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Theoretical calculations have been performed and applied to determine the most likely geometry for the
pyrosulfate ion. The main question was to determine as to whether the syste®a tia€,, conformation.

The present study favorS, symmetry. Bond lengths and angles have been calculated for the isolated ion,
and the results compare well with experimental results for the ion in solid-state salts. Also, the vibrational
spectrum of the £+ ion has been calculated and compared with experimental results, obtained by
extrapolation from Raman spectra of salt melts ofSMD;, M = Na, K, Rb, and Cs.

Introduction C,

'
55

The pyrosulfate ion, £72-, appears in many catalyst models
for the oxidation of S@to SG;, which is a very important step
in the production of sulfuric acid. The ion has been the target
of many spectroscopic investigations, but there has been some
controversy about its conformation. The only reported single-
crystal structure determination is fop8:0-, published in 1960.
This shows a mereC, symmetry for the ion placed in a &
monoclinic crystal (spacegroug2/c, No. 15). A powder
diffraction analysis on the same compotinalso gaveC,
conformation, but that study further involved 20, and
NaKS0; salts, for which crystal structures no symmetry C
element at all was found for the pyrosulfate part. However, the
S,072 ion in these three salts adopts a conformation which is
very near the eclipse@;, symmetry.

There have been various IR and Raman investigations, and
of these some have suggestggdsymmetry+ and someC,,>¢
to be the equilibrium symmetry of the ion. Walrafen et did
a systematic analysis of the spectral expectations of the five 5 Cs
different conformations, and we will take the same approach

i

=

in the present theoretical investigation. The conformations will o c,
be labeledC,, C2, C, Cy,2 andCy,°. The various conforma- 5 85
tions may be difficult to visualize and have therefore been i o, § G,

presented with symmetry elements in Figure 1 (apart from the
trivial Cy, with no symmetry elements). Described in words:
In the C; symmetry a 2-fold axis is present through the bridging
oxygen, C& has a symmetry plane containing the-G—S
atoms, and irCP a symmetry plane perpendicular to this plane
exists. In theC,, conformations both of these planes act as v ca cb
symmetry planes, but i€,,2 one oxygen atom is on the low- v “2v
angle side of the SO—S bridge from each Sfyroup, and in Figure 1. Notation used for the different conformations of th©F~
C,.,° two oxygen atoms are on the same side. 1on.

The aim of the investigation has been to determine the most P€ing detected or near-degeneracies not being resolved is
likely geometry for the isolated pyrosulfate ion by means of ab réduced as much as possible.
initio calculations and to find bond lengths, bond angles, and
vibrational frequencies. To have the most reliable experimenta
vibrational data to compare with the calculations, we have Calculations have been performed at the restricted Hattree
redetermined spectra of four alkali metal pyrosulfate salts. By Fock (RHF) and at the multiconfiguration self-consistent-field
comparing these spectra carefully, the risk of weak bonds not (MCSCEF) levels of approximation. The program systems applied

are Spartahand MOLCAS?

*To whom correspondence should be addressed. E-mail: rwb@ | he basis set chosen for the calculations with Spartan, basis

kemi.dtu.dk. set |, is of the segmented form 6-31G**, having split valence
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Calculation of Conformation and Vibrational Spectrum

TABLE 1: Bond Lengths (pm) and Angles (deg) for the
Pyrosulfate lon

C;RHF I C;RHF Il C;MCSCF C,;PMCSCF exptt

90000 —

J. Phys. Chem. A, Vol. 107, No. 30, 2008327

S1-O4 164.0 161.8 162.7 162.1 164.5
S1-0, 144.1 142.9 145.1 143.2 144.7 80000
S1-03 144.4 143.2 143.4 143.2 143.8
S1-04 144.8 143.6 143.7 144.7 142.8
S1-01-S¢' 130.3 131.1 130.2 132.7 124.2 70000
0,-S-01-S'  38.9 38.2 37.8 61.0 58.3 X 10 K80,
03-S-01-S/'  83.4 84.1 84.7 61.0 61.7 60000 x10
04-S,-01-S  158.4 157.8 157.1 180.0 177.3 4 A /\/\ ‘10
a b5 1~
Reference 1. § 50000
n
functions as well as polarization functions on both oxygen and é 1 Rb.S.O
sulfur?® For the MOLCAS calculations the general contraction 3

scheme was chosen, with a primitive 10s6p3d set for oxygen

and a 13s10p4d set for sulfur, contracted as 4s3pld and 5s4p2d,

respectivelyt® This is denoted basis set Il.
The MCSCEF calculations were of the complete-active-space
(CAS) typé! and based on basis set Il. A distribution of 22

electrons in 15 space orbitals was used to generate the

configurations. This resulted in about510° determinants for

the C,, symmetries and twice as many for tgconformation.
The Cs conformers were not calculated by the MCSCF method,
since we have been mostly concerned with the question of the
Cy, versus theC, conformations.

Experimental Section

a. Chemicals.Pure anhydrous salts #8,0; (M = Na, K,
Rb, and Cs) were made in a stream of dry by thermal
decomposition (250C for 3 h) of dry MyS,0g salts, which
were bought or synthesized as described ed¥fieAll salt
manipulations were performed in a glovebox with g0Hontent
less than 20 ppm by volume. The salts were contained in
sampling ampules (made from fused quartz tubes of inner &
6.0 mm) which were sealed and subsequently heated until
equilibrium was reached in a home designed furnace which had
four windows and a temperature regulation better th&€C1
Minute amounts of sulfate (MOs) were obviously present
(bands near 966980 cn1! due to the strong;(A;) sulfate S-O
symmetrical stretching). The origins of the contaminants were
either due to MHSQ®in the MyS,03 salts or, less likely, due to
decomposition of $; 2~ ion into SQ2~ and SQ.

b. Raman SpectroscopyRaman spectra were measured with
a DILOR XY spectrometer using the macroscopic sample

TABLE 2: Raman Spectra® of Melts at 480 °C

40000 X10 29277
1 X10
. X10
300004 T A A

20000 —

1 X10
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Figure 2. Raman spectra of melts B&0;, K;S,0;, RbS,0;, and
CsS,07 at 480°C. Polarized (VV) and depolarized (VH) spectra are
shown. Selected ranges are also shown (magnii#d, appropriately
lifted).

1000 1200

entrance. Spectra were excited with an”Aon laser of about

500 mW power at 514.5 nm wavelength, with vertical polariza-
tion (V) and with the Argon plasma lines filtered off with an
interference filter. The Rayleigh line was filtered off by using

a double fore-monochromator or a Kaiser holographic Super-
Notch-Plus filter (approximately 200 crh cutoff), giving
spectra looking identical. The Raman light was dispersed by
use of an 1800 lines/mm grating in an 800-mm focal length
single spectrograph and focused onto a CCD detector, cooled
by liquid nitrogen to 140 K. The slits were set to 2@@n
corresponding to a spectral resolution of about 5 &M sheet
polaroid analyzer, which permitted vertically (V) or horizontally
(H) polarized light to pass, followed by a quarterwave depo-
larizer, was used to obtain polarization data. Calibration of the
wavenumber scale was achieved with cyclohexane Raman and
neon emission lines superimposed on the spectra, and the

NaS,07 K2S:07 RS0, C£S,0; S,07%4 (estimated)
1306 w,br,dp 1304 w,br,dp 1297 w,br,dp 1278 w,br,dp 1270 dp
1256 w,br,dp 1252 w,br,dp 1248 w,br,dp 1240 w,br,dp 1230 dp

1137 vw,br,p 1128 w,br,p 1128 w,br,p 1125p
1092 vs,p 1084 vs,p 1083 vs,p 1078 vs,p 1070 p

1054.9 w,p 1072.0 m,p 1060 p

1045 w,dp 1045 vs,p 1036 w,p 1032 w,dp 1030 ?
(981 w,p¥ (973 w,p¥ (961.6 w,pj)
782 w,p 775 w,br,dp 769 w,br,p 761 w,br,p or dp 760 ?
742 m,p 729 m,p 727 m,p 723 m,p 720 p
650 vw,p 639 vw,? 636 vw,? 630 p
601 w,dp 599 w,dp 592 w,dp? 590 vw,? 585 dp
562 w,dp 560 w,dp 559 w,dp 555 w,dp 550 dp
512 w,p 510 w,p 507 w,p 503 w,p 500 p
451 vw,p 450 vw,? 448 vw,? 447 vw,p! 440 p
324 m,dp 323 m,dp 316 s,dp 314 s,dp 310dp
185 w,p 191 w,p 180.6 w,p 178 w,p 175p

aBand positions are given in crh Abbreviations: s= strong, m= medium, w= weak, v= very, br= broad, p= polarized, dp= depolarized,
? = polarization not determined.Qualitative estimation of values for the free igrBand due ta’;(A;) from presence of trace amounts of SO
d Cannot be due to,(E) of SO2 because the band is also seen in the pureSgh.
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Figure 3. Calculated and experimentally determined vibrational levels @3 and CO;. p = polarized,dp = depolarized.

wavenumbers reported are accurate to about 0-5 éon sharp
bands. Other technical details are given in the figures or have C,,° symmetry.

been given previousli?

Results and Discussion

a. Geometry.The present calculations on both the RHF and
the MCSCF level of approximation all resulted in ti@
conformation having the lowest energy. This is also the only Cz? 16.59; andC,,%, 12.23. It appears that ti&? conformation
conformation that does not show imaginary frequencies in the is within what could be reached by thermal activatik is ~
vibration analysis. Therefore the only conformation located in 1.2 kJ mof! at room temperature and about 3.6 kJ Mait
a real minimum when constraints are lifted seems to beCthe

In all our calculationsCs? turned out to collapse into the higher

The total energy for theC, conformation was calculated
to: —1318.922 84 (RHF 1),—1319.216 17 (RHF II), and
—1319.324 23 (MCSCF) all in atomic units (1 au2.625 501 05
x 10 kJ mol?). Energies relative to th€, calculation in the
RHF Il approximation are, in kJ mo}, C&, 1.52;C®, 12.23;

500°C). TheC& has a lower energy than ti&, conformations.
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On the MCSCF level,,? is found 22.55 kJ mott aboveC,, the vibrational spectra obtained from our ab initio calculations
but due to the lack of comparability in configuration space, the for the symmetrieC,, and C,, respectively. Finally, experi-
MCSCF results are of more interest in connection with the mentaf* and calculate® results for the GIO; molecule are

geometrical parameters. shown for comparison in the last two columns.

Bond lengths and angles for the pyrosulfate ion in @e Agreements between comparable columns are fair, but there
and C,,P conformations are shown in Table 1. The results for iS no reason to promote th€;° conformation as a better
the C, conformation compare well with the experimérthe candidate for the geometry thass.

results are fairly consistent; distances between sulfur and oxygen The neutral system €D; does not have a necessity for
in the SQ groups are close to 144 pm, the-8—0 angles are strongly charged surroundings, and there the calculated and
around 114, and the distance between sulfur and a bridging experimental results are more in accord,@lhas also been
oxygen is about 163 pm. The only major difference between calculated in our study and by Parthiban et®alith essentially
calculations and the experiment is the angle for theOSS similar results, but the presentation by Parthiban ét siliffices
bridge. This is calculated close to 3@vhich is about 6 too for the present arguments. Their work may be consulted with
open. There may be several reasons for this, but the mostrespect to an analysis of coordinates for the vibration frequen-
important one is probably that the calculations treat a free ion cies. The GIO; levels are very similar to those found in the
in the gas phase, and the structure determinations relate to thé»07%~ calculations (Figure 3), and they presumably have a very
solid state with surrounding cations. Further, calculations on parallel interpretation. Part of the discrepancies experiment/
relatively small systems with more than one negative charge experiment and experiment/calculation may, therefore, be due
have always been troublesoffeWith no surroundings to  to effects from the local surroundings.

counteract the charges, it seems natural for the angle to open

up. Conclusions

The calculations on the other conformers show, mutatis  The present investigation, i.e., both calculations and spec-
mutandis, very similar numbers, and they will therefore not be {oscopic data, supports the view that the most stable conforma-
presented here. Even the-6—S bridging angle was very  ton of the pyrosulfate ion hag, symmetry. Such a geometry

stable; we obtained the following resLJItsCz, 131.7; C&, was found in X-ray structure analyses, both for the single crystal
132.0; Cs, 132.6; Cp/? 138.9; andCyp,°, 132.6, all at the  and for powder. The geometry was, however, very clogg,to
RHF basis set Il level of approximation. From an energetic point of view, evenCa conformation was

b. Vibrational Structure. There have been many found by our calculations to have an energy belGwP, a
Ramarf—>1%1%and IR studie®®17of pyrosulfate systems. The  structure favored in some of the spectroscopic investigations
experimental results differ substantially in both the measured seen in the literature. The bond lengths and angles agree within
frequencies and their interpretations. The most remarkable the expected accuracy for calculations of the present types. The
differences are generally due to the difficulty with which reproduction and interpretation of the Raman spectra is less
moisture-free salts are preparedihen the method of peroxo-  convincing, but the results seem reasonable, considering the
disulfate decomposition is used, the bands due to the /4SO scatter in experimental lines and comparing with the isoelec-
ion disappear. We have previously been able to obtain consistentronic CLO-. The local surroundings probably play a major role.
results'®~22 A summary of the results are given in Table 2 and
in Figure 2. The wavenumber scale was reproducible within Acknowledgment. Rasmus Fehrmann is gratefully acknowl-
lcm? edged for discussions and inspiration, which initiated this study.

Figure 3 displays an overview of experimental results together The Danish Natural Science Research Council supported the
with the theoretical calculations fo€, and Cy?, the two work.
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