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Hydration of the bromine ion in a supercritical 1:1 aqueous electrolyte
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Extended x-ray absorption fine struct{EEXAFS) measurements have been carried out on 0.2 molal RbBr
aqueous solutions at the Br-K edge from ambient to supercri@l conditions, i.e., from density=1.02 to
p=0.42 gcm ® and temperatures from 35 to 450 °C. Molecular dynarid®) simulations have been used
to calculate EXAFSMDXAS) spectra in ambient and SC conditions. The model used leads to an excellent
agreement of the EXAFS spectra computed from the generated configurations with the experimental ones. Both
show, in particular, a strong persistence of theiBn first shell coordination at supercritical conditions. This
result is in clear contrast with results found in the literature. The disagreement is interpreted as a consequence
of a fundamental limitation of the use of the classic EXAFS perturbative techniques on such severely disor-
dered fluids characterized by weak interatomic interactions and large local density concentration fluctuations.
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[. INTRODUCTION the large negative infinite dilution partial molar volume in
the near critical regiof? although another interpretation,
Supercritical fluids are currently the subject of an increasbased only on the pure solvent fluctuations, can be
ing interest in both fundamental and applied research. invoked?® In any case, both density fluctuations and solvent
Their unique properties allow their use as solvents, catalyst@ggregation can lead to large local dielectric screening
and reactants, for instance for selective synthesis or toxigradient$* in the ion shell. One should consider these local
waste oxydatiof. Among supercritical fluids, water and distortions rather than the macroscopic quangitipr an ac-
agueous solutions play a crucial role in many biochemical ocurate description of the solvation characteristics.
geological processes such as the release of fluids onto the The theoretical studies of supercritical 1:1 electrolyte so-
seafloor or the formation of metal deposit§hese aspects, |utions have been mostly restricted to NaCl solutions. How-
linked to solvation processes press for an accurate knowkver, they have been extended over a wide range of densities
edge of hydrothermal solutions at a microscopic level. Untiland temperatures from infinite dilution to moderate concen-
recently the only information available at a molecular levelyrations, using mainly molecular dynami¢sID) or Monte
came from computer simulations, vibrational spectrqscqpie@a”o(MC) simulations’ In this paper, we shall focus on the
and NMR experiments . In the past few years, contributiongjescription of the solvation structure of bromine ions in

from neutrons and x-ray related methods have emeted. \aiher jow concentrated supercritical solutions. One of the

However, there are still features which remain LJnCIearparameters needed for this description is the water coordina-

both for supercritical water and aqueous solutions. Specifiz i . ) |
cally, the large decrease of the water dielectric constant tion number for which, depending on the discussed proper

i : o e e ” " ties, different definitions have been introduééd.For the
with decreasing densifyis an indication of changes which : . . )
take place in the hydrogen bond network and which may, a urpose of comparison between simulations and experiments

well, affect the ion solvation. The exact nature of theseyieldmg .the static_ structure, we shall mainly focus on th?
changes is still under discussidiThe difficulties arise from geometncally (_jEf'nEd mean n_umber of water molecules in
the multiplicity of the parameters involved (p andp) and the f|r_st h_ydratlon shel! of an 'O".(r‘O“'O)' called her_eaft_er
their concomitant dependency, which can lead to oppositgoord'natIon _numberlt Is thus defmed by_ thg fqllovylng n-
effects® A decrease ofe should reinforce ion-ion interac- tggral of the ion-water oxygen radial pair distribution func-
tions, giving rise to ion complexatiol!.However, in the near tion (RDF) gxo(r):

critical region of dilute solutions, it could be counterbalanced

by strong aggregation of water molecules around the'ion.

This is indeed the explanation considered usually for the Nxo:n(rxo):47TPofrxogxo(r')r'zdr', (1)
observed density enhancement in attractive mixtures and for 0
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wherer yq is the first minimum ofgyo(r)andpg the number  cal potential structure refinement of the same data leads to a
density of oxyger(watep. The analog integral of the anion- value of 3.8¢-0.3). This latter analysis gives a weak dehy-
water hydrogen RDFRgyy(r)first peak,Ny, is thought to  dration (~10%) as defined bf¢io.

represent the amount of water molecules which are hydrogen Previous studies of Rb(Ref. 26 and Br (Ref. 27 hy-
bonded to the anion. dration in RbBr solutions by extended x-ray absorption fine

In the case of 1:1 electrolyte solutions, when approachingtructure(EXAFS) spectroscopy yielded a more pronounced
the critical region from the liquid state, the peaks in thedehydration around these ions in SC conditions than what

ion-water RDF typically broaden and the minima becomehas been discussed so far. The nur_nber of n'e.lghbors was
less well defined. This is in contrast with what is found for found to decrease from 5.6 at ambient conditions to 3.4
divalent ions, where the persistence of well-defined hydra(=1.0) atT=424°C andp= 383 bar for Rb in a 0.5 molal

tion shells can be observéiThe absence of deep minima solution and from around 7 in ambient condm_ons to about
between the RDF peaks in supercriti¢SiC) conditions in- 2—3 atT=425°C andp=412-500 bar for Br in a large
troduces uncertainties in the definition of the ion shell radiusoncentration rang€0.02—1.5 mol. The EXAFS technique
rvo, Which will in turn influence then(ryo) values. This IS mostly_sensmve to the_ oxygen atoms of the water.moll—
will be even more apparent on the anion-oxygen than on th&cules. Since no cour_1t_er ions were detected the coordination
cation-oxygen RDF as the inter atomic distances involvediumbers can be identified g o(r xo) . The~40 and~60 %

are larger in the anion case due to the orientation of the watdgduction of the water coordination number, for ‘Riand
molecules in the shell. When going from ambient to SC conBr™, respectively, clearly exceeds the above mentioned val-
ditions, simulations show that the displacement of the first/€S. . . o

minimum in the anion-oxygen RDF is of the order of 1 A In order to clarify this apparent contradiction, we have
towards larger value¥:*® This increased width of the first Performed EXAFS experiments and MD simulations on 0.2
hydration shell must be considered when comparisons oholal RbBr solutions. Using similar methods as in Refs.
n(ryo) are made between various states or various works26.27, we generated calculated EXAFS spectra from MD
rvo being either the same radius as in ambient conditionsSnapshots and compared them to experimental ones. Both
r?(no"lb, or a larger Onerig, corresponding to the apparent Were in good agreemen'F, removing the apparent contr{:ujIC-
extension of the shell. However, simulations show that inion discussed above, since this procedure takes explicitly

spite of these general changes in the shape of the ion-wat&fo account the large local structural fluctuations in these
RDF with temperature and density, the ion coordinationSystems. Fundamental limitations to the use of the EXAFS

number remains essentially the safé-2°when the inte- conventional analysis have been recently revietffiadere,
gral in Eq.(1) is taken up to the actual minimum g@yo(r). they will be stressed for systems characterized by large den-

Typically, for CI, when going to SC conditions, the coor- Sity Or concentration fluctuations. g
dination number as defined by E(.) remains almost con- Sectlor_1 1] Wlll_present the_exper_lmental conditions a_lnd
stant or even increases and a reduction of about 20—30 % Rec- Il will describe the MD S|mul_at|ons.and the calculation
found forne(r).22° A good discussion about the apparent of the spectra. In Sec. IV and V, discussion of the results and
paradox of simultanously increasimg,o(r) and decreasing general considerations for the study of SC systems will be
ncn(r) can be found elsewheféEven at the high tempera- addressed.
tures involved, the persistence of strong local properties like
electric field or dielectric screening in the first ion shell due
to strong local density enhancement has been postulated. X-ray absorption spectra for 0.2 mol RbBr solution have
has been found that extreme conditigns., reduced density been acquired at the B¢-edge on a third generation syn-
of 0.05 at the critical temperaturare necessary to remove chrotron source in ambient conditions and along the
half of the water molecules from the chloride ion first sSRéll. =450 bar isobar for four conditions of temperature ranging
Although only few studie$"’ have investigated the hydra- from T=35°C toT=450°C. Data were taken at the BM32
tion of ions other than Cl and Na, these trends seem EXAFS beamline at the ESRfEuropean Synchrotron Ra-
largely ion independent. diation Facility, Grenoble, Frangavorking in transmission
Unlike calculations, experimental data on the hydration ofmode. A specially conceived hydrothermal autoclave with an
monovalent ions are still scarce due to difficulties to build upinternally heated amorphous sapphire cell was used in order
the high temperature and high pressure set up. Neutron dife generate the high pressure and high temperature condi-
fraction isotopic substitutiofNDIS) on aqueous solutions of tions. The vessel consists of a pressurized main cylinder ves-
NiCl, show a~25% decrease dficp from ambient condi-  sel with two beryllium windows as x-ray entrances. The in-
tions to T=300°C and p=1000 bar®® It is worth to note ternal sapphire cell is placed at the center of the vessel in
that in the case of diffraction experiments, the definition of abetween the x-ray windows defining an x-ray path of 10 mm.
coordination number obtained tg(r) peak integration be- Helium gas was used as pressurizing mediumkarnklermo-
comes even more arbitrary due to the fact that the partiatouples allowed to monitor the sample temperature with an
RDF are generally overlapping in the to@},(r). Anillus-  accuracy of+2°. A pressure gauge with an accuracy of
tration of these difficulties is given by the study of Chy- +3 bar provided the pressure reading. This set-up is very
dration in LiCl solutiod*® at T=375°C andp=1690 bar. close to the one described in other wofks’ The aqueous
A Gaussian deconvolution applied to the first peaksgf(r) solutions 0.2 molal of RbBr were introduced situinto the
gave an unlikely number of 2.5 fodp whereas an empiri-  x-ray cavity of the sapphire cell that was afterwards placed in

II. EXPERIMENTAL
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134 135 138 137 FIG. 2. k-weighted experimental EXAFS signals along the
Energy (keV) =450 bar isobar. Th&M, 5 double electron excitation has been
gy substractedsee text for details
FIG. 1. EXAFS spectra along the=450 bar isobar. From top
to bottom, a series of temperature frdie 35 °C toT=450°C. EXAFS signals obtained are comparable with the one given

in Ref. 27.

the autoclave for the EXAFS experiment.

A double crystal Si(111) monochromator was used to Ill. METHODOLOGY
scan the bending magnet x rays around the BrorHirezige
(13474 eV. Sagittal focusing and a X-ray mirror were used . . " o
to obtain a 0.X 0.2 mn? harmonic free spot on the sample. the same _ssolut|on : at ambient cond_ﬂ_mr@ 25 C P
More details on the beamline characteristics can be found 1'0109 cm*® and '”,ghe nearest critical condition$
elsewheré! Spectra were recorded following an optimized — 4°0 °C.p=0.40 gcm *. Configurations from these simu-

energy mesh scan at five different thermodynamic COndilations have been used to generate EXAFS spectra, which

tions: ambient conditions plus four different points at a 450WIII be _compared to _the experimental spectra. Th_e .EXAFS
bar isobar (35,150,300,450 °C). These conditions are simila‘fjata W.'" not be subJected to any EXAFS analygiting
to some of the ones explored in Ref. 27. In order to improvedata W!th'n the glassm EXAFS formula framewprlor rea-
the signal to noise ratio, three consecutive spectra were ré°"s discussed in Sec. IV.
corded for each thermodynamic point except at ambient con-
ditions for which only one spectrum was recorded. A. Molecular dynamics simulation details

Figure 1 shows the spectra along e 450 bar isobar.

For clarity, the spectrum acquired in ambient conditions is _Thg po'[em.'al functions used in the S|mulat|onssga_re all
not shown as it was perfectly superimposed with 480 pairwise additive. The SPE/model of Berendsent al.> is

bar, 35°C) one within the experimental accuracy. The den?jerdestgn?eedsg”baedo\i/:]?fr:a\:vglzntgz Il_c:arllsnﬁdh-r\]]c(jtnigza—rg
sity of the 0.2 m solution at ambient conditions can be ob- P yap g

tained from Ref. 32 giving a value gf=1.02 gcm 3. The center. The Rb-water potential parameters were derived by

evaluation of the experimental jump at the absorption edg@‘qViSt from exper imeqtal hydrgéion free_energies using free

allows to determine the fluid density for all others conditionsS 'Y perturbation simulatiofis.For Br”-water, we _?I‘e-

and are reported in the same figure. duced a set of parameters from a study by Heinzi ber.
The BrK edge is characterized by the presence of at Ieas?ngmally developed in conjunction with the .STZ water

three well-defined multielectron excitations, notédN, model, these parameters have been adapted in order to be

KM,s, and KM2,3.33‘36A proper account of these excita- used with the SP®& water model. The list of parameters is

tions is needed for a correct extraction of the EXAFS signal,glven in Table I.
especially in liquid matter where the structural signal is

low.®” The GNxAs packagé® was used for this purpose. A
step-shaped function was used to empirically model th
KM, s edge with parameters that could be fixed to those

Molecular dynamics simulations have been performed for

TABLE I. van der Waals parameters and partial charges used in
éhe intermolecular potentials.

1
determined for gaseous HBr within the error b¥r&> The Atom oA e (kJmol™) ace)
KN edge was out of the low-range used and theM , ;was o] 3.1656 0.65017 —0.8476
not discernible from the background, therefore they have not H 0.4238
been included in our extraction gf(k). Figure 2 shows the Br- 5.4661 0.07115 ~-1.0
EXAFS kyx(k) spectra after extraction of the atomic back- Rpt* 56218 0.00071340 1.0

ground including thé&KM 4 s multiple electron excitation. The
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The SPCE water model has been chosen because it rep- TABLE Il. Simulation results{T): average temperature during
resents a good compromise between computational effthe simulation{U,): average total potential energy of the solution;
ciency (effective rigid three-sites modeand quality. In par-  (Uspecies POtential energies between each species and all other
ticular, the SPCZ model has been shown to give correct Ones, averaged values for one particle.
values of the static dielectric constané at room

temperatur®*® and along the liquid-vapor coexistence P9 cm? 1.01 0.40
curve. Guissanét al** found that the critical parameters for ~ box edge/A 24.056 32.757
SPCE are T,=651.7K, p.=0.326 gcm?, and p, sampling/ps 800 800
=189 bar, which are close to the experimental resufts ( (T)/K 297.6 723.0
=647.13 K, p.=0.322 gcm 3, andp,=220.55 bar). (Uyop/kd mol™* —22236.4 —10055.9
The molecular dynamics simulations have been carried (Uw,o)/kJmol* —46.39 —19.75
out at 25 and 450°C with densities of 1.01 gciand (Ug-)/kJ mol* —345.20 —283.38
0.4 gcm 3, respectively, on systems consisting of two (Uge)/kJmol™* —288.88 —281.09

Rb"Br~ ion pairs in a cubic box containing 452 water mol-
ecules(0.246 molal salt concentratipnsing periodic bound-
ary conditions. During the simulation, a molecular cut off studiesi”***3the hydrogens have been removed from the
distance corresponding to half of the box length was applie¢onfigurations as they have been found to distort rber

for the non-Coulomb terms. The simulations were carried ougalculations. Because of long time fluctuations of large am-
using themppoL packagé in the NEV ensemble. The tra- plitude in the SC system, particularly long simulations and a
jectories were integrated using the velocity Verletcareful sampling are required to obtain reliable spectra. Test
algorithnf® and the bond lengths were kept rigid by employ- showed that a minimum of 1000 spectra is needed to obtain
ing the algorithm Rattlé’ The long range electrostatic inter- a meaningful average, thus the choice of using 4000 configu-
actions were taken into account by the lattice summatiorfations, yielding 8000 spectra. A detailed investigation of
method of Lad&®~>°supplemented by the reaction field of a these statistical aspects will be the subject of future work.
conductor €ge=2°). The Ladd expansion is truncated after
the term proportional to (&)*!, wherea is the box edge. A
time step of 2 fs was used and properties were collected
during runs of 800 ps following an equilibration period. A. MD results

IV. DISCUSSION

Typical results obtained from the simulations are given in
B. MDXAS calculation details Table II. A selection of some of the water-water, ion-water,
and ion-ion RDF and their respective running coordination
EXAFS spectra can be generated from the real space OUkumber obtained from the simulations are shown in Figs. 3

put of MD simulations in two ways(i) by calculating the = 54 4 for hoth ambient and supercritical conditions. Charac-
spectrum from the averaged structure of the system, as de-

scribed by the partial radial pair distribution functidhsr
(ii) by computing a series of EXAFS spectra from a series of
instantaneous configurations of the syst@napshotsand
averaging the spectra. -
The former method is faster and more straightforward. 20 F
However, since in the supercritical state the instantaneous
structureg(at the time scale of the EXAFS experimgoan
be dramatically different from the average one, the second
method has been preferred here. In this latter case, snapshots
are periodically saved during the MD simulation. Clusters of 0 '
given radius, centered around the x-ray absorbing atoms
(Br™) are extracted and used to generate individual spectra.
The average over all the individual spectra can then be di-
rectly compared to the experimental one. Similar studies can
be found in the literaturé’°?~>Snapshots were saved every
200 fs providing a total of 4000 spectra for each anion in the
simulation box. A value of 7 A for the radius of the clusters
has been found to be sufficient to take into account all the
significant contributions to the calculated signal. In order to
save computer time, the standard overlapped atom potentials
codererr (Ref. 56 was used to generate the EXAFS spec-  F|G. 3. Oxygen-oxygen and oxygen-hydrogen radial distribu-
tra. However, we checked on a restricted set of 250 configution functions of water. Solid line : ambient conditiofE=298 K,
rations that no significant change for the amplitude of they=1.01 gcm3), dashed line: supercritical conditiofi§=723 K,
signals is obtained using thab initio self-consistent real p=0.4 gcm®). The running coordination numbers are given for
space multiple-scattering codeerr8>’ As in previous  goo(r) with the same convention.

—r— 2%
4 24
' {20
{16
{12

30 F

2ooM®
N

1.0 F

gou(®

1 2 3 4 5 6 7 8
J
r(A)

N=)

10

134202-4



HYDRATION OF THE BROMINE ION IN A . .. PHYSICAL REVIEW B63 134202

T SC conditions, the ion-oxygen first peak maximum slightly
40 shifts towards larger values in the anion case and towards
3.0 lower values in the cation case, as it has been observed for
g i g NaCl solutions® A significant broadening of the RDF first
& 20f & peak in SC conditions occurs for both ions. However the
- shift of the first peak minimum is weakéd.4 A) in the Rb' -
1O F oxygen RDF than in the Brroxygen RDF(1 A). Although
0 [ partially filled, the first minimum remains observable in
. Oroo(r') Whereas it has almost disappearedgi(r). Com-
40k pared to the Naand CI” cases®!®20%his broadening ef-
- fect is slightly enhanced due to the larger size of Rind
= 30F = Br.
Tg i 72 The SPCE model for water-water interaction is known to
& 20 & slightly overestimate the degree of structure in ambient
Lok conditions>*® This trend could be enhanced in SC conditions
B as the constant dipole moment used in the model (2.35 D)
0= starts to deviate from the real low density value. This should
L R B B reflect on the ion-water interactions. However, the improve-
200 | i 42 : |
it ment using a polarizable model has been shown to be very
~ 160 i 146 - small® The enhanced thermal disorder in SC conditions
E 120 | i E leads to a weaker sensitivity to details of the potentials. The
s‘E 20 b ;:5 disagreement between experimental and model structures is
likely to lie under the actual experimental accuracy of the
40r EXAFS techniqugsee next subsectiopn
g

Using the RDF first minimum to define the coordination
number leads to a slight increase from ambient to SC condi-
tions of the number of oxygen atoms coordinating Br

FIG. 4. Br-oxygen, Rb-oxygen, and Br-Rb radial distribution (~10%) while the equivalent number for Ridecreases
functions with running coordination numbers. Thermodynamics and ~20%).
lines convention are the same as in Fig. 3. The similarity of the behavior ofigo(r) andgoo(r) can

be attributed to the negative charges of Band O Qg
teristic data are listed in Table Ill. Values for the SC coor-=—0.85 e for SPCE mode) and to the size of Br, which
dination number using the ambient RDF minimum are alscttenuates its solvation power. However, while the expansion
provided for further discussion. Because of the low salt conof the first shell of a water molecule~30%) follows
centration, the water-water RDF of Fig. 3 are very close tcclosely the system expansion, the Biirst shell expansion
those obtained for pure water in similar conditiGis®? Al-  remains shorter+20%).
though considerably weakened, one can note the persistence, Because of the uncertainties in the localization of the SC
in SC conditions, of theyoy(r) first peak, related to the minima, the slight increase observed for the O and Bo-
hydrogen bonds in the bulk water network. ordination numbers can be considered insignificant. A 10%

The general trends of the Rbwvater and Br-water RDF  decrease of the BFO number was obtained using a polar-
are similar to those described in the Introduction. The Br-Oizable modef’ The differences for the Br-oxygen coordi-
RDF are in good agreement with the one obtained from anation number between the model used h@é& at 25°C
polarizable modél in almost similar thermodynamic condi- and 7.7 at 450 °C) and the model used in Wat¢ml. study
tions. In the latter case the noise does not allow to see thé& at 25°C and 4.5 at 425°C) are most probably to be at-
third shell in ambient conditions and the second shell in SQributed to the shorter radir §,,=3.64 A andrgc=3.94 A
conditions due to the shorter time used in the simulations. lused in this case than to differences of models. Integrating

1 2 3 4 5 6 7 8 9 10
r(&)

TABLE Ill. Characteristic values of thgyo(r) (X=0,Br ,Rb") radial distribution functionsr%b and
r%o denote the positions of the first minima in the radial distribution functions in ambient conditior
and supercritical condition&c), respectively. The coordination numbmefr o) is defined according to the
following equation:n(rxo):4wpofgx°gxo(r’)r’zdr’; see text.

Ambient conditions Supercritical conditions
X r%o’ n(rko 3o n(rXo n(ro
o 3.32 (= 0.09 4.4 (= 0.2 4.4 (= 0.2 4.8 (= 0.6 2.0 (= 0.1
Br- 3.96 (= 0.09 6.7 (= 0.2 49 (= 0.2 7.7 (= 1.0 41 (= 0.)
Rb* 3.65 (= 0.03 6.4 (= 0.1 40 (= 0.} 49 (= 0.2 40 (= 0]
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our RDF[EQ. (1)] up to these radii, values of 5 and 4.1 are
obtained for ambient and SC conditions, respectively. u
\
\

The persistence of the anion-oxygen coordination numberg
from ambient to SC conditions is consistent with results ob-
tained for CI' (Refs. 16,18,2band OH (Ref. 16 in similar
thermodynamic conditions. For Rbin infinitely dilute
conditions!® no change was observed, but the radii used § / . \.
were different.

On the other hand, using/y’ to define the SC coordina-
tion number leads without ambiguity to a reduction which : .
affects both ions by the same amourt40%). Nonetheless \. '
this reduction is still smaller than the one experienced by *
water oxygen {-50%).

These values are close to those obtained usingthér)
first peak. Thus, the value for the coordination number using Ngo
ram carries a different type of information, linked to the
proportion of water molecules strongly bonded to the ion, _ /"\
i.e., hydrogen bonded in the case of anions. This is consisten ¥ "
with a previous study of the Cl hydration structure in
which the broad SC Clwater first shell was found to be
composed of about 5 water molecules with their O-H bond
pointing towards the ion and about 4 ones apparently ran-
domly oriented.

All ion-ion RDF are strongly enhanced in SC conditions,
indicating the occurrence of much more stable ion com-
plexes. The most significant change appears rigiry(r)
which is close to 1 in SC conditions at a distance of the order
of the expected Rb-Br first shell minimum (4.1 A, from the
ionic radii). This value is in good agreement with estimations o
from both MC simulation® and electrical conductance r(A)
measurements for NaCl solutions.

The broadening of the S@(r) functions is confirmed by
visual inspection of the fluctuations of the ion environments
as a function of the time. Figure Bower par} shows the
distribution of the Br-O interatomic distances in the first
coordination shell defined by the first minimumgir). The
upper part shows the BrO coordination number distribu-
tion inside the so-defined shell. The characteristic valaes
erage, minimum, maximum and variander these distribu-

tions are summarized in Table V. While th'e averagéine ExXAFS spectroscopy has been shown to give accurate
coordination number are about 8 and 7 in ambient and S

" i alues up to distances comparable to the photoelectron mean
conditions, respectively, extreme values of 2 and 15 ar free path, i.e., about 5-7 A. The coordination number ob-
found sometimes in the SC case. We note that even in am-

b.le.nt condltlonsl, the B enVIronr.nent.ls far from be"_‘g TABLE |V. Characteristic valuegaverage, minimum, maxi-
rigid. The adoption of an appropriate time scale to define 3num, and variandeof the Br-O coordination numbersig,c) and

dynamic hydration numb&tin addition to the solely static gitance Rgo) distributions inside the Br first shell in ambient
defined coordination number should be of particular interestyng sypercritical conditions, see text.

—a—p=101gcm®

e p=04gcm®

(arb. un|

distributio
—_
®
{ ]

~dme

—m—p=1.01g.cm®

-\ - p=04 g.cm'S

\
\

distribution (arb. uni

_/
;/

28 30 32 34 36 38 40 42 44 46 48

FIG. 5. Distribution of the number of water oxygens in the Br
first coordination shellsee text (top) and distribution of Br-O
Sinteratomic distancetottom) inside the so-defined shell, in ambi-
ent and supercritical conditions.

analysis of similar spectrd. In almost the same conditions
(T=425°C, p=0.42 gcm 3, and p=413 bar), a value of
2.8(x0.3) was obtained for the same solutitn be com-

pared with our value~8). Although short range sensitive,

B. MDXAS results Ambient conditions Supercritical conditions
Comparisons between the averaged calculated EXAFS (N) 6.9 7.7
spectra and the experimental ones in ambient and SC condi- N™" 3 2
tions are given in Fig. 6. The only fitting parameter has been N™ 11 15
the energy edge positioBy. The calculated edge position oN 1.0 1.9
has been shifted by 2:90.5 eV in the ambient calculation  (R) 3.4 3.9
and 1.7-0.3 eV in the supercritical one, both within the ac- Rmn 2.9 2.7
curacy of theFerr6 phase calculation. Our value for the SC =~ gmax 3.96 4.9
Br~ —water coordination numbéiable Ill) are significantly oR 0.2 0.6

larger than the value previously published in an EXAFS
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: p~04 g.cm's FIG. 7. Example of EXAFS calculated spectra obtained from 2
MD snapshots in supercritical conditions.
. 0004\ :
% structure on any time scale greater than the photoelectron
2 00004 | diffusion process is clearly not valid in supercritical aqueous
£ monocharged electrolytes.
— -0.004 - The inability of standard EXAFS analysis to provide reli-
::é able coordination numbers in such cases can also be under-
stood from the results of Fig. 5. The variance of the &y
-0.008 + coordination number and interatomic distances distributions
— 7 inside the Br first coordination shell are two to three times
3.0 3.5 4.0 4.5 5.0 55 6.0 larger in SC conditions than in ambient ones. Moreover, the
k (A shape of the interatomic distances distributions is almost flat

in SC conditions for distances between 3.8 and 4.9 A. This

FIG. 6. Comparison of EXAFS experimental and calculatedmeans that the oxygens inside this region will give an inco-
spectra. Top: at ambient conditions, bottom: at supercritical condiherent contribution to the EXAFS signal. This corresponds to
tions ( T = 450 °Q. Calculated spectra are averages over 8000about half of the total oxygen atoms which are inside the
individual spectra. Br~ first coordination shell. In others words, while the first

coordination shell expands when going from ambient to SC
tained from EXAFS analysis should thus be comparable t@onditions, giving almost the same coordination number, the
Ngo(r=9), wherersC is the first minimum of the SC ion- effective contribution to the EXAFS signal in SC conditions
oxygen RDF. arises from a more limited region and therefore will provide

The origin of this discrepancy can be understood whera lower value for the coordination number.
looking at the spectra calculated from instantaneous snap- The work of Wallenet al?’ was among the first to use
shots. As a result of the fluctuations of the local environ-MD snapshots to generate EXAFS spectra. The simulations
ment, the EXAFS signals calculated from individual snap-were carried out using a polarizable model with ion param-
shots differ drastically from each other. In Fig. 7 two of theseeters different from the one used here, and ran for 50 ps. The
signals are shown. They correspond to configurations, sepgontradiction between dehydration derived from tiyg)
rated by 0.6 ps, and in which the Brshell (4.9 A) was  (10%) and from the EXAFS analysi$1%) was pointed out
composed of 8 and 10 water molecules plus oné Rim. It  and attributed to the inaccuracy of the intermolecular poten-
can be seen that these signals are nearly out of phase. It héals used in the simulations. It is shown here that the poten-
to be stressed that these 2 signals are given as an illustratidials are accurate enough to reproduce the experimental data
and are by no means particular. within the experimental accuracy.

As a consequence of the spread of the various signal os- Comparisons between experimental and calculated EX-
cillations, the average spectrum results in a weaker signadFS spectra in ambient conditions show a better agreement
amplitude than most of the individual spectra. A traditionalin our case than in Ref. 27. No comparison of SC spectra
EXAFS analysis of such a spectrum will therefore tend towas provided in Ref. 27. In addition, the EXAFS calculated
provide a low coordination number as it is mainly connectedspectra were subjected to a classic perturbative EXAFS
to the amplitude of the signal in the standard EXAFS for-analysis and the value obtained in SC conditith3) clearly
mula. disagrees with the result derived frogg,o(r) (4.5. This

It may be worth reminding the reader that in the classiowas attributed to the limited number of configurations used.
EXAFS formula, or its cummulant expansion, the effects ofFrom our simulations, we observed indeed that this time is
the disorder are treated in a perturbative way. The underlyingot sufficient to attain convergence. However, we add the
assumption of a well-defined and only slightly perturbedmore fundamental reason that a classic EXAFS analysis is
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likely to give inaccurate results for both experimental andcombining EXAFS measurements and MD calculations. The
calculated spectra in such high-temperature conditions foexperimental and simulated spectra are in excellent agree-
the above evoked reason. It should be also noted from thment, both at ambient and at SC conditions. A strong reduc-
results of Fig. 5 that even in ambient conditions the perturtion of the EXAFS amplitude is observed with decreasing
bative EXAFS analysis is not strictly valid. However, it has value of the sample density. This is in good agreement with
been shown to give very reliable resfiftss the deviation previous experiments of Wallest al?” They interpreted this
from the weak disorder framework has in this case only wealas a reduction of the hydration number of Biin contrast,
effects. our simulations show a persistence of a high amount of water
Thus, the currently used intermolecular potentials are ablenolecules around the Brion in the SC state, as it was
to provide realistic information on the solution structure in aexperimentally observed in CF?®?® The discrepancy be-
wide range of conditions. However, because of the poor S@veen our results and those derived from classic EXAFS
experimental signal to noise ratio, the comparison with simuanalysié’ have been elucidated: the strong reduction of the
lated spectra is only possible on a limited and narko@nge  EXAFS amplitude in SC conditions mainly arises from
and the precise evaluation of the error bars remains a difficuktrong local structural fluctuations and not from a low num-
task. From the results of the Figs. 3 and 4, the less accuratger of neighbors around the ion. Simulations also show the
and the less sensitive to the experimental comparison of Figormation of a significant amount of ion-pairs in SC condi-
6 are the ion-ion results. Indeed, the contribution of Rind  tions, but the reduced experimental sensitivity has not al-
Br~ ions in the total EXAFS spectrum are weak in tke lowed a validation of this point. The peculiarity of the SC
range studied. Removing the configurations in whichstate is more likely to lie in instantaneous features than in
contact-ion pairs or ion complexes occur from the calcula-averaged one. Thus, a full understanding of the SC structure
tion inputs does not result in a significant disagreement withof fluids should include consideration of instantaneous and
experimental spectrum. Therefore although the proportion oflynamics properties. In addition to the classic correlation
contact ion pairs provided is in very good agreement withlength and density fluctuation values, the characterization of
other experimental predictions, an experimental validatiorthe disorder has to be captured, for instance in terms of bond
can not be provided here. Using the MDXAS technique onangles distribution, residence times as well as local densities
an extended set of solutions, an attempt to give confirmatiofiuctuations.
of significant occurrence of ion-pairs in low concentrated 1:1
electrolytes in SC conditions will be the subject of another
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