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In the previous paper!?, a new method for
the determination of the formation constants
of metal acetato complexes and its application
to acetatonickel(II) complexes were presented.
The method is based on the polarographic
measurement of the sum of the equilibrium
concentrations of hydrated metal ions and
metal acetato complexes in the presence of an
appropriate auxiliary complex-forming sub-
stance. Although similar functions are derived,
the method is essentially different from the
DeFord and Hume’s method® that is based on
the displacements of the half-wave potential
of metal ions in the presence of a complex-
forming substance®.

Because of the increasing interest in the
determination of the formation constants of
less stable complexes, especially those with two
or more different ligands, it seems worth while
to generalize the treatment of the method
reported in the previous paper? and to increase
its applicability.

1) N. Tanaka and K. Kato, This Bulletin, 32, 516 (1959).

2) D. D. DeFord and D. N. Hume, J. Am. Chem. Soc.,
73, 5321 (1951).

3) D. N. Hume, Anal. Chem., 32, 137TR (1960).

In the present paper, the case where a co-
existing ion, Z*~, is added to the system of
Ni(II)—auxiliary complex-forming substance—
acetate is dealt with. A general procedure for
the determination of the formation constants
of Ni(OAc) D+ and Ni(Z);*-#*?+ as well
as Ni(OAc);(Z),2-*—*H+* is presented, and the
formation constants of monosulfatonickel (IT)
complex, which were determined with sulfate
ions used as the co-existing ion, are reported.

Theoretical

Let us consider the acetate buffer solution
which contains nickel(II)*, nitrilotriacetate
(NTA)® and a co-existing ion. There exist
the following equilibria :

Ni?* + X3~ 2 NiX-~ (1)
NiX~+H* & NiHX ()
Ni?* 47 OAc™ +j Z*~

2 Ni(OAc):(Z),4 =0+ €))

4) Nickel(II) and nitrilotriacetate may be replaced by
other appropriate metal ions and complex-forming
substances, respectively.
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where X®~ denotes a tervalent NTA anion and
ZF~, a co-existing ion, e.g., sulfate.

The total concentration of nickel, [Ni]., and
that of NTA, [NTA]., in the solution are given
in terms of the ionic and the molecular species
as follows:

[Ni],= _ﬁé ﬁ} [Ni(OAC)(Z)2-t-2D+)]

+ [NiX~] + [NiHX] (4)
[NTA},= [NTA]:+ [NiX~] + [NiHX] (5)

where E] E [Ni(OAc):(Z),2—*—*D*] represents
1=0 }"

the sum of the concentrations of hydrated

nickel ions and complexes of nickel(II) co-

ordinating with acetate and/or Z*~ ions, and

[NTA]:, the sum of the concentrations of the

uncomplexed NTA.

The polarographic diffusion current of nickel
ions obtained in the solution which contains
acetate and Z*~ ions corresponds to the sum
of the diffusion current due to the hydrated
nickel ions and of those due to the complexes
of nickel(II) co-ordinating with acetate and/or
Z*~ ions?, If the hydrated ion and the com-
plexes have nearly the same diffusion current
constants, the sum of their concentrations can
be determined from the polarographic diffusion
current, if necessary, after correction. Then,
we write the equation as,

[Ni2*]app= 2 E [Ni(OAC)(Z) - ~20¥]

(6)

where [Ni?*].pp is the concentration that can
be determined polarographically. Eq. 4 is
rewritten as,

[Ni] ;= [Ni?*]app+ [NiX~] + [NiHX] (7)

The concentrations of NiX~, Ni** and X%~
are given by

1 _ INile— [Ni**] app
NiX)|="—"——"" 8
[ ] 3 ®
12+
iNi2+1 __.____‘.p.._ S [Nl ]“PP P (9)
Z(:} EKNI(OAc)t(Z}; [OAc~]*[Z-]7
1 1=0
N
[XG—] =[ _I;A]_l‘ (10)
@
where
o [ l [H*]® [H*)3
Kunx  Ku,xKnx KuyxKn.xKux
and

p=1+ K¥inx [H*]
Ku,x, Ku,x and Kux represent the first, the
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second and the third dissociation constant of
nitrilotriacetic acid, respectively, Kimx, the
equilibrium constant of the reaction given by
Eq. 2 and Kni(oac)«(2y;, the overall formation
constant of Ni(OAc);(Z);¢*~t-#H* It may be
defined that when both i and j are zero, the
value of Kni(oac)i(z), equals unity.

The formation constant of NiX-,
sequently, is given as

con-

_ [NiX~]
Kvix = Nie ) [x7)
— af [Nile— [Ni*] upp}
nop

> >0 Knioac)«z); [OAc™) [Z7-]4
=020 —— (1)
B [Ni?*] app [NTA] ¢

PP

Introducing to Eq. 11 the expression for the
concentration of uncomplexed NTA given as

[NTA]¢= [Ni**]app— [Ni] o+ [NTA].  (12)

the relation

{[Ni“‘] app [Nll v+ [NTA] t} [NiH] app
[Ni] ¢ — [Ni®* ] app

E EKNn(OAc} «z), [OAc™][Z*~ ]/
|8K1\1X: 0 1=0
(13)

is obtained. It may be obvious that both a
and B in Eq. 13 are constant in the solution
of the given pH and the given ionic strength.

First, the values of [Ni®*],p, are determined
by the polarographic method at the given pH,
the given ionic strength and the given con-
centration of acetate, but at varied concentra-
tions of Z7~, with which the values for the
left-hand side of Eq. 13 are calculated. In this
case it may be convenient to express Eq. 13 as,

JBKN E KN:(OA(:)( [OAc™]!

,SK». o E Kni(oac)iz) [OACc™)* [ZF7] 4+

(13"

JSKMXZKN:(OAGM(Z)»!OAC 1*[ZzF-]7

where the left-hand side of Eq. 13 is replaced
by F.. Eq. 13’ shows clearly that the plot of
F, against the concentration of Z*~ gives a
curves of pth degree with respect to [Z*7].
From extrapolation of the F, plot to the zero
concentration of Z?-, the value of

‘SE-—— EKN,(OM), [OAc~]* is obtained. Then,
NiX =

the funct;on Fi(Z) (1=<j=<p+1) is defined as



1042
Fi(Z)=

F, :(Z) - 13-’(“ EKNl(OAC)s(Z), ,{OAc ]£

. '[_Z‘ ]

ﬁKux E KNI(OAC}i(Z)J [OAc™]*

,E‘i_fc_aingN’(o‘“)‘(z)"‘{OAC 11[Z5"]

EEpRR (14)

F;(Z) is plotted against the concentration of
Z*~ and the value of

ﬁ_k;x'ZKNI(OAC)f(Z)J [OAc~]* is determined by

extrapolating the F;(Z) plot to zero concentra-
tion of Z*~. Repeating the procedure until
the relation,

F_‘p-{- 1(2) :0

is obtained, the value of p can be determined.

Secondly, the values of [Ni®*],.p,, are deter-
mined by the polarographic method at the
given pH, the given ionic strength and the
given concentration of Z*~, but at varied con-
centrations of acetate. The left-hand side of
Eq. 13 is calculated and plotted against the
concentration of acetate. Eq. 13 is also written
as a function of the concentration of acetate:

i 7Zz-1?
Fo= ﬁKn E:KI\(Z),[ ]
1 =12 A  eebass
ﬁKmx EKN (0A0(2),[Z77]7 [OAc™] 4
n Z:"1/[0A »
ﬁwa EKNi(OAc} @),[Z*"17[0Ac™]

(13)

From extrapolation of the F; plot to zero acetate
concentration, the value of

BK K: EKNi(Z)_, {Zz-1/ is obtained.
NIX 7
The funcuon Fi(OAc) (1<i<n

defined as,

+1) is also

.Fs(OAC)E

E Knioaoy @), [Z57]7

F,_ 1(0AC)-E'IZ—-
[OAc ]

ﬁKmx E Knioac) @), (25717

EKNL(OAC)IA(Z); [Zz-]/[0Ac™] +--

(15)

ﬂKmx
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F;(OAc) is plotted against the concentration
of acetate and the value of

‘BKM\ EKN,(oAc);(Z), [Z-)’ is detremined. If

the procedure concerning the F;(OAc) plot is
repeated at p+1 different concentrations of
Z:=, (n+1)(p+1) pieces of equations with
(n+1)(p+1) unknown quantities, which are
KnNi0Ac)iz); (0=i<n, 0=j=<p except i=j=0)

a . .
and —— , are yielded. Solving these equa-
NIiX

tions, all of Kni(oac):(z), can, at least theoreti-
cally, be determined.

Experimental

Reagents.—A standard solution of nickel nitrate
was prepared by dissolving an appropriate amount
of pure nickel metal in nitric acid. The concen-
tration of nickel was determined by the conventional
gravimetric method with dimethylglyoxime®. A
solution of disodium nitrilotriacetate was prepared
from the commercial nitrilotriacetic acid (DOTITE
NTA), and standardized against the standard solu-
tion of nickel(IlI) nitrate by amperometric titration
with a similar procedure for ethylenediaminetetra-
acetate®™. A solution of potassinm sulfate was
prepared from the guaranteed grade reagent. The
sulfate concentration was determined by the con-
ventional gravimetric method®. All other chemicals
used were of analytical reagent grade.

Apparatus and Procedure.—A Yanagimoto PB-4
pen-recording polarograph was used for the measure-
ment of the current-voltage curves. The dropping
mercury electrode used had an m value of 2.13
mg./sec. and a drop time ¢g of 4.07 sec., being
measured in an air-free 0.2M potassium nitrate
solution containing 2 10~% M polyoxyethylene lauryl
ether (LEO) at 25°C and at —0.5V vs. SCE. The
sum of the diffusion currents of hydrated nickel
ions, acetatonickel(Il), sulfatonickel(II) and, if any,
acetatosulfatoniccolate(II) complexes were deter-
mined in the acetate buffer of pH 3.66+0.02 con-
taining sulfate, nickel(II) and a slight excess of
NTA at 15, 25 and 35°C. The concentration of
acetate in the buffer was varied from 0.025 to
0.100 M at the constant concentration of sulfate of
0.03 M, while that of sulfate was varied from 0.01
to 0.05M at the constant concentration of acetate
of 0.05M. The ionic strength of the solution was
adjusted to be 0.2 with potassium nitrate. LEO
was added as a maximum suppressor by 1x10-¢m
(at 15°C) or 2x10-¢m (at 25 and 35°C) in con-
centration. The pH of the solution was measured

5) F. P. Treadwell and W. T. Hall, ** Analytical Chem-
istry’’, Vol. 2, John Wiley & Sons, Inc., New York (1951),

. 193,
96) N. Tanaka, M. Kodama, M. Sasak: and M. Sugino,
Japan Analyst (Bunseki Kagaku), 6, 86 (1957).

7) WN. Tanaka, 1. T. Oiwa and M. Kodama, Anal. Chem.,
28, 1555 (1956).

8) F. P. Treadwell and W. T. Hall, ** Analytical Chem-
istry "', Vol. 2, John Wiley & Sons, Inc., New York (1951},
p. 393.
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accurately, after the polarographic measurement,
with a Hitachi Model EHP-1 pH meter with a glass
electrode.

Results and Discussion

The polarograms were recorded with the
solution of pH 3.66 containing 1.00x1073*m
nickel nitrate, 1.09x107*M NTA and various
<oncentrations of acetate and sulfate, unless
.otherwise stated. Nickel(II) gave an irreversible
wave with the half-wave potential of about
—1.05Vvs. SCE in the acetate-sulfate-nitrate
media. This wave is considered to be due to
the reductions of hydrated nickel(II) ions,
acetatonickel (II), sulfatonickel(Il) and, if any,
acetatosulfatoniccolate(II) complexes. The
limiting current of the wave was found to be
proportional to the concentration of the
electroactive species and also to the square
root of the effective height of mercury column
on the dropping mercury electrode. This
clearly showed that the limiting current is
«iffusion-controlled.

The apparent diffusion current constants of
nickel(II) were determined from the measure-
ments of the diffusion current at various acetate
and sulfate concentrations. The values of
[Ni**]app of Eq. 6 were calculated, with the
aid of those apparent diffusion current con-
stants, from the limiting currents obtained with
the reaction mixtures.

Presence of Sulfato Complexes.—The polaro-
grams were recorded with the solutions con-
taining 0.0500 M actate and various concentra-
tions of sulfate at various temperatures. With
the values of [Ni®*],,, obtained, the left-hand
side of Eq. 13, F,, was calculated and plotted
against the sulfate concentration. The results
are shown in Fig. 1, where it is clearly seen
that the plots of Fy vs. [SO.%") give straight
lines. This fact indicates that p is equal to 1
and no appreciable amount of complexes with
two sulfates or more co-ordinated is present
in the solution under the experimental con-
ditions. From the plots in Fig. 1, the values of

ﬁk’mhz KnNi(0Ac):[OAc™]* and

EKN;(OAc) so,) [OAc~]? in Eq. 13’ were
ﬁKmx:

determmed, the former being given by the
intercept at [SO.*~] =0 and the latter, by the
slope.

Absence of Acetatosulfato Complexes.—The
polarograms were recorded with the solutions
containing 0.0297 M sulfate and various con-
centrations of acetate at 25°C, and the values
of [Ni?*].pp, were determined. The left-hand
side of Eq. 13, F, was calculated and plotted
against the acetate concentration. (A in Fig. 2).
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A linear relation between F, and the con-
centration of acetate clearly indicates that nis
equal to 1 and no appreciable amount of
complexes with two acetates or more co-
ordinated is present in the solution under the
experimental condition. The fact that » and
p are equal to 1, respectively, suggests that
NiOAc*, NiSO; and Ni(OAc)(SO;)~ may
exist in the solution under the experimental
condition.

=
X
5
6 L ] 1 1
10 A
8t . -
15C |
6 | 1 i [ 1
0 0.01 0.02 0.03 0.04 0.05
Concn. of sulfate, M
Fig. 1. Relation between the values of left-

hand side of Eq. 13, Fy, and the concentration
of sulfate at various temperatures. Acetate
concentration is 0.0500 m.

T T T T

Fyx 108

1 1 i - ]
0 0.05 0.10 015 0.20
Concn. of acetate, M

Fig. 2. Relations between the value of left-
hand side of Eq. 13, F,, and the concentra-
tion of acetate at 25°C, obtained in the
presence of 0.0297 M sulfate (A) and in the
absence of sulfate (B).
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TasLE II. THE REPORTED VALUES OF FORMATION CONSTANTS OF SULFATONICKEL(II) cOMPLEX
Investigator Method Temp., °C Tonic strength Kniso, Ref.

Money et al. e. m. f. 25 0 250 9
0.2 22%

Brown et al. freezing point 0 0 114~.244 10
0.2 8~16*

Kenttimaa freezing point 0 0 220 11
0.2 15%

* These are the formation constants which were calculated by the present authors with the values

reported in the literature referred to.

From the following experiment, however, it
is concluded that Ni(OAc)(SO;)~ is not pres-
ent in an appreciable concentration: The
polarograms were obtained with the solutions
containing 1.00xX10-*M nickel nitrate, 1.10
x10~* M NTA and various concentrations of
acetate but none of sulfate at 25°C and pH
3.68. The values of F, were calculated with the
observed [Ni?*]app’s and plotted against the
acetate concentration with a linear relation as
shown by B in Fig. 2. The value of

ﬁ—K-“‘—K‘HDAc which was determined from the

slope of pIot B in Fig. 2 is 1.48x10~% while
2=
BK‘E == (Knioas + Kxicoaexson [SO:27])

obtained from the slope of plot A in Fig. 2
is 1.41x10-5 The agreement of these two
values indicates that the term of
Kxicoaexson[SOs%~] is negligible and, therefore,
no appreciable amount of Ni(OAc)(SO;)~ is
present under the experimental condition.

The Determination of the Formation Constant
of Sulfatonickel(II) Complex.—It has been
known that nickel(II) forms only a mono-
acetato complex in the solution containing
acetate up to 0.2M in concentration at ionic
strength 0.2 at temperature ranging from 15
to 35°CV. From this and the fact that
Ni(OAc)(SO,) - is considered not to be present
under the experimental condition, Eq. 13’ is
simplified as,

that of

Fy= “Knioae [OACT]

__a
.BK:H\ .3K1\

ﬁK ——Kxiso, [SO42~

The formation constant of acetatonickel(II)
complex has been given as 2.6 and 2.4 at 15

and 35°C, respectively’. The value at 25°C
was determined to be 2.5 from plot B in Fig.

9) R. W. Money and C. W. Davies,
Soc., 28, 609 (1932).

10) P. G. Brown and J. E. Prue, Proc. Roy. Soc., A, 232,
320 (1955).

11) J. Kenttimaa, Suomen Kemistilehti, 29B, 59 (1956).
12) 1. Kielland, J. Am. Chem. Soc., 59, 1675 (1937).

Trans. Faraday

2, and this value was in satisfactory agreement
with that obtained previously. With the aid
of these values, the formation constants of
sulfatonickel(I) complex at various tem-
peratures were obtained from the intercepts
and the slopes in Fig. 1. These are given in

Table I
TaBLE I. FORMATION CONSTANTS OF SULFATO-
NICKEL(II) COMPLEX AT VARIOUS TEMPERATURES
Temp., °C Kngo‘
15 14.34+0.4%
25 11.6+0.9%
35 14.64+0.7*

* The accuracy of Kniso, was calculated with
the standard deviations of the intercepts
and the slopes of the F; plots.

The formation constants of the sulfatonickel-
(II) complex which have been reported by
other researchers are given in Table II. The
original values in their papers were corrected
for ionic strength and also listed in Table II.
In this calculation, the activity coefficients of
nickel(II) and sulfate ions were estimated to
be 0.33 and 0.27, respectively'®, at 25°C and
ionic strength 0.2. At 0°C and ionic strength
0.2, they were estimated to be 0.29 and 0.23,
respectively!®. It is probably seen that the
formation constants of monosulfatonickel(II)
complex obtained in this study are in an
essential agreement with those given in Table
1L

Besides, Table I clearly indicates that the
formation constants of monosulfatonickel(Il)
complex, Kwso,, are almost independent of
temperature at 15 to 35°C. The same tendency
has been found for the formation constants
of monoacetatonickel(1I) complex reported
previously®,

Summary

A method for the determination of the
formation constants of less stable metal com-
plexes has been developed. The method is
based on the polarographic measurement of
the sum of the equilibrium concentrations of



July, 1961]

hydrated metal ions and the complexes co-
ordinating with acetate and/or co-existing ions
in ‘the presence of an appropriate auxiliary
complex-forming substance. Essential advan-
tages of the method are those of the method
that was previously reported and applied to
the formation constants of acetatonickel(II)
complex.

The procedure developed is applied to the
study of the nickel(II) complexes present in
the acetate buffer solution containing nitrilo-
triacetate as an auxiliary complex-forming
substance and sulfate as co-existing ions. The
results obtained reveal that, under the experi-
mental condition, the monoacetatonickel(II)
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ions NiOAc* and the monosulfatonickel(1I)
NiSO; are present in the solution but not
the acetatosulfatoniccolate (II) Ni(OAc) (SO.) .
The formation constants of monosulfato com-
plex, Kniso,, at ionic strength 0.2 are calculated
to be 14.3+0.4 at 15°C, 11.6=0.9 at 25°C and
14.60.7 at 35°C.
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