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The smaller solubility of the trans species is to be ex- 
pected because of its smaller dipole moment in compari- 
son with the cis complexes. 

We believe, then, on the basis of the experimental 
evidence obtained, that  the following assignments are 
justified for the IDA-MIDA series of bis complexes: 
cis-K[Cr(IDA)2] '2.5H20; cis-NHd[Cr(IDA)(MIDA)]. 
HzO ; trans(facia1) -Na [Cr (MIDA)2 1. 

The distinctive differences between the Cr(EDTA)- 
(H20) - complex and the Cr(l,3-PDTA)- complex 
should be noted. Adding one more methylene link to 
the backbone of the ligand has apparently relieved al- 
most all strain and has allowed 1,3-PDTA to function 
apparently as a hexadentate ligand, very much different 
from the Cr(II1)-EDTA complex where EDTA func- 
tions as a pentadentate ligand,I3 with a water molecule 
in the sixth coordination position and an acetate arm 
remaining free. Molecular models show that strain 
inherent in the ethylenediamine backbone hinders the 
ability of EDTA to function as a hexadentate ligand. 
The symmetry of the Cr(EDTA)(H20)- complex dif- 
fers from the Cr(l,3-PDTL4)- complex and this is ex- 
emplified in comparing the values of the molar absorp- 
tivities for the two complexes. These data are given 
in Table I. It is also noted that the low-energy absorp- 
tion band of the EDTA complex has been shifted from 
the expected value of 510-530 mp to 545 mp. 

I t  was also of interest to prepare and compare the 
visible absorption spectra and molar absorptivities of 
the mono-IDA and mono-MIDA complexes of chro- 
mium(I1I). Since these species would have a + 1 charge, 

their separation from a reaction mixture containing 
hexaaquochromium(II1) ion ( f 3  in charge) and the 
bis complex of the corresponding ligand ( - 1 in charge) 
could easily be effected using ion-exchange chromatog- 
raphy. The preparation of these mono species was not 
clean, some hexaaquochromium(II1) ion and the bis 
complex always being present. The iminodiacetato- 
triaquochromium(II1) ion and the methyliminodi- 
acetatotriaquochromium (I1 I) ion were, how ever , the 
major species formed in each case. Both mono species 
appear to be quite stable with respect to disproportiona- 
tion into the hexaaquochromium(II1) ion and the 
bis complex. After separation and purification of the 
mono species by ion exchange and allowing the solutions 
to sit a t  room temperature for 1 week, reintroduction of 
these solutions onto a cation-exchange column showed 
no or very little evidence for the presence of the hexa- 
aquochromium(II1) ion or the bis complex. 

The visible absorption spectra and molar absorptiv- 
ities of these two complexes are given in Table I. The 
molar absorptivities of the two ions are essentially iden- 
tical a t  the two maxima, The only noticeable dif- 
ference in the two spectra is the fact that  in the mono- 
MIDA complex the low-energy peak has been slightly 
shifted to longer wavelengths in comparison with the 
mono-IDA complex. 
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The rate of ligand exchange between calciuni ethyleriediaminetetraacetate coinplex ion and cadmium ion is measured using 
the technique known as cyclic stationary electrode polarography. In the presence of excess calcium ion the reaction is found 
to proceed through (1) a pathway involving a fast, acid-catalyzed dissociation of the calcium complex followed by a rate- 
limiting combination of the free monoprotonated ligand with cadmium ion and (2) a pathway involving a direct attack of 
the complex by cadmium ion. At 25" the second-order rate constant for the first pathway is 2.6 f 0.7 x 108 M-1 sec-1 
and for the second pathway is 2.3 i 0.2 X 102 M-' sec-l. The direct reaction is found to proceed through an intermediate 
in which the multidentate ligand is half-unwrapped and partially bound to both calcium and cadmium ions. The rate- 
limiting step in both pathways appears to be the formation of the initial cadmium-nitrogen bond. 

Introduction 
The kinetics and mechanisms of the electrophilic 

exchange of ethylenediaminetetraacetic acid (EDTA) 
anion between two metal ions have been studied for 

(1) (a) Taken in part  from a thesis submitted by J. R. Kuempel t o  the 
Graduate School of Indiana Iiniversity in partial fulfillment of the  require 
ments for the Ph.D. degree in Chemistry, Sept 1967. (b) Presented in part  
a t  the  153rd National Meeting of the  American Chemical Society, Miami 
Beach, Fla., April 9-14, 1967. (c) Author to whom correspondence should 
he addressed. 

several different systems using a variety of techniques. 
Studies making use of dc polarography,2-4 radioisotopic 
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labeling,5 nmr spectroscopy,6-8 and visible spectro- 
photometryg have all shown that these exchanges have 
complex, pH-dependent kinetic expressions containing 
rate terms involving the concentrations of the attacking 
metal ion and of both the complex ion and the dis- 
sociated EDTA anions. A general mechanism has 
been proposed by Margerum and  coworker^^^'^ for the 
electrophilic exchange of rnultidentate ligands between 
metal ions that involves a dinuclear intermediate species 
in which the multidentate ligand is partially unwound 
from the initially complexed metal ion and partially 
attached to the attacking metal ion. 

In this research, we measured the rates of complexa- 
tion of cadmium ion in solutions containing EDTA in 
the presence of excess calcium ion using the electro- 
analytical technique known as cyclic stationary elec- 
trode polarography. This technique is especially 
valuable in studies such as this which are difficult to 
carry out by spectrophotometric methods because they 
involve colorless ions or because of the lability of the 
system. The complexation reaction. which followed a 
reversible electron transfer, was found to proceed 
through a dinuclear intermediate. 

Experimental Section 
The rates of formation of aminepolycarboxylate complexes of 

cadmium ion were measured in solutions containing ethylenedi- 
aminetetraacetic acid (EDTA) or tuans-1,P-cyclohexanediamine- 
tetraacetic acid (CyDTA) in the presence of excess calcium ion 
and buffered with boric acid-potassium hydroxide mixtures. 
Potassium nitrate was used to adjust the ionic strengths of all 
solutions to 1.0 M .  The temperature during all kinetic runs 
was maintained a t  25.0’. Reagent grade ethylenediamine- 
tetraacetic acid obtained from Fisher Scientific Co. was of 
suficient purity for use without further purification. tuans-l,2- 
Cyclohexanediaminetetraacetic acid was obtained from K & K 
Laboratories and was purified by dissolution in basic aqueous solu- 
tion followed by precipitation upon acidification with hydrochloric 
acid and drying at 1 mm in a drying pistol in the presence of 
P20; a t  100’. These extreme drying conditions are needed 
to remove the last mole of water from the cyclohexanediamine- 
tetraacetic acid. The molecular weight of a sample of the anhy- 
drous acid determined by titration with strong base in the 
presence of excess calcium ion was 344.0, which is in good agree- 
ment with the theoretical molecular weight of 346.3. The 
disodium salt of iminodiacetic acid (IMDA) was obtained from 
the Eastman Kodak Co. and was used without further purifica- 
tion. 

Stock solutions of K2CaY (Y4- is an abbreviation for the tetra- 
acetate anions of EDTA and CyDTA) were prepared by dissolv- 
ing exactly equimolar amounts of reagent grade K2C03, CaC03, 
and HI>.’ in water and adjusting the pH of the resulting solution 
to 5 with nitric acid while bubbling pure nitrogen gas through the 
solutions to remove the last traces of dissolved CO?. Stock 
solutions of Ca( N 0 3 ) 2  prepared from reagent grade crystals were 
standardized by titration in basic solution with standard EDTA 
using murexide as the indicator. Solutions for the kinetic 
runs containing the calcium complex in the presence of excess 
calcium ion were prepared by taking aliquots from the stock 

( 5 )  (a) S.  Jones and F. A. Long, J .  Phys. Chem., 66, 25 (1952); (b) 
C. M. Cook, Jr., and F. A. Long, J .  A m .  Chem. Soc., 80, 33 (1958). 

(6) R .  J. Day and C. ?i. Reilley, A n d .  Chem., 36, 1073 (1964). 
(7) J. L. Sudmeier and C. N. Reilley, I m v g .  C h e m . ,  8, 1047 (1966). 
(8 )  R. J. Kula and G. H. Reed, Anal.  Chem., 38, 697 (1966). 
(9) T. J. Bydalek and U. W. Magerum, J .  A m .  Chem. Soc., 83, 4326 

(10) D. W. Margerum, Record Chem. Pmgr.  (Kresge-Hooker Sci Lib), 24, 
(1961); I X O V E .  Chem.,  1, 852 (1962); 2, 678 (1963); 2 ,  683 (1963). 

237 (1963). 

solutions, adding the acid form of the buffer system together with 
sufficient crystalline KN03 to bring the ionic strength to 1.0 
M, diluting to volume, and finally adjusting the pH to the desired 
value by adding small volumes of a 10 A4 KOH solution with a 
microsyringe. 

All pH values were measured with a Sargent Model D R  pH 
meter which was carefully calibrated with standard buffer solu- 
tions prepared as described by Bates.” 

Pseudo-first-order rates were measured using cyclic stationary 
electrode polarography, for which the theory has been described 
by Nicholson and Shain.I2 Cadmium ion is introduced into the 
calcium-EDTA or calcium-CyDTA solutions by oxidation from 
a cadmium amalgam during an anodic, linear voltage scan. 
The generated cadmium ion then reacts with complexing species 
in the calcium-aminepolycarboxylate solutions at a rate de- 
pendent upon the concentrations of the reactants to form diffi- 
cultly and irreversibly reduced cadmium complexes. Before 
these relatively slow complexation reactions reach completion, 
the unreacted cadmium ion is quickly reduced back into the 
amalgam by reversing the direction of the voltage scan. By 
monitoring the current-time response of the amalgam electrode 
during the cycle, the amount of cadmium ion that reacts with 
the ligands between its formation during the anodic scan and its 
removal during the cathodic scan can be determined from a 
comparison of the cathodic faradaic current with the anodic 
faradaic current. The rate of the repetitive anodic and cathodic 
scans (cps) establishes a time base for the experiment and makes 
it possible to calculate pseudo-first-order rate constants from the 
electrochemical data. 

The electrochemical cell used in these studies incorporated a 
strictly planar mercury working electrode and was developed 
in this laboratory.13 The saturated calomel reference electrode 
was equipped with a Luggin capillary probe to minimize un- 
compensated resistance in the cell. The cadmium amalgam 
used in the working electrode was prepared by reducing cadmium 
ion from a cadmium nitrate solution into mercury at a constant 
applied potential. Transfer of the amalgam to the cell was 
performed in a closed system under a nitrogen atmosphere to 
avoid rapid air oxidation of the cadmium from the amalgam. 

A conventional three-electrode potentiostatic circuit’“ was 
used in the current-voltage measurements. The control amplifier 
was a single Philbrick Model SKP-V operational amplifier (G.A. 
Philbrick Researches, Inc., Boston, Mass.). The band width 
of this amplifier was adjusted to be compatible with the electrical 
characteristics of the cell containing the solutions used in the 
measurements by adding capacitance between the input and out- 
put terminals. The cyclic scan generator used in the experiments 
vias capable of supplying continuously variable cycling rates 
ranging from 100 secjcycle to 100 cyclesisec and has been de- 
scribed previously.lj A Tektronix Model 502 oscilloscope 
equipped with a Dumont Model 302 Polaroid camera attachment 
was used to record the current-voltage curves. The oscilloscope 
was operated in the X-Y mode, the X or voltage axis being 
driven by the cyclic scan generator and the Y or current axis 
being driven in the differential mode by the voltage drop across 
a 1000-ohm precision resistor in the feedback loop of the potentio- 
stat. A Hewlett-Packard Model 523D electronic counter moni- 
tored thc output of the cyclic scan generator and was used to 
measure the cycling rates. 

In order to determine the second-order dependence of the 
electrochemically determined pseudo-first-order rate constants 
and to make certain correlations between rate and stability 
constants, i t  was necessary to evaluate the equilibrium constants 
for the calcium-EDTA and calcium-IMDA systems under the 

(11) R. G. Bates, “Determination of pH, Theory and Practice,” John 

(12) R. S. Nicholson and I. Shain, Artal. Chem., 36, 706 (1964). 
(13) J. R. Kuempel and W. B. Schaap, ibid., 38, 664 (1966). The  cell 

(14) G. L. Booman and W. B. Holbrook, ibid., 36, 1793 (1963). 
(15) J. DiSalvo and W. B. Schaap, Abstracts, 153rd Xational Meeting 

of the American Chemical Society, Division of Analytical Chemistry, Miami 
Beach, Fla., April 1967, No. B54. 

Wiley & Sons, Inc., Kew York. N. Y., 1964, p 123. 

used was similar to  the  one shown in Figure 2 of this reference. 
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conditions obtaining during the kinetic experiments. The 
method used was similar to that originally developed by Schwarz- 
enbach.16 A solution containing the free acid of EDTA and 
sufficient potassium nitrate to adjust the ionic strength to 1.0 was 
titrated in a nitrogen atmosphere with standardized carbonate- 
free potassium hydroxide solution. The hydrogen ion activity 
was monitored with a carefully standardized glass electrode which 
was selected from the several available because of its essentially 
linear response over the pH range of interest. The titration was 
then repeated with excess calcium ion present. Similar solutions 
containing the disodium salt of IMDA, with and without excess 
calcium ion present, were titrated with standard nitric acid 
solution. The pH data obtained were then used to calculate 
both the dissociation constants for the free acid and the formation 
constants for the calcium complexes. All calculations were per- 
formed with an electronic computer, which made i t  possible to 
use many data points in order to increase the precision of the 
results. The results of these calculations are shown in Table I, 
where the uncertainties given are the average deviations. The 
CaEDTA constants were then used to calculate the concentra- 
tions of all aminepolycarboxylate species present in the solutions 
used in the kinetic experiments. 

TABLE I 
PROTOX AND CALCIUM ION STABILITY CONSTANTS 

WITH EDTA AND IMDA SPECIES AT 25' AKD /* 1 0 (KN03) 
Reaction Constant Value 

H +  -k EDTA&-  I_ HEDTAa- 

H +  + H E D T A Z - I -  H2EDTAZ- 
Caz+ - EDTAd- __ CaEDTAZ- 

Ca2+ + IMDA2- CaIMDAo K C ~ I N D A  (1 23 & 0 05)  X 10% 

KHEDTA (6 35 i- 0 2) X 109 

KH,EDTA (1 77 f 0 05) X loe 
KC~EDTA (4 77 i- 0 15) X 109 

H *  f I M D A 2 - z  H I M D A -  KHIMDA (1 79 i o 05) x 109 

Results 
Electrochemical Measurement of Pseudo-First-Order 

Rate Constants.-The electrochemical oxidation of 
cadmium amalgam into calcium-EDTA solutions is 
an example of a reversible electron-transfer reaction 
coupled to an irreversible chemical reaction in solu- 
tion. The diffusion equations applicable to this type 
of electrode reaction mechanism have been solved 
for the conditions obtaining in cyclic stationary elec- 
trode polarography by Nicholson and Shain. These 
workers were able to show that for this mechanism the 
ratio of the maximum cathodic to anodic currents is 
related to a single parameter, kobsdT, where kobsd is the 
observed pseudo-first-order rate constant for the 
coupled chemical reaction and T is an elapsed time 
related to the cycling rate. Specifically, T is the elapsed 
scanning time between the polarographic half-wave 
potential for the uncomplexed ion and the potential a t  
which the direction of the voltage scan is reversed. 
It is possible to construct a theoretical plot of the ratio 
of the maximum (peak) cathodic and anodic currents, 
icp/iap, vs .  k o b s d r ,  as shown in Figure 1. Since the ratio 
iCp/i,, can be experimentally evaluated by measuring the 
peak heights from a cyclic polarogram and r can be 
determined from a knowledge of the half-wave potential, 
the switching potential, and the cycling rate, i t  becomes 
possible to evaluate the observed first-order rate con- 
stant from a single cyclic polarogram. 

The cycling rates were selected to be compatible with 
the reaction rates. If, for example, kobsd  were relatively 

(16) G. Schwarzenbach and H. Ackermann, H e h .  Chim. Acta,  SO, 1798 
(1947). 

I \  - 
0'40 0.2 0.4 0.6 0.8 1.0 1.2 1.4 

kobs 

Figure 1.-Dependence of the peak current ratio iop/iap on the 
rate parameter kobsdT for a reversible electron-transfer reaction 
followed by an irreversible coupled chemical reaction. (The line 
is theoretical and the points are experimental.) 

small, L e . ,  if the coupled reaction were relatively slow 
and if the cyclic experiment were performed relatively 
quickly so that r is also small, the cycle would be com- 
pleted before any significant reaction could occur and 
the ratio icp/iap would be essentially 1.0. On the other 
hand, if kobsd were large, as in the case of a very fast 
coupled reaction, and if the cyclic experiment were per- 
formed relatively slowly so that T was large, i t  is pos- 
sible that the reaction would go essentially to com- 
pletion and that  a vanishingly small cathodic current 
peak would be observed. These relationships are illus- 
trated in Figure 2,  which shows polarograms obtained 
for the same solution a t  three different scanning rates. 

, .  
- E1/2- + - - El/*- + - - E1/2-+ 

S C A N  = 1.49 v/sec 2.22 v/sec 3.27 v/sec 

T = 0.0943sec 0.0630 sec 0.0428 sec 

icp/iap = 0.510 0.608 0.693 

= (icp)./(iap). + (0.485)(iSp), /(iapIo + 0.086 icp/iap 

Figure 2.-Representative electrochemical data a t  three cycling 
rates. The solution contained 0.030 M CaEDTA complex ion, 
0.029 M Ca(NOa)n, 0.02 MHIBOI-KOH buffer mixture (pH 8.00), 
plus sufficient KNO3 to bring the total ionic strength to 1.0 M. 
The mercury amalgam contained 2 X lob4 144 cadmium and the 
temperature was 25'. 

The method used to evaluate the ratios of the peak 
currents requires the measurement of the faradaic 
currents a t  the anodic peak potential, (i&p)o, a t  the 
switching potential, (isp)O, and a t  the cathodic peak 
potential, ( icp)o .  These values are combined with the 
equation shown in Figure 2 to obtain the peak current 
ratios. The equation is an empirical relationship for 
this mechanism derived by Nicholson. l7 The base lines 

(17) R. S. Nicholson, ABQL Chem., 38, 1406 (1966). 
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for the anodic scan and the cathodic scan are not the 
same because of the contribution to the total current by 
the current associated with the charging of the double 
layer. If i t  is assumed that this charging current is 
constant over the relatively small voltage span of these 
experiments (400 mV), then the base lines would be 
parallel and separated by a distance corresponding to the 
current difference a t  the switching potential. If the 
charging current is not constant, nonparallel lines 
could be constructed to approximate the changes based 
on measurements with “blank” solutions run a t  the 
same cycling rates, i . e . ,  solutions containing all of the 
electrolytes run with pure mercury rather than with 
cadmium amalgam to determine independently the 
fraction of the total current needed for charging the 
double layer a t  each potential. When the solutions 
used in the present kinetic studies were run with a pure 
mercury electrode, i t  was found that the charging cur- 
rent was not constant but was essentially linear over 
the potential range employed. It was possible, there- 
fore, to make the base line corrections by drawing non- 
parallel straight lines whose ends were separated by 
distances corresponding to the observed current differ- 
ences at the extremes of the cycle. 

that  the potential midway 
between the potentials of the anodic and cathodic peak 
currents corresponds very closely to the half-wave 
potential for a reversible electron transfer (uncomplexed 
cadmium ion, in this case). Thus T can be obtained 
from the experimental curves by using the known cycling 
rate to evaluate the time i t  takes to scan from a point 
midway between the anodic and cathodic peak poten- 
tials to the switching potential. 

The values of the product kobsd7 are read from the 
theoretical plot (Figure 1) a t  each experimental ratio 
of peak currents. The value of the product kobi idr  in 
each case is divided by the corresponding value of r to 
obtain the observed first-order rate constant. The 
values of kobsd calculated in this manner from the three 
experiments represented in Figure 2 are 10.2, 9.9, and 
9.8 sec-l, in order of increasing scan rate. The three 
data points shown on Figure 1 are the experimental 
peak current ratios plotted vs.  the products of the 
average value of kobsd  and the experimental values of r .  
The agreement of the observed first-order rate constants 
measured for a given solution over a range of cycling 
rates and reaction times demonstrates that this chemical 
system can be studied using the experimental method 
described and that meaningful pseudo-first-order rate 
constants can be measured. Replicate experiments 
showed that values of kobsd could be obtained in this 
manner with a maximum uncertainty of &SyG. 

The Second-Order Dependence of the Reaction of 
Cadmium Ion with Calcium-EDTA Complex.-When 
reaction rates were measured a t  constant pH, i t  was 
found that the pseudo-first-order rate constants were 
inversely dependent upon the concentration of the 
excess calcium ion and directly dependent upon the 
concentration of the calcium-EDTA complex ion as 
shown in Table 11. The predominant species in 

Nicholson has 

solution at the pH values employed in these studies is 
Cay2-;  in fact, [CaY2-] is, for all practical purposes, 
equal to the total EDTA concentration in all cases. 
An inverse dependence upon excess calcium ion con- 
centration suggests a direct dependence upon the con- 
centration of one or more dissociated EDTA species. 
The appropriate stability constants shown in Table 1 
were used to calculate the concentrations of the various 
dissociated species, including those shown in Table 11. 

TABLE I1 
KINETIC DATA FOR THE REACTION O F  c a y 2 -  WITH 

CdZ+ AT = 1 . 0  M (KN08),  25”, AXD pH 8.22 
102 [total 102[total lOo[HYZ-], kobbd, 

EDTA],  M calcium], iM M sec -1 

0.60 1 .15  8 .62  3 . 9  
0.60 1 .43  5.74 3 . 4  
0.60 1 98 3 .44  2 . 6 
0.60 3 .37  1 .72  2 . 2  
0.90 1 .45  12.9 5 . 6  
0.90 1 .73  8 .61  4 . 8  
0 .90  2 .28  5.17 3 . 8  
0.90 3 .65  2 .58  3 . 1  
1 .50  2 .05  21 .5  9 . 7  
1 .50  2.33 14 .3  7 .6  
1 .50  2 .88  8 .61  6 . 4  
1 .50  4.26 4 .31  5 . 9  
3.00 3 .55  43 .1  17 .3  
3.00 3 .83  28.7 1 5 . 1  
3.00 4 .38  17.2 11.4 
3 .00  5.77 8.51 9 . 2  

In  Figure 3, the data in Table I1 are presented in 
graphical form. The linear relationships between kabsd 

and [HY3--] a t  each concentration of Cayz-  suggest a 
contribution to kobsd by a term of the form 

k C d H Y  [dissociated EDTA species] 

where kCdHy, a second-order rate constant, would be 
the slope of the parallel lines. It was found that 
similar plots of h o b s d  vs. [Y4-] and kobsdvs .  [H21T2-] were 
also straight lines with the same intercepts but with 
different slopes. To determine which of the dis- 
sociated EDTA species was reacting, similar kinetic 
data were taken a t  two other pH values, 8.00 and 8.80. 
The slopes of the plots of kobsd remained most nearly 
constant as a function of pH when the plots were made 
us. [HI?]. This result is not surprising since HY3- is 
the predominant dissociated EDTA species present in 
this pH range. The slopes were 1.9 X lo8 M-’ sec-’ 
at pH 8.00, 2.7 X lo8 M-’ sec-I a t  pH 8.22, and 3.3 
X lo8 31-’ sec-l at pH 8.80. The slight pH depen- 
dence observed could be caused by a relatively small 
contribution to the rate of the reaction by the anion 
1 7 4 -  , or by a contribution arising from the presence of 
CdOH+, which no doubt exists a t  these pH values to 
some extent. We conclude that the principal con- 
tribution to the observed first-order rate constant by a 
dissociative pathway is of the form kcdHY[HY3-], 
where was found to be (2.6 f 0.7) X lo8 ? v - ~  
sec-I a t  25’. Lower values of pH were not obtainable 
n-ith the buffer system employed, and higher pH 
values were ruled out because of the possibility of 
forming precipitated cadmium hydroxide on the elec- 
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lHY-31 x io: M 

Figure 3.-Dependence of k o h d  on the concentration of the 
niorioprotonated EDTA anion at several stoichiometric concen- 
trations of the CaEDTA complex at p = 1.0 M ,  25", and pH 8.22. 

trode surface during the kinetic runs. An independent 
polarographic experiment showed that a solution con- 
taining lop4 &! Cd2+ begins to precipitate Cd(OH)z a t  
pH 9.1. 

The fact that all plots of k&sd v s .  the concentration 
of dissociated EDTA species had nonzero intercepts 
suggests an additional contribution to the rate ex- 
pression. The plots indicate a direct dependence of the 
rate on the concentration of the CaEDTA complex. 
If the intercept (limiting) values of kobsd are plotted 
z's. [Cay2-], the line in Figure 4 is obtained which has, 

- I  
U 

% 51 

'_1 i i  4 i  / 

' 
OO 1.0 2.0 3.0 

[CaY-*]x IO', M 

Figure 4.-Dependence of the limiting values of k o b d  on the 
concentration of the calcium-EDTA complex ion a t  p = 1.0 M 
and 25': 0, pH 8.00; JJ pH 8.22; A, pH 8.80. 

n-ithin experimental error, a zero intercept and demon- 
strates that the remaining contribution to kobsd has the 
form kCdCaY[CaY2-] Also included in Figure 4 are the 
points representing the intercept values found a t  pH 
d.00 and 8.80. The agreement among the data a t  all 
pH values shows that the dependence of the rate on the 

concentration of Cay2-  is independent of pH in this 
range. The slope of the plot of (kobsd) l im vs.  [CaYz-] is 
equal to the constant kCdCaY and is (2.3 + 0.2) x IO2 
M-' sec-I. 

We conclude from these results that the complete rate 
expression for the complexation of cadmium ion in 
solutions containing EDTA in the presence of excess 
calcium ion a t  25", a t  an ionic strength of 1.0 (KN03), 
and in the pH range 8.00-8.80 is 

where 

kobsd = (2 6 X 108)[HY3-] + (2.3 X 10*)[CaYZ-] 

Ligand Exchange with trans-1,2-Cyclohexanedi- 
aminetetraacetic Acid.-The rate of the complexation 
reaction was studied with trans-1,2-cyclohexanedi- 
aminetetraacetic acid (CyDTA) in place of EDTA. 
In this case, the reaction rate was measured in the 
presence of 0.03 M CyDTA and varying small 
amounts of excess calcium ion a t  a pH of 8.00 and an 
ionic strength of 1.0 adjusted with potassium nitrate. 
A relatively slow reaction was detected when the cy- 
cling rates were decreased to between 4 and 10 sec/cycle. 
The experimental ratios of peak currents in this case 
did not follow the theoretical line in Figure I, indicating 
that the reaction was not first order in cadmium ion. 
The CaEDTA complex under identical conditions 
underwent a pseudo-first-order reaction with cadmium 
which was about 100 times faster than the reaction of 
CaCyDTh with cadmium ion. 

Discussion 
In a solution containing 0.01 M calcium-EDTA com- 

plex ion and 0.01 M excess calcium ion a t  pH 8 0, the 
concentration of the monoprotonated dissociated 
anion, HY3-, is approximately 11.1. In spite of 
the six orders of magnitude difference in the concentra- 
tions of the complex ion and the dissociated anion, i t  is 
found that both species react with cadmium ion in this 
solution a t  about the same absolute rate. This large 
difference in second-order rate constants ( k C d H Y  = 2.6 
X 108 M-' sec-I and = 2.3 X lo2 iWW1 sec-l) is 
consistent with the mechanisms proposed previously 
for similar multidentate ligand-exchange reactions in- 
volving less labile metal i o n ~ . ~ ~ ' ~  

Dissociative Pathway.-The dissociative pathway 
of the reaction can be outlined as 

+ H  + kd 

CaHY-) Ca2+ + HY3- (1) 
kcaHY 

k C d H Y  
Hk'3- + Cd2+ --+ CdY2- f H +  (3 1 

The species within the braces in eq 1 are assumed to be 
in rapid equilibrium. If a small, steady-state con- 
centration of H Y 3 -  is assumed, i t  is possible to derive 
the following expression for the observed pseudo-first- 
order rate constant 
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(4 ) 

Eigen has shown that the values of the characteristic 
rate constants for the replacement of water in the 
inner sphere of hydrated cadmium and calcium ions are 
of the same order of magnitude, l6 so i t  might be expected 
that kcnHy and k C d H y  are also of comparable magnitude. 
An nmr determination reported by Kula and Reedj6 
however, indicates that kcaHY (1.3 X lo7 i1fC1 sec-l) is 
significantly less than kcdHY (2 6 X los JC1 sec-I). 

The solutions used in all of the kinetic experiments 
reported here contain calcium ion at  a concentration in 
excess of 5 X 111 The cadmium amalgam em- 
ployed in the measurements contained 2 x loe4 M Cd. 
so that, upon oxidation of the amalgam, the maxinium 
concentration of Cd3+ close to the electrode surface was 
about 2 X 1 0 F  M. If i t  is assumed for the moment 
that the condition 

k ~ , ~ ~ [ C a ~ + ]  >> kcdHY[Cd2+] ( 5 )  

was experimentally realized, eq 4 simplifies to 

Combination of eq 2 and 6 yields 
kobbd = kc,iHY [HY-]  ( 7 )  

This expression predicts the dependence on dissociated 
EDTA species experimentally observed ; thus, n-ithin 
the uncertainties of our measurements, eq 5 seems to 
be a valid approximation. If this approximation were 
not valid, the data in Figure 3 would show a slight 
don.nward curvature as the concentration of calcium 
ion decreases (and [HY3-] increases) owing to the 
increasing importance of the second term in the denom- 
inator of eq 4. Xevertheless, in view of the results of 
Kula and Reed, it is probably- best to interpret our 
value of kcdHY as a lower limit, the true value being 
somewhat greater. Our value agrees well with those 
listed in Table III,7s1g-21 though it is slightly lower 
than the others 

The large value for the second-order rate constant for 
the reaction of cadmium ion with protonated EDTA is 
comparable to the characteristic first-order water- 
exchange rate constant measured for aqueous cadmium 
ion ( 2 . 5  X lo8 sec-l),'* making it probable that the 
rate-limiting step in the reaction is the formation of the 
first cadmium-nitrogen bond with attending loss of 
water of hydration. None of the authors referred to in 
Table 111 speculates on the rate-limiting step for this 
particular reaction, though a similar mechanism has 
been proposed for the correspondingly fast reaction of 
copper ion with HY3- (kcuHY = 1.3 X l o 9  A - l  sec-l) 
by Margerum and coworkers. 2 2 ' 2 3  

(18) A i .  Bigen, Pum A p p l .  Chein., 6 ,  97 (1963). 
(19) N. Tanaka, R. Tamamushi, and X I .  Kodama, Z. P h y s i k .  Ciwm. 

(20) J. Koryta and Z. Zabransky, Collection Czech. Cizem. Coinmniz., 2 5 ,  

(21) G. H. Aylward and J. W .  Hayes, Anal.  Chenz., 37, 195 (1965). 
(22) D. 1%'. hIargerum, 12. L. Janes, and H. 1~1, Rosen, J ,  Aim. Chem. Soc., 

(23) D. W. Margerum, B. A, Zabin, and D. L. Janes, I n o y p .  Chzm., 5 ,  280 

(Frankfwtj ,  14, 1-11 (195S), 

3153 ~ i g ~ n ) .  

87, 4483 (1985). 

(1968). 

h similar type of dissociative rate law is not observed 
with the calcium complex of CyDTA because the rate- 
limiting step in this exchange is the protonation of the 
complex, in contrast to the fast preequilibrium step 
shown in eq l .24 The reaction with calcium-CyDTX 
becomes independent of cadmium ion concentration 
and thus cannot be studied using the present methods. 

Direct Transfer Pathway.-The second pathway of 
the reaction involves the direct attack on the CaEDT-\ 
complex by cadmium ion. This reaction proceeds 
through a transition state in which the EDTA ligand 
has half unwrapped itself by rotation about the ethyl- 
enic bond between the two nitrogen atoms and has 
one nitrogen still bound to calcium and the other 
available for bonding with approaching cadmium ion. 
Possible rate-limiting intermediates in which partial 
unwrapping of the nitrogens does not occur (as would 
be the case if the principal bonding in the transition 
state complex were through acetate groups) are ruled 
out by the large observed decrease in the rate and by 
the change in the mechanism when CaEDTA is re- 
placed by CaCyDTA in the kinetic experiment. The 
cyclohexane ring in CyDTA prevents rotation about 
the ethylenic bond betn-een the two nitrogen atoms. 
making nitrogen-bound dinuclear intermediates steri- 
cally impo~sible .~ The presence of the ring does not 
appreciably affect the stability of the metal ion coin- 
plexes and does little to hinder rotation about any of the 
other bonds in the molecule. Intermediate species 
that are predominantly nitrogen bonded are also con- 
sistent n-ith predictions based on results of stability, ?: 
infrared,26 and studies of bonding in alkaline 
earth-EDTA\ complexes. 

The mechanism of the direct ligand transfer reaction 
can be represented by the series of steps in eq S. 

Cay'- + Cd2- K, fast  

I1 

The rate-limiting step in this sequence could be either 
the formation of the cadmium-nitrogen bond in pro- 
ceeding from structure I to structure I1 or the dis- 
sociation of the calcium-nitrogen bond in proceeding 
from structure I1 to the products. The results of the 
present experiments do not allow an unambiguous 
choice to be made between these alternatives, although 
we believe the former to be the more reasonable in vien- 
of the results of other studies of metal ion attack on 

(24) 1). W. Xa:-gel-um, P. J. Nenard i ,  and D. L. Jane&, ibid., 6 ,  283 (198i). 
125) G. Schwat-zenbach and H. Ackermann, Helet. Chin%. A c ! e ,  31, 1029 

(1918). 
(26) r). T. Saxyer and J .  E. Tackett, 5. Am. C h e m .  Soc.,  85, 2390 (i963j. 
127) I t .  J. Kula, D T. Sawyer. S. I .  Chan, and C. M. Finley, i b i d  85, 2!l:10 

(1863) 
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TABLE 111 
SUMXARI OF RATE COXSTANTS DETERMINED BY VARIOUS 

TT ITH MONOPROTONATED EDTA ANIOX 
ihfETHODS FOR THE REACTIOhS O F  CADMIUM 10s 

Value of rate 
const, Ionic  
kCdHY, st length,  Temp, 

M -1 sec-1 11 OC Method Ref 

3 7 x 1 0 9  0 5  25 Dc pol 19 
8 5 x 1 0 8  0 1  25 Dc pol 20 
5 . 3  x 108 0 5 25 Dc pol 21 
6 1 X 1 O S  0 5  25 Ac pol 21 
1 x 108 1 6  28 Nmr 7 
2 6 X 1 0 8  1 0  25 Cyclic This 

polarog study 

relatively labile EDTA c o m p l e x e ~ ~ ~ ~ ~ ~ ~ ~  and in view of 
the quantitative comparison between the rate con- 
stants kCdHY and kCdCaY made below. Ligand-exchange 
mechanisms in Tvhich the rate-limiting step is analogous 
to that between I and I1 in eq 8 have been proposed by 
Margerum and coworkers for the reactions between 
nickel ion and zinc-EDTAg and between copper ion and 
~ i n c - E D T ~ 4 . ~ ~  

If i t  is assumed that intermediate I is the type of 
species which immediately precedes the rate-limiting 
step in the reaction of cadmium ion with both the 
calcium-EDT.1 complex and protonated EDTA, i t  is 
possible to make an approximate comparison of the two 
rate constants kCdH” and kCdCaY measured in this 
study. To  make this comparison i t  is necessary to 
assume that cadmium ion first associates with an un- 
wound acetate group either as an ion pair or as a com- 
plex and that the proton or calcium ion initially present 
remains attached to the other half of the EDTA mole- 
cule. If the rate-limiting step in both cases is the 
formation of a cadmium-nitrogen bond, then the 
relative tendencies of the initial HEDTA and CaEDTA 
complexes to form the partially unwound dinuclear 
intermediates, such as I, should be proportional to the 
rate constants. 

The rate constant kCdCaY can be expressed by the 
relation 

where K I ,  the stability constant of the intermediate, is 
represented by the product of the stability constants of 
the segment bonded to  calcium ion and the segment 
bonded to cadmium ion, and kfCd-N is the rate constant 
for the formation of the cadmium-nitrogen bond. 
Similarly, the rate constant kCdHY can be written 

in which K I ( H )  refers to the stability constant of the 
intermediate attached t o  both a proton and a cadmium 
ion. 

Bydalek and Margerum9 have shown that the stabil- 
ity constants of segments of EDTA intermediates can 
be successfully approximated by the products of known 
stability constants of smaller complexes which corre- 
spond in structure to the unwound EDTA segments. 

Thus, KI in eq 9 may be replaced by the product 
KCa11IIDAKCdOAcKelj where KC~IMDA is the stability 
constant of calcium ion with imidodiacetic acid (half 
of an EDTA molecule), K C d o A c  is the constant for the 
cadmium-acetate interaction, and K , 1  is an electro- 
static term to correct for electrostatic contributions to 
the stabilities of the actual intermediates which are not 
present in the isolated complexes chosen as models. 
By analogous reasoning, KI(II) in eq 10 can be replaced 
by KHIMDAK’CdOAcK’ei, where KHIUDA is the proton 
association constant of imidodiacetic acid. Making 
these replacements, which admittedly neglect some 
steric, electrostatic, and statistical factors, the ratio of 
rate constants becomes 

which can be further simplified by assuming that  the 
rate constants for the formation of the cadmium- 
nitrogen bond and the affinity of cadmium ion for an 
unwound acetate group of the intermediate are the 
same in both bases and would cancel out. This last 
assumption is not strictly true in the case of the two 
intermediates being compared because the single 
negative charge of the protonated half of the HEDTA 
intermediate would stabilize the cadmium acetate bond 
more than would the uncharged half of the CaEDTA 
intermediate containing the calcium ion. Such differ- 
ences due to charge are included in the electrostatic 
terms, but their magnitudes are difficult to estimate 
quantitatively because the steric orientations and charge 
distributions within these complexes are not precisely 
known. 2 2  Calculations of electrostatic corrections 
attempted by Bydalek and Margerumg using a Born- 
type equation indicate that for a unit difference of 
charge acting a t  a typical distance of 6 A, the stability 
constant would change by a factor of 3, assuming the 
dielectric constant to be that of water. If these K,1 

terms are in fact of this small magnitude, no significant 
error is introduced by omitting their ratio in the pres- 
ent comparison, so that the ratio of rate constants 
becomes 

k E  - K H I Y D A K C n E D T A  - 11 x 108 
kcdCay - KHEDTAKC~IIIDA 

The experimental value of the rate constant ratio 
under the conditions of these studies is 21.1 X lo6, 
which is in reasonably good agreement with the calcu- 
lated ratio and supports the similarity in mechanisms. 
(The agreement between the ratios is even better if the 
mean of all of the results for kCdHY given in Table 111 is 
used.) Other possible intermediates preceding the 
rate-limiting step which involve fewer than three 
dentate groups attached to  the calcium ion (e.g., glyc- 
inate or acetate-like structures) are appreciably less 
stable than CaIMDA and mould give less favorable com- 
parisons with the experimental ratio of rate constants. 

We conclude, therefore, that  the direct attack by 
cadmium ion on the calcium-EDTA complex proceeds 
through a partially unwound dinuclear intermediate 
bonded to both calcium and cadmium ions and that the 
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Preparation is described of solutions of amino acid chelate complexes with Pr(III) ,  in the neutral and alkaline pH range. 
Characteristic absorption and CD spectra are shown for the dominant 1 : 1 complexes. Differences between spectra for the 
simple amino acids (alanine, valine, leucine) and the potentially tridentate serine and asparagine are demonstrated. Stability 
and ease of formation are correlated with the pK of the a-amino group. Data are also given for the basic amino acids, orni- 
thine and lysine. .Aspartic and glutamic acids give C D  spectra in acid solution which are interpreted as reflecting chelation 
through the two carboxyl groups. In  alkaline solution, this may become chelation through the amino group and the car- 
boxyl p to it, to give a six-membered ring. 

The absorption and circular dichroism (CD) spectra Hydrion paper. In cases where precipitation limited the pH 
of complexes of ~ ~ ( 1 1 1 )  TT.ith a number of optically ac. which might be attained, ammonia was added only until hazy 

solution showed a trace of permanent precipitate to be formed. 
In these sys- This mas usually centrifuged down before spectral xneasuretnent~ 

tems, evidence was presented for formation of six- and TVere made. Occasionally precipitation lvhich \vas s10.i~ in initia- 
seven-membered chelate rings. This report extends tion iuterrupted a spectral scan. Final solutions were about 0.1 F 
observations to  chelate complexes of Pr(II1) with the in PriII1). 

cr-amino acids, h-ot only is coordination lTith an amino Preliminary attempts to prepare samples by dissolving the 
freshly precipitated Pr( I11 ) hydroxide with excess amino acid group introduced’ but in systems five-membered solution were only occasionally successful, and even then the 

rings must be formed. stoichiometrv of the solution resultinR was uncertain. ;\ddition 

hydroxy acids have been described’ * 

Experimental Section 
Materials.-Stock solution 0.894 .TI in PrCI3 was prepared from 

PrBOli (99.9% pure) by digesting a veighed amount of oxide with 
a small excess of HC1 and then diluting the solution to volume 
with water. The concentration calculated was verified by 
comparing the extinction values for the maxima at 444.0 and 
482.5 nm with those given by Stewart and Kato.3 In some early 
experiments, crystalline PrCL of uncertain hydration was used, 
and the stock concentrations xere determined from these ex- 
tinction values alone. 

Most of the amino acids were used as supplied by Nutritional 
Biochemicals Corp. An exception was proline, which was re- 
crystallized from methanol to which ether was added. The 
other amino acids were glycine, alanine, valine, leucine, serine, 
ornithine, lysine, arginine, asparagine, aspartic acid, and glutamic 
acid. 

Sample Preparation.-The following procedure was adopted 
for routine solution preparations after preliminary experiments. 
This operated smoothly for all of the monocarboxylic acids. X 
desired weight of the amino acid was dissolved in water, and 5 F 
ammonia was added to make the solution alkaline. The required 
volume of stock Pr( 111) solution (usually 1-2 ml) was then added 
dropwise, with mixing. Additional 5 F NHs was then added, 
as required, to  achieve the desired final pH,  estimated with 

(1 ) Based on work performed under the  auspices of the C. S .  Atomic 

(2) L. I. Katzin, Iuo1.g. Cheiii.. 7 ,  1183 (1968). 
(3) D. C. Stewart  and D. Kato ,  A ? i d  Chem.,  30, 164 (1956). 

Energy Commission. 

of SaOH to mixtures of Pr( l I1)  and amino acid also was un- 
satisfactory. Consistent results were obtainable only with the 
procedure outlined. Dicarboxylic acids presented problems of a 
different type; glutamic acid preparations in solution above pH 7 
were not obtainable. 

Spectral Measurements.-Absorption and CD spectra were 
plotted on the Durrum- Jasco ORD-UT‘-CD-n5, as in previous 
work.* For the C D  spectra a 30-mm cell was generally used, and 
for the absorption measurements, one of 5-mm length was used. 
KO thermostating of the samples was attempted. When spec- 
tra were to  be analyzed into gaussian components, the Du Pont 
Model 310 curve analyzer (10 channels) was used. I s  in the 
prior study,2 attention was concentrated on the spectral region, 
420-510 nm, in which the 3P transitions of Pr(1II) are found. 

Results 
The spectral behavior of the monocarboxylic acid- 

praseodyrnium(II1) mixtures with pH n-ai fairly 
uniform. As pH increased toward about pH 6, the 
absorption peaks a t  443.5, 438.5, and 482 nin decreased 
a little in intensity and broadened slightly toxard the 
long-wavelength side. As Tvith the hydroxy acids, the 
decrease was least in the 3P1 band (438.5 nm). ,it pH 
6-7, depending on the amino acid, the broadening to 
the long-wavelength side became sharply accentuated, 
and, in the case of the 3P0 band (482 nm), a definite ne177 
peak at  484 nm n-as initiated. At lo~ver pH values, i t  


