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Shaokui Jia, Jiaqi Zhou,” Chenkai Zhang ®, Tao Yang,T Jianzhi Xu®, Xiaorui Xue,
Xintai Hao, Qingrui Zeng, and Xueguang Ren ®*
MOE Key Laboratory for Nonequilibrium Synthesis and Modulation of Condensed Matter,
School of Physics, Xi’an Jiaotong University, Xi’an 710049, China

® (Received 25 February 2024; accepted 8 May 2024; published 22 May 2024)

We report the fragmentation dynamics of double ionization of tetrahydrofuran (THF) induced by electron
impact (Ey = 200 eV). Using a multiparticle coincidence momentum spectrometer, the hydrogen molecule (H,)
production channel, i.e., double ionization and fragmentation of THF** — H, + C;Hs* + CHO™, is observed
and identified using an ion-ion coincidence map and the correlated projectile energy-loss spectrum. The mea-
sured kinetic energy release, combined with ab initio molecular-dynamics simulations and high-level potential
energy surface (PES) calculations, reveals the detailed fragmentation dynamics of the H, production channel.
From the measured energy-loss spectrum, we determine the initial ionization mechanism of the fragmentation
channel as a double-ionization excited state (3.3 eV above the ground state). The PES calculations reveal several
H, formation pathways, which are all below the energy of the excited state and hence can proceed barrierless.
We find that the H, formation and ejection occur on an ultrafast timescale (approximately 50 fs), which is
followed by ring opening via the C—O bond cleavage and ultimate Coulomb explosion. The present observation
of the state-resolved fragmentation mechanism and dynamics is expected to provide valuable insights into the
formation process of hydrogen molecules in the interstellar medium, as well as hydrogen storage and production.
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I. INTRODUCTION

Ionization and fragmentation of molecules induced by
high-energy radiation and electron and ion impact are funda-
mental physical phenomena. The breaking and rearrangement
of chemical bonds during fragmentation processes can lead to
the formation of unexpected fragments, which holds signifi-
cant implications for our understanding of the origins of many
noteworthy molecules. For instance, the interest in the hydro-
gen molecule (H;) has been rewarded due to its significance in
the interstellar medium (ISM) [1] and clean energy resources
[2]. Hydrogen molecules are produced typically through two
pathways: One involves the collision and combination of two
neutral hydrogen atoms and the other entails the dehydrogena-
tion reaction of hydrogen-rich molecules. In the latter case,
two or even more chemical bonds binding hydrogen atoms are
broken and a new chemical bond is formed between two hy-
drogen atoms. This poses substantial challenges for studying
the dynamic aspects of hydrogen molecule formation.

In recent years, advancements in experimental techniques
have enabled comprehensive characterization of H, forma-
tion dynamics through kinematically complete experiments,
in which the three-dimensional (3D) momentum vectors of
all-final-state products are determined. This has allowed for
the study of H, formation and roaming mechanisms in many
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hydrogen-rich molecules. The H, molecule formed by molec-
ular isomerization (e.g., hydrogen migration) can roam around
the remaining molecular moiety and capture a proton to form
H;* [3-7]. In parallel with proton capture, electron trans-
fer between H, and the remaining fragment forms the Hp™
ion, known as the inverse harpoon mechanism [8—10]. Pump-
probe experiments show that these processes proceed on an
ultrafast femtosecond timescale [6,8—10]. As the hydrogen
molecule acquires high kinetic energy during the dissocia-
tion process, the shallow potential barrier cannot confine it,
resulting in the failure of roaming and the dissociation of the
hydrogen molecule [11-18]. However, our understanding of
neutral H, formation mechanisms including the initial elec-
tronic states, key transition states, and dissociation dynamics
remains incomplete.

In this work we report the formation mechanism and
dynamics of the H, molecule in doubly ionized tetrahydro-
furan (THF) (C4HgO) induced by electron impact. The THF
molecule is a hydrogen-rich five-membered ring molecule
featuring one oxygen heteroatom and four (CH;) units, which
also serves as a crucial analog to the DNA backbone. In light
of its significance in biochemistry, THF has been studied
intensively as a prototypal system for the sugar-ring struc-
ture in DNA, particularly in investigations of the ionization
and subsequent fragmentation dynamics using electron im-
pact [19-30], carbon ion collision [31], and light radiation
[32-34]. The abundant H atoms in the THF molecule also
provide the prerequisites and advantages for the generation
of H, molecules. Here we identify the H, molecule pro-
duction channel H, + C3Hs" + CHO™ using a multiparticle
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coincidence momentum spectrometer. Two product ions and
one electron are measured in triple coincidence and the 3D
momentum vector of each particle is determined. Conse-
quently, the projectile energy-loss Ejos spectrum and kinetic
energy release (KER) spectrum are obtained, which enable
us to reveal the ionization and fragmentation details of the
H, formation channel. Through the combination of the ab
initio molecular-dynamics (AIMD) simulations and potential
energy surface (PES) calculations, the molecular hydrogen
formation channel is revealed to proceed via H, formation
and ejection on an ultrafast timescale (approximately 50 fs),
followed by the ring opening via the C—O bond cleavage, and
Coulomb explosion for formation of the final ionic fragments
(C3Hs™ + CHO™).

II. EXPERIMENTAL METHODS

The experiment is performed using a multiparticle coin-
cidence momentum imaging spectrometer (reaction micro-
scope), which was introduced comprehensively in previous
studies [35-38]. In general, a pulsed electron beam crosses
perpendicularly a supersonic cold gas jet, and the final-state
electrons and ions produced in the collision process are
extracted separately to two position- and time-sensitive detec-
tors. The projectile electron is produced by a photoemission
electron gun equipped with a tantalum photocathode that is
irradiated by UV-light pulses (A = 266 nm, At = 0.5 ns). The
THF vapor carried by helium gas (1 bar) undergoes super-
sonic expansion into the reaction chamber and intersects the
electron beam. A homogeneous electric field (approximately
1 V/cm) and magnetic field (approximately 7 G) guide the
electrons onto microchannel plate detectors with delay-line
position readout. The scattered electrons at small scattering
angles in the near forward direction can be detected com-
pletely [38]. Since the fragment ions carry typically higher
momenta, achieving 47 collection of ions requires a higher
electric field (approximately 25 V/cm). This is obtained
through a pulsed-field generator after the electron extrac-
tion. Two-dimensional positions and times of flight (TOFs)
of charged particles can be recorded in the list mode during
the experiments. Finally, the initial momentum vectors, and
consequently the kinetic energies of the electrons and ions,
are reconstructed in the offline analysis.

III. THEORETICAL CALCULATIONS

To understand the fragmentation dynamics of the THF**

dication, we performed AIMD simulations by using the ex-
tended Lagrangian molecular-dynamics scheme adopting the
so-called atom-centered density-matrix propagation method
[39—41]. This method enables the extended Lagrangian ap-
proach to molecular dynamics with accurate long-term energy
conservation using Gaussian basis functions and propagating
the density matrix, which were calculated with the B3LYP/cc-
pVDZ method. Each step was set to 0.5 fs with a total
simulation time of 1.0 ps. Initially, the molecular geometries
and velocities of each atom in the neutral THF were sampled
using the quasiclassical fixed normal-mode sampling method.
This process was conducted at a temperature of approximately
30 K, where the populations of the initial rovibrational states

were determined based on Boltzmann distributions. In the
simulations, we induced the Coulomb explosion of the elec-
tronically excited state of THF*" by introducing an internal
energy of 0.3 hartree into the electronic ground state of the
system. This approach provides an approximate consideration
of the electronically excited state in our calculations [42]. The
surplus excited energy undergoes conversion into the vibra-
tional energy of the molecule through rapid internal processes,
ultimately leading to dissociation.

To elucidate the PES of the dissociation channels, the
intermediate states and transition states (TSs) encountered
in the channels were calculated using a B3LYP functional
and an aug-cc-pVTZ basis set. Frequency calculations were
carried out at the same level of theory to confirm that all the
optimized structures are local minima for intermediate states
or have one (and only one) imaginary frequency for TSs. The
reaction path connections between intermediate and transi-
tion states were further confirmed by the intrinsic reaction
coordinate calculations [43]. For a comprehensive evaluation
of the energy of every intermediate state, single-point-energy
calculations using the coupled-cluster with single and double
and perturbative triple excitations method with the basis set
aug-cc-pVTZ were performed using B3LYP-aug-cc-pVTZ
optimized geometries. The reported energies here have been
corrected by the zero-point-energy calculations at the B3LYP—
aug-cc-pVTZ level. All the above PES calculations and AIMD
simulations were conducted using a GAUSSIAN package [44].
There are two conformers for the THF molecule, C, (twisted)
and C; (envelope). The C, conformer is most stable and
predominant for the target THF molecule under the current
experimental condition [30]. Thus, the following discussion
focuses on the C, symmetry of THF.

IV. RESULTS AND DISCUSSION

The reaction channels in electron-impact ionization of THF
are identified by the TOF correlation map between two de-
tected fragment ions, as shown in Fig. 1. The mass-to-charge
ratios corresponding to the TOF at the centers of coincidence
lines are used to identify the ion species in the reaction chan-
nels. Simultaneously, a native frame method is employed to
determine the reaction channels and to further eliminate the
effects of overlaps from the other dissociation channels [45].
Two sharp coincidence lines are created by the typical two-
body Coulomb explosion (CE) channels of CoHy™ + CoH,O"
and CH,O" + C3Hg™, respectively. The shapes of coinci-
dence lines originate from the back-to-back emission of two
fragments with equal momentum magnitudes. The Hj-loss
H, (or 2H) + C3Hs™ + CHO" and 3H-loss 3H + C3H,* +
CHO™ channels have also been observed in the experiment.
The broad correlation feature for the H,-loss channel is caused
by the missing momenta of the undetected neutral species.
Among all dissociation channels, the H, (or 2H) + C3Hs* +
CHO™ channel is attractive, as it involves the loss of two
hydrogen atoms and the dissociative mechanism is not clearly
defined. The two undetected hydrogen atoms are determined
to form molecular hydrogen H, through theoretical calcula-
tions, as detailed in the following discussion.

In our measurement, two fragment ions and one outgoing
electron are detected in coincidence. Thus, we can obtain the
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FIG. 1. Correlation of the time of flight of the two detected
ions. Several reaction channels from dissociation of the THF*" di-
cation can be identified, including the complete two-body Coulomb
explosion (C,Hy* 4+ C,H,O1 and CH,O" + C3Hg™), H-loss (H +
C3Hs™ + CH,0™"), H,-loss (H, + C3Hs™ + CHO™), and 3H-loss
(3H + C3H4 T 4+ CHO™) dissociation channels. The color bar is lin-
ear and represents the number of measured coincidence counts.

projectile energy-loss Ej.ss spectrum associated with the H,
formation channel, which allows us to determine the initial
ionization state of the dissociation process. The projectile
energy loss is defined as the incident projectile energy Ej
minus the scattered electron energy E; (Ejoss = Eo — E1). The
energy-loss spectrum of Hy + C3Hs™ + CHO™ channel is dis-
played in Fig. 2. The onset of the Ejo spectrum is determined
as approximately 30.8 eV (refer to the vertical dashed line
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FIG. 2. Projectile energy-loss spectrum for the H, formation
channel H, + C3Hs* + CHO™. The vertical dashed line represents
the onset of the H, formation channel.

in Fig. 2), which is lying above the double-ionization (DI)
threshold of THF (27.5 eV) [27]. This result indicates that
the H, formation channel is initiated when the THF*t di-
cation is populated in the excited state, elevated by 3.3 eV
compared to the ground state (ionization of two outermost
valence electrons). The attraction between the dipolar H, and
C4HgO** cation could lead to the formation of metastable
H, — C,HsO** complexes, in which the H, remains weakly
bound with the remaining cations. Thus, H, molecule ejection
cannot occur directly if the kinetic energy of H, is not high
enough to overcome the barrier. In this case, the roaming H;
molecule can capture a proton from the remaining moiety or
transfer an electron to it, leading to the formation of H3™ or
H,*, which has been discussed in previous studies [5,7,8].
The excess energy allows the dications to occupy high vibra-
tional states through internal energy conversion, facilitating
H, formation and fragmentation from the THF*" dication.

The DI excited states can be accessed by directly ioniz-
ing two outer-valence electrons or ionizing one inner-valence
electron followed by the Auger process. The inner-valence
molecular orbitals for the THF molecule, including 6a, 4b,
3b, 5a, and 4a, are feasible for triggering Auger processes,
whereas K-shell ionization is excluded in the present ex-
periment due to energy limitations of the incident electrons
(200 eV). Based on the reported binding energy spectrum and
measured Ejoss spectrum of THF [46—48], the initial electronic
state is deduced. The candidate inner-valence orbital, namely
4a, is mainly composed of C 2s and O 2s orbitals with energies
from 19.0 to 32.0 eV [20,27]. The ionization energy of the C
25~ state ranges from 19.0 to 24.6 eV, which lies below the
double-ionization threshold of THF (27.5 eV). The ionization
of the O 2s orbital shows a broad binding energy band located
at around 31.8 eV, suggesting that the removal of an O 2s
electron could lead to various ionization states lying above the
double-ionization threshold. Thus, the excited THF dication
can be formed by ionizing an O 2s electron, followed by
Auger decay with one outer-valence electron filling the inner-
valence hole and another outer-valence electron emitting from
the molecule.

The momentum vectors and corresponding kinetic ener-
gies of two charged particles C3Hs™ + CHO™ are determined
from the measured TOFs and positions of the particles hit-
ting the detectors. The momentum of the lost H, is derived
from the momenta of the two cations, ensuring the total
momentum conservation. The KER of the H, + C3Hs™ +
CHO™ channel is obtained and shown in Fig. 3(a), which
shows a single peak at about 5.0 eV. To further unveil the
details of molecular-dynamics evolution, we carried out the
AIMD simulations, which started by introducing an internal
energy into the ground state of the THF** dication. In the
calculations, out of 62 simulated trajectories, 40 resulted in
the H,*C3Hs* 4+ CHO™ channel without observation of the
H+ H + C3Hs" + CHO™ channel, indicating that the H, +
C3Hs* 4+ CHO™ channel is predominant in the dissociation
process. The simulated KER is obtained by summing the
kinetic energies of all products and the remaining Coulomb
potential energy of two ions considering the center-of-mass
distance. The calculated results from the AIMD simulations
are displayed in Fig. 3(a) for comparison. The calculated
KER values fall within the range of the experimental results,
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FIG. 3. (a) Experimental and simulated kinetic energy releases
of the H, + C3Hs™ + CHO™ channel. (b) Calculated fragment dis-
tances between H, and the remaining C,H¢O*" as a function of
time. (c) Calculated distances between C3Hs™ and CHO™" fragments
from the Coulomb explosion of C4HgO?** as a function of time.
The blue dashed (upper) and green dotted (lower) lines originate
from the same calculations, representing the H, ejection and ultimate
separation into a C3Hs™ 4+ CHO™ ion pair, respectively. The red solid
line represents a typical trajectory from the dynamical simulations,
which has a shorter time for H, ejection and Coulomb explosion.

while its peak position is lower and its distribution width is
narrower than the experimental results. The differences be-
tween calculated and experimental results can be attributed
to the approximate calculations, where the fragmentation of
excited states is approximated by introducing a quantified
internal energy in the electronic ground state. Molecular-
dynamics simulation methods capable of specifying excited
states, such as the complete active space self-consistent
field method [49], time-dependent density-functional theory
[50,51], and nonadiabatic dynamics methods (such as the
surface hopping model and dynamical surface Hamiltonian
model [52]) are expected to bridge the current discrepancies
between experimental and simulated results.

Figures 3(b) and 3(c) present the time-dependent frag-
mentation dynamics of the H, formation channel. The C-H,
distance (Rc_p,) represents the distance between the emitted
H, and the residual C4HgO?** dication, confirming that the
two dissociated hydrogen atoms combine to form molecular
hydrogen H,. The C-O distance (Rc—_o) in Fig. 3(c) illus-
trates the CE separation of C3Hs* and CHO™ fragments over
time. According to the AIMD results, the evolution of the
H, formation channel H, + C3Hs* + CHO™ can be described
as follows. In the first step, two hydrogen atoms, both from
the same or different carbon sites, combine to form a hydro-
gen molecule. Different from the H, roaming, the forming
H, molecule gains higher kinetic energy during the internal
energy conversion process of the excited-state dication. The
attraction between the H, molecule and the C4HgO*t ion
is insufficient to bind them, resulting in the rapid escape
of the H, molecule from the parent within roughly 50 fs.
Following the ejection of H,, the remaining five-membered-
ring C4HgO?* dication undergoes an immediate ring-opening
process via the C—O bonds breakage, forming a chainlike
structure resembling (OCCH,CH,CH, )2+, This chainlike di-
cation undergoes relaxation for approximately 300 fs and
eventually breaks apart into a C3Hs™ + CHO™ ion pair. The
Coulombic repulsion between C3Hs™ and CHO™ results in
a monotonic increase in the distance between the two ions
over time. Hydrogen migration occurs frequently during the
relaxation processes of C4HgO?** dication and C3Hs™ cation,
leading to structural rearrangements of these cations. Several
possible C3Hs™ structures, such as CH;CHCH', CH;CCH, ™,
and CH,CHCH, ™, have been observed in the calculated time
range (1000 fs).

To provide complementary information on the H, forma-
tion mechanisms and extend the results of the dynamical
simulations, we performed high-level ab initio calculations on
the PES of the THF?* dication. As shown in Fig. 4, three types
of H, formation pathways, following a scheme similar to that
for the AIMD simulations, have been identified. These path-
ways can be classified by identifying the carbon site sources of
H atoms in Hy, including both hydrogen atoms from the same
ortho-carbon C, of THF (named H,H, ), from two different
meta-carbons Cg of THF (named HgHp'), and from ortho- and
meta-carbons of THF (named H,Hg). The relative energies
and structures of reaction intermediates of three H, formation
pathways are displayed in Figs. 4(a)—4(c).

The reaction pathways along the PES are in good agree-
ment with the ab initio molecular-dynamics simulation results
presented in Fig. 3. Upon double ionization of the THF
molecule, the excited state of THF?*' can relax to the
lowest-energy state of THF>T, then rearrange significantly the
molecular structure involving hydrogen migration and ring
opening, and finally dissociate into H, + C3Hs+ + CHO™. In
the THF** dication, two hydrogen atoms originating from
either the same or different carbon sites combine to form a
H; molecule via a small barrier. Among the three pathways
in Figs. 4(a)—4(c), the barrier (approximately 0.37 eV) of H,
formation for the HgHg' pathway is lowest, where the H atom
initially connected at Cg: transfers to Cg. The H, molecule,
possessing sufficient energy, then escapes from the parent
ion and becomes a free neutral molecule. After H, ejection,
the remaining C4HgO*" dication forms a chain intermediate
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FIG. 4. Three possible reaction pathways with the selected transition states (TS) and intermediate states (IN) along the potential energy
surfaces including both hydrogen atoms from (a) the same ortho-carbon C, of THF (named H,H,), (b) two different meta-carbons Cg of
THF (named HgHy'), and (c) ortho- and meta-carbons of THF (named H,Hg). The ground state (GS) corresponds to the ionization of two
outermost valence electrons from THF. The population of the doubly ionized excited state (ES) initiates the H, formation channel studied here.
The lowest-energy state (LES) of THF>* is used as the reference point for energy calculations. The relative energies are given in eV. The three

pathways are different at the hydrogen sources of the ejected H,.

through a ring-opening process in which the C,—O bond is
broken. Here the H,H, and H,Hg pathways experience a
small barrier during the ring-opening process (approximately
0.50 eV), whereas the HgHg pathway has a slightly larger
barrier (approximately 1.0 eV). Subsequently, the breakage
of the C,—Cpg bond leads to the complete breakage of the
parent ions. Hydrogen migration occurs frequently with low
barriers during the fragmentation processes, like TS4, TS3,
and TS3 for HyH,, HgHg/, and H,Hg pathways, respectively.
This leads to the rearrangement of the molecular structure and

eventually the formation of two charged products C3Hs™ +
CHO™. The structures of all possible reaction intermediate-,
initial-, and final-state products, as well as the energy levels,
have been determined. The final product structures are iden-
tified as H,, CH,CHCH, ™", and HCO™. The highest barriers
of the rate-determining step of three H, formation pathways
are 2.67 eV (TS2) for H,H,, 2.03 eV (TS3) for HgHg/, and
1.54 eV (TS2) for H,Hg pathways, which mainly correspond
to H migration and C-O bonds breakage. The energy of all
intermediate states is lower than the energy of the initial
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double-ionization state (the excited state), which is 3.3 eV
higher than the dicationic ground state. This indicates that all
three reaction pathways can proceed without barriers, forming
the H,, C3Hs*, and CHO™ products. At the high excitation
energy, this specific channel is independent of the barrier of
the corresponding TS. Therefore, the three pathways should
not be in competition but rather collectively promote the H;
formation channel, potentially resulting in a broad distribution
of the KER spectrum.

V. CONCLUSION

In summary, we have investigated the electron-collision-
induced double ionization and subsequent dissociation of
the THF molecule by combining multiparticle coincidence
momentum measurements and ab initio calculations. The
H, formation channel H, 4+ C3Hs* + CHO' was clearly
defined, and the initial double-ionization state was deter-
mined by measuring the projectile energy-loss spectrum. The
H, formation channel could be accessed by populating the
double-ionization excited state with an energy 3.3 eV higher
than the ground state (ionization of two outermost valence
electrons). Further molecular-dynamics simulations indicated
that the H, formation and ejection occur on an ultrafast
timescale (approximately 50 fs), followed by the ring opening
via the C-O bond cleavage and the ultimate Coulomb ex-
plosion. The PES calculations revealed several H, formation
pathways, which are below the energy of the excited state and
hence can proceed without barriers.

Since H; is the smallest and the most abundant inter-
stellar molecule, its formation mechanism is of particular
interest. The H, formation dynamics presented in this work
can provide references to build accurate and realistic models
for explaining the observed H, abundances in the diffuse
ISM. Moreover, H, has been regarded as one of the ideal
energy sources due to its carbon-free solutions [53]. However,
the utilization of hydrogen to build a clean and sustain-
able energy system is constrained by key challenges in
production and storage technologies [54]. Alicyclic com-
pounds like THF, serving as liquid organic hydrogen carriers
with high H content, present a promising method to store
and produce H; [55]. Through the state-selective ionization
techniques, it is possible to overcome the high-temperature
requirement and reaction enthalpy for dehydrogenation of
neutral molecules, thus providing a potential application for
H, generation [56]. Our result are expected to stimulate the
emergence of advanced technologies to realize efficient H,
production.
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