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Abstract 

Few studies have explored the fundamental mechanisms that govern how sunscreens 

function at the molecular level until recently. Here, we apply the novel approach of UV 

laser photodissociation action spectroscopy to measure how the intrinsic absorption 

properties of commercially-available organic sunscreen molecules are affected at the 

molecular level by pH (i.e., protonation or deprotonation). 

In several systems, we observe that protonation state has a substantial effect on the UV 

absorption profile of common sunscreens. Deprotonated oxybenzone, for instance, 

displays a remarkably modified absorption spectrum and photogenerates both electrons 

and free radicals. Likewise, deprotonated 2-phenylbenzimidazole-5-sulfonic acid yields 

anionic and neutral free radicals via all photodissociation routes. Importantly, these 

experiments allow us to characterize their photophysical behavior, through analysis of the 

photofragments generated and comparison of these to the fragment ions produced upon 

the thermal breakdown of the ground electronic state molecule. 

We further report, for the first time in a study of an anionic UV filter, high-level ab initio 

potential energy surfaces for the popular sunscreen benzophenone-4 in conjunction with 

brand-new results from gas-phase laser photodissociation and higher-energy collisional 

dissociation studies for the deprotonated species, which would be present under alkaline 

conditions. The ab initio calculations confirm the implied photophysics that we deduced 

in the earlier studies on oxybenzone and 2-phenylbenzimidazole-5-sulfonic acid. 

Using a series of new solution-phase irradiation setups which couple home-built 

photolysis cells with electrospray ionization mass spectrometry, we use a model system 

(i.e., riboflavin) to exemplify how gas-phase photofragmentation of this UV chromophore 

is mirrored by its solution-phase behavior. Broader application of this approach to 

identifying photoproducts of other photoactive molecules, i.e., sunscreens, is discussed. 

These findings, at the molecular level, address the issues surrounding the suitability of 

existing sunscreens and demonstrate the utility of laser-interfaced mass spectrometry for 

fundamental studies for sunscreen photochemistry. 
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“Do you have any wisdom for today?” asked the boy. 

“Yes,” said the mole. 

“What is it?” 

“Don’t put off ‘til tomorrow… the cake you could eat today.” 

– Charlie Mackesy 
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Chapter 1 

Introduction 

 

1.1 Insight into Sunscreens 

Ultraviolet (UV) radiation derived from sunlight is now considered the most prominent 

and prevalent carcinogen found within our natural environment,[1] despite the wealth of 

benefits which have been largely attributed to UV radiation over the years – such as its 

ability to stimulate vitamin D production;[2–5] decrease blood pressure and 

inflammation;[6,7] and enhance one’s mood via the ensuing increase in serotonin levels in 

the brain with sunlight.[8] Though a form of non-ionizing radiation (like that of visible, 

infrared, microwave, and radiowave radiation), UV radiation has profound 

immunosuppressive properties and the ability to induce cell damage through the formation 

of pyrimidine dimers,[9,10] photoproducts,[11,12] and reactive oxygen species.[13] However, 

it is nodus to equipoise the benefits that sunlight provides against its destructive 

properties.[14] 

The UV region of the electromagnetic spectrum encompasses three bands: UV-A (400-

320 nm), UV-B (320-280 nm), and UV-C (280-100 nm). Whilst short-wavelength UV-C 

is the most damaging band within the UV spectrum, it is the least prevalent given its 

tendency to be mostly absorbed by the atmosphere.[15] Biologically-harmful UV-B 

radiation penetrates and damages the outermost layers of human skin and is responsible 

for delayed tanning effects and sunburn, along with consequences like skin ageing.[16] All 

UV-C and most UV-B is absorbed by the ozone layer. Ozone is a naturally-occurring gas 

produced in the upper stratosphere by short-wavelength sunlight where ‘ordinary’ 

conditions in the stratosphere act to sustain a dynamic equilibrium between the destruction 
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and reformation of the ozone required to shield the Earth from the detrimental impact of 

UV-B.[17] The amount of absorption largely depends on a number of natural phenomena 

(i.e., time of year or day, latitude, altitude, cloud coverage and haze, and ground 

reflection), but is also highly affected by human activity.[18] The uncontrolled growth in 

the usage of ozone-depleting substances (e.g., hydrochlorofluorocarbons and 

chlorofluorocarbons used in refrigeration and air conditioning;[19,20] halons used as fire 

suppression agents;[21] methyl bromide used for fumigation and soil treatment,[22] etc.) in 

industry in the mid-1970s heavily disturbed this dynamic balance of ozone, eradicating 

ozone much more quickly than it could be replaced.[23–26] The signing of the landmark 

Montreal Protocol in 1987 has since curbed the use of such chemicals, and more than 30 

years on, scientists have now reported the first direct proof that the Antarctic ozone hole 

has started to recover as a direct result.[27–34] Finally, deeply penetrating UV-A accounts 

for 95% of the total solar radiation incident on human skin. Contrary to earlier beliefs 

where it was assumed that chronic exposure to UV-A did not contribute towards any 

lasting damage,[35–37] cumulative evidence from more recent studies now reveal its role 

beyond that of the immediate tanning effect, further enhancing the development of skin 

cancers and photoaging, cutaneous photooxidative stress, photoallergenic dermatoses, and 

photoimmunosuppression.[38–40] Its ability to penetrate far beyond superficial layers of 

skin now warrant further means of photoprotection against UV-A radiation. 

Clearly excessive exposure to UV rays, whether obtained from the direct exposure of the 

sun or from other more deliberate sources like artificial sunlamps and sunbeds, can 

cumulatively contribute to a plethora of side-effects including skin damage, skin ageing, 

DNA mutations, and erythema – all of which can progress into skin cancer.[41] In 2021, 

melanoma is one of the top 5 leading cancer types for new cancer cases in the US, with 

modeled projections showing 106,110 expected new cases in 2021 alone.[42] Notably, 

melanoma skin cancer often develops as a consequence of the intermittent exposure of 

human skin to bursts of high-intensity UV radiation emitted from the sun,[43] and though 

there are natural photoprotective mechanisms which aim to protect against UV-induced 

DNA damage, the increasing prevalence of skin cancers worldwide makes it clear that 

such preventive mechanisms are inadequate, and that sun protection interventions, and 

thus the use of artificial sun protection is very necessary.[44] 

By understanding how the body works to protect itself from the adverse effects of UV 

radiation, we can develop new and improved means of photoprotection based on the same 

principles. Naturally, human skin has its own photoprotective mechanisms that serve to 
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protect it from harmful UV rays. Melanin, a protective skin pigment, is naturally found in 

most organisms and in particular, in human skin. Eumelanin is one form of melanin that 

allows us to develop a suntan and ultimately gives color to black and brown hair. Whilst 

novel studies on the skin and its building blocks have found eumelanin to, in fact, convert 

harmful UV radiation into heat with almost 100% efficiency,[45] it is recognized that 

endogenous melanin in most phenotypes is not enough for full photoprotection.[45–47] 

Historical evidence has conveyed the various ways in which humans have protected 

themselves against the sun.[48] From the use of veils and brim hats to parasols, protection 

from the sun were first considered marks of honor before later becoming more of a fashion 

statement in the 18th century. Whilst it is easy to attempt to simply reduce excessive 

exposure to UV radiation, it has become apparent in recent times that this approach is not 

at all that easy to implement.[49,50] Now, dermatologists heavily advocate the use of 

commercially-available sunscreens as one of the many effective ways one can reduce their 

exposure to UV. 

Alongside that of UV light, both visible and infrared (IR) rays also form major 

components of natural sunlight, with IR-A wavelengths (750-1400 nm) making up 

ca. 30% of the total solar irradiance that reaches the surface of the Earth.[51,52] With most 

modern-day sunscreens marketed to protect solely against UV radiation, studies have 

traditionally focused on developing our understanding of UV-induced reactions. Diffey 

and Cadar have argued that it is perhaps premature to incorporate IR protection into topical 

sunscreens as there is not compelling evidence to demonstrate that observable, deleterious 

cutaneous effects are occurring at doses of solar IR-A radiation commensurate with those 

experienced by the common population under normal environmental circumstances.[53–55] 

However, for the sake of completeness, the photoprotective projections of existing 

sunscreens against IR-A damage will be fleetingly reviewed.[56–58] In recent times, studies 

addressing IR-A-induced skin damage have been on the rise, and it is now well inferred 

that chronic exposure to wavelengths in the IR-A can too inflict skin damage, premature 

photoaging and is linked to photocarcinogenesis, similar to that found of UV rays.[59–66] 

With IR-A rays capable of deeply penetrating human skin, to an extent they are 

responsible for the increase in skin temperature and contribute towards the free radical 

and metalloproteinases-1 production in the dermis that manifests towards the formation 

of rhytides (or wrinkles, as they are more commonly known),[64] a perturbation of 

extracellular matrix homeostasis by degradation of the dermal connective tissue. Studies 

evaluating the topical application of antioxidants to achieve IR-A photoprotection have 
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too garnered much attention over the past few years, many of which have claimed 

physiological relevance;[67] however, even in some well-respected studies, the extreme 

dosages applied point towards a less compelling argument (i.e., where IR-A is applied at 

a dose of 360-720 J/cm2 over 57-114 minutes, such dosages represent a range equivalent 

to an individual spending hours lying horizontally across an unshaded surface on a clear 

day).[64] Others have worked to address the effectiveness of supplementing cosmetics 

(e.g., sunscreens) with doses of antioxidants that can functionalize to quench free radicals 

within the epidermis and dermis.[68–70] Still, whilst it is obvious we still need to think far 

beyond that of just UV rays and continue to rationalize the development of sunscreens 

that offer a practical ‘blend’ of UV and IR photoprotection, we now await a quantitative 

analysis of the benefits, if any, of incorporating agents into sunscreens that reduce 

cutaneous IR-A damage.[53] 

Whilst sunscreens are now widely employed to alleviate the adverse effects of UV 

radiation, relatively few studies have investigated the fundamental mechanisms that 

govern how sunscreens function at the molecular level until very recently. A model 

sunscreen system should ideally demonstrate a range of photophysical properties 

including, but notwithstanding, (i) a broad absorption cross-section within the UV-A and 

UV-B regions, combined with (ii) the ability for the resulting excited-state population to 

decay via non-radiative means of internal conversion (IC) to its ground state, and later 

(iii) relax back to reform its original ground state geometry. Other desirable characteristics 

of such formulations should include (iv) prolonged skin resistance with exposure time, 

(v) minimal skin penetration and systemic availability, and (vi) absence of any subsequent 

phototoxic products. Thus, given the vast significance and need for the ‘ideal’ – high-

performing,[71] “jack of all trades” – sunscreen, and to ensure that its formulation complies 

with established regulations,[72] a commercial sunscreen will typically embrace the 

properties of an assortment of active ingredients, solvents,[73] fragrances,[74] emollients,[75] 

emulsifiers,[76–78] thickeners,[79] and stabilizers.[80]  
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Figure 1. Representative examples of the 8 chemical classes of organic UV filters that 

form most FDA-approved sunscreens: (a) benzophenones (e.g., oxybenzone and 

sulisobenzone), (b) dibenzoyl methanes (e.g., avobenzone), (c) benzimidazoles (e.g., 2-

phenylbenzimidazole-5-sulfonic acid), (d) salicylates (e.g., octyl salicylate) (e) camphors 

(e.g., 4-methylbenzylidene camphor), (f) para-aminobenzoates (e.g., para-aminobenzoic 

acid), (g) anthranilates (e.g., menthyl anthranilate), and (h) cinnamates (e.g., octyl 

methoxycinnamate). 
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The UV active ingredients found within contemporary sunscreen formulations can often 

be categorized into two main groups: organic and inorganic particulate filters. Organic 

(chemical) filters generally present as conjugated UV chromophores which can absorb 

UV radiation through resonant 1ππ* transitions and rapidly (sub-picosecond) dissipate any 

excess energy through non-destructive pathways (i.e., via IC; as heat to the surroundings), 

without dissociating into photofragments or free radicals. An example of the organic UV 

filters recurrently used within commercial formulations are outlined in Figure 1 and can 

be further divided to fit within the 8 structural classes highlighted therein (i.e., 

benzophenones, dibenzoyl methanes, benzimidazoles, salicylates, camphors, para-

aminobenzoates, anthranilates, and cinnamates). Examples of the array of Food and Drug 

Administration (FDA)-approved UV filters are outlined in Tables 1 and 2.[81,82]  

 

Table 1. FDA-approved organic UV filters listed alongside their maximum approved 

concentrations and UV spectral coverage.[81,83] 

UV Filter 
Maximum Approved 

Concentration (%) 

UV Spectral Coverage 

UV-A (I) UV-A (II) UV-B 

p-Aminobenzoic acid 15   ✓  

Avobenzone 3 ✓    

Cinoxate 3   ✓  

Dioxybenzone 3  ✓  ✓  

Encamsule 3 ✓  ✓   

Ensulizole 4   ✓  

Homosalate 15   ✓  

Menthyl Anthranilate 5  ✓   

Octyl methoxycinnamate 7.5   ✓  

Octyl salicylate 5   ✓  

Octocrylene 10   ✓  

Oxybenzone 6  ✓  ✓  

Padimate O 8   ✓  

Sulisobenzone 10  ✓  ✓  

Trolamine salicylate 12   ✓  
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Strikingly, despite the wealth of organic filters being marketed to date, not one is able to 

provide consistent photoprotection across the entire UV-A and UV-B spectral range. 

Particulate (physical) filters are formed of nanoparticles which remain at the surface of 

the skin (cf. organic sunscreens which are often toxically absorbed into the blood 

stream);[84] however, like that of the organic filters, such filters aptly display broad 

absorption across the UV spectral region but can also scatter incoming radiation away 

from the upper epidermis of the skin. Earlier apprehensions regarding the tendency for 

these nanoparticles (namely TiO2 and ZnO) to penetrate the skin fueled extensive studies, 

but have since, in several instances, shown their inability to pass the stratum corneum of 

healthy skin or the epidermis.[85,86] 

 

Table 2. FDA-approved inorganic (nanoparticulate) UV filters listed alongside their 

maximum approved concentrations and spectral coverage.[81,83] 

UV Filter 
Maximum Approved 

Concentration (%) 

UV Spectral Coverage 

UV-A (I) UV-A (II) UV-B 

Titanium dioxide (TiO2) 25   ✓  

Zinc Oxide (ZnO) 25 ✓  ✓  ✓  

 

The efficacy of a sunscreen tends to be historically linked with its sun protection factor 

(SPF) value, a parameter that outlines the potency of (photo)protection from erythema 

(i.e., sunburn) caused primarily through exposure to UV-B. SPF is a figure that relies on 

the independence of the SPF value to both UV radiation dose and irradiance. Markedly, 

the level of UV absorbance of a sunscreen is not directly proportional to the SPF of a 

marketed sunscreen product – transmission is instead observed as 1/SPF, such that a 

sunscreen with an SPF of 25 will block out 96% of UV-B light etc. In an effort to uniform 

UV protection, SPF has since become the standard to benchmark the level of UV-B 

photoprotection provided by a sunscreen when applied in vivo (i.e., on skin samples) at an 

even distribution of 2 mg/cm2,[87] and employs Eq. 1.1 to formally assess the ratio of UV 

radiation transmitted with/without photoprotection:[88,89] 

 

SPF = 
∑ 𝐸(𝜆)𝑆(𝜆)𝛥𝜆 

𝜆400
290

∑ E(λ)S(λ)T(λ)Δλ 
λ400

290

 (Eq. 1.1) 
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where E(λ) is the spectral power distribution at a wavelength (λ; nm) of the radiation 

source used in the determination; S(λ) is the erythema action spectrum; and T(λ) is the 

spectral transmission through the sunscreen. 

Likewise, the FDA defines the SPF via Eq. 1.2: 

 

SPF = 
MED [protected skin (PS)]

MED [unprotected skin (US)]
 (Eq. 1.2) 

 

where MED (PS) is the Minimal Erythema Dose for Protected Skin (i.e., skin by which 

2 mg/cm2 of sunscreen has been applied) and MED (US) is the Minimal Erythema Dose 

for Unprotected Skin (i.e., skin in the absence of any sunscreening product). 

As it stands, existing SPF testing methods are limited in that manufacturers are not 

required to test the intrinsic photostability properties of these marketed formulations, and 

therefore their inclination to form photoproducts and long-lived excited states has been 

overlooked. In essence, sunscreen behavior (and hence, performance) could be greatly 

compromised should the existence of long-lived excited states (and corresponding 

photoproducts) alter the SPF under more inherent conditions (i.e., natural solar radiation) 

in comparison to that of lab simulated conditions used previously in SPF standardized 

tests. In view of recent studies, it is overtly apparent that labelled SPFs may not necessarily 

mirror (but overestimate) the extent of photoprotection offered by sunscreens in natural 

sunlight.[88] Still, in absence of fundamental data examining how erythemal sensitivity of 

the skin changes in wavelength in the visible region and the tendency of sunscreen 

formulations to irreversibly photodegrade from longer-lived molecular states, the heavily 

popularized interpretation of SPF values is not a viable means under differing dose and 

irradiance conditions.[87,88] 

As it stands, the COLIPA group (European Cosmetic Trade Association ‘In Vitro Sun 

Protection Methods’ group) have largely worked to standardize claims of UV-A 

protection. This COLIPA method has since been adapted from its in vivo practice for in 

vitro quantification of UV-A protection (i.e., whereby a film of sunscreen is applied to an 

artificial test substrate and evaluated using a spectrophotometer that analyzes the amount 

of UV-R passing through the film of product).[90] This is guided through monitoring the 

suppression of Persistent Pigment Darkening (PPD), which is a visual cutaneous response 
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following 2 to 24 hours of UV-A exposure thought to stem from the photooxidation of 

pre-formed melanin and its precursors. Analogous to SPF readings, a PPD rating of 2 

suggests that the sunscreen allows a two-fold increase in UV-A prior to PPD suppression. 

Alternately, the FDA make use of an in vitro ‘critical wavelength’ alternative to interpret 

the quality of broad-spectrum photoprotection. This critical parameter is indicative of the 

wavelength at which > 90% of the sunscreen’s spectral coverage occurs and must value 

over 370 nm. Remarkably, the FDA does not require an in vivo test to demonstrate broad 

spectrum protection.[91,92] In the UK, especially, sunscreen labels regularly print a Boots 

UV-A star rating; it is assumed that the higher the star rating, the better the protection 

against UV-A rays. Here, broad spectrum photoprotection is indicated through the 

percentage of UV-A radiation afforded by the sunscreen versus UV-B radiation, as 

measured applied on a sunscreen film (i.e., in vitro). Notably, to claim this ‘broad-

spectrum’ label in the EU, a sunscreening product should demonstrate usage of both UV-

A and UV-B filters and must achieve at least a ratio of 1/3 UV-A protection.[91,92] 

Whilst most UV filters introduced above are approved for use as photoprotective agents 

worldwide (i.e., in Australia, Japan, US, UK, and the EU), some approved UV filters, 

namely PABA and trolamine salicylate, have now become defunct as a result of their 

questionable spectral coverage, photostabilities, phototoxicities, and bioavailability.[93–96] 

Moreover, a number of them have been recently identified as an emerging organic 

pollutant due to their widespread use in cosmetics and sunscreen products and are 

regarded as hazardous for aquatic environments.[97,98] In response to the growing research 

demonstrating the detrimental impact of sunscreen-linked contamination of the ocean – in 

particular, concomitant coral death – it is vital to explore how the alkalinity of surface and 

salt-water lakes affect a UV filter’s performance both in its role as a sunscreen and as a 

pollutant. Towards this end, in 2018, the state of Hawaii in the US became the first in the 

nation to sign a legislative bill (SB 2571) banning the sale and distribution of sunscreens 

containing two of the most popular sunscreen agents oxybenzone and octinoxate, which 

has been in place since Jan 1st, 2021.[99] There now remains the need to determine the 

ecological behavior of sunscreen products in order to allow for the development of highly 

innovative and least hazardous filters. In line with this, more recently, new tools (i.e., the 

EcoSun Pass) have been developed by BASF,[100] designed with the potential to evaluate 

the ecofriendliness of individual sunscreen components in order to make informed 

decisions and select components with the best ecological footprint. 
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Other efforts have also been extended to formulate skincare products utilizing a newly 

formulated mineral-based coating applied to particles of inorganic UV filters (i.e., zinc 

oxide and titanium dioxide) which provide broad protection against a range of 

environmental insults and are ecologically safe.[101] Such developments again act to 

address the issues concerning the dermal uptake of UV filters like oxybenzone through 

clothing, plastics, and coatings.[84,102–104] Very recent work has also shown nanoparticulate 

UV filters like TiO2 to be a potential pollutant of recreational waters, with its surface 

coating and sunscreen formulation type observed to drive environmental disparage.[105] 

This again is especially concerning but links heavily with that of recent gas-phase studies 

mapping the photofragmentation profiles of sunscreens in alkaline environments.[106–108] 

As with any cosmetic product, there is no “one-size-fits-all” sunscreen formulation 

available in the market. In the 21st century, brands are increasingly having to rely on digital 

(i.e., social media trends) and influencer marketing strategies to distinguish themselves 

from the likes of other brands. And as efficacy claims for sunscreen products are becoming 

more uniformed and increasingly controlled (i.e., the EU currently regulates the SPF 

claims that can be used),[91,92] there are often limited means to differentiate between two 

products at face value. There is now such a collection of sunscreens on the market that 

consumers can afford to be more selective in their choice of photoprotection, ultimately 

allowing one’s sensory experience with the sunscreen to come into play. Aesthetic 

elements of a sunscreen such as its on-skin appearance, fragrance, and skin feel 

during/after application are most frequently cited by consumers reasoning their underuse 

(or lack thereof) of sunscreen products.[109] With current crisis calling for a paradigm shift 

towards the delivery of sustainable, ecofriendly, and ‘natural’ sunscreens,[110–112] 

formulators now more than ever are having to think creatively “outside the box” in order 

to navigate the challenging standards for product efficacy whilst also meeting aesthetic 

considerations warranted from the modern-day consumer.  

The understanding of the photophysical properties of organic sunscreen molecules at the 

molecular level is therefore becoming of great relevance and may deliver a progressive 

perspective to revolutionize the development of the next generation of sunscreens. Such 

work will be a concerted effort towards addressing the impact and commercialization of 

these cosmetic sunscreening agents in the near future. 
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1.2 Laser Spectroscopy of Organic Sunscreens 

Laser spectroscopy is a powerful technique that has been increasingly applied over the 

years to probe the intrinsic properties of UV filters and deliver essential insights into the 

detailed mechanisms by which sunscreen molecules operate.[113,114] Now, in the search 

towards tailoring the development of the next generation of UV filters, a string of 

fundamental high-level quantum-chemical calculations[115–117] and recent advanced 

spectroscopic studies[118–122] have been conducted on such systems both in the solution 

and gas phases. Nevertheless, whilst solution-phase experiments can account for the 

conditions that closely mimic that of the surroundings by which these sunscreen molecules 

can be found (i.e., in that of a commercial sunscreen formulation),[113,123] gas-phase 

interpretations undeniably better demonstrate a fundamental molecular-level 

understanding of their photophysical behavior,[124–129] and merit data that can be readily 

elucidated by theoretical investigations.  

 

1.2.1 Solution-Phase Laser Spectroscopy of Organic Sunscreens 

Contemporary excited-state dynamic measurements and laser spectroscopic studies have 

been widely performed to explore the fundamental photodynamics of sunscreens in 

solution. This work further provides insight into how bulk solvation influences intrinsic 

sunscreen photophysics and reckons just how information attained from gas-phase 

experiments can guide the interpretation of the intrinsic dynamics of their solution-phase 

counterparts.[130–134] Undoubtedly, as solution-phase laser studies are less removed from 

that of gas-phase interpretations, such techniques have reaped much attention over the 

years, with the aim of providing more realistic environmental model. The processes 

underpinning how solvent and solute molecules interact therefore prove fundamental. This 

subchapter will stand to review the laser spectroscopic studies of organic UV filters 

carried out in solution over the last 10 years. 

Given the most conventional means of photoprotection is generally found to be that of 

sunscreen formulations, such solutions will undoubtedly be solvated, held under the 

aforementioned ‘bulk’ phase at the surface of the skin. Still, as solvation is still so poorly 

understood in experiment, such complications have extended over to theoretical 

approaches where solute-solvent interactions of these systems have also proven 

challenging to model. It is therefore of great importance to continue unravel the 

contributions of the solute and solvent in the relaxation dynamics of such systems as well 
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as any coupled solute/solvent interactions. Currently, transient absorption (i.e., electronic 

and vibrational; TEAS and TVAS, respectively) and two-dimensional infrared (2D-IR) 

spectroscopies stand as two of the most established solution-phase techniques used to 

explore the photophysical behavior behind our repertoire of sunscreens. 

2D-IR spectroscopy is based upon a typical pump-probe experimental setup, utilizing a 

short laser excitation pulse – an IR pump – and a second broad-band IR probe pulse. 

Wavelength is selected by either using a tunable Fabry-Perot filter or a pulse shaper which 

alter the IR pump pulse that imposes onto the sample.[135] After a specified delay time, the 

IR probe pulse is overlapped spatially with the pump beam in the sample and a 

downstream array detector records the signal and residual probe light to generate the probe 

frequency. Through varying pump frequencies, a 2D array of data is mapped and its ability 

to provide IR spectroscopy with refined time resolution aids to provide information on its 

structural fluctuations, a detail previously inaccessible via methods like nuclear magnetic 

resonance spectroscopy.[135,136] The acquisition of 2D-IR data has evolved down two paths 

– that of frequency-domain double resonance 2D-IR, and that of a time-domain (Fourier 

transform) route.[135,137] By insertion of a programmable pulse shaper in the pump beam, 

either path can be taken; filtering the incident broad band pulse into a two-pulse sequence 

allows for time-domain spectroscopy to lead, whereas formation of a tunable narrow-band 

pulse leads to frequency-domain spectroscopy. Whilst the results of both routes provide 

identical peaks in a 2D-IR spectrum, there are inert differences which have been focused 

on in great detail elsewhere.[135,137] Both methods have since been extended to explore the 

2D-IR of transient species through the introduction of a UV(-visible) pump pulse which 

functions as a “phototrigger”, perturbing the equilibrium of the system. Should the delay 

between the UV and IR pulses be sufficiently short, the transient 2D-IR map will reflect 

the vibrational states of the electronic excited state(s); the system’s relaxation processes 

can then be studied by altering the delay between the UV pulse and IR pump-probe. 

Transient 2D-IR spectroscopy is hence a direct and valuable approach for probing the 

intrinsic vibrational spectra of solvated electronically-excited molecules over time and 

largely acts to complement techniques such as TEAS and TVAS, both of which will be 

introduced anon. Nevertheless, 2DIR is thus key for studying the molecular structure, 

reactivity (i.e., solvent-solute interactions), and vibrational dynamics of compounds that 

hone functional groups that strongly absorb IR,[138–140] like that of the carbonyl within 

benzophenones (e.g., organic UV filters benzophenone-3 and benzophenone-4).[141] 
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Lately, TEAS has become one of the most popularly applied laser experimental solution-

phase techniques used for studying organic sunscreen molecules in the UV-visible 

regions. Effectively, TEAS is the time-resolved study of the absorption spectrum of a 

small fraction of the sample molecules following their photoexcitation with a femtosecond 

laser pulse.[142] In line with the typical ultrafast (< 100 fs) pump-probe setups mentioned 

previously in this Review, the pump pulse (habitually tuned within the ca. 235-1600 nm 

spectral range) excites a molecule to an electronically excited state after which a 

broadband white pulse (ca. 300-800 nm) probes its excited state absorption profile. To 

avoid multiphoton processes, weak probe pulses are usually used, led through the sample 

with a delay with respect to the pump pulse.[142] Varying the time delay (i.e., the difference 

between the arrival times of the pump relative to the probe pulse) even with interludes of 

ca. 10 fs allows one to build a dynamic absorption profile for the molecule through a series 

of “snapshots”.[143] A difference absorption spectrum (i.e., a transient absorption 

spectrum) is then calculated from monitoring the change in optical density measured for 

each wavelength at each specified time delay. Excellent reviews detailing the 

experimental methodology behind the transient absorption spectroscopy of sunscreens 

have been better addressed elsewhere.[143,144] The vastness of the literature on the ultrafast 

photochemistry of an array of sunscreen families largely extends to the mass application 

of transient absorption techniques (viz the anthranilates,[145] benzophenones,[121,146] 

cinnamates,[147–153] octocrylenes,[154] and salicylates,[119] to name but a few). Accordingly, 

transient absorption techniques have now become a workable tool necessary to vitally 

explain the photorelaxation dynamics and mechanisms of a wide range of sunscreening 

applications and technologies.[155,156] 

Broadband infrared pulses may also be used in lieu of white light pulses, instead probing 

the vibrational modes of a system in what now has been coined as TVAS, which when run 

in conjunction with TEAS measurements, provide the complete vibrational and electronic 

absorption spectral package needed to follow the evolution of an UV-excited species. In 

taking TVAS measurements, the formation and/or destruction of important bonds can be 

followed and any repopulation of the ground state of the molecule to be monitored and 

identified through changes in the intensity and features of the ground state bleach.[142] 

From a safety standpoint, high molecular weight UV filters make for attractive 

sunscreening candidates, contingent upon the assumption that such systems cannot 

penetrate the skin and thereby reduce cutaneous absorption.[157,158] One example of such a 

system is that of the UV filter ethylhexyl triazone (EHT; Figure 2a), which stands at ca. 
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2-3 times greater in mass than most sunscreen molecules, and bears a close structural 

resemblance to several other larger sunscreens (e.g., bisoctrizole [MW: 658.88 g/mol], 

bemotrizinol [MW: 627.81 g/mol], silatrizole [MW: 501.849 g/mol], and diethylhexyl 

butamido triazone [MW: 765.981 g/mol]). Schematic structures of bisoctrizole and 

bemotrizinol are outlined in Figures 2b-c for ease of comparison with that of EHT. In 

solution, EHT (MW: 823.07 g/mol) generally offers a broad absorption profile across the 

UV-B region and EHT possesses excellent photostability. Whilst it is yet to be approved 

for use by the FDA, it is used broadly in Europe within various water-resistant 

formulations. In light of this, TEAS has been used to study the ultrafast photodeactivation 

mechanisms available to the EHT.[159] 

 

 

Figure 2. Schematic structure of (a) ethylhexyl triazone (EHT; MW: 823.07 g/mol), 

(b) bisoctrizole (MW: 658.88 g/mol), and (c) bemotrizinol (MW: 627.81 g/mol). 

 

Here, Baker et al. propose that following UV-B photoexcitation to the initial high-lying 

n1* state, EHT will undergo ultrafast (~ 400 fs) IC to the S1(1
1*) state followed by 

subsequent vibrational relaxation (~ 20 ps) to the ground S0 state through a 11*/S0 

conical intersection (CI).[159] The dominant deactivation mechanism for EHT is thus again 

that of internal conversion, as had been confirmed previously using steady-state 

fluorescence and phosphorescence techniques.[160] Notably, in these earlier experiments, 
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whilst ultrafast mechanisms were suggested, further measurements were beyond the 

means of the study. However, using ultrafast TEAS, it was observed that such 

repopulation of the ground vibrational state sanctions uninterrupted cycles of EHT 

absorption/recovery to ensue, a desirable quality for an efficient sunscreen – and one that 

has been previously observed for OB.[121,146] The long-lived excited state features observed 

in their transient absorption studies in both dioxane and methanol confirm the presence of 

long-lived photoproducts attributed to metastable transient states (i.e., where the peaks at 

ca. 350 and 450 nm reveal the excited-state populations trapped in S1 and T1 states, 

respectively) and that ISC to a low-lying triplet state is highly probable channel. Such 

channels are markedly supported via their electronic structure calculations. In 

understanding the photodeactivation mechanisms behind EHT, this work offers a means 

to synthetically optimize the photostability of EHT and its structural UV-absorbing 

analogues through various substitutions of functional groups, or work to fully 

functionalize the chromophore itself.[159] This study also brings about the practicality of 

aggregating UV filters of lower mass (i.e., dimerizing or trimerizing) to elicit systems with 

an greater overall molecular mass. 

As a popular building block used considerably in organic synthesis, the classic 

benzophenone {(C6H5)2CO} backbone can also be found within several FDA-approved 

sunscreen ingredients (i.e., oxybenzone (OB) and sulisobenzone, which are otherwise 

aptly named benzophenone-3 and benzophenone-4, respectively; see Figure 1a). UV-

excited benzophenone is understood to partake in ultrafast conversion from its singlet to 

triplet states and has proven somewhat handy for a selection of technological 

applications.[161] Notably over the years, one of the key mechanisms by which an organic 

system (i.e., benzophenone-derivatives) access CIs is via an H-atom donor and acceptor 

that facilitate ultrafast intramolecular hydrogen transfer. OB is a classic example of a 

system that utilizes this route, partaking in the barrierless electron-driven H-atom transfer 

pathway from the S1 CI to the S0, as tracked both through a series of gas- and solution-

phase studies.[108,117,143,162,163] For the most part, the ‘subensemble-selective’ photophysical 

nature of benzophenone in a protic solvent (i.e., methanol) had been centered around 

exploiting the red-edge excitation effect (REEE).[141] Here, using a combination of 

TEAS/TVAS and Raman spectroscopy, it was observed that selectively UV photoexciting 

in the long-wavelength region or near the maximum of a *  n absorption band of 

benzophenone respectively excites benzophenone molecules with their carbonyl group 

non-coordinated, or predominantly coordinated to a molecule of methanol solvent through 

hydrogen bonding. Strikingly, hydrogen-bonding interactions are seen to increase the ISC 
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time constant from < 200 fs to ca. 1.7 ps in methanol, evidencing that the preferred ISC 

channel is from the S1(n*) to the T2(*) intermediate state, with IC from the T2(*) to 

T1(n*) controlled by solvent quenching of excess vibrational energy.[164] There has been 

limited work on the use of 2D-IR spectroscopy on sunscreens; nonetheless, in this instance 

2D-IR spectroscopy has more aptly been used to support TEAS and TVAS in studying 

the model system of benzophenone, delving into the exchange between various solvent 

environments with a sub-picosecond time resolution.[141] Again, here, REEE was exploited 

to demonstrate the acceleration of an H-atom abstraction reaction (ca. by a factor of 40) 

through subensemble (solvation-environment) photoselective excitation of benzophenone 

molecule, either coordinated or non-coordinated to a coreactant (i.e., phenol) through 

hydrogen bonding in polar environments (i.e., in DCM solution). TEAS/TVAS spectra 

reveal H-atom abstraction reaction between the triplet excited state benzophenone and 

phenol. Conventional FTIR on benzophenone-phenol identifies three significant 

benzophenone carbonyl peaks which are (i) uncoordinated, (ii) hydrogen bonded to a 

single phenol, and (iii) hydrogen bonded to a phenol which consequently accepts a H-

bond from at least one further phenol molecule. 2D-IR spectra of these such distinct 

benzophenone-phenol environments support the assignment of the picosecond nature of 

the exchange dynamics between H-bonded and non-H-bonded structures. Subsequently, 

the authors propose that in the static limit following photoexcitation of hydrogen-bonded 

BP(S0)-phenol complexes, accelerated hydrogen atom transfer from the phenol to BP(T1) 

occurs from molecules of vibrationally-thermalized BP(T1), and that the weaker BP(T1)-

phenol hydrogen bonds break before H-atom transfer can occur.[141] 

As much as ‘denatured alcohols’ are used to help dissolve various sunscreen actives in a 

sunscreen and make the solution less greasy, their polar counterparts are also used within 

cosmetics (e.g., ethanol in hand sanitizers and isopropanol in rubbing alcohol);[165] it is 

therefore consequential to see how UV filters behave under similar environmental 

conditions. In line with this, the influence of solvent environment(s) on the excited state 

dynamics of photoexcited diethylamino hydroxylbenzoyl hexyl benzoate (DHHB; 

Figure 3), a widely used UV-A absorber found in a range of sunscreens sold worldwide. 

DHHB differs from OB only through the addition of an auxochrome nitro group located 

meta to the hydroxy group on one phenyl ring, and the addition of an ester group on the 

neighboring ring. Kao et al., using complementary TEAS/TVAS techniques, reported a 

difference in the ultrafast transient absorption spectra of DHHB when solvated in non-

polar (cyclohexane) and polar (i.e., methanol, dimethyl sulfoxide, and acetonitrile) 
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solvents at 360 and 345 nm.[118] In cyclohexane, excited-state hydrogen transfer (ESHT) 

was found to occur from the S1 Franck-Condon region within < 200 fs and as the S1-enol 

form of DHHB twists from its initially excited form, its energy decreases and the energy 

of the corresponding S1-keto structure increases, fostering its most preferred relaxation 

pathway. TVAS evidences that the ground state bleach recovery of DHHB photoexcited 

at 345 nm in cyclohexane approaches 98%, with a ~10 ps time constant. 

 

 

Figure 3. Pictorial summary of the two photorelaxation mechanisms of diethylamino 

hydroxylbenzoyl hexyl benzoate (DHHB) under the influence of (a) non-polar and 

(b) polar solvent environments. Adapted from Ref [118]. 

 

As for three polar solvents studied, it would appear that ESHT is inhibited through the 

disruption of the intramolecular hydrogen bond. The S1-enol character is retained as a 

result and ~95% of photoexcited DHHB is found to relax through torsion of the C–C bond 

that quenches stimulated emission and is suggested to lead to internal conversion to S0 via 

a CI. A small proportion of the twisted S1-enol intermediates then undergoes ISC into the 

T1-enol, as observed by TEAS. The formation of such species is highly undesirable and 

can yield singlet oxygen upon quenching by O2. The synergistic filter-filter aggregation 

effects of DHHB have previously been studied with avobenzone where it failed to present 

a photostabilizing effect on the mixture.[166–168] In the spirit of offering a DHHB within a 

(more) favorable blend, this study was advanced through the aggregation of DHHB with 

octocrylene, a well-known photosensitizing UV filter with a similar triplet state energy to 

DHHB.[169,170] Strikingly, this mixture resulted in the quenching of the undesirable triplet 

DHHB.[118] Therefore this study strappingly reinforces the importance of employing a 

manifold of UV filters within formulations to counteract various challenging properties 

(i.e., prevention of destabilization of multiple UV filters within formulations)[168,171] and 
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backs the potential directions for future sunscreen formulations functionalizing DHHB. 

Together, the two transient absorption techniques have delivered a completely feasible 

relaxation mechanism for photoexcited DHHB in various solvent environments, with 

TVAS, in particular, allowing for the assignment of the minor photoproducts (i.e., the 

metastable trans-enol DHHB) in polar solvents. Notably, it is not always so that the 

solvent environment will dramatically influence that of the behavior of a sunscreen 

molecule. In particular, in the case of methyl anthranilate (MA) and its sunscreen analogue 

menthyl anthranilate (MenA), the ultrafast dynamics of such molecules are barely altered 

upon solvation or as their gas-phase species.[145,172] Using a series of TR-IY, TR-PES, and 

TEAS, both systems are shown to be long-lived (> 1.2 ns), and photoexcitation to their S1 

state result in the trapping of the excited state population, with no accessible CIs with the 

pump energies utilized. The case for MA and MenA will be addressed more relevantly 

anon, in line with their gas-phase significance. 

Naturally a preservative produced by food and plants, salicylates have also proven to be a 

safe and attractive choice for inclusion in sunscreen formulations.[173,174] In the same way 

as the benzophenones (i.e., OB and DHHB) mentioned above, salicylates present the same 

hydroxybenzoate moiety that proclaim the enol-keto point necessary to undergo excited-

state intramolecular proton transfer (ESIPT) followed by molecular rotation and decay to 

the ground state. Much work has focused on methyl salicylate over the years, with a large 

proportion of experimental and computational studies conducted to investigate the 

mechanism of its dual fluorescence and ESIPT.[175–179] Surprisingly, the (experimental) 

ultrafast relaxation dynamics of salicylates have received very little attention over the 

years. Femtosecond depletion techniques were conducted on methyl salicylate by Herek 

et al. (1992),[180] identifying ESIPT to occur within 60 fs, with a longer decay channel of 

120 ps. Ling et al. more recently utilized femtosecond time-resolved ion yield (TRIY) and 

photoelectron spectroscopy (TR-PES) to reveal ESPIT to occur (on a 100 fs timescale) 

followed by IVR (sub-ps) and IC (ps).[181] Computational efforts have been much more 

fruitful and support this interpretation, with Chang et al. (2021) having more recently 

addressed the excited-state relaxation paths and photophysical mechanisms of methyl 

salicylate,[115] identifying three S1 excited-state non-radiative relaxation pathways to the 

ground state. Whilst the photostability of popular choice UV filter homomethyl salicylate 

(homosalate; HMS; Figure 4) has been widely contested over the years, it is somewhat 

notoriously included in as many as ca. 45% of the sunscreens approved for sale in the US. 

Recent work by Holt et al. employed a bottom-up approach to investigate the ultrafast 

molecular dynamics of HMS upon excitation with UV-B radiation.[119] Using a diverse 
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blend of laser techniques, from laser-induced fluorescence and steady-state absorption 

spectroscopy, to a combination of time-resolved laser spectroscopies both in the solution 

and gas phase (i.e., TEAS and TRIY, respectively), the authors show that, as would be 

expected, the enol tautomer of HMS undergoes ultrafast ESIPT upon photoexcitation in 

the UV-B. 

 

 

Figure 4. Schematic structure of (a) methyl salicylate and (b) homomethyl salicylate 

(HMS). Notably, ESIPT is found to occur at their enol-keto point(s) to allow for barrierless 

tautomerization. 

 

Following barrierless enol-keto tautomerization, the S1-keto effectively undergoes fast IC 

to the ground S0 state sided with the occurrence of low quantum yields of fluorescence 

and ISC. The studies in solution and in vacuo agree the ultrafast decay of HMS is due to 

the ESIPT process, a verdict sought to be in line with several other sunscreen studies (i.e., 

OB and DHHB).[118,146] The authors also propose the presence of a ‘trapped’ photoexcited 

enol conformer in solution which is unable to undergo ESIPT, explaining the fluorescence 

seen in their LIF spectra; still, given their (diminutive) yield in gas-phase TRIY 

measurements, further gas-phase hole burning experiments are warranted to confirm their 

existence. Such methods are gas-phase techniques that will be addressed in Chapter 1.2.2. 

Within the bounds of this investigation, it emerges that HMS, for the most part, decays 

non-radiatively via sunscreen-favorable routes (i.e., IC and ESIPT). Though the 

(undesirable) generation of HMS triplet states necessitate the need for additional 

investigation, this study is an excellent example of a concerted regimen of the 

experimental gas- and solution-phase techniques needed to formulate more optimized 

artificial sunscreen products. 
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1.2.2 Gas-Phase Laser Spectroscopy of Organic Sunscreens 

Between the sheer volume of gas- and solution-phase studies published in recent years, it 

is markedly clear that the excited state dynamics of such molecules first need to be fully 

defined in the gas phase – where a system can be fully isolated – before the intricacies of 

‘bulk’ effects can be fully assessed and manipulated.[114,126,129,182] A widespread range of 

techniques have been employed over the years to explore the intrinsic photophysical 

properties of UV filters in the gas phase, incorporating techniques such as time-resolved 

ion yield (TR-IY), UV-UV holeburning (HB), depletion (ion dip), resonance-enhanced 

multiphoton ionization (REMPI), photoelectron (PES) spectroscopies, and finally, that of 

laser-interfaced mass spectrometry (LIMS; see Chapter 1.3). 

Time-resolved ion yield (TRIY) spectroscopy is another technique that has been used in 

close conjunction with a range of the aforementioned (i.e., 2D-IR, TEAS, and TVAS) and 

upcoming laser spectroscopy techniques looking into the ultrafast dynamics of sunscreen 

molecules. As a gas-phase method, samples are typically vaporized via heating and seeded 

into a buffer gas (i.e., helium) where the mixture is expanded into vacuum to create the 

sample molecular beam. This technique again closely follows the typical pump-probe 

setup where the pump photoexcites the sample at the laser-molecular beam intersection 

upon which the probe subsequently photoionizes the excited molecule. In line with that of 

characteristic mass spectrometric techniques, the ion signal (i.e., of the precursor molecule 

and fragment ions) here is wholly representative of the ion yield. Changes in ion yield, 

measured as a function of the time delay between the two pulses, provides fundamental 

information concerning the relaxation of electronic states in the gas-phase sample as it 

relaxes from its excited state and as the excited state population decays.[126,183] 

Another popular gas-phase technique used to study neutral UV filters to date is that of 

REMPI. Primarily developed as a relatively efficient ‘soft’ ionization technique, REMPI 

is often used to investigate high-lying excited states, for which dissociation is more likely. 

It is generally performed in a two-photon process, where the molecule is excited (pumped) 

by the first photon to an intermediate electronic state, and then is ionized (probed) from 

the excited state by the absorption of the second photon. As multiple photons are able to 

resonantly excite and ionize the molecule, REMPI is hereby referred to as (n + m) scheme, 

where both n and m are integers, and correspond to the number of single-color photons 

that are used to pump and probe the system, respectively. Fittingly, (n + m’) is commonly 

used when different colors are used for the pump and probe stages. Whilst the excited 

states can be adequately accessed via a 1+1 REMPI scheme (i.e., resonant two-photon 
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ionization or R2PI), multiphoton processes are also common, and follow an In power 

dependence where n corresponds to the number of photons absorbed. Information 

stemming the vibronic excited states of the system can thereby be obtained by scanning 

the wavelength of the initial photon and measuring the number of ions formed in the 

ionization stage. The ionization potential of the molecule can also be determined through 

monitoring the total ion signal as a function of the probe wavelength. This technique has 

been used extensively to successfully probe the photochemistry of various biomolecules 

such as the purine nucleobase, tryptophan, and dipeptides, just to name a few.[184–186] 

Detection of these ions is usually achieved using time-of-flight (TOF) mass 

spectrometry,[187–189] which offers great sensitivity, spectral quality, speed, and stability. 

In principle, TOF mass analyzers separate ions of different mass-to-charge (m/z) based on 

their velocity as they travel down the flight tube.[190] Generally, in TOF, ions are directly 

introduced from the source of an instrument or as a pulse from an earlier analyzer. As the 

analyte ions travel through the field-free flight zone, they are separated by their masses. 

This level of mass selectivity will also enable the separation of the parent ion from the 

resulting fragments, aiding their identification via their m/z ratio. A TOF trace is typically 

collected through measuring the time it takes for an ion to reach the detector at a known 

distance following photoexcitation. From this ‘time’ and other established experimental 

parameters, one is able to determine the mass-to-charge ratio of the ion.[191-192] Upon 

colliding with a microchannel plate (MCP), the particle (with any given m/z) generates a 

surge of electrons, amplifying electronic ion signal detection and providing spatial 

resolution. Outputs are recorded gated in ion flight time over mass channel of the parent 

ion, as depicted on a digital oscilloscope. REMPI has often been used alongside other 

time-resolved (i.e., TRIY) and frequency-resolved (i.e., UV-UV HB) techniques available 

in the gas phase to study sunscreen components. 

Velocity map imaging (VMI) is another simple, yet highly-successful method used for 

studying the dynamics of molecular photodissociation processes. This technique was 

originally developed by Chandler and Houston,[193] and later advanced by Eppink and 

Parker.[194] By linking this technique using charged products (i.e., anions) with processes 

like photoionization, photodetachment, photodissociation, and/or bimolecular collisions, 

information on their respective neutral systems can be unveiled. There have been many 

demonstrations of VMI, with REMPI-VMI, for example, allowing for the simultaneous 

measurement of the internal energy and velocity of reaction products. Paired with anion 

PES, VMI detectors can obtain photoelectron spectra, where 2D images of both the 
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velocity and angular distribution of the photodetached electrons can be simultaneously 

acquired, providing sufficient information about the character of the molecular orbital 

from which the photoelectron was detached from. The idea of VMI is to intersect a 

molecular beam via a pump pulse to disrupt the molecular bond whilst a probe laser 

ionizes the resulting fragment. The potential between the electrodes would be such that a 

spherical ionic cloud (classically termed a Newton sphere) would be accelerated towards 

the VMI detector by three-electrode electrostatic lens, akin to a Wiley-McLaren TOF-MS 

setup.[192] Upon passing through a field-free flight tube similar to that from a TOF set up, 

the 3D Newton sphere will eventually reach the MCP assembly detector and compacted 

into a 2D feature. Following this, a charged-coupled device camera captures the 2D image 

pictured by the phosphor screen attached to the VMI detector.[192] The 3D sphere can 

subsequently be reconstructed from its fine-tuned 2D projection in order to achieve 

detailed information on the 3D distribution of the Newton sphere, as has been detailed 

elsewhere.[152] 

As we drive towards abstracting a ‘bottom up’ approach necessary to probe the intrinsic 

properties of sunscreens,[126] the interrogation of systems of varying size and flexibility 

are inevitable. It is therefore likely that multiple conformations will be present within the 

molecular jet/beam or TOF mass spectrometer. For this reason, double resonance 

methods, namely UV-UV holeburning (HB) and depletion (ion dip) spectroscopies, are 

especially useful when measuring the UV spectroscopy of neutral species in that they are 

able to measure conformation-specific spectra,[195,196] especially since TOF mass 

spectrometry (i.e., used with REMPI) will be unable to differentiate between such 

conformers. HB has been used on occasion to supplement that of R2PI spectra to attain 

insightful conformation-specific electronic spectra of organic sunscreen systems.[125] Such 

double resonance techniques generally utilize three laser pulses – a hole-burn, a pump, 

and a probe pulse – and again rely on detection of the ions by TOF or laser-induced 

fluorescence (LIF). Typically for photochemical UV-UV HB, the narrow band laser will 

induce selective UV excitation at the frequency of holeburning, which in turn saturates 

the absorption of a class of system; the laser is spatially overlapped, and its timing tuned 

to allow for it to intersect the jet/beam at a given time before the probe. The second UV 

pulse (probe) will photoionize the selected species from the excited state. The 

corresponding ‘hole’ (i.e., in the ground state population) is then monitored by the probe 

pulse. The difference in the ion signals with and without hole-burn laser influence is 

recorded. It is unlikely for two (or more) conformers to be identically resonant with the 

excitation (pump) pulse; thus, if a particular conformer is resonant with a transition at the 
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same ground state as the hole-burning pulse, a ‘dip’ in the ion yield of the UV-excited 

system is observed and will come about in the form of either a depletion in the ion signal 

for TOF, or a fluorescence signal for LIF. In HB spectroscopy, the signal intensity depends 

on both the absorption cross section and the excited state dynamics. Similarly, for 

depletion (ion dip) spectroscopy, the depletion in the ion signal occurs in the event of the 

hole-burn laser being in resonance with a conformer’s vibronic state. As before, this 

method measures the change in the ion signals as a function of the hole-burn laser versus 

the standard pump-probe intensities, with ion signals dependent on the absorption cross 

section of the transition accessed by the hole-burn laser. Whilst UV pulses are typically 

used for the hole-burning and pump steps, IR pulses can be used instead to attain 

conformer-selective IR spectra. 

The photoelectric effect is the emission of electrons from matter upon the absorption of 

electromagnetic radiation (e.g., UV, visible, or x-ray). Analogous to the photoelectric 

effect, photoelectron spectroscopy (PES) is duly the measurement of the kinetic energy of 

liberated (photo)electrons ejected from atoms or molecules upon photoabsorption. 

Extending this principle, gas-phase anion PES – where an anion is ionic species that holds 

a net negative charge – has, through the years, become a multifaceted spectroscopic 

technique that allows the neutral form of a species to be investigated following 

photodetachment from its parent anion. Advantageously, like that of the gas-phase 

REMPI-VMI, TRIY, and laser-interfaced photodissociation mass spectrometry (see 

Chapter 1.2.3) methodologies outlined within this Review, anion PES employs mass 

spectrometric techniques that allow for the anion precursors to be easily selected, isolated, 

manipulated, and mass-analyzed via means of mass spectrometry.[197] This coupling of 

techniques allows for a detailed analysis of the ions and observing the presence of 

potential exotic gas-phase clusters not typically seen in bulk environments. As the excess 

electron of an anion is more weakly bound, the photophysics of their anionic and 

consequent neutral forms will be sufficiently probed with UV-visible energy. Upon 

photodetachment, anion PES is able to directly measure the electron affinity (EA) of the 

neutral species, where the EA is the minimum energy required to produce a photoelectron 

(or ADE). The ADE is found to be the difference in energy between the incident UV-

visible photon (hv) and the electron kinetic energy of the electron detached between the 

neutral and the corresponding anion, both in their vibrational ground states. Useful 

vibrational information of the neutral systems can therefore be derived from anion PES 

experiments and is capable of also measuring the transitions between its electronic states 

of different spin multiplicity, providing there is sufficient means for photodetachment. 
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The corresponding geometry of the neutral is altered as an electron is removed from the 

parent anion at variable incident photon energies, allowing the investigation into its 

varying energies. The energy difference between the anion and the neutral at the optimal 

geometry of the anion is therefore the vertical detachment energy (VDE), whereby a 

positive VDE value is indicative of energy being required to detach an electron from the 

anion to the neutral. PES is powerful for its sensitivity to both the binding energy of the 

electron in an anionic state and the time dynamics of that anionic state. Notably, whilst all 

the experimental configurations of PES center around the photoelectric effect, the field of 

PES is extremely broad and there are therefore a number of techniques that exploit this 

phenomenon (e.g., x-ray PES; angle-resolved PES; and gas- and liquid-phase PES). But 

in the interest of brevity and relevance towards ionic UV filters, we shall only delve into 

the technique of PES most applied on potential sunscreening to date – time-resolved PES 

(TR-PES) where the dynamics of anionic resonances can be explored in the time domain. 

Again, like the other ultrafast spectroscopic techniques mentioned within, TR-PES 

follows a standard pump-probe setup, and its methodology can be summarized as follows. 

At a previously-selected hv, an ultrafast femtosecond laser pump pulse is applied to 

photoexcite the anion ground state to an excited state. After some time, an ultrafast probe 

pulse is applied to photodetach an electron. Temporal resolution of the photoelectron 

spectra is available upon varying the delay time between the two pulses, with the 

photoelectron spectrum consequential of the difference in energy between the neutral 

ground state and the excited potential energy surfaces as a function of the nuclear 

dynamics. Though TR-PES has proven to be a very sensitive technique necessary to study 

the electronic configuration and vibrational dynamics of a range of systems,[197] 

sunscreens in their ionic states have been relatively less studied to date. 

In first aligning with the idea of devising a ‘bottom-up’ approach to uncover the excited 

state features of such natural photoprotective systems, the study progresses to 

‘deconstruct’ the molecule, providing insight into the intrinsic properties of the primary 

class of sinapate esters (or sinapates), and later increasing the complexity of the ester side 

chain attached to the sinapate group, towards that of the structure of sinapoyl malate. 

Methyl sinapate (MS; Figure 5a), a chromophore also known to protect plants from UV-

B radiation, is perhaps one of the most well studied of the systems in our repertoire of 

artificial and natural sunscreens. All considered, MS has been explored on a number of 

occasions in comparative gas- and solution-phase studies designed to uncover the 

structure-dynamics-function relationships of such plant sunscreen derivatives.[124,150,198–

200] Gas-phase TRIY transients of MS have shown a three-component deactivation process 
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after photoexcitation that occurs within a 1.3 ns timescale: internal vibrational energy 

redistribution (IVR) following photoexcitation to the S1 state (< 3 ps); intersystem 

crossing (ISC) between the S1 and T1 states (30 ps); and relax preferentially back to the 

ground S0 state at a timescale beyond the means of the experiment (> 1 ns).[150] 

Complementary transient absorption studies subsequently show that MS is likely excited 

to the S1 (1
1*) state where both the MS geometry and solvent shell undergo geometry 

rearrangement.[150] Notably, MS then predominantly undergoes trans-cis isomerization 

along the aliphatic C=C bond of MS via a 11/S0 CI (3 ps) before vibrationally cooling 

to give the ground-cis state. Excess populations of MS (that do not follow the 

isomerization route) relax via vibrational energy transfer to the surrounding solvent (9 ps) 

to reform the trans-isomer. These experiments, having been applied via both gas- and 

solution-phase techniques, allow us to fully appreciate the influence environment can have 

on the photoprotective properties of a UV filter, and allow us to understand the potential 

relaxation mechanisms that a sunscreen undergoes in more ‘simplistic’ isolated 

environments. 

 

 

Figure 5. Schematic structures of (a) methyl sinapate (MS), (b) sinapoyl malate (SM), 

and (c) sinapic acid (SA). 

 

R2PI on MS has also been performed by Fan et al. (2021),[124] which closely links to that 

of earlier work conducted by Tan et al. (2014) on octyl methoxycinnamate (OMC; 

Figure 6a) and its precursor methyl-4-methoxycinnamate (MMC; Figure 6b) which have 

been comprehensively reviewed,[125,201] but will be again addressed in passing to support 

the comparative nature of more recent literature on MS. Using a two-color R2PI excitation 

scheme, the authors propose that the electronically excited V(*) state is the lowest 
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excited singlet state in MS, with ISC likely occurring by spin-orbit coupling of the V(*) 

{HOMO → LUMO} state to a higher lying 3n* state.[124] This heavily contradicts the 

picture previously painted for cinnamate-based systems (i.e., OMC and MMC) where the 

S3 (
1n*) state is found to be an adiabatically lower electronically excited state, with the 

higher 3* state lying close in energy.[125] 

 

 

Figure 6. Schematic structures of (a) octyl methoxycinnamate (OMC) and its precursor 

(b) methyl-4-methoxycinnamate (MMC). 

 

(Such orderings of the states allow for ISC to occur on a picosecond timescale via a 1n* 

to 3* channel that is available following the IC of the “bright” 1* to the optically 

“dark” excited 1n* state.)[153,202] This route is a major decay pathway in OMC and MMC 

which impedes the fast electronic energy dissipation required from that of an effective 

sunscreen molecule. In both investigations, (micro)solvation of the molecule(s) in 

question have provided valuable insights into how the electronic structure and excited-

state relaxation mechanisms of such systems are influenced by solvent-solute interactions. 

This n* bottleneck is ostensibly removed upon microsolvation of MMC (i.e., MMC–

H2O), revealing that the ordering of the n* and V’(*) states can be reversed by their 

solvatochromatic properties, where polar solvents stabilize 1* states but destabilize 

1n*. MMC–H2O thus undergoes rapid IC from the 1* state to the electronic ground 

state, somewhat mediated by isomerization of the cis-trans double bond occurring on a 

picosecond timescale. Still, MS displays similar decay rates (ca. 20-30 ns) to what has 

been reported for sinapate-, coumarate-, ferulate-based systems, in line with the idea that 

decay occurs from the lowest triplet state which arises from the HOMO → LUMO 

excitation and adopts perpendicular vinyl bond geometry.[124] Consequently, the authors 

also observe considerably slower decay rates of V(*) vibronic levels (ca. 109 s-1) and 

competition with direct IC pathways to the ground state. Large shifts in excitation energy 

show MS–H2O to favorably form complex hydrogen bonds of with the carbonyl group 

and the CH of the propenyl group. Photoexcitation of MS–H2O is revealed to lead to the 
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rapid dissociation of MS from its V(*) state to populate the lowest triplet state which 

decays on a nanosecond timescale to the electronic ground state (as also seen for isolated 

MS). Insight from ultrafast TEAS infer that the absence of a triplet nanosecond transient 

in solution is the result of ISC being a relatively inefficient decay pathway when MS is 

solvated in one single water solvent molecule (i.e., microsolvation) than when it is in 

isolated ‘gas-phase’ conditions.[124] Notably, this notion that any harmful long-lived 

reactive electronically excited states observed in the gas phase are likely quenched in 

“bulk” sunscreen environments afford the intuitive use of MS within such formulations. 

Collectively, the studies by Tan et al. and Fan et al. adopt a great combination of time- 

and frequency-resolved methods needed to highlight the dramatic influence that the 

addition of just one water of molecule can do to the excited-state lifetimes of UV filters. 

Such work alludes the future directions for sunscreen research, including investigations 

of which address the behavior of multiple sunscreen aggregates, and which inform the 

behavior of such molecules following complexation with common cosmetic solvents (to 

in time successfully rationalize that of the solute-solvent interactions found within 

marketable formulations). 

Further gas-phase studies of OMC employing transient TRIY have also demonstrated the 

presence of a long-lived lifetime upon UV photoexcitation, associated with a long-lived 

1nπ* state, with Peperstraete et al. having extended such studies to show the influence of 

non-polar (i.e., cyclohexane) solvents effectively reorder the excited states to allow for 

ultrafast photoisomerization,[153] an idea similarly depicted in studies of ethyl 

ferulate.[151,152] 

Justly, earlier efforts principally from Dean et al. (2014) utilizing vibrationally-resolved 

UV spectroscopy, afforded by cooling the molecules in a supersonic expansion, largely 

inspired a whole of array of laser spectroscopy work done in the field as of late.[122] Parallel 

gas-phase methods have been extended to encompass a wider scope of UV filters, with 

R2PI spectroscopy, UV-UV HB spectroscopy, and resonant ion-dip infrared IR 

spectroscopy (RIDIRS) collectively applied to explore the UV spectroscopy of linked 

natural sunscreens namely sinapic acid (SA) and sinapoyl malate (SM), as structurally 

depicted in Figure 5, highlighting the potential of their isolated forms to exhibit properties 

that rationalize their ability to function as a natural ‘plant’ UV-B sunscreening agent. 

Relevantly, SM is the major sinapate ester found in the leaf epidermis of adult Arabidopsis 

flowering plants, is shown to exhibit a distinctly broad, featureless spectrum extending to 

> 1000 cm-1 in the UV-B. On increasing the intricacy of the simpler analogues, it becomes 
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evident that the excited state nature of SM likely results from the excited state (vibronic) 

mixing of the bright V(*) state with the nearby (background) n* state which inherently 

demonstrates significant charge-transfer character in the UV-B spectral region.[122] 

Complementary condensed-phase studies (i.e., in aqueous solution) also show that their 

gas-phase observations are also seen in solution. The * transition of SM allows for a 

broad absorption efficiency, and produce a geometry change between the S0 and S1 states 

that leads to long Franck-Condon progressions involving low-frequency modes to produce 

excitation spectra that favorably extends across the UV-B. By upping the complexity of 

the ester side chain, the excited state mixing of the V(*) and n* states, coupled with 

the congested UV spectrum of sinapates) encourages such the broadening of their UV 

spectra. Baker et al. have since gone on to uncover the relaxation mechanisms of SM and 

SA in the solution phase (i.e., TEAS) across a range of solvents, leading the demonstrating 

towards the idea that the primary relaxation mechanisms of such derivatives first requires 

the internal conversion of the photoexcited 11* state along a trans-cis 

photoisomerization coordinate.[150] Luo et al. later reapplied TEAS and TD-DFT 

calculations on their deprotonated equivalents (to account for more physiological 

environmental conditions), finding that their * states again relax to their ground states 

via an ultrafast barrierless trans-cis isomerization pathway.[203] 

Chromophore systems with a para-hydroxycinnamate moiety are often found in nature, 

either as a photoswitching unit in photoactive yellow protein (PYP), or more fittingly, as 

a sunscreen in the leaves of plants. Cinnamates are commonly able to absorb UV radiation, 

and safely convert the absorbed energy via an ultrafast IC pathway (along an E → Z 

coordinate).[147,151,153] Lately, anion PES combined with frequency- and angle-resolved 

photoelectron imaging has been employed to probe the higher lying excited-state 

dynamics of the methyl ester anions (pCEs−) of deprotonated para-coumaric acid 

(pCA),[204] notably the simplest of the para-hydroxycinnamate family. Deprotonation of 

pCA forms either the monoanion (a) phenoxide [i.e., pCEs−], or the (b) carboxylate [i.e., 

pCEt−] deprotomer as illustrated in Figure 7. 
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Figure 7. Schematic structures of the (a) phenoxide [i.e., pCEs−] and (b) carboxylate [i.e., 

pCEt−] deprotomers, and (c) para-coumaric acid. 

 

Photodetachment action spectra of the deprotomers reveal deprotonation site significantly 

effects the fingerprint of the excited-state dynamics. Firstly, the pCEs− deprotomer (with 

absorption bands observed at ca. 2.88, 3.30, and 4.1 eV for its S1(*), S2(n*), and 

21(*) states, respectively) is unable to return to its ground electronic state via IC and 

cannot subsequently undergo E → Z tautomerization via a CI. Frequency-resolved PES 

measurements of pCEs− reveal photon energies above the S1(*) state exhibit vibrational 

autodetachment, with some autodetachment arising from a dipole-bound state. (Briefly, 

autodetachment is a multi-step process whereby an anion absorbs a photon to an excited 

anionic state which lies above the threshold for electron detachment, ejecting an electron 

in the process whilst transferring to the neutral ground electronic state.) They show that 

the S2(n*) state can undergo efficient IC to the S1(*) state at photon energies resonant 

with the Franck-Condon and Herzberg-Teller modes. Excitation to the 21(*) state also 

shows ca. 20-40% of its population internally converting to the S1(*) state and conclude 

that the barriers on the S1(*) state hinder the manifestation of IC to the electronic ground 

state and associated E → Z tautomerization to needed provide a stable photoisomer. The 

excess vibrational energy deposited on the S1(*) state upon photoexcitation and IC from 

either the S2(n*) or 21(*) state is inefficient at helping overcome such barriers prior to 

autodetachment, with the ground state recovery of pCEs− proving inefficient relative to 

autodetachment occurring in the gas phase. pCEt−, on the other hand, reveals efficient 

ground-state recovery dynamics when photoexcited over the first two absorption bands 

[at ca. 3.6 {S1(*)} and 3.93 eV {S2(*)}, respectively]. In supposing that pCEs− have 

the same excited-state dynamics as the PYP thioester chromophore in the gas phase, the 

lack of ground-state recovery suggests that the protein’s binding pocket environment in 

PYP is the major source of PYP photochemistry. 



 

30 

 

 

 

The photophysics of the UV-A sunscreen menthyl anthranilate (MenA; Figure 8a) and its 

precursor methyl anthranilate (MA; Figure 8b) have also been probed using TR-IY and 

TR-PES spectroscopies (in vacuo) and supported by TEAS (in solution).[145,172] 

Photoexcited MenA and MA have been observed to (undesirably) relax via radiative 

decay, questioning the mass inclusion of MenA within commercial sunscreen 

formulations on the market today. 

 

 

Figure 8. Schematic structures of (a) menthyl anthranilate (MenA) and its precursor 

(b) methyl anthranilate (MA).  

 

Gas-phase experiments yield mono-exponential TR-IY transients for both molecules, 

confirming their long-lived decay lifetimes (> 1.2 ns) in vacuo. In solution, they show a 

similar decay mechanism, with the existence of triplet states in both MA and MenA 

implicating dominant instances of luminescence (i.e., fluorescence). Regardless of 

environment (gas/solution, and thus any resulting solvent-solute interactions), pump 

wavelength (315 nm vs. 330 nm, and 300 nm for MA), or solvent polarity (cyclohexane 

vs. methanol), both MA and MenA are seen to display long-lived excited states for > 1-

2 ns. Fast relaxation pathways from the S1 state are not present, as shown by the long-

lived photodynamics, in line with the idea that the S1 state “trapped” the photoexcited 

population. Molecular quantum beat spectroscopy, used in conjunction with TR-PES, 

often provides useful information on intramolecular state couplings, as well as the 

dynamics of the energy redistributions on polyatomic molecules. Using TR-PES to 

observe the quantum beats of MA and probe the energy redistribution mechanisms upon 

photoexcitation, intramolecular vibrational energy redistribution (IVR) / ISC was found 

responsible for “trapping” the excited state population of MA (and by structural 

resemblance, MenA) in the S1 state, thwarting its efficient coupling to the overall reaction 

coordinate. Specifically, such observations revealed that MA was unable to overcome the 

energy barrier (ca. 0.4 eV) enroute the possible S1/S0 CI, as shown previously in related 

time-resolved studies of MA.[145] Ordinarily upon accessing the S1 state, excited-state 
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hydrogen migration along the N–H---O hydrogen bond into the tautomeric form of MA 

ensues, followed by the internal rotation around the out-of-plane Cring=Ccarbonyl twist 

coordinate. Where only the lowest vibrational levels of MA are populated at 

pump = 348 nm, IVR is not observed. Comparably, at pump = 330 nm, the long excited-

state lifetimes observed at wavelengths above the excited state barrier are sought to be the 

result of IVR (as justified through a rapid ‘dampening’ of beats), and IVR is thereby 

expected to allow for the prompt redistribution of population on the S1 state. In line with 

this, increasing the density of states (i.e., through the addition of a menthyl to achieve the 

sunscreen analogue MenA) in turn is observed to decrease the IVR lifetime. The efficient 

relaxation (S1 → S0) of MA’s electronic excited states is thereby heavily hindered by 

ultrafast IVR mechanisms at the shorter wavelengths of the UV-A region, with compelling 

evidence stressing that MA is unable to facilitate any means of rapid, non-radiative decay 

necessary to afford adequate photoprotection within a sunscreen. VMI is often employed 

to monitor any hydrogen atom elimination following photoexcitation and in the case of 

MA, VMI (utilizing a 243 nm probe wavelength) was used to confirm the lack of 

formation of a single-photon-induced N–Hfree bond fission along a dissociative excited 

state.[172] This was further backed by computational studies which confirmed a large 

barrier to the N–Hfree bond fission relative to the S1 state minimum. 

  



 

32 

 

 

 

1.3 Laser Photodissociation Mass Spectrometry 

Whilst the specific experimental particulars regarding each of the studies included in this 

thesis will be relayed in their relevant manuscripts and with their respective decks of 

supporting information, it is important to first offer an abridged description of the 

technique of laser-interfaced mass spectrometry (LIMS). 

The experimental aspects of the articles presented within Chapters 2-5 were performed 

primarily on an amaZon SL dual funnel electrospray ionization quadrupole ion trap (ESI-

QIT) mass spectrometer (Bruker Daltonics, GmbH, Germany). This commercially-

available amaZon mass spectrometer is coupled with an ESI source, and provides the 

ultimate ion trap mass resolving power, with up to 20,000 in full scan mode, across the 

m/z 50-3000 window. ESI thereby allows for the analysis of small, polar ions (e.g., 

sunscreens, vitamins, and nucleobases) with very high levels of sensitivity, a considerable 

extension from its initial success in earlier studies where Fenn et al. (who later shared the 

2002 Nobel Prize in mass spectrometry with Koichi Tanaka and Kurt Wuthrich) ground-

breakingly utilized ESI to show that multiply charged ions were obtained from 

proteins.[205] Whilst sustaining all the benefits of a commercial mass spectrometer, the 

amaZon has since been modified to allow for the integration of a tunable pulsed 

laser.[206,207] This laser is set up to pass through the QIT, permitting the recording of gas-

phase UV-visible absorption and photodissociation spectra, as will be outlined in greater 

detail in Chapters 1.3.2-1.3.3. 

Solutions are generally introduced into the amaZon using a syringe (1.0 mL; Gastight 

Syringe Model 1001 TLL, PTFE Luer Lock from Hamilton, Reno, Nevada, US, or SGE 

Analytical Science, Trajan Scientific and Medical, Victoria, Australia), and a single 

syringe infusion pump (KDS 100 Legacy Syringe Pump, KD Scientific, MA, USA), 

whereon the mass selected ions (and/or complexes) are subjected into the gas phase via 

ESI. The ion signal intensity on a mass spectrum is conventionally optimized for a 

particular m/z ratio using the automated tuning capabilities available via trapControl 

(version 7.2; Bruker Daltonics). This commercially software can also be used to govern 

the conditions of the ESI source (e.g., ESI voltages; nebulizing gas pressure; drying gas 

flow rate; and drying-gas temperature), the operation of the QIT (e.g., ion accumulation 

time; mass isolation), the ion optics, and the settings of its ion fragmentation capabilities. 

As will be drawn upon later, the trapControl software (version 7.2; Bruker Daltonics) has 

also lately been adapted to allow for LabVIEW to automate the collation of 

photodissociation data. 
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1.3.1 Electrospray Ionization Mass Spectrometry 

ESI-MS is a soft ionization technique used extensively to produce the gas-phase ions of 

large, thermally labile molecules.[208] Soft ionization techniques, in this sense, allow for 

the ionization of molecules without fragmenting them, allowing weak non-covalent 

interactions to be presented when introduced into the gas phase.[209] An ESI ion source is 

used here within our amaZon mass spectrometer, operating under atmospheric conditions. 

Notably, as depicted in Figure 9, four differentially-pumped vacuum stages are necessary 

to account for the difference in pressure in the QIT region of the mass spectrometer which 

tends to operate at a pressure of ~10-6 mbar. Once inside the spray chamber, analyte ions 

move towards the vacuum chamber and on towards the QIT through a double-stage ion 

funnel, two multipole ion guides, and two ion lenses. Such ions are then methodically 

exploited via means of photo- or thermal dissociation in the QIT, and mass-selectively 

ejected. A Daly conversion dynode detector is subsequently used to detect the ions. 

 

 

Figure 9. Diagram of the key components found within the nebulizer-assisted Bruker 

amaZon quadrupole ion trap (QIT) mass spectrometer. Image taken from the Bruker 

Daltonics amaZon series User Manual (Revision 1), November 2009.[210] 

 

In practice, ionic species in their solution-phase are first infused into an inlet capillary 

with a weak flux (ca. 1-10 L/min) where the tip of the metal capillary is held at an electric 
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potential of between  2-6 kV, generating an electrostatic field (on the order of 106 V/m) 

in the electrospray chamber.[211] As a solution travels through the charged needle, the 

needle will proceed to attract and accumulate ions of a particular polarity at the liquid 

surface located at the tip of the capillary and repel oppositely-charged ions. Ions repelled 

from the needle become increasingly charged-concentrated as it passes through the needle. 

Scheme 1 presents a schematic depiction of the conventional nebulizer-assisted ESI 

source. 

 

 

Scheme 1. Schematic depiction of the electrospray ionization (ESI) process in the positive 

ion mode. 

 

At the tip of the electrospray capillary, the charge-concentrated analyte solution is 

distorted into a so-called Taylor cone (see Scheme 1),[212,213] which subsequently emits a 

fine spray of highly-charged droplets, with a nebulizing gas (i.e., dry nitrogen) injected 

coaxially at a low flow rate to assist droplet formation and direct the spray towards the 

mass spectrometer. The droplet inevitably explodes when the force of Coulomb repulsion 

exceeds the surface tension, producing smaller droplets which are liable to evaporate 

further. Where the total Coulombic repulsion reaches the same level as the surface tension 

of the droplets is defined as the Rayleigh limit.[214] Notably, Gomez and Tang have 

advocated that the breakdown of such droplets can take place prior to this limit, given that 

these droplets are mechanically ‘deformed’, reducing the repulsion necessary to disturb 

the droplets. Such droplets undergo fast solvent evaporation in a region maintained in a 

vacuum, causing the charge density of the droplet to increase as the droplets shrink. A 

drying gas (i.e., nitrogen) is used to heat the highly-charged droplets in the gas phase. As 
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the solvent molecules evaporate, the distance between ions of the same polarity decreases, 

and in turn increase the level of Coulombic stress within the droplet, subsequently 

resulting in the exploding of the droplets again. Repeated evaporation and fission 

eventually yield the formation of a collection highly-charged ESI droplets, which allow 

for the analyte ions of such species to be detected via the mass spectrometer and be 

introduced into the gas phase.[215,216] It is also important to note that when working in the 

positive ion mode, only positively charged aerosols are formed (i.e., protonated ions); 

conversely, negatively charged aerosols are produced in the negative ion mode 

(i.e., deprotonated ions).[211] 

Low-mass analyte ions are notably considered to be transferred into the gas phase via the 

well-established ion evaporation model (IEM);[216–218] notably, the systems studied within 

the following Chapters are considered to be relatively low in mass and are thought to 

follow that of the IEM.[219] This model, proposed by Iribarne and Thomson,[216,218] is based 

on the notion that the electric field originating from the Rayleigh-charged nanodroplet is 

high enough to cause the ejection of solvated ions from the surface of the droplet. 

Distinctly, heavier globular species (i.e., natively folded proteins) are thought to follow 

the charge residue model (CRM) into the gas phase.[220–222] 

 

1.3.2 Quadrupole Ion Trap Mass Spectrometry 

Our amaZon QIT mass spectrometer provides a highly sensitive and reliable tool for 

studying the photodissociation of photoactive systems. The quadrupole itself homes four 

parallel cylindrical metal rods (electrodes with a hyperbolic interior surface), as sketched 

in Scheme 2. Within this system, the opposite ring electrodes demonstrate the same 

polarity (i.e., ) and adjacent end cap electrodes, the opposite polarity (i.e., −), and 

house a constant direct potential (U) and an alternating radio frequency (RF) potential 

(V0cosωt). The equations of motion that classically govern the path of the ions within the 

ion trap describe a series of oscillations in the electric field used to (de)stabilize ions as 

they pass through the RF quadrupole field and are notably U- and V-dependent.[223] 

By operating the quadrupole in a “stable” region, the ions follow the path set out between 

the rods until they approach that of the detector. A typical mass spectrum is scanned 

through varying U and V0, allowing for the ratio of U/V0 to remain constant.[223] 

Unambiguously, the QIT in the amaZon mass spectrometer uses only an RF voltage (i.e., 

U = 0). In this sense, as only ions with a selected m/z value exhibit a stable ion trajectory 
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(i.e., where the position of the ion does not axially or radially exceed the distance between 

the center of the QIT and the electrodes), QITs will typically offer a m/z range to which 

this can be achieved (i.e., the introduction of a low mass cut off). 

 

 

Scheme 2. Schematic cross-section of the quadrupole ion trap (QIT) mass spectrometer 

as adapted from the Bruker amaZon manual.[210] Notably, A = entrance of the end cap; 

B = ring electrode(s); C = exit end cap; and D = ion cloud and buffer gas (i.e., helium). 

 

In practice, a mass spectrum is generated after the ions produced in the ESI source enter 

the QIT via its entrance end cap electrode. For the most part, the trapControl software 

controls the experimental conditions optimized for each experiment, responsible for the 

clearing of the trap, accumulation, isolation, fragmentation, and finally the mass analysis 

steps. As ion trap operations are controlled by varying voltages of primary and auxiliary 

RFs, various voltages are next applied to each of these electrodes, forming a void within 

the 3D multipolar field where the ions are accumulated and trapped. Due to the collisions 

of such ions with buffer gas (i.e., helium), the ions themselves then lose kinetic energy 

and become primarily focused within the center of the trap. Such ions oscillate within the 

center and produce an ion cloud typically ca. 2 mm in diameter. To eject the ions from the 

trap, the ring electrode RF potentials proceeds to produce a 3D quadrupolar RF potential 

which enables ions to travel in the z-direction with an oscillatory motion in the xy plane, 

allowing ions to be scanned by varying DC/RF quadrupole voltages. Such voltages can be 

adjusted to ensure that the amplitudes of oscillation for target m/z ratios are stable within 

the ions travelling along the z-axis and can reach the detector of the mass spectrometer. 

This largely boosts sensitive and reliable mass selectivity, especially since only ions with 

a select m/z ratio will reach the appropriate resonance amplitude and demonstrate the 

correct oscillatory pathway in the RF field. 
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1.3.3 Gas-Phase UV-visible Photodissociation Spectroscopy 

As it has been alluded to earlier, the gas-phase UV-visible laser photodissociation 

experiments highlighted within the upcoming Chapters were conducted in an amaZon 

ESI-QIT mass spectrometer, which has specially been adapted to allow for laser-coupling. 

The modifications made to the QIT that enable the linking of a pulsed laser to our amaZon 

mass spectrometer have been drawn up in great detail elsewhere,[224] but a fleeting drive-

by of the modifications will be issued here. 

Two holes were bored through the edge of the QIT ring electrode designed to sit directly 

underneath two uncoated UV fused silica windows situated on the upper vacuum flange 

of the mass spectrometer, and sealed by a KF-16 centering ring, O-ring, and vacuum 

flange to avert air from escaping in/out of the high-vacuum chamber of the amaZon mass 

spectrometer (Scheme 3). Here, the first of the two windows lie directly above the QIT, 

aligning with the first tapered hole machined into the ring electrode. This allows for the 

laser beam to pass through the first window, and into the QIT. The tapering of both holes, 

as depicted in Scheme 3, allows for the flow of the buffer gas (i.e., helium) out of the QIT 

to be optimized. 

To simplify the alignment of the laser beam through the QIT, an aluminum mirror (PF05-

03-F01, Thorlabs, Inc.) that reflects across the 200-2000 nm spectral range is conveniently 

positioned below the QIT and stands to reflect the incoming laser beam towards a 

partnering mirror which then reflects the photons out of the vacuum chamber and through 

the second window. Accordingly, a laser bench housing the optical components of our 

setup was fitted to park on the top of the mass spectrometer to allow for our approach of 

gas-phase laser-interfaced mass spectrometry (LIMS) to be employed. Other apparatuses 

will be outlined shortly. 
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Scheme 3. Schematic of the recent modifications made to the quadrupole ion trap (QIT) 

mass spectrometer to allow for gas-phase photodissociation spectra to be recorded. The 

location of the tapered hole (upper flange: 6 mm; center of QIT: 2 mm) drilled through 

the ring electrode of the QIT, to allow for the coupling of the laser, is illustrated within. 

Other notable components include: the Nd3+:YAG pumped OPO tunable laser source; a 

UV fused silica lens (LE4467-UV, Thorlabs Inc); a mechanical optical laser shutter 

(Model SH05, Thorlabs Inc.); flange mounted uncoated UV fused silica windows 

(WG41050, Thorlabs, Inc.); a pair of aluminum mirrors (PF05-03-F01, Thorlabs, Inc.), 

and a UV-visible spectrometer (USB2000+ UV-VIS, Ocean Optics Inc.). Scheme adapted 

from Reference [224]. 

 

In solution-phase absorption spectroscopy, absorbance is routinely recorded on a 

commercial optical spectrophotometer, where the intensity of monochromatic light that 

passes through the cuvette is measured as each wavelength of light (λ) passes through the 

sample. Here, the Beer-Lambert law (Eq. 1.3) aptly states the linear relationship between 

the absorbance (A) and the concentration of a solution (c), and molar absorption 

coefficient () and optical coefficient of the solution (l): 
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A(λ) = ε(λ) × c × l = ln (
I0

I
)  (Eq. 1.3) 

 

where I0 and I represent the intensities of monochromatic light without and upon passing 

through the sample, respectively. Whilst the abundance of ions (ca. 1018) in a solution 

allows for one to easily measure the absorption of light from the source, the limitations of 

the ion trap in the gas phase make for the numbers of ions present to be several orders of 

magnitudes less than that of solution (ca. 105). Upon taking into consideration of the 

background noise of the laser, it is apparent through gas-phase dissociation experiments 

that one cannot directly nor easily measure the electronic absorption of a system via the 

depletion intensity of the excitation laser. Instead, the absorption cross sections of the 

system (Eq. 1.4) are measured by means of “action spectroscopy” – a term notably coined 

by Kawai et al. – where absorption is measured by the photodepletion of gaseous ion 

intensity, induced by ionic photofragmentation or electron detachment, as a function of 

the wavelength of incident light: 

 

I(t)= I0 e-tf ∫ σ(λ)ρ(λ)d(λ) (Eq. 1.4) 

 

where I0 and I(t) are the intensity of the ion without irradiation influence and after t 

durations of irradiation, respectively; f is the geometrical overlap factor between the light 

beam and the ions; (λ) is the absorption cross section at a defined wavelength; and (λ) 

is the photon flux as approximated by the average number of photons per laser pulse (and 

which is proportional to the product of the laser pulse energy and the wavelength of the 

laser). The integral is over the spectral range of wavelengths used to photodissociate the 

ions. Should the overlap between the ion packet and a single laser pulse be sufficiently 

constant across the spectral range, Eq. 1.4 can be simplified and rearranged to give Eq. 1.5: 

 

σ(λ) = 
ln(

I0
I
)

λ × ρ
 (Eq. 1.5) 
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Accordingly, I0 and I can be determined through the recording of the parent (precursor) 

analyte ion(s) without and with irradiation, respectively. Eq. 1.5 has therefore been 

adapted for use in several instances in Chapters 2-5 as a measure of photodepletion (i.e., 

the gaseous absorption coefficient) intensity. Laser power measurements are routinely for 

each new system, carried out to ensure that the ions are only ‘softly’ ionized so that only 

one-photon absorption takes place. Such measurements are addressed in greater detail 

within the Supporting Information for each manuscript. 

The UV-visible photons optically focused through the ion trap of our amaZon mass 

spectrometer are selectively generated by a 10 Hz Surelite™ (Continuum) neodymium-

doped yttrium aluminum garnet (Nd3+:YAG) pumped Horizon™ (Continuum) optical 

parametric oscillator (OPO). Conventionally, Nd3+ is in control of the lasing properties of 

the YAG rod; Scheme 4 highlights the energy levels involved in the emission of NIR 

(1064 nm) light from the Nd3+:YAG laser. Nowadays, flashlamps that surround the YAG 

rod are often used as an energy source used to supply energy to the active medium (i.e., 

the crystal of the Nd:YAG).  

 

 

Scheme 4. Schematic of the energy levels involved in the emission of 1064 nm light by a 

Nd3+:YAG laser.  

 

Here, the electronic ground state (4I9/2) is the lowest energy state and upon absorption of 

light, the Nd3+ ions become electronically excited, and moves to the highest electronically-

excited energy level (4F5/2). As this level is that of an unstable state, and exhibits a short 

lifespan, the electrons will undergo radiationless relaxation into another (metastable) 

excited state (4F3/2) before emitting that of the 1064 nm photon to reach the 4I11/2 state. It 
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is at this stage where a population inversion is created between these two electronic states 

in the YAG rod and is where the lasing properties of the Nd:YAG rods originates from. 

After, since this level (4I11/2) exhibits a shorter lifespan, the electrons will once again 

undergo radiationless relaxation back to the 4I9/2 ground state. 

The conceptual flow of the Q-switch, which holds the YAG rod and the flashlamps that 

surround it, controls the release of the laser, as is shown in Scheme 5. A laser pulse is 

therefore released upon the application of a voltage (i.e., at 3600 V, as depicted in 

Scheme 5). Frequency doubling is often used to produce a wavelength that is half (or one 

third etc.) of the fundamental wavelength of a laser (1064 nm); in essence, given this 

would be that of the wavelengths of 532 and 355 nm, or the second and third harmonics, 

respectively. The output can often be optimized manually through reorientating the 

crystals that generate the laser harmonic frequencies. The tunable Horizon OPO can 

generate mid-band radiation within the visible and near-infrared (IR) regions, pumped by 

355 nm light from the Nd:YAG laser, with the UV-visible module of the Horizon offering 

complete wavelength coverage across from 2750-193 nm (0.45-6.42 eV). The apparatus 

used within is specially designed to be pumped with a Surelite Nd:YAG, offering the full 

digital motor control of crystals and wavelength separation for a consistently optimal 

output. A schematic optical layout of the Horizon OPO is outlined in Scheme 6. 

 

 

Scheme 5. Schematic of the Q-switch used to produce laser pulses in the Surelite Nd:YAG 

laser. H = Horizontal polarization; V = Vertical polarization; and C = Circular 

polarization. Image adapted from the Surelite manual. 
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The optical parametric process is a three-photon interaction whereby a single (pump) 

photon is split into two low-energy photons. Notably, the higher-energy photon is the 

signal, and the lower-energy photon is the idler. Eqs. 1.6-1.7 show that the energy of the 

photon (E) and the initial photon’s momentum vector (k) must be conserved between the 

two photons that are produced: 

 

Epump = Esignal + Eidler (Eq. 1.6) 

kpump = ksignal + kidler (Eq. 1.7) 

 

This process can occur in non-linear optics, where -barium borate (BBO) crystals are 

used specifically in the Horizon OPO laser. The angle by which the pump beam makes 

with respect to the optical axis of the crystal determines the frequencies of the signal and 

idler that are possible for momentum to be observed. Control of BBO crystal rotation 

allows for the Horizon OPO to function as a tunable laser source. 

 

 

Scheme 6. Optical layout of the Horizon™ Optical Parametric Oscillator (OPO) laser. 

[1, 3] mirror, dichroics (355 nm); [2a, 8, 15, 25a, 30] half wave plate; [2b, 14, 25b] 



 

43 

 

 

 

polarizer (355 nm); [4, 5] lens; [6, 13, 16, 21] window; [7] porro prism; [9] injection pump 

mirror; [10] #1 Crystal BBO Type-1; [11] #2 Crystal BBO Type-1; [12, 19] mirror; [17, 

20, 23, 24, 29] crystal, BBO; [18] waveplate; [22, 35] Pelin Broca prism; [26] beam dump 

assay; [38, 39] prism 90º. Notably, commercial software is available to accompany the 

Horizon, used to control the output wavelength of the laser and tune the laser power at 

each wavelength. Step motors are available to control BBO crystal orientation and the 

Pelin Broca prisms. Image adapted from the Continuum® Horizon™ I and II OPO 

Operation and Maintenance Manual (P/N: 996-0034, Revision C, 2014).[225] 

 

The laser beam is as has been previously described,[108,206,207,224] and the optical route taken 

by the UV (400-193 nm) and visible/NIR (2750-400 nm) photons in the abovementioned 

experiments between the OPO laser and the optical interface of the amaZon mass 

spectrometer is as depicted in Figure 10a. To mimic the irradiation wavelengths typically 

exerted by the sun for sunscreens, the spectral range of this experiment will generally be 

within the UV-A to UV-C and visible regions, optimized for a sunscreen molecule’s 

absorption maximum as determined via steady-state UV-visible spectroscopy.[107,108] 

In the first instance, following the UV path (Figure 10a), such photons are directed onto 

the optical bench through a tube connected to the OPO laser, with the height of the 

horizontal laser beam notably altered accordingly with right-angled UV fused silica 

prisms to enable for a more practical setup upon re-alignment of the laser. The visible/NIR 

path (Figure 10b) is similarly adjusted in height to accommodate for user ease and 

practicality, with the incoming laser beam entrained for the visible/NIR route 

subsequently overlapped with that of the UV route using a pair of right-angled prisms.  

Figures 10a and 10b further outlines the aspect of the setup which permits a power meter 

to monitor the power of the laser. The movement of the motorized flip mount (re)directing 

the laser beam towards the power meter or out of the beam is controlled by a home-written 

LabVIEW virtual instrument (VI), which additionally provides a digital read-out of the 

laser power throughout the laser experiment. 

The mechanical laser beam shutter (Model SH05, Thorlabs Inc.) is triggered by an 

external transistor-transistor logic (TTL) signal and is connected to a benchtop shutter 

controller (Model SC10, Thorlabs Inc.) which provides the TTL signal (i.e., 5 or 0 V) 

necessary to block/transmit the laser beam from the OPO laser into the QIT, respectively. 
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Typically, the shutter controller is operated in its external gate mode and receives a TTL 

signal from external interface of the amaZon mass spectrometer.  

Other apparatuses include the spectrometer (USB2000+ UV-VIS, Ocean Optics Inc.), 

which is used to verify the wavelength of the laser at set stages of each run,and two 

motorized flip mounts (ModelMFF001, ThorLabs Inc.) – one of which is used to redirect 

the laser beam towards the power meter (Power Detector UP19K-15S-VR, Monitor is a 

Gentec-EO Tuner) and another which moves a right-angled prism to enable the 

transmission of UV or visible/NIR light and brings the beam through the main path set 

out on the laser table. 

To effectually generate gaseous absorption coefficients, the mass spectrometer is set to 

selectively output a signal to open the optical shutter within the fragmentation stage of the 

QIT cycle, which is optimized and programmed to occur for single isolation (MS) and 

multiple isolations (MS/MS and MSn) of the analyte ion(s). Assuming perfect alignment, 

this ensures that the laser is only entrained into the QIT at the point where the ion(s) have 

been adequately isolated and the ion packet stowed for fragmentation, so that the resulting 

photodepletion and production of photofragments are directly consequential from that of 

the laser photodissociation process. The fragmentation step is programmed for a 100 ms 

duration, ensuring that only a single laser shot from the 10 Hz Nd:YAG pumped OPO 

laser is used to photodissociate the intended ion(s).  
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Figure 10. Labelled photographs of the laser bench housing the optics, required for UV 

and visible-NIR wavelengths, located on top of our modified amaZon mass spectrometer. 

The laser path from the OPO laser to the ion trap is outlined in (a) for UV where [i] the 

incoming laser beam is first adjusted in height using a pair of right-angled UV-fused silica 

prisms and then [ii] hits a right-angled prism, allowing for the beam to be reflected by 90° 

into either [iii] an adjustable right-angled prism (situated on a motorized flip mount) which 
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allows for the redirection of the beam towards the power meter, or [iv] into the QIT. The 

route the visible/NIR beam takes are mapped in (b) where the laser is first wrought to 

overlap with that of the UV path using [i] a right-angled prism. The beam is then redirected 

into [ii] a corresponding right-angled prism (situated on a motorized flip mount). 

Following that of the UV route, the height of the incoming visible/NIR laser beam is 

adjusted at [iii] and reflected at [iv], allowing for the laser to directly hit either the power 

meter or the QIT at [v] and [vi], respectively. In both instances continuing on to [vi] will 

allow for the laser to pass via an optomechanical laser shutter and a transparent window 

that bridges the QIT. 

 

As will be discussed comprehensively in the upcoming Chapters, the gas-phase ionic 

fragmentation patterns of cationic or anionic systems often provide detailed insights into 

their structural properties. Befittingly, techniques such as photodissociation action 

spectroscopy (i.e., LIMS) and collision-induced dissociation (CID; see Chapter 1.3.4) are 

frequently employed to link the intrinsic absorption properties and photodegradation 

pathways of their ionic forms. Briefly, in LIMS, one is able to derive the gaseous 

absorption spectrum (i.e., gas-phase photodepletion) of a system through obtaining two 

mass spectra, e.g., one where the laser is focused into the ion trap (i.e., laser on) enabling 

fragmentation, and one where the shutter is closed (i.e., laser off). The means by which 

depletion in the ion intensity of the mass-selected precursor ion induced by the laser is 

signified by Eqs. 1.8-1.10, representative of the ionic photofragmentation of a cation and 

anion, and that of electron detachment, respectively. 

 

M++ hv → A+ + B (Eq. 1.8)  

M−+ hv → A− + B (Eq. 1.9) 

Mn−+ hv → M(n−1)− + 𝑒− (Eq. 1.10) 

 

Notably, the production spectra of the ionic photofragments can be mapped to determine 

their dependence on wavelength (or photon energy). Upon electronic excitation in the gas 

phase, the ionic fragmentation of such systems can come about via two distinct channels. 

Firstly, either through a dissociative excited-state surface (i.e., accessed vertically or 
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following relaxation via a CI), or secondly, on the hot ground-state surface, accessed via 

ultrafast relaxation from an electronically-excited state through a CI. 

Notably, whilst electron detachment can largely contribute towards the gas-phase 

photodepletion of a system, the extent of electron detachment (i.e., the loss of electrons) 

is not directly measurable within our amaZon mass spectrometer, given that the resultant 

photoproducts are not charged ions. Therefore, the electron detachment yield (ED*) can 

be indirectly derived, fully assuming that any photodepletion ions that are not detected as 

ionic photofragments are instead losing an electron, as per Eq. 1.11. As alluded to earlier, 

fragment ions with a m/z < 50 are not measurable in our experimental set up, as such 

masses fall outside the mass window of the QIT. 

 

ED* = 

(IntOFF – IntON) – IntPFT
IntOFF

λ × P
  (Eq. 1.11) 

 

Whilst the nature of obtaining the ‘laser on’ and ‘laser off’ ion spectra of a single 

wavelength is considerably accessible, the recording of data across the entire UV and 

visible spectral region, i.e., from 214-700 nm in 2 nm step sizes, can be laborious. 

Automation of the main routine for data collection and processing of spectra has been 

progressively adapted over the years, and now exists as a LabVIEW VI now responsible 

for the efficient recording of the data, and the repetitive nature of extracting new data 

alleviated using Bruker Daltonic’s commercial DataAnalysis/AutomationEngine 

packages (version 4.2) and that of a python script written to oversee such systematic 

processes. Schemes 7 and 8 are presented to accompany the overarching outline of 

experimental process utilized to obtain consistently reproducible photodissociation 

spectra using our instrument. 
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Scheme 7. Simplified schematic highlighting the now-automated workflow of the laser-

interfaced mass spectrometry experimental set up. 

 

To scan across a range of wavelengths, the starting wavelength is set via the software 

operating the Horizon OPO laser. Once adjusted, the motorized prism will guide that of 

the laser beam into the path of the power meter, and the output of the OPO laser adjusted 

to attune for a suitable laser power (e.g., for the sunscreen systems, laser powers of ca. 

0.1-0.4 mJ have been sufficient, supported through a series of independent laser power 

dependence measurements and laser power readings that are recorded at each wavelength 

to compensate for the depletion in ion intensity for photon flux within the QIT; see 

Appendices 1-4). Accordingly, once the targeted laser power is met, the adjustable prism 

will move to allow for the beam to continue on into the path of the QIT where the 

photodissociation process will ensue. Upon the acquisition of the required ‘laser on’ and 

‘laser off’ mass spectra, the adjustable prism will again be adjusted to allow for the power 

reading of the next wavelength. When the OPO output power is too high, the Q-switch 

timing (i.e., attenuation time) can also be adjusted using the LabVIEW VI. Alternately, 

neutral density (ND) filters can be interchangeably utilized to obtain better stability. The 

ensuing delay times and shot stability can be easily monitored as outlined above. Often if 

the OPO power is too low (e.g., when the Q-switch delay value no longer produces enough 

pulse power or shot stability is > 15%), the non-linear optics (NLOs) of the laser will need 

to be reoptimized. Using the LabVIEW VI (which has been designed to bear the necessary 

settings of the Horizon software), the second and third harmonic crystals can be adjusted 

whilst monitoring the output of the Horizon. In most instances, only small adjustments of 

the third harmonic phase angle are required to reoptimize the output power of the Horizon. 
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The user-interface of the automated LabVIEW VI is currently set in place to record and 

monitor our laser photodissociation experiment whilst also efficiently tabulating the 

experimental parameters used (i.e., laser power and shot stability at a particular 

wavelength) automatically and systematically. Essentially, the practical design of the front 

panel of this VI allows for the laser and Q-switch to be turned on/off and timings to be 

adjusted (i.e., attenuation time); the mechanical shutter to be opened/closed; the output of 

the Horizon (i.e., stability of the wavelength and amount of laser power) to be read and 

managed accordingly; the mechanical ND filters to be interchanged; and the motor on the 

adjustable prism (guiding the laser beam into the path of either the QIT or the power 

meter) to be activated. Additionally, this LabView VI now incorporates the use of 

trapControl’s front external (auxiliary) interface, which has been automated to trigger 

particular stages of the QIT cycle (i.e., fragmentation) when deemed necessary (e.g., once 

the wavelength of the laser has stepped and when a suitable power reading has been 

obtained and recorded). 

 

1.3.4 Collision-Induced Dissociation 

Collision-induced dissociation (CID) or collision-activated dissociation (CAD) 

experiments are an ‘ergodic’ ion activation method often conducted largely to 

complement our gas-phase UV photodissociation studies, with its resultant dissociation 

products (i.e., fragments) aiding in the structural elucidation of our ground-state gaseous 

ions. Here, tandem mass spectrometry (MS/MS) allows for a mass-selected precursor ion 

to be ‘activated’ in a collision cell through sequentially increasing its internal energy. This 

in turn promotes the homolytic or heterolytic cleavage of the chemical bonds within a 

system, allowing for the production of various resulting fragment ions. An excitation 

quadrupolar alternating current (AC) voltage is commonly applied to the end caps of the 

collision cell (i.e., QIT) to allow the trapped ions to collide with sufficient energy with the 

buffer gas (i.e., helium). The energy gained is redistributed among different vibrational 

degrees of freedom within the precursor. More specifically, within that of experiments 

that incorporate ion traps (e.g., QIT), the kinetic energy of the precursor ion is only able 

to increase to a level by which stable ion motion is still in place, as defined by the Mathieu 

equation. As QIT instruments commonly have a projectile translation energy of ca. 10-

100 eV, low-energy CID is often obtained in such experiments.  
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Aligning with this concept, higher-energy collisional dissociation (HCD) experiments 

have also been conducted within this thesis – especially in Chapters 3 and 4 for which the 

ionic fragmentation patterns of deprotonated 2-phenylbenzimidazole-5-sulfonic acid and 

benzophenone-4 are explored.[107] Though named “higher energy”, HCD is generally 

performed in the regime of < 100 eV and is fundamentally still classed as low-energy CID. 

However, in such instances, such HCD experiments typically employ a mass spectrometer 

with an Orbitrap mass analyzer (e.g., the Thermo Fisher Orbitrap Fusion™, as used in 

Chapters 3 and 4) whereby its two outer electrode and central electrode system allows for 

it to act both as a mass analyzer and a detector and for fragmentation to take place external 

to the trap.[226,227] Typically in an orbitrap mass analyzer, pulsed packets of ions produced 

by a curved linear trap (C-trap) are introduced and captured into the analyzer to get 

spectral data. For HCD experiments, ions are passed through the C-trap into the HCD 

collision cell to enable for MS/MS experiments to occur. Rather applicably, HCD 

measurements have pertinently enabled for us to identify that of secondary products, 

formed when a precursor species fragments at high internal energy as well as 

differentiating between that of purely photochemical or thermal fragments.[107]  

 

1.4 Thesis Overview 

This thesis uses four peer-reviewed journal articles as stand-alone chapters, with the 

details pertaining to each publication addressed in the Author’s Declaration. The contents 

of the chapters are true to the accepted and published articles; however, minor formatting 

changes have been made for the sake of completeness and consistency to support the 

inclusion of the published Supplementary/Supporting Information within the Appendices. 

In several instances, the references presented within such Chapters will align with the 

journal’s referencing format at the time of publishing. 

Chapter 2 presents the electronic study of the protonated and deprotonated analogues of 

the model UV filter oxybenzone, which are introduced into the gas phase via electrospray 

ionization mass spectrometry (ESI-MS). The paper offered within represents one of the 

first studies carried out an organic sunscreen molecule where we explore in great detail 

the extent to which the pH environment alters its effectiveness to function as a means of 

photoprotection. A combination of results from our laser photodissociation studies, 

collision-induced (thermal) dissociation experiments, and subsequent ab initio 

calculations reveal that the protonation state truly has a dramatic effect on the absorption 
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and photodissociation properties of oxybenzone in the UV-A to UV-C spectral region and 

thereby strongly warranted the continuation of research exploring the implications of 

ionization on sunscreen performance. 

Building upon the findings conveyed from that of protonated and deprotonated 

oxybenzone, Chapter 3 is redirected to focus on the sunscreen molecule 2-

phenylbenzimidazole-5-sulfonic acid, a well-known UV-B absorber known to exhibit 

strong photosensitizing behavior. This work delivers an insight into its ‘native’ gas-phase 

deprotonated form and reveals three ionic photoproducts with distinctive wavelength-

dependent production profiles. The direct photochemical production of free radicals is 

observed via one channel whilst other pathways establish the characteristics of non-

statistical photofragmentation associated with non-ergodic excited-state decay. Such 

observations ultimately expose its unsuitability to function as an optimal sunscreen 

molecule. 

In recognizing the value of fully understanding how deprotonation influences the 

photophysical behavior of organic UV filters, Chapter 4 details the measurement of the 

intrinsic electronic absorption spectra of benzophenone-4 in alkaline environments 

comparable to that of surface waters, swimming pools, and coral reefs. Seamlessly, 

benzophenone-4 structurally blends the benzophenone backbone of oxybenzone 

(Chapter 2) together with the strongly-acidic sulfonic acid group found in 2-

phenylbenzimidazole-5-sulfonic acid (Chapter 3), where this hybrid unfalteringly dotes 

the photofragmentation behavior of all three aforementioned UV filters. For the first time 

for an ionic sunscreen, high-level ab initio potential energy surfaces are presented 

alongside high-energy collisional activation findings and UV laser-interfaced mass 

spectrometry to map and interpret the relaxation pathways of deprotonated benzophenone-

4. 

The current position of the on-line UV photolysis cell developed by the author for this 

Ph.D. is evaluated in Chapter 5, where riboflavin (vitamin B2) is used as a prototypical 

system in the journey to establish a viable means of routinely mapping the solution-phase 

photodegradation and photofragmentation channels of chromophore systems in real time 

using high-powered UV light emitting diodes (LEDs) and ESI-MS techniques. Here, the 

author is able to actively compare the gas-phase LIMS photofragments of deprotonated 

riboflavin to its solution-phase equivalents, offering exclusive recommendations 

necessary for the on-going development and promising future of this newly-built device. 

Fittingly, this proof-of-principle design will additionally form a strong foundation for the 
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rapid development of more powerful photolysis devices, optimized for the photolysis of 

organic UV filters that are evidently more photostable in solution than this modeled 

prototype. 
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Chapter 2 

Mapping the Intrinsic Absorption Properties and 

Photodegradation Pathways of the Protonated and 

Deprotonated Forms of the Sunscreen Oxybenzone 
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Chapter 6 

The Present and the Future 

 

6.1 Contributions 

One key consideration that has been largely overlooked, particularly in fundamental 

studies, is the way the performance of a sunscreen is affected by the pH environment 

(i.e., its protonation/deprotonation state). Gas-phase laser spectroscopic studies of the 

ionic analogues of sunscreen molecules have been studied much more sparsely, with only 

the protonated and deprotonated forms of OB, protonated AB, deprotonated PBSA, and 

most recently, deprotonated BP4, having been very recently explored within the author’s 

Ph.D. at the University of York using laser-interfaced mass spectrometry. These 

experiments have proven to be important, especially considering the number of aquatic 

environments that are alkaline (i.e., swimming pools and oceans) and with the pH of 

human skin being mildly acidic. Gaining a fundamental understanding of how ionization 

affects the photostability of UV filters has therefore provided important fundamental 

information to better understand how to optimize organic sunscreen performance, and 

hence any consequential implications for human health. 

OB has been the subject of a number of contemporary studies using advanced laser 

techniques. Quantum chemical and transient absorption studies of the system in solution 

have attributed its efficacy as a sunscreen to its ultrafast decay dynamics post-

photoexcitation which yield the keto form of oxybenzone via an ESIPT reaction. OB was 

therefore an excellent model molecule for our initial investigations of the intrinsic 

absorption properties of sunscreen molecules and, for the first time, has been used very 

successfully to demonstrate the utility of LIMS for mapping its photodegradation 

pathways as a function of protonation state. Deprotonated OB was observed to 
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photofragment with production of methyl radicals in the UV-B, which more concerningly 

adds to long-standing apprehensions that some sunscreens can produce free radicals 

following excitation. 

Owing to its potential phototoxic effect, the photosensitizing nature of PBSA has also 

been of great interest to many. To this end, we reveal that the T1 state of deprotonated 

PBSA decays with direct free radical production, and therefore, photosensitization by 

PBSA in solution cannot just simply be associated with electron and energy transfer from 

the aforementioned T1 state. This is particularly concerning as the native form of an ideal 

sunscreen should not only absorb broadly across the UV-A and UV-B regions but should 

also be capable of dissipating the excess UV energy harmlessly, and without forming any 

potentially harmful photoproducts (e.g., free radicals). 

Notably, we report the gas-phase UV absorption spectra and associated 

photofragmentation pathways of deprotonated BP4 acquired via LIMS. Extensive 

wavelength-dependent ionic photofragmentation is observed upon photoexcitation within 

the UV spectral region, which aligns excellently with the results of our accompanying 

ground state collisional dissociation measurements. This study additionally offers an 

unparalleled insight into the relaxation channels available to this system, with theoretical 

insights revealing excited-state relaxation to occur via non-radiative decay, associated 

with a statistical excited-state decay process, at both the optically-bright S1 ← S0 and 

S3 ← S0 ππ* transitions. Statistical decay is also evident throughout, visible in the 

fragmentation pattern on a hot ground state surface. Such experiments, supported by 

advanced theory, on deprotonated BP4 exemplify brilliantly the mechanisms desired for 

an efficient UV filter. 

The application of UV laser-interfaced electrospray photodissociation mass spectrometry 

has previously been well established across a range of biological molecular systems and 

has now, through the Ph.D. work outlined herein and within other parallel publications, 

been used to successfully probe the photochemistry of organic sunscreen systems. The 

comparison between the gas- and solution-phase photofragmentation channels of our 

prototype system riboflavin has since validated the utility of the author’s newly-developed 

on-line UV photolysis device. It will now be of great interest to further apply this 

methodology to investigate the photostability of UV filters upon solvation and 

aggregation, both of which are events that commonly occur within all ‘bulk’ sunscreening 

formulations found extensively on the market. 
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6.2 Future directions 

Whilst this Thesis stresses the importance of recognizing just how well common organic 

sunscreen molecules function at the molecular level, it is now evident that there is a need 

for future studies of these systems in the solution phase, where the environment is much 

closer to the “real life” application of commercial sunscreening formulations. In the first 

instance, the ultimate potential of the newly-built UV photolysis cells alone, developed in 

line with Chapter 5, will undoubtably set a heavy precedent in what could be an ideal 

means of detecting reactive intermediates and interpreting the solution-phase data of 

organic sunscreen systems in the future so as to consequently form a strong basis for a 

future standardized photostability index for commercial sunscreen testing. Further 

integration of electron paramagnetic resonance (EPR) spectroscopy with the author’s 

photolysis techniques will no doubt prove to be the best-suited technique available to 

track, capture, detect, and quantify the free radicals generated from the breakdown of these 

systems. 

As of late, much attention has rightfully been focused on the issue surrounding cosmetic 

sunscreen products as emerging aquatic pollutants with potential ecological consequences 

on the coastal marine ecosystem. As the cosmetic community has started to delve into 

utilizing more natural bioactive alternatives (e.g., mycosporines and mycosporine-like 

amino acids), collectively, the biosynthesis of new ingredients, supported by the 

application of gas-phase UV laser action spectroscopy and the author’s on-line photolysis 

cells, will again no doubt offer a more innovative and insightful means of understanding 

how their intrinsic behaviors can be influenced by acidic and alkaline environments. 

Modern sunscreens typically contain a handful of organic and inorganic UV filters so it 

might be expected that crosslinks between one or more sunscreen molecules lead to 

dimerization. The binding of alkali metal cations to prototypical organic sunscreens 

(i.e., oxybenzone) has already accrued much interest within the past year, so there is no 

doubt that an advanced understanding of the synergistic effect(s) between chemical 

sunscreens themselves or the eclectic array of active ingredients typically found within 

commercially-available formulations (e.g., solvents, fragrances, emollients, emulsifiers, 

thickeners, and stabilizers) will also prove valuable for the optimization of the SPF of 

more ‘becoming’ sunscreens in the years to come.  
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6.3 Final remarks 

In late 2017, in order to address a critical issue had been almost entirely ignored to date, 

this Ph.D. project set out to investigate the key question of how the basic photochemical 

properties of common UV filters can be affected by protonation or deprotonation. Over 

the course of her Ph.D., the author of this thesis has carried out a succession of novel 

experiments utilizing UV laser photodissociation mass spectrometry to explore the basic 

photophysical behaviors of a series of key active sunscreen components (Chapters 2-4). 

Using riboflavin as a model photoactive system (Chapter 5), the author leaves behind a 

solid foundation for the future solution-phase studies that are necessary to fully understand 

how combining organic and inorganic sunscreens together can modify their intrinsic 

organic sunscreen spectra and their resultant photoproducts. Further co-authored works in 

recent years have also mapped the photophysical properties of protonated avobenzone and 

have more so revealed how sodium cationization can perturb the mechanisms that mediate 

the sunscreening abilities of UV filters like oxybenzone. 

To close this Thesis, the author reminisces in the words of Amy Poehler – “It doesn't 

matter how much you get; you are left wanting more.” It is extremely gratifying that within 

just three short years, our modern-day understanding of commercial organic sunscreen 

molecules has advanced so dramatically. But whilst there has been increasing interest in 

such publications over the years, the author ultimately acknowledges that even with the 

sheer volume of data accrued to date, there will always be more to be uncovered and 

therefore hopes that this thesis can all in all equip the next generation of researchers within 

the research group with the tools needed to further optimize the “sunscreens” as we know 

them today.  
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Appendices 

A1 Supplementary Information – Mapping the Intrinsic 

Absorption Properties and Photodegradation Pathways of the 

Protonated and Protonated Forms of the Sunscreen Oxybenzone 
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S1. Electron Detachment Spectrum of Deprotonated Oxybenzone 

Relative electron detachment was determined according to the following equation: 

% Electron Detachment = (1 −
∑ IntFRAG

(IntOFF–IntON)
)  × 100  [1] 

The remaining percent of raw photodepletion signal (IntOFF–IntON) once the contribution 

of all photofragments are removed is the electron detachment intensity. IntFRAG is the 

signal intensity for a unique m/z fragment where all are summed to account for a total 

(> 50 m/z) photofragment intensity. 

 

 

Figure S1. Relative electron detachment intensity of photodissociation of deprotonated 

oxybenzone ([OB–H]–).  
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S2. Extensive Geometries of Deprotonated and Protonated Oxybenzone and Selected 

Physical Properties 

Only the lowest energy structures were listed within the manuscript. Here are all inspected 

structures which include high-energy deprotonation site and protomer species. Table S1 

includes the energies relative to the lowest energy deprotonated (D) or protonated (P) 

structure. Scheme S1 shows the structures found in Table S1. 

 

Table S1. Calculated relative energies and physical properties of OB dependent on pH. 

Calculated at the ωB97XD/6-311++G** level. 

Structure Relative Energy 

(kJ mol-1) a,b 

VDE (eV) c Vertical Dipole 

Moment (D) 

D1 0.0 (0.0) 3.00 4.2 

D2 8.2 (5.1) 3.00 4.7 

D3 21.0 (3.8) 2.89 6.0 

D4 29.8 (8.7) 2.87 7.9 

D5 159 (150) 2.45 3.4 

D6 175 (181) 2.21 5.2 

D7 175 (179) 2.17 2.5 

D8 191 (158) 2.25 5.9 

D9 191 (198) 1.75 5.2 

D10 210 (201) 1.94 2.9 

P1 0.0 (1.0) 
 

 

P2 1.8 (0.0) 
 

 

P3 9.9 (9.8) 
 

 

P4 16.6 (12.7) 
 

 

P5 139 (92)   
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Scheme S1. All the structures from Table S1. Arrows indicate the deprotonation site for 

all D structures. 
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S3. Collision-Induced Dissociation of Deprotonated and Protonated Oxybenzone 

Low-energy collision-induced dissociation (CID) was performed on isolated deprotonated 

and protonated oxybenzone to determine the thermal fragments. Figures S2 and S3 present 

the relative intensities of the deprotonated and protonated OB parent ion respectively, and 

the corresponding fragment ions as a function of applied CID energy. 

 

 

Figure S2. CID fragmentation decay curve for deprotonated oxybenzone (m/z 227) upon 

low energy CID. Onset plots for production of the associated fragment ions (m/z 212 and 

m/z 211) are also shown. The curved lines included with the data points are a three-point 

adjacent average of such data points and are provided as a viewing guide, to emphasize 

the profile for an individual fragment. 
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Figure S3. CID fragmentation decay curve for protonated oxybenzone (m/z 229) upon 

low energy CID. Onset plots for production of the associated fragment ions (a) m/z 151 

and 105, and (b) m/z 95 and 77 are also shown. The curved lines included with the data 

points are a three-point adjacent average of such data points and are provided as a viewing 

guide, to emphasize the profile for an individual fragment. 
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S4. Additional Photofragment Action Spectra for Protonated Oxybenzone 

 

 

Figure S4. Protonated oxybenzone photofragmentation action spectra of (a) m/z 105 and 

(b) m/z 151. The solid line is a five-point adjacent average of the data points. 
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Figure S5. Protonated oxybenzone photofragmentation action spectra of (a) m/z 77, 

(b) m/z 95, (c) m/z 108, and (d) m/z 139. The solid line is a five-point adjacent average of 

the data points. 
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S5. Solution-Phase UV Absorption Spectra of Oxybenzone in Variable Methanol-

Aqueous Mixtures at Known Acidic, Neutral, and Basic pH 

Solution-phase UV absorption spectra of oxybenzone (OB; 1 × 10-5 mol dm-3) in 

methanol-aqueous mixtures were recorded using a UV-1800 UV-Visible 

spectrophotometer (Shimadzu, Kyoto, Japan) with a 10 mm UV quartz cuvette. The mass-

percent composition of methanol to buffered aqueous solution was varied while the pH 

and [OB] were held constant. Mixtures were prepared using HPLC-grade MeOH and 

required the use of NIST standard pH = 7.0 (phosphate) buffer solutions to provide the 

aqueous component. Here, HCl (3.0 M) and NaOH (2.0 M) were added to pH = 7.0 buffer 

solutions to achieve the desired protonated and deprotonated forms of OB at pH = 2.95 

and 13.0, respectively. Basic mixture solutions > 10% MeOH are not shown due to the 

precipitation of phosphate buffer under those conditions. OB is poorly soluble in water 

therefore a 0% MeOH mixture is not shown. 

Acidic, neutral, and basic methanol solution conditions shown in Figures S6a-c yield UV 

spectra are comparable to those methanol-aqueous mixtures of pH = 2.95, 7.0, and 13.0 

buffered solutions, respectively. These results are consistent with previously published 

OB spectra by Li et al. (26) and by Baughman et al. (50), references found in main article. 

Issues of miscibility likely account for small shifts of absorbance intensity. 
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Figure S6. (a) Solution-phase absorption spectrum of OB mixture at pH = 2.95. 

(b) Solution-phase absorption spectra of OB mixture at pH = 7.0. (c) Solution-phase 

absorption spectrum of OB mixture at pH = 13.0. 
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A2 Supplementary Material – Direct Observation of 

Photochemical Free Radical Production from the Sunscreen 2‐

Phenylbenzimidazole‐5‐Sulfonic Acid via Laser‐Interfaced Mass 

Spectrometry 
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Section S1. Laser Power Measurements 

Laser power measurements were conducted on [PBSA–H]– at two photon energies, 3.8 

and 5.3 eV, to test for the presence of multiphoton effects. The plots displayed in Figures 

S1-S2 include measurements of the power dependence of photodepletion, electron 

detachment (see Section S2), and the m/z 80, 193 and 208 photofragments. 

The ln-ln of the data has been plotted and overlain with a pseudolinear fit. The resultant 

slope is proportional to the number of absorbed photons.1 The slopes at both photon 

energies measure less than 1 (see Figures S1-S2 for values). This result indicates that the 

action response is not multiphoton in nature. Additionally, that the pseudolinear slope is 

less than one over the fitted region likely indicates saturation of the linear transition. 
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Figure S1. Power Dependence Spectra of photodepletion signal at (a) 3.8 eV and 

(b) 5.3 eV and of photoelectron signal at (c) 3.8 eV and (d) 5.3 eV. Plots are presented as 

LN-LN where the slope (shown) indicates the power dependence with respect to pulse 

energy used. Vertical line indicates pulse energies used during the experiment. 
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Figure S2. Power dependence spectra of ion photofragments at m/z 80, m/z 208, and 

m/z 193 at photon energies of (a-c) 3.8 eV and (d-f) 5.3 eV. Plots are presented as LN-LN 

where the slope (shown) indicates the power dependence with respect to pulse energy 

used. Vertical line indicates pulse energies used during the experiment. 
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Section S2. Electron detachment action spectra 

The electron detachment yield of [PBSA–H]– is given in Figure S3. The electron loss is 

not directly measurable within our instrument, thus these spectra are calculated assuming 

that any depleted ions that are not detected as ionic photofragments are, instead, losing an 

electron, i.e., the electron detachment yield = photodepletion ion count – Σ photofragment 

ion counts. This assumes that both the parent ions and photofragments are detected equally 

in the mass spectrometer, a reasonable assumption for the systems studied here where the 

parent ions and fragment ions are reasonably close in m/z. 

Compared with the photodepletion spectrum displayed in the main text (Figure 2a), the 

electron detachment yield curve displays a similar profile, indicating that the electron 

detachment is the main photodepletion pathway. (Note that we have not adjusted the scans 

presented in Figure S3 by  (see Experimental section in main text), whereas the spectrum 

in Figure 2a of the main text are. Due to this, the spectral intensity in the higher energy 

region is moderately reduced in the spectra displayed in Figure S3.) 

As discussed in the main text, our calculations indicate that the vertical detachment energy 

(VDE) of [PBSA–H]– is ~4.4 eV. From the electron detachment yield spectrum shown in 

Figure S3, this suggests that electrons are being detached below the VDE for [PBSA–H]–

. We have seen similar effects in deprotonated adenosine monophosphate anions,[1] and 

this observation suggests that upon electronic excitation, the excess electron has access to 

a pathway that allows it to detach at energies below the VDE. 

To give some further information about the relative extent of electron detachment versus 

ionic fragmentation, Table S1 provides ion counts measured in a typical experimental run 

conducted in this work. These numbers again show that electron detachment is the major 

excited state decay channel for gaseous of [PBSA–H]– is electron detachment. 
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Table S1. Percent electron depletion of [PBSA–H]– calculated directly from precursor 

and ionic photofragment intensities. 

 Intensity (ion counts) 

Ion 3.8 eV 4.36 eV 5.5 eV 

Precursor Ion Depletion 215362 63784 213055 

m/z 80 8105 2150 11960 

m/z 193 5298 7946 17991 

m/z 208 7665 1586 1598 

% electron depletion 90.2 81.7 85.2 
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Figure S3. Electron detachment yield of [PBSA-H]-. The solid blue line is a five-point 

adjacent averages of the data points. 
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S1. Experimental and computational methodology 

Gas-phase UV photodissociation experiments were conducted in an AmaZon SL 

electrospray ionization quadrupole ion-trap (ESI-QIT) mass spectrometer (Bruker 

Daltonics Inc., Billerica, MA, USA), which was modified to allow for laser-interfaced 

mass spectrometry (LIMS). This instrument has the advantages of a commercial mass 

spectrometer, coupled with the ability to record UV-visible photodissociation spectra in a 

routine manner. 

Benzophenone-4 (2-hydroxy-4-methoxybenzophenone-5-sulfonic acid; sulisobenzone; 

BP4) was purchased from Sigma Aldrich, Inc. (St. Louis, MO, USA). Solutions of BP4 

(~10-4 M) in HPLC-grade acetonitrile (Fisher Scientific, Inc., Pittsburgh, PA, USA) were 

introduced into the mass spectrometer by ESI using typical instrumental parameters in the 

negative ion mode: nebulizing gas pressure: 14.0 psi; injection rate: 0.33 mL/hr; drying 

gas flow rate: 10.0 L/min; and capillary temperature: 160 °C. 

Deprotonated BP4 ([BP4–H]–) was mass selected and isolated in the ion trap prior to laser 

irradiation. Photons were produced by a 10 Hz Nd:YAG (Surelite™, Amplitude Laser 

Group, San Jose, CA, USA) pumped OPO (Horizon™, Amplitude Laser Group) laser, 

giving ~0.3 mJ across the range 400-214 nm (3.1-5.8 eV). A laser step size of 2 nm was 

used, and the laser beam was focused as has been described previously.1–4 

Photofragmentation experiments were conducted with an ion accumulation time of 2 ms 

and a fragmentation time of 100 ms, thereby ensuring that each ion packet interacted with 

one laser pulse to minimize the likelihood of multiphoton events. A laser power 

dependence study for [BP4–H]– is outlined in Section S2. As fluorescence is also 

negligible here,1–3,5,6 the UV-excited gaseous ion will fragment upon excited state 

relaxation, yielding an action absorption spectrum by photodepletion (see Figures 1b-i and 

Section S3). Photodepletion was measured as a function of the scanned wavelength, with 

photofragment production recorded simultaneously (see Eqs. S1-3): 

Photodepletion intensity = 
ln(

IntOFF
IntON

)

λ × P
  (Eq. S1) 

 

Photofragmentation intensity = 
(
IntFRAG
IntOFF

)

λ × P
  (Eq. S2) 
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Relative ion yield = IntFRAG/IntPFT  (Eq. S3) 

 

where IntOFF and IntON are the peak parent ion intensities with laser off and on, 

respectively; IntFRAG is the fragment intensity with the laser on; λ is the excitation 

wavelength (nm); P is the tunable laser pulse energy (mJ); and IntPFT is the sum of the 

photofragment ion intensities with the laser on. 

Higher-energy collisional dissociation (HCD) was performed on [BP4–H]– using an 

Orbitrap™ Fusion Tribid mass spectrometer (Thermo Fisher Scientific, Waltham, MA, 

USA) with an ESI source, run in the negative ion mode between 0-100% collisional 

energy.2,7,8 This technique provides tandem mass spectrometry and was operated at a flow 

rate of 3.0 µL/min, with the following parameters: spray voltage: -2500 V; sheath gas flow 

rate: 10; aux. gas flow rate: 2.0, ion transfer tube temperature: 290 °C; vaporizer 

temperature: 20 °C; MS2 detector: ion trap; scan rate: enhanced; MS2 AGC target: 10,000; 

MS2 max. injection time: 100 ms; and RF lens: 60%. 

All density functional theory (DFT) calculations were carried out using ORCA 

(v4.2.1).9,10 All second-order algebraic diagrammatic construction/Moller-Plesset 

perturbation theory [ADC(2)/MP2] calculations were carried out using TURBOMOLE 

(v6.3.1).11  

DFT and time-dependent DFT (TDDFT) calculations employed the ωB97X-D density 

functional of Head-Gordon et al.12 and used the resolution-of-identity (RI) approximation 

for Coulomb and Hartree-Fock exchange integrals (RI-JK). ADC(2)/MP2 calculations 

employed the CC2 routines implemented in TURBOMOLE,13–16 and used the frozen-core 

approximation; the 25 lowest-energy core orbitals were frozen in all ADC(2)/MP2 

calculations. A tightened SCF convergence criterion of 1.0 × 10−8 a.u. was used in all 

calculations; tightened convergence criteria of 1.0 × 10−6 and 3.0 × 10−5 a.u. were used for 

the energy change and RMS gradient, respectively, in all geometry optimizations. The 

proper convergence of all geometry optimizations to real minima was verified via 

vibrational frequency inspection. Minimum-energy crossing points (MECP) between 

electronic states were located via a home-built external optimizer following the approach 

of Martinez et al.17 

The minimally-augmented (ma-)def2-SV(P) basis set of Truhlar et al.18 was used 

throughout; where required for RI-(TD)DFT, a density-fitting auxiliary basis set was 

generated following the approach of Neese et al.19 
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S2. Photodepletion laser power dependence measurements 

Laser power measurements were conducted on [BP4–H]– at four absorption maxima: 

3.5 eV (354 nm), 4.1 eV (300 nm), 5.3 eV (234 nm), and 5.4 eV (230 nm). The plot 

displayed in Figure S1 shows that of the parent ion photodepletion intensities (IntOFF – 

IntON) at such photon energies. Following standard protocol, such data has been plotted 

and fit to a power function.1,2,20 The resultant slope is thereby proportional to the number 

of absorbed photons implicated in the experiment. Multiphoton events via instantaneous 

absorption of multiple photons in the Franck-Condon region are negligible as the laser 

beam is only softly focused through the ion-trap region. The slopes at all four photon 

energies measure at less than 1, confirming that photodepletion of [BP4–H]– at 0.3 mJ is 

evidently not multiphoton in nature. 
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Figure S1. Power dependence measurements for [BP4–H]– at four absorption maxima of 

(a) 3.5 eV (354 nm), (b) 4.1 eV (300 nm), (c) 5.3 eV (234 nm), and (d) 5.4 eV (230 nm).  
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S3. Additional photofragment action spectra 

It is apparent that the UV photofragmentation of [BP4–H]– is extensive. To provide a 

comprehensive assessment of the majority of the photofragments observed, Figures S2-3 

show the photofragment action spectra of the next 11 most intense photofragments, all 

deemed relatively minor in comparison to those presented in the main text (Figures 1b-i).  
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Figure S2. Additional photofragment action spectra for the first set of minor [BP4–H]– 

fragments observed at m/z 264, 263, 229, 214, and 212. The solid line is a five-point 

adjacent average of the data points. 
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Figure S3. Additional photofragment action spectra for the second set of minor [BP4–H]– 

fragments observed at m/z 199, 184, 183, 167, 145, and 122. The solid line is a five-point 

adjacent average of the data points. 
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S4. Electron detachment yield versus photodepletion yield interpretation 

Electron loss has been regarded as the most dominant photofragmentation channel for 

gaseous sunscreen anions previously studied within our group, e.g., 2‐

phenylbenzimidazole‐5‐sulfonic acid (PBSA) and oxybenzone (OB), and this has been in 

line with their calculated vertical detachment energies (VDEs).1,2 The VDE of [BP4–H]– 

(5.19 eV) indicates, however, that the electrons here are being detached below this. 

Nevertheless, the decay of [BP4–H]– through electron detachment is less concerning, 

given that photodetachment is quenched on solvation for anionic molecules, e.g., in 

sunscreen formulations. 

Electron loss is not directly measurable within our instrument and thus can only be 

calculated via the use of Eqs. S4-5, assuming that any photodepletion ions that are not 

detected as ionic photofragments are instead losing an electron. Note that fragment ions 

with m/z < 50 are not detectable in our mass spectrometer since low masses fall outside 

the mass window of the ion trap. 

Electron detachment yield (ED*) spectra were calculated by assuming that any depleted 

ions not detected as ionic photofragments are decaying via means of electron detachment, 

as determined using Eq. S4. This analysis assumes that both the parent ions and 

photofragments are detected equally in the mass spectrometer. In Figure S4 where we 

present ED* spectra, we overlay such data with the photodepletion yield (PD*) for ease 

of comparison; PD* is the normalized photodepletion ion count (Eq. S5), which provides 

the most straight-forward comparison to the ED* (Eq. S4): 

 

ED* = 

(IntOFF – IntON) – IntPFT
IntOFF

λ × P
 (Eq. S4) 

PD* = 

IntOFF – IntON
IntOFF

λ × P
   (Eq. S5) 
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Figure S4. Electron detachment yield (ED*; red) vs. photodepletion yield (PD*; blue) of 

[BP4–H]–. The solid line is a five-point adjacent average of the data points. 

 

Such yields do not significantly overlap as greatly within the UVA and UVB regions in 

comparison to previously studied gas-phase iodide ion-nucleobase clusters,21 but does 

strongly suggest that [BP4–H]– decays predominantly through means of electron 

detachment. Similar effects have also been observed in the case of the adenosine 

monophosphate anions.7  
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S5. Higher-energy collisional dissociation production spectra 

Figures 3 and S5 display the major and minor HCD fragmentation curves for [BP4–H]–, 

respectively, illustrating a clear onset of thermal fragment production at 20% HCD energy. 

Hereafter, a great number of thermal fragment ions can be observed. The identifiable 

thermal fragment ions are summarized in Table 1, and their postulated structures presented 

in Section S6.  
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Figure S5. Photofragment action spectra for the minor [BP4–H]– HCD fragments 

observed at (a) m/z 264, 229, 214, 212, 200, and 199, and at (b) m/z 186, 184, 155, 145, 

101, and 81. The solid lines are a five-point adjacent average of the data points. 
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S6. Further discussion of deprotonated benzophenone-4 fragmentation channels 

The main text presents and discusses the implications of the major photofragments of 

[BP4–H]– observed for m/z 292, 291, 228, 227, 211, 210, 182, and 80 in Figures 1b-i of 

the main text. 

The major dissociation channels of [BP4–H]– are again given in Eqs. 1a-h and their 

proposed structural assignments outlined in Table S1. A condensed version is available in 

the main text (Table 1). 

 

Table S1. Proposed structures for the major ionic fragments of [BP4–H]– (m/z 307) 

produced upon UV laser photoexcitation and higher-energy collisional dissociation 

(HCD) at 40% and 70% HCD energies. 

Ionic 

mass 

fragmen

t (m/z)a 

Proposed structure 

of fragment 

Accompanying 

neutral fragment 

lost 

Observed in HCDb 

Observed 

in UV laser 

photoexcit

ationb 40% 70% 

292 

 

CH3 
✓ (xw)

c 
- ✓ (m) 

291 

 

O ✓ (m) ✓ (w) ✓ (m) 

228 

 

SO2 + CH3 ✓ (m) ✓ (vw) ✓ (m) 

227 

 

SO3 ✓ (s) ✓ (vw) ✓ (vs) 
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Ionic 

mass 

fragmen

t (m/z)a 

Proposed structure 

of fragment 

Accompanying 

neutral fragment 

lost 

Observed in HCDb 

Observed 

in UV laser 

photoexcit

ationb 40% 70% 

211 

 

SO3 + CH4 ✓ (w) ✓ (vs) ✓ (m) 

210 

 

HSO3 + CH4 ✓ (m) ✓ (vw) ✓ (m) 

182 

 

HSO3 + CH4 + 

CO 
✓ (m) ✓ (m) ✓ (m) 

80 

  

✓ (w) ✓ (m) ✓ (w) 

a Determined with mass accuracy > 0.3 amu. b Very strong (vs), strong (s), moderate (m), 

weak (w), very weak (vw), and extremely weak (xw). c HCD fragment m/z 292 is observed 

to peak at 34% HCD energy, with a relative ion intensity of <2%. 

 

The loss of 15 Da from [BP4–H]– is consistent with the loss of a methyl group to form the 

phenoxy radical ion at m/z 292 (Eq. 1a), an observation in line with previous work 

mapping degradation of anisole22 and deprotonated OB.[108] The assignment of fragments 

m/z 291 (Eq. 1b) and m/z 228 (Eq. 1c) (Table S1) was informed using results from the 

dissociation of benzenesulfonic acid and benzenesulfinic acid.23–25 This leads us to assign 

the m/z 291 fragment as loss of an oxygen atom from the SO3
– moiety of [BP4–H]–,23 with 

the m/z 228 fragment arising from SO2 ejection from a rearranged Ph–O–SO2
–.23–25 

Finally, the observed m/z 80 fragment ion can be assigned as a radical SO3
–, arising from 

homolytic cleavage of the C–S bond.23 
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S7. Optimized Cartesian coordinate tables 

Table S2. Optimized Cartesian coordinates in Å and ground-state SCF energies, ESCF, in 

atomic units (a.u.) for the S0 minimum-energy geometry of [BP4–H]– at the ωB97X-

D/ma-def2-SV(P) level. 

ESCF = -1388.57549345 

C -0.221823 -2.474803 -0.169963 

C -1.603388 -2.356399 -0.219380 

C -2.259796 -1.123178 -0.067627 

C -1.484431 0.055007 0.140452 

C -0.108941 -0.087281 0.191964 

C 0.571665 -1.307683 0.017039 

C 2.025734 -1.417411 0.021824 

C 2.899645 -0.195327 -0.020550 

C 2.630324 0.898969 -0.851174 

C 3.504442 1.984836 -0.884751 

C 4.648867 1.988961 -0.088816 

C 4.929039 0.895032 0.732993 

C 4.064432 -0.195648 0.757314 

O 2.587897 -2.521916 0.052048 

O 0.327076 -3.686993 -0.304755 

H 1.297719 -3.570681 -0.177224 

O -3.587198 -1.247939 -0.152467 

C -4.551797 -0.261584 0.198804 

H -4.562619 0.554397 -0.535452 

H -4.339858 0.165119 1.188310 

H -5.510208 -0.797412 0.204407 

S -2.077745 1.780564 0.268760 

O -0.833317 2.577668 0.277872 

O -2.840145 1.849913 1.535092 

O -2.900647 1.970580 -0.947346 

H -2.211392 -3.250037 -0.365031 

H 0.449074 0.831265 0.379763 

H 1.736785 0.908418 -1.478744 

H 3.277387 2.836745 -1.529973 

H 5.325067 2.848219 -0.107212 

H 5.826649 0.892962 1.357408 

H 4.277982 -1.065224 1.383514 
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Table S3. Optimized Cartesian coordinates in Å and ground-state SCF energies, ESCF, in 

atomic units (a.u.) for the S1 minimum-energy geometry of [BP4–H]– at the ωB97X-

D/ma-def2-SV(P) level. 

ESCF = -1388.53218793 

C -0.189887 -2.426716 -0.233872 

C -1.606019 -2.331474 -0.281191 

C -2.324692 -1.113947 -0.165787 

C -1.599187 0.064941 0.008142 

C -0.174595 -0.048337 0.168476 

C 0.555785 -1.188063 -0.071235 

C 2.003609 -1.274848 0.103742 

C 2.927667 -0.173048 0.037203 

C 2.617097 1.065700 -0.580650 

C 3.548424 2.098697 -0.603340 

C 4.815817 1.933596 -0.038266 

C 5.147897 0.705490 0.550083 

C 4.228189 -0.331991 0.585643 

O 2.492968 -2.446416 0.477174 

O 0.412608 -3.544054 -0.316546 

H 1.777166 -3.133830 0.234764 

O -3.651000 -1.277169 -0.268088 

C -4.582317 -0.388119 0.332754 

H -4.783715 0.467847 -0.324290 

H -4.200977 -0.009801 1.292572 

H -5.493557 -0.979943 0.494090 

S -2.201953 1.778049 -0.070194 

O -0.963458 2.541880 -0.332798 

O -2.798417 2.043326 1.256794 

O -3.168326 1.780022 -1.185847 

H -2.172039 -3.249083 -0.451719 

H 0.323851 0.872478 0.479737 

H 1.654761 1.219162 -1.070791 

H 3.277453 3.043470 -1.081528 

H 5.542335 2.750217 -0.061557 

H 6.139370 0.561014 0.989200 

H 4.485846 -1.286263 1.048441 
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Table S4. Optimized Cartesian coordinates in Å and ground-state SCF energies, ESCF, in 

atomic units (a.u.) for the S1/S0 minimum-energy crossing point (MECP) geometry of 

[BP4–H]– at the ωB97X-D/ma-def2-SV(P) level. 

ESCF = -1388.47789110 

C 0.098901 -1.703817 -0.565039 

C -1.249833 -1.554745 -1.029099 

C -2.109776 -0.566300 -0.580780 

C -1.659739 0.396392 0.390894 

C -0.359016 0.286148 0.858399 

C 0.510869 -0.716302 0.415234 

C 1.884679 -0.824794 0.884651 

C 3.008411 -0.159316 0.281227 

C 2.793649 0.685637 -0.826691 

C 3.868155 1.330639 -1.429542 

C 5.162399 1.144602 -0.940788 

C 5.385528 0.306863 0.159411 

C 4.321868 -0.342700 0.767981 

O 2.139570 -1.588874 1.926902 

O 0.886961 -2.608407 -0.938601 

H 1.310192 -2.008128 2.199135 

O -3.319152 -0.575875 -1.178898 

C -4.527231 -0.289773 -0.491325 

H -4.737852 0.787871 -0.501176 

H -4.481177 -0.627495 0.553941 

H -5.312333 -0.840128 -1.030006 

S -2.606833 1.805020 1.052783 

O -1.584311 2.626500 1.735867 

O -3.594272 1.201615 1.977215 

O -3.206772 2.449690 -0.135337 

H -1.618144 -2.267074 -1.769837 

H -0.024901 1.047551 1.569068 

H 1.776496 0.824392 -1.199201 

H 3.692840 1.984267 -2.287068 

H 6.004449 1.653683 -1.417350 

H 6.400235 0.161722 0.538828 

H 4.488319 -1.001980 1.621976 
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Table S5. Optimized Cartesian coordinates in Å and ground-state SCF energies, ESCF, in 

atomic units (a.u.) for the S3/S2 minimum-energy crossing point (MECP) geometry of 

[BP4–H]– at the ωB97X-D/ma-def2-SV(P) level. 

ESCF = -1388.55672076 

C -0.216422 -2.390303 -0.111570 

C -1.593661 -2.324942 -0.086102 

C -2.324128 -1.079635 0.005214 

C -1.582372 0.182503 0.091030 

C -0.213951 0.082074 0.078711 

C 0.547004 -1.174665 0.000344 

C 2.040585 -1.320049 0.028151 

C 2.928073 -0.164084 -0.000516 

C 2.697411 1.066569 -0.679471 

C 3.667929 2.064910 -0.706511 

C 4.895165 1.883028 -0.059912 

C 5.150639 0.666463 0.601377 

C 4.198891 -0.337591 0.615215 

O 2.516073 -2.481575 0.064032 

O 0.381178 -3.574135 -0.168873 

H 1.371607 -3.345732 -0.065739 

O -3.616329 -1.359282 -0.029218 

C -4.726082 -0.510661 0.189307 

H -4.832668 0.191994 -0.657868 

H -4.573297 0.092385 1.100123 

H -5.587699 -1.184181 0.274385 

S -2.235971 1.888404 0.147822 

O -1.055768 2.753766 0.040630 

O -2.948256 1.998819 1.440878 

O -3.136039 1.951477 -1.031455 

H -2.174969 -3.246544 -0.134323 

H 0.335971 1.021220 0.169809 

H 1.758745 1.236792 -1.211973 

H 3.461677 2.999647 -1.236418 

H 5.648439 2.676565 -0.069982 

H 6.108634 0.512083 1.108302 

H 4.396065 -1.296180 1.101702 
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Table S6. Optimized Cartesian coordinates in Å and ground-state SCF energies, ESCF, in 

atomic units (a.u.) for the S2/S1 minimum-energy crossing point (MECP) geometry of 

[BP4–H]– at the ωB97X-D/ma-def2-SV(P) level. 

ESCF = -1388.56833379 

C -0.219164 -2.412488 -0.131418 

C -1.592658 -2.343300 -0.181351 

C -2.293985 -1.123884 -0.059205 

C -1.545477 0.098324 0.126022 

C -0.153326 0.012608 0.195625 

C 0.554534 -1.195808 0.028546 

C 2.020393 -1.333623 0.036033 

C 2.926768 -0.169089 -0.005386 

C 2.677223 0.980167 -0.786303 

C 3.605108 2.017422 -0.825789 

C 4.799015 1.932346 -0.102671 

C 5.062461 0.787860 0.659287 

C 4.144334 -0.255334 0.704828 

O 2.508344 -2.506877 0.163209 

O 0.359011 -3.620672 -0.265178 

H 1.328799 -3.543557 -0.200660 

O -3.615193 -1.300650 -0.141628 

C -4.616089 -0.351422 0.186665 

H -4.648630 0.452745 -0.562850 

H -4.421592 0.104500 1.168498 

H -5.554818 -0.920160 0.196469 

S -2.213083 1.796418 0.223094 

O -1.018025 2.657553 0.223690 

O -2.979747 1.831915 1.489847 

O -3.047373 1.922783 -0.992988 

H -2.170142 -3.259513 -0.308048 

H 0.382846 0.944843 0.378172 

H 1.754132 1.062901 -1.364353 

H 3.388708 2.903789 -1.428155 

H 5.520659 2.753436 -0.132703 

H 5.994848 0.710926 1.226667 

H 4.348593 -1.155017 1.289134 
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S8. Further computational results 

Table S7. Summary of vertical excitation energies, ΔE, oscillator strengths, f, and 

transition characters evaluated at the S0 minimum-energy geometry. Tabulated values are 

at the ωB97X-D/ma-def2-SV(P) level; values in parentheses are at the ADC(2)/MP2/ma-

def2-SV(P) level. 

Transition Transition ΔE (eV) f 

T1 ← S0 ππ* 3.183 0.000 

T2 ← S0 ππ* 3.745 0.000 

T3 ← S0 nπ* 3.872 0.000 

T4 ← S0 nπ* 4.139 0.000 

S1 ← S0 ππ* 4.272 (3.533) 0.256 (0.156) 

S2 ← S0 nπ* 4.357 (3.701) 0.010 (0.004) 

S3 ← S0 ππ* 4.756 (4.120) 0.365 (0.273) 

 

We note that the lowest energy /* and n/* states appear >8 eV at the Franck-Condon 

point. 
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Figure S6. (a) Energies of the S0 state (black) and excited singlet (red) and triplet (violet) 

states between (i) the S0 and S1 minimum-energy geometries, and (ii) the S1 minimum-

energy geometry and the S1/S0 MECP. (b) Energies of the S0 state (black) and excited 

singlet states (red) between (i) the S0 minimum-energy geometry and the S3/S2 MECP, (ii) 

the S3/S2 MECP and the S2/S1 MECP, (iii) the S2/S1 MECP and the S1 minimum-energy 

geometry, and (iv) the S1 minimum-energy geometry and the S1/S0 MECP. Points were 

generated via linear interpolation of internal coordinates (LIIC). Energies were evaluated 

at the ωB97X-D/ma-def2-SV(P) level.  
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Figure S7. Energies of the S0 state (black) and excited singlet (red) and triplet (violet) 

states at key geometries for the S1 excitation scheme. MECP are denoted via a diabolo. 

Energies were evaluated at the ωB97X-D/ma-def2-SV(P) level. 
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Figure S8. Energies of the S0 state (black) and excited singlet (red) and triplet (violet) 

states at key geometries for the S3 excitation scheme. MECP are denoted via a diabolo. 

Energies were evaluated at the ωB97X-D/ma-def2-SV(P) level. 



 

160 

 

 

S9. Schematic structure of deprotonated benzophenone-4 

 

 

Scheme S1. Structure of deprotonated benzophenone-4 ([BP4–H]–). All atoms are 

labelled. 
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S1. Photodepletion laser power dependence measurements 

Laser power measurements were conducted on [RF−H]− at several of its respective 

absorption maxima when electrosprayed in deionized H2O. The plot displayed in 

Figure S1 shows the parent ion photodepletion intensities (IntOFF – IntON) at the selected 

photon energies. Following standard protocols, the data has been plotted and fit to a power 

function.[1-3] The resultant slope is thereby proportional to the number of absorbed 

photons implicated in the experiment(s).  
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Figure S1. Power dependence measurements for [RF−H]− at five absorption maxima of 

(a) 2.5 eV (496 nm), (b) 3.0 eV (414 nm), (c) 3.5 eV (354 nm), (d) 4.7 eV (264 nm), and 

(e) 5.0 eV (246 nm). 

 

Multiphoton events via instantaneous absorption of multiple photons in the Franck-

Condon region are negligible as the laser beam is only softly focused through the ion-trap 
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region. The slopes of all photon energies are less than 1.0, confirming that photodepletion 

[RF−H]− at 0.1 mJ are evidently not multiphoton in nature. 
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S2. Electron detachment yield vs. photodepletion yield interpretation 

In Figure S2 where we present ED* spectra, we overlay such data with the photodepletion 

yield (PD*) for ease of comparison; PD* is the normalized photodepletion ion count 

(Eq. 6), which provides the most straight-forward comparison to ED* (Eq. 5). Previous 

work on the vertical detachment energies (VDEs) of flavins have shown predicted VDEs 

of ca. 4.0 and 3.8 eV for deprotonated alloxazine and ca. 4.6 and 4.7 eV for deprotonated 

structures of lumichrome [4] with deprotonation on the ribose side chain likely giving a 

VDE close to that of an alkoxide [5]. 
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Figure S2. (a) Electron detachment yield (ED*; blue) vs. photodepletion yield (PD*; red) 

of [RF−H]−. The solid lines are a five-point adjacent average of the data points. 
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S3. Higher-energy collisional dissociation of [RF−H]− 
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Figure S3. Parent ion dissociation curves [RF−H]− (m/z 375) and the extent of the minor 

thermal fragments produced between 0% and 60% HCD energy, as electrosprayed in 

EtOH. The curved lines are a five-point adjacent average of such data points and are 

provided as a viewing guide, to emphasize the profile for each individual fragment. 

 

  



 

170 

 

 

S4. Solution-phase photofragment production curves 
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Figure S4. (a) Relative ion intensity plot highlighting the solution-phase photofragment 

ions of aqueous RF produced over a 15 minute interval of irradiation at 365 nm when 

delivered via ESI-MS in the negative ion mode. (b-c) Linked inset plot highlighting the 

relative ion intensities of the minor photofragments observed upon the solution-phase 

irradiation of aqueous RF. The curved lines included with the data points are a three-point 

adjacent average of such data points and are extracted from an average of 3 repeat runs. 
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S5. Design of custom-made on-line syringe cell  

 

 

 

 

 

 

Figure S5. Various cross-sectional views of the custom-made on-line syringe photolysis 

cell. 
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S6. Control solution-phase studies 
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Figure S6. Static UV-visible absorption spectra monitoring the absorption spectrum of 

riboflavin, prepared in aqueous solution with trace amounts of NH3 (0.4% v/v), between 

0–240 min. The overall stability of the spectra depicted support the idea that hydrolysis 

does not occur on this time scale. 
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Figure S7. Static UV-visible absorption spectra monitoring the changes in the absorption 

spectrum of riboflavin, prepared in aqueous solution with trace amounts of NH3 (0.4% 

v/v), between 0–20 min upon irradiation (365 nm). 
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Figure S8. Static UV-visible absorption spectra monitoring the changes in the absorption 

spectrum of riboflavin, prepared in aqueous solution, between 0–20 min upon irradiation 

(365 nm). 
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Figure S9. Positive ion mode electrospray ionization (ESI) mass spectrum of protonated 

riboflavin ([RF+H]+) at m/z 377. Note that the ions at noted at m/z 399 and 415 represent 

its [RF+Na]+ and [RF+K]+ systems, respectively.  
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Figure S10. Representative total ion chromatogram and extracted ion chromatogram for 

ions at m/z 751, 617, 375, 255, and 241. Note that the ion intensities of the m/z 751, 617, 

375, and 255 ions barely fluctuate relative to one another across the 0–30 min time period 

of irradiation. Notably the production of the major photofragment ion in the solution phase 

at m/z 241 (as identified previously in Figures 8 and 9 of the main text) is not induced 

when the syringe is covered, and where UV-A light is not transmitted through to the 

solution. 
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Figure S11. Relative ion intensity plot highlighting the solution-phase ions of aqueous 

[RF–H]– produced over a 30 minute interval of irradiation at 365 nm (3.4 eV) when 

delivered via ESI-MS in the native ion mode when the syringe is covered with a black 

cloth, preventing UV-A light to be transmitted into the solution for irradiation. The curved 

lines included with the data points are a three-point adjacent average of such data points 

and are extracted from an average of 3 repeat runs. 
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Figure S12. Plot of the data obtained via use of a thermocouple (Six Channel Handheld 

Temperature Data Logger; Omega RDXL6SD, Serial No. 003308) employed to monitor 

the temperature within the photolysis cell at two separate locations within the on-line 

syringe photolysis cell.  
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