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The Complexes of Nickel(II) Ion in Aqueous Solutions Containing Oxalate Ion and
Ethylenediamine!
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The composition and complexity constants of the nickel(I11) complexes in solutions containing mixtures of ethylene-
diamine and oxalate ion have been determined. Two new saturated mixed complex species, Ni(C;O4)ren~2and Ni( C,04)(en),?,
have been identified in aqueous solutions containing an excess of oxalate and the corresponding stoichioinetric proportions
of nickel(I11) ion and ethylenediamine. With less oxalate present, the mixed complex NiC:Qsen® also was obtained. The
stepwise equilibria of nickel(II) with one to three oxalate ions have been established and the previously unreported formation

constants have been solved on the basis of pH titrations.
K, = 10%% and K; = 10!-%.

The stepwise formation constants of Ni(CyO4);™* are K; = 10419,
The over-all complexity constants of the mixed complexes in terms of equilibria with the aquo

nickel(II) ion and the free ligands are: NiC;Osen?, 8;; = 101129, Ni(CoOs)ren™2, By = 101%02; NiC,O4(en),?, B, = 1018 15,

These constants were obtained in 1 M KNO; at 25°.

Introduction

The equilibria of tetracodrdinate copper(II) ion
with mixtures of oxalate ion and ethylenediamine
have been discussed in previous papers.®* Since
nickel forms hexacotrdinate coinplexes with ethyl-
enediamine and other ligands, the possibility of
forming at least three mixed complexes with two
bidentate ligands was recognized. The system
nickel(II) ion, oxalate ion and ethylenediamine,
was investigated with the purpose of gaining more
insight on the factors influencing the stability
and the absorption spectra of complexes, especially
those containing different kinds of ligands.

The stepwise addition of three ethylenediamine
ligands (hereafter indicated by the symbol, en)
to nickel(II) ion has been extensively investi-
gated.’® Poulsen and Bjertuin’ recently obtained
the values 10751, 10%-3 and 10442 for the successive
formation constants and 1082 for the over-all
complexity constant of Ni{en),;*? in the presence of
1 M KNO; at 25° in close agreement with the
values obtained in this Laboratory.

The oxalate complex has been investigated at
very low ionic strengths by means of conductivity?®
and solubility® measurements, but no previous
systematic study of the stepwise equilibria has
been reported. In the latter study it was found
that two oxalate ions are bound even in millimolar
oxalate concentrations. The total complexity
constant for bis-(oxalato)-nickelate(II) was found
to be 10%%! at 25°. In the present investigation it
will be shown that a third oxalate ion can also be
bound to nickel(II) in solutions containing larger
oxalate ion concentrations. Sartori!® found that
the polarographic electrode reaction of nickel(II)
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in oxalate solution was irreversible, so the shift
in half wave potential is not a reliable criterion for
complex stability.

Theoretical

The general equation for the various complex
equilibria, assuming the absence of polynuclear
species is ( )
— . (MAGB
M + aA + bB < MAaBb, Bab = (—W_b (1)
Throughout this paper the numerical subscripts
after the complexity constant, 8, or the stepwise
constant, K, indicate the numbers of A and B
ligands, respectively, in the higher complex in-
volved in the equilibria. In the present study M
indicates Ni+2, A indicates C,04~2% and B indicates
en. The coefficients, ¢ and b, may vary from zero
to three, but their sum does not exceed three.
Parentheses indicate concentrations and brackets
indicate activities. N’ indicates the maximum
number of bound ligands.

One may write for the mean number of bound A

and B ligands
3 3 3 3
DY a(MAGBY) Y. D eBa(A)(BR
_ _a=0b=0 _a=0b=0 o
e =3 3 =73 3 )
Y (MABY) Y Y Ba(A)(BY
a=0b=0 a=0b=0

3
>
: 1 _¢ - 1% j 1 (3)
3T (MAGBY) DL Y Ba(A)(B)

0b=0 a

The codrdination by hexacodrdinate nickel (II)
of three bidentate ligands, instead of two as is
usual for copper (II), makes the mathematical
treatment more involved than that in the previous
paper in which the calculations were explained.?
Just as in the former case, the formation functions
can be solved for the cases in which 7, is equal to or
close to a half integer while #, is equal to or close
to an integer.

The calculations are further complicated by the
simultaneous existence of several complex species
in practically all of the solutions. In this study,
the complex species which must be considered are
MA, MA, MA,; MB, MB, MB; MAB, MA,B
and MAB,. Since there is an unknown complexity
constant for each of these nine complex species,
at least nine, or, in general, (N'+3)N’/2 equations

0b=0
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arerequired. In general, three additional equations
are required since the oxalate ion concentrations
are unknown in the ligand deficient solutions. The
following 7, equations fulfill the requirements for
solving the complexity constants, while (C,O,~?)
can be solved by means of the 7, equations.

In the present study the %, function can be
written

. 3(MAs) + 2(MA,)
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+ (MA) + 2(MA,B)
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where the subscript 7 after K indicates that K
is a replacement constant, and the numerical
subseript indicates the number of B ligands present
in the complex after the replacement of an A
ligand. A combination of equations 1 and 17
yields the relations (18-20) between complexity
and replacement constants. Temporary values
for this constant can be obtained from the known

+ (MAB,) + (MAB) “

s = (MA,) + (MA;) + (MA) + (MAB)

+ (MAB;) + (MAB) + (MBs) + (MB,) 4 (MB) + (M)

Substituting complexity constants for complex concentrations yields

= 3B:0(A)% 4 2Bx(A)2 + Bio(A) + 28x4(A)2(B) + Bi(A)(B)2 + Bu(A)B) (5)

T Ba(A) F Ba(A)? + Buo(A)

+ Ba(A)(B) + Bi(A)B)? 4 Bu(A (B)

+ Bus(B)® + Bn(B)? + Bu(B) + 1

The latter equation can be rearranged as follows to collect terms

(3 = Aa)Bao(A)® + (2 = 7a)Bu(A)? + (1 =

7a)Bo(A) + (2 — 7a)Bu(A)2 B + (1 — 7,)81(A)(B)?
7ia)Bu(A)(B)

+1 -
= 7aB0a(B)? + %aBoa(B)? + AaBu(B) + 7 (6)

For the particular case in which #, has the values 1 or 2 the later equation takes the following forms

For 1. = 1 it becomes
2B3(A)° + Bx(A)? + Bu(A)XB)

For #, = 2 it becomes
Ba(A)?

—~ Bu(A) — Bi(A)B)?

— Bu(A)(B)

= Bus(B)® + Bu(B)® +Bu(B) + 1 (")

= 28(B)? + 280(B)? + 28u(B) + 2 (8

Equations 9 and 10 for 7, correspond to equations 4 and 5 for #¢

= _ 3(MB;) + 2(MB,) + (MB) + 2(MAB,) + (MA,B)

Ny =

+ (MAB) (o)

(MB;) + (MB,) + (MB) + (MABy) + (MA;B) + (MAB) + (MAs) + (MA,) + (MA) + (3)

- 3B80s(B)? 4 280:(B)? 4+ Bu(B) + 281:(A)(B)? + Bu(A)A(B) + Bu(A)B) (10)

ny =

(8 — )

For 7y = 1/2 it becomes

5B03(B)® + 3B02(B)? + Bu(B) + 3812(A)B)? + Bu(A)AB) + Bu(A)B)

For #, = 3/2 it becomes

3Bu(B)® + Bu(B)? — Bu(B) + Br(A)(B)?
For #n; = 5/2 it becomes

Boa(B)® — Bu(B)? — 38u(B) — Bi(A)(B)?

One set of conditions which often can be used to
solve the complexity constants of the saturated
species is that in which the excess concentration of
ligand A is large enough so that most of the co-
ordination positions are occupied. Under these
conditions certain unsaturated species can be omit-
ted from equations 9 to 13. Equations of the form
fia = N’ — iy are equivalent to the corresponding
7y equations.

The stepwise addition of B to unsaturated species
can be used to correlate and consequently to solve
complexity constants from data obtained in ligand
deficient solutions, thus

— Bu(A)X(B)

(MA:B,)

h ‘9 N = MAB._ (B
MABo-1 + B = MABs; Kot = 73 55— y(%)

(15)

.Bab
Kap Beon (16)
where the subscripts after the K indicate the for-
mula of the product after the stepwise addition of
one molecule of B. It is possible to use these tem-
porary constants obtained for mixed complexes
at half integer values of 75 to solve mixed com-
plexity constants by successive approximations.®
For example, the complexity constant 8y, of MAB,
can be expressed as 810Ky K.
Replacement equilibria prove very useful in

— Bu(A)B)

— 3Bx(A)X(B) — 38,(A)B)

Bos(B)? + Bn(B)? + Bu(B) + Bu(A)B)2 4 Ba(A)X(B) + Bu(A)(B) + Bu(A)? + B(A)? + Bu(AY + 1
— Bos(B)® + (2 — m)B0(B)2 + (1 —%)8u(B) + (2 — %)B1(A)B)? + (1 — 7p)Bu(A)¥(B) + (1 — #)Bu

(AXB) = %Ba(A)® + mBn(A)? + Tbu(A) + 7 (11)

= Ba(A)® 4 Bx(A)? + Bu(A) + 1 (12)

= 3Bu(A)® + 3B82(A)? + 3Bu(A) + 3 (13)

= 3Bu(A)® + 58(A)? + BBu(A) + 5 (14)

evaluating complexity constants in solutions con-
taining sufficient excess of ligand A so that most
of the coérdination positions of M are occupied
by A or B ligands.
The general expression for these equilibria is
— (MAB:)(A)
. -
MAg1Beoy + B T2 MABy + A; K = (MAw 1Bs_1)(B)
(17)

A and B concentrations by assuming that (M ABy)
and (MA,+1Bp—1) are equal at 7, = b — /s

Krb - .Bab (18)
Bt ne-1)

Kn‘Km """ Km = Bon/.gno (19)

K, 'K, Kyy = Bus/Bso (20)

The exact procedure for solving the formation
functions for the various complexity constants de-
pends somewhat on the relative stabilities of the
various complexes. If the bonding of oxalate ion
by nickel(II) had been essentially quantitative
when present in (1:1) or (2:1) ratios, the calcula-
tions of complexity constants on the basis of tem-
porary stepwise constants, K, or K, would have
been relatively easy. That such was not the case
was discovered when (C,O,72) was calculated by
substituting the temporary constants and the
known (en) into the fiex = 1 or flex = 2 equations,
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particularly in the later case, where the subscript ox
indicates oxalate. When this situation became evi-
dent, the complexity constants of the saturated
species and of bis-(oxalato)-nickelate(II), as well,
were calculated first by successive substitutions of
data for solutions containing an excess of oxalate
into the appropriate f.n equations containing only
the terms for these species, with alternate corrections
of the free oxalate ion concentration for loss through
complex formation.

The complexity constants of the unsaturated
species, Ni(CyO4)2~2 NiCy0L and NiCyO.en® were
then solved simultaneously in determinant form
by substituting data for solutions which were de-
ficient or low in ligand concentration into the ap-
propriate 7ien equations. The oxalate concentra-
tions were solved alternately by substituting the
improving temporary constants and the known
en concentration into the appropriate #ox equation.
The values of 7iox were successively corrected for
free ion concentration. Details of the calculation
will be discussed in the next section.

Spectrophotometric calculations are based on
the expression

3 3
A = log Ii//I = Z Z €asCabl
eg=0 b=0

where A is the absorbance and e;; and C,p are the
molar absorbance coefficient and the molar con-
centration, respectively, of the complex species
MA:B;. The cell’'s light path length in cm. is
indicated by /.

After solving B from the known 7, value or
pH with a known excess concentration of A, it is
possible to solve the concentration of each species
by the equation
(MABs) = Bas(A)(B) X v

Cu + 2, D Ba(AP(B) (22)

a=0 b=0
In solutions containing so large an excess of ligands
that only saturated species are present, the two
absorbance curves obtained with pure ligands A
and B and two obtained in the presence of known
pB or @y are sufficient for the calculation of the
molar absorbance coefficients and the absorbance
curves of the two saturated mixed complex species.

Experimental

The apparatus, spectrophotometric techniques and prepa-
ration of the ethylenediamine are described in a previous
paper.! In addition, stock solutions of 0.500 M nickel
(II) nitrate were prepared and standardized by the con-
ventional electrolytic and gravimetric!? dimethylglyoxime
methods. Separate portions of potassium oxalate were
weighed to prepare concentrated 1 M oxalate solutions.
A stock solution of 1 M KiC20; was used in preparing the
more dilute oxalate solutions for the pH titrations. The
pH titrations at 4 = 1 were performed by adding 2.372
N HNO; from a microburet to 50 ml. of the solution con-
taining 0.02 M Ni*2, 0.06 M/ en, and varied concentrations
of Cy0,72. The ionic strength was adjusted to 1 M with
KNO;. The solutions were stirred by bubbling purified
nitrogen through them until the pH readings became con-

(21)

stant. Most of the spectrophotometric experiments were
made in 1 M K,C,04. All experiments were performed at
25°.

(11) J. I. Watters and E. Dan Loughran, Tris JournaL, 75, 4819
(1953).

(12) W. F. Hildebrand, G. E. F, Lundell, H. A. Bright and J. I.
Hoffman, "’ Applied Inorganic Analysis,” 2nd Ed., John Wiley and Sons,
Inc., New York, N. Y., 1953, p. 408.
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Fig. 1l.—Absorbance curves of nickel(II) complexes with
ethylenediamine, oxalate and their mixtures, Effect of
varying the ratio (Ni*2):(C.0,72):(en) by varying the
amount of ethylenediamine added. All solutions contained
0.05 M NiSO, and 1.0 M K;C,0s Absorbance = log Io/I:
1 cm. cells were used: (1) noen; (2) 0.05 M en; (3) 0.10
M en; (4) 0.3 M en; (5) calculated for Ni(CyOy)en—2;
(6) calculated for NiC;O4(en)?.

Results and Discussion

The first phase of the research? consisted of spec-
trophotometric experiments in which the concen-
trations and ratios of oxalate ion to ethylenediamine
were varied stoichiometrically or by the addition of
acid. It was observed that with en absent the
absorption of 0.025 A/ nickel(II) increased greatly
as the concentration of potassium oxalate increased
from 0.1 M to 1 M. On the basis of published
complexity constants, the conversion to bis-
(oxalato)-nickelate(II) should have been essentially
quantitative at the lower oxalate concentration.
That a third oxalate ion is bound by the nickel
(II) ion in high oxalate ion concentrations was
confirmed in pH titration experiments discussed
later. Most of the spectrophotometric studies
were performed on solutions containing 1 M
K,Cy04 in order to shift the equilibrium between
Ni(C204)2~2 and Ni(C;04);~* nearly quantitatively
toward the latter. Absorbance curves of solutions
containing 0.05 3 Ni*? 1.0 M K,C;04 and with
concentrations of en increased by 0.01 M incre-
ments, were obtained in the wave length range of
500 to 1300 mu. A third absorbance band in the
ultraviolet was not investigated because of its
proximity to the oxalate band. For clarity only
the absorbances of solutions containing nickel ion
and en in integral concentration ratios of 1:0,
1:1, 1:2 and 1:6 are included in Fig. 1. The theo-
retical absorbance curves 5 and 6 for the pure
species Ni(CeOg)sen—? and NiC,Oeny® can be
compared to curves 2 and 3, respectively, for the
actual equilibrium mixture containing the same
ratios of (Ni+2): (en).
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Curve4, Fig. 1, for Ni (en);*?contains a maximum
it the visible region at 540 ing and oue in the plioto-
electric infrared region at 890 my. Curve 1 for
Ni(CyO4);~* contains two corresponding maxima
at 668 and 1105 myg. The absorbances of all the
intermediate solutions exceeded those of the simple
complexes in the region between 540 and 665 my,
proving the presence of other complex species.
The absorbance was much greater than was ob-
tained by a simiilar change in en concentration in the
absence of oxalate ion, indicuting the presence of
oxalate jons in addition to the en in the intermediate
complexes. The first few curves of solutions hav-
ing (Nit?):(en) ratios of 1:0 to 1:1 had isosbestics
close to 485, 660, 800, 1090 and 1240 mu. The
last curvesin the (Nit?): (en) ratiosof 1:2 to 1:6 had
a different set of isosbestics close to 470, 710 and
840 mu. These effects can be accounted for by the
presence of at least two new species. The failure
of the isosbestics to persist in the region of (Ni*?):
(en) ratios of 1:1 and 1:2 indicated the simultaneous
presence of more than two complex species in these
solutions, with stepwise replacement constants
differing by less than 100 fold.

By analogy with the observed behavior of copper
(II) in similar solutions, the presence of saturated
mixed complexes having formulas Ni(C,O,)(en)s?
and Ni(C;04)sen~? was postulated. Precipitates
formed quickly in the solutions having compositions
corresponding to Ni(CyOgen—2? and NiC,O4eny.
Consequently, Job’s method was now applied to
the absorbance in a somewhat different way to
indicate the existence of complexes containing Ni*?
and en in 1:1 and 1:2 ratios. In this study the
role of the oxalate ligand became analogous to
that of water in the usual Job’s method, since its
concentration was kept large and constant. Fur-
thermore, any of nickel’s six codrdination positions
not occupied by en were assumed to be occupied by
bidentate oxalate ions. The solutions containing
(Ni*?):(en) ratios of 1:0and 1:3, respectively, cor-
responded to the solutions to be mixed, while the
solutions containing intermediate ratios of (Nit?):
(en) corresponded to their mixtures in various
ratios. Tlie presence of species containing Nit?
and en in ratios of 1:1 and 1:2 was indicated by
maxima at x = 0.33 at 640 my and at x = 0.67 at
540 mu.

As a consequence of the simultaneous presence of
several complex species in most of the solutions,
the pH method based on formation functions proved
to be less cumbersome and more accurate than
spectrophotometric methods for calculating the
various equilibrium constants. The procedure
for the calculations differed somewhat from that in
the previous publication* because the oxalate was
not always quantitatively bound in the ligand de-
ficient solutions, or even in the presence of a moder-
ate excess of oxalate. In Table I are summarized
the pertinent data from the pH titrations of 0.06
M ethylenediamine solutions in the presence of
0.02 M nickel(II) ion and concentrations of
oxalate equal to zero or integral multiples of the
nickel(II) concentration. Just as in the cor-
responding copper system, the presence of nickel
(IT) resulted in the lowering of the pH titration
curve by about 3 pH units and the elimination of
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the first, but not the second, inflectionr. Increas-
ing concentrations of oxalate caused tlie lowering in
pH to decrease without changing the shapes of the
titration curves.

The titration data are given in Table I. The
total added concentrations of C,0,~% and H* are
listed under the columns indicated by Cox and Cx,
respectively. The values of pen and 7en were
calculated in the usual way® from the pH and
Cu, using the values K; = 107"® gnd A, = 107102
for the acidic dissociation constants of Hjen*?®
in 1 M KXNO; at 25°, These values decreased to
10-7-%6 and 10-1%%, respectively, when the ionic
strength was maintained at unity with 0.25 M/
KoCyO4and 0.25 M KNO; at 25°. The pen values
at half integral values of #en were obtained by in-
terpolation. Duplicate series of titrations using
0.05 M Ni*? and 0.15 M en are not included since
they yielded nearly identical results.

The stepwise formation constants of the simple
Ni(en);*? complex were calculated by Bjerrum’s
method® of successive approximations in which the
temporary formation constants were substituted
into the formation functions. The -calculated
stepwise formation constants for Ni(en);*? were
10781, 10539 and 1043, all withh a maximum devia-
tion of 10%%%,  These values agree well with the
corresponding values 1078, 10%% and 10%% re-
ported by Poulsen and Bjerrum’ based on the values
K, = 10774 and K, = 10~1%Y for the acid dis-
sociation constants of Hyen*? under identical con-
ditions.

At this point six equilibrium constants remained
to be determined. Furthermore, the oxalate ion
concetntrations were unknown in the ligand de-
ficient solutions but could be estimated quite ac-
curately in the presence of excess ligand. At-
tention first was directed to those solutions con-
taining a relatively large excess of both ligands, so
that the only species besides Nien;*? present in
significant concentrations were NiC,O4(en).?, Ni-
(C204)2en —2, Ni(C204)3‘4 and Ni(C204)2‘2.

Temporary constants were obtained for Ni
C204(en)2°, Ni(CgO4)2en‘2 and Ni(C2O4)3—4 on the
basis of the following considerations. When #en
changes from 3 to 2.5, in the preseuce of excess oxa-
late, stoichiometry considerations indicate the
presence of approximately equal concentrations of
Nieny*? and NiCsOsens®. At fien = 1.5, approxi-
mately equal concentrations of NiC,Oi(en),® and
Ni(CyOy)een—? are indicated. At #iea = 0.5,
approximately equal concentrations of Ni-
(Cy04)zen~? and a mixture of Ni(C:O4s™* and
Ni(Cy04)2—2 should be obtained. These tem-
porary constants, indicated by primes, were ob-
tained from the titration in the presence of 0.25M
oxalate as indicated: at flen = 2.5, neglecting the
trace of Ni(Cy0,):~2, the free oxalate ion is cal-
culated to be 0.24 M, so pox = 0.62. Substitution
of the data into equations 17 and 18 yielded
K’y = 10218 so 8';, = 10-%. At flen = 1.5,
neglecting Ni(C:04):72, (C:0472) = 0.22 M, so
pox = 0.66. Substitution of these data into equa-
tions 14 and 15 yielded X',» = 10*% and 8’y =
101288, At #n = 0.5, no significant error was in-
troduced in (Cy0:~2) by neglecting Ni(C:04)2~2, so
(Co0:7% = 0.20 M and pox = 0.70. Substitution
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TABLE I
TITRATION DATA AND CALCULATIONS WITH VARIED OXALATE CONCENTRATION
Fifty ml. of the solution titrated contained (.06 M ethylenediamine, 0.02 3/ Ni*? and varied concentrations of C,04~*

ion, with KNO; added to produce an ionic strength of unity at 25°. :
The total concentration of nitric acid in 50 ml. of solution is indicated under the heading Cm, while pen and pox

buret.
indicate —log (en) and —log (C:0,72).

Cox Cn pH pen Hen
0.0 0.010 8.15 4.25 2.585
015 7.88 4.46 2.433

.055 6.54 6.28 1.56

.060 6.43 6.46 1.447

.095 5.79 7.53 0.645

.100 5.70 7.68 0.485

.02 .010 8.53 3.77 2.544
015 8.16 4.06 2.375

.055 7.06 5.33 1.579

.060 6.97 5.45 1.469

.095 6.08 6.95 0.581

.100 5.96 7.17 0.470

.04 .010 8.80 3.47 2.526
.015 8.37 3.79 2.338
.050 7.42 5.00 1.508

.055 7.15 5.12 1.401

.095 6.38 6.36 0.549

.100 6.26 6.57 0.439

.06 0.010 8.99 3.26 2.517
.015 8.57 3.55 2.311
.050 7.50 4.58 1.535
.055 7.40 4.71 1.427

.095 6.54 6.04 0.516

.100 6.44 6.17 0.400

.08 .010 9.10 3.14 2.513
.015 8.66 3.45 2.301

.040 7.69 4.32 1.597

045 7.58 4.45 1.463
.085 6.80 5.56 0.570

.090 6.70 5.87 0.492
.15 .010 9.36 2.92 2.508
015 8.94 3.18 2.228

.040 7.84 4.15 1.540

045 7.72 4.29 1.444

.085 6.90 5.46 0.505

.090 6.70 5.76 0.354

25 .01 90.57 274 2,506
.015 9.16 3.02 2.396

.040 8.01 3.97 1.585

.045 7.90 4.10 1.352

.080 7.24 4.95 0.680

.085 7.15 5.11 0.465

of these data in equations 17 and 18 yielded K’y =
104.% and B 10881,  More accurate values of
B12, Ba1 and B3 were obtained by means of successive
approximations in the appropriate equation 12, 13
or 14, with successive corrections of (C;04~2) for
bound oxalate in saturated complexes and finally in
Ni(CeOy4);~2 as well. Temporary values of 10722
and 10%%! were obtained for the complexity con-
stants of the bis- and tris-(oxalato)-complexes by
simultaneously solving equations of the form of
equation 13 containing the data obtained for the
titration in the presence of 0.15 M and 0.25 M
oxalate at #en = 0.5. Then, values of 1016-1® and
101304 for 85 and By, respectively, were recalculated

5
|

|
|
|
|

Nitric acid, 2.372 N, was added from a 10 ml. micro-

e i Bauil.  temootary
integer integer const. K
4.37 0.0 Ko 4.37
6.38 .0 Ko 6.38
7.87 .0 Ku 7.67
3.85 2.00 Krs 1.83
5.42 2.42 K 5.42
(7lox = 0.81)
7.11 3.19 Ku 711
(Flox = 0.97)

3.43 1.52 Ky 1.91
5.01 Kn 3.01
6.46 1.86 K 6.46
3.29 1.30 Kn 1.99
4.62 1.52 K 3.10
6.06 1.84 Kn 4.22
3.16 1.15 Kn 2.01
4.41 1.30 Kn 3.11
5.84 1.46 Kn 4.38
2.93 0.85 K 2.08
4.21 .92 Ky 3.29
5.47 .99 Kn 4.48
2.75 .62 K 2.13
4.02 .66 Kr 3.36
5.08 .70 Kn 4.38

by means of equations 13 and 14, from the data of
the titration in the presence of 0.08 M oxalate
at flen = 2.5and 1.5.

At this stage, the constants 811 and By for un-
saturated species, NiCyOsen® and'/NiC,08, were
unknown and By for Ni(Cz04),~2 needed confirma-
tion. Equation 7 for fix = 1 contains no By or
B terms, so this expression was first solved for
(C204™2) using the pen values of the titration in the
presence of 0.02 M oxalate at fien = 0.5 and 1.5.
These results indicated that C,04~2 was essentially
quantitatively bound only at fiens = 0.5 in the ti-
tration in the presence of 0.02 M oxalate, and not
even approximately in the presence of 0.04 M
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oxalate. Consequently (C204 %) was solved by
successive approximations in general equation 6,
with alternate corrections of 7iox for free oxalate
ion concentration. The small contribution of Ni-
Cy04en® was solved by the use of a temporary
constant calculated from the 0.02 M oxalate titra-
tion data at ien = 3/2. Substitution of these data
into equations 18 and 19 yielded K;, = 10%%
and 8’y = 1017, These improved data were sub-
stituted into equation 11 to obtain 8’;; = 101129,

Finally, values of 84, 820 and By for the unsatu-
rated complexes were solved simultaneously by
means of determinants. The data of the 0.02
M oxalate titration at e, = 0.5 and 1.5, and the
titration in the presence of 0.06 M oxalate at flen =
0.5 were substituted into equations 12 and 13
along with (C;0,~?) previously solved according to
equation 6 by means of successive approximations.
All of the constants converged quickly.

The complexity constants values obtained for the
mixed complexes are

( NngO4enz°)

. = — 10 16.1520.06
B = IRTP)(C,0, ) (eny = 10
Ba = E.‘:KC?O‘)ZEH—Z) = 1018.02£0.08

(Ni*+2)(Cy0472)%(en)
Bu = (NiCyOqen’) — 1QL1.2940.10

(Nit2)(C,047%)(en)
The values obtained for stepwise formation con-
stants of the oxalate complexes are

(NiC,0,9)

= (NGO osp0k0.10
Ky (Ni*2)(C,0.72) 10
Ky = (NiC:0,9)(C,0:72) 10
(\1(C204 9] 1,820, 10
Ko = NG00, ) (Go ~ 10

The latter correspond to a value of 10351 +0-10 for
the over-all complexity constant Gy of tris-(oxalato)-
nickelate (II), a value of 10715 =021 for the com-
plexity constant By, of his-(oxalato)-nickelate(II)
and 10410 =0.10 for mono-(oxalato)-nickel(II).

It is of interest to compare the mixed complexity
constants with the values which one might predict
from those of the simple complexes. The free
energy change, AF°, due to the replacement of the
bound water in the aquo complex by N’ ligands in
the simple saturated complex, is equal to — R7 In
Bxr. If all of the bonds are equivalent the free
energy change for each bound ligand must be
—(RT/N') In Bx+. Accordingly, the logarithm of
the N’th root of By for a simple complex, log
may be taken as a measure of this free energy change
per bound ligand. Bjerrum!®hasused thisvalueasa
measure of the complex formation tendency of a
ligand.

The gross statistical effect is absent in the com-
plexity constant of the saturated complex, since
there are N’ ligands in the complex and N’ positions
available in the aquo ion. However, there is a
statistical factor in the complexity constant of
mixed complexes which can be arrived at thus:
with equal concentrations of A and B ligands the
probability that the first bonded ligand will be A is
/5. The probability that three successive A’s will
bond with M to form MAj; is 1/5-1/,-1/5, or one in
eight. The same probabilities hold for MBa,.

(13) J. Bjerrum, Chem. Rev,, 46, 381 (1950).
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The remaining six of eight probabilities are equally
divided between MA,B and MAB,. The statistical
probability of forming either of the latter is three
times that of either simple complex. On the basis
of these considerations one would predict a com-
plexity constant for Ni(CyO4)sen=—2 of 3 X B207* X
B33, or 1012-2°, compared to 10!%%2 observed. The
enhancement is 10178,  Similar calculations for
NiCyOs(en),? lead to a calculated complexity con-
stant of 10155, corresponding to an enhancement of
10 +0.57'

In the calculation of the complexity constant,
Bi, for NiCyOsen®, the statistical factor favoring
mixed complex formation is two. In this case,
however, the term gY” also contains a gross
statistical factor of 3/2, since there are only two
ligands in the complex whereas the aquo ion has a
capacity for three ligands. Thus, the ligand factor
becomes (2/38)1/¥'. The observed value, 101125
is larger than the calculated value, 101%7, by 103,
Similar calculations for the copper(II) complexes,
CuP;0:(NHj);"? and CuC,On? indicate en-
hancements of about 10%%. The enhancement may
be due to some weak bonding between unlike bound
ligands, possibly through hydrogen bonding be-
tween the oxygen atoms and the hydrogen of the
amine. In any event these calculations indicate
an interesting and fairly accurate method for esti-
mating mixed complexity constants. Studies of
this enhancement of the bonding in mixed complexes
for various types of ligands are being continued.

The calculations of the molar absorbance coeffi-
cients and the absorbance curves for NiCyO4(en)y
and N1(C204) sen=? requlre the molar concentrations
of the various species. Accordingly the titration
procedure was used to calculate the complexity
constants of the saturated species in the 1 M
K,C204 solutions in which the spectrophotometric
measurements were made.

The formation constants of Ni(en);*2atu = 3
were obtained in a solution containing 3 M KNO;
with oxalate absent. In 3 M KNO; at 25°, pK,
and pK of Hyen *2 were found to be 7.80 and 10.40,
while in 1 M K,C;04 the values were 8.17 and
10.63. From the mean pen values of 7.70, 6.59
and 4.64 at e = 0.5, 1.5 and 2.5, respectively, were
calculated for the stepwise formation constants of
Ni(en);*2 in 3 M KNO; at 25°: Ky = 10!, Kpz =
1087 and Ky = 10%%, which correspond to an over-
all value of 1018.83 for Bos.

In 1 M K,C:0, the pen values were 4.60, 3.58
and 2.42 at 7, = 0.5, 1.5 and 2.5, respectively.
From these data, these values were calculated for
the replacement constants in 1 M K,C;04 at 25:
K, = 10¢%, K,, = 103% and K,; = 10*>%. The
B values obtained were NiC,04(en)s?, 612 = 1016 44,
Ni(Co04)sen=2, By = 10128 Ni(Co04)3™% B =
108.36‘

The absorbance calculations were made on the
basis of the spectrophotometric data for solutions
containing 0.05 M Ni(NOj),, 1.0 M K,Cp0s and
these various (Nit?):(en) ratios; 1:0, 1:1, 1:2
and 1:10. Values of 4.07 and 3.03 were calculated
for pen in the (1:1) and (1:2) solutions, respectively,
by means of the #ien formation functions assigned
values of 1 and 2, respectively, proving that the en
was essentially quantitatively bound. The con-



March 20, 1960

ComPLEXES OF Ni1ckeL(II) IoN

1339

TasLE II
ABSORBANCE DATA

Visible band
Wave Half band
length, Absorb, width,
Species mu M-tem. -t cm, "1
Niens ™2 540 6.56 3220
NiCe04(en )y 562 13.44 3000
Ni(C:O4)en—2 612 13.30 2910
Ni(Cz04)3 74 668 9.44 3340°

¢ These bands have a shoulder in the 700-800 mu range.

centrations of the four saturated species in equi-
librium then were solved by means of equation 22.
These values in turn were substituted into equation
21 to obtain the absorbance data of Table II for the
two absorbance peaks in the 400 to 1300 mu
region.

No detailed study has been made as yet in this
Laboratory of the theoretical significance of the
absorbance curves. In a series of papers on the
application of ligand field theory to complex ions,
Jorgensen!* has included calculations on Ni(en),+?
which agree well with the experimental values for
the absorbance maxima. There are indications
that a similar treatment of the mixed complexes
may not be too involved. First, the frequency of
either absorbance maximum was found to be es-
sentially a linear function of the logarithm of the
complexity constant of the corresponding complex.
As expected, other ligands having a different num-
ber of codrdination positions, for example, ammonia
and ethylenediaminetetraacetic acid, did not fit
this relation. This is reasonable, since the statis-
tical and other entropy factors, which also con-
tribute to the equilibrium constant, must be dif-
ferent for ligands having a different number of co-
ordination positions. This linear relation indicates
that, at least to a first approximation, the energy
level is a linear function of the ligand field strength.
This follows if one may assume that for a par-
ticular type of complex the logarithms of the com-
plexity constants are proportional to the bond
strength!®and, in turn, to the field strength.

Although both maxima shifted to higher fre-
quencies with increasing log K, the frequency ratio
of the two maxima for a particular complex retained
the constant value of 1.65. This effect, which de-
pends on the fact that the various d-orbitals are
subjected to the same ligand fields, indicates that
the bond type and electron distribution are not
changed in this series of complexes.

A third characteristic is the enhanced molar
absorbance of the mixed complexes compared to

(14) C. K. Jorgensen, Acta Chem. Scand., 8, 1495 (1954); 9, 1362
(1955); 10, 887 (1936); 11, 1223 (1957); 12, 903 (1958).

Near infrared band

Wave Half band

length, Absorb., width, Freq.

mu M-tem, ™t cm, ! ratio
890 7.12 3050* 1.648
924 9.46 2820 1.644
1010 8.88 2790 1.650
1105 8.08 2220 1.654

that of the simple complexes. This effect may be
associated with a greater multiplicity of the d-
orbital energy levels associated with the unsym-
metrical electric field of the mixed octahedral com-
plex. In this connection, the polyethylenedi-
amine®® complexes with nickel(II) also exhibit
exceptionally high absorbances. Since there is
evidence of some strain in these complexes, these
fields may also be quite unsymmetrical. In this
connection, it should be mentioned that during
the stepwise addition of ammonia to nickel(II)
to form Ni(NH;)s*? the molar absorbance coef-
ficient® increases regularly to a maximum for Ni-
(NHj3)4t?, after which it decreases. Ni(NH;);*?
and Ni(NH;);*2 as well as one of the geometric
isomers of Ni(NH;),*? are unsymmetrical. Sta-
tistically, the probability of forming the latter
unsymumietrical isomer is two out of three. This
enhancement does not necessarily occur in com-
plexes having different geometric configurations.
For example, the corresponding copper (1I) complex,
CuCy0O4en’, which has a square configuration, has
a molar absorbance coefficient® which is interme-
diate between those of the simple species, Cu-
(C204)2—2 and Cu(en)2+2.

In all of the curves there is either a small peak
or a shoulder in the wave in the 700-800 mgu range.
This is believed to correspond to a relatively im-
probable additional electronic transition in all of
the species, rather than to other species such as
a hydroxy complex, because this characteristic
persists independently of pH variations. Jorgen-
sen'® has discussed some low intensity bands of
transition metal complexes. All curves having
the same maxima have the same shoulders even
though the composition and pH are varied.

The half band widths given in Table II do not
yield any unique information. Except for the
shoulders and the exceptionally narrow near infra-
red band of Ni(C;04);™% the widths are 3000 =%
200 cm. %,

CoLumBus, OHI10

(15) T. A. Youness, Ph.D. Thesis, The Ohio State University, 1959.
(16) C. K. Jorgensen, Acia Chem. Scand., 8, 1502 (1954).
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