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The solubility product constants of silver bromide(l),
iodide(1I), and thiocyanate(1I11) and the over-all
formation constants B of Ag. X'~ (X=Br, I, SCN)
complexes in sulfolane at 30°, have been calculated
from potentiometric titrations. At ionic strength p—=
0.1 the stoichiometric solubility product constants
were: 6.6 X 1077 (I), 3.3 10-7 (II), 5.4x 10~ (I1]).
In the range of complexing agent concentrations ex-
plored, only one complex has been found for Br-
(AgBr;~, B=2.1X10"), only one complex for I~
(Agsly~, B=3.3X10%) and only one complex for
SCN- (Ag(SCN);~, B=1.1xX10"%. The above for-
mulas of the complex ions have been also confirmed
by conductometric titrations.

Introduction

In the course of previous experiments' we have
noticed that when a silver wire covered with silver
halide is dipped in a solution of halide in sulfolane,
the AgX deposit is dissolved. This fact may be
explained in terms of complex formation between
silver and halide ions in this solvent.

The present work was undertaken to determine the
solubility of silver bromide, iodide and thiocyanate
and the stability of the Ag.Xn™ ™~ complexes in
sulfolane, as well as to study the titration of silver
ion in this solvent.

Experimental Section

Materials. Sulfolane (tetramethylensulfone), kindly
supplied by the Shell Italiana, was distilled from
solid sodium hydroxide under reduced pressure (10~*
Torr) until its conductivity decreased to 2.0X 10~%
omh~' ¢cm~!2

Silver perchlorate was recrystallized from conduc-
tivity water and dried at 110° under reduced pressure.
Tetraethylammonium bromide (B.D.H.) was recrystal-
lized three times from acetonitrile, washed with ether,
and dried in vacuum at 30°. Reagent-grade potassium
iodide and bromide were recrystallized three times
from ethanol-conductivity water and dried for 10 hrs.
over P,Os at 90° under reduced pressure. Fisher
Certified A.C.S. potassium thiocyanate was recrystal-
lized from conductivity water and dried for 40 hrs.
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at 60° under reduced pressure. Tetraethylammonium
perchlorate was prepared by adding silver perchlorate
to tetraethylammonium iodide in water; the silver
perchlorate addition was controlled potentiometrically.
After filtration of silver iodide the solution was
evaporated; the tetraethylammonium perchlorate was
filtered, recrystallized from conductivity water and
dried in vacuum at 50°.

Potentiometric and Conductometric Measurements.
The titrations were performed both by potentiometric
and conductometric techniques.

Great care was taken during the titrations in order
to avoid air moisture.

The indicator electrode was a spongy silver wire,
prepared according the method described by Jones
and Dole? A microburet, calibrated to 0.01 ml. was
fitted in the titration cell. All potentials were measur-
ed against a water saturated calomel electrode con-
nected to the cell through NHNO; agar bridge. In
order to prevent diffusion of water from the salt
bridge into the AgClO, sulfolane solution during the
measurements, a modified Kolthoff and Coetzee* cell
was used.

The differential potentiometric method described by
Mac Innes and Dole’® has been also used in some
measurements. This method has the advantage of
avoiding the use of a aqueous reference electrode and
of a salt bridge.

In the conductometric titrations a cell with smooth
platinum electrodes was used and the solution was
stirred magnetically. Both the titration cell and the
microburet were kept at 30°+0.2 using an air
thermostat. :

For the determination of the solubility constants
and the over-all formation constants of the complexes
Ag.Xn™ -, the initial concentration of silver per-
chlorate ranged from about 102 to 10~*M. In each
experiment the ionic strength was maintained at p=
0.1 by addlng (C2H5)4NC104

Treatment of the Data. In Figure 1, the points
«A» correspond to the precipitate being completely
dissolved. After these points, since the concentration
of free silver ions (as calculated from potentiometric
readings) is very small, it may be assumed that:

[AgX. """ ]=[Ag"wa]/n 1
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where [ Ag*ia] is the initial concentration of silver
ions corrected for the volume of titrant added. The
concentration of free [X~] jons may be obtained
from the following relationship:

[X1=[X ww] ———[Ag"w] @

The values of the ( constants are given by
B=[AgXn"""1/[Ag*]". [X ] 3

for AgBr,~, Agsls—, and Ag(SCN),~ complexes. The
values of 8 were then calculated from several points
beyond that corresponding to all the precipitate being
dissolved (beyond the points «A»).
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Figure 1. Potentiometric titration curves in sulfolane at
30°C; <4Silver perchlorate solution 5x%10° N titrated with
Et.NBr 5%10-* N; ?Silver perchlorate solution 5x107* N
titrated with KI 5%10-? N; cSilver perchlorate solution
3%x10~* N titrated with KSCN 5x10~* N. All the experiments
were performed at ionic strength maintained at w=0.1 with
(C:H;s):NCIO: .

The solubility products (Ko =[Ag*].[X~]) for
AgBr, Agl and Ag(SCN) salts were calculated from
potentiometric curve in the region between the equi-
valence point and the point corresponding to the silver
salt being completely dissolved. The silver ion
concentration at each point was evaluated from the
e.m.f. reading before the addition of X~ ion, through
the use of the Nernst’s equation! Owing to the
presence of the complex ions, the concentration of
X~ ion was obtained in this region by the following
relationships:

[AgXa™""]

=B[Ag*]" 4
X3 Bl[Ag*]

(6) The validity of Nernst’s equation for the Ag/Ag+ clectrode in
this solvent has been~verified for the range of silver ions concentrations
between 10-1=10-5 M.
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and
[M*]+[Ag*]=(m-n)[Ag.Xa""""]+[X"] (5

where [M*] is the amount (M) of the cation of the
salt added after the equivalence point.

Results

The accuracy of silver determinations in sulfolane
by potentiometric titrations is shown in Table I.

Starting from the equivalence point the potential
readings of three runs for the precipitation of silver
ion by bromide, iodide and thiocyanate ions are
summarized in Tables II, I1I, and IV. In the same
tables the values of the solubility product constants
(Ksp) as well as the over-all formation constants (),
are reported.

Table 1. Accuracy of silver determination in sulfolanc by
potentiometric measurements

Salt Titrant Taken Found Accuracy
mg mg %
Silver potassium 6.220 6.201 99.7
perchlorate iodide 31.15 31.21 100.2
60.53 60.41 99.8
Silver etraethyl- 5.934 5.916 99.7
perchlorate ammonium 32.76 32.79 100.1
bromide 64.15 63.96 99.7
Silver potassium 7.159 7.130 99.6
perchlorate thiocyanate 21.14 21.20 100.3
30.85 30.82 99.9
61.18 61.42 100.4
Discussion

Figure 2-a shows the differential potentiometric
titration curve of silver perchlorate by potassium
iodide. The first peak occurs when one equivalent
of 1~ has been added to one equivalent of Ag*. After
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Figure 2. Differential potentiometric titration curves: ¢ Silyer
perchlorate sotution 0.1 N. titrated with KI 1 N; 2 Potassium
bromide solution 1.2x107* N titrated with AgClO, 4x10-? N.
In abscissa the ratio «moles of titrant/moles of titrated »
is reported.




Table Il. Experimental data of the titration of AgClO, with (C.H:)NBr.

Cagcl, = 5.269x 10 M; C(coHg)anBr = 5.628x10* M

E,mV Cag* Cer Cagbrz Ksp X 10+% B x10-%
(vs.S.CE) M) (M) M)
—605.5 5.269x 10~*
— 2100 140 x10~° 2.02x10°" 1.20x 10°° 2.8) —_
+ 63.0 405 x10°* 1.74x 10} 257x10™* 7.0 —_
+ 835 1.85 x10-* 3.70x10°* 5.33x10™* 6.8 —_
+104.5 828 x10°" 7.85x10"* 1.07x10? 6.5 —
+117.7 5.00 x107* 1.28 107 1.73x107? 6.4 —
+121.2 437 x10-® 1.61x10™* 2.39x107? 7.0 —
+127.4 271 x107" 2.29x10* - 3.00x10°? 6.2 —
6.6
+189.5 320 x10' 7.78 x10™* 438x10°* 23
+201.0 2.06 x10°* 1.05x10-? 436x10° 19
+212.5 133 x10~* 1.31x10"* 433x 10 19
+232.5 6.17 x107" 1.83x10°? 429x107? 2.1
+240.0 463 x10°" 2.09x%x107? 427x1073 2.1
+255.5 2.56 x107" 2.72x1073 422x107° 22
+267.0 1.65 x10°" 3.34x10°* 4.17x107 23
21

Table Ill. Experimental data of the titration of AgClO, with KI. cCawio,=5.269X10*M; cx=5.266X10*M

E, mV cAg+ [V Cagane ™ K;px 10+¥ BX 10-%
(vs. S.C.E.) (M) M) M)
- 606.0 5.269x10~°
— 186.0 549 x10-% 2.70x 107" 2.81x 107" (1.5) —
+114.8 549 X105 5.53x10"* 5.11x10™* 3.0 —
+118.5 475 x10°“ 6.57x107° 6.60 10~ 3.1 —_
+121.1 431 xX10°% 7.45%x10-* 8.10x 10 3.2 —
+123.0 401 x10 8.20x10°° 9.59x10~* 33 —_
+125.1 3.70 xX10°% 9.06x107* 1.12x10°? 34 —
+127.0 343 x10°" 9.85x10°° 1.26x 103 34 —_
+128.5 325 x107® 1.06 x 10 1.40x107° 34 —_
33
+168.8 693 x 107 347x10™ 1.54x 107 3.2
+ 1825 4.10 x10°% 581x10™* 1.53x10°* 20
+197.4 232 x10°% 7.35x107* 1.53x107? 4.2
+209.5 1.46 x 10 1.04x 103 1.52x 1073 41
+223.0 8.70 x 10" 1.65x10°? 1.50x 1073 3.1

Table IV. Experimental data of

the titration of AgClO, with KSCN. Cagi0,=3.673X107* M; cksen=5.245X10"* M

E, mSVC £ cx!* c;t?;_ Cagtscny™ Ko X 1047 Bx10-*
(vs.S.C.E) (M) (
—576.2 3.673x 10
—330.0 9.08 x10~°° 5.80x10~* 3.45%10°° 53 —_
0.0 296 x10-% 1.77x107? 1.05%x107? 5.2 —_
+ 25 269 x10°* 1.95x107? 1.16 X 10 5.2 —
+ 30 2.64 x10°* 2.03x 1073 1.23x10? 5.4 —
+ 9.0 2.10 x10-* 2.61x107? 1.62x10"? 55 _—
+ 160 1.61 x10°" 342x10°? 2.13x10"? 5.5 —
+ 19.5 140 x10°* 4.10x107? 2.66x10°? 5.7 —
+ 25.0 1.14 x10°* 4.89%10? 3.08x107? 5.6 —
5.4
+ 37.0 7.19 x10°% 5.90 x10-? 2.86x10°? 1.1
+ 43.5 5,60 x10-1 6.83x 1073 2.80x10°? 1.1
+ 495 445 x10°" 7.40%x 1073 2.77x107? 1.1
+ 54.0 3.75 x10°% 7.94x10°* 2.73x10-? 1.2
+ 59.5 3.04 x10°% 8.80x 1073 2.68x 103 1.1
1.1
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this point by addition of iodide ions the silver iodide
precipitate dissolves until the second peak is reached.
The ratio of the amount of titrant added at the first
peak to that added at the second peak is 1.33. This
means that the formula of the complex ion is Agsli~.

Figure 2-b shows the differential potentiometric
curve for the titration of Ag* by potassium bromide.
In this case the silver perchlorate was added to the
potassium bromide solution; the first peak occurs
when half equivalent of silver ion has been added to
one of Br~; after this point silver bromide begins to
precipitate. The second peak occurs when one
equivalent of Ag* has been added to one equivalent
of bromide ion; so that the formula of the complex
ion is AgBrs~.

At higher concentrations of halide ion, probably
more than one complex is formed. Nevertheless, in
the concentration range used in this work, the
constancy of the values shows clearly that only one
complex is present. It should be noted that for the
calculations of the constants reported in Tables II,
III, and IV no correction has been made for the
presence of ion-pair species, because of the lack of
the appropriate data in this solvent. Nevertheless,
these corrections should be small, since the ion-pair
formation constants for the various equilibria in
solution eg. ( (C:H5):N*, ClOs~ ), ((CHs)N*, Br—),
and ((CHs)N+*, I=) probably do not exceed the
value of 10 M1
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Figure 3. Conductometric titration curves in sulfolane at
30°C: 2Silver perchlorate solution 0.1 N titrated with
KI 1 N; b Potassium bromide solution 2.5X10-* N titrated
with AgClO, 4x10-? N; ¢ Silver perchlorate solution 7x10-* N
titrated with KSCN 1 N. In abscissa the ratio « moles of
titrant/moles of titrated » is reported.

(7) M. Della Monica and U. Lamanna, J. Phys. Chem., in press;
R. Fernandez-Prini and J. E. Prue, Trans. Faraday Soc., 61, 1257
(1966).
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In the case of AgClO, titrated with KI, the conduc-
tometric curve (Figure 3a) presents two inflexions: the
first one at the equivalence point and the second
when the precipitate of silver iodide is completely
dissolved. The ratio between the moles of the KI
added at the two points is 1.33. This is in accord
with the formula for the complex ion Ag:l,~ which
was obtained from the potentiometric results. As may
be seen from Figure 3a, until the equivalence pont
is reached the conductivity slowly decreases because
the silver ions are replaced by slower potassium ions.?
After the equivalence point, the complex ions are
formed according to the reaction:

3Agl +K*+1 =Agl, +K*

and the conductance of the solution increases. Once
all the precipitate is dissolved, the further addition
of KI causes a sharper increase of the conductance.
The different slopes of the curve after the equivalence
point means that the mobility of complex ions is
lower than that of I~ ions. In addition, since the
conductance changes sharply when 1.33 equivalents
of I~ ions are added for 1 equivalent of Ag* ions, it
may be stated that the complex ion is very stable.

Also in the case of KBr titrated with AgCIlO, the
conductometric titration curve (Figure 3b), presents
two inflexions for a ratio [Ag*]/[Br~] equal to 0.5
and 1 respectively. From this the formula of the
complex appears to be AgBr,~ which agrees with the
potentiometric results.

In the case of the titration of silver with SCN~
the formation of complex ions after the equivalence
point does not affects the shape of the potentiometric
and conductometric curve as in the case of the Br~
and I~ ions. The precipitate is completely dissolved
when more than 3 equivalents of SCN~ ions have
been added to one of Ag*.

Tentatively the simultaneous presence of complexes
such as Ag(SCN),™ V- (m=2, 3,4) have been as-
sumed and the value of the solubility product
constant has been calculated in the range between
the complete precipitation and the complete disso-
lution of the silver ion. These values are constant
(Table IV) only when one complex, Ag(SCN),", is
assumed to be present in solution.

The conductometric titration curve shows only one
inflexion at the equivalence point. The value of the
over-all formation constant $ indicates that, the Ag-
(SCN) precipitate will be completely dissolved only
in a large excess of SCN~ ions. This explains the
lack of a sharp inflexion in the conductance curve
when 2 equivalents of KSCN have been added to 1
equivalent of Ag*. After the equivalence point the
conductance increase of the solution is due both to
the complex ions and the SCN~ ions in concentration
almost equal (see Table IV).

(8) Ref. No. 1. From the data of Table II, a ), *=4.75 can be

calculated. The j + for K+ ion is 4.05.
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