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Solar emission produces copious nitrosonium ions (NO*) in the D
layer of the ionosphere, 60 to 90 km above the Earth’s surface.
NO™ is believed to transfer its charge to water clusters in that region,
leading to the formation of gaseous nitrous acid (HONO) and
protonated water cluster. The dynamics of this reaction at the iono-
spheric temperature (200-220 K) and the associated mechanistic de-
tails are largely unknown. Using ab initio molecular dynamics (AIMD)
simulations and transition-state search, key structures of the water
hydrates—tetrahydrate NO*(H,0),; and pentahydrate NO*(H,0)s—
are identified and shown to be responsible for HONO formation in
the ionosphere. The critical tetrahydrate NO*(H,0), exhibits a chain-
like structure through which all of the lowest-energy isomers must go.
However, most lowest-energy isomers of pentahydrate NO*(H,0)s
can be converted to the HONO-containing product, encountering
very low barriers, via a chain-like or a three-armed, star-like struc-
ture. Although these structures are not the global minima, at 220 K,
most lowest-energy NO*(H,0), and NO*(H,0)s isomers tend to
channel through these highly populated isomers toward HONO
formation.

ionosphere | HONO | mechanism | water | clusters

he ionosphere is the largest layer in the Earth’s atmosphere,

ranging in altitude from ~60 to 1,000 km and includes the
thermosphere and parts of the mesosphere and exosphere. The
ionosphere contains a high concentration of electrons and ions
because of the ionization of gases in that region by short wavelength
radiation from the Sun. Therefore, these species play an important
role in atmospheric electricity, influencing radio propagation to
different regions on the Earth’s surface and space-based naviga-
tional systems (1). The D layer is the innermost layer of the iono-
sphere, ranging from 60 to 90 km in altitude, where Lyman series-a
hydrogen radiation from the Sun gives rise to abundant nitrosonium
ions (NO%). In addition to the ionospheric reaction between NO™
and water, explorations of the chemical reactivity of NO* and water
clusters (2-4) have implications for understanding the mechanisms
of atmospherically relevant reactions in water clusters (5-9).

Over the past two decades, several experimental and theoretical
studies (10-13) have focused on understanding the chemical and
physical properties of the small-sized hydrated nitrosonium ion
NO™(H,0),, where n = 1-5. Two key processes have been pro-
posed for HONO formation:

NO*(H,0), + H,O - {(HONO)H*(H,0),,}
- H*(H,0), + HONO . [1]

Lee and coworkers (14) used vibrational spectroscopy to obtain
clear evidence of the rearrangement of the NO*(H,0), cluster
by observing the appearance of new hydrogen (H)-bonded OH
stretching lines. Using quantum molecular dynamics, Ye and
Cheng (15) suggested possible structures and corresponding IR
spectra for NO*(H,0),, (n = 1-3) clusters. In a major experimental
breakthrough, Relph et al. (16) showed that the extent to which
reaction 1 produces HONO and H*(H,0),, depends on the size
and shape of the water clusters. Another key finding was that the
reactions for HONO production start with the n = 4 water cluster.

www.pnas.org/cgi/doi/10.1073/pnas.1601651113

Later, the importance of the tetrahydrate isomer NO*(H,0), to its
conversion to proton hydrate and HONO at temperature beyond
150 K was further demonstrated experimentally by Eyet et al. (11).
Indeed, before Eyet’s study, Siefermann and Abel (17) had already
noted that the configurations of the trihydrate and tetrahydrate
isomers examined in Relph et al.’s experiment were frozen because
of the very low temperature used (5 K). At this low temperature,
the most abundant water cluster structures are those found at the
global minima of the potential energy surface. At temperatures
that are relevant to the ionosphere (200220 K), these lowest-lying
isomers may not directly contribute to the interconversion pro-
cesses involving the hydrated NO*(H,0), ion.

An early study suggested that the low rate of reaction 1 can be
attributed to the fact that the reactive species responsible for HONO
formation include a higher-energy isomer of NO*(H,0),, that is re-
sponsible to the release of a proton (12). Asada et al. (18) reported
high-level ab initio molecular-orbital calculations and identified tens
of low-energy isomers of NO*(H,0), and NO*(H,O)s. They also
pointed out that relatively higher-energy reactant, transition-state,
and product isomers are involved in the formation of HONO from
NO*(H,0), (n = 4 and 5) clusters. But, the nature of the mechanism
by which these relatively higher-energy isomers (in the frozen state at
0 K) can directly contribute to the interconversion processes at
temperatures relevant to the ionosphere is little studied.

In light of the lack of experimental studies of the dynamics of
isomer transformation, we performed Born-Oppenheimer ab initio
molecular dynamics (AIMD) simulations to explore the dynamic
behaviors of trihydrate NO*(H,0)s, tetrahydrate NO*(H,0)4, and
pentahydrate NO™(H,0)s clusters at 220 K. Our results suggest
that 220 K is adequate to drive the isomer interconversion from the

Significance

This contribution resolves a long-standing puzzle of the nitrous
acid (HONO) formation mechanism from NO* motif and water
clusters in the ionosphere (key layer for radio signal transmission).
From previous studies, massive different isomer structures have
been identified. However, an explanation of how the low-lying
isomers channel through the high-lying ones to form HONO
species has been elusive. A clear understanding of the mechanism
was only possible through molecular dynamics simulation. This
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formation of HONO in the ionosphere.
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Fig. 1. lllustration of the dynamic-driven isomer interconversion observed in AIMD simulations of the trihydrates and tetrahydrates of NO*. The highlighted
structures in brackets represent the most likely reaction pathway from the critical (highly populated) isomer 4E to the product isomer 4ii. White, blue, and red

spheres represent hydrogen, nitrogen, and oxygen atoms, respectively.

lowest-lying isomers to the critical chain-like isomers. Furthermore,
based on the climbing image nudged-elastic-band method, a more
realistic transition state for the formation of hydrated protons and
HONO (coexisting in the tetrahydrate) was identified, with the
reactant being the critical tetrahydrate NO*(H,O)4 isomer. For
pentahydrate, two reaction pathways are revealed by the AIMD
simulations. Furthermore, the distribution of low-lying isomers at
220 K, including both highly populated critical and less-populated
local-minimum isomers, is obtained. In agreement with the results
of Relph et al. (16), there is no observed charge transfer between
the NO* and the water clusters in the n = 1 or n = 2 NO*(H,0),
clusters, indicating that these small clusters are inert. The charge
transfer observed for clusters with n > 3 suggests the possible
formation of HONO from the NO*(H,0),, clusters. However, the
population of water clusters decreases rapidly with increasing n
because of the scarcity of the water molecules in the D layer of the
ionosphere (17). Therefore, the trihydrate, tetrahydrate, and pen-
tahydrate clusters are most likely the prevailing reactive species for
HONO formation in the ionosphere and thus constitute the focus
of our AIMD simulations. All the AIMD simulations in this work
are performed in the form of the Beche-Lee—Yang—Parr functional
(19, 20) with Grimme’s dispersion correction (21) (denoted as
BLYP-D method) which can well describe the trend of the charge
variation of the NO* hydrates systems (see Fig. S1). Note that our
study here is mainly focused on the formation of the HONO spe-
cies in the hydrates, corresponding to the first step in reaction 1.
The detachment of the HONO species from the hydrated proton,
which is an endothermic process, is not considered here.

For the trihydrate cluster, the three experimentally detected
low-lying isomers (18) are called 3-a, 3-B, and 3-y (Fig. 1). Notably,
our AIMD simulation shows the isomer interconversion from the
two lowest-lying isomers, 3-a and 3-p, to 3-y (Fig. S2). In the course
of AIMp simulation, the N-O distance decreases from ~2.20 to
~1.90 A, concurrent with a slight elongation of the O;—-H; and
0O,-H, bonds, implying the conversion of isomer 3-a or 3-p to the
3-y isomer (Movies S14 and S1B). No isomerization events are
observed in the AIMD simulation with the initial 3-y configuration,
indicating the high thermal stability of 3-y at 220 K. Hence, the 3-y
isomer is expected to exhibit the highest abundance among trihy-
drate clusters in the D layer of the ionosphere. Moreover, for the

4630 | www.pnas.org/cgi/doi/10.1073/pnas.1601651113

200-ps AIMD simulation of 3-y, no evidence of dissociation of
the O-H bonds in water molecules was observed, consistent with
the previous experiment-based conclusion (16) that trihydrate
clusters do not play a major role in reaction 1.

For the tetrahydrate cluster, the four lowest-lying isomers 4A,
4B, 4C, and 4E (Fig. 1) (18) were selected to investigate their
dynamic behaviors at 220 K. As shown in Fig. S3, the O-H bonds
of the water molecule directly bound to the NO* are <1.20 A
during the 200-ps AIMD simulations, indicating the absence of
HONO-forming reactions in that time period. In contrast, sudden
changes in the N-O distance (e.g., at ~26 ps in Fig. S34; the definition
of N-O distance is given in the caption of Fig. S3) are observed in all
four independent AIMD simulations (black lines in Fig. S3), indicating
isomer interconversion. To characterize the degree of isomer in-
terconversion, the bond-orientational order parameter (¥) given by

n
} :eln(p,]
j=1

is computed, where 7 is the total number of atoms j within a given
radius cutoff and g;_; is the angle between the vector connecting
the target atom i with the neighboring atom j and the reference
vector connecting the target atom i and the system’s center of mass
(marked by the black solid circle in the Inset of Fig. 24). Two
different target atoms with their corresponding neighboring
(source) atom j were selected to characterize the structural var-
iation: (i) the N atom in the NO™ motif with the O atoms in the
water molecules as the source of atom j, and (i) the O atom
(shown by the green sphere in Fig. 24, Inset) in the water molecule
located at the longer end of the chain structure with the O atoms in
the other water molecules that forms a hydrogen bond with the
target O atom as the source of atom j. In chain-like structures, such
as isomer 4E, only one O atom exists within 2.80 A of the N atom,
whereas the target O atom only forms one hydrogen bond with the
neighboring water molecule. Hence, the logarithms of Wn_o and
Yo_o take values of zero for isomer 4E. For other isomers, either
Wn-o or Yoo is nonzero. Fig. 24 shows the time-dependent order
parameters given by the logarithms of $n_o (red line) and Wo_o
(black line), with isomer 4A as the initial structure. The disappear-
ance of the red peaks at ~26 ps clearly results from the isomer

1
P=—
n

He et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1601651113/-/DCSupplemental/pnas.201601651SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1601651113/-/DCSupplemental/pnas.201601651SI.pdf?targetid=nameddest=SF2
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1601651113/video-1A
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1601651113/video-1B
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1601651113/-/DCSupplemental/pnas.201601651SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1601651113/-/DCSupplemental/pnas.201601651SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1601651113/-/DCSupplemental/pnas.201601651SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1601651113/-/DCSupplemental/pnas.201601651SI.pdf?targetid=nameddest=SF3
www.pnas.org/cgi/doi/10.1073/pnas.1601651113

L T

z

1\

BN AS - PNAS D)

A as ——N-0
1 —o0-0
4.2
4 4C c-4E
3.64 ~—"— "
3 - Qo
o) 2.44
o 4
- 18
163 4C
' 4C d4E =~
0.6 \ f ‘ !| c-4E
0.0 L |
] ¥ L] g L g L hd L .
0 40 80 120 160 200
Time (ps)
Fig. 2.

(A) Time evolution of the logarithms of the bond-orientational order parameters ¥y_o (red line) and Wo_o (black line). (Inset) Illustration of the angle

@;_j used to calculate ¥n_o and ¥o-o, where white and red spheres represent oxygen and hydrogen atoms, respectively, and blue and green spheres represent
the target nitrogen and oxygen atoms, respectively, used to calculate the bond-orientational order parameter. The pie charts in B-E denote the populations
of various isomers observed in four independent AIMD simulations with initial structures of 4A, 4B, 4C, and 4E, respectively. The geometric structures of the

isomers are given in Fig. 54.

transformation from 4C to 4E (Figs. S34 and S4 and Movie S24).
The cyclization of 4E leads to the formation of an additional hy-
drogen bond with the target O atom, resulting in nonzero values of
the logarithm of Wo_o for the ~50-70-ps time period (see c-4E
isomer in Fig. S4). The proximity of the N and O atoms of two
nearest water molecules (the corresponding isomer is denoted as
d-4E in Fig. S4) results in a small red peak at ~120 ps. Similar
isomer interconversion is also observed in other AIMD simulations
with 4B, 4C, or 4E as the initial structure. The corresponding time-
evolution data for Yn_o or Wo_o and associate isomer structures
are shown in Figs. S5 and S4, respectively.

The chain-like water structure is the critical structure bridging
two different isomers during isomer interconversion. As shown in
Fig. 24 and Fig. S5, the zero-value interval between two peaks
indicates the appearance of isomer 4E during the isomer conver-
sion. More importantly, the population analysis of each isomer over
the entire 200-ps AIMD simulation suggests that the chain-like
water structure of 4E is much more abundant than the other iso-
mers (Fig. 2 B-FE). Specifically, in the four independent AIMD
simulations with initial structures of 4A, 4B, 4C, and 4E, the
obtained population values are highest for 4E: ~62.25%, 77.66%,
61.49%, and 86.89%, respectively. Note that at 0 K, BLYP-D
functional (19, 20; see Supporting Information, Computational De-
tails) predicts that 4E is lower in energy than 4A (ie., BLYP-D
introduces some biases toward 4E over 4A, see Fig. S6 for MP2
results). But, 4E is still about 1 kcal/mol higher in energy than 4B or
4C at the BLYP-D level. At 220 K, 4E becomes the most ther-
modynamically favorable isomer at the BLYP-D level. Hence, the 4E
isomer can be viewed as the critical isomer among the tetrahydrate
clusters and plays a critical role in the D layer of the ionosphere.

The HONO-containing tetrahydrate isomer detected experi-
mentally at 5 K (named 4-ii in ref. 16) has nearly the same structure
as 4G (Fig. S7). The interconversion between isomer 4-ii and 4G
through HONO rotation and flipping of the H;O* groups was
frequently observed in the AIMD simulations (Movie S2B). More
importantly, no breaking down of the N-O bonds in HONO was
observed in the course of the 200-ps AIMD simulation, suggesting
that both isomers are highly stable at 220 K. Therefore, the 4-ii
isomer can be viewed as the final product of HONO formation,
consistent with the experimental detection of 4-ii at 5 K. To confirm
this interpretation, we used climbing image nudge-elastic-band
calculations (22) to search for the transition state that bridges the

He et al.

4E and 4-ii isomers. As shown in Fig. 1, the movement of the water
molecule at the short end of the chain-like structure toward the
long end and the subsequent formation of two H bonds with two
neighboring water molecules led to proton transfer between the two
neighboring water molecules, giving rise to the transition state (TS
in Fig. 1). Upon passing over the TS, the original water molecule
near the short end breaks one hydrogen bond while retaining the
other hydrogen bond with the protonated species, concurrent with
the formation of HONO species. In this cooperative process, the
movement of the water molecule at the short end leads to the
formation of a cyclic structure, where the two water molecules and
the HONO species act as hydrogen-bond acceptors and form a
complete solvation shell around the H;O" ion. The formation of
such a solvation shell can effectively stabilize the central H;O™" ion, a
well-established fact in the gas-phase reaction involving ionic clus-
ters (23-26). Due to the stabilization effect, the formation of
HONO-containing isomer 4-ii, from the highly populated isomer
4E, entails a low-energy barrier of ~2.1 kcal/mol. Thus, at the ion-
ospheric temperatures (200-220 K), a chemical equilibrium between
4E and the HONO-containing isomers 4-ii is expected to be an
important dynamic channel for HONO formation. Note that in our
AIMD simulations, the nuclear quantum effect and the hydrogen
tunneling effect are not included. In general, the nuclear quantum
effect is equivalent to the lowering of density-functional theory (e.g.,
BLYP-D) temperature of water by certain degrees (27), whereas the
hydrogen tunneling would speed up the proton transfer process in
our system not included in the AIMD simulations. Nevertheless, the
two effects seem to somewhat offset each other and, as a result, may
not affect the qualitative reaction mechanism concluded from the
AIMD simulations.

Another channel for HONO formation can occur through the
pentahydrate NO™(H,0)s, although the population of pentahydrate
clusters is expected to be much lower than that of the tetrahydrate
clusters. Here, the lowest-lying four isomers, 5A, 5B, 5D, and SM
(23), are selected as the initial structures in four independent
AIMD simulations. In the simulation starting with isomer 5A, no
HONO formation or appreciable changes in the N-O and O-H
distances were observed within the 200-ps simulation, suggesting
that 5A is a highly stable isomer. In contrast, the formation of
HONO species is directly observed in the AIMD simulations with
initial structures of 5B, 5D, and 5M, indicating that in this case, the
HONO-forming reaction has a very low energy barrier. Moreover,

PNAS | April 26,2016 | vol. 113 | no. 17 | 4631
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Fig. 3. Snapshots of AIMD simulations at different time stages (unit, ps) with initial structures of (4) 5B, (B) 5D, and (C) 5M. White, blue, and red spheres
represent hydrogen, nitrogen, and oxygen atoms, respectively. As shown in Fig. 44, 5C indicates a group of isomers with similar structures. Isomers 5A and

isomer 5Y are highly populated isomers before the final product 5T".

as shown in Fig. 3, the final HONO-containing products obtained in
the three independent AIMD simulations exhibit the same struc-
ture, named 5I", which contains a chain-like water structure similar
to that found in 4E. To the best of our knowledge, the pentahydrate
isomer SI" has not been reported in the literature, likely because
pentahydrate isomers were previously modeled without considering
dynamic effects at 220 K.

As shown by the time evolution of the N-O and O-H distances
(Fig. S8), the N-O distance exhibited two sudden decreases, ac-
companied by sudden increases in the O-H distance. This result
suggests that two reaction steps are likely involved in HONO for-
mation in pentahydrate clusters. As shown in Fig. 34, at ~13.8 ps,
5B evolves into a group of four intermediate isomers (named iso-
mers 5C-i to 5C-iv) whose structures can all be viewed as derivative
from the tetrahydrate isomer 4C (with the addition of one water
molecule to different sites of 4C). The added water molecule can
move around, thus leading to interconversion of the four isomers as
shown in Fig. 44. The isomer 5C can evolve to a chain-like struc-
ture, named 5A (e.g., at ~97.16 ps in Fig. 34), corresponding to a
sudden change in the N-O and O-H distances (Movie S34). De-
tailed population analysis of isomers before the formation of
HONO (<207.56 ps) indicates high population of both isomer
groups 5C (38.63%) and 5A (53.19%) (Fig. 4B). Such a population
distribution is akin to that for tetrahydrates where the chain-like
structure 4E entails the highest population, followed by the isomer 4C

A

(Fig. 2 B and D). The addition of one water molecule can effectively
promote the movement of one tail water molecule toward the other
end of the chain structure. Meanwhile, proton transfer is observed
between the two neighboring water molecules, as shown in Fig. 34,
generating the final product 5I' (Movie S3B), while the water
molecules persist in a chain-like structure similar to that of 4E.

In the AIMD simulation starting with the 5D isomer, isomer
5C-i has the highest population before the formation of HONO
(<22.71 ps, Figs. 3B and 4C). Here, 5C-i evolves to a three-armed,
star-like structure (named 5Y) with the H3O+ at the center, while
the N-O distance shortened to ~1.60 A and the O-H distance
increased to 1.51 A, The isomer 5Y entails HONO formation
(Movie S3C). The HONO-containing 5Y lasts >130 ps during the
AIMD simulations, and at ~155.99 ps the water molecule next to
HONO approaches the chain-like structure, further increasing the
O-H distance (Fig. S8), and then forms the final product 5I" (Movie
S3D). In the AIMD simulation starting with isomer 5M, which
entails a planar cyclic structure, the HONO formation proceeds
with a similar path (Fig. 3C) as 5D (Movies S3E and S3F). The
same reaction is also observed when a much shorter AIMD time
step (0.1 fs) was used in an independent AIMD simulation (Movie
S3G). Notably, it converts to the HONO-containing isomer 5Y
within 5 ps. Such fast conversion is probably attributed to the
initial cyclic water structure which is also observed in the other two

Fig. 4. (A) Schematic illustration of the relocation of one water molecule (with green sphere) around the 4C structure in four different sites, resulting in a
group of four different isomers (5C-i to 5C-iv). (B and C) Population of major intermediate isomer observed before the formation of HONO in the AIMD
simulation, starting with isomer 5B and 5D, respectively. The isomer structures of 5c, 5%, and 5M’ are illustrated in Fig. S9.
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cases (Fig. 3). Again, 5Y changes to 5I' after a relatively longer
period of AIMD run.

In conclusion, we have shown that the tetrahydrate and penta-
hydrate structures located at the global minima of potential-energy
surface cannot be converted directly to HONO species at the 220-K
ionospheric temperature. To achieve HONO formation, the low-
est-lying isomers of tetrahydrates must first be converted to the
highly populated critical isomer 4E in a dynamic fashion at 220 K.
Subsequently, the critical isomer 4E can be converted to the
HONO-containing product with encountering very low barriers
at 220 K, consistent with previous experiment (11, 17). We also
confirmed another experimental finding (18) that the 3y trihydrate
cluster is a highly stable nonreactive cluster, even at 220 K (Fig.
1). However, the addition of one water molecule to 3y can di-
rectly lead to the critical 4E isomer. Thus, the chemical equi-
librium between 4E and the product 4ii coupled with the
thermodynamically favorable conversion process from the three
lowest-lying isomers at 0 K—4A, 4B, and 4C—to the 4E isomer
at 220 K represents an important dynamic channel for HONO
formation in the ionosphere.
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Computational Details

The Born-Oppenheimer AIMD simulations are performed by using
the Gaussian and plane-wave method as implemented in the CP2K
Quickstep package (28). The valence electrons are treated with the
wave functions expanded in a double-{ Gaussian basis set com-
bined with an auxiliary basis set (29), whereas the core electrons
are treated with the Goedecker-Teter—Hutter norm-conserved
pseudopotentials (30, 31). The plane-wave cutoff is set as 300
Rydberg. The electron exchange and correlation interactions are
described with the Becke-Lee—Yang—Parr (BLYP) functional
(19, 20) and the London dispersion interaction is considered via
the employment of Grimme’s dispersion correction method (21).
The BLYP-D functional has been widely used in water-based
systems owing to its reasonably accurate description of the
structural and dynamic properties of the systems (32, 33). Also, it
can well describe the trend of the charge variation of the NO™
hydrate systems (Fig. S1). The electrostatic energy is computed
via the Ewald summation with the inclusion of the neutralizing
background charge for compensating the charge of the hydrate

1.0
—

=
co
1

Charge (|e|)
(=]
i

0.4

system. A large supercell (30 x 30 x 30 A3) is selected so that the
interaction between two neighboring water clusters is negligible.

For all AIMD simulations, the constant-volume and constant-
temperature ensemble is adopted with a time step of 1.0 fs. The
simulation temperature is controlled at ~220 K (the upper limit of
temperature at the ionosphere D layer) through the Nosé-Hoover
chain method (34, 35). The length and number of multiple time
steps of the Nose-Hoover chain are set to the default values (3, 2),
and the time constant and order of the Yoshida integrator used
for the thermostat are 300 fs and 3, respectively. These parameters
are reasonable for the present AIMD simulations. All of the
snapshot structures and movies from AIMD simulations are
generated by using Visual Molecular Dynamics (VMD) code
(Version 1.9.2). The transition state is determined by using the
climbing image nudged-elastic-band (CI-NEB) method (22, 36).
Nine replicas are applied for each CI-NEB computation with the
spring force being less than 0.02 eV/A. The vibrational frequencies
are calculated to confirm only one imaginary frequency exists for
the transition state.

—m—BLYP-D
—e— MP2/CCSD(T)

.-—._._______.

4A 4B

4c 4AE 4-ii

Fig. S1. Charge on the NO varies with the isomers for tetrahydrates on the basis of the Mullikan charge analysis at the BLYP-D and the CCSD(T)/aug-cc-pVTZ//
MP2/aug-cc-pVTZ levels of theory [here, CCSD(T) and MP2 refer to the coupled-cluster method with singlet, doublet, and triplet excitations and the second-
order Moller-Plesset perturbation theory, respectively]. The CCSD(T)//MP2 denotes that the structure is optimized at the MP2/aug-cc-pVTZ level, whereas the

charge analysis is performed at the CCSD(T)/aug-cc-pVTZ level.

He et al. www.pnas.org/cgi/content/short/1601651113

10f 10


www.pnas.org/cgi/content/short/1601651113

[ ]

.

[\ ]
1

z

1\

i
=
1

[/ S

)

N—Ol distance (angstrom)
i N
= (=

. 1 1
« P e
o
e S-4
g .
P
4l 2
Z \ 3
- R
124
LS
b? _'-:;--..
=

N-O Distance
- by . - H s & - H H ._l
%)
= 1 N
Y |
: : = -
& :
: ] 3 =)
I. c\_
3 =)
o %o | ;

100 120
time (ps)

Fig. S2. N-O, distance change with time for isomers 3-a (black), 3-p (red), and 3-y (blue). Time required for the structural transformation from 3-a and 3-p to
3-y. The atomic label is given. Note that both H; and H; bind with two different water molecules via H-bond arrangement, which is the so-called “symmetrical
H bond.”
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Fig. S3. Time evolution of the N-O (black line) (where O is the O atom of the nearest H,0 molecule next to the N atom of the NO* ion) and the O-H (red line)
(where O-H refers to the averaged O-H bond length for the water molecule nearest to the NO* ion) distances for the AIMD simulations of NO*(H,0), clusters
with different initial isomer: (A) isomer 4A, (B) isomer 4B, (C) isomer 4C, and (D) isomer 4E. (Inset) Images represent the initial structures used in each AIMD
simulation.
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Fig. S4. Geometrical structures of the observed isomers in the AIMD simulation with isomer 4A as the initial structure. The white, blue, and red spheres
represent the hydrogen, nitrogen, and oxygen atoms. The arrows and three pairs of circled numbers indicate several possible shifting directions of molecules
and corresponding interconversion of isomers.
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Fig. S5. Time evolution of the logarithm of the bond-orientational order parameter ¥y_o (red lines) and Wo_o (black lines) for the AIMD simulations starting
from isomer 4B (Top), 4C (Middle), and 4E (Bottom), respectively.
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Fig. S6. Electronic energies (AE), zero-point-energy corrected electronic energies (AE+ZPE), and the Gibbs free energies (AG) relative to isomer 4A for tet-
rahydrate isomers at the MP2 level of theory.
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Fig. $8. Time evolution of N-O (black line) and O-H (red line) distance during the AIMD simulation with isomer 5B (Top), 5D (Middle),and 5M (Bottom) as the
initial structure.

Fig. S9. Geometry structures for the isomer 5c, 5%, and 5M’ of pentahydrates.
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Movie S1A. Conversion of isomer 3a to 3y.

Movie S1B. Conversion of isomer 34 to 3y.
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Movie S2A. Conversion of isomer 4C to 4E.

Movie S2A

Movie S2B. Isomer interconversion among the HONO-containing isomer 4-ii and 4G.

Movie S2B
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Movie S3A. Conversion from the water-loop-containing isomer 5¢ to the highly populated isomer 5A in the AIMD simulation starting at isomer 5B.

Movie S3A

Movie S3B. Formation of the product isomer 5I" from the highly populated isomer 5A in the AIMD simulation starting at isomer 5B.

Movie S3B
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Movie S3C. Conversion from the water-loop-containing isomer 5¢ to the highly populated isomer 5Y in the AIMD simulation starting from isomer 5D.

Movie S3C

159.74 ps

Movie S3D. Formation of the product isomer 5I" from the highly populated isomer 5Y in the AIMD simulation starting from isomer 5D.

Movie S3D
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Movie S3E. Conversion from the water-loop—containing isomer 5M to the highly populated isomer 5Y in the AIMD simulation starting from isomer 5M.

Movie S3E

54.70 ps

Movie S3F. Formation of the product isomer 5I" from the highly populated isomer 5Y in the AIMD simulation starting from isomer 5M.

Movie S3F
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