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Abstract 

The main subject of this MS work was finding food-grade molecules that are applicable as 

photosensitizers in a triggered release of biochemicals from liposomal systems using ultraviolet 

radiation. This involved building a deoxygenation system to properly measure phosphorescence in the 

absence of atmospheric oxygen and to evaluate if the compounds were emitting from their triplet energy 

state. The compounds were chosen for the experiment with their molecular structure in mind as well as 

theory behind phosphorescence. The water soluable vitamins B12 and folic acid (FA) were chosen as 

well as NATA (N-Acetyltryptophanamide) which has a well known phosphorescence lifetime and was 

therefore ideal as a reference to the potency of the deoxygenation system. Phosphorescence lifetime 

measurements were made at room temperature (25°C) for a number of samples where the percentage 

of viscosity was increased from 0% to 50% by addition of glycerol. The results from the 

phosphorescence lifetime measurements for FA indicated that, although not as potent as many of more 

infamous photosensitizers, it is capable of phosphorescence and might be suitable for triggered release 

from a liposomal system when a food-grade requirement needs to be met. Measurements of NATA 

samples yielded phosphorescence lifetimes in the same range as for FA without displaying linear 

increase in lifetime with increasing viscosity.   
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Ágrip 

Aðal viðfangsefni í meistaraverkefni þessu var að finna matvælahæf efni sem nota megi til stýrðrar 

losunar á lífvirkum efnum úr lipósómal ferjum með útfjólubláu ljósi. Í því fólst að koma upp 

afgösunarbúnaði svo hægt væri að framkvæma fosfórljómunarmælingar í fjarveru súrefnis og meta hvort 

efnin væru að aförvast úr triplet orkuástandi sínu. Velja þurfti efni sem þóttu vænleg til fosfórljómunar út 

frá fræðilegu mati á sameindabyggingu þeirra. Vatnsleysanlegu vítamínin B12 og fólínsýra (FA) urðu fyrir 

valinu ásamt efninu NATA (N-acetyltryptophanamide) sem hefur þekktan fosfórljómunarlíftíma og 

hentaði til viðmiðs um afkastagetu búnaðarins. Líftímamælingar voru framkvæmdar við herbergishita 

(25°C) á sýnaröð þar sem hlutdeild seigju var aukin frá 0% og upp í 50% með viðbót glycerols. 

Niðurstöður fosfórljómunarlíftímamælinga FA gefa til kynna að, þrátt fyrir að fosfórljómunarmegni þess 

sé ekki jafn mikil og hjá þekktum photosensitizer efnum, henti það mögulega til stýrðrar losunar úr 

lípósóma ferjum þegar mæta þarf food-grade kröfum. Mælingar á NATA sýnum gáfu  

fosfórljómunarlíftímaheimtur af svipaðri stærðargráðu og í tilfelli FA, án þess þó að sýna línulega 

aukningu í líftíma með aukinni seigju.  
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1 Introduction 

Rapid developments in the pharmacutical and cosmetic industries have generated a increased interest 

in new developments in transportation mechanisms for bioactive molecules (Andresen et al., 2005). Due 

to the fragile nature of these compounds, the plausability that breakdown occurs before reaching its 

desired destination (for example molecules in topical creams exposed to sunlight) with out further 

shielding is evident. For this reason, many different studies have been made in which molecules are 

encapsulated within liposomes and the results of such studies have provided meaningful insight into the 

efficacy of encapsulated particles (Batist et al., 2001; Korting et al., 1990).  

1.1 Liposomal systems 

Liposomes are spherical vesicles which are formed in solutions due to the amphipathicity of their 

phospholipid building blocks, which when in an aqueous solution will protect their hydrophobic fatty acids 

by forming a bilayer wall. A handfull of ingredients is needed to produce a stable liposomal system but 

the main components are the phospholipids, a group of molecules differing only slightly in molecular 

structure by the distinct active group on the phosphate end. The phospholipids which are of greatest 

abundance in nature are phosphatidyl choline and phosphatidyl etanolamine, while phosphatidyl 

inositol, phosphatidic acid and phosphatidyl serine also belong to the group (Vemuri & Rhodes, 1995). 

Not unlike triglycerides, the phospholipids 

have a glycerol backbone with esterafied fatty 

acids. The difference between the two becomes 

more apparent with a closer look at the electron 

density of the fatty acids involved and total polarity 

of the two species. The phospholipid fatty acids are 

less saturated and bound to the sn-1 and sn-2 

positions while the sn-3 position is vacated by a 

phosphate group, giving the molecules their 

amphipathicity. The stereospecific numbering (sn) 

of the carbons in the glycerol molecule arises due to the fact that when the hydroxyl groups at both ends 

are esterified with two different fatty acids, the central carbon displays chirality. Therefore, the carbons 

in glycerol are differentiated stereospecifically relating to a planar fischer projection of the molecule. 

The number of double bonds and their arrangements in fatty acids are of much importance when 

it comes to shelf life and nutritional and organoleptic properties of their products, as the the susceptability 

to oxidation increases with higher degree of unsaturation (Damodarian et al., 2008). Such an increase 

generally translates to lower energy and increased stability by means of greater delocalization of the 

electron density and orbital hybridization as in conjugated dienes (McMurry, 2008). The double bonds 

in fatty acids are, however, non-conjugated in a cis methylene interupted pentadiene arrangement 

(Figure 1) (Damodarian et al., 2008). Dissimilar to those in conjugated dienes, the covalent bonds of the 

carbon bearing the bis-allylic hydrogens have limited electron density and therefore have lower 

dissociation energies and produce a more stable allyl radical then vinylic hydrogens (McMurry, 2008). 

Figure 1: General structure of  phospholipids and the non-
conjugated pentadiene system of their fatty acids. 
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1.1.1 Physical stability 

Since the discovery of liposomes in the early 1960s, the field of liposome research has grown rapidly 

due to the applicability of these compounds in the pharmaceutical industry. The unique molecular 

structure of the building blocks of liposomes allows for them to be made into vesicles in which sensitive 

biochemicals may be encapsulated and transported prior to their release (Vishvakrama & Sharma, 

2014). 

Liposomes are, however, subjected to forces in their environment which have aspired many 

studies on their stability (Guzey & McClements, 2006; Sabın et al., 2006). These are attractive van der 

waals and repulsive electrostatic forces which arise due to the surface charges carried by the liposomes 

and can analytically be measured as the zeta potential (δ). When such a measurement is performed, 

an electric field is created between an anode and a cathode, and the type of charge is revealed given 

the information of which electrode attracts the particles. Furthermore, the amount of charge is obtained 

using the measured velocity of the particles.  

According to the Stern mathematical model for adsorption on a charged surface, the surface of 

the nonlayered liposome vesicle can be thought of as an electric double layer. The inner layer consisting 

solely of counter ions is called the Stern layer and is strongly associated with the surface charge. Past 

this layer is the diffuse layer in which 

ions are less tightly bound, yet will 

move with the body of the molecule. 

The outer boundry of the diffuse layer 

is known as the shear plane, past 

which the ions can be considered to 

have properties like the continous 

phase (Figure 2). The measure of the 

zeta potential is at the shear plane 

and can be thought of as the effective 

surface charge of the molecule 

(Horiba Instruments, 2012).  

Once dispersed, the liposomes in the system will seek to minimize surface tension and free 

energy by aggregating to form larger vesicles with smaller surfaces (McClements, 2004; Sabın et al., 

2006). Increased thermodynamic stability of the dispersed system can be brought upon by altering the 

zeta potential of the liposomes by adsorption of oppositely charged polyelectrolytes to their surface and 

thereby increasing the repulsion between molecules.  

Considering the electrodynamics of liposomal systems, the formation of layered surfaces 

requires much detail and precision. The concentration of the electrolyte in solution needs to be such that 

it readily adsorps to the whole of the surface of each droplet, yet not excessive enough to cause 

depletion flocculation. Furhermore, the rate of the adsorption of the polyelectrolyte needs to be greater 

Figure 2: Electric double layer of the nonlayered liposome. 
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than the rate of droplet collision in the solution in order to prevent aggregation caused by van der waals 

attraction (Guzey & McClements, 2006). 

Another important aspect of liposomal (and emulsion) stability is the size distribution, as 

organoleptic properties and shelf-life of foods and topical creams depend greatly on droplet size 

(McClements, 2004). It has been previously stated that greater stability in a dispersed system can be 

achieved by a reduction in droplet size despite the increase in interfactial area and therefore the 

interfacial free energy. The aforementioned may be reasoned theoretically with respect to Stokes law 

(equation 1), which shows that the rate of destabilization (gravitational separation) of the suspended 

particle decreases with decreasing particle radius.  

 
𝑉 = −

2𝑔𝑟2(𝑑2 − 𝑑1)

9𝜇1

 
(1) 

Where V is the rate of gravitational separation (creaming), g is the accellaration due to gravity, r is the 

droplet radius, μ is the viscosity of the continous phase and d1 and d2 are the densities of the dispersed 

and continous phases (McClements, 2004). 

The increased thermodynamic stability towards flocculation may not translate to increased 

oxidative stability in all situations as suggested by a recent study made on the influence of particle size 

on the stability of fish oil-in-water emulsion subjected to riboflavin induced photooxidation. The results 

showed  increase in lipid oxidation with decreasing droplet size, which the author attributed to a decrease 

in light scattering of the smaller droplets resulting in increased penetration of the photons into the oil 

droplets. Autoxidation of the droplets in the absence of riboflavin was observed to be unaffected by 

particle size (Uluata et al., 2016). 

The use of homogenization is ubiquitous when it comes to size reduction of liposomes. Different 

mechanical devices have been applied in this purpose such as mixers, sonicators, extruders, colloidal 

mills or high pressure homogenizers providing a size distribution in the micrometer range (McClements, 

2004). Despite the encapsulation and size reduction of liposomes shielding the molecules through 

dynamic environments, the problem with the precise release of the molecules at the appropriate time 

and place was not worked until the late 1980‘s (Park, 2014).  

1.1.2 Triggered release systems 

Targeted drug delivery systems are receiving increased attention in the field of pharmacuticals as of late 

(Alvarez-Lorenzo et al., 2009; Andresen et al., 2005; Gerasimov et al., 1999; Shum et al., 2001). The 

triggered release from these systems can be achieved by different means such as changing temperature 

(Dicheva et al., 2012), changing pH (Shin et al., 2003), using enzymes (Xing et al., 2016) or using light 

(Thompson et al., 1996; Wu et al., 2008). Three different mechanisms are being employed in the 

application of light, all of which are based on incorporation of chemicals into the liposomal wall where 
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they go through either photoisomerization, polymerization or fragmentation upon illumination (Alvarez-

Lorenzo et al., 2009; Gerasimov et al., 1999).  

The practicality of these systems extending into many different fields of research is not difficult 

to imagine. One such field is the costmetics industry where liposomes have been used effectively in the 

past to shield sensitive bioactives prior to their release (Patravale & Mandawgade, 2008). A 

photochemically triggered release of bioactive molecules upon illumination of UV light as an effective 

sunscreen mechanism seems evident, yet has not been studied to the authors knowledge. Such a 

system is described as photooxidative triggering and is dependent upon a photosensitizer (at- or 

attached to the surface) capable of absorbing light energy (Gerasimov et al., 1999; Shum et al., 2001).  

The problem with these light triggered liposomal systems for skincare products is that the 

photosensitizers as well as the molecules incorporated in the liposomal wall are often synthesized 

materials containing transition metals (Gerasimov et al., 1999; Shum et al., 2001). The reason being 

that molecules containing transitional metals exhibit strong spin-orbital coupling (the heavy atom effect) 

which results in increased probability of a forbidden crossing between systems (Laidler et al., 2003; 

Skoog & West, 2007). Such intersystem crossing and its resulting phosphorescence emission generally 

competes with non radiative relaxation processes in aqueous media which dominate for large molecules 

when collision frequency is high (Laidler et al., 2003; Skoog & West, 2007). For this reason 

phosphorescence studies conducted prior to 1980 were focused towards molecules in their solid state 

or at low temperatures (Ramamurthy, 1991). However, recent studies and literature suggest that 

increased rigidy of the surroundings may enhance room temperature phosphorescence in aqueous 

media (M. Gonnelli & Strambini, 1993; Ramamurthy, 1991).  

With the increasing demand on natural products in the cosmetic industry its fair to assume that 

molecules frequently used for these systems are perhaps not the optimal ingredients for topical creams 

(Ashawat et al., 2009). One probable solution would be to use a food-grade photosensitizer and allow 

generated singlet oxygen to eventually cause β—fission of the liposomal wall, resulting in photolysis and 

increased permeability of the bioactive material. To the authors knowledge, the efficiency of the 

aformentioned has yet to be explored using food-grade compounds. Studies have been made in the 

past using semi-synthetic plasmalogens incorporated in a liposomal along with different photosensitizers 

such as zinc-phthalacyanine (and other compounds) and made use of the photooxidation of the 

plasmologens to increase permeability from the liposomes when irradiated with infrared light (Thompson 

et al., 1996).  

1.1.3 Photooxidation of fatty acids 

Photooxidation is one of the two types of oxidation subjected to fatty acids in food systems. It differs 

from autoxidation in the initiation step which is catalyzed by a photosensitizer molecule in the system. 

Such molecules differ structurally from other chromophores resulting in the slower emission of the 

excess energy after absorption. This slow emission enables the excitation of ground state triplet oxygen 

to its singlet and more reactive state (Damodarian et al., 2008; Min & Boff, 2002a).  
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The photooxidation can occur by mechanism of either type I or type II pathway (Figure 3). 

Aqueous solutions favor pathway I due to the lower oxygen solubility compared to lipid solutions which 

favor pathway II. The initiation is the same for both and starts with the light absorbance of the 

photosensitizer which gets excited from its ground singlet state to a higher singlet state. Radiationless 

crossing over to the triplet state of lower energy occurs and the pathway taken thereafter depends on 

the avalibility of oxygen (Min & Boff, 2002a). 

Pathway I: In lipid solutions the triplet state photosensitizer directly interacts with the fatty acids 

in the system and abstracts a proton creating a alkyl radical. Propagation will proceed with either the 

alkyl radical abstracting a hydrogen from a different fatty acid or oxygenation of the radical creating a 

lipid hydroperoxide and a fatty acid alkyl radical. The oxidation cycle is then terminated by radical-radical 

interaction resulting in the nonradical molecule formation. 

Pathway II: In aqueous solutions (also emulsions) the triplet state photosensitizer reacts with 

ground state triplet oxygen in the surroundings which crosses over to its singlet state. The reactive 

singlet oxygen attacks electron rich double bonds resulting in direct oxygenation of the bonds with lipid 

hydroxyl radical formation. Propagation proceeds as in pathway I. Since singlet oxygen is reactive 

enough to interact with double bonds directly, the formation hydroperoxide is possible at all double bond 

carbons in a penta diene system (Min & Boff, 2002a).  

Although the formation of hydroperoxides is ubiquitous in both pathways, the distinct rancidity 

often associated with fatty acid oxidation does not stem from these molecules directly. The 

hydroperoxides undergo a homolytic fission between the two oxygens, leaving the alkoxy radical on the 

fatty acid and a hydroxy radical as a leaving group. The alkoxy radical is of high energy and drives the 

cleavage of the adjacent carbon carbon bond forming an aldehyde and a vynil radical of low molecular 

weight in a reaction known as the β-fission. The number of different breakdown products (aldehydes, 

alkenes, alkans, ketones and alcahols) increases with degree of unsaturation of the fatty acids. More 

species are formed in pathway II photooxidation, as singlet oxygen interacts with all four carbons in a 

conjugated diene system as opposed to only two isomers of lipid peroxides formed in pathway 1 or 

autoxidation (Damodarian et al., 2008; Min & Boff, 2002a). 

Figure 3: Pathways of photooxidation. photo adapted from source (Min & Boff, 2002b). 
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For these reasons, many studies have been made on the potency of different antioxidants in 

quenching generated singlet oxygen or hydroxyl radicals in liposomes. Much focus has been on 

carotenoids due to their established physical and chemical quenching abilities (Damodarian et al., 2008). 

The inhibitory effect of liposome encapsulated carotenoids on peroxidation of its bilayer in the presence 

of water or lipid soluable photosensitizers has been studied in the past. In the aforementioned study the 

decreasing rate of astaxanthin was lower than those of the other carotenoids, but in the presence of the 

lipid soluble photosensitizer its inhibitory effect was less than that of β-carotene which suggests that its 

antioxidant potency is dependent upon location of generated singlet oxygen (Oshima et al., 1993).  

1.1.4 Prooxidants in liposome systems 

Foods are most frequently heterogenous mixtures of materials obtained from the animal kingdom, the 

plant kingdom or both. Some of the chemical components originating from within the cells of animal or 

plant tissue such as enzymes or transition metals are known to initiate or increase the rate of the 

spoilage reactions of foods. The prooxidant activities of transition metals are depicted by their radical 

formation of lipid hydroperoxides (Damodarian et al., 2008). With that in mind one might deduce that the 

introduction of a chelator to the metal ions would always lead to the decrease of the oxidation rate. A 

study from 2012 suggests that this is not necessarily the situation when a photosensitizer is also present. 

The results showed that the addition of the metal chelator EDTA to a O/W emulsion containing 

chlorophyll accelerated the oxidation process in a concentration dependent manner. The author 

suggests that with the metal ions chelated the stability of chlorophyll is enhanced and its ability to 

generated singlet oxygen increases (Kim et al., 2012). 

A different group of prooxidants known to cause spoilage reactions in foods by inducing 

photooxidation are the photosensitizers. In the presence of light radiation of the appropriate energy, 

these molecules will absorb light and emit the excess energy into the atmosphere where it is readily 

absorbed by molecular oxygen. Following absorption, oxygen gets excited to a higher and more reactive 

energy state and reacts readily with double bonds of fatty acids (Damodarian et al., 2008). The 

applicability of such a mechanism for a triggered release of bioactives encapsulated in liposomes seems 

plausable. If intended for niche products in the skin care industry, the molecules would need to meet a 

food-grade requirement. 

1.1.4.1 Food-grade photosensitizers 

The discovery of new photosensitizers in science today is mostly due to the rapid evolution in the field 

of photodynamic therapy (PDT). In PDT, photosensitizers are applied in order to trigger singlet oxygen 

which then attacks cancer cells and eventually causes cell death. Molecules that have been used for 

this purpouse such as porphyrins, chlorins, bacteriochlorins and pthalocyanines share tetrapyrrole 

backbone structural similarities. There are also molecules classified as synthetic dyes in which some 

molecules contain transition metals, but none of these are natural nor food-grade. Curcumin and 

riboflavin are two naturally ocurring photosensitizers that possess antimicrobial potency rather than 

causing cell death of cancer cells (Abrahamse & Hamblin, 2016). 
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Riboflavin is found in a variety of foods such as dairy, eggs and meat. Being one of the water 

soluable vitamins (B1) it is seen as essential to the human diet. Despite the nutritional health benefits it 

is frequently linked to spoilage reaction in foods and food systems (Cardoso et al., 2012). In a recent 

study the photosensitized oxidation induced by riboflavin showed increased rate of oxidation in its 

presence at 20°C and 37°C (Uluata et al., 2016). Chlorophyll (tetrapyrrole backbone) and its derivatives 

(chlorophyll a. Chlorophyll b, pheophytin a & pheophytin b) are lipid soluable photosensitizers found in 

foods made from materials obtained from the plant kingdom. Within plants they are contained in the 

chloroplasts where they partake in photosynthesis (Damodarian et al., 2008; Krieger-Liszkay, 2005). In 

the past chlorophyll has been linked to increased oxidation of fatty acids which has been studied in 

emulsion as well as liposomal suspensions (Kim et al., 2012). The difference in sensitivity towards 

singlet oxidation as a result of the presence of chlorophyll was studied in butterspread containing 

commercial and food-grade rapeseed oil. The results showed that unbleached food-grade oil had 

alterations in fatty acids (oxidation) compared to the processed product which was practically unaltered 

(Hansen & Skibsted, 2000).  

1.2 Photosensitizers and basic principles of photosensitization 

According to the dictionary of biochemistry, photosensitization is a process where a photosensitizer 

transfers energy to a target molecule after absorption resulting in a increase in the damage to the system 

(Stenesh, 1975). This simple definition is quite descriptive despite the fact that the reasons for this 

behaviour of certain molecules can not be explained in detail without quantum physics.  

The mode of energy transfer by photosensitizers to a reactant (often molecular oxygen) is 

phosphoresence, an emission of light that stems from the radiative relaxation from a higher energy state 

after light absorption. Phosphorescent emission is caracterized by longer lifetime (10-4 - 10-2 s) than 

frequently is observed with chromophoric chemicals such as fluorescent molecules (10-9 - 10-8  s) and 

was first proposed as a radiative relaxation from a metastable state in the 1920‘s  (Cowan & Drisko, 

1976; Laidler et al., 2003). 

1.2.1 Energy levels and excited states 

Since quantization of energy was first observed, spectroscopic methods for probing intrinsic proberties 

of atoms and molecules have progressed exceedingly. The De Broglie relation of wavelike properties of 

matter elucidates that mass particles such as the electron can be described by a wavefunction Ψ which 

may only be found in fixed intervals (quantized) for sake of constructive and deconstructive interferences 

(Laidler et al., 2003). Furthermore, the Born interpretation provides meaning to the wavefunction such 

that squaring its amplitude yields the probability density of the electron.  

Just as atoms have quantized energy levels, diatomic and polyatomic molecules have quantized 

rotational and vibrational energy states of their chemical bonds (Atkins, 1978; Laidler et al., 2003). A 

usefull tool for describing the state of these bonds is the Morse potential energy diagram (Figure 4) 

which shows a combined function of repulsive- and attractive forces with respect to nuclear distance.  
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At a given distance these forces cancel each other out 

and give rise to a equilibrium bond distance with the lowest 

possible energy (Atkins, 1995). The valence electrons of a 

molecule reside in the lowest vibrational state of the ground 

state potential at room temperature (v‘‘=0). When given 

appropriate energy the electron is promoted to a higher 

vibrational level within the potential (causing measurable 

vibration by infrared spectroscopy) or even past dissociation of 

the chemical bond (Laidler et al., 2003; Skoog & West, 2007).   

As theorized with the linear combination of atomic 

orbitals in the molecular orbital theory, the combination of two 

wavefunctions ΨA and ΨB result in the formation of the same 

number of molecular orbitals Ψσ and Ψσ* (Equations 2 and 3) 

(Laidler et al., 2003). These are not equivalent, as they are 

result of the addition of in-phase and out-of-phase wavefunctions (Chang, 2000). 

 ΨA + ΨB =  Ψσ (2) 

 ΨA – ΨB =  Ψσ* (3) 

When these are squared to obtain the electron probability density according to the Born approximation 

they take on the following form: 

 Ψσ
2= N2(Ψ2

A+Ψ2
B + 2ΨAΨB) (4) 

 Ψσ*
2= N2(Ψ2

A+Ψ2
B - 2ΨAΨB) (5) 

The addition of out-of-phase wavefunctions results in the subtraction of electron density 

between the two atoms and formation of the antibonding orbital. The stabilization gained from the 

sharing of electrons in the bonding orbital is not present in the antibonding orbital which further explains 

its higher energy. Therefore the antibonding orbital is a different state of the same molecular species 

with higher energy and may also be represented with a potential diagram (Chang, 2000; Laidler et al., 

2003). For molecules, the antibonding state can be a bound state as well as a repulsive state (despite 

the subtraction in electron density) with a potential which has a different geometry with respect to the 

equilibrium bond position due to the increased distance between the nuclei for sake of the antibonding.  

When electrons in the ground state absorb light and gain excess energy, they may be promoted 

to the antibonding orbital of higher energy. When the excitation spectrum of such a transition is observed 

it is revealed by the intensity of the peaks that the promoted electron has a tendency to go to a vibrational 

level higher then the lowest level of the excited state (v‘ ≠ 0) (Figure 5) (Daniels & Alberty, 1975; Laidler 

Figure 4: A morse potential energy diagram 
for a diatomic molecule. 
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et al., 2003). This is known as the Franck-Condon principle named after James Franck and Edward 

Uhler Condon whose work contributed to its formulation.  

As suggested by the Born-Oppenheimer approximation, the electronic transition following light 

absorbance occurs at such rate (10-15 s) that the change in internuclei distance may be treated as none 

due to their considerably greater mass (Atkins, 1978; Laidler et al., 2003). James Franck suggested that 

for this reason when promoted to a higher state, the electron travels vertically to the conical intersection 

of the new state bearing a greater internuclear distance due to its increased antibonding caracter (Laidler 

et al., 2003). The state of the molecule at the intersection is that of a molecule with a compressed bond, 

which will cause it to vibrate (Atkins, 1995). 

This tendancy was further reasoned with a quantum 

mechanical approach by Edward Uhler Condon who 

suggested that the most intense transition was due to the 

greatest overlap of vibrational wavefunctions between 

energy states. In the lowest vibrational level of the ground 

state the greatest amplitude is in the center of the band. Due 

to the aformentioned greater internuclear distance of the 

excited state, a vertical transition will give rise to a most 

probable transition to a higher vibrational level in the excited 

state with bigger probability overlap (Laidler et al., 2003). 

Once in a higher vibrational level of the excited 

state, a vibrational relaxation to the lowest vibrational level 

will commence according to kasha‘s rule. The rule states 

that photon emission to the ground state only takes place 

from the lowest vibrational level of the excited state potential 

(Ramamurthy & Schanze, 1998). For this reason some 

energy is lost in molecular collisions with neighbouring 

molecules and the emission spectra is shifted to a higher 

wavelength (stokes shift) where the Franck-Condon principle still applies presenting a mirror image of 

its excitation spectrum. 

Relaxation to its ground state occurs with or without radiation depending on which of the two 

processes minimizes the lifetime of the excited state in the given media. In aquous solutions in which 

molecular collisions are frequent, the radiationless process is kinetically favorable and the absorbed 

energy is dissapated into the molecular environment in the form of heat in the collisions. In rigid or 

structured solutions the collisions are reduced to the point that the rate constants for luminance become 

more favorable than those of radiationless deactivation  (Skoog & West, 2007). This may be observed 

with aquaous solutions supercooled to the glass transition state (often with the help of liqued nitrogen 

at 77k) or deoxygenated room temperature solutions containing a viscogenic agent (Albini, 2016; Skoog 

& West, 2007).  

Figure 5: A transition (absorption) between 
vibrational levels of two arbitrary states due to 
overlapping wavefunctions (Franck-Condon 
factors). 
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1.2.1.1 The triplet state 

Fluorescence and phosphorescence are two types of radiative relaxation processes commonly 

observed in spectroscopy differentiated by the longer lifetime of the latter. Although phosphorescence 

has been reported since the 1600, the first attempt at explaining the emission wasnt until the late 1920‘s 

by Francis Perrin who proposed it to be metastable state of lower energy than the excited singlet state 

which delayed the emission of fluorescence (Albini, 2016; Cowan & Drisko, 1976).  

This was further reasoned by Aleksander Jablonski who proposed that the phosphorescent glow 

was due to the radiative emission from this metastable state (Albini, 2016; Roth, 2009). The identification 

as a triplet state was made in 1944 by Lewis and Kasha who proposed that the long lifetime was 

accounted for by a radiative transfer from a state of different spin multiplicity apparent in all molecules 

(Albini, 2016). Multiplicity is given by the following equation: 

 Spin multiplicity = 2S + 1 (6) 

Where S is the total spin angular momentum which can hold a value ranging from s1+s2 to Is1-

s2I in integer steps. Sn is the spin quantum number which only can hold a value of ± ℏ 2⁄ . It is an important 

equation, as it indicates the existance of multiple energy states for different spin states (Chang, 2000). 

When one of the HOMO (highest occupied molecular orbital) electrons absorbs light and is excited to a 

higher LUMO state (lowest unoccupied molecular orbital), the magnetic quantum number is different for 

the two electrons, which technically allows for the spins of the two to be aligned. In this case S may take 

on the value of 1 and the resulting multiplicity becomes 3 which is deemed the triplet state and is lower 

in energy than the excited singlet state. The difference in energy is according to Hunds rule which states 

that the energy favored configuration for degenerate ground state valence electrons is the one in wich 

the spin quantum numbers are the same while having different magnetic quantum numbers (Laidler et 

al., 2003). 

Some elementary quantum mechanics needs to be addressed before going further into spin 

quantum numbers, multiplicity or the triplet state of a molecule. In a multi electron system where the 

energy determination supersedes the more simpler Bohr model due to electrostatic repulsion, the energy 

is determined by the time independent Schrödinger equation: 

 �̂�Ψ=EΨ (7) 

Where �̂� is the Hamiltonian total energy operator, Ψ is the wavefunction and E is the total energy of the 

molecule. �̂� is composed of an kinetic energy component as well as an potential energy component 

which can further be seen when written in its entirety: 

 
�̂� =  𝐸𝑘𝑖𝑛 + 𝑈𝑝𝑜𝑡 = −

ℏ2

2𝑚
(

𝑑2

𝑑𝑥2
+

𝑑2

𝑑𝑦2
+

𝑑2

𝑑𝑧2
) + 𝑈(𝑥, 𝑦, 𝑧) 

(8) 

A simplification is often made regarding the latter part of the kinetic energy component replacing it with 

∇2, which is known as the Laplacian operator: 
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 𝑑2

𝑑𝑥2 +
𝑑2

𝑑𝑦2 +
𝑑2

𝑑𝑧2 = 𝛻2 (9) 

A better approximation is to use spherical coordinates for the Laplacian operator since the energy is a 

function of the radial distance from the nucleus as opposed to x,y and z cartesian coordinates (Atkins, 

1978; Laidler et al., 2003). 

When dealing with two (or more) electrons, approximation methods such as the orbital 

approximation are needed for the Schrödinger equation to be solvable. This arises due to the fact that 

for two particles there is an additional electron interaction term added to the potential of the hamiltonian 

which makes it unseparatable. the aforementioned method and other similar methods assume no 

interaction between the two electrons (Atkins, 1978).  

The Schrödinger equation is a linear equation, in which the operator acts on the wavefunction 

and returns the wavefunction with an expectation value (eigenvalue) for the total energy of the molecule 

(Atkins, 1978). Despite the complex nature of the wavefunction, its eigenvalues are always real numbers 

due to the quantum mechanical postulate requirement that the operators must be hermitian (Laidler et 

al., 2003). When integrated to find the most probable energy of particles in a small cubic volume, the 

equation takes on the form: 

 ∫ Ψ∗�̂�Ψ
∞

−∞
 dТ = E∫ Ψ∗Ψ

∞

−∞
 dТ (10) 

 E = ∫ Ψ∗�̂�Ψ
∞

−∞
 dТ / ∫ Ψ∗Ψ

∞

−∞
 dТ (11) 

Where, due to the complexity of the wavefunction, the square of Ψ is obtained by multiplying it with its 

complex conjugate Ψ*. E is a real number which can be treated as a constant and moved outside the 

integral (Laidler et al., 2003). A simpler notation is Paul Dirac‘s Bra-ket notation and will be used instead 

of the integral when it comes to the spin states: 

 <Ψ|�̂�|Ψ> = E <Ψ|Ψ> (12) 

 E = <Ψ|�̂�|Ψ> / <Ψ|Ψ> (13) 

Where the bra (<Ψ|) is the complex conjugate of the wavefunction and the ket (Ψ>) is the wavefunction. 

The bra-ket is the multiplication of the wavefunction and its complex conjugate, and is known as the 

inner product. The inner product gives the probability of finding the particle in all region of space and 

should therefore always equal one. This is known as the normalization requirement and can be 

represented in the following manner: 

 <Ψ|Ψ> = 1 (14) 

Before the Stern-Gerlach experiment in 1922, the total energy of a quantum system was 

believed to be fully described by the principal (n), orbital angular momentum (l) and magnetic (ml) 

quantum numbers. The experiment revealed that electrons also possess quantized intrinsic spin angular 
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momentum only of the values ± ℏ 2⁄  when measured in any of the x,y or z directions. Unlike the orbital 

angular momentum which produces a magnetic moment due to the traveling of a charged particle, the 

intrinsic spin of the electron does not arise because of actual spinning of the electron (Laidler et al., 

2003; MITOpenCourseWare, 2013).   

This spin quantization affects the energy of molecules and further explains the fine splitting in 

the emission spectra of hydrogen which only has one electron. The results from the Stern-Gerlach can 

be represented with the two spin eigenvalue equations for the z direction: 

 𝑆�̂� |α> = 
ℏ

2
 |α> (15) 

 𝑆�̂� |β> = - 
ℏ

2
 |β> (16) 

Where the |α> and |β> are the ket vectors for the spin up (α) and spin down (β) quantum states with a 

eigenvalue ± ℏ 2⁄  corresponding to a spin angular momentum operator ( 𝑆�̂� ) for the z direction 

(MITOpenCourseWare, 2013).  

For two electrons in a system, this gives rise to four different spin parts for the total wavefunction using 

linear combination as shown in table 1: 

Table 1: Symmetry of spin wavefunctions 

Spin wavefunction symmetry 

1

√2
(α(a)β(b) - α(b)β(a)) antisymmetric 

1

√2
(α(a)β(b) + α(b)β(a)) symmetric 

α(a)α(b) symmetric 

β(b)β(a) symmetric 

According to the antisymmetry principle which is the basis for postulate VIII in quantum 

mechanics, all electronic wavefunctions must be antisymmetric under the interchange of any two 

electrons (McQuarrie, 2008). For the representation of the total wavefunction of a two electron system, 

this means that a reversal of sign must occur under exchange of the two electron coordinates (r1 and 

r2). 

 Ψ(r1,r2) = -Ψ(r2,r1) (17) 

When two electrons occupy the 1s orbital, the resulting total spatial wavefunction can not be made 

antisymmetric despite interchanging the relative position of the two individual electron wavefunctions 

(Ψ(r1,r2) = Ψ(r2,r1)) unless a linear combination of the two is applied, in which case it yields one symmetric 

and one antisymmetric spatial wavefunction: 

Table 2: Symmetry of spatial wavefunctions 

Spatial wavefunction symmetry 
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1

√2
(Ψa(r1)Ψb(r2) + Ψa(r2)Ψb(r1)) symmetric 

1

√2
(Ψa(r1)Ψb(r2) - Ψa(r2)Ψb(r1)) antisymmetric 

 

Since the electron spins can hold either of the two different values, the spin part of the wavefunction 

must be separated as an independent variable to construct antisymmetric total wavefunctions without 

ambiguity. A antisymmetric total wavefunction may be constructed from the symmetric spatial part when 

combining it with the only possible antisymmetric spin part: 

 (
1

√2
Ψa(r1)Ψb(r2) + Ψa(r2)Ψb(r1))( 

1

√2
 α(a)β(b) - α(b)β(a)) (18) 

This is called the singlet state, for there is only one possible spin orientation that will cause the 

total wavefunction to be antisymmetric.  

The reason for the one over root two term is due to the normalization requirement of the 

wavefunction. Since α and β are the two possible superposed spin states, the probability of the electron 

being in the sum of the states is equal to one. When linear combinations of already normalized spin 

states are made, a constant is needed in order to keep normalization. The probability of the particle to 

be a part of the integration over total spin combination has to equal one. Therefore, the probability of it 

belonging to either is one half. Since probability density is the square of the wavefunction (multiplication 

with its complex conjugate to be precise), the normalization of the wave function is the root of one half, 

or one over root two. 

States also exist in which the total wavefunction of two electrons is antisymmetric with 

antisymmetric spatial parts and symmetric spin parts. An example of this is when a molecule absorbs 

light and one of the two electrons gets excited to a higher orbital. This case is represented by the 

combination of the antisymmetric spatial part with any of the three symmetric spin parts: 

 (
1

√2
Ψa(r1)Ψb(r2) - Ψa(r2)Ψb(r1))( 

1

√2
 α(a)α(b)) (19) 

 (
1

√2
Ψa(r1)Ψb(r2) - Ψa(r2)Ψb(r1))( 

1

√2
 β(a)β(b)) (20) 

 (
1

√2
Ψa(r1)Ψb(r2) - Ψa(r2)Ψb(r1))( 

1

√2
 α(a)β(b)+α(b)β(a)) (21) 

These are called the triplet states, as there are three different possible spin orientations which can make 

the total wavefunction antisymmetric. 

Finding an antisymmetric total wavefunctions when electrons are more than two will prove to be 

very time consuming using trial and error, which is the reason for the frequent use of slater determinants. 

Although slater determinants are hardly needed when dealing with two electrons such as in the 

discussion above, they can help with further visualizing the antisymmetry principle mathimatically. Table 

3 shows a solution to a determinant of a two electron wavefunction (helium) in its ground state which 
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demonstrates the Pauli exclusion principle stating that two electrons having the same three spatial 

quantum numbers (n,l and ml) can not have the same spin quantum number (Laidler et al., 2003; Scharff, 

1963). 

Table 3: A mathematical representation of the Pauli exclusion principle for the case of He. 
A matrix is constructed as follows, in which row one has coordinates of electron one and vice versa: 

Ψ(1,2) = 
1

√2
 ⌈

1sα(1) 1sβ(1)

1sα(2) 1sβ(2)
⌉ = 

1

√2
⌈
𝑎 b

c d
⌉ 

Where 1s represents the spatial part of the wavefunction and α and β represent the spin parts (up and down). This determinant 

can be expanded as such: 

Det(Ψ(1,2)) = ad - bc =  
1

√2
(1sα(1)1sβ(2) - 1sβ(1)1sα(2)) 

However, if a operator is intruduced that exchanges the coordinates of the electrons �̂�(1,2), it can be seen that the total 

wavefunction is antisymmetric. 

�̂�Ψ(1,2) = 
1

√2
 ⌈

1s(2)α(2) 1s(2)β(2)

1s(1)α(1) 1s(1)β(1)
⌉ = 

1

√2
(1s(2)α(2)1s(1)β(1) - 1s(2)β(2)1s(1)α(1)) = -Ψ(r2,r1) 

Furthermore, if both particles are in the same spin state, the total wavefunction vanishes: 

Ψ(r1,r2) = 
1

√2
⌈
1s(1)α(1) 1s(1)α(1)

1s(2)β(2) 1s(2)β(2)
⌉  = 

1

√2
⌈
𝑎 b

c d
⌉ 

Det(Ψ(r1,r2)) = ad - bc = 1s(1)α(1)1s(2)β(2)-1s(1)α(1)1s(2)β(2) = 0   

For most molecules the ground state is a singlet state, meaning that their spin multiplicity is 

equal to one. The triplet states are lower in energy than the excited singlet states which is accounted for 

by Hunds multiplicity rule which states that maximum spin gives rise to lower energy. This effect has 

been deemed spin correlation and can be described as the decrease in repulsion between electrons 

and increased nuclear attraction when their spin quantum numbers are the same (Atkins, 1978, 1995). 

For aligned spins, the magnetic quantum numbers are different for the particles bringing increased 

distance and less repulsion. This may further be reasoned (in the case of atoms) with respect to 

symmetry and the Pauli exclusion principle by taking helium as an example. When one electron gets 

excited from the 1s orbital to the 2p orbital its spatial wavefunction becomes antisymmetric. As has been 

stated, fermions such as electrons have antisymmetric total wavefunctions according to Pauli, and 

henceforth the spin part (for helium in the example) becomes symmetric. Antisymmetric spatial part 

means increased distance between the particles which decreases the repulsion between them (Dill, 

2007). The reasoning become more ambiguous when dealing with molecules. 

Despite the lower energy of the triplet state compared to the excited singlet state, a direct excitation 

from the ground singlet state to the excited triplet state is forbidden in the selection rules for complex 

spectra. the rule is written as:  

 ∆S = 0 (22) 

and states that light can not affect the intrinsic spin of the electron. This rule is broken in some cases 

due to the spin orbit coupling phenomenon (Chang, 2000). In order to use the Schrödinger equation and 

obtain the energy of a coupled system, additional spin orbit term must be added to the Hamiltonian 

operator which then needs to be solved using approximation methods such as perturbation theory 

(Marian, 2012). Such mathematical derivation is outside the scope of this thesis. 
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1.2.2 Spin orbit coupling and intersystem crossing 

The splitting of degenerate energy levels with high resolution spectroscopy has been studied since as 

early as the observance of the fine splitting in the emission spectra of hydrogen in the 1920‘s (Atkins, 

1978; Laidler et al., 2003). The reason for which has been identified as spin orbit coupling (SOC), a term 

used to describe the interactions between the magnetic moment caused by the angular momentum 

resulting from the intrinsic spin possession of the electron and the magnetic moment caused by the 

angular momentum due to the orbiting of the electron around the nucleus. Two dissimilar cases of SOC 

are observed in multielectron molecules depending on the 

magnitude of the nuclear charge present (Laidler et al., 

2003). One of the two is more relevant to this text as it causes 

failing of the spin selection rule resulting in multiplicity and 

permittance of intersystem crossing. For light atoms 

(AMU<30) the spin vectors (sn) form a total spin vector (S) 

possessing a magnetic moment (μs) which couples together 

with a magnetic moment (μL) of a total orbital angular 

momentum vector (L) formed by individual orbital angular 

momentum vectors (ln). This results in the formation of a new 

total angular momentum vector J. This is known as LS 

coupling or Russell-Saunders coupling (Table 4). The state of a molecule subjected to such a coupling 

scheme is described with term symbols: 

 2S+1LJ (23) 

Where the superscript 2S+1 is the multiplicity, L is the total orbital angular momentum and the J in the 

subscript is the total angular momentum quantum number (Laidler et al., 2003). 

A different scenario arises for molecules containing heavy atoms such as transition metals or 

halogens. The strength of the spin orbit interactions are in this case so great that vector addition of 

individual spins or orbital angular momentum does not occur. Rather the individual spin vectors (sn) and 

orbital angular momentum vectors (ln) couple to form a jn which couples together with another jn in the 

nearest vicinity to form a total angular momentum vector (J) (Table 4). This type of coupling is called JJ 

coupling and has been deemed the heavy atom effect in some studies and literature (Marian, 2012). It 

should be noted that in the presence of heavy atoms, a mixture of coupling schemes occur rather than 

pure jj coupling scheme (Antipolis, 2016). 

Table 4: The formation of valid quantum numbers for LS and JJ coupling as a result of vector addition of angular momentum. 

Coupling LS (light atoms) JJ (heavy atoms) 

Spin angular momentum quantum number (S) s1+s2 = S s1+l1 = j1 

Orbital angular momentum quantum number (L) l1+l2 = L s2+l2 = j2 

Total angular momentum quantum number (J) L + S = J j1 + j2 = J 

Figure 6: Conical intersection and probability 
function overlap of singlet and triplet excited 
states due to spin orbit coupling. 
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In the case of strong spin orbit coupling, the triplet states (T1) are brought to such proximity to 

the singlet states (S1) that the potential energy wells intersect conically (Figure 6). This intersection 

facillitates a non-radiative crossing (intersystem crossing (ISC)) to the triplet state of different multiplicity 

where the overlap of the wavefunction is the greatest. The numerical value of this overlap has been 

deemed the Franck-Condon factor (FCF) and holds meaning relating to the transition probability 

between the two states such that the magnitude of the FCF relates to the energy gap geometrically. 

Generally a large numerical FCF implies a greater overlap between wavefunctions of two different 

energy states with a smaller energy gap and higher transitional probability. Deviations from this 

generality have been observed where the inverse behavior of this relationship has been apparent 

(Marian, 2012; Tanaka & Osugi, 1974).  

1.2.3 Molecular environment and phosphorescence 

It is apparent that the ability of a compound to populate its triplet state is quite unique and considerably 

ambiguous. Even despite coupling effects of intramolecular heavy atoms, most liquid molecules in the 

excited state will relax into their ground state by means of kinetically favorable radiationless energy 

release processes such as external conversion and/or oxygen quenching (Laidler et al., 2003). In the 

case of external conversion, molecules collide with neighboring molecules dissipating the absorbed 

energy as heat into the solution. For this reason most of the phosphorescent studies were carried out 

on materials in their glass states with the help of liquid nitrogen in the early years of spectroscopy 

(Englander et al., 1987).  

Despite this hardship, room temperature phosphorescence (RTP) has been gaining interest in 

the scientific community since the early seventies with a few studies as well as literature suggesting that 

the addition of viscosity to aqeous solutions may increase the likelyhood of phosphorescence by 

reducing collision frequency (M. Gonnelli & Strambini, 1993; Laidler et al., 2003; Ramamurthy, 1991; 

Sharafy & Muszkat, 1971). A quantum mechanical interpretation of the increased luminence in 

structured environment was made by Tanaka and Osugi in 1974, where the reported increase in 

fluorescence and decrease in phosphorescence when going from a solution to a crystal is theorized to 

stem from a lowering of the excited singlet state by 1200 cm-1 and thereby increasing the energy gap 

and inhibiting intersystem crossing (Tanaka & Osugi, 1974).  

The most studied phosphorescent species is without a doubt the amino acid tryptophan (Cioni 

et al., 1989; M. Gonnelli & Strambini, 1993). Tryptophan is known to be especially phosphorescent when 

engulfed within a large protein or enzyme where it is shielded from movement of the molecular 

environment. Its phosphorescence varies with protein, as properties such as sulfide bridges can reduce 

lifetime (Margherita Gonnelli & Strambini, 1995). The lifetime of emission has been observed to decrese 

as much as millionfold in the presence of molecular oxygen (Englander et al., 1987). A common practise 

is therefore to preclude oxygen from the experimental setup by different means. In RTP measurements, 

oxygen removal systems are ubiquitous for this reason and have been seen to increase the lifetime of 

phosphorescence emission notably by only 3-5 cycles of vacuating and purging nitrogen (Banks & 

Kerwin, 2004). Additional methods of oxygen removal have been proposed such as addition of oxygen 

scavancers and enzymes (Englander et al., 1987).  
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The quenching efficiency of molecular oxygen (electron configuration: 1s22s22p4) stems from its 

diradical property in its ground state (triplet state) which may further be explained by Hunds rule. Hunds 

rule states that when assigning electrons to degenerate orbitals, every subshell must be half filled before 

pairing. Since oxygen has 4 electrons in its p orbital, the first of three p sublevels is fully vacated 

(magnetism cancels) and the other two have single electrons contributing to its paramagnetism. This 

may also be seen with a molecular orbital diagram in which two single electrons sit in seperate 

antibonding orbital creating the aforementioned paramagnetism (Laidler et al., 2003).  

When a photosensitizer absorbs light and crosses over to the triplet state, molecular oxygen 

can interact with the excited species via triplet-triplet annihilation and get promoted to its reactive singlet 

state (increased reactivity compared to oxygen by a factor of 1,5x103) (Daun et al., 2011; Min & Boff, 

2002a). 

1.3 Objectives 

This study aims to find applicable food-grade photosensitizers that can be used to trigger a release of 

bioactives from an emulsion or liposomal delivery system. Such a system is described in figure 7, where 

the first part of the picture shows a photosensitizer (p) engulfed within a liposomal bilayer wall being 

radiated by ultraviolet rays from the sun. Part 2 shows a Jablonski energy diagram for the photosensitizer 

as well as atmospheric oxygen in the surroundings. The horizontal arrow on the far left shows the 

absorption of radiation by the photosensitizer causing the transfer from the singlet ground energy state 

(S0) to the excited singlet energy state (S1). The wavy arrow downwards from the excited singlet state 

show the intersystem crossing over to the excited triplet state, from where phosphorescent emission is 

possible down to the singlet ground state as shown by the slanted downwards arrow to a vibrational 

state of the singlet ground state. During phosphorescent emission atmospheric oxygen can absorb the 

Figure 7: Proposed mechanism for triggered release using ultraviolet light to induce oxidation and increase permeability. 
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radiation and get excited to an excited singlet state as shown by the far right curvy arrow. Part 3 of the 

picture shows atmospheric oxygen in its excited singlet state attack a double bond on a phospholipid 

fatty acid. Part 4 shows the binding of the oxygen to the fatty acid, causing changes in the liposomal 

wall due to stearic hinderence. Part 5 shows the proposed increased permeability of bioactive materials 

(B) through the liposomal wall due to the aforementioned stearic changes.  

This study was carried out by identifying and comparing a number of food-grade compounds that were 

expected to efficiently populate their excited triplet state with respect to their molecular structure. The 

analytes chosen for the experiments were N-acetyltryptophanamide (NATA) (Figure 8), 

Cyanocobalamine (B12) (Figure 9) and Folic acid (FA) (Figure 10). Furthermore, the effect of viscosity 

dependence of the phosphorescence emission of these compounds were evaluated with varying 

concentrations of the viscogenic agent. 

2 Materials and methods 

2.1 Materials 

2.1.1 Chemicals 

Cyanocobalamin (CAS:68-19-9), Folic acid (CAS:59-30-3) and Glycerol (CAS:56-81-5) were all 

purchased from Sigma-Aldrich whilst NATA (CAS:2382-79-8) And Nitric acid (CAS:7697-37-2) were 

kindly borrowed from the department of biochemistry at Háskóli Íslands.  

2.1.2 Deoxygenation system 

The first attempts of phosphorescence lifetime measurements in this study were made by simply purging 

nitrogen gas with a pressure of 1 bar over the solution in a cuvette with screwable top. At this time the 

top of the lid had a permeable film in which a needle was injected to provide the nitrogen gas. A second 

needle was planted in a different place of the film in order to let gas out of the cuvette. The idea was 

that in time, the nitrogen would dissolve in the solution and oxygen would diffuse out in its place, given 

that the solution had proper stirring. The system described proved to be unefficient at deoxygenation 

and no phosphorescence lifetime could be measured. The reasons for this are believed by the author 

to be a result of quenching of the emission by dissolved oxygen.  

Figure 10: Folic acid molecular structure 
(Chemspider, 2017b) 

Figure 9: B12 molecular structure 
(Chemspider, 2017a). 

Figure 8: NATA molecular structure 
(Chemspider, 2017c). 
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The second and final attempt at a 

deoxygenation system (Figure 11) was 

composed of a Rocker 300 vacuum pump 

(Rocker scientific co., ltd (Kaohsiung city 802, 

Taiwan)), a nitrogen gas tank, a Hellma 

10x0,4mm quartz cuvette with a modified 

screwtop (117104F-10-40) (Hellma analytics 

(tustin, USA)), Masterflex Norprene tubes ((A60 

G), L/S 14,50 ft) (Cole-Parmer (IL 60061, USA)) 

and various silicone tubes and fittings for high 

pressure gas systems. 

2.1.2.1 Mode of operation 

Nitrogen gas at 1 bar pressure was provided 

through a combination of silicon and Norprene 

tubes and connected to inlet valve (b) in the 

middle of the control center (Figure 12). The vacuum pump subtracted one bar from the atmospheric 

pressure and connected to a inlet valve on the left end of the control center (a) through a silicone tube 

(Figure 12). The right end of the control center connected to the modified screwtop of the cuvette which 

held the sample to be  analyzed through Norprene tubes (c) (Figure 12 & Figure 13). The inlet valves 

allowed for a controlled operation of detailed vacuum/purging cycles. 

 

 

2.2 Methods 

2.2.1 Solution preparation 

A micropipette was used to standardize 1x10-4 M solutions of B12, FA and NATA in deionized water 

followed by a tenfold dilution giving a total volume of 2 mL 1x10-5 M samples with varying strength of 

glycerol. The choice of the concentration of 1x10-5 M for the final solution was made after consulting  

with a doctoral student at the department of biochemistry who has considerable experience with 

Figure 3: Deoxygenation system and phosphorimeter. 

Figure 4: Control center of deoxygenation system. Figure 5: Connection to the modified 
screwtop on the Hellma cuvette. 
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measuring phosphorescence on this machine using concentrations in the range of 1x10-5 M to 1x10-6 

M. Since the molecules chosen for this study are not known for phosphorescent behaviour, it was 

decided to have a concentration in the higher end due to the fact that the intensity of the lifetime signal 

was not expected to be great.  

A 1M tris buffer (pH 8) was added to the dilutions in the case of NATA in the ratio (1/1) 

NATA/TRIS, in which the added volume was subtracted from the water. This was done since the 

phosphorescent behaviour of NATA has been seen to be pH dependent. The glycerol (due to its 

viscosity) was weighed into the samples using an analytical scale for precision. The sample cuvette was 

washed first with nitric acid and then deionized water before changing analytes prior to measuring. Table 

5 shows the compositions of the diluted solutions. 

Table 5: Compositions of solutions for measuring. 

Sample # 1 2 3 4 

Solute (μL) 200 200 200 200 

Water (μL) 1800 1600 1200 800 

Glycerol (μL) 0 200 600 1000 

Glycerol (gr) 0 0.252 0.756 1.260 

Glycerol (%) 0 10 30 50 

 

2.2.2 Excitation spectra Measurements 

Excitation spectra was measured using a Horiba Fluoromax-4P phosphorimeter (Horiba Ltd. (Kyoto, 

Japan)) with Fluoressence 8.6 software. The excitation wavelength was scanned from 400 to 650 nm 

with a set emission wavelength of 700 nm for both FA and B12. The obtained maximum excitation 

wavelengths for B12 and FA were 324 and 357 nm, respectively. 

2.2.3 Lifetime measurements 

Lifetime measurements were made using a Horiba FluoroHub (Horiba Ltd. (Kyoto, Japan)) time 

correlated single photon detector with a Datastation v2.7 software. All measurements were made with 

a sample window of 88 ms and the stoke shifts for B12, FA and NATA were presumed to be in the 150 

nm range. Henceforth, the emission wavelength was set to 650, 500 and 440 nm in the lifetime 

measurements. The choice of 88 ms for the sample window length was made after trial and error using 

smaller sample window lengths. These trials yielded an α value greater than 2% during measuring which 

indicates that a photon pile-up was taking place. The basis for phosphorescence lifetime measurements 

is the theory of time-correlated single photon counting. In this theory it is stated that the measurement 

parameters should be set in such a way that the α value is kept lower than 2% during measurement. In 

such a case, the probability of measuring more than one photon is extremely low (no photon pile-up) 

which reduces uncertainty in measurement.  
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After measurement, the data was fitted with an exponential decay curve to give statistical 

information about the phosphorescence emission as a function of time. In every case, a single 

exponential curve provided the best fit (highest chi value). Table 6 list the measurement parameters.  

Table 6: Excitation and emission wavelengths for the analytes 

Analyte Excitation λ (nm) Emission λ (nm) Ex slitwidth (nm) Em slitwidth (nm) 

B12 324 650 2-3* 15-18* 

FA 357 500 4 15 

NATA 290 440 2 7.5-9.5* 

*the excitation and emission slitwidth were varied to keep the scattering intensity (α) < 2% 

The slit widths were varied during the experiment for FA and B12, as the α value started to increase and 

eventually surpass the 2% mark for samples with higher glycerol percentages. For these cases the 

excitation and emission slitwidths were reduced in order to prevent photon pile-up (Table 6).  

3 Results and discussion 

All samples were kept in a quartz cuvette under vacuum of 700mmHg and stirring by three small round 

magnets until no air bubbles were visable. The length of vacuation before the first purging increased 

with glycerol concentration, as more force was needed in a more viscous molecular environment. For 

this reason, a decision was made to leave a sample containing 70% glycerol concentration out of the 

experiments. Once no dissolved oxygen was visable, five purging cycles of vacuum and 1 bar nitrogen 

gas were carried through where the times were in the ratio of 20 seconds vacuum to 10 seconds purging.  

3.1 Folic acid lifetime measurements 

The results from the phosphorescence lifetime measurements of the 10-5 M FA samples were plotted 

against their glycerol percentages of  0, 10, 30 and 50% (Figure 14). Two different sets of measurements 

were made with fresh solutions, whereas more than three measurements were made after purging of 

each concentration. 

 

Figure 6: Folic acid lifetime as a function of glycerol concentration (%). 
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Folic acid RTP has been reported in previous studies where its emission was measured at 505 nm and 

the phosphorescence of commercial FA, a chromatographically purified version of FA (ion exchange) 

and its two equally phosphoric constituents were evaluated and eventually confirmed (Freedlander et 

al., 1994). No reference relating to the phosphorescence lifetime of FA was found for comparison. 

3.2 NATA lifetime measurements 

The NATA phosphorescence lifetime measurements were carried out in the same manner as with FA. 

Despite previously reported lifetime values for NATA of 2 ms respectively (Banks & Kerwin, 2004), the 

author was unable to reproduce these results. The highest lifetime values were in the range of 1.5 ms 

and were obtained in the 0, 10 and 50% samples (Figure 15). The author deduces from these results 

that the increased solvent viscosity does not affect the lifetime of NATA as greatly as it does for FA. 

Speculations can be made regarding the reasons for this, such as the difference in molecular weight of 

the two compounds (NATA MW: 245.28 gn-1 and FA MW: 441.4 gn-1), yet these are only speculations.  

 

Figure 7: NATA lifetime (points) as a function of glycerol concentration (%) 

3.3 B12 lifetime measurements 

The B12 phosphorescence lifetime measurements were carried out in the same manner as with FA and 

NATA, but at a emission wavelength of 560 nm and excitation wavelength of 324 nm (Table 6). These 

wavelengths should have been chosen with more consideration due to the fact that B12 in solution 

displays a red colour, which means that it is emitting light at around 600 nm and absorbing in the 500 

nm region. For spectroscopic studies it is common to assume a 100 nm stokes shift for fluorescence 

and another 50 nm for phosphorescence, giving a 150 nm stokes shift in total. In this case the B12 

phosphorescence emission should have been measured around 750 nm, which is stretching into the 

infrared region. This rhymes with results of published scientific papers where no phosphorescent 

emission is detected for B12 (Vogler et al., 1976). While Infrared spectroscopy could most certainly 

measure emissions between vibrational levels within the ground energy state, the energy needed for 
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4 Conclusions 

The results from the phosphorescence lifetime measurements of the samples show that the 

deoxygenation system did work to a certain degree, as the measured lifetimes surpass that of 

fluorescence or scattering. It is suspected that improved results may be obtained by increasing the 

vacuum and pressures and replacing all plastic tubing with a more inert and leakproof material such as 

peek tubing. Furthermore, greater stirring with rodlike magnets could aid in the oxygen removal as well 

as using milliQ water and purifying the nitrogen gas with a oxygen trap. The lifetime of FA suggests that, 

although not as potent as many infamous phosphorescent molecules, it may be used as a 

photosensitizer in triggered release systems intended for skincare where ingredients need to meet the 

requirement of being food-grade as well as having a well known origin.   
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Appendixes 

Folic acid lifetime yields: 

Sample Fit 
Name 

T1 (ms) ± Alpha1 Av, T 
(ms) 

Chi 

0,1 1exp 1,08           0,35           1,000000       1,08           1,39 

0,2 1exp 1,21           0,45           1,000000       1,21           1,17 

0,3 1exp 1,62           0,51           1,000000       1,62           1,22 

0,4 1exp 1,22           0,60           1,000000       1,22           1,42 

0,5 1exp 1,21 0,35 1,000000 1,21 
 

0,6 1exp 1,88 0,75 1,000000 1,88 
 

0,7 1exp 1,04 0,27 1,000000 1,04 
 

0,8 1exp 1,08 0,35 1,000000 1,08 
 

0,9 1exp 1,21 0,45 1,000000 1,21 
 

0,10 1exp 1,22 0,60 1,000000 1,22 
 

1,1 1exp 1,21           0,38           1,000000       1,21           1,09 

1,2 1exp 1,24           0,38           1,000000       1,24           1,4 

1,3 1exp 1,31           0,47           1,000000       1,31           1,17 

1,4 1exp 1,38           0,36           1,000000       1,38           1,23 

1,5 1exp 1,39           0,36           1,000000       1,39           1,32 

1,6 1exp 1,21 0,38 1,000000 1,21 
 

1,7 1exp 1,24 0,38 1,000000 1,24 
 

1,8 1exp 1,31 0,47 1,000000 1,31 
 

1,9 1exp 1,38 0,36 1,000000 1,38 
 

1,10 1exp 1,38 0,36 1,000000 1,38 
 

1,11 1exp 1,35 0,29 1,000000 1,35 
 

1,12 1exp 1,27 0,38 1,000000 1,27 
 

1,13 1exp 1,37 0,4 1,000000 1,37 
 

3,1 1exp 1,08 0,37 1,000000 1,08 
 

3,2 1exp 1,41 0,46 1,000000 1,41 
 

3,3 1exp 1,31 0,52 1,000000 1,31 
 

3,4 1exp 1,11 0,36 1,000000 1,11 
 

3,5 1exp 1,22 0,45 1,000000 1,22 
 

3,6 1exp 1,28 0,4 1,000000 1,28 
 

3,7 1exp 1,36 0,4 1,000000 1,36 
 

3,8 1exp 1,45 0,37 1,000000 1,45 
 

5,1 1exp 1,48 0,59 1,000000 1,48 
 

5,2 1exp 1,36 0,58 1,000000 1,36 
 

5,3 1exp 0,89 0,34 1,000000 0,89 
 

5,4 1exp 1,26 0,45 1,000000 1,26 
 

5,5 1exp 1,22 0,34 1,000000 1,22 
 

5,6 1exp 1,4 0,43 1,000000 1,4 
 

5,7 1exp 1,65 0,44 1,000000 1,65 
 

5,8 1exp 1,56 0,39 1,000000 1,56 
 

5,9 1exp 1,27 0,28 1,000000 1,27 
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5,10 1exp 1,57 0,42 1,000000 1,57 
 

5,11 1exp 1,45 0,34 1,000000 1,45 
 

5,12 1exp 1,55 0,38 1,000000 1,55 
 

 

Nata lifetime yields: 

Sample Fit 
Name 

T1 (ms) ± Alpha1 Av. T 
(ms) 

Chi 

0,1 1exp 1,01 0,31 1 1,01 
 

0,2 1exp 1,13 0,39 1 1,13 
 

0,3 1exp 1,19 0,38 1 1,19 
 

0,4 1exp 1,05 0,2 1 1,05 
 

0,5 1exp 1,57 0,21 1 1,57 
 

0,6 1exp 1,56 0,23 1 1,56 
 

0,7 1exp 1,51 0,2 1 1,51 
 

1,1 1exp 1,3 0,33 1 1,3 
 

1,2 1exp 1,55 0,33 1 1,55 
 

1,3 1exp 1,09 0,4 1 1,09 
 

1,4 1exp 0,95 0,33 1 0,95 
 

1,5 1exp 1,47 0,26 1 1,47 
 

1,6 1exp 1,45 0,23 1 1,45 
 

1,7 1exp 1,48 0,26 1 1,48 
 

3,1 1exp 1,32 0,22 1 1,32 
 

3,2 1exp 1,15 0,17 1 1,15 
 

3,3 1exp 1,31 0,19 1 1,31 
 

3,4 1exp 1,20 0,32 1 1,20 
 

3,5 1exp 1,18 0,26 1 1,18 
 

3,6 1exp 1,29 0,31 1 1,29 
 

5,1 1exp 1,41 0,37 1 1,41 
 

5,2 1exp 1,05 0,24 1 1,05 
 

5,3 1exp 1,36 0,29 1 1,36 
 

5,4 1exp 1,00 0,3 1 1,00 
 

5,5 1exp 1,55 0,2 1 1,55 
 

5,6 1exp 1,45 0,23 1 1,45 
 

5,8 1exp 1,48 0,23 1 1,48 
 

 

B12 lifetime yields: 

Sample Fit 
Name 

T1 
(ms) 

± Alpha1 Av. 
T 

(ms) 

Chi 

0,1 1exp 1,16 0,37 1 1,16 
 

0,2 1exp 1,07 0,25 1 1,07 
 

0,3 1exp 1,14 0,27 1 1,14 
 

0,4 1exp 1,06 0,26 1 1,06 
 

0,5 1exp 1,3 0,25 1 1,3 
 

0,6 1exp 1,16 0,3 1 1,16 
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1,1 1exp 1,15 0,35 1 1,15 
 

1,2 1exp 1,27 0,39 1 1,27 
 

1,3 1exp 1,25 0,41 1 1,25 
 

3,1 1exp 1,32 0,43 1 1,32 
 

3,2 1exp 1,04 0,29 1 1,04 
 

3,3 1exp 1,08 0,28 1 1,08 
 

5,1 1exp 1,25 0,42 1 1,25 
 

5,2 1exp 1,05 0,25 1 1,05 
 

5,3 1exp 1,36 0,45 1 1,36 
 

 


