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The manner in which nickel in the tetracyanonickelate ion, Ni{CN),~%, exchanges with nickel in each of four amino acid

complexes of the metal has been studied employing radioactive nickel tracer.
In exchanges between strong and weaker complexes, the specific nature

change rate and charge of the amino acid complex.

of the weaker complexing agent affects the exchange rate more than does the charge of the resulting complex.

Poor correlation is exhibited between ex-

Reactions

are first order in respect to each of the exchanging species, suggesting as the most probable reaction mechanism a direct

transfer of nickel atoms resulting from bimolecular collision.

were calculated for each exchange.

Introduction

Long has reported* a good correlation between
the rate of exchange of nickel between two nickel
complexes and the respective charges of the com-
plexes involved, more rapid exchanges taking place
between species of opposite charge than between
species of like charge. In the work reported here
the manner in which nickel tied up in the tetra-
cyanonickelate ion exchanges with that associated
with four amino acid complexes of the metal was
studied. Since simple amino acid complexes of
nickel can be obtained as cationic, anionic or neu-
tral species, depending upon the particular amino
acid used, these complexes are useful in studying
the effect of the charge borne by the weaker com-
plex upon the rate of exchange of its nickel with
that of the tetracyanonickelate iou.

Experimental

Radionickel.—In each of the exchange reactions one of
the nickel complexes, usually the amino acid complex, was
made up using nickel containing a little radioactive nickel-
63. One of the complexes was isolated at the end of the
exchange period and its nickel electroplated on a copper
planchette, Determination of the change in specific ac-
tivity of the nickel associated with this complex provided
a convenient measure of the extent of exchange. Radio-
nickel used in these experiments was obtained from the
United States Atomic Energy Commission, Oak Ridge,
Tennessee. Cobalt activity present in the original metal
was removed by repeated dimethylglyoxime precipitation
of the nickel using “‘cold’’ cobalt carrier.

Counting Infinitely Thick Radionickel Plates.—The elec-
troplated nickel was ‘‘infinitely thick’’ in respect to the
weak Ni® 8-radiation. The unavoidable presence of long-
lived Ni®, whose decay is accompanied by the emission of
X-rays, caltses the counting rate for nickel of a given specific
activity to increase with thickness even beyond infinite
thickness. To determine accurately the specific activity
of the plated nickel it was necessary to keep the weight of
these plates nearly constant.
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Exchange rate, activation energy and entropy of activation

Preparation of Nickel Complexes. Potassium Tetracyano-
nickelate.—This compound was prepared from nickel of
natural isotopic composition using the procedure described
in “‘Inorganic Syntheses.’’s Analysis of crystals of this salt
for nickel gave 23.89, by both the dimethylglyoxime pre-
cipitation method® and by titration with Versene.” The
theoretical amount of nickel in KoNi(CN)y-H,0 is 22.7%.
In the analysis for cyanide, weighed, acidified samples were
steam distilled and the hydrocyanic acid caught i1 0.1 N
sodium hydroxide solution. The cyanide was titrated with
standard silver nitrate solution according to the imethod
described by Kolthoff and Sandell® The average value
obtained was 41.79,. The molar ratio of nickel to cyaunide
is therefore 1.00/3.96 which is within the experiniental
error of the theoretical value of 1.00/4.00. A standard
solution of potassium tetracyanonickelate was prepared.

Amino Acid Complexes.—The amino acid coniplex solu-
tions were prepared by adding to the required amount of a
standard solution of hot nickel sulfate an amount of aniino
acid calculated to form a 2:1 complex of all of the nickel
present. The pH of the solution was raised to 9 by the
addition of sodium hydroxide solution. The absence of
nickel hydroxide precipitate in these solutions, even on long
standing, precludes the presence of uncomplexed nickel.
In the kinetic study, nickel did tend to precipitate from the
more dilute solutions. To prevent this, twice the theoreti-
cal amount of glycine was employed in the tetracyanonickel-
ate-nickel glvcinate series and three times the theoretical
amount of glutamic acid was used in the tetracyanonickel-
ate—nickel glutamate series. Thus the amino acid was
present in known and constant excess.

Nickel Versenate.—A standard nickel Versenate solution
was prepared by adding to a known amount of cold nickel
sulfate in solution a calculated amount of recrystallized
disodium Versenate.

Tris-ethylenediamine-Nickel.—A solution of this com-
plex was prepared using a measured quantity of standard
hot nickel sulfate solution and a slight excess of redistilled
ethylenediamine. The pH of the solution was raised to 9
by the addition of sodium hydroxide solution.

Nickel Tetramine.—This complex was prepared using a
measured quantity of standard hot nickel sulfate solution
and excess ammonium hydroxide.

Procedure Used in Exchange Experiments.—The exchange
reactions were carried out in reaction vessels having the
shape of an inverted V"’ with a grouad glass stoppered
opening at the apex. Each of the two complex solutions,
at twice the desired final concentration, was placed in one
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leg of the reaction vessel. The reaction vessel then was
placed in a constant temperature bath for 0.5 hr. The solu-
tions of the two complexes were mixed then by inverting
and vigorously shaking the stoppered reaction vessel. At
the instant of mixing (time = 0) a stopwatch was started.
Aliquots of the solution were removed at intervals using a
thermostated pipet and transferred to thermostated separa-
tion vessels, The separation vessels were small glass-
stoppered erlenmeyer flasks having a bulbous side arm at-
tached at the neck. The bulbous side arm held a measured
quantity of 19, alcoholic dimethylglyoxime solution. At
the appropriate time, the stoppered separation vessel was
removed from the bath, inverted and shaken vigorously
(time = ¢). Nickel in the amino acid complex was pre-
cipitated immediately and quantitatively whereas nickel in
the extremely stable nickel cyanide complex remained in
solution. As soon as possible the contents of the separation
vessel was poured into an equal volume of boiling water
and heated for a few minutes to coagulate the precipitate.
This mixture then was chilled in an ice-bath and filtered.
The filtrate containing the nickel cyanide complex plus
excess dimethylglvoxime was treated with sulfuric and
nitric acids to destroy the organic matter. This solution
then was made ammoniacal and transferred to a Tracerlab
Electroplating Cell for the plating of the radionickel. The
weight of radionickel electroplated onto the copper plan-
chette was 16.6 = 0.3 mg. in almost all cases. Because of
the extremely weak nature of the nickel-63 beta radiation
the samples were counted in a windowless counter.

Calculations
Determination of the Reaction Rate.—The ex-
change rate for each reaction was determined from
the half-time of the exchange using the expression

R = ab

NE
r

where ¢ is the molar concentration of the tetra-
cyanonickelate ion, & the molar concentration of
the amino acid complex and 7 the half-time of the
exchange. In Table I are listed exchange rates
which were obtained for the exchange of nickel be-
tween the tetracyanonickelate ion and each of the
four amino acids studied.

TaABLE I
EXCHANGE OF RADIONICKEL BETWEEN THE TETRACYANO-
NICKELATE ION AND SEVERAL AMINO AcCID COMPLEXES OF

NICREL
Temp., 25.1°; pH 9; 0.010 M in each complex
Tonic Ionic wt, R,
charge weaker moles 1, 71

Amino acid difference complex sec.”! X 108
Ni(glycinate), 2 207 4.6 6.9°
Ni(serinate ) 2 267 8.3 6.8
Ni(glutamate); 2 0 349 50 7.4°
Ni(lysinate), *? >2 341 8.1 5.9°

2 In3 M NaClO;. ?In 0.2 M NaClOy

Effect of Relative Charge on Exchange Rate.—
It might be expected that nickel in the negatively
charged tetracyanonickelate ion would exchange
most rapidly with positively charged nickel lysinate,
less rapidly with neutral nickel glycinate and
serinate, and least rapidly with negatively charged
nickel glutamate. The fact that the exchange
rates for all of the exchanges are of the same order
of magnitude indicates that the charge borne by
the weaker amino acid complex is not the most
important factor governing the rate of exchange of
nickel between the complexes.

Effect of Relative Mass of Amino Acid Complex
on Exchange Rate.—It will be noted from Table I
that there is no good correlation between the
molecular weight of the amino acid complex and the
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rate of 11ickel exchange with the tetracyanonickelate
ion. Exchanges involving the lightest and heavi-
est of the nickel-amino acid complexes studied,
nickel glycinate and nickel glutamate, respectively,
have nearly the same reaction rate.

Effect of Neutral Salt on Exchange Rate.—The
effect of added neutral salt (sodium perchlorate)
was determined for each exchange. It might be
expected that exchanges between mnegatively
charged tetracyanonickelate ions and neutral
species, such as nickel glycinate and nickel serinate,
would be affected little by the addition of salt. As
indicated in Table I, the addition of salt causes the
nickel glycinate exchange to be speeded slightly
and the nickel serinate exchange to be slowed
slightly. Exchanges involving nickel glutamate
and nickel lysinate were affected in the predictable
manner by the addition of neutral salt. In each
case the effect is quite small.

Exchanges of Nickel between Nickel Versenate
and Weaker Nickel Complexes.—The results of a
similar series of exchanges between the very stable
nickel Versenate complex (NiY~%) and a number
of weaker nickel complexes are shown in Table II.
Among the amino acid complexes there was a
slightly better correlation between reaction rate
and the charge of the weaker complex. Negatively
charged nickel Versenate exchanged most rapidly
with positively charged nickel lysinate, less rapidly
with neutral nickel glycinate and least rapidly with
negatively charged nickel glutamate. The reac-
tion rates of the extremies, however, differ by less
than an order of magnitude, indicating once again
that the charge difference between strong and weak
complexes of nickel is a relatively small factor
affecting the rate of exchange of nickel between the
two. This is indicated further by results with the
ammonia and ethylenediamine complexes. Both of
these complexes are opposite i1t charge to the nickel
Versenate ion and although the ammonia complex
exchanges nickel with nickel Versenate at a rela-
tively rapid rate, the likewise positively charged
ethylenediamine complex exclianges at approxi-
mately the same rate as for the amino acid com-
plexes.

TaABLE II

EXCHANCE OF RADIONICKEL BETWEEN THE NICKEL VER-
SENATE ION AND SEVERAL AMINO AciD COMPLEXES OF
NICKEL

Temp., 25.1°; pH, 9; 0.010 3/ in each complex

Ionic TIonic wt.

charge weaker x:uolesll.—1
Amino acid difference complex sec, 71 X 108
Ni(glycinate)s? 2 207 3.8
Ni(glutamate), 2 0 349 1.7
Ni(lysinate)s+? >2 341 9.9
Ni(NH,), 2 4 127 8.4)
Ni(en); *2 4 239 5.3)

The results of both of these series of exchanges
point up the fact that more important than the
charge of the weaker complex or its mass is the
specific nature of the complexing agent involved—
whether it be ammonia, ethylenediamine, amino
acids, oxalic acid, tartaric acid, etc.
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Reaction Mechanisms

To get an idea about possible reaction mech-
anisms for these exchange reactions, the reaction
order in respect to each reactant was measured.
The rate expression for these exchanges may be
written

R = E[Ni(CN); 72" [Ni(amino acidj]”
where m represents the dependence of the rate on
the Ni(CN);—? concentration and » the dependence
of the rate on the Ni(amino acid). concentration.
Writing the same expression in logarithmic form
log R = log £ + m log [Ni(CN);72] 4
7 log [Ni(amino acid),]

Since k is a constant at constant temperature, m
can be evaluated from the slope of a plot of log
[Ni(CN),~2?] versus log R in a series of experiments in
which the concentration of the amino acid complex is
kept constant. # can be evaluated in a correspond-

ing manner. Figure 1 showssuch a plotforthe tetra-
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Fig. 1.—Dependence of rate of Ni(CN),~2-Ni(glycinate),
exchange on tetracyanonickelate concentration.

cyanonickelate-nickel glycinate exchange. First-
order dependence of the exchange on the tetra-
cyanonickelate concentration is indicated by the
fact that the slope of this plot is approximately one.
The dotted line having a slope of 1 is included for
comparison. Similarly, first-order dependence of
the exchange on the nickel-amino acid complex
concentration is shown in Fig. 2 by the fact that
the plot of log [Ni(glycinate)s] versus log R also has
a slope of one. Second-order dependence of the en-
tire reaction on total concentration is shown in Fig.
3 by the inverse relationship between the reciprocal
of the total coneentration and the half-time of the
exchange. A similar series of experiments carried
out for the tetracyanonickelate—nickel glutamate
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Fig. 2—Dependence of rate of Ni(CXN),?-Ni(glycinate),?
exchange on nickel glycinate concentration.
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Fig. 3.—Dependence of half-time on total concentration.

exchange gave identical results. The possibility
of an ionization-type mechanistu is ruled out in
both cases by the fact that the reactions are first
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order in respect to tetracyanonickelate ion and
first order in respect to the amino acid complex ion.
The most probable mechanism, therefore, would
seem to be a direct transfer of nickel atoms result-
ing from bimolecular collision of the two species.

Kinetics of the Tetracyanonickelate-Nickel
Amino Acid Complex Exchanges

Activation Energy and Frequency Factor.—The
activation energy for each of the four tetracyano-
nickelate-nickel amino acid complex exchanges was
evaluated using the Arrhenius expression, the logar-
ithmic form of which is

E 1
logk =1logd —mg—]’ex 7

The activation energy E was evaluated from the
slope of a plot of log k, the specific reaction rate
versus the reciprocal of the absolute temperature.
This plot for the four exchanges is shown in F1g
4. Exchanges were carried out at 5, 15, 25 and 45
Reaction rates for these exchanges are quite rap1d
even at 25° and therefore the results obtained
at 45° are given the least significance in this plot.
In all of these exchanges a known excess of the
theoret1cally required amount of amino acid was
used in preparing the nickel-amino acid complex.
The pH of each solution was 11.0 and the ionic
strength adjusted to a known value by the addition
of neutral salt, sodium perchlorate. Activation
energies which were obtained by evaluating the
slope of these plots are listed in Table ITI. Experi-

TasLE IIT

ACTIVATION ENERGIES, ENTROPIES OF ACTIVATION AND
FrREQUENCY FacTors rorR Ni(CN)y~2-Ni(AMINo AcID):

EXCHANGES
E, AS, 4,
kcal, cal. deg. 1. mole 71
Exchange mole ~! mole~! sec, 1
Ni(glycinate)?-Ni(CN);~2 17.3 —-10.6 8.1 X 10¥®
Ni(serinate )"~ Ni(CN); 2 18.2 — 82 2.7 X 104
Ni(glutamate); "2-Ni(CN),~2 18.6 — 5.8 9.3 X 10%
Ni(lysinate)g""?—I\'i(CN),“2 8.9 — 3.9 2.3 x 101

mental uncertainties involved in studying such
rapid reactions make it seem likely that the differ-
ences between these values are not necessarily real.
Since each of the isotopic exchange reactions in-
volves the exchange of nickel atoms between an
amino acid complex and the tetracyanonickelate
complex, the activation energies rmght be expected
to be nearly the same. A value of 18.2 = 0.8 keal.
mole —! would seem to be a reasonable value for each
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Fig. 4—Dependence of exchange rates on temperature.

of the exchanges and is of the right order of magni-
tude for such fairly rapid reactions.

The calculated Arrhenius frequency factor 4 for
each of these exchanges also is listed in Table III.
Differences between these values may or may not
be real but they do fall in the proper range for nor-
mal bimolecular reactions in solution (2.8 X 10!
within a factor of 10 or so).?

Entropy of Activation.—Using the more complete
expression for the reaction rate and the calculated

E=ce %Ie—E/RT eAS*/R
values of the activation energies for these exchanges,
the entropy of activation for each exchange could
be calculated. These values also are listed in Table
IV. The values range from —3.9 to —10.6 cal
deg.”* mole~1.
MIDLAND, MICHIGAN
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