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Homosalate (HMS) is a salicylate molecule that is commonly included within commercial sunscreen
formulations to provide protection from the adverse effects of ultraviolet (UV) radiation exposure. In the
present work, the mechanisms by which HMS provides UV photoprotection are unravelled, using a
multi-pronged approach involving a combination of time-resolved ultrafast laser spectroscopy in the
gas-phase and in solution, laser-induced fluorescence, steady-state absorption spectroscopy, and
computational methods. The unique combination of these techniques allow us to show that the enol
tautomer of HMS undergoes ultrafast excited state intramolecular proton transfer (ESIPT) upon photoexcitation

Received 13th May 2020, in the UVB (290-320 nm) region; once in the keto tautomer, the excess energy is predominantly dissipated

Accepted 8th June 2020 non-radiatively. Sharp transitions are observed in the LIF spectrum at close-to-origin excitation energies,
which points towards the potential presence of a second conformer that does not undergo ESIPT.

These studies demonstrate that, overall, HMS exhibits mostly favourable photophysical characteristics of
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Introduction

Salicylates are defined as salts or esters derived from salicylic
acid, several of which have uses within the personal care and
pharmaceutical industries." In addition to being included in
cosmetics for fragrance and antioxidant properties,’” salicylates
are used as chemical (organic) filters in sunscreen blends, for solar
protection via absorption of ultraviolet (UV) radiation, specifically
UVB radiation (290-320 nm).>* Even though regulated exposure to
UV radiation has positive effects on human health, such as
facilitating the synthesis of vitamin D, the use of UV filters in
sunscreen formulations is necessary to prevent the adverse effects
of overexposure, such as an increased risk of skin cancers.”™*
Despite having a low extinction coefficient compared to
other available UV filters,"® salicylates are an appealing choice
for sunscreen formulators for several reasons. Firstly, the
minimal solvatochromic shift that is observed in salicylates
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a UV filter for inclusion in sunscreen formulations.

upon significant changes in solvent polarity has been demon-
strated in at least 13 different solvents."*"® This negligible shift
in peak absorption implies that a range of excipients may be
used in a formulation without changing the protection range
of wavelengths afforded by these molecules. Furthermore,
salicylates contained within sunscreen formulations can serve
as solubilizers for other UV filters such as avobenzone, which to
date remains the most widely implemented UVA (320-400 nm)
filter in the world.'®™"® In addition, salicylates have a favourable
safety record, with few reports of allergenic effects of these
compounds.'®?° However, a consensus is yet to be reached on
whether salicylates used in sunscreens are photostable, that is,
if they do not degrade upon prolonged UV exposure. Many
publications report that they are indeed photostable,"®>'™>
while other reports also exist to the contrary.*>®

The molecule chosen as the focus of this study is homo-
menthyl salicylate (herein referred to as homosalate, HMS); its
molecular structure and the range of UV protection it provides
is shown in Fig. 1. This molecule is approved for use in
sunscreen formulations worldwide and can be employed in
substantial quantities (e.g. up to 15% w/w in the United
States).”® Recent studies in rat models have shown that HMS
has low dermal permeability and does not cause any endocrine
disruption, both of which are major concerns for many existing
UV filters used in sunscreen formulations.?”?® In addition,
HMS has been deemed to have a favourable toxicological
profile.?® However, in the MCF-7 cell line, HMS was shown to
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Fig. 1 (a) Normalised UV-visible spectra of homosalate (HMS) in aceto-

nitrile (blue line), ethanol (black line) and cyclohexane (red line), with
molecular structure of HMS (enol form) inset. The dashed line indicates
the presence of an intramolecular hydrogen bond.

have cytotoxic and genotoxic characteristics, and extensive studies
on the toxicological effects of HMS are recommended.*

In this study, femtosecond (fs, 10> s) pump-probe spectro-
scopy techniques in both the gas-phase and in solution have
been used to elucidate the excited state photodynamics of
HMS upon absorption of UVB radiation. By using ultrafast
spectroscopy, a deeper insight into the specific relaxation
mechanism(s) of salicylates upon exposure to solar radiation
can be gained, which in turn can be beneficial to determine
whether molecules of this type dissipate their incident UV
radiation safely, i.e. quickly and without generating any harmful
and/or reactive photoproducts.*'** Other UV filters with an
intramolecular hydrogen bond have previously been investigated
with these techniques.>*° For example, upon excitation at its
UVA absorption maximum, oxybenzone was shown to exhibit
excited state intramolecular proton transfer (ESIPT), followed by
a molecular rotation which facilitated a fast decay to the ground
electronic state on a picosecond timescale, an ideal behaviour for
a UV filter.** Conversely, menthyl anthranilate (MenA) was shown
to undergo hydrogen atom dislocation, rather than transfer, and a
significant energetic barrier towards a nearby conical inter-
section (CI) was found to prevent fast and efficient excited state
relaxation.’® Due to its long-lived nature (> nanoseconds),
MenA is not an ideal candidate for inclusion in sunscreen
formulations as it is vulnerable to detrimental relaxation
pathways.>® Therefore, the effect of the intramolecular hydrogen
bond in these salicylates is worthy of further investigation. A review
of sunscreen molecules that undergo keto-enol tautomerisation
and ESIPT, studied by ultrafast spectroscopy techniques, has been
published previously.*®

In the present work, a bottom-up approach is employed to
investigate the ultrafast molecular dynamics of HMS upon
photoexcitation with UVB radiation. The starting point is taken
to be HMS in the gas-phase, whereby the influence of external
stimuli is eliminated, focusing on establishing the intra-
molecular photodynamic processes in operation. Complexity
is then increased through the addition of a solvent; the added
intermolecular interactions act as a stepping stone towards
simulating the photoprotection mechanisms of single UV filters
within a complex sunscreen formulation. It is crucial that

15510 | Phys. Chem. Chem. Phys., 2020, 22,15509-15519

View Article Online

PCCP

photodynamics of UV filters such as salicylates in these simpler
mixtures are well understood before progressing to studies
of more realistic blends.** The ultrafast pump-probe spectro-
scopy measurements conducted in this work are supported by
laser-induced fluorescence measurements and computational
calculations, which can assist with the assignment of spectral
features to molecular photodynamics. The results of these
complementary techniques combine, not only to enrich our
understanding of the photoprotection mechanisms within HMS,
thus informing on its inclusion in sunscreens and other cosmetic
formulations, but also to compile further information for future
UV filter design and sunscreen formulation development.

Methods

Ultrafast laser spectroscopy setup

A fundamental laser beam centred at 800 nm with ~ 40 fs pulse
width, ~3 m]J per pulse and 1 kHz repetition rate was produced by
a commercial femtosecond laser system comprised of a Ti:sapphire
oscillator (Spectra-Physics Tsunami) and a regenerative amplifier
(Spectra-Physics Spitfire XP). This fundamental beam was sub-
sequently split into three beams of ~1 m]J per pulse each, two
of which were used to pump two separate optical parametric
amplifiers (Light Conversion, TOPAS-C), producing the pump
beams for the experiments both in the gas-phase and in
solution. Experiments in the gas-phase employed a single-
wavelength probe, while in solution the probe beam consisted
of a white light continuum, as detailed below.

Experiments in vacuum

a. Time-resolved ion yield (TR-IY). The time-resolved ion
yield (TR-1Y) apparatus used for the present experiments has
been previously described in detail;*” specific details relevant to
the present work are provided herein.

Homosalate (HMS, provided by Lipotec SAU) was studied
as provided and without any further purification. HMS was
vaporised via heating to approximately 130 °C and sub-
sequently seeded into helium buffer gas (~ 3 bar). The gaseous
mixture was then expanded into vacuum (~ 107 mbar) via an
Even-Lavie pulsed solenoid valve®® to create the sample molecular
beam. The pump and probe beams intersected the molecular
beam, while the pump-probe time delay (at predefined time
intervals At) was controlled by a gold retroreflector mounted
on a motorised delay stage along the 800 nm fundamental
beam path (used to generate the 200 nm probe, see below). The
maximum temporal window provided by the delay stage was 1.3
nanoseconds (ns). At the laser-molecular beam intersection
point, the pump photoexcited the sample and the probe ionised
the excited species.

The pump wavelengths for TR-IY measurements (Apump =
305-335 nm) were chosen in order to sample the different
absorption regions probed in our laser induced fluorescence
measurements (see Results and discussion section below), starting
from the S;(v = 0) origin of HMS (29 833.4 cm ™', ~335 nm) and
evaluating the effect of photoexcitation with higher energies.

This journal is © the Owner Societies 2020
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The 200 nm probe beam used to photoionize any excited
species was generated by successive frequency conversion of
the remaining ~1 mJ part of the fundamental 800 nm beam
using barium borate (BBO) crystals in the following sequence:
type I, type II, type 1.

The pump-probe ion signal was monitored with a time-of-
flight (TOF) mass spectrometer apparatus, equipped with a
detector consisting of two microchannel plates (MCPs) coupled
to a metal anode. The output from the MCP was measured by a
digital oscilloscope (LeCroy LT372 Waverunner) and gated in
ion flight time over the mass channel of the parent (HMS") ion.
The parent TOF signal was then monitored as a function of
pump-probe time delay (A¢), resulting in the TR-IY transients.
For all TR-IY measurements, the polarizations of the pump and
probe beams were kept at magic angle (54.7°) with respect to each
other in order to minimize any rotational effects.”® Additionally,
power dependence studies were conducted to ensure single-photon
initiated dynamics under the current experimental conditions, as
shown in Section S1.1.1 (S1.1.1), Fig. S1 of the ESL}*°

The quoted time constants were extracted from the TR-IY
transients by a non-linear curve fitting algorithm (further
discussed in the ESI, $1.1.2), comprising a sum of exponential
decays convoluted with a Gaussian instrument response function
(IRF, typically ~170 fs at relevant powers for this experiment, see
S1.1.3, Fig. S2, ESIf). The kinetic model employed in these fits
assumes parallel dynamics, ie. it assumes that all processes start
at At = 0. The standard errors provided by the kinetic fit have been
herein reported as estimated errors associated with quoted time
constants.

b. Laser induced fluorescence (LIF) and dispersed fluorescence
(DFL). To complement our gas-phase ultrafast laser spectroscopy
studies, high frequency resolution laser induced fluorescence
(LIF) measurements were carried out using a separate laser
system to the one described above; a detailed description of
this apparatus has been provided in previous publications®!
and therefore only specific details pertaining to the present
studies are given here.

Helium was used as the seed gas at a pressure of 3-4 bar,
flowing over a sample of HMS maintained at 110 °C to produce
sufficient vapour pressure. A pulsed valve (Parker General Valve
Series 9) with an orifice of 500 um operating at 20 Hz was used
to supersonically cool the sample as it expanded into vacuum.
The sample was interrogated with the doubled output of a Nd:YAG
(Quantel Q-smart 450) pumped tunable dye laser (Radiant Dyes
Narrowscan). LIF excitation scans were recorded by collecting the
emission from the jet-cooled molecules with a set of collection/
steering optics, and imaging the emission onto a UV-enhanced
photomultiplier tube (PMT). The PMT was protected by long-pass
filters to reduce the scattered light from the laser. A sampling
gate was placed around the fluorescence decay profile, digitized
by an oscilloscope (Tektronix, model 3052B), and integrated.
The tunable dye laser (Exciton laser dye: DCM) was scanned in
the 29 800-32 800 cm ™ (335.5-305.0 nm) range.

This setup was also employed to obtain gas-phase dispersed
fluorescence (DFL) spectra of HMS. These spectra were
obtained by fixing the laser wavelength resonant with selected
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transitions in the excitation spectrum, and imaging the fluores-
cence onto the entrance slit of a2 m monochromator. Since the
fluorescence was spread over a large range, red-shifted from
the excitation frequency, distinct peaks were not observed in
the DFL spectrum. In order to obtain the shape of the broad
DFL spectra, the slit width was set at 1 mm and an intensified
CCD camera (Andor SOLIS iStar) collected the total dispersed
emission signal impinging on the CCD at a fixed grating
position. The grating position was tuned point-by-point and
the entire spectrum for a given central grating position was
integrated. Fluorescence lifetime traces were also recorded by
exciting select transitions, and directly recording the time
profile of the fluorescence signal from the PMT on the digital
oscilloscope. The gas-phase fluorescence lifetimes of HMS were
extracted from the resulting transients following the same
method as for the TR-IY transients (see above and further
details in the ESLf S1.1.4 and Fig. S3), using, in this case, an
instrument response full width at half maximum of 8 ns.

Experiments in solution

a. Transient electronic absorption spectroscopy (TEAS). The
ultrafast transient electronic (UV-visible) absorption spectro-
scopy (TEAS) setup used in the present studies, which uses the
aforementioned ultrafast laser spectroscopy setup, has been
described previously;** specific details regarding these experi-
ments are provided below.

Three separate solutions of HMS dissolved in cyclohexane
(CHX, Fisher Scientific, >99.9%), ethanol (EtOH, VWR Chemicals,
>99.9%) and acetonitrile (ACN, Fisher Scientific, >99.8%) were
prepared to a concentration of ~10 mM. To prevent photodegra-
dation of the sample over time, a diaphragm pump (Simdos K2)
was used to recirculate the solutions via a flow-through sample cell
(Harrick Scientific) between two CaF, windows (thickness 1-2 mm,
25 mm diameter). PTFE spacers maintained a sample path
length of 100 pm. This path length ensured a sample absorbance
of less than 0.5.

The wavelength of the pump pulses (1,ump) was chosen to be
the peak absorption of HMS in each solvent, shown in Fig. 1:
Jpump = 309 nminCHX, 307 nm in EtOH and 306 nm in
ACN. The fluence of the pump pulses at all wavelengths was
~0.5 uJ cm 2 The probe consisted of broadband white light
pulses (320-720 nm), generated by focusing a 5 mW portion
of the fundamental 800 nm beam onto a CaF, crystal (2 mm
thick). The pump-probe time delays in our TEAS setup were
controlled by a gold retroreflector mounted on a motorised
delay stage, similar to that described for the TR-IY setup. In this
instance, the delay stage was situated along the portion of the
800 nm fundamental that generates the white light continuum,
and facilitated a maximum At of 2 ns. The fluence of the probe
pulse was changed post-sample by a neutral density filter as
required to avoid saturating the detector.

The transient absorption data collected with this setup was
quantitatively analysed via global analysis fitting using Glotaran,
a graphical user interface for the R package TIMP.*>™*” The
fitting was carried out assuming both parallel and sequential
kinetic models; more details regarding the fitting procedures
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and the IRF of our TEAS experiments are given in the ESI,{ in
Sections S1.2.1 and S1.2.2 (Fig. S4) respectively. Moreover, similar to
our experiments in the gas-phase, TEAS power dependence studies
were carried out to ensure single-photon initiated dynamics for our
experiments in solution (S1.2.3, Fig. S5 and S6, ESIt).

Steady-state spectroscopy

UV-visible spectroscopy measurements were conducted for
solutions (~100 uM) of HMS in each solvent (CHX, EtOH and
ACN) using a quartz cuvette of 10 mm path length in a Agilent
Cary-60 spectrophotometer. All fluorescence measurements
of HMS (emission spectra and lifetimes, see S1.2.4, ESI,T for
further details) were acquired using a Horiba Fluorolog-3. Each
solution of HMS was prepared in this instance to a concen-
tration of around ~ 10 puM to ensure that the absorbance of the
solution was under 0.1. More detailed information pertaining
to these fluorescence measurements, alongside the UV-visible
spectra of all fluorescence samples, can be found in Fig. S7
(ESIt). The quantum yield of HMS was also determined; full
experimental details can be found in the ESI,} (S1.2.5).

Computational methods

All calculations were conducted in the NWChem software
package.*® Density functional theory (DFT) geometry optimisa-
tion was performed on two conformers of HMS, each of which
was suspected to be close to a local geometric energy minimum.
This relaxation was conducted with the PBE functional and
cc-pVTZ basis set.*” The single-point energies of each of these
structures were calculated with the functionals PBE and PBEO,
both with the cc-pVTZ basis set. These were also calculated with
the post Hartree-Fock method MP2 using the cc-pVDZ basis
set, in order to compare relative energies in the gas-phase.
These results can be found in Table S1 in the ESI.T Of the two
previously mentioned structures of HMS, the one of lowest
energy—herein referred to as the enol form (conformer 1), see
Fig. 2a—was selected as the likely global minimum and carried
forward for further testing. These calculations were conducted
in vacuum as well as in implicitly modelled EtOH, CHX and
ACN using the COSMO solvent model inbuilt in NWChem to
generate four structures.’*™> The higher energy conformer,
also an enol with an intramolecular hydrogen bond (H-bond)
between the enol OH and ester oxygen, was also retained for
further testing (herein referred to as conformer 2). The struc-
tures of both conformers are presented in the ESI,} Fig. S8.
The global minimum enol structure (conformer 1) was then
relaxed in the first excited singlet state (S;, nn*) in order to
predict the structure of the system after photoexcitation in
vacuum. This was achieved by first relaxing at the PBE/cc-pVTZ
and then the PBEO/cc-pVTZ level of theory. Following this, the
species was further relaxed in each of the implicit solvents.
These relaxations resulted in the keto form of HMS shown in
Fig. 2a, which was again taken forward for further analysis
employing the PBEO/cc-pVTZ level of theory as is now described.
Using each of the eight structures, enol and keto structures in all
three implicit solvents and vacuum, time-dependent DFT was
carried out in order to find singlet (S,) and triplet (T,) vertical

15512 | Phys. Chem. Chem. Phys., 2020, 22, 15509-15519

View Article Online

PCCP

excitations. The energy of the T, state was more accurately
calculated using a ASCF methodology.>® This was achieved by
conducting single point energy calculations with state multi-
plicity set to 3 (triplet state) on each of the previously obtained
enol and keto structures; the results were then compared to the
So energies for each form, once again in all three solvents
as well as in vacuum. Conformer 2 also underwent excited
state relaxation along the first excited singlet state (S;, nn*),
conducted at the PBEO/cc-pVTZ level of theory. In this case,
tautomerisation did not occur. In order to calculate comparable
energies with the excited-state relaxed geometries, single point
energy calculations were conducted on both conformers 1 and
2 (previously optimized with PBE/cc-pVTZ) in vacuum at the
PBEO/cc-pVTZ level of theory.

In order to estimate the excited state barrier between the
enol and keto forms (conformer 1), a set of linear interpolations
of internal coordinates (LIIC) were acquired. Vertical excita-
tions, again at the PBEO/cc-pVTZ level of theory, were calculated
in vacuum for each step, and the resulting ground state (S,), Sy
and S, energies were plotted. The results of these calculations
along a LIIC are shown in Fig. 2b (for S, and S;; results for S,
are shown in the ESI,T Fig. S9).

Finally, two further reaction pathways were probed, both of
which involving the rotation around the aliphatic bond
between the aromatic ring and the large ester unit of HMS.
In both cases this bond was fixed in 10 degree increments
between 0 and 180 degrees. The first path involved then
relaxing all remaining degrees of freedom in the ground
state at the PBE/cc-pVTZ level of theory. This allowed for the
estimation of the barrier height between the two conformers
discussed previously. The second path involved relaxing all
other degrees of freedom in the S; at the PBEO/cc-pVTZ level
of theory. This allowed for the investigation of a potential CI
between the ground and excited states.

Results and discussion
Gas-phase experiments

TR-IY HMS parent ion (HMS') transients are presented in Fig. 3
along with the extracted time constants at pymp = 305 nm,
320 nm and 335 nm (the latter of which corresponds to
photoexcitation centred at the S; origin of HMS, see below),
with /5rope = 200 nm. In all cases, the gas-phase photodynamics
of HMS following UV photoexcitation are described by two time
constants. In what follows, we will firstly focus on discussing
the assignment of 7; and addressing apparent discrepancies
between our time- and frequency-resolved studies, after which
the discussion regarding the assignment of 7, will become
straight-forward.

The first time constant, 14, is defined within our IRF (typically
~170 fs, see Fig. S2, ESIf). We assign 7; to ESIPT, involving
migration of the proton on the -OH group along the O-H---O
coordinate towards the neighbouring carbonyl group (thus forming
the keto tautomer). We draw confidence that the tautomerisation
occurs within 170 fs from previous literature on similar systems

This journal is © the Owner Societies 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0cp02610g

Open Access Article. Published on 30 June 2020. Downloaded on 7/31/2025 1:21:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

PCCP Paper
(a) (b) 45 T " —
S, T 4.25¢ *S?'
AE(S;)=-0.32 eV} —5 2 al. ]
3l e E E Ny T 3375 1
> ~| € | > 1 =
=2 N wlo 0| E 3 1F J
g <+ 1 cl? 92 ; l%
a wlt 4l=< N *
< wim
¥ Se_______°__
- o 0.25
AE(Sy) = 0.79 evl — Keto Form (triplet) . . . . . . :
So ‘ 1 2 3 4 5 6 7 8 9 10
B . 2 - - Step ) .
Er;ol Form ) Keto Form ! 3 6 8 10
Fig. 2 (a) A representation of the different energy levels of HMS (conformer 1) in vacuum in the enol (left) and keto (right) form, as predicted using the

PBEO/cc-pVTZ level of theory. In (a), the red arrow represents the absorption of a photon, the blue arrow represents fluorescence, and the green arrow
represents phosphorescence. The dotted lines in blue and orange between the So and S; states are indicative of the linear interpolation of internal
coordinates calculated for HMS in vacuum at the PBEO/cc-pVTZ level of theory, shown in further detail in (b) alongside the predicted structures of HMS at
selected steps. These calculations suggest that, when in the ground state, conformer 1 of HMS exists in the enol form, whereas in the first excited singlet
state (S;) HMS converts to the keto state in an energetically barrierless process.

such as methyl salicylate where ESIPT occurs within 100 fs;>* ™’

we add here that power studies in the gas-phase were carried
out to verify single-photon-induced dynamics (presented in
S1.1.1 and Fig. S1, ESIt). In fact, our computational studies,
the results of which are presented in Fig. 2, predict a barrierless
Si-enol to S;-keto tautomerisation for conformer 1 of HMS, with
the keto tautomer lying 0.32 eV lower in energy than the enol
tautomer (see Fig. 2). In addition, the large Stokes shift
observed in the DFL spectrum of HMS upon photoexcitation
at its S;(v = 0) origin, as shown in Fig. S3 in the ESI, T suggests a
significant geometry change upon excitation to the S; state. The
experimentally observed Stokes shift in the gas-phase is
approximately 0.72 eV, which compares with the theoretically
calculated 1.1 eV difference between the S;-S, transitions for the
enol and keto tautomers (in vacuum, see Fig. 2a and Tables S2
and S3 in the ESIt). While there is a discrepancy of approxi-
mately 0.4 eV between the experimental and theoretical value for
this Stokes shift, DFT methods have generally been found to
overestimate transition energies.”®>® Nevertheless, the experi-
mental observation of a large Stokes shift upon photoexcitation
to the S, state of HMS, in accordance with and in addition to
the large computationally predicted Stokes shift, supports the
hypothesis that ESIPT would take place in HMS within t;.

We note, however, that sharp features in the LIF spectrum of
HMS, shown in Fig. 4, are retained even at energies >1000 cm ™!
above the S;(v = 0) origin. Excitation energies above 31000 cm ™
result in a loss of the fine structure, which could point towards
vibronic congestion.®® The rotational band contours of the LIF
origin peak (see ESIL,{ S2.1.1 and Fig. S10) suggest a significantly
longer S; origin lifetime than the IRF-limited 7, extracted from
our TR-IY measurements. We reconcile these contradictory
observations by considering previously published work in which
the existence of different conformers is suggested for closely
related salicylates. For example, Bisht et al. proposed two
potential conformers in salicylic acid undergoing different
excited state dynamics,”" while Zhou et al. hypothesised that

1
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the slowest dynamics observed in their studies on methyl
salicylate could be due to a conformer in which the ESIPT
process is hindered.®* Moreover, both Zhou et al. and Massaro
et al.*® report an energy difference between the two lowest energy
conformers of methyl salicylate in the ground state (~0.1-0.2 eV)
that is comparable to the energy difference predicted by our
computational studies for conformers 1 and 2 of HMS (0.17 eV,
see Fig. S8 in the ESI). In addition, Zhou et al. have shown that
interconversion of the two lowest energy conformers in the
ground state has a significant barrier (+0.63 eV with respect to
the lowest energy conformer), preventing this interconversion.®>
The energy of this barrier for HMS was calculated by fixing the
dihedral angle that dictates the path of conformer 1 to conformer
2 in 10 degree increments. Following this, all other degrees of
freedom were relaxed at the PBE/cc-pVTZ level of theory and the
energy of each intermediate state was plotted (Fig. S11, ESIT). This
gave rise to the same barrier energy observed by Zhou et al. of
+0.63 eV with respect to conformer 1.%> Taken together, and given
that our calculations show that there is a stable excited state
structure of the enol tautomer of conformer 2, we propose that
conformer 2 is photoexcited and trapped in its enol structure
(i.e. not undergoing ESIPT), which fluoresces, thus accounting
for the sharp features observed in our LIF measurements.
However, the (apparent) low abundance of this conformer
makes it difficult to identify from our TR-IY measurements.
We add that further experiments (such as spectral hole-
burning) are warranted to confirm the existence (and spectral
location) of conformer 1 and 2.

The second time constant, 7,, clearly decreases with increasing
photoexcitation energy, i.e. energy dissipation becomes faster
with increasing energy. This behaviour is typical of systems for
which there is an energetic barrier to be surmounted in order
for a key relaxation pathway to be accessed.®®®® Presumably,
when exciting HMS at the S;(v = 0) origin (within the 500 cm ™"
bandwidth of the pump pulse used in our time-resolved
measurements, see Fig. 4) excited state population is unable
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to access any nearby CIs and therefore fluorescence takes place
to the ground state as excited state population samples the
shallow S; energy potential. Indeed, the LIF measurements
presented in Fig. 4 show that there is significant fluorescence
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from the vibrational levels accessed by Apump = 335 nm used in
our TR-IY measurements, further supporting our assignment
of 7, > 1.3 ns (at this pump wavelength) to a long-lived,
fluorescent S; state. As the pump energy is increased, 7,
decreases considerably, now being defined within the temporal
window of our measurements (1.3 ns). It is plausible that, at
these higher pump energies, excited state population would be
increasingly more likely to access a nearby CI within the S, state
through which it would undergo internal conversion (IC) to
the S, state. Nevertheless, while fluorescence may not be the
predominant relaxation pathway at above-origin pump energies
(for which IC becomes increasingly competitive), the strong LIF
signal at these energies is evidence that it is still an active
relaxation pathway for conformer 1.

We add that attempts were made to theoretically examine
the CI between the S, and S; states. Owing to the size of HMS,
and therefore the relatively high computational expenditure, it
was not possible to perform a CI search using multistate
CASPT2 as has been conducted in other studies.>® Based on
previous studies, the CI could be presupposed to be located
along the rotation of the aliphatic bond between the aromatic
ring and the large ester unit of HMS.>>®® As such, this coordi-
nate was evaluated for HMS by fixing the dihedral angle in
10 degree increments between 0 and 180 degrees, relaxing all
other degrees of freedom in the first excited state in TDDFT, and
observing the relative energies of this and the ground state.
We observed that between 40 and 130 degrees, where the internal
H-bond is broken, the calculation relaxed to a structure with a
negative excitation energy. This is a common error when using
TDDFT to study a CI, owing to the inexactness of the ground state
and excited state energies.” Whilst this is indicative that a CI
likely occurs on this coordinate, exact energies, structures, and
energetic barriers are unreliable as TDDFT is significantly less
accurate in cases such as this with extensive state mixing.®®

Gas-phase fluorescence lifetime measurements taken upon
photoexcitation at 305-335 nm, an example of which is presented
in the ESL7 (S1.1.4), yielded fluorescence lifetimes of 12-20 ns.
Attempts to detect gas-phase phosphorescence from HMS were
unsuccessful, suggesting that triplet states are unlikely to be
involved in the gas-phase photodynamics of HMS on the time-
scales of the present measurements. Nevertheless, one could
envisage that excited state population would migrate to nearby
triplet states (the existence of which is confirmed by our computa-
tional work) and then undergo reverse intersystem crossing (ISC)
back into a singlet state (namely S,), thus justifying the absence of
observable phosphorescence. Moreover, it is also possible that
photoreactions would take place from the excited triplet state
manifold. The absence of observable phosphorescence does not,
therefore, conclusively rule out ISC as a potential relaxation
pathway for HMS in the gas-phase.

In summary, our gas-phase and computational results suggest
that conformer 1 of HMS (the lowest energy conformer)
undergoes ultrafast enol-keto tautomerisation, followed by
either fluorescence from the S; surface or, in the case of
higher photoexcitation energies which allow for a higher lying
CI to be accessed, fast repopulation of the S, state via IC.
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Furthermore, we suggest that the sharp peaks in the LIF
spectrum of HMS around S,(v = 0) origin energies - which do
not agree with a fast ESIPT process taking place - are due to the
presence of a second conformer in the molecular beam. We
found no evidence of phosphorescence within the timescales of
our experiments and, therefore, propose that any contribution
from triplet states to the gas-phase photodynamics of HMS,
while possible, would be small.

Transient electronic absorption spectroscopy (TEAS)

To gain further insights into the behaviour of HMS in environ-
ments with different polarities and protic natures, ultrafast
spectroscopy studies were conducted in solution, in line with a
bottom-up approach.

Given the similarities of the UV-visible spectra of HMS in
different solvents (as shown in Fig. 1), it could be expected that the
excited state dynamics of HMS would not differ dramatically in the
different solvent environments. Indeed, all transient absorption
spectra (TAS) of HMS, displayed as both false colour heat maps
and line-outs at selected pump-probe time delays in Fig. 5,
resemble one another and reveal similar dynamics; as such, it
seems appropriate that the results should be discussed together.

Each solute/solvent combination displays a strong excited
state absorption (ESA) in the range 330-360 nm, with evidence
of a positive feature, tailing off at ~400 nm. A separate ESA
feature appears between 500-590 nm. There is also a stimu-
lated emission (SE) feature, the negative AOD feature between
probe wavelengths of 430-500 nm. A quantitative insight into
the assignment of these spectral features has been attained by
following the global fitting procedure described in the ESL¥
(Section S1.2.1). As is the case for the time-resolved gas-phase
data, this procedure implements a parallel model, which
assumes all processes begin immediately after excitation. The
results of this fitting are shown in Table 1, and the quality of

This journal is © the Owner Societies 2020

this fit at selected wavelengths is evident in Fig. 5, with full
residual information given in Fig. S12 (ESI}). A parallel model
has been chosen to model our data in solution, in line with
fitting to our gas-phase data. Nevertheless, for comparison, the
data in solution has also been fitted using a sequential model,
yielding similar time constants as presented in the ESI,7
(Section S2.2.1 and Table S4). The quality of these fits at
selected wavelengths is demonstrated in Fig. S13 (ESIt).

For all sets of TEAS data (in all solvents and at all pump
wavelengths), 7, is defined within instrument response (Fig. S4,
ESIT). Following consideration of our previous observations and
discussion regarding our gas-phase results, and given that ESIPT
has been observed experimentally on comparable timescales in
similar systems in solution (e.g. methyl salicylate), we assign 7,
in our studies in solution to enol-keto tautomerisation.®®”>
Further evidence for ESIPT in HMS is two-fold. Akin to the
dispersed fluorescence observations in gas-phase, there is a large
Stokes shift (~120 nm, see Fig. S14 in the ESIf) upon photo-
excitation of HMS at its respective absorption peak in each
solvent, which is indicative of a significant structural change
upon photoexcitation to the S; state. This observation is similar
to that previously reported for methyl salicylate and ethylhexyl
salicylate.”>”* Moreover, our computational studies reveal that
the S;-keto tautomer is lower in energy than its S;-enol counter-
part and it is therefore anticipated that ESIPT would remain
barrierless for HMS in solution.

The elucidation of the remaining time constants extracted
from our TEAS data for HMS is assisted herein by comparison
with the previously studied HMS analogue, ethylhexyl salicylate
(EHS, also known as octisalate), for which the ester unit connects
to an alkane chain rather than the cycloalkane unit of HMS
(structure inset in Fig. S15a, ESIT).”>”* Equivalent TEAS studies
on EHS following the same experimental methodology as for
HMS have been performed and the results are presented in
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(a)—(c) False colour heat maps showing all transient absorption spectra (TAS) of homosalate (HMS) in acetonitrile (ACN) (4 pump = 306 nm), ethanol

(EtOH) (Zpump = 307 nm) and cyclohexane (CHX) (4 ,ump = 309 Nm) respectively. In these plots, the time delay axis is shown as a linear scale until 10 ps and
as a logarithmic scale thereafter. (d)—(f) TAS at selected pump—probe time delays for HMS in ACN, EtOH and CHX respectively. These plots are attained by
taking vertical slices through the false colour heat maps at the given time delay and are presented on the same mAQOD scale as the corresponding false
colour heat map. (g)—(i) Kinetic fits of the transient data at 340 nm (black), 450 nm (red) and 550 nm (blue) for HMS in ACN, EtOH and CHX respectively.
The circles denote the raw data at each wavelength and the solid line is the fit attained using the parallel model described in the main text. In each case,
the time delay axis is presented on a logarithmic scale. False colour heat maps containing residuals for every datapoint can be found in the ESIT (Fig. S12).

full in the ESI{ (Section S2.2.2: TAS data Fig. S15-S17, time
constants Tables S5 and S6, residuals Fig. S12, ESI{). Overall,
the photodynamical behaviour of EHS is virtually unaltered
from that observed for HMS. As such, we assume that compar-
isons between the photodynamic behaviours of HMS and EHS
are valid. Moreover, EHS also produces an emission peak at
450 nm (as reported by Krishnan and Nordlund)” that is very
similar to the emission of HMS shown in Fig. S14 (ESIY),
in terms of both central wavelength and bandwidth, further
validating the comparison between these two molecules.

In light of the aforementioned assumption (and returning to
discuss 1, below), ;3 and 7, for HMS have been assigned. The
faster of these time constants, 1, is likely due to the decay of
the S;-keto tautomer via fluorescence. The presence of

Table 1 Extracted transient electronic absorption spectroscopy (TEAS) time
constants for three homosalate solutions, following photoexcitation at their
respective absorption maxima, obtained via global fitting techniques using a
parallel model*®> Whilst the error for 7, is given by half the instrument
response in each solvent (Fig. S4, ESI), the errors presented for 1, to 74 are
those provided by the fitting software package; the quality of the fits can be
gauged from the corresponding kinetic fits (Fig. 5) and residuals (Fig. S12, ESI)

Time constant Ethanol Cyclohexane Acetonitrile
74 (fs) 55 £ 35 105 £ 30 80 £ 40

7, (ps) 10.4 + 0.4 14.2 +£ 0.5 9.4+ 04
73 (ps) 199 + 2 532+ 6 180 + 2

7, (ns) >2¢ >2¢ >2¢

“ Outside the temporal window of the instrument (2 ns).

15516 | Phys. Chem. Chem. Phys., 2020, 22, 15509-15519

fluorescence is confirmed in the TAS of HMS in all solvents
by the appearance of the SE feature centred at 450 nm, which
directly corresponds to the peaks observed in the emission
spectra (Fig. S14, ESIf). For additional confirmation of the
assignment of 73, the fluorescence lifetimes of HMS in all three
solvents have been determined; these were found to be within
our instrument response (<1.2 ns, see S1.2.4, ESIt for further
details). More exact fluorescence lifetimes for EHS have been
quoted by Krishnan and Nordlund, and range from 150 ps in
methanol to 460 ps in toluene.”” Krishnan and Nordlund’s
results are in good agreement with the values of 7; that have
been extracted for both HMS and EHS in our studies, as shown in
Table 1 and Table S5 (ESIY), respectively. These time constants,
alongside the fluorescence lifetimes obtained in the present and
previous studies, thus support our assignment of 7; in both EHS
and HMS to fluorescence, dependent on rate-determining internal
conversion (IC) and intersystem crossing (ISC, see below).”

Our assignment of 7, > 2 ns to the lifetime of the triplet
state following ISC is in the first instance supported by addi-
tional TAS of HMS and EHS, with A¢ = 3 ns, which are presented
in the ESL T (Fig. S18). The spectral features in these TAS (see
ESL T S2.2.3 for further details) resemble those reported by
Sugiyama et al.”* as the absorption spectra of the T, state,
lending credibility to our assignment. The hypothesis that 7, is
associated with the lifetime of a triplet state is also corrobo-
rated by our computational results, which reveal the existence
of nearby triplet states in HMS that are accessible in all three
solvents (Table S3, ESIt). While a number of decay pathways

This journal is © the Owner Societies 2020
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could be accessible to the triplet states of HMS and EHS, such
as phosphorescence or reverse ISC,”> we are unable to pinpoint
which, if any, dominates in the present measurements.
Phosphorescence quantum yields (®p) have been reported to
be 4.9% in HMS and 5.4% in EHS in ethanol at 77 K.”*
However, cryogenic cooling, solvent deoxygenation, heavy atom
perturbation or a combination of these approaches have been
required to observe phosphorescence in salicylates.”*”® As
such, it is likely that under our experimental conditions,
phosphorescence is quenched.

Although both fluorescence and ISC do occur in HMS and EHS
as discussed, these are unlikely to be the dominant relaxation
pathways for these molecules, given the expected low quantum
yields of radiative decay. In EHS, the fluorescence quantum yield
(@5), has been reported to be 0.6-1.9% (depending on solvent),”
while for HMS we have determined &y values of 3.5% in ACN,
4.6% in EtOH and 11.6% in CHX (upper limits, see S1.2.5 (ESIY)
for further details). As such, the remaining time constant
extracted from our TEAS measurements, t,, is assigned to vibra-
tional cooling and IC to the Sy-keto species. It is then energetically
favourable for the Sy-enol species to be reformed, according to the
So energy differences between the keto and enol forms calculated
using DFT (between 0.76 and 0.80 eV). Further to this, a full list of
excited-state energies can be found in Tables S2 and S3 of the
ESLt Fast, non-radiative relaxation for ground-state recovery is
favourable for sunscreen applications,”” therefore HMS and EHS
mostly satisfy this criterion.

In summary, our studies in solution on HMS (and EHS)
reveal an initial ultrafast process which, similarly to the system
in the gas-phase, we assign to ESIPT (enol-keto tautomerisation).
The S, state of the keto tautomer then undergoes radiative and
non-radiative decay, with IC (and some component of vibrational
cooling) predominantly taking place alongside low yield compo-
nents of fluorescence and ISC. While it appears from our results
that solvent environments have only minor effects on the
observed photodynamics of HMS, it is clear that solvation seems
to facilitate ISC and thus introduce an additional competing
(vet non-dominant) decay pathway for HMS. This is an important
consideration for sunscreen design, since the presence of triplet
states is undesirable in sunscreen formulations due to the
increased probability of harmful side-reactions.

To conclude our discussion, we propose that our work
provides further valuable guidance for sunscreen design with
regards to the choice between salicylates, such as HMS, and
anthranilates, such as MenA. As reported in previous work,*
the potential energy cut along the ESIPT coordinate for methyl
anthranilate (MA, a precursor to MenA) is nearly flat, resulting
in there being no energetic drive for ESIPT to take place.
In HMS, on the other hand, computational work reveals a
significant energetic drive for ESIPT (Fig. 2b), with the (apparent)
absence of a barrier for this process being allied to a relatively
more stable keto tautomer.

The marked differences in the excited state surfaces of HMS
when compared to MA are likely associated with the differences
in electron affinity of the nitrogen and oxygen atoms, ultimately
resulting in different strengths for the intramolecular H-bond,
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a crucial factor for the ESIPT process. It has been reported that
not only systems with strong intramolecular H-bonds readily
undergo ESIPT, but also that a weaker intramolecular H-bond
may slow down or even preclude the ESIPT process.”® In addition,
recent work on a range of amino- and hydroxy-type H-bonding
molecules®”’® has shown that molecules containing an OH group
tend to undergo ultrafast ESIPT (within 80 fs), whereas molecules
containing NH groups undergo ESIPT within a wide range
of (typically longer) timescales. As such, in the first instance
formulation scientists could be encouraged to look for
compounds with strong intramolecular H-bonds, by preferring
O-H:--O compounds over N-H-:--O species, for example; intra-
molecular H-bond strength seems to influence the molecule’s
potential energy landscape such as to allow fast internal conver-
sion to take place (via a CI along a rotation reaction coordinate), a
closer-to-ideal photophysical behaviour for a sunscreen.

Conclusions

In the present work we have explored the excited state dynamics
of the UV filter homosalate (HMS) after photoexcitation in the
305-335 nm wavelength range, both in vacuum and in solution.
We found that these dynamics are almost unaltered in solution
when compared to the gas-phase and can be broadly described
by an initial ultrafast decay, which is in all cases assigned to
ESIPT; followed by fast internal conversion to the ground state and
lower quantum yields of fluorescence and intersystem crossing. In
line with previous observations on analogous molecules (e.g
methyl salicylate), we also report on experimental observations
in the gas-phase that point towards the presence of a second, long-
lived conformer of HMS which does not undergo ESIPT.

Interestingly, the studies presented here on HMS (and also for
EHS in solution) are in stark contrast with the behaviour observed
for the comparable UVA filter menthyl anthranilate (MenA).*® In
the gas- and solution-phase studies of MenA4, it was found that the
ESIPT process is incomplete, ie. H-atom dislocation occurs.’®
Furthermore, while there is a nearby S;/S, conical intersection
(CI), a large energetic barrier needs to be surmounted in order for
it to be accessed. This barrier hinders fast and efficient excited
state relaxation in MenaA, effectively rendering its photophysical
behaviour unfavourable for sunscreen use.

From our observations in the present study, it appears that by
substituting the amino group of MenA with the hydroxy group in
HMS, a CI becomes accessible and the excited state energy can
be dissipated effectively. It is therefore evident that the ESIPT
process plays a key role in the photodynamics of both HMS and
MenA, ultimately defining their suitability for use as UV filters in
sunscreen formulations. As such, a more detailed understanding
of the ESIPT process (e.g. substituent position and functional
group effects) in this type of molecule is warranted and could
be crucial for sunscreen design. For example, investigating the
effect of substituent position on the photodynamics of HMS,
i.e. placing the hydroxy group in the meta and para positions
on the chromophore where ESIPT is no longer possible,
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constitutes an interesting avenue for future work, both in the
gas-phase and in solution.

Overall, and within the limits of our studies, HMS appears to
have mostly favourable excited-state relaxation characteristics
and, on this basis alone, its inclusion in sunscreen formulations
is justified. Nevertheless, favourable photodynamics do not
guarantee that the molecule is completely safe when applied to
the skin. The proposed triplet states in solution, despite their low
quantum yield, could be of concern to formulation scientists,
owing to their ability to produce singlet oxygen, a cytotoxin that
can also incite allergenic responses.’® The effects of potential
triplet-triplet state energy transfer of HMS to other UV filters also
warrants further investigation.
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