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The M(1)=-NH;, M(1)=S,04?~, and M(1)-S,0:?>~—NH; systems (M = Ag, Au) were studied at 25 °C and at | = 0.1
M (NaClO,) using a variety of analytical techniques. For the Ag(l)=NHs—S,03>~ system, AgS,03NH;~ was detected
with formation constant log 311 (for the reaction Ag* + S,03%~ + NH3 <> AgS,03NH; ™) of 11.2, 10.4, and 10.8 on
the basis of silver potentiometry, UV-vis spectrophotometry, and hydrodynamic voltammetry, respectively. Also,
the values of log S101(AgNHs*), 109 B102(Ag(NHs)2*), log S110(AgS2057), and log S120(Ag(S203),° "), obtained from
silver potentiometry, were 3.59, 7.0, 8.97, 13.1, respectively. In the case of the ammine complexes, the log 101
(AgNH3*) and log Sio2(Ag(NHs3),*) values were found to be 3.5 and 7.1, respectively, from the UV-vis
spectrophotometric experiments. The mixed species AuS,0sNH;~ was detected in UV-vis spectrophotometric,
hydrodynamic voltammetric, and potentiometric experiments with the stepwise formation constants (log Kiy1) of
-4.0, 3.5, —3.8, respectively, for the reaction Au(S,03),*~ + NH; <> AuS,03NHz~ + S,032". At higher [NH)/
[S,0:%7] ratios (>10%), the formation of Au(NHs),* was also detected in spectrophotometric and potentiometric
experiments with stepwise formation constants (log Kioz) of —5.4 and —5.3, respectively, according to the reaction
AuS,03NH;~ + NH; <= AU(NH3)2+ + 82032_.

Introduction ligand system which contained NHS,05?~, and SCN .8
As for gold(l), only some studies adverting to this system
could be found. The high stability of the di-thiosulfato
complexX? and the instability of free Atiions with respect
) to disproportionatioft (3Au(l) — 2Au(0) + Au(lll)) make
it difficult to conduct suitable experiments. Nevertheless, on
| the basis of the AUAWC standard reduction potential estimate

Silver(l)— and gold(l)-thiosulfato complexes have ap-
plications in photograph¥? gold and silver extractive
metallurgy? industrial plating processésand mediciné:”

A knowledge of the nature of the chemical species of Ag(l
and Au(l) in ammoniacal thiosulfate solutions is useful for
the understanding of the chemistry of these metal thiosu X
fate—ammine interactions and the leaching and recovery of 0f 1.7 V. the fgrmanon constant values of Au(NH" (log
these metals using hydrometallurgical processes. In theP102= 19.5, 25°C, = 10 M (NH4NOg))* and Au(S0s),*"
ammoniacal silver(l) system, two mixed complexes, AgS ~ (109/120=26.0, 25°C, 1 =1 M (KCI))** have been reported.

OsNHs~ and AgSOs(NH3),~, have been reported in a mixed In characterizing the various species that would form in
' ammoniacal Ag(l)-S,0s%~ solutions, the Ag(l)/NHand Ag/

*To whom correspondence should be addressed. E-mail: S,0:?~ systems were re-evaluated at 0.1 M NaClQ, using
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the mixed ligand (NB-S,03?") systems of Ag(l) and Au-  spectra for the background corrections, and the first potentials of
(1). Due to the instability of Ad, Au($0s)*~ was used as  the Ag(l) starting solution were used to calibrate both the glass
the starting material with the determination of the stepwise and the silver electrodes. For the Ag{5,05*—NH3 experiments,

formation constants between the various species of Au(l). Starting solutions of 0.5 mM AgCI0.1 M NaClQ, and Na$;0;
(0.01, 0.015, and 0.02M) were titrated with similar solutions

containing 0.1 M NH. Spectra were recorded against water with
the spectrum of N&,03(aq) (0.1 M) recorded separately and
Materials. Reagents were made with calibrated grade A volu- factored in the calculations.
metric glassware using high purity water (Millipore, Milli-Q system) As for the Au(l)-S,032~—NHj3 experiments typically, starting
deaerated with high purity No minimize CQ contamination. High solutions were made in situ by adding small accurately weighed
spectral purity NaCl® (Aldrich Chemical Co., “99.99%” grade)  quantities of NgAu(S;0z3),. The spectrum and gold potential values
was used as the swamping electrolyte source to maintain a constantvere recorded after each addition ofJSz0s(s) followed by fixed
ionic strength. Both the NaCland HCIQ, stock solutions were  volumes of concentrated Ntaqg) (~11 M) in 0.1 M NaClQ.
prepared and standardized as described elsewh&nemonia stock Additional Au(l) potentiometric data were obtained from rest
solutions (2.0 M) were prepared from concentrated ammonia potential values during the hydrodynamic voltammetry experiments
solution (25% BDH, AR, U.K.) and standardizeti§.1%) against (see below) using a rotating gold disk electrode.
1.0 M HCI (BDH, U.K., concentrated volumetric standard) with Separate silver potentiometric titrations were conducted for the
methyl orange as the indicatér.The AgCIQ, stock solutions silver—thiosulfate system using an autotitrator sétwgith poten-
(~0.01 M) were prepared by dissolving solid AgGIBDH, AR, tials recorded after 1 min of equilibration. For this experiment, 0.01
U.K.). The concentration of Agwas determined=0.2%) titri- M AgCIlO4 and 0.1 M NaClQwere titrated into 50 mL aliquots of
metrically against EDTA (BDH, U.K., concentrated volumetric starting solutions containing 0.01 M p&0O3 and 0.1 M NaClQ.
standard) after the addition of excess potassium tetracyanonickelate- Data analysis for the spectrophotometric experiments were
(i) in the presence of an ammortammonium chloride buffer performed using the computer program SPECFEI';1” and the
with Murexide as the end point indicatsrStock solutions of Na value of Ky (NHs") was taken as 9.1 as derived from the
Au(S;03); and NaS;0; (~0.1 M) were prepared by dissolving  potentiometric study (Table 1). For all the data analysis in this
accurately weighed NAu(S,05),(s) (Alfa-Aesar, AR, U.S.A.) and report, the value of I§, at| = 0.1 M (NaClQ) was taken to be
NaS,05(s) (BDH, AR, U.K.) using a Sartorius weighing balance 13.75!% The potentiometric data for the Ag{dNHs, Ag(l)

Experimental Section

(2024MP max 100 gt 0.01 mg). The purity of N&5,0;3 stock —S,032"—NHj3 systems were analyzed using the ESTsuite of
solutions was determined using the standard iodomet:2%) software. In the case of the Auff5,0:2"—NH3 system, the
titration!* Analytical grade NHCIO, was prepared by slowly  hydrodynamic rest potentials were analyzed graphically, and the
neutralizirg a 2 M HCIO, solution with excess Nkfaq) solution potentiometric data from the simultaneous B¥s experiments

and then boiling and drying the product in a vacuum oven at 80 were analyzed using SPECH¥!617For the latter data, the antilogs
°C. Caution was taken here as MHO, is explosive when heated.  of the potential values were used to simulate the spectral response

UV —Vis Spectrophotometric—Potentiometric Experiments. of Au*, and the stepwise formation constants (lg) between
Simultaneous UV-vis spectrophotometriepotentiometric experi- the two complexes present were calculated. The best model used
ments were conducted for the AgNHs, Ag(l)—S,032"—NHs, for the data analysis was decided on the basis of the best fit from

and Au(l)-S,052-—NHs; systems using the apparatus setup de- a variety of chemically sensible models described by a minimum
scribed previously® Absorption spectra were recorded with a objective function. Unless otherwise stated, the stability constant
Hewlett-Packard 8452A diode array spectrophotometer using the l0g Bnj of each complex MX;Y;*("bi=<) was calculated using eq
specially constructed cell with an optical path length of 04 2.

0.01 cm used for the Ag(l) experiments and 10.76 cm used for the

Au(l) experiments. The hydrogen ion and Agr Au* potentials hM ™™+ iX 72+ jY 7S MX Y TP (1)
were measured in situ using a calibrated glass electrode (Metrohm, o _ _
model 6.0101.000) and a clean calibrated Ag or Au wire electrode, log By = log{ [M X, Y, "™ IM X I TY 9} (2)

respectively. The potentials were measured against the Ag(0)/AgCl-

(s)/Cl-(ag)/0.1 M NacClQ salt bridge/reference electrode using a Hydrodynamic Voltammetry. The hydrodynamic voltammetry
dual input high impedance digital voltmetetr@.1 mV) of in-house (HV) experiments were performed using a voltammetry stand of
construction. All titrations were performed undes With temper- in-house construction consisting of a rotating electrode setup dipping
ature maintained at 258 0.05°C, and titrant was manually added into a double walled 50 mL electrochemical cell. The cell
from a piston buret (Metrohm Dosimat, model 665, calibrated temperature was maintained at 251 °C with a circulation water
accuracy+0.1%). Electrode potentials and the absorption spectra system (Ratek isothemal bath). The electrode rotation speed for
were recorded after-15 min of equilibration with each addition  the experiments was maintained at 10805 rpm. The current

of titrant!3 measurements in the50 A range were carried out using a RDE3
The Ag(l)-NHs complexation titrations were conducted by scanner (Pine Instruments) with a potential sweep of 5 mV/s, and
titrating into starting solutions of 0.5 mM AgCl{00.01 M HCIQ, results were automatically recorded at about 5 data points/s in a

0.08 M NaClQ, and 0.01 M NHCIO, titrant similar to the starting ~ personal computer using a LABView written program. Measure-
solution containing 0.01 M NaOH instead of 0.01 M HGIO : :
Titrations of similar solutions without Ag(l) were used to obtain (15) Kratsis, S.; Hefter, G.; May, P. M. Solution Chem2001, 30, 19—

29.
(16) Maeder, M.; Zuberthler, A. D. Anal. Chem199Q 62, 2220-2224.
(13) Perera, W. N.; Hefter, G.; Sipos, P. Morg. Chem2001, 40, 3974~ (17) Gampp, H.; Maeder, M.; Meyer, C. J.; Zubénkar, A. D. Talanta
3978. 1985 32, 257—-264.
(14) Jeffery, H.; Bassett, L.; Mendham, J.; Denney, RvV@gel's Textbook (18) Bonomo, R. P.; Cali, R.; Riggi, F.; Rizzarelli, E.; Samartano, S.;
of Quantitatve Chemical Analysjs5th ed.; Longman Scientific: Siracusa, Glnorg. Chem.1979 18, 3417-3422.
London, 1989. (19) May, P. M.; Murray, K.Talanta1988 35, 927-932.

Inorganic Chemistry, Vol. 43, No. 10, 2004 3049



Perera and Senanayake

Table 1. log fpq Values of the Ag(l}- and Au(l)-Thiosulfate-Ammonia System at 25C

log 32
Ag(NHa)*

log 52
Ag(NHg)*

log 52

[
(NaClO))/M  pKa (NH4™) Ag(S:05)~

Ag(S:02)2*~

log g2
Ag($:03)-
(NH3)™

log K111
Au(S03)-
(NHg)~

log 2 log K102

Au(NH3),*  method  reff

~0
0.1
0.5

9.2
9.25

3.3
3.23
3.36

7.2

7.38

8.8
9.10+ 0.02 7.044+ 0.09
7.13+£ 0.07

3.594+ 0.0P
3.5+ 0.1
8.97+ 0.01

13.6

13.09+ 0.02
13.0+£ 0.4

10.8+ 0.4

11.2+0.1

10.4+0.3
—4.0+0.2
—3.5+0.2
—3.8+£0.2

—54+04

I<NVWITUK<TNWTYgoWUTTT

—5.3+0.4

a Formation constants of complexes as defined in eq 2@y ® Uncertainties expressed as the range of the averagidoglues.c Formation constants

of the Au(SOz)(NH3)~ complex as defined in eq 14Formation constants
spectrophotometry; \= voltammetry.! This study unless stated otherwise.

ments for the Au(l) system were made using a rotating gold disk
electrode (3 mm diameter) while for the Ag(l) system a silver disk
electrode (1.5 mm diameter) and a platinum disk electrode (2 mm
diameter) were used. Starting solutions of-Z® mL of 0.1 M
NaClO, and~ 3 mM AgClO4(aq) were pipetted into the cell, and
N bubbling was introduced prior to the addition of hlkb the
required concentration of 1.7 M. During the experiments,.a N

of the Au(N)4™ complex as defined in eq 18P = potentiometry; S=
(E) curves and half wave Au potentials,(;) from plots ofE against
log{i/(Ic — i)} since©

E=E,;,— 0.0592h log{i/(l; — i)} 9)

Since only relativeE; ), values were used in the analysis, it was
found that an easier determination Bf, could be obtained by

blanket was maintained over the solution, and the concentration of '€ading off charts oE versus a moving point average offdE

S,042 was varied by the stepwise addition of accurately weighed
guantities of sodium thiosulfate crystats¥ mg). Similar experi-
ments were conducted for the Au(l) system using starting solutions
consisting of gold thiosulfate~4 mg) in 25-50 mL of 0.1 M
NaClQ,, 0.01 M NaOH, and Nk(aq) (0.3-7 M).

By combining the general currenpotential equations for a
rotating disk electrode, the Levich and the Nernst equations, the
Ei» reduction potential of the complex MX; to M and M to M
on the surface of the rotating disk electrode at a constant rotation
speed’ can be expressed by eqs 5 and 6

M*" + ne” < M(on electrode)

®)

MX,Y, 79 4 ne” < M(on electrode)- iX " +jY ¢ (4)

(E,p)s = E° + (RT0.4343F)log(l,[M T /IgM])  (5)

(Eyp)c = E° + (RT0.43431F)log(ly[MX Y S 91 M) (6)

where [M] is the concentration of metal deposited on the rotating
electrode]y is the limiting current caused by the metal deposition,
and Eip)c, lc, (Eip)s, Is are the half wave potentials and limiting
currents for the reduction of MX;"=*=i¢) to M and M™ to M,
respectively. Hence, at 26

(Eyp)c — (E1)s T (0.0592h)log(l /o) =
(0.0592h)logf By; + i log[X ] + j log[Y "I} (7)
where
By = IMX,Y, PO P Ty~ (8)

The limiting currents|¢) were estimated from curreri){-potential

(20) Bard, A. J.; Faulkner, L. RElectrochemical Methods, Fundamentals
and Applications Wiley: New York, 1980.
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with a period of 20 points calculated using the spreadsheet software.
Here,E;/; is at minimum; the peak heights are proportional to the
limiting current, and the relation between the two (eq 10) provides
a method to test the reversibility of the systém.
{di/dE}E,,, = —(NF/4RT)I (20)
Sincels ~ I, for most of the results a further simplification of eq
8 was made as 0.0592 ldg/(c) approaches zero. A plot oE(;)c
versus log[X"] or log [Y ¢ was used to estimate the coordination
numberi andj, and the formation constants of the species formed
were deduced usinBy;; at [X7?] or [Y =] = 1 M. Since the value
of Ey for Aut/Au is unobtainable due to the instability of Au
(aq), the difference betweef;(,)c for the two complexes C1 and
C2 was used to estimate the stepwise formation consigiti@r
the following reaction:

(+n=pb=09) 4 {5~ | iy ¢ o {Hn=(Hb—(at)e)
MX Y, XY O MX oy Y () a

(Exp)er — (Eyp)eo = (0.0592h)log{ Ky; + ilog[X "] + jlog[Y ~]}
(12)

where
Ky = [Mx(p+i)y(q+j){+nf(p+i)bf(q+j)c}]/

[MX pyq(+nfpquc)][ X fb]i[Y —c ]j (13)
Results

Ag(l) —S,0z>"—NH3 Potentiometry. Only two silver(1)
ammine complexes have been repofEd and hence,

(21) Heyrovsky, J.; Kuta, Principles of PolarographyAcademic Press:
New York, 1966.

(22) Hogfeldt, E.Stability Constants of Metal-ion Complexes, 2nd supple-
ment, Part A, Inorganic LigandsUPAC Chemical Data Series No.
21; Pergamon: Oxford, 1982.
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Figure 1. Results of the Ag(H-NH3;—S,032~ potentiometric experiments. Markers are the raw data points while the lines are the fits from ESTA, assuming

Ag(S203)(NHa)™.

designators for AgNkt and Ag(NH),™ were used in the

Ag(l) —$,02 —NH3 UV—Vis Spectrophotometry. A

model to simulate the electrode potentials simultaneously typical series of background subtracted spectra at the pH

obtained during the spectrophotometric titrations for the Ag-
(D—NH3 experiments (Figure S1). The stability constants
obtained in this work were consistent with the literature
(Table 1). To get a good fit, the initiala value of NH,*
(9.25,1 = 0.1 M NaClQ) was also optimized. The stability

range 2-8.9 showed significant spectral changes suggesting
the presence of only three species including"Aghese
spectra were time independent, and up to moderate OH
concentrations (pH< 9), the SPECFIT analysis of the
absorbances from 216 to 300 nm was consistent with the

constants obtained in this study (Table 1) were subsequentlypresence of Ag, AgNHs*, and Ag(NH).*. By fixing the

used in the calculations for the experiments on the Ag(l)
S,05>"—NH3 system.

For the Ag(l)y-thiosulfate potentiometric titrations, only
titrations where AgClQ(ag) was added to excessCH*~

pKa of NH4* to that obtained from the potentiometric data,

the calculated stability constants according to this model
compared well with the published constants as well as the
values from the potentiometric work (Table 1). The acquired

could be performed as irreversible precipitation products deconvoluted charge transfer spectra of the various Ag(l)

(presumably AgS(s)) formed whenever [Ag(h]was in

species are shown in Figure 2.

excess. Although there have been reports of the formation With the inclusion of $0:2~ in the Ag(l)~NHas(aq)

of Ag(S$,03):°",2? for the concentration range used in this
experiments, the use of only Ag3%:)~ and Ag(SO0s).°~
designations in the model were sufficient to give results
(Figure S2) in reasonable agreement with liter&fff€Table

experiments, a mixed species was inferred by observing the
changes in the UV spectra of a silver thiosulfate mixture on
the addition of ammonia solution (Figure 3). Attempts to
analyze the UV-vis spectroscopic data using SPECFIT and

1). These values were found to be critical in the subsequentcomparing it with literature showed that the species

calculations related to the AgihS,0s>~—NH3 system.

It has been reported that the formation of both AG¥s$)-
(NH3)~ and Ag(S03)(NHs),~ with log 111 = 9.88 and log
B112=13.0 atl = 1.0 KNG, 25°C, occurs in ammoniacal
silver thiosulfate solutions in a study of the three ligand
system NH, $,0s>7, and SCN.® However, a good fit of

AgS,0O3NH3~ or AgS,03(NHs),~ or both could fit the model.
But, again as for the potentiometric results, a model
containing only Agg0sNH3;~ gave much lower overall
standard deviations with a reasonable calculatedjgg
value. This value was found to be about 0.8 log units smaller
than that derived potentiometrically (Table 1). Although it

the potentiometric data in this study could be accomplished is difficult to cite a particular reason for this difference, the
by using a model containing just the single complex species difference in the measurement techniques, large errors seen

Ag(S:03)(NH3)~ (Figure 1). Forcing the convergence of the
model by incorporating Ag(®s)(NH3z),~ gave an order
higher objective function (sum of variances5—150) with

no significant difference in the derived stability constant
value. This indicates a poor fit of the literature mo#lalith

the experimental data in the present study &t 0.1 M.

(23) Mironov, I. V.Russ. J. Inorg. Chen1.989 34, 1075-1081.
(24) Maeda, M.; Nakagawa, G.; Biedermann,JGPhys. Cheml983 87,
121-125.

in the spectrophotometric study, and ignorance of changes
in the activity of NH; must all be noted. The calculated
spectrum of Agg0sNH;~ is presented in Figure 4.

Ag(l) Hydrodynamic Voltammetry. Two superimposed
i—V curves were seen for a solution of Ag(l) (two minimum
peaks in the ddE curves, Figure 5) using a silver rotating
disk electrode. This effect was sensitive to the procedure

(25) Makarewicz, ZRocz. Chem1975 49, 879-884.
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absorptivities / 10°M-'cm™

o
'S

0.2 4

0 + P
210 215 220 225 230 235 240 245 250 255 260

wavelength /nm

Figure 2. Deconvoluted spectra for the various Ag{NH; species calculated using SPECFIT. Note thats(df) does not absorb in this wavelength
range.

08

0.7

o
o

0.004M Ag" + 0.015M S,0, + 1.1M
NH,

o
o
L

0.004M Ag* + 0.015M S,0,%

absorbance/ arbitrary values
o o
w I

o
N

0.015M Na,S,0;

0.1

0250 255 250 Zé5 2;0 2%5 250 285 25;0 255 300
wavelength/ nm

Figl_Jre 3. Spectra showing the presence of a mixed AgliH;—S,032~ species. Note that Néfaq) and all the Ag(H-NH3 species do not absorb in this

region.

used to prepare and clean the rotating electrode surfaceof excess NH! Using graphical methods to analyze the rest

Better results were obtained using a silver plated rotating potentials and SPECFIT to analyze the other potentiometric

platinum electrode. Although it gave an unsymmetriddl d data, consistent values of stepwise formation constants were

dE curve, the analysis implied a reversible process with  obtained (Table 1).

= 1.1 using eq 10. Graphical analysis of the data based on Au(l) —NH3;—S,05?~ UV —Vis Spectrophotometry. The

Eu versus log[80s?] (Figure 6) gave stability constants UV —vis spectrum of Au(8s),*>~ shown in Figure 2 of a

of AgS,0sNH;~ and Ag(SOs).*~ comparable to those  previous repoff with a value ofimax < 265 nm is unreliable.

obtained by other methods (Table 1). It shows spectral transmittancel00% atl < 265 nm
Au(l) —NH3—S;,04*~ Potentiometry. Rest potentials re-  (Figure 2)2®indicating instrumentation errors. However, the

corded during the hydrodynamic voltammetric experiments UV —vis absorption bands for Au§Ss),*~ (Figure 7) ob-

were generally noisy but showed the stoichiometric presencetained in the present study are consistent with AQER3~

of AuS,OsNH3~ and Au(SOs)*. Data from separate  (Figure 4), where only a broad UV absorption band which

potentiometric experiments using a gold wire at high f]NH  increases in absorbance with decreasing wavelergo0

(ag)] in the range 612 M, conducted either simultaneously nm was observed. Despite the absence of distinct absorbance

with the UV—vis spectrophotmetric experiments or sepa- peaks, changes in UV absorptivity could be used to derive

rately, showed similar results and also were able to confirm information about changes in speciation.

the presence of the Au(Njt* species at a [NE/[S;05*] Only at very low concentrations of Au{Ss)-*~, spectro-

ratio >10°. These experiments, although performed with photometric changes in the UV region with moderate

lower [Au(l)]+ in the range 760 uM, were reproducible  concentration of Nk{aq) were seen at pH 12 (compare
and consistent with the spectrophotometric data indicating

the increased sensitivity of the gold electrode in the presence(26) Medved, A.J. Mol. Struct.1993 299, 177-183.
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Figure 4. Deconvoluted spectra for thiosulfate and the various Agf)0s?>~—NH3 species calculated using SPECFIT.
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S
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Figure 5. Current {)—potential €) curves and the derivativesi(dE) for hydrodynamic voltammetry of Ag(l) solutions

0

were detected with respect to changes in pH (5 to 12), ruling
out any interaction between Au(l) and OHAs with the

= -0.1302x- 0.4451 Ag(l)—NH3;—S,0:*~ analysis, the spectrum 06Gs?~ was
R?=0.9998 fixed in the calculations, and the deconvoluted spectra of
the various Au(l) species were obtained (Figure 7). The value
of log f120 of Au(S:05),>~ was fixed at 26.0 and the
corresponding lod<i1; value was calculated via

-0.05

-0.1

-0.15 4 y=-0.0402x-0.2121
R?=0.9035

0.2

Ein IV

-0.25
-0.3
-0.35

04

35 3 25 2 45 4 log Ky, = log 8,,,(AUS,O,;NH, ") —

1og[$,0:°] 3—
Figure 6. Plot of adjusted half-wave potentials of the Ag(l)/Ag(0) |Og ﬁ lZO(Au( S203)2 ) (14)
reduction process against log{% 2] for [Ag()]T = 3 mM, 0.8 mM <
[S20577 = 55 mM, with [NHg]r = 1.7 M using a 1.5 mm diameter platinum  |n experiments with the addition of NHn large excess,
electrode rotating at 1000 rpm. further spectral changes were observed, and SPECFIT
Figures S3 and S4). These spectral changes were analyzetfhodeling implied the formation of Au(Ngk". Although
using SPECFIT with all possible models, and it was found larger errors in the derived spectra for this species were seen,
that the inclusion of the species AM%BNH;~ in the model the spectral information was similar to the spectrum of the
along with Au(S0s)-3~ gave the best results with the smallest Au(l) species formed by leaching a gold wire in aerated
overall standard deviations for both the spectral fit and concentrated ammonia-(2 M) solution for 2 weeks at room
variation in the stability constant values (I¢g1:1 values, temperature. As above, the value of Iig, of Au(NH3),"
Table 1). No significant changes in the Au(®),®>~ spectrum (eq 15) was calculated to be5.4.
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1.2 Au(S,0,),*>

AUNH,S,0;° Au(NH,),*

absorptivities / 10 *M“'cm-'
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wavelength /nm

Figure 7. Deconvoluted spectra for thiosulfate and the various Au(l) species calculated using SPECFIT.

log Ky, = 109 B16(AU(NH,),") — log f11,(AUS,0;NH; ") Discussion
(15) Relatively consistent results have been obtained from the
various techniques used to analyze the Ag8)Os> —NH;

and the Au(1}-S,032"—NHj5 systems. The Ag/Ag(l) poten-

firmation of the UV~ vis spect3r£)pho_tometric results at  (iometry and voltammetry using a rotating disk electrode
moderately large [NEJ/[Au(S:0s).*] ratios were obtained.  aye confirmed the results based on s spectropho-

The current-potential data obtained as a consequence of thetometry. Both these techniques have been successfully

Au(l)/Au(0) reduction process, from linear voltammetric jji;eq to confirm the spectrophotometric results of the Au-
scans at different compositions, were differentiated to obtain (I)—ammonia-thiosulfate system. With this in mind, it is
the Ey; value as a minimum point value (Figure 83)_ A of interest to note that AgBs(NHs),~ was not detected in
reasonalgl_e “?d“C“O” curve for Au(I<}§ mM of Au($05)z . the present study although such a species would be expected
and SO; ,.Flgure 8) was only seen in ghe presence of high according to the previous work by De Marco et®ah
concentration of Nii or C|37(>0'l M). zlior example, @ ossible reason for this difference could be the result of an
solution of 1.5 mM Au(20s)2”", 4 mM $05™" required>0.5 overestimation in the previous work that may be due to

M NH; to produce a significant minimum peak (Figure 8).  yisicities inherited in analyzing the 3 ligand system (Ag
The results obtained with total ammonia concentration NHs—S,052 —SCN") examined by DeMarco et &l.

[NHglr < 1 M were from a reversible process ¢ 1. Both Au(l) and Ag(l) form linear complexes with,Gs2~
according to eq 10) but with the limiting current increasing 4 NH;,2829and hence, the mixedhSs2 —NH; complexes
with [NH:]r until a maximum value at [NE}r > 1 M (Figure ¢ o,y(1y and Ag(l) are also expected to be linear. This implies

_8)' S,UCh re_sults can be rationalized to the presence of a4t there should be some similarity between the two systems,
junction resistance between the gold electrode and the IOUII(and indeed, a correlation is seen when calculating the ratio

solution which is reduced by the presence of an-Agand of stability constants for the mixed complex&s,e., [(log
surface species on the electrdgdéWith increasing [NH], Bz — l0g Budl(log Bz — 10g 1)) which is ~0.4 for
a change in thes,, values of~0.059 V/log[NH] was 41 ag(1) and Au(l). With the stability constants of the Cu-
observed with respect to [NJH indicating the stoichiometric (1) system known (Iog10{CU(NHy),*) = 9.92, 20°C, | =
complexation of Au(l) with one bound Niinolecule (Figure 4 \1 (KNO,)* and logBid Cu(SOs)s*) = 1é_27, 2’5°C,
9). With the addition of 83;*~ to solutions of gold(l) | =1 &M (N&SQ,)®), a systematic increase in the stability
thiosulfate containing a large excess of ammonia (Figure 10),0f the M(1)(S,:05),*~ complexes over M(I)(NR)," (i.e., log
the coordination number with respect teQg*~ ions in- KsydM) = l0g B126M(S:05)2*) — (Iog BroAM(NH3)), log
creased from 1 to a maximum of 2. These results were KsydCU) = 2.4, logKs,{Ag) = 6.1 and logke,dAU) = 9.1)
consis.tent even with different initial [Au(l-)]implying the is seen on going down the IB periodic group from Cu(l) to
formation of mononuclear complexes. Thus, itwas concluded 5}y This result is consistent with the theory of increasing

that the first complex formed was AuNBtOs™ and the  gfiness of the M(I) ions on going from Cu(l) to Au(l) and

change in slope to 0.118 V/log{Ss*] with respect to  yhe greater softness 0fG2- compared to Nk It explains
increasing [805?7] implied the reformation of Au(gDs),%~

at high [$05?7] (Figure 10). Using this model, the difference  (28) Brown, K.; Parish, R. V.; McAuliffe, C. AJ. Am. Chem. S0d.981,

i i i ; 103 4943-4945,
in they intercepts gave the stepwise formation constant value (29) Cotton. . A.: Wilkinson, GAdvanced Inorganic Chemistrth ed.

Au(l) Hydrodynamic Voltammetry. Independent con-

for AUNHsS,05™ (log K111, €q 14) of—3.8 (egs 12 and 13). Wiley-Interscience: New York, 1972.
No higher order complexes were detected at highgd{5] (30) Dimmock, P. W.; Warwick, P.; Robbins, R. Analyst1995 120,
with background KCI = 1 M). 2159-2170.

(31) Goncalves, M. L. S.; Sigg, Electroanalysis1991, 3, 553-557.
(32) Toropova, V. F.; Sirotina, I. A.; Lisova, T. Uch. Zap. Kazan. Gos.
(27) Zhu, G.; Fang, Z.; Chen, Jrans. Nonferrous Met. Soc. Chii@94 Uni. 1955 115 43—-42.

4, 50-53. (33) Pearson, R. Gl. Am. Chem. Soc1963 85, 3533-3539.
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Complexes of Ag(l) and Au(l)

1+
0  (a) = 0.1M NaClO, + 0.01M
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Figure 8. Typical current {)—potential E) curves (c, d, and e) and the moving average (20 points) of the derivati/dg)(dor the hydrodynamic
voltammetry of Au(l) solutions (d* and e*). Also included are the typical currénpgtential €) curves obtained for opll M NaClQOy solutions (a) with

and without N bubbling and (b) with Ng&0s.
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Figure 9. Results of the Au(B-S;032~—NH3 hydrodyamic voltammetric experiments conducted by measuringthgotential of various Au($3)2>~
solutions against [NEr (0.172-7.00 M). Markers are the raw data points while the line is the best linear fit.
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Figure 10. Representative plot of half-wave potentials of the Au(l)/Au-
(0) process from linear voltametric scans of;Na(S,;0s), solutions at fixed
[NH3]t = 5.8 against log[Nz5,0s] 1 using a 3 mmdiameter gold electrode
rotating at 1000 rpm.

why $04? is the preferred fixing agent for silver halide
photography and is used in electroplating of these mefals.
It also explains the large stability of AufSs),®~ making
this observation useful in postulating thaiC&~ is also
involved in the gold dissolution mechanism in gold extraction
with Cu(ll)—NH3—S,05%" reagents, unlike the widely re-

ported mechanism of Au(N$bt formation in the rate
determining step? From these results, it can be implied that
Au(l) would preferentially complex ligands containing sulfur
groups over those with only amino groups suggesting the
chemical reason for the pharmacological benefits of using
gold(l) salts in medical treatmenta36

Conclusions

Potentiometry, hydrodynamic voltammetry, and Y¥s
spectrophotometry of the AgtONH;—S,0:>~ and the Au-
(N —NH3—S,05%~ systems show the similarity between the
solution behavior of the Au(l) and Ag(l) systems. In both
cases, only one mixed ligand complex, M(1)B840;~ (M(I)
= Ag(l) or Au(l)), appears to be stable. The value of the
stability constant of M(I)NHS,O5™ is intermediate between

(34) Jiang, T.; Chen, J.; Xu, XVII International Mineral Processing
Congress Sydney, Australia, 1993; pp 1141146.

(35) Libenson, LExp. Med. Surg1945 3, 146-153.

(36) Mallya, S. K.; Van Wart, H. EJ. Biol. Chem1989 264, 1594-601.

Inorganic Chemistry, Vol. 43, No. 10, 2004 3055



Perera and Senanayake

the lower value for M(I)(NH)," and the higher for  program for the calculation of stability constants.The A. J.
M(1)(S205),°" at 25°C andl = 0.1 M NaClQ. Parker Cooperative Research Centre for Hydrometallurgy is
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