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Abstract: A natural UV-absorbing chromophore extracted from sphagnum mosses, sphagnic acid, is
proposed as a new natural support to chemical UV filters for use in cosmetic applications. Sphagnic
acid is structurally related to the cinnamate family of molecules, known for their strong UV absorption,
efficient non-radiative decay, and antioxidant properties. In this study, transient electronic absorption
spectroscopy is used, in conjunction with steady-state techniques, to model the photodynamics
following photoexcitation of sphagnic acid in different solvent systems. Sphagnic acid was found in
each system to relax with lifetimes of ~200 fs and ~1.5 ps before generating a cis-isomer photoproduct.
This study helps to elucidate the photoprotective mechanism of a new potential natural support to
sunscreens, from a unique plant source.

Keywords: sphagnum moss; avobenzone; sunscreen; photoprotection; ultrafast spectroscopy;
photophysics; photochemistry

1. Introduction

Solar ultraviolet radiation (UVR), particularly that in the UV-B region (280-315 nm),
is well known to cause damage to the skin [1,2]. Specific health risks arising from over-
exposure to UV-B include malignant melanoma and squamous cell carcinoma [3]. In a
continuing effort to combat these adverse health effects, synthetic sunscreens have been de-
veloped with the requisite absorption features to protect against UVR not already absorbed
by atmospheric ozone [4].

Sunscreens are characterised as either inorganic or organic filters: inorganic filters
achieve photoprotection by scattering and absorbing incident radiation, whereas organic
filters absorb and ideally dissipate the energy through non-radiative decay [5,6]. Contro-
versies surrounding existing sunscreen formulation components, especially certain UV
filters shown to generate harmful photoproducts, have stimulated research into novel or-
ganic molecules capable of photoprotection [7,8]. To facilitate effective sunscreen molecule
design, not only are new strongly absorbing species being designed and synthesised,
but mechanisms of action of existing sunscreen molecules have been investigated and
relaxation schemes of potential UV filter compounds following UVR absorption are being
analysed [7,9-12].

Sphagnic acid (or trans-sphagnum acid, (E)-3-(4-hydroxyphenyl)pent-2-enedioic acid),
hereafter abbreviated to SphA, has recently been proposed for support to artificial UV
filters [13]. Sphagnol, a substance initially extracted from the cell walls of sphagnum
mosses in the late 19th century, contains a mixture of phenols (including SphA) and was
used in the treatment of skin diseases and in wound dressings due to its antiseptic and
antifungal properties [14]. SphA was first identified in the 1970s and characterised by
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analysis of the cell walls of Sphagnum magellanicum but has since been found in other
sphagnum mosses [15,16]. This molecule is believed to impart UVR photoprotection
to sphagnum mosses, absorbing harmful UV-B radiation [13,16,17]. SphA shares many
structural characteristics with other plant UV filters, such as the phenylpropanoid moiety
present in sinapic acid and its derivatives [13,18,19]. Sinapic acid and its derivatives also
exhibit strong UV absorption and antioxidant properties [13,20]. As such, SphA has been
suggested for use in cosmetic formulations as part of a sphagnum moss extract that could
be obtained either by classical extraction or produced by biotechnological methods [13,21].
The analysis of this compound provides a new avenue for the investigation of natural UV
filters. In contrast to current plant-inspired UV filters derived from organisms that grow in
direct sunlight, SphA is extracted from mosses which typically thrive in damp and dark
environments [15,16,22]. In addition to this, SphA’s absorption profile (see Figure 1) means
it absorbs in approximately the same region as the diketo tautomer form of the widely used
UV filter avobenzone [23]. The diketo form of avobenzone, formed from the photo-induced
tautomerisation of the enol, is well known to be unstable, generating harmful photoproduct
radicals via a Norrish Type I cleavage when exposed to UVR [24-27]. The use of SphA
or a biotechnologically recovered sphagnum extract in blends containing avobenzone
could prevent the generation of these harmful photoproducts by absorbing some of the
incident photon flux that would otherwise initiate the cleavage reaction, thereby providing
nature-based support to an extensively used chemical UV filter [23].
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Figure 1. (a) UV-vis spectrum of sphagnic acid in ethanol (blue); dotted line shows pump wavelength
selected for transient electronic absorption spectroscopy (TEAS) (295 nm); calculated vertical exci-
tations for sphagnic acid in ethanol (solid black). (b) Schematic of trans-cis photoisomerisation of
sphagnic acid.

SphA, being structurally related to existing UV filters whose photoprotection mech-
anisms have already been studied in the gas and solution phase, is likely to follow the
same proposed relaxation mechanism [28,29]. This non-radiative decay (NRD) mecha-
nism can be summarised thus: 1'm7* — Sy (v > 0) — Sy (v = 0) (trans or cis). Following
photoexcitation to the first excited singlet 7rt* state, the population transfers back to the
Sy singlet ground state mediated by rapid motion out of the Franck-Condon region to a
117tr* /Sy conical intersection (CI), at which photoisomerisation occurs to form either the
cis isomer or the starting trans isomer, before vibrationally cooling down the Sy potential
energy surface [28,30]. According to this identified mechanism, the only photoproduct
generated should be the cis isomer of the molecule (see Figure 1) [28].



Molecules 2023, 28, 6153

30f12

In the present study, we seek to confirm this NRD mechanism proposed following
photoexcitation at the absorbance peak maximum (UV-B, 1'7t7t*) in three solvent systems:
ethanol, acetonitrile and dioxane (in order of decreasing polarity). We also seek to extract
lifetimes attributed to each step of the ultrafast relaxation process. To do this, the photo-
dynamics were probed using femtosecond transient electronic absorption spectroscopy
(fs-TEAS) and analysed via the sequential global fitting software Glotaran [31]. The photo-
stability of SphA was also investigated using steady-state spectroscopies.

2. Results
2.1. Transient Electronic Absorption Spectroscopy (TEAS)

The solution-phase photodynamics of SphA in each of the three solvent systems
(ethanol, acetonitrile and dioxane) was monitored via TEAS. The (pump) photoexcita-
tion wavelength (assigned as S; < Sgp by TDDFT calculations) was centred at Apax for
the first peak in the UV-visible absorption spectrum of SphA in each solvent system (see
Supplementary Figures S1-53). Figure 2 shows the collected transient absorption spec-
trum/spectra (TAS) for each system studied, with SphA-ethanol photoexcited at 295 nm and
SphA-dioxane and SphA-acetonitrile photoexcited at 294 nm. The TAS collected for each
system, presented in the form of two-dimensional heat maps (Figure 2a—c), TAS at selected
pump-probe time delays (Figure 2d—f) and evolution-associated difference spectra (EADS)
extracted from fitting (Figure 2g-i), all show similar features and associated lifetimes. These
are, to a greater or lesser extent, features typically observed in TAS: excited state absorption
(ESA) in which the initially populated excited state is further excited by the white light
probe, ground state bleach (GSB) in which the ground state population is depleted by the
pump pulse and stimulated emission (SE) in which the initially populated excited state is
stimulated to relax back to the electronic ground state by the white light probe. Further
details pertaining to these features can be found in the work by Berera et al. [32]. At first
sight, the TAS collected show that GSB recovery is achieved in a few ps; the ESA (centred at
~380 nm in all systems) and weak SE (centred at ~450 nm in acetonitrile) almost completely
diminish within ~2 ps for each system. To obtain quantitative insight into the number
of processes occurring and their respective lifetimes, a sequential global fitting technique
was employed using the software package Glotaran. The accuracy of the fits generated
is reflected in the residuals produced for each two-dimensional heat map of the TAS (see
Supplementary Figures S4-56). The results of these fitting procedures are summarised
in Table 1. Three lifetimes were identified in each case, the third of which accounts for
the incomplete GSB recovery reflecting the photoproduct absorption profile; see below for
further discussion. Instrument response was extracted experimentally by measurement of
solvent-only TAS under identical pump-probe conditions to elicit the solvent response to
photoexcitation (see Supplementary Figures S7-59).

Table 1. Time constants extracted from the sequential global fitting analysis of the collected TAS.

Lifetime Ethanol Acetonitrile Dioxane
1 (fs) 280 + 50 330 £+ 60 236 + 50
T, (ps) 1.31 £0.05 3.40 £+ 0.06 1.37 £ 0.05

T3 (ns) >>1.8 >>1.8 >>1.8
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Figure 2. Two-dimension heat maps of the TAS (a—c), TAS at selected pump-probe time delays
(d—f) and EADS extracted from Glotaran fitting (g-i). SphA in ethanol was photoexcited at 295 nm
(a,d); SphA in acetonitrile was photoexcited at 294 nm (b,e); SphA in dioxane was photoexcited at
294 nm (c,f). The colour maps and selected TAS depict the change in optical density (OD).

2.2. Steady-State Spectroscopy

'H and COSY NMR spectra were obtained pre- and post-3 h irradiation of SphA in
deuterated acetonitrile with a solar simulator (see Supplementary Figures 510-513). These
spectra were taken to check for photoproducts potentially resolvable by 'H shift or by
J-coupling values. The key features of the 'H NMR spectra are shown in Figure 3.

TAS collected at late pump-probe time delays of our experiment (At = 1.0-1.8 ns) and
UV-visible difference spectra of SphA in acetonitrile collected after 3 h irradiation at 294 nm
are displayed together in Figure 4. These data are compared to check that photoproducts
generated on the ps timescale correspond to long-lived photoproducts formed from steady-
state irradiation. To add, UV-visible spectra were collected at various time delays of
irradiation with a solar simulator, spanning 3 h, to determine the photostability of SphA in
each solvent (see Supplementary Figures 514-516).
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Figure 3. 'H NMR spectra showing SphA in dz-acetonitrile pre- (red) and post-irradiation (blue) for
3 h with a solar simulator. Signals in the spectral window shown are labelled with their respective
assignments on the trans and cis isomer structures of SphA (see Supplementary Figures S16-S19 for
full spectra).
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Figure 4. Normalised UV-visible difference spectra following irradiation of sphagnic acid in ace-
tonitrile with a solar simulator for 3 h (black) overlaid with normalised average At = 1.0-1.8 ns
TAS (red).

3. Discussion

From the two-dimensional heat maps in Figure 2, a positive signal attributed to ESA
is present in all three solvent systems studied, centred at 390 nm in ethanol, at 380 nm
in acetonitrile and at 400 nm in dioxane. Within a few hundred femtoseconds the ESA
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blue shifts into a new ESA feature. This blue shift indicates that the absorbing molecule is
undergoing geometry relaxation in the excited state, as described in previous models [33].
The ESA decays to baseline within ~2 ps in each case. A slight negative feature centred at
450 nm is also visible in the acetonitrile TAS, which decays with the same lifetime as the
ESA, suggesting this may reflect SE from an excited state.

TAS at much longer At possess a slight long-lived positive absorption feature, evident
in the selected time traces from 5 ps to 1.8 ns; the averaged TAS from At =1.0-1.8 ns is shown
in Figure 4 (red trace) as an exemplar. Excited state photodynamics were considered to have
finished by 1.0 ns, so any signal afterwards arises purely from a long-lived photoproduct.
If the mechanism of relaxation follows the same pathway as that identified in previous
studies (i.e., trans to cis photoisomerisation) then this positive feature would be assigned
to the formation of the stable cis isomer, which is formed on the ps timescale [28,34,35].
A difference UV-visible spectrum of the system pre- and post-irradiation with a solar
simulator (Figure 4, black trace) shows the difference absorption profile between the stable
photoproduct formed and starting material. This is the steady-state analogue of the long-
time delay (i.e., 1.0-1.8 ns) TAS obtained under ultrafast conditions. The agreement between
the two difference absorption spectra indicates that the long-lived photoproduct (likely
the cis isomer) is formed on a ps timescale and persists to the steady state. The slight
discrepancy between the two plots, particularly the peak in the TAS at 365 nm compared to
the UV-visible difference spectrum at 370 nm, is attributed to one of two possible effects.
Firstly, the blue shift may be due to the involvement of ESA from a populated triplet state.
Secondly, whilst the sample volume is replenished from shot to shot, there may be some
residual cis isomer remaining from previous laser photoexcitation which could contribute
to this apparent spectral shift when a change in optical density is calculated.

To garner further insight into the potential photoisomerisation pathway, further struc-
tural interrogation of these long-lived photoproducts was achieved through 'H spectra
taken pre- and post-irradiation with a solar simulator (see Supplementary Figures S10-513).
Looking at the 5.75-7.75 ppm region of the 'H spectrum shown in Figure 3, the cis iso-
mer is clearly identifiable in the new peaks which have grown following irradiation by
approximately the same amount as the original (trans) peaks have diminished; the ratio
of integrals between cis and trans peaks is approximately 3:1 following 3 h irradiation in
all cases. The chemical shifts (7.15, 6.86, 6.29 and 4.10 compared to 7.47, 6.79, 5.96 and
3.46 ppm) for the new peaks generated are characteristic of the cis isomer. The J-values of
the cis and trans isomers are too alike to distinguish in the spectrum. It should be noted
that in ds-acetonitrile, the three acidic protons on SphA are invisible in the spectra due
to exchange with the solvent. No substantial peaks other than those predicted for the cis
isomer were found in the post-irradiation 'H NMR, suggesting that the photoisomerisation
yield following excitation by the solar simulator is very high compared to competing
photochemical pathways.

The photostability of SphA under a solar spectrum (see Supplementary Figures S14-S16)
is comparable to that of similar cinnamate derivatives [29,36]. Based on the NMR data
collected for SphA in dz-acetonitrile and information from the At = 1.0-1.8 ns TAS, we
conclude that the observed depletion of absorption at ~290 nm in the UV-visible spectrum
is a result of photoisomerisation to a product generated < 1.0 ns after photoexcitation. The
resulting cis isomer photoproduct has a diminished absorbance profile compared to its
trans counterpart.

Looking at the TAS qualitatively, the fact that the sequential global fitting analysis
yielded three lifetimes (11, T, and 13) of approximately the same magnitude in each case
indicates that similar photophysical processes are occurring during the relaxation of SphA
from its 1'7tm* state in each solvent system. It should be noted that the extracted time
constants include a convolution with an instrument response function characteristic for
each system studied.

Previous solution-phase studies have proposed that following photoexcitation to the
1!7n* state, cinnamates and related compounds typically undergo a rapid geometry change
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out of the Franck—-Condon region, then photoisomerise via an S /Sy CI [37]. This initial
rapid geometry change, characterised typically by the first lifetime 71, generally appears
as a slight spectral change in the early TAS. In this study, however, any fast processes
occurring on the <200 fs timescale (a lifetime similar to our instrument response) cannot be
deconvolved into distinct steps. Our extracted Ty, therefore, probably consists of a convolu-
tion of artefacts from the solvent response, geometry relaxation/solvent rearrangement and
propagation (in part) through a CI to the Sy electronic state [38]. The EADS corresponding
to the lifetimes extracted demonstrate a rapid relaxation from the S; state. In acetonitrile,
SE centred at 450 nm can be clearly seen beyond 1 ps following photoexcitation, indicating
that excited state relaxation dynamics are very fast, but that T contains some component
of trapped population in the excited state. T (~1 ps in all cases) is assigned to the final
photodynamic process occurring during the relaxation of SphA: vibrational cooling down
the Sy surface from the 1'mr*/Sy CI. 1, is approximately commensurate with lifetimes
attributed to vibrational cooling in past studies [28,37]. It should be noted that, from visual
inspection, the global analysis afforded by Glotaran is not capable of totally capturing the
vibrational cooling in any solvent system; the ESA blue shifts from ~1 to ~5 ps, but this is
not reflected in EADS.

The appearance of the cis isomer photoproduct absorption profile at ~350 nm in each
system agrees with the photoisomerisation-dominated NRD pathway proposed. After
the appearance of this feature (at ~5 ps), the signal gradually narrows and blue shifts,
as previously mentioned; this would be expected if the Sy were initially populated in
a vibrationally hot state which subsequently cools by energy transfer to the immediate
solvent environment to form the cis isomer [38].

As previously mentioned, T3 represents the long-lived vibrationally cool cis isomer
photoproduct, whose lifetime extends well beyond our experimental At window of 1.8 ns.
A schematic summary of the processes proposed to occur following photoexcitation of
SphA to 17t is shown in Figure 5.

Photophysical relaxation mechanisms hypothesised in previous studies of cinnamates,
including ring deformation to reach a CI, are not apparent, but may provide an alter-
native NRD method for SphA [34,39]. It is not clear whether any photoisomerisation
of SphA would result from propagation through this different CI. Surface-hopping and
non-adiabatic dynamics simulations are required to generate a more complete image of
the potential relaxation mechanisms available to SphA [39]. The observed pre- and post-
irradiation ratios of trans:cis isomers of SphA do, however, demonstrate that photo-induced
isomerisation is occurring to an appreciable extent, and so this should lend credence to
some understanding of the excited state dynamics of the molecule.

The solvent effects on the relaxation of SphA are not particularly noteworthy: the
lifetimes corresponding to the relaxation processes of SphA in acetonitrile are longer than
those in ethanol and dioxane. There is no immediate intuitive reason why the photodynam-
ics of SphA are comparatively retarded in the intermediate polarity solvent. This apparent
lack of solvent dependence on dynamics is a potential advantage if SphA were used in
sunscreens; manufacturers can be confident that SphA’s dynamics are not affected by the
solvent environment used in a formulation. This finding forms a segue for future studies
into the photodynamics of SphA in water—the solvents used in these studies were selected
as models for SphA in non-aqueous sunscreen formulations. The photophysics of SphA in
more perturbing solvents where intermolecular interactions may be stronger (i.e., water)
may differ from those identified supra. For example, stronger interactions may impact
large-amplitude nuclear rearrangement (such as an isomerisation) which could noticeably
impact dynamics.
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(>> 1.8 ns)

trans-cis isomerisation coordinate

Figure 5. Schematic showing the proposed relaxation mechanism following photoexcitation to the
117ttt state, with approximate lifetimes for each process identified from TEAS. Although the first
two processes occurring (light orange) are separate and theoretically spectrally resolvable, they are
convoluted in the first lifetime 71 in our TAS experiment.

It is apparent that in each solvent case, the NRD dynamics of SphA are fast compared
to other UV filters used in sunscreen blends (e.g., ethyl ferulate, avobenzone). Likewise,
the excited state dynamics of another plant sunscreen molecule, sinapoyl malate, are slow
relative to SphA [40]. It is possible that these accelerated relaxation dynamics are due
in part to the steric bulk provided by the ethanoic acid moiety on the alkene leading to
diminished coplanarity between the double bond and the phenol group. The energetic
barrier in the S; leading to the S;/Sy CI (and planar symmetry breaking) is, therefore,
more surmountable (and repulsive), rendering overall excited state dynamics faster [41].
Based on the observed ultrafast photodynamics and absence of generated deleterious
photoproducts, SphA warrants further study in terms of both explaining its dynamics
(via ab initio computational studies in an explicit solvent model, rather than in an im-
plicit one (see Supplementary Figures S1-53)) and investigating its viability for use in
sunscreen formulations.

4. Materials and Methods
4.1. Transient Electronic Absorption Spectroscopy (TEAS)

The experimental setup for fs-TEAS has been described in detail elsewhere and will be
summarised herein [35]. Femtosecond laser pulses (3 W, 1 kHz repetition rate) with a central
wavelength of 800 nm were generated by a Ti:sapphire regenerative amplifier (Spitfire XP,
Spectra-Physics, Milpitas, CA, USA), seeded by a Ti:sapphire oscillator (Tsunami, Spectra-
Physics). This train of femtosecond pulses was split into three equivalent 1 W beams,
two of which are involved in the TEAS experiment presented herein. One 1 W beam
was used to generate ‘pump’ pulses, of a desired central wavelength, using an optical
parametric amplifier (OPA) (TOPAS-C, Spectra-Physics). The second 1 W beam was further



Molecules 2023, 28, 6153

9of 12

divided into two beams of 0.95 W and 0.05 W, respectively. The 0.05 W beam was focussed
into a translating CaF, window to produce a white light supercontinuum (‘probe” pulse,
~315-740 nm). Pump-probe time delay (At) was varied by changing the delay of the probe
pulse using a gold retroreflector. After passing through the sample, the probe pulse is
collimated, goes through an 800 nm filter, and is focussed into a fibre-coupled spectrometer
(AvaSpec-ULS1650F, Avantes, Apeldoorn, The Netherlands) by a CaF; lens, from which
changes in optical density were determined. The sample (1 mM in each solvent) was
circulated in a flow-through cell (Demountable Liquid Cell, Harrick Scientific Products
Inc., Pleasantville, NY, USA) consisting of two CaF, windows (0.5 and 1 mm, respectively)
spaced 100 um apart. The irradiated sample was continually replenished at 75 mL/min
from a 25 mL reservoir using a peristaltic pump (Masterflex, Gelsenkirchen, Germany).
TEAS scans at each time delay were repeated a minimum of 5 times in each solvent system
to achieve a reasonable signal-to-noise ratio for each system.

4.2. Steady-State Spectroscopy

Steady-state absorption spectra were obtained to assess the photostability of SphA.
UV-visible spectra were recorded (Cary 60 UV /Vis spectrophotometer, Agilent, Santa
Clara, CA, USA) after irradiation of the solution (~0.03 mM) with a solar simulator
(LCS-100, Spectra-Physics).

'H NMR (300 MHz, ds-acetonitrile) spectra were taken pre- and post-irradiation
of SphA to identify the photoproducts generated. SphA was dissolved in deuterated
acetonitrile (~20 mM) as the solvent used in the TEAS experiments that was most readily
available in the deuterated form. The sample was irradiated with a solar simulator (LCS-100,
Spectra-Physics) for 3 h. These NMR spectra were collected twice to ensure trans:cis isomer
ratios were consistent.

4.3. Computational Calculations

SphA’s structure was optimised and characterised using harmonic vibrational fre-
quency calculations employing the B3LYP functional in combination with the Dunning
basis set cc-pVTZ [42-45]. Based on the optimised structure, TDDFT calculations were
made at the same level of theory and using the polarisable continuum model (PCM) to ac-
count for solvent effects of ethanol, acetonitrile, and dioxane, respectively. All calculations
were performed with the Gaussian 16 software package [46-50].

5. Conclusions

SphA has been studied using TEAS in conjunction with steady-state spectroscopic
methods to determine its excited state dynamics in solution. It was determined that excita-
tion to the 1!7t* state drives a trans-cis photoisomerisation on a ps timescale, mediated by
a 1'mn* /Sy CIL. The resulting photoproduct cis isomer is generated in a vibrationally hot
state before dissipating its excess energy to the surrounding solvent environment. It was
also ascertained that SphA’s fast relaxation rate is largely unaffected by the solvent system.
Based on SphA’s absorption profile and photodynamics, we suggest the molecule for use
as support to sunscreen formulations containing avobenzone, to combat the generation of
deleterious free radicals demonstrated as arising from avobenzone’s exposure to UV-B, as
well as providing photoprotection in the UV-B region. As the toxicology of commercial UV
filters continues to be unravelled, it is possible that natural alternatives, such as SphA, may
supplant other existing sunscreen ingredients (e.g., octocrylene, currently used in formula-
tions containing avobenzone) [51-53]. Future work such as ab initio computational studies
may provide an understanding of the fast relaxation rates exhibited by SphA. The first
look at the ultrafast properties of this molecule from moss has been surprising: for a plant
that does not typically grow in direct sunlight, its energy dissipation scheme surpasses
that of existing natural plant filters which are thought to absorb UVR in abundance [54].
We believe this is grounds for further research into other moss-based chromophores, to
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expand the catalogue of nature-inspired compounds capable of supporting UV filters in
the continuing search for efficient, inexpensive, non-toxic sunscreen agents.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /molecules28166153/s1, Figures S1-53: UV-visible spectra
of SphA in ethanol, acetonitrile, dioxane and water, including calculated vertical excitation energies;
Figures S4-S6: Residuals for Glotaran fit to TAS data; Figures S7-59: Instrument response functions
(solvent-only TAS); Figures S10-513: 'H NMR and "H-"H COSY NMR of SphA in dz-acetonitrile
pre- and post-irradiation; Figures S14-S16: UV-visible spectra of SphA demonstrating photostability
under a solar spectrum.

Author Contributions: Conceptualization, S.P. and V.G.S.; investigation, M.H.; data curation, M.H.;
writing—original draft preparation, M.H.; writing—review and editing, M.H. and I.C.-R.; supervision,
V.G.S. and S.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Central England NERC Training Alliance (CENTA). .C.-R.
acknowledges co-funding from the European Union’s Horizon 2020 research and innovation Maria
Sktodowska-Curie Actions, under grant agreement number 945380.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
author (M.H.).

Acknowledgments: The authors would like to thank Mibelle Group Biochemistry for supplying the
SphA. M.H. thanks Christophe Corre for discussions and advice. M.H. also thanks the University
of Warwick for Ph.D. studentship through CENTA. The computational resources and services used
in this work were provided by the VSC (Flemish Supercomputer Center), funded by the Research
Foundation—Flanders (FWO) and the Flemish Government. V.G.S. thanks the Royal Society for a
Royal Society Industry Fellowship.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of SphA are available from the authors.

References

1. Frederick, J.E; Snell, H.E.; Haywood, E.K. Solar ultraviolet radiation at the earth’s surface. Photochem. Photobiol. 1989, 50, 443-450.
[CrossRef]

2. Gallagher, R.P; Lee, T.K. Adverse Effects of Ultraviolet Radiation: A Brief Review. Prog. Biophys. Mol. Biol. 2006, 92, 119-131.
[CrossRef]

3. De Gruijl, ER.; Rebel, H. Early Events in UV Carcinogenesis—DNA Damage, Target Cells and Mutant P53 Foci. Photochem.
Photobiol. 2008, 84, 382-387. [CrossRef] [PubMed]

4. Lautenschlager, S.; Wulf, H.C.; Pittelkow, M.R. Photoprotection. Lancet 2007, 370, 528-537. [CrossRef] [PubMed]

5. Serpone, N.; Dondi, D.; Albini, A. Inorganic and Organic UV Filters: Their Role and Efficacy in Sunscreens and Suncare Products.
Inorganica Chim. Acta 2007, 360, 794-802. [CrossRef]

6.  Shaath, N.A. Ultraviolet Filters. Photochem. Photobiol. Sci. 2010, 9, 464-469. [CrossRef]

7. Kockler, J.; Oelgeméller, M.; Robertson, S.; Glass, B.D. Photostability of Sunscreens. J. Photochem. Photobiol. C Photochem. Rev. 2012,
13, 91-110. [CrossRef]

8.  Bonda, C.A,; Lott, D. Sunscreen Photostability. In Principles and Practice of Photoprotection; Springer: Cham, Switzerland, 2016;
pp. 247-273. [CrossRef]

9. Nguyen, V.P.T,; Stewart, ].D.; Ioannou, L; Allais, F. Sinapic Acid and Sinapate Esters in Brassica: Innate Accumulation, Biosynthesis,
Accessibility via Chemical Synthesis or Recovery From Biomass, and Biological Activities. Front. Chem. 2021, 9, 664602. [CrossRef]

10. Luo, J; Liu, Y,; Yang, S.; Flourat, A.L.; Allais, F.; Han, K. Ultrafast Barrierless Photoisomerization and Strong Ultraviolet
Absorption of Photoproducts in Plant Sunscreens. J. Phys. Chem. Lett. 2017, 8, 1025-1030. [CrossRef]

11. Tanner, P.R. Sunscreen Product Formulation. Dermatol. Clin. 2006, 24, 53-62. [CrossRef]

12.  Forestier, S. Rationale for Sunscreen Development. . Am. Acad. Dermatol. 2008, 58 (Suppl. 2), S133-5138. [CrossRef]

13.  Mejia-Giraldo, J.C.; Gallardo, C.; Puertas-Mejia, M.A. In Vitro Photoprotection and Antioxidant Capacity of Sphagnum Meridense
Extracts, a Novel Source of Natural Sunscreen from the Mountains of Colombia. Pure Appl. Chem. 2015, 87, 961-970. [CrossRef]

14. Drobnik, J.; Stebel, A. Tangled History of the European Uses of Sphagnum Moss and Sphagnol. J. Ethnopharmacol. 2017, 209,

41-49. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/molecules28166153/s1
https://doi.org/10.1111/j.1751-1097.1989.tb05548.x
https://doi.org/10.1016/j.pbiomolbio.2006.02.011
https://doi.org/10.1111/j.1751-1097.2007.00275.x
https://www.ncbi.nlm.nih.gov/pubmed/18221455
https://doi.org/10.1016/S0140-6736(07)60638-2
https://www.ncbi.nlm.nih.gov/pubmed/17693182
https://doi.org/10.1016/j.ica.2005.12.057
https://doi.org/10.1039/b9pp00174c
https://doi.org/10.1016/j.jphotochemrev.2011.12.001
https://doi.org/10.1007/978-3-319-29382-0
https://doi.org/10.3389/fchem.2021.664602
https://doi.org/10.1021/acs.jpclett.7b00083
https://doi.org/10.1016/j.det.2005.09.002
https://doi.org/10.1016/j.jaad.2007.05.047
https://doi.org/10.1515/pac-2015-0302
https://doi.org/10.1016/j.jep.2017.07.025
https://www.ncbi.nlm.nih.gov/pubmed/28729228

Molecules 2023, 28, 6153 11 of 12

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

hard Tutschek, R. Isolierung Und Charakterisierung Der P-Hydroxy-B-(Carboxy-Methyl)-Zimtsdure (Sphagnumséaure) Aus Der
Zellwand von Sphagnum MagellanicumBrid. Z. Pflanzenphysiol. 1975, 76, 353-365. [CrossRef]

Hyyryldinen, A.; Turunen, M.; Rautio, P.; Huttunen, S. Sphagnum Mosses in a Changing UV-B Environment: A Review. Perspect.
Plant Ecol. Evol. Syst. 2018, 33, 1-8. [CrossRef]

Rasmussen, S.; Rudolph, H. Isolation, Purification and Characterization of UDP-Glucose: CIS-p-Coumaric Acid-B-D-
Glucosyltransferase from Sphagnum Fallax. Phytochemistry 1997, 46, 449—453. [CrossRef]

Kinoshita, S.N.; Harabuchi, Y.; Inokuchi, Y.; Maeda, S.; Ehara, M.; Yamazaki, K.; Ebata, T. Substitution Effect on the Nonradiative
Decay and Trans — Cis Photoisomerization Route: A Guideline to Develop Efficient Cinnamate-Based Sunscreens. Phys. Chem.
Chem. Phys. 2021, 23, 834-845. [CrossRef] [PubMed]

Tan, EM.M.; Hilbers, M.; Buma, W.J. Excited-State Dynamics of Isolated and Microsolvated Cinnamate-Based UV-B Sunscreens.
J. Phys. Chem. Lett. 2014, 5, 2464-2468. [CrossRef] [PubMed]

Teixeira, J.; Gaspar, A.; Garrido, E.M.; Garrido, J.; Borges, F. Hydroxycinnamic Acid Antioxidants: An Electrochemical Overview.
Biomed. Res. Int. 2013, 2013, 251754. [CrossRef]

Sofw Journal 9-2018—SOFW—Verlag fiir Chemische Industrie. Available online: https://www.sofw.com/en/sofw-journal/
archive/archive-2/124-sofw-journal-9-2018 (accessed on 9 May 2023).

Taskila, S.; Sdrkeld, R.; Tanskanen, J. Valuable Applications for Peat Moss. Biomass Convers. Biorefin. 2016, 6, 115-126. [CrossRef]
Holt, E.L.; Rodrigues, N.D.N.; Cebridn, J.; Stavros, V.G. Determining the Photostability of Avobenzone in Sunscreen Formulation
Models Using Ultrafast Spectroscopy. Phys. Chem. Chem. Phys. 2021, 23, 24439-24448. [CrossRef] [PubMed]

Berenbeim, J.A.; Wong, N.G.K.; Cockett, M.C.R; Berden, G.; Oomens, J.; Rijs, A.M.; Dessent, C.E.H. Unravelling the Keto-Enol
Tautomer Dependent Photochemistry and Degradation Pathways of the Protonated UVA Filter Avobenzone. J. Phys. Chem. A
2020, 124, 2919-2930. [CrossRef] [PubMed]

Moi, S.; Hosamani, B.; Kumar, K.; Gunaga, S.; Raghothama, S.; Gowd, K.H. Photochemical Studies of New Synthetic Derivatives
of Avobenzone under Sunlight Using UV-Spectroscopy. J. Photochem. Photobiol. A Chem. 2021, 420, 113488. [CrossRef]

Termer, M.; Carola, C.; Salazar, A.; Keck, C.M.; von Hagen, J. Methoxy-Monobenzoylmethane Protects Human Skin against
UV-Induced Damage by Conversion to Avobenzone and Radical Scavenging. Molecules 2021, 26, 6141. [CrossRef]

Cantrell, A.; Mcgarvey, D.J. Photochemical Studies of 4-Tert-Butyl-49-Methoxydibenzoylmethane (BM-DBM). J. Photochem.
Photobiol. B 2001, 64, 117-122. [CrossRef]

Horbury, M.D.; Baker, L.A.; Rodrigues, N.D.N.; Quan, W.D.; Stavros, V.G. Photoisomerization of Ethyl Ferulate: A Solution Phase
Transient Absorption Study. Chem. Phys. Lett. 2017, 673, 62—67. [CrossRef]

Krokidi, K.M.; Turner, M.A.P.; Pearcy, P.AJ.; Stavros, V.G. A Systematic Approach to Methyl Cinnamate Photodynamics. Mol.
Phys. 2021, 119, €1811910. [CrossRef]

Horbury, M.D.; Holt, E.L.; Mouterde, L.M.M.; Balaguer, P,; Cebrian, J.; Blasco, L.; Allais, E; Stavros, V.G. Towards Symmetry
Driven and Nature Inspired UV Filter Design. Nat. Commun. 2019, 10, 4748. [CrossRef]

Snellenburg, ].].; Laptenok, S.; Seger, R.; Mullen, K.M.; van Stokkum, L.H.M. Glotaran: A Java-Based Graphical User Interface for
the R Package TIMP. |. Stat. Softw. 2012, 49, 1-22. [CrossRef]

Berera, R.; van Grondelle, R.; Kennis, ].T.M. Ultrafast Transient Absorption Spectroscopy: Principles and Application to
Photosynthetic Systems. Photosynth. Res. 2009, 101, 105-118. [CrossRef]

Horbury, M.D.; Quan, W.D.; Flourat, A.L.; Allais, F,; Stavros, V.G. Elucidating Nuclear Motions in a Plant Sunscreen during
Photoisomerization through Solvent Viscosity Effects. Phys. Chem. Chem. Phys. 2017, 19, 21127-21131. [CrossRef]

Karsili, T.N.V.; Marchetti, B.; Ashfold, M.N.R.; Domcke, W. Ab Initio Study of Potential Ultrafast Internal Conversion Routes in
Oxybenzone, Caffeic Acid, and Ferulic Acid: Implications for Sunscreens. J. Phys. Chem. A 2014, 118, 11999-12010. [CrossRef]
Baker, L.A.; Greenough, S.E.; Stavros, V.G. A Perspective on the Ultrafast Photochemistry of Solution-Phase Sunscreen Molecules.
J. Phys. Chem. Lett. 2016, 7, 4655-4665. [CrossRef] [PubMed]

Abiola, T.T.; Whittock, A.L.; Stavros, V.G. Unravelling the Photoprotective Mechanisms of Nature-Inspired Ultraviolet Filters
Using Ultrafast Spectroscopy. Molecules 2020, 25, 3945. [CrossRef] [PubMed]

Abiola, T.T.; Rodrigues, N.D.N.; Ho, C.; Coxon, D.J.L.; Horbury, M.D.; Toldo, ].M.; Do Casal, M.T.; Rioux, B.; Peyrot, C.;
Mention, M.M; et al. New Generation UV-A Filters: Understanding Their Photodynamics on a Human Skin Mimic. . Phys.
Chem. Lett. 2021, 12, 337-344. [CrossRef] [PubMed]

Owrutsky, ].C.; Raftery, D.; Hochstrasser, R.M. Vibrational Relaxation Dynamics in Solutions. Annu. Rev. Phys. Chem. 1994, 45,
519-555. [CrossRef]

Kang, X.; Zhu, Y.; Zhang, J.; Xu, C.; Lan, Z. On-the-Fly Nonadiabatic Dynamics of Caffeic Sunscreen Compound. Chin. ]. Chem.
Phys. 2022. [CrossRef]

Baker, L.A.; Horbury, M.D.; Greenough, S.E.; Allais, F.; Walsh, P.S.; Habershon, S.; Stavros, V.G. Ultrafast Photoprotecting
Sunscreens in Natural Plants. J. Phys. Chem. Lett. 2016, 7, 56-61. [CrossRef]

Zhao, X.; Li, J.; Luo, J.; Liu, J. Significant Acceleration of E-Z Photoisomerization Induced by Molecular Planarity Breaking. Chem.
Phys. Lett. 2023, 822, 140480. [CrossRef]

Becke, A.D.; Becke, D.A. Density-Functional Thermochemistry. III. The Role of Exact Exchange. J. Chem. Phys. 1993, 98, 5648-5652.
[CrossRef]


https://doi.org/10.1016/S0044-328X(75)80062-6
https://doi.org/10.1016/j.ppees.2018.04.001
https://doi.org/10.1016/S0031-9422(97)00337-3
https://doi.org/10.1039/D0CP04402D
https://www.ncbi.nlm.nih.gov/pubmed/33284297
https://doi.org/10.1021/jz501140b
https://www.ncbi.nlm.nih.gov/pubmed/26277816
https://doi.org/10.1155/2013/251754
https://www.sofw.com/en/sofw-journal/archive/archive-2/124-sofw-journal-9-2018
https://www.sofw.com/en/sofw-journal/archive/archive-2/124-sofw-journal-9-2018
https://doi.org/10.1007/s13399-015-0169-3
https://doi.org/10.1039/D1CP03610F
https://www.ncbi.nlm.nih.gov/pubmed/34694312
https://doi.org/10.1021/acs.jpca.0c01295
https://www.ncbi.nlm.nih.gov/pubmed/32208697
https://doi.org/10.1016/j.jphotochem.2021.113488
https://doi.org/10.3390/molecules26206141
https://doi.org/10.1016/S1011-1344(01)00226-3
https://doi.org/10.1016/j.cplett.2017.02.004
https://doi.org/10.1080/00268976.2020.1811910
https://doi.org/10.1038/s41467-019-12719-z
https://doi.org/10.18637/jss.v049.i03
https://doi.org/10.1007/s11120-009-9454-y
https://doi.org/10.1039/C7CP04070A
https://doi.org/10.1021/jp507282d
https://doi.org/10.1021/acs.jpclett.6b02104
https://www.ncbi.nlm.nih.gov/pubmed/27791379
https://doi.org/10.3390/molecules25173945
https://www.ncbi.nlm.nih.gov/pubmed/32872380
https://doi.org/10.1021/acs.jpclett.0c03004
https://www.ncbi.nlm.nih.gov/pubmed/33353308
https://doi.org/10.1146/annurev.pc.45.100194.002511
https://doi.org/10.26434/CHEMRXIV-2022-5XFGW
https://doi.org/10.1021/acs.jpclett.5b02474
https://doi.org/10.1016/j.cplett.2023.140480
https://doi.org/10.1063/1.464913

Molecules 2023, 28, 6153 12 of 12

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Stephens, PJ.; Devlin, FJ.; Chabalowski, C.E; Frisch, M.J. Ab Initio Calculation of Vibrational Absorption and Circular Dichroism
Spectra Using Density Functional Force Fields. J. Phys. Chem. 1994, 98, 11623-11627. [CrossRef]

Dunning, T.H. Gaussian Basis Sets for Use in Correlated Molecular Calculations. I. The Atoms Boron through Neon and Hydrogen.
J. Chem. Phys. 1989, 90, 1007-1023. [CrossRef]

Kendall, R.A.; Dunning, T.H.; Harrison, R.J. Electron Affinities of the First-row Atoms Revisited. Systematic Basis Sets and Wave
Functions. J. Chem. Phys. 1992, 96, 6796-6806. [CrossRef]

Miertus, S.; Tomasi, J. Approximate Evaluations of the Electrostatic Free Energy and Internal Energy Changes in Solution
Processes. Chem. Phys. 1982, 65, 239-245. [CrossRef]

Miertus, S.; Scrocco, E.; Tomasi, J. Electrostatic Interaction of a Solute with a Continuum. A Direct Utilizaion of AB Initio
Molecular Potentials for the Prevision of Solvent Effects. Chem. Phys. 1981, 55, 117-129. [CrossRef]

Pascual-ahuir, J.L.; Silla, E.; Tufion, I. GEPOL: An Improved Description of Molecular Surfaces. III. A New Algorithm for the
Computation of a Solvent-Excluding Surface. |. Comput. Chem. 1994, 15, 1127-1138. [CrossRef]

Tomasi, J.; Mennucci, B.; Cammi, R. Quantum Mechanical Continuum Solvation Models. Chem. Rev. 2005, 105, 2999-3093.
[CrossRef]

Frisch, M.].; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, ].R.; Scalmani, G.; Barone, V.; Petersson, G.A;
Nakatsuji, H.; et al. Gaussian 16, Revision A3; Gaussian Inc.: Wallingford, CT, USA, 2016.

Cowden, A.M.; Whittock, A.L.; Holt, E.L.; Stavros, V.G.; Wills, M. Synthesis and Characterisation of Novel Composite Sunscreens
Containing Both Avobenzone and Octocrylene Motifs. RSC Adv. 2023, 13, 17017-17027. [CrossRef]

Marcin, S.; Aleksander, A. Acute Toxicity Assessment of Nine Organic UV Filters Using a Set of Biotests. Toxicol. Res. 2023, 1, 1-19.
[CrossRef]

Berardesca, E.; Zuberbier, T.; Sanchez Viera, M.; Marinovich, M. Review of the Safety of Octocrylene Used as an Ultraviolet Filter
in Cosmetics. J. Eur. Acad. Dermatol. Venereol. 2019, 33, 25-33. [CrossRef]

Radice, M.; Manfredini, S.; Ziosi, P.,; Dissette, V.; Buso, P,; Fallacara, A.; Vertuani, S. Herbal Extracts, Lichens and Biomolecules as
Natural Photo-Protection Alternatives to Synthetic UV Filters. A Systematic Review. Fitoterapia 2016, 114, 144-162. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/j100096a001
https://doi.org/10.1063/1.456153
https://doi.org/10.1063/1.462569
https://doi.org/10.1016/0301-0104(82)85072-6
https://doi.org/10.1016/0301-0104(81)85090-2
https://doi.org/10.1002/jcc.540151009
https://doi.org/10.1021/cr9904009
https://doi.org/10.1039/D3RA02252H
https://doi.org/10.1007/s43188-023-00192-2
https://doi.org/10.1111/jdv.15945
https://doi.org/10.1016/j.fitote.2016.09.003
https://www.ncbi.nlm.nih.gov/pubmed/27642040

	Introduction 
	Results 
	Transient Electronic Absorption Spectroscopy (TEAS) 
	Steady-State Spectroscopy 

	Discussion 
	Materials and Methods 
	Transient Electronic Absorption Spectroscopy (TEAS) 
	Steady-State Spectroscopy 
	Computational Calculations 

	Conclusions 
	References

