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Structure-sensitive methods based on femtosecond light or electron pulses are now making it
possible to measure how molecular structures change during light-induced processes. Despite sig-
nificant progress, high-fidelity imaging of nuclear positions remains a challenge even for relatively
small molecular systems and, notably, regarding the positions of hydrogen atoms. As demonstrated
in recent work, X-ray induced Coulomb explosion imaging (CEI) may overcome this obstacle as its
sensitivity does not depend on the mass of the imaged atoms. The photoinduced ring opening of
the heterocyclic molecule 2(5H)-thiophenone has attracted recent interest. Here, we show that CEI
offers a powerful route to imaging the peripheral H atoms in this molecule and thus, more gen-
erally, to tracking detailed nuclear motions (e.g. isomerizations) in organic molecules on ultrafast
timescales. Specifically, we record momentum-space Coulomb explosion images that report on the
three-dimensional positioning of all nuclei within the molecule, for instance distinguishing H atoms
in C—H bonds that lie within or are directed out of the plane defined by the heavy atoms. The
prospect of imaging peripheral H atoms to probe photochemical dynamics is explored by coupling
ab initio molecular dynamics with classical Coulomb explosion simulations and thereby differentiat-
ing potential photoproduct isomers, including those whose structures primarily differ in the position
of the hydrogens.

Keywords: photochemistry, ultrafast imaging, femtosecond, X-ray free-electron laser, Coulomb explosion
imaging

INTRODUCTION

A number of state-of-the-art structural imaging tech-
niques exist that can operate on ultrafast (femtosec-
ond) timescales. Such approaches, which include diffrac-
tive imaging by intense electron [1, 2] or X-ray [3, 4]
pulses, offer routes to investigating ultrafast photochem-
istry of gas-phase molecules, but they are also subject
to some restrictions: relatively high sample densities



are required, the sensitivity to light atoms (particularly
H atoms, which have small scattering cross sections)
is low, and structural information is typically averaged
over an isotropic, randomly oriented sample ensemble
[4]. Coulomb explosion imaging (CEI) promises to over-
come these challenges. It offers much higher sensitiv-
ity, such that dilute samples can be studied, including
low vapor pressure samples [5, 6], (mass-selected) weakly
bound clusters [7-9], rotationally cold molecules in su-
personic beams (which may be state-selected [10] and/or
aligned [11, 12]), and molecules and clusters embedded in
helium nanodroplets [13, 14]. Crucially, the high sensi-
tivity applies to all atoms within a molecule, including H
atoms, equally. Furthermore, through coincidence anal-
ysis, information can be extracted within a molecular
frame, even for a randomly oriented sample [5, 6, 15—
21]. Consequently, the structural insights can extend far
beyond average pair distances, which determine (angle-
averaged) scattering patterns, to information pertaining
to bond angles [6, 22-24] and, ideally, the identification of
different three-dimensional (3D) conformations [16, 25].
The latter is broadly applicable to the study of chemical
structures and dynamics. For example, organic molecules
often exist in multiple structural isomers in which the
H atoms may have different 3D arrangements. Different
isomers can exhibit distinctly different chemical function,
but are difficult to distinguish on ultrafast timescales, es-
pecially in the gas phase. Developing techniques which
can visualize the position and motion of individual H
atoms in isolated gas-phase molecules on femtosecond
timescales is thus of great potential importance. Recent
work has shown sensitivity to ultrafast hydrogen motion
in (deuterated) ammonia using ultrafast electron and X-
ray diffraction methods [26-28], but extending such stud-
ies to more complex molecules is extremely challenging
as the relative scattering contribution of hydrogen atoms
becomes prohibitively small. Here, we demonstrate that
CEI induced by femtosecond X-ray pulses is a promis-
ing approach for three-dimensional imaging of individual
hydrogen atoms on ultrafast timescales in relatively com-
plex organic molecules.

The full realization of CEI relies upon a swift stripping
of many electrons from a molecule, causing a prompt
fragmentation into atomic ions. From the relative mo-
menta of these ions, information about the structure
prior to the explosion can be obtained. First demon-
strations of static CEI were realized through collisions
between accelerated monocations and a thin metal foil,
thereby stripping off (valence) electrons [29]. Recent
work has demonstrated the ability to image the static
structure of 10-atom heterocycle molecules by inducing
Coulomb explosion through collision with a high-energy,
multiply charged incident atomic cation [30]. Multiple
ionization is more commonly initiated with intense laser
pulses [31], and state-of-the-art experiments have demon-
strated that molecules of similar size can be imaged in
momentum space with high quality in both two [19] and
three dimensions [32]. Coupled to a suitable prior pho-
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FIG. 1. Schematic overview of the experiment, showing the
Coulomb explosion of thiophenone (C4H4OS; yellow: sul-
fur; red: oxygen; dark gray: carbon; light gray: hydrogen)
molecules induced by an intense femtosecond X-ray pulse.
From the three-dimensional momenta of sets of ions detected
in coincidence, data can be transformed into a molecular
frame, as shown in the bottom panel.

toexcitation (henceforth pump) pulse, this naturally al-
lows the technique to be extended to time-resolved stud-
ies [33, 34]. Such pump - CEI-probe methods have
been used to study coherent rotational [35] and vibra-
tional [23, 36, 37] motion, as well as ultraviolet (UV)-
induced photochemical processes, such as photodissocia-
tions [24, 38-41] and photoisomerizations [42, 43]. How-
ever, it should be emphasized that such work has either
focused on small (few-atom), structurally simple systems
[24, 34-37] and/or has employed incomplete Coulomb ex-
plosion which yields larger molecular fragments [23, 38—
40].

Initiating Coulomb explosion with intense X-ray
pulses, as opposed to employing strong near-infrared
laser pulses, promises to extend the scope of such studies
[5, 18, 20, 21, 24, 44-49]. Rapid multiple core ionization
and Auger-Meitner decays efficiently populate the high
charge states required for complete Coulomb explosion
into the constituent atomic ions, even in larger molecules.
Recent work demonstrated the efficacy of Coulomb ex-
plosion for comparatively complex molecules such as 2-
iodopyridine and 2-iodopyrazine with an intense X-ray
free-electron laser (XFEL) source [5]. Coincident ion
momentum distributions yielded momentum-space maps
of the studied molecules with clear resemblance to the



known molecular structures prior to ionization and frag-
mentation. The approach has since been extended to
measure the temporal evolution of the structure of UV-
excited 2-thiouracil molecules during internal conversion,
by tracing changes in the momentum-space images of its
peripheral H atoms [21].

The previously mentioned aromatic molecules all have
planar equilibrium geometries. Here, the concept is ex-
tended to determine whether measuring the momenta of
HT ions can be used to provide 3D structural informa-
tion for broader classes of organic molecules. Specifically,
we report the results of an X-ray-induced CEI study of
gas-phase 2(5H)-thiophenone (C4H408, henceforth sim-
ply termed thiophenone, the structure of which is shown
in Fig. 1). The heavy atoms in this molecule lie in a
common plane, but the H atom coordinates span three
dimensions, with two lying in and two out of the heavy
atom plane. Thiophenone is also of interest due to its
rich UV photochemistry; its photoinduced ring-opening
has been the subject of several recent time-resolved stud-
ies [50-52]. All four H atoms can be clearly distinguished
in the recorded coincident 3D ion momentum distribu-
tions (see Fig. 1 bottom and Fig. 2 middle row). Since
H atoms are usually located on the outside (i.e. on the
periphery) of isolated organic molecules, the HT ions can
serve as powerful reporters of the overall molecular ge-
ometry. Their light mass (and thus fast recoil) ensures
that they tend to be ejected along the axis of the C-H
bond from which they originate — so called ‘axial’ re-
coil. For completeness, we note that some previous CEI
experiments have reported H* ion detection and inves-
tigated dynamical processes such as hydrogen migration
in small molecules [53-56]. However, the 3D structural
information obtained in these cases was typically more
limited, either because incomplete Coulomb explosion
channels were investigated or because the study was lim-
ited to planar systems [31, 32, 48, 57]. We also note
examples of CEI studies involving substituted methanes,
wherein 3D structural signatures of H atoms were ob-
served [16, 20, 58].

The present experimental CEI data for ground-state
thiophenone molecules are also compared with predic-
tions based on classical Coulomb explosion simulations
for (i) ground-state thiophenone molecules and (ii) var-
ious of the vibrationally excited photoproducts (e.g.
ring-opened isomers and internally ‘hot’ thiophenone
molecules) formed by internal conversion following UV
photoexcitation of thiophenone returned by complemen-
tary ab initio molecular dynamics (AIMD) calculations.
These comparisons clearly illustrate the potential of X-
ray-induced CEI for tracking the photoinduced evolu-
tion of organic molecular structures, including the three-
dimensional movement of H atoms.
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FIG. 2. Newton plots of the coincident momentum distribu-
tions of d)-f) H" and g)-i) C* ions projected onto the xy,
rz and yz planes, showing the relative momenta following
Coulomb explosion of thiophenone in three dimensions. Ball-
and-stick models of thiophenone viewed along three orthog-
onal axes are displayed in panels a) to c¢). The counts for
H* and CT are normalized independently, and are plotted on
distinct color scales. As described in the text, the coordinate
frame is chosen such that the ST momentum points along the
positive z axis (see arrow in panel d) and the O momentum
spans the zy plane (with py > 0). The third particle (HT or
C*) is plotted within this frame and normalized to the mo-
mentum of the ST ion. Similar plots for the O and ST ions
are displayed in Fig. S2 of the SI.

RESULTS

The experiment was carried out using the Cold Target
Recoil Ton Momentum Spectroscopy (COLTRIMS) reac-
tion microscope (REMI) of the Small Quantum Systems
(SQS) scientific instrument at the European XFEL [59],
depicted schematically in Fig. 1. Experimental details
are given in the Methods section. Data were acquired
under a sufficiently low count rate such that ions de-
tected in the same laser shot can generally be assumed
to originate from Coulomb explosion of the same thio-
phenone molecule. Figure 2 presents the recorded HT
and CT ion momentum distributions of thiophenone in a
molecular frame of reference, which distinctly show signal
originating from each hydrogen and carbon atom in the
molecule. There are many ways in which these correlated
momentum distributions can be represented. Here, we
chose a molecular frame defined as follows (and explained
schematically in Fig. S1 of the Supplementary Informa-
tion [SI]): the positive x axis is defined along the ST mo-
mentum, while the plane spanned by the ST and O" mo-
menta defines the zy plane, with the Ot fixed to have a



positive y momentum component. The laboratory-frame
momentum of each ion is then transformed on a shot-by-
shot (i.e., molecule-by-molecule) basis into this molecu-
lar frame of reference after normalizing its magnitude by
the absolute momentum of the ST ion (and after apply-
ing certain momentum filters, see ‘Data Processing’). To
aid with the visualization of the coordinate transform,
the nuclear structure of thiophenone is displayed above
the momentum distributions in Fig. 2. Coincident de-
tection of all ten atomic ions from complete Coulomb
explosion of the thiophenone molecule is extremely rare
due to a typical ion detection efficiency of around 60%
(which results in an overall detection efficiency for a 10-
ion coincidence of, at most, 0.6° = 0.6%). However, the
Coulomb explosion image of all 10 ions can be built up
from four-fold coincidence events, in which HT and/or
C* ion(s) are detected in coincidence (i.e., in the same
laser shot) with an O% and S* ion. This is possible if
all Coulomb explosion events proceed sufficiently simi-
larly such that ten-fold coincidences are not required to
isolate the individual atoms [5]. Figure 2 focuses on the
coincident H™ and C* ion momenta, while the SI shows
momentum distributions for all coincident ions (HT, C*,
O™, ST), both with (Fig. S2) and without (Fig. S3) nor-
malization by the ST momentum. Figure S4 presents the
same data in an alternative frame in which the O% mo-
mentum, rather than the ST momentum, defines the z
axis. The correlation between the coincident momentum
distributions and the nuclear structure prior to Coulomb
explosion is striking, with the exception of C1, which gets
trapped within the surrounding charges and thus emerges
with lower momentum.

Turning first to the HT momentum distributions pre-
sented in Figs. 2d-2f, in the zy projection (Fig. 2d), three
well-localized features are seen, originating from the hy-
drogen atoms bonded to carbon atoms C2, C3, and C4
in the labeled molecular structure. The latter feature is
more intense, as it originates from two hydrogen atoms
(H3/4), lying above and below the S, O (and C) atom
plane. This can be seen in the corresponding xz and
yz projections (Figs. 2e and Fig. 2f), where H3 and H4
are cleanly separated into distinct features. The low-
intensity, mostly isotropic background seen across all pro-
jections is due to ‘false’ coincidences, arising from the
possibility of coincident detection of ions produced from
different molecules. If desired, the expected contributions
from such false coincidences could be subtracted off, as is
routinely implemented, e.g., in covariance and cumulant
mapping [22, 60-64], but is unnecessary for the present
analysis.

The C* momentum distributions (Figs. 2g-2i) do not
reflect the molecular structure as directly as the HT ions
do. The most structurally revealing information is in the
xy plane (Fig. 2g), due to the heavy atoms all lying in
this plane in thiophenone. In this projection, each carbon
atom can be distinguished and their location in the ring
determined. We direct attention to the feature arising
from the C1 atom, which exhibits a much lower momen-
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tum than the other CT ions (i.e., its feature lies closer
to the origin in this projected two-dimensional momen-
tum histogram). As reproduced by classical simulations
(see Fig. S8 in the SI and details of the simulation given
in the Methods section), this is due to the dynamics of
the Coulomb explosion itself. In the explosion, this car-
bon ion is ‘trapped’ between the O and S* ions and
the other C* ions. The simultaneous Coulomb repul-
sions from differing directions lead to a lower final abso-
lute momentum, while the other carbon ions are pushed
away from all other heavy ions. Similar trapping effects
have been observed previously [5, 49, 65]. They are one
example of many of the complex (and sometimes unintu-
itive) relationships between final ion momenta following
Coulomb explosion and the initial structure before ex-
plosion [66, 67], emphasizing that recorded angles in mo-
mentum space do not necessarily bear similarity to the
various interbond angles in the neutral parent species
prior to Coulomb explosion. Therefore, real-space struc-
ture retrieval from momentum-space Coulomb explosion
imaging data typically requires complementary modeling
of the Coulomb explosion process [20]. This also high-
lights a key benefit of the use of hydrogen atoms to de-
termine (ultrafast changes in) 3D structure. Hydrogen
atoms generally lie on the periphery of a molecule and
thus are less susceptible to such ‘trapping’ effects. Their
positions thus map more faithfully onto final momenta.
Furthermore, the low mass of hydrogen ensures its swift
ejection from the polycation in the early stages of the
Coulomb explosion before significant structural deforma-
tion occurs.

To further explore the extent of the structural infor-
mation contained in the present data, we now explore
alternative ways of representing the coincident 3D mo-
mentum distributions. Generally speaking, different rep-
resentations can highlight specific aspects of the Coulomb
explosion dynamics captured in these correlated momen-
tum distributions, and underpin different structural fea-
tures. Figures 3a and 3b show 3D isosurfaces of the ex-
perimental ion momentum distributions of the H* and
C™ ions, respectively. The displayed isosurfaces are color
coded by the magnitude of the momenta of each ion. For
both HT and CT ions, this representation allows for the
islands associated with each atom in Fig. 2 to be very
clearly separated and fully represented in three dimen-
sions, whilst avoiding the difficulties in visualizing the
full 3D histogram (see also Fig. S5). This representa-
tion also highlights the increased spread in out-of-plane
(p-) momentum for the low-momentum (purple) C* ions
originating from the C1 atom, which could be less clearly
observed in Figs. 2 h) and i). Classical Coulomb ex-
plosion simulations of cold thiophenone (see Fig. S10 in
the SI) reproduce this observation, whereas the sampled
Wigner distribution of structures used in the simulation
shows no significant differences in the z position of this
carbon. This suggests that the larger momentum spread
arises because the final p, of these C1T ions exhibits a
higher sensitivity to small deviations in the initial molec-
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FIG. 3. Different representations of experimental ion mo-
menta. a)-b): 3D isosurfaces of the density of H" and C™ ion
momenta in Cartesian coordinates. The two colorscales rep-
resent the (separately normalized) magnitude of the Ht /C™
momenta. ¢) Definition of spherical polar coordinates (¢, 6).
f) H" momenta in spherical polar coordinates. d) and e) pro-
jections of f) onto ¢ and 0 (black solid lines), and two slices:
120° < ¢ < 250° (dotted line), ¢ > 250° (dashed line). Com-
parison to Coulomb explosion simulations (blue lines) and
bond angles in the real-space structure (red lines) are also
given, as described in detail in the main text.

ular structure prior to Coulomb explosion than the other
C™ ions.

Since much of the structural information contained
within the recorded 3D correlated momentum distribu-
tions relate to the angles between different ion momenta,
Figures 3d and Fig. 3e compare the observed HT ejection
angles in 0 and ¢ to simulations of the Coulomb explosion
of cold thiophenone molecules. In both ¢ and ¢, the peak
positions in the experimental data (black lines) agree well
with the Coulomb explosion simulations (blue lines), but
the experimental angular distributions are broader than
those simulated (see Fig. S12 of the SI). Other works have
demonstrated that even better overall agreement can of-
ten be obtained if the molecular charge-up dynamics are
either modeled empirically [20, 68-71] or calculated ab
initio [5, 72, 73]. Here, however, we stress that such ad-
vanced modeling is not required to clearly identify the

general structural features of the molecule from the ex-
perimental momentum correlations. Agreement between
the classical CEI prediction and the experimental data
is good even though only four of the ten atomic ions
are detected, as was found also in other recent studies
of similarly sized molecules [5, 30, 32]. For the present
case, we find a very good match between the measured
H™ momenta and the interbond angles in the real-space
molecular structure (determined and Wigner sampled as
described in ‘Coulomb Explosion Simulations’ section),
shown as red lines in Figs. 3d and 3e. For this com-
parison, the real-space € and ¢ angles for each C-H bond
vector were computed in a coordinate system defined sim-
ilarly to the Coulomb explosion data: the S and O atoms
lie in the zy plane, and the bisector between the two C-S
bonds defines the = axis. While such a direct mapping
between ion ejection angles and bond angles is not gener-
ally the case (see for example the equivalent comparison
for the C™ ion in Fig. S11 of the SI, where the peak posi-
tions are significantly different), this finding emphasizes
that the momenta of the light Ht ions can be very good
reporters of the molecular structure as they tend to be
ejected along the axis of the C-H bond from which they
derive. In the following, we pursue this route further,
examining expected changes in the 3D momenta of the
HT ions as the structure of the molecule changes after
electronic excitation using UV light.

DISCUSSION

The photochemistry of thiophenone has attracted sig-
nificant interest, with recent time-resolved experiments
exploring the role of ultrafast ring opening following UV
photoexcitation at wavelengths around 267 nm [50-52].
Such excitation populates the optically bright S, state,
of predominant nm* character. The subsequent nona-
diabatic relaxation to the S; and then to the Sy elec-
tronic states is driven by nuclear motion along an S-C
bond stretch coordinate. Cleavage of this bond initially
produces a ring-opened biradical product, from which
multiple rapid isomerizations are possible (as shown
in the reaction scheme in Fig. S13 of the SI). Using
mega-electronvolt ultrafast electron diffraction (UED)
and complementary AIMD calculations, time-resolved
product branching ratios during this reaction were deter-
mined, and a substantial (=50%) yield of a high-energy
episulfide (three-membered ring) isomer was confirmed
[52]. However, various ring-opened variants with struc-
tures that differ primarily by the relative positions of
the H atoms could not be distinguished. Variants of
particular interest include the biradical species formed
upon photoexcitation (which we henceforth label P0), a
thioaldehyde (2-thioxoethylketene, P1) and a thiol (2-(2-
sulfanylethyl)ketene, P2), as shown in Fig. 4. Demon-
strating that CEI has the potential to resolve these struc-
tures is a major goal of the present study.

In line with this goal and in order to explore the
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FIG. 4. Simulated three-dimensional H* momentum dis-
tributions (in spherical polar coordinates) predicted for the
cold ground state (a), the major episulfide photoproduct (b),
and other possible (vibrationally hot) photoproducts of UV-
excited thiophenone labeled PO (c), P1 (d), P2 (e), and hot
ground state (f) following prior work [51, 52], as shown by the
sketches of the molecular geometry. Specific regions of ¢ are
labeled (I-VIII) and colored above each panel, with the cor-
responding H atom color coded to match. The white arrows
highlight regions which present unique signatures compared
to the other ring-opened products. The colorscale is normal-
ized to the number of coincidences contributing to each panel.

prospects for future time-resolved Coulomb explosion
studies of the photoinduced dynamics of thiophenone,
we have coupled classical Coulomb explosion simulations
with the outputs from previously reported AIMD sim-
ulations of the neutral dynamics out to a total time of
2 ps following photoexcitation [51]. By classifying the
outputs of the dynamics simulations in terms of different
isomeric product species, the final momentum distribu-
tion for each of these species can be simulated. The H
relative momenta associated with these product species
are shown in Figs. 4b-f in the spherical-polar coordinate
representation. For comparison, results from the pre-
viously described simulation of a pool of cold, equilib-
rium thiophenone structures are shown in Fig. 4a. It
closely resembles the experimental signal shown in Fig. 3f
despite the simplicity of the Coulomb explosion simula-
tion. The signal for the three-membered episulfide prod-
uct (Fig. 4b) is predicted at starkly different regions of
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momentum, highlighting the striking sensitivity of CEI
to the 3D molecular structure and the ability to clearly
resolve the formation of photoproducts.

In the following, we focus in particular on the
molecular-frame HT momentum distributions for three
initially-formed ring-opened species, whose structures
differ primarily in the arrangement of hydrogen atoms
and which could not be distinguished in previous studies
[51, 52]. The HT relative momenta associated with three
ring-opened structures are shown in Figs. 4c through 4e
Details on the classification of the different isomers are
given in the ‘Ab initio Calculations of Photoinduced Dy-
namics’ section. Simulated signals for the corresponding
predicted CT signals are given in Fig. S14.

In general, the predicted Coulomb explosion signals for
the product species are more diffuse than that of the un-
pumped thiophenone molecule. This is because a large
amount of energy has been deposited into vibrational
modes following photoexcitation, and the CEI data con-
tain information on the entire vibrational wavepacket.
Here we focus on categorizing the structural changes
in terms of chemical functionalization (e.g., ‘classes’ of
photoproduct structures). Large differences can be seen
(highlighted by the white arrows in Fig. 4) between
the expected Coulomb explosion signals for these prod-
uct families with only minimal changes in functional
groups/positions of hydrogens (as shown above each
panel). There are clear shifts in the position of features in
¢ and changes to the splitting in 6. These large variations
in signal should be distinguishable in a time-resolved ex-
periment. A quantitative analysis of the signal in each
region is shown in Fig. S15, which demonstrates that cer-
tain photoproducts clearly dominate in distinct regions.

In order to help with the assignment of specific features
in the momentum distributions to the corresponding hy-
drogen atoms in the molecule, we have labeled and color
coded eight regions of ¢ (regions I-VIII) at the top of each
panel in Fig. 4 and color coded the hydrogen atoms ac-
cordingly. The H" momentum distribution of the initial
ring-opened biradical species (Fig. 4c, P0) shows some
similarities with that of the ring-closed parent (Fig. 4a,
GS). Bond elongation leads to a small shift of the out-
of-plane hydrogens from region VII to VI. A less sub-
tle change is the loss of rigidity accompanying the ring
opening allowing some rotation about the C—C bond ad-
jacent to the C—S bond — reflected in the greater spread
of the momentum distribution in # within region VI. The
thioaldehyde (Fig. 4d, P1) and thiol (Fig. 4e, P2) iso-
mers form on a slightly longer time scale [52], each re-
quiring a hydrogen migration from P0. P1 and P2 exhibit
signal at ¢ ~ 50° (region I), which is distinct from sig-
nals associated with GS and PO structures. This signal
arises from the hydrogen atom adjacent to the ketene
(C=C=0) moiety present in these two products. For all
the families of structures shown in Fig. 4, the biggest dif-
ferences in the predicted HT momenta lies in the signal
due to out-of-plane hydrogens. If two hydrogen atoms are
bound to a single carbon atom, the signal for both ap-



pears in similar regions of ¢ (VII/purple for GS, VI/pink
for PO, and V/light blue for P1) but are separated into
two regions of intensity in 8, hence there are only three
occupied regions of ¢. The absence of such out-of-plane
hydrogens in P2 leads to signal in an additional region of
¢ (near ¢ ~ 330°, region VIII) compared to PO and P1,
i.e., one for each of the four hydrogens.

It should be noted that the molecular frame in which
these data have been analyzed was chosen for intuitive
interpretation in the case of thiophenone at equilibrium
and then kept consistent for all products. Given the
rich and multidimensional nature of the correlated ion
momenta, alternative molecular frames can be devised
for specific products to extract clearer or more intuitive
structural information. Developing robust methods to
identify the optimum molecular frame for a given molec-
ular structure or family of structures is an ongoing chal-
lenge. Possible directions are the use of principal compo-
nent analysis [74] or other machine learning approaches
[75] that can take advantage of the highly multidimen-
sional correlations intrinsic to the CEI data to separate
different molecular geometries.

In summary, we have shown how X-ray-induced
Coulomb explosion imaging of an organic molecule can
provide well-resolved structural information through de-
tection of the 3D momentum vectors of the H' frag-
ment ions stemming from the peripheral hydrogen atoms
on the molecule. Employing the information extracted
from these messenger ions, together with Coulomb ex-
plosion simulations of photo-induced molecular dynam-
ics predicted by quantum calculations, offers a route to
direct observation of the neutral fragmentation dynam-
ics of isolated molecules at the level of individual atoms
and with femtosecond time resolution — especially when
combined with emerging high-repetition rate optical and
X-ray laser sources and more advanced multi-dimensional
data analysis techniques [75]. This will allow extension
of the approach well beyond thiophenone (the molecular
target in the demonstrations reported here), to enable
generalized imaging of ultrafast photoinduced motion in
isolated organic molecules.

METHODS
Experiment

The experiment was performed using the Cold Target
Recoil Ton Momentum Spectroscopy (COLTRIMS) reac-
tion microscope (REMI) [76, 77] end-station of the Small
Quantum Systems (SQS) scientific instrument at the Eu-
ropean XFEL [59]. This instrument has been described
in previous publications [5, 20, 78-80], and the experi-
ment is depicted schematically in Fig. 1.

Vapor of 2(5H)-thiophenone (C4H40S) was generated
by heating an out-of-vacuum reservoir to 50-60°C. A su-
personic gas jet was formed using 200 mbar of helium as
carrier gas, expanding the mixture into vacuum through

a nozzle of 200 pm diameter, and collimating it by three
skimmers and a set of adjustable slits. Gas line, noz-
zle, and the first section of the jet vacuum chamber were
also heated to 60°C to prevent condensation. The base
pressure in the interaction chamber was maintained at
1 x 107" mbar during operation. Achieving such low
background pressure is key in the ability of the cur-
rent work to identify coincidences involving HT ions with
little contamination from false coincidences originating
from ionization of background molecules. The molec-
ular beam was crossed with the X-ray beam at 90° in
the center of the reaction microscope. At the interaction
point, a high extraction field of £ = 400 V/cm was ap-
plied for the first 6 cm of the ion flight direction, followed
by a 12cm long field-free drift region. Fragment ions
created by the X-ray ionization were extracted towards
a time- and position-sensitive large-area microchannel-
plate detector (120 mm diameter) with hexagonal delay-
line position readout. The recorded ion mass spectrum is
shown in Fig. S6. The ions originating from each X-ray
pulse were measured in coincidence. The analog detec-
tor signals were recorded at 10 Hz with fast analog-to-
digital converters. An average of 1.6 ion hits/pulse were
recorded, of which 0.5 ion hits/pulse came from residual
gas not originating from the molecular beam. For the
data presented in Figures 1-3, 133,966 relevant Coulomb
explosion events (defined as the coincident detection of
one O, one ST, and at least one H™ and one C* ion)
were collected over 26,003,258 FEL shots (~ 8.5 hours of
data acquisition).

The FEL operated at a base repetition rate of 10 Hz,
providing bursts of electron pulses with an internal spac-
ing of 1.1 MHz. Out of these, we used 84 bunches to gen-
erate X-ray pulses with an intra-pulse spacing of 188 kHz,
resulting in an effective repetition rate of the experiment
of 840 Hz. The photon energy was 2.6 keV, which is above
the sulfur 1s ionization edge. The single-shot X-ray pulse
energy was measured upstream of the beamline mirrors
by a gas monitor detector; it was 1.4-1.8mJ through-
out the beamtime. The total beamline transmission was
estimated to be 85% at 2.6 keV for the beamline configu-
ration during this user run (run 8) [81], resulting in 1.2-
1.5 mJ on target. The X-ray pulses were focused by a pair
of bendable Kirkpatrick-Baez mirrors to a focus point
4.7m downstream of the second (horizontal) focusing
mirror. In a separate measurement campaign at a similar
focal distance (ca. 4.1m), the focus size was character-
ized by imprint measurements to be < 5pm (FWHM).
The pulse duration of the X-ray pulses is not measured
directly, but can be estimated from statistical analysis of
single-shot X-ray spectra recorded in the fifth diffraction
order of the grating spectrometer in the SASE3 tunnel
during machine tuning before the beamtime. The mea-
sured quasi-monochromatic group duration of 3fs and
the measured bandwidth of 0.4% result in an estimated
total X-ray pulse duration of 6 fs when assuming a linear
chirp of the pulse [82].



Data Processing

The data processing and analysis procedure followed is
similar to that described previously [5, 32]. The recorded
x, y position of each ion gives its momentum along the
x and y axes. The ion flight times can be converted to
the momentum along the z dimension of the spectrom-
eter. The absolute momentum scale was calibrated by
recording data for the X-ray ionization of Ny and com-
paring the kinetic energy release (KER) distributions for
fragmentation into N* 4+ N to literature values [83, 84].

The laboratory-frame momentum distributions are
then transformed to a molecular frame where all
molecules have the same orientation using coincidence
analysis by considering laser shots in which we detect at
least one ST, OT, CT, and H ion (4-fold coincidence).
On a shot-by-shot basis, the momenta of these sets of
ions are aligned onto a common orientation for all shots,
a ‘molecular’ frame, in which all other detected ions of
the same species are plotted.

Particularly for larger, more complex molecules, there
are many different ways in which this molecular frame
can be constructed. In the case of thiophenone, one in-
tuitive frame, adopted in Fig. 2, can be formed by fixing
the momentum of the sulfur atom along a given vector
(+2), and defining a plane by this S vector and that of
the oxygen momentum (the xy plane) for every shot. The
frame is chosen such that the y component of the oxygen
ion momentum is positive. Other ions are rotated rela-
tive to this, as shown schematically in Fig. S1. For the
sake of this paper, this rotation is completed for four ions
(St, O, CT and H') at a time. In cases where more
than one of each ion species are detected in a single shot,
the rotation is completed for all possible combinations of
sets of four ions. Two-dimensional projections of the re-
sultant 3D relative ion momentum distributions for each
ion species are given in Figs. S2 and S3 on a normalized
and absolute momentum scale, respectively.

In all representations of the data given, a weak and
diffuse feature is spread over all angles resulting mainly
from false coincidences - arising from the possibility of
Coulomb exploding more than one molecule in a given
laser shot. To limit this, momentum filters (180 < O <
290, 180 < S* < 320, in atomic units of momenta) have
been applied on the Ot and ST ions in order to reject
some of the false coincidences, improving the resultant
coincident H™ and C* ion momentum distributions.

These coincident datasets are inherently high-
dimensional, therefore there are many ways of represent-
ing the data, some of which are displayed in the main
text and are expanded upon in the SI. Figure S4 shows
two-dimensional projections of the three-dimensional co-
incident momentum distributions of Ht, C*, St and Ot
ions in a frame where the O™ momentum is instead used
to define the reference (+z) vector, while Fig. S5 shows
a different data representation as a 3D scatter plot.

Coulomb Explosion Simulations

To help interpret the experimental data, and to predict
the Coulomb explosion signatures of possible structures
of photoexcited thiophenone, classical Coulomb explo-
sion simulations were performed [20, 32, 58]. In these
simulations, the atom at each site in a given molecular
structure is replaced by the corresponding singly charged
atomic ion. Using Coulomb’s law, the forces on each ion
are determined, and the resulting set of Newton’s equa-
tions of motion are numerically integrated. The final
velocities of each ion are then converted to a momen-
tum, and these momenta are analysed and converted to
a molecular frame in an analogous way to the experimen-
tal data. For the simulations of the Coulomb explosion
of thiophenone at equilibrium, we sampled 10,000 geome-
tries from a Wigner distribution at a temperature of 60
K, and simulated the Coulomb explosion of each geom-
etry in this pool [58]. The equilibrium structure and its
normal modes were obtained using DFT-B3LYP /aug-cc-
pVDZ in the Gaussian 09 [85] software package. The
Wigner sampling was done using the Newton-X software
[86], where the finite temperature is included as a broad-
ening by a factor tanh(fiw/2kgT). A direct comparison
of the simulations to the experimental data is given in
Figs. S7-S9.

To simulate the explosion patterns of the photoproduct
species, the input molecular geometries and velocities of
each atom in the neutral species at each time step were
obtained from previously published dynamics simulations
of photoexcited thiophenone [51, 52], as summarized be-
low.

Ab initio Calculations of Photoinduced Dynamics

The ab initio molecular dynamics simulations of the
photoinduced dynamics of thiophenone have been de-
scribed previously [51, 52]. Briefly, nonadiabatic dynam-
ics were simulated using Tully’s fewest-switches trajec-
tory surface hopping [87], describing the electronic struc-
ture at the SA(4)-CASSCF(10/8)/6-31G* level of theory.
The trajectory calculation used the SHARC package [88],
whilst Molpro 2012 was used for the electronic structure
[89, 90]. Initial structures were sampled from a Wigner
distribution and initialized on the Sy state. Upon reach-
ing the ground electronic state, each trajectory was prop-
agated until leaving the region of strong nonadiabaticity
between S; and Sg. After this, ground-state ab initio
Born-Oppenheimer molecular dynamics (BOMD) trajec-
tories were simulated, using the final step of the nona-
diabatic molecular dynamics trajectory to provide initial
conditions. The ground-state electronic structure was
calculated using unrestricted DFT employing the PBEO
exchange/correlation functional and the 6-31G* basis set,
using the TeraChem software package [91, 92].

The outputs of the trajectory simulations were then
categorized by photoproduct species, for delays between



1 and 2 ps. The decision tree used for this classification
has been described in previous publications [51, 52] (e.g.,
see Fig. S4 in the Supporting Information of Ref. 52).
Following classification, the Coulomb explosion of each
structure was then simulated as described in the previous
section. Figure 4 shows the simulated molecular-frame
H* signals, whereas similar data for CT are shown in
Fig. S14.
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