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Abstract

This paper deals with the stability and decomposition of a recently predicted noble-gas
compound, HXeNH2. Despite natural progress and interest in noble-gas hydrides, little is
known of their decomposition reaction. In this study, the dissociation reaction is explored
by ab initio calculations and by Ab Initio Molecular Dynamics (AIMD) simulations. The
results could be important for the future experimental search of the compound. It is found
that the main decomposition channel is HXeNH2 → H+Xe+NH2. A key step in the reaction
is found to be a rearrangement of the partial charges of the atoms involved. The results
could be of significance also for reactions of other compounds with Xe-N chemical bond
and other noble-gas hydrides.

Keywords: HXeNH2 compound; noble-gas hydrides; dissociation pathway; cryogenic tem-
peratures; ab initio; Ab Initio Molecular Dynamics (AIMD); partial charges rearrangement

1. Introduction
A renaissance in the field of noble-gas chemistry occurred about three decades ago,

with the discovery of the noble-gas (Ng) hydrides family of molecules [1]. These interesting
compounds, which were discovered by Räsänen and coworkers [2], share a common
structure formula of HNgY (where Ng = noble-gas and Y = an electronegative atom/group)
and are characterized by relatively weak bonding and large dipole moments. The latter
arises from the common ionic structure of (H-Xe)+Y− [3]. These properties enhance the
effects of their surrounding on them, their complexation, and their reactions with other
species [4–6].

Notable representatives of this family include molecules such as HArF [7], HKrCl [2,8],
HXeCCH [9], HKrCCH [10], and HXeOH [11,12]. Another distinguished group of re-
searchers who prepared such molecules was that of Feldman and coworkers [12–14]. It
should be noted that many predicted Ng hydride molecules still await their experimental
realization [15,16].

Over the years, many types of chemical bonds of noble-gas elements with other atoms
have been discovered. Among them is the important Xe-N bond, which dates back to the
early 1970s, with the spectroscopical observation of FXeN(SO2F)2 [17]. Since then, the Xe-N
chemistry has considerably expanded to include many compounds [18–22]. The important
Xe-N bond found its place also in the “noble-gas renaissance era”, in compounds prepared
by the Räsänen group, such as HXeNC, HXeNCO, FXeNC, and ClXeNC [23–26].

The structure, properties, and energetics of predicted and experimentally found noble-
gas hydrides have been addressed along the years. Much less so is their stability at various
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temperatures and their decomposition dynamics and dissociation mechanism via AIMD.
Studies of the latter include those by Tsivion and Gerber [27,28].

Here, we report on the decomposition dynamics at various temperatures and the
dissociation mechanism of the recently predicted HXeNH2 molecule [29], a new prediction
of noble-gas hydride type of molecule containing a Xe-N bond. In addition, we shed
light on the role played by modifications in the electronic structure of the molecule versus
structural changes that lead to its decomposition. Therefore, this study may help in the
experimental discovery of HXeNH2 and may also bear significance for reactions of other
compounds with Xe-N chemical bond and noble-gas hydrides.

It should be noted that recently, the theoretical prediction of the interesting ionic
species NXeH4

+ and HXeNH3
+ were reported. However, although related, the neutral

HXeNH2 in focus differs from the ionic species [30].
In addition, we propose that the HXeNH2 may be relevant to the known and long-

standing puzzle of the “missing” Xe phenomenon in the Earth’s atmosphere [31–33].
Evidence indicates that Xe and NH3 species interact to give a stable complex at high
pressure, relevant to planetary interiors [34,35]. Furthermore, spectroscopic and X-ray
diffraction experiments on Xe-N2 mixtures at high pressure indicate the formation of
species with strong Xe-N bonds [36]. Sanloup and coworkers demonstrated the reaction of
Xe and ice at very high pressures for the closely related case of Xe-O [37]. Though we do
not present any evidence for our proposal, we wish to raise here a plausible explanation
for this phenomenon. If indeed some part of the “missing” Xe is due to the presence
of currently unobserved HNgY molecules, then HXeNH2 may be involved due to the
relatively high abundance of ammonia. Moreover, the HXeNH2 molecule is predicted
to exist in non-pressurized environments, and there is evidence that HNgY compounds
become more stable when pressurized. Thus, this suggests that HXeNH2 and others alike
may be found beyond high-pressure planetary interiors as well.

The structure of the paper is as follows: the Section 2 begins with a brief presentation
of the molecule and its properties. This is followed by the main subsection devoted to
the presentation and discussion of the molecule’s decomposition dynamics at various
temperatures and its dissociation mechanism. Next, a section describing the methodology
and the computational methods that were used is outlined. And finally, the conclusions of
this study are presented.

2. Results and Discussion
2.1. HXeNH2: Structure and Properties

The calculated geometry of the predicted HXeNH2 at the CCSD(T) level of theory is
shown in Figure 1.

Figure 1. Optimized structure of HXeNH2. Distances (in Angstrom), angles (in degrees), and NBO
partial atomic charges in parentheses (see also optimized coordinates in Table A3).

The optimized HXeNH2 geometry exhibits bond lengths of 1.84 Å, 2.35 Å, and 1.02 Å
for the H-Xe, Xe-N, and N-H bonds, respectively. Interestingly, at the CCSD(T) level of
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theory, the H-Xe and Xe-N bonds are longer in correspondence by only 0.16 Å and 0.20 Å
than their counterparts in the rather similar HXeF molecule. In addition, the H-Xe bond is
longer by 0.13 Å and shorter by 0.33 Å than the H-Xe and Xe-Cl bonds in the experimentally
known HXeCl compound. Furthermore, not surprisingly, MP2 and CCSD(T) agree very
closely on the optimized structure of HXeNH2. At the MP2 level of theory, the H-Xe bond
and the Xe-N bond are shorter by 0.05 Å and 0.04 Å, compared with CCSD(T), respectively.

Similarly to other members of the noble-gas hydrides, the H-Xe-N angle is almost
linear, at 177.5 degrees [24,38].

HXeNH2 shows a rather typical partial charge distribution among its atoms [39]. The
hydrogen atom, which is bonded with xenon, is negatively charged (−0.201), while the
Xe atom carries most of the positive charge in the molecule, +0.783. The NH2 subunit
is altogether negatively charged, with a negative charge of −1.214 on the nitrogen and
a positive charge of +0.316 on each of the hydrogen atoms bonded with it. This gives a
negative net charge of −0.582 on the NH2 subunit.

The H-Xe vibrational mode is of special significance as it serves as a fingerprint for
the experimental identification of the noble-gas compound in question [40]. In order to
estimate the anharmonic vibrational frequency of the H-Xe bond in HXeNH2, the ratio of
the experimental anharmonic to the harmonic vibrational frequency of that bond in the
similar HXeCl molecule was calculated. The resulting factor of about 0.92 was then applied
on the harmonic frequency of the H-Xe bond in HXeNH2 (1580.9 cm−1 and 1318.5 cm−1).
This gives an estimated anharmonic frequency of 1213.0 cm−1 and 1454.4 cm−1 for the
H-Xe bond in HXeNH2 (for all other HXeNH2 harmonic frequencies, see Table A1 in
Appendix A). It should be noted that the anharmonic estimated frequencies for HXeNH2

correspond to a covalent H-Xe bond that should be detected experimentally.
Like all other members of the noble-gas hydrides, HXeNH2 is metastable [39,41],

residing ~4.82 eV above the global minimum of the system, Xe+NH3. The barrier protecting
the decomposition of HNgY into Ng+HY is usually much higher than that which hinders
the dissociation of noble-gas hydrides into H+Ng+Y. Furthermore, it is believed that the
former decomposition route is hindered in the matrix [39]. Therefore, the focus here shall be
on the latter, namely the dissociation of HXeNH2 into H+Xe+NH2. The energy difference
between HXeNH2 and its products, H+Xe+NH2, was calculated via both CCSD(T) and MP2
methods. The calculations give an energy difference of 0.39 eV and 0.40 eV for the CCSD(T)
and the MP2 method, respectively. In addition, the decomposition pathway calculated via
MRCI(16,12) gives a protecting barrier of about 0.13 eV (see Figure 2 and the Section 3).

Figure 2. The decomposition pathway of HXeNH2 into H+Xe+NH2, calculated with MRCI(16,12).
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This seemingly relatively low barrier is the estimated protecting barrier for this decom-
position channel in vacuum. However, the noble-gas hydrides are usually prepared in a
noble-gas matrix at cryogenic temperatures (T ≤ 10 K). Therefore, such a barrier should be
sufficient for the stabilization and detection of the molecule at these extreme conditions. It
should be noted that for the experimentally found HArF molecule, a similar barrier of 0.18
eV was calculated for this dissociation pathway using the same method applied here [7,42].

2.2. HXeNH2: Decomposition Dynamics at Cryogenic Temperatures

As noted above, the noble-gas hydrides are usually prepared at cryogenic temperatures
of about 10 K and below. Thus, two trajectories at each temperature of 8 K, 20 K, 40 K,
and 60 K for a duration of about 18 ps were performed using AIMD simulations (see
Section 3). However, none of these trajectories in any of the temperatures that were checked
showed any significant occurrences, such as the dissociation of HXeNH2. Figure 3 shows
an example trajectory at 40 K.

Not surprisingly, the increase in the simulation temperature from 8 K to 20 K, for
example, elevates the structural fluctuations in the molecule—again, without causing the
molecule to decompose. Table 1 depicts the quantitated changes in the bond lengths and
the H-Xe-N angle between the trajectories, for instance, at 8 K and 20 K.

Table 1. The table presents the H-Xe and Xe-N bond lengths together with the H-Xe-N angle, alongside
their corresponding optimized CCSD(T) value (left most column). The minimum, maximum, and
averaged values in these degrees of freedom at 8 K and 20 K are also shown ([min, max, Av.]). Bond
lengths are in Angstrom and angles in degrees.

8 K
[Min, Max, Av.]

(Å/Degrees)

20 K
[Min, Max, Av.]

(Å/Degrees)

R (H-Xe, 1.84 Å) [1.59, 2.15, 1.83] [1.47, 2.21, 1.84]
R (Xe-N, 2.35 Å) [2.10, 2.71, 2.36] [2.08, 2.73, 2.36]

A (H-Xe-N, 177.5◦) [156.5, 179.8, 170.7] [155.1, 179.9, 171.3]

(a) 

Figure 3. Cont.
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(b) 

(c) 

Figure 3. HXeNH2 trajectories at 40 K: (a) Snapshots along the trajectory. (b) The fluctuations of the
Xe-N bond length along each trajectory. Each color represents one of the trajectories. (c) The NBO
partial atomic charges of the Xe and N atoms during a trajectory (H atoms removed for clarity).

As expected, Table 1 shows the increase in the fluctuations of the H-Xe and Xe-N bond
lengths and the bending motion of the H-Xe-N angle. This is being reflected by the growing
range of their values as the temperature rises. While both bond lengths fluctuate very
closely to their CCSD(T) values, the H-Xe-N angle changes further away from its optimized
value. This points of course to the higher stiffness of the H-Xe and Xe-N degrees of freedom
(DOF) versus the H-Xe-N bending motion. In addition to the increase in the structural
fluctuations, the rising temperature also amplifies the fluctuations in the distribution of
the partial atomic charges in the molecule. As the atoms move more rapidly due to the
growing temperature, so do the modifications to the interactions between them. These of
course translate to changes in the electronic density distribution among the atoms. The
latter affects directly the results obtained with the NBO method, which depends on the
electronic density [43]. The effect of the rising temperature on the fluctuations in the partial
atomic charges is shown in Figure 4.

The results show that while the growing temperature amplifies the fluctuations in
the partial atomic charges, these occur mostly on the xenon and nitrogen atoms. This is of
course understandable as these atoms are much bigger than hydrogen and, thus, have more
“electronic density flexibility”. The same behavior can also be seen at each temperature
alone (see Figure A1 in Appendix A).
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Figure 4. The dynamics of the NBO partial atomic charges of Xe and N atoms along the trajectory at
8 K versus 40 K(H atoms removed for clarity).

Given the stability of HXeNH2 in all trajectories at 8 K, 20 K, 40 K, and 60 K, it is
reasonable to assume that given enough trajectories or a longer simulation timescale, the
compound would dissociate at least in some of these trajectories, namely, the energy will
“flow” and accumulate in the “correct” DOF, which will enable the molecule’s decomposi-
tion. Thus, a single trajectory with a longer timescale was applied (see Section 3).

With no exception, all longer timescale trajectories showed the dissociation of HXeNH2

into its three constituents, H+Xe+NH2. Figure 5 presents these longer timescale trajectories
at 8 K.

The results show that after about 43.5 ps, HXeNH2 starts to dissociate into its three
constituents, H+Xe+NH2, as can be seen from the snapshots taken from the trajectory
(Figure 5a). In addition, plotting the H-Xe and Xe-N bond lengths and H-Xe-N angle along
the trajectory shows that the bonds are elongated until they eventually break, while the
H-Xe-N angle keeps fluctuating between 155 and 177 degrees.

Most interestingly, the dissociation of HXeNH2 occurs due to an abrupt change in
the electronic density distribution after only about 39 ps, as can be seen in Figure 5b. The
analysis of the trajectory exhibits the following dissociation mechanism for HXeNH2: First,
a charge–transfer step occurs after about 39 ps. This is followed by the breaking down of
the H-Xe bond, which is followed almost immediately by the decomposition of the X-Ne
bond, at ~43.5 ps. In addition, and most importantly, this mechanism occurred in all cases
where HXeNH2 dissociated. It should be noted that this result corresponds well with the
known lower barrier for this dissociation pathway than that which decomposes HNgY into
the Ng + HY constituents.

It should be noted that the results were obtained with MP2, which is a single-reference
method. Obviously, such a single-reference framework cannot be expected to describe
adequately the multi-reference dissociation and its products, H + Xe + NH2, since the
products include open-shell species. However, the MP2 procedure, much like other single-
reference techniques, should be valid up to the charge transfer decomposition region.
In addition, as the trajectories reach this region, the system’s geometry indicates that
the products should be H + Xe + NH2. Thus, as a single-reference method, the MP2
framework can take us almost to the point of decomposition and tell us what the products
should be. Furthermore, the “static” multi-reference MRCI calculation shown above
indicates that in this region, the species formed, corresponding to the three constituents of
H + Xe + NH2. Thus, this higher-level calculation supports the decomposition mechanism
and its products. Furthermore, where valid, the MP2 method can describe changes in the
electronic distribution, as reflected by the changes in the partial atomic charges along the
trajectory which leads to dissociation.
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(a) 

(b) 

Figure 5. HXeNH2 trajectory with a longer timescale at 8 K: (a) Snapshots along the simulation taken
at various time steps. (b) The NBO partial atomic charges of Xe and N atoms along the trajectory
(H atom data removed for clarity). The dissociation time region of HXeNH2 is emphasized by a
red rectangle.

In general, the stability of the noble-gas hydrides at cryogenic temperatures is an
experimental fact. As noted earlier, the calculated barrier for the similar compound HArF
was just 0.18 eV in vacuum. However, the compound was found experimentally while
prepared in a rare-gas matrix. As for the relevance of tunneling to this study, all the
trajectories were carried out at energies well above the computed barrier (e.g., kinetic
energy of ~0.43 and above in the cases shown). Thus, tunneling contributions to the
dynamic simulations presented here should be negligible. Therefore, it does not seem that
tunneling calculations are necessary for this study.

At all temperatures and trajectory timescales, the H-Xe and Xe-N bonds show, as
expected, a frequency-like behavior which is more pronounced for the Xe-N bond (Figure 3b
shown for the Xe-N bond). This is due to the faster vibration of the H-Xe bond and its
modification by its relatively large and rapid rotational movement.

The apparent strange behavior of the partial atomic charges around 39 ps deserves
an explanation (Figure 5b, enclosed by a red rectangle). The figure shows that while the
partial charge of the Xe atom reduces to zero, all other atoms (shown only for N atom,
for clarity) become highly negatively charged. However, the trajectories were carried
out by the single-reference MP2 method. The redistribution of the electronic density and
the introduction of new electronic configurations cannot be adequately described by this
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single-reference method. The behavior of the partial atomic charge on Xe seem reasonable,
as it starts to return to its closed shell. However, the negative partial charges on all other
atoms are most probably an artifact due to the failure of the single-reference MP2 method
to describe this scenario.

3. Computational Methods
The structure of HXeNH2 was optimized from a single structure (similar to that in

Figure 1) by searching a minimum on the electronic potential energy surface and calculating
its vibrational harmonic frequencies at the optimized geometry. This was performed at
the MP2 and the CCSD(T) level of theory via the GAUSSIAN16 suite, Revision C.02 [44].
Since the CCSD(T) method requires numerical derivatives, the optimization was carried
out using the Eigenvalue-Following algorithm (EF) using a default tight SCF convergence
(Tight) and the very tight threshold criterion for the geometrical convergence (10−6, VTight).
In addition, the need for numerical derivatives necessitated the use of an integration grid
of adequately sized grid points (SuperFineGrid).

In order to describe the compound, a mixed basis-set was used, which included
the LaJohn Effective Core Potential (ECP) for Xe and the Pople Gaussian basis-set of
6-311++G(2d,2p) for the nitrogen and hydrogen atoms. The LaJohn-18 ECP (LJ-18) consists
of 18 explicit electrons and 36 electrons for the ECP region. Although this ECP is not the
largest one possible for describing Xe, it should be sufficient together with the above Pople
basis-set to describe HXeNH2. We note that the mixed basis-set is relatively balanced and
has a low Basis-set Super Position Error (BSSE). In addition, and above all, this mixed
basis-set and, in particular, the LaJohn-18 ECP, was used successfully in previous studies
to predict experimentally found compounds such as HXeCCH [9,45], HXeOH [11,12], and
other molecules [24].

The partial atomic charges were calculated at the optimized geometry via the Natural
Bond Orbital (NBO) method as applied in the GAUSSIAN16 package [46].

All thermodynamic calculations were carried out at the CCSD(T) level of theory using
the same basis-sets stated above, while also taking into account the Zero Point Energy
correction (ZPE).

The dissociation of HXeNH2 into its three constituents (H+Xe+NH2) entails the open-
ing of the closed electronic shell of HXeNH2 and, therefore, the need for a multi-reference
method. Thus, this calculation was performed at the MRCI level of theory with an active
space of 16 electrons and 12 orbitals, using the GAMESS package (2024 R1) [47]. The
calculation was performed by extending the H-Xe and the Xe-N bonds by 0.1 Angstrom
and conducting a single-point energy calculation at each point along this path. In addition,
the same path was also calculated by MP2 and CCSD(T) for comparison (see Figure A2).

Ab Initio Molecular Dynamics (AIMD) simulations for HXeNH2 were computed
at temperatures of 8 K, 20 K, 40 K, and 60 K. These were simulated using the Born–
Oppenheimer Molecular Dynamics method (BOMD) as implemented in the GAUSSIAN16
suite [44]. The trajectories utilized the full MP2 level of theory and using the same basis-sets
noted above. The MP2 method was used by us as it was preferrable to DFT, since in MP2,
the long-range interactions that play a significant role here are included as a first principle
intrinsic to this method. The initial conditions for these trajectories were controlled by
choosing the initial rotational energy from a thermal distribution, assuming a symmetric
top (RTemp option). At first, two trajectories at each temperature were computed for
12,000 steps (~18 ps). Next, a single longer trajectory was calculated for 100,000 steps
(~150 ps) at 8 k and 20 K, and for 36,000 steps (~54 ps) at 40 K. The analysis of these
trajectories was performed using every 10th snapshot for the longer trajectories at 8 K and
20 K and every 4th snapshot for all other trajectories (see Table A2 in Appendix A).
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Finally, the analysis of the fluctuations in the partial atomic charges along the tra-
jectories was achieved by extracting the coordinates of 144 (every 125 fs) and 250 (every
175 fs) snapshots at 8 K for the relatively short and longer trajectories accordingly. In
addition, 250 snapshots were extracted from the longer trajectory at 20 K. Additionally,
144 and 216 sets of coordinates were extracted from the short and longer trajectories at
40 K, respectively (see Table A2 in Appendix A). The extracted coordinates were then used
as the basis for a single-point (SP) energy calculation together with a computation of the
NBO charges at each snapshot taken. Both the extraction and the preparation of the input
files for calculating the NBO charges at each snapshot were facilitated by python scripts
developed for this purpose (the scripts are available by email request).

4. Conclusions
Here, we studied the stability and decomposition dynamics of the recently predicted

noble-gas hydride compound type, HXeNH2. This was carried out using ab initio cal-
culations and AIMD simulations. The understanding of the dynamics of the molecule’s
decomposition and, in particular, its dissociation mechanism may help in the experi-
mental realization and understanding of this compound and perhaps other Xe-N bond-
containing compounds.

The results imply that at all temperatures checked, the compound dissociates into
its three constituents, H+Xe+NH2. Most importantly, the study discovered a distinct
mechanism for the molecule dissociation which is seen for all temperatures checked. A
key ingredient in this mechanism is a charge–transfer step which precedes the structural
modifications. The latter steps include the H-Xe bond breaking, which is followed almost
immediately by the dissociation of the slower moving Xe-N bond.

It should be noted that in its validity domain, the MP2 method can describe changes
in the electronic state, as reflected by the changes in the partial charges of the atoms in
the system, along the trajectory. This, of course, cannot be said of simulations based on a
classical force field type.

Finally, we also pointed out as a speculation, the possible connection between HXeNH2

and the known and long-standing puzzle of the “missing” Xe phenomenon in the Earth’s
atmosphere. Specifically, we speculate that Xe may be contained as HXeNH2 in the crust of
the Earth.

We hope that this study stimulates more research on the decomposition dynamics and
the dissociation mechanism of this intriguing and rather unique type of molecules and
perhaps even their possible connection to other areas of science.
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Abbreviations
The following abbreviations are used in this manuscript:

Ng Noble gas
AIMD Ab Initio Molecular Dynamics
BOMD Born–Oppenheimer Molecular Dynamics
DOF Degrees of Freedom
NBO Natural Bond Orbital
ECP Effective Core Potential
CCSD(T) Coupled Cluster of Singles Doubles and perturbative Triples
MRCI Multi-reference Configuration Interaction
ZPE Zero-Point Energy
LJ-18 LaJohn-18 ECP basis-set
MP2 Møller–Plesset 2nd order perturbation theory

Appendix A
We provide here additional data on the structure, properties, and some technical data

regarding the AIMD trajectories of HXeNH2 which were not included in the main text.
Specifically, the additional information includes the full span of the harmonic vibrational
analysis of the compound, the optimized coordinates of HXeNH2, and details of the
runs and analysis of the AIMD trajectories. In addition, a comparison for the HXeNH2

dissociation path to H+Xe+NH2 at the MP2 and CCSD(T) level of theory is provided.

Table A1. Full vibrational mode analysis of HXeNH2.

Mode
CCSD(T)

Freq.
(cm−1)

Mode Description

1 324.04 Xe-NH2 Str.
2 515.76 Bend
3 537.80 Bend
4 785.82 Bend
5 821.70 H + NH2 Symm. bend
6 1318.50 H-Xe Str. + NH2 Symm. bend
7 1580.88 H-Xe str. + NH2 Symm. bend
8 3421.97 NH2 Symm. Str.
9 3509.04 NH2 Asymm. Str.

Table A2. AIMD running and analysis details.

T Number of
Trajectories Duration

General
Analysis Every
nth Snapshot

Number of
Calculated NBO
Snapshots (Every

Number fs)

8 K
2 ~18 ps 4 144 (125 fs)
1 ~150 ps 10 250 (175 fs)

20 K
2 ~18 ps 4
1 ~150 ps 10 250 (77 fs)

40 K
2 ~18 ps 4 144 (125 fs)
1 ~54 ps 4 216 (125 fs)

60 K 2 ~18 ps 4
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Table A3. HXeNH2: Optimized CCSD(T) cartesian coordinates (in Angstrom).

Atom X Y Z

N 0.000000 0.000000 0.000000

Xe 0.000000 0.000000 2.349089

H 0.080033 0.000000 4.191635

H −0.618583 0.777530 −0.228302

H −0.556748 −0.823225 −0.227285

Figure A1. The NBO partial atomic charges along a trajectory at 40 K.

Figure A2. The decomposition pathway of HXeNH2 into H+Xe+NH2, calculated with CCSD(T) and
MP2 methods.

References
1. Grochala, W. Atypical Compounds of Gases, Which Have Been Called ‘Noble’. Chem. Soc. Rev. 2007, 36, 1632–1655. [CrossRef]
2. Pettersson, M.; Lundell, J.; Räsänen, M. Neutral Rare-gas Containing Charge-transfer Molecules in Solid Matrices. I. HXeCl,

HXeBr, HXeI, and HKrCl in Kr and Xe. J. Chem. Phys. 1995, 102, 6423–6431. [CrossRef]
3. Grochala, W.; Khriachtchev, L.; Räsänen, M. Noble-Gas Chemistry. In Physics & Chemistry at Low Temperatures; Khriachtchev, L.,

Ed.; Pan Stanford Publishing: Singapore, 2011; pp. 421–448.
4. Lignell, A.; Lundell, J.; Khriachtchev, L.; Räsänen, M. Experimental and Computational Study of HXeY· · ·HX Complexes (X, Y =

Cl and Br): An Example of Exceptionally Large Complexation Effect. J. Phys. Chem. A 2008, 112, 5486–5494. [CrossRef]
5. Lignell, A.; Khriachtchev, L. Intermolecular Interactions Involving Noble-Gas Hydrides: Where the Blue Shift of Vibrational

Frequency Is a Normal Effect. J. Mol. Struct. 2008, 889, 1–11. [CrossRef]

https://doi.org/10.1039/b702109g
https://doi.org/10.1063/1.469357
https://doi.org/10.1021/jp801363u
https://doi.org/10.1016/j.molstruc.2008.07.010


Molecules 2025, 30, 4398 12 of 13

6. Lignell, A.; Khriachtchev, L.; Pettersson, M.; Räsänen, M. Interaction of Rare-Gas-Containing Molecules with Nitrogen: Matrix-
Isolation and Ab Initio Study of HArF· · ·N2, HKrF· · ·N2, and HKrCl· · ·N2 Complexes. J. Chem. Phys. 2003, 118, 11120–11128.
[CrossRef]

7. Khriachtchev, L.; Pettersson, M.; Runeberg, N.; Lundell, J.; Räsänen, M. A Stable Argon Compound. Nature 2000, 406, 874–876.
[CrossRef] [PubMed]

8. Yockel, S.; Seals, J.J.; Wilson, A.K. An Ab Initio Study of the Noble Gas Compound HKrCl. Chem. Phys. Lett. 2004, 393, 448–452.
[CrossRef]

9. Khriachtchev, L.; Tanskanen, H.; Lundell, J.; Pettersson, M.; Kiljunen, H.; Räsänen, M. Fluorine-Free Organoxenon Chemistry:
HXeCCH, HXeCC, and HXeCCXeH. J. Am. Chem. Soc. 2003, 125, 4696–4697. [CrossRef]

10. Khriachtchev, L.; Tanskanen, H.; Cohen, A.; Gerber, R.B.; Lundell, J.; Pettersson, M.; Kiljunen, H.; Räsänen, M. A Gate to
Organokrypton Chemistry: HKrCCH. J. Am. Chem. Soc. 2003, 125, 6876–6877. [CrossRef]

11. Pettersson, M.; Khriachtchev, L.; Lundell, J.; Räsänen, M. A Chemical Compound Formed from Water and Xenon: HXeOH. J. Am.
Chem. Soc. 1999, 121, 11904–11905. [CrossRef]

12. Khriachtchev, L.; Tanskanen, H.; Pettersson, M.; Räsänen, M.; Ahokas, J.; Kunttu, H.; Feldman, V. On Photochemistry of Water in
Solid Xe: Thermal and Light-Induced Decomposition of HXeOH and HXeH and Formation of H2O2. J. Chem. Phys. 2002, 116,
5649–5656. [CrossRef]

13. Feldman, V.I.; Sukhov, F.F.; Orlov, A.Y.; Tyulpina, I.V. Experimental Evidence for the Formation of HXeCCH: The First Hydrocarbon
with an Inserted Rare-Gas Atom. J. Am. Chem. Soc. 2003, 125, 4698–4699. [CrossRef]

14. Ryazantsev, S.V.; Kobzarenko, A.V.; Feldman, V.I. Photolabile Xenon Hydrides: A Case Study of HXeSH and HXeH. J. Chem. Phys.
2013, 139, 124315. [CrossRef] [PubMed]

15. Zhang, M.; Gao, K.; Sheng, L. Predicted Organic Noble-Gas Hydrides Derived from Acrylic Acid. J. Phys. Chem. A 2015, 119,
2393–2400. [CrossRef]

16. Lignell, A.; Khriachtchev, L.; Lundell, J.; Tanskanen, H.; Räsänen, M. On Theoretical Predictions of Noble-Gas Hydrides. J. Chem.
Phys. 2006, 125, 184514. [CrossRef] [PubMed]

17. Operti, L.; Rabezzana, R.; Turco, F.; Borocci, S.; Giordani, M.; Grandinetti, F. Xenon–Nitrogen Chemistry: Gas-Phase Generation
and Theoretical Investigation of the Xenon–Difluoronitrenium Ion F2N-Xe+. Chem.—A Eur. J. 2011, 17, 10682–10689. [CrossRef]

18. Foropoulos, J.; DesMarteau, D.D. Bis[Bis(Trifluoromethanesulfonyl)Imido]Xenon: A New Compound Possessing Xenon-Nitrogen
Bonds. J. Am. Chem. Soc. 1982, 104, 4260–4261. [CrossRef]

19. Sawyer, J.F.; Schrobilgen, G.J.; DesMarteau, D.D.; Foropoulos, J. Xenon-Nitrogen Bonded Compounds. J. Fluor. Chem. 1982, 21, 9.
[CrossRef]

20. DesMarteau, D.D.; LeBlond, R.D.; Fazley Hossain, S.; Nothe, D. Xenon-Nitrogen Bonds. The Synthesis and Characterization of
[Imidobis(Sulfuryl Fluoride)]Xenon(II) Derivatives Xe[N(SO2F)2]2, FXeN(SO2F)2, and [(FSO2)2NXe]2F+AsF6

− and the Radical.
N(SO2F)2. J. Am. Chem. Soc. 1981, 103, 7734–7739. [CrossRef]

21. Schumacher, G.A.; Schrobilgen, G.J. Synthesis, Multinuclear Magnetic Resonance, and Raman Study of 15N-Enriched
Xe[N(SO2F)2]2, an Example of Xenon-Nitrogen Bonding. Solution Behavior of [15N]-F[XeN(SO2F)2]2+AsF6−. Inorg. Chem. 1983,
22, 2178–2183. [CrossRef]

22. Emara, A.A.A.; Paprica, A.; Sanders, J.C.P.; Schrobilgen, G.J. Novel Bonding Situations in Noble-Gas Chemistry. J. Fluor. Chem.
1989, 45, 20. [CrossRef]

23. Pettersson, M.; Khriachtchev, L.; Lundell, J.; Jolkkonen, S.; Räsänen, M. Photochemistry of HNCO in Solid Xenon: Photoinduced
and Thermally Activated Formation of HXeNCO†. J. Phys. Chem. A 2000, 104, 3579–3583. [CrossRef]

24. Pettersson, M.; Lundell, J.; Khriachtchev, L.; Räsänen, M. Neutral Rare-Gas Containing Charge-Transfer Molecules in Solid
Matrices. III. HXeCN, HXeNC, and HKrCN in Kr and Xe. J. Chem. Phys. 1998, 109, 618–625. [CrossRef]

25. Zhu, C.; Räsänen, M.; Khriachtchev, L. Fluorinated Noble-Gas Cyanides FKrCN, FXeCN, and FXeNC. J. Chem. Phys. 2015, 143,
074306. [CrossRef]

26. Arppe, T.; Khriachtchev, L.; Lignell, A.; Domanskaya, A.V.; Räsänen, M. Halogenated Xenon Cyanides ClXeCN, ClXeNC, and
BrXeCN. Inorg. Chem. 2012, 51, 4398–4402. [CrossRef]

27. Tsivion, E.; Gerber, R.B. Stability of Noble-Gas Hydrocarbons in an Organic Liquid-like Environment: HXeCCH in Acetylene.
Phys. Chem. Chem. Phys. 2011, 13, 19601–19606. [CrossRef] [PubMed]

28. Tsivion, E.; Gerber, R.B. Lifetimes of Compounds Made of Noble-Gas Atoms with Water. Chem. Phys. Lett. 2009, 482, 30–33.
[CrossRef]

29. Cohen, A.; Gerber, R.B. Prediction of New Noble-Gas Molecules with Multiple Xe-N Bonds. SSRN 2025. [CrossRef]
30. Zhao, R.; Sheng, L.; Gao, K. Theoretical Prediction of an NXeH4+ Ion with N-Xe Triple Bond. Comput. Theor. Chem. 2021, 1199,

113193. [CrossRef]
31. Tolstikhin, I.N.; O’Nions, R.K. The Earth’s Missing Xenon: A Combination of Early Degassing and of Rare Gas Loss from the

Atmosphere. Chem. Geol. 1994, 115, 1–6. [CrossRef]

https://doi.org/10.1063/1.1575198
https://doi.org/10.1038/35022551
https://www.ncbi.nlm.nih.gov/pubmed/10972285
https://doi.org/10.1016/j.cplett.2004.06.082
https://doi.org/10.1021/ja034485d
https://doi.org/10.1021/ja0355269
https://doi.org/10.1021/ja9932784
https://doi.org/10.1063/1.1452725
https://doi.org/10.1021/ja034585j
https://doi.org/10.1063/1.4822102
https://www.ncbi.nlm.nih.gov/pubmed/24089775
https://doi.org/10.1021/jp507564j
https://doi.org/10.1063/1.2378624
https://www.ncbi.nlm.nih.gov/pubmed/17115772
https://doi.org/10.1002/chem.201101395
https://doi.org/10.1021/ja00379a042
https://doi.org/10.1016/S0022-1139(00)85328-2
https://doi.org/10.1021/ja00416a007
https://doi.org/10.1021/ic00157a016
https://doi.org/10.1016/S0022-1139(00)84395-X
https://doi.org/10.1021/jp9936751
https://doi.org/10.1063/1.476599
https://doi.org/10.1063/1.4928649
https://doi.org/10.1021/ic3002543
https://doi.org/10.1039/c1cp22607j
https://www.ncbi.nlm.nih.gov/pubmed/21986720
https://doi.org/10.1016/j.cplett.2009.09.065
https://doi.org/10.2139/ssrn.5280216
https://doi.org/10.1016/j.comptc.2021.113193
https://doi.org/10.1016/0009-2541(94)90142-2


Molecules 2025, 30, 4398 13 of 13

32. Callaway, E. The Mysterious Case of the Missing Noble Gas. Nature 2012. [CrossRef]
33. Sanloup, C.; Schmidt, B.C.; Perez, E.M.C.; Jambon, A.; Gregoryanz, E.; Mezouar, M. Retention of Xenon in Quartz and Earth’s

Missing Xenon. Science 2005, 310, 1174–1177. [CrossRef]
34. Zhang, P.; Shi, J.; Cui, W.; Liu, C.; Ding, S.; Yang, K.; Hao, J.; Li, Y. Formation of NH3-Xe Compound at the Extreme Condition of

Planetary Interiors. Phys. Rev. B 2022, 105, 214109. [CrossRef]
35. Sanloup, C. Noble Gas Reactivity in Planetary Interiors. Front. Phys. 2020, 8, 541891. [CrossRef]
36. Howie, R.T.; Turnbull, R.; Binns, J.; Frost, M.; Dalladay-Simpson, P.; Gregoryanz, E. Formation of Xenon-Nitrogen Compounds at

High Pressure. Sci. Rep. 2016, 6, 34896. [CrossRef] [PubMed]
37. Sanloup, C.; Bonev, S.A.; Hochlaf, M.; Maynard-Casely, H.E. Reactivity of Xenon with Ice at Planetary Conditions. Phys. Rev. Lett.

2013, 110, 265501. [CrossRef]
38. Pettersson, M.; Lundell, J.; Räsänen, M. Neutral Rare-gas Containing Charge-transfer Molecules in Solid Matrices. II. HXeH,

HXeD, and DXeD in Xe. J. Chem. Phys. 1995, 103, 205–210. [CrossRef]
39. Gerber, R.B. Formation of Novel Rare-Gas Molecules in Low-Temperature Matrices. Annu. Rev. Phys. Chem. 2004, 55, 55–78.

[CrossRef]
40. Pettersson, M.; Lundell, J.; Räsänen, M. New Rare-Gas-Containing Neutral Molecules. Eur. J. Inorg. Chem. 1999, 1999, 729–737.

[CrossRef]
41. Gerber, R.B.; Tsivion, E.; Khriachtchev, L.; Räsänen, M. Intrinsic Lifetimes and Kinetic Stability in Media of Noble-Gas Hydrides.

Chem. Phys. Lett. 2012, 545, 1–8. [CrossRef]
42. Runeberg, N.; Pettersson, M.; Khriachtchev, L.; Lundell, J.; Räsänen, M. A Theoretical Study of HArF, a Newly Observed Neutral

Argon Compound. J. Chem. Phys. 2001, 114, 836–841. [CrossRef]
43. Weinhold, F.; Landis, C.R. Discovering Chemistry with Natural Bond Orbitals; John Wiley & Sons: Hoboken, NJ, USA, 2012; pp. 1–319.

[CrossRef]
44. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Petersson, G.A.;

Nakatsuji, H.; et al. Gaussian 16, Revision C.02; Gaussian Inc.: Pittsburgh, PA, USA, 2016.
45. Lundell, J.; Cohen, A.; Gerber, R.B. Quantum Chemical Calculations on Novel Molecules from Xenon Insertion into Hydrocarbons.

J. Phys. Chem. A 2002, 106, 11950–11955. [CrossRef]
46. Glendening, E.D.; Reed, A.E.; Carpenter, J.E.; Weinhold, F. NBO, version 3.1; Gaussian Inc.: Pittsburgh, PA, USA, 2003.
47. Barca, G.M.J.; Bertoni, C.; Carrington, L.; Datta, D.; De Silva, N.; Deustua, J.E.; Fedorov, D.G.; Gour, J.R.; Gunina, A.O.; Guidez, E.;

et al. Recent Developments in the General Atomic and Molecular Electronic Structure System. J. Chem. Phys. 2020, 152, 144102.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/nature.2012.11564
https://doi.org/10.1126/science.1119070
https://doi.org/10.1103/PhysRevB.105.214109
https://doi.org/10.3389/fphy.2020.00157
https://doi.org/10.1038/srep34896
https://www.ncbi.nlm.nih.gov/pubmed/27748357
https://doi.org/10.1103/PhysRevLett.110.265501
https://doi.org/10.1063/1.469632
https://doi.org/10.1146/annurev.physchem.55.091602.094420
https://doi.org/10.1002/(SICI)1099-0682(199905)1999:5%3C729::AID-EJIC729%3E3.0.CO;2-M
https://doi.org/10.1016/j.cplett.2012.05.069
https://doi.org/10.1063/1.1331105
https://doi.org/10.1002/9781118229101
https://doi.org/10.1021/jp026777r
https://doi.org/10.1063/5.0005188
https://www.ncbi.nlm.nih.gov/pubmed/32321259

	Introduction 
	Results and Discussion 
	HXeNH2: Structure and Properties 
	HXeNH2: Decomposition Dynamics at Cryogenic Temperatures 

	Computational Methods 
	Conclusions 
	Appendix A
	References

