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A B S T R A C T

The ultrafast excited state dynamics of the sunscreen ingredient menthyl anthranilate (MenA) and its
precursor methyl anthranilate (MA) were studied in vacuum (using time-resolved ion yield spectroscopy)
and in solution (using transient electronic absorption spectroscopy). MenA and MA both show long-lived
dynamics, with the observation of a kinetic isotope effect suggesting that hydrogen motion acts as the
rate determining process in the overall decay. Complementary computational studies exploring the
intuitive decay pathways of MA revealed a bound S1 state with a shallow ‘up-hill’ gradient with respect to
proton transfer. From these results, it is suggested that photoexcited population is trapped in this excited
state from which luminescence occurs as a prominent decay pathway. This work has shown that the
photophysics of MA and MenA – and hence their photoprotection capabilities – are not drastically
influenced by aliphatic structure or solvent environment alone. A bottom-up approach, such as the one
described herein, is essential to understand the combination of factors that afford optimum
photoprotection and to develop a new generation of tailor made, efficacious sunscreens.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The damaging effects of excessive exposure to ultraviolet (UV)
radiation to living organisms are well documented in the literature
[1–3]. Such damages include erythema [4], a result of excessive
skin irradiation with UV-A (400–315 nm) and/or UV-B (315–
280 nm) radiation – both of which are directly absorbed by several
chromophores in human skin (e.g. melanins, acids and kynur-
enines). UV-A radiation is also linked to production of free radicals
and skin aging [5], whilst UV-B radiation can be directly absorbed
by DNA and initiate the photochemistry responsible for mutagenic
photolesions (e.g. cyclobutane pyrimidine dimers) [6]. If repair
mechanisms fail to correct these photolesions in DNA, this damage
may result in carcinogenesis [7]. While the human skin has its own
natural photoprotection mechanisms (provided by melanin pig-
ments), these are often insufficient for continued and excessive sun
* Corresponding author.
E-mail address: v.stavros@warwick.ac.uk (V.G. Stavros).
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exposure. Photoprotection products, such as sunscreen lotions, are
therefore required in order to provide enhanced protection against
UV-induced damage. Since their appearance in the early 20th
century [8], sunscreen usage has evolved from simply providing
protection against sunburn to being perceived as primary
prophylaxis, actively preventing skin aging and skin cancer [9].
Despite attempts to raise awareness of the risks associated with
excessive sun exposure and the widespread availability of
sunscreen lotions, the incidence of skin cancer has increased in
recent years [10]. There is, therefore, an obvious urgency for more
effective sunscreens.

An ideal sunscreen molecule should absorb across (and hence
provide protection against) the UV-A and UV-B wavelength range
of the solar spectrum [11]. One would expect sunscreen molecules
to also have the ability to dissipate the absorbed excess energy
rapidly – on an ultrafast timescale, i.e. femtosecond (10�15 s) to
picosecond (10�12 s) – without detriment to molecular structure.
Such detrimental photochemistry may be both intramolecular
(fragmentation, isomerisation, etc.) and/or intermolecular (chem-
ical reactions with other species in the sunscreen mixture or in the
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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skin itself) [12–15]. The study of the photodynamics that follow the
absorption of UV radiation (photoexcitation) of sunscreen mole-
cules has only recently gained momentum [14–21] and therefore
these mechanisms remain poorly understood.

While reports on the ultrafast photodynamics of commonly
used sunscreen molecules, such as cinnamates and sinapates [16–
18,20], already exist, analogous information is not available for
anthranilates such as methyl and menthyl anthranilate (MA and
MenA, Fig. 1). MA is a food grade flavour and fragrance additive
used in personal care products [22] and is also a precursor to MenA
(commercial name Meradimate), a sunscreen component approved
by the US Food and Drug Administration [23]. In general, the
anthranilates are considered to be a photostable (non-degradable
upon exposure to UV) class of sunscreens due to the intramolecular
hydrogen bonding facilitated by the ortho position of the NH2

group with respect to the ester substituent [24]. Interestingly,
however, under anaerobic conditions, a photodegradation mecha-
nism was found to occur for MA upon UV exposure [25]. Under
aerobic (more realistic) conditions, an appreciable quantum yield
of fluorescence (�0.376–0.549) was observed in various solvents
[26], as well as a 280 ms triplet state lifetime in aqueous solution
[22]. Smaller quantum yields for singlet oxygen sensitisation have
also been reported for MA [22]. Such radiative and non-radiative
processes persist in MenA, which presents large quantum yields
for fluorescence (0.64 � 0.06 in ethanol)[23] and intersystem
crossing (0.34 in ethanol at room temperature) [27]. The presence
of triplet states in solvated MenA was confirmed by Kikuchi et al.
[27] by using a triplet quencher; the lifetime of the triplet state was
determined to be 2.36 s [27].

In light of the available literature, it seems that photoexcited
MA and MenA dissipate excess energy via radiative decay, which is
perceivably not ideal in a sunscreen molecule [14]. The radiative
decay observed in MA and MenA is at odds with other sunscreen
molecules which tend to decay to their ground electronic states via
non-radiative internal conversion (IC) on an ultrafast timescale
[16,19]. It is now well understood that ultrafast IC between
electronic states is facilitated by conical intersections (CIs) which
arise when certain nuclear motions (e.g. isomerisation and bond-
stretches) drive distinct electronic states towards degeneracies in
configuration space [28]. In related sunscreen molecules, many CI
geometries – ranging from trans-cis isomerisation to ring
deformations, for example – have been identified as likely
contributors driving ultrafast IC from the excited to ground state
Fig. 1. UV/Visible absorption spectrum of methyl anthranilate (MA, black solid line)
and menthyl anthranilate (MenA, red dotted line) in cyclohexane. The molecular
structures of each molecule are also shown, with the intramolecular hydrogen bond
indicated with a blue dashed line. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
[16,17,29]. For some sunscreen molecules, notably oxybenzone,
isomerisation is preceded by an enol-keto type hydrogen atom
motion; keto oxybenzone then isomerises back to ground state enol
oxybenzone [19]. Such tautomerisation processes typically occur
on ultrafast timescales, i.e. on much shorter timescales than those
probed in the aforementioned MA and MenA studies.

The non-unity luminescence quantum yield of MenA suggests
other, non-radiative, photophysical processes are also involved in
its relaxation mechanisms. Ultrafast spectroscopy techniques were
employed in the present work to identify these ultrafast photo-
physics taking place in photoexcited MenA and hence further
inform on its suitability as a sunscreen ingredient. In keeping with
a bottom-up approach, by which the effects of increasing molecular
complexity are evaluated [14], both MA and MenA were studied.
Moreover, spectroscopic techniques were employed both in
vacuum and in solution to evaluate the environmental effects
on the intrinsic photodynamics of these molecules. Computational
studies were also performed to complement the experimental
measurements and provide further detail on the topography of the
electronic states of the molecules studied. This work highlights the
importance of investigative studies targeting the intrinsic molec-
ular and electronic characteristics that provide sunscreen mole-
cules with their photoprotection capabilities.

2. Experimental methods

2.1. Absorption spectra

The UV/Visible absorption spectra of MA (Alfa Aesar, 99%) and
MenA (Aldrich, 98%), shown in Fig. 1, were obtained using a
PerkinElmer Lambda 850 UV/Vis spectrophotometer. The sample
of each molecule was prepared by dissolving MA or MenA in
cyclohexane (99%, Fisher Scientific) with a concentration of
approximately 10�6M.

2.2. Time-resolved ion yield (TR-IY)

The time-resolved ion yield (TR-IY) set up used in this work has
been described previously [30–32] and is therefore only briefly
described here, with further details of particular experimental
conditions provided where necessary. A commercial femtosecond
(fs) Ti:Sapphire oscillator (Spectra-Physics Tsunami) and regener-
ative amplifier (Spectra-Physics Spitfire XP) were used to produce
�40 fs laser pulses of �3 mJ per pulse centred at 800 nm. The
fundamental 800 nm output was subsequently split into three
beams, each with �1 mJ per pulse. One of these beams was used to
pump an optical parametric amplifier (Light Conversion, TOPAS-C)
to generate “pump” (lpu) pulses centred either at 300 nm (4.13 eV),
315 nm (3.94 eV), or 330 nm (3.76 eV). These wavelengths were
chosen to sample the UV-A and UV-B regions of the solar spectrum
and the broad absorption feature shown in Fig.1 while maintaining
adequate signal to noise ratios. A second laser beam pumped a
separate TOPAS-C which was used to generate 260 nm “probe”
(lpr) pulses. The pump and probe pulses were temporally delayed
with respect to each other (with a delay time of Dt) by reflecting
the pump off a hollow corner gold retroreflector mounted on a
motorised delay stage allowing a maximum temporal delay of
1.2 ns.

The two laser beams intersected a molecular beam which was
produced by seeding the target molecules, heated to 50 �C (MA) or
90 �C (MenA), into helium (�3 bar). The gaseous mixture was then
expanded into vacuum (�10�7mbar) using an Even-Lavie pulsed
solenoid valve [33]. At the point of intersection, lpu excited the
species in the molecular beam and lpr ionised any excited (or
photodissociated) species. The resulting ions were focused onto a
detector, consisting of two microchannel plates (MCPs) coupled to



Fig. 2. TR-IY transients resulting from the excitation of MA (top, circles) and MenA
(bottom, diamonds) at 315 nm (red) and 330 nm (blue). Solid lines correspond to
kinetic fits. (For interpretation of the references to colour in this figure legend, the
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a phosphor screen, by three ion optics similar to the set up
described by Eppink and Parker [34]. The current output from the
front of the phosphor screen, gated in ion flight time over the mass
channel of each parent ion (MA+ and MenA+), was measured on a
digital oscilloscope (LeCroy LT372 Waverunner) and integrated as a
function of Dt in order to produce TR-IY transients. These
transients were then modelled using a sum of exponential decays
convoluted with a Gaussian instrument response; more details
regarding kinetic fits can be found in the Supplementary data,
section A (SD.A). Power dependence studies were performed to
ensure linear signal intensity vs. laser power, i.e. that the observed
dynamics are due to single-photon photoexcitation. Separate
measurements were taken with the polarisations of the pump and
probe beams parallel and perpendicular to each other in order to
calculate the resulting magic angle equivalent transient [35].

Deuterated MA (d1-MA and d2-MA, in which either one or two
hydrogens on the amine group were substituted by deuterium
atoms, respectively) was produced by stirring MA in d4-methanol
for approximately 72 h under anhydrous N2. The solvent was then
removed under high vacuum (0.5 mbar) in an ice bath (�0 �C); the
product was immediately stored under anhydrous N2 prior to use.
The H/D exchange was inferred by the loss/reduction of 1H NMR
signal corresponding to the hydride position due to the formation
of two N–D bonds (see SD.B).

2.3. Transient electronic absorption spectroscopy (TEAS)

The TEAS set-up used in the present experiments has been
detailed previously [36,37] and is therefore only briefly summar-
ised. TEAS measurements were obtained from separate �1 mM
solutions of MA and MenA in both cyclohexane (VWR, >99%) and
methanol (Sigma-Aldrich, �99.6%). These solutions were recircu-
lated through a flow cell (Harrick Scientific) consisting of two CaF2
windows separated by 100 mm thick PTFE spacers. Transient
absorption spectra (TAS) were obtained by photoexciting the
sample using the same TOPAS-C output as for gas-phase experi-
ments, i.e. 300 nm, 315 nm and 330 nm pump pulses, with fluences
of 1–2 mJ cm�2 per pulse. The probe pulses consisted of a
broadband white light continuum (330–675 nm), generated by
focusing a fraction of the third 800 nm fundamental beam into a
2 mm thick CaF2 window. The relative polarisation between the
pump and probe beams was held at magic angle (54.7�) by using a
l/2 waveplate. The time delay between the pump and probe pulses
was controlled using a hollow corner gold retroreflector mounted
on a motorised translation stage in the probe beam path;
maximum Dt = 2 ns. The setup used in these experiments provides
an instrument response function with a full width at half
maximum of �80 fs. TAS for each time delay were calculated
from the difference in probe pulse intensities passing through
sequentially excited and non-excited sample prepared by a
mechanical chopper in the pump beam path.

To extract the dynamical information from the TAS, a global
fitting sequential model (e.g. A t1 B t2 C) was employed using the
Glotaran software package [38]. The quality of the fits was
evaluated upon inspection of the resulting residuals shown in the
SD.C.

3. Computational methods

Using Molpro 2010.1 [39], relaxed potential energy curves
(PECs) along the neutral singlet ground state (S0), the first
electronically excited singlet state (S1), and the cation doublet
ground state (D0

+) were produced using the state-averaged
complete active space self-consistent field (SA-CASSCF) [40,41]
method coupled to a cc-pVDZ basis set [42]. These PECs were
obtained by fixing the H-bonded amino-centred N��H stretch
(henceforth N��Hbound) at various values (RN�Hb) and allowing the
remaining internal degrees of freedom to relax to their respective
minima. The active space comprised ten electrons in eight orbitals
(10/8), including three p, two n and three p* valence orbitals.
Following separate S0, S1 and D0

+ relaxations across RN�Hb, the
energies of the S0 and S1 states, the first and second excited triplet
states (T1 and T2) and the D0

+ state were computed within each
relaxation subset using the complete active space second-order
perturbation theory (CASPT2), based on an SA-CASSCF reference
wavefunction and a cc-pVDZ basis set. A standard imaginary level
shift of 0.5 EH was used to aid convergence and mitigate the
involvement of intruder states.

Two PECs were produced for the S1 state: one corresponding to
the localised excitation (S1LE) and a second corresponding to
charge transfer (S1CT). The S1LE PEC describes the case for which
charge remains localised on the ring upon photoexcitation
(pring! p*ring). The S1CT PEC describes instead the case for which,
upon photoexcitation, charge is dislocated from the ring p orbital
to the carbonyl p* orbital (pring! p*carbonyl). Similarly, two PECs
associated with the S0 of MA were calculated: the S0 PEC was
produced by optimising both the geometry and electronic
configuration of the S0 state of MA; the S0 charge transfer
(S0CT) PEC was produced by optimising the electronic configura-
tion of the S0 state while keeping the geometry fixed to that of the
S1CT state at each corresponding RN�Hb value.

Following computations along RN�Hb, analogous calculations of
the S0 and S1 states were undertaken to assess the potential energy
topography between RN�Hb = 1.5 Å to a low-energy S0/S1 CI using
the CASPT2/cc-pVDZ level of theory. The intermediate geometries
between RN�Hb = 1.5 Å and the S0/S1 CI were constructed using a
linear interpolation of internal coordinates (LIIC). The CI was
optimised using the SA-CASSCF/6-31G(d) level of theory in the
Gaussian 09 computational package [43] with a reduced active
space of six electrons in six orbitals (6/6).

4. Results

4.1. Time-resolved ion yield (TR-IY)

TR-IY measurements of MA and MenA were taken following
photoexcitation at 315 nm and 330 nm. These yielded similar
mono-exponential TR-IY transients, shown in Fig. 2, both with
decay lifetimes considerably longer than the temporal window of
these experiments (>>1.2 ns). In contrast, photoexcitation of MA
reader is referred to the web version of this article.)



Fig. 3. TR-IY transients resulting from the excitation of MA (green circles), d1-MA
(red diamonds) and d2-MA (blue triangles) at 300 nm. Data were normalised to their
last data point. Solid lines correspond to the kinetic fits used to extract lifetimes.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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at 300 nm results in a faster mono-exponential decay, as shown in
green in Fig. 3, with a lifetime tH� 1700 � 200 ps (where the
superscript H refers to the hydrogenated MA sample).

Deuterated MA, both d1-MA and d2-MA, were also photoexcited
with 300 nm and the TR-IY transients are presented in Fig. 3, in red
and blue, respectively. It is apparent that deuteration of MA yields
slower photodynamics. However, two caveats must be considered
in the interpretation of our TR-IY results for deuterated MA. Firstly,
the lifetimes extracted from kinetic fits are still outside the
temporal window of our experiments and hence the ratio between
the lifetimes of MA and d1/d2-MA is the focus of our discussion
rather than their absolute values. Secondly, we note the low signal-
to-noise ratio of our data, particularly in the d2-MA transient � this
is due to a combination of exciting MA at the tail of its absorption (
see Fig. 1) and the high levels of D/H exchange experienced during
the course of our measurements. Bearing these caveats in mind, we
nevertheless quote the extracted lifetimes as follows: td1� 2900
� 500 ps and td2� 2500 � 90 ps (where td1 and td2 refer to the
decay time constants of d1-MA and d2-MA, respectively). An
Table 1
Summary of the time constants extracted from the TEAS results for MA and MenA,
in cyclohexane (Cy) and methanol (MeOH), at both excitation wavelengths used. In
vacuo time constants, extracted from our TR-IY measurements, are also presented
for comparison.

MA

lpu 315 nm 330 nm

In vacuo t1>1.2 ns t1>1.2 ns
Cy t1 = 10.6 � 0.3 ps t1 = 4.6 � 0.2 ps

t2> 2 ns t2> 2 ns
t3> 2 ns t3> 2 ns

MeOH t1 = 3.2 � 0.1 ps t1 = 5.9 � 0.2 ps
t2> 2 ns t2> 2 ns

MenA

lpu 315 nm 330 nm

In vacuo t1>1.2 ns t1>1.2 ns
Cy t1 = 1.6 � 0.1 ps t1 = 6.6 � 0.4 ps

t2 = 1.5 � 0.1 ns t2 = 0.6 � 0.05 ns
t3> 2 ns t3> 2 ns

MeOH t1 = 2.8 � 0.1 ps t1 = 5.4 � 0.1 ps
t2> 2 ns t2> 2 ns
average kinetic isotope effect (KIE) of 1.5 � 0.4 is thus determined
from the TR-IY time constants extracted from d1-MA and d2-MA.

4.2. Transient electronic absorption spectroscopy (TEAS)

All TAS data, evolution associated difference spectra (EADS) and
residuals are shown in the SD.C. A summary of the time constants
extracted for both MA and MenA at both photoexcitation wave-
lengths (315 and 330 nm) can be found in Table 1. For illustrative
purposes, the TAS of MA in cyclohexane after photoexcitation with
330 nm are shown in Fig. 4 along with the EADS and associated
time constants resulting from the sequential global fit of the
returned data.

4.2.1. Cyclohexane
The results of MA in the weakly perturbing solvent, cyclohex-

ane, are presented first as this should be most akin to the
environment in vacuo. The TAS for both excitation wavelengths
(see Fig. 4(a) and SD.C) display similar spectral features and their
temporal evolutions are also analogous. As such the results for both
wavelengths shall be discussed together. The TAS consist of four
features that are apparent after the initial excitation. The negative
feature at 385 nm corresponds to stimulated emission (SE) from
the initial electronic excited state, which is in good agreement with
the measured fluorescence emission wavelength of MA (in
ethanol) [12]. Alongside this SE, there is a broad excited state
absorption (ESA), again from the initial excited state, spanning
Fig. 4. (a) TAS spectra for MA in cyclohexane at 330 nm photoexcitation, with (b)
respective EADS obtained by fitting with a sequential model. The residuals for this
fit, as well as the remaining TEAS data, can be found in the SD.C.



Fig. 5. (a) PECs for various electronic states of MA along the RN�Hb coordinate, for which a hydrogen migrates from the amine group towards the neighbouring carbonyl
oxygen. Below the plot, the S0 optimised geometry (keto, left) and the proton transfer geometry, i.e. at RN�Hb = 1.5 Å (enol, right) are also shown. Presented here are the ground
state (S0, blue squares) and the charge transfer ground state (S0CT, hollow light blue squares), the locally excited first singlet state (S1LE, hollow orange triangles) and first
excited singlet state, which has charge transfer character (S1CT, red triangles), the first and second triplet states (T1, green diamonds, and T2, hollow light green diamonds,
respectively) and the first cationic surface (D0

+, purple circles). (b) PECs for the S0CT and S1CT states along the coordinate corresponding to the twisting motion around the
C��C bond connecting the phenyl ring and the ester substituent. This motion is illustrated by the inset on the lower right corner. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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420 nm to 675 nm, with three distinct peaks at 455 nm, 525 nm and
580 nm. The dynamics of MA in cyclohexane, from black to red in
Fig. 4(b), can be described simply as a narrowing of the excited
state spectrum (e.g. the decrease in intensity around 625 nm) and a
slight blue shift of all features (most easily seen in the negative
feature at �380 nm) within t1, with excited state population then
persisting beyond 2 ns (t2). A third time component is also
necessary to successfully fit the TAS; this is shown in Fig. 4(b) as
the blue EADS and is associated with the decay time constant
t3> 2 ns. Equivalent spectra for MenA are very similar: features are
observed within the same wavelength ranges and qualitatively the
same time dependent behaviour is observed, albeit with some
differences in extracted time constants, as summarised in Table 1.

4.2.2. Methanol
TEAS measurements were also carried out in methanol, a more

perturbing solvent than cyclohexane given its polarity. The TAS for
MA and MenA at both excitation wavelengths also display similar
features in methanol (see SD.C). The time constants obtained for
MA and MenA in methanol are summarised in Table 1. In all cases
(both molecules and pump wavelengths), the TAS consist of three
main features which appear upon photoexcitation. A SE feature
from the first excited electronic state is observed at 400 nm, which
is in good agreement with the reported fluorescence emission
Table 2
Calculated vertical excitation energies for some of the singlet and triplet excited
states of MA.

Electronic state of MA Vertical excitation energy (eV)

T1(pp*) 3.12
S1CT(pp*) 3.66
T2(pp*) 3.76
S1(pp*) 3.91
wavelength of MenA in ethanol. [27] The broad ESA in methanol
extends from 430 nm to 675 nm, with prominent peaks at 450 nm
and 600 nm. Similar to the observation in cyclohexane, the
dynamics of both MA and MenA in methanol can be described
as a narrowing and spectral shift of the observed features, as
discussed above. However, t3 is not required in methanol to
properly fit the data.

4.3. Computational studies

The relaxed potential energy curves (PECs) for several excited
states of MA were calculated, namely: the ground state (locally
excited, S0LE, and charge transfer, S0CT), the first electronically
excited singlet state (locally excited, S1LE, and charge transfer,
S1CT), the first and second excited triplet states (T1 and T2) and the
cation doublet ground state (D0

+). These PECs are presented in
Fig. 5 and a summary of the vertical excitation energies calculated
for the S1, S1CT, T1 and T2 states of MA is given in Table 2.

The PECs in Fig. 5(a) were calculated as a function of length of
the intramolecular N��H bond, from RN�Hb = 1 Å (keto tautomer) to
RN�Hb = 1.5 Å (enol tautomer). The S0 optimised geometry, corre-
sponding to the keto tautomer, is also displayed in Fig. 5(a), along
with the proton transfer (enol) geometry. These PECs reveal a lack
of driving force for complete proton transfer on both the S0 and
S1CT states, evidenced by their increase in molecular potential
energy along the RN�Hb coordinate (1.5 eV rise for S0 and 0.21 eV for
S1CT). The PECs for MA presented in Fig. 5(a) also suggest a strong
degeneracy of the S1CT and T1 states (near RN�Hb = 1.2 Å).

PECs for the S0CT and S1CT states of MA from the geometries at
RN��Hb = 1.5 Å and then along the C¼C twisting motion coordinate
(i.e. rotation of the ester group with respect to the phenyl ring)
were also produced and are displayed in Fig. 5(b). While the upper
limit barrier to this twisting motion in MA was calculated to be
0.4 eV above the S1CT energy at RN�Hb = 1.5 Å, this motion was also
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found to lead to a S1/S0 CI. The calculated geometry at this CI is also
presented in Fig. 5(b).

Additional computational results, including i) PECs along the
S1LE ! S1CT coordinate; ii) PECs along the N��H and O��Me bond
dissociation coordinates; iii) the optimised geometry at the S1/S0
CI; and iv) the Cartesian coordinates for the optimised S0, S1 and S1/
S0 CI geometries, can be found in SD.F.

5. Discussion

In broad terms, all the dynamics observed for both MA and
MenA at various pump energies and various environments are
long-lived and strikingly similar. Particularly in vacuum, the results
for both molecules are remarkably similar; the TR-IY transients,
albeit qualitatively faster at higher pump energy, all show lifetimes
> 1.2 ns. In solution, there are other differences brought on by
solvent-solute interaction. The behaviour of MA and MenA in
cyclohexane is described by three time constants, rather than the
two required to fit the data in methanol (vide infra for further
discussion). Nevertheless, regardless of environment or pump
wavelength, both MA and MenA display similar photodynamics,
always with a long-lived excited state which is observed to persist
for at least 1–2 ns. Moreover, the UV/Visible spectra for MA and
MenA (Fig. 1) are, once again, very similar, indicating that the
additional menthyl unit in MenA does not perturb the low energy
electronic states of the system, as could be expected given the non-
perturbative character of the menthyl unit (i.e. since the menthyl
unit does not provide any extra conjugation or otherwise
significantly alter the electronic density of MA). Therefore, the
dynamics of MA and MenA will be discussed jointly throughout
this section, with attention being drawn to any differences
between them as appropriate.

For MA, the first band in the UV/Visible spectrum, ranging from
360 nm to 290 nm, is assigned to the S1(pp*) state based on the
calculated vertical excitation energies (Table 2). Hence, excitation
within the 330 � l � 300 nm pump wavelength range (3.76–
4.13 eV) used in these experiments is likely to exclusively populate
the S1 state. In the gas-phase, photoexcitation at either 315 nm or
330 nm yields a mono-exponential TR-IY transient that does not
recover to the baseline within the timescale observable in these
experiments, i.e. 1.2 ns. When MA is photoexcited at 300 nm,
however, there is a marked difference in the resulting transient, in
that a single lifetime of tH� 1700 � 200 ps is now extracted (with
some certainty, since the half-life is within our temporal probe
window). The long-lived photodynamics observed suggest that any
fast relaxation pathways from the S1 state are negligible and that
photoexcited population is trapped in the S1 state for at least a
nanosecond.

Considering the amine group of MA, one of the intuitive
ultrafast decay pathways to consider would be N��Hfree (non-
intramolecularly bound) bond dissociation, as has been observed
in aniline [44]. Experimentally, however, resonantly probing H-
atoms (with a 243 nm probe) yields no obvious H+ signal
attributable to the formation of single-photon induced N��Hfree

bond fission along a dissociative excited state (see SD.E) [44].
Moreover, computational studies reveal a large barrier to N��Hfree

bond fission relative to the S1 minimum, further suggesting that
this is not a viable relaxation pathway for MA (see SD.F). Similarly,
computational studies predict a bound first excited state along the
O��Me fission coordinate; this relaxation pathway is thus also
ruled out. Prefulvenic pathways are also unlikely to be responsible
for the photodynamics observed in our experiments since they are
usually accessed at energies much higher than our photoexcitation
range [44,45].

In other structurally similar systems [46–48], such as salicylic
acid [49,50], an initially locally excited 1pp* state may couple to a
low-lying charge transfer (CT) state upon photoexcitation, which
can mediate proton transfer along an intramolecular hydrogen
bond. This type of excited state intramolecular proton transfer
(ESIPT) is well reported in the literature [51–54] and has been
observed in the sunscreen molecule oxybenzone [19]. While
salicylic acid undergoes a complete hydrogen transfer [49,50],
anthranilic acid (the carboxylic acid variant of MA) has been
reported to instead undergo excited state hydrogen atom disloca-
tion, with one of the amine hydrogens migrating towards the
carbonyl oxygen (akin to an incomplete keto-enol tautomerisation)
[55]. Parallel photoelectron spectroscopy measurements on MA
and MenA (see SD.G) did not yield the expected distinctive features
for a complete proton transfer mechanism, that is, there were no
discrete electron kinetic energy features that could be assigned to
the keto and/or enol forms of MA [56]. Hence, it is plausible to
conclude that, similar to the case of anthranilic acid, hydrogen
atom dislocation along the intramolecular hydrogen bond takes
place in photoexcited MA, instead of complete proton transfer.

The possibility of hydrogen atom dislocation occurring in MA
was evaluated experimentally by obtaining TR-IY transients for
MA, d1-MA and d2-MA photoexcited at 300 nm. From the time
constants extracted, an average kinetic isotope effect (KIE) of
1.5 � 0.4 (approximately

p
2) was determined, suggesting that

non-tunnelling hydrogen atom motion is indeed involved in the
dynamics observed for MA. Further evidence supporting a
hydrogen dislocation mechanism in MA is provided by the PECs
displayed in Fig. 5(a), which reveal a lack of driving force for
complete proton transfer on these states, as previously discussed.
However, excitation in the 330 � l � 300 nm pump wavelength
range (3.76–4.13 eV) is likely to provide sufficient energy for the
relatively shallow S1CT state to be sampled, and hence for the
aforementioned hydrogen atom dislocation to take place.

Given the experimentally determined KIE for MA and upon
analysis of the PECs in Fig. 5, we propose that, after photoexcitation
with 330 � l � 300 nm, the excited state population of MA relaxes
from the locally excited (pring! p*ring) S1 state to the more stable
CT (pring! p*carbonyl) S1 state (see SD.F), where it is then trapped in
a relatively shallow well. The lack of direct evidence for this
S1LE ! S1CT transfer in our gas-phase experiments (i.e. no
corresponding decay time constant), could be due to this process
happening on a timescale faster than that measurable in these
experiments. Such charge migration phenomena have been
observed to occur on sub-femtosecond timescales (see, for
example, reference [57]), which would make it impossible to
resolve with our experimental setup.

In other systems, including other sunscreen molecules, proton
transfer is followed by a twisting motion which eventually leads to
a low-energy S1/S0 CI. [19,46–49] The analogous motion in MA
would be around the C¼C bond connecting the phenyl ring and the
ester substituent, as demonstrated in Fig. 5(b). However, the
barrier to this motion in MA is much higher when compared to that
of similar molecules (e.g. 0.4 eV in MA vs. 0.1 eV in salicylic acid).
[49] This barrier may explain the marked difference in behaviour
for MA photoexcited at 315 nm or 330 nm (t >> 1.2 ns, see Fig. 2)
when compared to photoexcitation at 300 nm (tH� 1700 � 200 ps,
see Fig. 3), since 300 nm (4.1 eV) would provide just enough energy
to surmount the barrier, thus accelerating the overall decay of MA
(when compared to photoexcitation at 315 nm or 330 nm). The
existence of a barrier en route to the S1/S0 CI is also consistent with
the proposed trapping of the excited state population in the S1CT
state. Despite the impact that a barriered process may have on the
photodynamics of MA, the fact that a KIE is observed in our studies
(while N��Hfree bond fission is not) shows that it is hydrogen
motion along the intramolecular hydrogen bond that acts as the
‘rate determining step’ in the excited state relaxation of MA at
300 nm. Presumably, it would be the coupling of the N��H��O
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motion to other vibrational modes or electronic states that
ultimately facilitates the final decay of MA.

With excited state population trapped in the S1CT state, and
with no direct evidence for any CIs or any dissociative relaxation
pathways that can be accessed on an ultrafast timescale from the
S1CT state, photoexcited MA would be expected to radiatively
decay to its ground state. As mentioned in the introduction, there is
extensive reporting of luminescence in both MA and MenA in the
literature. Significant fluorescence quantum yields have been
reported for both molecules, [23,26,27] with the observed
emission wavelength being approximately 400 nm (�3.1 eV). We
note here that this emission wavelength of 400 nm matches best
with the calculated energy difference between the S1CT and the
S0CT states in the region closer to the vertical excitation region of
the PEC. Hence, while the excited state population may sample the
entirety of the S1CT state, transition to the ground state appears to
be more likely at short N��Hbound bond distances. This apparent
emission dependence on geometry, namely on N��Hbound bond
distances, further highlights the significance of the hydrogen
motion in the photodynamics of MA, as discussed earlier.

Finally, despite the requirements of El Sayed’s rule not being
met for S1CT(pp*) ! T1(pp*), the strong degeneracy of singlet and
triplet states in MA (near RN�Hb = 1.2 Å, see Fig. 5(a)), could
facilitate intersystem crossing (ISC) and, consequently, phospho-
rescence. While there is no direct evidence for ISC in the gas-phase
experiments reported here, previous studies in solution have
found photoexcitation of MA to result in an excited triplet state
with a lifetime of 280 ms. [22] In MenA, the reported triplet state
lifetime is 2.36 � 0.01 s, with a phosphorescence quantum yield of
FP = 0.092 � 0.009. [27] The insensitivity of our gas-phase experi-
ments to ISC (S1CT ! T1) may be due to the very similar surfaces of
their respective PECs (see Fig. 5(a)). The transition between these
states (S1CT ! T1) may be difficult to distinguish in these experi-
ments due to very similar ionisation cross sections, the effect likely
being accentuated by the shallow character of the PEC of the first
cationic state, D0

+. Therefore, it is reasonable to assume that, while
ISC occurs in both MA and MenA, it may be convoluted and hence
indistinguishable in our gas-phase experiments. It is also possible
that ISC occurs outside the temporal window of these experiments
(as our TEAS results suggest, vide infra).

The results from our experiments in solution reveal a similar
decay mechanism for both MA and MenA, with evidence for
luminescence. Immediately obvious is the agreement between the
wavelength of the SE component observed in our experiments and
the previously measured emission wavelength of both MA and
MenA, both at �400 nm, [23,26,27] which provides evidence for
fluorescence. Evidence for the existence of triplet states in both MA
and MenA � and, hence, phosphorescence � can be drawn from a
close analysis of the EADS and extracted decay time constants, as is
now discussed. The sequential model fit of the obtained TAS in
cyclohexane yields t1�2–11 ps (depending on specific molecule
and pump wavelength). This time constant is assigned to
vibrational energy transfer (VET), which includes both intramo-
lecular vibrational redistribution (IVR) and intermolecular energy
transfer (IET). Since IET is a process by which vibrational cooling is
achieved by energy transfer to the solvent, this is a process that
cannot occur in the gas-phase. The variation in t1 can then be
understood in terms of varying degrees of solvent-solute
interactions which will have an effect on the rate of IET. [58]
The TAS for both molecules in cyclohexane (at either pump
wavelength) require two more time constants for a successful fit.
For MA, t2 is simply assigned to the decay of the relaxed S1 state,
akin to our observations in vacuum; t3 is assigned to the decay of
the triplet state of MA, since the EADS corresponding to t3 are
spectrally very similar to the triplet state transient absorption
spectrum of MenA which Kikuchi et al. obtained. [27]
There are two main differences for the analogous time
constants extracted for MenA: i) the EADS associated with t3 do
not resemble the aforementioned measurements by Kikuchi et al.,
but instead seem to retain some of the spectral features that are
assigned to the long-lived S1 state (see SD.D) and ii) t2 varies
between �0.6–1.5 ns (c.f. > 2 ns for MA). As discussed in more
detail in the SD.D, subtracting the normalised t3 EADS from those
of t2 yields a spectrum that is indeed similar to measurements
which Kikuchi et al. carried out (in ethanol). Hence, we propose
that the spectral differences between our MenA results in
cyclohexane and the previously reported triplet state transient
absorption are due to extensive convolution of the processes
associated to t2 and the appearance of a triplet state. The
shortening of t2 may therefore not be a reflection of a faster
decay of the S1 state, but rather a result of our sequential model not
being able to deconvolute the processes associated with t2 and t3.
Indeed, the fact that the long-lived component observed for MenA
in cyclohexane (t3> 2 ns) contains spectral features similar to the
EADS corresponding to t2 suggests that the S1 state is still
populated at 2 ns (the limit of the probe window of these
experiments).

To conclude the discussion of our results in cyclohexane, we
note that, contrary to the observation in vacuum, photoexcitation
of MA at 300 nm does not drastically accelerate its decay (see SD.C).
It is likely that IET in solution facilitates faster relaxation to the S1
minimum, from which the barrier to twisting motion can no longer
be overcome (see above). Moreover, we note that EADS for MA in
cyclohexane at 300 nm are similar to those of MenA (at other
excitation wavelengths), which supports the theory that the
spectral/temporal discrepancies discussed earlier are due to the
sequential model used to fit these data, rather than any chemical or
physical differences between MA or MenA.

In methanol, on the other hand, only two time constants are
necessary to fit the TAS of each molecule; there is no evidence for
triplet states in this solvent for either MA or MenA. However,
triplet states were previously observed in MenA in ethanol [27],
hence it is highly likely that triplet states are formed in methanol
for both MA and MenA outside the temporal window of our TEAS
experiments. Assuming dislocation of the intramolecularly bound
hydrogen atom is as relevant in solution as we proposed in the
discussion of our results in vacuum, and hence considering that
hydrogen motion facilitates ISC, it would not be surprising that a
polar protic solvent would affect the observed behaviour of MA and
MenA.

In summary, regardless of pump wavelength (315 nm vs.
330 nm, and 300 nm for MA), environment (vacuum vs. solution),
and/or solvent polarity (cyclohexane vs. methanol), the photo-
dynamics of MA and MenA can essentially be described as a slow
decay corresponding to long-lived excited states which will likely
luminesce. The differences in molecular structure between MA and
MenA do not change the observed photodynamics (as is the
observation for other sunscreen molecules and their precursors)
[16,29] to such an extent that would justify the use of either
molecule as a sunscreen, as far as photochemical and/or photo-
physical factors are concerned. The lack of a drastic solvent effect
on the photodynamics of MA or MenA, on the other hand, is in stark
contrast with observations for other sunscreens, which reinforces
the importance of a fundamental understanding of sunscreen
photophysics [16,29].

It transpires from our experiments that the intramolecular
hydrogen bond present in MA and MenA affords them a first singlet
excited state in which the intramolecularly bound hydrogen is
dislocated from the amine towards the carbonyl oxygen, with the
proton transfer never being complete. Thus, the intramolecular
hydrogen bond of the anthranilates is responsible for the observed
long-lived excited state. The enhanced stability of their excited
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states means that photoexcitation of MA/MenA with UV-A and UV-
B radiation � the wavelength range of interest in a sunscreen
context – provides insufficient energy for excited state population
to access any CIs that would facilitate ultrafast relaxation. This, in
turn, is a non-ideal scenario for sunscreen molecules since the long
lifetime of any excited (potentially reactive) states may increase
the chance for undesirable intra- or intermolecular chemical
reactions. Nevertheless, MenA is used in the sunscreen industry –

albeit scarcely – which raises the question: what is the fate of the
excess energy in MenA after absorption of UV radiation by a
sunscreen lotion? To address this question, our studies on isolated
molecules will need to be expanded towards complex mixtures of
sunscreen molecules, solvents, stabilisers, etc. Of particular
relevance are the recent studies by Matsumoto et al. which have
reported diffusion-controlled (highly efficient) triplet–triplet
energy transfer processes from MenA to other sunscreen
molecules (octocrylene and octyl methoxycinnamate) [59]. This
work by Matsumoto et al. highlights the importance of identifying
and understanding the fates of excess energy in a sunscreen
context. In addition, further research into the photophysics of
sunscreen molecules is necessary to identify the molecular/
electronic features that allow for ideal photoprotective
characteristics.

6. Conclusion

The similarity of the results for MA and MenA in vacuum are in
accordance with observations for other sunscreen molecules,
which have similar photodynamics to those of their precursors
[29]. Nevertheless, molecular structure alterations – particularly
those of a more perturbative nature – will of course have an impact
in a molecule’s photodynamics as has been shown for other
systems [20]. External environment factors, such as solvents, also
tend to have a great impact in the observed photodynamics [16,29].
However, interestingly, this is not the case for the systems under
study in this work. We have shown that, photophysically speaking,
both MA and MenA behave as non-ideal sunscreens independently
of external environment.

Designing sunscreen molecules for optimised photoprotection
can only be achieved once the molecular characteristics which
provide photoprotective capabilities are identified. To identify
these photoprotection-affording characteristics, it is necessary to
consider the effects of molecular structure on the electronic energy
topography of the chromophore. This should culminate in a
comprehensive understanding not only of light absorption, but
also of the ensuing photodynamics in these molecules. In the cases
explored in this work, we suggest that the intramolecular
hydrogen bond stabilises the excited states of MA and MenA,
preventing any molecular fragmentation from occurring but
ultimately hindering effective dissipation of potentially harmful
excess energy. The S1/S0 CI along a twisting motion coordinate,
common for other ESIPT molecules, is inaccessible in these
anthranilates (upon photoexcitation with UV-A/B). Our work
therefore highlights two aspects of the anthranilates that may
be interrogated in order to drive faster excited state decays in MA
and MenA: i) alterations to the intramolecular hydrogen bond, e.g.
changing the amine group by a different substituent, change its
ring position or eliminate it altogether; and ii) changing the
substituent functional groups in an attempt to lower the barrier to
the twisting motion. In addition, these studies on isolated
molecules will need to be expanded towards more realistic
environments in the sunscreen context, i.e. complex mixtures of
sunscreen molecules, solvents, stabilisers, etc. Work is currently
underway to investigate these effects in our laboratory.
Acknowledgements

The authors would like to thank Dr. W. D. Quan for assistance
with MA deuteration, and the Warwick Centre for Ultrafast
Spectroscopy (WCUS; go.warwick.ac.uk/wcus) for use of the
PerkinElmer Lambda 850 UV/Vis spectrophotometer. N.D.N.R.
thanks the EPSRC for doctoral funding. N.C.C.F. and M.D.H. thank
the Leverhulme Trust for postdoctoral funding. M.S. thanks the
EPSRC for an equipment grant (EP/N010825). Y.P. thanks the École
Normale Supérieure Paris-Saclay for doctoral funding. V.G.S.
thanks the EPSRC for equipment grants (EP/J007153 and EP/
N010825) and the Royal Society and Leverhulme Trust for a Royal
Society Leverhulme Trust Senior Research Fellowship.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at https://doi.org/10.1016/j.jphoto-
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