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Coupled-cluster calculations through noniterative triple excitations were used to compute optimized structures,
atomization energies at 0 K, and heats of formation at 0 and 298 K faONHNOH, NHO~, NH,OH™,
NH3;OH", HNO™, and HON. These molecules are important in the gas-phase oxidationpbhllell as its
solution-phase chemistry. The-®, N—H, and N-O bond energies of these molecules are given and
compared. The NH and O-H bond energies are quite low, and, for pdbH, the O-H bond is weaker than

the N—H bond (by 7.5 kcal/mol). The energetics for a variety of ionic chemical processes in the gas phase,
including the electron affinities of N} and HNO, the proton affinities of Nl@® and NHOH, and the
acidities of NHOH and NHO, are given. The compounds are weak bases and weak acids in the gas phase.
Solvation effects were included at the PCM and COSMO levels. The COSMO model gave better values than
the PCM model. The relative values fdgfor NH,O and NHOH are in good agreement with the experimental
values, showing both compounds to be very strong bases in aqueous solution w@kiNiing the stronger

base by 1.8 K units at the COSMO level, compared to the experimeriatlifference of 1.1+ 0.3 K units.

We predict that NHOH* will not be formed in aqueous solution, because it is a very strong acid. Based on
the known acidity of NHOH®, we predict K((NH,OH') = —5.4 at the COSMO level, which is in good
agreement with the experimental estimate Kf(DNH,OH') = —7 &+ 2.

Introduction ignored in most atmospheric models, and, instead, the reaction
of NH, radicals with ozone is most often used to account for
the formation of NHO. It is not clear from the atmospheric
model studies whether NI or its isomer HNOH is involved

in the subsequent oxidation chemistry. Kohlmann and Pbppe
have shown that the formation of the isomer HNOH could have
a major influence on the subsequent production of atmospheric
N2O and NQ. They also note that many crude chemical reaction
schemes have been used to model the atmospheric impact of

The gas-phase oxidation of ammonia () ih the atmosphere
is considered to be one of the major sources of,Ndng with
sources from fossil fuel and biomass burnifgEarly atmo-
spheric oxidation studies of NfHfound that, after the initial
reaction of OH radicals with N§i the resulting byproduct of
the oxidation is HNG. Dentener and Crutzénand later
Kohlmann and PoppSeused atmospheric modeling studies to
show that the oxidation of Nilcould lead to a significant o
production of NO. However, there were considerableguncertain- NH3_ and its Influgnce on th? l\_L(bu_dget. o
ties in these estimates, largely because of an incomplete Given the major uncertainties in the gas-phase oxidation

understanding of the gas-phase oxidation mechanism. All of chemistry of NH, the aqueous-phase oxidation chemistry is
the oxidation intermediates involved in the gas-phase oxidation V€N more uncertain. Despite the fact thatgties an important

mechanism of Nihave not been fully characterized, including role in the neutralization of acidic aerosols and acid rainwater
their impact on atmospheric chemistry. For example, in the droplets? little is known about the solution-phase thermodynam-

oxidation of NH, the N radical is produced. This radical can €S Of some of the key oxidized species. There is substantial
react with Q to give the amineperoxy Ni®; radical, which is current interest in developing an understanding of the biochemi-
unstable, but this reaction is ignored in some atmospheric cal mechanism for the bacterial oxidation of NHAn important

models? The self-reaction of the Ny, radical or with other intermediate in the oxidation scheme is hydroxylamine §NH
species can result in the formation of MB{ which is an

OH), which has interesting chemical properties, in that it can
important intermediate that can help to account for the formation P& Poth oxidized and reduced. Reduction leads to the formation
of HNO in the oxidation of NH. However, this reaction is also

of NH3, and oxidation leads to the formation of nitrogen oxides.

Central to understanding the chemistry in aqueous solution, and,
* Author to whom correspondence should be addressed. E-mail: thus, the biological processing of ammonia and hydroxylamine,

dadixon@bama.ua.edu. is an understanding of the agueous oxidation chemistry of
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NH-0, which is a key intermediate that results from the aqueous combination. The standard heats of formation of compounds at
one-electron oxidation proce%sto 298 K can then be calculated, using standard thermodynamic
H,NO or its isomer HNOH is considered to be a key and statistical mechanics expressidiia/e have previously used

intermediate during the aqueous one-electron oxidation of this approach to calculate the heat of formation of OH 3
hydroxylamine (HNOH). Hydration could favor the HNOH  as well as that of HNO. For N¥DH, we obtained a value of
isomer, and it has been suggested to be the most stable=7.6+ 0.3 kcal/mol 40 K and—10.1+ 0.3 kcal/mol at 298
intermediate in solutio#:12 This conclusion is based on the K. These values fall between the experimental values1#.0
finding that the one-electron oxidized (the oxidant being OH) =+ 2.4 kcal/mot® and—7.9 4 1.5 kcal/mot* at 298 K. Saraf et
forms of both HNOH and HNOCH; seem to havelf, values al3% have used a variety of computational approaches with
ca. 2 pH units below those of the parent compound. However, isodesmic reactions to obtain a value M ** = —11.4 +
given that the protonated parentsNOH" and KNOCHs* have 0.6 kcal/mol. FoAH;(HNO), we obtained 26.6- 0.2 and 25.9
negligible reactivities toward OH, this could be a kinetic artifact + 0.2 kcal/mol at 0 and 298 K, respectively, in comparison to
(i.e., the apparentiy observed could be the pH at which the the best experimental valiéof 26.3+ 0.03 and 25.6: 0.03
effective rate of OH reacting solely with the remaining fraction kcal/mol at 0 and 298 K, respectively. We have used even higher
neutral parent becomes equal to the rate of radical recombinationl€Vels to calculate the heats of formation of the radicals, NH
to yield products). Hung et &?.cited evidence from the literature ~ and OH2425

based mainly on electron paramagnetic resonance (EPR) Inthe currentstudy, we present high-level calculations at the
measurements that seems to indicagl@ is the most stable ~ CCSD(T) level with up through the aug-cc-pV5Z correlation
form. Stable alkyl nitroxyl radicals (e.g., TEMPO (2,5,6, consistent basis sets on the heats of formation and energetics
tetramethy! piperidinoxyl) radicals) are known and widely used Of NH20, NH,O~, HONH, NH,OH*, HNO™, and NHOH™.

as spin traps and redox catalysts in chemical and biochemicalln addition, we have used the COSMO model to predict the
systems. For example, EPR studies of nitroxyl radicals such assolvation energies of these species. Lind and Me®rave
TEMPO have shown that the radical can only be protonated at fecently submitted an experimental study of the thermodynamic
oxygen in concentrated solutions 0f$0;.13 properties of NHO in aqueous solution.

In both the gas-phase and aqueous-phase oxidation chemistr
of NHs, the subsequent chemical fate of the JHradical is
the major uncertainty. This seems paradoxical, because the For the current study, we used the augmented correlation
NH.0 radical, which is the simplest nitroxide radical, has been consistent basis sets aug-ccrd/ffor H, O, and N =D, T,
studied theoretically for many yeak&.1” There is considerable  Q, 5). Only the spherical componentsd57-f, 99, and 11h)
controversy regarding whether the planar structure or nonplanarof the Cartesian basis functions were used. All of the current
structure is the true minimum. Mikami et #lsuggested that ~ work was performed with the Gaussian98, MOLPRO, and
the molecule is planar, based on the hyperfine structure in theNWChem suites of prograni. All of the MOLPRO and
microwave spectrum. At the CISD/cc-pVDZ level, Soto et’al.  NWChem calculations were performed on a massively parallel
found the nonplanar structure to be lower in energy that the 1980 processor HP Linux cluster with Itanium-2 processors,
C,, planar structure. Komaromi and TroncHetalculated the and the Gaussian-98 calculations were performed on a 16-
structure of NHO with several different basis sets and levels processor SGI computer system.
of correlation and predict that the molecule is almost planar ~ The geometries were optimized at the frozen core CCSD(T)
with a negligible inversion barrier. Soto et’dlcalculated the ~ level with the aug-cc-pVDZ and aug-cc-pVTZ correlation-
heat of formation of NHO at the CISD level with an extended —consistent basis sets and, in some cases, with the aug-cc-pvQZ
cc-pVTZ basis set and obtained a value of 17.9 kcal/mol at 0 basis sets. The vibrational frequencies were calculated at the
K and 16.2 kcal/mol at 298 K. Soto et al. predicted HNOH to MP2/cc-pVTZ level. The CCSD(T)/aug-cc-pVTZ geometries
be less stable than NB), by 5.8 kcal/mol. However, it has been were then used in single-point CCSD(T)/aug-cc-pVQZ and
postulated that HNOH is more stable in aqueous media, becauséCSD(T)/aug-cc-pV5Z calculations. The open-shell CCSD(T)
hydration has been predicted to shift the order of stability. If calculations for the atoms were performed at the RIUCCSD(T)
this is, indeed, the case, there are important consequences folevel. In this approach, a restricted open-shell Hartfeeck
chemical mechanisms for the aqueous oxidation, and this may(ROHF) calculation was initially performed and the spin

explain differences between the gas-phase chemistry and aqueconstraint was relaxed in the coupled-cluster calculatfoft.
ous chemistry of Nkl The CCSD(T) total energies were extrapolated to the CBS limit,
using a mixed exponential/Gaussian function of the form

%:omputational Approach

To understand the mechanism and product yield of recom-
bination, reliable thermodynamic data are needed. We have been
developing an approath?® to the reliable calculation of
molecular thermodynamic propertiesotably, heats of forma- . .
tion—based on ab initio molecular orbital theory. Our approach With n = 2 (DZ), 3 (1Z), and 4(QZ), as first proposed by
is based on calculating the total atomization energy of a Peterson et dF This extrapolation method has been shown to
molecule and using this with known heats of formation of the Yi€ld atomization energies in the closest agreement with
atoms to calculate the heat of formation at 0 K. This approach €xPeriment by a small measure, as compared to other extrapola-
starts with coupled-cluster theory, including a perturbative triples 10N approaches up through= 4. In addition, we also used
correction (CCSD(T)¥28 combined with the correlation- the following expansion in Zfax (Where/max equals the highest

consistent basis sé&0extrapolated to the complete basis set 2ngular momentum present in the basis“3dt) estimate the
limit to treat the correlation energy of the valence electrons. COMplete basis set limit, using the aug-cc-pVQZ and aug-cc-
This is followed by several smaller additive corrections, PY5Z results:

including core-valence interactions and relativistic effects, both B

scalar and spirorbit. Finally, one must include the zero-point E(41a0 = Ecgs + —3 2
energy (ZPE) obtained either from experiment, theory, or some /m

E(n) = Ecgs+ Aexp[—(n — 1)] + Bexp[-(n— 1) (1)



Thermochemical Properties ofyNO Molecules J. Phys. Chem. A, Vol. 110, No. 1, 200837

TABLE 1. Optimized CCSD(T) Bond Lengths and Bond TABLE 2. Calculated MP2/cc-pVTZ Vibrational
Angles for Different Molecules Frequencies for Different Molecules
basis bond lengths (A) bond angles (deg) calculated vibrational
set r(NO) r(NH) r(OH) OHNO  additionald symmetry frequency (cm*)
NH0 (nonplanar) NHzO (planar)
avDZ 1.2899 1.0221 118.23 15485 by 193.1
avTz 1.2801 1.0133 118.69 158%7 b 1276.9
avQz 1.2757 1.0118 118.87 160%8 a 1518.2
& 1689.3
NH2O (planar) a 3495.1
avDZ 1.2865 1.0198 119.71 by 3646 4
avTz 1.2780 1.0117 119.77 5
avQz 1.2739 1.0105 119.74 NH0
- a 858.5
NH0 d 1168.2
avDZ 1.4644 1.0408 105.67 10679 a 1194.9
aVTZ 1.4527 1.0306 105.84 107%4 q 1589.5
HNOH a 3179.3
avDZ 1.3844 1.0369 0.9705 100.22 103.39 a' 3254.4
avVTz 1.3767 1.0268 0.9657 100.58 10347 +
NH,OH
NH,OH* a' 349.4
avDZ 1.3099 1.0262 0.9847 113.79 109.74 a’ 736.0
1.0275 121.52 a 1201.2
avVTZz 1.3006 1.0188 0.9806 114.02 10991 a 1458.0
1.0195 121.47 a iggg.é
_ a .
HNO a 3491.2
avDZ 1.3493 1.0628 105.55 a 36259
aVTZ 1.3398 1.0506 105.62 a 3666:8
HON (A")
avDZ 1.3492 0.9762 106.98 a HNOH 770.5
avVTZ 1.3356 0.9716 107.22 a 1146..1
NHzOH" a 1283.3
avDzZ 1.4175 1.0323 0.9781 104.48 108249 a 1588.8
1.0338(2) 111.55 k2) a 3477.0
avTZ 1.4083 1.0261 0.9735 104.73 10857 a 3825.1
1.0272&2) 111.60&2) HNO-
aDihedral JHNOH.  CJHON. a 1182.0
a 1447.6
Equation 2, or similar expansions ind4, work well if aug- a ) 2924.1
cc-pV5Z basis set (or higher) energies are available. Although , HONCA") 11526
eq 2 was originally proposed for describing only the correlation 3 1259.4
component of the total energy, we have used it to fit the total a 3743.7
CCSD(T) energy, because the Hartré®ck component of the "
; : NH;OH
CCSD(T) energy is very nearly converged for such large basis p 309.1
sets. a 1061.1
Core-valence correctionAEcy) were obtained at the CCSD- a 1163.1
(T)/cc-pwCVTZ level of theory# Scalar relativistic corrections d' 1197.4
(AEsg), which account for changes in the relativistic contribu- 2 1292-2
tions to the total energies of the molecule and the constituent d 1668.1
atoms, were included at the €8D (configuration interaction a’ 1670.1
singles and doubles) level of theory, using the aug-cc-pVTZ a 3382.0
basis setAEsr is taken as the sum of the mass-velocity and d' 3482.7
1-electron Darwin (MVD) terms in the BreitPauli Hamilto- g, g‘;zg-g

nian#®> Most electronic structure computer codes do not correctly
describe the lowest-energy spin multiplet of an atomic state. o
Instead, the energy is a weighted average of the available112653 + 0.02 keal/mol, AH(O) = 5_8'980 keal/mol, and
multiplets. For N in theé'S state, no such correction is needed, AHr(H) = 51.63 kcal/mol), we can derivaH;" values for the
but a correction of 0.22 kcal/mol is needed for O (taken from Molecules under study in the gas phase. We obtain heats of
the excitation energies of Mooré. form_atlon at 298 K by following the procedures outlined by
The frequencies were calculated at the MP2/cc-pVTZ level. Curtiss et ab*
These frequencies were used to calculate the ZPEs. The ZPEs . .
were scaled by 0.982, obtained as the ratio of the best estimatéQGSUItS and Discussion
for the ZPE of HNO (8.56 kcal/mol, from the calculated quartic The molecular geometries are given in Table 1. Only the
force field*”) with the MP2 frequencies (1487, 1586, and 3029 geometry for NHO is known. Mikami et al® assumed that
cm™1). We estimate that this introduces an errord.5 kcal/ the N—H bond is 1.01 A and that the molecule hés,
mol. symmetry. This yields(NO) = 1.280+ 0.004 A andJHNH®
By combining our computed Dy values with the known = 122.74+ 2.2°, which are in good agreement with our values
heats of formation a0 K for the element$ (AHfO(N) = of r(NO) = 1.2739 A anddJHNH = 120.5 that are obtained
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TABLE 3. Components of the Calculated Atomization Energie3

calculated atomization
energy (kcal/mol)

molecule CBS, eq1 CBS,eq?2 AEzpd? AEc\® AEsg AEs? SDo(0K), eq T SDo(0 K), eq 2
NH,O (nonplanar) 274.10 273.91 —16.58 0.77 —0.50 —0.22 257.57 257.38
NH,O (planar) 274.07 273.86 —16.58 0.78 —0.50 —-0.22 257.55 257.34
NH,O~ 278.95 279.05 —15.77 0.54 —0.48 —0.22 263.02 263.12
HNOH 267.13 267.01 —16.96 0.50 —0.43 —-0.22 250.02 249.90
H,NOH* 145.90 145.57 —24.90 0.79 —0.53 —0.22 121.04 120.71
H3sNOH* 248.03 247.78 —34.01 0.79 —0.53 —-0.22 214.06 213.81
HNO~ 211.56 211.64 —=7.79 0.47 —0.44 —0.22 203.58 203.66
HNO 205.07 204.98 —8.56 0.40 —0.33 —-0.22 196.36 196.27
HON 179.40 179.26 —8.64 0.38 —-0.35 —0.22 170.57 170.43

aOpen-shell species, including the atomic asymptotes, were calculated with the R/JUCCSD(T) réitoabolated using eq 1 with aD, aT,
aQ. ¢ Extrapolated using eq 2 with aQ, & Zero-point energies (ZPEs) were obtained by scaling the MP2/cc-pVTZ values by 0.982, except for
HNO, which is taken from ref 47. See text for detafi€ore/valence corrections were obtained with the cc-pwCVTZ basis sets at the CCSD(T)
level. " The scalar relativistic correction is based on a CISD(FC)/cc-pVTZ MVD calculati@orrection due to the incorrect treatment of the
atomic asymptotes as an average of spin multiplets. Values are based on Moore’s tables il ¥&fof®K) computed with the extrapolated value
from eq 1."=Do(0 K) computed with the extrapolated value from eq 2.

TABLE 4. Calculated Heats of Formation Based on the HNOH is 7.5 kcal/mol at 0 K, compared to the value of 5.8

Average of theXDy(0 K) Values from egs 1 and 2 kcal/mol obtained by Soto et #.This difference is somewnhat
molecule AH;(0 K) (kcal/mol) AH;(298 K) (kcal/mol) larger than would have been expected based on the levels of
NH,O 173408 1604 08 calculation used by Soto et H.
NH,O- 11.6+ 0.8 10.0+ 0.8 The various total energies and heats of formation can be used
HNOH 24.84+0.8 23.1+ 0.8 to calculate a range of interesting energetic quantities for these
NH,OH* 205.5+£ 0.8 203.1+0.8 species. The electron affinity of N is calculated to be 5.45
NHOH" —7.6+£03 —101+£03 kcal/mol (0.24 eV) using eq 1 for the CBS extrapolation and
NHOH" 163.1+£08 160.7£0.8 5.74 keallmol (0.25 eV) using eq 2 for the CBS extrapolati
HNO- 19.5+£0.5 18.8+ 0.5 : -~ g eq cfortne extrapolation.
HNO 26.84 0.5 26.1+ 0.5 The electron affinity of HNO is calculated to be 7.22 kcal/mol
HON 52.6+ 0.5 51.9+ 05 (0.31 eV) using eq 1 and 7.39 kcal/mol (0.32 eV) using eq 2.
NO° 22.2+£0.5 22.3+05 These electron affinities are not large but are substantially larger

a Experimental heats of formation ofHare 365.2 and 365.7 kcal/  than that for NO, which is calculated to be 0.62 kcal/ffol.
mol at 0 and 298 K, respectively. Experimental heat of formation of The ionization potential of NFOH is calculated to be 213.1
atomic hydrogen (H) at 298 K is 52.10 kcal/mbRef 32.¢ Ref 50. kcal/mol (9.24 eV).

The gas-phase acidities, defined/sid for the reaction AH
at the CCSD(T)/aug-cc-pVQZ level, which are both smaller than — aA- + HT, are given in Table 5. The gas-phase acidity of
the experimental values. The molecule is essentially planar. TheNH,O (NH,O — HNO~ + H™) is 367.4 kcal/mol 80 K and
electronic energy difference is 0.02 kcal/mol using eq 1 and 368.5 kcal/mol at 298 K. Thus, it is a stronger acid in the gas
0.03 kcal/mol using eq 2. If the molecule is nonplanar, the phase, compared to,B, with an acidity of 390.3 kcal/mol at
inversion frequency will be above the barrier to planarity, so 298 K 5! The proton affinity of NHO is 177.1 kcal/mol at 0 K
the molecule will have an average planar structure. and 178.7 kcal/mol at 298 K. Thus, NB is a stronger gas-

The calculated MP2 vibrational frequencies are given in Table phase base than,B, which has a proton affinity of 165 kcal/
2. The total energies are given as Supporting Information. The mol but a substantially weaker base thana\ihich has a proton
various energy components used in calculating the total dis- affinity24 of 204 kcal/mol. The acidity of NbDH (AH for the
sociation energy to atoms, as shown in eq 3, reaction NHOH — NH,O~ + H*) is 384.4 kcal/mol at 0 K

and 385.8 kcal/mol at 298 K and is substantially higher than
2Dy = AEe{CBS) — AE;pe + AE, + AEgr + AEgq (3) that of NH,O, showing that it is a very weak acid. In fact, the
gas-phase acidity for NMDH is comparable to that of J@,
are given in Table 3. We estimate that there is an erret@B being only 4.6 kcal/mol stronger. The proton affinity of MdH
kcal/mol in the electronic energy componentsd(2 kcal/mol OH in the gas phase is 194.9 kcal/mol at 298 K, which is
from the extrapolation based on the spread in the two extrapo-somewhat lower than the value for NHas expected when
lated values and-0.1 from the remaining terms) and, together substituting the electronegative OH group for H.
with the maximum ZPE error, we obtain a maximum error of ~ Various bond dissociation energies are given in Table 6. The
+0.8 kcal/mol. bond energy of the ©H bond in NHOH is 76.5 kcal/mol at

The calculated heats of formation are given in Table 4. Our 0 K. Breaking the N-H bond requires 84.0 kcal/mol at 0 K.
calculated value foAH:(HNO) is within 0.2 kcal/mol of our Lind and Merenyd” estimate the gas-phase OH bond energy
value calculated with basis sets up through the aug-cc-pV6Z from the solution energetics to be-7%7 kcal/mol. For the NH
basis set. Our calculated heat of formation for JAH17.3+ bond energy, they estimate a range of-82 kcal/mol. The
0.8 kcal/mol, is in good agreement with the value of 17.9 kcal/ present calculations are in excellent agreement with these new
mol of Soto et akb Stipa reported that the calculated heat of experimental estimates. Because of the instability of HNOH,
formation for NHO at 298 K was 13.7 kcal/mol for the CBS- as compared to N¥D, the N-H bond is stronger than the-€H
QB3 method. At 298 K, we calculate the heat of formation for bond, reversing the usual trend that-8 bonds are usually
NH»0 to be 16.0 kcal/mol, and the lower level CBS-Q3 result stronger than N-H bonds. We do note that the OH bond in
differs from our higher level calculation by more than 2 kcal/  NH,OH is much weaker than the OH bond in®and that the
mol. Our calculated energy difference between ;NHand N—H bond in NHOH is weaker than the NH bond in NH.
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TABLE 5. Enthalpies and Free Energies of Proton Loss Reactions

free energy of proton loss reaction (kcal/mol)

enthalpy, AH(gas, 298 K) AG(solv, 298 K) AG(aq, 298 K) AG(solv, 298 K) AG(aq, 298 K)

reaction (kcal/mol) AG(gas, 298 K) PCM PCM COSMO COSMO
NH,OH — H* + NH,O~ 385.8 378.5 —339.4 39.1 —343.7 34.8
NH,O — H" + HNO™ 368.5 361.6 —327.7 33.9 —329.3 32.3
NH,OHt — H* 4+ NH,0 178.6 170.8 —185.9 —15.1 —191.1 —20.3
NH3OH® — H* + NH,OH 194.9 187.4 —186.1 1.3 —183.1 4.3
H,O — Ht + HO~ 390.2 383.7 —340.6 43.1 —345.2 38.5

aRefs 25, 48, and 51.

TABLE 6. Bond Energies at 0 K& TABLE 7. Calculated Entropy (S$*°¢K) and PCM and

COSMO Solvation Energy Value$

bond energy (kcal/mol)

molecule O-H N—H N—O P9BK solvation energy (kcal/mol)

molecule (cal molt K™% PCM COSMO
NH,OH 76.5 84.0 61.7

NH,0 61.1 87.0 NH,0O 57.37 —12.66 —11.85
HNOH 79.4 53.6 70.0 NH2O~ 54.60 —88.09 —90.19
HNO 47.0 118.1 HNOH 55.71 —11.66 —7.78
HON 21.2 68.8 NH,OH* 57.40 —89.12 —83.92
] ) NH,OH 56.05 —11.08 —8.93
2 Calculated heat of formatiort @ K for NH; is 45.27 kcal/mol and NH;OH*+ 56.96 —87.38 —88.19
for NH is 85.92 kcal/mol from ref 24. Calculated heat of formation at HNO- 54.55 —77.92 —78.73
0 K for OH is 8.85 kcal/mol (from ref 25). HNO 52.77 —7.68 —5.78
. . . NOH 55.14 —11.65 —-7.79
The bond energy for breaking the-N bond in NHO is 61.1 OH- 41.29 -89.11 —93.37
kcal/mol. The bond energy for breaking the-& bond in H.O 45.13 —10.94 —10.54

H,NOH is only 53.6 kcal/mol, and the N_| bqnd energy is 2 Free energy of solvation of the proton-262.4 kcal/mol (from
higher at 79.4 kcal/mol, because of the instability of HON. The y¢f 55) goH*) = 26.04 cal mot® K1 (from refs 48 and 51)° From

H—N bond energy in HNO is 47.0 kcal/mol, and the-8 bond refs 48 and 51.
energy in HON is much lower, at 21.2 kcal/mol. )
The N-O bond energies in the various species can be TABLE 8. Calculated and Experimental pK, Values

calculated from the data in this paper and the heats of formation pKa adjusted pKa exptl

of various fragments that we have previously calculated at high reaction PCM COSMO PCM COSMO pKa
levels?42>50The N-O bond energy in NbD (producing the N on v+ NH,0- 287 255 128 130 13.74
O atom) is 87.0 kcal/mol and is higher than the-® bond NH,0 — H* + HNO~ 249 237 90 112 12602
energies in NHOH and HNOH, which yield the OH radical as  H0—H* + HO~ 316 282 15.9

a product. The NO bond energy in 4Bl is substantially lower ~ NHOH"—H*+NH,0 —-11.1 -14.8 -39 -54 742

than that in HNO, which is consistent with the higher-® NHiOH' —H" + NHO0H -1.0 -32 6.17

bond order in the latter. The NO bond energy in HON is a Adjusted to the experimental value for®l for the acidities and
comparable to that in HNOH, and, in both cases, an OH radical t the experimental value for NJ@H* for the basicities. See text and
is formed. ref 59.° Data taken from ref 37 Corrected for HO concentration

d
We are also interested in the behavior of these species in Data taken from ref 10.

aqueous solutions, especially for comparison to the work of Lind

and Mereny®’ To estimate the effects of solvation, we have the HO concentration of 55.4 M. Thus, our simple solvation
calculated the free energies of solvation using the PCivd approach is making a substantial error of 12 to K3 pnits for
COSMO® approaches. We have chosen these solvation ap-H,O at the COSMO level and a larger error at the PCM level.
proaches for their simplicity and because they have been usedThis error is due to the lack of explicit waters of solvation
in previous studies of the solvation of similar N specie$* around the OH. If these are included, excellent agreement with
The solvation calculations were conducted at the density the experiment is observed, but a substantial number of water
functional theory level with the B3LYP functional and the molecules are required.

6-311+G(d) basis set. This approach is simpler than the The calculated entropies at 298 K and free energies of
combined supermolecule-continuum approach that we have usedolvation are given in Table 7. The calculated reaction free
previously to calculate the free energy of solvation of the proton energies are given in Table 6, and the,walues are given in

in aqueous solutiob? At 298 K, the value ofAGg(H™) is Table 8. First, we note that the effect of solvation is to make
—262.4 kcal/mol, and we can use this value together with the the energy difference between BBl and HNOH larger in
gas-phase acidities and the calculated free energies of solvatiorsolution than in the gas phase. Thus, at equilibrium in solution,
of the neutral acid and the anion to estimate thg yalues in only NH,O would be predicted to be observed. This is consistent
aqueous solution at 298 K. These methods seem to work wellwith EPR results from the study of one-electron oxidation of

with larger anions but not as well with smaller aniéA§® hydroxylamine by C&, which show that NHO is the sole
The experimental value fakG for the reaction HO — OH~ species and show no evidence of the HNOH isofRer.
+ H* in the gas phase is383.6 kcal/mol at 298 R! Using The acidity of NHOH without any corrections givep =

this value, together with the COSMO values for the free energy 25.5 at the COSMO level. This is clearly too high, in comparison
of solvation of HO and OH (Table 7), we obtain Ig, = 28.2 to the experimental result okg = 13.74%° The calculated ik,

for 1 M H,O (Table 8) and a value ofta = 31.6 at the PCM is predicted to be 2.7Kunits smaller than that for #0 at the
level. The calculated values foKgH20) are clearly different COSMO level and 2.9k units at the PCM level, in reasonable
from the well-established value oKp = 15.7, corrected for agreement with the experimental difference~a? pKj, units.
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This suggests that the solvation energy difference between NH An important oxidation byproduct of Ngis the NHO radical.

OH and NHBO™ is very similar to that betweenJ® and OH". No experimental data are yet available on the important reactions
The approach of directly comparing the acidities to that gDH of NH,O on atmospheric aerosol surfaces. To explainykNO
follows on the work of Pliego and Rivergfsand Takano and  budgets, modeling studies do indicate the importance of
Houk 8! Using this approach, we predidKggNH,OH) to be 13.0 heterogeneous loss processes involvingsMiHd NHO. The

at the COSMO level and 12.8 at the PCM level. Th&, for present work has estimated important gas-phase and aqueous

NH0 is predicted to be 1.8k units lower than that of N chemical energetics andKp values that can assist new
OH at the COSMO level, which is consistent with the experimental studies in evaluating important underlying process-
experimental value, which places it 110.3 (K units lower. ing chemistry in aerosols. For example, an important issue for

At the PCM level, the difference is somewhat larger (38 p  atmospheric model studies is understanding the importance of
units). These results again suggest that the solvation energyNH,O and its isomer HNOH in chemical schemes both in the
differences between the neutrals and the anions are comparablgas phase and in aerosol form. The present work provides new
for NH,O/HNO~ and HO/OH". insight into the dichotomy of NKD and HNOH in the chemistry
Based on the calculated values, we would predict thag-NH  in aerosol form and water droplets. If HNOH is important, it is
OH* will not be formed in aqueous solution, because it has a only as a kinetic product, because, under equilibrium conditions
low basicity, based on the predictepof —14.9 at the in the atmosphere, as either a gas or in aerosol or droplet form,
COSMO level and—11.1 at the PCM level, and will readily it will not be present.
give up its proton. The raw PCM value is closer to the estimated
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