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rise in heat capacity of the solid form as the
melting point is approached. We obtain from
this empirical equation a value of 13.07 cal. per
mole for 25°, and a mean value of 13.97 cal. per
mole for the interval 25-100° in good agreement
with the work already mentioned.

A straight line was found to fit the data for
liquid iodine within experimental error. This
gives then a constant molal heat capacity for
liquid iodine of 19.5 == 0.3 cal. per mole for the
interval 113.6-160°. It will be recalled that
Carpenter and Harle® found an initial value of
20.0 cal. per mole at the melting point, followed
by a rapid decrease with increasing temperature.
In this connection it should be mentioned that
their work embraces only five runs on liquid iodine
with individual deviations of over 3%. The
method employed in this work is not suitable for
investigating this trend of heat capacity. How-
ever, it would now appear certain that the values
given by Favre and Silbermann,* Abegg and
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Halla,® and the ‘“‘International Critical Tables”
are quite erroneous.

The heat of fusion of iodine at the melting
point is calculated to be 3740 = 20 cal. per mole.

Acknowledgment.—The authors wish to ex-
press their appreciation of the assistance given
them by Mr. Austin L. Wahrhaftig in the cali-
bration of the apparatus and in the preparation
of the iodine capsules.

Summary

Employing the method of mixtures, the heat
of fusion of iodine at the melting point was found
to be 3740 = 20 cal. per mole. The molal heat
capacity of solid iodine in the limited tempera-
ture interval 25-113.6° can be expressed within
=0.5%, of the measured values by the equation
¢, = 13.07 + 3.21 X 10~#(¢—25)%. For liquid
iodine from the melting point up to 160°, the
molal heat capacity is 19.5 = 0.3 cal.
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The Solubility of Gold Hydroxide in Alkali and Equilibria in the Saturated Solutions'

By HerRICK L. JouHNSTON AND HorLris L. LELAND?

The extent of acid character associated with
the hydroxides of the silver sub-group elements,
as measured by solubility of the oxide or hy-
droxide in alkali, forms an interesting study be-
cause of the regular increase in air-stable valence
from silver to gold. Quantitative data on the
equilibria present in alkaline solutions of silver
and of di-valent copper have been presented in
carlier papers.® This paper presents similar
data for trivalent gold. The results show the
expected dependence on the valence of the metal,
and establish quantitatively the correctness of
the explanation we have assigned previously to
solutions of this character.

Experimental

Apparatus and procedure were similar to those em-
ployed in the earlier work from this Laboratory except for

(1) Presented before the Division of Physical and Inorganic
Chemistry of The American Chemical Society, at its Rochester
meeting, September, 1937,

(2) Present address: Esso Laboratories, Standard Oil Develop-
ment Company, Elizabeth, N, J.

(3) (a) H. L. Johnston, F, Cuta and A. B, Garrett, THIS JOURNAL,
58, 2311 (1933); (b) L. A. McDowell and H. 1.. Johnston, ibid,, 68,
2009 (1936).

such changes as were necessary to adapt the procedurc to
gold.

Auric hydroxide was prepared out of contact with air,
by the method of Roseveare and Buehrer,* in the prepara-
tion train described by Johnston, Cuta and Garrett.?
Gold was precipitated from a boiling aqua regia solution of
gold by the dropwise addition of three normal potassium
hydroxide; the mother liquor was siphoned off and the
precipitate dissolved in the minimum amount of boiling
three normal potassium hydroxide; and, finally, the gold
was again precipitated by dropwise addition of sulfuric
acid until the solution was just acid to litmus. This prod-
uct was boiled for an hour;* washed twice with conduc-
tivity water; and transferred under nitrogen to a special
wash flask?® where it received fifteen additional washings
with conductivity water. Qualitative tests for sulfate and
chloride ions, made after the tenth washing, were invari-
ably negative. The product was then stored under con-
ductivity water and nitrogen until ready for use. Six
separate lots of auric hydroxide were prepared in this man-
ner to furnish the samples needed in this investigation.
The data from the six lots are indistinguishable.

The product prepared in the above manner was reddish-
brown in color and was composed of agglomerates of small
biaxial crystals.® The crystalline character was estab-

(4) Roseveare and Buehrer, ibid., 49, 1989 (1927).
(5) Precipitation from hof, sirongly basic solutions was found to
vield a dense, black product whose properties differ markedly from
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lished by viewing some of the precipitate between crossed
Nicols in a petrographic microscope. Oil immersion and a
magnification of twelve hundred diameters were necessary.

The composition of the crystals was established by their
weight loss in hydrogen at 500° and, independently, by
quantitative estimation of gold in hydrochloric acid solu-
tions of weighed samples. Six determinations on samples
which were desiccated over calcium chloride for a week
gave an average gold analysis of 78.5%, with an average
deviation from the mean of only 0.3%. A sample which
was given an additional drying in air at 105° for fifteen
minutes, analyzed 79.5% gold. These figures identify the
brown product as Au(OH); (stoichiometric composition,
79.45% gold). This is easily distinguished from the oxide
(Au;03, composition, 89.15%, gold).s

Gold for the preparation of auric hydroxide was precipi-
tated from an aqueous solution of c. p. gold chloride through
reduction with oxalic acid. The resulting sponge was
macerated and washed thoroughly, was digested in hot
concentrated sulfuric acid and again washed, was con-
verted back to the chloride and the fore-described process
repeated, and was finally dried and fused in an alundum
crucible.

Solutions of sodium hydroxide and of potassium hydrox-
ide were prepared from pure amalgams in the manner de-
scribed in earlier papers,® or by the treatment of the con-
centrated alkali with just sufficient barium hydroxide to
remove carbonate.

All salts, with the exception of ferrous sulfate, were
twice-recrystallized ‘‘reagent quality” chemicals. The
ferrous sulfate was a reagent quality product used without
recrystallization, Acids employed were ¢. p. reagents.

Conductivity water, with a conductivity which never ex-
ceeded 2 X 1075 mho, was used exclusively both in the
preparation of solutions and in purification steps.

Analytical Procedure

The alkali content of the solutions was determined by
titration with standard sulfuric acid to the first sharp
color change with methyl orange. When significant,
corrections were applied for the indicator end-point and for
the acid required to convert aurate ions to the hydroxide.

Gold was determined by potentiometric titration. We
niade preliminary studies of the use of potassium iodide,”
stannous chloride,® potassium ferrocyanide, potassium thio-
cyanate and potassium cyanide as possible reagents for the
titration, but found that these were either too insensitive
or their end-points too erratic for satisfactory results in

those of the brown precipitate, Efforts were unsuccessful to dis-
solve a detectable amount of the black precipitate even after two to
four weeks of agitation in various concentrations of alkali between
0.01 and 6 M. Two hours of boiling in 0.4 M sodium hydroxide
likewise failed to give a test for gold in the filtrate. This sluggish-
ness toward solution is accompanied by an equally remarkable in-
ertness toward reduction, since hydrogen at 500° produced no reac-
tion in two hours.

(8) In a further experiment dry nitrogen was passed over a
sample of the hydroxide at 150°, and the moisture collected and
weighed in a calcium chloride drying tube. It was found that under
these conditions the hydroxide decomposes quantitatively to the
oxide and that the latter does not sensibly decompose.

(7) Someya, Sci. Reports Tohbku Univ., 19, 124 (1930); Someya,
Z. anorg. allgem. Chem., 187, 357 (1930).

(8) Miiller and Bennewitz, ibid., 179, 113 (1929); Miiller and Stein,
Z. Elektrochem., 36, 376 (1930); Miiller and Gorne, Z. anal. Chem.,
73, 385 (1928). .
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very dilute solutions of gold. With ferrous sulfate’ as
reagent and a technique similar to that previously de-
scribed?® we obtained a high sensitivity and good accuracy.
Accordingly we adopted this reagent for the analysis.
Titrations were carried out in a 250-cc. beaker connected
by an agar-agar salt bridge to a calomel half cell. A
platinum foil, cleaned with pumice before each titration,
served as the indicator electrode. The standard ferrous
sulfate solution (0.0008 M) was added from a microburet
and the titration carried out in an atmosphere of nitrogen.
It was found that the addition of two drops of 0.5 M hydro-
chloric acid and two drops of methyl orange indicator to
the neutral gold solution (100-125 cc.) increased the sensi-
tivity of the titration. In cases where the original alka-
linity of the aurate solution had been less than 0.3 M, solid
potassium chloride was added to the cell to reduce its re-
sistance. The cell came to equilibrium quickly after each
addition of the ferrous sulfate. The change of potential
at the end-point was usually between 5 and 10 mv. for the
addition of 0.02 cc. of the standard reagent.

The ultimate standard for the determination of gold was
an approximately 0.06 M solution of gold chloride whicli
was prepared from a weighed quantity of pure gold. The
ferrous sulfate, which was stored under nitrogen, was
standardized frequently against this standard gold solution
under conditions closely identical with those employed in
the analysis of samples. Over a period of nine weeks, dur-
ing which time most of the data were obtained, the ferrous
sulfate standard remained constant to within 0.5%.

The Data

Equilibrium was approached both from the side of super-
saturation and that of undersaturation. Supersaturation
was produced by four days of agitation in a 40° bath, after
which the flasks were transferred to the 25 (=0.01°)
thermostat for a final period of agitation. A preliminary
investigation revealed that a week to ten days in the 25°
thermostat was ample time to bring the supersaturated
solutions to equilibrium. The usual time given was about
two weeks.

Somewhat more time was required to reach equilibriuni
from the side of undersaturation. Table I presents some
data obtained as a function of the time of shaking. The
flasks were opened and sampled after ten and twenty days
of agitation and were then resealed, and shaking resumed.

TaABLE I

RATE OF SoLUTION oF AURic Hyproxme 1N 0.300 M
SopiuM HYDROXIDE, BY AGITATION AT 25°

Shaking Concentration of gold in the filtrate
period, . (moles/1000 g. of water X 104)
days Lot VIII Lot IX Lot X
10 1.6 4.1 4.6
20 5.3 5.6 5.4
32 5.4 5.5 5.6

The rate of solution was determined on three of the six
lots of brown crystals which are referred to in an earlier
paragraph. The particle size was less for Lots IX and X
than for VIII. Table I refers to solution in 0.3 M sodium
hydroxide but results obtained at other alkalinities, includ-
ing ones above 0.4 M, permit the same conclusions. Ac-

(9) Miiller and Weisbrod, Z. gnorg. gllgem. Chem., 186, 17 (1926);
Miiller and Weisbrod, ibid.. 169, 394 (1928).
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cordingly we adopted three weeks as the minimum shaking
period for approach to equilibrium from the side of under-
saturation. Most samples were agitated somewhat
longer.

When the shaking period was ended the samples were
sedimented in another 25° thermostat for from two to ten
days, before analysis. Flasks which showed a noticeable
Tyndall beam after this sedimentation were discarded.
We had little trouble in this respect, with auric hydroxide
prepared in the manner described, except in the region of
low alkalinity. We found it impracticable to obtain data
at alkalinities below 0.07 M because of the almost invari-
able presence of colloids at these dilutions. This corre-
sponds to the experience with copper.®?

Following sedimentation, a portion of the clear solution
was removed by careful decantation, passed through a

TasLe 11

SoLUBILITY OF AURIC HYDROXIDE IN AQUEOUS SODIUM
HYDROXIDE, AT 25°

Moles of gold per 1000 g. H:O X 104
Undersaturated Supersaturated

Moles of NaQH
per 1000 g. H20

0.0683 0.73
.0752 0.89 .85
.0939 .97 1.00
.0968 1.51
.1005 1.01 1.00
.1100 1.13 1.09
.1507 2.01 2.00
.1678 2.13
. 1696 2.33 2.31
.1998 2.91
.2364 4.44
.2595 4.49 4.50
.2997 5.49 5.79
. 3254 6.53
.3547 7.99 7.98
.3778 9.06 9.02
-3900 9.73
.4138 10.54
.4215 9.79
. 4402 9.44
.4941 7.70 7.77
.519 7.14
.522 7.33 7.20
.543 7.60 6.34
.660 4.90
.667 4.62 4.69
.748 3.46 3.53
.790 3.23 3.17
.840 2.61 2.63

1.048 1.47 1.44

1.049 1.50 1.48

1.299 1.60

1.445 1.94

1.682 1.69 1.70

2.293 2.01 2.01

2.845 2.22 2.20

3.095 2.39 2.32

3.541 2.61 2.62

3.983 2.68 2.63

6.05 3.76 3.84

8.37 5.32 5.23
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filter of sintered Jena glass, and analyzed by the methods
which have been described. The first few cubic centi-
meters of solution that passed through the filter was dis-
carded.

Table II records the solubility data obtained in pure
aqueous sodium hydroxide, with samples from undersatu-
ration and from supersaturation recorded separately.1®

Blanks in the table represent cases in which
either: (1) the undersaturation member in early
experiments was not shaken the requisite three
weeks; (2) colloidal material was observed; or
(3) a sample was lost in handling.

Table III contains data we obtained on the
solubility in pure conductivity water.

TaBLE II1

THE SoLUBILITY OF AURIC HYDROXIDE IN PURE WATER
(MoLEs oF GoLp/1000 G. OF WATER)

Undersaturation Supersaturation
0.034 X 10— 0.032 X 10—¢
.028 .037
.026 .030

Average 0.031 X 104

Discussion and Interpretation of Results
The data of the preceding tables are shown
graphically in Fig. 1, with black circles used to
plot average values of sample pairs.
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Fig. 1.—Solubility of gold hydroxide in sodium hydroxide
solutions. The broken curve is the extrapolation of Eq. 6
above 1 N alkali.

The most noticeable feature of the graph is the
sharp maximum at about 042 M sodium hy-
droxide. This is the result of a change in solid
phase, revealed both by chemical analyses and
by microscopic examination of solid residues re-

(10) Alkalinities were determined separately for each sample.
When significant differences were found for the two samples consti-
tuting a pair the data were corrected to a common alkalinity.
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moved from equilibrated soliitions. To the left
of the maxinitum the equilibrium solid is identical
with the initial brown hydroxide; to the right it is
composed of greenish, needle-shaped crystals with
& composition corresponding to the formula Nas-
HAu0s.1'  Thig behavior is analogots to that ob-
gerved for cupric oxide!® which exhibits a maxi-
mutn solubility at about 15 N sodium hydeoxide
(volume normality) accomipanied by a change in
solid phase, identified as conversion from CuO to
Na;CuOs.

Herrick L. Jounston anp Horris L. LELAND
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Fig. 2.—Solubility of gold hydroxide in sodium hydroxide.

We are able to fit the experimental curve to the
left of the maximum, quantitatively, in térms of
the reactions

Au(OH); + OH- = H;AuO;~ 4+ H:0 (1)
Au(OH); 4+ 20H= = HAuO;= + ZH,0 (2

with their corresponding equilibrium constants
Ky = (masgios /mor=X Yasios /Yor-)omo (la)
Ky = (muavos/mm- X Vusuor/Yom= 0o (22)
The total solubility of gold, in equilibrium with
Au(OH); as the solid phase, is thus given by the
relationship?

(11) Conversion to this formula was complete only after several
weeks of agltation at 25°. This resuits from the protective action of
an initial coatittg of the indéluble salt. ‘The samiples which were
analyzed to establish the formula were shaken in 1 M sodium hydrox-
ide until they showed only microscopic traces of the initial brown
Hydroxide. THey wete thed rittséd with ether, diied in aif at 25°
and analyzed for gold and for combined water—the lattér by weight
lossin air at 140°, Two gold determinations yielded 68.3 and 69.8%,
redpeetively, snd domibined watet ahdlyzed approzimately 4%.
These figures correspond to the formula NasHAuOs; (67.6% gold,
3.1% water) but not with the formulas NaHsAuOs (72.6% goid,
6.6% water) or NaAuwO#2H:O (684% gold, 12.4% watei):. The
latter formula was assigned by Meyer [Compt. rend., 145, 805 (1907)]
to the ‘“‘greehish, acicular ctystals’’ formed in strotiy Sodium atrrate
solution, Our adsignmert of the formula NaeHAuO; is dlso con-
firmed by the nature of the solubility curve to the right of the solu-
Bility thaxittiurht (cf: seq.}.

€12} E. Mdallet; Z. physik. Chem., 105, 73 (1923).

(13) Cf. e4. (3) and (45 of tef. 3b.
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Sau = Mauomy + Kineon(p°/9) +
Eonkoon(1/sa0om)(p°/) (8)
where my.0u refers to the stoichiometric mo-
lality; Ynsowm i6 the mean activity eoefficiefit of
sodiuth Hydroxide in the solittibh ifvolved;H
(p° — p) is the vapor pressute lowering of water!s
and may(om), represents a possible small solubility
of undissociated gold hydroxide, whose econ-
tribution proves too smiall to possess sigiiificance
in the present experinietital fit.® ‘The condiinsious
curve to the left of the maxitntin in Fig. 2 is com-
puted from equation (3) with the constants K; and
K, set equal to 525 X 10~* and 23.0 X 10—,
respectively. The broken curve represents the
concentration of HyAuO;* ion alone.
Explanation of the observed data to the right
of the maximum requires the inclusion of the addi-
tiortal equilibrium
Na,HAuO; = 2Na*t 4+ HAuO,~ (4)
with itd attendant constant
(4a)

Kq = (mh,e muanuor) (Ve THAwO)

It may be shown sitply, from equations (la),
(2a) and (4a), that in the presence of either solid
phase the relative coneentration of the di-hydro-
gen and mono-hydrogen ions must conform to the
relationship

(mH2AuO§‘/mHAqu') =

(K1/Ka)(amo/myson)( Yran0s~/ Yasauos- Yor-) (D)

With the use of equations (4a) and (5) and the
introduction of the sartié §implifying limiting rela-
tionships used in deriving equation (3)* the
solubility of Na,HAuO; is given by the expression

Sau = Mmawoms + (KiK1/Ka)(1/muom)(/0°)(1/ Yhoom) +
K4 (1/m§faOH)(1/’YgIEOHj (6)

Thelast two terms of this equation represetit satu-
ration values of H,AuO;— and HAuO;= ions, re-
spectively.

The solid curve to the right of the maximum in
Fig. 2 is calculated from equation (6) with K,
set equial to 1.53 X 10~ and the other cotistants
given the values previously determined for equa-

(14) For the computations we employed the activity coefficients
tabulated by Harned [Turs JoUrNaL, 47, 676 (1925)] for pure so-
dium Rydroxide solutions.

(15) Tdken from the “Interriational Critical Tables.’
p. 373, fof sodium hydroxide sottitions,

(18) mgu(on)s was taken as eenstant at 3 X 10~¢ mole per 1000 g.
of water in the computation by equatxons (3) and (8). This value,
which 13 the total observed solubmty in pure water, is of course an
upper limit and is probably soméwliat too high since we believé that
there i§ séme ionization in the sftutated aqueous solutiod. For the
purpose of testing equations (3) or (8), or determining their constants,
mAu(OHJ; may be varied between 3 X 108 and zero without appreci-
able significance in the result,

! Vol. 111,
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Hon (3) in dilute gikall. The fit i§ good up to
abolit 1 M sbditth Hydtoxide.

As a hirther tést of the telationship expresseéd
ih (3), and bf the coristarits d,ssigned we hieasmed
the solibility of gold hydtoxitle iri potassiviti sul-
fate solutions, with a fited concentratiod of so-
dium Hydroxide (0.2 M). With silver oxide the
solubility ih alkdli was independent of the pres-
cice of sait.? For diiric hiytrogide, if our ex-
planation is correct, thete sHould He a depeHdériteé
which enters through the inverse square of the
activity coefficient of sodium hydroxide.'* The
resilts of this test are given in Table IV, which
includes solubilities cdltiilated® by equation (3).
The agreement is good except for the point of
highest salt concenttation. This is near the solu-
bility pfoduct lintit for Na,HAUuO; and may ex-
ceed that for the potassium salt.

TasLe IV

SoLuniLity of Auric HyordxibE 1v ALKALINR
SoLbTioNs (0.2 M NAOH) b¥ PotAdstum Suiidt
Satt

conen., fonic ) Soly. (imolesMitér X 184
N sfrength 7 MOH chled, obsd.

0.00 0.2 0.723 2.87 2.91
.20 ) .670 3.19 3.27 3.30
.54 1.0 .635 3.48 3.42 3.4
.87 1.5 .82 3.71 3.47  3.43.

It seers nécessaty tb assume the formation of
KuO;——— lons in solutions of base stronger than
one normial, in order to account for the nearly
liilear rise in the solubllity curve beyond 1 A
sodittm hydtoxidé. Egudtion (6), whichi @ccounts
for HzAuO;~ arld HAuO;~~ ions; leads to 4 rapidly
descending solubility curve which deviates by a
latge factor ftom the observed data in strong
alkali (¢f. Fig. 1). While we would niot expect this
limiting eguation; which includés dssitinptions ds
to the egitality of activity coeffitients of OH— and

(i7) THat this fit id significant in fhe intérprétation of the soldtiod
procéss; and not made pdssibte by the arbittary choice of an addi-
tional constant, is made evident through inability to fit the data
dith dssiimed équilibria other thar that {4 (4).

(18) There is also a smaller influence, entering through the varia-
tion in the activity of watét.

(19) The activify ¢oefficient of fhe bdse, writién as ? oy, was
faken as the lnést averdge of Iog T om 8 NaiSO4 sohitisis and of
16g Yo i K800 solufibns, with ¥ and Na wélghted in stoichio-
ttetric profotliot. Theé duetivity coeffitlents of NAOH snd of KOH id
theft fespeetive suffate silatibns wéré obtained from the data of
Harned and Akerlof [Physik. Z., 27, 431 (1938)] by extrapola‘t?otx to
0.2 M sbltionis O base. The extrapb}a‘tion‘s ¥%ere midde with the
aid of tHéif eYfatiok (42) by settitg tHe ffst tRd fefrhs Of tHat equid-
tior équaf to empittedl constadits for « fixed ionie s!tedgth and d given
base, dird evaltatifif {irese ¥ith the aifl of Soiodth curves drawﬂ
through the exbenhréntaf ¥'s. THis method of edttdpolation was
employed, ratfied tHasl the fult dié of équation (42), stiice théir eqhia-
tlon deviatés cotibisteritly fA6M thE experthientdl v'sin 0.01 M pords-
sium hydroxide.
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HiAuO4 iohs, to hold decuratély in coticentrated
solution, neither dves it dppéar réasohable that
the assutiptiotis can be in ertor by thé factor im-
plied in the observed distrépancy, especially i
view of the feasondbly good fits bbtditied &veri
above one normal base for silver and fot coppet.
Inttbduction of AuOji—~— ions By the reaction
Nd,HAuO; + OH- = 2Na* + AuOy~=~ + H,0 (7)
appears to be the only reasdnable altérnative:
If the simple mass action priteiple were applicable
even this equilibrium would yield a descendirtg
solubility curve with increase in the coneentration
of base. Howevet, the descent would be gradusdl;
and introduction of the necessary &ctivity co-
efficients would have the effect of incteasing the
caleulated AuQO;~—~ ion concéntrdtion by several
fold and could, in reason; aceount for the magni-
tude and slope of the obsetved data. However,
we cannot make this treatment quantitative for
alkalinities in which the calculation would be of
interest. This explanation is entirely corsistént
with the acceptance of negligible concentration of
AuO;~~~ below about one normal base (¢f. ség.):
Acid Dissociation Constants.—The second
dissociation constant of auric acid, whicl corre-
sponds to the step
H,Au0;- = HAuO;- + H* (8)
is computed readily from the constants K, and K,
and the dissociation constant for water by the
relationship
Ks = Ko(Ko/K1) = 44 X 101 (9
with K, taken to be 1.01 X 10~!*at 25°,
The first dissocidtion constant, whicH corre-
sponds to the step

H;AHO; = HAuO;~ + H* (10)
is giver by the relationship
K = Ko (Ki1/Maulon)) (11)

We ate only ablé to set an upper limit to 7,0ty
namiely, 3 X 10~% based on the fneasuréd solu-
bility in pure water. This results in a value of
1.8 X 1072 as the lower limit for the first dis-
sociation constant of the acid. We believe (cf.
séq.) that the water solubility includes some con-
tribution from H,AuO;~ ions, which would make
Manom), fower than 3 X 1075, and K corre-
spondihgly lorger than 1.8 X 10-'2, In either
event the ratio between the first afid second dis-
sociation constants here deduced is of the order of
maghitude commonly observed in acids of this
approximate strength. The value of Ky, places
the strength of the first dissociation step of duric
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acid somewhat above that of the ¢hird step in the
ionization of orthophosphoric acid.

An upper limit for the third dissociation con-
stant can be calculated on the basis of measured
solubilities. This calculation is based on the re-
spective relationships

K = (Kw/Ke)mxsouY yuonMau0s-- - (12}
K = (KW/Kz)( ’YgInOH/m§IsOH)mA“08‘ - (13)

for equilibria with Na,HAuO; or Au(OH);, re-
spectively. Obviously ma,0,--- for insertion in
(12) cannot exceed the #ofal solubility. Insertion
of the fofal solubility in 1 M sodium hydroxide
yields the value K = 2 X 10~ Likewise inser-
tion in (13) of a reasonable upper limit for the
concentration of AuO;——— ion in 0.4 M sodium
hydroxide yields K equal to about 5 X 10~
We conclude that this third dissociation cannot
much exceed 1 X 10—, A constant of this mag-
nitude is consistent with the quantitative treat-
ment which treats m,,o,--- as negligible below
1 N alkalinity; is of the correct order of magni-
tude to account for the experimental curve in the
region of high concentration of base and bears a
reasonable ratio to the second dissociation con-
stant K.
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Fig. 3.—Solubility of the oxides (or hydroxides) of
the first sub-group elements in acid: ©, experimental
points in acid; ®, in water; ~——, experimental
curves; -—-—, interpolated and extrapolated curves.
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Comparison of the Acid Strengths and Ampho-
teric Properties of the Hydroxides of the Ele-
ments of Sub-Group I.—Table V brings together
the acid dissociation constants of the elements of
Sub-Group I, as determined in our several in-
vestigations. The lower limits for the first acid
dissociation constants of copper?’ and of gold hy-
droxides, and the upper limit for the third disso-
ciation constant for gold are included to permit
the intercomparison of constants.

TABLE V

Acip D1ssoctATION CONSTANTS OF THE HYDROXIDES OF
CoPPER, SILVER AND GOLD IN THEIR AIR-STABLE Va-

LENCES
K1 K, K3
AgOH 7.9 X 1013 .
Cu(OH). >1.5 X 10718 7,9 X 1014 .
Au(OH); >1.8 X 10712 4.4 X 10714 <5 X 10-1e

Figure 3 illustrates yet more clearly the relative
behavior of these elements in both basic and acid
solutions. The curves in acid solution are con-
structed from the data of Jaeger?! for the solu-
bility of cupric oxide in aqueous hydrofivoric acid,
and of Jirsa and Jelinek?? for the solubility of
auric hydroxide in sulfuric acid of moderate con-
centrations. To permit the behavior of the three
elements to show clearly on a common diagram
solubilities are plotted on a logarithmic scale
against the square roots of acid and of base nor-
mality. Broken curves are used for interpolation
in those concentration regions to which the ex-
perimental measurements did not extend. Be-
cause of the square root scale along the abscissa
these appear on a disproportionate scale on the
alkaline side.

Only for silver has it been possible to follow the
curve, experimentally, through the minimum.
But for gold the low measured solubility in water
and the course of the curve in sulfuric acid (which
dissolves less gold at 0.5 N concentration than
does sodium hydroxide at 0.07 N concentration)
clearly places the minimum on the acid side of
neutral.?® This is interesting for it establishes

(20) The lower limit for the first acid dissociation constant of
cupric hydroxide, not included in reference 3e, is computed by setting
mou(0H): equal to 7 X 1077 mole/liter, the lowest measured solu-
bility. The true mou(0OH): is unquestionably lower than this and
the true X correspondingly higher than the value in the table—prob-
ably by one or more powers of ten.

(21) Jaeger, Z. anorg. Chem., 37, 22 (1901). Additional measure-
ments in the presence of potassium fluoride and in nitric acid pro-
vided evidence that the solubility in hydrofluoric acid is due to action
of hydrogen ions alone, and that no fluoride complex is formed.

(22) Jirsa and Jelinek, Z, Elekirochem., 30, 286 (1924).

(23) Mercuric oxide, recently investigated by Garrett and Hirsch-
ler [THIS JOURNAL, 60, 299 (1938)], probably behaves in a similar
manner,
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auric hydroxide as predominantly acid even in its
aqueous solution. The presence of a minimum
on the alkaline side of neutral is clearly indicated
for copper but its position and its depth are sub-
ject to some uncertainty. The construction
shown, which places the copper minimum at a
somewhat lower concentration of base than that
at which the minimum occurs for silver, is in best
agreement with observations in dilute alkali and
with the observations in acid.

It is observed, from Table V and from Fig. 3,
that: (1) the constants representing successive
steps in the dissociation of copper hydroxide or of
gold hydroxide bear ratios of 10% or greater; (2)
that the first dissociation constants appear to in-
crease in the order of increasing valence; (3) that
the minima in the solubility curves move toward
the acid side with increasing valence; (4) that the
relative slopes of solubility curves on the basic
side increase in the order silver, copper, gold; and
(5) that they appear to follow just the opposite
order on the acid side.

These observations are all consistent with the
explanation by which we have accounted quantita-
tively for the solubilities of the individual oxides—
namely, by the stepwise neutralization of weak
acidic hydroxides in alkaline solution. They
show, moreover, the predominant influence of
valence in determining the acid strength of the
hydroxide analogous to the well-known relation-
ship found among different valence states of such
distinet acids as H.SO4, HyS0;, HNO;, HNO,, ete.
On the basis of ion size we would expect the acid
strength to increase in the order gold, silver and
copper for comparison at a common valence.
We hope eventually to test this by comparison of
the solubility curves of Ag,O and of Cu,0. Ef-
forts to make the comparison with Au,O were un-
successful due to the instability of the lower oxide,
in confirmation of the observation of other investi-
gators.

The explanation which we have advanced for
the solubility relations in alkaline solutions of
oxides and hydroxides of the elements of Sub-
Group I, and which we believe to be well confirmed
by the quantitative treatment we have given, is
also well supported by quantitative data on the
solubility of cadmium hydroxide in dilute alkali.
We expect to publish this in an early paper and
will discuss in that paper the relationship of our
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data to the complex ion explanation of the solu-
bility of metal hydroxides in alkali.

Summary

The solubility of auric hydroxide has been meas-
ured in pure water and in sodium hydroxide
solutions to a concentration of eight normal.
The solubility curve rises continuously from the
value 3 X 10-% mole of gold per 1000 grams of
water to a maximum of about 1 X 10~* mole per
1000 grams of water at about 0.42 N sodium hy-
droxide, falls steeply to a minimum solubility at
about 1 N base and rises nearly linearly with
higher concentrations of base.

The stable solid phase below 0.42 N sodium
hydroxide has the composition Au(OH); and,
above 0.42 N sodium hydroxide, the composition
Na,HAuO;.

The data are well accounted for, to the mini-
mum at 1 N alkali, by the equilibria

Au(OH); + OH- = HAuO;~ + H,0

Au(OH); 4+ 20H- = HAuO,~~ + 2H.0

Na,HAuO; = 2Na* + HAuO;~~
with account taken of the activity coefficient of
sodium hydroxide in the solutions. This inter-
pretation is confirmed by measurements in alka-
line solutions of potassium sulfate.

It appears necessary to introduce the equilibrium

Na;HAuO; + OH~ = 2Na* 4 AuO;~~~ + H;0
to account qualitatively for the observed rise in
the solubility above 1 N sodium hydroxide.

Acid dissociation constants for the tribasic
auric acid are computed from the data.

Our own data in basic solution and in pure
water, in conjunction with data of Jirsa and
Jellinek for the solubility of gold hydroxide in
sulfuric acid, indicate that the expected minimum
in the solubility curve will lie in dilute acid and
that auric hydroxide is acidic, rather than basic,
in pure water.

Solubility curves and acid dissociation con-
stants are compared for the oxides and hydroxides
of copper, silver and gold. The relative acid
strengths of the hydroxides follow in the order
gold, copper and silver and are consistent with
the quantitative explanation of the solubilities
as stepwise neutralization equilibria.

A sensitive potentiometric method for the
quantitative determination of gold is described.
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