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Feeling blue: utilising cation ordering to engineer the colour of apatite
pigments
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Monk, E. H. Driscoll, P. R. Slater”
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Abstract

Manganese doped chlorapatite compounds have attracted interest as inorganic pigments due
to their vivid colours. In this paper, we investigate the effect of Sr incorporation in the
turquoise pigment Baio(MnO4)(POa4)sClz. on the structure and optical properties. The results
show a turquoise colour throughout the series studied, except for a single compound,
BasSra(MnQa4)(POa4)sCl; which exhibits an intense blue hue. The colour change is explained by
Ba/Sr cation ordering in the apatite structure, with this composition corresponding to
complete occupation of the Al site by Sr and the A2 site by Ba, and similar results are also
observed for the related manganese doped bromoapatite system. The unique blue colour for
these cation ordered compositions illustrates the potential to control the colour of apatite
pigments through exploiting cation site preferences, while its’ low cost represents a key
advantage compared to recently reported blue YIn1x<MnxO3 pigments.
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Introduction

The discovery of novel blue ceramic pigments has attracted significant interest, since
currently, some of the most used commercial pigments contain cobalt, e.g. cobalt aluminate
spinel (CoAl>04) and cobalt (Il) stannate (Co2Sn04) [1-5]. Due to the toxicity, limited resources
of cobalt raw materials and their increasing use in energy materials, new cheap, durable, and
low toxicity blue pigments that avoid the use of cobalt are needed [6-7].

Recent research on YInix«MnxOs has illustrated the potential to prepare cobalt-free blue
ceramic pigments with the colour due to Mn3* in trigonal bipyramidal coordination in this
compound [8-13]. The vivid blue colour, low toxicity, and thermal stability have led to this
pigment being recently approved for commercial use. The YIn1,MnyOs series has also been
shown to have excellent near-infrared reflectance and show potential as cool pigments for use
to reflect solar heat such as roofing materials [14]. However, the cost associated with indium-
based precursors causes an issue with these compositions.

Other Mn-containing compounds have also been studied for their colour such as
brownmillerite and apatite type structures, although these colours tend to range from
turquoise to dark green depending on manganese content [15-19]. The apatite material has
the general formula A10(MOa)sX2 where typically A = Ca, Sr, Ba or La, M =Si, Ge, PorVand X =
O, OH or halides [20-23]. The apatite structure can be classed as an A4(MO4)s framework which
contains A cations (Al site) in trigonal metaprisms that are corner-linked with the tetrahedral
MOz units. The remaining A cations (A2 site) and X anions are located within the cavities of
this framework (Figure 1). The apatite structure shows excellent flexibility for doping on the
different sites, and such doping strategies can lead to a variety of properties, such as high ionic
conductivity and luminescence [23-25]. The use of different dopants can also change the
colour of apatites. Previously, apatite pigments have been made by doping with transition
metals, with the colours observed attributed to d-d transitions or to charge transfer bands.
One such example is the doping of Mn>* which can be doped onto the tetrahedral site and is
noted to produce an intense turquoise colour [19].

Despite the interest in this pigment material, there have been no studies of the effect of
substitution of Ba for Sr, which offers the ability to examine how the different site preferences
of Ba and Sr affect the colour of the resultant apatite. Consequently, through a third year
undergraduate mini-lab project, we investigated the effect of Sr doping in
Baio(MnO4)(PO4)sCly. The results show a uniqgue member of the solid solution series,
BasSra(Mn0O4)(P0O4)sCl,, which has a vivid blue colour attributed to this composition having
perfect ordering between the Sr/Ba on the A1/A2 sites, and similar results are also shown for
the Br analogue, BagSra(MnQa4)(PO4)sBr;.
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Figure 1: Crystal Structure of A1o(MOQa)sX2 with highlighted A1, A2, MOa, and X sites.

Experimental

High purity SrCOs, BaCOs, MnO,, (NHs)H,POs, BaCl, were used to prepare Baio-
xSrx(MnQO4)(P04)sCl; (0<x<5) samples. Stoichiometric mixtures of the powders were intimately
ground and initially heated to 900 °C (10 °C min™') for 12 hours. Samples were then reground
and reheated to 950-1150 °C (10 °C min) for a further 12-24 hours, depending on the apatite
composition. Similar conditions were used to prepare the bromoapatite samples, with BaBr;
used instead of BaCl..

Powder X-ray diffraction (PXRD) data were collected to determine phase purity, unit cell
parameters and for preliminary structure refinement. PXRD patterns (10 to 90° 20) were
collected on a Panalytical Empyrean diffractometer equipped with a Pixcel 2D detector (Cu Ka
radiation). The GSAS-II suite of programs was used for structure refinement (26)

FT-IR Spectroscopy measurements were performed using a Bruker Alpha Il FTIR-Spectrometer
with the platinum ATR attachment.

Colour coordinates were initially obtained via RGB measurements from colour photos and
further confirmed via measurements using a BELEY 8mm MODEL WR-10 QC portable
colourimeter.



Results and Discussion

All Ba10xSrx(MnQa4)(P04)sCl, (0<x<5) samples investigated were shown to form a single phase
apatite material (see supplementary info: Fig SI-1). The structures (space group of P 63/ m)
were refined using the Rietveld refinement method. The unit cell parameters (Figure 2),
showed the expected reduction in unit cell size on increasing Sr content, as expected due to
smaller size of Sr?* compared to Ba?'. The refined lattice parameters and the Rietveld
refinement goodness of fit parameters are presented in Table 1. In the Rietveld refinement,
the manganese and phosphorous were all placed in the MO4 tetrahedral sites using the
expected stoichiometric amounts. In line with previous literature studies on cation
partitioning within apatite structures which have suggested large ions preferentially favour
the A2 sites, with small cations the Al sites [27], the refinements here confirmed this
preference with Sr favouring the Al site and Ba the A2 site. Figure 3 shows a representative
Rietveld refinement profile fit for the x=4 sample, BasSra(MnQa)(PO4)sCl, structure. For this
BaeSra(MnOa4)(P0O4)sCl, composition, there is complete ordering with Sr and Ba fully occupying
the Al and A2 sites respectively (the structural parameters for this phase are shown in Table
2).
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Figure 2a: Variation of unit cell parameters with Sr content for Ba10xSrx(MnQa)(PO4)sCl»



Figure 2b: Variation of cell volume with Sr content for Ba1oxSrx(MnQa)(PO4)sCl»
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Figure 3: Representative Rietveld profile fit: BagSra(POa)s(MnO4)Clz (x=4). wR = 2.319%.



Table 1: Cell parameters and goodness of fit values for Rietveld refinement of Baio-

XSFX(MI’\O4)(PO4)5C|2
X a (A) c (A) Unit Cell WRp Rp X
Volume
(A3)

0 10.2906(7) | 7.6653(3) | 702.99(6) 7.17 4.63 1.55

1 10.2492(8) | 7.6409(9) | 695.13(1) 5.99 4.47 1.34

2 10.2023(1) | 7.5960(2) | 684.72(3) 5.80 3.67 1.58

3 10.1536(5) | 7.5512(7) 674.21(9) 5.96 3.47 1.72

4 10.1278(3) | 7.5145(8) 667.52(2) 2.32 1.25 1.85

5 10.0836(7) | 7.4714(1) 657.92(1) 5.73 2.88 1.99

Table 2: Structural parameters for BagSra(MnQ4)(PO4)sCl>
Atoms | Wyckoff | x y z Occupancy | Ui (A?)
Position

Sr1 4f 0.6667 0.3333 -0.0002(6) 1.0000 0.0117(5)
Bal 6h 0.2445(2) 0.9827(2) 0.2500 1.0000 0.0364(4)
Mnl |6h 0.4047(7) 0.3705(7) 0.2500 0.167 0.04(2)
P1 6h 0.4030(7) 0.3709(7) 0.2500 0.833 0.04(2)
cn 2b 0.0000 0.0000 0.02(3) 1.0000 0.05(2)
o1 6h 0.364(2) 0.494(1) 0.2500 1.0000 0.05(2)
02 6h 0.587(2) 0.453(1) 0.2500 1.0000 0.05(2)
03 12i 0.3546(7) 0.2746(9) 0.0741(9) 1.0000 0.05(2)

In addition to the collection of X-ray diffraction data, IR spectra were recorded for the samples
(figure 4). The data were comparable to previous literature reports for apatite systems [26].
Peaks between 700-1100 cm™ are attributed to the MOy tetrahedra, with the peaks around
1000 cm associated with the PO43 group vibrational modes (vi - symmetrical and vs -
asymmetrical modes). All samples also have vs vibrational peaks associated with MnQO4*
around 720 to 780 cm™ consistent with literature values for such a moiety. (18) There is an
observed shift of all vibrational modes to higher wavenumber on increasing the strontium
content.
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Figure 4: IR spectra for Ba1oxSrx(MnOa)(POa)sCl; phases from top to bottom: x=0,1,2,3,4 and
5

Colour measurements

Previous studies of Baio(MnOa4)(POa)sCl> had reported a dark turquoise colour, and a similar
colour was observed for our sample [18]. A similar dark turquoise colour was observed for the
Sr doped samples, with the exception of BagSra(MnQ4)(P0O4)sCl2, where a clearer blue hue was
observed (figure 5). This particular sample has complete ordering of Sr/Ba in the A1/A2 sites,
and thus highlights a key influence of cation ordering on the colour of the pigment. In this
respect, computer modelling studies of the influence of the doping strategy/cation ordering
on the electronic structure would be of interest for the compositions around this “sweet spot”.

Figure 5: Colour image of Ba1oxSrx(MnQ4)(PQOa4)sCl; phases from left to right:
x=0,x=1,x=2,x=3,x=4andx=5

To characterise the colour of BaioxSrx(MnQO4)(PO4)sCl; solid solutions, the colour coordinates
were measured (Figure 6). The results show that the a* and b* values are fairly consistent
across the series except for BagSra(MnQ4)(PO4)sCl2, where a* increased and b* decreased
compared to the other compositions within the series. These changes are consistent with the
colour reflected in BaeSra(MnQa)(PO4)sCla being bluer and less green, hence a more vivid
overall blue colour is observed for this sample.
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Figure 6: a*(responsible for a red (a*>0)/green(a*<0) components of colour), b*(responsible
for a yellow (b*>0)/blue(b*<0) components of colour) parameters of samples as a function
of Sr content (x) showing the significant change for the x=4 composition.

Thus, the work has shown the production of a new blue pigment for this cation ordered
composition, BaeSra(MnOa4)(P0Oa4)sCl, which is a significantly cheaper material to prepare than
the previously reported YInixMnyOs series (associated with the high cost of indium).
Therefore, this particular composition, BaeSra(MnQa4)(PO4)sCl, warrants further study for
industrial applications. In this respect, a larger batch (=40g) has been synthesised to show
scalability of this material for potential industrial use applications with a similar colour being
retained as in the smaller synthesis batch.

Further preliminary studies have shown that the related bromoapatite phase,
BasSra(PO4)s(Mn0O4)Br, can also be prepared; The XRD pattern of this phase indicates the
formation of an apatite structure similar to the BagSra(PO4)s(MnQ4)Cl, system (figure 7). The
colour of this pigment (figure 8) was a slightly paler blue with a hint of turquoise, hence the
colour coordinates show increased amounts of green and lesser amounts of blue contributing
to the overall colour seen (a* =-11.93, b* =-37.86).
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Figure 7: Powder X-Ray Diffraction pattern of BagSra(MnQO4)(POa)sBr».

Figure 8: Colour Image of the BasSra(POa4)s(MnOa4)Br; pigment.

Conclusions

In this paper we have shown that Sr can be incorporated into Ba1o(MnQ4)(PO4)sCl; resulting in
the synthesis of new apatite pigments. All the pigments had a dark turquoise colour, with the
exception of the composition, BasSra(MnQO4)(PO4)sCl,, which gave a more commercially
desirable blue colour. The difference can be attributed to this latter phase showing complete
Sr/Ba ordering over the A1/A2 sites, and the work highlights that cation ordering can be
exploited to modify the colours of apatite pigments. The related BaeSra(POa)s(MnOa)Br; blue
pigment could also be prepared. Given that these materials are prepared from low-cost



precursors, they represent promising new blue pigments. Further studies are warranted to
explore the local structural changes around the MnO4 chromophore in order to rationalise the
observed colour changes on Sr doping.
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Supporting Information

Additional X-ray diffraction patterns for the Ba1pxSrx(MnQa)(PO4)sCl; series
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Figure SI-1: Powder X-ray diffraction pattern of Ba1oxSrx(MnQa4)(POa4)sCl, from top to bottom:
x=0,1,2,3,4and 5



