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Infrared Spectroscopy of Ozone-Water Complex in a Neon Matrix
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Matrix isolation infrared spectroscopy has been applied to study an exeeter complex of atmospheric
interest. The complex was identified in the spectral region of three normal modes of ozone and water. Ab
initio calculation at MP4(SDQ), QCISD, and CCSD(T) levels indicates the existence of only one stable

conformer, which accords with the present experimental result. This conformer belonggQostrametry
group where two molecular planes of ozone and water are perpendicular @ gygnmetry plane. The
binding energy was calculated to be 1.89 kcal/mol at the CCSD(T)/6~3Q(3df,3pd)//CCSD(T)/6-31t+G-
(d,p) level of theory. The formation constant and atmospheric abundance of the-ovatee complex are
estimated using the thermodynamic and spectroscopic data obtained.

Introduction

Ozone plays a central role in the chemistry of Earth’s
atmosphere. The @) atom is generated in the UV photolysis
of ozone and then reacts with,8 to produce the hydroxyl
radical (OH).

0, +hv—0O('D) + O, (1)

O('D) + H,0 — 20H )
The UV light below 340 nm is thought to be important in the
O(*D) production from an ozone monomer in the atmosphere.
The hydroxyl radical is one of the most important oxidants (OH,
O3, NO3) in the atmosphere: specifically, OH and @ke on
the leading role in the daytime chemistry. Recently, the ozone
water complex, @-H,0, has been proposed to be a possible
source for the hydroxyl radical in the troposphere. According
to the estimate by Frost and Vaiél#.001-0.01% of tropo-

The binding energy of the £H,O complex has been
calculated and reported by a few papers.Gillies et al?
recorded the microwave spectrum of the ozenater complex
and determined its configuration to be 6f symmetry with
three atoms of water and a center oxygen of ozone lying on the
symmetry plane. This plane bisects the O—O angle of ozone.
They also performed an ab initio calculation at the MP2/6-31G-
(d,p) and MP4(SDTQ)/6-31G(d,p) levels of theory and reported
the calculated binding energies ranging from 0.7 to 2.4 kcal/
mol. More recently, Tachikawa and Abblave carried out a
QCISD calculation and concluded that the complex has three
stable conformers. One, which is called “dipole”, has the
configuration similar to one Gillies et al. proposed, and the other
two, “cis” and “trans”, have hydrogen-bonded configurations.
The binding energies of three “dipole”, “cis”, and “trans”
isomers were calculated to be 2.39, 2.27, and 2.30 kcal/mol,
respectively, at the QCISD(T)/6-3+HG(3df,3pd)//QCISD/6-
311++G(d,p) level of theory. From a comparison of experi-
mental and calculated rotational constants, they concluded that

spheric ozone exists as a water complex form. The complex the “dipole” conformer was a probable candidate for the

formation has a possibility of model change in the photochemi-
cal mechanism related to ozone. The hydroxyl radical might
be produced efficiently through the photolysis of thg-®l,0
complex3~-5 The work of Hurwitz and Naamdrshowed that
the quantum vyield of the hydroxyl radical through the 355 nm
photolysis of the ozonewater complex was 1% of that of the
266 nm photolysis, whereas the absorption coefficient of the

experimentally observed the;©H,O complex.

The vibrational frequencies of ozone monomer and its dimer
in cryogenic matrices have been well-investigetétiThe IR
studies of @molecule complexes have been reported on various
molecular systems such as CO, NO, Nénd HO.1~13 There
has been only one report on the vibrational frequencies of the
0O3—H,0 complex. Schriver et &f prepared the complex in an

ozone monomer at 355 nm is 0.01% that of 266 nm. Therefore, argon matrix and recorded the infrared absorption spectrum.

upon the water complex formation, the product of the absorption They assigned 1:1, 2:1, and 1:2 complexes of ozone and water.
coefficient and OD) quantum yield might increase by 2 orders gy comparing it with the S@-H,O case, where the intermo-
of magnitude. The more accurate estimation for the abundancejgcylar bond was formed between a sulfur atom and water
of the complex is required to improve the atmospheric reaction oxygen, they concluded that they©H,0 1:1 complex had a
model. Information on the binding energy and rotational/ hydrogen-bonded configuration. The binding energy of the O
yibrational structure of the £-H,O complex are required for H,0 complex was postulated to be less than 1 kcal/mol from
it. the frequency shift of water symmetric stretching vibration.
Unfortunately, the complex bands in the ozone fundamental
regions were not fully resolved from ozone monomer and dimer
bands because of a higher concentration of ozonrg\rO=
1/100, and a spectral resolution of approximately 0.5%m
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Figure 1. IR absorption spectra in the ozone asymmetric stretching Wavenumber / enm?

frequency region: (upper)4dNe = 1/4000, (lower) @H,O/Ne= 1/5/ ) ) . )

4000. Spectra were recorded & K with a spectral resolution of ~ Figure 2. IR absorption spectra in the ozone bending frequency

0.0625 cnl. region: (upper) @Ne = 1/4000, (middle) @H,O/Ne = 1/5/4000,
(lower) Oy/H,O/Ne = 5/5/4000. Spectra were recordetdéaK with a

. . . . . .. spectral resolution of 0.0625 cth A vertical arrow indicates the
The principal aim of this study is to determine the precise absorption of the ozorewater complex. A band at 700.1 cfin the

vibrational frequency of the £-H,O complex. We employed  |oyer trace is due to an impurity.

neon as the matrix medium to reduce a frequency shift from

the gas-phase value. In the frequency regions of three funda-1,4000) sample, thes mode was observed as a doublet peaking
mental vibrations of ozone and water, we identified vibrational 4t 1038.7 and 1039.9 crh whose line widths (full width at
bands due to the ozomevater complex by studying the  najf.maximum, fwhm) were less than 0.1 chThis coincides
concentration and isotope effects on the infrared spectra. We,it the previously reported observatighThe doublet is
carried out a high level ab initio calculation to determine stable hought to be due to the matrix site effect. During warming up
conformer and unstable transition state configurations of the 5 10 Kk, the 1038.7 crmi band blue shifts, while the
O3~H0 complex. The observed and calculated frequency shifts 1039.9 cn1t band becomes narrower. On the basis of the well-
upon the complexation are determined. On the basis of the characterized result for the argon matrix isolated OCS mol-
calculated binding energy, we estimate the equilibrium constant gcyje16.17\ye tentatively assigned the 1038.7 and 1039.9%cm

for the complexation. bands to thevs bands of the ozone monomer isolated in the
. ) meta-stable and stable sites, respectively. As shown in the lower
Experiment and Calculation trace for the @H,0/Ne (= 1/5/4000) sample, a new broad band

An ozone sample was stored in a silica gel trap at ap- appears at 10431049 cmi! (the 1045 cm? band). This band
proximately 200 K after passing arg®@ontaining gas mixture  would be assigned because of the-CH,0), complex. In the
from a commercial ozonizer. Mixture of fNe, O/H,O/Ne, infrared spectrum for a sample with a highexHconcentration
and Q/D0 (Acros Organics, 100.0 atom % D)/Ne with various (Os/H20/Ne = 1/20/4000, not shown in figures), the relative
mixing ratios were prepared by standard manometric techniques.intensity of the 1045 cmt band to the ozone monomer bands
Gas samples were deposited onto a Csl plate maintained abecomes stronger without a large change in the band shape,
~6 K using a closed-cycle helium refrigerator (Iwatani Industrial and no additional bands appear. This observation may indicate
Gases Corp., CryoMini). The typical deposition rate was that the Q—(H20), (n = 2) complexes are not likely to be
~10 mmol/h. The vacuum lines made of stainless steel were formed in a neon matrix.
heated enough before deposition to eliminate trace amounts of Figure 2 shows the FTIR spectra ofs/8e = 1/4000
water, which was especially important for the/Re experi- (upper trace), @H,O/Ne = 1/5/4000 (middle trace), andsO
ments. The infrared spectra of 0.25 or 0.0625 tmesolution H.O/Ne = 5/5/4000 (lower trace) in the ozone bending)(
were recorded by using an FTIR spectrometer (JEOL, SPX200)frequency region. The’, mode of the ozone monomer was
equipped with a liquid nitrogen-cooled microchannel plate observed as a doublet structure at 699.4 and 69978.dnfrared
detector. The entire optical path was purged byghis to avoid absorption at 703.4 cm will be due to the @—H,0 complex.
the atmospheric absorption o8 and CQ. Similarly in the ozonev; region, the spectrum obtained in an

Ab initio calculations were performed using the Gaussian 03 Ox/H,O/Ne mixture with a higher kD concentration did not
packagé:?* Geometry optimization were performed at the MP4- show any additional band.

(SDQ), QCISD, and CCSD(T) levels with the 6-323G(d,p) Figure 3 shows the FTIR spectra o§/8le (upper trace) and
and 6-313#+G(3df,3pd) basis sets. The binding energy of the o./H,0/Ne (lower trace) in the 0zone symmetric stretching (
ozone-water complex was calculated at the QCISD(T)/6- frequency region. The; mode of the ozone monomer was
311++G(3df,3pd)//QCISD/6-311+G(d,p), CCSD(T)/6-31% observed very weakly at 1104.4 and 1103.4 &rThe relative
+G(d,p), and CCSD(T)/6-31+G(3df,3pd)//CCSD(T)/6-  intensities of these bands to the ozone asymmetric stretching
311++G(d,p) levels of theory. The basis set superposition error hand are less than 1/200 in a neon matrix, which is smaller

was corrected by the counterpoise correctionhe vibrational than the corresponding ratio in the gas phase. As shown in
frequency calculations at the optimized geometries were per-the |ower trace, the infrared absorption possibly due to the O
formed at the MP4(SDQ)/6-311+G(d,p), QCISD/6-31%+G- H,O complex was observed at 1108115 cn1 (the 1110 cm?
(d,p), and CCSD(T)/6-31t+G(d,p) levels of theory. band).

FTIR Spectra in a Water (H,0, DO, and HDO) v,-
Frequency Region.The assignments for the rovibrational bands
FTIR Spectra in Ozonevs-, vo-, and vs-Frequency Regions. of the water monomer and its dimer in a neon matrix have been
Figure 1 shows the FTIR spectra of/e (upper trace) and  reported by Forney et af.Figure 4 shows the FTIR spectra in
O4/H2,O/Ne (lower trace) in the ozone asymmetric stretching the bending i,) frequency regions for (a) 4, (b) DO, and
(vs) frequency region. In the upper trace for the/le (= (c) HDO. The FTIR spectra of water/Ne with the ratio of 5/4000

Results and Discussion
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Figure 3. IR absorption spectra in the ozone symmetric stretching
frequency region: (upper)4dNe = 1/4000, (lower) @H,O/Ne= 10/
5/4000. Spectra were recordetl @K with a spectral resolution of

0.25 cnTl. A vertical arrow indicates the absorption of the ozene
water complex.
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are shown in the upper traces as reference. The lower traces in
Figure 4a-c were taken for the samples o§/8,0/Ne = 1/5/
4000, Q/D,O/Ne = 1/5/4000, and @(H.0 + D,0O + HDO)/

Ne = 1/5/4000, respectively. When we compare the upper and
lower traces of Figure 4a, it turns out that the 1598.3 tband

was observed only for the sample containing botra@d HO.

This band was found to lie between the 1595.6 and 1599:2 cm
bands assigned to the;® nonrotating monomer (NRM) and
the proton-acceptor band of £{8),, respectively, where the
NRM band of HO corresponds to a rovibrational band g6 0.6
0p,0 transition. This result indicates that the-€H,O complex |
is not formed through a strong hydrogen bond. For example, 0.3
the proton-donor band of @®), in a neon matrix is reported

to be located at 1616.5 cth!® being blue shifted by 20.9 cth

from the NRM band. In Figure 4b, a 1180.6 chband was 0.0 4 ; : - .
observed only for the sample containing botha@d D;O. This 1425 1415 1405 1385 1385
band also lies between the® NRM band at 1178.7 cnt and Wavenumber f e

- 1
the deutgron acceptqr ba}nd ofAD), at 1181.6 cm'. In the Figure 4. IR absorption spectra in the bending frequency regions of
HDO region shown in Figure 4c, a 1405.9 chband was water (HO, D,0, and HDO): (a) @H.O/Ne= 1/5/4000, (b) @D,O/

1210 1200 1190 1180 1170

HDO (€

0.9 4

observed only for the mixture containing all of the, ®1.0, Ne = 1/5/4000, and (c) §(H.0 + D,O + HDO)/Ne= 1/5/4000. The
D.0, and HDO. This band, again, lies between the HDO NRM FTIR spectra of water/Ne with the ratio of 5/4000 are shown in the
band at 1404.1 cmt and an acceptor band of (HDORt upper traces as reference. Spectra were recortd@& avith a spectral
1408.0 cnTl. resolution of 0.0625 crit. Vertical arrows indicate the absorption due

- . : . " to the ozone-water complex. D and A indicate proton-donor and
Similarly, as described above, we could identify additional proton-acceptor bands, respectively, of the water dimer. NRM corre-

three bands of &-D,0 and Q—HDO in the spectral regions sponds to a nonrotating water monomer. Bands marked with an asterisk

of the symmetric 1) and asymmetrici) stretchings of the  (¥) are due to an impurity, unassigned water bands, or both.
corresponding isotopic water moiety. The 2672.3 and 2782cm

bands are due to the,D v; andv3 bands within the @-D,0 optimization were achieved at four configurations of “double-
complex, respectively, and the 2715.3 ¢nband is attributed decker”, “dipole”, “cis”, and “trans”. The “double-decker”
to the HDOw; band within the @-HDO complex (Figure 1S, conformer is illustrated in Figure 5. In this conformer, each
Supporting Information). These three bands were observed tomoiety of G; and HO remainsC,, symmetry. This conformer
be blue shifted from the corresponding wateronomer NRM has Cs symmetry with the center oxygen atom of ozone (the
bands upon the complexation. We could not identify th®©H  position number of 2) and the oxygen atom of water (the position
v1 andvs bands within the @-H>O complex and the HD@3 number of 4) lying on the symmetry plane. The optimized
band within the @-HDO complex. Possibly, the other bands geometrical parameters are summarized in Table 1. The other
of the water moiety within the ozorevater complexes overlap  configurations are illustrated in Figure 6. Parameters for the

with the corresponding IR bands of the water monomer or the “dipole”, “cis”, and “trans” are essentially the same with those

dimer. reported by Tachikawa and Abe. To confirm the stability of
Geometrical Configuration and Binding Energy of the the configuration, we performed a harmonic frequency analysis

Ozone-Water Complex. First, the stable configuration of the  at the QCISD/6-31++G(d,p) level of theory. It was only one

O3—H,0 complex was calculated at the MP4(SDQ)/6-3H#1G- “double-decker” conformer in many optimized configurations

(d,p) and QCISD/6-31t+G(d,p) levels of theory. The opti-  to give real frequencies for all of the normal modes. Calculated
mization was performed from a variety of initial configurations frequencies are summarized in Table 2, and approximate

including three isomers of “dipole”, “cis”, and “trans” reported representations of intermolecular modes are shown in
by Tachikawa and Ab&.The SCF convergence criteria for Figure 7. For the “double-decker” conformer, the geometry
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Top view
(a) dipole
(b) trans {
Side view )
(c) cis
(.?;
N
Ymm Figure 6. Transition state configurations of the ozengater complex
el f‘ calculated at the QCISD/6-31H1-G(d,p) level of theory. The “dipole”
""" G configuration hasCs symmetry plane with three atoms of water and
center oxygen of ozone in the symmetry plane. All of the atoms of the
trans and cis configurations are lying on fesymmetry plane.
Figure 5. Stable “double-decker” conformer of the ozeneater TABLE 2: Harmonic Vibrational Frequencies Calculated

complex optimized at the CCSD(T)/6-3t3+G(d,p) level of theory. for the O3—H,O Complex (Not Scaled, cm?)2
Geometric parameters afoneandowaerare defined as the angles made

by a line connecting center oxygens of @) and HO (4) and theC; method
axes of Q and HO moieties, respectively. moiety approximate mofle MP4(SDQ) QCISD CCSD(T)
TABLE 1: Geometrical Parameters Optimized for the Hz0 anzi:sy%r'r)]etric stretch 3995 3987 3962
— “ - ” a 3
©3~H20 "double-decker” Complex symmetric stretch 3892 3886 3860
MP4(SDQ) QCISD CCSD(T) CCSD(T)with P (v1, A)
ra(=r) 12494 12536  1.2735 1.2738 bend ¢2, A) 1664 1664 1657
45 (= Tag) 0.9589 0.9591  0.9608 0.9603 (o} symmetric stretch 1298 1251 1152
I24 2.8583 2.8613 2.8661 3.0020 (v1, A)
0123 118.0 117.8 117.0 117.1 antisymmetric stretch 1328 951 1034
Os46 103.8 103.8 103.5 103.6 (vs, A)
Olozone 95.6 95.0 94.5 97 bend ¢2, A') 773 755 723
Olwater 32.2 325 27.8 26.2
. inter- va(A) 203 203 214
a6-3114——1—'G(d,p) basis set was used. Bond Iengm$ énd ang_l_es molecular va(A”) 167 159 166
(O, o) are in angstroms and in degrees, respectively. Definition of Vo(A) 132 131 132
position numbersi( j, K), Gozone @aNd Owate; are shown in Figure 5. vs(A”) 95 94 93
b Counterpoise correction was performed. va(A) 92 91 90
ve(A") 65 64 69

optimizationwas also performed at the CCSD(T)/6-8%#1G-
(d,p) level of theory. The distance between the center oxygen ?26-311++G(d,p) basis set was used. Geometry optimization and
atom of ozone (the position number of 2) and the oxygen atom I)requency calculations were performed at the same level of theory.
of water (the position number of 4) was calculated tahe= Labels of A" and A" in the parentheses are symmetry specie€dn
2.8661 A. point group.

. The calculated er}ergies of selepted configuratiqns and CCSD(T)/6-313+G(3df,3pd) level with a counterpoise cor-
|ntermo_lecular potentials are shown in Table 3 and Figure 8, .otion to be 1.89 kcal/mol. This value is the same as one
respectively. The QC.ISD(T.)/ 6-33H+G(3df,3_pd)//QC|Sp/6- obtained from the geometry which was optimized without a
311fr+G(d,p) calcqlatlon W'th. a counterpoise correction for counterpoise correction. This result indicates that the counter-
gl?;']ses%toiléﬁf_ﬁg;g:,? Ceor:]?(;r':gf?stels égatkégle/r:g;d'\?/ﬁi;z]?;gypoise correction in an optimization process is not necessarily
larger than those of “dipole” (1.69 kcal/mol), “cis” (1.68 kcal/ neede.d 0 calculgte the binding engrgy of th&ezp complex.
mol), and “trans” (1.60 kcal/mol) configurations. For the As illustrated in Flgurg 8, the internal rotation along the
“double-decker” conformer, a more sophisticated calculation of intermolecularvs mode will transform two “double-decker”
the CCSD(T)/6-31%+G(3df,3pd) level with counterpoise cor-  conformers via a transition state of the “dipole” configuration.
rection was performed and gave a binding energy of 1.89 kcal/ Isomerization along the combination coordinates of intermo-
mol. lecularv,, v4, andve modes might connect two “double-decker”
For the “double-decker” conformer, we also performed a conformers via the transition states of “cis” and “trans”
geometry optimization at the CCSD(T)/6-3#+G(d,p) level configurations. The energy differences between the “double-
of theory with a counterpoise corrected potential energy surface.decker” conformer and the other transition state configurations
As shown in Table 1, the distance between the center oxygenrange from 0.17 kcal/mol of the “dipole” configuration to
of ozone (the position number of 2) and the water oxygen (the 0.26 kcal/mol of the “trans” configuration, corresponding from
position number of 4) is,4 = 3.0020 A, which is larger than 60 to 90 cn?, respectively. These values are comparable to
those calculated at other levels without a counterpoise correction.the frequencies of intermolecular modes. The ozomater
The binding energy at this geometry was calculated at the complex might exist preferentially as the “double-decker”
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Figure 7. Approximate representations of intermolecular vibrational modes within theHgD complex.

TABLE 3: Calculated Energies of the O;—H,0 Complex Relative to the Sum Energy of Q and H,O Monomers

method energy (kcal/mol)
energy calculatich optimizatior? double decker dipote cis? trang
QCISD(T) QCISD —2.56 —2.39 —2.27 —2.30
QCISD(T) with CP QCISD -1.86 —1.69 —1.68 —1.60
CCSD(T) CCSD(T) -2.58
CCSD(T) with CP CcCSsD(T) —~1.89
CCSD(T) with CP CCSD(T) with CP —-1.89

26-311++G(3df,3pd) basis set was uséb-311++G(d,p) basis set was usedBasis set superposition errors were corrected by a counterpoise

correction.? Transition states.

frans
e -1.69
(a) _+* o ] (b) “7 dpde "~ b)
186 .~ -1.68 e 108 - € 186
double-decker 3 gj double-decker

g ¢

Figure 8. Intermolecular potential of the £ H,O complex calculated at the QCISD(T)/6-381G(3df,3pd)//QCISD/6-31++G(d,p) level of
theory. Counterpoise corrected energies (kcal/mol) relative to the sum energyasfdd+O monomers are given. (a) Isomerization along the
combination coordinates of intermolecubas;, v4, andve modes. (b) Internal rotation along the intermoleculamode.

conformer at 6 K, but the isomerizations are likely to occur
easily at atmospheric temperatures.

The rotational constants of thes©H,O complex in the
double-decker conformer calculated at the CCSD(T)/6+31G-
(d,p) level of theory with a counterpoise correction &e=
11.5357B = 4.0472, andC = 3.1806 GHz, which are different
from the experimental values 8f= 11.9606B = 4.1740, and
C = 3.2652 GHz derived from the microwave spectrtithe

configuration corresponds to the transition state. This kind of
discrepancy has been reported for another flexible complex of
0,—H0.2! The microwave spectrum indicated that the-O

H,O complex has &, structure (théB constant of 3.633 GHz),
while the calculation leads to two asymmet@gstructures (the

B constant of 4.092 GHz). This discrepancy between microwave
data and equilibrium geometry has been reasonably understood
in terms of the low-frequency vibration of,©H,0: The large

agreement between calculation and experiment does not seenamplitude vibration between two equivalent minima with

good, also for the similar flexible complex like HOH,O: The
microwave spectrum gives the constantsAof 32.897,B =
5.656, andC = 4.829 GHz, while the ab initio calculation leads
to the values oA = 31.806,B = 5.968, andC = 5.077 GHZ°
The configuration expected from the microwave data is
similar to the “dipole” configuratior;this expectation conflicts
with the present calculation which predicts that the “dipole”

asymmetricCs symmetry gives an apparent symmetfs,
structure as the averaged geometry. Actually, the symnt@iric
structure corresponds to a transition state connecting two
equivalent minima with asymmetri€s symmetry?? For the
present @—HO complex, the isomerization barriers through
the transition states are also as low as the frequencies of
intermolecular vibration, and therefore the complex will isomer-



IR of Ozone-Water Complex in a Neon Matrix J. Phys. Chem. A, Vol. 111, No. 18, 2003545

TABLE 4: Vibrational Frequencies of the O3—H,0O Complex (cnT?)

obs in Ne matrix calct
moiety approximate mode monomer complex Av® monomer complex Av®
O; symmetric stretchif) 1104.4 1110 +5.6 1140 1152 +12
1103.4
(i) antisymmetric stretchig) 1039.9 1045.3 +5.4 1016 1034 +18
1038.7
bend ¢) 699.5 703.4 +3.9 718 723 +5
699.4
vi+ v 2109.9 2119.8 +9.9
2107.6
HO antisymmetric stretchv§) 3750.7 n.db 3971 3962 -9
symmetric stretchi) 3660.6 n.dP 3867 3860 =7
(i) bend (2) 1595.6 1598.3 +2.7 1644 1657 +13

2 Taken from ref 18° Frequencies are not determined from the experiments possibly because of overlafaileglated byAv = veompiex —
Vmonomer ¢ CCSD(T)/6-313#+G(d,p), not scaled.

TABLE 5: Vibrational Frequencies of O3—D,0 and O;—HDO Complexes (cnrt)2

obs in Ne matrix calcd
moiety approximate mode monormer complex Avd monomer complex Avd
DO antisymmetric stretchvg) 2787 2782 -5 2908 2902 —6
symmetric stretchi() 2672.7 2672.3 -0.4 2789 2784 -5
bend ¢2) 1178.7 1180.6 +1.9 1203 1212 +9
HDO antisymmetric stretch/g) 3699 n.ck 3921 3912 -9
symmetric stretchif) 2722.9 2715.3 -8 2847 2841 —6
bend ¢) 1404.1 1405.9 +1.8 1440 1452 +12

a Frequency shifts of ozone fundamentals are essentially the same with those withi-tHg30complex listed in Table 4. Taken from ref 18.
¢ Frequency is not determined from the experiments possibly because of overldfpaigulated byAv = veompiex = Vmonomer ¢ CCSD(T)/6-
311++G(d,p), not scaled.

ize easily. Large amplitude motions or intra-complex low- ing frequencies red shift\y; = —5 andAvs = —6 cn %), while
frequency vibration on a global potential energy surface will the bending frequency blue shifta\i, = +9 cntl). The
give an apparent/averaged geometry @f~8,0, which may observed shifts for the f vibrations areAv; = —0.4 cn1?,
explain the discrepancy between results derived from the Av, = +2 cnl, andAvs = =5 cnT. The HDO asymmetric
microwave experiment and the ab initio calculation. and symmetric stretching frequencies are calculated to be red
Comparison of the Experimental and Calculated Vibra- shifted Av; = —6 andAvs = —9 cnT1), while the bending
tional Frequencies.Vibrational frequencies of the ozongvater frequency blue shiftsAv, = +12 cnt!). The observed shifts
complex were calculated at the MP4(SDQ), QCISD, and CCSD- for the HDO vibrations aré\v; = —8 andAv, = +2 cnT'L,
(T)/6-311+-+G(d,p) levels of theory. The asymmetric stretching The present calculations reproduce the observed frequency shifts
(vs) frequencies of the ozone monomer were calculated to be upon the complexation qualitatively; namely, all of the directions
1324, 934, and 1016 cm at the MP4(SDQ), QCISD, and of the band shift (red or blue shift) calculated agree with the
CCSD(T) level, respectively. The band origin of this vibration observation. The quantitative agreement between calculation and
in the gas phase has been reported to be 1042!.&hiThe experiment was not obtained, which is partly caused because
CCSD(T) level calculation seems to estimate the vibrational of the harmonic approximation.
frequency of ozone reasonably well. Thus, we have adopted Atmospheric Abundance of the Ozone-Water Complex.

vibrational frequencies calculated at the CCSD(T)/6-B+ - Next, we calculate an atmospheric abundance of the ezone
(d,p) level of theory. water complex according to the procedures presented by Vaida
The observed and calculated frequencies of the KO and Headrick?* An atmospheric abundance of the ozemeater

complex are listed in Table 4, together with the frequency shifts complex is expressed by

upon the complexation. By forming the water complex, all of

the normal frequencies of ozone are calculated to blue gkift ( P03—HZO Po3 PHZO

> 0). The calculated frequency shiftdi; = +12 cnrt, Av, P |~ Kp(TP PP ®)

= +5cm !, andAvs = +18 cnTl) correspond to the observed

shifts (Avy = +6 cnTt, Av, = +4 cnl, andAvz = +5 cnl) whereP is the ambient pressur®o,-1,0, Po,, and Py,o are

for the vibrations of the ozone moiety. For the water moiety, partial pressures of the corresponding atmospheric spekies,
the calculation indicates that the symmetric and asymmetric i temperature, an&y(T) is the pressure- and temperature-
stretching frequencies red shifh¢; = —7 cnTl, Avg = —9 dependent equilibrium constant for complexatid€y(T) is
cm1), the bending blue shiftsAp, = +13 cnt'l). We could related to the Gibb’s free energy change of

not identify the waterv; and v3 bands within the @-H,0

complex, possibly because of an overlapping with the water AG®=AH® - TAS )
monomer, multimer, or both bands. by
The frequencies and frequency shifts observed and calculated
for the &—D,0 and Q—HDO complexes are listed in K (T)P = exp(—AG°/RT) (5)
. . p
Table 5. Frequency shifts of ozone bands are essentially the
same in the case of the;6H,0 complex. For the BD bands, whereR is the universal gas constant. Thus, we need to know

our calculation predicts that asymmetric and symmetric stretch- the AH® and AS® values of the complexation.
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TABLE 6: Data Used for Atmospheric Abundance Estimatior?

binding energy symmetry

vibrational frequencies (cn) rotational constants (cm) (De, kcal/mol) number ) degeneracyd)
O3 1103, 1042, 709 3.5534, 0.445258, 0.39479 2 1
H,O 3942, 3832, 1648 27.87?,14.512,9.28% _ 2 1
O3—H,0 391F, 3806, 1645, 1110, 1045, 0.384, 0.148,0.11% 1.89 1 1

703, 246, 140, 7(, 56, 53, 50

aMost values exept for the rotational constants and some vibrational frequencis og-th&@ complex are taken from ref 2 with specific
reference given in footnotesul, f, and g.” Taken from ref 23¢ Taken from ref 259 Reference 13, scaled to harmonic value following ref 25.
e This work. f Intermolecular vibrational frequencies of water dimer (ref 25) was scaled for ezeater complex by referencing to the experimentally
determined stretching vibration of 70 cin(ref 7).9 Taken from ref 7/ This work, the "double-decker conformer* calculated at CCSD(T)/6-
3114-+G(d,p).' This work, calculated at CCSD(T)/6-333#G(3df,3pd)//CCSD(T)/6-31+G(d,p) with counterpoise correction for energy calculation.

The enthalpy change &fH° is given by lies in a range of 2« 1074 to 4 x 1073 atnT! calculated by
. Frost and Vaid&, who used the estimated binding energies
AH® = —4RT+ AR, — D, ®) between 0.7 and 2.4 kcal/mol. We can simply estimate the
concentration of the ozoravater complex at the surface of

where AE,j, is the change in the vibrational contribution to ) Os-Hs0 5 -

internal energy upon complexation aigis the binding energy ~ Earth using thekp2, o, (T = 298 K) = 1.38 x 107 atm

of the ozone-water complexAE,;, can be calculated by under the following conditions as temperature of 298 K, pressure
of 1 atm, tropospheric ozone concentration of 50 ppb, and

AE,;p, = Eip(O5 = Hy0) — [Ein(Oq) + E,in(H0)]  (7) relative humidity of 50%. The equilibrium ozonevater
complex concentration was derived to be 2.0 ppt, which means
that 0.004% of ozone may exist as the water complex. It might
1 be noted here that th&p(T) value depends on the low
j’_ + (ehkeT) — 1)—1]} (8) frequencies of intermolecular modes within the complex. The
2 KO, HO(T = 298 K) value becomes 1.% 10°% atm ! if one
uses calculated low frequencies of 214, 166, 132, 93, 90, and
69 cnt! (listed in Table 2) instead of intermolecular vibrational
frequencies of 246, 140, 70, 56, 53, and 50 ¢éiflisted in Table
6) employed for the present calculation.

The equilibrium constant calculated for water dimerization
AS = AS;nst ASq + ASp + ASyec ©) was reported in several pap@f£5-2° Slanina et al. calculated
the KH29129(T = 298 K) of 4.5x 1072 atnr%, using a simple

where the fourAS, (x = trans, rot, vib, and elec) terms harmonic potential to describe the vibrations of the water
correspond to the entropy changes caused by translational, .
P 4 g y dimer?® More recently, Goldman et al. reported the value of

rotational, vibrational, and electronic contributions, respectively. "~ "/ o o 1 i
The AS; values can be written by KpZiam (T = 298 K) of 7.3x 1(T atm .(read from Figure 1 .
of ref 28) using a more sophisticated intermolecular potential
AS, = S (0; — H,0) — [S(0;) + S (H,0)] (10) of water dimer, VRT(ASP-W)IIE The Kx(T) values of latter
o . o authors seems to show reasonable agreement with experimental
The individual terms oAS; are calculated by using vibrational \5jyes reported by Curtiss et®IFor the @—H,O complex,

frequencies and rotational constants of monomers and theSabu et ab! calculated the equilibrium constant ﬁgilzfn?(T
complex and are expressed as follows:

=300 K)= 4.1 x 1075 atn ', which is much smaller than the

The individual Eyin(x) is given by

hcRMS(
Ein= E; {V

whereh is Plank’s constant is the speed of light in vacuum,

kg is Boltzman’s constantn is the number of atoms in the

molecule, andj; is thejth vibrational frequency in wavenumbers.
The entropy change for complexatiohs’, is expressed by

2nmik, T\3%2 6%, T value of 4.3x 1072 atnt! reported by Kja_lergaard.et #The .
Sians= RIn ( 5 ) 5 (11) former authors employed an anharmonic potential to describe
h the intermolecular @-H,0 vibration, while the latter used the
T V2 11231 harmonic one.
Sor = RIn (hs 3% 0.0 ) p 1 (12) Three molecular complexes 0b©H,0, 0s—H,0, and HO—
€ Unbslc H,0 are extremely floppy species, the binding energies of which

an-6[ hap are 0.5, 1.9, and~5.0 kcal/mol, respectively. For a more
S, =R Z _’.(e(hcv;/ksﬂ — 1)1 — In(1 — "ikeT) (13) sophisticated estimatipn for the(T) valge, the precise analyses

& of the low-frequency intermolecular vibrations of the-€H,0
complex are required for experiment and theory.

Sec= RN g (14) For the purpose of understanding the atmospheric importance
where m is the mass of the molecules is the molecular ~ ©f the G—H;O complex as an OH radical source, there stil
symmetry numberdy (x = A, B, C) are rotational constants in ~ "€Mains a few uncertain quantities to be determined: (1) a more
wavenumbers, angk is the molecular ground-state degeneracy. accurates(T) value or atmospheric abundan&®{-+,o/P), (2)

Table 6 summarizes data used for calculation. Frequenciesthe absorption cross section of the-31,0 complex in the UV
of intermolecular modes of the;©H,0 complex are estimated ~ region of 316-360 nm, the solar radiation of which is strong
from those of the water dimer. With the binding energy of in the lower troposphere, (3) the 1) yield from the photolysis
1.89 kcal/mol,Ky(T) under the conditions o = 1 atm and of the G—H,0O complex, and (4) the OH radical yield from
T =298 K was estimated to be 1.381072 atnt L. This value the photochemical reaction within the complex.
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Conclusions

The ozone-water complex isolated in a cryogenic neon
matrix was identified. Infrared absorption due to the complex

was assigned in ozone asymmetric stretching, bending, sym-

metric stretching, and water bending frequency regions. The
water symmetric stretching band within the complex was

observed between the bands due to the water nonrotating

monomer and the proton-acceptor of the water dimer. This result
indicates that the ozorewater complex does not have a
hydrogen-bonded configuration. The®@symmetric and asym-
metric stretching bands within the3©D,0O complex and the
HDO symmetric stretching band within the©HDO complex
were also identified.

The geometry optimizations were performed at the MP4-
(SDQ), QCISD, and CCSD(T) levels with a 6-3t+G(d,p)
basis set. Only one conformer, which was named “double-
decker”, was found to be stable. Frequencies of the “double-
decker” conformer calculated at the CCSD(T)/6-3HG(d,p)
level of theory was compared with the experimentally observed
vibrational frequencies. Our calculation reproduces the direction
of the band shift (red or blue shift) for all of the observed
vibrations within the complex.

By using statistical thermodynamics, monomer and complex
vibrational frequencies/rotational constants, and the binding
energy of the complex, we calculated the change of enthalpy

and entropy upon the complexation. From these values, the

equilibrium constant was derived, and the atmospheric abun-
dance of the ozonewater complex was estimated at Earth’'s
surface level.
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