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The structure of the tetrathiocyanatocadmate(Il) complex in dimethyl sulfoxide (DMSO) has been studied by
the EXAFS (extended X-ray absorption fine structure) and solution X-ray diffraction methods. It has been
revealed that the tetrathiocyanatocadmate(I) complex has a five-coordinate structure with an additional DMSO
molecule. The structure in DMSO is different from that in water and N, N-dimethylformamide, in which no
solvent molecule coordinates to the central metal ion. It has also been seen that the coordination mode of the
thiocyanate ions in the tetrathiocyanatocadmate(Il) complex changes depending on the source of thiocyanate ions
due, probably, to different hydrogen bonding abilities of the N- and S-sites of the thiocyanate ion with the counter
cations, i.e., the [CA(NCS)3(SCN)(dmso)]?~ and [Cd(NCS)«(dmso)]>~ complexes are formed in solutions containing
NH4sSCN and (CzHs5)sNSCN, respectively. The Cd-N, Cd-S, and Cd-O bond lengths within
[CA(NCS)s(SCN)(dmso)]?~ are, respectively, 222(1), 262(1), and 234(1) pm, while the Cd-N and Cd-O bond lengths
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within [Cd(NCS)4(dmso)]?~ are 223(1) and 239(2) pm, respectively.

Zinc(Il) and mercury(Il) ions form N-coordinate
[Zn(NCS)4]2~ and S-coordinate [Hg(SCN)4]2~ with thio-
cyanate ions, respectively, both in water and in dimethyl
sulfoxide (DMSO0).22  As to cadmium(II), the N and
S atoms of the thiocyanate ion bind to form
[CA(NCS)2(SCN)2]2~ in water.13 The bonding at N-
and S-sites also occurs with a different coordination
mode, [Cd(NCS)3(SCN)]2—, in N, N-dimethylformamide
(DMF).4 The different geometries around the cad-
mium(Il) ion may be ascribed to different solvation
tendencies of the thiocyanate ion in protic water and
aprotic DMF.4%

It is suggested from the Raman spectroscopic and
calorimetric data that the coordination mode in the
lower thiocyanato complexes of the cadmium(II) ion is
[CA(NCS)]*, [CA(NCS)2], and [CA(NCS)2(SCN)]™ in
DMF.% On the other hand, an X-ray diffraction study
indicated that the cadmium(II) ion is coordinated with
only sulfur atom of the thiocyanate ion in a DMSO
solution containing the di- and trithiocyanato com-
plexes.? The result suggests that the coordination
structure of the higher cadmium(Il) thiocyanato com-
plexes is different in these solvents. Thus, we investi-
gated the structure of the tetrathiocyanatocadmate(II)
complex in DMSO. The X-ray diffraction method was
first applied to the structure determination of the
cadmium(II)-thiocyanate system after Persson, et al.2)
Furthermore, we employed the EXAFS (extended X-
ray absorption fine structure) method for the system.
Cadmium-113 NMR measurements were also carried
out to obtain additional information on the coordina-
tion structure of the tetrathiocyanatocadmate(Il) com-
plex.

Experimental

Sample Solutions. All chemicals used were of reagent

grade. Cadmium(II) perchlorate DMSO solvate was pre-
pared by dissolving cadmium(II) perchlorate hydrate crystals
in DMSO and recrystallized three times from DMSO and
finally from acetone. Crystals thus obtained were dried at
room temperature in a vacuum oven for several days. The
analysis of the cadmium(II) perchlorate DMSO solvate by
EDTA titration showed the composition of Cd(ClO4)2(dmso)e.
Cadmium(II) perchlorate DMF solvate and cadmium(II) thio-
cyanate were obtained by the same method as described
elsewhere.¥ Ammonium thiocyanate and tetraethylammo-
nium thiocyanate were dried at room temperature in vacuum.
Dimethyl sulfoxide and N, N-dimethylformamide were puri-
fied as described elsewhere.56)

Two sample solutions were prepared for X-ray diffraction
measurements. Solution A was prepared by dissolving suit-
able amounts of cadmium(II) thiocyanate and ammonium
thiocyanate in DMSO so as to involve the tetrathiocyanato-
cadmate(Il) complex as the main species.”” Solution B is an
ammonium thiocyanate DMSO solution and is a reference
sample in order to estimate the structure parameters of the
tetrathiocyanatocadmate(II) complex present in solution A.
Eight test solutions were prepared for EXAFS measurements.
Solutions AQ1, DMF1, and DMSO1 are the standard samples
for a Cd-O atom pair containing the solvated cadmium(II) ion
in water,® DMF,4 and DMSO,? respectively, of known struc-
ture. Solutions AQ2 and DMF?2 are also the structure stan-
dard for Cd-N and Cd-S atom pairs and involve the tetrathio-
cyanatocadmate(Il) complex in water and DMF, respective-
ly.24 Three sample solutions, DMS02, DMSO3, and
DMSO04, were prepared by dissolving Cd(SCN); along with
either NH4SCN or (C2Hs)sNSCN in DMSO. In these solu-
tions the tetrathiocyanatocadmate(Il) complex is formed as
the main species.”? The composition of the sample solutions
is given in Table 1.

X-Ray Diffraction Measurements. X-Ray diffraction data
were obtained on a 6-0 type diffractometer (JEOL) and the
Mo Ka radiation (4=71.07 pm) was used. The observed
range of the scattering angle 26 was from 2° to 140° and the
data were recorded at least twice over the whole angle range.
Details for X-ray diffraction measurements were described
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Table 1. The Composition (mol dm—3), Stoichiometric Volumes ¥, and Densities p of Sample Solutions®

X-Ray Diffraction Measurement

Solution Cd(SCN)2 NH,SCN DMSO p/gem™3 V/10° pm? Cscn/ Cea
A 0.6885 4316 9.729 1.246 2.412 8.269
B — 4.207 10.51 1.142 2.233 —
EXAFS Measurement
Solution Cd(Cl104)2 Cd(SCN)2 NHiSCN (C2H5)sNSCN Csen/ Cea
AQ1 1.01 — — — —
DMF1 0.850 — — — —
DMSO01 0.694 — — — —
AQ2 — 0.976 7.14 — 9.32
DMF2 — 0.938 4.21 — 6.49
DMSO02 — 0.689 4.27 — 8.19
DMSO03 — 0.200 — 1.14 7.70
DMSO04 — 0.100 — 1.00 12.0

a) C: Molar concentration of the ion indicated by the subscript.
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Fig. 1. The reduced intensities multiplied by s for

solutions A and B, as well as the difference reduced
intensities, A-B. The observed s-i(s) values are
shown by dots and calculated ones by solid lines.

elsewhere.10

The reduced intensities i(s) were obtained as {K - I(s)—2N; -
fi2(s)}, where s (=4 A! sin 6) represents the scattering vector
and K a normalization factor of the observed intensities I(s),
which had been corrected for absorption, polarization, and
multiple scattering of X-rays by a usual manner,1® to the
absolute unit. Nj is the number of atom j in a stoichiometric
volume V of samiple solutions and fi(s) the atomic scattering

factors at s of atom j corrected for anomalous dispersion.
The reduced intensities multiplied by s for the sample solutions
are depicted in Fig. 1.

The s-i(s) values are converted into the radial distribution
function D(r) as

Smax

D(r)=dnripo+ %L 5 +i(s) - M(s) - sin(rs)ds. 4}

po={ZN;-f{(0)}2/ V stands for the average scattering density in
a stoichiometric volume and $max the maximum s-value avail-
able in the measurement (Smax=16.6X10"2 pm~1). The modifi-
cation function M(s) has the form of [ZN;-£2(0)/ ZN; - f(s)] -
exp(—«s?), the damping factor « being chosen as 100 pm2 in the
present case. Calculations were performed by using a pro-
gram KURVLR.1D
The theoretical intensities i(s)caca resulting from the inter-
atomic interactions in the solutions are calculated as
(it = 3 E i §OSO) T exp(bst), ()

Tpq
p#q

where ryq, bpq, and npq stand for the distance, the temperature
factor, and the frequency factor of the atom pair p-q, respec-
tively. A least squares refinement for determining the struc-
ture parameters was carried out by comparing the observed
and theoretical reduced intensities so as to minimize the error-
square sum Ur=3s2{i(8)obsa—#(8)catcd }2.

EXAFS Measurements. EXAFS spectra were measured
around the Cd K-edge in the transmission mode using BL10B
station at the Photon Factory of the National Laboratory for
High Energy Physics.l? X-Rays were monochromatized by
an Si(311) channel-cut crystal.

The apparent absorbance ux is obtained as In(l/ I), where /
and o are X-ray intensities with and without a sample, respec-
tively. Both intensities /o and / were simultaneously mea-
sured by ionization chambers filled with Ar gas.

A glass fiber filter was immersed to sample solutions and
then sealed in a Mylar bag in order to prevent evaporation of
solvents. An effective jump at the absorption edge was
obtained by changing the number of filters. Dilute solutions
less than 0.2 moldm—23 were held in a | cm thick Teflon cell
with Mylar windows.

Background absorptions other than that for the K-edge of
the cadmium atom were estimated by the least-squares fitting
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with Victoreen formula!® to the pre-edge and were subtracted
from the total absorption by extrapolation. The smooth K-
shell absorption wo due to an isolated atom was evaluated by
fitting a smooth curve to the observed absorption spectrum
using a sixth-order polynomial function.

The EXAFS pattern X(k) was then extracted and normal-
ized as {u(k)—po(k)}/ wo(k). k is the photoelectron wave vec-
tor ejected and given as {2m(E—Eo)}V2/A. E represents the
energy of the incident X-rays and Ep is the threshold energy of
a K-shell electron. The FEp value was selected as the position
of the half-height of the edge jump in each sample. The
radial structure function F(r) was obtained by the Fourier
transformation of the k3 - X(k) values as

Kmas
Fr=(1/2 n)l/zf k3 - X(k) - W(k) - exp(—2ikr)dk. 3)
Kmin

W(k) is a window function of the Hanning type.14)

A curve fitting procedure in the k-space for the refinement
of structure parameters was applied to the Fourier filtered
k3 - X(k)obsa values to minimize Us=3%k8{X(k)obsa—X(k)caca}2.
The model function X(k)cica 1S given by the single-electron and
single-scattering theory as!5-18)

X(k)eatcs = Z{ny/ (k - ri?)}exp(—20 2k2—2r; 2) F(m, k)
X sin(2kr; + aj(k)), 4)

where Fj(n, k) is the backscattering amplitude from each of »;
scatterers j at distance rj from the X-ray absorbing atom. g;2 is
the mean square displacement of the equilibrium distance r
and A is the mean free path of a photoelectron ejected. aj(k)
is the total scattering phase shift experienced by the photoelec-
tron. The values of Fj(n, k) in Eq. 4 were quoted from the
tables by Teo and Lee.!® The phase shift (k) was approxi-
mated by the function aota1k+azk2+as/ k3,20 where the coeffi-
cients ao, a1, a2, and as were evaluated by fitting the function to
the theoretical phase shift values by Teo and Lee.’® The F
value is usually treated as a parameter and evaluated from
structure standards. The bond lengths between the cad-
mium(II) ion and ligand atoms in the standard samples exam-
ined in the present study were hardly reproducible by the
refinement of the Ep value. Therefore, the parameters ao, a1,
and A were determined from the standard sample of a known
structure and then they were used as constants in the course of
the structural analysis of unknown samples, while r, o, and n
values were optimized as variables.

NMR Measurements. Cadmium-113 NMR spectra were
measured at 88.705 MHz by using a JEOL JNM-GX400 FT
NMR spectrometer at the instrument center of the Institute
for Molecular Science. Sample tubes of 10 mm diameter
were used. The 113Cd chemical shift in the aqueous Cd(ClO4);
solution of 1.01 moldm=3 was used as the standard;
6(Cd(ClO4)2)=0 ppm.

Results and Discussion

X-Ray Diffraction. Figure 2 shows the radial distri-
bution curves in the form of D(r)-4nr2p, of solutions A
and B, as well as the difference radial distribution curve
obtained by subtraction of the (D(r)-4nr2po) curve of
solution B from solution A, which will be discussed in
the later section. Four main peaks are observed at 170,
250, 400, and 500 pm in the total radial distribution
curves of solutions A and B. The first peak at 170 pm
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Fig. 2. The differential radial distribution functions,
D(r)—4nr2po, for solutions A and B and the difference
radial distribution function, A-B.

is ascribed to the C-H, C-S, and S=O bonds within
DMSO molecules and the N-H, C-S, and C=N bonds
within thiocyanate ions. The second peak around 250
pm is mainly originated from the nonbonding S---H and
C---O pairs within DMSO molecules and the N---S pairs
within thiocyanate ions. In the curve of solution A the
bonds between cadmium(II) ion and ligand atoms
within the tetrathiocyanatocadmate(Il) ion may be
included in the peak. According to an X-ray diffrac-
tion measurement of liquid DMSO,2!) a large and broad
peak appears around 500 pm due to long-range intermo-
lecular interactions among DMSO molecules. The
third and fourth peaks with shoulders may mainly result
from the intermolecular interactions of DMSO mole-
cules, because these appear on a large and broad peak.
Different peak shapes of the D(r) curves in the range of
500 pm from that of liquid DMSO may be ascribed to
the intermolecular interactions of ammonium and thio-
cyanate ions with DMSO molecules and structural
changes in the liquid DMSO caused by various ion-
solvent interactions. Such structural changes in liquid
DMSO may lead to complications in the X-ray data
analysis. Therefore, we took the difference between
the two radial distribution curves (Fig. 2, A-B) in order
to extract the structure information of the tetrathiocya-
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Fig. 3. The difference radial distribution curve. (a)

The theoretical peak shapes for intramolecular inter-
actions within ammonium and thiocyanate ions. (b)
The peak shapes for the intramolecular interactions
between cadmium(II) and thiocyanate within
[CA(NCS)3(SCN)(dmso)]?~. (c) The peak shapes for
the interactions between cadmium(II) and DMSO.
(d) The chain and dashed lines and dots represent the
residual curves after subtraction of the theoretical
peaks in (a), (a)+(b), and (a)+(b)+(c), respectively,
from the original one (solid line).

Three main peaks were found below 600 pm in the
difference radial distribution curve (Fig. 2, A-B and the
solid line in Fig. 3d), which may mainly be ascribed to
intramolecular interactions within the tetrathiocyanato-
cadmate(Il) complex. The peaks at 230 and 350 pm in
the curve may be ascribed to the Cd-N and Cd-S bonds
and the nonbonding Cd---C pairs, respectively. The
peak at 500 pm may be due to the nonbonding Cd---S
pair between the cadmium(II) ion and sulfur atom of the
N-bonding thiocyanate ion, and the peak area corre-
sponds to approximately three Cd---S pairs as we have
seen in the [CA(NCS)3(SCN)]?~ complex in DMF.4
Therefore, we may say that the structure of the tetrathio-
cyanatocadmate(Il) ion is similar to that in DMF.%
However, a small peak remaining at 230 pm (dashed line
in Fig. 3d), which had not been seen in the DMF system,
was not explainable by any combination of the lengths
of three Cd-N and a Cd-S bonds. Moreover, the area
of the peak at 350 pm was appreciably larger than
that expected from the four Cd---C pairs within
[CA(NCS)3(SCN)]2~ and was reproducible by the
assumption of an additional Cd---S pair. In fact, the
peaks over the range of 200—400 pm were reasonably
explained by the assumption of a DMSO molecule
bound to the cadmium(Il) ion, since Cd-O and Cd---S
interactions should appear around 230 and 340 pm.?
Subtraction of these peaks from the difference curve
leads to a smooth background as seen in Fig. 3d (dotted
line) over the range r<400 pm. From the analysis of
the radial distribution curve, we concluded that the
tetrathiocyanatocadmate(Il) complex has a five-co-
ordinate [Cd(NCS)3(SCN)(dmso)]2~ structure with a
DMSO molecule. A five-coordinate structure of sev-
eral cadmium(II) complexes has so far been reported for

Table 2. Results of the Least-Squares Refinements for the Structure Parameters
of the Tetrathiocyanatocadmate(II) Complex by Using
the Difference Reduced Intensities”

Model Interaction r/pm b/10 pm? n
[CA(NCS)s(SCN)(dmso) ]2~ Cd-N(SCN-) 223(5) 3(5) 3%
Uh=3.87X105 Cd-S(SCN-) 249(7) 1(7) I
Cd--C(SCN-) 3279 15” 3°

Cd--C(SCN-) 3349 15" 1

Cd--N(SCN-) 4239 14" I

Cd--S(SCN-) 491(1) 14(2) 3%

Cd-O(dmso) 221(10) 2(8) 1

Cd---S(dmso) 352(2) 3(2) I

[CA(NCS)3(SCN)J2- Cd-N(SCN-) 220(1) —2(1) 3°
Ur=8.54X105 Cd---S(SCN-) 245(1) =3(1) I
Cd---C(SCN-) 3249 15 3®

Cd---C(SCN-) 3319 15" 1

Cd---N(SCN-) 4209 14" ™

Cd-S(SCN-) 489(1) 11(2) 3°

a) Standard deviations are given in parentheses.

b) The values were kept constant during the

calculations. ¢) ZCd-N-C=148° is assumed (Ref. 1). d) ZCd-S-C=/Cd-S-N=106° is

assumed (Ref. 1).
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Table 3. Cadmium-113 NMR Chemical Shifts of the Tetrathiocyanatocadmate(1I)
Complexes in Water, DMF, and DMSO

Solution Species Chemical shift/ ppm
AQ1 [Cd(H20)6]?t in water 0
AQ2 [Cd(NCS)o(SCN)2]2~ in water 206
DMF2 [CA(NCS)3(SCN)]?~ in DMF 220
DMSO02 [Cd(NCS)3(SCN)(dmso) ]2~ in DMSO 138

dichloro(2-pyridinecarbaldehyde 2-pyridylhydrazone)-
cadmium(II), dithiocyanato(tri-m-tolylphosphine)cad-
mium(II), tetrakis(u-trifluoroacetato)bis[(triphenyl-
phosphine)cadmium(11)], etc.22-20  The five-coordinate
structure of the [Cd(NCS)3(SCN)(dmso)]?~ complex has
been confirmed by the EXAFS measurements as we will
discuss in the later section.

The structure parameters were refined by a least-
squares calculation using the s-i(s) values in the differ-
ence curve in the high angle region (s>4X1072 pm™1).
The structure models examined were the four-
coordinate [CA(NCS)3(SCN)]2~ and five-coordinate
[CA(NCS)3(SCN)(dmso)]2~ ions. In the fitting proce-
dures, the interactions of the central cadmium(II) ion
with thiocyanate ions and a DMSO molecule in the
coordination sphere were taken into consideration.
Since the contribution of the nonbonding Cd---C and
Cd---N pairs to the difference reduced intensity values is
rather small, the lengths of the bonds were calculated
from the Cd-S-C, Cd-N-C, and Cd-S-N bond angles
found in an aqueous solution.? The structure
parameters thus obtained are listed in Table 2. As seen
in the table an assumption of the five-coordinate
[CA(NCS)3(SCN)(dmso)]?~ structure gave a smaller
error-square sum than that of the four-coordinate
[CA(NCS)3(SCN)]2~. Moreover, the temperature fac-
tors of the Cd-N and Cd-S bonds are unreasonably
negative in the latter model.

NMR. In Table 3 are summarized the 113Cd NMR
chemical shifts of the tetrathiocyanatocadmate(Il) com-
plexes in water, DMF, and DMSO. According to an
ab initio theoretical study, the change in the 13Cd
chemical shifts is very sensitive to the paramagnetic
contribution to the shielding constant and thus the shifts
mainly reflect the electron donating ability of ligands
and increase with increasing the electron donating abil-
ity of ligands.28  In fact, the shielding of 113Cd has been
found to increase in the order O<XN<S for many
cases.?9733)  The cadmium-113 resonance listed in Table
3 shifts downfield upon the formation of the tetrathio-
cyanatocadmate(I) complexes in water, DMF, and
DMSO, and the direction of the shifts qualitatively
agrees with the fact that the ligation of nitrogen and
sulfur occurs instead of oxygen. Although these shifts
cannot be quantitatively interpreted on the basis of the
simple electron donating ability of ligating atoms, the
slightly different chemical shifts in water and DMF may
be ascribed to the different coordination mode of thio-
cyanate ion, i.e., [CA(NCS)2(SCN)2]2~ in water and

[CA(NCS)3(SCN)]2~ in DMF. A similar chemical shift
to that in DMF may be expected for the tetrathiocya-
natocadmate(II) complex in DMSO if the complex had
the four-coordination [Cd(NCS)s(SCN)J2~ structure like
in DMF. However, the cadmium-113 resonance of the
DMSO solution appreciably shifts upfield relative to
that of DMF. The result agreed with that of the X-ray
diffraction measurement in which we found that the
coordination number of the cadmium(Il) ion in the
tetrathiocyanato complex is larger in DMSO than in
DMF but smaller than that in the [Cd(H20)s)?* com-
plex in water.

EXAFS. Figure 4 depicts the extracted EXAFS
oscillations weighted by k® of the sample solutions.
The Fourier transforms of the sample solutions are
shown in Fig. 5 (uncorrected for the phase shift). The
first intense peaks appearing at 150—200 pm in the
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Fig. 4. The extracted EXAFS oscillations in the form

of k3 y(k) for sample solutions.
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Fig. 5. The radial structure functions | F(r)| for sample
solutions, phase shift uncorrected.

figure are due to the bonds between the cadmium(II) ion
and oxygen, nitrogen, and sulfur atoms in the first
coordination sphere of the cadmium(II) ion. The peak
shape of solutions AQ1, DMF1, and DMSO1 is virtu-
ally the same because the solutions involve the six-
coordinate octahedral CdOs moiety*89 The peak
shape drastically changed in solutions AQ2 and DMF?2
upon formation of the tetrathiocyanatocadmate(I1) ion.
The different peak shapes between solutions AQ2 and
DMF?2 are ascribed to different coordination geometries
around the cadmium(II) ion, i.e., [Cd(NCS)2(SCN)2]2~
in water and [Cd(NCS)3(SCN)]2~ in DMF.14 For
DMSO02, DMSO03, and DMSO4 containing the tetra-
thiocyanatocadmate(II) complex, the peak shapes are
different from those in water and DMF. The peak
height of DMSO02 and those of DMSO03 and DMSO4
are 20% and 30%, respectively, larger than that of
solution DMF2. This result shows that the coordina-
tion structure of the tetrathiocyanatocadmate(Il) ion in
DMSO is different from that in water and DMF, con-
sistent with the finding from the X-ray diffraction and
13Cd NMR measurements discussed in the previous sec-
tions. Moreover, the peak shape of DMSO2 is differ-
ent from that of DMSO03 and DMSO04, suggesting that
the structure of the complex changes depending on the
source of thiocyanate ions.
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Fig. 6. The X-ray absorption spectra in the near edge
region for sample solutions containing the tetrathio-
cyanatocadmate(Il) complex.

26.66

Figure 6 shows the X-ray absorption spectra in the
near edge region of cadmium atom for the sample
solutions involving the tetrathiocyanatocadmate(Il)
complex. In each spectrum absorbances were normal-
ized by the respective edge jump. The spectral shapes
are different for all solutions except for the spectra of
DMSO3 and DMSO4. The different absorption pat-
tern may reflect the different multiple scattering proc-
esses caused by the different symmetries and/or differ-
ent neighboring atoms around the cadmium(II) ion, i.e.,
the different coordination structures of the tetrathiocya-
natocadmate(Il) complex in different solvents. Thus,
the coordination structure of the tetrathiocyanatocad-
mate(Il) complex in DMSO is different from that in
water and DMF and also changes depending on the
source of thiocyanate ions.

The structure parameters of complexes were finally
determined by a curve fit in the k-space using the
Fourier filtered k3 - x(k) values, which were obtained by
the inverse transformation of the F(r) curve over the r-
range including the main peak for each sample. A
least-squares calculation was applied over the range
4<k/1072 pm~1<10. The phase function and the 4
value for a Cd-O atom pair were first evaluated from
solutions AQ1, DMF1, and DMSOI1 containing the
octahedrally solvated cadmium(ll) ions of the known
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Table 4. Results of the Least-Squares Refinements for Standard Samples®

Type Interaction r/pm o/pm n Uz I'X-ray/ pPM
[Cd(Hz0)s)2t in water (Solution AQI)
I Cd-0 231(1) 8.0(2) 6" 3.45 2319
11 Cd-0 231(1) 8” 6" 3.85 2319
[Cd(dmf)s]2* in DMF (Solution DMFl)

I Cd-0 230(1) 7. 9(2) 6" 2.30 229.8Y
I Cd-0 230(1) 8" 6 2.33 229.8%
[Cd(dmso)s]2t in DMSO (Solution DMSOI)

I Cd-0 230(1) 7.9(1) 6" 1.93 229.4°
I Ccd-0 230(1) 8" 6 1.96 229.4%
[Cd(NCS)z(SCN)z]z‘ in water (Solutlon AQ2)

Cd-N 226(1) 7.3(3) 2% 224.6"
I 2.65

Cd-S 264(1) 9.5(2) 2" 264.9"

Cd-N 226(1) 8" 2" 224.6"
I 3.91

Cd-S 263(1) 9® 2% 264.9"

[Cd(NCS)g(SCN)]Z' in DMF (Solution DMF2)

Cd-N 221(1) 8.2(1) 3¥ 2239
I 1.06

Cd-S 258(1) 8.7(6) I 257

Cd-N 221(1) 8" 3? 2239
Il 1.41

Cd-S 258(1) 9® I 2579

a) The values in parentheses represent standard deviation. b) The values were kept constant
during the calculations. c) Ref. 13. d) Ref. 4. ¢) Ref. 14. f) Ref. 1.

Table 5. Results of the Least-Squares Refinements for Solution DMS02?

Model Interaction r/pm o/pm n U2
[CA(NCS)s(SCN)]>~ Cd-N 232.3(2) 8" 3" 3.72
Cd-S 258.7(6) 9% I
[CA(NCS).]>~ Cd-N 225.1(3) g” 4" 19.85
[CA(NCS)s(SCN)(dmso)]2~ Cd-N 221.6(1) 8" 3? 2.67
Cd-S 261.5(5) 9® I
Cd-0 233.9(7) 8" ™
[CA(NCS)«(dmso)]2- Cd-N 223.3(3) 8” 4 7.48
Cd-0 245(1) 8" 1
[CA(NCS)3(SCN)(dmso)2]2~ Cd-N 219.4(3) 8" 3% 6.76
Cd-S 264.1(5) 9°) I
Cd-0 235.0(5) 8" 2"
[CA(NCS)s(dmso)s]2- Cd-N 221.3(2) g” 4" 4.31
Cd-0 242.6(6) 8" 2"

a) The values in parentheses represent standard deviation, which have been estimated from three
independent measurements. b) The values were kept constant during the calculations.

Table 6. Results of the Least-Squares Refinements for Solution DMS03%

Model Interaction r/pm o/pm n Uz
[CA(NCS)s(SCN)J2- Cd-N 222.8(6) g” 3? 13.48
Cd-S 252(1) 9" 1
[CA(NCS)4]2~ Cd-N 224(1) 8" 4 3.67
[CA(NCS)s(SCN)(dmso) ]2~ Cd-N 223(4) 8" 3Y 10.53
Cd-S 259(2) 9" 1”
Cd-0 226(9) 8 i
[CA(NCS)s(dmso)]2~ Cd-N 222.5(4) 8” 4" 1.93
Cd-0 239.2(8) 8" I
[CA(NCS)s(SCN)(dmso)z]2~ Cd-N 220.4(5) 8" 39 15.89
Cd-S 268(2) 9% I
Cd-0 232.5(9) 8" 2"
[CA(NCS)s(dmso)z]2~ Cd-N 220.7(4) 8" 4" 5.62
Cd-0 238.3(7) g” 2°

a) The values in parentheses represent standard deviation, which have been estimated from three
independent measurements. b) The values were kept constant during the calculations.
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Table 7. Results of the Least-Squares Refinements for Solution DMS04”

Model Interaction r/pm o/pm n Uz
[CA(NCS)s(SCN)IZ~ Cd-N 223.0(4) 8" 3Y 16.21
Cd-S 249(2) 9" 1
[CA(NCS)4]>~ Cd-N 224.1(3) gY 4 3.51
[CA(NCS)3(SCN)(dmso)]2~ Cd-N 224(4) g” 3¥ 12.01
Cd-S 257(4) 9 1
Cd-0 225(12) 8” 1
[CA(NCS)«(dmso) ]z~ Cd-N 222.4(3) i o 0.83
Cd-0 238(1) gY I
[CA(NCS)3(SCN)(dmso)s]2~ Cd-N 220.5(4) 8" 3% 12.01
Cd-S 273(5) 9" I
Cd-0 233(2) 8" 2"
[Cd(NCS)4(dmso)z]2~ Cd-N 220.5(3) g® 4 4.80
Cd-0 237.409) 8" 2"

a) The values in parentheses represent standard deviation, which have been estimated from three

independent measurements.

structure.489 The phase functions for Cd-N and Cd-S
atom pairs were then estimated from AQ2 and DMF2
involving the tetrathiocyanatocadmate(II) complexes,4
the A value being kept constant at the value determined
from the standard Cd-O pair. The o values for the
Cd-0, Cd-N, and Cd-S bonds were also optimized as
variables, while the Cd-O, Cd-N, and Cd-S bond
lengths and numbers of the relevant interactions were
kept at the literature values in the fitting procedures.
The reproducibility of the bond lengths in the respective
complexes were finally examined by adopting the A
value and phase functions thus evaluated. The results
are summarized in Table 4 (type-1 calculation). The
bond lengths within the respective complexes agreed
well with those determined by X-ray diffraction, and
thus the phase functions were evaluated by the present
analysis with reasonable certainties.

The interatomic distances and Debye-Waller factors
of the bonds within the tetrathiocyanatocadmate(1l)
complex in DMSO were refined at the next step of the
curve-fit analysis. On the basis of the result from the
X-ray scattering data, three kinds of the bonds, Cd-N,
Cd-O, and Cd-S, within the tetrathiocyanatocad-
mate(II) complex should be taken into consideration in
the least-squares calculations. The reliability of the
structure parameters to be determined is relatively low
in such a three-shell fit due to strong correlations of the
bond lengths with the Debye-Waller factors. Accord-
ingly, the number of structure parameters to be opti-
mized was reduced on the basis of a reasonable assump-
tion. Here, the Debye-Waller factors for the Cd-O,
Cd-N, and Cd-S bonds were fixed at the given values in
Table 4 (type-II calculation) in the course of calcula-
tions, the values being the averaged ones for relevant
interactions in the type-I calculation. As seen in Table
4, the bond lengths are well reproduced even by setting
constraint on the Debye-Waller factors.

Various structure models for the tetrathiocyanatocad-
mate(II) complex in DMSO were examined in the least-
squares calculation for the determination of the bond

b) The values were kept constant during the calculations.

lengths. The structure models covered four-coordinate
[CdA(NCS)3(SCN)J2~ and [Cd(NCS)4]2-, five-coordinate
[CA(NCS)3(SCN)(dmso)]2~ and [Cd(NCS)s(dmso)]?-,
and six-coordinate [Cd(NCS)3(SCN)(dmso)2]?~ and
[CA(NCS)s(dmso)2]2~. The results for DMSO2,
DMSO03, and DMSO4 are summarized in Tables 5, 6,
and 7, respectively. In the ammonium thiocyanate
solution (DMSO2, see Table 5), the calculated k3 - X(k)
values based on the [Cd(NCS)3(SCN) (dmso)]?~ model
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Fig. 7. The Fourier filtered k3 - y(k) curves of the main

peak shown in Fig. 5. The observed ones are shown
by dots and the calculated ones by solid lines.



2112

gave the best agreement with the observed ones, consist-
ent with the result from the X-ray diffraction measure-
ment. On the other hand, the least-squares refinement
derived a conclusion that all thiocyanate ions coordi-
nated to the cadmium(II) ion via N-atoms in the tetra-
ethylammonium thiocyanate DMSO solutions (DMSO3
and DMSO04), because the [Cd(NCS)4(dmso)]2~ model
gave the smallest error-square sum (see Tables 6 and 7).
The Cd-O bond lengths thus obtained lie within a
reasonable range expected from the sum of the size of a
cadmium(II) ion and an oxygen atom. Therefore, we
concluded that a DMSO molecule coordinated to the
cadmium(II) ion to form the five-coordinated tetrathio-
cyanatocadmate(1l) complex in DMSO. In Fig. 7 we
show the agreements between experimental and calcu-
lated k3 - X(k) curves.

Conclusions

The tetrathiocyanatocadmate(Il) complex in DMSO
has a five-coordinate structure and is described as
[CA(NCS)3(SCN)(dmso)]?~ in the ammonium thiocya-
nate DMSO solution and as [Cd(NCS)4(dmso)]2~ in the
tetracthylammonium thiocyanate solution. The differ-
ent coordination geometries around the cadmium(II)
ion with different medium electrolytes may be ascribed
to different hydrogen-bonding abilities of the N- and S-
sites of the thiocyanate ion with the counter cations.
The thiocyanate ion may interact with ammonium ions
through the N-site, and thus some of the SCN™ ions in
the coordination shell turn outside the sphere to interact
with NH4* ions. However, since the tetraethylammo-
nium ion does not form any hydrogen bonds with N-
and S-sites, all SCN~ ions in the coordination sphere
tend to orient towards the central cadmium(II) ion in
the tetraethylammonium solution at the formation of
the tetrathiocyanatocadmate(1I) complex.

The tetrathiocyanatocadmate(1l) ion has a five- and
four-coordination structures in DMSO and DMF,
respectively. DMSO has a slightly larger coordination
ability than DMF, but the difference between them seen
in terms of the donor number may not be so significant
to explain the different coordination structures of the
complexes in the solvents.3435 One of the plausible
explanations for the different coordination geometries
may be inter-ligand interactions between a thiocyanate
ion and a DMSO molecule in the coordination sphere of
the cadmium(Il) ion. When we construct a model
structure of the five-coordinate tetrathiocyanatocad-
mate(1I) ion, lone pair electrons in the sulfur atom of the
DMSO molecule direct towards the carbon atom of an
adjacent N-bonded thiocyanate ion. An extra stabili-
zation energy may thus be obtained from the favorable
ligand-ligand interaction between an SCN™ ion and a
DMSO molecule in the coordination sphere.
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