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Given the limits of Hiickel M O  calculations and the complexity 
of the compounds compared here, it is not surprising that the 
observed correlation between K, and the LUMO charge densities 
is not clearly linear or exponential. Although the question of 
thermodynamic stability of mixed-valence systems is certainly 
c ~ m p l e x ~ - ~ ~ ~ ~  and requires thorough M O  treatments, this study 
of mixed-valence complexes that exist a t  rather positive potentials 
does provide some guidelines for the design of novel conjugated 
bridging ligands15 particularly capable of stabilizing mixed-valence 
oxidation states. In such ligands, the combined LUMO charge 
densities of all coordination centers should be as large as possible 

(15) Ernst, S. Ph.D. Thesis, University of Frankfurt, 1987. 

(pyrazine of the Creutz-Taube ion' has CcN2 = 0.5516) while other 
factors such as metal-metal distance seem to be of less importance. 
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The rate constants for the formation and dissociation of Zn(H20)4bpy2+ and Cd(H20),bpy2+ as well as the stability constants 
of these two complexes have been studied as a function of temperature in aqueous solution. The kinetic and equilibrium parameters 
obtained are k:98/M-1 s-' = (2.3 f 0.2) X lo6, k,298/s-1 = 13 f 5, log (f?98/M-') = 5.23 f 0.05, AHf'/kJ mol-' = 35.4 f 0.6, 
AH,'/kJ mol-' = 62.8 i 0.9, and AHo/kJ mol-' = -27.4 f 0.9 for Zn2+ and kf298/M-1 s-' = (3.3 f 0.3) X lo6, k,298/s-' = 160 
f 20, log (f?98/M-1) = 4.33 f 0.06, AH,'/kJ mo1-l = 24.0 * 2.3, AH,*/kJ mol-l = 46.1 f 2.8, and AHo/kJ mol-' = -22.1 f 
2.4 for Cd2+. The influence of pressure on the rate constants for formation of the complexes has also been studied. For Cd2+, 
determination of the rate constant for the dissociation of the mono complex at variable pressure could be made by adding Cu2+ 
to form the Cu(H20)4bpy2+ complex quantitatively and measuring the rate-limiting dissociation of the Cd2+ complex. For the 
analogue Zn2+ system, the activation volume for the dissociation process had to be calculated as the difference between the reaction 
volume obtained from a variable-pressure equilibrium study and the activation volume for the formation step. For Zn2+, the small 
negative activation entropies (aS,'/J K-' mol-' = -4 f 2 and AS,*/J K-' mol-' = -12 * 3) and positive activation volumes 
(AV,'/cm' mol-' = +7.1 f 0.4 and AV,'/cm' mol-' = +3.6) are interpreted in terms of a dissociative interchange mechanism. 
The negative values found for Cd2+ (ASS,'/J K-l mol-' = -39.7 8.2, AS,'/J K-l mol-' = -48.4 f 9.7, AV,'/cm' mol-' = -5.5 
f 1.0, and AV,'/cm' mol-' = -6.9 f 1.2) show that an associative interchange mechanism operates. This change in activation 
mode on going from the first to the second row is attributed to the large difference in ionic radius between the two cations. 

Introduction 
The interest in kinetic studies of simple substitution reactions 

on metal ions has been revived since variable-pressure techniques 
have become productive investigation tools to complement the 
traditional mechanistic criteria. The number of inorganic reactions 
for which volumes of activation have been measured is thus in 
constant progression, and confidence in the ability of this pa- 
rameter to help in characterizing the mechanism of simple co- 
ordination reactions is also increasing regularly.2 Some infor- 
mation has been collected for most first-row octahedral transi- 
tion-metal cations, and it is now clear that the mechanisms are 
similar for solvent exchange and ligand substitution. It has also 
been learned that these mechanisms gradually change along the 
series from associative to dissociative activation mode, a t  least 
for the 2+ and 3+ oxidation states in water, methanol, and 
acetonitrile media.3 Kinetics of solvent exchange and complex 
formation on second-row octahedral cations has received much 

(1)  A preliminary account of some of this work can be found in: Laurenczy, 
G.; Ducommun, Y.; Merbach, A. E. Ricerca Scienfifica ed Educazione 
Permanenfe; Universita degli Studi di Milano: Milan, Italy, 1986; Vol. 
50, p 101. 

( 2 )  Inorganic High Pressure Chemistry: Kinetics and Mechanisms; van 
Eldik, R., Ed.; Elsevier: Amsterdam, 1986. 

(3) Ducommun, Y . ;  Merbach, A. E. Znorganic High Pressure Chemistry: 
Kinetics and Mechanisms; van Eldik, R., Ed.; Elsevier: Amsterdam, 
1986; Chapter 2. 
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less interest, however, probably because of the more complex 
chemistry involved with these ions. Our study of Mo(H20),NCS2+ 
formation from M o ( H ~ O ) ~ ~ +  seems in fact to be the only varia- 
ble-pressure work in water reported to date.4 In the present 
account, we extend our investigations to a later member on this 
row, the d'O divalent cadmium ion, and, for the sake of comparison, 
to its first-row parent Zn*+. The rates for water exchange of these 
two cations are too fast to be measured at  the present stage of 
N M R  instrumentation, and one is forced to turn toward complex 
formation reactions that can be studied by other experimental 
techniques. In this context, we have chosen to study the formation, 
dissociation, and equilibrium of the mono complexes of Zn2+ and 
Cd2+ with the uncharged bidentate bipyridine ligand in aqueous 
solution, using stopped-flow and UV-visible spectroscopic tech- 
niques at  variable temperature and pressure. 
Experimental Section 

Chemicals and Solutions. Hydrated Zn(CIO,), was prepared from 
ZnO (Merck, p.a.) dissolved in concentrated HC104 (Merck, p.a.). and 
it was recrystallized from water. Cd(Cl0,),.6H20 (Ventron, p.a.), Cu- 
(C104)2.6H20 (Fluka, purum), and 2,2'-bipyridine (bpy, Fluka, p.a.) 
were used as supplied. Stock solutions were prepared volumetrically at 
room temperature with doubly distilled water. The pH of all sample 
solutions was set between 5.8 and 6.0 and measured with a combined 

(4) Richens, D. T.; Ducommun, Y . ;  Merbach, A. E. J .  Am. Chem. SOC. 
1987, 109, 603. 
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Table I. Activation and Thermodynamic Parameters for Formation, 
Dissociation, and Equilibrium of Cd(H20)4(bpy)2' and 
zn(H20)4(bpy)2' 

Zn2+ Cd2' 
(2.3 f 0.2) X lo6" 
13 f 5b 

(3.3 f 0.3) X lo6  
160 f 20 

ktg8/M-l s-I 
kFg8/s-I 
log (Pg8/M-l)  5.23 f 0.05' 4.33 f 0.06" 
AS;/J K-' mol-' -4 f 2 -40 f 8 
AS,*/J K-' mol-l -12 f 3 -48 f 10 

AHf*/kJ mol-' 35.4 f 0.6 24.0 f 2.3 
AHr*/kJ mol-' 62.8 f 0.9 46.1 f 2.8 
AHo/kJ mol-' -27.4 f 0.98 -22.1 f 2.4h 

AV,*/cm' mol-' +3.6' -6.9 f 1.2' 

M 0 / J  K-' mol-' +8 f 3c +9 f 8f 

AVf*/cm3 mol-l +7.1 f 0.4' -5.5 f 1.0' 

A P / c m 3  mol-' +3.5 f 0.4k +1.4 

edLiterature  value^^^'^ (same units as above): ( a )  lo6; (b) 16; (c) 
5.2, 5.3; (d) 4.30, 4.18. ChLiterature  value^^^*^^ (same units as above): 
( e )  0 to +20; U, +8.3 to +10.6; (g) -22 to -30; (h) -21, -21.2. 'At 
273 K. 'Obtained by difference. k A t  298 K. 

glass electrode containing saturated NaCl as reference electrolyte. Under 
the concentration and pH conditions of the experiments, protonation of 
bpy (pK, = 4.30) amounted to a maximum of 3% and hydrolysis of Cd2' 
(pK, = 9.0) and Zn2+ (pK, = 10.0) was always negligible.5 In the study 
of Cd(H20)4bpy2' dissociation, the added Cu2' was always in a t  least 
15-fold excess of which a minimum of 90% was in the nonhydrolyzed 
form.6 In all cases, concentrations were expressed in molarities at 0.1 
MPa' and the ionic strength was fixed at  0.01 M with NaC104.H20 
(Merck, p.a.). 

Kinetic and Equilibrium Measurements. The experimental setups for 
kinetic and equilibrium experiments were as described previously$s8 The 
observation wavelength was 304 nm for Cd(H20)4bpy2+ and 305.5 nm 
for Zn(H20)4bpy2' complex formation. The temperature dependence of 
the kinetics a t  ambient pressure was studied from 273.2 to 293.2 K for 
Cd2' and from 273.2 to 303.2 K for Zn2'. Dissociation of Cd- 
(H20)4bpy2t was followed between 273.2 and 293.2 K at  305 nm, for 
different concentrations in added Cu2'. Variable-pressure data were 
collected up to 200 MPa at  273.2 K. Series of 2-12 data sets were 
collected for each of the experimental conditions. For equilibrium 
measurements, the temperature range was 273.2-328.2 K. A study of 
the change in the Z r ~ ( H ~ O ) ~ b p y ~ '  stability constant with pressure was 
made up to 200 MPa at  298.2 by using equimolar concentrations (2 X 

M) of Zn2' and bpy. The errors quoted throughout the text and 
Table I are * I  standard deviation. 

Results 

bpy in aqueous solution follows (1). 
The reaction between excess M(H20)62+ (M = Cd, Zn) and 

Kinetic analysis shows 

ki 
M(H20),2+ + bpy M(H20)4bpy2+ + 2H20 ( 1 )  

binding of the first nitrogen of bpy to the metal cation to be the 
rate-determining step in forming the bidentate complex. The 
subsequent ring closure cccurs much f a ~ t e r . ~ , ' ~  The mono complex 
is the only species formed when M2+ is in excess. In the kinetic 
study, a 10-fold excess metal over ligand concentration, or more, 
was always enforced. It was considered a minimum requirement 
to ensure the pseudo-first-order conditions necessary for the ap- 
plication of eq 2. The kobsd values were obtained by using the 

(2) kobsd = kf[M2+l + kr 

first four half-lives of reaction at  least. The kf values were ex- 

(5)  Baes, C. F.; Mesmer, R. E. The Hydrolysis of Cations; Wiley: New 
York, 1976; p 293, 301. 

(6) Reference 5,-p 273. 
(7) Hamann, S. D.; le Noble, W. J. J .  Chem. Educ. 1984, 61, 658. 
(8) Nichols, P. J.; Ducommun, Y.; Merbach, A. E. Inorz. Chem. 19fJ3, 22, 

3993. 
(9) Holyer, R. H.; Hubbard, C. D.; Kettle, S .  F. A,; Wilkins, R. G. Inorg. 

Chem. 1965, 4, 929. 
(10) Holyer, R. H.; Hubbard, C. D.; Kettle, S. F. A,; Wilkins, R. G. Inorg. 

Chem. 1966, 5, 622. 
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Figure 1. M2' concentration dependence of observed first-order rate 
constants for formation of M(H20)4(bpy)2t at various temperatures. (a) 
M = Zn: (0) 273 K (0) 278 K (m) 283 K; (0) 288 K; (A) 293 K (A) 
298 K. (b) M = Cd: (0) 273 K; (0) 278 K (0) 283 K; (A) 288 K. 
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Figure 2. Absorption spectra of an equilibrated lo4 M solution of Cd2' 
and bpy at 273,285,296,309,  316, and 328 K (top to bottom curves at 
304 nm). 

tracted from the slopes of the dependence of kobd on M2' con- 
centration by use of a weighed least-squares analysis. Figure 1 
shows the concentration dependence of kohd at  several tempera- 
tures. 

The stability constants of Zn(H20),bpy2+ and Cd(H20)4bpy2+ 
were determined spectrophotometrically in addition to the kinetic 
measurements. Equilibrium constants were obtained from ab- 
sorbance measurements a t  various excess metal concentrations 
by use of a least-squares minimizing program.]' The best fit was 
obtained in both cases for one complex, with stability constants 
cSs = (1.7 f 0.2) X IO5 M-' and p9* = (2.2 f 0.3) X IO4 M-I 
and molar absorptivities e298 = (1.68 f 0.05) X lo4 M-' cm-' at 
305.5 nm and c298 = (1.46 f 0.05) X lo4 M-' cm-' a t  304 nm 
for the Zn2+ and CdZ+ mono complexes, respectively. The pg8 
values are in perfect agreement with those quoted in the literatureI2 
and with the values obtained from the kinetics as kf /kr .  Si-  
multaneous fits of all variable-temperature kinetic and equilibrium 
data were consequently made by combining the adjustable pa- 

(1 l )  Gampp, H.; Maeder, M.; Meyer, C. J.; Zuberbuhler, A. D. Talanta, 
1985, 32, 95, 257. 

(12) McBryde, W. A. E. A Critical Review of Equilibrium Data for Proton 
and Metal Complexes of 1 ,IO-Phenanthroline, 2,2'-Bipyridyl and Re- 
lated Compounds; IUPAC Chemical Series No. 17; Pergamon: New 
York, 1978. 
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Figure 4. Pressure dependence of the logarithm of the stability constant 
for a solution 2 X 

rameters in groups of four (ASf* ,  AS,* or ASo, AHf*, and AH,* 
or AHo) .  They yielded the values listed in Table I. A series of 
absorption spectra for an equimolar solution of Cd2+ and bpy at  
various temperatures is shown in Figure 2. 

The pressure dependences of k,  in normalized logarithmic scale 
are shown in Figure 3. The pressure dependences of the intercepts 
in the kow versus [M2+] plots were too small to allow an accurate 
determination of the k,  values. In the zinc case, they were not 
significantly different from zero and were neglected in the analysis. 
The variation of the equilibrium constant with pressure gave 
absorbance changes large enough to obtain A T ,  the overall 
volume change during the reaction (Figure 4). In the cadmium 
case, the k, values could be obtained from rate measurements made 
after addition of Cu2+ to the solutions. The Cu(H20),bpy2+ 
complex is about 8 X LO3 times more stable (K29s = 1.6 X lo8 
M-')" than the Cd2+ one, and the rate constant for its formation 
is much larger ( k f  1 lo7 M-l s-').~O The dissociation of Cd- 
(H20),bpy2+ hence becomes the rate-limiting step, and k, can be 
measured directly. The pressure dependence of k,  obtained in 
this way is shown in normalized logarithmic scale in Figure 5.  
The absorbance change with increasing pressure was small and 
the standard deviations on the equilibrium measurements as a 
function of pressure were too large to allow an accurate deter- 
mination of the reaction volume A T .  It was therefore calculated 
as the difference between the kinetically obtained activation 
volumes. 

The measured activation volumes and the volume of reaction 
listed in Table I were obtained from fits of all the variable-pressure 

(13) Burgess, J. Metal Ions in Solution; Horwood: Chichester, England, 
1978; Chapter 12. 
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Figure 5. Pressure effect on the normalized natural logarithm of the rate 
constant for dissociation of Cd(H20),(bpy)2+ at 273 K by high-pressure 
stopped flow after addition of Cu2+: (0) [Cd(b~y)~+]  = 5 X M, 
[Cu2+] = 2.5 X lo-) M; (0) [Cd(b~y)~+] = 5 X loes M, [Cu2+] = 7.5 
X lo-) M; (0) [Cd(bpy)'+] = lo4 M, [Cu2+] = 5 X lo-) M. 

data to eq 3 and 4 (Cd2+) or eq 3 and 5 (Zn2+), with k f O ,  k," (or 
KO), AVf*, and AV,' (or AVO) as adjustable parameters. 

(3) 

(4) 

(5) 

Discussion 
Coordination of a neutral ligand such as bpy on the hexaaquated 

zinc or cadmium cation is expected to follow an interchange 
mechanism.I3 As depicted in reaction 6, the reaction pathway 

In kf  = In kf" - AV,*P/RT 

In k,  = In kr0 - AV,*P/RT 

In K = In K O  - A T P / R T  

L ki 
M(H20),'+ + L-L [M(H20)6, L-L]" 4 

M(H20)5L-L2+ + H20 2 M(H20)4L-L2+ + 2H20 (6) 

can be decomposed into successive steps.', The initial diffu- 
sion-controlled approach of the incoming ligand in the vicinity 
of the aqua ion to form an outer-sphere association complex is 
followed by the inner-sphere, rate-limiting, concerted exchange 
of water for the entering ligand molecule and, in our case of a 
bidentate ligand, by the final, much faster ring closure. This 
scheme is independent of the activation mode of reaction. If a 
dissociative interchange (4) takes place, the rate constant kI should 
be comparable to the rate of exchange of water on the studied 
cation, possibly with a statistical factor being taken into account. 
For an associative interchange (Ia), a much larger dependence 
of kI on the nature of the incoming group, including water, is 
expected. Reaction 6 will be valid only if the metal complex 
remains octahedral a t  every stage of the reaction, since changes 
in coordination number and geometry about the metal ion have 
been shown to lead to anomalous kinetic behavior when the 
configurational change is rate-limiting.I4 Such structural mod- 
ifications in the course of the reaction have been observed for zinc 
and cadmium, from octahedral to tetrahedral geometry.15 In 
water, though, they occur only at  the stage of tris complex for- 
mation16 and can be ruled out for formation of mono complexes 
as in the present cases. 

Several kinetic studies of cadmium in aqueous solution have 
been reported, most of them involving multidentate ligands," with 
formation rate constants ranging from lo5 to 5 X lo9 M-' s-'. This 
large spread in k f  values has suggested an associative mechanism 
for reactions of this cation, but none of these studies have been 

(14) Tamura, K. J .  Phys. Chem. 1977, 81, 820. 
(15) (a) Dakternieks, D. Coord. Chem. Rev. 1987, 78, 125. (b) Ohtaki, H.; 

Maeda, M.; Ito, S .  Bull. Chem. SOC. Jpn. 1974, 47, 2217. 
(16) (a) Ahrland, S.; Bjork, N.-0. Actn Chem. Scand., Ser. A 1976, A30, 

257. (b) Sandstram, M.; Persson, I.; Ahrland, S .  Acta Chem. Scand., 
Ser. A 1978, A32, 607. 

(17) Margerum, D. W.; Cayley, G. R.; Weatherburn, D. C.; Pagenkopf, G. 
K. In Coordination Chemistry, Vol. 2; Martell, A. E., Ed.; ACS 
Monograph 174; American Chemical Society: Washington, DC, 1978; 
Chapter 1. 
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AV! =;3.6 cms mol-' 

""I"' 
t7.1 i 0.4 cms mol-' 

AVO = t3.5 i 0.5 cms mol-'  

Table 11. Activation Volumes AVI* (cm3 mol-') for the Interchange 
Step in Dissociatively Activated Substitution Reactions of L on 
Octahedral First-Row M(H20)62+ 

M; ri, pm 
L Co2+ (d'); 74 Ni2+ (d*); 69 Zn2+ (d'O); 74 

H 2 0  +6.1" +7.2' (+6)* 
bPY +5.9c +5.3c +7.1 
dY- +5 +7 +4 

Reference 26. bTheoretical prediction using a semiempirical ap- 
proach;20 see text. CReference 27. "From ref 28, after deduction of 3 
cm3 mol-' to account for outer-sphere reaction volume; see text. 

conducted at  variable temperature or pressure, and the mechanistic 
information is thus extremely limited. In nonaqueous solvents, 
the temperature dependence of the rate constant for formation 
of cadmium nitrate has been studied in methanol, dimethylform- 
amide (DMF), and dimethyl sulfoxide.'* From the large negative 
values of the activation entropies, the authors suggested that an 
associative interchange mechanism is operative for this process 
in the three solvents and anticipated an increased dissociative 
character in aqueous solution. For insertion of CdZ+ into a large 
phenyl-substituted porphine in DMF, Funahashi et al.19 concluded 
that the activation process had a dissociative character on the basis 
of the large positive activation volume obtained (AV: = +8.9 cm3 
mol-'), although they found a negative activation entropy of a 
size comparable to that for nitrate complexation. In the two 
studies, interpretation of the results is complicated by electrostatic 
contributions to the overall rate constant due to partial charge 
neutralization in forming the complex. 

Formation of bpy complexes does not involve charge separation 
or cancellation. The electrostrictive influence of an uncharged 
ligand on the surrounding solvent should not change significantly 
in forming the precursor outer-sphere complex, and this effect 
can be neglected, a t  least in polar solvents. Accordingly, this 
preequilibrium should produce a negligible contribution to the 
activation volume AV,' of the forward process. In the reverse 
reaction, no outer-sphere precursor complex occurs, but there is 
also a preequilibrium, corresponding to the replacement of the 
f i s t  bpy nitrogen by a water molecule before the rate-determining 
substitution of the second nitrogen. The portion of the overall 
activation volume AV,' due to this preequilibrium cannot be 
quantified, but it should be smaller than the reaction volume for 
replacement of the two bpy nitrogens by water. This all implies 
that the measured activation volumes mainly reflect the variations 
in volume due to changes in bond distances and angles in the 
transition steps. The values of AVf* and AV,' can therefore be 
used directly for mechanistic assignment, as in the simpler cases 
of solvent exchange. Positive activation volumes will be taken 
as a strong indication that the reaction proceeds dissociatively, 
and conversely, negative activation volumes will be a good support 
for an associative activation mode for the reaction. 

For the two reactions of concern, the activation and reaction 
volumes listed in Table I define three points in the diagram of 
the volume changes occurring along the reaction path, represented 
in Figure 6. For formation and dissociation of Zn(H20)4(bpy)2+, 
with both activation volumes positive, the diagram is characteristic 
of a dissociative interchange mechanism. Volumes of activation 
AVI* for the interchange step of Id processes should be fairly 
independent of the nature of the entering ligand. Table I1 shows 
the activation volumes associated with water exchange and simple 
substitution reactions on dissociatively activated first-row hexaaqua 
cations. For water exchange and bpy complexation, the volumes 
of activation can  be compared directly because both reactions 
involve uncharged incoming ligands. For Zn2+, however, the 
activation volume for water exchange cannot be obtained ex- 
perimentally, as discussed above, and the quoted value is a pre- 
dicted number proposed by Swaddle20 as the result of a semi- 

(18) Yamada, s.; Verrall, R. E. J.  Phys. Chem. 1981, 85, 3145. 
(19) Funahashi, S.; Yamaguchi, Y.; Tanaka, M. Inorg. Chem. 1984, 23, 

7?A9 -- 
(20) Swaddle, T. W.; Mak, M. K.  S. Can. J .  Chem. 1983, 61, 473. 

" M = Z ~  '!'" ' ' ' ' ' ' "4 

. , . . . .  J. 

" M = C d  '! . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 AVO = + l , 4  cm' mol-' 

AVrt = -6.9 t 1.2 cms mol'' t 
. . . . . .h 

AV! = -5 .5  i 1.0 cm' mol-' 
I 

. I . . . .  . . . . . . . .t 
Figure 6. Volume profiles for formation and dissociation of M(H20)4- 
(bpy)2+ complexes. 

empirical treatment based on correlations with partial molar 
volumes. For formation of complexes with the glycinate anion 
(gly-), the activation volumes in Table I1 had to be corrected before 
comparison, since this process involves partial neutralization of 
charges. The ion-pairing contribution to AV,', AV,', can be 
estimated to about 3 cm3 mol-' from model calculations2' based 
on the Fuoss equation.22 This electrostrictive term must be 
deducted from the apparent volume of activation to obtain the 
contribution from the interchange step (AVI' = AV,' - AVOSo), 
which can be now compared with the other values in Table 11. 
Note that the confidence in the indirectly obtained value for Zn2+ 
is rather Except for this last number, and with an accepted 
uncertainty in volumes of activation of f l  cm3 mol-' taken into 

all results show that the three cations have a comparable 
dissociative character. 

As one goes down the periodic table from Zn2+ (d'O, ri = 74 
pm) in the first row to Cd2+ (d'O, r, = 95 pm), the corresponding 
isoelectronic second-row element, the mechanistic situation 
drastically changes. It is clear from the negative activation 
volumes in Figure 6 and from the very negative activation entropies 
that the mechanism for formation and dissociation of Cd- 
(H20)4(bpy)2+ is associative and is very likely to be an interchange. 
In aqueous solution, it is the first time that a changeover in 
mechanism between rows can be clearly shown from directly 
comparable data. In nonaqueous solution, a similar behavior had 
however been observed down the main group IIIA,3 from the 
dissociatively activated trimethyl phosphate (TMP) exchange on 
Ga(TMP)63+ (ri = 62 pm, AV = +20.7 cm3 mol-') to the as- 
sociatively exchanging T M P  on In(TMP),3+ (ri = 80 pm, AV 
= -21.4 cm3 mol-'). In absence of differences in electronic 
configuration, these changes of mechanism can solely be attributed 
to size effects. In the present case, the large Cd2+ center has 

(21) Hemmes, P. J .  Phys. Chem. 1972, 76, 895. 
(22) Fuoss, R. M. J .  Am. Chem. SOC. 1958,80, 5059. 
(23) In that study, the dissociation rate constants were indirectly obtained 

through measurement of pH variations using a colored indicator. The 
k, data as a function of pressure at 283 K, extrapolated to 298 K by 
using a chosen activation enthalpy of 41.8 kJ mol-', were then used 
together with the K data as a function of pressure at 298 K to derive 
the kf values at different pressures, from which the volume of activation 
AV,' was calculated. 

(24) Ducommun, Y.; Earl, W. L.; Merbach, A. E. Inorg. Chem. 1979, 18, 
2754. 

(25) Martell, A. E.; Smith, R. M. Critical Stability Constants; Plenum: New 
York, 1982; Vol. 5, 1st Suppl. 

(26) Ducommun, Y.; Newman K. E.; Merbach, A. E. Inorg. Chem. 1980, 
19, 3696. 

(27) Mohr, R.; van Eldik, R. Inorg. Chem. 1985, 24, 3396. 
(28) Grant, M. W. J .  Chem. SOC., Faraday Trans. I 1973, 69, 560. 
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enough room around itself to accommodate all or part of a seventh 
molecule a t  the transition state, contrary to the more compact 
Zn2+ ion. We can say accordingly that the isoelectronic octahedral 
divalent and trivalent cations of the second row, being larger than 
their first-row analogues, will probably all react with much more 
associative character than their first-row counterparts. 
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Solutions of a Nonionic Surfactant 

Shin-ichi Ishiguro,*t Takeshi Sotobayashi,* Keiichi Satoh,* and Kazuo Saitot 
Received August 6, 1987 

Complex formation equilibria between cobalt(I1) and thiocyanate ions have been studied calorimetrically in an aqueous solution 
and in micellar solutions of the nonionic surfactant Triton X-100 containing MClO, (M = Li, Na, NH4) as ionic media at 25 
“C.  Calorimetric data were well explained in terms of the formation of [Co(NCS)]+ and [CO(NCS)~] and of [Co(NCS)]+, 
[CO(NCS)~], and [Co(NCS),]*- in water and in micellar solutions, respectively. The formation of [Co(NCS)J was found to 
be practically negligible in any of the solutions examined. The formation constant and enthalpy of formation of [Co(NCS),lZ- 
change with the concentration of the surfactant and with the ionic media in the micellar solutions, while those of [Co(NCS)]+ 
remain practically constant. It is suggested that the [Co(NCS)]+ complex is formed only in the aqueous phase, while [Co(NCS),12- 
is formed mainly in micelles as ion pairs. 

Introduction 
One of the present authorsim5 studied liquid-liquid extraction 

of metal ions with poly(ethy1ene glycol) and poly(oxyethy1ene)-type 
nonionic surfactants as extractants. In aqueous solution of a 
nonionic surfactant, neutral micelles are formed above the critical 
micelle concentration (cmc) of the surfactant; the polar hydrophilic 
groups, such as those of poly(oxyethylene), are directed toward 
the aqueous bulk phase and the hydrophobic hydrocarbon chains 
are directed away from the aqueous phase to make up the central 
cores of micelles. It has been elucidated from the liquid-liquid 
extraction that metal ions such as Co(II), Zn(II), 
Mo(II), and U(V1) are highly extractable from their thiocyanate 
micellar solutions by inert polar solvents such as 1,Zdichloroethane 
and nitrobenzene and that Cd(II), Hg(II), and Pb(I1) ions are 
extractable from their iodide solutions, while Mn(I1) and Ni(I1) 
ions as well as alkali-metal and alkaline-earth-metal ions are hardly 
extracted from either thiocyanate or iodide solution. In the co- 
balt(I1) thiocyanate system with the nonionic surfactant Triton 
X-100 (C8Hi5C6H4(C2H40),H (n = lo)), it was suggested that 
the metal ion is extracted by an organic solvent in the form of 
M2[Co(NCS)4].2(Triton X-100) (M+ = alkali-metal ions or 
NH4+). The same conclusion was drawn for the zinc(I1) thio- 
cyanate system. The distribution ratios D of the Zn(I1) ion with 
various MSCN micellar solutions increased in the order LiNCS 
< NaNCS < NH4NCS < KNCS (the respective log D values 
are -0.5, 1.0, 1.7, and 2.3 in micellar solutions of 0.1% w/v Triton 
X-100 for example), i.e. in the order of decreasing hydration 
energies of the monovalent cations. Although the complex for- 
mation equilibria between cobalt(I1) and thiocyanate ions in 
micellar solutions have not been investigated, cobalt(I1) thio- 
cyanate micellar solutions of Triton X-100 show absorption spectra 
originating from the tetrahedral [Co(NCS),12- complex. It is thus 
supposed that the [Co(NCS),]*- complex is present in the form 
of the M2[Co(NCS)4] ion pairs in micelles of Triton X-100 that 
have a polar surface zone of poly(oxyethy1ene) groups with an 
effective dielectric constant of t E 30.6 
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In order to throw more light on the mechanism of extraction 
of metal(I1) ions with nonionic surfactants, we have investigated 
complex formation equilibria between cobalt(I1) and thiocyanate 
ions in micellar solutions of the nonionic surfactant Triton X-100. 
Although such a surfactant solution, on the macroscopic scale, 
is homogeneous as an aqueous-organic mixed solvent, it might 
microscopically be a pseudo-two-phase system consisting of mi- 
cellar and aqueous bulk phases, as will be discussed later. A 
calorimetric titration procedure that has been used for studying 
complex formation equilibria of metal ions in various nonaqueous 
solvents was employed in this work.’ 

Experimental Section 
Calorimetric measurements were carried out in a room thermostated 

at 25 1 0.5 OC. Test solutions were prepared by dissolving cobalt(I1) 
perchlorate hexahydrate crystals in an aqueous Triton X-100 solution of 
a given concentration over the range 1-10% w/w. As the cmc of Triton 
X-100 is about 2.5 X lo-, mol dm-’, the surfactant molecules were 
present mostly as micelles in the solutions. The ionic strength of the test 
solutions was kept at 0.5 mol dm-’ throughout the measurements by using 
MClO, (M = Li, Na, NH,). A cobalt(I1) perchlorate solution (50 cm’) 
was placed in a stainless steel vessel, the inside wall of which was coated 
with Teflon, and the vessel was inserted into an aluminum block ther- 
mostated at 25 f 0.0001 O C  in an air bath. The concentration of co- 
balt(I1) perchlorate in the initial solutions was varied over the range 5-40 
mmol dm-3. This solution was titrated with a 0.5 mol dm-’ MNCS (M 
= NH4, Na, Li) solution by using an autoburet (APB-118, Kyoto Elec- 
tronics). Heats observed at each titration point were about 1 J with a 
certainty of 10.02 J. The heat of reaction thus determined was corrected 
for heats of dilution of the titrant, which had been determined by separate 
experiments and found to be very small. Micellar solutions remained 
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