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The complex formation reactions of MnZ+, Fez+, Co2+, and Ni2+ with 2,2’-bipyridine and 2,2’:6’,2”-terpyridine in aqueous solution 
were studied as a function of metal ion and ligand concentrations for pressures up to 100 MPa. The corresponding volumes of 
activation range from -3.4 f 0.7 (for Mn2+) to +6.7 * 0.2 cm3 mol-’ (for Niz+) and parallel the earlier reported data for solvent 
exchange for the aquated metal ions. This study is the first to report an activation volume for a complex formation reaction involving 
Fez+, viz. +3.5 & 0.5 cm3 mol-’ for the reaction with terpyridine. The results are discussed in reference to data for closely related 
systems and in terms of a changeover in the nature of the ligend-exchange process, i.e. from I, to Id, along the first-row transi- 
tion-metal elements. 

Introduction 
In a recent report’ on t h e  present standing of substitution 

reactions of divalent and trivalent metal ions, Swaddle pointed 
out by way of some introductory remarks that  the well-understood 
s ta te  of such reactions of a decade ago2 has lately been disturbed 
by new findings and challenging reports. One of these areas 
concerns t h e  fast  substitution reactions of solvated divalent 
first-row transition-metal ions. Prior to  the  work of Merbach and 
co-workersfl4 nobody had ever seriously questioned the dissociative 
nature  of such reactions; Le. the traditional ”Eigen-Wilkins” (or 
Id)  mechanism15J6 was well accepted. However, the Merbach 
group3-I4 reported a gradual mechanistic changeover from I, t o  
I d  for t h e  exchange of water ,  methanol, acetonitrile, and di- 
methylformamide on divalent solvated metal ions in going from 
V2+ t o  Ni2+ along the  first-row transition-metal elements. Their 
conclusions were based on the volumes of activation determined 
for such processes by employing high-pressure NMR tech- 
niques.17J8 These results demonstrated t h a t  t h e  volume of ac- 
tivation is a valuable mechanistic criterion t o  characterize t h e  
int imate  n a t u r e  of such processes, a claim that has been made 
by various o ther  groups for mechanistic studies in general.19-25 

A consequent and important step in t h e  a rgumenta t ion  is to 
investigate whether this  mechanistic changeover also occurs for 
complex formation reactions of these metal ions. Earlier pa- 
p e r ~ ~ ~ - ~ ~  have reported volumes of activation for some complex 
formation reactions of Co2+ and Ni2+. These are in close 
agreement  with t h e  solvent-exchange datal2 and support t h e  Id  
character of t h e  substitution process. A later investigation from 
this laboratory31 presented a negative volume of activation for the 
reaction of Mn2+ with bipyridine in aqueous solution, thus  un- 
derlining t h e  I, character  of the process. In a very recent s tudy 
Merbach e t  also found a negative volume of activation for 
the  complex formation reaction between V2+ and thiocyanate ion. 
These are t h e  only two examples available a t  t h e  present t ime t o  
illustrate tha t  t h e  mechanistic changeover referred to  above also 
occurs for t h e  corresponding complex formation reactions. 

We have now undertaken a complete  s tudy to  determine t h e  
volumes of activation for t h e  complex formation reactions of 
aquated  Mn2+, Fe2+, Co2+, and Ni2+ with bipyridine and ter- 
pyridine. Prel iminary accounts  of some of this  work have been 
reported e l ~ e w h e r e . ~ ~ , ~ ~  
Experimental Section 

Materials. Perchlorate salts of Mn2+, Fez+, Co2+ and Ni2+ (Fluka and 
Ventron) were used as source for the metal ions. 2,2’-Bipyridine (bpy), 
2,2’:6’,2”-terpyridine (terpy), and all other chemicals were of analytical 
reagent grade and used without any further purification. Doubly distilled 
water was used to prepare all solutions. In most cases the ligand terpy 
was dissolved in a few drops of ethanol and then diluted to the required 
volume. The presence of such small quantities of ethanol (<1%) had no 
significant influence on the kinetic measurements. Deviations only oc- 
curred at concentrations higher than 5%. All concentrations quoted refer 
to normal pressure and room temperature; no corrections for variations 
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in these parameters were made.35*36 
Kinetic and Other Measurements. Kinetic measurements a t  ambient 

and elevated pressures (up to 1 kbar) were performed on an Aminco and 
a self-constructed high-pressure stopped-flow instrument, respectively. 
The reactions were followed under pseudo-first-order conditions, Le. by 
use of a t  least a IO-fold excess of metal ion or ligand over the other 
reactant. The corresponding first-order plots were linear for at least 3 

Swaddle, T. W. Adv. Inorg. Bioinorg. Mech. 1982, 2, 95. 
Burgess, J. “Metal Ions in Solution”; Ellis Horwood: 
England, 1978. 
Merbach, A. E.; Vanni, H. Helu. Chim. Acta 1977, 60, 1124. 
Earl, W. L.; Meyer, F. K.; Merbach, A. E. Inorg. Chim. Acta 1977, 25, 
L91. 
Newman, K. E.; Meyer, F. K.; Merbach, A. E. J .  Am. Chem. SOC. 1979, 
101, 1470. 
Meyer, F. K.; Earl, W. L.; Merbach, A. E. Inorg. Chem. 1979,18,888. 
Meyer, F. K.; Newman, K. E.; Merbach, A. E. Inorg. Chem. 1979,18, 
2142. 
Vanni, H.; Merbach, A. E. Inorg. Chem. 1979, 18, 2758. 
Meyer, F. K.; Newman, K. E.; Merbach, A. E. J .  Am. Chem. SOC. 1979, 
101, 5588. 
Ducommun, Y.; Earl, W. L.; Merbach, A. E. Inorg. Chem. 1979, 18, 
2754. 
Ducommun, Y.; Newman, K. E.; Merbach, A. E. Helu. Chim. Acta 
1979,62, 2511. 
Ducommun, Y.; Newman, K. E.; Merbach, A. E. Inorg. Chem. 1980, 
19, 3696. 
Ducommun, Y.; Zbinden, D.; Merbach, A. E. Inorg. Chem. 1983, 22, 
3993. 
Merbach, A. E. Pure Appl. Chem. 1982, 54, 1479. 
Langford, C. H.; Gray, H. B. “Ligand Substitution Processes”; W. A. 
Benjamin: New York, 1966. 
Basolo, F.; Pearson, R. G. “Mechanisms of Inorganic Reactions”, 2nd 
ed.; Wiley: New York, 1967. 
Vanni, H.; Earl, W. L.; Merbach, A. E. J .  Magn. Reson. 1978.29, 11. 
Earl, W. L.; Vanni, H.; Merbach, A. E. J.  Magn. Reson. 1978,30, 571. 
Asano, T.; le Noble, W. J. Chem. Reu. 1978, 78, 407. 
Lawrance, G. A.; Stranks, D. R. Acc. Chem. Res.  1979, 12, 403. 
le Nobel, W. J.; Kelm, H. Angew. Chem., Int. Ed. Engl. 1980, 19, 841. 
van Eldik, R.; Kelm, H. Rev. Phys. Chem. Jpn. 1980, 50, 185. 
Palmer, D. A.; Kelm, H. Coord. Chem. Reu. 1981, 36, 89. 
Swaddle, T. W. “Mechanistic Aspects of Inorganic Reactions”; Rora- 
bacher, D. B., Endicott, J. F., Eds.; American Chemical Society: 
Washington, DC, 1982; ACS Symp. Ser. No. 198, p 39. 
Blandamer, M. J.; Burgess, J. Pure Appl. Chem. 1983, 55, 5 5 .  
Caldin, E. F.; Grant, M .  W.; Hasinoff, B. B. J .  Chem. Soc., Faraday 
Trans. 1 1972, 68, 2241. 
Grant, M. W. J .  Chem. Soc., Faraday Trans. I 1973,69, 560. 
Jost, A. Ber. Bunsenges. Phys. Chem. 1975, 79, 850. 
Yu, A. D.; Waissbluth, M. D.; Grieger, R. A. Reo. Sci. Instrum. 1973, 
44, 1390. 
Caldin, E. F.; Greenwood, R. C. J .  Chem. Soc., Faraday Trans. I 1981, 
77, 773. 
Doss, R.; van Eldik, R. Inorg. Chem. 1982, 21, 4108. 
Nichols, P. J.; Ducommun, Y.; Merbach, A. E. Inorg. Chem. 1983, 22, 
3993. 
van Eldik, R.; Breet, E. L. J.; Doss, R.; Mohr, R.; Kelm, H. Mater. Res. 
SOC. Symp. Proc. 1984, 22 (Part 3), 61. 
Mohr, R.; Mietta, L. A,; Ducommun, Y.; van Eldik, R. Inorg. Chem. 
1985, 24, 757. 
Isaacs, N. S. ”Liquid Phase High Pressure Chemistry”; Wiley: New 
York, 1981; p 186. 
Hamann, S. D.; le Noble, W. J .  J .  Chem. Educ. 1984, 61. 658. 

Chichester, 

0 1985 American Chemical  Society 



Reactions of First-Row Transition-Metal Ions Inorganic Chemistry, Vol. 24, No. 21, 1985 3397 

Table I. Rate Data for the Process at Ambient Pressure 

M2+ t L & ML2+ 
k, 

~ ~~ ~ ~~ ~ 

temp, K (=kr lk,h 
M L OC w ,  M A, nm [MI, mM [L], mM kf," M-' s-' k,, SKI M-' ref 

Mn terpy 15 0.1 330 0.01 0.1-0.25 (8.9 * 0.7) X lo4 -0.5 f 1.3 ... .. 
25 0.1 330 
25 -0 
15 0.1 325 
25 0.1 321 

Fe terpy 25 0.1 324 
25 -0 
25 0.1 317 

Co terpy 25 0.1 330 
25 -0 
25 0.1 320 

bPY 25 0.1 302 
25 -0 
25 0.1 302 

25 -0 
25 0.1 330 

bPY 25 0.1 303 
25 -0 
25 0.1 303 

Ni terpy 25 0.1 335 

0.002 
0.025 
0.1-0.6 
0.05-0.20 
0.005 
0.005 
0.2-1 .o 
0.01 
0.005 
0.5-1 .O 
0.03 
0.5 

0.005 
0.005 
2-6 
0.02 
5 
1.0-2.5 

0.3-0.8 

0.05-0.12 
0.20 
0.015 
0.005 
0.05-0.30 
0.10 
0.01 
0.125-0.30 
0.12 
0.05 
0.3-0.8 
0.01 
0.03 
0.05-0.15 
0.08 
0.1 
0.2-0.8 
0.01 
0.1 

(1.2 * 0.1) x 105 
1.1 x 105 

(1.5 f 0.1) x 105 

5.6 x 104 
(2.1 f 0.3) x 104 

2.4 x 104 
(9.4 f 1.1) x 104 

7.2 x 104 
(1.2 f 0.1) x 105 
(1.2 * 0.1) x 103 
1.4 x 103 

(2.0 f 0.2) x 103 
1.5 x 103 
(5.1 * 0.2) x 103 

(8.3 * 0.6) X lo4 

(8.0 * 0.5) X lo4 

(3.6 f 0.3) X lo4 

(6.5 f 0.6) X lo4 

(3.00 * 0.05) X lo3 

4 f l  
3.8 
4 f 2  
6 f l  
-0.9 f 1.0 
6.3 x 10-3 

10-4 

15 f 2 
1.0 f 0.7 

-2 f 8 
3 f 3  

-0.5 * 4.9 
... 
... 
2.5 X 
... 
5'x 10-5 
... 

3.0 x 104 
2.9 x 104 
2.1 x 104 
2.5 x 104 
... 
8.9 X lo6 
... 
... 
2.4 X lo8 
... 
... 
1 06 
... 
... 
5.6 X 1O'O 
... 
... 
3 x 107 
... 

"Calculated according to eq 2 or 3 with use of the koW values reported in Table A (supplementary material). bThis work. 

half-lives of the reaction. UV-visible absorption spectra were recorded 
on a Perkin-Elmer 555 spectrophotometer. pH measurements were 
performed on a Radiometer PHM 64 instrument, the reference electrode 
of which was filled with a 3 M NaCl solution. 
Results and Discussion 

Experiments at Ambient Pressure. Complex formation reactions 
of the type investigated can be presented by the overall reaction 

where n = 2 and 3 for L = bpy and terpy, respectively. Higher 
substituted species such as M ( b ~ y ) ~ ( H ~ 0 ) ~ ~ +  and M ( t e r ~ y ) , ~ +  
are produced in the presence of an excess of L.37*38 In most cases 
the formation of the 1:l complex is the rate-determining step of 
the p r o c e ~ s . ~ ~ . ' ~  Alternatively, reaction 1 can be studied very 
effectively by working in an excess of M2+ compared to the amount 
of L such that only the 1 : 1 complex can be formed. Furthermore, 
kinetic experiments demonstrated that ring-closing processes of 
the coordinated ligand are non-rate-determining steps. 

An important variable in such studies is pH since the aquated 
metal ions can deprotonate to produce hydroxy species and the 
ligands L can protonate to produce LH+, LH22+, etc. depending 
on the acidity of the solution. The acid dissociation constants for 
the aquated metal ions are as follows16 (pK,): Mn2+, 10.6; Fe2+, 
9.5; Co2+, 8.9; Ni2+, 10.6. The acid association constants for the 
unprotonated ligand are as follows ( p a :  bpy, 4.5;39 terpy, 4.7.40 
It follows from these constants that in neutral aqueous medium 
(pH -6) no significant interference from the various acid-base 
equilibria is expected (see further discussion). 

The earlier studies a t  ambient p r e ~ s u r e ~ ~ , ~ ~  were mostly per- 
formed in the presence of an excess of L under pseudo-first-order 
conditions. In this study we have investigated the complex for- 
mation process (1) under both conditions of excess of M and L, 
such that 

kobd = kfV-1 + k, 
kotsd = kf[Ml + kr 

(2) 

(3) 

respectively. For this reason the ionic strength of the solution was 

(37) Holyer, R. H.; Hubbard, C. D.; Kettle, S. F. A,; Wilkins, R. G. Inorg. 
Chem. 1%5,4,929. 

(38) Holyer, R. H.; Hubbard, C. D.; Kettle, S. F. A.; Wilkins, R. G. Inorg. 
Chem. 1966.5, 622. 

(39) Irving, H.; Mellor, D. H. J .  Chem. SOC. 1962, 5222. 
(40) Offenhartz, P. 0.; George, P.; Haight, G. P. J .  Phys. Chem. 1963, 67, 

116. 
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Figure 1. pH dependence of koM for the reaction Fe2+ + bpy - Fe- 
(bpy)2+ (temperature 12 'C, ionic strength 0.1 M, [Fe2+] = 0.6 mM, 
[bpy] = 0.06 mM, wavelength 296 nm): (0)  first reaction step, koM vs. 
pH; (0) second (slow) reaction step, lO3kObsd vs. pH. 

adjusted to 0.1 M with NaC104 since changes in [MI are ac- 
companied by significant changes in the ionic strength of the 
medium. It follows that plots of kobsd vs. [L] or [MI should be 
linear with slopes kf and intercepts k,. In the majority of cases 
the equilibrium constant for reaction 1, Le., K = kf/k,, is so 
large37-39 that such plots do not exhibit a meaningful intercept; 
Le., k, is very small. Furthermore, it is likely that the contribution 
of k, will disappear in the case of a rapid subsequent substitution 
process in the presence of an excess of L. 

The above-described complex formation reactions are accom- 
panied by significant spectral changes in the UV region, such that 
complexation by bpy and terpy can be followed at  280-300 and 
320-330 nm, respectively. A summary of the obtained kinetic 
data is given in Table I; for comparison the available literature 
data are also included. Complexation of Mn2+ by bpy could not 
be followed by using a stopped-flow technique, and the corre- 
sponding information was obtained from T-jump measurements 
as reported e l ~ e w h e r e . ~ ' ~ ~ '  Good reproducible kinetic data were 
obtained for the Fe2+-terpy system in the presence of an excess 
of L. However, significantly different values of kf and k, were 
found where M was in excess, and the k ,  value turned out to be 

(41) Hague, D. N.; Martin, S. R. J .  Chem. SOC., Dalton Trans. 1974, 254. 
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Table 11. Rate Data for the Process as a Function of Pressure' 

M2+ + L & ML2+ 
k, 

AV: P, MPa temp, 
M L O C  [MI, mM [L], mM rate param 3 25 50 75 100 cm3 mol-] 

0.02 0.15-0.30 104kt,d M-' s-' 7.8 f 0.4 8.0 f 0.3 8.0 f 0.2 8.1 f 0.3 8.3 f 0.2 -1.3 f 0.3 
0.1-0.5 0.015-0.03 10-4k;, M-' s-' 

k,, s-l 

0.02 0.20 kobrd,b S-I 
0.02 0.30 

0.2 0.02 
0.4 0.02 
0.6 0.02 

0.015-0.03 0.175-0.50 10-4kf,d M-I s-' 

1 .o 0.04 
0.6 0.03 kow,b s-' 

0.03 0.30-0.70 104kf, M-' S-' 
10-4k d M-1 s-I 

0.3-0.8 0.02-0.05 10-4kf, M-' s-l 

10-"kf,d M-l s-' 
0.03 0.275-0.6 IO-'kf, M-' S-' 

10-3k d M-I s-I 

1.5 0.1 kobsd,* s-' 
3.0 0.1 
4.0 0.1 
0.03-0.08 0.35-1.0 IO-'kf, M-I s-I 

10-3kf,d M-1 s-1 

2-6 0.2 10-'kf, M-l s-' 
10-3k d M-1 s-l 

8.2 f 0.4 8.3 f 0.4 8.5 f 0.6 

4.3 f 1.4 4.9 f 1.4 5.6 f 1.9 

14.4 f 0.3 13.9 f 0.8 13.3 f 0.8 
23.3 f 1.6 22.6 f 0.5 22.3 f 0.8 
24.0 f 0.9 21.1 f 0.8 21.4 f 1.5 
31.2 f 1.2 30.2 f 1.2 29.5 f 1.4 
4 5 f 4  4 5 f 4  4 4 f 4  

4.5 f 0.3 4.4 f 0.2 4.3 f 0.2 

5 9 f 2  6 0 f 2  5 3 f 2  
85 f 4 79 f 5 76 f 3 

7.6 i 0.3 7.6 f 0.4 7.0 f 0.2 
6.9 f 0.2 7.0 f 0.2 6.7 f 0.1 

9.1 f 0.7 8.7 f 0.7 7.2 f 0.6 
9.8 f 0.5 8.4 f 0.4 7.9 f 0.4 

1.6 f 0.2 1.7 f 0.2 1.6 f 0.2 

1.45 f 0.09 1.36 f 0.11 1.27 f 0.11 

3.9 f 0.0 3.9 f 0.1 3.8 f 0.1 
9.4 f 0.2 9.1 f 0.2 8.4 f 0.5 
12.3 f 0.5 11.9 f 0.3 11.6 f 0.4 

2.47 f 0.03 2.47 f 0.03 2.43 f 0.08 

2.22 f 0.10 2.08 f 0.17 2.00 f 0.16 

4.7 f 0.3 4.5 f 0.2 4.2 f 0.2 

5.2 f 0.3 4.9 f 0.1 4.8 f 0.2 

8.7 f 0.4 9.5 f 0.4 -3.4 f 0.7 

6.1 f 1.3 5.8 f 1.3 -7.7 f 2.2 

12.5 f 0.2 12.8 f 0.4 +3.5 f 0.7 
20.8 f 0.9 20.6 f 0.7 +3.3 f 0.4 

19.6 f 0.3 18.3 f 0.4 +4.3 f 1.2 
29.0 f 1.0 26.9 f 0.7 +3.5 f 0.6 
4 2 f 4  4 0 f 2  +3.4 f 0.6 

4.1 f 0.1 3.7 f 0.2 +4.5 f 0.8 

53 f 2 49 f 1 +4.7 f 0.7 
76 f 2 76 f 1 +2.8 f 0.9 

6.6 k 0.6 6.9 f 0.5 +3.4 f 1.2 
6.3 f 0.2 5.9 f 0.3 +4.3 f 1.0 

8.2 f 0.4 8.2 f 0.6 +2.8 f 2.8 

7.4 f 0.4 7.2 f 0.3 +7.5 f 1.4 

1.5 f 0.3 1.4 f 0.2 +3.5 f 1.2 

1.18 f 0.12 1.12 f 0.11 +6.7 f 0.2 

3.4 f 0.1 3.4 f 0.0 +4.8 f 0.9 
8.1 f 0.3 7.9 f 0.3 +4.7 f 0.5 
11.1 f 0.1 10.4 f 0.4 +4.0 f 0.4 

2.29 f 0.05 2.09 f 0.11 +4.2 f 1.1 

1.89 f 0.16 1.77 f 0.15 +5.5 f 0.3 

4.2 f 0.1 3.9 f 0.2 +4.9 f 0.6 

4.5 f 0.1 4.2 f 0.2 + 5 . 1  f 0.4 

"Ionic strength = 0.1 M. bMean value of a t  least six kinetic runs; only quoted for systems where limited data are available; all other data are 
CCalculated from the slope of the natural logarithms of kobsd, kf, and k, vs. pressure plots. reported in Table B (supplementary material). 

dCalculated by setting k ,  = 0-see Results and Discussion. 

very pH dependent. We also encountered difficulties with the 
Fe2+-bpy system, where it was found that the kinetic data were 
very unreproducible in the presence of an excess of M. The system 
is extremely pH sensitive (see Figure l) ,  probably due to the 
acid-base equilibria referred to above. In addition, a second slower 
kinetic step was observed, presumably a pH-dependent (see Figure 
1) chelation step. More than one reaction step is also observed 
in the presence of an excess of bpy, which can probably be ascribed 
to the different complex formation steps. 

The results in Table I illustrate that k,  can only be determined 
for the aquation of Mn(terpy)2+. In the remaining cases k, is very 
small, i.e., K is very large, and subject to large errors. The quoted 
literature values for kr3'3 were determined in a different way.34 
In general, our data show good agreement with those published 
before, especially when the difference in ionic strength is taken 
into consideration. The two procedures adopted to determine k f  
and k,, i.e. using an excess of M or L, result in kf values of the 
same order of magnitude. It is, however, significant to notice that 
kf is in some cases approximately 2-3 times larger when deter- 
mined in the presence of an excess of M as compared to the 
determination in an excess of L. Whether this is due to a statistical 
factor, a specific solvational effect, or ion-pair formation in the 
presence of an excess of metal ions remains to be cleared. We 
performed various experiments in an effort to solve this discrepancy 
but cannot offer a definite explanation at  the present time. 

Experiments at Elevated Pressures. Typical results for the 
pressure dependence of kobsd as a function of [MI and [L] are 
summarized in Table 11. These data were analyzed in the same 
way as the normal-pressure data to determine k f  and k,  as 
functions of pressure. In some cases k,  was set to zero such that 
kf could be determined from the quantitites koM/[M] or koM/[L]. 
The latter procedure was adopted to obtain better data fits since 
it must be kept in mind that the pressure dependence of k f  is 
obtained from the pressure dependence of kobsd measured at  

different [MI or [L]. Alternative data-fitting procedures have 
been adopted e l ~ e w h e r e . ~ ~ , ~ ~  Plots of the natural logarithms of 
kobsd, kf, and k, vs. pressure turned out to be linear in all cases, 
and the corresponding volumes of activation were calculated from 
the slopes (=-AV$/R'17)35336 of these plots. In some cases addi- 
tional data points at intermediate pressures (not quoted in Table 
11) were included in the calculations. The values of AV$ estimated 
from the kobsd data exhibit no specific trend for a particular 
reaction in the case where no significant contribution from k, exists 
and coincide with the average value of A P  estimated from the 
k f  data. In the case of the Mn2+-terpy system, however, the data 
could be analyzed in terms of the pressure dependencies of kf  and 

The results presented in Table I1 clearly indicate that negative 
volumes of activation are only observed for substitution reactions 
of Mn2+. This correlates with our earlier results for the Mn2+-bpy 
system,3i as well as with the solvent-exchange data for Mn2+.I2 
A similar result was reported for the solvent-exchange and complex 
formation reactions of V2+j2 referred to in the Introduction. These 
negative volumes of activation are compatible with an I, type of 
ligand-exchange process, and a more detailed discussion of these 
data is presented elsewhere.34 We therefore focus on the AV data 
for Fe2+, Co2+, and Ni2+ in the remainder of the discussion. 

This study is the first to report volumes of activation for a 
complex formation reaction of Fe2+. The two sets of data (excesses 
of L and M, respectively) are in close agreement despite the 
difficulties encountered in the case of an excess of M mentioned 
above. The data are in excellent agreement with the solvent- 
exchange value of +3.8 f 0.2 cm3 mol-1,12 thus emphasizing the 
probable Id nature of the substitution process. The present results 
clearly underline the previously suggested mechanistic changeover 

kr. 

(42) van Eldik, R.; Palmer, D. A.; Kelm, H. Inorg. Chem. 1979, 18, 572.  
(43) Doss, R.; van Eldik, R.; Kelm, H. Reo. Sci. Insfrum. 1982, 53, 1592.  
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Table 111. Volumes of Activation for Complex Formation Reactions 
of Co2+ and Ni' with Neutral Ligands in Aqueous Solution 

A P ,  cm3 mol-' entering 
ligand co*+ Ni2+ ref 

~~ ~ 

H2O +6.1 i 0.2 

+7.5 f 1.4 

+3.7 f 1.3 
NH3 +4.8 f 0.7 
padaC +7.2 f 0.2 

+11.2 f 2.5 
+5.3 f 0.5 

bPY +4.3 f 1.0 

terPY +4.5 i 0.8 

imidazole 
isoquinoline 

+7.2 f 0.3 
+5.5 f 0.3 
+5.1 f 0.4 
+6.7 f 0.2 
+4.5 i 0.4 
+6.0 f 0.3 
+7.7 f 0.3 
+8.2 f 2.1 

+11.0 f 1.6 
+7.4 f 1.3 

12 
this work" 
this workb 
this work" 
this workb 
26 
26 
30 
43 
29 
44 

'Determined from the data for [L] >> [MI in Table 11. 
bDetermined from the data for [MI >> [L] in Table 11. 'pada = 
pyridine-2-azo-@-dimethylaniline). 

from I, to Id for MnZ+ and Fez+, r e ~ p e c t i v e l y . ~ ' ~ ~ ~ ~  Unfortunately 
the extreme pH sensitivity of the Fez+-bpy system prevented 
further studies of this system, and we are presently in search of 
suitable alternatives. 

The activation volumes for the complex formation reactions 
of Co2+ and Ni2+ with bpy and terpy fit well into the range of 
values summarized for various complex formation reactions of 
these ions in Table 111. No effort is made to compare these data 
with those for systems involving charged entering 

(44) Ishihara, K.; Funahashi, S.; Tanaka, M. Inorg. Chem. 1983, 22, 2564. 
(45) Funahashi, S.; Yamaguchi, Y.; Ishihara, K.; Tanaka, M. J.  Chem. Soc., 

Chem. Commun. 1982, 976. 
(46) Inoue, T.; Kojima, K.; Shimozawa, R. Chem. Lett. 1981, 259. 

24,  3399-3402 3399 

since significant corrections of the measured AV for ion-pair 
formation is required in such cases. These corrections are usually 
based on theoretical  prediction^^^^^^ and cause some uncertainties 
with respect to the resulting AV values. The results in Table 
I11 underline the validity of the Id mechanism for such ligand- 
exchange processes involving Coz+ and Ni2+. 

To summarize, the present study has shown that the earlier 
suggested changeover in the solvent-exchange mechanism for the 
first-row transition-metal elements also applies to complex for- 
mation reactions involving these metal ions and neutral ligands. 
Two complete sets of volume of activation data for complex 
formation of MnZ+, Fez+, Coz+, and Ni2+ with bpy and terpy are 
now available, and these underline the mechanistic discrimination 
ability of this activation parameter. We therefore cannot go along 
with general statements casting doubt on the value of volumes 
of activation in mechanistic  investigation^.^' Plausible theoretical 
explanations for the observed mechanistic changeover along the 
first-row transition-metal elements have been given e1~ewhere.l~ 
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The second-order rate constants are reported for reduction of 11 cobalt(II1) complexes by viologen radicals, derived from 
diquaternary salts of 4,4'-bipyridine and 2,2'-bipyridine. Rate constants vary from 1.5 X lo2 to 6.0 X lo8 M-I s-I , a nd an excellent 
correlation with the Marcus expression for 14 redox reactions is observed. These data conform, on the basis of a unity transmission 
coefficient, to a self-exchange rate constant for the viologens (X2+/+ couple) of 1.5 X lo6 M-I s-I . I t is suggested however that 
this value is about IO2  too low. 

Diquaternary salts of 2,2'-bipyridine, 4,4'-bipyridine, and 
1, IO-phenanthroline form very interesting radicals by one-electron 
reduction.'q2 Most studied have been those from diquat (1,l'- 
ethylene-2,2'-bipyridylium ion, la)  and (particularly) paraquat 

R wR 
CCH& 

la, n = 2, R = H (DQ2+) 
b, n = 2 ,  R = CH, (MDQ2') 
c, n = 3, R = H (PDQ2+) 
d , n = 4 , R = H ( B D Q 2 + )  

herbicides3 and used as mediators of one-electron-transfer processes 
in, for example, solar energy conversion and s t ~ r a g e . ~ , ~  No 
systematic study of the kinetics of reduction of metal complexes 
by these types of radicals has been reported. We have chosen as 
oxidants a variety of cobalt(II1) complexes with neutral ligands 
(hence all are +3 charged). These have been well characterized 
with respect to both reduction potentials and self-exchange rate 
constants, and this is important for use in Marcus-type calcula- 
tions. The five viologen radicals chosen can be easily prepared 
from the viologens (1, 2) by dithionite reduction, and the radicals 
are relatively stable in anaerobic media.6 Some kinetic data on 
MV+. reduction of Co(NH3),py3+ and Co(er~) ,~+ have been re- 
ported previou~ly.~~* 
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