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The kinetics of formation of the 1:1 complex of chromium(IIl) with 1,3-propanediamine-N,N’-
diacetate-N,N'-di-3-propionate (1,3-pddadp) were followed spectrophotometrically at A,.x =557 nm.
The reaction was first-order in chromium(IIl). Increasing the 1,3-pddadp concentration from
22x 1072 to 0.11 mol dm™> accelerated the reaction rate. Increasing the hydrogen ion concentra-
tion from 1.995 x 107> to 6.31 x 10~* moldm > retarded the reaction rate. The reaction rate was
also retarded by increasing ionic strength and dielectric constant of the reaction medium. A mecha-
nism was suggested to account for the results obtained which involves ion-pair formation between
the various reactants. Values of 22kJmol ' and —115JK " mol ™' were obtained for the energy
and the entropy of activation, respectively, which indicate an associative mechanism. The logarithm
of the formation constant of the 1:1 complex formed was 11.3.

Keywords: Kinetics; Mechanism; Substitution; Chromium(III); 1,3-propanediamine-N; N’-diacetate-
N; N'-di-3-propionate

1. Introduction

Ligand substitution reactions represent a major type of inorganic reaction [1]. Chromium
(II) is a substitution-inert metal ion [2].

Aminocarboxylate chelating agents complex strongly with most metals, altering metal
bioavailability and mobility in the environment [3]. These compounds are widely used for
industrial, medical, and agricultural purposes, as laundry detergent builders, boiler scale
inhibitors, in metal plating and cleaning operations, in textile manufacture, and in paper
and cellulose production [4—12]. 1,3-Propanediamine-N,N’-diacetate-N,N'-di-3-propionate
(1,3-pddadp) is a member of the aminocarboxylate family.

Although the experimental system and reaction studied here are simple, elucidation of
the mechanism in this model system has implications for more complex homogeneous
and heterogeneous phenomena involving metal complexes (e.g. metal ion transport,
bioavailability, and toxicity) [3—12].
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The present investigation is concerned with the kinetics of complexation of chromium
(III) with 1,3-pddadp in weak acidic solution, studying rate of reaction and measurement
of the formation constant of the complex.

2. Experimental

All chemicals were of pure grade and used without purification. 1,3-pddadp was prepared
using a previously described procedure [13]. Stock solution (0.1 mol dm ) of hexaaquach-
romium(IIl) was prepared by dissolving CrCl; (Merck) in doubly distilled water and leav-
ing the solution for 48 h at 45 °C, where upon the green color of CrCl; changed to blue
color of Cr(H,0)s>" [14]. Absorbance measurements were performed using a thermostatted
292 Cecil spectrophotometer and pH measurements were conducted with a Griffin pH
meter fitted with a glass-calomel electrode standardized by potassium hydrogen phthalate.

Kinetic experiments were conducted by mixing thermostatted solutions of chromium(III)
and 1,3-pddadp, and adjusting the hydrogen ion concentration to the required value with
potassium hydroxide or perchloric acid. Ionic strength was adjusted by a sodium perchlo-
rate solution. The solution was then introduced into the reaction vessel, which was previ-
ously thermostatted to the desired temperature, and the reaction was followed
spectrophotometrically at A,,.x =557 nm for the complex formed. The reaction rate was fol-
lowed under pseudo-first-order conditions where at least 10-fold excess of the ligand con-
centration over the reactant chromium(IIl) concentration was always ensured. Values of the
observed first-order rate constant, ks, were determined graphically for each run by plot-
ting log (4., — Ay) versus time, ¢, where A denotes the measured absorbance and the sub-
scripts refer to the time of reaction. The absorbance (4,) was obtained directly after
ensuring completion of the reaction. First-order plots were linear for more than 85% of the
reaction progress.

3. Results and discussion

The reaction was first-order in chromium(Ill) (table 1). The effect of varying the
1,3-pddadp concentration at different pH values on the rate of reaction was also studied
(table 1), and a plot of the first-order rate constant, ks, against 1,3-pddadp concentration
at various pH values was nonlinear (figure 1), indicating formation of an ion-pair [15, 16].

Increasing the ionic strength, I, of the reaction medium from 0.7 to 1.8 moldm°
(adjusted by sodium perchlorate) retarded the reaction rate (table 1). Applying the Bronsted
Bjerrum equation [17, 18], a linear relationship was obtained by plotting log ku,s versus
(D"* (figure 2), indicating that the reaction involves ion-pair formation.

The effect of the dielectric constant on the rate of reaction was studied using different
ratios of ethanol-water. The values of the observed first-order rate constant, k, increased
with decreasing the dielectric constant of the reaction medium, e (table 1). Applying
Bjerrum's equation [17], a plot of log k.5 versus 1/e was linear with positive slope (figure
3), indicating that the reaction is of an ion-pair type [19].

The effect of hydrogen ion concentration on the rate of reaction was studied from
3.16 x 107* to 1.995x 10 °moldm ™ at various temperatures (table 2). The results
obtained show that the reaction is accelerated by lowering hydrogen ion concentration.
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= pH=32

0 2 4 6 8 10 12
[1,3-dpdppa]x10*/ mol dm™

Figure 1. Variation of k. with [1,3-pddadp] at various pH; 7/=0.7 mol dm 3, [Cr(ID)]=11 x 10 mol dm 3,
T=35°C.

log k
@
(2]
T

Figure 2. Variation of log kg with (1)"%; [1,3-pddadp]=11 x 10~>moldm >, [Cr(Il[)]=6.6 x 10~ moldm >,
T=35°C, I=0.7moldm >, [H'] = 3.981 x 10> moldm .

The dependence of k,,s on the hydrogen ion concentration can be explained by the
following equilibria between the various species of each reactant which are present in the
reaction medium [20, 21].

[Cr(H,0),] " 2 [Cr(H,0),0H]” + H" pK, = 4.1 (1)
Ky _ K )

HL = HL = HL’ pK, =279 pK, =375 (2)
+H +H*

The pentaaquahydroxochromium(III) species is more reactive than the hexaaquachromi-
um(IIl) due to the presence of OH ™ that increases the water lability due to its z-bonding
ability [22-30].
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Figure 3. Variation of log kups With 1/e in ethanol-water mixture; 7=25°C, [H']=3.981 x 10 moldm 3, [Cr
(ID]=11 x 10 >moldm 3, 7=0.7moldm >, [1,3-pddadp]=11 x 10> mol dm >.

Table 2. Kinetic data for the interaction of Cr(Ill) with 1,3-pddadp at various temperature and proton
concentration; [Cr(III)]=11 x 10> mol dm >, /=0.7mol dm 3, [1,3-pddadp]=11 x 10> mol dm >

T/°C [H'] x 10%/moldm™ Kops X 107871
25 31.62 1.599
15.85 1.917
7.943 2.285
3.981 2.709
1.995 3.193
30 31.62 2.003
15.85 2.390
7.943 2.836
3.981 3.347
1.995 3.929
35 31.62 2.633
15.85 3.049
7.943 3.514
3.981 4.032
1.995 4.606
40 31.62 3.107
15.85 3.400
7.943 4558
3.981 4875
1.995 5.610
45 31.62 3.346
15.85 4.033
7.943 4.831
3.981 5.755
1.995 6.818

The results obtained can be explained by the following mechanism for the interaction
between the predominant species of chromium(IIl) with the predominant species of 1,3-
pddadp in the hydrogen ion concentration range under investigation:

[Cr(H,0),] " = [Cr(H,0),0H] > + H'  pK, = 4.1 (3)



Downloaded by [Renmin University of China] at 10:53 13 October 2013

1524 M.F. Abdel-Messih

K K )
HiL = HiL- = HoL™ pK, =279 pK, =375 (4)
[Cr(H,0),]" + HsL~ =2 1P, (5)
[Cr(H,0);0H] * + H;L~ =2 1p, (6)
[Cr(H,0),]" + HsL 2 22 1p, (7)
[Cr(H,0),]"> + HyL 2 2 Ip, (8)
P, H [Cr(H,0),(H5L)] "2 = product (9)
IP, —> [Cr(H,0),(OH)(H;L) " 2 product (10)
Py 2 SIOW[Cr(HZO)S(mL)]* ™ product (11)
P, IL [Cr(H,0),(OH)(H;L) " 2 product (12)

where IP,={[Cr(H,0)s]-Hs;L ™'}, IP,={[Cr(H,0)sOH]"?-H;L™"}, IP3={[Cr(H,0)s]"*"
H,L 2}, and IP45{[Cr(H20)50H]+2'H2L72 }. IP; to IP,4 are the hexaaqua and pentaaquahy-
droxo ion-pair complexes of chromium(IIl) and 1,3-pddadp.

The rate of exchange of the first water molecule in the inner coordination sphere of the
metal center is slow and therefore the rate-determining equations are (7-10) [24, 25, 30].
As soon as one carboxyl of the ligand enters into the inner sphere, the electron density on
the chromium center increases owing to the inductive effect, and as a result, the remaining
ligands are labilized easily and their substitution is rapid. From the previous mechanism,
the first-order rate constant is derived as:

(leIP [ ] + szIszz + k3KIp3Kh + k4KIP4K2Kh) [1 3- pddadp}

kobsz<[H+]+[H+]+K)<l —) K Kin, K> + Kip, Ky + K 1, 3-pddad
7 2 +m) T v, [H'] 4+ Kip, K> + Kip, Ky, + IP4H+] (1, 3-pddadp]
(13)
The inverse of equation (11) becomes
(I Kip, [H] + Kip,K> + Kip, Ky, + Klm%
Kobs <k1KIP| [H*] + kaKip, K> + ks Kip, Ky + kdﬁm%)
2
(B + ]+ k) (14 )
+ (14)

(leIPl [H+] + szlszz + k3KIp3Kh + k4KIp4K2Kh) [1 3 pddadp]

8
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and a plot of 1/kyps versus 1/[1,3-pddadp] gave straight lines with slopes

+12
(Bl + 1]+ &) (14 )

(leIPl [H] 4+ kaKip, K> + ks Kip, Ky, + kdﬁm%)

S =

and intercepts

I Kp, [H*] + Kip, K> + Kip, K, + Knu% (16)
(len)1 [HY] + ko Kip, Ky + ks Kip, Ky + kdﬁm%)

and

7 Kp, [H'] + K, K> + Kip, K, + Km%

! L
ST (MR )+ K (1+ )

(17)

The ion-pair formation constants, Kip, and the rate constants of the rate-determining
steps, k, were calculated by plotting 1/ky,s versus 1/[1,3-pddadp] at different hydrogen ion
concentrations (Figure 4). The values 9.91, 13.95, 12.48, and 15.7 mol~'dm® for the
ion-pair formation constants Kip, and 2.03, 3.78, 2.85, and 4.27 x 1073s7! for the rate-
determining steps &, respectively, were calculated by applying equations (13—15) at
different hydrogen ion concentrations and taking the values of K;, K,, and K from
equations (1) and (2). The unexpected values of ion-pair formation constants, Kip
(Kip,>Kip,), indicate that the mechanism not only is via electrostatic attraction but also
include hydrogen bonding between acetates and the first coordination sphere waters.

The effect of temperature on the reaction rate was also studied at different hydrogen ion
concentrations (table 2). The activation parameters were calculated using Arrhenius plots

22000

20000 :
18000
16000 [
14000 :

12000

1k, /s

10000
8000

6000

4000

2000 =

5 10 15 20 25 30 35 40 45 50

1/[1,3-pddadp] /mol 'dm®

Figure 4. Variation of 1/kg with 1/[1,3-pddadp]; [Cr(ID)]=11x 10"*moldm >, T=35°C, 7=0.7moldm >,
[H']1=3.981 x 10 ° moldm °.
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2.8 | L-glutamic acid =

DL-lysine m

® DL-leucine
Valine m

Aspartic acid =

log k,

® 1,3pddadp

Glycine

f 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1
46 -44 42 -40 -38 -36 -34 -32 -30
log k,

Figure 5. Plot of log k; with log k, for the substitution of water in [Cr(H,O)s]’" by different ligands at
temperatures 35 and 40 °C, respectively.

and the Eyring equation, as 22+3kJmol ' for the energy of activation, E,, and —115
+£20JK"mol ™" for entropy of activation, AS™.

Substitution reactions of hexaaqua-chromium(IIl) with a variety of ligands were proceed
by associative [19, 31, 32] and dissociative [33, 34] mechanisms. Swaddle [35, 36] and
Lincoln [37] have reviewed the activation parameters and mechanism of octahedral substi-
tution, and concluded that an associative mechanism is operative for octahedral cationic
complexes of trivalent metal ions except for Co(Ill) with ionic radii greater than 60 pm,
which demand an associative character for the substitution reaction of [Cr(H,0),] ™.

The associative mechanism is further supported by (1) lowering of the enthalpy and
large negative entropy of activation for substitution of water by the ligand compared to
water exchange (for water exchange AH*=109.6kJmol™' and AS*=+12JK ' mol™"
[38]); (2) the straight line obtained from plotting log k; versus log k, [39] (figure 5)
(where &y and k, are the first-order rate constants at different temperature) for the substitu-

00

©

oo
T

log(A -A)/(A,.- A)

-2.4I -2.2I -2.0I -1.8I -1.6I -1.4I -1.2I -1.0I -O.BI -0.6
log [1,3-pddadp]

Figure 6. Plot of log (4—Ag)/(Awn—A) vs. log [1,3-pddadp]; 7=0.7moldm >, [Cr(Ill)]=11 x 10> moldm >,
T=35°C, [H"]=3.981 x 10> moldm .
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tion of water in [Cr(H,0)s]>" by glycine [27], serine [28], valine [26], DL-leucine [32],
L-glutamic acid [31], DL-lysine [32], aspartic acid [29], and 1,3-pddadp (this work).

The composition and formation constants of the complexes between chromium(IIl) and
1,3-pddadp were determined using Hill s equation (16) [40]:

log(A — A4,)/(A — A) = log K + nlog[1, 3-pddadp] (18)

where A4 is the absorbance reached at the end of the reaction, A, is the absorbance at zero
1,3-pddadp concentration, and 4, is the equilibrium absorbance for the highest
concentration of 1,3-pddadp. Plots of log (4 — 40)/(4.,—A) versus log [1,3-pddadp], where
[1,3-pddadp] is the total concentration used, yield a straight line with slope=1 (number of
ligand molecules attached to one chromium) and intercept of log K=11.3 (figure 6).

4. Conclusions

The kinetics of the reaction between chromium(IIl) and 1,3-pddadp in weak acidic aqueous
solutions were investigated. The reaction was first-order in chromium(IIl), accelerated with
increasing 1,3-pddadp concentration, pH, temperature, decreasing ionic strength and dielec-
tric constant of the reaction medium. An associative mechanism was suggested to account
for the results obtained. The logarithm of the formation constant of the complex was 11.3.
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