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Abstract 

The aim of this work is to produce a point-of-use water disinfecting technology that harnesses 

the power of sunlight to disinfect water through generation of singlet oxygen by metal 

complex photosensitisers attached to solid supports. To that end a number of Ru(II) and Cu(I) 

complex photosensitisers based on bipyridyl-type ligands have been synthesised and 

immobilised onto various supports. The compounds were tested with regards to their singlet 

oxygen generating abilities and bactericidal efficiencies against Staphylococcus aureus and 

Escherichia coli. 

Chapter 1 contains an introduction to the topic of singlet oxygen photosensitisation, 

photodynamic inactivation of bacteria, and a literature survey of the field of solar purification 

of water using supported singlet oxygen photosensitisers. 

Chapter 2 discusses the main synthetic work: synthesis of a wide range of Ru(II) and Cu(I) 

complexes with polypyridyl ligands, followed by spectroscopic characterisation using UV-Vis, 

steady-state and time-resolved fluorescence spectroscopy. The complexes’ immobilisation 

onto solid supports is described and the resulting immobilised compounds were also 

characterised using UV-Vis, Infrared and fluorescence spectroscopy. The ruthenium complex 

[Ru(bpy)2(bpy-silatrane)]Cl2 (RuBS) was synthesised and covalently grafted onto 

chromatography silica (40-60 mesh), SBA-15 and MCM-41 with surface coverages of 38, 50 

and >80 µmol g-1 respectively. A number of other Ru(II) polypyridyl complexes were 

synthesised with the aim of improving singlet oxygen quantum yield. Tetrasodium Ruthenium 

tris(bathophenantholine disulfonate) (RuBPS) was ionically bound onto the surface of 

Amberlite® IRA900 with a surface loading of 1.20 µmol g-1
. To PDMS were covalently grafted 

two Ru(II) polypyridyl complexes. This was performed by two methods: amination with 3-
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amino(propyl triethoxysilane) (APTES) and 3-mercapto(propyl trimethoxysilane) (MPTS).  A 

number of Cu(I) diamine diphosphine complexes ({Cu(NN)(PP)}+) were also synthesised with 

optimisation of singlet oxygen quantum yield and absorption in the visible spectrum being 

evaluated. Of all of the synthesised complexes the known compound [Cu(2,9-dimethyl-1,10-

phenanthroline)(xantphos)]tfpb was dry-loaded onto chromatography grade silica to produce 

the compound CuXD-CS, with surface loading of 11 µmol g-1 of the active complex. 

Chapter 3 describes the quantification of singlet oxygen production by the synthesised 

compound, both in solution and when grafted onto solid supports. The singlet oxygen 

quantum yields of the following Ru(II) complexes was measured: RuBS (ΦΔ= 0.55 ±0.03), 

RuBMS (ΦΔ= 0.60 ±0.04) and RuPS (ΦΔ= 0.88 ±0.03); along with the Cu(I) complexes 

{Cu(dmp)(xant)}+
 (ΦΔ= 0.30 ±0.04), {Cu(BC)(xant)}+

 (ΦΔ= 0.41 ±0.03), {Cu(BCS)(xant)}+ (ΦΔ= 

0.42 ±0.08), {Cu(dmp)(DPEPhos)}+ (ΦΔ= 0.40 ±0.09). 

In Chapter 4 the singlet-oxygen based bactericidal activity of two of the solid support-

immobilised complexes was tested on S. aureus and E. coli with varying degrees of success 

following an introduction into the cell wall structure of Gram-positive and Gram-negative 

bacteria. RuBS covalently grafted onto chromatography silica (RuBS-CS) was unable to reduce 

colonies of S. aureus and E. coli after 2 hours of illumination by 455 nm light (2.5 mWcm-2).  

The complex [Cu(2,9-dimethyl-1,10-phenanthroline)(xantphos)]tfpb also showed no 

photodynamic bactericidal activity on its own.  However, the same Cu(I) complex dry-loaded 

onto chromatography silica, CuXD-CS, reduced colonies of S. aureus and E. coli by 99.9999% 

(6-log10) after 2 and 3 hours of illumination by 405 nm light (14.3 mW cm-2) respectively. 

Chapter 5 includes all synthesis and characterisation data of the complexes presented in this 

work. 
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1.1 Current Non-photosensitiser Water Disinfection Technologies 

Access to drinking water free from microbiological and chemical contaminants 

continues to prove itself an international issue to be overcome. Globally, roughly 2.4 million 

deaths annually are caused by lack of adequate sanitation methods and potable water.1  A 

study from 2015 by the World Health Organisation found that 663 million people did not have 

access to clean drinking water and over 80% of these people live in rural areas.2 Thorough 

sewage waste systems and water treatment are the most effective ways of reducing risk of 

drinking contaminated water and spreading disease. However, in rural areas these facilities 

are either sparse or non-existent, meaning more local, point-of-use (POU) methods are 

necessary for providing safe drinking water to households. 

A solution utilising chemistry and materials sciences to create a piece of batch 

technology should be possible. It would ideally: be cheap, effectively removing all microbes 

and pollutants; be easy to use; have a simple and green method of preparation; be easy to 

transport; and would not require any form of costly infrastructure. As water cleaning requires 

a large amount of energy and many rural areas with little access to drinking water have an 

abundance of unharnessed solar energy, it follows that a water purification method utilising 

energy from sunlight could be used. 

Various methods and technologies already employ the harvesting of energy from 

sunlight to produce clean drinking water. Some have been tested more thoroughly than 

others and many have not seen testing on-site. However, it is likely that in the following 

decade these technologies will see the light of day. The following examples are provided as a 

background for a study on photosensitisers. For a more in depth comparison of these 

methods see the review by Loeb et al.3 
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 Solar Disinfection (SODIS) is a commonly used POU method of water disinfection 

recommended by the WHO. The method consists of exposing water sealed in glass or 

polyethylene terephthalate (PET) bottles to sunlight over an extended period of time ranging 

between 5-48 hrs.4 This method has seen some success in various developing countries, and 

countries in a state of emergency.4–7 When the temperature exceeds the pasteurization point 

(>70 C) and is maintained for over 4 hours, the water can be considered safe to drink. UV-A 

also has germicidal effects in water as it is absorbed by dissolved organic matter to produce 

reactive oxygen species (ROS),8 including singlet oxygen, the hydroxyl radical, peroxides and 

superoxides, which are biocidal. While displaying bactericidal inactivation of up to 99.99%, it 

is generally unsuccessful at eliminating viruses from drinking water, achieving around 80% 

reductions.9 

 
 

Figure 1 Picture of SODIS in use in Indonesia. 

SODIS has a few clear advantages that lie in its simplicity: it is very easy to understand 

and use and it is cheap and sustainable – due to it only requiring sealable plastic bottles that 

can be reused. However, its simplicity is also the source of its disadvantages. As the water 

needs to be stored in bottles the disinfection can only occur on very small scales, a very large 
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sealable container would be required otherwise. It requires the untreated water to be 

relatively clear, with the presence of turbidity greatly increasing the necessary exposure time. 

As SODIS relies partly on the germicidal effects of UV-A in water this method only harvests a 

small proportion of sunlight with germicidal wavelengths constituting a small band in the 

region of 320-400 nm. Furthermore, SODIS requires a large amount of inactive PET and glass 

bottles as well as a large area exposed to the sun to leave them in. 

Light emitting diode (LED) lamps used with Photovoltaic Solar cells can be used to 

produce Ultraviolet (UV) light in the UV-C region (100 – 280 nm). This represents a promising 

investment for POU water disinfection in rural areas. These hybrid systems depend on the 

germicidal nature of light in the UV-C region and are powered by current generated by 

photovoltaic cells, so can be used in remote areas far from conventional power sources. UV-

C lamps would offer a robust and stable method of eliminating a broad range of 

microorganisms without the use of chemical consumables.  Ibrahim et al. theorised that UV-

C LEDs would be commercially viable within the next 10 years.10 Although LED’s reach shorter 

wavelengths and higher efficiencies year-by-year, they are still far from reaching the full UV-

C spectrum.11 UV-C lamps are also marred by low quantum efficiency, high operating voltage 

and high production cost as well as UV-C posing an eye and skin hazard.12  

Photocatalysts such as titanium dioxide (TiO2) have been studied extensively as 

potential photodynamic antimicrobial compounds, and have been used in a variety of 

environmental applications.13–18 TiO2 can convert UV light energy into a redox potential on its 

surface, by promoting electrons from the insulating to the conducting bands, and thereby 

acting as a semiconductor.  Semiconductors with valence bandgaps in the UV to visible range 

can absorb photons with an energy greater than or equal to that bandgap to create a charge 

separated conduction band electron (e-) and a valence band hole (h+) across the bandgap, and 
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these generate bacteriodicdal 'reactive oxygen species' (ROS). Valence band holes, which are 

1-electron oxidising agents, can then react with water to produce the hydroxyl radical (•OH); 

and the excited e- (a 1-electron reducing agent) with oxygen in water to produce the 

superoxide anion (O2
-). The hydroxyl radical is highly reactive and is thus germicidal.19 In 

addition the superoxide anion quickly reacts to form hydrogen peroxide (H2O2) a long-lived 

compound and known disinfectant.  TiO2 was also capable of reducing colonies of oocyst C. 

parvum 99% (log10).20 Oocysts are another type of parasitic microbe present in dirty drinking 

water that can lead to disease, and while larger than bacteria and viruses (so they can thus 

be filtered out of solution), they are harder to kill through exposure to ROS. A recent study by 

Teng et al.21 showed promising results utilizing carbon nitride nanosheets as a photocatalyst 

for water disinfection: these displayed complete inactivation of bacterial cultures after 30 

minutes of irradiation with white light. This photocatalyst was found to produce the 

superoxide radical in larger quantities than other forms of ROS. The superoxide reacts quickly 

with water to form hydrogen peroxide, which is far longer lived than other ROS. 

Photocatalysts provide a promising method for water disinfection, however, they are 

marred by inefficiencies. For one, only the small proportion of the sun’s light which is UV light 

(<380 nm) is generally harvested. However, research is being conducted to broaden titania’s 

absorbtion spectrum into the visible region.22 Another drawback is that the hydroxyl radical 

is heavily quenched by natural organic matter in the water.13 

Upconversion phosphors have been of particular interest due to their ability to 

convert lower energy photons into higher energy photons. They achieve this by sequential 

absorption of two photons by a single activator ion or two neighboring ions each absorb a 

photon and one then transfers its energy to the other.23 These compounds take the form of 

crystalline powders or ceramics doped with lanthanide ions that are insoluble in water, 
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allowing a filterable and reusable product for treatment of water. In the case of water 

disinfection, upconverters capable of absorbing light in the visible region and emitting in the 

UV-C region have been developed.23 These compounds, however, are still in very preliminary 

stages of development and only one has been tested on microorganisms. It currently suffers 

from very poor quantum efficiency.24 

1.2 Photosensitisers 

Photosensitisers (PS) produce highly reactive singlet oxygen (1O2) by absorption of 

light and interacting with ground state oxygen (3O2). They are extremely desirable due to their 

high quantum yields (QY) and the strong biocidal action of singlet oxygen. A high quantum 

yield means that PS can very efficiently harvest incident solar energy and thus require the 

smallest energy input at POU.  PSs are often employed for photodynamic therapy (PDT) to kill 

cancer cells in chemotherapy. However, they tend to be more complex and costly for this 

application as the drugs need to be suitable for use in vivo they have to operate within strict 

transparency windows and toxicity levels.25 There are, however, numerous examples of far 

simpler and cheaper PS more suited for use in environmental applications.26 

1.2.1  Photophysics of photosensitiser compounds and excitation of molecular oxygen 

 

Figure 2 Frontier orbital diagram showing the various possible electronic transitions: MLCT, d-d, π -π*, LMCT. 

Transition metal-diimine complexes have rich excited state chemistry with numerous 

applications. No transition metal complex is more studied perhaps than ruthenium (II) 
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tris(bipyridine). In this complex the Ru2+ metal ion center is coordinated to three 2,2’-

bipyridine ligands to form an (approximately) octahedral dicationic complex (more accurately 

a complex with D3 symmetry) with d6 electron configuration. A strong crystal field gives a low 

spin formation of full t2g orbitals, which form the highest occupied molecular orbitals (HOMO). 

The large crystal field splitting also yields the empty ligand p-antibonding (π*) orbitals as the 

lowest unoccupied molecular orbital (LUMO). Thus, the lowest energy excitation that can 

occur to the complex in the ground state is from the metal t2g orbital into the ligand π* orbital 

(Figure 2). This is a metal-to-ligand charge transfer (MLCT). The next in energy is from the 

metal center t2g to eg, called a d-d transition or metal-centered (MC) transition. This is 

followed by the intraligand transition π -π* and then ligand-to-metal transfer (LMCT). 

 

Figure 3: Jablonski diagram displaying the different modes of excitation and relaxation of a photosensitiser. Blue box 
contains molecular orbital diagram showing oxygen pi electrons. 

The photophysics involved in production of singlet oxygen are displayed using a 

Jablonski diagram in Figure 3. Photosensitisers work by first absorbing the energy of a photon, 

thereby promoting it to an energetically excited singlet state (S2 or S1). If the molecule is in a 

higher excited state (S2) it can then undergo vibrational relaxation, followed by an internal 

conversion to reach the lowest excited state S1. The molecule can return to its ground state 

by fluorescence, vibrational relaxation (green arrows) or undergo intersystem crossing (ISC), 
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effectively reversing the spin of the electron, bringing the complex to a triplet state (T1). In 

metal coordination complexes this is the 3MLCT state. In this triplet state the excited electron 

is no longer spin-paired with the electron as in the ground state, but is spin-opposed, meaning 

that the relaxation is spin-spin forbidden. This gives the triplet excited state a longer lifetime 

and accounts for the long-lasting glow in phosphorescence (red arrow). This PS can produce 

reactive oxygen species through two photoprocesses (Type I and Type II). The Type I pathway 

involves the PS triplet state undergoing electron-transfer interactions with substrates 

creating cytotoxic radical species.27  

 

Figure 4 Molecular orbital diagrams showing the electronic structure of the different excited states of molecular oxygen. 

In the Type II pathway, the PS has a direct energy-transfer interaction with molecular 

oxygen, which has a triplet ground state. The 3O2 quenches the excited state PS and is itself 

excited to a singlet state, 1Σg (Figure 4), which can then reach oxygen’s lowest excited state 

(1Δg) through isoenergetic processes. In this diamagnetic state, interactions with many 

organic molecules (also in the singlet state) are allowed in terms of spin restriction, making it 

a potent oxidiser and electrophile. This low-energy excited state, generally termed 'singlet 

oxygen', is highly reactive and is capable of oxidising many biological molecules, leading to 

cytotoxicity.28,29  



 10 

1.2.2 1O2 Generation kinetics and measuring 1O2 production 

To quantify the amount of singlet oxygen produced by a photosensitising species the 

quantum yield of singlet oxygen production (ΦΔ) can be used. There are a few ways in which 

this can be measured, for example: using a pulsed laser to measure singlet oxygen 

phosphorescence at 1270 nm; measuring thermal lensing in solution; and time dependent 

quencher disappearance.30 

 Type I reactions which generate the O2 excited state results in either abstraction of a 

hydrogen atom or electron transfer, yielding radicals or radical ions, competing with the 

quantum yield of singlet oxygen phosphorescence. Type II reactions leads to the production 

of singlet oxygen by energy transfer from the PS triplet state. To understand the quantum 

yield of a photosensitiser we must therefore consider the rates of some of the 

photoprocesses at play: 

𝑆0 + ℎ𝑣 → 𝑆1    ( 1 )  𝑟𝑎𝑡𝑒 = 𝐼𝑎 

𝑆1 → 𝑇1   ( 2 ) 𝑘𝐼𝑆𝐶  

𝑆1 → 𝑆0   ( 3 ) 𝑘𝑛𝑟
𝑆  

𝑆1 → 𝑆0 + ℎ𝑣′   ( 4 ) 𝑘𝐹  

𝑇1 → 𝑆0 + ℎ𝑣′   ( 5 ) 𝑘𝑃  

𝑇1 → 𝑆0   ( 6 ) 𝑘𝑛𝑟
𝑇  

𝑇1 + 𝑂 
3

2 → 𝑆0 + 𝑂 
1

2  ( 7 ) 𝑘𝑒𝑛 

𝑇1 + 𝑂 
 

2 → 𝑆0 + 𝑂 
 

2  ( 8 ) 𝑘𝑑𝑂2
 

𝑇1 + 𝑂 
 

2 → 𝐷0 + 𝑂 
 

2
• −    ( 9 ) 𝑘𝑒𝑡  

In these equations 𝑆0, 𝑆1 and 𝑇1 represent the photosensitiser in its ground state, first 

excited singlet state and first triplet excited state respectively. Equation 1 represents the 

absorption of a photon by the ground state PS and internal conversion/vibrational 

relaxation from higher lying ground states; its rate constant can be derived from the 

absorbance of the PS at a given wavelength. 𝑘𝐼𝑆𝐶  is the rate of intersystem crossing from 𝑆1 
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to 𝑇1 (Equation 2). Deactivation of the excited states by molecular oxygen (𝑘𝑑O2
) and 

electron transfer interactions (𝑘𝑒𝑡) compete with energy transfer (𝑘𝑒𝑡). 

𝑘𝑇𝐷 = 𝑘𝑛𝑟
𝑇 + 𝑘𝑃 (10) 

𝑘𝑇𝑄
𝑂2 = 𝑘𝑒𝑛 + 𝑘𝑑𝑂2

+ 𝑘𝑒𝑡 (11) 

 

The sum of the rates of quenching of 𝑇1by oxygen can be expressed as 𝑘𝑇𝑄
O2  (Equation 11). And 

the sum of the rates of radiative and non-radiative emissions leading to the deactivation of 

𝑇1 can be expressed as 𝑘𝑇𝐷(Equation 10). From these rates we can find the proportion of 𝑇1 

quenched by oxygen, 𝑃𝑇
O2  (Equation 12) and the fraction of 𝑇1 quenched by oxygen to give 

singlet oxygen, 𝑓 O2 
1
𝑇  (Equation 13). 

𝑃𝑇
𝑂2 =

𝑘𝑇𝑄
𝑂2 [𝑂2]

𝑘𝑇𝐷 . +𝑘𝑇𝑄
𝑂2 [𝑂2]

(12) 

𝑓 𝑂2 
1
𝑇 =

𝑘𝑒𝑛

𝑘𝑇𝑄
𝑂2

(13) 

The quantum yield of singlet oxygen produced can therefore be written as the sum of the 

contributions from the two excited states. (NB: Only a small amount of singlet oxygen will 

be produced by interactions with 𝑆1 as the quantum yield for triplet-state formation in 

transition metal complexes is usually near unity. For simplicity’s sake, its calculation is not 

included in the calculations. However, its contribution will be noted as 𝛷𝛥(𝑆) (Equation 14). 

𝛷𝛥 = 𝛷𝛥(𝑆) + 𝛷𝛥(𝑇) (14) 

𝛷𝛥(𝑇) = 𝛷𝑇
𝑂2𝜙𝑒𝑛 = 𝛷𝑇

𝑂2𝑃𝑇
𝑂2𝑓 𝑂2 

1
𝑇 (15) 

Or, it can be written in terms of rate constants and oxygen concentration: 

𝛷𝛥(𝑇) = 𝛷𝑇
𝑂2

𝑘𝑒𝑛[𝑂2]

𝑘𝑇𝐷 + 𝑘𝑇𝑄
𝑂2 [𝑂2]

(16) 
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Where 𝛷T
𝑂2 is the quantum yield of triplet formation. The population of this excited state 

has two contributors: intersystem crossing and the quenching of 𝑆1by oxygen to give 𝑇1. 

 

1.2.3 Existing non-metal immobilised photodynamic antimicrobial compounds 

Numerous 1O2 PS compounds, dyes with extended triplet-state lifetimes, have been 

developed and investigated for their photodynamic inactivation of bacteria: Rose Bengal, 

phenathiazinium compounds (such as methylene blue), anthraquinones, metal-organic 

frameworks (MOFs), porphyrins, phthalocyanins, ruthenium polypyridyl complexes and 

BODIPYs.31–35  

When producing a new 1O2 photosensitising material there are numerous 

considerations: Economic viability of active compound and support; photo/chemical stability 

of the compound as well as mechanical durability (little to no leaching of active material from 

the support for example); strong absorption in the visible in order to effectively utilize 

sunlight; good triplet quantum yield, rate of ISC and singlet oxygen quantum yield; and a low 

rate constant of singlet oxygen quenching. 

In solution PSs are often very effective, by virtue of being able to be absorbed by 

bacteria and thus aggregate on the inside, drawing itself nearer to vital parts of the cell. 

However, they do not need to be free in solution to function as effective antimicrobials, as 

singlet oxygen can be effective acting from outside of the cell as well.36,37 In addition, due to 

their frequently high production costs, recovery of the PSs is highly desirable. Thus, a large 

proportion of research in the area is coupled with effective immobilisation of 

photosensitisers. Immobilisation does have its setbacks: the quantum yield for 1O2 generation 

of immobilised photosensitisers is generally smaller than for the free species, likely due to 

limitations by the diffusion of oxygen to the surface of the material.38 However the 
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advantages of immobilization onto support media are clear; recovery and reuse of the species 

but also easy separation from medium being cleaned, which is vital in water purification. 

Bacteria can be divided into two categories: Gram positive (+) and Gram negative (-). 

The distinction between these two types is that Gram(+) bacteria lack the additional outer 

plasma membrane that Gram(-) bacteria have, making them less resistant to antibiotics. Both 

Gram(+) and Gram(-) bacteria are generally deactivated by exposure to singlet oxygen. 

However, Gram(+) bacteria seem to be more susceptible to photosensitisers due to their cell 

wall lacking the outer plasma membrane (this is expanded in Chapter 4). The additional thick, 

negatively charged outer membrane on Gram(-) bacteria attracts cationic species. It is 

therefore beneficial for the photosensitising compound to have a net positive charge as it will 

allow the photosensitiser to aggregate at the bacterium or vice versa.  

 

Rose Bengal 

 

Figure 5 Rose Bengal 

Rose Bengal (Fig. 5) is a well-known dye and effective photosensitiser due to a strong 

absorption band in the visible region (550 nm – 700 nm), a high quantum yield for 1O2 

generation (𝛷𝛥= 0.76),28 and a very high antimicrobial activity against Gram(+) bacteria in 

solution.32,39 The compound also has antimicrobial properties not related to its 

photosensitising abilities. It has been incorporated into polymeric chitosan and cellulose 

acetate,40–44 and has been immobilised on various synthetic polymers.45–47 A study by 
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Nakonechny et al. even saw Rose Bengal, supported on silicon, successfully reducing colonies 

of S. aureus under irradiation with radio waves.48 

Rose Bengal has been immobilised onto silica nanoparticles by Zhang et al. with 

surprising results: although the immobilised photosensitiser has a lower quantum yield for 

singlet oxygen generation than when free in solution, its antibacterial activity increases, 

deactivating more bacteria by two orders of magnitude.46 This is likely due to the increased 

surface area making access to molecular oxygen by the PS easier, increasing cell damage. Rose 

Bengal has an extensive literature of antibacterial activity in solution and on supported media. 

While Rose Bengal has many excellent properties, it is held back by its lastingness, in that it 

undergoes photobleaching by reacting with the singlet oxygen such that it is permanently 

unable to fluoresce or produce singlet oxygen. 

 

Phenothiazinium compounds  

 

Figure 6: Phenotiazinium compounds 

Methylene Blue (MB), New Methylene Blue (NMB) and Toluidine Blue O (TBO) (Fig. 6) 

are amongst the cationic aromatic photosensitisers that together constitute the 

phenothiazinium compounds. Due to their overall positive charge, they are effective 

antibiotics against both Gram(+) and (-) bacteria,34,49,50 and have been found to be effective 

against a number of antibiotic-resistant strains of bacteria in solution.34,51 Phenothiazinium 
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compounds have strong absorbance in 550 nm – 700 nm and a reasonable quantum yield 

(𝛷𝛥 = 0.52).28 Phenothiazinium compounds have been incorporated in polymers such as 

silicone, polyurethane, polyethylene and cellulose acetate mainly for use in antimicrobial 

surfaces and materials in hospitals.52–57 

The dyes have been encapsulated into medical grade polymers along with nanogold 

through a “swell-encapsulate-shrink” method. These polymers showed strong antimicrobial 

activity when exposed to white light for 24 hrs and for 1-10 minutes when exposed to a low-

power 660 nm laser.52,58,59 

A cheap and easy method of immobilising dyes on a polyethene film by spreading a 

mixture of Rose Bengal, MB, TBO and poly(vinylidine fluoride) nanobeads onto its surface 

using a heat press (95 C, 1 hr) was developed by Cahan et al. This material showed bacterial 

inactivation of Gram(+) and (-) strains. However, Gram(+) bacteria were far more sensitive to 

this method of inactivation.60 

Piccirillo et al. reported covalently bonding TBO to the surface of an activated silicone 

polymer. This material had very strong bactericidal properties, rendering 99.999% of E. coli 

and S. epidermis inviable after only 4 minutes exposure from a low-power laser. This is despite 

the fact that very low levels of dye were actually bound to the silicone and is likely due to the 

PS being bound in the best possible position (at the surface) to be as close as possible to the 

bacteria.56 TBO immobilised on silica nanoparticles exhibited antimicrobial activity towards S. 

epidermis and  E. coli. Using a low-power laser at 630 nm the bacteria populations showed a 

99% reduction after only 2 (S. epidermis) and 3 (E. coli) minutes of irradiation.61 
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Porphyrins 

 

Figure 7: Porphyrin general structure 

Porphyrin compounds (Fig. 7) have very high quantum yields for singlet oxygen 

production in specific solvents ( 𝛷𝛥  up to 0.95); however due to their relatively narrow 

absorption bands they do not exploit the full solar emission spectrum.62 Porphyrins are 

present in natural systems, indicating that they do not have cytotoxicity in the absence of 

light. This makes them ideal candidates for in vivo and environmental applications. The ability 

to coordinate metal ions to porphyrins in the centre of the ring allows further additions of 

ligands for fine-tuning or for immobilisation onto support media. Free porphyrins tend to 

have better QYs for singlet oxygen generation than do phthalocyanins and porphycenes, as 

they do not dimerise in solution which leads to self-quenching of the triplet state.62  

Porphyrins have been successfully incorporated into a wide variety of natural 

polymers including chitosan63, cellulose64 and dextran65. These make environmentally friendly 

materials with great potential in household, medical and industrial applications. There have 

been multiple reports of creating effective antimicrobial agents through the binding of 

porphyrins to cotton (cellulose), which constitutes a promising support through sheer 

availability and sustainability.64 Nanocrystalline cellulose (NCC) also offers many benefits as a 

support, including a large surface area; high mechanical strength; availability and 

biodegradability. Porphyrin PSs bound to NCC have been successfully used to effectively 

reduce bacterial growth in many strains of Gram(+) and (-) bacteria.66,67 
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Synthetic polymer conjugates also provide an eco-friendly and efficient way of 

immobilisation of substrates on solid supports. A considerable amount of research has been 

done on incorporating porphyrins into polymers, some resulting in cheap and robust 

materials which are easily recovered. Giulio Jori et al. reported the synthesis of a poly-S-lysine 

conjugate that eliminated numerous strains of antibiotic-resistant Gram(+) and (-) bacteria. 

The added conjugation from the polymer also significantly improved the activity of the PSs.68  

A bridged polysilsesquioxane doped with 5-(4-carboxyphenyl)-10,15,20-tris(4-

methylphenyl)porphyrin was synthesized to make a mechanically stable film that was 

moldable. Under exposure to light the material exhibited good antifungal effects on C. 

Albicans.69 

Porphyrin-conjugated carbon nanotubes (NT-P) have been successfully synthesized to 

yield a chemically and mechanically stable material capable of killing S. aureus in water, which 

also shows antimicrobial action as a flexible macroscopic film. As a powder in water it is easily 

separated and reusable (it was still found to be effective after the 5th use), making it 

economically and environmentally friendly option for water purification.70–72 

 

Figure 8: [Sn(TPP)(OH)]-O-(SiO2) axially coordinated to silica (TPP = tetraphenylporphyrin)  
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Coordination to the porphyrin through the axial coordination site holds promising possibilities 

through ease of binding to silica. Silica nanoparticles present a cheap and practical support 

medium. Porphyrins supported on silica have shown low levels of photobleaching and high 

activity against Gram(+) and (-) bacteria.73 This conjugate was also easily filtered from its 

aqueous suspension and showed high reusability. Tin- and antimony- based, silica-bound 

metalloporphyrins have both been successfully produced. This tin metalloporphyrin (Fig. 6) 

was found to effectively produce singlet oxygen, however its photobactericidal activity has 

not been investigated.74,75 The antimony analogue has been found to effectively inactivate E. 

coli and Legionella pneumophila.76,77 

Silica coated magnetic nanoparticles for the attachment of porphyrins have gained a 

lot of interest because of their easy separation and purification from suspension utilizing a 

magnetic field.78 This clever modification could find significant use in water disinfection.  

Recent research has produced a photostable product with high bacterial inactivation which 

retains its bactericidal activity after 6 uses.78 

 Porphyrin-based conjugated microporous polymers (CMPs) are novel, non-toxic 

materials with good photosensitizing ability and high stability. They consist of a 3-dimensional 

framework of covalently bonded conjugate networks that allow fine tuning of porphyrin unit 

positions. Their good photo- and chemical stability, with a high singlet oxygen production 

quantum yield and reusable nature, makes them promising candidates for use in 

antimicrobial surfaces and water disinfection agents. More research needs to be done with 

respect to their antimicrobial strength.79 

Metalloporphyrins can also be incorporated into metal-organic frameworks (MOFs). 

MOFs are microporous (pore sizes <2 nm) which would allow fast diffusion of water through 

them. This would mean very high surface area and large number of active sites for singlet 
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oxygen production. Zhang et al. studied the photosensitizing ability of a zirconium-

metalloporphyrin MOF and found it to be a possible photosensitiser with low water solubility 

and cheap starting materials, making it of interest in the disinfection of drinking and waste 

water.80  

 

Figure 9 Phthalocyanin general structure 

 

 Phthalocyanins (Fig. 9) are macrocyclic molecules similar to porphyrins in structure 

and conjugation. Like porphyrins, they are amenable to immobilisation on surfaces, and good 

quantum yields are observed on-support.81 Phthalocyanins have found success in being spun 

into polystyrene polymer nanofibers to produce recyclable photo- and chemically stable 

materials.81–83 

Other Photosensitisers 

 In the past few years fullerenes have come under the spotlight as potentially potent 

PSs. Their strong absorption in the UV and throughout the visible regions, along with excellent 

singlet oxygen photogeneration and low water solubility, make them very promising 

heterogeneous antimicrobial materials.84–86  
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Figure 10: 1-(4-Methyl)-piperazinylfullerene (MPF) used by Manjon et al. reproduced from from ref. [81] with permission 
from the Royal Society of Chemistry 

Manjon et al. tested the photodynamic disinfecting ability of a silica-supported [C60] – 

fullerene (Fig. 10) in water against a similarly-supported Ru(II) polypyridyl complex. Although 

the fullerene saw excellent loading rate and singlet oxygen lifetime, it showed surprisingly 

poor bacterial deactivation. Due to the hydrophobic nature of 1-(4-Methyl)-

piperazinylfullerene (MPF), a limited amount of the PS can be loaded onto the anionic porous 

silica, failing to neutralise a negative net surface charge.87 

Another recent study by the Moor group focused on the immobilisation of C60-

fullerene onto silica particles through covalent attachment (Fig. 11). A simple synthetic 

method produced a material with good inactivation of bacteriophage MS2 which did not 

suffer from significant leaching or photobleaching. Although this is a promising result, further 

research has to be carried out on its bacterial deactivation properties.88 

 

Figure 11: C60-fullerene covalently bound to silica or porous silica 
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 Porphyrin-fullerene C60 dyads provide a unique approach to photosensitiser 

immobilisation. The dyad contains three carbazoyl groups covalently attached to tetrapyrrolic 

macrocycle porphyrins (Fig. 12). The porphyrin units act as a light-harvesting array, with the 

carbazoyl groups acting as antennae, transmitting energy to the fullerene units. This 

interesting method of coupling increases the lifetime of the charge separated state, giving a 

higher yield of singlet oxygen.89–91 

 

Figure 12: Porphyrin-fullerene thin film developed by Duratini et al. reproduced from ref [88] 

 This biofilm effectively eliminated 99.99% of S. aureus after 30 minutes and E. coli 

after an hour in cell suspensions. This material shows overall promise with good absorbance 

across the solar spectrum, excellent bactericidal activity and sees little effect from scavenging 

natural organic materials in water.  The cost of the materials makes this currently unviable 

however, and more tests have to be done on the films' performance with wastewaters.  

 

Figure 13: DIMPy-BODIPY photosensitiser 
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Distyryl boron dipyrromethane (BODIPY) compounds are strongly luminescing dyes, 

widely used for bio-imaging. They have more recently been found to be effective 

photosensitisers and have been tested as PDT drugs.92  A cationic BODIPY free in solution (Fig. 

13) has been shown to cause 6-log deactivation (99.9999% reduction) of S. xylosus and E. coli 

after just 5 minutes of illumination under green light.93 Another study by the Ghiladi group 

showed that the same compound was extremely effective in killing bacteria, viruses and fungi 

in solution even at low concentrations utilising light in the visible range (400-700 nm). 94 

BODIPY dyes do tend to aggregate in solution giving lower efficiencies.92 This problem 

could be solved by immobilisation on solid supports. Recent research by the Parkin group has 

produced a novel PDMS material with two BODIPY complexes covalently bound to the 

surface.95 The materials were produced for use on medical surfaces and a bromo-analogue 

BODIPY on the surface of PDMS saw a 99.9% reduction of bacteria after 5 hrs under hospital 

light. The method for attachment by Brook et al. allows for monolayer coverage of PDMS by 

the PS, meaning less of the costly materials are wasted. 96 

1.2.4 Ruthenium Compounds 

 

Figure 14: Ruthenium tris-bipyridyl ion. 

Ruthenium polypyridyl complexes provide a great foundation for versatile 

photosensitisers in antimicrobial applications. Ligands can be easily added to the ruthenium 

ion to tune its properties whilst being strong enough to retain shape and form stable, robust 
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compounds which are less likely to photodegrade compared to organic dyes.97 The ability to 

select the coordinating ligand also opens an opportunity to immobilise the photosensitiser on 

a wide variety of supports. 

Excitation of Ru(II) polypyridyl complexes in the 180 – 500 nm region followed by fast 

intersystem crossing from the initially-generated 1MLCT state leads to the formation of the 

metal-to-ligand charge transfer triplet excited state (3MLCT). Fast ISC means quantum yields 

for triplet production are of near unity in ruthenium(II) complexes and long 3MLCT lifetime 

gives excellent quantum yields of oxygen production (See figure 3 where S0 is the ground state 

Ru, S1 is 1MLCT state and T1 is the 3MLCT excited state.).98,99  

 

Figure 15 Bactericidal photosensitisers utilized by Prakash et al. ref [100]. 

Prakash et al. tested the bactericidal activity of the two complexes 

[Ru(bpy)2(phendione)](PF6)2.2H2O and [Ru(phendione)3]Cl2.2H2O (Fig. 15). They were found 

to effectively deactivate B. subtilis, S. aureus, E. coli, P. aeruginosa (in order of sensitivity). 

These compounds were then successfully adsorbed onto activated carbon as a means of 

removal from solution. This seems a promising method of disinfecting water followed by 

removal of PS. However, the compounds could not be desorbed from the carbon, and the 

effectiveness of the carbon with the PS adsorbed was not tested, meaning the PS material 

may be effectively lost.100 
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Figure 16: Ligands (L)  used by Orellana et al. to make [RuL3] complexes as silica-immobilised ruthenium photosensitisers. 
The lables refer to the [RuL3] complex where the ligand shown is L. 

 

Orellana et al. successfully immobilised two Ru(II) polypyridyl PSs (RSP2+ and RSD4-) in 

hydrophilic cationic polymers or on hydrophobic porous silicone. Silicone rubber has high 

oxygen permeability, high photogenerated singlet oxygen lifetime,101 is optically translucent, 

mechanically- and photo-stable, chemically inert and commercially available. As such, it looks 

to be an excellent prospect for the immobilisation of PSs. RDP2+ showed no leaching from its 

support and good singlet oxygen production. RSD4- immobilised in hydrophilic cationic 

polymers showed poor singlet oxygen production and high PS leaching, likely due to singlet 

oxygen interaction with hydroxyl groups in the polymer.57,102,103 

RDP2+ and RDB2+ ruthenium compounds were loaded onto porous silicone and tested 

for waterborne E. faecalis inactivation using a solar simulator and a compound parabolic 

collector (CPC) solar photo reactor. It was found that bacterial inactivation was 4 times as 

efficient when using reloaded material compared to the original. This is likely due to the 

aggregation of silicone supported PS at the surface of the polymer.57 The CPC reactor has an 

effective disinfection time (giving less than 10% of viable E. faecalis and E. coli) of 5 h, which 

is an improvement over SODIS, which requires over twice the solar dose for similar operating 

times.5,103 Overall this shows great promise as a method for production of potable water in 

rural areas. However, there are a few issues associated with the reactor. Photobleaching is 

always an issue – as with any PS – as it reduces the efficiency and durability of the system. 
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Although attaching the PS to a support can help, it is not a definitive solution to the problem. 

In the CPC system there is an operational time of roughly 6 months before RDP2+/pSil needs 

to be reloaded into the system. Although the reloading cost has an estimated price of $20 

USD, the cumulative price for many reactors may be high. In addition to this the CPC array 

consists of numerous large mirrors, this would require setting up by a technician and might 

involve high maintenance costs. 

1.2.5 Copper Complexes 

In an effort to phase out expensive, less abundant transition-metal photosensitisers 

and catalysts, Copper (I) complexes have drawn considerable attention in recent years.104–106 

Copper is a group 11 transition metal with three common oxidation states: 0, +1 and +2. Cu(0) 

is d104s1, Cu(I) is d10 and Cu(II) is d9. Cu(II) complexes prefer a square planar or square 

pyramidal geometry. Cu(I) complexes on the other hand prefer tetrahedral complex geometry 

and upon MLCT excitation the metal centre in these complexes is formally oxidised to Cu(II), 

resulting in a transient change in geometry in the excited state which may lead to irreversible 

photo-decomposition, often generating Cu(II) products. By choosing the correct ligands these 

Cu(I) complexes can be rendered highly stable; for example use of sterically hindering diimine 

ligands, with bulky substituents at the positions adjacent to the coordinating N atoms, can 

form a complex that does not undergo oxidative decomposition following excitation but 

relaxes back to the Cu(I) ground state (Fig. 17).107 These ligands successfully limit oxidative 

decomposition. However, the flattening distortion of the complex is a severe enough 

distortion to kill the MLCT excited state or can cause the complex undergo exciplex 

formation.108 By preventing the flattening process the MLCT excited state lifetime is 

extended, enhancing its luminescent properties but also increasing its oxygen encounter 

probability which increases singlet oxygen generation. 
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Figure 17 Photoexcitation and subsequent structural distortion of Cu(I) bis-diimine complexes. From reference [95]. 

Ligands with even greater steric bulk can therefore further stabilise the 3MLCT state 

of Cu(I) complexes. Notably, Cu(I) diphenylphosphino-diimine heteroleptic complexes (Fig. 

18) with long-lived (>1 µs under nitrogen) 3MLCT excited states have been reported.105,109 

Smith et al. found that oxygen could quench the 3MLCT excited state of solid-state 

[Cu(xantphos)(dmp)]tfpb (from 38.5 µs under nitrogen to 5 µs in air);110 however the singlet 

oxygen producing abilities of this complex were not explored. 

 

Figure 18 Cu(xantphos)(dmp) complex by Smith et al. 

The main disadvantage of current Cu(PP)(NN)+ complexes is their poor absorbance in 

the visible spectrum, with 3MLCT absorptions normally lying in the 380-400 nm range. Red-

shifting the 3MLCT absorption band further into the visible region has thus become a key area 

of research in order to allow these photocatalysts to harvest sunlight.105 
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1.3 Conclusions 

Throughout this work, we will examine the singlet-oxygen generating and 

antimicrobial photoactivity of numerous synthesised Ruthenium polypyridyl and Cu(PP)(NN)+ 

complexes, along with photophysical characterisation of the complexes by absorption 

spectroscopy, time-resolved and steady-state fluorescence measurements, in order to 

produce a cheap and efficient photodynamic antimicrobial material. Numerous Cu(I) 

complexes have also been synthesised in an attempt to produce a complex with broad 

absorption in the visible light region. 
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2.1 Ruthenium Complexes 

2.1.1 [Ru(bpy)2(bpy-Silatrane)]Cl2 (RuBS) 

2.1.1.1 Synthesis 

 

 

Figure 1 Synthesis of bpy-sil 

 For the purpose of converting solar energy into bactericidal killing power, it was 

decided that ruthenium polypyridyl complexes would be an effective choice. These 

compounds are known to produce sizable amounts of singlet oxygen by reaction of their 

3MLCT excited state with ground-state 3O2.  Thus, a reusable photo-activated antibacterial 

material could be made through attachment of such a complex to a solid support via a stable 

linker.  

A ligand was chosen that would effectively and easily coordinate to Ru(II), confer the 

appropriate photophysical properties on the complex, and also effectively chemisorb onto a 

surface. Initially, silica was chosen as the substrate due to its availability and stability. A linker 

based on APTES was used to provide the Ru(II) complexes with the ability to covalently attach 

to silica (or, indeed, any other supports with OH groups pendant from the surface). The ligand 

bpy-sil (Fig. 1) was successfully synthesised based on a modified method from previous 

literature.1 The NMR and MS data are consistent with literature values.2 However, when 

coordinated to a {Ru(bpy)2}2+ fragment the resulting complex [Ru(bpy)2(bpy-sil)]2+ is not stable, 

frequently polymerising after purification. This was likely due to the reactive nature of the 
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triethoxy-silane groups.  

The ligand was modified to protect the trialkoxysilane units until they were required 

for chemisorbtion onto silica. This was done by reaction of APTES with triethanolamine (TEA) 

to produce APSilatrane (Fig. 2).  

 

Figure 2 APSilatrane synthesis 

This modification not only made a product that was more stable but is also a solid at room 

temperature and is easily purified via washing with hexane. Bpy-Silatrane was then 

synthesised using the same method as above and successfully coordinated to Ru(bpy)2Cl2 to 

form the complex [Ru(bpy)2(bpy-silatrane)]Cl2, abbreviated as RuBS (Fig. 3A). The 1H NMR 

spectrum shows 11 signals with 4 visibly overlapping signals in the aromatic region (Fig. 3B). 

This accounts for 16 hydrogen environments. Although the complex does have 17 hydrogen 

environments the amide singlet is not visible. This is likely due to proton exchange with the 

solvent (MeOD). Compared to the 1H NMR of the bpy-sil complex, the silatrane moieties 

replace those of the ethoxysilane tail.  The quartet of intensity 12H and a triplet of intensity 

18H, which came from the ethyl hydrogens on the siloxane tails, were replaced in Ru-BS by 

two signals of equal intensity, coming from the silatrane hydrogens. 
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Figure 3 A: Synthesis of [Ru(bpy)2(bpy-Silatrane)]Cl2 (RuBS) B: Structure of RuBS with labelled protons and  1H NMR 
spectrum in MeOD. Labels on peaks in spectrum correspond to those labelled on the structure. 

 

A 

B 
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2.1.1.2 Characterisation 

2.1.1.2.1 UV-Vis spectroscopy  

The UV-Vis absorption spectrum (Fig. 4) of RuBS was measured in MeCN. The 

characteristic 1MLCT absorption peak is clearly visible at 460 nm (table 1), this is the lowest 

energy transition. The higher energy π*←π is visible at 287 nm and is far more intense. By 

comparison to the 1MLCT band of [Ru(bpy)3]2+ it is red-shifted by around 10 nm.3 This is due 

to the two amide moieties on the linker ligand, which withdraw electron density from the 

ligand, lowering the energy of the LUMO and thus decreasing the energy gap for the 1MLCT 

transition. 

Wavelength (nm) ε (M-1 cm-1) Transition 

287 67,000 π*←π 

460 16,000 MLCT 

 

Table 1 UV-vis spectroscopy absorption values for Ru-BS in acetonitrile. 

 

Figure 4 UV-vis spectrum of RuBS in MeCN 

2.1.1.2.2 Luminescence properties  

Emission studies show a clear emission maximum around 650 nm in the luminescence 

spectrum, associated with decay of the characteristic 3MLCT state, and a maximum in the 

excitation maximum at 460 nm (Fig. 5). This large Stokes shift is expected for Ru(II) polypyridyl 
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complexes as the absorption is to the singlet excited state, whereas the emission is from the 

lower-energy triplet state following intersystem crossing. This triplet emission is lower in 

energy compared to that of [Ru(bpy)3]Cl2 (620 nm), which is again consistent with the 

electron-withdrawing effect of the amide substituents. 

 

Figure 5 Excitation spectrum (red) and Emission spectrum (black) of RuBS in MeCN 

The lifetime of this luminescence in air-equilibrated acetonitrile at 298 K is 353 ns, 

relatively long compared to [Ru(bpy)3]2+, which has an excited-state lifetime of 160 ns under 

the same conditions. The lifetime after the solution had been degassed with argon for 30 

minutes was 1167 ns (Fig. 6), 3.3 times lifetime in the air-equilibrated solvent. This indicates 

that a large component of the emissive excited state is being quenched by molecular oxygen 

in its triplet ground state (3Σ−
g).  
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Figure 6 Emission lifetime at 460 nm RuBS in (left) air-equilibrated, and (right) MeCN degassed by bubbling Ar through it for 
30 minutes. 

2.1.2 [Ru(bpy)2(bpy-Me-Silatrane)]Cl2 (RuBMS) 

 

Figure 7 Structure of RuBMS 

2.1.2.1 Synthesis 

This complex was made in order to test the importance of the amide NH group in singlet 

oxygen quenching. The amide NH was changed to an N-Me group in the hope that this might 

improve the efficiency of singlet oxygen generation. RuBMS (Fig. 7) was successfully 

synthesised in good yields, utilising the same synthesis as for RuBS, however N-

methylaminotrimethoxysilane was used in the ligand preparation instead of APTES. Similarly, 

the silanes were protected by capping with triethanolamine. Coordination to the {Ru(bpy2}2+ 

unit was carried out in good yield (78%) and the resulting complex RuBMST was purified on 

Sephadex LH20 in MeOH. Successful synthesis was confirmed by NMR spectroscopy, and ES+ 

MS, and elemental analysis. 
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2.1.2.2 Characterisation 

2.1.2.2.1 UV-Vis spectroscopy 

The absorption spectrum of RuBMS varied slightly from that of RuBS (Fig. 8). While the 

π- π* absorption band is at the same wavelength in the UV region, it has a higher extinction 

coefficient than for RuBS, and the 1MLCT absorption is blue-shifted by 5 nm (table 2).  
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Figure 8 Absorption spectra of RuBS (red) and RuBMS (black) in MeCN 

Wavelength 
(nm) ε (M-1 cm-1) Transition 

287 91,000 π*←π 
460 17,500 MLCT 
   

Table 2 UV-visible spectroscopy absorption values for RuBMS in acetonitrile. 
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2.1.2.2.2 Luminescence spectra  

 

Figure 9 Excitation and emission spectra of RuBMS in MeCN 

 RuBMS has a similar emission spectrum (Fig. 9) to that of RuBS, with the emission 

maximum at 650 nm and a maximum in the excitation spectrum that matches the UV/Vis 

absorption maximum. Lifetimes are similar to those for RuBS, with a 3-fold increase in lifetime 

under degassed conditions compared to air-equilibrated conditions (Fig. 10). This again 

indicates that the excited state is being quenched by oxygen. 

 

Figure 10 Emission lifetime at 460 nm for RuBMS in (left) air-equilibrated, and (right) degassed MeCN. 
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2.1.3 [Ru(phen)2(phen-silatrane)]Cl2, RuPS 

2.1.3.1 Synthesis 

The synthetic method for the phen-silatrane ligand (Fig. 12) was similar to that used 

for bpy-silatrane, the difference being the initial oxidation step to produce the phen-

dialdehyde. Whereas 2,2‘-dimethyl-4,4‘-bipyridine can be oxidised directly to the di-

carboxylic acid using potassium dichromate / conc. sulfuric acid, 4,7-dimethyl-1,10-

phenantholine must first be oxidised to the aldehyde through a Riley oxidation, followed by 

a separate oxidation step with concentrated nitric acid to yield the di-acid (Fig. 11). 

 

Figure 11 Synthesis of phenanthroline-4,7-dicarboxylic acid. 

 Beyond this point the synthesis follows the same route as for the bpy-based ligand: 

formation of the acyl chloride then reaction with APSilatrane.  However this reaction mixture 

is refluxed overnight rather than just stirred at room temperature.  



46 
 

 

 

Figure 12 Synthesis of [Ru(phen)2(phen-silatrane)]Cl2 (RuPS). 

 RuPS was synthesised in a similar manner to RuBS: the ligand Phen-Silatrane (Fig. 12) 

and Ru(phen)2Cl2 were boiled in ethanol for 8 hours, before filtration and then removal of 

solvent under reduced pressure. The complex was purified on Spehadex LH20 in MeOH. RuPS 
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was characterised by ES+ MS and 1H NMR spectroscopy, both of which were consistent with 

the target structure. 

2.1.3.2 Characterisation 

2.1.3.2.1 UV-Vis and Luminescence properties 

 

 Absorbance  Emission   Liftime   

Complex λmax /nm ε / M-1 cm-1 λmax /nm ΦP τO2 / µs τ a / µs PO2 

{Ru(bpy)3}2+ 450 14600 625 0.062 0.16 0.87 0.82 

RuBS 455 16000 650 0.14 0.35 1.17 0.70 

RuBMS 460 17500 650 0.15 0.334 1 0.67 

RuPS 440 14200 650 0.27 0.307 3.18 0.90 

Table 3 Values for Spectroscopic data of Ruthenium Complexes in MeCN. a) degassed lifetimes performed in acetonitrile 
bubbled through with argon for 30 minutes. 

As expected, the lifetime of the phenanthroline-based ruthenium complex RuPS in the 

absence of oxygen is longer than the analogous bipyridine complex RuBS. This is due to the 

greater rigidity of the phen-based ligands meaning the excited state is less likely to follow 

non-radiative decay pathways. However their lifetimes in the presence of oxygen are similar. 

This indicates that a larger proportion of the excited state is being quenched by molecular 

oxygen (PO2, discussed in Chapters 1 and 3 )  for RuPS compared to RuBS. 

2.2 Ruthenium Materials 

2.2.1  Silica-bound Ru-BS 

2.2.1.1 General Immobilisation Method 

The complex Ru-BS was successfully bound to silica by dissolving it in a minimum 

amount of MeCN, then adding it to a stirred suspension of the silica in MeCN (1 g: 10 mL). 

This mixture was then heated to 50 ˚C for 4 hours. This can be completed in sealed sample 

vials in a sand bath: flasks and condensers are unnecessary. Any physisorbed complex still on 

the silica was removed by sonication in a large amount of MeOH for 30 minutes. The resulting 
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orange powder was then dried in a vacuum oven at 70 ˚C overnight. This process permits a 

facile attachment of the silane-functionalised complex to any silica surface. 

2.2.1.2 Chromatography grade silica gel  

Chromatography-grade silica gel was initially chosen as a support for its thermal and 

chemical stability, high surface area and relatively low price. The silica used was technical 

grade, pore size 60 Å, 230-400 mesh particle size, 40-63 μm particle size with a surface area 

of 500 m2 g-1. 

2.2.1.2.1 Surface coverage 

The surface coverage of the complex on silica was measured by addition of varying 

amounts of a stock solution of the complex to samples of Silica gel. The initial concentration 

of the solution was then compared to the concentration of the solution after reacting with 

silica, which was determined by measuring the absorbance at 460 nm. It was found that the 

number of moles of Ru(II) complex that bound to the silica surface plateaued at around 38 

µmol g-1 (Fig. 13). Given the surface area of chromatography silica is 500 cm2 g-1, this equates 

to a surface coverage of around 76 nmol cm-2. 
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Figure 13 graph showing attained surface coverage against initial concentration of RuBS in solution 

2.2.1.3 SBA-15 and MCM-41 as supports 

SBA-15 is a highly-ordered mesoporous silica based on uniform hexagonal pores with 

tuneable pore sizes between 5 and 15 nm.4 Its high reported surface area5 of 400-900 m2 g-1 

makes it ideal as a support for adsorbed guests on its surface and its thick framework walls 

provide it with excellent thermal stability.6 These factors make it a suitable support for water 

disinfection. Its maximum surface coverage per compound and highest singlet oxygen 

producing activity were measured. 

2.2.1.3.1 Surface coverage 

The surface coverage of the complex was measured by the same method as used for 

chromatography grade silica. It was found that the number of moles that bound to the surface 

of SBA-15 plateaued at around 50 µmol g-1 (Fig. 14), slightly higher than chromatography-

grade silica. Assuming the same coverage per unit area by the complex (given that the 

complex will take up the same amount of space) of 76 nmol cm-2
, this is consistent with a 

surface area of over 650 m2 g-1. 
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Loading experiments of RuBS onto MCM-41 demonstrated far higher surface 

coverages. Loadings of >80 µmol g-1 were achieved without reaching a plateau. Further 

experiments are necessary to determine the maximum surface coverage of this material. 

However, as is seen in chapter 3, the rate of singlet oxygen production by MCM-41 

functionalised with RuBS plateaus at around 30 µmol g-1, making higher surface coverages a 

waste of costly material. 

 

Figure 14 graph showing attained surface coverage against Initial concentration of solution for SBA-15(left) and MCM-41 
(right). 
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2.2.1.3.2 Solid State UV-vis spectroscopy 
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Figure 15 Solid state UV-vis spectrum of Chromatography grade silica (red), RuBS on chromatography grade silica (yellow) 
and the solution-state UV-vis spectrum of RuBS 

 The solid-state UV-vis spectrum of the complex RuBS bound to chromatography grade 

silica (Fig. 15) shows an almost identical profile to the solution-state spectrum of the complex. 

Although the relative absorbances of the peaks are different, their positions are the same. 

This indicates the complex is bound to the surface of the material (which was evident from its 

orange colour). 
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2.2.1.3.3 Solid State Luminescence 
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Figure 16 Solid state emission spectra of RuBS bound to the three different types of silica. 

The solid-state emission and excitation spectra of the functionalised silica samples 

were measured by coating the inside of a quartz cuvette with a thin layer of the material, 

particles of which cling to the quartz surface naturally. Figures 16 and 17 show that the 

complex and all of the complex-functionalised silicas all have the same emission and 

excitation peaks. This suggests that immobilisation does not significantly affect the emission 

properties of the complex. The functionalised MCM-41 did not yield an excitation spectrum, 

possibly due to the scattering being too high compared to the loading by the complex.  

 

Figure 17 Solid-state excitation spectrum of RuBS immobilised on SBA-15 (black), on Chromatography grade silica (red), 
unfunctionalised chromatography grade silica (green) and solution-state excitation spectrum of RuBS (blue). 
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2.2.2 PDMS-ruthenium materials 

Polydimethylsiloxane or PDMS (Fig. 18) is a cheap, non-toxic and chemically stable 

material that can be moulded or set into practically any desired shape. This makes it an ideal 

support for a photosensitiser such as the Ru/bpy complexes reported here. A common 

method of functionalisation is the swell-encapsulate-shrink method.7,8 While this method is 

technically simple, it is resource intensive; while the complex is embedded throughout the 

polymer, only the surface level is active, leaving the complex embedded in the bulk polymer 

inactive. There is also risk of material leaching from the surface as it is not covalently bonded.  

Covalent functionalisation of PDMS can be challenging, with the majority of methods 

requiring an exceedingly clean surface with exposed surface hydroxyl groups. This can involve 

harsh conditions such as submerging in piranha solution or treating with an oxygen plasma.9 

The method developed by Brook et al. consists of a simple and cost-effective way of 

functionalising PDMS surfaces.10 The method can be used to produce thiolated surfaces, in 

this project the procedure has also been successfully modified to produce aminated surfaces.  

For the purpose of these experiments, thin film PDMS substrates were produced using 

a Sylgard 184 elastomer kit. The elastomer was mixed with a curing agent in a 10:1 ratio and 

the mixture poured into petri dishes, forming a layer around 1 mm in height. These samples 

were then cured in an oven at 50 C for 48 hours and cut into 1x1x0.1 cm squares before 

functionalisation  
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2.2.2.1 Amination route 

The surfaces were aminated using (3-aminopropyl)triethoxysilane (APTES) in a 

modified method by Brook et al.,10 wherein the PDMS is heated to 50 C for 2h in a methanolic 

solution of 2% APTES, 1% KOH. They were then washed 3 times by sonication in methanol and 

dichloromethane. The resulting material was steeped in a solution of 50 mg of 2,2'-bipyridine-

4,4'-di(carbonyl chloride) in DCM overnight. 

 

Figure 18 Functionalisation of PDMS via the Amination route. 

 The functionalised PDMS strips were then washed in DCM for 48 h, changing the 

solvent every 12 h, before being heated to 70 ˚C in a solution of Ru(bpy)2Cl2 in EtOH for 1 hour. 

The strips, now dark red/purple in colour, were sonicated in MeOH for 4 hours. This removed 

any physisisorbed complex, exposing a bright orange colour associated with the covalently 

attached {Ru(bipy)3}2+ units (Fig. 18). 

 Attenuated total reflectance FTIR spectra were measured for these PDMS pieces 

during the first three steps of functionalisation (Fig. 19). The spectra of PDMS-bpy shows a 

peak at around 1733 cm-1 that is distinct from the peak present in the spectra of PDMS-NH2 

and PDMS at 1724 cm-1 (this peak is still visible as a shoulder). This fits within the range for 

the C=O stretch for carboxylic acids. A broad peak at 3390 cm-1 is also indicative of a carboxylic 

acid O-H stretch.  
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Figure 19 Overlaid ATR-IR spectra of PDMS (black) PDMS-NH2 (red) and PDMS-bpy (blue). 

 These results suggest that after attachment of the 2,2'-Bipyridine-4,4'-dicarboxylic 

acid chloride to form an amide, the unreacted acyl chloride is turned into a carboxylic acid 

through reaction with water. 

200 300 400 500 600 700 800

0

2

R
e

la
ti
v
e
 A

b
s
o
rb

a
n
c
e

Wavelength (nm)

 PDMS

 PDMS-NH2

 RuBS-PDMS

 RuBS

 

Figure 20 Comparison of solid-state UV-vis spectra of PDMS (black), PDMS functionalised with APTES (Red), PDMS 
functionalised with the complex RuBS (Blue) and the overlaid spectrum of RuBS in solution (green). 

 The solid state UV-vis spectrum (Fig. 20) of PDMS-Ru is consistent with the {Ru(BS)}2+ 

complex being on the surface of the support. The entire absorption profile of RuBS in solution 

is clearly present in the solid-state UV spectrum of PDMS-Ru; in particular the characteristic 

1MLCT absorption band at 455 nm confirms formation of a {Ru(bpy)3}2+ core.  
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2.2.2.2 Thiol-ene click route  

The method by Brook et al. was once again employed to thiolate the surface of PDMS 

samples. This time the thin films were heated to 50 ˚C in a methanolic solution of 20% MPS 

and 1% KOH for 8h. The strips were washed using the same method as above. The strips were 

then heated in a solution of maleic anhydride in THF with AIBN as a catalyst.  The maleic 

anhydride undergoes addition to the surface via a thiol-ene click reaction. Any physisorbed 

material was cleaned off the surface by washing in THF over 48 hrs, changing the solvent every 

12 h. 

 

Figure 21 Surface characterisation using the thiol-ene click chemistry route. 

The maleic anhydride moiety readily reacts with alcohol groups to form esters, allowing 

for the facile addition of ligands to the PDMS surface. Bipy and phenanthroline ligands with 

pendant alcohol moieties that can react with the maleic anhydride are readily available and 

their respective ruthenium polypyridyl complexes are trivial to synthesise. This represents a 

facile method for functionalising PDMS surfaces. 

ATR-IR spectroscopy performed on PDMS-MA (Fig. 22A) shows the presence of a 

carbonyl peak (1714 cm-1), indicating that maleic anhydride is present on the surface of the 

material. Solid-state UV-vis spectra of the material RuPO-PDMS, in which the maleic 

anhydride has reacted with [Ru(phen)2(phen-diol)]2+ (Fig. 21) shares a similar profile as the 

attached photosensitiser (Fig. 22B). 
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Figure 22 A:Overlay of ATR-IR spectra of PDMS (black), thiolated PDMS (red)  and maleic anhydride functionalised PDMS 
(blue). B Comparison of absorbance spectra of [Ru(phen)2(phen-diol)]Cl2 in MeOH (green) and solid-state spectra of thiol-

route functionalised RuPO-PDMS (magenta) and unfunctionalised PDMS (Black).  

 

2.2.3 Tetrasodium tris(bathophenanthroline disulfonate)ruthenium(II) (Ru-BPS) Supported 

on Amberlite IRA-900. 

Amberlite IRA900 is a macroporous polystyrene cationic exchange resin. It has been 

successfully used in antimicrobial experiments, supporting an anionic photosensitiser.11 This 

resin appears to be an attractive support due to its larger bead size (<0.5 mm in diameter). 

Larger particle sizes allow for easier separation and present a lower respiratory risk. In 

addition, IRA900 has a strongly cationic surface. Positive surface charges, such as on chitosan, 

have been shown to interact with bacterial cell walls or membranes, which have a net 

negative surface charge.12 The Ru(II) complex chosen to attach to this (Ru-BPS, see Fig. 23) 

has six pendant, anionic sulfonate groups and should therefore form a strong electrostatic 

attraction to the Amberlite surface without requiring covalent attachment. 

2.2.3.1 Synthesis  

RuBPS was synthesised according to a method from the literature19 in excellent yields 

(>90%). It was purified on LH-20 Sephadex® with methanol as the eluent. 2 mg of this complex 

was then dissolved in water and 1 g of Amberlite® IRA900 added. The mixture was stirred 
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overnight, yielding a clear solution and bright orange beads, indicating that RuBPS had fully 

adsorbed onto the surface of the Amberlite®. The estimated surface loading is therefore 1.2 

µmol g-1. This immobilisation consists of a simple counter-ion exchange wherein the RuBPS 

complex replaces the chloride ions, so the complex / support interaction is electrostatic rather 

than covalent. 

 

Figure 23 A simplified representation of Amberlite® IRA900 (left) and the subsequent cation exchange for immobilising the 
complex on the surface.  

2.2.3.2 Characterisation 

The material was characterised using solid state UV-Vis spectroscopy and luminescence 

spectroscopy. For this purpose, the dye-supported resin was ground down into a fine powder, 

as the bead size (0.5 mm) makes it inappropriate for solid-state spectroscopy. 
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2.2.3.2.1 Solid State UV-vis spectroscopy 
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Figure 24 Overlay of solid state UV-vis spectra of the unfunctionalised Amberlite IRA900 (black), IRA900 functionalised with 
RuBPS (red), and solution state UV-vis spectrum of RuBPS in MeOH (red). 

 In order to achieve the appropriate consistency for solid state UV-vis spectroscopy, 

Ru-BPS functionalised Amberlite® beads (IRA900 and Ru-IRA900) were ground up into a fine 

powder using a mortar and pestle.  The solid-state UV-vis spectrum of the complex on 

Amberlite® IRA900  (Fig. 24) and the solution-state spectrum of the complex in MeOH both 

have their MLCT absorbance peak at around 460 nm. This confirms that the complex is 

present on the surface of the material.  

2.2.3.2.2 Solid state Luminescence spectroscopy 

The emission of Ru-BPS at around 620 nm is clearly visible in the solid state emission 

spectrum of RuBPS-IRA900 (Fig. 25). 
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Figure 25 Solid-state Emission Spectrum of the complex supported on IRA900 (red) overlaid with the solution-state emission 
spectrum of RuBPS and unfunctionalilsed IRA900 (black). 
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2.3 Copper Complexes 

Copper complexes are of interest in the context of this thesis for good reasons: copper 

is significantly cheaper and more abundant than most transition metals and the complexes it 

forms can be synthesised in one or two steps at room temperature; and many Cu(I) complexes 

with diimine-type ligands have 3MLCT excited-states than can generate 1O2. Most Cu(I) 

polypyridyl complexes are however plagued by short excited state lifetimes. This is due to the 

tetrahedral excited state undergoing a flattening distortion, opening the complex for 

nucleophilic attack leading to coordination of a fifth ligand at the axial site which deactivates 

the excited state via non-emissive pathways.13 Recent studies have involved complexes with 

improved excited-state lifetimes which could be achieved through use of phenanthroline-

xantphos mixed ligand complexes.14,15 The complex [Cu(xantphos)(dmp)]tfpb (Fig. 26) was 

found to have a remarkably long excited-state lifetime of up to 30 µs and acted as an effective 

oxygen gas sensor: quenching of the luminescent 3MLCT excited state by oxygen is indicative 

of singlet oxygen generation.  

A persistent problem with [Cu(NN)(PP)]+ photocatalysts, a weak absorbance in the 

visible region – seems a particularly difficult hurdle to overcome. Even modifications to 

ligands leading to redshifts in emission from the Cu(I) complexes of just 10 nm are often 

accompanied by shortening of excited state lifetime.16 Complications can also arise from 

ligand exchange in solution, with different ratios of homoleptic/heteroleptic complexes 

forming, depending on ligand choice.17 Thus, numerous [Cu(NN)(PP)]+ complexes and 

materials have been synthesised and studied with regards to their 1MLCT absorbtion band, 

singlet oxygen generating abilities, and bactericidal activity.  
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Figure 26 Nomenclatures of ligands attached to copper to form Cu(NN)(PP)+. 
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2.3.1 Synthesis 

 [Cu(dmp)(xantphos)].tfpb was prepared according to the literature14, and the 

derivatives aside from the sulfonate complex were prepared under identical conditions. 

[Cu(NCMe)4]BF4 was dissolved in DCM and then equimolar amounts of the xantphos and 

phenanthroline derivatives were added sequentially, one hour apart. The complex was then 

precipitated from solution by addition to Et2O. The reaction produces quantitative yields and 

a very pure product, however, for spectroscopic purposes both the tetrafluoroborate and tfpb 

salts were purified by chromatography on Sephadex LH20 in MeOH. The 1H NMR of the tfpb 

salt of the complex is consistent with the structure of the complex. The aromatic region of 

the spectrum has 9 signals, one of them being and overlap of 2 with a sum of the peak 

integrals of 44, which is consistent with the number of  aromatic hydrogen environments and 

total number of hydrogens on the salt (7 on the complex and 3 on the tfpb salt). There are 

also two clear singlets each of integration ratio 6 representing the methyl groups on the dmp 

and xantphos. The Mass Spectrum of the compound was found to be 849.6 for the M+ ion 

which is also consistent with literature values. 

The sulfonate complex [Cu(bathocuproine sulfonate)(xantphos)]Na (Cu(BCS)(xant)) 

was prepared under similar conditions. The starting material [Cu(NCMe)4]BF4 was dissolved 

in MeCN along with xantphos, and the bathophenanroline-sulfonate ligand in water. The two 

were combined slowly and stirred for an hour. The majority of the MeCN was then removed 

(down to 2 mL) under reduced pressure and the remaining solution triturated in Et2O to afford 

the complex as a BF4
– salt.  
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2.3.2 UV-visible and Luminescence spectra and Excited State Lifetime. 
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Figure 27  UV-Vis absorption spectra of the Cu(I) complexes in MeCN. (black) Cu(xant)(dmp). (blue dotted) Cu(BC)(xant). 
(red) Cu(BCS)(xant). (magenta) Cu(5N-C)(xant). (green) Cu(PHEPhos)(xant). Inlet graph is an expansion of the MLCT region 

around 400 nm. 

The solution-state UV-vis spectra of the studied [Cu(PP)(NN)]+ complexes (Fig. 27) 

show high-energy, high-intensity absorptions resulting from ligand-ligand π*-π transitions.  

Weak 1MLCT absorptions due to transitions of an electron from the d10 Cu(I) ions to the π* 

orbital of the phen-based ligand are present at around 370-400 nm. For uses in solar water 

disinfection this absorption band would ideally be redshifted further into the visible region. 

For this reason a number of derivatives have been tested in attempt to red-shift this 1MLCT 

absorption band.  
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 Absorbance  Emission  Liftime   
Complex λmax/nm ε / M-1 cm-1 λmax /nm τO2 / ns τ a / ns PO2  

b 

Cu(dmp)(xant) 378 3820 568 63 112 0.44 

Cu(BC)(xant) 390 7650 580 85 312 0.73 

Cu(BCS)(xant) 390 7830 580 105 377 0.72 

Cu(dmp)(DPEPhos) 353 3333 571 84 1023 0.92 

Cu(5NC)(xant) 400 3055 550, 600 2.12 3.50 0.39 

Table 4 Table of spectroscopic values for the synthesised {Cu(NN)(PP)}+ complexes. All measurements 
taken in MeCN. Emission lifetime measurements taken by excitation utilising a 405 nm diode. a) 

Degassed through bubbling with argon for 30 minutes. b) PO2 = 1 - (τO2 /τ) 

Although only a small red shift of around 10 nm was achieved by the inclusion of 

phenyl or phenylsulfonate groups at the 4,7-positions on the phenanthroline, their addition 

did yield a doubling of the absorption intensity at that wavelength. This implies there is an 

increase in likelihood of excitation to the 1MLCT excited state. Cu(5NC)(xant) shows an even 

greater redshift of the 1MLCT maximum to around 400 nm. The low-energy shoulder on the 

1MLCT peak is also broader, extending to around 500 nm. This is due to the highly π-electron 

withdrawing nature of the nitro group, which lowers the energy of the LUMO, giving a lower 

energy 1MLCT state. The addition of the nitro group did not affect the intensity of the 

absorption of the 1MLCT band significantly. The excited state lifetimes of Cu(BC)(xant) and 

Cu(BCS)(xant) in degassed acetonitrile are also around three times longer than that of 

Cu(dmp)(xant). This may indicate a decrease in the knr value, and so phosphorescence 

quantum yield measurements must be made. 
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Figure 28 Emission spectra of Cu(I) complexes in MeCN at room temperature. (black) Cu(dmp)(xant),(blue dotted) 
Cu(BC)(xant), (red) Cu(BCS)(xant), (green) Cu(DPEPhos)(xant), (magenta) Cu(5NC)(xant). Excitation at respective absorbance 

maxima. 

 Solution-state emission spectra of the Cu(I) complexes the are similar: a broad 

emission between 570-600. The bathocuproin complexes showing an emission around 10 nm 

longer than Cu(dmp)(xant). The complex [Cu(5NC)(xant)]tfpb showed a very weak, 

multimodal emission at around 550 and 600 nm (Fig. 28, magenta). Due to the very weak 

intensity of this emission, this reading was taken at very high concentrations of the compound. 

Thus, this bimodal emission may arise from the presence of more intensely emitting 

impurities in the sample.  The lifetime of the emission at 550-600 nm is very short compared 

to the other {Cu(NN)(PP)}+ complexes (τ = 3.5 ns). This shortening of the 3MLCT excited state 

lifetime can be explained by charge localisation on the strongly electron withdrawing NO2 

group, which leads to a charge separated state centred on the nitro group.18 The lowering in 

energy of the 1MLCT absorption also indicates a shortening of the energy gap between the 

HOMO and the LUMO. Both of these factors should lead to an increase in likelihood of 

vibrational relaxation.16  
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2.4 Copper complexes adsorbed onto solid supports 

2.4.1 Silica-bound Cu(xant)(dmp).tfpb (CuXD-CS) 

2.4.1.1 Synthesis 

Due to the insoluble, hydrophobic nature of [Cu(xant)(dmp)]tfpb, surface loading can 

be performed without covalently binding to the surface. [Cu(xant)(dmp)]tfpb was successfully 

attached to the surface of chromatography grade silica (40-60 mesh) utilising a dry-loading 

method: [Cu(xant)(dmp)]tfpb (20 mg, 0.011 mmol) was dissolved in DCM (5 mL), to which 

chromatography grade silica (1 g) was added and sonicated for 5 minutes. The solvent was 

then removed from the slurry utilising a rotary evaporator under reduced pressure. This 

afforded a pale yellow, free-flowing powder. No compound was found left attached to the 

reaction vessel which was washed with solvent and the washings tested by UV-vis 

spectroscopy. This indicates the complex had completely adsorbed onto the surface of the 

silica. The theoretical surface loading for this compound is 11 µmol g-1 (assuming total 

adsorption to the silica as 11 µmol of complex were used per gram of silica). This compound 

is abbreviated to CuXD-CS. 

2.4.1.2 Characterisation 

The compound CuXD-CS was characterised via solid state UV-visible spectroscopy and 

solid-state emission spectroscopy. While these methods cannot be used to quantify the 

amount of active complex on the surface of the compound, they can confirm the presence of 

the complex. 
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Figure 29 Overlaid UV-Vis absorption spectra of {Cu(xant)(dmp)}+ (blue), CuXD-CS (red), CS (black). Spectrum for 
{Cu(xant)(dmp)}+ performed in solution (MeCN). CuXD-CS and CS were performed in solid-state. 

 Figure 29 shows the solid state UV-Visible absorption spectrum of silica-bound CuXD-

CS overlaid on the solution-state UV-Visible absorption spectrum of the complex 

[Cu(xant)(dmp)]tfpb in solution. It is clear that they share the same profile, with both the 

MLCT band and the π*-π bands overlapping. Unfunctionalised chromatography-grade silica 

(CS) shows little to no absorption in these regions. The solid-state emission spectrum of CuXD-

CS shows a blue shifted emission (544 nm) compared to [Cu(xant)(dmp)]tfpb (569 nm). This 

may be a case of acetonitrile having an effect on the emission of the complex 

(solvatochromism) which does not occur in the solid state (rigidochromism). In solvent, the 

solvent molecules rearrange around the complex to suit the redistributed charge in the 

excited state, which lowers the 3MLCT state, hence a redshifted emission. This cannot occur 

in the solid state. It could also indicate changes in state energies due to interactions of the 

complex with the surface of the support.   
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Figure 30 Overlaid emission spectra of {Cu(xant)(dmp)}+ in MeCN (blue) and CuXD-CS (red). CuXD was measures in solution 
(MeCN), CuXD-CS was measured in the solid-state, both in air. Excitation wavelength 378 nm. 

 

 Results for all copper complexes produced from experiments performed together 

with Martin Appleby (mvappleby1@sheffield.ac.uk). 

 

2.5 Conclusions 

Numerous ruthenium polypyridyl complexes were synthesised and characterised 

through NMR spectroscopy, mass spectrometry and elemental analysis. The complexes 

exhibited the usual strong 1MLCT absorptions in the visible region as well as high PO2 values. 

These complexes have been immobilised to a number of supports utilising various methods 

of immobilisation: RuBS was covalently bound to silica and PDMS in order to reduce leaching 

of costly photosensitiser from the surface of the support; and RuBPS was bound 

electrostatically onto IRA900 a cationic polystyrene-based resin. 

mailto:mvappleby1@sheffield.ac.uk
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A series of CuI diimine diphosphine complexes [(Cu(NN)(PP)]+ was synthesised based on 

work by Smith et al.14 in order to produce a series of less-toxic and more economically viable 

alternative to the ruthenium polypyridyl complexes for use as singlet oxygen photosensitisers. 

The phenanthroline ligand on the complex was changed in the hopes of red-shifting the MLCT 

band of the complex with some success. The original complex, Cu(dmp)(xant).tfpb, was 

immobilised onto chromatography grade silica by dry loading.  

We continue this work by testing all of the above compounds to determine their singlet 

oxygen generating abilities in the following chapter. 
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3.1 Introduction 

Singlet oxygen (1O2) is the lowest excited state of molecular oxygen, formed by energy 

transfer to the triplet ground state, 3O2. In this excited state oxygen is diamagnetic, allowing 

it to overcome the spin restrictions on redox reactions with most non-radical organic 

molecules.1 This increases the reactivity of the molecule making it a strong oxidiser and 

electrophile and thus a reactive oxygen species (ROS). ROS have a well-documented 

antimicrobial activity,2,3 the most damaging ROS being the hydroxyl radical (HO•) and 1O2. 

While there are many sources of 1O2 we shall focus on that produced by photosensitisation. 

 

Figure 1 Jablonski diagram showing generation of photosensitiser excited states. 

Photosensitised singlet oxygen is produced through energy transfer to triplet molecular 

oxygen by a triplet- excited state photosensitiser. The photosensitiser generally achieves 

excitation through one-photon excitation (excluding upconverting complexes) from ground 

state to a singlet excited state (Sn). This is followed by relaxation to the lowest singlet state 

(S1) which then undergoes intersystem crossing to form the triplet excited state (T1). Due to 

spin restrictions the T1 lifetime is far longer than S1 (µs compared to ns). The T1 state can react 

with quenchers in two ways: Type I and Type II mechanisms. In a type I reaction the 
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photosensitiser reacts directly with the quenching substrate either by electron transfer or 

hydrogen abstraction, leading to production of radicals or radical ions such as the ROS 

hydroxide radical (HO•) and superoxide radical anion (O2
•-). Type II on the other hand involves 

energy transfer from interaction with the excited photosensitiser. These photoprocesses are 

described in terms of rate constants in chapter 1 (1.2.2.). To recap, singlet oxygen quantum 

yield (𝛷∆) of a complex can be given as: 

𝛷∆ = 𝛷𝑇
𝑂2𝑃𝑇

𝑂2𝑓 𝑂2 
1
𝑇  (1) 

Where 𝛷𝑇
𝑂2is the quantum yield of triplet formation, 𝑃𝑇

𝑂2 is the proportion of excited triplet 

state quenched by molecular oxygen and 𝑓 𝑂2 
1
𝑇  is the fraction of the molecular oxygen that 

quenches the excited state that produces singlet oxygen. In this study we are focusing on 

transition metal coordination complexes, which due to strong spin-orbit coupling, give a 𝛷𝑇
𝑂2 

of unity. Both 𝑓 𝑂2 
1
𝑇 and 𝑃𝑇

𝑂2 can be described in terms of the sum of rates of quenching of the 

triplet state (𝑘𝑇𝑄
𝑂2 ): 

                        𝑃𝑇
𝑂2 =

𝑘𝑇𝑄
𝑂2 [𝑂2]

𝑘𝑇𝐷 . +𝑘𝑇𝑄
𝑂2 [𝑂2]

(2) 

                             𝑓 𝑂2 
1
𝑇 =

𝑘𝑒𝑛

𝑘𝑇𝑄
𝑂2 (3) 

𝑃𝑇
𝑂2can be described in terms of excited state lifetimes in degassed (𝜏𝑑𝑒𝑔𝑎𝑠) and aerated 

(𝜏𝑂2
) solutions 

                                                              𝑃𝑇
𝑂2 = 1 − (𝜏𝑂2

𝜏𝑑𝑒𝑔𝑎𝑠⁄ )                                                          (4) 

 

This can also be done with  𝑘𝑇𝑄
𝑂2  in a Stern-Volmer relationship4 from steady state and time-

resolved emission measurements: 
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𝐼𝑑𝑒𝑔𝑎𝑠

𝐼𝑂2

=
𝜏𝑑𝑒𝑔𝑎𝑠

𝜏𝑂2

= 1 + 𝑘𝑇𝑄
𝑂2 𝜏𝑑𝑒𝑔𝑎𝑠[𝑂2] (5) 

 

The rate-limited diffusion control for kTQ
O2  is around 1010 s-1M-1. Thus, there are multiple 

factors that determine a photosensitiser’s ability to produce singlet oxygen. Some of these 

are easily measure or calculated. In this study, the excited state lifetimes in degassed and 

aerated solvents of each complex has been measured. The amount of singlet oxygen 

produced can be accurately measured and quantified thanks to singlet oxygen’s 

phosphorescence at approximately 1275 nm.5 Through excitation of the photosensitiser in an 

air-equilibrated solution, the magnitude of the phosphorescence of generated singlet oxygen 

can be measured and compared to a standard, giving a singlet oxygen quantum yield (φ1O2). 

𝑃𝑇
𝑂2 and 𝑓 𝑂2 

1
𝑇 were calculated for each complex from the obtained lifetimes and singlet oxygen 

quantum yield. 

3.2 Direct detection of singlet oxygen phosphorescence at 1275 nm 

3.2.1 General Method 

The method used was slightly modified from that reported by McKenzie et al..6 Singlet 

oxygen is detected directly by measurement of singlet oxygen phosphorescence (λem ~1275 

nm) following photo excitation of the compound at room temperature in air saturated 

solutions of methanol or acetonitrile.7–10 The third harmonic of a Q-SW Nd:YAG (λ = 355 nm, 

~8 ns pulse length, laser model Ls-1231M from LOTISII) is used to excite the compounds. The 

time-resolved signal of 1O2 luminescence at 1275 nm was detected by a liquid-nitrogen cooled 

InGaAs photodiode of Ø3 mm active area (J22D-M204-R03M-60-1.7, Judson Technologies). 

The output from the photodiode is coupled into a low-noise current amplifier (DLPCA-200, 

FEMTO Messtechnik GmbH), the amplifier output signal is recorded with a digital oscilloscope 
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(TDS 3032B Tektronix) and visualised on a computer via Ethernet connection. To selectively 

detect the 1O2 emission, a high-contrast bandpass optical filter (1277 nm centre wavelength, 

28 nm FWHM, custom-made by Izovac, Belarus) is fixed in front of the InGaAs photodiode. To 

increase light collection by the detector, a spherical broadband mirror is placed behind the 

sample to reflect the NIR emission through the sample towards the detector. 

The optical densities of any studied compound and the standard are matched at 355 

nm. The same solvent must be used for both the studied compound and the standard. The 

series of experiments is performed at set of different excitation energies ranging from 5 μJ to 

100 µJ per pulse, and a kinetic trace collected for each measurement. The presented 

Φ∆ values are obtained in low-energy limit, for which the decay of singlet oxygen emission 

can be mono-exponential (in the case that the compound shows no emission at ~1275 nm) or 

bi-exponential (in the case that the compound shows emission at ~1275 nm). The kinetic trace 

obtained was analysed by a mono- (equation 6) or biexponential (equation 7) decay using 

OriginPro ExpDecay1 or ExpDecay2 fitting functions respectively.  

𝑦 = 𝐴1𝑒−(𝑥−𝑥0) 𝑡1⁄ (6) 

  𝑦 = 𝐴1𝑒−(𝑥−𝑥0) 𝑡1⁄ + 𝐴2𝑒−(𝑥−𝑥0) 𝑡2⁄ + 𝑦0 (7) 

At each excitation power, the amplitude of the decay component (extrapolated to 

zero time) whose lifetime matches that of the 1O2 emission in the solvent chosen is used as a 

measure of intensity of 1O2 emission.  

The quantum yield of singlet oxygen production (Φ∆) is determined by comparing the 

intensity of its emission extrapolated to zero time (the amplitude as described above) for the 

compounds and that of the standard (perinapthenone, 𝛷∆= 95% (DCM), =100% 

(acetonitrile).11 Emission lifetime for 1Δg sensitised by the compounds and the standard must 
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be determined to be similar (within the range 70–90 μs usually for acetonitrile), indicating 

that 1Δg does not react with the photosensitiser in its ground state. 

A correction is applied to the calculated initial intensities to adjust for discrepancies in 

the optical density of the compound and standard solutions at 355 nm. The correction factor 

takes into account the OD 355 values and produces comparable values: 

𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑖𝑛𝑡𝑖𝑡𝑖𝑎𝑙 𝑎𝑝𝑙𝑖𝑡𝑢𝑑𝑒 =
𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒

1 − 10−𝑂𝐷355
(8) 

Values for Φ∆ are calculated at each power by the calculation: 

𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑

𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
× 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝛷𝛥 𝑖𝑛 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 = 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝛷𝛥 (9) 

 

More reliably, the yield of 1O2 is determined by comparing the slope of a linear plot of 

initial intensity of emission vs. the light dose absorbed for the standard and the compound.  

Divergence of the plots of intensity vs laser energy from linearity usually indicates 

photobleaching of the compound, or a depletion of oxygen due to high efficiency of singlet 

oxygen production. As such, values at laser powers where divergence has taken place are not 

included in the final singlet oxygen quantum yield calculations. It is advisable to avoid 

excitation powers above 100 µJ per pulse as these divergences are more likely to occur. 

This method cannot be used for suspensions, when the compound does not dissolve 

in the solvent of choice. Suspensions cause excessive scattering, making the singlet oxygen 

emissions undetectable. Φ∆ for samples in water also cannot be measured on this set-up due 

to the short lifetime of 1O2 in water (<10 microseconds), which is shorter than the detector 

response time.  
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3.2.2 Ruthenium Complexes 

By comparison to perinaphthenone, RuBS shows a two-component decay trace at 1275 

nm. This may be due to an emission by the complex itself at 1275 nm. This produces a bi-

exponential singlet oxygen decay (Fig. 2). This can likely be expected of all ruthenium 

complexes herein. 
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Figure 2 Left: Decay trace of detected emission at 1270 nm of RuBS, Right: Comparison of decay traces 
of singlet oxygen phosphorescence produced by perinaphthenone (PN) and RuBS 

The quantum yield of production of singlet oxygen in acetonitrile with RuBS as a 

sensitiser was calculated using the above method. The singlet oxygen quantum yield was 

calculated to be 55% with perinaphthenone as a standard (Fig. 2). This quantum yield is 

slightly lower than for Ru(bpy)3Cl2 but still falls within the error (Table 1). We would expect a 

higher singlet oxygen quantum yield from RuBS, due to larger difference between degas and 

aerated emission lifetimes and greater phosphorescence quantum yield than Ru(bpy)3Cl2. 

These factors increase the probability of a successful sensitisation encounter between the 

complex and molecular oxygen. The difference between the two complexes lies in the 

substituent amide groups on the linking ligand. The effects of these substituents on the 

electronic properties of the complex are likely numerous. Not only is the complex more likely 

to undergo relaxation of the excited state via interaction with solvent, but the singlet oxygen 
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produced is also more likely to interact with its generating molecule(s), in particular with the 

amide N-H.12  
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Figure 3 Amplitude of singlet oxygen emission at 1275 nm (extrapolated to zero time) as a function of laser 
excitation energy at 355 nm with an 8 ns pulse. Performed in acetonitrile.   

A plateauing in singlet oxygen production with increase of laser power can be seen in 

Figure 3. This effect can be explained by two factors: the sample reaches saturation point, the 

concentration of the solution (OD) being too low to absorb the photons passing through the 

sample; and the high power causing the sample to degrade along the laser path (as the sample 

is not stirred and each reading consists of 512 repeat pumps of laser radiation). 

 

 Absorbance Emission  Lifetime    
 

 

Complex 
λmax 

(nm) 
ε (M-1 
cm-1) λmax (nm) 𝚽𝐟 𝛕𝐎𝟐

 (µs) 
𝛕𝐝𝐞𝐠𝐚𝐬 

(µs) 𝐏𝐓
𝐎𝟐  𝐟

𝐎𝟐 
𝟏
𝐓 b 

𝐤𝐓𝐐
𝐎𝟐 x109   

c (M-1s-1) 𝚽∆
d 

{Ru(bpy)3}2+ 450 14600 625 0.062a 0.16 0.87 0.82 0.70 2.11 0.5713 ± 0.4 

RuBS 455 16000 650 0.141 0.35 1.17 0.70 0.78 0.83 0.55 ± 0.03 

RuBMS 460 17500 650 0.153 0.334 1 0.67 0.90 0.82 0.60 ± 0.04 

RuPS 440 14200 650 0.268 0.307 3.18 0.90 0.97 1.22 0.88 ± 0.03 
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Table 1 Singlet oxygen quantum yield data for the synthesised Ruthenium Complexes, the data for {Ru(bpy)3}2+ are shown 
for comparison. All measurements performed in spectroscopy grade MeCN. a) Fluorescence quantum yield for reference 
taken from literature14. b) calculated assuming the quantum yield for triplet excited state formation is 1 in transition metal 

complexes. c) 𝑘𝑇𝑄
𝑂2  values calculated considering [O2] in MeCN is 2.42 mM. d) Quantum yields calculated using 

perinaphthenone as a standard in MeCN, assuming it has a quantum yield of 1. 

RuBMS was designed to test whether the amide N-H bond played a large role in singlet 

oxygen quenching. By changing the amide from a secondary to a tertiary amide, the reactivity 

towards singlet oxygen should decrease, thereby reducing the amount of generated singlet 

oxygen quenched by the complex itself. 
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Figure 4 Graph comparing singlet oxygen phosphorescence decay kinetics  detected at 1275 nm of RuBS (black) 
and RuBMS (red) in MeCN. Laser excitation at 355 nm with an 8 ns pulse.  

 The measured value for the singlet oxygen quantum yield for RuBMS 5% higher than 

for RuBS, however, they both fall within error. Additionally, by comparing the decay traces of 

singlet oxygen phosphorescence of RuBS and RuBMS (Figure 4) the lifetimes of the two traces 

are the same. If the singlet oxygen were being quenched by the amide N-H after generation, 

the phosphorescence lifetime would be shorter. Thus, N-H may have a small role in reducing 

singlet oxygen quantum yield but not by a statistically significant amount. 
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 RuPS shows the highest value for Φ∆, which is consistent with its large 𝑃𝑇
𝑂2. This is due 

to the increased rigidity of the phenanthroline with respect to bipyridine, which makes the 

molecule less likely to undergo an excited state-relaxing distortion, thus reducing 𝑘𝑇𝐷, which 

in turn increases 𝑃𝑇
𝑂2. 

3.2.3 Copper Complexes 

[Cu(dmp)(xant)]tfpb and [[Cu(dmp)(DPEPhos)]]tfpb were reported to have good 

oxygen sensing abilities in the solid state.15 Thus their singlet oxygen quantum yields in 

solution were tested in order to compare their effectiveness as photosensitisers, along with 

the newly synthesised [Cu(BC)(xant)]+ and [Cu(BCS)(xant)]+  (Table 2). The singlet oxygen 

quantum yield for [Cu(dmp)(xant)]+ was measured to be 30% ±4% in air-equilibrated 

acetonitrile, utilising PN (Φ∆=100%) as a standard. Given that [Cu(dmp)(xant)]+ has a high 

proportion of the excited state quenched by molecular oxygen (PT
O2=0.71), the singlet oxygen 

quantum yield is relatively low, giving a low fraction of the molecular oxygen that quenches 

the excited state that produces singlet oxygen (f O2 
1
T = 0.42). This implies there may be other 

reactive oxygen species being produced from the quenching of the [Cu(dmp)(xant)]+ excited 

by ground state oxygen.  
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 Absorbance Emission Lifetime    
 

 

Complex 
λmax 
(nm) 

ε (M-1 
cm-1) λmax(nm) τO2

(ns) 
τdegas 

(ns) PT
O2 f O2 

1
T a 

kTQ
O2 bx109 

(M-1s-1) Φ∆
c 

{Cu(dmp)(xant)}+ 378 3820 568 63 220 0.71 0.42 4.72 
0.30 ± 
0.04 

{Cu(BC)(xant)}+ 390 7650 580 85 312 0.73 0.56 3.57 
0.41 ± 
0.03 

{Cu(BCS)(xant)}+ 390 7830 580 105 377 0.72 0.58 2.86 
0.42 ± 
0.08 

{Cu(dmp)(DPEPhos)}+ 353 3333 517 84 1023 0.92 0.44 4.55 
0.40 ± 
0.09 

 

Table 2 Singlet oxygen quantum yields (φ1O2) in MeCN and relevant spectroscopic data of copper 
complexes. a) calculated assuming the quantum yield for triplet excited state formation is 1 in transition 

metal complexes.  b) 𝑘𝑇𝑄

𝑂2  values calculated considering[O2] in MeCN is 2.42 mM. c) Quantum yields 

calculated using perinaphthenone as a standard in MeCN, assuming it has a quantum yield of 1.  

 The singlet oxygen quantum yield for [Cu(dmp)(DPEPhos)]+ is higher, as expected due 

to its high PT
O2, derived from solution state time-dependent emission studies. Like 

[Cu(dmp)(xant)]+, this quantum yield gives a small f O2 
1
T  of 0.44, indicating other ROS may be 

produced under irradiation. While [Cu(dmp)(DPEPhos)]++ presents a more efficient 

photosensitiser of singlet oxygen than [Cu(dmp)(xant)]+ it is impaired by a poor absorption in 

the visible, which limits its use under sunlight. 

 The complexes made with phenyl groups at the 4,7- positions on the dmp 

([Cu(BC)(xant)]+, [Cu(BCS)(xant)]+) showed a greater singlet oxygen quantum yield, however 

within error. This may be due to the phenyl groups creating a more rigid ligand, reducing the 

rate of excited state deactivation by vibrational relaxation. This is also reflected in the 

increased emission lifetime in degassed solvent. An increased singlet oxygen quantum yield 

paired with an intense, redshifted MLCT absorption makes these complexes promising 

candidates for bactericidal studies.  

3.3 Indirect method of determining 1O2 quantum yield using a singlet oxygen 
sensor 
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Disinfection of drinking water requires the photosensitiser to be easily removable from 

solution. Through immobilisation this can become trivial, whilst also allowing reusability of 

the photosensitiser, and often, improving the photosensitiser’s chemical and photo-

stability.16  

Unlike in the method above, for immobilised photosensitisers, singlet oxygen must be 

measured indirectly, as light scattering makes it impossible to use the direct method of 

detecting singlet oxygen phosphorescence. Utilising a singlet oxygen probe, one can quantify 

singlet oxygen produced by an insoluble compound in suspension, or compounds in water.  

The method relies on activating luminescence of the 1O2 sensor: a molecule that is not 

emissive in its native state but undergoes irreversible transformation into an emissive form 

upon interaction with singlet oxygen.  Another mechanism is to measure the changes in the 

absorption spectra of a known compound which irreversibly reacts with singlet oxygen. 

3.3.1 General Method In Acetonitrile 

The singlet oxygen generating ability of a compound is measured via the monitoring 

the rate of deactivation of a singlet oxygen trap. For measurements in MeCN the stock 1O2 

sensor solution is made using 9,10-dimethylanthracene (DMA) (Sigma Aldrich). This 

compound has a strong absorbance between 300 – 420 nm; upon reaction with singlet oxygen 

it forms an endoperoxide which no longer absorbs in this region. No appreciable reaction of 

DMA was observed in the absence of illumination or the PS.17 
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Figure 5 Deactivation of the UV-active singlet oxygen probe DMA to form the endoperoxide DMEP. 

5 mg of DMA are dissolved in 10 mL of acetonitrile to give a 2.4 mM solution. 100 μL 

of this stock solution then dissolved in 2.4 mL of acetonitrile to give a working concentration 

of 96 µM. 5 mg of the  PS is added to the cuvette and the mixture stirred whilst being exposed 

to 455 nm light from a diode (Thorlabs M455L4), set to 1.5 mWcm-2 and placed 10 cm away 

from the cell and was shone through a windowed cell holder (1 cm diameter). The absorbance 

intensity of DMA between 300 – 420 nm is recorded utilising a UV-vis spectrophotometer 

(Agilent, Varian, or Cary 50 Bio). The rate of deactivation of the probe is measured by plotting 

the decrease in absorbance at a chosen wavelength against time of exposure. 
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Figure 6 Graph showing destruction of a DMA probe via singlet oxygen production by RuBS immobilised on CS. 
The black arrow highlights the reduction in absorbance of the probe 

Assuming the PS triplet and singlet states are not quenched by the singlet oxygen trap, 

the reaction can be characterised as a Stern-Volmer relationship (Equation 3). 
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𝐷𝑀𝐴 +  𝑂 
1

2 → 𝐷𝑀𝐸𝑃 +  𝑂 
3

2 (10) 

 This represents a second order reaction with two reactant species. The rate of 

deactivation of DMA can be considered equivalent to the rate of production of singlet oxygen 

                               
−𝑑[𝐷𝑀𝐴]

𝑑𝑡
=

−𝑑[1𝑂2]

𝑑𝑡
= 𝑘𝑟

𝐴[𝐷𝑀𝐴][1𝑂2] (11) 

However, the production of singlet oxygen is constant over time and is dependent on 

illumination power (Ia) and singlet oxygen generating ability (𝛷𝛥) of the material. 

                                         
−𝑑[𝐷𝑀𝐴]

𝑑𝑡
= 𝐼𝑎𝛷𝛥𝑘𝑟

𝐴[𝐷𝑀𝐴] (12) 

Thus the kinetics can be reduced down to a pseudo-first order interaction 

                                               
−𝑑[𝐷𝑀𝐴]

𝑑𝑡
= 𝑘′[𝐷𝑀𝐴] (13) 

And the integrated rate law can be considered. 

[𝐷𝑀𝐴] = [𝐷𝑀𝐴]0𝑒−𝑘′𝑡   (14) 

𝑙𝑛
[𝐷𝑀𝐴]

[𝐷𝑀𝐴]0
= −𝑘′𝑡 (15) 

As the concentration of DMA is monitored via the optical density of the solution, we can 

employ the Beer-Lambert law 

𝑙𝑛
𝐴

𝐴0
= −𝑘′𝑡   (16) 

 

By plotting the change of concentration as a function of the dose absorbed in the format 

 𝑦 = 𝑚𝑥 + 𝑐 (17) 

We can derive a value for the pseudo-first order rate constant (-k’) (Figure 7).  
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Figure 7 A: Graph showing destruction of the DMA by singlet oxygen through decrease in its absorbance over 
time. B: Graph plotting the natural logarithm of the absorbance at each exposure time over the absorbance at 

time zero. We note that the trap does not absorb 455-nm light.  

3.3.1.1 RuBS on Silica  

 From figure 7 we can derive the rate constant for each material. This can give us a 

quantitative value for the singlet oxygen producing ability, which can be used to compare 

with other materials tested under the same conditions.  By measuring rate of probe 

destruction with materials of varying surface coverage, it is evident that rate increases with 

surface coverage (Fig. 8). 

0 5 10 15 20 25 30 35 40

0.0000

0.0002

0.0004

0.0006

0.0008

0.0010

0.0012

0.0014

0.0016

0.0018

0.0020

0.0022

0.0024

0.0026

0.0028

0.0030

0.0032

0.0034

R
a

te
 (

c
m

2
J

-1
)

Loading (µmol g-1)

CS

 

Figure 8 The rate of destruction of DMA against loading of chromatography grade silica (CS) by RuBS. 

 The first point on the plot is the value for silica with no dye attached, which does 

produce singlet oxygen at a very small rate. The following point is the lowest surface coverage 
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produced, which has the highest rate per mole of dye – the higher surface coverages only 

slightly increase the rate of singlet oxygen production. This may be the consequence of three 

possible phenomena: 

• The coverage of the support by the PS has already passed monolayer coverage. This 

would mean a certain proportion of the immobilised photosensitiser is no longer in 

contact with oxygen. 

•  The material reaching the diffusion rate of oxygen to- or singlet oxygen away from 

the material.  

• Aggregation of the PS on the surface of the support causing. Aggregation-induced self-

quenching, which occurs in dye-sensitised solar cells.18  
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Figure 9 Graphs showing relation between rate of degredation of DMA and surface loading on the silica by the 
PS (RuBS). 

 As can be seen by Figure 3.8, the singlet oxygen production rate of both types of 

mesoporous silica plateaus at around 30 µmol g-1, with SBA-15 giving over two times the rate 

the other types of silica. Even at lower surface loadings of 20 µmol g-1, the SBA-15 material 

shows twice the rate of singlet oxygen production of the other two materials. The main 

difference between these supports is their porosity; SBA-15 has a larger pore size compared 

to MCM-41 (8 nm compared to 4.5 nm), whilst having a comparatively low surface area (450-
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550 m2/g compared to around 1000 m2/g). This may mean the singlet oxygen is able to diffuse 

through the pores more effectively than in MCM-41.  

 The chromatography-grade silica, with the lowest surface area and no porosity, 

reaches a plateau on singlet oxygen production at a low loading in comparison to SBA-15 and 

MCM-41. This is consistent with the theory that multiple layers of PS are forming on the 

surface of the support. 

3.3.1.2 [Ru(BPS)3]Na4 on Amberlite IRA-900 (RuBPS-IRA900)  

Ruthenium tris(disodium bathophenanthroline sulfonate) was supported on 

Amberlite IRA-900, a macroporous polystyrene anion exchange resin. The resin, in 

comparison to chromatography-grade silica, is formed of large spherical beads (<0.5 mm in 

diameter). These beads are very easily removed from solution; however, they have the lowest 

surface area of the particulate supports and the lowest incident light capture per mole of 

complex. 

A larger sample size of 25 mg was utilised for RuBPS-IRA900 as it was impossible to 

accurately weigh out 5 mg of the sample. Otherwise the experiments were run under the 

same conditions as for the silica-based materials. RuBPS-IRA900 shows the lowest OBSERVED 

rate of singlet oxygen generation among the supported ruthenium polypyridyl-based 

materials. This comes down to the overall smaller surface area of the material, its opacity and 

bead weight. The rate of singlet oxygen generation per mole of complex for RuBPS-IRA900 is 

the highest among the solid-supported photosensitisers, making it the most efficient 

compound made. 

Due to the larger particle size of the material compared to silica, it has a much smaller 

surface area (22 m2 g-1 compared to >400 m2 g-1), meaning a smaller proportion of the bound 



91 
 

photosensitiser is being exposed to the light. The opacity of the resin also means that light 

does not pass through the sample, meaning a shadow is cast onto any particles behind it. As 

the beads weigh more, it becomes increasingly difficult to create a suspension than with the 

silica-based samples. However, this setback can be overcome by increasing the scale of the 

reaction and utilising a more diffuse light source. 

Material λmax(nm) 

Loading 

(µmolg=1)a Probeb kmax (s-1) Concc (M) k'M (s-1M-1) 

[Ru(bpy)3]Cl2 450 - DMA 2.28E-03 1.75E-06 1.30E+03 

RuBS-CS 455 34 DMA 3.20E-03 8.00E-05 4.00E+01 

RuBS-SBA 455 36 DMA 7.44E-03 7.44E-05 1.00E+02 

RuBS-MCM 455 47 DMA 3.21E-03 9.45E-05 3.40E+01 

RuBPS-IRA900 460 1.2 DMA 2.93E-04 1.20E-06 2.44E+02 

RuBS-PDMS 455 - DMA 2.32E-04 - - 

 

Table 3 Values for rate of DMA destruction by each material. Performed in MeCN under irradiation by a 455 nm diode 
power density 1.5 mWcm-2. a) Loading is number of moles of active complex per gram of support. b) Probe cooncentration 

of 1 mM. c)"Concentration" represents the number of moles of active complex per litre of reaction medium. 

 

3.3.1.3 RuBS-PDMS 

The experiment for the RuBS-bound PDMS film was performed by shining 455 nm 

diode onto the film from above from 10 cm away, with a stirrer bar on the surface. Although 

the observed rate of singlet oxygen production is the smallest on this support, it still nearly 

matches that of the IRA900 sample, meaning it has a high singlet oxygen considering its 

surface area. A contributing factor to this may be that light in shining on the entire 

functionalised surface at once. Although the extent of surface functionalisation is unknown, 

this material will have the greatest efficiency (by mole of functionalised photosensitiser) for 

singlet oxygen production. 
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3.3.2 General Method in Water 

For the copper compounds, the experiments need to be carried out in water, as 

acetonitrile strips the complex off the surface. For this, a different probe was used: the 

commercial probe Singlet Oxygen Sensor Green (SOSG). SOSG is a widely-used water soluble, 

highly-selective singlet oxygen probe composed of a anthracene moiety connected to a 

fluorescein moiety.19 The unreacted probe does not normally emit at 525 nm, as the 

fluorescein excited state undergoes intramolecular photoelectron transfer quenching from 

the attached anthracene. The anthracene moiety reacts readily with singlet oxygen producing 

an endoperoxide (SOSG-EP), which cannot quench the fluorescein moiety, resulting in an 

emission at 525 nm. There are drawbacks to the use of SOSG in light dependent studies, 

namely that not only have studies demonstrated that SOSG itself generates singlet oxygen 

under exposure to 255 and 532 nm light,19 but that the resulting SOSG-EP produces singlet 

oxygen with an even greater efficiency.20 Despite this it is one of the few singlet oxygen 

probes that is suitable for this experiment, given that its absorbance does not overlap with 

that of the photosensitisers being tested. 

For these experiments the same methodology can be used as for the DMA probe by 

replacing Absorbance of the probe in the kinetics with the Emission Intensity. This can give a 

relative rate constant. A 405 nm diode was used to illuminate the copper complexes 

(Thorlabs M405L4), set to 1.5 mW cm-2 and placed 10 cm away from the cell. A 455 nm 

diode (Thorlabs M455L4) was used for the [Ru(bpy)3]Cl2 standard, set to 1.5 mW cm-2 and 

placed 10 cm away from the cell. 
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Figure 10 Rates of oxidation of the singlet oxygen probe Singlet oxygen sensor green (SOSG) (Thermofischer) 
over time in deionised water in the presence of a photosensitising compound under illumination by either 405 

or 455 nm light. [Ru(bpy)3Cl2 used as a standard for singlet oxygen production. 

 Figure 10 shows the results of the singlet oxygen generation assay utilising SOSG as a 

probe to indirectly measure the singlet oxygen generation of [Cu(xantphos)(dmp)]tfpb dry-

loaded onto chromatography-grade silica (40-60 mesh) (CuXD-CS) in water. [Ru(bpy)3]2+ in 

solution was used as a standard. The probe on its own in water as well as the probe and 

unfunctionalised chromatography grade silica were run as controls. SOSG on its own under 

illumination by 405 nm light does see an increase in emission. This is due to SOSG itself 

generating a small amount of singlet oxygen, which it itself then reacts with. The rate of 

singlet oxygen production also seems to increase, which is consistent with studies reporting 

that SOSG-EP produces more singlet oxygen than the unreacted probe. The unfunctionalised 

silica showed a smaller rate of singlet oxygen production, likely due to the silica particles 

increasing the opacity of the solution. 
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 The estimated rate of singlet oxygen production per mole of complex per litre of 

solvent of CuXD-CS in water as a suspension under illumination by 405 nm light (1.5 mW cm-

2) was calculated to be 1.58x102 s-1 M-1. This is of a similar magnitude to the rates of singlet 

oxygen production by the ruthenium polypyridyl complexes supported on silica in Table 3.  

Material λmax(nm) 

Loading 

(µmolg=1)a Probe kmax (s-1) Concc (M) k'M (s-1M-1) 

[Ru(bpy)3]Cl2 450 - SOSG 9.17E-03 1.50E-06 6.11E+03 

CuXD-CS 387 11 SOSG 8.69E-03 5.50E-05 1.58E+02 

Table 4 Characterisation and singlet oxygen generation rates utilising the probe Singlet oxygen sensory green. Illuminated 
utilising a 405 nm and 445 nm diode for CuXD-CS and [Ru(bpy)3]Cl2 respectively both at power density 1.5 mWcm-2. a) 
Loading is number of moles of active complex per gram of support. b) a 1 cm2 surface was used, under 455 nm irradiation. 
c)"Concentration" represents the number of moles of active complex per litre of reaction medium 

 

3.4 Conclusions 

The singlet oxygen generating abilities of the compounds synthesised and characterised 

in chapter 2 were successfully quantified through two main methods: direct measurement of 

singlet oxygen phosphorescence at 1275 nm for compounds in solution and indirect 

measurement by measuring degradation of a singlet oxygen probe over time for supported 

compounds. 

The compounds in solution all proved to be suitably efficient photosensitisers of singlet 

oxygen (0.30 < Φ∆< 0.88). Immobilisation of RuBS and [Cu(xant)(dmp)]tfpb onto 

chromatography grade silica yielded materials that produce singlet oxygen when illuminated 

by laser-light near their respective MLCT absorption bands (455 and 405 respectively both 

with a power density of 1.5 mWcm-2), albeit with a fraction of the efficiency of the 

homogenous photosensitisers in solution. These compounds are tested for bactericidal 

efficacy in the following chapter. 
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RuBS-PDMS showed a relatively high rate of singlet oxygen generation given its low 

surface area and has a similar rate of degradation of DMA as other film-type photosensitiser 

by Alvarez et al (>104 s-1).21 This may be a promising material for use in a flow system, such as 

that designed by Fresnadillo et al.22  

RuBPS-IRA900 showed the lowest rate of singlet oxygen generation out of the tested 

compounds, whilst also having the highest singlet oxygen producing efficiency per mole of 

active complex. This may be due to its awkward particle size, and may perform better in a 

scaled-up reaction. 

Results for all copper complexes produced from experiments performed together with 

Martin Appleby (mvappleby1@sheffield.ac.uk).  

mailto:mvappleby1@sheffield.ac.uk
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4.1 Introduction 

Singlet oxygen is an electronically excited state of molecular oxygen that can react with a host of 

biologically relevant molecules.1 This property makes it an ideal candidate for the killing of microbes, 

be it in drinking water or in the human body, with no lasting harmful effects. Photodynamic 

inactivation is the killing of bacteria through photosensitised generation of singlet oxygen and has 

been in use for over a century.2 Even so, the mode by which singlet oxygen actually kills bacteria is not 

yet fully understood. Inside cells, singlet oxygen causes damage to a multitude of essential parts of 

the cell including proteins, lipids and DNA,3,4 leading to tissue destruction and apoptosis/necrosis.5 For 

use in drinking water disinfection, however, photosensitisers that can be removed from solution after 

the disinfection must be used, necessitating use of photosensitisers bound to solid supports. In these 

scenarios the PS cannot accumulate inside the bacteria. The drawback in this case is that singlet 

oxygen is produced in the bulk solution outside the bacterial cell, potentially reducing the efficacy of 

bacterial killing. More recent studies have shown that photodynamic effects can be seen with PSs 

acting from outside the cell, however the efficiency of the PS is reduced by virtue of this.6–10  

 

Figure 1 Cell wall structure of Gram positive (+) and Gram negative (-) bacteria.  
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 Bacteria can generally be classified into two large groups: Gram(-) and Gram(+). These names 

are derived from how they respond to the Gram stain test, which distinguishes the two types of 

bacteria based on their cell wall composition.11 Gram(+) bacteria possess an inner lipid membrane and 

a thick layer of relatively porous, mesh-like peptidoglycan on their outer cell wall (Figure 1), which is 

stained purple by the dye Crystal Violet. Gram(-) bacteria on the other hand possess two lipid 

membranes sandwiching a thinner peptidoglycan layer, with the outer membrane possessing a 

lipopolysaccharide (LPS) coat which does not retain crystal violet, and thus tests negative to the Gram 

stain test. Examples of bacteria Gram(+) are Staphylococcus (S.) aureus, Listeria (L.) monocytogenes 

and Bacillus (B.) anthracis. Some examples of Gram(-) bacteria are Escherichia (E.) coli, Salmonella and, 

Legionella. The presence of the additional LPS in Gram(-) bacteria acts as a physical and chemical 

barrier that allows the bacteria to survive in harsher conditions, such as in mammalian digestive tracts. 

This also makes penetration of foreign agents far less likely, hindering the accumulation of PS inside 

the bacteria and making treatment generally more difficult. These factors result in Gram(+) bacteria 

generally showing higher sensitivity towards photodynamic inactivation compared to Gram(-) bacteria. 

Owing to its chemical composition, the outer wall holds a net negative charge making Gram(-) bacteria 

anionic.12,13 Gram(+) bacteria also hold a net negative , albeit weaker, charge due to techoic acids 

(Figure 1) that stud the peptidoglycan layer 

Singlet oxygen possesses a short lifetime (3 s) in water,14,15 and thus has a very short diffusion 

distance of ca. 200 nm.16 Therefore, the photosensitiser and the bacteria must be close together for 

photo-generated singlet oxygen to be able to interact with the bacteria. The net negative surface 

charge of the bacterial wall may hold the answer to this challenge: through the use of cationic supports, 

bacteria can be attracted to the active surface of the photosensitising material, bringing it into the 

effective radius of action of singlet oxygen. This method has been successfully applied in, for example, 

functionalised cationic exchange resin Amberlite IRA900 17 and cationic porous PDMS functionalised 

with ruthenium complex photosensitisers18–20. Numerous cationic amphiphilic polymers without a 

photocatalyst have also had success at killing bacteria without use of photosensitisers.21,22 
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In this study two potentially antibacterial metal complexes synthesised during this project, RuBS 

and CuXD, were immobilised onto chromatography grade silica (RuBS-CS and CuXD-CS) and tested for 

their antibacterial activity. Both materials were found to produce satisfactory quantities of singlet 

oxygen in solution upon irradiation (Chapter 3).  

4.2 General Method for the bacterial inactivation assay 

The sample of solid-supported photosensitising complex was thoroughly washed with 

ethanol or water before being dried in a vacuum oven at 80 °C overnight. A pellet of the wild 

type bacterial strain (WT) was suspended in phosphate buffered saline (PBS) solution and 

distributed across the appropriate number of six – well plates in batches of 3 mL (total 

capacity of each well is 5 mL). For every assay exposed to light, an equivalent dark assay was 

set up. The desired mass of the sample powder for each well was weighed out and added. 

The plates were then placed on an agitator with a 450 or 405 nm LED array (built on-site) 

hanging 10 cm above the base of the plates; with the power arriving at the samples being 

2.40 and 17.5 mW cm-2 respectively. In the course of irradiation, at chosen time intervals a 

small sample of each assay was removed and immediately serially diluted (dilution by 10 

times). Each dilution at chosen interval was performed in triplicate. These samples were then 

pipetted onto freshly set agar plates and the cultures were incubated at 37 °C overnight 

before counting final colony-forming units (CFU mL-1).  
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4.3 Bacterial viability tests on S. aureus and E. coli utilising RuBS-CS 

under 455 nm light. 
 

 

Figure 2 Structures of RuBS (left) and RuBS covalently bound to silica (RuBS-CS) (right) 

The complex [Ru(bpy)2(bipy-silatrane)]Cl2 (RuBS, Figure 2) was designed as a 

photosensitiser with the ability to be covalently bound to the surface of a silica support as a 

way of reducing leaching and thus increasing the reusability of the photosensitising 

compound. RuBS was successfully bound to chromatography grade silica (40-60 mesh, Sigma 

Aldrich) (CS), a cheap, robust powder with high surface area and good chemical and photo-

stability (Chapter 2). RuBS has good absorbance in the visible region ( 𝜆𝑚𝑎𝑥 = 455 nm), and 

has a good singlet oxygen quantum yield (0.55 ±0.1) in solution, and retains the ability to 

produce singlet oxygen when immobilised on silica (chapter 3). 

Initial bacterial viability assays were performed utilising silica with a surface loading of 

20 µmol g-1 by RuBS. S. aureus and E. coli were used as common infectious bacteria of the 

Gram(+) and Gram(-) types, respectively. RuBS-CS showed no killing of either type of bacteria 

under exposure to 2.5 mW cm-2 light, or in the absence of light, over 3 hours. This may be as 

a result of the dissolution of the silanol groups in water above pH 4 which impart the surface 
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of the silica with a net negative charge.22–24 This may prevent the bacteria from aggregating 

close to the surface of the functionalised silica particles.  

 

Figure 3 Proposed surface structure of of RuBS-CS-NH2  

The material was thus post-modified with aminopropyl-triethoxysilane (APTES) to make 

RuBS-CS-NH2 (Figure 3). APTES functionalisation has found success with TiO2 and Silica 

nanoparticles.25,26 APTES was covalently grafted to the surface to introduce amine groups that 

would give the silica surface a less negative surface charge, making it more attractive 

environment for bacteria and thereby bringing PS and bacteria closer together.  



 105 

W
T

R
uB

S
-C

S
-N

H 2

R
uB

S
-C

S
R
B

100

102

104

106

108

1010

S. aureus

Photosensitiser

C
F

U
 m

l-1

A

W
T

R
uB

S
-C

S
-N

H 2

R
uB

S
-C

S
R
B

100

102

104

106

108

E. Coli

Photosensitiser

C
F

U
 m

l-1

0 hours

2 hours

B

 

Figure 4 Bacterial viability assays testing the reduction in viability of S. Aureus (A) and E. coli (B) colonies in the presence of 
RuBS-CS, RuBS-CS-NH2 at a concentration of 5 mgmL-1 in NaPhos buffer and Rose Bengal (RB) (50 µM)  as a positive control. 
Viability checked before and after illumination with 2 hours of 455 nm light at 2.4 mW cm-2. Error bars indicate 
measurement of each interval was performed in triplicate. 

The results are shown in figure 4. Colony forming units (CFUs) are a unit used to 

estimate viable cells capable of forming a colony. Thus, CFU ml-1 represents the concentration 

of viable bacteria cells in solution. Wild Type strains of S. aureus and E. coli in NaPhos buffer 

were used as controls, represented by WT in Figure 3. Rose Bengal (50 µM) (RB) in solution 

was utilised as a positive control for photosensitised bactericidal activity, as it has been shown 

to be an effective antimicrobial photosensitiser for numerous bacterial strains including both 

S. aureus and E. coli.27–35 

Neither RuBS-CS nor RuBS-CS-NH2 displayed dark toxicity against S. aureus at a 

concentration of 5 mg mL-1 after 10 minutes of incubation. Irradiation with 455 nm light  (2.4 

mW cm-2, 2 hr) without the presence of the photosensitiser caused less than 1-log reduction 

in S. aureus but showed no adverse effects on E. coli. Rose Bengal showed abnormally strong 

dark toxicity in S. aureus after 10 minutes of incubation, killing 10-log10 to below the detection 

limit (2-log10). Other studies have not found RB to show dark toxicity towards S. aureus.36 

These results may be due to the Rose Bengal deactivating all of the  S. aureus in the short time 
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it takes to set up the experiment, under irradiation from laboratory lighting. The way to limit 

this is by setting these samples up in a dark room. 

Illumination of suspensions of S. aureus at 455 nm (2.4 mW cm-2) for 2h in the presence 

of RuBS-CS (5 mg mL-1) led to reduction of colony forming units to 10-2 of the original number 

(2-log10 killing). However, the same treatment did not affect the growth of E. coli. Overall, 

RuBS-CS is not a promising antibacterial agent. However RuBS-CS-NH2 showed much better 

results: 2 hours of illumination at 455 nm (2.4 mW cm-2) of both solutions of S. aureus and of 

E. coli in the presence of RuBS-CS-NH2 (5 mg mL-1) led to a reduction to below the detection 

limit (2-log10) by 1 million times (6-log10). The results show a dramatic increase in bactericidal 

activity upon functionalisation of the photosensitising compound with APTES. 

Subsequent batches of the material RuBS-CS-NH2 did not yield the same results and 

were unable to reduce the number of colony-forming units at all in the two repeats of the 

above experiment. The only variable changed between these experiments was the material, 

which was freshly synthesised for each assay via the same method. We do not have an 

explanation for this effect, but it may be possible that (despite dark controls remaining 

healthy) there was something wrong with the batch of bacteria used, or with their incubation 

conditions, for the experiments which showed dramatic (6-log) killing. This challenging 

reproducibility led us to move away from Ru-based photosensitisers. 
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4.4 Bacterial viability tests on S. aureus and E. coli utilising CuXD-CS 

under 405 nm light. 
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Figure 5 CuXD and its UV-vis absorbance spectrum 

 [Cu(xant)(dmp)]tfpb (CuXD) (Figure 5) is a hydrophobic photosensitiser that was 

immobilised on chromatography-grade silica (40-60 mesh) (CS) by dry loading (as described 

in chapter 2 and 5). Both the supported (CuXD-CS) and unsupported (CuXD) compound were 

tested for bactericidal activity on wild type S. aureus and wild type E. coli. Assays were 

performed with varying exposure time, concentration, and both with and in the absence of a 

support. All illuminations were performed under a 405 nm lamp with power density 17.4 mW 

cm-2. This wavelength was chosen as it is close to the complexes' MLCT absorbance maximum 

of 378 nm (Chapter 2) but still, just, within the visible spectrum. Methylene Blue (MB) was 

utilised as a positive control for bactericidal activity, numerous studies have shown its 

photoinactivation of bacteria including S. aureus and E. coli.24 
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Figure 6 Bacterial assays testing the reduction in viability of S. Aureus colonies in the presence of crystals of crystalline 
Cu(xant)(dmp).tfpb (CuXD), CuXD-CS and methylene blue (50 µM). In A concentrations of CuXD and CuXD-CS were 1 mg mL-1 
In B 5 mg mL-1. Cultures were illuminated for 2 hours under 405 nm light at 17.5 mW cm-2. CuXD-CS with a surface loading 

of 11 µM g-1 was used. Error bars indicate measurement of each interval was performed in triplicate. 

Figure 6 shows the results of an initial test that was performed to assess whether CuXD-

CS showed any bactericidal activity. The experiment involved illuminating the bacterial 

solutions in the presence of CuXD-CS under illumination by 405 nm light (17.4 mW cm-2) for 2 

hours.  Methylene blue in solution (50 µM) was utilised as a positive standard. CuXD-CS with 

a surface loading of 11 µM g-1 was used. The tests were performed with mixtures of CuXD or 

CuXD-CS in NaPhos buffer as suspensions at concentrations of 1 mg mL-1 (Fig. 6A) and 5 mg 

mL-1 (Fig. 6B). 

CuXD on its own showed considerable dark toxicity towards S. aureus. After 2 hours of 

incubation in the dark the CFU/mL of S. aureus was reduced by log10 at concentrations of 1 

mg mL-1, and by 4 log10 at 5 mg mL-1. By comparison, S. aureus in the presence of the same 

complex but immobilised on silica (CuXD-CS) showed no dark toxicity at 1 mg mL-1 and 5 mg 

mL-1. Solutions of wild type S. aureus without photosensitising compound present, under 

illumination with 405 nm light, showed no adverse effects. Illumination of the bacterial 

suspensions in the presence of unsupported CuXD with 405 nm light (17.5 mW cm-2) for 2 
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hours yielded the same reductions in CFU ml-1 as did the suspensions kept in the dark. This 

implies no photodynamic bactericidal action is taking place with the unsupported complex. 

Solutions of S. aureus treated with CuXD-CS showed reductions in CFU ml-1 of 6-log10 at 

concentration of 1 mg mL-1 and 6 log10 at a concentration of 5 mg mL-1, after 2 hours of 

exposure to 405 nm light (17.5 mW cm-2), thus displaying photodynamic excellent 

antimicrobial activity.  

More preliminary bactericidal assays were performed utilising the supported material 

CuXD-CS against two organisms, Gram(+) S. aureus and Gram(-) E. coli, in order to assess the 

minimum concentration of material required to cause bacteria death after 30 minutes of 

exposure to 405 nm light. The results (Fig. 7) indicate that suspensions containing 5 mg mL-1 

of CuXD-CS successfully reduces S. Aureus populations by 3-log10, but that any further addition 

of CuXD-CS does not increase bacteria death after 30 minutes of illumination. This may be 

due to the increasing opacity of solution with an increase of the concentration which prevents 

absorption of light by the PS. Experiments need to be run between 1 and 5 mg mL-1 in order 

to determine the minimum concentration of compound required in order to see this level of 

inactivation after 30 minutes. 
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Figure 7 Bacterial inactivation after 30 minutes of exposure at varying concentrations of CuXD-CS in solutions of S. aureus 
(A) and E. coli (B) in NaPhos Coloured points show deactivation under illumination by 405 nm light. Black points show 
deactivation in the presence of CuXD-CS but in the dark. Error bars indicate measurement of each interval was performed in 
triplicate. 

No bacterial killing was seen in the E. Coli assays after 30 min exposure. However, some 

bacterial cell death was achieved at longer exposure times, over 1 hour, (Figure 8 and 9). This 

need for longer irradiation time to achieve bacterial killing is due to the presence of a different, 

double, cell wall in Gram negative bacteria E. coli compared to single cell-wall in a Gram(+) 

bacteria such as S. aureus.  

 A small amount of dark toxicity was observed in both experiments (Figure 7 and 9). S. 

Aureus showed 2 log10 of killing in the dark in the presence of 5 mg/mL of CuXD-CS after 2 

hours. This may be due to the complex [Cu(xant)(dmp)].tfpb (CuXD) interacting directly with 

the bacteria. Further tests should be performed on the dark toxicity of the constituent parts 

of CuXD. Copper and copper alloys are known to be naturally anti-microbial, with reported 

reduction in viability of E. coli 37,38 and S. Aureus39 as well as the influenza A virus.40 
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Figure 8 Bacterial inactivation by CuXD-CS (blue) and in absence of photosensitising material (black). Exposed to 400 nm 
light with power density 17 mW cm-2. 5 mg of CuXD-CS per mL of NaPhos buffer were used. Error bars indicate 
measurement of each interval was performed in triplicate. 

 Both strains of bacteria showed characteristics of deactivation by singlet oxygen.41 The 

colonies of S. Aureus were successfully reduced to within the detection limit (100 CFU mL-1) 

after 2 hours of illumination (Figure 9) with reduction in colony count affected after only 20 

minutes of irradiation. For E. Coli, an appreciable difference in bacterial cell viability was only 

seen after 60 minutes of exposure, and complete deactivation was achieved after 180 

minutes. This is a well-studied phenomenon: in Gram(+) bacteria singlet oxygen immediately 

causes damage to the cell membrane leading to cell death; with Gram(-) bacteria, singlet 

oxygen must first destroy the LPS and outer membrane of the cell wall which either leads to 

the production of substances toxic to the cell or subsequent destruction of the inner cell 

membrane, which then leads to cell death.41–43 
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Figure 9 Bacterial inactivation by CuXD-CS under illumination by 405 nm light, power density 17 mW cm-2 (coloured points) 
and in the dark (black points). Error bars indicate measurement of each interval was performed in triplicate. 

 

Bacterial assay experiments performed together with Professor Dave Kelly 

(d.kelly@sheffield.ac.uk) and Peter G Walker (pgwalker1@sheffield.co.uk). 

Results for all copper complexes produced from experiments performed together with 

Martin Appleby (mvappleby1@sheffield.ac.uk). 

 

4.5 Conclusions and future work 

Preliminary tests showed that both of the synthesised photosensitising compounds, 

[Ru(bpy)2(bpy-Silatrane)]Cl2-CS-NH2 and [Cu(xant)(dmp)]tfpb-CS successfully deactivated 

both Gram(+) and Gram(-) strains of bacteria under illumination. RuBS-CS-NH3 showed 

promising results initially, showing complete reduction in colonies after 2 hours of 

illumination with a relatively low-power lamp (2.4 mW cm-2). However, two repeats of this 

experiment performed with new batches of prepared material showed little to no reduction 

in colonies with illumination. In the future, experiments with higher power density may be 

undertaken to investigate if reduction in colony formation can be achieved with more 

consistency. 

https://d.docs.live.net/c72fd66201831936/Desktop/THESIS/Chapters%20Latest/Chapter%204%20-%20Bactericidal/d.kelly@sheffield.ac.uk
https://d.docs.live.net/c72fd66201831936/Desktop/THESIS/Chapters%20Latest/Chapter%204%20-%20Bactericidal/pgwalker1@sheffield.co.uk
mailto:mvappleby1@sheffield.ac.uk
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The results for CuXD-CS were more promising and yielded consistent results albeit 

requiring a far higher power density of light (17 mW cm-2) at 405 nm.  CuXD-CS displayed 

inconsistent amount of dark toxicity, showing no adverse effects in one experiment and 

reducing 2-log10 CFU of both S. aureus and E. coli in another experiment (using 5 mg mL-1 of 

compound and 2 hours incubation time for both experiments). Further tests need to be 

performed to resolve these inconsistencies. A minimum concentration of CuXD-CS in NaPhos 

buffer of 5 mg ml-1 was necessary to achieve reduction in S. aureus colonies after 30 minutes 

minutes of irradiation. Increasing further the concentration of CuXD-CS had no effect on the 

efficiency of treatment. Experiments at lower concentrations of CuXD-CS are required in order 

to determine the minimum active concentration of the photosensitising compound. 

Experiments at lower surface loadings could also be performed to determine whether even 

less material can be used to achieve the same killing.  

Overall, the results show that CuXD-CS can be a viable candidate for solar water 

disinfection. Experiments to determine leaching of photosensitiser from the surface of the 

silica over time, as well as photodecomposition of the photosensitiser must be performed to 

ensure that use of the compound is safe and economically viable.   
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5.1 Experimental Methods 

 NMR Spectroscopy 

All one dimensional 1H NMR spectra were recorded using a 400 MHz Bruker Avance 400 

spectrometer. Spectra were recorded in spectroscopic grade deuterated chloroform, 

methanol or DMSO and calibrated against the residual protonated solvent peak.1    

 Mass Spectrometry 

All experiments were performed by the University of Sheffield mass spectrometry service. 

Electron impact (EI) mass spectra were recorded using a Waters LCT time-of-flight (TOF) mass 

analyser. Positive-ion electrospray (ES+) mass spectra were recorded on a VG AutoSpec 

magnetic sector instrument. 

 Fourier-Transform Infrared Spectroscopy 

Infra-red spectra were recorded in a DCM solution, using a Perkin Elmer Spectrum One 

FTIR instrument at a 4 cm-1 resolution in demountable solution cells with sodium chloride 

windows. Solid-state infra-red spectra were recorded using a Perkin Elmer Spectrum Two FT-

IR Spectrometer fitted with an attenuated total reflectance (ATR) module. 

 UV-visible Absorption Spectroscopy 

Solution-based UV-Vis spectra were recorded on a Cary 50 Bio instrument, with the 

samples in solution in a quartz cuvette, with a 1 cm path length. Solid State UV-Vis spectra 

were measured with a Varian Cary 5000 spectrophotometer using a Praying Mantis™ Diffuse 

Reflectance Accessory to hold the solid samples. 
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 Emission Spectroscopy 

Emission spectra were obtained from a Horiba Jobin-Yvon Fluoromax-4 

spectrofluorimeter.  Analyte solutions were contained within quartz cuvettes of 1 cm path 

length. 

 X-ray photoelectron spectroscopy 

The analyses were carried out using a Kratos Supra instrument with the monochromated 

aluminium source, with two analysis points per sample. Survey scans were collected between 

1200 to 0 eV binding energy, at 160 eV pass energy and 1.0 eV intervals. In addition, high-

resolution O(1s), Ag(3d), N(1s), C(1s), F(1s) and Si(2p) spectra were collected over an 

appropriate energy range at 20 eV pass energy and 0.1 eV intervals. The analysis area was 

700 µm x 300 µm. The data collected were calibrated in intensity using a transmission function 

characteristic of the instrument (determined using software from NPL) to make the values 

instrument-independent. The data can then be quantified using theoretical Scofield relative 

sensitivity factors. The data were calibrated for binding energy by making the main carbon 

C(1s) peak at 285.0 eV, and correcting all data for each sample analysis accordingly. 
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5.2 Materials 

All organic and inorganic reagents were purchased from either Sigma-Aldrich or Alfa 

Aesar and used as received. Dry solvents were produced from an in-house Grubbs solvent 

drying system.  

5.3 Ruthenium Complexes 

 cis-Bis(2,2'-bipyridine)dichlororuthenium(II) 

 

Ruthenium trichloride hydrate (7.8 g, 38 mmol), 2,2-bipyridyl (11.9 g, 76 mmol) and 

lithium chloride (8.4 g, 200 mmol) were refluxed in DMF (50 mL) for 8 hours. The solution was 

then cooled to room temperature before adding acetone (250 mL). This mixture was then 

cooled to 0 °C overnight and the resulting purple crystals were filtered and washed with 

acetone, water and diethyl ether to give a purple/brown solid. This was then heated in 400 

ml of 1:1 EtOH water to give a deep purple/red solution and filtered while hot. EtOH was 

evaporated from solution in the presence of LiCl (20 g) and the product left to recrystallize 

out at room temperature. The resulting black crystals were washed with water and EtOH and 

dried under vacuum (12.1 g, 68% yield).  

 cis-Bis(1,10-phenanthroline)dichlororuthenium(II) 

Synthesis and purification for this compound the same as for above, but replacing 2,2-

bipyridyl with 1,10-penanthroline. (65 % yield). 

  

 

Figure Error! Use the Home tab to apply 0 to the text that you want to appear here..1 
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 2,2'-Bipyridine-4,4'-dicarboxylic acid (dcbpy) 

 

4,4’-dimethyl-2,2’-bipyridine (2 g, 10.9 mmol) and potassium permanganate (6.5 g, 

41.1 mmol) were dissolved in water and refluxed for 12 hours. A brown precipitate was then 

filtered off from the cooled reaction mixture to leave a yellowish solution. Any remaining 

starting material was extracted from the solution by washing with diethyl ether. The product 

was precipitated from solution by trituration with hydrochloric acid and filtered, washed with 

water, and dried to give an off-white powder (1.32 g, 50% yield). m/z (ESI) 244.1 (100 %, M+). 

 

 2,2’-bipyridyl-4,4’-dicarboxylic acid bis-[(3-triethoxysilylpropyl)amide] (bpy-sil) 

 

2,2’-bipyridyl-4,4’-dicarboxylic acid (0.35 g, 1.43 mmol) was dissolved in excess thionyl 

chloride (10 mL, 138 mmol) and refluxed overnight until the mixture turned clear yellow. The 

solvent was then removed under reduced pressure to give an air-sensitive yellow-white 

powder. This was immediately dissolved in chloroform (20 mL) and was added dropwise over 

an hour to a stirred solution of 3-aminopropyltriethoxysilane (APTES) (0.6 mL, 3 mmol) and 

 

  

 

Figure Error! Use the Home tab to apply 0 to the text that you want to appear here..2 

 

 

 

 

Figure Error! Use the Home tab to apply 0 to the text that you want to appear here..3 
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triethylamine (0.54 mL, 3 mmol) in dry chloroform (10 mL). The reaction mixture was stirred 

overnight under an inert argon atmosphere before removing the solvent under reduced 

pressure. The resulting white powder was dissolved in toluene and the undissolved 

triethylammonium chloride filtered off before removing the solvent under reduced pressure 

to give an off-white waxy, air-sensitive solid (0.63 g, 68% yield). 1H NMR: δH (400 MHz; CDCl3; 

Me4Si) 8.82 (d, J = 5.0 Hz, 2H), 8.74 (s, 2H), 7.85 (dd, J = 5.0, 1.6 Hz, 2H), 7.02 (d, J = 4.0 Hz, 

2H), 3.97 – 3.79 (m, 12H), 3.13 (qd, J = 7.3, 4.8 Hz, 4H), 1.87 – 1.78 (m, 4H), 1.24 (t, J = 7.0 Hz, 

18H), 0.81 – 0.70 (m, 4H). m/z (ESI) 651.3 (100 %, M+). 

 bis-(2,2’-bipyridine)ruthenium(II) [2,2’-bipyridyl-4,4’-dicarboxylic acid bis-[(3-

triethoxysilylpropyl)amide]  dichloride, (Ru(bpy-sil)) 

 

Bpy-sil (115 mg, 0.177 mmol) and Ru(bpy)2Cl2 (84 mg, 0.174 mmol) were dissolved in 

absolute ethanol (10 mL) under an inert argon atmosphere and refluxed for 8 hours. After 

cooling the solvent was removed under reduced pressure. The resulting dark red crystals were 

dissolved in a minimum amount of methanol and purified by passing through a Sephadex LH-

20 column in methanol (0.61 mg, 32 %).  1H NMR (400 MHz, CDCl3) δ 10.70 (s, 2H, ArH), 9.63 

(t, J = 5.8 Hz, 2H, ArH), 9.00 – 8.86 (m, 4H, ArH), 8.82 (d, J = 5.0 Hz, 1H, ArH), 8.17 (dd, J = 16.3, 

8.1 Hz, 4H, 2 ArH), 8.11 – 8.05 (m, 2H, ArH), 7.78 (d, J = 5.4 Hz, 1H), 7.68 (d, J = 5.8 Hz, 1H), 
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7.59 (t, J = 7.9 Hz, 2H), 7.50 – 7.41 (m, 2H, NH), 3.91 – 3.78 (m, 12H, OCH2CH3), 3.62 – 3.46 (m, 

4H, NHCH2CH2CH2), 1.86 (ddd, J = 30.1, 15.4, 7.5 Hz, 4H, NHCH2CH2CH2), 1.32 – 1.12 (m, 18H, 

OCH2CH3), 0.81 – 0.65 (m, 4H, NHCH2CH2CH2); νmax/cm-1 773 (SiC), 1069 (SiO), 1099 (SiC), 1542 

(CONH), 1638 (ArCONH), 2922 (NH); λmax(MeOH)/nm (ε/dm3 mol-1 cm-1) 289 (5547), 244 

(3550), 466 (1156). m/z (ESI) 532.2 (100 %, {M - 2Cl}2+). 

 1-(3’-amino)propylsilatrane  

 

A mixture of APTES (8.84 g, 40 mmol) and triethanolamine (TEA) (5.69 g, 40 mmol) in 

toluene (10 mL) was heated to reflux in a Dean-Stark apparatus with a catalytic amount of 

potassium hydroxide. The ethanol was removed as it was evolved throughout the reaction. 

The resulting white crystalline solid was washed with n-hexane and dried in air to afford a 

white sticky powder (5.00 g, 54 %). 1H NMR (400 MHz, CDCl3) δ 3.77 (t, J = 5.8 Hz, 1H), 2.81 (t, 

J = 5.8 Hz, 1H), 2.64 (q, J = 7.2 Hz, 1H), 1.59 – 1.45 (m, 1H), 0.48 – 0.31 (m, 1H); m/z (ESI) 233.1 

(100 %, M+). 

 N-Methylaminopropyltrimethoxysilatrane 

 

A mixture of N-Methyl-aminopropyltrimethoxysilane (7.7 g, 40 mmol) and 

triethanolamine (TEA) (5.69 g, 40 mmol) in toluene (10 mL) was heated to reflux in a Dean-

Stark apparatus with a catalytic amount of potassium hydroxide. The ethanol was removed 

as it was evolved throughout the reaction. The resulting yellow oil was used without further 
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purification (6.3 g, 63%). 1H NMR (400 MHz, CDCl3) δ 7.27 – 7.08 (m, 1H), 3.74 (t, J = 5.8 Hz, 

6H), 2.78 (t, J = 5.8 Hz, 6H), 2.55 – 2.44 (m, 2H), 2.37 (s, 3H), 1.65 – 1.46 (m, 2H), 0.44 – 0.28 

(m, 2H). ); m/z (ESI) 246.4 (100 %, M+). Elemental Analysis Molecular formula: C10H22N2O3Si 

Predicted Results C 48.75%, H 9.00%, N 11.37% Found: C 48.53%, H 9.18%, N 11.32%. 

 2,2’-Bipyridine-4,4’-dicarboxylic acid bis[(3-silatranylpropyl) amide] (bipy-silatrane) 

 

 

 2,2'-Bipyridine-4,4'-dicarboxylic acid (dcbpy) (0.350 g, 1.25 mmol) was dissolved in 

excess thionyl chloride (10 mL, 86.6 mmol) and refluxed overnight under argon. The 

unreacted thionyl chloride was removed in vacuo before dissolving the residue in DCM (10 

mL) and filtering. The filtrate was collected and added dropwise to a stirred mixture of 1-(3’-

amino)propylsilatrane (0.609 g, 2.625 mmol) and triethylamine (0.6 mL, 4.3 mmol) in DCM 

under argon over the course of an hour. This mixture was stirred at room temperature for 3 

hours under argon. The mixture was then cooled to 0 °C overnight. The mixture was then 

filtered and washed with cold DCM to afford a pale pink precipitate (0.81 g, 96 %). 1H NMR 

(400 MHz, CDCl3) δ 8.77 (dd, J = 5.0, 0.6 Hz, 1H), 8.71 (s, 1H), 7.84 (dd, J = 5.0, 1.7 Hz, 1H), 7.59 

(s, 1H), 3.79 (t, J = 5.8 Hz, 6H), 3.51 (dd, J = 12.2, 5.8 Hz, 2H), 2.82 (t, J = 5.8 Hz, 6H), 1.93 – 

1.71 (m, 3H), 0.59 (t, J = 7.3 Hz, 2H). m/z (ESI) 673.4 (100 %, M+). Elemental Analysis Molecular 

formula: C30H44N6O8Si2 Predicted Results C 53.55%, H 6.59%, N 12.49% Found: C 52.93%, H 

6.78%, N 12.32%. 
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 2,2’-Bipyridine-4,4’-dicarboxylic acid bis[(3-silatranylpropyl) N-methyl amide] (bipy-

Me-silatrane) 
 

 

Dcbpy (0.350 g, 1.25 mmol) was dissolved in excess thionyl chloride (10 mL, 86.6 

mmol) and refluxed overnight under argon. The unreacted thionyl chloride was removed in 

vacuo before dissolving the residue in DCM (10 mL) and filtering. The filtrate was collected 

and added dropwise to a stirred mixture of N-Methylaminopropyltrimethoxysilatrane (0.64 g, 

2.6 mmol) and triethylamine (0.6 mL, 4.3 mmol) in DCM under argon over the course of an 

hour. This mixture was stirred at room temperature for 3 hours under argon. The mixture was 

then cooled to 0 °C overnight. The mixture was then filtered and washed with cold DCM to 

afford a yellowish white precipitate (0.6 g, 96 %). 1H NMR (400 MHz, DMSO) δ 8.78 (d, J = 4.9 

Hz, 2H), 8.29 (s, 2H), 7.43 (dd, J = 24.9, 4.8 Hz, 2H), 3.63 (t, J = 5.8 Hz, 4H), 3.43 (t, J = 5.7 Hz, 

6H), 3.17 (d, J = 5.0 Hz, 3H), 2.98 (d, J = 13.9 Hz, 1H), 2.81 (t, J = 5.8 Hz, 2H), 2.66 (t, J = 5.8 Hz, 

4H). m/z (ESI) 701.3 (100 %, MH+).  

 2,2’-bipyridyl-4,4’-dicarboxylic acid bis-[(3-Silatrane-propyl)amide]  bis-(2,2’-

bipyridine) ruthenium(II) dichloride (RuBS) 
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Bpy-silatrane (0.130 g, 0.193 mmol) and Ru(bpy)2Cl2 (84 mg, 0.174 mmol) were dissolved in 

absolute ethanol (20 mL) under an inert argon atmosphere and refluxed for 8 hours to 

produce a clear red solution. After cooling the solvent was removed under reduced pressure. 

The resulting dark red crystals were dissolved in a minimum amount of methanol and purified 

by passing through a Sephadex LH-20 column in methanol (0.61 mg, 32 %) followed by 

evaporation of the solvent. The resulting crystalline solid is hygroscopic. 1H NMR (400 MHz, 

MeOD): δ 9.15 (d, J = 1.5 Hz, 2H), 8.75 (dd, J = 8.2, 2.7 Hz, 4H), 8.26 – 8.08 (m, 4H), 8.00 (d, J 

= 5.9 Hz, 2H), 7.85 (dd, J = 5.9, 2.0 Hz, 6H), 7.61 – 7.41 (m, 4H), 3.75 (t, J = 5.9 Hz, 12H), 3.42 – 

3.37 (m, 4H), 2.90 (t, J = 5.9 Hz, 12H), 1.80 – 1.62 (m, 4H), 0.48 – 0.26 (m, 4H). m/z (ESI) 543.4 

(100 %, {M – 2Cl}2+). Elemental Analysis Chemical formula: C50H60N10O8RuSi2Cl2.10H2O 

Predicted Results C 44.90%, H 6.03%, N 10.47%. Found: C 45.76%, H 5.65%, N 10.64%.  

 Phenanthroline-4,7-dicarboxylic acid 

 

4,7-Dimethylphenanthroline (1g, 4.8 mmol) and SnO2 (2.4 g, 21.6 mmol) were refluxed 

in dioxane with 4% water (60 ml ) overnight before hot filtering through celite. The filtrate 

was left to reach room temperature and the resulting precipitate was filtered to afford the 

dialdehyde, a pale orange powder. This crude material was used quantitatively to produce 

the diacid by refluxing it in 70% nitric acid (10 mL) overnight. The reaction mixture was poured 

into ice (20 g) and left until the ice had melted. The resulting precipitate was filtered off and 

washed with methanol to afford the diacid as pale yellow crystals (0.54 g, 0.20 mmol, 41% 
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yield). 1H NMR (400 MHz, DMSO) δ 9.27 (d, J = 4.5 Hz, 2H), 8.78 (s, 2H), 8.17 (d, J = 4.5 Hz, 

2H). m/z (ESI) 269.1 (100%, Μ+). 

 1,10-Phenanthroline-4,7-dicarboxylic acid bis[(3-silatranylpropyl) amide]  

 

Phenanthroline-4,7-dicarboxylic acid (0.1 g, 0.373 mmol) was refluxed in thionyl 

chloride (6 mL) overnight to afford a bright yellow solution. The thionyl chloride was distilled 

off and the resulting yellow solid dissolved in acetonitrile (20 mL). This was added to a stirred 

solution of APSilTrn (0.173 g, 0.745 mmol) and NEt3 (0.238 mL, 1.12 mmol) in chloroform (10 

mL) over 1 hour, turning the solution a pale pink colour. The reaction mixture was stirred 

under nitrogen at room temperature overnight. The solvent was removed to afford a waxy 

yellowish solid. This was then washed with methanol to give the product as a white powder 

(60 mg, 0.086 mmol, 23%). 1H NMR: (400 MHz, DMSO) δ 9.16 (d, J = 4.4 Hz, 1H), 8.75 (t, J = 

5.6 Hz, 1H), 8.14 (s, 1H), 7.73 (d, J = 4.4 Hz, 1H), 3.62 (t, J = 5.8 Hz, 6H), 3.24 (dd, J = 13.5, 7.1 

Hz, 2H), 2.80 (t, J = 5.8 Hz, 6H), 1.71 – 1.45 (m, 2H), 0.43 – 0.07 (m, 2H). m/z (ESI) 697.3 (100%, 

Μ+). Elemental Analysis Molecular Formula: C32H44N6O8Si2 Predicted Results: C: 55.15%; H: 

6.36%; N: 12.06% Found:  C: 55.13%; H: 6.39%; N: 12.01%. 
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 1,10-Phenanthroline-4,7-dicarboxylic acid bis[(3-silatranylpropyl) amide] bis-1,10-

Phenanthroline Ruthenium(II) dichloride (RuPS). 

 

 Ru(phen)2Cl2 (35 mg, 0.065 mmol) and 1,10-Phenanthroline-4,7-dicarboxylic acid 

bis[(3-silatranylpropyl) amide] (50 mg, 0.072 mmol) were dissolved in ethanol (20 mL) and 

refluxed overnight to give a clear dark-red solution. The solvent was removed under reduced 

pressure and the complex was re-dissolved in 1 mL of MeOH, before purifying on Sephadex 

LH-20 in MeOH. The solvent was evaporated to afford deep red crystals (50 mg, 62%).1H NMR 

(400 MHz, CDCl3) δ 8.75 (s, 2H), 8.63 (s, 2H), 8.61 (d, J = 5.1 Hz, 2H), 8.47 (t, J = 8.3 Hz, 4H), 

8.40 (d, J = 5.0 Hz, 2H), 8.33 (d, J = 5.3 Hz, 2H), 7.96 – 7.85 (m, 4H), 7.82 (dd, J = 8.1, 5.4 Hz, 

2H), 7.72 (dt, J = 7.3, 3.6 Hz, 2H), 7.55 (dd, J = 5.7, 3.3 Hz, 2H), 3.82 – 3.64 (m, 12H), 3.58 – 

3.37 (m, 4H), 2.80 (t, J = 5.8 Hz, 12H), 1.85 – 1.71 (m, 4H), 0.62 – 0.42 (m, 4H). m/z (ESI) 597.2 

(100%, M2+).  Elemental Analysis Chemical Formula: C56H60Cl2N10O8RuSi2•5H2O Predicted 

Results: C, 50.98; H, 5.35; N, 10.62; Found: C, 50.99; H, 5.37; N, 10.60  

 

 RuBS-CS 
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Chromatography grade silica (1 g) was suspended in a solution of RuBS (20 mg,  ??) in 

MeCN. The suspension was stirred at room temperature for 3 hours before filtering to afford 

a dark orange powder. The powder was washed 3 times each with methanol, chloroform and 

diethyl ether respectively before drying under vacuum at 80 °C. νmax/cm-1 797 (Si-OH), 1068 

(Si-OCH2CH3), 1542 (CON-H); UV-visible λmax (solid state)/nm 289, 244, 466. 

 Preparation of PDMS compounds 

PDMS was prepared from a Dow Corning Sylgard 184 elastomer kit, as per the 

instructions provided by the manufacturer. The elastomer and the curing agent were mixed 

in a 10:1 ratio and mixed for 5 minutes. The mixture was then poured into 9 cm petri dishes 

to between 1-2 mm in depth. The elastomer was then allowed to cure at 50 °C for 48 h. 

 PDMS-NH2 

This was prepared using a modified method by Brook et al.2 The elastomer was 

steeped in a 30 mL solution of methanol, KOH and APTES (100:1:1 w/w) for 8 h at 50 °C. The 

polymer was then sonicated in fresh methanol for 30 minutes to remove any non-covalently 

bound reagents and washed with DCM.  

 PDMS-bpy 

 

PDMS-NH2 was steeped in 30mL of a solution of triethylamine (2 mL) in DCM for 30 

minutes in order to ensure that the pendant NH2 groups were not protonated, before addition 

of a solution of 2,2'-Bipyridine-4,4'-di(carbonylchloride) (0.1 g) in DCM (5 mL), this was then 

left to steep at room temperature overnight. The polymer was then sonicated in DCM for 30 

minutes to remove any unbound reagents.  

 PDMS-Ru(bpy)3 
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PDMS-bpy was steeped in a solution of Ru(bpy)2Cl2 (5 mg) in ethanol (30 mL) and 

heated to 75 °C for 48 h. The resulting red elastomer was sonicated in fresh ethanol for 4 h to 

remove physisorbed material.  Any unbound Ru(bpy)2Cl2 is easily recovered through removal 

of solvent from the reaction mixture. UV-visible λmax (solid state)/nm 289, 244, 466. 

 PDMS-SH 

This was prepared using a modified method by Brook et al.2 The elastomer was 

steeped in a 30 mL solution of methanol, KOH and 3-mercaptopropyl-trimethoxysilane 

(100:1:20 w/w) for 8 h at 50 °C. The polymer was then sonicated in fresh methanol for 30 

minutes to remove any non-covalently bound reagents and washed with DCM.  

 PDMS-MA 

PDMS-SH was steeped in THF overnight, followed by heating to reflux in a solution of 

maleic anhydride (4g, excess) and AIBN (cat.) in DCM for 36 hours. The resulting polymer was 

washed in THF for 48 hours, refreshing the solvent every 12 hours. 

 PDMS-S-Ru 

[Ru(phen)2(phen-diol)](PF6)2 (2 mg) was dissolved in DCM and 4, 1x1 cm squares of 

PDMS-MA were steeped in the solution for 24 hours before filtering and washing with DCM 

for 48 hours.  
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5.4 Copper Complexes 

 [Cu(dmp)(Xantphos)]tfpb  

 

 Cu(NCCH3)4.BF4 (50 mg, 0.16 mmol) and xantphos (92 mg, 0.16 mmol) were dissolved 

in DCM (20 mL) and stirred at rt for 2 hours.  2,9-dimethyl-1,10-phenanthroline (dmp) (33 mg, 

0.16 mmol) was then added, causing the solution to immediately turn bright yellow. The 

solution was stirred at rt for 1 hour before removing all but 1 mL of solvent under reduced 

pressure. The product was then precipitated by trituartion with diethyl ether, and separated 

via vacuum filtration. The resulting bright-yellow powder was dissolved in the minimum 

amount of MeOH and Sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (tfpb) (0.164 g, 

0.185 mmol) added. The solution was stirred for 1 hour at rt and then triturated with water 

to give bright yellow crystals (0.114 g, 0.146 mmol). 1H NMR (400 MHz, CDCl3) δ 8.17 (d, J = 

8.2 Hz, 2H), 7.74 s, 8H), 7.70 (s, 2H), 7.65 (dd, J = 7.8, 1.1 Hz, 2H), 7.51 (s, 4H), 7.41 (d, J = 8.3 

Hz, 2H), 7.26 – 7.13 (m, 6H), 7.09 – 6.95 (m, 16H), 6.95 – 6.84 (m, 2H), 2.25 (s, 6H), 1.74 (d, J 

= 7.1 Hz, 6H). m/z (ES+) 849.6 (100 %, M+). 
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 [Cu(bathocuproine)(xantphos)]tfpb  

 

 The method for this synthesis is the same as for [Cu(dmp)(Xantphos)]tfpb  but 

bathocuproine (2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline) was used instead of dmp. 

Cu(NCCH3)4.BF4 (50 mg, 0.16 mmol) and xantphos (92 mg, 0.16 mmol) were dissolved in DCM 

(20 mL) and stirred at rt for 2 hours. Bathocuproine (58 mg, 0.16 mmol) was then added, 

causing the solution to immediately turn bright yellow. The solution was stirred at rt for 1 

hour before removing all but 1 mL of solvent under reduced pressure. The product was then 

precipitated out by trituration with diethyl ether and separated via vacuum filtration. The 

resulting bright-yellow powder was dissolved in the minimum amount of MeOH and Sodium 

tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (tfpb) (0.164 g, 0.185 mmol) was added. The 

solution was stirred for 1 hour at rt and then triturated with water to give bright yellow 

crystals (0.114g, 0.146 mmol). 1H NMR (400 MHz, CDCl3): δ 7.80 (s, 2H), 7.69 (d, J = 7.3 Hz, 

2H), 7.58 (t, J = 6.8 Hz, 8H), 7.49 (d, J = 9.5 Hz, 6H), 7.24 (t, J = 7.8 Hz, 4H), 7.18 – 7.04 (m, 16H), 

6.99 (d, J = 3.4 Hz, 2H), 2.35 (s, 6H), 1.78 (s, 6H). m/z (ES+) 1001.3 (100 %, M+). Elemental 

Analysis Chemical Formula: C65H52BCuF4N2OP2 Predicted Results: C, 71.66; H, 4.81; N, 2.57; 

Found: C, 71.60; H, 4.95; N, 2.35. 
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 Na[Cu(bathocuproine-disulfonate)(xantphos)] 

 

Cu(NCCH3)4.BF4 (50 mg, 0.16 mmol) and xantphos (92 mg, 0.16 mmol) were dissolved in MeCN 

(20 mL) and stirred at rt for 2 hours. Disodium bathocuproinedisulfonate (90 mg, 0.16 mmol) 

was added and the reaction mixture stirred at 30˚C overnight. The solvent was removed under 

reduced pressure. The resulting dark yellow powder was dissolved in MeOH and purified on 

Sephadex LH-20 to give a bright yellow solid (60 mg, 32% yield). 1H NMR (400 MHz, CDCl3): δ 

8.02 (d, J = 8.8 Hz, 2H), 7.99 (d, J = 8.6 Hz, 2H), 7.96 (d, J = 6.7 Hz, 2H), 7.72 (s, 2H), 7.60 (d, J = 

6.9 Hz, 4H), 7.32 (d, J = 5.0 Hz, 3H), 7.22 – 7.05 (m, 6H), 7.05 – 6.77 (m, 20H), 2.18 (s, 6H), 1.66 

(s, 6H).  m/z (ES+) 1159.0 (100 %, M+).  

 [Cu(DPEPhos)(dmp)]tfpb 
 

 

 Cu(NCCH3)4.BF4 (50 mg, 0.16 mmol) and DPEPhos (92 mg, 0.16 mmol) were dissolved 

in DCM (20 mL) and the solution was stirred at rt for 2 hours. 2,9-dimethyl-1,10-
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phenanthroline (33 mg, 0.16 mmol) was then added, causing the solution to immediately turn 

bright yellow. The solution was stirred at rt for 1 hour before removing all but 1 mL of solvent 

under reduced pressure. The product was then precipitated out by trituration with diethyl 

ether and separated via vacuum filtration. The resulting bright-yellow powder was dissolved 

in the minimum amount of MeOH and Sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate 

(tfpb) (0.164 g, 0.185 mmol) was added. The solution was stirred for 1 hour at room 

temperature and then triturated with water to give bright yellow crystals. 1H NMR (400 MHz, 

CDCl3): δ 8.41 (d, J = 8.3 Hz, 2H), 7.88 (s, 2H), 7.62 (d, J = 8.3 Hz, 2H), 7.40 – 7.32 (m, 2H), 7.21 

(dd, J = 12.4, 4.9 Hz, 6H), 7.05 (t, J = 7.6 Hz, 8H), 7.01 – 6.93 (m, 10H), 2.46 (s, 6H). m/z (ES+) 

809.2 (100 %, M+). 

 5-Nitrocuproine 
 

 

 2,9-dimethyl-1,10-phenanthroline (0.5 g, 2.4 mmol) was dissolved in HNO3 (5 ml, 70%) 

and H2SO4 (10 mL, 95%) and heated to 115 °C for 1 hr before pouring into ice (100 g). After 

the ice had melted the solution was brought to pH 8 using concentrated NaOH solution and 

the resulting precipitate was filtered off and washed with water to yield a grey solid (0.2 g, 

32%). 1H NMR (400 MHz, CDCl3): δ 8.96 (d, J = 8.7 Hz, 1H), 8.64 (s, 1H), 8.31 (d, J = 8.2 Hz, 1H), 

7.68 (dd, J = 17.6, 8.5 Hz, 2H), 3.03 (d, J = 6.6 Hz, 6H). m/z (ES+) 253.1 (M+). 
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 [Cu(5-Nitrocuproine)(xantphos)]tfpb 

 

Cu(NCCH3)4.BF4 (50 mg, 0.16 mmol) and xantphos (92 mg, 0.16 mmol) were dissolved 

in DCM (20 mL) and the solution was stirred at rt for 2 hours. 5-Nitrocuproine (40 mg, 0.16 

mmol) was then added, causing the solution to immediately turn orange. The solution was 

stirred at rt for 1 hour before removing all but 1 mL of solvent under reduced pressure. The 

product was then precipitated by trituration with diethyl ether and separated via vacuum 

filtration. 1H NMR (400 MHz, CDCl3): δ 8.94 (d, J = 11.3 Hz, 1H), 8.53 (s, 1H), 8.23 (d, J = 8.3 Hz, 

1H), 7.73 (s, 8H), 7.66 (d, J = 7.6 Hz, 2H), 7.61 (d, J = 8.8 Hz, 1H), 7.50 (s, 4H), 7.45 (d, J = 8.3 

Hz, 1H), 7.28 – 7.16 (m, 6H), 7.09 – 6.99 (m, 14H), 6.97 (dt, J = 7.3, 3.8 Hz, 2H), 2.36 (s, 3H), 

2.31 (s, 3H), 1.73 (d, J = 8.7 Hz, 6H). m/z (ES+) 849.2 (M+).  

5.5 Other metal complexes 

 

 Ir(fppy)2(bpy-silatrane) 

 

 

 Ir2(fppy)4Cl2 3(68.7 mg, 51 mmol) and bpy-silatrane (71 mg, 100 mmol) were 

dissolved in DMF (20 mL), heated to 90 °C and stirred for 24 hours under argon. After 
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cooling the solvent was removed under reduced pressure. The resulting dark yellow powder 

was purified using size exclusion column chromatography on Spehadex LH-20 in methanol 

to afford a bright yellow powder (40 mg, 59 %).  1H NMR (400 MHz, CDCl3) δ 10.51 (s, 1H), 

9.53 (d, J = 5.9 Hz, 1H), 8.36 (d, J = 8.7 Hz, 2H), 8.15 (dd, J = 5.6, 1.5 Hz, 2H), 7.98 (d, J = 5.6 

Hz, 1H), 7.86 (t, J = 7.2 Hz, 2H), 7.44 (d, J = 4.9 Hz, 2H), 7.07 (dd, J = 9.7, 3.7 Hz, 2H), 6.69 – 

6.56 (m, 2H), 5.72 (dd, J = 8.2, 2.3 Hz, 2H), 3.76 (dd, J = 11.8, 6.1 Hz, 9H), 3.52 (d, J = 9.8 Hz, 

5H), 2.79 (t, J = 5.8 Hz, 8H), 1.97 – 1.82 (m, 6H), 0.59 – 0.43 (m, 3H). m/z (ESI) 1245.3 (100 %, 

M+). 
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6 Conclusions and Future Work 

  



141 
 

Contents 

6 Conclusions and Future Work ........................................................................................ 140 

6.1 Aims ......................................................................................................................... 142 

6.2 Ruthenium-based Photosensitising Materials ........................................................ 142 

6.3 Copper-based Photosensitising Materials .............................................................. 142 

6.4 Summary ................................................................................................................. 145 

6.5 Final Words.............................................................................................................. 146 

6.6 References ............................................................................................................... 148 

 
  



142 
 

 

6.1 Aims 

This research aimed to synthesise and characterise a transition metal complex-based 

photosensitising compound supported on silica that could successfully reduce bacterial 

populations, as well as to measure its ability to produce singlet oxygen.  

6.2 Ruthenium-based Photosensitising Materials 

A ruthenium complex, [Ru(bpy)2(bpy-silatrane)]Cl2 (RuBS) was successfully covalently 

immobilised onto various types of silica and characterised by UV-vis and luminescence 

spectroscopy. The singlet oxygen generation of the free complex in acetonitrile was 

determined (Φ 𝑂2 
1 = 0.55) and the compound immobilised onto chromatography grade silica 

(RuBS-CS) was also found to produce singlet oxygen, albeit with poorer efficiency. 

RuBS-CS was unable to reduce colonies of S. aureus or E. coli after 2 hours of irradiation 

by 455 nm light (2.4 mWcm-2). The composite material was then post-functionalised using 3-

amino(propyltriethoxysilane) to produce RuBS-CS-NH2, which was able to reduce colonies by 

6 log10 after 2 hours of illumination at concentrations of 5 mg of compound per mL of NaPhos 

buffer. These results, however, were not reproducible with newly synthesised batches of 

RuBS-CS-NH2.  

A number of other ruthenium polypyridyl-based immobilised photosensitisers have been 

made and their singlet oxygen generating abilities verified. However these compounds have 

not been tested for bactericidal efficacy.  

6.3 Copper-based Photosensitising Materials 

[Cu(xantphos)(2,9-dimethyl-1,10-phenanthroline)]tfpb (CuXD) was found to produce 

singlet oxygen in acetonitrile with a singlet oxygen quantum yield of 30% (Φ 𝑂2 
1 = 0.30). This 

was determined via observation of singlet oxygen phosphorescence at 1270 nm. When 
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immobilised onto chromatography silica, Cu-XD-CS was found to produce singlet oxygen in 

water using a singlet oxygen probe to indirectly measure the singlet oxygen generated. CuXD-

CS reduced CFUmL-1 in S. aureus and E. coli by 99.99999% (6 log10) after exposure to 405 nm 

light (17.5 mWcm-2) for 2 and 3 hours respectively in concentrations of 5 mgmL-1 in NaPhos 

buffer. 

Further experiments need to be run to determine the optimum working concentrations 

and conditions for bactericidal activity of the compound. An experiment testing whether 

chromatography grade silica (40-60 mesh) on its own shows bactericidal activity upon 

illumination with 405 nm light is necessary as a control. Using a quencher such as sodium 

azide, a known singlet oxygen quencher,1,2 to test whether it is the singlet oxygen produced 

that is killing the bacteria and not another process, such as the photosensitiser interacting 

directly with the bacteria. Live/dead staining can also be performed to determine whether or 

not the bacteria in the viability assays are being killed due to membrane damage.3 The 

compound may also generate other reactive oxygen species (ROS) such as the hydroxyl radical 

and superoxide radical. The generation of these species should be tested utilising the 

appropriate probes.4 Such as 2,2 ′ -di-p-nitrophenyl-5,5 ′ -diphenyl-(3,3 ′ - dimethoxy)-4,4 ′ -

bisphenyleneditetrazolium chloride (NBT) or luminol for the superoxide anion,  

The leaching rate of the complex from the surface of the silica, as well as photobleaching 

rate of the complex is paramount for determining commercial viability. Utilising a solar 

simulator or white light, increasing the scale of the bacterial inactivation assays and 

disinfecting actual wastewater are also necessary to evaluate the feasibility of the compounds 

for real-world use.  
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Counter ion effect on bactericidal activity should also be tested, not only to see if the 

current salt, tetrakis[3, 5-bis(trifluoromethyl)phenyl]borate (tfpb) enhances antibacterial 

activity but if a cheaper counterion can be used.  

In these works the salt [Cu(xantphos)(2,9-dimethyl-1,10-phenanthroline)]tfpb was used, 

which is soluble in polar organic solvents. In addition, a water-soluble complex should be 

synthesised, so that the bactericidal activity of the complex in solution may be assessed. A 

water soluble salt of CuXD may be difficult to synthesise, as the ligands on the complex are 

very bulky and non-polar.  

Numerous other heteroleptic copper diamine diphosphine complexes, {Cu(NN)(PP)}+, 

were synthesised and characterised in hopes of producing a singlet oxygen generating 

complex similar to CuXD but with an MLCT absorption band further in the visible spectrum. 

[Cu(xant)(bathocuproine)]tfpb and [Cu(xant)(bathocuproinesulfonate)]Na were successfully 

synthesised and were found to have an MLCT absorption band that is redshifted by 10 nm 

with respect to CuXD. While this represents a very small change in absorbance the molar 

extinction coefficient of the MLCT band (390 nm) increased by a factor of 3. The newly 

synthesised compounds also gave a higher singlet oxygen quantum yield (Φ 𝑂2 
1 = 0.4). Future 

work will see these complexes adsorbed onto silica and used in bactericidal assays as for 

CuXD-CS. 

Although CuXD-CS certifies itself a promising compound based on preliminary 

antibacterial tests, it is unlikely that the photosensitiser will be used in this form. This is due 

to the practical difficulties associated with utilising a free-flowing fine-meshed powder such 

as chromatography silica (easy to lose compound when handled manually, risk of inhalation 

leading to silicosis). It may be advisable to mechanically fix the CuXD-CS powder onto a flat 

surface, such as a polymer or glass. Due to the hydrophobicity of [Cu(dmp)(xant)]tfpb, the 



145 
 

complex can be easily immobilised on surfaces by “painting” surfaces with the complex in 

acetonitrile or dichloromethane. Research is underway of creating thin films onto glass by 

spin coating.  

6.4 Summary 

A breakdown of what has been achieved throughout this work: 

o Ruthenium polypyridyl complexes RuBS, RuBMS, RuPS successfully synthesised and 

characterised using 1H NMR, ESI Mass Spectrometry, Elemental Analysis, UV-visible 

spectrometry, fluorescence spectrometry and time-resolved emission spectrometry. 

o The singlet oxygen quantum yields for the above compounds in acetonitrile were 

measured through detection of singlet oxygen phosphorescence at 1275 nm. 

o RuBS was successfully immobilised covalently onto three types of silica: 

Chromatography grade silica (40-60 mesh), SBA-15 (8 nm pore diameter), MCM-41. 

These immobilised compounds were characterised using solid-state UV-visible 

spectroscopy, solid-state emission spectroscopy and ATR-FTIR spectroscopy. The 

singlet oxygen generating ability of these materials was measured indirectly using a 

singlet oxygen probe. 

o Two PDMS-based photosensitising materials we synthesised, Ru-N-PDMS and Ru-S-

PDMS and were characterised by UV-visible and ATR FTIR spectroscopy. 

o A ruthenium polypyridyl complex RuBPS was ionically bound to Amberlite® IRA-900 

and characterised by UV-visible and emission spectroscopy. 

o  The singlet oxygen generating ability of Ru-N-PDMS and Ru(BPS)-IRA900 were 

measured utilising a singlet oxygen probe (DMA). 
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o RuBS immobilised on chromatography grade silica was found to not reduce colonies 

of S. aureus or E. coli under illumination by 455 nm light (2.4 mWcm-2) after 2 hours 

of illumination. 

o [Cu(dmp)(xant)]tfpb (CuXD) was synthesised according to literature, characterised 

and its singlet oxygen quantum yield in acetonitrile measured through detection of 

singlet oxygen phosphorescence at 1275 nm. 

o CuXD was immobilised onto chromatography grade silica through dry loading (CuXD-

CS) and characterised using solid-state UV-visible spectroscopy, solid-state emission 

spectroscopy. 

o The above compound was found to successfully deactivate colonies of both S. aureus 

and E. coli by 6 log10 after 2 hours of illumination. 

o New complexes [Cu(BC)(xant)]tfpb, [Cu(BCS)(xant)]Na and [Cu(5NC)(xant)]tfpb were 

synthesised and characterised 1H NMR, ESI Mass Spectrometry, Elemental Analysis, 

UV-visible spectrometry, fluorescence spectrometry and time-resolved emission 

spectrometry.  

o The singlet oxygen quantum yields of the above complexes was measured in 

acetonitrile through detection of singlet oxygen phosphorescence at 1275 nm. 

6.5 Final Words 

The research project presented herein is still in its nascent stages. Nevertheless, some of 

the outcomes have been promising. The most promising of these is the potential of the use 

of Copper (I) photosensitisers as disinfecting agents. The field of transition metal 

photosensitisers for water disinfection is mainly guided by the work performed by Fresnadillo 

et al,5-13 with most of the photosensitisers being ruthenium-based. Whilst ruthenium 

complexes often yield highly efficient and robust photocomplexes, the prospect of replacing 
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ruthenium complexes (which suffer from increasing costs, low earth abundancy and energy 

intensive syntheses) could present economically and environmentally advantageous. 

The bactericidal activity of CuXD-CS was indeed promising. However, there are still a litany 

of tests required to determine its suitability as a point-of-use method for water treatment. 

Ultimately, the composite material must be applied to a practical setup such as a solar reactor 

or SODIS-style vessel. Designing one of these systems may still yet present the largest hurdle 

towards production of a sustainable model for water disinfection in rural areas. Research on 

graphitic carbon nitride as a photocatalyst by Zeng et al. should be a model for this area of 

research, providing data on durability, reusability and showing effective application of the 

active material in both vessel and reactor set ups.14 Whilst the research by Zeng et al. is 

excellent there is still assessment of costing and sustainability and ease of use for the 

technology and uptake statistics also need to be studied. Indeed, the scope of this study is 

relatively narrow compared to the necessary research required to produce an effective POU 

water disinfection technology, but you have to start somewhere. 
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Appendix 

1 Chapter 2: Synthesis and characterisation 

1.1 Molar Extinction coefficients 
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Figure 1 RuBS molar extinction coefficient  
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Figure 2 RuBMS molar extinction coefficient plot 
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Figure 3 RuPS molar extinction coefficient plot 
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Figure 4 Cu(xant)(dmp) molar extinction coefficient 
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