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The gold thiosulfate complex, AufSs),°~, has been studied using extended X-ray absorption fine structure

(EXAFS) spectroscopy and high level quantum mechanical calculations, which include the effect of aqueous
solvent via a dielectric continuum model. EXAFS measurements on 8¢S~ show gold coordinated by

two sulfurs at 2.29 A. Density functional calculations, incorporating the effect of solvent using the COSMO
method, show the 2-fold S coordination of Au to be linear in geometry. This computational approach is
further employed to examine the conformational potential energy surface of the complex in aqueous solution.

As expected from the significant deviation (ED®etween the calculated conformation in aqueous solution
and the observed crystal structure, internal rotation about th®uS-S axis is facile: calculation predicts a
rotational barrier in solution of less than 3 kcal/mol. Calculated-Swbond dissociation energies indicate a
strong metatS bond in aqueous solution. Lower solution stability of Ai®g,%~ with respect to another

thio gold complex, Au(SHy, is predicted in accord with measured overall stability constants. These
calculations, together with our experimental observation that A&~ decomposes at 393 K, support the
view that gold transport by the thiosulfate complex of Au(l) may be restricted to ambient and moderate
temperatures. This contrasts with the Au(l) thiolate complex which can mobilize gold at elevated temperature

and pressure.

1. Introduction

Understanding aqueous metal speciation is critical for de-
velopment of models for metal cycling at the surface of the
Earth and within its crust. Knowledge of these processes
enhances thermodynamic and transport modeling of aqueou

depends on the nature of met& complexation. The range of
chemical and coordination behavior exhibited by such meal
complexes leads to sulfide-rich reducing environments acting

as either sources or sinks for these metals, which may include

metals toxic to biota.
In this study, we explore aspects of AG aqueous chemistry.

A number of experimental and theoretical studies have addresse

the nature of aqueous AtS transport, which is important for
understanding Au cycling and Au ore formatibr?. Spectro-
scopic measurement of gold thiolate complexes is made difficult
by very low dissolved concentrations of these species in sulfidic
waters. In contrast to gold thiolate complexes, however, Au(l)
forms extremely soluble complexes with thiosulfate.
Thiosulfate shows versatile crystal chemical behatibhnio-
sulfate may crystallize as a discrete anias in MgSOz+-6H,0,
or ligand where coordination to the metal cation may be through
S87as in NaAg30s-H,0 and NaAu(S$;03),:2H,0, or through
both S and O atoniss in Ni[SC(NH)2)]4$,03°H,0. The S-S
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bond length in thiosulfate varies depending on the nature of
bonding to the adjacent cation: in B#&%-H,0, where thio-
sulfate is a discrete anidnthe S-S bond distance is 1.96 A;
by contrast, with a SS distance of 2.07 A in NfAu-
($:03),]-2H,0, bonding to Au occurs through the outer sulfur.

In hydrothermal systems, thiosulfate forms as a metastable
roduct of sulfide or sulfur oxidation; hydrolysis of sulfur leads
to steady-state concentrations of thiosulfétehich may reach
concentrations of up to % 107 M in surficial geothermal
waters!! Rapid turnover of thiosulfate may be catalyzed by
heterogeneous reactions, such as oxidation to tetrathionate on
pyrite surfaced? In bacterial metabolic pathways involving
sulfur, thiosulfate is a key intermediate during oxidative or
eductive conversions between sulfur, sulfide, and sulfate.

ecause thiosulfate is present in nature under such conditions,
gold thiosulfate complexes have been proposed as sources of
secondary enrichment of Au in ore supergene environménts.

Recent physicochemical studies of metal solubilities and
speciation in sulfidic aqueous media have employed a variety
of spectroscopic techniques to elucidate the nature of the solution
species. X-ray absorption spectroscopy (XAS) and specifically
extended X-ray absorption fine structure (EXAFS) spectroscopy
are powerful methods for providing local structural information
around the atom of interest. In this study, we employ EXAFS
to probe the local structural environment of the Au9.3~
complex. Although previous studies have used EXAFS to
investigate Au-S bonding in solid compounds, to our knowl-
edge this is the first study of aqueous -A8 inorganic
complexes using X-ray absorption spectroscopy. We then extend
our analysis from local structure to the global conformation and
energetic stability of the Au@®3),°~ complex, employing high
level guantum mechanical calculations including the effect of

s
metals, and enables predictive studies of metal behavior in
aqueous solution. The aqueous chemistry of a number of metals?
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aqueous solvent via the dielectric continuum model, COS#O. 2.2. Computational Methods.Quantum mechanical calcula-
For comparison, the theoretical treatment is extended to thetions on systems involving third row elements present a
Au(SH),~ species, another thieAu(l) complex implicated in challenge in terms of incorporating a large number of electrons

hydrothermal transport of gold. and relativistic effects. Consequently, we describe the behavior
of Au at two levels of theory: the relativistic one-electron
2. Methods effective core potential of Hay and Wa8tto model the

. . chemically inert core electrons of Au, in conjunction with the
2.1. Experimental Methods.Data were obtained at the SRS, double¢ D95 basis sét to describe the valence electrons of

CLRC Daresbury Laboratory, UK. The current varied between Au. This combined basis is denoted as LANL2DZ. Althou
. . . . . gh
150 and 250 mA in the 2 GeV storage ring. Station 16.5 Was (icinally parametrized for use with the HF method, these

use_d to r::ollet():t the('jh e_dge dX-ray quorescefrmhe Specftra._l_Thi? potentials have also been used effecti¥&ily combination with
station has been designed as a state-of-the-art facility fory,e gg) yp density function&t25 that we employ here. This

ultradilute EXAF.S' with focusing optics to optimize flux at _the functional combines the three-parameter HF/DFT hybrid ex-
sample and a high count rate flgorescence deteptor. A SI(Zzo)change functional of Becke (BB)with the dynamical correla-
double crystal monochromator is employed, with the second 4 finctional of Lee, Yang, and Parr (LY Alternatively,

crystal dynamically bent during scanning to achieve horizontal we describe Au using the relativistic pseudopotential of Andrae
focus. et al?6 with a contracted [6s5p3d] valence basis set, augmented

The monochromator was calibrated with a sample of solid p g diffuse functions of exponents 0.001 and 0.003, after
NagAu(S,03)2-2H,0 diluted with boron nitride, the Au edge of approach adopted in a study of gold spééiesluding A

which was measured at 11 930.4 eV. The X-ray adsorption datayye subsequently denote this larger metal basis as.Sth
for the solid was collected in transmission mode using ion pseudopotential methods treat the Au core as [X&]4Dn
chambers filled with Ar and He so as to absorb 20% of the sy ifate and thiolate, we employ two split-valence bases: the
incident monochromatic beam at the Ay, ledge in the first 6-314+G* basi€3 and the more flexible 6-314+G(2df) basig?

ion chamber and 80% in the second ion chamber. A Pb qptima] structures were obtained without symmetry constraints
collimator placed before the tletector reduced stray reflections using analytic gradient methods. In vacuo stationary points were

following dynamic focusing. This collimation arrangement was  cnaracterized as minima. Dissociation of the complexes to
retained for solution experiments. _ discrete ligands and metal was considered. Bond dissociation

Solution data were obtained using a spectroscopic cell epergies were computed as one-half of the energy required for
developed for these experiments. The titanium cell, with PEEK gjssociation of the gold(l) complex into the three isolated species

windows, is backed with a titanium block containing cartridge (metal and two ligands). For example, for the gold(l) thiosulfate
heaters to allow internal heati§. Thermostatic control is  complex, dissociation is given as

achieved using a Eurotherm heating controller. The control
thermocouple is located close to the cell fluid chamber to Au(SZO3)23_—>Au T 232032— (1)
maintain the temperature withittl K of the desired temper-
ature. Gold thiosulfate solutions (10 mM) were prepared by  Basis set superposition error (BSSE) was calculated using
dissolving NaAu(S$;05)2:2H.0 in deionized deaerated water.  the counterpoise approaghzero-point vibrational energy and
This solution was introduced into the spectroscopic cell under thermal contributions to bond dissociation energies and free
nitrogen. energies of dissociation were obtained from normal mode
The cell was mounted with the front window angled at 45 vibrational frequency calculations using standard statistical
to the incident X-ray beam. Solution data was collected in mechanical methodd.For computational tractability, in vacuo
fluorescence mode, with measurements taken at®the beam second derivative calculations were performed at the B3LYP/
direction in plane position. The Ortec 30-element fluorescence LANL2DZ/6-31+G*//B3LYP/LANL2DZ/6-31+G* level of
detector is a high purity Ge solid-state detector array coupled theory.
to high count rate electronics. Count rates in excess of 200 kHz  The effect of aqueous solvent on structure and energetics of
per channel are achieved without loss of linearity. For these the complex was studied using the conductor-like screening
measurements, between four and eight spectra were recordegnodel (COSMO)}5 In this dielectric continuum solvent model,
and averaged for each sample to improve the EXAFS signal- charges centered on surface elements, induced by the electro-
to-noise ratio. Individual spectra to= 14 A~ were collected static potential of the solute, are determined self-consistently.
in about 40 min at 298, 348, and 393 K. Above 410 K, the A dielectric of 78.4 was employed and 60 tessera per sphere
internal pressure of the cell fluid caused the PEEK windows to for cavity tesselation. Nonelectrostatic contributions include
deform. short-range dispersietrepulsion and cavity formation contribu-
The L edge spectra were calibrated in the SRS program tions to the solvation free energy, calculated using methods
EXCALIB. The edge position of each spectrum was determined outlined elsewheré&33Here, dispersionrrepulsion interactions
as being the maximum in the first derivative of the fluorescence were calculated for Au, S, O, and H employing the UFF force
signal. Data were background subtracted using the SRS progranfield parameterd? The united atom for HartreeFock (UAHF)
EXBACK. EXAFS data analyses were performed using curved proceduré was used to assign radii of ligand atoms for the
wave theory, including multiple scattering for the solid, in the calculation of electrostatic free energies in solution. To obtain
program EXCURV987-19 Phase shifts were calculated ab initio  an accurate Atiradius, we initially determined a value of 2.16
using Hedin-Lundqvist exchange potentials and von Barth A from volume integration of the 1@ au isodensity envelope
ground-state potentials. For each spectrum, the parametersround the cation, leading to a free energy of solvation®7.5
refined wereg;, an energy offset, and for each shell, the distance kcal/mol at the COSMO/B3LYP/LANL2DZ level, including
from the central Au and a Deby@&Valler factor which nonelectrostatic contributions. Although an experimental value
represents both static and thermal disorder. The fit infdeéx of AGsq, for Au(l) is unavailable, Cs(l) and TI(I) have measured
defined elsewher®. The number of atoms in each shell was AGsy, of —60 and—72 kcal/mol3® respectively, suggesting the
chosen as the integer value which gave the best fit. solvation energy is underestimated for Au(l). As a result, we
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TABLE 1: EXAFS Analyses of Gold Bisthiosulfate solid (NaAu(S;03).:2H,0) Obtained by X-ray Absorption on Station 16.5,
Daresbury Laboratory2?

sample scatterer N r (A) 202 (A2 R-factor ref
NazAu(S:03) 2°2H,0 S 2 2.28 0.006 25.8 this work
Au 1 3.30 0.025
S 2 3.41 0.023
Au(S,05)*~ complexes in aq soln
298 K S 2 2.29 0.008 28.8 this work
348 K S 2 2.30 0.004 37.6 this work
Auz{ S;CN(CH.OMe)} »
S 2 2.289, 2.292 40
S 2 2.296, 2.300 40

aThe Au Ly edge position was measured at 11 930.4 eV. Transmission measurements of this solid diluted in boron nitride were taken on Station
16.5 with the curved geometry of the monochromator focusing crystal applied. One scan was taken at room temperature for transmission. For
comparison, radial distances from Au in )a(S;03),+2H,0 calculated from the X-ray d&fsare as follows: S, 2.272 A; S, 2.281 A; Au, 3.301
A;S, 3.411 A; S, 3.421 A® N is the number of scatterers in the shell20%;r is the absorberscatterer distance: 0.02 A; 252 is the Debye-
Waller factor+ 20%; R is a least-squared residual, showing the goodness of fit.

adopted an alternative value of 1.66 A using the Bondi ra#fius.
This radius gave a calculated free energy of solvation&®.3
kcal/mol at the COSMO/B3LYP/LANL2DZ level including 4l
nonelectrostatic contributions-80.1 kcal/mol at the COSMO/
B3LYP/SD+ level) and was adopted for subsequent calculations
in this work. For $Os2~ in solution, aAGgy of —210.6 kcal/ -
mol was calculated at the COSMO/B3LYP/6-B&* level of o,
theory, which is comparable to an experimedt&so, of —258 %
=

kcal/moP¢ for the more compact S&. or
All calculations were performed using the Gaussian 98 suite

of programs® Calculated aqueous solution stationary structures L

are provided as Supporting Information.

3. Results 4

Solid NagAu(S;03) 2-2H,0 was measured in one scan taken
in transmission. Refined data are listed in Table 1, and the
refinement is shown in Figure 1. First, second, and third shells “
visible in the EXAFS are fitted with Au and S. The peak in the k/A
Fourier transform at ca. 4.5 A was fitted using multiple , : . ' ’
scattering from a linear-SAu—S unit. The major contributions
to the multiple scattering are from paths through the central (b)

i . . 30 |
Au atom. For gold thiosulfate complexes in aqueous solution, i
four scans taken in fluorescence mode at each temperature were
combined to improve the signal-to-noise ratio. The results of
refinements of these data taken at 298 and 348 K are shown in
Table 1 and Figure 2. Data were also collected at 393 K, but
over successive scans they showed a continuous decrease in
signal, providing unreliable data. Decomposition of the gold
thiosulfate complex was observed at this temperature.

For quantum mechanical calculations of thio gold structure
and energetics, it is first necessary to consider the most
appropriate level of theory. A recent stdélyf the structures
of Au(l) diatomics AuH and Agfound HF, MP2, and B3LYP
methods to give low root-mean-square deviation from experi-
ment for geometric parameters: B3LYP 3%, MP2 5%, and HF
5%. With respect to the ligand, H%, B3LYP, and MP2 .
method4® have been used effectively with split-valence Gauss- r/A

1an lbafefh to Str,? thtr akl)lly lcharlacfttal;lze OXLdeﬁ. cr)]f tSUIflIJr' tho Figure 1. (a) Experimental EXAFS spectrum (solid line) and theoreti-
eévaluate the most suitable level or theory at which 1o calculate .y g, (broken line) of solid NgAu(S;03)2-2H;0. (b) Fourier transform

energetics of the gold thiosulfate and thiolate complexes, the of the spectrum (solid line) and fit (oroken line) of solid#4a(S,05),-
first ionization energy for Au was calculated (Table 2). Due to 2H,0.

relativistic effects, the ionization energy for gold is anomalously

high. However, the relativistic pseudopotential LANL2DZ With the larger SB- basis on Au, a similar B3LYP value of
combined with the B3LYP density functional leads to a 9.44 eV is obtained (Table 2), suggesting a measure of
calculated ionization energy of 9.42 eV (Table 2), giving very convergence in this quantity with basis. The ability of B3LYP
good agreement with the experimental value of 9.23%\&tter to accurately calculate ionization energies and electron affinities
than HF, MP2, or even the highly correlated CCSD(T) approach. has been noted previousl#” obtaining agreement to within
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Figure 2. (a) Experimental EXAFS spectrum (solid line) and theoreti-
cal fit (broken line) of the gold thiosulfate solution complex at 298 K.
(b) Fourier transform of the spectrum (solid line) and fit (broken line)
of the gold thiosulfate solution complex at 298 K.

TABLE 2: First lonization Energy (IE) of Au in Gas Phase

method IE (eV)
HF? 7.77
HP? 7.70
BLYP? 9.49
B3LYP? 9.42
B3LYP® 9.44
MP2 8.18
MP2 8.36
CCSD(Ty 8.26
expt 9.23

aUsing LANL2DZ. ® Using SDt+. ¢ Reference 449 Reference 45.

0.13 eV for the electron affinity of F8 We therefore use the
B3LYP density functional for calculations of gold thiosulfate
and thiolate structure and energetics.

J. Phys. Chem. A, Vol. 107, No. 14, 2003519

TABLE 3: Calculated Free Energies for Au(l) Reduction in
Gas PhaseAG(gas), and Aqueous Solution via COSMO
Solvent Model, AG(aq), Compared with Experimental
Valuest

method reductive half-reaction AG(gas) AG(aq)
B3LYP/LANL2DZ Aut+e—Au —217.3 —133.8
B3LYP/SD+ Aut +e— Au —217.8 —1345
expt Aut+e—Au —212.8 —141.4

aEnergies are in kcal/mob.Experimental values from refs 45 and
48.

TABLE 4: Calculated Aqueous Solution Geometries of
AuU(S;03),2~ via COSMO and Comparison with Experiment?

B3LYP/ B3LYP/
coordinate LANL2DZ?  SD+P expf expt
R(Au—-S,) 2.372 2.357 2.28,2.27 229
R(S1-S) 2.135 2.139 2.07,2.05
0(S1—Au—Ss5) 179.7 179.6 176.5
O(AU—S,—S,) 104.3 104.8 103.6, 104.1
W(S-S—-S—S)  178.1 175.2 67

aBond distances are in A and angles in d&§:31+G* basis applied
to ligand atoms¢ Crystallographic value¥. ¢ Distance from EXAFS
at 298 K.
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Figure 3. Optimal structure of Au(&s),®~ at the COSMO/B3LYP/
LANL2DZ/6-31+G* level of theory. COSMO/B3LYP/SB/6-31+G*
values are indicated in parentheses. Distances are in A, angles in deg,
and Mulliken charges (using 6-3+#G(2df) basis on ligands) in e.

B3LYP/LANL2DZ level for the reference hydrogen electrétle
gives a half-reaction energy 6f133.8 kcal/mol, 7.6 kcal/mol
less negative than the experimental value-d#41.4 kcal/mol
(Table 3). With the larger SB basis, agreement with experi-
ment is modestly improved by 0.7 kcal/mol. Conversely, the
magnitude of the gas-phase ionization energy of Au is overes-
timated, by 4.5 and 5.0 kcal/mol for B3LYP/LANL2DZ and
B3LYP/SD+ levels, respectively (Table 3). The resulting
difference of 12.1 and 11.9 kcal/mol for the two respective levels
of theory may be attributed to the error arising from the
continuum solvent model and is small, given neglect of explicit
solvent interactions, in particular the two waters of the inner
sphere complex with the gold catiéh.

Calculated structures of the Aus),%~ complex in aqueous
solution are presented in Table 4, corresponding to the labeling

To subsequently test the energetic accuracy of the B3LYP scheme in Figure 3. These structures are compared with the
density functional in combination with the reaction field solvent EXAFS solution structure determined in this study, and with a
model, we calculate the reduction half-reaction energy at 298 crystal structure of the hydraté NagAu(S;0z)2-2H,0. Mini-

K in aqueous solution for the Au(l)/Au(0) couple. Experimen-

tally, the electrode potential has been measured as 1.69 V.

mum energy solution structures of a related thio gold(l) complex,
Au(SH),~, are presented for comparison in Table 5. In both

Correction of our calculated electrode potential at the COSMO/ the thiosulfate and thiolate complexes, we consider only
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TABLE 5: Calculated Aqueous Solution Geometries of
Au(SH),~ via COSMO?

coordinate B3LYP/LANL2DZ  B3LYP/SD+b
R(AU—S)) 2.371 2.355
R(S;—Hs) 1.356 1.357
0(S1—Au—S3) 178.1 178.2
O(Au—S,—Hs) 98.0 98.7
@(Hs—S1—S3—Ha) 81.3 83.1

aBond distances are in A and angles in de6-31+G* basis applied
to ligand atoms.

TABLE 6: Au —S Bond Dissociation Energy AE) in
AU(S;03),2~ Complex at COSMO/B3LYP Level of Theory
with a Range of Metal and Ligand Basis (kcal/mol),
Incorporating Basis Set Superposition Error (AEBSSH) and
Zero-Point Vibrational Effects (AE°)

metal ligand AE2 AEBSSE AR
LANL2DZ 6-31+G* 53.0 (2.0) 52.2 51.4
LANL2DZ 6-311++G(2df) 55.4 (1.2) 54.6 54.0
SD+ 6-31+G* 54.0 (2.0) 53.2 52.5
SD+ 6-311++G(2df)  56.8 (2.8) 54.6 53.8

a Per ligand distortion energies in parentheses.

TABLE 7: Au —S Bond Dissociation Energy AE) in
Au(SH),~ Complex at COSMO/B3LYP Level of Theory with
a Range of Metal and Ligand Basis (kcal/mol),
Incorporating Basis Set Superposition Error (AEBSSE) and
Zero-Point Vibrational Effects (AE°)

metal ligand AE? AEBSSE  AE°
LANL2DZ 6-31+G* 54.1(0.2) 53.0 51.4
LANL2DZ  6-311++G(2df)  55.5(0.2) 54.2 52.6
SD+ 6-31+G* 55.6 (0.1) 54.4 52.7
SD+ 6-31H-+G(2df)y  57.1(0.1) 55.9 54.2

a Per ligand distortion energies in parentheses.

TABLE 8: Free Energy of Dissociation of Au(S03),%~ (AGy)
and Au(SH),” Complexes AG,) in Aqueous Solution at 298
K, at COSMO/B3LYP Level of Theory with a Range of
Metal and Ligand Basis, Incorporating BSSE, Zero-Point
and Thermal Contributions, and Corresponding Relative
Dissociation Free Energy AAG)?2

metal ligand AGy AG; AAG
LANL2DZ 6-31+G* 96.6 100.0 3.4

LANL2DZ 6-311++G(2df) 1014 102.4 1.0
SD+ 6-31+G* 98.6 102.8 4.2

SD+ 6-311++G(2df) 101.4 105.8 4.4
5.4

a All energies are in kcal/moP Experimental value from refs 1 and
14.

complexation to the metal via the S-atom.-A8 bond dis-
sociation energies for Aug®s),°~ and Au(SH)~ complexes

Bryce et al.

(S:03)22H,0 gives a Au-S distance of 2.28 A, consistent with
the distances of 2.272 and 2.281 A established from diffrac-
tion.”3% Au—S distances in compounds with Au coordinated by
two S atom& are consistent with the values from our experi-
ment (Table 1). Interestingly, EXAFS has been used to study
gold(l) thiomalate and gold(l) thiogluco8&These compounds
have been used as antiinflammatory drugs in treatments of
rheumatoid arthritis for many years, and differ from standard
antiinflammatory agents in that they affect chronic rather than
acute inflammation. Their mode of action is believed to involve
Au interaction with thiol groups in proteins. EXAFS observed
Au(l) bound to two S atoms at 2.37 A in these compoutids.
These distances, which are longer than the solutior-3&u
distance of 2.29 A in Au($):3~, have been interpreted as
arising from polymeric behavior.

We now compare EXAFS and crystallographic data with the
structure of gold thiosulfate complex obtained from B3LYP
density functional calculations with the effect of solvent modeled
by the COSMO dielectric continuum model (Table 4). With
the 6-31G* basis on the ligand atoms and LANL2DZ on the
metal, calculated A4S bond distances are larger than the
solution EXAFS distance of 2.29 A or the 2.27 and 2.28 A
distances found in the crystal, by up to 0.10 A (Table 4).
Increasing the number of Au(l) valence basis functions via the
SD+ basis set on gold reduc&Au—S) by 0.02 A, modestly
improving agreement with experiment (Table 4). We note that
a density functional study of the diatomics AuH and,An
vacuo using a B3LYP/LANL2DZ level of theory similarly found
bond distances to be overestimated relative to experiment, by
0.04 and 0.10 A, respective#{) These errors increased to 0.06
A for AuH and 0.13 A for Ay using a MP2/LANL2DZ
approach.

Also implicated in gold mobilizatiohthe Au(SH)~ complex
has a Au-S bond distance of 2.371 A at the COSMO/B3LYP
level of theory with a 6-3+G* basis on the ligands and
LANL2DZ on the metal (Table 5), similar to the value of 2.372
A predicted in Au($0s),*" at this level of theory (Table 4).
Increasing the basis on Au(l) again reduces this bond distance
by 0.02 A.

Other Structural ParameterdAlthough the quality of data
for the Au(S0s3),*>~ aqueous complex does not allow a multiple-
scattering analysis, the similarity of At5 distances and
coordination number between the solid and the complex are
consistent with a linear-SAu—S solution complex, as expected
from theoretical considerations (Table 4, Figure®3.0ur
calculations find the complexes remain close to linearity at all
levels of theory, with an SAu—S angle of 179.6179.7, close
to the crystallographic value of 178.6Table 4). Similarly, the
calculated solution AttS—S angles agree well with the values

are presented in Tables 6 and 7, respectively, and correspondingf 103.6 and 104.1 observed in the crystal (Table 4). The'S
total free energies of dissociation of the complexes in Table 8. hond distances are within 0.6D.09 A of the crystal EXAFS

4. Discussion

4.1. Structure. Coordination Number and AuS Distances.

value (Table 4). Interestingly, all calculations predict a confor-
mation of the thiosulfates approximately antiperiplanar with
respect to the dihedral anglgS,—S,—Ss—Sg) (Figure 3), as

Analysis of EXAFS spectra determines a 2-fold coordination Might be expected from steric arguments. For COSMO/B3LYP/

of Au complexed by thiosulfate in solution, with a A% bond
distance of 2.29 A at 298 K. We first compare this-A% bond

LANL2DZ/6-31+G* stationary structures, the dihedral angle
P(S—S1—S—S) is 178.F. Employing the SB- basis on gold,

distance in the solution thiosulfate species with other experi- this angle decreases by 2(Jable 4). These structures all differ
menta”y measured values (Tab]e ]_) We are not aware of anySlgnlflcantly from the conformation observed in the Crystal

previous EXAFS studies of Au complexed by S in solution,
which is in part due to the low solubilities of Au(l) thiolate

complexes at ambient temperatures. An earlier AUEXAFS
study of solid sodium gold thiosulfate reported an-#%ibond
distance of 2.33 &! Our EXAFS analysis of solid NAu-

hydrate, wherep of 67° is observed (Table 4), indicative of
flexibility in this internal coordinate. This distortion may be a
consequence of crystal packing forces.

We turn now to consider structural parameters of the
minimum energy geometry of Au(Sk). The S-Au—S ar-
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178.1 (178.2) ranging from 41.2 kcal/mol for Au(bD)"™ complex* to 95.9
S R -SRI kcal/mol for Au(PH)* complex3® Accordingly, our calculations
o @ predict a strong metalS bond in aqueous solution (Table 6).
@ Au2 With incorporation of solvent, basis set superposition, and zero-
J 7 03903 R point effects, the Au-S bond dissociation energy is predicted
98.0 (98.7) to be 51.4 kcal/mol at the COSMO/B3LYP/LANL2DZ/6-
314-G* level, of which 0.4 kcal/mol arises from nonelectrostatic
1336 {1.357) solvent contributions. Basis set superposition error is small (0.8
s kcal/mol). At the same geometry but with the split-valence
Figure 4. Optimal structure of Au(SHy at the COSMO/B3LYP/ g":ﬁ d%i:ﬁg:ﬁ%‘;?ﬁj;’;gr}l}zgtil:)gningﬁ’g"’gﬂé""g :lteotf’n:f .
LANL2DZ/6-31+G* level of theory. COSMO/B3LYP/SB/6-31+G* : e L . . !
values are indicated in parentheses. Distances are in A, angles in degPond dissociation energy of similar magnitude is observed, of
and Mulliken charges (using 6-3+1-G(2df) basis on ligands) in e.  54.0 kcal/mol (Table 6). Basis set superposition error is again
modest (Table 6).
rangement in 'Fhis complex is. also predicted to remain linear in -y now consider the effect of augmenting the Au basis: bond
agueous solution (Table 5, Figure 4). The—M—H angle;, are dissociation energies increase by 1.0 kcal/mol and remain
smaller than the AtS—S angles of thiosulfate, reflecting the unchanged using the S6-31-+G* and SDH/6-311:+-+G(2df)

smaller size ano! charge pf the thiolate ligands ('I_'able 5). In basis set combinations, respectively, when counterpoise-cor-
contrast to the thiosulfate ligands, the smallert$gecies form rected AEBSSEin Table 6). A BSSE of 0.8 and 2.2 kcal/mol

a near-perpendicular HS—S—H dihedral angle of 813and res : i
" pectively, is incurred. The larger error for the 5B-
g%'l_lYE/rS%?r/SGMS?LBGSfYPI_/LAII\ILZDZ/ ?'_SH G andt_COISI\{II_Oé)I 311++G(2df) basis may reflect a slight basis set imbalance,
; optimal geometries, respectively (Table as isolated metal and ligand species recruit the additional basis

5). : : :

. - . S functions. However, the BSSE is small relative to the total bond
_Conformaﬂonal Flexibility To gain further insight into the _dissociation energy<5%). Combined with zero-point correc-
difference between calculated and observed crystallographmtions we obtain final bond dissociation energies of 52.5 and

conformation, we estimate the energetic barrier to rotation about53 8 ' kcal/mol at the COSMO/B3LYP/SD6-31+G* and

@, assuming the barrier to exist when the metagjand bonds COSMO/B3LYP/SDH6-311+G(2df) levels of theor
. ~ . - y, re-
eclipse ¢ = 0). Employing COSMO/B3LYP/LANL2DZ/6- spectively. The significant bond strength in solution correlates

N . . S -
31+G* geometries, the barrier height is estimated to be 2.4 kcal/ with the large overall stability constant for AuSs)%~ (Bau 12

mol at this level of theory. The barrier height is similar (2.5 . vs.1 . .
kcal/mol) using the COSMO/B3LYP/SB6-31+G* geometry - 2828 ')J;acalculated from measurements in aqueous solution

and energy. With the larger 6-31#G(2df) basis on the ) . o .
thiosulfate groups, the LANL2DZ energy barrier reduces to 1.8 W€ trn now to consider bond dissociation energies of
kcal/mol; however, the SB barrier remains almost unchanged AU(SH)" in aqueous solution (Tat;le 7). The A8 bond

at 2.4 kcal/mol. Nonelectrostatic effects contribute less than 0.7 Strength in Au(SHy” and Au(SOs),°" is predicted to be
kcal/mol to these predicted barriers. Inspection of Mulliken €guivalent at the COSMO/B3LYP/LANL2DZ/6-3G* level
charges indicates little polarization of the S@oieties or indeed ~ ©f theory. Increasing the ligand basis favors the AQ*"

the Au—S bonds on rotation (0.62.03 e). Being of the order comple_x._However, subsequently increasing the Au basis leads
of kT, the energy cost to rotation in solution is readily O Prediction of a stronger AuS bond in Au(SHy™ by 0.2 keall
surmountable at room temperature and is in accord with our Mol atthe COSMO/B3LYP/SB/6-31+G* level of theory and
solution EXAFS experiments, where rotational averaging makes 0-4 kcal/mol at the COSMO/B3LYP/SB6-311H+G(2df) level
measurement of distances from the central gold to the central©f theory. A dependence on metal and ligand basis is observed
sulfur of the thiosulfate anion impossible. Similarly, rotation Similar to Au($0s),*", i.e., a small increase in bond dissociation
about the SAu—S axis in the crystal permits optimization of ~€nergy with increased basis, before and after counterpoise

intermolecular contacts, with water and with Neounterions. ~ Correction (Tables 6 and 7). Indeed, for Au($Ha small BSSE
We may conclude that rotation about this axis is unhindered IS Once again observed: the largest error, found for the
and can adapt read”y to environment. LANLZDZ/6-311++G(2df) basis, is 1.3 kcal/mol (Table 7) We

4.2. Stability. Previous studies have indicated that the NOte aprevious HF/MIDI! study of Au(SH) in the gas phase,
AU(S,05)~ complex forms under mildly reducing to slightly ~ Using a CEP pseudopotential/doulflebasis for Au, which

oxidizing conditions, and in neutral to alkaline solutidAg.his detesrmined a AuS bond dissociation energy of 125.5 kcal/
complex may be destabilized by increasing oxygen fugafity ( mol. Although this energy was obtained via a dlfferent
as SOz is oxidized to $Og2, or by decreasiné, as SOz theoretical approach, and omitted a BSSE correction, it would

is reduced to BB and HS. By observing decomposition of ~ appear to suggest that the effect of .solvent is to significantly
gold thiosulfate complex at elevated temperature in our EXAFS reduce the strength of the AS bond in Au(SHy", the result
studies, we have established an approximate upper limit of of electrostatic stabilization by water of the ionic dissociation
stability for the gold thiosulfate complex under the conditions Products of the complex.
of this experiment. We note, however, that increased pH may Previous studies indicate that unusually strong-Agand
increase the stability of the thiosulfate anion and in consequencebonds arise from contraction of the 6s orbital due to relativistic
the stability of Au($0s)2%". effects?354 leading to strong electrostatic interactions and
Theoretically, we can quantify the stability of gold(l) thio- ligand—metal charge transfer. This charge transfer is evidenced
sulfate complex via calculation of the bond dissociation energy, in the Au(S0s),®~ complex by a negative Mulliken charge of
as defined in the Methods section (Table 6). Previous studies—0.61 e on Au(l) at the COSMO/B3LYP/LANL2DZ/6-31G*
have indicated a high calculated geliand bond dissociation  level, comparable to a gold(l) Mulliken charge ef0.64 e
energy?354Density functional calculations on Au(l) complexes observed for Au@ in vacuo (bent, end-on binding mode) in a
of neutral ligands in vacuo give large bond dissociation energies B3LYP/LANL2DZ study? This charge reduces t60.43 e with



2522 J. Phys. Chem. A, Vol. 107, No. 14, 2003 Bryce et al.

the larger 6-311+G(2df) ligand basis (Figure 3). This is in the crystal a deviation of 108rom the calculated solution
comparable to the value 6f0.39 e found on Au in the thiolate  structure of Au(803),°~. The calculated solution AuS bond
complex (Figure 4). A more flexible function space on the metal dissociation energy in Aug®s),°~ is estimated to be 53.8 kcal/
would appear to yield significantly less liganchetal charge mol from density functional theory and is large, as expected
transfer according to Mulliken population analysis: charges on from strong relativistic effects associated with AWd)The
Au of 0.06 e for Au($03),®>~ and 0.31 e for Au(SHy are associated basis set superposition error is small, constituting
obtained from analysis of the respective COSMO/B3LYP{8D  less than 5% of the total bond dissociation energy. With
6-311++G(2df) wave functions. Detailed analysis of Mulliken increased ligand and metal basis set, we find a general increase
populations indicates that, for thiolate and thiosulfate complexes, in the relative preference of Au(St) over Au(S0s)2%~ with
S electron density feeds into empty 6s and 6p orbitals on Au. respect to Au-S bond dissociation energy. Liganthetal
However, the sensitivity of this electronic structure analysis, to charge transfer occurs on complexation, although the extent from
metal basis in particular, suggests caution in its interpretation. analysis is sensitive to basis set. Our highest level calculations
Concomitant with rearrangement of electronic distribution on also indicate that the thio complex, Au(SH)is 4.4 kcal/mol
complexation is the change in ligand geometry. Estimates of more stable in free energy than Au(%),%", in accord with a
the deformation energy of each thiosulfate on binding range value of 5.4 kcal/mol calculated from reported stability constants
from 1.2 to 2.8 kcal/mol (Table 6), reflecting the energetic cost for these species. In our experiments, we observe decomposition
of elongating the SS bond and reducing the-&—0 angle of the Au(S0s3),°~ complex at temperatures at 393 K. This
(Supporting Information). By contrast, there is essentially no observation suggests that thermal instability of this complex may
change inR(S—H) on forming Au(SH)-, reflected by a restrict the temperature range over which Au(l) can be trans-
vanishingly small internal energy change (Table 7). ported by thiosulfate, in contrast to the thiolate complex which

Measurement of the overall stability constant for Au(g$H) can transport gold at elevated temperatures and pressures.
in aqueous solutionBiy,12 ~ 10°9Y! indicates that Au(SH) Subsequent to metal transport, breakdown of AQgR>~ is
is 4 orders of magnitude more stable than A@$,° in required for release of gold. The mechanisms for this process
aqueous solution at 298 K, corresponding to a free energy remain unclear. Recent studies have shown thio Au complexes
difference of 5.4 kcal/mol. Accordingly, the overall dissociation to strongly absorb onto sulfide mineral surfaces, including
free energy, calculated at our highest level of theory (COSMO/ antimony, arsenic, and iron sulfid&s58 Adsorption of hydro-
B3LYP/SD+/6-311+G(2df)) and incorporating thermal and ~ sulfidogold(l) complexes by iron sulfide phases is pH dependent,
entropic contributions, is 101.4 kcal/mol for Ay(%),*~ and and thus Au-S species dependetit.Here, the main gold
105.8 kcal/mol for Au(SHy™ (Table 8). These free energies complex adsorbed is Au(SH); adsorption of Au(gHpnto
reflect, within the limits of the harmonic approximation, the negatively charged sulfide surfaces is not favored. Chemisorp-
larger entropic restriction of the more flexible thiosulfate ligand tion of thio Au complexes onto FeS (mackinawite) leads to
on complexation. Thus, we predict the thiolate complex to be reduction of Au(l) solution complexes to Au(0) and to formation
more stable than gold(l) thiosulfate in aqueous solution at all of surface polysulfide& Few studies, however, have addressed
levels of theory, the preference ranging from 1.0 to 4.4 kcal/ absorption of gold thiosulfate complexes onto minet&fEhus,
mol (Table 8). At the highest level, a difference of 4.4 kcal/ further research via spectroscopic and computational approaches
mol is calculated, which is in good agreement with an is required to address possible mechanisms of gold thiosulfate
experimental value of 5.4 kcal/mol (Table 8). As Au(l) is a soft absorption onto surfaces. Such studies will enhance our
Lewis acid, the increased stability of the thiolate has been understanding of Au mobilization and deposition occurring
connected with increased softness of the ligating S atom, relativeunder ore-forming conditions.
to thiosulfate! The stability of gold thiolate complexes in
reducing conditions (Au(SH) and Au(S#1) depending on pH) Acknowledgment. We are grateful to NERC for a ROPA
have also been measured un&ér conditions of up to 673 K award (GR3/R9926). We acknowledge Bob Bilsborrow, Fred
and 1500 bar, and are strongly suggestive of gold transportedMosselmans, and the director and the staff of the SRS for their
as thiolate complex in high-temperature geothermal fléids. help during our experiments at The Daresbury Laboratory.
Under more oxidizing conditions, thiosulfate can be recruited R.A.B. gratefully acknowledges a Ramsay Fellowship.
to mobilize aurous gold. Our theoretical and experimental
observations are in accord with this scheme of Au transport, Supporting Information Available: Tables 1S-8S listing
further emphasizing the important role of thio gold(l) complexes calculated stationary structures for thiosulfate and complexes.
in mobilization of gold in geothermal fluids. This material is available free of charge via the Internet at http:/
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