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Abstract

We have studied sevenalicro hydratedH.0),.NO".H,S structuregn=1-3) and
their fragments usg wavefunction based approach (coupleldstersincluding single,
double and noiiterative triple substitutions CCSD(T) andsecondorder perturbation
theoryi MP2) and also employing density functional theamtlf BLYP andwB97XD
functional). MP2 enmgetics is very close to CCSD(T) one. Both functional provide
reasonable binding energies compared to MRRWB9O7XD being superior to BLYP.
The exploratoryab initio molecular dynamics performed on feand fivebody clusters
revealed thathte hydrogerbonds networkand cooperativityin these systemsplay a
crucial role inthe proton transfer from #$.NO" to H,O and its conversion to

thionitrous acid.




|. Introduction

Hydrogen bondig and proton transfer reactioase fascinating andmportant
phenomea governingchemical and biologicalprocesses in polar solvents, bio
molecules, various molecular complekXésProton transfeis critical also in modelling
the atmospheric reactions where the migydration take place. Crucial question
associated with these phenomena is the origin of the driving force facilitating the proton
transferand closely related notion of the cooperativity in hydrogen bonded nétwork
The lattereffect of nonadditivity is typical for a string of Hbonds, resulting in stronger
binding between the membersathain than would occur in individual-bonds. This
string may be both linear sequenceasng andan importanfactor influencing the H
bond strength is the polarizability along the cfdinn this paper, we will investigate
the intermolecularproton transferin the title reactionfocusingon the details of the
overall proces®f the formation of a hydrogen bonded complex and the separation of
the products

Atmosphericchemistry involvesrariety of gaseous specidsinorganic oxides,
oxidants, reductants, acids, bases, organics, photodchignactive species and unstable
intermediats (ions and electronically excited molecti@s¥olid and liquid particles
can formatmospheric aerosols amadfect atmospheric chemistrgf gasphase species,
either assites for surface reactioms for processes in liquid droplet§he size of these
species can range from aggregates of few molecules to largeisinaciires.n our
considerations, we shall focus on tlper stratosphereOne of the important
constituentof theupperstratosphere ialtitudesaround20-50 km is the nitrogen oxide
(NO) and its cationBoth NO and NO belong to the most toxic pollutants in the
atmosphere, affecting the ozone cycle and being a precursor of the aciN@aig.
present inthe atmosphere mostly as a resflicombustions by two mechanisms: (a)
oxidation of the organic nitrogen of the fuel and (b) combination of atmospheric
nitrogen with oxygen at high temperatureand pressure(in the internal combustion
engineof autonobileg. NO is produced in large quatntis by both of these reactions,
and emitted into the atmospheltais interesting that while NO is a minor constituent
the stratospher¢he NO is amajorone. This is due to the UV and particle impact that
initiates chain of ionmolecule reactionstahis altitude®. These ioAmolecule reactions

can also be enriched by the propagation @ther molecules coming from thgper



troposphere as a result ether human (industrial) activity or as a consequendbeof
processes of tropospheric origin that can perturb the stratoSphere

Based on previous stud#é4®, Mack, Dyke and Wright have analyzed the eiod
of switching reactions between N@nd N, CO,, and HO'" at low temperature§ hey
have shown, on thermodynamic grounds, that the conversion from nudemN© the
monohydratedNO".H,0 is feasible viaintermediates NON, and NOJ.CO,. In this
scheme NO prefers first to associate with the nitrogen molecule, due to large relative
abundance of N Once the complex NOwith N, has been formed, the switching
reaction with CQ can take the plac&his steps favoured due to the relatively higher
abundance of C&compared to kD. Finally, thecomplexNO*.CO, can react with kD
to give NO.H,0. Closely related are the studies by Hiraoka and Yathabe Choi et
al’ who have shown that NOcan form also larger clusters with more ligands
(typically up to 3) in the D region of
also demonstrated that there is a possible reaction channel,cinster eaction
NO".(H20)n1 + H:O - H30'(H20)n.2 + HONO, accompanied by the charge transfer
from nitrogen atom to kD" moiety. This intracluster reaction is best promoted
(exothermic) for n=5, but can proceed as slightly endothermic also for Redently,
Asadh, Nagaoka and Koseki combinadb initio molecular orbital calculations and
molecular dynamics simulatioffsfor the same system and confirmed tlacess
hydration binding energiefor n=4 and 5 facilitate surpassing the activation barriers
towards HONO.

It is alsogenerally accepted thamsll molecularclusters that include nitrogen
oxide cation andother neutral ligandsare plausibleon the boundary between
troposphere and stratospherg1®1%2¥29 One of them, hydrogen sulphide ;&) can
penetratdrom thetroposphereo thestratosphereue toorganic matter decomposition,
elevated volcanic activityoften in large quantities prior to an eruptioapd/or
industrial pollutiori®®. Large explosive eruptionsaninject a tremendous volume of
sulphur aerosols into the stratosphéhat canaffect both thesurface temperatures and
the Earth's ozone layerhe role of volcanic H,S can become importamthen more
abundant and reactive species in this region (e.g., OH) &® consumed by reaction
with other volcanic gases $@nd HCF' andH,S can persist in the atmosphere for tens
of minute$®. Thus, at certain climatic conditions the intdiac of atmospheric NO

with H,S is possibleOther, although exotic option, is thaeraction of NO/NO with

t

he



H,S originating from the penetran of large neteoriteinto atmosphereat hypersonic
velocities suggested by Hochstim in early 6Gfies

Chemistry of atmospheric sulphur is still poorly understood, compared to
carbon, oxygen or nitrogénThe possible sulphur species are most abundant oxidized
forms SQ, SG; (with their precursors COS and §%nd reduced forms43, (CH).S,
(CH3),S,. Among them H,S may have lifetimes rangingdm fev minutesto few
hours.According to Wayne, the mechanism l#$S destruction is uncertain and may
involved oxidation steps involvingredominantlyOH®. If the OH radical is effectively
removed bycompetingreactions as noted in previous paragraph, onetdasnsider
other species that can be of importarB&sed on the rich atmospheric chemistryhef t
nitric oxide cation(NO")*® we proposean alternative wayof H,S destructiorwith the
participation of NO. The underlying steps dhis process are: 1) the formation of the
NO".H,S cluster; 2) its micrtydration and 3) conversion of the hydrated cluster to
HSNO and H.[H20], via the proton transfer fromJS to the closest proton acceptor
H>O molecule bound to #$ through the hydramn bond The first two stages of this
process were studied elsewHér& In*” we have studied the thraodynamic stability of
various nakedNO*.H,S isomers, while iff we have shown that two hydrogbonded
water molecules in suitable geometry can promote the proton trérsfer,S to NO
resulting iNHSNO formaton. We have also founthatBLYP and MP2barriers for this
transfer arddow 5 kmol ™.

In this paper we will focus on the comparison of tlemergetics of various
hydrated NO.H,S clusters and related fragments computed fo@mnsity functional
theory OFT), using functionalBLYP**** andwB97XD***? as well asfrom the high
level wavefunctions methods the second order perturbation the¢MP2)** and the
Coupled Cluster theory including single, double and-itemative triple substitutions
(ccsp(my=*.

Some of thehydrated NO.H,S clusters were examined in our previous paper
the main focus of the present work isfoar- andfive-body clusters and some smaller
fragments not investigated previously.

We also report our first attempts tnsilate thetime evolutionof the conversion
for the micrehydrationof NO".H,S.(H,O), clusterswith n=2 and 3using theDFT-CP

molecular dynamics [NVE] ensemblemploying BLYP functional



[I. Computational Methods

Ab initio and DFTmolecular calcultons were performed using the ACHS®
and Gaussiargd® codes.All geometry optimization®f the hydrated NO.H,S clusters
and their appropriate fragmem®re performedisingthe cc-pvtz basis sét. Two types
of hydrated clusters were investigateidur-body NO*.H,S.(H,0), and five-body
NO".H,S.(H0)z. In addition several cluster fragments that can be formed from these
supermolecules were also calculatdd. the DFT calculationstwo functionals were
employed: BLYP andvB97XD. We have chosen the BLYP because insubrsequent
CP-MD simulations we planned to exploit this functian@he choice of BLYP was
dictated by its applicability in CaParrinello (CP) molecular dynamrés
wB97XD is a hybrid functional introduced by Chai and H&midor” and

includes combination of longange/shortange exchange and alsmpirical disperisn
correction.The wB97XD was chosen to test how it performs for the hydregended
complexeslt is supposed to be superior for dissociation and chaagsfer problems
that are sensitive to selfteraction errors and we expect it to provide intecacti
energies closer to MP2 or CCSD(Dur long term goal is to study systematically the
dynamics of the complexation of the N@n with the series of hydrated atmospheric
ligands, it is reasonable to perform the benchmark study with the aim to estimate th
error bounds for both functionals in this particular type of complexes.

I n t he faks inidoncalalatidnd we havedoptel MP2 and CCSD(T)
approaches. Since the CCSD(T) calculations are very demanding, only lmaitezer
of structures wasptimized at this levelTo convert the electronic energies@bl and
DG we adopted standard ZPE and thermal corrections based omotmiutharmonic
oscillator model for each level of approximation, except for CCSD(T) energies where
MP2 corrections were used.

Fdlowing types of reactions have beeaonsidered in molecular cluster
calculationgTables 13):

Association ion+ligand
NO" +H,O - NO".H,O (1)
NO" +H,S - NO".H,S (2)

Threebodyclusterformation 2+1
NO+.H28 +H,0 - H28.NO+.H20 (3)



NO".H,O + H,S- H,S.NO'.H,0 4)

NO".H,O + H,0- NO".H,0.H.O (5)
Fourbody clusterformation 22

H,O.H,S +NO".H,O - H0.H,O.H,S.NO* (6)

H,O.H,O +NO".H,S- H0.H,O.H,S.NO* (7)

Fourbody clusterformation3+1

H,S.NO'.H,O + H,0 -  H,0.H,0.H,S.NO* (8)
NO".H,O.H,0 + H,S-  Hy0.H,0.H,S.NO* 9)
H20.HO.H,S + NO - H,0.H,0.H,S.NO' (10)

Exchange HO/H,S
NO".H,O + H,S- NO".H,S +H,0 (12)
NO".H,O.H,0 + H,S-  H,S.NO".H,0 + H,0 (12)

Proton transfer
H,0.H,0.H,SNO" - H,0.[H30]".HS.NO (13)

Five-body clusteformation4+1
H,O.H,O.H,S.NO" + H,02  (H20)3.H,S.NO' (14)

H,0.[H:0] *.HS.NO + HO2 [H;04]".HS.NO (15)

Ab initio molecular dynamicsimulations in the microcanonicé@MVE) ensemble
were performed using the public domain computer code €P2K its electronic
structure moduleDFT calculations are performealith the hybrid Gaussian and plane
waves method GPW)*® and the electronic ground state densityséfconsistently
converged at each step (the so called Boppenheimer dynamics). KofBham
orbitals are expandechto atomcentredgaussian typeorbital functions(triple-zeta
quality - TZVP-MOLOPT-GTH™), while the electron density is represented with an
auxiliary plane waves basi€ore electronsre removed by the introduction of norm
conserving pseudopotentials developedGnedecker, Teter and HuttéBTH)>. As
plane waves are intrinsically pedic, simulations of isolated systems aradepossible
with the introduction of asufficiently largeunit cell at least twice as large as the
simulated systemand theo pen boundary c on ¢ ThérefonesthePoi ssor
water cluster was placed in the middle of a cubic box with a size afZDx 20; .



Simulations with the BLYP functional amaore thaman order of magnitude faster than
those with the hybrid functionals, therefpBLYP is usually the method of choice for
smalktto-medium sized clusters (few firgbw atoms) for the time window spannit
ps with a time step of 0.5 fsThis time window is sufficient for thehargetransport

processes where low energy barriers are effectively washed out byaietanotiort”
59

[ll. Results and discussion

Prior to molecular cluster calculations we have scanned thelinensional cut
through the MP2/cpvtz potential energy surface (PES) of the NBS.(H;O)s cluster,

E= E(Ron, RsH), keeping the remaining internal coordinates fixed at dpémal
geometry of he five-body cluster (see insets in the top of Fighis scan shows the
approximate energy landscape in the vicinity of the proton tranifistrating the
shallowness of the PES&. also indicates that one can expect the forward reaction to
proceed mree easily than the reverse one.

Structures of the clusters are displayed in Figures 2 and 3. Cluster A refers to
hydration of theH,S.NO".H,O with water dimer, cluster B refers to the attachment of
the exewater molecule to the foumembered quasing H,0.H,0.H,S.NO', cluster C
is the productfter proton transfer intermediate HSNO attached to Zundel structure
[H7O5]+. We use the term intermediate because the S...N bond is still rather elongated.
Indeed, the subsequent dynamics showed that this strustdragile and prone to
dissociation, at least at the level of theory used in this widrls correlateslso with
previous MRCI calculations dflonella, Huber and Havho have found that the isomer
HNSO is more stable than HSRO

We havelocatedalso other similar fivébody clusters but they differ from the
structures A, B and C only slightly (both in terms of geometry and energy) and will not
be diswussed in detailln Tables1-3 we report the standard enthalpies and Gibbs
energies at 200K describing the process of gradual rhigdeation of the KS...NO
complex and/or his fragments. We have chdse200K, this is the average temperature
mimicking the stratospheric conditions during night.Table1 we presenthe subset of
reactiongresulting in twe and threebody clusters herewe employed all four methods,
BLYP, wB97XD, MP2 and CCSD(T)In Tables2 and 3 we present the rest of the

associatiorreactions of larger clustersalculated only at BLYP andB97XD levels.



Comparison of the MP2, BLYP aneB97XD reaction energies is in Fig. 4 where we
present differences MPBLYP and MP2wB97XD as a bar chart.

First, we can compare the MP2 and CCSD(T) eatcg for a subset of reactions
comprising smaller sgies, i.e. (1X5), (11) and (12). The MP2 reactienthalpies and
Gibbs energieare very close to CCSD(T) ones (Table 1). In fact, the differences do not
exceed Rwwhickid conventionally aepted as chemical accuradhis is not
very surprising since this set includes either assoclabomplexationprocessesor
isodesmicreactions for both the changes in correlation energies are expected to be
small. Therefore, for the whole set of reasiavecanuse MP2 data as a reference. The
performance of thevB97XD functional proposed by Chai amteadGordon*? is very
good, while the differences observed for BLYP are substantially larger, especially for
smaller systems. Yet the BLYP can describe the features of the energetics in reactions
(1)-(12) qualitatively correctly. It is pleasinggt as t he systems6 si ze
associated with BLYP tend to be smal{€ig.4). For reactions (8f11) all differences
between MP2 anavB97XD lie within 5 kJ mof while the reaction(12) i proton
transfer in fowbody cluster favours BLYP ovewB97XD.

Formation of twe, three, four and also fivebody clusters is favoured
thermodynamicallyTable 13, Fig 5)but there are variations depending on the way of
their formation, size and degree of cooperativity in hydrogen bonds. In Fig. 5 we
compae DGoox at wB97XD/cc-pvtz for various clusters of increasing siz&oing from
two-body to threébody clusters(orange bars)s accompanied by slight increase of
DGk, typical for attachment of the third particle tbe two-body cluster. The
cooperativiy of hydrogen bondsakes place in foubody clustergblue bars) most
visible when the strongly polarizing NO is attached tothe sequential trimer
H,0.H,O.H,S chain and less pronounced for the interactiothesolvatedNO" with
either HO.H,O or HO.H,S dimers. Fiveb ody ¢l usters fAAO0- and 0B
cyclic substructureH,S.NO".(H,O), with unfavourable position of the second water
molecule while the presence of the sequential trimeOkl i n st r ugivesuisee i C0O
to moderate cooperativity effe¢yellow bars).The trends in Fig. 5 as well as the
energetic in Tables-3 give also some possible indications for the dynamics of the
clustersin the atmospheréhe dissociation of NOsolvaed with HO or H;S ligands is
thermodynamically not supportefdr two- or threebody cluster and NOcan be

blocked in various solvated forms. However, once the favourdiyi@rogenbonded



chain of two or three water moleculssformed, with HO serving for HS as proton
acceptor, the transfer of Hrom H,S to wate cluster facilitates the formation of HSNO
intermediate.

To shed more light on the dynamics we perforraddwtensof CP-MD [NVE]
simulationg(lasting typically 10 psyvith slightly varying initial geometries based on the
three, four- and fivebody clusers.All three-body and nost of thefour- and fivebody
trajectories were nereactive. We have encountered reactive omeg. (vith proton
transfer and HSNO formation) only for those cases where the sequential hydrogen
bonded chain of two or three wataolecules capped withJ8 was formed in the early
stage of the simulation. Typical evolution of these model systeoiving three four
body and three fivdody clustersre in Figs. 6 and 7.

The top inset in Fig. 6 represents typical reactive collisioH,S and HO where
the protortransfer occurs very early, within 6012 ps. The red curve monitors the
distance between oxygen atom of proton acceptor and hydrogen atom being transferred
R[O-Hg]. Oscillations inR[O-Hy] i Hw being the bridging hydrogern HsO," - are
coupled with this motion (green curveélhe middle inset in Fig. &hows shorter
simulation with several attempts to push proton frogs kb HO and simultaneous
transfer of the second water molecules toward$ N®Gulting in nonreactive diion
and effective blocking of NOn the incomplete solvation cage. The bottom inset show
similar collisionas inthe top one but the resulting HSNO is more stable with smaller
oscillation amplitude in R[] and also R[EHg].

The top inset in Fig. 7ftersthe MD trajectory with gveral proton transfers from
H.S to KO in the time span 8ps accompanied with the transient formation of-8e N
bond After ~8-9ps HS is recombined due to th&0O transferoriginally coordinating
NO" to water dimepreferrirg sequential trimer formatiomMiddle insetshows several
attempts to promote the-tdansfer, but there is apparent competition betwegh ahd
water molecule coordinating NQwhich results in a compromisie build-up of the
sequence b6.NO".(H.0)s, the gemetry that effectively block the proton transfer. The
bottom inset represents typical reactive collisithe fivebody cluster resembles bent
linear chain in which the water molecules strongly cooperate facititate proton
transfer in the early stage tife simulation. As an interesting feature (not observed in
any other trajectory) one can see the transient formation of t@)XHzO".ONSH

cluster that dissociates in within a picoseconds scale.



IV. Conclusions

In this paper we have investigated stunes, energetic and dynamics of model
system for solvated catioH,S.NO" interacting with 13 water molecules. We have
shown that MP2/cpvtz approach provides good benchmark binding energies that are
very close to more demanding CCSD(T) method. Thefrontation of BLYP and
wB97XD functionals confirmed that the latgerovides better energetic for this type of
complexes comparing very good with MP2 data for various typesydfation
equilibria Although the deviations in binding energies observed for BLYP are larger
than for wB97XD, the qualitative performance of the former functional is still
acceptable fomb initio molecular dynamics. The results tife molecular dynamics
simulations for four and fivebody clusters indicate that microsolvation ofSHNO
complex with 23 water molecules can promote almastrrierless protonttransfer in

the time window of few picosecondsd this process cdmad tothionitrous acid
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Table 1 Comparison of BLYPWB97XD, MP2 and CCSD(T}hermodynamiguantities (kinol™).

BLYP WB97XD MP2 cCSD(TY
Process DHoook  DG00k DHoook  DGo00k DHoook  DG00k CHao0k DGoook
1) NO" + H,O02 NO".H,O -138.4 -118.3 -105.6 -85.6 -86.9 -65.5 -85.7 -64.3
2) NO" + H,S2 NO+.H23 -159.6 -1402 -107.5 -86.5 -78.2 -57.9 -76.1 -55.8
3) NO".H,S + HO?2 H,S.NO".H,0 -69.1 -41.8 -64.8 -38.7 -64.7 -38.4 -61.6 -35.4
4) NO*.H,O + Hb,S2 H,S.NO".H,0O -90.3 -63.7 -66.7 -39.7 -56.0 -30.7 -52.1 -26.8
5) NO".H,O + HbO2 NO".H,0.H,O -92.7 -66.3 -81.2 -55.6 -69.8 -47.3 -67.9 -45.4
11) NO+.H20 + H,S2 NO+.HZS + HO -21.1 -21.9 -1.9 -0.9 8.7 7.7 9.6 8.6
12) NO".H,0.H,O + H,S2 H,S.NO".H,0O + H,O 2.4 25 14.5 15.9 13.8 16.6 15.8 18.6

3 Using MP2 vibrational and thermal corrections.
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Table 2 Micro-solvation described by the BLYP amB97XD (kJ mol?).

BLYP wB97XD

Process DHoook  DGg00k  DHz00k  DH200k
6) H,0.H,S + NO.H,02 H,0.H,0.H,S.NO" -143.4 -110.8 -112.9 -81.3
7) H,O.H,O + NO".H,S2 H,0.H,0.H,S.NO" -112.6 -79.8 -102.5 -735
8) H,S.NO'.H,O + H,O2 H,0.H,0.H,S.NO -62.9 -40.5 -57.2 -36.6
9) NO".H,0.H,O + H,S2 H,0.H,0.H,S.NO" -60.4 -38.0 -42.6 -20.7
10) H,0.H,0.H,S + NO' 2 H,0.H,0.H,S.NO" -248.7 -225.8 -183.4 -161.0
13) H,0.H,0.H,S.NO 2 H,0.[H:0] ".H,S.NO -15.6 -14.3 -19.4 -165
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Table 3 Attachment of the third water molecute four-body cluster BLYP and

wB97XD thermodynamicgkJ molY).

Process BLYP wB97XD

DHoook  DGo00k DHoook  DGo00k

14a) Hy0.H0.H,S.NO" + H,02 A -46.9 -23.3 -48.5 -24.3
14b) H,0.H,0.H,S.NO" + H,02 B -61.4 -33.0 -61.4 -31.6
14c) HyO0.H,0.H,S.NO" + H,02 C -89.4 -67.2 -94.3 -72.6
15)  H,0.[H30]".H,S.NO + HO?2 C -91.3 -70.4 -75.0 -56.1
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Figure captions:

Figure 1

2D-cut through the MP2/epvTz potential energyypersurfaceof the NO*.H,S.3H,0
cluster. Surface represents the E{R Rsy) scan all other internal coordinates were
fixed. St r uct uroe sa nidG oi,L ofagimsets irdtiee pop af the Fdgure
Figure 2

Structures ofwo-, three andfour-body clusters.

Figure 3

Structures of the fixody clusters A, B and C.

Figure 4

Bar chartof the differences in reaction energl@®Syp>-DEg yp and DEyp2-DEwsg7xp fOr
reactions (1)12).

Figure 5

Comparison of the thermodynamic stability of twihree, four- and fivebody clusters
calculated awB97XD/cc-pvtz level.

Figure 6

Three ypical trajectories in terms of geometry parametéor the NO".H,S.2H,0
cluster from thgNVE] CP molecular dynamics.

Figure 7

Three typical trajectories in terms of geometry parameters forNtb&H,S.3H,0

cluster from the [NVE] CP molecular dynamics.

17



Figure 1

AE [kJ.mol1]

18




Figure 2
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Figure 3
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Figure 4
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Figure 5

Stability of clusters
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Figure6
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