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The geometrical and electronic structure of the arsenious acid molec@@HAs in aqueous
solutions has been investigated by x-ray absorption spectroseth$) within extended x-ray
absorption spectroscop(EXAFS) and x-ray absorption near edge structydANES), using
realistic first-principle calculations in the latter case. This investigation was performed on aqueous
solutions of arsenious acid from ambient to supercritical conditidhs Z50 and 600 barsT

<500 °C) using a new optical cell. The analysis of the XAS spectra is consistentiyaltonstant

As-O distance(2) an opening of the O-As-O angles within tBg,, pyramidal structure in the range
30-200 °C. This structural evolution comes along with a small decrease of the partial charges of the
atoms in the AGH); molecule. The explanation invoked for both structural and electronic
modifications observed is the weakening of the interactions, through hydrogen bonds, between the
As(OH); complex and water molecules. This is a fingerprint of the similar weakening of hydrogen
bonding interactions in the solvent itself. @004 American Institute of Physics.

[DOI: 10.1063/1.1785150

I. INTRODUCTION Two situations must be considered: either the solute spe-

The understanding of the processes of molecular interacGi®S are ions or neutral molecules. In the former case, the
tions in fluids at elevated pressures and temperatures is §fudy of ion hydration-shell structures under high tempera-
crucial importance, in particular, in the case of aqueougure and high pressure conditions gives information on the
solutions? The growing interest in these processes stemgnolecular reorientation taking place in the solvémind on
from both the fundamental and applied insights that theitthe evolution of solvent permittivity that controls coulom-
understanding brings to the geochemic¢hlp)chemical, and  bic interactions’ The present study belongs to the latter case
industrial communities. It must be emphasized in the case ofthere the solute under consideration is a neutral complex.
aqueous solutions that the interparticle interactions under elfFhe molecule of aqueous arsenious acid@d); is a very
evated temperature and pressure conditions are very sensitigeod candidate as a probe: it possesses a nonzero dipole
to the structure of the solvent and, in particular, to the hy-moment that may evolve with the solvent permittivityand
drogen bonding strength. As a consequence, studying three OH groups likely to establish hydrogen bonds with
structural and electronic evolution of solute particles in aquesglvent water molecules.

ous solutions is an efficient indirect method to get informa-  aAmong different techniquex-ray diffraction, isotopic

tion on the solvent itself. substitution neutron scattering, Raman, IR, and NMR spec-
troscopieg x-ray absorption spectroscopy is particularly

dElectronic mail: denis.testemale @estf.fr powerful to obtain local information on the geometrical and
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electronic structure of any compound. Thus many studies A first EXAFS analysis of the O solutions was re-
using this tool have been dedicated to the structural charagorted in Ref. 27. The cell used for these measurements has
terization of the hydration of cations and anions of metalsbeen described in detail elsewhéré:?’~?*For the 0.0

and nonmetallic elements at elevated pressure and tempersamples, a High Pressu(idP)/High Temperatur@gdT) setup,

ture conditiong~2° Although the extended x-ray Absorption designed recently in the Laboratoire de Cristallographie
Fine Structurd EXAFS) analysis is widely used to get infor- (CNRS-Grenoblg was used. It will be described in details in
mation on the structure of molecular aqueous compléses  a further publicatior® This cell design is compatible with
Ref. 21 and references thergiguantitative analysis of the many different x-ray based technique$AS in both trans-
x-ray Absorption Near Edge StructufXANES) is rather mission and fluorescence modes, small angle x-ray scatter-
new for aqueous systems. Recently, advances in this fielchg, inelastic x-ray scattering, and visible Raman scattering,
have been made with the appearance of different codes basedd it operates in a wide range of temperature and pressure
on the full multiple scattering scheme. For instance, Benfattd T<600 °C andP<600 bars for aqueous samples, ahd

et al?? developed a code that has been used to model the1700°C andP <2000 bars for liquid metals and metallic
geometry of ion hydration shell€:?°In the present study, we glasses In the present work, several scans have been re-
used another approach with the caamvuNEs (Ref. 23 that  corded for each sample, both in transmission and fluores-
calculates the absorption cross section beyond the muffin-tinence modes at the same time, at each pressure and tempera-
approximation(realistic calculations We show that such an ture. Reversibility has been checked at edePR point: the
approach is compulsory in the case of the nondense arabsorption jump at the A§ edge, proportional to the sample
asymmetrical structure of the aqueous(®@kl); molecule.  density, was found to be perfectly reversible on increasing
Furthermore, an experimental cell has been developed thand decreasing temperature, as well as the shape of the
enables the acquisition of both transmission and fluorescenc€ANES and EXAFS spectra.

spectra of high quality for low concentration sample-

sorber concentratior=0.3m): these conditions allow to re- g ExAFS analysis procedure

duce the solute-solute interactions that may exist between . )
solute molecule&25 The EXAFS data processing was conducted with a set of

Section Il describes briefly the experimental and analytiPrograms taken from thewxars project®! This software
cal methods employed in the present study to collect and!lows to use the cumulants mgtﬁ6¢nd take into account
model the experimental and calculated x-ray absorptioﬁhe multlple_scatterlng co_ntrlbutlons in the signal. The sta_n-
spectroscopy spectra. In Sec. Ill, we present the results §ard analysis procedure is followed. First, the EXAFS oscil-
both EXAFS and XANES analyses. Finally, Sec. IV ad- Ia_tlons x(K) are extracteg3 by substrfictu_)n of _the baseline
dresses the discussion concerning the relation between t§dth the AUTOBK program:™ the baseline is defined by the
evolution of the structure of A®H), and the properties of low R components in the Fourier transform of the above

water itself at elevated conditions of pressure and temper&2d9€ oscillating part of the spectra. Then, the ang\%iis of
ture. these oscillations is performed witleFF 8.0and FEFFIT.>™

FEFF 8.0 calculates the scattering functioamplitude and

phase and the mean free paths of single and multiple scat-
Il. EXPERIMENTAL AND ANALYTICAL METHODS tering paths within the structure of the cluster under consid-
A. Cell design and spectra acquisition eration. The geometrical parameters of these pathmber

N of oxygen neighbors, distancg between As and O atoms

XAS spectra at the AK edge(11 867 eV were obtained  gnq Debye—Waller paramete?) are extracted by fitting the
at the CRG-IF BM32 beamline at the European Synchrotroréxperimemm spectra WithEFFIT,

Radiation Facility(ESRF, Grenoble, FrangeThis beamline
is installed on a bending magn.8 T). It is constituted by . .
a parabolic Ni-coated mirror, a £111) double-crystal mono- C. XANES simulations
chromator and an experimental setup for different XAS ac- The XANES part of the absorption spectrum extends up
quisition modes(transmission and fluorescencdhe spot to 50—60 eV beyond the threshold. It is known to be highly
size(200x 300 um?) is kept constant on the sample using thesensitive to the three-dimensional structural environment
dynamical sagittal focusing of the second crystal of thearound the absorbing atom. Moreover, the photoelectron act-
monochromatof® The spectra were recorded at the s ing as a localized probe of the electronic environment, it is
edge in both transmission and fluorescence modes: thexpected that XANES spectra will be sensitive to the evolu-
former through two Si diode detectors located above andion of the local charges with temperature. We used the
below the sample on the x-ray beam and the latter with a 38DMNES packagé: which runs within the real space cluster
Ge elements Canberra detector. approach. The absorption cross section is calculated option-
The samples studied were th3and 0.0Bn (moles per ally under two procedures:
kg of solvenj arsenious acid aqueous solutions. They were (1) The first one uses the multiple scatterifiylS)
prepared by dissolving A®; (Merck Normapuy in de-  theory where the cross section is calculated in terms of path
ionized water(18 M(Q)) at 90 °C. The spectra were recorded operators solving the Lippman—Schwinger equation. It uses
at 250 and 600 bars and temperatures from 30 to 500 °C fahe muffin-tin (MT) approximation for the shape of the po-
the 0.3n As solutions, and at 250 bars and temperatures fronential where this one is spherically averaged in the atoms
30 to 350 °C for the 0.0 sample. and constant between them.
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TABLE I. Structural parameters of the first As coordination shell derived from EXAFSréference AgO;
and Aglll ) aqueous samples from ambient up to supercritical conditidie Fourier parameters akaveight-
ing (3.8—11.5 A Hanning apodisation window, arif.9—2.8 A real space fitting range. The reduction facfsér
is deduced from a fit of the arsenolite reference spectra, and fixed to 0.83 for aqueous sdjnpleans the
corresponding parameter is fixed during the fit. The goodness of the fits is considered Ritatter and the
uncertainties are calculated through an inversion of the curvature ni@efx 35 (numbers between brackgts

Puater(g €M %) ro(A) No a?(10%A%  AEy(eV) Rfactor

Arsenolite AsOs 1.787() 3(f) 1.9(4.2 10.7 0.004

As(OH)5, 0.3m, 250 bars
30°C 1.00 1.7710.0) 3.0(0.2 1.2(0.9 12.3(1.) 0.007
100 °C 0.97 1.770.0)  3.0(0.2 1.6 (1.0 12.3(1.1) 0.007
200°C 0.88 1.770.0) 3.0(0.2 2011 13.0(1.2 0.008
350°C 0.63 1.770.0) 3.0(0.2 2.6(f) 12.7(1.9 0.012
375°C 0.51 1.760.0)  3.0(0.3 2.8(1.6) 11.0(1.8 0.016
425°C 0.13 1.760.0) 3.0(0.3 3.3(1.6) 11.4(1.7) 0.014

As(OH);, 0.3m, 600 bars
30°C 1.02 1.770.01 3.0(0.2 1.2(0.9 12.6(1.0 0.007
100°C 0.98 1.770.01 3.0(0.2 1.3(0.9 12.5(1.0 0.006
300°C 0.79 1.770.0) 2.9(0.2 1.7(1.1) 12.5(1.2) 0.008
375°C 0.67 1.770.0)  2.9(0.2 1.8(1.0 13.4(1.2) 0.008
500 °C 0.34 1.780.0) 2.9(0.2 2.5(f) 13.9(1.9 0.013

As(OH)5, 0.05m, 250 bars
30°C 1.00 1.750.01 3(f) 1.4(0.5 12.4(1.) 0.011
100 °C 0.97 1.750.01) 3(f) 1.9(0.5 12.0(1.3 0.011
200°C 0.88 1.750.00) 3(f) 1.9(0.6 11.6(1.9 0.013
350°C 0.63 1.760.01) 3(f) 2.0(0.6) 12.7(1.5) 0.016
375°C 0.51 1.760.00) 3(f) 2.0(0.6) 12.4(1.6 0.018

(2) The second procedure uses the finite differenceAs-O-H angle, which are expected to be of great importance
method(FDM) to solve the Schidinger equation. Its main despite their weak scattering power. Note that the As-O dis-
advantage is the possibility to have a totally free potentiatance was first carefully evaluated by the EXAFS analysis
shape, thus getting rid of the muffin-tin limitations. (following section. The electronic parameters are the partial

Both procedures make further a Lorentzian energy-charges on the atom@lefined in terms of relative orbital
dependent convolution of the spectrum to account for theccupancy of the As, O, and H atom$&everal models of
multielectronic and inelastic phenomena occurring in the abpartial charges were tested through the FDM calculations. It
sorption process. At the Fermi level, the Lorentzian width isshould be pointed that the inspection of charge evolution, by
due to both the interaction with the core hole and the monoeomparing experimental absorption spectra and realistic cal-
chromator resolution(respectively, 2.1 eV(Ref. 3§ and culations, is an efficient method which has been developing
about 2 eV at the AK edge on the interface beamlifi€) at  for recent years in complicated chemical systéf$ These
ESRB. It was fixed at the total value of 3 eV full width at local charges are found to be critical in the present case.
half maximum(FWHM) for photoelectron energy below 10
eV. For higher photoelectron energy, between 10 and 40 eV||. RESULTS
the onset of plasmons collective interactions increase th
Lorentzian width up to 7 eV. It is worth noting here that the
same energy-dependent width was used in all the present Several studies have shown that th& oxidation state
XANES calculations. of arsenic is stable in most high temperature hydrothermal

The multiple scattering approach which uses the muffinfluids characterized by reducing conditioiis*? Available
tin approximation is much less computer expensive than theolubility and spectroscopic data indicate that the neutral hy-
FDM method. It is well suited for symmetrical and densedroxide complex AGH); is the dominant species in both
structures but is less satisfactory for highly asymmetrical ohigh density (p>0.4 gcm®) and low density (p<0.4
less dense structure found in many molecular species. In thigcm ) hydrothermal fluid€/#*? Under the assumption
case FDM method should be preferred as discussed thothat individual and covalent A®H); species are largely
oughly in Ref. 23. Nevertheless, MS calculations are perdominant in solutiorf/#**3a single shell model was used.
formed first to assess the influence of the geometrical paran¥he EXAFS parameters derived in this study are summa-
eters on the spectfdefining the geometry of the clusjand  rized in Table I. We checked the influence of including hy-
get a reasonable approximation. Then FDM calculations ardrogen atoms in the structure, but for the sake of brevity the
conducted in order to specify the value and the evolutiorcorresponding results are not presented because they neither
with temperature of the geometrical and electronic paramimproved the fit nor altered it significantly. It stems from the
eters. These geometrical parameters are the As-O distandact that the hydrogen atoms show up in the EXAFS signal
the O-As-O angle, and the location of the H atoms., only when they are placed in focusing positidfé?—4

S\. Results from EXAFS analysis
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which is not the case for the AQH); molecule. The influ- 250 bar, 0.3 m
ence of multiple scattering on the fit was also tested and ay ' L
found to be too weak to affect the structural parameters de- 8.0 7
rived from single-shell fitting. All the results are in fair
agreement with previous EXAFS works on identical ars-
enious acid solutions. 347

The evolution of the value of? consists of a slight
increase with temperature but its value remains [érom
1.2x10° %A% at 30°C to 3.%x10 *A? at 425°C 250
bar9.*® Neither the As-O distance nor the number of oxygen 20
neighbors change with temperature and pressure within er- 11,860~ 1T 57011980 1188017900
rors. The number of oxygen neighbors remains around 3 in Energy (keV)
the whole temperature range and the distance values are be-
tween 1.76 and 1.77 A at 250 bars and between 1.77 and 600 bar, 0.3 m
1.78 A at 600 bars. The 0.65solutions are very close to b)' T
those 0.8 solutions, except for the value of the As-O dis- 8.0F
tance. Indeed, the mean value seems to be sm@lmsut
1.75 A) for the 0.0%n solutions(to be compared to the mean
value of 1.77 A for the 0.8 solutions.

e
(=)

Absorption
»
o

o
=)
T

Absorption
»
2

B. Results from XANES analysis
1. Experimental spectra

The evolution of the XANES part of the experimental
spectra as a function of temperature is presented in Fig. 1. In
this figure, spectra are normalized to the density of water. It
is worth identifying and describing the specific features of
these spectra because the simulation part of the work will

2.0 1

| 1 1 1
11.860 11.670 11.880 11.890 11.900
Energy (keV) !

250 bar, 0.05 m

consist of reproducing them. The first obvious observation is ’;.3\2'5_'0)' ]
the evolution of the white line with temperature: its intensity S 20l
increases regularly while its position does not change at both § I \L
pressures. The second point is the existence, at both pres- 5 1.5 L
sures, of a resonance at about 8 eV above the thregimsld 2 | 1 e e
dicated by the arrow on Fig.)1The evolution of this feature 5 1.0F 5
with temperature is pressure independent: its amplitude is 2
higher at 30 °C, rapidly decreases with increasing tempera- 3 051 1
ture, and becomes undetectable above 100 °C. Due to the low < |

00537860 11,670 11.880 11.690

intensity of this feature above 200 °C, it is difficult to con-
clude about its evolution at higher temperatures. In Fig. 1,

only three temperatures per pressure were drawn: 30 °GyG. 1. Raw transmission XANES spectra of arsenious acid solutions

100 °C, and the higher temperature. (0.3m) (a) at 250 barg(30 °C, O; 100 °C,J; 425 °C, V), (b) at 600 bars
(30°C,O; 100 °C,[; 500 °C, V). (c) raw fluorescence XANES spectra of
. . arsenious acid solutions (009 at 250 barg30 °C,O; 100 °C,[J; 375 °C,
2. XANES simulations A). The spectra are scaled to the solvent density values. The vertical arrow

a. Muffin-tin Multiple ScatteringMT) versusFinite Dif- denptes the resonance at 8 eV above the e{dgg text For reasons of .

ference MethodFDM). As it was already mentioned, the _clarlty, only three temperatures are plotted. In the inset, the resonance region
is plotted for the lowest and the highest temperature spectra.

relevant geometrical parameters of our realistic XANES cal-
culations are the O-As-O angle, the As-O distance, and the
As-O-H angle. They need to be constrained to reasonabligons. By comparing these preliminary basic simulations with
values by MS calculationésee Sec. Il ¢ Determination of the experimental spectra in the EXAFS region, it appeared
the structure of the A®H); cluster was recently derived that these geometrical values were not far from reality, since
from quantum mechanicahb initio calculations’®° in they generate spectra similar to the experimental daess
agreement with Raman spectroscopy measureriéfts. plitude and positions of the oscillations the (50—100 eV
Theseab initio calculations predicted that the molecule has arange. For brevity these MS simulations are not detailed in
pyramidal structure, with an apical arsenic atom and thre¢his study. It is worth pointing out here that these MS muffin-
OH groups at the basis, with an As-O distance around 1.78n calculations can only be considered as a first step. Indeed,
A, O-As-O angles between 97° and 99°, an O-H distance ofhe main experimental featufthe resonance 8 eV above the
0.97 A, and As-O-H angles about 120°. These angles coupleedge, see Fig.)ican only be reproduced within FDM calcu-
with the EXAFS mean As-O distance derived in the presentations, as it is demonstrated in Fig. 2. The inefficiency of the
study were a starting point for the MS muffin-tin calcula- Muffin-tin approximation is due to the strong asymmetry of

Energy (keV)
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Energy (eV)
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Energy (eV)

FIG. 2. (a) raw and(b) convoluted simulated specttdistance As-G-1.77
A, 0-As-0=98°, As-O-H=120° andE charges, see Table)]lwithin finite
difference method FDM and Muffin-tin multiple scatterifT MS) ap-
proaches.

the AYOH); molecule and the very low energy position of
the resonance considerél eV). Furthermore, still concern-

Structural and electronic evolution of agueous As(OH); 8977

TABLE Il. Values of the partial atomic charges on the atoms in the
As(OH); cluster. The Mulliken, AIM, and CHELPG sets of charges are
calculated with thesaussian 98 packageRef. 5J).

Charge set As (@) H
Mulliken charge values +1.5 -0.65 +0.15
AtomsInMoleculeharge valuesAIM) +1.83 —-1.23 +0.62
CHELPG charge values +0.48 -0.58 +0.42
“ Electronegativity charge values +0.21 -0.34 +0.27
(refered to as E charges))
E chargesx1.5 +0.315 -0.51 +0.405
E chargesx?2 +0.42 -0.68 +0.54

(As-0)=1.77 A, angle(0-As-0)=98°, and anglgAs-O-H)
=120°. The different charges tested are displayed in Table II.
The first two sets of partial chargédlulliken and AIM)
were obtained byab initio quantum calculations within a
Mulliken’s population analysiSGAUSSIAN 98 progranil).
This type of charges was successfully used witvNES. >
An additional set of charges, fitted to the electrostatic poten-
tial and the dipole of the cluster, was calculated with the
CHELPG routin€’! Finally, a set of lower charges, refered to
as electronegativitycharges in Table Il, and labeldf else-
where, was calculated on Sanderson’s principle of balancing
electronegativitie¥ in the neutral cluster, using the elec-
tronegativity scale of Allred and Rochait.

As it can be seen in Fig. 3, a very good agreement with
the experimental spectrum is obtained with techarges.
Using either the Mulliken or the AIM charges, of the same

ing the low energy part of the spectra, we shall pay attentiony qer of magnitude, the convoluted spectra appeared to be

to the good value of the convolution width, which was fixed
a priori based on experimental and intrinsic considerations,, ine corresponding raw simulated spectra

(see Sec. Il © This is visible in Fig. 3: the experimental and

very different from the experimental ones. The reason is that
i.e., before
Lorentzian convolution, the white lines were systematically

simulated spectra have the same white linewidth. Below, fof, 10w and too sharp to be discernible in the convoluted

the FDM calculations, we examine the influence of each pa;

Spectra(the white lines FWHMs were inferior to 1 eV

rameter on the shape of the XANES simulated spectra anfpareas the width of the convoluting Lorentzian is 3 eV at

compare it with the experimental ones.

b. Atomic partial chargesThe good order of magnitude
of the atomic partial charges must be estimated first, in ord
to further vary the geometrical parameters. This estimatio

the Fermi level. This is apparent in Fig. 4 which shows the
raw simulated spectra, and the respective convoluted ones,

Sor three different sets of charges: Mulliken, AIM, arkl
I'&harges. One can see that the magnitude of the atomic

was done using FDM calculations within the same structurecharges affects significantly the amplitude, width, and posi-

of As(OH); as for the preliminary MS calculations: distance

— simulation
o experimental (250 bar; 30°C)

Absorption (a.u.)

40 60

20
Energy (eV)

FIG. 3. Experimental spectruit®.3 m; 250 bar; 30 °Cand FDM convo-
luted simulated spectrurdistance As-&1.77 A, O-As-0=98°, As-O-H
=120°, E chargeg The experimental spectrum is scaled to fit both the
preedge and afteredge 20)—(—5) eV and 40—60 eV regions, respectively
Note that the white line and the 8 eV feature are well reproduced in th
calculated spectrum.

Downloaded 18 Nov 2004 to 160.103.6.20. Redistribution subject to AIP

tion of the white line. However, the energy gap between the
white line and the specific resonance is 8 eV in the three
calculations, supporting the assumption that this feature is
essentially related to geometrical parameters. It is worth not-
ing, at this stage, that theb initio quantum calculations with
GAUSSIAN 98 are made for an isolated AQH); molecule in
vacuum.

That is the reason why the Mulliken’s chardes well as
the AIM chargeg although successfully implemented in the
FDMNES program:° are not appropriate in the present case.
Indeed, the presence of the solvating environment around the
covalent A$OH); neutral complex influences strongly the
magnitude of the partial charges, as compared to an isolated
molecule. It is confirmed by the magnitude of the CHELPG
charges, which are close to the charges: the CHELPG
charges are fitted to the electrostatic dipole of the isolated

As(OH); complex evaluated by the Hartree—Fock calcula-

tions; but this dipole value is always overestimated by this

license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 4. (a) raw and(b) convoluted FDM simulated specttdistance As-O
=1.77 A, 0-As-G=98° and As-O-H=1209 for three different sets of

chargegsee Table ).

B 20
Energy (eV)

Testemale et al.

T T T | T T T T |
s — AIM charges | --0-As-0 = 92°
~|. - Mulliken charges - —94° < 0-As-0 < 102°
= -- E. charges =1 —0-As-0 = 104°
3 i ~
5 §
&t ] 5
a [t 3
2 ]
' 1 0 10 20 30
20 30
Energy (eV) Energy (eV)
: e . FIG. 6. Convoluted FDM simulated spectdistance As-G=1.77 A, As-O-
1 H=120° andE chargegfor O-As-O angles varying from 92° to 104° with a
— AIM charges 2° step. For clarity, the 92° dashed line and the 104° solid line are shown in
ST - Mulliken charges bold.
8 -- E. charges
gt
=]
=)
e
g configurations conserve a symmei@g, for the A4OH);
cluster(all the bonds of the cluster belong to the three planes
. ‘ ' . of symmetry. Keeping the O-As-O angle at 98° and the

As-O distance at 1.77 A, the As-O-H angle was varied from
180° (As, O, and H atoms alignedo 120°. Figure 6 shows
the resulting convoluted spectra. It appears that with increas-
ing the As-O-H angle the resonance at 8 eV shrinks and the
intensity of the white line increases. Both effects are similar
to the experimental spectra evolution observed with increas-

ing temperaturgsee Fig. 1 But the energy domain over

method® and can thus be considered closer to the real dipolszvhiCh the simulated spectra do not superpose is much larger
yalue of no_nisolated A®H); complex in its aqueous polar- in Fig. 6 than in the experimental spectra in Fig. 1. In par-
izable med|um.- . ticular, between 20 and 30 eV above the white line, the simu-

. Oncg the right order of charges magrutudel was deterI'ated spectra are not similar, in contrast to the experimental
mined, its influence on the spectra was investigated mortsapectra Consequently, the evolution of the experimental
precisely. In Fig. 5,0 three convoluted simulated sp_ectra ar%pectra.with temperatu,re cannot be explained by an evolu-
Frl(r)g:dd(igefesntO:L?ste?:iEAcs:hgrg#ei'ZIEOO():,h;?gr]reesslgO:r?;?gets ti_on of_the h_ydrogen position. For t_his reason, in further

15 andE charges<2. Althouah thé intensit ,of the white simulations, it has been chosen to fix the As-O-H angle to
x1.5, an argesx 2. Althoug ) y .. 120°, the value resulting from the structure optimization us-
line in Fig. 5 diminishes with increasing the charges and Its|ng GAUSSIAN 981 Our choice is reinforced by the good
Eﬁﬁtlggtﬁeséigi%:gg:?gz dg) \évr?;?g’ezggf rifzgﬁg)k;lejsg\e/n agreement between the experimental spectrum at ambient

. ., - ! conditions and the simulated spectrum for O-As-O angle of
that the 8 e\_/ resonance 1s not m9d|f|ed_py the Charges98° and As-O-H angle of 120¢see Fig. 3 and between
magcmtlt_Jlds(rrc])elther t'ts ampht%if:ie,;k? ' |rt]s é)osminn ¢ experimentdf? and calculate® Raman frequencies for

- nydrogen atoms positionshe hydrogen atoms can As(OH)5; aqueous species with the same structure as used in
be placed in several corglguratlons, defined by the dIStanCﬁ‘]e present study. However, it is worth noting the high sen-
gsﬁosﬁgnfglg)l(gd Egroé?;pliéi??eita\?vciaggst:riggl?r?affa}r ?hesitivity of the FDM simulated spectra to the position of H

' ' atoms, thus the small disagreement between experiment and

simulation observed about 20 eV above the white line in Fig.
3 is most likely influenced by the H positidffior example,
twisting of the O-H bond out of theC;, symmetry, or
\ .. E. charges * 1.5 change of the O-H distange
— E. charges * 2 d. O-As-Oangle The spectra simulated with the settof
i charges, for an As-O-H angle of 120° are plotted in Fig. 7 for
various values of the O-As-O angle. Their comparison with
the experimental spectra plotted in Fig. 1 shows that the
evolution of the XANES features observed in the experiment
with increasing temperature is similar to the changes in the
simulated spectra with increasing the O-As-O angle. First,
the white line intensity increases. Then, the amplitude of the
resonance at 8 eV above the edge is reduced, and in contrast
to what is observed when varying the hydrogen position, the
rest of the spectra superposes perfectly. However, the varia-

T T T T T |

N -- E. charges

Absorption (a.u.)

0 10 20 30
Energy (eV)

FIG. 5. Convoluted FDM simulated spectdistance As-G-1.77 A, O-As-
0=098°, and As-O-H-120° for three different set of chargeR:chargesE
chargesx1.5 andE chargesx2.
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' 7 T ted in Fig. 83)]. In Fig. 8b), the corresponding simulated

-~ As-0-H=180" convoluted spectra are plotted. They correspond to two dif-
A :ﬁ::g:ﬂ:}ggo 1 ferent distanceg1.75 and 1.77 Afor O-As-O angle=98°
A3 and As-O-H angle120°. It appears that both spectra are

similar (resonances shape and positiaxcept for the inten-
sity of the white line which is lower for the shorter distance.
The comparison between experimental spectra and simula-
tions leads to the conclusion that the As-O distance is smaller
. . for the low concentration solutions. This XANES result re-

0 10 20 30 inforces the similar conclusion drawn from the EXAFS

Energy (eV) .
analysis.

Absorption (a.u.)

FIG. 7. Convoluted FDM simulated spectdistance As-G=1.77 A, O-As-
0=098°, andE chargeg for three different hydrogen positiorikeeping the

Cgy Symmetry: As-O-H=180°, 140°, and 120°. IV. DISCUSSION

A. Covalent As-O bond

tion of the O-As-O angle has another effect, apparent in Fig. The EXAFS results of this study show that the radial
7: the white line position shifts towards higher energies bystructure of As environment in the neutral (@H); complex
about+0.5 eV when the O-As-O angles increases from 92°does not change within errors in a wide temperat{3@-
to 104°. Such an energy shift, large enough to be experimerb00 °Q and pressuréd250—-600 bar range. This result is
tally detected, is, however, not observed in the experimentaimilar to existing studies dedicated to the evolution of the
spectra. structure of strongly bonded metallic complexes of Mo and
e. As-Odistance Since the solute concentration seems toW in near-critical or supercritical aqueous solutions: WO
affect the As-O distancésee Sec. Il A, we checked the up to 400°C in Ref. 9 and Mob up to 150 °C in Ref. 55.
effect of varying this parameter on the XANES simulatedThe weak evolution with temperature of the value «f
spectra. Figure @) shows the experimental XANES spectra found for AJOH); is also in agreement with those studies.
of 0.3m and 0.08n arsenious acid solutions, at 30 and Indeed, for the 0.3 samples, ther? values vary from 1.2
375°C. It is clearly visible that the amplitude of the white X 1073 A? at 30 °C/250 bars to 3:310 3 A? at 425 °C/250
line is smaller at lower concentration. This effect is observedars and are of the same order of magnitude as in those
for all temperatures, and for both fluorescence and transmisvorks (for tungstate iong? increases from 18510 3A? at
sion spectra, ruling out any self-absorption effégfluores- 20 °C/1 bars to 2.2 10 3A? at 400°C/450 bar3,and for
cence and transmission spectra of @0fblutions have been molybdate ion® o2 values are around %10 *A?). It is
measured simultaneously and are identical, but for claritywvorth comparing these values to those found for hydrated

reasons only fluorescence scans at two temperatures are pl@ns in aqueous high temperature solutiong 101418
where the typical values of the Debye—Wall@W) factor

of the hydration shell are much higher. For monovalent ions,
the DW factor is higher than 2010 3 A? [see for example
Br -H,O (Refs. 3, 10, and 11 Cu"-H,0O (Ref. 8, and
Ag*-H,O (Ref. 14 shell parameteils Due to a reinforce-
ment of the coulombic interactions with charge of cations,
the DW factor is smalletbut still remains much higher than
that for AOH);) for solvated divalent or trivalent metallic
cations [around 8<10 3A? for zZn’"-H,O (Ref. 3, for
Ni2*-H,O (Ref. 10 and for L&"-H,O (Ref. 4]. Concern-
5 TibE 5 To00 ing the number of nelghbors, no_r.eductlon of this parameter
Energy (eV) is observed at supercritical conditions for the(@bl); mol-
' ecule in water. This strongly suggests the absence of signifi-
b) ' _'1 77 8 cant disorder in the As-O bond within the @H); mol-
i 175 A) ) ecul_e, in_contrast Wlth what |s_observed m_'_the EXAFS
' studies of ions hydration shells in such conditiGriEhese
comparisons demonstrate the strong covalent character of the
As-O bonding in the A®H); molecule, as it was stressed in
Ref. 27. Besides, the present small variation of the DW fac-
tor with temperature can be interpreted in terms of molecular
forces within the bond. In their study of the temperature
: 15 20 30 dependence of the mean square displacethéeni et al.
Energy (eV) report an analytical relation in which? is proportional to
FIG. 8. (a) experimental XANES spectra for GrBand 0.0%n arsenious acid t_he temperature_an(_j to the mve_rse of the molecular force
field term. Considering this relation, and the weak depen-

solutions at 30 and 375 °@b) FDM convoluted simulated XANES spectra
of the AgOH); cluster with two As-O distanced.75 and 1.77 A dence ofg? upon temperature for the As-O shell, one can

Absorption (a.u.)

Absorption (a.u.)
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conclude that the constant As-O distance found here is corgroups in the higher concentration solutions, that would lead

sistent with a strong covalent force in the As-O bond. to an elongation of the As-O distant®But a systematic
determination of this distance with varying the concentration
B. Evolution of intermolecular interactions should be made in order to confirm this effect. Recent

Because the A®H); molecule is neutral, the coulombic EXA'.:_S experiments on the germanic acid at hydrothermgl
interactions with the dipoles of water molecules are Iimited.Cond't'pntsthGnOtHShOW thel Sar[]ri tegde(r)lcg.f(t)r the Ge-O. dis-
Hence, the existence of an outer hydration shell strongl{llnce in the GEOH), complex. The Ge-O distance remains

bonded to the cluster is very improbable, thus explaining th he same within 0.004 A in a wide range of Ge concentra-

high stability of the As-O distance when the water structuretions (0.02n—0.09m).

changes with increasing temperature. Nevertheless, as indi- . _
cated in the introduction, the existence of three OH group& - Evolution of atomic charges

with hydrogen bonding affinity suggests the existence of hy-  The XANES modeling carried out in this work predicts
drogen bonding association between thé@4d); molecule 5t the partial atomic charges in the(@1); complex may
and the solvent water molecules not detectable by EXAFSghange with increasing temperature. Indeed, as it was dem-
S_u_ch an interaction is most likely to evol\_/e in elevated con-gstrated by the XANES analysis, the white line position in
ditions of temperature and pressure, having for consequengge experimental spectra does not change with increasing ei-
the modification of the internal structure of the molecule. her T or P (see Fig. 1, which is in apparent disagreement
Based on comparisons between experimental and simuith the small shift of this position caused by the variation of
lated spectra, XANES analysis leads to the conclusion thay,e 0-As-O angle as predicted by XANES modelifepe
the O-As-O angle increases with Increasing temperaturéig 7) The evolution of the white line with increasing tem-
This increase starts beween 30 and 100 °C and seems 10 Stggratyre can thus be interpreted by the competition between
above 200°C. This is in agreement with previous Ramary widening of the O-As-O angle and a reduction of the
results>**?In these studies, the authors measured the Ramagomic charges. Indeed, the former tends to increase the
signal from A$OH); solutions at different concentrations. pite line intensity and to shift it towards higher energy, and
For the low concentration sampl€3.02-0.5 molkg®), the  the Jatter also increases the white line intensity but shifts it
form of the spectra does not change in the temperature ranggyards lower energy. A counterbalance of both effects on
20-250°C, except for a small shify a few cm™) of the e \white line results in a global increase of its intensity
two Raman bandsal anda3) towards lower wave numbers yile its position does not change, which is the experimental
(cm™7). Under the assumption that the molecule symmetryypservation.
remainsCsy, when the temperature is increased, a.shift ofthe  The weakening of the atomic partial charges is likely to
band towards low wave numbers can be explained by agiem from the decrease of hydrogen bonding at elevated tem-
increase of the a?gléé. _ perature conditions. Indeed, the reduction of hydrogen bond-
The “opening” of the AOH); cluster with temperature, jng interactions between solvent molecules themselves is re-
below 200 °C, can be explained by a reduction of the intergyongiple for the decrease of the water permittiitye next
actions through H bonds between the complex¥8); and  paragraph resulting in the global reduction of the charges of
the water molecules. The cluster, which is constrained in thene solute atoms immersed in the solvent. Furthermore. the
tetrahedral arrangement of water molecules at low temperggint reduction of hydrogen bonding interactions between
ture, is released when the temperature increases and the Ryater molecules and the OH groups of (@#1);, already
drogen bonds weaken. The electrostatic repulsive intera%sponsible for the increase of the O-As-O ar(gkee above
tions between oxygen atoms of the (@); molecule can  may diminish the additional molecule polarizability, and

thus result in the enlargement of the pyramidal structurepence the atomic charges of As, O, and H atoms.
ending in a more symmetrical configurati@toser to a regu-

lar tetrahedronconsistent with thesp® hybridization of the
outer electronic orbitals of the As atom. This conclusion
based on structural analysis is also strongly supported by the As proposed just above, the structural and electronic
evolution of the apparent hydration number of arseniousvolution of ASOH)5 is caused by the reduction of the hy-
acid, derived from AgO; solubility measurements in drogen bonding interactions both between the OH groups of
H,O-inert organic compound solver®s.Thermodynamic the molecules and the water moleculesodification of the
predictions based on these data indicate thatORHs local hydration and between the water molecules themselves
-4H,0 is the dominant species in a water-rich solvent below(resulting in the decrease @j. It is thus interesting to ob-
100°C, but this complex is progressively replaced byserve if the temperature dependence of the modifications in
As(OH)3 with increasing temperature, showing the reductionAs(OH); is the same as the temperature dependence of hy-
of the interactions between the cluster(@sl); and water drogen bondings ane evolution.
molecules. The destruction of the tetrahedral arrangement of water
The reduction of the As-O distance in the low concen-molecules with increasing temperature is responsible for the
tration solutions, determined by EXAFS analysis and condecrease of the permittivitg which collapses from 80 at
firmed by XANES modeling, cannot be explained at presentambient conditions down to 6 at the critical point, 374 °C
A possible interpretation is the existence of solute-solute in221 bars®>~%2Indeed, the high value of at ambient condi-
teractions by hydrogen bonding interactions between the Okons, compared to simple liquids, is explained, within the

D. Temperature dependence
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Kirkwood theory?® by the dipole-dipole interaction term re- of the atomic partial charges magnitude. The changes in the
sulting from the hydrogen bonding association. Several studsolvent structure, such as the weakening of the hydrogen
ies have been dedicated to experimental estimation of watdronded network concomitant with the decrease of the solvent
permittivity?®-6264and spectroscopic observation of hydro- dielectric constant, are invoked to explain the structural and
gen bonding in watefsee Ref. 65 and references theyah electronic modifications in the AOH); cluster with increas-
high temperature and pressure conditions. For example, thiag temperature: the interactions between the As hydroxide
permittivity value e(0), which is around 80 at ambient con- complexes and water molecules originating from hydrogen
ditions, is about 40 at 200 °C, and about 20 at 300 °C, abonding weaken, thus releasing the molecule from the hydro-
pressures in the 100—-500 bars rafijm the RMN study of gen bonded network. This release enables the molecule to
Hoffmann and ConradP the authors measure the variation open its structure to a more tetrahedrallike configuration con-
of the mean number of hydrogen bonds in subcritical andsistent with the sphybridization of the As electronic orbit-
supercritical water. At 250 bars they found that, in compari-als. At the same time, the decrease of the bulk water permit-
son with room temperature, there are about 7@ and tivity justifies the reduction of the partial atomic charges. All
45%) of hydrogen bonds at 100 °@00 and 300 °C, respec- these effects take place at both concentrationsnfOadd
tively). Their results are in very good agreement with previ-0.05m) as soon as the temperature is increased, the major
ous NMR and Raman measurements of hydrogen bondinghanges occuring between 30 and 200 °C. This is in agree-
Those experimental studies also reveal a really weak presnent with several theoretical and experimental studies on
sure dependence at these low temperature/high density cowater showing a strong reduction of its dielectric properties
ditions. Many theoretical studies tend to support the experiin this temperature range. The combination of EXAFS analy-
mental observation¥~"° Jedlovsky and Richardi compare sis with XANES realistic simulations is demonstrated to be a
different water models’ viability to reproduce water proper- powerful tool to get precise information on both geometrical
ties from ambient to supercritical conditioffsConcerning and electronidpartial chargesstructures of aqueous com-
the permittivity value at HP/HT conditions, these calcula-plexes and on the solvent itself, in high temperature/high
tions reveal, at 300 °C, a strong decrease(0j to 1/4 the pressure fluids. This HP/HT study would not have been pos-
ambient value. In Ref. 69, a geometrical and topologicakible without the development of an efficient experimental
study of the hydrogen-bonding structure, based on RMC calsetup that allows to obtain high-quality transmission and
culations, indicates a notable modification of its tetrahedrafluorescence spectfi.
arrangement from 150 °C upwards. It is thus evident that the
hydrogen bonded network of water and the correspondingCKNOWLEDGMENTS
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