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Abstract 
 
UV filters found in commercial sunscreens are an important group of molecules which 

play a key role in human health by reducing cases of melanoma. The development of 

better performing sunscreens is an active area of research, particularly as some sunscreens 

are photounstable. It is therefore important to develop new methods to measure the 

photostability of sunscreens and understand their photodegradation products better. 

 

The first gas-phase study of the common UVB filter, octyl-methoxycinnamate (OMC), 

using laser-interfaced mass spectrometry (LIMS) was performed to probe the gaseous 

absorption profile and associated UV breakdown products.  OMC was studied in its 

protonated form and displayed an absorption spectrum with increased absorption in the 

UVA and UVC regions, compared to the neutral species which absorbs primarily in the 

UVB region. Photofragmentation of protonated OMC across the UV was found to occur 

primarily with production of the thermal fragments that are observed upon heating of the 

electronic ground state.  This indicates that protonated OMC decays statistically, in line 

with ultrafast excited state decay. A minor, photochemical photofragment was also 

observed, indicating that a triplet state is also being accessed following UV excitation.  

 

The solution-phase photoproducts of OMC and 2-ethylhexyl 4-(dimethylamino) benzoate 

(OD-PABA) were explored using novel UVA and UVB LED photolysis cells. For OMC, 

the main photofragments produced match the ones identified via LIMS, indicating that it 

is a powerful tool for photoproduct detection. The photoproducts observed match those 

previously reported for the two molecules, hence validating our new methodology that 

has a lower energy requirement than previous ones.  However, a potential, general issue 

was identified in the identification of photoproducts using mass spectrometry, since the 

collision induced dissociation experiments performed as part of this work suggest that the 

identified “photoproducts” are in fact thermal fragments produced during electrospray. 

 

The thermal fragmentation and photodegradation pattern in solution for vanillin, a lignin 

monomer, was also explored. The solution-phase UV absorption profile of OMC-vanillin 

and avobenzone-vanillin mixtures was also investigated as a step towards understanding 

the synergistic effect between lignin and chemical UV filters. An enhancement was 

observed in the photostability of both organic sunscreens in the presence of vanillin. 
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Chapter 1 
 

Introduction 
 
1.1 Ultraviolet radiation and skin cancer 
 
Exposure to ultraviolet (UV) radiation has been linked to the development of skin cancer.1 

Two common types of skin cancer are melanoma and non-melanoma, with the latter 

including basal cell carcinoma and squamous cell carcinoma.2 Non-melanoma skin 

cancer in particular was estimated to be the 5th most prevalent type of skin cancer among 

men and women in 2018.2 According to WHO,3 there is a projected increase of 20% in 

the number of deaths as a result of melanoma skin cancer by 2025. UV radiation forms 

the high energy part of solar radiation that reaches the Earth’s surface alongside visible 

light and infrared (IR) radiation.4 It consists of three different components, UVA (315-

400 nm), UVB (280-315 nm) and UVC (100-280 nm) radiation with UVC being the high 

energy component and UVA being the most abundant5. The ozone layer absorbs most of 

UVB and UVC radiation;4 however, some manages to pass through this protective barrier 

and is able to access the different skin layers. More specifically, UVA radiation can get 

through to deeper layers of the skin compared to UVB radiation. This can lead to skin 

damage, skin ageing and even DNA damage, which could potentially lead to cancer.4 

 

Skin pigmentation (tanning) is the human body’s first reaction against the harmful effects 

of UV radiation.4 Melanins are responsible for this effect, as they are able to absorb UV 

irradiation. There are two main types of melanins, eumelanin and pheomelanin, and they 

are synthesized inside melanocytes. These are found primarily in the lower level of the 

skin.6  The role of sunscreen on inhibiting vitamin D synthesis has also been well- 

studied.7–10 Vitamin D is synthesized in the body following exposure to UVB irradiation, 

when 7-dehydrocholesterol (7-DHC) is converted to 1,25-dihydroxyvitamin D 

[1,25(OH)2D], through a series of chemical processes. This is the active form of the 

hormone in the body and what is measured to establish one’s level of the hormone.7 

Vitamin D plays an important role in the body, as it helps regulate calcium levels and 

maintains bone health. Nevertheless, it has also been associated with a few diseases.9,10 
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1.2 Sunscreen composition and underlying mechanism 
 

Sunscreens have commonly been used as the main artificial means of protection against UV 

radiation and are applied to the epidermis, the upper layer of the skin.11 They consist of 

organic (or chemical) and inorganic filters, emollients, emulsifiers, photostabilisers11,12 and 

possibly fragrances.13 Chemical filters are molecules that absorb light in the UVA and/or 

UVB regions through π → π* electronic transitions from the ground state of the molecule 

to an electronic excited state.14,15 Once in the excited state, the species can follow three 

possible pathways. The first pathway involves losing the absorbed energy as heat to the 

surroundings (through internal conversion (IC), followed by rapid vibrational relaxation) 

and return to the ground state. In this case, the species is known as photostable. In the 

second pathway, the species breaks down or undergoes a structural change; therefore, losing 

the protective feature associated with its ground state electronic structure. This species is 

known as being photounstable. In the final pathway, the excited state species can react with 

oxygen or compounds found in skin to generate unwanted reactive species, such as singlet 

oxygen (1O2).16 These species can be threatening for one’s health, as they have been linked 

to conditions like lipid peroxidation, which can in turn cause tissue damage.17,18 The filters’ 

potential to either photodegrade or produce reactive species has generated the “sunscreen 

controversy”, the idea that the means of protection from high energy UV rays could have a 

negative effect on skin.14 Common chemical UV filters found in sunscreen formulations 

include cinnamate, benzophenone, p-aminobenzoic acid, salicylate, camphor, 

triazine, dibenzoylmethane, benzimidazole and benzotriazole, as well as their related 

compounds.19 For the sunscreens studied in this thesis, i.e., octyl methoxycinnamate 

(OMC), butyl methoxydibenzoylmethane (avobenzone, AB) and ethylhexyl dimethyl 

PABA (OD-PABA) in particular, the maximum concentration allowed in end-product 

formulations is 10 %, 5 % and 8 % respectively, according to EU regulations.20 In the US 

regulations differ, as the Food and Drug Administration (FDA) classifies sunscreens as 

over-the-counter drugs instead of cosmetics.21 While the percentage concentration remains 

the same for OD-PABA, the maximum concentration allowed for the same filters is 7.5 % 

and 3 % for OMC and AB respectively.22 Overall, UV filters account for 10-20 % of the 

sunscreen formulation and a choice of UVA and UVB filters is usually employed which 

allows for broader coverage against UV radiation.12  

 

Inorganic filters are minerals and consist mainly of titanium dioxide (TiO2) and zinc oxide 

(ZnO).23 TiO2 is a UVB absorber whereas ZnO is a UVA absorber so their combination in 

a sunscreen formulation provides effective protection against a wider range of UV radiation. 

In addition, both have an opaque colour and are used to improve the overall colour of the 
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sunscreen. These filters work by “reflecting and diffusing” UV radiation only when mixed 

with the other sunscreen ingredients.16,24 The maximum concentration allowed in 

formulations for both filters is 25 %.22 The use of nanoparticles (NPs) of TiO2 and ZnO has 

become increasingly common in sunscreen formulation. Contrasting opinions on the safety 

of the NPs have emerged, as they can penetrate the upper layer of the epidermis (stratum 

corneum), as well as being integrated in hair follicles, where they can accumulate over time 

being potentially toxic.24 However, other studies25,26 suggest that the NP insertion does not 

occur beyond the stratum corneum and that it acts as a protective layer for the rest of the 

skin layers. Toxicity data26 also show no correlation between skin damage and TiO2 and 

ZnO insertion.  

 

A sunscreen’s efficacy is described by the sun protection factor (SPF). It is a measure of 

the amount of UV rays required to cause skin inflammation following sunscreen application 

compared to not using sunscreen.27 According to the FDA, the UVA protection factor 

should constitute 1/3 of the total SPF.24 Overall, the development of an efficient sunscreen 

requires the product to protect from UV radiation, be stable under UV radiation and high 

temperature conditions, have an appealing texture and odour, be easy to apply to prompt 

continuous application and meet safety regulations.14,16 

 

It is therefore important to study the behaviour of sunscreen compounds on a molecular 

level, under UV radiation, to ensure that sunscreen formulations are designed in the most 

effective way and offer maximum protection against UV radiation.  

 

1.3 Using mass spectrometry to study sunscreens  
 
1.3.1 Liquid chromatography-mass spectrometry 
 
Mass spectrometry has been recognised as a powerful analytical technique.28 Electrospray 

ionisation (ESI) is a soft ionisation technique used in mass spectrometry experiments.28 

In this technique, the sample in the solution phase is injected at a rate in the μL min-1 

scale. During the first stage of solvent evaporation small positively charged droplets are 

formed (if positive ion mode is used). This process is aided by the presence of ions such 

as H+, Na+ and NH4+. During the second stage of solvent evaporation the droplets 

decrease in size further (on a nm scale), while maintaining their positive charge. As a 

result, gaseous ions are generated that then reach the detector.28,29 More details about ESI 

can be found in Chapter 2 of the thesis. Mass spectrometry combined with liquid 

chromatography (LC-MS)30 have been used for the analysis of peptides,31  
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sunscreens32–35 and other polymers.36 In terms of sunscreen UV filter analysis in 

particular, LC-MS allows for the detection of various organic filters whose acid-base 

character may vary, as well as their potential photoproducts if combined with a UV light 

source.37 In a recent study,32 HPLC-MS/MS was used to measure the extent to which four 

UV filters (Table 1.1), namely octocrylene (OC), ethylhexyl methoxycinnamate (OMC), 

diethylamino hydroxybenzoyl hexyl benzoate (DHHB) and ethylhexyl salicylate (EHS) 

would permeate human skin. 

 

Table 1.1 Structures of UV filters used in a recent study32 for the development and 

validation of an LC-MS/MS method for the determination of UV filters across human 

skin. 

UV filter Structure 
UV absorbance 

range19 

OC 

 

UVB 

OMC 
 

UVB 

DHHB 

 

UVA 

EHS 

 

UVB 

 

 

 Firstly, they aimed to optimise the chromatographic method they would employ, one 

which would result in the optimum separation, peak shape and ionisation for each UV 

filter. This method was used to measure the extent of permeability of these UV filters in 

the skin, through diffusion studies, using two commercial sunscreen lotions. A vertical 

Franz cell was used, with the donor compartment consisting of 2 mg cm-2 of the sunscreen 

N

O

O

O
OO

OH

N

OH

O

O CH3

CH3
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lotion, the skin sample (more specifically the stratum corneum side) underneath, facing 

it, and the acceptor compartment consisting of the chosen medium. An aliquot of this 

medium was extracted at different time intervals (1, 2, 3, 4, 6 and 24 hours) and made 

into a sample for subsequent LC-MS/MS analysis. The results indicated that even after 

24 hours had passed, there was a low concentration of the filters present in the acceptor 

sample meaning that the filters were not reaching the deeper layers of the skin, which is 

a positive attribute for a sunscreen product.32  

 

The extent to which addition of a stabilising agent to sunscreen compounds leads to an 

improved photostability upon exposure to UV irradiation has also been explored. This 

could include another sunscreen compound or an antioxidant.38 Herzog et al.33 studied 

OMC (abbreviated EHMC in their study) mixed with octocrylene (abbreviated OCR in 

their study) and bis ethylhexyloxyphenol methoxyphenyl triazine (BEMT), two 

stabilisers, to investigate the underlying excited state processes taking place. Oil-in-water 

emulsions were prepared which consisted of EHMC mixed with either stabiliser and the 

samples were placed on quartz plates. A solar simulator was used as the irradiation source 

in the 290 to 400 nm range and the two plates used in each experimental run were placed 

on top of each other. Two kinds of experiments were carried out (labelled A and B for 

clarity purposes). In experiment A, using OCR as the example, EHMC and OCR were 

separated in the two different plates. The bottom plate consisted of EHMC (2 %) and the 

formulation base and the top plate consisted of the formulation base and OCR (0 %, 3 %, 

6 % and 9 % respectively). Since EHMC and OCR were separated, if stabilisation 

occurred it would be due to energy absorption by the stabiliser. In experiment B, EHMC 

and OCR were combined in the bottom plate (2 % EHMC + 0 %, 3 %, 6 % and 9 % OCR 

respectively) and the top plate consisted of the formulation base only (“placebo” plate). 

In this case, if stabilisation occurred it would be due to absorption of the stabiliser or 

quenching or both. The type of quenching explored in this study was energy transfer. If 

stabilisation was improved in this experiment, then it was assumed that quenching had 

taken place. HPLC was used to monitor the rate of photodegradation of EHMC upon 

irradiation, which followed second order kinetics. Plots of EHMC photodegradation over 

time (h) under the two different conditions were constructed as seen in Figure 1.1. 

According to Figure 1.1, EHMC degrades rapidly upon irradiation without the presence 

of OCR. There is improved photostability upon 3% OCR addition under both 

experiments. A similar pattern is observed when BEMT is used as a stabiliser.33  
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Figure 1.1 Degradation of EHMC with and without OCR under the two experimental conditions 
[Taken from Ref. 33] 

 

Furthermore, the Jablonski diagram below (Figure 1.2) illustrates that singlet- singlet 

energy transfer is more efficient between EHMC and OCR compared to triplet-triplet 

energy transfer. Energy transfer occurs only if the amount of energy available by the 

photolabile species is equal to or greater than the energy required for the resulting 

transition to take place in the quencher molecule. Figure 1.2 shows that the energy 

difference between the relaxed S1 state of EHMC and the S0 state with S1 geometry 

(transition indicated by the green arrow) is 342 kJ/mol. This value nearly matches the 

energy calculated for the transition between the S0 state and the S1 state with S0 geometry 

upon excitation, for OCR (351 kJ/mol). This is not the case for the triplet-triplet energy 

transfer process, as the energy available at the relaxed T1 state of EHMC (192 kJ/mol) is 

much less than the one required to excite OCR to the T1 state with S0 geometry (260 

kJ/mol). Therefore, singlet-singlet energy transfer is more efficient between EHMC and 

OCR. A similar pattern is observed when BEMT is used as a stabiliser.33 
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Figure 1.2. Jablonski diagram for the possible energy transfer taking place between EHMC and 
OCR. The grey colour corresponds to the excited triplet states and the brown colour corresponds 
to the excited singlet states. Possible singlet-singlet energy transfer is indicated by solid green 
arrows and triplet-triplet energy transfer is indicated by dotted blue arrows [Taken from Ref. 33]. 
 

 
1.3.2 Laser-Interfaced Mass Spectrometry 
 
Extensive work has been carried out by our research group on the photochemistry and 

photophysics of various sunscreen UV filters in the gas phase, using laser-interfaced mass 

spectrometry (LIMS).39–44 More details about the technique can be found in Chapter 2 

and structures of the filters studied are included in Table 1.2. The experimental set up 

allows for selected ions, produced by electrospray, to be isolated in the ion trap of a mass 

spectrometer, where they can be studied without the influence of the solvent or other 

components of the sunscreen product.39 The effect of pH on the absorption profile of 

oxybenzone (OB) was studied.39 Protonated OB [OB + H]+ showed a slight shift in the 

UVA absorption region in the gas phase towards higher wavelengths, compared to the 

equivalent absorption spectrum of the compound in acidic conditions in solution. 

However, deprotonated OB [OB – H]- showed decreased absorption in the gas phase in 

the region of 330-370 nm compared to the neutral species. The fragmentation pathways 

for both [OB + H]+ and [OB – H]- were also explored and were significantly different. 

More specifically, the researchers drew attention to the production of free radicals as 

photoproducts of [OB – H]-, which leads to questions around the use of OB as a sunscreen 

agent under alkaline conditions, as such species can lead to cell damage.23  
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Given that non-radiative relaxation to the ground state of OB following UV excitation 

takes place through a H-atom transfer in the excited state,45 the effect of coordination of 

metal ions, namely Na+, K+ and Rb+, on the relaxation mechanism was studied42 since 

these ions could be expected to affect the electronic excited state in a similar way to a 

proton. Indeed, the presence of Na+ affected OB’s relaxation mechanism, as it replaced 

the H atom in the intramolecular bond. Infrared multiple photon dissociation (IRMPD) 

spectroscopy was also used in this experiment to characterise the geometric structures. 

Similar experiments have been carried out for AB41 and 2-phenylbenzimidazole-5-

sulfonic acid (PBSA).40 Recently, the group have worked on the electronic relaxation 

dynamics of the UV filter benzophenone-4 (BP4) in its deprotonated form,43 showing that 

it behaves as an efficient UV filter, even in the deprotonated form. Lastly, the 

deprotonated forms of the antioxidants trans-para coumaric acid (CMA), trans-caffeic 

acid (CA) and trans-ferulic acid (FA) have also been studied via this method and it was 

concluded that they can be effective as UV filters since rapid nonradiative excited state 

decay is maintained in their deprotonated forms.44 
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Table 1.2 Structures of UV filters already studied by Dessent and co-workers.39–44 

UV filter Structure 
UV absorbance 

range 

OB 

 

UVA, UVB39 

AB 

 

UVA41 

PBSA 

 

UVB40 

BP4 

 

UVA, UVB43 

CMA 

 

UVA. UVB44 

CA 

 

UVA, UVB44 

FA 

 

UVA, UVB44 
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1.4 Natural sunscreens  
 

Much effort has been made, over recent years, to investigate the potential of natural 

alternatives as sunscreens.23,46 Lignin is a biopolymer that is readily available on 

Earth.14,47 It plays an important role in plants, as a structural component, as well as in 

water transport and protection from microorganisms.14 It has recently gained attention as 

a potential natural alternative to chemical UV filters used in sunscreen formulations, as it 

is easily accessible as a waste product from biomass processing, pulp and the paper 

industry.48 In addition, its structural characteristics, namely its high phenolic and ketone 

content and its ability to form intramolecular hydrogen bonds make lignin appropriate for 

use as a UV filter.49 Research has shown that a synergistic effect might exist between 

lignin and chemical UV filters which enhances UV absorption of the mixture. Qian et 

al.49 made this observation while studying mixtures of organosolv lignin (OL) with either 

AB or OMC. This appears to arise from π-π* stacking of the aromatic rings in the lignin 

and the UV filter. Two types of interaction can take place known as J and H 

aggregates.49,50 For a J aggregate to form, the tilt angle between the molecular axis that 

connects the chromophores and the transition dipole moment needs to be lower than 

54.7°. The H aggregate will form if the angle is greater than 54.7°. While OMC absorbs 

primarily in the UVB region of the electromagnetic spectrum, formation of the J 

aggregate leads to lowering of the energy for the π-π* transition in the OL-OMC mixture 

and the mixture showed absorption in the UVA area as well. Therefore, UV absorption is 

improved. The researchers also reported that following 2 hours of irradiation, UV 

absorption increased further suggesting that additional conjugated compounds were 

formed.49,50 To further the application of lignin in cosmetics, the potential incorporation 

of lignin nanoparticles in formulations is also being investigated by researchers.23,48  

 

Sinapoyl malate (SM) is another compound found in plants that acts as a natural UV 

absorber.4,51 SM (Figure 1.3) is an ester derivative of synaptic acid51 and protects leaves 

from UV radiation.52 Research has shown that the mechanism followed by SM in 

solution, following UV excitation, is cis-trans isomerisation, as the molecules return from 

the ππ* excited state to the ground state via ultrafast IC.4,52  
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Figure 1.3 Structure of sinapoyl malate (SM)51 

 

Transient electronic absorption spectroscopy (TEAS)4 has been used to detect changes in 

the electronic states exhibited by molecules in the solution phase. A variation of this 

method also exists, namely transient vibrational absorption spectroscopy (TVAS),  which 

uses probe pulses with wavelengths in the IR region of the electromagnetic spectrum and 

allows the monitoring of bond formation and breakage. TEAS involves the use of a pulse-

probe setup where ultrashort pulses are generated which last less than 100 fs. The pump 

pulse is used to excite a molecule at a specific wavelength. For sunscreen filters, in 

particular, this wavelength is in the UV region. A probe pulse of wavelengths between 

300 and 800 nm is also used to measure the UV-Vis excited state absorption spectrum of 

the selected species. A dynamic absorption spectrum can be recorded by altering the time 

the probe pulse reaches the sample after the pump pulse. The time delays (Δt) vary and 

include nanoseconds in very small steps of even 10 fs. The transient absorption spectrum 

is generated by calculating the change in optical density (ΔOD), as a result of transmission 

values taken at different pump-probe time delays. A few processes are involved in 

changing the optical density, namely ground-state bleach, stimulated emission, excited- 

state absorption and photoproduct absorption. The first two processes result in a negative 

ΔOD signal, whereas the remaining two in a positive ΔOD signal. A 1mM solution of 

SM4 was prepared in dioxane, acetonitrile (ACN) and methanol. Based on its absorption 

spectrum, a wavelength of 330 nm (λmax) was selected as the wavelength of 

photoexcitation. The probe wavelengths ranged from 335 to 675 nm over various pump-

probe time delays with a maximum Δt of 2 ns. The TEAS spectrum presented various 

features linked to the parameters that affect ΔOD listed above. For quantitative 

interpretation of the spectrum, global non-linear regression analysis modelling was used 

in order to extract the lifetimes (τ) of the processes that are occurring and determine which 

physical process corresponds to each lifetime. Three lifetimes were extracted for all 

solvents and the suggested mechanism for the relaxation of SM was as follows: 
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photoexcitation of SM led to the formation of a 11ππ* excited state then τ1 (fs) described 

the geometry relaxation that followed outside of the Franck-Condon window. τ2 (ps) 

described the move to a 21ππ* after a conical intersection (CI). Finally, τ3 (ps) described 

the return of excited molecules to the ground-state trans isomer through CI, releasing heat 

to the surroundings. A few of the excited SM molecules could be “trapped” in a long-

lived cis isomer, which had also been identified as the photoproduct in the mechanism. 

Therefore, this mechanism highlights that SM fulfils the conditions of a UV filter and has 

the potential to be used in a sunscreen formulation.4 In a recent study52 by the same 

research group, the effect of the size of added substituents on SM’s relaxation pathway 

was also investigated. Sinapoyl L-dimethyl malate (SdiMM), sinapoyl L-diethyl malate 

(SdiEM) and sinapoyl L-di-t-butyl malate (SdiTBM) were used in addition to SM, seen 

in Figure 1.4. The results showed that the size of the substituent did not affect the 

relaxation pathway which showed a high degree of conservation for these types of 

molecules. 

 

 

 
Figure 1.4 Structures of Sinapoyl L-dimethyl malate (SdiMM, left), sinapoyl L-diethyl malate 
(SdiEM, middle) and sinapoyl L-di-t-butyl malate (SdiTBM, right) used in the study.52 
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1.5 Thesis overview  
 

This thesis aims to build upon the high-quality research reviewed in this introduction by 

investigating the photodissociation of two sunscreen UV filters and looking into natural 

alternatives. 

 

Chapter 3 will focus on OMC in further exploring the cis-trans isomerisation pathway 

followed upon exposure to UV radiation. Gas phase data on the protonated form of OMC 

are presented, obtained through LIMS, in addition to lower (CID) and higher (HCD) 

energy collisional induced dissociation data that give an insight into the thermal 

fragmentation pathway of the filter. A comparison between the two sets of fragments 

allows to determine whether potential harmful species are created upon photoexcitation 

for the protonated form of OMC.  

 

Chapter 4 will focus on photolysis data collected under UVB irradiation for OMC and 

octyl dimethyl PABA (OD-PABA) in the solution phase. This chapter aims to discuss the 

extent to which the method followed is appropriate for detection of photoproducts in 

solution derived from the two filters, using ESI mass spectrometry. CID and HCD data 

for the identified cyclodimer of OMC in solution are also presented. Thermal 

fragmentation data for OD-PABA are also presented for comparison.  

 

Lastly, Chapter 5 will focus on vanillin, one of the building blocks of lignin. CID and 

HCD data will be presented to determine the thermal fragments of the molecule. 

Photolysis data under UVB irradiation are also presented. In addition, the extent to which 

vanillin can act as a stabilising agent when combined with known photounstable filters, 

AB and OMC, will be explored. Solution-phase UV-Vis absorption spectra of vanillin 

and of mixtures of OMC/Vanillin and AB/Vanillin are presented and their absorbance 

monitored under UV irradiation.    
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Chapter 2 
 

Experimental techniques 
 
2.1 Introduction  
 
The study of the sunscreen filters included in this thesis was possible through the 

combination of the experimental techniques described below. Solution-phase absorption 

spectra were recorded for all compounds and mixtures using UV-Vis spectrophotometry. 

Their absorbance was also monitored over time under exposure to UVA or UVB 

irradiation. Electrospray ionisation (ESI) mass spectrometry was used to produce the gas 

phase ions studied. Then, CID and HCD data were collected to determine the thermal 

fragmentation pattern of the molecules. Solution-phase photolysis data were also 

analysed using mass spectrometry, by irradiating a sample in a home-built photolysis cell 

and then using the mass spectrometer as a detector for possible photoproducts. Lastly, 

LIMS was used to obtain the gas-phase absorption and photoproduct production spectra 

of OMC.  

 

2.2 Electrospray Ionisation Mass Spectrometry  
 

Electrospray ionisation (ESI) is an atmospheric pressure soft ionisation technique used to 

convert species in the solution phase into ions in the gas phase.29 It is described as soft, 

as it generally causes very little fragmentation.28 ESI-MS was first developed by Dole 

and co-workers, who aimed to study polymers like polyethylene.53 During the process 

(Figure 2.1), the solution is injected into a metal capillary at a rate of several μL min-1. 

There is an electric potential of several kV in the capillary.  

 
Figure 2.1 Scheme showing the ESI mechanism for the production of gaseous ions detected by 
the mass spectrometer [Taken from Ref. 54]. 
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During the first stage of solvent evaporation, the solution takes the form of a Taylor cone 

from which small positively charged droplets are formed (if positive ion mode is used), 

as a result of the very high electric field. The size of these droplets is a few micrometres. 

The droplets have a positive charge as a result of the presence of ions such as H+, Na+ and 

NH4+. Protons are usually accountable for the positive charge, not only because some 

solutions are acidic, but also as a result of redox reactions that take place inside the 

capillary, such as 2 H2O → 4 H+ + 4 e– + O2.28 The flow of a coaxial drying gas (N2) also 

helps droplet formation, as well as guiding the electrospray into the instrument.54 During 

the second stage of solvent evaporation, the droplets decrease in size further, as their 

increased charge density causes them to reach the Raleigh limit which is described by 

Equation 2a,28 where zR is the number of elementary charges e, R is the radius of the 

droplet, ε0 is the vacuum permittivity and γ is the surface tension:  

 

𝑧# = 	
&'
(
)𝜀+𝛾𝑅.    (2a) 

 

Repetition of this process leads to the production of droplets with sizes in the nanometer 

range, from which gaseous ions that are in turn detected by the mass spectrometer are 

produced.28,54,55  

 

Different mechanisms have been proposed for the formation of the gaseous ions that are 

formed from the nanosized droplets, namely the ion evaporation model (IEM)56 and the 

charged residue model (CRM).28,54 IEM is believed to take place when studying small 

samples;57 therefore, it is assumed that this process is followed for the sunscreen filters 

studied. CRM, on the other hand, has been linked to the study of larger species, such as 

proteins.54 More specifically, in the IEM model, gaseous ions are ejected by the droplets 

due to the very high electric field, formed as a result of the high charge density of the 

droplets.28,54–56  
 

2.3 Quadrupole Ion Trap Mass Spectrometry 
 
An amaZon SL dual funnel electrospray ionisation quadrupole ion trap (ESI-QIT) mass 

spectrometer (Bruker Daltonics, GmbH, Germany) was used. The trap consists of four 

parallel cylindrical metal rods. Two of the opposite rods have the same polarity (eg. 

positive) and the remaining two have negative polarity. They also have a constant 

potential ‘U’ and an alternating RF potential Vcos(ωt), where ‘V’ is the amplitude and 

‘ω’ the frequency of the applied potential RF, which changes periodically. Once injected 

from the source, the ions travel through the rods via oscillations which are determined by 
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the values of V and U. Varying these values, allows for ions with a specific m/z to achieve 

the central trajectory that will lead them to the detector, while other ions hit the 

quadrupoles and do not get detected. By changing the applied RF, ions with different m/z 

values get detected and the mass spectrum is produced.58–60 

 

Figure 2.2 Detailed diagram of the Bruker amaZon quadrupole ion trap (QIT) mass spectrometer 
used [Taken from Ref. 61]. 

 
2.4 Laser Interfaced Mass Spectrometry (LIMS) 
 
 

The Bruker amaZon mass spectrometer outlined above was used to record the action 

spectra presented in Chapter 3 and it was modified so that a laser beam could pass through 

the ion trap. The details of the modifications made have been previously outlined.62 

Figure 2.3 summarises the experimental set up.  
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Figure 2.3 Diagram of the experimental set up that allows for LIMS to take place [Taken from 
Ref 62). The modifications made to the amaZon mass spectrometer are also visible. 
  

More specifically, Figure 2.2 shows a 10 Hz Nd:YAG (SureliteTM, Amplitude Laser 

Group, San Jose, CA, USA) pumped OPO (HorizonTM, Amplitude Laser Group) tuneable 

laser (a) as the photon source, giving ~ 0.1-0.4 mJ of energy between 215-400 nm (3.10-

5.75 eV) for the sunscreen filters studied.39 An optical shutter (b) (Model SH05, Thorlabs 

Inc), a 200 mm focal length UVFS lens (c) (LE4467-UV, Thorlabs Inc), a pair of flange 

mounted uncoated UVFS windows (d) (WG41050, Thorlabs Inc) and a pair of mirrors (f) 

are also part of the set up. The 2 mm hole drilled through the ring electrode of the ion trap 

allowing the laser pulse to pass through is shown (e) and finally a UV-Vis spectrometer 

(g)  (USB2000+ UV-VIS, Ocean Optics Inc)is also used.62  

 

The amount of ions available in the gas phase is much smaller compared to the amount 

of ions available in solution so direct measure of the gas phase absorption spectrum of a 

selected species is not possible. Therefore, gas-phase spectra are acquired by action 

spectroscopy, i.e. fragmentation of the parent ion which is detected as a function of 

photon energy. The following procedure is used to obtain the spectral data. The intensity 

of the parent ion isolated in the trap is measured with the laser turned off. Then, the laser 

is turned on and the intensity of the parent ion is measured again. In the second 

measurement, the ion intensity is expected to be lower, as the parent ion might 
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photofragment following photon absorption. The photofragments are also detected by the 

mass spectrometer. Repetition of this process over the chosen wavelength range leads to 

the gas-phase absorption (photodepletion) spectrum of the parent ion and associated 

absorption spectra of any photofragments produced. Measurements are taken usually 

every 2 nm. 

 

Equations 2b,62 2c62 and 2d62 below are used to determine the photodepletion (PD) and 

photofragment (PF) intensities, where IOFF and ION are the intensities of the parent ion 

recorded when the laser is off and on respectively, IFRAG is the intensity of the 

photofragment with the laser on, IPFT is the sum of the photofragment ion intensities with 

the laser on, λ is the wavelength (nm) and P is the laser pulse energy (mJ):  

 

𝑃ℎ𝑜𝑡𝑜𝑑𝑒𝑝𝑙𝑒𝑡𝑖𝑜𝑛	𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦	(𝑃𝐷) = 	
?@	(ABCCABD

)

E×G
               (2b) 

 

𝑃ℎ𝑜𝑡𝑜𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛	𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 = 	
(ACMNOABCC

)

E×G
                (2c) 

 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒	𝐼𝑜𝑛	𝑌𝑖𝑒𝑙𝑑 = 	 𝐼R#ST/𝐼GRV	                               (2d) 

 

Data collection takes place using LabView while Bruker Daltonic’s Data Analysis and 

Automation Engine software are used for data extraction. A python script is also used that 

controls the automated data analysis process. The intensity of the photofragments is 

normalised with respect to the parent ion during data processing. 

 

2.5 Collision-Induced Dissociation 
 

Tandem mass spectrometry (MS/MS) allows for selected ions to undergo different stages 

of mass analysis.54 Low-energy collision induced dissociation (CID) is used to monitor 

the fragmentation pattern of a chosen species (precursor ion).63 It is a unimolecular 

fragmentation process, where the precursor ion collides with an inert gas (eg. helium) in 

the trap; thus, increasing its internal energy. This results in fragments being produced by 

the precursor ion by either homolytic or heterolytic cleavage.54 The user can set how 

strong the collision will be by varying the amplification over time, while setting up the 

experiment. In quadrupole (QIT) ion traps, the kinetic energy can be increased to a level 

that allows the ion’s trajectory in the trap to remain stable, as discussed above.54 An HCT 
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ultra ETD II mass spectrometer (Bruker Daltonics, Germany) was used to collect the CID 

data presented in this thesis. 

 

Higher energy collision induced dissociation (HCD) was also used to determine the 

secondary fragments produced by the precursor ion, as well as distinguishing further 

between the thermal fragments and photofragments obtained by the action spectra.40 A 

mass spectrometer with an Orbitrap mass analyser was used (in the experiments outlined 

in Chapters 3 and 4 a Thermo Fisher Orbitrap FusionTM mass spectrometer is used). A C-

trap exists as part of the instrument which lies closest to the mass analyser and collects 

the ions for optimisation before injecting them into the mass analyser in the form of ion 

packets. HCD takes places in a separate compartment, where the fragments are produced 

, which allows for higher kinetic energies to be attained compared to lower-energy 

CID.64,65 

 

2.6 Photolysis apparatus 
 
Solution-phase photolysis experiments were carried out using an HCT ultra ETD II mass 

spectrometer (Bruker Daltonics, Germnay). The method is described in more detail in 

Chapter 4. Solutions of the filters were irradiated using two photolysis cells consisting of 

light-emitting diodes (LEDs) of wavelengths in the UVA (365 nm) or the UVB (310 nm) 

region. The UV-Vis absorption spectrum was recorded first using a Thermo Genesis 180 

UV-Vis spectrophotometer (Thermo Scientific) to determine the wavelength where 

maximum absorption occurs (λmax) and subsequently choose the appropriate photolysis 

cell for irradiation. The UVA cell consisted of four LEDs (two mounted on each side of 

the cuvette holder) and the UVB cell consisted of eight LEDs (four mounted on each side 

of the cuvette holder). A power source accompanied each cell that allowed the user to set 

a required voltage for irradiation, thus allowing a controllable photon source.   
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Chapter 3 
 
Gas phase and thermal fragmentation of OMC 
 
3.1 Introduction 
 
OMC is a common UV filter used in in a variety of sunscreen products.15  It is used as a 

UVB (280-320 nm) filter, although it’s low energy absorption extends into the UVA, so 

that absorption also occurs between 320-400 nm. An increasing interest in its 

photodegradation pattern has been developed due to the hypothesis that organic filters 

could trigger bleaching of coral reefs,66,67 in addition to the link to skin cancer in humans, 

as previously outlined. It is therefore important to understand the behaviour of OMC 

under exposure to UV radiation including its fragmentation pattern.  

 

Two isomers of OMC, trans and cis, are important in its photochemical behaviour and 

are shown in Figure 3.1.  For the trans isomer, the main photochemical reaction pathway 

in solution is isomerization to the cis form.68 The cis form has a lower extinction 

coefficient than the trans form, so that the overall absorptivity of OMC decreases under 

UV irradiation.68  A range of experimental techniques have been used to study OMC’s 

excited state photodynamics,15,69 and reactive oxygen sensitization.18 Interestingly, the 

loss of absorbance exhibited by OMC after exposure to UV irradiation has been well-

documented in literature.68 The irreversible degradation of OMC has been reported, with 

absorbance loss reaching 90 %.70  Other studies have found that a photostationary state is 

formed between the trans and cis isomers with only 30-50% loss of absorption.68,71,72  The 

formation of dimer photoproducts after exposure to UV irradiation has also been 

reported.68,73 Loss of absorbance has been observed to vary greatly under different 

experimental conditions.68 

 

 

 
Figure 3.1 Trans (left) and cis (right) isomers of OMC 

 

Although real sunscreens are made up from a variety of different components,11 it is 

important to study the individual component molecules to gain a better fundamental 

understanding of the intrinsic photochemistry and photodynamics.  A recent extensive 

 
 



 33 

study by Bardeen and co-workers on OMC found that aggregation of was important in 

determining the behaviour of OMC upon UV excitation.68  They found the aggregation 

of OMC lead to a complex mixture of photoproducts, including production of UVA 

photoproducts, which generated singlet oxygen.68 Given that aggregation effects have 

complicated Bardeen’s study of OMC, it is useful to consider using gas-phase 

measurements to investigate the intrinsic photochemistry of individual sunscreen 

molecules. This approach has been applied successfully previously.39 Studying molecules 

in the gas phase has the advantage of monitoring the photophysics of the isolated species, 

without taking into account any interactions with the surroundings (e.g. solvent).39 In this 

Chapter, we present results to probe the intrinsic photochemistry and photodegradation 

pathways of OMC using the LIMS approach. OMC is studied as its protonated form, 

[OMC+H]+, which is generated by electrospray ionization, to allow its study in the LIMS 

instrument. To complement the gas phase laser dissociation data, thermal fragmentation 

data are also presented to aid the interpretation of the excited state dynamics of 

[OMC+H]+. 

 
 
3.2 Experimental methods 
 
OMC was purchased from Sigma Aldrich and was used without further purification. 

Solutions at a concentration of 10-3 M in ethanol (with traces of TFA to aid ionization 

efficiency) were used and were electrosprayed in positive ion mode using an amaZon SL 

dual funnel electrospray ionisation quadrupole ion trap (ESI-QIT) mass spectrometer 

(Bruker Daltonics, GmbH, Germany), modified to carry out LIMS, as described 

previously.62  [OMC+H]+ (m/z 291) was isolated in the ion trap before laser irradiation. 

A 10 Hz Nd:YAG (SureliteTM, Amplitude Laser Group, San Jose, CA, USA) pumped 

OPO (HorizonTM, Amplitude Laser Group) tuneable laser was used giving 0.15 mJ across 

the 400-214 (3.1-5.79 eV) nm range with a laser step size of 2 nm. The injection flow rate 

was 0.33 mL h-1. The ion accumulation time was 10 ms for the photofragmentation 

experiments. A fragmentation time of 100 ms was selected to ensure that each ion packet 

would come into contact with only one laser pulse, to reduce the possibility of 

multiphoton events taking place.39 This set of data was collected under the guidance and 

supervision of a senior group member, since a class 4 laser system was involved. The data 

was analysed using the equations outlined in Section 2.4.  

 

Lower energy collisional induced dissociation (CID) data for [OMC+H]+ were collected 

using the same amaZon mass spectrometer and the settings were as follows: capillary 
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voltage, 3800 V; dry temperature, 160°C; injection rate, 0.33 μL/h; nebulising gas 

pressure, 9.0 psi; dry gas, 5.0 l/min; accumulation time, 1 ms. CID energy was increased 

by an amplification of 0.02 in each segment and ion optics was used for optimisation in 

both cases. 

 

HCD data for [OMC+H]+ was collected using the Thermo Fisher Orbitrap FusionTM   

mass spectrometer with the following settings: the syringe was operated at a flow rate of 

3 μL/ min and with the following settings: MS2 scan isolation mode, ion trap; detector 

type, ion trap; positive ion spray voltage (V), 3500; negative ion spray voltage (V), 2800; 

RF lens (%), 60; normalized AGC target (%), 100; maximum injection time (ms), 100; 

ion transfer tube temperature ( °C), 275; vaporizer temperature ( °C), 20. For the MS scan 

in this instrument the settings were as follows: detector type, Orbitrap; positive ion spray 

voltage (V), 3200; negative ion spray voltage (V), 2500; RF lens (%), 45; normalized 

AGC target (%), 100; maximum injection time (ms), 100. 

 

 

 

3.3 Results and Discussion 
 
3.3.1 Gas-phase UV absorption spectrum  
 
Figure 3.2 shows the expected structure of protonated OMC, [OMC+H]+, which should 

be produced following ESI in the positive ion mode. The alternative structure with 

protonation occurring at the anisole oxygen is not expected as the lone pair of that oxygen 

is considered to be delocalized around the aromatic ring.  ESI produced [OMC+H]+ as an 

intense ion at m/z 291. 

 

 

 

 

 
Figure 3.2 Proposed structure of [OMC+H]+ 
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Figure 3.3 Gas phase UV absorption (photodepletion) spectrum of [OMC+H]+. The solid line is 
a five-point adjacent average of the data points.   
 
 
Figure 3.3 shows the gas-phase absorption (photodepletion) spectrum of [OMC+H]+ (m/z 

291) obtained between 400-214 nm. The spectrum shown in Figure 3.3 shows that 

[OMC+H]+ displays a strong absorption in the UVA spectral region (3.0-3.5 eV) and the 

UVC region (4.5-5.5 eV), which have been labelled I and IV, respectively, on Figure 3.3.  

Much lower absorption is observed in the UVB region with only a low intensity peak 

visible at around 3.9 eV. An additional small peak is visible at around 4.5 eV, around the 

onset of the strong absorption in the UVC region. OMC is primarily used as a UVB 

absorber in formulations,15 and is known to have λmax = 310 nm in solution,68 so it is 

interesting to observe that absorption in this region for the protonated species is reduced 

in the gas phase.  

 

3.3.2 Photofragmentation pattern of [OMC+H]+ 
 
Investigating the photofragmentation pattern of [OMC+H]+ is important, as potential 

toxic photodegradant species produced upon exposure to UV radiation can be identified.39 

Figure 3.4 summarises the photofragment (PF) production intensity for the main 

photofragments of [OMC+H]+ displayed along with the [OMC+H]+ photodepletion 

spectrum for comparison. The intensity of the photofragments varies with photon energy; 

however, their absorption profiles show similar features and resemble that of the parent 
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ion. More specifically, all of the observed fragments show strong absorption in the UVA 

and UVC regions and relatively low absorption in the UVB region.  

 

Figure 3.4 (a) Gas phase UV absorption (photodepletion) spectrum of [OMC+H]+. (b-d) 
Photofragment (PF) production intensity spectra of the three major photofragments with m/z 

179, 161 and 133 respectively. The solid line is a five-point adjacent average of the data points. 

 

The m/z 161 photofragment displays an absorption profile that matches the spectral 

profile of the [OMC+H]+ parent ion most closely. The species at m/z 179 corresponds to 

protonated 4-methoxy cinnamic acid and the species at m/z 161 corresponds to cationic 

4-methoxycinnamaldehyde, with the positive charge located on the aldehyde oxygen 

atom, following loss of C8H17O from [OMC+H]+. These fragments and proposed 

structures are in agreement with results from MacManus Spencer et al.73 and 

Pattanaargson et al.74 Proposed structures for the photofragments and the thermal 

fragments discussed below are presented in Table 3.1. Additional minor photofragments 

are listed in Appendix A1.1 (Figures A1.1-A1.3). 
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Figure 3.5 shows the relative ion yield of the major photofragments as a function of 

photon energy, to provide a more concise overview of photofragment production as a 

function of excitation energy.  

 

Figure 3.5 Relative ion yield plot for the m/z 179, 161 and 133 photofragments of [OMC+H]+ 
between 3.2 and 5.8 eV. The solid line is a five-point adjacent average of the data points. 
 

Overall, the relative ion yield of the photofragments at m/z 179 and 161 is greater 

compared to that of the photofragment with m/z 133, as can be seen for the reported ion 

intensities in Figure 3.4. The ion yield for the m/z 179 photofragment peaks in the UVA 

region (3.2-3.6 eV) and then decreasing smoothly across the UVB and UVC regions, 

whereas the yield for m/z 169 shows the opposite pattern, even though its initial yield is 

around 33 % at 3.2 eV. The initial yield for the m/z 179 photofragment is around 49 %. 

This could suggest that the m/z 161 photofragment could be formed from the one at m/z 

179, possibly through the loss of H2O. This can be further analysed though the thermal 

fragmentation data shown below. It is also evident that the photofragment with m/z 133 

is mostly present in the UVA and UVC regions, but at much lower percentage. However, 

it is notable that its production profile is distinctive, suggesting that this photofragment is 

produced through a separate photochemical path. 
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Table 3.1 Proposed structures for the fragments obtained via HCD and laser 

photoexcitation of [OMC+H]+. 

 

a very strong (vs), strong (s), medium (m), weak (w) and very weak (vw) 
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3.3.3 Thermal fragmentation versus photofragmentation of [OMC+H]+ 
 

As outlined in Chapter 1, an efficient sunscreen filter needs to be able to return to the 

ground state from the excited state by releasing the excess energy gained through UV 

photon absorption as heat to the surroundings.16  In the solution phase, this can happen 

through vibrational relaxation.  In the gas phase; however, where there are no interactions 

with the solvent, this excess energy is held within the molecule, so it fragments when it 

relaxes back to the ground state. These fragments would be the same as those produced 

by the isolated molecule if it was heated, in the limit where the excited state decays on an 

ultrafast timescale without significant geometric (or electronic) evolution of the excited 

state. This is called statistical (or ergodic) fragmentation, as it corresponds to the “hot 

ground state” fragmentation pattern the molecule would follow.39–41,43 Therefore, 

fragments that are detected following UV excitation only are described as non-statistical 

(non-ergodic) and are produced from the excited state during photodissociation.40 Lower 

(CID) and higher (HCD) energy collisional induced dissociation can be used to mimic 

the fragmentation profile of the “heated” molecule.40,75  More specifically, HCD can also 

be used to identify secondary fragments produced from primary fragments of the parent 

ion,76 which is helpful when identifying thermal fragments from purely photochemical 

fragments.  

 

Figures 3.6 and 3.7 display the thermal fragments of [OMC+H]+ obtained through CID 

from 15 % CID energy onwards, as no fragmentation took place at lower CID energy. A 

relatively high CID energy percentage was required for [OMC+H]+ to fragment. The CID 

thermal fragments observed are m/z 179 and m/z 161, with the m/z 179 fragment being 

the dominant fragment.  It is likely that m/z 179 is fragmenting into m/z 161 through loss 

of H2O at higher (collisional) internal energies. 
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Figure 3.6 Percent ion intensity of the major thermal fragments of [OMC+H]+ at m/z 179 and 161 
as a function of CID energy. The solid line is a three-point adjacent average of the data points and 
the error bars are the standard error of the mean. 
 

Figure 3.7 Raw ion intensity mass spectra of the major thermal fragments of [OMC+H]+ at (a)  

0 %, (b) 25 % and (c) 27 % CID energy. 
 
 

Figures 3.8 and 3.9 display the thermal fragments of [OMC+H]+ obtained through HCD. 

In addition to the two main fragments observed in lower-energy CID (m/z 179 and m/z 

161), minor fragments are also present at m/z 121, 113 and 71. [OMC+H]+ fragments 

from very low collisional energies to form the species at m/z 179, as seen by the high 
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percent ion intensity of the species at 0 % HCD energy. Interestingly, the ion intensity of 

the m/z 179 fragment increases as the intensity of the parent ion decreases but then it 

decreases suggesting that it fragments as well, as seen by the shape of the curve.  This 

coincides with an increase in the ion intensity of the m/z 161 fragment, indicating that it 

might be a secondary fragment produced from the m/z 179 fragment rather than directly 

from the parent ion.  As noted above, m/z 179 is likely fragmenting into m/z 161 through 

loss of H2O. 
 

 
Figure 3.8 Percent ion intensity of the (a) major and (b) minor thermal fragments of [OMC+H]+ 
as a function of HCD energy. The solid line is a three-point adjacent average of the data points 
and the error bars are the standard error of the mean. 
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Figure 3.9 Raw ion intensity mass spectra of the thermal fragments of [OMC+H]+ at  
(a) 0 %, (b) 8 % and (c) 22 % HCD energy. 
 

It is notable that the minor photofragment, m/z 133 (Figure 3.5b), is not observed as a 

thermal fragment, either via CID or HCD.  This supports the assignment of this fragment 

as a photochemical fragment that is likely to appear through a longer-lived excited state, 

e.g. a triplet excited state. 

  

However, the main photofragments are the same as the thermal fragments, so it can be 

inferred that photodissociation of [OMC+H]+ is primarily statistical across the extended 

UVA-UVC region studied. This is in agreement with previous research on the molecule, 

as the main identified mechanism for OMC’s relaxation to the ground state after UV 

excitation is ultrafast cis-trans isomerisation, while losing some of its UVB absorbing 

capacity.15,77,78 More specifically, Tan and co-workers showed that once OMC is 

promoted to an excited state (1ππ*), relaxation to the ground state occurs via an “optically 

dark” 1nπ* state before moving on to the triplet state and then the ground state (S0), so 

the process of releasing energy becomes slower, which influences the filter’s efficiency.  

These experiments were performed on gas-phase neutral OMC by combining two-colour 

resonance-enhanced two-photon ionisation (RE2PI) and UV-UV depletion 

spectroscopy.15 Ebata et al.78 subsequently used laser-induced fluorescence (LIF) 

spectroscopy, UV−UV hole-burning (HB) spectroscopy as well as density functional 

theory (DFT) calculations to further investigate the non-radiative decay followed by 
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OMC.  They also defined the photoisomerisation process followed by OMC as 

follows "S1 (trans, 1ππ*) → 1nπ* → T1 (3ππ*) → S0 (cis)".78 

 

3.4 Concluding Remarks 
 
Laser interfaced mass spectrometry of [OMC+H]+ has been used to obtain its gas-phase 

absorption spectrum via photodepletion spectroscopy, along with the accompanying 

photofragment production.  The absorption spectrum is most intense in the UVA and 

UVC regions, which differs from the known absorption spectrum of neutral OMC in 

solution, which peaks in the UVB.  Upon photoexcitation, [OMC+H]+ fragments 

primarily into the m/z 179 and m/z 161 fragments, which are in line with the main known 

photofragments of OMC (4-methoxy cinnamic acid and cationic 4-

methoxycinnamaldehyde).  This illustrates the utility of LIMS photodissociation 

measurements as a straightforward route for identifying photoproducts.79 CID and HCD 

measurements were performed to identify the thermal fragments of the ground electronic 

state of [OMC+H]+. The m/z 179 and m/z 161 ions were found to be the major thermal 

fragments in line with the major photofragments. 

 

The minor photofragment with m/z 133 was not observed as a thermal fragment, 

indicating that it is a purely photochemical fragment.  The distinctive nature of this 

photofragment is evident in its unique production profile, shown in the ion-yield spectrum 

displayed in Figure 3.5b. Production of fragments with this type of profile have 

previously been associated with excitation of long-lived triplet excited states, e.g. as in 

deprotonated 2-phenylbenzimidazole-5-sulfonic acid where such photochemical 

photoproducts were associated with excitation of the T1 state responsible for 

photosensitization.40  Our observations indicate that such a state may be accessed between 

410-240 nm, and also into the strong UVA region.  This is in line with the known property 

of OMC to generate singlet oxygen under UVA irradiation, and again illustrates how 

LIMS can provide information on photochemical properties that are important in 

solution-phase behaviour.  
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Chapter 4 
 

Photodegradation of OMC and OD-PABA in the solution 

phase 
 
4.1 Introduction 
 
Electrospray ionisation mass spectrometry (ESI-MS) has routinely been used to monitor 

photochemical reactions.80,81 On-line photolysis studies79,82,83 have also been carried out 

aiming to provide a direct method via which photoproducts generated in solution can be 

detected in the gas phase by the mass spectrometer. For sunscreens, in particular, 

experiments in the solution phase are critical, as it represents the sunscreen formulation 

more closely, compared to the laser gas-phase studies.79  

 

The second UVB filter studied in this thesis is 2-ethylhexyl 4-(dimethylamino) benzoate 

(OD-PABA).  

 
Figure 4.1 Structure of OD-PABA 

 

OD-PABA is a derivative of 4-aminobenzoic acid (PABA) and unlike PABA it is not 

soluble in water.84 The extent to which OD-PABA and its photoproducts persist in the 

environment has been studied by various groups.85–89 Sakkas et al.85 investigated the 

effect of residual OD-PABA found in chlorinated water (e.g., swimming pools) on the 

production of toxic chlorinated compounds. Chlorine residue was measured in water 

samples collected from swimming pools and seawater and distilled water samples were 

also collected for comparison. The effect of dissolved organic matter (DOM) was also 

studied by varying the concentration of humic acids. HPLC/UV-DAD was used to 

monitor the photodegradation of OD-PABA, as a factor of a decrease in OD-PABA’s 

concentration. The irradiation source was natural sunlight. GC-MS was also used to 

identify potential photoproducts. According to the results, the photodegradation of OD-

PABA followed first order kinetics and the reaction rate was greater in distilled water and 

lowest in seawater samples. More specifically, in distilled water, 86% of OD-PABA was 

degraded following exposure to sunlight for 60 hours, followed by 83% in swimming 
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pool water and 80% in seawater. When a solar simulator was used 99% of OD-PABA 

degraded within 10 hours of irradiation in distilled water, followed by 96 and 92% in 

swimming pool and seawater respectively. The researchers also reported a negative 

relationship between the concentration of humic acids in the different solvents and the 

degradation of OD-PABA suggesting that DOM potentially acts as an inhibitor in the 

degradation process. The authors suggested that this could be explained by the 

competition for photons between the different species. In terms of the photoproducts 

observed, the most relevant for this piece of research were octyl-p-aminobenzoic acid 

with peaks at m/z 249, m/z 137 and m/z 120 and octyl-methyl-p-aminobenzoic acid with 

peaks at m/z 263, 151 and 134, as seen in the mass spectra for each photoproduct. OD-

PABA also degraded into a photoproduct at m/z 166.85 

 

This Chapter presents results to investigates the photodegradation of OMC and OD-

PABA in solution. CID and HCD data for both compounds and the dimer of OMC, which 

was identified in solution, are also presented to provide a comparison between the thermal 

fragments (which can be seen produced during the electrospray process) and any 

photoproducts that are produced upon photolysis of the solutions. 

 
 
4.2 Experimental methods 
 
OMC and OD-PABA were purchased from Sigma Aldrich and were used without further 

purification. Stock solutions in ethanol were prepared at 4 × 10-3 M and 1 × 10-3 M for 

OMC and OD-PABA respectively. All data presented are an average of three runs. 

 

The absorption spectra were recorded using a Genesis 180 UV-Vis spectrophotometer 

(Thermo Scientific) to determine the wavelength where maximum absorption occurs 

(λmax) and subsequently choose the appropriate photolysis cell for irradiation. Cuvettes 

with a 1 cm pathlength and approximately 3 mL of solution were used. The absorption of 

OMC and OD-PABA, under UVB irradiation (310 nm), was monitored at a wavelength 

range of 200 to 400 nm, by irradiating a sample using a home-built photolysis cell 

containing eight LEDs (four on each side) operating at a maximum voltage of 20.5 V. 

The voltage used for the irradiation was approximately 19.2 V. A fitted lid was used to 

cover the cuvette and hence minimise loss of solvent from the cuvette over the photolysis 

time. The cuvette containing the sample to be irradiated was placed in the cuvette holder 

in between the LEDs. In these experiments, solutions of 4 × 10-5 M and 1 × 10-5 M were 

used for OMC and OD-PABA respectively. 
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Mass spectrometry analysis of the solution phase photolysis experiments was carried out 

using an HCT ultra ETD II mass spectrometer (Bruker Daltonics, Germany). For OMC, 

a 4 × 10-3 M  solution was electrosprayed, as it was found that a better ion signal was 

achieved with this concentration. Traces of TFA (ca.10 μL) was added to aid ionization 

efficiency. The same UVB photolysis cell described above was used. A background 

spectrum obtained with just the rinsing solution (ethanol or 1:1 ethanol:isopropanol) on, 

injected via a syringe-pump set, was recorded first on the mass spectrometer. A 500 μL 

syringe (Hamilton) was used to obtain approximately 200 μL of the unirradiated sample 

and a full MS scan in a 70-700 m/z range was recorded, with the solution. The syringe 

solution was replaced with the rinsing solution. The LEDs were then turned on and the 

solution was irradiated for 5 s. The LEDs were switched off again. An additional 200 μL 

aliquot was collected from the cuvette, injected into the mass spectrometer and the mass 

spectrum was recorded again. The syringe was covered with foil to prevent light 

exposure. This process was repeated at 20, 40, 60 and 120 s. The rinsing time between 

each experimental run would vary but one hour was mostly used to ensure that the 

baseline would be as clear as possible for the next run to be able to measure the potential 

difference in ion intensity of the parent ion and any photoproducts produced. The same 

procedure was followed for OD-PABA (1 ×10-5 M) but every 1 hour for 7 hours. 

 

CID data on the dimer of OMC (4 × 10-3 M , m/z 581) identified following electrospray 

of solution were collected using the amaZon SL Dual Funnel Ion Trap Mass Spectrometer 

with the following settings: capillary voltage, 3750 V; dry temperature, 110°C; injection 

rate, 0.33 μL/h; nebulising gas pressure, 10.0 psi; dry gas, 8.0 l/min; accumulation time, 

3 ms. CID energy was increasing by an amplification of 0.02 in each segment and ion 

optics was used for optimisation.  

 

CID data on OD-PABA (1 ×10-5 M) were collected using an HCT ultra ETD II mass 

spectrometer (Bruker Daltonics, Germany) with the following settings: capillary voltage, 

3880 V; dry temperature, 200°C; injection rate, 80 μL/h; nebulising gas pressure, 10.0 

psi; dry gas, 5.0 l/min; accumulation time, 12 ms. 

 

HCD data was collected on a Thermo Fisher Orbitrap FusionTM mass spectrometer with 

the following settings: MS2 scan isolation mode, ion trap; detector type, ion trap; positive 

ion spray voltage (V), 3500; negative ion spray voltage (V), 2800; RF lens (%), 60; 

normalized AGC target (%), 100; maximum injection time (ms), 100; ion transfer tube 
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temperature ( °C), 275; vaporizer temperature ( °C), 20. For the MS scan in this 

instrument the settings were as follows: detector type, Orbitrap; positive ion spray voltage 

(V), 3200; negative ion spray voltage (V), 2500; RF lens (%), 45; normalized AGC target 

(%), 100; maximum injection time (ms), 100. The injection flow rate was 3μL/ min. 
 
 
4.3 Results and Discussion  
 
4.3.1 Octyl methoxycinnamate  
 
4.3.1.1 Solution phase absorption spectroscopy  
 
A solution of OMC was irradiated at 310 nm using the LED photolysis cell. Figure 4.2 

displays the solution phase absorption spectrum of OMC obtained following irradiation 

for up to 120 s. OMC’s absorption decreases significantly within a very short time 

framework. The first noticeable decrease in absorption occurs after 5 seconds, where the 

known trans to cis isomerisation likely takes place.68 The absorbance continues to 

decrease until approximately 80 seconds of irradiation has been reached, where no further 

decrease is observed. However, based on this spectrum alone, it is not possible to deduce 

whether isomerisation, photoproduct formation or both are taking place during 

photoexcitation of OMC. 

 
Figure 4.2 Absorption spectrum of OMC in ethanol under irradiation at 310 nm for 120 s. 
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To rule out hydrolysis in ethanol during the irradiation time, a test experiment was carried 

out (Appendix A1.2, Figure A1.4) which showed that OMC does not hydrolyse during 

this time framework (i.e. there was no change to the UV-VIS spectrum over this timescale 

with no photolysis).  If hydrolysis had taken place, the λmax would have been expected to 

shift towards lower wavelengths (~ 274 nm) to correspond to the λmax for 4-

methoxycinnamic acid, one of the two building blocks of OMC.90 In addition, OMC has 

been found to be thermally stable up until 200 °C91 after which it degrades, so thermal 

degradation as a result of exposure to the LEDs in the photolysis cell will not take place, 

as the temperature of both the cell and the solution was measured and it was around 23 

°C, measured at a constant room temperature of 22 °C.  

 

The absorption spectrum shown in Figure 4.2 is in agreement with findings from Hanson 

et al.68 who have also studied the isomerisation behaviour of OMC in solution, in both 

methanol and cyclohexane, under UV radiation. The absorption spectra recorded before 

exposure to UV radiation indicated that the maximum absorption for trans-OMC in 

ethanol occurred at 310 nm (λmax = 310 nm) and at λmax = 291 nm in cyclohexane. This 

also verifies that the data presented in Figure 4.1 correspond primarily to a solution of the 

trans-isomer of OMC. In contrast, for cis-OMC maximum absorption occurred at 

λmax=305 nm in both solvents. The decrease in absorbance was faster in methanol 

compared to cyclohexane suggesting that the non-polar solvent favoured the stability of 

trans-OMC in solution. Quantum yields were calculated in methanol and cyclohexane, in 

an attempt to carry out a quantitative analysis of the cis-trans conversion in the excited 

state of OMC, as φCT and φTC respectively. φTC in methanol (0.37) was found to be greater 

compared to cyclohexane (0.28), whereas the results for φCT indicated the opposite 

behaviour, following a similar pattern as in the solution experiment.68 

 

 

4.3.1.2 Solution-phase photolysis  
 
A solution of OMC was irradiated at 310 nm using a photolysis cell to investigate whether 

photoproducts could be detected in from solution photolysis, and if so, to compare them 

with the gas phase data (Chapter 3). An HCT ultra ETD II mass spectrometer (Bruker 

Daltonics, Germany) was used to perform electrospray analysis of the photolyzed 

solutions, following the method described in detail in Section 4.2. OMC was 

electrospayed in positive ion mode to detect [OMC+H]+ (m/z 291). Measurements were 

taken at 0, 5, 20, 40, 60 and 120 seconds and the results are presented in Figure 4.3.  
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Figure 4.3 Plot of the solution-phase photodegradation of [OMC+H]+ (in ethanol) obtained 
through monitoring changes in (a) the parent ion intensity and (b,c) changes in the ion intensity 

of the photoproducts formed under UVB irradiation for 120 s. The solid line is a three-point 
adjacent average of the data and the error bars are the standard error of the mean.  

 

Figure 4.2 shows the absorbance of OMC decreasing over irradiation time which is in 

agreement with the data shown in Figure 4.3a, as the ion intensity of [OMC+H]+ 

decreases over irradiation time. The rate of decrease seems to be higher between 0 and 5 

seconds, which could be further evidence of the isomerisation taking place, with a 

resulting decrease in the absorbance of the trans isomer. This decrease is followed by a 

slight increase in the ion intensity of some photoproducts, namely the species at m/z 179, 

161, 303, 581 and 603. Interestingly, all photoproducts seem to be present in solution at 

0 seconds which might suggest that they are produced by in source dissociation, as a result 

of the source conditions, during ESI.54,92,93 To investigate the extent to which this occurs, 

further studies need to be conducted by varying the voltage and temperature at the 

source94 and seeing which fragments are detected. Another possible explanation could be 

that they are formed while the solution is being prepared, during sonication. After 

sonication, the flask becomes slightly heated which might lead to the production of 

thermal fragments that remain in solution and are then detected by the mass spectrometer. 

The LC-MS method commonly used to detect sunscreen photoproducts in solution, 
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combined with mass spectrometry, is able to distinctly separate the starting analyte from 

the photoproducts that are eluted after irradiation so it likely is a more appropriate method 

to follow to investigate photoproduct production.19,32,34,95 The species at m/z 179 and 161 

have been identified in Chapter 1, are the known main thermal fragments and 

photoproducts of [OMC+H]+.68,74 

 

The species at m/z 581 was identified as the cyclodimer of OMC, formed by the 

dimerization of the E- and Z- isomers of OMC. Multiple reports34,73,96 have discussed the 

formation of the dimer following OMC’s exposure to light. Two kinds of the dimer seem 

to form, primarily through the alkene bond, truxinates (head-to-head isomers) and 

truxillates (head-to-tail isomers). It has been shown34 that truxinate dimers are formed 

preferentially due to better highest-occupied molecular orbital (HOMO) lowest-

unoccupied molecular orbital (LUMO) overlap as well as steric interactions. The 

structures of the cyclodimers are presented in Figure 4.4. Finally, the fragments at m/z 

313 and 603 can be attributed to the sodiated34 forms of OMC (i.e. OMC.Na+) and the 

dimer respectively. These results could suggest that dimerisation, in addition to cis-trans 

isomerisation, is a pathway followed during OMC exposure to UVB irradiation. 

 

 
Figure 4.4 Proposed structures96 of the protonated truxinate (left) and truxillate (right) OMC 
dimers (m/z 581) formed after OMC’s exposure to UV irradiation, assuming protonation during 
electrospray takes place at the carbonyl.  
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4.3.1.3 Thermal fragmentation of the OMC cyclodimer produced upon UVB 

irradiation 

 
Since the OMC cyclodimer was present in solution upon irradiation, its thermal 

fragmentation pattern was also investigated, using an HCT ultra ETD II mass 

spectrometer (Bruker Daltonics, Germany). Figures 4.5 and 4.6 show the thermal 

fragments produced from the dimer, detected in its protonated form (m/z 581) over an 

increasing CID energy percentage. Figure 4.5 shows the ion intensity changes as a 

function of CID, while Figure 4.6 shows the associated mass spectra recorded at selected 

collisional energies. 

 

 
Figure 4.5 Percent ion intensity of the main thermal fragment of the protonated cyclodimer of 
OMC [2OMC+H]+ (m/z 581) at m/z 291 and m/z 179. The solid line is a three-point adjacent 
average of the data and the error bars are the standard error of the mean. 
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produced as a minor fragment at a higher CID energy percentage. Figures 4.7 and 4.8 

show the thermal fragments produced over an increasing HCD energy percentage. The 

percent ion intensity of the dimer, around 55 %, is much less than 100 % at 0 % HCD 

energy, as seen in Figure 4.7a. The high percent ion intensity of [OMC+H]+ (38%) at 0% 
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instability could also explain the relatively higher error bar values, compared to other data 

sets presented, as it was more challenging to isolate the dimer in the ion trap compared to 

[OMC+H]+.   

 

Nevertheless, the ion intensity of [OMC+H]+ increases as the intensity of the dimer 

decreases and then decreases again as it is fragmenting. Therefore, the major (m/z 179, 

161) and minor (m/z 451, 339, 321, 241, 148) fragments observed could have been 

produced by fragmentation of both [OMC+H]+ and the dimer. These fragments are in 

agreement with ones reported elsewhere34,73,96 and proposed structures are shown in Table 

4.1. However, this is the first time the production profile of these fragments has been 

measured using HCD, and this measurement would be important to interpret future gas-

phase photodissociation measurements of the protonated dimer. 

 

Table 4.1 Proposed structures for the thermal fragments obtained via HCD and the 

photoproducts produced by the cyclodimer of OMC, which was formed in the solution 

phase following UVB photolysis. 

Fragment 
Mass 
(m/z) 

Proposed Structure 

of Fragment 

m/z 
lost 

from 

dimer 
(m/z 
581) 

Observed 
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(Y/N) 

Observed in 
solution 
phase 

photolysisa 
under UVB 

light 
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O
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Figure 4.6 Ion intensity mass spectra (positive ion mode) of the major thermal fragments of the 

cyclodimer of OMC [2OMC+H]+ at (a) 0 %, (b) 33 %, (c) 40 % and (d) 52 % CID energy. 
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Figure 4.7 Percent ion intensity of the (a) major and (b) minor thermal fragments of the 
cyclodimer of OMC [2OMC+H]+ (m/z 581) at m/z 291 and m/z 179. The solid line is a three-point 
adjacent average of the data and the error bars are the standard error of the mean. 
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Figure 4.8 Raw ion intensity mass spectra of the thermal fragments produced by the cyclodimer 
of OMC [2OMC+H]+ at (a) 0 %, (b) 5 %, (c) 10 % and (d) 16 % HCD energy. 
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this is due to instrument calibration or hydrolysis is not clear. It can be concluded 

however, that photodegradation and hydrolysis are not in competition for OD-PABA. 

 

Figure 4.9 Absorption spectrum of OD-PABA in ethanol under irradiation at 310 nm for 7 hours.  
 

4.3.2.2 Solution phase photolysis  
 

The effect of UVB irradiation on the degradation of [OD-PABA+H]+ (m/z 278, Figure 

4.10) in solution was investigated using the same UVB photolysis cell and the HCT mass 

spectrometer. Nguyen at al.35 carried out a calculation to identify whether the carbonyl 

oxygen or the nitrogen of the amino group was the most likely protonation site in the 

molecule, with the nitrogen being favourable. The same procedure was followed as with 

[OMC+H]+. 

 

 
Figure 4.10 Proposed structure of [OD-PABA+H]+ 
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As seen in the data presented in Figure 4.11, OD-PABA’s percent ion intensity decreases 

slightly as the irradiation time increases, in accordance with the changes seen in the 

absorption spectrum (Figure 4.9). This decrease is accompanied by an increase in the ion 

intensity of a major photoproduct at m/z 264, which has also been identified in the 

literature as a transformation product upon irradiation,88 as a result of loss of a methyl 

group. Minor photoproducts are also present at m/z 152, 166 and 151. The last two have 

also been identified as potential photoproducts in LC-MS35,86 and TD-ESI/MS19 

experiments. 

 
Figure 4.11 Plot of the solution-phase photodegradation of [OD-PABA+H]+ obtained by 
monitoring changes in (a) the parent ion intensity and major photoproduct at m/z 264 and (b,c)  
the minor photoproducts formed under UVB irradiation for 7 hours. The solid line is a three-point 
adjacent average of the data and the error bars are the standard error of the mean.  
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4.3.2.3 Thermal fragmentation of OD-PABA 
 

As with OMC, the thermal fragments for OD-PABA were also explored (studied as its 

protonated form). The results are summarised in Figures 4.12-4.15. 

 
Figure 4.12 Percent ion intensity of the main thermal fragments of [OD-PABA+H]+ (m/z 278) at 

m/z 166 and m/z 151 produced over an increasing CID energy percentage. The solid line is a three-
point adjacent average of the data and the error bars are the standard error of the mean. 
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Table 4.2 Proposed structures for the thermal fragments obtained via HCD and the 

photoproducts produced by [OD-PABA+H]+ following solution-phase photolysis under 

exposure to UVB irradiation. 
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Figure 4.13 Ion intensity mass spectra of the thermal fragments produced by [OD-PABA+H]+  
at (a) 0 %, (b) 19 % and (c) 30 % CID energy. 

 

0

10000

20000

30000

40000

0
5000

10000
15000
20000
25000

100 120 140 160 180 200 220 240 260 280
0

5000

10000

15000

20000

278

278
166

166

151

151

122

(a)

(c)

(b)

R
aw

 io
n 

in
te

ns
ity

 ( 
10

4  
Ar

b.
)

m/z

122
107



 62 

 

Figure 4.14 Percent ion intensity of the (a) major and (b) minor thermal fragments of [OD-
PABA+H]+ at m/z 166, 151, 134 and m/z 122, 107 respectively, produced over an increasing HCD 
energy percentage. The solid line is a three-point adjacent average of the data and the error bars 
are the standard error of the mean. 
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Figure 4.15 Ion intensity mass spectra of the thermal fragments produced by OD-PABA+H]+ at 
0 % (a), 30 % (b), 44 % (c) and 60 % (d) HCD energy. 
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4.4 Concluding remarks 
 
This chapter presents new measurements on the photodegradation of OMC and OD-

PABA in solution, which have been conducted here for the first time using photolysis of 

small volumes of sunscreen solutions, which are exposed to irradiation in home-built UV 

diode photolysis cells. The experiments performed in this chapter provide a benchmark 

against previous results obtained on much larger volume solutions which were photolyzed 

by much higher power mercury lamp photon sources.34 They are therefore a much more 

sustainable method for performing such experiments, since they have lower solvent and 

energy requirements. Another aim of this chapter was to evaluate whether direct injection 

of the irradiated solution via a syringe into the mass spectrometer is an appropriate 

method to probe photodegradation (i.e. production of photoproducts).   

 

Both the OMC and OD-PABA molecules studied were electrosprayed in positive ion 

mode and the intensity of both parent ions decreased following exposure to UVB 

irradiation. The decrease in the ion intensity of the parent ion was accompanied by an 

increase in the ion intensity of some photoproducts. For OMC, the main photoproducts at 

m/z 179 and 161 matched the thermal fragments obtained via CID and HCD and the 

photoproducts obtained via LIMS. The fact that the products were identical is not 

surprising as they reflect low energy molecular dissociation pathways for the system.  

However, an additional photoproduct was identified from the solution photolysis, namely 

the cyclodimer of OMC (m/z 581) (detected in its protonated form), which is a purely 

photochemical product. Thermal fragmentation data were also presented for this species.  

 

For OD-PABA, the main photoproduct identified in solution was the fragment at m/z 264, 

which was formed through ejection of a methyl radical, which is not desirable for a 

sunscreen filter. The remaining photoproducts were also thermal fragments, observed in 

CID and HCD experiments.  

 

The results obtained in our home built, low volume photolysis cells, gave results that 

identified the same photoproducts as had been observed previously in bulk solution 

photolysis measurements. This demonstrated that the new methodology we employed 

could be confidently used for the analysis of previously untested sunscreen molecules.  

Furthermore, the results obtained for OMC were important in the context of the gas-phase 

photolysis results presented in Chapter 3.  Our studies of OMC both in the gas-phase via 

LIMS, and in solution using our UV diode set ups, identified the same main 

photoproducts.  This illustrates that gas-phase LIMS is a useful tool for identifying 
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photodegradation products.  In future work, photofragmentation of OD-PABA in the gas 

phase via LIMS would be useful to determine whether additional photoproducts that were 

not produced during solution photolysis with a lower power photon source, as well as 

investigating whether statistical or non-statistical fragmentation is taking place in the 

UVA-UVC region, and hence providing enhanced fundamental information on the 

photophysics and hence photostability of OD-PABA.  

 

Lastly, an important point which has not been acknowledged in any of the previous 

solution-phase photolysis studies of sunscreen molecules is noted.19 The work performed 

in this chapter has included careful CID and HCD studies which have characterised the 

pathways by which the parent ions can potentially break down during the 

electrospray/mass spectrometry process.  We have found that protonated OMC and OD-

PABA predominantly break apart upon CID and HCD to form the same molecular 

fragments that have been previously identified as photoproducts from solution-phase 

photolysis measurements. It is therefore not clear whether the photoproducts previously 

detected by the mass spectrometer were actually produced during UVB irradiation or 

from processes such as in-source dissociation.  More experiments investigating the effect 

of changing the source conditions on the photodissociation of sunscreen UV filters need 

to take place, and there should be acknowledgement of this potential problem in future 

solution-photolysis studies.  
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Chapter 5 
 

Natural UV filters: a study on vanillin and its synergistic 

effect with chemical UV filters 
 
5.1 Introduction 
 
As outlined in Section 1.4, natural alternatives for UV filters, lignin in particular, have 

received increased attention in recent years as substitutes of chemical UV filters.46,47 

Vanillin is one of the possible building blocks of the lignin polymer, alongside syringol 

and guaiacol (Figure 5.1).98 Research on these subunits has already been carried out, 

aiming to provide an insight into their spectroscopic characteristics99 and behaviour under 

UV irradiation.100 A recent study investigated the photochemistry of vanillin using laser 

flash photolysis.101  In this study, the wavelength of the excitation laser was 355 nm and 

the results showed that a triplet state was formed, which followed an exponential decay 

with a lifetime of 134 ns. In addition, the solution was exposed to UVA irradiation and 

HPLC data was collected which showed that vanillin dimers were formed following UVA 

irradiation. UVA irradiation was conducted for this work under both O2 and N2, with the 

results showing that there was less degradation under O2. The authors suggested that this 

was due to two processes competing, namely self-quenching and oxygen quenching 

leading to singlet oxygen formation. Understanding vanillin’s ionisation pattern using 

mass spectrometry, as well as its behaviour under UVB irradiation will be useful to 

understand not only the possible fragmentation pathways of lignin but also its potential 

application in sunscreen formulations.  

 

 
 
Figure 5.1 Structures of vanillin (left), syringol (middle) and guaiacol (right) 
 
 
Avobenzone is a well-studied UVA filter which is commonly found in sunscreens.41 

However, research has shown that it is photounstable following exposure to UVA 

irradiation. More specifically, the dominant form of avobenzone in the ground state is the 

H

O

O

HO

OCH3

OH

H3CO

OH

OCH3



 67 

chelated enol which is a UVA absorber with a λmax ~ 358 nm.41 Dubois et al.102 have 

shown that two isomers of the enol form are in equilibrium (Figure 5.2), which are 

stabilised by an intramolecular hydrogen bond (forming the chelated enol structure).102,103   

 

 
Figure 5.2 The equilibrium in place between the two enol forms in the ground state of 
avobenzone.103 

 

When exposed to UVA irradiation the enol converts to the keto form which is the 

dominant structure in the excited state and is a UVB absorber with a λmax ~ 266 nm.41 

This process is shown in Figure 5.3. The effect of solvent polarity on the stabilisation of 

avobenzone has also been studied103 with the data suggesting that avobenzone is more 

stable in polar protic solvents but tends to isomerise in polar aprotic solvents. 

Photodegradation can also take place and is favoured in non-polar solvents.103 It is 

common to combine different chemical UV filters in a sunscreen formulation in an 

attempt to improve photoprotection.33,38 It is therefore interesting to investigate whether 

vanillin, as a monomer of lignin would influence absorption efficiency of chemical UV 

filters, including ones that are acknowledged to be photounstable such as avobenzone.  
 

 
Figure 5.3 The photoisomerisation process followed by avobenzone upon exposure to UVA 
irradiation.41  
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This chapter presents thermal fragmentation (collision induced dissociation) and solution 

phase data of vanillin to determine the extent to which it can be used as a UV filter in 

sunscreens. In addition, to explore the synergistic effect between vanillin and currently 

used chemical UV filters, absorption spectra of mixtures of OMC with vanillin and 

avobenzone with vanillin are presented and the effect of vanillin as a co-component on 

the absorbance of each UV filter is measured. Better understanding of the interaction 

between vanillin and the chemical UV filters on a molecular level will aid further work 

on the development of sunscreens that incorporate natural UV filters. Since commercial 

sunscreen formulations are more complex, as outlined in the introduction, additional 

studies on the interaction between vanillin and the bulk sunscreen mixture are required.  

 
 
5.2 Experimental methods  
 
Vanillin (VA), avobenzone (AB) and OMC were purchased from Sigma Aldrich and were 

used without further purification.  

 

The absorption spectra of the two compounds were recorded using a Genesis 180 UV-

Vis spectrophotometer (Thermo Scientific) to determine the wavelength where maximum 

absorption occurs (λmax) and subsequently choose the appropriate photolysis cell for 

irradiation. Cuvettes with a 1 cm pathlength and approximately 3 mL volume were used. 

The absorption of VA, under UVB irradiation, was monitored at a wavelength range of 

200 to 400 nm using the same UVB photolysis cell and settings outlined in Chapter 4, for 

two hours. The absorption of AB, under UVA irradiation, was monitored by irradiating a 

sample at 365 nm for 40 minutes using a custom-made UVA photolysis cell consisting of 

four LEDs. The voltage used for the irradiation was approximately 3.97 V. Working 

solutions of 1 × 10-4 M and 1 ×	10-5 M were used for VA and AB respectively. 

 

The absorption spectra of the sunscreen-vanillin mixtures were also recorded using a 

Genesis 180 UV-Vis spectrophotometer (Thermo Scientific). Stock solutions of AB and 

VA (1 × 10-3 M) were prepared in ethanol and were diluted to 1 × 10-5 M working 

solutions. The mixture ratios were as follows: 1:1, 2:1, 10:1, 1:2, 1:3, 2:3, 1:5 and 1:10 

avobenzone:vanillin (AB:VA). A sample from each mixture was added to a cuvette and 

the absorption spectrum was measured. Then, the sample was exposed to UVA irradiation 

at 365 nm, using the photolysis cell outlined above, for 5 minutes and the absorption 

spectrum was recorded again. This process was repeated every 5 minutes for a total of 30 

minutes. The same mixing ratios were used for the OMC-VA mixtures. The UVB 
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photolysis cell was used instead and the samples were irradiated at 0, 5 and 10 s and then 

every 10 s until 120 s were reached. 

 

CID data (lower energy collision induced fragmentation) on VA were collected in 

positive and negative ion mode using an HCT ultra ETD II mass spectrometer (Bruker 

Daltonics, Germany) with the following settings: positive ion mode; capillary voltage, 

4200 V; dry temperature, 100°C; injection rate, 80 μL/h; nebulising gas pressure, 10.0 

psi; dry gas, 5.0 l/min; accumulation time, 2 ms, negative ion mode; capillary voltage, 

4500 V; dry temperature, 100°C; injection rate, 80 μL/h; nebulising gas pressure, 10.0 

psi; dry gas, 5.0 l/min; accumulation time, 2 ms. Solution phase photolysis experiments 

were carried out in positive ion mode for VA using the same settings and with a trace 

amount of formic acid (ca. 10 μL) to aid ionisation efficiency. The UVB photolysis cell 

was used and the procedure outlined in section 4.2 was followed but data was collected 

at 0, 15, 30, 60 and 120 minutes. 

 

HCD (higher-energy collision induced fragmentation) data on VA were collected on a 

Thermo Fisher Orbitrap FusionTM mass spectrometer in the positive and negative ion 

mode with the following settings: positive ion mode; MS2 scan isolation mode, ion trap; 

detector type, orbitrap; positive ion spray voltage (V), 4500; negative ion spray voltage 

(V), 2900; RF lens (%), 60; normalized AGC target (%), 100; maximum injection time 

(ms), 100; ion transfer tube temperature ( °C), 275; vaporizer temperature ( °C), 20. 

negative ion mode; MS2 scan isolation mode, ion trap; detector type, ion trap; positive 

ion spray voltage (V), 4200; negative ion spray voltage (V), 2800; RF lens (%), 60; 

normalized AGC target (%), 100; maximum injection time (ms), 100; ion transfer tube 

temperature ( °C), 275; vaporizer temperature ( °C), 20. The injection flow rate was 3μL/ 

min. 

 
5.3 Results and Discussion 
 

5.3.1 Solution phase absorption of vanillin 
 

A solution of vanillin (VA) was irradiated at 310 nm using the UVB photolysis cell 

described previously. Figure 5.4 displays the solution-phase absorption spectrum of VA 

obtained under irradiation for 120 minutes. VA’s absorption decreases slightly over the 

irradiation period indicating that it is stable under exposure to UVB irradiation on this 

timescale. The absorption spectrum also reveals that VA shows significant absorption in 

the UVB region (λmax = 308.5 nm), appropriate for a UVB absorbing filter. This, 
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combined with its photostability, suggests that it has the potential to be used as a UVB 

filter in a sunscreen formulations. Additional λmax values are seen at λmax = 278 and 230 

nm as has  been reported elsewhere.104 Figure A1.6 in Appendix A1.4 also shows a plot 

of the potential hydrolysis of vanillin during that time which does not seem to compete 

with photolysis. We can therefore conclude that VA does not degrade in aqueous 

solutions over the timescale studied.  

 

Figure 5.4 Absorption spectrum of vanillin in ethanol following UVB irradiation at 310 nm for 
120 minutes. 
 

 
5.3.2 Solution phase photolysis of vanillin 
 
A solution of VA was irradiated at 310 nm using a photolysis cell to investigate whether 

photoproducts could be detected from the photolysed solution and compare any fragments 

seen from the photolysed solution with the thermal fragmentation data presented in the 

following Section. An HCT ultra ETD II mass spectrometer (Bruker Daltonics, Germany) 

was used, following the method described in detail in Section 4.2. VA was electrosprayed 

in positive ion mode to detect [VA+H]+ (m/z 153). Measurements were taken at 0, 15, 

30, 60 and 120 minutes and the results are presented in Figure 5.5. 
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Figure 5.5 Plot of the solution-phase photodegradation of [VA+H]+ in ethanol and the 
photoproducts formed under UVB irradiation for 120 minutes. The solid line is a three-point 
adjacent average of the data and the error bars are the standard error of the mean. 

 

Figure 5.5 shows a decrease in the amount of the electrosprayed [VA+H]+ ion detected 

after photolysis. This is in agreement with the absorbance of VA decreasing over an 

increasing irradiation time, as shown in Figure 5.4, although the decrease in ion intensity 

looks more pronounced than the decrease in absorption. This decrease in the amount of 

[VA+H]+seems to be faster between the start of the irradiation and 30 minutes. Other 

species which are potential photoproducts are also evident upon ESI-MS of the 

photolysed solutions, namely the species at m/z 203, 125, 111 and 93. However, the ion 

intensity of these potential photoproducts seems to decrease with time as well.  This is 

not the behaviour we would expect of a photoproduct, indicating that they may be being 

produced through in source dissociation, rather than by photodegradation , as discussed 

in the previous chapter. The fact that they are also present in solution at various ion 

intensities at 0 minutes might also support the suggestion that they are formed through in 

source dissociation. 
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positive ion mode data and Figures 5.10-5.13 display the negative ion mode data. As seen 

in Figures 5.6 and 5.7 the thermal fragments of vanillin in positive ion mode are the ones 

at m/z 125, 111 and 93. Only a small amount of CID energy is required for vanillin to 

fragment which suggests that [VA+H]+ is relatively thermally unstable. It is possible that 

the m/z 111 and 93 fragments are secondary fragments produced from the main fragment 

at m/z 125 but this should become more clear when looking at the HCD data. Proposed 

structures for the fragments are shown in Table 5.1. 

 

 
Figure 5.6 Percent ion intensity of the thermal fragments of [VA+H]+ (m/z 153) at m/z 125, 111 
and 93 produced over an increasing CID energy percentage in positive ion mode. The solid line 
is a three-point adjacent average of the data and the error bars are the standard error of the mean. 
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Figure 5.7 Raw ion intensity mass spectra (obtained in positive ion mode) of the thermal 
fragments of [VA+H]+ at (a) 0 %, (b) 10 % and (c) 16 % CID energy. 
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Figure 5.8 Percent ion intensity of the thermal fragments of [VA+H]+ at m/z 125, 111, 93 and 64 
over an increasing HCD energy percentage in positive ion mode. The solid line is a three-point 
adjacent average of the data and the error bars are the standard error of the mean. 
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Figure 5.9 Raw ion intensity mass spectra (obtained in positive ion mode) of the thermal 
fragments of [VA+H]+ at (a) 0 %, (b) 15 %, (c) 30 % and (d) 40 % HCD energy. 
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Table 5.1 Proposed structures for the thermal fragments [VA+H]+  obtained via HCD and 

also of the potential photoproducts produced upon photolysis of  [VA+H]+  in the solution 

phase. 

 
a very strong (vs), strong (s), medium (m), weak (w) and very weak (vw) 
 
 
Figures 5.10-5.13 display the negative ion mode thermal fragmentation data. VA, 

electrosprayed in negative ion mode, was detected as the deprotonated ion, [VA-H]- (m/z 

151). Figures 5.10 and 5.11 summarise the lower-energy CID data collected. The only 

significant intensity fragment ion observed is the one the occurs at m/z 136, which is 

possibly formed by loss of a methyl radical. 
 

Fragment 
Mass 
(m/z) 

Proposed 
structure 

of Fragment 
m/z lost from 

[VA+H]+ 
Observed in 

HCDa 

Observed in solution 
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125 

 

28 Y (s) Y (s) 

111 

 

42 Y (w) Y (s) 

93 

 

60 Y (s) Y (s) 
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HO

OH2

HO

O
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Figure 5.10 Percent ion intensity of the thermal fragment of [VA-H]- (m/z 151) at m/z 136 
produced over an increasing CID energy percentage in negative ion mode. The solid line is a 
three-point adjacent average of the data and the error bars are the standard error of the mean. 
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Figure 5.11 Raw ion intensity mass spectra of the thermal fragments of [VA-H]- at (a) 0 %, (b) 
12 % and (c) 25 % CID energy. 

 
 
Figures 5.12 and 5.13 display the HCD data collected for [VA-H]-. At the lower HCD 

energies (< 22% HCD energy), the only fragment ion observed is again the m/z 136 ion, 

which was also observed upon lower-energy CID. At higher HCD energies, two 

additional minor fragments are present, namely the ones at m/z 108 and 92, which are 

likely to be secondary thermal fragments produced from the m/z 136 fragment at higher 

internal energies. This is supported by the fact that their production onsets match the 

decrease in intensity of the primary m/z 136 fragment. Proposed structures for the 

fragments are shown in Table 5.2. 
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Figure 5.12 Percent ion intensity of the (a) major and (b) minor thermal fragments of [VA-H]- at 
m/z 136 and 108, 92, respectively, over an increasing HCD energy percentage in negative ion 
mode. The solid line is a three-point adjacent average of the data and the error bars are the standard 
error of the mean. 
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Figure 5.13 Raw ion intensity mass spectra (obtained in negative ion mode) of the thermal 
fragments of [VA-H] at (a) 0 %, (b) 13 %, (c) 25 % and (d) 40 % HCD energy. 
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Table 5.2 Proposed structures for the thermal fragments obtained via HCD by [VA-H]-. 
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5.3.4 OMC – Vanillin mixtures in ethanol 
 
The potential synergistic effect between OMC and VA was explored by preparing 

mixtures of the two compounds in the following ratios: 1:1, 2:1, 10:1, 1:2, 1:3, 2:3, 1:5 

and 1:10 OMC:VA. The mixtures were irradiated using the UVB photolysis cell at 310 

nm for 2 minutes. The results are summarised in Figures 5.14-5.17. Figures 5.14-5.16 

display overlay plots of the photodegradation of OMC, between 0 and 5 s, and VA, 

between 0 and 1 min, as well as of the different OMC:VA mixture ratios, between 0 and 

5 s. The absorbance difference between these irradiation times was measured.  This was 

because it is known from the work presented in the previous chapter, that when OMC is 

photolysed, the cis-trans isomerisation that takes place for OMC can lead to a decrease 

in absorption. Investigating the absorption difference; therefore, allows the effect of VA 

on the absorbance decrease to be directly investigated. 
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Figure 5.14 (a) Plot of the photodegradation of OMC between 0 and 5 s. (b) Plot of the 
photodegradation of VA between 0 and 1 min. The lines are exactly superimposed so no 
photodegradation is taking place during that irradiation time. (c) Overlay plot of the 

photodegradation of OMC:VA mixtures with 1:1, 2:1 and 10:1 ratios between 0 and 5 s. All 
samples were irradiated at 310 nm using a UVB photolysis cell. 
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Figure 5.15 (a) Plot of the photodegradation of OMC between 0 and 5 s. (b) Plot of the 
photodegradation of VA between 0 and 1 min. The lines are exactly superimposed so no 
photodegradation is taking place during that irradiation time (c) Overlay plot of the 

photodegradation of OMC:VA mixtures with 1:3, 1:2 and 2:3 ratios between 0 and 5 s. All 
samples were irradiated at 310 nm using a UVB photolysis cell. 
 

 

 

 

 

 

 

 

 

0.0

0.3

0.6

0.9

0.0
0.3
0.6
0.9
1.2
1.5

220 240 260 280 300 320 340 360 380 400
0.00

0.07

0.14

0.21

 0 s 
 5 s 

(a)

Ab
so

rb
an

ce
 (A

rb
.)

 0 min
 1 min

(b)

Wavelength (nm)

 1:3 0 s 
 1:3 5 s
 1:2 0 s 
 1:2 5 s
 2:3 0 s
 2:3 5 s

(c)



 84 

 

Figure 5.16 (a) Plot of the photodegradation of OMC between 0 and 5 s. (b) Plot of the 
photodegradation of VA between 0 and 1 min. The lines are exactly superimposed so no 
photodegradation is taking place during that irradiation time (c) Overlay plot of the 
photodegradation of OMC:VA mixtures with 1:5 and 1:10 ratios between 0 and 5 s. All samples 
were irradiated at 310 nm using a UVB photolysis cell. 
 

Figure 5.17 also displays the change in absorbance at 310 nm (the λmax for OMC in 

ethanol) over time for the OMC:VA mixtures. For all mixtures, the absorbance decreases 

with an increasing irradiation time, as expected based on the fast OMC 

photoisomerisation. In particular for the 1:3, 1:5 and 1:10 mixtures, it is evident that the 

higher vanillin content in the mixture seems to stabilise OMC and slightly reduce the 

absorbance loss between 0 and 5 s. In addition, as seen in Figure 5.16c, the OMC:VA 

mixtures show small absorption in the UVA region as well, at wavelengths between 340-

360 nm. 
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Figure 5.17 Absorbance at 310 nm for the various OMC:VA mixtures versus OMC over 

irradiation at 310 nm for 120 seconds. 
 

While a relatively small effect, this enhanced absorption in the UVA region is still evident 

when comparing with Figure 5.16a, which shows no absorbance in the region. Also, 

Figure 5.14c displays the overlay plot containing the OMC:VA mixtures where the OMC 

content is higher and no absorption in that region of UVA radiation is present either. This 

is not as clear in the intermediate mixtures displayed in Figure 5.15c. This observation is 

in agreement with findings from Qian et al.49 who studied mixtures of OMC with OL 

lignin in dioxane and glycol solution. The authors concluded that the improved UV 

coverage is due to J-aggregate formation between OMC and OL which resulted in 

lowering of the energy in the π-π* transition required for UVA energy absorption. Based 

on the shape of the absorption spectra of the mixtures, in Figures 5.15c and 5.16c, it is 

likely that complexes might be formed, as the shape looks intermediate between the two 

separate species, but this cannot be inferred based on this experiment alone. 
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5.3.5 Avobenzone – Vanillin mixtures in ethanol 
 

The synergistic effect between AB and VA was also explored by preparing mixtures of 

the two compounds in the following ratios: 1:1, 2:1, 10:1, 1:2, 1:3, 2:3, 1:5 and 1:10 

AB:VA. The samples were exposed to UVA irradiation at 365 nm using the UVA 

photolysis cell and the absorption spectra were recorded every 5 minutes for a total of 30 

minutes. The absorption spectrum of avobenzone in ethanol under this irradiation time is 

shown in Appendix A1.5, Figure A1.7. The results are summarised in Figures 5.18-5.21. 

Figures 5.18-5.20 display overlay plots of the photodegradation of AB, between 0 and 10 

min, and VA, between 0 and 10 min, as well as of different AB:VA mixture ratios, 

between 0 and 10 min. 

 

Figure 5.18 (a) Plot of the photodegradation of AB between 0 and 10 min. (b) Plot of the 
photodegradation of VA between 0 and 10 min. The lines are exactly superimposed so no 
photodegradation is taking place during that irradiation time (c) Overlay plot of the 

photodegradation of AB:VA mixtures with 1:1, 2:1 and 10:1 ratios between 0 and 10 min. All 
samples were irradiated at 365 nm using a UVA photolysis cell. 
 

 

0.00
0.05
0.10
0.15
0.20
0.25
0.30

0.0
0.3
0.6
0.9
1.2
1.5

220 240 260 280 300 320 340 360 380 400
0.0

0.1

0.2

0.3

0.4

 0 min
 10 min

(a)

(b)

(c)

Ab
so

rb
an

ce
 (A

rb
.)

 0 min
 10 min

Wavelength (nm)

 1:1 0 min
 1:1 10 min
 2:1 0 min
 2:1 10 min
 10:1 0 min
 10:1 10 min



 87 

 

Figure 5.19 (a) Plot of the photodegradation of AB between 0 and 10 min. (b) Plot of the 
photodegradation of VA between 0 and 10 min. The lines are exactly superimposed so no 
photodegradation is taking place during that irradiation time (c) Overlay plot of the 
photodegradation of AB:VA mixtures with 1:3, 2:3 and 1:2 ratios between 0 and 10 min. All 
samples were irradiated at 365 nm using a UVA photolysis cell. 
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Figure 5.20 (a) Plot of the photodegradation of AB between 0 and 10 min. (b) Plot of the 
photodegradation of VA between 0 and 10 min. The lines are exactly superimposed so no 
photodegradation is taking place during that irradiation time (c) Overlay plot of the 
photodegradation of AB:VA mixtures with 1:10 and 1:5 ratios between 0 and 10 min. All samples 

were irradiated at 365 nm using a UVA photolysis cell. 
 

Figure 5.21 also displays the change in absorbance at 358 nm (the λmax for ground state 
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formed between the keto form of AB and VA, as it is intermediate between the two 

species, which could also be responsible for the improved absorbance in the UVB region 

for the mixture. 
 
 

Figure 5.21 Absorbance at 358 nm for the various AB:VA mixtures versus AB over irradiation 
at 365 nm for 30 minutes. 
 
 
Nevertheless, it is not possible to deduce the nature of the complex formed based on this 

experiment alone. The absorption spectrum of VA under UVA irradiation at 365 nm was 

also recorded to determine whether the increase in absorbance at around 270 nm is due 

to VA possibly breaking down into UVA absorbing species or just a result of the mixture. 

The plot is displayed in Appendix A1.6, Figure A1.8. A slight increase in absorbance is 

observed after exposure to UVA irradiation, but it was considered negligible. 
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The photodegradation of mixtures of VA with OMC and AB was also explored using 

UV-VIS spectroscopy, under UVB and UVA irradiation respectively. It was found that a 

higher VA content led to increased photostability under irradiation in the time frames 

studied for the mixtures. A mixture of VA with the other organic sunscreens also provided 

a broader UV coverage compared to the isolated chemical UV filters. This further 

supports the recent reports that a combination of lignin and chemical UV filters could be 

beneficial in sunscreen formulations.48,49,105 The presence of complexes (aggregates) 

between the two species might potentially be responsible for this increased photostability.  

Unfortunately, it was not possible to obtain ESI-MS of the photolysed solutions of VA 

mixed with OMC and AB to explore how the identity of any photoproducts changed in 

the mixed solutions compared to single component solutions.  This was due to the limited 

time available across this master’s project, particularly given that much of it happened 

when lab occupancy was limited due to the pandemic. However, it would be interesting 

to investigate this in future work.  

 

Further research on the nature of synergistic effects of VA and other lignin monomers is 

required given the results presented here. LIMS experiments, would be beneficial to 

provide clear information on the electronic properties of complexes of mixed VA clusters, 

e.g. VA×OMC and VA×AB. Computational studies would also be useful as they would 

provide detailed insight into how the electronic spectra of the individual chromophores 

are affected within a mixed complex.  Such calculations should be conducted on different 

complex molecular geometries to probe whether this affects the absorption properties, as 

suggested by Qian et al.49   
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Chapter 6  
 

Further work 
 
This thesis aimed firstly to investigate the photodegradation of organic sunscreen UV 

filters in the gas phase and in solution, in an attempt to demonstrate new methods for 

identifying photoproducts, and hence providing new information to assess the 

photostability of organic sunscreens.  We have focused here on the well characterised 

sunscreen molecules, OMC and OD-PABA, which have previously been studied both 

experimentally and computationally.  This allowed us to benchmark the new methods 

trialled here against the previous results. 

 

Laser-interfaced mass spectrometry (LIMS) was applied to OMC in the work presented 

in Chapter 3, and the results showed that it was a useful tool for identifying 

photoproducts, since the gas-phase photoproducts identified by LIMS, matched those 

observed in solution previously. This result agrees with recent results from our research 

group on the photodegradation of riboflavin, where the observed LIMS photoproducts 

matched those seen upon solution photolysis.79 LIMS is a much more straightforward 

technique than solution-phase photolysis in identification of photoproducts, as the 

molecule to be studied is mass selected prior to photolysis. This means that any 

photoproducts observed must have arisen from this molecule. In solution, the presence of 

solvent, counterions, etc can complicate the photochemistry considerably. For the current 

thesis work, it was not possible to use LIMS to study OD-PABA due to time constraints, 

but it would be interesting to perform this study in future work, to provide further 

evidence of the utility of LIMS for identifying photoproducts. 

 

In addition to gas-phase LIMS experiments, solution-phase photolysis experiments on 

OMC and OD-PABA were also conducted, with results presented in Chapter 4.  

Traditionally, such experiments have been conducted on relatively large volume solutions 

(>0.5 litre) using mercury UV lamps.34 These lamps have a high energy requirement, and 

also require mercury in their production, which is a harmful waste product when the 

lamps expire. For our experiments, we used LED UVA and UVB diode setups to 

photolyse small volumes of sunscreen solutions.  This is a much greener solution, which 

uses less chemicals, less solvent and less energy to achieve the photolysis experiments.  

Using our new approach, we were able to detect the same photoproducts using 

electrospray ionisation as have previously been seen using LC-MS. 
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In addition, in Chapter 4, a series of detailed mass spectrometry studies were also 

presented on OMC and OD-PABA, electrosprayed in positive ion mode. These were 

performed to better understand the breakdown of these molecules through the 

electrospray process. We found that fragments that were previously identified as 

“photoproducts” were also associated with thermal break up of these molecules.  This 

leads us to question the previous results and illustrates the importance of fully 

characterising the analytical technique employed for detecting low concentration species 

such as photoproducts.  While mass spectrometry is known as a highly sensitive technique 

for analysis of complex mixtures, our work shows that it is important to perform careful 

control measurements as a part of developing protocols for photoproduct identification. 

 

The other topic this thesis aimed to explore was the potential use of the lignin monomer, 

vanillin, as a natural UVB filter in sunscreens. LIMS experiments on the protonated and 

deprotonated forms of VA in the gas phase would be useful to mirror the pH environment 

the filter could perform in. More specifically, the skin is slightly acidic106 (pH = 5), 

whereas chlorinated swimming pool water (pH ~ 7.3) and seawater (pH = 8) are 

alkaline.107 As discussed in Chapter 5, the results were promising in terms of VA’s 

photostability, and highlight the potential for future use of such bio-available sunscreen 

molecules. Apart from the LIMS experiments and computational calculations on the 

complexes of OMC-VA and AB-VA, as discussed in Chapter 5, it would be interesting 

to study their photodegradation in solution, using a different light source to the photolysis 

cells employed for the experiments in this thesis, such as a full solar simulator. Overall, 

research on the synergistic effect between lignin and chemical UV filters is still limited, 

and more work is clearly warranted to better understand the fundamental physical 

chemistry at work in this system. 

 

Certain challenges regarding the use of lignin in sunscreens have been identified, such as 

the dark colour of the polymer.23,47 While this can be slightly altered via acetylation105 or 

UV irradiation,108 the UV absorbing properties of lignin could be affected. Nevertheless, 

this could also lead to the development of tinted products which would be beneficial for 

some areas of the commercial sunscreen market.47 Lastly, an area that has attracted 

attention is the incorporation of lignin nanoparticles in sunscreens.23,47 Li et al.109 reported 

that nano-structured lignin shows a 30 % increase in UV protection compared to the 

regular sized polymer. Additionally, results by Wang et al.105 indicated that there was an 

increase of 115 % on the SPF value of pure cream studied when 5 % of lignin 

nanoparticles were added. It is therefore evident that further research into lignin 
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nanoparticles is worthwhile, as it could lead to significant advances in sunscreen 

formulations. 
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Appendix  
 
A1.1 Photofragment (PF) production intensity of the minor photofragments 

produced by [OMC+H]+ in the gas phase. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A1.1 Photofragment production intensity of the minor fragments of [OMC.H]+ (m/z 
179.95, 179.44, 177.93, 161.44, 137.01 and 135.01). The solid line is a five-point adjacent 
average of the data points. 
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Figure A1.2 Photofragment production intensity of the minor fragments of [OMC.H]+ (m/z 

121.09, 118.07, 105.2, 103.16, 95.25 and 90.32). The solid line is a five-point adjacent average 
of the data points. 
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Figure A1.3 Photofragment production intensity of the minor fragments of [OMC.H]+ (m/z 79.48, 

77.46, 72.02, 71.59, 70.83 and 57.65). The solid line is a five-point adjacent average of the data 
points. 
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A1.2 Hydrolysis of OMC in ethanol 

 
As seen in Figure A1.2 no hydrolysis takes place for OMC over 20 minutes, so it is not 

competing with the photolysis process studied. 

Figure A1.4 Absorption spectrum showing hydrolysis of OMC in ethanol over a period of 20 

minutes. 
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A1.3 Hydrolysis of OD-PABA in ethanol 

 
As seen in Figure A1.5, OD-PABA seems to hydrolyse over the 7-hour period studied, 

since its absorbance shows a slight increase. It is not clear whether this is due to the 

molecule breaking down into UV absorbing fragments or poor instrument calibration. 

Nevertheless, it does not seem to compete with the photolysis process studied. 

 
Figure A1.5 Absorption spectrum showing hydrolysis of OD-PABA in ethanol over a period of 

7 hours. 
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A1.4 Hydrolysis of Vanillin in ethanol 
 
As seen in Figure A1.6, VA seems to hydrolyse over the 120-minute period studied, as 

its absorbance increases slightly. As with OD-PABA (Figure A1.5), it is not clear whether 

this is due to the molecule breaking down into UV absorbing fragments or poor 

instrument calibration. Nevertheless, it does not seem to compete with the photolysis 

process under investigation. 

 
Figure A1.6 Absorption spectrum showing hydrolysis of VA in ethanol over a period of 120 
minutes. 
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A1.5 Photodegradation of AB in ethanol under UVA irradiation 
 
Figure A1.7 shows the photodegradation of AB in ethanol under UVA irradiation at 365 

nm for 30 minutes. As seen in Figure A1.7, AB is photounstable following exposure to 

UVA irradiation. More specifically, the dominant form of avobenzone in the ground 

state is the chelated enol which is a UVA absorber with a λmax ~ 358 nm. When exposed 

to UVA irradiation the enol converts to the keto form which is the dominant structure in 

the excited state and is a UVB absorber with a λmax ~ 266 nm.41 

 

Figure A1.7 Absorption spectrum showing the photodegradation of AB in ethanol under UVA 

irradiation at 365 nm for 30 minutes.  
 . 
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A1.6 Photodegradation of VA in ethanol under UVA irradiation 

 
Figure A1.8 shows the photodegradation of VA under UVA irradiation 365 nm for 60 

minutes. The absorbance of VA increases slightly but this increase was considered 

negligible. 

 

Figure A1.8 Absorption spectrum showing the photodegradation of VA in ethanol under UVA 

irradiation at 365 nm for 60 minutes.  
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List of abbreviations 
 
IR – Infrared 

IC – Internal conversion 

OMC – Octylmethoxycinnamate 

AB – Avobenzone 

OD-PABA – Ethylhexyl diethylamino benzoate 

OC – Octocrylene 

DHHB – Diethylamino hydroxybenzoyl hexyl benzoate  

EHS – Ethylhexyl salicylate  

BEMT – Bis ethylhexyloxyphenol methoxyphenyl triazine 

OB – Oxybenzone 

PBSA – 2-phenylbenzimidazole-5-sulfonic acid 

BP4 – Benzophenone-4 

CMA – trans para coumaric acid 

CA – trans caffeic acid 

FA – trans ferulic acid 

VA – Vanillin 

NPs – Nanoparticles 

ESI – Electrospray Ionization 

ESI-MS – Electrospray Ionization- Mass Spectrometry 

LC-MS – Liquid chromatrography-Mass Spectrometry 

HPLC – High performance liquid chromatrography 

CID – Collision Induced Dissociation 

CRM – Charge Residue Model 

HCD – Higher Energy Collisional Dissociation 

IEM – Ion Evaporation Model 

LIMS – Laser Interfaced Mass Spectrometer 

DFT – Density Functional Theory 

IRMPD – Infrared multiple photon dissociation  

OL – Organosolv lignin 

SM – Sinapoyl malate 

TEAS – Transient electronic absorption spectroscopy  

TVAS – Transient vibrational absorption spectroscopy 

ACN – Acetonitrile  
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CI – Conical intersection  

ESI-QIT – Electrospray ionisation quadrupole ion trap  

PD – Photodepletion 

PF – Photofragment 

MS/MS – Tandem mass spectrometry 

QIT – Quadrupole 

LEDs – Light emitting diodes 

RE2PI – Resenonace enhanced two-photon ionisation 

LIF – Laser induced fluorescence  

HB – UV-UV hole burning  

DOM – Dissolved organic matter  

HOMO – Highest occupied molecular orbital 

LUMO – Lowest unoccupied molecular orbital 

POV – Persistence in the environment  

LRTP – Long-range transport potential  
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