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ABSTRACT: The simplest molecular dimer, H,-H,, poses a challenge to both
experiment and theory as a system with a multidimensional energy surface that supports
only a single weakly bound quantum state. Here, we provide a direct experimental
image of the structure of hydrogen dimers [(H,),, H,-D,, and (D,),] obtained via
femtosecond laser-induced Coulomb explosion imaging. Our results indicate that
hydrogen dimers are not restricted to a particular geometry but rather occur as a
mixture of all possible configurations. The measured intermolecular distance
distributions were used to deduce the isotropic intermolecular potential as well as
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the binding energies of the dimers.

he hydrogen molecule (H,) and the helium atom (He)
are the two simplest, two-electron systems that have
attracted an enormous amount of attention of the research
community over the past few decades. Despite being very
weakly polarizable, both species can form clusters under
sufficiently cold conditions. The smallest clusters, dimers
(consisting of either two hydrogen molecules or two helium
atoms), are very fragile and support only one vibrational bound
state.'~'® The helium dimer, which has a tiny binding energy
(Epina) of only 1.7 mK, has a wave function that 80% resides in
the classically forbidden tunneling region and, thus, belongs to
a class of systems categorized as quantum halos."” In contrast,
the hydrogen dimer is known to be more tightly bound (Ey;,q =
3—4 K). Theoretical work on the interaction between two
hydrogen molecules started in the early 1940s'°™'® and was
motivated by the fundamental nature of the hydrogen dimer.
Ab initio studies of such systems are, however, rather
challenging, because they require an accuracy of approximately
1 K in the calculation of the potential energy surfaces (PES),
implying the use of large basis sets with dispersive wave
functions and time-consuming quantum chemistry methods
such as the coupled-cluster technique. Additional complexity
arises from the multidimensionality of the problem.'”"""” One
of the fundamental questions is still a matter of dispute,
whether the interaction between two hydrogen molecules in
the dimer is of a dispersive or electrostatic nature.”’
Theoretically, the six-dimensional PES of the hydrogen
dimer comprises several local minima and transition points.
They correspond to different geometrical structures such as
parallel (H-shaped), perpendicular (X-shaped), linear (L-
shaped), slipped-parallel or rhombohedral (Z-shaped), and
T-shaped (see Figure 1 for the schematic).”'>'***~** Among
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these, the T and Z configurations are predicted to be the most
stable, whereas the L-shaped configuration is the least stable.”’
Specifically, the Z configuration is a transition-state structure
between two T structures [T, and T, for heterodimers (cf.
Figure 1)] with a very low potential barrier.'”*’ These
structures, however, cannot be considered as different
conformers in a common sense, i.e., being related to different
quantum states, because the intermolecular potential of the
hydrogen dimer supports only one single bound state and the
energy of this state is higher than the barriers separating the
various potential minima. Nevertheless, the six-dimensional
probability density should reflect the differences in the
potential energies among different structures.

With respect to experimental work, Watanabe and Welsh
reported on the laboratory-based spectroscopic evidence of
bound states of the hydrogen dimer in the early 1960s.'
Subsequent studies, employing infrared spectroscopy, were
conducted by McKellar and co-workers.”**** They allowed
identification of the presence of the hydrogen dimer in the
atmospheres of Jupiter and Saturn.”® Recently, the hydrogen
dimer was found on the other giant planets of our solar
system.27

The intermolecular potential of the hydrogen dimers has
been mainly addressed by measuring the differential”*~*° and
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Figure 1. (a) Definition of the hydrogen dimer structure. 6, (0° < 6, < 90°) and 8, (0° < 0, < 180°) are the angles with respect to the dimer axis.
@ (—90° < @ < 90°) is the azimuthal (or torsional) angle between the two monomers (all of the angles are in degrees). Here, d, and ds, are the
bond lengths of the first and second monomer, respectively, and R is the intermolecular distance. (b—g) Schematics of different possible geometries
of the dimer: (b) parallel (H-shaped), (c) perpendicular (X-shaped), (d) linear (L-shaped), (e) slipped-parallel (Z-shaped), (f) T,-shaped, and (g)

T,-shaped. These T, and T, configurations are especially important for the heterodimer, like H,-D,. H, perpendicular to R is termed T, while H,
parallel to R is termed T,.
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Figure 2. (a) Measured intermolecular distance distributions for (H,),, H,-D,, and (D,),. In panels b—d, black represents measured, blue and
green represent fitted simulations employing Morse (M) and Lennard-Jones (L-]) potentials, respectively, and red represents simulations using the
isotropic potential from Buck et al.>’ The intermolecular potentials are presented in panel e. Blue and green lines are fitted Morse and Lennard-
Jones potentials yielding the distributions in panel d [for the fitted potentials of (H,), and H,-D,, see the Supporting Information]. Black dotted,
dashed, and dashed—dotted lines are the calculated isotropic, T structure, and H structure potentials, respectively, from Patkowski et al.”? Circles

and squares correspond to the calculated isotropic potentials from Hinde'' with H—H bond lengths of 0.74 and 0.9 A, respectively.

integral®’ > scattering cross sections in molecular beam
experiments. Being extremely sensitive to the repulsive part
of the potential, scattering experiments provide, however, less
information about the attractive region. In this study, we use a
completely different experimental approach to reveal the
intermolecular potential and geometrical structures of the
hydrogen dimer. The approach is based on Coulomb explosion
imaging (CEI), which is implemented within a cold-target
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recoil-ion momentum spectroscopy (COLTRIMS) reaction
microscope.>**7*” CEl is a technique that offers the ability to
image an instantaneous structure of a single molecule. Thus, by
Coulomb-exploding a large number of molecules in the gas
phase, it allows the square of the wave function to be sampled
without having any beforehand knowledge of the sys-
tem, 1534

to obtain the corresponding potential energy surfaces by

38,3 . ..
39 Knowing the wave function, in turn, allows one
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inverting the Schrodinger equation.”” The applicability of CEI
to “floppy” van der Waals systems was discussed decades ago
by Vager et al.*” for accelerator-based CEI of molecular ions.
Neutral species can today be Coulomb-exploded by stripping
of the electrons by short and strong laser pulses.">”**'

Our study mainly concentrates on the H,-D, heterodimer
and partially on the (H,), and (D,), homodimers. We chose
this mixed dimer system for a practical reason: the CEI of a
symmetric system like (H,), and (D,), is technically
challenging as such systems consist of four equal particles,
which makes the interpretation of the acquired momentum
space data more complicated. Therefore, the use of H,-D,
makes the analysis and understanding of the experimental data
much more straightforward and unambiguous. Additionally,
the knowledge acquired from the H,-D, study helps us to
analyze the fragmentation of the (D,), system, which is
discussed in the Supporting Information. For the (H,), dimer,
only two-body fragmentation has been considered.

First, we produce the hydrogen dimers by means of a
supersonic expansion of a 50:50 mixture of normal-H, (a 3:1
ortho:para ratio) and normal-D, (a 2:1 ortho:para ratio)
through a 5 um nozzle. The nozzle is precooled to a
temperature of 35 K. The dimer yield is optimized by
adjusting the nozzle pressure to 1.3 bar. We use the matter—
wave diffraction technique to obtain a pure H,-D, and (D,),
beam from the mixture of all monomers and higher clusters
occurring in the supersonic gas jet.'”*>* In brief, due to the
mass difference, different dimers, which all travel with the same
velocity in the gas jet, can be spatially separated, as the
diffraction angle depends on their de Broglie wavelengths. The
(H,), dimer cannot be separated by this approach as the mass
of (H,), is the same as that of D,. Therefore, the (H,), dimer
has been measured in a separate experiment under the same
experimental conditions. We use circularly polarized 30 fs laser
pulses with a central wavelength of 780 nm and a repetition
rate of 8 kHz for ionization of the dimers. The peak intensity of
the laser field (I,) is estimated to be ~2 X 10" W/cm? The
intensity is chosen such that ionization mostly happens within
the rising edge of the laser pulse.** By interacting with the laser
beam, the dimers are multiply ionized and, subsequently,
Coulomb-exploded. The three-dimensional momenta of all
singly charged ions upon breakup of a single dimer have been
measured in coincidence using COLTRIMS.”™*” We use a
homogeneous electric field of 19.5 V/cm to guide the ions
onto a time- and position-sensitive detector with hexagonal
delay-line position readout.*

The intermolecular distance distribution of the hydrogen
dimers is retrieved from the two-body fragmentation channels:
(Hy),” = H,' + Hy', (D,),” = D," + D,", and (Hy-D,)*" —
H,* + D," (Figure 2a). In all cases, the ionization and
fragmentation happen very fast compared to any intermolec-
ular motion. Therefore, the kinetic energy of two molecular
ions [kinetic energy release (KER)] acquired upon Coulomb
explosion of the dimer is equal to the initial potential energy 1/
R (in atomic units). Thus, by measuring the KER, one can
deduce the intermolecular distance (R) at the instant of
ionization. Repeating such measurements on many individual
dimers provides the intermolecular distance distribution (or
the effective isotropic one-dimensional squared wave function)
of the hydrogen dimers. The distributions yield mean
intermolecular distances of 4.93, 4.39, and 4.15 A for (H,),,
H,-D,, and (D,),, respectively.
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We used several types of anal7ytical potentials, namely,
Morse,*® Lennard-Jones (“12-6”),"” and Buckingham (“exp-
6”),"® to reproduce the experimental intermolecular distance
distributions. These distributions were obtained by solving the
time-independent one-dimensional Schrddinger equation
numerically using the Numerov algorithm. The potential
parameters were optimized by fitting the simulated inter-
molecular distributions to the measured ones. The resulting
“best-fit” potentials, as well as the corresponding probability
distributions, are shown in Figure 2b—e. The optimized
potential parameters are listed in Table 1. All of the potentials

Table 1. Potential Parameters, Corresponding )* Values,
and Binding Energies of (H,),, H,-D,, and (D,),"

Vain (K) Ry (A)  Byg (K)
H,H,
Buck et al,*” iso 339 3.44 - -
Patkowski et al,'? iso 35.45 3.46 - -
Patkowski et al,'’ T structure 57.12 3.35 - -
Patkowski et al.,'” Z structure 52.94 3.38 - -
Patkowski et al,'® H structure 19.36 3.56 - -
H,-H,, This Work
Morse 43(2) 3.50(2)  4.4(2) 74.1
Buckingham (“exp-6”) 47(3) 3.40(3) 5.4(2) 148.1
Lennard-Jones (“12-6”) 42(1) 343(2) 58(2) 2013
H,-D,, This Work
Morse 49(6) 3.47(5) 8(2) 57.9
Buckingham (“exp-6”) 52(9) 3.42(7) 10(2) 66.0
Lennard-Jones (“12-6”) 47(3) 3.45(3) 11(2) 73.0
D,-D,, This Work
Morse 46(3)  349(3)  11(2) 37.8
Buckingham (“exp-6”) 49(3) 3.46(4) 14(2) 47.5
Lennard-Jones (“12-6”) 48(2) 3.49(2) 16(2) 59.3

“The uncertainties of the fitted parameters are shown in parentheses.

can accurately reproduce the measured intermolecular distance
distributions, but the Morse potential results in the lowest y*
deviation. For comparison, we show also the isotropic potential
obtained by Buck et al.’® with the corresponding I¥(R)I*
distributions of the dimers (Figure 2b—d, red). As one can see,
the Buck potential yields intermolecular distance distributions
that are generally broader than the measured ones, indicating
the lower depth and broader width of the Buck potential.
Because our approach relies on the measured intermolecular
distance distribution, the obtained potentials are only relevant
in the region of intermolecular distances covered by this
distribution, i.e., in the region of the potential well. The
repulsive part of the intermolecular potential should be much
more accurate in Buck’s potential, which was derived by fitting
scattering cross sections.

The “best-fit” potentials found in this work are also deeper
than the theoretical isotropic potentials from Patkowski et al."”
(Figure 2e, black dotted line) and Hinde'' with the H-H
bond of 0.74 A (Figure 2e, circles). The obtained potential
well depths lie between the theoretical isotropic one and that
corresponding to the T structure (Figure 2e, dashed line). One
possible explanation for this might be as follows. The measured
one-dimensional intermolecular distance distribution, which is
used to obtain an effective isotropic one-dimensional potential
energy, is a projection of the full six-dimensional probability
distribution to the intermolecular coordinate R. The deeper
regions of the six-dimensional potential should yield higher

https://dx.doi.org/10.1021/acs.jpclett.0c00702
J. Phys. Chem. Lett. 2020, 11, 2457—2463
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Figure 3. Geometry of the dimer (for definition of angles, see Figure la). The top row shows the experimental results for H,-D,: angles in
coordinate space from numerical inversion of the measured momenta to the initial positions (see the text). The data are strongly influenced by the
selective ionization probability of the strong laser field (see the text and comparison with the bottom row). The bottom row shows the distribution
from the simulated Coulomb explosion starting with a random dimer geometry in coordinate space, including the weighting by the angular

dependence of the strong-field double ionization probability.

local probability density and, thus, have a larger contribution
(weighting) to the measured intermolecular distance distribu-
tion. In turn, the one-dimensional potential deduced from such
a distribution should be deeper than an unweighted isotropic
potential. In addition, the fitted simulation of the intermo-
lecular distance distribution provides the binding energies of
the dimers. In contrast to parameters such as the depth of the
potential well V,_; and the equilibrium intermolecular distance
Ry the binding energy depends strongly on the potential type
used in the simulation. For (H,), it ranges from 4.4 K
(Morse) to 5.8 K (Lennard-Jones). The bindings are
successively stronger in the case of H,-D, (8—11 K) and
(D,), (11-16 K) due to the higher reduced masses.
Furthermore, if we compare the distance distributions
presented here with those of other weakly bound dimers
such as Ne,, Ar,, and He,, some significant differences can be
observed. In the case of Ne, or Ar,, the internuclear distance
distributions are quite narrow and symmetric,”” while for He,,
the distribution is very broad and has a long tail spreading
toward larger distances."® The reason for this is that Ne, and
Ar, dimers are more tightly bound than are He, dimers, whose
ground state is located near the dissociation continuum,
resulting in tunneling of a large portion of its wave function
into the classically forbidden region. The hydrogen dimers’
distributions are between those of Ar, and He,, showing the
onset of the tail on the right. The tail in the distribution
becomes larger with a decrease in the reduced mass of the
dimer [from (D,), to (H,), (Figure 2a)] for two reasons. First,
as the lighter dimers have a higher zero-point vibrational
energy, the anharmonicity of the potential leads to an
asymmetric broadening of the intermolecular distribution.
Second, the lighter systems tunnel deeper into the classically
forbidden region, because the tunneling probability depends
on the mass and the barrier height (i.e., binding energy).">*
Moreover, to understand the three-dimensional (3D) spatial
distribution, we consider the four-body decay of quadruply
ionized dimers, (H,-D,)* — H" + H" + D* + D*. We
reconstruct the spatial geometry of each dimer from the
measured momenta by performing a numerical inversion of the
Coulomb explosion process (see the Supporting Information
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for the details). Though the reconstruction yields all six
internal coordinates of the dimer [d,,, ds,, R, 6;, 8,, and ®
(Figure 1a)], we consider only the angles, because they alone
are already sufficient for determination of the structure type.
Here, 0, (0° < 0, < 90°) and 6, (0° < 0, < 180°) are the
angles of the monomer axis with respect to the intermolecular
axis and @ (—90° < ® < 90°) is the dihedral angle.'”*’ In
Figure 3, we depict the two-dimensional distributions of cos 6,
versus @ for different cos 6, ranges. These distributions,
however, do not directly show the spatial distributions of the
unperturbed dimer. This is because the 4-fold ionization
probability in the laser field, in contrast to the 2-fold ionization
discussed above, depends on the spatial orientation of the
dimer with respect to the laser-polarization direction, resulting
in a preferred selection of certain dimer geometries during
CEL The main effect that causes this orientation-dependent
ionization rate is so-called enhanced ionization (EI).”® For a
diatomic molecule, the double ionization probability in a
strong laser field is enhanced by orders of magnitude for
particular internuclear distances when the electric field points
along the molecular axis and drops rapidly for other
orientations. Consequently, when two constituent monomers
of a dimer both lie within the polarization plane, the total
ionization probability is maximized. This condition is more
frequently satisfied for H, Z, and L structures than for T and
T, geometries. The nonplanar X structure has, thus, the lowest
ionization probability. To obtain information about the
unweighted populations of different dimer structures, we
performed a simulation of the 4-fold ionization of randomly
oriented dimers. For this, we used the measured angular
ionization dependencies of H, and D, molecules that were
measured within the same experiment. The simulated cos
0,—® distributions for different cos 6, ranges of random
structures (meaning all of the structures are equally probable)
are shown in the bottom row of Figure 3. The simulated
distributions resemble well the experimental ones (top row of
Figure 3), suggesting that all structures of the H,-D, dimer are
equally probable within our experimental resolution.

Another approach to eliminate orientation-dependent
ionization weighting is to consider only the dimers that lay

https://dx.doi.org/10.1021/acs.jpclett.0c00702
J. Phys. Chem. Lett. 2020, 11, 2457—2463
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Figure 4. (a) Experimental and simulated distribution of cos 6, for events where all momentum vectors are within the light’s polarization plane. For
the simulation, a random spatial geometry of the dimer was initialized. (b) Classification of spatial structures for events where all momentum
vectors are in the polarization plane of the circularly polarized laser pulse. The X structure is excluded by definition due to the planar geometry.
Additionally, the Z structures (6, ~ 6,) and some intermediate structures (various 6, and €, combinations) are not considered, which contribute to
missing ~40% of counts in the simulation. Error bars shown here correspond to the statistical errors of the data.

upon ionization in the polarization plane of the laser light. As
we use circularly polarized light, the ionization probability for
different dimer structures located within this plane should be
equal. This approach works, however, only for planar
geometries and, thus, cannot be applied to the X structure.
For this subset of the data, we show the one-dimensional
experimental cos 6, distribution in Figure 4a. The simulated
distribution for random structures (Figure 4a, red) shows good
resemblance to the experimental result, confirming the equal
presence of all considered structures. Despite low statistics, we
tried to assign the reconstructed dimer structures by gating on
different areas of the cos €,—cos 6, space. In this space, for
instance, the structure around cos €, ~ 0 and cos 6, = 0
corresponds to the H structure (6; &~ 90°, and 6, =~ 90°). The
corresponding distribution is shown in Figure 4b along with
that of randomly oriented dimers. This analysis also shows that
all H,-D, structures are equally probable in our experiment.

In summary, we applied laser-induced Coulomb explosion
imaging to study the structure and the intermolecular potential
of the hydrogen dimers. The Coulomb explosion resulting in
the four-body fragmentation reveals that, to a large extent, all
structures are equally possible, which is in line with the
statement of McKellar that “the dimers do not have a
meaningful molecular structure or geometry in the usual
sense”.” The two-body Coulomb explosion of the dimer yields
isotropic intermolecular distance distributions. A fitted
simulation of these distributions by solving the time-
independent Schrédinger equation provides the isotropic
intermolecular potential energy binding the two hydrogen
molecules. Because our approach relies on structural imaging,
the obtained potentials are only accurate in the regions of the
potential well, where the wave function is non-zero. Moreover,
in the case of multidimensional potential energy surfaces, the
resulting isotropic potentials are weighted by the probability
density. The isotropic potentials of the hydrogen dimers
obtained in this work are systematically deeper than those
obtained from theory and by molecular scattering experiments.
One possible explanation for this could be the population
weighting of the deeper potential regions, corresponding to T
and Z structures. We hope that these results will serve as a
benchmark for further theoretical studies.
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