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ke
The nickel malate complex formation reaction in an aqueous solution, Ni?t*+ Mal*~ — NiMal, where Mal*-

ka

represents the malate ion, was studied by the pressure-jump method. The following rate constants and the equili-
brium constant were obtained: k;=5.6x105M1sec™?, kg=17sec! and K=3x10*m! at 25°C and  — 0.

Studies at various temperatures between 12 and 30.5°C gave the thermodynamic parameters.

In comparison

with the results on other ligand complexes, the ligand effects seem to be found not in the formation rate constant,

but in the dissociation rate constant.

The results indicate that the rate-determining step of the complex formation

is the release of the water molecule from the inner coordination sphere of the nickel ion.

The development of the relaxation method has made
it possible to study kinetically the fast metal complex
formation reactions.) Some of the complex forma-
tions of the nickel(II) ion have been studied by the
flow method,? the temperature-jump method,® the
pressure-jump method¥, and most recently by the
pressure-shock method.?» These studies have revealed
that the step-by-step association picture proposed by
Eigen® ¢t al. for the complex formation reaction is
valid and that the rate-determining step is the release
of the water molecule from the inner coordination
sphere of the nickel ion. In the case of the complex
formation with a bidentate ligand, however, two water
molecules on the nickel ion should be replaced, and
the reaction mechanism is more complicated.

The present study was undertaken in order to obtain
kinetic information on the nickel malate complex
formation reaction and in order to compare the ligand
effects on the kinetic parameters with those of other
bidentate ligands. Another purpose was to test the
operation of a newly-built device at the beginning of
the pressure-jump study.

Experimental

All of the chemicals used were of a reagent grade. A
stock solution of nickel malate was prepared by mixing a
stoichiometric amount of NiSO, with malic acid, and then
it was titrated with a solution of Ba(OH), until all the sulfate
ion had precipitated as BaSO,. The solid BaSO, was re-
moved by filtration. The concentration of the nickel malate
of the resultant solution was determined by a dimethyl-
glyoxime titration. Each solution studied was prepared by
diluting the stock solution to the desired concentration.
The pH values of the solutions were =~6.5 where most of the
ligand was in the dissociated form. In order to reduce the
cavitation effects, the solutions were degassed by sonoration
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with a 400 KHz transducer under reduced pressure.
The pressure-jump apparatus used was a modification

of that described by Macri and Petrucci.? The pressure-

jump cell is shown in Fig. 1. N, gas was introduced from
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Pressure-jump cell.

the gas inlet until a brass diaphragm burst at a pressure
of approximately 25atm. The pressure of the two cells,
one containing the sample solution and the other contain-
ing the reference KCI solution, decreases abruptly from 25
to 1 atm. The concentration changes of the species were
followed by means of the electric conductivity method;
i.e., the two cells were in separate arms of a Wheatstone
bridge circuit fed from a 150 KHz oscillator. To calibrate
the time constant of the apparatus, a 0.02 M MgSO, solution
which exhibites a relaxation effect faster than 1 usec was
used. From the trace obtained (Fig. 2a), the apparatus
has been proved to be useful for kinetic studies of reactions
with relaxation times down to 100 usec. The temperature
of the sample cell was controlled to +0.5°C by circulating
the water from a thermostat through a copper tube spiraled
around the cell.

In all the nickel malate solutions, the relaxation spectrum
was characterised by a single relaxation time. A repre-
sentative relaxation spectrum is shown in Fig. 2b. The
reciprocal relaxation time was calculated from a plot of
—log AC vs. the time, where AC is the deviation of the con-
centration from its equilibrium value. The quoted relaxa-
tion times and the rate constants are the mean values of
several runs.

7) G. Macri and S. Petrucci, Inorg. Chem., 9, 1009 (1970).
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Fig. 2. Pressure-jump spectra.
(a) 0.02m MgSO,; sweep 200 usec/division,
(b) 29.2x10-*M Nickel malate; sweep 2msec/division
at 25°C.

Results

In the present studies, the complex formation reac-
tion may be expressed as follows:

k
M2+ 4 L2- == ML (1)
ka
where M2+ is the metal ion, L2~ is the ligand, and
ML is the complex. The rate constants are related
to the relaxation time, 7, by the following equation:

1/t = kg + kyy+*(Cu+Cp) (2)

where Gy and C,, are the concentrations of M2+ and
L2~ respectively and where y« is the mean activity coef-
ficient of the free ions. The experimental conditions
and the observed relaxation times at 25°C are shown
in Table 1.

The complex formation constant, K(=k/k,), of
nickel malate was not, unfortunately, given in the
literature, so the values of k,, k,, and K were calculated
from the kinetic data. As the first approximation, a
value of K which had been roughly estimated from
those of nickel malonate and succinate®) was used to
calculate the ionic concentrations. The activity
coefficients of the ions were calculated by means of
the Kielland equation.?) The 1/t values were plotted
against y+%(Cy+Cyp) to give k, and k, from the slope

8) R. M. Fuoss, J. Amer. Chem. Soc., 80, 5059 (1958).
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TABLE 1. RELAXATION TIMES AND EXPERIMENTAL
CONDITIONS FOR THE NICKEL MALATE SYSTEM AT 25°C

Coa) CNimal CNi = Umal M 1/7"
(10-4m) (10-%m) (10-°m) (10-%) 7% (sec-})
6.8 5.5 13.0 5.2 0.90 136
9.8 8.2 15.8 6.3 0.90 160
19.5 17.2 22.8 9.1 0.88 206
29.2 26.4 28.2 11.3 0.86 284
39.0 35.7 32.8 13.1 0.85 310
58.5 54.4 40.5 16.2 0.84 348
78.0 73.3 47.0 18.8 0.83 371
117.0 111.2 57.8 23.1 0.82 445
156.0 149.3 67.0 26.8 0.80 510
195.0 187.5 75.0 30.0 0.79 576
234.0 225.8 82.3 32.9 0.79 585
273.0 264.1 89.0 35.6 0.78 626
312.0 302.5 95.3 38.1 0.77 700
351.0 340.9 101.2 40.5 0.77 670
390.0 379.3 106.8 42.7 0.76 635

a) C, refers to the total stoichiometric concentrations of
nickel malate.

and the intercept of the line respectively. Here, the
ratio of £, and £, should coincide with the first estimated
K value. The same procedures were repcated until a
constant K value was obtained. The final results
are shown in Fig. 3, and the following rate and equili-
brium constants were obtained: £,=5.6X105M"1
sec7, k;=17sec™l, and K=3x10¢mM1 at 25°C u—0.
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Fig. 3. 1/t vs. 7+%Cni+Cuma) plot at 12°C (@), 20°C (),

25°G (), and 30.5°C (Q).

In order to determine the energies of activation, a
series of experiments was run covering the temperature
range from 12 to 30.5°C. The rate constants, k,,
and k,;, and the equilibrium constants at each
temperature were obtained from Fig. 3. The
Arrhenius energy of activation, 4E *, was obtained
from the plot of logk, against 1/7, as is shown
in Fig. 4. The entropy of activation, 4S,*, the
enthalpy of activation, 4H,*, and the free energy
of activation, AG,*, were calculated from the next
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Fig. 4. Temperature dependence of k.

TaBLE 2. XKINETIC DATA FOR THE NICKEL MALATE
COMPLEX FORMATION AT 25°C (u—0)

k
Ni*+ + Mal*~ == NiMal

Shoji Harapa, Katsuyoshi AmmArgr, and Tatsuya YASUNAGA

kq
K, m-1 3x10¢
ks, M~1 sec—! 5.6x10°
kg, sec! 17
Ef, kcal mol-1 14
AG}’, kcal mol-? 10
AHF, kcal mol-! 13
AS7, cal deg=! mol~* 12
K,, m~1 25
ky9, sec™?! 22x 103
A4G,, kcal mol-1 —1.9
AH,, kcal mol-? 3
A48, cal deg—! mol-? 16
AH;;, kcal mol-1 10
ASs, cal deg—! mol-1 —4
equations; they are listed in Table 2.
A
log A = logﬁjéTT+ % 3)
AHF = AEf — RT 4)
AGF = AHf — TAS; (5)
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where A is the frequency factor.

Discussion

The kinetic data obtained for the nickel malate
systems are compared with those for similar systems in
Table 3. The values of £, lie in approximately the
same order, ~105 M1 secl, irrespective of the nature
of the ligand, and the ligand effects are found not in
the value of k£, but in the values of £, and K.

Eigen and his co-workeers have proposed® a mecha-
nism of complex formation reaction via rapid ion-pair
formation, followed by the rate-determining loss of a
water molecule in the inner coordination sphere of
the metal ion:

Ni(H,O)g+ + Mal2- — [(H,0);Ni(H,0)Mal]
I (1)
kis e (6)
f [(H,O)sNiMal] = [(H,0),NiMal]
(IIT) (IV)

where state (I) is the free ions, state (II) is the ion-
pair, state (III) is the half-bonded intermediate, state
(IV) is the bidentated complex, and K| is the ion-pair
association constant.

On the assumptions that the intermediate state
(IIT) is in a steady state and that Ky >k, the rate
constant in Eq. (6) may be thus related to the formation
rate constant in Eq. (1):

kr = Ko+kss (7

K, cannot be determined experimentally, so it has
become customary to estimate it by means of the
Fuoss equation.®®) For 2—2 electrolytes, K, can be
calculated to be about 25M~l. The rate constant
for the rate-determining process of Reaction (6),
k15, was, then, calculated to be 2.2x10%sec™! by
means of Eq. (7).

As may be seen in Table 4, this value has become of
interest in comparison with the case of other ligand
complexes, i.e., the rate constants of the rate-deter-

TABLE 3. RATES AND COMPLEX FORMATION CONSTANTS OF NICKEL DICARBOXYLATE

Ligand K, m—1! ks, M1 sec-1 kg, sec™? ¢, °C y7i Reference
Oxalate 2.1x10* 7.5x10% 3.6 25 0.1 2
Malonate 1.2x10% 2.7x10° 24 20 - 0 4
Succinate 2.1x102 4.3x10° 2.7x10? 20 — 0 4
Malate 3x104 5.6x10° 17 25 — 0 This work

TABLE 4. RATE CONSTANT OF THE RATE-DETERMINING PROCESS OF THE NICKEL COMPLEX FORMATION REACTION AT 25°C

Ligand ky5(103 sec—?1) Ref. Ligand ky5(10% sec—?) Ref.
Water 27 2 Triglycine 5 10
Imidazole 16 3 Oxalate 6 2
Sulfate® 15 6 Malonate® 11 4
Glycine 9 3 Succinate®) 17 4
Diglycine 12 3 Malate 22 This work
a) At 20°C.

10) J. I. Steinfeld and G. G. Hammes, J. Phys. Chem., 67, 528 (1963).
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mining process of the nickel complex formation lie
approximately 103—107 sec™? irrespective of the nature
of the entering ligand. The small difference between
them may be due to the approximation in calculating
K,. These facts indicate that the loss of a water
molecule in the inner coordination sphere of the nickel
ion is the rate-determining process of the complex
fomration reaction.

Activation parameters can be reevaluated as follows
for the detailed mechanism of complex formation
in considering the variation in the free energy (4G,),
the entoropy (4S,), and the enthalpy (A4H,) for the
ion-pair formation:

4Gy = —RT'In K, (8)
ASy = —19.4Z_Z,[a = AS¥—AS}; 9
AH, = AGy + TAS, = AH* — AH;; (10)

where Z is the valence of the ion and where a is the
distance of the closest approach of the ion-pair partners
(5A). The results are listed in Table 2. In com-
parison with the complexes of other ligands, the ther-
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modynamic parameters calculated are of the same
order of magnitude, despite the large differences in
the nature of the ligands, e.g., the carbon number and
the acidity. This fact also suggests that the rate-
determining step of the complex formation is the
release of the water molecule from the inner-sphere
of the nickel ion.

In acid solutions, another path of the nickel malate
complex formation can be proposed:

Ni2+ + HMal- — NiMal + H+ (11)

In this experiment, however, the relaxation effect has
become small with an increase in the concentration of
HMal-. Therefore, we could not obtain very pre-
cisely the dependency of v on the hydrogen-ion con-
centration, as was done in the nickel malonate com-
plex formation reaction.)

The authors wish to express their thanks to Mr.
Takayasu Goto for the assistance he has given in the
construction of the apparatus.
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