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Substitution of (Eu,S) for calcium in calcium sulfoapatite in a high-temperature solid state reaction
produced brown powders in the continuous series Cajo_,Eu,(PO)S;.., With space group P6; for x
from zero to at least 1.3. Rietveld refinements (RR) with powder X-ray diffraction data showed that the
Eu’* substituted only at the Ca(2) sites and that the S*- occurs equally at 0,0,0.47 and 0,0,0.97,
irrespective of the quantity present. RR in P3 showed no further ordering for either the $?~ or Eu’* in
the apatite structure. The progressive incorporation of Eu’* produced changes in the Ca-0 distances
around both Ca sites which can be visualized as a combined rotation and scissoring of the PO}~ group.
Substitution in the ratio of 2Eu** + S$?7) for 2 Ca’* in the structure was confirmed by the site
occupancies obtained in RR’s and by the applicability of Vegard's law to the substitution. The RR’s
were carried out with the constraints that the PO}~ group was stoichiometric and that each of the Ca(2)
sites were filled with either Eu* or Ca?*. The final R, and Ry were ~0.16 and 0.03, respectively. For x

=0, a = 9.4560(4) and ¢ = 6.8409(4) A. © 1986 Academic Press, Inc.

Introduction

The immediate purpose of this study was
to determine the normal crystal structural
location and effects of S~ ions in a calcium
apatite, the location(s) of Eu’* progres-
sively substituted for Ca?*, the location of
additional S2~ ions introduced to encourage
charge balance and whether stoichiometry
was maintained, and how the positions of
already-present ions are affected by the
progressive addition of these two ions.
These questions are of direct interest in the
mining and phosphor lighting industries, as
discussed below. The questions of struc-
tural location and role of S?~ is of some
dental research interest because human
tooth enamel (TE) contains ~200 ppm S?~
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(1) and essentially nothing is known in de-
tail about its structural location nor about
the local structural distortions it causes
which could provide a mechanism for an
active role in the health or disease of TE.

An understanding of the substitution of
trivalent rare-earth apatites for calcium is
important in the use of rare earth apatites
for the production of lasers with high-effi-
ciency and low-generation threshold (2, 3).
This mechanism is also important to the
mining industry since apatites are consid-
ered to be economic rare-earth concentra-
tors only when the rare-earth element is in
the particular crystallographic site Ca(2)
4.

The calcium phosphate apatites, Ca
(POysX, (X = OH-, F-, CI-, iCO3},
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102-, 1§~ .), are most frequently
found to be crystallized in the hexagonal
crystal system with a space group of P6y/m,
although lower symmetry forms also occur
under appropriate conditions (5-10). In this
structure, the X-ions occur in columns (or
long chains) surrounded by 0%~ and Ca?*
ions. The surrounding ions are said to form
a channel (or tunnel) parallel to ¢ in which
the X-ions occur. The unit cell setting is
usually chosen so that the channel is lo-
catedatx =y = 0.

In the P6y/m structure the Ca’* ions oc-
cur in two different crystallographic sites,
Ca(l) and Ca(2). The Ca(2) ions form two
oppositely oriented triangles per unit cell,
perpendicular to and centered on the X-ion
channels. One is at level z = } and the other
at z = 3. The Ca(2) ions are coordinated by
six oxygen ions and one X-ion. The Ca(1)
ions also occur incolumns but at x = 4, y =
2,and x = , y = 3, not near the X-ion chan-
nel. They are coordinated by nine O? ions,
visualized as being at the vertices of a poly-
hedron. For further details of the hydroxy-
apatite structure see, for example, (71) and
references therein. The Ca(l) site is the
smaller of the two sites and thus one would
expect that ions larger than CaZ* (0.99 A)
would substitute primarily in the Ca(2) site
while smaller substitutional ions would
preferentially substitute for Ca(1) (12). This
atomic ordering in the Ca(1) site has been
observed for Mn?* (0.80 A) in calcium
phosphate fluorapatite (70) while ordering
in the Ca(2) site (up to 10 at%) has been
demonstrated for most rare-earth trivalent
ions in calcium (silicate, phosphate) fluor-
apatite (13).

Materials and Methods

The series of apatite specimens used in
this study were ideally represented by
Ca - Eu,(POysS1+x2. A systematic study
of these compositions has been carried out
by Taitai (14). The sulfoapatites were pre-
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pared by exposing calcium europium oxy-
apatites to sulfur vapor at high tempera-
tures. The oxyapatites were prepared
according to a method described by Taitai
et al. (15) which consists of calcining (at
1350°C in air) a mixture of anhydrous cal-
cium phosphate, calcium carbonate, and
europium oxide in proportions such that the
atomic ratio (Eu + Ca)/P remains fixed at
1.67.

These samples, held under vacuum at
900°C for 10 hr, were calcined repeatedly
until a single-phase calcium—europium oxy-
apatite was obtained as shown by X-ray dif-
fraction and IR spectroscopy (e.g., 3570-
cm™! band progressively disappeared). The
samples were next maintained at 900°C for
10 hr in an atmosphere of sulfur vapor (500
Torr) and then allowed to cool to room tem-
perature in an atmosphere of helium. The
brown powders that were obtained from
this synthesis were determined by X-ray
diffraction analysis with the Rietveld
method to be single phase and with wet
chemical analysis to have the above chemi-
cal formula with x values as shown in Table
II. Chemical analyses of these compounds
made before and after treatment with the
sulfur vapor showed that there was no loss
of phosphorous in the course of the treat-
ments. Acid dissolution produced no evi-
dence of precipitation of colloidal sulfur,
such as would be expected from residual
traces of polysulfur S27, and the evolution
of H,S gas confirmed the presence of sulfur
ions, S2-,

The existence of an upper solubility limit
of sulfur was determined in a separate prep-
aration in which an attempt was made to
incorporate two Eu’* per cell, which led to
the formation of Eu,0,S as a second phase.
This limit is ~1.8 S2 per cell (74). It is
reasonable that there should be a limit since
it is probably sterically impossible to incor-
porate more than this amount of S?~ in the
channels; the radius of the S2~ ion (1.84 A)
exceeds c/4 (<1.62 A). A similarly steri-
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cally imposed limit for Br, I, and Cl in cad-
mium apatites has been the subject of a sin-
gle crystal X-ray diffraction study (16, 17).

Two independent sets of powder X-ray
diffraction data (identified by PS numbers)
were collected from each of the four sul-
foapatite samples with crystal monochro-
mated CuKa radiation (A = 1.5405 and
1.5443 A) and a 20 diffractometer operat-
ing in the step scan mode at 60 sec per
0.025° step. Structure refinements were car-
ried out from these X-ray data with the
Rietveld method (18, 19) and a locally writ-
ten program (DBW 3.2 (20)) which imple-
mented the pseudo-Voigt profile in the re-
finements. To determine whether or not
there was any preferential ordering of the
europium or sulfur ions in the apatite,
structure refinements were conducted in
space groups P6;/m, P6;, and P3.

The amounts of Eu** and S?~ in the struc-
ture were determined directly by refine-
ment of the site occupancy factors. The site
occupancy factors for Eu** and Ca?" ions at
the same site were refined simultaneously
under the constraint that all of the calcium
sites were occupied either by Ca?* or by
Eu?* and that the six PO, groups were stoi-
chiometric in the apatite structure. The
scattering factors were those in Volume 4
of the International Tables for Crystallogra-
phy (21) with the exception that the scatter-
ing factor for the isoelectronic C1~ was used
for S?-. Other parameters that were refined
included the lattice parameters, atomic po-
sition parameters, 20 zero-point, reflection
profile breadth, background, asymmetry,
and preferred orientation parameters. The
thermal motions for the atoms in the sul-
foapatite structure were modeled by the an-
isotropic temperature factors determined
for chlorapatite (11) with the refinement of
an overall temperature factor to adjust for
any overall differences (i.e., the differences
in thermal motion between Cl'~ and $?-,
and between Ca?* and Eu?*). The final
atomic positions were then used to calcu-

269

late interatomic distances and angles with
the well-known program ORFFE (22) so
that the atomic scale effects of the introduc-
tion of Eu?* and S?- into the apatite struc-
ture could be better put in view.

Results

The S? per unit cell shown under
“‘chemical analysis’’ in Table I was calcu-
lated from the amount of sulfur found in the
specimen and the assumption of stoichiom-
etry in (Eu + Ca) and P. These values are
inferior to those expected from the propor-
tions of the reactants used. These differ-
ences may be attributed in part to the preci-
sion of the analyses of sulfur (5%), but also
to incomplete substitution of sulfur for O?-
ions initially present in the oxyapatite. The
chemical analysis results indicate that the
sulfoapatites can therefore contain, in very
small amounts, however (between 0.01 and
0.09 atoms per unit cell), some O~ ions.

Refinements in space group P6s;/m indi-
cated that the substitution of Eu3* for Ca?*
occurred exclusively at the Ca(2) site, as
previous authors had noted (/2), while the
S?- occurred near 0,0,0.47 and symmetry-
related crystallographic positions. Refine-
ments in space group P6; showed that the
mirror plane was not present, e.g., S~ oc-
curred at 0,0,0.47 but not at the mirror-re-
lated position of 0,0,0.53. Since there were
less than two S?~ ions per cell in all cases,

TABLE 1

AMOUNT oF Eu** aAND §* pER UNIT CELL IN
VARIOUS SULFOAPATITES

Average from

Rietveld S from chemical
refinements analysis®
Sample Eu S Specimens  Reactants
Y-220 —_ 0.85(8) 0.99 1.00
Y-249 0.35(4) 1.13(12) 1.20 1.25
Y-247 0.88(3) 1.36(4) 141 1.50
Y-245 1.299)  1.57(6) 1.70 1.75

2 Estimated error 5%.



TABLE II
ATOMIC PARAMETERS FOR (Cayo-,Eu,)(PO)eS 412

o 0Q2)
a s
Specimen PS No. (A) (A) x ¥ z N X ¥ z N
Y-220 720 9.4554(2) 6.8405(2) 0.3266(10)  0.4852(10) 0.264(38) 6.0 0.5841(F1}  0.4724(11)  0.3061(27) 6.0
730 9.4561(2) 6.8411(1) 0.3253(10)  0.4841(10)  0.2758(22) 6.0 0.5820(10)  0.4748(13)  0.3106(20) 6.0
Y-249 847 9.5112(5) 6.8030(4) 0.3332(16)  0.4874(18)  0.283249) 6.0 0.5882(20)  0.4708(20)  0.2971(41) 6.0
854 9.5112(4) 6.8025(3) 0.3369(16)  0.4927(17)  0.2470(63) 6.0 0.5803(19)  0.4671(19)  0.2931(3%) 6.0
Y-247 853 9.5989(2) 6.7424(2) 0.3387(16)  0.4850(17)  0.259(68) 6.0 0.5922(18)  0.4766(18)  0.2755(49) 6.0
845 9.5977(3) 6.7416(2) 0.3437(18)  0.4885(17)  0.2496(97) 6.0 0.5935(20)  0.4660(19)  0.2797(47) 6.0
Y-245 846 9.6285(2) 6.7325(2) 0.3455(15)  0.4909(14)  0.2406(63) 6.0 0.5928(16)  0.4658(18)  0.2683(62) 6.0
871 9.6306(3) 6.7329(2) 0.3452(18)  0.4937(17)  0.2372(54) 6.0 0.5940(17)  0.4655(18)  0.2794(41) 6.0
O(3a) O(3b)
X ¥ z N X ¥ z N
Y-220 720 0.3848(12) 0.2853(14) 0.0680(25) 6.0 =0.3080(16) —0.2373(17) —0.078%17) 6.0
730 0.3876(12) 0.288%(13) 0.0644(21) 6.0 —0.3153(16) —0.2414(16) —0.0703(18) 6.0
Y-249 847 0.3828(23) 0.2745(25) 0.0653(39) 6.0 —0.307%26) —0.2500(28) —0.0817(27) 6.0
854 0.3825(23) 0.2801(29) 0.0501(36) 6.0 —0.3204(27) —0.2553(29) —0.0861(27) 6.0
Y-247 853 0.3681(39) 0.2704(36) 0.0502(43) 6.0 —0.3386(39) ~0.2694(36) —0.0801(36) 6.0
845 0.3701(50) 0.2682(42) 0.0622(49) 6.0 —0.3409(48) —0.2685(42) —0.071247) 6.0
Y-245 846 0.3591(59) 0.2726(62) 0.0520(63) 6.0 —-0.3531(55) —0.2691(64) ~0.0780(57) 6.0
87 0.3496(45) 0.2699(53) 0.0821(68) 6.0 —0.3687(45) 0.2776(52) ~0.0573(67) 6.0
P Ca(la) Ca(lb)
x ¥ z N X ¥ z N X ¥ I N
Y-220 720 0.3968(5) 0.3720(5) 0.2441(20) 6.0  0.3333 0.6667  0.0223(19) 2.28(4) 0.6667 0.3333  0.0096(21) [.68(4)
730 0.3996(4) 0.3724(4) 0.2540(14) 6.0  0.3333 0.6667  0.0233(12) 2.12(4) 0.6667 0.3333  0.0103(14) 1.75(4)
Y-249 847 0.4034(9) 0.3761(9) 0.2406(39) 6.0  0.3333 0.6667  0.0142(39) 1.88(4) 0.6667 0.3333 —0.0014(37) 2.11(5)
854 0.4049(8) 0.3782(8) 0.2418(30) 6.0  0.3333 0.6667  0.0124(36) 2.22(6) 0.6667 0.3333  —0.0039%(43) 1.76(6)
Y-247 853 0.4090(8) 0.3783(8) 0.2406(34) 6.0  0.3333 0.6667 —0.0005(34) 2.09(12)  0.6667 0.3333 —0.0136(3H) 2.03(13)
845 0.4096(9) 0.3777(9) 0.2404(38) 6.0  0.3333 0.6667 —0.0054(38) 1.93(12)  0.6667 0.3333 —0.0097(35) 2.14(14)
Y-245 846 0.4112(8) 0.3794(8) 0.2570(36) 6.0  0.3333 0.6667  0.0058(36) 2.16(7) 0.6667 0.3333  —0.0040(39) 1.89(6)
871 0.4122(7) 0.3798(6) 0.2454(33) 6.0  0.3333 0.6667  0.010936) 1.99(13)  0.6667 0.3333 —0.0008(42) 1.91(13)
Eu(2) Ca(2) S
X v b4 N x ¥ z N X ¥ T N
Y-220 720 “ 0.2459(4)  —0.0110(5)  0.2500 6.00 0.0000  0.0000 0.4846(40) 0.95(2)
730 — 0.2453(3y  —0.0117¢4) 0.2500 6.00 0.0000  0.0000 0.4867(29) 1.04(3)
Y-249 847 0.2440(6) —0.0067(3) 0.2500 0.32(2) 0.244(6) —0.0067(8) 0.2500 S.68(2)  0.0000 0.0000 0.4861(94) 0.98(4)
854 0.2436(5}  —0.0077(7)  0.2500 0.39(3)  0.2436(5) —0.0077(7) 0.2500 5.61(3) 0.0000 0.0000 0.4721(46) 1.25(4)
Y-247 853 0.2464(5)  0.001%6) 0.2500 0.88(3) 0.2464(5)  0.0019(6) 0.2500 S5.123)  0.0000 0.0000 0.4665(39) 1.32(4)
845 0.2468(5)  0.0019(9) 0.2500 0.88(3)  0.2468(5)  0.0019(7) 0.2500 5.123)  0.0000 0.0000 0.4630(42) 1.41(4)
Y-245 846 0.2454(4)  0.0044(5) 0.2500 [.37(3)  0.2454(4)  0.0044(5) 0.2500 4.63(3)  0.0000 0.0000 0.4694(35) 1.55(3)
871 0.243%(4)  0.0023(6) 0.2500 1.21(3) 0.243%4)  0.0023(6) 0.2500 4.79(3)  0.0000 0.0000 0.4712(35) 1.58(6)
Rup RE RB By Range (degrees 2e)
Y-220 720 13.59 9.69 3.40 0.18(5) 17-90
730 15.41 12.79 4.54 0.10(4) 36-134
Y-249 847 18.84 11.57 3.9 0.40(9) 17-90
854 18.80 12.78 4.0! 0.33(6) 24425
Y-247 853 17.61 12.92 372 0.27(6) 36-134
845 16.44 11.63 2.52 0.60(7) 17-90
Y-245 846 14.08 11.68 2.00 0.47(6) 17-90
871 16.19 14.87 2,75 0.23(5) 36-134

Note. For the expressions Ry, and RB. the /; is the intensity assigned to the Ath Bragg reflection. In the expression for RB. the “*ohs.” —for
observed—is put in quotation marks because the Bragg intensity (/) is rarely directly observed: instead, the o) Values are obtained from an
allocation of total observed intensity in overlapped reflections to the individual Bragg reflections according to the ratios of intensities in the calculated

patterns (see Ref. (2) for a detailed description).

: 2 wilyilobs.) — Ve yicale.? 12
N = the site occupancy factor.

R, (R-weighted pattern) = [ 3 wilydobs. p?
Z wilyiobs.))

By = the overall temperature factor.

RB (R-Bragg) =

Sllierobs. ™ = Tcate

Rexp = expected R-factor based on just counting statistics alone.

X hCTobs)

¢ These refinements do not include the simultaneous refinement of Eu(2) and Ca(2) and their site occupancy factors are a direct measure of the
amount of Ca®* in the Ca(2) lattice site.
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the possibility existed that either the
0,0,0.47 or the 0,0,0.97 site might be pre-
ferred over the other. However, refine-
ments in P3 gave no evidence of such pref-
erence, not even when there was only one
S2= per cell. The model finally accepted,
therefore, is of a statistical distribution of
S?- equally between the two sites for all x.

Final refinements were all carried out in
P6, with Eu’* only at the Ca(2) site. The
“‘goodness of fit’” of the calculated to the
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observed diffraction pattern can be judged
from the various R factors listed in Table II
plus the graphical comparison in Fig. 1. The
fits are good. Further, similar plots for the
samples Y-220, Y-249, Y-247, and Y-245,
which have 0, 0.35(4), 0.88(3), 1.29(9) Eu3*
per cell, respectively, indicated that there
were no visible impurities in these samples.
Comparison of the plots for samples Y-220
(no Eu?*) and Y-245 in Fig. 1 display the
effect that europium substitution has on
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FiG. 1. Rietveld pattern fitting results for (A) Y-220 and (B) Y-245. In the upper field the points with
vertical bars are the observations and the solid curve is the calculated pattern. The difference (ob-
served minus calculated) is plotted in the lowest field. The short vertical bars in the middle field mark
the positions of possible Bragg reflections for the sulfoapatite structure.
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F1G. 2. A Vegard’s law test with Cajy_,Eu,(PO,)¢Si+,2. Site occupancies are from the Rietveld
refinements.

the X-ray diffraction patterns of these apa- ments in P6; are shown in Table II. Inter-
tites. Atomic coordinates, site occupancies atomic distances and angles calculated
and other numerical results from the refine- from the results in Table II data are pre-
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correlation coefficient=0.94
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Fic. 3. Correlation of Eu and S contents in Ca;g_,Eu,(PO,)sS,+ . The site occupancies are from the
Rietveld refinements.
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sented in Table III. The average amount of
Eu?* and S?~ shown in Table I was deter-
mined from the average of the site occupan-
cies obtained from the two independent
data sets for each specimen.

Discussion

A plot of cell volume vs Eu’* content
(Fig. 2) shows that the substitution of Eu’*
for Ca?* is continuous to at least 1.3(1) Eu*
per cell; there is no indication that Eu?*
replaces anything else. The Eu—S content
relationship (Fig. 3) shows that the substi-
tutional mechanism for these materials was
(2Eu* + S?7) for 2Ca?*, as does the fact
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that Vegard’s law was well obeyed when
only Eu?* was considered as the indepen-
dent variable (Fig. 2).

As can be seen from Table III, the intro-
duction of (Eu**, $?7) for Ca?* has definite
structural effects. Particularly noticable are
changes in various Ca-O distances and
within the PO, tetrahedron. The structural
modifications around the Ca(l) site can
readily be noted through the decrease of the
Ca(1a)-O(3b) and Ca(lb)-O(2) and in-
crease of the Ca(lb)-O(3a) and Ca(lb)-
O(1) interatomic distances.

Substantial changes in the various
Ca,Eu(2)-0 distances are also caused by
the progressive substitution of Eu®* for

GE®O

A&

F1G. 4. The sulfoapatite structure. The atom types are classified as for space group P6;/m and the
number and letters in parentheses designate the subset of the atom type in P6,. The other numbers are
z coordinates. S occurs at 0,0,0.47 and 0,0,97. The other ions occur essentially where they would in

space group P6,/m.
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Ca?* at the Ca(2) site (Table III). Interest-
ingly, neither those changes nor the pro-
gressive filling of a second S%- site per unit
cell seems to have any significant effect on
the S?~ positions (Table II).

The progressive changes in the Ca(1)-O
distances can be visualized largely in terms
of rotation of the PO, groups. In Table II
one sees that the values for x and y in-
crease for O(1) and O3b) while they de-

creace for’ 0139\ with increasine Eu3t for

crease for a) with increasing
Ca?* (which is accompanied by a corre-
sponding addition of 82~ ions near the cen-
ter of the O(3) triangles where they exert a
direct influence on these 0(3) jons). This
motion may be thought of as a rotation of
the PO, tetrahedron about an axis in the xy
plane. This causes O(3a) to be moved to-
ward the Ca,Eu(2) site (see Fig. 4) while
O(@3b) rotates toward Ca(la). To account
for the changes around the Ca,Eu(2) site,
another structural change must also take
nla_cg in the P(L groups in onml_ln(.‘tlgn
with the previous rotation. This involves
the reshaping of the PO;~ ‘‘tetrahedron”
through the scissoring of the O(1)-P(1)-

0O(3a) tetrahedral bond with increased in-
{-‘Du3+ inta tha Thic

\aUl P\Jl atlUll L L LILY Lll\/ DVl UL 13113
motion of the tetrahedron causes O(1) to
move far enough away from the europium
so that its Eu—O(1) bond distance is greater
than 3 A.

gtriictiira
(32t L o2N

Conclusions

The following conclusions were drawn
from this investigation.

(1) Substitution of (Eu,S) for caicium in
sulfoapatite is continuous up to at least
1.3(1) and 1.6(1) atoms of Eu?* and S?~,
respectively. The substitution takes place
in the constant ratio of 2Eu?* for each $7-.
Thereby charge balance is maintained and
Vegard’s law holds.

(2) The location of Eu3* was determined

by the Rietveld method to be exclusively at
the Ca(2) site while S?>~ occurred equally at

0,0,0.47 and 0,0,0.97, regardless of the S
content.

(3) The incorporation of Eu** into the
suifoapaiiie structure caused structurai
changes around both the Ca(1) sites and the
Ca(2) sites which can be visualized as a
combined mechanism of PO}~ tetrahedral
rotation and scissoring.
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