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Imaging ultrafast atomic and molecular hydrogen motion with femtosecond time resolution is a chal-
DOI:00.0000/000000000x lenge for ultrafast spectroscopy due to the low mass and small scattering cross section of the moving
neutral hydrogen atoms and molecules. Here, we propose time- and momentum-resolved photo-
electron diffraction (TMR-PED) as a way to overcome limitations of existing methodologies and
illustrate its performance using a prototype molecular dissociation process involving the sequential
ejection of a neutral hydrogen molecule and a proton in the methanol dication. By combining state-
of-the-art molecular dynamics and electron-scattering methods, we show that TMR-PED allows for
direct imaging of hydrogen atoms in action. More specifically, the fingerprint of hydrogen dynamics
reflects in the time evolution of polarization-averaged molecular-frame photoelectron angular distri-
butions (PA-MFPADs) as would be recorded in X-ray pump / X-ray probe experiments with few-fs
resolution. We present the results of two precursor experiments that support the feasibility of this

approach.

1 Introduction
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explosion of CH3;CH,OH and identified the fragments H,O" and
H30™, which can only be regarded as a result of single and dou-
ble hydrogen migration, respectivelyl#, The theoretical studies
reported in that paper suggested that these hydrogen migrations
take place in both molecular cations and dications. Yet, these
hydrogen motions have so far not been visualized with fs time
resolution in any previous experiment.

In this work, we consider as a case study methanol, CH;OH, the
simplest alcohol. The fragmentation dynamics of doubly ionized
methanol has been widely studied under different conditions. In
a pioneering work by Eland!2, the triatomic hydrogen ion H3+
was found as a primary fragment in the photoionization of sev-
eral small molecules, methanol among them. A photoelectron-
photoion-photoion coincidence (PEPIPICO) scheme was used,
which relies on the charge separation of the doubly charged par-
ent ions for the detection of the corresponding reaction channels.
Electron-impact-ionization experiments2® in combination with
coincidence momentum-imaging techniques have also been em-
ployed to investigate the formation of di- and triatomic hydrogen
molecular ions during the fragmentation of the methanol dica-
tion. From these experiments, a hydrogen-atom migration mech-
anism, with the formation of an intermediate dicationic structure,
was proposed. Formation of HY in doubly ionized methanol has
also been observed under the impact of 1.2 MeV Ar®* projec-
tiles'Z and has been interpreted as the result of an intramolec-
ular bond rearrangement of the methyl group. Experiments with
the same projectile but at lower impact energies (120 keV) on
deuterated methanol (both CD3OH and CH30D) have shown the
presence of tri-hydrogen ions after hydrogen migration, pointing
out the different processes under different collisions energies'®,
Thus, two mechanisms for the formation of tri-hydrogen cations
from doubly ionized methanol have been proposed: one solely
involving the methyl side and the other one involving both the
methyl and hydroxyl sides of the methanol parent. Optimiza-
tion of intense femtosecond-laser pulses using pulse-shaping ap-
proaches on deuterated methanol CD;OH? has been used to ma-
nipulate the ratio of D,H" to DJ formation, thus favoring one
mechanism vs. the other. Furthermore, single-photon double ion-
ization of methanol leading to methanol dications in a singlet spin
state has shown that HY is abundantly produced 201

With the advent of ultrafast techniques, time-resolved studies
of the dynamics responsible for hydrogen migrations have re-
cently allowed for obtaining a temporal picture of these processes.
Pioneering experiments of the two-body Coulomb explosion of
doubly ionized methanol produced by an intense laser field using
coincidence momentum imaging have obtained for the lifetime of
the ejection process of Hy that it should be longer than 1 psaL,
Subsequent experiments performed with strong laser fields and
supporting ab initio molecular dynamics (MD) simulations have
shown a much shorter time for the formation of H; ~ 100 fs22i23]
Time-resolved extreme-ultraviolet pump near-infrared probe ex-
periments, combined with high-level nonadiabatic ab initio MD
simulations, have suggested an even faster formation of HJ, on
a sub 100 fs time scale®. The time-resolved detection of Hy
from the methanol dication induced by intense-field sequential
ionization (few-cycle laser pulses)? has also been employed to
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investigate the vibrational dynamics of the methanol cation.

Earlier first-principle MD simulations performed on doubly ion-
ized methanol® have shown that initially a vibrationally and
rotationally excited neutral H, moiety is formed. This H, then
moves around the remaining dicationic fragment for a few tens to
hundreds of femtoseconds (hydrogen roaming) before triatomic
hydrogen is formed and ejected. This picture is nowadays ac-
cepted, as well as the fact that H formation is an ultrafast pro-
cess occurring from a few tens to hundreds of fs. However, de-
spite all above-mentioned efforts, experiments showing in real
time the formation and roaming of H, and the subsequent Hy
ejection from doubly charged methanol remain to be done. As
the frontier of different experimental approaches is constantly
pushed nowadays, in particular due to the above-mentioned XFEL
techniques, direct imaging of hydrogen-migration processes with
few-fs temporal and A spatial resolution have finally come into
reach. In order to support and demonstrate the feasibility of such
experiments, theoretical simulations of the time- and momentum-
resolved photoelectron diffraction (TMR-PED) resulting from hy-
drogen migration in the methanol, ethanol, propanol, and iso-
propanol dications have been recently reported 2728,

In this paper, we focus on the methanol dication for a more in-
depth investigation of all possible dissociation channels (DCs).
For this, we have performed global reaction route mapping
(GRRM) calculations and more extensive MD simulations. Join-
ing potential energy surface exploration with MD simulations
has been successfully used to explain a variety of previous ex-
periments (see, e.g., Refs.1429°36) = To demonstrate how to vi-
sualize the H motion in the methanol dication, polarization-
averaged molecular-frame photoelectron angular distributions
(PA-MFPADs), which are equivalent to TMR-PED, are computed
for the major DC, CHO"™ + H, + H*. The calculations show
that hydrogen migration reflects in the time evolution of the PA-
MFPADs as they would be recorded in X-ray pump / X-ray probe
experiments with few-fs resolution. To support the feasibility of
the proposed approach, we present the results of two precursor
experiments, one performed at the European XFEL (Schenefeld,
Germany) and the other one at the PETRA III synchrotron (Ham-
burg, Germany).

2 Theoretical modeling and choice of the relevant
observables

To experimentally realize the TMR-PED measurements that probe
hydrogen motions in doubly ionized methanol, CH;OH?**, two ul-
trashort X-ray pulses are needed. The first pulse (pump) is used
to ionize either the C 1s or O 1s core levels of neutral methanol
and to produce dications via Auger decay. The second pulse
(probe) is employed to generate the O 1s photoelectron for the
PED measurement as a function of the pump-probe delay. We
have picked O 1s ionization as a natural choice for the probe
step because methanol contains a single oxygen atom and most
migrating hydrogen atoms end up in the vicinity of it. Concep-
tually, however, photoelectron-diffraction imaging does not rely
on such distinct marker atoms to be present in a molecule. To
measure the molecular-frame momentum of the electron ejected
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by the probe pulse, the 3D orientation of the molecule in space
must be determined. For this, specific reaction channels must be
selected from among all competing channels. To make this se-
lection and identify the reaction plane (please see Subsection |4.3
for the definition of the reaction plane), we propose to employ
Coulomb explosion imaging (CEI) triggered by the probe pulse
and restrict the recorded data set to specific fragmentation chan-
nels. After interaction of doubly charged methanol with the X-ray
probe pulse, the resulting triply charged methanol will further
ionize as a result of Auger decay, thus leading to a quadruply
charged species that will finally break up into various (mostly
singly) charged fragments. In addition, to simplify the atomic as-
signment in the experiment, one could use isotope-labeled sam-
ples, as, e.g., CH;0D238, However, since the dynamics are sig-
nificantly slower (and therefore computationally more expensive)
for deuterated species than for non-deuterated species, we will
only use non-deuterated methanol in our simulations.

Our theoretical simulations rely on the combination of three
different approaches to fully characterize the fragmentation dy-
namics of doubly charged methanol, the ionization by the probe
pulse, and the subsequent electron diffraction. We have thor-
oughly explored the potential energy surfaces of doubly ionized
methanol with singlet and triplet spin multiplicities using the
GRRM methodology. Then, MD simulations are used to mimic the
nuclear dynamics following ionization by the pump pulse. Finally,
PA-MFPADs resulting from the probe step are computed along the
different nuclear trajectories resulting from the MD simulations.

2.1 Exploration of the potential energy surfaces - isomeriza-
tion and fragmentation paths

Stable equilibrium structures (EQs) of CH;OH?* with both sin-
glet and triplet spin multiplicities were optimized from the geom-
etry of the neutral EQ using the GRRM programs2-41
with the quantum chemistry program package Gaussianl642.
Then, an automated exploration of the isomerization followed
by dissociation pathways for singlet/triplet dications CH;OH%**
was started from the optimized EQs by using the Scaled Hy-
persphere Search-Anharmonic Downward Distortion Following
(SHS-ADDF) method, implemented in the GRRM program at the
DFT-B3LYP/6-311G(2d,d,p) (=CBSB7) level of theory. All possi-
ble isomerization pathways were fully explored, and DCs were
judged from interatomic distances using the DownDC and U pDC
options in the GRRM program. When a distance between an atom
A and another atom B exceeds 0.1 x DownDC x 2 x (R} + RE),
they are recognized to be nonbonding. In those cases where
the global reaction route mappings were carried out using an
uphill walking method, the threshold in distance is given by
0.1 x UpDC x 2 x (R} +RB). The covalent radii R, for each atom
were taken from Ref43. We adapted larger judging-parameter
values than the default ones, using DownDC = 15 and U pDC = 20.

combined

2.2 Molecular dynamics

Technical details of our ab initio MD simulations of CH;0OHZ+
have been given in Ref.2® and so a brief description is presented
here. The MD simulations of singlet and triplet CH;OH?t were

View Article Online
DOI: 10.1039/D4CP01015A

performed at the same level of theory: B3LYP/CBSB7. We assume
that inner-shell single ionization of the neutral molecule by the X-
ray pulse occurs at the equilibrium geometry. We also assume that
the subsequent Auger-Meitner relaxation to the electronic ground
state of each spin multiplicity of CH;OH?* is almost instanta-
neous in comparison with the subsequent nuclear dynamics. As
a consequence, the dication will be in a highly rovibrational state
of the electronic ground state of CH;OHZ*, and all trajectories
describing the nuclear dynamics will be initiated from that elec-
tronic ground state at the equilibrium geometry assuming some
initial internal energy. In this work, we have chosen 5 €V. The
corresponding initial velocities of each atom were randomly sam-
pled with the MD software Newton-X44#® The validity of this
simple approximation, has been demonstrated in many previous
studies, e.g., in Refs. 1412936 1n Ref28 we compared the MD re-
sults for hydrogen migration in dications of different alcohols and
confirmed that 5 eV is a reasonable excess energy for methanol.
The time evolution of classical nuclear trajectories after the initial
time 7 = 0 was then computed on the fly using the Atom-centered
Density Matrix Propagation (ADMP) method4Z#2 implemented
in Gaussian1642 with a time step of 0.1 fs. For both singlet and
triplet CH;OH?", we ran 1000 trajectories.

2.3 Theory of polarization-averaged molecular-frame pho-
toelectron angular distributions (PA-MFPADSs)

PA-MFPADs, resulting at each time step of the trajectories ob-
tained in the MD simulations described above, have been calcu-
lated by using a single-channel approximation, so that they are
proportional to the square modulus of the electric-dipole matrix
element between the core and continuum states. We have em-
ployed the multiple-scattering theory? to calculate the contin-
uum states. The multiple-scattering theory uses a multi-center
expansion in spherical harmonics together with a numerical solu-
tion of the local Schrédinger equation on each atomic site. The
scattering potentials are approximated by spherically symmetric
ones, the so-called Muffin-tin approximation. To reduce computa-
tion time, we have used atomic non-SCF electron densitiesl. We
have checked the validity of this approximation by comparing at
0.1, 20, and 50 fs the resulting PA-MFPADs with those obtained by
using the actual DFT electron density. The results are nearly indis-
tinguishable. The real part of the Hedin-Lundqvist potential>2/>3
is used as the optical potential. While the full multiple-scattering
scheme has been used for a photoelectron energy of 100 €V, a
single-scattering approximation has been used for 500 eV and
2.5 keV where its appropriateness was confirmed by a test calcu-
lation. The maximum values of the angular momentum, /n,x, for
the partial-wave expansion were 5, 5, and 4 for the 100 €V case,
9, 8, and 7 for the 500 €V case, and 17, 17, and 14 for the 2.5 keV
case, for O, C, and H, respectively. These values were estimated
from the formula /;h,x ~ kR,, where Ry is the Muffin-tin radius ob-
tained using the Norman criterion#* without overlapping for the
starting structure at O fs. The Muffin-tin radii and /. are fixed
during the dynamics. To obtain the PA-MFPADs we took the sum
of the three Cartesian components of the electric-dipole matrix el-
ements divided by 322, All the TMR-PED calculations have been
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Fig. 1 Calculated isomerization and dissociation pathways for the singlet
dication CH3;OH%* (red: O, gray: C, and white: H). EQ/, TSi: equilib-
rium geometry and transition state, respectively. The energy difference
from the neutral ground state to the dication EQO is calculated to be
+28.59 eV for the singlet state (including the ZPVE correction). Due to
space limitations, three TSs are shown in boxes.

performed by using the MsSpec code®°,

3 Supporting experiments

While this paper focuses on the theoretical description and pre-
diction of the photodissociation process and the accompanying
photoelectron diffraction, we have performed two precursor ex-
periments in order to support the modeled findings. Firstly, we
used a COLTRIMS reaction microscope:! to investigate the oxy-
gen K-shell ionization of methanol using circularly polarized light
pulses from the PETRA III synchrotron source. This experiment
mimics the pump step of the proposed TMR-PED study. These
measurements yielded 3D molecular-frame photoelectron angu-
lar distributions of the emitted oxygen K-shell electrons (for a
breakup of the molecule into CHj /OH™), which have been pub-
lished elsewhereZ. In addition, the measurements demonstrate
the population of several different dicationic states after absorp-
tion of the pump photon. Secondly, we performed a Coulomb ex-
plosion imaging measurement at the European X-ray free-electron
laser (EuXFEL) using the COLTRIMS reaction microscope located
at the SQS instrument. In this study, we performed Coulomb ex-
plosion imaging of (deuterated) methanol molecules.

The COLTRIMS setup employed at beamline P04 of the PE-
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Fig. 2 Calculated isomerization and dissociation pathways for the triplet
dication CH3;OH?2* (red: O, gray: C, and white: H). EQ/, TSi: equilib-
rium geometry and transition state, respectively. The energy difference
from the neutral ground state to the dication EQO is calculated to be
+30.34 &V for the triplet state (including the ZPVE correction). Due to
space limitations, two TSs are shown in boxes.

TRA I synchrotron used two 80 mm diameter microchannel-
plate detectors with hexagonal delay-line position readout=8 for
the coincident detection of ions and electrons. The spectrometer,
which guided ions and electrons generated by the photoreaction
to the two detectors, consisted of an ion arm with a length of
7 cm and an electron arm with a length of 15 cm. The extraction
field was chosen as 21.9 V/cm and a superimposed homogeneous
magnetic field (6.3 G) allowed for the detection of electrons with
a kinetic energy of up to 30 eV with full solid-angle coverage.
Methanol was introduced into the main chamber as vapor form-
ing a supersonic gas jet by slightly heating a reservoir containing
methanol to a temperature of 316 K (vapor pressure ~400 mbar)
and using a nozzle of 100 um diameter. Further details on this
experiment can be found in Ref.27,

For the experimental campaign performed at EuXFEL, the total
length of the ion spectrometer was 180 mm, which included a
high-electric-field region with a length of 50 mm and a field-free
drift region of 130 mm length. The extraction field at the inter-
action point of the XFEL light and the supersonic gas jet had a
strength of approximately 325 V/cm. A hexagonal delay-line de-
tector with an active area of 120 mm diameter was used for this
measurement.
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While we actually performed a two-color X-ray pump / X-ray
probe experiment®? at the EuXFEL, the full analysis of the time-
resolved data set is still ongoing. We therefore present only re-
sults where we integrated over all pump-probe delays and merged
the corresponding recorded data sets. We employed two different
photon energies for the pump and the probe pulse, namely 550 eV
and 660 eV, respectively. The pulse durations were approximately
10 fs for the pump pulse and approximately 20 fs for the probe
pulse. These pulse durations were estimated using a grating spec-
trometer for spectral diagnostics of the FEL beam®©l, The total
energy on the X-ray gas monitor (XGM®2) of the SQS instrument
was about 110 uJ when both colors were used and about 100 wJ
when only the pump pulse was used.

4 Results and discussion

4.1 Potential energy surfaces

The starting points in the exploration of the potential energy sur-
faces (EQO, CH3-OH?") were obtained by geometry optimization
for the singlet and triplet spin multiplicities of the dication start-
ing from the neutral geometry of CH3;0H (see Figs. [1] and [2] re-
spectively). Relative energies were calculated including the zero-
point vibrational-energy (ZPVE) correction for singlet and triplet
states, and referred to the most stable structure found in each
case. Four equilibrium geometries (EQi) were obtained in each
surface: singlet and triplet states. The starting EQO was not the
most stable stationary point. A hydrogen-transferred structure
CH, =OH§+ is more stable than EQO: EQ2 for singlet and EQ1 for
triplet states. In addition to B3LYP, we also performed wB97X-
D and MP2 geometry optimizations and then CCSD(T) single-
point energy calculations on the MP2-optimized geometries of
CH3-OH%+ and CH,=0H,2*. The results confirm that the latter
structure is more stable, which is consistent with previous stud-
iesl03-00, In the case of the triplet state, the direct connection
pathway from EQO and EQ1 to EQ2 and EQ3 was not obtained.

During the search for transition states (TSs), some of them
(e.g., such as those connecting the same EQs or connecting DCs
to each other) turned out not to be meaningful. These were dis-
carded and are not included in Figs.[I]and[2] For the singlet state,
22 TSs were obtained: six of them are EQ-connecting TSs, and
the other sixteen are connected to DCs. Several TSs are found to
connect EQ structures with the COH; + Hj DC; they are in an
energy range of 5.15 eV to 2.27 eV with respect to EQO. Proton-
loss channels have also been found: the remaining fragment is
CH,OH™ (TSs 1, 4, and 10), CHOH; (TS7), CHO™ ---H, (TS13),
or COH™ ---H, (TSs 15, 24, and 25), where the --- symbol rep-
resents a weakly bound complex. Hj dissociation pathways are
connected to EQO via TS14 (2.82 eV) and TS17 (3.14 eV) and to
EQ3 via TS22 (5.33 eV). Three C-O bond-breaking DCs (CH_;L +
OHT, CH;y + H,O", and CH" + H30") are connected to EQ2
(CH2=OH%+) via TSs 3, 8, and 19, respectively. These channels
imply energy barriers in a range of 2.27 €V to 4.60 €V from EQO
and the isomerization to EQ2. The CH2+ + H,O™ dissociation
path was also calculated to be connected directly to EQ3 through
TS27 (7.95 eV).

For the triplet state, 17 TSs were obtained (Fig. [2). Three TSs
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are EQ-connecting TSs, and the other fourteen TSs are connected
to DCs. Judging from the Mulliken charge for the dissociating
systems, TSs 16 and 19 are connected to H™ dissociation produc-
ing CH30™ (TS16) or COH™---H, (TS19). Seven TSs formally
lead to H*>* ejection yielding CH,OH!>* (TSs 6, 11, and 13),
CHOH)™" (TSs 1, 4, and 7), or COH"---H)>" (TS23). Five
more TSs are connected to other DCs: COH; + Hj (TS8 at
2.02eV), CHO"---H + HJ (TS22at2.10 eV), CH] + OH' (TS15
at 1.67 eV), CH2+ + H,O" (TS3 at 1.06 eV), and CH™ + H3;0™
(TS5 at 1.76 eV). In Ref2, the photodissociation experiment of
methanol dications combined with nonadiabatic ab initio MD sim-
ulations revealed that the production of H; occurs exclusively in
the singlet state. This is compatible with our finding that there is
no dissocation pathway from EQO to Hy in the triplet state.

4.2 Molecular dynamics

Table[T] provides the branching ratios for the fragmentation chan-
nels of singlet and triplet CH3OH?", respectively, obtained from
1000 MD trajectories each. In the fragment assignment, we as-
sumed that there is a bond between two atoms with an inter-
nuclear distance shorter than 4 A. The long threshold distance
of 4 A was chosen to distinguish bond cleavage from large-
amplitude vibrations induced by high kinetic energy. If a thresh-
old of 3 A is used, the branching ratios in Table |1/ change by no
more than a few percent. Note that fragment assignment was
done at the end of each trajectory. Thus, trajectories exhibiting
very-large-amplitude motions exceeding the 4 A threshold, as in
H, roaming, where internuclear distances can temporally reach
up to 9 A2% were not affected by the choice of this threshold.
The integer charge of each fragment was determined in reference
to the non-integer Mulliken charges of constituent atoms. The
table also lists the branching ratios for subchannels where the H
atom initially bonded to O is distinguished from those initially
bonded to C and denoted by A. One can see that, for both sin-
glet and triplet CH;OH?*, hydrogen migration can occur not only
from C to O but also from O to C, although the ratios for such
subchannels with hydrogen migration are small. Note that more
than two fragments can be generated by multiple fragmentation
in MD trajectories, while the GRRM results in Figs. [I] and [2] focus
on two-body DCs (single fragmentation).

In the singlet case, the C-O bond is unbroken in all trajecto-
ries. This is consistent with the fact that TSs 3, 8, 19, and 27
connected to the C-O breaking DCs in Fig. [1| are higher in en-
ergy on a relative scale. The most dominant channel is CH,OH™
+ H™ (33.6%) as expected from the corresponding TSs (1, 4,
and 10), which are the first, third, and fourth lowest TSs leading
to DCs. More than half (53.1%) of the 1000 trajectories gen-
erate molecular-hydrogen species H, (41.5%), H2+ (10.7%), and
H;r (0.9%). However, the third and fourth dominant channels,
CHOH2* + H, (14.5%) and CHOH' + H; (10.5%), are not pre-
dicted by GRRM. It is considered that the fourth arises from the
third by "inverse harpooning", i.e., a long-range electron transfer
from H, to CHOH2"7, The emergence of these channels is at-
tributed to a dynamical (kinetic energy) effect. The second domi-
nant channel CHO" + H, + H* (22.1%) can be viewed mainly as
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g MD trajectories each. In addition, each fragmentation channel is divided into subchannels where the H atom initially bonded to O is denoted by A in
g distinction from those initially bonded to C.
-
E Channel % Ratio Subchannel % Ratio
S Singlet Triplet Singlet Triplet
5 CH,OH*t + H 1.9 CH,O0A*T + H 1.9
o CH,OH" + H* 33.6 22.1 CH,0A" + H* 32.0 21.3
‘2 CH,OHT + AT 1.6 0.6
S CHAOHT + HT 0.2
3 CHO* + H, + H 22.1 CHO* + H, + AT 20.0
£ CHO" + HA + H* 1.6
g CAO*™ + Hy + H 0.5
S CHOH?>* + H, 14.5 0.2 CHOA?* + H, 14.4 0.2
E CHOH?* + HA 0.1
8 CHOHT + H;’ 10.5 5.8 CHOAY + H;’ 10.4 5.7
o CHOH' + HA' 0.1 0.1
= COH* + Hy +H 0.7 COA* + Hy + H 0.7
g COH' + H, + H* 4.8 COA* + H, + H 4.8
© CH;OH2+ 3.8 2.3 CH;0A2+ 3.8 2.3
o CH,OH2* 3.6 0.4 CH,OHA%* 3.6 0.4
= CH;0?" + H 0.5 CH;0% + A 0.4
@3 CH,AO0*T + H 0.1
s CH;0" + HT 2.2 2.0 CH;0" + AT 1.4 1.7
3 CH,AO" + H* 0.8 0.3
» CHOHt + Ht + H 2.2 24.4 CHOA* + HY + H 2.2 23.8
@ CHOH' + HY + A 0.3
= CHOH' + A* + H 0.3
E CHOH + H* + H 0.4 CHOA + H™ + H" 0.4
£ CHOH?* + H 0.2 CHOHA** + H 0.2
CHOH; + Ht 0.5 0.8 CHOHA + H* 0.5 0.8
CH,O" + Hf 1.0 CHAO" + Hf 0.6
CH,0" + HA* 0.4
CH, Ot + Ht + H 0.5 27.1 CH,O" + H" + A 0.3 14.8
CH, Ot + At +H 11.6
o CHAO" + HT + H 0.2 0.7
,3_5_, CH,0 + H* + H* 0.4 CH,0 + HY + AT 0.4
CHO™ + Hf 0.5 CAO* + HY 0.3
CHO™ + HpA™ 0.2
CHO"™ + H" + H+ H 0.5 6.4 CHOt* + At +H+ H 0.3 1.7
CHOt* + HY + H+ A 0.2 4.7
COH* + Hj 0.4 COA* + Hf 0.4
COH* + H" + H+ H 0.4 COA* + H" + H+ H 0.4
CHO* + Hf + H 0.2 1.0 CHO* + Hy + A 0.2 0.7
CHO" + HA + H 0.2
CAOT +H, + H 0.1
CO + H, + HY + HT 0.1 CO + H, + Ht + A* 0.1
CHZ' + OH 0.1 CH™ + OA 0.1
CH; + OH' 1.4 CH; + OA* 1.4
CH; + H,O" 0.3 CH; + HAO* 0.3
CH,0** + H, 0.1 CH,0?* + HA 0.1
COHJ + Hy 0.1 COHA™ + HY 0.1

6
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Fig. 3 A single-trajectory PA-MFPAD for H, ejection at 500 eV photo-
electron energy at 6 fs upon formation of a doubly charged methanol ion.
Color code for the atoms: oxygen - green, carbon - white, and hydrogen
- blue. To guide the eye, two arrows indicate the position of the peaks
connected to two hydrogen atoms, which ultimately become H,. We put
the O atom at the origin, the C atom at the z axis (z > 0), and the center
of mass of the ejected H; at the zx plane (x> 0). (a) View in which the
z axis is tilted 20 degrees from the figure plane and the x axis is rotated
-30 degrees from the figure plane. (b) View from the positive z axis.

a result of the further fragmentation of the third one CHOH?* +
H, — CHOT + HT + H, (i.e., HT ejection from CHOH?*). There
may be also minor contributions such as the dissociation of the
weakly bound complex CHO™ ---H, (see TS13) and that of H3+
resultant from CHO' + H;r (see TS17). When the excess energy
of CH3OH2" is doubled to 10 eV, CHO' + H, + H* becomes the
dominant channel (27.4%), followed by the CH,OH" + H* chan-
nel (18.1%), due to further fragmentation of the CH,OH™" moiety.
This indicates that the CHO™ + H, + H* channel predominates
over a wide range of excess energy. In Section we present
PA-MFPADs computed for the subchannel with H* detached from
0, i.e., CHO" + Hp + AT (20.0%).

Almost all triplet TSs (except TSs 19 and 23) in Fig. [2| are very
low-lying in energy compared to the singlet TSs in Fig. [1} This
accounts for the wide variety of fragmentation channels of triplet
CH30H?* shown in Table [1} for instance, the C-O bond cleav-
age is observed in the triplet case (albeit only at 1.8%). The de-
viation from the DCs with half-integer charged fragments, e.g.,
CH,OH!** + HO3* due to high kinetic energy prefers the ho-
molytic cleavage CH,OH" + H™ (22.1%) to the heterolytic one
CH,OH?* + H (1.9%). Including these channels, a large num-
ber of trajectories (88.3%) produce atomic fragments H and/or
H* (most of them undergoing multiple fragmentation), while the
yields of H; (0.3%) and H; (8.6%) are quite low. The channel of
particular interest, where H, and H* are emitted from CH;OH2™,
is not found in the triplet case.

4.3 Polarization-averaged molecular-frame photoelectron
angular distributions

We have calculated the PA-MFPADs averaged over 200 trajecto-

ries of one of the main fragmentation channels, CHO™ + H,

+ AT, where the H motion in the dication CH;OH2" is signif-

icant. Figure [3| shows a PA-MFPAD for an arbitrary single tra-

jectory from different viewing directions at 6 fs after formation
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Fig. 4 Snapshots of PA-MFPADs averaged over 200 trajectories for the
H, ejection at photoelectron energies (a) 100 eV, (b) 500 eV, and (c)
2.5 keV. To guide the eye, two arrows (in each time frame) indicate
the position of the peaks associated with two hydrogen atoms, which
ultimately become H,. We set the O atom at the origin, the C atom on
the z axis (z > 0), and the center of gravity of ejected H, on the zx plane
(x>0). In the figure, the z axis is tilted by 20 degrees off the plane of the
figure and the x axis is rotated by -30 degrees off the plane of the figure,
to make it easier to see the peak corresponding to the H, ejection.

of a doubly charged methanol ion at 500 €V photoelectron en-
ergy. We see how the two H atoms come together. Snapshots
of three arbitrarily chosen single-trajectory PA-MFPADs are given
in the Supporting Information for more detailed information (see
Figs. S.1, S.2, and S.3). Figure [4 shows the temporal evolution
of the PA-MFPADs for the H, ejection at photoelectron energies
of (a) 100 eV, (b) 500 eV, and (c) 2.5 keV after the formation of
the doubly charged methanol ion. In order to reproduce the ac-
tual experimental situation, the PA-MFPADs of the corresponding
trajectories should be averaged in the reaction plane. In Fig. [4]
we define the reaction plane as the plane containing the triangle
whose vertices coincide with the C atom on the z axis (z > 0, i.e.,
upward direction), the O atom at the origin, and the center of
gravity of the ejected H; in the zx plane (x > 0). In this figure,
however, the z axis (molecular axis) is tilted by 20 degrees from
the plane of the figure and the x axis is rotated by -30 degrees
along the z axis to enable better visualization of the peak struc-
ture of the PA-MFPAD corresponding to the forward scattering of
H,. Snapshots of the PA-MFPADs from another viewing direction
are given in the Supporting Information (see Fig. S.4). As can
be seen, diffraction of the O 1s photoelectron by the different
atomic centers leads to pronounced lobes or depletions with re-
spect to a perfectly isotropic (spherical) distribution. Therefore,
for a fixed-in-space molecule with known orientation, one can
unambiguously associate the motions of the hydrogen atoms or
protons to a specific structural variation in the PA-MFPADs. The
structural variation is more pronounced at low energy (100 eV)
than at high energies (500 eV and 2.5 keV), since slower electrons
are more sensitive to the details of the multi-centric molecular po-
tential. The two arrows in each time frame indicate, as a guide to
the eye, the position of the peak associated with the two hydrogen
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Fig. 5 Snapshots of PA-MFPADs averaged over 200 trajectories for the
H* ejection at photoelectron energies (a) 100 eV, (b) 500 eV, and (c)
2.5 keV. The arrows indicate the angles averaged over 200 trajectories
for the position of HT ejected in each time frame. We set the O atom
at the origin, the C atom on the z axis (z > 0), and the ejected H' on
the zx plane, i.e., the plane of the figure (x > 0).

atoms that become H,. The moving lobe is very well localized, es-
pecially at 2.5 keV, which makes the identification of the motion
of the H atoms easier. However, as the H atoms move away from
the O atom, it is difficult to track the ejected H atoms at high en-
ergies, especially if a certain amount of time has elapsed. The two
H atoms become H; in about 10 fs. After that, the H, dissociates
from the doubly charged methanol and the corresponding peak
of the PA-MFPADs is no longer visible.

One can see that, at a photoelectron energy of 2.5 keV, the two
hydrogen peaks are almost invisible after a few fs, so they are
unlikely to be observed in an experiment given the experimental
noise. However, the peaks are more pronounced at photoelectron
energies of 100 and 500 eV, indicating that this is the best choice
for their experimental visualization.

We note that PA-MFPADs measurements can therefore be po-
tentially used to infer H, roaming. In most previous experiments,
H, roaming is identified indirectly using disruptive pump-probe
techniques, with the detection of subsequent charged fragments,
such as Hy after H" abstraction by the H, roamer. In contrast,
PAD measurements as those proposed in this work would allow
one to characterize roaming of a neutral H, fragment by tracking
its motion in time and space.

Finally, Fig. [5|shows the temporal evolution of the PA-MFPADs
for the HT ejection (i.e., in terms of the labeling employed above,
the AT ejection) at photoelectron energies of (a) 100 eV, (b)
500 eV, and (c) 2.5 keV. Please note that the temporal evolu-
tion is much more pronounced for low kinetic energies (similar
as shown in Fig. . We define the reaction plane as the plane
of the figure, containing the triangle whose vertices coincide with
the C atom on the z axis (z > 0), the O atom at the origin, and
the HT in the zx plane (x > 0). Please note that this is a differ-
ent definition from that of Fig.[d] The arrows indicate the angles
averaged over 200 trajectories for the position of the ejected HT
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Fig. 6 Photoion-photoion coincidence map depicting the dependence of
the flight times of the first and second ions detected in our synchrotron
measurement. Several features belonging to the breakup of methanol
molecules are visible. See text for details.

in each time frame. Up to about 4 fs, the peak position of the
PA-MFPADs corresponds to the averaged angle, but the peak dis-
appears with time, especially at high energies. Within 10 fs, there
are many trajectories in which the H ion is bonded to the O atom,
and the O-H distance averaged over 200 trajectories at 10 fs is
slightly smaller than it is at 8 fs. However, the HT ion starts mov-
ing at random angles soon after irradiation by the XFEL pump
pulse. The rapidly smearing peak position of the PA-MFPADs for
the H™ ions is due to the random H™ motion and not due to the
increase of the O-H™ distance. The range of angles that the H™
ion can take in the zx plane at 10 fs is 115 degrees.

4.4 Results of our precursor experiments

As indicated in Section [3] we performed two precursor experi-
ments yielding information on the conceptual feasibility of the
measurements proposed here. Two aspects are investigated:
firstly, the synchrotron measurement provides information on
the population of different dicationic states after the initial pho-
toionization of the molecule using single photons with an energy
higher than the O 1s threshold. The synchrotron measurement
corresponds to the pump step of the current TMR-PED study. Sec-
ondly, the measurements performed at the European XFEL answer
the question whether the molecular orientation at the instant of
the emission of the probing electron (wave) can be determined
from the coincident measurement of ionic molecular fragments
(under experimental conditions suitable for a coincident detec-
tion of the electrons).

By inspecting the ions measured in coincidence at beamline
P04 of the PETRA III synchrotron, using a photon energy of
550 eV, we observe different breakup channels of the methanol
molecule. This measurement was performed using conventional
methanol molecules (i.e., without deuteration). Figure |§| shows
a coincidence map of the flight times of the first two ions, which
were detected after the oxygen K-shell photoionization (and sub-
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Fig. 7 Left row: experimental ion momenta in the molecular frame
defined by the emission direction of the O ion (defining the z axis) and
the DT ion (spanning together with the O the zx plane and defining
the positive x direction), measured at SQS/EuXFEL. In the top panel,
the momentum of the D ion is depicted in that frame, in the bottom
panel the momentum of the C* ion is shown. Right row: sketch of the
breakup of the methanol-OD molecule (top panel). The bottom panel
on the right shows the three-dimensional angular emission distribution of
the measured protons in the coordinate frame spanned by the O and
D" ions [yellow lines in panels (a) and (b) indicate filters for the ion
momenta used in panel (c), see text for details].

sequent Auger decay). Among several features, which stem from
ionization of residual gas (e.g., N, O,, and H,0), distinct islands
indicate the breakup of the methanol molecule into different frag-
ments. In the upper left corner, three features are labeled, which
correspond to a coincident detection of singly charged CO (or
COH,,) fragments with protons, molecular hydrogen ions, and
H; ions. Accordingly, the left-most feature of the three may
correspond to the dicationic breakup channel discussed in Sub-
section [4.3] i.e., the breakup channel CHO* + H, + HT(A™).
However, as the experiment is insensitive to neutral particles, it
cannot be ensured that the fragment, which was not detected,
is indeed molecular hydrogen. In addition, we cannot determine
from the experiment whether the measured proton belonged orig-
inally to the methyl side or the hydroxyl side of the molecule.
The strongest feature in Fig. [] (located in the bottom left cor-
ner) belongs to cases where two protons were detected in co-
incidence, which may result from a more violent fragmentation
of the methanol molecule or from the fragmentation of water
molecules (i.e., from background). An almost symmetric breakup
of the molecule can be found between the two lines, which are
caused by residual carbon and oxygen molecules fragmenting into
two singly charged atomic ions. The corresponding line is la-
beled as O(H)™/C(H,)". We provide the relative abundance of
the detected fragmentation channels in Table [2| The values pro-
vided there are given relative to the absolute abundance of the
H7 /COH" fragmentation channel.

The results of the Coulomb explosion imaging experiment
performed at the European XFEL on deuterated methanol, i.e.,
CH;30D [see Fig.[7|(b)], are shown in Fig.[7] Among several other
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[ Breakup channel | Relative abundance |

CH; /OH™ 9.24
CH, /OH" 5.39
H} /COH™" 1.0

H, /COH™ 2.45
H'/COH' 17.32

Table 2 Relative abundance of different breakup channels of the methanol
molecule after ionization with photons of Av =550 €V. The values pro-
vided are normalized to the measured abundance of the breakup channel
Hi /COH*, which is a particularly clean fragmentation channel in our
measured data.

breakup channels, we used the subset of measured data where we
detected four ions in coincidence, namely H™ + D™ + C™ + O™,
for the plots presented there. This coincidence channel is partic-
ularly interesting with respect to the modeled results presented
in Subsection[4.3] If the absorption of the first X-ray photon gen-
erated the (fragmenting) dicationic state CHO™ + H, + D* (la-
beled A+ above), the absorption of a second photon will increase
by two the charge of the CHO" fragment. Resulting in CHO", a
rapid fragmentation of this triply charged molecular ion into H™
+ CT + O™ is highly probable. Accordingly, this four-fold coin-
cidence subset of the measured data is a prime candidate for the
observation of the PA-MFPADs presented in Subsection [4.3| Fig-
ure [7(a) shows the measured ion momenta in a molecular frame
of reference. Contrary to Subsection4.3| in this coordinate frame,
the emission direction of the O" ion defines the z axis. Together
with the momentum of the DV ion, the zx plane is spanned. This
plane is defined such that the emission direction of the DT is
pointing towards positive values of x in all cases. We plot the mea-
sured momenta of the D™ and C™ ions in this molecular frame af-
ter normalizing the magnitude of all momenta such that the mag-
nitude of the OT equals 1. The corresponding momentum distri-
bution of the DT is shown in Fig. a) in the top panel. It consists
of two features, an arc-like distribution occurring at lower mo-
menta and a more localized feature at p, > 0.5 a.u. Circular (or
arc-like) distributions are typically a sign of a rotation during (or
prior to) the fragmentation process, i.e., a fingerprint of a slower
breakup of the molecule. The other main feature, however, indi-
cates an emission direction of the D" ion relative to the emission
direction of the O" which fits the geometry of the methanol-OD
molecule [compare to the sketch shown in Fig. b)]. The lower
panel of Fig. a) shows the molecular-frame momentum distri-
bution of the CT ion. Two main features are visible here: firstly,
a strong peak located at the left, which indicates a clear back-to-
back emission of the C™ and the O™ ions. Secondly, the histogram
has a less pronounced contribution centered around zero momen-
tum. In order to visualize the momentum-space properties of the
measured proton, we employ spherical coordinates and inspect
its angular emission distribution in a different molecular frame.
There, the azimuthal and polar angles of the proton emission di-
rection are given with respect to the sum and difference momenta
of the C and O ions. The proton’s angular distribution is shown
in Fig. [7|(c). For reference, the approximate emission directions
of the OT and D™ in this coordinate frame are given by the red
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and yellow areas. The angular distributions shows three main
peaks, which correspond to the three possible sites the proton
was initially emitted from. Please note that the data set shown
in Fig. [/|(c) is in addition restricted with respect to the momenta
of the other ions. We have selected the D™ and C* momenta
such that the regions which indicate a slow(er) fragmentation of
the molecule are excluded. That is, we have discarded the D"
momenta in panel (a) below the yellow dotted line (namely, the
arc-like feature) and the C* momenta located to the right of the
yellow line. In case we employ the full data set, the proton an-
gular distribution shown in Fig. [7(c) has less contrast, but the
three main peaks are still visible (not shown). In combination,
these measurements support the feasibility of the proposed study
of time-resolved electron diffraction. It was shown that (i) the
desired dicationic state is generated in an experiment and (ii) a
Coulomb explosion imaging measurement which provides indeed
the information on the molecular orientation at the instant of the
absorption of a second X-ray photon (i.e., at the instant of the
probe step) can be performed. In particular, the Coulomb explo-
sion imaging experiments performed at the EuXFEL were done at
X-ray fluences which would still allow for measuring electrons in
coincidence, just as it has been shown in earlier experiments on
0, molecules©8179, It should be noted, however, that such exper-
iments are at the current frontier of what is technically achiev-
able. Coincident measurement of multiple ions and electrons un-
der typical XFEL conditions remains a very challenging task. The
effective repetition rates available, for example, at the European
XFEL are in the range of approximately 500 Hz, and (as indi-
cated above) typically only subsets of the recorded data can be
employed for the extraction of PA-MFPADs. This has strong im-
plications on the statistics that needs to be recorded. In addition,
to observe the features of the roaming particles these MFPADs
need to be measured in three dimensions. In earlier work, it was
sufficient to measure the electron emission angle relative to the
molecular axis, which relaxed the requirements with respect to
recorded statistics drastically.

5 Conclusions

We have presented a theoretical study of the fragmentation dy-
namics of doubly ionized methanol molecules in the gas phase,
with emphasis on channels involving emission of atomic and
molecular hydrogen. We have systematically explored the cor-
responding potential energy surfaces, performed molecular dy-
namics (MD) simulations, and described time- and momentum-
resolved photoelectron diffraction (TMR-PED) as would be ob-
served in (attosecond) X-ray pump / X-ray probe experiments.
Since the generation of two X-ray pulses of different photon en-
ergy and pulse durations in the order of several 100 as has been
demonstrated recently at FEL facilities such as LCLSZ! and Eu-
XFELZ2 the realization of the suggested studies would be pos-
sible and the related experiments are expected to highlight the
performances of this new operation modes of X-ray free-electron
lasers. The calculated polarization-averaged molecular-frame
photoelectron angular distributions (PA-MFPADs) exhibit the sig-
nature of hydrogen dynamics in the form of moving features
that evolve in the few-femtosecond time scale and allow for a
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straightforward visualization in real space. The theoretical re-
sults are supported by two experiments, which confirm the con-
ceptual feasibility of the proposed approach. Measuring TMR-
PED has in principle become feasible by using X-ray free-electron
laser pulses, which are now available with sufficiently high rep-
etition rate and ultrashort duration (few fs down to sub-fs).
Along this line, first electron-ion coincidence measurements have
emerged recently®70 which combined such XFEL-generated
light pulses with multi-coincidence detection techniques (such as
COLTRIMS). We therefore expect that TMR-PED will provide un-
precedented insight on hydrogen-migration processes in the very
near future.
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