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Abstract: An experimental and theoretical study has been carried out to elucidate the
nonradiative decay (NRD) and trans (E) → cis (Z) isomerization from the S1 (1ππ*) state of
structural isomers of hydroxy methylcinnamate (HMC); ortho-, meta- and para-HMC (o-, mand p-HMC). A low temperature matrix-isolation Fourier Transform Infrared (FTIR)
spectroscopic study revealed that all the HMCs are cis-isomerized upon uv irradiation.
Variety of laser spectroscopic methods have been utilized for jet-cooled gas phase molecules
to investigate the vibronic structure and lifetimes of the S1 state, and to detect the transient
state appearing in the NRD process. In p-HMC, the zero-point level of the S1 state decays as
short as 9 ps. A transient electronic state reported by Tan et al. (Faraday Discuss. 2013, 163,
321–340) was reinvestigated by nanosecond UV-tunable deep UV pump-probe spectroscopy
and was assigned to the T1 state. For m- and o-HMC, the lifetime at zero-point level of S1 is
10 ns and 6 ns, respectively, but becomes substantially shorter at an excess energy higher than
1000 cm-1 and 600 cm-1, respectively, indicating the onset of NRD. Different from p-HMC,
no transient state (T1) was observed in m- nor o-HMC. These experimental results are
interpreted with the aid of TDDFT calculations by considering the excited-state reaction
pathways and the radiative/nonradiative rate constants. It is concluded that in p-HMC, the
trans → cis isomerization proceeds via a [trans-S1 → 1nπ* → T1 → cis-S0] scheme. On the
other hand, in o- and m-HMC, the isomerization proceeds via a [trans-S1 → twisting along
the C=C double bond to 90° on S1 → cis-S0] scheme. The calculated barrier height along the
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twisting coordinate agrees well with the observed onset of the NRD channel for both o- and
m-HMC.

TOC figure and sentence: Upon the uv excitation, meta- and ortho-hydroxy
methylcinnamate (m-, o-HMC) isomerize via [trans-1ππ* → TS→ cis-S0 ] route, while
para-HMC(p-HMC) isomerizes via [trans-1ππ* → 1nπ* → T1(3ππ*) → cis-S0] route.

1. Introduction
The electronic structure and nonradiative decay (NRD) of the excited states of
coumaric acid and its derivatives have attracted attention for their unique photoreactivity.1–4
Some of the experimental and theoretical studies address the issue of Photoactive Yellow
Protein (PYP) found in Halorhodospina halophila, where the trans (E)

→ cis

(Z)

photoisomerization of p-coumaric acid triggers its negative phototaxis behavior against blue
light.5–8 The chromophore was studied in order to elucidate the role of the hydrogen-bond
network9–12 and of proton transfer,13,14 as well as of the partially anionic form, under the
3
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protein environment.15–19 However, different excited state dynamics of the chromophore is
expected between the gas phase and the protein environment due to the inscrutable 1nπ*
state.20–22
Gas-phase spectroscopic study on methylcinnamate was first performed by Ebata et al.
to elucidate the Diels-Alder reaction mechanism.23,24 They observed a strong correlation
between the S1 lifetime and the excess photon energy, suggesting that the correlation is
related to the barrier of NRD to the 1nπ* state. On the other hand, Lewis et al. studied the
influence of a molecular structure that blocks the double bond twist (or Rotation Blocked –
Methylcinnamate) on the excited state dynamics by picosecond fluorescence spectroscopy.25
They reported that the photoisomerization could occur in the singlet excited state via direct
isomerization or internal conversion (IC). Similar results were obtained by femtosecond
transient absorption spectroscopy.26
Instead of the prototype cinnamate, substituted cinnamates have been extensively
studied experimentally and theoretically. The hydroxy methylcinnamate (HMC) and methoxy
methylcinnamate (MMC) series have been studied computationally by Ehara and coworkers,
who suggest that the energy barrier for NRD may come from the double bond twist in the S1
state and that the barrier height depends on the substituted position.27,28 In addition, another
NRD pathway via IC to the 1πσ* state has also been theoretically suggested for caffeic acid,
which has a catechol-like ring structure, by Karsili et al.29 Experimentally, Buma and

4

Page 4 of 51

Page 5 of 51

Physical Chemistry Chemical Physics

coworkers measured the S1-S0 electronic spectra of p-HMC and p-MMC in the gas phase
under jet-cooled conditions.30,31 They found a transient electronic state with lifetime of 29.3
and 27 ns for p-HMC and p-MMC, respectively, by using nanosecond pump-probe
spectroscopy with a 193 nm ArF laser for the probe ionization. They suggested that the
observed transient state may be the 1nπ* state generated by IC from S1. However, Ebata and
coworkers reported a conflicting result by measuring the S1 lifetime of p-MMC and its 1:1
complex with H2O. They found that hydrogen-bonding to the carbonyl oxygen shortens the
S1 lifetime compared to the monomer, although the calculated potential energy curves
predicted a larger barrier height for the S1-1nπ* potential curve crossing in the complex.32 In
addition, They reported that hydration of the OH group of p-HMC increases the S1 lifetime
by three orders of magnitude.33 As a result of these findings, Cui and coworkers recently
reported a MS-CASPT2//SA-CASSCF study on p-HMC, p-MMC and their 1:1 complex with
water.34,35 They suggested that two competing NRD pathways for S1 exist: IC to 1nπ* and
direct isomerization on the S1 surface. The former is dominant for the monomer and the latter
for the complex. The IC decay route from S1 (ππ*) to 1nπ* in cinnamate derivatives has been
widely supported by several groups.36–38 Very recently, Ebata and coworkers carried out an
experiment similar to that of Buma et al. for p-MMC with a tunable deep UV (DUV) laser for
the ionization scheme to assign the transient state.39 With an aid of theoretical calculations,
they concluded that the observed transient state is the T1 state generated by the successive [S1
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→ 1nπ* → T2 → T1] decay process, where the whole process to generate T1 is completed
within 1 ns. Furthermore, Ebata et al. confirmed the formation of the cis-cinnamate as a final
product upon the UV irradiation of p-MMC by low-temperature matrix-isolation FTIR
spectroscopy.40 However, it is not still clear whether the latter route, direct isomerization on
the S1 surface, exists in some cinnamate derivatives.
In this paper, we report our study of the photochemistry of the structural isomers of
HMC, o-, m- and p-HMC, under cold isolated conditions in Ne matrix and in the gas phase to
elucidate the substitution effect on the mechanism of isomerization. Low-temperature
matrix-isolation FTIR spectroscopy was utilized to investigate the photoproduct after UV
excitation. A comparison of the observed IR spectra of the products with calculated spectra
from density functional theory (DFT) revealed that all the species isomerize upon the uv
irradiation. On the other hand, the lifetime of the S1 state shows remarkable difference
between p-HMC and m-, o-HMC; the S1 lifetimes of m-, o-HMC are ~1000 times longer than
p-HMC at zero-point vibrational level and show clear onset of lifetime shortening at an
excess energy of 1000 cm-1 in m-HMC and 600 cm-1 in o-HMC.

A nanosecond UV- tunable

DUV pump-probe spectroscopic measurement revealed the appearance of the transient T1
state in p-HMC but not in m-, or o-HMC. The experimentally observed NRD and
isomerization processes are analyzed by systematic NRD pathway search calculations
combined with time-dependent density functional theory (TDDFT) by use of the global
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reaction route mapping (GRRM) method41,42. Based on these studies, we discuss the possible
mechanisms of NRD leading to trans → cis photoisomerization for o-, m- and p-HMC.
2. Experimental
2.1 Laser spectroscopy and S1 lifetime measurement in the gas phase
The experimental setup used for the laser spectroscopy has been described
previously.32,33,39 Briefly, solid HMC in a sample housing attached to the head of a pulsed
nozzle was heated for vaporization and diluted with He carrier gas at a total pressure of 1.5
bar. The gaseous mixture was expanded into vacuum through the 1 mm orifice of a pulsed
nozzle to produce a supersonic free jet. The S1-S0 electronic spectra were recorded by laser
induced fluorescence (LIF) and mass-resolved resonance two photon ionization (R2PI)
spectroscopic methods.
In the LIF measurement, tunable UV laser light was generated by second harmonics
generation (SHG) of the output of a Nd3+:YAG laser-pumped dye laser (Lambda Physik
Scanmate/Continuum Surelite II) and was introduced into the vacuum chamber to cross the
supersonic free jet ~20 mm downstream of the orifice. The LIF spectra were obtained by
detecting the total fluorescence with a photomultiplier tube as a function of the UV frequency.
UV-UV hole-burning (UV-UV HB) spectroscopy by using hole-burn (HB) and probe lasers
was carried out to discriminate the bands of coexisting isomers. The UV-UV HB spectra are
obtained as depletions in the fluorescence intensity due to ground state depopulation induced
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by the HB laser. Mass-resolved R2PI measurements were performed in a molecular beam
vacuum chamber. The supersonic free jet was skimmed by a skimmer located 50 mm
downstream of the nozzle and the molecules in the beam were ionized by R2PI via the S1
state. For o-HMC and m-HMC, a two-color (2C) R2PI scheme was necessary because in both
cases the S1 electronic state is located at less than half of the first ionization potential (IP0).
The ions were mass-selected using a time-of-flight (TOF) spectrometer and detected with a
channeltron. The R2PI spectra were obtained by plotting the mass-selected ion signal as a
function of the UV frequency. The lifetimes of the vibronic levels in the S1 state were
obtained by either the nanosecond or the picosecond pump-probe spectroscopic
measurement.
The experimental setup for the picosecond time-resolved pump-probe spectroscopy has
been described in our previous papers.32,33 Briefly, two tunable picosecond UV pulses with
different wavelengths were obtained by second harmonic generation (SHG) of two optical
parametric generation/optical parametric amplifier (OPG/OPA) systems (Ekspra PG401SH)
pumped by a same mode-locked picosecond Nd:YAG laser (Ekspra PL2143S). The two UV
laser pulses, one is for pump (ν1) and the other is for probe (ν2), were introduced to the
vacuum chamber to cross the molecular beam at right angle as a counter propagated manner.
The delay time of the two laser pulses was controlled by an optical delay line. The spectral
resolutions of the uv laser lights are 5 cm–1. The decay profiles were analyzed by
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deconvolution by assuming Gaussian shape for both pulses with the width (FWHM) of 12 ps.
The pulse width and t = 0 of the delay were determined by fitting the time profile of the rise
of the pump-probe ion signal.
For nanosecond uv(UV) - deep uv(DUV) pump-probe spectroscopy, DUV light in the
range of 198 – 230 nm was generated by sum-frequency mixing (SFM) of 1064 nm and 243
− 294 nm output with a BBO crystal: the fundamental of a YAG laser and a
frequency-doubled output of a dye laser pumped by the YAG laser is overlapped on the
crystal after adjusting the size and the delay of the two laser beams.39 The decay profiles were
analyzed by deconvolution using Gaussian shape pump and probe pulses with the width
(FWHM) of 6 ns. The pulse width was determined by fitting the decay profile of the higher
energy vibronic band having a lifetime shorter than 1 ns.
p-HMC (> 96% in purity) was purchased from TCI chemicals and used without further
purification. o-HMC and m-HMC were synthesized by the Wittig reaction of hydroxy
benzaldehyde and methyl diethylphosphonoacetate. 43 K2CO3 (3.876 g) was slowly added to a
mixture of o-hydroxy benzaldehyde (3.43 g, 28.1 mmol) and methyl diethylphosphonoacetate
(5.09 mL, 36.3 mmol) in toluene (50 mL) and refluxed at 100 °C for 5 hours. After
completion of the reaction, 60% NaH was added to neutralize the solution. The crude product
was washed with brine, dried with MgSO4, and recrystallized in methanol to give white
powdery o-HMC (3.90 g, 78% yield). Similarly, K2CO3 was added slowly to a mixture of
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m-hydroxy benzaldehyde (3.43 g, 28.1 mmol) and methyl diethylphosphonoacetate (5.09 mL,
36.3 mmol) in THF (50 mL) and refluxed at 70 °C for one night. After the reaction was
completed, NH4Cl was added to neutralize the solution. The crude product was washed with
water and ethyl ether, dried with MgSO4, and recrystallized in methanol to give white
powdery m-HMC (4.10 g, 82% yield).
2.2 Low-Temperature Matrix-Isolation FTIR Spectroscopy
The HMC powder was vaporized at 302 K and deposited with Ne gas on a CsI plate
cooled by a closed-cycle helium refrigerator (Iwatani, Cryo Mini) at 6 K. Two hours were
required to prepare the matrix sample. The IR spectra of the matrix-isolated samples were
recorded in the range of 700–4000 cm-1 using an FTIR spectrophotometer (JEOL,
SPX200ST) with an accumulation number of 100. The spectral resolution was 0.5 cm-1. A Xe
lamp (Asahi Spectra, MAX-301uv) was used as the UV light source and was narrowed by
using short-wavelength cutoff filters.
3. Theoretical calculations
3.1 Conformation search in the S0 states
Quantum chemical calculations were performed using the Gaussian 09 program
package.44 All conformations of the trans(E)-isomer were optimized under Cs symmetry,
while those of the cis(Z)-isomer were optimized under Cs and C1 symmetries. Several DFT
approaches such as B3LYP,45,46 CAM-B3LYP47 with the 6-311++G(d, p) basis set ,
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M05-2X48 with the 6-31+G(d) basis set and PBE0 with the cc-pVDZ basis set were tested for
the electronic ground state to validate the conformational stabilities and IR spectra. The
B3LYP-calculated IR spectra best reproduced the experimental ones. Therefore, we adopted
the B3LYP/6-311++G(d, p) level of theory for the computational results. The obtained
harmonic frequencies were scaled so that the IR frequency of the CO stretch of ester group at
~ 1170 cm-1 is equal to the observed one in each species. The cis-isomer of HMCs is ~1700
cm-1 higher in energy than the trans-isomer, and the barrier height for interconversion
between them is higher than 10000 cm-1. The relative energy as well as the energy barrier
allowed us to postulate that only the trans-isomer is present in the sample matrix before
irradiation with UV light.
3.2 Vertical ionization energy by the SAC-CI method
For identifying the final states of pump-probe spectroscopy, low-lying electronic states
of the ion of HMCs were calculated using the symmetry-adapted cluster/configuration
interaction (SAC-CI) method.49–53 The vertical ionization potentials were calculated by the
direct SAC-CI non-variational (NV) method54 in LevelFour (Lv4) accuracy.55,56 The
6-311G(d) basis set was adopted for the SAC-CI calculations. All SAC-CI calculations were
carried out using Gaussian 09.41
3.3 Systematic search of the nonradiative decay pathways
We systematically searched NRD pathways from the 1ππ* state. All calculations were
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performed with the development version of the Global Reaction Route Mapping (GRRM)
program interfaced with the Gaussian 0944 or GAMESS 2013.157 quantum chemistry
packages.
For trans-o-HMC, the minimum energy conical intersections (MECIs) between the
adiabatically lowest singlet excited state (hereafter called the S state) and the S0 state around
the 1ππ* minimum (EQs) were found by the single-component artificial force-induced
reaction (SC-AFIR) method.55–57 We applied artificial forces with the model collision energy
parameter γ = 100 kJ/mol. The search was initiated from the 1ππ* minimum which was
obtained by geometry optimization starting from the most stable ground state local minimum,
and AFIR paths for fragment pairs defined for all atom pairs were computed. (See ref. 55-57
for more details of the procedure for the automated MECI search). For the S/S0 MECI search,
we applied spin-flip TD-BHandHLYP theory61 for the initial search. We used the 6-31G(d)
and 6-31G(d,p) basis sets for the structure search and the refinement, respectively. We
obtained 56 MECIs and the ten lowest MECIs shown in Figure S1 in the Supplemental
Information (SI) were further optimized using the 6-311G(d,p) basis set. The MECI between
the 1ππ* and 1nπ* states, and the minimum energy seam of crossings (MESXs) between the
1

ππ* and

3

nπ* or

3

ππ* states nearby the

1

ππ* EQ were

optimized at the

TD-ωB97XD59/6-311G(d,p) level of theory. The characters of the crossing states (e.g., ππ* or
nπ*) were determined by checking the major configurations and the shape of the Kohn-Sham
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orbitals at each MECI and MESX. The geometries of the EQs and transition states (TSs)
along the decay pathways were also optimized at the (TD-)ωB97XD/6-311G(d,p) level of
theory.
For trans-m-HMC, we optimized the geometries of the MECIs, MESXs, EQs, and TSs
along the NRD pathways at the same level of theory as for trans-o-HMC. For trans-p-HMC,
the S0 EQ and the low-lying EQs in the T1 state were optimized at the
UωB97XD/6-311G(d,p) level of theory. We constructed the initial structures for the geometry
optimization of HMCs by substituting the OMe group of the corresponding optimized
structure of trans-p-MMC, obtained in a previous study,39 with the OH group. For o-, m- and
p-HMC, we performed a normal mode analysis at all the optimized EQs and TSs to verify
that the optimized structures converged to the minima or first order saddle points of the
potential energy surface. The connectivity among all the optimized structures was also
confirmed by calculating the intrinsic reaction coordinates (IRC) and the meta-IRC, where
IRC and meta-IRC correspond to the steepest descent paths starting from the first-order
saddle point and those from non-stationary points, respectively.
3.4 Rate constant of the radiative decay and spin-orbit coupling constants
The rate constants of the radiative decay krad were estimated using Fermi’s golden rule.
The krad is represented as a function of the vertical emission energy ħω and the oscillator
strength f(ω) of the 1ππ* state at the EQ,63
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(1)

where e, ε0, me, and c are the elemental charge of the electron, the vacuum permittivity, the
mass of the electron, and the speed of light, respectively. To evaluate the efficiency of the
intersystem crossing (ISC) process, we also calculated the spin orbit coupling constants
(SOCs) at the optimized MESXs using the TD-ωB97XD/6-311G(d,p) level of theory using
the Breit-Pauli spin-orbit Hamiltonian with effective charge approximation,64,66 implemented
in the PySOC program.67,68
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4. Results
4.1 Electronic spectra of the HMC series

Scheme 1. Molecular structures and conformations of the trans form of p-, m- and o-HMC.

Figure 1(a) shows the one-color (1C) R2PI spectrum of the S1-S0 transition for p-HMC
in a supersonic beam. Buma and coworkers described the spectrum as consisting of the
vibronic bands of four conformers:31 Here, the notations syn and anti represent the orientation
of the OH group with respect to the substituent of the ring, and the notations s-cis and s-trans
stand for the internal rotation of the single bond between C=C and C=O.

sTC, aTC, sTT

and aTT, where the first letter indicates the anti or syn orientation of the OH group (rotator1
in Scheme 1), the second one shows the trans or cis configuration of the C(8)=C(10) double
bond, and the third one stands for the s-trans or s-cis configuration of the C(10)-C(12) single
bond (rotator3). Figure S2 in the SI shows the structures and relative energies of the four
conformers in S0 calculated at B3LYP/6-311G(d,p), PBE0/cc-pVDZ, and M05-2X/6-31+G(d)
15
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levels of theory. These calculations show same results for the relative energies. The energy
difference between the anti/syn conformers is very small, while the s-trans conformer is ~300
cm-1 higher in energy than the s-cis conformer. The band at 32710 cm-1 consists of the (0,0)
bands of the sTC/aTC conformers and similarly the band at 32880 cm-1 consists of the (0,0)
bands of the sTT/aTT conformers.

Figure 1 (a) 1C-R2PI spectrum of jet-cooled p-HMC. (b) LIF (upper) and 2C-R2PI (lower) spectra of
jet-cooled m-HMC. The bands marked with capital letters are the origins of different conformers. (c)
LIF (upper) and 2C-R2PI (lower) spectra of jet-cooled o-HMC. The bands marked with small letters
are the origins of different conformers. In (b) and (c), the R2PI spectra were obtained by fixing the
wavelength of the ionization laser at 225.0 nm (44440 cm-1).

Figures 1(b) and (c) show the LIF (upper) and 2C-R2PI (lower) spectra of jet-cooled
m-HMC and o-HMC, respectively. In the R2PI measurement, the wavelength of the
16
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ionization laser is fixed at 225.0 nm (44440 cm-1). The capital letters in (b) and the small
letters in (c) indicate the coexisting conformers of m-HMC (Figure S3 in the SI) and o-HMC
(Figure S4 in the SI), respectively, both revealed by the UV-UV HB spectroscopic
measurements. As shown in Scheme 1, eight conformers are possible for both m-HMC and
o-HMC due to the addition of the rotation along the C(3)-C(8) axis (rotator 2, Scheme 1).
Thus, we add one more labeling letter to discriminate the conformers, e.g., TTTC. The
structures and relative energies of the eight conformers of m-HMC are also shown in Figure
S3. The assignment of the observed vibronic bands to these conformers is difficult because of
the lack of the structural information available in an electronic/vibrational spectrum. For
o-HMC, only two conformers are observed due to the steric hindrance between the two
substituents. The S0 stability (Figure S4) implies that these two conformers correspond to the
two lowest energy conformers, TTTC and TCTC at the PBE066/cc-pVDZ level as well as at
the B3LYP/6-311++G(d, p) and M05-2X/6-31G(d) levels. In addition, the calculated vertical
excitation energy of TTTC is lower than that of TCTC (Figure S4), so that the species with
band a can be assigned to TTTC and band b to TCTC. In the LIF and R2PI spectra, sharp
vibronic bands can be identified up to ~1500 cm-1 above the (0,0) band for both m-HMC and
o-HMC. In the region higher than ~1500 cm-1, the bands become broad and weak due to fast
intramolecular vibrational energy redistribution (IVR) and NRD. Even in the R2PI spectra
recorded by the nanosecond laser, the spectra show rather broad features.

17
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4.2 S1 lifetimes and nonradiative decay routes
4.2.1 p-HMC
Figure 2(a) and 2(b) shows the time profiles of the (0,0) band and the band at 32900
cm-1 of p-HMC obtained by picosecond pump-probe spectroscopy. In this measurement, we
used higher frequency for probe ionization , 39530–41150 cm-1 (253.0–243.0 nm),
previous study. 33

than the

In the previous study, the ionization laser frequency fixed at 32590 cm-1

(308.6 nm), which is ~300 cm-1 higher than the IP0. This frequency may be not high enough
to ionize all the levels when IVR occurs at higher vibronic levels or to detect transient
electronic states. However, as seen in the figures, only a fast decay component with a lifetime
of 8 or 9 ps is observed, and no slower decay component is identified. These lifetimes are
identical to the previous one.33

The obtained lifetimes, 8 and 9 ps, are shorter than the pulse

width of our picosecond laser system (12 ps), and are the upper limit which can be
determined in our system. Figure 2(c) shows the time profile of p-HMC observed by
nanosecond laser UV-DUV pump-probe spectroscopic measurement, where ν1 is fixed at the
S1 (0,0) band and ν2 is fixed at 50000 cm-1 (200 nm).

Nanosecond laser is not able to

observe the fast decay (9 ps) of the S1 state, but observe slow decay with a lifetime of 24 ns.
For this molecule, Buma and cowrkers also applied nanosecond pump-probe spectroscopy
using 193 nm as the probe laser and observed a transient state with a lifetime of 29 ns.30
They tentatively assigned this transient state to the 1nπ* state. However, they did not

18
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determine the energy of this state relative to S0 and the assignment was not definitive. Our
obtained lifetime is in good agreement with their reported one so that we observe the same
transient state. Figure 2(e) shows the ionization efficiency curve of this transient state and we
obtained the ionization threshold at 46000 cm-1. The decay time profiles of this transient state
were observed at different DUV frequencies (ν2) (See Figure S5 of SI). They show almost
same decay with an average lifetime of 26 ns. Thus, it is concluded that in the picosecond
laser experiment we purely measure the S1 decay, while in the nanosecond laser experiment
observes some transient state having ionization threshold of 46000 cm-1 and the decay
lifetime of 26 ns. Then we discuss an assignment of this transient state below.

19
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Figure 2 (a) (b) Decay profiles of S1(0,0) band and the band at 32900 cm-1 of p-HMC obtained by
picosecond pump-probe spectroscopy. (c) Nanosecond laser UV-DUV pump-probe time profile by
exciting the (0,0) band and probe laser wavelength is set at 200 nm. The profile shows a decay of the
transient (T1) state. (d) The energy level diagram, pump-probe scheme and NRD route of p-HMC. The
ionization potential is taken from ref. 34. (e) The ionization efficiency curve by nanosecond
UV-tunable DUV spectroscopy with ν1 fixed at 32710 cm-1. Here ν2(DUV) is introduced at a delay
time of 10 ns. The arrow indicates the ionization threshold from the T1 state.

Figure 2(d) shows the energy levels of p-HMC, including S1, ionic (D0 and Dn) and
transient states. There are two possible explanations for the observed ionization threshold: (1)
ionization to the excited ionic state (D1 or D2) and (2) ionization to the ground ionic state (D0).
In case (1), the ionization occurs from the 1nπ* state in accordance with the electronic
configuration. Table 1 lists the vertical energies of the D0, D1 and D2 states of HMC series,
20

Page 20 of 51

Page 21 of 51

Physical Chemistry Chemical Physics

obtained by DFT at ωB97XD/6-311G(d,p) and SAC-CI NV/6-311G(d) at Lv4 accuracy
calculations, together with the experimentally obtained D0. As to D0s (IP0s), the DFT
calculation shows a good agreement with the observed ones. For the energies of the excited
states of ions, we adopt the values of SAC-CI method because this method is based on a
multi-state theory.
1

As seen in the table, the ionized state that is optically accessible from the

nπ* state is D2 (n-1) located 13986 cm-1 above D0. The IP0 value of p-HMC was reported in

our previous study to be 65020 cm-1.33 From the experimental IP0 value, the ionization
threshold (46000 cm-1) in Figure 2(e) and the calculated D2-D0 energy gap, the energy of the
1

nπ* state is estimated to be 33000 cm-1. This energy is 290 cm-1 higher than S1. In addition,

as was described in the previous paper,39 since the 1nπ* state is located near the S1 (ππ*) state,
the two states will be strongly coupled with each other so that the 1nπ* state should have the
1

ππ* character and the ionization to D0 becomes possible, as in case (2). This leads that the

energy of the transient state relative to S0 is 19000 cm-1. Such the low energy state should be
the T1 state, as described in our previous paper on p-MMC.39

The time profiles of the

transient T1 state after exciting other vibronic bands and different probe laser wavelengths are
shown in the SI (Figure S5).

The T1 state has an average lifetime of 26 (± 4) ns. Thus,

similar to p-MMC, we conclude that the [S1 → 1nπ* → T1] NRD process occurs in p-HMC in
a timescale of less than a few nanoseconds, and the T1 state decays with a lifetime of 26 ns.
As was described above, we could not detect the 1nπ* state of p-HMC by picosecond
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pump-probe spectroscopy using a higher probe laser frequency. This indicates either that the
lifetime of the transient 1nπ* state is very short or that the probe laser frequency (41670
cm-1 ), which is the shortest UV frequency we can generate with the present picosecond laser
system) , is still not high enough to ionize the state.

Table 1. Vertical ionization energies (cm-1) of the selected excited states of p-, m- and o-HMC
calculated using the ωB97XD/6-311G(d,p) and SAC-CI NV/6-311G(d) at Lv4 accuracy.
Method

State

p-HMC

m-HMC

o-HMC

D0(π-1)

65007

67229

65912

SAC-CI

D0(π-1)

61516

64194

62597

(NV/6-311G(d),

D1(π-1)

74066 (12550 a))

68138 (3944 a))

69339 (6742 a))

Lv4)

D2(n-1)

75502 (13986 a))

76429 (12235 a))

74695 (12013 a))

Experiment

D0(π-1)

65020b)

67623 c)

66165 c)

DFT
( ωB97XD/
6-311G(d,p))

a) Relative energy from D0
b) Ref. 33.
c) This work.
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4.2.2 m-HMC and o-HMC
Before the lifetime measurements, the ionization potentials (IP0) were determined
for m-HMC and o-HMC. Figures 3(a) and (b) show the ionization efficiency curves of
m-HMC and o-HMC from the zero-point energy level of S1, respectively, by the nanosecond
pump-probe experiment. For m-HMC, ν1 is fixed at 31393 cm-1 and the ionization threshold
is recorded at ν2 = 36230 cm-1, which gives 67623 cm-1 for IP0. For o-HMC, ν1 is fixed at
31195 cm-1 and the ionization threshold is recorded at ν2 = 34970 cm-1, giving IP0 = 66165
cm-1. Therefore, both molecules have S1 zero-point energies that are less than half of the
IP0.Thus to carry out the pump-probe experiment the probe frequency must be higher than the
pump frequency. The obtained IP0 values are also listed in Table 1 and are compared with the
vertical ionization potentials calculated by the DFT and SAC-CI method. The DFT calculated
IP0s show excellent agreement with the observed ones.

Figure 3 Ionization efficiency curve of (a) m-HMC from the zero-point vibrational energy level of S1
for isomer A (band A, 31393 cm-1), and (b) o-HMC from the zero-point vibrational energy level of S1
for isomer a (band a, 31195 cm-1). From the thresholds, the IP0 is determined to be 67623 cm-1 for
23
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m-HMC and 66165 cm-1 for o-HMC.

The lower left panel of Figure 4 shows the time profiles of the vibronic bands of S1
for m-HMC observed by nanosecond UV(ν1)-UV’(ν2) and UV(ν1)-DUV(ν2) pump-probe
spectroscopy. Figures 4(a) and (b) show the time profile of (0,0) band with the probe
wavelength of 270 nm (ν2 =37040 cm-1) and 202 nm (DUV), respectively. The two decay
curves are almost identical and can be fitted by a single exponential decay curve with a
lifetime of 10 ns. Thus, in both experiments we observe purely a decay of the S1 state. Figure
4(c) shows a decay profile of band (f) located at 700 cm-1 above (0,0) band showing a decay
lifetime of 6 ns. Figure 4(d) shows a decay profile of band (h) located at 2100 cm-1.

The

profile shows very fast decay whose lifetime is too fast to be determined by the nanosecond
laser. In addition, different from p-HMC it dose not exhibit long lifetime component
attributed to T1 even if we use DUV as a probe laser light (ν2). This suggests that in m-HMC
the T1 state is not generated in the nonradiative decay process. Lower right panel of Figure 4
shows typical decay profile of the higher vibronic levels observed by picosecond pump-probe
experiment with ν2 = 41150 cm-1 (243 nm). This ionization energy is high enough to ionize
the pumped levels as well as the IVR redistributed levels in S1. All the decay profiles can be
fitted by single exponential decay curves. The decay profiles of all the labeled bands in the
R2PI spectrum of Figure 4 are shown in the supplement information (Figure S6).
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Figure 4. (Upper panel) 2C-R2PI spectrum of m-HMC. (Lower panel) (left)(a),(b)Time profile of the
(0,0) bandby the nanosecond pump-probe experiment with different probe laser wavelengths. (c),(d)
Time profile of bands (c) and (h) with 202 nm probe. (right)(e),(f) Time profiles of vibronic bands
by picosecond ump-probe experiment with 243 nm probe. Solid curves are convoluted decay curves
with single exponential decay. Time profiles of other vibronic bands are shown in Supplement
Information (Fig. S6).

Similar measurements have been carried out for o-HMC. Figures 5(a) and (b) are the
time profiles obtained by the nanosecond pump-probe experiment with the probe laser
wavelength fixed at 202 nm. The S1 lifetimes of the vibronic bands of o-HMC are shorter
than those of m-HMC, so that only the lifetime of the zero point level is obtained with the
nanosecond laser experiment. Similar to the case of m-HMC, we do not find a long lifetime
transient state attributed to T1 even by exciting band b at 33430 cm-1 ((0,0) + 2217 cm-1) as
seen in Figure 5(b). The ion signal is attributed to the DUV ionization of the S1 state, the
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lifetime of which is too fast to be determined by the nanosecond laser ionization scheme.
Figures 5(c)-(e) show the time profiles of vibronic bands by picosecond pump-probe
experiment with 243 nm probe. Similar to m-HMC, all the decay profiles are fitted by single
exponential decay curves. The time profiles of the labeled vibronic bands in the R2PI
spectrum in upper panel of Figure 5 are shown in the supplement information (Figure S7).
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Figure 5 (Upper) 2C-R2PI spectrum of m-HMC. (Lower) (a),(b)Time profiles of the (0,0) band and
band (b), respectively, of m-HMC by the nanosecond UV-DUV pump-probe experiment(c)-(e) Time
profiles obtained by picosecond UV-UV’ pump-probe experiment (c–e). Solid curves are the fits to
single exponential decay curves. Time profiles of other vibronic bands are shown in Supplement
Information (Fig. S7).

Figures 6(a) and (b) show the plots of the decay rate constant (k) versus the
excitation (and excess) energy for o-HMC and m-HMC, respectively. It should be noted that
the decay rate constants of o-HMC and m-HMC are much smaller than p-HMC even at an
excess energy of 2500–3000 cm-1. The S1 decay rate constant of p-HMC is 1.1×1011 s-1, even
at the zero-point level. In m-HMC, the decay rate constant shows a remarkable increase at
27
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Eexcess = ~1000 cm-1, indicating an opening of the NRD channel. In o-HMC, a similar onset is
seen at Eexcess = ~600 cm-1. It should also be noted that IVR may occur at high energy and its
effect on the decay profile will be discussed later.

Figure 6 Plots of the decay rate constants of (a) m-HMC and (b) o-HMC as a function of excess
energy.

4.3 Matrix-isolated FTIR experiment
4.3.1 p-HMC
Figure 7(a) shows the FTIR spectrum of matrix-isolated p-HMC before UV
irradiation. The IR spectrum exhibits a strong peak at 1174 cm-1 and other relatively weak
peaks. To reproduce the observed spectrum, the conformational stabilities and IR intensities
were analyzed by comparison with DFT calculations. The calculated structures and relative
energies at the B3LYP/6-311++G(d,p) , PBE0/cc-pVDZ, and M05-2X/6-31+G(d) levels are
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shown in Figure S2 in the SI . The vibrational frequencies are scaled a factor of 0.9941 to fit
the observed IR band of the CO stretch of ester group at 1171 cm-1.

Figures 7(b) and (c) are

the calculated IR spectra of the s-cis and s-trans conformers, respectively. The red and blue
lines indicate anti and syn, respectively, giving almost identical IR spectra. In addition, their
stability is not distinguishable. Therefore, we will not discuss differences in the s-cis/s-trans
conformers. By comparison with the calculated spectra, the sharp band appearing at 1174
cm-1 can be assigned to the ester C-O stretching mode. The absorption intensity implies that
the s-cis conformer is more populated than the s-trans conformer. In fact, the sum of the
calculated spectra of the conformers is best reproduced by the Boltzmann distribution of the
vaporized temperature and the conformational stability as shown in Figure 7(d).

Figure 7 (a) FTIR spectrum of matrix-isolated p-HMC. (b)(c) Calculated IR spectra of four
conformers of p-HMC at the B3LYP/6-311++G(d, p) level of DFT. (d) Calculated IR spectrum
obtained by combining the four conformers assuming a Boltzmann distribution at the vaporized
temperature (302 K). The calculated vibrational frequencies are scaled by a factor of 0.9941. (e)
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Difference FTIR spectra of the matrix-isolated p-HMC before and after UV irradiation at λUV ≥ 300
nm. Positive peaks are due to the product and negatives ones are depletion of the reactant. (f)–(h)
Comparison of the IR spectra of the cis-products (blue) and the trans-reactants (red). The dotted bands
are typical bands of the cis-products.

Figure 7(e) shows the difference FTIR spectrum of p-HMC before and after UV
irradiation at λUV ≥ 300 nm. The positive absorption indicates the photoproduct and the
negative one is the depleted population of the initial reactant. For simplicity, the most stable
aTC conformer is considered to be the initial reactant. Figures 7(f) and (h) display the
comparison of the IR spectra assuming that the trans → cis isomerization occurs from the
aTC reactant to the sCC, aCC and aCT products, respectively. The structures and energies of
the optimized cis-isomers obtained at the B3LYP/6-311G(d, p) level of theory are shown in
the SI (Figure S8). Since B3LYP dose not include interaction, the magnitude of the relative
energies might be affected upon the inclusion of dispersion force especially aTC and sTC
conformers. However, the energies of the two conformers are very high so that the order of
the relative energies might not change. Typical vibrations indicating the production of the
cis-isomer, such as propenyl C=C stretching at ~1630 cm-1 and C=O stretching at ~1740 cm-1,
are highlighted in the spectra. In addition, the ring C-C stretching vibration at ~1610 cm-1
shows a typical shift in the cis-isomer. The possibility of a s-cis → s-trans conformational
change within the trans-configuration, such as aTC or sTC, can be ruled out due to poor
agreement with the observed difference spectrum. Therefore, it is clear that the trans → cis
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isomerization occurs in p-HMC upon the UV irradiation, which is essentially the same
reported previously for p-MMC.35
4.3.2 m-HMC
Figure 8(a) shows the matrix-isolated FTIR spectrum of m-HMC. Figures 8(b)–(d)
are the IR spectra of the possible abundant conformers obtained by B3LYP/6-311++G (d, p)
calculations. The vibrational frequencies are scaled a factor of 0.9927 to fit the observed IR
band of the CO stretch of ester group at 1176 cm-1.

The experimental spectrum is

reproduced by adding the calculated spectra of the conformers and considering the
Boltzmann distribution of the vaporized temperature (302 K), as shown in Figure 8(f). The
calculated spectra show reasonable agreement with the observed one. We first irradiated UV
light at λUV ≥ 320 nm, near the (0,0) band, to observe the product. However, since vibration
due to the photoproduct was observed, the photochemical reaction does not occur at this
wavelength. Figure 8(g) shows the difference IR spectrum of m-HMC before and after UV
irradiation at λUV ≥ 300 nm, where several new bands due to the photoproduct appear. To
identify the photoproducts, we considered the cis-product. From the calculated cis-isomer
structures and their relative stabilities (Figure S9 in the SI), the CCCC conformer is most
stable. Similar to p-HMC, the functional used in the calculation dose not have a dispersion
interaction and the magnitude of the relative energies might be affected upon the inclusion of
dispersion force, especially for TTCT, CTCT, TCCT, and CCCT conformers. However, the
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energies of these conformers are very high so that the order of the relative energies might not
change. Hence, this conformer was selected as the major photoproduct and we compared the
simulated IR spectrum of the CCCC conformer with those of the initial trans-m-HMC as seen
in Figures 8(h)–(k). Although the assumption of the production of one conformer (CCCC) is
very simple, it is clear that the newly appearing peaks, such as the bands at 1635 cm-1
(propenyl C=C stretching band) and 1740 cm-1 (C=O stretching), can be assigned to the
cis-product. Thus, we conclude that the trans → cis isomerization occurs by UV irradiation
of trans-m-HMC.

Figure 8 (a) FTIR spectrum of matrix-isolated m-HMC before UV irradiation. (b)–(e) Calculated IR
spectra of TTTC, TTTT, TCTC and TCTT, respectively, at the B3LYP/6-311++G(d, p) level. The red
and blue spectra indicate OH-trans and OH-cis, respectively. (f) The sum of the calculated spectra
using the Boltzmann distribution at the vaporizing temperature and relative energies. The vibrational
frequencies are scaled by a factor of 0.9927. (g) Difference IR spectrum of matrix-isolated m-HMC
before and after UV irradiation at λUV ≥ 300 nm. (h)–(k) Comparison of the difference IR spectra of
the CCCC conformer of the cis-product and various conformers of trans-m-HMC. The dotted bands
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are typical bands of the cis-products.

4.3.3 o-HMC
Figure 9(a) shows the matrix-isolated FTIR spectrum of o-HMC. Similar to the
treatment discussed above, the experimental spectrum is reproduced by the sum of the
calculated spectra of the conformers in Figures 9(b) and (c) by considering the Boltzmann
distribution of the vaporized temperature and relative energies of the conformers, which are
shown in Figure S4 in the SI. The vibrational frequencies are scaled a factor of 0.9926 to fit
the observed IR band of the CO stretch of ester group at 1171 cm-1.

The resultant spectrum

of o-HMC in Figure 9(f) reasonably reproduces the observed one in Figure 9(a). Figure 9(g)
shows the difference IR spectrum of o-HMC before and after UV irradiation at λUV ≥ 300 nm.
Similar to the case of m-HMC, we did not observe the product by λUV ≥ 320 nm excitation. In
Figure 9(g), we see several new bands (marked by dots) from the photoproduct, which may
be cis-o-HMC.
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Figure 9 (a) FTIR spectrum of matrix-isolated o-HMC before UV irradiation. (b)–(e) Calculated IR
spectra of TTTC, TTTT, TCTC and TCTT, respectively, at the B3LYP/6-311++G(d, p) level. The red
and blue spectra indicate OH-trans and OH-cis, respectively. (f) The sum of the calculated spectra
using the Boltzmann distribution at the vaporizing temperature (302 K) and relative energies for
conformers. The vibrational frequencies are scaled by a factor of 0.9926. (g) Difference IR spectrum
of matrix-isolated o-HMC after UV irradiation at λUV ≥ 300 nm. (h)–(k) Comparison of the IR spectra
of the CCCC conformer of the cis-product and various conformers of trans-o-HMC. The dotted bands
are typical bands of the cis-products.

The calculated possible structures of the cis-product are compared with the
difference IR spectra in the right part of Figure 9. The calculated structures and the energies
of the cis-product are shown in Figure S10 in the SI. Among the possible structures, the
CCCC conformer is most stable, so that we consider this conformer to be the major product.
The CCCC conformer is stabilized by hydrogen-bonding between the OH group at the
ortho-position and the C=O of the ester group. We compared the IR spectrum of the CCCC
conformer with those of several conformers of trans-o-HMC, as seen in Figures 9(h)–(k).
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Among three noticeable peaks of the product, the observed peak at 1633 cm-1 is assigned to
the propenyl C=C stretching mode. In addition, the C=O stretching band at 1710 cm-1 is well
reproduced in the calculated spectrum of the CCCC conformer. Therefore, we also conclude
that trans → cis isomerization occurs in trans-o-HMC upon UV irradiation.

5. Discussion
5.1 Nonradiative decay route leading to the trans → cis isomerization
5.1.1 p-HMC
The experimental results for p-HMC indicate that the NRD route from S1 to the
cis-product is essentially the same as those of p-MMC and para-methoxy-ethylcinnamate
(p-MEC), reported previously.34 We concluded that the NRD route is [S1 → 1nπ* (→ T2) →
T1 (ππ*)] in both species. The initial S1 → 1nπ* IC decay proceeds with lifetimes shorter than
1 ns in these molecules. The next 1nπ* (→ T2) → T1 steps are also very fast because the
nanosecond UV-DUV pump-probe experiment can only detect the T1 state. Since the S1
lifetime of p-HMC is more than 10 times shorter than those of p-MMC and p-MEC, the 1nπ*
potential energy curve is thought to cross nearly at the bottom of that of S1 in p-HMC, leading
to barrier-less IC. In p-MMC and p-MEC, TDDFT calculations predicted that the T1 state has
a structure that is twisted along the propenyl C=C bond by ~95°.34 The energy of the T1 state
from S0 was obtained experimentally to be16577 and 17024 cm-1 for p-MMC and p-MEC,
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respectively.34 In the present study, the energy of the T1 state of p-HMC was experimentally
determined to be 19020 cm-1, and the T1 state molecule relaxes to either the trans- or cis-form
of S0 with a lifetime of 26 ± 2 ns (See Figure S5 in the SI).
Since the NRD route of p-HMC35 is essentially the same as those of p-MMC34,39 and
p-MEC39, we calculated only the energy and the structure of the T1 state to confirm that the
observed transient state in p-HMC is also the T1 state. We searched for the stable conformers
of T1 using UωB97XD/6-311G(d, p) calculations. We found two C=C twisted conformers,
p-EQ1 and p-EQ2, in T1 as shown in Figure 10. The C=C torsional angle ϕ is 91° in p-EQ1
and 89° in p-EQ2. The calculated transition energy from the trans conformer of the S0 state is
17900 cm-1 for p-EQ1 and 17804 cm-1 for p-EQ2, both of which agree with the experimental
value of 19020 cm-1. The calculated energy difference between p-EQ1 and p-EQ2 is only 96
cm-1. Hence, there is an equilibrium between the two conformers and they co-exist with a
ratio of p-EQ1:p-EQ2 ≈ 4:5, assuming a Boltzmann distribution at 580 K, which corresponds
to the excess energy in the T1 state. These features are very similar to those of p-MMC and
p-MEC.39
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Figure 10 The optimized structures and (0,0) transition energies of p-HMC in the T1 state. The results
are from the UωB97XD/6-311G(d,p) level of theory.

5.1.2. m-HMC and o-HMC
In contrast to p-HMC, the decay lifetimes of the S1 state of m-HMC and o-HMC are
1000 times slower at the zero-point level. This can be understood by considering that the
potential crossing between S1 and the excited electronic state leading to the NRD channel,
such as the 1nπ* state, occurs at higher energies in m-HMC and o-HMC than in p-HMC. The
plots of the decay rate constants vs. the energy in Figure 6 indicate that the opening of the
NRD channel occurs at ~1000 cm-1 in m-HMC and ~600 cm-1 in o-HMC. As discussed above,
this is in accordance with the low temperature matrix experiment, in which excitation by λUV
≥ 320 nm (near the (0,0) band) does not produce the cis-product in m-HMC and o-HMC, and
an excess energy of 2000 cm-1 (300 nm) at the maximum is necessary to promote effective
photoisomerization. Another important difference between m-HMC/o-HMC and p-HMC is
that we did not observe the T1 transient state in m-HMC and o-HMC even at an excess energy
of ~2200 cm-1 in the S1 state. This suggests that in m-HMC and o-HMC the T1 state is not a
precursor of the cis-photoproduct and the isomerization proceeds via a different route.
Before calculating the NRD route, we first discuss the effect of IVR on the decay
profiles of the S1 state. We found that all the decay curves of the S1 vibronic levels showed
single exponential decay curves in both m-HMC and o-HMC. It is possible that IVR
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competes with NRD at higher vibronic levels, although it is not clear at what energy the IVR
will occur and compete with NRD. If IVR is faster than NRD, the decay curve might exhibit
double exponential decay because of the difference in the NRD rate between the initially
pumped level and the IVR redistributed levels. The observed single exponential decay
suggests that NRD is faster than IVR in both molecules.
We next focus on the observed excess energy dependence of the decay rate constant
of m-HMC and o-HMC based on the theoretical results of NRD pathways. We experimentally
found that the major decay route of the S1 (1ππ*) state turns from the radiative into
nonradiative at a threshold energy of ~1000 cm-1 for m-HMC and ~600 cm-1 for o-HMC, and
above these energies the decay rate constant of the 1ππ* state linearly increases with the
excess energy. The calculated radiative lifetime τrad = 1/krad at the TD-ωB97XD/6-311G(d,p)
(present work) and SAC-CI/D95(d) level of theory28 are summarized in Table 2. These
calculated values agree with the experimental ones both for m-HMC and o-HMC. Thus, we
conclude that below the threshold, the 1ππ* state undergoes radiative decay.

Table 2 Comparison between the theoretical and experimental radiative lifetimes τrad of the 1ππ* state
of m-HMC and o-HMC (in ns).

Molecule

TD-ωB97XD/

SAC-CI/

6-311G(d,p)a

D95(d)b

Exp.a

m-HMC

4.5

6.2

10

o-HMC

2.7

4.4

6

a

Present work

b

M. Promkatkaew et al. 28
38

Page 39 of 51

Physical Chemistry Chemical Physics

Above this threshold, the NRD pathway becomes accessible. We examined several
NRD routes: (1) NRD to 1nπ* via the S1 (1ππ*)/1nπ* MECI followed by 1nπ* → Tn ISC, (2)
ISC from S1 to 3nπ* or 3ππ*, and (3) structural change along the C=C twisted coordinate on
the S1 surface followed by IC to S0 via 1ππ*/S0 MECI1 which triggers trans → cis
isomerization.28 We concluded that route (3) is the most likely, as shown in Figure 11. In
Figure 11(a), the activation barrier of TS1 is located at ϕ ~135°, connecting the energy
minimum of the trans isomer in the S1 (1ππ*) states and MECI 1 (1ππ*/S0), the barrier height
of which is calculated to be 1258 cm-1 for m-HMC. For o-HMC in Figure 11(b), the barrier is
calculated to be 649 cm-1. In both cases, a zero-point energy correction is included. These
values are close to the experimentally obtained threshold energies of the lifetime shortening:
~1000 cm-1 for m-HMC and ~600 cm-1 for o-HMC. After the trans → cis isomerization in
S0,70 further conformational change to the most stable CCCC conformer (see Figure 11(a) and
(b)) will occur due to the large excess energy and trivial activation barriers.
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Figure 11 Potential energy profiles from the photoexcited trans-HMC to the cis-product and the
subsequent conformational change in (a) m-HMC and (b) o-HMC. The EQs and TSs are optimized at
the (TD-)(U)ωB97XD/6-311G(d,p) level of theory. Zero-point energy corrections are included to
calculate the relative potential energies. MECI 1 was optimized at the spin-flip TD-BHandHLYP/
6-311G(d,p) level of theory. Zero-point energy corrections were not included to calculate the relative
potential energies of MECI1.

We also theoretically investigated the other two NRD routes: (route 1) IC to the 1nπ*
state followed by ISC to triplet states and (route 2) direct ISC to triplet states, and concluded
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that neither of them contributes significantly to the NRD process. We listed the energies of
the several low lying electronic states which will be involved in NRD calculated by
TD-ωB97XD/6-311G(d,p) level of theory in Table S1 in the SI. Figure 12 summarizes the
relative energies of the MECI and MESX near the 1ππ* minimum of the trans forms of
m-HMC and o-HMC. The IC to the 1nπ* state is energetically unfavorable. The energy of
1

nπ* (EQ3) is 935 and 1517 cm-1 higher than 1ππ* EQ1 in m-HMC and o-HMC, respectively.

Accordingly, 1ππ*/1nπ* MECI2 is located at 1695 cm-1 in m-HMC and 1988 cm-1 in o-HMC.
Both are energetically higher than the C=C rotation energy barrier.

Figure 12. Potential energy profile of IC to the 1nπ*, and ISC to triplet states from the 1ππ* states; (a)
m-HMC and (b) o-HMC. All the structures were optimized at the TD-ωB97XD/6-311G(d,p) level of
41
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theory. Zero-point energy corrections are included to calculate the relative potential energies of EQs
and TS but not MECI and MESX. The calculated values of the |SOC| at the TD-ωB97XD/6-311G(d,p)
level of theory are displayed in square brackets.

We also examined the ISC routes from S1 (route 2) and concluded that the routes are
kinetically unfavorable. In large polyatomic molecules with a high density of the vibrational
levels (the statistical limit), the ISC rate constant, kISC, is given by,71

 =

ℏ

|〈 | | 〉| "#$ ,

(2)

where |〈 | | 〉| is the norm of the spin-orbit coupling constants (SOCs) between the S1
and triplet (Tn) states at MESXs, and ρ(Eex) is the vibrational density of states at excess
energy of Eex from Tn. In Figure 12, both MESX1 (1ππ*/3ππ*, S1/T3) and MESX2 (1ππ*/3nπ*,
S1/T4) are energetically lower than TS1. For the magnitude of the coupling of SOC for
MESX1 and MESX2, we obtained small values. For MESX1, the value of SOC is 0.58 cm-1
for m-HMC and 0.49 cm-1 for o-HMC. These small values are reasonable from the viewpoint
of El-Sayed’s rule,72 that is that 1ππ* → 3ππ* ISC is forbidden. For MESX2, the value
obtained is 11 cm-1 for m-HMC and 14 cm-1 for o-HMC, which are larger than MESX1.
However, MESX2 is located at a much higher energy than MESX1 (423 and 576 cm-1 higher
than the 1ππ* minima of m-HMC and o-HMC, respectively). We calculated the meta-IRC in
the T4 state from MESX2 and found that the meta-IRC reaches not to the T4 minimum but to
a T4/T3 MECI. This means that the T4 state does not have a stable structure along the NRD
route but crosses with T3 as the T4/T3 MECI at the bottom of the T4 potential energy surface.
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The MECI is located at 897 and 332 cm-1 below the 1ππ* minima of m-HMC and o-HMC,
respectively．Such a small energy gap means that the density of states (ρ(Eex)) of T4 at
MESX2 is not high enough to compete with the route of twisting along the C=C double bond.
It should be noted that in both m-HMC and o-HMC, the equilibrium structure of the T1 (ππ*)
state is twisted at 90° with respect to the C=C double bond (see Figure S11 in the SI), similar
to p-HMC. We thus expect a similar lifetime to that of p-HMC if the T1 state is produced
during the NRD process. Experimentally, we do not find a transient state with a lifetime of a
few tens of nanoseconds, meaning that T1 is not generated in the NRD process of either
m-HMC or o-HMC.
We therefore conclude that most likely NRD route from the S1 (ππ*) state in m-HMC
and o-HMC is twisting along the propenyl C=C double bond by ~90° on the S1 surface,
which is followed by IC to S0 via conical intersection, leading to either the cis-product or a
return to the trans-form. The onset of the NRD observed in the S1 lifetime measurement in
m-HMC and o-HMC corresponds to the barrier along the isomerization coordinate in the S1
state.

6. Conclusions
In the present study, the photochemistry involving the nonradiative decay (NRD)
process and the trans → cis isomerization after photoexcitation to the S1 (ππ*) state has been
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studied for o-, m- and p-HMC by low-temperature matrix-isolation FTIR spectroscopy, laser
spectroscopic measurements in the gas phase, and quantum chemical calculations.
Low-temperature matrix-isolation FTIR spectroscopy showed that all three species produce
cis-isomerized product upon the UV irradiation. However, the isomerization requires some
excess energy (~ 2000 cm-1) to occur in o-HMC and m-HMC. All the molecules exhibit
well-resolved S1-S0 electronic spectra under jet-cooled condition. The S1 lifetime is quite
different between p-HMC and the other two HMCs: the S1 lifetime is 8–9 ps for p-HMC39 at
the zero-point level, while those values are 6 ns and 10 ns for o-HMC and m-HMC at the
zero-point level, respectively. The S1 decay rate constant of m-HMC clearly shows an onset
of the fast NRD channel at 1000 cm-1 above the zero-point level. In o-HMC, the onset of the
NRD channel appears at 600 cm-1. Nanosecond UV-DUV pump-probe spectroscopy indicated
the production of the T1 (ππ*) state in p-HMC, but not in either o-HMC or m-HMC. Quantum
chemical calculations based on the SC-AFIR method, combined with TDDFT calculations,
showed that in p-HMC the trans → cis photoisomerization proceeds via a [trans-S1 → 1nπ*
→ T1 → cis-product] scheme. On the other hand, in o-HMC and m-HMC, this route is found
to be higher in energy than another route, which is twisting along the C=C double bond by
90° on the S1 surface, which is followed by IC to S0, finally leading to the cis-form product.
The calculated barrier height along the C=C double bond twisting coordinate is in good
agreement with the observed onset of the NRD channel in both o-HMC and m-HMC.
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