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Textual abstract 

The selenite ion has an asymmetric hydration sphere with loosely electrostatically bound water 

molecules outside the free electron pair.  
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Abstract 

Structure and hydrogen bonding of the hydrated selenite, SeO3
2-, and selenate, SeO4

2-, ions have 

been studied in aqueous solution by large angle X-ray scattering (LAXS), EXAFS and double 

difference infrared (DDIR) spectroscopy. The mean Se-O bond distances are 1.709(2) and 

1.657(2) Å, respectively, as determined by LAXS, and 1.701(3) and 1.643(3) Å by EXAFS. 

These bond distances are slightly longer than the mean distances found in the solid state, 1.691 

and 1.634 Å, respectively. The structures of HSeO3
-, H2SeO3 and HSeO4

- in aqueous solution 

have been determined by EXAFS giving the same Se-O bond distances as for the selenite and 

selenate ions, respectively. The mean Se···Ow distance to the water molecules hydrogen binding 

to selenite oxygens is 3.87(2) Å, and it is 4.36(8) Å to those clustered outside the lone electron-

pair. The selenate ion has a symmetric hydration shell with only one Se···Ow distance, 3.94(2) Å. 

The mean Se-O···Ow angle in the hydrated selenite ion is 114.5 o, and the large temperature factor 

of the Se···Ow distance strongly indicate equilibrium between two and three water molecules 

hydrogen bound to the selenite oxygens. The mean Se-O···Ow angle in the hydrated selenate ion 

is 120 o which strongly indicate that two water molecules hydrogen bind to the selenate oxygens. 

The DDIR spectra show peaks for affected water bound to the selenite and selenate ions at 

2491±2 and 2480±39 cm-1, respectively, compared to 2509 cm-1 in pure water. This shows that 

the selenite and selenite ions shall be 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 as e.g. the acid dissociations constants; 

H2SeO4: pKa2=1.70; H2SO4: pKa2=1.99; H2SeO3, pKa1=2.62, pKa2=8.32, H2SO3; pKa1=1.85, 

pKa2=7.20 .1 The structure and hydrogen bonding of the hydrated sulfite and sulfate ions have 

previously been studied in aqueous solution using large angle X-ray scattering (LAXS) and 

double difference infrared spectroscopy as well as simulations on QMCF MD level.2-4 Three 

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

water molecules are clustered outside the lone electron-pair of the sulfite ion at a reasonably well-

defined distance.4 In studies of other oxoanions it has been shown that the number of hydrogen 

bound water molecules seems to decrease when the central atom belong to the third and fourth 

series. The arsenate ions, independent of degree of protonation, and arsenous and telluric acid all 

bind approximately two water molecules to each oxygen.5 The sulfate and sulfite ions are both 

weak structure makers, thus the hydrogen bond between the sulfate/sulfite oxygens and the 

hydrating water molecules is slightly shorter and stronger than between water molecules in the 

aqueous bulk.2-4  

It is of fundamental interest to compare the hydration of the selenite and sulfite ions as they have 

asymmetric hydration shells due to the presence of a free electron pair in the fourth tetrahedron 

vortex. Previously reported simulations of the water exchange dynamics of the hydrated sulfate 

and sulfite ions in aqueous solution showed significantly different mechanisms.4 The hydrogen 

bound water molecules on the sulfate oxygen exchange directly with a bulk water. On the other 

hand, the asymmetrically hydrated sulfite ion exchanges almost all water molecules in close 

vicinity of the free electron pair with a transport path from the sulfite oxygens to this region.4  

The aim of this study is to determine the structures and the hydrogen bond strength of the 

hydrated oxo selenium ions in aqueous solution, and to make comparisons with other hydrated 

oxo anions in aqueous solution. Normalized Se K edge XANES spectra are reported to show 

whether it is possible to use them for analytical purposes as they are for the corresponding S 

kedge XANES spectra.6 An overview of the structures of the H2SeO3 -HSeO3
- - SeO3

2- and 

H2SeO4 - HSeO4
- - SeO4

2- systems will be presented and compared to the results obtained for 

other oxo anions. 
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Experimental 

Chemicals. Sodium selenite, Na2SeO3 (analytical grade, Fluka), selenous acid, H2SeO3 (Fluka, 

<99%), sodium selenate, Na2SeO4, sodium selenate decahydrate, Na2SeO4⋅10H2O (both 

analytical grade, Fluka), hydrochloric acid (extrapure, Merck) and heavy water, D2O, (99.96 

atom % D, Aldrich) were used without further purification.  

Solutions. The aqueous solutions for the LAXS and EXAFS experiments were prepared by 

dissolving weighed amounts of selenous acid, sodium selenite, sodium selenate decahydrate 

and/or hydrochloric acid in Milli Q filtered water. One drop of 1.0 mol⋅dm-3 sodium hydroxide 

was added to the sodium selenite and selenate solutions to increase the pH values to 12.0. The 

composition of the studied solutions is given in Table S1. For the IR measurements matched 

concentration series in both pure water and 4% w/w D2O/H2O were prepared for sodium selenate 

and 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 goinometer 

described elsewhere.7 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 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.7 All data treatment was carried out using the KURVLR program,8 

and the structural parameters in the theoretical model where refined by minimizing U = 

w(s)Σs
2[iexp(s)-icalc(s)]² using the STEPLR program.9,10 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, ∆f' and ∆f'',11 Compton scattering12,13 and 

multiple scattering events. 
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XAFS. K-edge X-ray absorption spectra of the aqueous solutions of selenous acid, sodium 

hydrogenselenite, selenite, hydrogenselenate and selenate, as listed in Table 1, were collected at 

the wiggler beam-line I811 at the MAX-lab synchrotron light facility at Lund University, 

Sweden. The facility operated at 1.5 GeV and a maximum current of 250 mA. A double crystal 

Si(111) monochromator was used. The second monochromator crystal was detuned to 60% of 

maximum intensity at the end of the scans to minimize higher harmonics. The solutions were 

contained in cells made of a 1.5 mm Teflon spacer and 6 µm polypropylene film hold together 

with titanium frames, and the solids, diluted and carefully ground with boron nitride, were 

contained in 1.0 mm aluminum frames covered with X-ray transparent tape. The experiments 

were performed simultaneously in transmission and fluorescence mode at the Se K edge using 

gas filled ion chambers and a PIPS (Passivated Implanted Planar Silicon) detector.14 Data 

treatment was performed with the computer program package EXAFSPAK.15 Ab initio calculated 

phase and amplitude parameters, used by the EXAFSPAK program, were computed by the 

FEFF7 program.16 The K edge Se XANES spectra were normalized to the absorption of one at 

12775 eV for a comparison of the edge features and white line intensity maxima. 

Double difference infrared spectroscopy (DDIR). The IR measurements were performed in a 

continuous series on a Perklin-Elmer Spectrum 100 FT-IR Spectrometer with matched 

concentrations of the two solutions in a temperature controlled liquid cell using 3 mm CaF2 

windows (PIKE Technologies), the cell was thermostated to 25.0±0.5  ºC.17 Each spectrum is an 

average of 256 scans with 4 cm-1 resolution in the range 4000-900 cm-1. The path length was 

0.035280 mm as determined through interference.17 By measuring the same concentration of salt 

in both pure water and water containing 8% HDO, and then subtracting the spectrum of pure 

water 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 denotes the spectrum 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 Gampe et al.;18-20 the affected water 

peaks ascribed to water molecules bound to cations or anions are obtained through PCA. All 

calculations of the spectra were carried out using GRAMS AI version 8.0 (Thermo-Fisher 

Scientific) and RAZOR tools (Spectrum Square Associates), and two Array the Basic program 

YANUZ.AB was used to calculate the derivatives of the spectra.21 
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Crystal structure database search. Reported crystal structures containing individual units of 

SeO3
2-, HSeO3

- H2SeO3, SeO4
2-, HSeO4

- and H2SeO4 were collected from the Cambridge 

Structural Database and the Inorganic Crystal Structure Database.22,23 In order for the different 

structures to be potentially representative for comparison with hydrated species in aqueous 

solution, only those in which selenite or selenate oxygen atoms binding to neutral species or 

univalent ligand atoms were considered. Compounds in which Ag+ or Tl+ bind directly to the 

selenite or selenate oxygen atoms have not been included, as the soft character of these metal ions 

may alter the electron distribution in the entire anion and thereby their structure. 

 

Results and Discussion 

Large angle X-ray scattering 

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

2.873(8) and 3.87(4) Å, which correspond to the Se-O bond distance in the hydrated selenite ion, 

the Ow···Ow and O···Ow distances, and Se···Ow distances between the selenium atom and the 

hydrating water molecules, respectively, Figure 1. The latter peak is unusually broad including an 

additional Se···O distance at 4.36(8) Å assigned to the mean distance to the water molecules 

clustered outside the lone electron pair on selenium, as also found for the hydrated sulfite ion.4 

The mean Ow···Ow distances in the aqueous bulk and between selenite oxygens and hydrating 

water molecules is slightly shorter, 2.873(4) Å, than normally observed in an aqueous bulk with 

solutes, 2.89 Å. The observed mean O···O distance indicate that the O···Ow distance is in the 

range 2.83-2.86 Å, showing that the selenite ion is a structure maker but as such slightly weaker 

than the selenate ion which is in agreement with the DDIR measurements, see below. Assuming 

an O···Ow distance of 2.85 Å, the ∠Se-O-Ow 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 an unusually broad distance distribution. It seems therefore likely that 

there is an equilibrium between two and three water molecules hydrogen binding to the selenite 

oxygens. The Na-O bond distances in the hydrated sodium ion is observed as a weak shoulder at 

2.42(4) Å, which is in agreement with previous studies.24 

The experimental radial distribution function (RDF) of the aqueous solution of sodium 
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selenate shows three peaks refined to 1.657(4), 2.861(8) and 3.94(4) Å. These correspond to the 

Se-O bond distance in the hydrated selenate ion, the Ow···Ow distances in the aqueous bulk and 

O···Ow distances between selenate oxygens and hydrating water molecules, and Se···Ow distances 

between selenium atom the hydrating water molecules, respectively, Figure 2. The mean Na-O 

bond distance in the hydrated sodium ion is observed as a weak shoulder at 2.43(4) Å. The 

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

Se-O bond distance in solid selenate salts, Table S2. This is within the expected range as the 

hydration through the hydrogen bonding electrostatically interacts with the selenate oxygens. The 

increase in the Se-O bond length is of the same order as previously observed for the sulfate, 

sulfite, arsenate, arsenite and perchlorate ions.2,4,5,25 The Ow···Ow 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 Ow···Ow distance is slightly shorter 

than normally observed for the Ow···Ow distance in aqueous bulk, 2.89 Å. This strongly indicates 

that the O···Ow distance is in the range 2.81-2.85 Å, showing that the selenate ion is a structure 

maker as also shown by DDIR measurements. The distance between the central Se atom and the 

oxygens of the hydrating water molecules, Se···Ow, 3.94 Å, gives a ∠Se-O-Ow angle of 120 o 

assuming a mean O···Ow distance of 2.83 Å. As the water molecules hydrating the selenate 

oxygens are electrostatically bound the observed angle of 120 o strongly indicates that on average 

two water molecules are hydrogen bound to the selenate oxygens. This is in contradiction to the 

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

oxygen, but in agreement with heavier oxo anions as arsenate and arsenite and the neutral telluric 

acid.5 The difference function in Figures 1 and 2 has almost identical shape strongly indicating 

that the structure of the aqueous bulk not included in the models applied is the same in both 

samples studied. 

EXAFS 

The EXAFS spectra of the hydrogenselenate and selenate ions in aqueous solution and the solids 

sodium selenate and sodium selenate decahydrate display almost identical EXAFS spectra, 

Figure 3. Refinement of the structure parameters shows that the Se-O bond distances in the 

selenate and hydrogenselenate ions in aqueous solution are 1.643 and 1.642 Å, respectively, 

Table 3. The Debye-Waller coefficient is slightly larger for the hydrogenselenate ion than for the 

selenate ion, 0.0027 and 0.0020 Å, respectively. This is expected as the bond distance 
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distribution is larger due to that the Se-O bond distance on the protonated oxygen in the 

hydrogenselenate ion is on average 0.090 Å longer than to the non-protonated ones, 1.705 and 

1.615 Å, in reported solid state structures, see Table S2. However, the mean Se-O bond distance 

in the selenate and hydrogenselenate ions are indistinguishable from each other, 1.634 and 1.638 

Å, respectively, see detailed discussion below.  

The selenite system show the same structural behavior as the selenate one with very similar mean 

Se-O bond distances in selenous acid, and the hydrogenselenate and selenite ions, 1.714(3), 

1.704(3) and 1.701 Å, respectively, Table 4. Furthermore, the Debye-Waller coefficient is larger 

for the hydrogenselenate ion and selenous acid than for the selenite ion, Table 4. In the reported 

selenite structures in the solid state the mean Se-O bond distance is 1.700, 1.698 and 1.691 Å for 

H2SeO3, HSeO3
- and SeO3

2-, respectively, and with mean difference between protonated and non-

protonated oxygens of 0.118 and 0.105 Å for H2SeO3 and HSeO3
-, respectively, Table S2. The 

Se-O bond distances in the hydrated selenite and selenate species in aqueous solution is slightly 

longer than the anhydrous solids due to the hydration effects.  

Summary of structure determination in aqueous solution 

LAXS and EXAFS are complementary methods as described in more detail elsewhere.26 Bond 

distances are more accurately determined by EXAFS, while long distances with large distance 

distribution can only be determined by LAXS.26 The Se-O bond distances for the selenite and 

selenate ions are slightly longer as determined by LAXS than by EXAFS, and they are more 

accurately determined by EXAFS, Tables 1-3. On the other hand, the long distances giving 

information about distances to hydrating water molecules observed by LAXS are not seen by 

EXAFS. Thus, it is the combination of the two methods which give the unique information about 

the hydrated selenite and selenate ions reported here. 

XANES spectra of selenite and selenate ions 

The white line maximum of the selenite and selenate ions are at 12664.65 and 12667.75 eV, 

respectively, independent of degree of protonation, Figure 5. There is only a minor difference in 

white-line intensity between the hydrogenselenate and selenate ions otherwise the XANES 

spectra are identical. On the other hand, the XANES spectra of the selenite and hydrogen selenite 

ions and selenous acid have very different features even though the white-line maxima are the 

same, Figure 5, which may be used to distinguish the different protonated forms of selenite, while 
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this seems not to the case for the selenate species. 

Fourier transform infrared spectroscopy 

Analysis of the affected spectra of the hydrated selenite ion, Figure 6, through spectral 

decomposition generates number of affected waters of N=15.7. The sodium peak at 2534±9 cm-1 

is in good agreement with earlier work.20 The main anionic peak of the hydrated selenite ion 

([SeO3(H2O)7.5(H2O)~3]
2-) 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 ∆Uw= -45.2 kJ 

mol-1 derived from υOD using the Badger-Bauer rule27 using calculation procedure described in 

detail in earlier studies.18,19 

It was possible to separate the contributions from the sodium and selenate ions in the affected 

DDFTIR spectra, Figure 7. The peak ascribed to the selenate ion ([SeO4(H2O)8]
2-) has a 

maximum at 2480±39 cm-1; the corresponding frequency for sulfate ([SO4(H2O)12]
2-)- is 2477±8 

cm-1.3 Transforming the υOD
 for the affected water peak of the selenate ion to molecular 

interaction energy of water it becomes ∆Uw= -47.4 kJ·mol-1. In the hydrated sodium selenate the 

peak ascribed to the sodium ion was observed at 2539±18 cm-1. The peak was a slightly wider 

peak than in 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 SeO3
2-, HSeO3

- H2SeO3, SeO4
2-, HSeO4

- 

and H2SeO4 systems are summarized in Table S2. The selenite and selenate ions have truncated 

tetrahedral and regular tetrahedral structure, respectively, with all Se-O bond distances the same 

or almost the same, mean 1.634 and 1.691 Å, Table S2. As shown above, the Se-O bond 

distances increase by 0.01-0.02 Å at hydration in aqueous solution. The structures of HSeO3
- 

H2SeO3, HSeO4
- and H2SeO4 display a different pattern with the Se-O bonds with a protonated 

oxygen significantly longer than non-protonated oxygens. The difference in mean Se-O bond 

distance in these two kinds of oxygens in the HSeO3
- and HSeO4

- ions is 0.107 and 0.090 Å, 

respectively, and about the same differences are found for H2SeO3 and H2SeO4, 0.118 and 0.089 

Å, respectively,Table S2. 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 a hydrogen bond donor is expected to be small. It is not possible to 

distinguish such small differences with the structural methods applicable on solutions available 
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today. However, the mean Se-O bond distance for the protonated forms of selenite and selenate is 

very close to the mean Se-O bond distance in the selenate and selenite 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 S2. The very same structural behavior has been 

observed in the arsenic and arsenous acid systems as described in detail elsewhere.5  

 

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. On average two water molecules 

hydrogen bind to each selenate oxygen, while an equilibrium between two and three water 

molecules hydrogen bind to each selenite oxygen. These numbers are lower than for the 

corresponding sulfuroxo anions where three water molecules are hydrogen bound to each of the 

oxygen.2,4 Additionally, outside the lone electron-pair on the selenite ion ca. three water 

molecules are clustered at long distance, as also found for the sulfite ion.4 Selenite and selenate 

ions are both weak structure makers as shown by the O-D stretching frequencies of the hydrating 

water molecules in comparison with pure water. The symmetric and more oxidized selenate ion is 

a slightly stronger structure maker than the selenite ion but slightly weaker than the sulfate and 

fluoride ions.20 The Se K edge XANES spectra of the selenite and selenate species have white-

line maxima at 12664.65 and 12667.75 eV, respectively. The white-line features are significantly 

different for the selenite species, while they are almost identical for the selenate ones, Figure 5. 
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Table 1. 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  

1.5006 mol·dm
-3

 Na2SeO3 in water 

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

 Se-O 3 1.709(2) 0.0031(3) 0.079 

  Se···OII 7.5 3.87(2) 0.048(2) 0.33 

  Se···OII ~3 4.36(4) 0.027(2) 0.23 

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

Aqueous bulk Ow···Ow 2 2.874(4)  0.025(4)            0.22 

 

1.5066 mol·dm
-3

 Na2SeO4 in water 

[SeO4(H2O)8]
2-

 Se-O 4 1.657(2) 0.0022(3) 0.066 

  Se···OII 8 3.94(2) 0.028(2) 0.24 

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

Aqueous bulk Ow···Ow 2 2.861(4)  0.018(4)            0.19 
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Table 2. Mean bond distances, d/Å, number of distances, N, and Debye-Waller coefficients, σ2/Å2, 

in the EXAFS study of aqueous sodium selenite solutions and of solid sodium selenite salts at 

room temperature. The refinements were performed in the k range 2-13 Å-1. F/% is the goodness 

of fit as defined in the EXAFSPAK program. 

Species Interaction N d σ2 
F   

0.50 mol·dm
-3

 NaHSeO3 in water 

H2SeO3 Se-O 3 1.714(1) 0.0044(1) 14.2 

  MS1 9 3.09(1) 0.008(2) 

  MS(SeO3) 
a 3+9 3.41(3) 0.011(4) 

0.50 mol·dm
-3

 NaHSeO3 in water 

HSeO3
 -
 Se-O 3 1.704(1) 0.0043(1) 9.4 

  MS1 9 3.030(5) 0.0054(5) 

  MS(SeO3)
 a 3+9 3.395(4) 0.0064(4) 

0.50 mol·dm
-3

 Na2SeO3 in water 

SeO3
2 -

 Se-O 3 1.701(1) 0.0022(1) 13.3 

  MS1 9 3.08(2) 0.004(2) 

  MS(SeO3) 
a 3+9 3.44(2) 0.007(3) 

Solid Na2SeO3 

SeO3
2-

  Se-O 3 1.700(1) 0.0011(1) 14.3 

  MS1 9 3.061(6) 0.0046(6) 

  MS(SeO3)
 a 3+9 3.388(8) 0.0052(8) 

a The multiple scattering of the selenite ion with cut-off tetrahedral geometry have two separate 

paths with double Se-O bond distance with the frequencies 3 and 9. 
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Table 3. Mean bond distances, d/Å, number of distances, N, and Debye-Waller coefficients, σ2/Å2, 

in the EXAFS study of aqueous sodium selenate solutions and of solid sodium selenate salts at 

room temperature. The refinements were performed in the k range 2-14 Å-1. F/% is the goodness 

of fit as defined in the EXAFSPAK program. 

Species Interaction N d σ2
  F 

0.50 mol·dm
-3

 NaHSeO4 in water 

HSeO4
-
 Se-O 4 1.642(1) 0.0027(1) 15.0 

  MS1 12 3.03(1) 0.004(2) 

  MS(SeO4)
 a 4+12 3.33(3) 0.012(2) 

0.50 mol·dm
-3

 Na2SeO4 in water 

SeO4
2 -

 Se-O 4 1.643(1) 0.0020(1) 11.1 

  MS1 12 3.01(2) 0.008(2) 

  MS(SeO4)
 a 4+12 3.32(3) 0.008(3) 

Solid Na2SeO4⋅5H2O 

SeO4
2-

  Se-O 4 1.644(1) 0.0019(1) 10.3 

  MS1 12 3.05(2) 0.007(2) 

  MS(SeO4)
 a 4+12 3.43(2) 0.005(2) 

Solid Na2SeO4 

SeO4
2-

  Se-O 4 1.646(1) 0.0017(1) 10.8 

  MS1 12 2.99(1) 0.006(2) 

  MS(SeO4)
 a 4+12 3.296(9) 0.004(1) 

a The multiple scattering of the selenite ion with tetrahedral geometry have two separate paths 

with double Se-O bond distance with the frequencies 4 and 12. 
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Legends to Figures 

Figure 1. LAXS, selenite ion. Top: the individual peak shapes for all contributing species in the 

1.5006 mol⋅dm-3 aqueous solution of sodium selenite, the hydrated selenite ion (green line), 

hydrated sodium ion (purple line) and the aqueous bulk (orange line). (b) Experimental D(r) - 

4πr
2ρo (red line); model (black line), the modelled distances are given in Table 2; difference (blue 

line). Bottom: reduced LAXS intensity function, si(s) (thin black line); model sicalc(s) (red line). 

 

Figure 2. LAXS, selenate ion. Top: the individual peak shapes for all contributing species in the 

1.5066 mol⋅dm-3 aqueous solution of sodium selenate. The hydrated selenate ion (green line), 

hydrated sodium ion (purple line) and the aqueous bulk (orange line). (b) Experimental D(r) – 

4πr
2ρo (red line); model (black line), the modelled distances are given in Table 2; difference (blue 

line). Bottom: reduced LAXS intensity function, si(s) (thin black line); model sicalc(s) (red line). 

 

Figure 3. Upper: k3 weighted EXAFS of (a) aqueous solution of selenous acid, (b) aqueous 

solution of sodium hydrogenselenite, (c) aqueous solution of sodium selenite, (d) solid sodium 

selenite. Lower: k3 weighted EXAFS of (a) aqueous solution of sodium hydrogenselenate, (b) 

aqueous solution of sodium selenate, (c) solid sodium selenate decahydrate and (d) solid sodium 

selenate; experiment (thin black line); model (red line).  

 

Figure 4. Upper: Fourier transform of the k3 weighted EXAFS function of (a) aqueous solution 

of selenous acid, (b) aqueous solution of sodium hydrogenselenite, (c) aqueous solution of 

sodium selenite, (d) solid sodium selenite. Lower: Fourier transform of the k3 weighted EXAFS 

function (a) aqueous solution of sodium hydrogenselenate, (b) aqueous solution of sodium 
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selenate, (c) solid sodium selenate decahydrate and (d) solid sodium selenate; ; experiment (thin 

black line); model (red line). 

 

Figure 5. Experimental XANES spectra of aqueous solutions of sodium selenite (black), sodium 

hydrogenselenate (red), selenous acid (blue), sodium selenate (green) and sodium 

hydrogenselenate (pink). 

 

Figure 6. Double difference FTIR selenite ion. 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 brown and green at 2408±6 and 2491±2, where brown 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.  

 

Figure 7. Double difference 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 brown, where purple and brown represents the 

asymmetric contributions. For the sodium peak red represents the main peak which is well in 

agreement with earlier work and the blue is a asymmetric peak contribution.  
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 

  
 

 

0

1

2

3

0 1 2 3 4 5

FT Magnitude

R-∆R/Åd

b

c

a

0

1

2

3

4

0 1 2 3 4 5

FT Magnitude

R-∆R/Å

a

b

c

d

Page 21 of 24 Dalton Transactions

D
al

to
n

 T
ra

n
sa

ct
io

n
s 

A
cc

ep
te

d
 M

an
u

sc
ri

p
t



22 
 

Figure 5. 
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Figure 6. 
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