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a b s t r a c t

Co3(PO4)2, SrCo2(PO4)2, Co2P2O7, BaCoP2O7 and SrCoP2O7 present different geometries of five-coordinated
Co2+ ([5]Co2+) sites, coexisting with [6]Co2+ in Co3(PO4)2 and Co2P2O7, and [4]Co2+ in SrCo2(PO4)2. [5]Co K-
edge XANES spectra show that the intensity of the pre-edge and main-edge is intermediate between
those of [6]- and [4]Co. Diffuse reflectance spectra show the contributions of Co2+ in (D3h) symmetry for
SrCo2(PO4)2, and (C4v) symmetry for BaCoP2O7 and SrCoP2O7. In Co3(PO4)2 and Co2P2O7 the multiple tran-
sitions observed arise from energy level splitting and may be labeled in (C2v) symmetry. Spectroscopic
data confirm that (D3h) and (C4v) symmetries may be distinguished upon the intensity of the optical
absorption bands and crystal field splitting values. We discuss the influence of the geometrical distortion
and of the nature of the next nearest neighbors.

� 2013 Elsevier B.V. All rights reserved.
Introduction

Five-coordinated transition metal (TM) ions are often observed
in coordination chemistry and have been extensively investigated
because they are important reactive intermediate species involved
in chemical reactions. However, this coordination is rather unusual
in crystalline oxides. It may be encountered on oxide surfaces,
being at the origin of important catalytic properties [1] or being
used in the oxidative dehydrogenation of light alkanes [2]. Five-
coordinated TM ions play a central role in the structure of
molecular sieves [3]. Microporous transition metal phosphates
(e.g. [4]), with open-framework structures and large supercages
have also received attention for potential applications as heteroge-
neous catalysts, sorbent materials, and ion exchangers. The colora-
tion of Co2+-bearing thermochromic phosphates has been linked
recently with the presence of Co2+ in 6-, 5- or 4-coordination [5].
Finally, 5-fold coordination has been shown to be a common coor-
dination number for transition metal ions in glasses, as demon-
strated by the structural scenarios derived from diffraction and
spectroscopic data and numerical modeling on the local surround-
ing of Ti, Fe or Ni in various silicate glasses [6–8]. Such a frequent
occurrence of the unusual five-coordination state in glasses has
been interpreted as a memory effect of the dynamic structure of
melts at high temperature.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.saa.2013.08.021&domain=pdf
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However, the presence of a five-coordinated species may be dif-
ficult to assess in disordered structures (e.g., surfaces and inter-
faces, glasses and amorphous compounds) because the spectral
signatures are largely unknown. A further complexity arises from
the fact that five-coordinated sites lie between two ideal geome-
tries: square pyramidal (SP) and trigonal bipyramidal (TBP), corre-
sponding to (C4v) and (D3h) symmetry respectively. TBP geometry
transforms continuously towards SP geometry, with an intermedi-
ate geometry of low symmetry (C2v), a subgroup of (C4v) and (D3h).

In the specific case of Co2+, a widely used pigmenting agent,
the interpretation of optical absorption spectra in terms of coor-
dination state is obscured by the fact that most absorption bands
are centered at nearly the same energy for 6-, 5- or 4-fold Co2+.
The optical extinction coefficient of the octahedral environment
is smaller than in a tetrahedral environment. These spectroscopic
properties make difficult the interpretation of Co2+ optical
absorption spectra in complex materials. A useful complement
may be provided by K-edge X-ray Absorption Near-Edge Struc-
ture (XANES) spectroscopy that probes the d empty states and
valence states and may provide average structural information
on Co2+ coordination.

Transition metal-bearing phosphates have already been used
to investigate the spectroscopic properties of five-coordinated
Fe3+ [9] and Ni2+ [10]. In this study, we investigate the relation-
ships between spectroscopic properties and site geometry in
Co2+ phosphates: two orthophosphates Co3(PO4)2 and SrCo2

(PO4)2 and three diphosphates Co2P2O7, BaCoP2O7 and SrCoP2O7.
These samples present a large range of Co2+ environments either
five-coordination or a mixture of 5- and 4- or 6-coordination
(Fig. 1). We aim to determine the spectroscopic signature of
five-coordinated Co2+ including the influence of site distortion,
by comparison with coordination complexes [11,12]. Based on
the peculiar structural organization of the investigated
SrCo2 (PO4)2

Co3 (PO4)2

Fig. 1. CoOn species (colored polyhedrons: Co(1)O5 in blue and Co(2)O4 and Co(2)O6 in pi
structure. O( ) indicates the apical oxygen atoms (by opposition to equatorial atom
convenience. The structural details of the different Co-site geometries are described in
reader is referred to the web version of this article.)
phosphates (Fig. 1), we also show that the nature of the next
nearest neighbors influences Co2+ spectroscopic properties.
Materials and methods

Phosphate synthesis

(i) Co3(PO4)2 and Co2P2O7: These compounds were synthesized
from metallic cobalt converted to nitrate by nitric acid
attack. Phosphorus was then added to the Co nitrate solution
as solid diammonium hydrogen phosphate, (NH4)2HPO4,
dried overnight at 120 �C. The starting Co/P ratio was chosen
so as to obtain the nominal stoichiometry of the desired
compound. After drying at T < 100 �C, the temperature was
progressively raised to decompose the nitrates and to
remove ammonium. Finally, the compounds were calcinated
during 12 h in a platinum crucible at 700 �C and 1000 �C for
Co3(PO4)2 and Co2P2O7 respectively. The final compounds
were crushed in an agate mortar and calcinated again to
get the final products. Co3(PO4)2 and Co2P2O7 are obtained
as powders of intense violet color and light lavender color
respectively.

(ii) SrCo2(PO4)2, BaCoP2O7, SrCoP2O7: A similar procedure as
that described above was used for these compounds, using
SrCO3 and BaCO3 as sources of Sr and Ba. These carbonates
were dried overnight at 120 �C and incorporated to the
nitrate and phosphate solutions respecting the nominal stoi-
chiometry. The solution was moderately heated to remove
water and to decompose nitrates. The compounds were cal-
cinated during 12 h at 900 �C in platinum crucibles, then
crushed and calcinated again. The products are obtained as
powders of dark blue (SrCo2(PO4)2), bluish (BaCoP2O7), and
greenish (SrCoP2O7) color respectively.
BaCoP2O 7 SrCoP2O7

Co2P2O7

Co(1) 

Co(2) 

O 

P 
Sr 
Ba 

nk) and their second shell atoms (dashed bonds) are extracted from each crystalline
s) in CoO5 polyhedrons. The ionic radii of alkaline-earth ions were reduced for
Appendix A. (For interpretation of the references to color in this figure legend, the
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The final compounds were characterized by X-ray Diffraction
with a PANalytica X’Pert Pro MPD using Fe-filtered Co radiation.
Data were recorded in a step-scan mode between 15� and 80� 2h
with 0.02� steps. All phosphate compounds contain 5-fold Co2+

([5]Co2+) as a unique cobalt site (BaCoP2O7 and SrCoP2O7) or associ-
ated with 6-fold Co2+ ([6]Co2+) (Co2P2O7, Co3(PO4)2) or 4-fold Co2+

([4]Co2+) (SrCo2(PO4)2). The accurate description of cobalt polyhe-
dra (Fig. 1) is provided in Appendix A. It reveals that [5]Co2+ species
present distorted geometries, intermediate between the ideal sym-
metries (D3h) and (C4v). Despite a lower symmetry should be used
in some cases, we will describe the CoO5 site geometry in a first
approximation as: (D3h) in Co3(PO4)2 and SrCo2(PO4)2 or (C4v) in
Co2P2O7, BaCoP2O7 and SrCoP2O7.
XANES data collection and analysis

X-ray absorption measurements were performed on the beam-
line 13-BM-D of the Advanced Photon Source (Chicago, IL, USA
�7 GeV and 100 mA injected positron). The incident beam was
monochromated using a Si (111) double crystal monochromator
and the intensity of the transmitted beam was measured using
an argon-field ionization chamber. XANES spectra were recorded
at the Co K-edge in transmission mode. Finely ground samples
were sandwiched between Kapton tape, and positioned 45� to
the X-ray beam. From �15 eV to +25 eV from the edge, the energy
step was 0.25 eV with an accumulation time of 2 s/step. From
+25 eV to +100 eV above the edge, the energy step was 3 eV with
an accumulation time of 2 s/step for an accurate normalization of
the edge-jump. Co K-edge spectra were calibrated using a Co
metallic foil. The spectra were normalized to an absorption step
of 1 using the ATHENA package. Pre-edge features have been inves-
tigated after main-edge background removal, using an arctangent
function.
Optical spectroscopy

Diffuse reflectance measurements were performed using a Per-
kin Elmer Lambda 1050 spectrometer and a Praying Mantis acces-
sory (Harrick Scientific Products Inc.), a highly efficient diffuse
reflectance collection system that minimizes the detection of the
specular component. Samples were prepared as finely ground
powders deposited on aluminum sample holders. Optical spectra
were recorded in the range 4000–33,000 cm�1. Assuming particle
size of the order of the wavelength and low absorption we apply
the Kubelka–Munk approximation, which defines the remission
function F(R1) as:
FðR1Þ ¼
K
S
¼ ð1� R1Þ2

2R1
Fig. 2. Co-K edge XANES spectra (normalized to a edge step of 1) of: (a)[5+6]Co2P2O7,
(b) Ba[5]CoP2O7, (c) Sr[5]CoP2O7, and (d) [5+6]Co3(PO4)2. Inset: enlarged pre-edge
region corrected from background.
where R1 is the limiting reflectance, K the absorption coefficient
and S the scattering coefficient. Diffuse reflectance measurements
do not provide a direct estimation of the molar extinction coeffi-
cient (characteristic of an absorbent species) but rather an estimate
of it. It can be used to compare the different compounds assuming
the scattering coefficients are identical for all samples.

The compound SrCo2(PO4)2 presents very intense visible transi-
tions and falls apart this hypothesis. Thus we diluted the sample
with a white reference (BaSO4) to reduce the absorption in the vis-
ible range. In the NIR range, the data of the non-diluted sample are
used to keep a high signal-to-noise ratio. The Gaussian-shape of
the transitions was confirmed, during fitting, which validates the
use of the Kubelka–Munk approximation.
Results and discussion

XANES spectra

The XANES spectra of Co3(PO4)2, Co2P2O7, BaCoP2O7 and SrCoP2-

O7 are presented in Fig. 2. We observe two features: a first weak
peak A (pre-edge) and a second intense peak B (the Co K-edge
white line). The relative dependence of the intensity of features A
and B is reported in Fig. 3 and compared with octahedral ([6]CoSO4-

�6H2O), tetrahedral (Zn[4]CoSiO4) and 50%(Oh)–50%(Td) ([4+6]CoGa2-

O4 spinel [14]) references. Fig. 3 shows a clear variation of XANES
parameters as a function of Co-site geometry. Feature B corre-
sponds to the superposition of multiple scattering resonances of
different orders. It results from the transition to the p empty den-
sity of state of the absorber. It is deeply influenced by the geometry
of the local structure and the sp hybridization of the oxygen neigh-
bors [13]. We observe that the maximum intensity of feature B de-
creases from [6]Co2+ to [5]Co2+ to [4]Co2+. SrCoP2O7 presents the
sharpest feature B in agreement with its low trigonal distortion
and the relatively homogeneous bond lengths and oxygen coordi-
nation (cf. Fig. 1 and Appendix A). Co2P2O7 shows a similar shape
resonance with the same energy peak position, but slightly broad-
er. This broadening may be explained by the larger trigonal distor-
tion and the contribution from the [6]Co2+ absorber. The XANES
spectrum of BaCoP2O7 presents a broad feature B, shifted by
1.3 eV towards lower energies compared to SrCoP2O7 and Co2P2O7.
This difference can be related to the exceptional asymmetric dis-
tortion of the CoO5 site. The smallest and broadest feature B is ob-
tained for Co3(PO4)2 in which two [5]Co2+ and one [6]Co2+ contribute



Fig. 3. Evolution of the intensities of the pre-edge versus the main edge peaks of the
compounds of this study (black circles) (a) [5+6]Co2P2O7, (b) Ba[5]CoP2O7, (c)
Sr[5]CoP2O7, (d) [5+6]Co3(PO4)2, and octahedral and tetrahedral references (stars):
[6]CoSO4�6H2O, Zn[4]CoSiO4, [4+6]CoGa2O4 [14].

Fig. 4. Diffuse reflectance spectra of sample powders: (a) [5]SrCoP2O7, (b) Ba[5]CoP2-

O7, (c) [5+6]Co2P2O7, (d) [5+6]Co3(PO4)2, and (e) [5+4]SrCo2(PO4)2. Normalized intensity.
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Fig. 5. Correlation diagram for Co2+ with symmetries C4v, D3h ([5]Co), Td ([4]Co) and
Oh ([6]Co). (CN: coordination number).
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but are hardly distinguishable. The broadening is also to be related
to the important site distortion.

In Fig. 3, XANES features of [5]Co2+ present an intermediate
intensity between [6]Co2+ and [4]Co2+, and appear distinctly from
the [4+6]Co2+ reference, suggesting the possibility to distinguish be-
tween 5-fold species and a mix of 4- and 6-fold species. We ob-
serve that the decrease of the intensity of feature B is correlated
with the increase of the maximum intensity of feature A. The fea-
ture A corresponds to electronic transitions from the 1s core-level
to the 3d empty orbitals. According to Laporte’s rule, 1s ? 3d tran-
sitions are quadrupolar and parity forbidden, and thus show a low-
er intensity than the main-edge features. For a pure octahedral
symmetry as in CoSO4�6H2O, the pre-edge transition shows the
lowest intensity. In the case of (Td), (D3h), or (C4v) symmetries,
we observe the increase of the intensity of feature A from [5]Co2+

to [4]Co2+. In these symmetries, which are non-centrosymmetric,
the hybridization of the Co2+ 3d and 4p orbitals of the same sym-
metry is possible, and results in the increase of the transition prob-
ability [15]. The overall evolution is similar to the observations in
Ni2+-bearing compounds [10]. Co2P2O7 shows a lower pre-edge
intensity than BaCoP2O7 and SrCoP2O7 because of the superimpos-
ing contribution of the less absorbent [6]Co2+ species. Using the
mean maximum intensity between BaCoP2O7 and SrCoP2O7 for
(C4v) reference (27 � 10�3 arbitrary unit [au]), we can estimate
the contribution of [6]Co2+ in Co2P2O7 to 15 � 10�3 au, which agrees
with the result for the octahedral reference (Fig. 3). Co3(PO4)2 pre-
sents the highest intensity of the four phosphates although [5]Co2+

superimposes with [6]Co2+. Assuming the previously calculated va-
lue for the contribution of [6]Co2+, we estimate the maximum
intensity of (D3h) [5]Co2+ to 42 � 10�3 au. This suggests that the
transition probability is more important for (D3h) [5]Co2+ than for
(C4v) Co2+ and that the hybridization between 3d and 4p orbitals
is more important in (D3h) than in (C4v). This result may explain
the stronger coloration of Co3(PO4)2 and SrCo2(PO4)2 compared to
Co2P2O7, BaCoP2O7 and SrCoP2O7. In the following section, the de-
tailed analysis of the optical spectra of the compounds studied here
provides further interpretation of this qualitative correlation be-
tween site symmetry and optical spectra.

Optical spectroscopy

Fig. 4 presents the normalized remission functions F(R1)
obtained from the diffuse reflectance spectra of Co3(PO4)2,
SrCo2(PO4)2, Co2P2O7, BaCoP2O7 and SrCoP2O7. The spectra show
numerous bands with various intensities arising from Co2+ solely.
We can distinguish two main groups of transitions: the first group
of relatively low intensities in the NIR region, and two main fea-
tures of higher intensities in the visible region. The number of
bands is higher than in (Oh) and (Td) symmetries due to the lower
site symmetry as described by the energy level correlation diagram
(Fig. 5). In SrCoP2O7, BaCoP2O7 and Co2P2O7, the Co2+ site has a
square pyramid geometry [16–18]. As shown in Fig. 4, these three
compounds present close spectral signature, including lower inten-
sities of the bands than in the orthophosphate compounds. This
point correlates to the observed lighter colors of the samples.
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SrCoP2O7

The spectrum of SrCoP2O7 is a typical spectrum for a square
pyramidal complex [12], a geometry similar to the isostructural
SrNiP2O7 compound [19]. Band assignment is consistent with this
symmetry (Table 1). The presence of shoulder on the 6800 and
17,800 cm�1 bands is consistent with an assignment to the degen-
erated 4E(F) and 4E(P) levels. Sharp transitions around 19,000 cm�1

are likely spin-forbidden bands as in square pyramidal complexes
[12].
BaCoP2O7

The band assignment (Table 1) is proposed in (C4v) symmetry
by comparison with coordination complexes [20]. The transition
to the 4A2(4P) level shifts towards lower energies as compared to
SrCoP2O7. This may be explained by the decrease of the equatorial
crystal field due to the exceptionally long Co–O bond in the base of
the square pyramid (cf. Appendix A). Such a shift is suggested by
crystal field calculations [11]. The forbidden transitions to 2G lev-
els, observed around 19,000 cm�1 in SrCoP2O7, are overlapped here
by the intense 4A2(F) ? 4A2(P) transition at 21,000 cm�1 and ap-
pear as a shoulder. The 4A2(F) ? 4E(F) transition, centered at
7000 cm�1, presents an asymmetrical shape, arising from the split-
ting of the 4E(F) level. This is consistent with previous anisotropic
crystal field calculations [21].
Co2P2O7

Co2P2O7 is expected to show the contribution of [5]- and [6]Co2+.
The optical absorption spectrum is similar to that of [5]Co2+ in
SrCoP2O7 and BaCoP2O7, except that (i) two bands exist at respec-
tively 7000 and 8100 cm�1, where only one transition to the 4E(F)
level is expected; (ii) the highest energy band at 21,700 cm�1

shows a relatively low intensity with a shoulder at 19,000 cm�1.
The band energy position of [6]Co2+ in phosphates such as (Zn2.43-

Co0.57)(PO4)�4H2O [5] (Table 1) is similar to that observed in crys-
talline silicates and coordination complexes [22,23]. Accordingly,
previous authors [24] assigned the bands at 8100 and
19,000 cm�1 in Co2P2O7 to 4T1g(F) ? 4T2g(F) and 4T1g(F) ? 4T1g(P)
transitions of [6]Co2+ in (Oh) symmetry. However, this would imply
that (i) the energy level 4E(F) of (C4v) falls at 6000 cm�1, which is
Table 1
Optical characteristics of phosphates compared with [4]Co and [6]Co-bearing references.

CN Transition energy (cm�1) and band assignmen

Oh
4T2g

(Zn2.43Co0.57)(PO4)�4H2O [5] 6 7900
(�0.1)

C4v
4B2

4E 4B1

SrCoP2O7 5 4150 6800, 7000(s) 11,10
(0.15) (0.23) (0.24)

BaCoP2O7 5 4100 7400 11,30
(0.20) (0.28) (0.25)

Co2P2O7 5 + 6 4150 6000 8100
(0.04) (0.16) (0.16)

C2v
4A1

4B2
4B1

Co3(PO4)2 5 + 6 4775 5880 9450
(0.80) (0.67) (0.71)

SrCo2(PO4)2 5 + 4 4600 6350(s), 7250, 8100 9550
(0.31) (0.86) (0.67)

D3h
4E00 4E0

Na2CoP2O7 [35] 4 6000, 6700, 8300

Td
4T1 (F)

(s): Shoulder.
* spin-forbidden transitions; CN: Coordination number.
drastically lower than the values observed for SrCoP2O7 and
BaCoP2O7 and (ii) (Oh) and (C4v) bands have similar intensities. This
seams unrealistic since the intensity of the transitions of [6]Co2+ is
10 times lower than that of SP species. As a result, the contribution
expected from [6]Co2+ should be overlapped by that of [5]Co2+. An
alternative explanation may be the presence of [5]Co2+ transitions
to 2G levels, as in SrCoP2O7 and BaCoP2O7. The best assignment is
obtained in (C2v) symmetry. This model is supported by the high
value of the trigonal distortion coefficient calculated in Appendix
A.
Co3(PO4)2

The spectrum of Co3(PO4)2 orthophosphate presents transitions
usually assigned to [5]Co2+ in (D3h) symmetry and to [6]Co2+ [24].
We observe four transitions of similar intensities between
4000 cm�1 and 15,000 cm�1 while only two are expected [20].
Some authors assigned these additional transitions to [6]Co2+. How-
ever, the intensity of the (D3h) transitions is expected to be
20 times larger than for [6]Co2+ [20] and moreover only one third
of the Co2+ is octahedral (see infra Appendix A). Thus all the ob-
served transitions may be attributed to the splitting of the two
4E00(F) and 4E0(F) levels of [5]Co2+. This splitting may be explained
by the distortion of the CoO5 site towards (C2v) suggested by the
trigonal distortion index. We propose in Table 1 the assignment
of the transitions in (C2v) symmetry. The high intensity of the tran-
sitions reported in Table 1 explains the intense violet color of the
sample.
SrCo2(PO4)2

In SrCo2(PO4)2, contains TBP [5]Co2+ [25] that superimposes to
[4]Co2+. Contrary to the octahedral species in Co3(PO4)2, the contri-
bution of [4]Co2+ is clearly observable in the NIR region with the
triplet band centered at 7250 cm�1 and assigned to 4A2 ?

4T1(F).
However, in the visible region the overlapping of the [4]Co2+ triplet
band with [5]Co2+ bands makes difficult the separation of their rel-
ative contribution. The [4]Co2+ 4A2(F) ? 4T1(P) transition overlaps
the [5]Co2+ transitions to 4A02(P) around 17,000 cm�1. These triplet
bands are characteristic of [4]Co2+ in agreement with spectroscopic
data in minerals [26–29]. The observed splitting may be attributed
t (F(R) intensity, arb. unit)

4T1g

18,900
(�0.35)

4E 4A2

0 17,500, 19,650* 21, 600
(1.50) (1.55)

0 16,900 20,400(s), 20,900
(1.27) (1.30)

12,000 17,100 19,300* 21,700
(0.11) (1.01) (0.40) (0.42)

4A2
4B2

4B1
4A2

11,150 17,300 20,300 21,500(s)
(0.62) (5.15) (2.36)

16,500, 17,300(s) 19,700
(>5) (>3)

4A02
4E00

16,400, 17,400, 19,050

4T1
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to a low symmetry perturbation, which lifts the degeneracy of the
two 4T1 excited levels or spin–orbit coupling and vibronic coupling
[30,31]. In (Td) symmetry, the loss of inversion center enables on-
site 3d–4p orbital hybridization and weakens the parity rule. The
intensity enhancement is exceptionally high in the case of [4]Co2+,
up to three orders of magnitude relatively to [6]Co2+. The bands
at 4600 and 9550 cm�1 are assigned to (C4v) 4E00 and 4E0 levels
respectively. The bands do not show the splitting observed in Co3(-
PO4)2 although the Co2+ site is also distorted from a regular TBP
geometry (Fig. 1 and Appendix A). The large intensity of the tran-
sitions explains the dark color of the sample.

Spectroscopic characterization of trigonal bipyramid vs square
pyramid geometry of [5]Co2+ sites

5-fold Co2+ presents characteristic optical transitions and
XANES spectra intensities that can be distinguished from those of
[4]Co2+ and [6]Co2+. In optical spectra, a larger number of transitions
observed. In XANES spectra, [5]Co2+ presents intermediate intensi-
ties of pre-edge and white line between [6]Co2+ and [4]Co2+, and dif-
ferent form [6+4]Co2+. Diffuse reflectance spectra of [5]Co2+ in
phosphates are similar to those observed in coordination com-
plexes and may be interpreted using similar electron energy level
diagrams. The present results reveal two key parameters for the
interpretation of the electronic spectra of [5]Co2+.

(i) Site coordination geometry. It influences the number and
width of bands (related to the energy level splitting) and
band intensities. The situation is complex in the case of
intermediate geometries because of the level multiplicity
and their partial overlap. This accounts for the broad and
asymmetric absorption bands in the spectra of low-symme-
try [5]Co2+ complexes. The comparison between optical and
XANES results reveals that important distortions are corre-
lated with optical transition splitting and broad main-edge
B respectively. (C4v) and (D3h) geometries can be distin-
guished upon the energy level splitting, which is more
important for (C4v), and upon transition intensities of both
XANES pre-edge and optical spectra, which are higher for
(D3h) than for (C4v) [20,23]. This result may be attributed
to the Co2+ 4p–3d on-site hybridization in lower symmetries.
These qualitative interpretations are not sufficient to explain
the subtle changes in the optical spectra or in the XANES
main edge. For instance, in Co2P2O7, the two main bands in
the visible region of the optical spectrum present different
intensities whereas the equivalent bands in the spectra of
SrCoP2O7 and BaCoP2O7 have the same intensity.

(ii) Coordination of the oxygen ligand. As shown for olivines
[32] and confirmed by Schmidt [21] on phosphates, it is nec-
essary to take into account the s–p hybridization state of the
oxygen ligand. The nature and number of second neighbors
induce a different hybridization of the oxygen s and p orbi-
tals, resulting in an anisotropic contribution of the p-bond-
ing [32]. Anisotropy is a crucial factor that deeply
influences both XANES and optical spectra. However, its pre-
diction is difficult to assess but recently developed Density
Functional Theory calculation tools should provide fruitful
information [33].

Conclusions

This work presents the optical and XANES investigation of
[5]Co2+ in phosphates, which contain various [5]Co2+ site geome-
tries. The complex correlation between symmetry, distortions
and spectroscopic properties may be rationalized using selection
rules, and crystal field calculations. An important feature is that
XANES spectra agree with optical absorption spectra. However
the great sensitivity of optical transitions highlights the influence
of oxygen coordination on electronic properties. The rich informa-
tion contained in these spectra makes them useful references for
investigating complex materials, such as silicate glasses and melts.
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Appendix A. Description of Co-sites in phosphates: site
geometry and interpolyhedral relations

Fig. 1 presents the cobalt sites in each phosphate compound.
The cations of the second coordination sphere are also considered.

Co3(PO4)2 is constituted of CoO6 and CoO5 in a ratio of 1:2, form-
ing chains connected via edges. Every oxygen anion is linked to
three cations: two Co2+ and one P5+. In CoO6 species, Co lies at
the origin in the center of a distorted octahedron of oxygen atoms
with a [6]Co-O mean distance of 2.13 Å (�0.07, +0.05 Å). In CoO5

species, Co is irregularly coordinated to five oxygen atoms (with
approximate symmetry D3h). The equatorial mean [5]Co–O distance
is 2.00 Å. One apical [5]Co–O( ) distance is 2.01 Å whereas the
other [5]Co–O( ) apical bond distance is 2.23 Å. The next Co–O
bond distance is 3.32 Å and thus certainly outside the 5-fold coor-
dinated polyhedron.

SrCo2(PO4)2 contains CoO4 and CoO5 species in equal propor-
tions. Two CoO5 form edge-sharing pairs linked to one CoO4 by a
corner. Three oxygen anions from CoO4 and two from CoO5 are
linked to Co2+, P5+ and Sr2+, four oxygen anions are linked to two
Co2+ and one P5+ and a last oxygen anion is linked to one Co2+,
one P5+ and two Sr2+. The latter corresponds to a particularly long
[5]Co–O( ) apical bond: 2.45 Å, which is consistent with its 4-fold
coordination. The other four [5]Co–O distances are 2.00 Å (�0.04,
+0.04 Å), which is shorter than regular 5-fold Co–O distance. Alto-
gether, the CoO5 species form an irregular 5-fold polyhedron (with
approximate symmetry D3h). Tetrahedral sites are fairly regular
with a mean d([4]Co–O) of 1.95 Å.

BaCoP2O7 contains only CoO5 species. CoO5 polyhedrons are
associated ‘top-to-tail’ as edge-sharing pairs. Thus three oxygen
anions are linked to Co2+, P5+ and Ba2+ and two are linked to two
Co2+ and one P5+. Co2+ is irregularly coordinated to five oxygen
atoms (with a symmetry close to C4v). The mean bond distance is
2.07 Å (�0.07, +0.14 Å) and is consistent with 5-fold coordination.
One equatorial bond is particularly long: 2.21 Å. It is involved to-
gether with the O( ) in the edge-sharing pair with a very small
O–Co–O( ) angle of 81.40� (109� in regular C4v symmetry). The
next Co–O bond is 3.05 Å and thus out of consideration.

SrCoP2O7 contains isolated irregular CoO5 species (forming
square-pyramids). Each oxygen anion is bonded to one P5+ and
one Sr2+. The mean [5]Co–O bond distance is similar to BaCoP2O7:
2.07 Å (�0.08, +0.08 Å). The next Co–O bond is 3.03 Å, excluding
it from the first coordination sphere. The apical oxygen O( ) is
greatly tilted (78�) toward the longer equatorial Co–O bond
(2.15 Å).

Co2P2O7 contains 5 and 6-fold species linked by edges forming
chains. Thus all the oxygen anions but one are linked to two Co2+

and one P5+, the other one is only linked to one Co2+ and one P5+



Table A
Structural information for each site in the studied phosphate compounds.

Name Site Mean Co–O distance (Å) Trigonal distortion Refs.

Co3(PO4)2
[5]Co 2.05 0.30 [36]
[6]Co 2.12 –

SrCo2(PO4)2
[5]Co 2.09 0.42 [25]
[4]Co 1.95 –

BaCoP2O7
[5]Co 2.07 0.22 [37]

SrCoP2O7
[5]Co 2.07 0.15 [18]

Co2P2O7
[5]Co 2.05 0.48 [38]
[6]Co 2.12 –

412 M. Hunault et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 117 (2014) 406–412
and corresponds to the shorter [5]Co–O bond (1.96 Å) and the
greater apical/equatorial angle (115�). In CoO5, Co is irregularly
coordinated by five oxygen atoms at an average [5]Co–O distance
of 2.05 Å (�0.09, +0.06 Å) (forming a distorted square-pyramid).
The next [5]Co–O bond is 3.04 Å excluding the possibility of 6-fold
species. CoO6 species forms distorted octahedron of oxygen atoms.
The average bond distance is similar to CoO6 in Co3(PO4)2 but the
distortion is more important inducing the lost of the inversion
center.

Previous authors have used a distortion parameter in order to
quantify the distortion from ideal C4v or D3h. They defined the
structural index of trigonality [34] s = (b – a)/60, where a and b
are the angles subtended by the cobalt atom between the two api-
cal and the equatorial oxygen donors. This parameter does not con-
sider the variations of bond lengths. However, it is an interesting
indicator: 0 corresponds to (C4v) and 1 corresponds to (D3h).
According to the values presented in Table A, BaCoP2O7 and SrCoP2-

O7 are closer to (C4v) than Co2P2O7, which present a strong distor-
tion toward (D3h). Surprisingly, the orthophosphate compounds
show only little trigonal distortion, contrary to the usual trigonal
bipyramidal description [24,25].
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