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Density Functional Studies of the Formation of Nitrous Acid from the Reaction of Nitrogen
Dioxide and Water Vapor
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Reaction mechanisms for the production of nitrous acid (HONO) from the homogeneous gas-phase hydrolysis
of nitrogen dioxide (NQ@) are examined by density functional theory calculations. The molecular structures
and energies of the N© (H20), (n = 1, 2, 3) and NO,—(H, O), (nh = 1, 2) systems corresponding to the
stationary points on the potential energy surface along the reaction pathways are calculated using the B3LYP
method with the 6-31:3G(2d,p) basis set. These reaction pathways represent the homogeneous hydrolysis of
NO; or N>O, with a varying number of water (#0) molecules. The reactions of N@ith water produce
HONO, along with the OH radical which was postulated to combine in the next step with a secertd NO
form nitric acid (HNQ). The simple N@+ H,O bimolecular reaction leads to the highly unstable OH radical
which reacts reversibly with HONO without an energy barrier. The introduction of single solvati@g H
molecule appears to stabilize the transition state as well as an intermediate that contains the OH radical.
However, the energy barrier is found to be near 30 kcalframd is not affected by multiple additionab®@
molecules. On the other hand, the reaction gONwith water leads directly to HONO and HNOThe

energy barrier for the MD, reaction is above 30 kcal mdland is also unaffected by additionai®molecules.

The study demonstrates that the gas-phase hydrolysis efdl®,0;, is insignificant regardless of water

vapor pressure. The physical origin responsible for the unusual hydrolysis reactior, @ BiXplored with

the contrasting examples of,85 and SQ hydrolysis reactions.

I. Introduction Numerous studies have shown reaction 2 to be less significant,
Nitrous acid (HONO) has long been recognized as an &S HONO has been produced in smog chambers without the

important trace gas in the tropospere where its rapid photolysis Presence of NO, and the rate of HONO production was
represents a significant source of hydroxy (OH) radicals. During independent of NO concentratioért® Finally, NO, was found

the night, HONO has been observed to accumulate to concen-to be rapidly reduced to HONO on soot, presumably by a
trations up to 15 ppb, and this accumulation of HONO has a reactive site on the soot particle surf&cg.

profound impact on the daytime chemistry of the troposphere. NO, has long been known to react with water vapor to
A computer simulation study showed that the photolysis of produce HONO as shown in reaction 1. The mechanism of this
HONO accumulated over nighttime contributed to a 5-fold reaction has been the subject of many stublfés1°All of these
increase in the concentration of OH radicals in the early studies show that the reaction of N®ith water vapor is more
morning, and a 14% overall increase by nédrhe sources of  complex than its simple stoichiometry suggests. By measuring
HONO, particularly at night, are not well understood despite the HONO formation rates at different initial NGnd HO

its well recognized importance. The literature has so far concentrations, these studies established that the reaction is
discussed three major sources of HONO. First, HONO was approximately first order with respect to both [MNOand
measured to _be directly emitted t_hrough primary emission. 1p,0] 145 This suggests that reaction 1 is not an elementary
However, studies have shown that this source does not contribut@emolecular reaction. In addition, the reaction rate was also
significantly to the nighttime concentration of HON®\ second !
source of HONO is the reaction of NO with OH radicals. This
reaction is also unlikely to contribute significantly to nighttime

HONO formation as OH concentration is very low during the Such findings have led to numerous proposals of the surface-
night3 A third source of HONO is the hydrolysis of nitrogen catalyzed reaction mechanism for reaction 1. Pitts and cowork-

oxides (NQ) in water vapor, which has been widely discussed €rS proposed three possible mechanisms involving the reaction
in the literature. Two major reactions have been studied for the Of adsorbed species. In two of the mechanisms the first and

found to be influenced by the material of the reaction chamber
surface and the surface to volume rétfo.

hydrolysis of NQ: rate determining step was the adsorption of ,NfB the wall,
while in the third mechanism the first and rate determining step
2NO, + H,0 — HONO + HNO, (1) was the formation of the N£H,O complex on the walf.
Subsequent studies suggested that the first two mechanisms were
NO + NO, + H,0—2HONO 2 unlikely because the formation of HONO was too slow to be

diffusion controlledt The third mechanism, also supported by
Jenkins and co-workefshas the following two steps,
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NO,(ads)+ NO,-H,O(ads)—~ HNO,(ads)+ HONO(g) (4)
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Step2:  NQ+(H,0),— HONO-OH-(H,0), ,

Such a mechanism successfully accounts for the first order Step 3: HONGOH-(H,0),_; + NO, —

dependence on NOconcentration, with the condition that
reaction 3 is the rate-determining step.
The homogeneous gas-phase reaction of With H,O was

considered to be insignificant, as the derived rate constant was

too small to account for HONO formatid#. Field studies
showed that the rate of HONO formation was influenced by

HONO-HNO,+(H,0), ,

Step 4: HONGHNO;+(H,0),_, —
HONO + HNO; + (n — 1)H,0

aerosol parameters, as the rate of nitrous acid formation was!n step 1, the reactant species (N® nH0) form the reactant

correlated with total aerosol surface aréa¥lt is conceivable
that a potentially significant reaction pathway could be a gas-

complex NQ-(H,0),. The resulting complex then reacts in the
next step, passing through the transition state (TS) and forming

phase reaction catalyzed by aerosol particles or particulate wate@ réaction intermediate HONOH-(H20),-1 that contains
molecules. Such a mechanism was indeed hypothesized toHONO and OH fragments. In step 3, the reaction intermediate

exist31213|t has been shown that although the reaction obkNO
with bulk liquid water is very slow, the nature of the reaction
of NO, with particulate water droplets remains unclear and may
be an important source of HONO.

The NG, molecules might also dimerize to form®, before
reacting with HO. However, isotope studies indicated that
HONO formation in the gas phase was unlikely to involvON
at room temperature randélhis observation is supported by
the first order dependence of the reaction rate on,NO
concentration.

Many other observations are still left unexplained. First, in

reacts with a second N®nolecule to form the product complex
HONO-HNO3:(H20)n-1. Finally in step 4, the product complex
dissociates into separate product molecules. The net reaction is
reaction 1 and is identical for all of the three pathways.

For the dimer (NO,) reactions, the number of water
molecules involved varies from one to two, and the correspond-
ing pathways are denoted pathways IV and V, respectively.
Similar to the NQ reactions, the bD, reactions are assumed
to proceed in the following schematic steps,

Step 1: NO, + nH,0— N,0,:(H,0),, (n=1or 2)

both field and smog chamber studies, the HONO formed was

found to plateau after a period of time, implying that HONO
was being removed or that HONO formation was an equilibrium
reactiont® Second, nitric oxide (NO) and OH radicals were
found to be produced in smog chambers whose sources wer
uncleart#514.15Finally, the reaction rate was found to have a
negative temperature dependeh&ds a result, it seems that

an exclusive surface reaction mechanism cannot satisfactorilyThe first and third steps are, respectively

explain all these experimental observations.

Step2: NO,(H,0), — HONO-HNO,(H,0),_,

Step 3:  HONGHNO,(H,0), , —
HONO + HNO, + (n — 1)H,0

the formation of the
reactant complex and the dissociation of the product complex.

In this paper, we present results of a theoretical investigation 1he second step transforms the reactant complex to the product

onthe reaction of nitrogen dioxide and water to form nitrous
acid using the density functional theory (DFT). We attempt to
answer whether or not the homogeneous gas-phase hydrolys
of nitrogen dioxide is possible at all without the involvement

of any other species except water. Our more specific plan is to

study reaction 1 with an emphasis on the effect of additional

water molecules on the reaction through several proposed

pathways of reaction 1 that involve a different number of water
molecules and also 0,4, the dimer of NQ. The stationary

points on the reaction pathways are characterized by DFT
calculations.Discussions based on the calculated results are give
to understand some of the experimental observations, particularly

the effect of water vapor on the hydrolysis of W@lthough
only gas-phase reactions are explicitly considered, implication
of our results on heterogeneous reactions are also discusse
Finally, comparisons with the hydrolysis of other oxides, such
as dinitrogen pentoxide @0s) and sulfur oxide (S€), are given

to understand the hydrolysis of NO

Il. Methods of Calculation

S

complex, passing through a transition state. In contrast with the
~NO, monomer reactions, the dimerreactions involve no reaction
I$ntermediate. The overall reaction is®; + H,O — HONO +
HNOs;.

The molecular species identified in the above reaction steps
correspond to the stationary points on the potential energy
surface along the reaction pathway considered. Equilibrium
geometries of these species, including those of the transition
states as well as the separate reactant and product molecules,
are calculated using density functional theory. The three-
parameter hybrid method of Becdke'® with the local and
nonlocal functionals of Lee, Yang, and Parr [19] (B3LYP) is
efficient and reliable for studying chemical reacti&hand
Opydrogen-bonded systerfs22and is employed as the primary
method of our calculations. Two different basis sets, 6-33&*
and 6-313#G(2d,p)?> were used in the search for the equilib-
rium geometries. The resulting geometries are essentially the
same, and so only those of the larger basis set are reported here.
The harmonic frequencies were calculated using the B3LYP
method with the 6-311G(2d,p) basis set. The energy of

Five different pathways of reaction 1 are considered, each of reaction and the energy barrier for reaction Il were also

which involves the N@ monomer or the dimer (pD4) with a
varying number ) of water molecules. For the N@eactions,
the number of water molecules varies from one, two, to three,
and the corresponding reaction paths are denotedpathways
I, and IIl, respectively. These pathways are assumed to procee
in the general schematic steps as follows,

Step 1: NQ + nH,0 — NO,:(H,0),, (=1, 2, or 3)

calculated with several other basis sets to examine the conver-
gence with basis set. Zero-point vibrational energy is considered
on the basis of calculated harmonic frequencies.

I, Transition structures were located using the synchronous

Aransit quasi-Newton methé&t?’ and were verified by subse-
guent frequency calculations and by intrinsic reaction coordinate
(IRC) calculationg® All calculations were performed using the
GAUSSIAN 94 progran??
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TABLE 1: Calculated and Experimental Geometries, Dipole Moments, and Harmonic Frequencies of the Reactants and
Products for the Reaction Pathways +V?2

molecule geometry dipole harmonic frequecies
(symmetry) parameter calcd exptl calcd expt mode calcd exptl
H.O r(OH) 0.963 0.958 2.082 1.854 S-str 3811 3832
(Ca) OJHOH 105.2 104.5 a-str 3915 3943
bend 1618 1648
NO, r(NO) 1.194 1.193 0.348 0.316 S-str 1381 1318
(C) JONO 134.3 134.1 a-str 1672 1618
bend 761 750
OH r(OH) 0.977 0.977 1.777 1.668 str 3700 3735
N2O4 r(NN) 1.793 1.782 0.000 0.000 NG-str 1437 1382
(D2n) r(NO) 1.188 1.190 N@s-bend 843 812
JONO 134.7 135.4 N-N str 295 281
torsion 85 79
NO; a-str 1765 1724
NO; a-rock 498 498
NO; sswag 442 436
NO; a-wag 704 677
NO, a-str 1799 1757
NO; s-rock 228 265
NO, s-str 1299 1261
NO; a-bend 759 751
HONO r(NOg) 1.433 1.432 2.062 1.854 OH str 3757 3591
(trans,Cs) r(NO) 1.165 1.170 N-Ostr 1764 1700
r(OH) 0.980 0.958 HON bend 1301 1263
JHON 102.7 102.1 N-O str 817 790
JONO 110.7 111.1 ONO bend 617 596
torsion 580 544
HONO r(NOw) 1.392 1.39 1.577 1.423 OH str 3588 3426
(cis, Cy r(NO) 1.179 1.19 N=Ostr 1697 1641
r(OH) 0.980 0.98 HON bend 1339 1302
JHON 106.2 104. N-O str 875 852
JONO 113.8 114. ONO bend 689 609
torsion 631 640
HNO; r(NOn) 1.411 1.41 2.363 2.17 OH str 3725 3550
(Cy r(OH) 0.973 0.960 N@a-str 1738 1709
r(NOcis) 1.195 1.21 NQ@s-str 1345 1326
r(NOtrang 1.211 1.20 NOH bend 1320 1304
[JHON 103.2 102.2 NQ@str 904 878
[JONOxrans 115.7 115.9 N@bend 652 64'7
JONOis 114.0 113.9 ON@bend 586 580
NO, wag 783 7683
ONOH torsion 473 458

aExperimental values, if not indicated, are from ref BReference 31¢ Reference 32! Reference 33 Reference 34 Reference 35 Reference
36. " Reference 37.Reference 38.Str = stretch. wag= wagging.

I1l. Results of Calculation

The results of calculation are summarized in Tables 1 and 2
and Figure 1. Table 1 presents the equilibrium geometries, dipole

generally better than would be expected for calculations using

mation) method.

Hartree-Fock or MP2 (second-order MgllePlesset approxi-

moments, and harmonic frequencies of the reactant and product The calculated relative energies from several basis sets shown

molecules from B3LYP/6-31tG(2d,p) calculations along with
the available experimental comparisons{38]. Figure 1 shows

in Table 3 indicate that the calculated energetics are adequately
converged with respect to the increase of basis set size.

the optimized geometries of the complexes of reactants, Specifically, the energy barrieEf) increases quickly from 16.1
products, and the transition state involved in reactions | to V. kcal mol! to 25.0 kcal mot! as the basis set used changes
Table 2 presents calculated total energies, zero-point vibrationalfrom 6-31G(d) to 6-313G(2d,p) and stabilizes to 26.2 kcal
energies (ZPVE) and dipole moments of all the species mol™! as the basis set further changes to 6-8315(2d,2p).
considered. Table 3 shows the basis set dependence of the totgbimilarly, the energy of reactiom\E ) changes drastically from
energies and relative energies for reaction Il. Table 4 presents12.8 kcal mof?to 7.9 kcal mot? as the basis set changes from
the relative energies of the species for reactions | to V without 6-31G(d) to 6-31%+G(2d,p) but stays almost constant (7.8 kcal

and with ZPVE corrections.

lengths and bond angles are, respectively, within 0.01 A and set using the 6-31G(d) geometries.
1° from the experimental values. The calculated dipoles are
consistently 10% larger than the experimental values, which is

mol~1) with the 6-311#+G(2d,2p) basis set. It should be noted

It is clear from Table 1 that our calculated molecular that, although the values & andAE from the 6-31G(d) basis
properties for the reactants and products are in very goodset are not converged, the geometries are well converged, as
agreement with experiment. AImost all of the calculated bond shown by the energy calculation with the 6-31G(2d,p) basis

NO
A. Pathway I: NO; + H;0 — HONO + OH —> HONO

typical of the DFT method. The calculated harmonic frequencies + HNO3z. As the NQ molecule is approached by the®l
are mostly within 2% of experimental values. The level of molecule, the system first reaches a potential minimum corre-
agreement of the calculated properties with experiment is sponding to the weakly bounded complex, N&O. Two
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TABLE 2: Total Energies (hartrees), Zero-Point Vibrational resulting from the initial HO losing an H atom to NO2 and

Vo s Spee oo e s Faaysy | Janingan Halom i he oherd- The HO connected by

from B3LYP Calculations with the 6-311+G(2d,p) Basis Set two hydrogen bonds in the NﬂHZO).Z com.p!ex facilitates the
exchange of an H atom in the reaction, giving away an H atom

molecule total energy ZPVE  dipole  tg NO,, while accepting an H atom from the first@. Beyond
H.0 —76.459 526 13.36 2.082 the transition state, the system reaches to a shallow potential
NO; —205.145 964 5.45 0.348 minimum corresponding to a metastable intermediate, HONO
HONO (trans) —205.776 678 12.63 2.062 HO-H,0O. This intermediate then reacts with an additional,NO
HONO (cis) —205.776 052 12.61 1.576 d f duct | HONBNO--H.O. which di
HNO; ~280.987349  16.48  2.363 and form a product compiex, 3:H20, which dis-
OH —75.763 164 5.29 1.777 sociates into three product molecules: HONO, HN&hd HO.
(H20), —152.927 762 28.98 2.838 Clearly, the second #D participates in the reaction of N@nd
(H20)3 —229.404 842 45.78 1.145 H,O and plays an active role as a catalyst.
NG, Hz0 (a) —281.606 921 19.21 2.626 The transition state has an energy of 25.0 kcal thaand
NO2+H,0 (b) —281.606 971 19.56 2.278 th tion int diate h £ 22.6 kcat el
NO+(Hz0)z —358.078 280 35.68 1.824 e reaction intermediate has an energy of 22.6 kcaf
NO,+(H.0)s —434.552 136 51.69 1.973 relative to the sum of reactant energies. The activation energy
N2O4 —410.313 744 14.52 0.000 for reaction Il with ZPVE correction is 26.9 kcal mal With
N204-H20(a) —486.780 059 29.03 2.403 ZPVE correction, the reaction intermediate is equally stable as
jocon  cmrele 272 R e vanston saie

204:(F20)2 - . . . . . . .
TS3(NQ(H:0)s) —434.498 530 49.60 4.013 —2% HONO + HNO3 + 2 H,0. The three-water reaction of
TS4(NOgH20) —486.721 347 27.44 3.087 R . .
TS5(NOs+(H20)2) —563.190 945 42.61 3.643 NO; is similar to the two-water reaction described above. As
HONO-OH-H,0 —358.029 060 36.49 2.030 usual, the molecules first reach a potential minimum corre-
HONO-OH:(H20), —434.506 675 53.63 3.413 sponding to the intermolecular complex M@®,0); with a well
Eg“gnmgs Ho —ggg-zgg g?i ig-gg 3-8‘7‘2 depthDe = 17.3 kcal mot! and a geometry shown in Figure
3*H>2 - . . . .

HONO-HNOs (H;0)s 639,721 077 6168 2636 1. Compared to the complex N@H20),, NO»*(H2O)s has the

third H,O patrticipating in the hydrogen bonding chain with other

minimum geometries, shown in Figure 1, are found for the molecules. The hydrogen bonds appear to be stronger than those

complex with nearly the same well degdiih = 0.9 kcal mot™. in the NQ»(H,0), complex, as shown by the shorter hydrogen

. . bond distances and a larger gain in the well depth. As the
sooirzmtngo a(ta)thi;asNa(;%;yrgfmsgy lllN (')tzhégg (()b)atgé?]tg: ni@ ,  reaction takes place, as represented by the approach of@e H
hydrogen bond between,B and NQ. As the two molecules next tc.’.the N atom of Ng) an H atom departs from the,8
get closer, an H atom of 4@ starts to break away and approach and initiates the synchronous transfer of H atoms along the three
toward thé O atom of N© The energy of the system increases hydrogen bonds to their acceptor O_atoms. The net result is to
drastically, leading to the formation of energetically less stable pass an H atom from the approachlng)-ltp th_e O atom of
HONO and OH species. The sum of the separate HONO andNOZ' Thg transition stgte, shown as TS(lll) in Figure 1, appears

. ' to contain an OH radical, an HONO, and twe®molecules.
OH energies is 41.2 kcal midl above the sum of the separate L e L
NO; and HO energies, and no energy barrier is found for the The two additional HO molecules jointly facilitate the transfer

reverse reaction of HONO and OH. Apparently, the bimolecular Zf tshhz:[g\;?,torgt;ﬁi};m%it:ifntl;?nnsclté?rnegt%tﬁait;‘e ?gst;\en:egeg?::nes
reaction of NQ and HO is highly unfavorable. P ponding

NO, intermediate, HON@HO-(H,0),. This reaction intermediate
B. Pathway II: NO; + 2 H,O — HONO-OH-H,O0 — reacts with an additional NOand form a product complex,

HONO + HNO3 + H,0. A second HO molecule is introduced =~ HONO-HNO3:(H20)2, which dissociates into four product

to study its effect on the reaction of N@nd HO. Two possible ~ molecules: an HONO, an HNDand two HO molecules.

roles are suspected to be played by the secog@d H the The transition state has an energy of 16.3 kcalthahd the

reaction. It might actively participate in the reaction and act as reaction intermediate has an energy of 11.2 kcal Hadll

a catalyst if a new BD molecule emerges in the final product. relative to the sum of reactant energies. With the corrections

On the other hand, thed® might remain as an inert molecule for zero-point vibrational energy, the activation energy for

throughout the reaction and therefore behave just as a solvenpathway Il is 20.4 kcal moll. With ZPVE correction, the

molecule in liquid water or a substrate molecule on a solid reaction intermediate is 1.0 kcal méllower in energy than

surface. the transition state. It should be pointed out that the apparent
The three molecules first reach a potential minimum corre- decrease in the energy of the transition state or the intermediate
sponding to the intermolecular complex M®-0),, with a well from reaction Il is a result of solvation energy of the added
depthD, = 8.3 kcal mol! and a geometry shown in Figure 1. H2O in reaction Ill. We will return to the effect of solvation
The two HO molecules are positioned next to M@ form a energy in the next section. In summary, both of the additional

cyclic arrangement with two consecutive hydrogen bonds. EachHzO molecules participate in the reaction of N& H,O to

of the HLO molecules occupies approximately one of the two facilitate the transfer of an H atom.

possible HO positions relative to N@in the complexes N@ D. Pathway IV: N,O4 + H2,0 — HONO + HNOsj. The
H,0O(a) and N@-H,O(b). The hydrogen bond between thgtH N2O, and HO molecules form an intermolecular complex,
molecules is stronger than that betwee®tind NG, as shown N,0O4:H,O(a), with a potential minimund, = 4.3 kcal mot?

by their bond distances. As the molecules are forced to getand a geometry shown in Figure 1. A second potential minimum
closer, the H atoms at both hydrogen bonds start to transferis found to correspond to a hydrogen-bonded geometry,
from the donor O atoms to the corresponding acceptor O atoms.N,O4-H,O (b). However, the second geometry is much less
At the transition state, shown as TS(Il) in Figure 1, an OH stable because of the small well defith= 1.3 kcal mofL. As
radical and an HONO emerge, along with a neyOHnolecule the reaction takes place, the two POnits of NO, start to
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N>O4-H,O(a) N,0,4-H,O(b) TS(V) HONO-OH-H,0
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1.89
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HONO-OH:(H,0), HONO-HNO;
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Yb 1 9? g
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HONO-HNO;-H,0 HONO-HNO5:-(H;0),

Figure 1. Equilibrium geometries corresponding to the stationary points on the reaction pathwagptimized at the level of B3LYP/6-31G-
(2d,p). Selected interatomic distances are given in angstroms.

depart from each other. The O atom oftHapproaches an N result, the reaction is not kinetically favorable. Moreover, the

atom of one NQ@ unit while an H atom of HO approaches an  reaction is endothermic by 7.0 kcal mé| and is not thermo-

O atom of the other N@unit. At the transition state, as shown dynamically favorable.

as TS(IV) in Figure 1, the two Nfunits match the H and OH E. Pathway V: N,O4 + 2 H;O — HONO + HNOg3 + H0.

fragments of HO, respectively, to form the HONO and HNO  The reactant molecules form an intermolecular compleQ/N

product molecules. (H20),, with a well depth ofDe = 11.5 kcal mot! and a
The reaction has an energy barrier of 32.6 kcalthahd a geometry shown in Figure 1. The seconglHs introduced to

ZPVE-corrected activation energy of 32.1 kcal molAs a the system of MO, and HO to act as an acceptor of a strong
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TABLE 3: Basis Set Dependence of the Total Energies (hartrees) and Relative Energies (kcal mb) for the Species in
Reaction Pathway Il

basis set Ereaclamg ETS(II) Eproductsb E~c AEd
6—31G*/6—31G* —562.962316 —562.936601 —562.982716 16.13 —12.80
6—311+G(2d,p)/6-31G* —563.210240 —563.169961 —563.223259 25.28 —8.17
6—311+G(2d,p) —563.210980 —563.171125 —563.223553 25.01 —7.89
6—311++G(2d,2p) —563.215964 —563.174182 —563.228415 26.22 —7.81

aequals to E(NO,) + 2E(H;0). ® Equals toE(HONO) + E(HNO3 ) + E(H20). ¢ Equals toErsqy — Ereactants ¢ EQUals toEprogucts — Ereactants

TABLE 4: Relative Energies (kcal mol~1) with Respect to TABLE 5: Activation Energies (kcal mol~1) for Bimolecular
the Separate Reactants for Reaction Pathways-V Reactions of Various Clusters before Zero-Point Energy
species = ZPVE E+ ZPVE (Cllzq)riectlon (Ea) and after Zero-Point Energy Correction
NO2+ H.0 Pathgl AN 0 reactants E (Eda
NO2-H.O —0.90 0.40 —0.50 NO,+ H,0O ~41.19 ~40.3G
HONO + OH 41.19 —0.89 40.30 NO;+ (H20), 30.47 30.08
HONO + HNO3 —7.89 4.85 —3.04 Nngﬁ (ng)ﬁ ° g%gi ?5%82
NO2 H> 2 . .
NOL+ 21,0 Pathwayll 0 NO,H,0 + (Hz0), 2268 24105
TS(I1) 25.01 1.91 26.92 N20s+ H20 32.58 32.14
HONO-OH-H,0 22.56 4.32 26.88 N2Os + (H.0), 31.72 30.79
HONO-HNO3.H20 —22.84 8.24 —14.60 N204'H20 + Hzo 30.52 30.74
HONO+HNOs+H:0 —7.89 4.85 —3.04 aNo transition state was found. Activation energy was taken to be
Pathway Il the energy required to form the isolated HONO and OH species.
NO»+3H,O 0 0 0
NO;(Hz0)s —17.32 6.15 —11.17 energies. This indicates that the homogeneous hydrolysis gf NO
LS(S(HI())OH-(HZO)Z ﬁgi g:gg iggg or N_zQ4 is un!ikely to tal_<e placg in typical atmospheric
HONO-HNOs+(H;0) —31.73 10.69 —21.04 conditions, which is consistent with available experimental
HONO+HNO;+2H,0 —7.89 4.85 —3.04 measusurements in smog-chamber and field studies.
Pathway IV It is important to point out that the energy values presented
N2O4+H,0 0 0 0 in Table 4 are relative to the sum of the energies of the isolated
_’I\_lé(()l‘{'/')"Zo _3‘5%3 B 01-4-}45 _332-1114 reactants involved in the reactions. The energy of the transition
HONO-HNO, 270 1.13 383 state, or the activation energy, appears to decrease with the
HONO + HNOs 5.80 1.23 7.03 increasing number of ¥ molecules involved in the reaction.
Pathway V However, such a decrease is largely attributed to the solvation
N»O4;+ 2H,0 0 0 0 energy of each added,B. The reactant complex and the
N2O4+(Hz0) —11.49 3.60 —7.89 transition state are both stabilized by the solvation energy of
L%(’\\l/)C)'HNOszO _zgl.gg i'g’z _‘21?3;83 the added water. The more important quantity for showing the
HONO + HNO; + H,0 5.80 1.23 7.03 effect of water on the reaction should be the height of the energy

barrier, or the relative energy of the transition state with respect
to the reactant complex. This energy barrier is equivalent to

the activation energy for the unimolecular reaction of the
of N2Os and HO, the N-N bond of NO4 breaks apart to form reactant complex. From the values in Table 4, one can see that

two separate Neunits as the system of i, + 2 HZ,O reacts. the energy barrier does not change at all with the increase of
The two H atoms at the hydrogen bonds transfer simultaneously,ater molecules involved. For instance, the (unimolecular
from the donor to the acceptor atoms, analogous to the reaCt'O”reaction) activation energy is 31.7 kcal mbfor pathway Il

of NO, + 2 H,0 described earlier. The O atom 0f®l closer and is 31.6 kcal mol* for pathway IIl. Similar results can be

to the N atom of one N&unit approaches the N atom while an - geen for pathways IV and V. It is reasonable to expect that such
H atom of the second 4O approaches an O atom of the other g high energy barrier would not be appreciably lowered in larger
NO; unit. At the transition state, shown as TS(V) in Figure 1, aer clusters. Clearly, the effect of additional water molecules
the two NG units maich the H and OH fragments from the e hydrolysis of N@is limited to providing the reacting

two H,O molecule, to form the HONO and HNGproduct gy tem with a given amount of solvation energy that is nearly
molecules and a new # molecule. Again, the second,@ constant throughout the course of reaction.

molecule plays an active role facilitating the transfer of an H 114 effect of water molecules may be more consistently

atom, just as in the Nfreactions. shown if the reactions are all considered to start with a

The reaction has an energy barrier of 26.3n§gaIThahd & pimolecular elementary step that directly leads to the transition
ZPVE-corrected activation energy of 27.6 kcal molCompared 510 Taple 5 lists the values of the activation energies for all

to the NO4 + H0 reaction, the energy barrier is considerably o nossible bimolecular reactions that involve the different total

lower but the lowering appears to be a result of solvation energy ,mpers of water molecules considered in this study. It is seen

from the second pO. Compared to the NO+ Hz0 reaction, 4 the activation energy for the reaction of Nith the water

the energy barrier is slightly higher. The reaction is endothermic gmer is 30.1 keal mott, nearly identical to that for the reaction

and is not thermodynamically favorable. of NO, with the water trimer (31.1 kcal mol). In other words,

it appears that the activation energy for the reaction o, NO

with a water cluster is nearly constant, regardless of the size of
Our calculations have shown that all of the pathways\) the cluster. This may explain the undetectable reaction of NO

are characterized by high energy barriers, or large activation with bulk liquid water? The bimolecular reactions may also

hydrogen bond from the first 4, as well as a donor of a weak
hydrogen bond to an O atom of,8,. Similar to the reaction

IV. Discussion



7854 J. Phys. Chem. A, Vol. 103, No. 39, 1999

include the reaction of a hydrated N@nd a water monomer
or cluster. As shown in Table 5, the activation energy for the
reaction of hydrated N£appears to be about 5 kcal mélower
than that for the reaction of NQwithout hydration. This may
suggest the surface catalyzed reaction of,N@th water can

be aided by extra water. In this mechanism, the;®@lecules

Chou et al.

One might wonder why the hydrolysis of N@ppears to
have such strikingly different energetics from the hydrolysis of
N.Os and SQ. Here we offer a possible answer to such a
guestion. The origin of the difference may lie in the physical
state of the transition state in each reaction. The hydrolysis of
N2Os is initiated by the nucleophilic attack on,8s by water,

might first be absorbed on the surface, comparable to the stateresulting in a transition state that resembles the ion pair
of being monohydrated or dihydrated, and then react with the HONO,™-NO3™.3° Because of its ionic nature, the transition
approaching KD molecules fromthe gas phase. This mechanism state is more favorably stabilized than the neutral reacta@t N

was initially proposed by Pitts and co-worketsased on the
results of chamber experimerits.

In contrast, the activation energy, 32.1 kcal mplfor the
reaction of the hydrated #, with H,O is not significantly
lower than 31.7 kcal mol for the reaction of the unhydrated
N2O4 with H,O. This may suggest that a surface catalyzed
reaction similar to N@is not valid for NO4. As a result, the
pathways involving the dimerization of NGas the first step

by polar solvent such as water. In other words, the solvation
energy by water increases, instead of being constant as in the
case of NQ, in going from the reactant to transition state. It is
the disproportionally large solvation energy of the ionic transi-
tion state over the neutral reactant by water solvent that is largely
responsible for the decreasing energy barrier with the increasing
number of water molecules participating in the hydrolysis of
N2Os. Very similarly, the hydrolysis of Sgxesults in a transition

are even less favorable than those involving the direct hydrolysis State that resembles the ion pair'HOSQ;~ and is more
of NO,. N;O, does not appear to be a significant source of favorably stabilized than the neutral reactant; 39 water?

atmospheric HONO, in agreement with the conclusions of N contrast, the transition state for the hydrolysis of N@s
Sakamaki et &t shown by the present study, contains an OH radical, rather than

. ) ._an ionic species as in the hydrolysis ob®¢§ or SG;. The
fo:T;]SeStrl]JS()j/rzlljfsgilsst)sftrl]\laéaigolrpntl)igl,(eerll)/e()tgs g?goir;]?sfeorpetﬁzams@olvation of OH radical by water solvent is not expected to be

production of HONO in the natural atmosphere. However, it more favorable than th? solvatl_on of N@s aresult, the energy
: : e barrier for the hydrolysis of N@is nearly constant with respect
may still offer explanations to some intriguing smog-chamber

and field observations. For example, it is possible that the to addition of solvent water molecules.

hydrolysis of NQ can lead to the production of the OH radical )

as a reaction intermediate. An unknown continuous OH radical V- €onclusion

source was indeed observed in all of the chambers studied, Fjye reaction pathways for the production of nitrous acid

which appeared to increase linearly with the zN_é_)/eI and the (HONO) from the hydrolysis of nitrogen dioxide (NDare
H20 vapor pressure?>1415The enhanced stability of the OH  gxamined by density-functional theory calculations using the
radical in the HONGOH-H,O complex might allow its reaction  B3LyP method with the 6-31£G(2d,p) basis set. These
with HONO to form NG + H;0O, the reverse of reaction 1. reaction pathways represent the homogeneous hydrolysis of NO
This may explai_n the declining N@eaction rate with tir_ne and  or N,O, with a varying number of water (@) molecules. The
the concentration plateau of HONO observed in smog- reaction of NQ with water produce HONO, along with the OH
chambers.As more HONO is produced, the reaction of HONO  ragical as a reaction intermediate which combines in the next
+ OH becomes more significant until eventually the rates of step with a second N€Qo form nitric acid (HNQ). The simple
the forward and reverse reactions are equal and a dynamicNQ, + H,O bimolecular reaction is impossible because it forms
equilibrum is reached. This hypothesis explains the observationihe highly unstable OH radical which reacts reversibly and
that the HONO/NQ ratio stabilizies in the troposphete. spontaneously with HONO with no energy barrier. Additional
The insignificant effect of multiple water molecules on the H,O molecules may be present to stabilize the transition state
hydrolysis of NQ to form HONO is in stark contrast to the or the intermediate that contains the OH radical. However, the
known effect of multiple water molecules on the hydrolysis energy barrier, determined as the relative energy of the transition
reactions of dinitrogen pentoxide {8s) and sulfur trioxde state with respect to the reactant complex with water, is
(SGs). The hydrolysis of MOs forms nitric acid (HNQ) by the unaffected by the presence of multiple water molecules and is
reaction NOs + H>O — 2 HNO;s. The reaction was recently  too high to allow the reaction to be practically significant. A
studied by theoretical calculations on the reaction pathways high energy barrier is also found for the reaction gD with
involving one, two, three, and four water molecules, respec- water to directly produce HONO and HN@nd is unaffected
tively.3940 The energy barrier of each pathway, corresponding by the presence of multiple water molecules. All the results
to the energy of the transition state relative to the reactant indicate that the homogeneous gas-phase hydrolysis efiNO
complex, was found to decrease progressively with the numbernot practically significant in the formation of HONO regardless
of water molecules involved in the reaction. The barriers with of water vapor pressure, and that a heterogeneous process is
one, two, and three water molecules are 24.3, 19.5, and10.4most likely responsible. The results are also valuable for
kcal mol™l, respectively. The energy barrier is completely understanding some of the experimental observations. Final
eliminated with four water molecules, and the geometry discussions are made to reveal and understand the physical origin
optimization of NOs—(H,0), leads directly to the product responsible for the uniquely different and complicated hydrolysis
complex (HNQ),—(H2O):. These results are consistent with reaction of NQ, compared with the hydrolysis reactions oiOy§
experimental observations that the homogeneous gas-phas@nd SQ.
hydrolysis of NOs is too slow to be noticeabiébut that the
hydrolysis in bulk water can be completed instantaneotfsly.
Very similar results were found for the hydrolysis of St
form sulfuric acid (HSQy).*345 Most significantly, the energy
barrier for the reaction of SQwith four water molecules was
also found to completely disapp€ar.
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