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X-Ray diffraction data on concentrated aqueous
solutions of cadmium(Il) sulfate and perchlorate
show the hydrated cadmium(II) ion to have a regular
octahedral structure not significantly different from
the one found in crystals of CdSO,(H,0)s,; and
Cd(ClO,),(H,0)s. The Cd—O bond length in
solution is found to be 2.28(1) A. In the sulfate
solutions, the scattering data give evidence for
complex formation between Cd** and SO2~ with
the sulfate group bonded as a monodentate ligand.
The Cd—O-S angle is 134(2)°, which is similar to
corresponding values found in crystals of
CdSO4(H,0)g,3. No corresponding complex forma-
tion between Cd2* and ClO; occurs in the per-
chlorate solution. A method is described for the
quantitative evaluation of the complex formation
in the sulfate solutions by using the perchlorate
solution as a reference.

In the present work an attempt has been made to
analyze, from X-ray scattering data, the complex
formation between a moderately heavy metal ion,
Cd?*, and sulfate ions. In order to eliminate, as far
as possible, the influence from the unknown inter-
molecular interactions the data for the sulfate solu-
tions were analyzed by comparison with a reference
solution of cadmium perchlorate in which no com-
plex formation with the anions takes place.
Previous X-ray diffraction measurements on
cadmium(Il) solutions include aqueous nitrate !
and perchlorate? solutions and perchlorate and
halide solutions in dimethyl sulfoxide (DMSO).>*
In all of these the solvated cadmium(II) ion has been
found to have a regular octahedral structure, while,
for example, the CdI2~ complex is tetrahedral.*
Several values have been reported for stability con-
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stants of the cadmium(Il) sulfate complexes.® The
first complex, CdSO,, seems to be well established
and the occurrence of the higher complexes,
Cd(SO,);~ and Cd(SO,)3~ has been claimed by
some investigators. Formation constants for poly-
nuclear complexes have not been given.

Crystals of cadmium(II) perchlorate hexahydrate
contain octahedral Cd(H,0)2* ions with Cd—O
bond lengths of 2.292(3) A.° The same complex
occurs in crystals of cadmium ammonium sulfate
hexahydrate,” where the average Cd — H,O distance
has been found to be 2.28 A. In CdSO,(H,0)g)3,
however, both water molecules and sulfate groups,
acting as monodentate ligands, are coordinated to
the cadmium ion.® The coordination sphere is still,
however, an almost regular octahedron (Fig. 1).
No significant differences occur between distances
from Cd** to oxygens of water molecules and to
oxygens belonging to sulfate groups.®®

The compositions of the solutions investigated,
which were all 3 M in sulfate, are given in Table 1.
The perchlorate solution, which was 3 M in per-
chlorate, was used as a reference, since no complex
formation between Cd?* and ClO; is expected and
the perchlorate ion has the same tetrahedral struc-
ture and contains the same number of electrons as
the sulfate ion. In order to vary the extent of com-
plex formation in the sulfate solutions, the Cd?*
ions in some of the solutions were partly replaced
by NH; or H*.

EXPERIMENTAL

Preparation and analysis of the
solutions

The solutions were prepared by weighing appro-
priate amounts of reagent grade CdSO,(H;0)g/3,
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Fig. 1. Stereoscopic drawing of part of the crystal structure of 3CdSO,-8H,0, showing the surroundings
of the two non-equivalent cadmium ions in the structure.

(NH,),S0,, H,SO,, or Cd(ClO,),(H,0),, dissolv-
ing in water and diluting to a known volume. The
solutions were analyzed for Cd>* by colorimetric
titration with standard EDTA.!! The sulfate and
perchlorate concentrations were determined by
passing a portion of a solution through a column
with a cation exchanger (Dowex S0W-X8) and
titrating the eluate with standardized NaOH solu-
tion.

Densities were determined with a digital precision
densimeter (Anton Paer K. G.).

X-Ray scattering measurements

Data for the solution S3 were collected with a
0 — 0 X-ray diffractometer for liquids, manufactured
by Rich. Seifert and Co., which has been previously

described.’ The X-ray scattering from the solutions
SN3, SA3, and CIA3 was measured in a similar
0— 6 diffractometer built in Stockholm.!?
MoKa-radiation (1=0.7107 A) was used and the
range in 6, which could be covered, varied from
~2° to ~68° corresponding to an s range (s=
4nsin 6/4) between ~0.6 and ~16.4 A~!. Measure-
ments were performed at discrete points at intervals
of 0.25° up to 6=40°, and of 0.5° to 6=68" for the
S3 solution. A constant angular interval of 0.25° in
the whole range from 6=2° up to §=68"° was used
for the SN3, SA3, and ClA3 solutions. Two combina-
tions of opening, receiving and scattering slits,
were used to cover the complete O-range. For each
slit opening the measured intensities after correc-
tions for background radiation (about 0.8 counts per
second) and absorption !? were recalculated to a

Table 1. Compositions of solutions. The concentrations are given as mol 17! (upper figures) and as
number of atoms in the stoichiometric unit of volume, V/A3 (lower figure). Column 8 gives the
stoichiometric volume, containing one S or Cl atom, used for data normalization. The last column

gives the absorption coefficient of the solutions.

Concentrations v u
Solu- Ratio 3 Y
tion s o H N a & (@)
SO,:Cd
S3 10 309 309 6678 1089 — — 53817 1192 3M CdSO,
1 1 21.64 353 - -
SN3 3.09 1.0 309 5904 1098 417 — 53826 537 1M CdSO,+2M(NH,),SO,
032 10 19.14 356 135 -
SA3 3.09 10 3.09 6261 1047 -— — 53826 5.39 1 M CdSO,+2MH,S0,
032 10 2030 339 - -
ClO,:Cd
CIA3 3.08 10 - 60.78 980 -— 3.08 539.13 5.65 1 M Cd(C10,),+1 M HCIO,
033 - 1973 318 -— 1
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common slit width with the use of measurements in
overlapping regions. The time interval required to
accumulate 100000 counts at each measured point
was recorded. The whole angular range was
scanned twice. Differences between the two data sets
were usually less than 1 %; of the measured intensities
and average values were used for the final set of
data.

The amount of incoherent radiation passing
through the monochromator was estimated from
the spectrum of the X-ray tube and the resolving
power of the monochromator. It was also estimated
by comparing measurements obtained with a
zirconium filter placed between the X-ray tube and
the sample with those obtained with the filter
between the sample and the detector.!3 All measure-
ments were carried out in a room thermostated at
25+2°C.

Symbols

I(s)  Scaled intensity values after correction for
background, polarization, and absorption

i(s) reduced intensity values

Smax  the maximum value of s=4n/Asin 6 acces-
sible in the measurements

D(r) the radial distribution function

p, . the average scattering power of the
stoichiometric unit of volume

Mod(s) the modification function in the Fourier

transform

n; number of atoms in a stoichiometric unit of
volume

f{s) the scattering factor for atom “i”

Afi(s) the real part of the anomalous dispersion

199
1

correction for atom
Afi(s) theimaginary part of the anomalous disper-
sion correction for atom “i”
fraction of the total incoherent scattering
reaching the counter
I; incon(s) incoherent scattering of atom
K the damping factor in the exponential part
of the modification function Mod(s)
the distance between the atoms “i” and
the temperature coefficient for the distance
between the atoms “i” and “j”
the radius of the sphere around a complex
“i* defining the emergence of the continuum
the temperature coefficient in the expression
for the interaction between the complex and
the sphere defining the surrounding con-
tinuum
1 4 the stoichiometric unit of volume

del(s)

6299
1

66399
J

S
or &

w =
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Treatment of the intensity data

All calculations were carried out on an IBM
360/75 computer with the use of the KURVLR and
PUTSLR programs.'*

The measured intensities were corrected  for
background radiation and absorption. After scaling
to a common slit width, corrections were made for
polarization in the sample and in the mono-
chromator by dividing with (1 4 cos 2« cos?26)/(1 +
cos2x), where 2o is the scattering angle at the
monochromator. Smoothing of the data by fourth
differences was applied for all solutions.!® The
corrected intensities were normalized by comparison
with the total independent scattering using both
integral and high-angle methods.'®"'” Scattering
factors, f{(s), for the neutral atoms were used,'®*°
except for H, where those proposed by Stewart
et al.*° were employed. Values of anomalous dis-
persion corrections, Af(s) and Af;(s), for all atoms
were taken from Cromer.?! Values for the incoherent
scatterin; for the heavy atoms were those given by
Cromer.?? For hydrogen, Compton and Allison’s
values 23 and for the H,O molecule the spherical
form factors given by Narten and Levy 2* were used.
Corrections for the Breit-Dirac factors2%~27 in the
appropriate form for a radiation counter, (1/4)?,
were applied. Reduced intensity values were cal-
culated from eqn. (1).

i65)=1(5)~ I {[(s) + AR + (A G +
+del(S)LA/A T2, ineob(s)} )

The summations were performed over all atoms
in the stoichiometric unit of volume, V, which was
in most cases chosen to correspond to a volume
containing one sulfate or perchlorate group. The
function del(s) was determined as described above.

The electronic radial distribution functions,
D(r), were calculated by means of the Fourier
transform according to eqn. (2), where the modifica-

D)= 4mr%p.t @rfn) ] si9Modiopintrads @
tion function, Mod(s), was chosen to be

{[Z"i If {0)+Af] ;]]2 + [Z"iAf 1%/ {[Z"i [fi(s) +
+AS+[EnAf 1P e

A value of 001 was used for K. The average

scattering power in el?/A3, p,, was calculated from
the expression:

po={[Xnlfi0)+ AR+ [T ALYV

The reduced intensity functions were corrected for
low-frequency contributions leading to spurious
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peaks below about 1 A in the D(r) functions. This
was done by a Fourier transformation of the relevant
part of the D(r) curve, taking into account expected
contributions from intramolecular H,O, NH;,
SO3~ or ClO; interactions extending into that
region.!3

Intramolecular contributions to the intensities
were calculated according to the expression:

icads) = LY (Als) + Af(Nf(s) + Afils)) +

|
i)

+Af{()Af(5)]

sin ry;s exp(— bijsz)
r; jS
Here bij=%<Ar2> is a coefficient, equal to half
the mean square variation in r;;. When the variation
in ry; is caused only by molecular vibrations, the
amplitude of vibration is equal to Ar. Corresponding
peak shapes were obtained from the calculated
intensities by a Fourier transformation carried out
in the same way as for the experimental intensities.!*
Least squares refinements of model parameters
were made with the use of the PUTSLR program,'*
connected with the generalized least squares
LETAGROP program,®® searching the minimum,
in a selected s range, for the function:

U= Zw(s)['obs(s) - icalc(s)]z

where w(s) is the weight given to each experimental
point.

Tables of normalized intensities and reduced
intensity values for the investigated solutions are
available from the authors on request.
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Fig. 2. Observed s-i(s) values (dots) as a function of
s=4nA"!sin@ for the four solutions investigated.
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Fig. 3. The radial distribution function and cal-
culated peak shapes for the cadmium perchlorate
solution (CIA3). a. Peak shapes calculated for the
intramolecular interactions of H,O, ClO;, and
Cd(H,0)2*. b. The experimental D(r)—4nr’p,
function (solid line) and the difference curve
(dotted line) obtained after subtraction of the peaks
in a. ¢. Calculated contributions to the distribution
function from the assumed tetrahedral water struc-
ture (solid line) and from interactions between Cd
and water molecules in a second coordination
sphere (long dashes) and between Cl and water
molecules assumed to be packed around ClOg
(short dashes). d. Comparison between the ob-
served D(r)—4nr?p, function (solid line) and that
calculated with the parameter values given in
Table 2.

Analysis of the data

The reduced intensity values, i(s), multiplied by s,
for the solutions investigated are shown in Fig. 2.
The electronic radial distribution functions D(r)
and D(r)—4nr?p, are shown in Figs. 3 and 4 for the
perchlorate solution and in Figs. 6 and 7 for the
sulfate solutions.

The perchlorate solution. The radial distribution
curve shows expected peaks correspondingto C1—-O
interactions at 1.4 A and Cd—H,0 interactions at
2.3 A, with peak sizes of a magnitude expected for a
tetrahedral ClO; group and an octahedral
Cd(H,0)?* complex. More accurate parameter
values for the distances and temperature coefficients
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Fig. 4. The observed (solid line) and the calculated
(dotted line) D(r) function for the cadmium per-
chlorate solution. The difference between them is
given by the dashed line. Long dashes indicate the
4nr?p, function.

of these interactions were obtained in a least squares
refinement using the high-angle part of the intensity
curve in which the intramolecular interactions
should give dominant contributions. The refine-
ments were done assuming a regular tetrahedral
symmetry for ClO; and a regular octahedral
symmetry for Cd(H,0)Z*. The results are given in
Table 2. The Cd—H,O bond length of 2.292(5) A
is the same as the value of 2.292(3) A found for
the Cd(H,0)2* complex in crystals of Cd(ClO,),-
(H,0),.° The Cl—O distance within the perchlorate
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group does not differ significantly from values
previously found in crystals®23% and in solu-
tions. 23132

The corresponding peak shapes calculated with
the parameters determined (Table 2) are shown in
Fig. 3a. Subtraction of these peaks from the
observed D(r)—4nr?p, function gives a difference
curve (Fig. 3b) which is consistent with the assumed
structures of the complexes. Remaining significant
peaks in the distribution curve occur at about 2.9 A,

"corresponding to water-water contact distances, at

4.4 and 6.5 A. The two last peaks obviously contain
contributions from many different types of interac-
tions. The 44 A peak probably includes second
water-water interactions from the remaining water
structure in the solution. Closely packed water
molecules around a Cd(H,0)2* complex — a
second coordination sphere — will give Cd—H,0
interactions in the same region and the same may
be true for water molecules around a ClO; ion
(Fig. 3¢).

A fairly precise reproduction of the experimental
D(r) curve up to and including the 4.4 A peak can
be obtained by introducing these types of interac-
tions (Figs 3d and 4). The calculated curve has been
obtained by assuming the solution to contain
discrete tetrahedral ClO;, octahedral Cd(H,0)2",
and tetrahedral H,O(H,0), complexes, approxi-
mating intermolecular interactions with a con-
tinuous electron distribution outside a sphere of
radius R surrounding each complex.!# The param-
eter values used are given in Table 2. The close
agreement between calculated and observed D(r)
functions (Figs 3d and 4) and between calculated

Table 2. Parameter values used for the calculation of theoretical curves.

Interactions Parameter values

Cd06 Octahcdron Ycd-o- 2.29 A de_o: 00046 A3 bo_o: 0.0051 AZ
R=40A (454) B=0.02 A?

ClO, tetrahedron Fa-o: 1439A  bg_o: 0.0032A%2  by_o: 0.0037 A2
R=33A B=002 A?

SO, tetrahedron rs—o: 148A  bg_o: 0.003 A2 bo-o: 0.0044 A2
R=33A B=0.02 A?

H,O(H,0), tetrahedral structure ry,o_g,0: 286 A b=0.015 and 0.3 A2
RZ475A B=0.1A?

Cd—08S0; in complexes Cd—O0-S 133° raa-s: 348 A b=0017 A?
Faa-o: 3.55, 44, 44 A
bei-o: 0.03, 0.08, 0.08 A2

Cd—(H,0) Taa-mo: 433A  boy_pyo: 00442 py =12

S—(H,0) Fs—mgo! 374A  bs_ g0t 004A%  py =12
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Fig. 5. Observed (dots) and calculated (solid line)
si(s) values for the cadmium perchlorate solutions.
The dotted line in the lower half of the figure gives
the difference (si(s))ops — (SHS))catc-
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Fig. 6. The experimental D(r)—4nr’p, functions
(solid lines) for the sulfate solutions compared with
functions calculated with (dashed line) and without
(dotted line) an assumed complex formation.
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Fig. 7. The experimental distribution functions for
the sulfate solutions (solid lines) compared with
calculated functions (dotted lines). The parameters
given in Table 2 have been used. The difference
between experimental and calculated functions are
ngen by dashed lines. Long dashes indicate the
4nr?p, functions.

and observed s-i(s) values (Fig. 5) is consistent
with the assumption of the occurrence in the
solution of regular octahedral Cd(H,0)Z* com-
plexz(is and free ClO, ions not coordinated to the
Cd

The sulfate solutions. The distribution curves for
the sulfate solutions (Figs. 6 and 7) show essentially
the same features as that of the perchlorate solution,
with the exception of an additional peak at about
3.5 A. This can be identified as a Cd — S interaction
involving a cadmium ion and the sulfur atom of a
coordinated SO}~ ion. In crystals of CdSO(H,0)g 3
corresponding Cd S distances involving sulfate
groups bonded as monodentate ligands (Fig. 1)
vary between 3.35 and 3.48 A (average value 3.44 &),
which corresponds to Cd — O — S bonding angles of
124.5 to 135.7° (average value 131°).%

A quantitative evaluation of the number of
sulfate groups coordinated to each cadmium ion
requires a separation of the corresponding interac-
tions in the intensity curves or in the distribution
curves. In order to achieve this, the following
approximate procedure, based on a comparison
with the perchlorate solution, was used.

Acta Chem. Scand. A 35 (1981) No. 5




As shown above, the major peaks in the radial
distribution curve for the perchlorate solution can be
explained by a model consisting of discrete com-
plexes ClO;, Cd(H,0)2*, and H,0(H,0), as-
sumed to occupy spherical holes in an evenly
distributed electron density. If the calculated con-
tribution to the distribution function from each
complex, including both intramolecular interac-
tions and intermolecular interactions, estimated
according to the assumed approximation, is denoted
by P, we can write for the experimentally determined
distribution function:

{D(r)—4nr*p,} percttorate = Pcro, - + Paagt0062+ +
+ Pu,001,014 + Poore

The last term includes the differences between the
experimental distribution curve and that calculated
from the simplified model assumed. For the sulfate
solutions, we can write correspondingly:

{D(r)_4n2po}sulfale = PSO42 -+ PX +
+ P 1,011,014 + Peorr

where Py represents the contributions from the
unknown Cd(SO,),(H,0), complex. If we make the
assumption that P, ~ P,,,,, the shape function for
the unknown complex can be derived:

Px+P 5042~ 5 {D(r)—4nr %p,— P, HZO(H20)4}suIt‘ate -
—{D(r)—4nr’p,~ Peio, - — Poagiyoq2+ —
- PH:O(H;OM}pemhlonte

The validity of the approximation P, %P, will
depend on the two solutions compared and on the
model used to calculate the intermolecular interac-
tions. It seems reasonable to assume, however, that
differences between P.,, and P, will be rather
diffuse and will not, therefore, interfere seriously
with sharp peaks characteristic of intramolecular
interactions.

The shape functions derived in this way from the
scattering data for the three solutions, which all
have the same sulfate concentration =3 M, that is
the same as the concentration of ClO; in the
reference solution, are compared in Fig. 8 with
functions calculated for different numbers of sulfate
groups coordinated to the cadmium ion. The param-
eter values used are given in Table 2. In the
cadmium sulfate complexes, a CdOg4 octahedron and
a SO, tetrahedron were assumed to be joined by a
common corner with the Cd—O—S angle =133°,
which corresponds to a Cd—S distance of 3.48 A.
With this being the only constraint on the arrange-
ment, different relative orientations of the CdOg¢
octahedron and the SO, tetrahedron are possible.
Variations in the contributions to the distribution
curves vary little with the relative orientations, and

Acta Chem. Scand. A 35 (1981) No. 5
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the experimental curves show no characteristic
features, which can be used to select a specific
orientation. A model, which has a mirror plane
containing the Cd, the bridging oxygen, and the S
atoms, and leads to a value of 3.16 A for the shortest
distance between oxygen atoms of the sulfate group
and water molecules of the hydrated Cd?* ion,
was adopted for the following calculations. This
model is close to the orientations found in the
crystal structure of CdSO,(H,0), 5 (Fig. 1).% Large
movements of the oxygens of tfxe sulfate group
relative to the CdO4 octahedron — or slightly
different orientations of the coordinated sulfate
groups — probably smooth out contributions from
interactions between the Cd atom and the oxygens
of the sulfate groups. This was simulated in the
calculations by the introduction of large tempera-
ture coefficients for the corresponding interactions.

The contribution from the tetrahedral water
structure H,O(H,0), was assumed to be propor-
tional to the number of non-coordinated water
molecules in the solution.

The derived shape functions in Fig. 8 were based

el2At.

10

Fig. 8. The shape functions (solid lines) derived for
the hydrated cadmium sulfate complexes are com-
pared with functions calculated with and without
complex formation. The value of X represents the
average number of sulfate groups bonded to each
Cd?**.
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on a stoichiometric unit of volume containing one
sulfate or perchlorate ion. The comparison with
calculated shape functions shows that the inner
coordination sphere of the cadmium ion in the
sulfate solution forms a regular octahedron, which
does not differ from that in the perchlorate solution.
The comparison with the calculated shape functions
also shows that the average number of sulfate
groups coordinated to each Cd?* varies from
about 0.8 in the S3 solution to about 1.6 in the SN3
solution. For the 3 M S3 solution, the second
coordination sphere around the cadmium ion
appears as a pronounced peak at about 4.3 A in the
derived shape function, since the cadmium con-
centration in this solution is larger than in the 1 M
reference solution and the corresponding Cd—H,0
interactions are not, therefore, fully compensated
for.

If differences in the water structure occur between
the sulfate and the perchlorate solutions, it would
affect primarily the region around 29 A. Such
differences may be present to some extent for the
3 M CdSO, solution, as judged from the deviation
between derived and calculated shape functions.
A slight increase in the number of H,O0—-H,0
contact distances in the S3 solution can account for
the difference, but does not affect the CdSO, peak.
For the perchlorate solution, the region around 3.7

was assumed to contain contributions from a
packing of water molecules around the Cl1O, group
(Fig. 3). If corresponding interactions in the sulfate
solutions are markedly different, they may to some
extent affect the Cd — SO, peak in the derived shape
functions. In the ammonium sulfate solution, SN3,
in which the complex formation is more extensive
than in the other solutions, a small peak at about
4 A is not accounted for by the models used.

By using one of the sulfate solutions, rather than
the perchlorate solution, as the reference solution,
a check on the consistency of the results was
obtained which confirmed that the derived shape
functions are not seriously affected by the deviations
discussed.

A comparison between observed and calculated
radial distribution functions for the sulfate solutions
are given in Figs 6 and 7. The parameters used for
the calculations are given in Table 2. For the S3
solution observed and calculated si(s) values are
shown in Fig. 9.

DISCUSSION

The scattering data are consistent with a regular
octahedral coordination of the cadmium(lI) ion in
aqueous solutions. The data give no evidence for
complex formation with perchlorate. In sulfate

si(s) 10?2
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Fig. 9. Comparison between (si(s))ys (dots) and
(5¥(5))caic (solid line) for the 3 M cadmium sulfate
solution (S3). The dotted line in the lower half of
the figure gives the difference between observed
and calculated values.

solutions, however, sulfate groups are found to be
bonded to the cadmium ion as monodentate ligands
with a Cd—§ distance of 3.48 A, corresponding to a
Cd—O-S bonding angle of 133°.

The Cd—S peak is well defined in the radial
distribution curves and the distance is probably
correctly determined within about 0.05 A which
corresponds to an uncertainty in the Cd—O—S
angle of about 4°. This does not differ significantly
from corresponding distances in CdSO,(H,0)s,5
(Fig. 1) and the bonding angle, Cd — O —S§, is, there-
fore, approximately the same in solution and in the
crystals.

The analysis of the Cd—S interaction in the
different solutions gives an estimate of the average
number of SOZ~ bonded to each Cd?*. An accurate
estimate of the uncertainty in these values is
difficult to make because of the possible influence
of various systematic errors. A rough estimate can
be made by comparing the theoretical and the
experimental functions in Figs. 6 and 8. For the 3M
CdSO, solution, the average number, X, of sulfate
groups bonded to each Cd* is found to be slightly
less than one. This is in approximate agreement with
values that can be calculated from stability con-

Acta Chem. Scand. A 35 (1981) No. 5




stants given,® if they are assumed to be valid in the
concentrated solutions used here. For the 1 M
CdSO, solution containing a large excess of SOz~
(SN3) the value of X is larger than one, which
would indicate that anionic complexes are also
formed. Such complexes have been claimed to
occur by Leden 3® and by Hellwege and Schweitzer,*
who have given stability constants for the formation
of Cd(SO,);~ and Cd(SO,);” in a 3 M NaClO,
ionic medium. The value of x calculated from these
constants is larger, ~2.8, than the value of ~1.6
found here. Moreover, our value may be slightly
overestimated because of the presence of the
spurious unexplained peak at ~4.0 A in the SN3
solution.

For the SA3 solution, in which NHJ is replaced
by H*, a lower value of X, ~1.2, is found, which
is to be expected because of the formation of
HSO; ions.’

In the crystal structure of CdSO,(H,0)g/3, the
cadmium ions are joined by bridging sulfate groups
(Fig. 1) leading to Cd—Cd distances around 5.0 A.
Although some spurious peaks distort the distribu-
tion curves at the larger r values, there are no
indications of peaks in this region, and formation
of polynuclear complexes in the solution cannot,
therefore, be very extensive.

Acknowledgements. The work has been supported
by the Swedish Natural Science Research Council.
We wish to thank Eng. Ernst Hansen for skilful
technical assistance.

REFERENCES

1. Bol, W,, Gerrits, G. J. and Van Panthaleon Van
Eck, C. L. J. Appl. Crystallogr. 3 (1970) 486.

2. Ohtaki, H., Maeda, M. and Ito, S. Bull. Chem.
Soc. Jpn. 47 (1974) 2217.

3. Sandstrom, M., Persson, I, Ahrland, S. Acta
Chem. Scand. A 32 (1978) 607.

4, Pocev, S., Triolo, R. and Johansson, G. Acta
Chem. Scand. A 33 (1979) 179.

5. Silién, L. G. and Martell, A. E. Stability Con-
stants, Spec. Publ. No. 17, The Chem. Soc.,
London 1964; Suppl. No. 1, Spec. Publ. No. 25,
London 1971.

6. Johansson, G., Sandstrom, M. and Cominiti, R.
To be published.

7. Montgomery, H. and Lingafelter, E. C. Acta
Crystallogr. 20 (1966) 728.

8. a. Lipson, H. Proc. R. Soc. London A 156 (1936)
462; b. Caminiti, R. and Johansson, G. Acta
Chem. Scand. To be published.

Acta Chem. Scand. A 35 (1981) No. §

10.
11.

12.
13.

14.
15.
16.
17.
18.

19.

20.
21.
22
23.
24.

25.
26.

27.
28.
29.
30.
31
32,

33.
34.

Cadmium Sulfate Complexes 381

. Magini, M. and Caminiti, R. J. Inorg. Nucl.

Chem. 39 (1977) 91.

Gaizer, F. and Johansson, G. Acta Chem. Scand.
22 (1968) 3013.

Schwarzenbach, G. Complexometric Titrations,
Methuen, London 1957.

Milberg, M. E. J. Appl. Phys. 29 (1958) 64.
Levy, H. A, Danford, M. D., Narten, A. H.
Data Collection and Evaluation with an X-Ray
Diffractometer Designed for the Study of Liquid
Structure, Report ORNL 3960, Oak Ridge
National Laboratory, Oak Ridge 1966.
Johansson, G. and Sandstrom, M. Chem. Scr.
4(1973) 195.

Lanczos, C. Applied Analysis, Prentice-Hall,
Englewood Cliffs, N.J. 1956.

Krogh-Moe, J. Acta Crystallogr. 9 (1956) 951.
Norman, N. Acta Crystallogr. 10 (1957) 370.
Cromer, D. T. and Waber, J. T. Acta Crystallogr.
18 (1965) 104.

International Tables for X-Ray Crystallography,
Kynoch Press, Birmingham 1968 and 1974,
Vols. 3 and 4, respectively.

Stewart, R. F., Davidson, E. R. and Simpson,
W.T.J. Chem. Phys. 42 (1965) 3175.

Cromer, D. T. Acta Crystallogr. 18 (1965) 17.
Cromer, D. T. J. Chem. Phys. 50 (1969) 4857.
Compton, A. H. and Allison, S. K. X-Ray in
Theory and Experiment, Van Nostrand-Rein-
hold, N. Y.-N. J. 1935.

Narten, A. H. and Levy, H. A. J. Chem. Phys.
55 (1971) 2263.

Breit, G. Phys. Rev. 27 (1926) 362.

Dirac, P. A. M. Proc. R. Soc. London A 111
(1926) 405.

Dwiggins, C. W. and Park, D. A. Acta Crystal-
logr. A 27 (1971) 264.

Sillén, L. G. and Warnqvist, B. Ark. Kemi 31
(1968) 315.

Michelsen, K. Acta Chem. Scand. 6 (1952) 1289.
Johansson, G. Acta Chem. Scand. 25 (1971) 2787.
Magini, M. J. Inorg. Nucl. Chem. 40 (1977) 43.
Johansson, G. and Ohtaki, H. Acta Chem.
Scand. 27 (1973) 643.

Leden, 1. Acta Chem. Scand. 6 (1952) 971.
Hellwege, H. E. and Schweitzer, G. K. J. Inorg.
Nucl. Chem. 27 (1965) 99.

Received November 17, 1980.



