
2244 Inorg. Chem. 1987, 26, 2244-2241 

Contribution from the Department of Chemistry, Faculty of Science, 
Osaka City University, Sumiyoshi-Ku, Osaka 558, Japan 

Potentiometric Study of Cadmium(I1) Halide and Thiocyanate Complexes in Methanol 

Hidekazu Doe,* Kenichi Wakamiya, Chie Yoshida, Hiroe Ozaki, Khin Nwe Soe, 
and Toyokichi Kitagawa 

Received April 25, 1986 

The formation of Cd"X,2-" (X- = CI-, Br-, I-, NCS)  complexes in methanol has been studied by X- ion measurements with 
Ag-AgX and NCS- ion selective electrodes. The ionic strength of measured solutions has been adjusted to 0.05 M (M = mol/dm3) 
with sodium and cadmium perchlorates, and all measurements have been made in a closed cell thermostated at 25.0 f 0.1 OC. 
In  this study, the data treatment is improved, considering variations both in the concentration of CdX2 and in ionic strength. 
Stepwise thermodynamic stability constants, K ,  and K2. have been determined; K, and K 2  are (1.83 f 0.01) X IO6 and (9.4 f 
3.4) X I O 2  for the chloride, (3.5 f 0.2) X IO6 and (4.4 f 0.7) X lo3 for the bromide, (7.8 f 0.2) X lo6 and (2.5 f 0.2) X IO4  
for the iodide, and (7.2 f 0.1) X lo5 and (1.7 f 0.1) X 10' for the thiocyanate, respectively. The results have been compared 
with those of zinc(I1) complexes. The tendencies of KI and K 2  are different from those for the zinc complexes; for example, their 
magnitudes are on the order of K1 > K2 for the cadmium complexes whereas the order is K ,  < K2 for the zinc halides, and both 
orders of K ,  and K 2  are CI- < Br- < 1- for the cadmium complexes whereas they are CI- > Br- > 1- for the zinc complexes. 

Introduction 
We have been taking an interest in structural changes of metal 

complexes occurring at  some complexation step in a solution and 
have scrutinized the stability constants of metal complexes though 
it is not a direct way to understand the structural changes. In 
order to discuss these changes effectively, it is most desirous to 
compare the stability constants by using thermodynamic stability 
constants. The determination of reliable thermodynamic stability 
constants primarily needs data obtained by measurements a t  a 
low ionic strength, but there are some difficult problems in the 
measurements. Using a potentiometric technique, therefore, we 
have made some attempts to determine reliable thermodynamic 
stability constants of some M1IX?-" complexes (X- = C1-, Br-, 
I-, NCS-).'-4 

In the present study of Cd(I1)-X- in methanol, an improved 
equation was applied to calculate the stability constants. If K l  
>> K2 such as for Cd(I1)-X- in methanol, it is very difficult to 
determine the reliable K2 by the previous method in which 
measurements are carried out at a very low X- concentration, 
[X-].'s2 Therefore, the present study was made at a high [X-] 
to such an extent that the initial ionic strength of 5.00 X lo-, M 
does not vary considerably, though this variation was taken into 
account to correct ion activity coefficients by the Debye-Huckel 
second approximation. The other improvement of the data 
treatment is the consideration of [MXJ in the calcuation of [M2+] 
and the ionic strength etc. In the previous studies, the consid- 
eration of [MX,] was unnecessary because the total concentration 
of NaX was much smaller than that of M(C104)2. 

Resembling a Zn2+ ion, a Cd2+ ion is octahedrally solvated by 
six solvent molecules in aqueous  solution^^.^ and also in di- 
methylsulfoxide (Me2SO) solutions.' According to the studies 
of CdI$-" complexes, the structure of a tetraiodide complex is 
a regular tetrahedron both in aqueous5 and in MezSO8 solutions, 
as is a zinc complex. These facts indicate that the structural 
change from a octahedron to a tetrahedron occurs at some com- 
plexation step of CdI,2-" in aqueous and in Me2S0  solutions. It 
is very presumable that the same also occurs a t  a complexation 
step of the other cadmium  halide^,^ and then we think that this 
phenomenon similarly occurs in methanol solutions. 
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The structural features of Cd(NCS):-" are different from those 
of Zn(NCS)n2-n. For example, Cd(NCS),- has an octahedral 
configuration in Me2SO,I0 and Cd(NCS)42- may have the same 
because the central cadmium of crystalline Cd(SCN), is octa- 
hedrally surrounded by four sulfur and by two trans-nitrogen 
atoms with a slightly distorted geometry.11s12 On the other hand, 
Zn(NCS),2- has a regular tetrahedral configuration in Me2SOI0 
similar to zinc halide complexes, and in crystalline Zn(NCS)2, 
a zinc atom is tetrahedrally coordinated either by four nitrogen 
or by four sulfur atoms.', An atom through which NCS- is 
coordinated is the N (N-coordination) for Zn(I1) in water,I4 in 
Me2SO,I0 aned probably in methanol, the S (S-coordination) for 
Cd(I1) in Me2SO,I0 and the N or the S for Cd(I1) in 

In the present study, the previous data for zinc complexes were 
recalculated by the improved equation to be well comparable with 
the results of cadmium complexes. At the same time, the re- 
calculation was made by using our new ionic association constant 
of Zn2+-C104-, KIA, which was determined by conductometric 
measurements.I6 In our data treatment of potentiometry, the 
ion-pair formation of MI1ClO4+ is considered to decrease a sys- 
tematic error caused by ion-pairing of a metal ion with an ionic 
medium (C104- in our studies). Recently, we have improved a 
conductance equationL6 and reanalyzed our previous conductance 
data to determine the new values of K I A  of M"ClO,+." 

Experimental Section 
Materials. Cadmium(I1) perchlorate hexahydrate was prepared by 

neutralizing cadmium carbonate (Nakarai, Guaranteed Grade) with 
perchloric acid.18 This hexahydrate salt was purified by triple recrys- 
tallization from distilled water and then was dried on a vacuum line over 
diphosphorus pentaoxide for 3 days to obtain a dihydrate salt. The 
preparations of other reagents were described in previous papers.Is2 

Instrumentation. The outline of instrumentation and the procedure 
of measurments were described previously.',2 In the present study, the 
sensor for 1- was a Horiba iodide ion selective electrode, 8005-06T. All 
measurements were carried out in a closed cell thermostated at 25.0 f 
0.1 O C .  The cell contained 40 cm3 of sample solution before titration. 
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Table I. Data Relating to a Plot according to Eq 3b for a Cadmium Chloride System (CoM = 4.419 X M; CoI = 4.00 X low2 M) 
103COy/M 1051X-l /M lO"Y/y,+/M-l 103[M2+l/M 103[CIOa-1 /M 10ZZ/M YI !J,+ A 

0.955 
1.306 
1.663 
1.982 
2.892 
3.172 
3.442 
3.706 
3.935 
4.192 
4.604 

0.2846 
0.4281 
0.6215 
0.8334 
1.908 
2.499 
3.325 
4.513 
6.076 
8.894 

17.61 

1.843 
1.859 
1.843 
1.846 
1.850 
1.862 
1.877 
1.900 
1.926 
1.965 
2.064 

2.181 
1.963 
1.734 
1.535 
0.9703 
0.8055 
0.6503 
0.5080 
0.3336 
0.2791 
0.1449 

Data Treatment and Results 
Considering the equilibria 

CdXWl3-" + X- F? CdX,Z-" (Kn; n = 1, 2) (1) 

CdZ+ + C104- F? CdC104' (KIA) (2) 

in a sample solution with a relatively low [X-] in comparison with 
total cadmium concentration, CoM, we can write the following 
equation under some assumptions:2 

Y =  Ax/([CdZ+IIX-l) = YZ+K, + 2~2+y+~KiKz[X-l (3a) 

(3b) Y/Y2+ = K1 + 2 ~ l ~ 2 b * 2 [ x - 1 )  

where 

Ax = Cox - [X-] 

Cox is the total concentration of NaX, and y2+ and y ,  are the 
ion activity coefficients of Cd2+ and Clod- (or C1-) ions, re- 
spectively. If [CdX2], which is neglected in the previous works,I4 
is taken into account, [CdZ+] is calculated by the equation 

y , + K l ~ [ C d ~ + ] ~  + ~ ~ + K I A ( C ' ,  + C'M + Ax') + 1)[Cd2+] - 
(C', - Ax') = 0 (4) 

where 
Ax' = Ax - [MX,] 

and CO, is the total concentration of NaC104. The ionic strength, 
I ,  of a solution is given by the equation 

I = PI + C'M + Cox + 2[Cd2+] ( 5 )  
By the use of eq 5 ,  in the present study, the Ivalues of all solutions 
were computed, and from those, y2+ and y ,  were evaluated by 
the Debye-Huckel second approximation with 5 and 4 A for ion 
size parameters, a, respectively. Then, a quantity of [X-] that 
was calibrated at  I = 0.05 M was corrected by they, values at 
I = 0.05 M and at  I of the calculation. On the other hand, the 
average number of ligands, A, is expressed as 

= A X / c o M  = b2+K11X-1 + 2 ~ Z + ~ ~ 2 ~ I K 2 [ x - 1 2 ) / ( 1  + 
y2+K1A[C104-l + Y2+KI ux-1 + yZ+y&ZKlK2[X-12) (6) 

[C104-] is evaluated by the equation 

[Clod-] = C'I + C'M + [M"] + Ax' (7) 

In Figure 1, the plot of Y/y2+ vs. y,2[X-] according to eq 3b is 
compared to a plot according to the previous treatment in which 
[CdX2] is neglected. In a low-[X-] region, there is no difference 
in both plots, but the previous plot cannot maintain the straight 
line in a higher [X-] region. Therefore, the previous experiments 
had to be conducted in such a low-[X-] Thus, the 
consideration of [MX,] expands the range of [X-] in which the 
plot according to eq 3b is straight; that is, it makes the wide range 
of [X-] suitable for measurements. 

The first step of a data treatment was the determination of K , ,  
which was evaluated from the intercept of a plot according to eq 
3b. Initially, it was assumed that [MX,] = 0 and I = 0.05, and 
then [M2+] was calculated by eq 4, because yz+ was evaluated 
by the Debye-Hiickel equation, because KIA had already been 
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Figure 1. Y/y2+ vs., Y * ~ [ X - ]  plots according to eq 3b: (0) present 
calculation; (0)  previous calculation. For a cadmium chloride system, 
CoM = 4.419 X M and CO, = 4.00 X M. 

Table 11. Results of Plots Based on Eq 3b for Cadmium Chloride, 
Bromide, Iodide, and Thiocyanate Systems 
I03CoM/M 1O2Co1/M 1O"K1/M-' 10-3K2/M-1 N" f l  

1. Cadmium Chloride 
2.223 4.50 1.838 f 0.004 0.82 f 0.02 11 0.9986 
4.419 4.00 1.838 f 0.004 1.35 f 0.06 11 0.9920 
6.588 3.50 1.810 f 0.004 0.70 f 0.33 13 0.5362 

2. Cadmium Bromide 
2.223 4.50 3.25 f 0.26 4.2 f 0.4 I O  0.9884 
4.419 4.00 3.618 f 0.007 4.1 f 0.6 10 0.9259 
6.588 3.50 3.564 f 0.006 5.0 f 0.7 7 0.9532 

3. Cadmium Iodide 
2.223 4.50 7.69 f 0.19 27.2 f 1.2 14 0.9923 
4.419 4.00 7.96 f 0.05 23.0 f 1.3 13 0.9841 
6.588 3.50 7.58 f 0.15 24.8 f 1.1 8 0.9937 

4. Cadmium Thiocyanate 
4.419 4.00 0.723 f 0.003 1.91 f 0.02 16 0.9996 
6.588 3.50 0.710 f 0.001 1.54 f 0.04 8 0.9974 
6.588 3.50 0.720 f 0.002 1.65 f 0.04 11  0.9978 
8.728 3.00 0.709 f 0.002 1.68 f 0.04 17 0.9969 
8.728 3.00 0.721 f 0.001 1.67 f 0.05 15 0.9932 

"The number of data points. Correlation coefficient. 

determined conductometrically, and because A,' was equal to A,. 
Once [M2+] was determined, the next value of y2+ was calculated 
from a next I evaluated by eq 5. Using the next y2+ and [X-I, 
which was corrected by the equation b * ( I  = O.O5))[X-] = 
(y,(next))[X-], the calculation of [M2+] was repeated until I 
became constant. Then we were able to calculate K 2  by using 
eq 6, because K ,  and [C104-] (by eq 7) were known. Here, we 
can write the relation 

Ax' = Ax(1 + yi2Kz[X-l)/(1 + 2.~i~Kz[X-l)  (8) 

because y,*Kz = [CdX,]/([CdX+][X-]) and [CdX'] = Ax - 
2[CdX2]. By the use of eq 8, a next A,' value was calculated. 
Then we were able to return to the start of calculations with the 
next A,'. For every piece of data, this series of calculations was 
repeated until A,' became constant. 
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Table 111. Thermodvnamic Stabilitv Constants of Cd(IIbX- and Zn(IIkX- Svstems in Methanol ~, . ,  
Cd (KIA = 149 M-I) Zn (KIA = 144 M-I) 

X- K ,  I M - '  K, /M-'  K ,  IM-' K ,  I M-' 
c1 
I 

(1.83 f 0.01) X lo6 

(7.8 f 0.2) X lo6 

(9.4 f 3.4) x 102 

(2.5 f 0.2) x 104 

(9.4 f 0.2) x 103 

(8.0 f 0.4) X lo2 

(1.63 f 0.06) X I O 4  

(9.6 f 0.6) X lo3 
Br 

NCS 

(3.5 f 0.2) x lo6 

(7.2 f 0.1) X 10' 

(4.4 f 0.7) x 103 

(1.7 f 0.1) x 103 

(2.7 f 0.1) x 103 

(2.09 f 0.05) X lo5 

(1.4 f 0.1) x 104 

(1.0 f 1.6) x 103 

Table IV. Concentration Stability Constants of Cd(I1)-X' and Zn(I1)-X- Systems in Methanol at 25.0 "C ( I  = 5.00 X M) 
Cd Zn 

X- Y,+KI IM-'  Yc2K,IM-I Y,+KI IM-' V+2K,IM-I 
CI (4.3 f 0.2) x 103 
Br (2.9 * 0.2) x 105 (1.1 f 0.2) x 103 (2.66 f 0.13) X I O 2  (3.7 0.3) x 103 

(1.51 * 0.01) x 105 (2.5 f 0.9) X I O 2  (9.2 f 0.2) X I O 2  

1 
NCS 

(6.4 f 0.2) X 10' 
(5.94 f 0.05) x 104 

(6.6 f 0.6) X lo3 
(4.5 f 0.3) X lo2 

(7.8 f 0.4) X 10 
(2.05 f 0.05) X I O 4  

(2.49 f 0.14) X 1013 
(2.6 f 4.2) X lo2 

Finally, using [M2+] and [X-] that were determined by the 
above calculation, we plotted Y/y2+ against Y*~[X-] and deter- 
mined K ,  and K2 values. The results of the calculation are shown 
in Table I for a cadmium chloride system in detail. The plot of 
the data in Table I according to eq 3b is shown in Figure 1. For 
all the systems, the results from such plots are summarized in 
Table 11. Thermodynamic stability constants were determined 
by computing an arithmetic mean of the results in Table 11, 
considering the number of data points, N .  The thermodynamic 
stability constants are summarized in Table 111, in which those 
of Zn(I1)-X- systems are included. The y2+ values of Cd2+ and 
Zn2+ are 0.082 85 (a  = 5 A) and 0.098 07 (a = 6 A) at I = 0.05 
M in methanol ( 6  = 32.66 at 25.0 "C), respectively. They, value 
is 0.5110 for both Cd(I1) and Zn(I1) systems. Table IV shows 
the concentration stability constants of these complexes at I = 
0.05, near which the measurements were carried out. 

Between the present and the previous' calculations for Zn- 
(11)-X- systems, there are two differences: one is the KIA value; 
the other, the degree of approximation (corrections about [MX2] 
and I ) .  For example, if we calculate the stability constants with 
the present K I A  value (144 M-I) by using the previous data 
treatment, we get K ,  = 9.1 X I O 3  and K ,  = 1.66 X lo4 for 
Zn(II)-Cl- (previously, K ,  = 7.76 X lo3 and K 2  = 1.74 X IO4)  
and K ,  = 2.05 X lo5 and K ,  = 1.2 X IO3  for Zn(I1)-NCS- 
(previously, K ,  = 1.74 X lo5 and K2 = 4.4 X 10,). This indicates 
that the difference of KIA is a main cause of the difference between 
the present and the previous K,'s. It will be a natural conclusion 
because the experimental conditions of the previous study are well 
selected for the variations in [MX,] and I .  However, the correction 
about I is effective on K2 of Zn(I1)-NCS- to some extent because 

Discussion 
The thermodynamic stability constants (Table 111) have been 

graphically summarized in Figure 2. 
Halide Complex. As shown in Figure 2, there are two main 

differences between the cadmium and the zinc systems as follows: 
(1) K ,  is larger than K2 for all the cadmium halides, contrary to 
the zinc halides; (2) both K ,  and K2 of the cadmium halides 
increase in the order of CI < Br < I, while those of the zinc halides 
decrease in that order. 

In the case of difference 1,  K l  > K 2  for the cadmium halides 
is a normal result, though the ratios of K , / K 2  appear to be ex- 
tremely large. As to difference 2, Cd(I1) is evidently a soft acid 
(HSAB p r i n ~ i p l e ) , ' ~ - ~ ~  while Zn(II), a borderline element between 
hard and soft acids, seems to behave as a hard acid at least before 
a trihalide complex is formed. 

We previously discussed the abnormal result of K ,  < K2 of the 
zinc halides, namely cooperativity, considering the structural 
change of the dihalide complex from an octahedral to a tetrahedral 

Kl >> K,. 
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I 0  I 

C I  Br I NCS 
Figure 2. Stepwise thermodynamic stability constants of zinc and cad- 
mium halides and thiocyanates in methanol at 25.0 O C :  (0) K ,  of 
Cd(I1); (0) K2 of Cd(I1); (0 )  K ,  of Zn(I1); (W) K ,  of Zn(I1). 

configuration.lX2 According to this discussion, it is inferred that 
such a structural change for the cadmium halides does not occur 
at the step of dihalide complexation at least. It is not reasonable 
that the cadmium monohalide complex already changes its 
structure to a tetrahedrally four-coordinated CdXS3+ (where S 
is a solvent molecule), because the monohalide complex of Zn(II), 
having a smaller coordination sphere than Cd(II), still keeps a 
six-coordinating octahedral structure (ZnXS,+). Consequently, 
if the cadmium dihalide complex keeps the six-coordinated oc- 
tahedral configuration, its ligands must become very crowded. 
This will probably cause the K2 values of cadmium halides to 
become small. 

Furthermore, we previously stated that the K,/K, .  ratios of zinc 
halides become large as the size of a halogen atom increases (the 
ratios are 1.7, 5.2, and 12 for CI, Br, and I, respectively), because 
a steric hindrance among ligands is stronger in the crowded oc- 
tahedral monohalide, ZnXS5, than in the tetrahedral dihalide, 
ZnX2S2. On the other hand the K 2 / K l  ratios of cadmium halides 
also increase in a similar proportion to the zinc systems (0.5 X 

for C1, Br, and I, respectively). 
If a discussion is done in the same manner, contrary to the ex- 
perimental results those ratios must decrease as halogen sizes 
increase, because the dihalide complex is more crowded than the 
monohalide one in the case of those cadmium halides with the 
same configurations. Thus the steric effect caused by halogen 
atoms may be of little importance in the cadmium halides, and 
then another discussion will be made as follows. 

Properties of a hard acid (HSAB principle) are a small size, 
a high positive charge, and a small polarizability. Halide com- 
plexes of hard acids increase their stabilities in the order I < Br 
< CI, and those of soft acids, in the order C1 < Br < I. In the 
individual reactions of zinc and cadmium halide complexes (eq 
l ) ,  the acid in the first reaction ( K , )  is M11S,2+ and that in the 
second one ( K , )  is MI'XS,'. If one compares M1's6'' and 
M"XS5+, it will probably be seen that M(II)S62+ is a harder acid 

1.3 X and 3.2 X 
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than M(II)XSSf. That is to say because ZnXSS+ is a weaker hard 
acid than ZnS62f, a decrease in K2 from C1 to I (Figure 2) is 
smaller than that in K,.  On the other hand, because CdXSSC is 
a stronger soft acid than CdSg'', an increase in K2 from c1 to 
I is larger than that in K,. Thus, we conclude that the K 2 / K l  ratio 
increases in going from C1 to I .  

Thiocyanate Complex. We have the following knowledge on 
the structure of cadmium thiocyanate complexes (cf. Introduction). 
The cadmium thiocyanate complexes seem not to change their 
structure, keeping a-six-coordinated octahedral configuration, 
contrary to the zinc thiocyanate complexes. According to the 
previous discussion,' the zinc thiocyanate complexes have a 
four-coordinated tetrahedral structure; that is, the structural 
change from an octahedral to a tetrahedral configuration occurs 
a t  the formation of a monothiocyanate complex. Cd(I1) may be 
partly coordinated through a sulfur atom (S-coordination) in 
methanol as in water, though Zn(I1) is coordinated through a 
nitrogen atom of NCS- (N-coordination). 

As for the N- or S-coordination, it was reported that the change 
from M-NCS to M-SCN bonding coincides approximately in 
the periodic table with the change in relative binding of halide 
ions from F > CI- > Br- > I- to I- > Br- > C1- > F . 2 3 9 2 4  Hence, 
it is probable that the existence of S-coordinated species in the 
cadmium thiocyanate complexes in methanol is supported by our 
results of halide complexes. If so, S-coordination may appear 
easily in complexes containing many NCS- ions such as Cd(C- 
NS)&- or Cd(CNS)4S$- because the coordination of NCS- 
probably increases the softness of Cd(I1). According to a Raman 
study in water,I4 in Cd(CNS)42- (even in the complexes containing 
less NCS-) some of the NCS- is bound to Cd(I1) through the N 
and some through the S. 

In comparison with those of the iodide complexes, the stabilities 
of the thiocyanate complexes in methanol indicate some tendency 
similar to that in water: in water, a t  25 OC and I = 0 M, log 

26. 2241-2254 2241 
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K,(Zn-I) = -1.5 ( I  = 3.0 M), log K1(Zn-NCS) = 1.33, log 
K2(Zn-NCS) = 0.58, log KI(Cd-I) = 2.28, log K2(Cd-I) = 1.64, 

K,(Zn-I) = -2.93 and log K2(Zn-I) = 1.17 at I = 4.526). Why 
K ,  (Zn-NCS) is large was previously explained by the structural 
change of zinc monothiocyanate. The results of KI(Cd-I) > 
KI(Cd-NCS) and K2(Cd-I) > K2(Cd-NCS) seem to be normal 
because Hg(I1) of S-coordination also gives the same results in 
water: log K,(Hg-I) = 12.87 ( I  = 0.5), log K2(Hg-I) = 10.95 

= 7.78 ( I  = However, considering K,(Hg-NCS) > K l -  
(Hg-C1) in water (log KI(Hg-CI) = 6.74 at  I = 0.5), K,(Cd- 
NCS) appears to be too small in methanol. This may support 
a prediction that the N-coordination dominantly exists in the 
cadmium monothiocyanate complex. As K2( Zn-NCS) < K2- 
(Zn-I), we think that K2(Zn-I) is too large if it is considered that 
the Zn-N bond is just slightly covalent (less than that in Zn-Br).14 
For this reason, it is thought that the zinc dihalide complex is 
stabilized significantly by the structural change. 

The K 2 / K 1  ratio of cadmium thiocyanate is considerably small, 
like those of its halides, 2.4 X Thus, if the cadmium thio- 
cyanate complex changes its structure, the structural change in 
the tri- or tetrathiocyanate complex might be predicted. However, 
if there is no probability of structural change in the cadmium 
thiocyanate complex contrary to the zinc thiocyanate complex, 
we will expect that this structural property of cadmium thiocyanate 
is related to ambidentate binding of NCS- to Cd(I1). 
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log KI(Cd-NCS) = 1.89, log K,(Cd-NCS) = 0.8925 (cf. log 

( I  = 0.5), log K1(Hg-NCS) = 9.08 ( I  = l ) ,  log KZ(Hg-NCS) 

(25) Smith, R. M.; Martell, A. E. Critical Stability Constants; Plenum: New 
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The single-crystal absorption, MCD, and Zeeman spectra are reported for Cs3M02C1,. The highly structured absorption at - 13 000 
cm-' has no MCD and consists of spin-singlet and orbitally nondegenerate states. New absorption lines are observed near 11 600 
and 7800 cm-I. The main spectroscopic features can be qualitatively explained on the basis of an exchange-coupled-pair model 
with strong u Mo-Mo bonding. The u bonding preferentially stabilizes the pair states derived from the t22t22 configuration. 
However, the t2z electrons are not fully paired and the ground singlet-triplet separation is dominated by t2z-t2r kinetic exchange. 
The bonding in M O ~ C I ~ ~  and W2C12- is considered to be qualitatively the same, with one strong u bond and two weak T interactions. 

Introduction 
The anion of the title compound is a member of the classic series 

MzX2- (M(II1) = Cr, Mo, W; X = C1, Br) in which the strength 
of the M-M bonding is reflected in the structural distortions of 
the bridging group and a progressive reduction in M-M separa- 
t i o n ~ . ' - ~  Direct Cr-Cr bonding is very weak and the ground 
singlet-triplet separationS is very small, Elo - 13 cm-I. Cs3M02Clg 
is weakly paramagnetic. The magnetic susceptibility5 can be fitted 

to either a d3d3, d2d2, or did1 model and gives Elo  - 840 cm-I. 
The W2Clg3- anion is diamagnetid at 298 K. The changes in the 
structural and magnetic properties have been interpreted' by 
assigning no M-M bonds in Cr2C1,3-, one bond in Mo2Clg3-, and 
three bonds in w2c1,3-. 

The electronic spectra of Cr2X93- have been studied by many 
workers.*-I0 The exchange interactions are small and together 
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