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The phase diagram Ca;_,Zn,(POy), has been investigated by 3'P magic angle spinning NMR
(MASNMR). The study demonstrates how MASNMR can be used to make clear distinction between
regions of solid solution, line phases, and biphasic mixtures. The 3P MASNMR spectrum of the
complex phosphate, 3-Cay(PO,),, has been rationalized in terms of the known structure, and the
broadness of the observed resonances has been attributed to the disorder caused by partial occupancy
of one metal site. Variations in intensity and linewidth of the P MASNMR resonances, as zinc is
substituted for calcium in the 8-Cay(PO,), framework to form a solid solution, have been interpreted by
analogy with the isomorphous solid solution Ca;_,Mg,(PO,),. The intermediate phase a-CaZny(PO,),
has been identified as having no solubility in either end member and is characterized by two distinct
isotropic resonances at 10.0 and 2.2 ppm. The spectra of a high-temperature form of each of Ca;(PQ,),,

CaZn,(PQO,);, and Zn;(PO,), have also been observed.

Introduction

Magic angle spinning NMR (MASNMR)
is now established as a technique with wide
applicability to problems in solid state
chemistry. A number of studies have
shown that chemicali shift values are sensi-
tive to a variety of structural features. The
chemical shift of ?’Al in aluminosilicates,
for example, is sensitive to coordination
number, can be used to distinguish between
tetrahedral and octahedral sites (1), and has
recently been shown to be sensitive to Al-
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O-Si average bond angles (2). In a similar
way 2Si chemical shifts can distinguish be-
tween crystallographically inequivalent sili-
con atoms (3) as well as being sensitive to
slight changes in the local environment,
such as the presence of next-nearest alu-
miniums (4). Chemical shift differences
have also been expressed in terms of an
empirical correlation with the summed
bond strength of the oxygens of SiO, units
in silicates (5) studied by #Si MASNMR
or PO, units in phosphates (6) (P
MASNMR). We have previously demon-
strated the sensitivity of 3P MASNMR iso-
topic chemical shifts to the local environ-
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Fi1G. 1. The phase diagram of the system Ca;_,Zn,(PO,), (after Ref. (8)). C; = Cay(PO,),, CZ, =

Caan(POA)z, and 23 = an(POA)z .

ment of the nuclei in continuous solids with
an investigation of the solid solution
Zn;_,Mg,(POy), (7). In this case the posi-
tion and intensity of the four resonances,
which arise from crystallographically
equivalent phosphorus atoms experiencing
different local environments, have made
possible a quantitative description of the
cation distribution over a range of composi-
tions.

An X-ray powder diffraction investiga-
tion of the phase diagram of Ca;-,Zn,(PQOy),
has shown it to be a complex system con-
taining line phases, regions of solid solu-
tions, and biphasic mixtures (8). The end
member calcium phosphate, 8-Ca;(PO,),,
possesses a structure which is complicated
by having five different cation sites includ-
ing one which has only partial occupancy
(9). The structure of a-Zn3(POy),, however,
is quite different, being a three-dimensional
array of interconnected zinc—oxygen and
phosphorus-oxygen tetrahedra (10). As a
result of these structural differences, which
stem from differences in the sizes of the
zinc and calcium cations, solubility is not
expected to be large in the end members.
The reported solubility of zinc phosphate in
B-Ca3(POy); is 10 mole% while that of cal-
cium phosphate in a-Zn;(POy), is less than
1%. At intermediate compositions, a com-

pound of stoichiometry CaZn,(PO,), is
formed in which there is no apparent solu-
bility of either end members. Hence in a
large proportion of the phase diagram there
is a mixture of two phases, one being the
end member solid solution and the other
being a-CaZny(POy),. A modified version of
the phase diagram of the Ca;_.Zn,(POg),
system, deduced from X-ray powder work
by Kreidler and Hummel (8), is shown in
Fig. 1. This illustrates these features and
emphasizes the extent of the biphasic re-
gions.

In this study we present a detailed inves-
tigation of the Ca;_,Zn,(PO,), system by 3P
MASNMR. The system was chosen be-
cause of its complexity, exhibiting a region
of solid solution, two biphasic regions, and
an intermediate line phase. It offers an ex-
cellent opportunity for assessing the rela-
tive merits of MASNMR and classical pow-
der diffraction methods in the elaboration
of a complex phase diagram.

Experimental

Powder samples of members of the phase
diagram Ca;_,Zn,(POy), were prepared by
mixing stoichiometric quantities of the salts
CaCO;, ZnO, and NH/H,PQO, in dilute ni-
tric acid solutions. The solutions were dried
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and the resulting powders ground and fired
at 800°C for approximately 24 hr. A variety
of compositions from x = 0 to 3 were pre-
pared, all of which were white polycrystal-
line powders. X-ray powder patterns were
obtained from all samples to check for im-
purities. The 3P MASNMR spectra were
obtained on a Bruker CXP200 spectrometer
operating at 81.0 MHz. Approximately 400-
mg samples were used in Delrin Andrews-
type rotors. A range of spinning speeds
(1.5-4 kHz) was employed with an initial 5-
usec pulse followed by a recycle delay time
set according to the required conditions. In
general these incorporated a recycle delay
time sufficient to obtain full relaxation of
the phosphorus atoms in the sample, this
being 10 sec for 8-Ca;(POy), and up to 500
sec for a-CaZn,(PO,); and Zn3;(POy4), be-
cause of the longer spin-lattice relaxation
times of phosphorus in the latter com-
pounds. Chemical shifts were measured
with respect to an external reference of
85% H;PO, and are reported as taking up-
field as negative.

Results and Discussion

(i) An Overview of the Cas_ Zn,(POy);
System

Figure 2 shows the isotropic regions of
the 3P MASNMR spectra of preparations
with x = 0.0, 0.2, 0.4, 1.0, 1.5, 2.0, 2.6, and
2.9, from the phase diagram Ca;_,
Zn,(POy);. The positions of these samples
with respect to the phase diagram are indi-
cated by small circles in Fig. 1. These
spectra illustrate the three main regions of
the phase diagram, namely, the 8-Ca3(PQO,);
solid solution, the biphasic mixture of the
intermediate composition CaZn»(PO,), with
the B-Cas(PQy), solid solution, and the mix-
ture of CaZny(PO,), with a-Zn;(PO,4),. The
samples with x = 0 (pure 8-Ca;(PO,),), x =
0.2, and x = 0.4 are dominated by the reso-
nances of the solid solution of Ca3(PO.),

with zinc. However, in the x = 0.4 spec-
trum there is already a new peak discern-
able at 10.0 ppm and this grows rapidly as x
increases so that by x = 1.0 it is a dominant
feature. In fact this peak at 10.0 ppm is
clearly accompanied by another resonance
at 2.2 ppm. These two peaks (which, when
integrated together with the spinning side-
bands, give a one-to-one intensity ratio (6))
are from the intermediate phase of stoichi-
ometry CaZn,(PO,),. The samples with x =
1.0 and x = 1.5, therefore, illustrate the bi-
phasic region containing the Cas(PQ,), solid
solution and the CaZn,(PQy), phase. It is
noticeable that in these two samples the
resonances from CaZn,(POy), are signifi-
cantly broader than in the sample of x =
2.0. This may result from intergrowth of the
two phases at a microscopic level, a possi-
bility that is supported by the width of the
X-ray powder diffraction lines and by the
inhomogeneity (from X-ray microanalysis
in an electron microscope) of crystallites
smaller than 1 um in size. The samples of x
= 2.6 and x = 2.9 are from the biphasic
region between CaZn,(PO,), and Zny(POy),;
pure a-Zny(POy4), gives a single >'P MSNMR
resonance at 3.9 ppm (7) and this peak is
seen to grow to dominate the spectrum of
the sample with x = 2.9. The spectra of the
various component phases will now be
studied in greater detail.

(ii) The Region of Solid Solution in
B-Caz(PO.),

The 3P MASNMR spectra of the pure
sample of B-Ca3(PO,); (Fig. 2, x = 0) indi-
cates that it is made up from at least three
isotropic resonances of different chemical
shift and intensities. This reflects the com-
plex nature of the 8-Cas;(PQy), structure in
which there are three crystallographically
distinct phosphorus positions (9), but in
order to interpret the spectrum we must
examine the structure in greater detail.
The relative occupancies of the three
phosphorus positions are 1:3:3 for
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F1G. 2. The isotropic region of the 3P MASNMR spectra of samples from the system Ca,_,Zn,(PO,),
with x = 0 (8-Ca;(PO,),), 0.2, 0.4, 1.0, 1.5, 2.0, 2.6, ad 2.9. Spinning speeds of ca. 3 kHz were used to

reduce the intensities of the sidebands (not shown) to a few percentage of the total intensity.

P(1): P(2): P(3), because P(1) is on a crys-
tallographic special position. The cations
are distributed over five different sites and
of these, Ca(1), Ca(2), and Ca(3) are general
positions having eight or nine coordination
and normal Ca-0O bond lengths (2.44-2.54
A). The other two cation sites, Ca(4) and
Ca(5), are quite different and are both spe-
cial positions giving them an effective occu-
pancy of 1/3 of the other cation sites. Ca(5)
is a small site on the threefold axis with
approximately octahedral coordination; the
Ca-0 bond lengths are only 2.238 and 2.287
A. The Ca(4) site further complicates the
structure because it is only half occupied,

resulting in the relative occupancies of the
five cation sites Ca(l) to Ca(5) being
1:1:1:1/6:1/3, respectively. The geome-
try of Ca(4) is quite distorted and there are
nine Ca—O bonds: (all x3)-0O(1) 2.538 A, —
0(9) 3.041 A, and —O(2) 3.228 A.

In view of the known sensitivity of 3!P
isotropic chemical shifts to local structural
features, we now ask the question: how will
the partial occupancy of the Ca(4) site af-
fect the environments of the phosphorus at-
oms? The oxygen coordination and the con-
nections to the nearest cations about the
three phosphorus atoms in the 8-Cas;(PO,),
structure are shown in Fig. 3. It can be seen
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F1G. 3. The coordination around the three phosphorus atoms in 3-Ca;(PO,),. All ‘‘next-nearest’’

cations are shown.

that P(3) has no next-nearest Ca(4) cation
and therefore, to a first approximation, will
not be affected by the occupation of that
site. The situations for P(1) and P(2) are
quite different. The P(1)O, tetrahedron
shares a common face with a Ca(4) site and
its geometry must differ according to
whether this is occupied or not. P(2) is also
connected to a Ca(4) site, in this case by
edge sharing of the P(2)O, unit. The Ca(4)-
O(1) bond length is 2.54 A, while the
Ca(4)-0(2) is much longer, at 3.23 A. It
seems probable then that, as a consequence
of the half occupancy of Ca(4), the P(1) and
P(2) 3P MASNMR resonances will be split
into two equally intense signals (one from a
phosphorus next to a vacancy and the other
next to a cation on Ca(4)). This will then
give five isotropic resonances in all, with
relative intensities 1/2 and 1/2 (the P(1) res-

onances), 3/2 and 3/2 (the P(2) resonances),
and 3 (the P(3) resonance). The observed
spectrum of B-Cai(PQ,); is compared in
Fig. 4 to a simulated spectrum, calculated
using five Gaussian peaks with these rela-
tive intensities. The positions of the reso-
nances and their linewidths were adjusted
arbitrarily in order to optimize the fit. Of
these five resonances the two lowest inten-
sity peaks are not resolvable in the spectra
but are necessary to achieve the fit. A sche-
matic diagram of this simulation is shown
below.

P2) P(1) P(3)
3\
Intensity: 3/2 1/2 3/2 3 1/2

Relative intensity: 21.5 7 21.5 43 7

(%)
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(A} (8)

(D)

F1G. 4. *'P MASNMR spectra of 8-Cay(POy),: (A)
observed, (B) simulated, and (C) relative intensities of
the five component Gaussians used in the simulation,
with the allocation to phosphorus atoms in the struc-
ture (see text). (D) The 3'P MASNMR spectrum of a-
Cay(PO,), .

The resonances obtained from the simu-
lation are much broader than those found
with other zinc and calcium phosphates
and, indeed, some lines are broader than
others. This can probably be attributed to
positional disorder of the phosphorus at-
oms arising from the partial occupancy of
the Ca(4) site, a view that is corroborated
by the observation of significantly narrower
lines for a-Cas(PO,), (Fig. 4), in which no
such disorder occurs (I1). The intensities
of the spinning sidebands of the individual
resonances can provide anisotropic chemi-
cal shift data and hence give information
about site symmetries. In this study, how-

ever, chemical shift anisotropies cannot be
obtained because of the extent of overlap of
signals in the spinning sidebands.
Substitution of zinc into the 8-Ca3(PO,),
structure can only be expected to compli-
cate the picture further, although it might
be hoped that the 3P MASNMR spectra
may give clues as to where substitution
takes place. The *'P MASNMR spectra of
Ca;_,Zn,(PO,), samples with x = 0, 0.2, 0.3
(an additional preparation), and 0.4 are
shown together in Fig. 5. This shows the
maximum solubility of zinc in 8-Ca3(POy),,
as indicated by the emergence of the 10-
ppm resonance from a phosphorus of the
CaZny(PO,), phase, to be reached at about x
= 0.3 (i.e., 10%). This is in good agreement
with the solubilities of 9 and 11% observed
by Kreidler and Hummel (8) and by Nord
(12), respectively. As zinc is substituted
into the B-Ca;(PQ,), structure, the general

20 10 0 -10 -20
ppm

Ca3.Zny(POy,

31p PPM

25 20 15 10 5 0 5 -0 15 20 25

F1G. 5. 3P MASNMR spectra of four samples from
the system Ca;_,Zn,(PO,), with x = 0 (8-Cas(PO,),),
0.2, 0.3, and 0.4; all prepared at 800°C. The broad and
weak signal centered at —8 ppm is due to a small
amount of Ca,P,0;.
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Fi1G. 6. P MASNMR spectra of samples from the
system Ca;_ Mg (PO,),, all prepared at 1000°C.

features of the spectrum change. The
downfield 3P resonance narrows and
moves upfield (from 5 to 3.5 ppm), a new
peak (at about —1.5 ppm) emerges, and the
two major peaks of the B-Cai(PO,), spec-
trum appear to move slightly closer to-
gether. A detailed explanation of these fea-
tures, at this stage, would require more
structural information concerning the posi-
tion of cation substitution, but some obser-
vations can be made in the light of the ten-
tative allocation of resonances made for the
spectrum of B8-Caz(PO,),. The shifting of
the peaks in the four spectra shown in Fig.
5 suggests that the P(1) and P(2) resonances
are more greatly affected by the zinc substi-
tution than the P(3) resonance. This differ-
ential effect points to the zinc substitution
being at Ca(4) and/or Ca(5) sites because

neither are next-nearest neighbors to P(3),
while conversely Ca(l), Ca(2), and Ca(3)
sites are next-nearest neighbors to all the
phosphorus atoms (see Fig. 3).

There is no crystallographic information
available about the cation substitution
of zinc into the B-Ca;(PO,), lattice, but
the magnesium system, Ca;_ Mg, (POy);,
which is likely to parallel that of Ca;_,
Zn,(POy4),, has been investigated by
Schroeder et al. (13). They concluded
that, at low concentrations of magnesium,
the cations are statistically distributed
over the two cation sites Ca(4) and Ca(5),
but that at higher concentrations the cat-
ions substitute preferentially at the Ca(5)
site. Hence, a crystal with a magnesium
substitution of 9.5% (x = 0.29) corresponds
to one where the Ca(5) sites are filled, be-
cause 6 of the 63 sites in the unit cell (9.5%)
are Ca(5) sites. The Ca(5) site has near oc-
tahedral coordination and might therefore
be expected to be the favored site for sub-
stitution. Nord (/2) has suggested that the
solubility limit observed in the zinc case is
also due to the filling of the Ca(3) site, al-
though in the same study a maximum solu-
bility of only 5% was observed for magne-
sium substitution in samples prepared at
800°C.

3P MASNMR spectra of samples (with
values of x = 0.0, 0.1, 0.2, 0.3, 0.4, 1.5, and
1.8) from the phase diagram Ca;_,
Mg, (POy); are shown in Fig. 6. All samples
were prepared by the method described
above using stoichiometric quantities of
the salts CaCO;, Mg(NO;), - 9H,0, and
NHH;PO,; all samples were fired at
1000°C for 12 hr after drying. The phase
diagram given by Ando ({/4) from powder
X-ray diffraction gives an approximate
maximum solubility of 10% for magnesium
substitution. The X-ray powder diffraction
patterns of our samples indicate that a pure
solid solution exists through to x = 0.3 and
that the sample with x = 0.4 contains a
small amount of the phase which dominates
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in the samples with x = 1.5 and x = 1.8.
This intermediate phase has a variable stoi-
chiometry resulting from disordered occu-
pancy of some cation sites. The structure
has been described as ‘‘Ca;Mgy(Ca,Mg),
(PO4)1;”° (15), which therefore has stoi-
chiometry limits of Ca;sMg;s(POy); and
Ca Mg, s(POy),. Interestingly, this phase
is structurally related to a-Cas;(POy);, the
3P MASNMR spectrum of which is seen in
Fig. 4D.

These preparations confirm the maxi-
mum solubility of magnesium, at 1000°C, to
be in the region of x = 0.3. It is striking how
similar a progression in features the 3P
MASNMR spectra of the magnesium sam-
ples (x = 0.1 to 0.3, Fig. 6) show to those of
the zinc system. That is, the downfield peak
narrows and moves upfield, the larger
peaks merge, and a new peak at about —2
ppm appears. Again, as in the zinc case, the
spectra of the Ca;_ Mg, (POy), system indi-
cate that some phosphorus atoms are af-
fected more by the magnesium substitution
than others; hence the Ca(4) and Ca(5) sites
are once more implicated.

We now consider whether the new reso-
nances in the Caz_,Mg,(PO,), 3P MSNMR
spectra can be rationalized in terms of the
structural details obtained by Schroeder et
al. (13). Examining the local environments
of each phosphorus atom in more detail, we
can quickly see that many different envi-
ronments can result for each phosphorus
atom when magnesium substitution occurs
both at Ca(4) and Ca(5). From the local en-
vironments of the phosphorus atoms seen
in Fig. 3, it is clear that P(1) will have three
possible configurations; one-half of these
will be next to a vacancy at Ca(4) and the
rest will be next to either a magnesium or a
calcium on that site. P(3), on the other
hand, is next to one Ca(5) site and so will
have two possible configurations, one with
magnesium and the other with calcium on
Ca(5). P(2), however, is considerably more
complicated, having both a neighboring

Ca(4) and an Ca(5) site; six configurations
are therefore possible. Clearly the superpo-
sition of the 11 signals from these different
phosphorus atoms is likely to create a com-
plicated spectrum and this may help to ac-
count for the broadness of the spectrum
with x = 0.1 where the cation substitution is
thought to be essentially random over the
Ca(4) and Ca(5) sites (/3). However, as the
value of x increases from 0.1 to 0.3 the 3P
resonances narrow considerably (in fact
they do so even with respect to the spec-
trum of B-Caz(PO,),). At the value of x
= 0.3 the cation distribution, according
to Schroeder’s single-crystal work, has
shifted so that the magnesium is now only
on the Ca(5) site, and so the Ca(4) site is
back to the position of being half-occupied
by calcium. This leads to a reduction in the
number of local phosphorus environments
from 11 to 5. The relative probabilities of
these 5 environments are then the same as
for the corresponding phosphorus environ-
ments in B8-Caz(PO,),, with the Ca(5) site
now filled with magnesium instead of cal-
cium.

An analysis of the x = 0.3 spectrum (Fig.
6) shows that the downfield peak has an
intensity of approximately 28% and the
small upfield peak of approximately 7%. A
simulation of this spectrum using three
Gaussian peaks of relative intensity
28.5:64.5:7 (.e.,21.5+7:21.5 +43:7)is
compared to the observed spectrum in Fig.
7, confirming these intensities as being ac-
curate. The simplest explanation of this
spectrum is that small shifts in the (iso-
tropic chemical shift) resonances of the five
different phosphorus atoms in the initial 8-
Ca3(PO,), structure have occurred such that
only three peaks can now be resolved.

Returning now to the zinc-containing
solid solution, it seems certain that the
strong  similarity between the 3P
MASNMR spectra of the magnesium and
the zinc phases arises because of a similar
pattern of cation substitution. That is to say
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Fic. 7. 3'P MASNMR spectra of a sample of stoichiometry Ca,-,Mg,1(PO,),: (A) observed, (B)
simulated, and (C) relative intensities of the component Gaussians in this simulation.

that the solubility limit (x = 0.3) is reached
when zinc occupies all Ca(5) sites.

In the magnesium system, Schroeder et
al. (13) found, at the high temperatures
used for his crystal growth, solid solution to
about 14% of cation substitution, well be-
yond the limit of 9% reached when Ca(5) is
filled. Although there is no crystallographic
information regarding the position of fur-
ther substitution, it is reasonable to assume
that most of this additional magnesium will
be found on the Ca(4) site (the Ca(4) and
Ca(5) sites together are 6 + 3 of the 63 sites
in the unit cell, giving a limit of x = 0.43,
14%). In order to test this hypothesis, three
samples of the zinc system, with x = 0.3,
0.4, and 0.5, were refired at 1300°C and the
MP MASNMR spectra from these samples
are shown in Fig. 8. The first thing that
is apparent is that the resonance at 10.0
ppm (due to the intermediate phase,
CaZny(PO,),) is no longer present in the
spectrum of the x = 0.3 sample, although it
is still in evidence in the x = 0.4 sample.
This confirms that there is solubility beyond
the Ca(5) site limit. Furthermore, both the
lack of change in the general form of the
resonances as x increases from 0.3 and the
appearance of a limit at approximately x =
0.4 is consistent with substitution at the
Ca(4) site. Substitution at Ca(l), Ca(2), or
Ca(3) would be expected to lead to a higher

solubility limit and to cause a more general
broadening of the spectrum.

(iii) The Intermediate Composition
Caan(PO4)2

At a stoichiometry of x = 2.0 there exists
an apparently pure phase, which gives

31

P PPM
% 12 8 4 o -4 B
Fi1G. 8. 3P MASNMR spectra of three samples from

the system Ca;_,Zn,(PO,), with x = 0.3, 0.4, and 0.5
(all prepared at 1300°C).



32 JAKEMAN ET AL.

{A)

(B}

50 & 30 20 10 0 -0 -20 -30 -40

F1G. 9. Slow spinning 3'P MASNMR spectra of (A) a
mixture of a- and §-CaZn,(PO,), at 1520 Hz, and (B) 8-
Zny(POy); at 1290 Hz.

(when the spinning sidebands are included)
two peaks of equal intensity in its 3'P
MASNMR spectra. There is no observable
region, on either side of this composition,
where only these two peaks (at 2.2 and 10.0
ppm) are found, and therefore no significant
solid solution with zinc or calcium phos-
phates can exist. This has been confirmed
by X-ray powder diffraction (8), and the
intermediate phase, which exists below
1000°C, has been named the a-form. Above
approximately 1000°C, there is another
form, &8-CaZn,(PO,),, which can be
quenched to room temperature. The 3P
MASNMR spectrum of a sample of
CaZny(POy),, prepared at 1050°C and
cooled rapidly to room temperature, shows
a mixture of the two phases (Fig. 9). The -
phase appears to give three isotropic reso-
nances close to 6 ppm, but no further struc-

tural details are available. An X-ray
single-crystal structure determination and a
complementary 3'P MASNMR analysis of
a-CaZny(PO,), is the subject of a separate
discussion (16).

(iv) The Zinc Phosphate Rich Region of
the Phase Diagram

This is the region of the phase diagram
with 2 < x < 3. An inspection of the spec-
trum of a sample of stoichiometry
Cay.1Zn, o(PO,); (see Fig. 2) indicates that
the solubility of calcium phosphate in the a-
Zn3(POy), structure must be very small. For
a sample with stoichiometry CagsZn;s
(POy), the spectrum gives three isotropic
resonances, one at 10.0 ppm and two over-
lapping at 3.9 and 2.2 ppm. A comparison
of the integrated intensities of these two
groups shows that, to within experimental
error, the ratio of intensities is 1:3.0. There
is, therefore, no observable solution of
Cas(POy); in a-Zn;(PO,),, a result in agree-
ment with Kreidler’s study (8).

Above 942°C a-Zn3(PQ,), is converted
to a second phase, B-Zn;(PO,),, which
is metastable at room temperature. -
Zn;(POy); has two phosphorus atoms in the
asymmetric unit (/7), as is confirmed by the
two peaks in the 3'P MASNMR spectrum in
Fig. 9B. The B-Zn3(PO,), structure will dis-
solve more calcium phosphate than the a-
phase and this is illustrated by the 3'P
MASNMR spectrum of the stoichiometry
Cay g7Zn;.63(PO4);, prepared by firing at
1000°C and cooling rapidly to room temper-
ature. This spectrum, seen in Fig. 10A,
shows only two resonances due to the -
Zn3(POy), solid solution; the solubility (ap-
proximately 2%) is close to that observed
by Kreidler (1.5%). In the composition
Ca().zzrlzhg(PO4)2 (Flg IOB) the limit of solu-
tion has been exceeded, as indicated by
the emergence of resonances from 6-Ca
Zny(POy4); at around 6 ppm in the 3P
MASNMR spectrum.
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Fic. 10. 3'P MASNMR spectra of (A) the stoichiom-
etry CaypnZn;(POy); and (B) the stoichiometry
Cag,Zn,3(POy),. Both samples were prepared at
1000°C.

Conclusion

This study of the Cas;_,Zn,(PO,), system
by 3'P MASNMR has demonstrated how
this technique may be used to investigate a
complex system which contains solid solu-
tions, line phases, and regions of biphasic
mixtures. We have found that solubility of
Zn3(PO,), in the B-Ca;(POy),; phase is in ex-
cellent agreement with previous work by
powder diffraction methods and that the
sensitivity of the two approaches is very
similar. In the present instance, the
MASNMR study provides additional de-
tail relating to the mode of substitution of
zinc for calcium. By analogy with the
Ca;_,Mg,(PO,); system, for which single-
crystal structure information is available,
the spectra can be interpreted in terms of
preferential substitution at the Ca(5) site.
Furthermore, the phase limit is reached
when this site has been fully substituted. It
is also clear from the MASNMR spectra
results that the intermediate phase, a-
CaZny(PO,);, has no range of homogeneity.
Given the complexity of the X-ray powder
patterns in this system, it is difficult to draw
these conclusions with any confidence from
classical diffraction data. Similarly, we

have confirmed that there is no detectable
solution of calcium in a-Zni(PQ,),. X-ray
powder methods offer the advantage of pro-
viding information about the type of struc-
ture adopted by each phase and it should
normally be feasible to determine the lattice
parameters and crystal system. By con-
trast, MSNMR provides local information
concerning the environment of the NMR
active elements. In favorable cases, it may
reveal the number of atoms of a particular
type in the asymmetric unit and thus help to
resolve space group ambiguities. Further-
more, cation distributions may be revealed,
as in the system Zn;_, Mg, (POy), (7) and, to
some extent, in the present work. The most
efficacious approach, however, is to use a
combination of both methods, taking ad-
vantage of their relative strengths and com-
plementarity.
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