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The hydroperoxy radical (H£ plays a critical role in Earth’s atmospheric chemistry as a component of
many important reactions. The self-reaction of hydroperoxy radicals in the gas phase is strongly affected by
the presence of water vapor. In this work, we explore the potential energy surfaces of hydroperoxy radicals
hydrogen bonded to one or two water molecules, and predict atmospheric concentrations and vibrational
spectra of these complexes. We predict that when thgdd@centration is on the order of&ioleculescm™3

at 298 K, that the number of HO-H,O complexes is on the order of 1Moleculescm2 and the number

of HO,++(H,O), complexes is on the order of 4@noleculescm™3. Using the computed abundance of
HO,---H,0, we predict that, at 298 K, the bimolecular rate constant fog-HB,0 + HO, is about 10 times

that for HGQ, + HO..

Introduction SCHEME 1: Catalytic Cycles in HO, and NOx
Producing Ozone While Oxidizing Volatile Organic

The hydroperoxy radical (H£is a molecule that is of interest Compounds

in many fields, including environmental chemistry, astrochem-
istry, and biochemistry. It plays a significant role in Earth’s
atmospheric chemistry as a component of several important

gas-phase reactions. The formation of the hydroperoxy radical v
stems primarily from the OH radical-initiated degradation of NG NO
organic compounds, and the subsequent photolysis of alde- hv, ’
hydes! H,0 >_<
H,CO(g)+ hv (A =370 nm)— HCO(g)+ H(g) (1) OH
HOO
H(g) + O, — HOL(9) 2 - A
RCH,=O
HCO(g) + O, —~ HO,(g) + CO(g) 3) RCH,
The self-reaction of two hydroperoxy radicals leads to the interstellar dust, and satellites (e.g., Jupiter's moon Europa)
production of molecular oxygen and hydrogen peroxide: could result in the chemical processes seen in hydroperoxy
radical’s self-reaction or its reaction with wate The hydro-
HO,(g) + HO,(g) — HOOH(g)+ O,(9) 4) peroxy radical is also believed to be important in several

) ] biological processes, where it has ample opportunity for forming

Once formed, hydrogen peroxide rapidly enters aqueous aerosolgyeak interactions with water molecul&sThus, understanding
where it oxidizes sulfur dioxide to sulfuric acid. The reaction the structure and energetics of the #@H,O complex is
of hydroperoxy radical with nitric oxide forms NOwhose fundamentally important for several fields of study.
photolysis leads to form_at|0n of ozone as shown in Sgh_eme L There has been an indirect determination of the equilibrium

The hydroperoxy raplu;al also has a very strong affmlty for constant for formation of the H®+-H,O compleX? and an
water. The atmOSphe.”C Importance of this fact came to light 3 attempt to obtain its spectruth.However, no interpretable
decades a_lgo,, when it was de_termmed that the rate of hydrOp'spectrum has been obtained for this complex. Recently, there
eroxy radical’s self-reaction in the gas ph‘?‘se Was.strongly have been several quantum-mechanical studies of a single
affected by the presence of water vapofr.This was widely conformer of the H@+-H,0 complext*-16 Because of the role

suspected to result from the formation of an #€H;0 water has in hydroperoxy radical reactions, gaining a detailed

ﬁo?plex, andleg to onleéxzf tthe first ab 'n't'? st_uiiles ct)fdtms energetic and structural understanding of possible-HB,0O
ydrogen bonded COmPIEXASronomers are also interested in - 5,4 5. (1,0), complexes will give additional insight into

molecies as elated o heir mtrpretation of data obtained flom 1€ 19€ 7 hycrogen bonded system plays in aumospheric
p chemistry and other phenomena.

icy surfaces in space. Radiolysis of icy surfaces on comets, Using CCSD//MP2 calculations with a variety of basis sets
t Hamilton College. the equilibrium constant (standard state of moleaur€) for
* SUNY-ESF. reaction 5
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HO,(g) + H,0(g) — HO,+-H,0O(9) ®)
at room temperature has been estimated to be betweet(418 0.968A 4 103 90 13254
and 1.3x 107211417 Experimentally, Kanno and colleagues 104.5°
determined the reaction’s equilibrium constégtto be (5.2+ 0.9684
3.2) x 1071 at 297 K, which leads to a concentration ratio of 0.9834
[HO2-+-H,0OJ/[HO] of 0.19+ 0.11 at 297 K and 50% relative
humidity 12
Hydroperoxy radical’'s self-reaction has been the subject -
of three computational studies to d&teé®1°two of which 13184 0.975A9.104.8
have examined the catalytic role of water. In addition to the g Ol Y
HOz:-*H,O dimer complex, the H@-+(Hx0), trimer is of 0000a W 17854
interest. The trimer may be atmospherically relevant, and serves

as a stepping stone to modeling bulk or surface hydration of DimicA

HO,.1620 As a model for HQ interacting with cloud droplets, 09708 2.154A

Shi and co-workers performed quantum-mechanical calculations ) g¢q & o ,—V i

on the HQ:+(H20)20 complex2® They proposed that hydrop- C iR 0.968A1 103.4° 13052} o e
eroxy radical reactions may occur on the surface and in the P v )
interior of a cloud droplet. Complexes and clusters of water ' 0.984A4
with oxidants, including the hydroperoxy radical, is the subject 13204 104.7°

of two recent reviewd!22 Our goal is to obtain all of the .

potential configurations of H&--H,O and HQ:++(H,0), com- Dimer-B 0.9844 Dimer-C

plexes, and determine their energies and relative abundancesigure 1. Molecular structures of HE H,O, and the three HE-

in the lowermost troposphere. This is a fundamental step for H,O dimers determined at the MP2/6-31G* level of theory. Key
obtaining a better understanding of water’s role in the self- interatomic distances (angstroms) and angles (degrees) are given.
reaction of the hydroperoxy radical and its gas- and aqueous-

phase chemistry. using either a 12-fold or an 8-fold rotation around the hydrogen
bond, prior to PM3 optimization of each conformer. The
Method conformers were grouped based on dihedral angles, optimized

with HF/6-31G* calculations, grouped based on energies, and
the remaining conformers were input to the G3 model chemistry.
This approach generated four RO(H,0), complexes. We
performed frequency calculations on all complexes using the
HF/6-31G* level of theory, and computed a Boltzmann distribu-
tion using our G3 model chemistry free energies. All complexes
reported have been verified to be stable minima on the HF/6-
31G* potential energy surface. All calculations involving
hydroperoxy radical were done using spin-unrestricted wave
functions.

The initial HO,:--H,O configurations were built using the
SPARTAN software by placing a water molecule about the
hydroperoxy radical at three different locations. In two of these
configurations, each radical oxygen atom accepted a hydrogen
bond from the water, while the third configuration had the water
accepting a hydrogen bond from the hydroperoxy radical.
Additional configurations were generated using a 12-fold
rotation around the hydrogen bond of each initial structure, and
each of these configurations was optimized with PM3. The
resulting conformers were grouped based on dihedrals of
matching signs (positive or negative) and similar values (i.e.
0—8, 8-25, 25-90, 90-120, 1206+). Previous work on small
water clusters has shown that PM3 geometry optimizations of  Structures. We found three unique hydrogen bonded com-
conformers with similar dihedral angles converge on a common plexes of the H@-:-H,O heterodimer, including the one
minimum?24 The groups were not based on energies becausepreviously described in the literature where the hydroperoxy
most conformations from each search possessed PM3 heat ofadical molecule is the hydrogen bond donor (dimer A in Figure
formation energies within 3 kcahol™! of each other. We 1). The two new dimer configurations (dimers B and C) both
performed a HartreeFock (HF) 6-31G* optimization using the  involve the hydroperoxy radical acting as a hydrogen bond
Gaussian03 progradhon the lowest energy member from each acceptor.
of these groups. The resulting HF energy values and structures Dimer A belongs to the Qpoint group and has an enantiomer.
were then compared to identify unique complexes. Some of the Our MP2(full)/6-31G* optimized value for the hydrogen bond
structures picked from different groups optimized to similar length is 1.785 A, only 0.004 A shorter than the MP2/6-
structures, and in total, only two unique structures (dimers A 311++G(2df,2pd) value of Aloisio and Franciséb. The
and C) were located. A third dimer configuration (dimer B) excellent agreement between MP2(full)/6-31G* and MP2/6-
was found by enforcin@s symmetry on the molecule. Without  311++G(2df,2pd) results allows us to have confidence in the
Cs symmetry, this configuration quickly minimizes to dimer C  geometries of dimers B and C. Both dimers B and C possess
in Figure 1. Finally, Gibbs free energies were obtained using Cs symmetry. Dimer B has a hydrogen bond length of 2.132 A,
the Gaussian (G3) model chemistfyNo further corrections indicating weaker attractive forces involved in this dimer
have been made for basis set superposition error, as the methoébrmation in comparison to dimer A. Breaking tBgsymmetry

'’ Results and Discussion

has an inherent correction for basis set artifd€t$? in dimer B followed by an optimization forms dimer C, the
We started our search for the H@(H.0O), complexes by third and least stable dimer (rotating dimer B's water by°180
bonding another water molecule to the original ++H,0 results in the formation of dimer C, recapturiGgsymmetry).

complexes in various locations. This resulted in 13 new starting dimer C has a 2.154 A hydrogen bond, which is the longest
structures. For the exploration of the conformations of these hydrogen bond distance seen in any of the dimer or trimer
structures, over one hundred additional structures were generateg¢omplexes.
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(2df,2p)//IB3LYP/6-311+G(2df,2p) electronic energy for reac-
tion 5, AEeied0 K), of —9.4 kcatmol™* and after correcting for
zero-point vibrational energy\Ezpve, the energy becomest.9
kcalmol~1.14 These values are in excellent agreement with our
G3 AEeied0 K) andAEzpye values of—9.1 and—7.1 kcatmol .
Including thermal and entropic effects results in dimer A having
a enthalpy,AH°(298 K), and free energy for reaction 5,
AG°(298 K), of =7.4 and—0.5 kcatmol~1. Dimers B and C
have a significantly more positive free energy for reaction 5,
with values of 2.4 and 3.1 keahol™1. The fact that dimer A
consists of two enantiomers further lowers the effective free
energy byRT In(2), for an effectiveAG°(298 K) of —0.94
kcaFmol~1. A Boltzmann calculation, taking into account the
enantiomer of dimer A, predicts the relative abundances at
298.15 K of dimers A, B, and C to be 99.5%, 0.4%, and 0.1%.
Dimers of hydroperoxy radical and a water molecule will be
dominated by dimer A, where the hydroperoxy radical acts as
the hydrogen bond donor.

The calculated Gibbs free energy for the reaction forming
the two enantiomers of dimer A is0.9 kcatmol=2, which is
in good agreement with the experimental value-af5 (+0.6/—
0.3) kcatmol~ from Kanno and co-workers as determined from

104 9° ‘ 0.9694

104.9° Wo 970A

1961A ,»'

-
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0.973A % 104.9°
6.

1.003A 1.731A 0.97T1A

Trimer-C

1.327A

106.2°__1.003A their reported equilibrium constaktThe relative instability of
L7344 dimers B and C means that they contribute negligibly to the
2']5"&," :&s overall dimer population.
A . &:.970;& Let us now consider the thermodynamics of the formation
o Vg i of the trimers:
0.9694  105.6°
d HO,(g) + 2H,0(g) — HO,*++(H,0),(9) (6)
Trimer-D

Table 1 contains the energies and the Boltzmann distribution
calculation at 298 K for the trimers. As expected based on the
strong similarities of their structures, trimers A and B possess
nearly the same energy, withG° (298 K) for reaction 6 of

We found four unique configurations for the HOG(H,0), —0.47 and—0.39 kcalmol™?, respectively. Trimers A and B
trimer complex, all of which have the hydroperoxy radical acting are also the most stable trimers, and are responsible for 99% of
as a hydrogen bond donor and acceptor, as seen in Figure 2the trimer population. Hydrogen bonding in these two trimers
Each trimer possess€s symmetry and has an enantiomer, with  occurs in a three-membered ring, with each molecule/radical
trimers A, B, and D existing as cyclic clusters. The only acting as both a hydrogen bond donor and acceptor. This cyclic
difference between trimers A and B is the orientation of the motif has been observed in water clust€¥%; and has been
hydrogen on the water molecules. In these trimers, the cyclic attributed to the enhanced cooperativity of these cyclic struc-
structure allows both oxygens of the hydroperoxy radical to tures3’
participate in hydrogen bonding with a water, one as a hydrogen We now consider the abundance of these dimers and trimers
bond donor and one as an acceptor. By contrast, in trimer Cin the atmosphere at 298 K. This depends onkpealues for
this is achieved with an extended structure; thus trimer C is the reactions 4 and 5, the abundance of water vapor, and the
only cluster where the two water molecules do not form a abundance of hydroperoxy radical:
hydrogen bond between each other. Trimer D is unique as the

Figure 2. Molecular structures of the four H®-(H.0), trimers
determined at the MP2/6-31G* level of theory. Key interatomic
distances (angstroms) and angles (degrees) are given.

hydroperoxy radical’s hydroxyl oxygen acts both as a hydrogen- Ko dimer = Peompied PHOZPHZO (7a)
bond donor and acceptor, while its other oxygen (the radical 5
center) does not participate in any noncovalent interactions. An Kp trimer = Peompled PHOZ(PHZO) (7b)

interesting observation about the trimer complexes is that the
hydrogen bonds formed by hydroperoxy radical donating WhereP; are expressed in atmospheres. Since there are multiple
hydrogen are shorter than that observed in dimer A, which has dimers and trimers, we compute the réf@mplexi/Pro, for each
a similar bonding motif. This is an indication that the inclusion complexi, and determine the fraction of the total bifresent
of the second water alters the electronic configuration about as each complex:
dimer A, allowing for a more energetically favorable interaction
[Pcomplexi/PHOZ]/{ 1+ Zi[Pcomplexi/PHoz]}

to occur. The cyclic trimers have the same cooperativity

interactions as cyclic water clusters that have hydrogen bonds

that all donate in the same directi&t?’:3%4° The most stable  Values ofK, calculated fromAG°(298 K) and accounting for
+(H20); clusters can be constructed simply by replacing the presence of enantiomers are listed in Table 2., HO

one of the water molecules in the most stable water trifers concentrations vary enormously in time and space, but often

(8)

HOz"
with the radical.
Thermochemistry. As can be seen in Table 1, dimer A is

reach 5x 10® moleculescm~2in photochemically active regions
of the lower troposphere. Present detection metHqatsbably

significantly more stable than the two other conformers. For detect H@---H,O and HQ---(H»O), with roughly the same

dimer A Aloisio and Francisco reported a CCSD(T)/6-3H#1G-

efficiency as monomer, so we will takex6 10° moleculescm™3
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TABLE 1: Changes in G3 Electronic Energies, Enthalpies, Entropies, Gibbs Free Energies, and Boltzmann Distribution for
Formation of HO,:-+(H,0), for n =1 and 2

HOz+++(H20)n AEged0 K) AEzpve(0 K) AH°(298 K) AG°(298 K) AS’ (cakmol™t- K1) distribution (298 K)
n=1

dimer A -9.14 —7.06 —7.42 -0.53 76.45 99.5%
dimer B —3.54 —2.38 —-2.15 2.37 84.42 0.4%
dimer C —3.43 —2.22 —2.04 3.12 82.25 0.1%
n=2
trimer A —20.64 —15.80 —16.98 —0.47 89.20 52.5%
trimer B —20.08 —15.46 —16.52 -0.39 90.45 45.9%
trimer C —13.53 —10.36 —-10.41 1.68 104.04 1.4%
trimer D —15.71 —11.44 —12.27 2.91 93.66 0.2%

2 All energies reported are based upon a standard state of 1 atm and have unitsrobkéal

TABLE 2: Equilibrium Constant (Standard State of 1 atm) for HO, monomer increases the reaction rate by an enhancement
gﬂg 5%@”1%%8/“ Ig]:allzxrt’isveeﬁ'-louz rr?ig(ijtyﬂgrz-ﬁz\‘s(?lfra)endf%rotnalz[ H10] factor, E, due to the fractiorf, of dimer A present, then at

0 7 .
=5 x 10 moleculescm2 at a Temperature of 298.15 K 298.15 K eq 9 is related to E aridy

i Kp (1 at N lecul 3 _
species p (1 atm) (moleculescm™3) {1+ 14x 10 21[H20]e+2200/298.1? =@1-f)+fE (11)
HO, monomer 4.3 1¢°
n=1
dimer A (e) 2.4 (13 8y 6.6 x 107 The formation of dimer A reduces the concentration of 2HO
dimer B 0.018 2.5¢ 10° monomer by a fractiorf, thereby causing a corresponding
d'gner c 0.052 6.9« 10* decrease in the rate of the self-reaction of H@nomer. The
n= _ Ny . . .
trimer A (¢) a4 1.9 106 (1 — f) term on the right-hand side c_orresponds to this fract|onal
trimer B (e) 39 1.6¢ 10° decregse. We then solv_e for E using the range of RH used in
trimer C (e) 0.12 4.9 10 experiment (6-55%). Using the values df, computed here to
trimer D (e) 0.015 6.% 10° determinef, we obtainE = 10.5. Using Kanno’s value of

a Equilibrium constants are increased by In 2 for species with two Kp = 13 + 8, we compute an enhancement factor of1®
enantiomers, where parenthesis (e) indicates an enantiomeric pair(4 [+6, —2]).
b Reference 12. Vibrational Spectra. The calculated and experimental fre-

guencies for the water and hydroperoxy monomers, and the three

to be the concentration of H@as monomer and in all clusters),  dimer complexes are given in Table 3. The scaled HF/6-31G*
and assume that Only dimers and trimers contribute significantly frequencies for the water monomer agree very well with the
to the HQ cluster population. For this calculation we will  experimental frequencies, with a maximum error of 36 &m
assume a relative humidity (RH) of 100®{o = 0.03125 atm).  The frequency of the;; mode of the hydroperoxy monomer

Results of these calculations are listed in Table 2. We predict should be diagnostic of hydrogen bond donation by, it
that dimer A will have a concentration of 6.& 10’ would be helpful to be able to rely on the computed frequencies
moleculescm™3, and dimers B and C will have equilibrium  of this mode in the complexes. Unfortunately, the scaled

concentrations 23 orders of magnitude lower. Trimers Aand  frequency we obtain at the HF/6-31G* level overestimates the
B will have concentrations of 1.9« 10® and 1.6 x 1(° experimental frequency by 172 cf

moleculescm™3, while trimers C and D will have concentrations The experimental OH stretching frequency of the HO

1.5-2.5 orders of magnitude lower. Since the hydroperoxy molecule in the dimer complex occurs as a strong infrared peak
radical concentration is much less than that of water vapor, the gt 3236 cm?, redshifted by 177 cmi with respect to hydro-

computed dimer and trimer concentrations scale linearly with peroxy monomer (both in an Ar matri%y Computations indicate
the assumed total HOconcentration. Conversely, dimer and 5 redshift of 101 cmt for dimer A, but only 3 and 1 cni for
trimer concentrations do not scale linearly with RH; decrease dimers B and C. Clearly, the redshift seen in the experimental
of RH to 50% reduces dimer concentrations by 44% and trimer spectrum of the dimer is only consistent with dimer A. Note
concentrations by 73%. that the Ar matrix only redshifts; of hydroperoxy monomer
As noted in the Introduction, one motivation for this study py ~20 cnr? with respect to the gas-phase vafié*
was an interest in how water vapor enhances the self-reaction e scaled vibrational frequencies for the four trimers are
of HO, (reaction 4). The observed effect is roughly linear with - renorted in Table 4 along with their relative infrared and Raman
water concentration. One commonly used recommendai$on  jntensities. The “a” and “d” by the mode labels in Table 4
that the bimolecular rate constant of reaction 4 is increased byngicate whether the species involved is acting as a hydrogen
a multiplicative factor: bond acceptor or donor in that mode. The intermolecular
_ frequencies all exist below 1000 c# and are complex motions
K(T, [H0]) = involving two or more of the constituent molecules. Unlike the
k(T, [H,0] = 0) {1+ 1.4 x 10 ?[H,0]e"**™} (9) case of the dimers, it is only within these modes that the trimers
exhibit large differences in frequencies between the different
where [HO] is in moleculescm™3. It is widely assumed that ~ conformers, most notably in the H wagging modes.

the increase in rate constant is due to the reaction; Detecting these dimer and trimer species is a difficult
experimental task because of their low abundance and the

HO,:+-H,0(g) + HO,(g) — HOOH(g) + H,O(g) + O,(9) potential for their rovibrational spectra to overlap each other’s
(10) spectra, as well as the spectra of the monomers and pure water

clusters. Fortunately, there are a few modes that can be used to
If we make the simple assumption that substituting dimer A distinguish dimer A from trimers A and B. Table 5 summarizes
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TABLE 3: Scaled Vibrational Frequencies (cnt?l) of HO,, H,0, and HO,:--H,O Complex at HF/6-31G* (Scaled by 0.8929, with
Experimental Values in Parentheses and IR and Raman Intensities in Bracket)

mode H,0O HO, dimer A dimer B dimer C
v3(H20) 3740 (3756) (3734} 3730 [m,m] (3691 3734 [m,m] 3642 [w,s]
v1(H20) 3634 (3657 (3638Y 3629 [w,s] (3501.5) 3633 [w,m] 3738 [w,m]
v1(HO,) 3585 (3413.09 3483 [vs,s] (3236.2) 3582 [w,s] 3585 [w,s]
v2(H20) 1631 (1595) 1627 [s,w] 1643 [m,w] 1646 [m,w]
v2(HO,) 1449 (1388.9) 1538 [m,w] (1479.3) 1454 [w,w] 1447 [w,w]
v3(HO,) 1117 (1100.8) 1126 [w,w] (1120.4) 1125 [w,w] 1117 [w,w]
H wag 562 [s,0] 334 [vs,w] 312 [vs,w]
H---O stretch 332 [s,w] 91.37 [w,0] 136 [0,0]
rock (H0) 229 [s,w] 180 [m,w] 136 [m,w]
deformation 207 [w,0] 120[0,0] 107 [w,w]
deformation 94 [m,w] 371[0,0] 98 [0,0]
rock (HO, and HO) 59 [w,0] 34 [m,0] 38 [w,0]

a|ntensities are listed as very strong (vs), strong (s), medium (m), weak (w), or negligibleM6)le motion: v4(H,0) for OH symmetric
stretching in HO; v,(H20) for HOH bending in HO; v3(H.0) for OH asymmetric stretching inJ®; v1(HO,) for H—O stretching in HG, v2(HO,)
for HOO bending in H@, v3(HO,) for O—O stretching in HG. ¢ Reference 469 Reference 47¢ Reference 48\ Reference 49.

TABLE 4: Scaled Vibrational Frequencies (cnt?) of HO,:++(H,O), Complexes at HF/6-31G* (Scaled by 0.8929, with IR and

Raman Intensities in Brackets)

modé trimer A trimer B trimer C trimer D

v3(H20 d) 3717 [m,m] 3721 [m,m] 3733 [w,s] 3722 [m,m]
v1(H20 a) 3532 [s,s] 3544 [s,s] 3732 [m,s] 3561 [s,s]
v1(H20 d) 3610 [m,s] 3613 [m,s] 3642 [w,s] 3617 [w,s]
v3(H20 a) 3702 [m,m] 3706 [m,m] 3632 [w,s] 3709 [m,m]
v1(HOy) 3373 [vs,vs] 3379 [vs,vs] 3455 [vs,vs] 3430 [vs,s]
vo(H20 d) 1637 [m,w] 1635 [m,w] 1652 [s,m] 1636 [w,w]
v2(H20 a) 1649 [m,w] 1656 [m,w] 1626 [m,w] 1649 [m,w]
v2(HO,) 1568 [m,w] 1570 [m,w] 1536 [w,vw] 1512 [m,w]
v3(HOy) 1139 [w,w] 1139 [w,w] 1128 [w,vw] 1127 [w,w]
H wag 721 [m,w] 646 [m,w] 621 [m,0] 711 [w,0]
H wag 665 [m,0] 659 [m,w] 334 [m,vw] 570 [vs,w]
H wag (HO a, d) 455 [m,w] 403 [m,0] 297 [w,vw] 390 [s,w]
O---0 stretch (HO a, HQ) 263 [m,w] 240 [w,0] 234 [m,vw] 212 [w,0]
H wag 355 [m,w] 262 [m,w] 215 [m,0] 346 [m,0]
H twist (H20 d) 246 [w,w] 384 [m,w] 140 [w,vw] 242 [w,0]
rock (HO a & d) 229[w,0] 197 [w,w] 130 [w,0] 193 [m,w]
O-+-0 stretch (HO a & d) 199[w,0] 191 [w,w] 112 [w,0] 172 [w,0]
hydrogen motion 164 [m,w] 133 [m,0] 65 [w,0] 103 [m,w]
hydrogen motion 65 [w,0] 54 [w,w] 47 [w,vw] 124 [w,0]
heavy atom motion 151 [w,w] 156 [w,w] 25 [w,0] 36 [w,0]
heavy atom motion 104 [w,0] 100 [w,0] 22 [w,0] 87 [w,w]

aSee Table 3 for description of intensities and mode motion.

TABLE 5: HF/6-31G* Scaled Infrared and Raman Absorptions for the Low Energy Clusters HO,:++(H,0), for n = 1 and 2,

along with the Respective Monomerd

modes HQ H>0 H,0-++H,0P H,0:++(H,0)2 dimer A trimer A trimer B
v1 (H20) 3634 [m, na] 3630 [m,w] 3562 [s,m]; 3558 [s,m]; 3629 [w,s|(/na) 3532 [s,s]{102//-97) 3544 [s,s]£90/+12)
3519 [w,s]

v1 (HO2) 3585 [m, na] 3483 [vs,sH102//na) 3373 [vs,vs}H212//~110) 3379 [vs,vs]{206/H-6)
H motion 721 [m,w] 646 [m,w] (na#75)
665 [m,0] 659 [m,w] (na#19)
553 [m,w] 598 [s,w] 562 [s,0] 455 [m,w] (na#107) 403 [m,0] (na#52)
342 [m,w] 407 [m,w]; 314 [w,w]; 355 [m,w] 262 [m,w] (na#93)

296 [w,w]; 221 [w,w]

a|n parentheses is given the spectral shift from the monomer//shift from the preceding cluster, where a positive value indicates a blue shift and

a negative value indicates a red shifReference 45.

this information, showing that dimer A’s hydroperoxy radical's
O—H stretch will be red shifted by approximately 100 T
from that of free hydroperoxy and will have a very intense
infrared peak. Trimers A and B will have this mode, further
red shifted by another 100 crh again with very strong infrared
absorption bands. Similarly, water’'s symmetrie-B stretch

in dimer A will be unchanged from that of free water, but if
trimers A or B form, a strong infrared peak will appear red
shifted by approximately 100 cr. In terms of the symmetric
O—H stretching mode of the water molecule;(H.0)) and

peaks for dimer A and trimers A and B will be masked by
vibrational modes that arise from the formation of thgOH-
H,0 and HO--+(H,O), complexes? as seen in Table 5.

Conclusion

Our thorough search of conformational space discovered two
unigue HQ---H,O complexes in which hydroperoxy acts as a
hydrogen bond acceptor, in addition to the previously described
HO,:--H,O complex in which hydroperoxy acts as a hydrogen
bond donor. The donor complex is the most abundant of the

hydrogen wagging mode of the complex, the unique infrared three, resulting from a more favorable free energy of formation
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for the two enantiomers of this complex. Our computed binding  (17) Lendvay, GZ. Phys. Chem.-Int. J. Res. Phys. Chem. Chem. Phys.
; : - i 001, 215, 377.

;energles qnd free energies weore vfery similar to ftk:(ose optanjed2 (18) Zhu, R. S.: Lin, M. CPhyschemcomi001.

rom previous computations. Our free energy of formation is  (19) 7hy R S.- Lin, M. CPhyschemcom®003 6, 51.

well within the error bars of the experimental value. We (20) Shi, Q. C.; Belair, S. D.; Francisco, J. S.; KaisPSc. Natl. Acad.

identified two cyclic trimers that are very similar in energy. Sci. U.S.A2003 100 9686.

The most favorable hydrogen-bonding motif has both hydrop- . (21) Sennikov, P. G.; Ignatov, S. K.; Schrems@hemphysche005

eroxy radical’'s oxygens participating in hydrogen bonding, one ' (22)' Hansen, J. C.; Francisco, J.Ghemphyscher2002 3, 833.

as a hydrogen bond donor and the other as an acceptor, with (23) SPARTAN. Spartan; 5.1.3 ed.; Wavefunction, Inc.: Irvine, CA

the waters forming a hydrogen bond between them. This same92612, 1998. , )

motif has been observed in cyclic water clus&@ and has 20(()%4)10%3%"79"3' B.; Kirschner, K. N.; Shields, G. Q. Phys. Chem. A

been attributed to the enhanced cooperativity of .thes'e cyclic ™ (25) Frisch, M. 3.; Trucks, G. W.: Schlegel, H. B.; Scuseria, G. E.; Robb,

structures’ We predict that when the HQxoncentration is on M. A.; Cheeseman, J. R.; Montgomery, J. A, Jr.; Vreven, T.; Kudin, K.

the order of 18 moleculescm™2 in the lower troposphere at ~ N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;

298 K, that the number of H®-H,O complexes is on the order

Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
of 10 moleculescm™ and the number of H@--(H>O),
complexes is on the order of 4énoleculescm3,

Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J;
Ack led t Ack led ti de to the d Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
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