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Temperature-jump relaxation studies have been carried out on aqueous nickel(II)-L-glutamic acid solu-

tions.
k
Ni+ + L#~ —= NiL,
k-y
k2
NilL 4+ L2~ — NiL,?-,
ks

k3
NiL,*- + L2~ —= NiL;*,
k-3
where L2~ denotes a glutamate ion.

The observed relaxation phenomenon is ascribed to the successive complex formation reactions:

The rate constants are: 2.0x 104, 1.1x10% and 9.2x 103 M-1s-1 (1 M=

1 mol dm~?) for &,, k,, and &, and 0.048, 0.69, and 27 s~ for k_y, k_,, and k_g, respectively, at 25 °C and I=0.1.
The rate-determining step of the complex formation reactions, which follows the initial formation of ion-pairs,
is the dissociation of a water molecule from the inner hydration sphere of the nickel; the glutamate ion acts as
a bidentate ligand forming a five-membered chelate ring in the complexes.

Recent developments of relaxation kinetics’»2 have
enabled us to study the rapid reactions involved in
the metal-ligand interactions. Complex formation re-
actions of labile metal ions with various ligands have
been widely studied,® and most of them can be
interpreted well by a mechanism involving the rate-
determining release of the solvent molecule from the
inner coordination sphere of the metal ion.:3-5 Par-
ticular interest has been directed to the metal com-
plexes with amino acid ligands®-19 not only from the
view point of the coordination chemistry but also
of their biological importance as model systems of
metal-protein interactions. The metal-amino acid
complexes are characterized by the formation of five-
or six-membered chelate rings, together with especially
large complexation constants compared with those of
the other non-chelate-forming agents. The above sit-
uation inevitably causes a condition where one must
study a reaction system containing two or three kinds
of complexes and, therefore, be faced with the re-
laxation treatment of coupled chemical equilibria.

In the present work, we studied nickel(II)-r-glu-
tamic acid interactions by means of a temperature-
jump relaxation technique. Glutamic acid is of in-
terest as a potentially terdentate ligand and because
it forms mixed ligand complexes with the other chelat-
ing agents. However, in spite of the familiar nature
and the biological importance of the acid, few kinetic
studies'’) have been done on metal-complexes of this
ligand. Any information obtained will be helpful in
elucidating the metal-glutamic acid interactions.

Experimental

All chemicals used were of a reagent grade. Each solu-
tion studied was prepared by mixing aqueous stock solutions
of Ni(NO;); and a colorimetric pH indicator, adding so-
dium hydrogen r-glutamate, and finally diluting. Indica-
tors employed were Phenol Red for pH 7.5—8.5 and Phenol-
phthalein for pH 9.3—9.8. The ionic strength, I, of the

solutions was kept to 0.1 by the addition of KNO,. The
pH of the solution was adjusted with NaOH and/or HNO,.
The temperature-jump apparatus and the experimental
procedure have been described previously.12:13) All the re-
laxation experiments were carried out at 25+1 °C.

Results and Treatment of Data

The experimental conditions and the kinetic data
observed are summarized in Table 1. All the solutions
studied showed a single relaxation phenomenon. The
reciprocal relaxation time, 7k, quoted in Table 1
represents an average of at least four relaxation meas-
urements. The maximum errors are about +109,.
As shown in Table 1, the experiments were carried
out in two different pH regions, i.c., around pH 8.0
and 9.8, and the relaxation effect was observed by
following the absorbance at the wavelengths 558
(Phenol Red) and 553 nm (Phenolphthalein), respec-
tively. A representative relaxation effect is shown in
Fig. 1. Blank solutions of the nickel-indicator and
ligand-indicator systems showed no relaxation effect
in the same time range. The above fact indicates
that the observed relaxation effect is really associated
with nickel-ligand interactions.

Under the experimental conditions studied, the for-
mation of nickel(II) glutamate complexes may pro-
ceed most generally by the following reaction mech-
anism:

ky

Ni2+ + L2~ — NiL K, (1)
k-
k2
NiLl. + L*~ —= NiL,*- K,, (2)
k-3
k3
NiLy?~ 4 L2~ —= NilL;*~ K, 3)
k-3

with the rapid protolytic reactions
H,L — H+ + HL-
HL- — H+ + L2~

Ko, (4)
K a3 (5)
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TasLE 1.
AcID sySTEM AT 25 °C Anp I=0.1

KINETIC DATA FOR THE NICKEL-GLUTAMIC
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TaBLE 2. EQUILIBRIUM CONSTANTS FOR THE NICKEL-

GLUTAMIC ACID SYSTEM

AT 25°C anp I=0.1

Formation constants
of nickel(II) glutamate
complexes

Dissociation constants
of glutamic acid

Nickel(IT) hydrolysis

K,=1.59% 1042
K,=(3.37+0.43) x 102 »

pKyy=4.189
pK,3=9.64%

{ K =4.17x105®

pKou=10.079

>Ni L Tasa Teatea
(10-3 M)E PH =
HIn=Phenol Red®
2.51 20.2 8.03 42.7 48.6
2.51 40.6 8.03 49.1 51.0
5.01 5.03 8.03 37.4 38.1
5.01 20.3 8.02 65.8 68.7
5.01 40.3 8.04 70.0 69.5
10.0 10.1 8.05 66.2 57.7
10.0 20.4 8.02 113 112
10.0 30.3 7.51 102 106
10.0 30.3 8.02 114 112
10.0 30.3 8.51 114 109
10.0 40.1 8.02 108 111
10.0 60.4 8.03 108 107
20.0 30.1 8.03 207 194
20.0 41.2 8.03 207 205
30.1 40.4 8.02 227 247
HIn="Phenolphthalein®

5.00 10.0 9.32 58.8 64.1
5.00 10.0 9.79 56.0 61.6
5.00 12.5 9.80 78.8 67.1
5.00 15.0 9.76 80.5 70.4
5.01 15.0 9.33 79.3 69.3
10.0 20.0 9.79 94.8 97.8
10.0 25.1 9.78 105 99.3
10.0 30.0 9.81 103 98.7
10.0 35.0 9.82 113 106
10.0 40.0 9.80 112 118
10.0 45.0 9.81 127 136
10.0 50.0 9.83» 164 166
20.0 40.0 9.79 176 169

a) 3In=2.5x10-5M. b) I=0.15.

Fig. 1. Relaxation effect in nickel-L-glutamic acid sys-
tem: Ni=0.0100M, >L=0.0204 M, pH=8.02,
I=0.1 with 2.5%x 10~ M Phenol Red as an indicator.
The abscissa scale is 5 ms per division, and the ver-
tical scale is in arbitrary unit of absorbancy. The
relaxation effect corresponds to an increase in ab-
sorbance with time.

Niz+ + H,O — H* + NiOH+ Kom, (6)
H,0 — H+ + OH- Ky, ™
HIn — H+* + In- Ky, 8

where the symbols L2~ and In~ denote glutamate ion
and anionic form of indicator, respectively, and where

constant
pKy=13.799
{ pKin=7.749 (Phenol Red)

pK;,=9.639 (Phenol-
phthalein)

Ionic product of water

Indicator constants

a) Ref. 14. b) This work. c¢) Calculated from the
value at I=0 (Ref. 15) by using the Davies equation
for the activity coefficients of the ions (Ref. 16). d)
Calculated from the value at /=0 (Ref. 17) by using
the Davies equation for the activity coefficients of the
ions. ) Ref. 18. f) Ref. 19.

K,, K,, K;, K,5, K,5, Koy, K, and K, are the equi-
librium constants for the corresponding reactions.
Since the protolytic reactions (4)—(8) reach equi-
librium much faster than the metal complex reac-
tions under consideration here, they can be assumed
to be in equilibrium at all times.

All the pertinent equilibrium constants used in this
study are given in Table 2. In the earlier equilibrium
studies of nickel-glutamate systems,14:20-22) few inves-
tigators®) reported the presence of the tris-complex
NiLz4~. Therefore, in the preliminary study, we tried
to explain the kinetic data in Table 1 by some mech-
anisms without Eq. 3; ie., by the complexation re-
action (1) or (2), or by coupling the two, or by adopting
the disproportionation reaction Ni?*+4NiLy>~=2 NiL.
None of them were found to be successful.

By including the three successive complexation equi-
libria and adopting the usual rclaxation treatment,
the relaxation times of the system are found to be
the solutions of the secular equation:

an—1/t (5T a3
a2 ap—ljt  ay =0. 9
a3 a3z azg—1/r

By employing the equilibrium relations K, =k,/k_,
(n=1, 2, 3), the determinant elements a;; arc given by
1 ‘Bl

an = k(2 N -t

14«
ay =k, {(%)[N iL]— [L]} ,
g = kz{ [11\113 +[L]+%2}, (10)
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g = k,(%)[NiLZ],

iL.
az = k4 {%— [L]} ,
. [NiL,] 1
a3z = ka{ I+« +[L]+E}y
with

o« = {([HL]+ [H,L]) — ([HL] +2[H,L])?/G}/[L],
By = y{2([HL] +2[H,L]) — y([L] + [HL] + [H,L])}/G,
B: = y([HL] +2[H,L])/G,
7 = Kou/(Kon+[H]),
G = [HL] + 4[H,L] + [H] + [OH] + y[Ni]
+ [H][In]/(Kn +[H]),

where the square brackets indicate the molar con-
centration at equilibrium, and where the charges of
the ions are omitted for the sake of simplicity.

Solving Eq. 9, we obtain three relaxation times
73, Ty, and 73 (7,<7,<73;) as functions of the deter-
minant elements (see Appendix). Since we measured
only one relaxation time in each solution studied,
we must assign it to one of the three relaxation times
predicted by the mechanism. Therefore, we tested
the above reaction mechanism for the three cases,
in each of which all the experimental data in Table 1
are exclusively associated with only one relaxation
time, t.e., (1) 7y, (ii) 7y or (ili) 7z, The simulation
analyses were carried out on computer by iterating
the four adjustable parameters K, k;, ks, and k3 and
by comparing the computed ! with the values ex-
perimentally observed. The adjustable parameters
were optimized by minimizing the root-mean-square
percentage deviation between the computed and the
observed values of -1

The above simulation analyses revealed that only
case (i) gives results consistent with the experiment;
case (ii) and (iii) cannot be fitted to the experimental
results. As shown in Table 1, the calculated ;-1
values (denoted by 77}.,) agree fairly well with the
observed values (r.m.s. 9, deviation=7.2). The K,
value determined is shown in Table 2. Considering
the differences in ionic strengths, the value garees well
with that reported by Gergely and Farkas in their
equilibrium studies:?) K;=437 at 25 °C and [=0.2.
The rate constants determined are shown in Table 3.
The contribution of each successive complexation re-
action to the relaxation process can be realized from
the uncertainty interval of the pertinent rate constant
k, in Table 3.

In the above data treatment, reaction pathways
via protonated ligands HL- and H,L are omitted.

TaBLE 3. KINETIC RESULTS FOR THE FORMATION
oF NICKEL(II) GLUTAMATE COMPLEXES AT 25 °C
ANp I1=0.1

knp/M-1s-1

(2.040.3) x 104
(1.120.2) x 104
(9.240.5) x 10°

k_pfst

(4.840.7) x 10-2
(6.9£1.4) x 10-1
(2.740.4) x 10

LN =
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Reactants of these types lead to additional terms in
k, and £_,. These terms are proportional to either
hydrogen-ion concentration or the square of it. Nev-
ertheless, the same set of rate constants gave uniformly
good agreement between 7., and 7. in the pH
range 7.5—9.8, without including additional hydro-
gen-ion dependent terms. We may therefore con-
clude that, within the experimental error, the major
contribution to the relaxation time involves only terms
arising from reactions (1)—(3). An additional ex-
periment for the solution containing 0.01 M nickel
and 0.01 M glutamic acid, using Methyl Red indicator,
at pH 5, where the concentration of glutamate ion
L2~ is of the order of 10-7 M, did not show any relaxa-
tion effect.

Discussion

As shown in Table 3, the rate constants £, are all
of the same order of magnitude and show a slightly
decreasing tendency of £,>k,>k;, which may reflect
the electrostatic interactions between the reaction part-
ners. The above result indicates that the successive
complex formation reactions (1)—(3) proceed via a
similar process. The three glutamate ions in the tris-
complex NiLj*~ are very likely to be all bidentate,
forming five-membered chelate rings, with the y-
carboxylato groups remaining uninvolved in complex-
ation. Therefore, the kinetic result suggests that the
glutamate ions in the mono- and bis-complexes NiL
and NiL,?- act as bidentate ligands similar to those
in the tris-complex. On the contrary, if the mono-
and/or bis-complex contained terdentate ligand, the
formation of NiL,?~ or NiL,*~ must involve the cleav-
age of at least one nickel-ligand bond, and therefore
the rate constant £, or k3 would be very different from
k;. This is inconsistent with the present result. The
above structural assignment for nickel glutamate com-
plexes is also supported by some equilibrium stud-
jes.21,22)

The £k, values in Table 3 are close to the
corresponding rate constants for nickel complexes with
univalent «-amino acid ligands such as glycinate,®
a-alanate,® and «-aminobutyrate:? (1.0—2.0)x 104,
(1.5—6.0) X104, and (3.0—4.2) X10*M-1s-1 for £,
ks, and k;, respectively, at 20—25°C and I=0.1—
0.15. On the other hand, the £, value in Table 3
is significantly smaller than those with bivalent
anionic ligands such as oxalate,?® malonate,?®) and
cysteine:29) (7.0—15) X 10* M-1s-1 at 20—25 °Cl and
I=0.1. According to the widely accepted mechanism
of metal-complex formation,3-% the rate constants £,
are described in terms of the first-order rate constant
k, for the dissociation of water from the inner hydra-
tion sphere of the metal and the association constant
K, of the ion-pair as: k,=K,, The similarity of
the £, values in Table 3 to those for the univalent
anionic ligands indicates that glutamate ion behaves
virtually as an univalent anionic ligand for the ion-
pair formation. This aspect seems to be reasonable
since the negative charge of y-carboxylato of the ligand
resides on a site remote from the chelate-forming
groups and the metal ion sees an effective charge
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less than —2 owing to the electrostatic shielding
of the large ligand.”? Through the formal estimation
of K, (for 2-1, 1-1, and 0-1 valent ion-pairs) by
using Fuoss equation?® and by setting the minimum
a%{)roach distance between the reaction partners at
5 A, the rate constants £, of ligand substitution were
calculated to be 1.0x10%, 1.4x10% and 2.9x10%s!
from k;, k,, and £k, respectively, in Table 3. All
these values are consistent with the first-order rate
constant of the water exchange of nickel ion as deter-
mined by an NMR technique:?? 3 x10*s-1 at 25 °C.
The tendency of the increasing water release rate
with the higher complexes agrees well with those
found in the other nickel-amino acid complexes,®-9
indicating a significant effect of glutamate ions on
the enhancement of the rate of water replacement.
The conclusion is that glutamate ion acts as a
bidentate ligand in the nickel complexes and that
the formation of the complexes is rate-determined by
the release of a coordinated water molecule from the
metal rather than by the formation of a chelate-ring
closure.
Appendix
Expanding Eq. 9, we obtain the cubic equation
2 a4 bt —c=0, (A1)
where
a = ay + ay + as,
b = (811852 —G1201) + (322053 — A23a3,)
+ (55811 — 31015),
¢ = @y1(Ba033 —A2332) + 15(@a3s; —a21as3)
+ @15(a5291 —a51855) -

The secular equation 9 has only real positive eigenvalues
of v-11.% Thus, by solving Eq. Al, the three relaxation
times are given by?2®

1/z, = a/3 + 217 -cos (6/3),
1y = a/3—2)/ Fcos {(6+7)/3},
1/rg = a/3—2y/p -cos {(6—m)/3},

(A2)

with
= cos™1 (g/24%/%)
p = (a*—3b)/9
q = (2/27)a® — ab/3 +¢.

As can be realized easily from Eq. A2, we have the inequality
relations 7,7'>7,"1>7,71 and 7,7'>4a/3>7,L

(0=b=m),
(p>0),
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