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reorganization energy and an increase in the probability of forming 
the precursor complex with increasing size. 

The maximum variation in rate with pressure is about a factor 
of 2 for 100 MPa. On the basis of the variation of rate with the 
estimated radii previously observed at 1 atm for these complexe~,~ 
the variation with pressure could be ex lained by a change in 

of 100 MPa. The trend in AV appears to be related to the 
flexibility of the ligands more than any other parameter. The more 
flexible ligands, those that can form a smaller complex by a change 
in conformation, give the more negative AV values. These 
changes in volume of the reactants through changes in ligand 
conformation are part of the intrinsic volume component and can 
be understood as follows. Assuming that electron transfer is 
especially sensitive to the Mn-Mn distance, the transition state 
will have the ligands between the Mn centers in their most compact 
conformations at a given pressure. The reactants must assume 
this more compact conformation before collision to form the 
precursor complex takes place. Thus there is formally a con- 
formational preequilibrium between the ground state and the 
compact state, with a negative AV. The complexes with inflexible 
ligands will not show this effect and will give more positive values 
of AV. The contribution from the electrostatic component is not 
zero, but is probably constant within 1 3  cm3/mol as in the es- 
timates made of it. 

It has been previously observed that curvature of the In k vs. 
P plots, apparent A(?* different from zero, is associated with 
changes in solvation.33 This could be the case for the n-butyl 
isocyanide complexes, but it is not clear why only these ions should 
show this effect, when other ones, such as the ethyl isocyanide 
complexes, are a t  least as solvent accessible. Another interpre- 
tation, consistent with the proportionality between AV and A(?*, 
is that the ligand flexibility decreases with pressure, and thus A(?* 

electron-transfer distance of about 0.1 R for a pressure change 
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is negative and proportional to ligand flexibility and AVS. It is 
reasonable to expect ligand flexibility to decrease with pressure 
since as the ligand adopts a more compact conformation, its ability 
to compact further merely through conformational changes is 
decreased. 

The other activation parameters can now be considered. These 
have been discussed previously in more detail.'** To summarize, 
the observation is that the rate variation with ligand is entirely 
the result of a change in enthalpy. The simplest interpretation 
of this is that the larger complexes must distort to allow the 
manganese centers to approach to a comparable electron-transfer 
distance regardless of ligand. This is consistent with the negative 
volumes of activation arising from reaction through a compact 
form of the complex. It is also possible that the variation of 
electron-transfer rate with ligand at ambient pressure is due wholly 
or partly to a change in electron-transfer distance. It this is the 
case, the entropies of activation should have become less favorable 
with decreasing rate, and there should not have been a significant 
difference in intrinsic volume between the transition state and the 
reactants. It is likely that both electron-transfer distance and 
selective reactivity of intrinsically smaller ions is involved, along 
with solvent effects that cause compensation between the activation 
parameters. These questions are important ones if any under- 
standing of the effect of the medium on electron-transfer reactivity 
is to be attained. Better models for the precursor association and 
solvent reorganization properties are needed, as are further results 
on rate constants and activation parameters as a function of 
solvent. Data on the molal volumes of large ions of different 
charges in organic solvents a t  concentrations typical for kinetic 
measurements would help greatly in the second method used to 
estimate AV. The work presented here is being extended through 
a study of the volume of activation as a function of solvent and 
ionic strength. 
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Exchange of EDTA between calcium(I1) and terbium(II1) in the pH range 4.4-6.0 was studied by using a stopped-flow spec- 
trophotometer to monitor the increase in Tb3+ luminescence as it binds EDTA. The data suggest competing pathways for exchange 
of the ligand in the pH range 5.0-6.0, involving either a direct attack by Tb3+ followed by release of Ca2+ or a faster, H+-catalyzed 
process involving the dissociation of CaH(EDTA)- followed by rapid binding of Tb3+. Evidence for an additional pathway of 
dissociation of Ca(EDTA)*- at  pH values less than 5.0 is also presented. 

Introduction 
The substitution of tripositive lanthanide ions, Ln3+, for Ca2+ 

in biomolecular systems has been shown to be a useful technique 
for probing such systems.'a2 A logical step toward understanding 
the binding of these ions to macromolecules is first to characterize 
the kinetics of binding to model systems such as polycarboxylate 

(1) Horrocks, W. D.. Jr.; Sudnick, D. R. Science (Washington, D.C.) 1979, 

(2) Horrocks, W. D., Jr.; Sudnick, D. R. Acc. Chem. Res. 1981, 14, 
206, 1194-1196. 
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ligands, e.g. EDTA, which are potential models for the calcium- 
binding sites in proteins. We focus our attention on EDTA as 
the ligand in this study because the rate of exchange of EDTA 
between Ca2+ and Tb3+ occurs on a time scale which can be 
conveniently measured on a stopped-flow spectrophotometer. 

A large volume of work exists concerning the kinetics of ex- 
change between chelated and unchelated metal ions of various 
types including the lanthanides and Most studies 

(3) D'Olieslager, W.; Oeyen, A. J. Inorg. Nucl. Chem. 1978, 40, 
1565-1570. 
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Figure 1. Kinetic trace of Tb(II1) luminescence as a function of time 
(0.10 M TbC13 mixed with 0.02 M EDTA and 0.02 M CaC12, pH 5.6). 

involving lanthanide ions have employed radiotracer methods to 
study the isotope-exchange reactions of these metal ions bound 
to polyaminopolycarboxylate ligands. It is generally believed that 
dissociation of lanthanide ions from EDTA and other polyamino 
polycarboxylates follows a two-path mechanism, with one path 
involving protonation and dissociation of the complex and the other 
path being an acid-independent dissociation. Several studies have 
provided evidence for the formation of bridged binuclear inter- 
mediates in the acid-independent dissociation ~ t e p . ~ > ~ * ' ~ ' ~  This 
work also provides evidence for the existence of such an inter- 
mediate. 

One of the objectives of this  study was to assess the utility of 
Tb3+ luminescence to study the exchange of CaZ+ and this ion in 
EDTA complexes by using a stopped-flow spectrophotometer. An 
understanding of the mechanism of metal, ion dissociation from 
polyamino polycarboxylates is potentially helpful in understanding 
metal ion dissociation from proteins, since calcium-binding sites 
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Table I. Slopes and y-Intercepts as a Function of pH Calculated 
from Least-Sauares Fits of Figure 2 

pH slope y-intercept pH slope y-intercept 

4.4 16.7 f 2.1 11.9 k 15.9 5.6 0.29 f 0.09 16.9 f 1.3 
4.8 3.65 f 0.5 19.4 f 4.6 6.0 0.10 0.02 15.7 * 0.6 
5.0 1.14 f 0.1 20.7 f 2.2 17.36 (av) 
5.2 0.58 f 0.12 19.0 f 1.9 

(28) Johnson, K. A.; Porter, M. E. J. Biol. Chem. 1983, 258, 65826587. 
(29) Schwarzenbach, G.; Gut, R.; Anderegg, G. Helv. Chim. Acta 1954,37, 

937-942. 
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Figure 3. Slope of the line at each pH from Figure 2 vs. [H'] (pH 4.4 
point not shown). 
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Figure 4. Plot of [H'] vs. log (slope) illustrating the good fit to a line 
of unit slope of data above pH 5.0. 

between Ca(EDTA)2- and CaH(EDTA)- is a fast equilibrium. 
If one assumes KT and KH to denote rapid equilibria and k l  

and k2 relatively slow rate processes, the overall rate constant, 
A, for the appearance of Tb(EDTA)- will be given by 

k l K ~ [ T b ~ + ]  + ~&H[H+] 
1 KH[H'] + K T [ T ~ ~ + ]  A =  (1) 

The derivation of this expression is presented in the Appendix. 
Since K T [ T ~ ~ + ]  >> 1, KH[H+], eq 1 reduces to 

which fits the trend observed in Figure 2. 
From eq 2 it can be seen that a plot of X vs. 1/[Tb3+] should 

have k, as the y-intercept and k2KH[H+]/KT as the slope. k, was 
calculated from Figure 2 to be - 18 s-l. 

A plot of the individual slopes from Figure 2 vs. pH should also 
be a straight line passing through the origin with a slope equal 
to k2KH/KT (Figure 3). In Figure 3 the points for pH 4.8 and 
4.4 deviate significantly from the predicted line. Kula and ReedI8 
calculated the concentrations of various species in a 1:l solution 
of CaZ+ and EDTA as a function of pH. At pH values less than 
5.0, significant amounts of H2EDTA2- and CaH(EDTA)- are 
present in solution. It is likely that, under these low-pH conditions, 
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though such behavior has been reported in several EDTA/tran- 
sition-metal ~ t u d i e s . ’ ~ J ~ J ~  

The technique of using the increased Tb3+ luminescence ex- 
hibited by Tb3+ upon binding a ligand has been shown to be useful 
in following the kinetics of binding. Analogous techniques have 
recently been employed by us to study the kinetics of exchange 
or removal of metal ions in metal-binding proteins.30 
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Appendix. Derivation of Eq 1 from Scheme I 

illustrated as 
The reaction sequence outlined in Scheme I may be more simply 

<;o -- 

~ 

A L B  K; 

a %- 
C 

k2 

where KT’ = KT[Tb3+] and KH’ = KH[H+]. Since a rapid 
equilibrium exists between A and B and between A and C 

and 
[B] = KT’[Al (-41) 

[Cl = KH’[Al (‘42) 
The time dependency of [E] can be written 

[El = h [ B I  + k2[CI 
or 
[E] = klK~’[Al + ~ ~ K H ’ [ A ]  = (kIKT’ + ~ ~ K H ’ ) [ A ]  

1 

(A3) 
If the total concentration of A, B, C, and E is normalized to 

[A] + [B] + [C] + [E] = 1 

then 

and by substitution of eq A1 and A2 

which can be written as 

[A] + [B] + [C] = 1 - [E] 

[A] + KT’[A] + KH’[A] = 1 - [E] 

This expression can be substituted into eq A3 to give 

which can be rearranged to give the differential equation describing 
the time dependence of [E], in an easily solvable form: 

The solution for this equation is of the form 
[E] = a. + ale-hlf 

where 
klKT’ + k2K~’ k l ’K~[Tb~+]  + k i K ~ [ H + l  - A1 = ’ - 
1 + KH’ + KT’ 1 4- KH[H+] + K T [ T ~ ~ + ]  

This is eq 1. a. and a1 are determined from boundary conditions 
on [E]: 

at t = 0, [E] = 0 = a. + a] 
at t = QJ, [E] = 1 = a. 

yielding the final expression for [E] 
[E] = 1 - e-hlf 

(30) Breen, P. J.; Johnson, K. A.; Horrocks, W. D., Jr. Biochemistry 1985, 
24, 4997-5004. 




