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The interactions and reactions of sulfur trioxide gg@Gmmonia (NH), and water (HO) are investigated

using density functional theory and ab initio molecular orbital theory. Four stable clusters that result from
strong intermolecular interactions and reactions of the ternagf\&Q/H,O system are considered: $8,0-

+*NH3, SO;*NH3z+++H;0, H,SOy++-NH3, and HSQNH,+--H,O. The sulfuric acid-ammonia cluster, $0O,-+

‘NHjs, is found to be the most stable and represents the ultimate fate of the ternary system. However, the
zwitterionic sulfamic acierwater cluster, S@NH3:--H,0, is almost equally stable, indicating that the;SH3
complex may be thermodynamically stable in water vapor. The reaction pathways are studied for the
interconversions between the four clusters. Large energy barriers are found betweBiHssEH,0 and
S0s:H,0-++NH3 and between SENH3z+-+H,O and HSGNH,++-H,O, and a small barrier is found between
SO;*H,0-+*NH3 and HSOy--+NHs. As a result, S@H,0:--NH3; readily converts into the sulfuric acid cluster,
H>SOy---NHj3, but conversion of S@NH3:--H,0 into either S@H,O---NH3z or HSGQNH,+--H,0 is kinetically
unfavorable. The results suggest that the intermediate fate pfrS®e atmosphere depends on the relative
concentrations of BD and NH. In normal atmospheric conditions, where the;$Q0 complex forms first

due to overwhelmingly larger # mixing ratio, the addition of NElto SO-H,0 is likely to form HSO,-

-NH3 which evolves into a nucleus of sulfate-based aerosol. On the other hand, in atmospheric conditions
where an unusually high NHmixing ratio exists, the SONH3; complex may form first and further stabilize

with Hzo

Introduction

Gas-phase reactions of sulfur trioxide (Qparticularly to
form sulfuric acid (HSQy), have generated much recent interest.
Sulfur trioxide is produced in the atmosphere from the oxidation
of sulfur dioxide (SQ). The latter is released into the atmosphere

by both anthropogenic sources, such as coal combustion, and

natural sources, such as volcanoes. Dimethyl sulfide (DMS) is
also ultimately converted to S@nd is subsequently oxidized
to SG;. The formation of HSO, is important from an atmo-
spheric standpoint as sulfuric acid contributes to acid deposi-
tion! and is also responsible for the formation of cloud
condensation nuclei (CCN)Past theoretical studiggdicate
that the bimolecular reaction of $@ith H,O to form sulfuric
H2SOy,

1)

has a high energy barrier, approximately 32 kcal Thadnd is
thus unlikely to take place in the atmosphere. However, the
reaction involving two water molecules is much more favorable
and proceeds through the $8,0 complex®—>

SO, + H,0— H,S0,

)
3)

This reaction has a small energy bartief about 5 kcal mot?.

SO, + H,0 + M = SO;H,0 + M

SO,"H,0 + H,0 — H,SO, + H,0

* Author to whom correspondence should be addressed. E-mail: ftao@
fullerton.edu.

The energy barrier is completely eliminated when four or more
water molecules are present in the reactant clster.

In addition to the reaction of SQwith H,O, the associa-
tion of SG; with ammonia (NH) has drawn much recent
attention,

SO, + NH; + M = SO;*NH; + M 4)
The effective second-order rate coefficient for reaction & is
=2 x 10 cm® moleculel st at 1 atm N at 295 K with a
free energy change @G°,95 = —10 kcal mofl.” Ammonia,

the only significant base in the atmosphere, is released primarily
from animal wastes, Nfdbased fertilizers, and industrial
emissions$. Recent work of Leopold and co-worké&rs! sug-
gests that the association of $@ith NH3 in the gas phase
results in a zwitterionic isomer 80;-NH3™) of neutral sulfamic
acid (HSQNH,). This process involves the overlap of the lone-
pair orbital on the nitrogen atom with the lowest unoccupied
molecular orbital (LUMO) of S@!?and produces a partial bond
between N and S with a calculated covalent bond order 0f8.46.
Partial electron transfer takes place from N to S, giving rise to
the zwitterion ~SOs*NH3*, and therefore, the -SN bond
represents an electron don@cceptor (EDA) interaction be-
tween SQ and NH;. The staggered conformation of $8H3

is the preferred equilibrium geometry, according to the theoreti-
cal studies of Hickling and Woolle}?

Compared to the neutral isomer H®M,, the SQ-NH;
complex contains a longer-\ bond length (by 0.3 A}2
and a much larger dipole moment. The two isomers are
comparable in energy in the gas phase, but are separated by a
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large barrier of 28.6 kcal mot for the interconversion via a SQO;'H,0 + NH; — H,SO, + NH, (6)
hydrogen 1,3-shift3
S0;°H,0 + NH; = SO;'NH; + H,0O @)
SO;*NH; = HSO,NH, (5)

On the other hand, once the $8H;3; complex is formed
h(reaction 4), what is the effect of a water molecule on the
complex or does kD replace NHin the SQ complex (reverse

of reaction 7), eventually leading to sulfuric acid (reaction 6)?
Is the energy barrier reduced for the production of the neutral
isomer of sulfamic acid (reaction 8)? Also, does®Hnolecule
destabilize the neutral isomer relative to $S/8H; once it is
formed?

Because the concentration of water in the atmosphere is muc
larger than that of Nkl (tropospheric boundary layer mixing
ratios of ~1072 for H,O and 10 to 107° for NHs),” the
reaction of SQwith water is dominant and is more extensively
studied. However, in certain atmospheric conditions, the as-
sociation of S@Qwith NHz may also be significant. The reaction
rate constant of SO+ NHgz is more than 4 orders of magnitude
larger than that of S©+ H,0.4 In addition, the association of SO,NH, + H,0 — HSONH, + H,0 (8)
SO; with NH3 is much stronger than the association of3SO

with H,0. The binding energy of approximately 20 kcal mol  Qverall, what is the most stable conformation of the;&30/

for SO;*NHs,”**compared with 7.9 kcal mot for SO3H20,'° NHs system and how easily are all of the conformation isomers
exemplifies this difference. It should be noted that$0QO0 is converted into the most stable one?
an EDA complex similar to S@NH;. Canagaratna et &. To seek the answers to the above questions, density functional

compare the two complexes, noting that the experimental theory (DFT) and ab initio methods are used to study the stable
intermolecular SO bond length of the water complex is only  intermolecular complexes that originate from the;&G0/NH;
about 0.4 A shorter than a van der Waals bond, while th8lS  system and the corresponding interconversion reaction pathways.
bond length of the Nklcomplex is shortened by about 0.9 A Transition states and energy barriers for the relevant reactions
relative to the predicted van der Waals distance. This strong are determined and the most likely reaction pathways in typical
attraction between SCand NH; is not surprising, considering  atmospheric conditions are discussed.

SG; as a strong Lewis acid and NH Lewis base. The two

molecules are expected to form a relatively stable complex in Theoretical Method

the atmosphere.

The fate of the S@NH3; complex in the atmosphere has
previously been investigated. Although in the lower troposphere
the decomposition of the complex is the major loss process, in
the higher troposphere the stability of $8H3 allows it to
efficiently form clusters with itself and/or 3$0s, or be
scavenged by aerosold® Moreover, Lovejoy and Hansén
suggest that due to the low vapor pressure of sulfamic acid
(lower than that of HSQs), SO;*NHz may play a significant
role in particle formation by acting as a precursor for atmo-
spheric aerosol. The studies of Leopold €t mdicate that the

Density functional theory (DFT) and ab initio molecular
orbital theory were used to calculate the equilibrium geometry
and relative energy of the molecular system at the different
configurations considered. The DFT method chosen for this
study was the well-established Becke's three-parameter fun-
tionaP%2\with the nonlocal correlation provided by Lee, Yang,
and Parr (B3LYP¥2 The ab initio method was frozen-core
second-order MgllerPlesset perturbation approximation
(MP2)2425Both methods are known to be reliable, particularly
for calculations of closed-shell stable molecules and hydrogen-
o= . . bonded complexe¥:2” Energy calculations were also carried
most significant changes in the 8IH; complex will occur out for the MP2 geometries using CCSD(T) (coupled-cluster

during the earliest phases of clustering. Canaggratna Jét. al. theory with singles, doubles, and perturbative triples) methd8.
agree, proposing that the very small cluster level is essential to1,q reasonably large basis sets, §-@ and 6-313+G**, 31-33

the _understandmg of the growth of a sulfamic acid-based \yere ysed in all calculations. The results from the two basis
particle. sets are nearly the same, and so only the results from the
Theoretical studies of Coffman and Hégguggest that 6-311++G** basis set will be reported.
ternary nucleation via S¢H,O/NHs could represent important Molecular clusters were constructed with several distinct
sources of particles in the atmosphere, and Lovejoy and Hanson injtial configurations for geometry optimization. The notations
conclude that studies of this three-particle system are needed,sed for the clusters at the different configurations are illustrated
to evaluate the role of water in sulfamic acid cluster formation. as follows. The single dot-* is used to represent an electron
In addition, field studies by Weber et #at the Mauna Loa  donor-acceptor (EDA) interaction between two molecules in
Observatory, Hawaii, resulted in atmospheric nucleation rates g cluster. For example, the sulfur trioxiclater EDA complex
that were significantly higher than predicated by theory for the s represented as $®1,0. The triple dots *-” represent weak
H2SO/H0 system. They suggest that Blifhay be involved interactions other than EDA, such as van der Waals force or
in the nucleation mechanism. A later study by the same gPoup hydrogen bonding, between two molecules (or two groups of
provides the supporting evidence. High concentrations of the molecules) in a cluster. For example, S850-+-NH; represents
smallest measurable ultra-fine particles were detected down-5 cluster formed by the association of ammonia to the-BgD
wind of a large penguin colony, which provides a significant complex via hydrogen bond interactions.

source of NH. Thus, SQ, H,0, and NH may collectively play Geometry optimization was initially carried out for the
significant roles in atmospheric nucleation and aerosol forma- monomers, S@ H,O, and NH, as well as for the binary
tion. complexes, S®H,0 and SQ@-NHs. The distinct, stable con-

This research focuses on the interactions and reactionsHf SO figurations of the S@H,O/NH; ternary cluster system were then
H,0, and NH molecules in the gas phase. More specifically, considered on the basis of the optimized structures afI$50®
an attempt is made to resolve the following questions. Once and SQ-NHs. Typically, a stable configuration contains the
the SQ-H,O complex is formed (reaction 2), would Ntaid strongest possible hydrogen bonding or multiple hydrogen-
in the production of HSOy (reaction 6), or would it simply bonding interactions. Specifically, two primary configurations
replace HO in the SQ complex (reaction 7)? were considered in this study. The first configuration results
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from the association of Nfwith SO;-H,0 via two hydrogen

Larson et al.

TABLE 1: Equilibrium Bond Lengths (&), Bond Angles (°),

bonds that form a cyclic system. This configuration is denoted and Dipole Moments, u (D), of the Monomers and Binary

as SQ-H,0---NH3 and labeled cluster (1a) in all tables an

figures. The second configuration results from the association gg¢

of H,O with SG;-NH3, also via two hydrogen bonds that form

d Complexes of the S@QH,O/NH; System Calculated from
B3LYP and MP2 Calculations with the 6-31H+G** Basis

a cyclic system and is denoted ass9{H3---H,0 and labeled molecule parameter expt B3LYP MP2
cluster (2a) in all tables and figures. A third configuration was ~ SOs (D) r(S-0) 1.4198 1.447 1.449
also considered initially that results as bothCHand NH H20 (Cz) gﬁig)_H 10?1'?5.57 10%%62 10%%59
interact with SQ via EDA interactions (located on either side p 1.94 216 219
of the SQ plane). However, this configuration was determined  NH, (C,,) r(N—H) 1.012 1.015 1.014
to be highly unstable relative to the other two configurations. OH-N-H  106.7 107.9 107.2
Three likely reactions originating from the two primary u 1.51 1.69 174
clusters (S@H,0---NHz and SQ-NHs---H,0) were considered SOrH:0 (&) {%2:8,1 ) 2432 12'42142%1 12'%%70
to form the corresponding product clusters. Thez${0:--- r(O1—Hy) 267 2883 2996
NH3 cluster may react to form #$0,---NHs, a complex of r(O—Ha) 0.965 0.962
sulfuric acid and ammonia, via reaction 6, and it may also r(O—Hp) 0.965 0.922
convert into S@NH3+-H,O via reaction 7. The S&ENHgz:- 0o-S-01  92.6 91.7 90.9
H,O cluster may convert into S€H,0++-NHjs via the reverse ES_O_Hb 103 1131492 1%562
of reaction 7 and '.t may also react to 'form H@CB-IZ---HZO, a SO#NH; (Ca)  r(N—Hy) 1017 1017
complex of sulfamic acid and water, via reaction 8. The product r(S—0y) 1.453 1.448
clusters HSOy---NH3 and HSGNH,---H,0 are labeled cluster r(S—N) 1.957 2.130 2.123
(1b) and (2b), respectively, in all tables and figures. ON—=S-0; 97.6 96.6 96.4
o ; P 0S—N—H; 109.2 109.8
The transition state structures for the reactions were optimized " 6.20 6.00 5 79

using the synchronous transit quasi-Newton methadd were
verified by frequency calculations as well as by intrinsic reaction
coordinate (IRC) calculatior®:3® The transition state from

a Atomic labels are in reference to FigurePlExperimental values

for SO; are from theCRC Handbook of Chemistry and Physi¢gth

. . . ed.; Lide, D. R., Ed.; CRC: Boca Raton, 1996; for MNhd HO, values
cluster (1a) to (1b) (for reaction 6) is labeled cluster @ile are from Huber, K. P.; Herzberg, ®lolecular Spectra and Molecular

the transition state from_ cluster (1a) to _(_2a) (for reaction _7) is Structure, V. Constants of Polyatomic Moleculagan Nostrand
labeled cluster (32)". Finally, the transition state separating Reinhold: New York, 1979: for S§H,0, from ref 40, and for S@NHs
cluster (2a) and (2b) (reaction 8) is labeled clustef.(2) from ref 10 and Canagaratna, M.; Ott, M. E.; Leopold, K.Ghem.

The relative energies of the reactant clusters, transition statesPhys. Lett.1997 281, 63.
and product clusters were calculated with respect to the isolated o
S0s, H,0, and NH monomers. The relative energies were also SPECtroscopy. Similarly, for the S@H; complex, the SN
calculated at the CCSD(T) level using the MP2 equilibrium Pond distance of 2.130 A and the €5-N angle of 96.6 are
geometries. Zero-point energy (ZPE) corrections based onCOmparable to the values of 1.957 A and 97.6(@termined
harmonic vibrational frequencies were considered at the B3LYP DY Canagaratna et & from microwave spectroscopy. Although
level to give ZPE-corrected energiesEo, of the clusters. Al there are no gxpenmental results on the ternary clusters for
B3LYP and MP2 calculations were carried out with the Ccomparisons, it is reasonable to expect that the calculated
Gaussian 98 program packagé8while CCSD(T) calculations geometry for the larger clusters is as reliable as that for the

were carried out with the MOLPRO prograthon various ~ Small complexes. _ _ _
UNIX workstations. It is interesting to notice the geometric changes in the EDA

units of the ternary clusters $®1,0---NH3; and SQ-NHz---
H,O from the respective binary EDA complexes. The EDA bond
distancer(S—0) decreases from 2.424 A in $®1,0 to 2.157
Equilibrium Structures. Table 1 presents the calculated and A in SO3*H,0::-NHs. Similarly, the EDA bond distanceS—
experimental equilibrium bond lengths, bond angles, and dipole N) decreases from 2.130 A in §®IH3 to 2.030 A in S@-NHa:
moments of the monomers and binary complexes, and Table 2--H,0. This suggests that the introduction of the third molecule,
presents selected geometric parameters calculated for the ternarid,O or NHs, to a binary EDA complex effectively enhances
reactants, transition states, and products. Figure 1 presents ahe EDA bond strength and therefore stabilizes the EDA
side view of the 3-dimensional optimized structures of the complex. It should be pointed out that the decreasg$a-N)
reactants, transition states, and products, along with the labelingfrom SQO;*NH3 to SO;*NH3+++H,0 of 0.10 A matches the result
of the atoms for the geometric parameters in Tables 1 and 2.of Wong et al'® who investigated the solvent effect of a polar
As shown in Tables 1 and 2, the B3LYP and MP2 geometric medium on the structure of SH5 using a continuum model
results are comparable to each other and are in reasonablevith a condensed dielectric medium ©f= 40.0.
agreement with experiment. Overall, the equilibrium bond In addition to the strong EDA bonds in the ternary clusters,
lengths differ by less than 0.1 A and the bond angles differ by hydrogen bonds are present as a result of the addition of a third
less than 4 between the B3LYP and MP2 results. Discussions molecule to the EDA complex. In S€H,0:+*NHz, NHz forms
in the remainder of this paper will primarily refer to the BSLYP  two hydrogen bonds with the bond distancés—H,) = 1.664
results. Aandr(H,—0,) = 2.397 A. Similarly, in S@NHa+++H,0, H,O
The equilibrium geometries of the ®1,0 and SQ-NH; forms two hydrogen bonds with the bond distanc@3—H-)
complexes (Table 1) are in close agreement with previously = 1.872 A andr(H,—0;) = 2.009 A. The differences in the
published experimental results. For example, in the-BeD hydrogen bond distances indicate that the hydrogen bond
cluster, the SO bond distance of 2.424 A and,©S—0 angle between NH and HO in both of the clusters is much stronger
of 91.7 are very comparable to the experimental values of 2.432 than that between S@nd the added Nibr H,O. In SQ-H,0-
A and 92.68 determined by Phillips et &P. from microwave -*NHs, NHs is the acceptor of a proton from,B, while, in

Results and Discussion
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TABLE 2: Equilibrium Bond Lengths (A), Bond Angles (°), and Dipole Moments,u (D), of the Ternary Clusters of the

SOs/H,0/NH3 System, Including Transitions States and Possible
the 6-31H-+G** Basis Set

Products, Calculated from B3LYP and MP2 Calculations with

H,SOy++*NHs [ SOs*H,0-+*NH; (1-2)t SOy*NHg++H,0 @ HSONH,*+-H,0
parameter B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2
r(N—Hs) 1.018 1.018 1.016 1.017 1016 1016 1017 1017 1.033 1.030 1.437 1.421 2340 2.375
r(N—Hy) 1585 1.606 1.026 1.016 1.019 1018 1016 1.017 1.017 1.019 1.020 1.021 1.018 1.018
r(N—Hy) 1.016 1.016 1.261 1226 1664 1716 2001 2013 3.612 3.623 3.073 3.032 3.647 3.643
r(S-N) 3433 3382 3403 3259 3.678 3534 3.217 3.068 2.030 2007 1.828 1.802 1.712 1.692
r(S-0y) 1450 1.441 1.458 1457 1453 1451 1447 1449 1464 1458 1519 1509 1598 1.588
r(S-0) 1639 1629 1938 1905 2157 2205 3.448 3.688 3.472 3469 3.077 3.022 3.338 3.295
r(O:—Hy)  3.260 3.240 2649 2712 2814 2945 2821 2808 2009 2021 1.352 1.360 0.996 0.991
r(O—Hy) 3.926 3.689 3.102 3.055 3.304 3.179 3229 3.128 1.872 1.878 1.121 1.119 00969 0.966
r(0O—Hy) 4267 3958 1235 1230 1.020 1.002 0.972 0.967 0962 0960 0966 0.965 0.963 0.962
r(O—Hs) 0.969 0968 0966 0967 0.965 0.964 0.962 0960 0972 0969 1.109 1.095 1723 1.718
ON-S-O, 622 668 99.4 853 920 762 933 863 975 974 981 974 991 988
0S-N-H, 742 745 1185 1081 1155 906 1431 1564 107.0 1082 1004 993 971 958
0O-S-0O, 1042 1038 995 994 967 964 688 702 520 522 502 518 523 534
0S-O-H, 109.0 108.1 1088 1089 1105 112.6 815 824 501 503 412 415 342 345
u 549 551 877 870 598 512 335 346 534 529 637 611 500 4.80

a Atomic labels are in reference to Figure 1.

(1b)

(2b)

0,
Figure 1. A side view of the optimized 3-D structures of $8,0-

-:NHs (1a), SQ-NHg++H,0 (2a), HSOs+*NH; (1b), HSQNH_++-H;0
(2b) and the transition states {1§1—2)', and (2J.

SOs°NH3z:--H,0, H,O is the acceptor of a proton from NH
Since NH is a stronger proton acceptor than® the shorter
hydrogen bond is found in S&H,0:+NH3 as noted above. The
weakest interaction is between $&hd the added Ngbr Hx0,
and therefore it is not surprising that an attempt to find the
equilibrium geometry for a third configuration of the ternary
cluster failed. Optimization of an initial geometry with® and
NH; located on either side of the $@lane leads directly to
SO3°NH3:+-H0.

TABLE 3: Relative Energies, AE (kcal mol™1), and
Zero-Point Energy Corrected Energies,AE, (kcal mol™?), of
the Binary and Ternary Clusters of the SOyH,0O/NH3
System, Including Transition States and Possible Products,
from the Indicated Levels of Theory with the 6-31H+G**
Basis Set

AE AE,

system/theory B3LYP MP2  CCSD(T) B3LYP
SOsH,0 —956 -10.00 -10.26 —7.65
SOs*NHs —-20.24 —19.18 —19.49 —16.86
H,SQu+*NHs (1b) —31.63 -30.19 —32.90 —26.51
@y 2217 —20.28 —20.41 —18.56
SOyH,0-NH; (la)  —24.42 —24.22 —2421 —19.46
1-2)t -10.62 —13.60 —13.70 —7.20
SOsNHz++H;0 (2a) —32.03 —31.91 —32.58 —25.98
@)t ~15.80 -15.28 —16.18 —12.49
HSONHp+-H,O (2b) —28.54 —29.40 —32.25 —22.87

aAll values are in reference to isolated $CH,O, and NH

monomers.

shown by the short bond length(N—H,) = 1.585 A. The
HSO;NH,---H,0 cluster contains a strong hydrogen bond and
a weaker secondary hydrogen bond with the bond leng@s

Hp) = 1.723 A andr(O—H;) = 2.304 A, respectively.

The optimized geometry of each transition state cluster
generally lies between that of the corresponding reactant and
product clusters. The differences between B3LYP and MP2
geometric parameters tend to be larger for the transition state
clusters than for the corresponding reactant and product clusters.
Frequency calculations and IRC calculations have confirmed
the transition state structures. Only one imaginary frequency
exists for each of the structures {1j1—2)', and (2J.

Energies. Table 3 presents the relative energie& of the
reactant, transition state, and product clusters, with respect to
the isolated S€ H,O, and NH monomers. The values &E
from B3LYP, MP2, and CCSD(T) calculations are in close
agreement with each other, in general, differing by less than
2.5 kcal mott. The CCSD(T) values appear to be slightly lower
than those of the other two methods. Table 3 also lists the PE-
corrected energieAE, of the clusters from B3LYP calculations.
Discussions in the remainder of this paper are primarily based
on the ZPE-corrected energies.

As expected, hydrogen-bond interactions are also presentin The two clusters, S&NHz-:-H,O and BSOy:-*NHj3, are

the product clusters, 450y-+-NH3 and HSQNH,---H,0. The

found to be the most stable for the 88,0/NH; system, with

H,SQOy:--NHj3 cluster contains a very strong hydrogen bond, as the former cluster a mere 0.40 kcal mbless stable than the
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Figure 2. Potential energy profile for the reactions of the ;BHQO/
NH; system from B3LYP calculations with zero-point energy correc-
tions.

latter. Without zero-point energy corrections, howevers- 883
-*H,0 is slightly more stable than430,---NHj3 at the B3LYP

Larson et al.

product if the S@H>0O/NH;3 system starts initially in the form
of SOz*H,0-+-NHs.

On the other hand, if S&NH3--H>O were chosen to start,
it would not rearrange into S£H,0---NH3 [reverse reaction
7] because of a large energy barrier, 21.41 kcal thand an
endothermic energy of reaction, 7.61 kcal molThe SQ-NHz-
-*H,O cluster contains a strong EDA interaction unit of
SOs*NH3. The EDA bond distance in SENHz---H>0, r(S—

N) = 2.030 A, is even shorter than 2.130 A for the binary
SOs*NH3z complex. Apparently, the presence of the water
molecule has reinforced the EDA interaction within $5H;

as discussed earlier. As a result, the rearrangement pN&{»
-+H,0 into S&-H,0---NHj3 is both kinetically and energetically
unfavorable.

The SQ-NHj3;:--H,0O might also undergo a hydrogen-shift to
form the neutral sulfamic acid/water complex H$BBl,:+-H,O
(reaction 8). However, a large energy barrier of 16.13 kcat ol
makes such a reaction kinetically unfavorable. Furthermore,
SO;NHz+++H,0 is 3.49 kcal moit more stable than HS®IH,-
--H,0, making this reaction energetically unfavorable as well.

and MP2 levels. These clusters may represent the two likely As a result, S@NHs++-H,0 is likely trapped in an energy-well

fates of the S@H,O/NH; system, as we shall soon discuss.
The stability of S@-NH3z---H,0O can be attributed to the strong
EDA bond in the S@NH3 unit and to the two hydrogen bonds
between S@NH3; and HO. The zwitterionic nature of S&ENH3

and stays unreactive.

In summary, if SQ is initially complexed with HO, the
addition of NH; to the SQ-H,O complex is likely to result in
H,SOy:+-NH3. On the other hand, if S&£NHs is initially formed,

also enhances the favorable electrostatic interaction with thehe addition of water merely forms the $&Hz:+-H,0 cluster

polar HO. The stability of HSO4---NH3 can be attributed to
the stability of BSOy with respect to the parent molecules SO
and HO), and to the strong hydrogen bond betweeis®,
and NH;.

It is interesting to notice that the HSWH,:--H,O cluster is
less stable than its parent clusters9Hs---H,0O. In the absence
of H,0, the neutral HSENH, isomer is slightly more stable
than SQ'NH3.13 The HO molecule preferentially stabilizes
S0Os*NH3 over HSQNH> because of the zwitterionic nature of
SOs:NHs. The least stable cluster is $8,0:--NH3 which is
about 6 kcal mot! higher in energy than either SOIH3:--
H20 or HySOy-+-NH3.

Reactions. Figure 2 gives an overview of the reaction
pathways for the various clusters of the s#@O/NH; system.
Starting with the S@H,0---NHj3 cluster, a small energy barrier
of 2.25 kcal mot? separates S£H,0-+*NH3 from HySOye--
NH3 (reaction 6). The transition state {ijvolves the transfer
of a proton from HO to NH;s, leading to the appearance of an
ammonium cation NE" (see Figure 1). The reaction is
exothermic with a reaction energy ef7.01 kcal mot!. As a
result, the reaction is both kinetically and energetically favorable.
The resulting HSQOy---NHj3 cluster is a hydrogen-bonded system.
Our previous stud4 has shown that an additional water
molecule will allow a proton to transfer fromJ80, to NHa,
resulting in an ion-pair system, H3O--NH4*---H,0.

As just discussed, S£H,0---NH3 can easily form HSOy-
-NHs. However, the rearrangement of $8,0---NH3; to
SOs°NH3:--H,O is not kinetically favorable. Although this

and the latter is unlikely to convert into eithep${y---NH3 or
HSO;NH,---H,0 without the presence of other species.

Atmospheric Implications. It is apparent that the fate of SO
in the atmosphere is highly dependent on whethgd Hr NH;
is initially associated with Sgto form a binary EDA complex.
In normal atmospheric conditions, the association of &h
H,0 is at least 100 times faster than the reaction of &@h
NH3 because the concentration of water in the atmosphere is
much larger than that of NdAMore specifically, the tropospheric
boundary layer mixing ratio is~10-2 for H,O, compared to
10 11to 1072 for NHa.” If the SG;*H,0 complex initially forms,
the addition of a single Ngimolecule to the cluster is likely to
result in the formation of bEBOy---NH3. This cluster may form
the nuclei of a sulfuric acid-based aerosol.

In heavily polluted atmospheres, however, [{fH,0] can
be higher than 10" and SQ may first react with NH.24 Shen
et all* propose that if S@first reacts with NH, the resulting
sulfamic acid reacts with $#0 to form NH{HSOs. On the other
hand, Lovejoy and Hansésuggest that the SENH; complex
ultimately forms HS@\H,. These suggestions are not supported
by our results for the interaction and reaction of;90H3 with
a single water molecule. Instead, our results indicate that the
energy barriers to form NHHSO, and HSQNH; from the
reactions of S@NH3; with H,O are reduced but are still very
high. It would be interesting to determine the effects of
additional water molecules on the interactions and reactions of
SOs-NHg, particularly on the height of these energy barriers.

The effect of additional water molecules on theSidy:--

rearrangement is nearly as exothermic as the conversion intoNHz system was investigated previoudlyThe system exists

H,SQy-+*NHg, a large energy barrier, 13.80 kcal mylseparates
SO;H20-+-NH3 from SO3-NH3+--H,0 (reaction 7). Apparently,
the strong EDA interaction between $&nhd HO, characterized
by the bond distance of(S—0) = 2.157 A, is not easily
disrupted, and the transition state{2)" involving the breakup

only as a hydrogen-bonded complex in the absence of water.
In the presence of a single;&8 molecule, however, the system
immediately becomes an ion-pair HpO-NH,* as a result of

the transfer of a proton from430, to NHs. The water molecule
assists the proton transfer by stabilizing the ion-pair through

of such a bond is very unstable. Thus, despite the fact that favorable electrostatic interactions. In the present study;F5O-

SOs*NH3:+-H,0 is more stable than S€H,0---NHg, the large
energy barrier prevents the rearrangement of-BgD---NH3
to SG;*NH3:+-H20. In summary, HSOy---NHjs is the only likely

-*NH3 is shown to readily form ESO;-NH3 (reaction 6) by
overcoming a small energy barrier. The energy barrier for
reaction 6 would be eliminated completely if additional solvent
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water molecules were present in a larger cluster. The final NHs, which determine whether @ or NH; is initially associ-
product would be a cluster containing the ion-pair HSONH,4™, ated with SQ. In normal atmospheric conditions, where the
a major component of atmospheric aerosols. S05:H,0 complex forms first due to overwhelmingly larges®i
It is interesting to notice the significant effect of each mixing ratio, the addition of Nklto SG-H,0 is likely to result
individual molecule on the interaction and reaction of the in the formation of HSOy:+NHs. This cluster may eventually
remaining part of a cluster. Most obviously, the energy barrier evolve into a nucleus of sulfate-based aerosol. On the other hand,
for SO;H,0 to form H,SQy is reduced from approximately 32  in atmospheric conditions where an unusually highsMtixing
kcal mol™! (reaction 1j to only 2 kcal mot? (reaction 6) by ratio exists, the S@NH; complex may form first and further
the addition of NH. Our study shows that N¢-bridges between  stabilize with HO. The S@'NHs+-H>O cluster so formed is
the two active sites and shortens the proton-transfer pathway.kinetically and thermodynamically stable.
Alternatively, we may regard Nias a stabilizing solvent It is still not clear from the present study whether or how the
molecule. The NH molecule solvates the transferring proton SOs*NHz+++H20 cluster converts into the nuclei of sulfate-based
and forms a relatively stable NJH, rather than leaving it as a  aerosol. The addition of more,@ molecules may influence
bare H" in the transition state. A similar effect is also found the dynamical structure of the $®IHz unit and thereby
for H,O on the reaction of S§&NH; to form HSQNH,, as the promote its reactions. It might also be interesting to consider
energy barrier decreases from approximately 29 kcal-fol the SQ-NHz unit in larger clusters with multiple N&i SO,
(reaction 533 to 13.5 kcal mot! (reaction 8). However, the  and/or SO, molecules. In fact, Shi et &t investigated the
effect of O is much smaller, which may be attributed to the cluster reactions of multiple SCGand NH; molecules using a
fact that HO" is less stable than NH. These observations time-of-flight reflection mass spectrometer. Lovejoy and Han-
exemplify how significant changes may occur in the earliest sor investigated the kinetics and products of the reactiog SO
phases of clusteringand why the very small cluster level is + NHz in the N, medium. These studies suggest that both
essential to the understanding of particle grotfith. dimerization and the formation of sulfamic aeidulfuric acid
The above results support the suggestion by Weber %8t al. clusters may be low-barrier pathways to cluster formation.
that NHz may be involved in the nucleation mechanism of Theoretical investigation in this direction is already underway
sulfur-based particles. This suggestion is based in part on twoand may provide valuable insights.
separate field studies introduced earlier. First, the observed
nucleation rates at the Mauna Loa Observatory, Hawaii, were Acknowledgment. This work was supported in part by The
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NH3 may interact at the molecular level and aid in the formation
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