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Abstract

Water and hydrogen sulfide will bind with every atomic cation from the first
three rows of the periodic table. While some atoms bind more tightly than oth-
ers, explicitly correlated coupled cluster theory computations show that energy
is required to be put into the system in order to dissociate these bonds even for
noble gas atoms. The most promising systems have shallow entrance potential en-
ergy surfaces (PESs) that lie above deeper wells of a different spin. These wells
are shown explicitly for HOO™, H,SS™, and HyOS™ where relaxed PESs of the
heavy atom bond lengths indicate that quartet states will cross more deeply-bound
doublet states allowing for relatively easy association but much more difficult dis-
sociation. In astrophysical regions that are cold and diffuse, such associations
could lead to the formation of novel molecules utilizing water (or H,S) as the
building blocks of more rich subsequent chemistry. Recent work has hypothesized
that oxywater (H,OO) may be an intermediate in the formation of molecular oxy-
gen in comets, and this work supports such a conclusion at least from a molecular

cation perspective.
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1 Introduction

Water is sticky. It remains liquid at room temperature while its ammonia, methane, and
hydrogen fluoride counterparts are not. This single property has in many ways made
water the most important molecule in the universe, especially from an anthroprocentric
perspective. Water’s strong intermolecular forces allow for solvation and moderate or
“Goldilocks” viscosity, both of which are essential for life as we know it, including for
us humans. The central atom in water, oxygen, is the third-most abundant element in
the universe, and its bonding with the most abundant element, hydrogen, implies that
water is likely one of the most abundant molecules in the universe. When cold, water
regularly forms ices, and these ices form the coma of comets, constitute the boulders of
Titan, incubate complex organic molecules as the nursery of prebiotic chemistry, and
cool our drinks. However, water is showing up as a potential driver in other chemistries
as varied as the formation of insterstellar dust grains that eventually become planets -2
to the provenence of the O,. 3

Water has long-been known for its relatively strong intermolecular interaction with
itself, other polar molecules, and salts. The cations of such salts are almost always
atomic, and they have a long history of scientific investigation.*> However, the bind-
ing of a single water molecule to various atoms has had little impetus for examination
since water is almost always used in liquid form in chemistry. Hydronium (H30™), a
known interstellar molecule in its own right,%7 is a notable exeption.®' Additionally,
the binding of water molecules to transition metal atomic cations has been discussed
in the literature.!! Another example is the oxywater (H,OO) isomer of hydrogen per-
oxide which has been known, at least theoretically, for over 25 years. 12 While this

d, 13715 the cation form has been shown

molecule is meta-stable with a weak O—O bon
to be more robust with a barrier to hydrogen peroxide cation isomerization to be > 25
kcal/mol. 16-1® The related H,SS and H,SS™ molecules have also been shown to have
similar behavior. >0 In fact, H,SS™ may possibly form through barrierless association

of hydrogen sulfide with the sulfur atomic cation?® or through H,S* association with

neutral atomic sulfur since HyS™ has recently been shown likely to exist in astrophys-



ical regions.?! Hence, the question remains as to whether the oxygen analogue has a
similar near-barrierless association of water and oxygen atomic cation.

Additionally, the association of water and hydrogen sulfide to other atomic cations
smaller than iron is currently unclear. While hydration of alkali metal cations have been
analyzed,* most studies then move on to solvating these atoms with increasing numbers
of water molecules. The cold interstellar medium (ISM) and the interplanetary medium
within our own solar system both have densities several orders of magnitude lower than
Earth’s atmosphere. As a result, isolated water and hydrogen sulfide molecules can in-
teract with atomic cations freely in the gas phase. This could even include noble gas
compounds.??>* Covalent bonds between oxygen atoms and noble gasses have been

shown to exist both theoretically and experimentally >3-’

indicating that these could
be viable interstellar species, as well. Regardless, water has been known in the ISM
since 1969, and comets are accepted to be composed mostly of water. Hence, wa-
ter molecules may interact with lone atoms or atomic cations in such environments.
Most interesting is the surprising discovery of molecular oxygen where it was previ-
ously not modeled to be found: in the coma of comet 67P/Churyumov-Gerasimenko. 2’
This direct in situ observation has led to many questions as to the origins of the O,.
One hypothesis is that binding of oxygen atoms to water molecules in the form of the
oxywater molecule may play a role in this formation.3

Consequently, the chemistry of water and its isovalent hydrogen sulfide analogue
gives indication of possessing a richer chemistry than previously identified. As a first
step in this exploration, these two molecules will be paired with the atomic cations
from hydrogen to argon in order to determine whether the resulting complexes are
tightly bound and/or likely to persist in cold environments. This quantum chemical
analysis will build upon the previous theoretical work on H,SS™ 2 in order to give a

broader picture as to the chemistry that can be initiated by H,O and H,S.



2 Computational Details

Initial geometries of the various HyXA™1 complexes, where X=0 or S, are obtained
using second-order Mgller-Plesset perturbation theory (MP2; UMP2 for the open-shell
molecules) with the aug-cc-pVDZ basis set for each atom H, He, and B-Ne; aug-cc-
pV(D+d)Z for Al-Ar; and cc-pCVDZ for Li, Be, Na, and Mg with Gaussian09. 30-31
The final computations in this study rely on the explicitly correlated coupled cluster
singles, doubles, and perturbative triples, CCSD(T)-F12b, level of theory32>-33 within
the MOLPRO 2015.1 program.3® The frozen-core approximation is used in all the
calculations except those involving lithium and sodium. For the open-shell systems,
the UCCSD(T)-F12 method is used. The cc-pVTZ-F12 basis sets are used for the
heavy atoms Na-Ar in all computations. 3’ The geometry optimizations are followed
by harmonic vibrational frequency computations in order to ensure that the structures
are minima and to provide zero-point vibrational energies (ZPVEs) in the computation
of relative and binding energies. The HyXA™ complex binding energies are calculated
in two ways: the first assumes that the positive charge is on the atomic cation at the
dissociation limit:

Ebina,’,AJr = Ecomplex - EA+ - EH2X7 (1)

while the second assumes the charge is on the water or hydrogen sulfide:

Ebind,H2X+ = Ecomplex —Ex— EH2X+ : (2)

The binding energies computed from the optimized geometries including ZPVE cor-
rections are also computed for the HyXA™ complexes with multiple electronic states
various spin states in order to produce the most complete set of energies.
Additionally, relaxed CCSD(T)-F12b/cc-pVTZ-F12 scans of the X—A bond at 0.1
Bohr intervals are generated for the four possible molecular cation combinations of wa-
ter and hydrogen sulfide with atomic oxygen and sulfur. At each point the parameters
besides the X—A bond length are allowed to relax. These scans include the lowest-

lying 2A’, 2A”, and #A” states of H,SS™, H,00", H,0S* and H,SO" in a similar



Table 1: Comparison of the Theoretical and Experimental Ionization Potentials (eV).

MP2/aug-cc-pVDZ | CCSD(T)-F12/cc-pVTZ-F12 | Experiment
H - 13.60 13.59844
Li 5.34 5.39 5.39172
Be 8.05 9.29 9.32263
B 8.04 8.24 8.29803
C 10.82 11.22 11.2603
N 13.93 14.51 14.53414
0] 12.06 13.56 13.61806
F 15.77 17.39 17.42282
Ne 19.85 21.57 21.56454
Na 4.95 5.13 5.13908
Mg 6.62 7.53 7.64624
Al 5.60 5.97 5.98577
Si 7.65 8.14 8.15169
P 9.94 10.51 10.48669
S 9.23 10.28 10.36001
Cl 11.83 12.92 12.96764
Ar 14.67 15.76 15.759
H,0 10.90 12.66 12.621
H,S 9.22 10.45 10.453

manner as those from Fortenberry, Trabelsi, and Francisco 20 put, again, with geomet-

ric relaxation incorporated.

3 Results and Discussion

3.1 Bonding of H,O and H;S to Atomic Cations

As an initial calibration, the ionization potentials (IPs, given in Table 1) of every atom
as well as water and hydrogen sulfide are compared with experimental data from the
NIST database.?® The CCSD(T)-F12/cc-pVTZ-F12 IPs are very close with experi-
ment. The largest difference is for magnesium at 0.11 eV, but most are within 0.05
eV or better compared to experiment. The MP2/aug-cc-pVDZ results underperform
and predict IPs that are lower in energy (often by more than 1.0 eV) compared to the
explicitly correlated coupled cluster and experimental results. Hence, while the MP2
structures for the bound complexes provide an initial geometry and an estimate for the
binding energies, these have been excluded from the remainder of the discussion in

order to focus the narrative on the much more trustworthy CCSD(T)-F12 values and



Table 2: The Binding and Relative Energies (kcal/mol) of Water with the Atomic
Cations

Complex | Term Symbol | Epiuga+ | Epina,0+ | Relative Energy
H,OH* TAY —161.49 [ —139.69 —
H,OLit TA; —32.69 | —198.85 -
H,0Be* ZA, —59.42 | —137.04 —
H,0OB* A —48.96 | —150.78 -
H,0C* ’B, —83.87 | —117.11 —
H,ON* 3A —107.94 | —65.25 0.0
A —82.21 —39.52 25.73
H,00+ ZA! —74.90 —54.08 0.0
ZA —63.07 —42.26 11.83
A" —46.84 —26.02 28.06
H,OF " LA/ —150.01 | —40.86 -
H,ONe ™" ZA! —206.44 —0.88 —
H,ONa™ A, —21.72 | —193.75 -
H,OMg* ZA; —29.05 | —147.30 —
H,OAlt N —25.54 | —179.71 0.0
3B, —5424 | —104.93 74.78
H,0Sit B, —44.99 | —149.15 0.0
A, +41.72 —62.44 86.71
H,0P* 3AY —59.00 | —108.61 0.0
A —39.22 —88.83 19.77
H,0S* ZA! —34.29 —89.21 0.0
ZAY —25.85 —80.77 8.44
o\ —19.94 —74.86 14.35
H,OCl* TA/ —71.95 —66.00 0.0
3A/ —38.71 —32.76 33.24
H,OAr" ZA! —77.48 —5.87 —

the implications that they provide. The one exception is for the H;OHe™ and HySHe™
complexes where the CCSD(T)-F12 computations could not converge. The MP2 com-
putations indicate that the binding of helium atoms to either water or hydrogen sulfide

molecular cations will be on the order of < 0.3 kcal/mol.

3.1.1 Water

The binding energies for water are given in Table 2. The first item for the binding
of a hydrogen atomic cation to water is simply another means of stating the proton
affinity of water to create hydronium. The literature value for the proton affinity of
water is 165 kcal/mol>®° which is very close to the magnitude of the ZPVE-corrected

binding energy of -161.49 kcal/mol value computed here. The negative value indicates



Table 3: CCSD(T)-F12 Structural Data for the Water Complexes

Complex | Term Symbol | A—O (A) | O—H (A) | ZHOA (°) | 7(°)
H,OH™ TA! 0.976 0.976 111.9 126.4

H,OLi™ 1A 1.829 0.962 127.3 180.0
H,OBe™ ZA, 1.561 0.971 125.2 180.0
H,OB* TA 1.501 0.979 123.4 180.0

H,OC™ ’B, 1.393 0.985 121.8 180.0

H,ON* 3AY 1.451 0.985 111.1 125.3

TA 1.303 0.993 120.5 180.0

H,OO™* ZA! 1.362 0.986 112.3 135.9

ZAY 1.454 0.992 104.1 112.1

4A7 1.968 0.979 103.5 112.2

H,OF " TA/ 1.410 0.992 103.0 115.2

H>ONe ™" ZA! 2.627 0.999 75.5 114.5
H,ONa™ TA, 2.252 0.961 127.7 180.0
H,OMg* ZA; 2.048 0.965 126.9 180.0
H>OAI" TA, 2.041 0.968 126.4 180.0
B, 1.869 0.968 125.2 180.0

H,OSit ’B, 1.871 0.970 124.8 180.0

A, 1.791 0.969 123.7 180.0

H,OP" 3AY 1.835 0.972 119.3 140.8

TA 1.754 0.973 123.3 180.0

H,0S™* 2A 1.727 0.975 118.6 146.4

ZAY 1.802 0.979 110.9 119.2

A" 2.367 0.965 122.5 143.6

H,OCIt TA/ 1.734 0.981 109.2 120.3
3A 2.197 0.975 107.0 115.6

H,OAr" ZA! 2.365 0.990 92.24 108.3

that the formation of the complex is favored in our computations. Select geometrical
parameters of the optimized, equilibrium form of H3O™ are given in Table 3, and the
full set of Cartesian geometries (in A) is given in the supplementary information. The
dihedrals are defined as T(H—X—A—H). The 0.976 A bond length and 111.9° bond
angle is also in excellent agreement with previous experimental values of 0.976 A and
111.3°, respectively.*? As a result, the computational values for the other molecules
should be reliable for predicting the same properties.

To continue, creation or dissociation of H3O™ could also proceed through ioniza-
tion of the water molecule instead of the hydrogen atom. Any association would likely
have more water molecular cations than protons since if the two species will react, they

will have to be in the same environment and be exposed to the same photons. As such,



the ZPVE-corrected binding is reduced to -139.69 kcal/mol, as given on the top line
of Table 2. The reason for the difference lies in the IPs of the two fragments, and,
again, these are given in Table 1. The IP of water is computed to be 12.66 eV in close
agreement with experiment, while that of a lone H atom is 0.94 eV (or 22.68 kcal/mol)
higher in energy. Hence, the reaction would likely favor removal of the hydrogen atom
instead of the proton from the water molecule in the gas phase. One consequence of
this is the possible charge transfer from free interstellar protons to water molecular
cations.

In looking at the overall trends in Table 2, the higher (less negative) of the two
numbers for each row has to be assumed to be comparable to the gas phase binding
energy since it will be the preferred pathway especially in natural environments like
that of comets or protoplanetary disks given that the energy needed for ionization will
be lower. Additionally, some atomic cations will have other available spin states. For
instance HyON™ has two possible spin states, the 'A; and 3A”. Both of these favor
ionizing the water over the nitrogen atom upon dissociation demonstrated by the higher
binding energies when the charge is on the water molecule. Further analysis of the
binding energy reveals that the triplet state requires more energy to break the O—N
bond than in the singlet state. Even the noble gases neon and argon show some non-zero
binding energies with those from argon being stronger of the two, and the structures of
such complexes have a nearly linear /HOH bond angle in HyOAr™ that is nearly twice
the /ZHOA value of 92.242° from Table 3. Ionizing the water is much more favorable
than the noble gas atoms, but any dissociation from such complexes will be uphill, even
if slight in the neon case.

In terms of creating new molecules like the forms of these complexes, however, the
most favorable species to interact in the gas phase will have a low-energy, bound ex-
cited state where radiative association would not have to take as long.41 Then, a much
more deeply bound second electronic state can be accessed giving an entrance chan-
nel followed by a strongly stabilized state. This would preclude further dissociation.
H,SS™ has been shown to posses such behavior,?? and H;OO™ shows similar signs

in the “A” and 2A’ states, respectively. The “A” state minimum lies 26.02 kcal/mol



Table 4: The Binding Energies (kcal/mol) of Hydrogen Sulfide with the Atomic Cations

Complex | Term Symbol | Epjuga+ | Epingm,s+ | Relative Energy
H,SH* T —167.78 | —94.68 —
H,SLit A/ —20.68 | —136.70 —
H,SBe™ ZA’ —46.45 —72.77 -
H,SB* I\ —38.99 —89.51 —
H,SCt ZAY —87.94 | —69.88 —
H,SN+ 3A —14045 | —46.46 0.0
A, —134.28 | —40.29 6.17
H,SO™" ZA! —143.46 | —71.35 0.0
ZA —126.34 | —54.22 17.13
YA, —60.88 +11.23 82.58
H,SF* 1A/ —241.10 | —80.66 0.0
3B, —15472 | +5.72 86.38
H,SNe™ ZA/ —257.32 —0.46 —
H,SNa* TA! —13.82 | —135.72 —
H,SMg™ ZA! —20.48 | —87.44 -
H,SAlT LA/ —17.13 | —120.00 0.0
3A —54.22 —53.61 66.39
H,SSit ZA —41.32 —94.19 —
H,SP+ 3AY —69.99 | —68.30 0.0
A —53.32 —51.63 16.67
H,SS+ ZA! —63.68 | —67.30 0.0
ZA —56.50 —60.12 7.18
A" —29.69 | —33.31 33.98
H,SCI+ A/ —122.54 | —65.29 0.0
3A —68.15 | —10.90 54.39
3B, —56.62 +0.63 65.92
H,SAr* ZA/ —12540 | —2.48 —

below the dissociation limit of H,O' and O, but the 24’ state is even further below at
54.08 kcal/mol. This will be explored more fully in Section 3.2 for both H;OO" and
H,OS™. However, the most promising aspect of HyOO™ is that the the O—O bond
strength is computed here to be more than a third again stronger than a typical perox-
ide bond. Other potential complexes that could be explored involve the cation forms of
water with magnesium, aluminum, silicon, phosphorus, and potentially chlorine. Mag-
nesium and silicon are highly-abundant in the ISM as well as in protoplanetary disks,

2,42

and such interactions could lead to the formation of protominerals ="~ with these cation

complexes potentially helping to initiate such processes.



Table 5: CCSD(T)-F12 Structural Data for the Hydrogen Sulfide Complexes
Optimized Parameters for F12

Complex | Term Symbol | A—S(A) [ S—=H(A) | ZHSA(®) | 7(°)
H,SHT TA/ 1.352 1.352 943 94.6
H,SLit A/ 2.424 1.345 99.8 94.9
H,SBe* ZA! 2.123 1.350 95.6 94.6
H,SB+ LA/ 2.170 1.351 92.9 94.1
H,SCt ZAY 1.805 1.355 102.7 102.4
H,SN* 3AY 1.727 1.359 97.6 96.0
A, 1.474 1.369 126.4 180.0

H,SO™" ZA! 1.481 1.361 110.0 112.5
ZAY 1.621 1.368 96.6 90.5

YAy 1.547 1.509 84.1 180.0

H,SF* TA/ 1.542 1.357 99.1 94.9
3B, 1.547 1.443 86.9 180.0

H,SNet ZA! 3.113 1.357 70.7 100.5
H,SNa* TA! 2.801 1.344 100.1 94.7
H,SMg* ZA! 2.669 1.345 98.1 94.6
H,SAlT TA! 2.763 1.345 97.3 94.4
3A 2.303 1.349 106.1 100.5

H,SSit ZAY 2.350 1.347 102.9 99.2
H,SP* 3A 2.217 1.352 98.9 95.5
A 1.925 1.356 128.3 180.0

H,SSt ZA! 2.009 1.353 104.4 101.1
ZAY 2.095 1.357 97.7 92.7

A" 2.752 1.347 90.8 93.1

H,SCI*+ TA/ 1.978 1.355 99.8 95.3
3A 2.716 1.351 87.7 93.7
B, 3.503 1.358 133.4 180.0

H,SAr* ZA/ 3.027 1.356 81.6 94.3

3.1.2 Hydrogen Sulfide

The lower IP of H,S compared to H,O changes the binding chemistry somewhat, but
similar trends are observed for the cation complexes of hydrogen sulfide with the vari-
ous atoms smaller than argon. The 168.5 kcal/mol proton affinity of H,S>*3 is within
1.0 kcal/mol in magnitude of the -167.78 kcal/mol value computed here and given in
Table 4. However and again, the IP of H,S is less than that of a hydrogen atom indi-
cating that if H3S™ is to form in the ISM, its products would almost certainly be HyS™
and a hydrogen atom which is born out in the Ep;,q 4+ and Ep;,q g, 5+ energies of Table
4. The structure of H3S™, as well as that of the other complexes for hydrogen sulfide,

is given in Table 5.
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On the whole, the binding of the various atomic cations to H,S is weaker than
to H>O. Some such associations, again, could be beneficial for radiative association
mechanisms to be fairly fast as long as the binding is not too weak. Additionally,
the H,SS™ values computed here match quite closely to those from previous work. 2"
Furthermore, since the IP of sulfur atoms and H,S are so similar, dissociation into
products with the cation on the molecule or the atom are nearly equally favorable.
Other likely complexes that could form from associations of hydrogen sulfide with
atomic cations include HySO™, H,SMg*, HySAIT, H,SSit, and HySP™; nearly all

are third-row atom associations.

3.2 Detailed behavior of H,O and H,S with O™ and S™

While the trove of data provided in the previous tables could be picked apart for vari-
ous applications, the present study will focus on the implications of binding oxygen and
sulfur atomic cations in order to compare with the previous HySS* study?® and to ex-
plore how similar chemistry may proceed for the much more common water molecule
and oxygen atoms. Further follow-up on other systems may come in subsequent work.

Figure 1 mirrors the similar potential energy surface (PES) for the S—S stretch in
H,SS™ done previously.?’ However, the present case allows for the S—H, /H—S—S,
and T(H—S—S—H) geometrical parameters to optimize while the chosen S—S bond
length is fronzen. Even so, the qualitative and most of the quantitative nature of the
present curves are in line with the constrained scans from the earlier work. Hence, the
behavior of the molecule is predicted to be grossly the same as the S—S bond lengthens.
As aresult of this, the H;OO™, H,OS™, and HSO™ structures should be exhibiting the
correct minimum and limiting behavior. The states of the constituent pieces given in
the caption of Figure 1 will be translatable and consistent for the three other analogues.

The most important item from Figure 1 is that the *A” state is intercepted nearly
at the perfect minimum by the doublet surface as shown in the previous work. This
surface splits into the A’ and 2A” pieces approaching the minimum. Table 5 has the
optimal *A” S—S bond length at 2.752 A which is confirmed in the green scan in Figure

1. The 2A’ optimized S—S bond length is 2.009 A which is also consistent with that

11



Figure 1: The potential energy surface for the S—S bond stretch of H,SS™. The black
line is the %A’ state ['A; H,S and S*(?D)], red is 2A” ['A; H,S and orthogonal S*(>D)],
and green is “A” ['A; H,S and ST(*5)].
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Figure 2: The potential energy surface for the O—O bond stretch of H;OO™. The black
line is, again, the 2A’ state, red is 2A”, and green is *A”.
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shown in black. Such an intersection favors spontaneous formation of HySS*. The
reason is that the quartet surface will be accessed at the dissocation limit for the 'A;
H,S and S*(*S) components. The quartet surface can have the H,SS* molecule fall
down into its well before flipping the spin on one of the electrons in order to move
down into the global minimum and remain there. The question remains as to whether
the other combinations of S and O will exhibit the same behavior.

Figure 2 is qualitatively the same curve but for H;OO". The geometries match the
minima from Table 3, and the relative energies between states are the same as those
in Table 2. While the doublet surface of H,OO™ does not fall through the minimum
of the quartet surface, the components of the doublet surface both cross the quartet
surface not too far away from the minimum. Additionally, the difference in minima
between the “A” and 2A’ states is only about 30 kcal/mol (only 18 kcal/mol for the
A"y indicating that such an electronic or vibronic transition is quite possible. As a

result, formation of the oxywater cation appears also to be spontaneous, favorable, and
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Figure 3: The potential energy surface for the O—S bond stretch of H;OS™. The black
line is, again, the 2A’ state, red is 2A”, and green is *A”.
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barrierless. Consequently, the oxywater cation should form in regions where both water
and atomic oxygen cations are present. Alternatively, if the oxywater neutral forms,
photonic ionization will not necessarily dissociate the molecule. Hence, mechanisms
for the creation of O—O bonds involving oxywater are supported.

The O—S defined PES scan for HyOS™ given in Figure 3 is similar to that for
H,00%. The O—S bond length is longer in the *A” state than the point through which
the doublet surface passes. However, the difference between the 4A” minimum and
that from the A’ state is less than 15 kcal/mol. Additionally, the *A” surface is fairly
shallow (-19.94 kcal/mol from Table 2) indicating that this complex could form fairly
quickly.

The H,SO™ S—O PES curve is different from the other three. Figure 4 shows that
the *A” surface does not cross either component of the doublet surface. Hence, the
quartet state will not interact with the doublet state in a favorable way to form H,SO*

at least based on the results of this initial study. This form appears to be the exception to
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Figure 4: The potential energy surface for the S—O bond stretch of H;SO™. The black
line is the A’ state, red is 2A”, and green is *A”.
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the rule, but 24’ HySO™ is shown to be stable and can form barrierlessly if the electron

spins happen to align in the doublet form at a distance.

4 Conclusions

H,00" is stable, forms through a barrierless pathway, and is stabilized by a 2A’ «+* A”
electronic emission from an entrance surface to the global minimum. This indicates
that at least the cation form of oxywater is a viable intermediate in reactions where
an O—O bond is created. This conclusion follows from the recent work attributing
similar properties to the H,SS* analogue. 2’ The related H,OS™ molecular cation also
performs in a similar way, but H;SO™ does not since the quartet and doublet PESs
do not cross. Hence, formation of HySO™ is less likely than the other three. In icy
bodies, the oxywater cation is likely to be present if any positive charge is present
and could also aid in the formation of molecular oxygen in addition to other proposed
mechanisms. ?

Furthermore, the associations of water molecules to other atomic cations from hy-
drogen through argon are also computed. Most notably, the third-row atoms from mag-
nesium even to argon are shown to have favorable binding to both water and hydrogen
sulfide. Consequently, in the presence of UV radiation like that from the sun or young
stars, water could be a gas phase building block for higher chemistry in comets, proto-
planetary disks, and even the ISM where such reactions may not involve solvation, ice,

or even liquid chemistry in any way.
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