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Introduction

Determining the photostability of avobenzone in
sunscreen formulation models using ultrafast
spectroscopyf

Emily L. Holt, ©°° Natércia d. N. Rodrigues, {22 Juan Cebrian® and
Vasilios G. Stavros (2 *2

Avobenzone is an ultraviolet (UV) filter that is often included in sunscreen formulations despite its lack of
photostability. Its inclusion is necessary due to few existing alternatives for photoprotection in the UVA
region (320-400 nm). To better understand and predict the photostability of avobenzone, ultrafast
transient electronic absorption spectroscopy (TEAS) has been used to study the effects of solvent
(including emollients), concentration and skin surface temperature on its excited-state relaxation
mechanism, following photoexcitation with UVA radiation (~350 nm). Subtle differences between the
excited-state lifetimes were found between the systems, but the TEAS spectral features were
qualitatively the same for all solution and temperature combinations. Alongside TEAS measurements, UV
filtker/emollient blends containing avobenzone were irradiated using simulated solar light and their
degradation tracked using steady-state UV-visible spectroscopy. Sun protection factor (SPF) and UVA
protection factor (UVA-PF) assessments were also carried out on representative oil phases (higher
concentration blends), which could be used to formulate oil-in-water sunscreens. It was found that
there was an apparent concentration dependence on the long-term photoprotective efficacy of these
mixtures, which could be linked to the ultrafast photodynamics by the presence of a ground-state
bleach offset. This combination of techniques shows potential for correlating long-term behaviours
(minutes to hours) of avobenzone with its ultrafast photophysics (femtoseconds to nanoseconds),
bridging the gap between fundamental photophysics/photochemistry and commercial sunscreen design.

induced by incident solar rays. The diketo tautomer photoproduct
can then undergo further photochemistry that introduces reactive

Avobenzone (also known as butyl methoxydibenzoylmethane) is
a UVA (320-400 nm) filter that is commonly included in
sunscreen formulations to protect the skin from the detrimental
effects of solar UV radiation.” Despite its complex photochemistry
and reported lack of photostability upon UV light exposure,™” its
inclusion in formulations is often a necessity due to a lack of
approved UVA filters, particularly in the United States.*
Avobenzone exists predominantly in a chelated enol form
in its ground electronic state, however, photoproducts can
form via enol-keto tautomerization, following photoexcitation
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triplet states; these, in turn, can cause indirect degradation of
formulations and induce damage on the skin via oxidative
stress.>”® Furthermore, the diketo form absorbs UVA radiation
much less efficiently than the enol form, thus the level of
protection offered by avobenzone-containing formulations after
irradiation is decreased.” The structures of the enol and diketo
tautomers, along with their absorption profiles in ethanol
before and after irradiation, are shown in Fig. 1. The tautomer-
isation and subsequent decrease in efficacy of irradiated avo-
benzone has also been demonstrated using several different
comparable methods in earlier publications.”**

Previous studies have sought to identify ingredients that
stabilise the more effective chelated enol form of avobenzone,
such as compatible UV filters or antioxidants.*>*” Micellar and
lipid microparticle encapsulation of avobenzone have also
been shown to have a role in enhancing its photostability.*'
Deuteration of the diketo methylene/enol moiety affects the
tautomerisation equilibrium, by shifting it towards the ketone
form.” Many photofragments of avobenzone have also
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Fig. 1 Normalised UV-visible spectra of 5 pg mL™* (~16 pM) solution of
avobenzone in ethanol taken before and after one hour of irradiation (solid
and dotted lines, respectively), using a xenon lamp at solar irradiance
(~1000 W m™2). Inset are the molecular structures of the chelated enol
and diketo tautomers of avobenzone that give rise to the spectral peaks at
~350 nm and ~270 nm, respectively.

been identified, which in turn may induce cytotoxic and skin
sensitization effects.”*>>

Transient electronic absorption spectroscopy (herein abbreviated
as TEAS), is an ultrafast pump-probe technique that has been
utilised previously to explore the photoprotection mechanisms of
many individual UV filters in solution, including avobenzone;
additional examples include benzophenone-3, ethylhexyl methoxy-
cinnamate, homosalate, ethylhexyl salicylate, octocrylene and
diethylamino hydroxybenzoyl hexyl benzoate.”*®* An ideal
sunscreen filter should be able to dissipate excited state energy
safely (ideally non-radiatively) and rapidly (within femto-
seconds, 1 fs = 10 *° s, to picoseconds, 1 ps = 10~ ' s). This
reduces the likelihood of harmful side reactions such as forming
triplet states, or fragmentation of the molecule.?**° Furthermore,
a rapid return to the ground state after photoexcitation implies
that the molecule quickly becomes available to absorb UV
radiation again. To investigate properties such as these, the
femtosecond resolution of TEAS can be used to full advantage to
determine the excited-state relaxation mechanisms of UV filters
in real-time.*"

A previous TEAS study of avobenzone in cyclohexane, methanol
and acetonitrile by Dunkelberger et al. identified changes to its
electronic excited-state lifetime that were dependent on solvent
polarity.>® Solvent-dependent effects have also been observed by
chromatography, NMR and UV-visible spectroscopy;”***** these
techniques (amongst others) are often used in conjunction with
TEAS to correlate the long-term behaviours (minutes to hours) of
molecules such as avobenzone, with their ultrafast photophysical
processes. Computational methods such as density functional
theory (DFT), including time-dependent DFT (TD-DFT), can also
be used to guide the assessment of a molecule’s suitability for
28,3435 Ag an example, Wang et al. include both
experimental (including ultrafast) data and computational

sunscreen use.
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methods in their study of UV-induced photochemical reactions
in diketo avobenzone derivatives.*®

However, TEAS studies have not been widely used in con-
junction with industry-standard efficacy tests that sunscreen
formulations are subject to, such as sun protection factor (SPF)
and UVA protection factor (UVA-PF) determination. These tests
are ultimately conducted in vivo on human volunteers, but due
to practical and ethical considerations are initially performed
using analogous in vitro techniques.*”"*® In vitro testing involves
applying a thin layer (up to 2.5 mg cm ) of a sunscreen to a
synthetic skin substrate and determining the SPF/UVA-PF via
spectrophotometric absorbance and/or transmittance measure-
ments.***° In vitro SPF values are both measured and predicted
upon solar irradiation by Binks et al, in their study of mixtures
(solutions and emulsions) of UV filters including avobenzone,
using squalane and propane-1,2-diol as solvent."?

A fundamental understanding of the underlying photoche-
mical processes that UV filters (such as avobenzone) undergo is
crucial for improving overall sunscreen performance. However,
if these studies could mimic the final sunscreen and conditions
of use more closely, they may better inform formulation design.
Therefore, the present study aims to enhance the understand-
ing of what causes instability of avobenzone on a molecular
level and how this may affect long-term sunscreen perfor-
mance. Importantly, the TEAS methods used in this study have
been extended to more closely mimic real-life conditions. We
demonstrate, to the best of our knowledge, the first examples of
TEAS measurements targeting the effects of skin surface tempera-
ture on avobenzone photostability in industry-relevant emollients,
compared to ethanol and cyclohexane. Temperature effects in
avobenzone and related enol benzoylacetones observed previously
include differing decay rates of avobenzone photoproducts and
changes to the intramolecular H-bond strength, respectively.*® In
addition to TEAS, steady-state UV-visible spectroscopy and SPF/
UVA-PF tests were used to correlate how the ultrafast dynamics
could be influencing the long-term absorption profile of avoben-
zone upon prolonged irradiation, in combination with additional
UV filters.

Alongside recent spectroscopic advances examining the
photodynamics of UV sunscreen filter candidates on skin mimics
at room temperature,”*™** our temperature-dependent TEAS setup
could be incorporated into studies of this type in the future. These
latest developments further increase the applicability of laser
spectroscopy methods to commercial sunscreen design.

Experimental
Sample preparation

The avobenzone (Eusolex®™ 9020 by Merck) studied in solution
and emollient mixtures was used as purchased without further
purification. Solutions of avobenzone for ultrafast TEAS measure-
ments were prepared to a concentration of ~10 mM (equivalent to
~3 mg mL™') and ~1 mM (equivalent to ~0.3 mg mL™') in
ethanol (absolute, Fisher Scientific) and cyclohexane (>99.9%,
VWR Chemicals), respectively, and ~10 mM in the cosmetic grade

This journal is © the Owner Societies 2021
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emollients diisopropyl adipate (Schercemol™ DIA ester, referred to
as DIA) and lauryl lactate (Schercemol™ LL ester, herein LL), both
provided by Lubrizol. All solvents and emollients were used as
acquired.

For the data presented in Fig. 1, a solution of avobenzone in
ethanol was prepared to an exact concentration of 5 ug mL ™"
(~16 uM). For the steady-state UV-visible spectroscopy measure-
ments shown in Fig. 3, mixtures of avobenzone and additional
UV filters in DIA and LL, were prepared by combining
~4 pg mL™" of avobenzone, ~10 pg mL ™" ethylhexyl methoxy-
cinnamate (EHMC, Eusolex® 2292, Merck) and ~13 pg mL™*
octocrylene (Eusolex® OCR, Merck) in each emollient and
stirred until the filters were dissolved. These masses correspond
to a ratio of 3:7.5:10 (avobenzone:EHMC:octocrylene),
mimicking the ratios of the maximum permitted w/w% in a
completed sunscreen blend in the United States.

For sun protection factor (SPF) and UVA-PF testing (more
details on the exact methodologies for these tests are given
below), five oil phase samples containing varying amounts of
avobenzone, EHMC and octocrylene in emollient were made.
These mixtures were prepared in batches of 25 g; Table S1
(ESIT) shows the mass of each ingredient included in each
batch. The oil phases were made by combining the ingredients
in a beaker and mixing using an overhead mechanical stirrer
until a homogeneous mixture was achieved. The mixture was
gently heated on a hot plate (~30 °C) as it was mixed to allow
for the solvation of avobenzone. Once the oil phase mixture was
clear, stirring and heating were stopped, and the mixture was
left to cool to room temperature. Samples 1 and 2 contain a
mixture of the three UV filters (avobenzone, EHMC and octo-
crylene) in the same proportion as the samples for steady-state
measurements, Le., 3:7.5: 10, respectively, differing only in the
emollient used: DIA was used for Sample 1 and LL for Sample 2.
Samples 3 and 4 constitute a 5-fold and 10-fold decrease in
the w/w% of UV filters respectively, compared to Sample 1.
Finally, Sample 5 reverses the w/w% of EHMC and octocrylene
included in the blend, compared to Sample 1. For comparison
to the concentrations used for TEAS measurements, the 10 mM
solution in ethanol is approximately equal to a concentration
of 0.4% w/w.

Instrumentation

Ultrafast spectroscopy. TEAS measurements were conducted
at the Warwick Centre for Ultrafast Spectroscopy; this setup has
been described in detail previously.** Briefly, femtosecond laser
pulses (800 nm, 13 W, 1 kHz repetition rate) were generated
using a commercially available Ti:sapphire regenerative amplifier
(Duel Ascend Pumped Spitfire Ace, Spectra-Physics), seeded by a
Ti:sapphire oscillator (Mai Tai, Spectra-Physics). The beam is
then split into four fractions of approximately equal power
(3.5 W); one of which is further split in a 2.5:1 ratio to create
the pump and probe beams needed for TEAS experiments. The
2.5 W portion of the fundamental 800 nm beam is converted into
the 350 nm required for photoexcitation using an optical
parametric amplifier (TOPAS Prime with UV extension, Light
Conversion). The power of the pump beam was recorded to be
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approximately 0.5 mW at the sample, which corresponds to a
fluence of 0.65 mJ cm >, This was kept consistent except for the
~1 mM solutions in ethanol and cyclohexane, where the
fluence was increased, up to ~1.1 mJ cm™ 2, to increase signal.
Only ~5% power of the remaining 1 W fundamental beam is
required to generate the supercontinuum white-light (320-720 nm)
probe pulses; this is achieved by focusing the fundamental 800 nm
beam (< 50 mW) onto a vertically translated CaF, crystal (2.5 cm
diameter, 2 mm thick). The relative polarization between the
pump and probe is maintained at magic angle (54.7°). The
different time delays are created by a gold retroreflector, mounted
on to an automatic motorised delay stage in the probe beam line,
which lengthens or shortens this beam path according to the
requirements of the experiment. An optical chopper blocks every
other excitation pulse to attain the reported difference spectra
between “pump on” and “pump off”. All reported TEAS datasets
were the average of at least 5 scans, with a scan comprising a data
matrix of all wavelengths and time delays. Each time delay in turn
averages a total of 2500 “shots”, ie. pump-on, pump off pairs.
Each set of > 5 scans were repeated twice, using freshly made
samples on separate days, with similar results both times.

All transients were analysed with the software package
Glotaran®® using global kinetic analysis with a parallel model.
A parallel model sums exponential functions that decay indepen-
dently of one another.*® The implementation of this method and
its assumptions have been excellently summarised in the review by
Beckwith et al.,*” briefly, a parallel model assumes that all dynamic
processes occur instantaneously and concurrently following
excitation. For presentation purposes, all transient absorption
spectra were chirp-corrected using the KOALA package detailed
in the publication by Grubb et al*® Characterisation of the
instrument response is given in the ESIt (Supplementary Methods
and Fig. S1).

Increasing the sample temperature to ~35 °C in the inter-
action region, to mimic the surface temperature of the skin,
was attained by using a temperature-controllable flow-through
cell (Harrick Scientific), which was connected via a K-type
thermocouple to a home-built controller enclosing Panasonic
KT4 electronics. The path length of the sample was 25 um as set
by PTFE spacers placed between two CaF, windows. The CaF,
windows were 2.5 cm in diameter and 2 mm thick. The sample
was photoexcited at ~350 nm and replenished between each
pair of pulses using a diaphragm pump (Simdos 02). For
measurements at room temperature (recorded as being between
~21-23 °C), all apparatus and procedures remained the same,
except that the heater was switched off for the duration of these
measurements.

Sample irradiation and steady-state spectroscopy. For the
irradiations in Fig. 1 and 3, a Newport 91191-1000 solar simulator
was used as the light source, with a 0.8 optical density (OD) filter in
place to attenuate the output to “one sun” (~1000 W m™>).*° The
sample was contained in the same 10 mm path length quartz cuvette
for both irradiation and spectral measurements. During irradiation,
the cuvette was kept in a constant position. In all cases, UV-visible
spectra were obtained using an Agilent Cary-60 spectrophotometer,
with absorbance measurements taken at 1 nm increments.

Phys. Chem. Chem. Phys., 2021, 23, 24439-24448 | 24441
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SPF and UVA-PF testing. The oil phases were applied to
separate poly(methyl methacrylate) (PMMA) plates, following
the procedure detailed in the Supplementary Methods (SM) in
the ESL{ The amount of each oil phase sample applied to the
plates, along with the calculated final coverages achieved for
each plate, are given in Table S2 (ESIt). The SPF and UVA-PF
measurements were carried out in vitro using a LabSphere UV-2000
transmittance analyser (LabSphere, Inc.), and the samples were
irradiated using a SUNTEST CPS+ (III) solar simulator (Atlas
Material Testing Solutions). Full details for the SPF and UVA-PF
protocols can be found in the ESIt (SM).

Results and discussion

The photostability and photoprotection afforded by avobenzone
were assessed using TEAS at skin surface temperature to reflect
real-world conditions of use, by heating the sample at the
interaction region. A review of the literature, which is included
in the Supplementary Discussion in the ESI,f concludes that any

~
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=]
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temperature within the range 32-38 °C is justifiable as a skin
surface temperature for investigations relating to sunscreens;
therefore, the experiments reported here were performed at
35 °C as the midpoint of this range. The results for the ~10 mM
ethanol and cyclohexane solutions at skin surface temperature are
shown in the top two rows of Fig. 2, with equivalent measurements
for solutions at room temperature and with a 10-fold reduction in
concentration to ~1 mM, shown in Fig. S2 and S3 (ESIY),
respectively. The TEAS results for the ~10 mM avobenzone/
emollient solutions, diisopropyl adipate (DIA) and lauryl lactate
(LL), also shown in Fig. 2 will be returned to below, once the
dynamics in the volatile solvents have been discussed.

From the results in Fig. 2, the spectral features (which
appear instantaneously following photoexcitation) are comparable
between the ethanol and cyclohexane datasets, as such the
following description applies to both solute/solvent combinations.
The overlap of probe wavelengths with the ground-state absorption
region of avobenzone gives rise to the intense ground-state bleach
(GSB) feature between 330-380 nm; a more detailed exploration
into the implications of the incomplete GSB recovery observed will

(a) l 10 12 AN — 0.3 ps 2ps 100 ps 15 = —360 nm—375 nm—395 nm 415 nm—470 nm
2 8 05ps — 5ps —1000 ps 10,4
£ ™\ P p: p:
562O > 4 / \ 1ps 10 ps —2500 ps 5/\
s | \
2520 °© 8o < ] — = 3 o — :
& | g \ / ~— a N
ol -5 g ) = ,.F\w/ -
2 . =
- -10 B
S420) g 10 N i
——— -12 (e) -15 (i)
320 " <15 -16 ¥ 20
0 5 10 100 1000 350 400 450 500 550 600 0.1 1 10 100 1000
720
= (b) l 10 1&23 N\ 0.2ps 2ps 100 ps 12 —360 nm—375 nm—395 nm —415 nm —470 nm
€ o 05ps — 5ps —1000 ps 10
5620 5 4 [ 1ps 10 ps —2500 ps ¢ L
E=S a ! a %
2520 ° 9 °N 7 S 9 o0E= T
o
Sa20 g " 8 / o :
12 (f) s G)
320 3 e 15
0 5 10 100 1000 350 400 450 500 550 600 0.1 1 10 100 1000
720 16
(c) \ —0.2ps 5ps 100 ps 15 2 —360 nm—375 nm—395 nm—415 nm—470 nm
£ a0 s \ 1ps — 10ps —1000 ps y
5620 2ps 20 ps —2500 ps = X
= [=] - [a]
E= 0 o 0 S o ~
2520 4 - D 5 e
2 o £ e T
S 420 - § 15
= L 16 v (g) ] (k)
320 = 0 400 450 50 550 600 o 1 10 100 1000
0 5 10 100 1000 :
720 15
(d) 12 \ —0.2ps 5ps 100 ps 15 i —360 nm—375 nm—395 nm —415 nm—470 nm
E620 ° N 1ps — 10ps —1000 ps 10
= 5 6 \ 2ps 20 ps —2500 ps 55 / S .
£ 8 8 o ~
o 0 < — % —
5520 30 < a5 N\ - B
§ -5 E 5 — £ o b —
B 5
=920 0 =
— 15 (h) (|)
520 7 18 20 1 10 100 1000
0 5 100 1000 350 400 450 500 550 600 ;

10
Time delay (ps)
Fig. 2

Wavelength (nm)

Time delay (ps)

(Left-hand column) Two-dimensional colour maps showing all transient absorption spectra (TAS) of ~10 mM avobenzone photoexcited at

~ 350 nm, with sample cell temperature set to 35 °C, in (a) ethanol, (b) cyclohexane, (c) diisopropyl adipate (DIA) and (d) lauryl lactate (LL). The region
between 340-355 nm has been omitted due to oversaturation from the pump pulse. Zoomed-in false colour maps of the wavelength region > 400 nm
can be found in the ESIf (Fig. S9). (Middle column) TAS at selected pump—probe time delays for avobenzone in (e) ethanol, (f) cyclohexane, (g) DIA and
(h) LL. These plots are attained by taking vertical slices through the colour maps at the given time delay and are presented using the same mAOD scale as
the corresponding colour map, with the same wavelength region omitted. (Right-hand column) Lineouts to show spectral features at specific probe
wavelengths in (i) ethanol, (j) cyclohexane, (k) DIA and (1) LL. The features at 360 nm and 375 nm are ground-state bleach features, 395 nm and 415 nm are
excited-state absorption features, and 470 nm is stimulated emission. The circles denote the raw datapoints and the solid line in each case is the fit
attained using a parallel model (time constants from fitting are presented in Table 1). The time delay axis is presented on a logarithmic scale. Time delays
prior to 0.1 ps are presented on a linear scale in the ESIt (Fig. S6 for ethanol and cyclohexane, Fig. S7 for DIA and LL).
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Table 1 Extracted TEAS time constants for four ~10 mM avobenzone
solutions, following photoexcitation at ~350 nm and heating the sample
to ~ 35 °C, obtained by using a parallel global kinetic fit model.*’ The error
presented for 1, is the estimated instrument response (presented in Fig. S1
in the ESI for ethanol and cyclohexane); the errors presented for 1,z are
those provided by the fitting software package. The quality of the fits is
demonstrated in Fig. 2 and in the residual plots in Fig. S10 (ESI). The time
constants for the room temperature TEAS measurements in ethanol and
cyclohexane can be found in Table S3 of the ESI

Time Diisopropyl Lauryl
constant  Ethanol Cyclohexane  adipate (DIA) lactate (LL)
74 (fs) 150 + 140 235 + 80 165 + 140 195 + 140
1, (ps) 12401  070+008 10401 1.2 + 0.1
15 (ps) 82401  84+0.1 7.7 £0.1 8.2 + 0.1
7, (ns) >2.5% >2.5% >2.5% >2.5%

% Outside the time-window of the instrument.

follow. It is noted that the GSB region is partially obscured due to
pump bleaching artefacts. Other significant spectral characteristics
include an excited-state absorption (ESA) between 380 and 430 nm,
and a shortlived stimulated emission (SE) between 450 and
550 nm. These ESA and SE features have been observed previously
by Dunkelberger et al.>® in TEAS measurements of avobenzone in
methanol and cyclohexane, and also in the work of Verma et al.,
who performed TEAS on avobenzone precursors: dibenzoyl-
methane (DBM) and benzoylacetone (BZA) in acetonitrile and
hexane at room temperature.’>>" Combining the insights from
these room-temperature studies®**>! with the results of our
quantitative global kinetic fits using a parallel model, presented
in Table 1 at skin surface temperature and in Table S3 (ESIt) at
room temperature, informed our assignment of: spectral features
(Fig. 2 and Fig. S2, ESIY), associated lifetimes 7,-t, (Table 1),
and the potential effect of the increased temperature. Also, for
reference, the decay associated spectra (DAS) obtained from the
global fits of avobenzone (in all four solvents) are presented in
Fig. S4 of the ESL{ A sequential model, of the general form

A4 -5 B2, ... ™, Nwasalso considered for the extraction of
spectral features, where n is the number of lifetimes required to
describe the data. However, a parallel model was deemed
appropriate considering the quality of the fits, reflected in the
lineouts (Fig. 2) and the residuals (Fig. S10, ESIt). A parallel
model could also prove more suitable if mixtures of UV filters
were to be investigated using TEAS, as multiple molecular
processes arising from different molecules would be induced
simultaneously, at time zero (At = 0).

In all cases following photoexcitation, t; represents the evolu-
tion of the chelated enol form of avobenzone from the Franck-
Condon region. It is possible that there are additional ultrafast
processes occurring within this time on a proportion of the excited
molecules, such as excited-state intramolecular proton transfer, or
rotation around the C-O single bond of the hydroxyl group to form
non-chelated avobenzone species. These branching pathways have
both been suggested in previous studies,”*"** although they
cannot be confirmed from the evidence presented in this study
as 4 is close to the instrument response timescale.

The lifetime assigned to 7, relates to the decay of the initially
excited S, state of the chelated enol form of avobenzone via SE,
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with the faster decay occurring in non-polar cyclohexane. The
lineouts at 470 nm in Fig. 2(i) and (j) confirm that the SE does
not persist much beyond 1-2 ps in either solvent. This was also
observed both in the room temperature lineouts presented in
Fig. S5 (ESIT) and also by Dunkelberger et al.*® in their room
temperature study of avobenzone, which is the first indication
that the temperature increase has had little effect on photo-
dynamics. The timescale of the SE is very short compared to the
much longer timescales that would be expected for fluores-
cence. This indicates that long-lived radiative decay (> ns),
which would be of concern for sunscreen applications, does not
occur in avobenzone. However, a low intensity positive offset is
present in the lineouts at 550 nm at both temperatures (Fig. S8,
ESIt), which persists beyond the 2.5 ns timescale of our
experiment. At 600 nm, following the decay of the initial ESA
as observed in Fig. S8 and S9 (ESIt), a similar offset to that at
550 nm is present. These offsets are akin to similar data
presented by Verma et al*° in DBM at 538 nm and could
be attributed to the formation of a triplet state of enolic
avobenzone. Such states have previously been proposed as an
additional route to the formation of the diketo photoproduct
of avobenzone and photodegradation of dibenzoylmethane
compounds.®>>?

To investigate this possibility further, TD-DFT was used to
calculate the energies of the singlet and triplet states of the
chelated enol and diketo forms of avobenzone. Table S4 (ESIY)
shows the optimised ground-state structures attained using
DFT, alongside the calculated vertical excitation energies and
state characters of the first five singlet and triplet states using
TD-DFT. Table S5 shows the calculated triplet state energies
using the ASCF method, which is generally considered to be
more accurate for T; energy determination.>® These calcula-
tions have returned values of between 460 and 500 nm for the
absorption of the T, relative to the ground state. Furthermore,
the T,(*nn*) state is close in energy to the S;('nn*) state, further
supporting the observation of fast intersystem crossing from
the chelated enol form of avobenzone, in accordance with
El Sayed’s rule. The singlet-state energies calculated for the
chelated enol form align well with experimental values (e.g
Fig. 1); moreover both the singlet and triplet state energies
attained are comparable to those in previous computational
studies.”>"°

To complete the assignment of the time constants given in
Table 1, 75 is assigned to the lifetime of the vibrationally hot
chelated enol form of avobenzone in the ground electronic state
(So). In Fig. 2(e) and (f), a blue-shifting ESA peak with con-
current narrowing, a characteristic manifestation of vibrational
cooling,®” can be seen in the transients up to and including
10 ps. From the lineouts at 395 nm and 415 nm, the ESA has
completely decayed after around 25 ps. The ESA decay coin-
cides almost exactly with the maximum GSB recovery within the
time delay limits of our experiments, in both the heated and
room temperature models. Both in the case of avobenzone and
DBM, these coincident recovery and decay rates are indicative
of an intermediate species returning to its original, ground
state form. Dunkelberger et al.>* also suggest that, after UVA
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photoexcitation, the vibrationally excited S, chelated enol form
of avobenzone relaxes in the same timeframe as the GSB
recovers. Verma et al.’ also observed a concurrence between
the decay of the GSB and the ESA for DBM in acetonitrile, where
a complete recovery of the positive ESA feature at 385 nm is
observed within 14 ps, leaving behind a constant (negative) GSB
offset. The excess energy inducing vibrational motion in the
ground electronic state, can then dissipate safely as heat into
the surrounding environment, in this case the solvent. Such
formation of a vibrationally excited species is considered
a favourable relaxation pathway. The main difference, albeit
relatively minor, between the two sample temperatures was the
lifetime of 73 in ethanol, where a ~1 ps decrease in lifetime was
observed under heating to skin surface temperature.

The negative offset at 360 and 375 nm, which remains
constant from 25 ps up to the remaining time window of our
experiments, reveals an incomplete GSB recovery, denoted by 74
(> 2.5 ns). The extent of GSB recovery is of significant interest
for sunscreen applications. Ideally, a 100% GSB recovery would
be observed within the TEAS time delay window, which would
indicate that all excited-state molecules have recovered to their
initial ground-state form. Thereafter, the molecule can reabsorb
UV radiation and perform its role as a sunscreen filter. A close to
full recovery (i.e. return to zero signal) is observed in UV filters
such as octocrylene,>” however, this is not the case with avo-
benzone, as previously evidenced. The most likely explanation
for the incomplete GSB recovery in this instance is the for-
mation of one or more photoproducts, such as long-lived
photoisomers. Such isomers have been suggested in earlier
laser flash photolysis experiments, with lifetimes on the order of
milliseconds.®'* A photoproduct cannot always be detected
using TEAS as it may absorb outside the spectral window of
the probe, or its appearance may manifest as a convolution of
spectral features. For example, for the asymmetric molecule
BZA, there was an observed increase in the ESA region with
respect to time,” which was assigned to the formation of
further non-chelated enol species separate to that caused by
hydroxyl bond torsion; a scenario that has also been suggested
for avobenzone.*® As such, in this instance, it is challenging to
quantitatively determine GSB recovery percentage for avoben-
zone in our experiments, as there may be a convolution of
signals from the formation of photoproducts in the GSB region.
Furthermore, although not possible to determine an exact
quantum yield, a small percentage of the photoexcited avobenzone
molecules are likely to undergo intersystem crossing, given the
proximity of 'mn* states to *nm* states, as discussed earlier. It
follows, therefore, that formation of triplet states is an additional
contributing factor to the incomplete GSB recovery.

The effect of reducing the concentration of avobenzone 10-fold
from 10 mM to 1 mM was also investigated at both temperatures
(Fig. S3, ESIt). This concentration reduction had no qualitative
effect on the dynamics observed for avobenzone, nor was there any
significant effect observed when the temperature was increased at
the lower concentration. It was not possible to test concentrations
> 10 mM, as the optical density of the sample was too high at the
25 um path length. In addition, owing to the similarities of the
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TEAS spectra at both room (Fig. S2, ESIt) and skin surface
temperature (Fig. 2), it can be confidently stated that the increase
in temperature does not appear to have significant impact on the
photoprotection mechanism of avobenzone, under these experi-
mental conditions.

The knowledge gained on avobenzone (and comparable
molecules) in ethanol and cyclohexane can now be used to
interpret its behaviours in two emollients at skin surface
temperature, representing a cosmetically more relevant system.
The effect that emollients can have on sunscreen performance
has been of recent experimental interest.>® TEAS measurements
at ~35 °C were performed in two emollients, DIA and LL. The
measurements in emollient were conducted at surface skin
temperature only, to determine any differences between the
solvents in this closer to real-life model. The results are shown
in the bottom two rows of Fig. 2, and the global fitting analysis
results are shown alongside those for ethanol and cyclohexane
in Table 1, to aid comparison. Both datasets reveal similar
spectral features; these features, in turn, are also qualitatively
comparable to those observed in ethanol and cyclohexane as
discussed above. The slight quantitative differences in the time
constants, are most likely due to minor variations in emollient
polarity. Upon closer inspection of Fig. 2(1), showing the line-
outs in LL, there appears to be the beginnings of a GSB recovery
in the lineouts at 360 and 375 nm within the time window of
our TEAS setup, in contrast to the three other solvents. This
could indicate that, the relaxation of an intermediate species
can occur faster in LL compared to the other solvents. Overall,
the parallels between the TEAS measurements in Fig. 2 indicate
that the way avobenzone dissipates excess UV energy on ultra-
fast timescales is mostly unaffected by the solvent environ-
ment, in agreement with the findings of Dunkelberger et al.*®
Furthermore, it can be deduced that the concentration of
avobenzone does not appear to have a noticeable impact upon
its ultrafast photodynamics within the 1-10 mM range.

To investigate the properties of avobenzone in emollients
further, in keeping with a bottom-up approach, mixtures of UV
filters including avobenzone were made and exposed to solar-
simulated radiation for two hours. The results of the steady-
state UV-visible spectroscopy used to track photodegradation
(Fig. 3) suggest that ~4 pg mL " avobenzone is photostable in
DIA and LL, in mixtures where ethylhexyl methoxycinnamate
(EHMC) and octocrylene are also present in low concentrations
(~10 pg mL™"and ~13 pug mL " respectively). This can be seen
as the absorbance in the UVA region has remained constant for
the duration of the irradiation time. It was not possible to
observe whether the diketo photoproduct of avobenzone was
being formed, due to saturation of the detector in the UV-visible
spectrometer at wavelengths < 290 nm caused by emollient
(solvent) absorption. The reduction in the absorption of these
mixtures in the region of 290 - 320 nm is assigned to the trans-
cis isomerization that is known to occur in EHMC.**™%
Although absorption of the UVB wavelengths is not affected
by this isomerisation (i.e. there is no observed red or blue shift),
the extinction coefficient of the cis species is markedly lower
than the trans species, thus a reduction in absorption in the
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Fig. 3 UV-visible absorption spectra of low-concentration avobenzone, EHMC
and octocrylene mixtures (~4 ug mL~! of avobenzone, ~10 pg mL™* EHMC
and ~13 ug mL™* octocrylene; 3:7.5: 10 ratio), taken following irradiation using
a solar simulator at regular intervals between 0 and 2 hours, in the following
emollients: (a) diisopropyl adipate (DIA) and (b) lauryl lactate (LL). The molecular
structure of the emollients is inset on the respective graphs. The spectra at each
time point were measured three times consecutively, then averaged to attain the
presented data. This was repeated twice on different days with new sample
made with the same bulk ingredients, with similar results.

UVB region is observed.”® The concentrations used for the
irradiation studies in Fig. 3 were markedly lower compared to
a completed sunscreen formulation (around 10* times more
dilute), however the concentrations were maximised to be
suitable for this type of analysis.

Next, in vitro SPF and UVA-PF values were measured for the
five oil phase samples (components detailed in Table S1, ESIT);
the results are shown in Table 2. Samples 1-4 contain the same
proportion of the three UV filters as the samples used to attain
the results in Fig. 3, however SPF and UVA-PF protocols are
designed for concentrations in line with those in a completed
sunscreen formulation. By using these protocols, the effect of
including additional UV filters in an avobenzone/emollient
solution could be investigated at clinically relevant concentrations.
The most concentrated samples (1 and 2) based upon DIA and
LL respectively, demonstrate a similar performance overall, with
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Table 2 Summary of the SPF and UVA-PF percentage changes attained
for Samples 1 to 5 before and after irradiation at ~550 W m~2 over the
300-800 nm wavelength range for 3.6 hours. Values are an average of
results from 3 different samples, which are in turn an average of readings
from 3 different points on the sample plate. The negative values for
percentage change denote a reduction in that parameter, with the errors
equalling the standard deviation of the percentage changes. Sample
numbers refer to the blend composition detailed in Table S1 (ESI)

% Change % Change
Test Sample SPF UVA-PF
Different emollients 1 —15.8 + 2.2 —214 + 1.6
2 —14.9 + 0.9 —20.3 £ 1.1
Different concentration 3 —13.6 £ 1.6 —-9.3 £+ 1.2
of UV filters 4 —9.7 £ 1.9 —-3.7+t1.6
Different proportions 5 —21.3 £ 1.3 —28.0 £ 1.4

of UV filters

the percentage decrease in SPF and UVA-PF following irradiation
being slightly more favourable in Sample 2. However, upon
comparison of Samples 1, 3 and 4, all of which have DIA as the
base emollient, there appears to be some variation in perfor-
mance when the concentrations of the UV filters are changed.
Sample 1 has the active ingredients in the highest concentration,
followed by Sample 3 (5-fold dilution compared to Sample 1),
with Sample 4 having the lowest concentration (a 10-fold
reduction compared to Sample 1). From the results in Table 2,
it appears that the extent of degradation decreases as the
concentration of filters is reduced. It is possible that the
emollients are effective in dissipating excited-state energy from
the UV filters via energy transfer (heating) from the filter to the
solvent, thus minimising degradation. However, the more likely
scenario is that there is added protection from a higher proportion
of emollient due to spectral overlap, with the absorbance region of
the emollients beginning at around 400 nm. This dependence may
also explain why almost no degradation in the UVA region is
observed in the UV-Vis spectra in Fig. 3, which measured the same
ratio of filters in the lowest concentration.

To determine whether intermolecular interactions that can
drive photodegradation occur in the bulk oil phase, Sample 1
and Sample 5 were compared. The amount of avobenzone is the
same between each of these samples (equivalent to 2.2% w/w in an
oil-in-water formulation, assuming 25% oil), but the proportions
of EHMC and octocrylene have been reversed. It is known that
EHMC adversely affects the photostability of avobenzone;****
conversely, octocrylene improves avobenzone’s photostability via
triplet-triplet energy state quenching.®>®” This is in line with
observations between Sample 1 and Sample 5 (Table 2), whereby
the percentage decrease in SPF and UVA-PF is larger for Sample 5
in both cases, which contains the greater proportion of EHMC.
The study by Kikuchi et al.** also concluded that the addition of
EHMC to a mixture of avobenzone and octocrylene harms photo-
stability. The results in Table 2 suggest that diffusion-limited
energy transfer mechanisms between the UV filters in the mixture
are likely have a role to play in the photostability of avobenzone, as
previously investigated in the work of Yagi and co-workers,*>%%7°
alongside the reduction in photodegradation due to spectral protec-
tion (solvent absorbing UV radiation rather than the UV filter).*”
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It is noted that we opted not to study blends using TEAS for
the present work, as a convolution of TEAS signals of all three
UV filters may have masked avobenzone signals of interest. We
aim, however, to further develop our TEAS setup in future
experiments to assess the effect of these intermolecular energy
transfer processes by: (1) extending the time-window of our
measurements from fs through to ms; and (2) investigating
higher concentration effects by minimising path length through
the sample via model skin surface studies. The former could
also be of great benefit for a more detailed assessment of the
effect of GSB recovery on the long-term SPF and UVA-PF metrics.

This section is concluded by considering the TEAS measure-
ments alongside the steady-state SPF and UVA-PF measurements.
It is unsurprising that there is a notable reduction in SPF and
UVA-PF of Samples 1-5, when one considers the incomplete GSB
recovery seen in Fig. 2. Long-lived photoproducts of avobenzone
(the presence of which is indicated by the incomplete recovery)
not only reduce the UVA protection it provides; they also have
the potential to disrupt the efficacy of sunscreen blends as
photoproducts can undergo further light-induced processes.
TEAS detects the early onset of photoproducts and the routes
by which they are formed, which we suggest may offer an
alternative tool for increasing emulsion photostability. For
example, improvement could be realised by adding or changing
functional groups within UV filters such as avobenzone”*
towards increasing GSB recovery. Assuming there is no convolu-
tion of positive signals in the GSB region, this will indicate that
the proportion of UV filter that returns to its electronic ground
state has increased, thus reducing the drop in SPF and UVA-PF
values. Encouraging evidence that this approach could be
successful is indicated in the TEAS data and SPF/UVA-PF
metrics for avobenzone in LL, whereby a marginal GSB recovery
was observed towards the end of the TEAS spectral window,
which is reflected in the slightly improved performance of LL in
the SPF and UVA-PF tests compared to DIA.

Conclusions

In this work, the photoprotection mechanism of the UVA filter
avobenzone has been studied using transient electronic absorption
spectroscopy (TEAS), building upon prior research.>® Specifically, we
have tracked the excited state dynamics of avobenzone solutions at
elevated temperatures, by heating the sample interaction region to
skin surface temperature, thus aligning with closer-to-real-world
sunscreen usage. The TEAS results have shown that upon UVA
excitation, the excited-state relaxation mechanisms of avobenzone
in ethanol, cyclohexane, diisopropyl adipate and lauryl lactate (the
latter two being commercial emollients) are very similar. This
observation holds whether these TEAS data are taken at skin
surface temperature, room temperature and/or with a 10-fold
reduction in concentration. In the future, it may be of interest to
investigate whether larger deviations in temperature result in
directly observable changes in intramolecular H-bond strength,
or the decay rate of non-chelated enol photoproducts of avo-
benzone, as suggested in earlier publications.**’
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The present study demonstrates that TEAS, supported here
by DFT and steady-state irradiation methodologies, can be used
as a complementary analysis tool alongside industry-standard
techniques for evaluating sunscreen performance (SPF and UVA-
PF testing). By garnering fundamental insight into the ultrafast
photodynamics of sunscreen molecules, molecular design of
optimal UV filters can be predicted; for example, maximising
ground state bleach (GSB) recovery in TEAS measurements limits
the potential photodegradation of the UV filter. It would be bene-
ficial for future studies to monitor the evolution of the GSB beyond
the nanosecond timescales possible here, to further affirm the link
between ultrafast observations and long-term photostability. This,
in turn, may lead to improved suncare formulations.
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