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Synopsis 

The sulfite ion has an asymmetric hydration sphere with three water molecules hydrogen bound to 
each of the sulfite oxygen, and with 3-4 water molecules clustered outside the lone electron-pair. 
An angular radial distribution analysis has shown that the water exchange only takes place between 
the water molecules clustered outside the lone electron-pair and the aqueous bulk. This is opposite 
to the hydrated sulfate ion where the three water molecules, symmetrically hydrogen bound to each 
sulfate oxygen, exchange directly with the aqueous bulk. 
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Abstract 

Theoretical ab initio quantum mechanical charge field molecular dynamics (QMCF MD) formalism 

has been applied in conjunction with experimental large angle X-ray scattering to study the 

structure and dynamics of the hydrated sulfite ion in aqueous solution.  The results show that there 

is a considerable effect of the lone electron-pair on sulfur concerning structure and dynamics in 

comparison with the sulfate ion with higher oxidation number and symmetry of the hydration shell. 

The S-O bond distance in the hydrated sulfite ion has been determined to 1.53(1) Å by both 

methods. The hydrogen bonds between the three water molecules bound to each sulfite oxygen are 

only slightly stronger than in bulk water, and the sulfite ion can therefore be regarded as a weak 

structure maker. The water exchange rate is somewhat slower for the sulfite ion than for the sulfate 

ion, �0.5 = 3.2 and 2.6 ps, respectively. An even more striking observation in the angular radial 

distribution (ARD) functions is that the for sulfite ion the water exchange takes place in close 

vicinity of the lone electron-pair directed at its sides, while in principle no water exchange did take 

place of the water molecules hydrogen bound to sulfite oxygens during the simulation time. On the 

other hand, for the hydrated sulfate ion in aqueous solution one can clearly see from the ARD that 

the distribution of exchange events is symmetrical around the entire hydration sphere.  
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Introduction 

The hydration of anions is essential due to its immense importance in chemical and biological 

reactions.  When a reaction takes place in an aqueous solution the reaction is influenced by the 

exchange between the reactants and the solvent molecules. The effects of hydration is however not 

limited to the local effect of interactions with the hydrated ion itself but also with the macroscopic 

properties of the solution. Studies of partially reduced hydrated anions such as sulfite have been 

scarce, especially the effects comparing anions with different hydration symmetry. 

Sulfite plays a major role in the production of many chemicals among the most important is the 

production of sulfuric acid. There is a large number of registered patents involving the sulfite ion in 

aqueous systems.1 Clearly, knowledge of the structure and dynamics of the hydrated sulfite ion in 

aqueous solution is vital in many aspects, but poorly studied so far. The use of theoretical 

simulations in combination with experimental structure determination is particularly powerful as it 

gives complementary information from different starting points at different timescales. The time 

average structure found with the X-ray scattering can verify the theoretical model with the lowest 

energy state in the simulation and the simulation gives information about short time events at the 

sub femto-second level unattainable by present experimental methods. This information is 

especially valuable in systems with weak interactions since these are particularly affected by high 

exchange rates. 

The aim of the present study is to determine the structure and dynamics of the hydrated sulfite 

ion in aqueous solution by both experimental and theoretical methods. The sulfite ion has a lone 

electron-pair on the central sulfur atom which is expected to influence both structure and the 

dynamics in comparison to the symmetric sulfate ion.2 The sulfite oxygens have three free electron-

pairs, which is of importance for the hydrogen bonding acceptor properties. The structure of the 

hydrated sulfite ion in aqueous solution will be discussed in terms of how strong the hydrogen 

bonds of the hydrating water molecules are in comparison with the strength of hydrogen bonds in 

the aqueous bulk. Thus, what is the structural relationship of the thermodynamically determined 

properties in regard to the structure making or breaking properties3,4 .Comparisons are made with 

the.sulfate ion to study the effects of decreasing the symmetry of the hydration shell of hydrated 
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oxosulfur anions. 

 

Experimental 

Chemicals. Sodium sulfite, Na2SO3 (pro analysis, Merck), and sodium hydroxide, NaOH (reagent 

grade, Sigma-Aldrich), were used without further purification. 

Solution. The  solution for the LAXS experiment was prepared by dissolving a weighed amount of 

sodium sulfite in deionized Milli Q filtered water, and pH was adjusted to 12.0 by addition of a 

small amount of sodium hydroxide to a final concentration of  1.5987 mol∙dm-3, and a density of 

1190.4 g/L. The water concentration in this solution was 54.892 mol∙dm-3
. 

LAXS. The scattering of MoKα X-ray radiation, λ=0.7107 Å, from the free surface of the aqueous 

sodium sulfite solution was measured in a large angle Θ-Θ goinometer described elsewhere.5 The 

solution was contained in a teflon cup filled until a positive meniscus was observed generating a flat 

surface in the irradiated region. The container was placed inside an air-tight radiation shield with 

beryllium windows. The scattered radiation was monchromatised using a LiF(200) single crystal 

focusing monochromator. The scattering was determined at 446 angles in the angle range of 0.5 < Θ 

< 65º, where the scattering angle is 2Θ. At each angle 100,000 X-ray quanta where counted, and the 

entire angle range was scanned twice corresponding to a statistical error of about 0.3 %. The 

divergence of the x-rays was defined through combination of divergence-collecting-focal slits of 

¼o-½o-0.2 mm and 1o-2o-0.2 mm. Three different Θ-regions where scanned to get a suitable 

counting rate and change in angle, with overlapping regions to enable scaling of the data. The data 

collection and treatment are described in detail elsewhere.5 All data treatment was carried out using 

the KURVLR program,6 and the structural parameters in the theoretical model where refined by 

minimizing U = w(s)Σs2[iexp(s)-icalc(s)]² using the STEPLR program.7,8 The experimental data were 

normalized to a stoichiometric unit containing one sulfur atom, using the scattering factors f for 

neutral atoms, including corrections for anomalous dispersion,  Δf' and Δf'',9 Compton scattering10,11 

and multiple scattering events. The latter is especially important as it plays a significant role since 

the molar absorption coefficient of the solution was low, μ = 2.113 cm-1.  
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QM/MD through QMCF. In this study the simulation was divided into two steps. In the initial 

step the system was equilibrated for 6.5 ps, where the system momentum, energy and temperature 

were closely monitored, and the molecular geometry was analyzed each 0.8 ps. After this initial 

equilibrium simulation a data sampling was started which lasted for 14 ps. A step size of 0.2 fs was 

used in both the equilibrium and sampling phase. The flexible BJH-CF2 water model12 was used 

enabling the study of explicit hydrogen motion of the water molecule. The simulation of the 

hydrated sulfite ion in aqueous solution used ab initio quantum mechanical charge field molecular 

dynamics (QMCF).13 The QMCF approach employs the Hartree-Fock (HF) level to evaluate the 

intermolecular forces in the quantum mechanical region containing the solute molecule and two 

layers of hydration. In the past the HF approach was successfully employed in QMCF MD 

simulation studies of hydrated sulphate.3 During the computation of the interaction between 

particles in the QM and MM regions, the QM region is further separated into an inner core and 

outer layer region. Particles located in the layer zone interact with the MM atoms via a Coulombic 

and a non-Coulombic term. Due to the large distance between particles in the core region and the 

QM/MM interface, atoms in the core region interact with particles in the MM region only via a 

Coulombic potential as the non-Coulombic contribution is negligible14. This is of particular 

advantage in the case of complex solute species such as the sulfite ion. The QM core radius was set 

to 4.5 Å, the total QM radius was 7.2 Å. The QM region contained roughly 45 water molecules 

throughout the simulation. The simulation box used was the same as reported elsewhere.15   The 

phosphate anion was replaced by sulfite which had been structure optimized together with 10 water 

molecules using Gaussian.16 A periodic boundary box with the edge length of 31.4 Å was used 

containing 1000 water molecules, with a density of 0.997 g∙cm-3 at the target temperature 298 K, 

and thermostated via the Berendsen weak coupling algorithm.17 The reaction field approach was 

employed to account for the error associated to the application of a Coulombic cutoff set to 12.0 Å. 

The simulation was carried out using the DZP -dunning basis sets18,19 and TURBOMOLE 6.00.20 

Analysis methods of the QMCF simulation. Radial distribution functions (RDFs) with different 
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kind of atoms as origin were used for the radial population analyses. This can be expressed as  

g(r) = V/N2 <n(r,Δr)>M /4�r2Δr. The main difference between an experimental RDF expressed as  

D(r)-4�r2ρo from scattering experiment and the RDF generated from a simulation is that in the first 

case the center of increased electron density in space is regarded as atoms and the distance between 

such centra as an atom-atom distance as determined in the experiment, while in the simulations the 

position of the atom centres is known and the distribution of the atoms is calculated. 

By constraining the analysis of the RDF within overlapping conical regions with a central 

vector defined as the sum of the three sulfur bound oxygens, the distribution around the ion can be 

probed as a function of distance and angle, a so called angular radial distribution (ARD) function 

which is dependent of the distance from a given center D(r,α). In this analysis of the simulation α 

was 22.5°. By giving a radial criteria a population analysis inside a given band can be made, or 

sphere of affected waters. If this is done over the entire simulation time the coordination number 

distribution over time can be calculated. The mean residence time, MRT, τi, was calculated in a 

radial sphere of 2 to 5 Å from the central sulfur atom. The MRT is the time a given atom spends 

inside a given region over the entire simulation. The exchange rate analysis which counts the 

number of crossings of the region border is related to this analysis. By counting the number of 

exchange events with a residence time of at least 0.0 and 0.5 ps defines the sustainability of 

exchange Sex=N0.5
ex/N0

ex and is related to the strength of the interactions between the ligand and 

central ion. The higher Sex value the lower the probability of exchange given the same ligand 

availability. This means stronger interactions with the ligands in that coordination shell. Density 

plots were created by population analysis in a rotating periodic box centered on the sulfur within the 

simulation box. In order to analyse the angular distributions of Ow···S·· ·Ow  the system was 

hemispherically partitioned with a plane perpendicular to the dipole moment of the sulfite ion and 

passing through the sulfur atom, Figure 1. The angular distribution functions could then be 

separated based on in which hemisphere the oxygen resides. Further studies on the sulfur oxygen, 

OSO3, water oxygen, Ow, was done through analysis of the tilt of the OSO3···Ow vector, here denoted 
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OO, with respect to the plane of the water molecule. The angle between the dipole vector of the 

water molecules and OO was also analysed. For both the tilt and the dipole calculations a sphere of 

3 Å around the OSO3 was probed. The tilt shows the out- of- plane angle of the OO irrespectively of 

the in-plane orientation of the water,  and the dipole angle takes in consideration the in plane 

movement of the waters dipole orientation. These two analysis methods thereby describe the 

orientations of waters in the hydration shell as relevant for hydrogen bonding to the OSO3.       

 

 

Results and Discussion  

Large Angle X-ray scattering  

The experimental radial distribution function RDF for the aqueous sulfite solution shows four 

peaks at 1.5, 3.0, 3.7 and 4.2 Å, Figure 2. The peak at 1.5 Å corresponds to the mean S-O bond 

distance in the sulfite ion, and has been refined to 1.53(1) Å. This S-O bond distance is slightly 

longer than in the solid structures of sulfite salts only electrostatically interacting with monovalent 

counter ions, mean 1.513 Å, but it is identical to the S-O bond distances observed in salts there the 

metal ion has a complete hydration shell allowing hydrogen bonding to the sulfite ion, mean 1.534, 

Table S1. Furthermore, in the latter salts each sulfite oxygen atom accepts hydrogen bonds to three 

neighboring water molecules. This shows that the hydrogen bonding to the sulfite oxygens increases 

the mean S-O bond length with 0.015-0.02 Å as it has been found in similar systems.3 The main 

peak at 3.0 Å corresponds to the Ow···Ow distances in aqueous bulk, Ow·· ·Ow, and between sulfite 

oxygens and hydrating water molecules, OSO3···Ow. It has not been possible to separate these 

distances due to their similar values, and the mean value of these distances has been refined to 

2.878(4) Å. This is just slightly shorter than the mean Ow···Ow distance in aqueous solutions, 2.89 

Å.3,21  This strongly indicates that the OSO3···Ow distances are slightly shorter and the hydrogen 

bonding slightly stronger than in the aqueous bulk. The weak peaks at 3.7 and 4.2 Å are assigned to 

S···Ow distances to the water oxygens hydrogen binding to sulfite and the water molecules outside 

the lone electron-pair, respectively. These have been refined to 3.68(3) and 4.16(4) Å, respectively. 

The S···Ow distance corresponds to a tetrahedral S-OSO3···Ow angle strongly supporting that three 
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water molecules hydrogen bind to each sulfite oxygen, as also found in the solid state, see above, 

and in the QMCF simulation, see details in next section. The longer S···Ow distance to the water 

molecules is assumed to be located outside the lone electron-pair shows that the hydration shell 

around the sulfite ion is irregular and that the lone electron-pair takes up significant space. The 

structure of the hydrated sodium ion is in good agreement with previous studies.3 The structure 

parameters of the aqueous sodium sulfite solution studied are summarized in Table 1. 

 

QMCF Simulations 

Radial distribution functions, RDFs, of individual atom-atom distances were calculated from 

the final result of the QMCF/MD simulation, Figures 3a-e, the distances determined in the hydrated 

sulfite ion in the simulation are compared with those from the LAXS data in Table 1. Each sulfite 

oxygen bind three water molecules through hydrogen bonding. The peaks at 3.73 and 4.11 Å with 

FWHM values of 0.530 and 0.370 Å, respectively, correspond to the mean S···OSO3p and S···OSO3d 

distances, Figure 3d1; SO3p and SO3d refer to water molecules interacting with sulfite oxygens and 

the water molecules outside the lone electron-pair, respectively. However, these distances are 

influenced by long-range S···H and O···H interactions and the given values are therefore somewhat 

uncertain. By studying the RDF of the S·· ·H distances in detail, Figures 3b and 3b1, the S···HSO3p1 

is determined to 2.79 Å and S···HSO3d 2.99 Å. There is a third distance in the detailed 

distinguishable in the S·· ·H plot at 4.2 Å which corresponds to HSO3p2. HSO3p1 and HSO3p2  represent 

hydrogens closer to the sulfur than the water oxygen to which it is bound (SO3p1) and further away 

(SO3p2). HSO3d  is hydrogen bound to water molecules in the vicinity of the sulfur lone pair. 

Contrary to the experimental LAXS data the RDF from simulation is built up by separable pair 

functions and can therefore be resolved, for the OSO3···Ow and Ow···Ow, with the distances  at 2.77  

Å  and  2.83 Å respectively, Figure 3e, in dilute solution. The contribution of the hydration sphere 

to the total interactions is small, in this simulation about 300 times less that the bulk contribution. 

The contribution increases with concentration of the solute of course and at the concentrations used 

in the LAXS measurement it becomes quite significant. The difference between oxygen oxygen 

distances for bulkwater (Ow···Ow) and the waters of the first hydration shell (OSO3···Ow ) is 0.06 Å 
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wich is consistent with the geometries of the LAXS measurments. The S-O bond distance obtained 

from the QMCF simulation, Figure 3b, is in full agreement with the experimental LAXS study, as 

well as the distances to the proximal and distal waters Tables 1 and 2. The S···H and Osulfite· · ·H 

distances, Figures 3c and 3d, shows shorter distances than the S-O and Osulfite· · ·Oaq distances, 

Figure 3e, which show that the orientation of the hydrogens is towards the anion.  

The distribution of coordination number (CN) is shown in Figure 4 giving an average of 12.5 

showing the presence of only one coordination sphere of water molecules different from those in 

the bulk, which is in full agreement with the observations made by LAXS, see above.  

An ARD function was constructed in order to study the structure and dynamics of the 

hydrated sulfite in more detail, Figure 5. Figure 6,left panel, shows that there are areas outside of 

the hydration sphere that show zero occupation of oxygen throughout the duration of the simulation 

time except for a small area diametrically to the lone pair.  This means that apart from a small 

exchange diametrically across from the sulfur lone-pair no exchange between the bulk water 

molecules and the water molecules hydrogen bound to the sulfite oxygen takes place. In principle 

all water exchange is directed through a cone of water molecules outside the lone electron pair. This 

means that a water exchange event of the water hydrogen bound to sulfite oxygen requires that it 

must be transferred from a point in the hydration sphere and across the spherical boundary. If 

D(r,α)sulfur-oxygen = 0 for a given r,α on the spherical boundary, no trajectory may have passed 

through that coordinate and no exchange have taken place along that trajectory. The ARD of the 

hydrated sulfate ion, SO4
2- (aq), Figure 6 right panel, in aqueous solution clearly show that sulfate 

has a symmetric hydration sphere with water exchange taking place uniformly over the entire 

sphere. If we compare this with the sulfite ion which has an asymmetrical behavior as discussed 

above, we can conclude that a centrosymmetric analysis, such as the MRT analysis, will not give 

the correct picture of the exchange flux mechanism.  

The angular density functions(ADF) of the sulfite ion in aqueous solution of  OSO3─ S···Ow, 

Figure 7. For the oxygens OB, interacting with the sulfite oxygens, OSO3 there are three distinct 

maxima at 36, 77, 130 , Figure 7 c. In contrast the OA oxygens interacting with the sulfur only has   

a minor distinctive peak at 48 degrees and then a broad band covering the mayor part of the angular 
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space, Figure 7 b. This implicates that there is a higher order of the water molecules clustered 

around the OSO3 than for the water molecules clustered outside the lone electron pair on the sulfur 

atom. Examining the tilt for the sulfite OSO3···Ow bond Figure 8a  we can see that there is a slight 

out-of-plane tilt of the angle ±30 degrees which means that the orientation of the bond to the OSO3 is 

mostly in-plane-oriented which is consistent with hydrogen bonding of the water molecules. 

Furthermore the dipole angle of sulfite oxygens to water, Figure 8b, the orientation is limited to 

three peaks at 30, 135 and 155. The 30 degree peak is consistent with waters in the transition area 

and the other two peaks represent an orientation consistent with hydrogen bonding.   

 A comparison of first shell MRT for sulfate, phosphate, sulfite and bulk water at Hartree-

Fock level is presented in Table 2. The residence time of the first shell of water molecules of the 

hydrated sulfite ion is, 3.2 ps, which is intermediate of the sulfate ion, 2.6 ps, and the phosphate ion, 

3.9 ps,2,3,15 
By calculating the sustainability coefficient, which is the number of exchange events 

longer than 0.5 ps over the total number of events, Sex = N0.5
ex/N0.0

ex = 0.171. For pure water22,23 Sex 

= 0.089 making the hydration shell about twice as stable as that of pure water. This structure 

making ability is concurrent with previous reports calculated on the free energy of hydrogen bonds 

based on the viscosity coeficients.4,5 The MRT and the Sex are inherently symmetric and the 

behavior of the sulfite ions hydration is asymmetric. This generates a problem when comparing 

symmetrically behaving ions with asymmetric ones since almost all flux water exchange takes place 

through the water molecules clustered outside the lone pair side and almost no exchange takes place 

outside this region. This means that the rate determining step might not be the exchange between 

hydration shell and bulk but rather the transfer of water molecules inside the hydration shell, while 

for a symmetric system, such as hydration of sulfate ion, the water exchange mechanism takes place 

directly between a water molecule hydrogen bound to the sulfate oxygen and a bulk water molecule.  

Conclusions  

The sulfite ion has an asymmetric hydration sphere with three water molecules hydrogen bound 

to each sulfite of the oxygen, and with 3-4 water molecules clustered outside the lone electron-pair. 

The spatial density plot, Figure 9, illustrate that there is a considerable asymmetry in the hydration 

sphere generated by the lone pair. An angular radial distribution (ARD) analysis did show that the 
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water exchange rate of the water molecules hydrogen bound to sulfite oxygens is very slow within 

the time of the simulation, 20 ps, except for a minor exchange taking place diametrically opposite to 

the lone electron pair. The water exchange of hydrated water molecules takes in principle only place 

between the water molecules clustered outside the lone electron-pair and the aqueous bulk. The 

water molecules hydrogen bound to the sulfite oxygens can be transferred to the region of the lone 

electron-pair, and there be exchanged. On the other hand, in the hydrated sulfate ion, with higher 

symmetry, the water molecules, hydrogen bound in the very same way as in the sulfite ion, are 

readily exchanged directed with surrounding bulk water molecules in a completely different 

mechanism. 
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Table 1. The distances determined for the different model atom complexes in LAXS experiments 

followed by the center and fwhh of the analytical peaks found in RDF from simulation.  

Complex Distance(Å) fwhh Method 

S−OSO3 1.53 0.128 LAXS 

S∙∙∙Ow 3.68 0.219 

S∙∙∙Olp 4.16 0.232 

water(Ow∙∙∙Ow) 2.878 0.210 

Na∙∙∙Ow 2.407 0.224 

 

O-H 0.98 0.058 QMCF 

S-OSO3 1.53 0.074 

Bulk water Ow∙∙∙H 1.921 0.418 

water(Ow∙∙∙Ow) 2.828 0.299 

OSO3∙∙∙Ow  2.770 0.340 

S∙∙∙Ow 3.73 0.530 

S∙∙∙Olp 4.11 0.370 

 
 

 

Table 2. Mean residence times, MRTs, and the sustainability coefficients, Sex, of water molecules in 
the hydrated sulfite, sulfate, phosphate ions and in bulk water from simulations on HF theory level.  

Solvated ion τ0.5 Nex
0.5 Nex

0.0 1/Sex   Reference 

Sulfite 3.2 59 346 5.9 This work 

Sulfate 2.6 54 399 7.4 15 

Phosphate 3.9 42 132 3.1 10 

Bulk water 1.7 24 269 11.2 16 
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Legends to Figures 

Figure 1.  Describing the hemispherical portioning of water oxygens based on the dipole vector of 

the sulfite ion in aqeous solution  

Figure 2. LAXS. (a) The individual peak shapes for all contributing species in the 1.5987  

mol∙dm-3 aqueous solution of sodium sulfite: the hydrated sulfite ion (orange line), the 

hydrated sodium ion (brown line), and aqueous bulk (green line). (b) Experimental D(r) 

– 4�r2ρo (black line); model (red line), the modelled distances are given in table 1; 

difference (blue line). (c) Reduced LAXS intensity function, s·iexp(s) (black line); model 

s·icalc(s) (red line). 

Figure 3.  RDF’s constructed from simulation data, a) linear summation of b)-e), b) S···H distances, 

c) O-H distances, d) S-O distances, the gray help lines shows N= 3 and 12  which 

corresponds to ionic oxygens and coordinated oxygens, e) O∙∙∙O. Subplots b.1) to e.1) 

show the interesting regions in more detail. In e.1) three different contributions red, blue 

and green reperesenting total O∙∙∙O, Ow∙∙∙Ow and OSO3∙∙∙Ow respectively, the OSO3∙∙∙Ow   

curve(green line) is scaled 300 times. 

Figure 4  CND, coordination number distribution. The CN numbers calculated from mean 

residence time at the HF level, The HF level always over estimates CN and the average 

CN 12.48 well agrees with the experimental value.  

Figure 5.  Contour plots of sulfur centered Angular Radial Distribution (ARD) functions, showing 

oxygens top left, hydrogen top right, and superimposed image. The superimposed image 

shows that the hydrogens of coordinated waters are oriented inwards, and the intensity 

of the path of exchange can be seen as dark blue intensity indicating zero in the 

normalized distribution function, i.e. no atoms are encountered, while brighter colors 

represents a non zero value. 

Figure 6  Mesh plots viewed along the z axis showing water oxygen occupancy of sulfite, sulfate 

ion. The occupancy of a given angle, distance pair is given by intensity of the colors 

ranging from no occupancy, black, low medium occupancy, blue, to high occupancy 

yellow or red. The zero points are equal in intensity, the zero-point alignment shows the 

difference in transportation properties as one can determine which regions contain no 

exchange events 
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Figure 7. ADF:s, angular distribution functions, The Angular distribution over the simulation for 

the angle between the vectors as described by the figures adjacent to each curve for case 

a,b and c.  The ADF:s show that there is a preferred region of occupancy for water 

molecules in the first hydration shell.  

Figure 8.  The tilt, out of plane angle of the OsOw vector, show that there is two preferred angle 

ranges 30° out of plane on both sides of the plane  and the Θ, angle of dipole moment 

vector and the OsOw vector, show preference of   4 angular states during a time average 

for the water molecules over the simultation.  

Figure 9.  Density plots generated using a rotating box and fixed axes. The density plot illustrates 

the cavity created in the solution around the sulfite ion  
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Figure 1 
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Figure 2 

a) 

b)

c) 
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Figure 3  

  

a) 

b) 

c) 

d) 

e) e.1) 

d.1) 

c.1) 

b.1) 
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Figure 4
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Figure 5 
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Figure 6
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Figure 7

 

  Angle/° S-OSO3∙∙∙Ow  

% 

a) 

b) 

c) 
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Figure 8 

b) a) 
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Figure 9 
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Graphical Abstract 

 

Synopsis 

The sulfite ion has an asymmetric hydration sphere with three water molecules are hydrogen bound 
to each of the sulfite oxygen, and with 3-4 water molecules clustered outside the lone electron-pair. 
An angular radial distribution analysis has shown that the water exchange takes only place between 
the water molecules clustered outside the lone electron-pair and the aqueous bulk. This is opposite 
to the hydrated sulfate ion where the water molecules, symmetrically hydrogen bound to the sulfate 
oxygens, exchange directly with the aqueous bulk. 
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Graphical Abstract 

 

Synopsis 

The structures of the hydrated selenite and selenate ions have been studied in aqueous 

solution by LAXS and DDIR. The Se-O bond distances are 1.709(2) and 1.657(2) Å, 

respectively, which are slightly longer than the mean distances found in the solid state. Each 

of the selenite and selenate oxygens hydrogen binds on average 2.5 and two water molecules, 

respectively, which is a lower number than observed for the sulfite and sulfate ions, three. In 

addition, ca. three water molecules are clustered outside the lone electron-pair on selenium at 

long distance, 4.3 Å, as also found for the sulfite ion, showing asymmetric hydration for the 

selenite ion. 
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Abstract 

The structures of the hydrated selenite and selenate ions have been studied in aqueous 

solution by large angle X-ray scattering, LAXS, and double difference infrared (DDIR) 

spectroscopy. The Se-O bond distances are 1.709(2) and 1.657(2) Å, respectively, which are 

slightly longer than the mean distances found in the solid state. The distances found for the 

first hydration shell of hydrated selenite ion were 3.87(2) Å for Se∙∙∙Ow, and 4.36(4) Å for the 

waters clustered outside the selenium lone electron-pair. The selenate ion has a symmetric 

hydration shell with only one distance, Se∙∙∙Ow, 3.94(2) Å. The O∙∙∙O distances for the selenite 

and selenate oxygens to water oxygens, O∙∙∙Ow, were not distinguishable from the Ow∙∙∙Ow 

distance in the aqueous bulk, giving mean values of 2.873(4) and 2.861(4) Å, respectively. 

Assuming a mean Ow∙∙∙Ow distance in the aqueous bulk of 2.89 Å, an estimated O∙∙∙Ow 

distance of 2.83-2.86 and 2.81-2.85 Å for the selenite and selenate ions is obtained, 

respectively. The mean Se-O∙∙∙Ow angle is 114.5 and 120 o for the selenite and selenate ions, 

respectively. The double difference infrared (DDIR) spectra show peaks for affected water 

bound to the selenite and selenate ions at 2491±2 cm-1 and 2480±39 cm-1, respectively. As 

these are observed below the peak of bulk water, 2509 cm-1, the selenite and selenite ions are 

both regarded as weak structure makers.  
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Introduction 

The selenium oxo acids and their salts have many similarities with the corresponding sulfur 

oxo acids, including similar physico-chemical parameters.1 The structure and hydrogen 

bonding of the hydrated sulfite and sulfate ions has been studied previously.2-4 Three water 

molecules are hydrogen bound to each oxygen atom in both ions. Furthermore, some water 

molecules are clustered outside the lone electron-pair of the sulfite ion at a fairly well-defined 

distance. The sulfite and sulfate ions are both weak structure makers, thus the hydrogen bond 

between the sulfite/sulfate oxygens and the hydrating water molecules is slightly shorter and 

stronger than between water molecules in the aqueous bulk. It is of fundamental interest to 

compare the hydration of the corresponding selenium oxo anions with the sulfur ones from 

both structural and hydrogen bond strength point of view. An overview of the structures of the 

selenous acid-hydrogenselenite ion-selenite ion and the selenic acid-hydrogenselenate ion-

selenate ion system will be presented and analyzed. 

 

Experimental 

Chemicals. Sodium selenate, Na2SeO4 (analytical grade, Fluka), sodium selenite, Na2SeO3 

(analytical grade, Fluka) and heavy water, D2O, (99.96 atom % D, Aldrich) were used without 

further purification.  

Solutions. The solutions for the LAXS experiments were prepared by dissolving weighed 

amount of sodium selenite and selenate, respectively, in deionized Milli Q filtered water. The 

compositions of the studied solutions are given in Table 1. 

For IR measurements matched concentration series in both pure water and 4% w/w D2O/H2O 

where prepared for both sodium selenate and sodium selenite.  

LAXS. The scattering of MoKα X-ray radiation, λ=0.7107 Å, from the free surface of the 

aqueous sodium selenite and selenate solutions were measured in a large angle Θ-Θ goino-

meter described elsewhere.5 The solution was contained in a teflon cup filled until a positive 

meniscus was observed generating a flat surface in the irradiated region. The container was 

placed inside an air-tight radiation shield with beryllium windows. The scattered radiation 

was monchromatised using a LiF (200) single crystal focusing monochromator. The scattering 

was determined at 446 angles in the angle range of 0.5 < Θ < 65º, where the scattering angle 

is 2 Θ. At each angle 100,000 X-ray quanta where accumulated, and the entire angle range 

was scanned twice corresponding to a statistical error of about 0.3 %. The divergence of the 

x-rays was defined through combination of divergence-collecting-focal slits of ¼ o-½ o-0.2 
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mm and 1 o-2 o-0.2 mm. Three different Θ-regions were scanned to get a suitable counting rate 

and change in angle, with overlapping regions to enable scaling of the data. The data 

collection and treatment is described in detail elsewhere.5 All data treatment was carried out 

using the KURVLR program,6 and the structural parameters in the theoretical model where 

refined by minimizing U = w(s)Σs2[iexp(s)-icalc(s)]² using the STEPLR program.7,8 The 

experimental data was normalized to a stoichiometric unit containing one selenium atom, 

using the scattering factors f for neutral atoms, including corrections for anomalous 

dispersion, Δf' and Δf'', 9 Compton scattering10,11 and multiple scattering events. 

Double differential FTIR. The IR measurements were performed in a continuous series on a 

Perklin-Elmer Spectrum 100 FT-IR Spectrophotometer with matched concentrations of the 

two solutions in a temperature controlled liquid cell using 3mm CaF2 windows (PIKE 

Technologies), the cell was heated to 25ºC ± 0.5  ºC. 

Each spectrum was measured for 256 scans with 4 cm-1 resolution in the range 4000-900 cm-1. 

The path length was 0.035280 mm determined through interference.12 By measuring the same 

concentration of salt in both H2O and HDO solution and then subtracting pure solutions 

without solute one gets an infrared spectrum of the HDO molecules different from those in the  

aqueous bulk. By taking the derivative of  these spectra Ϭϵ/Ϭm where ϵ is the spectra and m 

the molality of the solution then subtracting (1/N*M)*Ϭϵ/Ϭm from the spectrum of pure 

water, where N is the affected number of water and M is the mean molar mass in kg/mol of 

water and partially heavy water, as described by Kristiansson et al. and in Gampe et al.,13,14,15 

the affected water peaks ascribed to water molecules bound to cations or anions can be found 

through PCA. All calculations of the spectra was carried out using GRAMS AI version 8.0 

(Thermo-Fisher Scientific) and RAZOR tools(Spectrum Square Associates), and the Array 

Basic program YANUZ.AB16 was used to calculate derivatives of spectra. 

 

Results and Discussion 

Large angle X-ray scattering 

The experimental radial distribution function (RDF) of the aqueous solution of sodium 

selenate shows three peaks at 1.657(4), 2.861(8) and 3.94(4) Å, after refinement, 

corresponding the Se-O bond distance in the hydrated selenate ion, the O∙∙∙O distances in the 

aqueous bulk and between selenate oxygens and hydrating water molecules, and Se∙∙∙O 

distances between selenium atom and the hydrating water molecules, respectively, Figure 1. 
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The hydrated sodium ion is observed as a weak shoulder at 2.43(4) Å, after refinement, Figure 

1, is in complete agreement with previous studies.17 The observed Se-O bond distance in 

aqueous solution is slightly longer, 0.023 Å than the mean Se-O bond distance in solid 

selenate salts, Table S1. This is within the expected range as the hydration through the 

hydrogen bonding electrostatically interact with the selenate oxygens. The increase in the Se-

O bond length is the same order as previously observed for the sulfate and perchlorate ions.2,18 

The distance between the central Se atom the oxygens of the hydrating water molecules, 

Se∙∙∙Oaq, 3.94 Å, shows that the �Se-O-Oaq angle of 120 o assuming an O∙∙∙Oaq distance of 

2.83 Å (see below). As the water molecules hydrating the selenate oxygens are electrostatic 

the �Se-O-Oaq angle of 120 o strongly indicates that on average two water molecules are 

hydrogen bound to each selenate oxygen. This is in contradiction to the sulfate and 

perchlorate ions where three water molecules are hydrogen bound to each sulfate and 

perchlorate oxygen. The O∙∙∙O distances in the aqueous bulk and between selenate oxygens 

and hydrating water molecules are not possible to separate, and a mean O∙∙∙O distance of 

2.861(8) Å was obtained. This mean O∙∙∙O distance is slightly shorter than normally observed 

for the aqueous bulk, 2.89 Å. This strongly indicates that the O∙∙∙Oaq distance is in the range 

2.81-2.85 Å, showing that the selenate ion is a structure maker as also shown in the DDIR 

measurements, see below. 

The RDF of the aqueous solution of sodium selenite shows three peaks at 1.709(4), 

2.873(8) and 3.87(4) Å, after refinement, corresponding the Se-O bond distance in the 

hydrated selenite ion, the Oaq∙∙∙Oaq and O∙∙∙Oaq distances, and Se∙∙∙O distances between 

selenium atom the hydrating water molecules, respectively, Figure 2. The latter peak is 

unusually broad strongly indicating an additional Se∙∙∙O distance at 4.36(8) Å, as also found in 

the hydrated sulfite ion.4 Assuming an O∙∙∙Oaq distance of 2.85 Å, see below, the �Se-O-Oaq 

angle becomes 114 o, thus between the expected values of 109.47 and 120.0 for tetrahedral 

and trigonal configuration around the selenite oxygens. Furthermore, the temperature 

coefficient is very large, twice the value observed for the selenate ion, Table 2, which shows a 

very broad distance distribution. It seems therefore likely that the selenite oxygen hydrogen 

bind to two or three water molecules, and that the observed Se∙∙∙Oaq distance and the large 

temperature coefficient are average values. The additional Se∙∙∙Oaq distance at 4.36(8) Å does 

most probably belong to the water molecules clustered outside the lone electron-pair on the 

selenium.  

The mean value of the O∙∙∙O distance in the aqueous bulk and between selenate oxygens 
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and hydrating is slightly shorter, 2.873(4) Å, than in the aqueous bulk, 2.89 Å. The observed 

mean O∙∙∙O distance indicate that the O∙∙∙Oaq distance is in the range 2.83-2.86 Å, showing 

that the selenate ion is a structure maker but as such weaker than the selenate ion as also 

shown in the DDIR measurements, see below. 

Fourier transform infrared spectroscopy 

Analysis of the affected spectra of selenite, Figure 3, through spectral decomposition 

generates number of affected waters as N=15.7  and a sodium peak at 2534±9 cm-1 in good 

agreement with earlier work.15,19,20,21,22,23  The main anionic peak of the hydrated selenite ion 

is at 2491±2 cm-1. The position of the anionic peak indicates that selenite ion is a weak 

structure maker with  molecular interaction energy of water ΔUw= -45.2 kJ mol-1 derived from 

υOD using the Badger-Bauer rule 24 and the calculations detailed in earlier work14,15 

The selenate affected DDIR spectra are given in Figure 4, and it was possible to separate the 

contributions from the sodium and selenate ions. The peak ascribed to the selenate ion has a 

maximum at 2480±39 cm-1. Transforming the υOD
 for the affected water peak to molecular 

interaction energy of water ΔUw= -47.4 kJ∙mol-1calulated as above. The peak ascribed to the 

sodium ion is observed at 2539±18 cm-1. The peak is a slightly wider peak than earlier work, 

but the peak position is within expected range. 

Structure of selenate and selenite ions in solid state and aqueous solution 

The Se-O bond distances in available data bases for the selenous acid-hydrogenselenite ion-

selenite ion and the selenic acid-hydrogenselenate ion-selenate ion systems are summarized in 

Table S1. The selenite and selenate ions have regular truncated tetrahedral and tetrahedral 

structure, respectively, with all Se-O bond distances the same or almost the same, mean 1.691 

and 1.634 Å, Table S1. As shown above, the Se-O bond distances increase by about 0.02 Å at 

hydration in aqueous solution. The structures of selenous acid, hydrogenselenite ion, selenic 

acid and hydrogenselenate ion display a different pattern with the Se-O bonds where the 

oxygen is protonated significantly longer than oxygens without any proton. The difference in 

mean Se-O bond distance in these two kinds of oxygens in the hydrogenselenite and hydro-

genselenate ions is 0.107 and 0.090 Å, respectively, and about the same differences are found 

for the selenous and selenic acid, 0.118 and 0.089 Å, respectively. This difference is expected 

to be maintained also in aqueous solution as the difference in hydrogen bond strength when 

the selenite/selenate oxygen is a hydrogen bond acceptor or the OH group as a hydrogen bond 

donor is expected to be small. It is not possible to distinguish such small differences with the 
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structural methods applicable on aqueous solution available today. However, the mean Se-O 

bond distance for the hydrogenselenite ion, selenous acid, hydrogenselenate ion and selenic 

acid is very close to the mean Se-O bond distance in the selenite and selenate ions with 1.691, 

1.699 and 1.700 Å for SeO3
2-, HSeO3

- and H2SeO3, respectively, and 1.634, 1.638 and 1.642 

Å for SeO4
2-, HSeO4

- and H2SeO4, respectively, Table S1. 

 

Conclusions  

The structures of the hydrated selenite and selenate ions in aqueous solution show a single 

shell of water molecules hydrogen bound to the oxygen atoms. In addition, outside the lone 

electron-pair of the selenite ion about three water molecules are clustered at long distance. To 

the oxygens of the hydrated selenite and selenate ions on average ca. 7.5 and eight water 

molecules are coordinated, respectively. These numbers are lower than for the corresponding 

sulfuroxo-anions where three water molecules are hydrogen bound to each of the oxygen. 

Additionally around the selenium lone-pair of selenite three water molecules are clustered at a 

longer distance. Selenite and selenate ions are both weak structure makers as shown by O-D 

stretching frequencies of the hydrating water molecules in comparison with the value in pure 

water. The symmetric and more oxidized selenate is a stronger structure maker than selenite 

but a weaker than the sulfate and fluoride anions4, 23. For more information on the influence of 

asymmetric hydration mechanism of the selenite ion on the difference in coordination further 

studies using computer simulations would be needed.  
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Table 1. Concentrations (mol�dm-3) of the aqueous sodium selenite and selenate solutions 

used in the LAXS measurements. 

Sample [SeOx
2-] [Na+] [water] �/g�cm-3 �/cm-1 

Na2SeO3 in water 1.5006 3.0012 49.2073 1.170 10.27 

Na2SeO4 in water 1.5066 3.0132 50.2768 1.1904 10.33 

 

Table 2. Mean bond distances, d/Å, number of distances, N, and temperature coefficients, 

b/Å2, the half-height full width, l/Å, in the LAXS study of aqueous sodium selenite and 

selenate solutions at room temperature. 

Species Interaction N d b l  

1.5066 mol·dm-3 Na2SeO4 in water 

[SeO4(H2O)12]2- Se-O 4 1.657(2) 0.0022(3) 0.21 

  Se···OII 8 3.94(2) 0.028(2) 0.24 

Na(H2O)6
+ Na-O 6 2.43(2) 0.022(2) 0.21 

Aqueous bulk O···O 2 2.861(4)  0.018(4)            0.19 

 

1.5006 mol·dm-3 Na2SeO3 in water 

[SeO3(H2O)9(H2O)~3]2- Se-O 3 1.709(2) 0.0031(3) 0.079 

  Se···OII 7.5 3.87(2) 0.050(2) 0.33 

  Se···OII ~3 4.36(4) 0.027(2) 0.23 

Na(H2O)6
+ Na-O 6 2.42(2) 0.023(2) 0.21 

Aqueous bulk O···O 2 2.873(4)  0.025(1)            0.22 
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Table 3. O-D stretching frequencies of the water molecules 

hydrating the selenate, sulfate, selenite and sulfite ions. 

Ion �(O-D)/cm-1 Ref. 

[SeO3(H2O)9(H2O)~3]2- TBD a 

[SeO3(H2O)7.5(H2O)~3]2- 2491 a 

[SO4(H2O)12]2- 2477 3 

[SeO4(H2O)8]2- 2480 a 

a This work. 
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Legends to Figures 

Figure 1 LAXS. SeO4
2-(aq) (a) Individual peak shapes for all theoretical contributing specis 

in the 1.5006 mol•dm-3aqeous solution of hydrated selenate. The hydrated selenate ion (blue 

line), hydrated sodium ion(purple line) and the aqueous bulk (green line). (b) Experimental 

D(r) - 4Πr2ρ0 (blue line); model (purple line),the modelled distances are given in table 1; 

difference (green line). (c) Reduced LAXS intensity function, si(s) (blue line); model sicalc(s) 

(purple line). 

Figure 2 LAXS SeO3
2-(aq). (a) Individual peak shapes for all theoretical contributing specis 

in the 1.5006 mol•dm-3aqeous solution of hydrated selenite, the hydrated selenite ion (blue 

line), hydrated sodium ion(black line) and the aqueous bulk (red line). (b) Experimental D(r) - 

4Πr2ρ0 (blue line); model (red line),the modelled distances are given in table 1; difference 

(green line). (c) Reduced LAXS intensity function, si(s) (blue line); model sicalc(s) (purple 

line). 

Figure 3 Double differential FTIR SeO3
2-(aq). By PCA analysis using gaussian peak shapes 

of the affected spectra. The analytical peaks could be found at the affected spectra (black) 

where N=15.7, the anionic peaks yellow and green at 2408±6 and 2491±2, where yellow 

represents the asymmetric contributions. The sodium peak is represented by  represents the 

red main peak at 2534 ± 9 and peak number blue at 2656 ± 2 which is well in agreement with 

earlier work. The tail at lower wavenumbers than 2300 is not associated with the O-D stretch 

of affected water. 
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Figure 4 Double differential FTIR SeO4
2-(aq). By PCA analysis using gaussian peak shapes 

of the affected spectra. The analytical peaks could be found at the affected spectra (black) 

where N=12.9, the anionic peaks green, purple and yellow, where purple and yellow 

represents the asymmetric contributions. For the sodium peak red represents the main peak 

which is well in agreement with erlier work and the blue is a asymmetric peak cointribution.  
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Figure 1 
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Figure 2 
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