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ABSTRACT: Sunscreens are aimed at protecting skins from solar UV irradiation. By utilizing 

femtosecond transient absorption spectroscopy and time-dependent density functional theory, we 

explain nature’s selection of sinapoyl malate rather than sinapic acid as the plant sunscreen 

molecule. In physiological pH condition, the two molecules are deprotonated and their excited 

ππ* states are found to relax to the ground states in a few tens of picoseconds via a barrierless 

trans-cis photoisomerization. After forming the cis-photoproduct, the efficacy of sinapic acid is 

reduced much. In contrast, the efficacy of sinapoyl malate is affected slightly because the cis-

product still absorbs UV light strongly. In addition, protonated sinapic acid is found to be a good 

potential sunscreen molecule.  
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An over exposure to ultraviolet (UV) radiation has deleterious effects on animals and higher 

plants, and with the depletion of the ozone layer due to the increasing pollution, this exposure of 

UV is increasing day by day.
1-3

 Various sunscreens are designed to protect skins from damages 

by UV light, such as oxybenzone
4
 and cinnamate-based molecules.

5-7
 A good sunscreen agent 

should have a large absorption section on UVB (285-320 nm) and UVA (320-400 nm) light and 

dissipate the energy into surroundings efficiently.
8
 Plants sustain much longer exposure to UV 

radiation than animals. As a result, nature has selected efficient screening agents to protect plants. 

In adult Arabidopsis plants, sinapoyl malate is deposited in the leaf epidermis to prevent 

penetration of UV radiation.
9-11 

Sinapoyl malate is an ester derivative of sinapic acid. Both of 

them can efficiently dissipate the energy into their surroundings.
12

 As a result, an interesting 

question is why nature selects sinapoyl malate rather than sinapic acid as the plant sunscreen?   

 

Figure 1. Chemical structures of sinapic acid in acidic environment (SA) and neutral 

environment (SA
-
), as well as the chemical structures of sinapoyl malate in acidic environment 

(SM) and neutral environment (SM
2-

). 

Sinapoyl malate in the gas phase exhibits a more broadening absorption spectrum in the UVB 

region than sinapic acid, which is suggested to be the reason for nature’s selection of sinapoyl 
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malate as the sunscreen molecule.
13

 However, in dioxane, acetonitrile and methanol, the two 

molecules both exhibit high extinction coefficients in the UVB region and thus the reason for the 

selection is still under discussion.
12

 In addition, the excited-state relaxation mechanisms of 

sinapic acid and sinapoyl malate in the gas phase differ from that in organic solvents. In the gas 

phase, the initially populated ππ* states are suggested to relax to long-lived nπ* states through 

internal conversion.
13

 However, a femtosecond study suggests that in organic solvents the ππ* 

states relax to the ground state (S0) via an ultrafast trans-cis photoisomerization.
12

 The trans-cis 

photoisomerization is also found in the relaxations of the closely related para-methoxy 

methylcinnamate (p-MMC) in aqueous solution,
5,6

 as well as sinapic acid in aqueous solution.
14

 

However, the relaxation mechanism of sinapoyl malate in aqueous solution is unknown.  

Herein, we explore the excited-state dynamics of sinapic acid and sinapoyl malate in aqueous 

solution. In pH = 6~8 aqueous solution, the carboxyl group is deprotonated and the phenolic 

hydroxyl group is protonated.
15

 Thus, sinapic acid and sinapoyl malate exist as SA
-
 and SM

2-

species, respectively, as shown in Figure 1. The protonated SA species is also studied under 

acidic environment in order to provide a guideline for the chemical modification of sinapic acid, 

such as methyl sinapate.
12,13 

The potentials of SA, SA
-
 and SM

2-
 as sunscreen molecules are 

investigated using static absorption and femtosecond transient absorption (FTA) spectroscopy, as 

well as time-dependent density functional theory (TD-DFT). Note that the abbreviation SA only 

represents the protonated form of sinapic acid in acidic environment. The ultrafast barrierless 

photoisomerization of the three species are identified. The electronic absorption properties of 

their cis-photoproducts are also discussed. 

Sinapic acid (≥ 98%, Sigma-Aldrich) was dissolved in water and hydrochloric acid (~ 1mM) 

to obtain the SA
- 

and SA aqueous solution, respectively. Sinapoyl malate was synthesized as 

Page 4 of 17

ACS Paragon Plus Environment

The Journal of Physical Chemistry Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



V
er

si
on

 p
os

tp
rin

t

Comment citer ce document :
Luo, J., Liu, Y., Yang, S., Flourat, A., Allais, F., Han, K. (Auteur de correspondance) (2017).
Ultrafast barrierless photoisomerization and strong ultraviolet absorption of photoproducts in

plant sunscreens. Journal of Physical Chemistry Letters, 8 (5), 1025-1030.  DOI : 10.1021/acs.jpclett.7b00083 5

described in previous studies.
16 

The high-purity powder was dissolved in water and thus the SM
2-

 

aqueous solution was obtained. The three species were confirmed by UV-Vis absorption 

spectroscopy measurements (Perkin-Elmer). The FTA setup was used as described in previous 

studies.
17,18 

Briefly, the pump pulse was 320 nm for SA, 305 nm for SA
-
, and 325 nm for SM

2-
. 

The powers of these excitation pulses were about 0.5 mW. Probe pulse was drawn from a broad-

band white-light continuum (400-700 nm), generated by focusing a weak 800 nm pulse into a 

sapphire. The polarization of the pump pulse was set to the magic angle (54.7
o
) relative to the 

probe pulse. To avoid the concentration of cis-products induced by UV excitation, transient 

absorption spectra were taken using a flow cell. The UV-Visible spectra before and after FTA 

measurements were shown in Figure S1 (see the supporting information, SI). Continuous UV 

irradiation studies were performed on the three solutions using a nanosecond 355 nm pulse with 

the power of 3 mW in a 10mm * 10mm quartz cuvette. The 355 nm pulse was chosen because it 

was near the center of UVA light. The UV-Vis absorption spectra were taken to probe the 

changes upon photoexcitation.  

All the ab initio calculations were performed using the Gaussian09 program.
19

 Default 

parameters were used unless otherwise indicated. TD-DFT with the M062X functional
20

 was 

employed, combined with the linear-response polarized continuum model (LR-PCM)
21,22

 and 6-

31+g(d, p) basis set. All the optimized ground-state and excited-state geometries were confirmed 

by frequency calculations. Trans-cis photoisomerization paths were constructed by linearly 

interpolated internal coordinate (LIIC) method at the LR-PCM/TD-M062X/6-31+g(d, p) 

calculation level. Further details could be found in the SI. 
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Figure 2.Normalized steady-state absorption (left) and fluorescence (right) spectra of SA, SA
-
 

and SM
2-

 in aqueous solution. 

The steady-state UV-Vis absorption and fluorescence spectra of SA, SA
-
 and SM

2-
 are shown 

in Figure 2. All the three species have large absorption section at UVB and high-energy UVA 

regions. The absorption spectrum of SA
- 
is peaked at 304 nm and its intensity decreases to zero 

at approximately 360 nm. Comparatively, the absorption spectra of SA and SM
2-

 are slightly red 

shifted. Their absorption maxima are both at 320 nm and they absorb UVA light till 

approximately 380 nm. The more broadening absorption of SA and SM
2-

 relative to SA
-
 makes 

them behave as better sunscreen molecules. The fluorescence spectra of SA and SM
2- 

are both 

peaked at approximately 450 nm, also slightly red shifted compared to the fluorescence spectrum 

of SA
-
, which is peaked at approximately 425 nm. The deprotonation state of sinapic acid affects 

its electronic absorption characteristics.
14

 For example, deprotonating the carboxylic group of 

sinapic acid results in the absorption maximum blue shifted slightly from 320 to 304 nm. In 

contrast, further deprotonating the phenolic hydroxyl group (SA
2-

) makes the absorption 

maximum red shifted largely to 350 nm, as shown in Figure S2. This implies that deprotonating 

the carboxylic group and phenolic hydroxyl group have exactly the opposite effects on the 
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electronic excitation energy of sinapic acid. This phenomenon is also observed in sinapoyl 

malate. Deprotonating the carboxyl group of sinapoyl malate only leads to the absorption 

maximum blue shifted slightly from 328 to 320 nm, while further deprotonating the phenolic 

hydroxyl group (SM
3-

) leads to the absorption maximum largely red shifted to 380 nm (Figure 

S2). The small absorption cross section in UVB region makes SA
2-

 and SM
3-

 not suitable to 

serve as sunscreen molecules. 

 

Figure 3. Femtosecond wavelength evolution curves of (a) SA, (b) SA
-
, and (c) SM

2-
. Fitting 

results of the decay of (d) SA at 430 nm, (e) SA
-
 at 430 nm, and (f) SM

2-
 at 453 nm. Black 

circles represent the experimental data and red lines represent the fitting curves. 

   Figure 3 shows the FTA spectra of SA, SA
-
 and SM

2- 
for photoexcitation at 320, 305 and 325 

nm, respectively. For SA, the FTA spectra are dominated by a broad feature spanning the 

spectral region of ~ 400-500 nm centered at 450 nm. This is attributed to the stimulated emission, 

which is in line with the steady-state fluorescence (Figure 2).
12-14 

In this region, the absorption of 
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solvated electron and phenoxyl-type radical species can be ignored due to the strong absorption 

intensity of solutes (Figure S1) and much shorter lifetime relative to the radicals.
14

 At 0.2 ps, the 

stimulated emission is peaked at ~ 430 nm and then it red shifts to ~ 450 nm at 1 ps, induced by 

the intramolecular vibrational energy redistribution (IVR) and solvation relaxation. The negative 

absorption finally decays to the baseline by ~ 20 ps. The FTA spectra for SA
-
 and SM

2-
 are also 

dominated by their negative stimulated emissions. Obviously, SA
-
 decays slower than the other 

two molecules. To give a quantitative insight into their dynamical relaxations, the decays of their 

stimulated emissions are fitted by mono- or bi-exponential functions. The lifetimes of the three 

species are summarized in Table 1. A bi-exponential function fits well the decays of SA and SA
-
. 

In SA, the τ1 (0.28 ps) with a positive pre-exponential factor is assigned to the coupled IVR and 

solvation relaxation processes, while the τ2 (6.1 ps) with a negative pre-exponential factor is 

assigned to the decay of ππ*state. The ππ*state might relax to a dark nπ* state like in the gas 

phase and/or decay back to the S0 state via trans-cis photoisomerization like cinnamate 

derivatives,
6,13

 which will be discussed further by ab initio calculations. In addition, the 

assignment strategy is also reasonable for the fitted lifetimes of SA
-
. The 23.5 ps lifetime of SA

-
 

is in good agreement with the 26 ps lifetime measured by Vengris et al.
14

 The τ1 of SA
-
 (1.1 ps) 

is much longer than that of SA (0.28 ps), indicating that the IVR and solvation relaxation 

processes are much slower for SA
-
. This can be also seen from their wavelength evolutions 

(Figures 3a, 3b). The decay of SM
2-

 is fitted by a mono-exponential function and τ1 = 16.9 ps is 

obtained, which corresponds to the decay of ππ*state. The IVR and solvation relaxation 

processes are absent in the fitting results. Based on the similar wavelength evolutions of SA and 

SM
2- 

(Figures 3a, 3c), it can be inferred that the lifetime of IVR and solvation relaxation process 

is at sub-ps timescale. Although the ππ* state relaxation of SA
-
 is the slowest, it cannot conclude 
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that SA
-
 is not a suitable sunscreen molecule, because the lifetimes of the other two molecules 

are also at the same timescale. There should be other reasons for nature’s selection of SM
2-

 as the 

sunscreen molecule.  

Table 1. Summary of the excited-state lifetimes of SA, SA
-
 and SM

2-
 based on their decays of 

stimulated emissions 

 SA SA
- 

SM
2- 

a1 0.46±0.08 0.27±0.05 -46.3±1.0 

τ1/ps 0.28±0.09 1.1±0.4 16.9±1.1 

a2 -1.14±0.03 -0.49±0.04  

τ2/ps 6.1±0.4 23.5±3.0  

Table 2. Vertical excitation energies (in eV) including the first and second excited states (S1, S2) 

of trans- SA, SA
-
 and SM

2-
 at the LR-PCM/TD-M062X/6-31+g(d, p) level, as well as the S1 state 

of their respective cis- forms. Oscillator strengths are shown in the parentheses. 

 E (SA)/eV E (SA
-
)/eV E (SM

2-
)/eV 

trans-S1 4.05 (0.69) 4.46 (0.64) 4.12 (0.73) 

trans-S2 4.51 (0.03) 4.73 (0.00) 4.62 (0.02) 

cis-S1 4.03 (0.57) 4.78 (0.46) 4.25 (0.39) 

 

   In order to determine whether the initially populated ππ* state decays to dark nπ* state or the 

S0 state via trans-cis photoisomerization, TD-DFT calculations are carried out. The S0 geometries 

of trans-SA, SA
-
 and SM

2-
 are optimized, as shown in Figure S3. The dihedral angle η (C1-C2-

C3-C4), defined to describe the double bond rotation, is 180
o
 for all the three species. Based on 
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these equilibrium geometries, the vertical excitation energies and oscillator strengths of the S1 

and S2 were calculated at the LR-PCM/TD-M062X/6-31+g(d, p) level, as collected in Table 2. 

For all the trans-species, the S1 state is bright ππ* state and the S2 state is dark nπ* state. After 

considering the intermolecular hydrogen bonding interactions with water, the results do not have 

significant changes, as shown in Figure S4 and Table S1. This energy level sequence is contrast 

with the case in the gas phase due to the strong polar aqueous environment stabilizing the ππ* 

state and destabilizing the nπ* state.
5,13 

The calculated excitation energies are overestimated 

compared to the experimental absorption maxima. However, the calculated results are in 

qualitative agreement with experiment. The electronic absorption energy of trans-SA
-
 is the 

highest while that of trans-SA and trans-SM
2-

 are similar. 

     In order to evaluate the possibility of the ππ*-nπ* internal conversion, the nπ* geometries of 

trans-SA, SA
-
 and SM

2-
 are optimized and their vertical electronic transitions are calculated, as 

shown in Table S2. For trans-SA and SM
2-

, the nπ* state is still described as the S2 state while 

the S1 state is the ππ* state, indicating that the nπ* state always lies in a higher energy level than 

the ππ* state. Thus, the ππ*-nπ* internal conversion cannot occur. In contrast, the ππ*-nπ* 

internal conversion of trans-SA
-
 is possible because the nπ* state is more stable than the ππ* 

state in the equilibrium nπ* geometry of trans-SA
-
. However, FTA spectra suggest that the 

excited-state evolutions of SA
-
 and SA are very similar. In addition, in less polar organic 

solvents where the nπ* state is more stable than in aqueous solution,
23

 there is no significant 

evidence to support the ππ*-nπ* internal conversion.
12

 As a result, the role of the nπ* state in the 

ππ* state relaxations can be ignored. This is in a good agreement with the results that the 

hydration of p-MMC impedes the ππ*-nπ* internal conversion.
24
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Now that the ππ*-nπ* internal conversion is unlikely to occur, in order to confirm the ππ* 

relaxation through the trans-cis photoisomerization, the potential energy surfaces (PESs) of the 

photoisomerization of SA, SA
-
 and SM

2-
 are constructed by LIIC method at the LR-PCM/TD-

M062X/6-31+g(d, p) calculation level, as shown in Figure 4. The isomerization paths of the 

three species are all barrierless, indicating that the photoisomerization occurs dynamically on 

PES, in agreement with the photoisomerization of the closely related p-MMC.
6
 Note that for 

every point in the three PESs, the S1 state is always the ππ* state. The barrierless relaxation path 

is in good agreement with the ultrafast decays of ππ* states, which are completed less than tens 

of picoseconds. Although TD-DFT is unable to locate the conical intersection (CI), it can give a 

qualitative description if the energy gap between the S0 and S1 states is small enough.
25

 Thus, the 

PESs shown in Figure 4 are believable. After initial photoexcitation, the ππ* state evolves along 

the barrierless photoisomerization path characterized by the decreasing η. When the ππ* state 

reaches the low-lying ππ*-S0CI, η is 80
o
 for SA

-
 and 90

o
 for both SA and SM

2-
. At this point, 

ultrafast nonradiative decay to the S0 state is extremely efficient. The system can either evolve to 

the cis-product or reverse back to the original trans-reactant. In addition, the reverse cis-trans 

isomerization is also barrierless, indicating that there is a dynamical equilibrium between the 

trans-cis and cis-trans reactions, similar to the case of p-MMC.
6
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Figure 4. LR-PCM/TD-M062X/6-31+g(d, p) calculated linearly interpolated internal coordinate 

(LIIC) paths of the trans-cis photoisomerization of (a) SA, (b) SA
-
, and (c) SM

2-
. Dihedral angle 

η (C1-C2-C3-C4) is also represented. In the original trans-reactant, the dihedral angle is 180
o
. And 

in the final cis-product, the dihedral angle is near to 0
o
.  

 

Figure 5. The absorption spectra of (a) SA, (b) SA
-
, and (c) SM

2-
 after a period of 355 nm pulse 

irradiation. 

As has been discussed, cis-photoproducts can be formed by nonradiative trans-cis 

photoisomerziation.
12 

To evaluate the effect of the formation of cis-products on the efficacy of 

sunscreen molecules, a continuous UV irradiation study is performed using the 355 nm pulse 

with a power of 3 mW. Steady-state UV-Vis spectroscopy is used to probe the absorption 

changes induced by the formation of cis-photoproducts. As shown in Figure 5b, after 355 nm 
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light irradiation, the absorption spectra of SA
-
 are blue shifted significantly accompanied with 

largely decreasing intensities. This will largely reduce the efficacy of SA
-
 as a sunscreen 

molecule. The spectral changes of SA
-
 are in good agreement with the TD-DFT results shown in 

Table 2. TD-DFT results suggest that electronic excitation energy of cis-SA
-
 is higher than that 

of trans-SA
-
 and the oscillator strength of the former is smaller. As to SA and SM

2-
, the 

absorption spectra after the 355 nm light irradiation show no spectral shift and their intensities 

only decrease slightly, in agreement with the TD-DFT results that trans-SA and cis-SA have the 

same electronic excitation energies (Table 2). Although cis-SM
2-

 has 0.13 eV higher excitation 

energy than trans-SM
2-

, the TD-DFT results is generally in good agreement with the irradiation 

results. As a result, SA and SM
2-

 are better sunscreen molecules than SA
-
.  

    In conclusion, we have studied the photoprotection mechanism of SA, SA
-
 and SM

2- 
in 

aqueous solution. The initially populated ππ* states of the three species all decay to the S0 state 

nonradiatively via a barrierless trans-cis photoisomerization, which are completed in a few tens 

of picoseconds. The photoisomerization leads to the formation of cis-photoproducts. Cis-SA
-
has 

much higher excitation energy and a decreased absorption cross section in the UV light than 

trans-SA
-
. Thus, the efficacy of SA

-
 as sunscreen is reduced largely after photoexcitation. In 

contrast, the absorption spectra of SA and SM
2-

 after photoisomerization just show slightly 

decreased intensities. These results suggest that SM
2-

 is a better sunscreen molecule than SA
-
, 

explaining nature’s selection of sinapoyl malate rather than sinapic acid as the plant sunscreen. 

In addition, the protonated SA exhibits an ultrafast excited-state lifetime and its cis product still 

has a large absorption cross section on the UV region. An appropriate chemical modification on 

SA can make it a good sunscreen molecule used in neutral pH condition. These results highlight 
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the role of the photoproduct in the efficacy of a sunscreen molecule, providing a new criterion 

for designing a new sunscreen molecule.  
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