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a b s t r a c t

Copper-containing Ca-La hydroxyapatites (HAPs) with chemical compositions Ca10-xLax(PO4)6O2H1.5-x-y-

dCuy (x ¼ 0e1.79; y ¼ 0e0.57) were synthesized by solid state reaction. Structural parameters and atomic
positions were refined using the Rietveld method in space group P63/m. It was found that La3þ ions
occupied the Ca(2) position only and copper ions were located mainly inside the hexagonal channel. In
contrast to known red-violet copper-doped Ca-apatites, the copper-doped Ca-La apatites exhibited
lighter colors varying from pink to pale yellow and blue-grey tints. Chromophores in the compounds
were characterized by diffuse reflectance spectroscopy, colorimetry, and resonant Raman spectroscopy.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Apatite type phosphates with the general formula M10(PO4)6A2

(M e bivalent metal (Ca, Sr, Ba, Pb etc.) or monovalent-trivalent
metal’s mixture; A e OH or halogen) are widely used in different
areas including medicine (bone implants, remedies) [1,2] and
industrially as sorbents and catalysts [3e6]. They are of interest as
materials for ion conductors [7] and luminophores [8,9]. An addi-
tional application for apatite-type compounds has been found
recently: copper-doped apatites happened to exhibit bright colors
[10,11] and one compound has been already produced as an inor-
ganic pigment [12].

In connection with the high production volume of inorganic
pigments with a wide range of colors the development of
environmentally-friendly pigments is a vexing problem. Especially
for yellow-orange pigments: contemporary inorganic dyes of this
color range are mainly based on toxic lead and cadmium com-
pounds. The recently developed brightly colored copper-doped
alkaline-earth apatite-type phosphates have a general formula
Pogosova), martefyo@gmail.
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M10(PO4)6(CuxO2H2-x-d) [10,11]. The copper ion substitutes
hydrogen occupying position (0,0,0) inside the hexagonal channel
and thus forming a linear monomer [O-Cu-O]3� or oligomer [O-
Cun-Onþ1](nþ2)� anion (Fig. 1b) [10,11,13e16]. The color originates
due to partial oxidation of Cuþ. Quite recently it has been shown
that the color is produced by an unusual chromophore group d

linear [O-Cu-O]� anion situated in the hexagonal channel [16].
Copper-doped calcium apatite exhibits 3 absorption bands: the

main intense band A at 537 nm, a weak band B around 750 nm and
a shoulder C at 450 nm [17]. A and B have been attributed to the
main chromophore formed by the oxidized intrachannel copper
ions. C has been assigned to an additional chromophore in trace
quantities. Furthermore the relationship between relative intensity
of the observed bands and the content of the copper ions points to
the existence of one more absorption band which overlaps with B
but has hypsochromically shifted maximum. The authors proposed
that this band was also linked to the additional chromophore.

The wavelength of the main absorption band A depends on the
nature of the alkaline-earth metal M: 595 nm for Ba, 565 nm for Sr,
and 537 nm for Ca [10,11,14]. Therefore, the rise of the cation size
(and decrease of the cation field strength) leads to the regular
bathochromic shift of the band. Hence, one might suggest that the
use of a smaller-size cation or a cation with higher charge may
change the red-violet (magenta) color of copper-doped calcium
hydroxyapatite (Ca-HAP) to one in the red-orange-yellow range.
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Fig. 1. Crystal structure of the hydroxyapatite (a.) and the position of the main chro-
mophore, intrachannel linear anion [O-Cu-O]� (b.).
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However, recently reported results show that the partial sub-
stitution of Ca influences the color in another way. The substitution
by trivalent cations Y3þ and Bi3þ causes the disappearance of the
initial magenta color [18,19]. Both of the cations occupy only the
Ca(2) position, which form the wall of the hexagonal channels
(Fig. 1). Intrachannel copper ions are situated quite close to Ca(2)
position (Fig. 1b). Hence, yttrium and bismuth ions may strongly
influence the chromophore [O-Cu-O]�. The substitution of Bi for Ca
suppresses the chromophore by simultaneous (i) limiting the
copper introduction into the channel and (ii) hindering the oxida-
tion of colorless [O-Cu-O]3� to chromophore [O-Cu-O]� [18]. Both
effects are apparently linked to more covalent nature of Bi3þ(2)d
O2� (4) bond in comparison with Ca2þ(2)dOH� (4). The electron
density is shifted towards Bi3þ from the OCuO-group thus desta-
bilizing the latter, especially if copper is in high oxidation state.
While the initial chromophore disappears on the doping, another
type of chromophorewhich is formed by copper ions in Ca(1)/Ca(2)
positions arises [18]. This chromophore adds the yellow color
component and changes the original magenta color of Cu-doped
Ca-HAP to the sand-yellow color of Cu-doped Ca-Bi-HAP.

Lanthanum cation La3þ has the same size and charge as Bi3þ and
may have a similar influence on the behavior of the chromophore.
However, in contrast to bismuth, La3þ has no lone electron pair, so
the La3þ(2)dO2� (4) bond may be less covalent than Bi3þ(2)dO2�

(4) and one may consider that La-for-Ca substitution would not
impede the introduction of copper ions in the channel to such
extent as the Bi-for-Ca substitution does. In this paper, we describe
results on synthesis and study of such copper-doped Ca-La-HAPs.

2. Experimental

Chemical grade CaCO3, (NH4)2HPO4, La(NO3)3$6H2O and CuO
were used for solid state synthesis of three types of compounds:
lanthanum-doped (La-for-Ca substituted), copper-doped (Cu-for-H
substituted), and lanthanum-and-copper-doped. La(NO3)3$6H2O
was previously annealed at 850 �C for 2 h and decomposed to La2O3
which was used for the main synthesis. The general formulas of
obtained compounds is Ca10-x0Lax0(PO4)6O2H2-x0-y0-dCuy0 where
x0 ¼ 0, 0.5, 1, 2 and y0 ¼ 0, 0.2, 0.6. As it is known that the Cu-for-Ca
substitution in Cu-doped Ca-Bi-HAP leads to a yellow chromophore
formation [18], in order to increase quantity of this possible chro-
mophore the additional samples with small cation deficiency were
prepared: (Ca9La)0.99(PO4)6O2H2-x-y-dCuy where y0 ¼ 0, 0.2, 0.6.
Indexes x0 and y0 represent nominal compositions. These com-
pounds further will be denoted as Lx0C10y0 for cation-
stoichiometric and L99C10y0 for cation-deficient series. All sam-
ples were obtained by solid state synthesis according to the next
method: reagents were mixed in stoichiometric proportions in
quantities to obtain ca. 2 g of the final compound and ground in an
agate mortar. The obtained powders were annealed in a muffle
furnace at 600 �C (heating for 1 h, holding for 1 h) and then at
800 �C (heating for 1 h, holding for 3 h) with subsequent grinding in
an agate mortar. This step provided decomposition of calcium
carbonate and ammonium hydrophosphate to calcium phosphates
without the loss of phosphorus. The powders obtained after the
first step were annealed twice at 1150 �C (heating for 1.5 h, holding
for 5 h, air quenching) with intermediate regrinding in an agate
mortar. Then the powders were pressed into pellets and annealed
at 1150 �C (heating for 1.5 h, holding for 5 h). The annealing was
carried out twice with air quenching. After the second anneal the
pellets were grinded into a powder.

PXRD patterns for all target samples were registered using a
Rigaku D/Max-2500 diffractometer (with CuKa radiation and 2q
range from 5 to 80�, step ¼ 0.02�). X-Ray diffraction was used after
each step of synthesis to control the phase composition of the
samples. PXRD patterns with high intensity exceeding 105 counts
were additionally registered for selected samples on Bruker-AXS D8
(with CuKa1 radiation and 2q range from 10 to 120�, step ¼ 0.01�).
Crystal structure of obtained compounds were refined by the
Rietveld method in space group P63/m using the JANA 2006 soft-
ware [20] with refined parameters analogical to those described in
Ref. [18]: unit cell dimensions; atomic positions (except hydrogen;
O(4) was refined at the (0,0,z) split position) and atomic displace-
ment parameters; calcium and lanthanum occupancies at M(2)
position; copper occupancies at (0,0,0) position. Estimated values
for x and y of Ca10-xBix(PO4)6O2H2-x-y-dCuy were considered using
the refined occupancies. Raman spectra were registered on a
RENISHAW in Via Reflex (scanning range ¼ 100e1500 cm�1,
l ¼ 514 nm). The color of the target samples was characterized
using diffuse reflectance spectroscopy recorded on the Perkin
Elmer Lambda 950 spectrometer (13 cm integrating sphere with
SPECTRALON top-coating, scanning range: from 200 to 1200 nm,
scanning step ¼ 1 nm). Colorimetric measurements in CIE L*a*b*
color space were provided using reflex camera Olympus e-420
(5400 K illuminant; ISO ¼ 200; lightroom with length-width-
depth ¼ 35 cm-25 cm-32 cm) and the PhotoImpact 12 software
[18].

3. Results and discussion

3.1. Details of the crystal structure

The hydroxyapatite crystal structure is shown in Fig. 1. Selected
results of Rietveld refinement are presented in Table 1. Diffraction
patterns and further crystallographic data are shown in Fig. 2 and in
the Supplementary Information, Figs. A1eA12, Tables A1eA12. All
the samples represent apatite as a major phase. Some samples
contain admixtures: calcium and/or lanthanum phosphates with
mass fraction below 12%. The unit cell parameters, nominal and



Table 1
Results of the Rietweld refinement of PXRD patterns for the samples Ca10-xLax(PO4)6O2H2-y-dCuy: x and y d content of lanthanum and copper respectively determined by the
atomic occupancy refinement; a and c d unit cell parameters; V d unit cell volume; d d diameter of the hexagonal channel.

Sample Color х0 у0 Rwp Rp RFall GOF a, Å c, Å V, Å3 x y d, Å By-phases, mass. %

L0C0a White 0 5.51 1.67 1.28 9.4149(1) 6.8789(1) 528.06(1) e e 4.705(1) e

L0C2 Light-magenta 0.2 8.11 6.27 2.62 1.79 9.4222(1) 6.8873(1) 529.53(1) e 0.21(1) 4.718(1) e

L0C6 Magenta 0.6 7.78 5.75 2.80 1.69 9.4317(1) 6.9080(1) 532.12(1) e 0.57(1) 4.745(1) e

L05C0 White 0.5 0 10.02 7.34 2.95 1.55 9.4394(2) 6.8895(2) 531.62(2) 0.44(1) e 4.604(1) 0.6 La3PO7

L05C2 Pink 0.5 0.2 8.45 6.37 2.57 1.06 9.4519(3) 6.9169(2) 535.16(3) 0.51(1) 0.24(1) 4.693(1) 11.7 Ca3(PO4)2 1.1 LaPO4

L05C6 Violet-brick-red 0.5 0.6 7.38 5.66 3.01 1.02 9.4553(3) 6.9229(2) 536.00(3) 0.48(1) 0.37(1) 4.678(1) 3.1 Ca3(PO4)2
L99C0 White 0.99 0 4.45 3.12 3.86 1.53 9.4313(2) 6.8954(2) 531.17(2) 0.55(1) e 4.492(1) 0.7 La3PO7

L99C2 Sand-yellow 0.99 0.2 9.18 7.03 2.66 1.08 9.4646(3) 6.9213(3) 536.93(4) 0.75(1) 0.24(1) 4.582(1) 6.2 Ca3(PO4)2 2.9 LaPO4

L99C6 Chaki 0.99 0.6 8.01 6.27 3.44 1.10 9.4687(3) 6.9274(2) 537.87(3) 0.83(1) 0.31(1) 4.613(1) 3.9 LaPO4

L1C0a) White 1 0 3.63 1.53 2.34 9.4447(3) 6.9028(3) 533.25(3) 0.78(3) e 4.487(2) e

L1C2 Pale pink 1 0.2 8.79 6.68 2.24 1.38 9.4512(3) 6.9078(2) 534.38(3) 0.78(1) 0.23(1) 4.509(1) 1.5 La3PO7

L1C6 Cold pink 1 0.6 6.03 4.56 2.27 1.02 9.4620(1) 6.9230(1) 536.78(1) 0.92(1) 0.46(1) 4.518(1) e

L2C0a White 2 0 2.40 1.41 1.72 9.4610(1) 6.9194(1) 536.37(1) 1.45(2) e 4.372(1) 5.7 LaPO4

L2C2 Pale grey 2 0.2 7.04 5.27 2.03 1.23 9.4614(1) 6.9230(1) 536.71(1) 1.48(1) 0.15(1) 4.374(1) 4.1 La3PO7 3.4 LaPO4

L2C6 Pale blue 2 0.6 2.83 1.93 2.42 2.14 9.4625(1) 6.9324(1) 537.56(1) 1.79(1) 0.17(1) 4.341(1) 1.7 LaPO4

a Data are taken (or calculated) from Ref. [25].

Fig. 2. Experimental, refined and differential PXRD patterns for L2C6.

Fig. 3. Diffuse reflectance spectra for L0C2, L05C2, L99C2, L1C2 and L2C2.
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established content of lanthanum (x0 and x respectively) and cop-
per (y0 and y respectively) and diameter d (specified as double
distance between M(2) and (0,0,0.25) position, see Fig. 1) of the
hexagonal channel will be discussed. Crystal structure data of
copper-free samples L0C0, L1C0, and L2C0 were published in our
earlier paper [25].

3.1.1. Lanthanum-doped samples e LxC0
The lanthanum ions occupy the Ca(2) position only [25]. The La-

for-Ca substitution leads to the increase of unit cell volume V (see
Table 1) in accord with the larger size of the La3þ ion in comparison
with Ca2þ (RLa3þ ¼ 1.03 Å, RCa2þ ¼ 1.00 Å, coordination number ¼ 6
[21]). However La3þ-for-Ca2þ substitution is accompanied by the
decrease of the diameter d of the channels. This is connected with
synchronous O2�-for-OH� substitution inside the channel resulting
in the stronger Coulomb interactionwhich provides decrease of the
M(2)dO2�(4) distance and therefore d [18,25].

3.1.2. Copper-doped samples e L0Cy
Copper ions occupy only the intrachannel position at (0,0,0) in

accord with previous data [10,11,13] designating the Cu-for-H
substitution according to reaction:

4 CuO þ 12 (OH)� / 4 [O-Cu-O]3� þ 4 {vacancy} þ 6H2O[ þ O2[

The increase of the V and d caused by the copper injection into
the hexagonal channel was described in Refs. [10,11] in detail. Here
it should be mentioned that these changes are expected because of
the larger size of the copper ion in comparisonwith hydrogen ion of
intrachannel OH� anion.

3.1.3. Lanthanum- and copper-doped samples e LxCy
The copper ions occupy the (0,0,0) position inside the channel in

the same way as in the lanthanum-free samples. Content of intra-
channel copper y estimated by the refinement of the site occupancy
is close to nominal values for Lx0C2 samples and a factor of 1.5e3
lower than nominal one for Lx0C6 samples (Table 1). In L2C6, y is
0.17, and the estimated from the site occupancy La-content x is of
1.79 so that the charge balance yields allowable maximum of
y¼ 0.21. Therefore combined La3þ for Ca2þ-and-Hþ and Cu(1þd)þ for
Hþ substitution removes practically all hydrogen atoms from the
structure. Therefore copper is able to substitute the remaining
hydrogen even at high La content in contrast to the Bi-doped
compounds in which approximately at the same Bi for Ca substi-
tution degree, copper is practically absent in the channels [18].
Incorporation of copper is accompanied by the V and d increase
similar to that in lanthanum-free apatites.

3.2. Spectroscopic methods

Diffuse reflectance spectra for L0C2, L05C2, L99C2, L1C2 and
L2C2 are presented in Fig. 3. Lanthanum-free sample L0C2 has the
same spectrum as the copper-doped calcium apatite described in
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Refs. [11,14,18] and reveals the intense band A, the weak band B and
the middle-intensity shoulder C. With La-for-Ca substitution, an
additional middle-intensity absorption band D at 400 nm emerges.
According to Fig. 3, with the x growth to 0.5 the intensity of A
severely decreases while the position of A stays the same. The in-
tensity of C also decreases during the x growth. It is difficult to
analyze the change of the C position because of its low intensity and
the presence of the shoulder of the D band. The absorption in the
vicinity of B is present in all the samples.

Raman spectra of L0C2, L05C2, L99C2, L1C2 and L2C2 are pre-
sented in Fig. 4. All the spectra contain bands of the [PO4]3� group
which are similar to those described in Refs. [18,22,23]. The band
La2 at 511 ± 1 cm�1 observed in all lanthanum-doped samples can
be assigned to La(2)dO(4) stretching mode, according to [24,25].
Lanthanum-free copper-doped sample L0C2 represents the intense
resonant band Cu0 at 650 cm�1 and its overtone O-Cu0 at
1300 cm�1. The intensity of these bands gradually decreases with
the x growth, up to full absence in L1C2. La-for-Ca substitution
causes an additional band to emerge at 595 cm�1 (Cu1) with the
overtone at 1187e1189 cm�1 (O-Cu1) suggesting its resonant
character. The x growth is accompanied by the increase of the Cu1
intensity.
3.3. Relations between crystallographic, spectral and colorimetry
data

As mentioned in the introduction the main absorption band A
providing the magenta color of the samples is related to the
oxidized intrachannel copper ions, namely to the [O-Cu-O]�-anion.
This magenta chromophore will be further denoted as “M-chro-
mophore”. It has been also shown that the intrachannel copper(I)
doesn’t impart any color and the intensity of A correlates with the
quantity of the oxidized copper situated in the channel, which
represents only a fraction of all intrachannel copper; the intensity
of A usually increases with the overall copper quantity at the same
preparation conditions [11,14].

As described in Refs. [16,18], the M-chromophore showed the
resonant band at 650 cm�1 with overtones in the Raman spectra. In
our work, the same resonant band denoted as Cu0 with the first
overtone is observed (see Fig. 4), its intensity correlating with the
intensity of A. Therefore the existence of M-chromophore is addi-
tionally confirmed by the presence of the resonant band Cu0.

In Refs. [14], it was mentioned that the intensity of B and C
Fig. 4. Raman spectra for L0C2, L05C2, L99C2, L1C2 and L2C2.
depended on the copper content stronger than the intensity of A
suggesting that B and Cwere caused by the simultaneous presence
of two copper ions at two close but different positions: intra-
channel and Ca(2) (Fig. 1). It was proposed that such Cu-for-Ca
substitution could be initiated by the local deformation of hexag-
onal channels by the intrachannel copper ions. The combination of
B (blue) and C (yellow) absorption bands leads to the emergence of
a green color (which is characteristic for copper compoundswith d-
d transitions) [17]. Therefore the chromophore which causes the B
and C formation will be further denoted as “G-chromophore”.

The observed D absorption band is analogous to known D-band
located at 400 nm in Bi-for-Ca substituted copper-doped calcium
hydroxyapatites [18]. This D-band was assigned to the chromo-
phore which was formed by copper ions Cu2þ localized in Ca-sites
and this Cu-for-Ca substitution was apparently activated by the Bi-
for-Ca substitution which deformed the hexagonal channel
decreasing its average diameter.

The La-for-Ca substitution leads to a similar narrowing of the
hexagonal channel (Table 1) and forces theD-band to emerge in the
copper-doped samples. The absorption band D adds the yellow
color to the samples. Thus this yellow chromophore will be further
considered as the “Y-chromophore”. This chromophore is con-
nected to Cu substituting Ca in a very small amount [18], hence only
a small fraction of copper is involved (corresponding to y of 0.03 or
less), therefore an intrachannel copper content may remain close to
a nominal one.

In copper-doped Bi-for-Ca substituted apatites, the resonant
band at 593 cm�1 in the Raman spectrumwas related to theD-band
[18]. Thus the equivalent resonant band Cu1 at 595 cm�1 observed
in our Cu-doped La-for-Ca substituted compounds (see Fig. 4) can
be attributed to the Y-chromophore.

It should be mentioned that in the UV-VIS spectra of L1C1 and
L2C2, a small absorption is observed in the vicinity of band Awhile
no resonant band at about 650 cm�1 is found in the corresponding
Raman spectra. These samples apparently contain additional un-
identified chromophores located either in the apatite compound or
in an admixture phase.

Chromatic coordinates a* and b* for L0C2, L05C2, L99C2, L1C2
and L2C2 are presented in Fig. 5 (numeric values of L*, a* and b* are
presented in Table A13). Introduction of lanthanum causes the
irregular color change of copper-doped calcium hydroxyapatites:
magenta, pink, sand-yellow, pale pink, pale grey for L0C2, L05C2,
L99C2, L1C2, L2C2 respectively. To discuss this color variation it is
Fig. 5. Chromatic coordinates a* and b* for L0C2, L05C2, L99C2, L1C2 and L2C2.
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conveniently to distinguish the lanthanum substitution impact to
each of the chromophores.

1) Increase of the La-content x causes a gradual suppression of
M-chromophore characterized by the A and Cu0 bands. The L2C2
compound shows full absence of A and Cu0 but contains a distinct
amount of intrachannel copper (y ¼ 0.15). The absence of M-
chromophore implies the absence of intrachannel [O-Cu-O]�, i.e. all
the intrachannel copper is in a low oxidation state, presumably þ1.
The destabilization of the intrachannel copper higher oxidation
state may be caused by the shift of electron density from intra-
channel O2�(4) towards La3þ(2) on the La for Ca substitution (as
was proposed for corresponding bismuth-containing samples [18]).

2) Increase of x promotes the Cu-for-Ca substitution and Y-
chromophore formation characterized by the D and Cu1 bands. The
cation-deficient sample L99C2 shows the highest content of Y-
chromophore as a lack of Ca obviously facilitates the Cu-for-Ca
substitution.

3) As the absorption in the vicinity of B-band is observed in all
samples, we may assume that the G-chromophore persists on the
La-for-Ca substitution. As far as copper-ions are found in the hex-
agonal channels in considerable amount in all the compounds, the
presence of G-chromophore is in line with the earlier assumption
[17] that this chromophore arises due to the presence of the
intrachannel copper ions and the adjacent Cu-for-Ca substitution.
In the corresponding Cu-doped Bi-for-Ca substituted apatites [18],
the practical absence of G-chromophore may be then explained by
the fact that on this substitution the copper-ions are expelled from
the channels.

Therefore, moving from L0C2 to L05C2 we see the color be-
comes pale due to a decrease of the M-chromophore and shifts to a
red tint due to a contribution from Y-chromophore. The prevailing
Y-chromophore provides a sand-yellow color of L99C2. The color
brightness is somewhat suppressed due to contribution from G-
and M-chromophores though. Dull colors of L1C2 and L2C2 are
caused by the presence of both Y- and G-chromophores and un-
identified chromophores as well.

4. Conclusions

La-for-Ca substitution in the copper-doped HAPs leads to the
lanthanum introduction into the Ca(2) position only. This is
accompanied by a minor extrusion of copper ions out of the
channel and prevents the oxidation of the remaining intrachannel
copper(I) so that the main M-chromophore [O-Cu-O]� formation is
suppressed. Simultaneously a new Y-chromophore emerges which
is characterized by the absorption band at 400 nm and resonant
Raman band at 591e595 cm�1 and is assigned to oxidized copper
ions at calcium positions by analogy with that in copper-doped Ca-
Bi-HAPs, described in Ref. [18]. Thus the La-for-Ca substitution
leads to the color change from intense magenta (red-violet) to
yellow tint. In comparison with the copper-doped Ca-Bi-HAPs, the
color is paler due to the lower content of the Y-chromophore.
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