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Metal Complexes with Mixed Ligands. 18. A Potentiometric
and Spectrophotometric Study of the Systems Ni2*—Cl~,
Ni2*—Imidazole and Ni2*—Cl~—Imidazole in 3.0 M

(Na)Cl04,Cl Media

WILLIS FORSLING

Department of Inorganic Chemistry, University of Umed, S-901 87 Umed, Sweden

Equilibria between nickel(II), imidazole (C;H4N,),
OH™ and Cl~ were studied at 25 °C by means of
potentiometric (glass electrode) and spectrophoto-
metric titrations in media consisting of 3.0 M
(Na)ClO,, 3.0 M (Na)Cl and mixtures of these two
with 0 <|C17|< 3.0 M. Besides pure binary species
NiL2* n=1, 2, 3, 4, and NiCl*, data can be
explained with the ternary complexes NiLCl*,
NiL,Cl*, NiL,Cl, and NiL,Cl,, (L=C;H,N,).
Formation constants for the ternary chloride species
and molar absorption coefficients for the different
binary species were evaluated within the wavelength
range 350—750 nm. Data were analyzed with the
least squares computer program LETA-
GROPVRID. :

In parts 10! and 162 of this series equilibria in the
system Ni2* —OH ™~ —C;H, N, were studied in the
media 3.0 M (Na)ClO,, 3.0 M (Na)Cl and 1.0 M
(Na)Cl. The results showed that besides the forma-
tion of stepwise metal complexes NiL2* n=1,2,3,4,
also ternary species Ni(OH)L* [3.0 M (Na)ClO,,
3.0 M (Na)Cl and 1.0 M (Na)Cl] and Ni(OH)L;
[1.0 M (Na)Cl] were formed. However, differences
in the complexation in the 3.0 M (Na)ClO, and
30 M (Na)Cl media indicate the formation of
ternary Ni?* —C;H,N,—Cl~ species.

The present investigation was made to evaluate
the possible formation of ternary Ni?* —C;H,N, —
Cl~ complexes and the measurements were per-
formed in media consisting of mixtures of 3.0 M
(Na)ClO, and 3.0 M (Na)Cl with 0<|C1™|< 3.0 M.
To determine the difference in absorbance in the
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chloride media due to the formation of ternary
species, spectrophotometric titrations were em-
ployed in which both log [H*] and absorbance
values were measured. This method was also used
in an attempt to obtain a value of the constant for
the formation of NiCl™.

EXPERIMENTAL

Chemicals and analysis. All solutions used were
prepared and analyzed as described earlier.’

Apparatus. The cell arrangement and experi-
mental details of the emf measurements are fully
described earlier."

The spectrophotometer used was a Heath model
721 single beam instrument with an automatic
sample-reference changer and was equipped with
an automated potentiometric titrator. A detailed
description of the automated potentiometric and
spectrophotometric titration system will be given
in a forthcoming paper by Ginstrup, Lyhamn and
Ingri.? The sample cells were of flow-through type
with path lengths of 1.001 cm (HELLMA, type 05)
or 2.000 cm (HELLMA, type 05).

Method. The present study was carried out as a
series of titrations in which both emf and absorbance
values were measured, as in the system H* —Ni2* —
C;HsN3 in 3.0 M (Na)ClO, and 3.0 M (Na)Cl
media. However, in the investigations of the systems
H* —Ni?* —C3H;N; —Cl~ and Ni?* —Cl~ in the
mixed media 3.0 M (Na)ClO,,Cl just emf-values
resp. absorbance values were measured.

The potentiometric titrations were similar to
those described in earlier papers.!** The equilibrium
solutions contained |ClIO; {+ X =3.0 M, where X
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is the chloride concentration. The general composi-
tions of the solutions were: B mM Ni?*, C mM
C;H,N;, H mM H*, X mM CI- (|ClO4|+
+X—-C—H-2B) mM Na* and 3000-X mM
ClO;. In the titrations the total concentrations of
nickel (II), B, and imidazole, C, were varied, while
the ratio C/B was always held constant. The total
concentration of hydro 2gen ions, H, was calculated
over the zero level, Ni** C3I-15N2 and H,0 and
the free hydrogen ion concentratlon h, was varied
by addition of OH™ and measured with a glass
electrode. h was determined according to the rela-
tion

E=E,+59.157 log h+E; (1)

where E, is a constant determined in acid solutions
where complex formation could be neglected. The
liquid junction potential E;= —16.7 h mV was used
in 3.0 M (Na)ClO,, 3.0 M (Na)Cl as well as in
mixtures of these two media. It has earlier been
shown by Sjoberg* that within the chloride con-
centration range 0 < X <3.0 M with |CIOZ |+ X =
3.0 M the concentration scale for H* remains
constant. No change in E, could be found on
replacing ClO; by ClI™ or vice versa.

We will assume the presence of four-component
equilibria of the general form

pH* +qNi?* +rCHN +5Cl- =
(H * )p(le * )q(C3H5N;)r(Cl_ )sﬂ ﬂpqr; (2)

It is convenient to write complexes where —p=ras
Ni(C;H,N,),CI34~9* and the stability constant
as B, This terminology is used throughout this
paper.

In addition to the four-component equilibria in
(2) we have

(i) the complex formation between Ni?* and Cl1~

Ni2* +5Cl"=NiCI2 9+ 3)

(ii) the imidazole equilibria, which within the
concentration range

0< X <30 M with |ClIO;|+ X =3.0 are
C3HsN3=C;H,N,+H"; K, 4)

C3HsN3 +ClIm=C3H N,Cl™ + HY; B4 (5)

C3HN; +2C17 =CGHN,C ™ +HY B9, (6)
with log K,= —7940 log f,0;=—28.641 and log
Broa=~9.279.4

(iii) the nickel(II) imidazole equilibria

pH* +gNi?* +rC;HNT =
HpNiq(C3H5N2)£q+p+r)+; (7)

with equilibrium constants given in Table 1. In the
present study the C/B-ratios were kept at high
values, where the hydrolytic equilibria of the
nickel(Il) ion as well as formation of ternary
nickel(II)— OH™ — L complexes could be neglected.
The species NiIOHL* is formed only at low C/B-
ratios (C/B<4) and low B concentrations (B<5
mM).

Equilibria (3)—(7) were determined in separate
investigations and are assumed to be known in
calculations concerning the four component equi-
libria.

The measurements using the combined emf and
spectrophotometric method were performed in the
following way: For each titration point the emf of
the glass electrode was measured until equilibrium
was obtained and then the transmittance, T, was
recorded at a number of different wavelengths (NA).
As reference a 3.0 M NaClO, or 3.0 M NacCl solu-

Table 1. Results of the final LETAGROP calculations giving the formation constants for the ° best
fitting” complexes. The formation constants are related accordmg to the reaction nL+¢gNi?* +sCl~

L,Ni,CI{?*~9*, where L stands for C;H,N,. When no 3s(log B,,,)

is given, the formation constant has not

ngs.

been vancd
No. of titr./ o(C—c) NiCl* NiL2?* NiLCI*  NiL,ClI*  NiL,ClI* NiL,Cl, NiL,Cl,
no. of points  x 1000 log(Bor:  log(Biio log(Biiy  log(Bar, log(B31, log(B,1,  log(Bai,
+30) +30) +30) +30) + 30) + 30) +30)
19/271 0.28 -047 3.37¢ 3.16 5.48 8.29 5.70 10.17
+0.03 +0.12 +0.07 +0.03 +0.06
6/39 0.14 —-0.53 337 3.14
+0.10 +0.01 +0.09
“Ref. 1.
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tion was used. The absorbance, OD, at a particular
wavelength 4 is given by the relation

OD, = 1Zec;

where ¢; is the molar absorption coefficient for the
absorbing species i at the wavelength A and ¢, the
concentration of the same species. Thus the spec-
trophotometric measurements give data (OD, log
h, Ha B’ C, X)Nl'

Data treatment. 1t is possible to reduce the four
component system H* —Ni?* —C;H;NI —Cl™ to
the three component system C;H,N, —Ni?* —Cl~
under the assumption that — p=r in eqn. (2), which
means that only complexes of the type
Ni,L,CI??"9* are formed. With this assumption

|C3H4N,| can be calculated according to the.

relation

'C3H4N2| = Kah‘ IIC3HSN; I =
K,h~{(C—(h—H)); ®)
where K, is the acidity constant of C;H;N3 in
30 M (Na)ClO,. Thus as input to the computer,
data in the form (4, log |C;H,N, |, B, X)y, A=C—¢
are given instead of (H, log h, B, C, X)y. This was
done to save computer time, which is considerably
greater with four components.

The mathematical analysis of the emf-data were
performed with the least squares computer program
LETAGROPVRID ¢ (version ETITR).” On treatin§
the data, the error squares sum U =ZX(Ag,. — Aeyp)
was minimized, where 4 denotes C —c, i.e. the total
imidazole concentration not obtained as C;H;N3.

In calculations on the combined emf- and
spectrophotometric data, the LETAGROP version
TITRER-SPEFO® was used and U=X(OD,,, —
OD.,,)* was minimized.

The different standard deviations given, 3o(log f)
and o(e) were defined and calculated according to
Sillén.® The computation was performed on a
CDC3300 and a CYBER 172 computer.

DATA, CALCULATIONS AND RESULTS

Results from earlier measurements concerning
the complex formation between nickel(Il) and
imidazole are given in Ref. 1.

The spectrophotometric measurements were
performed to obtain accurate values of the molar
absorption coefficients ¢_,;, for the different nick-
el(IT) species and both log & and absorbance were
thereby measured.

Many workers have reported formation of a
NiCl* complex and even NiCl, in aqueous solu-
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Fig. 1. Molar absorption coefficients, e cm ™! M1,
as a function of the wavelength, A nm, plotted for
the species Ni(H,0)2* and NiCl(H,0)3.

tions.'® Only the former seems to be of importance
at chloride concentration levels up to 3.0 M, but
the reported log f,,-values for the formation of
NiCl* are widely spread. An attempt to determine
a value of f8,, valid in the 3.0 M ionic medium was
made by performing spectrophotometric titrations
at a constant acidity level, where hydrolysis reac-
tions are negligible.

The results obtained in the different investigations
are given below.

(i) Nickel(11) chloride in mixtures of 3.0 M
(Na)ClO, and 3.0 M (Na)Cl. Four different
titrations were performed yielding 33 titration
points and 528 absorbance values at 16 different
wavelengths in the range 370—750 nm. The con-
centration ranges studied were 0.096 < B<0.302 M
and 1.25<X<3.0 M and the titrations were per-
formed at a constant acidity level of |H*|=0.030 M.
The calculations showed that within the concen-
tration ranges investigated, the formation of the
complex NiCl* could be established with log
K(Ni** +Cl~ =NiCl*)= —0.47+0.10. The stand-
ard deviations 6(OD) at the different wavelengths
were all very small (0.001 —0.002) thus indicating a
good fit to experimental data (cf. Fig. 1).

(ii) Nickel(11) imidazole in 3.0 M (Na)ClO,
medium. Four different titrations including 197
titration points were performed. 24 different wave-
lengths ranging from 350 to 750 nm were in-
vestigated and thus 4728 measured absorbance
values were collected. The following concentration
ranges were investigated: 0.018 < B<0.062 M, 0.115
M<C<0240M,1.2< —log h<7.7 with C/B=2, 4,
5and 11. Only mononuclear Ni(C;H,N,)2* species
are formed at these concentration ranges and the
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Fig. 2. Molar absorption coefficients, ¢ cm™' M ™!, as a function of the wavelength, 4 nm, plotted for the
mononuclear species Ni(C;H,N,)2", n=0, 1, 2, 3 and 4. (a) 3.0 M (Na)ClO, and (b) 3.0 M (Na)Cl
medium. L stands for C;H,N,. The errors o(e) for the different species are <0.01 (Ni**), 0.02—0.07
(NiL2%), 0.02—0.10 (NiL2*), 0.05—0.3 (NiL3*) and <0.5 (NiL2*), with the errors ¢(OD)=0.001--0.005.
A complete list of the molar absorption coefficients obtained at different wavelengths is available

upon request.

molar absorption coefficients ¢_,,, for each of the
different nickel(1I) species were calculated at the
wavelengths studied. The formation constants for
the complexes were taken from Ref. 1 and a
satisfactory fit to experimental data was obtained.
Owing to the small absorption of the complexes
no attempt to determine the formation constants
B_n1. from spectrophotometric data was made.
The molar absorption coefficients ¢_,,; and ¢_,,,
were determined in the range 0<n<18 and ¢_3,;

and ¢_4,, in the range 1.8 <7 <2.8, where the first
two were kept constant. Molar absorption coeffi-
cients (with standard deviations) of the different
NiL2*-species are given in Fig. 2.

(iii) Nickel(1I) imidazoles in 3.0 M (Na)Cl
medium. Four different titrations yielding 122 titra-
tion points were performed and the same wave-
lengths as in (ii) were covered, thus giving 2928
absorbance values. The following concentration
ranges were investigated: 0.029<B<0.058 M,
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0.086<C<0.353 M, 0.85< —log h<7.6 with C/B=
1.2, 5, 6 and 12. As in 3.0 M (Na)CiO, only
mononuclear NiL2* species are formed and no
attempt to determine the f_,,, values was made.
The calculation of the molar absorption coefficients
was performed as in (ii), but since precipitation
appeared at n_~2.5 the value of ¢_,,, was not
determined. As chloride ions are coordinated in
the different species, the formation constants and
molar absorption coefficients in 3.0 M (Na)Cl
must be considered as conditional. However, only
very small shifts to higher wavelengths are obtained
for the different species and thus it seems to be
impossible to evaluate the ternary Ni?* —C3H,N,
—Cl1™ complexes from spectrophotometric data.
Molar absorption coefficients with standard devia-
tions are given in Fig. 2.

(iv) Nickel(11) imidazoles in mixtures of 3.0 M
(Na)ClO, and 3.0 M (Na)Cl. To evaluate the
formation of the ternary Ni?* —C,H,N,~-CI~
complexes measurements were performed in the
four-component system H* —Ni2* —C;H N, —
Cl1™. The total nickel, B, the total imidazole, C, and
the total chloride, X, were varied within the limits
0.0043<B<0.090 M, 0.020<C<0.201 M, 0<X <
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3.0 M and the ratios C/B between 1.4<C/B<40.
The titrations were performed at different constant
Z-values (Z=04,0.6,09,1.1,1.4,1.7,2,2.3,2.5,2.6
and 3.2) Z=(h—H)/B and X was varied by the
addition of 3.0 M NaCl medium to a solution with
|Cl0%|=3.0 M or vice versa. The formation con-
stants of the binary species NiL%*, n=1, 2, 3, 4,
obtained in the 3.0 M (Na)ClO, medium and
NiCl* obtained from (i) were supposed to be
exactly known and they were not varied until some
final calculations. Owing to the small difference in
absorbance between the ternary nickel(II) complexes
no attempt to evaluate formation constants and
molar absorption coefficients of these species from
spectrophotometric data were made.

Bjerrum plots n(log |C3H4N,|) are calculated
using the acidity constant valid in 3.0 M (Na)CIO,.
This 7 is given by

n =(h—H—[L]—[LCl*]—[LC]%A])/B=
(h—n—(cm—h)h-'{Ka—xwm,+Xﬁ.o;)})/3

and thus correction for the complexes C;H,N,Cl™
and C;H,N,Cl3” in the mixed chloride media is

4
br BMM CAM XM
a so 200 0
o a 404 0
o 9 807 0
v ®2 808 0
3l o B2 201 0
v 00 400 30
a W 997 0
e 200 800 0
" 20 199 30
o 2% 0-19
2+ o 126 - 0919
o n2 047
o s
A 10
om0
WL > 308
© 35
4 52
v 07
1 1
-5 % E 2

log[L]

Fig. 3. Experimental data plotted as curves n(log[C;H,N,]). Open symbols refer to titrations in 3.0 M
(Na)ClO, and filled symbols to 3.0 M (Na)Cl. Half-filled symbols are obtained in mixtures of the two
media. A complete list of experimental data is available upon request.
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Fig. 4. Predominance area diagram for the different
nickel(IT) imidazole complexes. (The dominating
species at every fixed Ig[C1~] — Ig[ L] level is given.)
The computer program SOLGASWATER'’ was
used in the calculations.

made. The plot is given in Fig. 3. The total data
material comprised 19 titrations with 271 titration
points. The best explanation of experimental data
was obtained with the species NiLCI*, NiL,Cl*,
NiL,Cl*, NiL,Cl, and NiL,Cl,. The complexes
NiLCl,, NiL,Cl, and NiL,Cl* were rejected by
the computer in a covariation with the other
species. The final calculation ended at o(A4)=0.28
and the result is shown in Table 1.

In a data set consisting of six titrations with 39
titration points where Z < 0.5 the formation constant
of NiCl* was varied together with the species NiL?*
and NiLCl™". This calculation gave a value of the
formation constant of NiCl* in an indirect way
and this value was in a good agreement with the

separately determined one. The results are given in
Table 1. In order to visualize the amounts of the
ternary species, we have made a predominance area
diagram, which is shown in Fig. 4. It is seen from
the diagram that the ternary nickel(II)-chloro-
imidazole species are generally obtained in great
amounts, at high chloride concentration levels
([C1"]>1.5M).

DISCUSSION

The present investigation has confirmed the
existence of ternary nickel(II)—imidazole—Cl~
complexes. Besides the series NiL,Cl*, n=1, 2, 3,
the complexes NiL,Cl, and NiL,Cl, are obtained
in rather large amounts.

The NiL,Cl* series can be considered as stepwise
reactions in which imidazole molecules are suc-
cessively coordinated to an NiCl* core or alter-
natively as chloride ions coordinated to NiL2*
cores with n=1, 2, 3. Stepwise constants of these
reactions are given in Table 2. The similarities be-
tween this and the corresponding copper(Il)—*
and zinc(II) - imidazole — C1~ ® systems are remark-
able. Thus the species MeLCl*,MeL,Cl*,MeL,Cl*
and MeL,Cl, are obtained in all systems and the
even coordination numbers 2, 4, 6 are usually
favoured compared with the odd numbers 1, 3, 5.

The crystal and molecular structures of the
crystalline phases in the nickel(II) imidazole system
investigated by X-ray diffraction techniques are all
octahedral of the form NiL2*. However, several
other compounds containing nickel(Il)—Ci~ —
imidazole or substituted imidazole have been
prepared and characterized by analytical data,
spectral and conductivity measurements,'! ~'? dif-
ferential thermal analysis (DTA), thermogravimetry
(TG) and X-ray powder diffraction technique.'*

Table 2. Some stepwise reactions with constants calculated by means of formation constants given
in Ref. 1 and Table 5. The different reactions define the stepwise uptake of the ligands C;H N, (L) and
Cl™ are to be read horizontally. (NiL,Cl* 282 NiL,CI* stands for NiL,Cl* +L=NiL,Cl" with

log K=2.82) .
log K log K log K log K
Ni2* 337 NiL2* 2.7 NiL2* 225 NiL3* 1.73 NiL%*
NiCl* 3.65 NiLCl™* 1.82 NiL,C1* 2.82 NiL,CI*
Niz* -05 NiCl*
NiL2* —0.21 NiLCl*
NiL2* —0.66 NiL,Cl1* 0.22 NiL,Cl,
NiL3* —0.10 NiL,Cl1*
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Thus the compounds NiL,Cl, (L=imidazole,
l-vinyl-imidazole, 2-methyl-imidazole), NiL,-
(H,0),Cl, (L=imidazole), NiL,(H,0),Cl, (L=
imidazole), |NiL,Cl,(H,0),|2H,0 (L=1-vinyl-
2-methyl-imidazole) and NiLCl, (L=imidazole,
1-vinyl-imidazole) have been prepared and char-
acterized. The arrangement around nickel seems to
be octahedral in all these cases with the chlorine
atoms generally coordinated to the nickel atom.
Thus the complexes NiL,Cl,(H,0), and NiL,Cl,
are obtained both in the solid state and in solution
while the compound NiLCl,, which has a polymeric
structure with chlorine atoms acting as bridges
between the nickel atoms, is probably obtained as
NiLCl* in solution.

Furthermore, the crystal and molecular structure
of tetrakispyrazolenickel chloride, Ni(C;H,N,),Cl,
has been determined by X-ray diffraction tech-
niques.'® It was found that the Ni(C;H,N,),Cl,
molecule is centrosymmetric, with the nickel atom
at the center of an octahedron formed by two
chlorine atoms, and a nitrogen atom from each of
the four pyrazole molecules. The corresponding
imidazole complex should have a similar con-
figuration.

The crystal structure of NiCl,.6H,O has been
determined by neutron diffraction '® and it was
found that the nickel atom is octahedrally coor-
dinated to four oxygen and two chlorine atoms.
The two chlorines are located on the two normals
to the oxygen plane which is formed by the water
molecules with the nickel at the center. By ex-
changing the water molecules around nickel with
two respectively four imidazole molecules the
complexes NiL,Cl,(H,0), respectively NiL,Cl,
are obtained.

In accordance with the spectrochemical series
the strength of the ligand field increases within the
series CI~ <H,0<C;H,4N,. However, the differ-
ences are very small and the possibility to evaluate
the ternary Ni?* —C;H,N,—Cl~ species from
spectrophotometric data seems to be very limited.
In the binary system Ni?* —CIl~ the different
e-values g2+ and ey +, could be sufficiently
separated to permit calculation of the formation
constant of NiCl*. The log K-value obtained,
—0.4740.10 is a rather good mean value of several
earlier investigations.'® The corresponding constant
determined from potentiometric data in an indirect
way is of the same order (log K= —0.53+0.10) and
the agreement is quite satisfactory.

Concerning the binary NiL2* species it is seen
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Table 3. The wavelengths, A,,, with corresponding
molar absorption maxima, &,,,, for the nickel(II)

species.

AIM—I

Complex Amax/NM Emax/CM
v (B (o
NiCl* :ggg 400 {

weo ([

NiL3* {ggg 650 {31 55
NiLZ* {gz(s) 380 {119—120
NiL2* {ggg { 16.4

from the figures that the strength of the ligand field
increases with the number of the coordinated
C;3H,N,-molecules, (4,,, decreases) and &,,, also
increases with n. These findings are in conformity
with the corresponding Cu(lI)-system,* and are
summarized in Table 3.
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