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Abstract - The structures of solvated cadmium ions and cadmium
iodide complexes in water and in DMSO solutions were studied by
means of X-ray diffraction at 25 °C. In an aqueous perchlorate
solution a cadmium ion has six water molecules in the first
coordination sphere with a Cd-O bond length of 2.292(5) &. The
same value, 2.292(3) R, is found in crystals of [Cd(H20)6](C104)2.
The Cd-O bond length of the hexasolvated cadmium ion In a per-
chlorate solution in DMSO is 2.292(5) & and the corresponding
value in crystal of [Cd(DMSO)g](Cl0O4), is 2.291 & (Sandstrdm,

et al. (21)). The car? complex has five water molecules in the
coordination sphere in the aqueous solution. The Cd-I and Cd-0
bond distances within the C4I(H0)5* complex is estimated to be
2.80(5) R and 2.30(5) &, respectively. Although the number of
solvent molecules combined with the CAdI* complex in the DMSO
solution has not been determined with a reasonable accuracy, the
Cd-I bond distance within the complex is found to be about 2.75 X.
The structure of the CdI, complex has not been determined in any
of the two solvents because of low concentrations of that species.
The CdI3~ complex is pyramidal in DMSO with a Cd-I bond length

of 2.773(3) & and an I-Cd-I angle of ca.l112(1l)°. However, no
structural measurement has been possible for the CdI3~ complex

in the aqueous solution, because the concentration of the complex
in water is rather low. The CdI42' complex has a tetrahedral
structure in both water and DMSO solutions. The Cd-I bond
distance within the complex is 2.79(1) & and 2.790(3) & in water
and DMSO, respectively.

The Raman spectrum of the CdI42' complex in water show a pattern
typical of a tetrahedral complex, the bands appear at 34, 46, 117
and 142 cm~l. A very similar spectrum of the complex is found
in DMSO (40 - 50, 115 and 142 cm~l). For the CdI3~ complex the
freguency of the Cd-I stretching vibration appears at 120 - 122
cm~+ in both water and DMSO. Thus, no significant difference is
observed in the structures, bond lengths or Raman spectra of the
CdI42' (and perhaps CdI3~, too) complex in the two solvents.

Introduction

X-Ray diffraction techniques were applied to studies on structures of liquids
and amorphous solids almost immediately after the work of Bragg (l). Debye and
Scherrer (2) obtained diffraction patterns of paraffine in 1916. Even for
water, some pioneering works were done in 1930 - 1931 (3-5), which were follow-
ed by the famous work by Bernal and Fowler (6). Results of structure studies
on simple liquids such as argon (7) and krypton (8) have given an experimental
base for the theoretical treatment of liquids with the use of the methods of
statistical mechanics. Molecular dynamic simulations recently developed can
give radial distribution curves for atoms in liquids, which can be compared
with those experimentally obtained by X-ray and neutron diffraction measure-
ments.

Although structures of liquids have been investigated rather extensively by
X-ray and neutron diffraction methods, studies on structures of complexes which
only exist in solution are very limited. They are often deduced from crystallo-
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graphic data by assuming them to have the same structures as complexes of
similar composition in the solid phase. Knowledge of formation constants and
other thermodynamic data for the complexes in solution can also give informa-
tion on their structures, but conclusions based on this type of indirect
evidence may sometimes lead to erroneous results.

Direct determinations of structures of molecules and complexes in solution by
means of X-ray and neutron diffraction give more reliable results which can,
in turn, be used for interpretations of thermodynamic data on liquids and
solutions of complexes.

X-Ray diffraction methods have been used for structure determinations of several
aqua complexes in solution. Early investigations include alkaline (9) and
alkaline earth (10) metal ions in water. Structures of solvated metal ions, as
well as some anions, in water and in other solvents have later been studied,

and extensive information on structures of solvated ions in various systems is
now being accumulated with the efforts of many workers in this fields (11-15).

Structures of halido complexes of metal ions in solution have been studied
rather extensively compared with other complexes. Structural changes of halido
complexes sometimes occur in solution when solvent molecules in the first coor-
dination sphere of a metal ion are replaced by ligand atoms. Such changes are
often indicated by thermodynamic measurements when irregular changes in enthal-
pies and entropies of formation of complexes are observed. Even colors of
solutions can change when coordination numbers of metal ions are changed.
However, direct evidence for structural changes of complexes in solution is
obtainable only by applying X-ray diffraction techniques to the systems.

Solvent effects on complex formation have usually been estimated from thermo-
dynamic data. Dielectric constants of solvents have been believed to be the
essential factor for the solvent effect (16). However, behavior of electro-
lytes in different solvents having similar dielectric constants show that the
dielectric constant is not only the factor which controls solute-solute and
solute~solvent interactions in a solution.

Various attempts have so far been made by many workers to interprete the solvent
effects in non-aqueous solutions. Gutmann's donor and acceptor numbers (17)

are known to be useful as measures of solvent effects. The bond-length vari-
ation rules proposed by Gutmann (18) can gqualitatively explain experimental
observations of structural changes of molecules and complexes in solutions.
However, very few experimental determinations of bond lengths within molecules
and complexes in solutions have been reported. Here, again, X-ray and neutron
diffraction and X-ray absorption (EXAFS) methods become indispensable for deter-
mination of bond lengths between atoms in various media.

In this paper, the structures of cadmium iodide complexes in water (19) and in
DMSO (20) solutions are given, and bond lengths within the complexes are
compared for the two solvents. A comparison of the structures of complexes
with different numbers of iodide ions are also made in the two solvents. Results
of Raman spectroscopic measurements are helpful for the discussion.

Experimental procedures

Sample Solutions. The solutions were prepared by dissolving weighed amounts of
CdI, and Nal in water or in DMSO. The compositions of the solutions are listed
in Table 1. In solution A, Cd(Cl04), was used instead of CdI,, and in solution
B a suitable amount of Cd(ClO4), was added to a CdI, solution. The structure
of the solvated cadmium ion in DMSO solution has been determined by Sandstrodm,
et al. (21), and the results is also included in this paper (solution D in
Table 1) in order to allow a comparison with the corresponding aqua ion.

Method of Measurements and Treatment of Data. X-Ray diffraction measurements
were carried out at 25 °C by using a 06-6 type X-ray diffractometer (JEOL, Tokyo).
MoKo radiation (A = 0.7107 X) was used. The range of the scattering angle (28)
was 2° to 140°, which corresponds to the range 0.31 -1 < 5 < 16.6 &-1 (s =

472" lsin o).

The measured intensities were scaled in the usual way (22,23), and the reduced
intensitied i(s) were obtained (24) as follows:

i(s) = Ie) - In {(f,(a) + bFN2 + (AFNZY + 2(e) 1,17 (e) &)
T
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TABLE 1. Compositions of sample solutions (g-atom dm_3)
Water DMSO
Sample
A B c p? E F G

cd 2.920 1.265 2.246 0.685 2.49 1.70 1.33
I - 0.917 11.39 - 4.98 5.03 5.04
cl 6.303 2.552 - 1.370 - - -
Na - 0.917 6.899 - - 1.62 2.38
S - - - 13.33 11.52 11.28 11.20
o] 66.02 58.33 30.60 18.81 11.52 11.28 11.20
c - - - 26.66 23.0 22.6 22.4
H 81.15 96.27 61.21 79.98 69.1 67.7 67.2
I/cd 0.00 0.725 5.07 0.00 2.00 2.96 3.79
a

M. Sandstrdm, I. Persson and S. Ahrland, Acta Chem. Scand.,
A32, 607 (1978).

where I(s)"denotes the scaled intensities, f. the scattering factor of atom <,
Af} and Af, the real and imaginary parts of khe anomalous dispersion, , respec-

tively. @(s) represents the fraction of the incoherent scattering, I;"%%(s),

reaching the counter.

The radial distrinution function D(») were calculated as

s
1[ MaXs.i(s) M(s)-sin (rs)ds (2)

D(r) = 4ﬂr2po + 2pm
0

where M(s) = {fﬁ(O)/fi(s)}exp(—0.0lsz). A represents Cd in the aqueous system
(19), while A denotes I in the DMSO system (20). 6 is the average scattering
density.

Contributions to the reduced intensity function from a pair interaction "Zj"
were calculated from the expression

icalc(s) = ;;nij{(fi(s) + Afé)(fj(s) + Afé) + (Afg)(Afg)}
sin (»..s)
-—w--exp(-b. .32) (3)
(r..s) vJ
1d

Here, r;; is the distance between the two atoms, n;; is the number of such
interactions, and b;; is a coefficient related to the root-mean-square varia-
tion in the distance. Parameter values were refined by means of a least-
squares procedure in which the sum U = te2{i(s) - icalc(s)} was minimized.

Scattering factors f; for the neutral atoms (25.26), correction terms for
anomalous scattering (27) and values for the incoherent scattering (28,29) were
taken from the literature. Corrections for the Breit-Dirac factor (30-32) were
made.
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Results and Discussion

When several complexes coexist in a solution, it is usually necessary to know
the formation constants of the complexes for analyzing X-ray scattering data.
The formation constants of CdIn(z'” * complexes (n = 1 - 4) have been reported
in both water (19b,33) and DMSO (34). Since concentrations of metal ions, as
well as anions, are so high in the sample solutions used in the present X-ray
diffraction measurements, the formation constants determined in solutions of
relatively low ionic media should be used with caution. The formation con-
stants sometimes vary markedly with concentrations of reacting species and
medium salts. For the analysis of the X-ray data, we used formation constants
of the complexes given for the highest ionic strengths so far reported. In
aqueous solutions, values determined in a 4 mol dm=3 NaClO4 medium are available
(19b) . Howeyer, in DMSO solutions, the highest concentration of medium salts
is 1 mol dm™2 NH4ClO4 (34). Although the concentrations of the sample solu-
tions useg in the present X-ray diffraction measurements are much higher than
1 mol dm™~ in the DMSO system, we used the literature values as a first ap-
proach for analyzing the data.

In solution A (and also D) only solvated cadmium ions are present, since
complexes are not formed between Cd2* and Cl04~ ions. 1In the other solutions
containing iodide ions several complexes may coexist In solution B, Cd2* and
cart exist, together with very small amounts of CdIr,%v, Cdiz~ and CdI42', which
are neglected in the course of the analysis of the scattering data. In solution
C, only the CdI42- complex is formed, since the solution contains a large

excess of iodide ions. 1In solution E, almost all kinds of complexes from Cd2+
to CdI42~ can be formed, and therefore, analysis of the data is difficult and
the result obtained for this solution may be less certain compared with the
results in the other systems. 1In solutions F and G, both CdI3~ and CdI42-

are present. In the former solution, the CdI3~ complex may be the main species,
while in the latter, CdI42- is predominant.

Details of the analytical procedures of the scattering data obtained for these
solutions have been described elsewhere (19b,20). Therefore, the final results
are summarized in Table 2.

TABLE 2, Structural parameters for the cadmium iodide complexes
in water and in DMSO.

Complex Water DMSO
Cd(solvent)2+ n==6 n = 6b b
" - (2.31(2) &, Pogeo = 2-292(5) APy
’ca-o 2.292(5) A2 rcq...s = 3.42(1) &
CdI(solvent)n+ n =25 n =72 o
reg-o = 2.30(5) & Peg-o = 2-3(1) & |
rcg-1 = 2.80(5) & reg...g = 3-4(1) &
rgg-1 = 2.75(1) &

0 — -
CdIz(solvent)n

CdI3(solvent)n - n =1 o
I’cd_o = 2.3(1) A
rCge..g = 3-4(1) &
rCa-1 2.773(3& A
r7-1 = 4.61(2)
LI-Cd-I = 112(1)°

I

CdI4(solvent)n2 n =20 o n =20 °
reg-1 = 2.79(1) A rog-1 = 2.790(3% A
ri_7 = 4.56(2) & ri.7 = 4.57(1)
LI-Cd-I = 109° (I-Ca~-I = 110.0(5)°

a Unpublished data. b M. Sandstrdm, I. Persson and S. Ahrland, Acta Chem.
Scand., A32, 607 (1978)
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Raman spectra of aqueous cadmium iodide solutions with various 7 values (7 =
the ligand number: average number of iodide ions combined per cadmium atom)
are shown in Fig. 1 (19b). Very similar spectra, except bands due to DMSO
molecules, have been found for cadmium iodide solutions of DMSO (35).

400 S(IDO

ns=l.2

Intensity

23?/’%, A

Frequency, cm™

o]

Fig. 1. Raman spectra of aqueous cadmium iodide solutions with
various # values, together with resolved bands on the horizontal
background (reproduced from Denki Kagaku, 45, 367 (1977)).

As is seen from Table 2, the Cd-I bond distance within the CdI+ complex is
essentially the same as that within the CdI42' complex in water. The bond
length within the latter complex is not dependent on the solvent. These results
are different from those found in mercury halide solutions (36,37). Raman -1
spectra of solution C (aqua solution) show four peaks over the_range < 200 cm
(the lowest curve in Fig. 1), that is, 34, 46, 117 and 142 cm™+, which are
attributed to the frequencies due to the CdI4é” complex of Tq symmetry. A DMSO
solution which contains the CdI42‘ complex as the major species also shows
Raman bands at 40 - 50, 115 and 142 em~l (35). within experimental uncertain-
ties, no significant difference can be found between the two spectra. Since
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the bond lengths of the Cdl 2- complex in water and in DMSO are the same, the
strength of the Cd-I bond within the complex in these solvents is concluded to
be the same, independent of the solvents (the bgcg-1 values of the CdI,2-
complex in water and in DMSO are 0.004 22 and 0.0035 R-2, respectiveiy).

Although the bond lengths within the CdI3~ complex in the aqueous solution have
not been determined in the present study, a similar conclusion to that derived
for the CdI42‘ complex described above may be drawn for the CdI3- complex,
because the Raman bands of the aqueous and DMSO solutions containing the CdI3_
complex as a predominant species appear at similar positions in both solutions,
i.e., 120 - 122 cm™* (35). Although resolution of the peaks to bands attribut-
ed ta each complex in the solutions could not be achieved, it may be expected
that frequencies of the Cd-I bonds within the CAI,~ complex are not signifi-
cantly different in the solutions, and thus, the bond strengths within the
complex may be similar in the two solvents.

However, enthalpies of formation of the CdI3~ and CdI42' complexes, as well as
cdIt and CdI,, are very different in these solvents (38). Values of AH® are
more negativé in water than in DMSO. On the other hand, AS° is more positive
for all the complexes in DMSO than in water. As a result, AG° values of the
complexes become similar in the two solvents (34) (see Table 3).

TABLE 3. Values of AG°, AE®° (kJ mol—l) and AS° (J K_l mol-l)

for the overall formation of the complexes CdIn(2'")+ in water
and in DMSO (34,38).

Water DMSO
(1 mol dm™3 NaClo,) (1 mol dm™> NH,C10,)

863 -10.7 -12.5
AGS -15.3 -20.3
863 -24.9 -37.1
A6 -32.5 -43.8
b3 -10.2 2.4
pHS -12.3 29.4
bH -18.2 24.4
- -35.0 14.9
883 2 50
885 10 167
853 22 207
¥ -11 197

Since the strengths of the Cd-I bonds within the CdIl 2- complex (and perhaps
within the CdI3~ complex, too) may be approximately e same in water and in
DMSO, the enthalpies and entropies of formation of the complexes can not be
explained by different interactions between cadmium and iodide ions in these
solvents, and the difference should be interpreted in terms of different
ion-solvent interactions, i.e., cadmium and perhaps also iodide ions — water
and DMSO molecules, in these media.

Since DMSO has a larger donor number (and a smaller acceptor number and a lower
dielectric constant) than water, DMSO molecules probably react more strongly
with the soft cadmium ions to form stable solvated ions than water molecules do.
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Therefore, when DMSO molecules in the solvation shell are replaced by iodide
ions, less negative AH° values than in the aqueous system may result. According
to Ahrland, et al. (39), the enthalpy of solvation of free cadmium ion in DMSO
is more negative by -67 kJ mol~l than that in water.

On the other hand, release of solvent molecules which are strongly coordinated
and well oriented to the central metal ion from the solvated cadmium ions may
give rise to a larger entropy gain in DMSO than in water. As we see in Table 3
the entropies of formation of the CdIn(z"n)+ complexes in DMSO are always much
more positive than those in water (38). Solvation of iodide is weak in both
solvents (39). Interactions between the solvent molecules in the bulk and the
iodide ions in the coordination sphere of a cadmium ion do not appreciably
influence the strength of the Cd-I bonds, because no significant difference
has been observed in the bond lengths and frequencies within the complexes
examined in the two solvents.
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