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The Complex Formation of Bismuth (III) with Chloride in
Aqueous Solution. A Solubility Study

LARS JOHANSSON

Division of Inorganic Chemistry, Chemical Center, University of Lund, S-220 07 Lund 7, Sweden

From the variation of the solubility of BiOCl(s) with hydrogen
and chloride ion concentration, the complex formation between B3t
and CI” has been elucidated. The complexes are mononuclear, 7.e.
of the form BiClL,t"+, n=1,...,6, with the stability constants,
Br=9.2x10% 1.9x10% 5.0x10% 7.6x10°% 4.1x10% and 2.3 X 10°,
respectively. The data refer to 25°C and a 4 M sodium perchlorate
medium.

Several authors have studied the complex formation between bismuth(III)
and chloride ions.r* The methods used, as well as the experimental condi-
tions such as temperature and ionic medium have differed widely, however,
and the spread in the results is considerable, regarding the nature as well as
the stability of the species formed. This is especially true at high [C1™], where
for instance Newman and Hume ® explained data from spectrophotometric
measurements in solutions of [Cl ]<4 M by assuming BiCl,” and BiCl,* to
dominate. Ahrland and Grenthe,® on the other hand also included BiClg®~
in their explanation of potentiometric data ([Cl ]<0.9 M), while Haight
et al.? could fit solubility data ([Cl7]<<4 M) with BiCl,~ and BiClg3~. It has usu-
ally been taken for granted that the complexes are mononuclear. That such
is the case in 4 M Cl was shown by Haight.?

In the present investigation the bismuth(III) chloride system has been
studied by a solubility method, employing BiOCl(s) as solid phase. Besides
giving further information about the system, the investigation was also aimed
at illustrating how the presence or absence of polynuclear complexes can be
shown by solubility measurements. The utilization of solubility measurements
has been discussed in more detail elsehwere.?

The solubility of BiOCl(s) has been studied earlier by, e.g., Noyes et al.®
and Yatsimirskii.® Neither held the ionic strength constant, a fact which
makes their results less valuable. Yatsimirskii varied [C1™] at constant [H*],
as well as [H*] in chloride free solution. Ahrland and Grenthe ¢ performed
solubility measurements at constant ionic strength (2 M) and varied [Cl ]
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at constant [H*] (1 M). Under these conditions, the maximum [Cl™] attainable
was low (< 0.1 M).

In the present investigation, [H*] has been varied, as well as [Cl"]. Conse-
quently, the solubility can always be kept at a convenient level, and higher
ligand concentrations can be reached. In addition, one is enabled to judge
whether polynuclear complexes are formed or not.

EQUATIONS

The solubility § (=total bismuth concentration) of BiOCl(s) in various
solutions is measured. The initial concentrations of hydrogen ion, Cy, and of
chloride ion, C;, are varied.

Under the conditions considered here BiOCl(s) may as well be written as
Bi(OH),Cl(s) or M(OH),L(s), M and L being the species taking part in the
complex formation studied (¢f. Ref. 7). If, then, various complexes M,L,
are formed, m>1, >0, the solubility is

8 =2 mM,L,] (1)
The solubility product ’
K, = [M][OH" P[L] (2)
may be written (since [H*]J[OH ]1=K,,)
K* = [MJH*]*(L] (3)

Introducing K * and

Bum = ML, )/ (IMJ"[LT")
into equation (1) yields

8 = > m(K*)"B,,[H* P [L]"" (4)
From eqn. (4) the following derivatives may be obtained

(Floss) 3 min—m)M,L,]
[H*]

dlog [L] S m[M,L,] = n—m (5)
010gS _ "‘2,;1 m2[Man] _ . (6
(3 log [H] )m S mp Ly " )
dlog ]\ _ _, 2 "I .
( dlog [L] )s“ S P 3 mAM,L] @

m,n

The symbols n—m and m are used to indicate that these functions (defined
by eqns. (5) and (6)) are averages of the prevailing values of n—m and m,
respectively.
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In the present investigation, it turns out that only mononuclear complexes
are formed, i.e. m=1 for all complexes. Then, the derivatives become simpler

(0 log 8/0 log [L])py = i—1 (5")
(0 log 8/d log [H*])z; = 2 (6)
(0 log [H*}/9 log [L])s = —% (A—1) (7)

Here, @ is the ordinary ligand number.? Eqn. (4) may be written, for mono-
nuclear complexes
SH*? = 3 K*B,[L]" = KXL]7? X (4)

n

where X=3 B,ILT" (fo=1)

Thus, from plots of log § vs. log [L] and log [H*], a first orientation as to
which complexes are formed may be obtained by the aid of eqns. (5)—(7).
K *L]1X may then be calculated (eqn. (4')). From K *[L]'X as a function
of [L], the constants K.* and f, may be obtained.

Hydrolysis. Eqns. (1)—(7) can easily be changed to cover also the possibility
of Bi—OH and/or mixed Bi—OH—CI complexes being formed. Any complex
may then be written Man(OH)p, m=>1, n=>0, p>0. The solubility will be

8= 3 mM,L,(OH)] = 3 m(K.*)" Bpunl LI "[H*]2"* (8)

Eqn. (6), for instance, becomes
(0 log S/0 log[H* ))zy = 2m—p (6")

Computation of [H*], [L] and 7. When BiOCI(s) dissolves, and complexes
are formed, [L] and [H™*] change slightly. If only mononuclear M—L com-
plexes are formed, the following correction equations apply

[H*] = Cy—28 (9)
[L] =0,—@A-1)S (10)

Often, the differences between Cy and [H*], and between C; and [L], respec-
tively, are negligible. When such is not the case, [H*] can always be calculated
by eqn. (9) while the calculation of [L] requires the knowledge of 7. As long
as the difference between O} and [L] is small, only approximate 7 values are
required, which may be obtained e.g. from slopes of log S vs. log C} at constant
Cy (eqn. (5')). Since [H*] is not always exactly constant along such curves,
more precise 7 values are best obtained by eqn. (7') in the following way:
log § is plotted vs. log [L] for each constant value of Cy. The curves are then
cut at some suitable constant values of S (to fulfill the condition in eqn. (7)).
[H*]is calculated for each point obtained. Log [H*] is then plotted vs. log [L],
the slopes of the obtained curves being —}(7—1) according to eqn. (7).
(If necessary, 7 and [L] can be refined by repeating the procedure, using the
obtained 7 in eqn. (10) to yield a better [L], which is used to improve the plots,
etc.)
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EXPERIMENTAL

Chemicals. All chemicals used were of analytical grade. A stock solution of Bi(ClO,)s,
was obtained from Bi,O; which was dissolved in an excess of HCIO,. The solution was
standardized by precipitating and weighing samples as BiOI(s). Sodium chloride solutions
were obtained by weighing calculated amounts of NaCl, dried at 130°C for 10 h. The
sodium perchlorate solution was made from NaClO,-H,O (Fluka). The pH of this solution
was adjusted to =9 by the addition of NaOH. After about a week’s standing the solution
was filtered from precipitated hydroxides, neutralized by addition of HCIO,, and stand-
ardized by evaporating and weighing samples as NaClO,. In the finally prepared 5 M
itocli) solution, no chloride could be detected. The pH was found by a glass electrode to

e about 4.

Bi0Cl(s) for solubility studies. 25 ml 0.5 M Bi(ClO,), (in excess HCIO,) and 25 ml
0.6 M NaCl were added slowly to =11 of hot water, under powerful stirring. The mixture
was kept hot for 6 h, whereupon the salt was transferred to the saturator (see below),
washed with large amounts of a solution of Cy=1 and Cy,=0.1, and allowed to stand for
a week before any measurements were made. )

Considerable experience %%° has shown that BiOCl(s) is the only solid phase present
at the concentrations of H+ and CI” prevailing in the solutions used here.

Apparatus, equilibration. About 3 g of BiOCl(s) was placed in a solubility column
similar to the one described earlier.’ The column was immersed in a thermostat at 25°C.
Solutions to be saturated were pushed through the bed of solid by the aid of air pressure.
With the flow rate employed, =1 em/min =1 ml/min, the solution appeared to be at
least 98 9 equilibrated after one passage. Normally 5 or more passages were employed,
and the equilibration was checked frequently. With one solution, equilibrium was also
approached from supersaturation: The solution was first equilibrated at 30°C, where the
solubility was shown to be higher, and subsequently passed through the solid a couple
of times at 25°C. The solubility thus obtained did not differ significantly from that
obtained from unsaturation, a fact which proves that equilibrium really was attained.

Analysis. Equilibrated solutions were analyzed for Bi spectrophotometrically at 455
nm, after addition of sodium iodide to [I"]=1 M, sodium hypophosphite (to 0.2 M), and
perchloric acid (to 0.5 M). It has been shown earlier * that the absorbance at 455 nm is
independent of [I"]. Now it was checked that Beer’s law was followed (within 0.3 9%,
for absorbances between 0.2 and 2.1. It was also found that addition of C1™ up to 1.4 M,
or additional 1 M H+, did not affect the absorbances significantly.

Reproducibility. Normally, at least two samples of a solution were equilibrated. With
few exceptions, the solubilities of these samples agreed within 1 %,.

The solubilities of two different samples of BiOCl(s), the one normally used (prepara-
tion, see above) and one prepared by simple mixing of the components at room tempera.-
tl;l‘e were also compared. For the same solution, the solubilities agreed within the limits
of error.

Conceniration ranges. Check of [H+]. The solutions had the composition: Cy M HCIO,,
C1, M Na(Cl, (4—Cx—Cy) M NaClO,. The following values of Cy were chosen: 1.0, 0.3,
0.1, 0.03, 0.01, and 0.003 M. For each Cy, values of Cp, were chosen so as to give solubilities
between =10~ M and =10~°M. The range of Cy, from 0 to 1.4 M was covered. Above this
upper limit, a substantial part of Cy is consumed during the dissolution’ of BiOCI(s),
thus making [H+] rather uncertain. In the solutions of lowest C'y (highest C1,) employed,
[H+] after equilibration was checked with a glass electrode. The values found agreed
very well with those obtained by eqn. (9). (The values used in Table 2 are obtained by
eqn. (9).)

RESULTS

The obtained solubilities are given in Table 1. For each Cy, log S was
plotted vs. log C;. A first inspection showed that the vertical differences
between the curves were such that (4 log S/d log [H*])x;=2, approximately,
over the whole range studied. According to eqn. (6’), then, the complexes
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Table 1. Experimentally determined solubility of BiOCI(s).

(8% OLX 108 Sx 104 OHX 108 OL Sx10*
M M M M M M
1.000 0 2.839 31.72 0.200 0.423

1.000 1.040 0.250 0.913
2.000 0.792 0.300 1.839
5.000 0.715 0.400 5.41
10.00 0.936 0.500 11.98
20.00 1.860 10.12 0.300 0.198
50.0 8.94 10.12 0.400 0.596
0.3160 20.00 0.174 10.12 0.500 1.441
50.0 0.811 10.11 0.600 2.774
100.0 4.70 10.11 0.800 7.52
150.0 15.25 3.273 0.600 0.321
0.1001 80.0 0.230 3.266 0.800 0.998
100.0 0.440 3.260 1.000 2.109
150.0 1.598 3.247 1.400 5.47
200 4.06
300 16.60

are mononuclear. Eqn. (10) was therefore used to correct for the changes in
[L]. Then, log 8 was plotted vs. log [L] (Fig. 1).

It was now possible to calculate (0 log S/d log [H*])z; more accurately,
from the differences between curves. For low Cy, a value of 2.004-0.03 was
obtained, while, between the two highest Cy; the distance was slightly greater,
giving (0 log S/d log [H*])1;=2.1, on the average. This slight deviation is

log

I IS -1 logil] 0

Fig. 1. Circles: Experimentally obtained
solubility of BiOCl(s) as a function of [L],
for various Cy, with best -curves drawn.
From left to right, Cy=1.0, 0.3, 0.1, 0.03,
0.01, and 0.003. Dashed curves indicate
corrected solubility (eqn. (11)).

"6 - B — T T

0 1 1
-4 -3 -2 -1 log{l] 0

Fig. 2. Points: 7, obtained according to

eqn. (7’) for solubilities 5x 10° M ([J),

1.0x10* M (0), 2x10* M (A), and

1.0x10* M (V). The filled circle is ob-

tained from the minimum of the curve of

Cu=1,in Fig. 1. Curve: Calculated from the
final set of constants.
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not thought to be due to polynuclear complex formation, since it seems to
be dependent on Cy rather than, e.g., on the total bismuth concentration.
Hydrolysis, which might interfere at these low [Cl7], may also be ruled out:
according to eqn. (6”’), hydrolysis would result in a smaller distance between
the curves. The most natural explanation is, that the deviation is a medium
effect, due to, e.g., a slight change in K, when H* is substituted for Nat*.
A good fit with the experimental data was obtained when a linear variation
with [H*] was assumed, .. when the solubility was corrected according to
the formula

Score = 8/(1 + o[H*]) (11)

using «a=0.3. The correction was negligible except for the 2—3 highest Cp.
The implication of this correction is that the finally computed constants are
valid in 4 M NaClO,, rather than in a mixed (Na,H)CIO,.

The curves, log Scorr vs. log [L], (Fig. 1) were cut at log Scor=—4.3, —4,
—3.7, and —3. For each point thus obtained, [H*] was calculated according
to eqn. (9). Log [H*] was then plotted vs. log [L], with Scor as parameter.
From the slopes of these curves, 7 was obtained by eqn. (7’) as described on
p. 550. Fig. 2 shows 7 as a function of log [L]. The different values of § give
concurrent values of 7, a fact which is another indication that the complexes

Table 2. Corresponding values of Sors [H+] and Scor[H1]"%, as functions of [L]. In
the region where S is not given, Scor has been obtained directly from Fig. 1. The values
in the last column are calculated from the final set of constants.

S x 10* Seorr X 104 | [H+]x 10? [L]x 10° Scorr[H+1"x 10¢
M M M M obs cale

2.839 2.187 999.4 0.228 2.187 2.199

1.040 0.800 1000 1.048 0.800 0.788

0.792 0.609 1000 2.021 0.609 0.611

0.715 0.550 1000 5.00 0.550 0.567

0.936 0.720 1000 9.95 0.720 0.714
1.995 1000 24.80 1.995 1.990
0.501 316.0 41.45 5.02 5.04
1.000 315.9 57.1 10.02 10.10
1.995 315.7 75.4 20.02 19.93
0.501 -100.0- 105.0 50.1 49.8
1.000 1999 131.6 100.2 99.6 .
1.995 99.7 162.5 200.7 200.0
0.501 31.62 211.1 501 503
1.000 31.52 256.3 1007 1019
1.995 31.32 306.3 2034 2048
0.501 10.02 384 . 4990 5000
1.000 9.92 457 10160 10090
1.995 9.71 547 21160 21130
0.501 3.17 670 49 800 49 300
1.000 3.07 800 106 300 104 500
1.995 2.86 980 244 000 250 000

5.47 5.47 2.156 1397 1180 000 1180 000
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are mononuclear. Fig. 2 also shows clearly that # reaches values higher than
5, for high [L]. This tends to prove, that a complex with more than five
ligands is formed.

K * [L]? X was calculated from corresponding values of Scorr and [HT],
according to eqn. (4') (Table 2). The values from the intersection at
log Scor=—3 were not used here, since their K *[L]?X wvalues coincide,
mainly, with those at log Scor=-—4. On the other hand, solubilities at
[L]<102 M and [L]>1 M were included, the experimental points being
used directly.

The values of K* and the various 8, were determined by graphical extra-
polations.’? The values were then refined with a least squares program on a
computer, which also gave the standard deviations of the constants.

There was no indication of the formation of any complex with more than
six ligands. It was therefore concluded that N=6. Furthermore, the formation
of a relatively strong fifth complex had to be assumed. The second and fourth
complexes, on the other hand, are relatively weak.

The following values of the constants were obtained (units M™)
f1=1(9.24-0.4) X 102, f,=(1.940.5) X 10%, B,=(5.04-0.4) X 108, f,=(7.643.3) X
X 108, Bo=(4.14-0.2) X 108, fo=(2.3-+0.2)x 108 and K *=(4.140.1)x 1078,

DISCUSSION

The study presented here supports the view expressed in an earlier article,’
that solubility measurements constitute an accurate method which can often
be arranged in such a way that the number of metal ions as well as ligand
ions in the complexes can be elucidated.

For the explanation of the present data, as well as those obtained by,
e.g., Mironov et al.’® and Haight et al.,2 the assumption is required that a
sixth complex, BiClg®", is formed. The data of Newman and Hume ® do not
exclude the formation of BiClg2~, although those authors chose BiCl;2~ as the
final complex (cf. discussion by Haight?). N=5 has also been favoured by
Dyrssen.® However, the solvent extraction data presented in Fig. 3 of his
paper? can quite clearly be better explained with N=86, according to the
present author. The measurements by Ahrland and Grenthe ¢ are inconclusive,
regarding the final complex, since only moderately high [Cl™] were employed,
and the reproducibility was rather poor.

Regarding the existence of BiCl,*, besides the final BiClg®", Haight’s
data 2 seem to be best explained if BiCl;?~ is excluded. On the other hand, the
same complex is necessary to explain the data of this study as well as the
data of, e.g., Mironov et al.13

A Ramau study by Oertel and Plane !4 supports the view that both
BiCL;> and BiCls®*" exist in solution.

The observed narrow range of existence of the second complex seems to
be in agreement with most other studies.#%13 It may be noted that Newman
and Hume 5 reported some serious trouble with establishing the stability
constant and molar absorbance for BiCl,*.
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Table 3. Comparison between the results of some representative studies on the Bi*+ —CI™

system.
0" —> 1 2 3 4 5 6
Ref. I log B,

Newman ° 1 M 2.4 3.5

Loman ¢ 1.9M 2.3 3.9 5.3

Ahrland © 2 M 2.4 3.7 5.4 6.1 6.7 6.6
Mironov 3 3 M 2.2 3.5 5.8 6.8 7.3 7.4
This work 4 M 3.0 4.3 6.7 6.9 8.6 8.4
Newman * 5 M 5.8 6.2 6.7 —

As Table 3 shows, the stability constants obtained by various authors
differ appreciably. Most of the differences may be explained as resulting
from differences in medium. Thus, the table shows that most of the constants
increase when going from 2 M to 3 M to 4 M ionic strength, a trend which also
has been found by Desideri and Pantani,'® at least for the higher complexes.
The set of constants given by Newman and Hume® at 5 M ijonic strength
deviates from this pattern, however.

Summarizing, a substantial amount of data supports the view that BiClg3~
is the final complex, while some disagreement remains about the existence
of BiCl;>".

Preliminary calculations show that the solubility method used here would
unfortunately be less successful on the bismuth(1II) bromide system: only
low [L] could be reached, where the complex formation is far from comple-
tion. However, the region of high [L] is, also on this system, the one where
interesting and controversial results have been claimed. In particular, Preer
and Haight 18 reported the formation of BiBrg>~ at high [Br™].

The author is indebted to Dr. C. G. Ekstrém for providing the computer program.
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