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Ab initio molecular orbital calculations have been used to compute thermodynamic conataftsAS’,

AG®) for the stepwise hydration reactions of N®,0), and for the competing rearrangement reaction which
produces HONO and HH,0), (for n < 4). Geometry optimizations and harmonic frequency calculations

were performed at the MP2/6-3t#G(2d,p) level, and relative energies were computed at the MP2/aug-
cc-pVTZ level with MP2/6-31++G(2d,p) optimized geometries. The geometry changes and energetics of
these competing solvation and rearrangement reactions have been studied, and reasons are proposed to explain
why NO"(H20),+1 formation is the dominant process for= 1 andn = 2 but HONO+ H*(H,0), formation
contributes fom = 3 and becomes more important for= 4.

1. Introduction the mechanisms of HONO andtH,0), formation when HO
is added to NO(H,0); and NO"(H,0),.
In this first paper, systematicab initio calculations on the

lighter NO™(H20), complexesif = 1 and 2) at MPn, CCSD
t and CCSD(T) levels of electron correlation with different basis
sets showed that the MP2/6-3t+G(2d,p) level of theory was
reliable for the calculation of minimum-energy geometries and
harmonic vibrational frequencies. This level of theory was then
used for the heavier complexes N@®,0); and NO'(H,0)s.
Relative electronic energies were evaluated at the MP2/aug-
cc-pVTZ/IMP2/6-313%+G(2d,p) level. The inclusion of zero
point energy (ZPE) corrections, as well as counterpoise cor-
rections for basis set superposition error (BSSE), in the
calculation of binding energies was found to be essential to
obtain the correct energy ordering for the different isomers of
an NO"(H20), ionic complex.

This second paper reports the results of the computed
thermodynamic constantdd®, AS®, andAG°) for the stepwise
There is experimental eviderfcé to suggest that reaction 1is  hydration of NO'(H.O), (n = 1—4) (reaction 1) and for the
the dominant reaction fan = 1 and 2 and reaction 2 starts to  jntracluster reaction which produces HONO and(H,O),
play a role forn = 3 and becomes dominant far= 4. (reaction 2) using the methods and basis sets of the earlier

In an earlier paper from this laboratofyminimum energy  paper’ The aim is to understand the competition between

geometries, harmonic vibrational frequencies, and stepwisereactions 1 and 2, in particular why reaction 2 becomes
binding energies have been computed for the cluster ions-NO competitive with reaction 1 at = 3 and dominant ah = 4.

(H20),, for n = 1—4. Also, mechanisms for nitrous acid

(HONO) formation when water is added.to N(Bl?O)§ and 2. Computational Details

NO™(HO)4 have been established. The aim of this first paper

was to establish a reliable and economical levehbfinitio The methodology employed in this work followed that of

calculations for use on NG@H,0), complexes and to identify ~ part 17 In summary, geometry optimization and harmonic

vibrational frequency calculations were performed at the MP2/

Of the species present in the earth’s atmospheiiee
comparatively low first ionization energy of NO means that
NO*, formed by photoionization by solar radiation or charge
transfer, is the major primary ion. One of the issues of curren
interest in the chemistry of the upper atmosphere concerns
formation of other ions from NObelow~90 km—in particular
the routes of production of proton hydrate$(H,0), from NO*.

It has been proposédthat NO participates in a series of two-
and three-body ionmolecule switching reactions with water
and other small molecules, such agsahd CQ, with the final
two steps in the sequence being

NO"(H,0), + H,0 = NO"(H,0),.. @)

NO*(H,0), + H,0 — HONO + H"(H,0), (2)

"Part of the special issue “Edward W. Schlag Festschrift". 6-311++G(2d,p) level, and relative energies were computed
:;gu"t";‘;’n’?pfgr:rasrﬁsggﬁgce should be addressed. at the MP2/aug-cc-pVTZ level with the MP2/6-31%#G(2d,p)
S Tanta University. ’ geometries. In addition, more reliable energy calculations were
"Hong Kong Polytechnic University. carried out at the MP2/aug-cc-pVQZ//IMP2/6-31-1G(2d,p)
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Figure 1. Reaction intermediate for the reaction HONO(H.O)s +
H,0.

Figure 2. Product intermediate for the reaction HONG (H,0); +
H,0.

level but only for the formation of the smaller complexes, NO
(H20)n+1, wheren + 1 =1 and 2.

Other than the NO(H,0)n+1 complexes, whera + 1= 1—4,
which were studied in part 1,two isomeric structures of
HONO-HT(H20), (see Figures 1 and 2 and later text) were
investigated in this work. Geometry optimization calculations
were carried out at the MP2/6-3t%G(2d,p) level. However,
harmonic vibrational frequency calculations could not be carried
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TABLE 1: Calculated Standard Thermodynamic
Parameterst at 298 K for the Reaction NO"(H,0), + H,O —
No+(HZO)n+1

AS’[cal AG°(cp)/
n+1 AH°(cp)/kcal mot?t mol~tK~1 kcal mol? Kp
MP2/6-311+G(2d,p)
1 -18.77 —23.42 —-11.79  4.38x 108
2 —14.75 —21.98 —8.19 1.01x 10°
3 —13.48 —40.81 —-1.31 9.12
4 —11.22 —18.80 —5.61 1.29x 10*
MP2/aug-cc-pVTZ//IMP2/6-31t+G(2d,p
1 -19.11 —23.42 —12.13 7.78x 108
2 —14.67 —21.98 —8.12 8.95x 1(°
3 —14.47 —40.81 —2.30 4851
4 —10.99 —18.80 -5.38 8.78x 10°
MP2/aug-cc-pVQZ//MP2/6-3Ht+G(2d,p)
1 -19.40 —23.42 —12.42 1.27x 10°
2 —14.90 —21.98 —8.35 1.32x 108

Experimental Values
1 —-185+15P-19.3+2.4 —23.04+ 3
2 -161+1.0° —255+ 2.9
3 —13.5+1.0d

2TheAS’ values are all obtained at the MP2/6-33tG(2d,p) level.
b See ref 10¢ See ref 119 Extrapolated (see ref 10).

3. Results and Discussion

The computed thermodynamic quantities for the reactions
investigated are summarized in Tables3l In the following
discussion, results obtained from the MP2/aug-cc-pVTZ//MP2/
6-311++G(2d,p) level of calculation are referred to, unless
otherwise stated. Results obtained at other levels of calculation
are also given in Tables 1 and 3, to show the trend in the
computed quantities as the level of calculation is improved. In
general, on the basis of comparisons of the computed thermo-
dynamic quantities obtained at different levels of calculation,
it can be concluded that the best-computed values should be
within the normally accepted chemical accuragyl (kcal moit
for energy; see also parf)1

3.1. Reaction 1: NO'(H,0), + H,O — NO™(H0)p+1. For
reaction 1, the computed thermodynamic constants given in
Table 1 were obtained with the reactants, B,0),, and the
products, NO(H,0)n+1, in their respective lowest-energy
isomeric structures (for the details of these structures, see part
17). Experimentally derived reaction enthalpieAH°, and
entropies,AS’, are available for the N&H,O).+1 complex
formation forn+ 1= 1, 2, and 3% These experimental values
were published a few decades ago, and some of them were
reported with uncertainties larger than the normally accepted

out at this level, because the computational requirements were
beyond the resources available to us. To characterize the natur
of the minimum-energy structures obtained, MP2/6-31G**
geometry optimization and frequency calculations were carried
out, employing the MP2/6-311+G(2d,p) geometry as the
initial geometry. The optimized structures obtained at the MP2/
6-31++G** and MP2/6-311-+G(2d,p) levels are essentially

chemical accuracy of 1 kcal mdifor enthalpy and 1 cal mot
-1 for entropy; one of them was obtained by extrapolation
(AH°® for n = 3; see footnote of Table 3 in ref 10). Despite
these apparent shortcomings of the available experimental
values, comparison between the computed and experimental
values shows reasonably good agreement. However, it should
) ' ; be noted that, since a number of low-energy isomers have been
identical. The MP2/6-314'rG**_frequency calgulanons'on_both found to be close in energy (see ref 7), the available experi-
structures gave all real vibrational frequencies, confirming that mena values (derived from mass-spectrometric data) are almost
the structures obtained are true minima on the energy Surfacecertainly affected by contributions from low-lying isomers. The
For reactions 1 and 2 with < 4, reaction enthalpies\tH°), effect of isomeric contributions on the experimental thermo-
entropies AS’), Gibb’s free energiesAG°®), and equilibrium dynamic quantities is expected to be larger for the formation
constantsK,) were evaluated within the rigid-rotor harmonic-  of the heavier clusters, as there would be more isomers of similar
oscillator (RRHO) model. For reaction 1, interaction energies energy when the cluster size increases. In addition, the ap-
of complex formation were corrected for basis set superposition proximation of the RRHO model for floppy molecules would
error (BSSE) using the full counterpoise metlfodll the also lead to some errors in the computed thermodynamic
calculations were carried out using the GAUSSIAN 94 suite of quantities. Unfortunately, with the size of the systems considered
programs’, here, it is not possible to exhaust the search of all isomeric
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TABLE 2: Calculated Standard Thermodynamic Parameters at 298 K for the Reaction NG(H,0), + H,O — HONO +
H*(H0), with n = 1—4 at the MP2/6-311+G(2d,p) Level of Theory

AH°(cp)/kcal AS’/cal AG°(cp)/kcal
reacit mol ~* mol~1K~1 mol~t
NO*(H.0) + H,O — HONO + H*(H;0) 32.67 —8.58 35.23
NO*(H20); + H,0 — HONO + H*(H20), 13.11 —-15.73 17.8
NO*(H20); + H,0 — HONO + H*(H,0); 6.97 1.61 6.49
NO*(H20)s + H,0 — HONO + H*(H,0),4 1.22 —8.85 3.85

aUsing the most stable isomers.

TABLE 3: Calculated Standard Thermodynamic Parameters at 298 K for the Stepwise Hydration Processes That Lead to
Nitrous Acid Formation @

reacn AH°(cp)/kcal mot? AS’/cal moltK—1 AG°(cp)/kcal mot? Kp
MP2/6-311+G(2d,p)//IMP2/6-313+G(2d,p)
(@) NO* + H,0 — NO*(H,0) ~18.77 —23.42 —~11.79 4.38x 10°
(b) NO*+(H;0) + H,0 — NO*(H;0), —13.42 —27.32 —5.27 7.29x 1068
(c) NO*(H20), + H0 — NO*(H,0)s —~10.02 —35.64 0.60 3.6% 10!
(d) NO*(H0)3 + H,0 — HONO-H*(H,0)s —13.06 —30.60 -3.94 7.73x 10
(e) HONOH"(H;0); — HONO + H*(H,0)s 16.03 27.16 7.93 1.54 10°©
(fy NO*(H20); + H,0 — HONO + H*(H-0)s 2.97 —3.44 3.99 1.19% 1073
(9) HONO-H*(H,0); + H,0 — HONO + H*(H,0), -2.27 -2.11 —1.64 15.93
MP2/aug-cc-pVTZ//MP2/6-31t+G(2d,p)

(@) NO* + H,0 — NO*(H,0) —-19.11 —23.42 ~12.13 7.78x 10°
(b) NO*(H20) + H,0 — NO*(H,0), ~14.30 -27.32 —6.15 3.22x 10'
(¢) NO*(H,0), + H;0 — NO*(H20)s —~11.29 —35.64 —0.67 3.09

(d) NO*(H20)s + H20 — HONO-H*(H;0)s —-13.29 —30.60 —4.17 1.14x 10°
(e) HONOH*(H,0)s — HONO + H*(H;0)s 15.32 27.16 7.22 5.1 10°
(f) NO*(H,0)s + H,0 — HONO + H*(H,0) 2.03 —3.44 3.05 5.81x 103
(g) HONO-H*(H20)3 + H,0 — HONO + H*(H,0), —2.41 —2.11 —~1.78 20.18

aExcept for NO (H,0)n+1 with n + 1=1, the appropriate higher energy isomeric structures for (MaD).+1 which lead to HONO formation
(with negativeAG®° values) have been considered in this table. These structures arise from increasing the solvent chain bondéskt Rgure
3; these are structure;(®) in Figure 1 and structure;(®) in Figure 2 of ref 7).
structures and/or go beyond the RRHO model. Nevertheless, itcontribute toAG®, with AS®> = —40.81 cal.mot’.K~1 for n +
is pleasing to see that, for the cases shown in Table 1,1 = 3 andAS = —18.80 cal.motl.K™1 for n + 1 = 4 (see
discrepancies between the calculated and experimentally derivedTable 1). It has been pointed out in partthat the different
thermodynamic quantities are largely within experimental hydrogen-bonding and water/NGnteractions are interrelated.
uncertainties. The effects of these rather complex interrelated interactions,
Considering the stepwise hydration processes of K@ac- which are almost certainly nonadditive, seem to be reflected
tion 1), it is clear from both the computed reaction enthalpies also in the magnitudes of the computed thermodynamic
(AH°) and free energiesAG®), as shown in Table 1, that constants.
solvation of NO(H,0), (reaction 1) is thermodynamically 3.2. Reaction 2: NO(H0O), + H,O — HONO + H*-
favored, forn = 1 to 3 under standard state conditions (H»O),. In Table 2, the computed thermodynamic constants for
(atmospheric pressure and room temperature). Considering theeaction 2 are listed, where all the species considered are in
trends in the reaction enthalpies and free energies for stepwisetheir lowest-energy isomeric structures. It is clear from the
solvation, the calculated values become less negative, ascomputedAH® andAG® values (all positive values) that all the
expected, when + 1 increases from 1 to 3. However, fort- reactions shown are thermodynamically unfavorable. This is so,
1 =4, the trend folAG® is reversed, as the+ 1 = 4 reaction even forn = 4. Although the more reliable MP2/aug-cc-pVTZ//
1 has a computed G° value (~5.38 kcal/mol) which is more MP2/6-31HG(2d,p) level of calculation has not been employed
negative than that fon + 1 = 3 (—2.30 kcal/mol). This is here, it is not expected that a higher level of calculation than
despite the fact that the computadt® value forn + 1 = 3 is the MP2/6-31%G(2d,p) level would change this conclusion,
—14.47 kcal/mol whereas that for+ 1 = 4 is —10.99 kcal/ particularly for reactions with lowen values ( < 4). Neverthe-

mol. The relatively small negativAG® value forn + 1 =3 less, it can also been seen that as the number of water molecules
(—2.30 kcal.mot?) for reaction 1 arises mainly from the increases, the computed reaction enthalpies and free energies
significant difference in the computed entropy valuéss?) are becoming less positive. Again an interesting change in sign

betweemn + 1 = 3 and 4. This can be understood in terms of of AS® occurs between = 3 and 4 (withAS® values forn =

the different geometrical structures of N®1,0)n+1. As outlined 2, 3, and 4 computed as15.73,+1.61, and—8.85 cal mot?

in part 17 the lowest-energy isomer with + 1 = 3 has the K~1). These changes can as before be related to the structure
third water molecule doubly hydrogen-bonded to two water of the NO"(H,O), complexes. If the trend iAG° shown in
molecules in the first solvation shell (thus starting the second Table 2 continued, it is expected that whemcreases beyond
solvation shell). However, with + 1 = 4, the addition of the 4, nitrous acid formation would become thermodynamically
fourth water molecule is onto N of NQ filling up the first favored, for the lowest-energy isomers of N@&,0),. However,
solvation shell. Thus, the unusual trend shown in the computedit will be shown in the following subsection that if some low-
AG° values of the stepwise hydration processes of Ny energy isomers of the lighter NChydrates are used, HONO
be understood in terms of structural considerations that the HT(H,O); can be formed via a barrierless reaction of NO
complexes being formed, with + 1 = 3 and 4, have the  (H20); + H,O; the subsequent reaction of HON@ (H,0)3
addition of the last water molecules at very different sites. This with H,O, giving the separate products of HONO ant{H,O)s,

has affected the standard entropy values for reaction thatis also thermodynamically favorable.
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Figure 3. Hydration sequence of N@H,0) which leads to the HONO
H+(H20)3 adduct.

3.3. Formation of Nitrous Acid via the Stepwise Hydration
Processes of NO. The computed thermodynamic values of the
stepwise hydration reactions of NQeading to the formation
of HONO are listed in Table 3. In part“it was shown that,
with a suitable isomeric structure of NCH,O)s, the addition

J. Phys. Chem. A, Vol. 105, No. 23, 2008531

NO* + H,0 e NO*H;0O  AH=-19.11(-12.13)
[-19.11]
H.0
v
NO*(H0).* AH =-14.30 (-6.15)
[-33.41]
H,0
v
NO*(H-0):* AH =-11.29 (-0.67)
[-44.70]
H,0
v
HONO.H'(H:0)s  AH =-13.29 (-4.17)
[-57.99]
H0

HONO +Y—I+(H20)4AH=~2.41 (-1.64)
[-60.40]

Figure 4. Overall reaction scheme and relative reaction energies for
HONO and H(H;0).. Values shown areéAH° values in kcal/mol
computed at the MP2/aug-cc-pVTZ//IMP2/6-31-1G(2d,p) level.
Values shown in parentheses are associat@d values in kcal/mol
and those in brackets are the cumulative reaction enthalpy values in
kcal/mol. The structures of N@H,0), are those shown in Figure 3.

The computed electronic energy of the reactant intermediate

of the fourth water at the appropriate site would lead to a with respect to the separate reactants is 13.19 kcatwath

barrierless reaction, which gives the HONO (H,0); complex

the former lying lower than the latter, while, relative to the

(Figure 3). The computed thermodynamic constants for the product intermediate, the reactant intermediate is 0.58 kcal*mol

stepwise hydration processes of NQuith the “appropriate”
isomeric structures of NQ(H,0)n+1, n + 1 = 1-3 (see Figure

3), which lead to nitrous acid formation, are shown in Table 3.

higher, at the MP2/6-31G(2d,p) level. A transition state
between the reactant and product intermediates is expected.
From Figures 1 and 2, to form the product intermediate from

It should be noted that these “appropriate” structures are notthe reactant intermediate, the water molecule in the second

the lowest-energy isomeric structures, exceptrfor 1 = 1.

solvation shell of NO(H,0)4 of the reactant intermediate is

These structures arise from increasing the solvent chain bondedequired to be inserted between the HONO an®Hmoieties.

to NO*(H,0) (structures gb) and G(b) of Figure 3; these
are structure €b) in Figure 1 and structure;®) in Figure 2
of ref 7). These structures are 1.16 and 3.03 kcal#above
their respective lowest energy minimum,(€) in Figure 1 and
Cs(b) in Figure 2 of ref 7) at the MP2/aug-cc-pVTZ level.

Such a process would involve essentially breaking and forming
of hydrogen bonds. In view of this consideration and the
closeness of the computed electronic energies of the two
intermediates, the activation energy required to form the
transition state would not be expected to be unduly high.

Nevertheless, it can been seen from the computed reactionBecause of the anticipated extremely demanding computational

enthalpies AH®) and free energiesAG°®) that each reaction

requirements, we did not attempt to locate a transition state

step is thermodynamically favored at the MP2/aug-cc-pVTZ// structure, which would connect the reactant and product

MP2/6-311G(2d,p) level (bothAH® and AG® are negative)
up to the HONGH*(H,0); complex formation (reactions-al
in Table 3). However, the computetH® and AG® values in

intermediates. Nevertheless, since the reactants are more than
13 kcal mot?® higher in electronic energy than the reactant and
product intermediates, the reacting system would probably have

Table 3 show that formation of nitrous acid and protonated water sufficient energy to overcome the activation barrier between

cluster as separate products, whether from the HONQH,0);

the two intermediates. Therefore, it seems reasonable to suggest

complex (reaction e in Table 3) or the reactants (reaction f in that the separate products of nitrous acid and protonated water
Table 3), is thermodynamically unfavorable under standard statecluster would very likely be produced at near collision rate from

conditions (botlAH® andAG® are positive). Nevertheless, with
the addition of an extra water to the HON@ (H,0); complex

reaction g.
The steps involved in nitrous acid formation as well as their

(reaction g in Table 3), the production of nitrous acid and a reaction enthalpies are summarized in Figure 4. They are
protonated water cluster as separate products is now thermoyeactions ad and g in Table 3, and the structures of the

dynamically favored (bottAH°® and AG°® are negative).

complexes involved are shown in Figure 3. The first step is

In the evaluation of the thermodynamic quantities for reaction solvation of NO™ by one water molecule. This is exothermic

g in Table 3, the lowest-energy isomer of"{f,0)s2 was
considered. The reactant and productiomolecule intermedi-
ates for reaction g were also obtained at the MP2/6+331

with a AH° value of —19.11 kcal.mot! (and aAG® value of
—12.13 kcal.mat?). All of this excess energy will be retained
in NO*(H,0) unless collision with a third body (e.g)\occurs

(2d,p) level, and their structures (and some important inter- to remove some of this internal energy. Also if, as is more likely,
molecular geometrical parameters) are shown in Figures 1 andNO™(H,0) formation occurs via collision of NOfirst with N,

2, respectively. Although we were unable to perform harmonic to form NO*(N,) followed by ligand exchange with @, the
vibrational frequency calculations on these intermediates at theexcess energy content in NQH,0) will be somewhat less than

MP2/6-31H+G(2d,p) level, as mentioned in the last section,
the MP2/6-3#+G** geometry optimization and frequency

19.11 kcal mot!. Most of the reaction energy is, however,
expected to be retained in N(H,O) as it corresponds to

calculations carried out confirmed that they are true minima formation of a new bond. Similarly, solvation of N(H,0) to

and hence reaction intermediates.

give NO*(H,0), and NO"(H,0)3 via structures gb) and G-
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(b) of Figure 3 are also exothermic witkH° values of—14.30
and—11.29 kcal mot!. These structures correspond to increas-
ing the solvent chain attached to NQ@ather than filling the
solvent shell around NO Again, theseAH°® values are expected
to be upper limits of the energy retained in the complex with
solvation expected to occur in the upper atmosphere via-NO
(H20)n(Ny) formation followed by ligand exchange to give NO
(H20)n+1. Nevertheless, NO(H,0); has an enthalpy of44.70
kcal mol? relative to the reactants (NO+ 3H,O) and HONQ
H*(H.0)3 has an enthalpy 0f57.99 kcal mot! relative to the
reactants (NO + 4H,0). Even though these exothermicities
are upper limits of the energy retained in the complex, there
should be more than enough excess energy for reactidiie (

= +15.2 kcal mot?) or f (AH® = +2.03 kcal mot?) to proceed.

Hence, overall the reaction scheme summarized in Figure 4

is sufficiently exoergic for the overall scheme to be thermody-
namically feasible, even though the higher energy isomeric
structures of NO(H,0), and NO'(H,0); are involved (struc-
tures G(b) and G(b) in Figure 3). At equilibrium at 300 K,

the percentages of these excited isomers are 14% and 0.6(V?_|
ereKy,

relative to the most stable forms{@) in Figure 1 and &b) in
Figure 2 respectively of ref 7) and at 190 K, the approximate

Hammam et al.

more water molecule, the overall reaction to the separate
products of HONO+ H*(H,0), is now exothermic (reaction

in Table 3) and the reaction surface consists of a reactant
intermediate (Figure 1), a transition structure, and a product
intermediate (Figure 2), similar to the reaction surfaces of many
other ion—molecule reactions.

3.5. Relative Concentrations andp. Considering competi-
tion between NO(H,O)n+1 cluster formation (reactions 1, with
n+ 1=1-4in Table 1) and nitrous acid formation (reactions
a—d and g in Table 3), it would be desirable to deduce the
relative concentrations of N@H,0),, HONO-H™(H,0)s, and/
or H"(H0),. Following the approach reported in our previous
study on protonated water clustéfshe concentration of various
NO™ hydrate clusters at equilibrium can be expressed as follows:

INO"(H,0),,,,] = INO"(H,0).J[H,0IK, ., =
[NO™I[H 0" KK, ... Koy

..., andKp; are the equilibrium constants for reactions
1, withn + 1 = 1-4 in Table 1, respectively.

temperature of the upper atmosphere, these percentages reduce Similarly, for the formation of HONEH(H;0)s (Table 3),

to 4.7% and 0.03%. However, these isomers are only 1.16 and

3.03 kcal mot?! above the most stable NH,0), and NO'™-
(H20); forms and there is sufficient excess reaction energy to

convert the most stable form into the appropriate higher energy
isomer prior to reaction. Hence, even though the populations

of structures @b) may be low in the upper atmosphere, there
is enough available energy to convert the most stable™NO
(H20), and NO"(H,0)3 isomers into structures(®) prior to

the reactions shown in Figure 4 which produce HONO and
H*(H2O)n.

3.4. Further Investigation on Nitrous Acid Formation
from the Reaction H,O + NO*(H,0), — HONO + H™'-
(H20),. To have a clearer understanding of nitrous acid
formation in the stepwise hydration processes offiN@articu-
larly with NO*(H,0),, wheren < 3, the stability of HONG
H*(H,O),, wheren = 1 and 2, was investigated. Geometry
optimization calculations at the MP2/6-3t+G(2d,p) level
were carried out. The initial geometries employed in the
optimization calculations were based on that of HONO
H*(H,0); obtained previously in studying reaction d (see Table
3; structure @b)" in Figure 3). For botm = 1 and 2, geometry
optimization of HONGHT(H,0), led to NO"(H20),+1, Where
n+ 1= 2 and 3, respectively ({fb) structures in Figures 1
and 2 of part 7). This suggests that HON&(H,0), is not
stable forn = 1 and 2, as intracluster reactions convert nitrous
acid-protonated water cationic complexes to hydrated"NO
clusters with negligible activation barriers. The reaction profiles
of the reaction NO(H,0), + H,O — HONO + H*(H,0)p,
wheren = 2 and 3, can be summarized as follows. Starting
with an appropriate isomeric structure of N@®,0),, for n =

[HONO-H(H,0);] = [NO™+(H,0)][H ,0]K; =
[NO][H ,0] 'K K5KK,,

where K3, K5, Kj, and K, are the equilibrium constants for
reactions ad in Table 3, respectively. (Note that reaction 1,
withn+ 1=1in Table 1, is identical to reaction a in Table 3,
as both start with the lowest-energy isomer of NB,0; hence
they have the samk;.) From the above equations, the ratio
between the concentration of N(H,0), and HONGH*(H,0);
can be expressed as

[NO+(H20)4] — K2K3K4
HONO-H"(H,0)] KKsK;
[ 2

At standard pressure and temperature, this ratio is 3360:1.

When the concentration of HH,O), is considered, it can
be expressed as following:

Ki[H,O][HONO-H" (H,0),]
[HONO]

_ [NO'JIH 0K KKK Ky
[HONO]

[H"(H0)] =

The ratio between the concentrations of(H,O), and NO'-
(H20)s is

2, the separate reactants move to the energy valley of the reactant

intermediate and then go to the separate products without a

barrier nor a product intermediate. The overall reaction is
endothermic by ca. 13 kcal mdl However, forn = 3, with

an appropriate isomeric structure of N®1,0)s, the reactants
go straight to the energy well of the product intermediate,

HONO-H"(H20);. The reaction surface possesses neither a

reactant intermediate nor a barrier. The overall reaction is still
endothermic, but only by 2 kcal mdl at the highest level of
calculation (reaction in Table 3). Last, when the product
intermediate of reaction f, HON®I™(H,0)s, reacts with one

KeKsKaKs — _ 0.00619
K K3K,Ks[HONO] ~ K{[HONO]

whereKg is the equilibrium constant for reaction g in Table 3.

H*(H,0)s is produced by two routes, reactions e and f in
Table 3. Reaction f is expected to dominate given its more
favorableK value. However, if the equilibrium constants for
these reactions are denotedkasandK;, then the concentration
of HT(H,O); can be expressed as
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. K{[H,O]INO " (H,0),] °C. Both mass spectra show signals from*(H2O)n,
H"(H,0); = NO*(H20),, and (NO)Y«(H20), ions, wherex = 2—4 and
[HONO] y = 0—3. The spectrum recorded at1l0 °C shows more
Ke[HONO-H+(H20)3] extensive structure to higher mass-to-charge ratio.
[HONO] A number of observations can be made from these spectra
KK K5K5H 20]4[|\|o+ ] which are consistent with the results of this present work: (i)
= [HONOJ For H"(H,O),, the minimum value oh in the experimental
spectra is 4, and for NGH,0),, the maximum observed value
et Ayt of nis n= 5. (ii) At —10 °C, H"(H;O), signals are observed
KeKyKoK'f[H,OTINO '] with relative intensities in the order4 5 < 6 > 7 whereas at
[HONQ] —20 °C, where the water partial pressure will be lower, the
. observed order is 4 5 with n = 6 andn = 7 not observed. It
The ratio H (H20)/H"(H20)s can be expressed as is particularly notable that H{H,0)s > H*(H20)s > H*(H20)s
+ , , at —10 °C but H+(H20)5 ~ H+(H20)4 with H+(H20)5 not
H™(H0)s _ (KKf + KKy _ 23.65% 10°° observed at-20 °C. (iii) (NO)s*(Hz0)n (NO)s*(HoO)n, and
H+(H20) A KiK,KJIH,Ol KK, Ky[H,0] (NO)4"(H20), ions are observed indicating that other {on

molecule reactions need to be taken into account with the ion
With the K, values listed in Table 3, obtained at the MP2/aug- molecule reactions, reactions 1 and 2, for a full treatment of

cc-pVTZ/IMP2/6-313+G(2d,p) level, then this reacting system. (iv) For the NQH,0), signals, at-10
°C the relative ion intensities are in the order23 > 4 > 5,
|_|+(|_|Zo)3 277x 1077 This is also the order at20 °C, butn = 4 andn = 5 signals
~ == are not observed. It is not possible to compare these experimental
H"(H,0), [H20] results with the results of the present work quantitatively as

_ the ion concentrations at equilibrium have not been measured
In the upper atmosphere the water partial pressure drops Ongnd the relevant thermodynamic constants have not been
increasing altitude from 70 to 90 km. The above equation determined. Nevertheless qualitative comparisons can be made.

indicates that this would lead to an increase in"(Hx0)s)/ Loss of HONO from NO(H,0)s is reaction g in Table 3. This
[H*(H20),] ratio with increasing height and this indeed observed s favored both by the structure of the complex and the
experimentally:® calculated negative standard free energy. Loss of HONO is

There are very few available laboratory measurements with exothermic whereas loss of water is endothermic. For"NO
which to compare the results of this present work. The most (H,0),, loss of HONO corresponds to reaction e whereas loss
relevant eXperimental work is that of Stace eﬁélOkumura of HZO is the reverse of reaction d. Both processes are
et al.# and Kennedy et df* In the work of Stace et at.¢ neutral endothermic and will compete with each other. ForigyO)s,
NO(HO)n clusters were ionized by electron impact and mass |oss of water is the reverse of reaction&G® = +0.67 kcal/
selected. Mass analyzed ion kinetic energy spectra were recordeghol) whereas loss of HONO is much more endothermic. Hence,
for NO*(H20)n, following collisional activation, for each in qualitatively the results of Stace et &f Okumura et al4 and
the range 29. Both metastable loss from NQH,O),ions as Kennedy et at* can be understood based on the results of this
well as CO||iSi0na||y activated loss was observed. It was found work. There is however’ a clear need for experimenta| measure-
that forn =2 and 3 only water loss was observed from NO  ments of the thermodynamic values of the stepwise hydration

(H20), as a result of both metastable loss and collisional processes listed in Table 3 for comparison with the results of
activation. Fom = 4, loss of HONO or HO was observed by thjs present study.

metastable loss and collisional activation whereasnfer 5

HONO loss dominates relative to,8 loss. 4. Concluding Remarks
Related work has also been performed by Okumura and co- . . .
workers? In these experiments, NQH,0), ions are produced In this work, thermodynamic constants for the stepwise

by a high-pressure, pulsed discharge and then cooled in ahydration processes of NO(reaction 1) and the intracluster
supersonic expansion. Infrared predissociation spectra wererearrangement reactions (reaction 2) have been computed by
recorded on each ion cluster by exciting the ions in the high levelab initio calculations. On the basis of the results
wavenumber region 27663700 cnTl. It is notable that the ion ~ obtained, the competition between reactions 1 and 2 for different
complexes generated in the work of Stace ét®dly electron values ofn can be understood.

impact of neutral clusters are likely to be more excited and hence First, for the stepwise NQH,O)n+; cluster formation, on
have a higher internal energy content than those ions generatedjoing ton + 1 = 4, there is in total 59.2 kcal mol excess

via supersonic expansion of an ion beam in the work of energy generated. For the series of cluster reactions leading to
Okumura et af. In the infrared predissociation experiments of HONO-H*(H,0); shown in Figure 4, there is in total 58.0 kcal

Okumura et al4 for each NO'(H,O), ion, with n = 1—4, only mol~1 excess energy. The excess energy may remain in the
infrared spectra of NO(H,0),-, ions were observed, consistent system and/or be lost via collisions with third bodies in the
with HO loss, whereas for NGH,0)s a spectrum of BHO™- system. If the pressure is high, collisional deactivation would
(H20)s was recorded consistent with HONO loss. almost certainly occur. In this case, N®,0),+1 cluster

In the work of Kennedy et a4 NO™ v = 0 was produced  formation would dominate over nitrous acid formation, as each
via (2 + 1) REMPI via the G-X 2-photon transition and  step of reaction 1 is thermodynamically more favorable than
expanded with a high pressure of an inert gas doped with watereach step of reaction 2. On the other hand, at low pressure,
vapor through a nozzle into a low-pressure region where the where there are few collisions, the excess energy available in
ion distribution was measured by a time-of-flight (TOF) mass the system may make nitrous acid formation more favorable.
spectrometer. TOF mass spectra are presented for the NO/inerThis is because formally endothermic reactions, such as reactions
gas mixture passed over a water reservoir hetd2d and—20 fin Table 3, may now proceed with the excess energy available
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