(7))
LV
G

o 3
- C
(]

c2
:CU
S
Qo
L C
Fo

Time resolved detection of the S(*D)
product of the UV induced dissociation of
CS,

Cite as: J. Chem. Phys. 154, 034302 (2021); https://doi.org/10.1063/5.0035045
Submitted: 26 October 2020 + Accepted: 26 December 2020 « Published Online: 15 January 2021

Emily M. Warne, Adam D. Smith, Daniel A. Horke, et al.

@ & @

View Online Export Citation CrossMark

ARTICLES YOU MAY BE INTERESTED IN

Relaxation dynamics through a conical intersection: Quantum and quantum-classical
studies

The Journal of Chemical Physics 154, 034104 (2021); https://doi.org/10.1063/5.0036726

Mapping wave packet bifurcation at a conical intersection in CHzl by attosecond XUV
transient absorption spectroscopy
The Journal of Chemical Physics 154, 234301 (2021); https://doi.org/10.1063/5.0056299

Femtochemistry under scrutiny: Clocking state-resolved channels in the photodissociation
of CHzl in the A-band

The Journal of Chemical Physics 152, 014304 (2020); https://doi.org/10.1063/1.5134473

Submit Today!
The Journal SPECIAL TOPIC: Low-Dimensional E

of Chemical Physics Materials for Quantum Information Science

J. Chem. Phys. 154, 034302 (2021); https://doi.org/10.1063/5.0035045 154, 034302

© 2021 Author(s).



The Journal
of Chemical Physics

ARTICLE scitation.org/journalljcp

Time resolved detection of the S('D) product
of the UV induced dissociation of CS,

Cite as: J. Chem. Phys. 154, 034302 (2021);

Submitted: 26 October 2020 * Accepted: 26 December 2020 -

Published Online: 15 January 2021

Emily M. Warne, Adam D. Smith, Daniel A. Horke,

Alfred J. H. Jones,

Cephise Cacho,” Richard T. Chapman,

Emma Springate,
and Russell S. Minns

AFFILIATIONS

School of Chemistry, University of Southampton, Highfield, Southampton SO17 1BJ, United Kingdom

Institute for Molecules and Materials, Radboud University, Heijendaalseweg 135, 6525 AJ Nijmegen, The Netherlands

Center for Free-Electron Laser Science, Deutsches Elektronen-Synchrotron DESY, Notkestrasse 85, 22607 Hamburg, Germany
The Hamburg Centre for Ultrafast Imaging, Universitat Hamburg, Luruper Chaussee 149, 22761 Hamburg, Germany

Central Laser Facility, STFC Rutherford Appleton Laboratory, Didcot, Oxfordshire OX11 0QX, United Kingdom

Author to whom correspondence should be addressed:

ABSTRACT

The products formed following the photodissociation of UV (200 nm) excited CS, are monitored in a time resolved photoelectron spec-
troscopy experiment using femtosecond XUV (21.5 eV) photons. By spectrally resolving the electrons, we identify separate photoelectron
bands related to the CS; + hv — S(!D) + CS and CS, + hv — SCP) + CS dissociation channels, which show different appearance and rise
times. The measurements show that there is no delay in the appearance of the S(*D) product contrary to the results of Horio et al. [J. Chem.
Phys. 147, 013932 (2017)]. Analysis of the photoelectron yield associated with the atomic products allows us to obtain a SCP)/S(*D) branch-
ing ratio and the rate constants associated with dissociation and intersystem crossing rather than the effective lifetime observed through the

measurement of excited state populations alone.

Published under license by AIP Publishing.

I. INTRODUCTION

The dissociation dynamics of CS; have been the subject of
numerous time and frequency resolved studies. Despite its
structural simplicity, it shows surprisingly complex dissociation
dynamics involving competing dissociation channels and internal
conversion (IC) and intersystem crossing (ISC) processes. Follow-
ing excitation around 200 nm, the initial vibrational dynamics drive
IC and ISC processes that lead to the formation of dissociation prod-
ucts. The dissociation leads to the formation of the electronic ground
state of CS('=*) in conjunction with either the S('D) atomic frag-
ment from the manifold of singlet excited states populated or the
S(*P) fragment following the ISC process. The overall reaction can
therefore be represented as follows:

cs('z*) + S('D)

CS; + hv(200 nm) :>CS(12+) +SCP),

The excited state dynamics have been studied in detail
with numerous ion yield and photoelectron spectroscopy exper-
iments monitoring the dynamics in the initially excited singlet
states. Recent experiments utilizing XUV (21.5 eV) and
VUV (9.3 eV) photons have extended these measurements to cover
the time resolved detection of the formation of the dissociation
products.” " In the previous analysis of our XUV experiments, the
populations of the singlet and triplet excited states and the for-
mation of the dominant triplet state products were resolved and
the lifetimes associated with the ISC and triplet dissociation were
clearly identified.” The signals related to the singlet dissociation
channel proved harder to isolate over the course of the full reaction,
meaning the final yield and appearance time was difficult to confi-
dently define. The analysis suggested an initial rapid rise in singlet
population that was then slowed by the internal conversion pro-
cess, which potentially stabilized the system against further singlet
dissociation.
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In the VUV probe experiments of Horio et al., "~ the forma-
tion of the S('D) product was detected via ionization through the
population of autoionizing resonances embedded in the S*(*Ss/)
ionization continuum. Direct ionization into the S+(4S3/2) contin-
uum is a spin forbidden process for the S('D) product, but the
population of autoionizing resonances means that this process can
be driven indirectly. The rising signal associated with the formation
of S(*D) products overlapped with the falling signal associated with
the excited singlet state. The signal in the spectral region containing
the S('D) signal was therefore a mixture of the two components. In
order to obtain a good fit to the signal, it was necessary to invoke a
delay of some 400 fs after time zero for the rising signal associated
with the appearance of S('D) fragments. It was suggested that the
delayed formation of the S('D) product could be due to an indirect
dissociation process where the outgoing wavepacket is trapped on
a part of the excited state potential energy surface that has a lower
ionization cross section. ' The two experiments therefore provide
quite contrasting pictures of the singlet dissociation process and the
formation of the singlet product.

Another area where there remains some uncertainty is in the
branching ratio (BR) of SCP)/S(!D). A number of measurements
have been performed (predominantly at the slightly shorter wave-
length of 193 nm) that provide widely varying values from 0.25 to
6. The average value is around 3 but with a large variance.” It
is very difficult to understand such a wide range of values apart from
there perhaps being a strong wavelength dependence such that slight
changes in vibrational state can cause large differences in BR.

Here, we perform a new analysis of the XUV (21.5 eV) pho-
toelectron spectroscopy data and find a clear region of the pho-
toelectron spectrum where we can monitor the formation of the
S(*D) product and compare this with the previously measured S*P)
product. We also analyze the photoelectron yield associated with
each product and obtain a new measure of the BR at an excitation
wavelength of 200 nm.

Il. EXPERIMENT

The experiment has previously been described by Smith et al.
such that we only provide brief details here. Approximately 1 uJ of
200 nm (6.2 eV) light is used as the pump, which is generated via
sequential second harmonic generation and sum frequency gener-
ation processes in 3-barium borate (BBO). The probe is generated
via high harmonic generation using 500 yJ of 400 nm light, which
is tightly focused into an argon filled gas cell. The seventh harmonic
(57.7 nm, 21.5 eV) is isolated from the other harmonics produced
in a time preserving monochromator. The isolated harmonic is sub-
sequently reflection focused to the center of the interaction region
where it overlaps the pump laser and molecular beam. The laser
cross correlation time is 180 fs and is dominated by the duration
of the 200 nm pulse. The CS, molecular beam is generated by the
expansion of a 2% CS, in He mixture through a pulsed nozzle oper-
ating at 1 kHz (Amsterdam Cantilever).” The resulting beam is
skimmed before entering the measurement chamber. The electrons
resulting from the ionization of CS, are detected in a commercial
electron time of flight spectrometer (Kaesdorf ETF11) with the laser
polarizations of both the pump and probe parallel to the time of
flight axis.

ARTICLE scitation.org/journalljcp

I1l. RESULTS AND DISCUSSION

In , we plot three photoelectron spectra associated with
the ionization of ground state CS, and the dissociation products
along with assignments based on the known ionization poten-
tials. In black, we plot the XUV photoelectron spectrum
obtained from the ionization of the ground state of CS,. The bind-
ing energy axis is defined as the ionizing photon energy (21.5 eV)
minus the measured electron kinetic energy. The spectrum shows
the positions of the X and A bands associated with the ionization of
the ground state™ and is used as the background for the experimen-
tal measurements. In the work of Smith et al.,” we subtracted the full
intensity profile of this background signal from all delays. The back-
ground subtracted spectrum obtained in this way at asymptotically
long time delays between pump and probe (i.e., after dissociation
is complete) is plotted in blue in . The spectrum shows many
of the peaks associated with the atomic and molecular products as
well as depletion of the ground state signal. For the full analysis of
the time dependent changes, this method of background subtrac-
tion provides a clear baseline from which changes can be measured
but also masks signals related to product formation that may over-
lap with those associated with the ground state molecule. This effect
can be most clearly seen in the region of the spectrum associated
with the ionization into the CS, X-state, 10 eV, where the deple-
tion is not uniform over the full peak profile. This is due to the
overlap with a photoelectron energy associated with the ionization
of the SCP) fragment on the high binding energy edge.”’ A bet-
ter approach in this situation is to subtract a scaled version of the
background spectrum that matches the unpumped contribution to
the overall signal, therefore only plotting the signal associated with
molecules that are excited by the pump. In order to characterize
the correct scaling, we look at the depletion of the X state signal
from the ground state spectrum. As mentioned, at long delays, the
asymptotic spectrum has signal associated with the ionization of the
SC’P) product, which overlaps with the higher energy edge of the

CS,(X)m n
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FIG. 1. Photoelectron spectrum obtained from ionization of the electronic ground
state of CS; (black). The two peaks correspond to ionization into the ground and
A states of the cation. Background subtracted photoelectron spectrum obtained
after dissociation is complete, following the subtraction of the full background
intensity (blue) and subtraction of a scaled version of the background equiva-
lent to the unpumped ground state population (red). Combs above the spectra
mark the expected positions of photoelectron bands based on the known ionization
potentials.
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X-state signal. The peak is sufficiently broad that the lower energy
edge does not overlap the product signal such that we subtract a
scaled version of the background that leaves the lower energy half of
the X-state peak at an average of zero intensity following subtraction.
This analysis suggests we are exciting 1.75% of all of the molecules
that are subsequently ionized by the XUV probe. The results of the
scaled subtraction on the asymptotic spectrum are plotted in red in

. This background subtraction procedure for the removal of the
unpumped background has the advantage that we can now see the
full spectrum associated with the products formed and can start to
quantify these.

In , we plot the full time resolved spectrum obtained
following the subtraction of the unpumped background over the
energy region that covers the product formation. The same scaled
background subtraction is used at each time point. The spectrum
shows the depletion of the ground state features and the transition
to the spectrum associated with the products formed. In the pre-
vious analysis of these data, we could quantify the appearance of
the triplet state product, which correlated well with the measured
excited state dynamics. The singlet state formation was much less
easily defined with the signal masked by the dominant triplet state
products formed. Based on the spectrum plotted in , we see the
clearest product state signal between the two main ground state fea-
tures between 10.5 eV and 12.5 eV. The time dependent spectrum
shows that the lower energy region associated with formation of the
S('D) product rises more rapidly than the SCP) product.

In order to quantify this, in , we plot the integrated photo-
electron yield between 10.8 eV-11.1 eV and 12.1 eV-12.2 eV, which
correspond to the formation of the S('D) and the SCP) products,
respectively. The S('D) signal is seen to rise more rapidly than the
S(*P) signal that, as shown in Ref. 2, rises after population and subse-
quent decay of the excited triplet electronic states of CS,. To quantify
this difference and to analyze the temporal profile of each product in
a unified way, we use the same kinetic model as used by Smith et al.
The model breaks down the dynamics of the system into five distinct
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FIG. 2. Time resolved photoelectron spectrum following scaled background sub-
traction covering the energy region associated with the dissociation products
formed. Assignments of the spectral features are given by the combs on the
right-hand side of the figure.
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FIG. 3. Integrated photoelectron yield across the energy bands associated with the
S('D) (blue) and S(°*P) (red) products. Error bars are obtained from a bootstrap
analysis of the data, with the shaded areas representing the range of fits obtained
in this analysis to Egs. (1) and (2). The obtained appearance times for the singlet
and triplet products are 518 + 27 fs and 685 + 14 fs, respectively. The black
dashed line represents the expected signal based on the model and fit parameters
for the singlet formation observed in the work of Horio et al.

populations that track the dynamics of the system. Absorption of a
photon transfers the population from the ground state, CS;(X), into
the excited singlet states, CS,(S). The CSz(S) population decays into
the excited triplet states, CS,(T), leading to the formation of triplet
dissociation products, S(*P). The population that does not transfer
into the triplet states dissociates to form the singlet, S('D), disso-
ciation product. The singlet and triplet dissociation pathways form
parallel competing reactions given in the following reaction scheme:

k
CS,(X) — WV, €8,(5) —22 . cs45(D)
%
krp N
CS,(T) CS+SCP)

where ksp and ksc are the rate constants associated with the decay of
the initially excited singlet states into the singlet dissociation chan-
nel and into the excited triplet state, respectively. The ratio of k;sc to
ksp then defines the branching between the two dissociation path-
ways, and the total decay rate of the excited singlet state is given
by Ks = ksp + kisc. The kyp rate constant then defines the decay
rate of the triplet state to dissociated products and hv represents the
laser pulse parameters that define the excitation step. By applying
this model, we discretize the population into five distinct chemical
species and obtain equations that define the time-dependent inten-
sity of each chemical species and include the convolution with the
instrument response function defined by the laser cross correla-
tion. The equations used for the atomic products formed are then
given by

t ik, LK t—0*Ks
Isipy=Ail|1+erfl — | [-¢ e 2 |1 +erf] —— R
s 1([ (\/zo)] [ ( V20 )])
)
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Ks — kr, t Ky K1)
IS(3P) :AZ(I(STTDD 1 + erf] E 4 tK”e 2
t-o’K
X [1 +erf(0TD):|
\/50‘
(oK) — 0*’K.
te s [1+erf(t078)]), 2)
\/50

where A, are amplitude terms that define the maximum yield, t is
the pump-probe delay, o defines the laser cross correlation width,
and all other terms are as defined above. We note that although we
only present the data associated with the products formed here, the
fits performed use the full dataset including the populations of the
bound molecular states, as presented by Smith et al.” In order to
obtain errors on the fit parameters, we perform a bootstrap analy-
sis of the full dataset, the results of which are plotted in . The
red and blue shaded regions show the range of fits obtained from
the bootstrap analysis, which all show clear differences between the
singlet and triplet formation. The values obtained from the fits are
consistent with the previous analysis across all populations consid-
ered, and a rise time constant for the S('D) product of 617 + 37 fs
is obtained. This is in line with the previously measured lifetime of
the singlet excited state and consistent with a prompt dissociation
of the CS; molecule. We see no evidence of a delayed appearance
of the dissociation products, which instead show an increase in line
with a kinetically controlled dissociation of the singlet state popu-
lation. An alternative approach to quantify the appearance of the
fragments is through the appearance time defined as the delay at
which the intensity reaches 50% of the its maximum. The appear-
ance times for the S(!D) and S(’P) are 517 + 27 fs and 685 + 14
fs, respectively. This is quite different to the work of Horio et al.
where a 393 fs induction time delay between initial excitation and
the beginning of the rise of the S(' D) signal was observed. They also
observed a much slower rise time constant of 875 fs. To highlight
the difference in appearance, we plot a dashed line in show-
ing the S(' D) product signal based on the model and fit parameters
of Horio et al. * but utilizing our laser cross correlation width as a
dashed line in . The dashed line is a poor fit to the data, sug-
gesting that any induction time is minimal. We have further tested
this by fitting our data to the model of Horio et al. In all fits, the
induction time converged to a value of close to 0. We suggest that
the delayed appearance of the S('D) product in the VUV experi-
ments of Horio et al. * may be due to the existence of a critical C-S
separation for the resonant excitation and autoionization dynamics
required for detection. Such an effect is often seen in the detection of
dissociation products via resonance enhanced multiphoton ioniza-
tion (REMPI) detection of products where critical distances can be
very large. A careful analysis of the resonance conditions for REMPI
detection of the I fragment from the photolysis of CH3I puts this
distance on the order of 13 A.”* If there is a similar situation in the
VUV experiments, the delay would correspond to the time taken
to reach this critical distance, and the long time constant associated
with the subsequent rise would then reflect the very broad velocity
distribution of the S(*D) fragments. Given the much lower ultimate
velocity of the S fragments in CS,” compared with the CH3I exam-
ple, the 400 fs delay would correspond to a critical separation of
around 4 A.
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FIG. 4. Deconvolution of the scaled background subtracted photoelectron spec-
trum used to obtain the S(3P)/S(" D) branching ratio. The black line represents the
total fit to the scaled background subtracted spectrum, which is plotted as a pale
blue line. The individual Gaussian contributions to the overall fit are also plotted
and color-coded to match the color of the combs.

Finally, we perform a deconvolution of the background-
subtracted photoelectron spectrum based on a combination of Gaus-
sians centered on the expected positions of the fragment photoelec-
tron peaks, shown in . The deconvolution allows us to take the
photoelectron yield for the S(*D) and S(*P) products as measured by
the sum total of all of the peak areas associated with each atomic frag-
ment. For the CS signal around 12.8 eV, we use a sum of two Gaus-
sians to approximate the vibrational structure observed in previous
high resolution experiments.”” No further scaling is applied due to
the ionization cross section at the probe wavelength being approxi-
mately equal for each S electronic state. * Performing this analysis,
we obtain a SCP)/S(!D) branching ratio of 2.3, which is in good
agreement with the average value at 193 nm. We are unaware of any
measurements at this exact pump wavelength. Based on the mea-
sured branching ratio and assuming that the branching is defined
by the competition between singlet dissociation and ISC, we obtain
time constants of 885 + 50 fs and 2.0 + 0.1 ps for the ISC and singlet
dissociation processes, respectively.

IV. SUMMARY

We have presented a new analysis of experimental measure-
ments that monitor the formation of dissociation products of CS;
using a femtosecond XUV (21.5 eV) photoelectron spectroscopy
probe. Through deconvolution of the photoelectron spectrum asso-
ciated with all of the final products, we obtain a product BR,
SCP)/S('D), of 2.3. By measuring both the branching ratio and effec-
tive rate constants associated with the excited state populations, we
obtain the true time constants that define the branching between
the dissociation pathways. The key parameters obtained from the

TABLE |. Summary of key parameters obtained from the data analysis. Time con-
stants, 7y, as defined in the text and obtained from the fit, branching ratio, BR,
obtained from the deconvolution of the final spectrum, and appearance times, Ty,
associated with the singlet and triplet state products.

7sp (1/ksp) Tisc (1/kisc) 7s (1/Ksp) BR Ts Tt

20+£0.1ps 885+50fs 617+37fs 2.3 518 £27fs 685+ 14fs
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analysis are summarized in , which contains the obtained
time constants, appearance times, and the branching ratio. The mea-
surements allow us to monitor the real time formation of both
atomic products and show no evidence of a delayed formation of the
S(*D) fragment, as previously observed when using a lower energy
probe.
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