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Kinetic studies of the reactions between copper(II) and propylenediaminetetraacetato-
plumbate(II) and between lead(II) and propylenediaminetetraacetatozincate(II) have been
carried out. It was revealed from these studies that the reactions proceed through four simultaneous
reaction paths, of which two involve electrophilic substitution reactions and the others, the
complex-forming reactions between entering metal ions and ligands dissociated from complexes.
The rate constants were compared with those of the corresponding reactions involving metal-
ethylenediaminetetraacetate and the effects of ligands on the reaction rates were discussed.

In a previous paper,? the equilibrium study
of propylenediaminetetraacetato complexes was
reported. It was found in a preliminary investiga-
tion that the substitution reactions involving metal
propylenediaminetetraacetate (PDTA) were more
sluggish than those of the corresponding reac-
tions involving metal ethylenediaminetetraacetate
(EDTA).

In this study, the kinetics of the reactions between
copper(II) and lead(II)-PDTA and between
lead(II) and zinc(II)-PDTA has been investigated
in detail and the results have been compared with
those obtained from kinetic studies of the reactions
involving metal-EDTA complexes.?—»

Experimental

Standard solutions of copper(1l), lead(II) and zinc-
(II) nitrate and disodium dihydrogen propylenediamine-
tetraacetate (NagHpdta) were obtained by the pro-
cedures reported previously.!> All the other chemicals
used were of analytical reagent grade.

The reactions between copper(ll) and lead(II)-
PDTA and between lead(II) and zinc(II)-PDTA were
followed by measuring the change of the polarographic
diffusion current of copper(Il) and lead(Il) ions,
respectively, with time in acetate buffer solutions.
The apparatus used was the same as described in a
previous paper.®> Temperature was maintained at
25.04+0.1°C and ionic strength was adjusted to be
0.2 with potassium nitrate.
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Results

The overall substitution reaction is represented
by the equation,

M2+
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In this study, as was in the previous work,?®
both [M'"2+],,, and [M'pdta?-] were in large
excess over [M?2*],,,, where

[M?*]app = [M?*] + [MOAc*] + [M(OAc),]
and

[M'2+]app =

[M'2+] 4 [M'OAc*] 4+ [M'(OAc),]
Thus, the substitution reaction (1) was treated as
a pseudo-first-order reaction,
M2+ A
k>
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4
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The rate constant £+ in Eq. (2) can be obtained
in the same way as reported previously.?%

*1 It is known that copper(II) and lead(II) form
monoacetato and diacetato complexes in a solution
containing acetate up to 0.2m in concentration at
ionic strength 0.27, whereas zinc(II), only monoacetato
complex. Hence, no appreciable amount of Zn(OAc),
is present under the experimental condition.
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The values of k+ obtained were not affected by
the change of the initial concentrations of enter-
ing metal ions, [M?*]; 4pp, and were proportional
to the concentrations of M'(II)-PDTA. These are
the same with the results obtained for the corre-
sponding reactions involving EDTA complexes.?®
The apparent second-order rate constants of the
forward reaction 1, k+/[M'pdta?-],, were deter-
mined at various pH's. The plots of £+ /[M'pdta?~],
versus [H+] are shown in Figs. 1 and 2.

k* [[Pbpdtaz~],, { mol-lsec™!

=

[H*]x10% M

Fig. 1. k*/[Pbpdta~], as a function of the
hvdrogen ion concentration in acetate buffer-
potassium nitrate solutions of ionic strength
0.2 at 25°C.
Initial concentrations are : [Pb2*]gapp = 5.13
mM (1) and 10.2mm (2). Concentration of
free acetate is 0.091 M.
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Fig. 2. k*{[Znpdta*-], as a function of the
hydrogen ion concentration in acetate buffer-
potassium nitrate solutions of ionic strength 0.2
at 25°C.

Initial concentrations are: [Zn2*]japp = 5.33
mum (1) and 10.5mm (2). Concentration of free
acetate is 0.098 m.

These plots fit the equations in which the rate is
dependent on the second power of hydrogen ion
concentrations.
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From Fig. 1, the following equations were
obtained:
For [Pb%*]g,apy = 5.13 mm,
k+
[PbpdT_]a = 0.13; + 1.6, x
10¢[H+*] + 1.16 x 105[H*]? (3)
For [Pb%*]o,app = 10.2 mm,
k+
W = 0.13; + 0.8; x
104[H+] + 0.58 x 10%8[H+]? (4)

From Fig. 2 the following equations were obtained:

For [Zn%*]) app = 5.33 mu,

k+
[_Z_n;}cltaz—_]u_ = 0.038 + 6.3, x
104[H+] + 1.08 x 10°[H+]? (5)
For [Zn®*]yapy = 10.5 mm,
k+
m = 0.038 + 3.5, x
104[H+] + 5.49 X 10°[H+]? (6)

The values of k+/[M'pdta’-], which were deter-
mined at various values of [M'*+]; ,,, are given in
Tables 1 and 2.

Tasre 1. Errect OF [Pb2*]; app ON k*/[PbpdtaZ-],
OF THE REACTION BETWEEN COPPER(II) AnD
LEAD(IT)-PDTA COMPLEXES

’C+f[Pbpdf32_]n

fpb';_ilaapp. [H+]MX 10s ! mol-1sec—1

R

Obsd. Calcd.

5.13 3.14 0.77 0.77

10.2 3.44 0.50 0.51

15.2 3.78 0.40 0.43

20.3 4.05 0.36 0.38
TasLE 2. Errect oF [Zn®*]gqpp ON AT /[Znpdtai=],

OF THE REACTION BETWEEN LEAD(II) anD
zinc(11)-PDTA comPLEXES

k+*|[Znpdta®- ],

fzn-;’];:’”? [H*E{XIOS ! mol~1sec—1
Obsd. Caled.
5.33 1.22 0.98 0.97
7.39 1.28 0.78 0.77
10.5 1.28 0.60 0.58
15.8 1.32 0.43 0.44
20.8 1.36 0.38 0.37

These results indicate that the overall reaction
(1) between copper(II) and lead(II)-PDTA and
that between lead(II) and zinc(II)-PDTA proceed
through the following reaction paths.
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. kv formation constants of acetatocopper(II), acetato-
2 ' T ——
) M + M'pdta’~ 2 lead(I1) and acetatozinc(II) complexes, respectively.
Mpdta?~ + M'?+ (7)  The rate constants in Egs. (11) and (12) were
(i) H* + M'pdta’~ == M'Hpdta- (8a)  calculated by the use of Egs. (3) to (6), and are
- given in Table 3. The formation constants of
M2+ 4+ M'Hpdta- ==
N P , TasLe 3. RATE constants IN Egs. 11 anp 12
Mdeta’_ + M2+ (Bb) OBTAINED EXPERIMENTALLY AT IONIC STRENGTH

(iii) H* 4 M'pdta?- == M'?+ + Hpdta®~
(9a)

k -
M2+ + Hpdta’~ == Mpdta?- + H*
(9b)
(iv) 2H* + M'pdia?~- &=

M'2+ + H,pdta?- (10a)

k *
M+ + H,pdta?- == Mpdta?- + 2H*
(10b)
On the basis of this reaction mechanism, Eq. (11)
was obtained for the reaction between copper(1I)
and lead(II)-PDTA,
k+
[Pbpdtaz-],
k3 * apucoaed
kyt T e [H
o (b ) O
kit appconed } 1
—4_ZPhOAD (py+]2l x — (1)
P Toar 1) " aoncone
and Eq. (12), for that between lead (II) and zinc(II)-
PDTA,
k-l-
[Znpdtaz-],

k3™ @znconed
k + + (k + 4 —= _.__.._)]:H-t-]
i ' : [zn2+]0.npp

kit @zncoaed
G OO el x ———— (12)
[Zn**]g app ApbCoAc)
where
A
k"':k"’k}_{, ,k+=__._._l.!l_...—
¢ 1M Hpdia * KdetnKM'dea
kot = Kur*
KdemKHapdt.nKM’pdm
AGuC0Ae) — 1+ ISCuOAc[OAC_] -+
Beucoser,[OAc~]?
@pyconey = | + Srooac[OAc] +
.BPbCOAc)z[OAc_]E “3)

@zncoacy = 1 + Pancoacy[OAcT]

Kﬂf};pd.a represents the equilibrium constant of
reaction (8a), Ky'para, the formation constant of
M'pdta®~, and Kypa,e and Ky,pas, represent the
fourth and the third dissociation constant of
propylenediaminetetraacetic  acid, respectively.
ﬁCu(DAc)m ﬁ?b(o&c)u and ﬁzner are the overall

0.2 anp 25°C
Cu?*-Pbpdta®~ Pb**-Znpdta®~
system system
ky*, [ mol-lsec—! 0.89 0.66
ks, 12 mol-2sec—! 8108 1.1x10%
ky*, [ mol~1sec—! 3.0x10 3.6x108
ks, 12 mol~2sec—! 2.5% 108 6.9x 107

various acetato complexes which were used in the
calculation are reported in the previous paper.™

Table 1 and 2 show that the reaction rate
decreases with the increase of [M'2+]; ., as is
predicted from Egs. (11) and (12). Using Egs.
(I11) and (12) and the rate constants given in
Table 3, the values of £+ /[M'pdta2-], were calcu-
lated, which are given in Table 1 and 2. These
are in satisfactory agreement with the experi-
mental values of &£+ /[M'pdta®~],.

The individual rate constants, Ayt and kv,
were calculated using the relations given in Egs.
(13), k3*, ky* and the reported values of log
Kpppara =18.69,"  log Kyzppara =17.14%, PKiipata =
10.84% and pKy,para =6.209. The values of kypii*,
kiv* and k;* are given in Table 4.

Itseems worth while to compare the rate constants
of the reactions involving PDTA complexes with
those of the corresponding reactions involving
EDTA complexes. The rate constants of the
corresponding EDTA systems are also given in
Table 4. The values of k4™ in Table 4 are
somewhat different from those reported pre-
viously,?:® because the value of 10.25 reported by
Grimes ef al.) was used for pKyeq, in this paper
instead of 10.04 used in the previous papers.?:%>

Discussion
From the comparison of the data in Table 4
and stability constants of PDTA and EDTA

complexes, it may be seen that the ratio ky °***
to K'pdte js approximately equal to the ratio of

Ky'pata 10 Kypreqra, that is,

5.1
0.89

kg\l;edta _ _ =7

Phpdia
kCu

Kevpata — 1018.69-17.76 — 8.5 (14)
Keveata
7) N. Tanaka and K. Kato, This Bulletin, 33, 417
(1960).
8) J. H. Grimes, A. J. Huggard and S. P. Wilford,,
J. Inorg. Nucl. Chem. 25, (1963).
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o

TaBLE 4. INDIVIDUAL RATE CONSTANTS AT IONIC STRENGTH 0.2 anp 25°C

Reaction Rate constant, [ mol~1!sec~!
kEpdtn
Cu?* 4 Pbpdta?~ ———— Cupdta®~ 4+ Ph%* ké‘:ndm = 0.89*
A_Egedm
Cu?* + Pbedta’~ ———— Cuedta?~ + Pb%* kggedta = 5.1%
g
Cu?* 4 Hpdta®~ —— Cupdta?~ + H* Kipdia = 2.2 109%*
kg:dla
Cu®* 4 Hedta?~ —— Cuedta®~ + H* kHedwa — 1.9 109%*
kg{fmm
Cu?* 4+ Hypdta?~ ———— Cupdta?~ + 2H* Kzpdu = [ 1 [Q7#¥
kf;’gf""a
Pb** 4 Znpdta?~ ———— Pbpdta?~ + Zn®*~ kZnpdin = 0.66%
k?,?fdm
Pb2+ + Znedta’~ ———— Phbedta?~ + Zn%* ki’;‘geam = 8.7*%
kglfdta
Pb**+ + Hpdta®~ —— Pbpdta®- + H* kf,‘gdm = 7 x 10%k*
kggdm
Pb** 4 Hedta’~ ———— Pbedta?~ + H* flHedia = 75 10%*
kll;lgprlm
Pb*+ + Hspdta?~ ———— Pbpdta?~ + 2H* Fzpdia — 1,4 5¢ |Qsdk*

* To avoid confusion, symbol &+ which is given in Eq. (7) and in a previous papers: is replaced by

k%’pdm or kg}’edt:l’
*%  Symbol Ayt is replaced by kHPdt op glledw,
#6%  Symbol kiv* is replaced by kP,

and
Rt 87 g
k'}z’gpdm - 0.66 ’
_;zn% — 10v-1=-15.94 — 16 (15)

Therefore, it is suggested that the stability constants
of M'Y?- determine the relative values of the
rate constants of reaction,

kM’Y

M2+ + M'Y?- =, MY?- + M'z+ (16)
with the change of ligands from PDTA to EDTA,
where Y- denotes a quadrivalent PDTA or
EDTA anion.

On the acid-independent electrophilic substitu-
tion (Sg) reactions involving Ni(II)-EDTA,
Bydalek and Margerum®> proposed that a dinuclear
intermediate with an iminodiacetate segment of
EDTA coordinated to the entering metal ion is
formed prior to the rate-determing step, and that
the rate of the substitution reaction is related to

the stability of this intermediate. The direct’

application of the treatment by Bydalek and
Margerum leads to the equation,
Kﬁ'eﬂm
K g“pdm_

K}I’segment(EDTA)K.\T segment{EDTA) x K)l'pdtn.

K)I’segment"PDT.-\.)K.\i segment(PDTA) KM’edta

(17)

where K)I'segment(l—‘.DTA) and Ky segment(EDTA) AI'C the
stability of M'segment and M segment in dinu-
clear intermediate, M'---edta---M, Ky’segmentcepra)
and Ky segmentcppra), those of M'segment and M
segment in dinuclear intermediate, M'-..pdta..- M.*?
If the product, Kysegmentcepra>Kn segment(PDTA)»
is nearly the same with Ky'segmentceEpTayX
KM segment(EDTA)s the results of the calculation
given in Egs. (14) and (15) can be rationalized
on the basis of Eq. (17). However, it is expected
that the product Ky’segmenicppradKst segmentceprad
is larger than K.\I'segment(EDTA)KM segment(EDTA)
due to the inductive effect of a methyl group in
PDTA. This leads to the following relation:
kn’e‘i“"

Kyt para (18)

k;‘"‘““ K&I‘edw

On the other hand, there may be other effects
influencing the rate of reactions in question that
oppose the effect mentioned above. Recently,
Sudmeir and Reilley®> proposed a general mecha-
nism for the Sg reactions involving two metal ions

*2 For a detailed description of the derivation of
Eq. (17), the papers by Bydalek and Margerums*>
should be consulted.
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and one molecule of EDTA (or its analogue), a
part of which is given in Eq. (19). For example,
if the process from B to C, which is accompanied
by the trans to gauche transformation involving the
N AON

*F = M#Fz=—N—N—\' —

\O/

M+ MY —..

(a)
0
_ow —\

M#z——N—N — /D
0 H.0"
(8) H:0 0

MY bW (19)

rotation about ethylenic carbon-carbon bond, is
rate-determining, the rate of reaction 16 involving
PDTA becomes smaller than that involving EDTA
because of a greater rotational barrier in PDTA®,
In addition, it is required that the final Mpdta?~
complexes have the structure in which the
orientation of methyl group on the N-C-C-N
chelate ring of the coordinated PDTA is equato-
rial.?=12>  Therefore, the rate of reaction involving
PDTA may become smaller than that involving
EDTA because of the restriction mentioned above.

Although no attempt was made to identify
the most probable intermediate, it seems that the
approximate equalities between A}'ed#/E)'P4* and
Ky’ para/Ky'eara as shown in Egs. (14) and (15)
arise from the compensation of two or three opposing
effects mentioned above.

The rate constants of the complex-forming
reactions,
ERY
M2+ + HY3- — MY?- + H+ - (20)

9) D. H. Busch and D. W. Cooke, J. Inorg. Nucl.
Chem., 23, 145 (1961).

10) F. P. Dwyer and F. L. Garvan, J. Am. Chem.
Soc., 83, 2610 (1961).

11) F. P. Dwyer and T. E. MacDermott, ibid., 85,
2916 (1963).

12) R. J. Day and C. N. Reilley, Anal. Chem., 37,
1326 (1965).
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are given in Table 4. It may be seen that there
is no essential difference between kllpdte and kHed,
Eigen reported that, in the case of most of the
divalent transition metal ions in the first series,
the rate-determining step of a complex-forming
reaction between metal ion and ligand L corresponds
to the following reaction:

&
M(H,0),L = ML-(H,0),_,-~H,0 (1)

so that the first-order rate constant ky,o is in-
dependent of the nature of the entering ligand.!3:1%
Therefore, reaction (20) may be expressed as
follows:

K&!S.
M(H,0),2*+ +HY*~ — M(H,0),?+---HY?"

kr20

= M(HY)(H;0),-,~H,0 = -
— MY(H,0),2~ + (x—»)H,0 + H* (22)

where K, means the outer-sphere association
constant of M(H,0),2+ with HY3-. From Egs.
(20) and (22), the relation of Eq. (23) can be

kﬁ" = Kass.kﬂgo (23)

derived. It may be considered that K. Iis
essentially the same in the reactions involving
either PDTA or EDTA because of a similar size
and the same charge of ligands. Thus, kP4 is
considered to be approximately equal to kfjedt®,

In this study, it is shown that the value of kfrdt
is larger than that of kfl2pda by 200 times for
copper(II) ions and by 50 times for lead(II) ions.
It seems that these rate constants reflect the dif-
ferences of K, between 2-3 electrolyte (Cu?+ -+
Hpdta®- and Pb2* +Hpdta®~) and 2-2 electrolyte
(Cu2* +H,pdta?~ and Pb?+-+H,pdta?-).
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