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A B S T R A C T

The proton-bound complexes of the structure NeXHeH+, with x ranging from one to four, are explored to in-
vestigate the effect of additional neon atoms on binding energies and bright vibrational modes of complexes
involving HeH+. The first chemistry that occurred within the universe took place between helium and hydrogen,
producing HeH+, which has been shown to solvate successfully with neon to form NeHeH+. CCSD(T)/aug-cc-
pVTZ computations show that additional neon atoms in the complex are bound more loosely but still destabilize
the existing He–H bond. Additionally, as more neon atoms are added, the harmonic frequencies of the species
begin to converge to approximately 1580 cm−1, roughly 60 cm−1 less than the NeHeH+ proton-bound complex.
Neon destabilizes the HeH+ structure in every instance, no matter the amount of neons added or whether
additional heliums are added.

1. Introduction

Chemists have long had conflicts about how noble gases fit into the
puzzle of the study of matter. Noble gases are often labeled as nothing
more than ornaments to adorn the rightmost edge of the periodic table
and placeholders for the completion of the various orbital shells. They
are lauded for their inertness, but their chemistry is far from dull [1–7].
In fact, helium, the lightest noble gas, and hydrogen were actually the
first element to engage in chemistry in the early universe. After the age
of electron–ion recombination, helium atoms bonded with protons that
were yet to undergo recombination themselves [8,9]. This association is
fundamental to the eventual formation of the +H3 ion, a molecule that
acts as a “hydrogen factory” for the subsequent gas-phase formation of
small molecules that then seeded the chemical universe [10,11].
Without this reaction between He and H+, the steps to form +H3 would
not have been able to outpace the rapid expansion of the universe, and
everything chemical we know would never have come to pass. This
reasoning places HeH+ at the root of all chemistry, and information
collected from further studies of this molecule can transform the way
that the early universe is understood.

Studies of this molecule have only been encouraged by the recent
discovery of HeH+ in the NGC 7027 nebula by Güsten et al. [12]. While
this region for observation is not the edge of the universe, where pri-
mordial HeH+ would be detected (and has yet to be) [13], its presence
provides a natural environment where this molecule’s chemistry can be

directly observed [14]. This molecule can be examined here on Earth
and actually has been since its first observation in 1925 [15]. However,
the high reactivity of HeH+ prevents traditional approaches to ex-
ploring its chemistry from being readily applied. A recent cryogenic ion
storage ring experiment by Novotný et al. [16] investigates re-
combination rates for different electronic states of HeH+ which pro-
vides new estimates for its likely higher primordial abundance. How-
ever, the large, expensive equipment used in experiments like this one
is not easily accessible and hinders the study of this and related noble
gas molecules.

An alternative approach to the study of transient molecules such as
noble gas species is matrix isolation spectroscopy. Matrix isolation
avoids setbacks attributed to the difficulties of studying both gas-phase
and transient molecules via the entrapment of the species in question
within a solid [17,18]. The lightweight noble gases (He, Ne, and Ar),
when sufficiently cooled, are often used for this purpose due to the
spectroscopic clarity that they provide and their typical lack of re-
activity with the species to be observed. Despite these precautions,
HeH+ is so reactive that the proton will, at best, likely be shared among
the solvating host atoms, as well [19,20]. This is due to the exceedingly
low proton affinity of helium. Hence, at best, matrix isolation experi-
ments will only produce proton-bound complexes of helium either with
other helium atoms or the matrix gas, likely neon or argon. Proton-
bound complexes of HeH+ with other noble gases have been studied
extensively recently [21–24] even solvated within other helium atoms
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[25,26], but how HeH+ behaves when solvated in more than one
non–helium noble gas atom has yet to be seen [27,23]. Knowledge of
such behavior would help to understand what the limits are to the
stability of this first molecule in the universe.

The HeHHe+, HeHNe+, and NeHNe+ noble gas, proton-bound
molecules have similar bond strengths, force/spring constants, and
bonding behavior. For instance, the He–H and Ne–H force constants
change by less than 5% between HeHHe+ and HeHNe+ [23]. The in-
clusion of argon changes the bonding environments notably. The larger
and more polarizable argon atom preferentially binds to the proton,
leaving the He or Ne atom weakly bound in a van der Waals-type
complex for ArHHe+ and ArHNe+ [22,23]. Clearly, inclusion of one
neon atom with HeH+ does not do this [23], but can two or more? He
and Ne are among the five most abundant elements in the universe [28]
making associations of these atoms possible in various astronomical
environments. Furthermore, such mixed species could play a role in
other proton-bound complexes with molecules that also have “ideal
gas” properties like CO or N2 [29–33].

Proton-bound complexes are characterized by their exceptionally
bright infrared features for the motion of the central proton between
the two exterior ligands. Most of the charge is moving with the proton,
while most often single-digits percentages of the mass are moving at the
same time. This produces extreme intensities with the infrared, with the
anharmonic frequency of the proton shuttling motion occurring at
1453.6 cm−1 for NeHeH+ [23]. The frequencies will shift based on the
bonding character of the proton-bound complex [21–23,29] and the
presence of any potential distant ligands, but the large peak is in-
dicative of a proton-bound complex making them relatively easy to
detect in the infrared even if they are somewhat metastable.

As a result, the present study examines the structures, binding en-
ergies, and vibrational frequency shifts of the NexH+ ( =x 1 5),
NexHeH+ ( =x 1 4), and Ne4He2H+ proton-bound families. While Ne
matrix isolation of HeH+ is almost certainly impossible, this quantum
chemical study will provide insights into how HeH+ would behave in a
Ne matrix or with Ne tagging. Quantum chemistry is flexible enough
and, with current methods, accurate enough to provide insights into
such systems where stand-alone experiments are exceedingly challen-
ging. While NeH+ will likely not be observed in astrophysical regions
due to an unfavorable potential energy surface (PES) [34,35], the role
that neon atoms could play in the degradation of HeH+ in regions like
NGC 7027 where it is known to exist will be explored here. Further-
more, the manner in which neon atoms likely usurp the strongest
bonding positions of the helium atoms in such proton-bound complexes
will be provided. These insights may provide laboratory scientists with
more data such that, at least, proton-bound complexes of HeHNe+

could be observed in matrix isolation potentially increasing the natural
inventory of noble gas molecules.

2. Computational details

Initial geometry optimizations of molecular formulas NexH+
( =x 1 5), NexHeH+ ( =x 1 4), and Ne4He2H+ utilize restricted
Hartree–Fock reference wave functions and coupled cluster singles,
doubles, and perturbative triples (CCSD(T)) along with the aug-cc-pVTZ
basis set within the MOLPRO 2015.1 quantum chemistry program
[36–43]. Basis set superposition error (BSSE) was not considered, as
previous work with noble gas atoms has shown that BSSE is unlikely to
be large enough to affect conclusions [44]. Following these, harmonic
vibrational frequency calculations are carried out to determine the
zero-point vibrational energies of the optimized molecules. The fre-
quency calculations also confirm that the molecule in question is a
minimum on its potential energy surface. Additionally, MP2/
6–31+G(d) computations within Gaussian09 provide the intensities
for the double-harmonic vibrational frequencies [45–47] shown to be in
good agreement with higher-level, anharmonic intensities for NNHNN+

[31]. Sequential binding energies (BEs) for NexH+ (neon) and

NexHeH+ (mixed neon and helium) are calculated using the following
formulae:

= + +BE(He) E(Ne HeH ) E(Ne H ) E(He)x x (1)

and

= + +BE(Ne) E(Ne HeH ) E(Ne HeH ) E(Ne).x x 1 (2)

The binding energy of the distant neon is found by allowing the
Nex 1HeH+ structure to optimize freely. The binding energy of the
close helium atom is determined by constraining the geometrical
parameters to those of the minimum save for the He–H bond length.
The same procedure is employed for the neon energies as well. In the
previously-examined, proton-bound, noble gas complexes, the binding
energy drops notably when n 7 implying a filled first solvation/
complexation shell after six atoms surround the proton [21,25]. Hence,
this study will not move beyond this limit of six atoms in addition to the
proton. The BEs are reported as negative, showing that the bound
complexes are more favorable than the lone atoms.At each optimized
geometry the harmonic vibrational frequencies are computed, and the
resulting zero-point vibrational energies are added to the electronic
energies for the reported, relative and binding energy values.

A relaxed PES scan is also performed for the lowest-energy con-
stitutional isomers of NexHeH+ ( =x 1 4) and Ne4He2H+. The HeH+
bond length is fixed for each point in the scan, and the rest of the
molecule is allowed to optimize. Each new computation changes the
HeH+ bond distance by a length of 0.05 Bohr. The ground-state elec-
tronic energies of these optimized geometries are collected and plotted
as a function of the HeH+ bond length in order to provide a meaningful
interpretation of each PES.

3. Results & discussion

3.1. NeHeH+

Table 1 provides the binding energy and structural parameters for
NeHeH+. Previously, this molecule was called HeHNe+, but it will be
referred to from here on as NeHeH+ in order to remain consistent with
the present NexHeH+ family nomenclature where =x 1 in this case.
The Ne BE is within 3.0 kcal/mol and He BE within 0.5 kcal/mol of
previous CCSD(T)/aug-cc-pV5Z benchmarks [23]. The destabilization
effect that neon atoms have on the He binding energy is seen through
the change in the binding energy of the close He as the number of neons
in the NexHeH+ species increases. This is the difference in the close He
BE of the species in question and that of the =x 1 species. This value is
given in subsequent tables as close He BE.

The bond lengths of NeHeH+ are within 0.02Å of even higher-level
theory where complete basis set extrapolations, core electron correla-
tion, and scalar relativity (CcCR) are included [23]. The present
1641.3 cm−1 harmonic frequency in Table 1 is around 70 cm−1 higher
than the CcCR value at 1569.8 cm−1. The CcCR anharmonic value from
the same, previous study is 1453.6 cm−1, and CcCR has been shown to
produce anharmonic vibrational frequencies regularly within 5 cm−1

and often within 1 cm−1 of gas phase experiment [48–56,22,57]. While

Table 1
Optimized properties of NeHeH+.

close Neon BE (kcal/mol) 17.11
close Helium BE (kcal/mol) 10.23

1 (cm−1) 1641.3
1 (cm−1) 1453.6a

scale 0.8856
f1 (km/mol) 2617

H–Ne Bond Length (Å) 1.111
H–He Bond Length (Å) 0.953

aRef. [23].
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there is some discrepancy between the present CCSD(T)/aug-cc-pVTZ
results and those from earlier work, on the whole, the present compu-
tations demonstrate solid performance. Such higher-level computations
are not feasible for the higher x values in this NexHeH+ family, im-
plying that CCSD(T)/aug-cc-pVTZ should be adequate for analysis of
the larger complexes in this family. Likely, this value of 1463.6 cm−1 is
higher than the actual, physical value since previous CcCR values for
He2H+ and Ar2H+ have been higher than their corresponding experi-
mental frequencies [23,26,22,21]. However, the shifts brought about
by higher numbers of neon atoms should remain physically relevant.

Fig. 1 shows the PES scan for elongating the He–H bond length;
clear Morse behavior is present. The larger, bright green atom is the Ne,
while the smaller, light blue one is He. The He is well-bound if only at
10.23 kcal/mol. As evident in Table 1 the Ne is around 50% more
tightly bound, but the helium atom will not spontaneously leave the
system, as is shown in Fig. 1. In either case, the bright proton shuttle
frequency ( 1) is well below the He BE implying that it will be visible if
this molecule could form.

The brightest vibrational frequency, noted as 1 or 1 depending
upon whether reported as harmonic or anharmonic, respectively, will
be the most important observable for this study. The full set of har-
monic vibrational frequencies for this and the other molecules in this
study are given in the Supplemental Information (SI). From Table 1, the
f1 intensity is 2617 km/mol; For comparison, the notable antisymmetric
stretch in water at this same level of theory is 70 km/mol. This anti-
symmetric stretching frequency has such a tremendous intensity re-
sulting from nearly all of the charge but very little of the mass moving
as the proton shuttles between the two heavier atoms. The shift in 1
between higher x values or isomers of a given x level will be scaled in
order to provide a good estimate for how the vibrational frequency will
change upon isomerization or addition of further Ne atoms. The ratio of
1/ 1 for NeHeH+, as given in Table 1, is 0.8856, and the raw shift in
the harmonic frequencies relative to the =x 1 species [ ( )1 ] will be
multiplied by this value creating ( )1 . The resulting shift [ ( )1 ] will
be added to the 1453.6 cm−1 CcCR anharmonic frequency [23] in order
to provide an estimate for the new complex’s anharmonic vibrational

frequency. For Ne2H+, the CCSD(T)/aug-cc-pVTZ harmonic frequency
is 1616.2 cm−1, and the anharmonic CcCR value is 1436.6 cm−1 [22].
The ratio for the NeHNe+ moiety will then be 0.8889. Hence, this ( )1
will be the applied to 1 for NeHeH+ or Ne2H+ depending upon the
isomer in question. These shifts will clearly show the progression of
neon coordination around the central proton and allow for any poten-
tial experimental corroboration.

3.2. Ne2HeH+

In moving on to =x 2 for the NexHeH+ family, Ne2HeH+ in this
case, there are two isomers. The one with the helium atom more closely
bonded to the proton is listed as structure a. The one with the Ne–H–Ne
moiety and the helium atom noncovalently bonded (with the helium BE
of 1.20 kcal/mol) is structure b. in Fig. 2. Structure b. is the lowest-
energy isomer by 4.48 kcal/mol from Table 2, and this is given visually
in Fig. 2. Once the He–H bond length surpasses 1.3Å in structure a., the
PES takes on the form of structure b. with the bond angles changing.
There is a near minimum on the red, structure b. He–H PES nearly at the
minimum for the blue structure b. in Fig. 2, but the triligated proton-
bound complex is ultimately not favored. The optimized parameters of
the two structures are given in Table 2 showing clear noncovalent in-
teractions in the long bond lengths of one Ne atom in structure a. and
the He atom in structure b. (See Table 3).

Even in structure a. where the Ne–H–He moiety is maintained, the
helium is somewhat less well bonded in the presence of the second neon
atom. As seen by close He BE in Table 2 the close helium BE drops
relative to NeHeH+ by a mere 0.39 kcal/mol to 9.84 kcal/mol. How-
ever, the distant neon BE in structure b. is also much less than in
NeHeH+ implying that the noble gas atoms are perturbing one another
and competing with one another. Additionally, this behavior was also
shown with ArHHe+ and ArHNe+ [22,23], but, presently, this is not
influenced by the stronger Ar–H bond. Hence, the weakening of the
He–H and Ne–H bonds in these proton-bound complexes appears to
arise more from more competition for interactions with the proton than
from the type of atom producing the competition.

Fig. 1. The He–H dissociation PES for NeHeH+ with the minimum energy structure shown.
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Regardless, each of these structures will have a unique 1 allowing
for characterization. The ( )1 for structure a. relative to NeHeH+

actually is negative at −21.0−1 since the additional neon atom in-
creases the harmonic frequency. This puts ( )1 at −18.7 cm−1 and the
likely 1 at 1434.9 cm−1. For structure b. inclusion of the helium atom
expectedly lowers the harmonic frequency to 1607.8 cm−1 producing
the ( )1 of −33.5 cm−1 and ( )1 of −29.7 cm−1. Consequently, the
signature antisymmetric stretch of Ne2HeH+ will be −29.7 cm−1 lower
in frequency than the Ne2H+ at close to 1420.1 cm−1.

3.3. Ne3HeH+ & Ne4HeH+

The Ne3HeH+ PES in Fig. 3 is quite similar to that for Ne2HeH+ in
Fig. 2. The blue line leading to the minimum structure (structure c.) has
its minimum with the Ne–H–Ne moiety. This blue line, again, has a
near-minimum above the red line’s minimum (structure a.) where the
proton-bound complex has a Ne–H–He moiety. The red line is allowed
to continue in this plot to give a third stationary point on the PES in
structure b. However, structure b. is actually not a true minimum as it
gives an imaginary frequency in an a mode. The breaking of the
symmetry allows the molecule to rearrange into structure c. Conse-
quently, removing the imaginary portion of the red He–H PES produces
a plot nearly identical to that from Ne2HeH+ in Fig. 2. Hence, more
global behavior for HeH+ solvated in neon atoms in the NexHeH+ fa-
mily appears to be surfacing even for =x 3.

The addition of the neon atom will lower the 1 frequency notably
compared to the lone NeHeH+ molecule; ( )1 is −46.8 cm−1.
Expectedly, the bright frequency will red-shift as more neon atoms are
added. This is borne out in structure c. where a neon atom is now part
of the noncovalent shell along with the helium atom. However, this
shift in Ne2H+ is not nearly as great compared to that from NeHeH+.
Furthermore, the addition of the neon atom further destabilizes the
He–H bond, leading to a decrease in −0.99 kcal/mol for the close He
BE from NeHeH.

Fig. 4 highlights the same behavior for Ne4HeH+ as is shown for
Ne2HeH+ and Ne3HeH+. The additional neon atom is too far removed
from the proton for there to be any notable, qualitative effect in the
PES. This is further corroborated by the structural, BE, and vibrational

Fig. 2. The He–H dissociation PES for the two isomers of Ne2HeH+: Structure a. in blue and b. in red.

Table 2
Optimized properties of Ne2HeH+.

Structure a. Structure b.

E (kcal/mol) 4.48 0.00

distant Ne BE (kcal/mol) 1.35 5.84
distant He BE (kcal/mol) – 0.57
close Ne BE (kcal/mol) 16.69 15.25
close He BE (kcal/mol) 9.84 –
close He BE (kcal/mol) −0.39 –

1 (cm−1) 1620.3 1607.8
( )1 (cm−1) −21.0 −33.5
( )1 (cm−1) −18.7 −29.7

f1 (km/mol) 2199 2468

H–He Bond Length (Å) 0.900 2.200
H–Ne1 Bond Length (Å) 1.144 1.140
H–Ne2 Bond Length (Å) 2.347 1.141

Table 3
Optimized properties of Ne3HeH+.

Structure a. Structure c.

E (kcal/mol) 4.29 0.00

distant Ne BE (kcal/mol) 1.47 1.27
distant He BE (kcal/mol) – 0.62
close Ne BE (kcal/mol) 16.29 14.95
close He BE (kcal/mol) 9.24 –
close HE BE (kcal/mol) −0.99 –

1 1588.4 1588.2
( )1 (cm−1) −52.9 −53.1
( )1 (cm−1) −46.8 −47.2

f1 (km/mol) 2103 2371

H–He Bond Length (Å) 0.979 2.434
H–Ne1/2 Bond Length (Å) 2.334 1.141
H–Ne3 Bond Length (Å) 1.103 2.439
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frequency data in Table 4. The BEs and frequencies show a minimal
decrease for Ne4HeH+ relative to Ne3HeH+ implying a notable level of
convergence. This is further confirmed in Fig. 5 which shows that as
more neons are added to the NexHeH+ species the harmonic fre-
quencies begin to converge. While Ne7HeH+ will likely have a marked
drop in Ne BE compared to the =x 6 complex from previous work
[21,25], the Ne atoms are bound to this proton more strongly than
argon ( 2.2 kcal/mol) and helium ( 1.0 kcal/mol) in proton-bound
complexes and clusters containg only one type of noble gas atom.

The harmonic vibrational frequency for Ne4HeH+ structure a. in
Table 4 appears to settle around 1578.9 cm−1 putting the estimated
anharmonic value at 1398.3 cm−1. For the structure with the Ne–H–Ne
moiety (structure b.), the anharmoinc frequency appears to converge to
close to 1581.2 cm−1 harmonically and 1400.2 cm−1 anharmonically.
However, the barrier to isomerization is less than 3.0 kcal/mol
(1050 cm−1) making observation of the bright, antisymmetric 1 diffi-
cult for He–H–Ne bearing structure a. While Feshbach resonances or
other means of observing the vibrational frequency above the PES

Fig. 3. The He–H dissociation PES for the two isomers of Ne3HeH+: Structure a. in blue and c. in red.

Fig. 4. The He–H dissociation PES for the two isomers of Ne4HeH+: Structure a. in blue and b. in red.
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barrier may be possible to observe this frequency, the fact that the
He–H bond distance changes means that helium atom will likely re-
position itself into structure c. before the vibrational signature of
structure a. could be observed. Another possible phenomenon further
limiting the lifetime of these species is the tunneling of neon atoms from
one potential surface to another but is beyond the scope of the current
work and will be left for future work.

3.4. Ne4He2H+

Introduction of a second helium atom into the Ne4HeH+ structure
was hoped to stabilize the He–H bonds. Instead, the same behavior seen
in the single helium clusters is present. The short He–H bonds produce a
minimum structure in structure a. from Fig. 6, but this is not the global
minimum. The long He–H bonds with the helium atoms noncovalently
interacting with the proton are preferred in structure b. In either case,
only one helium atom bond length was varied in the scan, but the other

mirrored it in the relaxed nature of this procedure even with symmetry
reduced from D h2 to C v2 . A third isomer is also possible with the helium
atoms adjacent to one another. However, the distant complexes for
structure b. and the perpendicular He isomer (structure c.) are degen-
erate for the precision of the utilized CCSD(T)/aug-cc-pVTZ level of
theory. Furthermore, the perpendicular He isomer actually reports an
imaginary frequency of less than 15 cm−1 correlating with a bend that
would put the helium atoms opposite one another creating structure b.

The vibrational frequencies of structure b. in Table 5 are in line with
those from Ne4HeH+ implying that the additional noble gas atom in the
shell does not greatly perturb the system. The frequency for structure a.
is notably different from the corresponding isomer in Ne4HeH+, but
structure a. for Ne4He2H+ has helium atoms opposite one another
raising the vibrational frequency above that for Ne4HeH+ where a
helium and neon are opposite one another about the proton. In struc-
ture b. where the neon atoms are opposite one another, 1 is nearly
identical to that for Ne4HeH+ further implying convergence of the first
solvation shell.

4. Conclusions

HeH+ cannot be stabilized in a shell of neon atoms. At best, it can
produce the NeHeH+ proton-bound complex, a molecule of its own
interest, but not the first molecule in the universe, HeH+. As more neon
atoms are added to the complex, they assume the position of the two
closest atoms to the proton, creating a proton-bound complex with
noncovalently interacting atoms around it. This includes any helium
atoms present along with any additional neon atoms. The helium atom
can be relatively strongly bound to the central proton, but incident
energies on the order of 2.5 kcal/mol will readily push the He–H bond
to a point where it breaks replacing the helium with neon. The bright
vibrational frequency found in proton-bound complexes begins to
converge to 1580 cm−1 harmonically and likely close to 1398 cm−1

anharmonically as more neon atoms are added putting the experimental
solvated frequency closer to 1350 cm−1 due to considerations from
CcCR and experimental frequencies for this motion in He2He+ [23,26].
Hence, the presence of the helium atom is almost completely unfelt.

Table 4
Optimized properties of Ne4HeH+.

Structure a. Structure b.

E (kcal/mol) 4.25 0.00

distant Ne BE (kcal/mol) 1.42 1.38
distant He BE (kcal/mol) – 2.90
close Ne BE (kcal/mol) 16.12 14.92
close He BE (kcal/mol) 8.83 –
close He BE (kcal/mol) 1.39 –

1 1578.9 1581.2
( )1 (cm−1) −62.4 −60.1
( )1 (cm−1) −55.3 −53.4

f1 (km/mol) 2019 2286

H–He Bond Length (Å) 0.953 2.328
H–Ne1 Bond Length (Å) 1.117 1.142
H–Ne2 Bond Length (Å) 2.331 1.141
H–Ne3/4 Bond Length (Å) 3.384 2.478

Fig. 5. The change in harmonic frequencies as the number of neons in the NexHeH+ species increases.
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Again, mixed NeHeH+ may yet be observed opening the door for po-
tential observation of OCHHe+ and N2HHe+, but once a third ligand is
added, the helium will be retained in the system as a distant ligand at
best. Most likely it will simply evaporate from the complex.

This behavior further showcases that HeH+ is a rare molecule. Even
solvated in the next-least reactive atom, neon, HeH+ will dissociate the
system with the slightest provocation. HeH+ can only be studied in the
gas phase (or theoretically), and even its proton-bound dimer, He2H+,
will easily break apart upon exposure to any other atoms, again, even
neon. Consequently, the early universe and the shells of supernova
remnants are almost certainly the only places where HeH+ and any of
its derivatives are likely to be found in nature.
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