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ABSTRACT: Using 42 nm high harmonic pulses, the dissociation dynamics of 1,2-
butadiene was investigated by time-resolved photoelectron spectroscopy (TRPES),
enabling us to observe dynamical changes of multiple molecular orbitals (MOs) with
higher temporal resolution than conventional light sources. Because each lower-lying
occupied MO has particular spatial electron distribution, the structural dynamics of
photochemical reaction can be revealed. On the femtosecond time scale, a short-lived
excited state with a lifetime of 37 ± 15 fs and the coherent oscillation of the photoelectron
yield stimulated by Hertzberg-Teller coupling were observed. Ab initio molecular
dynamics simulations in the electronically excited state find three relaxation pathways
from the vertically excited structure in S1 to the ground state, and one of them is the
dominant relaxation pathway, observed as the short-lived excited state. On the picosecond
time scale, the photoelectron yields related to the C−C bond decreased upon
photoexcitation, indicating C−C bond cleavage.

One of the most simplified perspectives of photochemical
reactions of molecules is the atomic rearrangement

accompanying bond breaking and recombination upon photo-
excitation. Photoelectron spectroscopy (PES) is advantageous
to the investigation of chemical reactions, including biological
processes, in that the electrons constituting the chemical bonds
are probed directly.1−5 PES measures the ionization energies,
which are correlated with the molecular orbital (MO) energies
under the Koopmans’ theorem.6 Each bonding state, for
example, single bond, double bond, conjugated double bond,
and so on, has a specific orbital energy just like fingerprints of
molecular vibrations,7 and high-energy photons can eject the
electrons not only from the highest molecular orbital (HOMO)
but also from lower-lying occupied MOs. Therefore, PES using
high-energy photons provides us a unique opportunity to gain
insight into the molecular structure. This concept is similar to
electron spectroscopy for chemical analysis (ESCA), although
ESCA probes inner-shell electrons.
Recent development of ultrashort extreme ultraviolet (XUV)

pulses by high harmonic generation enables us to access to
lower-lying occupied MOs8−12 with high temporal resolution
from a femtosecond to an attosecond time scale,13−18 known as
time-resolved PES (TRPES).19−21 Although TRPES using
visible and ultraviolet lights has been extensively applied to
various systems to investigate the ultrafast relaxation processes
in the excited states,19−21 the ultrafast dynamics of low-lying
occupied MOs have rarely been discussed so far. Particular
dynamics of each low-lying occupied MO is expected to reveal
the temporal evolution of a molecular structure.

In this work, we investigated not only ultrafast relaxation
dynamics but also bond-breaking dynamics of 1,2-butadiene by
TRPES and ab initio theoretical calculations. Upon ultraviolet
excitation at 193 nm, photofragment translational spectroscopy
(PTS) has shown that 1,2-butadiene has two dissociation
channels, CH3 + C3H3 and C4H5 + H, with a branching ratio of
96:4.22 It has been suggested that these two dissociations take
place after the internal conversion to the ground state.22 Thus,
we were interested in the ultrafast relaxation processes in 1,2-
butadiene, which is a cumulated diene in contrast with 1,3-
butadiene,12 and were motivated to study the relatively simple
bond-breaking dynamics by observing the dynamics of lower-
lying occupied MOs.
Experimentally, 42 nm (= 29.5 eV) high harmonic pulses

were used to probe 1,2-butadiene pumped by two-photon
excitation at 400 nm (= 3.1 eV). Because of the lower
symmetry, 1,2-butadiene can be excited to the S1 state in the
two-photon process. A time-delay-compensated monochroma-
tor (TDCM) was employed to separate the single harmonic
(42 nm) with a temporal duration preserved.1223−25 The
response function of the system was 98 fs, which is limited by
the pump pulse duration. (See the Supporting Information for
experimental details.) Because 1,2-butadiene is ionized by the
photons higher than 9.0 eV,26 which is lower than the three-
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photon energy (= 9.3 eV), two-photon absorption was the main
excitation process in the present experiment. If the molecules
absorbed three photons, they would be ionized and the
photoelectron spectrum of the ion should be different largely.
To understand the experimental spectra, the ionization

energies were calculated as follows: The geometry optimization
was carried out for 1,2-butadiene, propargyl (C3H3) radical, and
methyl radical in the ground state, by the long-range-corrected
density functional theory (LC-DFT)6 with LC-BOP/cc-pVDZ
using the GAMESS-package.27 For radical species, the spin-
unrestricted scheme was employed. The shapes for the α-spin
MO are summarized in Figure 1 with the calculated orbital

energies and the vertical ionization energies of the HOMO
electrons. The ionization energies for the respective molecules
were estimated from the orbital energies under Koopmans’
theorem, except for the first ionization energies, which were
calculated as the vertical ionization energies, that is, energy
differences between the neutral and cationic species with the
optimized geometry of neutral species. The calculated vertical
ionization energies of 1,2-butadiene, propargyl radical, and
methyl radical are consistent with the experimental values
9.33,26 8.67,28 and 9.84 eV,29 respectively.
First, we investigated the relaxation processes to the ground

state before the dissociation on the femtosecond time scale.
The following two features were found on the femtosecond
time scale: (1) Figure 2a shows the 3D plot of the time-
resolved photoelectron spectrum. All of the photoelectron

bands between 7 and 16 eV started oscillating in phase. (2) At 0
fs, a transient photoelectron band was observed at 7.3 eV in the
photoelectron spectrogram shown in Figure 2b. Because the
energy separation from the HOMO band was 2.8 eV, the
transient band was assigned not to the cross correlation
between 400 nm (= 3.1 eV) and the 19th harmonic photons by
two-photon absorption30 but to an excited state. We did not
observe any other transient bands between 2 and 9 eV. Figure
2c shows the time dependence of the integrated HOMO band
between 9.23 and 11.25 eV (blue) and the transient excited
state integrated between 6.28 and 8.41 eV (red). The lifetime of

Figure 1. Molecular orbitals and structural formula of (a) 1,2-
butadiene, (b) propargyl radical, and (c) methyl radical calculated at
the LC-BOP/cc-pVDZ level. The character and orbital energy of each
MO are also indicated. The calculated vertical first-ionization energies
are shown in the parentheses for HOMOs.

Figure 2. (a) 3D plot of the temporal evolution of the photoelectron
spectrum of 1,2-butadiene in the femtosecond region. (b) Photo-
electron spectrogram. The color scale indicates the electron count. (c)
Time dependence of the photoelectron count of the HOMO band
(blue circle) integrated between 9.23 and 11.25 eV and that of the
transient excited state (red triangle) integrated between 6.28 and 8.41
eV. The green line is the fitting result to the experimental data. (d)
Fourier-transformed spectrum of the HOMO band in panel c.
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the excited state was estimated to be 37 ± 15 fs by least-squares
fitting. (See the Supporting Information.)
To clarify the ultrafast relaxation mechanism, the steepest

descent pathway was calculated from the Franck−Condon
(FC) structure (denoted as (S0)min) on the S1 potential energy
surface by the multistate multireference perturbation theory
(MS-CASPT2) with the basis set of cc-pVDZ using
MOLPRO2012,31 where two sets of π and π* orbitals were
included in the active space of the reference CASSCF wave
function. The three lowest states were solved equally for state-
averaged CASSCF, and they were mixed after the perturbation
in the MS-CASPT2 calculation. To determine the steepest
descent pathway in the excited state, we employed the avoiding
model function (AMF) method, with the GRRM11 pack-
age.32,33 Figure 3a shows the optimized structure of (S0)min and

a terminal of the steepest descent pathway from the FC
structure in the S1 state (denoted as (S1)min). The numbering of
atoms is also shown for (S0)min. Their geometrical difference
indicates that a dominant geometrical change upon photo-
excitation of 1,2-butadiene is a rotational motion of the CH2
fragment at the edge.
To examine dynamical effects on the relaxation pathways, we

performed an ab initio molecular dynamics (AIMD) simulation
at the MS-CASPT2/cc-pVDZ level by a developmental version
of the SPPR program.34 The initial atomic coordinates and
velocities were generated by a normal-mode sampling method
under a Boltzmann distribution at 300 K in the ground state of
1,2-butadiene, and the trajectories were started upon excitation
to the S1 state. 50 trajectories were calculated until reaching the
S1/S0-crossing region, where either the energy difference
becomes <0.2 eV or the simulation time reaches up to 0.4 ps.
The nonadiabatic transition was not considered in the present
simulation. As a result of the AIMD simulations, trajectories can
be classified to three types, depending on the terminal regions,
that is, cis-like, linear-like, and trans-like structures of the C−
C−C−C framework. The branching ratios for cis-, linear-, and
trans-like structures were found to be 2:44:4, and thus, the
dominant relaxation pathway after S1 excitation goes through
the linear-like structure.
The minimum energy conical intersections (MECIs)

between the S1 and S0 states were optimized for the three
decay pathways at the MS-CASPT2/cc-pVDZ level by the
updated branching plane method.35 Figure 3b shows three

optimized MECI structures. Among the three MECIs, (S1/S0)cis
was newly found in the present study.36 These results indicate
the existence of three decay pathways in the S1 state of 1,2-
butadiene and that the excited 1,2-butadiene quickly reaches
(S1)min and decays to the ground state via (S1/S0)linear in most
cases.
Because the AIMD trajectories remain mainly around (S1)min,

we suspect that the experimentally observed transient state
shown in Figure 2b comes from (S1)min. Hence the ionization
energy of (S1)min was calculated as the energy difference
between the neutral and cationic species at the MS-CASPT2/
cc-pVDZ level. The ionization energy was calculated to be 6.9
eV for the (S1)min structure, which well reproduces the 7.3 eV
ionization energy of the transient band obtained by integrating
the spectrogram between 100 and −100 fs in Figure 2b. Thus,
the transient band is attributed to the photoelectrons from the
states around (S1)min.
Now, we would like to discuss the oscillation of the

photoelectron yield from the ground state upon photo-
excitation. The vibrational frequency of the HOMO band
obtained by Fourier transformation shown in Figure 2d has a
peak at 195 cm−1, corresponding to the bending mode of C
CC in the ground state of 1,2-butadiene predicted by our
theoretical calculation and also observed by infrared absorption
spectroscopy.37 Therefore, the bending mode of CCC was
stimulated upon photoexcitation.
The vibrational mode can generate the coherent oscillation

of the photoionization probability via FC coupling or
Hertzberg−Teller (HT) coupling.38,39 The former comes
from the quantum beat among the coherently excited
vibrational states, and the latter induces the modulation of
the transition dipole moment with a frequency of the
vibrational mode, known as intensity borrowing.38−40 We
attribute the mechanism of the oscillation to the HT coupling
because the observed phase of the oscillation was constant
across the HOMO band including several vibronic states. We
evaluated the phases within the HOMO band by slicing the
band at 0.3 eV intervals, and each slice has the same phase
within ±π/20. If the oscillation is induced by the FC coupling,
the phase depends on the final vibrational state and is not
constant within the HOMO band.21 In contrast, the HT
coupling stimulates the oscillations with a constant phase
within the same electronic state.38

Then, how is that vibrational mode excited? There are two
possible mechanisms: one is the impulsive stimulated Raman
process for electronically nonexcited molecules and the other is
the impulsive absorption of the excited molecules. In the
former case, the vibrationally and electronically excited
molecules are different, and the observed oscillation is due to
the vibrationally excited ones. In the latter case, the dynamical
simulation suggests the structural distortion in the excited state,
stimulating the bending of CCC and the rotation of CH2.
The observed lifetime of the excited state is shorter than the
vibrational period, 171 fs. Hence, the ultrafast excitation and
relaxation taking place faster than the vibrational period can
stimulate the vibrations. We suspect that the latter is
responsible for the observed oscillation because we did not
see any oscillations in 1,3-butadiene.12 If the coherent
oscillation was stimulated by the former, the similar oscillation
should be observed, suggesting that the stimulated vibrational
mode depends on the deformed structure of the molecule in
the excited state.

Figure 3. (a) Geometry of 1,2-butadiene at (S0)min and (S1)min with
the numbering of atoms. (b) Three MECI structures, (S1/S0)cis, (S1/
S0)linear, and (S1/S0)trans, with the energy relative to (S0)min.
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Now, we would like to look into the dissociation dynamics
on the picosecond time scale. Figure 4a summarizes the

theoretical ionization energies of 1,2-butadiene, propargyl
radicals, and methyl radical listed in Figure 1. Figure 4b,c
shows the photoelectron spectra at −67 (blue), 700 (green),
and 1067 (red) ps and the difference photoelectron spectro-
gram from the average spectra of negative delay times,
respectively. We found the following four features in Figure
4: (1) The C2s peak at 17.3 eV decreased with time,
corresponding to the decreasing area (shown in blue) around
17.3 eV in Figure 4c. (2) Figure 2c,d shows that the band
related to the C−C bond between 13.5 and 15.0 eV, consisting
of πC−C, σC−C, and pCH3−C, also decreased with time, whereas
the intensity of the band related to the CC bond between
12.0 and 13.0 eV, σCC, did not change significantly. (3) In
Figure 4d, the area in red shows that the photoelectron yield at
10.3 eV increased after 400 ps. (4) In Figure 4d, the

photoelectron yield at 9.3 eV increased between 100 and 400
ps, indicating the shift of the ionization energy.
Let us discuss the first and second points. A previous study

using PTS excited at 193 and 157 nm showed that the
dissociation to methyl and propargyl radicals through the bond
cleavage of the C−C bond is the dominant process.22,41

Therefore, the photoelectron yield from a MO with a large
electron density on the C−C bond is expected to decrease. In
fact, both the C−C-related band between 13.5 and 15.0 eV and
the C2s band were experimentally observed to decrease, which
indicates C−C bond cleavage. In addition, the propargyl and
methyl radicals appearing after dissociation have fewer MOs
around 14 eV, corresponding to σC−C, as shown in Figure 1.
Hence, the photoelectron yield around 14 eV is expected to
become smaller by dissociation, and the observed temporal
evolution of the photoelectron spectrum is, therefore,
equivalent to the real-time observation of dissociation in 1,2-
butadiene.
To estimate the dissociation time, we plotted the photo-

electron yield of the C2s band between 16.2 and 17.8 eV I as a
function of time t in Figure 4d. The decay time τ was estimated
to be 1.1 ± 0.2 ns by fitting to A + B exp(−t/τ), where A and B
are constants. The decay rate 1/τ was 0.91 × 109/s, which is
consistent with Rice−Ramsperger−Kassel−Marcus (RRKM)-
calculated unimolecular rate of 5.2 × 1010/s upon 193 nm
excitation.42

Let us move on to the third finding. PTS has shown that
propargyl radicals are formed after dissociation.22 The
theoretical calculation shown in Figure 4a predicts that the
pCC

− orbital energy of propargyl radicals shifts to 10.2 eV and
was experimentally found to be 10.3 eV after 400 ps, as shown
in Figure 4c. No other bands, however, explicitly appeared in
the spectrogram. We suspect that this is due to the spectral
broadening by the vibrationally excited states populated by the
intramolecular vibrational redistribution (IVR) of the excess
energy by photoexcitation. The formation of the vibrationally
excited state after dissociation has already been observed in
PTS experiment,22 where the photoionization threshold of
dissociated propargyl radicals became to be smaller by the
population to vibrationally hot states.
The fourth finding is closely related to the third. Upon

photoexcitation, the excess energy is distributed among
vibrational modes after the relaxation to the ground state.
Thus, 1,2-butadiene should also be in the vibrationally hot
states before dissociation. Therefore, the increase in the
photoelectron yield at 9.3 eV is attributable to the ionization
from the vibrationally hot states. This is supported by the time
dependence of the photoelectron yield, which decreased after
400 ps in accordance with the appearance of propargyl radical
previously discussed. The time dependences of these two bands
are shown in the Supporting Information.
Finally, how are the femtosecond and picosecond dynamics

correlated? One possible temporal sequence is that the
amplitude of the CCC bending vibration upon photo-
excitation is so large in the femtosecond region that the methyl
radical breaks away in the picosecond time scale; however, if
the vibrational mode with large amplitude stimulated the
dissociation, the molecules should dissociate within several
periods of oscillation. However, the observed dissociation time
was 1.1 ± 0.2 ns. Therefore, the absorbed excitation energy is
redistributed among all vibrational modes through IVR and the
dissociation then takes place stochastically.

Figure 4. (a) Calculated ionization energies of propargyl (circle) and
methyl (triangle) radicals and 1,2-butadiene (square). (b) Time-
resolved photoelectron spectra of 1,2-butadiene at −67 (blue), 700
(green), and 1067 (red) ps. (c) Difference photoelectron spectrogram
of 1,2-butadiene. The color scale indicates the difference electron
count. (d) Time dependence of the intensity of the C2s band
integrated between 17.16 and 17.43 eV. The solid line shows the
fitting result with a decay time of 1.1 ns.
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