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Introduction

The increasing use of radiocactive tracers in chemistry

has lead to meny investigetlons of the rate of exchange
between two different oxidation states of a single element
these studies lead to a more basic undersitanding

in solution.

of the structure of certain ions and their chemiecal reactions.

ent that has not been gstudied in this manner

One elem

is gold., The lowest oxlda

oxidizing sgent that Au® ion is nonexistant in agueous solution,

oxidizing itself to the Au(III) oxidation state,

BAu* e Au*B + 2Au ; self oxldation

+ :
hu* + BH,0 ey Augls + GH + 4Au 3 in aqueous solution
Latter equetion shows that the Au’> lon 1s also
us solution and forms an insoluble

The
nonexistent in aqueo

compound or complex.
Although the Au(II) oxidation state has been reported
ag in AuS, an insoluble black compound, 1ts existence is

doubted., It is more 1ikely that this compound represents

an equimolecular combination of unipositive and tripositive
naving the seme stolehlometry. The intense black
cteristic of the presence of two oxidation

materials
eolor ig also chare

states.
The oxidation potential for the reactlon:

Au(s) === au* + ¢~ 18 1.7 volts, thus 4u” cen be conmsidered
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&y strong an oxidizing sgent as the permangenate ion. However,

the Au(I) oxidation state can be stabilized in aqucons
solution by complexing with eyanide ions to rsrm‘Aufﬁﬁ);.

Au(s) + 20N wem= Au(0N)z; + € 3 +0.060 volts

The corresponding ilonizatlon gsonstant according to

sneea(12) 1g:

The eyanide complex of the Au(III) exidation state,

Au(0N)y, which is also gtable in squeous solution, has no
published ilonization constant.

during attempted redu@tion'af the complex to gold, as will

Its stability 1s noted

be mentioned later.
of the exchange between Fe(ﬂﬂ} *3 and

In a gtudy
Gobble and aaamson‘“’ Lound

Fe(0W), % 4n aqueous solution,
100% eleotron transfer between the two oxidation states of

lron, They sopeluded that since the external nitrogen atonms

in eyanide ommplexes b

central atom 1s therefore
14 ig possible that this higher electron denslity

ear o negative formal charge and the

gurrounded by o sheath of electronw

rieh atoms,
is responsible for the anomalous rapid exchange, In the

exchange between the gold eyanide complexzes one might expect

an analogous gitustion.

7o proceed with such an investigation of electron

tran&fef 1% is necessary thet:
1), A synthesis for one of the gold cyenides should

be available so that i1t ean be labeled with a radioactive
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specles, In the perticular case under study Keu(CH), 1s
readily available commercially, but KAu(ON),*3/2 Hy0 must

be ﬂyntheeized and subsequently asnmalysed.
2). A method for determining quantitatively the degree

of separation achieved in the preparation for the decay

eounting of one of the apions to measure exchange has to

be developed.
3). A method of separation of the anions from their

water solutlon should be developed once a detectlon procedure

has been perfected. This procedure should be falrly rmpid,

yet 4f at all possible a physical method avaiding any

electron transfer that night ocour durl
ghould be sought., In this partlcular

the isotope that

ng a ehemiaal geparation,

such as precipltation,

case speed 1s even more 1mportant since

would be used for labvellng, $u198’ has a 2.7 day half life,
allowing about 27 days in which to syntheslze and separate

the two anions.
Purther aampariaan of the two gzold cyanide lons shows

thelr similarities and suggests a method of separation:

Au(aﬂ)g 15 & 1linear complex anion with 2 ‘3p configure

ation, the cerbons divectly attached to the gold central

atom(S)
Au(oW)} is square planar with & asp® eontignration,

The differences in the two gyanide long are in charge distrie
bution and anion size. In squeous solution the weter of
hydration may give the two Very gimilar hydration spheres,
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Chemical methods of separation are to be avoilded for
this particular study, since the resctions may catalyze the

¢achange, wo precipltating reagents sre kmown that will
differentiate between the two, due to thelr gimilerities,
Both amions are from potassium compounds and are highly

lomic in charseter, thus geparatbon by golvent extraction is

highly unlikely. Fleetrophoresis and electroosmosis, both
dependent upsn oharge differemess, ave ruled out because of

the slowvness of these processes.
Ion exchange chromatography, taking sdvantage of a
aee end differing charge

posgible hydration sphere different
distrivntions, smy offer & golution to this
phe nigh affinity of & resin for complex cyanide
Jones and

geparation

problem.
lons is generally due fo high polarizability.

?ennemanfﬁ) show that a strong base, quaternary amine, anion
exchange resin will held metellic complexes with variag

degrees, which makes suc
Before this geparation can be inwestigated a method

for the quemtitative determination of the two gold cyanide

sgueous solutlon must be found, It would also

h & separatlon appear possible,

complexes in
be convenlent to have @ qualitative method of detecilon for
each complex, such as a gpov test. ‘

one might expect, gince the aamplaxes are of transition

that they would appear’ eolored 1u solutlon. Although

netals,
neither complex 18 eolored it is quite possible that the
ghlfted into the ultra violet

absorption peaks have been
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part of the spectrum, If so, it 1s possible that the spectra
of the two complexes mey be different enough %o merit both |
qualitetive and quantitative determination in agueous solution
by absorption messurements in the ultra violet,

As a solid K&u(@ﬁ}z has a oyanide stretching frequency
at 2141 cm”1(77, it is quite posslble that this frequenocy
may be snifted enough in the KAu(ON), compound to offer
identification using infrered spectra.

Other methods of 1dentification open for investigatlion
inelude polarography and the use of conductance measurements,

since the equivalence conductances differ sign&fiﬁan$1y(14),
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The Synthesis of KAu(CN)y+ 3/2 E0

the following procedure has been adopted from 2

gynthesis presented ﬁy'ngrimﬁflﬁ) for the preperatlon of

alkall cyanides of gold.

In a 50ml round bettom flssk 5.00 grams of
HAuO1,« 48,0 were dissolved, In a 50ml Erlenmeyer flask
3.95 gpams of KON were dissolved in 14ml of water, This

eyanide solution was then added dropwise To the ¢hloro~

aurie acid solution while under & hood. The mixture was

stirred vigorously to remove the HON formed.
HAUGLy + SHON s Kiu(ON), + 4KC1 + HCOW o

three nilliliters of water were uged to wesh the flask;

the washings were added to the reactlion mixture,
As the mizture wes stlrred the color of the &ﬁalg
complex slowly changed from dark orvange through yellow to

a golorless solutlon, The polor chenges depended upon the

extent to whiah.ﬁuﬂlz wag being depleted inm the formetion
of the colorless anion Au(ON),. (See egmation =bove,)

The fiask, warm from the reaction, was kept above
25,79 in the hood for between fifteen and twenty minutes

after the color chenge had ended, Thisg sllowed for =

complete removal of the HON formed.
The flask wes then sugpended, undisturbed, in a 159

Water bath for 24 hours. Becsuse of the temperature
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dependance of the solubility of Kﬁm(ﬂﬁ)& and the lack of

such gﬁ@at dependance for KCL, K&u(ﬁﬁ)& was preclpitated in

colorless leaflets leaving KOl in soluticn. It wag importent
to keep the volume of water present constant, The above

procedure hes adjusted the volume properly.
The mother ligquor was decanted and 2 second recrystal-

lization was sttempted, The yield was poor and complicated

by precipitating K01, whode solubility product was then

The Klu(ﬂﬂ)g formed was then dissolved in the
mixedhwith animal charcoal,

exceeded,
minimum anount of bolling water,
and filtered through e previously warmed T

charceal sdsorbs impurities and auy gold formed through
gold is often reduced in

1lter. The animal

decomposition. (Sneed reports that
the course of dissalution,(lﬂ)) The reerystallization purifies
the precipltate by releasing any copreclpltated compounds such
as K01 or unrescted chlorosuric aeid, It is advisable te
keep the product awey from 1ight as much as possible to avold
photodecomposition, The results are listed below:

4,46 grams of K&u(03)4.3/2 Hy0

Theoretical yield
prrified yield Qilg gramns
percentage of 1deal 47.7%

The chenge in color of the solutlon containing Au0lj

during its reaction with eyanlde, an unusual dilution
gtigated in the following manner.
f HAuOl, were made and the spectrum of

the Beckman DU Spectrophoto=

phenomenon, was 1lnve
mhree dilutlons 0

each golution was followed with

o



-8

(W) yzBusgenen
09§ 025 0gw Otrty 00t 09¢ 0zgg 0ge oS

00¢

4 T

SS3TA0T00

Wrwc0* 0

Wiz7200°* 0

OcH 2/¢*7T00VH WI000* 0

Fig 1

SuoT)NTTd SNOTJIBA 38 0} &F<.71onvy Jo wazoadg

0°0

m°o

2?0

o e
.
r-



-ﬂg(ﬂ

meter from the visible through the near ultra violet.
The resulting spectra (figure 1) can be summarized

&g follows: 0
solution manmer of  congentration color of eaverage
number dilution  of HAu0l,*3/2 Hy0 solution wavelength

X e 0,0244 M | orange~-yellow 480m;

2 1:10 0.0024 ¥ yellow=-green 420my

- use #2; 13125 00,0001 ¥ eolorless 310m

It ecen be seen that econcentration produces the color

rather then an assigned absorption pealk, The color geen is

the average wavelength percelvable by the eye within the

given renge, The peesence of & shoulder at 280m: suggests

the possibllity that further dilution would regult in an

absorption peak at this wave length,
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Anslysis of KAu(ON),e3/2 H,0

Standard prsaadurea for the analysis of gold involve
e¢lther phetometria(g) or gravimetric matheda(qak. The former
involving the formation of a gold colloid; the latter the
quantitative reduction of gold %o a weighable precipitate,

Those involving the formation of color through
found to be inapplicable to the gold eyanide

ecoliplexing were
Both rhodamine B

complexes, because of thelr gtabllity.
(an zenthone dyestuff) and benzidine were trled unsuccess.

fully,
eh as SnCl, to reduce the gold to 2

Using reagents 8u
colloidal suspension which then 1s used for quantitative

analysis by photoanalysis pre

The reaction invelving the formation
sration and ion concentration.

gents many difficult problems,
of the colloild is

dependent upon both acid coneen

The size, ond therefore the colox,
these two conecentrations, apnd in order to

of the colloid 1s very

dependent upon
properly use & standapd curve from spectrophotometric readings
it is pest ©
and then put 1t 1

Reduction

s first reduce the gold to a precipltate, wash 1t
nto colloidal guspension,
to & ¢ollect@ble mass was tried with various

precipitating reagents ineluding aluminum (in strong OH™),

zine, hydroquinone,
the resulting precipl

and hydrogen peroxlde. Without exception
tate was only about BOZ of the total

Qg vt s Wil



amount expected, and nﬁfew reproducible, Apparently a
certaln smount wes lost in filtering due to the small size
of the gold precipitated, while some remdined complexed

with the eyanide, further illustrating the stebillty of these

complexes, A certain amount was also lsot as a eolloidal

suspegsion,
The gold plating industry often requires an accuraie

determination of the amount of gold remaining in the plating
solutlon, From this analytical need has evolved & progedure
for the electrical deposition of gold from cyanide solutions,
smtgn (11 presents such & nethod. An adoption of this '

procedure follows.

AEAR(ON), + 68,0 —§H—2 AEON 1 + 12HON + Aky + 30

To a 180ml electrolytic beaker were added 1.50 grams
1402 grems of KAu(0N)y, (0.0753g gold).

of Koy, 150ml water and o
ed 0.0640 grams of KOH were also

T¢ neutralize auny HCH form
added, {Figure 2).
Phe temperature Was

formetion of any decomposition products
The power was meintained

elevated to 60°C to prevent the
rveported by Smiﬁh(11)

and to hesten the plating process.
1tg5-0,3 amps for about two hours., Gold metal

at three vo
cathode, 0.0756 grams, Although KOH

wag plated out on the
wag added to neutralize HON, the experiment wes done in & hood

for further precaution. The results are sumarized in the

following table.
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gold in gold plated KON  KOH  Hg0 valts amps  time
¢omplex on cathode e
0.0753g 0.07568 1.5 0.064g 150ml 3.0v  0.38 2hrs

The gold is easily removed from the platinum eletrodes

by a dilute solution of KON and hydrogen peroxide,
(100 ml weter, 3 grams KON, 5Sml Hy0p)s for 2«3 minutes,

srmination of potassium wes
(s : o )
suggested by‘samualsan(&} who determinaed Na and £t in

e resins., The

verious metsl cysnides uging eatlon exchang
passed through a

eyanide complexes are steble enough to be
resin without decomposition, The

bed of cation exchange
lons from the strong

potassium lons exchenge with the hydrogen
aeld resin yvielding the aeid solution of the eyanide compound,
then be titrsted with standard basep

enneman and ﬁtmrtiaky(7) produced, Enu(gﬁ)g

phe potassium content of the

This aecid can
Jones, 2
veing a Dowex 50 resim.

synthesized salt was obtailned as follows:
Using Dowex s50W % 83 50/100 mesh, of the styrene type

. wlb
sulfonic acid im the hydro noles of

gen form, 2,491x10
xau(gy)“-z/z HpO were added snd the acid formed was weshed from
the column, (Flgure 3 ghows &pparﬁ%ﬁ#)» The aeid was then

$itrated with standard HaOH using methyl orange as the

indicator., The bsse Was standapdized with KHOgH,0,, the results
appear in the following table.

@ ¥ °
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standerdization of the HaQH golution

1) 0.03306%
2)  0,03288N

31 0.03333H ‘
average normallty!? 0.03309% NaOl

pitration of HAu(CW)s* 3/2 H0

0

2) 7 60ml - o =

average of two titrations: 7,56m1 NeOH, equivelent to 2,5x10 molegy
theoretical moles 2,49x10"

etermination of O3 anide 28d JE

Both oyanide and the water
greater problems in thelr quentitatlv
sinee the other two agreed go well with

gpnthesized galt, it was

of orystellizetion offered
¢ anslysis than the other

two determinations,
the theoretical composition of he

y to verlfy the presence
Hodel 210 Infrared Spectrophoto-

necegsary onl of ecyanide anf water.
Uging 2 perkin-Elmer
e crystal wes used %0 obtain a spectium in the

neter a singl
infreved, The resulting gpectrum, I[lgure 4, shows water
absorption peaks, end & sharp band at 2190 6m“’ due 1o the
eyanide stretehing. phig compares to 2141 on™"! reported for
Rau(ow), as & sor1a(T), and 2146 en=! for mau(om), (7).
The transmittance seale 18 relative te alr, the
ingtrunent was able to operate by closing down the opening

for the control bead of the {instrunent.
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Afethod For the Identlflcation of
Gold Oyanide Ions in Solution

As mentioned before, @ gspot test for either of the

cyanide complexes in the presence of the other would be

No spot test is availablefa) for this

very convenlent.
o the great stabllity of the cyenlde

type of detection due 1T

complexes, One test that is of use tests for the presence

of gold in solution making 10 differentiation between the

the complexing ligands.

oxidation state or
¢ the usé of thernodeconposition

4
Feigel( )mentian
of the complex to pative gold. The solution in question

is sampled by imuersion of @ emall eaplllary tube and the

tube is heated gently o evaporate the liguid. Then the

,temperature is 1nereased untll the tube melts around the
phe salt is decomposed 1o elemental

remaining gold salt.
gold which appears red and ls meg

be which acts as a lens.
the red colloid forming if less than

nified by the glass of the

capillary tu This test is valid to

dilutioms of 1:50,000,
present in the sample taken, The

one microgram of gold 1is
colloid forms down to 8.5 mierogrems in the sample, and
erogran the resulting gold appears gold in color,

above one mi
s two womplexes offer different eyanilde

Although th
stretching frequencies the use of the Infrared spectrograph
with water golutions was not possible because of the soluble

nature of the Nagl sample cells.

(] s
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The uwltra vielet spectra, taken on the Beclman DU

of Eau(CH)p, 3&&{@3’@3 and HAu(ON),

Spectrophotometer,
ble significant difference,

were investigated for a possi

(Pigure 5).

The spectra of KAu(oN), and 1%s acid form (formed

in the manner described in the determination of potassium)

s characteristic gspectra near the

are identical and have
cut off phint due to water absorption in the ultra vielet.
and 239,5nuend a shoulder at

Two peaks were located, 2%0.0
pelow 1x107 M, The steady

ca, 226my for concentrations
rigse beglnning at about 220my 15 due to the eyenide and

water abserptions.

For KAu(GN)& thege
only the eyanide absorption and water abgsorption below 220mg,
nay be coneluded thet this complex will

peaks are entirley missing, lesving

FProm these results 1%

not interfere with the Au(Ci)
when the cyanide absorption band is

abgsorption peaks until about

0.002M concentration,

spread to higher wavelengths by concentration,

The two pesks optained
and & resulting calibration curve

with Au(ON); were measured st

varying concentrations
tnis (figure 6) revealed negative deviation

wag plotted,
the Au{ON)3 enion cen be quantitatively

from Beer's Law, Thus,

determined in the presence of Au(ON); within the range
indlecated in figére 6y if the Aufﬂﬁ)g concentration is

below 0,002M.

phe coyanl of the peaks was measured

de ion dependence

' ey
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Wy subtracting from the spectra of Kiu(ON)p plus 0.1610g
Koy per 25ml water & blauk of 0.1610g KON per 25ml water,
A eurve identical to the original (figure 5) resulted,

showing independence of 3. g
nantitative snalyais of bcth anions in the

n agueous solutlion the following

For the q
presence of each other 1
procedure is proposed,

PMrst the presence of yold can be

cepillary tube method of thermo decomposition. Then by
is examined in the ultra violet

detected by the

proper dilution the sample
at the 239,5mu, If only KAu(0N)y 1s present there will be
no absorption. Electroplatiam,nf the solution after the

sddition of KON will then glve the quentity of gold complexzed
in the Au(III) oxidation state., If absorptlon occurres the
amount of gold in the 4u(oN)5 complex can be determined, end
the_ale§trodepggition 7111 now give the total emount of gold

in both oxidation states.
state can be determined.

By subtraction the amount in

each oxldation



Attempted Separation of
the Gold Cyanide Complexes

Aveston, Lverest, and Wells(1) showed the high affinity

Amberlite IRA 400 nes for complex cyanides, This resin 1s a

strong base quaternary amine type. With thils information

aevailable along with suggested elutriants & column wasg setb

up to attempt & sepsratlion of the two gold eyanldes by lom

exchange chromatography. The column was essentlally the same

the potassium determination (figure 3)
was added to a height of about 30em,

ag that slbwn for

except that the resin
The resin wes Amberlite IRA 400 in the chlorine form
and 8 mesh of 20/50. The matve of flow through the column
can be conmtrolled by the stopeock, which gave 23 ml per
ninute ag a meximum, The rate is very important and should
be slow for the best geparation. The column should be fairly
long, the mesh small (ca. 100) and the packing should have
pnis latter may be avoided by mixing the

no captured alr.
fore addition to the column, thus allowing

resin with water be
for the resin to gwell, and eny alr to escape.

With the column properly
re added and the column rinsed with water. The

soted in thirty test tubes each holding

set the Au(ON)7 and Au(0W),

solutions we

effluent was coll

5 ml of solubtlon.
each, & colloldal guspensi

in the ocolumn was the replacemnen

on of Agll was formed. The reaction

t of C17 by the gold oyanide



—.22 e

complex anions, Therefore the number of moles of complex added

can be checked by coagulatinf the Agll in the tubes and

welghing the precipitate. The main resson for the addition

of the Agﬁ03 to each tube wasg to find the polnt at which the
amount of 01~ belng eluted reached background, that before
the addition of the gold cysnides. Background was reached
after 55ml had been collected.

The colum at this time contained both complexes ready

for the addition of an elutriant, If all worked well the

complexes would move down the column at different rates and

(1)

exit separated. Aveston, Everest, and Wells suggested a

201 -water-acetons elutriant for Au(ON),, but this solution

absorbs in the ultra violet and masked the method set up for

determination of the two anlons.
Ls @ second cholce dioxane wWas substituted for acetone

and used ss the elutriant, This golution also absorbed in th e

ultpa violet reglon, therefore by using & solution of dioxane-

water and HOL to set 100% transmittence on the instrument

the sbsorption peak for ﬂu(cm; was found although shifted

from 239.5 to 237.0ml.
the series of thirty teat tubes were filled with

effluent after which

wes amelyzed for Au(0N)z.
dent that the gomplex was beginning to exlt mueh nore

the column was shut off and each solution

After 190 ml had been collected it

wag evi
diluted,
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Because the column was stopped while each thrity
gample series wes beiug-analyzed'the results are not very

revealing, Bach time the column hzd @ chance to approach

an equilibrium which would upset the separation of the

complexes upon the columm, 1f guch was progressing.

Tt is suggested thet a columu be constructed that

low with & constant pressure so

§owd

cen give a continuous I
that the séparation might be aeccomplished. A smaller mesh

is also recommended as well as other elutrients such as
Sou™. The original acetone-water-HOL solution (90-5-5%)

might also be rerun using & different method of detection.

for detection 1t would Dbe interesting to follow

the effluent conductivity 8s suggested by Samuelson on

bage lll.(a)

Although the geparation wasn't completed, and the
solutions weren't tested for the presence of Au(CN)y

when Au(CN), wes getected 1t can be concluded thét the resin
used will hold both complexes and Au(ON); can be eluted with

a HOl, water, dloxane mizture.
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Coneclusions

The procedure for the synthesis of Kﬁu(aﬁ)4'3/2 1,0
oan be considered as correct im view of the analysis of the

selt, The "fslse" color preseht with AuCl, lons has been

showm to be due to the absorption of light having an average

wavelength %o give the color perceived., It ls lnteresting

to note that none of the complexes gtudied, although complexes

of trensition metals, offer vielble color due to absorption

peaks,
7he electrodeposition of gold from the ecyanide domplex
and the exchange determination of potasshun each gave very
close agreement wlth the theoretical compositlon of KAu(CE)A.
3/2 H0. gyanide and water of crystallization were ghown to
be prégeﬁt by using the infrared apectrum of the selt,
yith this method of prepaking one of the two oxidathon
states of gold 1t is noW possible to label the complex for

exchange study.
The use of ultra violet spectra of the two complexes
quick method for the determination

shows that this is 8 very
of Au((};ﬁ)g in aqueous golution, with both peaks remeining
constant in excggalaﬂu and independent fo the Au(cﬂ)g complex

within 1imits 2d justable
quantitative determination for each complex

by dilution. There is now available

a method of
ther in agueous golution., The determination

when occurring o0&



of the Au(CN); coumplex by electrodeposition is not very

convenient, but will give accurate results,
It has been suggested that anion exchange resing will

probably bring sbout a chromatographic separation of the

two anions, when properiy ad justed. A start was made toward

such a separation but diffieculty was found in the apparatus
whiech ealled for refinement.

It is posaible to follow the effluent by ultra violet
spectra, determining the first gold to be eluted by the

capillary method, It might be worthwhile to Investigate s

different method of following the effluent, such as with

conductivity measurements.



Bibliography

1) Avesten, ., Everest, D.A., and Wells, R.A.j J. &merican
Ohem, Seec. 1958 pp 231-9. &

Cobble, J.W., and Avthur B. Adamson., J. Americam Chem. Soc,
72, 2276 (1950).

3)  Emery, J.F., and G.W,Leddicotte, INE Radiochemistry of Gold
Huclear Sclence Serles-NAS NS 30%6- Hay LO61. i

%)  TPeigl, Fritz., Spot Tests. Inorganic Applications Vol I,
5) Jomes, L.H. J. Chem, Thysles 27,468-72 (1957).

6) Jones, L.H, and Peunemai, R,A, J. Chem, Physies 22,

7Y  Jones, L.H., fenneman, R.A. and Startizky, E.,J. American
Chem 50C. m’ 62 (1956)-

wxochangers In Analytical Chemlstry.

8) gemusison, Odof. 210
John Wiley & Soms, &

9) candell, B.B. golormetrl srmine 3
Hetals, Intersclence X N. L. (1950).

10) Scott, v
11)  Smith, Edgar F. wlectro-onalysis, 5th ed. N.X, (1912)

12 sneed, M.C., Meynard, J.%L., Brastard, R.C., Comprehensiv
) 5 ’ ' 1 II, D. Van Nostrand & Co. P & 1554)

Inorgenic Ohemigtrys VO

Yon A, UD yon Alkalicyan 1d-
ppaktische Chemie 1062, antdegold
Asand 0, F, Stefas, Honateh B3, 894901 (1952)

13) Wogrinz,
galzen,

14)  Wogrinz, Von

LRty s



	Union College
	Union | Digital Works
	6-1962

	The synthesis and analysis of KAu(CN)4.3/2 H2O and its proposed separation from KAu(CN)2.2H2O
	George Edgar Hartwell
	Recommended Citation


	tmp.1534440613.pdf.W9YJq

