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We study the isomer-specific photoionisation and photofragmentation of 1,2-dibromoethene (DBE)
under strong-field fs-laser irradiation in the gas phase complementing previous studies utilising ns- and
ps-laser excitation. Our findings are compatible with a dissociative multiphoton-ionisation mechanism
producing a variety of ionic photofragments. Using both Stark deflection and chemical separation of the
two isomers, pronounced isomer-specific photofragmentation dynamics could be observed for different
product channels. While for Br* formation, the isomer specificity appears to originate from different
photoexcitation efficiencies, for the C,H,Br* channel it is more likely caused by differences in the
coupling to the exit channel. By contrast, the formation of the C,H»* photofragment does not seem to
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the importance of isomeric effects in photochemistry even in small polyatomics like the present system
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1 Introduction

The relationship between molecular structure and chemical
reactivity, the broad field of stereochemistry, is one of the
central topics of chemical research. Different isomers of mole-
cules exhibit distinct physical and chemical properties’™ and
small changes in molecular geometry can have a profound
influence on the dynamics and even the outcome of chemical
reactions.*™"

In this context, the photochemistry of 1,2-dibromoethene
(DBE) serves as a prototypical example. DBE exhibits two geo-
metric isomers, a polar cis and an apolar trans species (see
insets in Fig. 1), which classify within the C,, and C,, symmetry
groups, respectively. Although the isomers of DBE can be
separated by chromatography, they are not stable under ambi-
ent conditions and catalytically interconvert in the presence of
atmospheric oxygen 0,."*

The photolysis of bromine-substituted ethenes is of general
interest because the weak C-Br bond can dissociate to form
bromine atoms. For instance, in atmospheric chemistry such
processes contribute to the depletion of ozone in the
stratosphere.’® The photochemistry of DBE has therefore been
the subject of a number of studies in the past covering different
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as well as their pronounced dependence on the photoexcitation conditions.

wavelengths and dynamic regimes. The photodissociation of
DBE at a wavelength of 248 nm was studied by Lee et al."* using
photofragment translational spectroscopy. In their study, Br,",
Br' and C,H," products were observed which were generated by
photodissociation of the parent molecule followed by electron-
impact ionisation of the fragments. These products were con-
jectured to originate from the elimination of Br, and Br from
DBE following photoexcitation with ns laser pulses. No C,H,Br"
signals were observed in this study which was interpreted with
the rapid decay of a C,H,Br intermediate producing Br and
C,H, fragments which were subsequently ionised. In a later
study, Chang et al."® investigated the Br, photoproducts gener-
ated at the same photolysis wavelength using cavity-ring-down
spectroscopy. Based on extensive ab-initio calculations, they
proposed different isomer-specific photodissociation pathways
leading to Br,. The generation of Br," and Br' ionic photo-
products was revisited by Hua et al.® by velocity-mapped ion
imaging using ns-laser photoexcitation at 233 nm. They showed
that under their experimental conditions, Br," was generated by
dissociative multiphoton ionisation of DBE rather than ionisa-
tion of neutral Br, photofragments, while a range of possible
pathways was discussed for the formation of the Br' fragment.

Lipson and co-workers studied the spectroscopy and photo-
dissociation dynamics of the individual isomers of DBE using
resonance-enhanced multiphoton ionisation (REMPI) and dis-
sociation with ultraviolet photons in the range between 280 and
312.5 nm."””*® The spectra observed by monitoring Br* frag-
ments were found to be identical for both isomers. By contrast,
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spectra obtained by monitoring C,H," fragments were found to
depend markedly on the isomer. These differences were
explained in terms of different intermediates arising in the
photofragmentation pathways leading to these products which
compete in the ns-laser photoexcitation dynamics. In contrast
to the preceding studies, C,H,Br" but no Br," fragments were
observed in these experiments.

More recently, the photofragmentation dynamics of both
isomers of DBE have been studied by ps-laser multiphoton
excitation with photon wavelengths in the range 232-320 nm
by some of us.>® In contrast to the ns-laser excitation experi-
ments covering a similar wavelength range,"® both C,H,Br,* and
Br," products were observed besides C,H," and Br'. The experi-
mental findings supported by ab-initio calculations provided
evidence for the Br' and Br," ionic fragments to originate from
photodissociation of the ionic ground state of DBE, rather than
from the ionisation of neutral photoproducts. Moreover, it
could be shown that the Br," ions originate predominantly from
the cis rather than the trans isomer. These differences between
the ps- and ns-laser experiments were tentatively attributed to
the different multiphoton excitation dynamics in both cases.

The recent development of techniques for the spatial separa-
tion of isomers in the gas phase by electrostatic deflection®"**
has opened up new avenues for studying isomer-specific
chemistry.>'*?1*3"%” In this approach, different isomers are
deflected to different extents in inhomogeneous electric fields
based on their different effective dipole moments. These depend
on both the permanent dipole moment in the molecular frame as
well as on the rotational state of the molecule. This approach is
particularly suited for separating structural isomers where one of
them does not have a permanent electric dipole moment, as in
the present case.

In a previous publication,*® we employed this technique to
study the isomer-specific chemi-ionisation of cis- and trans-
DBE. Here, we focus on the ultrafast (fs) photoionisation and
dissociation dynamics of DBE with the aim of complementing
the previous ns- and ps-laser studies to obtain additional
information on isomeric specificities in the photochemistry
of this molecule.

trans-DBE
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2. Experimental and theoretical methods

A detailed description of the present experimental setup has
been reported previously,?® a schematic is displayed in Fig. 1. A
molecular beam of an ~1:1 isomeric mixture'® of DBE (Sigma-
Aldrich, chemical purity 98%) seeded in helium at 100 bar was
supersonically expanded into high vacuum using an Even-Lavie
pulsed gas valve.”® The beam was skimmed and passed through
the inhomogeneous electric field of an electrostatic deflector held
at a potential difference of 35 kV, where the two isomers were
spatially separated based on their effective dipole moments.
Different regions of the molecular beam thus exhibited different
relative compositions of the isomers which were ionised by
multiphoton absorption using a fs-laser beam with a wavelength
of 775 nm. The ionisation energy of DBE was assumed to be
9.64 eV, see ref. 28. The fs laser operated at a repetition rate of
50 Hz, a pulse duration of 150 fs, and a pulse energy of ~0.2 m].
The fs-laser beam was focused into the vacuum chamber using a
lens with a focal length of 15 cm. To avoid signal saturation and
excessive fragmentation of the resulting ions, the focal point of
the laser beam was offset from the centre of the molecular beam
by adjusting the position of the lens.

Instead of translating the fs-laser beam to access the differ-
ent regions of the deflected molecular beam, the supersonic
expansion was moved by tilting the entire molecular-beam
apparatus as illustrated in Fig. 1 while keeping the position
of the laser beam fixed. The associated tilt angle was converted
into a deflection coordinate which indicates the spatial offset of
the deflected from the undeflected molecular beam at the
location of the laser focus.

In another series of experiments the DBE isomers were first
chemically separated by liquid chromatography in order to
compare with the results gained by electrostatic deflection. The
cis species was then individually entrained into the molecular
beam to gain additional information on its isomer-specific photo-
dynamics. The isomeric purity of the sample amounted to >90%
in these measurements as confirmed by NMR spectroscopy.

The resulting ions were electrostatically accelerated towards
a microchannel plate (MCP) detector through a time-of-flight
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cis-DBE

Fig. 1 Schematic of the molecular-beam setup used for the electrostatic spatial separation and investigation of the photoionisation and photo-
fragmentation of cis- and trans-1,2-dibromoethene (C,H,Br,, DBE) with a femtosecond (fs) laser at a wavelength of 775 nm.
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tube enabling the recording of time-of-flight mass spectra
(TOF-MS). Slightly different focussing conditions were used in
the experiments with the isomeric mixture and with cis-DBE in
order to suppress saturation.

TOF-MS were recorded at different deflection coordinates.
By integrating the different peaks in the TOF-MS as a function
of the deflection coordinate, deflection profiles corresponding
to various ion species were obtained.”?**® The deflection
profile of the parent ion, ie., DBE', represents a measurement
of the density of DBE across the deflected molecular beam. The
deflection profiles of fragment ions also encode the photofrag-
mentation dynamics leading to their generation under the
specific conditions in addition to the density distribution of
the parent in the molecular beam.

The deflection profiles were simulated using Monte-Carlo
trajectory calculations.”*'>*?® The dipole moment of cis-DBE
(u = 1.7 D) required as input for the simulations was calculated
using the B3LYP density functional method and the
6-311++G(d,p) basis set implemented in Gaussian16.>° The
deflection profile of an isomer results from the weighted sum
of the deflection profiles corresponding to its populated rota-
tional quantum states. The rotational quantum states of asym-
metric top molecules are characterised by the rotational-
angular-momentum quantum number j and the pseudo quan-
tum number t = K, — K., where K, and K, represent the pseudo
quantum numbers of the projection ofj onto the a and ¢
inertial axes, respectively. For quantum state (j, t), 50000
trajectories were computed under varying initial conditions to
generate the corresponding simulated deflection profile. For
each value of j, the individual (j, 7) profiles were summed with
weights according to their thermal populations at the rotational
temperature of the molecular beam. All j-specific profiles of a
given isomer were summed up to produce isomer-specific
deflection profiles. Finally, the profiles of both isomers were
summed up for comparison with the experimental data.

Possible differences in the photofragmentation rate of the
two isomers can affect the deflection profiles obtained from
fragment-ion signals. To account for such effects, a least-
squares fit was performed by introducing a relative photofrag-
mentation rate S, weighing the contributions of trans- with
respect to cis-DBE to a specific profile. Thus, Sy > (<) 1
indicates a stronger propensity of the trans- (cis-) isomer for
photofragmentation in the relevant channel.

3. Results

Fig. 2 presents a typical TOF-MS of DBE (here the cis isomer)
obtained by fs-laser ionisation. The spectrum revealed four
primary product-ion species around mass-to-charge ratios
m/z = 186, 106, 80, and 26 u, corresponding to C,H,Br,",
C,H,Br", Br' and C,H,". While the discussion in the present
paper focusses on these main product channels, we note that
weaker fragment-ion peaks were observed at m/z = 160, 92, 40,
12, 13 and 1 u which were assigned to Br,*, CBr", Br**, C*, CH"
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Fig. 2 Time-of-flight mass spectra of cis-DBE ionised by fs-laser radia-
tion in the centre of an undeflected molecular beam.

and H'. These peaks can also be observed in the TOF-MS of the
isomeric mixture.

Normalised deflection profiles of the dominant ion species in
the TOF-MS were recorded to characterise the isomer-specific
photofragmentation dynamics of cis- and trans-DBE under the
present conditions. Fig. 3(a) shows the deflection profiles of ions
obtained from the DBE mixture. Profiles obtained at 0 kV
deflector voltage are shown in various shades of grey for the
different species. Profiles obtained at 35 kV deflector voltage are
plotted in blue for C,H,Br,", in orange for C,H,Br", in green for
C,H,", and in black for Br'. The same colour code has been
maintained in the subsequent Fig. 4 and 5.

Fig. 3(a) and (b) illustrate that the deflection profiles
obtained without applied voltage on the electrostatic deflector
exhibit a symmetric shape centred at zero deflection coordinate.
In contrast, the deflection profiles obtained at a 35 kV deflector
voltage are asymmetric. In Fig. 3(a), the asymmetry of the profile
of the parent ion (C,H,Br,", blue curve) shows marked intensity
at higher deflection coordinates y > 1.5 mm suggesting that the
polar cis isomer is partially separated from apolar trans-DBE. The
extent of deflection of cis-DBE depends on its rotational state
which gives rise to different effective dipole moments in the
inhomogeneous electric field of the deflector.”**® Simulated
rotational-state-specific deflection profiles of cis-DBE are shown
in the inset of Fig. 4(a). For clarity, curves for specific j rotational
quantum numbers are displayed which were obtained by sum-
ming all corresponding profiles with different asymmetric-top
pseudo-quantum number 7. In general, low-/ states exhibit larger
effective dipole moments and are, therefore, more strongly
deflected thus appearing at higher deflection coordinates.

It can be seen in Fig. 3(a) that the deflection profiles of the
parent and the different fragments all differ markedly. The
parent C,H,Br," and the fragment C,H,Br" show a stronger
deflection compared to the fragments C,H," and Br'. These
differences in the deflection profiles may result from different
relative photofragmentation rates either of the isomers (iso-
meric effect) or of the different rotational states of cis-DBE
(rotational effect) - or potentially both.

To deconvolute these effects, the corresponding deflection
profiles of cis-DBE at 35 kV were obtained as shown in Fig. 3(b).
Interestingly, in this case all deflection profiles appear essentially
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Fig. 3 Deflection profiles of the parent and fragments of (a) a ~1:1 mixture of the DBE isomers and (b) cis-DBE obtained by fs-laser ionisation. All
profiles have been normalised with respect to their maxima. Error bars represent the standard error of three measurements with each being an average

over 2000 laser shots.

identical under the present experimental conditions. This sug-
gests that the observed differences in (a) are, therefore, not of
rotational, but rather of isomeric origin.

Consequently, Monte-Carlo trajectory simulations were used
to deconvolute the contributions of ¢is-DBE and trans-DBE in the
deflection profiles of the various ion species, see Fig. 4. In this
figure, the data points indicate the experimental deflection pro-
files, while the blue and red shaded areas correspond to the
simulations for ¢rans- and cis-DBE, respectively, and the solid lines
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their sum. For the C,H,Br," parent (Fig. 4(a)), the relative con-
tribution of the curves of both isomers corresponds to their
population of ~1:1 in the molecular beam."'®*® The best match
between experiment and simulation was achieved by assuming a
rotational temperature T, = 3.3 K in the simulation. For the
fragment profiles, the relative contributions of cis and trans were
scaled by the fit factor S, capturing different photofragmentation
rates in order to match the experimental data. The values of S,
obtained for the various fragments are indicated in Fig. 4(b)-(d).
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Fig. 4 Deflection profiles obtained by monitoring different photofragment ions generated by fs-laser photoionisation (data points) of a mixture of cis-DBE
and trans-DBE at 35 kV deflector voltage. The blue- and red-shaded curves represent simulated deflection profiles of trans-DBE and cis-DBE, respectively,
and the solid lines their sum. Error bars denote the standard error of three individual measurements consisting of 2000 laser shots each. The inset in (a)
shows deflection profiles of individual rotational states j of cis-DBE scaled by their thermal populations and the red-shaded area represents their sum.
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Fig. 5 Doubly logarithmic representation of ion yields vs. fs-laser power for (a) an isomeric mixture of DBE and (b) cis-DBE. The straight lines are linear
fits to the data with m denoting the slope. Uncertainties represent the standard deviations of the fits. Each data point represents the average of three

measurements with each being an average over 2000 laser shots.

The results displayed in Fig. 4(b) suggest that ¢rans-DBE has
five times reduced photofragmentation rate for the formation
of the C,H,Br" ion compared to the cis species. By contrast, the
photofragmentation rate of ¢trans-DBE for the formation of the
Br' product is obtained to be about twice as high as that of the
cis isomer (Fig. 4(c)). Fig. 4(d) shows that the formation rate of
the C,H," product appears comparable for both isomers. The
pronounced isomer-specific differences observed in the various
channels suggest that different photofragmentation mechan-
isms are effective for the different products.

This conclusion is corroborated by measurements of the
fragment-ion yield as a function of the fs-laser intensity. As the
energy of a single 775 nm-photon only amounts to ~1.6 eV, all
ions had to be generated by multiphoton ionisation and fragmen-
tation. The ion yields exhibit a pronounced dependence on the fs-
laser power, as shown in Fig. 5(a) for the isomeric mixture and in
(b) for cis-DBE. The slopes m obtained from a fit of the data to a
linear function y = mx + d in a doubly logarithmic representation
indicate the apparent number of photons absorbed in the multi-
photon processes leading to the different ion species.

The fits yielded apparent photon numbers m = 3.4 (2.6), 3.9
(3.7), 4.9 (4.6) and 4.8 (5.8) for producing C,H,Br,", C,H,Br", C,H,"
and Br' ions from the isomeric mixture (cis-DBE). However, from
energy conservation the minimum number of photons required
for the formation of C,H,Br,", C,H,Br', C,H," and Br' starting
from neutral DBE are 6, 8, 9 and 10. This is illustrated in Fig. 6
which presents calculated vertical (VEE) and adiabatic excitation
energies (AEE) of the electronic states of cis- and trans-DBE’, along
with the energies corresponding to various dissociative ionisation
(DI) channels (see ref. 28 for details of the calculations). While the
apparent photon numbers follow the expected trend mg p g+ <
Mepprt < Mop, < Mgy, the discrepancy with the minimally
required photon number may indicate that some intermediate
absorption steps are at least partially saturated under the present
experimental conditions, possibly because of (near) resonances.
Note also the differences between the behaviour of the isomeric
mixture in Fig. 5(a) and ¢is-DBE in (b): while the apparent photon
numbers for producing the C,H,Br,", C,H,Br" and C,H," are
similar in both cases, there is a significant difference for the
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Fig. 6 Cationic electronic energy levels and photofragmentation thresh-
olds of cis- and trans-DBE. The vertical (VEE) and adiabatic (AEE) excitation
energies were calculated at the MP2 (ionisation energy) and CASPT2
(excitation energy) levels of theory (see ref. 28 for details of the calculation).
Dissociation limits leading to different DI products are also indicated where
the dotted horizontal line at 12.14 eV indicates the first dissociation thresh-
old. Energies are referenced to the Sg ground state of the neutral molecule.
Arrows represent the energy of a fs-laser photon of 775 nm (1.6 eV).

generation of the Br' fragment (4.8 vs. 5.7 photons). This may
point to the existence of additional intermediate resonances for
this channel in the ¢rans species which are absent in the cis isomer.

4. Discussion

The formation of the parent ion C,H,Br," can readily be
explained by a multiphoton-ionisation mechanism according to

C,H,Br> ™ CH,Br," 1> 6, (1)
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as illustrated in Fig. 6. Because the corresponding deflection
profile in Fig. 4(a) can be simulated by maintaining the original
isomeric ratio of the supersonic expansion (ie., assuming that
Sre1 = 1), it can be conjectured that under the present conditions
the multiphoton ionisation of DBE does not exhibit a pro-
nounced dependence on the isomer.

For the formation of ionic fragments of DBE, two types of
mechanisms have been discussed in the literature: dissociative
ionisation, where the DBE cation is first generated by multi-
photon ionisation and then fragmented by the absorption of
additional photons,'®*® or the parent molecule dissociates
after excitation to an intermediate electronic state of the
neutral and the fragments are subsequently ionised by the laser
field."*'® Given the present experimental conditions of fs-laser
excitation, the latter pathway appears unlikely considering
typical timescales of C-Br bond breaking (several hundreds of
fs*'*%) relative to the pulse duration of the present laser
(150 fs). This conclusion is in line with the previous ps-laser
study®® which evidenced that dissociative multiphoton ionisa-
tion is the dominant mechanism under conditions of short-
pulse laser irradiation.

For the generation of the C,H,Br' fragment, the value of Sy
is 0.20 £ 0.04 extracted from Fig. 4(b) suggests that the
photofragmentation rate of cis-DBE is approximately five times
larger than that of ¢rans-DBE. Assuming a dissociative ionisa-
tion mechanism, at least two additional 775 nm photons are
required to reach the C,H,Br" + Br dissociation threshold from
the ionic ground state D, (see Fig. 6). The oscillator strengths
for excitations from D, to excited cationic states D,,, n < 5, do
not differ greatly between the isomers (see the supplementary
information of ref. 20) and the apparent number of photons
absorbed in this channel are identical for the isomeric mixture
and cis-DBE within the error bars. Therefore, it can be surmised
that the isomeric differences observed in the photofragmenta-
tion rate are more likely due to isomer-specific variations of the
couplings of the photoexcited states to the C,H,Br" + Br exit
channel rather than the photoexcitation dynamics themselves.

Similarly, the value S, = 2.0 & 0.7 extracted for the Br'
formation in Fig. 4(c) suggests an appreciable isomeric speci-
ficity for this fragmentation channel, albeit a smaller one than
observed for C,H,Br" generation. Assuming again a dissociative
multiphoton ionisation mechanism, the absorption of at least
four additional 775 nm photons from D, are required to reach
the corresponding dissociation threshold (see Fig. 6). The
smaller apparent photon numbers required for this channel
in the isomeric mixture (m = 4.8 + 0.1) than in cis-DBE (m =
5.8 & 0.1) (see Fig. 5) are in line with the conclusion drawn from
Fig. 4(c) that the trans species appears more readily photodis-
sociated in this channel compared to cis possibly because of
additional intermediate resonances. It also suggests that iso-
meric differences in the multiphoton excitation from D, seem
to play a role here. An alternative, sequential mechanism
forming Br' from previously produced C,H,Br’ fragments
seems unlikely, given the expected time scales of the laser
excitation and fragmentation involved. Moreover, the isomeric
differences found for the C,H,Br" and the Br" formation were
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found to be markedly different, suggesting that a C,H,Br"
intermediate plays no major role for the Br' channel.

The value S, = 1.2 & 0.4 determined from Fig. 4(d) for the
C,H," channel indicates that the corresponding photofragmen-
tation rates of both cis- and trans-DBE are comparable. This is
in line with similar apparent photon numbers extracted for this
channel in the isomeric mixture and the cis species in Fig. 5.

Finally, it is worth noting that the present findings of
photofragmentation dynamics that is independent of the parent
isomer for C,H," and dependent on the isomer for Br' are in
contrast to the previous ns-laser experiments'® which observed
just the opposite. These differences once more underline the
important role of photon energy and laser-pulse duration in the
photochemistry of this molecule which in the end result in
different fragmentation mechanisms: direct multiphoton dis-
sociative ionisation as conjectured to dominate the present fs-
laser experiments vs. sequential fragmentation mechanisms as
inferred for the conditions of the ns-laser study in ref. 19.

5. Conclusions

In the present study, we investigated the isomer-specific photo-
ionisation and photofragmentation dynamics of 1,2-
dibromoethene (DBE) under strong-field fs-laser irradiation.
The experimental findings are compatible with a dissociative
multiphoton ionisation mechanism yielding a variety of ionic
photofragments. Using both Stark deflection and chemical
separation of the two isomers, pronounced isomer-specific
photofragmentation dynamics could be observed for different
product channels. While for Br' formation, the isomer specifi-
city seems to originate from different photoexcitation efficien-
cies, for the C,H,Br' channel it is more likely caused by
variations in the coupling to the exit channel. By contrast, the
formation of the C,H," photofragment does not seem to exhibit
a notable isomeric dependence.

The present work complements previous studies of the
photodissociation dynamics of the DBE isomers utilising ns-
and ps-laser excitation. It underlines the complexity of the
photochemistry even in small polyatomics like the present sys-
tem, as well as its pronounced dependence on the molecular
geometry and specific photoexcitation conditions. While a variety
of experimental studies now exist on this photochemical model
system, further insights into its isomer-specific photodynamics
would critically require progress in theory, in particular concern-
ing the multiphoton excitation dynamics of the cation and
nonadiabatic couplings connecting the photoexcited states to
the different product channels. Such advances in theory should
ideally be complemented by channel-resolved measurements as
have been demonstrated, e.g., in ref. 33 and 34.

Data availability

The primary data supporting the findings of this article are
available at Zenodo at https://doi.org/10.5281/zenodo.15119353

Phys. Chem. Chem. Phys., 2025, 27, 11570-11576 | 11575


https://doi.org/10.5281/zenodo.15119353
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp01256b

Open Access Article. Published on 13 May 2025. Downloaded on 1/13/2026 8:44:44 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We thank Dr A. Johnson, G. Holderried, G. Martin, and Ph.
Knopfel for technical assistance. This research was supported by
the Swiss National Science Foundation under the Korean-Swiss
Science and Technology Program (KSSTP) (grant nr. IZKSZ2_
188329) and the University of Basel. J.K. and S.K.K. thank the
support of National Research Foundation of Korea (NRF) under
project No. 2019K1A3A1A14064258. J.K. also acknowledges sup-
port from the KAIST Jang Young Sil Fellow Program.

References

1

2

10

11

12

13

14

15

16

E. L. Eliel and S. H. Wilen, Stereochemistry of Organic
Compounds, John Wiley & Sons, 1994.

H. Frauenfelder, S. G. Sligar and P. G. Wolynes, Science,
1991, 254, 1598.

E. G. Robertson and J. P. Simons, Phys. Chem. Chem. Phys.,
2001, 3, 1.

S. T. Park, S. Y. Kim and M. S. Kim, Nature, 2002, 415, 306.
M. H. Kim, L. Shen, H. Tao, T. J. Martinez and A. G. Suits,
Science, 2007, 315, 1561.

C. A. Taatjes, O. Welz, A. ]. Eskola, J. D. Savee, A. M. Scheer,
D. E. Shallcross, B. Rotavera, E. P. Lee, ]J. M. Dyke, D. K.
Mok, D. L. Osbornand and C. J. Percival, Science, 2013, 340, 177.
E. G. Champenois, D. M. Sanchez, J. Yang, J. P. F. Nunes,
A. Attar, M. Centurion, R. Forbes, M. Giihr, K. Hegazy, F. Ji,
S. K. Saha, Y. Liu, M.-F. Lin, D. Luo, B. Moore, X. Shen,
M. R. Ware, X. J. Wang, T. J. Martnez and T. J. A. Wolf,
Science, 2021, 374, 178-182.

Y.-P. Chang, K. Dlugolecki, J. Kiipper, D. Rosch, D. Wild and
S. Willitsch, Science, 2013, 342, 98.

A. Kilaj, H. Gao, D. Tahchieva, R. Ramakrishnan, D. Bachmann,
D. Gillingham, O. A. von Lilienfeld, J. Kiipper and S. Willitsch,
Phys. Chem. Chem. Phys., 2020, 22, 13431.

A. Kilaj, J. Wang, P. Stranak, M. Schwilk, U. Rivero, L. Xu, O. A.
von Lilienfeld, J. Kiipper and S. Willitsch, Nat. Commun., 2021,
12, 1.

N. Dias, H. Li and A. G. Suits, J. Phys. Chem. A, 2023, 127,
5202-5208.

H. Steinmetz and R. M. Noyes, J. Am. Chem. Soc., 1952, 74,
4141-4147.

R. R. Garcia and S. Solomon, J. Geophys. Res.: Atmos., 1994,
99, 12937-12951.

Y. Lee, C. Chou, Y. Lee, L. Wang and S. Lin, J. Chem. Phys.,
2001, 115, 3195-3200.

Y.-P. Chang, P.-C. Lee, K.-C. Lin, C. Huang, B. Sun and
A. Chang, ChemPhysChem, 2008, 9, 1137-1145.

L. Hua, W.-B. Lee, M.-H. Chao, B. Zhang and K.-C. Lin,

J. Chem. Phys., 2011, 134, 194312.

1576 | Phys. Chem. Chem. Phys., 2025, 27, 11570-11576

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

View Article Online

Paper

W. Shi and R. Lipson, J. Chem. Phys., 2007, 127, 224304.
W. Shi and R. Lipson, Mol. Phys., 2007, 105, 1701-1709.
W. Shi, V. N. Staroverov and R. Lipson, J. Chem. Phys., 2009,
131, 154304.

J. Kim and S. K. Kim, J. Chem. Phys., 2021, 155, 16304.

F. Filsinger, J. Kipper, G. Meijer, J. L. Hansen, J. Maurer,
J. H. Nielsen, L. Holmegaard and H. Stapelfeldt, Angew.
Chem., Int. Ed., 2009, 48, 6900-6902..

J. H. Nielsen, P. Simesen, C. Z. Bisgaard, H. Stapelfeldt,
F. Filsinger, B. Friedrich, G. Meijer and ]. Kiipper, Phys.
Chem. Chem. Phys., 2011, 13, 18971-18975.

Y.-P. Chang, D. A. Horke, S. Trippel and J. Kiipper, Int. Rev.
Phys. Chem., 2015, 34, 557.

D. Rosch, S. Willitsch, Y.-P. Chang and ]. Kiipper, J. Chem.
Phys., 2014, 140, 124202,

A. Kilaj, S. Késer, J. Wang, P. Stranak, M. Schwilk, L. Xu,
O. A. von Lilienfeld, J. Kiipper, M. Meuwly and S. Willitsch,
Phys. Chem. Chem. Phys., 2023, 25, 13933-13945.

L. Ploenes, P. Stranak, H. Gao, ]J. Kiipper and S. Willitsch,
Mol. Phys., 2021, 119, €1965234.

L. Ploenes, P. Stranak, A. Mishra, X. Liu, J. Pérez-Rios and
S. Willitsch, Nat. Chem., 2024, 16, 1876-1881.

A. Mishra, J. Kim, S. K. Kim and S. Willitsch, Faraday
Discuss., 2024, 251, 92-103.

U. Even, ]. Jortner, D. Noy, N. Lavie and C. Cossart-Magos,
J. Chem. Phys., 2000, 112, 8068.

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, G. A.
Petersson, H. Nakatsuji, X. Li, M. Caricato, A. V. Marenich,
J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. P.
Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L. Sonnenberg,
D. Williams-Young, F. Ding, F. Lipparini, F. Egidi, J. Goings,
B. Peng, A. Petrone, T. Henderson, D. Ranasinghe, V. G.
Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada,
M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida,
T. Nakajima, Y. H onda, O. Kitao, H. Nakai, T. Vreven,
K. Throssell, J. A. Montgomety, Jr., J. E. Peralta, F. Ogliaro,
M. ]. Bearpark, J. J. Heyd, E. N. Brothers, K. N. Kudin,
V. N. Staroverov, T. A. Keith, R. Kobayashi, J. Normand,
K. Raghavachari, A. P. Rendell, J. C. Burant, S. S. Iyengar,
J. Tomasi, M. Cossi, J. M. Millam, M. Klene, C. Adamo,
R. Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma,
O. Farkas, J. B. Foresman and D. J. Fox, Gaussian 16 Revision
C.01, 2016, Gaussian Inc., Wallingford CT.

A. S. Chatterley, F. Lackner, D. M. Neumark, S. R. Leone and
O. Gessner, Phys. Chem. Chem. Phys., 2016, 18, 14644-14653.
B. W. Toulson, M. Borgwardt, H. Wang, F. Lackner, A. S.
Chatterley, C. D. Pemmaraju, D. M. Neumark, S. R. Leone,
D. Prendergast and O. Gessner, Struct. Dyn., 2019, 6, 054304.
S. L. Horton, Y. Liu, R. Forbes, V. Makhija, R. Lausten,
A. Stolow, P. Hockett, P. Marquetand, T. Rozgonyi and
T. Weinacht, J. Chem. Phys., 2019, 150, 174201.

P. Hockett, E. Ripani, A. Rytwinski and A. Stolow, J. Mod.
Opt., 2013, 60, 1409-1425.

This journal is © the Owner Societies 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp01256b



