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On the Formation of the Sulfonate lon from Hydrated Sulfur Dioxide
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In solutions of hydrated S£t is well-known that both the bisulfite ion HOSOand the sulfonate ion HSO

are present whereas the sulfonate form prevails in some salts. Here we show by ab initio and transition state
theory considerations how the mechanism of sulfonate formation works. In aqueous solution, dissglved SO
first forms a bisulfite ion which is in a next step converted into the sulfonate ion. Direct formation of the
sulfonate ion is kinetically hindered due to a very high reaction barrier for this process. Tautomerization of
the bisulfite ion into the sulfonate ion is catalyzed by water molecules. Insight into this process is vital in
understanding the formation of sulfonate salts upon crystallization from aqueous solution.

1. Introduction SCHEME 1: Sulfonic Acid (1), Sulfurous Acid (2),
. o . Sulfonate lon (3), Hydrogen Sulfite or Bisulfite lon (4)
Solutions of SQ are weakly acidic and primarily form two
: g . _ OH OH [o) OH
series of salts, namely, bisulfites (HgQand sulfites (S&). 5 & & &
Since acid-base reactions of aqueous S@olutions are H_S’ZTO S"::'O H_S’Z'O S’/Z'o
o OH o o

important in several processes such as corrosion processes,
formation of sulfur-containing aerosols or acid rain formatioh, 1 2 3 4
and also in salt formation upon crystallization, it is quite
important to understand the 8,0 system in detail. While investigated solid bisulfite salts, incorporating electrostatic
the structure of the sulfite ion is well defined, there are two effects for the crystal field and found that the energy difference
important tautomeric structures discussed with the constitution between S@H~ and HSQ™ is small, so both ions could be
HSO;™. In one structure, the proton is attached to an oxygen present. Experimental studies showed the prevalence of the
atom yielding the bisulfite ion [SEOH)"], whereas in the HSG;™ ion over SQOH™ in certain salts as for instance in
second structure it is attached to the sulfur atom forming the RbHSQ and CsHS@where the latter form was not fourtgj1®
sulfonate ion (HS@, see Scheme %). Other salts as for instance NaHSOrm pyrosulfites (NgS;0s-
NMR spectroscopic studies by Horner and Conhidkter- H.0) or mixtures between sulfonate and pyrosulfites as for
mined the ratio betwee® and4 in solution and revealed that instance in the potassium salt. However, in this study we
the energy difference between both ions is small. These resultsconcentrate on the formation of the sulfonates, whereas pyro-
were confirmed by ab initio studies of bisulfite and sulfonate sulfites will be the subject of a future study.
in solution or in the solid state® whereas Smith et dlfound While the bisulfite ion and the sulfonate ion are both known
that in water clusters the bisulfite ion is more stable than the to exist in solutiorf, the well-known autocatalytic effect of H
sulfonate ion. The parent acids, sulfurous acid and sulfonic acid SO; decomposition prevents existence of the acid molecule in
(see Scheme 1), have not yet been characterized in freéféfm. an aqueous environment. Li and McKeeharacterized the
Suzle et all® synthesized sulfurous acid by dissociative autocatalytic effect well showing that the decomposition of one
ionization experiments. However, the molecule was very short- H.SO; molecule results in a water molecule that acts catalyti-
lived and only characterized in situ mass-spectroscopically, but cally for further destruction. This catalytic effect has been
it was never isolated. quantified in terms of reaction barriéfsand in more recent
Theoretical investigations aid experimental studies in getting studies in terms of reaction rate constants by using variational
better insight into complex systersThe SQ—H,0/H,S0s transition state theorlf:202! This catalytic effect not only
system and the corresponding deprotonated ions have beerficcelerates the rate of decomposition but also explains why
studied by several research groups. An ab initio study of Li attempts to isolate sulfurous acid from aqueous S@utions
and McKeé® at a highly correlated level of theory revealed that failed. Sulfonic acid has been studied theoretically and was
at 298 K the standard state free energ@° for the reaction characterized to be even less stailep this molecule will be
SO, + H;O — SO(OH) is 14.6 kcal mot?!, which is in even more unlikely to exist in free form or in aqueous solution.
reasonable agreement with our findings in a recent $fualgo Castleman and co-workers have studied protonated sulfur
at a highly correlated level of theory. Bishenden and Donald- dioxide—water clusters experimentally and characterized them
sori’ found a positiveAG® in aqueous solution as well. In 1983, mass-spectroscopicaffy2® Clusters of constitution 8Os*
Stremberg et aP studied the HS@/SOQ,0H" system theoreti- indicated that SO(OH)does not form in agueous environment.

cally by Hartree-Fock, MCSCF, and force field methods. They ~Other studies investigated $@nd water mixtures showing the
structure and stability of this complé%25In solution both the
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How the bisulfite and sulfonate form in solution has not yet negative on the educt side. Every third point along the potential
been studied mechanistically. In this study, we demonstrate thatenergy surface second derivatives and partition functions were
the equilibration process between these two ions is a two-stepcalculated. The path was determined on both sides of the
mechanism. Starting from an $6bolution, the first step involves  transition state until stable minimum structures were reached,
bisulfite formation whereas direct formation of the sulfonate is i.e., when the gradient had almost vanished. B3LYP in general
unlikely. The second step involves conversion of bisulfite into describes geometries and energy hypersurfaces well but under-

sulfonate, a process catalyzed by water molecules. estimates the height of reaction barriers (as mentioned previ-
ously). Therefore, we interpolated the B3LYP/643&(d)
2. Methods hypersurface to the energy values of the stationary points

) ) ) ) ) determined at the higher level G3 including solvent effect
2.1. Stationary Points.Stationary points were calculated with o rections. The interpolation procedure which is based on a
hybrid density functional theory (DFT) B3LYP with the logarithmic procedure is called variational transition state theory

6-31+G(d) basis set and with MgllePlesset perturbation  \yith interpolated corrections, and the shorthand notation is G3//
Theory (MP2) and the 6-31G(d) basis set using the GaUSS'an9883LYP/6-31+G(d).40

program packag¥. Vibrational analysis confirmed the nature
of these stationary points as minima or first-order saddle points. R
For optimization of the saddle points we employed the three-
structure quadratic synchronous transit guided appr&=simce

2.4. Reaction Rates and Quantum Mechanical Tunneling.
eaction rates were obtained using transition state theory
(TST)Y* as implemented in Polyrate9?Qusing Gaussrate9'®

. . as interface for Gaussian98. Theoretical details and equations
not only classical DFT but also hybrid DFT methods as B3LYP can be found elsewhefé44-50 here, we just briefly summarize

: ; o030
tend to underestimate reaction barriérs? we employed the the concepts. A variational approach for TST with a canonical

Gaussian-3 approach to calculate energies at a higher, MOre, \semble was used to obtain a rate consk&it (CVT =
accurate level of theory. In detail, we used the classical

G ian-3 th he G ian-3 th . duced canonical variational TST) minimized with respect to barrier
aussian-3 theor§, the Gaussian-3 theory using reduce crossings. When all bound degrees of freedom are described
Mgller—Plesset order approach, G3(MP2)and for some

selected systems the recently developed modified Gaussian guantum-mechanically, motion along the reaction coordinate
. ““tannot be treated quantum-mechanically. Quantum mechanical
approach of Baboul et &. called G3//B3LYP as high level d y-Q

. - effects along the reaction coordinate are treated in good
3134 . . . . . .
methods?***The G3/B3LYP (or G3B3) b_a5|s set extr_apolat|o_n approximation by semiclassical methods to evaluate transmission
method uses B3LYP/6-31G(d) geometries for the single-point

energy calculations at the higher levels of theory instead of MP2/ probabilities. Inclusion of the quantum mechanical effects on
. . the reaction rate constant is carried out by multiplying the rate
6-31G(d) geometries as used in G3 and G3(MP2). Also y bYing

ibrational f X dth int . constank®VT by a ground-state transmission coefficienhe
vibrational frequencies and thus zero-point energy COrmrections y o nsmission coefficient is evaluated by different methods,

are determined with BSLYP/6-31G(d) instead of I.-|F/6-3lG(d.) which consider that the system tunnels along shorter paths in

led aft d ting f h ic effects. Th Sthe course of the reaction that are more demanding in terms of
are scaled aiterward correcting for anharmonic erects. eseenergy. The methods we consider are the small curvature

basEle set extrap(z)lanlo? n;ethods are all acccljthate within 1.'7 kctalltunneling (SCT) approach by means of the centrifugal dominant
mol™" average absolute deviation compared to an experimentalg o ¢ ryature semiclassical adiabatic ground-state tunneling

test set taken from the G2/97 set. This range of deviation hasmethoé1‘53 and the large curvature tunneling (LCT) approach

to be considered when dlscussmg the results. by the large curvature ground-state approximation version 4
2.2. Solvent Effects.To describe solvent effects of the (LCG4)5* The approximation that best describes tunneling is

surrounding water environment we used a continuum approachgetermined according to the microcanonical optimized multi-
to include these effects. In detail, we used the polarized dimensional tunnelinggOMT) method.

continuum model (PCM) developed by Tomasi and co-worker
(seg refs 3638 aljd referer_lces therein) with th_e default value_s 3. Results and Discussion
as implemented in Gaussian98. The calculations were carried
out at the B3LYP/6-31+G(d) level of theory. First, we re- 3.1. Verification of the Methods.3.1.1. Gas-Phase Results.
optimized several of the gas-phase geometries using the PCMThe whole section 3.1 “Verification of the Methods” is intended
model obtaining optimized PCM energies. Then we performed as a justification for using the proposed methods. Results which
single-point PCM energy calculations on the gas-phase structuresare discussed in the following sections are presented, yet the
and compared these results with the optimized PCM energies.underlying mechanisms together with the corresponding results
We found that the difference is small in terms of energies and will be described in the next sections. For the understanding of
also very small in terms of geometries; thus, we used the single-the paper, however, it is not vital to read section 3.1.
point PCM energy calculations on the gas-phase structures We used the tautomerization reactions of the bisulfite into
because of the huge computational cost to reoptimize all the sulfonate ion as benchmark calculations to evaluate the most
structures and recalculate all reaction paths (see also resultsippropriate method to determine reaction barriers and reaction
below). Finally, we employed the PCM corrections on our high energies. These results are summarized in Tables 1 and 2. The
level G3 calculations to obtain accurate barriers and reaction corresponding mechanisms will be presented in the following
energies in solution. sections. Barriers and reaction energies deviate by no more than
2.3. Reaction Path.The reaction path was createby 2 kcal mol? (if not stated otherwise, the terms energies and
starting from the transition stateas the steepest descent path barriers refer to electronic energy differences) at all used levels
in mass-scaled coordinates (scaling mass 1 amu). For creatingf theory within one type of reaction except for the reaction
this so-called minimum energy path (MEP) the Page-Mclver SO,OH~ = HSO;~ where we observed an energy range of 4
local quadratic approximation algoritifrat a step size of 0.050  kcal molL. Since G3B3 and G3 energies are in good agreement,
bohr (0.026 A) was used in combination with B3LY P/6+33- both B3LYP and MP2 geometries seem to be appropriate for
(d). Distances on the potential energy surface from the transition determining the potential energy surface with these methods.
state are denoteg) wheres s positive on the product side and However, calculation of all systems including the potential
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TABLE 1. Gas-Phase Reaction Barriers and Reaction H 185, Mg a4z H

Energies for Tautomerization Reactions at Different Levels 2881 /00 SO, 1:;;8\\\3 0

of Theory. (The upper part of the table shows the 1465\ a0 N0 RSO G 0 lrass M

tautomerization reaction of SO,OH~ = HSO;~ (see Figure © ° " ° 0 H

2) whereas the lower part of the table shows the reaction

SO(OH), == HSO,OH (see Figure 3; in both cases the ¢ M vase] o\ oo

presence of water molecules has a catalyzing effect.) 1468 | 571 | 0971 : lzo,s |0977_> 1;5661 —0

1.567 b .

G3(MP2) G3 G3B3 d A o o

barrier reactiorE barrier reactiorE barrier reactiork Figure 1. Pathways of S@hydratlon. Mechanismi which yields

SO,0H™ + nHO == HSG;~ + nHO sulfonic acid proceeds via a three-membered ring. Mecha?igields
n=0 66.2 —4.7 68.9 —5.4 70.5 —5.3 sulfurous acid and proceeds via a four-membered ring. Both pathways
n=1 36.1 —4.7 34.8 —5.4 34.7 —5.4 involve a single deprotonation step in agueous solution. (Distances are
n=2 323 —4.2 30.6 —4.6 31.0 —4.2 shown in A)

O(OH} + NH,0 = HSQ,OH + nH,0 . . ,
n=0 101 65 © 7)26 . 2?01 1 SO 66 : TR 6.9 TABLE 3: Difference between PCM Optimized Energies
n=1 38'6 10'0 37'3 9'4 37'0 13'7 and PCM Energies on the B3LYP/6- S%G(d) Gas-Phase

- : : : : ' : Geometries AX = Epcwopy — Ercm(g) (The difference
n=2 287 11.0 213 114 271 116 between the fully optimized B3LYPF6 3H1-G(d) PCM

energies and the single-point PCM energies on the
geometries obtained by B3LYP/6-33+G(d) is below 0.8 kcal

TABLE 2: Gas-Phase Reaction Barriers and Reaction mol—* for all test systems.)

Energies for the Hydration Reactions of SQ at Different

Levels of Theory. (The upper part of the table shows the Abarrier AreactionE
hydration mechanism forming HSO;H, whereas the lower reaction [kcal moi] [kcal moiY]
part of the table shows the energies for the hydration
product SO(OH),. Both mechanisms are catalyzed by SO, + H,0 — HSQ,0H —-0.32 +0.56
assisting water molecules as one can see from the SO, + Ho0 — SO(OH) +0.52 +0.23
mechanisms withn = 2 and n = 3.) HSQ,O0H — SO(OH} —0.02 +0.79
HSG;™ — SO,0H" +0.21
G3(MP2) G3
; ; ; ; TABLE 4: Reaction Barriers and Reaction Energies for
barrier reactiorE barrier reactiore Tautomerizations of SQOH~ and SO(OH),, Respectively, in
SO, + NHO0=HSGH + (n — 1)H0 Simulated Aqueous Environment (The energies have been
n=1 69.1 15.7 68.2 145 calculated from G3 energies applying PCM B3LYP/
n=2 48.6 18.8 46.8 17.8 6-31+G(d) corrections.)
n=3 36.4 18.2 345 17.2 - -
barrier reactiork
SO, + nH0 = SO(OH) + (n — 1)H0 — —
n=1 37.7 8.0 37.0 7.9 SO,0OH™ + nH,O = HSO;~ + nH,O
n=2 23.9 5.3 22.4 5.1 n=0 76.0 —115
n=3 21.9 8.4 20.1 8.1 n=1 22.1 -10.1
n=2 21.8 —11.8
energy surfaces along the minimum energy paths is computa- SO(OH), + nH,0 = HSO,OH + nH,0
tionally demanding. To save computer time, we have chosen n=0 99.9 1.8
to consider the paths at the B3LYP/6-3G(d) level of theory. n 25 i;? ‘71-2
n= . .

For reaction barriers and energies we used the G3 results since
these calculations were feasible for all systems and the resultsagLg 5: Reaction Barriers and Reaction Energies for the
are within an acceptable error range. Hydration Reactions of SQ in Simulated Aqueous

3.1.2. SCRF Calculationslext, we calculated the effects of ~ Environment (The energies have been calculated from G3
the solvent on the energetics using a continuum model. We energies applying PCM B3LYP/6-3}%G(d) corrections.)

wanted to find out whether it is possible to use gas-phase barrier reactiorE
geometries for the continuum calculations or whether it is SO, + NH,0 = HSOH + (n — 1)H,0
necessary to use fully optimized geometries to evaluate the n=0 68.6 13.0
solvent effect. For this purpose we determined the structures n=1 38.3 12.8
n=2 241 12.8

of the reactants, transition states, and products for one repre-
sentative reaction of each kind. This involved (1) the hydration SQ; + nHO == SO(OH) +(n — 1)H,0

of SO, yielding sulfonic acid, (2) the hydration of $®ielding n=0 42.5 111
sulfurous acid, (3) the tautomerization of SO(QHi)o sulfonic n- % igg g é

acid, and (4) the tautomerization of Z0H™ into the sulfonate
ion. In each case, we investigated only the reactions without applied this “solvation correction” on the G3 energies. These
additional water molecules and determined the error when results are summarized in Tables 4 and 5.
evaluating the solvent effect on the fully optimized geometry  3.2. Hydration Mechanisms of SQ. Starting from solvated
and the gas-phase geometry. These results are summarized i80,, there seem to be two possible pathways fop B@iration.
Table 3. In the first pathway, S@is formally hydrated via a three-
What can be seen from Table 3 is that the maximum error is membered transition state (TS) forming sulfonic acid (termed
below 0.8 kcal mot! and that the maximum variation in bond 1 in Figure 1). The deprotonation step will be after or during
length was determined to be around 0.02 A. These small the hydration step. In gas-phase, the reaction barrier for this
differences in the test calculations encouraged us to use theprocess is 68.2 kcal mo! (energies used for discussion are
single-point energies for larger systems. Thus, for evaluating the values determined at the G3 level of theory if not stated
the energies in a simulated aqueous environment we calculatedtherwise). When modeling the explicit interaction with water
the energy difference between “solvated” and “unsolvated” molecules (the remaining bulk being simulated as a polarizable
species at the PCM B3LYP/6-315(d) level of theory and continuum) where only one water molecule participates actively
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Figure 2. Tautomerization of the bisulfite into the sulfonate ion. Again, water molecules catalyze the reaction by releasing ring strain from the
three-membered transition state as in mechamsm1.
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Figure 3. Tautomerization of sulfurous acid into sulfonic acid. Water molecules catalyze the reaction by releasing ring strain from the three-
membered transition state as in mechanism 1.

in the mechanism, we did not observe a significant change in barrier of mechanisml catalyzed by one water molecule
the geometry (see Supporting Information) and also the barrier decreases by more than 8 kcal motompared to gas-phase.
remained almost constant. In the second pathway &0 A third active water molecule has an additional decreasing effect
formally hydrated forming sulfurous acid (term2gvia a four- on the barriers lowering them to 36.4 and 20.1 kcal Thaind
membered transition state ring, again involving a deprotonation to 26.1 and 19.2 kcal mot in solution. However, from these
step during or after hydration. The reaction barrier for this calculations is becomes clear that mechar2ssipredominant
pathway in gas-phase is 37.0 kcal mbl whereas in a both in gas-phase and in PCM simulated aqueous solution. Yet,
continuum with again only one active water molecule the barrier from experiment we know that in solution both the sulfonate
is even higher. Three- or four-membered transition states sufferand the bisulfite ion exist in parallel and in some salts the
from high ring strain which is one reason reactidrend2 are sulfonate form predominates. Hence, there has to be an
energetically unfavorable. However, including a second water isomerization step that transforms the bisulfite ion into the
molecule in the reactive ring increases the TS ring sizes from sulfonate ion.

3 to 5 and from 4 to 6, respectively. Such an expansion of the 3.3 Tautomerization of HSO; /SO,OH". In Figure 2 we

ring size usually releases much strain and thus one observes &ave highlighted the most likely pathways for the isomerization
reduction in the barrier height. In our case, a decrease to 46.8mechanisms of bisulfite into sulfonate; similarily sulfurous acid
kcal mol (1) and 22.4 kcal moi* (2), respectively, was found.  might be transformed into sulfonic acid (see Figure 3 even
In a continuum model simulated aqueous environment the though the presence of one of the acid molecules in solution is
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Figure 4. Reaction rate constants for the hydration of,%@0 SO-
(OH), and HSQH, respectively (---) and rate constants for the
tautomerization of S@H™ into HSG;~ and of SO(OH) into HSGH
(..).

unlikely). In solution the ionic form predominates and will thus
be the main subject of the rest of our discussion.

The tautomerization process S0H- = HSO;~ proceeds
via a three-membered transition structure ring with a reaction
barrier of 76.0 kcal moft in solution. Including one and two

J. Phys. Chem. A, Vol. 108, No. 17, 2003863

how salts of constitution MeHS{orm upon crystalization from
solution.
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