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X-Ray as well as electron diffraction are powerful tools for structure determination of molecules. Studies
on randomly oriented molecules in the gas phase address cases in which molecular crystals cannot be
generated or the interaction-free molecular structure is to be addressed. Such studies usually yield
partial geometrical information, such as interatomic distances. Here, we present a complementary
approach, which allows obtaining insight into the structure, handedness, and even detailed geometrical

Received 7th July 2022, features of molecules in the gas phase. Our approach combines Coulomb explosion imaging, the

Accepted 15th September 2022 information that is encoded in the molecular-frame diffraction pattern of core-shell photoelectrons and
ab initio computations. Using a loop-like analysis scheme, we are able to deduce specific molecular

coordinates with sensitivity even to the handedness of chiral molecules and the positions of individual
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Introduction

During the last decade, the determination of the three-
dimensional structure of molecules using electron crystallogra-
phy developed into a complementary analysis method to the
well-established X-ray crystallography.’™ In particular, for the
structural investigation of micro- and nano-crystalline materials,
where sufficiently large single crystals for X-ray diffraction
cannot be obtained” or crystalline-sponge approaches for X-ray
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diffraction®® fail, electron diffraction is the method of choice.” It
yields Angstrom resolution even when applied to large systems®
or systems involving weak scatterers such as hydrogen atoms.’
For cases in which molecular crystals cannot be obtained or the
interaction-free molecular structure is to be addressed, corres-
ponding electron-scattering approaches on gas-phase molecules
exist."®"" Such electron diffraction studies on randomly oriented
molecules, however, can only provide information on intera-
tomic distances, which is, in addition, challenging to extract in
case of overlapping distance parameters. Furthermore, they do
not reveal the handedness of chiral systems.'® In order to over-
come the drawback of a random orientation of the molecules
under investigation, several experiments have been performed
utilizing electron''* and X-ray diffraction'® in combination
with sophisticated two-dimensional and three-dimensional
laser-alignment schemes.

An alternative approach employs electrons that are created
from within the molecule as a probe. In these experiments,
highly energetic single photons or strong-field laser pulses
ionize isolated molecules in the gas phase. The emitted photo-
electron is scattered by the molecular potential, yielding a very
complex interference pattern, in which the structural
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information is encoded. Using table-top laser systems, laser-
induced electron diffraction (LIED) has, for example, proven
its capability determining internuclear distances with high
accuracy for small molecules.'®*® In general, photoelectron
diffraction by molecules in the gas phase has been successfully
applied for determining molecular constituents,"® mapping
bond lengths***' and simple chemical reactions® on ultrafast
timescales."” Until now, however, corresponding studies were
restricted to linear'”'®?* or mostly symmetric molecules®*>*
such as, e.g., CO, CO,, H,0, or CH,.

Apart from measuring the electron-diffraction pattern
(in terms of an electron angular emission distribution), the
key to electron diffraction experiments on molecules is the
knowledge of each individual molecule’s orientation in space.”®
A possible approach is to adsorb the molecule to a surface'® or
(as indicated above) to utilize weak laser pulses in various
schemes (and in 2D or 3D arrangements) to orient>”*® or
align™®?”7* the molecule. Single-cycle pulses in the THz were
also used in the past to orient/align molecules.** An alternative
approach for detecting the molecule’s spatial orientation is
Coulomb explosion imaging,*® which, in addition, provides
structural information, as well. Here, molecular ions or molecules
are rapidly charged up by foil-induced electron stripping,** multi-
ple ionization by a short and strong laser pulse, or by photo-
ionization and subsequent Auger decay (cascades).** After
the charge-up, the ionic fragments are driven apart rapidly by
Coulomb repulsion. Intriguingly, if more than three molecular
fragments are generated in the Coulomb explosion, the triple
product of three of their momentum vectors allows for identifying
whether a chiral molecule was right- or left-handed.*® However,
despite the absolute configuration of chiral molecules can be
determined in principle using this method,*>*° it has been
restricted, so far, to small molecules with only a few atoms. So
far, the largest molecule investigated using this approach was
halothane consisting of eight atoms,” but just recently iodopyr-
idine (11 atoms) has been addressed in an experiment.*® Seribal
et al. have shown in a simulation that Coulomb explosion imaging
in combination with a spatial orientation of the gas-phase target
substance allows for retrieving the molecules’ handedness even
for systems as large as camphor.* In detail, however, gathering
structural information of larger molecules with the help of
Coulomb explosion techniques faces yet multiple technical
challenges. These are, for example, the initial generation of high
charge states, the rapidly declining detection efficiency for the
coincident detection of multiple molecular fragments,*® and
uncertainties in their correct m/q assignment. In addition, the
inversion of the measured momentum-space information to
position-space is far from trivial as soon as the charge-up of the
molecule and/or its fragmentation is governed by nuclear
dynamics. Already when examining small molecules as H,O,
support from sophisticated theory is required for the interpreta-
tion of Coulomb explosion data, which in turn provides valuable
details on the fragmentation dynamics and processes.*!

In this article, we demonstrate in a proof-of-principle study
how to overcome these obstacles. With a combination of the

concepts of Coulomb explosion imaging, photoelectron

This journal is © the Owner Societies 2022

View Article Online

PCCP

diffraction imaging and support from ab initio modelling, we
developed a method for addressing isolated molecules in the
gas phase to determine their structure and their handedness.
Our scheme is applicable without the need for advanced
laser-alignment schemes or elaborate abilities for detecting a
multitude of ionic fragments in coincidence. We will show,
furthermore, that our approach allows to determine even tiny
details, as, for example, a slight displacement of a hydrogen
atom in a methyloxirane molecule.

Experimental method

In our study, we target methyloxirane molecule and examine its
ionic fragments (occurring after photoionization and subse-
quent Auger decay) and the angular distributions of the emitted
photoelectrons. The measurements were performed employing
Cold Target Recoil Ion Momentum Spectroscopy (COLTRIMS),
which is a multi-coincidence momentum-imaging technique.*>*
In brief, ions and electrons created in the interaction of single
photons from the SOLEIL synchrotron with single methyloxirane
molecules were guided by electric and magnetic fields onto two
time- and position-sensitive microchannel-plate detectors.
From the particles’ positions of impact and times-of-flight the
individual trajectories inside the COLTRIMS spectrometer were
reconstructed in an offline analysis of the data. This information
yielded the particless momenta and accordingly all derived
observables as emission directions and kinetic energies. As a
coincidence measurement has been performed, relative quantities
are retrieved, as well, as, for example, relative emission angles.
The experimental data were recorded at the same beamtime as
the data from a previous publication. Accordingly, the identical
experimental setup was used and further details on the exact
parameters of the COLTRIMS reaction microscope can be found
there.** The employed photon energy of 550 eV addressed the O
1s shell of the methyloxirane molecule leading to a photoelectron
energy of about 11.5 eV, and we restricted our analysis to electrons
with kinetic energy of 11.5 & 1.5 eV in order to suppress possible
background. Furthermore, we employed the aforementioned
photon energy as photoelectrons of this specific kinetic energy
showed a large chiral response and this electron energy is
amenable for accurate calculations.** The measurements were
performed using circularly polarized light with left and right
helicity. In order to cross-check the data and the analysis, the
results from both helicities were compared, taking into account
the corresponding symmetries. The data shown below contain
both helicities added. Several fragmentation pathways occur after
the oxygen-K-shell ionization of the molecule and subsequent
Auger decay(s). As detailed below, we employ for our study cases
where the molecule fragmented into at least three parts of which
two were charged. In order to increase statistics, the data pre-
sented in this study consists of a combination of the fragmenta-
tion channels C;H,O — C,H;" + CH," + OH® + 2¢~ and C;H,O —
C,H," + CH," + H,0° + 2¢ ™. About 3 x 10° events were recorded
for both enantiomers of the molecule and both light helicities.
Two other breakup channels, namely C;H¢O — C,H;" + CH;" + Q°
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+2e” and C;HO — C,H," + CH;" + OH + 2e~, cannot be used
because of the following reasons: It turns out that for the latter
fragmentation channels the CH;" group stems from the methyl
group of methyloxirane. This different fragmentation dynamics
manifests itself in the fact that the measured momenta of the ions
define a completely different molecular coordinate system. In
addition, the interference patterns for these fragmentation chan-
nels are washed out. We suspect that this is due to a weaker
correlation between the measured ionic momenta and the mole-
cular orientation at the instant of ionization due to complex
fragmentation dynamics.

Theoretical method

In order to extract information on the molecular geometry from
the experimental data, we performed a modelling of the electron
diffraction pattern, ie., of the molecular-frame angular emission
distributions of the photoelectrons. The ionization transition ampli-
tudes for the emission of O 1s photoelectrons of the methyloxirane
enantiomers were computed by using the single-center method and
code®*® in the relaxed-core Hartree-Fock approximation, as
described in our previous work on this molecule** (please see the
ESI document of this reference for more details, as well).

The averaging of the molecular-frame photoelectron angular
emission distributions over all incident directions of the ioniz-
ing light, required for the present study, was performed analy-
tically. The average differential cross section reads:

do(0, )
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Here, 0 and ¢ are the photoelectron emission angles in the
frame of molecular reference, Y;,, are spherical harmonics, and
A.smi are the dipole transition amplitudes for the emission of
the partial photoelectron waves with the angular-momentum
quantum numbers / and m via the absorption of a photon of
polarization k, as defined in the frame of the molecule. Because
of the mutual orthogonality of the Wigner rotational matrices (which
transform the ionizing light of a given polarization from the labora-
tory to the molecular frame), the average molecular-frame photo-
electron angular distribution is independent of the polarization of
the ionizing light that is used in the experiment.

Results and discussion

As mentioned above, we use synchrotron light to ionize the
molecule by emission of a core electron. The emerging
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photoelectron is diffracted by the molecular potential and
serves as a messenger providing the molecular structure infor-
mation in its angular emission pattern. Molecules are in most
cases unstable after the emission of a core electron. Typically,
at least one more additional electron is released in an Auger
decay process and, subsequently, the molecule fragments into
charged and neutral pieces. It turns out that the detection of
the fragmentation direction (i.e., the momentum vectors) of
two charged fragments of a breakup of the molecule into at
least three pieces is sufficient to gather the information on
the spatial orientation of the molecule, which is needed for
evaluating the photoelectron interference pattern. Dictated by
conservation of linear momentum, the momentum vectors of
three molecular fragments lie within a plane (turquoise arrows
in Fig. 1A). They can be employed to form a fragment coordi-
nate frame (X, Y, Z) in Fig. 1A, which was built as follows: pc u, +
(c,u,, respectively) points in the direction of the Y axis,
ﬁC2H3+ X ﬁCH2+ @C2H2+ X ﬁCH2+) in the direction of the Z axis,
and X = Y x Z. The actual spatial orientation of the molecule
within this fragment coordinate frame at the instant of photo-
ionization remains, however, unknown. In larger systems, the
fragments’ emission directions are typically only loosely con-
nected to the direction of the molecular bonds prior to the
fragmentation, in particular if only few fragments are gener-
ated. Thus, the fragment frame (X, Y, Z) deduced from the ion-
direction measurement and a desired molecular coordinate
frame (x', y’, 2) linked to its structure are typically skewed by
some unknown angles (Rx, Ry, and Ry, i.e., the rotation angles
with respect to the X, Y, and Z axes). In addition, the measured
ion momentum vectors alone do not provide any information
on the handedness of the ionized molecule, as they define a
plane and thus leave the sign of the Z axis open, as depicted in
Fig. 1B and C. Both, this information and the information on
the skew-angles are, however, encoded in the electron diffrac-
tion pattern.

To extract the structural information from the experimental
data, we use the procedure that is outlined in Fig. 2. We start
with an initial guess for the molecular structure and compute
the photoelectron interference pattern in a guessed molecular
frame (x', y’, 2’), which is assumed to coincide with the
fragment frame. Then, we compare this pattern to the pattern
obtained in our experiment, which is provided in the fragment
frame (X, Y, Z). To quantify the agreement, we introduce the
distance parameter d, between the renormalized experimental
and computed interference patterns. This parameter depends,
as well, on the relative rotation between (x', y', z’) and (X, Y, Z)
quantified by the rotation angles Ry, Ry, and R, and the guess of
the handedness.

=

1

2 2
(JJ(IE’Sfm(go,cos(G))flggm’((p,cos(G),RX,Ry,RZ)> dgodcos@)

We now determine the skew between the coordinate frames

(x',¥', 2') and (X, Y, Z) varying the three rotation angles in order
to obtain the smallest distance parameter d, (Fig. 2C). The
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Fig. 1 Three-dimensional interference pattern of the scattered electron wave in the molecular frame of reference. A Spherical representation and
definition of the fragment (X, Y, Z) and molecular (x’, y’, z') coordinate frames. For larger molecules, the fragment emission directions (i.e., their momenta
after Coulomb explosion) do typically not coincide with molecular features such as bonds. As a result, the molecular coordinate frame (x’, y’, Z’) at the
instant of photoionization is rotated against the fragment frame (X, Y, 2). The panel depicts the methyloxirane molecule employed in our studies, and the
turquoise arrows show the directions of the measured momentum vectors of the fragments (CH,™, C,Hs™, and OH®), which were used to generate the
fragment (X, Y, Z2) coordinate system, as discussed in the text. The electron wave employed for probing the molecular structure has been emitted from
the oxygen 1s orbital. The surrounding colored sphere shows the resulting three-dimensional probability distribution of the emission direction of the
11.5 eV photoelectron. The emission distributions are averaged over all incident directions of the ionizing light. B Same data as in A in a color-map
representation. C is as B for the R-enantiomer. The mirror symmetry regarding the enantiomers is highlighted by the horizontal line to guide the eye at
cosf = 0in B and C. A visualization of the two enantiomers and their orientation in the molecular frame are given above B and C.

minimized value of d, (i.e., after applying the rotation) is then then repeated with a slightly adjusted molecular structure in
used to quantify the overall agreement between the measured terms of bond length or angles as an input in order to further
and the computed interference pattern for the initially hypothe- minimize d,. The model structure, which provides the smallest
sized molecular structure and handedness. This procedure is distance parameter d,, is assumed to be responsible for the

Optimize
molecular system

Compute d, for the
optimized molecular system

50
’\ . Ry g 3
| 3
/ 7
y “ A
= -50
Compute "
Interference Pattern . . .
A Modify structure Found minimum in d,?
E NO
r’ < YES
* The best agreement in d,
indicates the measured
Start: Initial Guess structure

Fig. 2 Sketch of the optimization procedure for obtaining the molecular structure from the measured electron interference patterns. Starting with an
initial guess (A) the interference pattern of the photoelectron in a chosen molecular frame (x’, y’, z’) is computed (B). This computed pattern is then
compared to the measured interference pattern in the fragment frame (X, Y, 2). Typically, the fragment frame and molecular frame do not coincide. The
skew between the two systems (given by the three rotation angles Ry, Ry, and R>) is determined by finding the minimum value of the distance parameter
d, for the computed molecular structure (C). D shows the computed interference pattern from B in the rotated molecular frame (x', y’, Z'). After the
rotation, the minimized value of d; is used to quantify the agreement between measured and computed interference patterns for a specific hypothesized
molecular structure. The molecular structure is slightly modified, and the interference pattern is recomputed (E). The molecular structure and coordinate
system at the instant of ionization are obtained for the best agreement between measured and computed interference patterns, i.e., for lowest d,.
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measured interference patterns, thus providing the molecular
structure and coordinate system at the instant of ionization.

In more detail, in order to actually calculate the distance
parameter d,, we apply the following procedure: The minimum
value occurring in the interference pattern is first subtracted
from the pattern and then the pattern’s integral is normalized
to one. In this way, one compares two stretched two-
dimensional distributions. For each calculated molecular struc-
ture, the molecular system in coordinate space used in the
calculation must be connected to the measured fragment
momentum vectors. To do this, we rotate the measured and
calculated interference pattern with respect to each other,
applying the X-Y-Z convention (roll, pitch, and yaw angle: Ry,
Ry, and R). We determine the transformation that connects the
fragment system defined by the measured ionic momenta and a
molecular system used in the computation by performing a full
scan of the global minimum of d, in the whole three-
dimensional rotational space of the yaw, pitch, and roll angles
(see Fig. 2C). We scan all angles in steps of one degree. This
step size is small enough to ensure that the residual error in the
molecular frame does not influence the result presented in the
following.

In order to test our approach, we employ the two enantio-
mers of methyloxirane as benchmark systems. As outlined in
the Experimental method section, we are using a photoelectron
of 11.5 eV kinetic energy emitted from the oxygen K-shell for the
diffraction imaging and a naturally occurring subsequent Auger
decay for the generation of two ionic and one neutral frag-
ments. As shown in Fig. 1B and C, the observed interference
pattern is vastly different for the two enantiomers making
chiral discrimination straightforward. A comparison to the
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modelled pattern shown in Fig. 2D provides the information
on the absolute configuration. As the geometry of methyloxirane
is well known in the literature,” we employ the algorithm
described above (and illustrate the high sensitivity of our
approach) in order to extract the exact location of distinct atoms
inside the molecule. A corresponding table of the atomic coor-
dinates at its equilibrium can be found in the ESI of ref. 44. As a
first example, we show in Fig. 3A-F the effect of a modification of
the CC*-O distance (i.e., the distance of the oxygen atom to the
CC* bond) in the oxirane ring around the equilibrium structure.
The resulting variation of d, is shown in Fig. 3F and implies that
we are sensitive to a change of 5% of the geometry-optimized
CC*-0 distance. For comparison, a similar relative accuracy of a
few percent for a bond-length measurement has been demon-
strated recently employing LIED examining OCS molecules.*®
Particularly challenging for other methods of structure determi-
nation is the assignment of the location of hydrogen atoms.
Electron scattering is known to be sensitive also to such weak
scatterers. Accordingly, in a second demonstration, we investi-
gate the sensitivity of our approach to a change of the C*-H bond
length. The corresponding results are depicted in Fig. 3G, which
confirms that within 5% discrepancy, the correct bond length
between the chiral carbon atom and the adjacent proton
attached to it has been found via the smallest value of d,.

The experimental statistical error is smaller than the plotted
dot size; however, different sources of systematic errors might
alter the exact value of d,. The quality of the reconstruction as
well as the achievable resolution depends on multiple factors,
which cannot be easily quantified. For example, the recorded
interference pattern has a finite experimental resolution. It is,
however, not easy to estimate how resolving fine details of the

— H bond length /A

Fig. 3 Determination of the molecular structure via the best agreement between measured and computed interference pattern of the photoelectron.
A-E Interference patterns from a scan in which the CC*-O distance in the oxirane ring is set to 95, 100, 105, 110, and 120% of the optimized structure.
Our structure-retrieval algorithm leads within 5% accuracy to the energy-optimized structure highlighted in green (F). G A corresponding scan of the C*—
H bond length demonstrates the sensitivity of the interference pattern to weak scatterers such as hydrogen. The smallest distance in d, leads, again,
within 5% accuracy to the C*—H bond length of the energy-optimized structure.
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interference pattern affects the reconstruction of geometrical
features in the end. First estimates on the presented data
suggest that the experimental resolution is not limiting
the accuracy of the geometrical reconstruction. Furthermore,
background from other fragmentation channels or a complex
interplay between areas of reduced detection efficiency on the
electron and ion detectors might affect the geometry recon-
struction, as well. Yet, we expect that the statistics of the
recorded datasets has a stronger impact on the reconstruction
quality in our present study. An additional source of errors is
connected to the approximation that is made in the ab initio
computations. Each molecular configuration was calculated
only for fixed internuclear distances (i.e., a single fixed mole-
cular geometry) and only for a single photoelectron energy. In
the experiment, however, the signal is averaged over a certain
distribution of photoelectron energies and real-life molecules
exhibit vibrational motion. In the case of a non-linear relation-
ship between the influencing parameters and the observed
variable, the mean value of the observed variable generally
does not correspond to the mean value of the influencing
factors. Therefore, an estimate of our resolution when deter-
mining the three-dimensional position of the atoms is provided
by considering how close the minimum in d, comes to the
result of the geometry-optimized structure when scanning
across different molecular structures. Thus, the resolution is
estimated to be of similar magnitude as our chosen step size of
~6 x 107" m. Please note that with our technique the spatial
resolution is not limited by the photoelectron’s wavelength of
3.6 A.

Conclusion

Combining partial Coulomb explosion imaging of a large
molecule with the measurement of the photoelectron diffrac-
tion pattern in the molecular frame and quantum chemical
computation allows for precise structural analysis and chiral
discrimination of molecules in the gas phase. Unlike estab-
lished X-ray or several of the electron diffraction techniques,
our approach does not require a molecular crystal. Contrary to
traditional Coulomb explosion imaging, it is scalable, so that
larger molecules can be examined, as well. The only require-
ment is that the molecule breaks sufficiently fast into at least
three fragments (of which at least two are charged), so that the
measured ion momentum vectors are linked to the molecular
orientation at the time of ionization. In addition, by adjusting
the photon energy, distinct atoms of the molecule can be
addressed and the emission source of the probing electron
wave inside the molecule can be selected. By applying pump-
probe schemes, the method will allow for tracking changes in
the molecular structure on a femtosecond time scale**° in the
future. The described approach is in principle general and can
be extended to larger molecules. If necessary, required calcula-
tions can rely on density functional theory (DFT) based
methods, which are usually not limited by molecular size, like,
e.g. the TDDFT B-spline LCAO formalism.>*
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