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ABSTRACT: We studied nonadiabatic dissociation of CS, from the 'B, ('Z,") state using
ultrafast extreme ultraviolet photoelectron spectroscopy. A deep UV (200 nm) laser using the —

filamentation four-wave mixing method and an extreme UV (21.7 eV) laser using the high- srecting O’é“r" = 9,0
order harmonic generation method were employed to achieve the pump—probe laser cross- P2 v (%)
correlation time of 48 fs. Spectra measured with a high signal-to-noise ratio revealed clear 77, Bending
dynamical features of vibrational wave packet motion in the 'B, state; its electronic decay to
lower electronic state(s) within 630 fs; and dissociation into S('D,), S(°*Py), and CS fragments e
within 300 fs. The results suggest that both singlet and triplet dissociation occur via (f;/) :
intermediate electronic state(s) produced by electronic relaxation from the 'B, ('Z,*) state. u

Photodissociation reaction of CS,

7

0 ! Delay (ps)
hotoexcited polyatomic molecules undergo multiple 2a. The 'B, potential energy surface has a minimum for a bent
electronic relaxation processes such as internal conversion molecular geometry, while a relatively low barrier to linearity

and intersystem crossing, which lead to formation of various exists at around a photoexcitation energy of 6.1 eV (204
reaction products. Understanding the mechanistic details of nm).'»***> Therefore, the pump laser pulse creates a
these complex electronic dynamics is one of the main research vibrational wave packet just above the barrier in the 'B,
subjects in molecular reaction dynamics.”* UV photodissoci- state. Figure 2b presents an overview of the TRPES results.
ation of carbon disulfide from the 'B, ('X,") state is known to The horizontal axis of this figure corresponds to the electron
produce both singlet and triplet products (Figure 1) binding energy (eBE), given by the difference between the

probe photon energy and the experimentally measured
photoelectron kinetic energy (PKE). The negative bands
- Ccs(X'zh) + sCp) (1b) seen at 10, 13, and 14.5 eV (indicated in purple) are due to the

J . .
ground-state bleach (depopulation) induced by the pump
Interestingly, the spin-forbidden channel (eq 1b) has a greater pulses; the pump efficiency is estimated to be 0.7%. The

CS,(By(Z,7) — CS(X'ZY) + 5(D) (1a)

quantum yield than the spin-allowed channel (eq 1a).”~"" This photoemission signals associated with the reaction products
reaction has been studied using a plethora of experimental start appearing from about 500 fs with high intensities; on the
methods; however, the mechanism involved is yet to be other hand, the photoemission signals from the photoexcited
understood.*>™*° In this Letter, we report time-resolved 'B, state of CS, in the eBE region lower than 10 eV are

extreme UV (EUV) photoelectron spectroscopy (TRPES)
with the pump—probe cross-correlation time of 48 fs, which
was obtained by the combination of an ultrafast deep UV (6.2
eV; 200 nm) laser based on filamentation four-wave mixing
(FFWM)**™* and an EUV (21.7 eV) laser based on high-
order harmonic generation (HHG).*™** As discussed later, a
high temporal resolution and signal-to-noise ratio are crucial
for extraction of dynamical information such as the nuclear
wave packet motions in the 'B, state, electronic relaxation from
'B, to intermediate electronic state(s), and subsequent
dissociation into the singlet and triplet reaction products.
The UV photoabsorption spectrum of jet-cooled CS,** and
the spectrum of our DUV pump pulse are presented in Figure

considerably weaker. In order to examine these weak signals,
the spectra in the region enclosed by the white dashed box in
Figure 2b are presented using a different color scheme in
Figure 2c. The photoionization signal between 4 and 7 eV is
due to the transition from 'B, to the cationic ground state
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Figure 1. Schematic potential energy curves along the C—S bond
distance.”

(ZHg). The signal at 4 eV corresponds to ionization from the
linear molecular geometry (the Franck—Condon region), and
the signal at 7 eV is from the region of outer turning points for
both bending and asymmetric stretching vibrations. It is noted
that the appearance time of the intensity maximum in the 9.5—
10 eV region is delayed with respect to that in the 4—7 eV

region, indicating photoionization from intermediate electronic
states populated by electronic relaxation from 'B,, as
previously discussed by Smith et al.*

Photoionization from the 'B, state and the intermediate
electronic state(s) to higher cationic states also occurs, and the
corresponding signals should appear in the eBE region higher
than 10 eV; for example, a short-lived photoemission signal
from 'B, is seen at 10.6 eV. Close examination of Figure 2b
reveals a quantum beat signal due to vibrational wave packet
motion in the 'B, state in the 11—12.5 eV region. It is
important to consider these photoemission signals from the
excited states of CS, in order to perform a reliable analysis of
the time profiles of the reaction products, as discussed in detail
later.

We first focus on the eBE region below 10 eV; Figure 3
shows representative time profiles for the photoelectron
signals. The profiles are integrated signals in the eBE ranges
of (a) 3.8—6.7 and (b) 7.0—9.8 eV. These profiles exhibit no
signature of a vibrational quantum beat, as the signal was
integrated for sufficiently wide eBE ranges, and they represent
population decay. We performed least-squares fitting of these
two profiles by assuming (a) mono- and (b) biexponential
decay functions, and we obtained 7, and 7, values of 626 + 14
and 299 =+ 2 fs, respectively. 7, corresponds to the population
decay time for the 'B, state, and 7, is the decay time for the
lower electronic state populated by electronic relaxation from
'B,. Because 7, is shorter than 7,, the photoemission signal in
the 7.0—9.8 eV region rises with 7, and decays with 7;. The
integrated profiles for narrower eBE ranges, shown in Figure
3c—e, clearly reveal vibrational quantum beats. A Fourier
transform of these beat signals provides four frequencies, which
correspond to vibrational energy spacings of 4.5, 44, 50, and S5
meV (36, 357, 401, and 440 cm™) for the 'B, state (see
section S1 of the Supporting Information for details). In
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Figure 2. (a) Ultraviolet photoabsorption spectra of jet-cooled cs,** (gray) and our pump pulses (purple). (b) Two-dimensional map of
photoelectron spectra measured for jet-cooled CS, using 200 nm pump and 21.7 eV probe pulses. A static photoelectron spectrum of jet-cooled
CS, is shown above the map. (c) Magnified view of the data enclosed in dashed box in panel b using a different color scheme to enhance the

visibility.
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Figure 3. Time profiles of photoelectron intensity integrated over eBE
ranges of (a) 3.8—6.7, (b) 7.0-9.8, (c) 4.0—4.2, (d) 6.3—6.5, and (e)
9.4—9.6 eV. Open symbols show experimental data, and solid lines are
the best-fit profiles obtained using eq 5. Red, blue, and green lines
represent the total intensity, 'B, state, and intermediate state(s),
respectively. Error bars show the standard deviation. Black filled
symbols show the residuals of the least-squares fitting. Because the
curve fitting was performed by assuming only four principal beat
frequencies, weak oscillatory features remain in the residuals.

previous time-resolved photoelectron imaging (TRPEI) experi-
ments using deep UV pump and grobe pulses, we observed
additional higher frequencies;”’1 however, they are not
observed in the present study owing to the slightly narrower
bandwidth of the pump pulse. The profile in the region of 9.4—
9.6 eV shown in Figure 3e exhibits a quantum beat on top of a
slowly varying signal, whose intensity exhibits a maximum at
around 500 fs. The beating component in this time-profile is
due to ionization from 'B,, while the slowly varying
component is due to ionization from lower electronic state(s).
The solid lines in Figure 3 are the results of least-squares fitting
using a kinetic model described later.

Next, we discuss the spectral features in the eBE region
higher than 10 eV. As described earlier, excited-state
photoemission signals also appear in this region. Figure 4a
shows an expanded view of the two-dimensional map of
photoelectron spectra. The vibrational quantum beat in the 'B,
state can be seen near the time origin. Figure 4b shows the
time profiles in the eBE regions of 10.5—10.6, 10.8—10.9, and
11.8—11.9 eV along with least-squares fits to estimate the
contributions of the excited-state signal. The photoemission
signal from the 'B, state is dominant in the decay profile at
10.5—10.6 eV, while signals from intermediate electronic states
are seen in both the 10.8—10.9 and 11.8—11.9 eV regions.

Figure Sa shows a photoelectron spectrum of the products
measured at delay times longer than 3 ps, in which the ground-
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Figure 4. (a) Two-dimensional map of photoelectron spectra
expanded in the region of 9.9-12.8 eV. (b) Time profiles of
photoelectron intensity at selected eBE values indicated by arrows in
panel a. Open symbols in the main panels show the experimental
results, and the solid lines are the best-fit profiles obtained using eq S.
Red lines are curves of total intensity, and blue, green, and gray lines
show the contribution of the 'B, state, intermediate state, and
products, respectively. Error bars show the standard deviation. Filled
symbols in the upper panels show the residuals.

state bleach was compensated for by addition of the EUV
photoelectron spectrum of CS, measured with the same
apparatus. The red and green ticks above the spectrum indicate
the spectral assignments for the S(3PJ) and S('D,) photo-
emission bands.**™** From the intensities of these bands, we
estimated the S(°P;)/S('D,) branching ratio to be 2.47 (see
section S4 of the Supporting Information for details). We also
estimated the vibrational state distribution for CS('T*)
fragments from the photoelectron spectra of CS(*Z*) seen in
Figure Sa using a Franck—Condon analysis; the Franck—
Condon factors for the two ionization transitions to the X *X*
and A Il states of CS* were evaluated using reported
spectroscopic parameters for CS and CS" in refs 39—42, and
the two bands were fitted using the common parameters for
the CS('Z") state (see sections S2 and S3 of the Supporting
Information for details). The analysis indicated that the
population over the vibrational states of CS('X*) gradually
declines with vibrational quantum number. Therefore, we
approximated the distribution using the simple exponential
function exp(—k X AE,;), where k is a constant and AE,y, is
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Figure 5. (a) Photoelectron spectra measured for delay times greater than 3 ps. Four colored bands indicate the eBE ranges for which the
integrated intensity time profiles are examined in c and d. (b) Vibrational state distributions for CS fragments estimated from photoionization to X
2% and A 1 states of CS*. (c) Time profiles for photoelectron intensity at selected eBE ranges. Experimental results, total fitting curve, and
residuals are plotted as colored open circles with error bars, solid lines, and closed circles, respectively. Solid, broken, and dotted gray lines indicate
populations of 'B, state, intermediate state, and reaction product, respectively. (d) Enlarged views of time profiles shown in panel c.

the vibrational energy difference. The estimated CS vibrational
distribution, shown in Figure Sb, is in reasonable agreement
with the distribution at 210—216 nm for photodissociation of
CS,."” Considering energy partitioning into translational and
rotational degrees of freedom, formation of CS (v” = 3) is not
expected for the S('D,) channel for 200 nm photodissociation.
Then, if we assume that half of the CS product for v” = 0-2 is
produced by the S('D,) channel, the overall S(*P})/S('D,)
branching ratio is estimated to be 2.43, which agrees well with
the aforementioned value of 2.47.

Figure Sc presents the photoelectron intensity profiles
observed at the eBE positions for the atomic and molecular
products. All of these profiles have a sufficiently high signal-to-
noise ratio for detailed examination. As described earlier, the
photoelectron signals observed for these eBE values immedi-
ately after UV photoexcitation involve contributions from the
photoexcited 'B, state and a metastable electronic state of CS,.
In order to clarify this point, enlarged views of the rising edges
of these signals are shown in Figure 5d; the vibrational
quantum beats unambiguously represent the photoemission
signal from the 'B, state. Thus, the photoelectron signal
intensities for fragments were estimated by considering the
following kinetic scheme:

Ts

Ts
CS,('B;) —* CS4(S) — cs+ S('D,)

Ir

A)
CSyT) —2+ CS+S(P,)

where CS,(S) and CS,(T) indicate the singlet and triplet
intermediate electronic states, respectively. From the afore-
mentioned lifetime of the 'B, state (0.63 ps) and the triplet/
singlet branching ratio (2.47), the time constants 75 and 7y are
estimated to be 2.2 and 0.88 ps, respectively. Least-squares
fitting of the time profiles for S('D,) and S(*P)) indicated that
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the rise times of products 74 (322 = 23 fs) and 714 (358 + 48
fs) agree with each other within experimental errors, and they
are also indistinguishably similar to the decay time constant
(299 + 2 fs) for the intermediate state estimated from the
photoemission time profile shown in Figure 3b,e (see section
S5 of the Supporting Information for details). Thus, we
simplified the reaction scheme by assuming 7, = (1/75 + 1/
Tr) 7Y, Ty = Teq = Trq as follows:

7 1,
CS,('B,) —* Intermediate state —> Products  (B)

This does not immediately imply that the singlet and triplet
products are formed from a single intermediate electronic state
but that, even if there are multiple singlet and triplet
intermediate states, their temporal behaviors are indistinguish-
ably similar. The analytical solutions for this scheme are
expressed as

=4}

{o 1) -2}
ool

- o -2

where ['B,], [IS], and [Products] are the populations of 'B,,
intermediate electronic state, and reaction products, respec-
tively. The initial population in 'B, was assumed to be unity.
We considered the vibrational quantum beats in the 'B, state
using the following functional form:

(1)

[1S] ()

=Y

[Product] =1 +

)
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[Osc] = cos[ﬁ - ql)i]exp(—i]
T T (4)

where 7; is the damping time of quantum beat; T; and ¢; are
the vibrational period and the initial phase, respectively. T; has
been determined using Fourier transformation as described
earlier. Thus, the functional form for the least-squares fitting

‘was
U(t)}

I(t) = {

® G(t) ()

where ¢; are the expansion coefficients; U(t) is a unit step
function, and G(t) is a Gaussian-shaped cross-correlation
function for the pump and probe laser pulses. The time
constants determined by the least-squares fitting are listed in
Table 1, and simulated curves are shown in Figures 3, 4b, and
Sc,d.

7
cl[le] + ¢,[IS] + ¢;[Products] + Z ¢[Osc|]
i=4

Table 1. Best Fit Parameters for Time Profiles of Excited
States

excited states

AE*
component decay time (fs) (em™) (meV)
'B, 626 + 14
Intermediate 299 £ 2
v, - v’ 335 + 15 36 45
w, — v 774 + 143 357 44
v,? 723 + 100 401 50
v’ 162 + 16 440 55

“Quantum beat frequency expressed in the form of vibrational energy
gap. YRefs 17, 18, 34, and 3S.

Previously, TRPEI study by Horio et al. suggested that
S('D,) reaction products appear after a certain latency time,"’
which suggests the presence of an intermediate state for the
singlet dissociation channel. In this sense, our conclusion is
consistent with that of Horio et al. Minns and colleagues
proposed a slightly different kinetic model, which assumes that
the singlet reaction products are generated directly from 'B;
however, we found that the experimental data presented here
cannot be well-explained with their model.”>*" They measured
similar time profiles with the cross-correlation time of 180 fs
and performed the analysis without considering molecular
signals. As presented in section S6 of the Supporting
Information, when the experimental data shown in Figure Sc
are convoluted with a Gaussian function with a full width at
half-maximum (fwhm) of 180 fs, the time profiles become
much smoother and the position of initial signal rise become
elusive. Thus, we believe the difference between the two
studies largely originates from the low temporal resolution and
the lack of consideration of molecular signals.””*"

In conclusion, we performed ultrafast EUV photoelectron
spectroscopy on CS, with the pump—probe cross-correlation
time of 48 fs using FFWM and HHG light sources. The 'B,
state exhibited a vibrational quantum beat and decayed in 630
fs to populate metastable electronic state(s). The metastable
state decays into singlet and triplet products with an
indistinguishably similar time constant of 300 fs. The triplet/
singlet branching ratio is estimated to be about 2.5, and the

vibrational population of CS declines with vibrational quantum
number. In the present study, we employed a magnetic bottle
time-of-flight electron spectrometer and considered only the
electron kinetic energy distribution and its time-evolution.
Further information could be obtained from photoelectron
angular distribution measured using TRPEI with an EUV laser.

B METHODS

The experimental apparatus is described in more detail
elsewhere.”” We employed a one-box Ti:sapphire laser
(Coherent Astrella, 35 fs, 800 nm, 6 m]J) as a driving laser.
Pump pulses with a wavelength of 200 nm (30 nJ) were
generated using FFWM in Ar with the fundamental (800 nm,
0.5 mJ) and the second harmonic (400 nm, 0.3 mJ) of the
Ti:sapphire laser. The 200 nm pulses were separated from
other harmonics using multilayer mirrors and gently focused
into the photoionization chamber. The probe pulse was
generated using an HHG process in Kr gas. The second
harmonic (0.29 mJ) was focused into a Teflon tube filled with
Kr gas at a pressure of 43 Torr to generate high harmonics, and
a single harmonic (21.7 eV) was separated using a time-
preserving monochromator. The probe pulses were focused
into the photoionization chamber with a toroidal mirror.
Carbon disulfide was seeded in He career gas (8%) and
injected into a photoionization chamber through a pinhole (2
0.1 mm) at a stagnation pressure of 0.08 MPa at room
temperature. The photoionization chamber was evacuated with
a turbo molecular pump (1380 L/s) to maintain its pressure at
4.0 X 107° Torr. The PKE distribution was measured using a
magnetic bottle time-of-flight electron spectrometer with a 1.3
m flight path length.*’ The photoelectrons were detected using
a microchannel plate, and the signal was preamplified and
integrated using an A/D converter. The energy resolution was
estimated to be 120 meV. The pump—probe cross-correlation
time was estimated to be 48 fs using nonresonant ionization of
Xe.

B ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
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S1, Fourier transform analysis of vibrational quantum
beats in 'B, state; S2, Franck—Condon analysis of
photoelectron spectrum of CS; S3, fitting analysis of
photoelectron spectra; S4, branching ratio into singlet
and triplet products; S5, least-squares fitting of photo-
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