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The H,-H, molecular dimer is of fundamental importance in the study
of chemical interactions because of its unique bonding properties and

its ability to model more complex systems. The trihydrogen cation H,"
isalso akey intermediate in a range of chemical processesininterstellar
environments, such as the formation of various organic molecules and early
stars. However, the unexpected high abundance of H,"in molecular clouds
remains challenging to explain. Here using near-infrared, femtosecond laser
pulses and coincidence momentum imaging, we find that the dominant
channel after photoionization of a deuterium molecular dimer (D,-D,)

is the ejection of a deuterium atom within a few hundred femtoseconds,

leading to the formation of D;". The formation mechanism is supported and
well-reproduced by ab initio molecular dynamics simulations. This pathway
of D;" formation from ultracold D,-D, gas may provide insights into the high

abundance of H;" in the interstellar medium.

The trihydrogen cation (H;"), structured by three protons and two
electrons, isone of the most abundant molecularionsin the universe.
Asaprotondonor, H;" initiates most chemical reactions ininterstellar
space, making substantial contributions to the formation of almost all
molecules' . H;" can also cool the condensing gases in interstellar
clouds and therefore plays a vital role in the formation of stars. Follow-
ing ionization of interstellar H, by cosmic rays, the subsequention-
moleculereaction (H, + H," — H;" + H)is considered to be the main
pathway of H;* productionin theinterstellar medium.In1996 and 1998,
H,"was detected in dense* and in diffuse interstellar molecular clouds’.
Surprisingly, the detected H," column density in diffused cloudsis a
few orders of magnitude higher than the expected value derived from
amodel that considers the production and destruction rates of H;" in
those diffused clouds'. Thisis known as the H,* problem, and the enigma
of the pervasive H;" in the interstellar medium has been challenging
to understand.

When first discovered by J.J. Thomson with a prototypic mass
spectrometer in 1911°, H,* was produced in an electrical discharge in
H,gas viatheion-moleculereaction betweenH," and H, (ref 7). H;" can
also be produced by doubly ionizing small organic molecules using

electron- orion-impactionization®* or photoionization with intense

laser fields®*'*. This formation mechanism has been attributed toH,
roaming, and the timescale of the process has beeninvestigated>'$,
Recently, the formation of H;* from nanoparticle-adsorbed water
molecules has been observed®.

As the most abundant element in the universe, huge amounts
of atomic hydrogen exist in our galaxy in warm (10°-10* K) and cool
(50-100 K) regions, while cold (10-30 K) regions are considered to
be dominated by dense clouds of molecular hydrogen®. The pres-
ence of H, in these clouds has been attributed to the catalytic action
of dust particles*. The same mechanism could allow the formation
of H, dimers. H, dimers, with an actual binding energy of -3 cm™, are
among the most weakly bound dimers in nature. H, dimers are thus
elusive to spectroscopic detection, yet they have been found in the
upper atmospheres of Jupiter and Saturn®,

Inthis Article, we propose a pathway of H,* formation under labo-
ratory conditions, which proceeds through single ionization of an H,
dimer (H,-H,) and a subsequent proton transfer processin the dimer.
Throughout this work, deuterium molecules (D,) are used in calcula-
tionsand experiments. This choice is made for experimental reasons:
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Fig.1| PES and trajectory simulations. a, Calculated PES of aD, dimer and

the schematic pathway of D, formation. The calculated PES indicates that
D,-D,"is not a stable molecularion and it will continue dissociatingintoa D;"
and a deuterium atom. b, Simulation results of the time-dependent distance
between D;" and D for a T-shaped (top) and a parallel-aligned (middle) D, dimer,
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and simulated trajectories (centre-of-mass distance between D;*and D) of D;*
formation for 892 D, dimer cations (bottom). The simulations display the real-
time trajectories of D,-D, dissociation after single ionization. These results show
that D;" formation from D,-D, is an efficient pathway.

by measuring D;" instead of H;", we can avoid the ambiguity of the H;"
mass spectrum peak with the ever-present contaminant HD*. Moreover,
having the exact same electronic structure, D,-D, only differs from
H,-H, in the reduced speed of the nuclear dynamics, making it also
more amenable for our pump-probe scheme.

Results and discussion

Potential energy surface of D,-D,

We first calculated the potential energy surface (PES) of D,-D,.
Figure 1a shows the coordinates R, and R,, which represent the
centre-of-mass distance between one D, molecule and a deuteron of
the other D, molecule, and the internuclear distance of the other D,
molecule, respectively. Point A on the lower PES shows the stationary
point (equilibrium geometry) of the ground state of D,-D,. When an
electronis removed, the molecular dimer is projected onto the ground
state of D,-D," and moves along the pathway marked by the yellow
line. The D,-D," ground state has an energy minimum (point B) with
apotential energy barrier of ~0.25 eV (details are provided in Supple-
mentary Section 1), which is lower than the potential energy of the
Franck-Condonregion. Therefore, D,-D," isnotastable molecularion
and dissociatesintoaD,"ion and a deuterium atom (point C).

Trajectory simulation

With the knowledge of this possible pathway, we carried out an ab ini-
tio molecular dynamics simulation to extract the temporal informa-
tion of the D;" formation. One thousand trajectories were simulated,
and 892 of these led to D;" formation. Figure 1b shows the simulated
centre-of-mass distance between D, and D as a function of time. In
the top two panels of Fig. 1b we show two typical trajectories for the
T-shape and parallel-aligned D, dimer. These two trajectories start from
their respective equilibrium geometries without any initial internal
energy. For ionization of a T-shape dimer, the D, moves towards the
D, and a deuteron is attracted by the D,. At 100 fs, three deuterons
start bonding together, while all four deuterons are still close to each
other. The produced D, and D separate after 170 fs, asindicated by the
trajectory in the top panel of Fig. 1b. For a parallel-aligned dimer, the

formation process is the same as that of the T-shape dimer. However,
the formation time is about twice as long (Fig. 1b, middle panel). We
also simulated the formation process of D;" with the initial geometry of
an X-shaped D, dimer (Extended DataFig.1). The complete dynamics
of D;" formation for all three geometries of the dimer is provided in
Supplementary Videos 1-3. The bottom panel of Fig. 1b shows the simu-
lated time-dependent trajectories (centre-of-mass distance between
D,"and D) for the 892 dimer cations leading to D,".

For comparison, the simulation was also performed on H,
dimers. The time-dependent centre-of-mass distances for T-shaped,
parallel-aligned and X-shaped H, and D, dimers are shown in Extended
DataFig. 1. To estimate the branching ratio of H,* formation, we simu-
lated 593 trajectories of H,-H,". Of these, 493 ended up withthe H," + H
channel, as shown in Extended Data Fig. 2a. The obtained branching
ratio of 83.1% is close to that of the D;* (89.2%).

Experimental observation of D,* formation
Next, we turnto the experiment for the formation of trihydrogen cati-
ons from hydrogen molecular dimers using D,. The experiment was
performedina cold-target recoil-ion momentum spectroscopy (COL-
TRIMS) reaction microscope®. The D, dimers were preparedin a cold
molecular beam viasupersonic expansion of D, gas into a high-vacuum
(10™ mbar) chamber through a10-pmnozzle and a skimmer (Fig. 2a).
Details of the experimental set-up are provided in Methods.

The time-of-flight (TOF) spectrum of the photoions was measured.
As shown in Fig. 2b, the dominant peak is D,” (TOF = 2,250 ns), which
isproduced by singleionization of the D, moleculesinthe gasjet. The
multiple peaks centred at ~1,590 ns in the spectrum correspond to D*
ejected during dissociation of D,". The sharp peak at 1,950 ns is HD*
originating from the HD in the D, gas cylinder. Centred at -2,750 ns, a
broad peak with a mass-to-chargeratio of 6, corresponding toD;*, was
observed. This evidences the observation of D;* produced from D,-D,.

To investigate the breakup mechanism of D,-D,, the photoion-
photoion coincidence (PIPICO) spectrum was recorded (Fig. 3).
The sharp diagonal lines in this figure indicate that the first and
second ions originate from a two-body fragmentation of a molecule.
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Fig.2|Sketch of the experimental set-up and TOF spectra. a, The D, dimers
(D,-D,) are generated in the supersonic expansion of D, gas through a precooled
(60 K) nozzle and a skimmer. The dimers are ionized by 25-fs, 790-nm, circularly
polarized laser pulses. b, Measured TOF spectrum of the photoions. The blue,
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grey, black and red dashed lines specify the centre TOFs of D*, HD*, D," and
D" photoions, respectively. The observation of the D;* peak evidences D,*
production from D,-D,.
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Fig.3|Measured PIPICO spectrum. TOFs1and 2 refer to the measured TOFs
of the first and second photoions. The centre TOFs of D*, D," and D;" are shown
by blue, black and red dashed lines, respectively. The sharp diagonal lines show
that the first and second ions originate from dissociation of amolecule. The
coincidence measurement between D*and D,* confirms that the D;"ionis a
product of the breakup of a D,-D, dimer.

The centre TOFs of D*, D," and D," are marked with dashed lines for
better characterization of the coincidence between these photoions.
AsshowninFig. 3, besides the D" + D" correlation, whichindicates the
Coulomb explosion of D, molecules, we also observed D," + D," and
D"+ D;" correlations. These two channels originate from the double
ionizationand subsequent breakup of D, dimers. The correlation on the
PIPICO spectrum confirms this pathway of D, formation. We note that
the probability of doubleionizationis much smaller than that of single
ionization. Therefore, the yield of D* + D;" is much lower compared

to the yield of D;" that is produced from single ionization of D,-D,
(D,-D," > D;" + D). In this experiment, D,-D," was not observed in the
TOF spectrum. This agrees well with the simulation results: D,-D," is
not stable and will dissociate into D;*and D.

Dynamics of D;" formation

Is it possible to measure the timescale of the D,* formation process?
To answer this question, we designed a pump-probe experiment in
which the circularly polarized laser pulse (3 x 10 W cm™) serves as
the pump pulse, and a delayed, weak pulse (5 x 10 W cm™) with lin-
ear polarization was introduced as the probe. The circularly polar-
ized pump pulse triggers single ionization of D,-D, while minimizing
alignment-selective ionization. Furthermore, circular polarization
suppresses recollision-induced processes such as double ionization.
Note that the pump pulse removes anelectron viaamultiphotonioniza-
tion process. This suggests that the timescale of the dissociation may
be affected by vibrational excitation of the molecules in the dimer.
However, because the pulse duration of the pump and the probe (25 fs)
ismuchshorter than the vibrational period of the two D, molecules in
D,-D,(-921.4 fsfromthe calculation), the ionization occurs so quickly
that it can be considered a vertical ionization, which is analogous to
asingle-photonionization. Compared to the pump pulse, the linearly
polarized probe pulse is too weak to ionize D,~D,; however, it can work
asadisruptive pulse®®, which perturbs the intermediate D,-D," cation
either by dissociating or by secondary ionization and thereby probes
the dissociation dynamics.

Figure 4ashows the yield of D;" as a function of the pump-probe
delay for a time-delay range between 250 and 1,000 fs. The positive
and negative delays indicate that the pump pulse comes before and
after the probe pulse, respectively. When the delay is between -150 and
150 fs, the constructive interference between the two pulses produces
ahigher peakintensity. Thus, theionizationrate of D,-D, and thus the
yield of D;" peakin this time window. However, the yield of D;" increases
exponentially from 150 to 1,000 fs. The exponential shape can be
understood qualitatively by the following D;" formation dynamics:
when an electron is removed from a D,-D, at time zero, D,-D," starts
to dissociate. In the first 100 fs, the deuterons are still in the vicinity
of each other. The weak probe pulse can destroy the rearrangement
process and prevent the system from evolving to a D;" and a D atom.

Nature Chemistry | Volume 15 | September 2023 | 1224-1228

1226


http://www.nature.com/naturechemistry

Article

https://doi.org/10.1038/s41557-023-01231-z

a
9,000 - \
D3
)
c
3
o]
O
~ 7,000 -~
k)
Q2
S~
5,000 -
| . . .
0] 500 1,000
Time delay (fs)
[
30 [
D,"+D*
w
2
C
>
<)
LC 20
el
2
=
10 -
L L
0] 500 1,000

Time delay (fs)

Fig. 4 | Experimental results of the time-dependent yields for different
channels. a-c, Yield of D," (a), D," + D," (b) and D;* + D* (c) as a function of
pump-probe time delay (shaded area given by error bands). These error bands
are standard deviations (s.d.) of the corresponding number of counts at each
time delay. d, Experiment, calculation and fit curve of the time-dependent
D,"yield for the range between150 and 1,000 fs. The experimental data are
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presented as mean values *s.d. The box in a shows the yield of D, between

150 and 1,000 fs (outside the temporal overlap between the pump and probe
pulses). In this region, we fit the D," yield with agrowth function and extract the
formation time 7=330 + 55 fs. The time-dependent yields of different channels of
D,-D, dissociation indicate that chemical reactions between two D, molecules in
anisolated bimolecular system can be controlled by laser pulses.

However, when the D;" has already been formed at larger delays (that
is,>400 fs), the probe pulse is not sufficiently intense to interrupt this
process and thus the D," yield recovers as the delay increases. When
the weak probe pulse arrives first, it is not strong enough to ionize
D,-D,. The D,-D, ionized by the late-coming pump pulse leads to D,"
inany case. Therefore, no substantial time-dependentyield of D;* was
observed at negative delays.

Next, we investigate the ultrafast dissociation dynamics of the
double-ionization channels. We show the time-resolved yields of
D,'+D,"and D* + D,"in Fig. 4b,c, respectively. The D, + D," yield does
not show a distinct time-dependent variation outside the temporal
overlap (>150 fs). However, the yield of D* + D;* exhibits a maximum
around 200 fs, when theyield of the D + D;" channel is minimized.

Comparingtheyields of the two double-ionization channels with
the time-resolved D," yield, we find that the suppression of the D, " yield
within the first few hundred femtoseconds can be at least partially
explained with an enhanced yield of D;" + D*. However, in view of the
overalllow probability for double ionization (due to the low-intensity
probe pulse), a dissociation of the D,-D," into D* + D + D, via bond
softening® is probably the dominant pathway induced by the probe
pulse. This bond softening is caused by a very strong a.c. Stark shift of
the highly polarizable molecular ion. Details of the suppression of the
D,"yield are discussed in Supplementary Section 5.

We now compare our experimental results with the calculation.
For delay times smaller than 150 fs, the overlap of the pump and
probe pulses causes an enhanced yield in all channels. Hence, we con-
centrate our attention on the time window between150 and 1,000 fs.

In Fig. 4d the measured D;" yield, shown by blue circles, starts out
from a minimum and then grows to asymptotically recover to the
value at negative time delays. We fit the D," yield with the growth
function ¥(¢) = a(1- e ) +Y,, where a and Y, are the amplitude and
the offset of the D;" yield, and t is the formation time of D;". Using
this fit function, we extract the formation time 7=330 £ 55 fs. The
theoretical D;"yield (black line) was obtained by projecting the tra-
jectoriesinthebottom panel of Fig. 1b with a centre-of-mass distance
larger than 8.0 a.u. (4.2 A, which excludes most of the oscillation
structures) on the time-delay axis. To facilitate comparison with the
experimental data, the theoretical results were scaled accordingly.
As shown in Fig. 4d, the theoretical D;" yield is in good agreement
with the experimental data (blue circles) and the fit curve (orange
line). With the same method as for the calculation for D,-D,, we
also calculated and fitted the time-dependent yields of H;" from
single ionization of H,-H, as a function of time. The formation was
determined tobe 169.5 fs. These calculation results for H,dimers are
shown in Extended Data Fig. 3.

Conclusion

Inconclusion, we have demonstrated in both theory and experiment
that the trihydrogen cation can be produced via single ionization
of a hydrogen molecular dimer. Taking a different perspective, the
dimer represents a chemical reaction in waiting, which is triggered
by the arrival of theionizing pump pulse. Uponionization, the D,-D,"
begins the transition to D;* + D. The probe pulse modifies the PES,
leading the system away from the dominant reaction pathway. This
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is an example of the dynamic Stark control of a chemical reaction®.
The pump-probe experiment demonstrated that chemical reactions
onisolated bimolecular system can be controlled and steered by a
weak laser pulse.

Although H, dimers will not be subjected to intense laser pulses
ininterstellar space, the ionization dynamics can be expected to pro-
ceed very similarly for high-energy photons (cosmic rays) due to the
electronic simplicity of H,. Although the detection of H, dimersin the
interstellar medium is challenging due to their weak bond, the obser-
vation of H, dimers in the atmospheres of Jupiter and Saturn could
indicate that the contribution of hydrogen dimers to the formation
of H," has been neglected.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
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Methods

Ab initio molecular dynamics simulation

Abinitio molecular dynamics simulationis atechnique that allows for
the simulation of molecular systems and processes from first princi-
ples. The simulation was performed under the extended Lagrangian
molecular dynamics scheme in which the atom-centred density matrix
propagation (ADMP) approach and density functional theory (wb97xd/
aug-cc-pVDZ) were applied®* *. The details are described in Supplemen-
tary Sections 2 and 3, and only a brief introduction is provided here.
The initial molecular configuration, that is, the geometries and the
velocities of every atom of the D, dimer, were calculated by the Wigner
distribution, which traverses all possible regions on the PES of the D,
dimer. We assumed a vertical ionization from the neutral to cationic
state of the D, dimer, and the sampled geometry and velocity were used
for the initial configuration of the molecular dynamics simulation of
the cationicstate of the D, dimer. In the ADMP simulation, the fictitious
electron mass was 0.1 AMU, and the simulation time step was 0.5 fs. Due
to the low potential energy barrier of the D, dimer, the anharmonic
effect in the sampling cannot be ignored. By comparing the sampled
internuclear distance distribution and the ab initio potential energy
curve (Supplementary Section 3), we find that the anharmonicity of the
intermolecular potential leads to 7% of our trajectories to startinside
theinner classical turning point. The molecular dynamics simulation
showed that these eventsresultin the same dissociation limitand may
resultinashorter formation time for D;".

Experimental set-up

In the reaction microscope, the backing pressure of the nozzle was
3 bar,and the D, gasin the nozzle was precooled to 60 K. The molecular
beamintersects withafocused near-infrared laser beam (central wave-
length A =790 nm, pulse duration 7= 25fs, repetition rate f= 10 kHz),
where the ionization occurs. A static electric field (16 Vcm™) guides
the ions to a delay-line detector, which records the flight time and
impact position for every produced ion. This allows reconstruction
of the three-dimensional momenta and the kinetic energies for every
detected charged particle. In our experiment, circularly polarized
laser pulses with a peak intensity of 3 x 10" W cm™ are used to ionize
D, dimers. With this intensity and the very low gas density in the reac-
tionregion, the overall count rate of photoionsin the experiment was
below 0.2 ions per laser pulse, resulting in a high-quality coincidence
measurement.

Data availability

The data that support the findings of this study and the raw data
for all the figures have been uploaded to Figshare® at https://doi.
org/10.6084/m9.figshare.21509769. Source data are provided with
this paper.

Code availability
The code for the ab initio molecular dynamics simulation is available
fromthe corresponding author upon reasonable request.
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Extended Data Fig.1| Comparisons of the simulated center of mass distance

as afunction of time for the H,and D, dimer. (a), (b), and (c) correspond to

the T-shape geometry, parallel geometry and X-shape geometry of the H,

(red curves) and D, (blue curves) dimers, respectively. The results show that

allinitial configurations lead to the formation of H," or D,". The molecule begins
todissociate once the trajectory shows alinear increase of the center of mass
distance as a function of time. These results indicate that the H, dimer dissociates
faster than the D, dimer.

Nature Chemistry


http://www.nature.com/naturechemistry

Article https://doi.org/10.1038/s41557-023-01231-z

5 : < 0
0 100 200 300 400 500
Time (fs)

Extended DataFig. 2| Simulated trajectories of H;' formation as a function of time. The simulated center of mass distance of H," + H is shown for 493 trajectories,
outofatotal of 593 simulated trajectories for H,~H,. The branching ratio for this channel is 83.1%, which is very close to that of the D;" + D channel (89.2%).
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Extended DataFig. 3| Simulated time-dependent H;" yield. The simulated data whereaand Y, represent the amplitude and the offset of the H," yield, respectively,
is obtained by projecting the trajectories with a center-of-mass distance larger and tis the formation time of H,". By using this fit function, we find the formation
than 4.2 A onto the time axis, which excludes most of the oscillation structures. The time of H;"is169.5fs.

red curve represents afit to the data using the growth function Y(t) =a(l-e /") +Y,,
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