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Direct observation of the doorway 1nπ* state of 
methylcinnamate and hydrogen-bonding effects 
on the photochemistry of cinnamate-based sunscreens
Shin-nosuke Kinoshita,a Yoshiya Inokuchi,a Yuuki Onitsuka,a Hiroshi Kohguchi,a Nobuyuki Akai,b 
Takafumi Shiraogawa,c Masahiro Ehara,*c, d Kaoru Yamazaki, *e Yu Harabuchi,f, g, h Satoshi Maeda,f, h 
and Takayuki Ebata *a

The electronic states and photochemistry including nonradiative decay (NRD) and trans(E) → cis(Z) isomerization of 
methylcinnamte (MC) and its hydrogen-bonded complex with methanol have been investigated under jet-cooled condition. 
The S1(1nπ*) and S2(1ππ*) are directly observed in MC. This is the first direct observation of S1(1nπ*) among cinnamate 
derivatives. Surprisingly, the order of the energies between the nπ* and ππ* states is opposite to substituted cinnamates. 
TD-DFT and SAC-CI calculations support the observed result and show that the substitution to the benzene ring largely lowers 
the 1ππ* energy while the effect to 1nπ* is rather small. The S2(ππ*) state lifetime of MC is determined to be equal to or 
shorter than 10 ps, and the production of the transient T1 state is observed. The T1(ππ*) state is calculated to have the 
structure in which propenyl C=C is twisted by 90˚, suggesting the trans → cis isomerization proceeds via T1. The production 
of the cis isomer is confirmed by low-temperature matrix-isolated FTIR spectroscopy. The effect of the H-bonding is 
examined for the MC-methanol complex. The S2 lifetime of MC-methanol is determined to be 180 ps, indicating the H-
bonding to the C=O group largely prohibits the 1ππ* → 1nπ* internal conversion. This lifetime elongation in methanol 
complex also describes well a higher fluorescence quantum yield of MC in methanol solution than in cyclohexane, while such 
the solvent dependence is not observed in para-substituted MC. Determination of the photochemical reaction pathways of 
MC and MC-methanol will help us to design photofunctional cinnamate derivertives. 

1. Introduction

Cinnamic acids and cinnamates, ubiquitous alpha beta unsaturated 
acids and esters, are widely distributed in nature. Their 
photochemistry has been the subject for many years.1-44 They take a 
stable trans-form in the electronic ground state (S0). After UV 
absorption, they immediately relax via several nonradiative decay 
(NRD) routes and finally go back either the trans- or isomerize to cis-
form.1,19 Para-coumaric acid (p-CA) is known as a chromophore in 
photoactive yellow protein (PYP) existing in Halorhodospira 

halophile,1-5 and cinnamate derivatives exist in the plants to protect 
damage of sunlight.6-13 Because of the effective NRD process and 
transfer of the absorbed UV light to thermal energy, their derivatives 
are used as a sunscreen cosmetic reagent14-16 and in 
pharmacology.17,18 The UV spectroscopy of cinnamate derivatives 
and their photochemical characteristics have been reported 
extensively in solution as well as under protein environment.20-25 
 Gas-phase studies on the electronic states and photochemistry 
of cinnamates have been also extensively carried out under jet-
cooled condition,26-34 mostly for substituted cinnamates: para-
substituted-cinnamates by Buma and coworkers,27-30 ferulic and 
sinapic acids and their esters by the groups of Zwier and Stavros.31-34 
This is because those molecules are relevant to PYP, lignin and 
sunscreen cosmetic reagents. Especially, Stavros and co-workers 
carried out the gas-phase spectroscopy and time-resolved study in 
liquid-phase and discussed possible photoisomerization routes.35-39 
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Chart 1 Schematic Structure of TC and TT 
Conformers of Methylcinnamate (MC)
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      Our group has also been studying the electronic states and 
photochemistry of substituted cinnamates by gas-phase laser 
spectroscopy and by the product analysis by cold matrix-isolated FTIR 
spectroscopy.19, 40-44 We recently proposed the mechanism of the 
isomerization for the para-substituted cinnamates as “[(trans)1ππ*] 
→ [1nπ*] → [T1] → [(cis)S0]” by combining experiments and 
theoretical calculations.42 The most important issue is the detection 
of the T1(ππ*) state as the transient state by nanosecond ultraviolet 
(UV) - Deep UV (DUV) pump-probe spectroscopy.42 We further 
examined the effect of the substitution position on the isomerization 
for the structural isomers of hydroxy methylcinnamate (HMC).43 It 
was found that the isomerization of m- and o-HMC proceeds via 
different isomerization route from that of p-HMC. That is, in m- and 
o-HMC the barrier height of 1ππ* → 1nπ* internal conversion (IC) is 
higher than p-HMC and the isomerization occurs via the 
“[(trans)1ππ*] → [twisting along the C=C double bond by 90˚ on S1] 
→ [(cis)S0]” route. 43 The effect of hydrogen(H)-bonding on the NRD 
channel has been also investigated for p-HMC.40 and p-methoxy 
methylcinnamate (p-MMC).41 These results showed that the 1ππ* 
lifetime is very sensitive to the position of H-bonding. The important 
fact we know from these studies is that the 1ππ* and 1nπ* states are 
energetically close with each other in these molecules, and their 
energies change sensitively by the internal as well as external 
environments. 

In spite of many studies reported for cinnamate derivatives, very 
few studies have been reported for methyl cinnamate (MC, chart 1), 
the simplest cinnamate ester. To the best of our knowledge, there is 
only one gas-phase study reported by Ebata et al.26 They measured 
laser-induced fluorescence (LIF) and UV-UV hole-burning (UV-UV HB) 
spectra of jet-cooled MC and found the electronic transitions 
corresponding to two conformers (chart 1, TC and TT). In addition, 
they reported that the lifetimes of the vibronic bands drastically 
become shorter with the energy. However, they did not assign the 
observed electronic transitions. Determination of the photochemical 
reaction pathway and hydrogen bonding effects for MC, 
fundamental cinnamate, should help us to design cinnamate based 
bio-inspired photofunctional molecules.

In the present study, we carried out laser spectroscopic study for 
jet-cooled MC in wider energy region to reveal the electronic 
structure. In addition, we confirmed the trans → cis 
photoisomerization by cold matrix-isolated FTIR experiment. The 
effect of the H-bonding on the C=O group has been also investigated 
for the 1:1 complex with methanol. Finally, we compared the 
absorption and fluorescence spectra of MC with para-substituted MC 
in methanol and cyclohexane solution at room temperature, and we 
found that the effect of the H-bonding can explain very well the 
solvent dependent fluorescence quantum yield of MC. The present 
study will be a very important step for the full understanding of the 
photochemistry of cinnamic acid and cinnamate family.

2. Experimental methods
The experimental setup for the laser spectroscopy of jet-cooled 
molecules in the gas phase has been described elsewhere.19, 40-44 
Briefly, a jet-cooling of MC was achieved by expanding the mixture 

of vaporized MC and carrier gas (He) at the total pressure of 5 atm 
into a vacuum chamber by using a pulse nozzle. MC powder was 
heated to obtain enough vapor pressure. For generating MC-
methanol (MeOH) complex, methanol vapor was mixed with the 
carrier gas. Two vacuum chambers were used for spectroscopy of jet-
cooled MC. For the measurement of the LIF spectra, we used a free-
jet expansion chamber. A tunable UV laser pulse was irradiated to 
the jet-cooled MC at 20 mm downstream of the nozzle and the total 
fluorescence was collected by a series of lenses and detected by 
photomultiplier tube (Hamamatsu Photonics 1P28). A band pass 
filter was used to eliminate the scatter of laser light. For the 
measurement of the resonance two-photon ionization (R2PI), we 
used the molecular beam chamber equipped with a 50 cm time-of-
flight mass spectrometer. We adopted two-colour (2C)-R2PI (ν1, ν2), 
with frequency of ν2 higher than ν1. This is due to the fact that the 
energies of both the S1 and S2 states are lower than half of the 
ionization potential (IP0) and higher frequency laser is necessary for 
the ionization step. This part will be described in the next section. 
      The lifetimes of the excited states were determined by observing 
the fluorescence decay profile or by picosecond UV-UV’ pump-probe 
measurement. In the former, we used fast response photomultiplier 
tube (Hamamatsu Photonics R9880U) and the lifetimes were 
obtained by deconvolution assuming 5 ns laser pulse width (FWHM). 
In the latter, two tunable picosecond laser pulses (Ekspra 
PL2143S/PG401SH) with the pulse width (FWHM) of 12 ps were used. 
The first laser (ν1) pumps the molecules to the vibronic level of the 
excited state, and second laser (ν2) ionizes the excited molecules, and 
the delay time between two laser pulses was controlled by an optical 
delay line. The decay profile of the excited molecules was analysed 
by deconvolution. 

For nanosecond UV-DUV pump-probe measurement, a tunable 
DUV light was generated by sum frequency mixing (SFG) between the 
second harmonics of the Nd:YAG laser pumped dye laser and the 
fundamental (1.064 m) of the same Nd:YAG laser. The decay profile 
was analysed by deconvolution with the laser pulse width (FWHM) 
of 5 ns. 

In the low temperature matrix-isolated FTIR spectroscopic study, 
vaporized MC is mixed with Ne and deposited on a CsI plate cooled 
at 6 K.19 The IR spectrum of the Ne-matrix isolated MC was measured 
by FTIR spectrophotometer (JEOL SPX200ST) with 0.5 cm-1 spectral 
resolution. A Xe lamp was used as UV light source. The 
photoproducts were analysed by subtracting the IR spectrum of the 
UV irradiated sample from that without UV irradiation. 

For the measurement of the UV absorption spectra of MC in 
methanol and cyclohexane solution, a commercial 
spectrophotometer (Hitachi U-3010) was used. The fluorescence 
spectra of MC in the solutions were measured with a fluorescence 
spectrophotometer (Hitachi F-2500). The concentration of solution 
was set in the order of 10-4 M for the absorption and 10-5 M for the 
fluorescence measurements. 

3. Theoretical calculations
To assign the observed electronic transitions, we calculated the 
stable structure and adiabatic excitation energies by density 
functional theory (DFT), time-dependent DFT (TD-DFT) and 
symmetry-adapted cluster-configuration interaction (SAC-CI) 
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theory.45-49 The S0 structures of MC, p-HMC and p-MMC were 
optimized using DFT, and the 1ππ* and 1nπ* structures were 
optimized using TD-DFT. Adiabatic excitation energies of the TC 
conformer at the TD-DFT level were evaluated with the zero-point 
energy (ZPE) correction. In the case of MC, the S0, 1ππ* and 1nπ* 
structures of the less stable conformer, i.e. TT, were also optimized, 
and the adiabatic excitation energies were compared with those of 
TC. The DFT and TD-DFT calculations were done using B97X-D 
functional50 with 6-311G(d, p) basis set (B97X-D/6-311G(d, p)). 
Adiabatic excitation energies for 1ππ* and 1nπ* were also computed 
at the direct SAC-CI method51 at Level five (Lv5) accuracy52, 53 with 6-
311G(d) basis set (SAC-CI/6-311G(d) level). Energies at the SAC-CI/6-
311G(d) level were calculated on the geometries optimized at the 
DFT and TD-DFT levels. 
      To compare with the experimentally obtained ionization energies, 
the possible ionization energies were evaluated by calculating the 
lowest π-1 and n-1 states at the SAC-CI NV/6-311G(d, p) Lv 5 level with 
the geometries obtained by the Lv3 calculation.

In addition, most stable structure of TC conformer of MC-MeOH 
was calculated at the B97X-D/6-311G(d, p) level. The detailed 
structure of MC-MeOH is shown in Supporting Information (Figure 
S1).

All the energy, gradient, and Hessian calculations at the DFT, TD-
DFT, and SAC-CI levels were done using Gaussian16 program 
package.54

4. Results and Discussion
4.1. Electronic spectra of jet-cooled Methylcinnamate

Figure 1 (a) shows the LIF spectrum of jet-cooled MC in the region 
from 33200 to 34200 cm-1. The spectral feature is essentially the 
same with that reported by Ebata et al.26 As was reported, there are 
two electronic transitions in the spectrum. One is the vibronic bands 
in the 33300-33600 cm-1 region with the band origin at 33300 cm-1 
(band A), and the other appears in the 33700-34100 cm-1 region with 

Table1. Observed electronic transitions and calculated ZPE-corrected adiabatic excitation energies (cm-1) (non-scaled) and 
characters of the two lowest singlet excited states of MC (TC), p-HMC (anti TC) and p-MMC (anti TC).

MC p-HMC p-MMC

State Energy (cm-1) ΔE Energy (cm-1) ΔE Energy (cm-1) ΔE

Observed S1 33300 (nπ*) 32710 (ππ*) 32667 (ππ*)

S2 33960 (ππ*) 660           -                                          -

B97X-D/6-311G(d, p) S1 34323 (nπ*) 　 33697 (ππ*) 　 33368 (ππ*) 　

S2 34827 (ππ*) 504 34692 (nπ*) 995 34743 (nπ*) 1375

SAC-CI/6-311G(d) S1 35765 (nπ*) 　 　

S2 37621 (ππ*) 1856

Fig. 1. (a) LIF spectrum of jet-cooled MC. (b) 2C-R2PI spectrum of jet-cooled MC with ionization laser at 205.75 nm, and (c) 202 
nm, respectively. (d) ZPE corrected adiabatic excitation energy calculated at B97X-D/6-311G(d, p) level. Here we used a scaling 
factor of 0.9725. Ionization efficiency curve from (e) band C, and (f) bands A and B. (g) Energy levels diagram of MC. The energies 
(D0 and D2) are experimentally obtained.
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the band origin at 33740 cm-1 (band B). As to these vibronic bands, 
Ebata et al. concluded that almost all the vibronic bands are assigned 
to the electronic transitions of the two conformers of MC by UV-UV 
hole-burning (HB) spectroscopy, but the assignment of the two 
conformers was not done at that time. Figures 1 (b) and (c) show the 
mass-selected 2C-R2PI spectra of MC obtained with the ionization 
wavelength of 205.75 nm (48600 cm-1) and 202.0 nm (49500 cm-1), 
respectively. The spectra were measured by the nanosecond laser, 
where the delay time between the pump and probe lasers is fixed at 
zero nanosecond. As seen in Figure 1 (b), neither band A nor band B 
is observed but a new strong band C emerged at 33960 cm-1. In Figure 
1 (c), on the other hand, all the bands A, B, and C appeared. These 
results indicate that band C is the electronic state different from 
bands A and B, and such the state has not been observed in either p-
HMC or p-MMC. 

4.2. Assignment of conformer and electronic transitions

To assign the observed electronic transitions of MC, we calculated 
stable structure and adiabatic excitation energies by DFT, TD-DFT and 
SAC-CI methods. The structures in S0, 1ππ* and 1nπ* and the 
adiabatic excitation energies were calculated at the B97X-D/6-
311G(d, p) and SAC-CI/6-311G(d) Lv5 level of theories. As was 
described above, MC has two conformers (TC and TT). Their 
structures and relative energies in S0 are shown in Supporting 
Information (Figure S1). In S0, TC is most stable and TT is 350 cm-1　

higher. 
     The zero-point energy (ZPE) corrected adiabatic excitation 
energies of TC conformer are listed in Table 1. Also listed are the 
energies of the observed (0,0) band of each species. As seen in the 
table, both theoretical calculations predict the lowest singlet excited 
state to be 1nπ* and second to be 1ππ*. So, it is quite possible that 
bands A and B are assigned to the 1nπ* state of the two conformers 
of MC, and band C to the 1ππ* state. The obtained stable structures 
of the S1(1nπ*) and S2(1ππ*) sates of the MC conformer are shown in 
Supporting Information (Figure S2). As seen in Figure S2, S2(1ππ*) has 
a planar structure, while in S1(1nπ*) C7 is slightly tilted out-of-plane 
around the C4-C6 axis. 
     Since we expect two bands for the 1* state corresponding two 
conformers, we also performed the geometry optimization for the 
1* and 1nπ* states of the TT conformer of MC and tried to calculate 
its 0-0 transition energies. However, we could obtain only the 
adiabatic energy of the 1nπ* state, and a stable structure was not 
found for the S2(1ππ*) state in either ωB97X-D/6-311G(d, p) level or 
SAC-CI/6-311G(d) level of theories for TT nearby its Franck-Condon 
region. Actually, the calculation at ωB97X-D/6-311G(d, p) level shows 
that the 1* state of TT is unstable and collapses into a conical 
intersection having a C=C twisted structure without experiencing any 
barrier. This is consistent with the experimental result that we 
observed only band C in the 2C-R2PI spectrum in Figure 1 (b). So, 
band C can be assigned to the 1ππ* state of the TC conformer. In this 
figure, there is a weak band at 34210 cm-1. It is not clear whether this 
band is the vibronic bands belonging to band C or the band origin of 
the TT conformer. Another possible reason of non-appearance of 
S2(1ππ*) of the TT conformer is the short lifetime. As will be discussed 
later, the lifetime of band C is equal to or shorter than 10 ps. If the 

band of TT has a shorter lifetime, the band intensity would be very 
weak in Figure 1 (b).
      We then compare the adiabatic energies of the excited states 
between TC of MC and anti-TC conformer of p-HMC as well as p-
MMC in Table 1. In both p-HMC and p-MMC, anti-TC is the most 
stable conformer in S0. 40, 41 The calculated results in this table show 
that the order of the energies between 1nπ* and 1ππ* of MC is 
opposite to that of p-HMC and p-MMC. Actually, in p-HMC and p-
MMC, we observed only the 1ππ* state as S1 and the 1nπ* state was 
not observed, due to that the weak S0 → S2(1nπ*) absorption is buried 
by the strong S0 →S1(1ππ*) absorption in those molecules.38-42,55 In 
the table, we can see clearly the effect of the substitution to phenyl 
ring on the electronic states; the energy of the 1ππ* state becomes 
lower upon the substation, while that of the 1nπ* remain the same. 
Thus, it is quite possible that in MC the 1nπ* state is S1 and the 1ππ* 
state is S2, and this is the reason why we could detect the 1nπ* state 
of MC. This finding is also commented in our previous paper on 
sinapic acid that the substitution to the phenyl ring lowers the 1ππ* 
energy while the energy of 1nπ* is less affected.44

    For the secure assignment of the observed electronic transitions 
of MC, we measured the ionization energies from bands A, B and C. 
Figure 1 (e) shows the ionization efficiency curve from band C, and 
Figure 1 (f) shows that from bands A and B. In Figure 1 (e), an 
ionization threshold is seen at ν2 = 35130 cm-1, corresponding to the 
ionization energy of 69090 cm-1. On the other hand, the ionization 
threshold from bands A and B is observed at ν2 = 48280 cm-1. This 
energy is much higher than that of band C, and the ionization energy 
is obtained to be 81610 cm-1. The result means that bands A and B 
are correlated to the excited state of the ion. We then calculated the 
adiabatic ionization potential for D0, D1(π-1) and D2(n-1) at the SAC-CI-
NV/6-311G(d, p) Lv5 level. The calculated D0 energy is 67107 cm-1, 
and D2(n-1) - D0(π-1) energy gap is 10767 cm-1. The calculated D0 

reasonably agrees with the obtained ionization energy from band C 
(69090 cm-1), and the D2(n-1) - D0(π-1) gap also agrees that of the 
difference of the ionization energies from band A (band B) and band 
C, 12520 cm-1. Thus, the electronic state corresponding to band C is 
ionized to D0(π-1) and band A (band B) to D2(n-1), and we conclude 
that the bands A and B are the band origins of the 1nπ* state of the 
TT and TC conformers, respectively, and band C to the origin of 1ππ* 
state of TC. Figure 1 (d) shows the scaled adiabatic excitation 
energies of MC for S1(1nπ*) and S2(1ππ*). It should be noted this 
study is first case of the direct observation of the 1nπ* state among 
cinnamate family.

4.3. Lifetime measurement and nonradiative decay process
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We then measured the excited state lifetimes and investigated NRD 
route. In Figure 1 (a), the fluorescence decay lifetimes are given for 
“A (0,0)”, “(0,0) + 46 cm-1”, “(0,0) + 92 cm-1 ” and “B (0, 0)” bands. The 
observed decay profiles are shown in Supporting Information (Figure 
S3). The fluorescence lifetimes of higher vibronic bands rapidly 
become short and those above 33400 cm-1 are too short to be 
obtained. This result indicates that intersystem crossing (ISC) channel 
to the T1 state is open even at low energy region of the S1(1nπ*) state. 
    We next discuss the NRD from the S2(1ππ*) state. Figure 2 (a) 
shows time profile of band C obtained by picosecond (ps) UV-UV’ 
pump-probe spectroscopy. Here, ν1 and ν2 are fixed to band C and 
41140 cm-1 (243.1 nm), respectively. The time profile was the same 
even if we used different ionization laser frequencies (ν2), indicating 
the profile to be the decay of band C. The red circles are observed 
pump-probe ion signals and the black solid curve are convoluted 
decay curve fitted by assuming a single exponential decay of τ = 10 
ps with laser pulse width (FWHM) of 12 ps. This lifetime is the 
shortest one that we can obtain with our ps laser system so that true 
lifetime may be shorter than 10 ps. This short lifetime means that the 
S2(1ππ*) lifetime can be controlled mainly by internal conversion (IC) 
to S1(1nπ*). 
    We further applied nanosecond (ns) UV-Deep UV pump-probe 
spectroscopy to detect the transient state produced after the decay 
of S2. Figure 2 (b) shows the ionization efficiency curve of the 
transient state. Here, ν1 is fixed at band C and ν2 is scanned, with 
delay time t = 15 ns. The ion intensity gradually increases at ν2 ~ 
47300 cm-1. By assuming that the transient state can be ionized to D0 
and using the experimentally obtained D0, we determined the energy 
of the transient state to be 21790 cm-1. This value is similar to those 
of the T1(3ππ*) state of p-HMC (19020 cm-1)43 and p-MMC (16577 cm-

1)42 reported in our previous papers. In addition, Herkstroeter and 
Farid reported the T1 energy of MC to be 54.8 kcal•mol-1 (19170 cm-

1) by T-T transfer in solution.56 Their value is also in good agreement 

with that of the present transient state. We calculated the structure 
of the T1 state at ωB97X-D/6-311G(d, p) level. The calculated T1 has 
the ππ* character and the 0,0 transition energy is obtained to be 
17751 cm-1. Although this value is a little bit smaller than the 
experimental one, we can assign the transient state to be T1(3ππ*). 
    Figure 2 (d) shows time profile of the T1(3ππ*) state, where ν1 is 
fixed at 33960 cm-1 (band C) and ν2 is set at 49260 cm-1 (203.0 nm) 
respectively. The deconvolution of the decay curve fitted by a single 
exponential decay gives a lifetime of τ = 20 ns. This lifetime is 
comparable to those of p-HMC (24 ns)43 and p-MMC (20-27 ns).42 
Figure 2 (b) shows the energy level diagram and excitation/relaxation 
scheme of MC. As seen in Figure S2, T1(3ππ*) has the structure in 
which the dihedral angle between C1-C2 and C3-C4 is rotated by 90.2°, 
suggesting the transient structure for the isomerization. From these 
results, it is concluded that the NRD route of MC from S2(1ππ*) is 
“S2(1ππ*) → S1(1nπ*) → T1(3ππ*) → S0(trans or cis)”, similar to other 
para-substituted cinnamates.42, 43

4.4. Effect of hydrogen-bonding on the energies and lifetimes of 
the excited states

The effect of H-bonding on the electronic structure and NRD of MC 
has been also investigated by generating the 1:1 cluster with 
methanol (MC-MeOH). Figures 3 (a) and (c) show the LIF and 2C-R2PI 
spectra of bare MC, respectively, and (b) and (d) show the LIF and 2C-
R2PI spectra of the MC-MeOH complex measured by adding 
methanol vapor. Here, the ionization laser (UV’) is fixed to 205.75 nm 
(48600 cm-1) in both measurements. At this UV’ frequency, an 
extensive fragmentation occurs for MC-MeOH after the ionization, 
so that we collected the sum of ion signal of the masses of MC and 
MC-MeOH in Figure 3 (d). 
    In Figure 3 (b), vibronic bands with the origin of A’ at 33220 cm-1 
and band C’ at 33720 cm-1 emerged. The LIF spectrum of (b) is 

Fig. 2 (a) Time profile of band C, observed by ps UV-UV’ pump-probe spectroscopy. (b) Energy levels diagram of MC and excitation/ 
relaxation schemes. (c) Ionization efficiency curve of the transient state observed by ns UV-Deep UV pump-probe spectroscopy, 
where the delay time is fixed at 15 ns. An arrow indicates the threshold of the ionization. (d) Time profile of the transient state 
(T1) observed by ns UV-Deep UV pump-probe spectroscopy. 
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essentially the same with that reported by Ebata et al.,26 and the 
appeared bands are assigned to the MC-MeOH 1:1 complex. Band A’ 
is 70 cm-1 red-shifted from band A of bare MC. This band is not 
observed in 2C-R2PI spectrum of Figure 3 (d), so that we assign band 
A’ to the origin of the 1nπ* state. 
    On the other hand, band C’ appeared in Figure 3 (b) also strongly 
appears in Figure 3 (d), so that this band is assigned to the origin of 
the 1ππ* state, which is 230 cm-1 red-shifted from band C. The reason 
of the appearance of band C’ in the LIF spectrum will be soon 
discussed. Figure 3 (e) shows the ionization efficiency curve from 
band C’. A threshold is seen at νUV’ = 35200 cm-1, and the ionization 
potential of the cluster is obtained to be 68730 cm-1. This value is 360 
cm-1 lower than that of MC (69090 cm-1). The rather small difference 
of D0 values between them can be described as follows. In the MC-
MeOH, methanol is H-bonded to lone-pair electron of C=O group of 
MC, while the ionization is the removal of the π-electron of phenyl 
group, so that the H-bonding to C=O will not affect on this ionization 
process. The calculated D0 energy is 70260 cm-1 and this value 
reasonably agrees with the observed one (68730 cm-1). In addition, 
the most stable structure of MC-MeOH calculated at B97X-D/6-
311G(d, p) level is shown in Figure 3 (d) and detailed structure is 
shown in Supporting Information (Figure S1). As is expected, the OH 
group of MeOH is H-bonded to the C=O as a proton donor and the 
oxygen of MeOH is bonded to CH of the propenyl group. This 
structure is very similar to p-MMC-H2O reported in our previous 
study41. In p-MMC-H2O, the 1ππ* transition of p-MMC-H2O is red-
shifted by ~ 200 cm-1 from bare p-MMC. 

To investigate the H-bonding effect on NRD process, we 
measured fluorescence lifetime of MC-MeOH for the 1nπ* state in 
Figure 3 (b) and the 1ππ* state in Figure 3 (e). The decay profiles of 
the vibronic bands of the 1nπ* state are shown in Supporting 
Information (Figure S4). The lifetime of 1nπ* state in MC-MeOH at v 
= 0 level (band A’) is 7.0 ns and almost same with that of bare MC 

(band A). However, the lifetimes of the vibronic bands show little 
excess energy dependence. This result suggests that the H-bonding 
at the C=O group inhibits the 1nπ* → T1 ISC. Figure 3 (e) shows the 
lifetime measurement of band C’ by ps pump-probe spectroscopy. 
The 243.1 nm (41140 cm-1) is used for the ionization. The 
deconvolution of the decay profile fitted by a single exponential 
decay gives a lifetime τ= 180 ps. Thus, the S2(1ππ*) lifetime of MC-
MeOH is more than 18 times longer than bare MC, indicating that the 
H-bonding to the C=O group suppresses the “1ππ* → 1nπ*” IC. This is 
the reason why band C’ appeared in the LIF spectrum of Figure 3 (b). 
The suppression of IC in the complex is understood by that the 
stabilization energy of 1ππ* by H-bonding (230 cm-1) is larger than 
that of 1nπ* (70 cm-1), so that the barrier height of 1ππ* → 1nπ* IC 
becomes higher than bare MC as shown schematically in Figure 3 (g). 

4.5. Fluorescence spectra of MC and p-MMC in solution

The finding of above gas-phase experiment suggests that the 
fluorescence of MC in methanol solution will be stronger than that in 
nonpolar solvent. So we examined this expectation for MC in solution 
and compared with those of p-MMC and p-HMC. 
    Left panel of Figure 4 (a) shows the absorption spectrum of MC and 
p-MMC in cyclohexane solution, and that of Figure 4 (b) the 
absorption spectrum of MC, p-MMC, and p-HMC in methanol 
solution. The absorption spectrum of p-HMC in cyclohexane could 
not be obtained due to the low solubility under the experimental 
condition with the concentration of 10-3 M The absorption in the 250-
350 nm region is attributed to the S0 → 1ππ* transition. As seen in 
the spectra, the absorption intensity is almost the same for the three 
molecules, irrespective of the solvent. Right panel of Figure 4 (b) 
shows the fluorescence spectra of MC and p-MMC. As seen in the 
spectra, the fluorescence intensity of MC is four times weaker than 
that of p-MMC. This situation differs in methanol. The fluorescence 
intensity of MC at right panel of Figure 4 (b) is half of p-MMC or p-

Fig. 3. LIF spectrum of (a) bare MC, and (b) MC-MeOH (1:1) complex. The fluorescence lifetimes of several bands are also shown 
in (b). 2C-R2PI spectrum of bare (c) MC and (d) MC-MeOH (1:1) complex. Here, a sum of the masses of MC-MeOH and bare MC 
are plotted in (d) (see text). (e) Ionization efficiency curve from band C’. (f) ps pump-probe time profile of band C’. (g) Schematic 
potential curves of 1ππ* and 1nπ* of MC and MC-MeOH (1:1) complex (see text). 
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HCM. That is, the fluorescence intensity of MC in methanol solution 
is two times stronger than that in cyclohexane. However, such the 
solvent dependence is not seen in p-MMC. The weakness of the 
fluorescence of MC in cyclohexane is due to that cyclohexane is a 
non-polar solvent so that the 1nπ* state is thought to be ally lower 
than that of the 1ππ* state. In this case, MC excited to the optically 
bright 1ππ* state will relax immediately to 1nπ* by IC and become 

less-fluorescent. On the other hand, the gas-phase experiment 
revealed that the H-bonding of methanol to the C=O group of MC 
prohibits the “1ππ* → 1nπ*” IC. Thus, the 1ππ* state of MC becomes 
more fluorescent in methanol solution. Such the solvent effect does 
not occur in p-MMC or p-HMC.  This is because the adiabatic energy 
of 1ππ* is lower than 1nπ in these molecules as seen in Table 1, and 
the H-bonding does not change this order. Actually, we observed that 
the H-bonding of H2O to the C=O group shorten the 1ππ* lifetime in 
p-MMC.41 Thus, the situation of IC p-MMC and p-HMC may be similar 
in two solutions.

4.6. Cold matrix-isolated FTIR experiment

In addition to above study, we carried out low temperature matrix 
isolated FTIR spectroscopy in order to identify the photoproduct 
after UV irradiation of MC. All of the FTIR spectra are shown in 
Supporting Information (Figure S5). By measuring the difference FTIR 
spectrum of MC before and after the UV irradiation at UV > 300 nm, 
we confirmed the production of cis-isomer after the UV irradiation 
to trans-MC by identifying its typical vibrations, such as propenyl C=C 

stretching at 1640 cm-1. Therefore, it is clear that the trans → cis 
photoisomerization occurs in MC after UV irradiation, similar to the 
cases of p-MMC19 and HMC.43

Conclusions
The electronic states and NRD process of bare MC and MC-MeOH 
complex have been investigated under jet-cooled gas phase 
condition. In the LIF spectrum, two transitions with the origin bands 
A and B, were observed and are assigned to the S0 → S1(1nπ*) 
transition of TC and TT conformers, respectively. While in 2C-R2PI 
spectra, a new band C appeared at higher frequency region, which is 
assigned to the S2(1ππ*) of the TC conformer. From the lifetime 
measurement, we found that S1(1nπ*) decays to T1 by ISC even at low 
energy (~ 50 cm-1). The 0,0 band of S2(1ππ*) (band C) decays within 
10 ps to S1 by IC and relaxes via the “S2(1ππ*) → S1(1nπ*) → T1(3ππ*) 
→ S0” route. The S2(1ππ*) lifetime is elongated more than 18 times 
in MC-MeOH complex, indicating the H-bonding to the C=O group of 
MC prohibits the “S2(1ππ*) → S1(1nπ*)” IC. This effect leads to the 
larger fluorescence quantum yield of MC in methanol solution than 
in cyclohexane solution. 
    From the present study and our previous studies, it is found that 
the substitution to the phenyl group considerably changes the 
relative energy between 1ππ* and 1nπ* of cinnamates although all 
the species exhibit trans → cis isomerization. In our previous paper, 
we showed that the trans → cis isomerization occurs via different 
routes in the structural isomers in HMC.43 In that sense, the 
isomerization seems to be a robust reaction occurring with different 
manner in different kind of cinnamates. Finally, the present study on 
the photochemical behavior of cinnamates will provide a useful 
guideline to design photofunctional cinnamate derivatives.
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Notes and references

Fig. 4. (a) (left) Absorption spectra of MC and p-MMC in 
cyclohexane solution at room temperature. (right) Fluorescence 
spectra of MC and p-MMC measured by exciting their absorption 
maxima. The concentration is 10-4 M in both measurements.  (b) 
(left) Absorption spectra of MC, p-HMC, and p-MMC in methanol 
solution at room temperature. (right) Fluorescence spectra of 
MC, p-HMC, and p-MMC measured by exciting the absorption 
maximum of each species. The concentration is 10-4 M for all the 
measurements.
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