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Metal Halide and Pseudohalide Complexes in Dimethyl Sulfoxide
Solution. V. Equilibrium Measurements on the Zinc(II) Chloride,

Bromide, Iodide and Thiocyanate Systems

STEN AHRLAND and NILS-OLOF BJORK

Inorganic Chemistry 1, Chemical Center, University of Lund, P.0.B. 740, S-220 07 Lund, Sweden

The formation of chloride, bromide, iodide,
and thiocyanate complexes of zinc(II) in
dimethyl sulfoxide has been studied at 25°C
by central ion measurements. An approxi-
mately constant ionic medium of ionic strength
= 1M has been provided by means of ammonium
perchlorate. All complexes formed are stronger
in DMSO than in water and more so the harder
the ligand, i.e. the more prone the ligand is
to form hydrogen bonds. Consequently, the
(a)-character of zinc(II) becomes even more
marked in DMSO than in aqueous solutions.

In previous parts of this investigation, the
changes of free energy, enthalpy and entropy
accompanying the stepwise formation of chlo-
ride, bromide, iodide, and thiocyanate complexes
of cadmium(II) have been measured and the
results compared with those obtained earlier
for the analogous reactions in aqueous solution.!
The measurements have now been extended
to the corresponding complexes of zine(II).
Though both zinc(I1I) and cadmium(II) are
divalent d'® acceptors and consequently often
react in much the same way, their coordinating
properties are nevertheless rather different.
Contrary to cadmium(II), zine(II) very much
prefers the light donor atoms to the heavy
ones in aqueous solution, i.e. zinc(II) is a
hard acceptor, much harder than the mildly
soft cadmium(II). A comparison between the
behaviour of these two acceptors in DMSO
and water is therefore of considerable interest.?

In the present study, the stabilities of the
zinc(II) chloride, bromide, iodide, and thio-
cyanate complexes in DMSO have been deter-
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mined potentiometrically by means of a zinc
amalgam electrode at 25°C.

As in the cadmium(II) measurements,! an
ammonium perchlorate medium of ionic
strength =1 M has been employed. The
corresponding measurements in aqueous solu-
tion 3¢ have been performed in sodium perchlo-
rate media but as sodium chloride is not very
soluble in DMSO,® such media are not practical
in the present measurements.

Seemingly, no investigations of the stability
of the zinc(II) complexes in DMSO have been
reported so far.

CALCULATIONS

The notation is the same as before.! The
stability constants have been calculated from
the potentiometric measurements of the free
central ion concentration, both graphically
and numerically. The graphical method has
earlier been discussed in detail. Only the final
expressions will therefore be given here.

In the cells measured, the stable and repro-
ducible cadmium amalgam electrode has been
used as a reference:

Cy M Zn(Cl0,), 1.00 M
—Zn(Hg) | C;, M NH,L NH,CIO,
NH,CIO, to I=1.00M

10.00 mM Cd(ClO,),
NH,CIO, to
I=1.00 M

The difference Ey between an emf E measured
at a certain value of Cp and the emf E’ at
Cy,=0, where Cyy=[M], is

Cd(Hg) +
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Ey=(RT/2F) In (Cy/M)) Ay

If only mononuclear complexes are formed
N .
Cy/M}=X=1+ _Zlﬂj[L], (2)
. ja

which with (1) yielc_ls
Ey=(RT/2F)In X (3)

The ligand number is given by
N .
A= ,Z'Jﬁj[L]’/X (4)
’-

or approximatively by

oF  ABy

= (5)
RT In 10 4 log [L]

The functions Cp(Cy)ey Will be straight
lines with the intercepts Cy=([L] for Cy=0
and the slopes =#. For the numerical calcula-
tions the least-squares program EMK* has
been used. This program is a simplified and
faster version of the program used earlier. The
present version is restricted to calculations on
systems of mononuclear complexes. The best
set of p; is found by minimizing the following
error square sum

N
U(8) =i§]wi(EM,i,calc — By (6)

where w; is a weighting term, here=1.

It may reasonably be assumed that the
liquid junction potentials are negligible in
the cells measured. From the values of E’, it
is then possible to calculate the difference
AE°(DMSO) between the formal standard
potentials of the cadmium and zinc amalgam
electrodes, on the concentration scale and in
a medium of I=1M (NH,CIO,):

AE°(DMSO) = E°{Cd(Hg)} - E°{Zn(Hg)}
RT, C

=8+ ——In JM_
T 27 " o1 (7
For water, the corresponding difference
4E°(aq) has not been measured in the medium
stated. The very similar activity functions?
found for such salts of cadmium(II) and zinc(II)
which are extensively dissociated in aqueous
solution (nitrates, sulfates) indicate, however,
that the activity coefficients of Cd*+ and Zn?+

varies in much the same way with the medium,
as might also be expected. The difference
4E°(aq) should therefore be approximately
the same for I=1 M (NH,IO,) and for
I=0 where it is very accurately known.’
Hence A4E°= AE°(aq)— AE°(DMSO) referring
to I=1 M (NH,CIO,) can be calculated with
fair accuracy. This quantity is the change
between water and DMSO for the difference
between the formal standard potentials of
cadmium and zinc amalgam. An identical
change occurs, of course, between the standard
potentials of cadmium and zinc metal as these
differ from the amalgam electrodes only with
respect to the activity of the metal in the elec-
trode phase. The quantity 4E° is in fact the
emf of a cell with the cell reaction

Cd*+(aq) + Zn*+(DMSO)-» Cd*+(DMSO)
+ Zn®*(aq) (8)

which is evidently independent of the electrode
material. The free energy change of this ex-
change reaction is

AG° = — 2F AE° (9)

EXPERIMENTAL

Chemicals. The hexasolvate Zn(DMSO ),-
(Cl0,), and all ligand solutions were prepared
and analyzed as described previously.l»

Zinc amalgam was prepared and stored as
described by Persson.® The amalgam contained
~2.5 9% zine. The exact concentration is not
critical since a two-phase amalgam is formed °
between 2.18 and 45 9, at 25°C.

The apparatus and the procedure have been
the same as before.! The reproducibility of the
emf’s measured was generally better than
+0.04 mV for low values of Cy. At values of
Cy~50 mM, it was still better than +0.2
me for all the systems. For higher values of
Cy, the emf’s were increasingly less reproduc-
iblfe. The reason for this is that the higher
complexes predominating in this concentration
range do not contribute to the exchange current,
as has been shown by measurements of the
electrode kinetics.l! At Cy~500 mM, the
reproducibility had decreased to about +2mV
for the chloride and thiocyanate systems and
to +1 mV for the bromide. For the weak
iodide system the reproducibility was better
than +0.1 mV even at the highest values of
Oy, used (2500 mM).

The final values of K were reached within
30 min and were extremely stable. Within the

Acta Chem. Scand. A 30 (1976) No. 4



next 5 h, the variation generally did not exceed
+ 0.02 mV. If left for 24 h, the values changed
by =~0.3 mV. Also at high values of C; (> 60
mM), a similar change was observed whenxéhe cell
was left standing.

The validity of Nernst’s law has been checked?
in the range 5 mM< Oy <40 mM. The value
of E°(DMSO) was constant within +0.3 mV.

MEASUREMENTS AND RESULTS

The difference between the standard potentials
of cadmium. and zinc in DMSO and water.
A value of AE°(DMSO)=2363.9 mV is found.
In water, at I1=0, E°{Cd(Hg)}= —352.0 mV,
t.e. 50.6 mV more positive than E°(Cd)=
—402.5 mV,* while no perceptible difference
exists between the potentials of zinc and zinc
amalgam', E°{Zn(Hg)}=E°(Zn)= —762.8 mV.®
A value of 4E°(aq)=410.8 mV results, judged to
be approximately valid also at I=1. Hence
4E°=46.9 mV, and 4G°,= —9.05 kJ (eqn.
9), implying that Cd®t is favoured relative
to Zn®*t by a transfer from water to DMSO,
¢f. eqn. 8. Evidently, the solvation in DMSO
relative to water is markedly more favourable
for Cd?+ than for Zn*+,

Zinc chloride and zinc bromide. If data refer-
ring to the highest values of C; employed
(360 mM) are included in the calculations,
the error square sum of eqn. 6 becomes much
higher than if they are omitted. If the high
values are included, the first three mononuclear
complexes are unambiguously identified. The
fourth one cannot be positively proved, especi-
ally as the random errors are so large in that
upper range of concentration where it might
possibly exist. The upper limit of the stability
constant is given in Table 1. ; :

Since other evidence 1'% also indicates
that central ion measurements at high ligand
concentrations may be subject to serious
systematic errors, no data for C;$60 mM
are included in the final calculations.

In the range of C) thus chosen, both the
numerical and the graphical evaluation indi-
cates only the first three complexes. The con-
stants calculated by the two methods agree
very well. The complex formation function
calculated from B, to f,, eqn. 4, coincides well
both with the values of 7. calculated from eqn.
5. and with those found from the slopes of the
C1(Cy)-lines, Fig. 1.
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Fig. 1. The complex formation functions of
the zinc(IT) systems. The curves are calculated
from eqn. (4). The slopes of the Cy(Cy)Ey-
lines are denoted by circles, values from e n
(5) by triangles. The symbols are filled
the thiocyanate system. The potentlometrw
measurements reach as far as 7#=2.80 for
CI™, 2.45 for Br~ and 3.5 for SCN™. The parts
of the curves extending beyond these values of
7 are based on the calorimetric measurements
descnbed in the next paper.

Zinc todide. Graphical and numerical evalua-
tion of the measurements indicate three mono-
nuclear complexes. The sets of g; found by the
two methods of calculation agree very well.
The complex formation function calculated
from the set given in Table 1 coincides well
with the values of # found from eqn. § but
not so well with those found from the slopes of
the Cp(Cy)-lines. For such a weak complex
system as the present one this is not very
surprising, however, as the EM(O'L) functlons
vary only little with Cy.

Zinc thiocyanate. As for the chloride. and
bromide systems, no.data for Cp 360 mM
are included in the final calculations of the
thiocyanate system. In this system, however,
both the graphical and the numerical évaluation
indicate four mononuclear complexes, with
good agreement between the two sets of p;.
The complex formation function calculated
from the numerical set (Table 1) is fulldrawn
in Fig. 1. Both the values of # from egn. §
and those found from the slopes of the CL(C'M)
lines fit very well to this function.
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Table 1. The overall stability constants f, for the halide and thiocyanate systems of zinc(II) investigated.
The limits of error given correspond to three standard deviations. Medium: 1 M NH,CIO,.

Cr- Br~ I© SCN™
BJM™? 86+ 25 7+2 0.20+ 0.04 24+ 2
Bo/M— (6.8+0.2)10% (5.4+ 0.4)10° 5.1+0.3 630+ 430
Ba/M—3 (1.18+ 0.04)10° (1.2% 0.1)10° 7.2+ 0.5 (1.6 0.3)10°
B M (<10%) (<2x 10%) - (7.2% 0.6)10°
DISCUSSION in DMSO, as shown by the very low value of

As pointed out in the introductory paper of
this series,! complexes formed by ligands
able to participate in hydrogen bonding should
be relatively more stable in the aprotic solvent
DMSO than in water. All the systems inves-
tigated here are in fact stronger in DMSO
than in water, Table 2. Particularly the chloride,
but also the bromide complexes are much
stronger. For the iodide and thiocyanate
complexes the increase'is relatively modest.
The stabilities thus increase as expected, viz.
more the harder the ligand. The result is,
of course, that zinc(II) acquires an even more
marked (a)-character in DMSO than in water.

For all the zinc halide systems, the first
complex has a very narrow range of existence

Table 2. Stability of zinc halide and thiocyanate
complexes in DMSO and water, at 25°C.

CI- Br- I~ SCN~

DMSO, 1 M NH,CIO,
K, 86 7 0.20 24
K, 7900 770 26 26
K, 170 22 1.4 250
K, <10 <2 45
K,/K, 0.011 0.009 0.008 0.92
K,/K, 46 35 19 0.10
K,K, >17 >11 5.6

Water, 3 M NaClO, 1 M NaClO,
K, 0.65 0.27 0.03 5.10
K, 0.38 0.15 2.2
K, 5.6 3.3 1.4
K, 2.1
K,/K, 2 2 2.3
K,/K, 0.07 0.05 1.6
K,/K, 0.67
Ref. 3 18 18 4

the ratio K,/K,, Table 2. Also in the cadmium
halide systems,! one of the complexes has a
very narrow range of existence in DMSO,
but in these systems the second complex is
the disfavoured one.

For the cadmium systems the thermody-
namics of the formation of the consecutive
steps indicate that the narrow range of the
second complex most probably depends upon
a change of coordination.! This change mainly
takes place at this very step.

It has been proved by X-ray analysis?!®
that the zinc ion in aqueous solution exists
as a hexahydrate, of regular octahedral struc-
ture. For the DMSO solvate in solution no such
structure determination has been performed.
A solid solvate Zn(DMSO),(CIO,), is easily
prepared,* however. The hexacoordination most
probably persists in solution, with the solvent
molecules in a regularly octahedral arrange-
ment. On the other hand, solid halide complexes
containing discrete tetrahedral groups ZnL2~
and XnL,(H,0)~ are known,'%!? indicating
a preferance for tetrahedral coordination in
zine halide complexes. It is therefore likely
that the narrow range of existence of the first
complex in the zinc halide systems is due to
a change from octahedral to tetrahedral
coordination. A closer scrutiny of this must
await the determination of the enthalpy and
entropy changes of the complex formation,
however, which will be the theme of the next
paper in this series.

The thiocyanate systems of cadmium(II)
and zinc(II) behaves quite differently. In the
former,! none of the three complexes is dis-
favoured, while in the latter the second complex
has a fairly narrow range of existence, Table 2.
In water,* the third zinc complex is the weakest.
Also for the thiocyanate system, a full dis-
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cussion can be undertaken only when the
changes of enthalpy and entropy for the various
steps have been measured.
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