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A systematic investigation of the chromate ion in [Ni(II)-(2,2�-bpy)-CrO4
2� ] systems has

been carried out. The effect of the Ni(II) ion and the organic ligand on the mode of the
chromate position in the [Ni(bpy)3]CrO4�7.5H2O (1), [Ni(bpy)2(OCrO3)(H2O)]�5H2O (2)
and catena-(µ-CrO4-O,O�)[Ni(bpy)(H2O)2]�2H2O (3) complexes has been shown.
[Ni(bpy)3]CrO4�7.5H2O crystals (1) have a monoclinic symmetry with space group C2/c
and 8 chemical units, forming a unit cell with a = 13.641(3) Å, b = 22.939(5) Å, c =
23.351(5) Å and � = 104.69(3) deg, whereas the [Ni(bpy)2(OCrO3)(H2O)]�5H2O crystals
(2) have a monoclinic symmetry with space group P21/c and 4 chemical units per unit cell
with a = 10.854(2) Å, b = 22.665(5) Å, c = 10.623(2) Å and � = 108.93(3) deg at room
temperature. The chromate ion in 1 is not coordinated to the nickel(II) ion. The geometry
around the Cr(VI) atom is pseudotetrahedral. Untypical for the chromate ion mono-
dentate coordination has been found in the complex [Ni(bpy)2(OCrO3)(H2O)]�5H2O. The
chromate position has been also elucidated from the digitally resolved IR spectra. The co-
ordination of the chromate ion in 2 and 3 was also observed for the single crystal at 4 K, in
reflectance and solution electronic spectra through the appearance of a new transition at
ca. 15000 cm–1. The full characterization of the chromophores present in the complexes:
NiN6, NiN4O2, NiN2O4 and NiO6 have been obtained on the basis of the detailed analysis
of the electronic spectra at 4 K (Gaussian deconvolution followed by digital filtration).
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Extensive data exist in literature on the redox pathways of the carcinogenic
Cr(VI) anion and the interaction of its metabolites, i.e. Cr(V), Cr(IV) and Cr(III) with
DNA [1–5]. However, in contrast to simple chromate salts, only a few data on the bio-
logical properties of the metal ion complexes, containing the Cr(VI) ion, have been
reported [6–7]. In the bacterial tests on the Cu(II) chromate complexes with some ni-
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trogen donor ligands, depending on the chemical composition of the CuxLyCrO4

complexes (L-heterocyclic base), various degree of genotoxicity, decreasing in com-
parison to control simple chromate, have been found [6–7]. The lowering of the
mutagenic activity was explained by the mode of the chromate ion binding to the
metal-organic ligand core [2]. Thus, the symmetry of the Cr(VI) species forming may
influence, e.g. the effectivity of the membrane crossing.

The aim of this study was a systematic investigation of geometry changes of the
chromate ion, depending upon the condition of the experiment. Particularly, the ef-
fect of the M:L ratio in the [Ni(II)-bpy-CrO4

2� ] system on the CrO4
2� position in the iso-

lated species has been investigated. The first two members of the system, i.e. Nibpy x
2+

complex ions (x = 1, 2, 3), which may play here a modifying role with respect to the
CrO4

2� , were studied intensively earlier [8–18]. Having in mind the biological effects,
we were especially interested in the stability of the isolated species in the solution.

EXPERIMENTAL

Preparation of [Ni(bpy)3]CrO4�7.5H2O (1) and catena-(µ-CrO4-O,O�)[Ni(bpy)(H2O)2]�2H2O (3):
Complexes were prepared as described in [19].

Preparation of [Ni(bpy)2(OCrO3)(H2O)]�5H2O (2): A methanolic solution of 2,2�-bipyridine (20
cm3, 0.75 M) was added upon stirring to the K2CrO4 water solution (30 cm3, 0.25 M). After 15 min this
was mixed with 30 cm3 of the 0.25 M nickel chloride (sulfate, nitrate). The resulting solution of red brown
color was allowed to stand in air and after 24 h gave an olive powder precipitate, i.e. complex 3. After fil-
tration of 3 the solution was slightly evaporated at room temperature and allowed to remain for a mini-
mum of 7 days. The dark olive crystals obtained were filtered, washed several times with water and finally
dried in a vacuum desiccator over P2O5. Anal. Calc C20H28CrN4O10Ni: Ni, 9.84; Cr, 8.81; C, 40.71; N,
9.49; H, 4.77. Found: Ni, 8.8; Cr, 8.35; C, 40.38; N, 9.21; H, 4.57. Elemental analyses were performed
with the Kupman (C, H, N) and ICP (Cr, Ni) methods.

X-ray crystallography and structure solution: The single-crystal measurements were carried out on
the four circle X-ray KM4-CCD diffractometer (KUMA DIFFRACTION Company) with graphite-
monochromated MoK� radiation (� = 0.71073 Å). X-ray intensity data were collected at 300 K in 5 runs
on 120� omega angle using a step 0.5� and 25 s exposures for one image. 15879 reflections of
[Ni(bpy)3]CrO4�7.5H2O (1) and 13347 reflections of [Ni(bpy)2(OCrO3)(H2O)]�5H2O (2) were recorded
to a resolution 0.78 Å, which merged to give a total of 5225 and 4169 unique reflections, respectively. Em-
pirical absorption correction was applied for observed reflections and extinction correction was intro-
duced in the refinement. The structures of crystals 1 and 2 were solved by direct methods using the
SHELXS-97 program [20]. The positions of hydrogen atoms were determined from difference Fourier
maps. Refinement was carried out using SHELXL-97 [20]. The initial lattice parameters were calculated
from 120 reflections and the final lattice parameters were refined for all reflections with I > 2 sigma(I).

Magnetic measurements and vibrational spectroscopy: Magnetic measurements were carried out at
293 K by the Gouy method using Hg[Co(SCN)4] as calibrant. Infrared and FIR spectra were recorded on a
Perkin Elmer 1600 and FT-IR Perkin Elmer 2000 spectrophotometers, respectively. The band analysis
was performed using the variable digital filter method [21–24].

Electronic spectra measurements: A Cary 500 Scan UV-Vis-NIR spectrophotometer was used for
spectra recording. The spectra of the formamide solutions were of the concentrations: 5×10–3 M for 1 and
2. Additionally, the spectra of the hydrated Ni(II) salts (sulfate, chloride and nitrate) in formamide
(5×10–3 M) were investigated for comparison. (For 3 because of low solubility only the reflectance spec-
trum was measured). Single crystal low-temperature (4 K) absorption spectra were recorded in the range
9000–20500 cm–1, using the Cryostat Optistat CF (Oxford) open-cycle helium system. A two-step proce-
dure was performed for the resolution of the spectra: (i) – the variable digital filtration (to obtain the ap-
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proximate values of the band positions) [21–24], (ii) – the deconvolution of the spectral contour into
Gaussian components (to obtain the exact values of the band intensity, half width and position). The pro-
cesses of deconvolution were performed by modification of non-linear least squares algorithm [25–27].
For d-d bands the data obtained were used to calculate the crystal field Dq, Ds, Dt parameters and Racah B
parameter. In the calculation the Perumareddi matrices [28–29] (without spin-orbit coupling parameter)
for spin allowed transition were used. The parameters were found by minimizing (SIMPLEX algorithm)
the root mean square error between experimental energies (taken from deconvolution) and theoretical en-
ergies (taken from the Perumareddi matrices [28–29]).

RESULTS AND DISCUSSION

Description of the structures: The details of data collection and refinement are
shown in Table 1. The [Ni(bpy)3]CrO4�7.5H2O crystals 1 have a monoclinic symmetry
with space group C2/c and 8 chemical units forming a unit cell at room temperature,
whereas the [Ni(bpy)2(OCrO3)(H2O)]�5H2O crystals 2 have a monoclinic symmetry
with space group P2(1)/c and 4 chemical units per unit cell (Table 1). Selected inter-
atomic distances and angles of crystal 1 and 2 are shown in Table 2. The arrangement
of [Ni(bpy)3]

2+ complex ions, chromate ions and molecules of water of crystallization
in 1 is similar to that in [Ni(bpy)3]SO4�7.5H2O [30]. Two non-equivalent groups
[Ni(1)(bpy)3]

2+ and [Ni(2)(bpy)3]
2+ (Fig. 1) are built into the hydrogen-bonded car-

cass, which is composed entirely of water molecules and chromate ions. The chro-
mate ion is not coordinated to the nickel(II) ion. The geometry around the Cr(VI)
atom is pseudotetrahedral, where Cr–O bond lengths are in the range
1.598(3)–1.672(5) Å. The O(3A) and O(3B) atoms of CrO4

2� and the water O(8) atoms
statistically occupy their position with k = 0.5, which means that the chromate ions
undergo reorientational motion between two equilibrium arrangements with equal
probability (Fig. 2). The large values of the anisotropic temperature factors of all oxy-
gen atoms indicate that the structure of the crystals 1 is dynamically disordered.

Table 1. Selected crystallographic data for [Ni(bpy)3]CrO4�7.5H2O (1) and [Ni(bpy)2(OCrO3)(H2O)]�5H2O (2).

1 2

empirical formula NiCrC30H39N6O11.5 NiCrC20H28N4O10

fw 778.38 595.16

T(K) 293(2) 293(2)

� (MoK�) (Å) 0.71073 0.71073

space group C2/c P21/c

a (Å) 13.641(3) 10.854(2)

b (Å) 22.939(5) 22.665(5)

c (Å) 23.351(5) 10.623(2)

� (�) 90 90

� (�) 104.69(3) 108.93(3)
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Table 1 (continuation)

� (�) 90 90

V (Å)3 7068(3) 2472.0(8)

Z 8 4

dcalcd (g/cm3) 1.463 1.599

R1
a 0.070 0.053

wR2
b 0.145 0.100

aR1 = 	|| Fo| – |Fc||/	|Fo|.
bwR2 = {	[w(Fo

2 – Fc
2)2]/	[w(Fo

2)2]}1/2.

Table 2. Selected bond lengths (Å) and angles (deg) in crystals [Ni(bpy)3]CrO4�7.5H2O (1) and
[Ni(bpy)2(OCrO3)(H2O)]�5H2O (2).

(1) Ni(1)–N(1A) 2.0888(17) Ni(2)–N(1E) 2.0744(16)

Ni(1)–N(1A)#3 2.0888(17) Ni(2)–N(1E)#3 2.0744(16)

Ni(1)–N(1B)#3 2.0936(16) Ni(2)–N(1F) 2.0869(18)

Ni(1)–N(1B) 2.0936(16) Ni(2)–N(1F)#3 2.0869(18)

Ni(1)–N(1C) 2.0948(16) Ni(2)–N(1D)#3 2.0927(15)

Ni(1)–N(1C)#3 2.0948(16) Ni(2)–N(1D) 2.0927(15)

Cr(1)–O(2A) 1.602(3)

Cr(1)–O(3B) 1.598(3)

Cr(1)–O(4A) 1.609(2)

Cr(1)–O(1A) 1.624(2)

Cr(1)–O(3A) 1.672(5)

N(1A)–Ni(1)–N(1A)#3 92.90(9) O(2A)–Cr(1)–O(3B) 94.24(17)

N(1A)–Ni(1)–N(1B)#3 78.36(6) O(2A)–Cr(1)–O(4A) 107.70(13)

N(1A)–Ni(1)–N(1B) 94.39(6) O(3B)–Cr(1)–O(4A) 124.50(15)

N(1A)–Ni(1)–N(1C) 94.86(7) O(2A)–Cr(1)–O(1A) 109.05(16)

N(1A)–Ni(1)–N(1C)#3 169.13(6) O(3B)–Cr(1)–O(1A) 109.35(15)

O(4A)–Cr(1)–O(1A) 110.17(12)

N(1E)–Ni(2)–N(1F) 95.30(6) O(2A)–Cr(1)–O(3A) 127.10(2)

N(1E)–Ni(2)–N(1D) 93.90(6) O(3B)–Cr(1)–O(3A) 37.2(2)

N(1E)–Ni(2)–N(1E)#3 94.15(9) O(4A)–Cr(1)–O(3A) 93.9(2)

N(1E)–Ni(2)–N(1F)#3 78.90(5) O(1A)–Cr(1)–O(3A) 107.37(19)

N(1E)–Ni(2)–N(1D)#3 169.77(6) Cr(1)–O(1A)–O(2A) 35.19(10)

Symmetry transformation used to generate equivalent atoms: #3 –x, y, –z + 1/2

(2) Ni(1)–N(1D) 2.068(3) Cr(1)–O(1) 1.678(2)

Ni(1)–N(1B) 2.071(3) Cr(1)–O(2) 1.602(3)

Ni(1)–N(1C) 2.076(3) Cr(1)–O(3) 1.642(3)

Ni(1)–N(1A) 2.083(3) Cr(1)–O(4) 1.629(3)

Ni(1)–O(1A) 2.124(3) Ni(1)–O(1)–Cr(1) 3.724(3)

Ni(1)–O(1) 2.046(3)

N(1A)–Ni(1)–N(1D) 94.78(11) Cr(1)–O(1)–Ni(1) 126.69(13)

N(1A)–Ni(1)–N(1B) 78.79(11) O(2)–Cr(1)–O(4) 110.90(16)

N(1A)–Ni(1)–N(1C) 92.08(12) O(2)–Cr(1)–O(3) 109.71(15)

N(1A)–Ni(1)–O(1A) 176.41(10) O(4)–Cr(1)–O(3) 108.58(14)

N(1A)–Ni(1)–O(1) 91.80(11) O(2)–Cr(1)–O(1) 109.37(14)

N(1D)–Ni(1)–O(1) 93.31(11) O(4)–Cr(1)–O(1) 109.98(13)

N(1B)-Ni(1)-O(1) 91.34(10) O(3)-Cr(1)-O(1) 108.28(13)

O(1)-Ni(1)-O(1A) 90.28(10)
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Figure 1. A perspective view of the non-equivalent groups [Ni(1)(bpy)3]
2+ and [Ni(2)(bpy)3]

2+ and the
chromate ions in [Ni(bpy)3]CrO4�7.5H2O (1).

O1

O3

O3 NI1

O1

O5

O2

O3

O7

O2A
O82

O6

O3A

O81

NI2

CR1

O7

O1A

O3A

O82
O4A

b

c

Cr

O

Ni

N

C

H

Figure 2. The hydrogen-bonded between chromate ions and a O(8) of water molecules in
[Ni(bpy)3]CrO4�7.5H2O (1).



The crystal structure of 2 consists of the complex [Ni(bpy)2(OCrO3)(H2O)] and
five molecules of crystallization water. The Ni(II) ion has a distorted octahedral envi-
ronment and is coordinated by four N atoms from two chelating bpy groups, one water
O(1A) atom and O(1) atom of the CrO4

2� anion (Fig. 3). The Ni–Nbpy distances (mean
va lue 2 .079(3) Å ) s imi la r to those found recen t ly in po lyan ion ic
[Ni(bpy)2(H2O)(PW12O40)]

3– [31], are shorter than the Ni–O(1A) bond length
(2.124(3) Å) but longer than the Ni–O(1) distance (2.046(3) Å) (Table 2). As illus-
trated in Fig. 3, the water molecules linked to the Ni(II) ion are hydrogen bonded to
the O(3) and O(4) atoms of the neighboring chromate ions. The O(2) atom of the CrO4

2�

anion is hydrogen bonded to the water O(3A) atom.
Generally, the analysis of the crystal structure of the metal ion complexes with or-

ganic ligands, containing the chromate ion, shows three modes of arrangement of the
CrO4 entity: (i) – bidentate bridging -O2CrO2- with symmetric [32–36] and asymmet-
ric [37–40] metal–O(Cr) bonds (the pseudotetrahedral symmetry of the chromate
moiety with two equal Cr–O bonds in the bridge was found in studied cases most); (ii)
– bidentate chelating -O2CrO2- [41] and (iii) – a combination of (i) and (ii) [41].
Monodentate chromate coordination (iv) in the complexes with organic ligand has al-
ready been recorded [42a–b]. Such cases were found in this work. The combination of
(ii) and (iv) was found in simple KLa(CrO4)2 [42c–43]. Non-coordinate chromate
should be expected in analogy to other tetrahedral anions like, e.g. ClO4

� observed in
various complexes [16,18,44–46].
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Infrared spectra: The infrared spectra of 1–3 are presented in Table 3 and Fig. 4.
There are two main regions assigned to the CrO4

2� entity: 780–950 cm–1 and 300–550
cm–1 [47]. In the 780–950 cm–1 region for tetrahedral symmetry, 
3 should remain
unsplit [48]. However, in 1 two small shoulders observed on 
3 band (Fig. 4a) can be
assigned to the dynamic disorder of the CrO4 tetrahedron (see the structural part). For
2 and 3 the splitting of 
3 are characteristic of the coordinated chromate ion [48–49].
According to the symmetry rules, on decreasing Td�C3
�C2
, two and three compo-
nents of 
3 are found as expected, respectively (Fig. 4) [47]. In 2 and 3 a new band ap-
pearing at ~820 cm–1 and ~540 cm–1 were assigned to the 
as and 
s in the Ni–O–Cr
bridge [49], respectively. Under the digital filtration process the asymmetric band at
ca. 810–820 cm–1 assigned to the bridge splits into two well-separated bands (Fig. 4b
and 4c). The higher transition energy was assigned to the bridge vibrations [49],
whereas the other one was attributed to the rocking vibrations of the H2O molecules
[47] readily seen in 1 (Fig. 4a). As there is no structure of the complex 3, the compari-
son of the mode splitting of the 
3 and 
4 bands between 1, 2 and 3 suggests C2v sym-
metry for the chromate entity in 3 (Chart 1) [47-48]. The C2v symmetry of the
chromate can be realized as a chelate or a bridge. As the bridging coordination is gen-
erally favored by the chromate ion [32,33,36,39,50], such coordination has been pro-
posed for 3. Moreover, the difference in the chromate coordination between 2 and 3

was confirmed through the shift and the change of the shape of the 
as transition as-
signed to the Ni–O–Cr bridge.

Table 3. The most important vibrational frequencies (in cm–1), band assignments and magnetic moments for 1–3.


(OH) 
as(Ni–O–Cr) �r(H2O) 
sym(Ni–O–Cr) 
(Ni–OH2O) 
(Ni–N) [BM]
T = 297 K

1 3406s – 812w – – 282s

260w

3.48 [19]

2 3386s

3220sh

818m 810m 545m 443w 264s

257s

3.28

3 3105m 825m 810m 543m 445s 264s

238s

3.38 [19]

Electronic spectra: 8000–20000 cm
–1

region: In this region two of low intensity
bands related to the d-d (d8) transitions [51] are observed (Table 4, Fig. 5, 6). In the
spectra of 1–3, the red shift of the band positions is connected with the systematic
changes of the donor atom position in the spectrochemical series N6, N4O2 and N2O4

[51]. The structure of the cationic part of 1 represents the known trigonally distorted
octahedron (D3d) [51–52], whereas the environment of 2 is a tetragonally distorted
octahedron around Ni(II) ion (D4h) [53]. However, as the respective splitting of the
first two d-d bands, due to the Oh�C2V symmetry lowering were not found, Oh (i.e.

D3d) has been applied for 1 and D4h for 2–3. The crystal field parameters calculated in
D4h model (Table 5) seem to be very reasonable.
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Table 4. Band assignments for the deconvoluted electronic spectra of Ni(II) complexes (energy in cm–1)
in the 7000–30000 cm–1 region (molar absorption coefficients � (dm3·mol–1·cm–1) in parentheses).

Experimental
conditions

Compounds [chromophore]

1 [N6]
a

2 [N4O2]
b

3 [N2O4]
b Ni(H O)2 6

2�[O
6]

a

cryst. (293 K) 10045 12770
1
Eg cryst. (4 K) 9670 12810

refl. 10103 12850 13000

sn. 9610 (0.31) 12940 (0.98) 14355
(0.18)

cryst. (293 K) 12705 10700c 11680d

3
T2g (F) cryst. (4 K) 13230 10880c 11530d

refl. 13130 10700c 11740d 8040c 10900d

sn. 12705(9.14) 10630c (6.82) 11870d (2.22) 8560 (6.07)

Ni–O–Cr cryst. (293 K) 14750

cryst. (4 K) 14250

refl. 15220 14000

sn. 15790 (0.88)

cryst. (293 K) 18640 16020e 17575f

3
T1g(F) cryst. (4 K) 19080 16140e 17570f

refl. 18918 16120e 17710f 14550* 14550*

sn. 18355(6.17) 16110e(2.67) 17630f(5.69) 14170
(2.87)

cryst. (295 K) 20470** 20520**

1
T2g cryst. (4 K) 20570** 20740**

refl. 20780** 20980** 21150**

sn. 20050**
21050** 22450

(0.27)
1
A1�

1
T1

*** refl. 22350, 23120, 23700 21200, 21960, 22900 21450, 21990, 22700

sn.21460 (110), 22540 (130), 23320 (71) 21560(95), 22610(120), 23350(60)
1
A1�

1
T2

*** refl. 26950 26150 26100

sn. 27250(1480) 27290 (1680)

aOh symmetry, bD4h symmetry, c 3Eg,
d 3B2g,

e 3A2g,
f 3Eg

*v0–0 energy, **position taken from the digital filtration (parameters: step = 30, � = 80, N = 10),
***CT O�Cr transitions.
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The spectrum of 3 needs more comments. It is the compound, which is in the pow-
der form of low solubility, thus the reflectance spectrum was the only subject of the
analysis. Fortunately, the identical chromophore N2O4 was found in the crystals of
[Ni(phen)(OCrO3)(H2O)3]�H2O [54]. Thus, the analysis of 3 was performed on the
basis of the spectrum of this compound. In the spectra of both compounds the signifi-
cant splitting (~2500 cm–1) of the first d-d band is observed (in contrast to the second
d-d band) (Table 4). The spectrum of phen complex exhibits an unsplit second d-d
band with vibrational fine structure at 540 cm–1 [54]. Reasonable crystal field param-
eters (expecially Racah B parameter) were only obtained when the v0–0 (15150 cm–1)
was taken in the calculations as a second d-d band position (composed with 3A2g and
3Eg) [54]. The same procedure was applied for compound 3. Unfortunately, because
of low resolution of its reflectance spectra, only traces of the respective vibronic
structure were found, so that the v0–0 energy was approximated via phen complex
[54]. In phen complex all bands are blue shifted in ca. 600 cm–1 in comparison with 3,
therefore, 14550 cm–1 as v0–0 of the second d-d band was proposed for 3.

The electronic spectra of the complexes studied in various environments were re-
solved into the component bands (Table 4, Fig. 6). The number of the bands, taken in
the analysis, was the consequence of (a) – the spin-orbit interaction (Oh symmetry)
and (b) – predictions of the crystal field theory [28–29]. Mathematically (assuming
that the 3B2g state possesses a higher energy than the 3Eg state) based on energy matri-
ces [28–29], from first four energies of the d-d spin-allowed transition, one obtains
two sets of possible parameters. For example, for 2 in formamide (Tab. 4) the follow-
ing solutions have been obtained:

3Eg
3B2g

3A2g
3Eg Dq B Ds Dt

(i) 10630 11870 17630 16110 1187 632 425 –140

(ii) 10630 11870 16110 17630 1187 703 –365 –130
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For both sets the Dq parameter is equal, Dt is acceptable and Ds parameter is not very
informative, thus only the value of B parameter may be taken as a criterion of choice.
For set (i) its value is very similar to the respective value for 1 (Table 6), which is not
acceptable. Only the value of B for set (ii) well describes the changes in 1–3 and
[Ni(H2O)6]

2+ (N6, N4O2, N2O4 and O6). A similar discussion is valid also for other
compounds.

One-, two- and non-coordinated CrO4
2� entity in the nickel(II) complexes... 319

0

0,2

0,4

0,6

0,8

1

1,2

9000 10000 11000 12000 13000 14000 15000 16000 17000 18000 19000 20000

Energy [cm
-1

]

A
b

s
o

rb
a
n

c
e

1
Eg(E)

3
T1g

1
A1g

3
T2g( T1+T2)

3
T2g(A2)3

T 2g(E)

(a)

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

9000 10000 11000 12000 13000 14000 15000 16000 17000 18000 19000 20000

Energy [cm
-1

]

A
b

s
o

rb
a
n

c
e

Ni-O-Cr

3
Eg

3
A2g

3
Eg

3
B2g

1
Eg

(b)

spin-orbit

(?)

Figure 6. Low-temperature (4 K) single crystal electronic absorption spectra of (a) [Ni(bpy)3]CrO4�7.5H2O (1)
and (b) [Ni(bpy)2(OCrO3)(H2O)]�5H2O (2).



Table 5. Ligand field parameters for nickel(II) chromate complexes (cm–1).

Experimental condi-
tions

compound [chromophore]

1 [N6] 2 [N4O2] 3 [N2O4] Ni(H2O)2+[O6]

cryst. (293 K) 1270 1168

Dq cryst. (4 K) 1323 1153

refl. 1313 1174 1090

sn. 1271 1186 856

cryst. (293 K) 634 697

B cryst. (4 K) 609 693

refl. 601 718 820

sn. 589 703 892

cryst. (293 K) –375

Ds cryst. (4 K) –350

refl. –380 282

sn. –365

cryst. (293 K) –100

Dt cryst. (4 K) –70

refl. –110 –326

sn. –130

Spin-orbit mixing effect: The characteristic feature of the d-d region for the spec-
tra of the nickel(II) ion is the presence of the double-humped band at ca.

10000–16000 cm–1, assigned in the Oh symmetry to the 3A2g�
3T1g transition (the sec-

ond spin allowed transition e.g. [Ni(H2O)6]
2+) [55] or to the 3A2g�

3T2g (the first spin
allowed transition, e.g. [Ni(en)3]

2+) [51,52,56]. The shape of the band is explained as
a result of spin-orbit interaction between 1Eg and 3T1g or 3T2g states [56e–f]. The 3T2g

state comprises E+T1+T2+A2 spin-orbit level, the 3T1g state comprises A1+T1+T2+E
spin-orbit levels, whereas 1Eg state (spin forbidden) consists of one E spin-orbit level.
Therefore, the E spin-orbit levels for 3T1g or 3T2g and 1Eg may interact [56e–f]. As re-
sults of the spin-orbit mixing, the normally weak and sharp bands associated with
spin forbidden transition broaden and become stronger, whereas the spin-orbit levels
E associated with spin allowed transitions lose intensity and become narrower. Thus,
narrow components appear on the spectral contour as new bands. In the system stud-
ied such band was found at ca. 11700 cm-1 (3T2g (E), Fig. 6) and 15050 cm-1 (3T1g (E))
for 1 and [Ni(H2O)6]

2+, respectively. The ’’fading’’ of the spin-orbit components
leads to the band asymmetry of the spin-allowed transition (3T2g and 3T1g for 1 and
[Ni(H2O)6]

2+, respectively). The consequence of this asymmetry is an erroneous fit-
ting of the band positions and consequently, a miscalculation of the crystal field pa-
rameters. To solve this problem the following steps have been applied:

1) Deconvolution of the band assigned to spin allowed transition, which was ear-
lier divided into two groups. The first one represented by broad spin-orbit compo-
nents T1, T2 and the second one by narrow components A1 or A2. In this case (the
Ni(II) core in 1 and [Ni(H2O)6]

2+), there are T1, T2 levels (from 3T2g or 3T1g) and A2

(from 3T2g) or A1 (from 3T1g) levels, for broad and narrow, respectively.

320 A. Pietraszko et al.



2) Calculation of the real band position of the spin allowed transitions as
weighted average of the positions of the broad and narrow components with the
weight of the fields under the band curves proportional to the oscillator strength.

The validity of this approach for spectra of 1 and [Ni(H2O)6]
2+ has been con-

firmed by the reasonable magnitudes of the crystal field parameters obtained for the
systems (Table 5). One can also enquire the spin-orbit effect for the D4h symmetry
(Fig. 6b). In this case the spin allowed 3T2g state splits into 3Eg and 3B2g and spin for-
bidden 1Eg state splits into 1A1g and 1B1g. The 3Eg state comprises A1+A2+E+B1+B2

spin-orbit levels, whereas 3B2g state relates to E +B1 [29]. As a 1B1g state consists of
only one B1 spin-orbit level such a level may interact with the B1 states derived from
various products of low symmetry splitting: 3Eg (3T2g) and 3B2g (3T2g). The 1A1g com-
ponent of 1Eg comprises only one spin-orbit level A1 and may interact with A1

spin-orbit level from 3Eg. The detailed analysis of 2 spectra (for 3 only less informa-
tive reflectance spectrum was measured) allowed to find the possible candidates to
the spin-orbit bands (especially at ca. 9500 cm–1 (2) – see Fig. 6b – which can be as-
signed, according to the discussion presented above to the 3Eg (A1). However, we did
not decide to take them into account in the deconvolution process. The existence of
several peaks under one broad peak could be questionable. However, the results of
Gaussian analysis of the spectra of 2 and 3 even without taking the spin-orbit mixing
effect into account are rationable (Table 4) and crystal field parameters (Table 5) cal-
culated based on this analysis well fit to the whole system. Generally, the data show
the stability of the [Ni(II)-(2,2�-bpy)-CrO4

2� ] system. For various techniques used,
various phases and temperatures, the regularity of the changes for all energy transi-
tions and calculated parameters is remarkable.

The transition due to the bridge: In contrast to the infrared data, the problem of
the electronic transitions, assigned to the bridge in the polynuclear species, has been
very rarely discussed [33,57]. An attempt to assign the LMCT band, due to the bridge,
was done by Oshio et al. [33]. However, their assignment of the Ni–O transition in the
Ni–O–Cr bridge seems not to be correct. A strong absorption band (~24000 cm–1)
with a shoulder (~19600 cm–1) was observed in the Ni(II) chromate complex with the
cyclam ligand. The higher energy band was assigned to LMCT O�Cr [71–73],
whereas the lower one was assigned to LMCT (O�Ni) in the bridge. However, as the
energy difference between the transitions is approximately the difference between
the respective energies in the trigonally distorted CrO4

2� entity [59], the shoulder
could rather be related to the lowering symmetry effect in the coordinated chromate
ion with both energies shifted to the red [58,60b]. In the deconvoluted spectra of 2 and
3, one additional broad band (in 4 K half width ca. 3000 cm–1) was found at ca. 14500
cm–1 of intensity comparable to the d-d bands (Fig. 6b). Its possible origin can be due
to one of the following: (a) – the band component of the symmetry lowering
(D4h�C2v), (b) – the spin forbidden transitions in the chromate ion [58], (c) – the tran-
sition due to the Ni–O–Cr bridge. (a) was rejected, because the calculation showed
that in such a case the magnitude of the covalency (Racah B parameter) for 1 and 2

would be of comparable value (ca. 600 cm–1), which is not acceptable. In our opinion,
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both (b) and (c) are acceptable. However, (b) may be less probable, because of the ab-
sence of this band in 1. Thus, we are rather inclined to the interpretation that the band
at ~15000 cm–1 can be assigned to the O�Ni or O�Cr transition in the Ni–O–Cr
bridge. The low intensity of the band suggests multiple forbidness of the transition
[24].

20000–30000 cm
–1

region: In this region the dominating feature is the presence
of the strong ca. 27000 cm–1 CT band assigned to the 1A1�

1T2 (t1�2e) (Td) transition
in the chromate ion [52,58–60]. Additionally, in all compounds and environments the
shoulder at ca. 21000–23000 cm–1 has been observed (Fig. 4). In the literature this
shoulder was assigned to the symmetry forbidden 1A1�

1T1 (Td) [58,60] in free
chromate or to the symmetry lowering component Td�C3v or C2v (1E) in the mono
substituted chromate ion and the dichromate [59], respectively. In both cases the ener-
gies of the levels were found to be roughly the same [58,59a]. The difference in the
chromate ion position between 1 on the one hand and 2–3 on the other have been ob-
served in this ca. 21000–23000 cm–1 region only in the reflectance spectra (Table 4,
Fig. 5). For the latter red shift of 1000 cm–1 has been observed. Thus we suggested the
different origin of this band in the solid state, i.e. for 1 it is spin allowed 1A1�

1T1 tran-
sition, whereas for 2–3 it can be an effect of the symmetry lowering. This difference
indicates not only the change of the respective level due to the symmetry decreasing
but also its lowering.

Supporting information available: Supplementary data are available from CCDC, 12 Union Road,
Cambridge CB2 1EZ, on request, quoting the deposition number 153709 and 153710.
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