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ABSTRACT: The sparsity of efficient commercial ultraviolet-A (UV-A) filters is a major
challenge toward developing effective broadband sunscreens with minimal human- and
eco-toxicity. To combat this, we have designed a new class of Meldrum-based phenolic
UV-A filters. We explore the ultrafast photodynamics of coumaryl Meldrum, CMe, and
sinapyl Meldrum (SMe), both in an industry-standard emollient and on a synthetic skin
mimic, using femtosecond transient electronic and vibrational absorption spectroscopies
and computational simulations. Upon photoexcitation to the lowest excited singlet state
(S1), these Meldrum-based phenolics undergo fast and efficient nonradiative decay to
repopulate the electronic ground state (S0). We propose an initial ultrafast twisted intramolecular charge-transfer mechanism as
these systems evolve out of the Franck−Condon region toward an S1/S0 conical intersection, followed by internal conversion to S0
and subsequent vibrational cooling. Importantly, we correlate these findings to their long-term photostability upon irradiation with a
solar simulator and conclude that these molecules surpass the basic requirements of an industry-standard UV filter.

Biological systems rely on solar radiation from the Sun to
provide light, warmth, and energy to sustain life.1

However, excessive exposure to ultraviolet (UV) radiation
from the Sun at the Earth’s surface (UV-B, 280−315 nm; UV-
A, 315−400 nm) causes adverse effects such as tanning (which
occurs as a response to photodamage to the skin), sunburn,
DNA mutations, and photoaging in humans.2−4 The naturally
occurring UV-absorbing pigment in human skin, melanin,
often provides insufficient protection against high levels of UV
radiation and sunscreens are commonly used for additional
photoprotection.2 While the sunscreen industry has focused on
the more energetic UV-B radiation, UV-A is very abundant at
the Earth’s surface and penetrates deeper into the skin than
UV−B.5,6 Moreover, the adverse effects of overexposure of
human skin to UV-A are widely reported to include DNA
mutation, pigmentation, suppression of acquired immunity,
and production of harmful reactive oxygen species in the skin,
all of which facilitate carcinogenesis.5,7 Therefore, photo-
protection against UV-A radiation is of crucial importance, but
it is hindered by the sparsity of approved commercial UV-A
filters, as well as their lack of photostability (e.g.,
avobenzone).8,9 In addition to being photostable, and blending
into a nontoxic and aesthetically pleasing sunscreen
formulation, an effective UV-filter within a sunscreen
formulation should be able to dissipate the excess energy
absorbed safely (i.e., without generating photoproducts) and
quickly. This is both to prevent harmful side reactions and to
ensure the UV-filter is “recycled” (i.e., that it returns from the
electronic excited state to the electronic ground state without

detriment to its molecular integrity), to maintain photo-
protection.2,10

Recently, the photodynamics of sinapoyl malate (see Figure
1), a natural UV-absorbing compound in Arabidopsis
thaliana,11,12 have been reported and found to enable efficient
dissipation of absorbed energy in the form of heat, through a
proposed trans−cis isomerization across the allylic bond.13,14
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Figure 1. Chemical structure of (a) plant UV-filter in Arabidopsis
thaliana, sinapoyl malate (SM), its building block sinapic acid (SA)
and (b) coumaryl Meldrum (CMe) and sinapyl Meldrum (SMe)
studied herein.
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Furthermore, in methyl and ethyl sinapate (where R = CH3
and C2H5 in Figure 1a, respectively), photoexcitation to the
lowest excited singlet state (S1) was found to lead to ultrafast
trans−cis isomerization mediated via a conical intersection
(CI) between the S1 state and the electronic ground state (S0),
denoted S1/S0 CI.

13,15−18 The same CI that allows a portion of
the population to isomerize, leading to the cis-isomer, also
facilitates repopulation of the original ground state of the trans-
isomer.15,16 The cis-isomer of related cinnamates has been
reported to possess a lower UV absorption (i.e., lower
extinction coefficient) and, importantly, significantly higher
genotoxicity.19,20 One way to circumvent concerns related to
the genotoxicity of potential photoexcitation byproducts, such
as geometric isomers, is to design UV-filters with identical
functional groups around the allylic bond, so that isomerization
results in no significant alteration of molecular structure and
properties.
An example of such a symmetrically substituted UV-filter is

diethyl sinapate (DES), the photodynamics of which were
recently investigated.19 The study showed not only that
ground-state recovery of DES is very fast but also that the
absorption spectrum of DES is spectrally red-shifted (further
into the UV-A region) relative to its monoester building block,
ethyl sinapate.19 We have synthesized a new class of
symmetrically substituted sinapate esters21 in an attempt to
further enhance UV-A absorption while maintaining the
efficacy of ground-state recovery.
In this work, we present a multipronged experimental and

computational study to unravel the photodynamics of a novel
class of Meldrum-based phenolic UV-A filters inspired by
nature, specifically CMe and SMe, shown in panel b of Figure
1, respectively. We utilize transient electronic and vibrational
spectroscopies to gain unprecedented insight into the
electronically excited and ground-state dynamics of these
UV-A filters. Importantly, we have adapted our experimental
setup to ensure that our experiment models the conditions in
which these UV-A filters are found in commercial formulations
(dissolved in an emollient) as closely as possible; we have
deposited the bulk solution of these UV-A filters (dissolved in
an emollient) on a synthetic skin mimic to model the
application environment of the sunscreen. This will enable us
to discern if the skin surface perturbs the dynamics of the UV-
filters. As detailed further in section A of the Supporting
Information (SI), we have supplemented these ultrafast
experiments with ultraslow experiments, ascertaining the
long-term photostability of these UV-filters when exposed to
radiation from a solar simulator, as well assessing their
endocrine disruption and antioxidant properties. To comple-
ment these experiments and to better understand the dynamics
of CMe and SMe, we employ high-level calculations. These
reveal a new relaxation mechanism in these plant-derived UV
filters involving a twisted intramolecular charge-transfer state
that allows the photoexcited molecule to return to its
electronic ground state with exceptionally high efficiency.
Results. Experimental Findings. Steady-state UV−vis absorp-

tion spectra were obtained for separate solutions of CMe and
SMe in the industry-standard emollient caprylic capric
triglyceride (CCT) and in ethanol. As shown in Figure 2
and SI section B, the absorption maxima (λmax) are located at
362 nm for CMe in CCT (denoted CMe/CCT, similarly for
SMe, and in all other solutions henceforth) and 375 nm for
CMe/ethanol. In the case of SMe/CCT and SMe/ethanol,
λmax is located at 396 and 407 nm, respectively. The molar

extinction coefficient of CMe and SMe at their λmax are 29 877
and 32 105 mol−1 dm3 cm−1, respectively, which is comparable
to that of the globally most common UV-A filter, avobenzone,
which has a reported molar extinction coefficient of 34 140
mol−1 dm3 cm−1.22

We investigated the long-term photostability of CMe and
SMe in CCT, as shown in Figure 2, by collecting UV−vis
spectra at various time intervals after irradiation with a solar
simulator. These measurements revealed that CMe and SMe in
CCT experience only a minor reduction in absorbance of less
than 10% over an irradiation period of 2 h. Equivalent
photostability tests could not be performed for CMe/CCT or
SMe/CCT deposited on synthetic skin mimic (VITRO-
CORNEUM, VC) because of excessive scattering from the
sample precluding any reliable measurements. For the transient
electronic absorption spectroscopy (TEAS) presented in
Results, we have modified our experimental setup by increasing
the pump−probe incidence angle to minimize this scattering
and use off-axis parabolic mirrors to enhance collection of
scattered transmitted light (see SI section A).
In addition to photostability tests, the critical wavelength

(CW) of CMe and SMe was determined from the
corresponding UV−vis spectra; these values are shown as a
vertical dashed lines in Figure 2a,b. The CW of a UV-filter is
defined as the wavelength at which the integrated area under
the spectral absorbance curve reaches 90% of the total area
between 290 and 400 nm.23 The concept of CW in UV-A
protection has been widely reported in previous literature.23−25

To be labeled as broadband spectrum protection in the United
States, a sunscreen must have a CW of at least 370 nm. The
CW of CMe/CCT and CMe/ethanol were determined to be

Figure 2. Photostability of (a) CMe and (b) SMe in CCT recorded at
different intervals during irradiation with a solar simulator. The
vertical dashed lines on each panel represent the position of the
calculated critical wavelength of 384 and 395 nm for CMe and SMe,
respectively.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://dx.doi.org/10.1021/acs.jpclett.0c03004
J. Phys. Chem. Lett. 2021, 12, 337−344

338

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c03004/suppl_file/jz0c03004_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c03004/suppl_file/jz0c03004_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c03004/suppl_file/jz0c03004_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c03004?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c03004?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c03004?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c03004?fig=fig2&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c03004?ref=pdf


384 and 395 nm, respectively (SI Figure S2); for SMe/CCT
and SMe/ethanol, the CW takes values of 395 and 396 nm,
respectively (cf. 378 nm for avobenzone in ethanol19).
Furthermore, endocrine disruption analysis was conducted
for SMe and reported in SI section D, to supplement those
already reported for CMe;21 both molecules are found to be
innocuous in this sense.
To elucidate the origin of the photostability of CMe and

SMe, we investigated their ultrafast (femto- to picoseconds)
photodynamics with TEAS. A full description of our
experimental setup and procedures are detailed in SI section

A. TEAS measurements obtained for separate solutions of
CMe/CCT, SMe/CCT, CMe/ethanol, and SMe/ethanol are
presented in SI Figures S4 and S5 and discussed in SI section
E. Presented in Figure 3 are the TEAS measurements for
separate solutions of CMe/CCT and SMe/CCT at 20 mM
deposited on VC (denoted CMe VC/CCT and SMe VC/
CCT). The transient electronic absorption (TEA) spectra of
CMe and SMe are, in all environments (CCT, ethanol, and
VC), dominated by four features: First, there is a negative
feature centered at ∼362 nm for CMe and ∼396 nm for SMe,
attributed to a ground-state bleach (GSB) through comparison

Figure 3. TEA spectra obtained for 20 mM (a) CMe VC/CCT photoexcited at 362 nm and (b) SMe VC/CCT photoexcited at 396 nm. The TEA
spectra are presented as false color maps in panels iii and iv, respectively. The same data is presented as a line plots of mΔOD vs probe wavelength
at selected pump−probe time delays in panels v and vi. The top panels (i and ii) show transients (raw data as symbol and fits as solid lines) at
selected probe wavelengths. The bottom panels (vii and viii) show the EADS produced by the fitting procedure (see main text for details), EADS4
is multiplied by three as a visual aid. The masked region of the TEA spectra, line plots, and EADS of CMe VC/CCT and SMe VC/CCT
corresponds to the wavelengths for which excess scatter from the pump pulse (caused by the uneven surface of VC) interferes with data subtraction
and renders the data void.

Table 1. Summary of the Time Constants and Associated Errors Extracted from Data Collected for CMe and SMe in CCT,
VC/CCT, and Ethanol with TEAS, TVAS, and Theory in Implicit Ethanol

TEAS TVAS theory

CCT (1 mM) VC/CCT (20 mM) ethanol (1 mM) ethanol (30 mM) implicit ethanol

CMe τFC (fs) 220 ± 40 190 ± 40 190 ± 40 1240 ± 20 334 ± 12a

τIC (fs) 460 ± 40 450 ± 40 450 ± 40 628 ± 56a

τVib (ps) 10.02 ± 0.22 6.92 ± 0.26 7.78 ± 0.13 7.44 ± 0.61
τFl (ns) >2 >1.5

SMe τFC (fs) 300 ± 40 280 ± 40 350 ± 40 ∼600b

τIC (ps) 1.15 ± 0.04 1.21 ± 0.05 0.79 ± 0.04 ∼0.94b

τVib (ps) 8.26 ± 0.04 8.69 ± 0.43 4.26 ± 0.09 5.06 ± 0.08
τFl (ns) >2 >2 >2 >1.5 5.7c

aDynamics simulations of 70 trajectories. bDynamics of 10 trajectories. cFirst-order perturbation theory. τFC corresponds to the time to relax from
the Franck−Condon (FC) to the twisted CT minimum; τIC is the S1/S0 internal conversion time; τVib is the time for vibrational cooling in the
ground state; and τFl is the fluorescence time for a minor fraction of the population that does not undergo IC. TEA spectra time constants under
other conditions are given in Table S1.
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with the steady-state UV−vis absorption spectra (see Figure
2a,b). A second, negative feature centered at ∼450 and ∼475
nm in CMe and SMe, respectively, is attributed to stimulated
emission (SE) between the S1 (1

1ππ*) state and the S0 state,
based on our electronic structure calculations (discussed
below) and the emission spectra presented in SI section F.
We note, for the purpose of the discussion below, that the SE
feature observed for CMe appears to decay back to baseline
within ∼1 ps, while that of SMe persists up to ∼5 ps. Third,
there is an intense positive feature attributed to excited-state
absorption (ESA) of the S1 (1

1ππ*) state, centered at ∼365
nm in both CMe and SMe; finally, close examination of the
TEA spectra of both molecules reveals a second ESA centered
at ∼420 nm, which decays on a similar time scale to the GSB
and is more clearly visible in the evolution associated
difference spectra (EADS) in Figure 3 and SI Figure S4. We
suggest that this ESA feature results from the formation of a
vibrationally hot electronic ground state following internal
conversion from S1 to S0 mediated by the S1/S0 CI.

To extract kinetic information from the TEA spectra, we
carried out global fitting employing a sequential

( → → → ···
τ τ τ

A B C D1 2 3 ) kinetic model using the Glotaran
software package.26,27 The extracted time constants τn
(where n denotes the dynamical process associated with each
time constant) are shown in Table 1. The errors quoted for
these fits are those produced by the fitting software; however,
the quality of each fit is best evaluated by analysis of the
associated residuals shown in SI section G (Figure S7). The
solvent-only time-zero responses, which correspond to our
instrument response, are shown in Figure S8 and discussed in
SI section H.
Complementary transient vibrational absorption spectrosco-

py (TVAS) measurements, i.e., UV-pump/infrared(IR)-probe,
were obtained for CMe and SMe in order to probe changes in
vibrational state on the S0 electronic surface following internal
conversion from the S1 state. Because of the strong IR
absorption of CCT, TVAS measurements were taken in
ethanol, which we have found from TEAS measurements

Figure 4. TVA spectra obtained for 30 mM solution of (a) CMe/ethanol following 375 nm excitation and (b) SMe/ethanol following 407 nm
excitation, using a probe pulse centered at 1536 cm−1. The TVA spectra are presented as smoothed line plots of mΔOD vs probe wavenumber at
selected pump−probe time delays in panels i and ii, respectively. The steady-state Fourier transform infrared (FTIR) spectra of CMe/ethanol and
SMe/ethanol are shown as black lines in panels i and ii. The bottom panels iii and iv show the transients for the GSB recovery (raw data as open
circles and fit as solid red line) of signals at selected wavenumber. For CMe/ethanol the normalized integration of the 1558 cm−1 GSB signal was
fitted with a triexponential function, while the normalized integration of the 1505 cm−1 GSB signal was fitted with a biexponential function for
SMe/ethanol. Attempt to fit CMe/ethanol data with a biexponential function returned a poor fit. Frequency calculations (see SI section J) suggest
the vibrational feature probed is the allylic C=C stretching at 1558 cm−1 and aromatic C−H bending and C=C stretching at 1505 cm−1.

Table 2. Vertical Absorption Energy into Sn (ΔEvert), Vertical Emission Energy (ΔEem), and Adiabatic Energy (ΔEadiab) for
CMe and SMe, Calculated with TD-DFT (ωB97XD/aug-cc-pVTZ//ωB97XD/cc-pVDZ; PCM (ethanol))a

ΔEvert (eV) ΔEem (eV) ΔEad (eV)
CMe S1 ππ* 3.83 (0.8765) ππ* 0.79 (0.0000) ππ* 2.51 (0.0000)

3.31b

S2 ππ* 4.62 (0.0074) nπ* 3.14 (0.0321) ππ* 4.25 (0.0511)
S3 nπ* 4.70 (0.0038) ππ* 3.64 (0.0244) nπ* 4.30 (0.0160)

SMe S1‑LE ππ* 3.57 (0.6662)3.05b ππ* 2.77 (0.5281) ππ* 3.18 (0.5281)
S1‑TICT ππ* 0.82 (0.0000) ππ* 2.49 (0.0000)
S2 ππ* 3.86 (0.0183) ππ* 2.76 (0.0168)c NOd

S3 nπ* 4.68 (0.0019) nπ* 3.14 (0.0968)c nπ* 4.29 (0.0000)
aOscillator strengths are given in the parentheses. bExperimental values in ethanol. cRelative to S1‑TICT minimum. dNO: Not obtained; the state
optimizes to S1‑FC.
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presented in SI section E to be comparable to a CCT
environment. The transient vibrational absorption (TVA)
spectra for CMe and SMe are reported in Figure 4 (see SI
Figure S9 for additional TVA spectra and section I for
discussion). The strongest GSB features observed in the TVA
spectra of CMe and SMe were fitted with triexponential
(CMe) and biexponential (SMe) functions, shown in Figure 4,
yielding the time constants, shown in Table 1. The fits of the
GSB feature at 1510 cm−1 for CMe and 1558 cm−1 for SMe as
well as the GSB feature at 1714 cm−1 (reported in SI Figure
S9) for both UV-filters are reported in SI Table S2.
Computational Studies of CMe and SMe. In interpreting

experimental results, we have made use of electronic structure
calculations (details in SI section J) carried out for CMe and
SMe using an implicit solvation model for ethanol. The
inclusion of explicit solvation does not have significant effect
on the vertical excitations, although it slightly stabilizes the
lowest ππ* states and destabilizes the lowest nπ* state (see SI
Tables S3 and S4). Optimized geometries are shown in SI
Figure S10, along with the initial excitation in SI Figures S11
and S12. In addition, molecular orbital characterization for the
singlet states is shown in SI Figure S13 and S14. The calculated
vertical excitations presented in Table 2 show that the
photoexcitation at λmax of CMe and SMe corresponds to
population of the bright S1 state (1

1ππ*). For CMe, this state
has a large oscillator strength and lies below the 1nπ* state (S3
state) by 0.9 eV, according to the TD-ωB97XD and CASPT2
results (see SI Table S3). This energy difference is slightly
greater for SMe (1.1 eV) because of stabilization of the ππ*
states arising from the electron donor methoxy groups.
Following the vertical excitation, the optimization of the S1

(11ππ*), S2 (21ππ*), and S3 (11nπ*) states shows that the
11ππ*state is largely stabilized, lying below the nπ* state by
∼1.8 eV for both molecules (see the adiabatic energies in
Table 2). This large energy difference between the states
hinders any possibility of internal conversion to a dark 1nπ*

state, previously reported as a competitive decay channel for
other cinnamate and sinapate derivatives.12,28,29 The strong
stabilization of the S1 state occurs through twisting around the
C2−C3 (see Figure 1) allylic bond toward a twisted
intramolecular charge transfer (TICT) minimum, S1‑TICT, at
ϕ ≈ 90° twist (state characterization is given in SI Table S5; ϕ
is the C1′−C2−C3−C4 dihedral angle).
The excited-state topography of SMe and CMe revealed by

the theoretical approach is schematically shown in Figure 5.
While CMe shows a barrierless S1 relaxation toward the S1‑TICT
twisted minimum, in SMe the equivalent relaxation leads to a
flat region on the potential energy surface (PES), with a locally
excited minimum (S1‑LE) and partially twisted geometry (ϕ ≈
40°). The barrier between the LE and TICT minima is less
than 0.1 eV (see SI Figures S15 and S16). Near the 90° twisted
geometry, a S1/S0 minimum energy crossing point was found
0.2 eV (at TD-DFT) above the S1‑TICT minimum for both
CMe and SMe (SI Figure S16). This uphill intersection was
determined for both molecules using sequential penalty
function adapted to TD-DFT and further confirmed by
CASPT2//CASSCF calculations for CMe, which provided a
0.37 eV barrier.
To verify the time evolution of the molecules along this

pathway, we performed excited-state dynamics simulations by
propagating an ensemble of trajectories using TD-DFT
(ωB97XD/cc-pVDZ) in implicit ethanol until S1 reached a
crossing with S0 (see SI section J-iii). The time to reach the
crossing point for each trajectory was assumed to correspond
to the internal conversion (IC) time. For CMe, all trajectories
undergo an ultrafast twist around the allylic bond, which drives
it toward the intersection with the ground state. Monitoring
the dynamics starting from the vertically excited-state, we have
observed that the S1/S0 energy gap quickly drops to ∼0.5 eV
with a mean time of 334 ± 12 fs, when twisted geometries near
90° are reached (SI Figure S19), in good agreement with the
experimental τFC (see Table 1). After this gap closure, the

Figure 5. Topography of the PES for CMe (left) and SMe (right). Minima and state intersections calculated with TD-DFT at ωB97XD/aug-cc-
pVTZ//ωB97XD/cc-pVDZ level with implicit ethanol solvent, the solid lines schematically interpolate these points. Molecular conformations at
the Franck−Condon (FC) region, at the global minimum (S1‑TICT) and at the local S1‑LE minimum (only for SMe) are shown. Their twisting angles
ϕ (C1′−C2−C3−C4 dihedral angle) are also indicated. The molecular structures for the S1/S0 intersection are omitted here for clarity but are
shown in Figure S15; they are qualitatively similar to the S1‑TICT with twisting angle ϕ = 94.8° and ϕ = 86.8° for CMe and SMe, respectively.
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molecule requires a further 300 fs to reach the S1/S0
intersection which, as we mentioned, is energetically above
the S1‑TICT minimum. During this time, the S1/S0 energy gap
remains small (<0.5 eV) and we can observe oscillations in
bond lengths, ring puckering, and pyramidalization of the C3
atom (see Figure 1). The IC follows an exponential decay
pattern with a mean time of 628 ± 56 fs, in line with the
experimentally obtained τIC (see Table 1). For SMe, only a few
trajectories with exploratory character and low statistical
significance were run. For this molecule, the dynamics
evolution is similar, although it is elongated to ∼600 fs
because of the flat region around the S1‑LE minimum. Like in
CMe, IC takes a further 300 fs, occurring at ∼940 fs.
We now discuss the implications of our results with regard

to photoprotection, drawing on the different aspect of the
experimental and computational studies. The presented UV−
vis spectra, photostability, and CW tests reveal that CMe and
SMe are photostable UV-A absorbers. In addition, previous
studies have reported not only promising antioxidant proper-
ties for this class of molecules21 but also a lack of endocrine
disruption effect for the CMe.21 Endocrine disruption analysis
for SMe highlighted the same innocuousness (see SI section
D). Together, these observations make CMe and SMe
promising candidates for inclusion in commercial formula-
tions,19 although further analysis of their toxicity is needed.
With regard to their ultrafast photodynamics, which should
allow for fast and efficient dissipation of excess energy, we draw
on our experimental results, calculations, and previous related
studies to assign dynamical processes to extracted time
constants and to discuss the implications of our findings.
Previous studies on related systems have shown that,

following initial photoexcitation to the 11ππ* state, these
molecules tend to undergo rapid geometry and vibrational
relaxation out of the Franck−Condon region, usually
evidenced by slight changes in the EADS.13,16,19 While we
might expect CMe and SMe to undergo a similar dynamical
process, the EADS associated with τFC (EADS1) is significantly
different from EADS2 (see Figure 3). This marked difference
suggests either a change of state or excited-state population
migration to a drastically different region of the PES. Indeed,
our calculations reveal that the relaxation of the initially excited
11ππ* state of both CMe and SMe follows a large energy
stabilization alongside a marked geometrical change. As
indicated in Figure 5, the 11ππ* state evolves into a global
minimum with a geometry twisted ∼90° around the allylic
double bond and large charge-transfer character prior to
reaching a CI with the ground state. TICT processes have been
previously reported for systems in which electron withdrawing
and donating substituents are positioned para to each other
(i.e., position 1 and 4 on the benzene ring), lending further
support to our hypothesis.30−32 Hence, we assign τFC for CMe
and SMe (see Table 1), to an ultrafast relaxation into the
TICT minimum (S1‑TICT). Once this minimum is reached, we
propose that IC takes place from the TICT to the ground state
within the time scale of τIC. These assignments of τFC and τIC
are confirmed by the results of our excited-state dynamic
simulations, which yield times for movement out of the
Franck−Condon region that are in excellent agreement with
experimental τFC values (see Table 1).
In addition, the time constants associated with the recovery

of GSB features in the TVA spectra effectively correspond to
the rate of vibrational cooling of the vibrationally hot S0, as
previously described for other systems.33,34 The first time

constant (∼1 ps) extracted from the fit to each GSB feature of
the TVA spectra in CMe, as well as the GSB feature of SMe at
1714 cm−1, encompasses several initial processes, including
solvent heating and any overlapping features. Consequently,
we refrain from conclusive assignment of this time constant in
these cases. However, τVib for CMe and SMe from their TVA
spectra match the equivalent τVib values in TEA spectra in
ethanol (see Table 1): τVib ≈ 8 ps observed for CMe in TVA
spectra and TEA spectra, and τVib ≈ 5 ps in TVA spectra and
∼4 ps in TEA spectra for SMe. This agreement confirms our
assignment of τVib for CMe and SMe in TEA spectra (in both
ethanol and CCT) to vibrational cooling within their
respective S0 states.
Finally, the remaining time constant extracted from the TVA

spectra, τFl, is associated with the residual GSB feature
observable in the EADS of both CMe and SMe. This feature
persists beyond the 2 ns temporal window of our experiments,
with <1% of the feature’s intensity remaining (see SI Figure
S20). The linear power dependence observed for these
measurements (see SI section L, Figure S21) suggests that it
does not correspond to radical formation, which has previously
been attributed to a two-photon ionization mechanism.13,35

We address this incomplete recovery of the ground state by
once again considering the results of our electronic structure
calculations: as discussed, the only difference between the
potential energy profiles of CMe and SMe is the partially
twisted LE minimum in the S1 state of SMe. Although this
minimum has a small energy barrier (<0.1 eV), we show in SI
section J-iv that a small fraction of the SMe population could
be trapped in the S1-LE minimum long enough to fluoresce at
448 nm emission, within 5.7 ns (in reasonable agreement with
the TEAS result in ethanol, 475 nm in >2 ns). We note,
however, that the absence of an SE feature beyond 5 ps and up
to 2 ns in the TEA spectra could simply reflect the small
amount of trapped population in the S1-LE state, leading to a
weak SE that is within the signal-to-noise of the TEA spectra.
For CMe, although we do not observe S1-LE minimum on the
PES, a small fraction of the population could be trapped within
the shallow TICT minimum or some other state not captured
by our calculation, which could explain the incomplete
recovery of the GSB feature in EADS4, clearly visible in the
2 ns TEA spectrum in SI Figure S20. An alternative relaxation
pathway for the long-lived species (represented by τFl) could
be intersystem crossing (ISC) from the S1 to triplet state.
However, we are unable to confirm or rule out either
mechanism; the weak fluorescence emission from CMe and
SMe has precluded us from ascertaining any reasonable
fluorescence lifetime measurements. Independently of the τFl
assignment, it is crucial to note that additional TEAS
measurements, NMR and HPLC measurements presented in
SI Figures S22−S24 lead us to confidently conclude that the
long-lived τFl is not likely to be the result of interaction with
the skin mimic, nor is it associated with the formation of any
potentially harmful photoproduct in either CMe or SMe.
In summary, combining ultrafast transient absorption

spectroscopy, excited-state calculations, and steady-state
studies, we have provided unprecedented insight into the
excited-state photodynamics of CMe and SMe in closer-to-real
environments (i.e., in industrial grade emollient and on skin
mimic surface, providing more than just conventional solvent−
chromophore interaction). Following photoexcitation of CMe
and SMe to their respective S1 states (in either bulk ethanol or
CCT, or deposited on a skin mimic), our results reveal fast
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relaxation involving TICT followed by IC to the S0 state and
vibrational cooling on the ground-state surface. Finally, we
note a mild incomplete ground-state recovery within 2 ns,
which we assigned to excited-state population trapped at a
locally excited minimum. Steady-state studies revealed that
these molecules are highly photostable over prolonged
irradiation, surpassing the most widely used UV-A filter on
the market (avobenzone). These studies also demonstrate that
these filters do not produce any observable photoproducts
after two hours of simulated solar irradiation (see SI section
M). Importantly, our results showed that the dynamics of CMe
and SMe are, at best, mildly influenced by environment
following our studies in ethanol, emollient, and on a skin
mimic. Allied to the strong UV-A protection they afford and
the favorable antioxidant and endocrine disruption tests,21

CMe and SMe present as highly promising candidates for
inclusion in commercial sunscreen formulations.
Given the importance of structure−dynamics−function

relationships in a multitude of fields, including the present
studies linked to sunscreen science, our work clearly
demonstrates that the dynamics of CMe and SMe UV-filters
are only mildly influenced by surrounding environment
(solution versus skin mimic). Coupled to the demonstration
that symmetrical substitution across the allylic bond circum-
vents the formation of potentially toxic geometric isomer
photoproducts, our nature-inspired UV-filters offer a promising
avenue of photon-to-molecule heat generation. This has
ramifications, not just to researchers within the sunscreen
industry, but also to researchers whose work targets, more
broadly, photon-to-molecule energy conversion, such as light
capturing for solar fuels, light-driven catalyst for fine chemicals,
and fluorophores with environment-specific emission for
medical imaging.
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