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Ab initio MP2/6-31H+G(2d,2p) investigation of the SADH/NO singlet potential energy surface (PES)

has been performed with the aim to localize and describe the existing minima and transition states linking
them. The systematic studies have revealed seven minima, withaiieHONO—SO, complex (t) being

the global minimum. Eight transition states between minima or between minima and the relevant reactant
species have been described. Several available izomerization and dissociation routes have been identified

and discussed. The most favorable association of HOS8@ NO was found to be a barrierless process
forming nitrososulfonic acids. Isomerizations between trans-, cis-, and gauche- nitrososulfoniadds (

and2g) are possible with low-energy barriers.

The HGQSM@d NO species can also react via another channels

involving high-energy transition states to produce the HESI®, (3) and HNO-SG; (4) complexes.

1. Introduction

Sulfur dioxide SQ and both OH and NO radicals are
atmospheric species which chemistry and intermolecular inter-
actions are of particular interest both for air pollution and
combustion processes. Nitric oxide, NO, is an important primary
pollutant emitted by both mobile and stationary sources. The
combustion of sulfur containing fuels always yields 43 a
predominant sulfur containing pollutant. The OH radical is
formed in polluted air directly from HONO and.B, photolysis:

HONO + hv — OH + NO
H,0, + hy — 20H

(1.1)
(1.2)

Under more polluted conditions, OH radicals are produced
by photolysis of the products of incomplete combustion of fossil
fuels such as aldehydes or ketofes.

The reaction of OH with Sgto form hydroxysulfonyl radical

OH + SO, (+M) — HOSG, (+M) (1.3)
is the first step in the gas-phase oxidation of sulfur dioxide into
sulfuric acid and has been recognized to be the major rate-

controlling step in this process. Since early reports published
by Cox on photolysis of gaseous HONO/$®ystem many

The oxidation of NO and Sgs of great interest for the flue
gas pollution control. Flue gas includes NO, $@nd Q. If
some OH or HQradicals are present, the chain reactions may
occur and the simultaneous oxidation of both pollutants takes
placel”

The present paper reports a theoretical study of thg@d/

NO singlet MP2/6-311++G(2d,2p) potential energy surface.
Minima and transition states (TS) on the studied PES have been
localized and characterized. Different reaction pathways result-
ing from interaction between the species of interest have been
discussed. This subject is attractive because of its relevance to
the atmospheric chemistry and the fact that the experimental
evidence of a new compound, nitrososulfonic acid HO(NO)-
SO, formed in low-temperature matrices have been recently
reported:®

2. Computational Methods

All calculations were performed with the Gaussian 03
program packag®. Structures of the minima, transition states
(TS) and related monomers have been optimized at the MP2/
6-311++G(2d,2p) level. Structural details for the species
considered, not included below, are available as Supporting
Information.

Minima and transition states were verified by calculation of

papers appeared on kinetics of the above reaction using bothvibrational frequencies. Minima were connected to each TS by

experimental and theoretical techniqdek!
Although NO is not expected to react directly with S@

was suggested on the basis of experimental and theoretica

consideration$-16that the predominant fate of HOS@adical
is reaction with @ forming HOSQO;. This adduct may further
react with NO according to the following reactions:

HOSO,0, + NO—~ HOSO,0 + NO, (1.4)
HOSO,0 + NO — HOSO,0NO (1.5)
* Corresponding author. Fax: (48)713282347. E-mail: mariaw@
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following intrinsic reaction coordinate (IRC) generated at the
MP2/6-31H+G(2d,2p) level. To confirm that some addition
or dissociation processes proceed without energy barrier, the
potential energy surface scans have been performed at B3LYP/
6-311++G(2d,2p) level. These results are included in Support-
ing Information.

Binding energies of the intermolecular complexes were
corrected for the zero-point energies and for the basis set
superposition error (with the exception of HOS®O, com-
plex) using the counterpoise techniciie.

The open-shell monomers have been treated by both unre-
stricted and restricted open shell methodology. As a check for
the presence of spin contamination we used the value of the
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3
Figure 1. Optimized structure of the minima on the 8OH/NO singlet potential energy surface.

total spin,[¥Cwhich was found to differ only by 0.731.75% connecting the minima are displayed in Figure 2. The related
from the value of this parameter with no spin contamination. energetics for both minima and transition states as well as for
From now on the structures of the HOF®OSO, NO, and the relevant monomers is gathered in Table 1. The relative
NO; species and the relevant energetics are those from theenergies discussed in this chapter are those corrected for zero-
unrestricted MP2 calculations. point vibrational energy (ZPE).

The topological analysis of the electron density (AIM) has  The results of the AIM analysis performed in this paper are
been performed at the MP2/6-3t1+G(2d,2p) level using the  presented in Table 2 and the vibrational properties of the studied
AIM program as implemented in Gaussian 03. Bader’s theory minima are given in Table 3. Figure 3 illustrates the potential
of “atoms in molecules” (AIMj* provides a rigorous and  energy diagram for the possible reaction pathways on thg SO
unambiguous criteria for the classification of the bonding in a OH/NO surface.
molecular system. Two atoms are bonded if there is a bond 3 1 HONO-SO, Complexes (1t and 1c)While exploring
path (BP) between their nuclei. The crucial element of the AIM  the SGQ/OH/NO potential energy surface at MP2/ 6-311G-
analysis is finding critical points (BCP) of the electron density (2d,2p) level two complexes formed between nitrous acid
wherevp(rc) = 0. Topological parameters derived from Bader's (HONO) and sulfur dioxide have been localized. Bttns-
theory such as the electron densityc) and its Laplaciarv?p- andcis-HONO isomers form hydrogen-bonded structures with
(ro) at bond critical point allow to distinguish between two types the OH group interacting with one of the O atoms of the;SO
of interactions. Covalent (“shared”) interactions are characterized molecule (t and1c, respectively). These structures have been
by a high value of the charge density at the BGRrd) > reported to be present in low temperature argon matrices and
10-%au) and usually negative Laplacian. “Closed-shell” interac- \ere earlier found on the MP2/6-31G(d) potential energy
tion present in ionic, hydrogen-bonded systems and van der g face23 According to the present calculations theans
Waals complexes show rather smg(tc) at BCP (1072 au) HONO—-SO, (1t) complex appeared to be a global minimum
and positive Laplaciaf? on the singlet SGOH/NO PES with the cis-HONOSO, (1¢)
being 0.94 kcal/mol higher in energy.

3.2.transHONO—S0;, (1t) <> cisHONO—SGO; (1c) Isomer-

The optimized geometry of minima localized on the,50 ization. transHONO—SO, complex (Lt) can rearrange
OH/NO potential energy surface at MP2/6-31-£G(2d,2p) endothermically to form the correspondings-HONO—-SO,
level are presented in Figure 1. The located transition statescomplex (c) via TSj-1c. The TSi-ic transition state is

3. Results and Discussion
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Figure 2. Optimized structure of the transition states on the/SBI/NO singlet potential energy surface.

TABLE 1: Energies (in hartree) and Relative Energies (in kcal/mol) Calculated for Various Species on the SZIDH/NO Singlet
Potential Energy Surface

energy ZPE AE AE + AEzpe
species (hartree) (kcal/mol) (kcal/mol) (kcal/mol)
Minima
transHONO—-SQO, 1t —753.20405054771 17.53 0.0 0.0
CcisHONO-SG; 1c —753.20248323772 17.49 0.98 0.94
t-HO(NO)SQ 2t —753.18166142587 18.29 14.05 14.81
c-HO(NO)SQ 2c —753.18062852130 18.27 14.70 15.44
g-HO(NO)SQ 29 —753.18016386349 18.27 14.99 15.73
HOSO-NO, 3 —753.16866686154 17.85 22.20 22.52
HNO—-SG; 4 —753.16434020968 18.56 24.92 25.95
Transition States
TSit-1c 488i —753.18476217366 15.80 12.10 10.37
TSo-2¢ 396i —753.17238654064 17.64 19.87 19.98
TSat-2g 80i —753.17880017356 18.11 15.84 16.42
TSyc-2g 70i —753.1794755117 18.12 15.42 16.01
TSR-2t 373i —753.15765597120 17.22 29.11 28.80
TSR-2¢ 397i —753.15396386226 17.19 31.43 31.09
TSR-3 251i —753.14663056656 17.78 36.03 36.28
TSR-4 2711i —753.10805270391 14.32 60.24 57.03
Monomer$

HOSG —623.49967432 14.16
transHONO —205.33456140098 12.41
cisHONO —205.33356981158 12.48
SO —547.86205598342 4.09
SG; —622.92064561694 7.50
HNO —130.22979758788 8.72
cisHOSO —548.42610955 10.60
transHOSO —548.42141489 10.68
NO, —204.71544575 6.87
NO —129. 65537789 4.87

aFor radical species projected UMP2 energy is given

characterized by a strongly elongated-® bond in nitrous point correction equals to 10.37 kcal/mol. This result is

acid unit with the distance of 1.522 A (1.413 A it and in accordance with that reported in the literature for the
1.384 A in 1c complexes) and the HONO dihedral angle of transHONO — cissHONO isomerization. The correspond-
86.6°; the value intermediate between those foundrans ing torsional barrier (corrected foAZPE) calculated for

HONO—-SGO; and cisHONO—SO, complexes (1800 and this process at different levels of theory ranges from 10.5 to
0.0, respectively). The reaction coordinate involves the OH 12.0 kcal/mat*~26 while the experimental gas-phase values
torsion with the imaginary frequency of 488i cf The are between 11.6 and 12.1 kcal/mof8 It is also worth
calculated energy barrier faransHONO—-SO, (1t) — cis- noting that the HONO dihedral angle calculated for the transition
HONO—-SO;, (1¢) process with respect tt including zero- state betweetransHONO andcissHONO conformers ranges
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TABLE 2: Electron Density p(r) and Laplacian of the Electron Density v2p(r¢) (in au) for the Relevant Bond Critical Points
(BCP) in the Studied Complexes

HNO-SQ; (4)
t-HONO-SQ (1t) c-HONO-SQ (10) HOSO-NG (3)
BCP H---O H---O [S¥Ye) S--0 H---O
o(re) 0.0170 0.0180 0.1410 0.0442 0.0203
2(ro) 0.0695 0.0631 0.0223 0.1129 0.0744

TABLE 3: Unscaled Vibrational Frequencies (cnm?) and Intensities (in Parentheses) (kmmol') Calculated for the Minima and
the Relevant Monomers

spec ies

1t 37(5), 41(5), 52(1), 122(5), 135(9), 146(10), 496(27), 644(129), 697(77), 838(185), 1080(2 9), 1284(151),
1355(169), 1626(89), 3712(284)

1c 30(0), 48(2), 54(4), 121(4), 124(7), 137(11), 497(32), 651(29), 772(84), 919(328), 1078(29 ), 1283(141),
1363(10), 1586(117), 3572(262)

2t 78(2), 114(8), 174(22), 182(38), 309(77), 415(18), 439(17), 562(57), 630(27), 760(259), 1 136(43), 1159(195),
1389(227), 1666(486), 3782(144)

2c 73(2), 119(20), 174(8), 175(46), 306(45), 420(45), 439(21), 564(50), 632(16), 760(261), 1 132(38), 1163(195),
1391(227), 1652(472), 3781(131)

29 61(1), 137(53), 164(3), 182(11), 318(53)423(42), 433(14), 567(63), 610(23), 783(204), 11 28(46), 1167(207),
1390(245), 1634(427), 3788(133)

3 113(5), 190(8), 212(10), 266(22), 300(114), 365(34), 441(81), 508(155), 758(113), 793(1 29), 897(271), 1128(140),
1300(147), 1489(126), 3728(98)

4 67(3), 151(21), 166(8), 196(1), 350(41), 474(135), 509(61), 518(20), 584(51), 1026(6), 13 53(203), 1386(177),
1482(5), 1602(47), 3122(4)

Monomers

trans-HONO 581(105), 582(221), 794(154), 1290(178), 1643(108), 3790(92)

cissHONO 620(53), 683(105), 869(367), 1329(8), 1596(142), 3635(4Q)4&2(27), 1078(20), 1292(143)

cisHOSO 160(131), 370(25), 753(231), 1095(24), 1285(376), 3752(131) MA(5), 1352(1), 2685(8293) /757, 1300, 1802

transsHOSO 114(108), 393(9), 735(163), 1081(126), 1364(437), 3787(111) NO 2685(1366)f1876

HNO 1456(12), 1584(28), 3062(93) 3@75(26), 510(28), 510(28), 1020(0), 1366(169), 1366(169)

a Since frequencies and intensities calculated for the &i@ NO species with unrestricted formalism are poorly reproduced, the corresponding
values obtained by restricted open shall MP2/6-8+1(2d,2p) are given after slastlNO; frequencies in argon matrix: 1611.3, 1321.0 and 748.2
cmt 43 °NO frequency in argon matrix: 1871.8 cir*,

57,1
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Figure 3. ZPE corrected MP2 potential energy diagram for the/©BI/NO system.

between 85.4 and 864 and compares well with that found  third isomer of nitrososulfonic acid which possesses a gauche
for TSi—1c in this work. conformation. The optimized structures of three isomers trans-,
3.3. Nitrososulfonic Acids (2t, 2c and 2g)As it has been  Cis- and gauche-nitrososulfonic aci@t( 2c, and 2g) are
recently reported, the UV photolysis of HONG O, complexes presented in Figure 1. Three conformers differ by the relative
isolated in argon and nitrogen matrices leads to the formation position of the OH and NO groups and are characterized by
of the nitrososulfonic acid HO(NO)SOnolecule. The cis and  the ® (HONO) dihedral angle equal te179.2, 16.3, and
trans isomers of this species have been described theoretically;-63.8, for 2t, 2¢, and 2g, respectively. The trans-, cis- and
and it was suggested on the basis of the infrared spectra thagauche-nitrososulfonic acids lie 14.81, 15.44, and 15.73 kcal/
both of them might be isolated in the studied low-temperature mol above the global minimurit, respectively, while the energy
matrices'® The present calculations reveal the existence of a separation between three conformers is less than 1 kcal/mol.
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As Figure 3 shows, the trans- and cis-nitrososulfonic acids intermolecular interaction. This conclusion is in line with a high
can be formed from th&ransHONO or cisHONO and SQ value of the calculated binding energy for HOSRO, reported
reactants. The processes proceed via product-like transition stateg section 3.7.

TSgr-2t and TS-2c laying 28.80 and 31.09 kcal/mol, respec- It is interesting to note that the HOSO subunit in the HGSO
tively, above the global minimum. These transition states differ NO, complex3 possesses a planar trans conformation. In spite
by the relative orientation of OH and NO moieties in analogy of many attempts, we failed to localize a minimum correspond-
to their position in2t and 2c. The imaginary frequencies of  ing to thecisHOSO-NO, complex. The HOSO radical itself
373i and 397i in T§-2 and T&-2c correspond to the complex ~ was a subject of the extensive studfeat different levels of

motion of S and N atoms and the-®! moiety. theory and it was concluded that the nonplasisiHOSO isomer
3.4. Isomerizations between trans-, cis- and gauche- IS the most stable species while the plamansHOSO isomer

Nitrososulfonic Acids. The least stable gauche conforngey ~ Was found to be a transition state. According to the present

may easily isomerize to form more stabR or 2c. The calculations performed for HOSO molecule, the obtained

isomerizations proceed with very low-energy barriers of .32  Structure is strongly dependent on the formalism used. Using
1.61 kcal/mol through T ¢ and TSz, respectively. These the restricted open-shell approach, onl_y.the cis conformer of
transition states, laying 16.42 and 16.01 kcal/mol higher than C1 Symmetry was found to be a minimum. In turn, the
the global minimum, are characterized by the dihedral angles Unrestricted MP2/6-31#+G(2d,2p) calculations give a planar
©(HONO) of —123.4 and—25.5 which are the intermediate ~ Structure for both cis- and trans-HOSO isomers with the former

values as compared to those observed for the correspondind®€ing more stable by ca. 2.9 kcal/mol. The present study
minima 2t and 2g or 2c and 2g. Both 2g < 2t and 2g <> 2c revealed also that theisHOSO < transHOSO process
isomerizations proceed through the NO torsion characterized Proceeds through a small isomerization barrier of ca. 3 kcal/

by relatively low imaginary frequency of 80i and 70i ci mol. The transition state involved is nonplanar and is character-
respectively. ized by the dihedral angle of 133.4lt is worth mentioning

that the trans configuration of the HOSO radical has been
recently found in the @-HOSO complex®

Weak complexes formed between $0d simple molecules
as HO, HX or HOX have been extensively studied both
experimentally and theoreticalfy. 38 For SQ—H,0 all papers
report the structure with @S interaction and with the eclipsed
configuration of the subunif. In turn, for SQ—HF, SGQ—
HCI, and SQ—HBr complexes microwave studies indicate
that weakly bound adducts are formed with the proton in HF
tilted away from S@, while those in HCI and HBr tilted toward
it. The present calculations show that both H...O hydrogen bond
and noncovalent interaction between S and O atoms are present
in the HNO-SGO; complex. The electronic densip(rc) found

In turn, the direct isomerization between trans- and cis-
nitrososulfonic acids4t <= 2¢) proceeds through the higher
energy TSi—2c lying 19.98 kcal/mol above the global minimum.
This transition state is characterized by t®§HONO) of
—116.2 and the imaginary frequency of 396i chcorrespond-
ing to the OH torsion as a reaction coordinate. The calculated
energy barrier for the dire@t — 2c isomerization equals to
5.17 kcal/mol and is slightly higher than those obtained2igr
< 2t and2g <> 2cprocesses. The relatively low-energy barriers
for the isomerizations between trans-, cis- and gauche-nitroso-
sulfonic acids predicted by the present calculations confirm the
suggestio# that different conformers of nitrososulfonic acid

might be produced in argon matrices after photolysis of the i, ...5 pong critical point is smaller than that found in the

HONOG/SQ/Ar system. S--O bond critical point in spite of the fact that usually van
3.5. HOSO-NO; (3) HNO—SO; (4) Complexes Two other der Waals complexes present electronic density values closer
minima localized on the SADH/NO PES, namely, HOS© to 10-3 au while for hydrogen-bonded species the values are in
NO; (3) and HNO-SQ; (4) complexes lie significantly higher  the range of 107 au2239Thus, the H-bonding interaction seems
as compared to the remaining minima and are situated 22.52tg pe of less importance for the stability 4f This observation
and 25.95 kcal/mol above the global minimdmrespectively. s consistent with the results of the computational investigation
As presented in Figure 1, these complexes are arranged in SUCh‘eported for HOX-S0; (X=F, Cl, Br)38 It is worth mentioning
a way that both hydrogen-bonded and van der Waals interactionthat the results of the vibrational frequencies calculations (Table
are possible. In order to detect the existence of H-bond or/and3) performed for the HNG SO; complex reveal a blue shift of
S-+-O noncovalent interaction i3 and 4, we performed the  the N—H stretching mode in HNOSO; dimer of 60 cnt? as
atoms in molecules (AIM) calculatior?$.Table 2 shows the compared to the HNO monomer value. Such blue-shifted
topological parameters derived from the Bader’s theory such H-phonds well-known in the €He-X systems have been
as electron density(rc) and its Laplaciarnv?p(rc) at the H..O  recently reported for several complexes with HNO as a proton
or S...O bond critical points (BCP) for the HOS®O, (3) and donor4%-42 gnd the HNG-SO; complex @) may represent a
HNO—SG0; (4) complexes. For comparison purposes the results ney interesting example of the series.
obtained for the HON©SQ, complexes1t, 1) are also given. 3.6. Reactions between HOS©and NO Radicals. Both
It is evident that in the HOSONO; adduct 8), there is the  hydroxysulfonyl radical HOS@and nitrogen monoxide are the
bond path connecting S atom with one of the O atoms of key species in atmospheric chemistry. It was interesting to

nitrogen dioxide while the H...O contact does not exist. In turn, follow possible reactions involving these two species, namely:
for HNO—SG; (4) both H--O hydrogen bond and -SO

interaction have been detected. Topological criteria require the HOSQ, + NO — HOSO+ NO, (3.6.1)
electron density and its Laplacian to be in the proper range of
0.002-0.04 and 0.020.15 au, respectively, for hydrogen HOSG, + NO— HNO + SO, (3.6.2)

bonding? and similar small positive values for these parameters

are expected for Van der Waals complexes. These conditions The present calculations indicate that HQ®@d NO radicals
are fulfilled with one exception of the(rc) value obtained for may react according to the reaction 3.6.1 via the product-like
the S--O bond in the HOS©GNO;, adduct. This parameter B transition state TS-3 to form the HOSO...N@ complex @).

is higher than expected and together with the calculated The calculated energy barrier for this process is relatively low
relatively short S-O distance of 1.843 A indicates a very strong and equals to 4.03 kcal/mol. In the next step the HOSO2.NO
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TABLE 4: Binding Energies (in kcal/mol) Calculated at
MP2/6-311++G(2d,2p) Level for Different Complexes on the
HO/NO/SO, Potential Energy Surface

energy in kcal/mdl

complex AECP AECPpe
transHONO—-SO, (1t) -3.22 —2.19
cisHONO-S0, (10 —-2.85 -1.93
HOSO-NO, (©)] —19.96 —18.95
HNO—SOy (4) -10.85 —-8.51

J. Phys. Chem. A, Vol. 111, No. 14, 2002795

radical HOSQ@ and nitrogen monoxide, the key species in
atmospheric chemistry, may react via high-energy ESand
TSg-4to form HOSO-NO; (3) and HNO-SG; (4) complexes,
respectively. More feasible reaction between HQ&@d NO

is a barrierless addition forming three different isomers of
nitrososulfonic acidZt, 2c and 2g).

Acknowledgment. The authors thank Prof. Z. Latajka and
dr M. Biczysko for helpful discussions. A grant of computer

a CP, basis set supperposition correction: ZPE, zero-point vibrational iMe from the Wroctaw Center for Networking and Supercom-

energy correction.

complex @) disintegrates endothermically with a high-energy
barrier of 19.67 kcal/mol to give product species HOSO and
NO,. According to our calculations another reaction channel is
also possible for the HOSGnd NO species (reaction 3.6.2).
As a first step the high-energy transition state:T.5s formed.

It is located 57.03 kcal/mol above the global minimum. The
TSg-4 shows Cs symmetry with the NO and SOmoieties

puting is gratefully acknowledged. A-M. thanks the Founda-
tion for Polish Science for financial support.

Supporting Information Available: Calculated geometry
of the minima, transition states and monomers. Free energy
differences for the species involved. Results of the PES scans
for the barrierless processes. This material is available free of
charge via Internet at http://pubs.acs.org.

sharing the H atom situated between N atom of NO and one of References and Notes

the O atoms of S@® The reaction proceeds through the proton
motion characterized by the imaginary frequency of 271%i'tm
leading to the hydrogen-bonded HNSO; complex @). The
HOSO, + NO — HNO-SGO; process is predicted to be
exothermic by 6.30 kcal/mol.
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temperature due to the high-energy transition states above the

reactants involved. In turn, a simple addition leading to the

trans-, cis-, or gauche-nitrososulfonic acids is expected to be a
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justified by the present calculations.
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