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Abstract

This article reports quantum chemical calculations on sulphur trioxide (SOs) and its protonated analogues
(HSO;" and HOSO,") by employing six different computational methods. This covers the simple Hatree
Fock (HF) method, coupled cluster method, the Gaussian-4 (G4) compound method amongst others with
two different basis sets (6-311++G** and cc-pVDZ). Optimized geometries, bond distance, rotational
spectroscopy, dipole moment, proton affinity, vibrational spectroscopy and vibrational zero-point energy
are among the parameters that have been effectively and successfully computed for the three molecular
species under investigation. From the result obtained, there is a perfect agreement between the different
parameters investigated and the available experimental values. The high accuracy of the calculated results
gives a good image of the protonated analogues (HSO;" and HOSO,") which are deficient in experimental
data. The optimized geometry reveals that two of the three molecular species (i.e. SO; and HOSO,") have
a trigonal geometry in all the computational methods employed while HSO;" analogue was discovered to
have a square planar geometry for MP2/6-311++G**, MP2/cc-pVDZ, CCSD/cc-pVDZ and G4
methods. We found that the proton affinities (PA) of SO; was between 139.6 — 151.1 kcal/mol with
B3LYP/6-311++G~ method predicting the best result and that S-protonation was by far the most
favoured site for proton attachment. Thus, the present quantum chemical studies have helped in bridging
the gap existing in the literature regarding this species since they are less studied experimentally due to
their unstable nature.
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Introduction chemical structure of some molecules [1-6]. It is

Computational methods are rapidly becoming a
mainstay in the field of chemistry. Advances in
computational methods, increasing availability
of computational resources and the advancement
of parallel computing are some of the major
forces driving this trend. The application of
guantum mechanics in computational chemistry
is its ability to describe effectively the behaviors
of relatively small systems (e.g. electrons) and
finding solutions to chemical problems. As such,
guantum mechanics is the basis in which most
computational  chemistry is  built  upon.
Computational chemistry today has been applied
in the field of IR spectroscopy to elucidate the

based upon the fundamental laws of quantum
mechanics and uses variety of mathematical
transformation and approximation techniques to
solve the fundamental equations. Thus, one of
the main goals of computational chemistry is to
calculate macroscopic chemical quantities that
we observe in the laboratory. In other words, the
model chemistry has the capability to predict
some experimental properties to a certain degree
of accuracy. With computational chemistry,
physical properties and quantities that are
difficult or even impossible to observe
experimentally for chemical systems can be
predicted.
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Sulfur trioxide is a colourless to white solid
crystals which is always shipped with inhibitor
for polymerization prevention. The molecule
SO; is of environmental and industrial
importance and has been the subject of a number
of infrared studies [7-9]. It is an intermediate in
the oxidation of numerous sulphur containing
compounds [10]. As an acidic oxide, it reacts
violently with water to produce tetraoxosulphate
(VI) acid with the release of heat and play a
significant role in atmospheric chemistry since it
contributes to the formation of acid rain [7]. In
the gaseous form, it is significantly a pollutant.
It is prepared by reversible and exothermic
conversion of sulfur (IV) oxide (SO,) to sulfur
trioxide (SO;) in the presence of a catalyst
usually vanadium (V) oxide (V,0s) during the
contact process.

250, + O,y —2% 5250, ) ......(1)

2(9) 2(9)

Protonation is the addition of proton (usually
hydrogen) to either an atom or a molecule and
results in the formation of molecular ion.
Protonated species are known to play a key role
for ion-molecule reactions in gas phase
interstellar chemistry [11]. The protonation
products formed in many molecules remain a
“controversial” as regards to which particular
atom in the molecule the H-atom is attached to.
This is because the mass spectrometry is so
silent on the actual atom the protonation usually
takes place. However, using computational
method, it is possible to indicate which atom in
the molecule is more favoured for the
protonation process.

In this paper, we have utilized a highly
sophisticated quantum chemistry program; the
Gaussian-09 suite of program to perform a
complete geometry optimizations for sulphur
trioxide and its protonated analogues. Protonated
molecules are less studied experimentally due to
their reactive nature even with standard
spectroscopic  techniques. Therefore, using
computational methods, it is possible to provide
valuable information that would aid their
experimental study. Thus, in this research work,

different computational methods have been used
to predict some properties (e.g. IR frequency,
bond distance, rotational constant, proton
affinity, dipole moment etc.) with the view to
compare the result with experimental data where
available for these species of molecules.
Computational Methods

All computational study in this work was carried
out using the Gaussian 09 suite of programs [12]
with Hartree Fock (HF), Hybrid functional
(Becke, 3-parameter, Lee-Yang-Parr, B3LYP),
Magller—Plesset perturbation theory (MP2),
Gaussian 04 (G4) compound and Coupled
Cluster Single-double (CCSD) methodologies
[13-17]. We have employed two basis sets in
this research; triple size basis set (6-311++G**)
and Dunning’s correlation-consistent polarized
valence double zeta (cc-pvDZ) [18-20]. The
choice of these methods is based on experience
as some methods perform well for some
properties than other methods. Thus there is
need for comparison of methods to determine
which is better to predict well a particular
parameter. In each case, care was taken that all
the reported optimized structures are for stable
molecules with no imaginary (negative)
vibrational ~ frequencies. The vibrational
frequencies were used without scaling

Results and Discussion

The various parameters obtained from the
guantum chemical calculations carried out in
this study for silicon trioxide (SO3) and two of
its possible protonated analogues; (HSO;" and
HOSO,") using the different computational
methods are discussed under separate sub-
headings as follows. In some section of the
discussion, we have used 1=HF/6-311++G**;
2=B3LYP/6-311++G™;  3=MP2/6-311++G";
4=MP2/cc-pVDZ; 5=G4; 6= CCSD/cc-pVDZ to
represent the computational methods. Error have
been determined as A = Cal. value — Expt. value.

Optimized geometries of sulphur trioxide and
its protonated analogues: Figures 1 to 3
respectively displays the optimized structures at
the B3LYP/6-311++G** level for SO;, HSO;"
and HOSO,".
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e
Figure 1: Optimized Geometry of SO;

+

Figure 2: Optimized geometry of HSO,

Figure 3: Optimized geometry of HOSO,"

Furthermore, other optimized geometries for
SO;, HSO;" and HOSO,” at different
computational methods are presented in the
appendix. All tetra atomic molecular species
with three atoms bonded to a central atom have a
trigonal geometry as can be observed for SOz in
all the six methods (figures la to 1f in the
appendix). It is quite amazing that, the two
protonated analogues are not the same for all the
computational methods which described the
neutral molecule as trigonal. The HOSO,"
protonated analogue was found to be trigonal for
all the six methods while HSO;" analogue was

MP2/6-311++G**, MP2/cc-pvVDZ, CCSD/cc-
pVDZ and G4 methods (figures 2c to 2f in the
appendix). Since these methods have been able
to describe and predict correctly the molecular
geometry of the neutral molecule (SO;) with
known experimental values, it therefore suggest
that the molecular description and calculation
for its protonated analogues (HOSO,®, HSO3")
are also correct and acceptable at the determined
levels of theory.

Bond Distance: The S-O bond distances
obtained for sulphur trioxide with the six
different computational methods are presented in
table 1. In the present study, the difference
between the experimental and calculated S-O
bond distances in SO; molecule range from
0.014 to 0.242 A. It is clear from table 1 that the
methods used fairly predicted the S-O bond
distance in the SO; molecule. However, the G4
level of theory gave the best prediction for the
bond length and the calculated value agrees well
with the experimental value of 1.418 A [21].
Furthermore, table lcontains the corresponding
H-S and S-O bond distances for the two
protonated analogues. The accuracy obtained in
the calculated S-O bond length in the neutral
molecule with known experimental data suggest
that the values for the calculated corresponding
H-S and S-O bond distances for the two
protonated analogues are accruate.

Rotational Spectroscopy: Rotational
spectroscopy has a restricted but unique
application  unlike  other  spectroscopic
techniques. It is employed in the chemical
examination of interstellar medium (the matter
that exists in the space between stars) as
majority of the known interstellar molecular
species are astronomically observed via their

discovered to have a square planar geometry for rotational transitions [22].
Table 1: Bond length (A) for SO; and its protonated analogues
Molecule Bond Methods
length 1 2 3 4 5 6
e S-0 1.397 1.447 1.449 1.471 1.432 1.660
8 Error 0.021 0.029 0.031 0.053 0.014 0.242
HSO," H-S 1.353 1.387 1.372 1.380 1.381 1.378
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| HOSO," | H-O | 0965 | 0.987

0985 | 0992 | 0987 | 0.960

Table 2a contains the rotational constants of
SOs. Its experimental rotational constants are
less compared to the calculated values but the
MP2/cc-pVDZ gave the best prediction for the A
rotational constant, this is followed by the
CCSD/cc-pvDZ method for the B and C
rotational constants. To the best of our
knowledge, there are no scientific reports on the
experimental spectra/rotational constants for

employed in this study are presented in table 2b.
The MP2/cc-pVDZ method is expected to
produce the best prediction for the two
protonated analogues. Since this same method
(MP2/ cc-pVvDZ) was able to give a good
prediction for the neutral molecule with known
experimental rotational constants, suggesting
that the calculated values obtained from this
computational methods are accurate enough to

HSO;" and HOSO," because of the unstable guide the laboratory studies and possible
nature of these ions [23]. The rotational astronomical searches for this unstable
constants for HSO; and HOSO," obtained from molecular species.
the six different computational methods
Table 2a: Rotational Constants (GHz) for SO;
Rot. Const. Methods
(GHz) 1 2 3 4 5 6
A 10.79426 10.06480 10.03521 9.74194 10.27325 14.43296
A 0.34519 -0.38427 -0.41386 -0.70713 -0.17582 3.98389
B 10.78685 10.06008 10.02987 9.73837 10.27116 5.71734
A 0.33778 -0.38899 -0.4192 -0.7107 -0.17791 -4,73173
C 5.39528 5.03122 5.01627 4.87008 5.13610 4.09513
A 0.17925 -0.18481 -0.19976 -0.34595 -0.07993 -1.1209
Expt. values; A=10.44907 GHz, B=10.44907 GHz, C=5.21603 GHz [21]
Table 2b: Rotational Constants (GHz) for HSO;" and HOSO," protonated analogue
Molecule Rot. Methods
Const. 1 2 3 4 5 6
A 21.71000 19.60232 18.76992 18.39668 19.99894 19.15755
HSO;" B 6.84656 6.29331 6.28217 6.04891 6.44027 6.18672
C 5.20507 4.76387 4.70683 4.55214 4.87150 4.67650
A 10.41571 9.71350 9.80638 9.54735 9.92452 -
HOSO," B 9.94238 9.21887 9.09824 8.79418 9.38816 -
C 5.08677 4.72986 4,71952 457765 4.82444 -

Dipole Moment: Dipole moment plays a central
role in rotational spectroscopy. Molecules that
are IR active must be associated with a change
in the dipole moment [24]. Provided there is a
dipole moment change during a normal
molecular vibration, molecular rotation, and or
from combinations of the latter, chemical
compounds that absorb IR and are said to be IR
active. The dipole moment as presented in table
3 for SO; the neutral molecule has no
experimental dipole value because it has Dgy,
symmetry. In this study, the G4 method

calculated the dipole moment with a value of
0.0009 D which agrees well with the
experimental value of zero conforming to a
molecule with D3, symmetry. There are also no
experimental information regarding the dipole
moments of the protonated analogues because of
their instability. Table 3 also contains the dipole
moment for these ions (HSO;" and HOSO,").
Since the G4 method gives the best prediction
for the neutral molecule and still gives the best
values or the least values for the protonated
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analogues, the values from the G4 method are
believed to be very accurate [24-26].

Table 3: Dipole moment (Debye) of SO; and its
protonated analogues

Methods
BaLy | mpz | MP cc
HF/6- 2/ sSD/
Mol | 31144 | PI6- 6 - | G4 | e
311++ | 311++
G** G** G** pv pVv
DZ DZ
S0, | 0.004 | 0.001 | 0002 | 0.0 [ 0.0
9 1 8 | 028|009
HSO | 3.640 | 3.375 | 3.743 | 3.7 | 32 | 3.24
S 1 7 4 | 564|682 | 31
HOS | 3.469 | 3.180 | 3.358 | 3.2 | 3.3
o, | 3 6 4 | 101|826

Vibrational Spectroscopy: According to the
NIST Website, SO; is a non-linear molecular
specie with expected six vibrational modes with
only four of these detected experimentally as
shown in table 4 which also contains the
calculated values. For the neutral molecule the
error between the experimental and calculated
values are given in bracket. The values predicted
by the B3LYP/6-311++G** is in excellent

agreement with the experimental values which is
closely followed by the MP2/cc-pVDZ method
[27]. This means that the protonated analogue
with no experimentally determined vibrational
frequencies can be effectively predicted by this
method. Table 4 contains the vibrational
frequencies of HSO;" and HOSO," using the six
different methods employed in this study. They
all have nine vibrational modes as expected and
the B3LYP/6-311++G** method is suggested to
be more accurate since it predicted the
experimental values with a high degree of
accuracy [28]. Figures 4a, 4b and 4c depict the
infrared spectra of SO;, HSO;" and HOSO,"
respectively. From the NIST website, the
vibrational zero-point energy (VZPE) has been
experimentally measured as 7.72143 kcal/mol.
As presented in table 5, the G4 method gave a
more accurate prediction with a value of
7.68436 kcal/mol which is in good agreement
with the experimental value. As would be
expected, no experimental data involving
vibrational zero-point energy is available for the
protonated analogues (HSO;" and HOSO,") but
the computed values are also shown in table 5.
The values predicted by the G4 method are
assumed to be accurate since it gave a better

prediction of the neutral specie [29-30].
Table 4: Vibrational frequencies (cm™) for So; and its protonated analogues
Molecule Methods Frequency (cm™)
HF/6311++G** 541() 584 584 1212 1535 1536
B3LYP/6311++G** 442 496 496 1016 1328 1328
MP2/6311++G** 421 495 495 1015 1373 1374
S0, MP2/cc-pVDZ 464 488 488 1004 1370 1371
G4 489 517 518 1063 1394 1395
Expt. [31] 498 530 530 1065 1391 1391
HF/6311++G** 619 | 559 607 634 910 1155 | 1413 | 1567 | 2659
B3LYP/6311++G** 513 | 471 489 557 744 926 1203 | 1298 | 2358
MP2/6311++G** 455 | 470 516 683 843 915 1276 | 1276 | 2494
HSOs* MP2/cc-pvVDZ 379 | 460 616 690 873 953 | 1185 | 1257 | 2532
G4 495 | 506 540 630 770 983 | 1227 | 1356 | 2394
CCSD/cc-pvVDZ 484 | 493 547 621 709 926 | 1239 | 1288 | 2533
HF/6311++G** 471 | 499 527 548 | 1046 | 1181 | 1423 | 1735 | 3855
B3LYP/6311++G** | 377 | 423 459 477 863 1092 | 1213 | 1497 | 3549
MP2/6311++G** 358 | 427 455 469 890 1101 | 1219 | 1541 | 3608
HOSO," MP2/cc-pVDZ 412 | 414 443 498 887 1131 | 1209 | 1510 | 3565
G4 432 | 437 474 511 918 1119 | 1263 | 1542 | 3559
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Figure 4: IR spectrum of SO and its protonated analogues at HF/6-311++G** level

Table 5: Zero-point vibrational energy (ZPVE) (kcal/mol) for SO; and its protonated analogues

molecule Methods HF/6- N B3LYP/§; MP2/6—** MP2/cc- CCsD/cc- G4
311++G 311++G 311++G pvDZ pvDZ
SO, ZPVE 8.56543 7.30037 7.39491 7.41118 - 7.68436
Error 0.84400 0.42106 0.32652 0.31025 - 0.03707
HSO;" ZPVE 13.58346 11.50259 12.04354 12.24496 11.94559 12.01350
HOSO," ZPVE 16.13013 14.22428 14.39391 14.39426 - 14.65941
Protonation of sulphur trioxide proton attachment. In other words, PA

The protonation of sulphur trioxide in principle
can either be through sulphur atom (figure 2) or
oxygen atom (figure 3). Table 6 reports the
proton affinities (PA) at two different sites
calculated using different levels of theory and
the deviation from experimental value. Firstly, a
comparison between the two different sites of
protonation (i.e. sulphur and oxygen atom)
reveals that the S-protonation is most favoured
process. This can be deduced from the results of
the calculated PA values at two different sites
using the different computational methods. It is
clear that the PA for S-protonation is higher than
O-protonation hence the most favoured site for

corresponds to the most stable protonated
analogue with proton attached to the site of
highest electron density and in this case sulphur
atom. A comparison of the methods used with
experimentally observed value (140.6 kcal/mol,
NIST data base) reveals that the B3LYP/6-
311++G” method predicted the best PA value
(140.2 kcal/mol) for the protonation of SOj;
while the HF/6-311++G"~ underestimated the
PA value and CCSD/6-311++G™" overestimated
the PA value by about 0.98 and 10 kcal/mol
respectively.

Table 6: Calculated proton affinities (PA)
(kcal/mol) of sulphur trioxide
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Proton attached to | Proton attached
Method O atom to S atom

PA Error | PA Error
HF/6-
311++G** 139.6 1.0 -16.3 156.9
B3LYP/6-
311++G™ 140.2 0.4 11.7 128.9
MP2/6-
311++G** 143.4 -2.8 13.7 126.9
MP2/cc-
pvDZ 149.7 -9.1 25.3 115.3
CCSD/6-
311++G™ 151.1 -105 | 24.2 116.4
G4 146.4 -5.8 185 122.1
Expt. [31] 140.6 140.6

Conclusion: The present study investigated the
efficiency and accuracy of quantum chemical
calculations in comparism to experimentally
established data on sulphur trioxide (SOs) and its
two possible protonated analogues; HSO3" and
HOSO," using the Gaussian 09 suite of
programs. Different computational methods; HF,
B3LYP, MP2, CCSD and G4 have been
employed with the 6-311++G** and cc-pVDZ
basis sets. Different parameters such as bond
distance, rotational constants, dipole moment,
infrared frequency, zero point vibrational energy
and proton affinity have been computed for the
three molecular species investigated in this
work. For the neutral species in which some of
the parameters have been experimentally
measured, the calculated values at the MP2 level
of theory with the cc-pVDZ, basis set are in
good concordant than other levels of theory as
seen in the discussion. We have calculated the
proton affinity for the protonation of SO; and
have established that S-protonation was the most
favoured site for the attachment of proton. The
accuracy of the obtained results for the neutral
SO; suggests that the predicted values for the
protonated analogues (HSO;" and HOSO,")
whose experimental data are lacking are
accurate. From the results, optimized geometries
show that two of the three molecular species
(i.e. SO; and HOSO,") have a trigonal geometry
in all the computational methods employed
while HSO;" analogue was discovered to have a
square planar geometry for MP2/6-311++G**,

MP2/cc-pVDZ,
methods.

CCSD/cc-pvVDZ and G4
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