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X-ray absorption fine structure (XAFS) measurements and molecular dynamics simulations(MD) are used to
explore the extent of Br- ion hydration in supercritical water solutions. The structure of the first hydration
shell under ambient conditions is compared to that in the supercritical region spanning a temperature range
from 25 to 475°C and pressures from 1 to 650 bar. The RbBr salt concentration was varied from 0.02 to 1.5
molal. The wide range of conditions studied allowed a detailed examination of the effect of temperature,
density, and concentration on the extent of ion hydration under supercritical conditions. The present results
provide important new insights into factors affecting ion hydration in supercritical water. Changing the density
of the supercritical solution by a factor of 1.5 causes only minor changes in the extent of ion hydration at 425
°C, whereas a pronounced dehydration occurs as the temperature is increased from 25 to 475°C. Specifically,
the number of water molecules in the first hydration shell is reduced from 7.1((1.5) under ambient conditions
to 2.8((0.4) under the supercritical conditions of 425°C and 413 bar. Over a concentration range of almost
two orders-of-magnitude, there is little change in the extent of hydration. MD simulations of this system are
used to generate XAFS spectra that are directly compared to the experimental results. Analysis of the MD-
simulated XAFS spectra verified the data reduction technique used for the high temperature conditions. There
is qualitative agreement between the simulation and experiment with respect to the number of nearest neighbor
waters, the nearest-neighbor distances, the degree of disorder in the first shell, and the trends of these parameters
with increasing temperature. It is, however, evident that refinements in the water-bromine intermolecular
potentials are required to fully capture the observed behavior under supercritical conditions.

Introduction

Supercritical water (T > 375 °C andP > 220 bar) is an
interesting medium for fundamental studies of solvation since
the evolution of the solute-solvent structure can be observed
over a wide range of densities. It is thus possible to avoid the
discontinuity in the vapor-liquid density that occurs under
ambient conditions. Supercritical water also has interesting
applications in the area of hazardous waste destruction.1-5 It
is also of interest from a geochemical point of view. A lot of
what we know about the molecular structure in supercritical
water comes from simulations.6-8 More experimental results
on the properties of supercritical water9-11 are appearing,
although there is a distinct lack of information concerning the
solvation of ions in high-temperature aqueous systems. The
degree of hydration of an ion in a supercritical environment is
an important factor affecting solubility, reactivity, transport
properties and corrosion.
In a previous study we reported the first observation of a

significant reduction in the hydration number around Sr2+ under
supercritical conditions.12,13 In a subsequent work14 a similar

trend was observed for a monovalent cation, Rb+. In addition,
a contraction in the water-ion distance was observed in
supercritical water.14 Recently, Yamaguchi et al.15 used neutron
diffraction methods to study the hydration of Cl- under
supercritical conditions. A reduction in the waters of hydration
from 5.8 to 2.5 upon increasing the temperature from ambient
to 375 °C was reported, thus substantiating the earlier X-ray
absorption fine structure (XAFS) results. In a related XAFS
study, Seward et al.16 recently reported the hydration of Ag+

and Sr2+ ions in liquid solutions up to 350°C at their respective
vapor pressures. For Ag+ ion, they found a similar reduction
in hydration (from 4 to 3) and a contraction of the first-shell
distances of approximately 0.1 Å. More recently, a neutron-
scattering study17 of the thermal effect of Cl- hydration showed
a reduction in the hydration number from 6.4 under ambient
conditions to about 4.9 at 300°C. Thus, a consistent picture is
emerging from two fundamentally different techniques of a
significant reduction in the waters of hydration for both cations
and anions under hydrothermal conditions. At this point, it is
not clear whether this reduction is due to (i) a thermal effect of
breaking ion-water “bonds” at high temperature, (ii) a density
effect, (iii) a result of dehydration occurring upon the formation
of ion pairs, or (iv) some combination of these effects.
In this paper we use XAFS to explore the hydration of Br-

under supercritical conditions. For ion hydration, a precise
measurement of the short-range structure of the first couple of
solvation shells is essential for prediction of a range of ion
properties in solution. In general, XAFS18-21 is a decidedly
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short-range technique in comparison to X-ray and neutron
scattering where it may be possible to obtain a complete radial
distribution function. There are many advantages to using
XAFS for supercritical fluid studies because it isolates the pair
distribution function about the atom of interest. The first-
neighbor environment can be obtained with high spatial resolu-
tion. Further, XAFS measurements can be made under condi-
tions of “infinite dilution”svery low concentrations where ion-
ion interactions are negligible, thus providing the simplest
experimental condition for determination of water-ion interac-
tions. Another advantage of XAFS is that the height of the
absorption edge provides a direct measure of the fluid density
under any experimental condition.14 Problems that arise due
to the high compressibility of the solvent near the critical point
and the necessity of high solute concentrations complicate the
use of neutron and X-ray diffraction techniques (especially those
based upon isotopic substitution) but are absent from the XAFS
experiment. Finally, there is the possibility of deriving informa-
tion on ion charge state and ion-water charge transfer from
information contained in the X-ray absorption near-edge struc-
ture (XANES). In the end, it may well require accordant
measurements from several techniques to confirm the structure
under these conditions.
Comprehensive neutron-scattering studies, using difference

methods with isotopic substitution, have been very successful
at deriving the hydration structure of anions and cations under
ambient conditions.22-25 These studies have completely re-
solved the geometry of the water in the first shell. For cations,
the oxygens of the water molecules are directly bound to the
cation. For anionic species, specifically Cl-, a proton of the
water sits between the ion and the oxygen. The H-O axis of
water is radially aligned to the anion. In a related molecular
dynamics study of an aqueous SrCl2 solution under ambient
conditions, Dang et al.26 showed a dehydration of the Cl- as
the room-temperature contact ion pair is formed.
Since supercritical fluids allow one to explore solution

properties at low densities, it is useful to briefly review what is
currently known about structure in the extreme of low-density-
gas phase clusters. From mass spectrometric studies of small
ion-water clusters we know that as more waters are added to
the first solvation shell they are less strongly bound. There is
an incremental decrease in the hydration enthalpy,∆Hn-1,nwith
each consecutive water molecule.27,28 For the Br-, the enthalpy
change going from 5 to 6 water molecules is about∆H5,6 )
10.5 kcal/mol, in comparison to∆H0,1 ) 12.6 kcal/mol for the
first water molecule that is more tightly bound. Results for
Cl- are just 4 % higher over this range pointing to the chemical
similarity of Br- and Cl-. Corresponding values for the Rb+

counterion are∆H5,6 ) 10 kcal/mol and∆H0,1 ) 16 kcal/mol.
An interesting observation from ab initio calculations of small
ion-water clusters is that cations are typically embedded in a
shell of water molecules. For anions, however, many of the
optimized geometries for small clusters shows the anion sitting
on the surface of the small water cluster.29,30 It is these nuances
that may be important factors affecting structure and reactivity
under supercritical conditions where the extent of hydration is
greatly reduced. Eventually, the elucidation of the detailed
hydration structure will inevitably evolve from X-ray- and
neutron-based studies.
Whereas in our earlier papers we have used XAFS to explore

the hydration of monovalent and divalent cations under super-
critical conditions, in the present study, we examine bromide
as the monovalent anion. This represents the most extensive
examination of supercritical ion hydration, exploring in detail,
the effects of fluid density and temperature and the ion

concentration. It is worthwhile to mention that there have been
several XAFS studies of aqueous Br- hydration under ambient
conditions.31-35 Generally these studies agree with coordination
number and distance of 6 and 3.2-3.4 Å, respectively, that have
been determined using diffraction techniques.36

XAFS Experimental Methods

Experimental techniques have been described in detail
elsewhere and are only briefly summarized here.12,14 The high-
temperature, high-pressure XAFS cell was fitted with two
opposing 3 mm diameter× 0.5 mm thick synthetic diamonds
that were produced by chemical-vapor-deposition providing a
polycrystalline structure to minimize interference with the XAFS
spectroscopy. These X-ray windows were mounted in such a
way as to provide a 5.8 mm path length. The body of the cell
was constructed from a high-nickel alloy and then internally
plated to a thickness of 50µm with platinum. The temperature
of the cell was maintained to within(1 °C using a three-mode
controller (Omega, No. CN3000), whereas the fluid pressure
was measured to within(1 bar using an electronic transducer
(Precise Sensors, Inc., No. D451) which was calibrated against
a deadweight tester (Ashcroft, No. 1305-D).
Bromine K-edge XAFS spectra were collected on beamline

X-19A of the National Synchrotron Light Source (NSLS) at
Brookhaven National Laboratory. Two focusing mirrors were
used to produce a beam diameter of approximately 1-2 mm that
was aligned such that the beam passed cleanly through the cell.
The beamline used a Si(2,2,0) double crystal monochromator
which was detuned 60% to reduce the content of the higher
harmonics. The spectrum reported for liquid and supercritical
water solutions consisted of five summed spectra that were
acquired over a total time of approximately 3 h. A background
spectrum of pure water under identical conditions was subtracted
from each of the sample spectra. All spectra except the 0.02
molal solutions were acquired using a standard transmission
detector arrangement. For increased sensitivity with the 0.02
m solutions, a 13-element liquid-N2-cooled Ge detector was used
to collect the XAFS data in fluorescence mode. This detector
was tuned to reject elastic scattering of the incident beam by
creating a gated energy window that accepted about 90% of
the Br fluorescence. The fluorescence detector was placed
downstream of the cell and was aligned so that it would collect
the cone of fluorescence emission from about 0.3 to 10° while
excluding the incident beam with a beam stop.
Typically, experiments were started at the highest pressure

and subsequent spectra were collected at lower pressures by
discharging small amounts of the solution through a valve. The
discharged solution traveled through a short section of tubing
which was immersed in a water bath to act as a condenser. The
condensate from this line could then be discharged directly to
the pan of an electronic balance (Mettler Toledo AG204) in
order to determine the density of the supercritical fluid solution
under any condition based upon the known volume of the cell.14

XAFS Spectra Analysis

The methods for data collection, background correction and
data transformation are well-established.21,37,38 The XAFS
oscillations, ø(k), were extracted from the experimentally
measured absorption coefficientµ(E) by subtracting an isolated
“embedded” atom background function,µ0(E), according to the
relationshipø(k) ) (µ(E) - µ0(E))/∆µ0(E0). Here, the wave-
number of the ejected photoelectron is given byk ) (2me(E -
E0)/p2)1/2 whereE0 is the absorption edge energy for the K-edge
of the absorbing atom and∆µ0(E0) is the edge-jump normaliza-
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tion constant. We used an automated background subtraction
method (AUTOBAK) developed by Newville et al.39 for
removal of µ0(E). This method systematizes thek-space
placement of the cubic spline function that is used to ap-
proximate the postedge absorbance from an isolated atom. The
placement of the spline is chosen as to minimize theR-space
features at distances that are well below the atom-atom contact
distance. For the Br- system, this minimumR-space distance,
Rbkg, was chosen as 1.4 Å. The number of equally spaced knots
of the cubic spline ink-space is simply equal to (1+ 2∆kRbkg/
π) as prescribed by information theory. For Br, there are weak
1s4s, 1s3d, and 1s3p multielectron excitations40-43 at k ) 3.0,
5.0, and 7.5 Å-1. These were removed from the XAFS spectra
by direct subtraction of a properly scaled multielectron spectrum
of HBr (Figure 3 of ref 42). This procedure removed the
multielectron contribution toµ0(E).
The analysis of theø(k) function was based upon the standard

XAFS relationship

whereF(k) is the backscattering amplitude of a particular shell,
S0
2 is the constant factor describing the relaxation of the
passive electrons in the presence of a core hole,δ(k) is the photo-
electron phase shift andλ(k) the mean-free path of the
photoelectron. F(k), δ(k), and λ(k) are derived from the
theoretical standard FEFF44, whereas we use the value ofS0

2 )
0.91 for Br that has been previously measured by Frenkel et
al.40 The remaining terms in eq 1 that describe the water-ion
structure includeN, the coordination number of the near-
neighbor shell,R, the near-neighbor distance,σ2, the mean-
square variation inR due to both static and thermal disorder,
and finallyC3, the anharmonicity of the pair distribution, also
known as the third cumulant. These terms, that contain the
quantitative structural information, were found using the FEF-
FIT45,46analysis program that employs a nonlinear, least-squares
fit to the theoretical standards calculated by FEFF.44 In addition
to the structural parameters, a single nonstructural parameter,
∆E0, is varied to account for the simple estimate of this energy
made by FEFF. A refined∆E0 value of 5.60 eV above the
first K-edge inflection point was used. The FEFF calculations
for Br-O were done with atomic configurations based upon
the crystallographic structure of NaBrO3.47 Theø(k) data were
weighted byk2, windowed between 1.8< k < 6.0-7.8 Å-1

using a Hanning window withdk ) 1.0. For the ambient
spectra, thek range of the fit was from 2.75 to 7.8 Å-1. The
fitted parameters did not vary even as the minimumk was
increased to 4.0 Å-1. For minimumk values below 2.75 Å-1,
the amplitudes from FEFF were too small in addition to some
small errors in the phase shift leading to unrealistic fitting results.
There are two possible sources of this error, one arising from
the reduced reliability of the FEFF calculation in this lowk
region and the other arising from the focusing effect of those
hydrogen atoms on the water that reside between the oxygen
and the Br- ion that are known to increase the scattering
amplitudes in the lowk region.48 Thus, using the ambient data,
the amplitude and phase shift of the theoretical standard was
revised in thek region from 1.5 to 2.75 Å-1 to adequately fit
the data. This modified theoretical standard was then used for
all conditions at elevated temperature. The fit range for the
high-temperature data was from 1.8< k < 6.0 Å-1 excepting
the 1.5 m solutions that were fit from 1.8< k< 7.8 Å-1 because
of the low noise of the highk region for this data. All the fits
were done on both the real and imaginary parts ofø̃(R) in the

region of 1.6< R< 4.0 Å. The uncertainties reported in Table
3 and 4 increase the misfit between the data and the best fit
model by an amount of 1/ν, whereν is the degrees of freedom
in the fit (typically, ν ) 2 for the Br- data). Analysis of the
reducedø-squared statistic from the fits indicates that the errors
are dominated by the systematic errors of the theory or the fitting
routine rather than by the random fluctuations of the data.

Molecular Dynamics Simulation

Molecular dynamics simulations were used to obtain simu-
lated XAFS spectra that could be used in analyzing the
experimental spectra. Simulations of the RbBr system at 298
and 697 K were performed using a polarizable model for the
intermolecular interactions. This model consists of pairwise
interactions between all atomic sites of the form

The parametersσi, εi, and qi were defined for each atomic
speciesi, the parameters appearing in eq 2 were then obtained
using the combining rulesεij ) (εiεj)1/2 andσij ) (σi + σj)/2.
The remaining parameters (apart fromqi) defining the

Coulomb interactions in eq 3 are the induced dipolepi at sitei
and the local electric field,Ei, due to all the other fixed charges
in the system. The induced dipolepi is given by the expression

whereRi is the polarizability associated with sitei andT ij is
the dipole tensor used to described the electric field due to a
dipole

The dipole moments on each atomic site were calculated using
an iterative procedure. Because this requires several repetitions
of the force calculation at each time step, this model uses
significantly more computer time than a conventional molecular
dynamics simulation using a non-polarizable force field. To
reduce the computer time needed to run simulations with this
model, a molecule-based cutoff was used, where the interactions
between pairs of molecules are set equal to zero whenever the
centers of mass of the two molecules are separated by more
than 8.5 Å. The POL1 parameters for water49 were used in
these simulations, the parameters for Rb+ were adapted from
ab initio calculations on the rubidium-water dimer,50 and the
parameters for Br- were taken from a nonpolarizable model51

and augmented by the atomic polarizability of the bromide ion.
All parameters used in these calculations are summarized in

ø(k) )
F(k)S0

2N

kR2
e-2k2σ2 e-2R/λ(k) sin(2kR+ δ(k) - 4

3
k3C3) (1)

TABLE 1: Pair-Potential Parameters for the MD
Simulations

atom σ (Å) ε (kcal/mol) q (|e|) R (Å3)

O 3.196 0.160 -0.730 0.528
H 0.000 0.000 0.365 0.170
Rb 3.671 0.0845 1.000 1.40
Br 4.686 0.100 -1.000 4.77

φij(rij) ) 4εij[(σij

rij )
12

- (σij

rij )
6] + UC (2)

UC ) ∑
i<j

qiqj

rij
- 1/2 ∑

i

pi‚Ei (3)

pi ) Ri(Ei + ∑
i*j
T ij‚pj) (4)

T ij ) 1

rij
3(3r ijr ijrij

2
- 1) (5)
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Table 1. The POL1 model used a water geometry with an OH
bond distance of 1.0 Å and an HOH bond angle of 109.47
degrees.
The oxygen-ion radial distribution functions were integrated

over the distancer to get the number of nearest-neighbor water
molecules as a function of distance,N(R), using the formula,

whereF is the average density of water atoms in the system.
All simulations consisted of 235 rigid water molecules plus

two Rb+ and two Br- ions, corresponding to a 0.473msolution
of RbBr. The system sizes were adjusted so that the density of
the 298 K simulation was 1.066 g/cm3 and the density of the
697 K simulation was 0.640 g/cm3. Velocity scaling was used
to control the temperature. A time step of 2 fs was used for
the simulations at 697 K. The polarizable model was found to
be less stable at lower temperatures and thus, a shorter time
step of 1 fs was used for the simulations at 298 K. Each
simulation was run for 50 ps.
Every 0.2 ps, a configuration was saved to a file, resulting

in a total of 250 configurations for each simulation. Two
clusters were extracted from each configuration, one for each
bromine atom. Each cluster contained a Br- ion at the center,
plus all other atoms, except hydrogen, falling within 5 Å of the
central Br- ion. These clusters were used as input for a
calculation of the bromine XAFS spectrum using the FEFF6
multiple-scattering code. The hydrogen atoms were left out of
the calculation because they were found to significantly distort
the results of the FEFF calculation.13 The 500 individual
bromine spectra were then averaged together to obtain a solvent
averaged bromine XAFS spectrum that can then be compared
directly to experiment. This calculation is similar to one
described previously for SrCl2 solutions.13

Results

Figure 1 shows the XAFS spectra acquired over temperatures
ranging from ambient to supercritical under constant pressure
conditions. Figure 2 shows the effect of density under a constant
supercritical temperature. As has been previously described,14

the height of the absorption edge is a convenient and accurate
method of measuring the density of the supercritical fluid
solution. Since these experiments are conducted at constant
molality and at a fixed path length, the amount of Br- in the
beam is directly proportional to the fluid density. Such a direct
density measurement is an essential parameter for interpretation
of results and for relating these results to theory or simulation.
Indeed, addition of the RbBr salt substantially increases the
critical temperature of the solution above that of pure water;
thus, the solution densities are much higher than for pure water
at the same temperatures and pressures. Values of density

determined by this method are given in Table 3. In Figures 1
and 2, the edge height is substantially reduced under all
supercritical conditions and especially those conditions having
low density. In addition, the amplitude of the XAFS oscillations
on the high-energy side of the edge decreases in a fashion that
is disproportionate to the edge height for the temperature series
but remains approximately proportional to the edge height for
the pressure series. The phase behavior of the system was found
to be very similar to that of the NaCl-H2O system.52 For the
conditions that we have explored, the nature of the phases, e.g.,
liquid-vapor equilibria, and the positions of the phase boundary
were very similar to that of monovalent salt, NaCl. Only the
single-phase region was explored for all conditions of this study.
Figures 3-5 give thek2-weightedø(k) plot for the temper-

ature, density, and concentration series. As shown in Figure 3,
increasing the temperature from ambient to the supercritical
region produces a dramatic change in the hydration structure.
Several qualitative observations can be made directly from this
plot. First, the decrease in the amplitude of the oscillations is
primarily due to a decrease in the hydration number of the first
water solvation shell (See eq 1.). A second important attribute
of the spectra in Figure 3 is that the amplitude of the oscillations
are damped at higherk, but there is little change in the extent
of damping when comparing the different temperature series.
Thus, no large changes inσ2 occur as the temperature is
increased (see eq 1).

TABLE 2: Comparison of Bromide Ion-Water Distances
and Water Coordination Numbers Measured by XAFS for
Solutions under Ambient Conditions

[Br-], M N R, Å σ2, Å2 C3

0.150a 6.9 3.34 0.04 0.00648
0.10b 3.19 0.028
1.0c 5.3 3.26 0.023
4.6d 3.30 0.031
0.2e 7.1(1.5) 3.35(07) 0.025(06) -0.0018(27)
1.5e 7.2(0.4) 3.36(01) 0.027(02) -0.0014(06)
aReference 31.bReferences 32 and 33 assumesN) 6. cReference

34, weighted average distance.dReference 35.eThis work, concentra-
tions in molality.

N(R) ) 4πF∫0RG(r)r2 dr (6)

Figure 1. XAFS spectra for a series of temperatures from 36° to 475
°C. The concentration of Br- ion is 0.2m in all cases, and the pressure
is 410 bar, except the 475°C data where the pressure is 625 bar.

Figure 2. XAFS spectra for a series of pressure from 345 to 688 bar.
In all cases the concentration of Br- ion is 0.2 molal and the temperature
is 425°C.

Hydration of Bromide Ion J. Phys. Chem. A, Vol. 101, No. 50, 19979635



Figure 4 shows the effect of changing the fluid density at a
supercritical temperature of 425°C and a Br- concentration of
0.2 m. The lowest density studied at 425°C is just above the
phase boundary for the vapor-liquid equilibrium. Although
the density changes by almost a factor of two, the hydration
shell remains unchanged since the XAFS amplitudes and phases
remain essentially constant over this wide range of densities.
This observation is in qualitative agreement with MD simula-
tions of chloride ion in supercritical water.53,54 For the density

range in this study, a no change in hydration was observed but
one can anticipate that as the density is reduced well below 0.1
g/ml, that some dehydration would occur. Finally, in Figure 5
we see the effect of changing the concentration by almost two
orders-of-magnitude on the local hydration structure. For this
series, the temperature is 425°C at a pressure of 415 bar. For
a change in concentration from 0.02 to 0.2 m, there are very
minor changes in the XAFS spectra, and we can conclude that
the hydration structure is mostly unaffected by salt concentration
over this range. At 1.5 m there is a modest decrease in the
amplitudes in the lowerk region which is perhaps related to
further dehydration of the ion upon formation of multiple ion-
pair associations.

Discussion
Experimental XAFS Data. Table 2 gives a comparison of

the measured Br- ion-to-O distances and coordination numbers
determined in the present study under ambient conditions to
the values reported by others. The distances and coordination
numbers determined in this study are in general agreement with
previously reported values from other XAFS investigations.31-35

The values are also in good agreement with the coordination
numbers and distances (6 and 3.2-3.4 Å, respectively) that are
derived from diffraction-based studies.36 The measured coor-
dination number is also consistent with neutron scattering results
for Cl- at room temperature in which a value of 6.4 was
reported.17

Table 3 gives a complete list of fitted results for the various
sub-critical and supercritical conditions. Typical examples of

TABLE 3: Resultsa of XAFS Analysis of Br- Hydration under Liquid and Supercritical Conditions

[Br-], ma T, °C P, bar F, g/cm3 N R, Å σ2, Å2 C3× 103 Rb

0.2 36 412 1.04 7.1(1.5) 3.35(07) 0.025(06) -1.8(2.8) 0.012
0.2 100 412 1.01 6.7(0.5) 3.36(01) 0.028(03) -0.7(0.7) 0.003
0.2 200 419 0.953 5.2(0.6) 3.38(01) 0.028(04) 1.7(1.2) 0.008
0.2 353 421 0.783 4.7(1.1) 3.37(03) 0.037(08) 1.9(2.8) 0.013
0.2 425 345 0.327 3.0(0.5) 3.35(07) 0.025c 0.0(8.0) 0.061
0.2 425 413 0.419 2.8(0.4) 3.41(02) 0.023(07) 5.4(2.0) 0.010
0.2 425 544 0.484 2.8(0.9) 3.39(04) 0.021(13) 3.4(4.3) 0.021
0.2 425 688 0.514 2.9 (0.9) 3.38(04) 0.024(12) 2.5(4.2) 0.018
0.2 475 625 0.833 3.1(0.6) 3.40(03) 0.031(09) 6.3(3.0) 0.006
0.02 29 1 6.9(1.5) 3.40(03) 0.023(09) 2.0(3.0) 0.009
0.02 200 412 5.4(1.1) 3.36(03) 0.033(09) 0.0(3.0) 0.007
0.02 427 412 2.7(0.6) 3.39(03) 0.024(10) 4.9(3.4) 0.011
1.5 26 1 7.2(0.5) 3.36(01) 0.027(02) -1.4(0.6) 0.002
1.5 425 414 2.1(0.4) 3.36(02) 0.023(05) 2.2(1.5) 0.020
1.5 425 500 2.0(0.3) 3.37(02) 0.024(04) 1.8(1.2) 0.011

aConcentration in molality.bGoodness of fit defined by a scaled sum of squares as described in FEFFIT.45,46 c Fixed in the fitting since this
spectrum has higher noise.

Figure 3. k2-weightedø(k) plots for the temperature series at constant
pressure (410 bar) given in Figure 1.

Figure 4. k2-weightedø(k) plots for the pressure series at constant
temperature (425°C) given in Figure 2.

Figure 5. k2-weightedø(k) plots for three different Br- concentrations
at 425°C and 415 bar.

9636 J. Phys. Chem. A, Vol. 101, No. 50, 1997 Wallen et al.



the quality of the fits are given in Figures 6 and 7 showing
experimental and model fits in bothk andRspace for an ambient
and a supercritical condition, respectively. The effect of
temperature on the measured coordination numbers and nearest-
neighbor distances is consistent amongst the three different
concentrations studieds0.02, 0.2, and 1.5m. The first coor-
dination shell experiences approximately a 61% dehydration
from 7.1 neighboring water molecules under ambient conditions
to 2.8 neighbors under supercritical conditions at 425°C. This
observation is similar to our previous results for monovalent
and divalent cations under supercritical conditions.12-14 The
distance of the nearest neighbors remains almost unchanged
although there is a trend toward slightly increasing distances at
high temperature. Changing the density by a factor of about
1.5, from 0.33 to 0.51 g/cm3, does not alter the coordination
number or nearest neighbor distances significantly. The effect
of density and temperature on the extent of hydration of anions
is in qualitative agreement with recent MD simulations for Cl-

ion by Chialvo et al.53

Figure 8 presents a plot of the coordination number,N, as a
function of temperature that includes all three concentrations

and all pressures. The simple linear relationship with temper-
ature is similar to that observed for the change in the extent of
intermolecular hydrogen bonding of pure water given by
Gorbaty et al.9

It is useful to compare the measured extent of dehydration
for Br- with recently reported values for the chemically similar
Cl- made by neutron diffraction. Yamaguchi et al.15 reported
a 57% reduction in hydration (as measured by nearest-neighbor
2H) upon increasing the temperature from 25 to 375°C. This
is in reasonable agreement with the present results where a 34%
reduction was observed from 36 to 353°C. The trend of
significant dehydration at elevated temperature is also consistent
with another recent neutron scattering study17 reporting a 23%
reduction in the hydration (6.4 to 4.9) of Cl- upon increasing
the temperature from 25 to 300°C.
Table 3 gives the measuredσ2 for all conditions. As the

temperature is increased from ambient conditions to 353°C,
σ2 increases in accord with the higher thermal disorder of the
system. Under supercritical conditions all of the measuredσ2
values are closer to their values under ambient conditions.
Under supercritical conditions there is more uncertainty in the
measuredσ2 and thus we cannot say with high confidence that
σ2 is decreased. However for the 1.5 m solutions, where the
data are of sufficient quality to get a better measure of theσ2,
the smaller value appears to be statistically significant. We
know from gas-phase cluster studies that the binding energies
of the first few water molecules are substantially higher than
those of the fully saturated first shell. Thus a smallerσ2 might
be anticipated. In addition, as will be discussed in a following
section, the measurement of the nearest neighbor waters may
also include contributions from the Rb+ counter ion. Thus the
much higher mass of this atom would also reduceσ2 if the
binding energy were about the same as for a water molecule.
There is also a possibility that there may be bridging waters
between the ion pairs that have much lowerσ2 than for water
molecules that only bind to the anion. We will address this
aspect in a future paper dealing with MD results of similar
systems.
As the temperature of the system increases, the anharmonicity

parameter,C3, increases. If theC3 term is left out of the fits,
an apparent contraction of the nearest-neighbor water distance
of about 0.1 Å is observed, whereas inclusion ofC3 leads to a
slight increase in the distances of the nearest-neighbor waters.
ThusC3 is a significant and important parameter to account for
the anharmonicity of the system. It should be strongly

Figure 6. An XAFS k2-weightedø(k) plot and|ø̃(R)| plot for 0.2 m
Br- in ambient water. The solid line shows the experimental data and
the dashed line shows the best-fit model using FEFF calculations and
the parameters listed in Table 3.

Figure 7. An XAFS k2-weightedø(k) plot and|ø̃(R)| plot for 0.2 m
Br- in water atT ) 425°C andP ) 413 bar. The solid line shows the
experimental data and the dashed line shows the best-fit model using
FEFF calculations and the parameters listed in Table 3.

Figure 8. Water coordination number in the first shell around the Br-

ion plotted versus the temperature of the system. The plot includes all
the conditions of concentration and pressure given in Table 3. The line
is the least squares fit to the data points.
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emphasized that, even with the uncertainties associated with
the measurement ofσ2 andC3, the substantial reduction in the
extent of hydration remains a statistically significant result of
the data as demonstrated by the global analysis of the errors
presented in Table 3.
The change in the number of nearest neighbors is consistent

with a reduction in the number of ion-water bonds at the high
temperature of the system. This reduction may also be in part
due to the formation of an appreciable concentration of contact
ion pairs. The present simulation results and those of Chialvo
et al.6 show that an extensive amount of ion pairing exists under
supercritical conditions even at concentrations as low as 1×
10-3 M. A recent MD simulation study of liquid phase
solutions26 indicates that, upon formation of the ion pair, an
appreciable degree of dehydration occurs for a divalent cation.
A similar phenomena is expected under supercritical conditions.
Thus both thermal dehydration and ion-pair dehydration may
contribute to the measured changes in the number of nearest-
neighbor waters.
MD Simulated XAFS. TheGBrO(R) given in Figure 9 gives

possible clues to the water structure in the first and second shells
and changes in the shell structure under supercritical conditions.
The position of the first peak inGBrO(R) increases from 3.30 to
3.43 Å representing an expansion of the first water shell at
elevated temperature. This is perhaps slightly larger than the
experimental results shown in Table 3. The first peak also
broadens substantially at high temperature. A first approxima-
tion fit to this peak with a Gaussian function yields an increase
in σ2 from 0.043 to 0.135. Further, the order in the second
water shell located at 4.9 Å is largely destroyed under
supercritical conditions. The number of water molecules in the
first hydration shell diminishes as shown in the integratedGBrO-
(R) plot shown in Figure 10. This represents a reduction from
5.0 (3.64 Å shell) at 25°C to 4.5 (3.94 Å shell) at 424°C. This
corresponds to a 10% reduction which is substantially less than
the 61% reduction measured experimentally over the same
temperature range.
Multiple configurations downloaded from the MD simulations

were used to generate the configurationally averaged XAFS
spectra given in Figure 11. A powerful way of validating the
data reduction technique (FEFFIT) is to apply the same analysis
to both the simulated spectra and the experimental data. This
approach allows one to clarify the effects of disorder on the

derived parameters and also provides a stringent test of the
validity of the water-ion potentials used in the simulations. The
results of the FEFFIT analysis for the simulated spectra are given
in Table 4. Under ambient conditions there is good agreement
betweenN, R, andσ2 derived from FEFFIT of the simulated
spectra and the corresponding values reported above from the
GBrO(R) in Figure 9. Under supercritical conditions,N andσ2
derived from FEFFIT of the simulated spectra are underestimat-
ing the values fromGBrO(R). This may be in part due to the
limited number of configurations used in the generation of
XAFS spectra resulting in lower quality data at higherk. It
may also point to a need to be careful in interpreting the
parameters derived from the fits to the high-temperature XAFS
spectra. The agreement with the experimentally derivedN
values is also not good and this most likely points to the limited
range of application of the water-ion intermolecular potentials
used in the simulation. Clearly, the intermolecular potential
needs to be revised to capture the features of the high-
temperature structure.
Several of the MD configurations were analyzed using FEFF

to explore the importance of multiple scattering paths (>three
atom paths) for the Br--water system. The contribution from
multiple scattering to calculatedø(k) was found to be less than
3%. This is below the noise level of the experimental data and
is thus not considered in the analysis. This is the same

Figure 9. Radial pair distribution function from molecular dynamics
simulation for the bromide-oxygen distance under ambient (T ) 25
°C) and supercritical (T ) 424°C) conditions. Derived from the same
250 configurations that were use to generate the XAFS spectra in Figure
11.

Figure 10. Number of water molecules around the bromide ion as a
function of distance for the ambient (T ) 25 °C) and supercritical (T
) 424°C) conditions. These were obtained by integration of theGBrO-
(R) plots given in Figure 9.

Figure 11. Plot of k2(ø(k) generated from the MD simulation for the
ambient (T ) 25 °C) and supercritical (T ) 424 °C) conditions. For
comparison, the experimentally derivedk2ø(k) spectra at 36°C is also
shown.
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conclusion derived by D’Angelo et al.31 in their study of the
Br--water system under ambient conditions. The contribution
to the XAFS from the second peak in theGBrO(R) is also a
relatively minor component of the measuredø(k). The molec-
ular configurations that were captured from the simulation were
analyzed with FEFF using two different, maximum single
scattering paths, 5 and 6 Å. The difference of these two spectra
then contain only contributions from the 5-6 Å shell about the
anion. This analysis showed that the contribution toø(k) from
the 5-6 Å shell is less than 4%. Again, this requires very high-
resolution spectra in order to resolve this region.
There is evidence from molecular dynamics simulations of

significant contact ion pairing occurring in fairly dilute super-
critical salt solutions. It may be possible to use XAFS to detect
ion pair formation, however, the observation of the contact ion
pair is a poorly conditioned problem in this particular case
because the Br- to oxygen distance (3.3 Å) is very close to the
estimated Br- to Rb+ distance (3.41 Å). Since the distances
for the counter ion and the oxygen nearly coincide it is not
possible to chemically identify adjoining Rb+ ions with thek
range of the data. This is confirmed in Figure 12 which shows
FEFF-generatedk2-weightedø(k) for two types of coordinated
Br-sone with an octahedrally coordinated water and the other
with one water replaced by a Rb+ ion at the expected contact
ion pair distance. There are only subtle differences in the two
spectra. Simulations by Chialvo et al.6 suggest that under these
supercritical conditions ion pairs (NaCl) are fully developed even
at much lower concentrations than studied here. The presence
of Rb+ counter ions would lead to an error in the measured
number of nearest neighborsN. From the FEFF simulation we
estimate that this would lead to a measuredNwhich is too large
by about 15% due to the presence of the counter ion assuming
that all of the Br- anions are ion paired. The detection of
contact ion pairs using XAFS is still possible using smaller ions
where there is a larger percentage difference between the oxygen
and the counter ion distances.

Conclusions

Results from both XAFS studies and MD simulation have
been used to establish the dramatic changes in the hydration of
bromide ion under supercritical conditions. The results have
firmly established that extensive dehydration occurs under
hydrothermal conditions. This is an unequivocal result that is
not affected by the uncertainties of the other parameters.
Inclusion of the anharmonicity parameter is required to obtain
a correct measurement of the nearest-neighbor distances. There
is qualitative agreement between the experimental results and
the molecular dynamics simulation with respect to the number
of nearest-neighbor waters, the nearest neighbor distances, the
degree of disorder in the first shell and the trends of these
parameters with increasing temperature. However, the results
imply that the Br--water intermolecular potentials used in the
MD simulations, which were parameterized under ambient
conditions, must be substantially modified to quantitatively
predict the behavior under supercritical conditions.
The effects of temperature, density, and solution concentration

have been explored in detail. The primary factor affecting the
decrease in hydration under supercritical conditions is the high
temperature of the system. The fluid density and the salt
concentration have only a minor effect on the hydration
structure. These results have important implications for the
transport, solubility and reactions of ionic species under
supercritical conditions and, as such, provide us with a starting
point for a much better understanding of a range of different
effects in supercritical water systems.
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