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We report here on X-ray absorption fine structure (XAFS) measurements used to determine the structure of

the YB** ion in aqueous solutions over a range of temperatures from 25 t6G@Md pressures up to 270
MPa. Fluorescence Ybs-edge spectra were collected separately from nitrate (€100&0.16m HNOs) and
chloride (0.006m YbCl3/0.017 m HCI) aqueous solutions within a hydrothermal diamond anvil cell. The
Yb—O distance of the Y& aquo ion in the nitrate solution exhibits a uniform reduction at a rate of 0.02
A/100 °C, whereas the number of oxygens decreases from-83% to 4.8+ 0.7, in going from 25 to 500
°C. No evidence for nitrate complexes was found from measurements made on this solution.®The Yb
found to persist as an aquo ion up to 18D in the chloride aqueous solution. In the 3&DO °C range,
chloro complexes are found to occur in the solution, most likely of the type XBH.Cl, "3 (6 ~ 7). The
Yb—Cl distance of the chloro ytterbium(lll) complexes is found to decrease uniformly at a rate of about 0.02
A/100 °C, whereas the number of chlorines increases from#0.6.3 to 1.8+ 0.2 in the 306-500 °C
temperature range. Conversely, the-® distance undergoes a lower uniform reduction at a rate of 0.007
A/100 °C, whereas the number of oxygens decreases from83 to 5.1+ 0.3 in going from 25 to 500

°C in the same solution.

Introduction can be directly attributed to the scarcity of data on the structure
of ion complexes in hydrothermal solutions. Such data are
requisite for a greater understanding of solution chemistry and

i 5
hydrogen bond breaking in the network structure of water leads gegcr;‘emlgtr%/ an(: have rj.let\./ ance.for developtr.ner;moi;r.lukf lear
to reduced screening of ions with increasing temperature in the 21 chémical waste remedialion using supercriical fluiaeg

electrolytic fluid. The reduced screening results in increased _P_T structure data of ions in agueous s_olutlons are also
ion—ion interaction, thereby directly affecting the stability of Important for development of ab initio theories and molecular
ion complexes at elevated temperatures. Consequently, thedynamics S|mula_t|ons of_e_lectrolytlc fluids, under a broad range
solubility of many organics increases in supercritical water under ©f thermodynamic conditions.
low-density (0.1 g/cnf) conditions, leading to applications in The series of lanthanide (Ln) ions offer an ideal system for
separations technology of organic waste produéts.addition, a study of structure and related properties in hydrothermal fluids.
variation of the local fluid structure, resulting in the reduction The 4f electrons of these elements are very effectively shielded
of the dielectric constant, is thought to directly impact the by the outermost electronic shells, resulting in very weak
structure and speciation of ion complexes in aqueous solutionsinteractions with ligands of lanthanide complexes. Consequently,
with temperaturé. However, detailed knowledge of water the lanthanides are thought to behave much like the alkali metals
solvation and local structure in the vicinity of ions under elevated in the formation of complexes. In addition, the¥trions exhibit
pressure-temperature (PT) conditions is severely lacking. This  very uniform structure properties across the series, such as the
lanthanide contraction effect, in ambient aqueous solutions.
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tions are well established. X-ray diffractiér,neutron diffrac-
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Our understanding of solvation of ions in water under near
critical and supercritical conditions is limited. Progressive
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have been used to provide information on speciation and
structure of lanthanide ions in aqueous solutions. X-ray absorp-
tion fine structure (XAFS) has also been applied to provide local
structure information of lanthanide ions in room-temperature
aqueous solution¥~14 Yamaguchi et al? found detailed
evidence for the lanthanide contraction effect from their
systematic X-ray absorption fine structure (XAFS) study of the
hydration structure of nearly the complete range of lanthanide
ions. From their XAFS study of 13, Ce*, Nd®", EL*t, Yb3t,
and Y8 ions in high-concentration chloride aqueous solutions,
Allen et al!* found greater Cl complexation for the lighter
lanthanides with a gradual decrease in approaching the heavier
ones. YB™ and Yé* ions showed no association with-Gigands
from their study made under ambient conditions. Investigations
of the local structure of ¥ in 0.1 M YClz-bearing aqueous 1 (a) 1 (b)
SOluuons. (with up t0 2.5 M CI) fro”.‘ 25 to 34%C have been Figure 1. (a) lllustration showing how the diamond anvils of the
made using XAFS by Ragnarsdottir et'al. hydrothermal cell are arranged, with a Re gasket sandwiched between,
Theoretical calculations of Ln speciation in aqueous solutions to seal a solution sample. The sample chamber is defined by the hole
under elevated PT conditions are well established. An inthe gasket and the central cavity in the grooved diamond anvil. The
extensive study involving thermodynamic calculations of stabil- el was used in inverted orientation during measurement with

ity constants of the complete range of lanthanide ions interacting SYnchrotron X-ray beam, as depicted by the arrangement of the diamond
ith CI-. OH-. NO-— d other li ds in dilut anvils. (b) Visible fluorescence (vertical streak) showing the passage

wi S » NGs™, gn other ligands In dilule aqueous i cigent X-rays through the sample chamber in the grooved diamond

solutions has been carried out by Haas ef élowever, there anvil of the hydrothermal diamond anvil cell. Note the two (circular)

are very few spectroscopic studies of the structure of lanthanidemilled grooves in the anvil.
ions in aqueous solutions at elevated temperatures and pressures.
Wood found from a thermodynamic analysis of lanthanide ions Modifications to one of the anvils of the cell are illustrated in
in aqueous solutions that complex stability increases at elevatedFigure 1a. One diamond has two laser-milled grooves, oriented
P—T conditionst’” This was confirmed for N complex  at 90" to one another, which are 26300 .m at the opening
formation with acetate and Clligands, from potentiometric ~ &nd extend to within 8@m of a cavity, measuring 306m in
measurements on hydrothermal solutions up toZ2% Similar ~ diameter and 5870um in depth, centered in the anvil face. In
confirmation was made from solubility measurements on Figure 1b is shown the visible fluorescence from the passage
aqueous YB —oxalate complexes up to 8G°and on aqueous ~ Of a focused X-ray beam through one of the laser-milled holes
Nd3+ 20 and other LA" chloro complexes at up to 30 2 in the grooved anvil of the cell. For greatest ease of alignment
As noted above, XAFS has proven to be a very useful tool during measurement with the synchrotron X-ray beam, the
for the study of the structure of fluids. The two primary nydrothermal diamond anvil cell was inverted so that the
limitations, which have impeded progress in X-ray absorption 9rooved diamond was on the top. The seats containing the
spectroscopy of hydrothermal fluids, are corrosivity and signal diamond anvils are mounted on upper and lower platens, which
efficiency of high P-T cells. Signal efficiency, owing to the =~ &€ drawn together by three screws and guided Ipy three rods.
thickness and type of window material of the cell, has been a The sample was heated externally b_y means of resistance heaters
particularly important barrier to overcome because the study Wound around the tungsten carbide seats that support the
of the complete Ln series and other light elements is otherwise diamond anvils. Individual chromeklumel thermocouples are
precluded. We have successfully solved the problem of signal attached to the upper and lower diamond anvil, separately, to
efficiency through recent improvements of the hydrothermal Measure the temperature of the sample. The temperature
diamond anvil cell by laser drilling grooves in the diamond grad|ents_,, both in the vert|ca_l and ho_rlzontal orientation, are
windows?2 Our recent studies show that this cell is suitable for SMall owing to small sample size and high thermal conductivity
fluorescence XAFS measurements of very dilute highiTp  Of diamond. The corrections are typically less thafCs

solutions below the X-ray photon energy of 5500 ®The A ﬂuio! sample (solution_ plus vapor bubble) is placed _Within
cell was successfully used to make the first study of its kind the confines of a 30@m diameter hole of a 56100xm thick
from XAFS measurements of 0.067La in 2% HNQ; solution rhenium gasket and the cavity in the center of the anvil face of

at up to 300°C and 170 MP&* In continuation of our the grooved diamond. The anvil faces, about 1 mm across, seal

investigations of the Ln series, we have recently made XAFS the top and bottom of the sample hetecavity as the anvils

measurements of ¥ complexes in dilute high PT aqueous are driven tQQEIher. Samp_le pressure in .the hydrothermal
solutions. Here we report on the first study of the structure of diamond anvil cell is determined from equation of state of the

. . 122,23
Yb3*+ ion complexes from measurements of nitrate (0.606  Sample fluid:

Yb/0.16 m HNOs3) and chloride (0.006n YbCly/0.017m HCI) Sample Preparation.A 0.006m (1000 ppm) Yb in 0.16n
aqueous solutions at conditions ranging from 25 and (1%) HNG; standard solution and 99.9% purity YR&H,0
atmospheric pressure to 56 and 270 MPa. powder were obtained from the Aldrich Chemical Co. A solution

having 0.006m YbCl; and 0.017m HCI (Cl:Yb ratio of 6:1)
was prepared using distilled deionized water and a 6.0 N HCI
solution. The solution was clear with no evidence of a precipitate
The Hydrothermal Diamond Anvil Cell. The hydrothermal during preparation. The pH values of the nitrate and of the
diamond anvil cell, which was designed specifically for high chloride solutions were determined prior to loading into the cell
P—T studies of hydrothermal solutions, has been described into be 1.23 and 1.67, respectively. A micropipet was used to
detail elsewheré The cell consists of two opposed 1/8-carat carefully load the solution samples into the chamber of the
diamonds mounted on tungsten carbide seats. The laser-millechydrothermal diamond anvil cell under a binocular microscope.

Experimental Details
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This method prevents overflow of the sample solution into the
diamond grooves. Additional room-temperature XAFS spectra
were measured from samples loaded separately into 4890
o.d. and 28Q:m i.d.) pure silica capillary tubes.

XAFS Data Acquisition. XAFS spectra were collected at
the Yb Ls-edge (8944 eV) on the undulator PNCAT ID20
beam line of the Advanced Photon Source (APS), at the Argonne
National Laboratory. XAFS data acquisition was accomplished
by collection of the X-ray fluorescence signal using a 13-element
Ge detector. The detector was placed in the standard horizonta
90° orientation to the incident X-ray beam. The synchrotron
was operated at 7.0 GeV and 100 mA maximum fill current. A
standard copper foil was used to calibrate the monochromator.
The Si(111) crystals of the monochromator were detuned by
30—40% as a means of harmonic reduction in the incident X-ray
beam. Each spectrum was measured for approximately 20 min.
The slits before the monochromator were positioned at 2.4 mm
(width) x 1.2 mm (height), whereas the ones after the
monochromator were adjusted to 0.96 mm (width).875 mm
(height). Kirkpatrick-Baez mirrors were used to focus the beam
giving roughly a 25um circular spot with a flux of 5x 10!
photons/second at the X-ray energy of 8900 eV. The incident
and transmitted X-ray beam were detected using gas ionization
chambers (10.2 and 30.5 cm lengths, respectively) filled with
dry nitrogen gas. Up to six scans were collected at eaef P
point. Small Bragg diffraction peaks in the spectra were
observed occasionally. In this case, the cell was rotated by up
to £4 degrees relative to the incident beam direction, in the
plane of the synchrotron radiation. This resulted in movement
of the Bragg peaks in energy space by a sufficient amount so
that the same region devoid of peaks from another scan could
be used to replace a region containing a peak in one scan.
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Figure 2. Isolatedk? weightedy(k) data, reduced from XAFS spectra
of ytterbium(lll) nitrate solution at PT conditions ranging from
ambient to 500°C and 250 MPa.

beam flux conditions, we found it unnecessary to repeat the
experiment under reduced flux conditions. In addition, the onset
of the Yb L3 X-ray absorption edge was virtually identical

(~8646 eV) for the solution samples measured at room

For both the nitrate and the chloride aqueous solution Samplesrtemperature in capillary tubes, under elevatedrReonditions

small amounts of precipitate were formed and collected on the
face of the bottom anvil inside the cell during the experiment
under elevated PT conditions (15¢C and equilibrium vapor

in the HDAC, and for the Yb precipitate. This provides evidence
that the ytterbium ion remained in the trivalent state in the nitrate
and chloride solutions under elevated P conditions.

pressure and above). In both cases, the color of the precipitate pgtq Analysis. The fluorescence XAFS are calculated by

appeared to be brown or black. The precipitates were sufficiently
out of the incident X-ray beam<100xm below) in the sample

so that only the solution was measured. XAFS spectra measured,

from the precipitate formed within the nitrate solution show
that it is most likely a highly disordered or an amorphousQd

normalizing the measured fluorescence signatith respect

to the incident X-ray beam intensity. Up to six scans collected

t the same PT point were chosen for averaging of the XAFS
spectra measured from each of the solutions. The threshold edge
energyEp was determined by finding the point of inflection

phase. Additional analyses on the precipitates were not possibléfrom the derivative of each of the averaged spectra. lts value

because of their small quantities.

To test the effect of incident X-ray beam flux intensity on
the formation of the precipitates, the experiment was repeated
on a newly loaded ytterbium(lll) chloride sample under reduced
flux conditions (8 x 109 photons/second at 8900 eV). Beam
reduction was accomplished using a 200 Al (99.99% purity)
foil placed in the incident X-ray beam immediately after the
Kirkpatrick-Baez focusing mirrors and in front of thedetector.

In this case, additional fine slits were placed in front of the
sample, to eliminate scattered radiation. The precipitate was
nearly or completely eliminated during the repeated experiment.
In this way, the initial stoichiometry of the ytterbium(lll)

was found to be~8940.5 and~8946.4 eV, respectively, for
the spectra of nitrate and chloride solutions. A difference of
~6.0 eV of the edge position occurred because of a crude step
size chosen in the Yhs-edge region during measurement of
the ytterbium(lIl) nitrate solution sample. To reduce some of
the noise occurring in the spectra measured from the nitrate
solution, two-point adjacent averaging was used in the energy
rangeE > ~9010 eV k > ~4.3 A1), Similarly, for XAFS
spectra measured from the ytterbium(lll) chloride solution
sample, one-point adjacent averaging was applied in the energy
rangeE > ~9130 eV k > ~6.9 A-1). XAFS oscillations -

(k), were isolated using an automated background subtraction

chloride solution sample was preserved throughout the repeatedorogram (AUTOBK) developed by Newville et & During this

experiment. We speculate that the precipitate formation may

procedure k2 weighting was used on raw absorption data in

have been triggered by beam-induced radiolysis effects occurringthe k range from 0.6 to 11 AL Using 6-7 knots in the spline

in agueous solutions exposed to high-brilliance X-ray radigfion.

resulted in obtaining the most suitable background function for

The results discussed below are from analysis of XAFS spectraug(E), the monotonically varying part in the raw absorption

of the ytterbium(lll) chloride solution measured under reduced
incident X-ray beam flux conditions. Because we only find
evidence for YB" aquo ion speciation from measurements of
the ytterbium(lll) nitrate solution sample under normal X-ray

spectra above the edge, in isolatip(y) data. Figures 2 and 3
show thek? weightedy (k) data at eachPT point, reduced from

the XAFS spectra of the nitrate and chloride aqueous solutions,
respectively.
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Figure 3. Isolated k?;(k) data, generated from XAFS spectra of
ytterbium(lll) chloride solution for P-T values ranging from ambient
to 500°C and 270 MPa.

Mayanovic et al.

F.T. Magnitude

R(A)

Figure 4. Magnitude of Fourier transforms of théy(k) data shown

in Figure 2 (solid lines) calculated in therange of 2.3-9.0 At and

the corresponding best fits (dashed lines) as a function of temperature
and pressure up to 50@ and 250 MPa. Note: The gradual shift of

The data analysis was made using the FEFFIT2.54 softwarethe primary peak centered me2A in the Fourier transform data toward
programz.&nghis program employs a nonlinear, least-squares lower R values is indicative of the YbO bond contraction with

fit to the theoretical standards calculated using FEFF8 theoretical
code30 Fitting was made simultaneouslyiirspace (the Fourier
transformed space) and filterekl space (inverse Fourier
transformed space). Fitting parameters included the coordination
number ;), the radial distanceR), the XAFS Debye-Waller
factor (@i?), and AEp, which compensates for the mismatch
betweenE, and its theoretical estimate.

Figures 2 and 3 show presence of significant noise in the
%(K) spectra beyond about 10.0-Ain k space. In addition,
because the backscattering amplitude for oxygen is significantly
attenuated beyond about 6 & k2 weighting was selected for
analysis of spectra measured from the ytterbium(lll) nitrate
solution3! This selection compensates for signal attenuation with
k while limiting possible introduction of errors due to noise in
the highk region in the analysis of(k) data. A fitting model
containing eight equidistant oxygens surrounding a central
ytterbium atom in a cubic arrangement (Y8g) was used for
spectral analysis. Only single scattering -Y® paths were
employed in formulating the modej(k) data using FEFF8.
Fitting in r space was accomplished on data (shown in Figure
4) that were obtained by Fourier transforming }f{&) data in
thek range of 2.3-9.0 A-L. For fitting in k space, the filtered
%(K) data shown in Figure 5 were obtained by inverse transform-
ing the Fourier transform data in the 8.0 A range. The
range was limited to 7.5 A& during analysis of data measured
at 500°C, to avoid an artifact attributed to noise occurring near
8 A~1in y(k) data. All fitting parameters includingEy were

temperature.
sF T v T y T T T 7]
500°C 250 MPa
6 400°C 140MPa |
200°C 20MPa
4 - i
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Figure 5. Filtered k%(k) data (solid lines) obtained by inverse

allowed to vary during fitting. In comparison to its value under transforming the Fourier transform data shown in Figure 4 in the range

ambient conditions (12.5 eV)AE, was found to be ap-
proximately~11 eV for spectra measured under elevated P
conditions, leading to a consistent discrepancy-2f0 eV. We
speculate that the larger value®i, is indicative of significant
surface adsorption on and/or diffusion of 3hinto the walls

of the capillary holding the solution sample during room-
temperature measuremefts.

1.0—-3.0 A and the corresponding best-fits (dashed lines), as a function
of temperature and pressure up to 5@and 250 MPa.

For similar reasons as discussed abdeweighting was
selected for analysis of spectra measured from the ytterbium-
(1) chloride solution. The fitting procedure involved processing
Fourier transform data shown in Figure 6, which were obtained
by transforming they(k) data in the 2.510.0 A range.
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Figure 6. Magnitude of Fourier transforms of thé#k) data shown

in Figure 3 (solid lines) calculated in therange of 2.5-10.0 A2 for

P—T values up to 500C and 270 MPa. The best-fit curves (dashed
lines) of the Fourier transform data are also shown. Note: As in Figure
3, the primary peak shifts are consistent with-Y® bond contraction
effects up to 150C. However, beyond 308C, a reversal of the trend

is observed as Y&—CI~ association becomes significant with increas-
ing temperature.

Figure 7. Filteredk?;(Kk) data (solid lines) generated by inverse Fourier
transforming the data shown in Figure 6 in the range-2.8 A and

the corresponding best-fit curves (dashed lines) as a function of
temperature and pressure up to 3@0and 270 MPa. Interference effects
occurring due to mixed coordination of the ttcation with oxygens
and chlorines are evident at8 A1 and above for data measured at
300°C and beyond.

TABLE 1: Structure Results from Fitting of XAFS Spectra
o o _ Measured from a 0.006m Yb/0.16 m HNO3 Aqueous
Similarly, the ¥(k) data shown in Figure 7 were obtained by Solution

inverse transforming of th_e Fourier transform data_l inthe-1.4  temp  AEoys o) No Ryb_o 2o  Sfactor
2.8 A range. The YbOg single shell model described above 25°C 125+ 05 83L06 233: 01 0007f 001 0.006
was used to fit spectra measured at 25 and°*Ia(For spectra  150°C 10.84 0.9 7.8+ 0.8 2.29+ .01 0.013-.003 0.016
measured at 300C and above, a new model was used as 300°C 11.3+1.0 6.2+0.7 2.28+.01 0.01 6 .003 0.006
necessitated by the evolving structure in the data. This model400°C 10.4+1.1 4.8£06 2.26+.01 0.017+.003  0.008
has four equidistant oxygen atoms in the first shell and a similar 00°C 109+ 11 48+0.7 2.24+.02 0.017.004 0011
arrangement of chlorine atoms in the second shell. Only single

scattering paths were used for both oxygen and chlorine Discussion
backscatterers. Two differents, values, which were kept fixed Nitrate Solution. Our room temperature results shown in
during fitting, were used for YbO (4.0 eV) and Yb-CI (6.5 Table 1 are generally in excellent agreement with the structure

eV) paths, respectively. Variation of other fitting parameters results for hydrated Y& obtained from studies by Kurisaki et
gave good results with somewhat higher uncertainties attribut- al.,” Helm et al.$ Cossy et al’, Yaita et al.}* and Allen et af*
able primarily to noise in the spectra. By constraining the Although Habenschuss and Speddiagd Yamaguchi et &f
Debye-Waller factors, these uncertainties were minimized. This have not measured the structure of the hydratetf ¥an, they

was necessitated in part by the interference between thehave done so for most of the lanthanides includin.g Tm and Lu.
contributions to each spectrum from oxygen and chlorine These results, when interpolated for the hydrateé™dn, show

backscatterers, respectively. Adding to this is the finite range excellent agreement with our resul_ts. Although our measure-

of they(K) data and relatively close YbCI and Yb-O distances ments are insensitive to the precise geometry of the inner

Applicat  the double shell model to fitt " : d hydration shell, the number of oxygen ligands (8.3) is consistent
ppiication ot the dou d?ds € ”?°|de o Irr]'g _spe"c fa mea_surfel with the square antiprismatic structure of the3Ykaquo ion

at room temperature did not yield any physically meaningtul yotermined from molecular dynamics simulations made by

results, thus justifying the use of the ¥Kg single shell model.

Kowall et al33
1
We have foIIowgd the example of Allen et’dland usgq an Yaita et al*® found evidence for bidentate coordination of
amplitude reduction facto&? = 1.0 in the course of fitting.

e - ’ the lanthanides ranging from Nd to Lu, including for the3Yb

The fitting results are tabulated in Table 1 with the goodness ion, to the oxygens of the nitrate ion only for solutions having
of the fit given by the?? factor, which, in general, is0.05 for the highest HN@concentrations. The LrO,NO distances of

a good fit. Finally, anharmonic effects were considered during the nitrate complexes were reported to be about 0.1 A longer
analysis of the data, by inclusion of thg &d G anharmonic  than the Ln-OH, distances. The presence of the nitrogen
parameters in the cumulant expansion, but were found to bebackscatterer was revealed by the appearance of a peak in the
negligible. Fourier transform data near 3.8 A and by beating or interference
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TABLE 2: Structure Results from Fitting of XAFS Spectra Measured from a 0.006 m YbCl3/0.017m HCI Aqueous Solution

temp AEqyb-0) AEovb-ci) No Nci Ryb-o Ryb-ci 0%b-0 0%b-c 2 factor

25°C 7.2+ 0.5 8.3+ 0.5 2.328+ .007 0.0074+ .001 0.003
150°C 47+0.4 8.5+ 0.4 2.316+ .006 0.012+ .001 0.002
300°C 4.0 6.5 6.5+ 0.5 0.5+ 0.3 2.306+ .007 2.60+ .04 0.012 0.006 0.009
400°C 4.0 6.5 5.1+ 0.6 1.6+ 0.3 2.29+ .01 2.57+ .01 0.016 0.007 0.014
500°C 4.0 6.5 5.1+0.3 1.8+ 0.2 2.294+ .008 2.566+ .009 0.019 0.009 0.004

outward by 0.20+ 0.04 A, in going from 25 to 30CC.
Conversely, six oxygens (in the tricapped trigonal prismatic
sites) are contracted inward by 0.#1 0.03 A in the same
temperature range. There was no reduction of hydration waters
of the La&™ aquo ion up to 300C observed in our previous
study. The true nature of the mechanism responsible for the
relaxation of the hydrated Baion has yet to be determined. It
may be very likely that several competing mechanisms are
responsible for the exact type of relaxation of the lighter
lanthanide aquo ions, such as size effects, field strength, the
nature and strength of the ligandation interaction, and
potentially others. We comment further on the nature ot*Yb
aquo ion relaxation in the section below.

Figure 8. (a) Schematic diagram showing how the three equatorial  Chloride Solution. Our results from analysis of spectra
waters shift outward, whereas the six water molecules residing in the measured from the chloride solution sample (in Table 2) at room

tricapped trigonal prismatic sites shift inward as the structure of the . . . .
hydrated L&" aquo ion undergoes relaxation at elevated temperatures. temperature indicate that the ¥bion is hydrated with

(b) A similar diagram showing how the eight water molecules residing @pproximately eight equidistantly positioned water molecules
in the square antiprismatic sites are contracted inward toward thie Yb  in the inner hydration sphere. We do not find evidence for chloro
aguo ion in aqueous solutions under elevated temperatures. Thecomplex formation in this solution at room temperature. These
antiprismatic structure was determined from molecular dynamic simula- ragylts are in excellent agreement with those obtained by Cossy
1 3 . .

tions by Kowall et aF et al.? Yaita et al.13and Allen et al In addition, these results

feat in the(K) data (indicati ¢ multiole shell struct are consistent with our structure data for the hydrated Yén
eatures in the/(k) data (indicative of multiple shell structure in our nitrate solution measured at room temperature.

surrounding the absorber). Because these indicators were not . . .
g ) Complete hydration of the Y& ion was found to persist up

present in our structure results or in the data, we conclude that . . i g :
the YB** ion does not exhibit nitrate complex formation under © 150°C. At 300°C and beyond, the solution exhibits formation
all P—T conditions of our study. of most likely stepwise Yb(kD)s—nCl,™3~" complexes, where
0 ~ 7 andnis an integer ranging from 0 to 3. The combination

in Figures 2, 4, and 5, Y& persists as an aquo ion in the of innershell hydration and chloro complex formation of the
aqueous solution throughout the completeTPrange of our Yb3* ion is most evident at first glance in the interference
study. The Yb-O interatomic distance exhibits a uniform features occurring in the highkrange (-8 A~'and above) of
reduction at a rate of 0.02 A/10T, in going from 25 to 500  thex(K) data shown in Figure 3 and of the filtergdk) data
°C. Several groups have observed local structure relaxation ofShoWn in Figure 7, for spectra measured at 30@&nd beyond.
hydrated ions with temperature in hydrothermal solutions. Bond- 1his was confirmed in failed attempts to fit these data using a

length reduction of the Rbaquo ion was reported by Fulton et single-shell hydration model. Forcing such fits did not yield
al3* and of the Ag 35 and SP* 36 aquo ions by Seward et al.,  Physically meaningful results. The data show a steady increase

Furthermore, as shown in Table 1 and also in the data shown

from XAFS measurements made under elevated Bonditions. of the interference features with temperature, in going from 300
In their study on yttrium chloride solutions up to 34C, to 500°C. This is reflected in_a broadeni_ng of the primary peak
Ragnarsdottir et & find that the Y-O interatomic distance ~ shape, centered near 2 A, in the Fourier transform data over
remains constant with temperature. the same temperature ranffelhis suggests a steady increase

The bond contraction is accompanied by a uniform reduction in the average number of chlorines in proportion to water
in the number of water molecules in the first hydration shell of Molecule ligands of the Y¥ ion in the agueous solution with
the YB3 aquo ion with increasing temperature. As shown in temperature. Our results from fitting confirm this general trend.
Table 1, the average number of oxygens is found to decreaseAs shown in Table 2, the average number of oxygens (of the
from 8.3+ 0.6 at 25°C to 4.8+ 0.7 at 500°C, indicating a water molecules) coordinated to the 3bion decreases
42% reduction over this temperature range. Similar reductions uniformly from 6.54 0.5 at 300°C to 5.1+ 0.3 at 500°C,
in hydration waters surrounding various metal cations have beenwhereas the average number of chlorines increases uniformly
reported from other XAFS studies made on aqueous solutionsfrom 0.5+ 0.3 to 1.8+ 0.2 over the same temperature range.
at elevated PT conditions34-39 In addition, Ragnarsdottir et Figure 9 shows a depiction of the Yb{Bl)sCl," complex, which
al 5 find the Y3+ aquo ion to undergo a reduction from 9 to 10 is predominant at 508C in the chloride solution. As mentioned

water molecules at 25C to about 8 at 340C. above, our measurements provide insufficient information to
The relaxation behavior of the hydrated 3bion with detail the symmetry of the complex. Equilibrium thermodynamic
temperature is considerably different from that of thé'Lagquo calculations of stability constants of chloro ytterbium(lll)

ion examined in our previous studyThe contrast in relaxation ~ complexes in dilute aqueous solutions carried out by Haas et
of the structure of these two hydrated ions is illustrated using al.l® are in general agreement with our results. Furthermore,
Figure 8 parts a and b. Three oxygens (most likely in the the considerably lower stability constants of nitrate ion com-

equatorial plane) of the IBa ion hydration shell are shifted plexes in comparison to that of chloro complexes of3¥b
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H,0

Figure 9. Depiction of the Yb(HO)sCl," complex, which is predomi-
nant at 500°C in the chloride solution. This is one of the stepwise
Yb(H20)s-+Cln ™" complexes § ~ 7,n = 0, 1, 2, and 3) which are
found to be stable in the solution from 300 to 5GD. Note that our
results give insufficient information on the precise symmetry of the
complex.
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made on nickel bromide aqueous solutiéhg/e find a uniform

but lower rate of Yb-O distance reduction of about 0.007 A/100
°C, in going from 25 to 500C, in the ytterbium(lll) chloride
solution compared to in the ytterbium(lll) nitrate solution. The
discrepancy in the rate of YHO distance contraction with
temperature may be a result of speciation differences in the two
solutions. In the nitrate solution, the ¥bpersists as an aquo
ion, whereas the chloride solution exhibits most likely stepwise
Yb(H20)s-rnCly 3" complexes. The mixed inner shell environ-
ment made up of waters and chlorines may require slightly
longer Yb—O distances upon contraction of the Y8l bonds

in order to maintain electrostatic equilibrium. In addition, it is
possible that interference effects because of the nearly equidis-
tant oxygen and chlorine backscatterers may have in part
contributed to the discrepancy during the analysis of spectra
measured from the chloride solution. We note that anharmonic
effects were considered in the analysis of our data. Because
the structure of simple metallic complexes is essentially
molecular in nature, free volume effects such as one might

predicted by these authors are consistent with the temperaturezncounter in liquids and certain glasses can be igntred.

dependent structure results presented here.

The only directly relevant study that can be used for
comparison to our study is by Ragnarsdottir et>af yttrium
chloride aqueous solutions at up to 3%0. No evidence for
chloro complexes of yttrium(lll) ions even for the highest Cl.Y
ratio (28:1) solution at any temperature was reported from their
study. It is not obvious to us why yttrium(lll) chloride aqueous
solutions would exhibit such different speciation behavior.
Because the 4p electrons of thé*Yion play a very similar
role to the 4f electrons of the Bn ions, it would seem that
chloro speciation of the former under the given conditions should
be in the least comparable to that of the®Ylon. It is possible
that the experimental conditions (e.g., pH of solutions under
elevated P-T conditions) may have been sufficiently different
to account for the different speciation behavior in the yttrium-
(11 chloride and ytterbium(lll) chloride solutions. More study
is needed to resolve these differences.

Note the consistently lower Deby&Valler factor values
corresponding to YbCI in comparison to those of YbO
coordination. Because the 4O Debye-Waller factors are
quite consistent as a function of temperature between the
chloride and nitrate solutions and provided that the stepwise
complexes occurring in the former are of the type YH0h—n-

Cl,*3n, then we have to exclude significant static disorder in !
the structure of these complexes. Thus, the difference between

the Yb—0O and Yb-CI Debye-Waller factors can be attributed
primarily to the difference in mass and vibrational characteristics
of the two ligands (HO and Ct) in the coordination with the
Yb3* ion. The latter is a direct reflection of the nature of
interaction between the ligand type and the*Yon.

Just as with the YbO distance of the Y& aquo ion in the
nitrate solution, the average YACI| distance of the chloro
ytterbium(lll) complexes in the chloride solution undergoes a
uniform reduction at a rate of about 0.02 A/100, in going
from 300 to 500°C. Several groups have reported bond length
contraction occurring in metal halide complexes with temper-
ature in hydrothermal solutions. A common metahlorine
bond length reduction, occurring at a rate of about 0.01 A/100
°C with temperature, was reported for chloro zinc(Il) complexes
in aqueous fluids by Anderson et“%land by Mayanovic et
al#243We have also reported similar results for bromo zinc(ll)
complexe&**and for chloro iron(ll) complexe®. Interestingly,
Hoffman et al. obtained results showing expansion of the
nickel-oxygen distance and a contraction of the niekel
bromine distance with temperature, from XAFS measurements

From our investigations of anieroxygen bond breaking in
zinc bromide solutions, a greater than 60% reduction in
bromine-oxygen bonds was found for both the ZnBr
complex and the Braquo ion in going from 25C to 500°C.3
It was determined that the bromine ions and the oxygens of the
waters are weakly hydrogen bonded. Generalizing these results
to the present study, we attribute the relaxation of the structure
of chloro ytterbium(Ill) complexes and ¥b aquo ions directly
to hydrogen bond breaking and commensurate reduction of the
outerhydration shell waters in approaching supercritical condi-
tions in the aqueous solutions. The relaxation mechanism is
conjectured to occur because of unbalanced ytterbium(lIl)
ligand interaction forces contracting the ligands inward toward
the cation as the weak ligand-HOH bonds are broken at elevated
temperatures. Such effects are quite interesting because they
offer clues to the nature of catietigand interaction and to
the physical properties of water solvation with temperature. It
is very likely that ab initio molecular dynamics calculations
made by Weare and co-workers will in the future give
considerably more insight into the chemi-physical properties
of such fluids?*”48 As we have reported in the past, we find
that, for the range accessible for our studies (up to 1 GPa),
pressure plays a negligible role in comparison to temperature
in the relaxation effects of the structure of complex i&fs32:44

Note that the rate of reduction of innershell hydration waters
with temperature of Y&, as shown by N values in Tables 1
and 2, is nearly identical in both the nitrate and chloride
solutions. Furthermore, the total number offYligands remains
below eight (b + N¢j &~ 7) in the 306-500 °C range. Thus,
it appears that the Clligands undergo complex formation with
Yb3* upon the shedding of some of the innershell hydration
waters. We infer from these results that the chloro ytterbium-
(111) complexes found in the ytterbium chloride solution under
elevated P-T conditions, exist reciprocally as stepwise
Yb(H20)s5-nCly 3" complexes.

Comparison to Theoretical Calculations and Applications
in Geochemistry.Comparison of YB" and L&" (from previous
study) aquo ion behavior under elevatedPconditions offers
a glimpse into characteristics of lanthanide ions in hydrothermal
environments. From their molecular dynamics simulation stud-
ies, Kowall et aP34° find both the coordination number and
the hydration enthalpy values for &g Sn?*, and Y aquo
ions, to be in good agreement with experimental values.
Conversely, whereas the kinetic exchange rates (in the first
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hydration shell) were determined to be the largest foB'Sm s provided in sequential banding in fluorite and other mine¥als.
the value for the YB" aquo ion was predicted to be larger than Details on how such behavior is affected bytibearing saline-
for the Né#* aquo ion, in disagreement with experimental results. rich fluids will have to await our future studies involving
Because we find that the ¥baquo ion sheds water ligands in  investigations of other lanthanide(lll) chloride solutions under
going from 25 to 300C (from ~8 to ~6) and the L&" aquo elevated P-T conditions.

ion does not, we conclude that the former is less stable under

increased temperature conditions than the latter. It is unclearConclusions

how the measured or simulated kinetic exchange rate data are Yb Ledae XAFES spectra were measured separately from a
related to our results because of lack of comparable high- s-€dy P P y

temperature values. We speculate that coordination symmetrymtrate (0.006n Yb/0.16m HNOs) and chioride (0.006n YbCly/

of the waters in the innerhydration shell and/or the cation size 0.017m HCI) aqueous solutions, from 25 to 500 and up to

(i.e., the lanthanide contraction effect) may play a significant 2.70 MPa. T_he YB' is found to persist as an aquo ion in the
role in the shedding of the waters under elevatedTP nitrate solution throughout the-F range of the study. The

conditions. In essence, the combined contraction of the watersYb_O distance exhibits a uniform reduction rate of 0.02 A/100
: ’ °C, whereas the number of oxygens is found to decrease from

in the trigonal tricapped sites and expansion of the remaining 8.3+ 0.6 10 4.8+ 0.7, in going from 25 to 506C in the nitrate

gnﬁz ;Qnﬂrfaeqrzzﬁ: Iianl ;Iz)erz :tr;ii'l[irt]e tf;?\e;gzliosrﬁ;groaaof solution. In the chloride aqueous solution, 3Ypersists as an
q y y aquo ion up to 15C¢°C. In the 306-500 °C range, chloro

waters and the smaller ionic size of Yb aquo ion at high complex formation occurs in the solution, most likely in the

temperatures. It would be very useful to attempt molecular form of Yb(H0)s_nCls*3— complexes & ~ 7). The average
S . ; ~nCly ~ 7).

dynamics simulations, using an approach such as that of Kowa”Yb—CI distance of the chloro ytterbium(lll) complexes reduces

et al.334%on the same lanthanide aquo ions under elevat€tl P uniformly at a rate of about 0.02 A/1GE, in going from 300
conditions. Such ca!culatlons ShQUId address the que_stlon Ofto 500°C. The number of Cl ligands surrounding 3tincreases
whether a model-oriented, classical molecular dynamics ap- from 0.5+ 0.3 to 1.8+ 0.2 over the same temperature range.
proach is _sufficient In treating_ the many body interactions in The Yb—O average distance is reduced uniformly at a rate of
the hydration of the LA aquo ion. 0.007 A/100°C, whereas the number of oxygens similarly

Our results for chloro speciation of ¥bin the chloride reduces from 8.3 0.5 to 5.1+ 0.3 in going from 25 to 500
solution under elevatedT conditions qualitatively agree well  °C in the same solution. The relaxation in the structure of the
with thermodynamic calculations made by Haas é¢ahd are  yp3+ aquo ion and of the chloro ytterbium(lll) complexes is
in agreement with results from solubility measurements made attributed to hydrogen bond breaking occurring in the outer
by Gammons et & These calculations do not explicitly account  hydration shell, resulting in the unbalanced-Ylgand interac-

for partially hydrated stepwise Yb@®),-nCla™3~" complexes,  tjon forces contracting the ligands inward toward the cation at
as our results indicate to exist in such hydrothermal solutions. elevated temperatures.

However, because these are based on experimentally derived
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