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Abstract Geometry optimizations were performed on
monoanionic and dianionic clusters of sulfate anions with
carbon dioxide, SOz Y~%(CO,),, for n = 1-4, using the
B3PWO91 density functional method with the 6-311 +
G(3dY) basis set. Limited calculations were carried out with
the CCSD(T) and MP2 methods. Binding energies, as well
as adiabatic and vertical electron detachment energies,
were calculated. No covalent bonding is seen for mono-
anionic clusters, with O3SO-CO, bond distances between
2.8 and 3.0 A. Dianionic clusters show covalent bonding of
type [058-0-CO,] 2, [058-0-C(0)0-CO,]"%, and
[0,C-0-S(0,)-0-CO,] 2, where one or two oxygens of
SO;? are shared with CO,. Starting with n = 2, the dian-
ionic clusters become adiabatically more stable than
the corresponding monoanionic ones. Comparison with
S0;"7%(S0,),, and CO3"7%S0,), clusters, the binding
energies are smaller for the present SOy 1/72(C02),, Sys-
tems, while stabilization of the dianion occurs at n = 2 for
both SO;*(CO,), and SO;*(SO,),, but only at n = 3 for
CO3*(SOy),.
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1 Introduction

It has long been known that in gas phase the sulfate dianion
SO;? is unstable, whereas the corresponding monoanion is
stable [1-3]. In a number of experimental and theoretical
studies, it was shown that the sulfate dianion becomes more
stable than the monoanion by addition of a sufficient
number of water molecules. According to Born [4], the
solvation energy of anions is proportional to the square of
the electric charge, implying that dianions are more easily
stabilized in solution than corresponding monoanions. It is
well known that (SOy 2)aq is more stable than (SOZ 1)aq.

An electrospray study by Blades and Kebarle [5]
showed a maximum band observed when twelve water
molecules were attached to the sulfate dianion. The study
indicated that SO;*(H,0), clusters become stable in gas
phase (the dianion being more stable than the monoanion)
when n = 3. This was confirmed by Wang et al. [6-8],
using photoelectron spectroscopy. Theoretical calculations
performed by Wang et al. [6] on sulfate water clusters
confirmed the experimental findings. Clusters of dithionate
$,05° [5], peroxydisulfate S,0g > [5], carbonate CO3 > [9],
oxalate C,04 2 [10], and selenite SeO3 2 [11] with water
molecules have also been investigated.

Whereas many experimental and theoretical studies
have been performed with dianions surrounded by water
molecules, the principle of microscopic solvation leading
to dianion stabilization is not restricted to water as solvent.
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Molecules other than water are also capable of stabilizing a
dianion. Prior investigation by this group extended the
range from water to the environmentally important gases
sulfur dioxide and carbon dioxide.

In two recent papers, the stabilization of the sulfate [12]
and carbonate dianions [13] by sulfur dioxide was studied
by density functional theory methods. It was found that the
sulfate dianion stabilizes adiabatically with the addition of
a second SO, molecule. However, at least three SO, mol-
ecules are required for stabilization of the CO3 2(802),,
clusters. Work on clusters of carbonate with carbon dioxide
has also been performed, and a publication is forthcoming.

To the best of our knowledge, prior to this work, studies of
dianionic clusters with “solvent” molecules other than water
have not been reported in the literature. On the other hand,
mass spectrometric, infrared, and photoelectron work has
been performed on monoanionic clusters with CO, and SO,
as solvents, like 0;'(CO,),, CO5'(CO,),, NO;'(CO,),
[14],07'(CO,),, CO; '(COy), [15], X~ (CO,) with X = F,
Cl, Br, I [16, 17], 15 '(CO,), [18], H,0~(CO,), [19], and
SO I(SOZ)H [20]. Neutral (CO,),, clusters have also been
studied [21].

Using H,O as solvent, hydrogen bonding is the main
mechanism responsible for the formation of monoanionic
and dianionic clusters. On the other hand, clusters of dia-
nions with molecules other than water, like CO, or SO,,
show different types of bonding, which can be classified as
being either covalent or noncovalent long-range bonding.
Covalent bonding is achieved by charge migration, where
part of the negative charge of the anion is being transferred
to the XO, molecules. On the other hand, noncovalent
bonds are caused by electrostatic interaction between the
charge on the anion and the dipole moment of SO,, or the
quadrupole moment of CO,. While covalent bonds are
stronger than hydrogen bonds, the long electrostatic bonds
are very weak. Dispersion forces also play a role. It is to be
expected that covalent bonding dominates at small n,
whereas weak bonds are seen once the covalent pairing is
saturated.

In this contribution, anionic clusters obtained by the
addition of carbon dioxide to the sulfate monoanion and
dianion are studied by density functional and ab initio
methods. Energies and structures of the anionic clusters
will be of interest. Vertical (VDE) and adiabatic electron
detachment energies (ADE) will be documented to realize
a reversal in stability between monoanions and dianions.
Binding energies are also included to see how favorable the
structure is relative to its constituents. Later in this paper,
bonding characteristics of the monoanionic and dianionic
clusters will be discussed.

The present study on clusters of the sulfate dianion with
carbon dioxide molecules was undertaken in continuation
of our previous work on sulfate—sulfur dioxide and
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carbonate sulfur dioxide clusters, allowing for a compari-
son of these related systems. Compounds formed between
sulfate anions and carbon dioxide have never before been
studied in a systematic manner. Both sulfates and carbon
dioxide are present in the atmosphere.

2 Methods

Density functional theory (DFT) methods, coupled cluster
methods with single, double (CCSD), and noniterative
triple excitations (CCSD(T)), and Moller-Plesset pertur-
bation (MP) methods, as implemented in the Gaussian 03
computational package [22], have been used for calcula-
tions on SO;%(CO,), and SO; '(CO,),, for n = 1-4. DFT
geometry optimizations were performed with the B3PWO91
functional [23, 24] and the 6-311 + G(3df) basis set. MP2
geometry optimizations and single point calculations using
the CCSD and CCSD(T) methods were carried out with the
6-311 + G(d) basis set on the most stable DFT optimized
structures for n = 0-2.

Several initial starting structures were chosen for each
size cluster. In Fig. 1, the structures investigated are shown
from the point of view of atomic connectivity. CO, mol-
ecules are added to the oxygens of the sulfate monoanion
or dianion, or to oxygens of previously added CO,

¢ ? o 0

0-5-0 0-?-0-00; 0-8-0-C-0-CO,

0 0O o

0 Ia Ila

! ? 9 9
0,6-0-§-0-¢%,  0-s-0-c-0-c-0-co,

0 )

1ib Illa

(I) (]) 0-Co, (l) 0-CO,
OZC—O—?—O-C—O—CO2 OZC—O—?—O—COZ O_S_o_(|:

o} o} 0 0-CO,

111b Iilc 1d

0 9 9 ? 9 9
08-0-C-0-C-0-C-0-CO, 0,C-0-$-0-C-0-C-0-CO,

IVa o IVb

© o o o 0-C0,

| T T

0,-0-C-0-8-0-C-0-C-0-CO, 0,C-0-5-0-CO,
o 0-Co,
Ve vd
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molecules, in all possible ways, with the restriction that
none of the original S—O or C-O bonds be broken. The
optimized structures do not necessarily correspond to the
global minimum. The same initial structures were used for
monoanions and dianions.

Frequency calculations were performed for clusters with
n =1 and 2. In all cases the frequencies were real, indi-
cating that the optimized structures are potential minima.
This includes the metastable structures to be discussed
below.

3 Results

In Table 1, the calculated B3PW91/6-311 4+ G(3df) ener-
gies for both mono- and dianions are listed for each type of
structure, together with their binding energies with respect
to the separated sulfate and carbon dioxide molecules.
Binding energies AE(—1) and AE(—2) are defined in
Eqgs. 1 and 2 as

AE(—1) = —E[S0;'(C0,),] +E[SO; '] +nE[CO,] (1)
AE(-2) = —E[S0,*(C0,),] +E[SO,*] + nE[CO,], (2)

where the E’s are the total energies as calculated.

Results for the most stable structures for mono- and
dianions are printed in bold. The binding energies for
monoanions, while being small, increase systematically
from n =1 (0.11 eV) to n = 4 (0.56 eV). Binding ener-
gies for dianions are larger, and again increase as one goes
fromn =1 (1.28 eV) ton =4 (2.59 eV).

Table 1 Calculated B3PWO91/6-311 + G(3df) total energies E
(atomic units) for monoanions and dianions of SOy l/_Z(Coz),,, and
binding energies AE (eV)

Molecule Struct Monoanion Dianion

E AE(-1) E AE(-2)
so7 =2 0 —699.088909 — —699.024520 —
so7 Y2 Ia —887.675245 0.11 —887.653649 1.28
(CO),
e Ila —1076.264627 0.31 —1076.263815  2.04
(€022 —~1076.264816 0.31 —1076.246546  1.57

Neras Illa
€O 1B

—1264.851484 0.44
—1264.851484 0.44

—1264.857015 2.34
—1264.854401 2.27

Mlc  —1264.851468 0.44 —1264.843854 198
Id  —1264.851484 0.44 —1264.855310 2.29
Noruas IVa  —1453.437123 0.53 —1453.445301  2.51
(CO24  vb  —1453.438101 0.56 —1453.448226 2.59
IVe  —1453.438099 0.56 —1453.446536  2.54
IVd  —1453.437684 0.55 —1453.440473 238
IVe  —1453.436901 0.53 —1453.436695 227

Energies of most stable structures are in bold
The energy of CO, is —188.582167 au

Adiabatic (ADE) and vertical (VDE) electron detach-
ment energies are shown in Table 2. They are defined in
Egs. 3 and 4 with

ADE = E[SO; ! (CO,),]—Eo[SO;2(CO»),] (3)

using the calculated energies E, of the lowest-energy
structures of the mono- and dianions, and

VDE = B [SO; ' (CO,),]—Eo[SO; *(COy), 4)

where the energy of the anionic cluster SOy l(COZ),, is
calculated at the optimized geometry of the lowest-energy
dianion SO;*(CO,), for the given n. As defined, ADE and
VDE are negative if the dianion is less stable than the
monoanion, and positive otherwise.

While the DFT value of ADE is —1.75 eV for the iso-
lated sulfate ion, implying that the monoanion is more
stable than the dianion by this amount, ADE for
S0;%(COy,), is —0.59 eV for n = 1, —0.03 eV for n = 2,
and 40.15 eV for n = 3. Accordingly, the monoanions are
more stable than the dianions for n = 0 to n = 2, but a
reversal of stabilities takes place at n = 3, with the dianion
becoming more stable than the monoanion. At n = 2, the
monoanion is only 0.03 eV more stable than the dianion.
Such a small energy difference lies within the range of
computational uncertainty. VDE energies were obtained by
recalculating the energy of the monoanion at the optimized
geometry of the corresponding dianion. Understandably,
the VDE numbers turn positive at lower rn, in the present
case at n = 1. The energy gap between VDE and ADE is
only 0.24 eV for n = 0, but increases sharply at n = 1
(0.96 eV), and again at n =2 (1.71 eV). After that, at
n = 3 and 4, the gap does not increase any further.

Included in Table 2 are CCSD and CCSD(T) results for
ADE and VDE at n =0 to n = 2, calculated at the
B3PWO91 optimized geometries. Both ADEs and VDEs are
more positive than values obtained with the DFT method,
and stabilization of the dianion occurs at n = 2, with ADE
values of 0.20 and 0.23 eV for the CCSD and
CCSD(T) methods, respectively.

Table 2 Adiabatic (ADE) and vertical (VDE) electron detachment
energies, in eV, for the most stable SO, Y=2(C0,), structures, using

B3PW91, CCSD, and CCSD(T) methods

Cluster B3PWOI1 CCSD CCSD(T)

ADE VDE ADE VDE ADE VDE
SO0z Y2 —175 —151 —157 —126 —161 —14l
SO;V72(C0O,); —0.59 037 —052 094 —056 078

SO;V=2(C0O,), —0.03 1.68 020 239 023 222
SO;V=2(C0Oy;  0.15  1.86
SO; Y72 (COy, 028 197
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As will be discussed below, all of the monoanionic
structures have long C—O bonds between SO4 "and CO,, in
the order of 2.8 A, representing anionic complexes held
together by weak electrostatic interactions. The reliability
of the DFT results for such complexes has been checked by
performing MP2 geometry optimizations for structures
Ta(—1) and IIb(—1). MP2 data are shown in Table 3. For
n = 2, the ADE and VDE energies are close to the coupled
cluster values, with ADE being 0.17 eV and VDE being
2.56 eV. There are relatively larger deviations for n = 0
and 1. MP2 binding energies, also listed in Table 3, are
close to the binding energies obtained with B3PWO1.

In the following, bonding aspects of the optimized
mono- and dianionic structures will be discussed. Due to
the fact that in many cases long bonds are formed, the
atomic connectivity as specified in the prototype input
structures (Fig. 1) is not always maintained.

Figure 2 shows the optimized DFT structures of
monoanions from Ia(—1) to IVd(—1), including bond dis-
tances. The monoanion SO, ! has C,, symmetry, with S-O
bond distances of 1.449 A and 1.509 A calculated at the
B3PW91/6-311 + G(3df) level [12]. As seen in Fig. 2, all
monoanionic clusters have long bonds, with O;SO-CO,
distances ranging from 2.8 to 3.0 A. There is no covalent
bonding of SO4 ! with CO,. As a consequence, the CO,
moieties are linear or nearly linear. Due to transfer of a
small amount of negative charge from the anion to the
CO,’s (the Mullikan charges on CO, are about 0.02 ¢7), a
slight bending of the CO,’s is seen, with calculated OCO
angles of 175°-176°. (The DFT optimized bond angle in
CO,™ is 138.1°). However, such bending could also be
caused by electrostatic effects, as the negatively charged
oxygens of CO, are more strongly pushed away from the
anion than the carbon. By negative photoelectron spec-
troscopy on X /(CO,), clusters, with X being halogens,
Arnold et al. [16, 17] also found that the CO, molecules
were distorted from linearity.

Due to the lack of covalent bonding, the energies of
structures with the same n are nearly identical. Structures
IIIa(—1) and IIIc(—1) have two CO,’s coordinated to the
same oxygen of SOy ' The structures ITIb(—1) and ITId(—1)
have been omitted from Fig. 2, as there are only minor
differences to n = 3 ones shown. Although IVb(—1) has

Table 3 Adiabatic (ADE) and vertical (VDE) electron detachment
energies and binding energies AE(—1) and AE(—2) in eV, from MP2
calculations with 6-31 + G(d) basis set

Cluster ADE VDE AE(—1) AE(—2)
SOz 12 —1.24 —0.56 - -
SO;Y=4C0,), —0.15 1.12 0.15 1.23
SO7V=4C0,), 0.17 2.56 0.53 1.93
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the lowest energy, it differs by only 0.03 eV from the least
stable structure IVe(—1) (not shown). In most cases, two
CO,’s are coordinated to the same oxygen of SO; ', rather
than to different oxygens.

It is interesting to note that in geometry optimizations of
S071(CO,),, small O;SO-C distances are retained when
starting the geometry optimization at such distances. The
resulting structures appear to have covalent bonds, but they
are metastable, with an energy higher than separate
SOZ1 + nCO,. Two examples, for n = 1 and n = 2, are
shown in Fig. 3. The structures are labeled Ia*(—1) and
IIa*(—1) to indicate their metastable character. Ia*(—1) is
less stable than SOZ] + CO, by 0.16 eV, and Ila*(—1) is
less stable than SO; ' + 2CO, by 0.70 eV. In both cases,
and also in metastable structures for n = 3 and 4, one
oxygen from SO ' is pulled toward the neighboring CO»,
to resemble an SO5-CO; anionic cluster. Calculations show
that Ia*(—1) is more stable than SO3_1 4+ CO5; by 4.41 eV,
and more stable than SOz + CO3 ! by 1.66 eV (same
method and basis set). Therefore, Ia*(—1) is stable with
respect to dissociation into SOz + CO;I or SO§l + COa,
but unstable with respect to dissociation into SOy '+ Co.,.

MP2 structures for Ia(—1) and IIb(—1) are shown in
Fig. 4. Of interest is a comparison of the bond distances
obtained by the MP2 method with those obtained from
DFT. For Ia(—1), the O-C distance in MP2 is 2.73 A,
compared with 2.84 A in DFT. For IIb(—1), the MP2
distances of 2.89 and 2.76 A are to be compared with 2.96
and 2.92 A, respectively, in DFT. According to these test
cases, there is good agreement in the long bonds obtained
by DFT and MP2 methods. In general, the MP2 distances
are 0.1 to 0.2 A shorter than corresponding DFT distances.

The optimized structures of the dianions are displayed in
Fig. 5. Covalent bonding between SO;* and CO, is seen
for Ta(—2), Ila(—2), and IIb(—2), with O3S-O-CO, bond-
ing for Ia(—2), 03S-0-C(0O)-O-CO, bonding for ITa(—2),
and O,C-0-S(0,)-0-CO, bonding for IIb(—2). The “a”
in the structure symbol implies that SO~ is in a terminal
position, with the CO,’s attached in a chain-like fashion.
Having the SO,4’s not in terminal position, like ITb(—2) and
IIIb(—2), results in small energy losses, about 0.5 eV for
IIb(—2) and less than 0.1 eV for IIIb(—2). All n =3
structures have at least one long bond. The most stable one,
[Ta(—2), is of type O3S-0-C(0)-0-CO, ... CO,, the dots
indicating a long bond. The most stable structure for n = 4,
IVb(—2), has two CO,’s attached by long bonds. All n = 4
dianionic structures except [Ve(—2) have one or two CO,’s
coordinated to two oxygens.

Figure 5 shows that in the dianionic systems one or
several S—O bonds of SO; 2 are elongated from 1.45 A in
isolated SO;2 to about 1.6 or 1.7 A. The oxygen of the
elongated bond is shared with the neighboring CO,. A shift
in bonding, from SO;> CO, toward SO3'-CO3!, is



Theor Chem Acc (2012) 131:1110

Fig. 2 DFT optimized
structures of the monoanionic
clusters SOz 1(CO»),

Page 5 of 9
1.158
1.158
Ia(-1) IIa(-1) IIb(-1)
1.158 1.159 1.159
2952 2.833
2945
e S\ 1.158
1.456 1.157 158
54 T - : - 1.447
orted i 2.857
1.503
2045 .4 15 1.157, -
2 By 2.930 f"sﬂ
“‘ 1.158
158
IITa(-1) IIlc(-1) IVa(-1)
1.158 11
1150 1.158 1.158
158 .
2.950 2.857 281 1.159 2.970 1.159
3.000 158
1.451 ’
1.454 2.818
1.158 3.093 1.45
.. 1.159 o 9}
1.50 1.451 -
2.968 1.450
2979 2.860
1.158
2832 ’ 2.821
1.159 1.159 2.988
1.158 1.13 1.158
1.158
1.158
IVb(-1) IVe(-1) IVd(-1)

observed. By donating an oxygen to CO,, the SO5'-CO53!
complex stabilizes over SOy 2-C02. Calculations show that
SO;' 4+ CO3"' is more stable than SO;* + CO, by
2.19 eV (B3PW91/6-311 + G(3df) method).

In structures Ila(—2), IITa(—2), IIIb(—2), IIId(—2), and
in most structures with four additions of CO,, C,05 ¢ units
can be seen. In the case of IVa, the CO, chain extends to
C;079. Calculations performed on dianionic C,O5 2 and
C;072 led to covalently bonded structures [25].

4 Comparison with other sulfate and carbonate clusters

As this is the third study on anionic clusters composed of
sulfate or carbonate with carbon dioxide or sulfur dioxide,
a comparison of results is of interest. In Table 4, binding
energies, ADE and VDE values, and bonding characteris-
tics for the present system SOy Y=2(C0,), (labeled “A”)
and the previously studied systems SOy 1/_Z(SOZ)n (labeled
“B”) [12] and CO3Y~*%S0,), (labeled “C”) [13] have
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Fig. 3 Structures of metastable
monoanionic clusters

Fig. 4 MP2 optimized
structures for small
monoanionic clusters

2.731

1.181

1.181

2757

181
2.887

Ia(-1) MP2

IIb(-1) MP2

been summarized. Systems A and B have the sulfate in
common, whereas systems B and C have the “solvent”
molecules SO, in common. In all three studies, the same
method and basis set, B3APW91/6-311 + G(3df), have been
used, such that the results are comparable from a method’s
point of view. As shown in Table 4, the binding energies
AE(—1) for the monoanions, for a given n, increase as one
goes from A to B to C. The n = 1 values change from 0.11
to 1.04 to 1.67 eV, respectively. Similarly, the binding
energies for the dianionic clusters, AE(—2), increase in the
direction from A to C, with values for n = 1 of 1.28, 2.25,
and 3.39 eV. Accordingly, the largest gain in energy is
obtained by adding SO, molecules to the carbonate, better
than adding to sulfate. The adiabatic electron detachment
energies are negative in all three cases for n = 1, but at
n = 2 they turn to zero for A, are distinctly positive for B,
and still strongly negative for C. Even at n = 3, ADE is
around zero for C. Therefore, SO;*(SO,), is the easiest
dianionic cluster to stabilize, whereas CO3%(SO,), is the

@ Springer

most difficult one. The VDE values confirm this trend. At
n = 1 they are positive for A and B, but still negative for C.
In the last four rows of Table 4, the number of covalent
(cov) and noncovalent long bonds between oxygens of
sulfate or carbonate and the carbons of attached CO,’s or
the sulfurs of SO,’s is listed for the monoanionic (—1) and
dianionic (—2) structures. As was shown before, for the
present system A the monoanions from n =1 to n =4
have long bonds only. For system B the monoanions have
one covalent bond for all n, the other bonds are of the long
type. For system C there is covalent bonding only for
n = 3. The number of covalent bonds is larger for the
dianions. For system A, all bonds of n = 1 and n = 2 are
covalent, but for n = 3 and 4 the number of covalent bonds
does not increase any further. However, the dianionic
systems B and C have covalent bonds only, for all
n. Overall, systems B and C, having SO, as ligands, are
similar to each other in bonding characteristics, whereas
system A, with CO, as ligand, has much weaker bonds.
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Fig. 5 DFT optimized
structures of the dianionic
clusters SO Z(COZ),,
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Table 4 Comparison of results for SO; '/~%(CO,), with SO; ~%(S0,), [12] and CO3 ~4(S0,), [13]

S0; 7(COy), (A)

S0 "7 (S0y), (B)

€05 "7 (S0y), (C)

n=1 n=2 n=3 n=4 n=1 n=2 n=3 n=1 n=2 n=3
AE(—1) 0.11 0.31 0.44 0.56 1.04 1.41 1.68 1.67 2.44 2.77
AE(-2) 1.28 2.04 2.34 2.59 2.25 3.54 441 3.39 5.25 6.43
ADE —0.59 —0.03 0.15 0.28 —-0.52 0.40 0.98 —1.96 —0.88 —0.03
VDE 0.37 1.68 1.86 1.97 0.40 1.59 2.26 —0.55 0.84 2.02
Cov(—1) 0 0 0 0 1 1 1 0 0 1
Long(—1) 1 2 3 4 0 1 2 1 2 2
Cov(—2) 1 2 2 2 1 2 3 1 2 3
Long(—2) 0 0 1 2 0 0 0 0 0 0

Adiabatic (ADE) and vertical (VDE) electron detachment energies and binding energies AE(—1) and AE(—2) in eV. Number of covalent and
long noncovalent bonds for monoanions, cov(—1) and long(—1), and for dianions cov(—2) and long(—2). B3PW91/6-311 + G(3df) values

5 Discussion

In this section, qualitative arguments will be given to
explain and contrast the results obtained in the present
paper with those in the two related papers [12, 13].
Focusing on bond energies of the smaller covalently bon-
ded dianionic clusters, we first compare system A with B,
both having SO; 2 as dianion, but differing in having CO,
attached in system A (SOy Z(COQ),,), and SO, attached in
system B (SOy 2(SOz),,). For n = 1, the binding energy for
A is 1.28 eV, whereas for system B it is 2.25 eV.

Both isolated CO, and SO, have two double bonds. In
the reaction SO;2 + X0, — [03;8-0-X0,]%, X =C, S,
one X-O n-bond on XO, gets broken, and one new O-X o-
bond is formed. Whereas the n-bond in CO, is 2pn—2pm,
with a n-bond energy of about 4.3 eV, that in SO, is 2pn—
3pm, with a n-bond energy of only about 1.7 eV (tabulated
values). Assuming that the o-bond energies are similar in
the two systems, as documented in tables of bond energies,
the net energy gain is much smaller for reaction A (CO,)
than for reaction B (SO,), in agreement with our findings.

We now try to rationalize the difference in binding
energies between system B [SOj 2(502),,], 2.25 eV for
n =1, and system C [CO5%(SO,),), 3.39 eV for n = 1.
The formal charge on the sulfur atom in SOz 2 is +2. On
the other hand, it is zero on the carbon atom in CO3 > (the
Mulliken charges are 1.12 on S in SOz 2, and 0.73 on C in
CO3 2). It follows that SOz 2 has less of a tendency to
spread the (negative) charge and to form bonds than CO3>
does, in agreement with the calculated trends in bond
energies. This argument is supported by the well-known
fact that HSO, is a stronger acid than H,COj.

It is interesting that for small values of n monoanionic
clusters, despite having in general very weak bonding
between the anion and SO, or CO,, are still more stable
than corresponding dianionic clusters having mostly
covalent bonding. This implies that for small n the
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destabilizing effect of electron repulsion in the dianionic
clusters is stronger than the stabilizing effect of covalent
bonding. With increasing size of the cluster, the repelling
electrons move further apart, reducing the electron repul-
sion, and at the same time the potential for covalent
bonding increases.

6 Summary and conclusion

Anionic clusters formed by reacting sulfate mono- and
dianions with one to four carbon dioxide molecules were
studied by density functional and coupled cluster methods.
It was found that all monoanionic clusters have noncova-
lent weak bonds between sulfate and CO,, with bond dis-
tances of about 2.8-3.1 A, whereas dianionic clusters form
covalent bonds of type [035-0-CO,] 2, [038-0-C(0)O-
CO,] 2, and [0,C-0-S(0,)-0-CO,] . Further additions
of CO, occur via long bonds. In covalently bonded struc-
tures, one or two S—O bonds of the sulfate become elon-
gated to form units closer to SOz l~CO§ ! The dianionic
clusters SOy 2C02 become adiabatically more stable than
the monoanionic ones starting with n = 2.

In comparison with SOy =2(80,),, and CO3"7%(S0,),
clusters, binding energies for SOy =2(C0,), are the
smallest, and covalent bond formation is least favored. As
seen from the electron affinities of the solvent molecules,
transfer of negative charge from the sulfate or carbonate
anion is easier for bonding to SO,, and more difficult for
bonding to CO,.

To round off the series of sulfate/carbonate clusters with
SO,/CO,, a paper on anionic clusters formed by reacting
carbonate with carbon dioxide is forthcoming.

Acknowledgments The authors are indebted to Drs. Jack Passmore
and Pablo Bruna for reading the manuscript and providing useful
comments. Thanks to Robbie Weale for helping with the structures,
and to Sonya Burrill for literature studies. Financial support provided



Theor Chem Acc (2012) 131:1110

Page 9 of 9

by NSERC (Canada) is gratefully acknowledged. Excellent comput-
ing facilities have been made available through ACEnet.

References

(o)W, I SR OS) [\

.

10.

11.
12.
13.
14.
15.

16.

. Boldyrev Al, Simons J (1994) J Phys Chem 98:2298-2300
. Boldyrev, A I, Gutowski M, Simons J (1996) Acc Chem Res

29:497-502, and references therein

. Dreuw A, Cederbaum LS (2002) Chem Rev 102:181-200

. Born M (1920) Zeitschrift f Physik 1:45-48

. Blades AT, Kebarle P (1994) J] Am Chem Soc 116:10761-10766
. Wang X-B, Nicholas JB, Wang L-S (2000) J Chem Phys

113:10837-10840
Wang X-B, Yang X, Wang L-S (2001) Science 294:1322-1325

. Wang X-B, Sergeeva AP, Yang J, Xing X-P, Boldyrev Al, Wang

L-S (2009) J Phys Chem A 113:5567-5576

. Pathak AK, Mukherjee T, Maity DK (2008) Synth React Inorg

Met-Org Nano Met Chem 38:76-83

Wang X, Yang X, Nicholas JB, Wang L (2003) J Chem Phys
119:3631-3640

Wicke H, Meleshyn A (2010) J Phys Chem 114:8948-8960
Chan J, Grein F (2011) Comp Theor Chem 966:225-231

Grein F, Chan JK, Lido I (2010) Can J Chem 88:1125-1135
Hiraoka K, Yamabe SJ (1992) Chem Phys 97:643-650

Lezius M, Rauth T, Grill V, Foltin M, Maerk TD (1992) Z Phys D
24:289-296

Arnold DW, Bradforth SE, Kim EH, Neumark DM (1995) J
Chem Phys 102:3510-3518

17.

18.

19.

20.

21.

22.

23.
24.

25.

Arnold DW, Bradforth SE, Kim EH, Neumark DM (1995) J
Chem Phys 102:3493-3509

Pathak AK, Mukherjee T, Maity DK (2008) J Phys Chem A
112:12037-12044

Muraoka A, Inokuchi Y, Hammer NI, Shin J-W, Johnson MA,
Nagata T (2009) J Phys Chem A 113:8942-8948

Tsukuda T, Hirose T, Nagata T (1997) Int J] Mass Spectrom Ion
Proc 171:273-280

Oliaee JN, Dehghany M, Moazzen-Ahmadi N, McKellar ARW
(2011) Phys Chem Chem Phys 13:1297-1300

Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA,
Cheeseman JR, Zakrzewski VG, Montgomery JA Jr, Stratmann
RE, Burant JC, Dapprich S, Millam JM, Daniels AD, Kudin KN,
Strain MC, Farkas O, Tomasi J, Barone V, Cossi M, Cammi R,
Mennucci B, Pomelli C, Adamo C, Clifford S, Ochterski J, Pet-
ersson G, A Ayala P'Y, Cui Q, Morokuma K, Malick DK, Rabuck
AD, Raghavachari K, Foresman JB, Cioslowski J, Ortiz JV,
Stefanov BB, Liu G, Liashenko A, Piskorz P, Komaromi I,
Gomperts R, Martin RL, Fox DJ, Keith T, Al-Laham MA, Peng
CY, Nanayakkara A, Gonzalez C, Challacombe M, Gill PMW,
Johnson BG, Chen W, Wong MW, Andres JL, Head-Gordon M,
Replogle ES, Pople JA (2003) Gaussian 03 Gaussian Inc, Pitts-
burgh, PA

Becke AD (1993) J Chem Phys 98:5648-5652
Perdew JP, Burke K, Wang Y (1996) Phys
54:16533-16539

Bruna PJ, Grein F, Passmore J (2011) Can J Chem 89:671-687

Rev B

@ Springer



	Theoretical studies on anionic clusters of sulfate anions and carbon dioxide, SO4minus1/minus2(CO2)n, n = 1minus4
	Abstract
	Introduction
	Methods
	Results
	Comparison with other sulfate and carbonate clusters
	Discussion
	Summary and conclusion
	Acknowledgments
	References


