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X-Ray scattering measurements were carried out
at 25°C for concentrated aqueous solutions of
ammonium sulfate (pH=4.8), ammonium sulfite
(pH=8.3) and ammonium disulfite (pH=5.5 and
5.1). Intensity data were analyzed in terms of the
radial distribution functions and reduced intensities.
The sulfate ion has a tetrahedral structure with an
S—O distance of 1.481(3) A, while the sulfite ion has
a pyramidal C,, structure. The S — O distance within
SO32~ is 1.529(4) A; the lone-pair of electrons of
S(IV) is stereochemically active in solution. The
S,0%" ion has an S—S bridge with a bond length
of 2.221(11) A. The S—O distances of the thionite
and thionate groups could not be distinguished, but
the average S— O distance is 1.498(2) A. Plausible
hydration models of the ions are discussed.

The equilibrium species resulting when dissolving
sulfur dioxide in water have been extensively studied
by spectroscopic techniques. The interest in this
system arises not only from a theoretical point of
view but also from the needs in practical fields,
i.e.research on SO,-induced atmospheric corrosion !
and catalytic oxidation of SO, in polluted air.2
The sulfite ion, SO3~, the hydrogen sulfite ion,
HSO3, and the disulfite ion, S,02 ", occur in equi-
librium in aqueous solution, the equilibrium con-
stants being reported by Bourne et al.®> Raman
spectra of an Na,SO; aqueous solution have in-
dicated that the sulfite ion has a pyramidal Cs,
structure.* However, much controversy has persisted
for more than 100 years regarding the structures of
the HSO3 and S,02" ions. The structure of the
hydrogen sulfite ion was first proposed by Simon
et al.’ to have pyramidal C,, structure containing
an H — S bond. Their result was based on the Raman
spectra of cesium hydrogen sulfite. Recently, this
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structure was confirmed both by isotopic Raman
spectroscopic measurements of CsHSO,,® where
allsix fundamentals of the bisulfite ion were observed
and assigned, and by X-ray and neutron crystal
structure determinations of CsHSO,.” The existence
of both HOSO; and HSOj ions in solution has
been suggested® but the equilibrium distribution
is not known. Concerning the disulfite ion, Simon
et al.® originally proposed a symmetrical 0,SOSO32~
structure from Raman spectra of potassium salts
in the solid state and in solution. However, he later
changed his assignments of the bands, accepting
the S—S bridge giving an O;SSO3~ structure with
C, symmetry,® later confirmed in other investiga-
tions.*%? X-Ray structural analyses of K,S,0!°
and (NH,),S,05!! confirmed the C, symmetry
containing the S — S bond in the solid state.
Tautomeric structures of both hydrogen sulfite
and disulfite ions may occur in solution since the
assignement of Raman bands of such solutions is
incomplete.® In the present investigation, the X-ray
diffraction method was applied to determine the
structures of sulfite and disulfite ions in aqueous
solution. The ammonium ion was chosen as cation,
since it fits well into the bulk water structure. Thus,
the structure of anion hydration will not be seriously
disturbed by that of cation hydration. Besides,
ammonium sulfite and ammonium disulfite are
more soluble in water than other salts,!> which
makes the data analyses more accurate. In order to
discuss the S— O bond distances and the hydration
of the SO;2~ and S,0%" ions in solution, it was
considered profitable to make comparisons with
an SO2~ solution. Recently, Caminiti et al'?
investigated a concentrated ammonium sulfate
solution with X-ray diffraction techniques. In their
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Table 1. Compositions of the solutions (mol dm ~3). Vis the stoichiometric volume (A ) per sulfur atom, u the
linear absorption coefficient (cm~!) and d the density (g cm~3).

(NH,),SO, (NH,);SO; (NH,),S,0, (NH,),S,05

S 3.900 3711 8314 1092

o) 55.59 52.94 50.60 51.31

N 7.800 7.542 11.20 11.35

H 111.2 1138 101.5 92.99

pH 48 83 53 5.1

4 4258 4404 199.7 152.1

u 2.50 2.40 3.79 4.60

d 1.236 1.191 1.335 1.424

analysis, however, the S— O interaction within the
SO2~ ion was subtracted as a known parameter.
Therefore, but also to study the hydration of the
sulfate ion, we decided to include a reinvestigation
of an ammonium sulfate solution in the present
work. Raman spectral measurements have also
been carried out to identify the main species in the
solutions used in the X-ray experiments.

EXPERIMENTAL

Preparation and analysis of
sample solutions

Since the equilibrium, 2HSO; 2 S,02~ +H,0,
inclines to the right-hand side with increasing
concentration,® it is not possible to prepare an
HSOj solution suitable for the X-ray analysis.

Solutions of ammonium sulfite (pH=8.3) and
ammonium disulfite (pH=5.3 and 5.1) were pre-
pared under nitrogen atmosphere by dissolving
gaseous SO, in a cold solution (ca. 0 °C). which had
previously been saturated with ammonia, until the
required pH was obtained. pH determinations
were made by means of a Radiometer Model 29
pH-meter, calibrated with a buffer solution (Merck,
pH =4.0).

A saturated solution of ammonium sulfate was
prepared by dissolving ammonium sulfate (Merck,
pro analysi), without further purification, into
distilled water.

The concentrations of the sulfite and the disulfite
solutions were determined by oxidation to sulfate
with hydrogen peroxide. The sulfate was analyzed
gravimetrically as BaSO,. The content of am-
monium was determined by the Kjeldahl method.!4
The solution densities were measured with pycnom-
eters. The compositions of the sample solutions
are given in Table 1.

X-Ray measurements

X-Ray scattering measurements were carried out
at 25°C by a 6 — 0 diffractometer of the same type as
described elsewhere!® with a bent LiF monochro-
mator in the diffracted beam. MoKa radiation
(A=0.7107 A) was used, a 2 kW fine focus X-ray tube
being employed. The sample solution, contained
in a flat teflon tray (inner diameter 40 mm and
depth 10 mm) was enclosed in an airtight shield
with a cylindrical Be window for X-rays. During
the measurements of sulfite and disulfite solutions,
the inside of the container was filled with nitrogen
gas to prevent oxidation. The scattered intensities
were collected by a step scanning mode at dicrete
points over the range of scattering angle (26) from
2 to 130°, corresponding to the range 0.3 <5 < 16.0
A-1 (s=4msin6/4). The intervals of 0.1 and 0.25°
were used, respectively, for the range of 1 £6 <20
and 20 <0 <65°. Measurements were repeated
until total counts at each data point amounted
to 80000 (1 =6 <10°) and 120000 (10 <6 <£65°).
Pairs of divergent and scattering slits of 1/12—1/2°,
1/6—1/2° and 1—1° were used for the ranges
1°<6<8° 3°<60<12° and 8° <0 <65°, respec-
tively.

Dataanalysis

Experimental intensities, corrected for back-
ground,'® absorption,'” double scattering,'® polar-
ization'® and Compton radiation,?® were scaled to
absolute units by comparison of measured inten-
sities with the total independent theoretical scatter-
ing in a high angle region (s = 13.5 A~ !). The scaling
factor thus obtained agreed within 2 9 with that
calculated by the Krogh-Moe 2! and the Norman 22
methods. The scattering factors for neutral atoms
were taken from the International Tables for X-Ray
Crystallography,?? except H,O for which molecular
form factors proposed by Hajdu2* were used. The
values for incoherent scattering factors were taken
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from those given by Cromer and Mann?2 for N, by
Cromer 2¢ for O and S, by Compton and Allison 2’
for H, and by Hajdu?* for H,0. The incoherent
scattering factors were corrected for the Breit-
Dirac effect.?®-2° The values for anomalous disper-
sion were taken from the International Tables for
X-Ray Crystallography.?* The reduced intensities,
i(s), were derived from eqn. (1), where I(s)y, is the

i(s)obs = I(S)ows — Zmi{ () + Af)* +(Af")} Y]

scaled measured intensities, n; the number of atom
“1” in a stoichiometric volume V containing one S
atom, f;, Af; and Af;" the scattering factor, the real
and imaginary parts of anomalous dispersion of
atom“i”, respectively. The electronic radial distribu-
tion function, D(r), was then obtained by Fourier

inversion (2). Here p, represents the average

Smax
D(r)=4nr?p, +% Y s-i(s)M(s)sin (rs) As )
]

scattering density {[Zn,f(0)+Af{]*+(EnAf )V,
the modification function M(s) is {(f;(0)+Afs)?
+ASSPI(fos)+ AfS) +(Afs"} exp(—001s?) and
Smax the maximum value of s available in each experi-
ment. Spurious ripples observed in a hard-core
region of the D(r) function were removed in the
usual manner.!®

Theoretical reduced intensities based on models
were calculated by eqn. (3), where r;;, b; and n;

i(S)eate =ZZn;;{(fi(s) + Af W) + AFY) + (Af"NAY i)}
SInlrs) ey (—bys?) 6

denote the distance, the temperature factor and the
frequency factor of a pair of atoms, “i—j”. The
corresponding peak shapes were obtained by
Fourier transformation [eqn. (2)]. These calcula-
tions were carried out by means of the KURVLR
program.3°

For a quantitative analysis, the least-squares
method was applied to the reduced intensities, the

Smax
function Y. W(S){i()obs — i(S)ate}> being minimized

Smin
by means of the NLPLSQ program.®' The weight-
ing function w(s) was proportional to Ig2 cos 0.
Lower and upper values s,,;, and s.,, were set for
adequate model fitting.

Raman measurements

Raman spectra were recorded with a Cary 82
laser Raman spectrophotometer using the 4880 A
excited line of an argon laser. The solutions were
contained in glass tubes of 1 mm diameter.

Acta Chem. Scand. A 36 (1982) No. 5

SO2-,S0%~ and S,0%" in Solution 379
RESULTS AND DISCUSSION

1.Solution of ammonium sulfate
(pH = 4.8)

Fig. 1A shows the radial distribution curve,
D(r)—4nr?p,, for the (NH,),SO, solution. The
general features of the distribution curve are similar
to those obtained by Caminiti et al.,' except for the
S—O peak at 1.5 A subtracted from their data. The
O —O interaction within the sulfate ion contributes
to a shoulder around 2.40 A. The 2.90 A peak is
typical for aqueous solution, attributed to the first
neighbor H,0 —H,0 (or H,0 —NH}) interaction
in the bulk structure.3? The peak around 3.80 A can
be ascribed to the interaction between the S atom
in the sulfate ion and hydration water molecules,
as Caminiti et al. suggested.!® The shoulder at 4.80
A and the broad peak observable at 6.0—7.2 A
reflect long-range interactions which are difficult
to interpret in detail.
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Fig. 1. Experimental radial distribution curves,
D(r)—4nr?p,, of the solutions investigated. (A)
(NH,),SO, (pH=4238), (B) (NH,),SO; (pH=38.3),
(5(31))(NH4)25205 (pH=5.3), (D) (NH,),S,05 (pH=
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Fig. 2. A symmetric hydration model of the sulfate ion (stereoview).

From the dissociation constant®? of the HSO,
ion and the measured pH value of 4.8 in the sample
solution, it can be calculated that the SO2~ ion
should dominate completely. Thus, the model
adopted for the analysis had the following char-
acteristics.

(a) A tetrahedral sulfate ion described by param-
eters rg_q bs_o and bg _o.

(b) Hydration of the SOz~ with S—H,O inter-

actions described by three parameters rs_w, bs_w
and ng_ . Interactions between sulfate oxygen atoms
and hydration water molecules were also taken into
account.

(c) The bulk structure was treated as that of pure
water and calculated by using Narten’s original
data (cf. Ref. 32).

In a first step of refinement, parameter ng_y, was
refined independently to estimate the number of

Table 2. Results of least-squares refinements A, B and C (see text) for the (NH,),SO, solution obtained in
the range 2.0 £ s <15.0 A~ Standard deviations are given in parentheses.

A B C
S-0 r 1.464(5) 1.481(2) 1.480°¢
b 0.0008(4) 0.0011(2) 0.0005(4)
n 4 4 4
0-0 r 2.391¢ 2418 2417
b 0.059(6) 0.0036(7) 0.0016
n 6 6 6
S—-W r 3.45(4) 3.70(1) 3.64¢
b 0.06(2) 0.020(1) 0.064(7)
n 8 8 8
0-W(1) r 2.48° 2.86(1) 2.66¢
b 0.023(4) 0.004(1) 0.039(7)
n 8 8 8
O0-W(Q) r 3.28° 3.17(2) 3.20¢
b 0.08(2) 0.009(1) 0.008(6)
n 4 4 4
0-W(Q3) r 3.70° 4.05(3) 4.06°¢
b 0.045(12) 0.009(2) 0.086(16)
n 8 8 8
0-W(@4) r 443° 4.67(5) 4.53°¢
b 0.045(20) 0.034(3) 0.42(9)
n 8 8 8
R-factor? 0.340 0.114 0.317

?Fixed to the value (= \/ éﬁ X g o). ® Estimated from the geometry shown in Fig. 2. ¢ Average distances found in the

crystal structure.3* “R = {Zs?Ai(s)?/Zs%i(s)%,,} ¥ with Ai(s)=i(s),ys — i(5)casc-
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water molecules bonded to the sulfate ion. In agree-
ment with the result obtained by Caminiti et al.,'?
ng_w=~8 was obtained. The construction of a
complete hydration model of the SO2~ ion seemed
difficult since the distribution curve does not give
any clear indication about the hydration geometry.
Crystal structures are sometimes comparable with
the geometry in solution. Kjillman and Olovsson 34
have determined the crystal structure of H,SO,-
4H,0, in which two water molecules are hydrogen
bonded to each sulfate oxygen atom. Based on this
structure, we built up a symmetric hydration model
with W — O — W angles of 120° and minimun W —W
repulsion as shown in Fig. 2. Least-squares cal-
culations were carried out in various ways as sum-
marized in Table 2.

In refinement A, the distances of the S—O and
the S—W interactions were refined, while other
distances were fixed to the values based on the
geometry of the symmetric model. The temperature
factors of all interactions were allowed to vary

48r
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independently. In refinement B, only the assump-
tion of the tetrahedral SOZ~ structure hydrated by
eight water molecules was retained, while all the
other parameters of the model were allowed to
vary. As a comparison, refinement C was also
carried out using distances reported in the actual
crystal >* with all the temperature factors as adjust-
able parameters.

The S— O distance obtained in refinement B was
in good agreement with the average value in the solid
state, while that in refinement A is somewhat
shorter but still falls in the range of S—O distances
reported for sulfate salts.>> Also other interaction
distances obtained in refinement B were consistent
with the corresponding distances in .the crystal,
except the O —W(1) distance. The refinement was
carried out, however, based on a simple assumption
concerning the bulk structure, which may affect the
O —W(1) interaction.

The distances of the S— W and O —W(3) inter-
actions obtained in refinement A are significantly
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Fig. 3. (A) Peak shapes calculated for (a) the SO3 ™ ion, (b) the NH; ion, (c) the bulk structure and (d) the
hydration structure of the SO% ™~ ion (S— W, O —W(1), O — W(2), O — W(3) and O — W(4)). (B) Experimental
(—) and theoretical (--) radial distribution curves with their difference (---) for the (NH,),SO, solution.
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Fig. 4. Observed (dots) and calculated (solid line) s-i(s) values for the (NH,),SO, solution.

shorter than those in refinements B and C. It is
therefore reasonable to assume that the water
molecules are not as rigidly hydrogen bonded to the
SO,2" ion as suggested in the symmetric model in
Fig. 2. The basic results of refinement B as a time
average, i.e. a hydration sphere containing eight
water molecules at ~3.7 A from the center of the
SO32~ ion, having hydrogen bond distances [O—
W(1)] of ~2.85A, are thus strongly supported by the
experimental data. The distances O — W(2),0 — W(3)
and O—W(4) probably include long-range inter-
actions.

Fig. 3 A shows the individual theoretical contri-
butions to the radial distribution curve from (1)
the SO2~ ion, (2) the hydration of the SO%™ ion
and (3) the bulk structure according to model B.
Fig. 3 B shows the experimental distribution curve
and theoretical peak shape with their difference.

Fig. 4 shows observed s - i(s) values compared to
the values calculated from model B.

2.Solution of ammonium sulfite
(pH = 8.3)

Fig. 1 B represents the radial distribution curve
of the ammonium sulfite solution. The 1.5 A peak
can be ascribed to the S—O bonds within the

sulfite ion, being in agreement with the results of
crystal structure determination.3®~4! The area
under the peak corresponds to approximately three
S—O bonds within the sulfite ion. The shoulder
around 2.4 A may be due to the O — O bonds within
the SO~ ion. The peak centered at 2.9 A can be
attributed to the bulk structure.>? The interaction
between sulfite oxygen atoms and hydration water
molecules may also contribute partly to this peak.
The peak observed at 3.8 A may indicate the hydra-
tion of the SO% ™ ion as found in the sulfate solution.

The structure of the ammonium sulfite solution
was analyzed by means of least-squares calcula-
tions in the following way.

(a) The structure of the sulfite ion was first
described by distances (rg_o and rg_o) and tem-
perature factors (bs-o and b o) of the S—O and
O — O bonds since the O —S — O bond angle cannot
be postulated in the sulfite ion. In some preliminary
refinements, however, the O — O distance converged
to unreasonable values, probably because of its
small contribution to the intensity data. Therefore,
the O — O distance was fixed to the value estimated
from the radial distribution curve, also being in
accordance with the results of crystal structure
determinations.3®~4! This restriction is relevant,
since the O — O distance in the sulfite ion does not
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Table 3. Results of least-squares refinements A, B and C (see text) for the (NH,),SO; solution obtained in
the range 2.0 <5 <15.0 A~ 1. Standard deviations are given in parentheses.

A B C
S-0O r 1.529(4) 1.524° 1.517(8)
b 0.0021(3) 0.0017(4) 0.0033(7)
n 3 3 3
0-0 r 242° 2.414° 2.85(11)
b 0.005(2) 0.002 0.014(7)
n 3 3 3
S—-W r 3.79(2) 3.80° 3.73(4)
b 0.022(1) 0.064 0.050(3)
n 8 9 12
0-W(1) r 2.81(3) 2.82°% 2.85(3)
b 0.020(3) 0.005(1) 0.005(2)
n 6 9 9
O0-W(2) r 3.234) 3.60° 3.01(23)
b 0.024(3) 0.015(8) 0.11(3)
n 7 5 9
0-W(3) r 4.22(7) 4.21° 4.3009)
b 0.013(4) 0.10(5) 0.015(4)
n 6 4 9.
0-W@4) r 4.59(7) 4.75° 4.71(12)
b 0.009(3) 0.011(5) 0.011(6)
n 6 5 9
R-factor 0.119 0.311 0.253

“The value estimated from the distribution curve, in accordance with the crystal structures.3® ~*! ® Average distances

found in the crystal structures.

change significantly with the S—O distance as
discussed by Kierkegaard et al.*?

(b) The interactions between the sulfite ion and
hydration water molecules are described by the
S—W (rs_w, bs-w and ng_w) and O—W (ro-ws
bo-w and no_w) parameters obtained from dif-
ferent models.

(c) The contribution from the bulk structure was
calculated in a manner similar to that described in
the previous section.

Table 3 summarizes the results of the least-
squares refinements. Refinement A is based on a
hydration model (Fig. 5 A), in which two water
molecules are bonded to each sulfite oxygen atom
as found for the sulfate ion. In addition, there are
two more water molecules located toward the lone-
pair of electrons of S(IV). Model B (Fig. 5 B)
was constructed from the crystal structure of
(NH,),S0;.H,0.3%:37 A third refinement was based
on the MgSO;.6H,0 38 structure (Fig. 5 C). In this
structure each sulfite oxygen is hydrogen bonded to
three water molecules at distances 2.66—2.72 A
and three more water molecules lie on the lone-pair
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side of the S atom.

The refinement results of hydration models A
and B are rather comparable, except for the O — W(2)
distance which may be affected by the bulk structure.
Hydration model C was refined in two ways, i.e.
(1) restricted to the geometry found in the MgSO;.-
6H,0 crystal (R=0.63) and (2) unrestricted as
shown in Table 3 C (R=0.25). From the results
given in Table 3, it can be concluded that the sulfite
ion is surrounded by 8 —9 water molecules at an
S—W distance of ~3.8 A, according to model A.
The O — W(1) hydrogen bond distance is of the same
order of magnitude as in the sulfate solution, i.e.
~28 A The O—-W(2), O—W(3) and O—-W(4)
interactions are influenced by the bulk structure,
and may be regarded as model fitting parameters.

The S—O bond length in the sulfite ion was
found to be 1.529(4) A, which agrees well with those
found in hydrogen bonded sulfite ions in crystals,
eg. 1.536 A (NiSO;.6H,0%"), 1.517 A3” and 1.529
A38(NH,),S0,.H,0), 1.533 A (2-FeS03.3H,03%),
1.536 A (8-FeSO;.3H,04°) and 1.526 A (MgSO;.-
6H,03%),
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Fig. 5. Several hydration models of the sulfite ion (stereoview).

Fig. 6 B shows the experimental and theoretical
radial distribution curves. Individual peak shapes
(Fig. 6 A) have been calculated from the parameter
values in Table 3 A. Fig. 7 represents the corre-
sponding s - i(s) values.

As apparent from the residual curve in Fig. 6 B,
there is no other significant peak less than 5 A,
though small ripples are still left, probably due to
experimental uncertainties in the observed data.
This indicates that the lone-pair of electrons of
S(IV) is stereochemically active in solution in a
similar way as found in the solid state.36~*#!

3. Solutionofammoniumdisulfite

- (pH=5.1 and 53)

Before data analyses, the mol fractions of the
hydrogen sulfite and the disulfite ions were estimated
by the equilibrium constant given by Bourne et al.®
at an ionic strength of 2.0. The result indicated that
the disulfite ion should be present predominantly,
i.e. 80—-909%, in the two measured solutions (cf.
Table 1). In order to investigate if this distribution
holds in our concentrated solutions, their Raman
spectra were measured. The results were negative
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Fig. 6. (A) Peak shapes calculated for (a) the SO% ™ ion, (b) the NH; ion, (c) the bulk structure and (d) the
hydration structure of the SO3~ ion (S— W, O—W(1), O — W(2), O — W(3) and O — W(4)). (B) Experimental
(—) and theoretical (--) radial distribution curves with their difference (---) for the (NH,),SO; solution.
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Fig. 7. Observed (dots) and calculated (solid line) s - i(s) values for the (NH,),SO; solution.
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for presence of the HSO3 ion (cf. Section 4). There-
fore, the analysis of the diffraction data was made
assuming presence of the disulfite ion only.

The radial distribution curves of the two ammo-
niumdisulfite solutions are shown in Figs. 1 Cand D.
The peak at 1.5 A is due to the S—O interaction
within the disulfite ion, in agreement with crystal
structure determinations.*>#* The number of the
S— O bonds of about five was preliminarily obtained
from analysis of the peak area. This result prefers
C, symmetry for the structure of the S,0%~ ion,
since C,, symmetry structure containing an S—O —
S bridge would require six S—O bonds. Another
piece of evidence supporting the C; symmetry
structure is the peak centered at 2.35 A which may
correspond to four nearest neighbor O—O inter-
actions within the S,02~ ion. However, the position
of the peak appears at a shorter distance than ex-
pected for the O — O interactions (2.42 —2.47 A 43:4%)
and the area under the peak could not be explained
only by four O—O bonds (C, symmetry) or six
O -0 bonds (C, symmetry) within the S,0%" ion.
When the theoretical peaks calculated for five S—O
and four nearest neighbor O — O bonds within the
S,0%” ion, parameter values of which were esti-
mated from the distribution curves and the crystal
structures,*>4* were subtracted from the original
curve, a very significant difference peak appeared
at around 2.20 A (Fig. 9 C). The value agrees well
with the S—S bond distance within the S,0% jon
found in the crystal structures.***> The area under
the peak is also in agreement with one S—S§ inter-
action. Thus, it is clearly evidenced that the S,0%"
ion has C; symmetry containing an S—S bond in
solution as has also been found in the crystal
structures investigated so far.

The 3.8 A peak may be attributed to the S—H,0
interaction as found in the sulfate and sulfite solu-
tions.

The refinement of the structure of the S,0; solu-
tion was performed in the following manner.

(a) The structure of the S,0%~ ion was described
by two different S—O interactions, S—O(1) and
S —0(2),an S —S bond, and nearest neighbor O —O
interaction within each group (Fig. 8). The inter-
actions between oxygen atoms within different
groups were not included because of their small
contribution to the reduced intensities.

(b) The interactions between the S,02~ ion and
nearest water molecules (or NH; ion) were taken
into consideration by assuming n water molecules
hydrogen bonded to disulfite oxygen atoms.

Fig. 8. The C, symmetry structure of the disulfite
ion.

The results of the refinements are given in Table
4. In refinement A, parameter ng_q,, was allowed
to vary in order to check the distribution of the
HSO; and the S,02” ions predicted from the
thermodynamic data, and to confirm C; symmetry
structure of the S,0%~ ion. The relatively large
temperature factor bs_g may indicate the existence

Table 4. The results of the least-squares refinements
for A and B (see text) for the (NH,),S,0; solution
(pH=>5.1) obtained in the range 3.0<s<150 A~ !
Standard deviations are given in parentheses.

A B
S—-0(1) r 1.498(2) 1.498(2)
b 0.0025(2) 0.0030(2)
n 4.80(4) 5
0-0 r 2.45(2) 2.42(2)
b 0.003(1) 0.0011(9)
n 4 4
S-S r 2.236(11) 2.221(11)
b 0.0051(7) 0.0052(7)
n 1 1
S-0Q2) r 2.960° 2.947¢
b 0.015(1) 0.016(1)
n 5 5
S—W r 3.76(2) 3.77(2)
(per S,042 b 0.031(1) 0.030(1)
n 9.2(2) 8.9(2)
o-Ww r 298(2) 2.98(2)
(per S,0527) b 0.017(2) 0.018(2)
n 9.2% 89°
R-factor 0.101 0.104

“Fixed to the value estimated from the geometry.
b Assumed that ng_y =ng_w-
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Fig. 9. (A) Peak shapes calculated for (a) S—O(1) and O—O bonds (b) the S—S bond and (c) N—H and
O —H bonds within NH; and H,O, respectively. (B) Experimental (—) and theoretical (--) radial distribu-
tion curves and their difference (---) of the (NH,),S,04 solution (pH=>5.1). (C) The residual distribution
curve (chain line) obtained by subtracting 5x S—O(1) and 4 x O—O interactions within the $S,02~ ion

from the experimental distribution curve (solid line).

of a small fraction of HSO3 which is in accordance
with the result from the equilibrium constant.
The temperature factor of the S—O(1) bond is
larger than those obtained for the S—O bonds in
the sulfate and sulfite solutions (cf. Tables 2 and 3).
This indicates the overlap of peaks due to different
S—O bonds within the thionite and thionate
groups. Attempts to refine their distances failed,
however. The average S—O distance of 1.498(2) A
is in reasonable agreement with the weighted
average S— O distance in the two groups found in
the solid state (thionite: 1.431—1.472 A, thionate:
1.495 and 1.499 A).43:44

The S—S bond distance has been found to be
2.221(11) A, consistent with the crystal data (2.209
A%3and 2.170 A4%),

The difference between experimental and theo-
retical radial distribution curves is shown in Fig. 9,
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and the observed and calculated s-i(s) values in
Fig. 10.
The value of ng_yw of about nine (¢f. Table 4)

-implies that some water molecules or NH; ions

are shared between neighboring S,02" ions since
the content of water molecules and NH; is not
sufficient for hydration of the S,02~ ion. It is not
possible to suggest any detailed hydration model
of the disulfite ion in solution. However, the refine-
ment results indicate that approximately nine water
molecules are attached to the S,02~ ion with an
S—H,0 distance of ~3.8 A.

4 Raman spectra of the solutions

The Raman spectrum of the (NH,),SO, solution
showed four bands at 451(v,), 620 (v,), 983(v,) and
1108(v;). cm ™!, characteristic for a tetrahedral
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Fig. 10. Observed (dots) and calculated (solid line) s - i(s) values of the (NH,),S,0; solution (pH=5.1).

SO2~ ion, while in the (NH,),SO; solution three
Raman bands appeared at 470(v,), 615(v,) and
960(v, and v;), belonging to the sulfite ion.* No
other bands due to different species were observed.

Raman spectra of the (NH,),S,05 solutions
were carefully measured in order to examine the
formation of the hydrogen sulfite ion. In the two
disulfite solutions, Raman bands appeared at 230,
430, 655 and 1050 cm™!, all of which belong to
the S,02" ion.® Bands characteristic for the HSO3
ionshould appearat467,1021, 1128 and 2533 cm ~ 1,°
none of which could be observed for our solutions.
It seems therefore reasonable to assume that the
HSOj ion is present only to a small extent in the
concentrated solutions, probably less than suggested
by the equilibrium study.? Previous Raman spectra,
measured for less concentrated solutions (1 —2 M),
have given bands corresponding to the HSOj
ion.®
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