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ABSTRACT OF THESIS.

An investigation of the nature of Ghlorauric acid and
its potassium salt, has been carried out, with the object of
ascertaining certain properties of the complex ions present in
aqueous solutions of these compoundse
1% The normal potential Au| AuGl® was determined at 25®G.
by measuring the potential of gold electrodes in solutions
containing a known concnetration of the complex compound, in
the presence of a measured excess of chloride ions. The values

of the normal potential were calculated from the equation,

% = 0% "~ RT |AuCly J
3p" "JATYT where the symbols have

their usual meaning.

The mean values of were found to be 1.0066
volts and 1.0055 volts at 25®, from measurement of the acid and
salt respectively. The value of this constant previously
determined by Bjerrum and Kirschner is 1.001 volts at 17®C.
2. The formulae of the complex ions existing in solutions
containing different concentrations of the complex compound, in
the presence of varying excess of chloride ions, were calculated
by the method of Bodlander.

The results obtained indicate that the complex AuCIl" is
the stable ion in solutions containing 0.1, 0.02 and 0.01 M
chlorauric acid, in the presence of 0.1 N hydrochloric acid.
With greater concentration of the latter, the higher complex
AuClg 1s pooduced, whilst in dilute solutions containing aanall
proportion of free chloride ions, hydrolysis occurs.

The ion AuCl| preponderates in solutions of 0.02 M



potassium chloraurate containing 0#02 and 0*04 M potassium
chloride; no evidence was obtained, for the existence of
hi“er complexes in solutions of this compound.

5. The stability constant of the aurichloride ion,

K

was determined from E.M. F. measurements, from the results

of which the concentration of auric ions was calculated, in
solutions containing known concentrations of both the complex
compound and free chloride ions #

The mean values obtained were 1.83 x 10® and 2.085 x 10®,
from measurements of solutions of Chlorauric a cid and Potassium
chloraurate respectively.

These values, together with the figures obtained for
the normal potential Au)AiCl”®, shew that the complex ion
AuCl”® i1s somewhat less stable in the presence of hydrogen ions

than in the presence of potassium ions of equivalent concentration.
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An Investigation of the Nature of Certain

Complex Gold Compounds in Aqueous Solution.

Part I - Introduction.

A review of the literature relating to gold compounds
shews that very few of the numerous complex derivatives of
this metal have been s tudied in solution, by Physico-chemical
methods.. An investigation of certain complex derivatives of
Auric chloride, namely Chlorauric acid and its Potassium salt,
has therefore been carried out, with the object of ascertaining
the nature of the complex ions present in aqueous solution,
and the stability of these ions in the presence of a measured
excess of chloride 1ons.

Both the s trueture of complex compounds in the solid
state and the stability of their ions in solution, are of
interest in connection with theories of Co-ordination and
Atomic structure. The relative stability of complex ions, how-
ever, is also of great importance in a number of technical
processes for the preparation of pure metals. The stability of
a complex ion is greater the less it tends to decompose into
its constituents, and the less it tends to unite with one con-
stituent to form higher complexes, and certain complex salts
havc;b/es%réwn to exhibit very great stability in aqueous solution.
Such compounds behave as simple salts, giving rise only to ions

of
of two kinds, the concentration/simple ions formed by
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decomposition being very small or negligible» The
difference between double and complex &e salts is however,
of degree rather than kind, since double salts have been
shewn to give rise to a small concentration of complex ions
in all but the most dilute solutions. Similarly, complex
salts in solution contain a small concentration of all the
constituent simple ions, the proportion of which increases
on dilution. Intermediate between these two types of salts
come such compounds as the ferrioxalates, which in solution,
give rise to ferric, oxalate and ferrixalate ions in suffi-
cient concentration to give positive qualitative tests. A
complex salt is therefore corrmonly regarded as a salt which
in solution, dissociates to give such inappreciable concen-
tration of simple ions as cannot be detected by a qualitative
test.

The nature of complex ions is usually investigated by
Electrochemical methods, and the method most generally adopted
is due to Bodliander (Dedekind Festschrift, Braunschweig. 161.
1901) #10 first studied the silver-ammonium cation (Bodlfinder
and Fittig. Z. Physik. Cbem. # 597. (1902) ). This investi-
gation was concerned with the compounds formed by union of
certain silver salts with ammonia, and the results shewed that

the complex ion is represented by the formula (Ag(NHg)g. A
similar conclusion was drawn by Euler (Her. * 1854. 2878 (1905),

who investigated the nature of the bases formed by combination
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of silver oxide with ammonia and with methylaminee The following
important investigations on complex salts may be enumerated.

Bodlander and Eberleln (Z.anorg.Chem M 197 (1904)
examined the complex salts produced by dissolving silver iodide,
cyanide and thiocyanate in solutions of the corresponding pot-
assium salt, and shewed that all three compounds give rise to a
series of complex ions. %us, in the case of Potassium silver iodide,

the results obtained lead to the conclusion that molecules KgAgg];®

KaAggle; K™aggly exist together in equilibrium, the hiter
compounds preoponderating in solutions of higji Potass turn iodide con-
tent. In addition to these” the presence of Kgiig 14 was detected in
concentrated solutions®* In solutions of the complex cyanide in which
the concentration of free anion is less than 0*06 N , the complex
ion is represented by the formula Ag(CN)"; with hi“er concentration
of cyanide ions however, the complex Ag(CK)§ is produced, the stabi-
lity constants of the two ions, being of the ssme order of magnitude.
Similar results were obtained for the complex thiocyanate.

Of the cuprous salts which have been investigated, the

most interesting are Potassium cuprocyanide (Runschert.Z.anort.Chem.
41. 1. 559. (1904) ) and the corresponding cupro-chloride and-bromide
Bodlaflder and 8lorbeck(Z.anorg.ghem. 31 458.(1902).The results indi-
cate that anions of the type CuX® and CUXg exist in such solutions;

in the case of the cuprocyanide, the limiting concentration of free
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cyanide iona corresponding to the complex Cu(CS);l is undefined,

whilst in the case of potassium cuprochloride the compound.
KTGuClg predominates in solutions in whidi the KGl-concentration
is between 0.1 and 0#22 K, KgCuClg existing in solutions of
hi“er chloride content.

In contrast to the behaviour of these silver and cuprous
compounds, potassium aurocyanide (Bodlander, Ber. 36 3933.
(1903) and potassium aurothiocyanate (Bjerrum and Kirschner
D.Kgl. Videnskabernes Selakab 8 v. 1. (1918) ) exhibit no
measurable tendency to unite with excess cyanide and thiocyanate
ions respectively. In all the solutions #iich have been invest-
igated, ions of the type AuX” alone have been detected, even
in the presence of a large excess of the alkali salt. Examination
of solutions of Potassium aurithiocyanate (Bjerrum and Kirschner-
loc.cit.) has indicated that the complex ion exists mainly as
the tetrathiocyanate Au(SCN)*. 1ihe ordinary method of invest-
igation, however, was found to be inapplicable in the case of
this compound, and a method involving the measurement of
oxidation potentials, was employed. Spectrophotometrie exam-
ination of certain solutions gave an indication of the existé
ence of higher complexes *

An investigation of the complex thiosulphates of cadmium,
lead, thallium, nickel, iron and zinc, with sodium thiosulphate,
(Euler, Ber. S%SZ? . 1704. (1904) ) shewed that these compounds are

of a very unstable order. This small tendency to complex
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formation Is eapaeiaily evident in the zinc, nickel and
ferrous compounds.
. . /®ong otter *Inc compound», the following are of
interest:- Sodium aine& te, haS*"nOg, and ammonium zinc
oxalate (Kunachert. % anorg® Che». J1. 58741904) m). The
former ionise# to give only,one-type of oenplex ion, MZnO",
the stability of eh la comparatively lew, The latter,
however, diasociatea with the formation of the iona Zn(CgO")g
and Zh(CgO"M)g of «hi<fc the lower complex ia present in
solutions of free oxalate coneantration leas than 0.1 K, and
the higher ion in eelutiona of greater oxalate eonoentration.

Potassium aereuricyanide (Sodldnder, Ber, 56 5955,
(1905), Vbegg and Sherrill, 2,£lektrocitem, £ 549» Z.iiiyalk,
Che», * 705, (1903) } ia an extremely stable salt, diaao-
olating In solution to fom 2S* and Hg(C£)| lone, Abegg and
fherrill, however, have demonstrated the exlatence of the ioa
Kg(CP)* in solutions saturated with nerourio cyanide. The
values of the stability constants of the Hg(CP)| Im>, as
calculated by these investigators and by Bodlinder, are in
very close agreement.

The results of these investigatiems shew that complex
coppouhds fall into two groups*»
1. Those which are stable in the presence of an excess
of the free anion contained in ttie cMiplex,

2. Those which unite with excess of the free anion to
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form a series of complex ions*

The first group is examplifieU by Potassium aurocyanide,
potassium aurothiocyanate, sodium aincate and potassium mer-
ctirlcyanide; Most other ccaiplex compounds belong to the second
class.

MettiOd of Invi“stigetion™

The foraula and stability constants of complex ions
in aqueous solution, may both be obtained from the result of
Electromotive Force meuiisuremsnts. The application of
Bodlander’a mdliod. is best described by moanm of an example*

Supposing the aurocyanide ion to have the formula

the values of m and n/® may be determined by meas-
urement of two types of concentration cell. In both of which

gold electrodes are used. The value of m is obtained from the

E.M.F. of a cell, both halves of which contain the same known
excess of potanslum cyanide, but different concentrations of
the complax gold compomid* “alues of on the other hand,
are determined from the E.M.F. of cells in Wklch the concen-
tration of complexsalt in each half cell is thesab», while
the airount of freepotassium cyanide is varied.

The two types of oollmay be represented as followst-

1. Au 1 Complex KCNI 'IkeHComplex [au
¢ X c M o J
2. Au ICwplex KCN|'RCN Complex 1"u
0% X M)y

Since all complex ions undergo some measure of docom-
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position into their simple constituents, the following

equilibria exist in each half cell -

(Au™N(GIT)M)* m(Au*"n (CM*)* on the left hand side,

(AU}, (CK)n)g'm(Au*)g+n (CN»)g " " right " "

in * Ak [aur (CN)HIA
similarly A" [ci” m " ,"Au’(CN

Thus, eliminating k by division,

[AmICIDjg
[ S M 1

M ¢ °

The E.M.F. of a concentration cell,

(neglecting liquid
contact potentials) constructed with gold electrodes in sol-
utions of aurous ions, la given by,

A

In the electrode (1) being the positive pole.

Substituting from equation (1)

P [~ CHn]2 [cH'l

‘ ‘ )For a cell of the first type in which the concentration
Gr»lg,

E. RT InjfkUffl (OMY 1
P IL% (C% ]g
Thus, mr R T t%]i
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In the second type of cell, the concentration of

complex 1s the same in each half cell, and

E - RI In [cNJs
p ipFYY

or, n/m -
KT In [C%"

Thus, hy calculation of the values of the m and n/m,
the formula of the complex ion is obtained.

The application of these equations involves the
assumptions that the complex compound is (a) completely
ionised, and (b) not appreciably hydrolysed, in the soltiona
investigated. The degree of dissociation of the salt cannot
be measured, since dilution of solutions of complex compounds
causes progressive decomposition of the complex ion: the value
of the conductivity at infinite dilution therefore has no
definite meaning, and the salt must be assumed to be completely
ionised. This assumption can only reasonably be justified in
moderately dilute solutions, #aich do not contain a large excess
of any compound producing a common ion. By simple hydrolysis of
a complex compound, is understood the decomposition of the com-
pound into its constituent simple ions, in solution: this occurs
to some small extent with all complexes. Many salts however,
are composed of an insoluble and a soluble constituent, and
therefore such hydrolysis as occurs is negligible, since any
appreciable decomposition would cause precipitation of the in-

soluble constituent. Thus, the assumption that no important
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hydrolysis occurs, is justified in the case of compounds mad#
up of one insoluble component, but cannot be justified #ien
applied to complexes formed by union of two soluble compounds.
The degree of such hydrolysis as may occur, if of the simple
type described above, may be obtained by measurement of the
concentration of the free i1ion, metallic or nonmetallic, 1lib -
erated by decomposition of the complex ion. This concentration
may be calculated from the results of Electromotive Force
measurements «

The work of Kohlrausch on Conductivity (Z.Physik.Ghem#
33 287. (1900~of Hittorf and Salkowsky (Z.Physik.Chem,28

546 (1899) ) on Transport numbers, has indicated that another
type of hydrolysis occurs in solutions of certain complex
compounds of this kind. Thus solutions of Chlorauric acid
undergo hydrolysis with the production of a hydroxy complex,
according to the equation.

Au HgO ~ HUOI* oH"a- CI*
Similarly there is evidence that dilute solutions of

Chloroplatinic acid are hydrolysed under the influence of
li™te

The degree of hydrolysis of Chlorauric acid in 0.1 M
solution, was calculated by Bjerrum and Kirschner loc.clt).
Their method consisted in measuring the potential of a gold
electrode in the solution, and the amount hydrolysed, x,

was calculated from the equation.
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E-¢P RT In where [auC 14] = 0.1 (1-x)

3 F irronoy * [ei* | o . %

"E s normal potential Au | AUCIla4
The value of "E was calculated from the above equation
using values of E for solutions containing a known concentration
of Chlorauric acid in the presence of a known excess of hydro-

chloric acid.

From the value of x so obtained, the hydrolysis constant
was calculated, and the percentage hydrolysis of.1 M and
0.01 M solutions. The following results were obtained,

1 M solution 0.74~ 0.1 M G.9 0.01 M 46"

Determination of Stability Constants.

The stability constant of a complac ion is given by the
nth root ofthe Mass Action Constant for formation of the
complex from 1its constituent simple ions, ”“Ahere n iathe
valency of the metal concerned.

Thus the stability Constant for the aurocyanide ion,

Au(CN)* is K =[AU(CH)2J
[AU I[;N'J2

and for the Hg(CR)* 1ion, K r|[[Hg(CN)"] since two atoms of

J 1Hgjb’l m
univalent gold are required to replace one atom of bivalent

mercurye
The value of K may be determined by measurement of the
concentration of free metallic ions in a solution containin-g a

known concentration of the complex compound in the presence of
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a KXKWRi Bxe«ae of ono of It# mlmplo oonstltuBnts, ifoua the
stability coB#tant foe fch* Ion Ag(c”’)g saj 8« dotepmlnod
by is8S«*aring the potential of allver In a aolutlor. of known
Ag(ci)” and oyaslie»cone«nti*sti«t, and oaloolatlng tha con-
oentfatlon of free ailwor low by ««ana of ssaruat'a oqoatlon.
%i« aaloe of tho el*etr(x»otlvo forca may also b# uasd for the

ealcalatl<m of the normal potential Ag| .g{cS)|)t Where

A *o* S, live Talws of aach normal wtontials
F ph'jf

gira an Indleetlon of the relative atablllty of two complex
iona eontalnlng tte asm metal Wt different negative radicles.
The ratio of thee 111ty eonstanta of the aurocy.-mlde end

anrotfalocyawte lose, was eeleolated by Bjerrasi and Klreohnar

K |, R‘(

0?7 ~ 4+ e HI' In K*¥* shore r- <+ nonsel Eotential
° -p - r " AulAU (SCS)g
e 0.689 volte.

0% = normal potential
. AnlAn (OS -

I n K 2. * Q’ » q K » . )y .6 1 1 VO i (s%

(loo.olt). )

Ky & 10 X 10M*A7

l.e* th« #tAbility ooxs«t«sdt of the aurocyanidi ion 1#

[Q2c¢ aé time# thi*t of the aurothioey&rmte Ion.

*t& blllty oonfl ttmt of the muroeymnld# ion 1# mbtod
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"'by Bodlander (loc.cit) to be in excess of 2.5 x 1029, and

this is the hipest value found for any complex ion so far
investigated# The uncertainty in the value is due to a lack
of an accurate knowledge of the normal potential AulAu* . Values
of Khave been determined for a number of other complex ions,
and the figures calculated vary within very wide limits, from
the value quoted above for the aurocyanide ion, to 1.9 x 10

for the complex ZnCCgO™M*”

The present investigation of Chloraurica cid and
Potassium chloraurate was therefore carried out, to determine
such propoerties of the aufelchloride ion as have been discussed
in relation to other complex ions, and to compare the results

obtained with those found from investigation of similar compounds*
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Part II - Experimental

Preparation of Chlorauric Acid.

The Chlorauric acid required in the investigation,
was prepared by dissolving pure gold in a mixture containing
two parts by volume, of concentrated hydrochloric acid and
one part of concentrated nitric acid* The excess nitric
acid remaining after complete solution of the metal, was ex-
pelled, as far as possible, by boiling, after which the
liquid wax filtered, t reated with dilute hydrochloric acid
and water, and evaporated to crystallisation®* The yellow
needles so obtained exhibit deliquescent properties and sol-
utions of definite known concentration cannot be prepared
by direct weighing®*  Solitions of approximately the required,
strength were therefore prepared, and analysed gravimetrically

by reduction to metallic gold*

Preparation of Potassium Chloraurate.

Potassium chloraurate was prepared by dissolving a
known weight of pure gold in aqua regia, and after removal
of the excess nitric acid by boiling, evaporating the solution
in the presence of the theoretical'quantity of potassium
chloride. The crystals were finally placed in a vacuum de” -
sijfecator over quicklime, to remove possible traces of hydro-
chloric acid*

As in the case of Chlorauric a cid soldions of approxi-
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xaately the required strength were prepared, and analysed

by Die same method*

Method of Analysis*

The gold solutions were analysed by reduction with
oxalic acid* Precipitation of the metal proceeds extremely
slowly in the cold, but much more rapidly #ien the solutions
are heated. In the early stages of the investigation, con-
siderable difficulty was experienced owing to the frequent
production of comparatively stable colloidal solutions ;
this tendency, however, was later much reduced by heating the
solution of the gold compound nearly to boiling, with oxalic
aoid, and slowly adding sodium hydroxide. In these circum-
gtances, it was found that the gold was immediately preci-
pitated in small jittering particles, which coalesced on
boiling. The solutions, when completely decolourised, were
filtered, and the precipitates washed free from soluble

oxalates and chlorides, dried and ignited in the usual manner*

Electromotive Force Meaaurementa.

The Electromotive Force measurements were performed
by the Compensation method, using a direct reading sllde-wire
Potentiometer, reading to 0.1 millivolt* A sensitive moving
coil galvanometer was used as zero instrument, the spot of
light from the illuminated mirr or being projected on to a
scale placed at a distance of 1 metre from the galvanometer.

A Weston normal element was employed as standard cell* All
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the Potential measurements were conducted at 26®C. Half
cells of the usual type, but of reduced dimensions, were
used, and gilded platinum loops were employed as electrodes.
Tho platinum wires were gilded by cathodic deposition from
a dilute solution of potassium auricyanide, using small

currents.

[* Investigation of the Nature of the Awurichloride

Ion in Solutions of Chlorauric Acid.

(a) Determination of the Normal Potential Au(AuCl*

The value of the normal potential Au|AuCl® was
determined by measuring the potential of gold electrodes in
solutions containing a known concentration of Chlorauric
acid in the presence of a known excess of hydrochloric acid.
A deeinormal ccalomel electrode was used a» standard half-
cell, and saturated potassium diloride in the middle vessel.

The values of the normal potential were cal-
culated from the equation -

~ oN-K 7 , the application of this

3p [CI'F

foraula involving the assumption that the potential is a
measure of the reaction AuGlJ 5f a Au"VaGI* * The results
of the measurements of eleven different solutions, shew that

this equation represents the reaction, thou” the values of
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shew slight deviations from on© another. The greatest
difference in the values amounts to 15 millivolts.

A series of similar measurements of this acid, was
performed by Bjerrum and Kirschner (loc.clt) with the object
of determining the relative stabilities of the aurichloride,
and a.urithiocyanate ions. The measurements were conducted

at 1770., using a deeinormal calomel electrode as standard
half cell, and saturated potassium chloride in the middle

vessel. The solutions examined consisted of 0.1 MH AuCI®
in the presence of varying concentrations of free hydro-
chloric acid. These investigators experienced difficulty in
obtaining constant values of the electromotive force, and
attributed the variation to a possible equilibrium between
aurous and auric ions. The maximum difference between their
values amounted to 23 millivolts.

In tho present investigation, however, ho difficulty
was experienced except when dealing witlri solutions of con-
centration 0.02 M H AuCl*™ and more dilute. These solutions
were found to be chemically unstable, and shewed a tendency
to deposit gold on the walls of the electrode vessel. In the
case of solutions of concentration 0.01 MH AUCI4 containing
a small excess of free hydrochloric acid, decomposition pro-
ceeded so rapidly as to permit of only one reliable measure-
ment.

Liquid Contact Potentials.

The liquid contanot potential at the Junction Calomel
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electrode j sat. KOI was, being very small, *neglected in the
calculations. . .

The values of the potential at the‘ boundary
H AuGI*® » HClj sat. KCIl, are unknown. Although a considerable
amount of work has been done, with the object of measuring
the potential at the junction of saturated solutions of pot-
assium chloride and solutions of hydrochlorigacid of various
concentrations, the values obtained by different investigators
do not lead to the same conclusion. The results of such in-
vestigations before 1923, are discussed by G. Scatchard
(J.Amer.Ghem. Soc. " 1716. (1923) ), who concludes that the
liquid potential between saturated potassium chloride and
solutions of hydrochloric acid more dilute than o.1 N, is not
more than one millivolt, but that the value Increases rapidly
with concentration of hydrochloric acid.

Pales and Vosbur” (J.Amer.Chem.Soc.” 1291.(1918) )
concluded, from the results of their own experiments, that
Planek*s formula is inapplicable to this pair of solutions,
and further state that the contact potential in the case of
hydrochloric acid of concentration o.1 - 1.0 N 1is zero.

In agreement with this, Aten and van Dalfsen (Rec.trav
chim. 177. (1926) ) conclude from the results of a similar
investigation, that saturated potassium chloride eliminates
contact potentials between 1.0 and 0.1 and between 0.1 and

0.01 N HCI solutions.
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solution, and the second column the value of the degrees of
dissociation of the latter at 25*0. In the third column
are values of the E.M.P. of the cell Au)Solution (saturated
KCI' T OeINKCI*HggCl*g and under the mean value of the
single potential referred to the hydrogen standard. These
figures mre obtained by addition, to the mean of the values
of column III, of 0*624, the factor representing the E.M.P*
of the deeinormal calomel electrode at 2570. subtraction of
0*2826 converts the values obtained to the hydrogen standard*
The calculated Normal Potential values are given in the last
column, the mean of the figures being 1*0066 volts as compared
with 1*001 volts (Bjerrum and Kirschner) for 1770#
Determination of the Formula of the Complex Ion.
The formula of a complex ion as stated in Part I,
is determined from values of the E.M.F. of two types of con-
centration cell. Inthis investigation, in order to simplify
the measurements, each half of the concentration cell was
measured against a deeinormal calomel electrode, certain systems
being combined when the potentials became constant, and re-

measured as check®* An example is given in Table II a*
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Table 11 a.

Solution E.M.P against E.M*F. of concen-E*"M.F. ofconcen-

tration. tration.
HAuCI? HCI calomel electrode dell(by calcu- <cell (measured)

latlon)
0.02 0.04 0.7473

0.0309 0.0308

0.02 0.1 0.7164

Table Il contains the results of measurements of
concentration cells in which each half cell con{ains the same
concentration of Ghlorauric acid, the amount of free hydro-
chloric acid in each half being different. In this Table,
the concentration of Ghlorauric acid in the solutions, 1is
given in Oolumn I. Columns 2 and 4 give the concentration
of excess hydrochloric acid in each half cell, and under
02 ando~2 are the degrees of dissociation of the hydrochloric
acids 1 and 2 respectively. In the sixth column are values
of the E.M.P. of the concentration cells, calculated from the
figures obtained for each half cell, and under n/® the ratio
of the number of chlorine atoms to the number of gold atoms

contained in the complex ion These values were calcu-

lated from the equation a AA the derivation
0.0595 log (civjo

[0131

of nhich is discussed in Part 1.
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Table II
Con.of [HCIJ1 4.y [HCI 5 of 5 K
Complex
0.1 0.1 95.057 0.2 90.6# 0.0240
0.1 0.1 93.0 . 0.5 84.0 0.0351
0.1 0.2" 90.5 0.5 84.0 " 0.0291
0.02 0.02 96.8 0.04 95.6 0.0134
0.02 0.02 96.8 o.1 93.0 0.0441
0.02 0.02 96.8 0.2 90.5 0.0718
0.02 0.04 95.6 0.1 93.0 0.0307
0.02 0.04 95.6 0.2 90.5 0.0584
0.02 0.1 93.0 0.2 90.5 0.0277
0.01 0.01 98.0 0.02 96.8 0.0246
0.01 0.01 98.0. 0.05 95.0 0.0477
0.01 0.01 98.0 o.1 93.0 0.0757
0.01 0.02 96.8 0.05 95.0 0.0230
0.01 0.02 96.8 0.1 93.0 0.0511
0.01 0.05 95.0 o.1 93.0 0.0281
Table III contains the results

concentration cells

of the other type.

centration of excess hydrochloric

cell,

4

4

Vxn

18
.08
.01
28
.26
12
.01
.36
.83
.20
.50
91
.97
.78

.85

of measurements of

In uhlch the con-

add Is

the

same In each half

the quantity of Ghlorauricacid being varied



(22)

Table 111
Cone.of Free Cone, of Complex < Cone, of Complex E

HCl I 11

0.02 0.02 0.01 0.0054
0.05 b.05 6.01 0.0137
0.1 0.1 0.01 0.0213
0.1 0.1 0.02 0.0109
0.2 0.1 ' 0.02 0.0146
1.0 0.1 0.01 0.0145

Che second and third columns give the concentration

.74
.01

.93

.95
.35

of Ghlorauric a cid 1n each half cell, and the amounts of free

hydrochloric acid in each, is “en in column 1. The last

column gives values of m, the number of gold atoms in the com-

pleoc ion, calculated from the equation.

3 E AuCl|.g

c) Determination of the Stability Constant for the
Aurichloride Ion.

The results of the determination of the formula
of the aurichloride ion, indicate that the complex ion is
representated by AuCl® in solutions of gold concentration
0.01 and 0.02 and 0.1 containing O.IN HCI. The values of
the potential of gold electrodes in these solutions , are
therefore used to calculate the Stability constant of the

AquZL ion.

mean
1.1
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Stability constant m K _,/LAUCL1J"
[Aui[ci®F*

Owing to the absence of reliable data concerning the
value of the normal potential Auj Au at 25*"0., the stability
constant of the aurichloride 1on cannot be calculated with
any great degree of accuracy. The noimial potential AujAu
has been accurately determined at 187- 1970, by Jirsa and
Jelinck (Z.Elektrochem. 30 534. 286.(1924) ) who measured
the potential of gold in electrolytically-prepared solutions
of auric sulphate and nitrate. The value of was found
to be+ 1.39 volts from consideration of the sulphate, and
41.37 volts from measurements of the nitrate.

In order to determine the approximate order of mag-
nitude of the Stability constant for the aurichloride ion,
the mean of these values for 18 - 1970, was used in the
calculation.

Evaluation of the Stability Cpnstant.

1. Single potential AulHAuGIA HClI s 1.0690 volts
0.1 0.1

referred to the hydrogen standard.

1.0690 - 1.38 0.0595 1log.c where ¢ s conc. of free auric
3

whence ¢ ¢ 2.085 x 10°%

K3 . 0.1 X 1075
2.085 x (0.093)"

« 6.413 X 10"®

K = 1.86 X 10®

ion
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8) SIH i~ FOtdW nU *1 HCl s 1.0«»1 VOIt*.
0.02 0,1
e mo6.888 210 ¢ -
JgM s X10% / ", J-E

5.48 X #.#3)4
$.4.54,X:10 A, '

[3

-' m  m'wheno# .
' K # 1.66 X 10®

3) Slaii# fot*atl*1 aa”"BAucrl® gol ,« 1.04V7 relU .
0*01 0*1

« m1,762 X 10

K® S 0,01 X 107"
1.762 X (0.093)4 ~

7.#7 X 10"®

" WIBCH#
I . 1966 X
\Si ' _ n
In@. the nonsBIl potential &a{An'"'shottld have a Ng)i#r
Valoe at 26° than at 18°C, the a*an value of K, 1.83 x [I(fi, 'ml
la probably allfj~tly lee. The ealeulation aervaa to prove,

hewaver, that the «arl<8'.loride I<m has no great stability in

a usous solutlw .

%
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II Invdatigsticoi of the Baturo of the Awleblopldo

loa is "olutlom of rotasainm G?”ioraurato®

Solutions of PotassioB Ohloratxrat* voro Inveatlgatod
by ossotly ai»llap tsvthoda to ttUHie daaerlbad for Ghlorauric
add* 3h* «xe«$?a o*ilwlda lots «ere podded by addItlOT of
potaasitm chloride of Isioan eonocntratlon. In plae# of by*
drooblerio add uaed in the prevloua expariaasta® Iha liquid
oontaet potentlala at the bouiidary of the aolutlcms and sat»

watad patasaii» chloride, being very email and unknoen, «ere

The valaea of the normal potential u)AuOI* are

given in last eoltnan of Table 17*
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Table rr.
Solutlw atlnet %
daoin078>»1 calomel

K&UC14 EClI far KCI 1 .2 3 mean

0.1 0.1 ee.i€ 0.7572 0.7374 1.0787 1.0107
0.1 , 0.2 02.0 0.7086 0.7093 1.0503 1.0070
0.1 0.5 78.26 0.6746 0.6744 1.9159 1.0034
0.02 0.02 92.1 , 0.7670 0.7661 1.1#0 1.0040
0.02 0.04 09.7 0.7458 0.7451 1.0349 1.0036
0.02 0.1 86.1 0,716» 0.7169 1.0890 1.0:72
0.02 0.2 82.0 0.6918 0.6921 1.0334 1.0046
0.02 0.5 78,26 0. 666» 0.6668 1.0080 1.0095
0.01 0.01 94.1 0.7785 0.7795 1.1204 0.9995
0.01 0.02 92.1 0.76# 0.7611 1.1021 1.0041
0.01 0.05 88.9 0.7514 0.7322 1.0732 1.0056
0.01 0.1 86.1 0.7081 0.7089 8.70991. )S03 1.X)S5S

Kean value ¢ oap = 1.0056

TM mean value of the noiwal potential was found to
be 1.0055 volte, as oosqpared with 1.0066 volts, obtained from
measurements of Ohlorauric add. In the case of Potassium
ehloraurate, the numerical difference between tbs highest ad
lowerest values of ~5]* , amounts to 11.4 m illivolts «

fable V contains the results of measurements of oonoon-
tretlon cells, of which eati®i half contained the same coneentretien

of ehloradrio add, tlie amount of excess potassit» chloride

being varied.
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A
fable ?

Cesse, of [KClIi [KCIJP oc-e | 3

KAuClg

0.1 0.1 86.L) 0.2 82# 0.0284 6.11
0,1 0.1 85.1 0.6 76.26 0.0628 4.83
0.1 0.2 82.0 0.5 78.26 0.0334 4.61
0.02 0.# 22.1 0.04 88.7 0.0230 4.01
0.02 0.# 92.1 0.1 Se6.1 0.0500 3.76
0.% 0.02 92.1 0.5 70.26 0.1000 3.79
0.02 0.04 09.7 0.5 70.26 0.0768 3.72
0.% 0,1 86.1 0.5 78.26 0.05000 3.03
0.01 a.01 94.1 0.02 9S.1 0.0183 3.16
0.01 0.01 94.1 0.05 68.9 0.0473 3.63
0.0i o.ol 94.1 0.1 06.1 0.0701 3.67
0.01 0,02 98.1 0.05 m.9 0.0289 5.81
0.01 0.02 92.1 0*1 86.1 0.0617 3. 00
0.01 0,05 m.9 0.1 86.1 0.0220 4 .#

The concentratlon of Potaeelon ehloraurate in eaeh
solationa is given in eolmsn 1, and the amount of free
potassltfn ehlor Ida together with the degree of dlssoeistion
in columns XI to V. The last oo0luan oontalma fthe values
oolottleteU for n/m* ratio of the cumber of chlorine to
the number of ~Id atoz» in thS (00 )¢l ion*

Table 71 contains the results of measursKents of

eenoontrstion cells of the other type, from shioh values
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of K, th# nuBber of gold eteem la the complex , have been
eftlenl& ted.

"W fetele 71,
conc. of cone. of Ki. g £ S
i 1 2
QOB 0.# 0,01 0.0060 ' 1.01
0.1 0.02 0.01 0. 077 0.78
0.1 0.1 0.01 0.0#4 . 0.*b  Mean
0,1 0.1 0,07 0,0207 0.67 77
0.S 0.1 0.# 0.0159 0.82
0.5 b.i 9.02 0.0080 1.75
1.0 0.1 m0.% 0.0111 1.26
4.18(Sat&) o.oe 0.01 0.0046 1.50
4.15 " 0.1 0.01 0.0185 1.30
4.15 " Q.1 0.02 0.0107 1.50

Hvsluatien of the Stability Conetant for &e
,nrlehlwlde loa.

An approximate vaine of the etablllty constant was
ealealeted as in the ease of “hloraurie add, using the value
of the normal potential aujau  determined at 18° - 1®°C,

%e aolatlona considered in the calculation were thoae
containing 0,dS K KAucl* in the preaecoe of O.iig and 0,04 £
CCI, einoe tlse complex iw in these solutions ie represented

by the formula AuGl|
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1, Single potential AulKoAaei., IgC(l)z* 1.1080 volts
referred to the hydrogen et&mdard.
1.1080 « 1.58 0.(2886" log ¢

c » 1.930 * 10-"4

K®; 0.02 % 10"*
1.932 * {0.0g X 0.921)®

8.99 X 10"®

idjence K g 2.08 % lo® --

2) Single potential AU(EAU31., RCI * 1.0849 volts
0.02 0.04

1.0849 a 1.38 0.06% log o
5

¢ « 1.521 %10*~

E® s 3.02 x IPIG
1.321 X (0.04 % 0.897)4

s 9.13 X W®

#enee K s 2.09 x 1<

XII AttwRpt to Measure the degree of Hydrolysis

of Solutions of Chlomarle a fiid and Potassiue chlor&urate.

An at*esqpt «as made to measure "“>e chloride ion con-
centration of certain solutions of Cnioraurié acid and potaosiun
ehloraurate, eltb a view to obtaining the degree of hydrolysis,
which proceeds, according to the equation,

AuCl'+WgO”* AuClg m*4 HV:1»
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The Ag-AgCl electrode was used, but the experiments
were unsuccessful, owing to reduction of the solution by the
silver, which became gilded.

Ihe Chemical Instability of Solutions.

Solutions of Ghlorauric acid of concentration less
than O.IM, were found to be unstable, and nearly all such
solutions decompose to seme extent with separation of metallic
gold. The stability of the solutions is increased by the in-
troduction of hydrochloric acid, but in 0.01 K concentration
of Ghlorauric acid, at least 0.15 HCI is required to prevent
decomposition within a few days of preparation. Somo doubt is
therefore entertained as to the ac uracy of the values of the
potential obtained for 0.01 * solutions containing a concen-
tration of hydrochloric acid below 0.1 5.

The solutions of potassium ehloraurate were found to
be comparatively stable, thou” the more dilute solutions
shewed a tendency to deposit a small quantity of metallic
gold. The instability in both instances may be attributed to
the existence of an unstable hydrolytic product, since decom-
position occurs in dilute solution and in those solutions

containing small or no excess of free chloride ions.
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Part 111 - Susonary «md Discussion of Results.

Ghlorauric Acid.

The low value of the Stability constant of the
Aurichloride ion, as well as %e high value of the normal
potential Au|&uCl|, show that this complex ion has a small
stability in aquoous solution; a result which is supported
by the numerical values of k and n/g. 1iheee arc in no sense
constant, varying vitt> both concerntratim of the complex
acid, and that of the hydrochloric acid. Oencrally, the
value of @ increases with increasing concentration of free
diloride ions, the figures obtained for solutions containing
0.05, 0.1 and 0.2 £ hydrocltloric acid being approximately
unity.

The values of n/' obtained from B.K.F. twasurements
of 0.1 Kchloraurle acid solutions, decrease with increasing
concentration of hycrochloric-acid. This decrease, which is
very small, may be attributed to a driving back of the ioni-
sation of the Ghlorauric acid in the presence of a large
excess of hydrogen ions.

For the purpose of comparison, the results of Bjerrur.
and Eirechner's measurements at 17°C,have been used to calcu-
late values of in 0.1 * solutions. Their results shew
that n® decreases with increasing concentration of hydrocf loric
acid, but the decrease in this case is mudx larger. A comparison

of the two sets of results is given in Table VII.
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Table VII.
H.BJ.rrum and 4 Kirschner. Barr.
[RGI]i [HCllg  E »/m [KCIj 1 n/m
0*1 0.25 0.037 5.13 0.1 0.2 0.0240 4,18
0.1 0*6 0.060 4.65 0.1 0.5 0.0351 4.08
0.26 0.5 0.023 4.05 0.2 0.5 b.0291 4.01

These figures in the thiird and fourth oolumns are
calculated from Bjerrum and Klraohner’s results* Their
values permit of the calculation of a single figure for m,
namely 0*31, obtaJnod from measurements of solutions contain-
ing respectively 006 and 0.1 HAuCl* in the presence of
0.5 2 hydrochloric acid* While the values of n/* indicate
tdie existence of an ion AuClg, the abnoimally low figure
obtained for m euggeats a considerable hydrolysis in the tiore
dilute solution¥®

It is therefore taken from the results of the present
investigation, thet the complex Ion exists in 0.1 Msolutions
as the tetrachloride ion Au0l|, the mean value of m for
solutions containing 0*1 5 HCI, being 1*1*%

In the 0.02 M solutions, the values of n/* given in
Table II, shew progressive increase with increasing concen-
tration of hydrochloric acid, from 2.28 to 4%83, the value
4*01 being obtained from potential measurements of solutions

containing 0*04 and 0*1 H hydrochloric acid. Since the
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value of m in solutions contd ning 0.1 £ HCIl is 1.1 the

ccHnplex ion in the solutions 0.0Z M HAUCI4, 0.1 H HCIl, and
0.02 MHAUCH4, 0.04 H HGI, probably exists almost entirely
as the AuCl"; ion. The ahnoimally low values obtained from

measurements of solutions of small chloride concentration,

indicate that the latter is present in unsufficient quantity
to suppress hydrolysis of the complex. The values obtained
for solutions containing hi”® concentration of hydrochloric
acid, point to the existence of an ion AuGlg.

Consequently it may be taken .that in the presence of
a high concentration of hydrochloric acid the complex ion is
present as AuClg, but at lower concentrations, AuCl" is the
stable ion: this, at still lower concentiayions, rapidly diss-
ociates to less chlorinated ions «hich are so unstable that
their presence cannot be established fr<ai the E.M.P. measure-
meoits.

The values of n/*, obtained from measurements of
0.01 M solutions (Table II) exhibit fluctuations. These vari-
ations may in part be attributed to the unstable nature of
certain of the solutions. The value obtained from consider-
ation of solutions containing 0.05 and 0.1 H hydrochloric
acid, supplies additional evidence of the existance of an ion
of constitution AuClg.

The results therefore indicate that the aurichloride

ion in solution of Ghlorauric acid, resembles the aurithio-
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cyanate ion, but the investigations of Bjerrum and Kirschner
shew that the latter has a Stability Constant 10" * " times
that of the former at 17°G*

Potassium Chloraurate.

The value of the nomnal potential Au|AuCl| calculated
from the results of measurements of potassium ehloraurate
solutions, furnishes additional evidence of the comparative
instability of Hie aurichloride ion. The value 1.0055 volts
was determined as mean, from these meaauren”nts, and it 1is
in close agreement wiHi 1.0066 volts, the value obtained from
the investigation of Ghlorauric acid. The mean value of K,
the stability constant of the complex ion, is somewhat higher
for potassium ehloraurate Hian for Ghlorauric acid, the figures
obtained being 2.085 x 10~ and 1.83 x 10" for the salt and
acid respectively. Ttie slightly lower value of and higher
vake of K, obtained in the case of potassium ehloraurate,
indicate that the stability of the aurichloride ion is slightly
greater in the presence of potassium ions than in the presence
of hydrogen ions of equivalent concentration.

The values of m, as in the case of Ghlorauric acid,
tend to increase with increasing concentration of free chloride
ions. The values of n/m, however, exhibit Irregularities, and
in 0.1 M solutions (Table V) shew prograssive decrease with
incitgsi.ng concentration of potassium chloride. Since no

difficulty vras efperienoed in obtaining constant values of the
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E.M.P. of the cells concerned, it may be taken that the equation
used to calculate n/”, is not strictly applicable to the case
of the comparatively concentrated solutions. Since the use of
the equation involves the assumption that the complex salt is
completely ionised, this explanation is probably correct, for
it 1s highly improbable that the degree of dissociation of

0.1 M Ki\uGI® would be either complete, or identical in sol9
utions containing 0.1, 0.2 and 0.5 - normal potassium chloride.

The results of measurements of 0.02 M potassium
«hloraurate solutions (Tables V and VI) demonstrate that the
complex ion exists entirely as the tetrachloride 1ion in
solutions containing 0.02 and 0.04 N potassium chloride. IThe
values of n/* obtained from consideration of these solutions
is 4.01 end the figure for m in solutions containing 0.02 H KOI
is 1.01. But in the case of solutions containing a hjgher con-
centration of potassium chloride, values of n/j* have been found,
mhich are approximately constant and somewhat less than 4:
hence it follows that the complex ion is present chiefly as
AuCl].

The data obtained from the measurement of O.01 M
solutions, indicate that hydrolysis occurs in solutions of
low potassium chloride concentration. The values 3.90 and
4.02 however, furnished respectively by measurements of sol-

utions' containing 0.02 and 0.1 N KOI, and 0.05 and 0.1 NKCI,

again shew that the i1ion AuCl« ig present."
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N“alues of m for Potassium ehloraurate.

The values of m obtained for Potass ium ehloraurate
shew, with a few exceptions, progressive increase with in-
creasing concentration of free potassium chloride. The ex-
perimentally determined values of n/" point to unity as the
most probably figure for m, and great significance is not at-
tached to the quantities calculated from experiment. Galou-
lation of this factor involves the assumption that the complex
salt 1s completely ionised in solution. This is unjustifiable,
and moreover"the relative influence of potassium chloride on
the degree of ionisation of potassium ehloraurate in two sol-
utions of different concentration, 1s unknown and cannot be
regarded as being identical for both solutions. Thus the

ratio AAuCIM” referring to two solutions containing

respectively 0.1 and 0.01 M KAuCl®, may be numerically equal
to, less than or greater than ten. Thence for all cases,

where m is actually unity, it will follow that where the exper-
mehtal value of m is less than one, the potassium chloride has
a greater depress ng effect on the ionisation of the complex in
the more dilute than the more concentrated solution. Where the
experimental value of m is greater than unity, the ionisation
of the complex is depressed more in the more concentrated than
in the more dilute solution. The value 1.01, obtained from the

E.M.P. of ttio cell Au j0.02 MKAuCl* 0.~2 H KCl-0.02 £ KCl,
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0.01 M KAuCI* T Au is regarded as trustworthy, since the
concentrations pf both potassium chloride and potassium
ehloraurate are small, and the presence of the former would
be expected to have no very different effect on the degree

of 1onisation of the latter in either of the solutions.

mS"



