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ABSTRACT: While atmosphere is known to contain a significant fraction 9

of organic substance and the effect of acetic acid to stabilize hydrated / \ e
sulfuric acids is found to be close that of ammonia, the details about the 0
hydration of (CH;COOH)(H,SO,), are poorly understood, especially for 2
the larger clusters with more water molecules. We have investigated
structural characteristics and thermodynamics of the hydrates using density
functional theory (DFT) at PW91PW91/6-311++G(3df,3pd) level. The -54
phenomena of the structural evolution may exist during the early stage of .
the clusters formation, and we tentatively proposed a calculation path for b
the Gibbs free energies of the clusters formation via the structural evolution. ek
The results in this study supply a picture of the first deprotonation of T T v v
sulfuric acids for a system consisting of two sulfuric acid molecules, an ! 1 '1 2 3
acetic acid molecule, and up to three waters at 0 and 298.15 K, respectively.

We also replace one of the sulfuric acids with a bisulfate anion in

(CH;COOH)(H,S0,), to explore the difference of acid dissociation between two series of clusters and interaction of performance
in clusters growth between ion-mediated nucleation and organics-enhanced nucleation.

-1
kcal mol

—=— (CH,COOH)(H,S0,),(H,0),
—e— (CH,COOH)(HSO,")(H,SO,)(H,0),
AG(298.15 K)

1. INTRODUCTION

Atmospheric aerosols play a critical role in the earth-

. . . . 1 .
the major atmospheric nucleating species.” ¢ The importance
of organic species in aerosol nucleation has been recently

atmosphere system, including influencing the Earth radiation
budget, cloud formation, human health, photochemical
chemistry, and partitioning of trace species by providing
surfaces for heterogeneous chemical reactions.' ™ As an integral
part of atmosphere, aerosols can be directly released into the
atmosphere from natural and anthropogenic sources or formed
in the atmosphere via nucleation from gas-phase species. New
particle formation produces a large proportion of atmospheric
aerosols and has been commonly observed in various
environments, including urban, forested and remote continental
areas.® The formation of new particles proceeds through two
phases, i.e, a nucleation phase leading to a metastable critical
cluster (~1—3 nm in diameter) and a growth phase where the
critical cluster increases readily in size.”® An accurate physical
understanding of nucleation is essential and it seems to be
difficult due to the challenge of detecting, counting, and
determining the exact composition of these molecular clusters
as they grow to a critical cluster in experiments.”” "

Several mechanisms have been proposed to explain
nucleation events in the continental troposphere, including
binary H,SO,/H,0 and ternary H,SO,/H,0/NH; nucleation,
ion-mediated nucleation, and nucleation enhanced by organic
compounds.® Sulfuric acid has been widely identified as one of
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realized.'” "' Organic compounds from anthropogenic and
biogenic emissions react with atmospheric oxidants to form
a number of products,”*~** including organic carbonyls and
acids, some of which may participate in nucleation and growth
to form nanoparticles under various environments.”>*® The
presence of organic acids considerably enhances new particle
formation of the water-sulfuric acid system via formation of
strongly hydration-bonded clusters containing one molecule
of an organic acid and several molecules of sulfuric acid and
water.”'”*"*” Compared to homogeneous nucleation involving
neutral clusters, the nucleation on ions is favored due to the
small charged clusters with much more thermodynamic
stability.”® Besides, ionic clusters grow faster than neutrals
due to the dipole—charge interaction between charged clusters
and strongly dipolar precursor molecules.”” Our insight into
nucleation is incomplete because the nucleation mechanism can
be different due to the changes in many aspects such as region,
time, elevation, and anthropokinetics.
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Hydration of acids plays a key role in the atmosphere®
as a source of aerosol nucleation intermediates and catalytic
agents in many reactions. Therefore, a clear and insightful
understanding of these phenomena is essential for modeling
atmospheric processes.31 The most trustworthy computational
studies of sulfuric acid hydrate formation by now are provided
from the Helsinki group,32 and the results are close to the
available experimental values of Hanson and Eisele,*® and also
the Shields group.”** In terms of common organic acids, the
interaction of five dicarboxylic acids with sulfuric acid and
ammonia has been studied by the Zhang group, employing
quantum chemical calculations, quantum theory of atoms in
molecules (QTAIM), and the natural bond orbital (NBO)
analysis methods.® In addition, the interaction of the common
organic oxalic acid with atmospheric nucleation precursors and
trace ion species has been investi§ated by the Yu group using
density functional theory (DFT).* Although dicarboxylic acids
enhance nucleation in two directions,6 in contrast to mono-
carboxylic acid, we put the insight into acetic acid due to its
wide range of natural and anthropogenic sources and closely
correlation with human life. The stabilizin§ effect of acetic acid is
also found to be close that of ammonia,®’ and the details about
the hydration of (CH;COOH)(H,SO,), are poorly under-
stood, especially for the larger clusters with more water
molecules. In the present study, the hydration of (CH;COOH)-
(H,SO,), is studied using DFT at PW91PW91/6-311++G-
(3df,3pd) level. We searched for the minimum energy structures
of (CH;COOH)(H,S0,),(H,0),;,1—3 and determined the
thermodynamic properties of these clusters. Here, n = i
corresponds to sulfuric acid dimer, (H,SO,),, and n = ii stands
for acid trimer, (CH;COOH)(H,SO,),. A further insight into
the nature of sulfuric acid dissociation at a molecular level can be
gained in this study. According the trend of structural evolution
during the early stage of clusters formation, we tentatively
proposed a calculation path for the Gibbs free energies of clusters
formation at 298.15 K. Moreover, we replace one of the sulfuric
acids with a bisulfate anion in (CH;COOH)(H,SO,), to explore
the differences of acid dissociation between two series of clusters
and interaction of performance in clusters growth between
ion-mediated nucleation and organics-enhanced nucleation. For
the (CH;COOH)(HSO,")(H,S0,)(H,0),_;;1_3 clusters, n = i
equals to (HSO,)(H,SO,), and n ii amounts to
(CH;COOH)(HSO,")(H,SO,). This work is a continuation of
long-standing efforts to explore ion—molecule interactions,****
hydrogen-bonded interactions,*>™>” water cluster forma-
tion, #AS485658-66 104 armospheric process 341436772

n=i,i,

2. METHODS

The initial/generated geometries were obtained with Basin-
Hopping (BH) algorithm, and PW91/DND implemented in
DMol3 was employed in the DFT module coupled with BH,
where PW91 means the gradient-corrected correlation func-
tional proposed by Perdew and Wang, in 1991, and DND refers
to double numerical plus d-functions basis set. Then the results
were optimized at PW91PW91/6-31+G* level by DFT. The
stable isomers within 10 kcal mol™" of the stable global minimum
obtained from the first optimization have been optimized using
the PW91PW91/6-311++G(3df;3pd) method to get the final
configurations. It will take much less time to get the final
structures with twice optimizations, rather than only once
direct optimization via the PW91PW91/6-311++G(3df3pd)
method. For each stationary point, frequency calculations have
been operated to ensure there were no imaginary frequencies.
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The convergence standards used for the optimization are default
setting in Gaussian09 software. Finally, the optimized geometries
have been taken in single point energy calculations using DF-
MP2-F12 (second-order Moller—Plesset perturbation theory-
explicitly correlated methods with density fitting). Zero-point
corrected energies [E(0)], energies including atmospheric
temperature enthalpies [H(T)] and Gibbs free energies
[G(T)], can be evaluated by combining the PW91PW91/
6-311++G(3df3pd) thermodynamic corrections with DF-MP2-
F12 single point energies.

Apart from the traditional calculation for Gibbs free energies
of clusters formation, obtained by subtraction between the
Gibbs free energies of global minima of products and reactants,
we proposed a tentative calculation path: the fit local (maybe
global) minimum among the reactant isomers can be found
according to the trend of structural evolution”® while the global
minimum of product can be confirmed by the order of the
increasing Gibbs free energies, then, the Gibbs free energy of
cluster formation can be obtained by subtraction between
Gibbs free energy of global minimum of product and Gibbs free
energies of the fit local (maybe global) minimum of the reactants.
To investigate the error limit of the tentative calculation path,
we also calculated the Boltzmann averaged binding energies7
at the PW91PW91/6-311++G(3df,3pd) level of theory for
describing the average conditions in the formation of the
(CH;COOH)(H,S0,),(H,0), clusters (Details can be seen in
the Supporting Information). Furthermore, we calculated the
enthalpies of clusters formation via the single point electronic
energies from DF-MP2-F12 and the thermal corrections from
PW91PW91/6-311++G(3df,3pd).

The choice of the theoretical method is based on the fine
performance of PW91PWO1 on large amount of atmospheric
clusters, especially for aerosol particles containing the common
organic acids, including predictions of structural characteristics,
the Gibbs free energies and satisfactory similarity compared
with experimental data.®*>7*7%

3. RESULTS

The optimized geometry of acetic acid (AA) at PW91PW91/
6-311++G(3df,3pd) level of theory are presents in Figure 1.

Figure 1. Optimized geometry of acetic acid (AA) at the PW91PW91/
6-311++G(3df, 3pd) level (red for oxygen, white for hydrogen, gray

for carbon).

The 38 minima located in this study for (CH;COOH)-
(H,80,),(H,0),; ;13 are shown in Figure 2—6 while the 34
minima located in the study for (CH;COOH)(HSO,)-
(H,80,)(H,0),;;;1-3 are displayed in Figure 7—11, both in
order of increasing electronic energy. Among the clusters of
(CH;COOH)(H,S0,),(H,0),;;1-3 the structures are labeled
“I” if the cluster remains intact as (CH;COOH)(H,SO,),-
(H,0),, “I” if one sulfuric acid undergoes a first acid dissocia-
tion to form (CH;COOH)(H,SO,)(HSO, H;0")(H,0),.,,

dx.doi.org/10.1021/jp506226z | J. Phys. Chem. A 2014, 118, 7959—7974
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0 and 298.15 K obtained at the PW91PW91/6-311++G-
‘ 1.602 (3df,3pd) level of theory are shown in Tables 5—8. Tentative

./ﬁ & calculations for the Gibbs free energies of clusters formation
9 1602 I/.

via the structural evolution can be seen in Table 1—8 (Details

1509 can be seen in the Supporting Information). Table 9 contains

S2W0 I-a (C)) I-b (C) the Boltzmann averaged binding energies at the PW91PW91/

AE 0.000 0.185 6-311++G(3df,3pd) level of theory for the formation of the

AAG 1.195 0.000 (CH,COOH)(H,S0,),(H,0), and (CH,COOH)(HSO,)-
*\T ° o560 (H,S0,)(H,0), clusters displayed in the figures.

1,509 T_ \ The dissociation of sulfuric acid with water into ion pairs can

> o— 1.933 occur in small gas-phase clusters such as the dimer hydrates

./gr ,,,,,,,,,, &. j—. invested in Temelso and Shields’ study.” We explored the

1.599 1733 details of the dissociation in trimer hydrates in this study. As

S2W0 I-¢ (Cy) I-d (C)) Figure 12 shows, the first acid dissociation of one of the sulfuric

AE 0.317 0.659 acids occurs in the presence of first water at 0 K and two waters

A4G 0.359 1.903 at 298.15 K. Both sulfuric acids of the trimer hydrate undergo

first acid dissociation to two bisulfate anions and two hydronium
cations in the presence of three waters at 0 K, and it seems to
be dramatically difficult at room temperature. Replacing one of

Figure 2. Optimized geometries of (H,SO,), (S2WO0) at the
PW91PW91/6-311++G(3df, 3pd) level, ordered by increasing AE.
AE represents the relative electronic energy to the global minimum at

a standard state of 0 K and 1 atm, and AAG represents the relative free sulfuric acids with a bisulfate anion delays the start of dis-
energy of cluster formation to the global minimum at a standard state sociation and puts it off to two waters at 0 K and three waters at
of 298.15 K and 1 atm (red for oxygen, white for hydrogen, gray for 298.15 K as described in Figure 13. The comparison between
carbon, and yellow for sulfur). three types of calculation for the free energies of clusters

formation in the growth of the (CH;COOH)(H,SO,),(H,0),
and “III” if both sulfuric acids undergo a first acid dissociation clusters at room temperature are shown in Figure 14 and this

to form (CH;COOH)(HSO, H;0%),(H,0),,. In term of process becomes thermodynamically favorable with fluctuations.
the clusters of (CH;COOH)(HSO, )(H,80,)(H,0),_i:i1-3 Similar comparison for the (CH;COOH)(HSO,)(H,SO,)-

the structures are labeled “I” if the cluster remains intact as (H,0), clusters are displayed in Figure 1S. The replacement

(CH;COOH)(HSO,7)(H,S0,)(H,0),, and “II” if the sulfuric with a bisulfate anion impairs the thermodynamic fluctuations

acid undergoes a first acid dissociation to form (CH;COOH)- and changes the favorable steps in the clusters growth. The

(HSO,),(H,0")(H,0),.,. thermodynamics for the growth of two series of clusters up to
The binding electronic energies, enthalpies, and free energies three waters are displayed in Figure 16.

for the clusters (CH;COOH)(H,S0O,),(H,0),;;-3 at 0 and

298.15 K obtained at the PW9IPW91/6-311++G(3df3pd) 4. DISCUSSION

level of theory are displayed in Tables 1—4. Similarly, The 4.1. Structures. Acetic acid has a dipole moment of 1.74 D,
binding electronic energies, enthalpies, and free energies for and the dipole moment of sulfuric acid is 2.96 D while the com-
the clusters (CH,COOH)(HSO, )(H,SO,)(H,0),;;:;_3 at plex with waters has dipole moments ranging from 2.6 to 3.0 D.

n=iii,
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1.591
R 1.540

a 1.6715

1.747 1.423
sy By A
1.701
.............. ,\‘
§ 1343 1341 &‘/‘:1251 1 651"’1/‘
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AAG 4.286 5.734 5.991

Figure 3. Optimized geometries of (CH;COOH)(H,S0,), (1AA.2SA) at the PW91PW91/6-311++G (3df,3pd) level, ordered by increasing AE.
AE represents the relative electronic energy to the global minimum at a standard state of 0 K and 1 atm, and AAG represents the relative free energy
of cluster formation to the global minimum at a standard state of 298.15 K and 1 atm.
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Figure 4. Optimized geometries of (CH;COOH)(H,SO,),(H,0) (1AA.2SA.1W) at the PW91PW91/6-311++G(3df,3pd) level, ordered by state of
dissociation (I, IL, IIT) and increasing AE. AE represents the relative electronic energy to the global minimum at a standard state of 0 K and 1 atm,
and AAG represents the relative free energy of cluster formation to the global minimum at a standard state of 298.15 K and 1 atm.

It has extremely strong interactions between acetic acid,
sulfuric acid and waters, lead to the search for all possible
configurations of these complexes challenging.” We have widely
and repetitiously sampled the local minimums in order to locate
a convincing set of various structures for each set of clusters.

Figure 1 shows that the acetic acid monomer, CH;COOH,
has a carboxyl group and a methyl group. In solid acetic acid, the
molecules form pairs (dimers), being connected by hydrogen
bonds. The dimer can be detected in the vapor at 393 K, and it
also can be found in the liquid phase in dilute solutions in non-
hydrogen-bonding solvents, and a certain extent in pure acetic
acid, but are disrupted by hydrogen-bonding solvents.”®

As shown in Figure 2, the sulfuric acid dimers, (H,SO,),,
have four isomers in close electronic energetic propinquity
(within 0.7 kcal mol™"). The I-a and I-d isomers, are composed
of one cis- and one trans-H,SO, and have C; symmetry. The I-b
and I-c isomers are composed of two trans-H,SO, monomers
with C; and C, symmetry, respectively. The I-a (C;) isomer has
three strong hydrogen bonds, making it the electronic energy
minimum. The I-d (C,) isomer also has three hydrogen bonds,
but one is a weaker OH*OH interaction, as opposed to the
stronger OH*+O bonds found in I-a (C,). The I-b (C;) dimer,
arranged in a trans—trans configuration, merely has two strong
hydrogen bonds and its higher rotational entropy makes it the
free energy minimum of cluster formation. The I-c (C,) dimer
has two strong hydrogen bonds, but it is less stable than I-b
(C)) due to the propinquity of the two free hydroxyl groups
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and its lower rotational entropy as a result of its C, spatial
symmetry.

For (CH;COOH)(H,S0O,),, we located six low-lying energy
isomers. As shown in Figure 3, the I-a isomer obviously has the
lowest electronic energy and free energy of cluster formation
and there is no other isomer within 2 kcal mol™ in electronic
energy. The I-a structure is based on the I-d (C;) dimer (Figure 2),
with an acetic acid bound to the remaining free hydroxyl group
(or acidic proton) and oxygen atom. The similar derived
performances can be found in other isomers, such as the I-b
isomer is based on the I-a (C,) dimer (Figure 2), and the I-c
isomer is based on the I-c (C,) dimer (Figure 2), and the I-d
isomer is based on the I-b (C;) dimer (Figure 2). The primary
hydrogen bonds between the free hydroxyl group of sulfuric acid
and the acceptor acetic acid are strong in these structures,
characterized by short hydrogen bond lengths and angles
approaching linearity.>’ Generally, the addition of acetic acid
molecule to the sulfuric acid dimer allows the formation of
multibridging hydrogen bonds. Except for the I-e isomer, the
additional hydrogen bond between the acidic proton of sulfuric
acid and acetic acid has a short distance (1.34—1.54 A) compared
to the hydrogen bonds in the unhydrated dimer.

Figure 4 displays seven (CH;COOH)(H,SO,),(H,0)
isomers. Structures I-a and I-b are the most stable in terms of
electronic energy at 0 K and free energy of cluster formation
at 298.15 K, respectively. The I-b isomer is based on the I-a
trimer (Figure 3), and the I-c isomer is based on the I-c trimer

dx.doi.org/10.1021/jp506226z | J. Phys. Chem. A 2014, 118, 7959—7974
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Figure 5. Optimized geometries of (CH;COOH)(H,SO,),(H,0), (1AA2SA2W) at the PW91PW91/6-311++G(3df,3pd), ordered by state of
dissociation (I, IL, IIT) and increasing AE. AE represents the relative electronic energy to the global minimum at a standard state of 0 K and 1 atm,
and AAG represents the relative free energy of cluster formation to the global minimum at a standard state of 298.15 K and 1 atm.

(Figure 3). Both isomers have the acetic/sulfuric acid trimer
structure disrupted by a single donor—single acceptor water
molecule bridging the two sulfuric acids. The I-a isomer
consists of the (H,SO,), dimer structure I-a (C;) (Figure 2),
with a water bound to the remaining free hydroxyl group of the
sulfuric acid and a acetic acid serving as a single donor—double
acceptor to bridge the sulfuric acids and water. Structure I-d
allows for an interesting perspective on the methods used in
this study, and it can be constructed from the (H,SO,), dimer
I-d (C,), merely by adding water and acetic acid molecules in
obvious places. One of the lowest energy isomers is diionic
structure (the bisulfate anion HSO,”, the hydronium cation
H,0", an undissociated sulfuric acid, and an acetic acid). The
structure II-a, although not the global minimum, illustrates that
the first deprotonation of sulfuric acid can begin even only one
water molecule is added.

The 11 lowest energy structures for the (CH;COOH)-
(H,S0,),(H,0), cluster are displayed in Figure S. Six of the
lowest energy isomers are diionic structures. The lowest
electronic energy structure is obviously the diionic structure II-a
in which the three bisulfate oxygens accept four hydrogen bonds
from the acetic acid, the sulfuric acid, the hydronium, and the
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water. In terms of free energy of cluster formation, the structure
II-b is the minimum energy structure, which can be thought
of as the (H,SO,), dimer I-d (C,) (Figure 2) with a water,
a hydronium and an acetic acid donating three hydrogen bonds
to its bottom. Structures I-a, I-b, and I-c have a similar configura-
tion with two water molecules connecting sulfuric acid to acetic
acid or another one. Both neutral and diionic isomers have a
new structural motif that hydrogen bond also can emerge
between methyl group and free oxygen atom of sulfuric acid,
though the structures I-d, I-e, and II-f have much higher energy
than the minimum.

For the (CH;COOH)(H,SO,),(H,0); system, we found
the two neutral isomers, seven diionic isomers, and a tetraionic
isomer shown in Figure 6. The tetraionic isomer means that
both sulfuric acid molecules have dissociated to two bisulfate and
two hydronium ions. The lowest electronic energy structure, II-a,
can be thought of as the II-b isomer (Figure 5), the lowest free
energy minimum of cluster formation, with an extra water
serving as a single acceptor-double donor to the hydronium and
oxygen atom of acids, respectively, which making the structure
look more like a cage. As for the free energy of cluster formation,
the minimum, II-b, only has a network of eight hydrogen bonds

dx.doi.org/10.1021/jp506226z | J. Phys. Chem. A 2014, 118, 7959—7974
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1AA.2SA.3W II-g III-a
AE 5.880 4.915
AAG 4.780 3.545

1I-f
4.030
2.313

Figure 6. Optimized geometries of (CH;COOH)(H,S0,),(H,0); (1AA.2SA.3W) at the PW91PW91/6-311++G(3df,3pd) level, ordered by state
of dissociation (I, II, III) and increasing AE. AE represents the relative electronic energy to the global minimum at a standard state of 0 K and 1 atm,
and AAG represents the relative free energy of cluster formation to the global minimum at a standard state of 298.15 K and 1 atm.

2.1.780
1.560
@ 1.493 —
.......... -
1.493"
ISA™.1SA I-a(Cy) I-b (Cy)
AE 0.000 6.528
AAG 0.000 4.771

Figure 7. Optimized geometries of (HSO, )(H,SO,) (1SA™.1SA) at the PW91PW91/6-311++G (3df,3pd) level, ordered by increasing AE. AE
represents the relative electronic energy to the global minimum at a standard state of 0 K and 1 atm, and AAG represents the relative free energy of
cluster formation to the global minimum at a standard state of 298.15 K and 1 atm.

while the other structures have a network of nine (I-a, II-c, II{,
II-g, Il-a) or ten (I-b, Il-a, II-d, II-e) hydrogen bonds. The II-b
isomer can be thought as the II-a isomer (Figure S), the lowest
electronic energy minimum, with an extra water to update the
network of the structure. The tetraionic structure Ill-a, although
much higher in energy than the minimum, demonstrates a
new structural pattern that emerges as more waters are added.
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In this structure, the water and the hydroniums are inserted
between the bisulfates, bridging the two anions. There are no
hydrogen bonds between the bisulfates while there are two
hydrogen bonds between the acetic acid and one bisulfate, and
this configuration provides charge separation thereby minimiz-
ing the electrostatic repulsion between the bisulfate anions
as well as the hydroniums. Moreover, both of neutral (I-b) and

dx.doi.org/10.1021/jp506226z | J. Phys. Chem. A 2014, 118, 7959—7974
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TAA.ISAT.ISA
AE
AAG
TAALISAT.1SA R
AE 5.925 6.530 7312
AAG 6.769 6.814 7.290

Figure 8. Optimized geometries of (CH;COOH)(HSO, )(H,SO,) (1AA.1SA™.1SA) at the PW91PW91/6-311++G(3df,3pd) level, ordered by
increasing AE. AE represents the relative electronic energy to the global minimum at a standard state of 0 K and 1 atm, and AAG represents the
relative free energy of cluster formation to the global minimum at a standard state of 298.15 K and 1 atm.

1AA.ISAT.ISA.IW
AE

9
1AA.ISAT.1SA.IW I-g
AE 4.985
AAG 4.181

Figure 9. Optimized geometries of (CH;COOH)(HSO, )(H,S0,)(H,0) (1AA.1ISA"1SA.IW) at the PW9IPW91/6-311++G(3df,3pd) level,
ordered by increasing AE. AE represents the relative electronic energy to the global minimum at a standard state of 0 K and 1 atm, and AAG
represents the relative free energy of cluster formation to the global minimum at a standard state of 298.15 K and 1 atm.

diionic (Il-e, II-g) isomers have the hydrogen bond between
methyl group and free oxygen atom of sulfuric acid, displaying
the pattern may exist as more waters were added. Particularly, for
the II-e isomer, the gap in electronic energy from the minimum
seems much smaller compared with that in II-f (Figure S).
Some interesting changes can be found if we replace one of
the sulfuric acids with a bisulfate anion. As shown in Figure 7, the
anion dimers, (HSO,") (H,SO,), have three isomers consisting of

cis-H,SO, and bisulfate, and all of them have C; symmetry.
Unlike isomers in the sulfuric acid dimers, structure I-a (C;) is an
obvious global minimum in electronic energy and free energy of
cluster formation due to three strong hydrogen bonds consuming
all of the free hydroxyl groups. The isomer I-b (C,) only has two
strong hydrogen bonds. Although the isomer I-c (C,) have three
hydrogen bonds, two of them are weaker OH**OH interactions,
as opposed to the stronger OH-+O bonds found in I-a (C,).
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Figure 10. Optimized geometries of (CH;COOH)(HSO,")(H,SO,)(H,0), (1AA.1SA™.1SA2W) at the PW91PW91/6-311++G(3df,3pd) level,
ordered by state of dissociation (I, II, III) and increasing AE. AE represents the relative electronic energy to the global minimum at a standard state
of 0 Kand 1 atm, and AAG represents the relative free energy of cluster formation to the global minimum at a standard state of 298.15 K and 1 atm.

For (CH;COOH)(HSO, )(H,S0,), we located six low-
lying energy isomers. As Figure 8 displays, the I-a isomer, the
lowest in electronic energy and free energy of cluster formation,
is based on the I-b (C,) dimer (Figure 7), with an acetic
acid bound to the remaining free hydroxyl group and oxygen
atom of sulfuric acid. The I-b isomer, within 0.7 kcal mol™!
of the electronic energy minimum, already has a hydrogen
bond between methyl group and free oxygen atom of sulfuric
acid, even no water is added and much earlier than that
in (CH;COOH)(H,S0,),(H,0) clusters (Figure 4). The I-c
isomer is based on the I-a (C;) dimer (Figure 7), with an acetic
acid serving as a single donor to the bisulfate. The I-f isomer
shows that the hydrogen bond can emerge between methyl
group and free oxygen atom of bisulfate as well.

Figure 9 shows seven (CH,;COOH)(HSO,")(H,SO,)(H,0)
isomers. It is interesting to find that the configuration between
sulfuric acid and bisulfate in the I-a isomer is different from that
in the (HSO,")(H,SO,) dimer (Figure 7). The hydrogen bond
between methyl group and free oxygen atom of sulfuric acid
can be found in the I-b isomer while the hydrogen bond
between methyl group and free oxygen atom of bisulfate
appears in structures I-c, I-d, and I-f, especially the I-c isomer is
the lowest in the free energy of cluster formation. Comparing
with the (CH;COOH)(H,SO,),(H,0) clusters (Figure 4),
we can find that no deprotonation appears as the first water is
added.

The nine low-lying energy structures for the (CH;COOH)x-
(HSO,")(H,S0,)(H,0), clusters are displayed in Figure 10.
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Three of the lowest energy isomers are triionic structures (two
bisulfate anions HSO,, the hydronium cation H;O", and a water
molecule). Structure Il-a is obviously the lowest minimum in
electronic energy and free energy of cluster formation, and it is
based on the I-a isomer (Figure 9), with second water serving as
a single acceptor-double donor to the newly formed hydronium
and two bisulfates. The structure II-b shows that the hydrogen
bond can emerge between methyl group and oxygen atom of
water, which may provide more possibility to built cage structure.
The hydrogen bond also can be found between methyl group
and oxygen of sulfuric acid (I-a, I-b, I-c, I-d), or between methyl
group and oxygen of bisulfate (I-f).

For the (CH;COOH)(HSO,")(H,S0,)(H,0), systems, we
found six neutral and three triionic isomers shown in Figure 11.
Isomer I-a is obviously the lowest in electronic energy and free
energy of cluster formation, and three water molecules stay
together, bridging with sulfuric acid and bisulfate, to build a
cage of the structure. Unlike the trend of structural evolution of
(CH;COOH)(H,S0,),(H,0); clusters, the second hydronium
is not found and the triionic isomers are higher in electronic
energy than that of I-a. The replacement of sulfuric acid with
bisulfate seems to have an impact on the evolution of acetic/
sulfuric acid—water clusters. The hydrogen bond can be found
between methyl group and oxygen of water (I-b, L, I),
between methyl group and oxygen of sulfuric acid (I-c), and
between methyl group and oxygen of bisulfate (II-a). These
configurations can help the isomers to built compact cages,
preparing for growth as more water molecules are added.

dx.doi.org/10.1021/jp506226z | J. Phys. Chem. A 2014, 118, 7959—7974
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Figure 11. Optimized geometries of (CH;COOH)(HSO,”)(H,SO,)(H,0); (1AA.1SA".1SA.3W) at the PW91PW91/6-311++G(3df, 3pd) level,
ordered by state of dissociation (I, II, III) and increasing AE. AE represents the relative electronic energy to the global minimum at a standard state
of 0 Kand 1 atm, and AAG represents the relative free energy of cluster formation to the global minimum at a standard state of 298.15 K and 1 atm.

Table 1. Binding Energies for (H,SO,), and
(CH;COOH)(H,S0,), at the PW91PW91/6-311++G
(3df,3pd) Level

0K 298.15 K

n isomer  AE (kcal mol™)  AH (kcal mol™)  AG (kcal mol™)
i I-a -16.78 -17.12 —S5.55

i I-b —16.60 —16.72 —6.74/—6.74
i I-c —16.47 —16.55 —6.39

i 1d —16.13 —16.52 —4.81

i I-a -18.89 -19.15 —6.28/—8.19¢
i I-b —15.99 —15.77 —4.30

ii I-c —14.42 —14.30 -3.09

i 1d —14.38 —14.34 —2.00

ii I-e —12.41 —12.22 —0.55

i £ —11.42 —10.87 —-0.29

“The changes in the free energy are calculated via the structural
evolution: the product is the global minimum in order of increasing
free energy, the reactant is the local (or global) minimum which is fit
for the trend of structural evolution, and the changes in free energy are
defined as the difference between product and reactant. Global minima
are shown in bold.

4.2. Acid Dissociation. Water plays an important role in a
lot of processes including acid dissociation.”” The dissociation
of hydrated sulfuric acids moiety into hydrated ionic species has
appealed to many researchers. Sulfuric acid, as a strong acid,
completely dissociates in aqueous solutions, even deprotonation
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Table 2. Binding Energies for (CH;COOH)(H,SO,),(H,0)
at the PW91PW91/6-311++G (3df,3pd) Level

0K 298.15 K

n  isomer AE (kcal mol™)  AH (kcal mol™')  AG (kcal mol™)
1 La 714 772 2.29

1 Ib —7.08 -7.39 —0.52/-0.52%
1 I-c —4.26 —4.56 2.68

1 I-d -3.59 —4.17 4.66

1 I-e —3.44 —3.72 4.51

1 If —-2.21 —2.60 5.35

1 II-a —5.60 —6.04 2.47

“The changes in the free energy are calculated via the structural
evolution: the product is the global minimum in order of increasing
free energy, the reactant is the local (or global) minimum which is fit
for the trend of structural evolution, and the changes in free energy are
defined as the difference between product and reactant. Global minima
are shown in bold.

in the gas phase happens in the presence of a few waters. The
recent review of hydrated acid clusters from Leopold
demonstrated that the strong monoprotic acids generally need
three to five water molecules before the lowest energy
compound contains the ionized acid, and the relative stability
of the neutral and ionic species is related to a delicate balance
between proton transfer energy, Coulombic attraction, and
hydrogen-bond stabilization.”’ Some experiments on the
aggregation-induced acid dissociation of HCI(H,O), propose

dx.doi.org/10.1021/jp506226z | J. Phys. Chem. A 2014, 118, 7959—7974
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Table 3. Binding Energies for (CH;COOH)(H,S0,),(H,0),
at the PW91PW91/6-311++G (3df,3pd) Level

0K 298.15 K

n isomer  AE (kcal mol™")  AH (kcal mol™)  AG (kcal mol™)
2 I-a —10.30 —-11.15 —0.46

2 I-b —8.00 —8.40 0.77

2 I-c —6.16 —6.63 3.89

2 1d —6.10 —6.81 5.97

2 I-e —5.49 —6.07 3.80

2 II-a —13.30 —14.36 —1.50

2 II-b —-11.86 —12.63 —2.29/-5.10°
2 II-c —10.20 —11.22 0.61

2 1I-d —9.35 —10.22 1.52

2 II-e —6.69 —-8.12 5.79

2 I-f —6.08 —7.23 4.96

“The changes in the free energy are calculated via the structural
evolution: the product is the global minimum in order of increasing
free energy, the reactant is the local (or global) minimum which is fit
for the trend of structural evolution, and the changes in free energy are
defined as the difference between product and reactant. Global minima
are shown in bold.

Table 4. Binding Energies for (CH;COOH)(H,S0,),(H,0),
at the PW91PW91/6-311++G (3df,3pd) Level

0K 298.15 K

n isomer  AE (kcal mol™)  AH (kcal mol™) AG (kcal mol™)
3 I-a —6.07 —6.69 3.67

3 I-b -3.62 —4.42 7.22

3 II-a —-9.58 —10.65 1.25

3 II-b —8.25 —8.78 +0.69/-0.11°
3 II-c —8.21 —9.14 1.80

3 1I-d —6.92 -7.58 3.75

3 II-e —6.64 —7.64 3.88

3 I-f —5.55 —6.19 3.00

3 II-g —-3.70 —4.29 5.47

3 III-a —4.67 —-5.72 423

“The changes in the free energy are calculated via the structural
evolution: the product is the global minimum in order of increasing
free energy, the reactant is the local (or global) minimum which is fit
for the trend of structural evolution, and the changes in free energy are
defined as the difference between product and reactant. Global minima
are shown in bold.

a mechanism for the proton transfer process.78_80 In addition,
Temelso and Shields predicted the first deprotonation of sulfuric
acid as a function of temperature for (H,SO,),(H,0), clusters.”

Since acid dissociation at a molecular level seems to be
of great interest, we pay an attention on the dissociation of
hydrated sulfuric acids compounded with acetic acid. As a
significant fraction of organic acid existing in the atmosphere,
acetic acid is a weak monoprotic acid and the liquid acetic acid
is a hydrophilic (polar) protic solvent, similar to ethanol and
water. Our results provide a picture of the first deprotonation of
sulfuric acid in terms of electronic energy (E,) at 0 K and Gibbs
free energy of cluster formation (AG) at 298.15 K for a system
consisting of two sulfuric acid molecules, a single acetic acid
molecule and up to three waters (Figure 12). At 0 K, the first
deprotonation emerges since first water is added to the trimer,
(CH;COOH)(H,S0,),, but the completely neutral moieties
seem to be more stable. Addition of a second water results in
deprotonation of most of the clusters, with the diionic species
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Table 5. Binding Energies for (HSO,")(H,SO,) and
(CH,COOH)(HSO,")(H,S0,) at the PWO1PW91/
6-311++G(3df,3pd) Level

0K 298.15 K

n  isomer AE (kcal mol™!) AH (kcal mol™') AG (kcal mol™)
i I-a —46.02 —46.97 —33.28/-33.28“
i I-b —-39.49 —39.86 —28.51

i I-c -37.66 —38.27 —25.70

i Ia —10.63 —10.63 —0.98/-5.75"
ii I-b —9.95 —9.80 1.89

ii I-c —9.25 —8.65 —0.31

ii 1d —4.71 —4.18 5.79

ii I-e —4.10 —3.31 5.84

ii If —-3.32 —2.60 6.31

“The changes in the free energy are calculated via the structural
evolution: the product is the global minimum in order of increasing
free energy, the reactant is the local (or global) minimum which is fit
for the trend of structural evolution, and the changes in free energy are
defined as the difference between product and reactant. Global minima
are shown in bold.

Table 6. Binding Energies for (CH;COOH)(HSO, )(H,S0,)-
(H,0) at the PW91PW91/6-311++G (3df,3pd) Level

0K 298.15 K

n  isomer AE (kcal mol™)  AH (kcal mol™) AG (kcal mol™")
1 La ~12.04 ~13.04 —124

1 Ib —10.09 —-11.01 0.93

1 I-c -9.46 —9.5§ -1.61/-1.617
1 Id -9.13 —9.67 —0.15

1 I-e -9.02 —9.95 1.80

1 If —-8.23 —8.15 -0.39

1 Ig =7.05 —7.38 2.57

“The changes in the free energy are calculated via the structural
evolution: the product is the global minimum in order of increasing
free energy, the reactant is the local (or global) minimum which is fit
for the trend of structural evolution, and the changes in free energy are
defined as the difference between product and reactant. Global minima
shown in bold.

Table 7. Binding Energies for (CH;COOH)(HSO, )(H,S0,)-
(H,0), at the PW91PW91/6-311++G(3df,3pd) Level

0K 298.15 K

n isomer  AE (kcal mol™)  AH (kcal mol™) AG (kcal mol™)
2 I-a —4.60 —4.72 3.70

2 I-b —4.14 —4.76 4.92

2 I-c —-3.71 —4.29 5.84

2 I-d —3.49 —4.11 6.16

2 I-e —341 —4.05 5.87

2 £ —-3.33 —3.96 6.08

2 II-a —7.28 —8.23 1.99/1.62°
2 II-b —5.58 —6.23 4.53

2 II-c —3.37 —4.31 6.07

“The changes in free energy are calculated via the structural evolution:
the product is the global minimum in order of increasing free energy,
the reactant is the local (or global) minimum which is fit for the trend
of structural evolution, and the changes in free energy are defined
as the difference between product and reactant. bAll energies are in
kcal mol™". Global minima are shown in bold.

more stable than completely neutral moieties. Upon the addition
of a third water molecule, the second sulfuric acid also dis-
sociates. For the (CH;COOH)(H,SO,),(H,0); clusters, the

dx.doi.org/10.1021/jp506226z | J. Phys. Chem. A 2014, 118, 7959—7974
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Table 8. Binding Energies for (CH;COOH)(HSO,)-
(H,80,)(H,0); at the PW91PW91/6-311++G(3df,3pd)
level

0K 298.15 K
n isomer  AE (kcal mol™)  AH (kcal mol™) AG (kcal mol™?)
3 I-a —11.45 —-12.12 —2.44
3 I-b —9.74 —10.09 —0.32
3 I-c —7.39 —-7.90 2.05
3 1d —6.65 —6.40 —0.23
3 I-e —-6.23 -5.95 1.40
3 If —-5.45 —5.63 3.94
3 II-a —9.03 —9.82 1.06
3 1I-b —8.44 —8.27 —2.14
3 II-c —5.82 —6.94 4.59

Global minima are shown in bold.

Table 9. Boltzmann Averaged Binding Energy of the
(CH,COOH)(H,S0,),(H,0), and
(CH;COOH)(HSO, ) (H,S0,)(H,0), Clusters at the
PW91PW91/6-311++G(3df,3pd) Level

0K 298.15 K
n AE (kcal mol™) AH (kcal mol™) AG (kcal mol™)
(CH;COOH)(H,80,),(H,0),., + H,O — (CH;COOH)(H,80,),(H,0),
i —16.58 —16.84 —6.50
ii —18.76 —19.09 —6.05
1 -7.09 —=7.57 —0.38
2 —-13.17 —14.24 —-2.12
3 -9.34 —10.41 1.02
(CH,COOH)(HSO,") (H,S0,)(H,0),, + H,0 — (CH,COOH)(HSO,")
(H,S0,)(H,0),
i —46.02 —46.97 —33.27
ii —10.42 —10.38 —0.94
—-11.97 —-12.97 —1.52
2 =7.18 -7.93 247
3 —11.34 —-12.01 —2.36

diionic cluster is a few kcal mol™' more stable than the neutral
cluster, which is a few kcal mol™! more stable than the tetraionic
cluster (Figure 12, top). The start of dissociation seems to
be delayed at room temperature due to the fact that the free
energy of cluster formation becomes positive at one-water level
(Figure 12, bottom). The first deprotonation appears and the
diionic species is more stable than the undissociated clusters
as second water is added. Meanwhile, the addition of a third
water seems to be unfavorable at room temperature, though
undissociated clusters, diionic and tetraionic species can be found
among the lowest isomers of the (CH;COOH)(H,SO,),(H,0),
clusters.

Interesting changes have taken place when we replace one of
the sulfuric acids with a bisulfate anion (Figure 13). At 0 K,
unlike the (CH,;COOH)(H,SO,),(H,0) clusters, the bisulfate
anion delays the deprotonation and the first dissociation does
not emerge until two waters are added to the (CH;COOH)-
(HSO, )(H,S0O,) trimer. The diionic species is a few kcal mol™
more stable than the undissociated clusters containing two water
molecules, but the neutral clusters is more favorable than the
diionic species due to the addition of a third water. What’s more,
the second dissociation does not emerge when three waters have
been added to the clusters. At room temperature, the growth of
clusters seems to be unstable after the dimer, (HSO,") (H,SO,),
and addition of second water even encounters a positive Gibbs
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Figure 12. Thermodynamics at the PW91PW91/6-311++G(3df,3pd)
level of stepwise [(CH;COOH)(H,SO,),(H,0),, + H,0 —
(CH;COOH)(H,S0,),(H,0),] sulfuric (2)/acetic acid trimer
hydrate growth of neutral (I), diionic (II), and tetraionic (III)
isomers. The change in energy is defined as the difference between the
Boltzmann averaged value for the nth of a particular state (I, II, III)
and (n — 1)th cluster of all the states. n = i corresponds to 2(H,SO,) —
(H,S0,),, and n i stands for (H,SO,), + CH,;COOH -
(CH;COOH)(H,S0,),.

free energy. The clusters become more stable as third water is
added, and the neutral clusters are slightly more stable than the
diionic species (Figure 13, bottom).

The finding of the growth of hydrated trimer of two sulfuric
acid molecules and a single acetic acid at the early stage may
have favorable implications for understanding the organics-
enhanced nucleation between atmospheric nucleation precur-
sors and acetic acid. By comparison between Figure 12 and
Figure 13, we also find that acetic acid and bisulfate anion can
promote the hydrated sulfuric acid(s) to form stable structures
with different number of water molecules, we predict that the
organics-enhanced dissociation and ion-mediated dissociation
may play a role at the early stage of the growth of nucleation
precursors and their promotions follow a complementary dis-
tribution during the process.

4.3. Calculation for the Gibbs Free Energy of Clusters
Formation via Structural Evolution. As described in the
Methods (more details described in the Supporting Informa-
tion), the tentative calculation for the Gibbs free energies of the
clusters formation is based on the phenomena of structural
evolution during the early stage of clusters formation. To focus
our attentions on the global minimum at each size of the
clusters, we confirm the global minimum of the product first,
and then infer the most suitable isomer of the reactant, rather
than the opposite order. In terms of the calculations for the
Gibbs free energies of clusters formation, no matter the tradi-
tional or the tentative, they both describe a possible event in

dx.doi.org/10.1021/jp506226z | J. Phys. Chem. A 2014, 118, 7959—7974
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Figure 13. Thermodynamics at the PW91PW91/6-311++G(3df3pd)
level of stepwise [(CH;COOH)(HSO,)(H,S0,)(H,0),, + H,0 —
(CH,COOH)(HSO,")(H,S0,)(H,0),] bifulfate/sulfuric/acetic acid
trimer hydrate growth of neutral (I) and diionic (II) isomers. The
change in energy is defined as the difference between the Boltzmann
averaged value for the nth cluster of a particular state (I, II) and (n — 1)th
cluster of all the states. n = i corresponds to H,SO, + HSO,” —
(HSO,7)(H,S0,), and n i stands for (HSO, )(H,SO,) +
CH,COOH — (CH,COOH)(HSO,”)(H,S0,).
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Figure 14. Comparison of three calculation paths for the Gibbs free
energies of clusters formation about thermodynamics at the
PW91PW91/6-311++G(3df,3pd) level of stepwise [(CH;COOH)-
(H,80,),(H,0),., + H,0 — (CH,COOH)(H,S0,),(H,0),] sulfuric
(2)/acetic acid trimer hydrate growth. n i corresponds to
2(H,80,) — (H,SO,),, and n ii stands for (H,SO,), +
CH,COOH — (CH,COOH)(H,S0,)..

the growth of the (CH;COOH)(H,SO,),(H,0), clusters. To
investigate the error limit of the tentative calculation path, we
also calculated the Boltzmann averaged binding energies at the
PW91PW91/6-311++G(3df,3pd) level of theory for describing
the average conditions in the formation of the (CH;COOH)-
(H,S0,),(H,0), clusters. As shown in Figure 14, the overall
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Figure 15. Comparison between three calculation paths for the Gibbs
free energies of clusters formation about thermodynamics at the
PW91PW91/6-311++G(3df,3pd) level of stepwise [(CH;COOH)-
(HSO,")(H,S0,)(H,0),., + H,0 — (CH;COOH)(HSO, )-
(H,S0,)(H,0),] bisulfate/sulfuric/acetic acid trimer hydrate growth.
n = i corresponds to H,SO, + HSO,” = (HSO, )(H,SO,), and n = ii
stands for (HSO, )(H,SO,) + CH;COOH — (CH;COOH)-
(HSO,)(H,80,).

trends of three lines seem to be consistent with each other
and all of them are obtained by using the PW91PW91/
6-311++G(3df,3pd) method, which demonstrates that the
tentative calculation for the Gibbs free energies of clusters
formation is basically feasible. As for the (CH;COOH)-
(HSO,")(H,S0,)(H,0), clusters, the similar comparison of
three calculation paths for the Gibbs free energies of clusters
formation can be seen in Figure 15. We cautiously predict that
the calculation for the Gibbs free energy of clusters formation
via the structural evolution can serve as an alternative
rationalistic data prepared for experiment research and help
to understand the thermodynamics and evolution of the
clusters growth.

4.4. Thermodynamics of Clusters Formation. Tables 1-4
contain binding energies, enthalpies, and Gibbs free energies
of clusters formation (AG) for the (CH;COOH)(H,SO,),-
(H,0),,;1—3 clusters, obtained by the single point electronic
energies under the DF-MP2-F12 theory and the thermal
corrections under the PW91PW91 correction as described in
the Methods. We also add the tentative calculation for AG to
each global minimum as footnoted in the tables. The di-
merization of sulfuric acid is exothermic by 16—17 kcal mol™,
and the trimerization of two sulfuric acids and an acetic acid
is exothermic by 11—19 kcal mol™. For the (CH,COOH)-
(H,80,),(H,0); clusters, 8—10 kcal mol™" is released. Free
energies are lower, and some of them are even positive. Viewed
from the traditional calculation, they range from —7 kcal mol™
for dimerization of sulfuric acid, to —6 kcal mol™ for trimerization
of two sulfuric acids and an acetic acid, to —0.52 kcal mol™* for the
(CH,COOH)(H,80,),(H,0) cluster, to —2.29 kcal mol™ for
the (CH;COOH)(H,S0,),(H,0), dluster, and to 0.69 kcal mol™
for the (CH,COOH)(H,SO,),(H,0); cluster, all at room
temperature, respectively. In consideration of the tentative
calculation, the free energies appear to be more favorable,
ranging from —7 kcal mol™" for dimerization of sulfuric acid,
to —8 kcal mol™" for trimerization of two sulfuric acids and an
acetic acid, to —0.52 kcal mol™! for the formation of the
(CH,COOH)(H,S0,),(H,0) cluster, to —5.10 kcal mol™" for
the (CH;COOH)(H,S0,),(H,0), cluster, and to 0 kcal mol™*
for the (CH;COOH)(H,SO,),(H,0); cluster, all at room
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Figure 16. Comparison of thermodynamics at the PW91PW91/
6-311++G(3df,3pd) level of stepwise [T(H,0),,, + H,0 — T(H,0),]
(T means trimer) trimer growth between (CH;COOH)(H,SO,),-
(H,0), and (CH;COOH)(HSO, )(H,SO,)(H,0),. The change in
free energy is defined with three approaches: (a) the traditional
calculation; (b) the tentative calculation; (c) the difference between
the Boltzmann averaged value for the nth cluster and the (n — 1)th
cluster of all state. For the (CH,COOH)(H,SO,),(H,0), clusters,
n = i corresponds to 2(H,SO,) — (H,SO,),, and n = ii stands for
(H,S0,), + CH;COOH — (CH;COOH)(H,S0,),, in terms of the
(CH;COOH)(HSO,")(H,S0,)(H,0), clusters, n = i corresponds to
H,S0, + HSO,” — (HSO,)(H,SO,), and n = ii stands for
(HSO,")(H,S80,) + CH,COOH — (CH,COOH)(HSO,")(H,S0,).

temperature, respectively. All of the stepwise free energies
are negative at T = 298.15 K, though the formation of
(CH;COOH)(H,S0,),(H,0); from (CH;COOH)-
(H,S0,),(H,0), and a third water still seems to be unfavorable.
These results are shown graphically in Figure 14.
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Similarly, Tables S—8 are prepared for the (CH;COOH)-
(HSO,)(H,S0,)(H,0),_;;;1-3 clusters. The dimerization of
sulfuric acid and bisulfate anion is exothermic by 38—47
kcal mol™, and the formation of the (CH;COOH)(HSO,")-
(H,S0,) clusters is exothermic by 9—11 kcal mol™". For the
(CH;COOH)(HSO,")(H,80,)(H,0); clusters, 8—12 kcal mol™
is released. Actually, free energies are also lower, and some of
them are even positive. Viewed from the traditional calculation,
they range from —33.28 kcal mol™ for dimerization of sulfuric
acid and bisulfate anion, to —0.98 kcal mol™ for the formation of
the (CH;COOH)(HSO,)(H,S0,) cluster, to —1.97 kcal mol™*
for the (CH;COOH)(HSO, )(H,S0,)(H,0) cluster, to 2.35
kcal mol™ for the (CH,COOH)(HSO, )(H,S0,)(H,0),
cluster, and to —2.44 kcal mol™! for the (CH,COOH)(HSO,)-
(H,S0,)(H,0); cluster, all at room temperature, respectively.
In consideration of the tentative calculation, the free energies
appear to be more favorable, ranging from —33.28 kcal mol™
for dimerization of sulfuric acid and bisulfate anion, to —5.75
kcal mol™ for the (CH;COOH)(HSO, )(H,SO,) cluster, to
—1.97 keal mol™ for the (CH,COOH)(HSO, )(H,S0,)(H,0)
dluster, to 1.62 kcal mol™ for the (CH;COOH)(HSO,”)(H,SO,)-
(H,0), cluster, and to —2.44 kcal mol™ for the (CH;COOH)-
(HSO, )(H,SO,)(H,0); cluster, all at room temperature,
respectively. All of the stepwise free energies are negative,
except for the formation of (CH;COOH)(HSO, )(H,SO,)-
(H,0), from (CH;COOH)(HSO, )(H,SO,)(H,0) and the
second water, at T = 298.15 K. These results are shown
graphically in Figure 185.

The Boltzmann-averaged energies for the stepwise hydration
of two series of clusters (top, (CH;COOH)(H,S0,),(H,0),;
bottom, (CH;COOH)(HSO,")(H,S0,)(H,0),) are displayed
in Table 9. At room temperature, for the (CH;COOH)-
(H,S0,),(H,0), clusters, the Gibbs free energies range from
—6.5 kcal mol™ for the dimerization to 1 kcal mol™ for the
formation of the (CH;COOH)(H,S0,),(H,0); cluster. Clearly,
thermodynamics favor the formation of these structures except
the (CH;COOH)(H,S0,),(H,0); clusters. As for the
(CH,;COOH)(HSO,")(H,S0,)(H,0), clusters, the Gibbs free
energies range from —33 kcal mol™' for the dimerization to
2 kcal mol for the formation of the (CH;COOH)(HSO,”)(H,SO,)-
(H,0), duster at 298 K. The formation of the (CH,COOH)-
(HSO,")(H,S0,)(H,0); cluster seems to be more favorable
than that of the (CH,;COOH)(HSO,")(H,S0,)(H,0), cluster.
These results are shown graphically in Figure 16(c).

4.5. Comparison between the Promotions from Organic
Acid and Anion. We do some comparisons of clusters growth
between the (CH;COOH)(H,SO,),(H,0), clusters and the
(CH;COOH)(HSO,)(H,S0,)(H,0), clusters. As Figure 16
shows, the ensemble trends of the three graphs remained
unchanged basically, though the change in free energy is
defined through three approaches. For the (CH;COOH)-
(H,S0,),(H,0), clusters (the black line), the first two steps
seem to be favorable, but the start of hydration is a little
difficult. The formation of the (CH;COOH)(H,S0,),(H,0),
cluster appears to be particularly favorable, while the next step
becomes much harder. When we replace one of sulfuric acids
with a bisulfate anion, the dimerization of sulfuric acid and
bisulfate anion gets a much lower start point (the red line), but
the trimerization seems to be a slightly unfavorable. The start
of hydration appears to be more favorable than that of the
(CH;3COOH)(H,S0,),(H,0), clusters and the next two steps
have diametrically opposite performances compared with that
of the (CH;COOH)(H,S0,),(H,0), clusters. The growth trend
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of the (CH;COOH)(H,SO,),(H,0), clusters seems to be as
flexural as that of the (CH;COOH)(HSO, )(H,SO,)(H,0),
clusters, but the stable structures have different number of
water molecules for two series of clusters. The comparisons from
Figure 16 demonstrate that the replacement with anion changes
the stable configurations at the early stage of the clusters growth
and provides supplementary stable precursors at the unfavorable
points of the initial clusters. The promotions from ion-mediated
mechanism and organics-enhanced mechanism seem to follow a
complementary distribution at the early stage of clusters growth.

5. CONCLUSIONS

We investigated the thermodynamics of hydration of
(CH;COOH)(H,S0,), using high-level DFT calculations,
and studied its implication on acid dissociation and clusters
growth. We also replace one of the sulfuric acids in the trimer,
(CH3COOH)(H,S0,),, with a bisulfate anion to explore the
difference between two series of clusters, and the interaction of
the promotions from ion-mediated mechanism and organics-
enhanced mechanism. For the two series of clusters, we located
the assumed global and many low-lying local minima for each
cluster size. For the (CH3;COOH)(H,S0,),(H,0), 13
clusters, The results in this study supply a picture of the first
deprotonation of (CH;COOH)(H,SO,), trimer hydrates to
form diionic [(CH;COOH)(H,S0,)(HSO, H,0%)(H,0),,]
and tetraionic [(CH,;COOH)(HSO, H,0%),(H,0),.,] clusters
at 0 and 298.15 K, respectively. At 0 K, the (CH;COOH)-
(H,SO,), trimer undergoes the first acid dissociation of one
sulfuric acid after the addition of only one water and both acids
after the addition of three waters. At 298.15 K, the (CH;COOH)-
(H,SO,), trimer undergoes the first acid dissociation of one
sulfuric acid after the addition of two waters. However, the first
acid dissociation of both sulfuric acids seems to be unfavorable
before the addition of four waters. In terms of the (CH;COOH)-
(HSO,)(H,S0,)(H,0),; 13 clusters, the bisulfate anion delays
the first acid dissociation of one sulfuric acid to the addition of
two waters at 0 K and the addition of three waters at 298.15 K.
The first acid dissociation of both sulfuric acids does not appear
even at 0 K. From the comparison between two series, we find
that the bisulfate anion has an obviously impact on the hydration
of the (CH;COOH)(H,SO,), trimer, and provides the
thermodynamic process with a supplementary performance.
It is worthy to take a further study in this aspect. We tentatively
predict that the promotions from ion-mediated mechanism and
organics-enhanced mechanism follow a complementary distribu-
tion at the early stage of clusters growth. Calculation for the
Gibbs free energies of clusters formation via the structural
evolution is basically feasible through the comparison among
three calculation paths. We cautiously predict that it can serve as
an alternative rationalistic data prepared for experiment research
and help to understand the thermodynamics and evolution of the
clusters growth. Certainly, more experiment studies and
calculations are needed to further test its utility.
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