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ABSTRACT: H;" is the smallest proton-bound dimer. As such, its potential
energy surface and spectroscopy are highly complex, with extreme
anharmonicity and vibrational state mixing; this system provides an important
benchmark for modern theoretical methods. Unfortunately, previous
measurements covered only the higher-frequency region of the infrared
spectrum. Here, spectra for Hy" and D" are extended to the mid- and far-IR,
where the fundamental of the proton stretch and its combinations with other

low-frequency vibrations are expected. Ions in a supersonic molecular beam

are mass-selected and studied with multiple-photon dissociation spectroscopy using the FELIX free electron laser. A transition at
379 cm™ is assigned tentatively to the fundamental of the proton stretch of H", and bands throughout the 300—2200 cm™
region are assigned to combinations of this mode with bending and torsional vibrations. Coupled vibrational calculations, using
ab initio potential and dipole moment surfaces, account for the highly anharmonic nature of these complexes.

SECTION: Spectroscopy, Photochemistry, and Excited States

mall hydrogen ions and their clusters have been seen for

many years in plasma and mass spectrometry environ-
ments.' > These fascinating ions are also believed to be present
in interstellar gas clouds, playing a vital role in the chemistry at
low temperature.“_7 H," was first observed over 100 years ago
by J. J. Thomson in hydrogen discharges.® Since then, this ion
has been studied extensively because of the low proton affinity
of H, and the consequent tendency of H;" to undergo proton-
transfer reactions.” '® Larger protonated hydrogen clusters
such as Hg* were also observed, and their chemistry has also
been documented."”>' The laboratory infrared spectrum of
H,* was reported by Oka and co-workers,”>** and subsequently
this ion was identified in numerous interstellar sources.”*>’
H," is the intermediate in the symmetric proton transfer from
H;" to H, and its deuterated analogues are proposed as
intermediates in deuterium fractionation reactions in the
interstellar medium."*™'7?%*” After much computational
study, H;", in its ground vibrational state, is recognized as a
symmetric (D,;) proton-bound dimer.”*™** Its potential has a
double minimum with limiting H;*—H, structures, but the
maximum of the zero-point density is located at the D, first-
order saddle point, giving rise to a symmetric structure with an
equally shared proton. Okumura, Yeh, and Lee (OYL) reported
the first IR spectroscopy for H* in the 3500—4000 cm™
region,*>*® but assignment of the bands was complicated by the
extreme anharmonicity of the system. More recently, Cheng et
al. used more efficient ion cooling and broader IR laser tuning
(20004500 cm™") to obtain improved data for Hs" and the
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first spectra for Dg".*” These spectra were assigned in
coordination with a full anharmonic potential and spectral
analysis. In the present Letter, these latter measurements are
extended for both H;" and D;" into the mid- and far-IR region
using the expanded frequency coverage of the FELIX free
electron laser.*®

The infrared spectrum of Hy" measured by OYL used mass
selection of the ion followed by laser photodissociation
measurements, detecting the yield of H;* ions resulting from
the elimination of H,.**® Three broad asymmetric bands in
the 3450—4150 cm™' region were assigned to vibrations
involving shared-proton and terminal H, stretching motions.
Our latest measurements used the expanded tuning range of
new IR-OPO lasers to cover the 2000—4500 cm ™ region.*” We
detected the bands seen originally by OYL, as well as an
additional feature at 2603 cm™'. Our spectra were the first for
Dy, producing several bands in the 2500—3200 cm™" region.*’
Using Diffusion Monte Carlo (DMC) and vibrational
configuration interaction [the “Reaction Path” version of the
code MULTIMODE (MM-RPH)] calculations, the spectra for
both H;* and D;* were assigned and found to be in good
agreement with the predicted spectrum, corresponding to the
D,; symmetry structure.*”
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The previous spectroscopy of H;" focused on the high-
frequency region of the infrared. Because the density of mass-
selected ions is too low for absorption spectroscopy, photo-
dissociation measurements were employed, which are most
effective at energies above the one-photon dissociation
threshold. Experimental dissociation energies of Hg" (to
eliminate H,) have been measured between 5.0 and 10.0
kcal/mol, (1750—3500 cm™"), with the most recent value at 6.9
kcal/mol (2415 cm™)."” DMC calculations find D, = 6.37 and
6.87 kcal/mol for Hg* and Ds* ions, respectively (2227 and
2402 cm™").2*** Our single-photon photodissociation experi-
ments found bands beginning just above these two predicted
thresholds, but none below, consistent with the DMC results.
To provide a more complete picture of the vibrational
dynamics in this prototype system, measurements are needed
at longer wavelengths. In the mid- and far-IR regions, the
fundamental of the proton stretch vibration and other low-lying
overtone and combination bands are predicted. Unfortunately,
spectroscopy at such low energies is extremely challenging
because of the limited coverage of available IR lasers and the
difficulty of detection schemes. Measurement of IR photo-
dissociation spectra below the bond-breaking threshold requires
either tagging with a so-called “messenger atom” (typically
neon or argon)‘w_53 or resonance-enhanced multiple-photon
dissociation (IR-MPD).**~¢ Tagging in a delicate system like
H;" is undesirable as the tag atom binding energy and mass
relative to the system would likely introduce significant
perturbations on the native vibrational structure. Multiple-
photon dissociation generally requires higher laser fluences
than those available from OPO sources, particularly in the
region below 2000 cm™'. Therefore, we have employed the
FELIX free electron laser,* located at the F.O.M. Laboratory
for Plasma Physics in Nieuwegein, The Netherlands, for these
experiments. This laser provides the tuning range in the mid-
and far-IR with the fluence required for IR-MPD measure-
ments.

The mass spectrum of the ions produced in this experiment
contains primarily protonated hydrogen clusters of the form
Hp' (n 2 1). As noted before,*” the intensities of these
peaks drop drastically after Hy". This is not surprising because
previously computed structures show that three hydrogen
molecules bind to a H;" core ion, with one on each corner
forming the first solvation shell.’**** Binding energies for
subsequent hydrogen molecules drop substantially after this
H,"(H,); shell closing,19 consistent with the computed
structures and with the mass spectrum.

Figure 1 shows the infrared photodissociation yield of mass-
selected Hs* from 300 to 2100 cm™' measured in the Hy" mass
channel corresponding to the loss of H, (top trace).
Remarkably, multiple-photon fragmentation occurs throughout
this region. At frequencies above 1114 cm™), dissociation is a
two-photon process (derived from the computed dissociation
energy), while in the region of 742—1114 cm™, it is a three-
photon process, and so on for lower frequencies. The signal is
significantly weaker in the lower-frequency region, indicating
that only two- and three-photon processes occur with
reasonable efficiency. The dissociation yield has a broad
underlying background, whose intensity is a few percent of
that of resonant features, probably due to a fraction of ions not
cooled completely. Superimposed on this are several peaks with
higher yields, consistent with resonance-enhanced MPD. The
most intense bands occur at 940 and 1399 cm™, whereas much
weaker features appear at 320, 379, 470 1180, 1723, and 1952
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Figure 1. Experimental IR-MPD spectrum of Hy* — H;" + H, in the
range of 300—2200 cm™" (top trace) versus the predicted theoretical
spectrum (bottom, red). The theoretical spectrum has intensities
determined by the one-photon IR absorption strength, while the
measured spectrum comes from multiple photon absorption, whose
order varies across the spectrum.

cm™". According to the well-known mechanism of IR-MPD,
vibrational fundamentals are excited initially followed by
continued absorption to higher vibrational levels if enough
state density is available to support the process.54_56 The
occurrence of peaks is therefore associated with vibrational
absorption bands, but their positions and intensities may be
shifted somewhat relative to those expected for one-photon
absorption.”” Note, the band contours with a pronounced tail
to lower energies seen here are not necessarily due to the MPD
mechanism as similar widths and profiles were observed in the
previous single-photon measurements for H;* and attributed to
the rotational contours of these bands.*~* The 940 cm™
resonance is necessarily the result of a three-photon process,
while the 1399 cm™ feature can be produced via a two-photon
process. Therefore, the actual absorption probability for the 940
cm™" band is likely much greater than that of the 1399 cm™
band, consistent with computed intensities (see below). The
weak bands at 320 and 470 cm ™" likely arise from an artifact
attributed to leakage of higher harmonics of the FELIX
fundamental.®® These bands occur at nearly 1/3 of the
frequency of the strong 940 and 1399 cm™' bands and are
therefore attributed to similar transitions excited by the third
harmonic of FELIX. The 379 cm™' band lacks any
corresponding band at three times its energy and is believed
to be a “real” feature, although it is extremely weak.

As described in our previous paper,47 the DMC/reaction
path/MULTIMODE (MM-RPH) methodology finds a sym-
metric D,; structure for the Hg" and D" ions. The present
work is based primarily on MM-RPH calculations. In this
approach, a torsional mode, describing the mutual twist of the
two outer H, groups is coupled to normal modes orthogonal to
the torsional path. One of the modes describes the proton
transfer between the two H, groups. For technical reasons, the
reference geometry for this calculation is the second-order
saddle point of D,, symmetry and not the first-order saddle
point of D,; symmetry. Thus, the relevant eight vibrational
modes for analysis of molecular eigenstates are those of the
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Figure 2. Selected vibrational modes of H;" relevant for this study.

second-order saddle point; these are shown in Figure 2. Note
that the “missing” ninth mode is the torsion, and the shared
proton-transfer mode, v}, is an imaginary-frequency mode. The
modes at this reference configuration do transform according to
the irreducible representations of the D, point group; however,
the calculations use reduced D, symmetry. In that symmetry,
the modes shown in Figure 2 transform as follows: [z, vs, vg -
aj; [V, U5 ]- by [1y Ugl- by [v3 14]- by. The PES and dynamics
do indicate that the relevant point group is D,; as already
noted, and thus the irreducible representations for that group
are the appropriate ones. In particular, there should be two sets
of ¢ modes for D, as reported by Yamaguchi et al.*®* We do
observe this degeneracy approximately, and we point this out
below.

As is typical for proton-bound dimers,>” the shared proton-
transfer mode has a large dipole intensity and is markedly
anharmonic, and therefore states that are mixed with this mode
also show significant IR intensity. The most intense vibrational
lines of Hy" are shown in Table 1, together with their expansion
coefficients in terms of a zero-order basis that includes the
torsional mode. To be perfectly clear, these are the coefficients
in the standard expansion of the molecular eigenstate in terms
of the zero-order basis. (The squares of these coefficients
correspond to the fraction of the zero-order states that
contribute to the molecular eigenstates.) Note, in most cases
the coefficients are quite small, indicating significant mixing
using this zero-order basis, which consists of 30 000 terms. A
more complete listing of energies and assignments of the 50
lowest-lying bands is given in the Supporting Information (SI)
for this Letter. As seen, many of the states show significant
mixing with v, the proton-transfer mode, which is predicted to
occur at 381 cm™'. This mode was found at 334 cm™ in the
previous fixed node DMC calculations.”’” As seen, the MM-
RPH result for this important mode is roughly 45 cm™ higher
than the DMC value. The energy of this fundamental has been

3162

Table 1. Predicted Vibrational Bands for H,*, Their
Intensities, and the Mixed Vibrational Character Giving Rise
to Each

intensity
band (cm™) (km/mol) leading coefficients  vibrational character
381 1866.9 —0.7442 v
—0.3165 vy + Ug
701 7.78 0.6761 U3
0.1773 2V + Uy
704 11.99 0.6608 Uy
0.2148 ) + 1y
952 24.14 —0.7666 v+ 4t
—0.2879 U + Vg + 4T
989 99.63 0.3871 v
—0.3371 v+ 4T
1184 3.08 0.5618 Uy
04243 Vs
1331 9.56 0.3820 2
—0.3587 U3+ U+ 7T
1717 0.00 —-0.5016 2,
0.3756 2u4
1848 23.0 —0.5315 Uy + 20,
—0.2546 v+ 20,
1925 40.5 —0.6417 Uit vt T
—02427 v+,
2032 9.1 0.3851 vy + 67
03180 Uyt 31
2089 243 —0.3347 Uy + Uy + 3T
0.2749 U+ 2w, + 20
2159 14.9 —0.5859 Uy + Vg
—0.2421 U3t U+ 7T
2178 9.9 —0.3588 Uy + Uy + 37
0.3382 vy + 203 + 4T

calculated recently using MCTDH calculations on the same
potential** and reported to be 359 cm™. (It should be noted
that those calculations were for H;* only and did not extend
above 1029 cm™, and intensities were not reported. Thus, it is
not possible to comment meaningfully on the relevance of
those calculations to the present study, which focus on the
prominent features in the experimental spectrum. A detailed
comparison of the two sets of calculations is beyond the scope
of this Letter.) Based on this and the DMC result, we conclude
that the present MM-RPH energy for v, is likely high (for the
given PES) by 20—45 cm™'. States with a significant
component of one quanta in this mode are probably also
high by a similar amount. With this in mind, consider the one-
photon absorption spectrum shown in the bottom trace of
Figure 1. It is convoluted using a Gaussian line shape function
with a width of 7.5 cm™ (fwhm) to facilitate the comparison
with experiment.

As indicated, the most intense absorption band is predicted
for the v, proton stretch fundamental at 381 cm™". This band is
far off scale in the figure because of its high oscillator strength
(1866.9 km/mol). Because the 320 and 470 cm™' bands are
artifacts, the only real signal in this region is the band at 379
cm™’, and therefore we tentatively assign this as the v, proton
stretch fundamental. The computed intensity of this band is
much greater than that of the asymmetric stretch of H;* (206.8
km/mol at the MP2/6-311G+(d,p) level), which has been used
for interstellar detection of this ion.**”*” Other relatively
intense vibrations are predicted and observed in the 900 and
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1400 cm™' regions. All these vibrations have highly mixed
character, with significant contributions from the proton stretch
and its combinations with other modes. Their assignments are
indicated in Table 1. Other than the v; proton stretch, the
torsional vibration (7) occurs most often in these combinations.
The overtone of the proton stretch (2v,) is IR-forbidden by
symmetry but is predicted to occur at 1717 cm™’, illustrating
the strong negative anharmonicity of the proton stretch
potential. The second overtone (3v;) was observed at 2603
cm™" in our previous single-photon photodissociation study of
the high-frequency spectrum.”” As shown in Figure 1, all the
experimental features correspond to bands predicted by theory
to have significant IR intensity. Conversely, for every strong
band predicted, the experiment measures significant dissocia-
tion signal nearby. The 940 cm™ band, which has v, mixed
with four quanta of the torsion, has lower actual relative
intensity than that predicted because it requires a three-photon
absorption event. (It might be expected that a state with one
quanta of proton stretch and two quanta of torsion would also
be intense; however, we do not find this. The reason is that the
molecular eigenstates are not well-described by the zero-order
basis. The state labeled v, + 47 also has a significant
contribution from the intense zero-order v, state, whereas the
state v; + 27 does not.) This likely prevents detection of the
weaker v3/v, bands predicted near 701/704 cm™'. The bands
near 1900 cm™' are measured lower than their predicted
relative intensity, perhaps because the IR laser output is
diminished in this region (we do not normalize to the laser
power because of the multiphoton process involved; the laser
power variation is shown in Figure S1 in the SI). Overall, the
predicted versus experimental spectra are in reasonable
agreement, considering the dynamics of the photodissociation
process at work here. This seems to indicate that the vibrational
band predictions based on MM-RPH calculations are reliable.
Note the near degeneracy of the energies of v5 and v, in Table
1 (and also in Table 2). This is an example of the relevance of
the D,; symmetry, which is only numerically taken into account
in our calculations, as noted above.

The IR-MPD spectrum of D" is shown in the top trace of
Figure 3, measuring the intensity of the D;" photofragment ion
as a function of wavelength. Again, the theoretical spectrum is
shown in the bottom trace, and the character of the vibrations is
indicated in Table 2. The difference between the MM-RPH and
DMC fundamental of the D*-transfer mode is roughly 35 cm™,
and therefore spectral features with significant contribution
from this mode are expected to be high by roughly this amount.
States involving the overtone of this mode are probably
calculated too high by roughly 1—2 times the difference for the
fundamental. As seen for Hy", the theoretical spectrum features
many combinations with the deuteron stretch, and again the
torsional vibration occurs frequently. The fundamental of the v,
deuteron stretch for D" is predicted near 256 cm™" (the DMC
value for this fundamental is 222 cm™"). This wavelength is at
the lower limit of the FEL range, and no fragmentation is
observed here. Indeed, no significant fragmentation signal is
detected until the 1200—1800 cm™ region. The prominent
band at 1767 cm™ has a position roughly a factor of 27"/
below the 3v, band seen for Hi* at 2603 cm™.,* and it is
therefore tempting to associate this with the corresponding
vibration in Ds*. Theory shows that there is indeed a strong
component of 3v; for the bands in this region, although their
character is mixed with that of other vibrations. Except for the
signal near 1800 cm™’, there is poorer agreement here between

3163

Table 2. Predicted Vibrational Bands for D;*, Their
Intensities, And the Mixed Vibrational Character Giving
Rise to Each

band intensity (km/ leading vibrational
(em™ mol coefficients character
256 935.2 —0.8128 121
—0.3159 vy + vg
591 3.89 0.8461 Uy
—0.2688 Uy + 21
595 3.73 0.8561 178
0.2396 Uy + 2T
827 58.57 0.4959 v,
—0.3903 Uy + g
974 891 —0.5350 v, + T
0.4675 U3 + 41
990 6.97 0.5881 vs + 21
0.3640 vy + v+ 3t
1196 8.10 0.7417 Uy + Uy + 7T
0.2257 Wi+ v+ U+ T
1241 0.00 —0.5095 2,
0.3450 w3+ 7T
1533 17.01 0.4105 vy + v
—0.3975 Uy + Uy
1536 6.64 —0.6065 vy + 20, + 21
0.2254 U+ 2, + 4T
1731 17.01 —0.3390 3v,
—0.3330 Vs + Us + 37
0.3272 v+ 203 + 4T
1821 17.66 —0.3556 3v,
—0.3364 U+ 2ws + 4T
—0.3339 vy + 20, + 47
1834 27.54 0.3653 3u,
0.3333 vy + U, + ST
Ds"—s D3* + D,
=
2
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2
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Figure 3. Experimental IR-MPD spectrum of D;* — D;* + D, in the
range of 550—2100 cm™' (top trace) versus the predicted spectrum
(bottom, red). The theoretical spectrum has intensities determined by
the one-photon IR absorption strength, while the measured spectrum
comes from multiple photon absorption, whose order varies across the
spectrum.

theory and experiment than in the case of H;*. A strong
vibration is predicted at 827 cm™" but not detected. Although a
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resonance here would require at least four-photon absorption
for dissociation, some signal might be expected on the basis of
the behavior of Hy" above. However, the predicted intensity is
about half that of the 940 cm™" band. Likewise, bands predicted
near 1196 and 1534 cm™ do not correspond with any
measured signals. The second-most intense experimental band
at 1636 cm™' could correspond to either the 1533/1536 or
1731 cm™" predictions, but it is impossible to tell which, if
either, is the correct match. Signals at 1299, 1357, and 1417
cm™" do not match any predictions. Although this seems
unlikely, these signals could be due in part to coherent
multiphoton transitions to resonances observed previously with
one-photon excitation in the 2500—3100 cm™ range.*” The
weaker band predicted at 1196 cm™" lies just below the two-
photon threshold, perhaps explaining how it could be missed,
but all the other missing bands here are above this threshold.

Comparing these spectra directly, therefore, it seems that the
agreement between theory and experiment is worse for the Dg*
spectrum than it is for that of Hy". However, the disparity may
not be quite as bad as it first seems. In the higher-frequency
region of the Ds" spectrum, where two-photon processes are
possible and stronger signal is detected, all the bands predicted
have strong contributions from the deuteron stretch, including
multiple quanta of this for the 1731 and 1821/1834 cm™'
bands. As noted already, this mode is overestimated by our
methods, and the errors multiply with the number of quanta in
this mode. Inspection of Figure 3 shows that a small down-shift
of the predicted bands in this region would bring these more
into alignment with the three main experimental band groups.

Other considerations may also affect the spectra for Hy" and
D;* differently. For example, the specific vibrational dynamics
of these two ions may affect their detection efficiency. Because
of individual resonances and couplings in these systems, the
character of the strong vibrations is not the same, and these fall
at different positions relative to the respective two- and three-
photon dissociation thresholds. Hg* has stronger bands
predicted near the two-photon threshold, which are detected.
D;* has weaker bands at lower frequencies, which are not
detected, probably because of the higher dissociation energy.
The stronger D;* bands above the two-photon threshold have
multiple-quanta proton stretch character, which are therefore
shifted more from the values predicted by theory. Other
differences may arise from the IR-MPD method. It is actually
quite remarkable that IR-MPD can be detected for this system;
the light atoms produce a sparse vibrational state density which
is a severe disadvantage for multiple photon processes. In such
systems, IR-MPD may cause significant spectral broadening and
line shifting relative to one-photon absorption spectra because
of its sensitivity to vibrational state density at levels beyond the
fundamental. For example, in the related system of the proton-
bound water dimer, the IR-MPD spectra had complex
patterns>” which became simpler when the system was studied
with single-photon methods.”* The single-photon spectra
eventually were in good agreement with the predictions of
full-dimensional anharmonic theory." The state density is
greater for D" than for Hg* because of its lower-frequency
vibrations, which should improve the efficiency of MPD, but
the density in both cases is probably low enough that accidental
resonances may affect the spectra. Finally we note that there is a
proton/hydrogen exchange saddle point at around 1550 cm™
above the global minimum. The current MM-RPH calculations
cannot describe this exchange and this could be a source of
some error at the highest energies of interest here. (We did
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examine this process for the zero-point state in the DMC
calculations and found that it was very rare.)

Although questions remain about the spectroscopy of this
system, several interesting insights are already clear. The
spectrum of Hy" is dominated by the proton stretch vibration,
which occurs as a strong fundamental and induces activity in
combination bands throughout the mid-IR. The torsional
vibration features prominently in these combinations, as do
several hydrogen bending modes. The proton stretch
fundamental has extremely high IR intensity, suggesting that
this band in the far-IR should be the target for interstellar
searches for this ion. In the mid-IR, theory and experiment
agree on the position of other bands with reasonable intensities
at 940 cm™! for Hs* and 1767 cm™" band for D.*; these features
can provide a guide for higher-resolution experiments in the
future. Hg" and D" have surprisingly rich spectra in the mid-
and far-IR, representing challenging problems for anharmonic
theory and spectroscopy worth continued attention.

B METHODS

Cluster ions for this experiment are produced with an electron
beam source with excitation of the output of a pulsed valve
(Amsterdam cantilever piezo design).”” The expansion gas of
pure hydrogen included water at its ambient vapor pressure
seeded in helium. Experiments employed a ring electrode trap/
time-of-flight mass spectrometer described previously.®>**
Mass-selected ions are excited with the tunable output of
FELIX.*® The output of FELIX provides tunable IR light
ranging from 300 to 2100 cm™" with pulse energies ranging
from 12 to 60 mJ/pulse, depending on the wavelength. Because
of the nature of the light source, the line width varies depending
on the wavelength, averaging approximately 0.3—0.5% RMS of
the central wavelength. The normalized fragment ion yield is
determined from the intensities of the parent and fragment ions
and plotted versus the IR photon energy to obtain an IR-MPD
spectrum.

The anharmonic, coupled vibrational calculations, ab initio
potential energy and dipole moment surfaces were described in
detail previously, and therefore we refer the reader to refs 36
39, and 47 for details. In particular, the details of the MM-RPH
calculations were given in the Supporting Information of ref 47.
Also, we include energies and assignments of the 50 lowest-
lying energies in Table S1 of the SI of this Letter.

B ASSOCIATED CONTENT

© Supporting Information

First 50 eigenstates of the MM-RPH calculation for Hi" and
spectra measured for Hy" and D*. This material is available free
of charge via the Internet at http://pubs.acs.org.
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