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Abstract 
The bond distances in hydrated arsenic oxyacid species in aqueous solution have been 

studied by EXAFS spectroscopy and large angle X-ray scattering, LAXS. These results have 
been compared to structures in the solid state, as found in an extensive survey of available 
crystal structures. Protonated oxygen atoms can be distinguished with a longer As-O distance 
for both arsenic(V) and arsenic(III) species in the crystalline state. However, the average 
As-O distance for the HnAsO4

(3-n)- species (0 ≤ n ≤3) remains the same. These average values 
are slightly shorter, ca. 0.02 Å, than in aqueous solution due to the hydration as determined by 
EXAFS and LAXS. The K absorption edges for arsenic(V) and arsenic(III) species are 
separated by 4.0 eV, and the shape of the absorption edges differs as well. Small but 
significant differences in the absorption edge features are seen between the neutral acids and 
the charged oxyacid species. 

The most important arsenic species from an environmental point of view is arsenous 
acid, As(OH)3. Arsenous acid cannot be studied with the same accuracy as orthotelluric acid, 
due to a relatively low solubility of As2O3(s) in neutral to acidic aqueous solution. In addition 
to arsenous acid, we have used orthotelluric acid, Te(OH)6, for comparison with arsenous acid 
and for detailed studies of the hydration of covalently bound hydroxo groups. The results 
from the DDIR studies support the assignment of As(OH)3 as a weak structure maker 
analogous to Te(OH)6, both being neutral weak oxyacids.  
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Introduction 
The occurrence of dissolved inorganic arsenic compounds in ground water used for 

human consumption is a problem in large parts of the world, and is especially alarming in a 
number of developing countries without efficient techniques for water cleaning.1 It is 
geological sources rather than anthropological ones that are causing the problems,2 but 
increased water utilization causes increased arsenic mobilization in ground waters. The use of 
phosphorus fertilizers may contribute to mobilization of arsenic both by direct desorption of 
arsenate by competing phosphate, and via an increased growth of sediment biota.3 Arsenic 
occurs in natural waters as either arsenic(V) or arsenic(III). The inorganic forms of the 
pentavalent species are deprotonated forms of arsenic acid, H3AsO4, a relatively strong weak 
acid,4 while the most common inorganic trivalent species is the neutral arsenous acid, 
As(OH)3.5 The relationship between intramolecular distances and degree of protonation can 
easily be studied with crystalline material but in principle impossible to perform in solution. It 
is of fundamental interest to study how the hydration affects the structure of anions in aqueous 
solution in comparison to their structure in the solid state as these weakly hydrated species 
more or less never crystallize with complete hydrations shells. The hydration is furthermore 
important for the reactivity as it will decrease with increasing hydration. A thorough review 
concerning reactivity and biological activity of arsenic compounds was published 20 years 
ago.6 

The arsenic acid system 
Arsenic acid, O=As(OH)3, with the acid dissociation constants pKa1=2.25, pKa2=7.05 

and pKa3=11.58,7 is an acid of similar strength as the analogous phosphoric acid, O=P(OH)3. 
A very similar hydration behavior between these systems is expected.8 Arsenic(V) (arsenate) 
species are anionic in natural drinking water, where pH frequently ranges from 6.5 to 8.5.9 
The basic structure of the arsenate ions is a central As atom binding to four oxygens in a 
regular or near tetrahedral fashion. The arsenic acid system is shown in Figure 1, illustrated 
with Hydra-Medusa.10,11 An infrared spectroscopy study by Myneni showed that protonation 
distorts the symmetry of the AsO4-tetrahedron substantially.12 Manning et al. used EXAFS to 
report a mean As-O distance of 1.69 Å for arsenate in solution, however without reporting the 
origin of the arsenate, the pH of the solution or the predicted arsenic(V) species.13 Several 
authors have used EXAFS to study arsenate species adsorbed to mineral surfaces,13-20 and 
obtained mean As-O distances are frequently in the same range as reported by Manning for 
free arsenate. As K edge XANES spectra for a number of solvated arsenic species have 
previously been reported by Smith,21 and others.13,22-24 A QMCF MD simulation of the 
HAsO4

2- ion by Bhattacharjee et al. supports the results from the experimental studies.25  
In biological systems, arsenate may be methylated to form monomethyl and dimethyl 

compounds.26 Methylation of inorganic arsenic is important in the metabolic removal of the 
element.6 Monomethyl arsenic acid (MMA) can dissociate two protons with pKa1=3.6 and 
pKa2=8.2 .27 Dimethyl arsenic acid (DMA) has a pKa value of 6.2.27  
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Figure 1: Logarithmic equilibrium diagram for arsenic(V) in aqueous solution for the ionic strength I = 0, T = 
298 K, CAs(V) = 0.1 M, with acid dissociation constants from reference 7; red - H3AsO4; orange - H2AsO4

-; green 
- HAsO4

2-; blue - AsO4
3-. The pH range most relevant from a drinking water perspective is delimited by dashed 

lines. Thin grey lines represent the case when ionic strength in the solution is calculated from ionic content, pH 
being adjusted with hydrochloric acid and sodium hydroxide, and are valid for the concentrated solutions used in 
the EXAFS studies. The WHO recommendation for acceptable arsenic levels in drinking water is 10-6.9 mol∙dm-3. 

Arsenous acid system 

Arsenous acid, As(OH)3, is formed by dissolving arsenic(III) oxide or salts containing 
the linear meta-arsenite(III) unit, [AsO2

-]n, in water. However, the pure acid has not been 
isolated.4 The As(OH)3 unit have C3v symmetry with a lone electron-pair along the three-fold 
axis.28 The distribution of arsenous acid species with different degrees of protonation is 
shown in Figure 2,10,11  using pKa1=9.25, pKa2=12.13 and pKa3=13.4,29,30 hence placing 
As(OH)3 as a very weak acid. It can be seen that the neutral molecule As(OH)3 dominates 
over a wide range of pH. Testemale et al. performed an X-ray absorption investigation on 
As(OH)3 in aqueous solution, confirming the covalence within the As-O bonds and showing 
that a temperature increase opens up the O-As-O angles, following a decrease in hydrogen 
bonding strength.31 A computer simulation by Hernandez-Cobos et al. predicts that As(OH)3 
hydration occurs mainly at the hydroxyl groups, while the lone pair on arsenic(III) rather 
being surrounded by a clathrate like structure,32 in a similar way as recently described for the 
hydrated sulfite ion.33 It has been proposed that this type of hydration is the reason why 
As(OH)3 has the ability to pass through aqua-glyceroporines-membrane proteins for the 
transportation of glycerol and urea.32 A computer simulation of AsO(OH)2

- by Tossel predicts 
one As-O distance of 1.647 Å and two distances of 1.815 Å, mean 1.759 Å, while a 
simulation of AsO2OH2- did predict one longer distance of 1.940 Å and two shorter averaging 
at 1.684 Å, mean 1.769 Å, and As-O-As angles of 97-99°.34 The same author also opens up 
the possibility for the formation of As4O6 or As3O3(OH)3 molecules at high concentrations.34  
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Figure 2: Logarithmic equilibrium diagram for arsenic(III) in aqueous solution, 25°C, ionic strength, I =0, T = 
298 K, CAs(III) = 0.1 M; brown - As(OH)2

+; red - As(OH)3; light orange - AsO(OH)2
-; light green - AsO2OH2-; 

light blue - AsO3
3-. The pH range most relevant from a drinking water perspective is delimited by dashed lines. 

Thin grey lines represent the case when ionic strength in the solution is calculated from ionic content, pH being 
adjusted with hydrochloric acid and sodium hydroxide, and are valid for the concentrated solutions used in the 
EXAFS studies. The WHO recommendation for acceptable arsenic levels in drinking water is 10-6.9 mol∙dm-3. 
The solid phase As2O3(s) precipitates at somewhat higher concentrations than shown and at pH values below the 
pKa value of arsenous acid.  

Orthotelluric acid system 
As a non-charged oxoacid molecule at neutral pH, orthotelluric acid, Te(OH)6, is a 

possible model compound for the study of the hydration of covalently bound OH groups. 
Being a neutral weakly acidic species with covalently bound hydroxo groups, it is expected 
that the hydroxo groups of the weak acids Te(OH)6 and As(OH)3 interact with water in a 
similar way even though it is not known to what extent the lone pair of arsenous acid affects 
its hydration. Orthotelluric acid is thought to persist in aqueous solution without any 
significant deprotonation over a wide pH range; as shown by the high pKa values, pKa1 = 7.70 
and Ka2=11.0.35 Orthotelluric acid is a much weaker acid than the acids of sulfur(VI) and 
selenium(VI), and is not known to form tetrahedral units analogous to sulfate (SO4

2-) and 
selenate (SeO4

2-) in aqueous solution.36 In combination with the high solubility in water,37 it 
enables the preparation of solutions with high concentrations of the neutral Te(OH)6 acid. 
From nine reported crystal structures of Te(OH)6, the mean Te-O bond distance is 
1.916±0.004 Å.38-46 These structures have a mean Te-O-H angle of 112°±6° and a mean O-H 
distance of 0.84Å±0.09Å. The Te-O distance has also been confirmed by solid phase 
EXAFS.47 The last two parameters are very uncertain as the position of hydrogen atoms can 
only be determined with limited accuracy. A large angle X-ray scattering investigation of 
Te(OH)6 in aqueous solution reported a mean Te-O bond distance of 1.935 Å with twelve 
hydrogen bonded water molecules in the first hydration sphere.48 A review by Dutton and 
Cooper treats the properties of telluric oxyacids in detail.49 
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Aims 
The aims of this work are to determine the structures of the hydrated inorganic 

arsenite(III) and arsenate(V) ions in aqueous solution by means of extended X-ray absorption 
fine structure, EXAFS, and by large angle X-ray scattering, LAXS, and to ascertain the 
hydrogen bond strength of the water molecules hydrogen-bound to arsenous and orthotelluric 
acid in aqueous solution with the double difference IR technique. A literature study of 
reported crystal structures of arsenate and arsenite compounds has been performed and the 
As-O bond distances are compared to the experimental data in solution. In addition to the 
arsenic species, this work will also discuss the structure and hydrogen bonding of the hydrated 
orthotelluric acid, Te(OH)6, which share several features with the arsenous acid, As(OH)3. 

Experimental 

Chemicals 
Heavy water, D2O, (Aldrich, 99.96 atom% purity) was used for the DDIR experiments. 

Arsenic trioxide, As2O3, (Merck) was used for the DDIR experiments on As(OH)3. For the 
other solutions containing arsenic(III), sodium metaarsenite, NaAsO2 (Labkemi, analytical 
grade) was used. Disodium hydrogen arsenate heptahydrate, Na2HAsO4·7H2O, (Sigma-
Aldrich, >99.97%) was used for all arsenic(V) solutions. Disodium methylarsenate, 
Na2CH3AsO3 (Sigma Aldrich), and dimethylarsinic acid, (CH3)2AsO(OH), (Sigma Aldrich) 
were used as purchased. Solid orthotelluric acid, Te(OH)6, (BDH Chemicals Ltd, 99.5%), 
was used to prepare the solutions of orthotelluric acid. 

Solutions 

The solutions for the EXAFS and LAXS measurements were prepared by weighing 
Na2HAsO4·7H2O and NaAsO2 or As2O3 which were dissolved in water, and appropriate 
amounts of sodium hydroxide or nitric acid were added. Weighed amounts of disodium 
methylarsenate and dimethylarsenic acid were dissolved in water without any pH adjustment. 
The composition and pH of the arsenic oxyacid solutions studied by EXAFS and LAXS are 
summarized in Table 1. 

 The As(OH)3 concentrations used for double difference IR measurements were 0.1273, 
0.1100, 0.0900, 0.0704 and 0.0503 mol∙dm-3 in 8% HDO, while corresponding concentrations 
in water were 0.1272, 0.1098, 0.0904, 0.0701 and 0.0502 mol∙dm-3. Density measurements 
were performed with an Anton Paar DMA 4100M densitometer, utilizing the oscillation U-
tube method. 

The concentration of the aqueous solutions of orthotelluric acid used in the LAXS 
experiment was 2.0003 mol∙dm-3, the density 1.340 g·cm-3 and the absorption coefficient 
10.251 cm-1. The Te(OH)6 concentrations used for double difference IR measurements were 
0.9994, 0.8873, 0.7994, 0,7407, 0.5996, 0.5002, 0.3988, 0.2958, 0.1991 and 0.0994 mol∙dm-3 
for the HDO solutions. The corresponding H2O solutions were 0.9993, 0.8988, 0.7974, 
0.7410, 0.5988, 0.5005, 0.3987, 0.2997, 0.1995 and 0.0996 mol∙dm-3.  
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Table 1. Concentrations (mol·dm-3) of the aqueous solutions studied by LAXS (L) and EXAFS (E) 
including their densities, , linear absorption coefficients, µ, and label xs denotes excess solvent. 

Sample [AsIII] [AsV] [Na+] [H2O] /gcm-3 µ/cm-1 pH Method 
As(OH)3 0.1272   xs   3.15 E 
AsO(OH)2

-, 1.5041  1.7475 53.243 1.160 9.203 10.6 L 
AsO(OH)2

- 0.1227  0.1227 xs   10.55 E 
AsO3

3- 0.1201  0.4310 xs   13.32 E 
H3AsO4  0.0989 0.1978 xs   0.90 E 
H2AsO4

-  0.0988 0.1976 xs   4.46 E 
HAsO4

2-  0.0996 0.1992 xs   9.02 E 
AsO4

3-  1.5006 4.5018 52.151 1.251  9.427 12.8 L 
AsO4

3-  0.1001 0.7435 xs   13.59 E 
CH3AsO(O)2-  0.09 0.18 xs   10.31 E 
(CH3)2AsO(OH)  0.10  xs   4.08 E 
 

XAFS 
K-edge X-ray absorption spectra of the aqueous arsenic solutions listed in Table 1 were 

collected at the wiggler beam-line I811 at the MAX-lab facility at Lund University, Sweden. 
The facility operated at 1.5 GeV and a maximum current of 250 mA. A double crystal 
monochromator, Si(311) or Si(111), was used. The second monochromator crystal was 
detuned to 40% of maximum intensity at the end of the scans to minimize higher harmonics. 
All spectra were energy calibrated versus elemental arsenic, ground into a fine powder and 
mixed with BN, by assigning the first inflection point of the K edge to 11867.0 eV 50 The 
solutions were contained in cells made of a Teflon spacer and 6 m polypropylene film held 
together with a titanium frame. The experiments were performed in transmission mode at the 
As K edge using gas filled ion chambers. Data treatment was performed with the computer 
program packages EXAFSPAK51 and GNXAS.52 Ab initio calculated phase and amplitude 
parameters, used by the EXAFSPAK program, were computed by the FEFF7 program.53  

Large Angle X-ray Scattering 
The scattering of MoKα X-ray radiation, λ=0.7107 Å, from the free surface of the 

aqueous solutions listed in Table 1 was measured in a large angle Θ-Θ goniometer described 
elsewhere.54 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 
monochromatized using a LiF(200) single crystal focusing monochromator. The scattering 
was determined at 450 steps in the angle range of 0.5 < Θ < 65º, where the scattering angle is 
2Θ. At each angle 100,000 X-ray quanta were 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-0.1 mm 
or 1o-2o-0.2 mm depending angle range. 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.54 All data treatment 
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was carried out using the KURVLR program,55 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.56 
The experimental data was normalized to a stoichiometric unit containing one central atom of 
arsenic or tellurium, using the scattering factors f for neutral atoms, including corrections for 
anomalous dispersion, Δf' and Δf'',57-59 and multiple scattering events. Removal of spurious 
non-physical peaks below 1.2 Å was performed with a Fourier back-transformation procedure 
and this improves alignment of the experimental structure-dependent intensity function 
iexp(s).60  

Crystal structure database search 
Reported crystal structures containing individual units of H3AsO4, H2AsO4

-, HAsO4
2- 

and AsO4
3- were collected from the Cambridge Structural Database and the Inorganic Crystal 

Structure Database.61,62 In order for the different structures to be potentially representative for 
comparison with hydrated species in aqueous solution, only those in which arsenate oxygen 
atoms binding to neutral species or univalent ligand atoms were considered. Species in which 
Ag+ or Tl+ bind directly to the arsenate oxygen atoms have not been included, as the soft 
character of these metal ions may alter the electron distribution and thereby their structure. 
Finally, those structures unable to pass a recursive Grubb's test for outliers on the 0.01 level 
have been excluded in the calculations.63,64 These outliers are still presented together with 
included structures in Tables S1-S5. Only one structure of AsO2OH2- fitted the same criteria 
when it came to arsenic(III) species. As(OH)3 does not crystallize without transforming to 
other species such as AsO2

- or As2O3.  
In addition to the inorganic species, a number of organic arsenic(V) compounds of the 

forms RAsO(OH)2 and R2AsOOH are presented in Tables S6-S7. 

Double difference infrared spectroscopy
A Perkin-Elmer Spectrum 100 FT-IR spectrometer was used for the double difference 

IR measurements. Windows, sample holder and temperature controller were supplied by Pike 
Technologies. Data analysis was performed with the spectroscopy software GRAMS/AI 8.0 
from Thermo Electron Corporation and its add-in Razortools from Spectrumsquare. The 
additional algorithm Yanuz from the Stangret group in Gdansk has been used to find the 
derivative with respect to concentration. The sample was kept between two CaF2 windows 
separated by a Teflon spacer. The path length was interferrometrically determined to 32.720 
µm. The temperature was kept at 25±0.1 °C by an electrically heated liquid cell temperature 
controller from Pike Technologies. The beam diameter was set to 3 mm, and 256 scans were 
collected in the range 3500-900 cm-1 with a resolution of 4 cm-1. Spectral treatment was 
performed in accordance with a method developed at Uppsala University.65 To summarize, a 
raw spectrum from a sample with a certain concentration of solute in water is subtracted from 
a spectrum with an equal concentration of solute in ~8% HDO with necessary corrections for 
H2O/HDO concentrations, scaling and offset. Thereafter, the influence of bulk water is 
subtracted in order to obtain an affected spectrum, representing water molecules different 
from the aqueous bulk, thus being those affected by the solute. Bulk water removal is a 
critical step which is performed with an algorithm developed by the Stangret group.66,67 In 
short, an affected spectrum extrapolated to infinite dilution (εa) can be produced from a 
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derivative with respect to concentration, according to equation 1. Other parameters are the 
bulk water spectrum (εb), the mean molar mass of the solvent H2O/HDO (M) and the affected 
number N.67 

 

 (1) 

 
The main advantage of the double difference technique is that information can be 

obtained about the hydrogen bonding around the solute species, the degree of this interference 
depending on the peak(s) location in the affected spectrum. A strong intra molecular O-D 
bond causes a weak O-D···O hydrogen bond and the other way round. Sufficiently strong 
hydrogen bonds will increase the order in the water matrix (structure making) while weak 
ones may decrease it (structure breaking).68 An O-D stretch located at higher wave numbers 
than 2509 cm-1 indicate structure breaking while an O-D stretch located at lower wave 
numbers than 2509 cm-1 originate from a structure making ion or molecule. Hydrogen 
bonding and its relationship with affected peaks are discussed in more detail elsewhere.69 

Results and discussion 

Crystal structure database search 
In order to obtain a detailed view of the As-O bond distances in arsenic(III) and 

arsenic(V) species, a survey of the structures of inorganic arsenates and arsenites has been 
made, and the individual references are given in the supporting material section, Tables S1 
and S3-S5. Five structures have been excluded as they failed to pass a recursive Grubbs 
statistical test for outliers on the 0.01 level for two tails, but included in Tables S3–S5.  

Reported crystal structures are often lacking information about the positions of the 
hydrogen atom(s). However, it is possible to conclude whether an oxygen binds a hydrogen 
atom or not from the As-O bond length. The As-O bond distances of protonated arsenic 
oxygens, As-OH, are significantly longer than those of unprotonated ones, formally As-O- or 
As=O. In Figures 3-6, all four oxygen distances of each of the arsenic(V) species AsO4

3-, 
HAsO4

2-, H2AsO4
- and H3AsO4 have been plotted, respectively. Starting with AsO4

3-, all 
distances are related with a linear relationship, as expected for a symmetrical ion, Figure 3. 
For HAsO4

2- it can be seen that the longest distance deviates markedly from the linear 
relationship connecting the three shortest distances, Figure 4. The As-O bond distance to the 
oxygen with a proton is significantly longer, ca. 0.07 Å, or 0.05 Å longer than would be 
expected from the linear trend. It is also seen that the standard deviations for determined 
distances are considerably smaller than for the completely symmetrical AsO4

3- ion, Figure 3. 
For the H2AsO4

- ion the break from linearity occurs after two distances giving separate 
relationships for shorter-binding and longer-binding oxygen atoms as expected. The 
difference between the linear trends is 0.03-0.04 Å. Most of the crystallographic studies also 
assign the longer distances to protonated oxygen atoms. As in the case of HAsO4

2- the 
standard deviation for each distance is rather small. Corresponding features can also be seen 
for arsenic acid, Figure 6, although not as clearly as for the other species. The standard 
deviations are larger than for both H2AsO4

- and HAsO4
2-. 
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As the intramolecular distances are sorted from shortest to longest, a positive slope will 
be obtained. It is however rather small for the arsenate ion. It can also be seen that the slope of 
the trend line connecting unprotonated oxygen distances increases with increasing 
protonation, going from 0.005 (AsO4

3-), through 0.008 (HAsO4
2-) to 0.012 (H2AsO4

-)(Figures 
3-5). A similar relationship can be seen for the slope of the trend-line connecting protonated 
oxygen atoms, going from 0.007 (H2AsO4

-) to 0.016 (H3AsO4) (Figures 5-6). In a solution, 
there is no reason to expect anything but two distinct distance levels for these species. Levels 
valid for comparison with solution can be approximated by defining the long level as mean 
distance # 4 for HAsO4

2-, distances # 3 and 4 for H2AsO4
- and distances # 2, 3 and 4 for 

H3AsO4. Remaining distances fall on the short distance level. 
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Figure 3: The four As-O distances obtained from nine 
crystal structures containing an AsO4

3- ion. Shortest 
distance (blue), second shortest (red), second longest 
(green) and longest distance (purple) are related as 
shown by the linear equation (dashed blue line). In 
addition, one structure failing Grubbs statistical test for 
outliers is shown as crosses. All distances in this 
structure have been excluded as some failed the 
Grubbs test. The black line connects average values for 
each distance. 

Figure 4: The four As-O distances obtained from ten 
crystal structures containing an HAsO4

2- ion. Shortest 
distance (blue), second shortest (red), third shortest 
(green) are related as shown by the linear equation 
(dashed blue line). The longest distance (purple) 
deviates from this relationship. In addition, one 
structure failing Grubbs statistical test for outliers is 
shown as crosses. All distances in this structure have 
been excluded as the first one failed Grubbs test with a 
value of 1.599 Å. The black line connects average 
values for each distance. 
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Figure 5: The four As-O distances obtained from 38 
crystal structures containing an H2AsO4

- ion. Shortest 
distance (blue) and second shortest (red) are related as 
shown by the lower linear equation (dashed blue line). 
The second longest (green) and longest (purple) 
distances are related as shown by the upper linear 
equation (dashed purple line). In addition, four 
structures failing Grubbs statistical test for outliers are 
shown as crosses. All of the distances in these 
structures have been excluded as at least one failed the 
Grubbs test. The black line connects average values for 
each distance. 

Figure 6: The four As-O distances obtained from ten 
crystal structures containing a H3AsO4

 molecule. The 
shortest distance is shown with blue diamonds. The 
third longest (red), second longest (green) and longest 
distances are related as shown by the linear equation 
(dashed purple line). The black line connects average 
values for each distance. 

 
In Figure 7, short and long distances are plotted as a function of charge, and the 

following interesting relationship is observed. Even though both the shorter and longer 
distances increase with the negative charge of the arsenates, they are weighted together as 
described above to give a rather constant mean As-O bond length. The same lower standard 
deviation for HAsO4

2- and H2AsO4
- as previously noted in figures 4 and 5 can also be seen in 

Figure 7. 
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Figure 7: As-O bond distances as a function of charge on arsenic(V) species. The shorter distance level is shown 
as open blue triangles, and the longer distance level as open purple squares. Mean distances are shown with open 
green circles. Perceived relationships are shown with dashed lines. All crystal structure data originate from 
crystal structure databases, refs. (61) and (62) The mean As-O bond distances from the EXAFS study in aqueous 
solution are included in the graph as well (orange diamonds). 

 
A summary of the results of the crystal structure database search for species in the 

arsenic acid system is given in Table 2. Each of the investigated structures is presented in 
supporting material, Tables S1 and S3-S7. Table S2 contain a number of H2AsO4

- structures 
in which no differentiation between long and short have been obtained. Likely reasons for this 
are that the model has been fitted to a space group of too high symmetry or disorder in the 
crystals. The mean As-O value for these sixteen structures is 1.695 Å which can be compared 
to 1.681 Å for the group of structures presented below. 

 
Table 2: Summary of As-O distances found in crystal structures containing species from the arsenate or arsenite 
systems. For detailed references, see supporting material, Appendix 1. 

Species No. Short Long Mean Std. dev. References 
H3AsO4 10 1.641 1.686 1.674 0.009 70-78 
H2AsO4

- 38 1.655 1.708 1.681 0.004 76-77,79-109 
HAsO4

2- 10 1.670 1.736 1.687 0.005 110-118 
AsO4

3- 9 1.674  1.674 0.012 119-126 
RAsO(OH)2 17 1.653 1.705 1.688 0.007 127-139 
R2AsO(OH) 6 1.655 1.731 1.693 0.020 136-144 
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Database results for organic arsenates on the form RAsO(OH)2 have also been studied 
as shown in Figure 8. Two longer arsenic-oxygen distances and one shorter can be expected 
from the formula, and as in the case with inorganic arsenates, these two levels can be seen in 
Figure 8. The slope is intermediate between that of H2AsO4

- (containing two long As-O 
distances) and H3AsO4 (containing three long As-O distances). The deviation of the short 
distance from the trend line is about 0.03 Å. The results can be compared with those of 
organic arsenates on the form R2AsO(OH), Figure 9. These structures contain only two 
distances whereof one is short and one is long. The long distance is substantially longer than 
in the case of RAsO(OH)2, compensating for the fact that the latter have two long distances. 
As a result, the mean As-O distances differ only 0.005Å. 
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Figure 8: The three As-O distances obtained from 17 
crystal structures of organic arsenates in the form 
RAsO(OH)2  Shortest distance (blue), intermediate 
distance (red) and longest distance (green) are shown 
as diamonds. From the general formula, one shorter 
and two longer arsenic-oxygen distances can be 
expected. The assumed relationship between the two 
longer distances is shown with a dashed line. In 
addition, six structures failing Grubbs statistical test 
for outliers are shown as crosses. All of the distances 
in these structures have been excluded as at least one 
failed the Grubbs test. 

Figure 9: The two As-O distances obtained from six 
crystal structures of organic arsenates in the form 
R2AsO(OH). Shortest distance (blue) and longest 
distance (red) are shown as diamonds. From the 
general formula, one short and one long arsenic-
oxygen distances can be expected. In addition, one 
structure failing Grubbs statistical test for outliers is 
shown as crosses. Both distances in this structure have 
been excluded. 

 
Regarding arsenite species, there is a lack of similar statistical material. Arsenic(III) 

prefers to crystallize as meta-arsenite with linear chains of AsO2
- units, when crystallizing 

with low charge density cations such as the alkali metals. When arsenite does crystallize as 
separate AsO3

- units, it is commonly in the presence of an ion with high charge density. This 
obstructs comparisons with the aqueous phase with regard to bond lengths and angles. One 
relevant structure, Na2AsO2OH·5H2O, has As-O bond distances of 1.733, 1,737 and 1.869 Å, 
mean 1.780 Å.145 This indicate a much larger difference between short and long distances, 
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than in the case of arsenate structures, which could possibly be explained by the lower 
symmetry caused by a lone pair being repelled by charged oxygen atoms. The O-As-O angles 
were determined to 104.77, 98.48 and 100.25°, mean = 101.2°.145 The largest value 
corresponds to the angle between negatively charged oxygen atoms (shorter As-O-distances). 
The compound Na5(AsO2OH)(AsO3)·12 H2O was a part of the same study but unfortunately it 
was not possible to separate the AsO2OH2- and AsO3

3- units from each other.  
 

XANES of hydrated arsenates and arsenites 
The XANES spectra of arsenous acid, As(OH)3, arsenites, AsOn(OH)(3-n)

n-, n=1 and 3, 
arsenic acid, H3AsO4, and arsenates, HnAsO4

(3-n)-, n=0-2, normalized to unit absorption at 
11985 eV, are shown in Figure 10. White-line maxima are observed close to the literature 
value of 11871.7 eV21 for all inorganic arsenic(III) species studied (AsO3

3-, AsO2OH- and 
As(OH)3). The XANES spectra of the charged arsenic(III) species are very similar with a 
weak shoulder at 11890 eV, which is lacking in the neutral arsenous acid. Inorganic 
arsenic(V) species have white-line maxima close to the literature value 11875.3 eV.21 In Table 
3, individual white-line maxima are presented, and interestingly, the difference between 
arsenic(V) and arsenic(III) species of the same degree of protonation is 4.0 eV in each case. 
Values in Table 3 are shown with two decimals in Table S8 to underline this constant 
difference. Analogous to the arsenic(III) species, XANES spectra of the arsenate species are 
very similar. A slight decrease in white-line intensity with decreasing protonation can be 
discerned. Also analogous to the arsenic(III) case, charged arsenate species show a more 
pronounced shoulder around 11890 eV. This is shown more clearly in an enlarged region of 
the graph, Figure S2. 

The white-line maximum for the organic arsenates monomethylarsenate(V), MMA = 
CH3AsO(OH)2, and dimethylarsenate(V), DMA = (CH3)2AsO(OH), are observed at the 
slightly lower values, relative to the white line positions of inorganic arsenate species, of 
11874.4 and 11874.6 eV respectively (Figure 11). It is therefore possible from the absorption 
energy to distinguish between inorganic and these organic arsenic(V) species. It can be noted 
that the value of DMA differs from that reported by Smith et al.21 
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Figure 10: As Kα edges of inorganic arsenic compounds. Light red: As(OH)3; light orange AsO(OH)2
-; light blue 

AsO3
3-, Red: H3AsO4; Orange: H2AsO4

-; green HAsO4
2-; blue AsO4

3-. Details of the samples can be found in 
Table 1. Dashed lines in the left panel delimit the range shown in the right panel. 

 
Table 3: White line maxima in eV for inorganic arsenic species in varied states of protonation, and for  *)The 
literature value reported for trivalent arsenic were obtained at pH 9, and thus speciation As(OH)3/AsO(OH)2

- is 
unclear. MMA refers to CH3AsO(O)2

2- and DMA refers to (CH3)2AsO(OH). 

Species Peak Literature21 Species Peak Literature21  Diff AsV-AsIII 
H3AsO4 11875.5  As(OH)3 11871.5 11871.7* 4.0 
H2AsO4

- 11875.2 11875.3 AsO(OH)2
- 11871.2 4.0 

HAsO4
2- 11875.3 

AsO4
3- 11875.4  AsO3

3- 11871.2 4.0 
Mean As

V
  11875.4 Mean As

III
 11871.4 

MMA  11874.4 11874.1   
DMA  11874.6 11873.3  
 

As(V) 

As(III) 

As(V) 

As(III) 
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Figure 11: As Kα edges of organic arsenic(V) compounds. Purple: DMA(V); turquoise MMA(V). Grey dashed 
lines represent inorganic arsenic(V) species. 

EXAFS on hydrated arsenates and arsenites 

The structures of the hydrated inorganic arsenate species have been studied by EXAFS 
and results are presented in Table 4 together with results from measurements of MMA and 
DMA. Obtained EXAFS results for the investigation of inorganic arsenites are given in Table 
5, and the EXAFS functions of all inorganic species are shown in Figure S3. Obtained 
EXAFS results for MMA and DMA are shown in Figure S5. The similarity of the functions 
for species in the same oxidation state clearly shows that the mean As-O bond distance is 
independent of degree of protonation for both arsenate and arsenite, Figure S3, as is also 
found in the solid state, Figure 7. The mean As-O bond distance in the hydrated arsenates and 
arsenic acid, 1.706 Å, is 0.02-0.03 Å longer than in the solid state, Table 2, a difference also 
seen for other anions as perchlorate146, sulfate147 and sulfite.33 It can also be expected that the 
As-O bond distance distribution with significantly longer As-OH than As-O bonds is 
maintained in aqueous solution. This difference is however not large enough to be resolved by 
the methods applicable on solutions (i.e. EXAFS and LAXS). The mean As-O bond distance 
in the hydrated arsenites and arsenous acid, ca. 1.80 Å, is ca. 0.02 Å longer than found for 
AsO2(OH)2- in the solid state.145 Figure 12 shows the refinements of HAsO4

2- and As(OH)3, 
both being representative of other species with the same oxidation state. A comparison of the 
above mentioned As(OH)3 solution with an oversaturated solution of about 0.5 M, Figure S4, 
does not show any significant differences. Hence there are no indications of polynuclear 
complexes such as As4O6 or As3O3(OH)3,34 or the concentration of such complexes are too 
low to affect the As(OH)3 EXAFS wave. 
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Table 4. Mean distances, d/Å, number of distances, N, Debye-Waller coefficients, /Å2, threshold energy, Eo, and 
amplitude reduction factor, So

2, from the EXAFS studies of the hydrated arsenate(V) ions in different protonated forms 
and organic arsenate molecules at room temperature. 

Species Interaction N d σ
2
  Eo So

2
 

Species 

AsO4
3-  As-O 4 1.706(1) 0.0013(1) 11878.8(2)  0.90(2) 

   As-O-O 12 3.10(2) 0.006(2) 

   MS(AsO4) 4+12 3.43(2) 0.011(2) 

 

HAsO4
2-  As-O 4 1.708(2) 0.0033(2)  11878.3(2) 0.91(2) 

   As-O-O 12 3.09(1) 0.004(1) 

   MS(AsO4) 4+12 3.44(2) 0.009(2) 

 

H2AsO4
-  As-O 4 1.707(1) 0.0040(1) 11878.2(2)  0.90(2) 

   As-O-O 12 3.08(1) 0.004(1) 

   MS(AsO4) 4+12 3.43(3) 0.009(3) 

 

H3AsO4  As-O 4 1.703(1) 0.0032(1) 11878.4(2)  0.91(2) 

   As-O-O 12 3.08(1) 0.003(1) 

   MS(AsO4) 4+12 3.42(2) 0.004(2) 

 

CH3AsO(OH)2 As-O 3 1.707(1) 0.0050(1) 11879.2(2) 0.88(2) 

   As-C 1 1.890(3) 0.0012(3) 

 

(CH3)2AsO(OH) As-O 2 1.709(1) 0.0028(1) 11879.3(2)  0.92(2) 

   As-C 2 1.890(2) 0.0013(2) 
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Table 5. Threshold energy, Eo, and amplitude reduction factor, So

2
, distances, d/Å, number of distances, N, 

Debye-Waller coefficients, /Å2, from the EXAFS studies of hydrated arsenous acid and arsenite ions at room 
temperature. 

Species Interaction N d σ
2 

 Eo So
2

 

 

Species 

AsO4
3-  As-O 3 1.798(1) 0.0042(1)  11876.5(2)  0.91(2) 

   MS(AsO3) 2x3 3.595(11) 0.0085(10) 

 

AsO(OH)2
-  As-O 3 1.801(3) 0.0035(4)  11878.6(2)  0.90(2) 

   MS(AsO3) 2x3 3.60(2) 0.007(2) 

 

As(OH)3  As-O 3 1.802(1) 0.0028(1)  11876.8(2)  0.90(2) 

   MS(AsO3) 2x3 3.605(8) 0.0059(8) 
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Figure 12: Experimental (black lines) and calculated EXAFS data for arsenic acid, H3AsO4 (red line) and 
arsenous acid, As(OH)3, (purple line). 
 

Large Angle X-ray Scattering 

A Na2HAsO4 solution of pH 12.8, a NaAsO2 solution at pH 10.6 and a Te(OH)6 
solution was investigated by large angle X-ray scattering, and a summary of fitted parameters 
can be found in Table 6. Recurring distances in aqueous solution as well as temperature 



~ 18 ~ 
 

coefficients are shown for the hydrated species AsO4
3-, AsO(OH)2

- and Te(OH)6(aq), as well 
as for solvent-solvent interactions and interactions with counter ions.  

 
Table 6: Mean distances, d/Å, number of distances, N, temperature coefficients, b/Å2, and the half-height full 
width, l/Å, in the LAXS studies of hydrated arsenic oxyanions in aqueous solution at room temperature. 

Species Interaction N d b  l 

AsO4
3-

 in water, 1.5006 mol.dm
-3

 

AsO4
3-/aq  As-O 4 1.704(3) 0.0020(2) 0.063(3) 

   As(OH) ···O 8 3.929(5) 0.0212(7) 0.206(4) 

   (As)O-(H) ···O 8 2.783(9) 0.0134(11) 0.164(7) 

Na(OH2)6
+   Na-O 6 2.429(8) 0.0234(6) 0.216(2) 

Water bulk O···O 2 2.888(4) 0.0193(5) 0.196(3) 

AsO(OH)2
-
 in water, 1.5041 mol.dm

-3
 

As(OH)2O-/aq As-O 3 1.785(2) 0.0023(2) 0.068(3) 

   As(OH) ···O 9 4.096(4) 0.0245(6) 0.221(3) 

   (As)O-(H) ···O 9 2.865(11) 0.016(3) 0.18(2) 

Na(OH2)6
+   Na-O 6 2.436(12) 0.022(1) 0.21(1) 

Water bulk O···O 2 2.889(4) 0.0203(5) 0.201(3) 

Te(OH)6 in water, 2.0003 mol.dm
-3

 

Te(OH)6/aq Te-OH 6 1.940(2) 0.0012(1) 0.049(2) 

 Te(OH) ···O 12 4.140 0.01947 0.1973 

 (Te) O-(H) ···O12 2.845 0.044(3) 0.1646 

Water bulk O···O 2 2.888(7) 0.0203(13) 0.201(3) 

 

Dihydrogen arsenite and arsenate ions in water 

The structures of the hydrated AsO4
3- and AsO(OH)2

- ions in aqueous solution have 
been determined by large angle X-ray scattering (LAXS). The radial distribution function 
(RDF) for the arsenate ion the aqueous solution (pH 12.8) show three peaks at 1.7, 2.9 and 3.9 
Å, which corresponds to the mean As-O bond distance, the mean O···O in the aqueous bulk 
and the distance between arsenic and the hydrating water oxygens, As-(O)···O, respectively, 
and a very weak shoulder at 2.4 Å corresponding the hydrated sodium ion, Figure 13. The 
mean As-O bond distance was refined to 1.704(9) Å, and the As-(O)···O distance to 
3.929(13) Å, the (As-)O···O distance to 2.78(2) which corresponds to an As-O-O bond angle 
of 120.3o. The short (As-)O···O distance shows that the arsenate ion indeed is a structure 
maker similar to the sulfate and phosphate ions.147,148 The As-O-O bond angle strongly 
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indicates that two water molecules strongly hydrogen bind to each arsenate oxygen. The 
O···O distance in the aqueous bulk was refined to 2.89(2), which is the normal value for this 
distance in aqueous electrolyte solutions. The Na-O bond distance in the hydrated sodium ion, 
refined to 2.43(2) Å, is in full agreement with previous studies.69 

The radial distribution function (RDF) for the aqueous solution of sodium metaarsenite 
(pH 10.6) show three peaks at 1.8, 2.9 and 4.1 Å, which corresponds to the mean As-O bond 
distance, the mean O···O in the aqueous bulk and the distance between arsenic and the 
hydrating water oxygens, As-(O)···O, respectively, and a very weak shoulder at 2.4 Å 
corresponding the hydrated sodium ion, Figure 14. The mean As-O bond distance was refined 
to 1.785(5) Å, and the As-(O)···O distance to 4.096(10) Å, the (As-)O···O distance to 2.86(3) 
Å which corresponds to an As-O-O bond angle of 122 o. The (As-)O···O distance shows that 
the dihydrogen arsenite ion is a weak structure and the As-O-O bond angle indicates that in 
principle two water molecules hydrogen bind to each arsenite oxygen. The O ···O distance in 
the aqueous bulk was refined to 2.889(10) Å. The As-O bond distances obtained by LAXS are 
in excellent agreement with the results from the EXAFS study presented above. 
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Figure 13: (Top) LAXS radial distribution curves for 
a 1.501 mol.dm-3 aqueous solution of AsO4

2-. Upper 
part: Separate model contributions (offset: 16) of 
internal As-O distances (green line), the hydrated 
sodium ion (pink line) and the aqueous bulk (orange 
line). (Middle) Experimental RDF: D(r)-4πr

2o (red 
line), sum of model contributions (black line) and the 

Figure 14: (Top) LAXS radial distribution curves for 
a 1.504 mol.dm-3 aqueous solution of AsO(OH)2

-. 
Upper part: Separate model contributions (offset: 15) 
of internal As-O distances (green line), the hydrated 
sodium ion (pink line) and the aqueous bulk (light 
orange line). (Middle) Experimental RDF: D(r)-4πr

2o 
(red line), sum of model contributions (black line) and 
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difference between experimental and calculated 
functions (blue line). (Bottom) Reduced LAXS 
intensity functions s.i(s) (black line); model s.icalc(s) 
(red line). 
 

the difference between experimental and calculated 
functions (blue line). (Bottom) Reduced LAXS 
intensity functions s.i(s) (solid line); model s.icalc(s) 
(red line). 

Orthotelluric acid 

Modeling Te(OH)6 is especially advantageous, as no counter ion is needed and 
orthotelluric acid is the only species in solution except for the solvent that exists at high 
concentration. At the same time, As(OH)3 is not soluble enough to fulfill the requirements of 
LAXS measurements, and orthotelluric acid may serve a model for the hydration of arsenous 
acid. In the case of orthotelluric acid, distances originating from well-defined peaks such as 
the Te-OH intramolecular distances and the distance between tellurium and hydrating water 
oxygen can be considered very accurate, Figure S6. The octahedral structure of Te(OH)6 is 
confirmed in this work and the Te-OH distance of 1.940(4) Å is in the same range as in 
previous work.39 This means that the Te-OH distance in aqueous solutions is about 0.025 Å 
longer than in crystal structures38-46, which is in agreement with hydrated anions such as 
perchlorate146, sulfate147 and sulfite33, as well as for arsenate. The Te-(OH)···O distance, 
refined to 4.140 Å, together with the Te-O bond distance, 1.940(6) Å, the Te-(OH)···O 
distance, refined to 2.845 Å, give a Te-O(H)···O bond angle of 118.6 o. This indicates that 
approximately two water molecules are bound to each hydroxyl group, Figure 15. 
 

 
Figure 15: Hydration of orthotelluric acid with two water 
molecules at each hydroxyl group. The hydration 
possibilities are either HOH interacting with the oxygen 
side of the hydroxyl group or OH2 with the hydrogen side  
 

Double Difference Infrared Spectroscopy 
As in the case of LAXS, it is beneficial to model Te(OH)6 since there is no counter ion. 

As described in the experimental section, an affected spectrum represents solvent molecules 
in the vicinity of an ion or molecule. The affected spectrum of hydrated Te(OH)6 in aqueous 
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solution is shown in Figure 16, and contain one Gaussian peak at 2340 cm-1, and one peak at 
2533 cm-1 which can be described as a combination of two Gaussian sub-peaks. The weighted 
center of the latter peak occurs at 2513 cm-1 and the weighted center of the entire affected 
spectrum occurs at 2449 cm-1. The affected number N was found to be 9.7.  

Considering the affected spectrum in Figure 16, it can be seen that it is skewed towards 
lower wave numbers, indicating a possible weak structure making effect. In the model 
applied, three individual Gaussian peaks make up the affected spectrum of Te(OH)6(aq). The 
most interesting peak is the one at 2340 cm-1, as it is responsible for the skewed shape of the 
affected spectrum. We would like to propose that this peak is mainly due to interactions with 
the hydroxyl hydrogen, Figure 15. The acidity of the (HO)5TeO-H bond should cause an 
increased charge separation compared to the much less acidic water molecule. Due to this 
increased charge separation, partial charge density increases relatively more for the light 
hydroxyl hydrogen than for the hydroxyl oxygen, giving the smaller atom the property of a 
weak structure maker in aqueous solution. The peaks at 2564 and 2474 cm-1 should originate 
from HDO molecules interacting with the hydroxyl oxygen, but it is unclear whether both 
have physical significance or if they should be treated as one peak with asymmetric 
distribution. Due to the almost Gaussian shape of the combined peak at 2533 cm-1, sub-peaks 
are not further assigned to particular interactions here. A more speculative alternative 
interpretation is included in supplementary material, Appendix 4. 
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Figure 16: Affected spectrum of Te(OH)6(aq). The spectrum is modeled from 3 individual contributions of 
Gaussian character. The green line is the Gaussian combination of peaks at 2564cm-1 and 2474cm-1 while the 
orange line is a Gaussian peak at 2340cm-1.The position of bulk water at 2509cm-1 is shown as a grey dashed 
line. 

 
Arsenous acid is much less water soluble than orthotelluric acid, and As2O3 may 

precipitate at concentrations around 0.2 mol·dm-3.10,11 The lower solubility of As(OH)3 causes 
the double difference spectrum to be noisy and less certain, Figure S8, but the general features 
are in line with that of orthotelluric acid, Figure 16. The shape of the affected spectrum can be 
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modeled with two Gaussian peaks located at 2511 and 2331 cm-1 respectively. The affected 
number N=15.2 found for As(OH)3 with the standard procedure is presumably wrong, as an 
effect of the noisy derivative for the low concentrations investigated, Figure 17. As can be 
seen from equation 1, the impact of a noisy concentration derivative increase with decreasing 
affected number N. However, an alternative evaluation with N=6 give the same result with 
respect to peak positions (±3 cm-1), Figure S8.  

Analogous to Te(OH)6, we propose that As(OH)3 is a weak structure maker as a 
significant contribution is found at lower wave numbers. This shifts the spectrum weighted 
average to wave numbers lower than that of bulk water, Figure S8. The similarity between 
Te(OH)6 and As(OH)3 is perhaps more convincingly shown by comparing derivatives with 
respect to concentration, Figure 17. These derivatives are calculated from raw data, without 
dependence on chosen affected number. For the same reason as with orthotelluric acid, the 
structure making properties of arsenous acid should originate from HDO interactions with the 
acidic hydroxyl hydrogen. 
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Figure 17: Derivatives with respect to concentration for orthotelluric acid and arsenous acid.  

Conclusions 
It can be established that average As-O distances in arsenate-containing crystals are 

very similar despite large differences in individual distances due to protonation. The system 
of distances as a whole appears to compensate deviating distances to obtain a fairly constant 
average. EXAFS measurements of the species in the H3AsO4 system in aqueous solution 
confirm the picture with a mean As-O bond distance independent of degree of protonation. 
As-O distances in inorganic arsenic(III) species are about 0.1 Å longer than in arsenic(V) 
species as determined by EXAFS. 

As-O distances in aqueous solution were found to be about 0.02 Å longer than in the 
crystal structure investigation, which is in the same range as previously found for other anions 
such as perchlorate146, sulfate147 and sulfite.33 A similar relationship was also confirmed for 
the Te-O distance in orthotelluric acid. 
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The conformity of shape and positions of XANES edges between inorganic species with 
the same oxidation state is good but even more striking is the relationship between arsenic(III) 
and arsenic(V) species of the same degree of protonation, each differing by 4.00-4.01 eV. 
H3AsO4 and As(OH)3, as the only neutral inorganic species investigated, differ slightly from 
other species with the respective oxidation state, as shown by somewhat smoother spectra 
with less pronounced features. The organic species MMA and DMA can be distinguished 
from inorganic arsenic(V) species by their slightly lower white-line maxima values (about 1 
eV) and lower intensities.  

Double Difference Infrared Spectroscopy indicate that the hydration of both 
orthotelluric acid, Te(OH)6, and arsenous acid, As(OH)3, is sufficiently strong to strengthen 
the hydrogen bonded network of water. They should therefore be classified as weak structure 
makers. 
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