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Abstract

Argon matrix infrared spectra of sulphur dioxide complexes with nitric or nitrous acid indicate formation of hydrogen-
bonded structures. The red shifts of the OH stretching modes are equal to ca. 179, 51 and 40 cmy1 in SO –HNO ,2 3

SO –HONO-trans and SO –HONO-cis complexes, respectively. Theoretical studies of the structure and spectral character-2 2
Ž .istics of the title complexes were carried out on the electron correlation level with 6-31G d basis set. For all studied systems

only one stable structure was found with the OH group interacting with one oxygen atom of the sulphur dioxide molecule.
The calculated infrared spectra reproduce well the frequencies and the intensities of the measured spectra. q 1998 Elsevier
Science B.V.

1. Introduction

Sulphur compounds play a significant role in
atmospheric chemistry. They are released to the at-
mosphere from a variety of sources including both
natural and anthropogenic emissions. Sulphur diox-
ide — the most important S-containing pollutant —
and its complexes have received growing attention in
recent years.

Infrared studies of different isotopic species of
SO monomer and dimer isolated in low-temperature2

matrices have been a subject of many investigations
w x w x1–5 . Sodeau and Lee 6 studied photooxidation of
sulphur dioxide in solid argon, nitrogen and oxygen.

) Corresponding author.

Complexes containing the SO molecule have2
w xalso been studied both by microwave 7–11 and

w xinfrared spectroscopy 12–15 revealing a majority
w xof possible structures. Schriver et al. 14 studied

SO –H O interaction in argon and nitrogen matri-2 2

ces. They concluded that the 1:1 SO –H O complex2 2

is of charge transfer type with SO acting as an2

electron acceptor. This was later confirmed by mi-
w xcrowave spectra 9 . In turn, SO –HF and SO –HCl2 2

hetrodimers appeared to form hydrogen-bonded
structures with a proton directed toward one of the

w xoxygen atoms of sulphur dioxide 7,15 .
Both nitric and nitrous acids are also important

atmospheric species. The infrared spectra of HNO3

and HONO monomers were extensively studied in
w xthe gas phase and low-temperature matrices 16–19 .

Recently several papers were published on HNO3

0301-0104r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
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Table 1
Calculated geometry of the SO –HNO complex and HNO and2 3 3

SO monomers at the MP2 levela
2

Parameter SO –HNO complex HNO SO2 3 3 2

Ž .R O PPPO 2.9083 8
Ž .r N–O 1.394 1.412
Ž .r N5O 1.230 1.2262
Ž .r N5O 1.218 1.2165
Ž .r O–H 0.990 0.983
Ž .r S–O 1.484 1.4778
Ž .r S–O 1.475 1.4776
Ž .r O PPPH 1.920
Ž .Q O–N5O 116.6 115.82
Ž .Q O–N5O 114.0 113.65
Ž .Q O 5N5O 129.3 130.62 5
Ž .Q N–O–H 103.7 102.1
Ž .Q O –H–O 176.03 8
Ž .Q H–O –S 120.18
Ž .Q O –S–O 118.9 119.86 8
Ž .w O –O –S–O 30.33 8 6

D E y17.66MP2

a ˚Bond lengths in A, bond angles in degrees, D E in kJrmol.MP 2

and HONO complexes with various bases of atmo-
w xspheric significance 19–24 .

In this paper we report the results of a matrix
isolation infrared study and ab initio calculations for
sulphur dioxide complexes with nitric and nitrous
acids.

2. Experimental

2.1. Matrix isolation studies

Ž .Sulphur dioxide Matheson Gas Products was
used without further purification. The gaseous HNO3

was prepared in a vacuum line by treating KNO3

kept at 08C with concentrated H SO .2 4

NH NO salt was used as a source of the nitrous4 2

acid. The equilibrium NH NO | NH q4 2Žs. 3Žg.
HONO gives a partial pressure of NH and HONOŽg. 3

equal to 0.04 mbar at 298 K. Two different deposi-
tion setups were used to obtain matrix isolated HONO
molecules. The detailed description of the first

w xmethod was given elsewhere 19 . Briefly, the matrix
gas mixtures were prepared by adding ;30 mbar of
argon to a 1 l bulb containing a small amount of
NH NO . The resultant concentration of the4 2

HONOrNH rAr mixture was equal to 1:1:800. Such3

a mixture was deposited through a stainless-steel
vacuum system onto a sample holder. SO rAr mix-2

tures were sprayed simultaneously through the sepa-
rate inlet. In the second method HONO and NH 3

were evaporated from a small glass tube containing
NH NO maintained at room temperature placed in4 2

the vacuum vessel of the cryostat. Argon or SO rAr2

mixtures were deposited directly into the cryostat in
Ž .such a way that they mixed with HONO NH 3

Table 2
Calculated geometry of the SO –HONO-trans and SO –HONO-cis complexes and the monomers at the MP2 levela

2 2

Parameter SO –HONO-trans trans-HONO SO –HONO-cis cis-HONO SO2 2 2

Ž .R O PPP O 2.908 2.9993 6
Ž .r N–O 1.400 1.423 1.373 1.3863
Ž .r N5O 1.203 1.197 1.215 1.2102
Ž .r O –H 0.984 0.979 0.994 0.9913
Ž .r S–O 1.481 1.482 1.4776
Ž .r S–O 1.474 1.474 1.4777
Ž .r O PPP H 2.004 2.0066
Ž .Q O–N5O 111.1 110.3 113.4 112.8
Ž .Q N–O–H 101.6 101.9 106.2 104.6
Ž .Q O–H–O 151.7 176.96
Ž .Q H–O S 120.1 120.66 5
Ž .Q O SO 119.2 119.0 119.86 7
Ž .w O O SO 50.7 y30.53 6 7

D E y13.6 y11.8MP2

a ˚Bond lengths in A, bond angles in degrees, D E in kJrmol.MP 2
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Ž . y1 Ž . Ž .Fig. 1. The n OH stretching A and 650–620 cm B regions in the spectra obtained for matrices: HNO rArs1:1000 a and1 3
Ž .HNO rArs1:1000 codeposited with SO rArs1:250 b .3 2

Ž . Ž .Fig. 2. The n NO asymmetric stretching A and n N–O stretching B regions in the spectra of the same matrices as in Fig. 1.2 2 5
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vapour inside the vacuum chamber. The HONOrAr
ratio was varied by changing the flow rate of the
matrix gas. As NH was present as contaminant in3

the studied matrices several experiments have also
been performed on SO rNH rAr matrices in order2 3

to identify the absorptions due to SO vibrations2

perturbed by the NH molecule.3

The SO rAr and HNO rAr mixtures were pre-2 3

pared by standard manometric techniques and their
concentrations ranged between 1:1500 and 1:100 and
between 1:1500 and 1:500 for SO rAr and2

HNO rAr, respectively.3

Gold-plated copper mirror was used as a sample
Žholder and was maintained at 20 K 11 K for IR

.measurements by means of a closed-cycle helium
Ž .refrigerator Air Products, Displex 202A . Infrared

spectra were recorded in reflection mode with a
resolution of 0.5 cmy1 by means of a Bruker 113 v
FTIR spectrometer.

2.2. Computational details

Ab initio calculations were carried out using the
w xGaussian 94 25 package of computer codes. The

structures of all complexes and corresponding iso-

lated monomers were fully optimized by using the
second-order Moller–Plesset perturbation theory¨
Ž . Ž . w xMP2 with the 6-31G d basis set 26,27 . This basis
set is relatively compact and literature data show that

w xit gives quite accurate results 28–30 . Vibrational
frequencies and intensities were computed for SO –2

HONO-cis, SO –HONO-trans and SO –HNO com-2 2 3

plexes and for the monomers. Single-point energies
were calculated at the MP2 level using the 6-311q
Ž . w xq 2d,2p basis set 31,32 . The optimized geome-

tries of the monomers and of the complexes are
presented in Tables 1 and 2.

Interaction energies were corrected by the Boys–
w xBernardi full counterpoise correction 33 at both the

SCF and MP2 levels.

3. Results

3.1. Experimental spectra

Blank experiments were conducted on all reagent
molecules deposited separately. Their spectra agreed

w xwell with those previously reported 4,19,20 .

Ž . Ž . Ž .Fig. 3. The SO modes: n asymmetric stretching A and n bending B regions in the spectra of matrices: SO rArs1:500 a and2 3 2 2
Ž .HNO rArs1:1000 codeposited with SO rArs1:250 b .3 2
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3.1.1. Nitric acid–sulphur dioxide
Codeposition of mixtures of HNO rAr and3

SO rAr revealed several new absorptions which2

could not be assigned to the parent molecules. Figs.
1–3 present the characteristic regions of the spectra
of HNO rSO rAr matrices obtained by simultane-3 2

ous deposition of the HNO rAr and the SO rAr3 2

mixtures of various concentrations. The product
bands can be grouped into two sets: those at 3369.1,

Ž .3343.3, 1687.2, 1302.8 sh , 906.0, 631.0 and 627.1
cmy1 due to the perturbed HNO molecule, and3

those at 1338.4, 1143.4, 1142.1 sh and 530.8 cmy1

appearing in the vicinity of the vibrations of the
parent SO molecule.2

The above absorptions were observed for all con-
centrations studied. Furthermore, the intensities of all
product bands grew in a similar way when the excess
of SO was increased. After annealing small changes2

Table 3
Ž y1 . Ž y1 .Comparison of experimental and calculated frequencies n cm and intensities I km mol for HNO and SO monomers and3 2

SO –HNO complex2 3

HNO and SO monomers SO –HNO complex Assignment3 2 2 3

exp. calc. exp. calc.
a bn IrI n I IrI n IrI n I IrIN N N N

3522.4 1.4 3662 92 0.5 3369.1 3543 510 3.4 n O–H stretch1

3519.0 3343.3 7.3

1699.3 2.4 1904 193 1.0 1687.2 2.6 1884 233 1.6 n NO asym. stretch2 2

1694.5

1321.6 1.7 1372 108 0.6 1302.8 sh 1365 244 1.6 n NO sym. stretch3 2

1304.4 0.7 1352 217 1.1 1439 80 0.5 n NOH i.p. bend4

897.0 1.0 909 191 1.0 906.0 1.0 941 148 1.0 n N–O stretch5

764.2 0.1 755 9 0.05 763 2 0.01 n ONO o.p. bend8 2

763.5

659 40 0.02 676 4 0.03 n NO scissors6 2

587.0 0.05 580 11 0.06 607 4 0.03 n ONO i.p. bend7 2

451.0 1.0 501 144 0.8 631.0 1.2 674 124 0.8 n NOH torsion9

450.3 627.2

1355.0 1312 81 1338.4 2.2 1298 86 0.6 n SO asym. stretch3 2

1152.0 1083 13 1143.4 0.3 1084 26 0.2 n SO sym. stretch1 2

1142.1 sh

519.9 488 32 530.8 0.2 487 47 0.3 n SO bend2 2

a In the experimental intensities both component bands were included in the case where splitting due to the site effect was observed.
bI is the intensity of the n N–O stretching vibration.N 5
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Fig. 4. The n OH stretching region in the spectra of matrices:1
Ž .HONOrArs1:800 a and HONOrArs1:800 codeposited with

Ž .SO rArs1:100 b .2

occurred only in the n OH stretching mode region.1

A slight broadening from the high-frequency side of
the 3343.3 cmy1 band was observed. The frequen-

cies of all product absorptions observed in the spec-
tra of HNO rSO rAr matrices are collected in Table3 2

3.

3.1.2. Nitrous acid–sulphur dioxide complex
Due to the way of production of HONO and its

instability in the gas phase some amounts of NH ,3

H O, NO and NO were always present in the2 2

matrices as impurities. However, the concentrations
of HONO decomposition products and NH were3

low enough for studying the HONO complex with
sulphur dioxide. In turn, examination of the
SO rNH rAr matrices allowed us to identify the2 3

absorptions due to perturbed SO vibrations in the2

SO –NH complex at 1335.4, 1019.0 and 525.62 3

cmy1. Weak bands due to this complex are also
Ž .present in the studied SO rHONO NH rAr spec-2 3

tra but are not discussed in the paper. The detailed
analysis of the spectra of HONO monomers was
recently published. All six fundamentals of HONO-
trans and four fundamentals of HONO-cis were iden-

w xtified 19 .
When HONOrAr mixture was codeposited with

sulphur dioxiderAr mixture several new bands were
observed in the spectra which were neither due to the
parent molecules nor due to the contaminations.

Ž . Ž .Fig. 5. The n N5O stretching region for trans A and cis B SO –HONO complexes in the spectra of the same matrices as in Fig. 4.2 2
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Fig. 6. The n N–O stretching and n ONO bending regions in the spectra of the same matrices as in Fig. 4.4 5

Figs. 4–6 present selected regions of the infrared
spectra obtained for HONOrSO rAr matrices. The2

product absorptions appeared at 3525.3, 3519.5,
Ž . Ž . y13516.9 sh , 1673.8, 815.8 sh , 814.1 and 625.6 cm

in the vicinity of HONO-trans absorptions, and at

1621.9 cmy1 in the vicinity of HONO-cis band. In
addition, a very weak absorption in the n OH1

stretching region of cis-HONO was localized at
3372.3 cmy1. The band appeared only in the spectra
of the matrices containing relatively high concentra-

Fig. 7. Optimized structures of the SO –HNO , SO –HONO-trans and SO –HONO-cis complexes.2 3 2 2
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Table 4
Ž y1 . Ž y1 .Comparison of experimental and calculated frequencies n cm and intensities I km mol for HONO monomers and SO –HONO2

complexes

trans-HONO monomer trans-HONO–SO Assignment2

exp. calc. exp. calc.
a bn IrI n I IrI n IrI n I IrIN N N N

3525.3
3572.6 1.1 3700 79 0.4 3519.5 1.6 3633 273 1.5 n OH stretch1

3568.5 3516.9 sh

1689.1 1.5 1665 65 0.3 1673.8 1.2 1656 58 0.3 n N5O stretch2

1688.0

1265.8 1.2 1320 199 1.1 1391 207 1.2 n NOH bend3

1263.9

800.4 1.0 867 185 1.0 814.1 1.0 924 178 1.0 n N–O stretch4

796.6 815.8 sh

608.7 0.8 631 99 0.5 625.6 0.5 675 53 0.3 n ONO bend5

549.4 0.7 607 120 0.6 729 105 0.6 n OH torsion6

548.2

1355.0 1312 81 1307 102 0.6 n SO asym. stretch3 2

1152.0 1083 13 1150.1 0.6 1089 23 0.1 n SO sym. stretch1 2

1151.0 sh
519.9 488 32 490 32 0.2 n SO bend2 2

cis-HONO monomer cis-HONO–SO Assignment2

exp. calc. exp. calc.
a bn IrI n I IrI n n I IrIN N N

3412.4 0.1 3526 30 0.1 3372.3 3483 266 0.9 n OH stretch1

3410.7

1634.0 0.7 1624 122 0.4 1621.9 1617 110 0.4 n N5O stretch2

1632.8

1363 4 0.01 1402 3 0.01 n NOH bend3

853.1 1.1 947 324 1.0 1004 283 1.0 n N–O stretch4

850.2

655 14 0.04 680 8 0.03 n ONO bend5

638.4 0.2 751 122 0.4 844 113 0.4 n OH torsion6

a In the experimental intensities both component bands were included in the case where splitting due to the site effect was observed.
bI is the intensity of the n N–O stretching vibration.N 4
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tions of the complexes, e.g. in the annealed matrices
with considerable excess of sulphur dioxide
Ž .SO rArs 1:200 or 1:100 . One absorption at2

1150.1 cmy1 with a weaker band at 1151.0 cmy1

close to the sulphur dioxide absorption were detected
as well.

The frequencies of all product absorptions ob-
served in the spectra of HONOrSO rAr matrices2

are collected in Table 4.

3.2. Ab initio calculations

Three different structures for each of the 1:1
Ž .sulphur dioxide–nitric nitrous acid complexes have

been taken into account in the calculations. In two of
them HONO or HNO was acting as a proton donor3

with the OH group directed toward one of the oxy-
gen atoms of the sulphur dioxide molecule or along
the bisecting line of the OSO angle. In the third
structure an oxygen atom of the acid and a sulphur
atom of the SO molecule were considered as sites2

of interaction. For all studied systems the hydrogen-
bonded complex with the OH group interacting with
one oxygen atom of SO appeared to be the only2

stable structure. Similar geometry has been reported
w xfor SO –HF and SO –HCl complexes 7 .2 2

The fully optimized geometrical parameters of the
complexes and isolated subunits calculated at the

Ž .MP2 level with the 6-31G d basis set are presented
in Tables 1 and 2 whereas the corresponding struc-
tures are shown in Fig. 7.

The calculated structural parameters change very
little from the monomer values upon complexation.
Nevertheless, the largest perturbation clearly corre-
lates with the sites of complexation. We observed a
rather small elongation of the O–H bond due to
complex formation, which indicates a molecular and
not an ion-pair type of hydrogen bond in the com-
plexes. The intermolecular distance, measured be-
tween oxygen atoms of both subunits, is relatively

˚long and equal to 2.908 A for HNO and trans-HONO3
˚complexes and 2.999 A for cis-HONO system. We

also find that all studied complexes are nonplanar,
and mainly the oxygen atom of the SO subunit2

which is not involved in hydrogen-bond bridge is
above the complex plane. The energetics of binding
of the studied complexes is reported in the last rows
of Tables 1 and 2. In order to obtain a better

determination of the binding energy additional sin-
gle-point calculations were performed with a much

Ž .larger 6-311qqG 2d,2p basis set applying the
MP2 level and the previously optimized geometry.
The strongest interaction was received for the SO –2

Ž .HNO complex D E sy17.6 kJrmol . Slightly3 MP2

less stable are complexes formed by HONO. The
structure of the complex with trans-HONO form was
found to be more stable than the structure with
cis-HONO form by ;1.8 kJrmol.

The calculated frequencies and intensities of the
SO –HNO and SO –HONO complexes and2 3 2

monomers are displayed in Tables 3 and 4, respec-
tively, and compared with the experimental data. The
relative intensities of the bands of both systems were

Ž .calculated in respect to their n N–O absorptions.

4. Discussion

4.1. Nitric acid–sulphur dioxide complex

Deposition of the HNO rSO rAr mixtures give3 2

rise to new infrared absorption bands which could
not be assigned to the parent molecules and therefore
must be due to product species. Furthermore, the
relative intensities of the new bands are independent
on matrix concentration. So, they can be assigned
with confidence to the 1:1 SO –HNO complexes.2 3

In the n OH stretching region two new features1
y1 Ž .were found at 3369.1 and 3343.3 cm Fig. 1A .

They are 153.3 and 179.1 cmy1 red shifted from the
corresponding vibration of the free HNO in solid3

argon. Two weak product bands found at 631.0 and
y1 Ž .627.1 cm see Fig. 1B may be attributed to the

perturbed out-of-plane deformation, n NOH, of9

nitric acid bonded to sulphur dioxide. The corre-
sponding torsion vibration in the HNO monomer3

spectrum appears as a doublet situated at 451.0 and
450.3 cmy1, which gives the approximate blue shift
equal to 178.4 cmy1. The position of the n NOH9

mode for the SO –HNO system matches with the2 3

out-of-plane deformation absorptions observed for
other B–HNO complexes. In the slightly weaker3

OC–HNO complex the corresponding band is situ-3

ated at 589 cmy1 and is 138 cmy1 blue shifted from
w xthe monomer value 20 .
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The doublet structure of the n OH stretching and1

n NOH out-of-plane deformation modes observed9

for the SO –HNO complex is attributed to different2 3

matrix sites. This explanation is the most likely one
considering the obtained data. The relative intensities
of the two component bands of both fundamentals
constantly are within the experimental error in the
studied concentration range and after annealing ex-
periments.

The ab initio calculations performed for the SO –2

HNO complex predict the 119 cmy1 red shift for3

the n OH stretch and 173 cmy1 blue shift for the1

n NOH out-of-plane deformation in the SO –HNO9 2 3

complex as compared to the HNO monomer. These3

shifts match relatively well with the experimental
data.

The formation of the SO –HNO complex leads2 3

also to perturbation of several other HNO modes.3

The product absorptions at 1687.2 and 1302.8 cmy1

are shifted down by 12.1 and 18.8 cmy1 from the n 2

asymmetric NO stretching and n symmetric NO2 3 2

stretching modes of the HNO monomerm, respec-3

tively. Another product band at 906.0 cmy1 corre-
sponds to the n O–NO stretching mode and shows5 2

9.0 cmy1 blue shift from the corresponding mode of
the non-bonded nitric acid. The calculated frequency
shifts for the perturbed HNO vibrations are slightly3

overestimated or underestimated, but the directions
of the changes are properly predicted. The calculated
intensities predicted for the bands due to the per-
turbed nitric acid in the SO –HNO complex agree2 3

very well with the experimental spectra. The bands
which are calculated to be the most intense ones
appear to be the most pronounced features in the
experimental spectra while those for which small

intensities are predicted are not observed in the
spectra.

Upon the complex formation new features are
observed in the regions of all three fundamental
modes of sulphur dioxide. They are situated at

Ž . y11338.4, 1143.4 1142.1 sh and 530.8 cm in the
vicinity of the asymmetric and symmetric stretching
and deformation SO modes, respectively. Both2

asymmetric and symmetric stretching modes are red
Ž . y1shifted by 16.6 and 8.6 9.9 cm , respectively,

while the SO bending vibration is moved to higher2

wavenumbers by 10.9 cmy1 compared to the sulphur
dioxide monomer. The results of previous studies on
various SO complexes suggest that the magnitude2

and direction of the perturbation of SO modes are2

not very conclusive as to the structure of the SO2
Ž .complexes see Table 5 . For instance, the observed

perturbation of the asymmetric and symmetric
stretching SO modes in the SO –HNO complex is2 2 3

very much the same as that observed for the SO –2
Ž . w xCH S complex 34 in spite of the entirely differ-3 2

ent type of interaction expected for these two aggre-
gates.

4.2. Nitrous acid–sulphur dioxide complex

The set of bands observed in the spectra of
HONOrSO rAr matrices in the vicinity of trans-2

HONO modes can be assigned with confidence to
the 1:1 SO –HONO-trans complex. Similarly, prod-2

uct bands found at close frequencies to the cis-HONO
absorptions are attributed to the 1:1 SO –HONO-cis2

complex. As can be noted in Table 4 one new band
at 3519.5 cmy1 with two weaker components at
3525.3 and 3516.9 cmy1 are observed in the stretch-

Table 5
Comparison of the SO modes in various SO –X complexes isolated in argon matrices2 2

Complex n SO sym. stretch n SO bend n SO asym. stretch Reference1 2 2 2 3 2

w xSO 1152.0 519.9 1355.0 42
w xSO –SO 1146.6 519.5 1341.3 42 2
w xSO –H O 1150.0 519.5 1343.3 142 2
w xSO –HF 1158.5 152

Ž . w xSO – CH SH 1144 522 1339 342 2 2
Ž . w xSO – CH S 1144 523 1338 342 3 2

SO –HNO 1143.4 530.8 1338.4 this work2 3

SO –HONO 1150.1 this work2
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ing region of trans-HONO. The multiple structure of
the n OH absorption is attributed to different trap-1

ping sites. A relatively large red shift of this mode in
Ž y1 .the SO –HONO-trans complex ;51 cm is re-2

markable for this hydrogen-bonded structure. The
Žcorresponding calculated n OH frequency 36331

y1 . Žcm is overestimated but its perturbation 67
y1 .cm is well predicted by ab initio calculations.
Three other perturbed modes of the complexed

trans-HONO molecule were identified. The product
band at 1673.8 cmy1 corresponds to the n N5O2

stretch and is 14.2 cmy1 red shifted with respect to
the trans-HONO monomer. Both the frequency of

Ž y1 . Žthe n N5O mode 1656 cm and its shift 92
y1 .cm are well predicted by the calculations. The n4

N–O stretching vibration of the SO –HONO-trans2
y1 Ž .complex is identified at 814.1 cm see Fig. 6A .

This band is shifted towards higher frequencies by
17.5 cmy1 from the corresponding absorption of the
trans-HONO monomer. Analysis of the spectra of
the B–HONO-trans complexes studied so far in ar-

w xgon matrices 36 shows that the perturbed n N–O4

mode is present as an intense band in most systems.
The frequency of the N–O stretch increases in line
when the frequency of the O–H stretch decreases
due to the hydrogen-bond formation. The position of
the n N–O band at 814.1 cmy1 in the SO –4 2

HONO-trans complex fits well to the series. The
blue shift of the n N–O band in this complex4

agrees with the calculated shortening of the N–O
Ž .bond see Table 2 but the predicted n N–O fre-4
Ž y1 .quency 924 cm is overestimated.

y1 Ž .The band at 625.6 cm see Fig. 6B is assigned
to the n ONO bending mode. This band is blue5

shifted by 16.9 cmy1 with respect to the n ONO5

absorption of trans-HONO monomer. The calcula-
tions gave overestimated values of both the n ONO5

Ž y1 .frequency 675 cm and its shift after complex
Ž y1 .formation Dn s44 cm .calc

Weaker shoulders observed from few wavenum-
bers apart from the main n OH and n N–O band1 4

in the spectra of the SO –HONO-trans complex are2

attributed to the site effect. Their relative intensities
do not depend on SO concentration in the matrix.2

The existence of the SO –HONO-cis complex in2

the studied matrices is also proved by the measured
spectra. However, in contrast with the SO –HONO-2

trans complex only two bands were identified for the

cis complex. A very weak band at 3372.3 cmy1 is
assigned to the n OH stretching vibration and the1

y1 Ž .1621.9 cm band see Fig. 5B is assigned to the
n N5O stretching mode. They are red shifted by2

ca. 40 cmy1 and 10.9 cmy1, respectively in compar-
ison with the corresponding cis-HONO monomer
frequencies. The ab initio calculations performed for
the SO –HONO-cis complex predicted very well the2

absolute value of the n N5O stretching mode2
Ž y1 .1617 cm and the frequency shifts of the n OH1

and n N5O stretching modes in the complex with2
Ž calcrespect to the HONO-cis monomer Dn s431

y1 calc y1.cm , Dn s7 cm but the calculated n OH2 1

frequency is overestimated.
The attempts to locate other modes of the SO –2

HONO-cis complex were fruitless. The concentration
of the cis complex in the studied matrices may be
expected to be smaller than the SO –HONO-trans2

w xcomplex 19 and is probably too low for weaker
absorptions to be detected.

4.3. Nitric and nitrous acids complexes with Õarious
bases

The displacement of the OH stretching mode in a
hydrogen-bonded complex from the corresponding
monomer value is a good indication of the strength
of the interaction. In the B–HNO complexes the3

observed shift of the OH stretching vibration in-
creases in line with the increasing strength of the

Žbase the latter can be related to the gas-phase proton
. Ž .affinity, PA . Sulphur dioxide PAs657 kJrmol

forms a complex of intermediate strength between
Ž .OC–HNO PAs590 kJrmol and C H –HNO3 2 4 3

Ž . Ž .PAs669 kJrmol . The corresponding Dn OH
shifts are equal to 179.1, 123.4 and 215.0 cmy1 for
SO –HNO , OC–HNO and C H –HNO com-2 3 3 2 4 3

plexes, respectively. The red shift of the OH stretch
in a given complex is accompanied by the blue shift
of the OH out-of-plane deformation mode. The per-
turbation of the OH out-of-plane deformation is equal
to 138.4 cmy1 for OC–HNO and 158.7 cmy1 for3

the C H –HNO complex. The shift observed here2 4 3
Ž y1 .for the SO –HNO system 178.5 cm is slightly2 3

higher than might be expected in the series. This
w xindicates increase in rigidity 35 of the SO –HNO2 3

complex as compared to the neighbouring system:
C H –HNO .2 4 3
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Trends observed in the series of complexes formed
by HONO-trans with various bases have been re-

w xcently presented 36 . The shift of the OH stretching
vibration in the SO –HONO-trans complex is rela-2

Ž y1 .tively small 51 cm . This value places this system
between CH –HONO and OC–HONO complexes in4

spite of the higher proton affinity value of SO2
Ž . ŽPAs657 kJrmol than those of CH and CO 5404

.and 590 kJrmol, respectively . The perturbation of
the OH stretching mode in the CH –HONO and4

OC–HONO systems is equal to 23 and 72 cmy1,
respectively.

Comparison of the OH stretching vibration shifts
in the complexes of nitrous and nitric acids with the
same base shows that much stronger hydrogen bonds
are formed in B–HNO than in corresponding B–3

HONO-trans complexes. The same is true for the
here studied SO –HNO and SO –HONO systems.2 3 2

5. Conclusions

Infrared matrix isolation studies and ab initio
calculations indicate that HNO and trans- and cis-3

HONO form with sulphur dioxide hydrogen-bonded
complexes with the OH group directed toward one
oxygen atom of the SO molecule. The binding2

Ž .energy at the MP2 level with 6-311qqG 2d,2p
basis set is equal to 17.6, 13.6 and 11.8 kJrmol for
SO –HNO , SO –HONO-trans and SO –HONO-cis2 3 2 2

complexes, respectively. Five perturbed HNO vibra-3

tions and all three perturbed SO fundamentals were2

identified for the 1:1 SO –HNO complex isolated2 3

in argon matrix. The SO –HONO-trans system is2

characterized by four frequencies of the HONO-trans
molecule and one frequency of the SO subunit in2

the complex. Only two perturbed HONO modes
were found for the SO –HONO-cis complex due to2

the much smaller concentration of the latter in com-
parison with the trans complex. The shifts of the OH
stretching vibration in respect to the corresponding
monomer values are equal to 179, 51 and 40 cmy1

for SO –HNO , SO –HONO-trans and SO –2 3 2 2

HONO-cis complexes, respectively. This confirms
Ž .the predicted by ab initio calculations weakening of

the hydrogen-bond interaction in the same order. The
observed perturbation of other internal modes in

complexes is consistent with this conclusion. The
calculated spectra reproduce well the frequencies and
the intensities of the measured spectra of the studied
complexes.
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