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ABSTRACT: A great deal of thermally instable cis form photoisomerization products will
be formed from the thermally stable trans form of the plant sunscreens sinapate esters upon
ultraviolet radiation. To reveal the photoisomerization mechanism of the cis-isomer, we
explore the photodynamics of a model plant sunscreen methyl sinapate (MS) in the cis form
in organic solution. The high photoisomerization quantum yield of the cis-isomer results in
the relatively higher photostability of trans-MS. By utilizing femtosecond transient
absorption spectroscopy and quantum chemical calculation, we propose that an adiabatic
relaxation competes with nonadiabatic relaxation for the excited-state cis form of methyl
sinapate. These results suggest that the photoprotection mechanism of the cis form of
sinapate esters is significantly different from that of the trans form of sinapate esters and
plays an important role in the overall photoprotection effect.

Various sunscreens such as oxybenzone1 and cinnamate-
based molecules2−4 have been used to protect against

overexposure to ultraviolet (UV) radiation. Sinapoyl malate is
a natural sunscreen for photoprotection that is deposited in the
leaves of Arabidopsis plants.5−7 Although the photodynamics of
sinapate esters have been comprehensively studied, researchers
mainly focus on the trans-isomer, which is the naturally
produced form.8−12 In general, a quantity of cis-sinapate esters
will be formed from trans-isomers after a long time exposure to
UV radiation,8,10,11 and the photochemistry of these cis-
isomers may play an important role in the overall photo-
protection effect. Because of the difficulties in directly
synthesizing the cis-isomer of these sinapate esters, the
photoinduced cis-isomer product has been ignored and few
studies have been done.13 Therefore, further study on the cis-
isomer of sinapate esters is an urgent need.
In this Letter, we explore the photoprotection mechanism of

a model plant sunscreen in the cis form and compare that with
the trans form. Because the size of the ester functional group
has little effect on the photochemistry of the sinapate
esters,8,11,12 we synthesized the methyl sinapate (MS), the
most simple sinapate ester whose photoprotection capability is
similar to that of the natural sunscreen sinapoyl malate.8,10,12

Moreover, the cis-isomer of MS is obtained by thin-layer
chromatography (TLC). The photoisomerization of trans ↔
cis is shown in Scheme 1. In the present work, the
photoisomerization quantum yields of the cis and trans forms
of MS are obtained. The significant high photoisomerization

quantum yield of the cis-isomer results in a relatively higher
photostability of trans-MS. Moreover, we confirm that the
fluorescence of the cis-isomer originates from the excited state
of the trans-isomer. Finally, we first propose that there is an
adiabatic relaxation that competes with nonadiabatic relaxation
for the excited-state cis-isomer.
The steady-state ultraviolet−visible (UV−vis) absorption

and fluorescence spectra of cis-MS and trans-MS in methanol
are shown in Figure 1. Both cis and trans isomers have a large
absorption section in the UV region. The peak of the
absorption spectrum of trans-MS (326 nm) is slightly
redshifted in comparison to that of cis-MS. The molar
extinction coefficient of trans-MS is higher than that of cis-
MS,13,14 implying the better photoprotection effect of trans-
MS.
The fluorescence spectra of trans and cis isomers are both

peaked at approximately 440 nm; it is clear that the
fluorescence spectra shape of trans-MS and cis-MS are similar.
As shown in Table 1, the fluorescence quantum yield of trans-
MS is about 2.5 times larger than that of cis-MS. The smaller
fluorescence quantum yield of cis-MS indicates the non-
radiative decay of cis-MS is easier than that of the trans-MS.
The emission spectra of these two isomers at 77 K are no
longer the same, as shown in Figure 1b. The temperature-
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dependent emission behavior of trans-MS and cis-MS indicates
fluorescence emission of cis-MS may result from excited trans-
MS*, which implies an adiabatic cis-MS* → trans-MS*
isomerization has occurred.15 Because the temperature is
lower than the melting point of methanol, a torsional barrier
was introduced by the low temperature. The solvent relaxation
rate may be much slower, and the emission at 77 K is assigned
from the region around the Franck−Condon region. This is
consistent with the dramatic blue shift (about 50 nm) of the
emission spectra at 77 K shown in Figure 1. The excitation
spectra of trans-MS and cis-MS at room temperature are shown
in Figure 1a. The shapes of the absorption spectrum and
excitation spectrum for trans-MS are quite similar; both peak at
326 nm. However, the excitation spectrum of cis-MS shows an
obvious red shift (18 nm) relative to the corresponding
absorption spectrum, suggesting the difference between excited
trans-MS* precursors and excited cis-MS* precursors.
The temperature-dependent fluorescence quantum yield was

employed to estimate the isomerization barrier energy of trans-
MS and cis-MS on the excited-state potential energy surface
(PES). Fluorescence quantum yields at 283−325 K were
measured (Figure S1). The isomerization barrier of cis-MS in

the excited state, shown in Table 1, is evaluated to be 2.9 kcal/
mol, similar to that of trans-MS (2.7 kcal/mol). The similar
fluorescence spectrum at room temperature but the difference
at 77 K, the difference of excitation spectrum at room
temperature, and the similar isomerization barrier obtained
through the temperature-dependent fluorescence between
these two isomers indicate the fluorescence of both isomers
may originate from trans-MS*. Thus, the isomerization barrier
of cis-MS in the excited state may stem from the isomerization
process of trans-MS in the excited state, which is formed
adiabatically from the cis-MS*.
The quantum yields of the photoisomerization process of

trans-MS and cis-MS were measured in methanol, as
summarized in Table 1. The substantial overlap of the
absorption spectra of these two isomers results in a
photostationary state (PSS) upon irradiation with UV light.
The changing absorption spectrum of trans-MS in methanol is
shown in Figure S2. It is clear to see that a PSS is achieved
because there is no further change in the absorption spectrum.
Furthermore, 1H NMR spectra of trans-MS and cis-MS in
methanol-d4 with UV radiation were measured (Figures S5 and
S6), ensuring that the photoisomerization is only between
trans-MS and cis-MS when irradiated with UV light. The
quantum yield of cis → trans isomerization is 3.5 times higher
than the corresponding reverse photoisomerization reaction
(0.77 vs 0.22). Because of the higher quantum yield of cis →
trans isomerization compared to the reversible isomerization
process in excites-state, the ratio of trans-MS would be higher
in the photostationary state. The absorption efficiency of trans-

Scheme 1. Photoisomerization between trans-Methyl Sinapate (trans-MS) and cis-MS

Figure 1. Steady-state absorption (a) and normalized fluorescence (b) spectra of trans-MS (black solid line) and cis-MS (red solid line) in MeOH
at room temperature. The excitation spectra of trans-MS (black dotted line) and cis-MS (red dotted line) at room temperature are shown in panel
a; the intensity of the excitation spectra is scaled for comparison. The emission spectra of trans-MS (black dotted line) and cis-MS (red dotted line)
at 77 K are shown in panel b for comparison.

Table 1. Fluorescence Quantum Yields, Barrier on the
Excited-State Potential Energy Surface, and the
Photoisomerization Quantum Yield of trans-MS and cis-MS

structure Φfl (×10
3) △G (kcal/mol) Φiso

trans-MS 5.1 2.7 0.22
cis-MS 2.1 2.9 0.77
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MS in the UV region is stronger than that of cis-MS; thus, the
high photoisomerization quantum yield of cis → trans
isomerization results in relatively higher photostability of MS
when irradiated with UV light,12 illustrating the good
performance of MS as a sunscreen.
The evolution of the transient absorption spectrum in

methanol measured by FTA spectroscopy is shown in Figure 2.
As shown in Figure 2a, the evolution of the transient
absorption spectrum of trans-MS* is dominated by an
excited-state absorption (ESA) band peak around 390 nm
and a stimulated emission (SE) peak around 465 nm,
evidenced by the steady-state emission centered at 440 nm
(Figure 1b). In the early delay stage, there is a slight blue shift
of the ESA band with a drop in intensity following 320 nm
femtosecond pulse excitation. This is ascribed to the excited-
state vibrational relaxation (VR) and solvent relaxation.8,10 The
evolution of the transient absorption spectrum of cis-MS*
(Figure 2b) is also dominated by an ESA band and an SE band.
The slight blue shift of the ESA band indicates excited-state VR
and solvent relaxation of cis-MS*. At early relaxation times, the
decay of the ESA band of cis-MS* is obviously faster than that
of trans-MS* and the intensity of the ESA band is significantly
stronger than the intensity of the SE band when compared

with that of trans-MS*. For clarity, a biexponential function is
used to fit the decay kinetics of these two isomers around the
peak of the ESA band (Figure 2c,d), resulting in one short
subpicosecond lifetime and another long picosecond lifetime,
summarized in Table 2. For trans-MS, the τ1 (0.92 ps) with a
negative pre-exponential factor is assigned as the comprehen-
sive results of VR, solvent relaxation, and other nonequilibrium
process, while the τ2 (27.7 ps) with a positive pre-exponential
factor is assigned to the trans−cis isomerization process on the
excited-state PES.8,16 For cis-MS, it is clear that there is a fast
subpicosecond decay (τ1, 0.32 ps) of the ESA band followed by
a slow ESA band decay (τ2, 22.8 ps). It should be noted that
the pre-exponential factors for both processes are positive;
moreover, the value of the pre-exponential factor for the fast
decay process is about four times larger than that of the slow
decay process, which is different from that of trans-MS*. When
the two lifetimes of trans-MS* and cis-MS* are compared, the
subpicosecond lifetime of cis-MS* is much less than that of
trans-MS* (0.32 ps vs 0.9 ps) and the sign of the pre-
exponential factor is different, which indicates that the
subpicosecond lifetime of cis-MS* cannot be assigned to VR
or solvent relaxation; the longer lifetimes of cis-MS* and trans-
MS* are quite similar (27.7 ps vs 22.8 ps). The subpicosecond

Figure 2. Femtosecond wavelength evolution curves of (a) trans-MS and (b) cis-MS at 320 nm pulse. Excited-state absorption decays of trans-MS
(c) and cis-MS (d) at 395 nm. The experimental data are shown in circles, and the fitted results are shown in solid lines.

Table 2. Summary of the Excited-State Lifetime of trans-MS and cis-MS in Methanol

a1 τ1 (ps) a2 τ2 (ps)

trans-MS −0.002 ± 0.0002 0.92 ± 0.24 0.01 ± 0.0001 27.7 ± 0.9
cis-MS 0.006 ± 0.003 0.32 ± 0.023 0.0016 ± 0.0001 22.8 ± 2.1
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lifetime of cis-MS* with a relatively large pre-exponential factor
is reasonably assigned to the decay of cis-MS*, and it is safe to
consider that the fluorescence from cis-MS* can be ignored
because of the ultrafast decay of the cis-MS* (0.3 ps). The
longer lifetime of about 23 ps of cis-MS* is assigned to the
decay of trans-MS* because of the similarity of the lifetime
with trans-MS*.
According to the experimental results of FTA spectroscopy

and fluorescence, the subpicosecond lifetime is assigned to the
decay of cis-MS* and the long lifetime component of
biexponential fit is assigned to the decay of trans-MS*, which
is formed adiabatically from the cis-MS*. Thus, the isomer-
ization barrier of cis-MS in the excited state obtained from the
temperature-dependent fluorescence experiment actually stems
from the isomerization barrier for the C=C double bond
twisting of trans-MS* in the excited-state. This is in accord
with the similar fluorescence spectra and isomerization barriers
of these two isomers. All these experimental results indicate
that the fluorescence of cis-MS* originates from the trans-MS*
and that an adiabatic relaxation of cis-MS* to trans-MS* is
occurring.
Quantum chemical calculations were employed to give a

deep insight into the photoisomerization process of these two
isomers. As shown in Scheme 1, MS is constructed with a
phenyl ring and a methyl acrylate. The phenyl ring is
connected with an acrylic double bond by a flexible C1−C7
single bond. The rotation around the C1−C7 single bond is
described by α, defined as the C2C1C7C8 dihedral angle, and
the C7=C8 double bond twisting is described by β, defined as
the C1C7C8C9 dihedral angle. The equilibrium structures of
trans-MS and cis-MS are obtained at the M062X/6-31+g-
(d,p)17,18 calculation level, as shown in Figure S3. For ground-
state equilibrium trans-MS, α = 0° and β = 180° (Figure S3a)
indicate the coplanar phenyl ring and the double C=C bond. In
contrast, for cis-MS, the α = −34° and β = −5° (Figure S3b)
indicate that there is a significant rotation around the C1−C7
single bond resulting from the steric repulsion between the
phenyl ring and the substituted ester group. The vertical
excitation energies of these two isomers are shown in Table 3.

Photoexcitation around 320 nm leads to a 11ππ* ← S0
transition.6 The calculated absorption energy sequence and
oscillator strengths of these two isomers are consistent with the
experimental results shown in Figure 1. Further details about
quantum chemical calculations can be found in the Supporting
Information. According to numerous literature contributions
on cinnamates,2,3,11,13,14,16,19−21 the C=C bond twisting is the
main reaction coordinate that drives the excited-state species
to a conical intersection. After passing through the conical
intersection, the molecules can either go back to the trans-
reactant or forward to the cis-product.

We located the optimized structure around the Franck−
Condon region in the S1 state of trans-MS and a corresponding
transition-state structure in the photoisomerization reaction
coordinate, as shown in Figure S4. The optimized structure in
the S1 state has a similar configuration with the Franck−
Condon point characterized with α = 0° and β = 180°. For the
transition state in the S1 state, the calculated barrier for
photoisomerization is 3.1 kcal/mol, which is in accordance
with the experimental result. Moreover, for the transition-state
structure, α = −2.0° and β = −129°, the significant rotation of
the C1C7C8C9 dihedral angle is consistent with the hypothesis
that C=C bond twisting is the main reaction coordinate. The
conical intersection structure connecting the excited and
ground states of MS in methanol solution is located with the
help of the Firefly package,22,23 as shown in Figure S4c,
characterized with α = 1° and β = −94°. The coplanar between
C7C8 double bond and phenyl ring and the significant C7
C8 double bond twisting in the conical intersection indicate
C7C8 double bond twisting drives the excited state to the
conical intersection. Thus, we propose the relaxation scheme
of trans-MS* as shown in Figure 3. trans-MS was populated to

the S1 state upon excitation with UV light, and an excited
equilibrium state is reached after an ultrafast relaxation from
the Franck−Condon region. This excited equilibrium state
corresponds to the fluorescence from trans-MS*. After a
barrier is overcome along with the C=C bond twisting in the
excited state, a 11ππ* /S0 conical intersection is reached where
a nonadiabatic relaxation occurs. In particular, after relaxation
through the conical intersection, the hot molecules can either
go back to the trans-reactant or forward to the cis-product. The
branch ratio between reactant and product through the conical
intersection can be determined by the fluorescence quantum
yield in company with the photoisomerization quantum yield
of trans-MS (shown in the Supporting Information). The
branch ratio is 0.787 for trans-reactant formation and 0.213 for
cis-product formation, similar to previous work in which the
excited states are deactivated by C=C bond rotation.24

Note that there is no optimized structure for cis-MS in the S1
state, indicating the barrierless isomerization process in the
lowest excited state. TD-M062X17,18 is employed to construct
the PES by linearly interpolating internal coordinates (LIIC)

Table 3. Vertical Excitation Energies (eV) and Oscillator
Strengths (in Parentheses) of the Two Lowest Excited
States (S1 and S2) in Methanol Solution at the TD-M062X/
6-31+g(d,p) Level of Theorya

energy trans-MS cis-MS

exptl 3.80 3.91
S1 4.10 (0.72) 4.26 (0.37)
S2 4.55 (0.03) 4.69 (0.02)

aThe experimental absorption energies are also shown for
comparison.

Figure 3. Schematic of the relaxation scheme of MS molecules
proposed in this work.
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between S0 and conical intersection geometries. As shown in
Figure S7, the descent trends from the FC region to the conical
intersection is consistent with the absence of an optimized
structure. The barrierless isomerization corresponds to the
subpicosecond lifetime of cis-MS*. As the molecular structure
of cis-MS* evolves along the S1 PES, the C1−C8 single bond
has a significant rotation, as evidenced by its α increasing from
−34° in the Franck−Condon region to 1° in the conical
intersection. Given that β also decreases from −5° in the
Franck−Condon region to −94° in the conical intersection, a
combination of single-bond and double-bond rotations occurs
in the relaxation of cis-MS*, which is known as the famous hula
twist.25−29 The steric repulsion between the phenyl ring and
the substituted ester group of cis-MS, which is absent in the
trans-MS isomer, leads to a pretwisting structure and the hula
twist reaction coordinate in the excited state, contributing to
the barrierless relaxation.
As has been determined, the temperature-dependent

fluorescence quantum yield and FTA experiment of cis-MS
indicate an adiabatic cis-MS* to trans-MS* isomerization. The
barrierless hula twist of cis-MS leads the excited-state
molecules to a conical intersection incapable of explaining
the fluorescence of cis-MS, which is determined to originate
from the trans-MS*. Herein, we propose that there is an
adiabatic relaxation competing with the nonadiabatic relaxation
for cis-MS*. In comparison with trans-MS*, the relatively weak
SE intensity of cis-MS* when compared with the intensity of
ESA band suggests only a portion of cis-MS* transformed into
trans-MS*, which is consistent with our proposal. The portion
of molecules undergoing adiabatic relaxation can be estimated
by the fluorescence quantum yield of cis-MS based on the
assumption that the fluorescence from cis-MS* is solely from
the trans-MS*. The ultrafast subpicosecond decay of cis-MS*
ensures the rationality of ignoring the fluorescence from cis-
MS*. The ratio between adiabatic relaxation and nonadiabatic
relaxation is 41:59 according to the fluorescence quantum yield
of these two isomers. Forty one percent of the first populated
cis-MS* molecules evolved to the trans-MS* through an
adiabatic isomerization and then decayed to the ground state
as previously described for trans-MS*. In the meantime, the
other portion of the initially populated cis-MS* molecules were
deactivated to the ground state along a barrierless hula twist
and passed through a conical intersection. Furthermore, the
photoisomerization quantum yield of cis-MS can be estimated
based on the relaxation scheme we proposed, which is
determined to be 0.78 (shown in the Supporting Information)
and is in agreement with the experimental result of 0.77, as
shown in Table 1. The consistency of these two photo-
isomerization quantum yields obtained by different methods
indicates the validity of the scheme shown in Figure3.
In conclusion, we have explored the photoprotection

mechanism of a model plant sunscreen MS in cis and trans
forms. The present work serves to highlight the difference
between these two isomers in the photoisomerization
mechanism. The relatively high photoisomerization quantum
yield of the cis-isomer results in a high photostability of trans-
MS. We suggest, for the thermally stable trans-MS, a
nonadiabatic relaxation occurs on the excited PES where a
conical intersection is reached after a barrier is overcome along
the C=C double bond twisting. This work also reveals that the
fluorescence of cis-MS stems from trans-MS* and suggests an
adiabatic relaxation competing with a nonadiabatic relaxation
for the thermally instable cis-MS. We further reveal that the

steric repulsion in cis-MS promotes a hula twist in the excited-
state relaxation. These results reveal the difference between
trans- and cis-MS in photodynamics and give further insight
into the photoprotection mechanism of plant sunscreens.
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