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Abstract: We report the first time-resolved high-harmonic spectroscopy (TR-HHS) study of
a chemical bond rearrangement. We investigate the transient change of the high-harmonic
signal from 1,3-cyclohexadiene (CHD), which undergoes ring-opening and isomerizes to
1,3,5-hexatriene (HT) upon photoexcitation. We associated the harmonic yield variation with
the changes in the molecule’s electronic state and vibrational frequencies, which are caused
by isomerization. This showed us that the electronic excited state of CHD created through
two-photon absorption of 3.1 eV photons relaxes almost completely within 100 fs to the
electronic ground state of CHD with vibrational excitation. Subsequently, the molecule
isomerizes to HT (i.e., ring-opening occurs, around 400 fs after the excitation). The present
results demonstrate that TR-HHS, which can track both electronic and nuclear dynamics, is a
powerful tool for studying ultrafast photochemical reactions.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction
1.1 Time-resolved high-harmonic spectroscopy

Measuring and understanding ultrafast dynamics in matter has always been a prime research
objective. Recent developments related to ultrashort-pulse light sources have allowed the
investigation of electronic dynamics at the attosecond and angstrom scales, and progress has
been achieved by high-harmonic generation (HHG). HHG provides attosecond pulses in the
extreme ultraviolet (EUV) and enables the development of time-resolved techniques at the
attosecond scale [1-4].

HHG can be used not only as an ultrashort EUV light source but also as a tool to
investigate the electronic state of the generating medium. The process of HHG can be
explained as follows [5,6]: (i) A strong laser field tears a valence electron away from an atom
or a molecule through tunnel ionization. (ii) The freed electron is accelerated by the laser
electric field and then pulled back to its parent ion when the sign of the electric field reverses.
(iii) The laser-driven electron recollides and recombines with its parent ion. As a result of
recombination, the sum of the kinetic energy of the recolliding electron and its binding energy
is released through coherent radiation (i.e., HHG). This radiation contains information about
the electron-ion interaction. Hence, one can retrieve the electronic state of the generating
medium from the amplitudes and phases of the high-harmonic spectra. This is known as high-
harmonic spectroscopy (HHS) [7,8]. On account of the strong nonlinearity of the ionization
process, the HHS of molecules can sensitively and selectively probe the highest occupied
molecular orbitals (HOMOs), which are of prime importance for understanding chemical
reactions.

HHS has been employed to study the ground-state electronic wavefunctions of gas-phase
molecules [9-15]. In these studies, the technique of molecular alignment via rotational
excitation [16] has been exploited to characterize the HHG from molecules as a function of
their spatial orientations. Ultrafast molecular dynamics triggered by vibrational or electronic
excitation have also been investigated via time-resolved HHS (TR-HHS), where the high-
harmonic signals are monitored as a function of the pump-probe delay. TR-HHS has been
used to investigate the vibrational dynamics of SF¢ [17] and N,O, [18] and the
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photodissociation dynamics of Br, [19], NO, [20], CH;I, and CF;l [21]. These experiments
have shown that the HHG process is sensitive to both the valence electronic and the
vibrational states of the molecules. Since chemical reactions result from the coupled
dynamics of valence electrons and nuclei, the ability to simultaneously monitor the electronic
and nuclear dynamics of molecules makes TR-HHS ideal for probing ultrafast chemical
reactions.

However, the applications of TR-HHS were previously limited to photodissociation
reactions of small molecules [19-21]. The TR-HHS of more complicated photoexcitation-
induced reactions such as a concerted breakage and formation of bonds, i.e., a chemical bond
rearrangement, remains a challenge. This limitation is mainly caused by the difficulty in
observing high-harmonic signals from photoreactive organic molecules. Since these
molecules are in a condensed phase at room temperature owing to their polarity and large
molecular weights, their vapor pressure is not considered to be sufficiently high to observe
high-harmonic signals [8].

In this study, we overcame this difficulty and demonstrated the TR-HHS of the ultrafast
photoisomerization dynamics of 1,3-cyclohexadiene (CHD), C¢Hs. This is a significant
advancement that makes TR-HHS a more versatile and practical tool for studying ultrafast
chemical reactions.

1.2 Ultrafast photo-isomerization of 1,3-cyclohexadiene

CHD is a hydrocarbon ring molecule and exists in the liquid phase at room temperature. It
undergoes ring-opening and isomerizes to 1,3,5-hexatriene (HT) upon photoexcitation [22,23]
(Fig. 1). As a prototypical example of an electrocyclic reaction, this reaction is critical for
understanding a large number of organic reactions, including the photo-induced formation of
provitamin D [24,25]. It is being actively studied by novel ultrafast spectroscopic techniques
such as x-ray fragmentation [26] and x-ray scattering [27] with femtosecond x-ray pulses that
are obtained from a free-clectron laser, photoelectron spectroscopy with single-order
harmonic pulses [28,29], and near edge x-ray absorption fine structure at the carbon K-
absorption edge with soft-x-ray high harmonics [30].

The ring-opening dynamics of CHD after excitation from the HOMO to the lowest
unoccupied molecular orbital via one-photon absorption (1PA) is one of the most actively
studied dynamics in time-resolved spectroscopy [26,27,29—40]. Most studies reported that the
ring-opening step in the isomerization process is completed in less than 200 fs after
photoexcitation. However, we observed that the ring opens at around 500 fs upon excitation
from the HOMO to the 3p,-Rydberg state via two-photon absorption (2PA) using 3.1 eV
photons, which is much slower than that observed in case of 1PA. In this experiment, we
employed time-resolved photoelectron spectroscopy (TR-PES) using an isolated single-order
harmonic at 29.5 eV [28] that was selected using a time-delay compensated monochromator
[41-44]. Thus, another motivation of the present study is to confirm the delayed ring-opening
of CHD upon 2PA by a spectroscopic method other than TR-PES; therefore, in this study, we
employed TR-HHS. TR-PES and TR-HHS will provide complementary information because
the former is sensitive to deep molecular orbitals, whereas the latter is sensitive to the
shallowest orbital. Hence, we expected to obtain a deeper understanding of the ring-opening
dynamics by comparing their results.

In addition, although CHD can adopt three distinct conformations after ring-opening, i.e.,
cZc-, tZt-, and cZt-HT (Fig. 1), the structural isomerization dynamics of the HTs after ring-
opening have rarely been discussed in the femtosecond regime. In this study, we also
endeavoured to clarify the structural-isomerization dynamics of the HTs using TR-HHS.
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Ring-Opening Structural Isomerization

CHD cZc-HT cZt-HT tZt-HT

Fig. 1. Structural formulas and corresponding three-dimensional representations of CHD and
its isomers.

2. Experimental methods

Figure 2 is a schematic diagram of our experiment. A beam from a 1-kHz-repetition-rate
Ti:sapphire chirped-pulse amplifier passes through a 500-um-thick LiB;Os crystal for second-
harmonic generation. Further, it is split into two color channels using a dichroic mirror. The
delay, power, polarization, and dispersion of each channel were separately adjusted. The
second harmonic (3.1 eV, 10 pJ, 74 fs full-width half-maximum (FWHM)) was used to excite
an electron in CHD from the HOMO to the 3p,-Rydberg state [34,45-49] via 2PA (pump),
whereas the fundamental (1.55 eV, 730 pJ, 30 fs FWHM) was used to generate high
harmonics from CHD (probe). We recorded the high-harmonic yields as a function of the
pump-probe delay. The separated beams were superimposed again using a dichroic mirror
and collinearly focused using a concave mirror with a focal length of 500 mm. The intensities
of the pump and probe pulses in the interaction region were estimated as 1.3 TW/cm” and 110
TW/cm?, respectively. The relative polarizations of the pump and probe pulses were set to the
magic angle (54.7°) to minimize the effect of impulsive alignment of CHD induced by the
pump pulses. However, to the best of our knowledge, there exists no conclusive proof about
the assumption that the magic angle configuration is effective for HHG from CHD. Note that
the intensity of the pump pulse (1.3 TW/cm?) is much lower than that of the pulses used for
impulsive alignment (this value typically exceeds 10 TW/cm®) [50]; hence, the effect of
impulsive alignment is expected to be negligibly small.

Liquid CHD (Sigma Aldrich, 97%), which was stored in a stainless-steel reservoir at room
temperature, flowed continuously through a 1-cm-long hollow glass fiber (inner diameter:
100 pm) into a vacuum chamber with 1.6 atm He gas. We avoided heating the sample to
prevent thermal decomposition. The harmonics generated from CHD were spectrally
separated using an EUV spectrometer and were imaged onto an EUV-sensitive charge-
coupled device camera. Each data point was obtained for an integration time of 2 s, and 20
scans of data set were accumulated. Two 200-nm-thick aluminum filters were placed in front
of the spectrometer to filter out the pump and probe light. We confirmed that harmonics from
He were not observed upon introducing He alone into the system.
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Fig. 2. Schematic of the experimental setup. Inset shows the observed harmonic spectrum.
3. Results

Figure 3 shows the experimentally observed harmonic yields from the CHD molecules, which
were excited by 2PA of 3.1 eV photons, as a function of the pump-probe delay. Each
harmonic yield was normalized to the average yield before pumping. The dips in the
harmonic yields at zero delay are coherent artefacts arising from the overlap of the pump and
probe. A polarization component orthogonal to the probe polarization was introduced by the
pump, and it reduced the recombination probability in the HHG process. The full-width at
half-minimum of the dips was ~80 fs, providing a high-order cross-correlation time between
the pump and probe pulses. Fluctuations at the negative delays (shown in Fig. 3), except a
small dip at around —100 fs, are due to instabilities in the experimental conditions; the dip at
around —100 fs is due to the non-perfect Gaussian temporal intensity profile of the pump
pulse. The pump-probe process with a role reversal, i.e., the process in which the intense
probe pulse (800 nm) drives the CHD to an excited state and then the weak pump pulse (400
nm) stimulates XUV emission, does not cause the modulations at the negative delays. This is
because the intensity of the pump pulse was only 1.3 TW/cm?, which corresponds to a
ponderomotive energy of 19 meV; this intensity is too low to generate high harmonics in the
XUV.

After pumping, the yields of all observed harmonic orders displayed in Fig. 3 were
modulated synchronously. These modulations are not merely fluctuations due to experimental
instabilities because the modulation amplitudes after photoexcitation are sufficiently larger
than those before photoexcitation. Then, what stimulates the intensity modulations of the
high-harmonic signals? A previous study reported that the high-harmonic signals were
modulated by the vibrational modes stimulated by impulsive stimulated Raman scattering
(ISRS) via non-resonant excitation [17]. On the other hand, in the present case, the molecules
were excited to a real state. Hence, the observed modulations should be attributable to the
vibrational modes stimulated by the ultrafast internal conversion from the excited state whose
equilibrium geometry is different from that of the ground state [51,52]. In the previous TR-
PES measurement, the relaxation time of the 3p,-Rydberg state of CHD was 37 + 13 fs upon
2PA [28]. This rapid relaxation via internal conversion coherently excites low-frequency
vibrational modes whose periods are longer than the excited state life time [51]. Note that it is
impossible to avoid vibrational excitation via ISRS when ultrashort pump pulses are
employed, and ISRS in non-excited molecules may result in a vibrational background.
However, the intensity of the pump pulse in this experiment was 1.3 TW/cm?; this intensity is
~38 times less than that of the pump pulse used to excite vibrations in SF¢ via ISRS (~50
TW/cm?) [17]. Hence, the effect of ISRS is expected to be negligibly small as compared to
the effect of electronic excitation.

As discussed in [17], both the ionization and recombination steps in HHG contribute to
the modulation of the high-harmonic signal. Modulation of the ionization rate induced by the
molecular vibrations affects all harmonic orders; this explains the synchronization of the
modulations of all orders as seen in Fig. 3. On the other hand, the recombination step results



Research Article Vol. 26, No. 23 | 12 Nov 2018 | OPTICS EXPRESS 31043 I

Optics EXPRESS N h e

in the harmonic-order dependence of the modulation amplitudes because the returning
electrons of higher-order harmonics have shorter de Broglie wavelengths and more sensitive
to small displacements of the atoms. This is why the largest modulation was observed in the
19th harmonic (Fig. 3). Further, in the present case, the de Broglie wavelengths (Table 1) are
of the same order as the diagonal length of CHD (Fig. 4). Hence, small differences in
harmonic order can affect the sensitivity. Since the largest changes were observed for the 19th
harmonic, we have focused on this harmonic in the following discussion. For the results of
the analysis of the other harmonic orders, please refer to Appendix.
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Fig. 3. Experimentally observed yields of the 13th to 19th harmonics as a function of the
pump-probe delay.

Table 1. de Broglie wavelengths of the observed harmonics, assuming that the ionization
energy of CHD is 8.25 eV [53].

H13 H15 H17 H19
de Broglie wavelength [A] 3.55 3.16 2.87 2.66
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Fig. 4. Interatomic distances in CHD.
4. Discussion
4.1 Modulation frequency analysis

As the first step of analysis, we applied a short-time Fourier transform (STFT) with a 250 fs
FWHM Gaussian window to the observed signal (Fig. 5) in order to extract the modulation
frequencies. Before applying the STFT, we eliminated the DC component of the signal by
high-pass filtering. As shown in Fig. 5(b), the spectrogram shows that the modulation
frequencies changed at around 400 and 1000 fs. Further, by comparing Figs. 5(a) and 5(b), we
also noticed that the harmonic yield itself also changed at around the same delays. The
horizontal red lines in Fig. 5(a) depict the average values of the data points (black dots)
within the range of length of each red line. The lines indicate the rough trend of the harmonic
yield: the yield changed at around 400 and 1000 fs and was modulated with the characteristic
frequencies around each average value. By considering that both the harmonic yield [Fig.
5(a)] and its modulation spectra [Fig. 5(b)] changed at around 400 and 1000 fs, we concluded
that the molecule was isomerized at around these delays.

To observe more clearly the changes in the modulation frequency due to the
isomerizations, we obtained colored curves (Fig. 6) by Fourier transforming the data points in
the corresponding delay ranges, i.e., 80—400 fs [Fig. 6(a)], 400—1000 fs [Fig. 6(b)], and 1000—
1600 fs [Fig. 6(c)]. The peak positions of the experimentally obtained spectra are indicated by
black arrows. The figure clarifies the changes in molecular vibration upon isomerization.

4.2 Quantum chemistry calculations

Next, we tried to identify the isomers by associating the experimentally observed vibrational
frequencies with the theoretically calculated vibrational modes of the isomers. Since
vibrations are specific to a particular molecular structure, we can expect to identify the
isomers. For this purpose, we performed quantum-chemical calculations of the ground states
of CHD and its isomers at the LC-BLYP [54] /cc-pVDZ [55] level using GAMESS package
[56,57]. The calculated vibrational modes of the isomers are listed in Table 2. The obtained
results are well consistent with the results of previous studies on the experimental vibrational
spectra of CHD [58] and tZt-HT [59]. Since cZc-HT and c¢Zt-HT are unstable molecules, their
static, i.e., non-transient, vibrational spectra can be obtained only via theoretical calculations.
Additionally, Table 3 lists the calculated HOMO energy levels of the isomers. For CHD
and tZt-HT, the experimental values of the first ionization energies have been reported
[53,60]. The calculated values are in agreement with the experimental values; thus, the
accuracy of the calculations is validated. For ¢Zc-HT and ¢Zt-HT, no reference data were
available. Note that it is difficult to simply associate the harmonic yield with the HOMO
energy levels of the isomers. This is because it is necessary to consider the changes in the
angular dependence of ionization probability and phase matching conditions, including the
interference between the excited and the other unexcited molecules. Without accurate
evaluation of these factors, the changes in the harmonic yield do not provide sufficient
information to identify the isomers, though they indicate the occurrence of isomerization.
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4.3 Dynamics of photo-excited 1,3-cyclohexadiene

In this section, we discuss the isomerization dynamics of CHD by comparing the
experimentally obtained results with the quantum chemical calculation results. Table 2
presents a comparison of the theoretically calculated vibrational modes of CHD and the
experimentally observed vibrational modes between 80 and 400 fs. In this delay range, we
observed a vibrational mode at a frequency of 220 cm™' [Fig. 6(a)]. This vibrational mode can
be attributed to the ring-puckering mode (199 c¢cm™) of CHD [58] (Table 2). Their
correspondence indicates that the CHD photo-excited via 2PA of 3.1 eV photons remains
unisomerized until around 400 fs. Further, the peak observed at 440 cm™ in Fig. 6(a) is the
second harmonic of the ring-puckering mode.
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Fig. 5. (a) Experimentally observed yield of the 19th harmonic [identical to Fig. 3(d)]. The
horizontal red lines show the average values of the data points (black dots) within the range of
the length of each red line. (b) Short-time Fourier spectra of the transient harmonic yield [black
dots in (a)].



Research Article Vol. 26, No. 23 | 12 Nov 2018 | OPTICS EXPRESS 31046 I

Optics EXPRESS SN N\

j220 (a) 80-400 fs

Of

0.4 44
ol M +

303 | (b) 400-1000 fs |

1.0 <\—/> -

S
g = 9 cZeHT[
> 06 # =
.-5; 207
S 04+ { : -
c 414
~ 024 { -
0.0 = L
bt (c) 1000-1600 s
125 f <\_\:
i 3‘;0  CZtHT
[ ok
o \
0 100 200 400 500

Wavenumber [cm ]

Fig. 6. Experimentally extracted modulation frequencies of the 19th harmonic yield (the
colored curve in each panel). The curves were obtained by Fourier transforming the data points
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arrows depict the peak positions (in cm™) of the spectra.

However, it was unclear why the rest of the theoretically calculated vibrational mode of
CHD listed in Table 2, i.e., the asymmetric vibrational modes at 302 and 469 cm™', were not
observed in the experiment. We consider three possible explanations to clarify this point. The
first one is that these vibrational modes are not excited in the present case. Since both the
ground and excited electronic state (3px-Rydberg) of the CHD are symmetric [22], there is a
possibility that only symmetric vibrational modes are induced by the internal conversion to
the ground electronic state. In this case, asymmetric modes are neither induced nor observed.
The second one is that the unobserved vibrational modes, though excited, scarcely modulate
the harmonic yield. The third one is that these asymmetric vibrations are not observed at their
fundamental frequencies. This mechanism is explained in the following paragraphs.

Consider a situation where there is a randomly oriented ensemble of a molecule, and the
molecular vibrations are impulsively excited. In the case of the symmetric vibrational modes,
the macroscopic responses of the ensemble at 1/4 and 3/4 period must be different from those
at 0 and 1/2 period, i.e., the equilibrium state, as schematically shown in Fig. 7(a). Hence, the
macroscopic high-harmonic signal generated from the ensemble is modulated by the
symmetric vibrations. It is not clear whether the ensembles at 1/4 and 3/4 period enhance or
suppress HHG. If one of them enhances and the other suppresses HHG, the harmonic yield is
modulated at a vibrational frequency. Additionally, in this case, the second harmonic of the
vibrational frequency will be observed if the magnitudes of the enhancement and the
suppression are different. If both of the ensembles at 1/4 and 3/4 period enhance or suppress



Research Article Vol. 26, No. 23 | 12 Nov 2018 | OPTICS EXPRESS 31047 I

Optics EXPRESS SN \ .

HHG, the harmonic yield will be modulated at twice the vibrational frequency. In [17], all of
the inversion symmetric modes of SFs were observed at their fundamental frequencies. In the
present case, the lowest totally symmetric mode of CHD was also observed at the
fundamental frequency (~199 cm™). These observations suggest that symmetric vibrational
modes enhance and suppress HHG within their oscillation periods and are observed at their
fundamental frequencies.

Table 2. Theoretically calculated and experimentally observed vibrational modes of CHD
and its isomers.

Isomer and Frequency [cm™] Symmetry
its point group Ab Initio Experimental TR-HHS
(this work) Refs. * (this work)
CHD (Cy) 199 198.7 220 and 440 A
302 291 B
469 467.6 B
Ze-HT (C) 91 90 A
95 B
165 207 and 414 A
281 B
303 303 A
CZt-HT (Cy) 103 1257 A
153 125? A
201 211 A
290 ~300 A
351 360 A
467 470 A
tZt-HT (Cyy) 101 102 B,
154 156 A,
170 170 A
341 332 Ay
346 354 B,
393 394 A

*[58] for CHD, and [59] for tZt-HT.

Table 3. Theoretically calculated HOMO energy levels (Calc.) and experimental values of
the first ionization energies (Exp.) of CHD and its isomers.

CHD cZc-HT tZt-HT cZt-HT
Calc. (eV) -8.27 -8.51 -8.28 -8.43
Exp. (eV) 8.25° — 8.30° —

*[53],° [60]

On the other hand, in the case of the asymmetric vibrational modes, the macroscopic
responses of the ensemble at 1/4 and 3/4 period are identical [Fig. 7(b)]. Hence, the
asymmetric modes modulate the harmonic yield at twice their vibrational frequencies.
Therefore, the asymmetric vibrational modes were not observed at their fundamental
frequencies.

The CHD, thus, remains in its vibrationally excited state until 400 fs. Furthermore,
considering that the harmonic yields were observed to return to almost unity within ~80 fs
[Figs. 3 and 5(a)], we can conclude that the electronic excited state of CHD almost
completely relaxed to the ground state within 80 fs. If the CHD had stayed in the electronic
excited state, the harmonic yield would have changed. In the previous TR-PES measurement,
the relaxation time of the 3p,-Rydberg state of CHD was 37 + 13 fs upon 2PA [28], which is
consistent with the present result. Therefore, we conclude that the contribution of the excited
state of CHD was obscured by the coherent artefact around the zero delay and that the CHD
returned to its electronic ground state within 80 fs.

Since the absorbed photon energy of 6.2 eV is converted from electronic to vibrational
energy via internal conversion, the molecule is located at an extremely high vibrational level
of the electronic ground state. In other words, large amplitude vibrations are induced in the
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molecule. Then, the excited vibrations drive the isomerization dynamics of CHD. Such
vibrationally-driven isomerization after electronic relaxation was also observed in, e.g.,
rhodopsin [61,62]. In this case, furthermore, the coherent vibrations, especially in low-
frequency modes whose periods are longer than the excited state lifetime, were observed even
after the completion of the isomerization from rhodopsin to bathorhodopsin [51]. As
discussed below, we also observed the coherent vibrations after the isomerization from CHD
to HT. This indicates the isomerization completes faster than the periods of the observed
vibrations.

The changes in the harmonic yield and the vibrational spectra at around 400 fs (Fig. 5)
indicate the occurrence of isomerization at this moment. Table 2 presents a comparison of the
theoretically calculated vibrational modes of cZc-HT with the experimentally observed
vibrational frequencies between 400 and 1000 fs shown in Fig. 6(b). The observed peaks at
90 and 303 cm™" are attributed to the symmetric vibrational modes of cZc-HT at 91 and 303
cm™' in the theoretical calculation, respectively. Because of this consistency, we can conclude
that CHD isomerizes to cZc-HT at around 400 fs. Further, the observed peak at 207 cm™ can
be attributed to the symmetric vibrational mode at 165 cm™ in the theoretical calculation
because of the appearance of its second harmonic at 414 cm™. On the other hand, the
asymmetric mode at 95 cm™' in the theoretical calculation, which should appear at 190 cm™,
was missing in the present case.

Similarly, the changes in the harmonic yield and the vibrational spectra at around 1000 fs
in Fig. 5 also indicate the occurrence of isomerization at this moment. Table 2 presents a
comparison of the theoretically calculated vibrational modes of c¢Zt-HT with the
experimentally observed vibrational frequencies between 1000 and 1600 fs shown in Fig.
6(c). The observed peaks at 211, ~300, 360, and 470 cm™" are attributed to the theoretically
calculated modes at 201, 290, 351, and 467 cm™’, respectively. Because of this consistency,
we can conclude that cZc-HT isomerizes to cZt-HT at around 1000 fs. The observed peak at
125 cm™ can be attributed to either of the theoretically calculated modes at 103 or 153 cm™.
The peak observed at 42 cm™' is attributed to the large molecular structure change during
structural isomerization as none of the isomers have such a low frequency mode.

To summarize, the isomerization dynamics of the CHD after 2PA is as follows: (1) The
excited CHD molecule relaxes to its ground state within 100 fs. (2) The vibrationally-driven
isomerization from CHD to cZc-HT occurs at around 400 fs after the excitation. (3) Similarly,
the vibrationally-driven isomerization from cZc-HT to c¢Zt-HT occurs at around 1000 fs. (4)
Thereafter, the molecule continues to isomerize using its vibrational energy.
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Fig. 7. Simplified schematic of the TR-HHS of the randomly oriented molecular ensemble
with (a) symmetric vibration and (b) asymmetric vibration. The red and blue circles depict
atoms, and the arrows depict atomic displacements.

4.4 Comparison with the results of time-resolved photoelectron spectroscopy

In our previous investigation using TR-PES, we also observed the ring-opening of CHD after
2PA at approximately 500 fs [28]. Here, we reconsider the results of the TR-PES experiment
to verify its consistency with the aforementioned TR-HHS results. Figure 8 compares the
results of TR-HHS and TR-PES. Figure 8(b) depicts the transient yields of photoelectrons
obtained from the molecular orbitals (MOs) related to the C—C and CH, bonds (red) and from
the MOs related to the C = C bonds (blue). Figure 8(c) depicts the difference between these
photoelectron yields.

Comparison of the two results has provided us a more detailed understanding of the
transient photoelectron yields of the TR-PES measurement: Since the increase in the
difference in the photoelectron yield at around 400 fs [Fig. 8(c)] indicates a decrease in the
number of C—C bonds and an increase in the number of C = C bonds, we ascribe this behavior
to ring-opening [28]. Furthermore, the increase in this difference between 400 and 1000 fs
can now be attributed to the atomic configuration evolution of cZc-HT, though we had
previously considered it a sign of ring-opening from CHD to cZc-HT. At around 1000 fs, the
photoelectron yields start to decrease [Fig. 8(b)], indicating that further isomerization occurs
around this moment. In contrast, the difference remains almost constant after 1000 fs [Fig.
8(c)], indicating that the molecule remains in one of the hexatriene structures, which was
identified as cZt-HT by the TR-HHS. The observed timescales and interpretations of TR-PES
[28] and those of TR-HHS are thus entirely consistent with each other.

5. Summary

We have demonstrated the use of TR-HHS as a powerful tool for studying ultrafast photo-
chemical reactions owing to its sensitivity to both electronic and nuclear dynamics. By
associating the experimentally observed transient high-harmonic yields with the changes of
the electronic states and vibrational spectra of the isomers, we elucidated the
photoisomerization dynamics of CHD after 2PA by 3.1 eV photons. The excited CHD once
relaxes to its ground electronic state, and vibrationally driven isomerization from CHD to
cZc-HT, i.e., the ring-opening, occurs at around 400 fs after the excitation. Then, the
vibrationally driven structural isomerization from cZc-HT to cZt-HT occurs at around 1000
fs. Further, the obtained results here provide detailed and complementary insights into the
previously performed TR-PES study [28].
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One final point must be made about the qualitative nature of our analysis approach.
Herein, we compared the experimentally obtained modulation frequencies, which correspond
to the frequencies of highly vibrationally excited molecules in the process of isomerization,
with vibrational frequencies obtained from theoretical calculations of the ground state
molecules. This intuitive approach offers only an approximate understanding of ultrafast
isomerization dynamics. For complete understanding of the dynamics via TR-HHS, HHG
simulation combined with quantum molecular dynamics simulation of photoexcited
molecules will be necessary. Adopting this approach for complex molecules such as CHD is
clearly a challenge to be tackled in the future.
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Fig. 8. (a) Results of TR-HHS [identical to Figs. 3(d) and 5(a)]. (b) Results of TR-PES [replot
of Fig. 4(c) in [28]]. Red points indicate the time-dependent yield of photoelectrons mainly
originating from the MOs related to the C—C and CH, bonds of CHD. Similarly, blue points
show the yield of photoelectrons from the C = C bonds. (c¢) The result of subtracting the red
points from the blue points in (b).
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Appendix: Modulation frequency analysis of the observed harmonics

In this appendix, we present the results of the frequency analysis of all observed orders of
harmonics (except for the 21st harmonic owing to its low signal-to-noise ratio). Different
harmonic orders are sensitive to different spatial scales because of the different de Broglie
wavelengths of their recombining electrons. Hence, these data are noteworthy because the
differences between them may reflect the differences in their sensitivities to various spatial
scales.

Figure 9 shows the results of the application of short-time Fourier transform (STFT) with
a 250 fs FWHM Gaussian window to the observed harmonic signals. Before applying the
STFT, we eliminated the DC components of the signals via high-pass filtering.
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Fig. 9. (a) Experimentally observed yield of the 13th harmonic [identical to Fig. 3(a)]. (b)
Short-time Fourier spectra of the transient harmonic yield [black dots in (a)]. The results for
the other harmonic orders are similarly plotted.

To observe the changes in the modulation frequency more clearly, we obtained the power
spectra (Fig. 10) by Fourier transforming the data points in the corresponding delay ranges of
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Fig. 3, i.e., 80400 fs (red curves), 400-1000 fs (yellow curves), and 1000—1600 fs (blue
curves).
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Fig. 10. Power spectra of the modulations observed in the delay range of 80—400 fs of each
harmonic order (red curves). Each red curve was obtained by Fourier transforming the data
points in the delay range of 80-400 fs of Fig. 3. Similarly, yellow and blue curves were
obtained from the data points in the delay ranges of 400-1000 fs and 1000-1600 fs,
respectively.
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