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Synopsis. The stability constants, K3 and K, of
[Cd"X,]2" (X=CI~, Br~, I", NCS™) complexes in methanol
have been determined by X~ ion measurements with Ag-AgX
and NCS~ ion selective electrodes at 25 °C.

With the confirmation of the structural postulation,
the formation of cadmium halide and thiocyanate
complexes at any consecutive step accompanying the
conformational change was earlier investigated by
Ahrland and his co-workers in dimethyl sulfoxide.!3
Those investigations were performed at high ionic
strength. We have previously studied the formation of
mono- and dihalide and thiocyanate complexes in
methanol at an ionic strength of 0.05 M (1 M=l
moldm™3).4# The thermodynamic stability constants
of mono- and dihalide and thiocyanate complexes, K,
and K, have been studied. In this extended study, we
aimed to determine the thermodynamic stability con-
stants of tri- and tetrahalide and thiocyanate com-
plexes, K3 and K,. In the present study, all potentio-
metric measurements were carried out at low ionic
strength because it was extremely difficult to evaluate
an ion activity coefficient at high ionic strength. The
octahedral structure of both aquocadmium and sol-
vated cadmium ion in dimethyl sulfoxide solution was
postulated from an X-ray diffraction analysis.>®
Moreover, the tetrahedral structure postulation of
cadmium tetrahalide complexes in aqueous solution
were confirmed by X-ray diffraction studies.>7
Recently, the ambidentate coordination of N and S
with cadmium at the formation of tri- and tetrathio-
cyanate complexes in aqueous solution has been pos-
tulated as [Cd(SCN)(NCS),]- and [Cd(SCN),-
(NCS),J*~,%9 For these reasons, a conformational
change will take place at any consecutive step of the
formation of cadmium(II) halide and thiocyanate
complexes.

Experimental

Materials. Cadmium(II) perchlorate hexahydrate was
prepared by neutralizing cadmium carbonate (Nakarai,
Guaranteed Grade) with perchloric acid.!® This hexahy-
drate salt was purified by triple recrystallization from dis-
tilled water and was then dried on a vacuum line over
diphosphorus pentaoxide for three days in order to obtain a
dihydrate salt. The preparations of the other reagents were
described in previous papers.11;12)

Instrumentation. Outlines of the instrumentation and
measurement procedure were described previously.!:12 In
the present study, the sensor for I~ was a Horiba iodide ion-
selective electrode 8005-06T. All measurements were carried
out in a closed cell thermostated at 25.0£0.1°C. The cell
contained 40 cm3 of sample solution before titration.

Data Treatment and Results

In general, the following equilibria are established
in methanol:

[CdXpa P+ X~ == [CAX, " (Kn; n=1—4) (1)
Cd2*+Cl0,~ == [CdACIO,]* (K1a) @)

By considering these equilibria, a function, 7, defined
as the average number of ligands, X~, attached to the
metal, M2%, is written as:

A= (Cx—{X"1)/Ck
= (NBUX T 292Bo [ X+ 3y3Bs[ X P+ 4y B X1/
(149:1K1a[ClO4 ™)+ 91 Bi[ X714y B X +
Y3B[X P+ 9484 X7TH).  (3)

Ci and Ck are the total concentrations of Cd(ClO,), and
NaX respectively, and B, is the overall stability cons-

tant (B"=ﬁl K,). It has been assumed that ions with an

identical absolute value of charge have the same ion
activity coefficient at 1=0.05 M.1? Thus, this assump-
tion leads to y1=ys+, yo=y3=y2+y+%, and y4s=y+*, where
y+ and yg+ are the ion activity coefficients of mono-
and divalent ions, respectively. By rearranging Eq. 3,
the following equation is obtained:

Ai(l +y,K1a[Cl047]) = By(1 — A)y [ X7] +
Ba(2—7)yo[ X712+ B3(3 — A)ys[ X P+
By(d— Ry [X7]4 4)

Here, 7 and [X~] are measurable and K14 has already
been determined by conductometric measurements.!®

Now, in consideration of the equilibria 1—3, the
concentration of Cd?* is:

[Cd2+] =Cw(1+ 'y1K1A[ClO4_] +
Y1BUXT]+ y2Ba X7 P+ 3B3[ X B+ 9B X719). (5)

In order to calculate the y,, y,, v3, and y4 values, the
Debye-Hiickel second approximation has been used:

Iny=—Az21"2/(1+Bal'*?). (6)

Data processing started with initial values of [C1O4~]=
2Cu+Ct and of y,, 3, y3, and y, values at I=0.05 M.
By the use of these values, B, were initially estimated
by a multiple regression analysis with weighted terms
according to Eq. 4. Those n values were used to calcu-
late [Cd?*], [CdX,2"], and [C1O,4~]. Then, I was calcu-
lated by the use of [Cd2*] and [CdX.27"]. Since this
calculated I value was slightly different from 0.05 M,
[X~] was corrected by a y+ value since the calibration
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Table 1. Thermodynamic Stability Constants of Cadmium Halide and
Thiocyanate Systems in Methanol at 25 °C

X~ Ky/M™! K,/M™! K3y/M™! Ky/M™! K3K,/M™2 By/M™

Cl (1.83£0.01)X108 (9.4%3.4)X10?

Br (3.5£0.2)X108 (4.4%0.7)X103 (7.9£3.5)X10% (1.210.5)X101

1 (7.8£0.2)X10° (2.540.2)X10* (1.1£0.2)X10% (2.2£0.6)X10% (2.310.5)X105 (4.51+1.0)X101¢

NCS  (7.240.1)X105 (1.740.1)X103 (5.3£3.2)X103 (6.5+3.9)X1012

Table 2. Concentration Stability Constants of Cadmium Halide and Thiocyanate
Systems in Methanol at 25 °C: I=0.05 M

X- yo+K1/M™! y+2Ko/M™1 K3/M™1 (y+%/y2+)Ke/ M1 (y+%/92+)K3Ke/M™2 9448,/ M4
cl (1.5%0.01)X105 (2.5+0.9)X10?
Br (2.9£0.2)X105 (1.130.2)X10° (2.5£1.1)X10*  (8.2+3.4)X1012
I (6.54£0.2)X105 (6.6:£0.6)X10% (1.1£0.2)X103  (6.941.9)X102 (7.2+1.6)X105  (3.0£0.9)X101
NCS  (5.9410.05)X10* (4.510.3)X10? (L.7£1.0)X10*  (4.412.6)X10!

-3 -2

-4
log[X]
Fig. 1. Average coordination numbers, 7, as a func-

tion of log[X~]: @ chloride; [J bromide; O iodide;
A thiocyanate. Dashed line: experimental line.

was made at /=0.05 M.* Here, we could return to Eq. 4
with new values of 1, [C10,7], and [X~]. This series of
processing was repeated until B, values became
constant.

Table 1 shows the stepwise stability constants,
including K; and K,. The y2+ and y+ values at I=0.05
M are 0.08285 (a=5° A)* and 0.5110. The concentra-
tion stability constants are summarized in Table 2.
The products of K3;K, are shown in Table 1.

Discussion

For the chloride system, K3 and K, were so small that
they could not be determined under this experimental
conditions (Fig. 1), that 71 does not exceed 2. Similarly,
in the bromide system, 7 does not exceed 3 due to the
small values of K3 and K,. For the iodide system, the
complex was formed up to tetraiodide under this
experimental conditions and generally, thermody-
namic stability constants decrease in the order

K, >K,>K;>K, Besides, the stabilities of halide
complexes decrease in the order I">Br~>Cl-, as
shown in Fig. 1, since cadmium(II) is a soft acid, pref-
erring to coordinate with soft donor ligands.!41% In a
protic solvent like water, the same sequence was found
for cadmium(II) halides in various ionic media.?

The existence of [Zn(MeOH)sJ?* and [Zn(MeOH)s-
(Cl0y)]* was postulated from a proton magnetic
resonance investigation of the zinc-methanol system.16)
For this reason, the solvated cadmium ion probably
has an octahedral [Cd(MeOH)s)?* structure in this
study. Additionally, according to the structural postu-
lation described above (introduction), it can be
obviously seen that the structural change of an
octahedral coordination to tetrahedral coordination
will certainly occur at any consecutive step of forma-
tion of cadmium(II) halide complexes in methanol.

According to the K, value, we have discussed earlier?
how the steric hindrance of ligands in an octahedrally
coordinated structure would suppress the formation of
cadmium dihalide complexes; it would cause the value
of K, to become small, making the ratio of K;/K,
extremely large. Therefore, it was impossible for a
coordination change to take place at the second step.
In other words, it will take place at the subsequent
steps.

The coordination change at the subsequent steps
was confirmed by a Raman study!'” on the C,v, bent
structure of CdBr;~ in an aqueous solution. For this
reason, it is quite possible that CdBr;~ and CdI;~ have
a tetrahedral structure with a solvent molecule at an
apex in methanol. Our results did not clearly indicate
the step at which the conformational change occurs
viz. the formation of a trihalide complex or the forma-
tion of a tetrahalide complex. However, an extremely
small K, value may support a change at the third step.
If data on enthalpy and entropy changes is available,
they will be of great help in discussing the conforma-
tional change in greater detail.
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