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1. Introduction

Real-time observation of the Woodward-
Hoffmann rule for 1,3-cyclohexadiene by
femtosecond soft X-ray transient absorptionf

Taro Sekikawa, ) *® Nariyuki Saito,” Yutaro Kurimoto,® Nobuhisa Ishii,
Tomoya Mizuno, (2° Teruto Kanai,® Jiro Itatani,® Kenichiro Saita > and
Tetsuya Taketsugu“®

The stereochemistry of pericyclic reactions is explained by orbital symmetry conservation, referred to as
the Woodward—-Hoffmann (WH) rule. Although this rule has been verified using the structures of reac-
tants and products, the temporal evolution of the orbital symmetry during the reaction has not been
clarified. Herein, we used femtosecond soft X-ray transient absorption spectroscopy to elucidate the
thermal pericyclic reaction of 1,3-cyclohexadiene (CHD) molecules, i.e., their isomerization to 1,3,5-
hexatriene. In the present experimental scheme, the ring-opening reaction is driven by the thermal
vibrational energy induced by photoexcitation to the Rydberg states at 6.2 eV and subsequent
femtosecond relaxation to the ground state of CHD molecules. The direction of the ring opening, which
can be conrotatory or disrotatory, was the primary focus, and the WH rule predicts the disrotatory
pathway in the thermal process. We observed the shifts in K-edge absorption of the carbon atom from
the 1s orbital to vacant molecular orbitals around 285 eV at a delay between 340 and 600 fs.
Furthermore, a theoretical investigation predicts that the shifts depend on the molecular structures
along the reaction pathways and the observed shifts in induced absorption are attributed to the
structural change in the disrotatory pathway. This confirms that the orbital symmetry is dynamically
conserved in the ring-opening reaction of CHD molecules as predicted using the WH rule.

orbitals (MOs). The symmetry of the MOs before and after the
reaction is preserved,” which is called the Woodward-Hoffmann

Electrocyclic reactions occur in various biosynthetic and bio-
mimetic processes." The photo-induced ring-opening reaction
of cyclic 1,3-cyclohexadiene (CHD) to straight-chain 1,3,5-
hexatriene (HT) (Fig. 1a) is one of the simplest electrocyclic
reactions,>? a kind of pericyclic reaction, and is the prototype
reaction for understanding the nature of more complicated
biosynthetic processes. One interesting feature of electrocyclic
reactions is stereoselectivity under thermal and photochemical
conditions, which is determined from the symmetry of molecular
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(WH) rule.” The prediction of stereoselectivity in chemical reac-
tions is very important in the synthesis of organic materials.

Fig. 1b shows that the ring-opening reaction in CHD
involves a disrotatory and a conrotatory pathway. The disrota-
tory pathway is the thermal process, where the two CH, groups
rotate in opposite directions while conserving the symmetry
plane; contrarily, the conrotatory pathway is the photoexcita-
tion process, where the two CH, groups rotate in the same
direction while conserving the symmetry axis. The selectivity of
the two pathways can be understood intuitively by considering
the correlation diagram of the C-C o bonding/antibonding
orbitals and four = orbitals of CHD and the six m orbitals of
HT shown in Fig. 1c. In the disrotatory pathway, the MOs of
CHD are fully occupied up to m, orbitals and the symmetry
of each MO is classified as symmetric (S) and antisymmetric (A)
with respect to the mirror image operation. Before and after the
ring-opening reaction, the symmetry of the occupied MOs is
conserved because both CHD and HT have two S and one A
orbitals. Hence, the thermal reactions proceed through the dis-
rotatory pathway. On the other hand, in the conrotatory pathway,
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(@) Schematic illustration of the ring-opening reaction from CHD to HT. (b) Stereochemical two-reaction pathways in CHD. (c) Correlation

diagram of the C-C o bonding/antibonding orbitals and four © orbitals of CHD and the six m orbitals of HT via the disrotatory pathway and via the
conrotatory pathway. (d) Ring-opening reaction pathways of CHD excited to the Rydberg states or 2A (left) and 1B states (right).

the symmetry of MOs is classified as S and A with respect to the
two-fold axis, and before and after the ring-opening reaction, the
symmetry of occupied MOs in the ground state changes from two S
and one A to two A and one S. Because the WH rule predicts the
conservation of the symmetry of the occupied MOs, one electron
should be excited from =, (S) to 73 (A) on CHD. Therefore, the ring-
opening reaction of CHD via photoexcitation occurs via the con-
rotatory pathway. Consequently, the reaction pathway of the ring-
opening reaction depends on the reaction initiation scheme. The
WH rule is thus a powerful tool in stereochemistry to predict final
products, yet the dynamic nature of molecular symmetry during
the chemical reaction has not been examined.

The recent development of ultrafast laser technology has
enabled the observation of reaction dynamics on a timescale of
femtoseconds to attoseconds. The reaction dynamics of CHD has
been investigated using various spectroscopic techniques® > and
theoretical approaches.>**> Followed by the excitation to the S,
(1B) state, the configurational coordinate diagram shown in the
right panel of Fig. 1d, is generally accepted as the major ring-
opening process.”>*>*! Upon photoexcitation to the S; (1B) state in
the Franck-Condon (FC) region, the molecular structure starts
distorting, and the S; (1B) state is transformed into the S, (2A) state
accordingly, wherein the potential energy surface has a conical
intersection with that of the S, (1A) ground state of CHD. At the
conical intersection, the electronic state bifurcates into CHD and
ring-opened HT. Here, the WH rule predicts that the reaction will
follow the conrotatory pathway. By contrast, photoexcitation to the
S, (2A) or Rydberg states***" is possible by one-photon transition
at 6.2 eV>® or two-photon transition at 3.1 eV.'®*" The relaxation
processes subsequently occur through different pathways shown
in the left panel of Fig. 1d, wherein the S, (2A) or Rydberg states
directly relax to the vibrationally excited states in the ground
state of CHD*"** followed by the ring-opening reaction from the
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hot ground state of CHD.** This ring-opening process is ther-
mally driven; thus the reaction is expected to follow the disrotatory
pathway according to the WH rule. However, these two reaction
pathways have never been identified on the femtosecond timescale
so far, posing a question of the preferred pathway, that is, the
conrotatory or disrotatory. Recently, ultrafast electron diffraction
has enabled the observation of the real-space dynamics during
the photo-induced ring-opening reaction of a CHD derivative,
o-phellandrene.**

In contrast to this, we investigate the thermal ring-opening
reaction of CHD using soft X-ray transient absorption spectro-
scopy (SX-TAS) at the carbon K-edge and develop a theory to
simulate time-dependent molecular structures and the asso-
ciated near edge X-ray absorption fine structure (NEXAFS) to
understand the observed absorption change during the reac-
tion. Because the NEXAFS provides information not only about
the atomic species but also about local coordination and
bonding between the atoms present in a molecule, we have
unique opportunities to gain insight into the bonding states of
carbon atoms®> by SX-TAS. Therefore, the ring-opening pro-
cesses stimulated by photoexcitation to the 1B state in CHD
have already been investigated using SX-TAS,”° where the
relaxation time from the FC state to the conical intersection,
shown in Fig. 1d, is 60 + 20 fs and the subsequent decay is 110
=+ 60 fs. However, the reaction pathway in terms of the WH rule
has not been explicitly identified. In this study, we demonstrate
for the first time that the thermal ring-opening reaction of CHD
follows the disrotatory pathway on the femtosecond timescale.

2. Experimental details

We employed a BiB;Os-based optical parametric chirped-pulse
amplifier (OPCPA) operating at 1.6 um with a pulse duration of
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~10 fs and a repetition rate of 1 kHz, to produce HHG pulses in
the soft X-ray.*® The 3.1 eV pump pulses were obtained from the
second-harmonic generation of a Ti:sapphire laser used for
pumping the OPCPA. For the probe, a soft X-ray continuum in
the range of 200-380 eV was generated by focusing 1.6 pm laser
pulses into a Ne-filled gas cell for HHG. More details of the
laser system and the experimental setup for SX-TAS are
described in ref. 36 and 37, 38, respectively. The CHD samples
were purchased from Kanto Chemical Co. and used without
further purification. Gaseous CHD molecules at 296 K were
filled in a cell with two holes for optical transmittance. The pump
and probe pulses were non-collinearly focused on the gas cell. The
intensity of the pump pulse was set at 6 x 10'> W cm 2. The
transmitted soft X-ray spectra were then recorded with a spectro-
meter consisting of a slit, a 150 nm-thick aluminum filter, a flat-field
grating (Shimadzu 30-003, 2400 grooves per mm), and an X-ray
charge-coupled device camera (ANDOR Newton SO). The transient
absorption spectra were measured as a function of the delay time
between the 3.1 eV pump and the soft X-ray probe pulses. The
transient absorption spectra are shown as a change (A4) in the
absorbance (A). The light intensity after sample gas transmission
Iy = 107 was changed to I = 107"** by an optical pump.
Experimentally, AA is obtained from AA = —log(I/I,). The fluctuation
in AA is mainly caused by the probe light. Hence, the experimental
error of AA was determined to be +1.0 x 10~ for a bandwidth of
0.05 €V based on the fluctuation at 278 eV, where no photo-induced
signals appeared.

The spectrometer was calibrated using the L, ; absorption
lines of argon atoms around 250 eV.*>*° The cross-correlation
between the pump and probe pulses was determined from the
AC Stark shift of the 2p;,, — 3d absorption line of argon atoms.
The spectrogram of the AC Stark shift and temporal evolution
of AA is shown in Fig. S1 in the ESI.f Least-squares fitting to the
Gaussian function yielded a full width at half maximum of 72 +
15 fs, which corresponded to the effective temporal resolution
of the setup. In this study, although the system could deliver
stable attosecond pulses under appropriate operation,’* the
carrier-envelope phase (CEP) of the amplified pulses was not
fixed, and the timing and temporal structure of the high
harmonic pulses fluctuated. Because the temporal width of
the cross-correlation without CEP stabilization 72 £ 15 fs is
considerably longer than the timing jitter of the HHG by
1.6 um, ~10 fs laser pulses, the timing jitter does not degrade
the temporal resolution.

The relaxation time 7, in the observed process, which will be
discussed later, was obtained by least-squares fitting of the data
to the exponential function I(t) = exp(—t/t;) + C, convolved
with the correlation function R(f) = exp{—4In2(t/tpwum)’},
where ¢ denotes the time and the effective temporal resolution
Trwam = 72 fs is determined from the AC Stark shift. The
constant value C is an offset of the observed signal. The fitting
function f(¢) is then expressed as follows:

=4 R, 1)

where A denotes the amplitude of absorption change.
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3. Computational details

The intrinsic reaction coordinates (IRCs) between CHD and HT
in the ground state (the S, state) were explored using the double-
sphere artificial force induced reaction (DS-AFIR) method** at
the B3LYP-D3/cc-pVDZ level of theory using GRRM17** and
Gaussian16*® program packages.

The excitation energies and oscillator strengths of the core
excitation spectra were calculated using time-dependent den-
sity functional theory (TDDFT) under the Tamm-Dancoff
approximation (TDA). By referring to a prior theoretical
assessment,! Becke’s half-and-half exchange and Lee-Yang-
Parr correlation (BHHLYP) functional and the correlation-
consistent polarized core-valence (cc-pCVDZ) basis set were
employed. The TDDFT calculations were performed based on
the spin-restricted (closed-shell) Kohn-Sham method for the
lowest 1800 excited singlet states (0-300 eV) for neutral states
and the spin-unrestricted (open-shell) Kohn-Sham method for
the lowest 3500 excited states (0-300 eV) for cationic states,
using the Gaussian16*® program package.

4. Experimental results

Fig. 2a depicts the experimental absorption spectra of CHD in a
gas phase. The absorption peak at 284.4 eV (peak X) represents
the transition from the carbon 1s orbital to the n* orbital, and
the relatively broad absorption peak at ~287.5 eV (peak Y)
represents the transition to the o* orbital.”>*> Fig. 2b and 2c
depict the A4 spectrogram induced by photoexcitation and the
transient AA spectra at the designated delay times, respectively.

Fig. 3 shows the temporal evolutions of AA at the designated
probe photon energies in Fig. 2c by the dotted lines. The energy
bandwidths for integration in region I (282.0 eV) were +0.8 eV.
The other bandwidths in regions II (283.8 eV), III (284.6 eV), IV
(285.0 eV) and V (285.3 eV) were £0.3 eV.

Four features can be observed from the absorption changes
depicted in Fig. 2b and c. The first feature is the induced
absorption around 282.0 eV, which persisted for longer than
1 ps, as shown in the panel I of Fig. 3. The solid line is the
fitting result, showing that the induced absorption rose with
the temporal resolution of the system (~72 fs). We ascribe
these absorption changes to the three-photon ionization of
CHD molecules by the pump pulses, because the vertical
ionization energy of CHD is 8.25 eV'® while the excitation
photon energy is 3.1 eV. The transition energy from the 1s
orbital to the vacant n orbital in the cations is expected to be
lower than the energy of the peak X, which will be confirmed
theoretically later. Similar spectral changes were observed for a
benzene cation,*>*® which has a transition energy of ~281 eV
from the 1s orbital to a partially occupied n-subshell. As shown
in the panels II and V of Fig. 3, induced absorption changes
upon photoexcitation were also observed up to 1 ps around
283.5 and 285.5 eV, respectively. The theoretical calculation
reveals that this also arises from the CHD cation, which will be
discussed later. Under the present experimental conditions,
several CHD molecules could be ionized, although the pump
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Fig. 2 (a) Stationary absorption spectrum of CHD. (b) AA spectrogram.
(c) Time-resolved AA absorption spectra. The solid vertical line indicates
the transition energy from the 1s orbital of a carbon atom to an unoccu-
pied n* orbital. The dotted lines indicate the photon energies at which the
temporal evolutions are plotted in Fig. 3. The arrows indicate the appear-
ance of the shoulders in the valley at 340, 380, 440, and 500 fs.

intensity (6 x 10> W ¢cm™?) was set as low as possible to
minimize the nonlinear absorption signals while retaining the
absorption change AA to be observable. Such an experimental

8500 | Phys. Chem. Chem. Phys., 2023, 25, 8497-8506
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Fig. 3 Temporal evolutions of the absorption changes at | (282.0 eV), I
(283.8 eV), lll (284.6 eV), IV (285.0 eV), and V (285.3 eV) displayed using
dotted lines in Fig. 2c.

condition was necessary to increase the interaction volume of
CHD for improving the signal-to-noise ratio, which was inevi-
table in detection of the multiphoton ionization signals pro-
duced at the center of the pump beam.

The second feature is the bleaching of the peak X around 0
fs, which appears in the panel III of Fig. 3. Although a HOMO
electron was not directly excited to the n* orbital, the electronic
structure of CHD was modulated by photoexcitation, and
accordingly, the peak X was bleached. However, the bleaching
of the peak X decreased within 200 fs because of the relaxation
from the excited state. The lifetime of the excited Rydberg states
was 26 *+ 7 fs, obtained by least-squares fitting to a single
exponential function convolved with the response time of the
system (~ 72 fs). The fitting result corresponds to the solid line
in the panel III. This lifetime is consistent with the lifetime of
the excited state measured by time-resolved photoelectron
spectroscopy (TR-PES) (37 =+ 13 fs)."® Considering the previous
investigations,'®*"** we confirm that the ultrafast relaxation to
the ground state occurs within 200 fs. Such a fast relaxation
time implies that a large excitation energy of 6.2 eV is rapidly
shared among the vibrational modes by intramolecular vibra-
tional energy redistribution (IVR) in the ground state of CHD.
Energy transfer to the vibrational modes is thus expected to

This journal is © the Owner Societies 2023
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broaden the absorption lines of the peak X, which remain up to
1 ps. Additionally, the CHD cation also contributes to the
bleaching of the peak X. The above consideration of spectral
broadening of the peak X and ionization can also explain the
feature that the AA spectrum in Fig. 2c resembles a valley
around the peak X after the relaxation to the ground state of
CHD at 200 fs.

The third feature is the temporal evolution of the valley
between 300 and 600 fs at ~285 eV. In Fig. 2b and c, the valley
around the peak X becomes shallower than that at an earlier
timing of ~200 fs. To quantify the dynamics, the temporal
evolution of the zero-crossing points of the valley is plotted in
Fig. 4c, where its definition is shown in the inset. Here, the
energy at the bottom of the valley is used when the bottom of
the valley becomes positive and there are no zero-crossing
points. Although the amount of energy shifts of the lower
zero-crossing point (O) was less than £0.1 eV after 300 fs, the
higher zero-crossing point (1) shifted to the lower side by 0.8 eV
between 340 and 600 fs. This relatively large energy shift of the
higher zero-crossing point suggests that a new absorption band
appeared on the higher energy side of the valley. Fig. 2c shows

HH yield (arb. u.) Normalized Intensity

400 800 1200
Delay Time (fs)

1600

Fig. 4 Temporal evolutions of the experimental signals observed by TR-
PES, TR-HHS, and SX-TAS. (a) Time dependence of the photoelectron
yields from the MOs related to the C-C and CH, bonds of CHD (A) and
with the C=C bond (@) (replot of Fig. 4(c) in ref. 18 with permission from
the Royal Society of Chemistry). (b) Time dependence of the yield of the
19th harmonic from CHD (replot of Fig. 3(d) in ref. 21 with permission from
the Optical Society of America). (c) Time dependence of the zero-crossing
point of the valley in the AA spectra. The zero-crossing points are defined
in the inset, which is the AA spectrum at 440 fs extracted from Fig. 2c. The
larger and smaller points are indicated by [] and by O, respectively.
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that AA around 285 eV increased between 340 and 600 fs,
resulting in a shoulder-like spectrum, which is indicated by
the arrows. The temporal evolution of AA at the shoulder
(285.0 eV) is shown in panel IV of Fig. 3, showing that AA
values were enhanced between 200 and 700 fs, whereas the
temporal evolution in the other spectral regions was almost
constant after photoexcitation. The appearance of the absorp-
tion around 285.0 eV is the direct evidence for the change in the
bonding state.

To highlight the consistency of the results with previous
studies,"®*" the data of TR-PES and time-resolved high harmo-
nic spectroscopy (TR-HHS) upon photoexcitation to the Ryd-
berg states are shown in Fig. 4a and 4b, respectively. TR-PES
measures the occupied states including the HOMO by dipole
coupling to the continuum while TR-HHS signals reflect the
structure and symmetry of the HOMO because of the selective
nature of tunnelling. These two methods show the dynamics
being more related to the valence electrons, while SX-TAS is
more focused on the valence holes probed by core electrons.
These three experimental methods thus enable to elucidate the
ring-opening dynamics from different viewpoints.

Fig. 4a shows the time dependence of the photoelectron
yields from the molecular orbitals related to the C-C and CH,
bonds (A) and the C—=C bond (®)."® The experimental spectra
are shown in Fig. S2 in the ESI.{ The photoelectron yields of the
two bands deviate around 400 fs, suggesting the isomerization
of CHD.'® Fig. 4b shows the temporal evolution of the 19th
harmonic yield from gaseous CHD observed by TR-HHS. At zero
delay time, CHD is excited by two-photon absorption of 400 nm
photons to the Rydberg states. The red bars indicate the
average values of the data points within the range of the length
of each red line. The transient vibrational spectra, shown in
Fig. S3 (ESIY), were deduced using a short-time Fourier trans-
form of the harmonic yield. At 400 fs and 1 ps, the harmonic
yield and the vibrational spectra changed, which suggests that
isomerization occurred at the boundaries between the red
horizontal lines and the harmonic yield decreased due to the
change in the ionization energy of the isomers.*"

Another common feature is the ultrafast relaxation from the
FC state to the ground state of CHD. As described already, in
TR-PES'® and SX-TAS experiments, the relaxation dynamics
with a time constant of ~30 fs were observed. In TR-HHS,
the HHG intensity is recovered within 100 fs, suggesting the
repopulation of the ground state of CHD. In the TR-PES
experiment,'® we ascribed this ultrafast dynamics to the relaxa-
tion from the FC to lower-lying excited states. However, con-
sidering the ultrafast dynamics of bleaching in SX-TAS and the
ultrafast recovery of the harmonic yield less than 100 fs in TR-
HHS shown in Fig. 4b, it is more reasonable to ascribe the
observed dynamics to the relaxation to the highly vibrational
states in the ground state of CHD.

It is also worth mentioning that PES and HHS probe only the
neutral molecules, although the pump pulses could also ionize
CHD under the experimental conditions. Because the cation
has different ionization energy from the neutral species and
because the efficiency of HHG from the cation is drastically
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decreased compared to that from the neutral species due to the
lower probability of tunnelling ionization, the observed
dynamics reflects that of the neutral species. Interestingly, at
approximately 400 and 800 fs, all the signals obtained from the
three different experimental methods show significant irrever-
sible changes. Therefore, it is concluded that the dynamics in
the neutral species was also observed in SX-TAS. The CHD
molecule starts isomerizing after approximately 400 fs,
although the reaction pathway is still undistinguishable.

Finally, after 600 fs, the shoulder around 285.0 eV in the AA
spectra disappeared, and hence, the zero-crossing points of the
valley shifted to a higher energy (see Fig. 4c). At 840 fs, the zero-
crossing energies of the valley shifted again. These results
suggest that the molecules were not in a stable state, even after
800 fs. The shifts beyond 800 fs are also consistent with the
dynamics observed by TR-PES and TR-HHS presented in Fig. 4a
and 4b, respectively. The TR-PES signal showed a decrease
in the photoelectron yield beyond 800 fs, while the TR-HHS
signal showed that the vibrational spectra varied at approxi-
mately 1 ps.*!

5. Discussion

5.1 Thermal reaction pathway from a computational
approach

To understand the spectral dynamics observed by SX-TAS and
to gain insight from the viewpoint of the WH rule, we theore-
tically investigated the AA spectra as follows: under the present
excitation conditions, the ring-opening reaction occurs through
a thermal process.>'”** Therefore, the intrinsic reaction coordi-
nates (IRCs) between CHD and HT were explored in the ground
state. Two ring-opening pathways, the disrotatory and conrota-
tory pathways, were identified as shown in Fig. 5a and b,
respectively. TS1 and TS2 are the transition states (TSs) of the
ring-opening processes on the respective IRCs. The disrotatory
and conrotatory IRCs lead to several isomers labelled cZc-, cZt-,
tZt-HT and cEc-, cEt-, tEt-HT, respectively. The WH rule predicts
that ring-opening in the thermal process follows the disrotatory
pathway, which is more consistent with the lower activation
barrier of the disrotatory pathway (1.90 eV) than the activation
barrier of the conrotatory pathway (3.36 eV), as shown in Fig. 5.
Here, a CHD molecule is excited by two 3.1 eV photons and is
therefore in highly excited vibrational states after relaxation to
the electronic ground state. Hence, although the reaction does
not necessarily proceed along the IRCs, it is evident that the
disrotatory pathway has the lowest activation barrier. Thus,
even when a molecule has a large amount of vibrational energy,
the disrotatory IRC is expected to be one of the main reaction
channels.

5.2 Theoretical near K-edge absorption

The left panels of Fig. 6 are enlarged views of Fig. 5a and b.
Using the computed values, the absorption spectrum at each
IRC indicated by a dot in Fig. 6a and b was simulated as
follows: first, the bandwidths of absorption lines and the
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Fig. 5 (a) and (b) Relative energies along the intrinsic reaction coordinates

(IRCs) of the disrotatory and conrotatory pathways, respectively. The
molecular structures show the key structures of CHD, transition states
(TS1 and TS2), and reaction products (cZc-, cZt-, and tZt-HT in the
disrotatory path and cEc-, cEt-, and tEt-HT in the conrotatory path) in
the ground state.

energy scaling factor were determined so as to reproduce the
static absorption spectrum of CHD shown in Fig. 2a, where (i)
each oscillator has a Gaussian profile with spectral widths of
0.934 and of 1.556 eV below and above 286.5 eV, respectively,
and (ii) the energy scale is reduced by multiplication with 0.778.
The theoretical spectrum (blue dotted) is shown in Fig. 7a
together with the experimental absorption spectrum (red) in
Fig. 2a. Then, the AA spectra at the designated points on the
IRCs in Fig. 6a and b were simulated by employing the
same bandwidths and scaling factor. The results are shown in
Fig. 6¢c and d along the disrotatory and conrotatory pathways,
respectively.

Here, we would like to point out that the characteristics of
the transient spectra around 285 eV may allow the identifi-
cation of reaction pathways. For the chemical reaction with an
activation barrier between a reactant and products, it has been
considered challenging to observe TSs experimentally, because
the molecular structure changes so rapidly around the TS
region. Certainly, at the points before reaching the TSs shown
in Fig. 6¢ and d, the AA spectra change so rapidly that it would
be difficult to take snapshots of the transient states, while the
final products cZ¢-HT and cEc-HT (shown by green points and
curves in Fig. 6) are observable because they are stable isomers.
Between these two regions, the AA spectra have similar shapes
for long IRCs, specifically between TS1 and point k in the
disrotatory pathway and between point j and cEc-HT in the
conrotatory pathway. In the case of the Diels-Alder reaction,
which is also a kind of pericyclic reactions, a time of 50-150 fs
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Fig. 7 (a) Experimental (red line) and theoretical (blue dotted line) absorp-
tion spectra of CHD. (b) Theoretical AA spectra of the cation for the
Franck—Codon (FC) (blue) and ground states (red). The solid vertical line
indicates the energy of peak X.

on average is required for traversing the transition zone.>”
Hence, taking account of the temporal resolution of the system
72 fs, it should be possible to capture the transient states
located in the intermediate region.

The theoretical simulation shown in Fig. 6¢ and d predicts
that the peak of the induced absorption in the disrotatory
pathway stays around 285.0 eV between TS1 and point k, which
is higher than peak X (284.4 eV, 1s-n*). On the other hand, in
the conrotatory pathway, it remains at a lower transition energy

This journal is © the Owner Societies 2023

cEc-HT) in the region of peak X is provided in Table S4 (ESIf),
and the related MOs and their orbital energy levels are shown
in Figs. S6 and S7 (ESIf), respectively (see the ESIt). Peak X of
CHD can be assigned to the C;; —» LUMO (23a) excitation. At
TS1 on the disrotatory pathway, the absorption band is found to
be high-energy shifted due to the contribution of excitation to
LUMO+1 (24a) and the low-energy shift of the core orbitals (Cy
orbitals). In contrast, for TS2 on the conrotatory pathway, the
LUMO (23a) energy is very low compared to those of CHD and
other structures, indicating that the absorption band is shifted
to lower energy. The lower energy of the LUMO at TS2 than
those of the others is qualitatively explained as follows: in the
structure considered here, the linear combinations of the 2p
atomic orbitals of C atoms give a pair of HOMO and LUMO. The
energy difference between them depends on the strength of the
interaction between the 2p orbitals, which becomes larger with
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the degree of overlap between the 2p orbitals. Among these five
structures, only TS2 has a non-planar geometry (see Fig. S6,
ESIt) and, therefore, the interaction between the 2p orbitals is
weaker than in the others. Hence, the LUMO energy of TS2 does
not change so much from the energy of the 2p orbitals, while
those of the others are shifted to higher. Consequently, the
transition energy of C;; — LUMO at TS2 along the conrotatory
pathway becomes lower than that at TS1 along the disrotatory
pathway.

The theoretical investigation also reveals that the first
experimental feature observed at around 282 eV (see Fig. 2c)
is attributable to the cations as follows: the absorption spectra
of cations are simulated using the oscillator strengths of the
cations (see Fig. S8, ESIT) with the same bandwidths and energy
scaling factor being used for the neutral species. The simulated
AA spectra of the cations in the ground (red) and FC states
(blue) are shown in Fig. 7b. The simulated spectra reproduce
the induced absorption around 282 eV, which is the transition
to the vacant & orbital in the cation. The bleaching of peak X
and the induced absorption around 283.8 and 285.9 eV experi-
mentally observed could also be attributed to the contribution
of the cations.

Another finding in the simulated AA spectra of the cations
shown in Fig. 7b is that the peaks of the induced absorption by
the cations stay at around 283.8, 284.7 and 285.9 eV both in the
ground and in the FC state. Because the CHD cations retain the
ring structures, the structural relaxation from the FC to relaxed
structure in the cations does not change the electronic states so
much and does not explain the appearance of the transient
state observed between 340 and 600 fs. This reinforces that the
observed dynamics is due to the neutral molecules.

5.3 Reaction processes

In the previous subsection, it was found that some experi-
mental features in the time-dependent AA spectra could be
explained by the theoretical calculations of AA along IRCs.
Here, we will show how the experimentally observed spectra
AA are correlated to theoretically calculated AA spectra by
taking into account these features.

The reaction process shown in Fig. 1d can be divided into
three steps: relaxation to the ground state up to 200 fs, ring-
opening process between 340 and 600 fs, and post-ring-opening
process beyond 600 fs. Fig. 8 shows the simulated spectra at
each step (blue) along with the experimental AA spectra (red).

In the first step at 200 fs, the CHD molecules are in highly
vibrationally excited states after relaxation to the electronic
ground state of CHD, and some of them are ionized. Hence,
the experimental AA spectrum at 200 fs shown in red in Fig. 8
consists of (i) the spectral broadening of CHD caused by
absorption of a high-energy photon and of (ii) bleaching and
induced absorption by ionization. The theoretical simulation
qualitatively reproduces the experimental AA spectrum shown
in blue at the bottom of Fig. 8 with an assumption that 10% of
CHD is ionized and that the spectral width of the remaining
neutral CHD becomes broader from 0.934 to 1.089 eV.
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Fig. 8 Theoretical (blue) and experimental (red) AA spectra at 200 (bot-
tom), 500 (middle), and 700 fs (top). The black arrow indicates the
absorption by the transient state in the disrotatory pathway.

In the second step, a new state at 285.0 eV was found as the
third experimental feature. Taking account of the theoretical
AA spectra shown in Fig. 6¢ and d, the disrotatory pathway
better explains the feature of the second step, because the
structures in the conrotatory pathway have the absorption
energy lower than peak X at around 284 eV as discussed in
Section 5.2. In the present simulation, we assume that the A4
spectrum of point fin Fig. 6a is observable during the reaction.
The AA spectrum was simulated with an assumption that 20%
of the excited molecules proceed to the ring-opening pathway.
In addition to the transient state at point f, the CHD cation and
spectral broadening of the hot CHD were considered. The
simulated AA spectrum is shown in the middle of Fig. 8 along
with the experimental AA spectrum at 500 fs. In contrast with
the spectrum in the first step, a shoulder on the higher energy
side of the valley from the transient states appears, which is
indicated by the black arrow. Consequently, we confirm that
the excited CHD molecules proceed to the disrotatory pathway
between 340 and 600 fs.

In the third step, i.e., after the ring-opening, the AA spectra
of ¢Zc-HT and vibrationally excited hot CHD were included for
simulation with the same quantum yields in the second step.
The topmost theoretical AA spectrum (blue) in Fig. 8 repro-
duces the experimental spectrum at 700 fs (red). Fig. 4c shows
that the higher zero-crossing point of the valley shifted to a
higher value owing to the isomerization to ¢Zc-HT, which has
almost the same absorption energy as CHD. However, at 900
and 1000 fs, the higher zero-crossing point of the valley shifted
to lower values again. These features are caused by the isomer-
ization dynamics of HT among cZc-, tZt-, tZc-HT, and so on,’
because the molecule is still in vibrationally hot states even
after ring-opening. TR-PES and TR-HHS exhibited further
dynamics after 800 fs as shown in Fig. 4.'%*'

Finally, we would like to remark about the results obtained
by X-ray scattering, where CHD was excited to Rydberg states
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with 200 nm light.>®> As mentioned in ref. 23, the diffraction
intensities monotonically change up to approximately 600 fs
upon photoexcitation, which is attributed to the relaxation to
the CHD ground state and the ring-opening reaction to HT with
a time constant of 208 + 11 fs. In contrast, TR-PES, TR-HHS,
and SX-TAS resolve more complicated dynamics: the first and
second processes are completed by approximately 800 fs. In
particular, the first process occurs with a time constant of 26 +
7 fs and completes within 200 fs (see Fig. 3). This fast process is
not separately observed by X-ray scattering. One possible expla-
nation for this is that the differential cross-sections of X-ray
scattering in the ground and excited states are similar, and that
X-ray diffraction is not necessarily sensitive to the electronic
states of CHD in comparison with TR-PES, TR-HHS, and SX-
TAS."” Therefore, it is crucial to apply various experimental
methods to trace chemical reaction dynamics for understand-
ing from different viewpoints.

6. Conclusions

We investigated the thermal ring-opening reaction of CHD
using SX-TAS. The thermal reaction is driven by the photoexci-
tation to the Rydberg states, subsequently followed by ultrafast
relaxation to the ground state with a time constant of 26 + 7 fs.
SX-TAS revealed three-step dynamics of the ring-opening reac-
tion: (i) ultrafast relaxation to the ground state of CHD, (ii)
isomerization via the disrotatory pathway between 340 and
600 fs, which is identified from the spectral changes of the
carbon K-edge absorption peculiar to the disrotatory pathway,
and (iii) further transformation among HT isomers. This three-
step dynamics is consistent with the results obtained from TR-
PES'® and TR-HHS.>' These approaches detect ultrafast
chemical reactions in less than 1 ps with good sensitivity.
Among them, the shift of the carbon K-edge absorption
observed using SX-TAS can be a sensitive indicator to distin-
guish steric structures of molecules, enabling the verification of
the WH rule on the femtosecond timescale. SX-TAS provides us
unique opportunity to investigate chemical reactions.
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