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ABSTRACT

Apatites in a fluorine-free chemical system have been synthesized hydrothermally at 650 °C and
1.5 kbar along the hydroxylapatite—britholite-(Y) join [i.e., Ca,;(PO,)s(OH), — Ca,Y(SiO4)s(OH),
join], from oxide mixtures at nominal Si-contents of 0,0.5,1,2,3,4,5.5, and 6 pfu. The hexagonal
apatite unit-cell volume decreases by 1.5% from the phosphate to the silicate end-member. A single
3P MAS NMR resonance is recognized at 2.8 ppm in hydroxylapatite. An additional broad line
centered around 1.5 ppm is present for Y-rich compositions. Although the P MAS NMR spectra
could not be fully assigned, the 2.8 ppm resonance that persists even in Si-rich compositions must
include the contribution of P atoms involved in P-O-Y bonds. 'H NMR spectroscopy shows that the
H content decreases by around 50% from the phosphate to the silicate end-member although all the
compounds were synthesized hydrothermally at 650 °C. In addition to the expected YSiCa_,P_, sub-
stitution, a second substitution vector, YL ICa_H_,, is inferred. It is proposed that the resulting proton
vacancies influence neighbor H atoms to give rise to a 'H line at 4.9 ppm. Beside the 4.9 ppm
resonance, four other resonances at 0.2, 1.2, 1.5, and 2.0 ppm, are encountered along the series. In
the apatite columns, OH groups are bonded to three cations from the Ca2 site and form (Ca2);0H
groups. In the proposed assignment model, the 0.2 ppm line, the only resonance present in the hy-
droxylapatite spectrum, is readily attributed to protons from (Ca);OH groups. The 1.2 and 1.5 ppm
resonances are assigned to (Ca,Y)OH groups whereas the 2.0 ppm line represents the contribution of
protons from both (CaY,)OH and (Y);OH groups.

INTRODUCTION

Apatite, Cas(PO,);(F,OH,Cl), is the most widespread phos-
phate mineral in crustal rocks (McConnell 1973). In addition
to be stable over a wide range of pressure and temperature con-
ditions (Murayama et al. 1986; Brunet et al. 1999), the apatite
structure is also remarkable for its wide chemical variability.
The compositions of apatite group compounds can be expressed
as A5(X0,);(F,C1,0H) with A =Ba, Ca, Ce,K,Na, Pb, Sr, Y; X
=As,C,P,Si, S,V (Fleischer and Altschuler 1986). The chemi-
cal variability of the apatite structure becomes apparent when
the wide spectrum of synthetic apatite compositions is consid-
ered (e.g., Ito 1968; Engel and Klee 1972; Boyer et al. 1997).
Infrared spectroscopy has been successfully applied to iden-
tify specific structural features in apatite such as the occur-
rence of PO;OH groups in Ca-deficient apatites or the presence
of CO; or SiO, groups (Elliott 1964). For hydroxyl-bearing
apatites, many Raman or IR spectroscopy studies have been
carried out to decipher the halogen distribution in the apatite
channels (e.g., Freund and Knobel 1976). In many cases, the
interpretation of OH-vibration spectra is hampered by a poor
understanding of hydrogen bonding in apatite. NMR spectros-
copy studies of apatites are scarce and deal with phosphate
apatites (Rothwell et al. 1980; Yesinowski and Eckert 1987;
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Belton et al. 1988). In the present study, we have combined
'H and *'P MAS as well as 'H-*'P Cross Polarization NMR
spectroscopy (CPMAS) along with FT-IR spectroscopy to
investigate local atomic environments in apatite along the
hydroxylapatite-britholite-(Y) join [i.e., the Ca,,(PO,)s(OH), —
Ca,Y(Si0,)s(OH), join]. The Ca?* + P>* = REE®** + Si** substi-
tution (REESiCa_,P_; with REE = Rare Earth Elements) occurs
in natural apatites but very little is known about its crystal chem-
istry. This type of substitution is of interest because (1) Si-
bearing apatites have been proposed as a possible repository
for trivalent actinides from nuclear wastes, and (2) a second,
naturally occurring, phosphate-to-silicate complete solid solu-
tion series has recently been discovered (Chopin and Sobolev
1995) that adopts the ellenbergerite structure.

Pure britholite-(Y) was chosen for this NMR study because,
contrary to most REE elements, yttrium is not paramagnetic.
Hydrothermal syntheses were adopted because they generally
lead to homogeneous and well-crystallized products. This
method was successfully applied by Ito (1968) to the synthesis
of a wide variety of apatite-britholite members. Hydrothermal
synthesis implies incorporation of OH-groups in the apatite prod-
uct; therefore, to begin with, apatites in the CaO-P,05-Si0,-Y,0;-
H,O fluorine-free system were investigated.

Britholites are silicate-dominant REE-bearing members of
the apatite group. Britholite is a major REE-bearing mineral
(Mariano 1989) and is either Ce-dominant, britholite-(Ce), or
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Y-dominant, britholite-(Y). These rare minerals are found in
high-temperature geological settings such as high-grade con-
tact metamorphic rocks (Jamtveit et al. 1997), carbonatites
(Ouzegane et al. 1988), or volcanic ejecta (Della Ventura et al.
1999), where, in some instances, they can be related to late
crystallization stages. The isomorphism between calcium-phos-
phate apatites and britholites proposed by Matchatshki (1939)
has been unequivocally confirmed by single-crystal X-ray
analyses of natural britholites (Kalsbeek et al. 1990; Noe et al.
1993). Although apatite-group minerals with various Si/P ra-
tios are found in nature, complete solid solution between
calcium-phosphate apatite and britholite has only been dem-
onstrated experimentally. On the basis of hydrothermal ex-
periments, Ito (1968) has shown that hydroxylapatite forms a
complete solid-solution series with britholite-(Y) in the pure
Ca0-Y,05-Si0,-P,05-H,0 system at 2 kbar. Other than some
infrared spectroscopy measurements and water titrations, Ito
(1968) mainly characterized his synthetic products using X-
ray powder diffraction (XRPD). Khudolozhkin et al. (1973)
also carried out a detailed XRPD study but on the pure-fluo-
rine members of apatite-britholite series, to investigate parti-
tioning of various rare-earth elements between the two apatite
calcium sites.

HYDROXYLAPATITE AND BRITHOLITE-(Y) ATOMIC
ARRANGEMENT

Synthetic end-member hydroxylapatite is monoclinic P2,/b
(Elliott et al. 1973) while fluorapatite, either synthetic or natu-
ral, crystallizes with a hexagonal unit cell (P6;/m, Sudarsanan
etal. 1972). F atoms, which occur in columns parallel to the ¢
axis, are located on the mirror planes at z = 1/4 and 3/4 in fluo-
rapatite, and in hydroxylapatite the OH groups sit 0.3 A either
above or below the mirror plane (Sudarsanan et al. 1972; Kay
et al. 1964; Hughes et al. 1989). In synthetic end-member hy-
droxylapatite, the OH groups are all ordered above the mirror
plane in a single column and below the plane in the adjacent
column along b (Elliott et al. 1973; Hughes et al. 1989). This
gives rise to a P2,/b monoclinic superstructure (Elliott et al.
1973). Surprisingly, natural hydroxylapatites crystallize with
the hexagonal P6,/m symmetry (e.g., Kay et al. 1964; Hughes
etal. 1989). Compared to the P2,/b symmetry, the addition of a
mirror plane will generate two equivalent half-occupied posi-
tions with disordered OH anions in the columns. Because, in a
column, two adjacent OH groups cannot point toward each other
(short-range order constraint), clusters of OH groups pointing
in the same direction must alternate in the columns to preserve
long range disorder. To explain the hexagonal symmetry of
natural hydroxylapatite, it has been proposed that OH vacan-
cies or F atoms occur at points where the direction of the OH
groups is reversed (Kay et al. 1964; Elliott et al. 1973).

The hydroxylapatite structure (Fig. 1) is based on a close
packing of O atoms (Moore 1984). There are two distinct cal-
cium sites (Cal and Ca2). Calcium atoms of the Cal site are in
ninefold coordination with six short and three long Ca-O bonds
(mean Ca-O distance 2.557 A; Kay et al. 1964). Calcium at-
oms of the Ca2 site form CaO4OH polyhedra (mean Ca-O dis-
tance = 2.452 A; Kay et al. 1964). They form, in the mirror
planes, triangles that alternate along the [001] hexad (Fig. 2).

FIGURE 1. Projection of the hydroxylapatite structure onto the (a,b)
plane. Dashed lines outline the unit cell. An apatite channel is seen at
the center of the diagram. The hydroxyl O atom in the center of the
channel is not represented to emphasize the H atom that would be
otherwise hidden. Atomic coordinates are from Kay et al. (1964).

®  Hydrogen (z = 0.44, 0.94)
£ 0u(z=030,0.80)
‘Iﬂ]]]) 03 (z=0.43, 0.57)
© Ca2@z=025,0.75)
FIGURE 2. Local hydrogen atom environment in a hydroxylapatite

channel. Ca2 atoms form a triangle in the mirror planes at z = 1/4 and
3/4. The H-03 and H-Oy, distances are 2.92 and 2.48 A, respectively.
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There is a single, tetrahedrally coordinated, phosphorus site
(mean P-O distance = 1.536 A; Kay et al. 1964). The phospho-
rus tetrahedron is connected to four Cal and five Ca2 polyhe-
dra via edge or corner sharing.

The location of the H atoms in OH-apatite was determined
by Kay et al. (1964) using neutron diffraction. Each hydrogen
atom belongs to a (Ca2);0H group. The three Ca2 atoms of
that group form a triangle in the mirror plane (Fig. 2). The short-
est Ca-H distance (2.69 A) is found between atoms of the same
group. The next three closest calcium atoms are from the next
(Ca2);0H group (Ca-H=3.19 A). Each hydrogen atom is sur-
rounded by three O3 atoms at 2.92 A. Apart from the donor O
atom (Oy) — hydrogen distance of approximately 0.9 A, the
shortest O-H distance (2.48 A) is realized with the Oy atom of
the next (Ca2),0H group. The occurrence of hydrogen bond-
ing in hydroxylapatite has been a matter of debate (e.g., Baddiel
and Berry 1966; Engel and Klee 1972; Gonzales-Diaz and
Santos 1977). According to the H---O distances derived from
neutron diffraction data, the best candidates as potential ac-
ceptor O atoms are the hydroxyl O atom (Oy) at 2.54 A (e.g.,
Engel and Klee 1972; Baumer et al. 1994). For such large dis-
tances, however, hydrogen bonding can only be marginal
(Libowitzky 1999).

The structure of natural fluorine-rich britholite-(Y) was
solved by Noe et al. (1993). They confirmed the general apa-
tite atomic arrangement but found that the space group was
P2, instead of the hexagonal P6; group determined by Kalsbeek
et al. (1990) for britholite-(Ce). Because of the monoclinic sym-
metry of britholite-(Y), additional degenerate sites must be
considered. The symmetry difference between phosphate apa-
tites and britholites is mainly due to the O3 arrangement around
Cal. In both types of apatite, the 1-site cation sits on the (f)
special position. In phosphate apatites, each ninefold coordi-
nated polyhedron displays three long Ca-O3 bonds. In hexago-
nal britholites (P65), some of the Ca-O3 bonds are short but a
given CaO, polyhedron has either three short or three long Ca-
03 bonds and therefore only the mirror operation is lost. In
monoclinic britholites, the 1-site is split into two sites desig-
nated REEla and REE1b. The REEla site displays one long
and two short REE-O3 bonds, whereas REE1b has two long
and one short REE-O3 bonds. The threefold operation is there-
fore lost and these britholites are monoclinic.

SYNTHESIS PROCEDURE

Starting material was prepared by grinding in an agate mor-
tar CaCO; (Merck, suprapur), decarbonated beforehand at 1000
°C for 2 hours, and NH,H,PO, (Aldrich, 99.999%) in stoichio-
metric proportion. The resulting powder was heated at 600 °C
for 3 hours in a platinum crucible, and ground a second time
along with Y,0; (Strem Chemicals, 99.99%) and amorphous
silica (Merck, 99.9%), if required. A gold capsule was filled
with the stoichiometric mixture and deionized water (fluid-solid
ratio around 7 wt%), and was welded shut. The sample was
loaded in a Tuttle-type cold-seal vessel placed horizontally in
an external furnace. All syntheses were performed at 1.5 kbar
and 650 °C for a duration of one or two weeks. Water pressure
was measured with a Bourdon gauge. Temperature was mea-
sured with an outer Ni-NiCr thermocouple and regulated within

1 °C. At the end of the run, the vessel was cooled under an air
stream. In addition, YPO, and YOOH compounds were syn-
thesized hydrothermally at 450 °C, 3.5 kbar (from a stoichio-
metric mixture of Y,0; and NH,H,PO,) and 650 °C, 1.5 kbar
(from Y,03), respectively. These synthetic materials were used
as references to interpret some of the spectroscopic results.
Additional heating experiments were performed at 1 bar in air
on some of the hydrothermal apatite-products. The sample was
loaded in a platinum crucible and was placed in a muffle fur-
nace. The power to the furnace was switched off after the ex-
periment so that the sample would cool slowly.

CHARACTERIZATION TECHNIQUES

X-ray powder diffraction (XRPD)

X-ray powder diffraction was performed using a Philips
diffractometer in 6-20 geometry (CuKo radiation). Sample
powders were mounted on a glass slide. Lattice parameters were
determined by Rietveld refinement (DBW-9006PC, Sakthivel
and Young 1991) in the (5-100°) 26-range. Silicon powder
(NBS standard) was used as internal standard to adjust both
sample displacement and zero-point parameters. The unit-cell
parameters were refined assuming a hexagonal cell. The atomic
coordinates of Hughes et al. (1989) were used but not refined.

Infrared spectroscopy

Infrared spectra were recorded using a FT-IR Perkin-Elmer
1725X spectrometer in the 3750-2750 cm™ region. Spectra
were averaged over 50 scans with a nominal resolution of 2
cm™'. Ten milligrams of sample powder were intimately mixed
with 100 mg of KBr. The mixture was dried for one hour at 110
°C and was then pressed into a pellet. All spectra (background
and sample) were recorded under an argon flow.

3P and '"H MAS NMR

Solid-state 'H and *'P MAS NMR as well as 'H-*'P cross
polarization spectra were acquired on a Bruker 300 (7.1 T) and
500 (11.7 T) AVANCE spectrometers with a 4 millimeter MAS
probe operating at, respectively, ("H) = 300.13 and 499.14 MHz,
(*'P)=121.49 and 202.05 MHz. *'P NMR spectra were recorded
using a single 90° pulse excitation at a spin rate v, = 12.5 kHz.
The 90° pulse width was 1.25 us and the recycle delay 300 s.
For 'H NMR the probe background signal was minimized by
the use of an anti-ringing sequence composed of two acquisi-
tion steps. The first consists of one 180° pulse followed by a
time delay (of around 20 ms, greater than T,) and a 90° pulse.
Because protons far from the coil are much less sensitive to
pulse length than protons of the sample, the acquired signal
corresponds to the probe background minus the sample signal.
The second acquisition step consists of only one 90° pulse, and
the signal obtained is the sum of the probe background and the
sample signal. The subtraction of the signals obtained at each
of these two steps leads to a signal cleared of artifacts. The 90°
and 180° pulse widths were, respectively, 1.85 us and 3.7 ps,
and the recycle delay was 120 s. For both nuclei, 8 transients
and 8 dummy-scans were used, to avoid non reproducible sig-
nal amplitudes. T, of around 300 seconds for *'P and 20 sec-
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onds for 'H were measured for hydroxylapatite. Chemical shifts
are reported relative to an external standard set to 0 ppm:
tetramethylsilane (TMS) for 'H and an aqueous solution of
phosphoric acid (85% H;PO,) for *'P.

To compare '"H NMR signals obtained from various samples
in a quantitative way, all spectra were recorded under identical
operating conditions. Assuming that the synthetic apatite has
the nominal stoichiometry of the starting powder mixture, the
line intensities were normalized to an identical number of moles
and calibrated to hydroxylapatite. The measured samples were
also used for another study (dehydration experiments) so no
internal standard material was added. Based on 'H MAS NMR
measurements on adamantane-SiO, mixtures of seven differ-
ent molar ratios, the uncertainty on inferred proton contents is
estimated to be around 5%.

Individual line parameters were modeled using the com-
puter program WINFIT (Massiot et al. 1994). The shape of the
well-resolved hydroxylapatite lines, either *'P or 'H, were best
fitted using a “50% LORENTZIAN - 50% GAUSSIAN” shape.
This lineshape was applied to all lines (*'P or 'H). The intensity
of each resonance was determined by multiplying its half-width
by its height. For a spin rate of v, = 12.5 kHz, spinning side-
bands have so weak an intensity that their contribution can be
neglected.

Cross-polarized one-dimensional 'H->'P MAS NMR experi-
ments (1D CP/MAS NMR) were performed at v, = 5 kHz us-
ing a 90° proton pulse of 1.85 us and a mixing period T of 2
ms. For polarization transfer from proton to phosphorus, the
magnitude of the proton and phosphorus radiofrequency fields
were matched to fulfill the Hartmann-Hahn condition
(Hartmann and Hahn 1962):

y,HHﬁH=y31PH'31P=2n 40 kHz . (1)

To improve the polarization transfer efficiency, the
heteronuclear dipolar interaction averaged to zero by MAS was
partly recoupled by a phase reversal applied in both channels
at each half rotor period T, (Hediger et al. 1993). In these CP
experiments, both *'P and 'H spectra were acquired. In the lat-
ter case, a spectrum without the CP irradiation at the 3'P fre-
quency was also recorded as a reference, which made it possible
to obtain, by difference, the signal from protons close to the
phosphorus atoms.

RESULTS

X-ray powder diffraction

In the following text, starting-material stoichiometries will
be referred to as x where x is the nominal Si-content (pfu) of
the corresponding apatite formula. All syntheses yielded single-
phase or near single-phase products with an apatite-like XRPD
pattern (JCPDS 9-432). All observed diffraction peaks could
be indexed in the P6,/m space group. Ca(OH), and CaSiO; were
detected as additional products for the silicate end-member
composition (x = 6), and xenotime, YPO,, for the x =2 compo-
sition. The results of the cell-parameter refinement (Rietveld)
are given in Table 1. The unit-cell volume was found to de-
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crease almost linearly (by 1.5%) from the phosphate to the sili-
cate apatite (Fig. 3). The change in unit-cell volume associated
with the incorporation of yttrium and silicon is anisotropic and
is mainly accommodated by the c-parameter (Ac/c = —-1.0%).
The a-parameter is less sensitive (Aa/a = —0.2%) to the substi-
tution. The partitioning of Y between the Cal and Ca2 sites
was tentatively addressed using Rietveld refinements. Atomic
coordinates were taken either from the P6s/m cell of Kay et al.
(1964) or from the P2, cell of Noe et al. (1993). In both cases,
Y was found to partition preferentially into the Ca2 site. How-
ever, it should be noted that, whatever the composition, the
yttrium partitioning between Cal and Ca2 strongly depends on
the chosen asymmetric cell, with a much greater preference for
the Ca2 site when hydroxylapatite atomic coordinates are used.
Due to the slight differences between the two closely related
atomic arrangements and also to the large number of atomic
and site occupancy parameters (especially for the P2, cell), it
appeared unrealistic to obtain reliable Y partition coefficients
by using Rietveld refinement on our XRPD data. Furthermore,
such a refinement was expected to be hampered by texture ef-
fects due to the needle-shape britholite habits as revealed by
SEM imaging (Fig. 4). Therefore, Rietveld refinement was re-
stricted here to the derivation of lattice constants.

TaBLE 1. Hexagonal lattice constants along the OH-apatite—
britholite-(Y) join

Nominal a(A) cA) V(A3 Additional phases
Si-content pfu

(&)

0.0 9.419(2) 6.879(1) 528.5(3)

0.5 9.413(2) 6.875(1) 527.5(3)

1.0 9.412(3) 6.871(2) 527.1(5)

2.0 9.407(4) 6.856(4) 525.4(7) YPO,

2.0 9.413(2) 6.863(1) 526.6(3)

3.0 9.405(3) 6.848(3) 524.7(6)

3.0 9.408(2) 6.840(1) 524.3(3)

4.0 9.400(3) 6.831(3) 522.8(6)

4.0 9.404(2) 6.837(1) 523.6(3)

5.5 9.390(3) 6.810(3) 520.1(6)

6.0 9.399(2) 6.808(1) 520.8(3) CaSiOs, Ca(OH),

MNote.: Samples with the same x are independent hydrothermal synthe-
ses under identical 2 7 conditions. Cell-parameters are given to +3c
where ¢ is the standard deviation given by DBW-9006PC.
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FIGURE 3. Unit-cell volume along the OH-apatite—britholite-(Y)
series. Circles = this study; squares = Ito (1968).
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FTIR spectroscopy

The hydroxylapatite infrared spectrum (x = 0) is character-
ized by a single absorption-band at 3572 cm™ in the OH-stretch-
ing region (Fig. 5). The main effect of the Si and Y incorporation
is a decrease of the 3572 cm™' OH-stretching band intensity as
well as the appearance of an unresolved band centered around
3545 cm™ (Fig. 5). In the spectrum of the britholite end-mem-
ber (x = 6), the 3572 cm™ band is not observed. For that par-
ticular composition, an additional band occurs at 3644 cm™
that is attributed to portlandite, Ca(OH), (Busing and Morgan
1958). Furthermore, a marked decrease of the whole spectrum
intensity is observed toward Si-rich compositions.

MAS NMR spectroscopy

'H MAS NMR. 'H MAS NMR spectra of synthetic mem-
bers of the OH-apatite—britholite-(Y) series are displayed in
Figure 6a. The 'H spectrum of hydroxylapatite exhibits a line
at 0.2 ppm as well as a sharp resonance at 5.0 ppm. When yt-
trium and silicon are incorporated into the structure two addi-

FIGURE 4. SEM images of two synthetic apatites (650 °C, 1.5 kbar,
15 days); (b) silicate end-member and (a) the intermediate composition
with x =4.Images are taken in secondary-electron mode using a Hitachi
S-2500 microscope (ENS Paris).

Absorbance (arbitrary units)

oo AT X=6

3750 3700 3650 3600 3550 3500 3450 3400 3350
wavenumber (cm™)

FIGURE 5. FT-IR spectra of members of the OH-apatite—britholite-
(Y) series in the OH-stretching region. The same scale is used for all
the samples, of identical weight.

tional broad lines centered around 1.5 and 4.9 ppm are observed.
For low silicon contents (x = 0.5, 2, and 3) the first line is cen-
tered at 1.5 ppm and shows a slight shoulder at around 1.2
ppm. With increasing silicon content (x =4, 5, and 6), the line
maximum is shifted to 2.0 ppm. The best fit of the broad 1.5
ppm resonance is obtained when it is decomposed into three
lines at 1.2, 1.5, and 2.0 ppm (Fig. 7A). The respective inten-
sity of these three lines depends on the amount of substitution.

3IPp MAS NMR. The *'P MAS NMR spectra of the various
members of the series are displayed in Figure 6b. The *'P spec-
trum of hydroxylapatite exhibits a single well-resolved reso-
nance at 2.8 ppm. In silicon-bearing members, the 2.8 ppm
line is still present but progressively broadens and displays a
tail toward high fields. For phosphorus-dominant compositions,
the broad 2.8 ppm line is simulated by two lines at 2.8 and 1.7
ppm. For silicon-dominant compositions, a broad component

e o
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0 s 0 5 -
Chemical shift (ppm from TMS)

31P

x=0

15 10 5 0 -5 -10  -15
Chemical shift (ppm from H;PO4(aq))

FIGURE 6. (a) 'H and (b) P MAS NMR spectra acquired at 300.13
MHz and 121.49 MHz, respectively, from the synthetic apatite samples
after thermal treatment at 170 °C in air.
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near 1.5 ppm is observed that requires simulation of two curves
at 1.7 ppm and —0.6 ppm. The use of three different lines to fit
the spectra (Fig. 7b) does not imply three well-defined phos-
phorus environments but rather indicates a distribution of iso-
tropic chemical shifts induced by the substitution. An additional
weak resonance is sometimes observed at —11.4 ppm, which is
likely to represent an extra phase.

'H-3'P cross polarization. The one dimensional (1D) *'P
MAS and 'H-*'P CP/MAS NMR spectra are similar except that
the —11.4 ppm resonance is absent from the latter. The differ-
ence between '"H MAS spectra obtained without and with 'H-
3P CP contact indicates that the protons characterized by the
'H line at 0.2 ppm and those centered around 1.5 ppm transfer
magnetization to 3'P. However, there is no polarization transfer
from the very strong 'H line at 5.0 ppm to any *'P line.

'H MAS NMR of heated samples. Some of the synthetic
samples were heated in air and characterized using '"H MAS
NMR. Whatever the sample composition (x = 0, 4, or 6), a
significant weight loss, around 1 wt%, is encountered between
500 and 550 °C. On 'H NMR spectra of the corresponding
samples, this event is characterized by the disappearance of
the 5.0 ppm line. The shape and the absolute intensities of the
other 'H lines remain unchanged.

0.2 ppm

Chemical shift (ppm from H3POas(aq})

FIGURE 7. Simulation details of an (a) 'H MAS NMR and (b) a *'P
MAS NMR spectrum.

DISCUSSION

Lattice parameters variation

Unit-cell volume data compare well with those obtained by
Ito (1968) for apatites with identical nominal compositions (Fig.
3). The relative volume variation of —1.5% encountered along
the series appears rather weak when compared to the +8.4%
value obtained by Boyer et al. (1997) for the synthetic fluora-
patite—britholite-(La) series (in an OH-free system). This dif-
ference can be related to the size of the trivalent cation, Y3* vs.
La*, involved in the coupled substitution. The net ionic-radius
change of the LaSiCa_,P_; substitution is 0.13 A whereas that
of the YSiCa_,P_, substitution is —0.02 A (ionic radii are taken
from Shannon 1976)

Additional phases revealed by the spectroscopic data

Spectroscopic measurements (NMR and IR) allowed de-
tection of extra phases in products that were identified as single
phase by X-ray powder diffraction.

Fluid inclusions. In hydroxylapatite synthesized by pre-
cipitation, Yesinowski and Eckert (1987) observed a sharp 'H
NMR line at 5.6 ppm with no sideband. They assigned it to
protons from adsorbed water molecules. In our synthetic
samples, a resonance with similar characteristics was found at
5.0 ppm. The corresponding protons are therefore mobile. In
addition, this resonance shows no polarization transfer to any
3P in the CPMAS experiments. However, temperatures as high
as 500-550 °C (in air) are required to make this resonance dis-
appear. This resonance cannot therefore be attributed to pro-
tons from adsorbed water molecules. Concomitantly to the
disappearance of this line, a weight loss is observed (likely to
be a water loss), which does not alter the apatite structure. The
"HNMR line at 5.0 ppm therefore represents protons from water
molecules that are not bonded to the apatite structure. These
water molecules likely belong to water inclusions.

Xenotime and portlandite. A weak *'P resonance was ob-
served at —11.4 ppm for intermediate compositions (x = 2, 3,
and 4). This resonance is attributed to YPO,, xenotime, by com-
parison with independent *'P MAS NMR measurements per-
formed on synthetic xenotime. This is corroborated by (1) the
identification of xenotime in one of these products (x = 2) us-
ing X-ray powder diffraction, and (2) the CPMAS data that
show no polarization transfer between any apatite protons and
this —11.4 ppm *'P line.

The 3644 cm™ band observed in the infrared spectrum of
the britholite-(Y) end-member is attributed to Ca(OH),,
portlandite (Busing and Morgan 1958).

Proton environment from FTIR spectroscopy

The 3572 cm™ OH-stretching band is commonly found in
hydroxylapatite IR spectra. To our knowledge, the only avail-
able IR data for a pure OH-britholite were published by Ito
(1968). He obtained a single OH-stretching band at 3540 cm™!
for a synthetic Ca,Dy¢(Si0,)s(OH), britholite. In our synthetic
end-member britholite-(Y), a similar band was found but it is
located at approximately 3545 cm™ (Fig. 5). This slight wave-
number difference seems to indicate that OH-stretching vibra-
tion frequency is sensitive to the trivalent cation.
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OH-stretching wavenumbers around 3545 cm™ reflect very
weak hydrogen bonding, if any (Libowitzky 1999). Therefore
OH-stretching vibration will be mostly controlled by the neigh-
boring cationic environment (Beckenkamp and Lutz 1992;
Libowitzky 1999). Actually, the greater width of the
3545 cm™ band probably reflects various cationic environments,
i.e., one, two, or three Y atoms in the close neighborhood of
the hydroxyl group.

With respect to the decrease in observed bulk intensity, if a
constant absorption coefficient is assumed for the OH vibra-
tion along the series in the 3500-3600 cm™ range, then the
occurrence of proton vacancies must be considered. Conse-
quently, new OH environments as ---OH-O-HO:-- and/or ---OH-
O-OH--- must arise, the corresponding OH-stretching bands of
which should also contribute to the broad 3545 cm™' band.

Proton vacancies along the synthetic apatite-britholite
series

Variations in the bulk hydrogen content between various
samples can be estimated from '"H NMR spectra using the sum
of the intensity of the apatite 'H lines (i.e., 0.2, 1.2, 1.5, 2.0,
and 4.9 ppm). This procedure clearly yields a total intensity
that decreases from the phosphate to the silicate end-member
(Fig. 8). Therefore, as already suggested by the IR data, the
proton content must decrease along the synthetic series. The
total proton loss from the phosphate to the silicate end-mem-
ber is estimated to be around 50%.

Partial occupancy of the proton site will therefore have to
be taken into account when interpreting the '"H NMR spectra.
Trombe (1973) has proposed that, upon heating, hydroxylapa-
tite transforms into an oxyapatite, Ca,o(PO,)s(OH),,,0,, which
re-hydrates in air upon cooling. Moreover, with respect to sili-
cate apatites, Ito (1968) synthesized a large number of
oxyapatites, (Me?,_,, Me**),[(P,_,.S1,)0,]s0, with y = (3x +
1)/5. These included Y-bearing apatites of Ca,YSicOs,
Ca,YSi4P,04, CagY,Si,P,04, and CagY,PsO, compositions,
synthesized at 1200 °C in air.

"H NMR spectrum intensity
(=3
~

0.6
" #300 MHz
05 | A 300 MHz (550°C)
0500 MHz
04 . T T T —
0 1 2 3 4 5 6

Nominal Si-content (pfu)

FIGURE 8. Bulk intensity of the '"H MAS NMR spectra normalized
to hydroxylapatite as a function of the nominal Si-content pfu. Only
the 5.0 ppm band is ignored because it corresponds to protons that are
not bonded to the apatite structure. The solid line is the least squares
regression of the data. For calculation purposes (see text), proton
content (pfu) is approximated to 2 — x/6 (dashed line).
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According to these results, Ca>* + H* = Y** +[ ] is a possible
substitution component in the apatite structure. This substitu-
tion is likely to occur in our synthetic compounds and could
account for the low hydrogen content of the Y-rich composi-
tions. As a consequence, the composition of our synthetic apa-
tites must deviate from that of the starting material (nominal
composition). This assumption is corroborated by the presence
of CaSiO; as an additional phase detected in the XRPD pattern
of Y-rich compositions.

To take this substitution component into account, we intro-
duce a second variable parameter y and the apatite formula is
then written:

Ca 1 0—(x+y)YX+)‘(PO4)6—X(S i04)x02H2<\‘ (2)

where x corresponds to the number of yttrium atoms pfu (per
formula unit) incorporated according to the YSiCa_,P_; substi-
tution. The y coefficient represents yttrium atoms substituted
for Ca and charge-balanced by proton vacancies, i.e., the ex-
tent of the Ca®* + H* = Y** substitution. On the basis of the total
'H NMR intensity (Fig. 8), the proton content was found to
decrease linearly from the phosphate to the silicate end-mem-
ber by around 50%, i.e.,y ~ x/6. This leads to the approximate
formula Cao_746Y7:6(PO4)6_(S104),0,H; .

Interpretation of the P NMR spectra

The *'P NMR spectrum of hydroxylapatite shows a single
well-resolved resonance at 2.8 ppm. An additional broad sig-
nal centered around 1.5 ppm occurs along the series that is
modeled as the sum of two lines at 1.7 and —0.6 ppm. How-
ever, this signal is interpreted as originating from a distribu-
tion of various phosphorus atom environments rather than from
a contribution of two distinct environments.

The PO, tetrahedra are made of two O3 atoms, one O1 atom,
and one O2 atom. Each phosphorus atom shares four O atoms
with nine calcium polyhedra, five of which are Ca2 positions.
Because the 2.8 ppm resonance is the only resonance observed
in hydroxylapatite, in agreement with previous studies (e.g.,
Rothwell et al. 1980), it is tempting to assign it to phosphorus
atoms with nine Ca as close neighbors. In that case, the 1.7 and
—0.6 ppm lines would reflect phosphorus atoms with one of the
nine Ca atoms, at a minimum, replaced by a Y atom.

Assuming a random distribution of Y atoms over the Cal
and Ca?2 sites, the relative intensity of the 2.8 ppm 3P NMR
line for a given apatite composition [i.e., the probability,
P(9Ca x,y), of having a nine-Ca environment for a given com-
position] is:

9
P(9Ca,x,y) {Mj 3)
10
where x and y are the parameters defined in formula 2.
According to this calculation and assuming that y = x/6,
the intensity of the 2.8 ppm line must decrease very rapidly
to reach values lower than 1% intensity for Si contents (x)
higher than 3.5 atoms pfu. This trend does not fit the ex-
perimental data because the 2.8 resonance still contributes
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to around 15% of the total band intensity in the silicate end-
member spectrum (Fig. 9).

This calculation assumes a random distribution of Y and Ca
atoms over the Cal and Ca2 sites, although preferential parti-
tioning may occur. The preliminary Rietveld refinement results
obtained here as well as the study of Khudolozhkin et al. (1973)
on the synthetic apatite—britholite-(Y) series (with only F in
the halogen site), have shown that if partitioned, Y atoms would
preferentially enter the Ca2 site. Consequently, if partitioning
occurs, it will lower the calculated intensity of the 2.8 ppm line
because, around a given phosphorus atom, the proportion of
Ca2 sited (5/9) is greater than that of Cal (4/9).

Therefore the primary assumption that the 2.8 ppm line rep-
resents phosphorus atoms surrounded by Ca atoms alone is
inappropriate and cannot account for the experimental data.
The latter intensity calculation shows that this line must also
reflect additional, Y-bearing phosphorus environments. In other
words, some phosphorus atoms involved in P-O-Y bonds must
also contribute to the 2.8 ppm line intensity.

The major structural difference between hydroxylapatite and
britholite-(Y) that may directly influence the phosphorus envi-
ronment resides in the position of the O3 atoms (Noe et al.
1993). The shift of the O3 atoms is interpreted by Noe et al.
(1993) as a way of increasing bonding to the Cal and Ca2 sites.
In ternary OH, F, Cl-apatites, only the P-O3 bond distances
and P-O3-P angles show a systematic variation correlative with
the Cl-content (Hughes et al. 1991). The 1.7 ppm and —0.6 ppm
bands could therefore be related to changes in O3 bonding in
response to REE-Ca replacement or, eventually, to the occur-
rence of proton vacancies. Each tetrahedron possesses two O3
atoms that are bonded to three Ca2 atoms, one at 2.94 A and
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FIGURE 9. Relative intensity of the *'P MAS NMR resonances
plotted against nominal Si-content pfu. The dotted and solid lines
represent P(9Ca,x,y) and P(5Ca,x,y) probability functions, respectively
(see text). No yttrium partitioning is considered between the two Ca
sites.

two at 3.71 A, and two Cal atoms at 3.20 A (Noe et al. 1993).
Thus, considering those five calcium atoms the probability (Fig.
9) to have a 5Ca environment (i.e., the relative intensity of the
2.8 ppm line) is:

5
10—(x+y)j @)
10

P(5Ca,x,y) =(

Again the calculated intensity is too low compared to the
3P NMR experimental data. The agreement becomes excellent
when we assume that only two (rather than five) of the nine Ca
sites must be filled with Ca to contribute to the 2.8 ppm line.
However, we do not see any crystal-chemical justification for
this result, which could merely be fortuitous. Structural refine-
ment of apatites with intermediate compositions is required to
further interpret the 3'P NMR data.

Interpretation of the 'H NMR spectra

As previously observed by Yesinowski and Eckert (1987),
protons in hydroxylapatite are characterized by a single 'H NMR
resonance at 0.2 ppm. Whereas a single proton-site is inferred
in hydroxylapatite from 'H NMR data, up to five proton envi-
ronments are found in Si-bearing compositions. Therefore 'H
NMR is more sensitive than 3P to the crystal-chemical changes
that occur along the series. Because of the expected absence of
significant hydrogen bonding in apatite (see above), the chemi-
cal shift of the hydroxyl protons will be mostly sensitive to the
cationic environment of the donor O atom (Oy). This donor O
atom is bonded to three cations from the Ca2 site, Ca and/or Y
atoms. Consequently, there are four possible close environments
for a given Oy (and H) atom, designated [3Ca], [2CaY], [Ca2Y],
and [3Y]. Apart from the resonance at 0.2 ppm, which is un-
ambiguously attributed to [3Ca] environments, assignment of
the other 'H NMR lines to these different proton environments
is not straightforward. Furthermore, the presence of five dis-
tinct lines may indicate additional 'H environments. 'H NMR
might be sensitive to the distribution of second-shell atoms (i.e.,
phosphorus and silicon) and possibly to the effect of adjacent
proton vacancies. The abundance of a given environment is
directly related to the intensity of the corresponding
resonance(s). The probability that a given environment occurs
in the apatite channel is a function of apatite composition and
can be calculated using a binomial law assuming that site oc-
cupancy (CaorY) is a discrete random variable (see Appendix
1). The comparison between measured line intensity and cal-
culated environment abundance along the series brings valu-
able constraints to any assignment model. By “resonance
intensity” we mean the following: absolute resonance inten-
sity normalized to the bulk intensity of a hydroxylapatite spec-
trum acquired under identical experimental conditions. The bulk
intensity of a normalized spectrum is then proportional to the
bulk proton content of the sample, the good simulation of which
is another important constraint to the line assignment. Based
on the trend of resonance intensity variation along the series
(Fig. 10), three groups of bands can be distinguished. From the
phosphate to the silicate end-member, the 0.2 ppm resonance
shows a strongly decreasing intensity. The intensity of the 1.2
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and 1.5 ppm resonances increases for P-dominant composi-
tions and then decreases down to almost zero at the silicate
end-member composition. The intensity of the 2.0 and 4.9 ppm
resonances increases regularly toward the silicate end-mem-
ber. If one tries to match these measured trends to the calcu-
lated [(n)Ca(3-n)Y] environment abundance (see Appendix 1),
the 1.2 ppm and 1.5 ppm lines are attributed to [2CaY] envi-
ronments and the 2.0 and 4.9 ppm lines to Y-rich ones, possi-
bly [Ca2Y] and [3Y], respectively, assuming a chemical shift
that would decrease with n (Fig. 10).

This preliminary assignment gives rise to two main prob-
lems. (1) The [2CaY] environment generates two resonances
whereas the other environments contribute to a single line. (2)
The [3Ca], [2CaY], and [Ca2Y] arrangements are character-
ized by sharp lines found at nearly equally spaced chemical
shifts whereas the 4.9 ppm line [3Y] is extremely broad and
found at much lower field. Furthermore, although trends are
well matched, measured and calculated intensities do not coin-
cide. We have therefore tested additional assignments. Protons
were either evenly distributed in the channel or preferentially
attached to specific [(n)Ca(3-n)Y]O groups. The effect of Y
partitioning between the Cal and Ca2 sites was also consid-
ered. We will describe here our preferred assignment model
based on agreement between calculated and observed intensi-
ties and crystal-chemical significance. However, due to experi-
mental uncertainties and the variety of possible atomic
arrangements within the channel, this model cannot be consid-
ered as unique.

The intensity and the specificity of the 4.9 ppm resonance
(broadness and low field position) suggest that this line does
not only reflect the influence of the Oy cationic environment
([(n)Ca(3-n)Y]), as is the case for the other resonances. Both
line position and width could suggest molecular water trapped
in the apatite columns. However, the absence of significant
spinning sidebands rules out this possibility (Yesinowski et al.
1988). Actually, the intensity of the 4.9 ppm line increases regu-
larly toward the silicate end-member as does the number of H
vacancies. In isotropic chemical shift-hydrogen bonding cor-
relation (e.g., Yesinowski and Eckert 1987), a chemical shift
of 4.9 ppm is close to the limit from which hydrogen bonding,
although very weak, can be considered. Thus, we propose that
the unprotonated Oy anions in the channel can act as acceptor
O atoms for hydrogen bonding (as previously proposed by Taitai
and Lacout 1987).

To properly simulate the 0.2 ppm line intensity, one must
assume that all Oy atoms from [3Ca] environments are proto-
nated. In other words, proton vacancies cannot be evenly dis-
tributed over all the [(n)Ca(3—n)Y] environments. This is a quite
plausible assumption because, to our knowledge, hydrogen
deficiency has never been reported in hydroxylapatite synthe-
sized hydrothermally at temperatures as low as 650 °C. Con-
versely, when Y** substitutes for Ca?* inthe Ca2 site, hydrogen
vacancies can be seen as an alternative mechanism to achieve
local charge-balance.

The exact distribution of the H vacancies over the three re-
maining environments (i.e., [2CaY], [Ca2Y] and [3Y]) cannot
be resolved by our data and therefore the vacancies were evenly
distributed. The resulting assignment is summarized in Table 2

and leads to an excellent agreement between experimental and
calculated intensities (Fig. 10). The abundance calculations used
to derive these intensities are presented in Appendix 1. For that
assignment, we assumed that the protons that give rise to the
4.9 ppm resonance can belong to [3Ca], [2CaY], [Ca2Y], or
[3Y] environments. This is consistent with the large resonance-
width, which is comparable to the spread of chemical shifts
between the 0.2 and the 2.0 ppm lines. In the same manner, the
2.0 ppm line, which is relatively broad, is attributed in this
latter model to two different proton-environments ([Ca2Y] and
[3Y]). The diversity of next-neighbor configurations in Y-rich
environments could be the reason for the poor resolution. For
[2CaY], '"H NMR spectroscopy seems to be able to partly re-
solve these second-shell environments as shown by the occur-
rence of two resonances (1.2 and 1.5 ppm, Table 2).

TABLE 2. 'H NMR resonances, assignment and characteristics

"H NMR isotropic Line-width (Hz) Assignment
resonance (ppm)
0.2 150 [3Ca]*
1.2 189 [2CaY]*
1.5 282 [2CaY]*
2.0 384 [Ca2Y]* and [3Y]*
4.9 1290 [3Ca]t, [2CaY]t,
[Ca2Y1t, and [3Y]T
5.0 70 water inclusions

* Protons pointing towards a protonated O, atom.
1 Protons pointing towards an unprotonated Oy atom.
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FIGURE 10. Absolute intensity of each 'H NMR resonance
(normalized to hydroxylapatite) vs. nominal Si-content pfu with a
number of vacancy (pfu) set to x/6. Dashed lines represent the calculated
intensities (see Appendix 1) for the first assignment, i.e., 0.2 ppm to
[3Ca], 1.2 + 1.5 ppm to [2CaY], 2.0 ppm to [Ca2Y], and 4.9 ppm to
[3Y], with proton vacancies randomly distributed over all [nCa(3-n)Y]
environments.Solid lines represent the preferred assignment model (see
text) with proton vacancies randomly distributed over the [2CaY],
[Ca2Y], and [3Y] environments.
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It should be noted that it has been assumed that the prob-
ability for a given proton to face a particular configuration (pro-
tonated and unprotonated) is proportional to the abundance of
that particular configuration (see Appendix 1). In other words,
possible interactions between the different configurations that
would lead to the occurrence of peculiar configuration se-
quences (e.g., [3Ca] clusters) along the ¢ axis have been ig-
nored.

Implications for natural britholites

The main result of this study is the identification of proton
deficiency in Si-bearing apatites synthesized at 650 °C, 1.5 kbar
under hydrothermal conditions. The oxyapatite substitution-
component believed to only proceed at high temperatures
(above 800 °C in air) can potentially occur in natural silicate
apatites as well. Admittedly, natural britholites are fluorine-
rich and this substitution would only apply to the OH compo-
nent. Nonetheless, this study should prompt the re-investigation
of the chemistry of natural britholite as well as additional syn-
theses and characterization in F-bearing silicate-apatite systems.
Interestingly, electron-microprobe analyses reported by Orlandi
et al. (1989) for britholite-(Ce) crystals from Mt Vesuvius are
consistent with “oxybritholite” compositions. The '"H NMR
assignment model developed in this study can serve as a basis
for further experimental investigations and especially for in-
terpreting the complex apatite dehydration process. Unfortu-
nately, the paramagnetic nature of REE, major constituents of
natural silicate-apatites, may limit the NMR investigation of
other britholite compositions.
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APPENDIX 1: SIMULATION OF 'H RESONANCE
INTENSITY

The series formula used in the following is
CalO—(x+y)Y.r+_v(PO4)()—.r(SiO4)X02H2—y

Making the assumption of a random distribution of Y and
Ca atoms over the six Ca2 and four Cal sites, the probability
P(nCa,x,y) that an Oy atom is bonded to a [(n)Ca(3-n)Y] con-
figuration [i.e., to be bonded to (n) calcium and (3-n) yttrium
atoms] is:

P(nCa,x,y) =CZ{(10_(x+y))n(x+y)‘n}

10 10

If we assume that [3Ca] environments have no vacancy in
their vicinity and that hydrogen vacancies are randomly dis-
tributed over the three other [(n)Ca(3-n)Y] environments, the
probability to find a proton vacancy on a given [(n)Ca(3-n)Y]
environment with n < 3 is

_Y 1
P(UnCaxy) =7 (P(ZCa,x,y)+P(lCa,x,y)+P(0Ca,x,y)j

Then, Iy ppm = I(3Ca,x,y) = P(3Cax,y)[1 — P(LJ,3Ca xy)](2
— y)/2 where I(3Ca,x,y) is the 0.2 ppm line intensity normal-
ized to the bulk intensity of a hydroxylapatite spectrum. In the
particular case of the 0.2 ppm resonance attributed to [3Ca]
environments, P(L],3Ca,x,y) = 0 because none of the [3Ca] O
atoms are unprotonated (see text).

In the same manner, the calculated intensity of the 1.2 and
1.5 resonance sum is :

15415 ppm = I(2Cax,y) = P(2Ca,x,y)[1 - PUJ2Cax )12 -
n2

and I, ppm = I(1Cax,y) + 1(0Ca x,y)

with I(1Ca,x,y) = P(1Caxy)[1 — P(L1,1Caxy)][(2 — y)/2

and I(0Ca,x,y) = P(0Cax,y)[1 — P(LJ,0Caxy)](2 — y)/2

Calculation of the 4.9 ppm line intensity is different be-
cause it results from the contribution of all [(n)Ca(3-n)Y] en-
vironments with n < 3 that face an unpronated Oy atom:

n=3

Yy y\y
Lioppm = ;P(nCa,x,y)[l - P(D,nCa,x,y)]E = [1 - 5)5 .





