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Abstract

A time-resolved X-ray scattering (TRXS) investigation of the photodissociation
dynamics of gas-phase 2-iodothiophene (2IT) molecules following 252 nm excitation
is presented. Structural evolution of the molecule and dynamical information on the
resulting photofragments were captured using femtosecond X-ray free-electron laser
pulses. Two dissociation pathways were identified, arising via excitation to w7* and
(n/m)o* states respectively, yielding distinct interfragment recoil velocities of approx-
imately 6.4 A ps_1 and 17.0 A ps_l. Comparison of asymptotic scattering data with
simulated patternsindicates that the thiophene ring remains closed following dissoci-
ation at this wavelength.Modeling the experimental data yields a branching ratio of
~3:1 in favor of the high velocity channel. These findings demonstrate the capability
of TRXS to disentangle concurrent ultrafast reaction pathways and provide detailed
structural insight into energy redistribution during photoinduced bond fission in com-

plex molecular systems.

Introduction

Ultrafast X-ray scattering has emerged as a transformative technique for directly observ-
ing molecular structural dynamics during photochemical reactions.'?* By combining the
atomic-scale spatial resolution of X-ray scattering with femtosecond temporal resolution
provided by X-ray free-electron lasers, this approach enables real-time visualization of bond
breaking, formation, and rearrangement processes that govern chemical reactivity. Unlike
traditional spectroscopic methods that provide indirect structural information, time-resolved
X-ray scattering directly probes internuclear distances as they evolve, offering insight into
the fundamental mechanisms of photochemistry.

A landmark demonstration in the field of time-resolved X-ray scattering (TRXS) of gas-
phase molecules was demonstrated by Minitti et al. in their 2015 study of 1,3-cyclohexadiene

(CHD) photoisomerisation .* This work directly imaged the ring-opening reaction following

L¥'€2:¥0 9202 YdIeN 22



Publishing

AIP

N

267 nm excitation using 8.3 keV, 30 fs X-ray pulses, capturing the structural transformation
with an 80 fs time constant that closely matched the 140 fs electronic state decay observed
spectroscopically. By comparing experimental scattering patterns with advanced trajectory
calculations using 100 different starting conditions, this study definitively established that
X-ray scattering could visualize concerted structural rearrangements in gas-phase complex
organic molecules with atomic-scale resolution and femtosecond temporal resolution.

The capabilities have since been systematically extended to increasingly sophisticated
molecular targets, revealing new insights into ultrafast reaction dynamics.?>*!! The chal-
lenge of molecules far from thermal equilibrium has been systematically addressed through
molecular dynamics-based analysis approaches. Studies of vibrationally hot CHD (effective
temperature ~2870 K, 6.2 eV internal energy)® demonstrated that transition state struc-
tures make significant contributions to scattering signals, requiring molecular dynamics sim-
ulations with over 200,000 structures to properly account for anharmonicity and correlated
motions that cannot be captured by harmonic approximations.® Recent work on 1,2-dithiane
photodissociation revealed multiple competing fragmentation pathways with time constants
of 240 fs, 1.05 ps, and 63 ps, ultimately yielding product branching ratios of 35% and 65%
for different dissociation channels, demonstrating the technique’s ability to quantitatively
characterize complex reaction networks. !

Complementing these time-domain measurements, frequency-resolved X-ray scattering
(FRXS) has emerged as a powerful analysis tool for disentangling complex dynamics when
multiple overlapping processes occur simultaneously. Building on the foundational molecular
work, Bucksbaum,!? Gabalski,! and Ware®!3 developed FRXS analysis methods using
molecular iodine following 800 nm multiphoton excitation, demonstrating how this approach
could separate overlapping dissociation channels with interfragment terminal velocities of
23 A ps_1 and 14 A ps_1 while extracting an early-time acceleration timescale of 11 fs that
quantified the duration of repulsive forces during bond breaking. Further work on FRXS

analysis of CS, photodissociation at 200 nm? revealed coherent bending vibrations within the
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first 150 fs, while clearly separating singlet and triplet dissociation channels that evolved from
mixed velocity distributions (24 A ps_l) at early times to predominantly triplet character
(28 A psfl) after 1400 fs. FRXS therefore offers a complementary perspective to time-domain
TRXS data by Fourier-transforming the scattering signal along the time-axis. 11215 This
transformation decomposes the signal into its constituent frequency components, providing
a sparser representation that can reveal underlying periodicity or trends. When plotting
signal as a function of frequency, w, and momentum transfer, (), coherent vibrational motion
appears as sharp peaks at characteristic vibrational frequencies, while dissociative motion
manifests as slanted lines. As such, FRXS enables vibrational and dissociative dynamics
to be cleanly separated and analyzed, providing critical mechanistic information without
requiring full knowledge of the potential energy surfaces.

Molecules such as 2-iodothiophene (2IT) provide opportunities to test these approaches
as they occupy a unique middle ground: they are sufficiently complex to exhibit multiple
excited state pathways and rich energy redistribution over multiple modes, yet remain ac-
cessible for detailed experimental investigations. With multiple accessible electronic states
and a flexible molecular framework, 2IT exhibits richer dynamics than simple systems, in-
cluding competing dissociation pathways and internal energy redistribution. Furthermore,
2IT possesses two chromophores in the C-I bond and the aromatic thiophene ring. Building
on established capabilities for studying heterocyclic ring dynamics, competing dissociation
channels, and electronic structure effects, 2I'T represents an ideal platform for investigating
how molecular complexity shapes ultrafast reaction dynamics while testing the limits of cur-
rent FRXS analysis methods for disentangling multi-pathway photochemistry in substituted
heterocycles.

The UV induced photodissociation dynamics of 2IT are governed by a complex interplay
between the excitation of different electronic states and subsequent redistribution of energy
among the nuclear degrees of freedom. Studies of bare thiophene and thiophenone, where

UV absorption predominately populates a n7* state leading to C-S bond extension, ring
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puckering, and relaxation to the ground-state, reveal ring-opening as one potential decay
pathway. 0722 The addition of an iodine atom introduces new reaction channels. In 2IT,
photoexcitation can populate either the 77* states associated with the thiophene ring or the
(n/m)o* states involving a C-I bond localized o* orbital, which facilitate efficient C-I bond
fission. 23?4 Resonance Raman measurements, performed on 2IT in cyclohexane at 245.9 nm
and 252.7 nm, have provided evidence for the simultaneous activation of C-I bond stretching
and skeletal vibrational modes of the ring, suggesting the possibility of relaxation through
C-T or C-S bond extension.? More recent ultrafast extreme ultraviolet spectroscopy (XUV)
transient absorption measurements around the I 4d edge, following 268 nm photoexcitation, **
have shown that the dominant process at this wavelength is rapid dissociation of the C-I bond
and iodine atom formation on a 160 £ 30 fs timescale. Within this measurement Toulson et
al. also obtained a I to I* branching ratio of 0.77 to 0.23 suggesting that formation of the
ground spin-orbit state is the dominant channel.?*

More detailed information has been obtained through ion imaging experiments that
measure the velocities of the iodine atoms formed following UV absorption. Nanosecond
Resonance-Enhanced Multiphoton Ionization (REMPI) detection of the ground (I) and spin-
orbit excited (I*) atom products were performed at several wavelengths in the range ~278-
220 nm.?® The total kinetic energy release (TKER) distributions in all cases showed two
components. One yields fast I/T* fragments with anisotropic angular distributions, consis-
tent with prompt C-I bond fission. The second produced slower I/T* atom products, with
isotropic recoil velocity distributions. These were suggested to originate from molecules that
undergo nonadiabatic relaxation to highly vibrationally excited ground state species prior
to C-I bond fission. The ratio of the slow to fast component was seen to increase as the
pump wavelength decreased. More recent femtosecond resolved measurements performed at
a pump wavelength of 262 nm detected similar distributions following X-ray ionization of

iodine atoms.?% These experiments are insensitive to the spin-orbit state of the iodine atom.

But, in common with the nanosecond experiments, the femtosecond experiments identified a
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direct dissociation channel yielding iodine atoms with strong parallel recoil anisotropy, and
slower products with isotropic velocities. The iodine atoms arising via this latter channel ap-
peared after a delay of 1 ps. These observations led to the conclusion that the two pathways
arise from initial excitation into a superposition of (n/m)c* and 7n* states, with the 7r*
states being bound along the C-I coordinate, causing transient trapping of the excited state
population. This was supported by a measurement of ultraviolet absorption cross-sections
which suggested non-negligible excitation into both states at the employed wavelength. The
'fast’ to 'slow’ branching ratio at 262 nm was determined to be approximately 23:1 in favor
of the direct vs the indirect dissociation channel,?® which is broadly consistent with expec-
tations based on the measured relative absorption cross-sections of the involved states.?2¢
Furthermore, in both experiments the indirect dissociation products were found to be re-
leased with kinetic energies much lower than the maximum allowed by energy conservation
rules, implying a significant partitioning of excess energy into internal degrees of freedom,
particularly rotational and vibrational excitation of the thiophenyl co-fragment.?32% Neither
the REMPT or site-selective X-ray ionization studies returned I/I* branching ratios. Fur-
thermore, the focus on the iodine fragment produced means that none of the experiments
have been able to directly measure the characteristics of the co-fragment and confirm wether
it remains as a cyclic species or if ring-opening plays a significant role.

In the present work, the structural dynamics of 2IT photodissociation were explored
using ultrafast TRXS following excitation at 252 nm, a shorter wavelength than in our pre-
vious work.26 Based on our previous conclusions, the increase in photoexcitation energy is
expected to increase the partial cross-section for excitation into the m7* state, thus increas-
ing the contribution of the indirect dissociation pathway. By employing TRXS and FRXS
analyses, we directly characterize the structural evolution of photoexcited 2IT, quantifying
the interfragment dissociation velocities, branching ratios, and the nature of the co-fragment
ring structure. Furthermore, by modeling the scattering data using simple dynamical mod-

els, including bond extension and rotational excitation, we assess the partitioning of energy

L¥'€2:¥0 9202 YdIeN 22



AlP
Publishing

T

.

during photodissociation. Through this approach, we provide new structural insights into

the photo-induced dissociation of the iodinated heterocycle.

Experimental Details

X-ray scattering data from UV-excited 2IT molecules were collected at the CXI instrument
of the LCLS.?" The gas-phase sample was introduced into a continuous gas flow cell equipped
with a beryllium out-coupling window to minimize the absorption and re-scattering of scat-
tered X-rays.® The sample was photoexcited by a 252 nm, 1.6 uJ laser pulse with a duration
of 50 fs full-width at half maximum (FWHM), derived from an optical parametric amplifier
pumped by a Ti:Sapphire amplifier. After a controlled time delay, the sample was probed
using 15 keV X-ray pulses generated by the LCLS.

Scattered X-rays were detected using a Jungfrau hard X-ray pixel detector, with a pixel
size of 75 pm, and operated in variable-gain mode.?® The detector was positioned approxi-
mately 8 cm downstream from the scattering cell. Raw detector images were first thresholded
to eliminate electronic noise. X-ray hits were then identified and localized within 2x2 pixel
regions. Only hits with energy values consistent with an integer number of coherently scat-
tered photons were retained for further analysis, this is to exclude any fluorescence signal.
Subsequent corrections were applied to account for the variation in the Thomson scattering
cross-section with respect to the X-ray polarization direction.® The detector geometry was
precisely calibrated by fitting the static scattering pattern of sulfur hexafluoride (SFy) to its
known elastic and inelastic scattering profiles.®

Pump-probe measurements were recorded by systematically varying the delay between
the UV pump laser and X-ray pulses. Individual shots were time-binned using a cross-
correlation monitor (“time-tool”) to correct for shot-to-shot timing jitter between pump and
probe pulses.?® The time-tool enabled arrival-time corrections with a resolution of better

than 10 fs.?? Approximately 18% of the shots were recorded with the pump laser delayed by
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several nanoseconds to obtain the background (unpumped) scattering signals for subtraction.

Individual shots were excluded from the analysis if the X-ray pulse energy was more than
one standard deviation outside of the mean, or if the time-tool jitter correction fit failed.
Overall, approximately 30% of the pump-probe shots were rejected based on these criteria.

The time-resolved scattering signal was obtained by azimuthally integrating the individ-
ual detector images and sorting them into 25 fs time bins in the range -500 to 2000 fs, where
negative times correspond to the X-ray probe pulse preceding the UV photoexcitation pulse.
The time-resolved difference signal used in the analysis presented below was obtained by
subtracting the unpumped (background) scattering signal from the scattering signal in each

of the time bins:

I(Q7 t) _ IOE(Q)

AI(Q,t) = 100% x @)

(1)

where t is the pump-probe delay, and @ is the momentum transfer.
The time-zero (pump-probe temporal overlap) was determined by fitting a logistic func-
tion to the rising edge of the pump-probe signal. Statistical uncertainty was assessed using

bootstrapping.

Results and Discussion

Time-resolved X-ray Scattering

The changes in the measured scattering pattern in percent as a function of the pump-probe
delay, t and the momentum transfer, (), are shown in Figure 1. Immediately following 252 nm
excitation (i.e. after time-zero), the difference scattering signal manifests as an oscillating
pattern along the momentum transfer (). The intensity enhancements and depletions relative
to ground-state scattering are represented in red and blue, respectively. In contrast to most

spectroscopic methods, these features are interdependent and do not individually correspond
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Figure 1: Time-resolved, azimuthally averaged, difference X-ray scattering signal following
photoexcitation of 2IT at 252 nm.

to the populations of distinct states. Each internuclear distance within 2IT contributes a
sinusoidal component to the total measured scattering pattern. Consequently, changes in any
of these distances relative to the ground-state 2IT are projected as changes in the amplitude
as well as positions of the maxima and minima of the difference pattern.

Nonetheless, the features of the observed difference scattering pattern are consistent with
the increasing interatomic separation. First, the feature observed at the lowest () values in
Figure 1 is a depletion indicating overall reduction in scattering intensity as a result of
molecular fragmentation.!43° This arises from the fundamental nature of coherent X-ray
scattering from molecular systems. At @) = 0, the total scattering signal is proportional to
the square of the number of electrons in the scattering volume.'* For an intact molecule with
N electrons, the signal scales as N2. Upon fragmentation into two pieces with F; and F,
electrons, respectively (where F; + Fy = N), the scattering signal becomes proportional to
F? + F3. Since F? + F3 is less than (F; + Fy)?, fragmentation always results in reduction
of scattering intensity at low (). Physically this is due to the loss of coherent scattering

between electrons that are now separated into different fragments. 4

10
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Additionally, there is a notable shift in the peak positions toward lower () values over the
course of the first 300 fs. This shift is indicative of increasing bond lengths as is expected

in dissociation. This shift can be understood by considering the rotationally averaged Inde-

pendent Atom Model (IAM):30

Nat . 3 Nayg
han(@) = Y HQH@TG + Y 1NQ) )

where f;(Q) is the scattering form factor of the ith atom, the ¢ and j are the atoms present
in the molecule and r;; is the distance between atoms ¢ and j. Inelastic contributions to the
overall scattering signal (known as Compton Scattering) are given by the term IIAM(Q).

inel,i
The term S”&)# describes how pairs of atoms contribute to the scattering pattern. Each pair
of atoms separated by distance r;; contributes a Bessel function that approaches unity as
Q — 0. As ry; increases during bond dissociation, the oscillation frequency of the Bessel
function increases, but the main features in the pattern (maxima and minima) shift toward
lower () values because the first maximum of 51224 occurs at Q = m/r;;. This means that
longer interatomic distances result in peak positions shifting to smaller () values.

These observations provide preliminary evidence for the presence of dissociation dynam-
ics. However, the one-dimensional projection inherent to scattering measurements is limited
in terms of disentangling significant concurrent structural changes. In particular, overlapping
contributions from multiple evolving bond lengths can obscure mechanistic interpretations
when used solely in the momentum transfer domain. This is significant here, as previous
studies, performed on 2IT at similar wavelengths, show that the C-1 bond length evolves
concurrently on two distinct time scales, which is hard to distinguish in the current repre-

sentation of the data.?% To facilitate further interpretation of the TRXS results, FRXS was

employed. 131215

11
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Frequency-resolved X-ray Scattering

FRXS is a method to analyze TRXS data by separating the different frequency components
present in the scattering pattern, thus offering a sparser representation of the data.! 3:12:13:15
This facilitates the identification of the underlying nuclear dynamics. The FRXS power spec-
trum is generated by Fourier transforming the time-dependent scattering signal at each value
of momentum transfer (). In this representation of the data, distinct dynamical processes
give rise to characteristic features. Vibrational motions, which are periodic and localized
around the equilibrium geometries, appear as horizontal bands of intensity. These bands are
centered on the vibrational frequency, with their extent in the ()-space reflecting the spatial
scale of the bond displacement associated with each vibrational mode. %5

In contrast, bond dissociation processes, which are inherently non-periodic and direc-
tional, manifest as slanted lines in the FRXS spectrum. As the atoms move apart dur-
ing dissociation, their increasing separation gives rise to time-dependent modulation of the
scattering signal with a continuously varying phase. This motion projects onto the FRXS
spectrum as slanted features in Q-w space with maxima along the line defined by w = Quv,
where v is the interfragment separation velocity of the fragments.'® Characterizing these
lines provides a direct means of extracting the separation velocity of the fragments formed
in the dissociation process from the experimental data.

In previous work on molecular I,, these high-intensity features in the FRXS spectrum
have been visually identified.®!%!315 In studies of small molecules, this approach proved
effective because the vibrational and dissociative features were typically sharp and well sep-
arated within the Q-w space. The limited number of single parent vibrational mode, lack of
internal degrees of freedom in the dissociation products, and the relatively simple dissocia-
tion pathways allowed for a clear interpretation without the need for advanced data analysis
techniques. However, as the size and complexity of the target molecule increases, this ap-

proach has become increasingly impractical. »!> Larger molecules, such as 2IT, possess many

vibrational degrees of freedom (21), and denser manifolds of vibrational states that can be

12
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populated upon excitation and/or through the dissociation process itself. Additionally, their
dissociation can produce rotating co-fragments, further broadening the features in FRXS
spectra as the available energy is partitioned among dissociative and rovibrational modes.
This increased complexity leads to significant overlap between spectral features, resulting in
an FRXS pattern that is not amenable to manual interpretation. The FRXS spectrum of
21T, shown in Figure 2c, illustrates this point clearly: no distinct features can be readily
identified by eye. For an example FRXS analysis of a simple dissociation reaction, we refer
the reader to Figure 3 of Ware et al.? that shows experimental and theoretical plots for the
photolysis of I,. Clear diagonal features appear in the FRXS spectrum due to the narrow
distribution of interfragment velocities produced upon bond breaking. To overcome these
limitations, mathematical feature extraction methods have recently been employed.?12 In

the current study, a Hough transform based approach was adopted from Ref.?

1
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Figure 2: a) Velocity-resolved Hough intensity along the vy = 0 coordinate following applying
the Hough transform to experimental FRXS spectrum in the range 0-1.1 ps and @) = 0.75-
4 A_l, shown in blue with 'x’ marking the data points. Components of a two Gaussian
fit (described in text) are shown as dashed lines representing the interfragment velocity
distributions of the “fast” (purple) and “slow” (green) pathways. Black arrows mark the
maximum allowed dissociation velocity based on conservation of energy for channels yielding
I and I* atoms. b) Velocity-resolved Hough intensity from panel a) alongside the REMPI
distributions for the I (red) and I* (green) atomic fragments at a photoexcitation wavelength
of 254.7 nm.?* We note that each distribution is normalized to the same maximum intensity
and therefore does not reflect the branching ratio between the two product channels. c¢) The
experimental FRXS spectrum produced by Fourier transforming the measured difference
scattering pattern in the range 0-1.1 ps and ) = 0.75-4 A
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Hough Transform

The Hough transform analysis provides a more robust means of identifying linear features
within the FRXS power spectrum, allowing systematic detection and characterization of
dissociation signatures in systems where manual identification is unreliable. An additional
advantage of employing the Hough transform approach is its ability to extract a distribution
of dissociation velocities rather than a singular value, offering a more nuanced view of the
dissociation process.

The Hough transform is a mathematical operation that maps lines present in an input
image (here the FRXS spectrum) into single points in a transformed representation. In the
FRXS data, the slanted bands of intensity associated with primary dissociations originate
near vy = 0, corresponding to fragments that accelerate from an initially bound geometry.
To extract these features, the Hough transform is used to systematically analyze the FRXS
spectrum by mapping each point in the FRXS space to a curve in Hough space. This is
because each point can lie on a family of lines with different slopes and intercepts.?!? If a
linear feature, such as a dissociation trajectory, is present in FRXS space, the corresponding
curves from all points along that feature will intersect at a single point in Hough space,
revealing its presence and parameters. In this study, the transform was applied to identify
features corresponding to interfragment separation velocities up to 40 A ps_l.

To prepare the data, the TRXS spectrum was Fourier transformed in the range of 0-1 ps
in the Q region 0.75-4 A~!, producing the FRXS spectrum for analysis. The Hough transform
was then applied to this spectrum as outlined above. The chosen time window provides a
sufficiently large time domain to identify the pathways resulting in dissociation velocities up
to the maximum possible value based on the difference between the photon energy and C-I
bond energy. Meanwhile, restricting the ()-range improves the accuracy of the subsequent
Hough transform by excluding the region of the data where the noise level becomes large
enough to introduce artifacts. A lineout from the two-dimensional Hough transform is shown

in Figure 2, as a function of the relative dissociation velocity. The lineout is taken along

14
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the vg = 0 axis. This specific slice was chosen because, as mentioned earlier, all primary
dissociation features must intersect this point.

The results of the Hough transform show two maxima with broad overlapping distribu-
tions. To quantitatively describe the observed velocity distributions, a sum of two Gaussian
functions was fitted to the Hough-transformed data. This fitting yielded individual com-
ponents with mean interfragment separation velocities of 6.4 A psf1 and 17.0 A psfl, and
corresponding standard deviations of 3.6 A ps_1 and 3.8 A ps_l, respectively. The relatively
broad widths of these distributions is likely a result of the spin-orbit splitting within the
iodine atoms that contribute to each peak in the spectrum and the internal energy spread
within the radical co-fragment. Overall, these results are broadly consistent with both site-
selective ionization and REMPI studies, which concluded that the C—I bond in 2IT dissociates
via two distinct pathways (one direct, the other following non-adiabatic coupling from the
initially populated m7* state), each of which releases iodine atoms in both spin-orbit states
with characteristic interfragment separation velocities centered around 8 and 18 A ps_l.zg’26
While a direct comparison of absolute velocity values is not appropriate due to differences
in excitation wavelengths, there is a clear qualitative agreement.

Although the Hough transform approach provides a powerful tool for FRXS feature ex-
traction, the results must be interpreted with caution, because of several inherent limitations.
This method yields the most reliable results when analyzing bands with narrow, separated,
and well-defined velocity distributions. In cases where broad or overlapping features are
present in the FRXS spectrum, the Hough transform is prone to overestimating the width of
the velocity distribution associated with each feature,!® introducing potential bias to further
interpretations of the dynamics at play. The visibility of features in the Hough representa-
tion is further reduced when applied to systems where dissociation occurs over a distribution
of times. %1%

Our previous studies on 2IT hypothesized that a predissociation pathway is responsible

for the iodine atom products released with low velocities.?® The presence of a predissociation

15
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step introduces a time delay between photoexcitation and the onset of dissociation, which
manifests as a phase shift in the FRXS data. The phase shift caused by a time delay 7,
is given by ¢“". When dissociation occurs over a range of time delays, the corresponding
signal in the FRXS power spectrum is effectively averaged over multiple phases, leading to
a reduction in the overall visibility and sharpness of the dissociation feature.!?1?

An important note for quantitative analysis is that due to the phase averaging the inten-
sity of a given feature in the Hough-transformed space does not directly reflect the absolute
yield of the associated dissociation pathway.'? As a result, while the Hough transform can
successfully identify the presence and approximate velocity distribution of dissociation prod-
ucts, caution must be exercised when calculating values of the reaction yields or branching
ratios.

Despite these limitations, the use of the Hough transform is justified in the case of 2IT
due to the highly congested nature of its FRXS spectrum and the lack of detailed trajectory
simulations, which are typically required for full interpretation of time-resolved scattering
data. 121215 Ag discussed above, the dense vibrational manifold and potential rotational ex-
citation of the molecular co-fragment leads to substantial overlap and broadening of features,
rendering manual identification infeasible. The Hough method offers an objective means of
highlighting dominant dissociative trends, particularly those corresponding to linear trajec-
tories in momentum space, which are otherwise obscured in the raw FRXS data. While it
does not capture all the nuances of the dissociation dynamics, especially those affected by
phase averaging or overlapping velocity distributions, it provides a tractable approach to iso-
late and characterize primary velocity components. The information obtained through this

approach forms an essential foundation for the further analysis presented in this manuscript.

Asymptotic data analysis

Previous studies of the photodissociation dynamics in 2IT primarily focused on detecting the

t, 23,24,26

iodine atom fragmen while the fate of the co-fragment remained largely inaccessible.

16
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Figure 3: Experimentally measured difference scattering pattern (blue solid line, integrated
for pump-probe delays between 1-2 ps with 1 standard deviation marked by the shaded
region) overlaid with calculated scattering patterns for plausible co-fragment structures
(dashed lines) assuming an infinitely large separation to the atomic iodine co-fragment.
Co-fragment structures are shown below the graph.
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6 are inherently selective for the

Techniques such as REMPI? and inner-shell ionization?
iodine atom, limiting information about the co-fragment to indirect inference. Although
computational calculations suggest the possibility of various final structures for the C,SH,
co-fragment,?*> TRXS offers a direct structural probe that can simultaneously capture the
geometries of both fragments, providing insight into the co-fragment’s structure following
C-I bond cleavage.

To characterize the co-fragment structure, we compared the asymptotic experimental
scattering pattern with a simulated pattern for the closed-ring thiophenyl radical structure as
well as for three other acyclic structures of comparable energy?? as depicted in Figure 3.The
relative energies of fragments H, I and J compared to the thiophenyl radical (0.0 eV) are
0.52 eV, 0.57 eV, and 1.62 eV, respectively. The experimental asymptotic pattern was ob-
tained by averaging scattering data at pump-probe delays between 1-2 ps, when bond cleav-
age is complete and the system has reached a stable geometry.?42% The simulated pattern
was generated using the IAM applied to the geometry of the four radical structures opti-
mized using unrestricted density functional theory with the wB97X-D4 exchange-correlation
functional®32 and the def2-TZVP basis,?® as implemented in Orca version 6.0.1.3*

Figure 3 shows this comparison, with the experimental asymptotic difference scattering
pattern as a solid blue line and the simulated patterns associated with the various radical
fragments as dashed lines. All patterns were multiplied by ) to enhance visibility, particu-
larly at higher ) values, and the excitation fraction was scaled to optimize the match with
experimental data. Despite the inherent simplification, where experimental data represents
an average over multiple geometries of the vibrationally hot radical while the simulation
corresponds to a single minimum energy structure, the agreement between experiment and
the predicted scattering pattern of the ring closed thiophenyl radical is good across the entire
measured () range and much better than that with the acyclic variants of the C,SH; radical

in the region between 2-3 A1,

This correspondence provides evidence that the thiophenyl ring remains structurally in-
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tact following C-I bond dissociation. This suggests that the cyclic framework does not
undergo significant skeletal rearrangement or ring-opening processes on the experimental
timescale, confirming the formation of a stable closed-ring thiophenyl radical as the primary
co-fragment following 252 nm excitation of 2IT. The observed ’fast’ and ’slow’ channels are
signatures of, respectively, direct C-I bond fission following excitation to states with domi-
nant no* character, and delayed C-1 bond fission from predissociating 2-IT molecules that are
initially excited to a wn* state with, in both cases, retention of the cyclic thiophenyl radical
geometry. The present analysis provides no evidence for any dissociation driven by nonadi-
abatic coupling to the Sy state driven by an initial C-S bond extension (ring-opening) - as is

found in the UV photolysis of thiophenone 2?33

- and subsequent dissociation to ring-opened
products on the Sy potential energy surface. Note, however, that the present study cannot
eliminate the possibility that some vibrationally hot thiophenyl radicals might isomerize to

acyclic geometries on much longer timescales.

Data fitting

Building on the conclusion that the thiophenyl ring remains intact following C-I bond cleav-
age at 252 nm, a simple dynamical model was constructed to further interpret the evolving
scattering patterns. In this model, dissociation was implemented by a progressive extension
of the C-I bond, while maintaining the geometry of the thiophenyl co-fragment fixed in the
closed-ring structure of the dissociated fragment. Later iterations of the model allow for
a possible time off-set between the start of the two dissociation channels, and for possible
partitioning of internal (e.g. rotational) excitation into the co-fragment. These additions
were guided by findings of previous works. 6

The rate at which the bond extends is extracted from the results of the Hough transform
analysis. Each of the two Gaussian components fitted to the overall interfragment velocity
distribution was assumed to represent an individual dissociation channel, hereafter referred

to as the “slow” and “fast” channels.
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For each channel, a normalized simulated spectrum was generated. To construct these
spectra, the corresponding Gaussian velocity distribution was sampled at intervals of 0.1 A ps_l.
For each sampled dissociation velocity, the extension of the C-I bond as a function of the
pump-probe delay was calculated as R(t) = Ry + vt, where R(t) is the internuclear distance
at pump-probe delay ¢, and Ry is the C-I equilibrium bond distance (2.05 A). The evolving
bond distance was calculated under the assumption of constant radial velocity and axial
recoil. Once the geometry was known, a time-dependent difference scattering pattern was
generated by calculating the expected scattering signal, using IAM, at pump-probe delays
matching those of the experimental dataset.

A weighted mean of the calculated difference spectra was obtained, where the weights
for each sampled velocity were determined by the corresponding intensity of the normalized
Gaussian distribution shown in Figure 2. This yielded channel-specific difference spectra that
reflected the expected scattering signal based on the experimentally observed distribution
of the interfragment dissociation velocities. These channel-specific simulated spectra formed
the basis for fitting the experimental scattering data.

The experimental time-resolved scattering spectrum was assumed to be represented by
the weighted sum of the fast and slow dissociation channels. The relative contributions of
each channel were determined using a least-squares fitting procedure between the experimen-
tal data and the simulated scattering patterns described above. The weights of the simulated
patterns were set as the free parameters in the fit and yielded a ratio of 3:1 in favor of the
fast channel.

Additionally, to account for the temporal resolution of the experiment, the calculated
time-dependent spectra were convolved with a Gaussian function representing the cross-
correlation between the X-ray probe and the UV pump pulses. The FWHM of this Gaussian
distribution was treated as an additional free fitting parameter and yielded a value of 145 fs.
This value is longer than would be expected from an instrument response function (IRF)

associated with the UV-pump and X-ray-probe pulse durations and the time-tool resolution,
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which should be approximately 70 fs. This could indicate that there are dissociation processes
that show a delayed onset on a timescale comparable to our laser pulse cross-correlation or
that the effect of the broad velocity distribution is being accounted for by a lower temporal

resolution in the fit.
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Figure 4: Comparison of time-resolved difference scattering patterns between (a) measured
data, (b) fitted data as described in text. Panel (c¢) showing the residual difference between
data and fit.

The resulting best-fit spectrum is shown in Figure 4(b). To aid in visualizing the quality
of the fit, the measured scattering pattern shown in Figure 1 is reproduced in Figure 4
panel (a) and the residual difference between measurement and fit is shown in panel (c).
A common color scale was used for all three panels. The fit shows qualitative agreement
with the experimental data across the full time range, accurately capturing the positions of
the main features of the time-resolved scattering signal. However, a considerable residual
signal remains at early time delays, indicating that the simple two-channel, constant-velocity
distribution model does not fully account for all aspects of the observed dynamics.

A likely source of this discrepancy is the assumption of complete rigidity of the thio-
phenyl co-fragment. This simplification neglects any structural relaxation of the fragment

following photoexcitation. In reality, the photodissociation is initiated from an excited-state
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geometry that differs from the final asymptotic geometry, and the co-fragment likely un-
dergoes more significant internal energy redistribution en route to its final structure. Such
relaxation dynamics would be most pronounced at early times, consistent with the pattern
of residual error observed, and would directly influence the evolving scattering signal in a
way that a rigid-body model cannot capture. Accurately modeling this behavior would re-
quire incorporation of a time-dependent molecular structure for the co-fragment, guided by
trajectory calculations or ab initio dynamics simulations. However, in the absence of such
calculations for this system, introducing a time-evolving geometry would require specula-
tive assumptions and an impractically large number of free parameters, making the fitting
process under-constrained and physically unjustifiable.

To improve the quality of the fit within the constraints of the current model, several
modifications were explored. First, a time offset between the onset of the slow and fast
dissociation channels was introduced to account for the possibility of a predissociation path-
way. 2% Second, a period of initial acceleration was incorporated into the model, allowing for
non-constant velocity dissociation dynamics. However, neither modification led to a signifi-
cant improvement: in both cases, the least-squares fitting algorithm failed to converge to a
minimum residual error, suggesting that more fundamental refinements, particularly those
addressing time-dependent molecular geometry, are required to capture the full complexity
of the observed dynamics.

The persistent residual signal at early time delays, suggests that, apart from translational
motion, internal degrees of freedom may also significantly influence the observed scattering
dynamics. While a full treatment of the evolving geometry of the dissociating system is
not feasible in the absence of high-level excited-state trajectory calculations, insights can
still be gained by probing how energy is partitioned between translational, vibrational, and
rotational modes following C-I bond cleavage. Such energy redistribution directly affects
the observed scattering pattern and may help explain the deviations from the simplified

constant-velocity model.
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Figure 5: Comparison of time-resolved difference scattering patterns between (a) measured
data, (b) data calculated using a simple model at a single interfragment dissociation velocity

of 12.0 A psf1 and (c) data calculated using a simple model at a single interfragment dis-

sociation velocity of 12.0 A ps_1 including rotation of the molecular co-fragment. In panel
(a) the dashed yellow line marks the shifting position of maimum intensity as a function of
delay.

To this end, we examined the extracted dissociation velocity distributions in the context
of energy conservation. The maximum allowed dissociation velocities, Umayx, are 28 A ps~!
for ground-state I and 19 A ps~! for spin—orbit excited I* atom products, marked in Figure 2
by black arrows. It should be noted that both dissociation channels are expected to produce
a mixture of I and I* atoms, and the scattering experiment does not differentiate between
these two electronic states. Consequently, the velocity distributions envelop both products,
and the extracted peak positions cannot be uniquely assigned to either I or I* atom products.
This interpretation is supported by previous REMPI measurements by Marchetti et al. (see
Fig. 2b)), where state-selective detection reveals partially overlapping velocity distributions
for I and I* atomic products at an excitation wavelength of 254.7 nm.?3 The experimentally
extracted distribution is therefore expected to represent a weighted sum of the I and I*

product-channel contributions. We note that the mismatch in relative intensities at low

recoil velocities between the distributions derived in the present and earlier studies may

23

L¥'€2:¥0 9202 YdIeN 22



Publishing

AIP

N

reflect differences in the employed excitation wavelengths.

Nevertheless, the fast dissociation channel peaks close to vy,.x, While the slow channel is
centered at significantly lower velocities. This implies that in the second case a significant
fraction of the available energy is partitioned into internal degrees of freedom. This is con-
sistent with previous studies.??% To investigate the influence of product rotation, additional
simulations were performed incorporating rigid-body rotation of the thiophenyl co-fragment.

1 was used, approxi-

A single representative interfragment dissociation velocity of 12 A ps~
mating the average of the two channels, and 10% of the remaining available energy (after
bond cleavage and translational partitioning) was arbitrarily assigned to in-plane rotation
of the thiophenyl radical about its center of mass. For simplicity, only ground-state I atom
production was assumed, and no predissociation or IRF convolution was included. It is
important to note that this model is not intended as a rigorous or quantitatively accurate
description of the dynamics. Rather, the purpose is to qualitatively explore how prod-
uct rotation (within plausible energetic bounds) might alter the shape and features of the
scattering signal. The resulting difference scattering pattern was computed using the same
methodology described previously.

The results are presented in Figure 5, panel (a) shows the experimental scattering pattern,
panel (b) shows the results of the original simple model at a singular interfragment disso-
ciation velocity of 12.0 A ps~!, and panel (c) shows the data calculated (also at a singular
interfragment dissociation velocity of 12.0 A ps~!) using the simple model with an addi-
tional rotation of the co-fragment. Interestingly, restricting the interfragment dissociation
velocity distribution to a single representative value reproduces features of the experimental
data that were absent in the original multi-velocity model, mainly subtle modulations in the
temporal intensity profile. The inclusion of product rotation produced only minor changes,
indicating that rotation alone is unlikely to account for the observed discrepancies.

Nonetheless, this analysis offers valuable insight into the interpretation of the Hough

transform results discussed earlier. The improved agreement achieved with a single inter-
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fragment velocity suggests that the Hough transform may systematically overestimate the
width of the dissociation velocity distribution, particularly in systems where product rotation
and vibrations are a significant feature of the dynamics. This overestimation can artificially
smooth the observed pattern as more geometries are averaged. These findings underscore the
importance of exercising caution when interpreting velocity spreads derived from FRXS data
via the Hough transform, and highlight the need for complementary modeling approaches
that explicitly incorporate rotational and vibrational motions of the products from arising

from the dissociation of polyatomic molecules.

Discussion

The photodissociation dynamics of 2IT following 252 nm excitation reveal intricate behavior
that can be described by considering the underlying potential energy surfaces and energy
partitioning mechanisms. Two primary dissociation pathways were identified in the present

23,2426 offering further evidence of concurrent dissoci-

work, consistent with previous studies,
ation pathways.

The increased absorption cross-section at 252 nm suggests that most excitation populates
states with substantial 77* character in the vertical region.?® Some of these adiabatic states
also have, or acquire, substantial (n/7)c* character on extending the C-I bond and undergo
prompt bond cleavage leading to I and I* products. The observed fast dissociation channel
yielding products with a relative dissociation velocity of 17.0 A ps_l7 close to the maximum
allowed by energy conservation, matches well with previously reported TKER values. 2326 The
steeply repulsive nature of the (n/m)o* surfaces along the C-I bond coordinates facilitates
rapid bond extension with minimal barriers, accounting for the products being released with
high kinetic energies.

In addition to the fast channel, a slower dissociation pathway was observed, characterized

by a velocity of 6.4 A ps_l. This channel is consistent with excitation into quasi-bound 77*

levels, which predissocate by non-adiabatic coupling to the dissociative (n/m)c* continua,
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as proposed in our previous work.?% In this case, nuclear motion in the quasi-bound state is
required to reach a conical intersection with the dissociative (n/m)c* potentials, resulting in
longer dissociation times and slower product recoil velocities. The approximate branching
ratio of 3:1 in favor of the fast channel, compared to 23:1 observed at 262 nm,?® provides
further evidence that the two channels result from excitation into superposition of states of
different character.

Analysis of the asymptotic scattering pattern provides clear evidence that the thiophenyl
ring remained intact after the C—I bond cleavage, with little reason to suspect ring opening
or rearrangement on the timescale of the experiment. This result implies that dissociation
occurs primarily from states where the thiophenyl framework remains structurally stable
without substantial distortion along the ring-opening coordinates.

The simple constant-velocity C—-I bond extension model including two velocity distribu-
tions and treating the thiophenyl radical as a rigid co-fragment, captures the main features
of the measured scattering pattern well; however, significant discrepancies remain in the
residuals. Attempts to improve the model by introducing time delays or initial acceleration
phases were unsuccessful, indicating that more subtle dynamic effects are involved. Notably,
simulations assuming a single representative dissociation velocity better reproduced fringes
seen in the experimental diffraction signals (as highlighted by dashed lines in Figure 5) which
are completely smoothed out whenincorporating the full velocity distributions extracted via
the Hough transform. This suggests that, as was postulated, the Hough transform likely
overestimates the actual velocity spread and should be considered an upper bound rather
than an absolute measure. Further refinement of the model by incorporating rotational exci-
tation of the thiophenyl radical—allocating 10% of the available energy after bond cleavage
to rotation yielded only modest changes to the pattern.

Within the scope of this work the residual error between the data and the fitted model
persists at short time delays and may indicate minor alternative pathways. Based on the

analysis of the asymptotic spectra these are unlikely to be signatures of a ring opening
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pathway but are most likely caused by transient species formed along the way towards the
conical intersections between the m7* and (n/m)o* states. Further work involving detailed
potential energy surface calculations and trajectory-based simulations would be valuable to

fully capture the dynamics and resolve these outstanding contributions.

Conclusions

This work demonstrates the power of ultrafast X-ray scattering to simultaneously capture
the fate of both fragments during complex molecular photodissociation processes. Following
252 nm excitation of 2-iodothiophene, we have directly observed two competing C-I bond
cleavage pathways with markedly different dynamics: a fast channel (17.0 A ps_l) arising
from direct (n/m)o* excitation, and a slower pathway (6.4 A ps_l) proceeding via initial 77*
population followed by nonadiabatic coupling to dissociative surfaces. The 3:1 branching
ratio favoring the fast channel reflects the wavelength-dependent absorption cross-sections
and represents a significant shift from longer wavelength studies, providing quantitative
insight into state-specific photochemistry.

Crucially, structural analysis strongly suggests that the thiophenyl ring remains intact
following the dissociation, ruling out ring-opening as a primary relaxation pathway at this
excitation energy. This finding resolves long-standing questions about the co-fragment’s
fate and establishes that energy redistribution occurs primarily through vibrational and
rotational excitation of the closed-ring thiophenyl radical rather than through structural
rearrangement.

The successful application of FRXS analysis, enhanced by Hough transform feature ex-
traction, represents a methodological advance for studying increasingly complex molecular
systems where traditional spectroscopic approaches face limitations. While our simplified
dynamical models capture the primary dissociation signatures, the persistent residual signals

point toward subtle early-time dynamics that warrant future investigation through high-level
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trajectory calculations.

While elements of the obtained information could in-principle come from other methods,
for example the extraction of asymptotic velocity distributions from translational kinetic
energy release studies,?® the ability to measure asymptotic properties of structure, energy
partitioning and structural dynamics is unique to diffraction methods. These results establish
a new benchmark for real-time structural interrogation of competing photochemical pathways
in heterocyclic systems, with broad implications for understanding energy flow and selectivity
in photoinduced processes. The ability to simultaneously track bond breaking velocities,
energy partitioning, and structural integrity opens new avenues for designing and controlling

photochemical reactivity in complex molecular architectures.
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