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Ultrafast photochemical processes in 1,2-
dichloroethene measured with a universal XUV
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The presence of two chlorine atoms in 1,2-dichloroethene allows for isomerization around the double
bond. This isomerization can lead to rich photochemistry. We present a time-resolved pump-probe
photoelectron spectroscopy measurement on both the cis- and trans- isomers of 1,2-dichloroethene.
A universal XUV probe of 22.3 eV is used allowing observation of photoelectrons formed anywhere on
the potential energy surface, even from the ground-state or dissociation products. Following excitation
with a 200 nm pump both ultrafast excited state dynamics and product formation are observed within
the time resolution of the experiment. Excited state population begins to return to the ground state on
an ultrafast time scale (<70 fs) and population of products channels is observed on the same timescale.
With the aid of ab initio calculations it is found that population transfer from the excited state is
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1 Introduction

Following the absorption of a photon, the excess internal
energy of a molecule can be redistributed via several competing
photophysical and photochemical processes. These processes,
which often occur on ultrafast timescales, underpin many
fundamental mechanisms found in nature. The C=C double
bond, a key component in organic molecules, is of particular
interest in this context. This chemical motif exhibits rich
photochemistry, with isomerization around the double bond
playing a crucial role in the photochemical pathway of vision.*

The cis and trans isomers of 1,2-dichloroethene (DCE) are
examples of substituted ethenes, in which two H atoms are
replaced with Cl atoms (Fig. 1). Whereas many ethylenic
systems are known to photoisomerize on exposure to UV
light,>* the inclusion of the reasonably weak C-Cl bonds opens
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facilitated by vibrational modes involving C-C-H bends.

up the possibility of additional photoinduced pathways, includ-
ing photodissociation to form a range of products including Cl
radicals. The DCEs have therefore attracted a great deal of
interest experimentally and theoretically in the past decades,
both from the stand point of fundamental photochemistry and
in the context of atmospheric research.*®

DCEs show a broad resonance in their UV absorption spectrum
with a maximum at ~200 nm for trans and ~190 nm for cis.
Previous vertical excitation energy calculations at the TDDFT/aug-
cc-pVDZ level of theory suggest that the state with the majority of
the oscillator strength is a nn* transition located on the C—=C
double bond, although there are a number of weak Rydberg series
present in the same energetic region.”® There are also dissociative
no* and mo* states that are energetically accessible, but have
almost zero oscillator strength at the Franck-Condon geometry.

Early photolysis studies revealed photodissociation products
for both isomers at ~200 nm as C,H,, C,HCI, HCI, C,H,CI*, and
CI*.°" By measuring photofragment translational energy dis-
tributions, Umemoto et al. discovered that Cl is produced with
two distinct energy releases implying the presence of two dis-
sociation channels: one with a Gaussian velocity distribution

Cl
Cl \/ Cl \%\m

Fig. 1 Structures of cis and trans-1,2-dichloroethene.
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showing angular anisotropy and another with a Boltzmann-like
velocity distribution and weak angular anisotropy.'* The former
is ascribed to direct crossing of the nrn* state with nearby noc*
and no* states, and the latter from the dissociation of vibration-
ally excited ground state molecules following internal conver-
sion. Subsequent studies support this interpretation and further
showed the branching ratio of these channels to exhibit a
wavelength dependence.”® " In contrast, molecular elimination
to produce HCl and C,HCI is believed to occur solely on the
electronic ground state with a higher yield for the ¢trans isomer.>

However, these reaction schemes fail to address the
presence of acetylene (C,H,) as a photoproduct. The absence
of its dissociative partner Cl, led to the proposal that acetylene
is formed from the secondary dissociation of the vibrationally
excited chlorovinyl radical (following primary dissociation of
the initial Cl atom).>**> This mechanism also explains the
presence of two Cl channels for which the branching ratio
exhibits a wavelength dependence. Other potential pathways
involving H and H, elimination have been shown to have very
low yield in this wavelength range.">*°

The ambiguities in the dissociation mechanism along with
the absence of timescales for these processes prompted us to
probe deeper into the photoinduced dynamics of DCEs. Time-
resolved photoelectron spectroscopy (TRPES) provides a highly
effective way of probing the chemical dynamics of the system*
to help understand the photodissociation processes that occur
in DCE. By using an XUV probe, there is sufficient probe energy
to ionize all species on the reaction pathway, making it sensi-
tive to large geometrical changes from the ground state. It is
therefore an appropriate tool to follow photodissociation
dynamics in which multiple fragments with a range of geome-
tries may be produced. TRPES using an XUV source has been
shown to be successful in the probing of chemical dynamics
using both HHG sources>*?* and XFELs.>**®

Here we apply TRPES to cis- and trans-dichloroethene using
a 200 nm pump and a universal XUV probe. The experimental
results are presented alongside ab initio calculations of the
molecules’ potential energy surfaces. The kinetics of the observed
excited state features and photofragments are discussed with
regard to prior studies, and serve to further improve our under-
standing of the dynamics of these photochemically interesting
molecules.

2 Experimental

Experiments were performed using the AMO end station at the
Artemis facility (Central Laser Facilities, Rutherford Appleton
Laboratories). This experiment has been described in detail
before so only a brief overview will be given here.”* Cis- and
trans-1,2-dichloroethene were purchased from Sigma Aldrich
with 97% and 98% purity, respectively. They were used without
further purification, but degassed with a cycle of freeze-pump-
thawing before use. The samples entered the interaction cham-
ber of the end station as an effusive beam with the chamber
pressure maintained at 1 x 10~ °® mbar during measurements.
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The inlet line was gently heated (~40°) to aid pressure stability
and lower the risk of the nozzle blocking. The effusive beam
was overlapped with the pump and probe laser beams at the
entrance to an electron time-of-flight (eTOF) spectrometer
(Kaesdorf ETF11). Any photoelectrons produced by interactions
of the lasers and samples were collected in this eTOF.

The pump and probe beams were generated from a Ti:Sap-
phire amplifier system with a 1 kHz repetition rate (Red
Dragon, KM Labs). The 200 nm pump pulse was generated
from the fundamental of the Red Dragon through a series of
BBO crystals. Around 1 pJ of pump with a bandwidth of around
1.8 nm and pulse durations of approximately 50 fs (FWHM) was
generated. The high-harmonic generation was performed by
focusing the second harmonic (around 400 nm) of the funda-
mental into an Argon jet and the 7th harmonic was selected
(22.3 eV, 57 nm) using a time-preserving monochromator.*”
Probe pulses of around 10'° photons per second with a band-
width of 500 meV and pulse durations of 35 fs (FWHM) were
produced. The two beams (the pump and probe) were focused
and recombined in front of the entrance to the eTOF. Variable
time delays between the pump and the probe pulses were
achieved using a mechanical delay stage.

Both cis- and trans-1,2-dichloroethene have 1 — m* transi-
tions around 200 nm,”® though with different labels (S; and S,
respectively) due to the different ordering of the excited states
(see Tables 1 and 2). For the trans isomer the pump wavelength
corresponds to the maximum of the peak in the photoabsorp-
tion spectrum. In contrast, for the cis isomer the pump wave-
length is approximately 10 nm below the peak in the
photoabsorption spectrum. However, given the large differ-
ences in oscillator strengths between the cis transitions, we
expect most of the excited state population will be in the S;
state. Therefore, for both cis and trans the observed time-
dependent dynamics will begin in the nn* state.

The eTOF used had a variable energy transmission which
could be tuned using a lens at the TOF entrance. For these
experiments this lens was tuned to maximise transmission of
electrons whose kinetic energy was close to the energy of
ionization from the neutral ground state into the ground state
of the ion. This means that electrons ejected with lower energies
would not be collected as efficiently. Electron signals from the
€TOF were discriminated and then recorded with a time-to-
digital converter (Surface Concepts GmbH - SC-TDC-1000/04 D).

Pump-probe spectra were collected at a range of time delays
and saved as ‘cycles’ (each cycle = 20 sweeps of a delay

Table 1 Calculated excited state properties for trans-1,2-dichloroethene
from an EOM-CCSD calculation with a 6-311G++(3df, 3pd) basis. For each
state the label, symmetry, energy, oscillator strength () and character of
the transition is given

State Sym. Energy/eV f Character

Sy By 6.32 0 n — o* C-Cl + Ryd
S, B, 6.66 0.34 T >

S, A, 6.76 0.002 m — Ryd

S4 By 7.37 0 T — Oc-py + Ny + Ryd

Phys. Chem. Chem. Phys., 2024, 26, 28406-28416 | 28407
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Table 2 Calculated excited state properties for cis-1,2-dichloroethene
from an EOM-CCSD calculation with a 6-311G++(3df, 3pd) basis. For each
state the label, symmetry, energy, oscillator strength (f) and character of
the transition is given

State Sym. Energy/eV f Character

S, B, 6.47 0.001 T — G*c_c1 + Ryd

S, B, 6.72 0.001 T — ng + Ryd

S; B, 6.90 0.36 T — *

A A, 7.42 0 T — Gc-pg + D¢ + Ryd

sequence). There were 97 cycles for the trans data which
amounted to 84 x 10° photoelectrons detected across all kinetic
energies and time bins. For cis, the data was recorded for 80
cycles (65 x 10° electrons). A standard bootstrapping analysis
was performed to estimate the statistical uncertainty. Cycles
were randomly sampled with replacement 100 times and a
time-of-flight to energy conversion (with Jacobian correction)
was applied to each new dataset. The mean and standard
deviation of these 100 datasets define the values and error bars
shown in Fig. 3-6.

3 Theoretical

The ground state minimum energy geometries of cis- and trans-
1,2-dichloroethene were optimised at the Moller-Plesset per-
turbation (MP2) level of theory with a 6-311G++(3df, 3pd) basis
set in Gaussian 16.>° Vertical excitation (EOM-EE-CCSD) and
ionization energies (EOM-IP-CCSD) were calculated using the
optimised minimum energy structures in QChem 5.4 with a 6-
311G++(3df, 3pd) basis set.>® Cuts of the potential energy sur-
face (PES) were made along the normal modes and the energies
of the first eight singlet excited states calculated, all the cuts are
shown in the ESI{ and cuts along key modes are shown in Fig. 7
for trans-1,2-dichloroethene. It should be noted that CCSD
methods are known to not produce accurate results in regions
where the electronic wavefunction is not well described by a
single configuration. Therefore, EOM-EE-CCSD and EOM-IP-

1.0 T n — trans-DCE

cis-DCE

Norm. Counts / arb. units
o
[6)]
L
1

10 12 14 16 18
Binding Energy / eV

Fig. 2 Ground state photoelectron spectra for the cis and trans isomers
of dichloroethene (DCE) with an ionizing photon energy of 22.3 eV,
recorded by averaging the photoelectron spectra at negative time delays
(=1.5 ps to —0.4 ps). The spectra have been normalised to the maximum of
the A state.
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CCSD calculations were not performed in those regions where
the wave function is strongly multi-configurational.

Results from the EOM-CCSD calculations for both isomers
are summarised in Tables 1 and 2 for trans and cis respectively.
Comparison of the calculated excitation and ionization energies
to experimental results are given for both isomers in the ESIT (Fig.
S2-S5). As can be seen the calculated values agree reasonably well,
the excitation energies are around 0.4 eV too high in energy (Fig.
S4 and S5, ESIt), while the ionization energies are around 0.1 eV
different (Fig. S2 and S3, ESIt). This close agreement suggests that
the calculated results should give a reasonable representation of
the potential energy surfaces. For both isomers, the theoretical
results show the 1 — n* has the strongest oscillator strength of
the transitions expected to be energetically accessible following
200 nm excitation. At the Franck-Condon geometry, the 1 — m*
corresponds to the S, state for trans-DCE, whereas for cis-DCE, the
n — m* corresponds to S;.

4 Results

Fig. 2 shows the ground state photoelectron spectra for cis- and
trans-1,2-dichloroethene recorded with an incident photon
energy of 22.3 eV. The photoelectron spectra of the two isomers
show similar structure with an onset in signal around 9.5 eV
due to ionization into the X state of the cation. The clearest
difference between the cis and trans isomers is the shape and
position of the state around 16 eV. This peak is a combination
of ionization into two different ion states, E and F. Both states
arise due to ionization from orbitals that are combinations of
C-Cl, C=C and C-H bonding. In the cis isomer these orbitals
have the same symmetry and are therefore non-degenerate and
resolvable. However, the orbitals have different symmetries in
the trans isomer and hence have a near degeneracy. Other
differences are in the relative heights of the X and A state
peaks, and the widths of the A and B state peaks. The A peak for
cis is much wider than for ¢rans. Given the onset of ionization at
9.5 €V, any signal observed with a binding energy below this
will be due to ionization of a UV-excited state.

4.1 trans-1,2-Dichloroethene

In Fig. 3 we present a heat map of the time-dependent photo-
electron spectra for trans-1,2-dichloroethene obtained follow-
ing excitation with a 200 nm pump. Here we also show time-
averaged photoelectron spectra over selected time windows to
aid interpretation. Due to the energetic position of excited state
features below the onset of ground state ionization (3.0-9.2 eV),
they have an excellent signal-to-noise ratio, hence our analysis
will focus on this energy range before considering higher
binding energies.

Upon photoexcitation, the photoelectron spectrum of trans-
DCE shows the appearance of a broad feature spanning binding
energies between 3.0-8.0 eV. While none of these features are
fully resolved in the present experiment, there appears to be a
peak in the signal intensity at 7.6 eV and a broader feature close

This journal is © the Owner Societies 2024
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Fig. 3 Pump-—probe photoelectron spectra for trans-dichloroethene with 200 nm pump and 22.3 eV probe energies. Top panel: Grey line shows the
ground-state photoelectron spectra obtained by averaging the pump—probe data at negative time delays (—1.5, —1, —0.5 and —0.4 ps). Solid lines
represent the background subtracted photoelectron spectra integrated between selected pump/probe delay intervals. The error bars were obtained by
standard bootstrapping analysis as described in Section 2. Blue vertical lines mark the expected vertical ionization energies of photofragments that may
be produced via photodissociation.?® Bottom panel: Contour plot showing the background subtracted photoelectron spectra across all pump—probe
delay times. Delays greater than 1 ps are plotted on a logarithmic scale. In both panels, to aid visual interpretation the excited state signals that are

observed below the onset of the first ionization band (9.3 eV, vertical dashed line) have been scaled up by a factor of x25.

to 8.5 eV, suggesting that the low binding energy region of the
spectrum has contributions from multiple cation states.

The positive feature with an onset at around 8 eV shows
different dynamics to the low binding energy features. This
feature forms rapidly and then decays on a longer timescale
with two time constants, becoming narrower in the process. A
small amount of signal remains at the edge of the experimental
time window (10 ps).

Above the first ionization energy of dichloroethene the
signal-to-noise ratio of the data becomes poorer. This is in part
due to less efficient detector transmission at lower electron
kinetic energies, and a strong overlapping photoionization

This journal is © the Owner Societies 2024

signal from ground-state dichloroethene. However, it is possi-
ble to see time resolved signal at these higher binding energies
in regions where the ground-state signal is weak. In the
spectrum associated with asymptotically long pump-probe
delays (0.5-10 ps) clear signals in the binding energy regions
associated with the dissociation products (C,Cl, (10.40 eV),
C,HCI (10.60 eV), C,H, (11.40 eV) and CI* (12.96 eV)) are
observed. We note, that given the underlying photoabsorption
dynamics these are only tentative assignments, but seem
reasonable. A mass resolved measurement will be required to
fully confirm our assignments. No signals associated with the
HCI (12.74 eV) or H (13.60 eV) products are observed, probably

Phys. Chem. Chem. Phys., 2024, 26, 28406-28416 | 28409
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Fig. 4 Integrated kinetic traces for trans-1,2-dichloroethene with 200 nm

pump and 22.3 eV probe. The error bars were obtained by standard
bootstrapping analysis as described in Section 2. The solid lines represent
the results of fitting to models described in the text (egn (1) and (2)). For (b)
and (d), the pale lines indicate the individual contributions to the multi-
component fit. The dashed vertical line indicates the point from which the
kinetic spectrum is plotted on a logarithmic scale.

due to their overlap with a large ground state background.
Ground-state bleach signals are observed for all the bands in
the ground-state spectrum, none of which undergo full recovery
on the timescale of the experiment.

The 3D spectrum plotted in Fig. 3 allow us to identify
specific regions in the photoelectron spectrum for further
kinetic analysis. To determine experimental lifetimes, inte-
grated kinetic traces were taken over the following binding
energy ranges 3.0-8.0 €V, 8.8-9.2 eV, 10.4-11.0 eV, 11.0-11.6 eV
and 12.8-13.2 eV, as shown in Fig. 4. Each region was fit to a
specific kinetic equation, as described below, with the results of
fits given in Table 3.

The energy range from 3.0-8.0 eV (Fig. 4a) is well fit with a
single Gaussian (¢ = 87 + 2 fs, FWHM = 205 + 5) which we take
as representative of the instrument response function (IRF) of
our experiment. Due to the apparent structure of the photo-
electron band in this energy region fits were also made to
smaller energy ranges, for example 3.0-6.0 eV and 6.0-8.0 eV,

28410 | Phys. Chem. Chem. Phys., 2024, 26, 28406-28416
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however no differences could be observed in the integrated
traces or fitting results for these smaller selections.

The energy region between 8.8-9.2 eV (Fig. 4b) was best fit by
the sum of two exponential decays convoluted with the Gaus-
sian IRF, which constitutes a parallel decay scheme, defined by:

I(t) — (Ale_At/n +A26_At/1'2) ® IRF (1)

where A; and A, represent the amplitudes of the components,
At is the delay time between pump and probe, and 7, and 1, are
the time constants of the exponential decays. The IRF para-
meters were kept fixed and all other variables allowed to fit
freely. The corresponding fits of the five different regions are
given in Table 3 and the errors corresponding to numerical
uncertainties from the least-squares fitting procedure.
Attempts to fit this region to a sequential kinetic model did
not result in an improved fit. The time constants for the two
components were found to be 7, =200 =+ 50 fs and 7, = 3900 +
500 fs. We note that the signal in this region seems to not
return to baseline, instead it appears to return to a constant but
non-zero value. This might indicate a low-amplitude photopro-
duct component in this region. We chose not to integrate the
8.0-8.8 eV region in order to avoid overlap from the feature
from the 3.0-8.0 eV region in the kinetic trace.

Above the first ionization energy, three long lived product
signals are observed between 10.4-11 eV, 11.0-11.6 eV and
12.8-13.2 eV (Fig. 4c-e). The integrated kinetic traces in these
regions show no sign of decay within the time frame of the
experiment and so their lifetimes can be considered > 10 ps.
These regions were fit with an exponential rise convoluted with
the Gaussian IRF:

1(t) =A(1 — e ") ® IRF (2)

where At is the pump-probe time delay and « is the rise time of
the signal. An additional Gaussian with fixed parameters
according to the IRF was required to fit the region 11.0-
11.6 eV (d), indicating the presence of another short-lived state
in this region. We define a lower limit of 7 = 70 fs for resolvable
time constants which corresponds to ~1/3 of the IRF (FWHM).
For the photoproduct regions (c)-(e), the rise time was found to
be within this limit.

The energy region of 10.4-11.0 eV shows suggestions of a
peak in the trace at early time delays. The signal rises rapidly,
reaching a maximum around 200 fs before dropping to a lower
intensity within the first 500 fs. Therefore, we attempted to fit
this region with a combination of a Gaussian and a single
exponential rise convoluted with the IRF. This fit resulted in a
better fit to the data by eye, but the associated errors of the
fitting coefficients were larger than the coefficients themselves
(Fig. S9, ESIT). Hence, it appears that the Gaussian component
may be a reflection of low signal-to-noise in this region rather
than a dynamical process of the molecule.

The region from 12.8-13.2 eV shows the same behaviour, an
initial rise and no appreciable decay on the time scale of the
experiment. Qualitatively there appears to be additional growth
in signal at longer time delays between 1-10 ps, however the

This journal is © the Owner Societies 2024
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Fig. 5 Pump-probe photoelectron spectra for cis-dichloroethene with 200 nm pump and 22.3 eV probe energies. Top panel: Grey line shows the
ground-state photoelectron spectra obtained by averaging the pump-probe data at negative time delays (—1.5, —1, —0.5 and —0.4 ps). Solid lines
represent the background subtracted photoelectron spectra integrated between selected pump/probe delay intervals. The error bars were obtained by
standard bootstrapping analysis as described in Section 2. Blue vertical lines mark the expected vertical ionization energies of photofragments that may
be produced via photodissociation.?® Bottom panel: Contour plot showing the background subtracted photoelectron spectra across all pump—probe
delay times. Delays greater than 1 ps are plotted on a logarithmic scale. In both panels, to aid visual interpretation the excited state signals that are

observed below the onset of the first ionization band (9.3 eV, vertical dashed line) have been scaled up by a factor of x50.

signal-to-noise in this region is not high enough to obtain a
good fit for quantitative discussion.

In summary for trans-1,2-dichloroethene we have observed
ultrafast decay (within the experimental IRF) of the initial signal.
Alongside this we see onset of signals for several products, C,Cl,,
C,HCl, C,H, and CI*, which all appear rapidly, within the IRF.
Finally signal is seen in the excited state region of the photo-
electron spectrum which shows multiple decay processes.

4.2 cis-1,2-Dichloroethene

A heat map of the time-dependent photoelectron spectra for cis-
1,2-dichloroethene obtained following excitation with a 200 nm

This journal is © the Owner Societies 2024

pump along with time-averaged photoelectron spectra is shown
in Fig. 5. The cis isomer has a lower photoabsorption cross-
section at the photon energy used compared to the trans isomer
and therefore has a lower contrast between pump and probe
signal. However, the overall excited state photoelectron spec-
trum still shows many similarities to the trans results. In
particular the excited state region below the first IE shows a
good signal-to-noise ratio and has similar kinetic behaviour to
trans-1,2-dichloroethene. In the spectrum there is an energeti-
cally broad but short-lived feature at low binding energy (3.0-
8.0 eV) which decays within the IRF, and a feature at higher
binding energy (8.8-9.2 eV) which decays on a longer timescale.
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Fig. 6 Integrated delay curves for cis-1,2-dichloroethene with 200 nm
pump and 21 eV probe. The dashed line indicates the point from which the
kinetic spectrum is plotted on a logarithmic scale. The pale lines indicate
the individual contributions to the multi-component fit.
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mode is indicated in the x-axis label.
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Table 3 Results of fitting integrated decay curves to egn (1) and (2) for
regions below the ionization potential for trans- and cis-dichloroethene

eBE/eV  Function Trans parameter/fs Cis parameter/fs Assignment
3.0-8.0 Gaussian ¢ =87 £2 g=73+£5 ES
8.8-9.2 eqn (1) 1, =200 £ 50 7, <70

7, = 3900 £ 500 1, = 2500 = 600

10.4-11.0 eqn (2) 1 < 70 C,HClI
11.0-11.6 eqn (2) 1 <70 C,H,
12.8-13.2 eqn (2) © < 70 cl*

The integrated kinetic traces for these two regions are shown in
Fig. 6. They were fit according to the same procedure as
described for the trans isomer using eqn (1), and the fitting
results are also given in Table 3. The Gaussian width for the
3.0-8.0 eV region for the cis dataset is slightly shorter (73 fs)
than for the trans isomer (87 fs). In the 8.8-9.2 eV region, both
time constants are faster for the cis isomer. 7, is well within the
IRF, and 1, = 2.5 ps. We note that that the 7, constant is much
faster for the cis isomer versus the trans.

Product signals that were observed for the trans isomer are
much weaker or absent for the cis measurements. The signal-to-
noise in the product regions was too low to allow fitting of a
kinetic model, therefore, we do not report any fits to the
product channels here. Plots of the integrated traces for the
energy regions where the product channels should occur are
given in the ESI} in Fig. S6.

5 Discussion

To aid the understanding of the time-resolved measurements it
is first useful to consider what is known about the photo-
chemistry of the 1,2-dichloroethenes. SAC-CI calculations and
TD-DFT calculations show that the main peak in the VUV
absorption spectrum of the 1,2-dichloroethenes (6.27 eV for
trans, 6.62 eV for cis) is due to a 1 — w* transition from the
HOMO.”#*"*? In both isomers this intense peak is found to
have an underlying structure which Locht assigns as part of a
Rydberg series converging to the first ionization limit mixed
with n¢ and 6c_y* character.”® In the cis isomer there is also a
very weak absorption signal between 5-6 eV, before the rise in
absorption due to the 1 — w* transition. This weak signal is
assigned to a B; transition which again has a mixed Rydberg,
ng and oc* character.” No such transition is observed
experimentally for t¢rans-1,2-dichloroethene, though calcula-
tions suggest that the state is present but with zero oscillator
strength, and so could be involved in post-absorption
dynamics. Our EOM-CCSD calculations are summarised in
Tables 1 and 2. Our values are in qualitative agreement with
the previously published calculations.””® There are some differ-
ences in the energies and the precise mixed characters of the
Rydberg states. These differences in character probably arise
due to the use of different calculation methods and basis sets.
From this supporting theory we therefore expect that initial
excitation will populate the n* state for both isomers. However,
as the cis isomer is populated about 0.4 eV below the maximum
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of the absorption peak it will have a lower amount of vibra-
tional energy following excitation than the trans isomer.
Given the higher signal-to-noise ratio in the experimental
data, we will focus on the results for trans-1,2-dichloroethene.
The experimental results suggest that following excitation into
the n* state population very rapidly leaves the initially popu-
lated region of this state, within 70 fs. Cuts through the
potential energy surfaces along the molecule’s normal modes
(given in the ESLt Fig. S1) indicate that the following modes
should have an important effect on the early time decay of
population, the C-C-Cl deformation (Qs), a C-Cl stretch and
CH bend combination (Qs), the C=C stretch (Q,o) and a C-H
stretch (Q;,). The torsional mode (Q,) will become important at
later times. Cuts of these important modes are shown in Fig. 7.
These cuts are presented in mass weighted coordinates where a
value of 0 represents the Franck-Condon point. The bright
state in these plots is S,. These modes show a gradient in the
Franck-Condon region which will lead to rapid movement of
population out of this region of the potential energy surface
away from the Franck-Condon geometry. For example, for Q,
excitation into S, gives a geometry that is not the S, minimum.
Therefore, there will be motion along the Q;, coordinate to
negative values. Further, these modes all show intersections
between states S, and S;, in fact this pair of states are near
degenerate for large portions of the PES along these modes.
All the modes apart from Q;, also show a conical intersection
between S, and S; that is very close to the Franck-Condon
point. This suggests that the motion excited by the gradient will
lead to rapid population transfer between the lowest three
excited states (S, S, and S;). Therefore, we assign the excited
state feature at 3.0-8.0 eV, that shows very rapid decay, to
transfer of the initially formed population from out of the
Franck-Condon region of the S, state with rapid internal
conversion to S; and S;. Following this initial rapid motion
we expect that motion along the torsional mode (Q;) will
become important for transferring population from the excited
states onto the ground state. As is clear in Fig. 7, at large
rotations around the double bond (Q;) the ground state
becomes degenerate with the excited states. We would expect
photoelectron signal associated with the ‘hot’ ground state
products formed from this rotation to have more excess vibra-
tional energy than the initial ground state molecules. Therefore
we expect this ‘hot’ signal to be observed with binding energies
close to but less than the rising edge of the first peak in the
ground state PES. The importance of these modes is also shown
as they are known to be key in the photochemical processes of
ethene and 1,1-difluoroethene®*** where pyramidalization of
the C-H bond is coupled with twisting around the double bond
to couple the excited electronic states to the ground state.
The next feature of the time-resolved photoelectron spec-
trum that needs assigning is between 8.8-9.2 eV. This feature
forms rapidly (within the IRF) and decays with two time
constants of 200 fs and 3.9 ps. Both of these decays are
associated with the peak becoming more narrow in energy
(see Fig. 3). There is also a hint that this feature does not
return to baseline but instead there is a weak but constant

This journal is © the Owner Societies 2024

View Article Online

PCCP

signal left at longer times. This feature could arise from an
excited state or from vibrationally excited ground-state, given
its position in energy just below the onset of direct ground-state
ionization. We therefore tentatively assign this feature to hot
ground state, which then decays via two pathways. This assign-
ment is supported by a recent TRPES study on ethene with a
160 nm pump to excite into the S, state, and XUV probe
(21.7 eV) to monitor the ensuing dynamics.” The shape of the
photoelectron bands and the integrated decay curves in the
energy region below onset of ground-state ionization are strik-
ingly similar to the observations in the present study, indicat-
ing that the presence of substituents on the C—C double bond
may have little effect on the initial excited state dynamics.
Karashima et al. determined that weak lower binding energy
signals (3-6 eV) are due to the initially excited state decaying to
a conical intersection on the order of 10 fs. The photoelectron
signal for this conical intersection then gives rise to a more
intense peak at higher binding energy (6-7.5 eV), which subse-
quently decays within 30 fs. A higher energy peak (8.5-10 eV) is
observed which decays with two distinct time constants (0.87 ps
and > 5 ps) and was attributed to decay of vibrationally excited
ground state products. It is therefore plausible that the feature
in the 8.8-9.2 eV region in the present study of DCE is hot
ground state formed within the IRF. This would then suggest
that 7, represents the decay from the excited state to the ground
state while 7, represents decay of the ground state. There is
currently some controversy over the theoretical assignments of
these peaks in ethene.’**> More work is needed to understand
what each of these features are.

We now turn to the photofragment signals at higher binding
energy to elucidate more information on the dissociation
mechanism. For the 11.0-11.6 eV region, the integrated trace
is well fit with the sum of a Gaussian function (with parameters
equal to the IRF) and an exponential rise. This Gaussian
component implies the presence of a very short lived state that
forms rapidly and decays within the IRF. We ascribe this to a
higher lying cation state of the initial excited state signal
observed in the 3.0-8.0 eV region. The exponential rise is
associated with the formation of acetylene (C,H,) since the
ionization energy for this fragment has been measured as
11.40 eV.”® Acetylene was observed to form rapidly with respect
to the initial excitation (<70 fs). Previous studies have sug-
gested that acetylene is formed via the secondary dissociation
of the chlorovinyl radical (C,H,Cl*) which itself is produced by
the initial C-Cl scission from the parent molecule.*"** Using
RRK theory, Sato et al. evaluated the rate constant for the
C,H,Cl* — C,H, + Cl reaction to be 100 fs.>* This close
agreement is encouraging, but we note that the application of
RRK assumes IVR has occurred, which may not have done so
within 100 fs. The immediate presence of signal corresponding
to acetylene in this study is in line with this calculation and
suggests that if this sequential process occurs, it is completed
within the time-resolution of the experiment.

The positive feature between 12.8-13.2 eV is attributed to
Cl atom formation, given its measured ionization value of
12.96 eV.”® The integrated trace in this region shows a rapid
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growth of signal. Previous measurements have measured the
kinetic energy and angular distributions of the chlorine atoms
produced following photolysis at ~200 nm and found two
components.’*® One pathway is from a direct crossing
between the initially prepared nn* state and nearby nc* and
nG* states, giving rise to a Gaussian kinetic energy distribution
with angular anisotropy. The other is from dissociation of hot
ground state following internal conversion and hence has a
more statistical Boltzmann distribution with weak anisotropy.
We would therefore expect to see two components in the
kinetics of the CI atom, an initial fast rise followed by a slower
growth. We note that the Cl signal qualitatively shows what
could be a rise in signal at longer times. If this is a real rise and
not an artefact of low signals these would indicate two for-
mation time constants for the chlorine atom, in line with
previous measurements. This would be a fast formation step,
with the chlorine atom formed by rapid decay from an excited
state. The slower decay which appears to grow in around 3-4 ps
would then be decay from the hot ground state. The fit with an
additional time-constant is shown in Fig. S8 (ESIT) however the
signal-to-noise ratio in this region is not high enough to make
any definitive assignments. However, though our observations
might be in line with the slower decay happening from the hot
ground state, we can not rule out the possibility that this
derives from a second C-Cl bond cleavage.

The energy range between 10.4-11.0 eV is primarily asso-
ciated with C,HCI with a contribution at low energy from C,Cl,.
The signal in this region forms within the IRF. Previous studies
suggest that C,HCI is produced via molecular elimination from
the hot ground state. HC], its dissociative partner, is expected
to be observed at 12.74 eV however is not clearly detected due to
overlap with the third peak of the ground-state photoelectron
spectrum.

Comparing the results for the two isomers we note that they
have similar overall dynamics following photoexcitation. There
is an ultrafast decay (within the experimental IRF) in the 3.0-
8.0 eV region, while two decays are observed in the 8.8-9.2 eV
region. The two components in this region are faster for the cis
isomer than for the trans. In the case of 74, this is considerably
faster. This is an indication that the population transfers these
decays represent must be encouraged by having the two ClI
atoms (or equivalently two H atoms) close to each other. Given
the speed of the decays it is motion of the H atoms that is
most likely to be important, though the motion of the CI atoms
will be important for the longer timescales. Further, these
differences in decay rates could be projected onto differences
in the ratios of product channels between the isomers. For
example, Sato>' saw that the relative yields for HCI from cis and
trans was 0.3 and 0.5 respectively. As we do not observe clear
product signals for cis-1,2-dichloroethene it is not possible for
us to compare relative signals between the isomers.

The time constants for the initial decay of population from
the excited state is very similar in both isomers, showing that
the early-time excited state dynamics are not affected by the
relative position of the substituents around the double bond.
This suggests that these early dynamics are controlled by the
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motions of the C and H atoms and not those of the CI atoms
which seem to be spectators. This is also shown by the similarity
between the ethene and dichloroethene dynamics.” Therefore,
we believe the initial dynamics in the 1,2-dichloroethenes is the
same as in ethene. Rapid decay of population from the Franck-
Condon point to a conical intersection with the ground state.
The population transfer is then encouraged by lengthening of
the C=C bond and out-of-plane motion of the H atoms.>*> The
early-time dynamics are also not affected by the swapping of
character of S, and S; between the two isomers. Showing that the
presence of the second Rydberg state, with mixed n¢ and
Rydberg character, has little effect on the photodynamics. This
is in line with theoretical studies on ethene dynamics where it
was found that the low-lying Rydberg state of ethene had little
effect on the early time dynamics.*®

In summary, we believe the following dynamics occur fol-
lowing photoexcitation of 1,2-dichloroethene, based upon pre-
vious studies of ethene.>*® The initial photon absorption is a
n — 7* transition into the S, (S; for cis) state. The population
subsequently decays on an ultrafast time scale to a region of the
potential energy surface which has strong coupling to the
ground state. This population transfer is facilitated by initial
stretching of the C—C bond and pyramidalization around one
of the carbon atoms bonds, largely driven by the motion of the
H atoms. We believe, given all products appear to be formed at
the same time and it is known that HCI is formed on the
ground state, that the detected photoproducts are formed on
the ground state.

One aim of this study was to look for signs of isomerization
between trans and cis-1,2-dichloroethene. Though no conclu-
sive evidence is found there are hints in the data. One hint of
isomerization occurring includes the second peak in the
ground-state photoelectron spectrum showing a rise in signal
at a lower binding energy in the cis data than in the trans data.
In this energy region there is clear signal due to formation of
C,H,, but there is possibly a second feature just before the edge
of the ground-state signal (see Fig. 3). There are also hints in
the ground-state bleaches of differences between the first and
second ground-state photoelectron peaks that could be due to
the change in intensity of these peaks when going from trans to
cis-1,2-dichloroethene. Further studies are required to look for
signs of such isomerization.

The other aim of this study was to improve our under-
standing of the dynamics that occur following photoexcitation
of the 1,2-dichloroethenes. Our results show, that at least for
trans-1,2-dichloroethene, the photoproducts are all formed very
rapidly, within the time resolution of the experiments. As the
formation is so rapid and it is known that HCl is formed on the
ground state we suggest that all products are formed following
ultrafast population of the ground-state. This is in contrast to
previous static measurements that assumed that C,H, was
formed via a curve crossing on the excited state. To be sure of
the assigned formation mechanisms of both C,H, and C,HCl
more work is needed. Experimentally, measurements with
higher electron energy resolution where the photoelectrons
and photoions are measured in coincidence would be useful.
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Such measurements would allow clear and unambiguous
assignment of each peak observed in the photoelectron spec-
trum to a particular mass. On the theoretical side, ab initio
dynamic calculations would help to reveal the mechanisms in
more depth.

6 Conclusions

In conclusion we have studied the photochemistry of the two
isomers of 1,2-dichloroethene using time resolved photoelectron
spectroscopy coupled with theoretical calculations of the
potential energy surface. Following excitation into the m* state
there is an ultrafast decay from the Franck-Condon region. This
decay is caused by gradients along modes for C—C, C-Cl and C-
H stretches and the C-C-H bend. Following this movement out
of the Franck-Condon region there is rapid population transfer
onto the ground state. From this ground state the formation of
several products are observed. Signatures are detected for for-
mation of C,H,, C,Cl, and CI*. The formation of all these
products is observed to occur on an ultrafast timescale.
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