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ABSTRACT
The rotationally resolved infrared (IR) spectrum of the He–H+3 complex has been measured in a cryogenic ion trap experiment at a nominal
temperature of 4 K. Predissociation of the stored complex has been invoked by excitation of the degenerate ν2 mode of the H+3 sub-unit using
a pulsed optical parametric oscillator system. An assignment of the experimental spectrum became possible through one-to-one correlations
with bands of the spectrum theoretically predicted in Paper I [Harding et al., J. Chem. Phys. 156, 144307 (2022)]. 19 bands have been assigned
and analyzed, and the energy term diagram of the lower states of this floppy molecular complex has been derived from combination differences
(CDs) in the experimental spectrum. Ground state combination differences (GSCDs) reveal a large part of the energy term diagram for the
He–H+3 complex in its vibrational ground state, v = 0. Experimental and theoretical term energies agree within experimental accuracy for the
rotational fine structure associated with the total angular momentum quantum number J and the parity e/ f as well as for the coarse spacing of
the lowest K states of the complex. This favorable comparison shows that the potential energy surface (PES) calculated in Paper I is accurate.
The barriers between the three equivalent global minima in this PES are relatively low and the He–H+3 complex is extremely floppy, with
nearly unhindered internal rotation of the H+3 sub-unit. The resulting Coriolis interactions couple the internal and end-over-end rotation of
the complex and contribute significantly to the energy terms. They are observed both in experiment and theory and are, e.g., the origin of
different rotational constants for states of e and f parity. Also in this respect, experiment and theory agree very well. Despite the assignment
and analysis of many bands of the extremely rich IR spectrum of He–H+3 , higher levels of excitation, including the complex stretching mode,
need further attention.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0087427

I. INTRODUCTION

Action spectroscopy in ion traps has developed into a widely
applicable technique to investigate rotational, vibrational, and

electronic spectroscopy of molecular ions. Mass selection in
combination with long time trapping, e.g., for spectroscopic inter-
rogation, and background free, high efficiency detection turned it
into the method of choice. The use of buffer gas cooling in cryogenic
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ion traps simplifies the spectra significantly while increasing the line
intensities at the same time. This is the environment where weakly
bound complexes can be formed, stored, and investigated. Examples
include the peculiar complexes of protonated water [H+(H2O)n],
hydrogen complexed protonated methane [CH+5 (H2)n], complexes
of protonated hydrogen [H+3 (H2)n], and rare gas–ion complexes
[Rg-X+], with Rg = He, Ne, Ar, and Kr and X+ = CH+3 , HCO+,
HN+2 , and H+3 . Predissociation of the stored ion is a simple scheme of
action spectroscopy, as the parent ion decays into daughter products
that are easily analyzed and detected in a mass analyzer following
the trap. Electronic,1 vibronic,2 vibrational,3 and rovibrational
spectra4 of molecular complexes have been studied this way, in
particular, the peculiar He–H+3 ion complex5 that is the subject of
this work. Millimeter-infrared (IR) double resonance excitation has
been turned into a method of rotational action spectroscopy. First
examples are the He–CH+3 4 and He–HCO+6 complexes.

Complexes of the type Rg-H+3 are particularly interesting
because of the shallow potential energy surface (PES) that gives
rise to large amplitude motions of the rare gas atom, particularly
in the plane of the H+3 ion. This finding is related to the similarity
of the proton affinities of the rare gas atoms (PA = 178, 199, 370,
and 425 kJ/mol for He, Ne, Ar, and Kr, respectively) and hydrogen
(422 kJ/mol).7 Rotational spectra of the Ar–H+3 complex have
already been measured in 1987 by Bogey et al.8 This and subse-
quent works9,10 show a C2v equilibrium geometry with the Ar atom
closest to one of the three hydrogens. Tunneling through the barriers
separating the three equivalent minima in the PES gives rise to
splittings that have been analyzed with the help of the semi-
rigid rotor model,9 a semi-rigid bender Hamiltonian,11 and an
internal-axis-method-like (IAM-like) formalism.10 For the He–H+3
complex discussed in the present work, the PES is even shallower
(see Paper I12). Formally the equilibrium geometry also has C2v
symmetry, but there are three equivalent global minima and large
amplitude motions both in-plane and out-of-plane governing the
dynamics of this weakly bound ionic complex. In addition, the
bound vibration-rotation-tunneling (VRT) states of the complex
have been calculated in Paper I,12 both for the vibrational ground
state and the v2 = 1 excited state of H+3 . Moreover, a theoretical
infrared spectrum in the range of the v2 = 0→ 1 excitation was
calculated in order to be compared to the experimental spectra in
this work.

Compared to other complexes, the constituents of He–H+3 are
particularly light, and therefore, the effective rotational constants
are sizable. In our previous study,5 we estimated approximate values
A ≈ 45 cm−1 and B ≈ 1.7 cm−1 in a rigid rotor approximation based
on the previously known equilibrium geometry. As a result, the IR
predissociation spectrum in the range of the degenerate ν2 vibration
of H+3 should contain a resolvable rotational structure, even when
using lasers of moderate resolution. In particular, we expected to
find only a limited number of lines in each vibrational band in the
low temperature measurements (T = 8.7 K) carried out previously.
While this is generally true, we actually found5 a forest of almost
100 lines between 2700 and 2765 cm−1, which we could not assign
so far. In successive work,13 we extended the spectrum to some
400 lines in the range from 2565 to 2765 cm−1 accessible with
our high-resolution optical parametric oscillator (OPO) system. As
it turned out, the number of bands in this range is so large that
an assignment of the individual lines was still not possible or was

doubtful, even when high-level calculations became available later.12

Despite the difficulties to assign these previously measured IR spec-
tra, we observed a large variation in line widths, which we attributed
to lifetime broadening of the otherwise high-resolution measure-
ments. Very broad lines were observed in groups of transitions,
which we tentatively related to shape or Feshbach resonances.

In summary, the He–H+3 complex is an example of a very floppy
molecule with large amplitude motions in more than one degree of
freedom. The IR predissociation spectra are extremely rich and con-
tain information about all internal degrees of freedom of this system
up to the dissociation limit. Thus, the spectrum contains informa-
tion on cold, low lying, and hot, dissociating states, all in the same
spectrum. However, the key to understand this fundamental system,
i.e., to the assignment of the spectrum and the reconstruction of the
underlying energy term diagram is missing. Therefore, it was the aim
of the present work to extend the measured frequency range toward
the fundamental bands of the IR predissociation spectrum by using
a laser with wider tunability and then to decipher the rotationally
resolved IR spectrum with the help of extensive calculations of the
bound VRT states of the He–H+3 complex and the corresponding
transitions.12

This work is organized as follows: details on the extended
experiment are given in Sec. II. The theory, calculations, and the
results from Paper I12 are briefly summarized in Sec. III. In Sec. IV,
the measured bands are assigned with the help of the theoretical IR
spectrum in Sec. IV A. Then, the ground state energy differences
introduced in Sec. IV B are used in Sec. IV C to reconstruct the
lower energy states of the He–H+3 complex, which are compared
to the theoretical predictions. Finally, these results are discussed
in view of the large amplitude motions of this peculiar He–H+3
complex.

II. EXPERIMENTAL
The experiments of this work have been carried out in the

same ion trap instrument (COLtrap)13 as the earlier studies on the
He–H+3 system.5 In fact, the experimental procedure was basically
the same. H+3 ions created in the storage ion source (SIS) of the
instrument were mass selected and transferred into a 22-pole ion
trap held at a nominal temperature of T = 4 K. He–H+3 complexes
are produced by ternary collisions with He, which is admitted to the
trap via gas pulses from a piezo-nozzle at peak number densities
of typically 1015 cm−3. The resulting complex ions are stored for
2 s while they are irradiated by light from a nanosecond OPO
system14 operated at 10 Hz repetition rate at a wavelength of around
4 μm. The infrared laser system is pumped by a seeded Nd-YAG
laser and has a linewidth of less than 0.1 cm−1. This spectral res-
olution is inferior to that of the OPO system used in the previous
study but sufficiently high to resolve the rovibrational transitions
of the complex. The actual OPO frequency is determined from the
frequency of the fixed frequency seed laser (9394.377 cm−1) used for
the Nd-YAG pump wave and the signal frequency measured by a
wavemeter (High Finesse WS-5 series). The accuracy of the waveme-
ter and the spectral resolution of the complete system have been
calibrated using transitions of CD2H+, which have been measured
in previous high accuracy experiments with a high-resolution IR
OPO.15 Therefore, the inaccuracy of the measured idler frequency
for a given transition of the predissociating complex is well below
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the system’s resolution. Upon IR excitation, the He–H+3 complexes
are subject to predissociation, which is detected as a depletion signal
of the number of complexes. The IR spectrum is thus recorded by
repeating these trapping cycles and counting the He–H+3 complexes
as a function of the IR frequency.

III. THEORY
Paper I12 presents a He–H+3 interaction potential from high

level ab initio calculations. This potential has three equivalent global
minima with depth De = 455.3 cm−1 for He in the plane of H+3 ,
three planar saddle points that separate these minima with bar-
riers of 159.5 cm−1, and two saddle points with He above and
below the H+3 plane with energies of 243.1 cm−1 above the minima.
Paper I12 also describes the calculation of the bound vibration-
rotation-tunneling (VRT) levels of He–H+3 with this potential, both
for the vibrational ground state and for the ring deformation excited
(v2 = 1) state of H+3 . The He–H+3 levels are calculated for the total
angular momenta J from 0 to 9 for all irreducible representa-
tions (irreps) A′1, A′′1 , A′2, A′′2 , E′, E′′ of the permutation-inversion
symmetry group G12 ≡ D3h(M). The A1 states are Pauli forbidden,
the A2 states belong to ortho-H+3 (oH+3 ) with nuclear spin weight 4,
and the E states belong to para-H+3 (pH+3 ) with nuclear spin weight
2. The superscripts ′ and ′′ denote the parity p under inversion E∗,
with ′ for p = +1 and ′′ for p = −1. Spectroscopists often use the spec-
troscopic parity ϵ, which is related to p by p = (−1)Jϵ. States with
ϵ = +1/ − 1 are called e/ f .

Plots and analyses of their wave functions show that these VRT
states are weakly hindered internal rotor states with monomer angu-
lar momentum j and projection k on the threefold symmetry axis
of H+3 . They are delocalized over the three global minima in the
potential and have considerable amplitude at the barriers. Most of
them are dominated by the jk = 10 and 11 rotational ground states
of oH+3 and pH+3 , respectively, with the intermolecular stretching
mode excited up to v = 4 inclusive. Also excited internal rotor states
were found: 33 in He–oH+3 and 22 and 21 in He–pH+3 . The dissoci-
ation energies calculated for He–oH+3 and He–pH+3 are D0 = 234.5
and 236.3 cm−1, respectively. The energies and wave functions of
the VRT states and the v2 = 0→ 1 perpendicular transition dipole
moment of H+3 in the He–H+3 complex were used to calculate the
frequencies and line strengths of all the corresponding rovibrational
transitions in the complex. In the present paper, these are used to
generate theoretical spectra that are compared with the measured
spectra and are very helpful with their assignment. Moreover, the
calculated ground state VRT levels are directly compared with the
levels that could be extracted from the measured spectra with the
use of combination differences (CDs).

Another approximate quantum number—apart from the inter-
nal rotor labels jk and the intermolecular stretching label v—is K,
which is the projection of both the total angular momentum J and
the internal angular momentum j on the intermolecular axis R that
points from the center of H+3 to the He nucleus. We define K as
the absolute value of this projection quantum number and distin-
guish the states with K > 0 by their spectroscopic parity e/ f . The
wave functions of the e and f states are the plus and minus com-
binations of functions with K and −K. The quantum number K
is very useful because it determines the ordering of the rotational
levels J ≥ K, as well as the nature of the corresponding states. States

with K = 0 are sometimes called Σ states and states with K = 1 are
called Π states.

In the low temperature experiments discussed in this work,
only the lowest internal rotor states of He–H+3 , the jk = 11 state
for the para nuclear spin configuration, and the jk = 10 state for
the ortho nuclear spin configuration are populated. The upper part
(a) of Fig. 1 shows the energies of these states, along with the
Pauli-forbidden jk = 00 state, for the free H+3 sub-unit. These ener-
gies are the corresponding dissociation limits for the para and ortho
He–H+3 complex. Arrows are attached to the H+3 molecule sketching

FIG. 1. Energy term diagrams for (a) the rotational energy of the free H+3 molecule
in the ortho ( jk = 10) and para ( jk = 11) nuclear spin configurations, rela-
tive to the energy of the Pauli-forbidden jk = 00 state. Arrows attached to the
H+3 molecule sketch the orientation of j with respect to the molecular threefold
symmetry axis. For jk = 11, j precesses about this axis, and for jk = 10, it is per-
pendicular to it. (b) The lowest K states of the He–H+3 complex. The energies are
given relative to the Pauli-forbidden (J = K = 0) state of the complex at energy
−221.7251 cm−1. The complex orientations indicate the K = 0 (Σ) and K = 1
(Π) states where j is either oriented perpendicular to the intermolecular axis of
the complex (Σ states) or has a component along this axis (Π states).
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the orientation of the vector j with respect to the molecular axis. For
the jk = 11 para case, j precesses about the molecular symmetry axis,
but it is, of course, not fully aligned with this axis. In the sketch,
the aligned arrow is used to distinguish this para case from the
jk = 10 ortho case where j is oriented perpendicular to the molecular
symmetry axis, i.e., in the H+3 plane. The lower part (b) of Fig. 1
shows the corresponding levels for the He–H+3 complex, which are
labeled with the overall angular momentum quantum numbers J
and K. The sketches of the states with K = 0 and K = 1 illustrate the
role of K in determining the nature of the internal rotor states of
the complex. Their energies are obtained from the calculations in
Paper I,12 and the lowest K = 0 and K = 1 ortho and para levels are
given relative to the Pauli-forbidden J = K = 0 ground state of the
complex. Note that the ortho and para species do not interconvert at
the time scale of the experiment and may be considered as different
complexes.

Due to the mass distribution in the complex, there will be a
typical, closely spaced J rotational energy pattern associated with
the rotation of the two sub-units about each other. The rotational
constant B, depending on the mean intermolecular distance, is that
of an effective He–(H+3 ) diatomic with B ≈ 1.5 cm−1. The exact value
for B depends on the relative orientation of the H+3 sub-unit and the
sampling of the large amplitude motions in the complex.

The H+3 orientation is not fixed, and its angular momentum j
and the rotation of the effective diatom are coupled. The projection
quantum number K of both the total and internal angular momenta
J and j characterizes the more widely spaced rotational energy states
shown in the lower part of Fig. 1. This figure shows cartoons of the
complexes for the K = 0 and 1 cases as those are the only K states
populated in our low temperature experiments. The left side shows
the ortho states, and the right side shows the para states. The closely
spaced J and associated e/ f states are omitted here for clarity.

Also the coarse spacing of these K states can be rationalized
from the mass distribution in the complex. While the heavier sub-
units determine its molecular axis, which is associated with the
rotational constant B, the light protons distributed around this axis
lead to a large effective rotational constant A of this prolate top,
which is the reason for the widely spaced K states. The calculated
energy levels12 for the relative ordering of the K states are shown
in Fig. 1. For both the ortho and the para configurations, the lower
energy K state corresponds to the situation when He lies primarily
in the plane of the H+3 sub-unit where it can rotate almost freely,
(see Fig. 2 in Paper I).12 The other K state is significantly higher in
energy because of the higher barrier in the out-of-plane direction
shown in Fig. 3 of Paper I.12 While the coarse ordering of the states
of the H+3 –He complex can be rationalized in this way, it is a major
aim of this work to infer the (J, K) energy structure of the lower
states shown schematically in Fig. 1 also from the experimental spec-
trum and to compare theory and experiment. The level of agreement
will be a critical indicator for the accuracy of the ab initio potential
energy surface (PES).

IV. RESULTS AND DISCUSSION
A. Overview spectrum and assignment

Figure 2 shows the IR overview predissociation spectrum of
He–H+3 in the range 2427.7–2576.8 cm−1 measured with the pulsed
OPO system, together with a predicted spectrum based on ab initio
calculations of the PES and of the VRT states and transition
probabilities as explained in Sec. III. The intensity shown in the
experimental spectrum is a depletion signal of the number of parent
complexes and reaches a maximum on the order of about 30% for

FIG. 2. IR overview spectrum of He–H+3 . Upper trace: experimental predissociation spectrum measured with the pulsed OPO laser (Δν < 0.1 cm−1). Bottom trace: predicted
spectrum12 with T rot = 14 K. Lines belonging to one band are indicated by horizontal rulers with ticks pointing at the assigned transitions. These bands, indexed by numbers,
are also listed in Table I.
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the most intense lines. This implies that a large fraction of all stored
ions are destroyed in this trap experiment, which means that during
the storage time ions undergo collisions and change their internal
state. As a consequence, not only the species residing in the lower
state of the transition are addressed in the experiment, which leads
to such high intensity levels. However, the probability to excite from
one particular rotational state is governed by the rate to populate this
state, which is related to its population via microcanonical reversibil-
ity. As a result, the population of the state remains an important
factor for the intensity as long as the depletion is far from satura-
tion. This phenomenon has already been described in our previous
high-resolution work on He–H+3 .5 In other cases, complex deple-
tion signals of 100% can be reached, showing that the spectrum
originates from only one configuration (isomer, conformer, nuclear
spin species, etc.).3 These details demonstrate the high sensitivity of
action spectroscopy in traps. The line intensities in the theoretical
spectrum are obtained from the calculated dipole transition prob-
abilities, so they will not be in complete correspondence with the
measured depletion signals.

Practically no transitions have been observed for frequencies
lower than the lowest frequency lines seen in Fig. 2. These lowest
frequency transitions are related to the excitation of the funda-
mental ν2 vibration of the H+3 sub-unit together with rotational
transitions of the whole complex. Hot bands are largely excluded
due to the low experimental temperatures, but an intense feature is
observed at about 2450 cm−1, which is consistent with a predicted
line belonging to a transition from an excited state. However, the
first complete band (denoted with band index 1) belongs to the
lowest transitions of He–pH+3 (K = 0). For frequencies higher than
those shown in Fig. 2, the spectrum has been measured in high
resolution previously,5 but the range of the fundamental vibra-
tional band only became available with the pulsed OPO system
used here. The predicted spectrum in Fig. 2 is created from the
calculated stick spectrum using the experimental linewidth and
a Boltzmann distribution of the rotational level populations for
T = 14 K.

The measured and calculated spectra agree very well in many
line positions and intensities such that it is not hard to identify
parts of the bands by visual inspection. The most intense lines at
the lower end of the spectrum show a vibrational band centered
at 2471 cm−1. From the calculated spectrum, shown as “negative”
intensities, a clear P-R rotational structure of this band can be seen
with total angular momentum J changes of ±1. This forms the J
fine structure of the spectrum as predicted. The positions of lines
associated with this band are visualized by a black ruler with cor-
responding vertical markers. This ruler is labeled with the band
index 1 in the simulated spectrum. The same ruler is shown for
the experimental spectrum with a one-to-one assignment of all
experimental lines (positive intensities) to the lines of the simulated
spectrum.

From the calculations, we know that this band must be
attributed to the K′′ = 0(e) ground state of the para configura-
tion ( jk = 11). The assignments of these quantum numbers and
those of the v2 = 1 vibrationally excited state as determined by the
calculations are summarized in Table I for this band and for a
number of additional experimental bands that have been identified
with the help of the theoretical predictions. Ten such identified
bands for the ortho and para configurations are shown in Fig. 2 with

their corresponding rulers on the experimental and theoretical part.
The color coding helps to correlate the theoretical to the experimen-
tal bands. Only the most intense bands that are easily visible in this
overview spectrum are highlighted in Fig. 2. However, several more
bands could be assigned individually and are given in Table I. Addi-
tional identifiers for the bands given in Table I are the e/ f parity
(ϵ) for both the ground and excited states and the g quantum num-
ber for the vibrationally excited state. As explained in Paper I,12

the twofold degeneracy of the ν2 mode of H+3 leads to a vibrational
angular momentum l = ±1 in the v2 = 1 excited state. The quantum
number g = k − l, used in Table I, determines the symmetry of the
ortho and para excited states. Just as for the quantum number k, we
use the absolute value of g. In cases where two combinations of k
and l produce the same g, the states are labeled with a u or l for the
upper and lower levels, respectively. The quantum number v refers
to the intermolecular stretching mode of the complex, which is only
excited in band number 19.

With the help of the calculated spectrum, a total of 11 bands
(one additional band in the high-resolution spectrum) for the para
configuration and eight bands of the ortho configuration could be
assigned. In total, 111 experimental lines have been extracted from
the spectrum. Only those with a signal to noise ratio S/N larger than
2 have been included in the list. The experimental lines are listed in
Table S1 of the supplementary material, along with the correspond-
ing theoretical line positions. It is gratifying to see that the theoretical
predictions of the bands match so well with the experimental spec-
trum. For many bands, the band position deviates by only ≈1 cm−1.
This holds especially for the two lowest energy bands of the para
configuration. The other bands are shifted by larger amounts, but
the bands can still be spotted in the experimental spectrum using
the J-rulers we introduced above. This is because the spacings of the
individual lines are predicted with much higher accuracy than the
band position, as will be detailed below. These spacings are primar-
ily determined by the rotational constant B of the effective diatomic
He–(H+3 ) complex as outlined above. Apparently, the effective bond
distance is predicted with high accuracy and matches the spacings
found in the experimental spectrum.

Below, we analyze and reconstruct the term energies of the
He–H+3 complex in its vibrational ground state (v2 = 0, v = 0),
which can be compared to the calculations. Moreover, the rotational
constant B of each K(e/ f ) series is determined and compared to the
theoretical results. In practice, many more bands, especially those
where the complex stretching vibration is excited (v > 0), have been
measured and calculated. However, the complete assignment of the
vibrationally excited states is still in progress and shall be subject of
future work.

B. Ground state combination differences
Further inspection of Table I reveals that most bands origi-

nate from the same few ground states associated with the few K′′

quantum numbers, which we discussed above to qualitatively predict
the term diagram of the ground state He–H+3 complex (see Fig. 1).
In the following, we use J and K instead of J′′ and K′′ to address the
lower rotational states for simplicity.

The richness of the experimental and theoretical spectrum has
been a challenge in the assignment of the individual bands because
the bands are overlapping. This is, in particular, true because the
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TABLE I. Assignments of 19 rovibrational bands found in the experimental and theoretical spectra as depicted for several
bands with their respective band index in Fig. 2.

Ground state Excited state

v2 = 0 v2 = 1

Index Parity K jk Parity K jk g v

para

1 e 0 11 e 0 00 1 0
2 e 0 11 e 0 11 2 0
9 e 0 11 e 1 10 1 0
10 e 0 11 f 1 10 1 0
11 e 0 11 e 1 11 2 0
12 e 0 11 f 1 11 2 0
13 e 1 11 e 0 00 1 0
(14)a f 1 11 f 1 10 1 0
15 f 1 11 e 0 00 1 0
16 f 1 11 f 1 11 2 0
19 e 0 11 e 1 11 2 1

ortho

3 e 1 10 e 0 22 3 0
4 f 1 10 e 0 22 3 0
6 f 1 10 e 1 22 3 0
5 f 1 10 f 1 22 3 0
7 e 1 10 f 1 22 3 0
8 e 1 10 e 1 22 3 0
17 e 1 10 e 0 11 0 0
18 f 1 10 e 0 11 0 0
aTentative assignment, not included in the analysis due to small line intensities.

J fine structure that arises from the effective diatomic rotational
structure follows roughly a 2B spacing, which could easily lead to
a misassignment by one J value. This is a known difficulty, and for
a complex spectrum as in the present case, there is no simple way to
avoid errors, except in clear cases where a 4B spacing between the
P and R branch transitions points out the origin of the respective
band. This is, for example, obvious for the lowest band (numbered
with index 1) but less obvious for many other bands. However, the
spectral richness can also be a favor in assigning spectra when the
spectrum is composed of many bands that originate from only a
few energy levels in the ground state. In the present case, thanks
to the cold experimental conditions, the many bands indeed arise
from only a few K states as discussed above. As a consequence, many
ground state combination differences (GSCDs) are associated with
the same ground state levels. Therefore, provided the experimental
accuracy is sufficient to distinguish the respective ground states, it is
possible to find coincidences in GSCDs that secure the assignments
also of bands where only a few transitions are found mainly due to
low intensities.

This has first been observed by close manual inspection of the
CDs of the assigned spectra. A computerized way of identifying such
GSCDs has been implemented in a custom program that searches

rich spectra for multiple occurrences of GSCDs. Moreover, the CDs
that belong to the desired energy term diagram are associated with
two transitions each, and therefore, transitions belonging to one
GSCD will also appear in other GSCDs. As a result, a network of
states can be reconstructed from rich spectra to finally unfold the
energy term diagram of molecules just based on the experimental
spectra. This procedure does not require any previous knowledge or
model assumptions and is, therefore, an interesting tool for spectra
that cannot be fitted to standard Hamiltonians as in the present case
for a floppy molecular complex.

Series of independent such CD networks result from this
analysis also in the present case; they will be discussed in detail
below. These networks are associated with the selection rules
of the participating transitions. The higher the connectivity of
these networks, the more complete will be the reconstructed term
diagram. Example spectra that have already been analyzed are
rovibrational spectra of CD2H+ and CH+5 . Details of the program,
including the use of Kernel density estimators, have been described
earlier.16

When applying the program to the theoretical spectrum,12 it
yields the energy term diagram from which the theoretical spec-
trum was constructed in the first place. Thus, this approach served
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to check the method for seeking combination differences for ground
and excited states. In addition, due to the known selection rules, also
the connectivity of the networks could be tested. More details of this
approach will be presented elsewhere.

C. Ground state energies of the He–H+3 complex
In the following, we describe the use of GSCDs to explain

the reconstruction of the energy term diagram of the lowest
(J, K, ϵ, v = 0) states of the complex from experiment. We will
use a bootstrap method to explain the connectivity, although the
computer algorithm yields the same and often even more precise
term energies and more connections.

Figures 3 and 4 show the energy term diagrams of the ground
and excited states involved in the observed transitions for the para
and ortho nuclear spin configurations, respectively. These schemes
present two separate networks of states as the species do not
interconvert on the time scale of the experiment. The lines con-
necting the states in the individual figures belong to the observed
transitions discussed above. For example, lines of the band indexed

FIG. 3. Energy term diagram for the para nuclear spin configuration jk = 11 of
the He–H+3 complex. Theoretical and experimental levels are represented as
black and turquoise lines, respectively. Lines connecting the various groups of
levels refer to the observed IR bands with the index numbers given in Table I.
Each line originates from the lowest observed rotational ground state terminat-
ing in the highest determined excited state of the given IR band. Different colors
for these lines indicate sets of transitions of different rotational parity (blue and
red) and e/ f or f/e changing transitions (green). States of different rotational
parity are indicated by shorter and longer turquoise lines. See text for more
details.

FIG. 4. Energy term diagram for the ortho nuclear spin configuration jk = 10 of
the He–H+3 complex. Theoretical and experimental levels are represented as
black and turquoise lines, respectively. Lines connecting the various groups of
levels refer to the observed IR bands with the index numbers given in Table I.
Each line originates from the lowest observed rotational ground state terminat-
ing in the highest determined excited state of the given IR band. Different colors
for these lines indicate sets of transitions of different rotational parity (blue and
red) and e/ f or f/e changing transitions (green). States of different rotational
parity are indicated by shorter and longer turquoise lines. See text for more
details.

as 1 in Fig. 2 are associated with the transition from K = 0(e), jk = 11
to K′ = 0(e), j′k′ = 00, g′ = 1 of the respective J states for the P and R
branch transitions shown in this figure. Thus, we start our bootstrap
reconstruction of the term values with bands belonging to the para
configuration. The GSCDs of the band indexed 1 reveal two subsets
connecting states of the same total parity, i.e., rotational states with
even and odd J (see the lower left part of Fig. 3). This separation into
two sets is because each rovibrational transition obeys the ΔJ = ±1
rule, i.e., it changes the parity. Thus, the GSCDs connect states of the
same parity, i.e., states of either even or odd J within a given stack
of e/ f parity. The two subsets of different parity and their respec-
tive energy terms are shown in Figs. 3 and 4 as longer (even) and
shorter (odd) energy levels (with the color turquoise depicting the
experimental values). The energy levels from the theoretical data are
shown as long black lines. The corresponding energy terms are given
in Table II for a more quantitative comparison. Note that the exper-
imental term values have been derived from GSCDs only. No model
assumption has been used up to this point. As described above,
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TABLE II. Term energies for the vibrational ground state (v = 0) of the He–H+3 complex for the para and ortho nuclear spin
configurations. For both of these configurations, two networks of states are derived from experiment, denoted as a and b for
para and as c and d for the ortho species. This leads to two energy reference points (E = 0) for the para configuration (sets
a and b) and two more energy reference points (E = 0) for the ortho configuration (sets c and d). The experimental values
have been determined in two different ways described in the text. For comparison, the theoretical values are related to the
same four reference points. All values in cm−1.

Assignment Experiment Theory

Set J K Parity Ea,b Ea,c Ea Expt.−calc.

para, jk = 11

a 0 0 e 0 0 0 0
b 1 0 e 0 ⋅ ⋅ ⋅ 0 0
a 2 0 e 7.53(1) 7.525 7.237 0.29
b 3 0 e 12.76(3) ⋅ ⋅ ⋅ 12.381 0.38
a 4 0 e 25.76(2) 25.712 25.027 0.73
b 5 0 e 36.56(2) ⋅ ⋅ ⋅ 35.744 0.82
b 1 1 e 21.03(1) 20.950 21.388 −0.36
a 2 1 e 30.57(7) 30.544 31.159 −0.59
b 3 1 e ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 39.595
a 4 1 e ⋅ ⋅ ⋅ 55.774 55.975
a 1 1 f 22.98(8) 23.046 23.064 −0.08
b 2 1 f 26.60(3) 26.913 26.842 −0.24
a 3 1 f 38.14(6) 38.375 38.401 −0.26

ortho, jk = 10

c 1 1 e 0 0 0 0
d 2 1 e 6.60(1) 6.580 6.577 0.02
c 3 1 e 15.78(5) 15.710 15.625 0.15
d 4 1 e 28.50(1) 28.462 28.355 0.14
d 1 1 f 0 ⋅ ⋅ ⋅ 0 0
c 2 1 f 5.47(6) 5.418 5.335 0.14
d 3 1 f 14.31(1) 14.269 14.107 0.20
c 4 1 f 25.39(5) 25.399 25.047 0.34
d 5 1 f 39.90(2) ⋅ ⋅ ⋅ 39.377 0.52
aAll energies are relative to the energy reference points, E = 0, of the four sets of transitions.
bExperimental values extracted from the assigned experimental spectra.
cExperimental values extracted with the computer program to find combination differences.

four sets of terms (e/ f , para/ortho) are involved, and therefore,
four energy reference points (E = 0) are needed for the experimen-
tal data as seen in Table II. The relative position of these sets is
known from the theoretical calculations, but in Table II, we do not
make use of this for a proper comparison of theory and experiment.
Also note that as a result of the original bootstrap approach, the
energy structure of the K = 0 group of J rotational states of the para
configuration is determined experimentally and theoretically with
high accuracy from just this one band. Values with higher accuracy
are derived when values from several of the observed bands are used.
This improvement is seen in one of the columns of experimental
energies in Table II where the GSCDs have been analyzed by the
home-built program.

The two parity subsets derived from experiment, both for the
ortho and for the para configuration, are connected through the con-
ventional 2B(J + 1) spacing for each J ladder, where B is the effective

ground state rotational constant of the quasi diatomic rotor. This
conventional BJ(J + 1) energy pattern is clearly visible in Figs. 3 and
4 where this knowledge has been used to order the parity subsets
and where also the calculated term values are plotted. Based on the
accuracy of the measurement and the smallness of the centrifugal
distortion constant D, the J rotational energy ladders could be used
to derive rotational constants for each (J, K, ϵ, v = 0, para/ortho)
state. This has been done for the experimental and the theoretical
term values such that this approximate model approach can be
compared as well. The corresponding values are summarized in
Table III.

Due to the smaller population of the K = 1 higher energy
rotational manifold, fewer lines starting from the corresponding
ground state levels are observed. Therefore, only a few J rotational
states are connected to the network of vibrationally excited states
retrieved in the process described above. However, thanks to the
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TABLE III. Energy term values E and rotational constants B for the various K(e/ f)
states of the He–H+3 complex. All values in cm−1.

Assignment Experiment Theory

K Parity E B E B

para, jk = 11

0 e 0 1.296(5) 0 1.271
1 e 20.13a 1.739a 20.34 1.788
1 f 20.00(12) 1.514(16) 20.03 1.529

ortho, jk = 10

1 e 0.011(35) 1.566(2) 0.01 1.558
1 f 0 1.424(1) 0 1.406
0 e ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 80.00 1.625
aMissing uncertainties since only two energy levels can be used to determine two
molecular parameters.

accuracy of the experimental data, the rotational constants B for
K = 1(e/ f ) have been determined as well. In particular, the energy
difference between the e and f parity manifolds as well as the energy
difference with the lower energy K = 0 manifold is determined
experimentally, as shown in Fig. 3.

The excellent agreement of the theoretical predictions and the
reconstructed experimental energy terms can be appreciated in Fig. 3
and to greater detail in Table II. Values of the retrieved rotational
constants and band origins are summarized in Table III and will be
further discussed below.

Fewer lines have been assigned for the ortho configuration
(see Fig. 4). Nevertheless, the connectivity of the network of transi-
tion frequencies is still sufficient to reconstruct the rotational levels
of the lower energy K = 1 states of e and f parity. Thanks to the
assignment of e–e as well as e– f and f –e transitions, also here
the relative energies of the e and f parity states are inferred from
experiment, as depicted in Fig. 4. Just as for the para configura-
tion, very good agreement of the theoretical predictions and the
reconstructed experimental energies is found (see Table II). Values
of the retrieved rotational constants and the K(e/ f ) term values are
also summarized in Table III.

D. Discussion
It is encouraging that, in particular, the lowest transitions in the

infrared spectrum are very well predicted by theory. Deviations of
only fractions of a cm−1 are visible. This situation changes slightly
for the band in the range of 2540 cm−1, where a band shift of a
few cm−1 becomes apparent. Nevertheless, the band structure is well
predicted. Characteristic sets of transitions could be identified in
both the experimental and theoretical spectra as discussed above,
especially in the reconstruction of the ground state energy terms.
Because of the one-to-one correlation of the experimental and the-
oretical spectrum, the assignment of the experimental transitions
became possible for many bands.

Given the complexity of the problem with the H+3 sub-unit
and the He atom in the He–H+3 complex exhibiting large amplitude

relative motions and the peculiarity of the excitation of the degen-
erate ν2 mode in H+3 , the spectrum is certainly rather rich. The
underlying rotational energy structure, in particular, in the v2 = 0
ground state turns out to be quite regular, however. As a result,
the term energies for the different K(e/ f ) states of the complex
in its para and ortho nuclear spin configurations could be derived
from experiment with high accuracy. This set of energy terms puts a
strong test on the PES as discussed above.

Despite the large amplitude internal motions in the com-
plex, the rotational energies follow that of a semi-rigid top such
that effective rotational constants could be determined with con-
siderable accuracy. All theoretically predicted rotational constants
B are in excellent agreement with the experimental values, with
deviations in the 1–5 ×10−3 cm−1 range. In the low temperature
experiments, only rotational levels up to J = 4 or maximum 5 are
populated. Therefore, we neglected centrifugal distortion constants
in our analysis although theoretical values could be determined, e.g.,
D ≈ 5 × 10−4 cm−1 for the K = 1(e/ f ) states in the ortho configura-
tion. This value of D is very large compared to those for semi-rigid
molecules, but still it only affects the rotational energy terms for
higher J values. When determining the experimental and theoreti-
cal rotational constants, we considered the same number of J levels
such that a comparison is meaningful.

A very critical test for the accuracy of the predicted states and,
thus, for the accuracy of the underlying PES concerns the energy
terms for the coarse spacing of the different K(e/ f ) states for the
ortho and para configurations. For the ortho complex, only the K = 1
state with parities e and f has been populated, as the K = 0(e) state is
too high in energy (see Fig. 1). The rotational ladders for the e and f
states starting at J = 1 show an energy difference of about 0.3 cm−1,
both in experiment and theory. This difference originates from the
term value BJ(J + 1), which for J = 1 as the lowest energy state for
K = 1 yields different values for e and f parity because of the differ-
ent effective B constants (see Table III). It is hardly visible in Fig. 4,
and the deviation between theory and experiment is on the order
of the experimental uncertainty. Likewise, no significant deviations
in the rotational constants for the e and f species are found when
comparing experiment to theory. The rotational constants B of the e
states are about 10% larger than those of the f states (see Table III),
and this difference is qualitatively visible in Fig. 4. This is related
to the fact that K is an approximate quantum number and that the
states with K = 0 have parity e so that the K = 1 states with parity
e are coupled to the K = 0(e) states by Coriolis coupling, while the
K = 1 states with parity f are not affected.

The same behavior is observed for the para complex. Here,
the energies of the K = 1(e/ f ) states with J = 1 differ by about
0.6 cm−1 both in experiment and theory. The experimental and
theoretical values differ from one another only by about the exper-
imental uncertainty in the medium resolution spectrum taken with
the pulsed OPO (see Fig. 2). The e– f gap is here nearly twice as large
as for the ortho species because it is caused by Coriolis coupling to
the nearest K = 0 state, which is considerably closer in energy for the
para complex than for the ortho species. As for the ortho configu-
ration, the e species give rise to a larger (≈17%) rotational constant
than the f -species (see Table III). Experiment and theory agree very
well also on these changes.

Unfortunately, the relative positions of the states of the para
species cannot be related to those of the ortho species as these
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behave as two different molecules. Therefore, this information is
only available from theory. For the para configuration, however, it
was possible to find experimental transitions connecting the lower
K = 0(e) state with the K = 1 states of both e and f parity. The latter
K = 1 states are found to be 22 cm−1 higher in energy. Also here
experiment and theory agree very well (see Table III and Fig. 1).
The value for this energy difference is surprisingly close to the rota-
tional constant C of free H+3 (20.6 cm−1), which may be rationalized
by inspecting the para complex configurations for the K = 0 and
K = 1 states shown in Fig. 1. For K = 1, He lies nearly along the
c-axis of H+3 and the rotational energy terms would be those of a
prolate symmetric top with its A constant similar to the rotational
constant C of free H+3 . In fact, A is expected to be larger, as the
K = 1 state will have a slightly tilted geometry because of the bar-
rier in the C3v geometry. Also this experimental energy difference
between the K = 0 and K = 1 states agrees very well with the theo-
retical predictions. For the K = 0 para complex, He lies in the plane
of H+3 and the rotational energy pattern will be that of a diatomic
with rotational constant B(K = 0(e)) = 1.3 cm−1, while for K = 1,
the H+3 sub-unit is more or less orthogonal to the intermolecular
axis, the end-over-end moment of inertia is smaller, and the corre-
sponding rotational constant is larger: B(K = 1(e)) = 1.8 cm−1 and
B(K = 1( f )) = 1.5 cm−1. Of course, these arguments should be
taken with some caution as we discuss a molecule with large ampli-
tude internal motions as if it were a nearly rigid rotor. However, the
simplified mechanistic picture is very well in line with what is found
experimentally and by accurate calculations.

E. Conclusions
Despite the very good agreement between experiment and

theory, deviations are still significant and can be improved from
both sides. On the theory side, the problem has been treated in
reduced dimensionality with the H+3 sub-unit being rigid and with
the same geometry for the ground and v2 = 1 excited state in the
calculation of the He-H+3 potential surface. Although this would
require a considerable computational effort, one could, in principle,
calculate a six-dimensional (6D) He–H+3 potential that depends
also on the three internal coordinates of H+3 . In the calculation of
the bound VRT states in Paper I,12 we used different rotational
constants for H+3 in its ground and v2 = 1 excited state, as well as
several other empirical excited state parameters, but it would be
better to use potentials obtained from averaging a full 6D potential
over the ground and v2 = 1 wave functions of H+3 or, even better,
to apply a fully coupled 6D approach. The larger deviations for
the vibrationally excited states as seen in Figs. 3 and 4 corroborate
this idea. Likewise, a further analysis of the experimental bands
measured with the high-resolution laser used previously will cer-
tainly lead to more accurate energy terms because many more bands
measured with higher accuracy will pin down the term values to
greater precision.

Even more interesting in this context, frequencies and inten-
sities for pure rotational transitions of the He–H+3 complex have
also been predicted17 and could be tested in future experiments
where individual rotational levels might be addressed in a double
resonance approach as recently demonstrated for the rotational
spectroscopy of CH+3 –He.4 This would boost the accuracy of
the experimental term energies. However, recording such spectra

will be challenging because of the small rotational transition
probabilities.

The small deviations between the experimental and theoretical
energy terms as shown in Table II demonstrate for the J lad-
ders that the overall rotational energy is predicted very well. A
rotational constant could be fitted for each K(e/ f ) rotational
state, and no systematic deviations are visible when comparing
this model to either the experimental or the theoretical values.
This shows how well the model of an effective diatomic molecule
works, although the complex exhibits large amplitude motions
in its internal rotor coordinates. This behavior has also been
observed for a number of neutral van der Waals complexes
where the interactions are substantially weaker than in the present
case.18

In summary, many spectroscopic features and molecular con-
stants could be derived from the experimental infrared spectrum,
which has been used here primarily to determine the ground state
energy term diagram. The energy structure of the (J, K, ϵ, v = 0)
rotational states of the He–H+3 complex are characterized by a J
fine structure for an effective diatomic approach, while the coarse
K structure could be interpreted as that of a prolate symmetric top
molecule of D3h symmetry.

When looking at the splitting of the e and f parity levels
for the K = 1 states of the para configuration, the energy structure
looks very similar to that of a slightly asymmetric rotor. Such an
interpretation is tempting due to the favorable qualitative com-
parison of the experimental and theoretical energy term diagrams
(Table II) with such a simple model. However, such an interpreta-
tion might be right for the wrong reason because in the asymmetric
rotor, levels of K and K ± 2 are coupled, which leads to the lifting
of the double K degeneracy. The true reason for the splitting of
the K = 1 states in the present case lies in the Coriolis interaction,
which couples K = 1 with K = 0 states, both of e parity, while
there is no corresponding K = 0 state coupling to the K = 1 states
of f parity. This Coriolis interaction is much stronger for the
para configuration than for the ortho configuration (as seen in
Figs. 3 and 4) because the energy difference between the K = 0 and
K = 1 levels is only about 20 cm−1 for para but about 60 cm−1 for
ortho (see Fig. 1). Consequently, also the difference in the effec-
tive rotational constants as discussed above is larger for the para
configuration.

Finally, the recorded spectra contain many more bands than
analyzed in this work, and several pieces of the puzzle to probe the
PES of the complex are still missing. One of them concerns the
vibrational frequency of the complex stretching mode with quan-
tum number v. Figure 5 shows a part of the IR spectrum5 where the
ν2 vibrational frequency of the H+3 sub-unit as well as the stretching
mode of the complex is excited. Also here the experimental and the-
oretical spectrum agree very well, with deviations below the cm−1

level. A preliminary analysis of this combination band (indexed as
band 19 in Table I) involving this stretching mode yields a value of
ν = 125.75 cm−1 both for experiment and theory. This value may be
compared with the frequency of the pure stretching excitation of the
complex ν = 141.14 cm−1, which is only available from the calcula-
tions. Based on these values, the red shift of the complex stretching
mode by the excitation of the ν2 mode of the H+3 sub-unit amounts
to about 5%. This shows that the change of the PES implied by
the excitation of the H+3 sub-unit should indeed be considered. The
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FIG. 5. Selected range of the IR spectrum of He–H+3 as recorded by Savić et al.5 Upper trace: simulated experimental spectrum based on transitions recorded by Savić
et al. Bottom trace: theoretically predicted spectrum at T rot = 14 K.

currently unassigned higher frequency part of the spectrum contains
higher modes of the complex stretch: v > 1. It will be interesting to
determine also the size of the red shifts of these bands and compare
the values with theory.

In this work, we concentrated on comparing the ground state
energies of the He–H+3 complex, which mostly probe the PES near
the well of the potential. However, high resolution spectroscopic
data exist up to the dissociation limit, in particular, with more
quanta of the complex stretching mode excited. Therefore, a fur-
ther analysis of these states will provide a critical test of the PES over
the entire range of the coordinates, both the bond length R and the
anisotropy.

Last but not least, the He–H+3 complex is a very interesting test
case for systems with large amplitude motions in several degrees
of freedom. Future potential zeroth-order model descriptions of
floppy rotational motions as found for this complex in the angular
coordinates can serve as a test bed for understanding large amplitude
motions in even more degrees of freedom. The prominent example
is the enigmatic CH+5 molecule that is subject to internal rotation
of a CH3 and a H2 sub-unit. Moreover, a proton exchange between
its sub-units is possible such that there are no fixed structural
sub-units as in the He–H+3 case discussed in this work. However,
a proper model description for the rotational motion of the floppy
He–H+3 complex as discussed for the prolate top para configuration
(see Fig. 1) might help to build a zeroth order model for other floppy
molecules with (almost) free internal rotation in several degrees of
freedom.

DEDICATION

We dedicate this work to Dieter Gerlich who passed away
recently. We miss his constant encouragement to push experiments
for more critical tests of the theory.

SUPPLEMENTARY MATERIAL

See the supplementary material for information about all
observed and assigned transitions in the measured spectra of
He–H+3 , along with the corresponding theoretical data (Table S1),
and for the energies of the excited states following from Tables II
and S1 (Table S2).
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