedaccording to M ethod 2, at variouspH's.

Similarly, while the overall viscosity increases dramatically at the gel point, the
microviscosity does not. At this point, arelatively open structure is still evident.
Figure 4.6 illustrates the changes in the emission lifetime of [Ru(dpp)3]2*
doped samples prepared at a number of different pHs as a function of time while
Table 4.4 shows the accompanying emission decay data for this diagram. For clarity,
only the longer lifetime component is displayed in this figure. The gels were allowed
to age for an extended period of time in order to ascertain any increase in lifetime
which may have occurred during this interval The arrowhead indicates the time at
which the sample lids were pierced in order to allow for the evaporation of the

solvent molecules. Several features merit additional discussion at this point.
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First, a very slight increase in the emission lifetime is observed. This initial
stage represents the liquid to gel region which, as discussed in Chapter 3, is strongly
pH dependent. For example, although not clearly evident from Figure 4.6, the rise in
emission lifetime is more gradual at pH 5 than pH 1 and 3. This result is consistent
with previous work in Chapter 3. A possible explanation for this increase in lifetime
during this time, is the slowing down of diffusion-controlled oxygen quenching
which is not favoured when the oncoming gelation increases the apparent viscosity
[18].

After gelation takes place, the lifetime plateaus and the sol-gel begins to age
as polycondensation and networking continue. This suggests that the
microenvironment as experienced by the [Ru(dpp)3]2 molecules remains more or
less constant throughout this period despite the on-going change in structure caused
by the continuing reactions of the ageing process. During this stage, the mean pore
size remains large and solvent fills these pores; the gel is considered “wet”. Water is
thought to be almost freely diffusing even in the gel state, thus promoting the
possibility for further hydrolytic reactions so that the structural changes are expected
to continue until the gel has reached a final stable state. Thus, it appears that while
ageing occurs the [Ru(dpp)3]2+ molecules are in a wet, low-viscosity environment.
The lifetime of the complex at this stage suggests that there is little, if any,
electrostatic interaction between the complex molecules and the surface of the gel
Throughout the ageing process, the emission decay profile of the [Ru(dpp)3]2
molecules is best described by a single exponential model which suggests that this
dopant is not capable of distinguishing between those different microdomains
experienced by [Ru(bpy)3]2+and [Ru(phen)3]2 during the early stages of the sol-gel
process. This can be attributed to the different sensitivities of these complexes to the
nature of the surrounding medium. The small increase in lifetime which occurs prior
to piercing the lid of the sample prepared at pH 5 can be attributed to synerisis. As
mentioned in the introduction, syneresis is the shrinking of the gel caused by

formation of new bonds through condensation reactions. Towards the end of the
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ageing process, the increase in bridging bonds causes contraction of the gel network
[38],

The third stage of the ageing process, is denoted by a rapid increase in the
emission lifetime and represents the initial stages of sol-gel drying. During this stage,
the solvent is expelled from the siloxane network of the sol-gel and the volume of
the monolith decreases significantly. The lifetime of the [Ru(dpp)32+ dopants
changes dramatically during this stage as the pores collapse and are emptied of
solvent. The relative rate of drying is different for the different pH suggesting that
the drying rate is also pH dependent. Thus, it appears that the increase in lifetime at
this time, is due to the partial expulsion of ethanol from the matrix followed by the
removal of water. As drying of the monolith proceeds, constriction of the pores
results in the [Ru(dpp)3]2-molecules being brought into closer contact with the solid
surroundings. Consequently, the observed sequence of an increase in lifetime could
simply be explained by the shrinkage of the solid medium, leading to the constriction
of the chromophores within the pores, which would decrease their vibrational
degrees of freedom and thus the nonradiative rate constant. Another interesting
feature of this particular system is that the introduction of a second lifetime
component for the emission decay profile of the [Ru(dpp)3]2+ molecules only
becomes apparent during the drying procedure. This again demonstrates that this
particular ruthenium polypyridyl complex is not sensitive to the changes which occur
during the gelation and ageing of the sol-gel. It does not sense the heterogeneous
nature of the sol-gel matrix until the solvent is expelled from the system. In the final
stage, the sol-gel is dried, the majority of the solvent is removed, and the lifetime
levels off. As mentioned, the emission lifetime is now better described by a double
exponential model,

In all cases, the longer lived component of the luminescence decay profile
exhibits the greatest fractional contribution. This is consistent with the model
proposed by Narang and co-workers [24], which suggest that a highly viscous
microenvironment exists after the drying procedure has taken place. One possible

interpretation of the luminescent decay data is that the [Ru(dpp)3]2+ dopants sense
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two local microenvironments, one which allows a substantial degree of rotational
vibration resulting in a short lived component (“wet pores”), the second longer lived

component arising from a more compact environment (“dry pores”),

4,2.2.3 Luminescent decay of [Ru('phen)2(H3Mptr)l2+in the sol-gel matrix.

For [Ru(bpy)3]2; relaxation of the emissive metal-to-ligand charge-transfer
(3MLCT) state exhibits a temperature dependence in the 150-300 K range which has
been ascribed to the thermally activated population of a metal-centred excited state
(3MC) which decays more rapidly than the MLCT state [32], The relative energies
of the MMLCT and MC states can be controlled to some degree by the making of
mixed ligand complexes in which there is a single weak a-donor diimine ligand with
arelatively low n level and the remaining ligands are strong o donors [39,40], The
result is to increase the AMLCT-MC splitting, thereby removing the thermally
activated nonradiative decay pathway and inhibiting the photoanation of the
complex.

A wide body of literature exists demonstrating the effects of solution acidity
on molecular luminescence. In general excited states of photoactive acids have
excited state pKas which differ from those in the ground state. Table 4.5 shows the
emission decay behaviour of [Ru(phen)2(H3Mptr)]2 in the sol-gel prepared at the
two extreme pH values (i.e. 1 and 5) as a function of time. The emission energies
and indeed the emission lifetimes of the protonated and dissociated forms differ
immensely. In metal diimine complexes where the lowest energy MLCT state
involves charge-transfer to the ligand exhibiting acid-base behaviour, the excited
state becomes more basic than the ground state. When the MLCT state is localised
on the spectator ligand, the pKa decreases upon excitation of the complex. In the

case of [Ru(phen)2(H3Mptr)]A the ground state has a pKaof 5.03, while the excited
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Table 4.5 Luminescent decay data for [Ru(phen)2(H3Mptr)]2+ doped sol-gel

samples.
Time after Method 2 (1) Method 2 (5)
preparation (h) X1,£2(ns)* x1,x2(ns)4
0 : 70(100)
50 : 400(90),50(10)s
100 60(100) 800(40),200(60)
300 300(55),35(45)$ 1850(45),380(55)
600 320(65),50(35)’ 1900(40),450(60)*
650 345(70),55(30) 1900(55),480(45)
700 350(85),65(15) 1880(85),470(15)
850 355(85),60(15) 1900(85),475(15)
1000 350(85),60(15) 1920(90),480(10)

s Indicates gel time (tg) of the sample. * Sample top pierced to allow for evaporation of solvent.
aThis value is outside the range of the instrumentation (i.e. < 20 ns). b Values in parentheses are
the components pre-exponential factors given in percent. Accuracy of measurements is + 10 %

Excitation wavelength of 355 ran.

state pKahas avalue of 2.7 (see Chapter 3) Protonation of this complex results in a
much shorter lifetime than that of the deprotonated form. This is evident from the
data given in Table 4.5 whereby the initial lifetime of the pyridyltriazole doped sol-
gel prepared at pH 1, was too short lived to be measured. The gel prepared at pH 5
on the other hand exhibits an initial lifetime of 70 ns which corresponds to the
lifetime of the dissociated complex in solution (see Table 3.3). As such, the lifetime
measurements obtained for these pyridyltriazole doped sol-gel samples directly after
preparation (i.e. at zero time) coincide well with the solution values The origin of
this much shorter luminescence lifetime for the protonated complex and subsequently
the increase in emission energy is associated with the 3aMLCT-3MC energy gap.
3Mptr' is a stronger a-donating ligand than H3Mptr due to the negative charge
induced on the deprotonated ligand Assuming an averaged ligand field environment
for both protonated and deprotonated complexes the Ru(drc)—>Ru(ed®) energy should
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be larger for the deprotonated complex. So, the SaMLCT-3MC energy gap is larger
making the 3MC state more difficult to populate, and this is reflected in the longer
emission lifetimes.

At the lower pH of 1, the lifetime remained too short to be measured
accurately until approximately 48 hours after the initial preparation. As was observed
for those gels doped with [Ru(bpy)3]2 the proceeding sol-gel reactions result in an
increase in the lifetime of the pyridyltriazole complex of these doped gels. With the
oncoming gelation, the lifetime of this sample was fitted to a double exponential
model From section 3.2.3.2, it was suggested that the increase in emission energy
maximum which occurs during this time for the sample prepared at pH 1 was
associated with a destabilisation of the MLCT state Again, this destabilisation
results in a subsequent increase in the t23M LCT energy gap and as such an increase
in the lifetime of the immobilised complex is expected on the basis of the energy gap
law [31,32], It is also likely that the increase in lifetime for this sample is partly
caused by the decrease in the molecular motion of the complex as it is restricted by
the sol-gel matrix.

As mentioned previously, it was possible to measure the initial lifetime of the
pyridyltriazole doped gel prepared at the higher pH of 5. Directly after preparation,
the deprotonated form of the complex is known to be present. In the preceding
chapter it was deemed that for this sample, [Ru(phen)2(3Mptr)]+accepts a proton to
become [Ru(phen)2(H3Mptr)]2-during the initial sol-gel reactions from the position
of the emission maximum and also the absorption profile (see Section 3.2.3.2). As
such, one would expect a decrease in the lifetime of the complex due to the
formation of the protonated complex However, this was not the case. Instead the
lifetime of the doped sol-gel was observed to increase continuously. Again, the
reason for this increase is as yet unclear, but most likely the same factors as were
mentioned for [Ru(bpy)3] 2+ contribute here (i.e. a decrease in k™ and accessibility of
the dd level). Therefore, it is possible that any decrease in lifetime which may occur
upon formation of the protonated complex during the initial sol-gel reactions would

be masked by these opposing factors.
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Figure 4.7 Change o fthe emission lifetime o f[Ru(phen)2(H 3M ptr)]2' sol-gels with

time, prepared according to M ethod 2, at variouspH''s.

In the preceding chapter, the final emission maximum of the gel prepared at pH 5
was ascribed to the presence of the protonated form of the complex.

Figure 4.7 illustrates the increase in lifetime of this Ru(ll) complex during the
sol-gel process prepared at three different pH values. A number of features should be
mentioned here. Firstly, in the low pH regime, the lifetime of the gel prepared at pH
1 shows a significantly smaller increase than those gels prepared at the higher pH
values This effect was noticed previously for those gels doped with [Ru(bpy)3]2I and
[Ru(phen)3Zr Although the protonated pyridyltriazole complex is thought to be
present in each of the final xerogels, the lifetimes differ immensely. This suggests
that the extent of interaction between the complex and the surrounding matrix is
different at the low and high pH. Again, this is most likely caused by the charge of

the sol-gel surface As mentioned previously, a negatively charged surface would
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diminish the nonradiative decay of the Ru(ll) pyridyltriazole cation to a greater
extent than a positively charged one In effect, the SiO* groups would inhibit the
molecular motion of the dopant more effectively than the positively charged SiOH2'
surface groups, In addition, a negatively charged surface may be successful in
distorting the dopant such that the 3MC may no longer be populated. This possibility
will be addressed in greater detail in the following two chapters. Another important
feature of this diagram is that the lifetime of each of the samples continues to
increase after the gel time, tg This is more pronounced for the sample prepared at
higher pH values. Furthermore, the rate of increase of the lifetime of the gel prepared
at pH 5 is faster than that prepared at pH 3. This is consistent with the theory that
above pH 2, the rate of the sol-gel reaction depends on the concentration of OH. It
is interesting to compare this figure with Figure 3.17 (which shows the shift in
emission maxima of this complex with time). From Figure 3.17, for the gels prepared
above pH 2, a further blue shift in the emission energy was observed during the
drying stage of the gel. During this stage, the sol-gel is dried and the majority of the
solvent is removed. However, this was not accompanied by an increase in the
lifetime ofthe [Ru(phen)2(H3Mptr)]2+- dopant. Nevertheless, from Table 4.5 it can be
seen that, while the lifetimes remain relatively constant during the drying phase, the
contribution of the longer lifetime increases significantly during this stage. This
suggests that upon drying, the number of molecules which experience a restricted
environment increases. This result is consistent with the expulsion of solvent and the

overall shrinkage of the sol-gel.
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4.3 Conclusion.

The photophysical properties of sol-gel matrices doped with the Ru(ll) complexes
[Ru(bpy)3 2+ [Ru(phen)32+and [Ru(dpp)3 2+ were explored further in this chapter.
The excited state lifetime of these complexes are dramatically altered by the sol-gel
matrix. In particular, an increase in the lifetime of all of these complexes was noticed
in the xerogel stage. This increase in excited state lifetime is dependent on nature of
the dopant and also the sol-gel processing conditions (i.e. the pH at which the gel
was prepared). The introduction of a second lifetime component for all of these
complexes is strong evidence for the heterogeneous nature of the sol-gel matrix.

The excited state lifetimes of [Ru(bpy)3]2 and [Ru(phen)3 2 were found to
probe the initial sol-gel reactions. The rate at which the lifetime of these complexes
increases depends greatly on the pH at which the gel was prepared (i.e. the rate of
the sol-gel reactions). [Ru(dpp)3 2+ successfully probed the final stages of the sol-gel
process. For this complex an increase in lifetime was only observed at the drying
stage, during which most of the excess solvent evaporated. It is important to note
here that at the storage temperatures used in this thesis (i.e. 50 °C) it is likely that a
fraction of residual solvent molecules will remain within the pore system. Finally, the
emission decay profile of [Ru(phen)2(H3Mptr)]2+was studied as the sol-gel reactions
proceeded. The results reported for this complex suggest that the extent of
electrostatic interaction is much greater when the surface of the silicon network is
negatively charged.

The results in this chapter suggest that both the size of the dopant and also
the nature of the surface charge of the silica network are important in determining
the magnitude of the excited state lifetime of the immobilised/encapsulated Ru(ll)

polypyridyl complex. The following chapter addresses these issues further.
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Chapter 5.
The temperature dependence of the emission properties of

Ru(I1) and Os(Il) polypyridyl complexes

immobilised in a sol-gel matrix.

171



5.1 Introduction.

The results of extensive studies on the photochemical and photophysical
properties of polypyridyl complexes of Ru(ll) and Os(ll) are now available [1-3],
At temperatures below 77 K Crosby and co-workers found that the temperature
dependencies of excited-state lifetimes and indeed emission quantum yields for
[Ru(bpy)32 and related tris-chelates could be reasonably well described by the
presence of three low-lying metal-to-ligand charge-transfer (MLCT) excited
states [4], At or above 77 K, all three states are essentially equally populated, and
hence, this state may be considered an “average state” Besides the processes of
radiative and radiationless decay, a third, thermally activated process may
deactivate this triplet state. By evaluating either the luminescent lifetime or
guantum yield as a function of temperature, the activation energy for this process
was determined to be approximately 3600 cm'l [5], This process has been
identified as the population of a non-luminescent, metal-centred d-d state (or
states). It has been suggested that population of these states leads to the
photoinduced ligand loss chemistry that is observed for many polypyridyl
complexes of ruthenium(ll) [6-11], For such complexes, lifetimes in fluid
solution are generally highly temperature dependent. In addition, evidence for the
presence of a fourth MLCT state lying approximately 800 cm™1 above the lowest
lying MLCT level has been reported [10], These latter processes play an
important role in determining excited-state properties under ambient conditions,
and their origins are the subject of this chapter.

In this chapter we report the study of the luminescence properties of a
number of transition metal complexes as a function of temperature. These
experiments were carried out both in alcohol solution and in a rigid sol-gel
matrix. The purpose of these studies was to investigate the effect of the gel on
the photophysical properties of the complex. The polypyridine complexes were
selected to represent complexes which have different metals and ligands involved
in the MLCT excited-state responsible for the luminescence properties [12,13],
Comparison with literature data, where available, concerning the photophysical

properties of these polypyridine complexes in other rigid matrices have also been
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made. In addition, evidence is presented which supports the existence of a
thermally accessible, higher lying MLCT state for polypyridyl complexes of
Ru(ll) and Os(ll).

5.1.1 Generalpholophysicalproperties ofexcited-state molecules.

An electron can be promoted from the ground state to an electronically excited
state by the absorption of a photon of light. The necessary condition is that the
photon energy, hv, matches the energy gap between the ground state and the
excited state. This energy gap, for low energy states of common organic and
inorganic molecules, corresponds to light in the visible and near ultraviolet
regions. Light absorption often generates the excited state in a high vibrational
level because of the Frank-Condon principle (i.e. the nuclei cannot change either
their position or their kinetic energy during the electronic absorption transition).
The newly formed electronically excited state molecules can thus be regarded as
an “energetic” species with respect to the surrounding ground state molecules
that have a Boltzmann equilibrium distribution largely centred on the zero
vibrational level. The vibrationally excited molecules will tend to dissipate their
excess vibrational energy by interactions (collisions) with surrounding molecules.
This process is called “vibrational relaxation”. In general, vibrational relaxation
occurs in the picosecond time scale. Much of the consequential photophysical
aspects of electronically excited state molecules occurs on a much longer
timescale, thermally equilibrated excited states should be considered the only
relevant photophysical species, regardless of the initial amount of vibrational
excitation with which they may have been created.

Electronically excited molecules can return to the ground state via the
emission of a photon of light hv  This radiative transition is the reverse process
of light absorption and is often referred to as “spontaneous emission”. In
radiative deactivation, energy conservation is provided by this emission. If an
excited state is to be converted into the ground state (or a lower excited state)

without emission of radiation, a two-step mechanism must operate:
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(@) (b) (©)

Figure 5.1 The potentialenergy diagram and associated vibrational wave
functions (a) illustrating the effects o fthe energy gap (b) and changes in the

equilibrium displacement(c) on vibrational wavefunction overlaps [17].

(a) isoenergetic conversion of the electronic energy of the upper state into
vibrational energy of the lower state (radiationless transition),

(b) vibrational relaxation of the lower excited state.

Step (b) is known to be very fast, making step (a) the rate determining process
[14]. Radiationless transitions between states of different or equal spin
multiplicity are called “intersystem crossing” and “internal conversion”
respectively.

The decay of metal-to-ligand charge transfer excited states of polypyridyl
complexes of Ru(ll) and Os(ll) at room temperature are typically dominated by
nonradiative processes [1,12,15-18]. Their rate constants typically increase as the
energy gap between the ground and excited states decrease, consistent with the

energy gap law [15]. Because of this effect, complexes with low energy
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absorption bands normally are weak emitters and have short-lived excited states.
The decreased lifetimes limit their use as sensitisers in photoinduced electron and
energy transfer [18,19],

It is important to recognise that it is both the energy gap between the
excited and ground state and also the change in equilibrium displacement (AQQ
which influence vibrational overlap and hence the nonradiative rate km. Figure
5.1(b) illustrates the situation of ‘nested’ surfaces [17,18], In this case, the
vibrational overlap tends to be poor because of the oscillatory behaviour of the
wavefunction of the high vibrational level of the ground state. In this situation,
AQeis very small, the probability of radiationless deactivation is low, and the two
states are “weakly coupled”. For a given ground state vibrational frequency, this
probability decreases exponentially with the energy gap between the states
(energy gap law), since the higher the energy gap, the higher the vibrational
guantum number of the isoenergetic level of the ground state, and the smaller the
overlap. At a constant energy gap, the probability depends on the vibrational
spacings of the ground state, since the smaller is the energy spacing, the higher is
the vibrational quantum number of the isoenergetic level of the ground state, and
the smaller is the overlap. Therefore, high energy vibrations are more effective
than low-frequency ones as energy accepting modes. For this reason, deuteration
can be employed to reduce the rate of radiationless deactivation.

The case depicted in Figure 5.1(c) is that of potential energy surfaces
crossing in the vicinity of the excited-state minimum. In this situation, where AQe
is large (i.e. strong coupling), there is relatively good vibrational overlap,
independent of the vibrational quantum number of the ground-state level The
probability of radiationless transition tends to be high, insensitive to the energy
gap, and independent of the vibrational frequency of the accepting mode.
Therefore, a low emission lifetime caused by a low energy gap could be
overcome by decreasing AQeand structural distortion in the excited state.

In principle, radiationless transitions can occur between excited states as
well as between an excited state and the ground state. Generally speaking,
electronically excited states are relatively closely spaced with respect to the large

energy separations occurring between the excited state and the ground state. In
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addition, the higher excited states are more likely to have distorted geometries
than the lowest excited states. Both of these factors favour radiationless
transitions among excited states (small energy gaps and frequent crossing) with
respect to those between the lowest excited state and the ground-state (large
energy gap and often nested surfaces). The unimolecular excited state processes
described in this section do not cause any chemical change in the light-absorbing
molecule and thus can be classified as “photophysical” processes. Excited states
can, however, achieve deactivation to the ground-state species by a variety of
chemical processes. Because excited states are “energy rich” with respect to the
ground state species, they are expected to be more reactive than the
corresponding ground state. In order to compete with photophysical processes,
these photochemical reactions of the excited state must be very fast on the
conventional chemical timescale,

As mentioned previously, the photochemical and photophysical behaviour
of a given molecule depends on the relative efficiencies of luminescence,
radiationless decay, and chemical reaction, and on the excited state lifetime
which, in effect, controls the interactions with other species. These quantities are
determined by the rate constants of the various decay processes. In turn, such
rate constants are controlled by symmetry and spin properties and by the relative
positions and shapes of the potential energy curves that describe the various
excited states [16], Much research has been carried out involving the examination
of the relationship between the MLCT energies of a series of complexes and the
corresponding photophysical properties [7-14], As regards the photochemical
lability of these systems, the literature suggests photosubstitution results from the
population of low-energy ligand field states (3VIC) that are not spectroscopically
observed. For a series of complexes which have been studied, such as
[RU(NH35pyX)]2 where pyX is a series of substituted pyridines, the quantum
yield for ligand loss decreases as substituents are added that decrease the energy
of the MLCT state [17], The decrease in the substitution yield occurs as the
MLCT state becomes isolated from the ligand field states which are actually

responsible for substitution.
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The photophysics and photochemistry of numerous ruthenium(ll)
polypyridyl complexes have been examined in solution [1] Because of its
prominence in transition metal chemistry, extensive work has been carried out in
order to establish in detail the photochemical and photophysical properties of
[Ru(bpy)3]2+ The complication for complexes of Ru(ll) associated with the
interconversion of alow-lying d-d state or states has proved to be a challenge for
photophysicists. Evidence for the d-d state has come from temperature-
dependent lifetime and photochemical and ligand loss experiments. An obvious
extension of the ruthenium polypyridyl chemistry is to that of analogous
complexes of osmium, where similarities in chemical properties have been
observed. A very important feature of Os(Il) complexes is that the metal-nitrogen
distances are very similar to those found for the analogous ruthenium(ll)
compounds [18] and the two can be easily compared. These Os(Il) polypyridyl
complexes have similar properties to those of Ru(ll), in that their oxidation
processes are metal-centred, their reduction processes are ligand-centred and the
lowest excited state is a triplet metal-to-ligand charge-transfer (3MLCT) level.
They also exhibit excellent absorption properties in the visible region, stability in
their oxidised and reduced forms and relatively long-lived luminescent excited-
states.

Despite the similarités outlined above, differences in the electronic
structure of the analogous complexes of the two metals exist. The luminescence
of the Os(Il) complexes are at lower energy than their Ru(ll) analogues due to
the reduced energy gap between the MLCT state and the ground state. This
results in very short lifetimes for MLCT emission of Os(ll) complexes. In
equivalent polypyridyl ligand environments, dd states do not appear to play an
important role for complexes of Os(l1) as compared to Ru(ll). A larger value of
100 g for Os results in dd states which occur at higher energies (and which are
well removed from the emitting MLCT states) than those of analogous Ru(ll)
complexes [6], Another major difference between ruthenium and osmium is spin-
orbit coupling, which is much larger for third-row transition elements than
second-row metals. This results in extensive mixing of excited states of different

spin-multiplicities.
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5.1.2 Temperature dependent lifetime data.

The excited-state electronic structures of [Ru(bpy)32+ and related complexes
have been investigated by spectroscopic studies [19], low-temperature emission
and lifetime measurements [4], and theoretical studies [20], As mentioned in the
preceding chapters, excitation is followed by rapid intersystem crossing from the
initially formed '"MLCT to a3 LCT state which is believed to occur with nearly
unit efficiency for [Ru(bpy)32+[21], The triplet charge-transfer state decays via
both temperature-dependent and temperature-independent processes [5,7,22],
The thermally activated decay mode has been ascribed to the internal conversion
from this MLCT state to a triplet metal-centred state, MC [11], The energy of
the MC state will be influenced principally by the a-donating strength of the
ligands and the MM LCT state depends principally on the energy of the lowest
ligand it orbitals. Preparation of complexes having bipyridine with a low-energy
n* level and more basic bipyridines filling the remaining coordination sites may
result in ruthenium polypyridine complexes having 3MC states thermally
inaccessible from the 3MLCT level. Since most polypyridyl complexes of
ruthenium exhibit fluorescence at room temperature, it is possible to monitor the
MLCT to MC internal conversion as a function of systematic structural
variations associated with the surrounding ligands.

A number of tris chelate and mixed-ligand ruthenium (II) complexes have
been prepared and their spectroscopic and electrochemical properties have been
investigated. Initially, the ligands employed were bpy and phen, or their methyl,
phenyl, carboxyl derivatives and so forth [3,23], Such minor modifications of
ligands do not bring about large changes in the redox and the excited-state
properties of these complexes in solution. In contrast to these complexes, tris
chelate complexes containing for example the 2,2'-biquinoline (big) ligand,
exhibit greatly different spectroscopic and redox properties in comparison to
those of [Ru(bpy)32 [24,25], Temperature-dependence studies of the
luminescence behaviour can yield important information concerning the energy,
electronic nature, and deactivation rate of the luminescent and reactive excited

states [25,26], When such studies are performed over a sufficiently large
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temperature range, a rigid-fluid transformation of the matrix (assuming the matrix
is solution at room temperature) takes place which may cause luminescence
rigidochromism and discontinuity in the In I/t vs. 1/T plots. A better knowledge
of the parameters which govern the photophysical properties of transition-metal
complexes is fundamental for the progress of photochemistry and essential for
the design of new photosensitisers [27,28]. These temperature dependence
studies ofthe luminescence behaviour can yield important information concerning
the energy ordering of the various excited states and the dynamics of interstate
conversion. In this chapter, a detailed study of the temperature dependence of the
luminescence emission (both emission energy and lifetime) of a number of
transition-metal complexes are reported both in an alcoholic solution and in the
sol-gel matrix, over a wide range of temperatures. As such, a review of the
literature methods which are currently employed to analyse the temperature

dependent lifetime of such complexes in solution follows.

5.1.2.1 Analysis of temperature dependent lifetime data.

As mentioned previously, the relatively long-lived luminescent excited state of
[Ru(bpy)3 2+ is metal-to-ligand charge-transfer (MLCT) in character. Excitation
of [Ru(bpy)3d2+ leads to a luminescence emission whose intensity, lifetime and
energy position are temperature dependent. From the results of low-temperature
lifetime (< 77K) and emission-yield experiments on polypyridyl complexes of
Ru(Il) and Os(ll), there is direct evidence for contributions to the excited state
decay from 3 low-lying metal-to-ligand charge-transfer (3MLCT) excited states
[4,29], These MLCT levels (AE 10-100 cm') are in Boltzmann equilibrium,
each having its own radiative and non-radiative temperature independent rate
constant. Theoretical treatments propose that the states have the same orbital
parentage and are largely triplet in character, but mix to differing degrees with
low-lying, largely singlet states of MLCT origin through the effect of spin-orbit
coupling [4,29], These studies also suggest that a fourth state should exist at

slightly higher energies [20], At the temperatures employed in this thesis (ie. >
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77K) the Boltzmann factors relating the three states are such that emission from
them is essentially temperature independent and can be viewed as occurring from
a single state, namely SMLCT. The effect of spin-orbit coupling is to mix singlet
character into the triplet states and vice versa, but the lowest lying excited states
responsible for emission remain largely triplet in character. The efficiency of
population of the MLCT state following light-absorption throughout the very-
near-UV and visible spectral regions is known to be approximately 1 [21].

Again, for polypyridyl complexes of Ru(ll) there is the added complexity
at higher temperature due to the appearance of thermally accessible d-d states
that contribute to, and can dominate, the excited state decay [7,8,11],
Experimentally, establishing such details has required temperature measurements
from well above room temperature to that at liquid helium by a number of
research groups. Figure 5.2 illustrates a plot of In(1/T) of 105 M solution of
[Ru(bpy)s]2+ in 4/1 ethanol/methanol (v/v) as a function of temperature in the
range of 77-310 K, carried out in our laboratory. The lifetime of the excited state

is determined by rate terms for three separate processes from two different states:

(1) radiative decay {k ) and non-radiative decay (Fr), from alow-lying
MLCT state or states to the ground state, and

(2) thermal activation to a d-d state or states which subsequently undergo
non-radiative decay to the ground state or photochemistry via ligand

loss.

The excited-state lifetime of [Ru(bpy)j]2 and related compounds is known to be
strongly temperature dependent [4,5,7,8,11] To account for this behaviour, 1/t
can be expressed as the sum of a temperature independent and a temperature

dependent terms as given in the equation given below.

/t=ko+ A, exp(-AE,/RT) (5.2)
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1000/T

Figure 5.2 Temperature dependencefor the luminescence lifetime of[Ru(bpy)3~+in

ethanol/methanol 4/1 V/V.

where ko = k» + IF (the sum of the temperature independent radiative and non-
radiative decays), ¢4 the frequency factor and AE, the activation energy for
surface crossing between states. While the rate of the radiative transition is
essentially governed by spin and symmetry factors [30], the radiationless rate
constant generally increases with decreasing excited state energy, as expected on
the basis of the energy gap law [31].

There is general agreement in the literature that the Arrhenius type term
given below (Equation 5.2) which accounts for the temperature dependence of
the Iluminescence lifetime at high temperatures (> 250 K) is related to an
activated surface crossing from the M LCT manifold to a MC level (Equation
5.3) which undergoes photochemical and/or photophysical deactivation

(Equation 5.4).

ke= Aexp(-A£e/RT) (5.2)



3MLCT A 3MC G 3)

BMC e > ground state and/or products (54)

The 3MC-state energies cannot be determined directly, but the gap between
MLCT and MC states can be approximated from activation parameters
obtained from temperature-dependent luminescence lifetimes [13], In Equation
5.4, kc represents the sum of all the rate constants of the processes that deactivate
3aMC, with the exception of the back surface crossing to the SMLCT, The
experimental deactivation rate constant that comes into play at high temperature

can be expressed as follows [22]:

K = K\kJ(kb + K )\ (5.5)

Equation 5.5 leads to two limiting cases as shown in Figure 5.2

(@) When kc» kb, the decay of MC is rapid and Equation 5.5 becomes

ke= ka (5.6)

From this, one can deduce:

/iexp(-AAe/RT) = ;,exp(-AA'a/RT) (5.7)

In this limiting case, the BM LC T-3VC transition becomes an irreversible crossing,
as the subsequent decay from the M C state is probably very fast. In this limit,
the A e and the Aee parameters obtained from the fitting correspond to the pre-
exponential factor and the activation energy for the 3MLCT->3VIC surface
crossing shown in Figure 5.3(a). It follows that for complexes whose MC
excited state undergoes avery fast decay, the only way to maintain a long excited

state lifetime in fluid solution at room temperature is to have a large activation
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energy for the BSMLCT—>3MC surface crossing. The energy barrier for this
surface crossing is presumably related to the energy gap between the zero-zero
energies of the two states [22], Thus, in principle, activation energy can be tuned
by tuning the energy of the MLCT and MC excited states as mentioned in
Section 1.3.4.

(b) The second limiting case occurs when kh » ke, the decay of MC is slow
compared to the back surface crossing to the 3MLCT. In such a case, the two
states are in equilibrium and Equation 5.5 becomes

ke= (kjk hkc (5.8)

Since kjkb = K = exp(-AE/RT)exp(AS/R), where AE and AS are the internal

energy and entropy differences between the M LCT and 3MC, it follows that;

N exp(-AE&/RT) = £exp[-AE/RT]exp[AS/R] (5.9)

Since the entropic difference between the two states is expected to be small,

Equation 5.9 can be rewritten as;

NMeexp(-AEE/RT) = £exp[-AE/RT] (5.10)

The meaning of the experimental quantities A e and AEedepends on the nature of
the processes that contribute to kc. The following limiting cases have been

observed,;
(b-i) When the major contribution to kc comes from a chemical reaction
or a deactivation process that can be described by an Arrhenius-type equation,

Equation 5.10 can be written as;

A @xp(-AEZRT) =~ @xp[-(AEC+ AE)/RT] (5.11)
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Figure 5.3 Schem atic representation o fthe situation ofthe potential energy

surfacesfo r the three lim iting cases described in text[22],
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In such a case, the A e and AEeparameters obtained from the fitting of the data to
Equation 5.1 correspond to the sum of the SAMLCT-MC energy gap and the

activation energy of the decay process of MC (Figure 5.3(b)).

(b-ii) When the major contribution comes to kc comes from a non-
activated process kc\ from Equation 5.10 it follows that the pre-exponential
factor A e corresponds to the rate of the non-activated MC decay, ke and the
activation energy AEe corresponds to the 3aMC-MLCT energy gap, AE (Figure
5.3(c)).

Activation parameters obtained for the M LCT emission of complexes usually fall

into one oftwo categories [13,22,31-42]:

(a) small activation energies (<1000 cm') and low pre-factors (< 109S'])
or

(b) large activation energies (>2000 cm')) and high pre-factors (> 1011 s')

In the second case, the activated process has been ascribed to the population of
the MC state. If relaxation of the M C state is rapid relative to crossover from
the MC state back to the MMLCT state, the measured Ea represents the
activation energy for MM LCT-*3MC internal conversion (Figure 5.3a). Since the
process is viewed as an electron transfer in a strongly coupled system, the
prefactor is expected to be large (1013- 1014 s'].

When both the activation barrier and prefactor are small, (case a),
interpretation of the data is less clear. Complexes exhibiting this behaviour are
typically unreactive towards substitution and as a result, it is unlikely that
population of the M C state occurs [11,13,14], The low prefactor also suggests
the process involves population of a state only weakly coupled to the MLCT
state. Kober and Meyer have postulated that this activated process corresponds

to the population ofan MLCT state of largely singlet character [20,42],
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5.2 Results and Discussion.

The results of this chapter are presented in two sections. The first section deals
with the photophysical properties of the [Ru(bpy)3n(dpp)n]2 series in solution in
comparison with that in a sol-gel environment. The temperature dependent
emission energy and lifetime of these complexes, both in solution and in a gel
matrix, will be given and discussed. These measurements were carried out in
order to examine the degree of shielding which the phenyl-substituted ligand
extends to the incorporated complex. The second section deals with the
incorporation of [Os(bpy)i]2-and [Ru(bpy)2(big)]2+into the sol-gel matrix.

In the previous two chapters, the heterogeneous nature of the sol-gel
matrix was reported The excited state lifetime of all of the immobilised Ru(ll)
polypyridyl complexes employed in this thesis were fit to a double exponential
equation. As such, two emitting components of varied lifetimes were obtained for
each Ru(Il) polypyridyl doped xerogel. In general, the longer lived component
contributes to > 75% of the total decay, while the shorter lived component
contributes < 25%. In this chapter, the excited state lifetime of a number of
immobilised complexes are studied as a function of temperature. Figures 5.4 and
5.5 illustrate the temperature dependence of the two lifetime components of
[Ru(bpy)32+ in two different xerogels. These diagrams suggest that the
temperature dependent behaviour of both of the lifetime components for each
sample show a similar trend. In addition, the relative contribution of each lifetime
component remains essentially unchanged throughout the experiment. Therefore,
in this chapter, analysis of the temperature dependent lifetime of the immobilised
complexes was restricted to only the longer lived, most dominant lifetime

component.
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Figure 5.4 Temperature dependence o fboth ofthe lifetime components of

[Ru(bpy)i]l2+ in xerogel (prepared according to Method 2 (1)).
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Figure 5.5 Temperature dependence o fboth o fthe lifetime components of
[Ru(bpy)if* in xerogel (prepared according to M ethod 2 (5)).
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5.2.1 The [Ru(bpy)3n(dpp),,]2+ series.

Like [Ru(bpy)3]2+ all of the complexes are, upon excitation, emissive in fluid
solution as is expected for the modest variations in the ligand systems. Likewise,
the optical absorption spectra for all of the complexes are similar, showing a
visible maximum in the vicinity of 450 nm. The UV-visible absorption spectra of
each member of this series in ethanol is given in Figure 5.6. The two mixed ligand
complexes, [Ru(bpy)2(dpp)]2+and [Ru(bpy)(dpp)q 2+ appear to be composites of
the two homo-tris chelate complexes. The lowest excited state is an MLCT state
and in the case of [Ru(bpy)3]2+ the excited state electron is localised on one of
the three bipyridyl ligands [43,44], In mixed ligand complexes of the type
[Ru(bpy)2(dpp)]2 two such states might be expected to be present: one, in
which the excited-state electron is localised on a bpy ligand and the other, in
which the electron is localised on the second ligand, in this case dpp [45-47],
These states may exist in rapid thermal equilibrium, leading to an effective
averaging of the excited state properties [46], Time-resolved resonance Raman
(TR) spectroscopy has proven to be a powerful tool in the characterisation of
electron localisation in the MLCT excited state of Ru(ll) diimine complexes
[46,48], In water the TR spectrum of [Ru(bpy)2(dpp)]2+ contains contributions
from both reduced bpy and dpp, indicating that on the vibrational time scale the
promoted electron is localised on the n orbital of either the bpy or dpp ligands
Typically a small energy difference between ligands leads to localisation on both
ligands whereas localisation on only the lowest energy ligand is observed when
the energy gap is large. In a recent study by Kumar and co-workers [46], the
excited state absorption and resonance Raman spectra of the mixed ligand
complex [Ru(bpy)2(dpp)]2+ were reported. The excited state spectra of this
mixed-ligand complex showed that the excited state electron was localised on the
individual ligands but exhibited nonstatistical contributions from states
corresponding to each of the ligands present in the coordination sphere, On the
basis of the excited-state absorption spectra, the contribution of dpp* is much

greater than that of bpy*.



Table 5.1 Electronic properties of [Ru(bpy)i.,,(dpp),.]2in ethanol solution and in

the final xerogel.

Y,

i /umax T X
Complex Medium
(nm)a (nm)b (ns)a (ns)b

[Ru(bpy)3]2+ Solution 611 580 700 (280)' 4500
Method 2 (1) 597 579 1110(70), 470(30)d 4490(75), 1590(25)d
Method 2 (5) 588 576 2100(80), 660(20)d  4450(85), 1800(15)d

[Ru(bpy)2(dpp)]2+ Solution 612 588 1970(290) 8830
Method 2 (1) 600 585 920(70),220(30)1 8750(65), 2770(35)d
Method 2 (5) 590 582 2780(80), 800(20)d 8600(80), 2590(20)d

[Ru(bpy)(dpp)2 2+ Solution 613 592 4100(295) 9420
Method 2 (1) 604 594 720(75), 180(25)d 9500(70), 2900(30)d
Method 2 (5) 598 597 3000(70), 600(30)d 9550(80), 2705(20) d

[Ru(dpp)3| 2+ Solution 612 597 4890(290) 9640

Method 2 (1)

611

596

597

2100(65), 520(35)d

1200(70), 300(30) d

9750(70), 2005(30)d

9800(80), 2435(20)d

Method 2 (5) 612

aRT. solution measurements were degassed by purging with argon. The sol-gel samples are not
degassed. The values in parentheses indicate the lifetime of the complex in aerated ethanol
solution. b These measurements were carried out at 77 K. For solution values, the solvent
employed was ethanol/methanol 4/1 v/v.cValue in parentheses is the lifetime of the complex in
aerated solution, d Values in parentheses are the lifetime components pre-exponential factor

given in percent.

Thus, the equilibrium distribution favours the population of dpp* over bpy*, in
spite of the fact that there are two bpy ligands for every one dpp ligand in the
coordination sphere. These observation have been explained in terms of rapid
intramolecular energy redistribution. Irrespective of the initial state which are
populated, excitation energy is redistributed rapidly among the ligands, favouring
the ligand that can provide the lowest energy state. Furthermore, the excited-
state resonance Raman spectrum of [Ru(bpy)2(dpp)]2+was dominated by features
characteristic of the dpp ligand. In effect, phenyl substitution shifts the excited

state to slightly lower energy.
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Figure 5.6 UV-Vis spectra of(a) [Ru(bpy)3]2+ (b) [Ru(bpy)2(dpp)]2r
(c) [Ru(bpy)(dpp)2]2+and (d) [Ru(dpp)3]2+ in ethanol

(arbitrary concentrations).

All the sol-gel samples were luminescent at room temperature and at 77K,
displaying the typical M LCT emission of Ru(ll) polypyridyl complexes. As was
found for [Ru(bpy)32+ the UV-absorption profile of all the complexes in the final
xerogel remained unaltered from that in the initial sol-gel. This suggests that no
change in the energy gap between the ground state and the ‘"M LCT state occurs
upon incorporation into the sol-gel matrix. In general, the emission maxima of a
particular complex at 77K in solution is very similar to that at 77K in a sol-gel
(for sol-gels prepared at pH 1 or pH 5). Also, the observed lifetimes in either gel
for each complex at 77K are similar to each other and to the value obtained for
the particular complex in 4/1 ethanol/methanol at 77K. Emission decays for all of
the immobilised complexes reported here were found to be double exponential.
From this table a number of trends are evident. Perhaps the most obvious trend is
the gradual decrease in blue shift (caused by a decrease in the 3MLCT-ground
state energy gap) of the complexes upon incorporation into a sol-gel as the

number of dpp ligands (n) increases from zero to three. Figure 5.7 illustrates the
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position of the photoluminescence energy peaks of this series of complexes in (a)
alcohol solution at 77 K, and (b) in the final xerogel at room temperature. In
condensed media, the solvent molecules constituting the medium (in
microheterogeneous systems such as sol-gel, the medium is referred to, more
loosely as “the environment”) can intervene in the excited-state processes [49],
Usually solvents interact strongly with excited states that have a higher dipole
character compared to the ground state. The solute-solvent interactions can
affect the relative positions of the excited-state with respect to the ground state.
For the Ru(ll) polypyridyl complexes studied here the rigid nature nature of the
sol-gel matrix manifests itself as a blue shift in the emission maxima [50,51], We
have mentioned in the previous chapter, the phenyl moieties of [Ru(dpp)32+
serve to shield the polar excited state from the surrounding microenvironment.
With respect to the series of complexes reported in this chapter, it was found that
as the number of dpp ligands (n) was increased from 0—>3, the energy difference
between the solution and the sol-gel emissions decreased (see Figure 5.7(a)). The
emission energies of the bpy complexes vary with the nature of the sol-gel and
are substantially higher than in aerated solution. A similar trend was observed for
the energy difference between the low- and room temperature emissions for this
series. Again, no blue shift in the emission energies was observed for the
immobilised [Ru(dpp)3 2+ complex.

As can be seen from Table 5.1, the observed excited-state decay lifetime
of all four complexes of this series increases upon incorporation into the sol-gel
(as compared to the room temperature solution value), the extent of which,
appears to depend very much on the complex in question. Of the first three
complexes in this series, the very small change in emission energy observed in the
sol-gel media is not nearly sufficient to account for the magnitude of the changes
in lifetime. It is expected that the rigid nature of the sol-gel matrix causes a
decrease in the nonradiative decay I1F by restricting the molecular motion of the

immobilised complex.
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Figure 5.7(a) Normalised emission spectra o f[Ru(bpy)i..(dpp).,]' ,n —0->3, at //K in

ethanol/methanol 4/1 V/V.

m
Figure 5.7(b) Norm alised emission spectra o f[Ru(bpy)3.n(dpp),]2\ n = 0-+3, in xerogel

(Method 2(5)) atroom temperature.
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The temperature-dependent lifetimes of all of these complexes were first
carried out in 4/1 ethanol/methanol. These data were analysed by assuming that
the excited state decay consists of a temperature independent intrinsic decay from
the MLCT state and a single thermally activated non-radiative decay process
according to the Equation 5.1. From the values of O. and Equations 1.11 and
1.12, ko can be also be obtained from its components u and Jr. Results of these
calculations are given in Tables 5.2 and 5.3 Because the quantum yields for the
immobilised complexes were not calculated, Table 5.2 only displays the excited
state parameters of the complexes in 4/1 ethanol/methanol. Variations between
parameters displayed in Table 5.3 and those in the literature probably reflect the
limitations imposed by fitting a restricted number of data points over a small
temperature range. These limitations restrict the numerical significance of the
kinetic parameters, and their absolute values should be treated with some
circumspection. Other approaches have been used in treating temperature
dependent lifetimes of related Ru(ll) diimine complexes. In particular, additional
parameters are frequently included to fit data obtained in the solvent-glass
transition region. For the solvent system employed here (ie. 4/1
ethanol/methanol v/v), this transition occurs in the 100-120 K temperature
region. To avoid such complexities, the kinetic parameters were procured by

fitting data obtained at temperatures above this transition region.
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Table 5.2 Excited state decay parameters of [Ru(bpyX?..(dpp).]2 series in

ethanol solution.

Complex *r(s'l)

[Ru(bpy)3]2+a 2.3 x 104 (8.0xi04)
[Ru(bpy)(dpp)]2+
[Ru(bpy)(dpp)2 2+

[Ru(dpp)3|2C

7.1x 103(— B
3.5 x 103(—BH

3.1 x 103 (5.7 x 103

*.r(s') ko (s')

2.0 x 10s (1.3 x i09
1.1 x 105(--B
1.0 x 105(— 0

1.0 x 10s (9.9 x 104)

2.2 x 105(2.1 xi0H
1.1 X 105(— b
1.1 X 10s (— b

1.0 x 10s (1.04 x 105

<D

1.60 x 10'2
140 x 102
1.50 x 102

1.51 x 102

The parameters displayed here were obtained from the data given in Table 5.1 and Equations

1.11 and 1.12. 3 Values in parentheses are from reference [52] (solvent employed was 4/5

propionitrile/butrionitrile).

reference [53] (solvent employed was ethanol/methanol 4/1 v/v).

b Literature values unavailable. ¢ Values in parentheses from

Table 5.3 Kinetic parameters ko, A\ and AEj, for the decay of the MLCT states of

the complexes in 4/1 ethanol/methanol (v/v) solution and in the sol-gel matrix.

Complex Matrix

[Ru(bpy)3 2+ EtOH/MeOH*
Cellulose acetateb
Method 2(1)
Method 2 (5)
[Ru(bpy)2(dpp)]2+ EtOH/MeOH°
Method 2(1)
Method 2 (5)
[Ru(bpy)(dpp)2] 2+ EtOH/MeOHc
Method 2 (1)
Method 2 (5)
[Ru(dpp)3| 2+ EtOH/MeOHO
Method 2(1)

Method 2 (5)

*0 (s') Ai (s')
45 x 105 1.4 x 1014(1.3x 08
1.00 x 107 1.70 x 107
2.3 x 10s 1.2 x 107
3.0 x 10s 9.1 x 106
3.4 x 105 0.70 x 1013
1.59 x 105 2.75 x 108
1.9 x 105 1.79 x 107
1.6 x 10s 0.65 x 1013
3.34 x 105 3.4 x 107
1.5 x 105 2.6 x 106
1.4 x 105 3.2 x 1012
1.27 x 105 3.0 x 1012
1.1 x 105 1.3 x 1012

AEj (cm])
3900 (3960)
810
740
660
2900
995
940
2950
800
660
2675
2700

2520

All the parameters in this table were obtained from fitting the data to Equation 5.1. aValues in

parentheses are from reference [52] (solvent employed was 4/5 v/v propionitrile/butrionitrile).

bFrom reference [5],0Literature values unavailable.
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Figure 5.8 Temperature dependence ofthe luminescence lifetime of

[Ru(bpy)3]2+in ethanol!lmethanol (4/1 v/v) and the calculatedfitfrom

Equation 5.1, in the temperature range 250-300 K.

An example of a typical data set and the resulting theoretical fit are shown in
Figure 5.8, where In (1/t) vs. 1000/T is shown plotted for [Ru(bpy)32+ in an
alcoholic solution in the range 250-300 K. Values for the parameters ko, A, and
AE, obtained from the fits are summarised in Table 5.3. Also included in this table
are the kinetic parameters obtained for the immobilised complexes. These values
are dramatically altered upon incoiporation into the sol-gel matrix and will be
discussed in further detail in section 5.2.2.2.

Of the entries in Table 5.3, [Ru(bpy)3d2+ in 41 EtOH/MeOH is a
characteristic example of the behaviour observed for a series of polypyridyl
complexes of Ru(ll) in solution where relatively efficient photochemically
induced ligand loss photochemistry exists [30,31], The temperature dependence
of the luminescence decay of [Ru(bpy)3]2+ has been reported previously by a
number of authors [5,22] and the kinetic parameters obtained in our laboratory
for the excited state of this complex are in accordance with the literature values.

The values of the kinetic parameters derived from the temperature-dependent
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lifetimes fall in the range of, the frequency factor ~ 1012-104 s'1 and the
activation energy ~ 2500-4500 cm'l The measured AE, represents the activation
energy for the aMLCT-3MC internal conversion. Temperature dependent ligand
loss photochemistry for this complex is observed which is associated kinetically
with the temperature-dependent term ~,exp(-AE,/RT) [7,8,11,12], Following this
thermally activated 3BMLCT-3MC transition, the d-d state may subsequently
undergo ligand loss or nonradiative decay. The magnitudes ofa, and AE, depend

to alarge extent upon the solvent [35] and the surrounding ligands [12].

5.2.1.1 The effect ofthe rigid nature ofthe sol-gel matrix on the temperature

dependent emission behaviour of the [RufbpvK./dpp\,]2+ series.

The purpose of this chapter is to investigate how the sol-gel matrix affects the
temperature dependent luminescent properties of the complexes in comparison to
solution and indeed other solid matrices. As mentioned previously, the results of
a parameterised theoretical analysis show that the three low-lying emitting states
are largely triplet in character but can acquire singlet character through the effect
of spin-orbit coupling. The state that is highest in energy of the three has the
greatest singlet character and is expected to dominate both radiative and
nonradiative decay. Since all ofthe M LCT states of [Ru(bpy)3]2+have the same
basic configuration, daa5(Ru)7t*(bpy), there is no reason to believe that changes in
the solvent should change the ordering of the states. The luminescent MLCT
excited states formed upon light excitation deactivate following nonactivated and
activated paths in which the solvent plays an important but not yet fully
elucidated role. Investigations carried out by Barigelletti and co-workers suggest
that the viscosity of the solvent may substantially affect the emission behaviour
[24], Temperature-dependent emission energy measurements in solution are
complicated by the effects of the fluid-glass transition at intermediate
temperatures. For polypyridyl complexes of both Ru(ll) and Os(ll), a
discontinuity exists in the emission properties of the MLCT excited states

between the fully fluid and glassy states. For a 4/1 ethanol/methanol solution, this
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is known to occur normally at 100-120 K. A related but more dramatic effect has
been observed for polypyridyl-tricarbonyl complexes of Re(l), where a large red-
shift in the emission energy (rigidochromic phenomenon) is accompanied by a
dramatic decrease in the excited-state lifetime upon passing through the glass-to-
fluid transition [54],

The emission energy and lifetime characteristics of MLCT excited states,
most notably for [Ru(bpy)32; have been investigated in a variety of media
ranging from crystals to glasses and polymeric films [5,33,55,56], In media where
dipole reorientations in the surrounding medium are restricted and different
chemical environments may exist for the excited state decay, non-exponential
decay kinetics are often observed. An important contributor to such effects is, no
doubt, the fact that in a rigid environment, dipole reorientation times are long on
the time scale for the excited state. Dipole orientations surrounding the molecule
are necessarily constrained to be those appropriate to the electronic configuration
of the ground state. By contrast, in solution solvent dipole reorientation
timescales are, in general, shorter than excited state lifetimes. The solvent dipoles
have the opportunity to reorient to configurations appropriate to the electronic
configuration of the excited state before it decays. Consequently, the excited
state is stabilised in fluid solution compared to arigid medium.

Figure 5.9 shows the temperature dependence of the emission energy of
[Ru(bpy)3]2+ both in alcohol solution and in a sol-gel matrix in the temperature
range of 77-300 K. The location of the excited electron, i.e. whether the excited
electron, transferred from the metal, is localised on one ligand or if it is
delocalised through all the bpy ligands, has been the subject of much debate
[43,57,58] There is now a great deal of information which shows that in room
temperature fluid solution, the transferred electron in the MLCT state is localised
on one ligand [57], Evidence includes the observation of bpy' bands in the
excited-state resonance Raman spectrum [44] and evidence of bpy* type bands in
the excited-state absorption spectrum [59,60], As a consequence of charge
localisation, there is an appreciable intramolecular charge-transfer component

that exists for the excited state decay which provides the basis for solvent effects.
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As shown in Figure 5.9, during the melting of the 4/1 ethanol/methanol
solvent, the emission maximum of [Ru(bpy)3]2+ moved towards lower energies.
The microscopic origin for such effects can be explained as follows. After optical
excitation, which is a vertical process in the Franck-Condon sense, the change in
electronic structure in the excited state creates an electrostatic perturbation in the
solvent The excited state strongly interacts with solvents via dipole-dipole,
donor-acceptor, and hydrogen-bonding interactions. Therefore, solvent
molecules around the excited-state ion must reorganise through orientational and
translational motions, rearrangement of hydrogen-bonding, and other specific
interactions. In fluid solution, correlation times for solvent reorientation are short
and emission occurs from excited states whose surrounding solvent dipoles are at
equilibrium with the electronic distribution of the excited state. Near the glass-to-
fluid transition, solvent dipole reorientation times lengthen and become
experimentally observable as ared shift in the emission spectrum. For the alcohol
solvent system employed here, this glass-to-fluid transition occurs between 100-
120 K, As expected, upon incorporation into the sol-gel matrix the glass-to-fluid
transition is effectively removed since the solvent has been replaced by a silica
polymer network. Between 77 K and 100 K the 'solvent' dipoles appear immobile
on the timescale of the lifetime of the excited state and therefore cannot respond
to the change in electronic structure between the ground and the excited states.
As the temperature is raised beyond this point, the rigid sol-gel structure appears
to soften somewhat and the emission energy decreases although not to the same
extent as in solution. Small changes in the internuclear distances (particularly in
the low-frequency, large-amplitude Ru-N vibrations) may take place, causing a
relaxation in the [Ru(bpy)32 excited state and a consequent red shift of the
emission maxima. Even in the xerogel stage, the sol-gel matrix is thought to
retain a small proportion of solvent molecules (in this case ethanol and water).
An alternative explanation for the decrease in emission energy may be an
enhanced stabilisation of the excited state possibly by partial dipole reorientation
of these solvent molecules and perhaps rearrangement of hydrogen-bonding. In
solution, a blue shift in the emission energy occurs at higher temperatures. It is

not clear why such a shift occurs, but it is thought to be associated with the
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population of higher lying higher lying MM LCT levels which are higher in energy
than the lowest lying M LCT level.

A similar behaviour was observed for the immobilised [Ru(bpy)2(dpp)]2+
and [Ru(bpy)(dpp)2]2+ complexes (see Figures 5.10 and 5.11) as was observed
for [Ru(bpy)a]2+i.e. a significantly reduced red shift; of the emission energy in the
gel matrix as compared to that obtained in solution. Figure 5.12 illustrates the
temperature dependence of the emission energy of [Ru(dpp)3]2+ both in alcohol
solution (4/1 ethanol/methanol) and in a sol-gel matrix in the temperature range
of 77-300 K. For the [Ru(dpp)32+ immobilised complex, the temperature
dependence of emission energy is not as significantly altered as the other
complexes in this particular series. A number of important points should be noted
from this diagram. Firstly, the temperature at which the initial decrease in
emission energy of [Ru(dpp)32+ occurs is higher in the sol-gel (~140 K) than in
ethanol/methanol (~110 K). Secondly, a significant decrease in the emission
energy of the immobilised complex was observed as the temperature was
increased (from approximately 16830 cm'l at 140 K to 16320 cm'l at 250 K).
Although not as pronounced as the decrease which was observed for this
complex in solution, the shift of the emission energy is nevertheless much greater
than that observed for any of the other three complexes in this series {ie.
[Ru(bpy)3]2; [Ru(bpy)2(dpp)]2+ and [Ru(bpy)(dpp)d2y. The temperature
dependent behaviour of the emission energy of the immobilised [Ru(dpp)32+
suggests that even in the xerogel state, sufficient solvent molecules remain in the
pore, and that the [Ru(dpp)32+ molecules are in fact solvated to a large extent.
This in turn suggests that 140 K corresponds to the melting point of the solvent
within the sol-gel pores (i.e. water/ethanol). This again suggests a relatively
shielded polar excited state for this complex. While the electronic properties of
the immobilised [Ru(bpy)3]2; [Ru(bpy)2(dpp)]2+ and [Ru(bpy)(dpp)2]2+
complexes appear modified by the electrostatic interaction between the complex
and the surface silanols, the [Ru(dpp)32+ complex appears to be relatively

unaffected by the sol-gel cage.
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5.2.1.2 The effect of the rigid sol-gel matrix on the temperature dependent
lifetime behaviour of the rRu('bDvW,,(dpp)nl2 series.

¢ solution

A gel

1000/T

Figure 5.13 Temperature dependence o fthe luminescence lifetime of[Ru(bpy)jJ2+in
ethanol/methanol 4/1 V/V, andin a xerogel (Method 2(5)) in the

tem perature range 77-300K

Temperature-dependent excited state decay measurements in solution are also
complicated by the effects of the fluid-to-glass transition at intermediate
temperatures. Figure 5.13 illustrates the temperature dependency of the lifetime
of [Ru(bpy)3]2+ both in an alcoholic solution and in a sol-gel matrix. Again, a
discontinuity can be seen to occur in the In(l/x) vs. 1000/T plot for the solution
at the rigid-fluid transition. Balzani and co-workers have treated the variations in
emission lifetimes induced by the glass-fluid transition empirically based on the
Equation 1.10 (Chapter 1) [22,24,25], These authors have reported that the
decrease in lifetime in the rigid-fluid transition is accompanied by a similar
decrease in the emission intensity. It was apparent from these studies that the

contribution of the nonradiative rate ir to the lifetime of the complex increased
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as the viscosity decreased. This means that there is a radiationless deactivation
pathway which is to some extent 'frozen' when the solvent matrix is rigid which
begins to be important only as the solvent matrix becomes fluid. Such a
behaviour can be accounted for by using the concept of intramolecular
perturbation of molecular potentials discussed in detail by Dellinger and Kasha
[61,62] and previously used to explain rigid matrix effects in spectroscopy [63],
The viscosity of the rigid matrix may be thought to make steeper the vibrational
potential well and/or smaller the equilibrium nuclear distances. Large-amplitude
(low frequency) vibrational modes are expected to be particularly sensitive to the
presence of such a rigid matrix perturbation. It follows that the Ru-N stretching
and bending vibrations may be strongly affected by the rigid-fluid transition.
These vibrations possess the right symmetry requisites to promote radiationless
deactivation of ‘forbidden' excited states. It follows that, when the rigid matrix
‘freezes' such Ru-N vibrations the complex may exhibit, to some extent, a
'vibrationally deficient' behaviour with a consequent increase in the luminescent
intensity and lifetime [64], From Figure 5.13, it is evident that no such
discontinuity occurs which would correspond to a glass-fluid transition for the
[Ru(bpy)32+doped sol-gel sample. In this respect, it is possible to fit the lifetime
data obtained in the entire temperature range (i.e. 100-300 K) to Equation 5.1.
As early as 1977, Allsopp and co-workers reported the temperature
dependence of the decay processes in the luminescence of [Ru(bpy)32+ and
[Ru(phen)32+ cations in a variety of media [5], In order to fit the temperature
dependent data of these complexes immobilised in cellulose acetate, the authors

employed Equation 5,12 given below.

1/t = ko + &iexp(-AEi/RT) + £2exp(-AE2/RT) (5.12)
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Figure 5.14 Sim plified term diagram for [Ru(bpy)}f +solutions in aqueous

LiClatT> 178 K [5J.

This three-term rate expression possesses two temperature dependent terms The
results published by Allsopp and co-workers, indicate that the deactivation of the
luminescent state of both of these complexes proceeds through two temperature
activated pathways. Figure 5 14 shows the energy-level model proposed by
Allsopp and co-workers to cover the luminescence behaviour of these complexes
from cryogenic to ambient temperatures in solution. The exact location of these
routes was found to be dependent on the individual media. The activation energy
(aej), was found to be greatly reduced in cellulose acetate film, and this decrease
in AEj was found to be accompanied by a 107 fold reduction in the frequency
factor (see Table 5.3). In cellulose acetate, one term was characterised by a
comparatively large energy of 810 cm'l, whilst the other term involved a small
activation energy, approximately 60 cm'1

We have mentioned previously that the observed excited-state decay

lifetime of all four complexes of the [Ru(bpy)3ndpp)n2' series increases upon
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incorporation into the sol-gel (as compared to the room temperature aerated
solution value), the extent of which, appears to depend very much on the
complex in question. A number of factors should be considered here. It has been
determined, that the rate of the radiative transition, tf, is essentially governed by
spin and symmetry [31,34], The radiationless rate content, iF, generally increases
with decreasing excited-state energy as expected on the basis of the energy gap
law It is also strongly dependent on the local environment [31,35], As mentioned
earlier, the effect of phenyl substitution is that it shifts the excited state to lower
energy [65], However, the longer lifetime of [Ru(dpp)32tis thought to be due to
this complex having a high degree of triplet character. Previously, the increase in
emission lifetime of [Ru(bpy)32+in a sol-gel matrix has been reported by Reisfeld
and co-workers, as being caused by the relative rigidity of the glass matrix which
inhibits some motions of the complex, as well as the relatively weak vibronic
coupling between the complex and the polymer [66], However, in these reported
studies, an increase in IF via the Aexp(-AEi/RT) term was not considered. To
our knowledge, no temperature dependent lifetime studies of Ru(ll) polypyridyl
complexes in sol-gels have been reported.

In order to further establish the contributing factors to the changes in
lifetime for each of the complexes at room temperature, the emission lifetimes of
the immobilised species were studied as a function of temperature (in the
temperature range 150-300 K). Figure 5.15 illustrates the In(IAc) vs. 1000/T
plots for this particular series of complexes in a sol-gel matrix. Only those gels
prepared at pH 5 are displayed in this diagram. The kinetic emission parameters
obtained for these immobilised ruthenium compounds (in gels prepared at pH 1
and at pH 5) have been listed previously in Table 5.3. The parameters displayed
in this table were obtained by using Equation 5.1. From this table, a number of

important points should be noted.
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Figure 5.16 Temperature dependencefo r the luminescence lifetime of[Rufbpy)3 1+

in xerogelsprepared according to Method 2,atpH 1andpH 5.
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1. As mentioned previously, ko is comprised of contributions from 1 and IF, both
ofwhich are assumed to be temperature independent to a large extent. All of the
ko values reported in Table 5.3 for both the complexes in solution and in sol-gel
were determined from Equation 5.1. It was not possible to use Equations 111
and 1.12 to determine ko in the sol-gel matrix. With respect to the temperature
dependent lifetime plots, the major source of error in the fits is in properly
defining the plateau region at low temperatures. That region must be reasonably
well defined experimentally in order to set a reasonable value for ko. The
contribution of IF to ko is expected to decrease as a result of the rigid nature of
the sol-gel impeding molecular vibrations of the complex. In effect, a fraction of
vibrational modes which in solution would enhance the rate of radiationless

deactivation processes are absent in the sol-gel matrix.

2. The excited state kinetic parameters for the first three members of this series
(namely [Ru(bpy)32+ [Ru(bpy)2dpp)]2+ and [Ru(bpy)(dpp)d2) in the sol-gel
matrix are obviously very different from the parameters in solution. This suggests
a change in the excited state behaviour for these three complexes upon
immobilisation. Figure 5.16 illustrates this reduced temperature dependence for
[Ru(bpy)32+in a sol-gel matrix prepared at two different pH values, No steep
rise in In(I/x) occurs with increased temperature for [Ru(bpy)32+in the sol-gel
matrix, irrespective ofthe pH at which the gel was prepared.

O f particular relevence to our study is the case of [Ru(bpy)32+in a rigid
cellulose acetate matrix [5], While in fluid solution, the temperature dependent
lifetime for this complex are apparently dominated by participation of the MC
state (A, = 14 x 1014 s'] AE; = 3900 cm'), upon incorporation into the rigid
matrix the data yielded values ofA =1.7 x 107 s1and AEj = 810 (+ 120 cm'). In
temperature-dependent  single crystal polarised emission spectra of
[Ru(bpy)3](PFG2 an emissive state appears at -650 (= 130) cm'l above the low-
lying MLCT states [67-70], This behaviour was reasonably interpreted by Meyer
and co-workers to indicate that the VIC is destabilised by the rigid matrix to the
extent that it becomes inaccessible over the temperature range investigated. It has

been suggested that this matrix effect can be attributed to the metal-to-ligand
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IRu(bpy)il2+in a Method 2(5) xerogelin the temperature range 150-300 K.

antibonding character of the dd state and the change in electronic structure
involved in the transition between states, (drc)5(7s")l—>(d#)5(dci*)1 [69,70]. In the
rigid matrix, expansion along the metal-ligand bond axes may be sufficiently
costly energetically that access to the dd state is no longer feasible even under
ambient conditions, but rather a fourth MM LCT state is populated. Nonradiative
decay from this high lying MM LCT does occur, but not to the same degree as
from the ligand field excited state (i.e. the non-radiative decay rate from M LCT
is ~ 106 10s s'1 while that from 3V C in solution is - 1012-1014 s'). With the loss
of this deactivation pathway, decay via the additional MLCT level becomes
evident in the temperature-dependent lifetime data.

A similar effect was noticed in our laboratory upon incorporation of
[Ru(bpy)3d2+ [Ru(bpy)2(dpp)]2+ and [Ru(bpy)(dpp)q:+ into a sol-gel matrix. It
should be appreciated that because of the small temperature dependence of the

lifetime in the sol-gel matrix, the kinetic parameters ko and AEi are not as well
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[Ru(dpp)if+in 4/1 ethanol/methanolsolution and in a sol-gelprepared

according to M ethod 2(5), in the temperature range 150-300 K.

defined as in solution. Nonetheless, the appearance of the temperature
dependence is meaningful. Figure 5.17 illustrates the temperature dependence
plot for the luminescence lifetime of [Ru(bpy)3]2+in the sol-gel matrix (Method
2(5)), and the calculated fit in the temperature region 150-300 K. The Kkinetic
parameters presented in Table 53 for [Ru(bpy)a]2, [Ru(bpy)2(dpp)]2+ and
[Ru(bpy)(dpp)2]2+that deactivation ofthe excited state via the dd level in the sol-
gel matrix is no longer feasible. According to those studies reported previously,
the low activation energy obtained for these complexes upon immobilisation
suggests the population of a fourth M LCT level, However, an alternative
explanation which has not yet been considered is a reduction in the equilibrium
displacement (AQ#@. This may result in the nesting of the MLCT and the 3VIC
potential energy surfaces. It is possible that the structural distortion ofthe excited

state may be reduced upon incorporation into the sol-gel matrix. In this situation,
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the M C state is populated, but the contribution to the radiationless deactivation
by kc (see Figure 5.3) may be zero. In this situation the 3VIC and the MM LCT
states may be in equilibrium with deactivation occurring via the MLCT state.

This option will be discussed in further detail in the following chapter.

3. From the data obtained in Table 5.3, it is evident that the kinetic parameters
obtained for temperature dependent lifetime study of the gel doped with
[Ru(dpp)32+ are consistent with those values which are typically found for the
M LCT—>dd state conversion in solution. In contrast to the other complexes in
this series, the kinetic parameters in the sol-gel matrix (e.g. A - 127 x 1012 s1
and AE = 2520 cm'l in sol-gel prepared at pH 5) are similar in value to those
obtained in solution (o = 3.2 x 1012 s'1 and AE = 2675 cm') for this particular
complex. Whereas [Ru(bpy)32+ [Ru(bpy)2(dpp)]2+and [Ru(bpy)(dpp)q 2+ exhibit
kinetic parameters which are different in the sol-gel matrix to those values in
solution, the [Ru(dpp)3 2+ complex displays behaviour that points to population
of dd level as was the case for this complex in solution. In fact, as seen in Figure
5.12 and 5.18, both the temperature dependencies of the emission energy and
emission lifetime of this complex are somewhat retained in the sol-gel matrix.
Unlike the other members of this series, it appears that the excited state
properties of [Ru(dpp)3 2+are very much unchanged within this solid matrix. This
suggests that the [Ru(dpp)3H dopants may occupy a solvent-like environment.
We will return to this point in Chapter 7. Although emission for all three
complexes [Ru(bpy)2(dpp)]2t [Ru(bpy)(dpp)d2+ and [Ru(dpp)32+is dpp based
in solution, only the [Ru(dpp)32+ complex exhibits thermal activation of a MC
level. While in solution all of the dpp/bpy mixed complexes behave like
[Ru(dpp)3 2 in the sol-gel matrix, they behave like [Ru(bpy)3 2+

O f the entries in the Table 5.3 above, it is apparent that, for the sol-gel
doped samples, the activation parameters associated with the M C state for the
tris diphenylphenanthroline complex remain similar to that obtained for the
complex in solution. Therefore it would appear that for [Ru(dpp)3 2+ the increase
in lifetime upon incorporation into a sol-gel matrix is primarily associated with

the inhibition of motion of the complex. In addition, the exclusion of oxygen may
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also be a contributing factor. Since no change in the position of the emission
peak is observed for this complex, the possibility of an increase due to an
increase in the aAMLCT-ground state energy gap can be excluded. All of the other
complexes in this series exhibit kinetic parameters which again correspond to
population of afourth MLCT level (i.e. A , 108s'] and AE; < 1000 cm').

As yet, there is insufficient data to establish the factors which dictate the
magnitude of the energy splitting between the fourth and the lowest three
MLCT states [31,34], Furthermore, fits to Equation 5.1 necessarily force the
temperature dependence into a single term. In the case ofthe [Ru(dpp)3]2+doped
xerogel, for example, it is possible that contributions to the experimental data
may come from population and decay of both dd and the fourth MM LCT state.
The three rate term given in Equation 5,12, has been shown to give a more
satisfactory fit to temperature dependence data in a number of cases
[5,13,32,71,72], Although any model with five parameters should give a better fit
than one with three, the assumption of an additional temperature-dependent term
is probably reasonable in this case. The major problem is in obtaining sufficient
data to determine five independent parameters with reasonable accuracy and to
determine that the fit chosen is a more correct representation of the data. For this
reason, the temperature dependent lifetime data of all of the examples studied
throughout the course of this thesis are fitted to three component model given in

Equation 5.1.



5.2.2 The photophysics of [Ru(bpy)2(big)]2+ and [Os(bpy)¥ + in a sol-gel

m atrix.

The complexes studied in the previous section all possess inherently low energy
gaps between the lowlying M LCT state and the M C state. Population of the
MC state occurs for all of these complexes in solution at ambient temperatures.
Depending on the nature of the ligands surrounding the Ru centre, it was found
that the excited state kinetic parameters were dramatically altered upon
immobilisation. Here we report the effect ofthe sol-gel matrix on two complexes
which are known to possess a MM LCT-3MC energy gap in solution which is
sufficiently large to effectively eliminate this decay pathway from the overall

relaxation scheme.

5221 Photophvsical properties of rRu(bpv)?(biq)12+ and FOsfbpyhl2* in

solution.

As mentioned in Section 1.3.4, studies concerning [Ru(bpy),,(L-L)3-,,]2+(n
~ 0,1,2,3) complexes may be important not only to tune the excited state
properties in a controlled manner, but also to obtain a better understanding of the
photophysical behaviour of the archetype [Ru(bpy)32+itself, The energy of the
MC state will be influenced principally by the a-donating strength of the ligands
and the MMLCT state energy depends principally on the energy of the lowest
ligand #* orbitals. Preparation of complexes having one polypyridyl ligand with a
low-energy n+ level and more basic bipyridyl ligands filling the remaining co-
ordination sites may result in ruthenium polypyridine complexes having MC
states which are thermally inaccessible from the 3aMLCT. Since most polypyridyl
complexes fluoresce at room temperature, it is possible to monitor the M LCT to
MC conversion as a function of systematic structural variations associated with
the ligands. Several research groups have presented results of photophysical
studies of several ruthenium polypyridyl complexes that suggest such separation

of MLCT to 3VIC states.



Figure5.19 ITV-Vis absorption spectra o f/RiiihpyJ/huj)]~ in ethanol (5 * 10'A1)

Figure 5.20 Emission spectrum o f[Ru(bpy)2(big)]~ in ethanol(5 x 10 M)
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From the latter point of view, the biq (2,2-biquinoline) ligand is very
interesting in the mixed ligand [Ru(bpy)2(big)]2- complex, as it plays the role of
the lumino-active ligand as far as the properties of the low-energy MLCT excited
states are concerned. This complex shows two distinct MLCT absorption bands
(Figure 5.19), one at 439 nm corresponding to the Ru-»bpy absorption, and the
other at approximately 525 nm corresponding to the Ru—biq band [39], This
behaviour indicates that the two bands of [Ru(bpy)2(biq)]2+ are due to Ru—»bpy
and Ru-»biq transitions and suggests that the energies of the %+ orbitals are not
significantly influenced by ligand-ligand interactions.

The emission spectrum of this mixed-ligand complex shows only one
emission band at approximately 740 nm (Figure 5.20) and the emission decay in
solution was strictly monoexponential. No emission was observed in the 600 nm
region. These results were obtained regardless of whether the excitation was
performed at 450 nm or 520 nm. This behaviour shows that the emission only
occurs from the lowest excited state of the complex, which is a Ru—»biq charge-
transfer state. It also suggests that efficient conversion of Ru—bpy excited states
to the lower Ru-»big excited state takes place. These results are consistent with
those described by other authors [36,40], In this particular mixed-ligand
complex, the biquinoline ligand is the ‘luminoactive’ ligand. In effect, the
spectroscopic results show that in this mixed-ligand complex, the coupling
between excited states involving bpy and excited states involving biq, is too weak
to affect the energy levels in a substantial way, but strong enough to allow fast
radiationless deactivation of the upper excited states to the lowest one,

Tables 5.4 and 5.5 display the excited state kinetic parameters obtained
for [Ru(bpy)2(biq)]2+ and [Os(bpy)32+both in solution and in the sol-gel matrix,
For [Ru(bpy)2(biq)]2; temperature dependent emission and lifetime data in
ethanol/methanol (4/1 v/v) revealed a level at approximately 660 cm! above the
emitting Ru—»big charge-transfer state. Barigelletti and co-workers have
previously observed only a slight temperature dependence of luminescence
lifetimes of this complex between 77 K and room temperature. It has been
suggested that replacement of one bpy ligand in [Ru(bpy)32+ by big significantly
increases the 3M LCT-M C energy gap so that population ofthe M C state no
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Table 5.4 Kinetic parameters K, IF and ko, for the decay of the MLCT states of

the complexes in 4/1 ethanol/methanol (v/v).

Complex

[Ru(bpy)2(biq)]2+
[Os(bpy)3 2+

Vs )

1.6 x 104 (7.0 x 109’

7.1 x 104(1.6 x10V

ft-v)

7.0 x 10s (9.0 x 109’

1.1 x 10s (1.11 x 10§b

Ms-1

aValues in parentheses are from reference [24] (solvent employed was 4/5 v/v

7.2 x 105(1.6 x i0Ga

1.2 x 105 (1.13 x 106)b

propionitrile/butyronitrile). b VValues in parentheses are from reference [10] (solvent employed

was 4/1 ethanol/methanol)

Table 5.5 Kinetic parameters for the decay ofthe M LCT states of the complexes

in a solid matrix.“

Complex

[Ru(bpy)2(biq)]2+

[Os(bpy)3)2+

Matrix

EtOH/McOH
Method 2 (1)
Method 2 (5)

EtOH/MeOH

Cell, actetate0

Method 2 (1)

Method 2 (5)

M s')

“1.4 x 106(1.6 x 1091
b7.4 x 105
b7.9 x 105

.4 x 106 (3.7 x 106
4.2 x 106
bl.7x 106

2.2 x 106

A, (s])

2.0 x 107(8.0 x 1091
3.5 x 107
2.8 x 107

1.0 x 108(7.2 x 109*
1.9 x 10s
15 x 108

1.0 x 108

AEj (cm')
660 (770)1
620
593
495 (312)*
607
565

540

For definition of parameters, see text. b From Equation 5.1. $ From reference [24] (solvent

employed was 4/5 v/v propionitrile/butyronitrile). *From reference [10] (solvent employed was

4/1 ethanol methanol).0From reference [6],
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Figure 5.21 UV-Vis spectrum of[Os(bpy)3 2+ in ethanol (5 x 10'5M).

longer occurs. Our value is somewhat smaller than that obtained by Barigelletti
and co-workers (~ 770 cm"]) where 4/5 propionitrile/butyronitrile was employed
as the solvent. These authors have also shown that the relative emission intensity
does not decrease when this state is populated, indicating that this state is
another emitting Ru—>big charge-transfer excited state [22,24,25],

In view of the demonstrated large thermal activation of the luminescence
of [Ru(bpy)3]2+ in solution, we have also examined the luminescence of the
analogous osmium(ll) complex, namely [Os(bpy)3]2*in both alcoholic solution
and indeed in sol-gel glass over a wide temperature range 77-300 K For
[Os(bpy)3] 2+ the n -k transitions are all nearly identical to that of [Ru(bpy)32~in
solution: most absorptions are around 290 nm and MLCT states are
approximately at 450 nm. In addition, [Os(bpy)a]2 has intense MLCT bands
which stretch out to 700 nm (see Figure 5.21). Allsopp and co-workers examined
the behaviour of the luminescence spectrum and the luminescence lifetime of this
complex in both glassy aqueous solution and polymer film and accurately located
the energy levels through which energy loss occurs [6], For [Os(bpy)3]2+ and

indeed related Os(Il) polypyridyl complexes, ligand loss photochemistry is either
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extremely inefficient or non-existent [6,18,42], The observed kinetic parameters

for [Os(bpy)3]2 are typically in the range A, ~ 106 ~108 s'1 and AEi ~ 300-800
cm'l In this thesis, the temperature-dependent lifetime data for this osmium
complex in solution were fit to the expression given in Equation 5.1 and gave a
pre-exponential term, A, of 1 x 108 1 and is similar in magnitude to the rate
constant for excited state decay from the lower lying MLCT states (represented
here by k0. Metal-centred d-d states for [Os(bpy)32+ are expected to be
thermally inaccessible at room temperature [74,75], Assuming that the lowest
lying dd state in [Ru(bpy)32+is comparable in energy to the emitting MLCT
state(s) at 16100 cm'l in acetonitrile and that 10 pq is greater by 30% for
osmium(ll), the lowest d-d state for [Os(bpy)32+is expected to lie some 21000
cm"l above the ground state. Since emission from *[Os(bpy)32h occurs at 13500
cm'l in acetonitrile, it can be predicted that a large energy gap should exist
between the MLCT and d-d states for Os(ll). Since no other states are expected
to appear in the energy region 300-800 cm'l, the only reasonable assignment for
the additional state that appears in the lifetime data for this Os(Il) complex is an

additional fourth M LCT state or states,

5.2.2.2 Photophvsical properties of fRu(bpyVbiq)]2 and [Os(bpvh]2in sol-gel.

Table 5.6 is a comparison of the emission properties for [Ru(bpy)2(biqg)]2+ and
[Os(bpy)32+in solution and in sol-gel under ambient and cryogenic conditions.
[Ru(bpy)32+is included in this table for comparative purposes. Before the results
of the temperature dependent emission energy and lifetime studies of the
immobilised species are presented, a briefaccount ofthe photophysical properties
ofthese two complexes in the sol-gel matrix will be given.

We have mentioned previously that on passing from fluid solutions at
room temperature to rigid matrices at low temperature, the luminescence energy
of the M LCT excited state moves to the blue (i.e shorter wavelength). This

“rigidochromic effect” has been discussed in the previous chapter [54],
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Table 5.6 A comparison of the luminescence properties of these complexes in

solution and in the xerogel.

RT 77 K RT 77 K
Complex Medium Emission Emission Lifetime Lifetime
Kn»* (nm)1 k> (nm)b x (ns)s + (ns)b
[Ru(bpy)3]2+ Ethanol 611 580 700 (280)° 4500
Method 2(1) 597 579 1110 4440
Method 2 (5) 588 576 2100 4450
[Ru(bpy)2(big)]2+ Ethanol 744 727 270 (140)° 1400
Method 2 (1) 730 723 650 1425
Method 2 (5) 713 706 743 1380
[Os(bpy)3|2+ Ethanol 725 712 ° &° 860
Method 2 (1) 705 696 70 810
Method 2 (5) 696 694 95 790

aRT. measurements were degassed by purging with argon. Sol-gel samples were not degassed.
b These measurements were carried out at 77K. The solvent employed was 4/1
ethanol/methanol. 0 Value in parentheses indicates the lifetime of the complex in aerated

ethanol solution.

With respect to the emission results observed for [Ru(bpy)3]2+ within a sol-gel
matrix, in particular the shift to higher energy upon immobilisation, a similar
effect is observed for those gels doped with [Ru(bpy)2(big)]2+ and [Os(bpy)3]|2+
These results indicate that, as is the case for [Ru(bpy)3 2 it is the destabilisation
of the MLCT state with respect to the ground state which results in the
observed shift in the emission peak. This suggests that regardless of the metal or
ligand involved, an increase in the energy gap between the ground and the
emitting excited M LCT state occurs. Again, the reason for this behaviour is that,
in solution, the solvent can reorganise around the excited molecule before the
deactivation process occurs. In the gel, emission occurs from an excited state
which is not fully stabilised due to the lack of mobility of the matrix. It was found
that the energy difference between the solution low and high temperature

emissions was larger for [Ru(bpy)3]2+(611—>588 nm i.e .~ an energy difference of
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640 cm') with respect to [Os(bpy)32+ (726—>705 nm -~410 cm') and
[Ru(bpy)2(biq)]2-(744—727 nm ~ 315 cm'). A similar effect has been previously
reported by a number of authors [42,75,76] who suggest that the energy
difference between low and high temperature emissions depends on the charge
transfer character of the excited state. The emission energies of these two
complexes in the sol-gel prepared are not significantly reduced upon lowering the
temperature. A possible explanation for this is as follows. We have already
described how upon incorporation of these complexes into a rigid matrix a blue
shift in the emission energy is induced. As the energy of emission increases,
regardless of the origin of the increase, the separation between ground and
excited states increase. As the energy gap between states increase, the extent of
charge transfer in forming the excited state increases, resulting in a greater shift
in emission energy for the sol-gel samples at 77 K. Figures 522 and 523
illustrate the temperature dependent behaviour of the emission energy of
[Ru(bpy)2(big)]2+and [Os(bpy)32+in both solution and in the sol-gel matrix.
Notable differences between the three metal complexes were observed
upon comparison of the lifetime measurements at room temperature and at 77 K
in the sol-gel. Only a small increase in the lifetime of [Os(bpy)32+ occurs upon
incorporation within the sol-gel matrix. This slight increase is most likely caused
by a decrease in iF due to the inhibition of molecular motion caused by the rigid
nature of the surrounding matrix. An important question to ask here is why the
lifetime of [Os(bpy)3 2+ does not increase in any great extent upon incorporation
into a sol-gel matrix. Perhaps the answer to this question lies in the values of the
radiative and nonradiative rates for this complex. The nonradiative rate constant,
IF, is a measure of the radiationless deactivation ofthe M LCT states. Because
the MLCT of [Ru(bpy)32+is well above the ground state, the energy gap law
indicates relatively inefficient nonradiative decay with a resultant emission.
According to the energy-gap law, radiationless deactivation rates are determined
largely by vibrational overlap between the ground and excited states [77,78],
Because of the “energy disposal” nature of the process, overlap considerations
favour high frequency vibrations. The extent of vibrational coupling is

determined by the magnitude of vibrational wave function overlap between v = 0
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levels in the excited state and highly vibrationally excited isoenergetic levels of
the ground state. As mentioned earlier, another deactivating pathway for
[Ru(bpy)32+is the population of the metal-centred (3M C) excited state, giving
rise to either radiationless deactivation or photodecomposition of the complex. In
the case of [Os(bpy)32+the dd state is no longer feasible as an effective decay
channel for the excited state decay. However, the M LCT state is lower and,
therefore quenching to the ground state is more efficient. This is clearly
demonstrated by the osmium complex having the lower emission energy of the
two species, and an extremely short lifetime at room temperature. Consequently,
from Table 5.2, the value for JrF obtained for [Os(bpy)32+ exceeds that obtained
for [Ru(bpy)32 by almost afactor of 10.

We have mentioned previously, that in solution both of these complexes
exhibit a slight temperature dependence which has been attributed to the
population of a high lying MLCT state. The excited state thermal kinetic
parameters associated with Figures 5.24 and 5.25 were previously reported in
Tables 54 and 55. Unlike [Ru(bpy)32t no dramatic change in Kkinetic
parameters is obtained from the temperature dependent emission lifetime study
for the [Os(bpy)32+and [Ru(bpy)2(biq)]2 . In both cases, the preexponential term
and the activation energy obtained from fitting the temperature dependent
lifetime data in the sol-gel to Equation 5.1 are similar in magnitude to their
solution value. This suggests that the nature of the excited state of both of these
complexes remains unchanged upon immobilisation. Again, the temperature
dependent lifetime for both of these complexes originates from an upper MLCT
level. It would appear that upon immobilisation, the equilibrium displacement
between the ground state and the metal-to-ligand charge-transfer states for these

complexes is relatively unchanged.
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5.3 Conclusion.

Evidence has been presented in this chapter which supports the existence of a
thermally accessible higher lying MLCT state in polypyridyl complexes of
ruthenium(ll) and osmium(H). This state has been shown to exist both in solution
for a number of different complexes. This work together with that carried out
previously by a number of research groups suggest that this fourth MM LCT state
is typically found to occur at 300-900 cm'l above the lowest lying MLCT state
and to have a decay rate constant of 106108 s'1 This higher lying MLCT state
can make a significant to nonradiative decay at room temperature.

In solution at ambient temperatures, excited state decay is dominated by
fast nonradiative decay from 3MC, which masks any contribution from a fourth
AMMLCT. These results have implications for the use of [Ru(bpy)3]H as a
sensitiser: The MLCT excited state of this complex has been used extensively as
a photosensitiser because of its relatively long solution lifetime and its ability to
act as either an electron-transfer acceptor or donor in photoredox applications.
One consequence of our work is that it establishes a medium dependence for the
excited state lifetime of this complex. At room temperature, the 3V LCT-3VIC
transition represents a major decay pathway for the excited state complex in
solution. In photosensitisation schemes, decay through this metal-centred state
represents a major energy loss pathway since the dd state appears to be short-
lived, and there is no evidence to suggest that it undergoes redox gquenching
reactions. Another important aspect of the decay through this channel is that the
dd excited state is substitution labile and its population can lead to
photodegradation. As such, the accessibility of the dd excited states of
[Ru(bpy)32 and related complexes can represent a major problem to their use as
photosensitisers. Removing the dd state from the excited state decay scheme of

Ru(ll) complexes could therefore be advantageous.
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Chapter 6.
The temperature dependence of the emission properties of

Ru(H) complexes containing pyridyltriazoles

immobilised in a sol-gel matrix.
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6.1 Introduction.

The previous chapters report the photophysical behaviour of a number of
Ru(ll) complexes within the sol-gel matrix. The photophysics of these species
were altered to varying degrees upon incorporation into the silica network. The
purpose of this chapter was to extend these studies to include a greater number
of different Ru(ll) complexes and to examine the possibility of any trends which
may be occurring. Towards this end, ruthenium compounds (both the monomers
and dimers) of Ru(bpy)2 with 3,5-bis(pyridin-2-yl)-1,2,4-triazole (Hbpt) and 3,5-
bis(pyrazin-2-yl)-1,2,4-triazole (Hbpzt) were incorporated into the sol-gel matrix

and their excited state decay behaviour was investigated.

Hbpzt Hbpt

Figure 6.1 Structure o fthe bridging triazole ligands 3,5-bis(pyrazin-2-yl)-1,2,4-

triazole (Hbpzt) and 3,5-bis(pyridyn-2-yl)-1,2,4-triazole (Hbpt).

These complexes were chosen for a number of reasons. Firstly, the
synthesis and characterisation of these bridging ligands and their subsequent
complexes have been carried out in our laboratories [1-9], As such, the
photophysical properties of these complexes in solution are well understood and
documented. Secondly, the acid/base chemistry of the monomeric species leads
to significantly different behaviour in the temperature dependent luminescent
lifetimes for the protonated and deprotonated complexes in solution. It was of
interest to examine whether such differences were evident in the sol-gel matrix.
Finally, the incorporation of the dimeric complexes were studied in order to

establish the effect of the size or 'bulk’ of the species on the photophysical
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properties in a rigid matrix by comparison with the analogous monomeric
species. Temperature dependent lifetime measurements of the deprotonated and
protonated pyridyltriazole complex employed in the Chapter 3 and 4, namely
[Ru(phen)2(H3Mptr)]2 were also carried out to further investigate the
photophysical processes ofthis complex in solution and to allow for comparison

to those measurements obtained in the sol-gel matrix.
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6.2 Results and discussion.

6.2.1 Electronic properties ofR u(ll) complexes containingpyridyltriazoles

in solution and in sol-gelm atrix.

Table 6.1 presents the emission properties of [Ru(phen)2(H3M ptr)]2+and also the
mono- and dinuclear complexes of the Hbpt and Hbpzt ligands both in solution
and in a sol-gel matrix. The electronic properties of [Ru(bpy)32+in solution and
in a xerogel are also included in this table for comparison purposes. The
photophysical properties of the immobilised complex [Ru(phen)2(H3Mptr)]2
have been previously discussed in Chapters 3 and 4. For the Hbpt and Hbpzt
monomers and dimers, the synthesis and spectroscopic characterisation of these
complexes have been previously reported [3-8], and their solution properties
have been thoroughly investigated. All the complexes employed here exhibit
intense absorption bands in the visible region of the spectrum, which have been
assigned as metal-to-ligand charge-transfer (IMLCT) bands. In addition,
luminescence at room temperature and at 77 K for all the complexes have been
reported previously [7,8],

The bpt' is a stronger a-donor and a weaker Tt-acceptor than bpy. The
absorption and the emission spectra of [Ru(bpy)2(bpt)]+and [(Ru(bpy)2)2(bpt)]3+
in solution are in agreement with this expectation [3], Replacement of a bpy
ligand of [Ru(bpy)3]2+by bpt' to give [Ru(bpy)2(bpt)]+ causes an increase in the
electron density at the metal (and therefore an increase in the energy of the
highest occupied molecular orbital, HOM 0O), with a consequent red shift of the
metal-to ligand (Ru—»bpy) charge transfer absorption and emission band. Co-
ordination of a second [Ru(bpy)d2-unit to the bpt' bridging results in the sharing
of its negative charge between two [Ru(bpy)2]2 units, with a decrease of electron
density on the Ru(ll) ions and a consequent blue shift of the Ru—bpy charge-

transfer levels.
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Table 6.1. Electronic properties of the pyridyltriazole complexes in solution and

in sol-gel matrix.

Complex

[Ru(bpy)3|2+

[Ru(phen)23Mptr)]+
[Ru(phen)2(H3Mptr)]2+

[Ru(bpy)Zbpt)]+
[Ru(bpy)XHbpt)] 2+

[(Ru(bpy)2Xbpt)]3+

[Ru(bpy)Zbpzt)]+
[Ru(bpy)AHbpzt)]2+

[(Ru(bpy)22bpzt)]3+

Medium

Solution
Method 2(1)
Method 2 (5)

Solution

Solution
Method 2(1)
Method 2 (5)

Solution

Solution
Method 2(1)
Method 2 (5)

Solution
Method 2 (1)
Method 2 (5)

Solution

Solution
Method 2 (1)
Method 2 (5)

Solution
Method 2 (1)
Method 2 (5)

~nax

nm

611
598
588
654
606
598
585
660
640
618
612
642
616
611
662
675
640
627
671
668
665

}VH'HX

an

580
579
576
606
568
566
568
624
612
606
600
603
599
600
610
612
613
612
617
615
612

X
(ns)*

700 (280)'
1100(70), 470(30)d
2100(80), 660(20)d

90 (55)"
350(85), 60(15)d
1920(80), 480(20)d

355 (160)"

100 (40)'
320(65), 80(35y1
765(75), 170(25)d

85 (50)"
140(85), 40(15)d
760 (70), 190(30)d

100 (60)"

120 (75)'
180(85), 40(15)d
615(70), 110(30)d
105 (70)"
180(70), 40(30)d
830(75), 200(25)d

T

(ns)b

4500
4490(75), 1590(25)d
4450(85), 1800(15)d

7200

9800
9450(80), 2150(20)d
9650(70), 2460(30)d

5500

4200
4170(70), 1630(30)d
4300(80), 1500(20)d

4160
4030(80), 1550(20)d
4010(75), 1455(25)d

6400

4970
4900(75), 1030(25)d
4850(80), 1150(20)d

7030
6900(75), 1400(25)d
7300(75), 1700(25)d

aRT. measurements were degassed by purging with argon. Sol-gel samples were not degassed.

b These measurements were carried out at 77 K. For solution values, the solvent employed was

ethanol/methanol 4/1 v/v. 0Value in parentheses indicates lifetime of the complex in aerated

ethanol solution. d Value in parentheses are the lifetime components pre-exponential factor

given in percent.8 This value was outside the range of the instrumentation (i.e. < 20 ns).
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Replacement of the bpt' bridging ligand with bpzt' results in higher
maximum wavelength of the absorption and the emission maxima at both room
temperature and at 77 K [6,9], This can be explained by the weaker o-donor and
stronger 71-acceptor properties of the bpzt' ligand compared with the bpt' ligand,
which causes less electron density to be present on the metal and consequently a
shift to higher energy of the lowest unoccupied molecular orbital (LUM Q) [6],
The electrochemical and resonance Raman data have shown that, for
[Ru(bpy)2(bpzt)]+ the emitting state is bpy based [6], For [Ru(bpy)AHbpzt)]2+
the situation is different as the resonance Raman spectra exhibited both bpy and
Hbpzt vibrations. Upon protonation of the bpzt' ligand a significant lowering of
the % (bpzt) orbital takes place. In effect, a switch over from bpy-based emission
for the deprotonated complex to a bpzt-based emission for the protonated
complex is observed. The MLCT state of [(Ru(bpy)2)2(bpzt)]3+ has also been
found to be bpzt-based. When going from the mononuclear to the dinuclear
compound with bpzt', two effects have been observed. Firstly, a lowering of the
n level of the bridging ligand has been observed [7-9], Because of the switch
from the bpy-based reduction for the mononuclear compound, the decrease in
energy ofthe lowest n level upon formation of the dinuclear compound is much
smaller than that observed for other bridging ligands with low-lying 71* levels.
Secondly, the higher oxidation potential observed for the bpzt' dinuclear complex
[8,9], compared to the analogous monomer exhibited that a stabilisation of the d
orbitals occurred. This is caused by the fact that in the dinuclear compound two
Ru(bpy)2moieties share the c-donor capacity of the negatively charged bridging
ligand.

For the bpt' and the bpzt' monomers, it is important to determine whether
the protonated or deprotonated species is present in the final xerogel. The sol-
gels prepared at pH 1 pose no real problem, and it is evident from the emission
data in Table 6.1 that both of these monomers are protonated in Method 2(1)
xerogels. However, for the sol-gels prepared at pH 5, the question of which
species is present is not as straightforward. Directly after preparation (i.e. zero
time) of the Method 2(5) samples, the gel doped with the bpt monomer emits at

661 nm while that doped with the bpzt monomer emits at 663 nm. In both cases,
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the emission maximas are indicative of the deprotonated complexes. Since the
starting systems were liquid, composed of TEOS, ethanol, water and catalyst
(HC1) the emission behaviour indicates that the effective pH value of the
surrounding mixture is approximately 5 However, as the sol-gel reactions
proceed, it is uncertain as to whether the pH which the dopant experiences
remains at 5. Fujii and co-workers have recently reported the absorption spectra
of Thymol Blue during the sol-gel-xerogel transition in TEOS based systems
under both mild acid and base conditions [10], These studies suggest that the
doped systems increase in acidity throughout the transitions regardless of the
catalysts used. The authors suggest that the surface silanols act as proton donors
towards the Thymol Blue probe molecules.

In Chapter 3, it was suggested that the protonated pyridyltriazole
complex, [Ru(phen)2(H3M ptr)]2 was the eventual species in the final xerogel
for the gel at pH 5. This was suggested by following the absorption and the
emission spectra of the complex as the sol-gel-xerogel reactions proceeded. We
have mentioned previously, that the absorption profile of the [Ru(L-L)32+
complexes studied are unchanged in the final xerogel when compared to the
initial sol. As such, the blue shift in the absorption spectrum of
[Ru(phen)2(3M ptr)]+ noted during the early stages of the sol-gel reactions for
those samples prepared at pH 5 (see Chapter 3) strongly suggests that the
deprotonated complex reverts to the protonated complex during this time.
Further evidence that the protonated form, [Ru(phen)2(H3Mptr)]2+ exists in the
final xerogel was also obtained from the emission spectrum of the immobilised
complex. Placing the doped Method 2(5) xerogel in an aqueous basic
environment for 12 hours resulted in a red shift in the emission maximum from
585 nm to 630 nm, which suggests that under these conditions the immobilised
deprotonated form ofthe complex was formed.

For both monomers studied in this chapter, a significant blue shift in the
absorption energy was observed during the initial sol-gel reactions. In addition,
the position of the emission maxima of these samples was also shifted to higher
energy upon formation of the xerogel (from 661—>612 nm, an increase of 1210

cm'l for the bpt monomer, and 663—>627 nm, an increase of 870 cm'l for the
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bpzt monomer). With respect to the bpzt* monomer in solution, the protonated
species luminesces at a higher wavelength than the deprotonated form. If in the
sol-gel the deprotonated form ofthis complex reverts to the protonated form, we
would expect a similar red shift. However, it is likely that such a red shift in
emission energy is counteracted (or masked) by the blue shift induced by the rigid
nature of the gel matrix. However, comparison of the excited state pKaof these
complexes ([Ru(phen)2H3Mptr)]2+ = 2.7, [Ru(bpy)2(Hbpzt)]2+ = 2.8 [8],
[Ru(bpy)2(Hbpt)]2+= 3.7 [8]) suggests that the latter two complexes will also be
protonated in the sol-gel matrix prepared at pH 5.

As regards the pH at which the gels were prepared, similar trends in the
emission energy and excited state decay were observed for both monomers as
were previously reported for [Ru(bpy)32+ in Chapters 3 and 4. The most
pronounced effect ofthe sol-gel matrix on the bpt monomer is the destabilisation
ofthe M LCT excited state which can be contributed to the larger dipole moment
in the excited state relative to that in the ground state. Again, both the gels
prepared at pH 5, where the surface of the xerogel is known to be deprotonated,
exhibited not only a larger increase in emission energy with respect to the
analogous solution value, but also an extended luminescent decay lifetime when
compared to the analogous gels prepared at pH 1

However, although the emission energy of the bpzt monomer behaved in
a very similar fashion to the bpt monomer and indeed [Ru(bpy)3]2+ upon
incorporation into a sol-gel matrix, it was noticed that the energy of the
photoluminescence peak of the dimer [(Ru(bpy)2)2bpzt]3+ was only slightly
altered upon incorporation into the sol-gel matrix (by 70 cm't at pH 1 and 130
cm'l at pH 5). This behaviour is very different from that which was observed for
the bpt' dimeric species (which was altered by approximately 660 cm'l at pH 1

and 790 cm'l at pH 5). A possible explanation for this is as follows: It has been

previously reported that, in the case of the bpt" dimer, upon excitation, both ends
ofthe complex have equal chance of being excited [9], Furthermore, since in the
bpt" compound, the lowest 7r*-level is based on the bpy ligands, both bpy-based
MLCT levels can be occupied. However, in the case of the bpzt" dinuclear

molecule, the lowest t*-level is based on the bridging ligand which is more
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central in the molecule [6-9], Therefore, upon excitation the change in dipole
moment for the bpt' dimer as experienced by the sol-gel environment would
appear to be more significant than that of the analogous bpzf species where the
excited electron resides on the central bridging unit. As such, the excited state of

the bpzt' dimeric species may be shielded to an extent by the Ru(bpy)2 units.

6.2.2 Temperature dependentstudies.

6.2.2.1 Solution measurements.

As mentioned previously, for Ru(ll) complexes at room temperature, the lifetime
of the M LCT states is affected by the magnitude of a number of energy gaps.
For example, increasing the energy gap with respect to the ground state tends to
increase the lifetime [11], Also, decreasing the energy gap with respect to upper
metal-centred (3M C) ligand-field states is known to decrease the lifetime (these
states are in the strong coupling regime with the ground state and provide an
efficient thermally activated deactivation pathway [12-15],

Luminescent temperature dependent lifetime experiments were carried
out on all of the monomer and dimer doped gels. As before, the temperature
dependent lifetime data of the complexes studied in this chapter were fit by
assuming that the excited state decay consists of a temperature independent
intrinsic decay from the M LCT state and a single thermally activated non-
radiative decay process. Table 6.2 lists the exponential prefactors and activation
energies obtained from these measurements, together with those previously
reported for the complexes in solution [19,24], Plots of In(I/x) versus 1000/T in
the temperature range 150-300 K are presented in Figures 6.2-6.6.

As discussed in the previous chapter, with regard to a solution of
[Ru(bpy)32+ the kinetic parameters A (and AEi obtained are associated with an
activated surface crossing to an upper lying 3MC excited state, which can then

undergo fast deactivation to the ground state and/or ligand dissociation.
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Figure 6.2(a) The temperature dependencefor the luminescence lifetime of
(a)[Ru(phen)2(H3M ptr)]2* and (b) [Ru(phen)i(3M ptr)]" in W1EIOH-MeOH, in the

temperature range 150-300 K.
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Figure 6.2(b) The temperature dependencefor the luminescence lifetime of
fRu(phen)i(H3Mptr)]2' in (a) a Method 2(1) sol-geland (b) a Method 2(5) sol-gel.
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Figure 6.3(a) The temperature dependencefo r the luminescence lifetime of
(a)[Ru(bpy)2(Hbpt)]2* and (b) [Ru(bpy)2(bpt)]"' in 4/1 EtOH/M eO H, in the

temperature range 150-300 K.
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Figure 6.3(b) The temperature dependence Jor- the luminescence lifetime o]
[Ru(bpy)2(Hbpt)/ Tin (a) aMethod 2(1) sol-geland (b) a Method 2(5) sol-gel,

in the temperature range 150-300 K.
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1000/T
Figure 6.4(a) The temperature dependencefo r the luminescence lifetime of
(a)[Ru(bpy)2(Hbpzt)dJ2+ and (b) [Ru(bpy)¢(bpzt)f in 4/1 EtOH/MeOH, in the

temperature range 150-300 K.

1000/T
Figure 6.4(b) The temperature dependencefor the luminescence lifetime of
[Ru(bpy)/Hbpzt)J2+in (a) a Method 2(1) sol-geland (b) a Method 2(5) sol-gel,

in the temperature range 150-300 K.
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| igure 6.5 The temperature dependence for the luminescence lifetime of
ItRutbpy)z)3(bpt)f* in (a) 4'1 EtOH/MeOH, (b) a Method 2(1) sol-geland (c) a

M ethod 2(5) sol-gel, in the temperature range 150-300 K.

1000/T

higure 6.6 The temperature dependencefor the luminescence lifetime o]
(Ru(bpy)2?(bpzt)]'w in (a) 47/EtOH/MeOH, (b) aMethod 2(1) sol-geland

(c) aMethod 2(5) sol-gel, in the temperature range 150-300 K.
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Table 6.2 Excited state decay parameters of pyridyltriazole complexes both in

solution (4/1 ethanol/methanol, v/v) and in sol-gel matrices.

Complex

[Ru(bpy)3]2+

[Ru(phen)2(3Mptr)]4
[Ru(phen)2(H3Mptr)]2+

[Ru(bpy)2(bpt)]+
[Ru(bpy)2(Hbpt)]2+

[(Ru(bpy)2)2(bpt)]3+

[Ru(bpy)2(bpzt)]+
[Ru(bpy)2(Hbpzt)]2+

[(Ru(bpy)2)2(bpzt)]3+

Medium

bSolution
bM ethod2(l)
bMBthod2(5)
bSolution
bSolution
bMethod 2 (1)
bMethod 2 (5)
‘Solution
“Solution
bMethod 2 (1)
bMethod 2 (5)
“'Solution
bMethod2 (1)
Method 2 (5)
'Solution
‘Solution
bMethod 2 (1)
bMethod 2 (5)
‘Solution
bMethod 2 (1)
bMethod 2 (5)

ko (s-1)

2.22 x
242 x
2.51 x
1,38 x
1,60 x
1.56 x
1.22 x
2.41 x
2.33 x
3.75 x
3.48 x

105
10s
105
10s
105
105
10s
105
10s
10s
105

2.40x 105

4,92 x
3.64 x

105
105

1.6 x 105

1.4 x 105

3.19 x

3.21 x

10s

105

1.4 x 105

4.11 x

2.37 X

10s
105

A >V

14 x 104
6.77 x 10s
2.9 x 106

2.9 x 107

2.0 x 1013
6.36 x 1012
1.44 x 107
3.8 x 108

8.55 x 1014
5.45 x 1014
7.28 x 107
5.3 x 1055
2.84 x 1014
4.63 x 107
2.9 x 109

1.66 x 1013
2.42 x 1013
3.84 x 108
9.9 x 1013
1.26 x 1013

146 x 1011

AEj (cm Db

3900
520
660
320

3006

2655
800

1127

3600

3525
900

4061

3600
800

1370

3100

3225

1000

3735

3020

2500

All of the samples (both solution and sol-gels) were degassed prior to temperature dependent

measurements. bPresentwork.c From reference [8]
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The In(I/x) vs. 1/T plots for both the protonated and the deprotonated
[Ru(phen)2(H3M ptr)]2 complex in 4/1 ethanol/methanol are illustrated in Figure
6.2(a). As in Chapter 5, the analysis of the temperature dependent lifetime of the
immobilised complexes was restricted to only the longer lived, most dominant
lifetime component. The protonated complex exhibits a steep decrease in lifetime
above 220 K and the high activation energy (3006 cm') and prefactor (2 0 x 1013
s') obtained suggest a photochemically unstable complex. As is the case with
[Ru(bpy)32+an activated surface crossing to a M C excited state is occurring
[19,30], The population of such an excited state causes a fast deactivation to the
ground state and/or photodecomposition of the complex. On the other hand, the
deprotonated form ofthe complex has alow prefactor (2.9 x 107 s') and a small
activation barrier (600 cm'] characteristic of a photoinert complex [15], Such
values are typically obtained for those complexes which are unreactive towards
ligand substitution. The slight temperature dependence observed for this complex
above 220 K may be attributable to population of other MLCT excited states.
Kober and Meyer have suggested that this activated process corresponds to the
population ofan M LCT state of largely singlet character [16,17,18],

As mentioned in Chapters 3 and 4, for this particular complex the
pyridyltriazole acts as a “spectator” ligand. Protonation results in an increase in
the emission energy. The decrease in the emission lifetime is the consequence of
the increased 7i-acceptor ability of the pyridyltriazole upon protonation and the
consequent stabilisation of the t2g orbitals of the metal. Due to the concomitant
decreased c-donor ability of the protonated pyridyltriazole and the consequent
stabilisation of the eg* orbitals, the energy of the MC is expected to undergo a
much smaller change than that of the MLCT state upon protonation. Therefore,
the energy gap between the MLCT and MC states is expected to decrease upon
protonation, leading to fast thermally activated decay for the protonated form of
the complex. This phenomenon has been previously observed by Scandola and
co-workers for the protonation of [Ru(bpy)2(CN)Z [15].

In solution, the deprotonated species, [Ru(phen)2(3Mptr)]+ a step was
been observed around 170 K in the In(1/x) versus 1000/T plot. A similar

behaviour was also observed by Barigelletti and co-workers for [Ru(bpy)2(CN)Z
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[13], and has been attributed to reorientation of the solvent molecules due to a
strong change in dipole moment caused by the Ru—>bpy charge-transfer.
[Ru(phen)2(3M ptr)]+ can be compared with [Ru(bpy)2(CN)2J because, in both
cases, strong c-donor ligands are present (CN' and 3Mptr), that do not
participate in the emission process (bpy/phen-based emission) and because both
ligands can interact with the solvent molecules via hydrogen bonds.

From Table 6.2 and Figures 6.3(a) and 6.4(a), it appears that the
temperature dependent behaviour of the emission lifetime of the Hbpt and Hbpzt
monomers behave in a similar manner to that observed for the
[Ru(phen)2(H3Mptr)]2+ complex. The protonated species exhibit Kinetic
parameters which are indicative of the population ofthe MC state. No steep rise
was observed in the In(1/x) versus 1000/T plot for either of the deprotonated
monomers. For [Ru(bpy)2(bpt)]+ because of the strong c-donor power of bpf,
the metal centred levels are expected to lie at higher energy than that of
[Ru(bpy)32 [18], Coupled with the lower energy of the luminescent MM LCT
level, this leads to the conclusion that the M C-3MLCT energy gap for the
deprotonated monomer is considerably higher than that of [Ru(bpy)32+ Thus the
slightly activated radiationless decay process which occurs witha, = 3.8 x 108s'1
and AEi =1127 cm'l for [Ru(bpy)2(bpt)]+does not concern the population of the
MC state, but more likely, the additional MLCT level discussed in the previous
chapter [19-22], Similarly, the kinetic parameters of [Ru(bpy)2(bpzt)]’, Ai = 2.9 x
109 s'1 and AEi = 1370 cm'] predict that this compound is photostable. Both
deprotonated complexes exhibit a steep rise in the In(l/x) vs. 1000/T plots in the
temperature range of 180-210 K. This step has already been encountered for the
[Ru(phen)2(3M ptr)]+complex and was attributed to reorientation of the solvent
molecules due to strong changes in the dipole moment caused by the Ru—phen
charge transfer.

A value of 3735 cm'l was obtained for AEi and avalue of 1014 s'1 for the
preexponential factor of the [(Ru(bpy)2)2(bpzt)]3+ complex [9], These values are
quite similar to those obtained for the analogous bpt dimer, where AEi and A,
were found to be 4060 cm'l and 5.3 x 105 s'1 respectively [9],The high values

obtained for the kinetic parameters for both of the dimer species in solution
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indicate that the activated process observed for these complexes is the population
ofthe triplet metal-centred (3M C) state. As mentioned previously, the ligand field
strength of bpt' for [(Ru(bpy)2)2(bpt)]3+and ofHbpzt in [(Ru(bpy)2)2(bpzt)]3+ are
smaller than for the analogous deprotonated mononuclear compounds and as
such, the M C state ofthe dinuclear complexes should be lower in energy than in
the MC states of the mononuclear complexes. This decrease in energy gap
between the MC and MLCT state allows for the population and subsequent

deactivation of this M C state in the dimer complexes.

6.2.2.2 Sol-gel measurements.

Tables 6.2 also lists the exponential prefactors and activation energies
obtained for each of the complexes in two different sol-gel matrices. Concerning
[Ru(phen)2(H3Mptr]21 and the two monomers [Ru(bpy)2(Hbpt)]2 and
[Ru(bpy)2(Hbpzt)]2+ the temperature dependent behaviour of the immobilised
protonated complexes seems to depend greatly on the surface charge of the sol-
gel matrix. For example, when the surface charge of the sol-gel is negative (i.e.
for those gels prepared at pH 5), the temperature dependency of the immobilised
[Ru(phen)2(H3M ptr)]2+ is manifested as only a slight rise in the In(l/x) vs.
1000/T plot, and low values were obtained for both the prefactor and AEi (i.e. A,
= 144 x 107 s'1 and AEi = 320 cm'). In contrast, the gels prepared at pH 1
exhibited a steep rise in the In(1/i) vs. 1000/T plot, and the kinetic parameters
obtained for this sample (aj = 6.36 x 1022 s'1 and AE; = 2655 cm') suggest
population ofthe MC state. Similar results were found for the immobilised Hbpt
and Hbpzt monomers (see Figures 6.4(b) and 6.5(b)). In contrast to the results
outlined above, for [Ru(bpy)32 population of the M C state was not observed,
irrespective ofthe pH at which the gel was prepared.

For those gels prepared at pH 5, it could be argued that the low kinetic
parameters obtained from the temperature dependent studies of each of these
pyridyltriazole complexes suggest the presence of the deprotonated form of the

complexes. However, although we cannot rule out this possibility, for the reasons
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outlined in the previous section, we suggest that the protonated form of the
pyridyltriazole complexes are present in the final xerogel. If indeed the
protonated form of these complexes is present in the final xerogel, the question
remains as to why the kinetic parameters are dramatically altered upon going
from a gel prepared at pH 1to one prepared at pH 5. We will return to this point
shortly.

As mentioned earlier, upon incorporation into the sol-gel matrix the
photophysical properties (in particular the position ofthe x,nix and the lifetime) of
the dimeric complexes were found to depend very much on the surface charge of
the matrix as well as the residency ofthe LUMO. It was of interest therefore, to
investigate the temperature dependent excited state decay behaviour of the
immobilised species. Figure 6.5 and 6.6 illustrate the In(I/x) versus 1000/T plots
for the bpt' and bpzt' dimers in solution and in the sol-gel matrices. In both cases,
the gels prepared at pH 1, where the surface is known to be positively charged
due to the presence of protonated silanols (i.e. Si-OH24), a steep rise in the
temperature-dependent lifetime plots was observed, similar to that of each
particular complex in solution. This observation, together with the kinetic
parameters obtained for these samples (A, = 2.84 x 1014 s'l and AE; = 3600 cm'l
for the Hbpt dimer and A, = 1.26 x 1013 s'1 and AE; = 3020 cm'1 for the Hbpzt
dimer) indicate that for these immobilised complexes an activated surface
crossing to the VIC states followed by subsequent deactivation of these states is
occurring. However, for the bpt' dimer complex, a profound change occurred in
the kinetic decay parameters between the sol-gel prepared at pH 1 and at pH 5.
Where the surface is negatively charged, i.e. for those gels prepared at pH 5, the
temperature dependent lifetime analysis of this species revealed a low prefactor
and a small activation barrier (o, = 3.84 x 108 sl and AEj = 1000 cm'). For the
bpzt' dimer, the kinetic parameters obtained for temperature dependency of the
emission lifetime of this complex in a negatively charged gel (a, = 1.46 x 101l S'l
and AEj = 2500 cm'), fall into an intermediate category, which suggests that the
MLCT and MC states are in equilibrium.

In order to explain the observed effects for the temperature dependent

behaviour of the lifetime of the immobilised complexes (both monomers and
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dimers) a number of possibilities exist. As mentioned previously, the negatively
charged surface of the Method 2(5) sol-gels appears to have a significant effect
on the kinetic parameters of the immobilised monomers and the Kinetic
parameters of these immobilised species fall into the category of low pre-factors
and low activation. One possible explanation involves the argument that the
location of the dd states relative to the luminescent excited states (i.e. the
M LCT-3MC energy gap) in the Method 2(5) matrix is significantly altered upon
incorporation. This interpretation maintains that the negatively charged surface
destabilises the crystal field levels, which are populated in fluid media near room
temperature, to such an extent that that population of the MC state from the
MLCT is no longer possible at ambient temperatures. However, the present
study shows that for these complexes, the M LCT state is also destabilised upon
incorporation into a sol-gel matrix (a blue shift in emission energy). This
explanation suggests that the 3V C state is destabilised to a greater extent than
the MM LCT.

These results can be also be accounted for in terms of a rigid matrix
perturbation ofthe potential wells. A general discussion of the phenomenology of
solvent matrix spectroscopic effects has been presented by Dellinger and Kasha
[23], Their report suggests that the potential wells are made steeper by the
viscosity of the rigid matrices formed at 77 K and/or a change in the equilibrium
distance (AQ@. In addition, Watts and Missimer report an application of such
rigid matrix perturbations of molecular potentials to an interpretation of the
luminescence rigidochromic effect [24], With regard to the present study, under
the influence of a rigid matrix perturbation caused by the sol-gel, steepening of
potential wells would in turn lead to an increase in the activation energy. This
explanation suggests that the perturbation varies according to the surface charge
of the sol-gel matrix. As such, those species experiencing a large rigid matrix
perturbation populate the M LCT level only, while those experiencing a small
perturbation may populate the MC state (from the M LCT level) at ambient
temperatures.

Finally, small changes in the equilibrium distance AQe between the

MLCT and the MC state, or between the M C state and the ground state upon
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immobilisation of the complexes may occur. This in turn would influence
vibrational overlap of the potential surfaces and hence alter the value ofir [25],

A further discussion of each of these possible explanations is given in Chapter 7.

6.3 Conclusion.

In this chapter, a number of Ru(ll) complexes containing pyridyltriazole
ligands were successfully incorporated into the sol-gel matrix and their
photophysical properties were examined. With the exception of the bpzt' dimer,
all of the complexes exhibited a blue shift in the emission energy upon
immobilisation into the sol-gel matrix. This shift was attributed to dipole
reorientation with the excited state being energetically destabilised in the gel with
respect to solution. For the bpzt" dinuclear molecule, the lowest t*-level is based
on the bridging ligand and the excited state of the bpzt' dimeric species appears
to be shielded to an extent by the Ru(bpy)2 units.

The pH at which the sol-gels were prepared was found to significantly
alter the kinetic parameters obtained from the temperature dependent lifetime
analysis of these immobilised complexes. We have mentioned previously, that the
pH plays an important role in determining both the surface charge of the matrix
and also the evolution of the gel structure. It would appear that the negatively
charged surface of the sol-gel samples prepared at pH 5 distorts the excited
states of the immobilised complex to a greater extent than when the surface is

positively charged (i.e. at pH 1).
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7.1 Summary and final remarks.

7.1.1 Probing the sol-gel process.

This thesis investigates the photophysical properties of a range of Ru(Il) dumine
complexes immobilised in sol-gel matrices. Chapter 1 gives a general introduction
to the sol-gel process. In this first chapter, an introduction to the photophysical
properties of the tris(bipyridine)ruthenium(ll) complex and related complexes are
also given. Finally, details of previous research involving Ru(ll) polypyridyl
complexes in heterogeneous environments is presented in this chapter.

Chapter 2 deals with the preparation of the sol-gel matrices and the
synthesis ofthe ruthenium complexes. In this chapter, the experimental details of
the different physical measurements used for the elucidation of the properties of
the ruthenium complexes both in solution and in the sol-gel matrix are given.

Initially, the primary concern of this thesis was to employ Ru(ll)
complexes as photoprobes of the sol-gel process and to investigate the
parameters which affected the sol-gel-xerogel transition. In Chapters 3 and 4, the
emphasis was on the ability of these transition metal complexes to probe local
chemical and structural changes which occur as the matrix evolves from a sol
through the sol-gel transition, the ageing process and the drying stages. Optical
spectroscopic techniques were used to detect the changes and to interpret the
chemical and structural environment responsible for them.

More specifically, Chapter 3 deals with the influence of the sol-gel matrix
on the emission maxima of [Ru(L-L)f:]2+ (where L-L = 2,2-bipyridine (bpy),
1,10-phenanthroline (phen), or 4,7-diphenyl-1,10-phenanthroline (dpp)). The
absorption spectra of these complexes were found to be largely preserved before
and after gelation. This suggested that there was no significant ground state
interaction between the complex and the gel matrix. However, the emission
spectra were significantly blue shifted. This has been previously reported and
discussed in detail for related charge-transfer compounds doped into sol-gel

materials [1-3], This hypsochromic shift was attributed to dipole reorientation
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and the excited state is energetically destabilised with respect to the solution. The
destabilisation of the excited MLCT triplet state and the extent of this shift was
found to vary, depending on the complex. Concerning this perturbation, the most
sensitive complexes to the sol-gel environment, as in solution, were the bpy and
phen complexes: indeed, whereas the emission maximum of [Ru(dpp)32+
exhibited no blue shift upon incorporation to the sol-gel matrix, [Ru(bpy)3]2+and
[Ru(phen)32+were shifted by 590 cm'l and 670 cm'L respectively, in Method 2(5)
xerogels. As such, the emission maxima of these latter two complexes were
employed as spectroscopic probes, whereby the degree of sol-gel reaction most
likely determined the position of the photoluminescence peak. These two
photoprobes successfully followed the early stages of the sol-gel process and

were used to monitor the following parameters;

= pH effects,
« thermal effects, and

= solution water content (R).

The observations were rationalised in terms of changes in the kinetics of the
hydrolysis and polycondensation reactions which accompany the different pH
regimes, temperature or water/silane ratio.

In Chapter 3, the potential application of [Ru(phen)2H3Mptr)]2+ as a
spectroscopic probe in order to monitor changes in the acidity of the surrounding
environment was also investigated. Considerable electronic redistribution occurs
between protonation and deprotonation of this pyridyltriazole complex, which is
reflected in the absorption and emission spectroscopy of the complex. U nlike the
previously studied [Ru(L-L)32+ complexes, the absorption spectra recorded for
those sol-gels prepared at pH 5 exhibited a blue shift during the early stages of
the sol-gel reactions. In addition, this change in the absorption profile was
accompanied by a significant blue shift in the emission maxima during this time.
These spectroscopic changes were consistent with the initially deprotonated
complex accepting fT to become protonated and suggested that the sol-gel

reactions induce local shifts of the pH around the complex to values lower than
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the initial mixture of water, TEOS and ethanol. In effect, the acidity of the
environment as experienced by the complex increased. The reason for this
increased acidity is uncertain, but it is thought that the silanols, which are
potential adsorption sites for the pyridyltriazole complex molecules, become
deprotonated (to form SiO) as they are formed at this pH (i.e. pH 5) with
[Ru(phen)2(3M ptr)]+accepting this proton to become [Ru(phen)2(H3M ptr)]2+
Chapter 4 deals with the effect of the sol-gel matrix on the luminescent
lifetimes of these Ru (1) complexes. In fluid solution, the decay of the emission of
each of these Ru(Il) complexes is strictly first order. Deviations from first-order
decay for these complexes upon immobilisation suggest the heterogeneous nature
of the sol-gel matrix. The lifetimes of the incorporated complexes were
guantitatively characterised by using a double exponential equation. The
appearance of a second lifetime component for the immobilised complexes are in
agreement with recent studies carried out recently by Castellano and co-workers
whereby the photoluminescence decay data were modelled by a sum of two
exponentials or by a single, asymmetric distribution of relaxation rates [2], In
addition to the introduction of a second lifetime component, in general, the
overall lifetime of the complexes increased upon incorporation. The luminescent
decay of [Ru(bpy)32+and [Ru(phen)32+were found to probe the early stages of
the sol-gel transition with the emission decay lifetime increasing almost
immediately. In contrast to these Ru(ll) species, the emission lifetime of the
[Ru(dpp)32rcomplex was employed to monitor changes in the rigid nature of the
gel matrix during the drying stage. The differences noticed between the
immobilised [Ru(bpy)3]2 and [Ru(phen)3d2+ complexes as compared to the
[Ru(dpp)3 2+ suggest that while the former two complexes tend to be adsorbed
on to the sol-gel particles during the early stages of polymerisation, the latter
complex molecules possibly remain dissolved in the solvent filled pores in the gel
during this time. In effect, no large increase in the emission lifetime occurred for
this complex even at the gelation point although the solution had turned into to a
solid amorphous material on the macroscopic scale suggesting that, at this stage,
these dopants were unconstrained in a solvent-like environment. Consequently,

the eventual observed increase in the emission lifetime for [Ru(dpp)32+ could
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simply be explained by the shrinkage of the sol-gel medium, leading to the
constriction of the silica network surrounding the dopants, which would thus
decrease their vibrational degrees of freedom and thus the nonradiative rate
constant {IF ). Future work in this area might include observation ofthe change in
weight which accompanies this increase in emission lifetime.

Finally in this chapter, the luminescent decay of [Ru(phen)2(H3M ptr)]2+
was investigated as a function of time, as the sol-gel reactions proceeded. It has
been recently reported that the construction of a well-defined rigid cage only
occurs under certain preparation conditions [4], It is possible that during the
initial stages of the sol-gel reaction at pH 5, (i.e. before the drying process) the
dopants are not incorporated into awell-defined rigid cage but rather in a flexible
three-dimensional network of Si-O chains. The dopants may be separated from
one another by Si-O bonds. The final state of cage construction, resulting in

complete encapsulation ofthe dopant is during the drying process.
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7.1.2 Photophysical aspects ofthe immobilised RuflD complexes.

The second objective ofthis thesis concerned the examination of the excited state
processes of Ru(ll) polypyridyl complexes under a novel environment.
Photophysical studies of Ru(ll) complexes in solution [5], have revealed that the
lifetimes are often dominated by the surface crossing from the M LCT state to
the non-luminescent MC state. The study of the temperature effect on the
emission lifetime of these complexes in solution allows the estimation of the
BMLCT-MC energy gap. In Chapters 5 and 6, the temperature dependence of
the emission properties of arange of Ru(ll) polypyridyl complexes in the sol-gel
matrix were investigated. Before further discussing the possible causes for the
temperature dependent behaviour of the immobilised complexes, the important

observations of these studies will be reviewed here;

= For the [Ru(bpy)3n(dpp)n2+ series, only [Ru(dpp)s]2+ retains the high
prefactor and activation energy upon immobilisation which are characteristic
of the surface crossing from the MM LCT to the M C and which occurs for all

ofthese complexes in solution

« For the complexes [Ru(bpy)2(big)]2+ and [Os(bpy)3 2 where the M C states
are effectively removed from the M LCT state so as not to be populated in
solution, an increase in the emission lifetimes was observed upon

immobilisation.

= The activation parameters obtained for the immobilised Ru(ll) pyridyltriazole
containing complexes depended significantly on the pH at which the sol-gel
matrix was prepared. In general, high activation parameters were obtained
when the gels were prepared at pH 1while those prepared at pH 5yielded low
prefactors and low activation energies. It is likely that the surface charge of
the silica cage plays an important role in the determination of these

parameters. We shall return to this point shortly.
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In solution, once populated, the M C state undergoes radiationless decay to the
ground state or ligand loss and net substitution [6,7], In an excited dd state an
electron occupies an antibonding, metal-based orbital, (d7)6—>(d7c)Jda*)1 The
expected structural consequences of electron occupation of dc* include large
distortions along metal-ligand axes and weakening of the Ru-N bonds. Recently,
Castellano and co-workers [8], carried out ground state Raman spectra of
[Ru(bpy)3]2+doped sol-gels. These samples displayed three symmetric bpy modes
similar to those for the complex in aqueous solution suggesting that the ground
state structure of [Ru(bpy)3]2+is similar to that in fluid solution. While the mixed
ligand complexes (i.e. [Ru(bpy)2(dpp)]2+ and [Ru(bpy)(dpp)2]2) behave like
[Ru(dpp)3]2+ in solution, it appears that in the sol-gel matrix their behaviour
resembles that of [Ru(bpy)3]2t This would seem to suggest that for the mixed
ligand complexes in the sol-gel matrix, the lowest excited state may be located on
the bpy ligand. In effect, a switching from dpp-based emission in solution to bpy-
based emission in the xerogel may be occurring. To clarify this issue, time
resolved excited state resonance Raman measurements were carried out on the
immobilised mixed ligand complexes. However, the Raman spectra of these
doped glass samples were dominated by features characteristic of the dpp ligand
(see Figure 7.1) [9], This suggests that, contrary to what was expected, the
lowest excited state of the incorporated mixed ligand complexes remain dpp
based as in solution.

We now turn to the question of the origin of the changes in the activation
parameters ofthe temperature dependent lifetime decay upon immobilisation into
the sol-gel matrix. There are a number of possible explanations as to why the
activation parameters are significantly lowered.

One possibility, which has been previously reported to account for the
loss of temperature dependence of [Ru(bpy)3d2 in a cellulose acetate matrix
[10,11], suggests that the low activation parameters can be attributed to the
presence of afourth M LCT state. This suggests that the 3V LCT-3VIC transition

is inhibited in the solid xerogel matrix.
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Figure 7.1 Excited state resonance Raman spectra of[Ru(bpy)(dpp)2~ in

(a) xerogeland (b) acetonitrile.
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Figure 7.2 Possible destabilisation o fthe M C potentialenergy surface

relative to thato fthe MLCT.

It is possible that, in the sol-gel matrix, the dd state may be destabilised to such
an extent that population ofthis state from the M LCT state is no longer feasible,
even under ambient conditions (see Figure 7.2). However, with respect to the
[Ru(bpy)n(dpp)3n] 2+ series, the question remains as to why the M C state would
be destabilised to a large extent upon immobilisation for the first three complexes
in this series and not for [Ru(dpp)3]2t It is possible that the [Ru(dpp)32+
molecules remain dissolved to some extent by the residual solvent molecules even
after drying. If this is the case, then the temperature dependent lifetime behaviour
of the immobilised [Ru(dpp)3]2+ would resemble that of the complex in

ethanol/methanol solution.
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Figure 7.3 Possible rigid m atrixperturbations (dotted lines) ofthe M LCT

and 3 C states caused by the xerogel.

An alternative explanation for the inability to populate the MC state
involves the "rigid matrix effects" [12,13] caused by the sol-gel matrix which
were previously discussed in Chapter 6 [14], This interpretation maintains that
the potential energy surfaces of the excited M LCT and MC states are perturbed
in such a manner that surface crossing from the M LCT to the 3MC level can no
longer occur in the temperature range studied in this thesis, Effectively,
significant steepening of the potential wells may occur (see Figure 7.3) which
may in turn lead to an increase in the activation energy such that population of
the MC state is no longer feasible. Again, in this situation, the activation
parameters obtained for the analysis of the temperature dependent lifetime data
of the immobilised species are most likely related to the population of the

previously reported fourth M LCT state [15,16],



Figure 7.4 Schematic representation ofthe potential energy surfaces [19].

A third possibility is related to the displacement (AQ€ of the potential
energy surfaces from the equilibrium position. We have mentioned previously
that changes in AQe influence the vibrational overlap between the ground- and
excited-state (see Figure 5.1). The rate constant for non-radiative decay
decreases as vibrational overlap decreases. Figure 7.4 depicts the possible
situation of the potential energy surfaces of an Ru(ll) complex in solution. It is
possible that the sol-gel matrix induces some constraint on the complex and a
decrease in AQefor the M C state relative to the ground state may result.

In the gel matrix, the MC geometry may be less substantially distorted from the
ground state geometry. This may be caused by the rigid nature of the xerogel. As
a consequence, the ground state and IMC state may be nested rather than
strongly coupled as in solution. That is, decreasing AQe may sufficiently reduce
the surface crossing of the MC and the ground state potential surfaces so much
so, that the contribution to 1C as shown in Figure 7.4 may be effectively zero.
This would account for the increased emission lifetime of the immobilised
complexes. Furthermore, a change in AQemay result in the nesting of the MLCT

and the MC potential energy surfaces, In effect, upon immobilisation subtle
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changes in the equilibrium displacement of the excited states may give rise to
non-activated processes with low prefactors.

It has been suggested that the Ru(ll) dopants occupy two very different
types of sites within the gel [2,8,17,18], The first site, which gives rise to the
shorter lifetime, is thought to provide a solvent rich environment for the dopants.
This is most likely due to the presence of residual solvents from the sol-gel
processing conditions (i.e. ethanol/water molecules). The Ru(ll) sites with longer
lifetimes are likely those well entrapped within the gel. The kinetic parameters
obtained from the temperature dependence of the emission lifetime of the
immobilised [Ru(dpp)3]2 complex were found to be relatively unaltered when
compared to those measured in solution. This suggests that the sol-gel matrix
places no constraints on the immobilised complex which are observable by the
spectroscopic techniques employed. This may be due to the shielding effect ofthe
bulky diphenyl moieties which extend from the phenanthroline portion of the
ligand. It is possible that the sol-gel network forms around the large [Ru(dpp)3 2+
molecule, in which case the dopant is responsible for creating the pore in which it
is housed. Another explanation is that this immobilised complex remains solvated
to a large extent by the remaining ethanol/water solvent molecules. At ambient
temperatures, sufficient solvent molecules may allow for environmental
relaxation processes to occur in which strongly distorted species are created as in
ethanol/methanol solution.

[Ru(bpy)2(biq)]2+ and [Os(bpy)32+ were chosen in order to report the
effect of the sol-gel matrix on complexes known to possess a M LCT-MC
energy gap in solution which is sufficiently large to effectively eliminate this
decay pathway from the overall relaxation scheme. In all, there are less non-
radiative processes involved in the excited state decay of these complexes. An
increase in the lifetimes o f these complexes was noticed upon immobilisation. A
subtle decrease in the equilibrium displacement ofthe MM LCT state may lead to a
decrease in vibrational overlap of the M LCT and ground states, thereby
increasing the lifetime ofthese complexes.

We have mentioned previously that the activation parameters of the

pyridyltriazole containing complexes depend significantly on the surface charge
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of the silanols. It appears that when these complexes are embedded in a
negatively charged microenvironment, population and subsequent deactivation of
the MM C state is no longer evident. That is, low activation energies and prefactors
are obtained upon analysis of the temperature dependent emission lifetime data.
This difference may have its origin in the negatively charged silica surface
producing greater steric restrictions on the immobilised cationic pyridyltriazole
complexes than the positively charged surface. As such, the rigid matrix effects
mentioned above may be significantly more pronounced for gels prepared at pH 5
than atpH 1

One question, which as yet has not been addressed, is why the monomeric
pyridyltriazole complexes exhibit high kinetic parameters for gels prepared at
pH 1 (as in solution), while the kinetic parameters obtained for [Ru(bpy)3]2+
immobilised under identical conditions are dramatically lowered (when compared
to solution values). This is quite curious, since the relative size of these species
are not un-alike. In solution, the activation energies and prefactors for both
[Ru(bpy)3]2+ and the protonated pyridyltriazole complexes fall into the higher
category indicative ofthermal population ofthe 3V C level. However, differences
in the relative position and overlap of the excited states (i.e the M LCT and MC
states) and perhaps also the ground state may exist between [Ru(bpy)32+and the
pyridyltriazole complexes. As such, while subtle changes in the equilibrium
distances of the excited states or the narrowing of potential wells may have a
dramatic effect on the kinetic parameters of [Ru(bpy)32t the pyridyltriazole

complexes may be relatively unaffected.

7.2 Future work.

Photophysical studies in solution have shown that the short lifetime of
many Ru(ll) polypyridyl complexes in solution is due to the surface crossing
between the M LCT and the non-luminescent MC that controls the emission
lifetime. Population of the 3MC state is accompanied by some geometric

distortion of the molecule that is responsible for photodecomposition of these
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molecules. It appears that the sol-gel matrix induces some constraint on the
Ru(ll) dopant, the extent of which depends very much on the particular Ru(ll)
complex and also the preparation conditions of the sol-gel matrix. It has been
suggested that for [Ru(bpy)3]2+ for example, that the M C state is most likely
inaccessible from the M LCT state. If this explanation is correct then a significant
decrease in the photodecomposition of the incorporated complex should be
observed, which should consequently improve the quality of this complex as a
photosensitiser.

A further experiment which could confirm this hypothesis is the
measurement of the photodecomposition of these Ru(ll) complexes in the gel
matrix. In solution, this experiment is quite straightforward. It involves dissolving
the complex in a solvent (e.g. dichloromethane) with a suitable source of counter
anion (e.g. benzyl tetraethyl ammonium chloride (0.005 mol/L)) and irradiating
the solution. During photolysis, displacement of one of the co-ordinating ligands
by the counter anion can occur. This photodecomposition process can be
monitored by HPLC methods. However, in the gel matrix, a number of
complexities are likely to arise. Firstly, the choice of solvent and counter anion
must be such that both are capable of permeating the gel structure. This is by no
means trivial, since the surface silanols are known to be charged and may repel
certain species through electrostatic interactions thus preventing their entry into
the porous gel. Secondly, it is possible that a portion of the immobilised Ru(ll)
dopants within the gel structure are contained within glassy regions [8] thereby
rendering them inaccessible to the chosen solvent and counter anion. Finally, a
qualitative method of detection must be chosen which allows for the distinction
between the Ru(ll) dopant and the product of photolysis.

Presently, the excited-state and ground-state resonance Raman spectra of
these doped sol-gel glasses are

It would also be interesting to examine the behaviour of the bpt
diphenylphenanthroline dimer ([(Ru(dpp)2)2(bpt)]3) and also the mixed ligand
dimer ( [Ru(bpy)2(bpt)Ru(dpp)d 35 upon incorporation into the sol-gel matrix.
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