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Cobalt(II) chloro complexes were studied in aprotic solvents, namely, dimethylsulfoxide
(DMSO), dimethylformamide (DMF), and propylene carbonate (PC). The measurements were
performed spectrophotometrically in UV–visible–IR region at 25�C and at constant ionic
strength: I¼ 1mol L�1 in DMSO and DMF, and 0.1molL�1 in PC. Different models were
tested and the model [1, 2, 3, 4], i.e., that of four mononuclear successive complexes was
retained. Stability constants of the identified complexes were determined and they increase
inversely with the Gutmann’s donor number of the solvents. Calculated electronic spectra are
reported and the effect of solvents on the spectral properties are discussed. The symmetry of
tetrachlorocobaltate is strictly Td.

Keywords: Cobalt(II) chloro complexes; Spectrophotometry; Aprotic solvents; Stability
constants; Structural modifications

1. Introduction

The behavior of copper(II) chloro complexes in numerous organic solvents [1–10] were
characterized by the presence of four mononuclear copper complexes, the exception
being dimethylformamide (DMF) and dimethylsulfoxide (DMSO), where the dichloro
complex is absent. The apparent stability constants, �j, of the identified complexes were
calculated and, in some cases, interesting relationships between the stability constants
and the molecular weight or the dielectric constant of the solvents reported [10, 11].
Detailed results of nickel(II) chloro complexes in DMF, DMSO, and propylene
carbonate (PC) have also been reported [12]. In this system the monochloro complex is
predominant and attains 70% formation in DMF and DMSO, and up to 90% in PC.

Gutmann et al. [13–15] did a detailed quantitative pioneering study of the chloro
complexes of cobalt(II), nickel(II), and copper(II) in solvents such as trimethylphos-
phate (TMP), acetonitrile (AN), DMF, and PC. A crystallographic and spectroscopic
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study of halide compounds of cobalt(II) shows that the structure of CoCl2 entities can
be either octahedral or tetrahedral [16]. Schriver [17] reported a spectrophotometric
study of chloro and thiocyanato complexes of cobalt(II) in DMSO using the method of
molecular ratio. Licheri et al. [18] have shown the presence of tri- and tetrachloro nickel
complexes in solution, compared to those of higher complex formation in cobalt.

Recently, Djekic et al. [19] have determined stability constants of cobalt(II) chloro
complexes with triphenylphosphine ligands in butan-1-ol, DMF, and AN. Hirose [20]
has described a general approach to determine stability constants by combining
titration and spectroscopic methods. Cobalt(II) complexes have also been characterized
by X-ray diffraction and tested as catalysts for olefin polymerization [21].

In this work, we use the same methodology as in our earlier publications to
investigate the behavior of cobalt(II) chloride complexes in DMF, DMSO, and PC to
observe solvent effects on spectroscopic properties of the identified complexes and
subsequent structural modifications. The equilibrium studied, therefore, is:

Co2þ þ jCl� ������*)������CoCl
ðj�2Þ�
j

and for the identified complexes in the three aprotic solvents, the overall stability
constants, �j, were calculated:

�j ¼ ½CoCl
ðj�2Þ�
j �=½Co2þ� � ½Cl��j

The relationship between the overall stability constants, �j, and the stepwise stability
constants, Kj, is:

�j ¼ K1 � K2 � K3 � � � � � Kj

or

Kj ¼
�j
�j�1

2. Experimental

2.1. Reagents

The aprotic solvents were used after several purification steps in order to eliminate
organic compounds or products resulting from possible photochromic degradation.
Solvents were considered to be anhydrous if the water content was less than 250 ppm.
Dried DMSO (Fluka) was purified by two distillations at 45�C under reduced pressure
(1mm Hg) and over a large CaH2 surface; less than 100 ppm of H2O were found in the
purified DMSO. Elleb et al. [1] 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. In any case, the solvent was used immediately after
purification in order to establish identical experimental conditions for all investigated
systems. DMF (Fluka) was distilled under reduced pressure below 80�C, which
corresponds to onset of decomposition of the solvent. The redistilled DMF contains less
than 250 ppm of H2O and its purity was checked by conductivity measurements
according to the recommendation of Juillard [22]. Propylene carbonate (Fluka) was
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purified in several steps using the method of Gossé and Denat [23]. After 12 h contact
with KMnO4, the remaining solid was filtered and the dissolved permanganate
eliminated by heating for 4 h at 120�C. After cooling, MnO2 and the oxidized products
(propylene glycol, allyl alcohol, and propylene oxide) were separated by filtration.
Rapid filtration was performed at 15mm Hg pressure and the solution was passed
through an Al2O3 column in order to remove acidic impurities. The remaining solvent
was then redistilled at 68–70�C (1mmHg). The yield is ca. 50% and PC has a H2O
content5100 ppm.

Due to absorptions of both DMSO and DMF, the measurements were limited to
wavelengths greater than 280 and 260 nm, respectively. PC is transparent in the UV but
limited below 1400 nm in the near IR – the more specific d-d transitions range in the
investigated complexes.

Recrystallized LiCl (Fluka) was used for the ligand with LiClO4 (Fluka) to
maintain a constant ionic strength, I, at 1mol L�1 in DMSO and DMF solutions. In
PC, due to solubility, recrystallized Et4NCl and Et4NClO4 (Fluka) were used at
I¼ 0.1mol L�1.

The cobalt ion was introduced as Co(ClO4)2 � 6H2O. Synthesis of Co(solv)x(ClO4)2,
where x is 4 or 6, is practical in DMSO and DMF but dangerous due to possible
formation of unstable alkyl perchlorates. The use of Co(ClO4)2 � 6H2O instead of
anhydrous Co(ClO4)2 in the solvents under study has no significant effect on the
absorption spectra. The metal ion content is controlled through complexometric
titration with EDTA and murexide as indicator at pH¼ 8.0 [24].

2.2. Measurements

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 10�2mol L�1 in order to guarantee accurate absorbance
values between 0.2 and 2.0. The spectra were run immediately after mixing the reagents
and took less than 1min to obtain the absorbance curve. The solutions were found to be
stable for at least 30min after mixing. Sets of (N,L) data points were collected: N and L
were the number of solutions and of wavelengths, respectively. A set of (N,L) data
points close to (20,40) collected in the visible region is sufficient for numerical analysis
and used for refinement of the constants.

. In the DMSO system: (N,L)vis¼ (21, 40) 450� l� 730 nm
(N,L)nir¼ (10, 21) 1260� l� 1660 nm

. In the DMF system: (N,L)vis¼ (20, 35) 450� l� 730 nm
(N,L)nir¼ (11, 17) 1160� l� 1840 nm

. In the PC system: (N,L)uv¼ (14, 10) 210� l� 255 nm
(N,L)vis¼ (14, 39) 480� l� 720 nm

2.3. Calculations

The whole set of spectrophotometric data, (N,L)visþ (N,L)ir, was analyzed using a
multiwavelength program, details of which were given in earlier publications [1, 25].
For a given model, this program calculates simultaneously two sets of optimized
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parameters: the overall stability constants, �j, and the extinction coefficients, "j, of all
species involved in complexation. The quality of the fit is judged for a given model
from the value of h�i, the quadratic mean of the standard deviation at each
wavelength, �L, obtained in the calculation: h�i ¼ (��2L/L)

1/2. It is necessary, in all
programs treating multicomponent systems, to postulate supplementary approxima-
tions 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 [25].

3. Results and discussion

Absorption bands for octahedral and tetrahedral complexes of cobalt(II) have been
characterized in the solid state [16] and aqueous solution [26]. ForCoðH2OÞ

2þ
6 ,

absorption spectra of the pink solution, characteristic of Oh symmetry, has three
principal maxima in the visible and near-IR: at 1250 nm (1.5 Lmol�1 cm�1)
(4T1g(F)!

4T2g(F)), at 630 nm (0.3 Lmol�1 cm�1) (4T1g(F)!
4A2g(F)), and at 510 nm

(4.9 L mol�1 cm�1) (4T1g(F)!
4T1g(P)), all with weak intensities. During tetrahedral

complex formation, blue solutions characteristic of Td symmetry lead to spectra where
the absorption bands undergo a very clear bathochromic shift: the spectrum of CoCl2�4
ion presents a complicated ‘‘enveloped’’ absorption band where the transitions situated
at 635, 670, and 695 nm acquire intensity resulting from spin-orbit coupling [16].

These spectroscopic properties have been taken into consideration in order to identify
the number and the nature of the chloro complexes of cobalt(II) in the three aprotic
solvents studied, and to determine their stability constants and observe the solvent
effects, if any, on the spectra.

3.1. Experimental spectra

With increase in concentration of chloride, the color of the solutions change
progressively from pink–purple to intense blue, denoting successive formation of
chloro complexes. This also allows distinguishing the characteristic concentration zones
of the octahedral and tetrahedral species. Spectra presented in figures 1–3 correspond,
respectively, to the absorption of the solutions, Co(II)–Liþ(ClO�4 , Cl�) 1mol L�1–
DMSO; Co(II)–Liþ(ClO�4 , Cl�) 1mol L�1–DMF; Co(II)–Et4N

þ(ClO�4 , Cl�)
0.1mol L�1–PC.

The spectrum of a solution of cobalt(II) perchlorate is characterized by a large band
of very weak intensity ("0520Lmol�1 cm�1) at 520 nm. A clear hypsochromic shift is
observed when going from DMSO (530 nm) to DMF (520 nm) and PC (510 nm). With
addition of small quantities of chloride, a slight bathochromic shift of the
noncomplexed solvated cobalt ion band is noted along with a hardly perceptible
increase in absorption. These changes indicate the formation of the first chloro
complex.

For chloride/metal concentration ratio less than 2, important changes are seen in the
absorption spectra. A large absorption band of increasing intensity appears between
580 and 700 nm, with a maximum at 605 nm. Another band of twice the intensity is
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observed at 675 nm. These changes indicate the presence of the dichloro complex
[figure 2(a), spectra 3–12].

The absorption spectra are totally modified for solutions rich in chloride
concentrations, where the molecular ratio is greater than 4. Absorption is negligible
in UV up to 550 nm. Between 550 and 730 nm, there are four clear maxima at 600, 630,
665, and 690 nm, characteristic of tetrahedral cobalt [16]. At the same concentration
ratio (45R5100), an equilibrium between CoCl�3 and CoCl2�4 is observed by the
presence of isosbestic points at 618, 642, and 653 nm [figure 2(a), spectra 14–22].

The variation of experimental spectra is nearly the same in DMSO and DMF. In PC,
the absorption band is stabilized when the chloride/metal concentration ratio is greater
than 4 [figure 3, spectra 14–22]. In this medium, the final spectrum corresponds to the
spectrum of CoCl2�4 , indicating 100% formation of this complex. Taking into
consideration the interference caused by the absorption of solvents below 260 nm, the
charge transfer bands of cobalt(II) chloro complexes were characterized only in PC.
In this medium, there is a regular increase in the absorption intensity with increasing
ligand concentration with a slight hypsochromic shift of the maximum at 240 nm. For
concentrated solutions, CoCl2�4 is observed along with isosbestic points showing
equilibrium between the two most coordinated complexes.

Spectral variations were also recorded in the near IR for DMSO and DMF. The
octahedral ion CoðDMFÞ2þ6 (4T1g(F)!

4T2g(F)) has a very large maximum of very low
intensity centered between 1240 and 1260 nm (figure 2). The addition of chloride results
in a spectacular change in the absorption spectra with the maximum undergoing

Figure 1. Absorption spectra of cobalt(II)–lithium chloride solutions in DMSO. (a): Visible: [Co2þ]¼
5� 10�3mol dm�3, lcell¼ 0.5 cm Spectra/103�mol dm�3: 0/0, 4/3, 5/4, 6/5, 7/6, 8/7, 9/8, 10/10, 11/15, 12/20,
13/30, 14/50, 15/75, 16/100, 17/150, 18/200, 19/300, 20/500, 21/1000. (b): Infrared: [Co2þ]¼ 10�2mol dm�3,
lcell¼ 2 cm Spectra/102�mol dm�3: 0/0, 1/1, 2/2, 3/4, 6/10, 8/50, 10/100.
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a bathochromic shift of nearly 500 nm. The absence of isosbestic points for solutions of
lower chloride concentrations (figure 2, spectra 1–7), as well as the regular shift of the
maxima, clearly show the presence of at least three complexes, the last one characterized
by two distinct and well-separated maxima (1480 and 1660 nm). The most coordinated
species presents a single maximum situated around 1740 nm.

3.2. Number of chloro complexes

Preliminary analysis of the experimental spectra document indicates presence of three
complexes in each of the three solvents under study. The most substituted complex is
CoCl2�4 , which is clearly identified by the characteristic absorption bands of the
tetrahedral configuration. Isosbestic points observed in solutions with high ligand
concentrations indicate equilibrium between CoCl�3 and CoCl2�4 . On the other hand,

Figure 2. Absorption spectra of cobalt(II)–lithium chloride solutions in DMF. (a): Visible: [Co2þ]¼
5� 10�3mol dm�3, lcell¼ 0.5 cm Spectra/103�mol dm�3: 1/1, 2/2, 4/4, 5/5, 8/8, 9/10, 10/15, 11/20, 12/30,
13/50, 14/75, 15/100, 16/150, 17/200, 18/300, 19/500, 20/1000. (b): Infrared: [Co2þ]¼ 10�2mol dm�3,
lcell¼ 1 cm Spectra/102�mol dm�3: 0/0, 2/0.5, 3/1, 4/2, 5/3, 7/5, 8/10, 10/20, 11/100.
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it is difficult to say if the absorbance variations of solutions of low ligand
concentrations are due to one or two supplementary species CoCl2 and/or CoCl

þ.
The matrix rank treatment of Hugus and El-Awady [27], applied to the experimental

data, allows the determination of the minimum number of absorbing species. The
calculations indicate a minimum of three absorbing species – four in PC. Taking into
consideration that the noncomplexed solvated cobalt ion has a detectable absorption
band compared to complexed cobalt, the minimum number of complexes would be two
to three in case of PC, which, however, contradicts the form and variation of
experimental spectra. Moreover, calculations on theoretical models using two
complexes: [1,4], [2,4], or [3,4], that is, the mono- and tetra-, the di- and tetra-, or the
tri- and tetrachloro complexes, respectively, lead to unsatisfactory results for the whole
experimental data.

3.3. Stability constants of cobalt(II) chloro complexes

In conformity with the preceding discussion, the following theoretical models were
tested.

. Three models of three mononuclear complexes: [2, 3, 4], [1, 2, 4], and [1, 3, 4], i.e.,
respectively, the di-, tri- and tetra-; the mono-, di- and tetra-; the mono-, tri- and
tetrachloro complexes.

. One model of four successive mononuclear complexes: [1, 2, 3, 4].

Simultaneous determination of the parameters �j and "j leads to the best values of
stability constants, specific extinction coefficients, and the quadratic mean h�i related to
regions of wavelengths. The intervals of uncertainty for the determined values were

Figure 3. Absorption spectra of cobalt(II)–tetraethyl–ammonium chloride solutions in PC. UV–Visible:
[Co2þ]¼ 2.10�3mol dm�3, lcell¼ 1 cm Spectra/103�mol dm�3: 1/0.375, 2/0.75, 3/1.5, 4/2.25, 5/3, 6/3.75, 7/4.5,
8/5.25, 9/6, 10/6.375, 11/6.75, 12/7.15, 13/7.5, 14/9, 15/10.5, 16/12, 17/13.5, 18/15, 19/30, 20/45, 21/60, 22/75.
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calculated by the method proposed by Byé [28]. All these numerical results, for the three
solvents studied, are assembled in tables 1–3.

As expected, the model [1, 2, 3, 4] leads to lower values for h�i compared to the

models with three complexes. This is normally the case when there are more parameters

to be optimized. The numerical criterion, therefore, is sufficient to easily eliminate the
models [2, 3, 4] and [1, 2, 4]. Indeed, working under the hypothesis of successive

formation of complexes, it is difficult to imagine that the metal-chloride bonds are

stabilized to the extent that the most easily substituted species is attributed zero as
stability constant. Moreover, it is unlikely that there is only one equilibrium of CoCl2
and CoCl2�4 for solutions of high ligand concentrations.

Interpretation of data under the hypothesis of the model [1, 3, 4] is, as regards the
numerical criterion, an acceptable result and is comparable to that obtained with model

[1, 2, 3, 4]. The difference of h�i between the two is small (0.010). Gutmann explained

the absence of dichloro complex in the model [1, 3, 4] on the basis that the solvent and
the ligand have similar donor numbers favoring dissociation into mono- and trichloro

complexes [29].

Table 2. Calculated stability constants for different models of cobalt(II) chloro complexes
in DMF.

[2, 3, 4] [1, 2, 4] [1, 3, 4] [1, 2, 3, 4]

�1 – (4.3� 3.9)102 (7.8� 7.0)102 (1.2� 0.7)103

�2 (5.1� 4.1)105 (1.5� 1.0)105 – (1.2� 0.9)107

�3 (2.6� 1.2)109 – (2.3� 0.8)109 (1.1� 0.7)1010

�4 (6.6� 2.3)1010 (6.4� 5.3)107 (6.0� 2.0)1010 (3.2� 1.7)1011

h�i 0.054 0.076 0.045 0.037

Note: (N, L): visible¼ (20, 35); near IR¼ (11, 17).

Table 1. Calculated stability constants for different models of cobalt(II) chloro complexes in
DMSO.

[2, 3, 4] [1, 2, 4] [1, 3, 4] [1, 2, 3, 4]

�1 – (3.1� 1.0)103 (3.2� 0.6)102 (1.6� 1.1)103

�2 (6.3� 1.8)105 (1.2� 0.5)105 – (8.6� 6.4)104

�3 (1.1� 0.5)108 – (6.6� 1.6)106 (9.1� 5.4)106

�4 (8.9� 8.0)108 (1.7� 1.6)107 (5.6� 3.2)107 (8.3� 7.5)107

h�i 0.078 0.081 0.049 0.043

Note: (N, L): visible¼ (21, 40); near IR¼ (10, 21).

Table 3. Calculated stability constants for different models of cobalt(II) chloro complexes
in PC.

[2, 3, 4] [1, 2, 4] [1, 3, 4] [1, 2, 3, 4]

�1 – (3.5� 2.7)103 (3.1� 2.8)103 (1.8� 1.3)106

�2 (9.1� 8.1)107 (1.1� 1.0)102 – (6.5� 2.2)1011

�3 (1.2� 1.0) 014 – (2.9� 2.8)1014 (5.3� 2.7)1017

�4 (2.2� 1.9) 018 (7.1� 6.4)1014 (4.6� 4.1)1018 (2.3� 2.1)1022

h�i 0.094 0.143 0.067 0.060

Note: (N, L): UV¼ (14, 10); visible¼ (14, 39).
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Taking into consideration the mathematical criterion of h�i, the model [1, 2, 3, 4] is
retained; table 4 gives the logarithmic values of the overall stability constants of the
complexes.

Comparison with literature values for the stability constants, especially of the mono-
and the dichloro complex, show that they are higher in organic solvents than in aqueous
medium. The same pattern is observed in case of the chloro complexes of copper(II) in
water [30] and in organic medium [1, 31, 32].

No correlation is observed for stability with respect to the dielectric constant of the
solvents. However, it is interesting to note that stability increases significantly with
decrease in Gutmann’s donor numbers of the solvents (table 4).

3.4. Electronic spectra of the cobalt(II) chloro complexes

Using the calculated values of �j, the specific extinction coefficients, "j, were calculated
for all the species in order to determine the electronic spectra, and these values are
presented in table 5.

3.4.1. Noncomplexed cobalt(II). In the visible spectrum, cobalt(II) is characterized by a
low intensity band around 510 nm in PC, and this band is displaced towards the red by
10 nm inDMF and by 20 nm inDMSO. The absorptionmaximum in theUV, determined
only in PC, is at wavelength less than 220 nm. In the IR region, the solvate has a band at
1260 nm in PC, 1280 nm in DMF, and at 1435 nm in DMSO. For a given ion and a given
structure, the d-d transition bands depend on the electrostatic field of the coordinated
ligands, measured by the crystal field parameter �¼ 10Dq. A bandshift towards the
violet region, i.e., hypsochromic shift, shows an increase of Dq, whereas a shift to the red,
i.e., bathochromic, indicates decrease of Dq. In the present case, this bathochromic
shift of 175 nm in the near IR, and of 20 nm in the visible, from PC to DMSO defines the
spectrochemical sequence of the octahedral structure of CobaltðsolvÞ2þ6 as follows:

DqðDMSOÞ < DqðDMFÞ < DqðPCÞ

This sequence is in the inverse order of the donor numbers of the three solvents.

3.4.2. Monochloro complex. CoClþ has a single charge transfer band, calculated at
240 nm in PC. In the visible, this complex presents two bands of comparable intensities
in the three solvents (table 5). A bathochromic shift of the first band from 535 to 590 nm

Table 4. The logarithms of the overall stability constants, �j, and the stepwise stability
constants, Kj, of the chloro complexes of cobalt(II) for the model [1, 2, 3, 4] in aprotic medium.
The numbers given below the column headings of the solvents are the dielectric constants of the
solvents, "r, and Gutmann’s Donor Numbers, DN: ("r/DN).

DMSO 45/29.8 DMF 36.1/26.6 PC 69/15.1

log �1 (logK1) 3.2 (3.2) 3.1 (3.1) 6.3 (6.3)
log �2 (logK2) 4.9 (1.7) 7.0 (3.9) 11.8 (5.5)
log �3 (logK3) 6.9 (2.0) 10.0 (3.0) 17.7 (5.9)
log �4 (logK4) 7.9 (1.0) 11.5 (1.5) 22.4 (4.7)
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is observed from DMSO to PC. For the second band, situated between 620 and 675 nm,
the shift could not be correlated with the solvents. The similarity of the CoClþ spectra
in the three solvents indicates an identical structure and the spectrochemical sequence is
that of the solvate. The d-d transition of this complex was calculated only in DMF and
is situated at 1380 nm.

3.4.3. Dichloro complex. Only one charge transfer band is calculated in PC. In the
visible, CoCl2 has two absorption bands of unequal intensities at 610 and 680 nm in
DMSO, at 606 and 670 nm in DMF, and a shoulder at 660 nm in both solvents. In PC,
there is a clear bathochromic shift for all these bands with the first at 635 nm and the
shoulder peak and the second maximum at 670 and 685 nm, respectively. The similarity
in DMSO and DMF indicates that solvation in these solvents is identical, which is
logical since their solvating power is similar. The absence of significant absorption
between 500 and 560 nm shows that the octahedral structure of cobalt in CoCl2 tends
towards tetrahedral. This structural modification is confirmed by the existence in DMF
of two bands in the IR (1480 and 1640 nm), which could reflect an equilibrium between
the two structures.

3.4.4. Trichloro complex. In the UV, CoCl�3 is characterized by two intense maxima.
The first is situated below 210 nm and is difficult to locate because of absorption due to

Table 5. Absorptions of the chloro complexes of cobalt(II) in aprotic media: lmax

in nm ("jmax in Lmol�1 cm�1); sh: shoulder peak.

Species DMSO DMF PC

CoðsolvÞ2þ6 Oh 530(11) 520(18.2) 4210
1435(1.4) 1280(5.7) 510(8.4)

1260(2.5)

CoClþ 535(14) 545(38) 240(950)
670(12) 620(22) 590(88)

1380(8) 675(140)

CoCl2 520(10) 530(11) 232(1870)
610(270) 606(180) 635(132)

660sh 660sh 670(260)
680(490) 670(320) 685(260)

1480(33)
1640(36)

CoCl�3 610(336) 605(340 5210
655sh 655sh 223sh
680(586) 676(560) 240(2900)

1460(57) 590(290)
1660(54) 655sh

680(416)

CoCl2�4 Td 613sh 613sh 5210
634(460) 633(484) 217(2560)
666(650) 665(680) 233(4400)
692(776) 692(820) 613sh
41700 1735(89) 633(464)

667(644)
692(770)
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electrolytes in PC. The second maximum of lesser intensity is situated at 240 nm with a

shoulder at 223 nm. In the visible, the electronic spectra of CoCl�3 in the three solvents

show a band at 600 nm, which undergoes a slight hypsochromic shift when going from

DMSO to PC, a characteristic shoulder at 655 nm, and a more intense maximum at

680 nm. The absence of any absorption lower than 580 nm shows that cobalt is not

octahedral in CoCl�3 . However, in the IR region, the calculated maxima in DMF (1460

and 1660 nm) permit us to postulate, as in the case of CoCl2, a possible equilibrium

between the two geometries.

3.4.5. Tetrachloro complex. There are two intense charge transfer bands of CoCl2�4 in
PC. The position of one is superimposed with the band for CoCl�3 below 210 nm. The

other is situated at 233 nm; a shoulder exists at 217 nm. In the visible spectrum, the

electronic spectra of CoCl2�4 is identical in the three solvents with maxima at 633, 666,

and 692 nm and a shoulder at 613 nm. In the solid, these positions have been determined

for Td symmetry [16]. The CoCl2�4 spectra in the solid and in solution are identical, and

it is, therefore, independent of the solvent, expected since CoCl2�4 is not solvated.

Finally, the d-d transition band is at 1735 nm.

3.5. Structural modifications

The octahedral structure for Co2þ is characterized by a weak, though well-defined,

absorption maximum at 520 nm and a large band at 1350 nm. These peaks are

accompanied by weak bands between 600 and 750 nm. On the other hand, the

tetrahedral structure is characterized by no absorption below 600 nm and the presence

of three absorptions of unequal intensities at 635, 655, and 690 nm for CoCl2�4 . In the

IR region, the tetrachloro complexes have a single large band centered around 1700 nm.
For intermediate complexes, the position of the calculated absorption maxima, the

change of the direction of spectroscopic shift as a function of solvent and the degree of

complexation show unambiguously that the octahedral configuration is broken as soon

as CoClþ is formed.
The above observations are pertinent to the study of the solvent effects on the

calculated electronic spectra of the complexes. In the three aprotic solvents studied, the

chloro complexes have the same number of absorption bands in the visible, two for

CoClþ, two for CoCl2, three for CoCl�3 , and three for CoCl2�4 .
The bathochromic shift � for the principal absorption bands, nearest to red, are

reported in table 6. The shift as a function of the number of chloride ions coordinated to

the metal is designated by �n, whereas �s is the displacement with respect to the

decreasing donor ability of the solvents.
For each solvent �n increases as the degree of the complexation of the metal. For

cobalt(II) complexes, the value of �n is between 370 and 1700 cm�1. In case of each

complex of the same rank, the shifts �s vary irregularly with respect to donor ability of

the solvents. The maximum amplitude for �s is 1300 cm
�1; �s is zero for the tetrachloro

complexes.
The octahedral edifice of cobalt(II) is modified as soon as formation of CoClþ begins

and that the configuration remains tetrahedral in the series of cobalt(II) chloro

complexes. The symmetry is rigorously Td for CoCl2�4 .
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Table 6. Spectroscopic shift (cm�1) of the principal absorption band (lmax in nm).

Principal absorption band

CoCl
ð j�2Þ�
j DMSO DMF PC �s (cm

�1)

j¼ 1 670 620 675 1300
j¼ 2 680 670 685 200
j¼ 3 680 676 680 90
j¼ 4 692 692 692 0
�n (cm

�1) 480 1680 370

Notes: �n: the bathochromic shift with respect to the n number of the coordinated ligands; �s: the
spectroscopic shift with respect to the donor ability of the solvents.
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