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Executive Summary 
 

- The University of Leicester has conducted research with the aim of better understanding 

how devices such as the SoeMac affect ambient air during the use photosensitizers.  An in 

depth literature study was performed in order to  ascertain whether published evidence 

exists of changes to the composition of normal air resulting from the operation of the 

SoeMac-like devices. 

- A list of 75 documents was obtained covering various aspects of SoeMac devices with much 

of the work pertaining to recently published literature reflecting the on-going and continued 

interest in the chemistry and physics of singlet oxygen in the gas phase. 

- Much of the literature reviews the successes of photodynamic therapy and other biological 

effects of singlet oxygen however the fundamental therapeutic mechanism of devices such 

as the SoeMac are not well documented. 

- Singlet oxygen along with several other reactive oxygen species form a group of molecules 

which have been used in medical applications such as photodynamic therapy, however, little 

has been reported on the toxicity of singlet state oxygen as used in gas phase applications. 

Furthermore, no peer-reviewed literature was identified that describes the deployment of 

these devices in clinical applications. 

- Whilst much work has been conducted on the investigation of singlet state oxygen, none or 

very little has investigated ‘Activated Air’, leading to the possibility that both terms refer to 

the same product. If this were established experimentally, it would provide the technique 

with scientific basis for further development. 

- Widely disparate results were obtained for reported lifetimes of singlet oxygen due to a 

strong dependence on the surrounding environment where it had been created. 

 - The SoeMac device is claimed to generate singlet oxygen (or another form of reactive 

oxygen species) in an unknown quantity and duration, resulting in an unknown change in the 

composition of the surrounding air.  The University of Leicester performed preliminary 

experiments to investigate changes in gaseous composition by measuring a group of 

compounds known to interact with singlet oxygen: volatile organic compounds. 

- During preliminary tests under controlled conditions, a measurable change in the 

composition of air was detected, however, further tests are needed to define the exact 

nature of this change and the impact of the SoeMac device on ambient air. 

- Continued tests are planned with an experimental methodology in place and experimental 

design is underway. 

 



1.0  Literature search 
 

1.1  Scope of literature study 

SOE Health Ltd have developed a product with the aim of providing ‘Activated Oxygen Therapy’ 

based on the generation of excited state 1O2
 using a photosensitizer catalyst [1].  SOE Health Ltd 

have also supplied features, factsheets and testimonials that outline the technique and various 

therapeutic uses of Singlet State Oxygen (SSO) generation.  The RAFT (Real-time Air Fingerprinting 

Technology) Laboratory specialises in the measurement of gas phase species (particularly volatile 

organic compounds, or VOCs) in near-real time; a technique which has been used in a variety of 

applications. 

The University of Leicester RAFT laboratory performed a literature search aimed at investigating 

pertinent research conducted to date that related specifically to the SoeMac’s mode of operation 

(emitting ‘activated air’) in to the ambient environment).  The search was guided by the following 

criteria: 

1) Peer-reviewed literature on gas phase singlet oxygen generation with relevance to 

applications that utilise its therapeutic effect (and, where mentioned, toxicity). 

2) Methods of measuring singlet oxygen in the gas phase. 

3) Any information on the possible composition of ‘Activated Air’, or ROS (Reactive Oxygen 

Species) 

4) References on the chemistry of SSO its formation and interactions as background. 

Thus, the purpose of a literature study was to investigate if published evidence existed of changes to 

the composition of normal air resulting from the operation of the SoeMac-like devices. A further 

goal was to see if there was an experimental procedure that could be implemented by the RAFT 

Laboratory to investigate this further (as outlined in Section 2). 

 

1.2  Peer-reviewed literature on gas phase singlet oxygen generation and 

its therapeutic effect 

A list of 75 documents was obtained, of which approximately 20% were in the form of abstracts or 

brochures.  Three online search engines were used to identify relevant articles: Google Scholar 

(http://scholar.google.co.uk/; Google Inc.), Web of Knowledge (http://wokinfo.com/) and SciFinder 

(https://www.cas.org/products/scifinder). Starting from references in articles by Hulten and DeRosa 

[2, 3] and using SSO, Gas Phase, Reactive Oxygen Species and Activated Air as search criteria, about 

60 interesting articles were obtained.  Much of the literature found refers to work conducted prior 

to the onset of online journal access, now the most common and popular form of scientific 

communication.  Review articles on SSO have been published by Cavalcante et al., DeRosa et al., 

Grossweiner et al., Wilkinson et al, and Ogilby [2, 4-8]. These articles, published since 2000, provided 

http://scholar.google.co.uk/
http://wokinfo.com/
https://www.cas.org/products/scifinder


useful insights into the current understanding and state-of-work on ROS and the properties of 

Singlet Oxygen in the gas phase. 

Table 1 provides a summary of the dates of publication of the literature. The strong bias on later 

publications can in part be ascribed to the difficulty in obtaining earlier publications in a 

downloadable format but also reflects the on-going and continued interest in the chemistry and 

physics of singlet oxygen in the gas phase. The general trend is confirmed in the review by Ogilby [7] 

(which mainly focusses on the successes of Photo dynamic Therapy (PDT)) and other biological 

effects of SSO [4, 9-37] such as reactions with organic compounds, water and with radicals).  

Conversely, the fundamental therapeutic mechanism of devices such as the SoeMac are not well 

documented. 

 

Table 1. The distribution of the publication dates of the downloaded literature.  

n/a 1960-1969 1970-1979 1980-1989 1990-1999 2000-2012 

3 4 2 7 17 47 

 

Whilst most uses of SSO such as PDT interact with patients and subjects directly [2, 5-7, 17, 18, 20, 

21, 27, 30-32, 34, 38-45], the SoeMac is used in the same vicinity i.e., in the same room, which 

implies that the active species are not produced at the point of treatment, as in PDT.    

Other devices which utilise SSO in a manner other than that ascribed to PDT include those produced 

by Valkion [46]. One of these, the Valkion Air, like the SoeMac is claimed to generate SSO which then 

decays rapidly producing ‘Activated Air’ as an end product. The precise nature of ‘Activated Air’ is 

not clear. It is probable that the form of activation achieved is the formation of a Reactive Oxygen 

Species (ROS). The term ROS covers several excited states of oxygen, including SSO itself, peroxides 

and hyperoxide species [47]. All of them exhibit enhanced oxidative abilities, so that their effect on 

biological material is similar.  Additional testimonials testify to the efficacy of the Valkion products 

[33, 48].  However, no peer-reviewed literature was identified that describes the deployment of 

these devices in clinical applications.  Additionally, a device advertised by Inaervis [49] is also based 

on a similar operational mode to the SoeMac.  Anyone seeking further details of the formation, 

behaviour, end products and deployment of SSO are directed to the references in the review articles 

by Ogilby [7] and DeRosa [2]. 

SSO is readily produced by passing oxygen over a photosynthesizer activated by electromagnetic 

radiation. Incident radiation excites the photosynthesizer into a several excited states which can 

either decay directly back to the ground state or by exciting neighbouring molecules in turn. Of 

interest is the decay which elevates normal triplet-state oxygen molecules to an excited singlet state 

which cannot easily de-excite back to the ground state, because of inhibiting spin and angular 

momentum change related factors. In this case singlet oxygen in the upper atmosphere can have a 

lifetime measured in minutes [5, 50-52].  However in the presence of other substances as in liquid 

solution, alternative routes for de-excitation become possible so that the SSO is strongly oxidative 

and its lifetime is measured in microseconds or even nanoseconds.  Singlet oxygen along with 



several other reactive oxygen species (ROS) form a group of corrosive molecules which have been 

used in medical applications [2, 5-7, 17, 18, 20, 30-32, 34, 38-44].  One such application is PDT 

whereby the toxic nature of SSO is employed to promote cell apoptosis [6, 9, 10, 13, 14, 53] however 

little has been reported on the toxicity of SSO as used in gas phase applications. 

In nearly all medical applications, the focus on the use of SSO/ROS with its reactive nature and short 

lifetime is in cases where it is generated in close proximity to the intended area of application, so 

that the photosensitising agent is also present at the site of the activity. Most of the work has thus 

focussed on the singlet oxygen in solution.  Of the peer reviewed literature centred around medical 

applications of SSO and therapeutic effects, very little work has been concerned with the behaviour 

of ROS in low dosages  [42] or the behaviour of ROS in the gas phase. The SoeMac device is claimed 

to generate SSO (or another form of ROS) in an unknown quantity and duration and resulting in an 

unknown change in the composition of the surrounding air.  Whilst much work has been conducted 

on the investigation of ROS [2-4, 6, 8-12, 14-16, 22, 36-39, 45, 47, 51, 53-62], none or very little has 

investigated ‘Activated Air’, leading to the possibility that both terms refer to the same product. If 

this were established experimentally, it would provide the technique with scientific basis for further 

development.  

During the present study, widely disparate results were obtained for reported lifetimes of SSO.  This 

large range is likely to be due to the type of environment prevailing at the time of SSO lifetime 

measurement.  Table 2 summarises the reported lifetimes of SSO found during the present study. 

The lifetime of SSO is dependent on such factors as temperature, pressure. In solution its lifetime is 

strongly dependent on the solvent, so for example its lifetime in carbon tetrachloride is 1000 times 

greater than in water [55].  

 

Table 2.  Previously reported lifetimes of SSO in in different environments (in vacuum, gas phase media and in 

solution).   

Vacuum Gas Phase Solution Reference 
45 m 14 m or 7 s - [5] 

- - <40 ns [17] 
- 37 ms - [55, 63] 
- 53 ± 37 µs 24 µs [13] 
- - 0.1 µs [38] 

72 s, 11 s 86 -54 ms - [50] 
(2.7 – 6.0) x103 s 7 - 12 s - [51] 

64 m/11 s -  [52] 
- - <10-6s [64] 
- - 2-7 µs [3] 
- - 4 µs [18] 
- 2 µs  [23] 
- 2 µs - [61]  
- - 50 – 700 µs  [29] 
- - 2.4 – 3.0 µs  [31] 
- - 126 µs [65] 
- observed - [66] 



1.3  Chemistry and detection methods of SSO 

The Mechanism describing the formation of SSO, and the effect on its decay lifetime by various 

compounds are described by Wikinson [52, 67],  and several other authors [2, 5, 29, 38, 40, 45, 50, 

51, 60, 62, 68] 

Several methods of detection of SSO are mentioned in the literature. The principle method of 

detection of SSO is based on a time-resolved or steady state observation of the phosphorescent 

transition of the excited singlet state of Oxygen to the triplet ground state at ~1275 nm. This is 

described in detail by Briviba, De Rosa et al., and Wilkinson et al. ([2, 8, 55]. Other methods, 

mentioned by De Rosa and in greater detail  by Wilkinson et al. [2, 8] are Calorimetric techniques 

involving photoacoustic calorimetry, time-resolved thermal lensing and photooxidation reactions 

which include loss of absorbance or fluorescence of a probe molecule.  Finally, the approach 

outlined in section 2 is based on the detection of resultant oxidation products by mass spectrometry.  

This method of indirect singlet oxygen detection is outlined by, for example, Rawls et al. [69] in the 

detection of the oxidation products of limonene following reaction with singlet oxygen and Ogawa 

[70] who describes a chemical method of SSO determination in the atmosphere using α –terpinene.  

 

2.0 Experimental  
 

2.1  Experimental aims 

The feature on the SoeMac provided by SOE Health Ltd. mentions a lifetime for singlet oxygen that 

lies within a wide range of lifetimes reported within the literature outlined in Table 2 (based on 

various different conditions for singlet oxygen generation and the surrounding environment). The 

experiments proposed in this report are aimed at providing insight into the affect that the SoeMac 

has on the surrounding air.  By monitoring volatile organic species (VOCs) in ambient air before and 

during SoeMac operation, any changes in the gaseous composition of the air can be assessed.  

As outlined in Section 1.3, it may be possible to indirectly measure the amount of SSO/ROS emitted 

from the SoeMac and assess how the SoeMac affects the reactivity of the surrounding air.  Singlet 

oxygen is widely used in Organic Chemistry to oxidise alkenes, an experiment of this nature would 

utilise the reaction between a monoterpene (a group of compounds found ubiquitously in indoor air) 

and singlet oxygen within a custom-made reaction chamber. 

Therefore, the aims of the present study are to: 

- Conduct a preliminary experiment aimed at investigating the effect of operating the 

photosensitizer on VOCs present in the system as clean air passes over the SoeMac device in 

a controlled experiment. 

 

- Based on the results from the preliminary investigation, design an experiment whereby a 

known concentration of limonene is emitted into the system.  By observing changes in 



limonene concentration and associated oxidation products during the operation of the 

SoeMac device the extent to which the photosensitizer oxidises the surrounding 

environment can be assessed. 

 

- If a measurable difference in limonene/limonene oxidation products is observed, titrate the 

concentration of SSO in the system (based on the assumption that any observerable 

limonene oxidation represents reaction with SSO). 

 

- Finally, based on the experimental results, assess how the operation of the SoeMac device 

affects ambient air based on previous measurements of the gaseous composition of indoor 

environments. 

 

2.2  Preliminary experiment  

Preliminary experiments were conducted to investigate how the composition of air changed whilst 

the SoeMac was switched on for routine operation.  VOCs were detected by Proton Transfer 

Reaction – Time of Flight – Mass Spectrometry (PTR-ToF-MS; a general description of the principles 

behind this device is presented in the Appendix).  The instrument used to generate the data 

presented in this study is described in detail by Blake et al. [71] and Wyche et al. [72].  In brief, the 

PTR-MS chemical ionisation technique utilises reactions between analyte compounds and reagent 

ions in the gas phase. The use of hydronium reagent ions (H3O
+) for proton transfer forms the basis 

of the now widely used technique of PTR-MS. The instrument described here is capable of using 

alternative reagents and so is sometimes referred to by the more general title of Chemical Ionisation 

Reaction–MS (CIR-MS).  Chemical ionisation is a soft ionisation technique, as the reactions produce 

little excess energy. As a result, many product ions remain intact, although significant ion 

fragmentation is still observed for certain classes of compounds [73].   

The production of relatively simple mass spectra makes PTR-MS an ideal technique for analysing 

complex VOC matrices and air mixtures.  In addition, time-of-flight mass spectrometry brings with it 

the ability to rapidly monitor all mass channels simultaneously, providing a complete real-time VOC 

profile.  Key components of the instrument used include a radioactive 241Am ion source and drift 

tube coupled to a reflectron time-of-flight mass spectrometer (Blake et al, 2004).  The drift tube of 

the PTR-TOF-MS instrument contains two regions.  The main drift cell experiences a constant electric 

field to number density ratio (E/N), whereas the small region between the last electrode and the exit 

aperture, which is referred to as the collision cell operates under electric field conditions different 

from the main part of the drift tube. The collision cell is normally used to promote fragmentation of 

hydrated VOC cluster ions. Sample air was continuously introduced upstream of the drift tube at a 

flow rate of 150 sccm, operated at a pressure of 6 mbar. A continuous flow of water vapour entered 

the top of the ion source at a set flow rate of 30 sccm.  An E/N of 100 Td was maintained for the 

main part of the drift tube.  

The experimental procedure was designed such that future experiments would require only 

minimum modification.  The SoeMac device was modified so that the illuminating element could be 

switched on or off while leaving the circulating fan running and was mounted into a sealed 



container.  A dual-oven diluter (Model 491 KinTek, UK) provided a constant flow of nitrogen (400 

sccm, N6.0 Grade, BOC gases, UK) into the SoeMac enclosure with a T-junction to vent ensuring 

excess flow did not lead a rise in pressure above ambient levels.   

 

 

Fig. 1. A PTR Mass Spectrum of air taken whilst the photosensitizer was on (TOP) and a PTR Mass Spectrum 

taken whilst the Photosensitizer was not operating (BOTTOM). 

 

Figure 1 displays results from the preliminary tests whereby an increase in most mass channels can 

be seen once the photosensitizer was switched on relative to the analysis before the photosensitizer 

was used.  The mass spectrum taken whilst the photosensitizer was off shows significant elevations 

above baseline levels for many mass channels indicting that VOCs were present in the chamber 

before the photosensitizer was switched on (these were presumably present as a result of 

compounds desorbing from the SoeMac device and chamber walls or from ambient air leaking into 

the chamber).   Clearly, on examination of figure 1, the composition of air changes when the 

photosensitizer is switched on.  Figure 2 shows results for a selected mass channel (often ascribed to 

the compound, Acetone).  Figure 2 further exemplifies the change in VOC profile during SoeMac 

operation.  Further tests are needed to define the exact nature of this change and the impact of the 

SoeMac device on ambient air. 



 

Fig. 2.    Time profile for the mass channel, m/z = 59 before and after the SoeMac photosensitizer was switched 

on (data acquired using a 1 minute integration period). 

 

2.3  Future Work 

As mentioned in section 2.2, the preliminary experimental design has been set-up so as to be as 

flexible as possible regarding future experimentation.  In emitting a fixed concentration of limonene 

into the chamber, the degree of atmospheric oxidation can be assessed.  There are two methods by 

which the limonene can be employed to investigate SoeMac oxidation [74], the first is by 

continuously releasing a fixed concentration of limonene into the experimental chamber.  Through 

observing the difference in limonene levels (or the formation of limonene oxidation products) before 

and during photosensitizer use, the amount of SSO can be calculated provided the reaction 

coefficient for the degradation of limonene (outlined in figure 3) is known or can be estimated (and 

assuming that the degradation of limonene proceeds solely through reaction with SSO).  

 

Figure 3 The reaction of limonene with SSO as proposed by Foote [57]. 

This method has the advantage that the exact concentration of limonene can be chosen at an 

optimal level within the dynamic range of the PTR-ToF-MS.  A permeation tube containing limonene 

has been created in order to conduct these experiments.  The permeation tube emits limonene at a 



fixed emission rate, which can be manipulated by altering the temperature of the surrounding 

permeation oven.  The exact emission rate can only be calculated by periodically weighing the 

permeation tube at intervals long enough to ensure a significant difference in weight has been 

emitted during constant heating.  The concentration that reaches the experiment chamber can be 

manipulated by altering the flow rate of nitrogen that dilutes the emitted limonene.   

Using the constant emission method has the advantage that the experimental chamber size can be 

kept reasonably small whilst being constantly connected to the inlet of the PTR-ToF-MS for continual 

analysis.  An additional VOC tracer can be used in order to take into account losses other than those 

through reaction with SSO (provided a suitable tracer is chosen).  In this instance, based on the 

aforementioned assumptions, the concentration of SSO can be calculated thus: 

[   ]  
 

      
(
  

    
  ) Eqn. 1 

Where [SSO] = concentration of SSO; F = flow rate of input gas; kSSO = bimolecular rate coefficient of 

limonene with SSO; R0
 and RSSO = the ratio of the tracer VOCs before and during SoeMac operation 

respectively. 

Finally, if the difference in limonene concentration is immeasurable, the tracer decay method can be 

employed. This again utilises a reactive VOC tracer however in this case a short burst of VOC is 

emitted into the chamber at the start of the experiment, the photosensitizer is switched on and the 

exponential decay in limonene concentration is observed.  As in the continuous emsiion method, 

other losses of the tracer can be taken into account by employing a second, inert tracer.  In that 

instance, SSO can be calculated thus: 

[   ]  
 

    

    

  
 Eqn. 2 

This method leads to a gradual decrease in limonene concentration and a gradual increase in 

oxidation product and can be left as long as is necessary.  A disadvantage to this method is a large 

experimental chamber is required if the analysis is continually monitored by PTR-ToF-MS.  Both 

methods can be employed within a room or indoor environment provided the tracers used are safe 

and non-toxic.   
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Appendix 

Mass spectrometry  
 
In general terms, mass spectrometry is an analytical technique used to determine the molecular 

weight of compounds; capable of instantaneously measuring trace constituents in complex air 

mixtures. Samples are ionised, accelerated by an electric field and ultimately detected as ions for 

data processing. The RAFT laboratory at the University of Leicester is equipped with several different 

types of mass spectrometer, enabling us to detect a wide variety of different samples, with different 

sampling methods.  

In chemical ionisation reaction mass spectrometry (CIR-MS), sample air is drawn in and reacted with 

our gas-phase fingerprinting solution; the choice of the fingerprinting solution can change the 

fingerprint giving added functionality. After the “inking” process all the molecules are weighed 

simultaneously. This process is very fast with 1 million fingerprints being collected every second. The 

information coming from the fingerprints is then sorted very quickly using computer techniques to 

classify the fingerprints in real-time.  

A schematic representation of the inner workings of one of our ‘time of flight’ (TOF) mass 

spectrometers in shown below in figure 3.  

 
 

 
 
 

Fig. 3. Schematic representation of the University of Leicester CIR-TOF-MS system.  The sample path follows 

the yellow and red lines, reaching the MCP where ions are detected [73]. 


