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A series of compounds of the type Cd(XCN),M (X=S and Se; M=Mn, Fe, Co and Zn) have been prepared and 
characterized. These compounds crystallize in the tetragonal system: space group IT-Si . The bidentate thiocynate 
and selenocyanate ligands coordinate to  the “hard” M(11) ions through the nitrogen atom and the “soft” Cd(1l) ion 
through the sulfur or selenium atom. The Cd-Se bond in Cd(XCN), M is slightly stronger than the Cd-S bond while 
the M-NCSe bond is slightly weaker than the M-NCS bond. The M(I1) ions tetrahedrally coordinated by the 
nitrogen end of XCN - are in the high spin state. The -NCS and -NCSe ligands are located at  about the same place 
in the spectrochemical series. 

INTRODUCTION 

Insrecent years a large number of coordination 
compounds containing the thiocyanate and seleno- 
cyanate ions as ligands have been synthesized and 
characterized. Both of these ligands are well known 
to  function as a bridging ligand because they coordi- 
nate to  the metal ion “a” through the nitrogen atom 
and “b” through the sulfur or selenium atom’. The 
investigations on coordination compounds containing 
bridging ligands have begun with the preparation of 

Rosenheim and Cohn’. More recently a series of 
compounds of the type Hg(XCN),M (X = S and Se; 
M = Mn, Fe, Co, Ni, Cu, Zn, Pb and Cd) have been 
characterized by means of magnetic moment, X-ray 
powder diffraction, infrared and electionic 
spectra3-’ 3 .  In particular, the crystal structure of 
Hg(SCN),Co’ and Hg(SCN)4Cu’ has received 
relatively much attention. However, there have been 
few studies concerning cadmium compounds of the 
type Cd(XCN), M except that the preparative methods 
and infrared spectral data of Cd(SCN)4Co and 
Cd(SCN)4Ni have been reported’ ‘ 9 ’  6 .  This type of 
compounds seem to be very interesting because they 
are expected to possess the same structure as mercury 
compounds of the type Hg(XCN),M. The purpose of 
the present paper is to describe the preparation of 
Cd(XCN),M (X = S and Se; M = Mn, Fe, Co and Zn) 
and to discuss their structure and chemical bonding in 

Hg(SCN)4 M (M = CO and CU) and Agz (SCN), CO by 

comparison with mercury compounds of the type 
Hg(XCN)4 M. 

EXPERIMENTAL 

Preparation of Compounds 

All metal salts used here were of reagent grade and 
used without further purification. Potassium seleno- 
cyanate was purified prior to use according to the 
conventional method. 

of a stoichiometric amount of KXCN (0.02 mol in 
10 ml) was added to a solution of CdClz ~ 2 . 5 8 ~  0 in 
water (0.005 mol in 15 ml). The solution obtained 
was evaporated to  dryness, followed by extraction 
with ethanol (50 ml) and the extractant was again 
brought to  dryness. This procedure was repeated 
several times in order t o  separate KCl from 
K, Cd(XCN), . Anal. Calcd. for Kz Cd(SCN), :Cd, 
26.6. Found: Cd, 26.3. Calcd. for Kz Cd(SeCN), : Cd, 
18.4; Se, 51.7. Found:Cd, 18.3; Se, 51.7. 

Cd(SCN),M (M = Co and Zn). A solution of hy- 
drated metal chloride in ethanol (0.005 mol in 20 ml) 
was mixed with that of a stoichiometric amount of 
Kz Cd(SCN), in ethanol (0.005 mol in 50 ml). After 
the precipitate of potassium chloride was separated 
by fitration, the resulting fdtrate was evaporated 

Kz Cd(XCN), (X = S and Se). An aqueous solution 

29 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
2
9
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



30 M. NAGAO, H. INOUE AND S. Y ANAGISAWA 

slowly to precipitate the desired compound. The 
precipitate obtained was filtered off and washed with 
ethanol and ether successively. Anal. Calcd. for 

Found:Cd, 21.5; Co, 11.2. Calcd. for 
Cd(SCN),Zn*3.6Hz0: Cd, 23.6; Zn, 13.8. 
Found:Cd, 24.1; Zn, 13.5. 

Cd(SCN),M (M = Mn and Fe). The ethanol solution 
of Cd(SCN), M (M = Mn and Fe) prepared by the same 
method as described for Cd(SCN),M(M = Co and Zn) 
was evaporated to dryness. The residue obtained was 
suspended in nitromethane (30 ml), refluxed for about 
one hr. at 120 'C, filtered off and then washed suc- 
cessively with nitromethane, ethanol and ether. Anal. 
Calcd. for Cd(SCN),Mn: Cd, 28.1; Mn, 13.7. 
Found:Cd, 27.8; Mn, 13.4. Calcd. for 
Cd(SCN),Fe.l.lH,O:Cd, 26.6; Fe, 13.3. Found:Cd, 
26.7; Fe, 13.1. 

Cd(SeCN),M (M = Mn, Fe and Zn). The ethanol 
solution of Cd(SeCN),M (M = Mn, Fe and Zn) was 
prepared by the method similar to that in 
Cd(SCN)4M (M = Co and Zn). After evaporation of 
the solution to an oily product, the desired com- 
pound was precipitated by addition of ether to the oil, 
filtered off and washed with ether. Anal. Calcd. for 
Cd(SeCN),Mn.1.6HZO:Cd, 18.2; Mn, 8.9; Se, 513 .  
Found:Cd, 18.1; Mn, 9.0; Se, 51.2. Calcd. for 
Cd(SeCN),Fe.0.2HZO:Cd, 19.0; Fe, 9.4; Se, 53.4. 
Found:Cd, 19.2; Fe, 9.4; Se, 53.1. Calcd. for 
Cd(SeCN),Zn:Cd, 18.8; Zn, 10.9; Se. 52.8. 
Found:Cd, 18.7; Zn, 10.7; Se, 53.3. 

Cd(SeCN)4Co. A solution of KZCd(SeCN), in 
ethanol (0.005 mol in 10 ml) was added to a solution 
of CoClz-6HZ0 in ethanol (0.005 mol in 10 ml) on 
heating. The desired compound precipitated im- 
mediately was filtered off and washed successively 
with ethanol and ether. Anal. Calcd. for 
Cd(SeCN),Co:Cd, 19.0; Co, 10.0; Se, 53.4. 
Found:Cd, 19.1; Co, 9.8; Se, 53.4. 

I t  was necessary to handle two iron containing 
compounds in a dry nitrogen atmosphere because 
both of them tend to be easily oxidized. All prepared 
compounds were dried over CaClz in a desiccator. 

C ~ ( S C N ) ~ C O * ~ . ~ H ~ O : C ~ ,  21.4;C0, 11.2. 

Physical Measurements 
The X-ray powder diffraction patterns were 
measured with a Rigaku-Denh X-ray diffractometer. 
The lattice constants were determined using Cu-Ka 
radiation (A = 1.541 8 A) and Si as a standard. Because 
both Cd(SeCN),Mn and Cd(SeCN),Fe were very 
unstable in the atmosphere, the measurements of 
these compounds were carried out with a cover of 

parafilm. The infrared spectra were recorded with a 
Hitachi-Perkin Elmer 225 ir spectrophotometer in 
the range 4000-400 cm-' by the KBr disk method 
and in the range 400-200 cm-' by the CsI disk 
method. The wavenumbers recorded here were cali- 
brated using polystyren film. The magnetic suscep- 
tibilities were measured by the Gouy method. The 
Gouy tubes were calibrated with Hg(SCN),Co 
& =  16.44 x lo-' cgs unit at 20 'C1') and dia- 
magnetic corrections were calculated with the Pascal 
constants' ". The diffuse reflection spectra for the 
powdered samples were measured in the range 
13000-33000 cm-' using the Hitachi-Perkin Elmer 
139 UV-VIS spectrophotometer with the standard 
integrating sphere attachment and alumina as a 
reference. 

RESULTS AND DISCUSSION 

The X-ray powder diffraction patterns of 
Cd(XCN),M (X = S and Se; M = Mn, Fe, Co and Zn) 
are very similar to that of Hg(SCN), Co reported by 
Jeffery' ,, although some diffraction peaks were 
weak or missing in Cd(SeCN),M (M = Mn and Fe) 
probably due to  the influence of p a r a f i i  used for 
measurements. This indicates that Cd(XCN),M type 
compounds are isomorphous with Hg(SCN),Co; the 
CdO(CN),M type compounds belong to space group 
I&S: and contains two formula units per unit cell. 
As shown in Fig. 1, the thiocynate or selenocyanate 

FIGURE 1 
c-face. 

Cd: 0, 0.0 
M: 1/2,0, 114 or 1/2,0,3/4 

The unit cell of Cd (XCN),M, projected on the 

0 X: 0.15,0.13,0.28 
0 C or N. 
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TABLE I 
Lattice constants, atomic distances and magnetic moments 
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Lattice constant (A) Atomic distance Magnetic moment 
Compound a C of the M-X (A) (B.M.) 

Cd(SCN), Mn 
Cd(SCN), Fe 
Cd(SCN),Co 
Cd(SCN), Zn 
Cd(SeCN), Mn 
Cd(SeCN), Fe 
Cd(SeCN), Co 
Cd(SeCN), Zn 

11.36 4.20 
1 L26 4.25 
11.17 4.33 
11.15 4.37 
11.56 4.48 
11.46 4.50 
11.33 4.64 
11.32 4.68 

2 5 4  
2.5 3 
2.53 
2.5 3 
2.62 
2.60 
2.60 
2.60 

5.97 
5.23 
4.62 
diamagnetic 
- 

4.44 
diamagnetic 

ion plays a role of bidentate ligands in the unit cell, 
i.e. sulfur or selenium and nitrogen ends coordinate 
to Cd and M, respectively. 

The lattice constants of our compounds are 
summarized in Table I. It is worth noting that the 
lattice constant a decreases with the increase in the 
atomic number of M whereas the lattice constant c is 
quite in the reverse. The same tendency was found for 
the lattice constants of Hg@CN),M (X = S and Se; 
M = Mn, Fe, Co and Zn)798 9 9 * 1  i1 2 * 1  

The atomic distance between Cd and X (X = S and 
Se) is calculated from the lattice constant on the 
assumption that the coordinates Cd(0, 0, 0), 
X(0.15,0.13,0.28) and M(1/2,0, 1/4) or 
(1/2, 0,3/4) in Cd(XCN),M are the same as those of 
Hg, S and Co in Hg(SCN)4Co reported by Jeffrey',. 
The atomic distances Cd-S and Cd-Se calculated are 

listed in Table I. Both types oCatomic distances are 
hardly affected by M and in good agreement with the 
Cd-S distance (2.52 A) and the Cd-Se distance 
(2.62 A) estimated from the tetrahedral covalent radii 
by Pauling' 9 ,  indicating that the bonding between 
Cd-X is covalent. 

The infrared absorption bands of compounds 
containing XCN- as ligand were observed in the range 
4000 to 400 cm-' . These bands are mainly due to 
the fundamental vibrations such as the C-N and C-X 
stretching and N-C-X deformation modes. The 
absorption bands assignable to the M-N and Cd-X 
stretching modes were observed in the range 400 to 
200 cm -' . On the other hand, the M-N-C, 
Cd-X-C, N-M-N and X-Cd-X deformation 
modes must be located out of our experimental 
region. The absorption frequencies of Cd(XCN)4M 

TABLE I1 
Infrared spectra of the compounds 

Cd(SCN), Mn 

Cd(SCN), Fe 

Cd(SCN), Co 

Cd(SCN), Zn 

Cd(SeCN),Mn 

Cd(SeCN), Fe 

Cd(SeCN),Co 

Cd(SeCN), Zn 

2,122 (VS) 

2,140 (VS) 
2,121 (S) 
2,090 (sh) 
2,147 (VS) 
2,136 (S) 
2,160 (VS) 

2,129 (VS) 
2,117 (S) 
2,074 (S) 
2,130 (VS) 
2,071 (S) 
2,140 (VS) 

2,154 (VS) 

782 

788 (W) 

631 (S) 

634 (S) 

628 (S) 

474 (S) 
451 (S) 
473 (S) 
452 (S) 

470 (S) 
450 (S) 
476 (S) 
452 (S) 
420 W) 
406 (M) 

420 (M) 
407 (MI 
420 (MI 
407 (M) 
420 (MI 
406 (M) 

280 (S) 224 (S) 

291 (S) 
280 (S) 

300 (S) 225 (S) 

224 (M) 

235 (M) 220 
-207 
(mult, M) 

233 (MI 21 8 (S) 

249 (M) 224 (M) 

(unit: cm -' ) 
VS = very strong S = strong M = medium W = weak sh = shoulder mult = rnultiplet 
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type compounds are presented in Table 11. The 
absorption bands were assigned by comparing the 
spectra with those reported on Hg(SCN)4Co in the 
literature' o y 2 0 .  The overtone of ~ N C X  was observed 
around 900 cm-' and 800 cm-' in the compounds 
containing thiocyanate and selenocyanate ligands, 
respectively. However, these overtone bands were not 
presented in Table I1 for brevity's sake. The C-N 
stretching bands of Cd(XCNXM type compounds 
were observed in the range 2070-2 160 cm -' . The 
C-N stretching bands of Cd(SCN)4M are shfted to  
higher frequencies by 70- 110 cm-' compared with 
that of KSCN, while the C-N stretching frequencies 
of Cd(SeCN),M are higher by 50-85 cm-' than 
those of kSeCN. With regard to C-X stretching mode, 
the C-S and C-Se stretching bands were observed in 
the range 780-790 cm-' and 620-635 cm-' , 
respectively. These bands lie intermediate between 
KXCN and M(NCX)i-. The characteristic shift of 
these fundamental frequencies upon formation of 
coordination bond of XCN was pointed out by Lewis 
et al.2 ' They considered nine possible forms for 
XCN- ion and coordinated XCN (see Fig. 2), 
implying that form (9) is important for M-XCN 
bond, while for M-NCX bond form ( f )  and (d) are 
important. According to this interpretation the 
greater increase relative to free ion in vCN and the 
increase relative to the free ion but to the lesser 
amount than the N-bonded compounds in vcx 
should be observed for MI-NCX-M2 bridging 
ligands. Consequently, the shifts of vCN and vcx 
observed in the present case are evidence for the 
existence of the linkage structure Cd-XCN-M. 

The VCdS bands of Cd(SCN), M were observed at 
about 225 cm-' while the VCdSe bands of 
Cd(SeCN),M appeared at about 220 cm-' . The force 
constant kCdX can be calculated as a first approxi- 

Free ion Metal-N Metal-X 
bonding bonding 

+ 

/X-cEN 
(a) NEC-X- (d) M-NX-X- (g) 

(b)-N=C=X (e)-M;N=C=X (h) >=C=N- 

(cf-N-C'i (f) NX=X (i)-M=i=C=N- 

M 

M 
+ 

M' 

FIGURE 2 
nated XCN. 

The possible forms of  XCN- ion and coordi- 

mation from the equation of v = 
2n 

reduced mass p and frequency VCdX (X = S and Se). 
The calculated values of force constants are presented 
in Table 111, demonstrating that the Cd-Se bond is 
slightly stronger than the Cd-S bond. The same 
tendency was observed in Hg(XCN),M type com- 
pounds and interpreted on the basis of hard and soft 
acids and bases theory in the previous paper'98. The 
v M N  bands of Cd(SCN),M and Cd(SeCN),M 
appeared in the range 280-300 cm-' and 230- 
250 cm-' , respectively. The force constant kMN cal- 
culated by the same method as used for k c d x  has 
exhibited that the M-NCS bond is slightly stronger 
than the M-NCSe bond. 

Cd(SCN), M (M = Mn, Fe and Co) and Cd(SeCN)4 Co 
was calculated from the magnetic susceptibilities at 
room temperature and presented in Table I. Although 
the calculated values are higher than corresponding 
spin-only values because of the spin-orbit coupling 
effect, they fall into the region characteristic of 
tetrahedral high-spin complexes of M(I1)' 2 .  It appears 
that the M(I1) ion tetrahedrally coordinated through 
the nitrogen ends of SCN and SeCN appears to be in 
the hgh-spin state. An attempt to  obtain magnetic 
susceptibilities of Cd(SeCN),Mn and Cd(SeCN),Fe 
failed to  give a reasonable magnetic moment because 
both compounds undergo rapid decomposition even 
in a nitrogen atmosphere. 

The diffuse reflectance spectra of compounds of 
the type Cd(XCN),M are presented in Fig. 3. The 
absorption bands observed in Cd(SCN), Mn resemble 
closely those of the corresponding tetraisothio- 
cyanatomanganate(I1) ion reported in the litera- 
tures' 3, although each absorption band is slightly 
shifted to  higher frequencies upon formation of 
Cd(SCN),Mn from Kz [Mn(NCS),] . Therefore, the 
spin-forbidden bands may be assigned on the basis of 

The effective Bohr magneton per M(II) of 

TABLE 111 
Comparison of estimated force constants 

Compound ~ M N  k d X  
~ ~ 

Cd (SCN), Mn 0.52 0.74 
Cd (SCN),Fe 
Cd (SCN),Co 0.60 0.74 

0.14 
Cd (SeCN), Mn 0.36 
Cd (SeCN), Fe 0.36 1.27 
Cd (SeCN),Co 0.41 1.34 

- 0.56-0.5 2 

Cd (SCN), Zn - 

1.29-1.14 

- Cd (SeCN), Zn - 

(unit: mdyn/A) 
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:he term diagram in Td symmetry as follows: 
6A1 -+ 4T1 (G) at 20,400 cm-' ; 6A1 + ,T2(G) at 
22,200 cm-' ; 6A1 -+ ,E, Al (G) at 23,200 cm-' ; 
'Al +4Tz(D) at 25,600 cm-'; 6A1 + ,E(D) at 
27,400 cm-' . Unfortunately, the corresponding 
selenocyanate compound Cd(SeCN), Mn fads to give 
a reliable spectrum due to its high sensitivity to air 
exposure. An intense charge-transfer band was 
observed for Cd(SCN),Fe at 28,600 cm-' . However, 
the absorption band of the transition 'E +- 'Tz 
characteristic of the tetrahedral iron(I1) complexes 
was not found within the present experimental region 
:13,000-33,000 cm-'). It is probable that this type 
3f d-d transition is located around 5,000 cm-' for 
Cd(SCN), Fe in view of the observation for 
Hg(SCN), Fe by Scaife'. Another iron compound 
Cd(SeCN)4 Fe was too susceptible to air oxidation to 
measure its diffuse reflectance spectrum. An intense 

I 
I ,,' Cd(SCN)qMn 
/ 

/ 

,/ 

I 20 30 

Wave number (kK1 
FIGURE 3 Reflectance spectra of Cd(XCN),M. 

absorption band, which is observed in Cd(SCN)4Co 
and Cd(SeCN),Co at 16,900 and 17,000 cm-' 
respectively, is assigned to the d-d transition 
4Az + 4T1(P) in the tetrahedral weak field. As 
expected from the cases of Hg(SCN)4Co and 
Hg(SeCN),Co', the energies of the transition 
4Az +4T1 (P) appear to be essentially the same in 
both Cd(SCN),Co and Cd(SeCN),Co, indicating that 
the thiocyanate and selenocyanate ligands are at 
about the same place in the spectrochemical series if 
their nitrogen end takes part in coordination. The 
spin-allowed transition 4Az + 4T1 (P) is shifted to 
higher frequencies on going from Kz [Co(NCX),] to 
Cd(XCN), Co. This is consistent with the fact that the 
bridge-formation of thiocyanate and selenocyanate 
ligands is accompanied by an increase in the A value 
of the Co(NCS),"- and Co(NCSe)$ moieties' j. 

The first charge-transfer band in the near-ultraviolet 
region was observed at higher frequencies in 
Cd(SCN)4M than in Cd(SeCN)4M. This observation is 
in good agreement with the tendency expected from 
the terminal tetraisothiocyanato- and tetraisoseleno- 
cyanatometalate(I1) ions' 4 .  This type of charge- 
transfer band was shifted in iron and cobalt com- 
pounds to lower energies with respect to the 
corresponding terminal tetraisothiocyanato- and 
tetraisoselenocyanatometalate(I1) ions upon the 
bridge-formation through the XCN - ligand. However, 
such charge-transfer bands could not be observed in 
manganese or zinc compounds because the difference 
between the electro-negativity of the central metal 
ions and the optical electronegativity of ligandsZ4 is 
too large. "he charge-transfer band from the S- or 
Se-coordinated ligand to the cadmium ion should be 
located at much higher frequencies since the difference 
between the electronegativity of the cadmium ion 
and the opticalelectronegativity of -SCN and -SeCN 
is larger than that between the electronegativity of 
the M(I1) ions and the opticalelectronegativity of 
-NCS and -NCSe. In fact, this type of charge- 
transfer bands were absent in the present experi- 
mental region. Accordingly, the charge-transfer bands 
observed in the iron and cobalt compounds are 
ascribed to the charge-transfer from the -NCX ligands 
to the M(I1) ion. 
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