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The uptake of nitric acid by protonated water (hydronium catia@ ) clusters and the characteristic structures

of the resulting mixed aggregates! H,0),:(HNOs)m, have been studied theoretically. As baseline simulations,
B3LYP/6-31H+G(d,p) geometry optimizations and energy calculationsnfer 1—9 andm = 0—1 have

been employed. To establish the mechanism of nitric acid uptake by hydroniuawaisr clusters, the
energetics of the various reaction pathways involvin@H(H,0), and HNQ are evaluated. In the presence

of hydronium ior-water clusters, protonated nitric acid forms by a charge exchange reaction invol@ig H
and HNQ. Successive hydration of HHNO; is an energetically favorable phenomena resulting in the
formation of the mixed clusters containing one nitric acid molecule. However, when the number of water

ligands on the clusters is less than about five, water binds more strongly to protonated water aggregates than

to the mixed clusters. Accordingly, water will preferentially react with hydrated hydronium ions. Attachment
reactions of nitric acid to the hydronium iemvater clusters are also found to be exothermic across the spectrum
of sizes considered. However, switching reactions, involvig@ lnd H+(H,0),-(HNO3) for n = 2—7, are
found to reestablish the hydronium iomwater cluster series. Above five water molecules, the binding energy

of water to the mixed clusters containing one nitric acid molecule becomes comparable to that of the equivalent
water aggregates; hence, the concentration of the former is expected to grow. Similar behavior has been

experimentally observed by Castleman and co-workers [Zhang, X.; Mereand, E. L.; Castleman, AJW., Jr.
Phys. Chem1994 98, 3554. Gilligan, J. J.; Castleman, A. W., Jr.Phys. Chem. 2001, 105 5601]*2 The

structural arrangement of the optimized mixed clusters has also been investigated. The results show that

isomeric configurations exist and that, depending on the degree of hydration of the ionic clusters, the most
stable structures are the hydronium ion@H), HsO,* or the nitronium ion (N@"). For low levels of hydration
(i.e.,n = 0, 1), the nitronium ior-water structures appear to be the most stable. These results agree with
experimental investigations [Cao, Y.; Choi, J.-H.; Haas, B.-M.; Johnson, M. S.; Okumuda@Wem. Phys.
1993 99, 9307. Cao, Y.; Choi, J.-H.; Haas, B.-M.; Okumura, 8l.Phys. Chem1994 98, 12176. Choi,

J.-H.; Kuwata, K. T.; Cao, Y.-B.; Haas, B.-M.; Okumura, Nl. Phys. Chem. A997 101, 6753]3"° The

geometry optimized structures also show that, depending on the cluster arrangement, the nitric acid molecule

can dissociate into N9 and HHO™ when the number of water ligands in the cluster is greater than about
seven.

Introduction conditions, can further cluster with water and/or undergo
switching reactions with other atmospheric trace constituents.
The atmospheric population of hydronium iewater clusters
typically includes aggregates with dimensions lying in the pre-
Inucleating segment of the overall atmospheric particulate size
distribution. This population is stable, since the total Gibbs free
energy change associated with the formation of the clusters,

Given the importance of atmospheric aerosol containing
nitrate—water mixtures, understanding the mechanism of het-
erogeneous condensation of water and nitric acid is a critical
step in the overall comprehension of the atmospheric aeroso
formation process. We report a theoretical study aimed to
unravel the characteristics of nitric acid condensation onto o > -
protonated water clusters. These aggregates are common in th@GOv“’ e_Xh'b'ts a minimum at such clqster sizes. In general, for
atmosphere due to the continuous generation of ion pairs undernUdee.‘t'on precesses, th? total Gibbs free energy change
the action of the galactic cosmic rays (and other local minor associated with the formations of clusters has a maximum for

sources) and the subsequent series of fast reactions whicH cekr)taln rr:umber_ of ligand molecurllesbkn(_)wn as tge critical
transform the newly generated ions into protonated water (i.e., "UMPEer. The maximum represents the barrier toward spontane-

the hydronium ion). This ion, depending on the environmental °YS pgrticulate growth (i.e., nucleation) un_Iess environmental
conditions are largely supersaturated with respect to the

*To whom correspondence should be addressed. E-mail: dauria@ COndensing vapor, in which case nucleation occurs freely. The
atmos.ucla.edu. Phonet1-310-825-9230. Fax#+1-310-206-5219. appearance of a minimum in the total Gibbs free energy curve,
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for the pre-nucleating aggregate size range, is a distinct signaturewvorkers, D"+(DNQs)+(D20) was not detected. When higher
of the presence of a core ion and is absent for neutral aggregatesconcentrations of water were presengCD-(D,0), clusters,

In the atmosphere different families of mixed ionic clusters have with n ranging from 1 to 3, were observed. In this case, the
been measured (e.g., refs X0), but the impact of these clusters introduction of nitric acid did not produce any detectable
on atmospheric particulates has not yet been fully addressedreactions. However, when the temperature was lowered below
Charged molecular aggregates are likely to have a role in 180 K, and larger hydronium ierwater clusters appeared, the
atmospheric nucleation phenomena. introduced nitric acid vapor was incorporated into the hydronium

Specifically, hydronium ior-water-nitric acid clusters inthe ~ ion—water clusters containing at least four water ligands (or,
polar winter stratosphere may act as polar stratospheric cloudseduivalently, into D+(Dz0), aggregates witm = 5). To
(PSCs) type la (thought to be composed of crystalline nitric understand the reagtion mechar\isms, Castleman and_co-workers
acid hydrates) condensation nuclei and thus indirectly influence 'epeated the experiments varying the total pressure in the flow
the polar stratospheric ozone loss process. The clusters studiedube from 0.3 to 0.8 Torr. Because the reactions did not show
here can also be taken as proxies for the behavior of matter onSigns of pressure dependence, Castleman and co-workers
atmospheric aerosol surfaces, where dissolution of acids andconcluded that the uptake of nitric acid involves a switching
other airborne components takes place with the formation of Petween the condensing nitric acid molecule and a water ligand,
localized ion pairs. Consequently, knowledge of the physical rather than a direct association of the former on the protonated
behavior of ionic clusters can lead to a more general description Water cluster (association reactions generally display faster rates
of the chemistry of acid dissolution on aerosol surfaces. In this @t higher pressures).
paper, the properties of the watenitric acid cation clusters Okumura and co-workets® have reported the results of
are evaluated as a step toward proper modeling of the role Ofpredlssouatpn V|br_at|onal spectroscopy experiments regarding
such aggregates in the atmospheric aerosol budget. protqnated nitric acid cIuster:;. The authorg observed that, when

The first experimental investigation of the gas-phase ion |rrf1d|ated with photons ha.vmg energies in the .IR spectrum,
chemistry of nitric acid was carried out by Fehesenfeld ét al. H™-HNOs(H,0), clusters dissociate along two primary routes

- ) . - depending on the value of Forn =1 or 2, water dissociation
Using flowing afterglow ion mass spectrometry techniques, the . - . A
4 . o . is the dominant mechanism, indicating that the clusters are
authors studied the properties of protonated nitric acit; H

LA : . mainly nitronium ion-water adducts. Fan > 2, nitric acid is
HNO, and hydrated nitronium ion, NO-H.0, which were the major dissociation product, indicating that these clusters

produced by independent processes. Because the two ion onform to a hvdronium iorwater agareqate weakly bound
products were found to have the same behavior, Fehesenfeld e o a nitric acid E/nolecule 9areg y
al. concluded that these species are chemically equivalent. This We report a computational study aimed to understand and

conclusion was later supported by both theoretical studies (e‘g"characterize the structure and behavior of mixed water and nitric

13-15 i i-
rn?(];it? gggelgg])fﬁ;o;%énciafjvlgﬁgggiectegn#:&Be_)l(_?%' acid ionic clusters. The energetics of such clusters are described
’ SN first, to asses the reaction mechanisms that are likely to control

which they believed was formed upon attachment of water to nitric acid uptake by hydronium ierwater cluster. This includes

p:g:gg::gg r?ilttrrifa?:(i:(lzldéf-fli—lgi?r/ltlcog\f\/liltjgri;js ti?:tc’hgfogva)t/r?ﬁgtoer;’ estimating the computational error to attribute to the computed
z e., ransfers a proton) releas)i/n nitric acid and f%rmi H energetics. Then the structural arrangements of the two different
Y P ’ 9 89 families of clusters studied (protonated water and mixed

:'2?' Th}sgrznsro(rjmatl?n Ofcgrs. ts_o eﬁl_zeTtlytthat_thf cclmcetn- aggregate) are described in detail, and the findings are compared
ration ot nydrated protonated nitric acid Clusters 1S 100 low o -, iy, laboratory dat& 5>17-19 Evidence is presented for the

tbhe o]I‘_et?(_:t?d. In dthelsarpe tp;]aper, Fehe;_er_felolf eFt%'- als_g riggrte issociation of nitric acid within the mixed clusters with the
ie7 IIES II? erlre X.a#? orthe [:t)ro ton'?h Intlhy 0 mt'ncaigvlslé consequent formation of a second hydronium ion. We conclude
calimol, which IS consistent with other estim ) that formation of charge pairs in such mixed clusters occurs

Subsequently, Castleman and co-workérexamined the  \yhen the number of water ligands in the aggregate is equal to
reaction mechanisms of nitric acid with pI’OtOI’]ated water clusters or greater than seven, and the water molecules form a cage-

up to thirty water ligands at thermal conditions by means of |ike structure about the acid molecule.
ion mass spectrometry techniques. To avoid mass degeneracy,

which would lead to ambiguous mass spectra, deuterated waterComputational Details

and deuterated nitric acid were used. In these studies, a stable
distribution of hydronium iorwater clusters is exposed to nitric
acid vapors. At equilibrium, the products contain both hydro-
nium ion—water clusters and mixed charged wataitric acid
clusters. The distribution of the mixed clusters, however, is not
continuous. Mass peaks are observed for the protonated nitric
acid, D'-DNOg, and for D'+(D,0),*DNO3; whenn > 5, for D*-
(D20)n*(DNO3), whenn = 8, and for D'+(D,0),+(DNO3)3 when

n > 13. This implies that at least five water ligands must be
AH = Z (€0 F Bt T kgT) — (€01 Bt T kgT)
products

Geometry optimizations and frequency calculations on
the hydronium ior-water and the mixed clusters were per-
formed with B3LYP hybrid density functional theory and the
6-311++G(d,p) basis set within the Gaussian 98 suite of
programs? The enthalpy changes associated with the clustering
reactions were computed as the differences between the enthal-
pies of the products and the reactants

present about the proton before the first nitric acid molecule is

taken up by the hydronium ierwater cluster. Eight waters are reactants 1)
necessary before a second acid molecule condenses, and thirteen

are required before the third HN@an be incorporated. When  whereeg is the total electronic energi is the internal thermal
the experiment was performed “with a very small amount of energy (sum of the translational, rotational and vibrational
water vapor” and at room temperature, only the presence of contributions),T is the temperature, andcor = Eiot + ksT is

the hydronium ion was recorded. After the introduction of the thermal correction to the enthalpy. Since we are interested
DNOs, protonated nitric acid was detected but, in agreement in comparing our calculations to the laboratory results of
with the previously discussed results of Fehesenfeld and co-Castleman and co-worketg, the frequency analysis was
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Figure 1. Schematic summary of the possible reaction pathways and the enthalpy changes (in kcal/mol) associated with them. The arrows are
pointed in the direction for which the reactions are exothermic. For brevity, protonated nitric deidiNBs, is represented by the cation"AThe

shaded box toward the right shows enthalpy values for switching reactions that are within the computational errors. The values reported here are
obtained forT = 156 K andp = 0.36 Torr. Hence, the negative of the enthalpy values for the hydration/uptake of nitric acid of the proton are
related to the actual proton affinities of water and nitric acid (which are reported below in Table 1 and 2).

performed at the temperature and pressure of the experimentddence, at a low level of hydration, water bonds more strongly
(i.e., T =156 K andp = 0.36 Torr). to protonated water clusters than to mixed clusters, and the
Our calculations have not been corrected for the basis setpopulations of clusters containing less than five water ligands
superposition error (BSSE) because it is likely that such a are richer in the hydronium ierwater aggregates.
correction would result in a value smafigthan the estimated The second inference from Figure 1 is that hydronium ion
error attributed to the computational technique (see later).  readily exchanges its proton with nitric acid to form protonated
nitric acid, since the proton affinity of nitric acid is greater than
Results and Discussion that of wate?2 However, when protonated nitric acid is
hydrated, the switching reactions, for the clusters containing
one to seven ligands, occur in the opposite direction. Therefore,

acid vapor, the free energy changes associated with each possiblg"r that size range, the proton affinities of mixed clusters are

clustering reaction have been evaluated. Since the calculationsSmaller thar_1 these of protonated water clusters with th_e same
are carried out at low temperatur€ € 156 K), the entropy number of ligands. The proton affinity is clearly a function of

makes a relatively small contribution to the overall reaction the degree of hydration of the aggregate. )
energetics; hence, we focus on the enthalpic contribution to ~ Castleman and co-workérdpredict that, for more than five
cluster stability. The basis for this approach is further justified Water ligands on a proton, the switching reactions favor the
in a separate manuscript in preparation. There are two aggregaformatlpn of mixed clusters. In Figure 1,_for five, SiX, and seven
tion mechanisms that have to be taken into account: (1) anWater ligands on a cluster, the switching reactions favor the
association reaction, for which a ligand directly bonds to the formation of hydronium iorwater clusters. However, the
preexisting cluster, and (2) a switching reaction, in which the xothermicities are within the computational error (see the
condensing species (e.g., nitric acid) replaces one of the ligandsdiscussion below), and the exothermic direction of these
(here water) of the cluster. The latter process also includes réactions is ambiguous in these cases. Assuming the computa-
charge exchange reactions as in the formation of protonatedtional error to be about 3 kcal/mol (see next section), these
nitric acid from hydronium ion. reactions could_ be nearly thermon_eutral or sllghtly exother_m|c
Results from these calculations are summarized in Figure 1 favoring the mixed cluster format|on_. Th_e swnchmg reaction
The upper horizontal portion of the graph shows the results for Petween the proton hydrate cluster with eight water ligands and
the clustering of water onto proton hydratest(H,0)n_1 + the mlxgd gluster WIFh seven is predicted to be thermoneutral.
H,0 = H*+-(H,0)y). The negative value of the enthalpy change The swﬂchmg_rea_ctlon between th_e protonated water cIu_ster
associated with the hydration of a proton is, at standard composed ofnlne_hgands and Fhe_ mixed c_Iustgr containing eight
conditions, the proton affinity of water (Rdo). The bottom water molecules |s_exot.he.rm|c in the dlrgctlon favoring the
horizontal segment of the figure represents the hydration Mixed clusters (again, within the computational error).
reactions of protonated nitric acid (designated asiA the In conclusion, we have investigated the possible pathways
figure). Vertical arrows represent the association reactions of to nitric acid deposition onto water proton clusters. Switching
nitric acid to protonated water aggregates to yield protonated reactions that favor nitric acid uptake by hydronium ion clusters
nitric acid clustered with water. The negative value of the happen when a certain number of water ligands are present in
enthalpy change associated with the uptake of nitric acid of the the aggregate (although this number could not be determined
proton is the proton affinity of nitric acid (Péo,). Finally, unambiguously in our study). This suggest that proton hydrates
the sideways arrows indicate switching reactions (i.eQH+ in the atmosphere grow by nitric acid deposition following
HNO; = H,NOs* + H,0, etc.). Each enthalpy value reported certain nitric acid-to-water ratios. A kinetic study of such
in Figure 1 is the Boltzmann average over the isomers identified clustering mechanism is under way to address its possible
in the geometry optimizations (discussed below). implications on the formation of polar stratospheric clouds type
The results shown in Figure 1 confirm that the successive |& composed of crystalline nitric acid hydrates.
hydration steps of both protonated water clusters and mixed Estimate of the Computational Error. There is a significant
aggregates are exothermic processes. In particular, the enthalpypody of data regarding the energetics of the formation of
changes associated with the hydration reactions are greater fohydronium ion-water aggregates (see, for example, Kebarle
the protonated water clusters up to four water ligands (i.e., and co-worker®—25 and others§é—4> A comparison of the
H*-(H,0)4), whereas beyond five water ligands, the enthalpy computed thermochemical properties with the experimental data
difference values for both hydration processes become similar.has been used to estimate the computational error. For this

Energetics. To evaluate the actual reaction pathways that
involve hydronium ior-water clusters interacting with nitric
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TABLE 1: Enthalpy Changes and Deviations in kcal/mol Approximated to the Most Significant Digit (with the Exception of
Cases in which the Most Significant Figure Is the Number 1 or 2 in which Cases Two Significant Figures Are Retained)

no. of ligands data averages and standard deviations computed averages and deviations from data

(n—1,n) AH) ;.  *on N AHY . Eoy N AH] ;0 da, drs da, dry
(-1,0y —165 1 —165 1 —-166 1 6 1 6
0,1) -30 10 18 —-33.4 24 11 -37.0 10 33% 3.6 11%
1,2) -19 4 16 —20.8 13 10 —22.3 3 16% 15 7%
2,3) -16.9 11 16 —-17.1 0.8 11 —18.3 14 8% 1.2 7%
3.4) -13.1 2.6 9 —13.3 15 6 —13.0 0.1 8 0.3 2%
(4,5) -11.2 2.0 8 -11.9 0.8 5 -12.0 0.8 7% 0.1 8
(5,6) —-11 4 4 —11.2 0.7 2 —10.2 1 9% 1 9%
(6,7) -9.7 2.7 3 —10.3 1 -10.4 0.7 7% 0.1 1%

a2 The deviations are calculated after rounding the computed averages to the same significant figure as the correspondent data average (e.g.,
mHgvllilis approximated to 40kcal/mol when calculatidg and to 37.0 kcal/mol when estimatinlgy'). See text for explanation of symbols. For

the present purpose, the calculated values are estimated at standard conditidns-(285.16 K,p =1 atm).—AH‘lly0 = —AH?LO’ = (PAu,0)meas
and— mHﬂ_muz (PAu,0)cal ® The indexes are with accordance to reaction 2 and refer to water protorfafimm Hunter and Lia%

i i 45 T T T T T T
purpose, in Table 1 are reported the experimental data mean 5 ; T _5 T

vaIues,AHg,lvn, and the corresponding standard deviatiens, T B .................... e ke o H
computed using all of the available experimental d&tés 2 &
AH?_, , for the reactions (2) 35 24
L
30
HyO"+(H,0)y; + H,0 == Hy0"+(H,0), (2)

n-In

5% 25
together with the number of data pointd, employed. The 5

standard deviationsy,, have been assumed as the data sets 20

averagesAHﬁ,lvn, uncertainties. Correspondingly, the data set 15|
averages have been rounded to the most significant figure

consistent with their errors. In the same table are also reported 10
the ensemble-averaged enthalpy estimates derived in this study

s

[AH?_, [(the word ensemble is here used to identify the set of 0 I 2 3 g 5 6 7 8

non equivalent configurations that we were able to optimize 7 ot wamt Heands

for each specific cluster type), and their absolute and relative Figure 2. Restricted data sets plotted along with the data averages,
deviations from the corresponding experimental medasand AH]_, . £ 0}, the quantum mechanical simulations results averaged
dr,, respectively. The absolute deviations are equal or smaller gn the different isomers foundAH®_, O+ da, (QMsimA), and the
thana, for all n considered. classical liquid charged droplet model due to Thom®on.

The largest deviation of our calculated values from the data

averagesAHy_, ,, is for addition of the first water ligand. This  yajue will be assumed as representative of the computational
large deviation is partly due to the calculation technique and error. An uncertainty of 3 kcal/mol has been chosen. Such values
partly to the wide scattering of the data sets for (0,1), for which correspond tala,’ whendr;' is set to 9%.
on = 10 kcal/mol. To better assess the computational error, & |5 Taple 2, different determinations of the proton affinity of
res_tncted (_3Iata set has been built whlch retains only those datayjiric acid from cited literature and computed in the present
which deviate from t.he average experimental values less thanygrk are given. The left side of the table reports measured
one standard deviation. The reduced data set has been used tg,es, their references, and experimental method, whereas the
calculate new enthalpy data averagesd) .., and new right side reports computed values, their references, and the
standard deviationsy,. These are reported in Table 1 along computational method employed. In particular, on the right side
with the absolute deviation of the computed values from the of the table is a value obtained by Lee and Ricasing
restricted data setdd, the percent deviationdr, and the CCSD(T)/DZP method and our results obtained using respec-
number of data pointdl' used to calculate data averages and tively: B3LYP/6-31H-+G(d,p), B3LYP/DZP, B3LYP/6-
standard deviations. 311+G(3df,2p), MP2/6-311++G(d,p), MP2/DZP, MP2/6-

In Figure 2, the restricted data sets are plotted together with 3114+-G(3df,2p), and G2 level of theories. The result of
their averages and standard deviations (filled diamond symbolsLee and Ric& and the B3LYP/6-31%++G(d,p), B3LYP/6-
with error bars), with results from our simulations (filled circle  311+G(3df,2p), and G2 results bracket most experimental data,
symbols with error bars, labeled as QMsimA for quantum whereas MP2 values deviate substantially (although the use of
mechanical simulations averaged) and results from a macro-the 6-31H#G(3df,2p) larger basis set seem to reduce the
scopic charged liquid drop modeél (asterisks, labeled as disagreement).
Thomson model). When the restricted data set is considered, Structures. The hydronium ior-water clusters and the mixed
the deviations of the computed values from the data averagesclusters will be discussed in turn.
generally improve, in particular for= 1 the deviation decreases Hydronium lon —Water Clusters. The hydronium ion and
from day = 10 kcal/mol toda,' = 3.6 kcal/mol. The latter value  its hydrated form, BO,", have been the subject of many
is still significantly larger than any of the others and thus still theoretical investigations (e.g., refs 19 and-%1) and of a
reflects the scattering in the different data sets. Hence, a smalledaboratory study’~1° Our results are in general agreement with
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TABLE 2: Proton Affinity in kcal/mol of Nitric Acid from Experimental Determination and Computed
experimental data computed data
PA1No, ref. method PAno; ref. method
176+ 7 11 FA 182.5+ 4 12 CCSD(T)/DzP
168+ 3 14 ICR b.t? 168.3 this work B3LYP/DZP
177.7+2.3 16 FA 175+ 3 this work B3LYP/6-31%+G(d,p)
182.0+ 2.3 15 FT-ICR 175.1 this work B3LYP/6-311G(3df,2p)
190.8 this work MP2/DZP
196.5 this work MP2/6-31t+G(d,p)
189.3 this work MP2/6-31-+G(3df,2p)
179.2 this work G2

aFlowing afterglow.? lon cyclotron resonance bracketing technicti€ourier transform/chemical ionization mass spectrometry.
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Figure 3. Graphical representation of protonated water and its two
first hydrates. Distances are reported here and henceforth in A.

o
e 160 &
Chl. - 157 —y
the existing literature. The formation of a hydronium i@, -
H3O™, from H™ and HO is a very exothermic process. The &)
negative value of the enthalpy change associated with this
process at standard conditions represents the proton affinity of
water (see Table 1). Condensation of the hydronium ion to water
forms HO.*. In this structure, of symmetr@,, the proton is )
equally shared among the two water molecules. Some authors R el
(e.g., refs 49 and 50) have succeeded in optimizing a structure C
of symmetryC; for the hydrated hydronium ion in which the 194 'S
proton is more closely associated with one of the water @ 105

molecules in a pyramidal configuration (similar to that of the
1.94

hydronium ion). Such a configuration represents the minimum
energy structure when optimizations are obtained with Hartree
Fock methods, whereas th& structure is slightly higher in
energy and corresponds to a transitional state. However, when
theoretical methods that include electron correlation are used,
the situation is reversed.For this particular cluster, in the

_
' 1.44
0.98
0.96

H3O+ ’ (H 20) 31

present SftUdy’ MP2/6-3%1+G(d,p) st_ructure optimizations Figure 4. Three energy minima for the clustef HH,O),. The relative
were obtained. At both levels of theory, i.e., MP2/6-33#1G(d,p) energies to the §0*+(H,O)s structure are respectivelyE,; = Okcal/
and B3YLP/6-31%+G(d,p), theC; structure was the only one  mol, E; 04,0y, = 2.0 kcal/mol, ancE;; = 5.4 kcal/mol.
optimized. For more than two water ligands about the proton,
the optimized structures are a series @O or HsO,* centered the average cluster energy is negligible. When a Boltzmann
structures, the first being more predominant. FeO§t, the average is performed, the three structures would be present in
only structure found is hydronium coordinated to two waters. 99.8%, 1.8%, and less than>3 1075%, respectively.
As a consequence of the water ligands, the oxygdgmrogen The optimized H,Os™ structures are shown in Figure 5. The
bonds in the hydronium ion stretch from a typical distance of most stable structure, #*(H20),4, is obtained by adding a
0.98 A in HO* to 1.04 A. The structures are shown in Figure water ligand to the first solvation shell of38%+(H,0) of
3 together with the optimized structure for the water molecule. Figure 4. A less stable isomerg8*+(H20),,, is obtained from

For HyO4™, three different structures were found. The isomers the starting geometry of 40,"+(H,0), to which a water ligand
are shown in Figure 4 in order of decreasing stability. Dag is added to one of the outer water ligands. In the resulting
hydronium centered structure is the lowest in energy (energiesoptimized geometry, the 40," core is distorted in such a way
are electronic plus zero-point and thermal energy correctionsthat the proton is no longer equally shared by two waters;
for 156 K). HO,*+(H,0), is about 2 kcal/mol higher in energy.  instead, the proton preferentially migrates toward the one water
The ring-like structure, BD™+(H20)s,, is organized about the  with two water ligands added thus reforming a hydronium
hydronium ion to maximize the possible hydrogen bondings centered structure. The last structuresOf-(H20)g,, is a
between the ligands. The contribution of the latter isomer to variation of the first and is about 3 kcal/mol higher in energy.
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The lowest structure in energy optimized for:8% is HsO," 09 1s6 Foar 154
centered. Three other structures were found which are variations |, (-1-'“ 5 i % 4 LSt Sl
on the first hydration shell structure with two waters added. -9 ‘“f__%"“ Cf"-' u”‘”‘{ﬁ;n
The structures are shown in Figure 6. The energy difference { - 4 ]

between the first two lowest energy structures (the top two
isomers shown in Figure 6) is of only about 0.6 kcal/mol. In a H3O+ ( H2O)6||| H3O+ (H,0) GIRY]
previous study of the hydronium ietwater clusters, Wei and  gigure 7. Optimized structures for six water ligands about the
Salahub’ identified, for H30"6, two structures that correspond  hydronium ion (or HsO;"). The relative energies with respect to the
to the HO,"+(H20), and HO*+(H,O)s, isomers of Figure 6. In HsO*+(H20)g, structure are, respectivelg,, = 0 kcal/mol,E;; = 0.5
their calculations using the Perdew functional in the program kcal/mol, .y = 2.0 kcal/mol, and;y = 4.0 kcal/mol.
“deMon”>2with a DZVP basis set, the hydronium ion centered
structure is lower in energy than the other structure by about  For H,4O4* four structures were optimized and are shown in
1kcal/mol. Figure 9. The most stable isomers®t-(H.0)7, is obtained
For HisO;7*, the most stable structure optimized is a hydro- from HsO*+(H,0);, adding the extra water ligand in order to
nium ion centered one and represents what has been indicatedorm a highly symmetrical structure centered ogQ4™. The
by Pricé® as the completed second solvation shell about the H;O*+(H,0);, isomer, very close in energy to the former, is
ion. In this structure, one additional water is added to each water H;O" centered.
in the first solvation shell of gD*+(H20)s. The second stable In general, protonated water cluster structures characterized
structure optimized is only about 0.5 kcal/mol higher in energy by the presence of the s8," ion are very symmetrical
than the lowest. The other two structures optimized are structures; that is, they are characterized by the same number
variations of the preceding isomers. They contribute negligibly of waters coordinated to each of the four hydrogen ends of the
to the cluster averaged properties. ion. Whenever the symmetry is broken, the shared proton tends
For Hi;Og™ four structures have been optimized and are to migrate closer to the one water molecule in the ion to which
shown in Figure 8. The total energy difference between the first more water ligands are hydrogen bonded. At the same time,
two isomers is of about 0.6 kcal/mol. The other and less stable the distance between the oxygen of the newly rearranged
two structures are alternative ways of filling the second ion hydronium ion and its hydrogen, to which an excess of water
solvation shell. molecules are bonded, lengthens. This is what happens going
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Figure 10. Optimized structures for nitric acid and protonated nitric
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cohesion resulting in a more stable aggregate with respect to
the hypothetical cluster that had not undergone rearrangéfent.
The cooperativity of the hydrogen bonds within the computed
protonated water clusters had been previously noted by other
authors?>54These observations are in some disagreement with
the conclusions drown by Wei and SalaHil§The length of
O—H bonds within the hydronium ion decreases, whereas the
hydrogen bond lengths between water and the hydronium unit
increase as the cluster size increases. This is in good indication
that the hydrogen bonds become weaker while théHonds

in the hydronium unit become stronger.” In fact, the present
results do show that the-©0 distance between progressively

Whenever an excess water is added and a new hydrogen bongberipheral water ligands increases with the cluster size but also
is formed within the aggregate, the water molecule to which show that (1) the ©H distance within the hydronium ion unit
the new ligand is added becomes a proton donor and, conse-generally increases with the cluster size (see, for example, the
quently, a better proton acceptor toward the water or hydronium symmetric structures about the hydronium ion corgOH

ion to which it was already bonded. Accordingly, the-@

(H20)3,, H3O1+(H20)s) and (2) the &-O distance between the

distance between the latter molecules shortens, whereas thdwydronium ion and its neighboring water molecules can either
O—H of the proton donor lengthens. This rearrangement increase or decrease making the hydrogen bond weaker or
propagates throughout the cluster. It is believed that such stronger, respectively. In particular, the-@ distance between
rearrangement is responsible for a stronger intermolecularthe O atom belonging to the hydronium ion and the oxygen of
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one of the first neighboring waters shortens when such The isomers of protonated nitric acid solvated by one water
neighboring water (or a water H-bonded to it) forms a new molecule found in this study are shown in Figure 11. The most
hydrogen bond, thus becoming a proton donor with respect to stable structures are dehydrated nitronium ions; N®0),,,
the new H bond and hence a better proton acceptor with respeceand NQ*-(H20),,, were found. The structures involving a
to the H-bond directed toward the hydronium ion. Shortening hydronium ion hydrogen bonded to nitric acid are2 kcal/
of the O--O distance implies a strengthening of the H bond. mol less stable. Okumura and co-workeps studied the
Conversely, the ©-0 distance lengthens when a new hydrogen behavior of hydrated protonated nitric acid and observed that
bond forms that does involve other first neighboring waters to the preferred vibrational dissociation channel is by water
the hydronium ion than the one for which the-€ distance is evaporation, thus confirming the prediction that the,NGased
considered. In the latter case, the hydrogen bond(s) with the structures are the most stable.
other(s) water neighbor(s) is(are) strengthened at the expenses The structures of protonated nitric acid solvated by two water
of the one under consideration. molecules are shown in Figure 12. The most stable isomer is
Mixed Clusters. When protonated water clusters are exposed now a hydronium ion solvated by a water and a nitric acid.
to a mixture of water and nitric acid vapors, the hydronium ion The lowest energy solvated nitronium ion found is less stable
transfers a proton to nitric acid. This process is a consequencethan the hydronium centered ion by about 5 kcal/mol. This result
of the difference in the water and nitric acid proton affinities: does not agree with the experimental observation of Cao #t al.,
the latter is about 10 kcal/mol higher than the former. As who found that for dehydrated protonated nitric acid evaporation
discussed previously, when the protonated nitric acid becomesof water by vibrational excitation is the major dissociation
hydrated, charge exchange reactions result in the formation ofchannel. However, the authors did observe this kind of cluster
the hydronium ior-water cluster series at the expense of the dissociation of nitric acid upon vibrational excitation accounting
mixed aggregate family. In the next two subsections, the for at least 15% of the photofragments. This indicates that about
structure characteristics and their properties are discussed insome 15% of the cluster isomers are characterized by the
detail. presence of the hydronium ion rather than the nitronium ion.
Charge Arrangements of the Mixed Clusters Depends on the Furthermore, the most stable isomeric configurations could
Degree of HydrationBoth experimenfs®1314and ab initio dissociate to B5O," + HNO; or H,O + HO-++H-*ONOOH.
calculation? show that protonated nitric acid exists in two Upon further hydration, the hydronium ion plus nitric acid
isomeric forms. One of these is an ionic cluster of the nitronium becomes more stable than the protonated nitric acid. For
ion and water, N@"-H,O, whereas the other is nitric acid H™-HNOs:(H.O)s, the energy difference between the most stable
protonated at one O to give (HDYO™. The latter has two lower  hydronium ion based structure and the nitronium ion one is 16
energy conformers. Geometry optimizations carried out in this kcal/mol. For H-HNO3+(H20)4, the energy difference incre-
study gave the three stable minima shown in Figure 10. The ments to 18 kcal/mol. Thus, for these clusters, the hydronium

most stable isomer is the hydrated nitronium ion, N®I,0, ion based structures are most stable. This results agree with the
whereas the two conformational isomers of (HOP™ are experimental findings of Okumura and co-workéfs.
nearly 20 kcal/mol higher in energy. Cacace ef3ahave As noted, the nitronium ion is the favored ion center for low

reported that the isomerization of (HM)O™ structures into the level of hydration (HHNOs:(H.0),, with n = 0, 1), whereas
NO,"-H,O form is a slow process characterized by a high the hydronium ion is the preferred charge cation for a higher
energy activation barrier. Thus, the (HRJO" isomers may be level of hydration. Cao et dlhave attributed this feature to the
important upon further hydration. fact that water binds more strongly than nitric acid to the
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