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Complexes of Sulfuric Acid with Hydrogen Chloride, Water, Nitric Acid, Chlorine Nitrate,
and Hydrogen Peroxide: An ab Initio Investigation
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The formation of binary complexes of sulfuric acid with hydrogen chloride, water, nitric acid, chlorine nitrate,
and hydrogen peroxide has been investigated by means of ab initio calculations at the-Haotle@and

MP2 levels of theory. The hydrogen bonds for the complexes with water, hydrogen peroxide, and nitric acid
are found to be strong, whereas hydrogen chloride and chlorine nitrate form only weak complexes. For the
first time, structural data for binary complexes of sulfuric acid with hydrogen chloride, nitric acid, chlorine
nitrate, and hydrogen peroxide have been obtained. The geometry of the calculated sulfuric acid/water complex
with the highest stability is in good agreement with the available data in the literature. The stability of the
sulfuric acid complexes with hydrogen peroxide and nitric acid are indications that these gases may also take
part in the nucleation process of stratospheric sulfuric acid aerosol.

Introduction classical Monte Carlo simulation to investigate sulfuric acid
water clusters of different sizes. Recently, Arstila éfakported

due to its role in aerosol formation in both the troposphere and a density functional study of sulfuric acid hydrates containing
the stratosphere. Sulfuric acid aerosol particles have been®"® to three water m.ole(.:ules.' They were able to show that the
recognized to scatter incoming solar radiation back into space. proton-transfer reaction is unlikely to occur for the mono- and
In the cold stratosphere at high latitudes, sulfuric acid aerosol dihydrate, while for the trihydrate the energy barrier is quite
may play an important role for the heterogeneous chlorine low. In a further density functional study, Bandy and ld#ni
activation. The heterogeneous reaction of hydrogen chloride with concluded that clusters ofa8Q:(H;0), for n = 3—7 are able
chlorine nitrate has been shown in the laboratiy readily o form a HO™ and a HSQ™ ion.

occur on many types of materials including sulfuric acid aerosol ~ Experimental characterizations of complexes formed by
at low temperatures. Ravishankara and Hahseen concluded  sulfuric acid with trace gases are still very rare. To date, only
that the heterogeneous reaction on supercooled sulfuric acida matrix isolation study of sulfuric acid/water complexgas
droplets near the ice frost point could occur more efficiently well as one for sulfuric acid/carbon monoxide complexes, has
than on polar stratospheric cloud particles. In addition, it has been carried ou2 However, the reported spectra are compli-
been demonstrated that sulfuric acid aerosols can take up largeated due to the simultaneous presence of, $55Q;, water,
amounts of nitric acid when cooled to temperatures near the and sulfuric acid/water complexes of different sizes. So far, there

frost point>’ are no experimental data available regarding the structure of
The atmospheric vapor-phase production mechanism of syifuric acid complexes.

sulfuric acid involves S@ which quickly interacts with ED

in the gas phase or on the surface of aerosols, perhaps via a
H,0-S0; adduct, to form HSO,.8-10 In the troposphere, due

to its large affinity toward water, $$O, is thought to exist as
hydrates (HSOy+(H20),) or as a condensed-phase aerdsn.

the stratosphere, where the ambient water vapor fraction is only

4—5 ppmv, small amounts may also exist in the free molecular . . o
form nucleation processes that involve additional trace gases. Our

The formation of sulfuric acid aerosol is believed to occur calculations may givg an insight into the primary fundamental
via homogeneous or ion-induced nucleation of sulfuric acid and stheps C: th? nlucgeitlon processe”s at thﬁ molecu_la_r Iev?I. Jhe
water vapor. Some additional trace gases may be involved inPhotochemical behavior as well as the reactivity of the
the nucleation procedd The quantitative and qualitative aspects COMPlexes of sulfuric acid with trace gases may differ signifi-
of this nucleation process are not yet well understood. To date, cantly for one or another of the monomeric trace gas molecules.
there exist only a few molecular studies on the nucleation This results in the possibility of an enhanced halogen activation
processes described above. A HartrBeck ab initio study was ~ €ven at the molecular level. From this behavior, we may
performed for the sulfuric acid monohydrdfeThis study extrapolate whether the respective trace gases are able to form
assumed rigid monomers and optimized only the intermolecular Stable bonds with the surface of sulfuric acid aerosol and
distances. In addition, two studié45were carried out usinga  Whether these surface-bonded molecules will have an increased
reactivity. As a result of the large size of these complexes, they
* Author to whom correspondence should be addressed. were investigated at the SCF and MP2 levels only.

The interest in the properties of gaseousS8, is mostly

The purpose of our computations is to investigate the
Ltabilities of sulfuric acid complexes with various trace gas
species that are relevant to atmospheric chemistry. As was
mentioned before, only a few molecular studies of the nucleation
processes of sulfuric acid with water have been reported so
far.12-17 Furthermore, to date, there exist no investigations of
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TABLE 1: Bond Lengths and Angles of Sulfuric Acid in Comparison to Data Available in Literature

this work
HF 6-31H-+G MP2 6-31H+G MP2 Arstila et ali® Hofmann et af Kuczkowski et ak®
(2D,2P) (2D,2P) HF  6-31G* (BLYP) (MP2 6-31G*) (exptlf

S=0 distance 1.39 1.43 1.41 1.44 1.46 1.44 1.422
S—O0 distance 1.55 1.60 1.57 1.62 1.64 1.62 1.574
OH distance 0.95 0.97 0.95 0.97 0.99 0.98 0.97
0=S=0 angle 123.4 124.8 123.5 125.0 123.7 125.0 123.3
O—-S-0O angle 102.1 101.8 101.8 101.6 101.4 101.7 101.3
S—0O—H angle 110.7 107.6 110.8 107.7 108.5 108 108.5

@ Determined from microwave spectra of gaseouS® molecules.

Computa‘nonal Details TABLE 2: Thermodynamic Data for H 2SO4 atT =
298.15 K
T_he_ geometkr:es of monorrllers and corlnplelxes have hbeen Hofmann  Chase et 2
cPied o e esock o P2 Jewels uang e
- and 6- , asis sets. The energies of the - oo
complexes calculated with the 6-31G** basis set had to be go" (gjmn;?EK}Sl)) Zggg 2%27'% 2%35725
corrected for the basis set superposition error (BSSE) using the  zpg (k3 mot?) 103.3 1025 '

counterpoise correctidh(largest value for ESO/H,0 was 5.8
kJ/mol), while this was negligible{1kJ moi1) with the larger
basis set. In addition, we calculated the analytic Hessian matrix

Q.

aDerived from MP2/6-31G** harmonic frequencies.

at the SCF level (numeric at MP2 6-31G**) in order to

determine the harmonic frequencies and zero-point energies. The

corrections for the zero-point energies (ZPE) and the Gibbs free
energies AG) were calculated using the harmonic frequencies L

at the MP2 6-31G** level. All calculations were performed with
the GAMESS prograft on workstations and a Cray T3e parallel
computer.

The application of large basis sets was necessary in order to
get good results at the HartreBock level. Since electron
correlation contributes strongly to the intermolecular hydrogen
bonds, we applied MgllerPlesset perturbation theory of second
order (MP2) to the wave function. Although the MP2 level of
theory only accounts for about 80% of the electron correlation
energy, the remaining error is usually insignificant for the Figure 1. Complex of sulfuric acid with hydrogen chloride. The
determination of molecular geometries. The stabilization ener- Numbers indicate the respective bond lengths in angstroms from the
gies of the complexes might have a certain error that should, MP2 calculation with the 6-31-+G(2D,2P) basis set.
however, be small compared to the differences in the results
between the HartreeFock and MP2 energies.

Test Calculations. Since there are no experimental data
available for sulfuric acid complexes, we tested the accuracy
of our calculations on a single sulfuric acid molecule for which
experimental geometries and thermodynamic data are available.
Table 1 shows the calculated geometric parameters in compatri-
son to data available in the literature, which show a good overall
agreement. Despite the good agreement of the SCF with the
MP2 values for the sulfuric acid monomer, the differences in
the intermolecular distances of the complexes are larger. This
is due to the fact that the SCF calculation neglects the electron
correlation which is essential to discribe intermolecular bonds
accurately. Therefore, the complexes are expected to be
described better at the MP2 level. The thermodynamic data
derived from the MP2/6-31G** harmonic frequencies are also Figure 2. Optimized geometries of stable sulfuric acid monohydrate
in excellent agreement with data available in the literature (Table complexes. The numbers indicate the respective bond lengths in
2). These data are used to calculate the Gibbs free energy ofangstroms from the MP2 calculation with the 6-31£G(2D,2P) basis
the complexes at stratospheric conditions. set.

e k]

2181 ‘248

calculated Gibbs free energies indicate that some of them may
not be stable under stratospheric conditions. To calculate
Equilibrium structures of the complexes are presented in stabilization energies of the complexes with a high accuracy,
Figures 1-5. The corresponding stabilization energies are listed higher correlated methods than MP2, like CISD(T), have to be
in Table 3. As a result of complexation, the bonds of the oxygen applied. These calculations are, at least now, not applicable for
atoms to the sulfur are no longer equivalent and the sulfuric sulfuric acid complexes containing more than 300 basis func-
acid molecule has lost itS, symmetry. The formation of all of  tions. In addition, these correlated methods are usually not size
the complexes is exothermic at low temperatures. However, theconsistent. However, since the sulfuric acid complexes are not

Results
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a) b} , 3 oxygen of sulfuric acid. As can be seen in Table 3, the inclusion
of the electron correlation is quite important for this complex.
1 The SCF stabilization energy is only about half of the one
i calculated by MP2. While the intramolecular distances change
only insignificantly between the SCF and MP2 calculations, the
intermolecular distances are more than 0.2 A longer at the SCF
level. In comparison, all bond distances change less than 0.01
A from MP2 6-31G** to MP2 6-31%+G(2D,2P). The reduc-
tion in the force constant of the hydrogen chloride in the
complex compared with those of the free molecules results in
a frequency shift of about3.5% (Table 4), while the shift of
the hydrogen-bonded OH group of sulfuric acid is abet8%.
The respective bond lengths are slightly increased by 0.01 and
0.006 A. The calculated value of the Gibbs free energy at 195
K (Table 3) indicates that this complex should be stable under
Figure 3. Optimized geometries of stable sulfuric acid/nitric acid 1:1 cold stratospheric conditions. However, at 230 K, the Gibbs
complexes. The numbers indicate the respective bond lengths infree energy is already positive, and therefore, the complex should
angstroms from the MP2 calculation with the 6-31G** basis set. appear only in the cold stratosphere.

i

H,SO,-H,0.There are two stable complexes of sulfuric acid
with water molecules (Figure 2). Both geometries are optimized
without any constraints. This is in good agreement with the
results of Givan et ai® who recorded infrared spectra of
H,SOW/H,0/SG; mixtures in argon matrixes. They assumed one
complex has an open and one a ring structure. The calculated
stabilization energies and Gibbs free energies (Table 3) show
that both complexes should be stable under matrix isolation
conditons close to 15 K. However, only complex a is stable
under stratospheric conditions, while complex b has a positive
Gibbs free energy even under very cold stratospheric conditions.
Arstila et all® also found two stable configurations of the
sulfuric acid monohydrate with their density functional (BL-
YP)?2:23 approach. While the geometry of the most stable
complex has a strong hydrogen bond and is in agreement with
complex a, their optimized structure of the less stable complex
F_itQU:e 4. Ollfltim_il_zﬁd geobmetry gf tf;e t:shtable sulftt_Jric bacicciilclzhlortirr]le_ b shows some differences from complex a. The stabilization
nitrate complex. € numbers In .Ica e. e respec IVE* on. eng Slr‘lenergy of complex a at the SCF level is40.6 kJ/mol
angstroms from the MP2 calculation with the 6-31G** basis set. comparable to the-38 kd/mol that Arstila et a6 determined
with the density functional approach. Inclusion of electron
correlation through the MP2 approach stabilizes this complex
to —52.1 kJ/mol. Table 4 shows that complexation of sulfuric
acid with water shifts the frequency of the bonded OH group
ii78 in sulfuric acid by—16.2% (Table 4), which is the strongest
| decrease in the frequency in all complexes. The increase in the
respective bond length of 0.026 A is also the strongest found
in the complexes studied here. Arstila et al. found a stabilization
energy of only—2 kJ/mol for the weaker complex, whereas
complex b shows a stabilization energy-ef1.1 kJ/mol, which
increases by inclusion of electron correlation trough MP2 to
—15.2 kJ/mol. The geometry of the weakeiSD,-H,O complex
calculated by Arstila et al. shows only the interaction of one
hydrogen atom from water with sulfuric acid, while complex b
shows that both hydrogen atoms have a very weak interaction
Figure 5. Optimized geometry of the stable sulfuric acid/hydrogen \uith sylfuric acid. The calculation of the force constant matrix
ﬁ]eglxégter gr?g?rlg)r(ﬁ 'tl'hhee &%@%‘;ﬁ&?{ﬂ;gﬁtm&etLZS%?;t}'XCe;(bzoggllje)ngthsshows that the OH stretching fr(_equencies of the water molegule
basis set. from complex b show only shifts of a few wavenumbers in

comparison to the monomer. The intramolecular bond lengths
expected to have low lying excited states, the stabilization Of complex b are the same as those in the monomers within the

energies calculated at the MP2 level should have errors thataccuracy of the calculation.

are not larger than a few kilojoules per mole. H2SO4,HNOs. Like for water, two stable complexes of
H,SO4-HCI. One stable configuration (Figure 1) was found sulfuric acid with nitric acid (Figure 3) have been found.

for the complex formed by sulfuric acid with hydrogen chloride. Complex a with—48.8 kJ/mol is again significantly more stable

There is a weak interaction between the chlorine atom and athan complex b with—29.7 kJ/mol, although the energy

hydrogen atom of sulfuric acid as well as a weak interaction of difference is not as large as that in the case of water. Further,

the hydrogen atom of hydrogen chloride with a double-bonded both complexes have a negative value of the Gibbs free energy

18]
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TABLE 3: Stabilization Energies, ZPE Corrections, and Gibbs Free Energies of Sulfuric Acid Complexes with Respect to Their
Monomers (All Values Are in kJ/mol~-1.)

HF 6-311-+G MP2 6-311+G HF2 MP22 PR AGP AGP

species (2D,2P) (2D,2P) 6-31G** 6-31G** correction (195 K) (230 K)
H,SOyHCI ~15.7 —29.0 -17.0 —27.4 5.8 2.1 1.7
H,S0,H.0 (a) —40.6 —52.1 —49.5 —-62.7 10.9 -30.7 —26.4
H>S0u+H-0 (b) —11.1 ~15.2 -15.1 -19.7 5.6 6.9 11.0
H2SOy-HNO; (a) —46.1 —48.8 ~55.0 ~58.0 5.7 -323 —28.8
H,S0,-HNO; (b) —21.7 —290.F —-29.3 -38.8 5.3 -12.9 —9.4
H,SOyCINO; ~16.4 ~17.4 223 —25.3 4.4 5.1 9.6
H,S0uH.0, —40.8 —55.1 —47.3 -60.1 8.3 —25.3 -20.0

aCorrected for the BSSE (see text)Calculated using MP26-31G** harmonic frequencies.Single-point calculations at the optimized MP2
6-31G** geometry.

LA(IjBLE 4: gelgti\ée OaﬂdeAbsolu%eSFL?qyeRcdehigt o:( tlp]e kJ/mol hydrogen peroxide forms a sulfuric acid complex with
ydrogen-bonae roup ot Sulturic Acid and of the the highest stabilization energy due to the formation of two
iﬂ; lQEe; h(/ljélecé)ulcérg%ﬁ)cgfaftg% Lrta&%ggzliw(sggmpanson to strong hydrogen bonds. The value of the Gibbs free energy
shows that this complex should be stable under all stratospheric
species Veomple me?';xm__ )y Veompie! VCDmPS'(eér;_l) conditions. The hydrogen bond from the OH group of the
P VHzSQy  VHaSOy Viace gas Vwrace ga sulfuric acid to one of the oxygen atoms of the hydrogen
H,SO,HCI 0.972  -106.3 0.965  -110.3 peroxide is slightly weaker than the one formed by sulfuric acid
:zggjﬂzg gg‘g 0838  —6204 g_ggg' __2%_'% to water (complex a). The bond length increases by 0.02 A,
H,SO#HNO; (a)  0.934 —252.0 0.917 ~3133 and the frequency shifts by13.8%. In addition, there is a strong
H,SO;HNO3 (b)  0.976 -92.4 hydrogen bond from one OH group of hydrogen peroxide to
H2SO,-CINO3 0.986 —54.6 an oxygen atom of sulfuric acid. This bond increases due to
H2S0sH20, 0.862  —528.8 0967  -1244 complexation by 0.01 A, and the frequency shifts -68.3%.

under stratospheric conditions. In addition, the influence of the ]
electron correlation to the complexation is much smaller since Discussion
the stabilization energy differences between the SCF and MP2
levels are much smaller than those in the case of the water
complex. The intermolecular bond distances of complex a
indicate that there are two hydrogen bonds of comparable
strength, which are much stronger than both intermolecular
bonds of complex b. The frequency shift of the hydrogen-bonded
OH groups of sulfuric acid and nitric acid amount +®.6%

and —8.3%, respectively (Table 4), for complex a, whereas in

We have calculated the geometries and energetics of 1:1
complexes of sulfuric acid with hydrogen chloride, water, nitric
acid, chlorine nitrate, and hydrogen peroxide at the molecular
level. It is important to note that the results cannot be applied
to the bulk material, since the three-dimensional arrangement
of the molecules usually results in a different structure and
different stabilities. In addition, at concentrations and temper-

complex b, the frequency shift is only2.4% for the bonded atur_es re_Ievant o the stratosphere_, ther_e are practically no
OH groups of sulfuric acid. The changes in the respective bondundlssomated L'BO“ molecules available mgdg an aerosol
lengths are 0.013, 0.015, and 0.004 A. droplet. However, it can be expected that similar complexes

H.,S0,+CINO3. Only one stable complex of sulfuric acid with will form on sulfuric acid aerosol surfaces, where it is unlikely
chlorine nitrate (Figure 4) has been found whose structure that all of the sulfuric acid molecules are dissociated. The strong

corresponds to the sulfuric acid/nitric acid complex b. As a result INtéractions of water, hydrogen peroxide, and nitric acid with
of the higher electronegativity of chlorine in comparison to Sulfuric acid are a clear indication that these compounds will
hydrogen, the electron density at the two oxygen atoms, which form stat_)le con_1p|exes at the molecular level. This is also
are involved in the formation of the hydrogen bonds, is slightly "€flected in the high Henry's law constants of these molectlles.
lower than in nitric acid. Therefore, the hydrogen bridges are The Gibbs free energies of these complexes indicate that they
not as strong as in the respective complex with nitric acid. The Should be stable against dissociation in the stratosphere.
bond energy calculated at the highest available level of theory Therefore, t_hese molecules_are aple to stick on aerospl surfaces.
is only —17.4 kJ/mol. However, the Gibbs free energy of this However, since the three-dimensional arrangement in the bulk
complex is positive, even under cold stratospheric conditions. Material is usually significantly different, these calculations do
Like in the case of the HNOcomplex, there is only a small ~ not allow us to predict whether the surface-bonded molecules
energy change between the SCF and MP2 calculation, indicatingare able to dissolve into the bulk material of the aerosol, which
a small influence of the electron correlation to the intermolecular Would be necessary for an uptake of larger quantities of these
bonding. The small changes in the intramolecular force constantstrace gases. The relatively weak bonding energies of hydrogen
result in a frequency change of ontyl.4% (Table 4) and an chloride and chlorine nitrate with sulfuric acid molecules are
increase in the bond length of 0.003 A of the hydrogen-bridged on the other hand a clear indication that the probability for them
OH bonds in comparison to free sulfuric acid. A chlorine nitrate to stick on sulfuric acid surfaces, and therefore the probability
complex similar to complex a with nitric acid is not stable due for heterogeneous activation on the aerosol surface, is quite low.
to the larger radius and higher electronegativity of the chlorine The calculated Gibbs free energies show that the sulfuric acid/
atom. The potentials of the molecules in this configuration are chlorine nitrate complex should not be stable under stratospheric
repulsive, and all attempts for a geometry optimization starting conditions. For the sulfuric acid/hydrogen chloride complex,
at this configuration resulted in a complete dissociation of the the calculated Gibbs free energy is negative only at temperatures
complex. found in the cold stratosphere. This is in good agreement with
H2S0O4-H,0,. H,O, forms a very stable complex with sulfuric  the observed stratospheric chlorine activation in the cold arctic
acid, which has two hydrogen bonds (Figure 5). WitB5.1 stratosphere and an indication that the chlorine activation may
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take place on sulfuric acid aerosol as well as on PSC surfaces (4) Ravishankara, A. R.; Hanson, D. R.Geophys. Red996 101,
3885.

under these conditions. i
(5) Carslaw, K. S.; Luo, B. P.; Clegg, S. L.; Peter, T.; Brimblecombe,

uSi P.; Crutzen, P. JGeophys. Res. Lett994 21, 2479.
Conclusion (6) Tabazadeh, A.; Turco, R. P.; Jacobson, M.JZGeophys. Res.

. . 1994 99, 12897.
We were able to calclulate. the geometries and energetics of (7) Beyer, K. D.: Seago, S. W.: Chang, H. Y. Molina, MJJGeophys.
complexes from sulfuric acid with various atmospherically Res [ett1994 21, 871.
relevant trace-gas molecules. Although only small bimolecular (8) Hofmann, M.; Schleyer, R. R. Am. Chem. S0d994 116, 4947.
complexes have been considered, we gained useful insight on  (9) Hofmann-Sievert, R.; Castleman, A. W., J.Phys. Cheml984
the interactions between sulfuric acid and these trace-gasssv(fgf% dybey. V. E.: English. 3. B. Mol. Spectroscl985 109 221
; : e ondybey, V. E.; English, J. H. Mol. Spectros .
molecyles. The kno_wledge about these |_nteract|c_ms is important (11) Jaecker-Voirol A.: Mirabel, P Reiss, BL.Chem. Phy&987, 87
to clarify the formation of the stratospheric sulfuric acid aerosol 4gag.
as well as the reactions that can occur on it. It could be shown  (12) Laaksonen, A.; Talanquer, V.; Oxtoby, D. Wnnu. Re. Phys.
that nitric acid, water, and hydrogen peroxide form comparably Chem.1995 46, 489.
strong complexes with sulfuric acid at the molecular level. 82 E{U:d'ré-?ﬁor‘;h& JCheméP&YSI-m'J-etfllgig 158 dll/i{ .
H ale, b. N.; Katnmann, S. . ucleation an maospneric
Although the _results CannoF be used fqr th‘? bulk materl_al, they Aerosols Proceedings of the 14th International Conference; Pergamon:
can be considered at a first approximation to describe the oxford, 1996.
interactions on the sulfuric acid aerosol surfaces, where undis- (15) Kusaka, I.; Wang, Z. G.; Seinfeld, J.Mucleation and Atmospheric
sociated sulfuric acid molecules may be available besides theAerosols Proceedings of the 14th International Conference; Pergamon:
L . . . Oxford, 1996.
Ior."C SPECIES. Furthermore, th.e CalCUIatlons ShO\.N th.at sulfuric (16) Arstila, H.; Laasonen, K.; Laaksonen, A.Chem. Physl998 108
acid may play an active part in the chlorine activation under 1031,
cold stratospheric conditions. (17) Bandy, A. R.; lanni, J. CJ. Phys. Chem. A998 102, 6533.
(18) Givan, A.; Larsen, L. A.; Loewenschuss, A.; Nielsen, Galaday
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