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Abstract 

Oxygen sensing devices are valuable to several fields for medical, environmental, and pressure-sensing 

applications. Recent developments to optic fiber and waveguide technology have made luminescence-

based molecular sensors more competitive than traditional sensing methods due to their easy modes of 

detection and portability. Several transition metal complexes have been investigated for their use as 

luminescent probes for the detection of molecular oxygen. Through studies that investigated their 

effectiveness in several different polymer matrices including polydimethylsiloxane (PDMS) and poly-(1-

trimethylsilyl)-propyne (PTMSP), it was determined that compounds immobilized in PDMS were more 

stable while compounds immobilized in PTMSP were more sensitive. A more homogeneous dispersion 

was found to be achieved in PDMS compared to PTMSP, paving a path for potential sensing applications. 

This work provides the basis of a promising design of more robust oxygen sensors based on the 

incorporation of a more rigid ligand frame to stabilize metal complexes.  
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Chapter 1 

1. Introduction 

Oxygen (O2) is consumed by nearly all living organisms due to its usage in various integral biological 

processes, making it essential for life on Earth.1 Although a lack of oxygen is the primary concern that 

comes to mind, an excess of O2 is associated with several chronic, degenerative diseases such as 

cardiovascular diseases, rheumatoid arthritis and the proliferation of tumor microenvironments.2–4 Since 

the O2 partial pressure in blood is approximately 90 Torr, sensors must be made to be sensitive to trace 

quantities of O2. This has led to a significant demand for analytical sensing of O2, generating its own 

research field. A variety of contemporary imaging devices for O2 sensing have been developed to monitor 

situations such as air pressure on cars and aircrafts5 and consumption in fuel cells, and further advances 

into fiber optics and waveguide sensors make them viable for extended applications in areas such as 

medicine6-7 and environmental science. Noninvasive methods of oxygen sensing such as that of pulse 

oximetry, have also been shown to be accurate forms of determination. 

1.1. A History of Methods in Oxygen Sensing  

 

 O2 sensing has been a topic of study since the development of the Winkler titration8 in 1888, the first 

reliable O2 sensing method developed and one that is still considered by some to be the standard. During 

its time, this approach was most commonly used for accurate determination of  O2 levels in environmental 

applications; however, its time-consuming and laborious process made continuous sensing and medical 

applications impossible.9 Later development of the Clark electrode revolutionized O2 sensing by being the 

first method that allowed for continuous sensing. Based on electrochemical methods, Clark-type electrodes 

measure the electric current produced from reduction of O2, providing robust and precise quantization at 

the expense of convenience (Figure 1a). Clark electrodes are limited by elements that introduce electrical 

interference and affect flow conditions, which often result in erroneous data. Another drawback of this 
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method is the unavoidable consumption of the analyte during the measurement process which is not ideal 

in many applications. Advancements in technology, particularly that of fiber optics, has resulted in the 

popularity of optical O2 sensors and led to innovations for their use in medicine (Figure 1b). Some of the 

first optical sensors were reported in the 1930s by Kautsky and Hirsch10, who observed the luminescence 

quenching of certain dyes in response to trace levels of O2, and subsequent studies by Bergman,11 

Lakowicz,12 and Peterson et al.7 have since laid the fundamentals behind many optical systems used today 

(Figure 1c).  

 

Figure 1. Diagrams of a) a Clark electrode13 b) a contemporary optic fiber sensor device14 c) a luminescent, colorimetric O2 

sensor with responses to different O2 concentrations15 

Optical O2 sensors have advantages over other methods in that measurements 1) do not consume O2; 2) are 

reversible; 3) have good precision and accuracy; 4) can be structured to operate remotely; 5) can be 

miniaturized (down to the scale of nanosensors); and 6) enable O2 to be imaged over large areas and on a 

micrometer scale. Although a variety of different modes and instruments for optical sensing exist, most 

optical sensors employ luminescent molecules as O2 sensing probes (OSPs). These OSPs experience 

luminescence quenching upon collisional interaction with O2, leading to a reduction in their emission 

intensity and luminescent lifetime.  
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1.2. Photoluminescence Emission and Quenching Phenomena 

As mentioned above, most optical probes are composed of photoluminescent molecules.16 

Photoluminescence is the emission of radiation in the form of a photon, from a species that has been excited 

by a photon.17,18 This behavior and that of related radiative and non-radiative transitions can be illustrated 

with a Jablonski diagram, as seen in Figure 2. The Jablonski diagram describes how molecules can be 

excited to a higher energy singlet state (S1) upon absorption of a photon, an event that is considered as 

instantaneous. Once excited, the molecule can relax back to the ground state radiatively (through the 

emission of a photon) non-radiatively (through the release of heat or molecular relaxations). If excited to a 

higher vibrational or singlet energy level (Sn), most molecules obey Kasha’s rule which demands that 

excited molecules relax to the S1 energy level via internal conversion (IC).19,20 

 

Figure 2. Jablonski diagram12 

Some molecules can undergo a change in multiplicity or spin flip process referred to as intersystem crossing 

(ISC) to reach a lower energy excited triplet state (T1). Since this process entails a change in multiplicity, 

it is normally spin forbidden; however, compounds that contain heavy atoms such as iodine, bromine, and 

transition metals make this transition more likely to occur due to their strong spin orbit coupling.21 Radiative 

relaxation from the T1 state is called phosphorescence. Due to non-radiative loss of energy from the excited 
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state the light emitted will have a longer wavelength than the absorbed, where the difference between the 

maximum of the absorption band and the maximum of the emission band is known as the Stokes shift.17 

Phosphorescent molecules tend to have larger Stokes shifts due to the lower energy level of the T1 state, 

compared to the S1 state.  

The efficiency of fluorescence and phosphorescence emission of any luminescent molecule can be 

expressed in terms of the ratio of the decay rate constants for radiative (kr) vs non-radiative (knr) relaxation 

processes, as follows:  

 

 
𝜙 =  

∑k𝑟

∑(k𝑟 + k𝑛𝑟)
 

(1) 

 

Unlike absorption, emission occurs over a longer length of time, or lifetime (τ), during which several 

processes can occur to shorten said lifetime. Hence, any phenomena resulting in the increased contribution 

of non-radiative relaxation, (e.g. collisional interaction with other molecules), will result in a decrease of 

luminescence emission intensity and lifetime. 

A characteristic used to quantify the luminescent ability of a molecule is its quantum yield (QY); defined 

as the ratio between the number of photons emitted per number of photons absorbed (Equation 2). The QY 

is typically determined through comparison of the sample with that of a known standard with a similar 

absorption and emission profile. Since not all photons are absorbed productively most QYs are less than 1, 

with 0.3% being considered a good value.22  

 

 𝜙 =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑
 (2) 

 

Molecular O2 is an effective luminescence quencher due to its electronic ground state having triplet 

multiplicity. Although the exact mechanism of quenching remains a matter of debate, general statements 
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regarding their mode of action can be made.23 As seen from the Jablonski diagram and in Equation 3, where 

L is the luminescent molecule, excitation of the oxygen sensing probe (OSP) occurs upon absorption of a 

suitably energetic photon and relaxation back to the ground state can occur via either radiative or non-

radiative pathways. While in its excited state should the OSP molecule experience a collisional interaction 

with an O2 molecule it can transfer some of its excited state energy to O2, exciting it to its singlet excited 

state, and the OSP will be relaxed to its ground state nonradiatively (Equation 5). Most oxygen quenching 

mechanisms are thought to proceed through energy transfer mechanisms. 1O2 can then undergo singlet 

oxygen decay with the release of light or heat (Equation 6).24–26 Throughout this process, the molecules are 

not chemically altered.  

 L → L∗ (3) 

 L∗ → ℎ𝑣 or heat (4) 

 L∗  +  O2 → L  + 1O2 (5) 

 1O2  →  O2 + ℎ𝑣 or heat (6) 

As a result, the intensity and lifetime of luminescence is proportionally reduced with respect to O2 

concentration. OSPs with longer luminescence lifetimes have more time to be exposed to possible collision 

with O2 and an inverse relationship between luminescence lifetime and degree of luminescence quenching 

has been determined.27 

1.3. Luminescent Probes for Oxygen 

In the 1930s Kautsky and coworkers observed luminescence quenching of surface-adsorbed luminophores 

such as flavins, chlorophyll, and porphyrins in the presence of molecular O2.10 This behavior was used to 

detect the formation of oxygen as a result of photosynthesis, leading to the eventual discovery of the 

Kautsky effect. Since then, a plethora of luminophores have been developed with emission maxima ranging 

from the UV to NIR and with excited-state lifetimes ranging from nanoseconds for fluorescence-based 

probes to seconds in the case of phosphorescent probes.   
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Sensors are generally characterized by three parameters: sensitivity, selectivity and response time. 

Sensitivity is the sensor’s ability to quantitatively measure O2 in a particular sample matrix and is governed 

by the inherent physical and chemical properties of the materials used. The selectivity of a sensor is its 

ability to distinguish an O2 derived response from variables such as other gases and environmental 

conditions e.g. temperature, pH, pressure, etc. Response time is a measure of how quickly the maximum 

signal change is achieved with gas concentration changes. Another key attribute of OSPs is the location of 

their excitation and emission maxima. Compounds with less energetic (more red-shifted) excitation maxima 

are preferable due to the signal strength and inexpensiveness of lower wavelength emission sources, with 

ideal molecules being excitable by red LEDs. Additionally, in order to obtain a clear signal, a large Stokes 

shift is desired. Other factors such as reversibility, long term stability, size, and power consumption also 

contribute to evaluating performance. 

 

1.3.1. Organic Probes 

The first generation of OSPs was mostly confined to a number of polycyclic aromatic hydrocarbons 

(PAHs). Compounds such as perylene, pyrene, and decacyclene were observed to have strong fluorescent 

emissions quenchable by O2 in the 0-40 kPa range and long fluorescence lifetimes of up to 200 ns.11,28,29 

These compounds function as singlet state emitters and are considered to be one of the most effective tools 

for sensing applications owing to their high sensitivity, relative resistance to temperature-based emission 

changes, and short response time for detection.30 However, due to the relatively short lifetime of the singlet 

excited state (10-10 – 10-7s), expensive equipment such as time-resolved lasers are often required. Although 

these compounds are capable of a strong response to O2, they oftentimes lack sufficient photostability to be 

functional for extended periods and are susceptible to photobleaching.31 Many PAHs also have a tendency 

to form aggregates in polymeric solutions, making achievement of a homogeneous dispersion especially 

challenging.   
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Figure 3. Notable room temperature phosphorescence (RTP) O2 sensors14  

Select PAHs such as benzoflavine, uranine, trypaflavine, and erythrosine display room temperature 

phosphorescence that is sensitive to O2 (Figure 3). These OSPs are more desirable because of their longwave 

excitation wavelengths (which make them LED-excitable) and large Stokes shifts which facilitate spectral 

separation. These compounds, however, are susceptible to temperature changes and experience greater 

sensitivity to O2 at lower temperatures.  

 
1.3.2. Metal-Ligand Probes 

Metal-ligand complexes incorporate heavy-metals whose strong, heavy atom induced spin-orbit coupling 

leads to efficient singlet-triplet state mixing, enhancing their quantum efficiency of phosphorescence at 

room temperature. Having relatively long excited state lifetimes (10-6 – 10s), phosphorescent compounds 

have a greater chance than fluorescent molecules to encounter O2. The emitting-state energies and excited-

state redox properties of the OSPs can be very sensitive to the metal, coordinating ligands and solvent.32,33  

Most metal-ligand OSPs can be categorized as either polypyridyls that use Ru(II), Os(III), Re(I), and Ir(III) 

transition metals, or Pt(II) and Pd(II) metalloporphines (Figure 4).34 Of these, Ru(dpp)3 
2+ and its derivatives 

have been a staple in the O2 sensing field for many years owing to their relatively long luminescence 

lifetimes; however, these transition metal polypyridine type complexes are ionic dyes and can be insoluble 

in organic polymers.35,36 Despite their large presence in the oxygen sensing field, they have fallen out of 

favor in preference for newer compounds that have less energetic absorbances in the green or red region of 

the spectrum.  
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Figure 4. Notable metal-ligand compounds as O2 sensors14 

A significant challenge to many transition metal compounds is their lack of photostability. In this regard, 

metalloporphryin compounds excel. Porphyrin compounds have strong absorptions between 390-430 nm, 

can have relatively large Stokes shifts, and respond strongly to quenching by oxygen when complexed with 

platinum(II), palladium(II), and zinc(II) ions. Pd(II) and Pt(II) metalloporphyrins in particular show strong 

phosphorescence at room temperature in the solid state with high quantum yields and long lifetimes.37,38 

Substitution with electron withdrawing groups that reduce the electron density of the porphyrin ring make 

compounds such as octaethylporphyrin ketones PdOEPK and tetrakis(pentafluorophenyl)porphyrins 

(PtTFPPs) resistant to photo-oxidation and photo-reduction.39 In addition to their photostability, 

metalloporphyrins have long phosphorescence lifetimes and display fairly good solubility in many organic 

polymers but tend to aggregate at higher concentrations. 

 

1.3.3. Lanthanide Probes 
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Figure 5. Lanthanide O2 sensors40 

Oxygen sensors composed of lanthanide complexes exhibit intense and narrow emission bands that are 

often strongly dependent on temperature (Figure 5). Systematic studies of terbium(III) and europium(III) 

complexes by Amao et al.41,42 find that their sensitivity to oxygen is often strongly dependent on the 

coordinated ligands but are usually only suitable for sensing of moderately high levels of absorption. 

Another drawback of these compounds is their high energy excitations which are often found in the UV 

region.  

 

1.4. Polymeric Hosts and Supports 

Most optical devices consist of an optically transparent solid support and an O2 sensing layer that contains 

the luminophore and is permeable to O2 (Figure 6). Some devices contain an additional optical isolation 

layer that is used to prevent luminescence contamination originating from the background. The use of solid 

supports not only shields the OSP from the sample environment and possible contaminants from other 

quenchers, but has also been shown to increase its quantum yield (QY) due to increased matrix rigidity.43 

This is particularly essential to medical applications where the OSPs must be protected from leaking into 

the sensing environment. The sensor support also enables convenient and robust integration of the OSP to 

a sensor probe such as a fiber optic cable or waveguide system.  
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In general, ideal supporting matrices should 1) be able to solubilize the OSP so that it will enter the matrix 

but also ensure no leaching or aggregation of the OSP; 2) be optically transparent; 3) be adhesive to a 

mechanical support; 4) have a good permeability and diffusibility for O2; 5) have long-term stability and 

be resistant to degradation; 6) have no effect on the photophysical properties of the OSPs; and 7) be 

biocompatible. In this regard, polymers are good hosts due to their simple processability, improved 

diffusion and optimal permeability characteristics.  

 
 

Figure 6. Schematic cross-section of a typical planer luminescent sensor layer14 

Several methods for immobilization of OSPs into polymeric supports are used, including: 1) dissolving the 

OSP in the polymer; 2) adsorbing the OSP onto the surface of the polymer and allowing it to later become 

incorporated; and 3) incorporating the OSP into micro/nanoparticles which themselves are then in turn 

incorporated into a polymer matrix. As organic dyes interact with the polymer molecules directly, the 

properties of the sensing films are strongly dependent on the oxygen permeability (P, cm3(STP) cm-2s 

cmHg), diffusion (D, cm2s-1), and solubility (S, cm3(STP) cm-3 cmHg-1) coefficiencts of their polymer 

matrices, where STP is standard temperature and pressure. These parameters are related by Equation 7: 

 𝑃 = 𝐷𝑆 (7) 

Equation 8 can be used to determine the concentration of O2 in the polymer, where p is the partial pressure 

of O2. The concentration of O2 in the polymer decreases as the temperature increase above the polymer’s 

glass transition temperature (Tg).  

 𝑐 = 𝑆 ∙ 𝑝 (8) 

Solid Support

Oxygen Sensing Layer

Optical Isolation

EmissionExcitation
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Most amorphous polymers fall into the general classification of rubbery polymers or glassy polymers 

generally related to the value of their Tg. As we discuss below, both rubbery and glassy polymers have their 

own advantages and see use for oxygen sensing applications. A selection of common polymeric matrices 

for oxygen sensing are highlighted in Table 1. 

Table 1: Gas permeabilities and overall selectivities of rubbery and glassy polymers (temperature 35 ˚C)44 

Compound Name Permeability coefficient, 

P × 1010 cm3(STP) cm-2s 

cmHg 

Overall selectivity 

 N2 O2 O2/N2 

Poly [1-(trimethylsilyl)-1-propyne] 4,970 7,730 1.5 

Poly (dimethylsiloxane) 351 781 2.2 

Poly (dimethyl silmethylene) 35.9 91 2.5 

Poly (cis-isoprene) 14.5 37.5 2.6 

Poly (butadiene-styrene) 10.3 32.9 2.6 

Ethyl Cellulose 3.4 12.4 3.6 

Polystyrene 0.52 2.9 5.6 

Poly (ethyl methacrylate) 0.33 1.9 5.8 

Bisphenol-A polycarbonate 0.38 1.6 4.2 

Cellulose acetate 0.15 0.82 5.5 

Bisphenol-A polysulfone 0.19 1.2 6.3 

PMDA-4,4'-ODA polyimide 0.1 0.61 6.1 

Poly (methyl methacrylate) 0.02 0.14 7 

 

1.4.1 Silicon-based Polymers  

Silicon-based polymers, especially those in close relation to poly(dimethylsiloxane) (PDMS), are some of 

the most common OSP hosts due to their large oxygen diffusion and solubility coefficients.45 In addition to 

being commercially available and cost efficient, they allow for straightforward structure and surface 

modifications. Despite this, they lack durability and mechanical strength when applied as thin-films, 

limiting their potential applications. Poly(1-trimethylsily-1-propyne) (PTMSP) is a notable exception to 

other silicon polymers in that it rests as a tough and thin film that assumes similar properties to glassy-type 

polymers.46,47 It also exhibits exceptional oxygen permeability 10 times larger than that of PDMS and 

similar diffusion and solubility levels, making it a valuable component of highly sensitive oxygen sensors. 
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1.4.2 Organic Glassy Polymers 

Although organic glassy polymers such as polystyrene, poly(methyl methacrylate), poly(isobutyl 

methacrylate), and poly(vinyl chloride) have lower permeability, diffusion and solubility for oxygen than 

that of silicon polymers, they provide mechanical strength to thin-films. However, many transition metal 

compounds such as [Ru(dpp)3][Cl] 2 have low solubilities in this class of polymer.  

1.4.3 Fluoropolymers 

Many polymers suffer the adverse effects of degradation and/or structural alterations from extensive use or 

prolonged exposure to high temperatures or physical aging.48,49 Fluorinated polymer films address these 

issues and are more stable to photo-oxidation than traditional polymers. The higher electronegativity of 

fluorine groups has been found to positively affect oxygen affinity and permeability and make polar 

compounds more likely to be soluble in these films compared to organic glassy polymers.  

1.4.4 Cellulose Derivative Polymers 

Similar to organic glassy polymers, cellulose derivatives such as ethyl cellulose and cellulose acetate also 

provide a mechanical strength to thin films. Despite some examples with large oxygen permeabilities, these 

films are inappropriate for sensing for dissolved oxygen due to their low tensile strength. 

1.5. Modeling Quenching with the Stern-Volmer Equation 

Quenching of an excited state can take two forms, static and dynamic quenching. Static quenching involves 

an interaction of the quencher and the luminophore to a make ground state molecule, whereas dynamic 

quenching is the result of chance collision of the luminophore with the quencher, causing an energy 

transfer.26  Graphical representation of dynamic oxygen quenching is achieved using the Stern-Volmer 

equation (Equation 11), which shows the relationship between the intensity of photoluminescence before 

and after interaction with the quencher.  

Generally, the intensity of fluorescence emission in the absence and presence of quencher (I0 and I, 

respectively) can be expressed with respect to the deactivation rate constants for kr and knr, as follows:   
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𝐼0 = 𝑛𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠

𝑘𝑟

𝑘𝑟 + 𝑘𝑛𝑟
 

(9) 

 
𝐼 = 𝑛𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠

𝑘𝑟

𝑘𝑟 +  𝑘𝑛𝑟 + 𝑘𝑞[Q]
 

(10) 

where [Q] is the concentration of the quencher and kq is the luminescence quenching rate constant.  

Luminescence intensity for any luminophore is directly proportional to its QY, ϕ, as defined in Equation 2. 

Accordingly, if we take ϕo and ϕ to be the quantum efficiencies in the absence and presence of quencher, 

respectively, the Stern-Volmer equation can be derived as follows:  

 
𝐼0

𝐼
=

𝜙0

𝜙
=

𝑘𝑟 + 𝑘𝑛𝑟 + 𝑘𝑞[𝑄]

𝑘𝑟 + 𝑘𝑛𝑟
= 1 +

𝑘𝑞[𝑄]

𝑘𝑟 + 𝑘𝑛𝑟
= 1 + 𝐾𝑠𝑣[𝑄] (11) 

where Ksv is the Stern-Volmer constant as defined by the term: kq/(kr + knr). 

Hence, in an ideal system a plot of I0/I vs. the quencher concentration, Q, should yield a straight line with 

the slope equal to the Stern-Volmer constant. Especially important for sensing applications is that by 

measuring the I0/I ratio one can determine the concentration of the quencher present in the system.  

 

Figure 7. Intensity plot versus ideal and observed Stern-Volmer plots14 

The microenvironment in solid and amorphous materials, such as polymers, are generally heterogenous, 

resulting in specific areas being more accessible to the quencher than others and causing a deviation from 
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the ideally linear Stern-Volmer relationship (Figure 7). Several models can be used to fit these curves, 

although a two-site model devised by Demas and coworkers is often favored (Equation 12).50 This model 

makes the assumption that two separate components of the film are being quenched at different rates, and 

alters the Stern-Volmer plot accordingly. In this equation KSV1 and KSV2 are the quenching constants of the 

two components, f1 and f2 are the fractional contributions of the two different environments and 𝑃o2 

represents the partial pressure of oxygen. 𝐾𝑠𝑣
𝑎𝑝𝑝

 is the weighted quenching constant and the parameter used 

to evaluate the film’s sensitivity and is calculated using Equation 13. 

 

 
𝐼0

𝐼
=

𝜏0

𝜏
=  [

𝑓1

1 +  𝐾𝑠𝑣1
∗ 𝑃𝑂2

 +  
𝑓2

1 + 𝐾𝑠𝑣2
∗ 𝑃𝑂2

]

−1

 (12) 

   

 1 = 𝑓1 +  𝑓2 (13) 

   

 𝐾𝑠𝑣
𝑎𝑝𝑝

= 𝑓1𝐾𝑠𝑣1
+ 𝑓2𝐾𝑠𝑣2

 (14) 

   

1.6. Scope of this Thesis 

With the advancement of technologies such as fiber optic systems, optoelectronic sensing materials have 

become increasingly viable in fields that prioritize miniaturization and portability such as in medicinal and 

environmental applications. As the importance of this field grows, the need for sensitive and long-lasting 

OSPs has become the subject of research interest. Polypyridyl and porphyrin coordinating ligands comprise 

the majority of transition metal OSPs. Despite their establishment in the O2 sensing field, a harmony 

between high oxygen sensitivity and photostability cannot be said to have been fully attained by current 

systems.  

The work described in this thesis explores the functionalization and optimization of a variety of metal-

ligand complexes as OSPs and examines their compatibility with several polymer matrices and other factors 

that can affect sensitivity and photostability. To this effect, several O2 sensitive molecules previously 

synthesized by our group were studied in several different polymeric supports including PDMS and 
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PTMSP. The gaseous O2 and dissolved O2 sensitivity of these systems was investigated and discussed 

herein. Additionally, knowing that porphyrins are promising candidates for O2 sensing due to their stability 

and tunability, several tetraphenylporphyrins (TPPs) were synthesized and the effect of having different 

metal centers and different nitro and amino substituents was investigated. The results of this work descried 

in Chapters 2 and 3 will provide insight on alternative ligand designs for transition metal O2 sensors.   
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Chapter 2 

2. Oxygen Sensitivity of Metal-Ligand Compounds 

2.1 Introduction 

Monitoring of dissolved oxygen (DO) concentrations in water or other liquids is an important method to 

test for water purity, and is used in several fields such as the environmental, food, and biochemical 

industries.51,52 Traditional methods of DO measurement have relied on use of the Clark electrode; however, 

this method consumes O2 and is susceptible to changes in pH and degradation of the electrode surface. 

More recently, various electrochemical (i.e. polarographic, pulsed polarographic, galvanic) and optical 

sensors have been explored.53  Although the accuracy of electrochemical DO sensors is considerably high, 

these sensors consume oxygen making them reliant on careful maintenance of the flow rate of the system. 

As such, development of a reliable technology for accurate DO measurements under these conditions is 

both crucial and challenging.53  

2.2 Project goal and hypotheses 

As mentioned in the previous chapter, despite the depth of study available for polypyridine and porphyrin 

based derivatives, further research into other coordinating transition metal ligands is desired. Those that 

can contribute to increasing photostability are particularly prized. In this work the performance of Pt(II) 

complexes with a variety of chelates were investigated with respect to their oxygen sensing capabilities. 

Our group has published several preliminary studies on the oxygen sensing performance of several Pt(II) 

and Pd(II) compounds immobilized in ethyl cellulose (EC) (Figure 8).24,32 These compounds had been 

previously published as potential OSP candidates with significant luminescence quenching in response to 

trace levels of oxygen and improved stability to photooxidative degradation.24,54  

In order to further study their efficacy as OSPs, the O2 sensitivity of these compounds was systematically 

tested in different silicon polymer matrices, including PDMS and PTMSP. PDMS and PTMSP were chosen 

for this investigation because both boast greater O2 permeabilities, solubility, and diffusion coefficients 
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than EC and have a different pore distribution and OSP solubility profile which could be beneficial to the 

dispersion of the compounds. PDMS and PTMSP polymers have a reported O2 permeability constant (P x 

1010) of 781 and 7,730, respectively, whereas EC has a permeability constant of 12.4, as shown in Table 1 

where permeability is defined as the level at which a porous material may allow fluids to pass (Equation 

7). Additionally, thick film PDMS and PTMSP have potential for DO sensing applications, whereas EC 

was observed to dissociate from the side of the quartz cuvette in aqueous conditions.  

 

 

Figure 8. Compounds used in this work 

2.3 Experimental Methodology 

Pt1, Pd1, and Pd2 were synthesized by Liu et al.24,55 and m’-ac-dbna and p-ac-dbna were synthesized by 

Meng et al.54 Sensing experiments were conducted on OSPs surface absorbed onto PDMS films and doped 

in 5 wt% PTMSP films. For both gaseous and DO measurements, the polymer films were set in a quartz 

cuvette sealed with a septum and was thoroughly purged with N2. Trace quantities of O2 were injected into 

the cuvette with a gas-tight syringe and the luminescence response was recorded using a Photon 

Technologies International fluorimeter, allowing us to perform various measurements to comprehensively 
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evaluate the OSPs feasibility for device fabrication. O2 sensitivity tests were plotted using the Stern-Volmer 

equation and fitted with Demas’s two-site model. The Stern-Volmer constant, 𝐾𝑠𝑣
𝑎𝑝𝑝

, was calculated using 

Equation 14 and its value was used to assess sensitivity levels. Photostability tests to assess reversibility 

and emission intensity recovery involved exposing the films to several cycles of purging with N2 and O2 

gas.   

2.3.1 Preparation of PDMS Films 

A silicone-based SYLGARD 184 elastomeric kit containing a polymer and curing agent which combine to 

form a PDMS composite was purchased from Sigma Aldrich. A flow-through cell setup was used. A 10:1 

PDMS:curing agent mixture was prepared and allowed to solidify at 40 ºC for 4 hrs in a 12.5 x 12.5 mm 

mold. A 1 mM CH2Cl2 solution of each compound was prepared. Once solidified, the polymerized films 

were immersed in the OSP solution for 15-30 minutes, after which they could often be seen to adopt a 

yellow tint. Solvent evaporation was achieved through slow drying at room temperature and finally at 60 

˚C under vacuum. Sensor films were kept dry and in the dark until use.56 

2.3.2 Preparation of PTMSP Films 

A 5 wt% doped mixture of each compound in PTMSP was prepared and sonicated until fully dissolved in 

1.5 mL of toluene. Following thorough dissolution, the solution was pipetted evenly onto the cuvette walls, 

and the solvent was allowed to evaporate at room temperature for 3 days. Sensor films were kept dry and 

in the dark until use. 

2.3.3 Sensitivity Experiments 

Quartz cuvettes containing the adhered OSP polymer films were sealed with a septum in a glovebox and 

further purged with N2 for 15 min before measurements were taken. Concurrently, a Shlenk flask was 

repetitively evacuated and filled with O2 to create a pure oxygen environment. Measured quantities of 

oxygen were injected into the cuvette functionalized as a flow cell (FC) using a gas-tight syringe and 

emission intensity measurements were taken immediately afterwards using a fluorimeter (Figure 9). For the 
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DO experiments a bubbler containing water purged with N2 was placed in between the gas supply and the 

flowmeter to help maintain the water level in the flow cell constant (Figure 10).  

For flow through cell experiments, the nitrogen and oxygen flow was measured and controlled using a 

Zephyr Digital flowmeter (FM). This setup used Nitrogen 5.0 and Oxygen 5.0 tanks from Praxair which 

were connected with plastic tubing. All experiments were performed at room temperature.  

  

Figure 9. Schematic representation of the flow system used for the evaluation of OSPs 

 

Figure 10. Schematic representation of the flow system used for the evaluation of OSPs to dissolved O2 

 

2.3.4 Lifetime Measurements 

OSP polymer films adhered to a sealed quartz cuvette were prepared in a glovebox and further purged for 

15 min before measurements were taken. Experiments were conducted on an EasyLifeTM X lifetime 
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fluorescence spectrometer from HORIBA Scientific using a 310 nm or 375 nm nanosecond pulsed light 

emitting diode (LED) as the excitation source. The instrument response function (IRF) was taken with a 

colloidal solution of Ludox 30 wt% in H2O. Fitting was performed using the EasyLifeTM software.       

2.4 Results and Discussion 

2.4.1 O2 Sensitivity of Tetradentate Pt and Pd Complexes 

Sensors Pd1, Pd2 and Pt1 were immobilized in PDMS and PTMSP at 1 mM concentrations and evaluated 

for their O2 sensing capabilities. Each showed varying emission quenching responses to O2 (Figures 11, 12, 

13, 14, 15, and 16) and exhibited reversibility under N2. Exposing the films to varying O2 concentrations 

yielded trackable luminescent responses that enable their phosphorescence to be used as a detection signal. 

Pd1 experiences concentration-dependent emission leading to the difference in spectral character seen in 

Figures 11 and 12. Similar to previous reports, as the concentration of the compound increases the intensity 

of the monomer emission peak at 475 nm declines while that of the broad excimer peak at 508 nm steadily 

increases, leading to a 33 nm blue shift of the emission maxima (Figure 12).24 Although Pd1 was found to 

be insensitive to trace levels of O2 in PDMS with a I0/I100 < 3 (2.12), where I0 is the intensity of the 

compound when oxygen is absent and I100 is the intensity of the compound in a 100% O2 environment, a 

high level of sensitivity was unlocked in PTMSP; with an I0/I100 of 41.6 (Figure 12). In contrast, the 

photoluminescence of Pd2 was quenched in PDMS but displayed greatly decreased O2 sensitivity in 

PTMSP (Figures 13 and 14). This highlights the importance of finding synergy between the polymer 

support matrix and the sensing compound.  
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Figure 11. Sensitivity of Pd1/PDMS to trace levels of O2 (λex = 343 nm) 

 

 

Figure 12. Sensitivity of Pd1/PTMSP to trace levels of O2 (λex = 343 nm) 
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Figure 13. Sensitivity of Pd2/PDMS to trace levels of O2 (λex = 345 nm) 

 

Figure 14. Sensitivity of Pd2/PTMSP to trace levels of O2 (λex = 345 nm) 
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Figure 15. Sensitivity of Pt1/PDMS to O2 (λex = 330 nm) 

 

Figure 16. Sensitivity of Pt1/PTMSP to trace levels of O2 (λex = 330 nm) 

 
In each instance, the Stern-Volmer curves of Pd1, Pd2, and Pt1 deviated from the ideal and trend 

downwards in both PDMS and PTMSP (Figures 17, 18, 19, and 20). The downward curvature of the Stern-

Volmer plot is indicative of the heterogeneous microenvironments in the polymer matrix, which result in 

areas with different levels of accessibility.17,50 Although unideal, this behavior is common among polymer 

matrices and is an ongoing challenge to be addressed.  
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Figure 17. Stern-Volmer curve of Pd1/PTMSP fitted with the Demas two-site model (red = 0 – 110 torr, green = 35 

– 110 torr, blue = 0 – 5.5 torr) 

 

Figure 18. Stern-Volmer of Pd2/PDMS fitted with the Demas two-site model (red = 0 – 47 torr, green = 15 – 47 torr, 

blue = 0 – 3.5 torr) 



25 

 

 

Figure 19. Stern-Vomer curve of Pt1/PDMS fitted with the Demas two-site model (red = 0 – 75 torr, green = 20 – 

75 torr, blue = 0 – 4.5 torr) 

 

Figure 20. Stern-Vomer curve of Pt1/PTMSP fitted with the Demas two-site model (red = 0 – 85 torr, green = 25 – 

75 torr, blue = 0 – 8 torr) 

A test of the operational stability of the O2-sensing films was conducted by monitoring their emission 

intensity change with repeated switching of the atmosphere from an anoxic environment to a pure O2 

atmosphere (Figures 21 and 22). Despite the heightened sensitivity of the PTMSP immobilized compounds, 
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those immersed in the PDMS matrix generally showed a higher level of photostability. Pt1 in particular 

displayed significant levels of stability over 10 N2/O2 saturation cycles, with only a 4.5% decrease in 

emission intensity, whereas a 13.5% decrease was seen in PTMSP (Figures 21 and 22).  

 

Figure 21. Time trace curve of Pt1/PDMS with N2/O2 cycles (λex = 330 nm), scan rate = 3 s-1 

 

Figure 22. Time trace curve of Pt1/PTMSP with N2/O2 cycles (λex = 330 nm), scan rate = 3 s-1 

Due to the favorable responses and prevailing stability of Pt1, further studies of its detection abilities to 

dissolved O2 in water were performed (Figures 23 and 24). Although an expected decrease in quenching 
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efficiency from I0/I100 = 9.78 to I0/I100 = 4.7 was observed, the OSP still proved to be relatively sensitive to 

low O2 concentrations.  

 

Figure 23. Sensitivity of Pt1/PDMS to dissolved O2 (λex = 330 nm) 

 

Figure 24. Sensitivity of Pt1/PTMSP to dissolved O2 (λex = 330 nm) 

 

Lifetime measurements of Pt1 find the presence of 3 emissive lifetimes in PTMSP and only two emissive 

lifetimes in PDMS (Figures 43 and 45 in appendix, and Table 3). This suggests that the dispersion of Pt1 
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in PDMS is more homogeneous than in PTMSP. In each instance, the measured lifetime of Pt1 in both 

PDMS and PTMSP decreased after exposure to O2 (Figures 44 and 46 in appendix).   

 

2.4.2 O2 Sensitivity of Boron-based TADF Molecules 

 
Due to their frequent population of the triplet state, thermally-activated delayed fluorescence (TADF) 

molecules demonstrate sensitivity to O2.57 Our group has previously synthesized several isomeric 

boranaptha-anthracene based compounds which have shown promise for O2 sensitivity during preliminary 

studies.54 In addition to performing more thorough studies of O2 sensitivity, by examining two isomeric 

compounds, p-ac-dbna and m’-ac-dbna, insights into the elusive relation between structure and host matrix 

compatibility may be made. Although p-ac-dbna has a relatively large I0/I100 of 13.69 in PTMSP, full 

quenching of the emission intensity could not be realized without purging the sample with O2 (Figure 25, 

26, 27, and 28). Additionally, upon further incremental addition of O2, a slight 10 nm red shift could be 

seen, suggesting that the compound could be capable of photochromism to a limited degree (Figure 25). 

Despite an almost immediate response time to O2, this was offset by a relatively long emission recovery 

time of approximately 7 min (Figure 28). Stability studies of p-ac-dbna revealed a 10% intensity decrease 

in PTMSP (Figure 27); however, unlike previously examined species, the Stern-Volmer plot displayed a 

relatively large linear component, suggesting that it could be better incorporated in the polymer (Figure 26).  
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Figure 25. Sensitivity of p-AC-DBNA/PTMSP to trace levels of O2 (λex = 350 nm) 

 

Figure 26. Stern-Volmer curve of p-AC-DBNA/PTMSP fitted with the Demas two-site model (red = 0 – 115 torr, green 

= 60 – 115 torr, blue = 0 – 9 torr) 
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Figure 27. Time trace curve of p-ac-dbna/PTMSP with N2/O2 cycles (λex = 350), scan rate = 3 s-1 

 

Figure 28. Response time and relative intensity change for p-ac-dbna/PTMSP switching between 100% N2 and 100% O2 (λex = 

350), scan rate = 3 s-1 

 

 
Of these two compounds, m’-ac-dbna was found to be the most effective O2 sensor in terms of O2 

sensitivity with a I0/I100 of 10.3 in PDMS and 28.2 in PTMSP (Figures 29, 30, 31, and 32). m’-ac-dbna was 

however, significantly less stable than p-ac-dbna. In both PDMS and PTMSP, m’-ac-dbna experienced 

nearly twice as much photodegradation than p-ac-dbna (Figures 33 and 34). Although a typical recovery 
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graph of m’-ac-dbna was observed with PDMS (Figure 35), in PTMSP a slight dip in intensity prior to 

reaching full recovery (Figure 36). This could be the case if there existed separate environments, one of 

which was more accessible and one of which is less accessible to the gaseous atmosphere. Some evidence 

of this is given by the heterogeneous environment suggested by the Stern-Volmer plots (Figures 31 and 

32). Although three separate lifetimes were observed in PTMSP only two were recorded in PDMS, 

suggesting that the compound may be more evenly dispersed (Figures 47 and 49 in appendix and Table 3). 

In each instance, the measured lifetime of m’-ac-dbna in both PDMS and PTMSP decreased after exposure 

to O2 (Figures 48 and 50 in appendix).   

 

Figure 29. Sensitivity of m’-ac-dbna/PDMS to trace levels of O2 (λex = 357 nm) 
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Figure 30. Sensitivity of m’-ac-dbna/PTMSP to trace levels of O2 (λex = 357 nm) 

 

Figure 31. Stern-Volmer plot of m’-ac-dbna/PDMS fitted with the Demas two-site model (red = 0 – 70 torr, green = 20 

– 75 torr, blue = 0 – 4 torr) 
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Figure 32. Stern-Volmer plot of m’-ac-dbna/PTMSP fitted with the Demas two-site model (red = 0 – 115 torr, green = 

25 – 115 torr, blue = 2 – 9 torr) 

 
 

 

Figure 33. Time trace curve of m-AC-DBNA/PDMS with N2/O2 cycles (λex = 357 nm), scan rate = 3 s-1 
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Figure 34. Time trace curve of m-ac-dbna/PTMSP with N2/O2 cycles (λex = 357 nm), scan rate = 3 s-1 

 

 

Figure 35. Response time and relative intensity change for m-ac-dbna/PDMS switching between 100% N2 and 

100% O2 (λex = 357 nm), scan rate = 3 s-1 
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Figure 36. Response time and relative intensity change for m-ac-dbna/PTMSP switching between 100% N2 and 

100% O2 (λex = 357 nm), scan rate = 3 s-1; fluctuation in intensity at times 190 s and 900 s due to the difference in O2 

accessibility of environments present in the polymer 

Table 2: Summarized data of calculated Stern-Volmer parameters of the studied compounds 

Compound f1 f2 Ksv1 (torr-1) Ksv2 (torr-1) r2 k𝑠𝑣
𝑎𝑝𝑝

 
(torr -1) 

PO2 
(torr)* 

Pt1/PDMS 0.709 0.291 0.285 9.174×10-4 0.988 0.200 5.37 
Pt1/PTMSP 0.786 0.214 1.126 0.002 0.994 0.885 2.82 
Pd1/PDMS — — — — — — — 
Pd1/PTMSP 0.926 0.073 1.603 0.006 0.999 1.483 17.03 

m’-ac-dbna/PDMS 0.934 0.066 1.740 2.785×10-4 0.995 1.625 6.41 
m’-ac-dbna/PTMSP 0.644 0.356 1.208 0.012 0.997 0.782 27.46 

p-ac-dbna/PDMS — — — — — — — 
p-ac-dbna/PTMSP 0.358 0.642 0.185 0.006 0.998 0.070 7.03 

 All values displayed were calculated from the Demas Two-Site fitting equation 
*partial pressure of O2 causing 50% quenching of photoluminescence extrapolated from the fitting of the Stern-Volmer 

plots 

 

Table 3: Photophysical properties of compounds Pt1 and m’-ac-dbna 

Compound λabs (nm) 
Emission 

τ (χ2)* 

λmax (nm), ф 

Pt155 366, 349, 305a 477, 510 0.45c 0.509/1.57 μsf 

Pt1/PDMS (N2) 370, 354, 310 481, 511, 549 — 0.86/4.4 ns (0.85) 
Pt1/PDMS (O2) ‘’ ‘’ ‘’ 0.80/4.2 ns (0.96) 

Pt1/PTMSP (N2) 372, 351, 312 479, 508, 549 — 
0.24/2.02/22.1 ns 

(0.95) 
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Pt1/PTMSP (O2) ‘’ ‘’ ‘’ 
0.79, 4.22 ns 

(1.04) 
m’-ac-dbna54 380b 568/496d 0.51e 0.140/6.58 μsg 

m’-ac-dbna/PDMS (N2) 390 533 — 3.5/20.8 ns (1.18) 

m’-ac-dbna/PDMS (O2) ‘’ ‘’ ‘’ 
0.0084, 2.99, 15.3 

ns (1.2) 
m’-ac-dbna/PTMSP (N2) 393 463 — 1.8, 22.6 ns (0.85) 
m’-ac-dbna/PTMSP (O2) ‘’ ‘’ ‘’ 7.9, 117.1 ns (1.2) 

*Unless indicated by the references, all values displayed were calculated using exponential decay fitting with EasyLifeTM 

software 

a Measured in 2-Methyltetrahydrofuran (2-MeTHF) (5.0 x 10-5 M, RT) 
b Measured in CH2Cl2 (0.01 x 10-3 M) 
c Recorded in 2-MeTHF (1.0 x 10-3 M, under N2) 
d Measured in degassed CH2Cl2 (0.05 x 10-3 M) 
e Determined with an absolute QY spectronomer 
f Measured in 2-MeTHF (1.0 x 10-13 M) 
g Measured in degassed CH2Cl2

 (0.05 x 10-3 M, RT) 

 

 

2.8. Conclusion and Future Work 

 
In previous studies the sensitivities compounds Pd1, Pd2, and Pt1 to gaseous O2 was tested whilst 

immobilized in an ethyl cellulose (EC) films, whereas p-ac-dbna and m’-ac-dbna were doped in bis-4(N-

carbazolyl)phenylphosphine oxide films (BCPO). Despite having a greater degree of quenching in the EC 

film, the rate at which Pt1 reached near maximum quenching levels was achieved with significantly smaller 

quantities of oxygen with the PDMS matrix; 12.8% in PTMSP compared to 60% in EC.24 Although Pt1 

and Pd1 were both found to be notably stable when doped in EC, displaying 100% reversibility over 10 

N2/O2 saturation cycles, these compounds experienced a moderate decrease in emission intensity under 

similar conditions when immobilized in PDMS and PTMSP. This could be due in part to the greater 

solubility of O2 in the silicon-based polymers (781 in PDMS, 7,730 in PTMSP, and 12.4 in EC) leading to 

greater extents of photooxidation/photodegradation.  

Overall, Pt1 and m’-ac-dbna were found to be the most successful at O2 sensing among the compounds 

studied. These compounds demonstrated relatively stable operational performances in PDMS and 

significant sensitivity in PTMSP. The photoluminescent lifetimes of these species were measured and 

reinforce our observations of a heterogeneous dispersion of the compounds in both polymers and shed some 

light on the different microenvironment structure of each.  Additional methods to further improve this 
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system could be achieved by minimizing the thickness of the film37, improving the solubility of the 

compounds in the polymers through surface or structural alterations, such as PDMS-MPA, and adjusting 

the positioning of the film in the cuvette.  
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Chapter 3 

3. Metalloporphyrin-based Oxygen Sensors 

Luminescent materials have become widely adopted as optical OSPs due to their convenience and ease of 

detection. One drawback that these systems face however, is their lack of photostability under prolonged 

operating conditions. This can be attributed to photobleaching of the sensor, leaching of the sensor from its 

supporting matrix, and/or deterioration of the matrix itself.48,58  

Metalloporphyrins are a class of metal-ligand probes that have been explored for their stability as oxygen 

sensors, catalysts, and CO2 reduction applications.39,59–61 In addition to their overall stability, porphyrin 

compounds are often characterized by relatively low energy absorptions in the ~420 nm and 500-750 nm 

regions, and their large Stokes shifts. All characteristics of ideal OSPs. Platinum octaethylporphyins 

(PtOEP) OSPs with ethyl substituents in the 3-, 3-, 7-, 8-, 12-, 13-, 17-, and 18-positions were first proposed 

by Lee et. al.62 and further improved by Papkovsky et. al.60 through ketone functionalization. Addition of 

the electron withdrawing ketone substituent to the 2-position saw a mere 12% decrease in absorbance 

intensity after 18 h of continuous illumination. Incorporation of other electron withdrawing groups (EWGs), 

particularly halogenated substituents, were also found to increase photostability at the sacrifice of QY and 

excited state lifetimes.39,63 Of these, Pt(II) Pentafluorophenyl porphyrins Pt(TFPP) have proven to be the 

most optimal with an I0/I100 of 3.0 and a 93% retention of emission after 50 h or continuous illumination in 

a polystyrene polymer support.39     

In general, Pd(II) metalloporphyrins have been observed to have longer excited state lifetimes and exhibit 

a higher sensitivity to O2 than their Pt(II) analogues.14,64 This is due to a greater contribution of the heavy-

atom effect by the heavier Pt metal center, which results in a significant increase in the spin-orbit coupling 

and triplet state population of the molecule. On the other hand, Pt(II) complexes have 2-3 times higher QYs. 

Aside from the largely popular Zn(II), Pt(II) and Pd(II) porphyrin derivatives used in O2 sensing, cobalt(II) 

and nickel(II) porphyrins have also been screened by Gouterman et al.64 In this project, initial studies of 



39 

 

several metallic species of tetraphenylporphyrin (TPP) were conducted using 0.1 mM TPP, Sn-TPP, Co-

TPP, Cu-TPP, Ag-TPP and Pd-TPP dissolved in degassed THF.  

 

3.1. Experimental 

After having established a good method for making OSPs, several target porphyrin molecules were 

successfully synthesized following a procedure loosely modified from that of Lindsey’s optimized model 

(Scheme 1).65 A solution of benzaldehyde, pyrrole, and 3-nitrobenzoic acid in xylene was refluxed for 3 

hours to achieve TPP with 80% yield. 

In order to study the O2 sensitivity of various metalloporphyrins, a series of tin(II), silver(II), cobalt(II), 

iron(III), palladium(II), and copper(II) metalloporphyrins were synthesized via a 2 hr metal insertion 

reaction which refluxed the respective metal salt with a catalytic amount of N,N-diisopropylethylamine 

(DIPEA) in chloroform. As shown in Scheme 1, the synthesis started with the condensation of pyrrole and 

benzaldehyde to form compound 1. The subsequent metal insertion reaction gave rise to their metallated 

analogues, respectively (Scheme 2).      
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Scheme 2. Synthesis of metallated and non-metallated porphyrins 

 

 

Figure 37. Porphyrin molecules studied in this work 

 

The thin layer chromatography (TLC) purity of the isolated complexes is shown in Figures 78-83 (in 

appendix).The paramagnetic property of some of the incorporated metals prevents these compounds from 

being analyzed with 1H NMR, and characterization was performed primarily with UV-Vis absorption 

spectra and mass spectroscopy according to literature values (Figure 76 and 77 in appendix).66,67 A notable 
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difference in the UV-Vis spectra of metalloporphyrins is the appearance of only two Q bands whereas TPP 

shows four Q bands (Figure 77 in appendix). Experimental mass data was acquired with a ABI/Sciex 

QSTAR mass spectrometer in positive electrospray mode with a fragmentation rate of 60 at the University 

of Toronto. Each porphyrin compound was dissolved in a 1:1 DCM/MeOH mixture with a 0.2 % addition 

of formic acid (appendix Figure 84-90). For metalloporphyrins with divalent metals, the observed 

molecular ion species is M●+ as reported in Van Berkel et. al.68  

 

         

3.1.1 Synthesis of  5,10,15,20-tetraphenylporphyrin (TPP):  

3-Nitrobenzoic acid (12 g, 71.80 mmol) was dissolved in xylene (190 mL) in a three-

neck flask and was stirred under reflux at 140°C. A mixture of pyrrole (5.5 g, 81.98 

mmol) and benzaldehyde (8.5 g, 80.10 mmol) were dissolved in xylene (70 mL) and 

was added dropwise to the solution of 3-nitrobenzoic acid at 140 °C for 50 minutes. 

The reaction mixture was then stirred for another 2.5 hours and cooled to room temperature. After stopping 

the reaction, 100 mL methanol (MeOH) was added to the mixture at 0 °C. The reaction mixture was left in 

the fridge overnight. The day after, the crude purple product was filtered by vacuum filtration and washed 

with MeOH. The product was purified by silica column chromatography using 7:3 DCM:hexane as the 

eluent (Rf = 0.8) yielding bright purple powder once dried in vacuo (10.46 g, 85%).  1H NMR (500 MHz, 

CDCl3): δ (ppm): -2.76 (s, 2H), 7.79 (m, 12H), 8.24 (d, J= 6.3 Hz, 8H), 8.87 (s, 8H). UV-Vis (DCM): λmax 

(nm): 417 (ε = 440,000 M-1 cm-1)* (Soret), 513 (Q1), 549 (Q2), 593 (Q3), 647 (Q4). Lit. UV-Vis (benzene): 

λmax (nm): 419 (ε = 443,000 M-1 cm-1)* (Soret).69 ESI-MS calculated for C44H30N4 [M+H]+: calcd., 615.2; 

found, 615.2.  

*This is an approximation based on the UV-vis spectrum 
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3.1.2 Synthesis of 5,10,15,20-tetraphenyl-21H, 23H-porphine cobalt (II) (Co-TPP): 

TPP (0.12 g, 0.20 mmol) was dissolved in a mixture of chloroform (6 mL) and ethanol 

(3 mL), followed by the addition of cobalt(II) acetate (Co(OAc)2·4 H2O) (0.146 g, 3.93 

mmol) and DIPEA (0.075 mL, 0.43 mmol) was pipetted into the mixture. The reaction 

mixture was stirred and refluxed under nitrogen at 60 °C for 1.5 h. An extraction with 

chloroform (10 mL) and water was performed 3 times. The product was purified by silica column 

chromatography using 7:3 DCM:hexane as the eluent (Rf = 0.86) yielding red-purple powder once dried in 

vacuo (0.102 g, 78%). UV-Vis (DCM): λmax (nm): 413 (ε = 120,000 M-1 cm-1)* (Soret), 531 (Q1) 651 (Q2). 

Lit. UV-Vis (benzene): λmax (nm): 413 (ε = 138,000 M-1 cm-1)* (Soret)70 ESI-MS calculated for C44H28N4Co 

[M●+]: calcd., 671.1; found, 671.0. 

*This is an approximation based on the UV-vis spectrum 

3.1.3 Synthesis of 5,10,15,20-tetraphenyl-21H, 23H-porphine tin (IV) (Sn-TPP): 

TPP (0.12 g, 0.20 mmol) was dissolved in a mixture of chloroform (6 mL) and ethanol 

(3 mL), followed by the addition of tin(II) chloride (SnCl2) (0.11 g, 0.59 mmol) and 

DIPEA (0.075 mL, 0.43 mmol) was added via micropipette. The reaction mixture was 

stirred and refluxed under nitrogen at 60 °C for 1.5 h. An extraction with chloroform 

(10 mL) and water was performed 3 times. The product was purified by silica column chromatography 

using 9.5:0.5 DCM:MeOH (Rf = 0.33) yielding dark purple powder once dried in vacuo (0.098 g, 75%). 

UV-Vis (DCM): λmax (nm): 429 (ε = 500,000 M-1 cm-1) (Soret), 559 (Q1), 606 (Q2). Lit. UV-Vis (toluene): 

λmax (nm): 432 (ε = 502,700 M-1 cm-1)* (Soret).71 ESI-MS calculated for C44H28N4Sn [M●+]: calcd., 732.1; 

found, 732.0. 

*This is an approximation based on the UV-vis spectrum 

3.1.4 Synthesis of 5,10,15,20-tetraphenyl-21H, 23H-porphine iron (III) chloride (Fe-TPP): 
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TPP (0.12 g, 0.20 mmol) was dissolved in a mixture of chloroform (6 mL) and ethanol 

(3 mL), followed by the addition of anhydrous iron(III) chloride (FeCl3) (0.10 g, 0.62 

mmol) and DIPEA (0.075 mL, 0.43 mmol). The reaction mixture was stirred and 

refluxed under nitrogen at 60 °C for 1.5 h. An extraction with chloroform (10 mL) and 

water was performed 3 times. The product was purified by silica column chromatography using 8:2 

DCM:ethyl acetate (Rf = 0.26) as the eluent yielding brownish powder once dried in vacuo (0.11 g, 83%). 

UV-Vis (DCM): λmax (nm): 419 (ε = 69,000 M-1 cm-1)* (Soret), 508 (Q1) 575 (Q2). Lit. UV-Vis (DMF): 

λmax (nm): 419 (ε = 69,000 M-1 cm-1)* (Soret).72 ESI-MS calculated for C44H28N4Fe [M-Cl]+: calcd., 668.1; 

found, 668.2. 

*This is an approximation based on the UV-vis spectrum 

3.1.5 Synthesis of 5,10,15,20-tetraphenyl-21H, 23H-porphine silver (II) (Ag-TPP): 

TPP (0.12 g, 0.20 mmol) was dissolved in a mixture of chloroform (6 mL) and ethanol 

(3 mL), followed by the addition of silver acetate (Ag(OAc)) (0.10g, 0.60 mmol) and 

DIPEA (0.075 mL, 0.43 mmol). The reaction mixture was stirred and refluxed under 

nitrogen at 60 °C for 1.5 h. An extraction with chloroform (10 mL) and water was 

performed 3 times. The product was purified by silica column chromatography using DCM (Rf = 0.85) as 

the eluent yielding dark purple powder once dried in vacuo (0.11 g, 77%). UV-Vis (DCM): λmax (nm): 

425 (ε = 300,000 M-1 cm-1)* (Soret), 538 (Q1) 582 (Q2). Lit. UV-Vis (CHCl3): λmax (nm): 427 (ε = 323,593 

M-1 cm-1)* (Soret).73 ESI-MS calculated for C44H28N4Ag [M●+]: calcd., 721.1; found, 721.1. 

*This is an approximation based on the UV-vis spectrum 

3.1.6 Synthesis of 5,10,15,20-tetraphenyl-21H, 23H-porphine copper (II) (Cu-TPP): 

TPP (0.12 g, 0.20 mmol) was dissolved in a mixture of chloroform (6 mL) and ethanol 

(3 mL), followed by the addition of anhydrous copper(II) chloride (CuCl2) (0.080 g, 

0.60 mmol) and DIPEA (0.075 mL, 0.43 mmol). The reaction mixture was stirred and 

refluxed under nitrogen at 60 °C for 1.5 h. An extraction with chloroform (10 mL) and 
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water was performed 3 times. The product was purified by silica column chromatography using DCM: 

hexane (Rf = 0.66) as the eluent yielding purple powder once dried in vacuo (0.11 g, 82%). UV-Vis (DCM): 

λmax (nm): 415 (ε = 260,000 M-1 cm-1)* (Soret), 534 (Q1). Lit. UV-Vis (DCM): λmax (nm): 414 (ε = 261,000 

M-1 cm-1)* (Soret).70 ESI-MS calculated for C44H28N4Cu [M●+]: calcd., 675.1; found, 675.1. 

*This is an approximation based on the UV-vis spectrum 

3.1.7 Synthesis of 5,10,15,20-tetraphenyl-21H, 23H-porphine palladium (II) (Pd-TPP): 

TPP (0.12 g, 0.20 mmol) was dissolved in a mixture of chloroform (6 mL) and ethanol 

(3 mL), followed by the addition of anhydrous palladium(II) chloride (PdCl2) (0.10 

g, 0.59 mmol) and DIPEA (0.075 mL, 0.43 mmol). The reaction mixture was stirred 

under an inert atmosphere of argon and under reflux at 60 °C for 1.5 h. It was followed 

by the extraction with chloroform (10 mL) and water for 3 times. The product was purified by silica column 

chromatography using DCM: hexane (Rf = 0.87) as the eluent yielding purple powder once dried in vacuo 

(0.11 g, 80%). UV-Vis (DCM): λmax (nm): 418 (ε = 250,000 M-1 cm-1)* (Soret), 525 (Q1) 600 (Q2). Lit. 

UV-Vis (DMF): λmax (nm): 416 (ε = 255,000 M-1 cm-1)* (Soret). 74 ESI-MS calculated for C44H28N4Pd 

[M●+]: calcd., 720.1; found, 720.2. 

*This is an approximation based on the UV-vis spectrum 

3.1.8 O2 Sensing Studies 

Sensing experiments were firstly conducted with 0.1 mM porphyrin dissolved in dry THF in a quartz cuvette 

sealed with a septum. The cuvette was prepared in a glovebox. Trace quantities of O2 were injected into the 

cuvette with a gas-tight syringe and the luminescent response was recorded using a Cary Eclipse 

Fluorescence Spectrophotometer. Compounds that demonstrated a response to O2 were further studied in 

PDMS and PTMSP following the preparations outlined in Sections 2.3.1 and 2.3.2. Sensitivity, stability, 

and lifetime experiments were performed following the methods outlined in Sections 2.3.3. and 2.3.4. UV-

vis absorption spectra were recorded using a Varian Cary 50 spectrometer. 
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3.2. Results and Discussion 

Compared to TPP and Co-TPP which were responsive to high O2 concentrations (Figure 38A), Ag-TPP 

and Sn-TPP were found to be wholly unresponsive to O2 (Figure 38B). Pd-TPP was the only sample in 

this study that demonstrated a response to smaller O2 concentrations (Figure 38C). Another peculiarity seen 

only with Pd-TPP was the relative insensitivity of the higher energy Q(1,0) peak at 653 nm to smaller 

concentrations of oxygen unlike the response of the Q(0,0) peak at 699 nm. This could suggest that the 

molecule’s S0  S1 transition is impacted more by the presence of O2. The Q(0,0) peak also markedly 

displays a gradual red shift to 717 nm as its luminescence is steadily quenched (Figure 38C). Several 

investigations pertaining to the photostability of the species and the relative quenching and recovery speed 

were also attempted and it was found that Pd-TPP had the longest recovery time at 9 min whereas Co-TPP 

had the fastest recovery time at 4 min.  

The O2 sensitivity of Pd-TPP was further investigated when imbedded in PDMS and PTMSP, with TPP 

used as a comparison (Figures 39 and 40). Similar trends were seen with the emission intensity decrease 

of Pd-TPP in both PDMS and PTMSP, however, the responsiveness of the compound to oxygen was less 

than in liquid solution. A greater decrease in emission intensity could be seen with TPP in PTMSP than 

in PDMS, similar to trends observed in Chapter 2. The difference in 650 nm and 730 nm peak emission 



46 

 

intensity ratios seen between the two polymers could be attributed to the different microenvironments of 

each polymer which exert influence over the vibrational freedom of the imbedded compounds.  

 

Figure 38. Comparison of O2 sensitivity of TPP (A), Sn-TPP (B), Pd-TPP (C), and Co-TPP (D) in degassed THF 
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Figure 39. Sensitivity of TPP/PDMS to trace levels of O2 (λex = 418 nm) 

 

 

Figure 40. Sensitivity of TPP/PTMSP to trace levels of O2 (λex = 418 nm) 



48 

 

 

Figure 41. Sensitivity of Pd-TPP/PDMS to trace levels of O2 (λex = 423 nm) 

 

Figure 42. Sensitivity of Pd-TPP/PTMSP to trace levels of O2 (λex = 423 nm) 

Several metalloporphyrins were synthesized and investigated for O2 sensitivity. Continuing research on this 

project would entail immobilizing the most promising of these compounds in PDMS and testing their 

responses to DO, gathering comparative data on quantum yields and phosphorescence lifetimes at varying 

temperatures, developing a method to dynamically quantify emission response in real time, performing 

theoretical studies with density functional theory (DFT), testing their photostability to extended periods of 

irradiation, and expanding the library of substituents.  
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Chapter 4 

Summary and Future Work 

In Chapter 2 of this thesis, Pt and Pd complexes and boron-based TADF compounds that have been 

established by our group have been further expanded upon in this study and investigated as potential 

OSPs. The main objective of our work was to improve the sensitivity and robustness of these systems by 

adopting more suitable polymer host matrices, making their functionality as OSPs more viable. By 

immobilizing the compounds in PDMS and PTMSP, their luminescent responses to trace concentrations 

of O2 could be reported. Of the two families of compounds studied, Pt1 and m’-ac-dbna were found to 

have the greatest potential as OSPs. This work revealed that although use of these silicon-based polymers 

enhanced the sensitivity of these compounds, their stability and resistance to photobleaching could be 

further improved. Additionally, it was observed that each of our samples assumed a heterogeneous 

dispersion within the polymer. This could be mitigated by improving the solubility of the compounds 

through exploring different immobilization techniques and various surface and structural modifications to 

the polymers.  

Seeking to address this issue of stability, the second component of this thesis (Chapter 3) involved 

synthesis of several metalloporphyrin compounds and preliminary studies of their O2 sensitivities. Of the 

compounds studied, Pd-TPP was found to have the greatest sensitivity to O2, however, its lower I0/I100 

limits its use to higher pressure sensing.  
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Appendix 

 

Figure 43. Photoluminescence lifetime of Pt1/PDMS under a N2 saturated environment, where the IRF is the instrument 

response function 

 

Figure 44. Photoluminescence lifetime of Pt1/PDMS under a O2 saturated environment, where the IRF is the instrument 

response function 
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Figure 45. Photoluminescence lifetime of Pt1/PTMSP under a N2 saturated environment, where the IRF is the instrument 

response function 

 

 

Figure 46. Photoluminescence lifetime of Pt1/PTMSP under a O2 saturated environment, where the IRF is the instrument 

response function 

 

 



56 

 

 

Figure 47. Photoluminescence lifetime of m’-ac-dbna/PDMS under a N2 saturated environment, where the IRF is the instrument 

response function 

 

 

Figure 48. Photoluminescence lifetime of m’-ac-dbna/PDMS under a O2 saturated environment, where the IRF is the instrument 

response function 
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Figure 49. Photoluminescence lifetime of m’-ac-dbna/PTMSP under a N2 saturated environment, where the IRF is the 

instrument response function 

 

 

Figure 50. Photoluminescence lifetime of m’-ac-dbna/PTMSP under a O2 saturated environment, where the IRF is the 

instrument response function 
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Figure 51. Photoluminescence lifetime of TPP/PDMS after exposure to N2, where the IRF is the instrument response function 

 

 

Figure 52. Photoluminescence lifetime of TPP/PDMS after exposure to O2, where the IRF is the instrument response function 
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Figure 53. Photoluminescence lifetime of TPP/PTMSP after exposure to N2, where the IRF is the instrument response function 

 

 

Figure 54. Photoluminescence lifetime of TPP/PTMSP after exposure to O2, where the IRF is the instrument response function 
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Figure 55. Photoluminescence lifetime of Pd-TPP/PDMS after exposure to N2, where the IRF is the instrument response 

function 

 

 

Figure 56. Photoluminescence lifetime of Pd-TPP/PDMS after exposure to O2, where the IRF is the instrument response 

function 
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Figure 57. Photoluminescence lifetime of Pd-TPP/PTMSP after exposure to N2, where the IRF is the instrument response 

function 

 

 

Figure 58. Photoluminescence lifetime of Pd-TPP/PTMSP after exposure to O2, where the IRF is the instrument response 

function 
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Figure 59. Pt1/PDMS lifetime residuals following exposure to O2 

 

 

Figure 60. Pt1/PTMSP lifetime residuals following exposure to N2 
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Figure 61. Pt1/PTMSP lifetime residuals following exposure to O2 

 

Figure 62. m’-ac-dbna /PDMS lifetime residuals following exposure to O2 
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Figure 63. m’-ac-dbna /PDMS lifetime residuals following exposure to N2 

 

Figure 64. m’-ac-dbna/PTMSP lifetime residuals following exposure to N2 



65 

 

 

Figure 65. m’-ac-dbna/PTMSP lifetime residuals following exposure to O2 

 

 

Figure 66. Absorbance spectrum of m’-ac-dbna/PTMSP in air 
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Figure 67. Absorbance spectrum of p-ac-dbna/PTMSP in air 

 

Figure 68. Absorbance spectrum of Pt1/PDMS in air 
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Figure 69. Absorbance spectrum of Pt1/PTMSP in air 

 

 

Figure 70. Emission Spectrum of TPP under N2 and O2 in THF (λex = 418 nm) 
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Figure 71. Emission Spectrum of Co-TPP under N2 and O2 in THF (λex = 413 nm) 

 

Figure 72. Emission Spectrum of Ag-TPP under N2 and O2 in THF (λex = 425 nm) 
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Figure 73. Emission Spectrum of Fe-TPP under N2 and O2 in THF (λex = 413 nm) 

 

Figure 74. Emission spectrum of Sn-TPP under N2 and O2 in THF (λex = 427 nm) 
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Figure 75. Emission spectrum of Pd-TPP under N2 and O2 in THF (λex = 415 nm) 

 

 

Figure 76. 1H NMR (500 MHz) of TPP in CDCl3 at room temperature 
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Figure 77. UV-vis spectra of porphyrins 

 

 

Figure 78. TLC of Ag-TPP (right) and TPP (left) after purification (Rf in DCM = 0.85 (Ag-TPP), 0.8 (TPP)) 
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Figure 79. TLC of Cu-TPP (right) and TPP (left) after purification (Rf in 7:3 DCM:Hexane = 0.66 (Cu-TPP), 0.64 (TPP)) 

 

Figure 80. TLC of Pd-TPP (right) and TPP (left) after purification (Rf in 6:4 DCM:Hexane = 0.67 (Pd-TPP), 0.49 (TPP)) 
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Figure 81. TLC of Co-TPP and TPP after purification (Rf in 7:3 DCM:Hexane = 0.86 (Co-TPP), 0.64 (TPP)) 

 

Figure 82. TLC of Fe-TPP (left) and TPP (right) after purification (Rf in 8:2 DCM:ethyl acetate = 0.26 (Fe-TPP), 0.95 (TPP)) 



74 

 

 

Figure 83. TLC of Sn-TPP and TPP after purification (Rf in 9.5:0.5 DCM:MeOH = 0.33 (Sn-TPP), 0.95 (TPP)) 
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Figure 84. ESI-MS of TPP in a DCM/MeOH solution. Base peak found at 615.2 corresponding to the [M+H]+ species. 



76 

 

 

Figure 85. ESI-MS of FeTPPCl in a DCM/MeOH solution. Base peak found at 668.1 corresponding to the [M-Cl]+ species. 
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Figure 86. ESI-MS of AgTPP in a DCM/MeOH solution. Base peak found at 721.2 corresponding to the [M●+] species. 
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Figure 87. ESI-MS of SnTPP in a DCM/MeOH solution. Base peak found at 732.0 corresponding to the [M●+] species. 
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Figure 88. ESI-MS of CoTPP in a DCM/MeOH solution. Base peak found at 671.0 corresponding to the [M●+] species. 
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Figure 89. ESI-MS of PdTPP in a DCM/MeOH solution. Base peak found at 720.1 corresponding to the [M●+] species. 
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Figure 90. ESI-MS of CuTPP in a DCM/MeOH solution. Base peak found at 675.1 corresponding to the [M●+] species. 

 

 


