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Summary

Four Ni'' chloro complexes were identified spectro-
photometrically in aprotic media such as DMSO, DMF
and propylene carbonate for the first time. An original
multiwavelength numerical treatment, based on a Mar-
quardt method, results in the determination of the in-
dividual electronic spectra of the mononuclear chloro
complexes and of their stability constants, the values of
which indicate the presence of rather weak complexes in
DMSO and DMF, much stronger in the less solvating
propylene carbonate solvent. The overall stability con-
stants calculated for the Ni'' chloro complexes are:
p1 = 52, B, = 140, B3 = 160, B4 = 210 in DMSO,
p1 = 60, p, = 110, f3 = 900, B4 = 15000 in DMF,
B = 1.6 x10°, B = 6.4x10", 3 = 2.7x10*, p, =
5.1 x 10* in PC.

The solvent effect is discussed in terms of the quan-
titative results obtained from this spectrophotometric
study and reveals that the stability of the complexes is an
inverse function of the donor properties of the solvent.
This result illustrates the general behavior of complex
formation in dipolar aprotic solvents, i.e. the substitu-
tion of one solvent molecule in the inner coordination
sphere by the ligand is easier if the solvation strength of
the solvent is lower. The solvent effect is also described
in terms of the variation of shifts of the calculated ab-
sorption maxima for the individual electronic spectra of
the chloro complexes. This result is used to identify
clearly at which step of coordination the octahedral
configuration of the nickel ion changes to the tetrahe-
dral configuration, by comparison with the well-known
structural properties of these complexes in the solid
state.

Introduction

We have already reported the results of the behavior of
copper(I) chloride complexes in numerous organic
solvents(—19_ All the solutions studied were character-
ized by the presence of four mononuclear copper com-
plexes, the exception being dimethylformamide (DMF)
and dimethylsulfoxide (DMSO) where the dichloro
complex is absent, probably because of autodecompo-
sition. The apparent stability constants, f5j, of the iden-
tified complexes were calculated and, in some cases,
interesting relationships between the stability constants
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and the molecular weight or the dielectric constant of
the solvents were reported!®!V.

In this work we have used the same methodology to
investigate the behavior of nickel(II) chloride complexes
in different aprotic solvents such as DMF, DMSO and
propylene carbonate (PC) with a view to comparing the
results with those of copper(Il) chloro complexes in the
same media. We have, therefore, studied the general
equilibria:

Ni?* 4j ClI7 = NiClji-2-

and calculated, in the three aprotic solvents, the ap-
parent overall stability constants:

B; = INiClii=~]/[Ni**] - [CI™}

Nickel(IT) chloro complexes have been studied in the
solid state and mostly confer a tetrahedral structure
upon these complexes(!>-14). In aqueous solution, Scar-
row and Griffiths"> postulated the presence of the
tetrachloronickel complex, however the lack of forma-
tion of this compound has been reported by several
authors"® '™ For Licheri et al. the presence of tri- and
tetr(allgc)hloro complexes in solution seems quite proba-
ble"™™.

The Co®", Ni*" and Cu®" chloro complexes were
studied by Gutmann et «al. in organic solvents such as
trimethylphosphate (TMP), acetonitrile (AN), DMF
and PC20-22) These authors indicated the existence of
four mononuclear complexes in each solvent, except in
DMF where the dichloro complex autodissociates into
mono- and trichloro complexes. However, in none of
these studies have the authors reported formation con-
stants. Ishiguro and co-workers have, on the other hand,
reported four mononuclear complexes in DMF®?.

We have recently published the results of nickel(II)
chloro complexes in alcoholic solutions: methanol
(MeOH), ethanol (EtOH) and propanol (n-PrOH)®¥. In
these protic media, at 25 °C and at constant ionic
strength (1 mol L™, the formation of only two mono-
nuclear complexes is postulated and their stability con-
stants have been calculated. The present work pertains
to the aprotic solvents: DMF, DMSO and PC.

Experimental

Reagents

The aprotic solvents were used after several purification
steps, in order to eliminate organic compounds
or products resulting from possible photochromic de-
gradation. Dehydrated solvents were used and were
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considered to be anhydrous if the water content was less
than 200 ppm. Dried DMSO (Merck) was purified by
two distillations at 45 °C under reduced pressure
(1 mm) and over a large CaH, surface; less than
100 ppm of H>O were found in the purified DMSO.
Elleb er al.'” showed that small quantities of water do
not modify either the stability of the solvent and samples
of solutions under study, or their absorption values,
within 48 h. However, the solvent was used immediately
after purification in order to establish identical experi-
mental conditions for all investigated systems. DMF
(Fluka) was distilled under reduced pressure below
80 °C, which corresponds to the onset of decomposition
of the solvent. The redistilled DMF contains less than
250 ppm of H,O and its purity was checked by con-
ductivity measurements according to the recommenda-
tions of Juillard®. Propylene carbonate (Fluka) was
purified in several steps, using the method of Gossé and
Denat®®. After 12 h contact with KMnO,, the re-
maining solid was filtered and the dissolved permanga-
nate eliminated by heating for 4 h at 120 °C. After
cooling, MnO, and the oxidized products (propylene
glycol, allyl alcohol and propylene oxide) were separated
by filtration. Rapid distillation was performed at 15 mm
Hg pressure and the solution was passed through an
Al,O; column in order to remove acidic impurities. The
remaining solvent was then redistilled at 6870 °C
(1 mm Hg). The yield is ca. 50% and PC has a H,O
content <100 ppm.

Due to the absorption of both DMSO and DMF the
measurements were limited to wavelengths greater than
280 and 260 nm respectively. PC is transparent in the
u.v. but limited below 1400 nm in the near i.r., the more
specific range d-d transitions in the investigated com-
plexes.

Recrystallized LiCl (Merck) was used for the ligand
with LiClO4 (Fluka) to maintain a constant ionic
strength (1 mol L™") in the DMSO and DMF solutions.
In PC, due to solubility, the recrystallised Et;NCI and
Et4sNCIO, (Merck) were used in 0.1 mol L' constant
ionic strength solutions.

The nickel ion was introduced as Ni(ClOy), - 6H,0.
Synthesis of Ni(solv)y(ClO4), where X is 4 or 6 is prati-
cable in DMSO and DMF, but dangerous due to pos-
sible formation of very unstable alkyl perchlorates. The
use of Ni(ClOy), - 6H,0 instead of anhydrous Ni(ClOy),
in the solvents under study has no significant effect on
the absorption spectra. The metallic ion content is
controlled through complexometric titration with
EDTA and murexide as indicator at pH 8?7

Measurements

The measurements were performed with a Cary 17D
spectrophotometer connected with a Cary Interface to a
routine printer (Star LC-10) for data collection. The
concentrations of the metal ion never exceeded
1072 mol L™ in order to guarantee accurate absorbance
values between 0.2 and 2.0. The spectra were run im-
mediately after mixing the reagents and it took less than
1 min to obtain the absorption curve in the 350 and
750 nm range (or 1000 to 1600 nm in the near i.r.). The
solutions were found to be stable for at least 30 min
after mixing. Sets of (N,L) significant data points were
collected: N and L were the number of solutions and of
wavelengths respectively. A set of (N,L) data points
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close to (20,40) collected in the visible is sufficient for a
reliable numerical analysis and used for the refinement
of the constants.

In the DMSO system, (N,L), = (18,36) and
(N,L)nir = (10,26); in the DMF system, (N,L).is =
(24,47) and (N,L),;; = (15,21); in the PC system,
(N,L)yis = (17,34) and (N,L),;; = (17,16).

Calculations

The whole set of spectrophotometric data, (N,L);s+
(N,L),;, was analysed using our own multiwavelength
program the details of which were given in earlier pub-
lications"*®. For a given model, this program calculates
simultaneously two sets of optimized parameters: the
overall stability constants (fj) and the extinction coeffi-
cients (&) of all species involved in complexation.

The particular concept used in the algorithm of our
program is that the gjs are a function the fjs in order to
minimize the interdependence of these two parameters,
which cannot be completely mastered in the optimiza-
tion process if the ¢js and fjs are defined as identical
types of parameters. The quality of the fit is judged for a
given model from the value of (o), the quadratic mean
of the standard deviation at each wavelength, oys, ob-
tained in the calculation: (¢) = (o7 /L)!/2. The devia-
tions of the constants are not always represented in the
Tables. These are secondary factors which do not really
improve the goodness of the fit. It is necessary, in all
programs treating multicomponent systems used hith-
erto, to postulate supplementary approximations in the
vicinity of the minimum of the least squares function
and complementary statistical criteria in order to obtain
satisfactory values for the deviations of the constants®®.

Results and discussion

The spectra of the nickel(II) chloride solutions in
DMSO, DMF and PC are shown in Figures 1, 2 and 3
respectively. Regular addition of the chloride ion to the
solvated Ni*" ion induces a change of the solutions
from light green towards blue and indicates the forma-
tion of the nickel(I) chloro complexes. The develop-
ment of the absorption spectra is very similar in all three
solvents:

(1) In the visible range, the nickel(I) absorption in
presence of chloride ion is of very weak intensity
(¢ = 201 mol™' em™) between 390 and 450 nm, 600
and 750 nm for the lower ligand concentrations. The
absorption intensities range between 100 and 300 I mol ™
ecm™' and between 600 and 750 nm for higher ligand
concentrations;

(i1) In the near i.r., suitable only in the DMSO and
DMF media, the absorption bands, located between
1100 and 1500 nm and corresponding to the
345, — 3Ty, transition, are very broad and of low
intensity (¢ < 35 1 mol™' em™);

(ii1) Nickel(IT) perchlorate solutions in the three sol-
vents are characteristically octahedral with a typical
absorption band of very weak intensity located at
ca. 400 nm (¢ <101 mol™' em™) with an extended
absorption optimally between 660 and 770 nm (e <
21mol™! em™) and at 750 nm (¢ < 3.5 I mol™" em™);

(iv) The addition of chloride ion, for molecular ratios
R < 10, induces a regular shift of the solvated Ni**
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Figure 1. Absorption spectra of Ni''-Li* (CI™, Cl103)-DMSO solutions
as a function of lithium chloride analytical concentration (a) vis.:
[Ni**]; =5 x 10 mol - L™!, [LiCl] range: 0.005—1.0mol- L7
(I=4cm) (b) near ir.: [Ni*']j=1x 1072 mol- L™, [LiCI] range:
0.01-1.0 mol - L™'; (/ = 1 cm).

absorption band from 400 to 450 nm with a small
intensity. Between 650 and 780 nm the absorption
increases leading to an absorption peak at ca. 690 nm
(Figure la). For 10 < R <20, the absorption band
corresponding to the 3A2y — 3T1g(F) transition 1is
characterized by three maxima, at 630, 660 and 695 nm,
the intensity of which increase regularly;

(v) Finally, at high chloride ion concentrations
(20 £ R £ 100) up to the solubility limit of the chloride
ion in the solvents (ca. 1 mol L™") the absorption spec-
tra show two important changes: the absorption be-
tween 400 and 450 nm diminishes and disappears on one
hand whereas on the other the formation of two intense
maxima at 655 and 700 nm corresponding to the Nile[
ion of tetrahedral symmetry occurs. The stabilisation of
these two maxima is already found in PC for R = 5
which is good evidence for a 100% formation of the
tetrachloro complex in this solvent.

A mathematical treatment of the experimental ab-
sorption, A, data was carried out in order to determine
the best values of the stability constants. Different the-
oretical models such as [1,2,4], [1,3,4] and [1,2,3,4] were
used, ie. the mono-, di- and tetrachloro complex;
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Figure 2. Absorption spectra of Ni''-Li* (CI~, C103)-DMF solutions
as a function of lithium chloride analytical concentration (a) vis.:
[Ni**], = 1 x 1072 mol - L™!, [LiCl] range: 0.01—1.0 mol - L™%; (I =
1 cm) (b) near ir.: [Ni*f]; =1 x 1072 mol - L™, [LiCI] range: 0.01-
1.0mol - L7!; (I = 1 cm).

mono-, tri- and tetrachloro complex; mono-, di- , tri-
and tetrachloro complex respectively. The model [1,2,3]
was not tested as experimental spectra showed definite
presence of the tetracoordinated species, the absorption
maxima of which are found and calculated in solution
and in the solid state"*'?. The detailed results for
DMSO are presented in Table 1.

The standard deviations values are highest for the
[1,3,4] model, which is therefore rejected. There is not
much difference between the values of models [1,2,4] and
[1,2,3.,4] which is not surprising because autodecompo-
sition of some complexes in aprotic solvents has been
reported by Gutmann and has been confirmed in one of
our earlier papers'”. However, a closer scrutiny of
Table 1 favours the retention of [1,2,3,4] as the best
model because all of its standard deviation values, in the
visible, in the i.r. and in the total spectral range are
lower than those of the [1,2,4] model. Consequently, we
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Figure 3. UV-visible absorption spectra of Ni'-Ety,N(CI~,ClO3)-PC solutions as a function of tetracthylammonium chloride analytical
concentration [Ni*"]; =4 x 10~* mol - L™!, [Et,NCI] range: 0.0004 — 0.04 mol - L™"; (/ = 0.2 cm).

Table 1. Modelling of Ni"-Li*(CI", ClO;)-DMSO solutions

aj (NiCljV=2)7) Model
[1,2,4] [1,3.4] [1,2,3.4]
B, (NiCIt) 49 + 33 42 + 25 52 £ 32
B, (NiCl,) 140 + 90 - 140 + 60
B; (NiCl;) - 92 + 25 160 + 80
By (NiCE27) 310 £ 250 120 £ 100 210 £ 110
500 0.081 0.099 0.080
(o), 0.054 0.058 0.052
(6)0r 0.071 0.084 0.069

2The Bj values are apparent overall stability constants of the chloro
complexes.

" (6),;, and (a);, are the standard deviation values for (N,L) sets of

data measured for N solutions at L wavelengths in the visible and in
the near i.r. respectively.

propose that nickel forms four mononuclear chloro
complexes in DMSO for which the stability constants
are: f; = 52, f, = 140, 3 = 160 and f4 = 210.

The formation curves for these complexes are pre-
sented in Figure 4 and show the simultaneous existence
of at least two absorbing species in any zone of ligand
concentration. This fact is the major complication in
determining any physical parameters in such systems.

A similar treatment carried out with different models
for the data obtained in DMF and PC show that the
best model in these solvents is that of four successive
mononuclear complexes. The logarithmic values of the
overall and the stepwise stability constants, in the three
solvents under study, are grouped in Table 2.

The numerical multiwavelength treatment delivers
simultaneously with the bets fjs values the extinction
coefficients ¢js of the individual complexes over the
whole wavelength range investigated in the visible and
near i.r.. These calculated data result in the individual
electronic spectra of the complexes, the absorption
maxima coordinates of which are summarized in
Table 3. Most of the characteristic absorption bands do
not undergo any shift as a consequence of the solvent
effect. For example, with NiCl ™, for all three solvents,
the band at 419 = 1 nm remain unaffected; for NiCl,,

-3 -2 -1 0 log ¢

Figure 4. Degree of formation of uncomplexed nickel(II), (curve 0)
and of the nickel(Il) mono- to tetrachloro complexes (curves 1-4) in
DMSO. c is the free ligand concentration.

the maximum at 735 + 5Snm and for NiCl}~ three
maxima appear unchanged in the three solvents at 620,
655 and 700 nm. However, with NiCl;, this is not true
and the solvent exercises an important effect creating a
significant shift.

It may be recalled that for [NiCl,J*~ the tetrahedral
structure corresponding to the 3T;(F) — 3Ty(P) transi-
tion is characterized by maximum absorption bands at
ca. 1380 nm in the solid state"?. Since we calculated
these maxima in solution at 1350 nm in DMSO, and at
1380 nm in DMF, we propose that the structure in so-
lution of this complex is tetrahedral.

According to the absorption maxima coordinates of
our calculated individual electronic spectra (Table 3),
which are confirmed by the spectroscopic studies in the
solid state"*'¥, we can deduce the configuration change
of the complexes in relation to the coordination step:

(i) For [Ni(solv)¢]**, an octahedral configuration is
clearly found in solution and little solvent effect is ob-
served. The small hypsochromic shifts obtained for this
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Table 2. Logarithm of the apparent overall fj (stepwise Kj) stability
constants of Ni'! chloro complexes calculated for a [1,2,3,4] model in
aprotic solvents

4 ¢ /DN DMSO DMF PC
45/29.8 36.1/26.6 69/15.1
NiCljU-2)-
j=1 1.7 (1.7) 1.8 (1.8) 9.2 (9.2)
j=2 2.1 (0.4) 2.1 (0.3) 15.8 (6.6)
ji=3 2.2 (0.1) 2.9 (0.8) 21.4 (5.6)
j=4 2.3 (0.1) 4.1 (1.2) 26.7 (5.3)

% ¢, is the value of the dielectric constant in absence of electrolytes. DN
is the Gutmann Donor Number.

Table 3. Absorption maxima coordinates of the calculated individual
spectra of the Ni'' chloro complexes in aprotic media: Jmax(nm);
Slel(’lX(L m0171 Cmil)

Complexes DMSO DMF PC
Ni(solv)2* 412 (9.6) 397 (13.8) 393 (7.8)
(On) 690 (2.1)sh 660 (5.2)sh 640 (1.0)sh
760 (3.1)sh 740 (4.9)sh 730 (1.5)sh
1300 (3.5) 1190 (6.0) 1170 (4.0)
NiCl™ - - <220
420 (10) 420 (18) 418 (18)
690 (5.4) 685 (10) 640 (8)sh
780 (3.8) 770 (6.2)sh 750 (12)
1350 (5.0) 1300 (7.0)
NiCl, - - 236 (3760)
442 (16.2) 464 (13.2) 450 (25)
730 (<2) 730 (25) 740 (4.5)
NiCly - - 230 (2560)
- - 278 (1660)
- - 520 (10)
485 (10) 580 (178) 630 sh
575 (9.2) 620 (196) 655 (122)
- 675 (73) 700 (126)
- 1260 (31) -
NiCI3~ - - 232 (4160)
(Ta) - - 255 sh
- - 279 (2950)
620 sh 620 sh 620 sh
655 (310) 655 (212) 655 (192)
700 (320) 700 (216) 701 (200)
1350 (40) 1380 (24) -

octahedral complex, on going from DMSO to PC,
induces the following spectrochemical sequence for the
crystal field parameter: Dq(DMSO) < Dq(DMF) <
Dq(PC). This sequence is inverse of the donor numbers
of the solvents;

(i1) in the same way, the calculated absorption coordi-
nates for the [NiCly]*~ spectrum in all three solvents are
identical to these observed in the solid state and confirm
the tetrahedral configuration for the tetracoordinated
nickel(IT) complex.

The octahedral-tetrahedral change in the successive
nickel(IT) chloro complexes can be postulated on the
basis of different absorption maxima shifts. The octa-
hedral configuration is not modified for [Ni(solv)e]* "
and [NiCl]". For NiCl,, the calculated absorption
maxima are clearly different to those of the solvated
nickel(Il) ion and of the monochloro complex; either
bathochromic or hypsochromic shifts are observed in
the three solvents. These results are related to the fact
that the octahedral configuration of the nickel is
significantly changed as a second solvent molecule is
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substituted by the chloride ion in the inner coordination
sphere. Consequently, we postulate that the breaking
of the octahedral configuration {O; symmetry for
[Ni(solv)s]*"} towards the tetrahedral configuration {7,
symmetry for [NiCly]*~} occurs with the NiCl, coordi-
nation step.

Eventually, it is the stability of the complexes which is
the most interesting parameter under study. Table 2
shows that stability increases as an inverse function of
the donor number of the solvent. It can also be said that
stability is nearly the same in case of DMSO and DMF
which have comparable values of the donor number of
the solvents whereas in the case of PC, which has a low
donor number value, the stability increases sharply. This
steep increase of stability in PC has been underlined for
copper(I) chloro complexes by Scharff®” and Elleb®
and is probably due to its low donor number value or in
other context its low value of the ratio of its molecular
weight and the dielectric constant. This ratio is only
102/69 = 1.48 and is much higher for the other two
solvents.

The lower values of the stability constants in DMF
and DMSO indicate the formation of weak complexes
whereas stronger complexes are formed in the case of
PC. A comparison of log f§; values of the nickel(II) and
copper(Il) chloro complexes in the three solvents is
given in Table 4.

It is seen that the stability constants evolve in a sim-
ilar manner for the two metals. We have recently shown
that the complexes of cobalt, nickel and copper in
alcohols, i.e., the protic solvents, have increasing sta-
bility with respect to the atomic number of the metal®®.
This is in accordance with the Irving-Williams order of
stabilities.

Conclusions

The octahedral-tetrahedral configuration changes of the
nickel(IT) chloro complexes has been carefully confirmed
according to the solid state results. These results were
ascertained from the multiwavelength numerical inter-
pretation of the absorption data measured over the UV,
visible and near i.r. in the aprotic DMSO, DMF and PC
solutions.

Four mononuclear chloro complexes of nickel(Il) are
clearly identified and characterized by the apparent
stability constants and their individual electronic spec-
tra. The stability order of these complexes is in excellent
accord with the inverse order of the donor number of
the solvents. This was postulated qualitatively earlier‘®® -
2 and is demonstrated now by the numerical interpr-
etation of the spectra measured in the u.v. visible and
near i.r. regions. The conclusions reliably set, for the
first time on an original quantitative analysis®®, pro-
posed here and not very often performed elsewhere,
improve the thermodynamic model of the ability of

Table 4. Comparison of log f; values of the Ni'" and Cu' chloro
complexes in DMSO, DMF and PC

Solvent Nickel(II) Copper(II)
DMSO 1.7 3.8
DMF 1.8 3.0
PC 9.2 12.0
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Table 5. Spectroscopic shifts [cm™'] of the principal absorption band of
the NiClj¥ = 2~ complexes, Amax[nm]

NiClju =2~ DMSO DMF PC 45 em™!]
j=1 420 420 418 100
j=2 442 464 450 1100
ji=3 575 620 655 2100
j=4 700 700 701 0

45, [em™] 9500 9500 9600

4 0s: bathochromic shift as a function of n, number of coordinated
ligands, d,: spectroscopic shift as a function of the donor power of the
solvent.

substitution of the solvent molecules in the inner coor-
dination sphere of the metal ion.

The calculated electronic spectra of the nickel(II)
chloro complexes induces some conclusions regarding
the solvent effect: for example the study of the bato-
chromic shift of the absorption maxima of the most
important band of the the different NiClj¥~2~ com-
plexes, reported in Table 5. In this Table, 6, is the
spectroscopic shift as a function of n, the number of
chloride ions bound to the metal ion; J; is the spectro-
scopic shift as a function of the decreasing donor power
of the solvent:

(i) For each solvent, d, has practically a constant value
of 9500 cm™!;

(i) Considering the complex of the same rank, J
changes irregularly with the donor power of the solvent;
the most important intensity of & is 2100 cm™!;

(iii) For the[NiCl,*~ complex, ¢ is zero which is in
good agreement with the fact that the tetrachloro com-
plex is unsolvated in all solvents investigated.

For the complexed nickel ion, the modification of the
ocatahedral configuration occurs essentially between the
formation of NiCl, and [NiCls]™ species; the very high
value of J, 9500 cm~! illustrates the difference of con-
figuration of the nickel(IT) ion between [NiCl] ", NiCl,
(octahedral) and [NiCls]™, [NiCly]*~ (tetrahedral).

A further study of cobalt(I) chloro complexes in
these aprotic media will confirm if this order of stabili-
ties is valid for this system in aprotic medium and im-
prove the conclusions obtained from the evolution of
the spectroscopic shifts of the absorption maxima of
these mononuclear chloro complexes.

Transition Met. Chem., 24, 135-140 (1999)
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