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ABSTRACT: An ultraviolet energy dissipation mechanism plays a critical role in the
photoprotection effect of sunscreens. In this work, we discovered substitution dependent
UV energy dissipation mechanisms of model plant sunscreen methyl sinapate (MS). We
found that the initially populated V(ππ*) states of MS and p-OMeMS relax to the ground
state nonradiatively along an ultrafast trans−cis photoisomerization in tens of picoseconds.
However, for p-HMS, an internal conversion from V(ππ*) to a relative dark V′(ππ*) state
occurs in less than 1 ps, leading to a branching of the excited-state relaxations. The V
(ππ*) state still relaxes nonradiatively as in the case of MS and p-OMeMS. In contrast, the
V′(ππ*) state decays to the ground state mainly by emitting photons, exhibiting a lifetime
as long as 5 ns. It is the first time to definitely distinguish the dynamics between V(ππ*)
and V′(ππ*) states in the study of sinapates and cinnamates. These results indicate the anticipation of the V′(ππ*) state should
be avoided when designing sunscreens.

Excessive exposure to ultraviolet (UV) radiation would
cause photoaging, photosensitivity, and DNA damage.1−4

Various sunscreens, such as oxybenzone5 and cinnamate-based
molecules,6−8 are designed to protect skin from damage by UV
light. The efficiency of UV energy dissipation of sunscreens
after absorbing UV radiation is an important factor for high
performance sunscreens.9−11 The more efficient the dissipation
of UV energy to the electronic ground state (S0), the less
chance of undesirable photochemistry taking place.12 Slower
energy dissipation allows potential to induce a higher chance
for detrimental photochemistry to occur, such as facilitating
DNA damage.11 In the adult Arabidopsis plant, sinapoyl malate
is concentrated in the leaf epidermis and used as a
sunscreening agent in response to overexposure to UV
radiation.13 It strongly absorbs UV photons and efficiently
dissipates the energy into heat via trans−cis isomerization.14,15

Furthermore, the deprotonation of its para-hydroxy group
leads to a largely bathochromic shift to the near-visible spectral
region, significantly reducing its UV-absorbing efficiency.15

However, this concern is eliminated in commercial sunscreen
ingredient octyl methoxycinnamate (OMC) whose para-
substituent is a methoxy group. The energy dissipation of
OMC is also through the nonradiative trans−cis photo-
isomerization.6,16,17 Trans−cis photoisomerization is also
determined in many naturally occurring cinnamates in
solution, including ferulic acid and the photoactive yellow

protein chromophore para-coumaric acid.7,18−23 In most
studies, the para-substitution is either a hydroxy group or a
methoxy group. It has been determined that the para-
substitution has a much larger effect than meta- and ortho-
substitutions on the excited-state dynamics.24 Inspired by
these, an interesting question is will the photodynamics be
different if the para-hydroxy group of sinapoyl malate is
substituted by a methoxy group or even without a substitution
group?
Methyl sinapate (MS) is the simplest sinapate ester and

composed of a phenyl ring and an acrylate, as shown in Figure
1. Upon photoexcitation to a bright ππ* state, excited-state
trans-MS molecules evolve along the alkene double bond
twisting coordinate (α in Figure 1) to a conical intersection
(CI) where internal conversion (IC) to the ground state (S0)
occurs, and then the forming hot S0 molecules can either go
back to trans-form or forward to cis-product, akin to sinapoyl
malate.15,25,26 In this work, in order to further explore the para-
substitution effect on the excited-state dynamics of sinapates,
we have synthesized MS, p-OMeMS, and p-HMS, as shown in
Figure 1. In particular for p-HMS, no para-substitution results
in an interaction between V(ππ*) and a relative dark V′(ππ*)
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state, leading to different photodynamics behaviors in the
excited state. In addition, although the trans−cis photo-
isomerization of cinnamates and sinapates is well determined
to proceed along an initially populated ππ* excited-state
potential energy surface (PES) in solution,7,15,27 there exists
another energetically closed ππ* state in the Franck−Condon
(FC) region. In the present work, it is the first time to
definitely distinguish the dynamics between V(ππ*) and
V′(ππ*) states which is ambiguous in the study of sinapates
and cinnamates.14,19,28,29

Synthesis and characterization of MS, p-OMeMS, and p-
HMS are detailed in the Supporting Information. Each sample
was dissolved in methanol, and the concentration was
modulated to reach the absorption maximum at 0.5−0.8 in a
quartz cell with a 1 mm optical path. Transient absorption
spectra (TAS) were measured by femtosecond pump−probe
transient absorption spectroscopy. This setup was described in
our previous studies.26,30 Briefly, the pump pulses for MS, p-
OMeMS, and p-HMS were 320, 320, and 285 nm, respectively.
The probe pulse (360−750 nm) was generated by focusing a
weak 800 nm pulse on a 2 mm thick CaF2 crystal. The longest
time window is 8 ns. The excited-state lifetimes were
determined by a global fitting using the Glotaran software.31

The time-correlated single photon counting (TCSPC)
technique was used to measure nanosecond-time scale
fluorescence decays. Time-dependent density functional theory
(TDDFT) with the M062X functional32,33 was employed to
explore the electronic properties. The linear-response polar-
ization continuum model (LR-PCM) was used to simulate the
solvent response in excited states.34,35 All the calculations were
performed on the Gaussian09 program with the default
parameters.36 More details can be found in the Supporting
Information.
The steady-state absorption spectra of MS, p-OMeMS, and

p-HMS exhibit two obvious differences, as shown in Figure 2.
One is the gradually blue-shifting absorption peaks of MS, p-
OMeMS, and p-HMS from 328 to 285 nm. The other is the
red tail only observed in p-HMS. In order to explain their
spectral difference, we resort to TDDFT calculations. The LR-
PCM/TD-M062X/6-31+g (d, p) method calculates the
vertical excitation energies (VEEs) of the two lowest excited
states, as shown in Table 1. The excitation energy of the third
excited state is much higher and thus not considered. In
accordance with previous studies,28,29 the excited state
corresponding to the HOMO to LUMO transition is denoted
as the V(ππ*) state, which possesses a large oscillator strength
and accounts for the first absorption peak. The other excited
state with a small oscillator strength is denoted as V′(ππ*)
state corresponding to the HOMO−1 to LUMO transition.
Inspection of Table 1 shows that the V(ππ*) state energy

sequence is MS < p-OMeMS < p-HMS, in good agreement
with the experimental absorption spectra. After checking their
HOMO and LUMO energies (Table S1), it can be concluded
that the increased transition energy is mainly induced by a
stabilization of the HOMO. In the HOMO of p-HMS, a big π-
bonding orbital is formed connecting the C3, C4, C5 and para-
hydrogen atoms (Figure S1). However, when the para-
hydrogen atom is substituted by a methoxy group (i.e., p-
OMeMS), an antibonding orbital is formed between C4 and
the para-methoxy group, lowering the stability of the HOMO.
This destabilization is further improved in the case of the para-
hydroxy group. In contrast, the V′(ππ*) state energy shows a
contrasting sequence: MS > p-OMeMS > p-HMS, finally
resulting in a reversal of the ordering of the V(ππ*) and
V′(ππ*) states in p-HMS, explaining the red tail only present
in the absorption spectrum of p-HMS.
As discussed above, in p-HMS, the V′(ππ*) state lies lower

than the V(ππ*) state, which likely will result in the
participation of the V′(ππ*) state in the relaxation dynamics
of the V(ππ*) state. As shown in Figure 2, the emission spectra
of MS and p-OMeMS are nearly overlapped while that of p-
HMS is slightly red-shifted. A significant difference appears
after measuring their fluorescence quantum yields (ΦF), which
are determined to be 5.0 × 10−3, 9.0 × 10−3, and 0.046 for MS,
p-OMeMS, and p-HMS, respectively. The much larger ΦF of p-
HMS indicates a possibly different excited-state dynamics from
MS and p-OMeMS.
In order to further explore the effect of para-substitution on

excited-state dynamics, TAS of MS, p-OMeMS, and p-HMS
were measured by femtosecond transient absorption spectros-
copy, as shown in Figure 3. The TAS data were fitted globally
by a four-exponential function using a sequential model (i.e.,

→ → → →
τ τ τ τ

A B C D1 2 3 4 ). As shown in Table 2, the longest

Figure 1. Chemical structures of studied methyl sinapate (MS), p-
OMeMS, and p-HMS.

Figure 2. Normalized steady-state UV−visible absorption and
emission spectra of MS, p-OMeMS, and p-HMS.

Table 1. Calculated Vertical Excitation Energies (ΔE( f) in
unit eV; f is the Oscillator Strength) of the Two Lowest
Excited States at the LR-PCM/TD-M062X/6-31+g (d, p)
Levela

ΔE( f) MS p-OMeMS p-HMS

S1 4.09(0.72); H→L 4.27(0.71); H→L 4.30(0.08); H-1→L
S2 4.55(0.03); H-1→L 4.42(0.10); H-1→L 4.43(0.67); H→L

aThe transition orbitals are also shown where H represents the
HOMO and L represents the LUMO.
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lifetime τ4 is not accurate due to the inadequate measured time
window (300 ps for MS and p-OMeMS, 8 ns for p-HMS). This
model describes the system in a concise parametric manner
and obtains evolution-associated spectra (EAS). Although EAS
do not necessarily represent the real spectra of each species
that occur in the experiment, it is still more physical than decay
associated spectra obtained from an unwieldy parallel model
where TAS are fitted to be a sum of exponential decays.21,37

For MS, upon photoexcitation to the high vibrational levels
of the V(ππ*) state, an excited-state absorption (ESA) at the
400−440 nm range appears in the early delay Δt = 0.11 ps
(Figure 3a). A negative absorption band at the 480−520 nm
range also appeared but was not obvious. Then, at Δt = 2.1 ps,
the ESA band is blue-shifted to 360−400 nm accompanied by
a decreased intensity. The negative absorption band is also
blue-shifted to 440−480 nm, but its intensity is largely
strengthened. On the basis of steady-state emission spectrum
(Figure 2), the negative absorption band can be reasonably
assigned as stimulated emission (SE). These spectral shifts and
intensity changes from hundreds of femtoseconds to several
picoseconds can be attributed to various nonexponential
processes taking place at this time scale, including solvation
dynamics, intramolecular vibrational redistribution (IVR), and
vibrational cooling.38−40 In addition, the fast intramolecular
vibrations of MS may also occur in the time scale, such as the
femtosecond in-plane deformation observed in trans-coumaric
acid.41 Thus, it is difficult and meaningless to distinguish them
as a unique time constant. Therefore, we assign the first two
lifetimes (τ1 = 0.49 ps, τ2 = 4.82 ps) as a comprehensive result
of these processes. Stavros et al. suggest that the lifetime τ2
may be assigned as a V(ππ*)/V′(ππ*) IC.14 However, from
our TDDFT calculation results, the V′(ππ*) state lies higher
than the V(ππ*) state in the FC region and the former also has
a lower adiabatic energy. As a result, the V(ππ*)/V′(ππ*) IC
can be excluded. At Δt = 51 ps, the TAS is still dominated by
the ESA and SE band observed in 10 ps but with much lower
intensity. This is induced by the excited-state relaxation along
the CC bond twisting coordinate and characterized by a
lifetime τ3 = 25.2 ps, in quantitative agreement with the results
of Stavros et al.14 As for the component with the longest
lifetime τ4 > 300 ps, its EAS is structureless and has a wide
absorption band from 500 to 700 nm and a weak absorption

band at <450 nm (Figure S2), which has been observed in
methyl coumaric acid.21 This is a characteristic absorption by
radicals generated via two-photon ionization.19

The TAS of p-OMeMS (Figure 3b) is very similar to that of
MS, which is dominated by an ESA band and a SE band. The
excited-state relaxation is obviously slower than MS. As shown
in Table 2, the τ1 and τ2 lifetimes of p-OMeMS are longer than
those of MS. This is possibly due to the presence of a hydroxy
group in MS, which can form hydrogen bonds with methanol
and then accelerate the vibrational cooling.40,42 The excited-
state relaxation along the V(ππ*) PES to the V(ππ*)/S0 CI is
also characterized by τ3 = 55.8 ps, approximately twice longer
than MS. As in the case of MS, the longest lifetime τ4 is also
induced by the absorption of radicals. In addition, the trans−
cis photoisomerization is determined by a long-time
continuous UV irradiation and 1H NMR spectra (Figures S3,
S4). As a result, we propose the same excited-state relaxation
mechanism of MS and p-OMeMS, as shown in Figure 4a. After

photoexcitation to the V(ππ*) state, solvation dynamics, IVR,
vibrational cooling, and fast intramolecular vibrations occur for
less than several picoseconds, which are described by τ1 and τ2.
Then, along the double bond twisting reaction coordinate, the
V(ππ*) evolves to the V(ππ*)/S0 CI. Note that, in this
proposed mechanism, the participation of the V’(ππ*) state is
completely excluded.
The TAS of p-HMS is sharply different from that of MS and

p-OMeMS, as shown in Figure 3c. At a very early delay (Δt =
0.11 ps), there are a blue ESA band peak at ∼375 nm and a red
ESA band peak at ∼630 nm. This is induced by the absorption
of the initially populated V(ππ*) state. Then both ESA bands
are blue-shifted. At the same time, a new band appeared on the
blue side. From Δt = 1.0 to 29 ps, the band peak at ∼370 nm is

Figure 3. Femtosecond wavelength evolution curves at different time delays of (a) MS, (b) p-OMeMS, and (c) p-HMS.

Table 2. Fitted Excited-State Lifetimes of the TAS of MS, p-
OMeMS, and p-HMS

τ1/ps τ2/ps τ3/ps τ4/ps

MS 0.49 4.82 25.2 >300
p-OMeMS 1.74 8.04 55.8 >300
p-HMS 0.044 3.3 18.0 5000.0

Figure 4. Schematic sketch of the suggested pathways upon excitation
to the V(ππ*) state of (a) MS and p-OMeMS; (b) p-HMS.
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weakened while the band peak at ∼430 nm is strengthened,
clearly indicating the formation of a new excited-state species.
With the TDDFT results of p-HMS considered, the V′(ππ*)
state lies lower than the V(ππ*) state in the FC region. Thus,
the V(ππ*)/V′(ππ*) IC is highly possible. Therefore, we
attribute the new species to the V′(ππ*) state. This IC occurs
for less than 1 ps because the ESA band peak at ∼ 430 nm
appeared at Δt = 1.0 ps (Figure 3c). No SE is observed in the
TAS of p-HMS, possibly due to the much larger positive ESA.
At the end of the 8 ns time window, the ESA does not decay to
the baseline. Therefore, we used TCSPC to measure the
emission decay, as shown in Figure S6. The excitation
wavelength is 295 nm, and the emission is recorded at 440
nm. The longest lifetime is fitted to be 5.0 ns. Thus, the
lifetime τ4 is fixed to this value when fitting the TAS of p-HMS.
After taking into consideration the lifetime of the V(ππ*) state
of MS and p-OMeMS, we attribute the nanosecond-time scale
lifetime of p-HMS to the V′(ππ*) state. The 5 ns lifetime
indicates that the V′(ππ*) state decays to the S0 state mainly
by emitting a photon. A continuous UV irradiation experiment
also detected the formation of cis-p-HMS (Figure S5). As a
result, we tentatively propose a relaxation mechanism of p-
HMS different from MS and p-OMeMS, as shown in Figure
4b. After photoexcitation to the V(ππ*) state, it evolves to a
V(ππ*)/V′(ππ*) CI where a branching occurs. A fraction of
molecules evolves to the V′(ππ*) state via the IC, whereas the
remainder proceeds along the V(ππ*) PES. The V′(ππ*) state
is supposed to relax to the S0 state by fluorescence emission,
based on the large ΦF and 5 ns excited-state lifetime. This is
consistent with the bathochromic shift of p-HMS fluorescence
because the fluorescence emission stems from the lower
V′(ππ*) state which is formed from the V(ππ*) state. The
V(ππ*) state evolves to the V(ππ*)/S0 CI along the trans−cis
photoisomerization coordinate, just as in the case of MS and p-
OMeMS. As a result, the sequential model is no longer suitable
to fit the TAS data, and a target analysis is employed.37,43 By
fixing the decay lifetime of the V′(ππ*) state to be 5.0 ns, three
short lifetimes (τ1−τ3) are obtained and shown in Table 2.
According to the model, τ1 characterizes the V(ππ*)/V′(ππ*)
IC process. Then, solvation dynamics and vibrational
relaxation drive the V(ππ*) state to a relaxed V(ππ*) state,
which is characterized by the lifetime τ2 = 3.3 ps. Afterward,
the V(ππ*) state evolves to the CI along the photo-
isomerization coordinate, which is characterized by τ3 = 18.0
ps. The para hydrogen substitution on the model plant
sunscreens result in the participating of a long-lived V′(ππ*)
state (5 ns) in the dynamics of excited-state relaxation. The

significant reduction in the efficiency of energy dissipation is
unsatisfactory for the design of ideal sunscreens.9,10

On the basis of the proposed relaxation mechanism,
nonradiative relaxation needs to surmount an energy barrier
(ΔG) to reach the V(ππ*)/S0 CI, which is in competition with
fluorescence emission. According to the transition-state theory
and Eyring−Polanyi equation, ln((1/ΦF − 1)/T) should have
a linear dependence on the reciprocal of temperature (1/T)
and the slope is ΔG/R where R is the gas constant. The
detailed deduction can be found in the Supporting
Information. Consequently, we measured the ΦF at different
temperatures from 273 to 323 K and then draw the
relationship between ln((1/ΦF − 1)/T) and 1/T, as shown
in Figure 5. For MS and p-OMeMS, the ln((1/ΦF − 1)/T)
exhibits a good linear relationship with 1/T, corroborating the
proposed relaxation model. The energy barrier ΔG is fitted to
be 2.64 kcal/mol for MS25 and 2.34 kcal/mol for p-OMeMS.
Given the significantly longer excite-state lifetime of p-OMeMS
than MS, the smaller energy barrier indicates that the dynamics
along the V(ππ*) state of p-OMeMS is not controlled by the
static character of the PES. This dynamically controlled
photoisomerization has also been suggested for para-methoxy
methylcinnamate.7 In contrast, the linearity between ln((1/ΦF
− 1)/T) and 1/T of p-HMS is very poor, as shown in Figure
5c. This result is reasonable due to the fluorescence emission
being mainly from the V′(ππ*) state while nonradiative
relaxation is along the V(ππ*) state; thus, the transition state
theory is no longer applicable.
In conclusion, we have investigated the excited-state

dynamics of MS, p-OMeMS, and p-HMS by femtosecond
transient absorption spectroscopy and TDDFT calculations.
The formation of cis isomers was confirmed by the 1H NMR
spectra. Substitution dependent photodynamics in the excited
state is demonstrated. For MS and p-OMeMS, the initially
populated bright V(ππ*) state lies lower than the dark
V′(ππ*) state. Along the trans−cis photoisomerization
coordinate, the V(ππ*) state efficiently decays to the
V(ππ*)/S0 CI where nonradiative transition occurs, leading
to a low fluorescence quantum yield. The role of the V′(ππ*)
state is excluded in MS and p-OMeMS. However, for p-HMS,
the V′(ππ*) state is formed after the V(ππ*) state passes a
V(ππ*)/V′(ππ*) CI in less than 1 ps. The V(ππ*) state of p-
HMS undergoes a similar nonradiative trans−cis photo-
isomerization as in MS and p-OMeMS. In contrast,
fluorescence emission is the main relaxation pathway of the
V′(ππ*) state, whose excited-state lifetime is as long as 5.0 ns.
These results indicate that an in-depth study on excited-state

Figure 5. Dependence of the logarithm of fluorescence quantum yield (ln((1/ΦF − 1)/T)) on the reciprocal of temperature (1/T) of (a) MS; (b)
p-OMeMS; (c) p-HMS. Experimental values are shown in red dots, and the linear fitting results are shown as green lines.
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decay mechanisms of sunscreens is necessary even though the
molecules possess similar structures. To the best of our
knowledge, it is the first time the dynamics between the
V(ππ*) and V′(ππ*) states have been distinguished, which is
ambiguous in the study of sinapates and cinnamates. These
results suggest that in order to dissipate the UV energy
efficiently, the participation of the V′(ππ*) state should be
avoided.
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